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    1.1   Introduction 

 Breast cancer is a heterogeneous and complex disease resulting from the uncontrolled 
growth of cells that are unique and speci fi c to the breast. The occurrence of cancer of 
the breast has long been known, as documented in the Edwin Smith surgical papyrus, 
written between 3000 and 1500  bc   [  1  ]  (Table  1.1 ). Although nowadays breast cancer 
is the malignant disease most frequently diagnosed in postmenopausal Caucasian 
women born in Northern European countries and in America  [  2–  4  ] , the disease affects 
women of all races and nationalities. Furthermore, its incidence around the globe is 
increasing in countries that are industrialized  [  3  ] , as well as in those that have recently 
become industrialized  [  5,   6  ] . The worldwide incidence of breast cancer has increased 
30–40% since the 1970s, reaching a total of 1,383,500 new cases and a mortality of 
458,400 cases by 2011  [  2,   4,   7  ] .  

 Although the de fi nitive cause or mechanisms behind initiation of breast cancer, 
whose knowledge is essential for developing strategies for its prevention, have not 
been identi fi ed, epidemiological, clinical, and pathological studies have uncovered 
novel aspects regarding the complexity of this disease  [  8–  10  ] . Among these, the 
knowledge that age at diagnosis and ethnicity are associated with a speci fi c tumor 
type and tumor behavior, and that they are in turn differently in fl uenced by a woman’s 
age at the  fi rst pregnancy  [  11,   12  ] , indicate that the global incidence of breast cancer 
changes over time in relation to geography, race, and changes in lifestyle, suggesting 
that breast cancer risk is in fl uenced by a multiplicity of still unde fi ned factors. 

 The task at hand is to identify amongst a multiplicity of still unde fi ned factors 
which ones are etiologically relevant in breast cancer risk. A common denominator 
for the risk of developing breast cancer has been found to be a reproductive history 
 [  8,   9,   12  ] . Increased breast cancer incidence and mortality were associated with nul-
liparity as early as the 1700s, as reported by Bernardino Ramazzini, who attributed 
the phenomenon to the childlessness of nuns in Italian convents  [  13  ] . MacMahon 
et al.  [  8  ]  reported that pregnancy exerted a protective effect in women whose  fi rst 
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child was born from the early teen years to the middle 20s relative to a risk of 100 
for nulliparous women (Table  1.1 ). Numerous studies have con fi rmed these results 
and have additionally reported that multiple pregnancies signi fi cantly decrease the 
risk of developing breast cancer after 50 years of age  [  8,   9  ]  (Fig.  1.1 ), whereas post-
ponement of the delivery increases a woman’s breast cancer risk, which reaches the 
same levels observed in nulliparous women when it occurs between 30 and 34 years 
of age, increasing even further after 35 years  [  8,   9  ]  (Fig.  1.2 ). An understanding of 
the mechanisms that determine whether a pregnancy would prevent breast cancer or 
would increase its risk requires taking into consideration not only the age at the  fi rst 
pregnancy but also the age at the time of breast cancer diagnosis, which in turn 
in fl uences the stage and pathological characteristics of the tumors developed  [  14–
  16  ]  (Table  1.1 ).   

 Pregnancy itself is a complex process that only succeeds when a woman’s ova-
ries are fully functional and secrete estrogen and progesterone, hormones that are 
essential for the maintenance of pregnancy. The ovaries work under the control of 
the hypothalamic–pituitary–gonadal (HPG) axis  [  17,   18  ] , which synchronizes the 
ovarian secretions with those of pituitary and placental hormones for stimulating 
breast development in preparation for milk production  [  18,   19  ] . Primiparous women 
younger than 25 years old that have elevated serum levels of hCG during the  fi rst 
trimester of pregnancy have a 33% decrease in risk of breast cancer diagnosis after 
the age of 50, whereas estrogen concentrations have been positively associated with 
risk of breast cancer before age 40, supporting the role of this or other pregnancy 
hormones in the development of breast cancer  [  12,   20–  24  ]  (Table  1.2 ).  

 An understanding of the relationship between pregnancy and environmental 
in fl uences on breast cancer risk requires the use of experimental models that have 
already contributed to unraveling some of the endocrinological mechanisms medi-
ating cancer prevention when the reproductive event precedes carcinogen exposure 

   Table 1.1    Landmarks in the history of breast cancer   

 Year  Landmark discovery or observation 

 3000–1500  bc   Edwin Smith surgical papyrus describes eight cases of breast cancer in women 
 1700  Bernardino Ramazzini attributed the high incidence of breast cancer in nuns to 

their childlessness 
 1896  Beatson demonstrated that removal of the ovaries caused regression of 

advanced cancer in young women 
 1959  Huggins et al. demonstrated in laboratory animals that chemical carcinogens 

induced mammary cancer in rats, and that removal of the pituitary or the 
ovaries reduced tumor size 

 1970  MacMahon et al. reported that pregnancy exerted a protective effect in women 
whose  fi rst child was bore from early teens to the middle 20s 

 1975  Soule develops the breast cancer cell line MCF-7, which was instrumental for 
the discovery of the ER a  

 1978  Russo and Russo establish the concept the mammary gland differentiation 
induce by full-term pregnancy is the mechanism behind the protective 
effect against breast cancer 
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  Fig. 1.1    Breast cancer relative risk (RR) by age at  fi rst pregnancy. The histogram depicts breast 
cancer incidence in two out seven different regions of the world (adapted from  [  8  ] )       

  Fig. 1.2    Breast cancer relative risk (RR) by number of pregnancies. The histogram depicts breast 
cancer incidence in two out seven different regions of the world (adapted from  [  8  ] )       

 [  22,   25–  28  ] , or acts as a promoter of mammary cancer when it is initiated after 
carcinogen-induced damage has been initiated  [  29–  31  ] . These models have also 
contributed to uncover the preventive effects of estrogen on chemically induced 
carcinogenesis when given alone at a moderate dose to prepubertal rats  [  32  ] , or as 
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therapeutic agents when given in combination with progesterone to carcinogen-
exposed rats  [  33  ] . Various natural and synthetic hormones have been reported to 
inhibit the progression of chemically induced mammary cancer in different strains 
of virgin rats  [  34  ]  and in mouse models of mammary carcinogenesis  [  35–  37  ] . The 
development of genetically engineered mice (GEM) models has greatly contributed 
to the understanding of gene–environmental interactions,  fi nding that has been 
reported extensively in excellent publications  [  38–  43  ] , therefore this  fi eld will be 
only summarily addressed in this chapter. 

 The identi fi cation of the speci fi c conditions under which the completion of one 
pregnancy at early age fully differentiates the breast epithelium and reduces breast 

   Table 1.2    Who is at risk in breast cancer today—a modern epidemic      

 Clinical relevance  Supporting data 

 Breast cancer as an age-related disease  Sporadic breast cancer: 
  95% of new cases are sporadic 
  Diagnosed after age 50 in postmenopausal women 

with no family history of the disease 
  Tend to be of low grade and predominantly estrogen 

receptor (ER) positive ductal carcinomas 
  Are responsive to antiestrogen and immunotherapy 

 Breast cancer diagnosis before 
menopause 

 Represents ~5% of all cases 
 Diagnosed predominantly in women with positive 

family history or proven inheritance of deleterious 
mutations in the TP53, AT, BRCA1 or BRCA2 
genes. Inheritance of BRCA1/2 mutations are more 
frequently in women of Ashkenazi Jew or African 
ancestries, and in association with cancer diagnosis 
before age 40 

 The cancers developed are basal-like triple negative, 
characterized by absence of ER, progesterone 
receptor (PR), and Her2, and therefore unrespon-
sive to endocrine or immunotherapy 

 Pregnancy associated breast cancer 
(PABC) 

 Diagnosed during pregnancy or within 1 or 2 years 
following delivery. PABC has a worse prognosis 
and more pronounced mortality than breast cancer 
diagnosed to women with no PABC 

 The hormonal milieu of pregnancy might stimulate the 
progression of preexisting preneoplastic lesions 

 Protective effect of  fi rst full-term 
pregnancy from developing breast 
cancer after menopause 

 Having  fi rst child from early teens to middle 20s (early 
parity) 

 Breastfeeding 
 Multiparity in early parous women 
 Each additional birth confers greater protection 

 Human chorionic gonadotropin (hCG)  Women  fi rst pregnant before age 25 with high levels of 
hCG during the  fi rst trimester of pregnancy have a 
33% decrease in risk of breast cancer diagnosis 
after the age of 50 
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cancer risk should serve as a blueprint for understanding the anatomical, 
 physiological, endocrinological, and molecular mechanisms that need to be opera-
tional for developing rational strategies for the prevention of breast cancer in future 
generations. In the present chapter we will  fi rst address the strategies utilized in the 
rodent experimental system, secondly, we will review our knowledge on pregnancy 
and cancer in women, and lastly, we will address all of the other confounding fac-
tors that we need to bear in mind for understanding and solving the complex and 
fascinating relationships between pregnancy and cancer.  

    1.2   Rodent Models of Mammary Carcinogenesis 

 Spontaneous mammary tumors are frequently observed in long-term rodent studies 
 [  30,   44  ] ; however, their usefulness for carcinogenicity testing is hindered by the 
tumors’ biological characteristics, such as long latency period, variations in etio-
logic agents or mechanisms of tumor initiation, and pregnancy dependence in cer-
tain strains of mice  [  45  ] . The induction of hormone-dependent rat mammary tumors 
with chemical carcinogens, on the other hand, has become an essential model for 
testing the carcinogenic potential of speci fi c chemicals, such as 3,4-benzopyrene, 
3-methylcholanthrene (MCA)  [  46  ]  and the polycyclic aromatic hydrocarbon (PAH) 
7,12-dimethylbenz(a)anthracene (DMBA)  [  47  ] , or the alkylating agent  N -methyl-
 N -nitrosourea (MNU)  [  48,   49  ] . Chemically induced tumors developed in mice 
strains of low spontaneous mammary cancer incidence or in transgenic mice are 
adenoacanthomas or type B adenocarcinomas that are in general estrogen receptor 
alpha (ER a ) negative  [  43  ] . However, in p53 null mice hormonal stimulation by 
estrogen and/or progesterone or prolactin/progesterone, markedly enhances tumori-
genesis, whereas blocking estrogen signaling through ovariectomy or tamoxifen 
treatment greatly reduces the tumorigenic capability of the mammary epithelium, 
an indication that normal mammary gland and preneoplastic lesions are responsive 
to estrogen  [  43  ] . The majority of rat mammary tumors induced by DMBA or MNU 
are ductal adenocarcinomas that are ER a  positive and reproduce the pathological 
features of the most frequent type of adenocarcinomas developed by women  [  50  ] . 
The characteristics of this model have opened a myriad of opportunities for dissect-
ing the initiation, promotion, and progression steps of carcinogenesis and for trans-
lating these  fi ndings to the human situation  [  22,   30,   50  ] .  

    1.3   Windows of Susceptibility to Carcinogenesis 

 The response of the mammary gland to speci fi c carcinogenic stimuli depends upon 
the physiologic state of the mammary tree under the control of the endocrine system. 
The administration of optimal carcinogenic doses to young and sexually mature 
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 virgin rats induces maximal tumorigenic response  [  29,   30,   46–  49  ] . This period of 
highest susceptibility of the mammary gland to be transformed by such stimulus 
represents the “high risk susceptibility window” (HRSW), which encompasses dif-
ferent stages of development, i.e., prenatal life, infancy, puberty, and early adulthood 
(Fig.  1.3 ). Thus, in addition to age, the tumorigenic response elicited by carcinogenic 
agents is modulated by the animal’s endocrinological milieu prevailing at the time of 
exposure, as well as by endocrine and environmental in fl uences occurring during the 
HRSW  [  51–  54  ] . The peak of cancer incidence occurring when virgin rats reach the 
age of 45–55 days and have had at least two ovulatory cycles after vaginal opening 
 [  55  ] , represents the response of numerous mammary terminal end buds (TEBs) that 
are predominantly composed of progenitor mammary stem cells (PMSCs). These 
cells have been characterized by their size, nuclear-cytoplasmic ratio and 
 euchromatin-heterochromatin ratio, number and distribution of organelles, and pro-
liferative activity  [  30,   56  ] .    Under normal conditions, PMSCs cells are primed by 
ovarian hormones for expansion of the mammary parenchyma and lobular forma-
tion. Instead, when they are exposed to a carcinogen such as DMBA, the PMSCs 
exhibit the highest rate of carcinogen uptake and of cell proliferation  [  30  ] . Within a 
few days transformed PMSCs expand and form intraductal proliferations (IDPs) that 

  Fig. 1.3    Diagrammatic representation of mammary gland development from conception to the 
end of reproductive life. In both rats ( upper line ) and humans ( lower line ) the period of life that 
begins in uterus and persists until sexual maturity, represents a window of greater susceptibility of 
the mammary gland to be damaged by exogenous carcinogenic stimuli or exposure to endocrine 
disruptors. The differentiation of the mammary gland induced by pregnancy or the appropriate 
hormonal treatments needs to occur during the post-pubertal period and before the mammary epi-
thelium has suffered any damage, representing a hormone-driven window of protection that over-
rides the high risk window.  HRSW  high risk susceptibility window,  red bar ;  HPW  hormonal 
protection window,  green bar  (from Russo IH, Russo J (2011) Pregnancy-induced changes in 
breast cancer risk. A review. J Mammary Gland Biol Neoplasia 16:221–233)       
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progress to ductal carcinomas in situ and invasive, con fi rming the transition of 
PMSCs to mammary cancer stem cells (MCSC) under the in fl uence of a carcinogen 
 [  56,   57  ] . Morphologically similar cells have been isolated from DMBA-induced 
mammary tumors  [  58  ] . In the mouse, the mammary gland continually undergoes 
postnatal developmental changes that are driven by signals from TEBs  [  59  ] . They 
direct ductal growth and elongation, producing a progeny of varied lineages that 
include luminal and myoepithelial cells under the in fl uence of signals from the local 
tissue microenvironment  [  59  ] .   

    1.4   Prevention of Mammary Cancer by Pregnancy 

 Under the stimulus of the  fi rst pregnancy, the mammary gland that has not been 
exposed to a carcinogenic insult during the early phases of the HRSW enters into a 
“hormonal protection window” (HPW). During this period the hormones of preg-
nancy will block any future damage caused by carcinogens or endocrine disruptors 
through the induction of mammary gland differentiation  [  22,   30  ]  (Fig.  1.3 ). The  fi rst 
pregnancy is an essential step for determining the fate of the mammary gland future 
cancer risk. Its success depends on timely ovulation, which in turn, is the result of a 
sequence of neuroendocrine events (Fig.  1.4 ) triggered within the preoptic area 
(POA) and the mediobasal hypothalamus by the positive feedback of estrogen 

  Fig. 1.4    Hypothalamic effect on gland development       
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secreted by ovarian follicles and metastin (KISS-1), a natural ligand for the G pro-
tein-coupled receptor GPR54  [  60,   61  ] . This stimulus induces the surge of gonado-
tropin releasing hormone (GnRH) and of luteinizing hormone (LH) for triggering 
ovulation. After oocyte fertilization and implantation, ovarian estrogen, progester-
one, and inhibin are supplemented by rat chorionic gonadotropin and rat placental 
lactogen, hormones synthesized by the developing embryo and the placenta. Jointly 
they contribute to stimulate the mammary glands to undergo active cell proliferation 
and differentiation of TEBs to alveolar buds (ABs) and lobules. The contributions 
of the pituitary hormones prolactin (PRL) that stimulates milk production and oxy-
tocin that enhances the secretory activity of the alveolar cells complete the func-
tional differentiation of the mammary gland  [  18,   62  ] . Completion of pregnancy and 
lactation induce long-lasting structural and genomic changes in the mammary gland 
of different strains of rats and in mice  [  33  ] . These molecular changes ultimately 
result in a signi fi cant reduction in mammary cancer incidence and number of tumors 
per animal  [  25–  28,   55,   56  ] .   

    1.5   Prevention of Mammary Cancer by Hormones 

 In the absence of pregnancy, various natural and synthetic hormones have been 
shown to prevent the initiation of mammary cancer when they are administered to 
young virgin rats during the HRSW prior to the exposure to a carcinogen or an 
endocrine disruptor. Prepubertal administration of 10  m g 17 a -estradiol to Sprague–
Dawley rats signi fi cantly advances the age at vaginal opening, stimulates lobular 
development of the mammary gland, and reduces the incidence of DMBA-induced 
tumors  [  32  ] . Norethynodrel-Mestranol (NM) administered at a contraceptive and a 
tenfold higher dose to post-pubertal and sexually mature virgin rats result in long-
lasting structural changes in the mammary gland and a dose-dependent reduction 
in tumor incidence  [  63  ] . Daily treatment of virgin Sprague–Dawley rats with hCG 
at the doses of 1, 5, 10, or 100 IU for 21 days signi fi cantly reduces adenocarcinoma 
incidence and number of adenocarcinomas per animal in a dose-dependent manner 
 [  22  ]  (Fig.  1.5 ). Similarly, treatment with 100 IU hCG daily for 5, 10, or 15 days 
suf fi ces to induce a signi fi cant degree of mammary gland differentiation and pro-
tection from cancer initiation  [  64  ]  (Fig.  1.6 ). The reduction in cancer incidence 
resulting from hCG treatment is long-lasting, as demonstrated by the persistent 
reduction in carcinogenic response to administration of DMBA at 21, 42, or 63 
days after termination of the hormonal treatment  [  22,   26  ] . In spite of the morpho-
logical regression of the mammary gland after cessation of the hormonal treat-
ment, the analysis of mRNA reveals elevated expression of genes involved in the 
apoptotic pathways, which include testosterone repressed prostate message 2 
(TRPM2), interleukin 1 b -converting enzyme (ICE), bcl-XL, bcl-XS, p53, p21, and 
c-myc  [  65  ] , as well as activation of tumor suppressor activity through upregulation 
of inhibin A and B  [  66,   67  ] .    



91.6 Effect of Pregnancy on Cancer Progression

    1.6   Effect of Pregnancy on Cancer Progression 

 It is important to take into consideration the fact that the protective effect of preg-
nancy or hormones acting during the HPW might be nulli fi ed if the mammary 
gland has been exposed to environmental carcinogens or endocrine disrupting 
agents before or during the early phases of the HRSW (Fig.  1.3 ). Pregnancy initi-
ated 15 days after DMBA or MCA feeding  [  29,   68,   69  ]  induces 100% incidence of 

  Fig. 1.5    Effect of hormonal treatment before induction of mammary cancer with dimethylbenz(a)
anthracene (DMBA)       

  Fig. 1.6    Treatment of virgin 
rats with recombinant hCG 
prevents DMBA-induced 
mammary carcinogenesis       
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mammary carcinomas; the tumors rapidly grow during the gestational period and 
are maintained by lactation. The nursing stimulus maintains the growth of DMBA-
induced rat mammary carcinomas, whereas cessation of nursing causes tumor 
regression  [  68  ] . The enhanced growth of mammary carcinomas by pregnancy has 
been attributed to increased secretion of estrogen, progesterone, prolactin, placen-
tal lactogen, or relaxin  [  29  ] . Although all of these hormonal in fl uences might be of 
importance in promoting the growth of mammary carcinomas, results are inconclu-
sive, and sometimes controversial. Grubbs et al.  [  70  ]  found decreased cancer inci-
dence in MNU-treated rats after pregnancy or pregnancy and lactation, although 
the time of appearance of the  fi rst palpable cancers was shorter in rats becoming 
pregnant 10 days after carcinogen administration  [  70  ] .  

    1.7   Effect of Hormones on Tumor Progression 

 The hormone dependence of breast cancer that had been established by Beatson 
 [  20  ]  (Table  1.1 ) was not recognized in laboratory animals until Huggins et al.  [  46  ]  
demonstrated that all 3-MC treated rats exhibited a deep reduction of tumor size 
after hypophysectomy. Ovariectomy also reduced mammary cancer incidence by 
40%; administration of daily injections of 0.1 or 0.2  m g 17 b -estradiol increased 
mammary cancer incidence to 100%, whereas rats receiving 20  m g 17 b -estradiol 
daily had a 70% reduction in incidence. Dihydrotestosterone treatment also 
decreased tumor size; whereas progesterone or diethylstilbestrol administered to 
ovariectomized rats increased tumor incidence and enhanced the speed of tumor 
growth. Blocking the action of estrogens by antiestrogens that bind to the ER a , such 
as tamoxifen  [  71  ]  has demonstrated a long-lasting chemopreventive effect on mam-
mary tumors both benign and malignant. Nevertheless, hormone-independent 
tumors continue growing after ovariectomy as well after prolonged treatment with 
tamoxifen  [  46,   71  ]  (Table  1.3 ).  

 Numerous treatments have been developed for the extinction of chemically 
induced tumor in rodents. DMBA-treated Sprague–Dawley rats that begin receiving 
a daily injection of 100 IU hCG 20 days after carcinogen administration exhibit a 
signi fi cant reduction in mammary adenocarcinoma incidence and number of tumors 
per animals, an effect that becomes evident as early as 10 days after initiation of the 
hormonal treatment and persisted for 40 days after its termination  [  22,   25,   26  ]  
(Table  1.3 ). Treatment of various strains of rats with hormonal combinations, i.e., 
ethinyl estradiol-megestrol acetate; ethinyl estradiol-norethindrone  [  29,   30  ]  or 
17 b -estradiol-progesterone  [  33  ]  2 weeks after NMU administration signi fi cantly 
inhibits tumor progression. Protection conferred by 17 b -estradiol and progesterone 
to BALB/c mice after treatment with DMBA administration is associated with acti-
vation of p53 in response to the hormonal treatment, which is sustained to induce 
p21 upon carcinogen challenge  [  36,   40  ]  (Table  1.3 ).  
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   Table 1.3    Modulators of carcinogenic response   

 Biological or clinical event  Supporting data 

 Pregnancy after carcinogen exposure  Pregnancy initiated 15 days after DMBA or MCA 
feeding induces 100% incidence of mammary 
carcinomas  [  29  ]  

 The tumors rapidly grow during the gestational period 
 [  68  ]  

 The nursing stimulus maintains the growth of 
carcinogen-induced rat mammary carcinomas  [  69  ]  

 Cessation of nursing causes tumor regression 
 Hormonal treatments after carcinogen 

exposure 
 Dihydrotestosterone—Decreases tumor size 
 Progesterone or diethylstilbestrol—Administered to 

OVEX rats increase tumor incidence and enhance 
the speed of tumor growth 

 Antiestrogens (Tamoxifen)—Exert a long-lasting 
chemopreventive effect on mammary tumors 

 Ovariectomy (OVEX)—3-MC treated rats exhibit 
reduced mammary cancer incidence by 40% after 
OVEX 

 17 b -estradiol—Daily injections of 0.1 or 0.2  m g 
17 b -estradiol increase mammary cancer incidence 
to 100%. Daily injections of 20  m g 17 b -estradiol 
decrease mammary cancer incidence by 70% 

 Hormone-independent tumors continue growing after 
OVEX as well after prolonged treatment with 
tamoxifen 

 Human chorionic gonadotropin (hCG)—Virgin 
Sprague–Dawley rats that receive a daily injection 
of 100 IU hCG starting 20 days after DMBA 
administration exhibit complete extinction of 
carcinomas in situ and signi fi cant reduction in 
incidence of invasive adenocarcinomas. The effect 
becomes evident as early as 10 days after the 
initiation of hormonal treatment and persists for 40 
days after its termination 

 17 b -Estradiol-progesterone combination—Treatment 
of strains of rats that differ in susceptibility to 
carcinogens (Lewis, Wistar-Furth, Fischer 344, and 
Copenhagen) starting 2 weeks after NMU 
administration signi fi cantly inhibits tumor 
progression in all the strains 

 Ethynyl estradiol-megesterol acetate and ethynyl 
estradiol-norethindrone—Administered 2 weeks 
after NMU treatment signi fi cantly inhibit tumor 
progression 

(continued)
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Table 1.3 (continued)

 Biological or clinical event  Supporting data 

 Age at  fi rst pregnancy as a risk factor  Postponement of the  fi rst delivery after age 24 
increases a woman’s breast cancer risk 

 First birth between 30 and 34 years of age is associated 
with a risk similar to that observed in nulliparous 
women 

 First birth after 35 years of age increases by two third 
the breast cancer risk 

 Pregnancy associated breast cancer 
(PABC) 

 The hormonal milieu of pregnancy might stimulate the 
progression of preexisting preneoplastic lesions 
that are diagnosed during pregnancy or within 1 or 
2 years following delivery 

 PABC has a worse prognosis and more pronounced 
mortality than breast cancer diagnosed to women 
with no PABC 

 Estrogens and progestagens as 
carcinogens 

 17 b -Estradiol 
  Women with high levels during the  fi rst trimester of 

pregnancy are at increased risk of breast cancer 
diagnosis before 40 years of age, but decreased in 
women whose breast cancer was diagnosed after 
the age 40    

  Administration to August/Copenhagen/Irish (ACI) 
rats induces tumors that are similar to the in situ 
and invasive ductal carcinomas developed by 
women 

  In vitro it induces neoplastic transformation of the 
human breast epithelial cells MCF-10F, which 
become tumorigenic in SCID mice 

 Medroxyprogesterone acetate (MPA) 
  Administration to BALB/c female mice induces 

mammary ductal carcinomas in 80% of treated 
animals. The tumors are ER a  and progesterone 
receptor positive and metastasize to lymph nodes 
and lung 

 Hormone replacement therapy (HRT) 
and postmenopausal breast cancer 

 In USA and Europe prescriptions for HRT have been 
linked to 25% of breast cancers (Carsten AJ (2009) 
S Afr Med J 99:280) 

 Breast cancer incidence has decreased following the 
decline in the use of HRT (Renard et al (2010) Ann 
Oncol) 

 The incidence of lobular cancer increased by 14% in 
association with the use of HRT (Ravdin PM 
(2009) Breast Dis 30:3) 
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    1.8   Hormones as Carcinogens 

 The dependence of breast cancer from estrogens has been demonstrated through the 
induction of mammary cancer in female August/Copenhagen/Irish (ACI) rats in 
which administration of 17 b -estradiol induces tumors that are similar to the in situ 
and invasive ductal carcinomas developed by women  [  72  ] . Estrogen-induced lesions 
are completely prevented by concomitant treatment with tamoxifen citrate (TAMc), 
con fi rming their estrogen receptor dependence  [  73  ] . The carcinogenicity of 
17 b -estradiol has been con fi rmed by in vitro experiments through the induction of 
neoplastic transformation of the human breast epithelial cells MCF-10F, supporting 
the concept that this hormone could act as an initiator of breast cancer in women 
 [  74  ] . The biphasic effect of estradiol on breast cancer risk is highlighted by the 
 fi ndings that elevated levels of estradiol in maternal serum during the  fi rst trimester 
of pregnancy are positively associated with risk of breast cancer before age 40, but 
inversely associated with risk in women whose breast cancer was diagnosed after 
the age 40  [  19,   23  ] . Among the hormones used for contraception, medroxyproges-
terone acetate (MPA) also has a biphasic effect when administered to rats of differ-
ent ages before DMBA inoculation. MPA given for 21 days moderately increases 
the incidence of adenocarcinomas in 45-day-old rats, and more signi fi cantly in 
75-day-old rats, whereas the same doses signi fi cantly reduced mammary cancer 
incidence in the 55-day-old rats, and indication that the same hormone and same 
dose exerts a biphasic effect that is modulated by the age of the rats at the time of 
initiation of treatment  [  75  ] . MPA administered to BALB/c female mice induces 
mammary ductal carcinomas in 80% of treated animals. The tumors are hormone-
dependent ER a  and progesterone receptor positive that metastasize to lymph nodes 
and lungs; the tumors evolve through different stages of hormone dependence that 
are progesterone receptor dependent  [  76  ]  (Table  1.3 ).  

    1.9   When Does a Full-Term Pregnancy Reduce 
Breast Cancer Risk? 

 Pregnancy, which is the gold standard for induction of mammary gland differentia-
tion, needs to be completed for preventing mammary cancer, as demonstrated in rats 
that their  fi rst pregnancy was interrupted 12 days after conception and received 
DMBA 21 days later  [  27  ] . Tumor incidence and number of tumors per animal in 
pregnancy-interrupted rats and age-matched virgin rats were similar, whereas rats 
that completed their pregnancy had a signi fi cantly reduced tumorigenic response. 
Completion of the  fi rst pregnancy results in full differentiation of the mammary 
gland that culminates in the secretion of milk, which persists during the length of 
the lactational period  [  18,   22  ] . At postweaning, the lobular structures regress and 
the cells that remain exhibit a marked reduction in proliferative rate, lengthening in 
the G 

1
  phase of the cell cycle, greater capabilities to repair DNA damaged by the 



14 1 The Epidemiology of Breast Cancer and the Basis for Prevention

carcinogen and lower af fi nity for binding DMBA to DNA  [  22  ] . These structural, 
functional, and molecular changes persist in the mammary gland, resulting in a 
signi fi cant reduction in mammary cancer incidence that is evident in various strains 
of rats and mice  [  35  ] , in spite of histopathological differences in tumor type between 
these species. Blakely et al.  [  33  ]  have con fi rmed that in four genetically distinct 
inbred strains of rats (Lewis, Wistar-Furth, Fischer 344, and Copenhagen) and in 
mice pregnancy and lactation induce similar structural and genomic changes in 
mammary glands studied by microarray analysis. Gene analysis identi fi ed a genomic 
signature that suf fi ced for distinguishing nulliparous from parous animals and 
explain the almost total refractoriness of the parous rat mammary gland to develop 
carcinomas after carcinogen administration  [  33,   77  ] . These observations indicate 
that when the development of the mammary gland has been completed by an early 
pregnancy, steroid hormone- or hCG treatment of virgin animals the PMSC or Stem 
Cell 1 has completed a  fi rst cycle of differentiation under speci fi c hormonal 
in fl uences, becoming a Stem Cell 2, which is resistant to be transformed by a car-
cinogen (Fig.  1.7 ). Although more differentiated, the Stem Cell 2 has retained the 
capacity to regenerate the complete lobular system required by subsequent pregnan-
cies. This concept has been further demonstrated in transgenic WAP-driven Cre and 

  Fig. 1.7    The initially normal progenitor stem cell 1 or intermediate cell (IC) that is present in the 
TEB/Lob 1 and gives origin to the parenchymal tree, when affected by a carcinogen becomes the 
cancer stem cell (CSC) that originates breast cancer cells. With aging, in the absence of pregnancy, 
it remains undifferentiated; if affected by a carcinogen it would retain the capacity of becoming a 
CSC. Both early pregnancy or hCG treatment of virgin animals induce the differentiation of the 
progenitor stem cell 1 (IC) to the stem cell 2, which is resistant to be transformed by a carcinogen, 
although it retains the proliferative activity and capability to regenerate the complete lobular sys-
tem during the next pregnancy (from Russo IH, Russo J (2011) Pregnancy-induced changes in 
breast cancer risk. A review. J Mammary Gland Biol Neoplasia 16:221–233)       
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Rosa 26- fl -stop- fl -LacZ mice in which parity-induced mammary epithelial cells 
(PI-MEC) originated from differentiated cells during pregnancy, survived post lac-
tational involution and increased their percentage with successive pregnancies  [  78  ] . 
PI-MEC, like the Stem Cell 2 in the parous rat mammary gland, show capacity for 
self-renewal and contribute to mammary outgrowth in transplantation studies. 
PI-MEC can function as alveolar progenitors in subsequent pregnancies, and it is 
thought that they would be related to differences in response to hormonal stimula-
tion and carcinogenic agents observed between nulliparous and parous females  [  28, 
  79,   80  ]  (Table  1.3 ).  

 The relevance of the  fi ndings that the  fi rst full-term pregnancy occurring during 
the HRSW but before exposure to a carcinogen prevents cancer initiation is equiva-
lent to the well demonstrated protective effect of an early  fi rst FTP in women. A  fi rst 
FTP initiated approximately 2 weeks after carcinogen exposure, on the other hand, 
results in a high incidence of mammary cancer, a phenomenon that could explain 
the increased cancer risk observed in women  fi rst parous after age 30, supporting 
the assumption that during that lengthened HRSW the breast had been exposed to 
carcinogenic stimuli before pregnancy. These data emphasize the importance of 
discriminating whether the  fi rst pregnancy would produce protection by inducing 
complete differentiation of the breast activating the same mechanisms that hormonal 
treatments do, or would increase breast cancer risk as a consequence of genotoxic 
or epigenetic exposures during the HRSW (Fig.  1.3 ).  

    1.10   The Human Breast in Pregnancy and Disease 

 The development of the breast is a continuous process initiated by the fourth week 
of intrauterine life that progresses under the in fl uence of maternal, placental, and 
environmental factors until birth and by diet and environmental exposures after 
weaning, respectively. During these periods the maturation of the HPG axis  [  17,   18, 
  81  ]  and endogenous hormone secretions play essential roles on the development of 
the breast at puberty, which is driven by the initiation of ovulation and the establish-
ment of regular menstrual cycles  [  82  ] . The architecture of the breast of normally 
cycling women has been widely described as composed of three main lobular struc-
tures that are classi fi ed on the basis of their degree of development into lobules type 
1 (Lob 1), lobules type 2 (Lob 2), and lobules type 3 (Lob 3)  [  22,   83,   84  ]  (Fig.  1.8 ). 
The breast of women that never conceived a child remains composed of Lob 1, with 
moderate formation of Lob 2 with successive menstrual cycles (Fig.  1.9 ); Lob 3 is 
present only occasionally during the early reproductive years. After menopause the 
breast further regresses, resulting in an increase in the number of Lob 1 in response 
to the decline in Lob 2 and Lob 3 with aging (Fig.  1.10 ). We postulate that the breast 
parenchyma of postmenopausal nulliparous women contains predominantly Stem 
Cells 1, which did not achieve the most differentiated stage of Stem Cell 2 due to 
the absence of pregnancy, therefore retaining its susceptibility to be transformed. 
Therefore, a carcinogenic insult or an inappropriate hormonal stimulus, such as 
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  Fig. 1.8    Development of the human breast before the  fi rst pregnancy from puberty to adulthood       

  Fig. 1.9    Diagrammatic representation of the development of the breast based on the relative per-
centage of lobules present. From puberty to menopause, in the absence of pregnancy, lobules type 
1 (Lob 1) predominate. From ages 19 to 33 a moderate reduction in the number of Lob 1 due to 
their progression to Lob 2 occurs in response to the hormonal stimulus of successive menstrual 
cycles. After menopause the number of Lob 1 increases in response to the decline in Lob 2 (from 
Russo IH, Russo J (2011) Pregnancy-induced changes in breast cancer risk. A review. J Mammary 
Gland Biol Neoplasia 16:221–233)       
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hormone replacement therapy  [  85  ] , would transform the Stem Cell 1 into a cancer 
stem cell (Fig.  1.7 ).     

    1.11   Breast Development Under the Endocrinological In fl uence 
of Pregnancy 

 The development of the breast from birth to puberty follows a general pattern com-
mon for all normally cycling women, with the formation of Lob 1, Lob 2, and Lob 
3  [  83,   84  ] . The progression of lobular development under the cyclic in fl uence of 
ovarian hormones is rapidly accelerated during the  fi rst pregnancy, which for being 
successful requires the timely fertilization of an ovocyte followed by its uterine 
implantation. The embryo drives a process that establishes a collaboration of the 
newly formed placenta with the maternal environment  [  86  ] . The placenta alone 
elaborates a myriad of proteins, glycoproteins, steroid hormones, growth factors, 
tumor suppressor factors, and cytokines that control the local environment of the 
fetus and regulate the metabolic activities of both the mother and the fetus  [  87  ] . In 
addition to estrogen and progesterone, newly secreted hormones, such as human 
growth hormone (hGH); hCG, human placental lactogen (hPL), inhibin  [  88,   89  ]  
stimulate breast development and differentiation. Elevated serum levels of Metastin 
(KISS-1) have been detected during pregnancy  [  90  ]  (Fig.  1.4 ), but the role of this 

  Fig. 1.10    Diagrammatic representation of the development of the breast after the  fi rst pregnancy. 
Lobules type 1, which predominate after 14 years of age, are rapidly replaced by Lob 2, 3, and 4 
during pregnancy. Regression of Lob 4 to Lob 3 at postweaning is followed by regression of Lob 
3 to Lob 1 after age 39. The increasing number of Lob 1 crosses over with Lob 3 by age 44, and 
continue progressively increasing after menopause (from Russo IH, Russo J (2011) Pregnancy-
induced changes in breast cancer risk. A review. J Mammary Gland Biol Neoplasia 16:221–233)       
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hormone in breast development has not been identi fi ed as yet. LH, progesterone, 
and hCG are the main hormones driving the initial phase of growth, which is fol-
lowed by the secretion of the pituitary hormone PRL that stimulates milk secretion 
and contributes to the development of the fully differentiated Lob 4 during the last 
trimester of pregnancy and lactation. After weaning Lob 4 regress to Lob 3, which 
persists in the breast as long as women continue cycling (Fig.  1.10 ). At perimeno-
pause, the number of Lob 3 progressively decreases due to their involution to Lob 2 
and Lob 1  [  22  ] .  

    1.12   Basis of the Protective Effect of Early Pregnancy 

 There exists consensus on the fact that an early pregnancy and increasing number of 
full-term pregnancies are associated with greater risk reduction for invasive breast 
cancer compared with never-pregnant women and women whose  fi rst full-term 
pregnancy occurred after 30 years of age  [  8,   9  ] . Data on the mechanisms mediating 
the protection conferred by early pregnancy or the increased risk resulting from 
delayed  fi rst birth in women are scant or nonexistent. These uncertainties emanate 
from the lack of knowledge on the cause and time of initiation of breast cancer. 
Epidemiological data have provided useful information on cancer causation through 
the identi fi cation of deleterious environmental exposures, such as radiation expo-
sure, either accidental  [  91  ]  or diagnostic and therapeutic  [  92  ] ; and passive or active 
smoking at an early age  [  93  ] . The association of these early exposures with the 
development of breast cancer are an indication that the initiation of breast epithelial 
cell transformation took place several years before a  fi rst FTP during a window of 
susceptibility similar to that described in the rodent experimental model (Fig.  1.11 ). 
The hormonal milieu of pregnancy might stimulate the progression of preexisting 
preneoplastic lesions or small tumors that would be diagnosed during pregnancy or 
within 1 or 2 years following delivery as pregnancy associated breast cancer (PABC) 
 [  94  ] , whose incidence is likely to increase because of the continuous trend towards 
postponement of childbearing  [  95,   96  ] . PABC diagnosed shortly after delivery has 
a worse prognosis and more pronounce mortality than breast cancer in women with 
no PABC. Unfortunately, the knowledge of the response of the breast to the hor-
mones of pregnancy is scant and insuf fi cient for understanding the complex interac-
tions between pregnancy hormones required for stimulating fetal growth and breast 
development and those that activate differentiation pathways exerting a cancer risk 
reduction effect  [  34  ]  (Fig.  1.11 ). This is a  fi eld that requires extensive investigation 
for clarifying these hormonal-carcinogen relationships.  

 Current knowledge on the development of the breast before and during preg-
nancy has been acquired through the study of in vivo and in vitro experimental mod-
els, autopsy material, or cancer-free breast tissues obtained from biopsies or 
reduction mammoplasties  [  22,   25,   26,   30  ] . Conclusions drawn through these studies 
had to be extrapolated to the conditions prevailing in the breast during pregnancy 
due to the dif fi culties in obtaining breast tissue specimens during the gestational 
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process. In order to understand how the dramatic modi fi cations that occur during 
pregnancy in the pattern of lobular development and differentiation, cell prolifera-
tion and hormone receptors in fl uence a woman’s lifetime cancer risk, it has been 
necessary to analyze the pattern of gene expression in the epithelium of Lob 1 in 
breast biopsies of parous and nulliparous postmenopausal women with a history of 
invasive breast cancer (cases) or benign breast disease without hyperplasia or atypia 
(controls). Genomic and Gene Ontology (GO) analyses revealed that the mRNA 
obtained from the breast of parous women free of cancer had a higher level of gene 
expression in processes that included proteolysis and ubiquitination, cell adhesion, 
response to exogenous agents, metabolism, DNA repair and replication, RNA pro-
cessing, apoptosis, antiapoptosis, and chromatin modi fi cations  [  97,   98  ] . These data 
indicate that parous women after menopause who had not developed breast cancer 
exhibit a genomic “signature” that differs from that present in the breast of parous 
postmenopausal women with cancer or in nulliparous women, who traditionally 
represent a high breast cancer risk group  [  97,   98  ]  (Fig.  1.12 ). The importance of 
these  fi ndings is that they support the concept that for being protective, parity should 

  Fig. 1.11    Diagrammatic representation of mammary gland development from conception to the 
end of reproductive life. In both rats ( upper line ) and humans ( lower line ) as in Fig.  1.3 . The 
hatched  red line  represents increase widening of the HRSW to hormonal factors or late 
pregnancy       
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occur during a speci fi c time of breast development, which is represented by the 
interplay of the HRSW/HPW and that the stem progenitor cells must be programmed 
for differentiation before any carcinogenic insult has activated them for becoming 
cancer stem cells (Figs.  1.7  and  1.12 ). If a carcinogenic insult reaches the progenitor 
stem cells of the breast before the  fi rst FTP, then pregnancy, instead of being protec-
tive, might stimulate the progression of transformed cells (Fig.  1.12 ).   

    1.13   In fl uence of Fertility on Breast Cancer Risk 

 No satisfactory answer has been found to the puzzle of why women that have com-
pleted their  fi rst pregnancy before age 24 have signi fi cantly reduced risk of develop-
ing breast cancer after menopause, whereas women that become  fi rst pregnant after 
age 30 or that are younger than 40 years of age at the time of breast cancer diagnosis 
are not protected by parity. Although the exact mechanisms underlying these differ-
ences on breast cancer risk remain unclear, studies of the association of cohort fer-
tility and breast cancer incidence have revealed that childbearing trends account at 
least in part for cohort variations in breast cancer incidence in the Western world. In 
the United States the average age of mothers at the  fi rst birth was 21.4 in 1970, 
increasing 3.6 years by 2006  [  99  ] . During this period the proportion of  fi rst births to 
women aged 35 years and over increased nearly eight times; whereas the percentage 
of  fi rst time mothers under age 20 was reduced from 36 to 21%, and the number of 
invasive breast cancer cancers increased 2.71-fold (171%), in contrast with an 
increase in the female population of 1.29-fold (29%), an indication that delayed  fi rst 
birth played a greater role in the increased breast cancer incidence than population 
growth  [  99,   100  ] . These epidemiological data support our hypothesis that in order 

  Fig. 1.12    Algorithm of breast cancer protection       
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for a  fi rst FTP to be protective it should occur during speci fi c periods of time, the 
HRSW/HPW interface (Figs.  1.3  and  1.12 ). 

    1.13.1   Ovarian Aging and Fertility 

 The understanding of the mechanisms that determine the variability in breast cancer 
risk in relation to age at the  fi rst full-term pregnancy requires to take into consider-
ation not only the development and differentiation of the breast at various ages, but 
of the organs that control both breast development and the capabilities of women to 
be fertile, namely the ovary and the HPG axis  [  17,   18  ] . The fertility of a sexually 
mature woman is established as early as the fourth month of her fetal life, when the 
number of ovarian primordial follicles is set. At birth they number approximately 
 fi ve million; progressively decreasing to 500,000 when the girl reaches menarche 
 [  101  ] . Between the initiation of ovulation and up to 30 years of age, the monthly 
fecundity rate (MFR), i.e., the ability of a woman to become pregnant, ranges from 
20 to 25%  [  101  ] . Continuous ovulation and associated follicular atresia and apopto-
sis further reduce the natural MFR to below 10% by age 35 and even more thereaf-
ter, resulting in either sub fertility or clinical infertility, which affects approximately 
15% of women in developed countries  [  102  ] . With aging of the ovary the size of 
recruited follicles declines, with a concomitant reduction in the number of follicles 
entering maturation and of preovulatory oocytes. Under these conditions the quality 
of the oocytes declines, leading to lower pregnancy rates even after infertility treat-
ments. In addition, embryo aneuploidy and miscarriage rates increase, ultimately 
resulting in poorer delivery rates  [  103  ]  (Fig.  1.12 ).  

    1.13.2   Aging of the Hypothalamic–Pituitary–Ovarian Axis 
and Fertility 

 Although follicular depletion is a critical factor mediating both fertility and meno-
pausal transition, the age-related decline in reproductive function is affected by changes 
in all levels of the HPG axis  [  17  ] . The major hormonal elements that hierarchically 
de fi ne this system are the hypothalamic GnRH, and the pituitary gonadotropins LH and 
follicle stimulating hormone (FSH) that control the synthesis and release of ovarian sex 
steroids and peptides. Accumulating evidence indicates that during the earliest stages 
of reproductive decline, changes at the level of the brain play an important role in the 
initiation of reproductive senescence, which is manifested as a dampened and delayed 
GnRH-driven proestrous LH surge  [  17,   103  , 104  ] . These data emphasize the need to 
understand how endocrinological changes occurring in response to aging affect on the 
ability of the breast to respond to the hormonal effects of pregnancy or of exogenous 
hormones that might be used for the purposes of preventing breast cancer.   
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    1.14   Concluding Remarks 

 The mechanisms described above emphasize the importance of a timely differentia-
tion of the breast for preventing breast cancer. The fact that only full-term pregnancy 
occurring during a narrow window in the development of the breast would succeed in 
permanently inducing the molecular changes that will make the breast resistant to 
develop cancer imposes a heavy burden on reproductive biologists, breast specialists, 
endocrinologists, and molecular biologists for developing the adequate strategies for 
preventing breast cancer in continuously changing populations. A hope is offered by 
the observations that it is possible to protect the breast from cancer initiation and pro-
gression with hCG, one of the hormones produced by the human placenta. The impli-
cations of these observations are twofold: on one hand, they indicate that hCG may 
induce early genomic changes that control the progression of the differentiation path-
way, and that these changes are permanently imprinted in the genome, regulating the 
long-lasting refractoriness of the breast to develop cancer. The permanence of these 
changes would, in turn, make them ideal surrogate markers for the evaluation of novel 
chemopreventive agents designed for preventing breast cancer in the future.      
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    2.1   Introduction 

 Primary prevention is the ultimate goal for the control of breast cancer. Thus, one of the 
major long-standing goals of the studies conducted in the Breast Cancer Research 
Laboratory at the Fox Chase Cancer Center has been to develop physiological 
approaches that are effective for prevention of breast cancer  [  1–  5  ] . Since the early 
1980s, our laboratory along with other investigators have been investigating the intrigu-
ing phenomenon that pregnancy has protective effects against breast cancer in both 
women  [  6  ]  and experimental animals, and have revealed that an early full-term preg-
nancy is the key physiological factor that has preventive effects on breast cancer  [  7–  12  ] . 
It has been observed that the  fi rst full-term pregnancy at an age younger than 24 years 
old provides an evident protection against breast cancer  [  11,   13  ]  and moreover, addi-
tional pregnancies and the prolongation of total lactation period have been shown to 
enhance the preventive effect even more  [  14–  16  ] . The preventive effect of an early full-
term pregnancy has been seen in various rodent models including out-bred Sprague–
Dawley (SD) rats, inbred Lewis and Wistar-Furth rats, and inbred mice (for review see 
 [  14  ] ). Most of these studies have revealed that the early full-term pregnancy results in 
a greater than 75% inhibition of the incidence of breast carcinomas  [  14,   17  ] . 

 Pregnancy is associated with increased levels of several pregnancy-related hor-
mones including estrogen (E) and progesterone (P), which play leading roles in 
orchestrating proper development and function of breast tissue  [  18  ] . In fact, preg-
nancy can be mimicked by the administration of E plus P, which are thought to be 
responsible for the diminished risk for breast cancer among women following a full-
term pregnancy  [  18,   19  ] . It has been shown that a short-term administration of E plus 
P mimics the protective effect of parity in rats and that a treatment period as short as 
one-third of the gestation time is suf fi cient to induce protection against mammary 
carcinogenesis  [  17  ] . A study by Rajkumar et al.  [  20  ]  has demonstrated that in nullipa-
rous rats, a long-term protection against mammary carcinogenesis could be achieved 
by short-term treatments with various combinations of both natural and synthetic E 
and P. In addition to E and P, another key pregnancy-related hormone that is highly 
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secreted during pregnancy is human chorionic gonadotropin (hCG), a glycoprotein 
that is made by the developing embryo soon after conception and later by the syncy-
tiotrophoblast. In 1983, our laboratory reported  [  21  ]  the  fi rst  fi nding that hCG had the 
protective effect on mammary carcinogenesis. Our subsequent studies ( [  7–  9,   21,   22  ]  
and for review see  [  2  ]  and references therein) have clearly demonstrated that a com-
plete differentiation of the mammary gland conferred protection against breast cancer 
and that the complete differentiation of the mammary gland was attained through 
pregnancy and lactation. The greater differentiation of the mammary gland was mani-
fested as permanent structural changes, consisting of the disappearance of    terminal 
end buds (TEBs) and a diminution of the number of terminal ducts (TDs) due to their 
differentiation into lobules. Interestingly, we found that these events were fully 
mimicked through exogenous administration of hCG alone  [  7–  9,   21,   22  ] . More impor-
tantly, we have shown in an experimental model  [  23,   24  ]  that a short-term hCG treat-
ment induced the molecular, cellular, pathophysiological, and morphological changes 
that similarly occur during pregnancy. Especially, we have revealed  [  3  ]  that hCG 
induced speci fi c changes in genomic signature similar to those occurring during preg-
nancy, which were associated with inhibition of not only the initiation and the 
progression of chemically induced mammary carcinomas but also the development of 
early lesions such as intraductal proliferations and carcinoma in situ (CIS). hCG was 
found to inhibit mammary tumorigenesis through both induction of differentiation 
and inhibition of the proliferation of human breast epithelial cells (HBEC) in vitro 
 [  25  ] . Consistent with our observations made in studies with animal models, a nested 
case-control study with a female population-based cohort  [  26  ]  has revealed that 
women with hCG levels in the top tertile consistently had lower risks of breast cancer 
than women with hCG levels in the lowest tertile. All together, these observations 
strongly support our original notion that the elevated levels of hCG, a key placental 
hormone, during pregnancy confer potent protection on the long-term risk of breast 
cancer. These observations prompt us to continually pursue the potential applications 
of hCG in prevention of human breast cancer. In the present work we would like to 
document several aspects of our studies that will help to establish the powerful role of 
hCG in breast cancer prevention. We will divide our work into the following sections: 
(a) the differential effect of urinary hCG (u-hCG) vs. recombinant hCG (r-hCG); (b) 
time-dependent preventive effects of hCG on rat mammary carcinogenesis; and (c) the 
study of side effects of hCG in reproduction.  

    2.2   The Differential Effect of Urinary hCG 
vs. Recombinant hCG 

    2.2.1   Human Chorionic Gonadotropin 

 Up to now the main known physiological function of hCG in the female is the 
maintenance of the corpus luteum of pregnancy through its interaction with the 
ovarian lutropin-choriogonadotropin-receptor (LH-CG-R), which has been 
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described in the human breast. This interaction activates a cascade of effects that 
results in increases in serum levels of estrogen and progesterone. Administration of 
hCG to virgin rats elicits a similar response  [  7,   27–  31  ] . In addition, our studies 
have shown that hCG has a direct effect on the rat mammary epithelium and on 
HBEC in vitro  [  32  ] . hCG is currently used in the treatment of infertility and hypog-
onadotropic hypogonadism in males  [  33–  36  ] . It has also been used for the treat-
ment of obesity  [  37  ] , and has been successfully used in Phase I/II trials in the 
United States for the treatment of Kaposi’s sarcoma lesions in acquired 
immunode fi ciency syndrome (AIDS) patients  [  38–  40  ] . A drawback in these stud-
ies is the fact that the most common source of all commercially available hCG 
preparations is the urine of pregnant women, which carries numerous bioactive 
ovarian and placental hormone and peptide metabolites. The assessment of the 
speci fi c effects of hCG, therefore, requires the use of a pure form of the hormone, 
such as a recombinant preparation. 

 Pregnancy can be considered to be the most physiological mechanism for pro-
tecting the mammary gland from malignant transformation, a conclusion supported 
by epidemiological data  [  13,   41  ] . The fact that hCG appears to mimic the effect of 
pregnancy makes the use of this protocol for cancer prevention an appealing idea 
that needs further exploration. Our experimental results constitute the rationale for 
proposing to evaluate both the therapeutic ef fi cacy of hCG in newly diagnosed 
breast cancer and its potential to prevent the development of new malignancies in 
the patients treated with hCG for primary breast cancer. In order to identify the 
ultimate mechanisms responsible for pregnancy/hCG-mediated protection we com-
pared the mammary cancer preventive and therapeutic effects of hCG obtained from 
the urine of pregnant women (u-hCG) with those of the pure hormone, r-hCG. 

 Results reported here were obtained from experimental protocols designed with 
two main purposes, one, to evaluate the ef fi cacy of r-hCG in comparison with that of 
u-hCG and placebo in the prevention of mammary cancer by determining the potential 
of these hormones to inhibit the initiation of DMBA-induced rat mammary carcino-
mas. The second purpose was to evaluate the therapeutic ef fi ciency of r-hCG on mam-
mary cancer. For this objective the tumoristatic and tumoricidal ef fi cacy of r-hCG and 
u-hCG on early and advanced mammary cancer was tested in intact virgin rats that 
had received DMBA 20 days prior to the initiation of the hormonal treatments. The 
effect on advanced tumor development was evaluated by starting the hormonal treat-
ment 60 days after DMBA administration, or when tumors were already palpable.  

    2.2.2   Experimental Protocol 

 For these experiments, 450 intact virgin Sprague–Dawley rats were divided into 9 
groups of 50 animals each, and randomly assigned to one of the following regi-
mens (Fig.  2.1 ): Regimens 1, 2, or 3 were designed for evaluating the ef fi cacy of 
r-hCG in the prevention of mammary cancer. The effect of r-hCG treatment of 
virgin rats on the initiation of DMBA-induced mammary carcinomas was compared 
with that of u-hCG, utilizing as controls age-matched placebo-treated intact virgin 
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  Fig. 2.1    Experimental protocol designed for testing the preventive and therapeutic ef fi cacy of 
human chorionic gonadotropin (hCG) on rat mammary cancer. For these experiments, 450 intact 
virgin Sprague–Dawley rats were purchased from Taconic Farms (New York, NY). The animals 
were received when they were 40 days old. On arrival all the animals were individually and 
permanently numbered from 1 to 450 by ear marking with the appropriate holes and wedges. 
Animals from numbers 300 to 400 series were also identi fi ed by toe clipping. They were 
weighed, and housed three to a cage in the  fi rst 17 cages for each regimen; the last cage of 
each regimen housed two animals. Individual cages were sequentially numbered, and each regi-
men was identi fi ed by cards of different colors. The same colors were applied to all boxes con-
taining hormones or placebo, and to syringes utilized for injecting the animals, in order to avoid 
errors during the injection period. The cages were placed on open racks in an environmentally 
controlled clean air room with a 12-h light/12-h darkness cycle. The animals were fed pellets of 
Purina Certi fi ed Rodent Chow 5002 and tap water ad libitum. All the procedures performed dur-
ing these studies complied with the institutional and federal guidelines for the use and care of 
laboratory animals under protocols approved by the Institutional Animal Care and Use 
Committees (IACUC) of the Fox Chase Cancer: A suspension of DMBA (Sigma Chemical Co., 
St. Louis, MO) was prepared at a concentration of 10 mg/mL of corn oil by heating in a water 
bath at 95°C for 30 min. The carcinogen suspension was allowed to reach room temperature 
before intragastric (i.g.) instillation with a gastric cannula. Thereafter all the animals were pal-
pated periodically for detection of tumor development and determination of tumor growth rate. 
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rats. Both hormones were administered at a dose of 100 IU/day for 21 days, starting 
when the animals were 45 days old. The 50 rats assigned to Regimen 1 received a 
daily intraperitoneal (i.p.) injection of 0.5 mL Ovidrel placebo for 21 days. Under 
Regimens 2 and 3 the same number of animals received for 21 days 100 IU/day of 
r-hCG (Ovidrel, Serono) or u-hCG (Steris Laboratories, Phoenix, AZ), respectively. 
Twenty-one days after completion of the last injection, when the animals were 87 
days old, the three groups of animals were inoculated with a single intragastric (i.g.) 
dose of 8 mg DMBA per 100 g body weight (bw).  

 Regimens 4–6 were designed to test the effect of the hormonal treatments on 
early tumor development. All the animals received a single i.g. dose of DMBA 
when they were 45 days old. Twenty-one days later those animals allocated to 
Regimen 4 started receiving a daily i.p. injection of 0.5 mL Ovidrel placebo for 40 
days. Under Regimens 5 and 6 the same number of animals received for 40 days 
100 IU/day of r-hCG or u-hCG, respectively. All the animals were palpated biweekly 
for detection of tumor development and determination of tumor growth rate. Final 
tumorigenic response was evaluated 18 weeks after administration of DMBA. 

 Regimens 7–9 were designed to test the effect of the hormonal treatments on late 
tumor development. All the animals were inoculated with a single i.g. dose of 8 mg 
DMBA per 100 g bw when they were 45 days old. Tumorigenic response was evalu-
ated by palpation of the right and left mammary cervical, thoracic, abdominal and 
inguinal areas and from ventral to dorsolateral extensions of the glands (Figs.  2.2  and 
 2.3 ). All the tumors were sequentially numbered in the order they had appeared, their 
location was recorded, and the rate of tumor growth was determined by measurement 
of tumor size with a Vernier caliper. All changes in the health status of the animals, 
rapid tumor growth, or skin ulceration were recorded. Those animals in which the 
tumors were excessively large or became ulcerated were euthanized, irrespective of 
the stage of the hormonal treatment, in compliance with Institutional Animal Care 
and Use Committees (IACUC) regulations. Those animals euthanized before initia-
tion or before the completion of the hormonal treatments were deleted from the sta-
tistical analysis of the  fi nal tumorigenic response. Sixty days after DMBA inoculation, 

Fig. 2.1 (continued) Final tumorigenic response was evaluated 18 weeks after administration of 
DMBA. At the end of the experiment all the animals were anesthetized with an i.p. injection of 
Ketamine (90 mg/kg bw)-Nembutal (40 mg/kg bw), bled through the inferior vena cava, and the 
serum was separated and kept frozen at −700°C. The tumors were rapidly dissected, measured in 
three dimensions, and serially sliced. Adjacent slices were: (1)  fi xed in 10% neutral buffered for-
malin (NBF) for histopathological and immunocytochemical analysis, (2) frozen in liquid nitrogen 
for estrogen receptor (ER) and progesterone receptor (PR) determinations, and (3) placed in sterile 
culture medium for DNA analysis by  fl ow cytometry. Tumors that were smaller than 1 cm in diam-
eter were  fi xed in 10% NBF only. In the absence of tumors the right thoracic (second and third), 
and the right abdominal (fourth) mammary glands were  fi xed in 10% NBF for histopathological 
evaluation of degree of gland development. The right and left ovaries of all animals were dissected, 
measured in three dimensions with a Vernier caliper and  fi xed in 10% NBF. All the internal organs 
were examined for evidence of metastatic nodules, adhesions, or hemorrhages. Liver, spleen, and 
lung changes were documented and representative fragments of tissues were  fi xed in 10% NBF for 
histopathological examination. Representative lesions were photographed       
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  Fig. 2.2    Diagram showing 
the location of the mammary 
glands in the Sprague–
Dawley rat.  MG1  mammary 
gland pair located in the 
cervical region;  MG2  and 
 MG3  thoracic,  MG4  
abdominal;  MG5  abdomino-
inguinal; and  MG6  inguino-
perineal regions       

Fig. 2.3  (continued) After a buffer rinse the slides were incubated for 30 min with Vectastain Elite 
ABC kit for mouse (Vector Laboratories, Inc., Burlingame, CA), washed in PBS buffer and incu-
bated in peroxidase substrate solution containing hydrogen peroxide and 3,3 ¢ -diaminobenzidine-
HCl (DAB) for 2 min. Sections incubated with nonimmune serum were used as negative controls. 
All sections were lightly counterstained with hematoxylin. Immunostaining was evaluated by 
examination of slides under a bright  fi eld microscope, and graded according to the intensity of the 
nuclear brown staining as negative (−), weak (+), moderate (++), or strong (+++), as previously 
described  [  33  ] . Results were expressed as the percentage of positive cells over the total number of 
epithelial cells counted for every speci fi c type of lesion       

 



  Fig. 2.3    ( a ) Gross anatomy of tumors located in thoracic mammary glands 2 and 3, and abdomino-
inguinal mammary glands 4 and 5, found in animal treated with placebo (Regimen 9); ( b ) histological 
section of an invasive adenocarcinoma located in the cervical mammary gland of an animal treated with 
placebo (Regimen 4) (Hematoxylin and Eosin, ×20); ( c ) ductal CIS, found in non-tumoral breast tissue.  
(H&E, ×20); ( d ,  e ) invasive adenocarcinomas immunoreacted with ApopTag for detection of apoptotic 
cells, and counterstained with hematoxylin (H) (×40); ( d ) tumor in placebo-treated animal (Regimen 9); 
( e ) tumor in r-hCG treated animal (Regimen 7); ( f ) Regimen 1 invasive adenocarcinoma immunore-
acted with anti-estrogen receptor antibody ( brown nuclei ) and counterstained with H; ( g ) Regimen 1 
invasive adenocarcinoma immunoreacted with anti-progesterone receptor antibody ( brown nuclei ) and 
counterstained with H;  (×40). All palpable tumors, microscopic tumors, and suspicious areas exhibiting 
nodularity and/or discoloration that were visually identi fi ed during mammary gland dissection at necropsy 
were  fi xed in 10% neutral buffered formalin, embedded in paraf fi n, stained with hematoxylin-eosin, and 
classi fi ed according to criteria published elsewhere  [  14  ] . Mammary tumors that were  fi xed in formalin, 
dehydrated, and embedded in paraf fi n were cut at a thickness of 4  m m. The tissue sections were mounted 
on positively charged slides, deparaf fi nized, rehydrated, and incubated in 2% hydrogen peroxide at 
room temperature for 15 min for quenching endogenous peroxidase activity. The sections were 
sequentially incubated in two changes of Target Retrieval Solution at 98°C for 5 min each. Those 
slides assigned to progesterone receptor analysis (PR) were also incubated in 0.02% trypsin for 10 min. 
All the tissue sections were then incubated in diluted normal blocking serum for 20 min. Excess 
serum was blotted from the slides and the sections were incubated with either mouse monoclonal anti-
estrogen receptor (ER) or anti-progesterone receptor (PR) antibodies (InnoGenex, San Ramon, CA) at 
a dilution of 1:400. Both antibodies were incubated in a humidity chamber at 4°C overnight, 
washed in buffer and the sections were incubated with rat adsorbed goat anti-mouse biotiny-
lated secondary antibody (InnoGenex, San Ramon, CA) at room temperature for 30 min. 
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when the rats were 105 days old, animals allocated to Regimen 7 started receiving a 
daily i.p. injection of 0.5 mL r-hCG for 40 days. Under Regimens 8 and 9 the same 
number of animals received for 40 days 100 IU/day of u-hCG or 0.5 mL Ovidrel 
Placebo, respectively. Tumorigenic response was evaluated by biweekly palpation. 
All tumors were sequentially numbered, their location was recorded, and the rate of 
tumor growth was determined by measurement of tumor size with a Vernier caliper. 
Final tumorigenic response was evaluated 18 weeks after administration of DMBA 
and was evaluated by taking into consideration the following parameters: (1) Rate of 
tumor growth, based on sequential measurement of the two largest diameters of 
tumors in live animals utilizing a Vernier Caliper and expressing the results in mm, 
or calculating the volume by applying the    formula:     = × 2

1 24 / 3 ( / 2)( / 2)V d d   , where 
 V  is total volume,  d  

1
  the smallest diameter, and  d  

2
  the largest diameter; (2) Final 

tumor size, based on measurement of the length, width, and height of dissected 
tumors with a Vernier Caliper. Results were expressed in mm. A progressively 
smaller tumor size in successive measurements was indicative of tumor regression. 
Palpable tumors that had disappeared at the time of dissection were considered to be 
100% regressed. The mammary tissue in which the tumor had been originally 
identi fi ed was  fi xed in 10% NBF for histopathological analysis. This criterion was 
indicative of an inhibitory effect of the hormonal treatments on tumor growth; 
(3) Tumor necrosis in large palpable tumors, and (4) Presence of skin ulceration in 
live animals, indicative of rapid rate of tumor growth, more frequently found in pla-
cebo-treated animals. This condition made it mandatory to euthanize the animals.    

    2.2.3   Effect of hCG in Mammary Cancer Prevention 

  Regimens 1, 2, and 3 . Fifty virgin rats were treated with placebo, r-hCG, or u-hCG 
for each one of the regimens (Fig.  2.1 ). The placebo or hormonal treatments were 
initiated when the rats were 45 days old and were administered consecutively for 21 
days. Twenty-one days after the last injection, when the animals were 87 days old, 
they received a single i.g. dose of DMBA. One animal of Regimen 1 and one of 
Regimen 2 died during carcinogen administration as a consequence of acute reac-
tion to the anesthesia; they were deleted from the study, reducing the total animal 
population to 49 in each one of these two regimens. All the animals appeared healthy 
during the injection period and thereafter throughout the length of the study, which 
was terminated when the animals were 175 days old. 

 Periodic palpation of the animals revealed that all of them were free of palpable 
masses before carcinogen administration. The vast majority of tumors were found 
at the time of autopsy and none of them were ulcerated. None of the animals were 
required to be euthanized before the end of the experiment. In animals treated with 
placebo (Regimen 1) 44 palpable masses were found in 22 of 49 animals treated 
(44.9%). The tumors were predominantly located in the mammary glands located in 
the thoracic regions, mammary gland pairs 2 (MG2) and 3 (MG3). Second in fre-
quency were those tumors located in the MG1 and neck and ear regions (Fig.  2.2 ; 
Table  2.1 ). After dissection and histopathological evaluation and diagnosis of the 
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masses dissected it was found that 26 of them were invasive mammary adenocarci-
nomas, which were found in 18 animals (37%), representing an average of 0.53 
adenocarcinomas per animal (Table  2.1 ). These tumors were predominantly papil-
lary adenocarcinomas, either type I (four tumors), type II ( fi ve tumors), types II and 
I combined (ten tumors), and papillary carcinomas types I and II combined with 
cribriform pattern (seven tumors). In addition the mammary glands of the same 
animals contained a total of 27 in situ carcinomas, or 0.55 in situ carcinoma per 
animal (Table  2.1 ). None of these tumors exhibited necrosis or regressive changes. 
In four of the animals the enlarged masses represented lymph node or salivary gland 
hyperplasia (three enlarged lymph nodes,  fi ve enlarged salivary glands), or swollen 
portions of muscle,  fi broadipose tissue, or mammary gland, but they were free of 
neoplasms.  

 Treatment of the animals with r-hCG (Regimen 2) signi fi cantly reduced the num-
ber of palpable tumors in all the mammary glands, neck, and ear regions. Five tumors 
were palpated in 4 out of 49 animals (8.1%). When the tumors were histopathologi-
cally classi fi ed, it was found that three of them were papillary adenocarcinomas, 
either type I, combined types I and II, and cribriform adenocarcinoma, reducing the 
number of animals with mammary neoplasms to three (6%) (Table  2.1 ; Fig.  2.4 ). 
Foci of CIS were found within invasive adenocarcinomas, but this type of lesion 
was not found in animals free of invasive carcinomas or bearing only benign lesions. 
One of the tumors detected by palpation was a benign epidermal inclusion cyst and 
the other an enlarged lymph node.  

 A total of 50 animals treated with u-hCG (Regimen 3) were evaluated at the end 
of the experiment. Seven tumoral masses were palpable in six of the animals (12%). 
Four of them were invasive papillary adenocarcinomas type I and II, and one was a 
papillary adenocarcinoma type I and II combined with cribriform carcinoma. These 
lesions and two in situ carcinomas were found in 4 out of the 50 animals (8%). The 
other two palpable masses were an enlarged lymph node and a benign keratoacan-
thoma, respectively (Table  2.1 ).  
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  Fig. 2.4    Histogram showing 
in the ordinate the number of 
adenocarcinomas (AdCa) and 
carcinoma in situ (CIS) per 
animal. The abscissa shows 
the treatments received: 
Placebo, Regimen 1, r-hCG, 
Regimen 2, and u-hCG, 
Regimen 3, as described in 
Fig.  2.1 . The  numbers  in 
 parentheses  represent the 
total number of lesions in the 
total number of animals 
studied       
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    2.2.4   Effect of hCG on Mammary Cancer Therapy 

    2.2.4.1   Effect of r-hCG and u-hCG on Early Tumor Development 

 The effect of r-hCG and u-hCG was tested using Regimens 4, 5, and 6 (Fig.  2.1 ). 
Fifty virgin rats from each one of these regimens were inoculated with DMBA when 
they were 45 days old. One animal from Regimen 4 and one from Regimen 5 died 
during carcinogen administration due to acute reaction to the anesthesia. The treat-
ment of the remaining animals with placebo, r-hCG, or u-hCG was initiated 21 days 
after DMBA inoculation and administered continuously for 40 days (Fig.  2.1 ). 

 Ten of the remaining 49 animals of Regimen 4 had developed at least one pal-
pable tumor by 42 days post-DMBA administration. One animal that was severely 
sick died at the time of the 14th placebo injection and two animals died 12 and 14 
days after the last injection, respectively. The total number of palpable tumors 
detected in this group was 273, which were found in 48 out of 49 animals (97.9%), 
averaging 5.6 tumors per animal (Table  2.2 ). The location of tumors was similar to 
that observed in animals of Regimens 1–3, although a greater percentage of tumors 
were found to be originating from MG2 and MG3, and lower frequencies in MG1, 
4, 5, and 6, and neck-ear regions (Figs.  2.2  and  2.3 ). The predominant histological 
types were papillary adenocarcinomas type I and II (116 tumors), and combined 
papillary adenocarcinomas type I and II with cribriform carcinoma (68 tumors). The 
87 adenocarcinomas in situ (CIS) were found in animals already bearing invasive 
adenocarcinomas, therefore their presence did not modify the overall tumor inci-
dence (Table  2.2 ; Fig.  2.5 ). Among the numerous benign lesions found in this group 
of animals there were keratoacanthomas, epidermal inclusion cysts, intraductal pap-
illomas, hyperplastic alveolar nodules, and mammary glands with cystic changes.   

 Treatment with r-hCG (Regimen 5) resulted in a reduction in the number of ani-
mals with tumors; it also reduced the total number of tumors, invasive adenocarci-
nomas, and carcinomas in situ (Table  2.2 ). The predominant types of invasive tumors 
were the papillary adenocarcinomas type I and II (55 tumors) and the papillary 
adenocarcinoma type I and II combined with cribriform carcinoma (20 tumors). 
Many of these tumors exhibited changes indicative of regression and differentiation, 
such as  fi brosis, lactational charges, and necrosis, which were observed in 18 tumors. 
The benign lesions found consisted of keratoacanthomas, epidermal inclusion cysts, 
intraductal papillomas, and cystic changes; they were also reduced in number 
(Table  2.2 ). 

 Treatment with u-hCG (Regimen 6) also reduced the number of animals with 
tumors, as well as the total number of tumors, number of invasive adenocarcinomas, 
and carcinomas in situ (Table  2.2 ). The tumors found were predominantly papillary 
adenocarcinomas type I and II (55 tumors) and the papillary adenocarcinoma type I 
and II combined with cribriform carcinoma (20 tumors). Some of these tumors also 
exhibited  fi brosis, lactational charges, and necrosis. The number of benign lesions, 
such as keratoacanthomas, epidermal inclusion cysts, intraductal papillomas, and 
cystic changes, were also reduced in number (Table  2.2 ).  
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    2.2.4.2   Effect of r-hCG and u-hCG on Advanced Tumor Development 

 The effect of r-hCG and u-hCG on advanced tumor development was tested using 
Regimens 7, 8, and 9 (Fig.  2.1 ). For these three regimens 150 animals were inocu-
lated with DMBA when they were 45 days old. One animal from Regimen 7 died 
during carcinogen administration and was deleted from the study. The treatment 
with the hormones or placebo was initiated 60 days after DMBA administration 
(Fig.   1.1    ). At that time around 50% of the animals had already developed palpable 
tumors, which averaged, 1.40, 1.31, and 0.76 tumors per animal in those rats allo-
cated to Regimens 7, 8, and 9, respectively (Table   2. 3 ). At the end of the hormonal 
treatment the number of palpable tumors had increased in the three groups, although 
the maximal increase occurred in the placebo-treated group (Regimen 9), in which 
there were 119 palpable tumors, at an average of 2.90 tumors per animal. All ani-
mals that needed to be euthanized because of the rapid growth and ulceration of the 
tumors before completion of treatment were deleted from the  fi nal analysis of tum-
origenic response. The same criterion applied to the animals treated under the three 
regimens, therefore 37 animals treated with r-hCG (Regimen 7), 36 treated with 
u-hCG (Regimen 8), and 40 animals treated with placebo (Regimen 9) were eligible 
for the analysis of the  fi nal tumorigenic response (Table   2. 3 ).  

 Thirty-nine out of 40 animals (97.5%) in the placebo-treated group (Regimen 9) 
had a total of 229 tumors in a distribution similar to that described for Regimens 
1–6. In addition two animals had metastatic nodules in the spleen, liver, and lungs, 
which were not included in the  fi nal tabulation of tumors (Table  2.4 ). The histo-
pathological analysis of tumors revealed that the greatest percentage of tumors, 
regardless their location, was represented by invasive adenocarcinomas, papillary 
types I and II (129 tumors), second in frequency was the invasive adenocarcinoma 
papillary type I and II combined with cribriform type (34 tumors); there was a lower 
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frequencies of carcinomas in situ, invasive papillary adenocarcinomas type I, and 
benign lesions (Table  2.4 ).  

 In the r-hCG treated group (Regimen 7), a total of 37 animals ful fi lled the eligibil-
ity criteria to be included in the  fi nal analysis; 33 of them (89.1%) developed a total of 
147 tumors, averaging 3.9 tumors per animal over the total number of animals at risk 
(Table   2. 3 ). In two animals tumors that were palpated at the beginning of treatment 
had regressed completely at the time of autopsy. In this group of animals, some very 
large tumors consisted of an encapsulated mass of brown  fl uid necrotic material, with 
not viable tissue identi fi able for additional studies, except for histopathological analy-
sis. The histopathological analysis of tumors revealed the presence of the same tumor 
types found in the other regimens, namely invasive papillary adenocarcinomas type I 
and II, totaling 54 tumors, 10 of which exhibited necrosis, and in addition, other 30 
tumors exhibited regressive and differentiation-associated changes, such as  fi brosis, 
lactational, and cystic changes. Following in frequency among the invasive carcino-
mas were the papillary adenocarcinomas type I and II combined with cribriform type, 
13 tumors, adenoid cystic carcinoma, 10 tumors, and papillary adenocarcinoma type 
I, 9 tumors. A large proportion of these lesions also exhibited  fi brosis, lactational, and 
cystic changes. Twenty-nine carcinomas in situ, two tubular adenocarcinomas, and a 
variety of benign mammary lesions, which included intraductal papillomas, epider-
mal inclusion cysts, keratoacanthomas, hyperplastic alveolar nodules, mammary 
cysts, and focal areas of  fi brosis were also identi fi ed in this group of animals. 

 Thirty-two (88.8%) out of the 36 animals of Regimen 8 that were treated with 
u-hCG and were eligible for the analysis of the  fi nal tumorigenic response had 
developed a total of 122 palpable tumors, 77 of which were invasive adenocarcino-
mas (Table   2. 3 ; Fig.  2.6 ). The majority of them were invasive papillary adenocarci-
nomas type I and II, 32 tumors, pure type I, 22 tumors, and invasive papillary 
adenocarcinomas type I and II combined with cribriform pattern, type, 15 tumors. 
The number of tumors exhibiting regressive and differentiation-associated changes, 
such as  fi brosis, lactational, and cystic changes, was markedly lower than those 
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found in animals treated with r-hCG under Regimen 7. There were six carcinomas 
in situ, as well as numerous benign mammary lesions, i.e.,  fi broadenomas, ade-
nomas,  fi bromas, and intraductal papillomas. Palpable masses that were of non-
mammary origin were two enlarged lymph nodes and one enlarged salivary gland.  

 The analysis of tumor and mammary cancer incidence as well as the number of 
tumors and adenocarcinomas per animal in the nine regimens studied revealed that 
the treatment of the virgin rats with r-hCG and u-hCG always resulted in a reduction 
in all parameters. The treatment with placebo initiated when the animals were 45 
days old in Regimen 1 followed by carcinogen administration 20 days later, when 
they were 87 days old, resulted in a tumor incidence of 45%, which was signi fi cantly 
lower than that developed by animals treated with placebo 20 or 60 days after car-
cinogen administration, but that had received the carcinogen when they were 45 
days old. Treatment of the animals with r-hCG and u-hCG prior to DMBA instilla-
tion further reduced the tumorigenic response (Figs.  2.7  and  2.8 ).     

Effect of r-hCG and u-hCG in DMBA
Induced Mammary Tumorigenesis
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  Fig. 2.7    Histogram showing 
in the ordinate tumor 
incidence in the mammary 
gland of virgin rats treated 
with placebo (Regimen 1), 
r-hCG (Regimen 2), or 
u-hCG (Regimen 3) 21 days 
prior to DMBA, initiation; 20 
days after DMBA early 
promotion (Regimens 4, 5, 
and 6), or 60 days after 
DMBA administration, late 
promotion (Regimens 7, 8, 
and 9), according to the 
protocol shown in Fig.  2.1        

Effect of r-hCG and u-hCG in DMBA
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    2.2.5   Special Studies 

    2.2.5.1   Cellular DNA Analysis by Flow Cytometry 

 Cellular DNA analysis by  fl ow cytometry was used to evaluate cell proliferation in 
those tumors larger than 1 cm 3  in which there was enough tissue to serially section 
for histopathological and steroid receptor analyses as well. A slice of viable tumor 
was placed in sterile culture medium,  fi nely minced with the help of scalpel blades, 
immediately  fi xed in 70% ethanol, and stored at −20°C until analyzed. The tumor 
cell suspensions were further homogenized,  fi ltered, and the cellular DNA content 
was determined by staining tumor cells with the  fl uorescent nucleic acid dye pro-
pidium iodide (Boehringer Mannheim), that intercalates between base pairs binding 
to double-stranded nucleic acids. Fluorescent intensity above 600 nm was used as 
an indicator of cellular DNA content. The tumor cells were incubated with RNAse 
to degrade any double-stranded RNA that could bind propidium iodide and produce 
staining artifacts. The  fl uorescent intensity of stained cells was determined using a 
Becton Dickinson FACScan. The DNA content of the cells was analyzed with the 
Mac Cycle Software. There were no signi fi cant differences in the data collected, as 
depicted in Table  2.5 .   

    2.2.5.2   Detection of Cell Cycle and Apoptotic Markers by Flow Cytometry 

 Mammary tumors subjected to DNA analysis by  fl ow cytometry were also tested for 
their content of p53, Cyclin D1, and p21. The following  fl uorescein conjugated 
mouse monoclonal antibodies were used: Pab246, epitope mapping at amino acid 
residues 88–93 of mouse p53, that also recognizes rat p53, cyclin D1 (−12) epitope 
corresponding to amino acids 1–295, representing full length cyclin D1, speci fi c for 
human, mouse and rat cyclin D1, and p21, epitope corresponding to amino acids 
1–159 representing full length p21. All the antibodies were purchased from Santa 
Cruz Biotechnology, Inc., Santa Cruz, CA. The  fl uorescent intensity of stained cells 
was determined using a Becton Dickinson FACScan. The DNA content of the cells 
was analyzed with the Cell Quest Software and the data are depicted in Table  2.6 . 
There were no signi fi cant differences detected with this method.   

    2.2.5.3   Immunocytochemical Detection of Inhibin 

 Rabbit polyclonal antibodies R-4059 and R-4072, raised in our laboratory against 
peptides 1-16 (YK) and [CGC] 93-104 were used in these procedures. Sections of 
paraf fi n-embedded tumors developed by animals under the nine regimen treatments 
were mounted on positively charged slides, deparaf fi nized, rehydrated, and endoge-
nous peroxidase was quenched with 2% hydrogen peroxide. After blocking, the sec-
tions were incubated with the respective antibodies overnight, washed, and incubated 
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with horse anti-mouse biotinylated secondary antibody (Vector Laboratories, Inc., 
Burlingame, CA). Vectastain Elite ABC kit (Vector Laboratories, Inc., Burlingame, 
CA) was used to conjugate and 3,3 ¢ -diaminobenzidine-HCl (DAB) to reveal the 
immunocytochemically reacted sites. Sections incubated with pre-immune serum 
were used as negative controls. All sections were lightly counterstained with hema-
toxylin. Immunostaining was evaluated by examination of slides under a bright  fi eld 
microscope, and graded according to the intensity of the brown stain as negative (−), 
weakly (+), moderately (++), or strongly (+++) positive. Inhibin immunoreactivity 
was evaluated in the cytoplasm of tumor cells and in normal epithelial cells lining 
ducts and lobules of the non-tumoral mammary gland. The number of positively 
stained cells was counted, and results were expressed as a percentage and statistically 
analyzed in Table  2.7 .   

   Table 2.5    Effect of r-hCG and u-hCG on the cell cycle of DMBA-induced 
mammary tumors   

 Regimen  G 1  (%)  S (%)  G 2  (%)  G 1 /G 
2
  

 4  79.76 ± 3.44  7.81 ± 3.44  12.27 ± 1.96  2.03 ± 0.01 
 5  80.95 ± 2.76  7.83 ± 3.07  11.08 ± 1.77  2.01 ± 0.007 
 6  83.14 ± 3.22  6.97 ± 3.65  9.85 ± 3.58  2.02 ± 0.01 
 9  86.20 ± 0.00  4.50 ± 0.00  9.20 ± 0.00  2.01 ± 0.00 
 7  82.41 ± 2.09  7.05 ± 1.87  10.38 ± 0.79  2.02 ± 0.001 
 8  79.45 ± 4.45  8.00 ± 5.37  12.40 ± 0.84  2.05 ± 0.003 

 Statistical analysis 

 Regimen  G 1   S  G 2   G 1 /G 2  

 4 vs. 5  NS  NS  NS  NS 
 4 vs. 6   p  < 0.07  NS  NS  NS 
 9 vs. 7  NS  NS  NS  NS 
 9 vs. 8  NS  NS  NS  NS 

   Table 2.6    Effect of r-hCG and u-hCG on p53, cyclin D1, and p21 
expression in DMBA-induced mammary tumors   

 Regimen  p53 (% of cells)  Cyclin D1 (FITC)  p21 (FITC) 

 4  24.56 ± 5.93  325 ± 142  18.38 ± 7.62 
 5  24.73 ± 6.88  196 ± 71  17.80 ± 8.71 
 6  27.06 ± 4.02  309 ± 106  20.96 ± 5.41 
 9  42.50 ± 0.00  276 ± 118  18.18 ± 7.21 
 7  32.58 ± 9.96  350 ± 116  19.15 ± 7.34 
 8  35.66 ± 12.23  288 ± 119  17.67 ± 2.02 

 Statistical analysis 

 Regimen  p53  Cyclin D1  p21 

 4 vs. 5  NS   p  < 0.05  NS 
 4 vs. 6  NS  NS  NS 
 9 vs. 7  NS  NS  NS 
 9 vs. 8  NS  NS  NS 
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    2.2.5.4   Apoptotic Index Determination 

 The ApopTag in situ apoptosis detection kit from Oncor (Gaithersburg, MD) was 
utilized for the detection of apoptotic cells in DMBA-induced mammary carcino-
mas in r-hCG-, u-hCG-, or placebo-treated animals under the nine regimens under 
study. Paraf fi n-embedded tumors were sectioned at a thickness of 4 micrometers, 
deparaf fi nized and rehydrated, followed by digestion with protease K (20 g/mL) for 
15 min. The sections were then placed in absolute methanol containing 0.3% H 

2
 O 

2
  

for 30 min to remove any endogenous peroxidase activity. Upon equilibration with 
reaction buffers, terminal deoxynucleotidyl transferase was added to catalyze incor-
poration of residues of digoxigenin-nucleotide into the new 3 ¢ -OH DNA ends 
generated by DNA fragmentation accompanying apoptosis. The newly incorporated 
digoxigenin-nucleotide complexes were detected with anti-digoxigenin antibodies 
utilizing standard procedures. Color was developed using 0.05% 3,3 ¢ -dimethylam-
inobenzene (DAB kit, Dako Corporation, Carpinteria, CA) and lightly counter-
stained with hematoxylin. Apoptotic response was determined by counting the 
number of cells containing apoptotic bodies per total number of epithelial cells that 
compose IDPs, in situ, and invasive carcinomas examined, and expressed as a 
percentage of the total. Myoepithelial cells were excluded from the count. The data 
are shown in Table  2.8  and Fig.  2.9 .    

    2.2.5.5   Steroid Hormone Receptors Ligand Binding Assay 

 The evaluation of the content of estrogen (ER) and progesterone receptors (PR) was 
performed in those tumors that were large enough for performing histopathological 
and  fl ow cytometric analyses (>1 cm 3 ) obtained from animals treated as indicated 
for Regimens 1–9 (Fig.  2.1 ). The content of ER and PR in DMBA-induced rat mam-
mary tumors was evaluated in frozen tissues that were pulverized with a Thermovac 
pulverizer, homogenized, and ultracentrifuged for obtaining the cytosol fraction. 
The tumor cytosol fractions were incubated with increasing concentrations of 

   Table 2.7    Effect of r-hCG and u-hCG on inhibin expression in DMBA-induced mam-
mary tumors   

 Regimen  Inhibin expression  Luminal reaction  Cytoplasmic reaction 

 1  + to ++  Present  Diffuse 
 2  +++ to ++++  Present  Focal 
 3  ++++  Present  Focal 
 4  + to ++  Present  Diffuse 
 5  ++++  Present  Focal 
 6  ++++  Present  Focal 
 9  ++  Present  Diffuse 
 7  ++++  Present  Focal 
 8  ++++  Present  Focal 
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 3 H-estradiol-17 or  3 H-R5020 for multipoint titration analysis using the dextran-
coated charcoal method. The binding data were analyzed by the Scatchard. 
Lineweaver–Burk plot, which was used in the case of high receptor content. These 
procedures were performed according to the standards established for the assess-
ment of estrogen receptors in human breast cancer established by the E.O.R.T.C. 
Breast Cancer Cooperative Group at the Antoni van Leeuwenhoek-Huis workshop 
in Amsterdam. The data are depicted in Table  2.9 .    

    2.2.6   Considerations 

 Results presented here demonstrate that a 21 day treatment of young virgin rats 
with r-hCG (Ovidrel) prevents the initiation and inhibits the progression of DMBA-
induced tumors. A 21 day treatment with Ovidrel produces a preventive effect 
similar to that previously demonstrated by u-hCG, even when the treatment had 
been terminated 21 days prior to carcinogen administration. Only 8% of Ovidrel 
treated animals developed tumors (the total number of tumors developed was  fi ve), 
whereas 44.9% of placebo-treated animals developed tumors—44 tumors in all, at 
an average of 0.89 tumors per animal. The group receiving u-hCG also exhibited an 
inhibitory effect on tumorigenesis, although the reduction was less signi fi cant than 
that induced by the r-hCG. The results of the present study revealed that r-hCG 

Effect of r-hCG and u hCg in the Apoptotic Index
of DMBA Induce Mammary Carcinomas
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  Fig. 2.9    Histogram showing in the ordinate the Apoptotic Index of adenocarcinomas and in the 
abscissa the regimens for studying initiation (1, 2, and 3), early promotion (3, 4, and 5), and late 
promotion (7, 8, and 9) of protocol described in Fig.  2.1 . The signi fi cance of the difference is 
indicated above the  bars        
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treatment of rats previously inoculated with DMBA inhibited the development of 
early mammary lesions, since initiation of the hormonal treatment 20 days after 
carcinogen administration reduced signi fi cantly both tumor incidence and tumor 
burden. Both r-hCG and u-hCG exhibited similar tumor inhibitory effects. These 
data have a signi fi cant clinical implication, because they indicate the usefulness of 
the utilization of this hormonal treatment on early as well as on premalignant 
lesions. The lesson here is that the sooner a treatment is started the more ef fi cient 
is the therapeutic effect of these hormones. 

 When the hormonal treatments were initiated 60 days after administration of 
DMBA the reduction in tumor incidence was less pronounced, but the tumor bur-
den, expressed as the number of tumors per animal, were signi fi cantly depressed. 
Both r-hCG and u-hCG reduce the tumor burden signi fi cantly and reduce the growth 
of tumors, as evidenced by the lower number of tumors per animal after cessation of 
the hormonal treatments. The analysis of the  fi nal tumorigenic response demon-
strated that the placebo-treated animals had 40% more tumors than those treated 
with either hormone. It is important to analyze the slope of the curve between the 
initiation (start) and  fi nalization (stop) of the treatment shown in Fig.  2.7 . Both hor-
mones induce a decline in the slope of the curve due to the direct effect of the hor-
mones on tumorigenesis. At the end of treatment the slope of the curve becomes 
steeper, but it never reaches that of the animals that had received the placebo, an 
indication that both hormones have an ef fi cient therapeutic effect by reducing tumor 

   Table 2.9    Effect of r-hCG and u-hCG in the expression 
of ER and PgR in DMBA-induced mammary tumors   

 Regimen  ER status  PgR status 

 1  15.3 ± 7.8  31.40 ± 5.06 
 2  17.3 ± 5.4  28.18 ± 5.12 
 3  16.8 ± 7.3  28.23 ± 2.51 
 4  14.7 ± 8.1  27.25 ± 5.54 
 5  15.3 ± 6.7  50.91 ± 27.04 
 6  16.0 ± 3.9  22.57 ± 13.47 
 9  17.1 ± 4.1  36.89 ± 18.11 
 7  16.5 ± 5.7  28.57 ± 18.18 
 8  15.9 ± 8.8  32.05 ± 14.04 

 Statistical analysis 

 Regimen  ER status  PgR status 

 1 vs. 2  NS  NS 
 1 vs. 3  NS  NS 
 4 vs. 5  NS  NS 
 4 vs. 6  NS  NS 
 9 vs. 7  NS  NS 
 9 vs. 8  NS  NS 

   ER  estrogen receptor;  PgR  progesterone receptor  



52 2 An In Vivo Model of Breast Cancer Prevention

burden by 40%. These observations suggest that r-hCG would be more ef fi cient as 
a therapeutic tool when used in not only one but probably multiple cycles of treat-
ment in order to be fully curative.   

    2.3   Time-Dependent Preventive Effects of Human 
Chorionic Gonadotropin on Rat Mammary 
Carcinogenesis 

 The present study was performed to test the hypothesis that degrees of protection 
by hCG against the development of breast cancer are dependent on the effective 
duration of hCG action at speci fi c stages of breast development and that different 
duration of hCG treatment prior to carcinogen inoculation affects the degree of its 
protective effects  [  42  ] . The results obtained from this study indicate that even a 
much shorter exposure to hCG, as short as 5 days, can confer preventive effects 
against development of chemically induced mammary cancer in rats and that the 
preventive effects of hCG increased signi fi cantly with the increasing duration of 
its treatment. The potent inhibition of DMBA-induced mammary carcinomas in 
female rats by hCG treatment is re fl ected by signi fi cant reduction in tumor rate, 
the tumor load per rat, tumor size and incidence and multiplicity and signi fi cant 
increase in tumor latency of mammary adenocarcinomas. For this purpose we 
used 36 days old female virgin Sprague–Dawley rats obtained from Taconic Farm 
(New York, NY) that were kept for 2 weeks of acclimatization to the new environ-
ment before the beginning of the study. Four groups of 13 rats each were orga-
nized as shown in Fig.  2.10 . The animals were divided into a control group and 
three groups that were treated with hCG for 5, 10 or 15 days, respectively. The 
hCG treatment was initiated when animals were 50 days old. Three weeks after 
the last injection  fi ve rats from each group were sacri fi ced and frozen samples 
of the left mammary glands, liver, pituitary and brain, as well as whole mounts 
from the right mammary glands were collected. These animals were used to record 
the effect of hCG in the mammary gland morphology, and to asses the direct 
effect on gland differentiation. The rest of the rats at age of 86 days were given a 
single doses of chemical carcinogen, 7,12-dimethylbenz(a)anthracene (DMBA). 
Every week the rats were weighed and palpated to evaluate animal’s health. The 
tumor growth rate was determined by weekly measurement of the tumor size 
with a Vernier caliper to record the tumorigenic response. When a tumor was 
bigger than 1 cm in diameter, close monitoring was carried out to assure wellness 
of the animal. Four months after the DMBA administration, the animals were 
euthanized and the  fi nal tumorigenic responses were evaluated. In cases where 
the animals developed rapidly growing tumors or a tumor became ulcerated, 
the animals were euthanized earlier. Animals that did not develop tumors but 
appeared to be sick or wasted were sacri fi ced as soon as the diseased condition 
was observed  [  42  ] .  
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    2.3.1   hCG Effect on Body Weight and Gland Morphology 

 The average weight of the animals at the beginning of the experiment (50 days old) 
was between 120 and 140 g. By the time the DMBA was administrated at the age of 
86 days old, their average weight was 260–280 g. At the end of the experiment (206 
days old), the average weight of the animals was between 300 and 340 g. The body 
weight of the animals increased at the same rate in all the groups, independently of 
the hCG treatment (Fig.  2.11 ). However, the body weight among the hCG-treated 
groups of animals showed a trend of lower weight when compared to that of control 
group of animals.  

 Five rats from each of the group, who had received no DMBA treatment, were 
sacri fi ced 3 weeks after the last hCG injection. To determine the direct effect of 
hCG on mammary gland differentiation, we prepared whole mounts from the right 
mammary glands and stained them with toluidine blue and counted the number of 
terminal end buds (TEBs). The number of TEB in the control group was signi fi cantly 
higher than that in all the hCG-treated groups (Fig.  2.12 ).   
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  Fig. 2.10    Experimental model. At 50 days of age Sprague–Dawley rats, were treated for 0, 5, 10, 
or 15 days with 100 IU hCG. At 86 days of age rats were given a single dose of DMBA (80 mg/kg). 
Rats were followed by palpation every week, until sample collection time. The treatment was initi-
ated when animals were 50 days old. The control group received for 15 days an intraperitoneal 
(i.p.) injection of bacteriostatic water (Hospira), the vehicle used for the hCG treatment; The other 
three groups received daily i.p. injection of 100 IU (5  m g) of r-hCG for 5-, 10- or 15-days, respec-
tively. A constant 300  m L of r-hCG in a concentration of 16.67  m g/mL was injected intraperito-
neally into each animal using an insulin syringe with a 25G 5/8 needle. The selection of this dose 
was based on previous work       
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  Fig. 2.12    Whole mounts were prepared from the right mammary glands as described previously 
 [  4,   13  ] . Brie fl y, the right mammary glands were  fi rst  fi xed in ethanol (EtOH) for 10–12 h, then 
defatted using acetone, rehydrated, stained using toluidine blue stain, washed with distilled water, 
dehydrated in graded alcohol, and stored in histoclear. Whole mounts were then mounted between 
glass slides using Permount       

100

150

200

250

300

350

400

37 44 52 59 66 73 79 86 102 109 123 133 142 147 154 163 169 175 182 190 201 202 203
Rat age (days)

A
ve

ra
g

e 
b

o
d

y 
w

ei
g

h
t 

p
er

 g
ro

u
p

 (
g

)

0, 5, 10 &
15 days of

hCG
treatment

Resting
period D

M
B

A Animals from the control group were euthanized
earlier due to tumor burden.

D
M

B
A

D
M

B
A

0 days hCG
5 days hCG
10 days hCG
15 days hCG

  Fig. 2.11    Average weight gain       

 

 



552.3 Time-Dependent Preventive Effects of Human Chorionic Gonadotropin…

    2.3.2   hCG Effect on Tumorigenic Response to DMBA 

 Several parameters related to tumorigenic responses were determined. The data 
for tumor frequency in the control and the hCG-treated groups are presented in 
Fig.  2.13 . DMBA induced development of mammary tumors in 91% of the rats in 
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  Fig. 2.13    The tumor-inducing carcinogen, 7,12-dimethylbenz(a)anthracene (DMBA) (Cat # 
D3254), was obtained from Sigma-Aldrich (St. Louis, MO, USA). The DMBA preparation was 
carried out within a glove box. All precautions for carcinogen handling were followed. The DMBA 
was dissolved in corn oil at a concentration of 21 mg/mL. When the animals were 86 days old, they 
were fasted for 24 h; under slight sedation they were administered a single intragastric (i.g.) injec-
tion of DMBA at a dose of 80 mg/kg body weight (bw). For producing muscle relaxation, the 
animals were sedated with 0.1 mL of ketamine/xylazine mixture at a concentration of 10 mg of 
xylazine per 1 mL of ketamine. For the safety of DMBA administration, the animals were housed 
in disposable rodent cages and moved to the carcinogen room of the LAF. The animals were kept 
 fi rst for 7 days at the carcinogen room and then transferred to clean cages, and moved back to the 
animal room and kept there until the  fi nal steps of the entire experiment. Animal euthanasia was 
performed when any of the following events arose: ulcerated tumor was found, the size of a tumor 
was found to disable the animal, and when the animal appeared to be sick or wasted. At the time 
points of sample collection, an intraperitoneal injection of the anesthetic agents ketamine and 
xylazine, prepared at a concentration of 10 mg xylazine/mL of ketamine, was administrated 
(90 mg/kg bw), to induce muscle relaxation and analgesia. All tumors were sequentially numbered 
and their location was recorded. A three and a quarter portion of each mammary gland tumor, left 
mammary glands 2, 3 and 4, 5, and other organs (liver, brain, and pituitary) were quickly harvested 
and frozen in liquid nitrogen and stored at  − 80°C for future studies. A piece of each mammary 
tumor, a piece of liver and ovary/uterus were collected and immediately  fi xed in 10% buffered 
formalin for 18–24 h. After  fi xation, tissues were processed overnight using the Modular Vacuum 
Processor I and embedded using the Leica EG1160 embedding station. Four micron sections were 
taken for the paraf fi n block of the mammary tumors and stained with H&E and examined under the 
light microscope. Histopathological examination followed, and all tumors were classi fi ed micro-
scopically as benign (adenoma, cyst or  fi broadenoma) or malignant lesions (CIS, adenocarcinoma) 
 [  7  ]  by applying criteria already published  [  28,   29  ]        
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the control group. Pretreatment of the animals with hCG for 5, 10, and 15 days 
progressively decreased the incidence of DMBA-induced mammary tumors with 
a statistically substantial percentage    ( X  2  = 98.2, df = 3,  p  < 0.0001). Among the 
hCG-treated groups, tumor frequencies were 69.2% in 5-day, 53.8% in 10-day, 
and 15% in 15-day groups, respectively. Furthermore, there were also statistically 
signi fi cant differences in tumor incidence among the hCG-treated groups. For 
example, tumor frequency in hCG-5 days was statistically signi fi cant different 
from that in hCG-10 days ( X  2  = 6.42;  p  = 0.011) and in hCG-15 days ( X  2  = 13.6; 
 p  < 0.0001). Cancer frequency in the 15-day hCG-treated group was remarkably 
lower than that in the 10-day hCG-treated group ( X  2  = 7.53;  p  = 0.006). The total 
number of thoracic tumors is statistically signi fi cantly higher in the control groups 
than in the hCG-treated groups (Fig.  2.14 ). While a total of 31 thoracic tumors 
were found in the control group ( n  = 11), only 12, 13, and 5 thoracic tumors were 
found in the 5-day ( n  = 14), 10-day ( n  = 14) and 15-day ( n  = 13) hCG-treated 
groups, respectively. A similar trend was also observed for the abdominal tumors. 
A total of 19 abdominal tumors were found in the control group ( n  = 11) whereas 
only one abdominal tumor was found in the 15-day hCG-treated group ( n  = 13).   

 The data of tumor multiplicity among the control and hCG-treated groups are 
presented in Figs.  2.15  and  2.16 . The tumor load per rat in the control group was 
4.5 ± 1.4 (mean ± SEM), while this number dropped to 1.2 ± 0.3, 1.4 ± 0.5 and 
0.4 ± 0.2 in the 5-, 10-, and 15-day of hCG-treated groups, respectively. A  t -test of 
these data indicated signi fi cant difference between the control group and the hCG-
treated groups ( p  < 0.03). There is a statistically signi fi cant difference between the 
5- and 15-days of hCG-treated groups ( p  < 0.04) (Fig.  2.16 ). Average number of 
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  Fig. 2.14    Data from the tumorigenesis study were analyzed using the statistical programs SAS, R 
and SigmaStat 3.5 program. For statistical comparisons of in vivo quantifying parameters (tumor 
burden and tumor volume), ANOVA was used and followed by  Tukey test . For tumor latency evalu-
ation,  Gehan–Breslow survival analysis  was implemented and followed by  Holm–Sidak method  
for multi-comparison of the differences among groups. For the comparison of tumor incidence 
among groups at the end of experiment, Student’s  t -test and  Chi-square test  were performed. The 
 p  values <0.05 were considered signi fi cant differences       
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tumors per rat was substantially higher in the control group in comparison with that 
in the hCG-treated groups (ANOVA and Tukey test,  p  = 0.002). The lowest number 
of tumor per rat was found in the 15-day hCG-treated group; however, there was no 
any difference in terms of tumor quantity among treated groups. These data indicate 
that the 5-days of hCG treatment is as effective as 10 and 15 days of treatment in 
reducing tumor multiplicity.   

 The tumor volume was calculated using the formula: 
    = × ×2Tumor volume 1 / 2 ar br   , were “ a ” is the smallest radius. The data for 
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  Fig. 2.15    Mean number of tumors per animal       
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  Fig. 2.16    Tumor multiplicity       
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average tumor volume among control and hCG-treated groups are presented in 
Fig.  2.17 . It can be seen from this  fi gure that the average tumor volume was statisti-
cally greater in the control group than in the hCG-treated groups. While the average 
tumor volume in the control group was 19.8 ± 1.4 cm 3  (mean ± SEM), the average 
tumor volumes were 1.2 ± 0.3, 1.4 ± 0.5 and 0.4 ± 0.2 cm 3  for the 5-, 10-, and 15-days 
groups of hCG treatment. The administration of hCG prior to the carcinogen inocu-
lation decreased the tumor volumes dramatically (ANOVA and Tukey test; 
 p  = <0.001). Although the lowest tumor volumes were encountered in the hCG-15-
day group, there was not a statistically signi fi cant difference among the hCG groups. 
Again, these data indicate that the 5-days of hCG treatment is as effective as the 10 
and 15-day treatment in reducing tumor volume. Average tumor volumes were 
determined to be 19.7; 2.5; 2.1 and 0.46 cm 3  in control, hCG-5-day, hCG-10-day, 
and hCG-15-day groups respectively.  

 We determined the average time for tumor development among the control and 
hCG-treated groups after DMBA administration. The data are presented in 
Fig.  2.18 . The average time for tumor development became progressively pro-
longed with increasing duration of hCG treatment (Kaplan–Meier Survival analysis: 
Gehan–Breslow procedure,  p  = 0.019). Average periods of tumor development 
were 77.9 ± 6.3 days (mean + SEM) in the control group; 87.9 ± 8 days in 5-day 
hCG-treated group; 92.9 ± 8.9 days in 10-day hCG-treated group and 112 ± 8.4 
days in 15-day hCG-treated group. Statistically signi fi cant difference in tumor 
latency was found only between the control group and 15-day hCG-treated group 
(Holm–Sidak,  p  = 0.00408). Examination of tumor latency with The Kaplan and 
Meier method demonstrated that the animals treated with hCG exhibited an 
increased latency in development of mammary tumors. The percentage of animals 
with tumors decreased signi fi cantly with the increasing duration of hCG treatment. 
The histopathological examination on the tumor samples (Table  2.10 ) revealed that 
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  Fig. 2.17    Average tumor volume       
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the percentages of adenocarcinomas in all the groups ranged from 94 to 100% of 
the tumors.    

    2.3.3   Considerations on the Dose and Timing of hCG Treatment 

 Although the preventive effects of hCG on human breast cancer and chemically 
induced mammary tumor in animals have been well recognized  [  7–  9  ] , the data 
described in Sect.  2.3.2  provided additional lines of evidence that strongly support 
our original notion that hCG plays a pivotal role in gaining the preventive effects of 
an early pregnancy against breast cancer. More importantly, this study has clearly 
demonstrated that the duration of hCG treatment signi fi cantly affects the degree of 
protection of rats against the DMBA-induced development of breast cancer. 
Furthermore, this study indicate that while the animals who received hCG treatment 
still developed breast cancer, they did so much later than the animals who did not 
receive hCG treatment, further demonstrating the protective effects of hCG against 
mammary tumors. The key  fi nding is that the preventive effects of hCG were evi-
dent as early as after 5 days of hCG treatment and were signi fi cantly enhanced as 
the duration of its treatment was increased and reached the maximum levels at 15 
days of hCG treatment. In the present study, we examined the effects of short-term 
(5, 10, and 15 days) hCG treatment on inhibition of chemical carcinogen DMBA-
induced development of mammary cancer in female rats. When tumor volume and 
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  Fig. 2.18    Tumor latency (See text for details)       

   Table 2.10    Tumor histopathology   

 Group  Control  hCG-5 days  hCG-10 days  hCG-15 days 

 Total number of tumors  50  16  19  5 
 Adenocarcinomas ( n )  49  15  19  5 
 Adenocarcinomas (%)  98  94  100  100 
 AdCa average per rat  4.5  1.2  1.4  0.4 
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the number of tumors per animal in the control were compared to those in three 
hCG-treated groups, it became obvious that all the hCG treatment regimes were 
effective in preventing mammary carcinogenesis. Together with this, the lowest 
tumor frequency was observed in the 15-day hCG-treated group and this was 
signi fi cantly lower than that in the 5- and 10-days hCG-treated groups. More impor-
tantly, the development period of the  fi rst tumor, i.e., tumor latency, was prolonged 
in 5-day hCG-treated group and signi fi cantly shifted to a later time point in the 
15-day hCG-treated group. In the analysis of this parameter, the signi fi cant differ-
ence was only observed between the control and the 15-days hCG-treated groups as 
shown in Tables  2.10 ,  2.11 , and  2.12 . These results indicate that in order to obtain 
the maximum preventive effect, an optimum treatment period is necessary along 
with the optimum effect dose belonging to the hCG. In one of our previous studies 
 [  13  ] , we tested the preventive effect of hCG in a 21-day period with different doses 
(1, 5, 10, 100 IU r-hCG in 50-day-old SD rats) before carcinogen gavage. We 
observed that the percentages of adenocarcinomas development, frequency and 
tumor burden showed a noticeable decrease as the dose increased  [  13  ] . For example, 
adenocarcinoma frequency was found to be 42% in 1 IU, 14% in 5 IU and 11% in 
10 IU. Strikingly, no malignant tumors were encountered in 100 IU dose applica-
tion. Consequently, we determined the optimum effective dose as 100 IU  [  43  ] . We 
also observed similar results in full-term pregnant rats before carcinogen gavage 
without the hCG treatment. In our previous study, we compared rats who received a 
3-week hCG treatment (100 IU/day) before carcinogen gavage with rats that under-
went 3 weeks of pregnancy  [  9  ] . When the carcinogen gavage was applied on the 
92nd day, adenocarcinoma frequency was found to be 48% in the control group, 
5.6% in the pregnancy group and 6.1% in the hCG-treated group. When the carcino-
gen gavage was shifted for a later time (134th day), carcinoma frequency decreased 

   Table 2.11    Data obtained from necropsy   

 Group  Control  hCG-5 days  hCG-10 days  hCG-15 days 

 Animal per group  11  14  14  13 
 Animal with tumors  10  10  8  2 
 Total number of tumors  50  17  19  5 
 Toracic tumors (%)  62  71  68  80 
 Abdominal tumors (%)  38  29  32  20 

   Table 2.12    Tumorigenic response to hCG   

 Group  Control  hCG-5 days  hCG-10 days  hCG-15 days   p  

 Tumor multiplicity ( n )  4.54 ± 1.47  1.15 ± 0.31  1.38 ± 0.54  0.38 ± 0.26  0.002 
 Tumor incidence (%)  90.9  69.2  53.8  15.4  <0.0001   * 
 Tumor volume (cm 3 )  19.76 ± 5.37  2.48 ± 0.88  2.11 ± 0.88  0.46 ± 0.44  <0.001 
 Tumor latency (days 

post-DMBA) 
 77.6 ± 6.3  87.9 ± 8  92.9 ± 8.9  112.6 ± 8.4  0.019 a  

  *Chi-square = 98.8; degree of freedom = 3 
  a Gehan–Breslow survival analysis  
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in the control group (18.5%), and a signi fi cant decrease was observed in pregnancy 
and hCG pretreatment groups (9.2% and 7.4% respectively). Together, these obser-
vations indicate that hCG confers potently preventive effects against chemically 
induced mammary tumors in a time- and dose-dependent manner, showing the phar-
macological characteristics of anticancer reagents. The fact that hCG at even smaller 
doses and for a much short duration of its treatment confers protective effects on 
breast tissue re fl ects the effectiveness of this hormone in breast cancer prevention.  

 While the analysis of the molecular mechanisms underlying hCG-induced 
protections against mammary tumors is still under study, several mechanisms are 
under consideration. One of the major mechanisms by which hCG inhibits the 
initiation and the progression of chemically induced mammary carcinomas is its 
role in the induction of differentiation of the mammary gland during the  fi rst full-
term pregnancy  [  44  ] . The breast tissue of normally cycling women contains three 
types of lobules: the undifferentiated Lobules type 1 (Lob 1), the more developed 
Lobules type 2 (Lob 2) and Lobules type 3 (Lob 3). The breast attains its maxi-
mum development (Lobules type 4) (Lob 4) during pregnancy and lactation. 
After menopause the breast regresses in both nulliparous and parous women con-
taining only Lob 1. It has been proposed  [  10  ]  that Lob 1 in the breast of nullipa-
rous women and parous women with breast cancer never went through the process 
of differentiation, retaining a high concentration of epithelial cells that are tar-
gets for carcinogens and are thus susceptible to neoplastic transformation. It has 
been shown  [  13  ]  that in the rat, the highly proliferating and undifferentiated 
gland of the young, virgin, intact females exhibited maximal susceptibility to 
neoplastic transformation. Breast cancer initiates in Lob 1, the most undifferenti-
ated structures frequently found in the breast of young nulliparous women. We 
have shown  [  43  ]  that a determining factor in the susceptibility of the human 
breast to cancer is the mammary gland architecture. The early full pregnancy 
stimulated mammary gland differentiation and treatment of rats with hCG mim-
icked pregnancy in inducing mammary gland differentiation  [  45  ] . In particular, 
we have demonstrated that pregnancy or hCG treatment for 21 days induces dif-
ferentiation of mammary gland and shifting of stem cell 1, which is susceptible 
to carcinogenesis, to stem cell 2, which is refractory to carcinogenesis. Consistent 
with these observations, the data shown in Fig.  2.10  show that the number of 
TEB counted in the control-DMBA group was signi fi cantly higher compared to 
that of all the hCG treatments and that 5 days of hCG treatment was as effective 
as 10- and 15 days of hCG treatment in reduction of TEB. These results reveal a 
key role of hCG in induction of differentiation of mammary gland during preg-
nancy. Early pregnancy imprints in the breast permanent genomic changes that 
reduce the susceptibility of this organ to cancer. Our previous genetic signature 
analysis has revealed that full-term pregnancy induced speci fi c changes in the 
genomic signature that are related to the control of growth and differentiation in 
the human breast and that hCG induced the similar genomic signature  [  46,   47  ] . 
The genomic signature induced by either pregnancy or hCG included activators 
or repressors of transcription genes, apoptosis, growth factors, cell division 
 control, DNA repair, tumor suppressor, and cell-surface antigen genes  [  47  ] . 
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Thus, secretion of hCG during pregnancy induces changes in genetic signature 
and thus, differentiation of the mammary gland, thereby making the breast tissue 
less susceptible to carcinogenesis. 

 Consistent with its role of hCG in inducing mammary gland differentiation, it has 
been reported  [  29,   48,   49  ]  that hCG induced the expression of inhibin, a gonadal 
glycoprotein which is a member of the TGF superfamily of growth and differentia-
tion factors. Inhibin regulates the production of follicle-stimulating hormone and is 
present in cells of the cytotrophoblast layer of human placenta at term and in primary 
cultures of human trophoblasts  [  50  ] . Inhibin-b subunit, considered a tumor suppres-
sor, contributes to the process of initiation, promotion, or progression of endocrine-
related cancers  [  51  ] . High levels of inhibin-a were present in the maternal serum 
throughout human pregnancy. Inhibin-a is derived from a placental source  [  52  ] . hCG 
stimulated the secretion of inhibin from cultured placental cells  [  50  ]  and human 
breast MCF-7 cells  [  48  ] . The induction of inhibin by hCG was associated with inhi-
bition of cell proliferation  [  48  ] . We previously observed  [  29  ]  that hCG treatment 
induced the expression of inhibin in the cytoplasm of alveolar cells but not in ductal 
cells. The induction of inhibin by hCG was evident by 10-days of hCG treatment and 
reached maximal levels by day 15. Thereafter, the hCG-mediated induction of inhibin 
was detected in the stroma, which exhibited maximal expression by day 20. Once 
hCG treatment was terminated, the mammary gland regressed to its pretreatment 
condition, appearing similar both in morphology and inhibin content to that of con-
trol animals. The expression of inhibin in the mammary gland after hCG administra-
tion at the time of maximal lobuloalveolar development, and its diffusion towards the 
stroma during regression, suggest a critical role of inhibin as a modulator of mam-
mary growth and differentiation. The time-course of induction of inhibin expression 
by hCG treatment appears to be parallel to that of hCG-induced inhibition of mam-
mary gland tumor, indicating its role in these events. Furthermore, inhibins have been 
shown to regulate mammary epithelial cell differentiation through mesenchymal–
epithelial interactions  [  53  ] . In these animals, inhibin-a and inhibin-b were found to 
be elevated in the non-tumoral mammary glands in association with lobule formation 
and in the tumors. Their mRNAs were also elevated in the mammary tissue, associ-
ated with increased levels of c-myc and c-jun induced by the hCG treatment. DMBA 
alone did not modify the expression of these genes. These  fi ndings indicate that 
inhibin production and gene activation are associated with both mammary gland dif-
ferentiation and tumor regression. 

 The second mechanism by which hCG prevents the initiation and the progression 
of chemically induced mammary carcinomas is through its activation of programmed 
cell death  [  27,   54  ]  and inhibition of cell proliferation  [  55  ] . Guo et al.  [  56  ]  analyzed 
gene expression pro fi les of human breast cancer cells MCF-7 cells treated with hCG 
for 24, 48, and 96 h and identi fi ed 48 genes affected by this hormone. A cluster of 
genes was found to be over-expressed during the  fi rst 24 h and level off thereafter 
whereas other genes were maximally expressed at 96 h of treatment. These genes 
are involved in the regulation of cell proliferation, apoptosis, cell traf fi cking, and 
DNA. It has been shown that naturally derived hCG induced apoptosis in human 
breast xenografts from a mean of 5% in control to a means of 28% in hCG-treated 
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tumors  [  54  ] . The hCG activates apoptosis likely via up-regulation of tumor 
suppressor factors and the modulation of apoptotic gene expression. Several tumor 
suppressors including p53  [  57  ] , OKL38  [  58  ] , and VHL  [  59  ]  have been shown to be 
upregulated by hCG. The tumor suppressor p53 is extensively involved in activa-
tion of apoptosis induced by a various oxidative stresses. The expression of p53 
protein was increased in hCG-pretreated mice and rats and the p53-regulated gene 
p21Cip1 was also increased concomitantly with p53  [  25,   60  ] . A role of p53 in hCG-
induced protection has been indicated by the study using BALB/c p53 null mammary 
epithelium  [  61  ] . In the mammary epithelium, the absence of  p53  gene expression 
abrogated the protective effect of prior pregnancy. The tumor incidence curves were 
superimposable in p53 null mammary epithelium treated with 7,12-dimethylbenzanthra-
cene or pregnancy plus 7,12-dimethylbenzanthracene. These results demonstrate 
that p53 plays a pivotal role in hCG-induced protection. The role of p53 in hCG-
induced protection has been described previously  [  25,   27,   32,   57  ] . Another tumor 
suppressor, OKL38, is a novel pregnancy-induced growth inhibitory gene. It has 
been reported  [  58  ]  that the expression of OKL38 was enhanced by hCG in the rat 
mammary gland and ovary and that over-expression of this gene in Buffalo rat liver 
cells resulted in growth inhibition and cell death. Interestingly, Yao et al.  [  62  ]  
reported that expression of  OKL38  was enhanced by activation of p53 following 
DNA damage and that OKL38 induced apoptosis through localization to mitochon-
dria and induction of cytochrome  c  release. OKL38 has been shown to be an oxida-
tive stress response gene stimulated by oxidized phospholipids, indicating a potential 
role in protection against oxidative stress  [  63  ] . The VHL gene is a tumor suppressor 
gene encoding an E3 ubiquitin ligase that results in speci fi c target proteins being 
marked for degradation. It has been shown  [  59  ]  that hCG upregulated the transcript 
level of VHL, associated with increased expression of p53 in human granulosa 
lutein cells. In addition, several apoptotic genes including TRPM2, ICE, and TGF-b 
have been shown to be upregulated by hCG and associated with up-regulation of 
p53/p21Cip1in MCF-10F cells and MCF-7  [  25,   45  ] . It is likely that p53/OKL38/
VHL pathways may be involved in mediation of hCG-induced apoptosis in mammary 
gland. Through up-regulation of these tumor suppressors as well as other apoptotic-
related genes, hCG induces programmed cell death. 

 Several studies  [  48,   55  ]  have reported that hCG inhibited cell proliferation. The 
transcription factors, NF- k B, AP-1, and estrogen receptors (ERs) are involved in 
up-regulation of a large number of growth-related genes in breast cells. hCG treat-
ment decreased proliferation and invasion of breast cancer MCF-7 cells by inhibit-
ing NF- k B, and AP-1. Estrogens are potent stimuli of cell proliferation in breast 
epithelial cells and their proliferative effects are mediated mainly via ERa in more 
than 80% of all breast cancers. Pregnancy and lactation reduce estrogen levels in 
breast cells. Treatment of MCF-7 cells with highly puri fi ed hCG resulted in a dose- 
and time-dependent signi fi cant decrease in steady-state ER mRNA and protein 
levels as compared to controls, with the maximal decrease occurring after 4 h of 
culture with 10 ng/mL hCG. Furthermore, we have observed  [  48  ]  that hCG, through 
up-regulation of inhibitin, downregulated the expression of the ERa by methylation 
of the CpG islands within the promoter region of this gene. It is likely that hCG 
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inhibits estrogen-mediated breast cell proliferation by reducing the E 
2
 /ERa-mediated 

signal pathways during pregnancy. 
 This study together with our previous studies leads us to conclude that the hor-

monally induced differentiation offers enormous promise for the primary preven-
tion of breast cancer and that the ability of hCG to replicate the naturally protective 
effects of pregnancy against breast cancer hold signi fi cant public health value. More 
importantly  [  64  ] , hCG enhanced the radiosensitivity of the MCF-7 breast cancer 
cell line, resulting in an 8–10% reduction in MCF-7 cell survival at a dose of 2 Gy, 
a typical dose used in conventional cancer therapy. In this regard, hCG alone and in 
combination with radiotherapy and/or other chemotherapies represent a new 
approach effective for breast cancer prevention. A clinical trial with hCG as a 
preventive agent against breast cancer is currently ongoing in pre-menopausal 
women with no previous pregnancy. Our present studies strongly point to a new 
hope and a great promise of breast cancer prevention.   

    2.4   The Study of Side Effects of hCG in Reproduction 

 Suppression of mammary carcinogenesis similar to pregnancy has been achieved by 
treatment of young virgin rats with the hCG, given daily through intraperitoneal 
injections for 21 days, that in the rat, is equivalent to the length of a full-term preg-
nancy. This treatment inhibits the development of DMBA-induced mammary carci-
nomas in a dose-dependent manner. hCG treatment of virgin rats affects the 
development of the mammary gland, mimicking the effect of pregnancy. 
Administration of hCG to women on day 9 of the cycle can interfere with proper 
folliculogenesis, ovulation and luteinisation, effects than have led researchers to 
propose its use as a monthly injectable contraceptive  [  65  ] . These data led us to 
explore the effect of hCG on the reproductive axis of the animal. In this study  [  66  ] , 
we demonstrated that hCG administration during  fi ve estrous cycles that is around 
21 days, has a contraceptive effect, and after that period pregnancy can be re-estab-
lished without permanent disruption of reproductive ability and without signi fi cant 
side effect. 

    2.4.1   Experimental Evidence 

 To determine if the duration of hCG administration has a contraceptive effect and 
other side effects, including abnormalities of offspring and recovery time from the 
contraceptive effect, we have used 25 female Sprague–Dawley rats that were divided 
in  fi ve groups (Table  2.13 ). As a control group, the  fi rst  fi ve females were mated 
with one male each, in the  fi rst day of the experiment. This group received for 21 
days 0.4 mL intraperitoneal injections of bacteriostatic water (Abbott Laboratories), 
the solvent used for the hCG injections. The other four groups received for 21 days 
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100 IU intraperitoneal injections of hCG (Ovidrel ® —Serono), for 21 days with var-
ied mating dates. Group II was mated 24 h after the  fi rst hCG injection. Groups III, 
IV, and V were mated 5, 10, and 15 days after the beginning of the experiment, 
respectively (Table  2.13 ). All pairs were kept together until the end of the experi-
ment. The females were followed up to determine when they became pregnant and 
the length of pregnancy. When they delivered, the number of pups was recorded. 
The gestation period was between 20 and 23 days. During the experiment period, 
the rats were observed every day to follow the pregnancy and behavior. The day of 
the delivery was used to estimate the time when the rats got pregnant. The pups 
were counted and observed after birth (Fig.  2.19 ). After the delivery, the pups were 
examined for any visible abnormalities  [  66  ] .   

 In the control group, all rats delivered between the 23rd and 27th days after 
mating. Therefore, we conclude that the females got pregnant approximately 
between the  fi rst and sixth day of mating. All control animals had between 10 and 
12 pups (average = 11.2). In the treated groups, the  fi rst delivery was on the 56th day 
after the beginning of the hCG injections, therefore, the  fi rst treated rat became 
pregnant approximately on the 14th day after the end of hCG treatment. The rest 
of the animals became pregnant between 15 and 37 days after the end of the injec-
tions. Only 2 of 20 rats did not have any delivery until the 81st day after the end of 
treatment. The average number of pups of the treated group was 11.1, with no 
signi fi cant difference between the number of litters in the treated and control groups 
(Table  2.14 ).  The pregnancies began after the end treatment and were random 
among the different mating dates. After the  fi rst delivery, seven treated rats became 
pregnant for a second time (Tables  2.13  and  2.14 )   .    

  Fig. 2.19    ( a ) Rat cleaning the new born. ( b ) Rat weaning the litters       

   Table 2.13    Experimental protocol for testing the contraceptive effect of hCG   

 Group  21 days treatment of  Mating at 

 I-Control  0.400 mL of bacteriostatic water  1st day of treatment 
 II-hCG  0.400 mL of hCG (100 IU)  2nd day of treatment 
 III-hCG  0.400 mL of hCG (100 IU)  5th day of treatment 
 IV-hCG  0.400 mL of hCG (100 IU)  10th day of treatment 
 V-hCG  0.400 mL of hCG (100 IU)  15th day of treatment 
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672.5 Concluding Remarks

    2.4.2   Side Effect of hCG 

 No visible side effects were visibly noticed in the females or in their pups. When the 
female rats were sacri fi ced, only 1 in 20 treated rats presented increased ovarian  
size. The weight of treated rats and control rats did not differ throughout most of the 
treatment. Towards the end of the experiment the control group gained more weight, 
which is to be expected as the control rats were by that time pregnant (Fig.  2.20 ). 
None of the rats that have received hCG during the 21 days treatment became preg-
nant. However, the control group, which was receiving injections of same volume of 
bacteriostatic water for the same period of time, and was handled in the same way, 
got pregnant at the beginning of the study. This experiment has shown that the hCG 
treatment for 21 days has a contraceptive effect in rats, and this contraceptive effect 
is reversible after the end of the treatment. The contraceptive effect lasted between 
3 and 9 estrous cycles (15 and 37 days) after the end of the treatment. After this 
period, the rats recovered the ability of get pregnant and they had approximately the 
same number of pups as the animals who did not receive hCG.    

    2.5   Concluding Remarks 

 We have shown evidence that hCG, one of the hormones produced by the human 
placenta protect the mammary gland from cancer initiation and progression. This 
effect is induced by the natural hormone or u-hCG as well as the recombinant hor-
mone formulation or r-hCG. The administration of this hormone for 21 days in the 
period of highest susceptibility of the mammary gland to carcinogenesis (50–60 
days of age in the rat) produces the highest level of protection. This protection or 
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  Fig. 2.20    Graph showing the average weight of different groups during the treatment       
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preventive effect is also achieved by a 5 day treatment. Of practical importance is 
also the fact that there is not side effect in the reproductive physiology of the host or 
in the development of the litters. The implications of these observations indicate 
that hCG control the progression of the differentiation pathway, and that the changes 
in the mammary epithelia are permanently imprinted regulating the long-lasting 
refractoriness of the breast to develop cancer.      
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    3.1   Introduction 

 The response of the mammary gland to speci fi c carcinogenic stimuli depends upon 
the physiologic state of the mammary tree under the control of the endocrine system. 
The administration of optimal carcinogenic doses to young and sexually mature vir-
gin rats induces maximal tumorigenic response  [  1–  6  ] . This period of highest suscep-
tibility of the mammary gland to be transformed by such stimulus represents the 
“high risk susceptibility window” (HRSW)  [  7  ] . The peak of cancer incidence occur-
ring when virgin rats reach the age of 45–55 days and have had at least two ovulatory 
cycles after vaginal opening  [  8  ]  represents the response of numerous mammary ter-
minal end buds (TEBs) that are predominantly composed of progenitor mammary 
stem cells (PMSCs)  [  2,   9  ] . Under the stimulus of the  fi rst pregnancy, the mammary 
gland that has not been exposed to a carcinogenic insult during the early phases of 
the HRSW enters into a “hormonal protection window” (HPW). During this period 
the hormones of pregnancy will block any future damage caused by carcinogens or 
endocrine disruptors through the induction of mammary gland differentiation  [  2,   10  ] . 
Completion of pregnancy induces long-lasting structural and genomic changes in the 
mammary gland of different strains of rats and in mice  [  11  ] . These molecular changes 
ultimately result in a signi fi cant reduction in mammary cancer incidence and number 
of tumors per animal  [  8,   9,   12–  15  ] . In the absence of pregnancy, various natural and 
synthetic hormones have been shown to prevent the initiation of mammary cancer 
when they are administered to young virgin rats during the HRSW prior to the expo-
sure to a carcinogen or an endocrine disruptor. Daily treatment of virgin Sprague–
Dawley rats with hCG at the doses of 1, 5, 10, or 100 IU for 21 days signi fi cantly 
reduces adenocarcinoma incidence and number of adenocarcinomas per animal in a 
dose-dependent manner  [  10  ] . Similarly, treatment with 100 IU hCG daily for 5, 10, 
or 15 days suf fi ces to induce a signi fi cant degree of mammary gland differentiation 
and protection from cancer initiation  [  16  ] . The reduction in cancer incidence 
resulting from hCG treatment is long-lasting, as demonstrated by the persistent 
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reduction in carcinogenic response to administration of DMBA at 21, 42, or 63 days 
after termination of the hormonal treatment  [  10,   13  ] . 

 It is of utmost importance to identify the molecular pathways that are responsible 
for the hormonally induced prevention. For this purpose we have conducted a 
detailed transcriptomic analysis of the resting mammary glands of Sprague–Dawley 
rats that have been treated for 21 days with the human chorionic gonadotropin or 
hCG, full term pregnancy or treatment with a pellet of estrogen and progesterone 
(pellet) (Fig.  3.1 ). The data demonstrates that the three protocols induce differentia-
tion of the mammary gland and there are common genes that constitute the genomic 
signature explaining the preventive effects of these approaches. However, the tran-
scriptomic pro fi le induced by hCG provides a new insight in the use of this hormone 
as a preventive agent in human breast cancer.   

    3.2   Experimental Protocol 

 Virgin Sprague–Dawley rats that were maintained in an environmentally controlled 
clean air room with a 12 h light/12 h darkness cycle were distributed in four groups 
of 50 rats each (Fig.  3.1 ). All the treatments were given by intraperitoneal (ip) injection, 

  Fig. 3.1    Virgin Sprague–Dawley rats that were named as follows: Control group, received bacte-
riostatic water—(hCG vehicle), R-hCG (recombinant hCG 100 IU/day), Pellet (estrogen and pro-
gesterone (E + P) with a 21-day release period), and Preg (pregnancy). The r-hCG was purchased 
from Serono, Inc., Rockland, MA. Virgin Sprague–Dawley rats received a daily intraperitoneal 
(ip) injection of 100 IU suspended in 0.1 mL sterile saline. Injections started when the animals 
reached the age of 50 days. Injections were applied for 21 days (50 rats), which were euthanized 
at 21 days post-treatment, respectively. Injections were applied with 27 gauge needles, using only 
physical restraint while applying the injection. The estrogen-progesterone pellet implant was done 
in 50-day old virgin rats that were anesthetized and the subcutaneous tissue of the inter-scapular 
area was perforated with a needle-trocar (Innovative Research of America, FL). One pellet con-
tains 0.72 mg pellet of 17 b -estradiol (E 

2
 ) and 200 mg of progesterone (Pg). The pellets were left in 

place for 21 days. Hormone release was evaluated by comparing the weight of the pellets at the 
time of removal with their initial weight       
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in a volume of 300   m  L. The groups were named as follows: Control, received bac-
teriostatic water (hCG vehicle), hCG(r-hCG 100 IU/day), pellet (with estrogen and 
progesterone [E + P] as a pellet of 0.72 mg 17  b   estradiol [E 

2
 ] and one of 200 mg 

progesterone with a 21-day release period), and Preg (pregnancy). Each group 
received 21 consecutive days of treatment, followed by a resting period of 21 days. 
At the end of the resting period at age 92 days, 20 animals per group were eutha-
nized and proceed to collect their abdominal mammary glands for histology analy-
sis and RNA extraction. A whole mount was prepared with the right abdominal 
mammary gland (mg) 4, 5 and the left abdominal mammary glands were used for 
RNA extraction (Fig.  3.2 ).   

    3.3   Morphological Changes Induced 
by the Hormonal Treatment 

 Figure  3.3  is a schematic representation of the pathway of mammary gland differ-
entiation from the TEBs to the formation of lobules type 1, 2, and 3. It is important 
to emphasize that the differentiation and branching occurring from lobules type 1 to 
2 and 3 is mainly a differentiation-induced process driven by an endogenous hor-
monal stimulation like pregnancy or exogenous hormonal treatment like described 
in the protocol of Fig.  3.1 .  

 Using the methodology described in Fig.  3.4  we have quantitated the number of 
structures of the rat mammary gland and expressed as the percentage of structures 
per mm 2  of gland; the number of TEB, Terminal ducts (TD), lob1, lob2, and lob3 at 
the end of the treatment and 21 days post treatment are shown in Figs.  3.5a  and  3.5b  
respectively. The control rat mammary glands are devoid of lob2 and 3 (Fig.  3.4a–c ). 

  Fig. 3.2    Dissection of the thoracic ( a ) and abdominal ( b ) rat mammary gland       
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Pregnancy and r-hCG stimulate the gland differentiation completely to lob3 at the 
end of treatment (Figs.  3.4d, i  and  3.5a ). The animals treated with the estrogen and 
progesterone pellet also presented profuse lobular development but there were 
areas of the glands that were not stimulated as shown in Fig.     3.4e–g  whereas other 
areas were fully developed as shown in Fig.  3.4h . This is quantitated in the histo-
gram depicted in Fig.  3.5a . After 21 days of mammary gland regression post preg-
nancy or post hCG treatment none of the rat mammary glands contain TEB but 
regression to TD lob1 and 2 is observed. The animals treated with the estrogen and 
progesterone pellet instead contained, in addition to TD, Lob1, 2, and 3, a great 
percentage of TEB as the control indicating that the mammary gland has not been 
completely differentiated by this treatment (Fig.  3.5b ).    

    3.4   Transcriptomic Pro fi le 

 Gene expression pro fi les were determined using whole genome Agilent microar-
rays of rat containing ~41,000 probes representing ~19,000 with unique gene sym-
bol. We have used different FDR (False Discovery Rate) and  p -values to determine 

  Fig. 3.3    Pathway of mammary gland differentiation from the terminal end buds (TEB) to the 
formation of lobules type 1, 2, and 3. Differentiation and branching occurring from lobules type 1 
to 2 and 3 are mainly driven by an endogenous hormonal stimulation like pregnancy of exogenous 
hormonal treatment       
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which are the most relevant genes detected using different stringency criteria in the 
rat mammary gland of animals treated with hCG, the pellet, and pregnancy over the 
control (Table  3.1 ). hCG treatment is the only one that induces signi fi cant genomic 
changes when the FDR of 5 and 10 and a fold change of 1.5 and 2 are utilized 
(Table  3.1 ). When the  p  < 0.001 and twofold change are used as a cutting point 
(Table  3.1 ) we identifi ed seven common genes that are upregulated in the mam-
mary gland of the three groups of animals compared with the untreated ones 
(Table  3.2 ). The most relevant genes    are the  Enc1  ( Rattus norvegicus  ectodermal-
neural cortex 1) and  Lcn2  ( Rattus norvegicus  lipocalin 2).   

  Fig. 3.4    Whole mounts of the rat mammary glands stained with toluidine blue. ( a–c ) Rat 
mammary gland of a virgin female control rat obtained at 72 days of ag e showing prominent TEBs 
( a ), lobules type 1 ( b  and  c ) and numerous mast cells in the stroma. ( d ) Profuse formation of Lob3 
in the mammary gland of an animal that received r-hCG for 21 days. ( e – h ) Mammary gland of a 
rat receiving the hormonal stimulation of a pellet implant showing TD and TEB ( e ,  f ) lob1 ( right ) 
and and lob3 ( left side )( g ) and only lob 3 ( h ). ( i ) Rat mammary gland with profuse lobular develop-
ment (Lob 3) at the end of pregnancy       
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 We ran DAVID  [  17  ]  to test the function association of the three gene subsets with 
GO biological processes. As it is shown in Fig.  3.6  there are three GO commons to 
the treated animals that are associated with immune response, transport, and devel-
opment. Among the genes in the GO immune response are the  Hspa1a  (heat shock 
70 kDa protein 1A),  Kng1  (kininogen1),  Pla2g7  (phospholipase A2), group VII 
(platelet-activating factor [PAF] acetylhydrolase, plasma),  Lcn2  (lipocalin 2),  Cd14  
(CD14 molecule),  Sectm1b  (secreted and transmembrane 1B),  Lbp  (lipopolysac-
charide-binding protein), and C fi  (complement factor I) (Table  3.3 ). The GO for 
transport listed in Table  3.3  contains the following genes  Lcn2, LOC259246, 
Crhr2, Crabp2, Adfp, Scnn1g, Slc13a2, and Lbp . Some of these genes overlap with 
the GO immune response and development. In the GO for development the most 
signi fi cant genes are  Hspa1a, Kng1, Kng1l1, Duox, Crhr2 , and  Spp1  (Table  3.3 ).   

  Fig. 3.5    Histogram depicting the percentage of structures per sq mm of mammary gland. ( a ) At 
the end of treatment. ( b ) 21 days post treatment       
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   Table 3.2    Genes found to be differentially expressed in all the three conditions ( p  < 0.001 and fold 
change at least 2.0)   

 Gene symbol  Systematic name  Description 

 Fold change 

 hCG  Pellet  Preg 

 AA874941  AA874941  AA874941 UI-R-E0-ci-d-06-
0-UI.s1 UI-R-E0  Rattus 
norvegicus  cDNA clone 
UI-R-E0-ci-d-06-0-UI 3 ¢  
similar to gi [AA874941] 

 2.42  3.01  2.59 

 C fi   NM_024157   Rattus norvegicus  complement 
factor I (C fi ), mRNA 
[NM_024157] 

 7.57  6.72  6.05 

 Enc1  NM_001003401   Rattus norvegicus  ectodermal-
neural cortex 1 (Enc1), mRNA 
[NM_001003401] 

 2.08  2.26  2.01 

 Lcn2  NM_130741   Rattus norvegicus  lipocalin 2 
(Lcn2), mRNA [NM_130741] 

 3.78  4.99  4.53 

 Map3k6_predicted  XM_232732  PREDICTED:  Rattus norvegicus  
mitogen-activated protein 
kinase kinase kinase 6 
(predicted) (Map3k6_pre-
dicted), mRNA [XM_232732] 

 2.04  2.09  2.00 

 Thedc1  NM_022705   Rattus norvegicus  thioesterase 
domain containing 1 
(Thedc1), mRNA 
[NM_022705] 

 7.05  13.64  10.29 

 XM_234581  XM_234581   Rattus norvegicus  similar to 
immunoglobulin alpha heavy 
chain (LOC314487), mRNA 
[XM_234581] 

 3.32  4.05  10.42 

   Table 3.1    Number of differentially expressed genes in each condition compared to the con-
trol using different cut-offs   

 Cut-offs 

 Number of genes  Comparisons 

 hCG  Pellet  Preg  hCG Pellet  hCG Preg  Pellet Preg  All 

 FDR 5% FC2   57   2   1   0   1   0   0 
 FDR 5% FC1.5  209   2   1   0   1   0   0 
 FDR 10% FC2  128   3   2   0   1   0   0 
 FDR 10% FC1.5  477   3   2   0   2   0   0 
  p -Value 0.001 FC2   67   35   27   8  10   12   7 
  p -Value 0.001 FC1.5  250   80   55  12  19   21  10 
  p -Value 0.01 FC2  220  112   85  33  38   50  28 
  p -Value 0.01 FC1.5  683  280  237  68  87  105  53 

   FDR  false discovery rate;  FC  fold change;  Preg  pregnancy  
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  Fig. 3.6    Venn    diagram depicting the biological processes of the upregulated genes in the rat mam-
mary under three different prevention strategies. Total RNA was isolated from 15 frozen mammary 
glands per group using RNeasy Lipid Tissue Mini Kit (Qiagen Inc., Valencia, CA), following 
manufacturer’s protocol and treated with DNase I. RNA concentration and quality were assessed 
using NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE) and 
Agilent 2100 Bioanalyzer capillary electrophoresis (Agilent Technologies, Palo Alto, CA), respec-
tively. From the 15 RNA samples of each group, we obtained  fi ve different samples for hybridiza-
tion by pooling the RNA of three rats. 200 ng of total RNA from  fi ve pools per group was prepared 
for the microarray hybridization using the Quick Amp Labeling Kit-one color (Agilent 
Technologies, Palo Alto, CA) following the manufacturer’s protocol. Labeled cRNAs were hybrid-
ized to Whole rat genome-4X44K oligo microarrays (G4112F, Agilent Technologies). In this study 
we identi fi ed genes differentially expressed between the following pairwise comparisons: hCG vs. 
control, E2 + P pellet vs. control, and pregnancy vs. control. Normalization and statistical analysis 
of    20 one-color arrays were conducted using limma package of Bioconductor under R environ-
ment. Background correction was performed using “normexp” method in the package to adjust the 
local median background estimates. The resulting data were then normalized using “quantile” 
method whose goal is to impose to each array the same empirical distribution of intensities. The 
statistical analysis of normalized log 2-ratio data was carried out by applying empirical Bayes 
moderated  t -test provided in limma software. The  p -values and the FDR using Benjamini–Hochberg 
method were calculated for every comparison. We set a cut-off of fold change at least 2.0 and 
 p -value below 0.01 to select differentially expressed genes. For each comparison, all genes with 
fold change of at least 2.0 and  p -values less than 0.01 were considered for functional analysis. The 
analyses were carried out independently for up- and downregulated genes. To identify the gene 
ontologies (GO) terms in the biological process category that were overrepresented among the 
differentially expressed genes, we performed conditional hypergeometric tests in the Bioconductor 
 GOstats  package. GO terms with  p -values below 0.01 were considered enriched. Then, manually, 
equivalent GO terms were grouped together in larger classes of biological functions. The 
 differentially expressed genes were also imported into Ingenuity Pathway Analysis (IPA version: 
11904312) based on the Ingenuity Pathways Knowledge Base (IPKB), where each interaction in 
IPKB is  supported by the underlying publications and structured functional annotation    (  http://
www.ingenuity.com/    ). Statistical scores were then assigned to rank the resulting networks and 
pathways using Fisher’s right tailed exact tests, where the signi fi cantly enriched pathways ( p -value 
<0.01) were selected       

 

http://www.ingenuity.com/
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   Table 3.3    Biological processes overrepresented among the upregulated genes in all three 
conditions   

 Symbol  Name 

  Immune response  
 hCG (GO:0002460, GO:0002682, GO:0006959, GO:0045087, GO:0006958, GO:0002449, 

GO:0050778, GO:0016064) 
 C4bpa  Complement component 4 binding 

protein, alpha 
 Hspa1a  Heat shock 70 kDa protein 1A 
 C fi   Complement factor I 
 Kng1  Kininogen 1 
 Pla2g7  Phospholipase A2, group VII (platelet-

activating factor acetylhydrolase, 
plasma) 

 Lcn2  Lipocalin 2 
 Cd14  CD14 molecule 
 Pellet (GO:0006955) 
 Lcn2  Lipocalin 2 
 Sectm1b  Secreted and transmembrane 1B 
 C fi   Complement factor I 
 Pregnancy (GO:0045087, GO:0002687, GO:0002376, GO:0032755, GO:0002688, 

GO:0002232, GO:0032490) 
 Lcn2  Lipocalin 2 
 Lbp  Lipopolysaccharide-binding protein 
 C fi   Complement factor I 
 Pla2g7  Phospholipase A2, group VII (platelet-

activating factor acetylhydrolase, 
plasma) 

 Sectm1b  Secreted and transmembrane 1B 
 Crhr2  Corticotropin releasing hormone 

receptor 2 

  Transport  
 hCG (GO:0015891, GO:0033212, GO:0000041) 
 Lcn2  Lipocalin 2 
 Slc39a8     Solute carrier family 39 (zinc 

transporter), member 8 
 Pellet (GO:0015833, GO:0006869, GO:0048241, GO:0015891, GO:0033212, GO:0090281) 
 LOC259246  Alpha-2u globulin PGCL1 
 Crhr2  Corticotropin releasing hormone 

receptor 2 
 Crabp2  Cellular retinoic acid-binding protein 2 
 Adfp  Adipose differentiation-related protein 
 Lcn2  Lipocalin 2 
 Pregnancy (GO:0033212, GO:0090281, GO:0030001, GO:0015891, GO:0015920, 

GO:0033037) 
 Lcn2  Lipocalin 2 
 Crhr2  Corticotropin releasing hormone 

receptor 2 

(continued)



82 3 Comparative Effects of the Preventive Effect...

Table 3.3 (continued)

 Symbol  Name 

 Scnn1g  Sodium channel, nonvoltage-gated 1, 
gamma 

 Slc13a2  Solute carrier family 13 (sodium-
dependent dicarboxylate trans-
porter), member 2 

 Lbp  Lipopolysaccharide-binding protein 

  Development  
 hCG (GO:0035150, GO:0042335) 
 Hspa1a  Heat shock 70 kDa protein 1A 
 Kng1  Kininogen 1 
 Kng1l1  Kininogen 1-like 1 
 Duox1  Dual oxidase 1 
 Pellet (GO:0048630, GO:0070584) 
 Crhr2  Corticotropin releasing hormone 

receptor 2 
 LOC259246  Alpha-2u globulin PGCL1 
 Pregnancy (GO:0048685, GO:0070571, GO:0048670) 
 Spp1  Secreted phosphoprotein 1 

 There are no common downregulated genes among the three prevention modali-
ties (Fig.  3.7 ). However there are speci fi c downregulated GO biological processes for 
each preventive modalities (Figs.  3.7  and  3.8 ) and the same apply for upregulated 
genes (Figs.  3.6  and  3.9 ). hCG induces the highest number of downregulated genes 
and GO biological processes including adhesion, apoptosis, cellular component 

  Fig. 3.7    Venn diagram 
depicting the biological 
processes of the downregulated 
genes in the rat mammary 
under three different 
prevention strategies       
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organization, cell cycle, cell motility, immune response, and response to stimulus 
(Figs.  3.7 ,  3.8  and Table  3.4 ). The same apply to the upregulated genes with over-
represented GO for cellular component organization, circulatory system, protein 
activation cascade, response to oxygen species, and response to stress (Figs.  3.6 ,  3.9  
and Table  3.5 ).    

 Pregnancy only downregulates the GO biological process related to lipid metab-
olism (Figs.  3.7 ,  3.10  and Table  3.6 ) and upregulates the GO biological process 
related to respiratory burst (Figs.  3.6 ,  3.11  and Table  3.7 ). The estrogen and proges-
terone combination modality of prevention downregulated the GO biological 

  Fig. 3.8    Downregulated genes 
in the rat mammary under hCG 
treatment       

  Fig. 3.9    Upregulated genes in 
the rat mammary under hCG 
treatment       
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  Fig. 3.10    Downregulated 
genes in the rat mammary after 
pregnancy       

   Table 3.6    Biological processes overrepresented among the genes downregulated by pregnancy   

 GOBPID   P -value  Odds ratio  Exp count  Count  Size  Term 

 GO:0019433  0.001  Inf  0  1  13  Triglyceride catabolic 
process 

 GO:0044269  0.002  Inf  0  1  15  Glycerol ether catabolic 
process 

 GO:0046461  0.002  Inf  0  1  15  Neutral lipid catabolic 
process 

 GO:0046503  0.002  Inf  0  1  19  Glycerolipid catabolic 
process 

 GO:0019432  0.003  Inf  0  1  29  Triglyceride biosynthetic 
process 

 GO:0046460  0.003  Inf  0  1  29  Neutral lipid biosynthetic 
process 

 GO:0046504  0.003  Inf  0  1  31  Glycerol ether biosyn-
thetic process 

 GO:0006639  0.007  Inf  0  1  64  Acylglycerol metabolic 
process 

 GO:0045017  0.009  Inf  0  1  81  Glycerolipid biosynthetic 
process 

 GO:0018904  0.009  Inf  0  1  86  Organic ether metabolic 
process 

processes related to blood pressure regulation, development, and secretion 
(Figs.  3.7 ,  3.12  and Table  3.8 ), whereas the upregulated GO processes are related 
to alcohol biosynthesis, chemical homeostasis, circadian rhythm, and lipid  metabo-
lism (Figs.  3.6 ,  3.13  and Table  3.9 ).      
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  Fig. 3.11    Upregulated genes in the rat mammary gland after pregnancy       

    3.4.1   Functional Signi fi cance of the Common Genes Induced 
by the Three Preventive Modalities 

 As depicted in Table  3.2  and Fig.  3.14  there are few genes that are upregulated in the 
three preventive strategies that indicate a common mechanism for pregnancy, estro-
gen and progesterone and hCG treatment that could explain the preventive effect 
induced by these three different but not mutually exclusive effects. One of the genes 
is the ectodermal-neural cortex 1 or  Enc1 , which  is a member of the kelch family of 
genes that is an actin-binding protein and plays a pivotal role in neuronal and adipo-
cyte differentiation  [  18,   19  ] ; this gene could have a role in the mammary gland 
differentiation induced by these three preventive modalities.  Enc1  is downregulated 
in neuroblastoma tumors conferring a tumor suppressor function. This gene encodes 
a protein that is a substrate-speci fi c adapter of an E3 ubiquitin-protein ligase com-
plex which mediates the ubiquitination and subsequent proteasomal degradation of 
target proteins  [  20  ] . Transient expression of  Enc1  reduced steady-state levels of  Nrf2  
that is a transcription factor and the master regulator of a cellular defense mechanism 
against environmental insults. This could indicate that this gene functions as a nega-
tive regulator of  Nrf2  through suppressing Nrf2 protein translation  [  21  ] .  EncC1  has 
been identi fi ed as a tumor suppressor gene in melanoma  [  22  ] . The levels of  Enc1  
mRNA and protein were stimulated by LH/human chorionic gonadotropin (hCG) 
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913.4 Transcriptomic Profile

within 3 h both in vivo and in vitro in the ovary. In situ hybridization analysis 
revealed that  Enc1  mRNA was localized not only in theca/interstitial cells but also in 
granulosa cells of preovulatory follicles but not of growing follicles in pregnant 
mare’s serum gonadotropin/hCG-treated ovaries. LH-induced Enc1 expression was 
suppressed by a high dose of protein kinase C inhibitor RO 31-8220 (10   m  M) but not 
by low doses of RO 31-8220 (0.1–1.0   m  M), suggesting the involvement of atypical 
protein kinase C. Enc1 was detected in both nucleus and cytoplasm that was 
increased by LH/hCG treatment. Both biochemical and morphological analysis 
revealed that LH/hCG treatment increased actin polymerization within 3 h in granu-
losa cells. Interestingly, Enc1 physically associated with actin and treatment with 
cytochalasin D, an actin-depolymerizing agent, abolished this association. Confocal 
microscopy further demonstrated the colocalization of Enc1 with  fi lamentous actin 
(F-actin). LH/hCG stimulates Enc1 expression and increases F-actin formation in 
granulosa cells implicating the role of Enc1 in cytoskeletal reorganization during 
the differentiation of granulosa cells  [  19  ] . The same mechanism could be applied to 
the rat mammary gland.  

 Among the overexpressed genes common to the effect of hCG and hormones of 
pregnancies (Table  3.2 ) is the lipocalin 2 ( Lcn2 ) that is an iron-traf fi cking protein 
involved in multiple processes such as apoptosis, innate immunity, and renal devel-
opment.  Lcn2  is involved in apoptosis due to interleukin-3 (IL3) deprivation: iron-
loaded form increases intracellular iron concentration without promoting apoptosis, 
while iron-free form decreases intracellular iron levels, inducing expression of the 
proapoptotic protein BCL2L11/BIM, resulting in apoptosis. Whereas its function in 
apoptosis could be relevant to the rat mammary gland treated with the preventive 
agents, its role in breast cancer has been suggested to be different. For example  Lcn2  
is upregulated in several epithelial cancers, including breast  [  23,   24  ]  and prostate 
cancer, and implicated as a key mediator of breast cancer progression. The tumor cell 

  Fig. 3.12    Genes 
downregulated in the rat 
mammary gland under pellet 
treatment       
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933.4 Transcriptomic Profile

regulates unfolded protein response (UPR) and activates  Lcn2  production in prostate 
cancer cells in an NF-  k  B-dependent manner  [  25  ] .  Lcn2  has also been associated with 
cell migration by controlling  NFAT1  and  NFAT5  that are acting as pro-invasive and 
pro-migratory transcription factors in breast carcinoma, contributing to the formation 
of metastases.  NFAT3  is speci fi cally expressed in estrogen receptor alpha positive 
(ERA+) breast cancer cells and inhibits by itself the invasion capacity of ERA+ 
breast cancer cells, needing to cooperate with ERA to inhibit their migration. 
Conversely,  NFAT3  downregulation results in actin reorganization associated with 
increased migration and invasion capabilities.  NFAT3  signaling reduces migration 
through inhibition of Lipocalin 2 gene expression.  NFAT3/LCN2  axis critically con-
trols motility in breast cancer  [  26  ] . In the spontaneous mammary tumor mouse 
model showing that MMTV-ErbB2 (V664E) mice lacking  Lcn2  had signi fi cantly 
delayed mammary tumor formation and metastasis with reduced matrix metallopro-
teinase-9 activity in the blood. LCN2 expression is upregulated by HER2/phospho-
inositide 3-kinase/AKT/NF-  k  B pathway. Decreasing LCN2 expression signi fi cantly 
reduced the invasion and migration ability of HER2(+) breast cancer cells. 
Furthermore, injecting an anti-mouse LCN2 antibody into mice bearing established 
murine breast tumors resulted in signi fi cant blockage of lung metastasis. These 
 fi ndings indicate that LCN2 is a critical factor in enhancing breast tumor formation 
and progression possibly in part by stabilizing matrix metalloproteinase-9  [  27  ] .  Lcn2  
has been shown to induce the epithelial to mesenchymal transition (EMT) in breast 
cancer cells and to promote breast tumor invasion. Estrogen receptor alpha may 

  Fig. 3.13    Upregulated genes in the rat mammary gland under pellet treatment       
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participate in the pathway that leads to  Lcn2 -induced EMT. Preliminary evidence 
also suggests that  Lcn2  may be useful as a potential noninvasive urinary biomarker 
of breast cancer. Elevated levels of  Lcn2  have also been reported in other human 
cancers. The potential roles of  Lcn2  in epithelial tumors as well as leukemia have 
been assumed  [  28,   29  ] . Therefore it is not clear the role of  Lcn2  in the regressed rat 
mammary gland after pregnancy and hormonal treatment that have shown to confer 
protection against DMBA induced carcinogenesis. It has been postulated  [  30  ]  that 
the overexpression of uterocalin or lipocalin in the mammary glands of parous 
animals compared with virgin animals have a function that would suppress 
in fl ammation, and uterocalin was an excellent candidate for the gene that contributes 
to long-term protection of the mammary gland from breast cancer. The reasoning is 
that uterocalin stimulates apoptosis of neutrophils, but not of macrophages  [  31  ] , 
whereas neutrophils are important in the acute phase responders, macrophages play 
a subsequent, but extremely important role in the in fl ammatory response; this role is 
to engulf apoptotic neutrophils and to subdue the in fl ammatory response  [  32  ] . 
Activated neutrophils, while essential for combating microbial infections, also 
produce numerous oxidative and carcinogenic products. Carcinogens such as DMBA 
must be metabolized (bioactivated) to become carcinogenic in vivo  [  33  ] . The ability 
of activated neutrophils to metabolize and produce active carcinogenic species has 
been proposed as an explanation of why epithelial cells in the breast are sensitive 
targets for chemical carcinogenesis despite their own limited bioactivation capacity 
 [  34  ] . Thus, the extent of DNA damage and mutation in a tissue increases in parallel 
with the average number of activated neutrophils present over time  [  30  ] . 

  Fig. 3.14    Common genes and speci fi c transcripts expressed in the rat mammary gland following 
pregnancy, r-hCG, and pellet treatment using  p  < 0.001 and FC of 2.0       
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 There are a group of genes that are upregulated in the hCG-treated, pregnant and 
pregnancy hormone treated animals that are related to the in fl ammatory response 
(Table  3.2 ). One of them is the complement factor I (C fi ) and the other is the com-
plement factor B ( Cfb ). The C fi  gene encodes a serine proteinase that is essential for 
regulating the complement cascade and is responsible for cleaving the alpha-chains 
of  C4b  and  C3b  in the presence of the cofactors C4-binding protein and factor H 
respectively. The  Cfb  encodes complement factor B, a component of the alternative 
pathway of complement activation. Factor B circulates in the blood as a single chain 
polypeptide and is part of the alternate pathway of the complement system cleaved 
by factor D into two fragments: Ba and Bb. Bb, a serine protease, then combines 
with complement factor 3b to generate the C3 or C5 convertase. It has also been 
implicated in proliferation and differentiation of preactivated B lymphocytes, rapid 
spreading of peripheral blood monocytes, stimulation of lymphocyte blastogenesis, 
and lysis of erythrocytes. Ba inhibits the proliferation of preactivated B lympho-
cytes. Therefore it is possible that these gene products are regulating the response to 
in fl ammation in the involuted breast but their functional role is unclear. 

 Map3k6 or mitogen-activated protein kinase kinase kinase 6 is upregulated by the 
preventive treatments. This gene encodes a member of the serine/threonine protein 
kinase family. The encoded kinase was identi fi ed by its interaction with MAP3K5/
ASK, a protein kinase, and an activator of c-Jun kinase (MAPK7/JNK) and MAPK14/
p38 kinase. This kinase was found to weakly activate MAPK7, but not MAPK1/
extracellular signal-regulated kinase (ERK) or MAPK14. An alternatively spliced 
transcript variant has been found for this gene, but its biological validity has not been 
determined and the biological function of Map3k6 in the prevention properties of the 
pregnancy, hCG, and the steroid pellet is unknown. A gene that is also in this cate-
gory is the  Thedc1  or oleoyl-ACP hydrolase also known as thioesterase domain con-
taining 1. This gene is involved in fatty acid biosynthesis chain termination and 
release of the free fatty acid product is achieved by hydrolysis of the thio ester by a 
thioesterase I, a component of the fatty acid synthetase complex. The chain length of 
the released fatty acid is usually C16. However, in the mammary glands of nonrumi-
nant mammals, and in the uropygial gland of certain waterfowl there exists a second 
thioesterase which releases medium-chain length fatty acids (C8 to C2).  

    3.4.2   Functional Signi fi cance of the Biological Processes 
Overrepresented Among the Upregulated Genes Induced 
by the Three Preventive Modalities 

    3.4.2.1   GO for Immune Response 

 Among the genes that are part of the GO immune response are those already dis-
cussed above such as the Enc1, Lcn2, and C fi . Another gene that is part of this GO 
is the corticotropin releasing hormone receptor 2 ( Crhr2 ) that encoded a protein that 
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belongs to the G-protein coupled receptor 2 family, and the subfamily of corticotro-
pin releasing hormone receptor  [  35,   36  ] . This receptor shows high af fi nity for corti-
cotropin releasing hormone (CRH), and also binds CRH-related peptides such as 
urocortin. CRH is synthesized in the hypothalamus, and plays an important role in 
coordinating the endocrine, autonomic, and behavioral responses to stress and 
immune challenge  [  37  ] . Corticotropin-releasing hormone (CRH) family peptides as 
well as their receptors have been shown to exhibit various functions in hippocampus 
 [  38  ] . CRH receptors activation on collapsin response mediator protein 3 (CRMP3) 
has shown to have an inhibitory effect on CRMP3 expression that was completely 
reversed by CRHR2 antagonist but not by CRHR1 antagonist. CRHR2 activation 
decreases CRMP3 expression in hippocampal neurons via a mechanism that is 
dependent on PLC/PKC signaling pathways  [  36  ] . The corticotrophin-releasing hor-
mone (CRH) family of peptides modulates intestinal in fl ammation and the CRH 
receptor 2 suppresses postnatal angiogenesis in mice  [  39  ] . The role of  Crhr2  in the 
rat mammary gland is unknown. 

 The phospholipase A2, group VII ( Pla2g7 ) is a gene that is part of the biological 
process controlling immune response. The protein encoded by this gene is a secreted 
enzyme that catalyzes the degradation of PAF to biologically inactive products. It 
modulates the action of PAF by hydrolyzing the sn-2 ester bond to yield the biologi-
cally inactive lyso-PAF. It has speci fi city for substrates with a short residue at the 
sn-2 position and is inactive against long-chain phospholipids. Phospholipases are a 
group of enzymes that hydrolyze phospholipids into fatty acids and other lipophilic 
molecules. PLA is subdivided into PLA1 which cleave phospholipids at the sn-1 
ester bond and PLA2, which cleave at the sn-2 bond. Their most common substrate 
is phosphatidylcholine, which generates lysophosphatidylcholine and arachidonic 
acid. PLA is regulated by phosphorylation and by intracellular Ca 2+  concentrations. 
Phospholipases are ubiquitously expressed and have diverse biological functions 
including roles in in fl ammation, cell growth, signaling and death, and maintenance 
of membrane phospholipids  [  40,   41  ] . Knockdown of  Pla2g7  resulted in downregu-
lation of smooth muscle-speci fi c markers in vitro and impairment of SMC differen-
tiation in vivo, whereas enforced expression of  Pla2g7  enhanced smooth muscle 
cells (SMC) differentiation and increased reactive oxygen species (ROS) genera-
tion. Importantly, enforced expression of  Pla2g7  signi fi cantly increased the binding 
of serum response factor to SMC differentiation gene promoters, resulting in SMC 
differentiation, which was abolished by free radical scavenger and  fl avoprotein 
inhibitor of NADPH oxidase but not hydrogen peroxide inhibitor. Nuclear factor 
erythroid 2-related factor 3 ( Nrf3 ) regulates  Pla2g7  gene expression through direct 
binding to the promoter regions of  Pla2g7  gene.  Pla2g7  plays a crucial physiolog-
ical role in SMC differentiation from stem cells, and the  fi ne interactions between 
 Nrf3  and  Pla2g7  are essential for SMC differentiation from stem cells  [  40  ] . Whereas 
we do not know if this effect is also important in the differentiation of the rat 
mammary gland post pregnancy and hormonal treatment it’s a plausible explana-
tion. There are also reports pointing  Pla2g7  as a cancer-selective biomarker in 
50% of prostate cancers and associates with aggressive disease. The alterations 
induced by  Pla2g7  silencing highlighted the potential of  Pla2g7  inhibition as an 
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anti-proliferative, pro-apoptotic and anti-migratorial therapeutic approach in 
 prostate cancer. Moreover, the anti-proliferative effect of  Pla2g7  silencing was 
potentiated by lipid-lowering statins in prostate cancer cells  [  41  ] . The role of  Pla2g7  
gene in atherosclerosis remains controversial  [  42  ] , whereas in glioblastoma it is    
associated with survival  [  43  ] .  Pla2g7  is highly expressed in prostate cancer and 
functional studies using RNA interference indicated that it is essential for cell 
growth and survival. Clinical validation con fi rmed high  PLA2G7  expression, espe-
cially in ERG oncogene-positive prostate cancers, and its silencing sensitized ERG-
positive prostate cancer cells to oxidative stress  [  44  ] . 

 Kininogen 1 ( Kng1 ) is upregulated in the rat mammary glands treated with hCG 
or hormones related to pregnancy. This gene uses alternative splicing to generate 
two different proteins—high molecular weight kininogen (HMWK) and low molec-
ular weight kininogen (LMWK). HMWK is essential for blood coagulation and 
assembly of the kallikrein-kinin system. Also, bradykinin, a peptide causing numer-
ous physiological effects, is released from HMWK. In contrast to HMWK, LMWK 
is not involved in blood coagulation. Three transcript variants encoding different 
isoforms have been found for this gene  [  45,   46  ] . The functional role of these mole-
cules in mammary gland differentiation and its potential marker of prevention war-
rant further investigation. 

 The lipopolysaccharide-binding protein ( Lbp ) is upregulated in the rat mammary 
gland. The protein encoded by this gene is involved in the acute-phase immunologic 
response to Gram-negative bacterial infections. Gram-negative bacteria contain a 
glycolipid, lipopolysaccharide (LPS) on their outer cell wall. Together with bacteri-
cidal permeability-increasing protein (BPI), the encoded protein binds LPS and 
interacts with the CD14 receptor, probably playing a role in regulating LPS-dependent 
monocyte responses. Studies in mice suggest that the encoded protein is necessary 
for the rapid acute-phase response to LPS but not for the clearance of LPS from 
circulation. This protein is part of a family of structurally and functionally related 
proteins, including BPI, plasma cholesteryl ester transfer protein (CETP), and phos-
pholipid transfer protein (PLTP). Finally, this gene is found on chromosome 20, 
immediately downstream of the BPI gene and binds to the lipid A moiety of bacterial 
LPSs, a glycolipid present in the outer membrane of all Gram-negative bacteria. The 
LBP/LPS complex seems to interact with the CD14 receptor that is also upregulated 
in the rat mammary glands of treated animals (Table  3.2 ) and may play a pivotal role 
in in fl ammation and innate immunity through its ability to accelerate the “reverse 
LPS transport” pathway  [  47  ] . It has been suggested that lipocalin gene expression is 
regulated in vivo by LPS. Lipocalin expression is also stimulated in cultured cells by 
LPS and polyIC  [  48,   49  ] . Both LPS and polyIC act through toll-like receptors for 
which NF-  k  B is the primary downstream transcription factor  [  50,   51  ] . 

 The complement system plays a pivotal protective role in the innate immune 
response to many pathogens  [  52,   53  ]  and they are upregulated in the rat mammary 
gland of treated animals (Table  3.3 ).  C4bpa  is also upregulated in the cow mam-
mary gland infected with coliform bacteria that are the most common etiologic 
agents in severe mastitis  [  54  ] . Patients suffering from primary Sjögren’s syndrome 
(pSS) display low levels of complement components C3 and/or C4 which is associated 
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with increased risk of non-Hodgkin’s lymphoma. C4b-binding protein (C4BP) is a 
major  fl uid-phase complement inhibitor which can in fl uence C4 and C3 levels. 
Plasma levels of C4BP were analyzed in pSS patients ( n  = 86) and in controls ( n  = 68) 
by ELISA. C4BP levels from 49 patients were correlated to disease activity markers 
and autoantibody pro fi les. Total C4BP plasma levels were signi fi cantly higher in 
pSS patients compared with controls. C4BP levels correlated to the acute phase 
response, to levels of C4 and C3 as well as to the CD4+/CD8+ T-cell ratio. C4BP 
levels were inversely related to IgG levels, extent of autoantibody production and 
global disease activity. C3dg levels, a marker of complement activation, displayed a 
negative correlation to C4 levels but interestingly not to C4BP levels. C4BP levels 
are increased in patients suffering from pSS proportional to their acute phase 
response. However, in the most active cases, with the most widespread autoantibody 
production, C4BP levels were decreased in parallel with levels of C3 and C4 and 
CD4+ T cells, suggesting that disturbed complement regulation may contribute to 
pathogenicity in pSS  [  55  ] . The speci fi c role of the complement pathway in the pre-
vention of breast cancer is unknown. 

 The  Hspa1a  or heat shock 70 kDa protein 1A is upregulated in the rat mammary 
glands of treated rats. The  Hspa1a  is an intronless gene that encodes a 70 kDa heat 
shock protein which is a member of the heat shock protein 70 family. In conjunction 
with other heat shock proteins, this protein stabilizes existing proteins against aggre-
gation and mediates the folding of newly translated proteins in the cytosol and in 
organelles  [  56,   57  ] . It is also involved in the ubiquitin-proteasome pathway through 
interaction with the AU-rich element RNA-binding protein 1. The gene is located in 
the major histocompatibility complex class III region, in a cluster with two closely 
related genes which encode similar proteins. In cooperation with other chaperones, 
Hsp70s stabilize preexistent proteins against aggregation and mediate the folding of 
newly translated polypeptides in the cytosol as well as within organelles  [  58  ] . These 
chaperones participate in all these processes through their ability to recognize non-
native conformations of other proteins  [  59  ] . They bind extended peptide segments 
with a net hydrophobic character exposed by polypeptides during translation and 
membrane translocation, or following stress-induced damage  [  60,   61  ] . In case of 
rotavirus A, infection serves as a post-attachment receptor for the virus to facilitate 
entry into the cell. HSPA2 and HSPA1 proteins are expressed in a cell-type-speci fi c 
manner. The most pronounced cell-type expression pattern was found for HSPA2 
protein. In the case of strati fi ed squamous epithelia of the skin and esophagus, as 
well as in ciliated pseudostrati fi ed columnar epithelium lining respiratory tract, the 
HSPA2 positive cells were located in the basal layer. In the colon, small intestine 
and bronchus epithelia HSPA2 were detected in goblet cells. In adrenal gland cortex 
HSPA2 expression was limited to cells of zona reticularis  [  56  ] . Overexpression of 
HSPA1A protected cells from heat-induced cell death, whereas overexpression of 
HSPA6 did not  [  57  ] . 

 The ret proto-oncogene ( RET ) is a transmembrane receptor required for the 
development of neuroendocrine and urogenital cell types. Activation of RET 
has roles in cell growth, migration, or differentiation. Cell lines stably express-
ing either the RET9 or RET51 protein isoforms induces upregulation of stress 
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response genes such as HSPA1A, HSPA1B, and HSPA1L. Other members of 
several HSP families and HSP70-interacting molecules that were associated 
with stress response protein complexes involved in protein maturation were also 
speci fi cally upregulated by RET, whereas those associated with the roles of 
HSP70 in protein degradation were downregulated or unaffected. The major 
mechanism of stress response induction is activation of the heat shock transcrip-
tion factor HSF1. RET expression leads to increased HSF1 activation, which 
correlates with increased expression of stress response genes. The data suggest 
that RET may be directly responsible for expression of stress response proteins 
and the initiation of stress response  [  62  ] . 

 As it is depicted in Table  3.3 ,  Cd14  molecule or  Cd14  antigen is upregulated in 
the mammary gland of rats treated with preventive agents. The protein encoded by 
this gene is a surface antigen that is preferentially expressed on monocytes/mac-
rophages. CD14 cooperates with other proteins to mediate the innate immune 
response to bacterial LPS. Alternative splicing results in multiple transcript variants 
encoding the same protein. CD14 cooperates with MD-2 and TLR4 to mediate the 
innate immune response to bacterial LPS. CD14 acts via MyD88, TIRAP, and 
TRAF6, leading to NF-  k  B activation, cytokine secretion, and the in fl ammatory 
response. CD14 upregulates cell surface molecules, including adhesion molecules 
 [  63–  65  ] . For example dendritic cells (DCs) are key effectors in innate immunity and 
play critical roles in triggering adaptive immune responses. FLT3 ligand (FLT3-L) 
is essential for DC development from hematopoietic progenitors. In a phase I clini-
cal trial, FLT3-L administration signi fi cantly increased the frequency and absolute 
number of blood DC precursors without affecting other mature cell lineages during 
the 6-week course of FLT3-L therapy. After 14 days of FLT3-L administration, the 
number of blood CD11c + DCs, plasmacytoid DCs (PDCs), and CD14+ monocytes 
increased by 5.3-, 2.9-, 3.8-fold, respectively, and was maintained at increased lev-
els throughout FLT3-L therapy. FLT3-L-increased blood DCs in HCT patients were 
immature and had modest enhancing effects on in vitro T-cell proliferation to anti-
gens and natural killer (NK) cell function  [  63  ] . Presence of functional immune sys-
tem is critical for any attempt aimed at improving survival of breast cancer patients 
by strategies based on immune system manipulation. In 11 patients, the phenotype 
was evaluated before and during the chemotherapy by combination of doxorubicin 
and paclitaxel (AT). Compared with controls breast cancer patients had signi fi cantly 
higher relative and absolute numbers of CD3 HLA-DR+, CD3+CD69+, and 
CD14+CD16+, and signi fi cantly lower percentages of CD3 and CD8+CD28+ cells. 
After one cycle of AT, the absolute numbers of CD3, CD3+CD4+, CD3+CD8+, and 
CD8+CD28+ cells increased signi fi cantly. This indicated T-cell activation in breast 
cancer patients. Administration of AT may lead to an increase in functional T cells 
in peripheral blood, indicating a potential for combining chemotherapy with immu-
notherapy in the treatment of breast cancer patients  [  67  ] . Administration of stem 
cell factor (SCF) has been proven to enhance cytokine-induced mobilization of 
CD34+ hematopoietic progenitor cells (HPC) into the peripheral blood (PB). As far 
as the CD34-PB leukocyte subsets are concerned, monocytes CD14+ displayed the 
earliest recovery after mobilization predicting neutrophil recovery 1 day in advance 
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 [  65  ] . Macrophages activated by macrophage-colony stimulating factor (M-CSF) are 
potent immune effector cells and can mediate both in vitro cytotoxicity and antitu-
mor effects in vivo. Nineteen patients with metastatic melanoma received a 14-day 
continuous intravenous infusion of 80   m  g/kg/day of recombinant human M-CSF. 
R24 was administered daily by intravenous infusion on days 6–10 at doses of 1, 3, 
10, 30, and 50   m  g/m 2 /day. All patients developed a monocytosis characterized by 
increased expression of the antigen HLA-DR and decreased expression of CD14, a 
phenotype reported to represent a subpopulation of monocytes active in mediating 
antibody-directed cellular cytotoxicity  [  66  ] . The speci fi c functional role of CD14 
and the secreted and transmembrane protein 1B or  Sectm1b  in the rat mammary 
glands is not clear  [  67  ] .  

    3.4.2.2   GO for Transport 

 Several genes related to the cell transport biological processes are upregulated in the 
mammary gland of rats subjected to the three preventive modalities (Table  3.3 ). 
Among them is the  Slc39a8  or solute carrier family 39 (zinc transporter), member 
8. This gene encodes a member of the SLC39 family of solute-carrier genes, which 
show structural characteristics of zinc transporters. The encoded protein is glycosy-
lated and found in the plasma membrane and mitochondria, and functions in the 
cellular import of zinc at the onset of in fl ammation. It is also thought to be the pri-
mary transporter of the toxic cation cadmium, which is found in cigarette smoke. 
Multiple transcript variants encoding different isoforms have been found for this 
gene  [  68–  70  ] . The Zrt/Irt-related protein 8 (ZIP8) encoded by  Slc39a8  is an impor-
tant zinc transporter involved in cellular cadmium incorporation. mRNA and pro-
tein levels of ZIP8 were decreased in cadmium-resistant metallothionein-null (A7) 
cells, leading to a decrease in cadmium accumulation. Epigenetic silencing of the 
 Slc39a8  gene by DNA hypermethylation is involved in the downregulation of ZIP8 
expression. A7 cells showed a higher mRNA level of DNA methyltransferase 3b 
than parental cells. Hypermethylation of the CpG island of the  Slc39a8  gene was 
detected in A7 cells. Treatment of A7 cells with 5-aza-deoxycytidine, an inhibitor 
of DNA methyltransferase, caused demethylation of the CpG island of the  Slc39a8  
gene and enhancement of mRNA and protein levels of ZIP8. In response to the 
recovery of ZIP8 expression, A7 cells treated with 5-aza-deoxycytidine showed an 
increase in cadmium accumulation and consequently an increase in sensitivity to 
cadmium. These results suggest that epigenetic silencing of the  Slc39a8  gene by 
DNA hypermethylation plays an important role in the downregulation of ZIP8 in 
cadmium-resistant metallothionein-null cells  [  71  ] . In addition ZIP8 is highly 
expressed in T cells derived from human subjects. T-cell ZIP8 expression was mark-
edly upregulated upon in vitro activation. T cells collected from human subjects 
who had received oral zinc supplementation (15 mg/day) had higher expression of 
the activation marker IFN-gamma upon in vitro activation, indicating a potentiating 
effect of zinc on T-cell activation. Similarly, in vitro zinc treatment of T cells along 
with activation resulted in increased IFN-gamma expression with a maximum effect 
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at 3.1   m  M. Knockdown of ZIP8 in T cells by siRNA decreased ZIP8 levels in 
nonactivated and activated cells and concomitantly reduced secretion of IFN-
gamma and perforin, both signatures of activation. Overexpression of ZIP8 by 
transient transfection caused T cells to exhibit enhanced activation. Confocal 
microscopy established that ZIP8 is localized to the lysosome where ZIP8 abun-
dance is increased upon activation. Loss of lysosomal labile zinc in response to 
activation was measured by  fl ow cytometry using a zinc  fl uorophore. Zinc 
between 0.8 and 3.1   m  M reduced CN phosphatase activity. CN was also inhib-
ited by the CN inhibitor FK506 and ZIP8 overexpression. The results suggest 
that zinc at low concentrations, through inhibition of CN, sustains phosphoryla-
tion of the transcription factor CREB, yielding greater IFN-gamma expression 
in T cells. ZIP8, through control of zinc transport from the lysosome, may pro-
vide a secondary level of IFN-gamma regulation in T cells  [  72  ] . Zinc is essential 
for normal erythroid cell functions and therefore intracellular zinc homeostasis 
during erythroid differentiation is tightly regulated. Zinc transporters ZnT1 and 
Zip10 are important for zinc homeostasis in erythrocytes and respond to the 
dietary zinc supply  [  73  ] . 

 The endoderm germ layer is patterned along the anterior–posterior (A–P) axis 
before the formation of a gut tube (embryonic day [e] 7.5–8.5 in mouse) and 8 
molecular markers that are expressed in discrete domains of the gastrula stage 
endoderm (e7.5) suggest that a signi fi cant level of pattern exists in the endoderm 
before the formation of a gut tube. Three genes  Tmprss2  ,   NM_029639 , and  Dsp  
are expressed in a presumptive midgut domain overlying the node, a domain for 
which molecular markers have not previously been identi fi ed. Two genes,  Klf5  
and  Epha2 , are expressed in posterior endoderm associated with the primitive 
streak. Expression of these  fi ve genes persists in the midgut and/or hindgut at 
e8.5, 9.5, and 10.5, suggesting that these genes are markers of these domains 
throughout these stages of development. Three other genes  Slc39a8  ,   Amot , and 
 Dp1l1  are expressed in the visceral endoderm at e7.5. Starting at e9.5,  Dp1l1  is 
expressed de novo in the liver, midgut, and hindgut. This suggests that presump-
tive midgut and hindgut domains are being established at the molecular level by 
the end of gastrulation, and emphasize the importance of endoderm patterning 
before the formation of the fetal gut and the role of  Slc39a8  in differentiation 
process  [  74  ] . Another gene related to cell transport is  Slc13a2  or solute carrier 
family 13 (sodium-dependent dicarboxylate transporter) member 2 (Table  3.3 ) 
that functions as cotransporter of sodium ions and dicarboxylates such as succi-
nate and citrate. It is known that metabolically generated acid is the major physi-
ological stimulus for increasing proximal tubule citrate reabsorption, which leads 
to a decrease in citrate excretion  [  75  ] ; however its role in the rat mammary gland 
is not clear. The same apply to the  Scnn1g  or sodium channel, voltage-gated, 
type I, beta (Table  3.3 ). The voltage-gated sodium channels are heteromeric 
 proteins that function in the generation and propagation of action potentials in 
muscle and neuronal cells. They are composed of one alpha and two beta sub-
units, where the alpha subunit provides channel activity and the beta-1 subunit 
modulates the kinetics of channel inactivation.   



104 3 Comparative Effects of the Preventive Effect...

    3.4.3   Transcriptome Pro fi le Induced by hCG 

 As it is depicted in the Tables  3.10  and  3.11  and Figs.  3.14  and  3.15  hCG induces 
signi fi cant number of genes that are down- and upregulated in the mammary gland 
comprising different GO biological processes. Among the downregulated genes by 
hCG are the  Ccl21  ,   CD38  ,   CD40  ,   Cidec  ,   RT1-Db1  ,   Ubd  ,   Gria3  ,   Rhebl1  and  Rab19 .  

   Table 3.10    Biological processes and downregulated genes in hCG group   

Symbol Name

Adhesion (GO:0035759)
Ccl21 Chemokine (C-C motif) ligand 21
Apoptosis (GO:0012501, GO:0016265, GO:0042981, GO:0010941, GO:2000353)
Cd40 CD40 molecule, TNF receptor superfamily member 5
Cd38 CD38 molecule
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Cidec Cell death-inducing DFFA-like effector c
Cell cycle (GO:0035417)
Ubd Ubiquitin D
Cell motility (GO:2000508, GO:2000529)
Ccl21 Chemokine (C-C motif) ligand 21
Cell proliferation (GO:0030890, GO:0032946)
Cd40 CD40 molecule, TNF receptor superfamily member 5
Cd38 CD38 molecule
Cellular component organization (GO:0070842, GO:0031274)
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Immune response (GO:0001768, GO:0002684, GO:0048304, GO:0006955, GO:0045321, 

GO:0050864, GO:0050670, GO:0070663, GO:0051251)
Ccl21 Chemokine (C-C motif) ligand 21
Cd40 CD40 molecule, TNF receptor superfamily member 5
Cd38 CD38 molecule
Ubd Ubiquitin D
RT1-Db1 RT1 class II, locus Db1
Response to stimulus (GO:0048584, GO:0033194, GO:0034695)
Cd40 CD40 molecule, TNF receptor superfamily member 5
Cd38 CD38 molecule
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Signaling (GO:0032862, GO:0023051, GO:0043123, GO:0002768, GO:0035556, 

GO:0010627)
Ccl21 Chemokine (C-C motif) ligand 21
Cd40 CD40 molecule, TNF receptor superfamily member 5
Cd38 CD38 molecule
Ubd Ubiquitin D
Gria3 Glutamate receptor, ionotrophic, AMPA 3
Rhebl1 Ras homolog enriched in brain like 1
Rab19 RAB19, member RAS oncogene family
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   Table 3.11    Biological processes and upregulated genes in hCG group   

Symbol Name

Cellular component organization (GO:0090084)
Hspa1a Heat shock 70 kDa protein 1A
Circulatory system (GO:0003018, GO:0042311)
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Kng1l1 Kininogen 1-like 1
Development (GO:0035150, GO:0042335)
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Kng1l1 Kininogen 1-like 1
Duox1 Dual oxidase 1
Immune response (GO:0002460, GO:0002682, GO:0006959, GO:0045087, GO:0006958, 

GO:0002449, GO:0050778, GO:0016064)
C4bpa Complement component 4 binding protein, alpha
Hspa1a Heat shock 70 kDa protein 1A
Cfi Complement factor I
Kng1 Kininogen 1
Pla2g7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma)
Lcn2 Lipocalin 2
Cd14 CD14 molecule
Lipoprotein modification (GO:0034441, GO:0042160)
Pla2g7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma)
Protein activation cascade (GO:0072376)
C4bpa Complement component 4 binding protein, alpha
Cfi Complement factor I
Response to reactive oxygen species (GO:0070301)
Lcn2 Lipocalin 2
Duox1 Dual oxidase 1
Response to stress (GO:0006950, GO:0033554, GO:0009408)
C4bpa Complement component 4 binding protein, alpha
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Kng1l1 Kininogen 1-like 1
Mapk13 Mitogen-activated protein kinase 13
Cfi Complement factor I
Lcn2 Lipocalin 2
Hspa1a Heat shock 70 kDa protein 1A
Apod Apolipoprotein D
Duox1 Dual oxidase 1
Ndrg1 N-myc downstream regulated 1
Cd14 CD14 molecule
Transport (GO:0015891, GO:0033212, GO:0000041)
Lcn2 Lipocalin 2
Slc39a8 Solute carrier family 39 (zinc transporter), member 8
Wound healing (GO:0042060)
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Apod Apolipoprotein D
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  Fig. 3.15    Heat map showing the up- ( red ) and downregulated genes ( green ) of hCG-treated rat 
mammary glands       
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 Ccl21-chemokine (C-C motif) ligand 21-chemokine (C-C motif) ligand 21 
(previous names: small inducible cytokine subfamily A (Cys–Cys), member 21) is 
downregulated in the rat mammary gland in hCG treated animals.  CCL21  gene is 
part of several biological processes (Table  3.10 ) and is one of several CC cytokine 
genes clustered on the p-arm of chromosome 9. Cytokines are a family of secreted 
proteins involved in immunoregulatory and in fl ammatory processes. The CC 
cytokines are proteins characterized by two adjacent cysteines  [  76  ] . Similar to 
other chemokines the protein encoded by this gene inhibits hemopoiesis and stim-
ulates chemotaxis. Therefore in the rat mammary gland it could be an anti-
in fl ammatory protein controlling the regression of the hCG stimulated gland. This 
protein is chemotactic and binds to chemokine receptor CCR7 on mature dendritic 
cells (DCs) and distinct T- and B-cell subpopulations but not for macrophages or 
neutrophils  [  80  ] . The cytokine encoded by this gene may also play a role in medi-
ating homing of lymphocytes to secondary lymphoid organs. It is a high af fi nity 
functional ligand for chemokine receptor 7 (CCR7) that is expressed on T and B 
lymphocytes and a known receptor for another member of the cytokine family 
(small inducible cytokine A19). Dendritic cells (DCs) must travel through lym-
phatics to carry skin antigens into lymph nodes. Activated DCs move directionally 
toward lymphatics, contact  Ccl21  puncta, and migrate through portals into the 
lumen indicating that the Ccl21-CCR7 axis plays a dual role in DC mobilization, 
promoting both chemotaxis and arrest of DCs on lymphatic endothelium  [  77  ] . In 
addition  Ccl21  recruits normal immune cells and metastasizing tumor cells to 
lymph nodes through activation of the G-protein coupled receptor CCR7  [  76  ]  and 
facilitates the migration of lung cancer by changing the concentration of intracel-
lular Ca 2+ . The Ccl21-CCR7 axis may play an important role in non-small cell 
lung cancer invasion and metastasis  [  78  ]  and regulates the encounters between DC 
and T cells and thus is a key regulator of adaptive immune responses  [  79  ]  . 
Therefore the downregulation of Ccl21 in the rat mammary gland can be an 
important mechanism by which hCG modi fi es the immune response to neoplasti-
cally transformed mammary epithelial cells using this pathway as a preventive 
protective factor against cancer . Supporting this concept is the  fi nding that  Cd40  
and  Cd38  are also downregulated by hCG. The CD40 molecule or TNF receptor 
superfamily member    5, has been found to be essential in mediating a broad variety 
of immune and in fl ammatory responses, including T-cell-dependent immunoglob-
ulin class switching, memory B-cell development, and germinal center formation. 
AT-hook transcription factor  AKNA  is reported to coordinately regulate the expres-
sion of this receptor and its ligand, which may be important for homotypic cell 
interactions. Adaptor protein TNFR2 interacts with this receptor and serves as a 
mediator of the signal transduction. Abrogation of the CD40 using antibody 
against this    protein in combination with IL2 induces regression of large mesothe-
lioma tumors. NK cells contributed to CD40-driven systemic immunity leading to 
resolution of untreated distal tumors. IL-2 treatment led to increased proportions 
of NK cells in tumors and dLNs, and in the absence of NK cells, IL-2 lost its 
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therapeutic effect  [  80  ] . Abrogation of  CD40  in gastric carcinoma has shown to be 
mediated by upregulation of  GADD45A  ,   C-JUN  ,  and  BCL-2 , and downregulation 
of  CYCLIN D1  ,   CDC6  ,   TNFR10B  ,   c-IAP2 , and  ORC5L  pointing toward an induced 
apoptosis mechanism  [  81  ] . 

 The other gene downregulated by hCG is the  Cd38  that is a novel multifunctional 
ectoenzyme that mediates the release of brain oxytocin  [  82  ]  and widely expressed in 
cells and tissues especially in leukocytes  [  83,   84  ] . CD38 also functions in cell adhe-
sion, signal transduction, and calcium signaling  [  85  ] . CD38 is a multifunctional 
enzyme that can not only generate cyclic adenosine diphosphate-ribose (cADPR)—a 
key Ca(2+)-mobilizing second messenger—by consuming NAD(+), but also hydro-
lyze extracellular NAD(+). Silencing of CD38 led to signi fi cantly decreased survival 
of the glial cells and decreased levels can lead to apoptosis of the microglial cells, as 
assessed by  fl ow cytometry-based Annexin V/7-AAD assay, caspase-3 immunos-
taining, and Hoechst staining assays  [  86  ] . CD38 and CD40 are networking together 
with other hCG downregulated genes as it is depicted in Fig.  3.16 . This indicate that 
silencing or downregulation of  Cd38  ,   Cd40 , and  Ccl21  may drive the program cell 
death pathway that is one the biological process detected in the hCG treated rat mam-
mary glands as a mechanism of cancer prevention  [  87,   88  ] .  

 It is less clear how the downregulation of the  Cidec  that encodes a member of the 
cell death-inducing DNA fragmentation factor-like effector family  [  89  ]  affect the 
preventive effect of hCG.  Cidec  plays an important role in apoptosis. The encoded 
protein promotes lipid droplet formation in adipocytes and may mediate adipocyte 

  Fig. 3.16    Networking of genes depicted in the mammary glands of hCG-treated rats       
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apoptosis via PI3K, and it regulates expression of each protein via Akt1/2- and 
JNK2-dependent pathways, respectively, in human adipocytes  [  90  ] . However it has 
been shown that cell death-inducing DNA fragmentation factor-alpha (DFFA)-like 
effector (CIDE) proteins including CIDEA, CIDEB, and CIDEC/fat-speci fi c pro-
tein 27 (Fsp27) are associated with a reduction of lipid droplet size in white adipose 
tissue and increased metabolic rate. Using a glycoproteomics approach has shown 
that posttranslational regulation of CIDE proteins via glycosylation modulates 
transforming growth factor (TGF)-beta 1-dependent apoptosis. In a study using 
mouse embryonic  fi broblasts derived from CIDEA-de fi cient mice revealed that 5  ¢   
AMP-activated protein kinase (AMPK) activity is regulated by CIDEA-mediated 
ubiquitin-dependent proteasomal degradation via a protein interaction with the 
AMPK beta subunit  [  91,   92  ] . Human adenovirus type 36 (Ad-36) is associated with 
obesity and it has been shown that Ad-36 induced lipid droplets in the cultured 
skeletal muscle cells and this process may be mediated by promoting Cidec/FSP27 
expression  [  93  ] . The speci fi c role of this gene in the rat mammary gland needs fur-
ther investigation. 

 A gene that is signi fi cantly downregulated by hCG is the  Ubd  or ubiquitin D. The 
functional role of this gene is very broad behaving as a protein modi fi er that can be 
covalently attached to target protein and subsequently leads to their degradation by 
the 26S proteasome, in a NUB1L-dependent manner.  Ubd  probably functions as a 
survival factor regulating TNF-alpha-induced and LPS-mediated activation of the 
central mediator of innate immunity NF-  k  B by promoting TNF-alpha-mediated 
proteasomal degradation of ubiquitinated-I-kappa-B-alpha. The gene may be 
involved in dendritic cell (DC) maturation, the process by which immature dendritic 
cells differentiate into fully competent antigen-presenting cells that initiate T-cell 
responses. This gene may be involved in the formation of aggresomes when protea-
some is saturated or impaired. Mediates apoptosis in a caspase-dependent manner, 
especially in renal epithelium and tubular cells during renal diseases such as poly-
cystic kidney disease and Human immunode fi ciency virus (HIV)-associated neph-
ropathy.  Altogether these multiple functions probably improve the immune 
competence of the rat mammary gland against a carcinogenic stimulus.  

 A gene that is downregulated by hCG is    the  Gria3 , previously called glutamate 
receptor, ionotrophic or AMPA 3 that could play a role in the differentiation and in 
the prevention mechanism, although it does not network with the other genes 
modi fi ed by the hCG (Fig.  3.16 ). It is known that glutamate receptors are the pre-
dominant excitatory neurotransmitter receptors in the mammalian brain and are 
activated in a variety of normal neurophysiologic processes  [  94  ] .  l -glutamate acts 
as an excitatory neurotransmitter at many synapses in the central nervous system. 
Binding of the excitatory neurotransmitter  l -glutamate induces a conformation 
change, leading to the opening of the cation channel, and thereby converts the 
chemical signal to an electrical impulse. Of great interest is that  GRIA3  also may 
play an important role in cell proliferation, apoptosis, and cell migration of human 
pancreatic cancer tissues. Knock-down of Gria3 signi fi cantly reduced proliferation 
and migration and enhanced apoptosis. In contrast, overexpression of Gria3 
signi fi cantly reduced apoptosis and enhanced both proliferation and tumor cell 
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migration. Gria3 could be con fi rmed as a downstream effector of CUX1 and was 
expressed in pancreatic cancer tissues. In vivo, Gria3 signi fi cantly enhanced the 
growth of subcutaneous xenografts. Inhibitors of glutamate receptors such as 
GYKI52466 and SYM2206 signi fi cantly decreased survival of pancreatic cancer 
cells, suggesting the presence of glutamate signaling in pancreatic cancer. In con-
clusion, Gria3 plays a role as a mediator of tumor progression in pancreatic cancer 
downstream CUX1  [  95  ]  and it could  be an important modulator of the reduction of 
cell proliferation observed in the rat mammary gland under the effect of hCG and 
activation of the programmed cell death cascade   [  87,   88  ]  .  This pathway also can be 
synergistically activated by the  Rhebl1  that also is downregulated by hCG.  Rhebl1  
or Ras homolog enriched in brain like 1 belongs to the Ras family of small GTPases 
that regulates a wide variety of cellular functions that include cell growth, differen-
tiation, and transformation. Rhebl1 belongs to the Rheb branch of small GTPase 
proteins. The cDNA sequence contains an open reading frame of 551 bp, encoding 
a putative protein of 183 amino acid residues. The expression pattern of Rhebl1 
showed that it was ubiquitously expressed in 17 tissues. Rhebl1 gene encodes a 
20.69 kDa protein, localized in cytoplasm when in HEK 293T cells strongly acti-
vated the transcriptional activities of NF-  k  B, while the mutant (D60K) only weakly 
activates NF-  k  B-mediated transcription. Rhebl1 is a positive regulator of NF-  k  B-
mediated gene transcription  [  96,   97  ] . The small G protein Rheb is known to pro-
mote mammalian target of rapamycin (mTOR) signaling  [  98  ]  and is a downstream 
target of the small GTPase-activating proteins TSC1 and TSC2  [  96  ] . This signaling 
pathway is regulating cell growth, mitogenesis, and apoptosis in various cell types 
 [  99,   100  ] . The functional role of the  Rhebl1  downregulation in the rat mammary 
gland is signi fi cant since the activation of MTOR is activated in several cancers such 
as renal cell cancer  [  101  ]  and its inhibition by rapamycin and inhibitor of mTOR 
has shown promise in the treatment of renal carcinoma. Similar mechanism has 
been implicated in the pathogenesis of lymphangioleiomyomatosis-associated 
angiomyolipomas  [  102  ] . 

 Another member of the signaling pathway that is downregulated by hCG is the 
 Rab19  that is a small GTPase of the Rab subfamily. Northern blot analysis of the 
distribution of the  Rab19  mRNA in various adult mouse tissues and NIH 3T3 
 fi broblasts revealed that is expressed in a tissue-speci fi c manner. Its transcript was 
detected at high levels in intestine, lung, and spleen, and at a lower level in kidney. 
In contrast, liver, brain, heart, and NIH 3T3  fi broblasts contain only very little or no 
detectable  Rab19  mRNA  [  103,   104  ] . The functional role of  Rab19  has been linked 
to golgins, long coiled-coil proteins that localize to particular Golgi subdomains via 
their C termini, that are regulators of vesicle sorting  [  105  ] . 

 Table  3.11  and Figs.  3.14  and  3.15  depict the genes that are upregulated in the 
mammary gland only by hCG. There is a set of genes related to response to stress 
such as the apolipoprotein D and lipocalin 2. The  ApodD  gene encodes a component 
of high-density lipoprotein that has no marked similarity to other apolipoprotein 
sequences but has a high degree of homology to plasma retinol-binding protein and 
other members of the alpha 2 microglobulin protein superfamily of carrier proteins, 
also known as lipocalins. Apolipoprotein D is a direct transcriptional target of the 
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p53 family member genes and its expression is speci fi cally upregulated by either 
TAp73 or TAp63 but not signi fi cantly by p53  [  106  ] . Using small interference RNA 
designed to target p73 abolishes induction of apoD transcription following cisplatin 
treatment. There is a p73/p63-binding site in the promoter of the apoD gene that is 
responsive to the p53 family members. The ectopic expression of TAp73 as well as 
the addition of recombinant human apoD to culture medium induced the osteoblas-
tic differentiation of the human osteosarcoma cell line Saos-2, as assessed by alka-
line phosphatase activity. Importantly,  ApodD  knockdown abrogated p73-mediated 
alkaline phosphatase induction. Moreover, TAp73-mediated apoD expression was 
able to induce morphological differentiation, as well as expression of neuronal 
markers, in the human neuroblastoma cell line SH-SY5Y  [  106  ] . These results sug-
gest that apoD induction may mediate the activity of p73 in normal development 
and it is also responsible for the differentiation effect observed in the mammary 
gland of animals treated with hCG or pregnancy hormones. The role of apoD in dif-
ferentiation seems to be well conserved because it is also found associated with 
bone differentiation  [  107  ] , adipocyte differentiation  [  108,   109  ] , and that could be a 
marker of cellular differentiation and growth arrest  [  110  ] . The functional role of this 
gene in the rat mammary gland and its role in prevention requires further 
investigation. 

 Another important gene that is also speci fi cally upregulated by hCG treatment 
is the  Ndrg1 -N myc downstream regulated 1. This gene is a member of the N-myc 
downregulated gene family which belongs to the alpha/beta hydrolase superfam-
ily and may have a growth inhibitory role  [  111,   112  ] . The protein encoded by this 
gene is a cytoplasmic protein involved in stress responses, hormone responses, 
cell growth, and differentiation  [  113  ] . It is necessary for p53-mediated caspase 
activation and apoptosis  [  114  ] . Glycoprotein transmembrane nmb ( GPNMB ) gene 
overexpression in prostate carcinoma cells signi fi cantly attenuated cell prolifera-
tion and invasion and exerted antitumorigenic activity in vitro and in vivo. 
 GPNMB  overexpression induced the gene expressions of N-myc downstream 
regulated gene 1 and maspin in PC-3 cells. Doxorubicin treatment or transient 
overexpression of p53 increased  GPNMB  expression. The enhancement of  Ndrg1  
and maspin gene expressions may account for the anti-proliferative and anti-inva-
sive function of  GPNMB  in prostate cancer cells  [  111  ] .  Ndrg1  is also linked to 
 Wnt , whose signaling has pivotal roles in tumor progression and metastasis. The 
tumor metastasis suppressor gene  Ndrg1 , interacts with the Wnt receptor LRP6, 
followed by blocking of the Wnt signaling, and therefore, orchestrates a cellular 
network that impairs the metastatic progression of tumor cells. Importantly, 
restoring  Ndrg1  expression by a small molecule compound signi fi cantly sup-
pressed the capability of otherwise highly metastatic tumor cells to thrive in cir-
culation and distant organs in animal models. The analysis of clinical cohorts data 
indicates that  WNT +/ NDRG −/ LRP + signature has a strong predictable value for 
recurrence-free survival of cancer patients  [  115  ] . The upregulation of  Ndrg1  by 
hCG is also mimicked by indol-3-carbinol  [  116  ] . The importance of this is that 
N-myc downstream regulated gene-1 participates in carcinogenesis, angiogene-
sis, metastases, and anticancer drug resistance. The expression pattern of N-myc 
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downstream    regulated gene-1 following  treatment of the human colonic cancer 
cell lines HCT-116 (a well differentiated with wild-type p53 gene) and Colo-320 
(poorly differentiated with mutant p53 gene), with 3,3  ¢  -diindolylmethane, a well-
established proapoptotic agent product derived from indole-3-carbinol disclosed 
inhibition of cell viability in a dose-dependent manner, mediated through apopto-
sis induction. The increased expression of N-myc downstream regulated gene-1 
was detected only in the poorly differentiated colon cancer cell lines Colo-320 
hCG induced apoptosis may represent a regulator of N-myc downstream regu-
lated gene-1 in the mammary gland as it has been shown poorly differentiated 
colonic cancer cells  [  116  ] . 

 Metastatic tumor cells become dormant and how and why tumors recur in target 
organs are not well understood. Bone morphogenetic protein 7 (BMP7) secreted 
from bone stromal cells induces senescence in prostate cancer stem-like cells 
(CSCs) by activating p38 mitogen-activated protein kinase and increasing expres-
sion of the cell cycle inhibitor, p21, and the metastasis suppressor gene,  NDRG1 . 
This effect of BMP7 depended on BMPR2 (BMP receptor 2), and BMPR2 expres-
sion inversely correlated with recurrence and bone metastasis in prostate cancer 
patients. Importantly, this BMP7-induced senescence in CSCs was reversible upon 
withdrawal of BMP7. Furthermore, treatment of mice with BMP7 signi fi cantly 
suppressed the growth of CSCs in bone, whereas the withdrawal of BMP7 restarted 
growth of these cells. These results suggest that the BMP7-BMPR2-p38-NDRG1 
axis plays a critical role in dormancy and recurrence of prostate CSCs in bone 
 [  117  ] . N-Myc downstream-regulated gene 1 is a ubiquitous cellular protein that is 
upregulated under a multitude of stress and growth-regulatory conditions includ-
ing hCG (Table  3.11 ). Free radical nitric oxide ( • NO) interaction with the chelat-
able iron pool (CIP) and the appearance of dinitrosyliron complexes (DNIC) are 
key determinants in upregulating  NDRG1  using HCC 1806 triple negative breast 
cancer cells  [  118  ] .  Therefore the  fi nding that Nrdg1 is upregulated speci fi cally by 
hCG (Fig.    3.14   ) indicates the importance of this gene in the preventive strategy of 
mammary cancer.  

 hCG speci fi cally upregulates the dual oxidase    1 or  Duox1  (Figs.  3.14  and  3.15 ). 
The protein encoded by DUOX1 is a glycoprotein and a member of the NADPH 
oxidase family.  Duox1  plays a role in thyroid hormones synthesis  [  119–  121  ] , in lac-
toperoxidase-mediated antimicrobial defense at the surface of mucosa  [  122  ] , and has 
been found to be expressed at higher frequencies in tumor specimens  [  123  ] . Although 
hydrogen peroxide H 

2
 O 

2
  is better known for its cytotoxic effects, it has been shown 

also to play a crucial role in eukaryotic signal transduction  [  124  ] . Urothelial cells 
produce H 

2
 O 

2
  in response to a calcium signal. Using a gene-de fi cient mouse model 

has demonstrated that H 
2
 O 

2
  is produced by the NADPH oxidase Duox1, which is 

expressed in the mouse urothelium  [  125  ] . Of interest is the role of the mammalian 
Numb-interacting protein 1 (Nip1) in regulation of neuronal differentiation in stem 
cells  [  126  ] . The highest expression of Nip1 was observed in undifferentiated neuronal 
stem cells and was associated with Duox1-mediated ROS production. Ectopic nip1 
expression in embryonal carcinoma cells induced neuronal differentiation, and this 
phenotype was also linked to elevated ROS production. The neuronal differentiation 
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in nip1-overexpressing was achieved in a retinoic acid-independent manner and was 
corroborated by an increase in the expression of the neuronal basic helix-loop-helix 
transcription factors and neural-lineage cell markers. Depletion of nip1 by short 
hairpin RNA led to a decrease in the expression of neuronal basic helix-loop-helix 
transcription factors and ROS  [  126  ] .  This indicates that in the mammary gland the 
overexpression of Duox 1 could be an intrinsic regulator of cell fate.  The DUOXA1/
NIP1 interacting protein functions as a maturation factor for the dual oxidase 1. 
DUOXA1/NIP1 expression has been reported in noninvasive MCF7 cells and low 
expression in highly metastatic cells with impaired p53 functions linking the expres-
sion of DUOXA1 with p53. An inhibition of cell proliferation associated with upreg-
ulation of p21(Cip1/WAF1) was observed in MDA-MB-231 cells following 
transfection of DUOXA1. The transient DUOXA1 overexpression also inhibited 
expression of cell-surface integrin alphaVbeta5 and CD9, which is associated with 
impaired spreading ability. However, there was no difference in expression of these 
proteins in Duox1-depleted cells. The observed effects coincided with an increase in 
ROS generation. These data demonstrate that DUOXA1 transient overexpression 
affected the cell–cell adhesion by modulating the actin cytoskeleton, and sensitized 
cells to doxorubicin  [  127  ] . The overexpression of Duox 1 in the breast epithelial cells 
could be indicative of an oxidative antimicrobial protection as has been shown in the 
differentiated primary human airway epithelial cells challenged with  Pseudomonas 
aeruginosa   fl agellin or IFN-gamma  [  128  ] .  Caenorhabditis elegans  Duox 1 seems to 
play also an important role in the barrier epithelium as an ancient, highly conserved 
innate immune defense mechanism. The airway epithelium represents a key mecha-
nism of innate airway host defense, through enhanced production of H 

2
 O 

2
 , which 

mediates cellular signaling pathways that regulate the production of various 
in fl ammatory mediators. Production of the CXC chemokine interleukin (IL)-8/
CXCL8 forms a common epithelial response to many diverse stimuli, including bac-
terial and viral triggers, environmental oxidants, and other biological mediators, sug-
gesting the potential involvement of a common signaling pathway that may involve 
Duox1-dependent H 

2
 O 

2
  production  [  129  ] . 

 Among the protein activation cascade upregulated by hCG are the complement 
factor I (C fi ) and the complement factor B (Cfb), which have been discussed in the 
previous section. 

 Other genes like  Kng1  are part of multiple biological processes such as develop-
ment, response to stress, and circulatory system. Kininogen 1 ( Kng1 ) gene uses 
alternative splicing to generate two different proteins—HMWK and LMWK. 
HMWK is essential for blood coagulation and assembly of the kallikrein-kinin sys-
tem. Also, bradykinin, a peptide causing numerous physiological effects, is released 
from HMWK. In contrast to HMWK, LMWK is not involved in blood coagulation. 
Three transcript variants encoding different isoforms have been found for this gene. 
Kininogens are inhibitors of thiol proteases; HMW-kininogen plays an important 
role in blood coagulation by helping to position optimally prekallikrein and factor 
XI next to factor XII; HMW-kininogen inhibits the thrombin- and plasmin-induced 
aggregation of thrombocytes; the active peptide bradykinin that is released from 
HMW-kininogen shows a variety of physiological effects: in fl uence in smooth 
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muscle contraction, induction of hypotension, natriuresis and diuresis, decrease in 
blood glucose level, it is a mediator of in fl ammation and causes increase in vascular 
permeability, stimulation of nociceptors release of other mediators of in fl ammation 
(e.g., prostaglandins), it has a cardioprotective effect (directly via bradykinin action, 
indirectly via endothelium-derived relaxing factor action); LMW-kininogen inhib-
its the aggregation of thrombocytes; LMW-kininogen is in contrast to HMW-
kininogen not involved in blood clotting. In addition KNG1 is associated with 
adiponectin. The KNG-ADIPOQ haplotype has been strongly associated with adi-
ponectin levels in Filipinos  [  45  ]  and diabetic nephropathy  [  46  ] . The role in the rat 
mammary gland has not been determined.  

    3.4.4   Transcriptome Pro fi le Induced by Pregnancy 

 The biological processes downregulated (Table  3.12 ) by pregnancy are slightly dif-
ferent from those induced by hCG. There is only one downregulated gene in the 
mammary gland post pregnancy the  Pnpla3  or patatin-like phospholipase domain 
containing 3 (Fig.  3.14 ). The protein encoded by this gene is a triacylglycerol lipase 
that mediates triacylglycerol hydrolysis in adipocytes and hepatocytes  [  130,   131  ] . 
The encoded protein, which appears to be membrane bound, may be involved in the 
balance of energy usage/storage in adipocytes. It is a multifunctional enzyme that 
has both triacylglycerol lipase and acylglycerol  O -acyltransferase activities. The 
functional role in the mammary gland and cancer prevention needs further studies.  

 The upregulated genes induced by pregnancy are listed in Table  3.13  and few of 
them are specifi cally induced by pregnancy; among them are  Mmp12  (matrix metal-
lopeptidase 12),  Spp1  (secreted phosphoprotein 1), and  Sectm1b  (secreted and 
transmembrane 1B) (Figs.  3.14  and  3.17 ).  Mmp12  encodes a protein of the matrix 
metalloproteinase (MMP) family that is involved in the breakdown of extracellular 
matrix (ECM) in normal physiological processes, such as embryonic development, 
reproduction, and tissue remodeling, as well as in disease processes, such as cancer 
and metastasis. MMPs, also called matrixins, are zinc-dependent endopeptidases 
that are the major proteases involved in ECM degradation. MMPs are capable of 
degrading a wide range of extracellular molecules and a number of bioactive mol-
ecules. Twenty-four matrixin genes have been identi fi ed in humans, which can be 
organized into six groups based on domain organization and substrate preference: 
Collagenases (MMP-1, -8, and -13), Gelatinases (MMP-2 and -9), Stromelysins 
(MMP-3, -10, and -11), Matrilysin (MMP-7 and -26), Membrane-type (MT)-MMPs 
(MMP-14, -15, -16, -17, -24, and -25), and others (MMP-12, -19, -20, -21, -23, -27, 
and -28). MMP activity is regulated by two major endogenous inhibitors: alpha2-
macroglobulin and tissue inhibitors of metalloproteases (TIMPs). MMPs play a 
central role in cell proliferation, migration, differentiation, angiogenesis, apop-
tosis, and host defences. Deregulation of MMPs has been implicated in many dis-
eases including arthritis, chronic ulcers, encephalomyelitis, and cancer  [  132–  137  ] . 
The MMPs have been implicated in tumor invasion and metastasis both by 
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   Table 3.12    Biological processes and downregulated genes in the pregnancy group   

 Symbol  Name 

 Lipid processes (GO:0046503, GO:0019432, GO:0046460, GO:0019433, GO:0044269, 
GO:0046461, GO:0046504, GO:0006639, GO:0045017, GO:0018904) 

 Pnpla3  Patatin-like phospholipase domain containing 3 

   Table 3.13    Biological processes and upregulated genes in the pregnancy group   

 Symbol  Name 

 Cell motility (GO:0090026, GO:0050921, GO:0048870, GO:0060326) 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma) 
 Lbp  Lipopolysaccharide-binding protein 
 Mmp12  Matrix metallopeptidase 12 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Development (GO:0048685, GO:0070571, GO:0048670) 
 Spp1  Secreted phosphoprotein 1 
 Immune response (GO:0045087, GO:0002687, GO:0002376, GO:0032755, GO:0002688, 

GO:0002232, GO:0032490) 
 Lcn2  Lipocalin 2 
 Lbp  Lipopolysaccharide-binding protein 
 C fi   Complement factor I 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma) 
 Sectm1b  Secreted and transmembrane 1B 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Lipoprotein modi fi cation (GO:0034441, GO:0042160, GO:0034374) 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma) 
 Regulation of behavior (GO:2000252, GO:0050795, GO:0035482, GO:2000293) 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Lbp  Lipopolysaccharide-binding protein 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma) 
 Respiratory burst (GO:0060265, GO:0002679, GO:0060263) 
 Lbp  Lipopolysaccharide-binding protein 
 Response to stimulus (GO:0071223, GO:0048584, GO:0032101, GO:0071222, GO:0071216) 
 Lbp  Lipopolysaccharide-binding protein 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma) 
 Crhr2  Corticotropin releasing hormone receptor 2 
 C fi   Complement factor I 
 Spp1  Secreted phosphoprotein 1 
 Lcn2  Lipocalin 2 
 Secretion (GO:0032277, GO:0032811, GO:0014064, GO:0061179, GO:0010700) 
 Crhr2  Corticotropin releasing hormone receptor 2 

(continued)



116 3 Comparative Effects of the Preventive Effect...

immunohistochemical studies and from the observation that speci fi c metalloprotei-
nase inhibitors block tumor invasion and metastasis. Oligonucleotide primers for 13 
MMPs (MMP-1, -2, -3, -7, -8, -9, -10, -11, -12, -13, -14, -15, -16) were optimized 
for use in RT-PCR to determine the pattern of MMP mRNA expression in 84 normal 
and transformed or carcinogen transformed human cell lines and strains derived 
from different tissues. The results demonstrated one or more cell lines which express 
13 members of the MMP family. Overexpression of the H-ras oncoprotein corre-
lates with upregulation of MMP-9 and demonstrates that overexpression of v-sis 
also upregulates MMP-9. A cell line immortalized following myc expression was 
found to upregulate MMP-7, MMP-11, and MMP-13. Inappropriate expression of 
several MMP mRNAs was detected in breast, prostate, bone, colon, and oral tumor-
derived cell lines. Identi fi cation of at least one cell line expressing each of 13 MMPs 
and the observation of oncogene-induced expression of several MMPs should facili-
tate analysis of the transcriptional mechanisms controlling each MMP  [  138  ] .   

 The secreted phosphoprotein 1 ( Spp1 ) is signi fi cantly upregulated in the rat 
mammary gland.  Spp1  has been previously named osteopontin ( OPN ) or bone sia-
loprotein I. Spp1 binds tightly to hydroxyapatite. Spp1 appears to form an integral 
part of the mineralized matrix and it acts as a cytokine involved in enhancing pro-
duction of interferon-gamma and interleukin-12 and reducing production of inter-
leukin-10 and is essential in the pathway that leads to type I immunity. SPP1 has 
been reported signi fi cantly upregulated in ductal carcinoma in situ  [  139  ]  and in 
higher grades of breast carcinoma. This increase in expression also correlates with 
enhanced expressions of several oncogenic molecules (urokinase-type plasmino-
gen activator [uPA], matrix metalloproteinase-2/-9 [MMP-2 and -9]) and increased 
angiogenic potential of breast carcinoma. Silencing of  OPN  by its speci fi c small 

Table 3.13 (continued)

 Symbol  Name 

 Signaling (GO:0043950, GO:0043951, GO:0034145) 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Lbp  Lipopolysaccharide-binding protein 
 Transport (GO:0033212, GO:0090281, GO:0030001, GO:0015891, GO:0015920, 

GO:0033037) 
 Lcn2  Lipocalin 2 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Slc13a2  Solute carrier family 13 (sodium-dependent dicarboxylate transporter), 

member 2 
 Lbp  Lipopolysaccharide-binding protein 
 Wound healing (GO:0035313, GO:0009611, GO:0060054) 
 Mmp12  Matrix metallopeptidase 12 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Spp1  Secreted phosphoprotein 1 
 Lbp  Lipopolysaccharide-binding protein 
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interfering RNA (siRNA) downregulates the expressions of oncogenic molecules 
such as uPA, MMP-2 and -9 resulting in inhibition of in vitro cell motility and 
in vivo tumorigenicity in mice.  OPN  −/−  mice showed slower progression of tumor 
growth in breast cancer model as compared to wild-type mice  [  140  ] .  OPN  has been 
also linked to metastatic function in lung and prostate cancers  [  141  ] . In vitro cells 
overexpressing  OPN  demonstrated increased anchorage-independent growth in 
soft agar ( p  = 0.001) and increased RGD (Arg–Gly–Asp) integrin-dependent adhe-
sion ( p  = 0.045). Following mammary fat pad injection of nude mice, cells overex-
pressing  OPN  showed increased lymphovascular invasion, lymph node metastases, 
and lung micrometastases at earlier time points ( p  = 0.024). Loss of the RGD region 
partially abrogated this effect in the lymphatics ( p  = 0.038). These  fi ndings indicate 
that  OPN  is a key molecular player involved in lymphatic metastasis of breast 

  Fig. 3.17    Heat map showing the up- ( red ) and downregulated genes ( green ) of post pregnant rat 
mammary glands       
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cancer, potentially by affecting RGD-mediated adhesive interactions and by 
enhancing the establishment/persistence of tumor cells in the lymphatics  [  142  ] . 
 OPN  functions in tumor progression by upregulation of hyaluronan synthase 2 
(HAS2)  [  143  ] .  OPN  enhances CD44s mRNA expression, increases cell surface 
expression of CD44 variant forms without a change in mRNA levels, and stimu-
lates cell migration  [  144  ] .  OPN  might play a different role in the pathogenesis of 
endometrial cancer by complexing with CEACAM1 and could be relevant for 
invasive growth of such lesions  [  145  ] . Of interest is that parous mammary glands 
before MNU treatment showed upregulation of multiple differentiation-related 
genes, such as whey acidic protein ( Wap ), casein beta ( Csn2 ), casein gamma 
( Csng ),  Lbp , secreted phosphoprotein 1, or  Spp1  and glycosylation-dependent cell 
adhesion molecule 1 ( Glycam1 )  [  146  ] . The functional role of  Spp1  or  OPN  as well 
as the  Sectm1b     or secreted and transmembrane 1B  [  67  ]  in the normal mammary 
gland is unknown.  

    3.4.5   Transcriptome Pro fi le Induced by Estrogen 
and Progesterone 

 The biological processes downregulated (Table  3.14 ) and upregulated (Table  3.15 ) by 
estrogen and progesterone are different from those induced by hCG and pregnancy. 
There are speci fi c genes that are up- and downregulated by the treatment of estrogen 
and progesterone whose role in the prevention of mammary carcinogenesis in the rat is 
not known (Figs.  3.14  and  3.18 ). Among the downregulated genes that are speci fi c for 
the estrogen and progesterone treatment are  Adra1d  (adrenergic, alpha-1D-, receptor); 
 Adra2c  (adrenergic, alpha-2C-, receptor);  Ntrk2  (neurotrophic tyrosine kinase, recep-
tor, type 2); and  Npr3  (natriuretic peptide receptor C/guanylate cyclase C) (Figs.  3.14  
and  3.18 ).  Adra1  and  Adra2c  are members of the G-protein coupled receptor super-
family  [  147–  149  ] . They activate mitogenic responses and regulate growth and prolif-
eration of many cells. Breast cancer mortality is frequently associated with metastatic 
disease. Metastasis models have shown adrenoceptor (AR) stimulation induces cell 
migration which is inhibited by adrenoceptor antagonist drugs. Adrenoceptors were 
not found to be independent predictors of clinical outcome. Alpha1b and   a  2c AR are 
overexpressed in basal-like breast tumors of poor prognosis. Strong   b  (2) adrenoceptor 
expression is seen in patients with a luminal (ER+) tumor phenotype and good 
 prognosis, due to bene fi ts derived from hormonal therapy  [  150  ] . The expression of 
alpha(2)-adrenoceptors was analyzed at the RNA (RT-PCR) and protein 
([ 3 H]-rauwolscine binding and immunocytochemistry) levels in different human breast 
cell lines, and the biological activity assessed by [(3)H]-thymidine incorporation. The 
cancer IBH-6, IBH-7, and MCF-7 and the non-tumor HBL-100 cell-line expressed 
both alpha(2B)- and alpha(2C)-adrenoceptor-subtypes. A single subtype was expressed 
in malignant HS-578T (alpha(2A)) and MDA-MB-231 and non-tumor MCF-10A cells 
(alpha(2B)). All cell lines exhibited signi fi cant binding for the speci fi c antagonist [(3)
H]-rauwolscine. The alpha-, alpha(2)-, and the alpha(1)-compounds with known 
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af fi nity for alpha(2)-adrenoceptors, including epinephrine, norepinephrine, yohimbine, 
clonidine, rauwolscine, and prazosin, competed signi fi cantly with binding in MCF-7 
cells. In addition, IBH-6, IBH-7, and MCF-7 cells showed signi fi cant staining with 
speci fi c antibodies against alpha(2B)- and alpha(2C)-adrenoceptor-subtypes, when 
tested by immunocytochemistry. In all cell lines, the speci fi c agonist clonidine or 
oxymetazoline stimulated [(3)H]-thymidine incorporation. EC(50) values were in the 
range of 20–50 fM for IBH-6, IBH-7, and HS-578T; 0.14 pM for MCF-7; 2–82 pM for 
HBL-100 and MCF-10A cells, and a biphasic behavior with a maximum value at 
38.0 pM was observed for MDA-MB-231 cells. The speci fi c alpha(2)-adrenergic 
antagonist rauwolscine always reversed this stimulation at 0.1 nM. Alpha(2)-
adrenoceptors are expressed in human epithelial breast cell lines and activation of these 
receptors was associated with an enhancement of cell proliferation  [  151,   152  ] .   

 Another gene downregulated by the estrogen and progesterone treatment is the 
 Npr3  or natriuretic peptide receptor C/guanylate cyclase C. This gene encodes one 
of three natriuretic peptide receptors. Natriuretic peptides are small peptides which 
regulate blood volume and pressure, pulmonary hypertension, and cardiac function 
as well as some metabolic and growth processes. The main physiological role of NP 
receptors is in homeostasis of body  fl uid volume. Medulloblastoma patients with 
 NPR3 -positive tumors exhibited a signi fi cantly diminished progression-free and 
overall survival irrespective of their metastatic status  [  153  ] . In acute myeloid leuke-
mia  NPR3  is associated with high expression of insulin-like growth factor binding 
protein 7 (IGFBP7) that regulates the proliferation of leukemic cells and might be 
involved in chemotherapy resistance  [  154  ] . 

 Among the upregulated genes (Table  3.15 , and Figs.  3.14  and  3.18 ) that are speci fi c 
for the estrogen and progesterone preventive strategy are LOC259246 (alpha-2u 
globulin PGCL1);  Per2  (period homolog 2 ( Drosophila ));  Crabp2  (cellular retinoic 

   Table 3.14    Biological processes and downregulated genes in the pellet group   

 Symbol  Name 

 Signaling (GO:0071875, GO:0032148, GO:0031547, GO:0071883, GO:0035625) 
 Adra1d  Adrenergic, alpha-1D-, receptor 
 Adra2c  Adrenergic, alpha-2C-, receptor 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Secretion (GO:0030157) 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic 

peptide receptor C) 
 Development (GO:0046548) 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Cell proliferation (GO:0002158, GO:0033688) 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic) 
 Blood pressure regulation (GO:0008217, GO:0001993, GO:0001986, GO:0001994, 

GO:0001978, GO:0035810) 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic 

peptide receptor C) 
 Adra1d  Adrenergic, alpha-1D-, receptor 
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acid-binding protein 2); and  Adfp  (adipose differentiation-related protein). Of great 
interest is  Per2  a gene that is a member of the Period family of genes and is expressed 
in a circadian pattern in the suprachiasmatic nucleus, the primary circadian pace-
maker in the mammalian brain. Genes in this family encode components of the circa-
dian rhythms of locomotor activity, metabolism, and behavior. Circadian expression 
in the suprachiasmatic nucleus continues in constant darkness, and a shift in the light/

   Table 3.15    Biological processes and upregulated genes in the pellet group   

Symbol Name

Alcohol biosynthetic process (GO:0046165)
LOC259246 Alpha-2u globulin PGCL1
Crhr2 Corticotropin releasing hormone receptor 2
Cell motility (GO:0045475)
LOC259246 Alpha-2u globulin PGCL1
Chemical homeostasis (GO:0042593, GO:0045721, GO:0055082)
LOC259246 Alpha-2u globulin PGCL1
Crhr2 Corticotropin releasing hormone receptor 2
Lcn2 Lipocalin 2
Circadian rhythm (GO:0007623)
LOC259246 Alpha-2u globulin PGCL1
Per2 Period homolog 2 (Drosophila)
Development (GO:0048630, GO:0070584)
Crhr2 Corticotropin releasing hormone receptor 2
LOC259246 Alpha-2u globulin PGCL1
Immune response (GO:0006955)
Lcn2 Lipocalin 2
Sectm1b Secreted and transmembrane 1B
Cfi Complement factor I
Lipid processes (GO:0010888)
LOC259246 Alpha-2u globulin PGCL1
Regulation of behavior (GO:0035482, GO:2000293, GO:2000252)
Crhr2 Corticotropin releasing hormone receptor 2
Response to stimulus (GO:0009746, GO:0009743, GO:0071326, GO:0071333, GO:0050796)
LOC259246 Alpha-2u globulin PGCL1
Crhr2 Corticotropin releasing hormone receptor 2
Secretion (GO:0010817, GO:0002791, GO:0010700, GO:0061179, GO:0090278, 

GO:0014064, GO:0032277, GO:0046883, GO:0032811)
LOC259246 Alpha-2u globulin PGCL1
Crabp2 Cellular retinoic acid-binding protein 2
Crhr2 Corticotropin releasing hormone receptor 2
Signaling (GO:0043950, GO:0043951, GO:0032874)
Crhr2 Corticotropin releasing hormone receptor 2
Transport (GO:0015833, GO:0006869, GO:0048241, GO:0015891, GO:0033212, 

GO:0090281)
LOC259246 Alpha-2u globulin PGCL1
Crhr2 Corticotropin releasing hormone receptor 2
Crabp2 Cellular retinoic acid-binding protein 2
Adfp Adipose differentiation-related protein
Lcn2 Lipocalin 2
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dark cycle evokes a proportional shift of gene expression in the suprachiasmatic 
nucleus.    Per2  infl uences clock function by interacting    with other circadian regula-
tory proteins and transporting them to the nucleus. It negatively regulates     CLOCK , 
 NPAS2 - BMAL1 , and  BMAL2 -induced transactivation  [  155  ] . Genetic ablation of 
 mPer1  and  mPer2  function results in a complete loss of circadian rhythm control 
based on wheel running activity in mice. In addition, these animals also display 
apparent premature aging and signi fi cant increase in neoplastic and hyperplastic 
phenotypes. When challenged by gamma-radiation,  mPer2 -de fi cient mice respond 
by rapid hair graying, are de fi cient in p53-mediated apoptosis in thymocytes, and 
have robust tumor occurrences. The circadian clock function is very important for 
cell cycle, DNA damage response, and tumor suppression in vivo. Temporal 

  Fig. 3.18    Heat map showing the up- ( red ) and downregulated genes ( green ) of post pellet treated 
rat mammary glands       
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expression of genes involved in cell cycle regulation and tumor suppression, such as 
 c-Myc ,  Cyclin D1 ,  Cyclin A ,  Mdm-2 , and  Gadd45alpha , is deregulated in  mPer2  
mutant mice. In addition, genetic studies have demonstrated that many key regula-
tors of cell cycle and growth control are also important circadian clock regulators 
con fi rming the critical role of circadian function in organism homeostasis  [  156  ]    . 
Studies of human breast and endometrial cancers revealed that the loss and deregu-
lation of PERIOD 1 and 2 proteins is common in the tumor cells  [  156  ] . The expres-
sion    of PER1, PER2, PER3, CRY1, CRY2, CKI  e  , and BMAL1 has been found in 
several cancers  [  157,   158  ] . Methylselenocysteine reduced the incidence of  N -nitroso-
 N -methylurea (NMU)-induced mammary carcinomas in Fischer 344 rats by 63%. 
Methylsele nocysteine also increased the expression of  Per2  and D-binding protein 
( Dbp ), providing evidence for a link between circadian rhythm and chemopreven-
tion. NMU disrupted the expression of core circadian genes ( Per1 ,  PER2 ,  Cry1 , 
 Cry2 , and  RevErbAalpha ) and circadian-controlled genes, including melatonin 
receptor 1alpha ( Mtnria ), estrogen receptors ( ERalpha  and  ERbeta ), and growth-
regulatory genes ( Trp53 ,  p21 ,  Gadd45alpha , and  c-Myc ) in mammary glands of 
Fischer 344 rats. By contrast, dietary methylselenocysteine (3 ppm selenium) given 
for 30 days signi fi cantly enhanced the circadian expression of these genes (except 
for  Cry1  and  Cry2 ). The largest effect was on the levels of the  Per2 ,  Mtnria , and 
 ERbeta  mRNAs, which showed 16.5-, 4.7-, and 9.5-fold increases in their rhythm-
adjusted means, respectively, and 44.5-, 6.5-, and 9.7-fold increases in amplitude as 
compared with the control diet, respectively. Methylselenocysteine also shifted the 
peak expression times of these genes to Zeitgeber time 12 (ZT12; lights off). 
Methylselenocysteine also induced rhythmic expression of  Trp53 ,  p21 , and 
 Gadd45alpha  mRNAs with peak levels at ZT12, when  c-Myc  expression was at its 
lowest level. However, methylselenocysteine had no signi fi cant effect on the circa-
dian expression of these genes in liver. These results suggest that dietary meth-
ylselenocysteine counteracted the disruptive effect of NMU on circadian expression 
of genes essential to normal mammary cell growth and differentiation  [  159  ]  and 
indicate that  Per2  may act as a tumor suppressor gene and preventive of mammary 
cancer.  PER2 , a core circadian clock gene, has tumor suppressor properties and is 
mutated or downregulated in human breast cancers. Using siRNA and shRNA to 
downregulate  Per2  expression in vitro  and  in vivo for measuring cancer cell prolif-
eration, tumor growth rate, and several molecular pathways relevant to cancer 
growth and their circadian organizations, it has been shown that downregulation of 
functional  Per2  gene expression increases Cyclin D and Cyclin E levels and doubles 
in vitro breast cancer cell proliferation ( p  < 0.05). Downregulation of  Per2  also 
accelerates in vivo tumor growth and doubles the daily amplitude of the tumor 
growth rhythm ( p  < 0.05).  Per2  links the circadian cycle to the ERalpha signaling 
network; for example suppression of  Per2  levels leads to ERalpha stabilization. 
In turn,  Per2  itself is estrogen inducible in these cells, suggesting a feedback mecha-
nism to attenuate stimulation by estrogen. In addition, overexpression of  Per2  
in breast cancer cells leads to signi fi cant growth inhibition, loss of clonogenic abil-
ity and apoptosis. Taken together, these results further support a critical role for 
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peripheral circadian regulation in tissue homeostasis and suggest a novel role for 
clock genes in estrogen receptor-positive breast cancer.   

    3.5   Enrichment of the Genomic Signature of Prevention 

 In this study we have used a gene set enrichment analysis using a cut-off value of 
 p  < 0.01 and a fold change of 2 as indicated in Table  3.1 ; using this strategy we have 
increased the number of common genes among the three prevention modalities  
from 7 to 28, as depicted in Table  3.16  and Figs.  3.19  and  3.20 . The identifi ed com-
mon biological processes are depicted in Figs.  3.21  and  3.22  and in Tables  3.17  and 
 3.18 . Among the known genes that are common and that were not detected using 
more stringent criteria are  Apod ,  Cldn4 ,  Crb3 ,  Crhr2 ,  Duox1 ,  Irx2 ,  Kng1 ,  Lbp , 
 Mmp12 ,  Pdzk1ip1 ,  Scnn1g ,  Sectm1 ,  Spp1 ,  Tgfb3 ,  Trim29 , and  Wap . There are bio-
logical processes that are more representatively expressed under hCG treatment 
(Figs.  3.23 ,  3.24 , and  3.25  and Tables  3.19  and  3.20 ), Pregnancy (Figs.  3.26 ,  3.27 , 
and  3.28  and Tables  3.21  and  3.22 ), and pellet (Figs.  3.29 ,  3.30 , and  3.31  and 
Tables  3.23  and  3.24 ). The number of genes per biological processes is better repre-
sented under hCG treatment (Tables  3.25  and  3.26 ) than for pregnancy (Tables  3.27  
and  3.28 ) or pellet (Tables  3.29  and  3.30 ).                      

 The gene enrichment procedure allows a better discrimination of the genes that 
are common to the three prevention modalities. For example,  Sectm1  that was only 
observed in the pregnancy group before using more stringent criteria now is shown 
among the three treatments and the same occurs for the  Apod ,  Duox1 , and  Kng1  that 
were only observed in the hCG treated group are now common to the three treat-
ments. Of interest is that other genes like  Cldn4 ,  Crb3 ,  Crhr2 ,  Irx2 ,  Kng1 ,  Mmp12 , 
 Pdzk1ip1 ,  Scnn1g ,  Tgfb3 ,  Trim29 , and  Wap  are now part of the signature of preven-
tion (Fig.  3.32 ). Among the genes common to pregnancy and the pellet are the 
 Sectm1 ,  Bhlhb3 ,  B3galt3 ,  Wfdc2 ,  Cc28 ,  Qscn6 ,  Cldn7 ,  Gzma ,  Eps812 ,  St6galnac2 , 
 Slc55a1 ,  Muc1 ,  Cd24 ,  Krt1-19 , and  Cfb  (Fig.  3.19 ). There are only two known com-
mon genes between hCG and the pellet,  Spt1  and  Trp63 . The common known genes 
between hCG and pregnancy are the  Pla2g7 ,  Trpc3 , and  Scnn1b  (Fig.  3.19 ).  

 A gene that is commonly upregulated by the    three prevention strategies is the 
Dual oxidase 1 or  Duox1 , which has been discussed in the previous section. The 
overexpression of  Duox 1  in the breast epithelial cells could be indicative of an 
oxidative antimicrobial protection as has been shown in the differentiated primary 
human airway epithelial cells challenged with  P. aeruginosa   fl agellin or IFN-gamma 
 [  128  ] .  C. elegans  seems to play also an important role in the barrier epithelium as an 
ancient, highly conserved innate immune defense mechanism. The airway epithe-
lium represents a key mechanism of innate airway host defense, through enhanced 
production of H 

2
 O 

2
 , which mediates cellular signaling pathways that regulate the 

production of various in fl ammatory mediators. Production of the CXC chemokine 
interleukin (IL)-8/CXCL8 forms a common epithelial response to many diverse 
stimuli, including bacterial and viral triggers, environmental oxidants, and other 
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126 3 Comparative Effects of the Preventive Effect...

  Fig. 3.19    Venn diagram depicting the biological processes of the upregulated genes in the rat 
mammary under three different prevention strategies using a  p  < 0.01 and FC of 2.0       

  Fig. 3.20    Venn diagram 
depicting the biological 
processes of the downregulated 
genes in the rat mammary 
gland under three different 
prevention strategies using a 
 p  < 0.01 and FC of 2.0       

 

 



1273.5 Enrichment of the Genomic Signature of Prevention

  Fig. 3.21    Common genes and specifi c transcripts expressed in the rat mammary gland  following 
pregnancy, hCG and pellets using a  p  < 0.01 and FC of 2.0       

  Fig. 3.22    Schematic representation of the different biological processes involved in the preven-
tion signature       
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   Table 3.17    Biological processes overrepresented among the downregulated genes in all three 
conditions   

 Symbol  Name 

  Signaling  
 hCG (GO:0035556, GO:0043123, GO:0009967, GO:0023051, GO:0046425, GO:0035023, 

GO:0032321, GO:0010627) 
 C fl ar  CASP8 and FADD-like apoptosis regulator 
 Stk17b  Serine/threonine kinase 17b 
 Cd40  CD40 molecule, TNF receptor superfamily member 5 
 Arhgap4  Rho GTPase-activating protein 4 
 Prkcb  Protein kinase C, beta 
 Hcls1  Hematopoietic cell-speci fi c Lyn substrate 1 
 Ubd  Ubiquitin D 
 Plcg2  Phospholipase C, gamma 2 
 Ccl21  Chemokine (C-C motif) ligand 21 
 Zap70  Zeta-chain (TCR) associated protein kinase 
 Rhoh  Ras homolog gene family, member H 
 Rhebl1  Ras homolog enriched in brain like 1 
 Clcf1  Cardiotrophin-like cytokine factor 1 
 Rac2  Ras-related C3 botulinum toxin substrate 2 (rho family, small GTP-binding 

protein Rac2) 
 Il22ra2  Interleukin 22 receptor, alpha 2 
 Rab19  RAB19, member RAS oncogene family 
 Ghrl  Ghrelin/obestatin prepropeptide 
 Kcnn4  Potassium intermediate/small conductance calcium-activated channel, 

subfamily N, member 4 
 Cd38  CD38 molecule 
 Arhgap15  Rho GTPase-activating protein 15 
 Gria3  Glutamate receptor, ionotrophic, AMPA 3 
 Pregnancy (GO:0071883, GO:0035625, GO:0032148, GO:2000273, GO:0045742, 

GO:0007176, GO:0061098) 
 Adra2c  Adrenergic, alpha-2C-, receptor 
 Pellet (GO:0031547, GO:0071883, GO:0035625, GO:0071875) 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Adra2c  Adrenergic, alpha-2C-, receptor 
 Adra1d  Adrenergic, alpha-1D-, receptor 

biological mediators, suggesting the potential involvement of a common signaling 
pathway that may involve Duox1-dependent H 

2
 O 

2
  production  [  160  ] . Therefore in 

the mammary gland  Duox 1  may protect the epithelial cells of exogenous stressor 
and may also contribute to the signature of differentiation conferred by pregnancy, 
hormonal treatment, and hCG. A common phenotypical pattern induced in the 
mammary gland by these three preventive strategies is the lobular development 
associated with the production of milk-like proteins that are indication of gland dif-
ferentiation. One of these proteins is the whey acidic protein or  Wap .  Wap  is the 
major milk protein in certain mammals and has been found in two monotremes, 
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   Table 3.18    Biological processes overrepresented among the upregulated genes in all three 
conditions   

Symbol Name

Cellular metabolic process
hCG (GO:0019546, GO:0052548, GO:0010466)
Padi3 Peptidyl arginine deiminase, type III
Serpinb5 Serpin peptidase inhibitor, clade B (ovalbumin), member 5
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Foxq1 Forkhead box Q1
Wap Whey acidic protein
Pregnancy (GO:0006709, GO:0032078, GO:0032074)
Akr1c18 Aldo-keto reductase family 1, member C18
Gzma Granzyme A
Pellet (GO:0044253, GO:0032078, GO:0032074)
Tgfb3 Transforming growth factor, beta3
Ctgf Connective tissue growth factor
Gzma Granzyme A
Circulatory system
hCG (GO:0008015)
Gja1 Gap junction protein, alpha 1
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Kng1l1 Kininogen 1-like 1
Crhr2 Corticotropin releasing hormone receptor 2
Pregnancy (GO:0034107, GO:0034119)
Cd24 CD24 molecule
Pellet (GO:0034107, GO:0034119)
Cd24 CD24 molecule
Development
hCG (GO:0031069, GO:0009888, GO:0030855, GO:0048627, GO:0048685, GO:0060529, 

GO:0048732, GO:0060512)
Tp63 Tumor protein p63
Igfbp5 Insulin-like growth factor binding protein 5
Foxq1 Forkhead box Q1
Serpinb5 Serpin peptidase inhibitor, clade B (ovalbumin), member 5
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Gja1 Gap junction protein, alpha 1
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Tgfb3 Transforming growth factor, beta3
Crhr2 Corticotropin releasing hormone receptor 2
Bambi BMP and activin membrane-bound inhibitor, homolog (Xenopus laevis)
Sdc1 Syndecan 1
Pregnancy (GO:0031103, GO:0048685, GO:0034103, GO:0042335, GO:0043932)
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1

(continued)
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Table 3.18 (continued)

Symbol Name

Chl1 Cell adhesion molecule with homology to L1CAM
Cd24 CD24 molecule
Duox1 Dual oxidase 1
Tgfb3 Transforming growth factor, beta3
Pellet (GO:0048685, GO:0060529, GO:0034103, GO:0042335, GO:0043932, GO:0045617, 

GO:0060197, GO:0031103)
Spp1 Secreted phosphoprotein 1
Tp63 Tumor protein p63
Cd24 CD24 molecule
Duox1 Dual oxidase 1
Tgfb3 Transforming growth factor, beta3
Apod Apolipoprotein D
Immune response
hCG (GO:0032755, GO:0001817, GO:0045087, GO:0006954, GO:0006958, GO:0032760, 

GO:0002232, GO:0060265, GO:0002252, GO:0050776)
Lbp Lipopolysaccharide-binding protein
Mapk13 Mitogen-activated protein kinase 13
Crhr2 Corticotropin releasing hormone receptor 2
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Tgfb3 Transforming growth factor, beta3
Cd14 CD14 molecule
Lcn2 Lipocalin 2
C4bpa Complement component 4 binding protein, alpha
Cfi Complement factor I
Kng1 Kininogen 1
Sdc1 Syndecan 1
Spp1 Secreted phosphoprotein 1
Kng1l1 Kininogen 1-like 1
Hspa1a Heat shock 70 kDa protein 1A
Pregnancy (GO:0002682, GO:0001818, GO:0002232, GO:0032913, GO:0042103, 

GO:0046014, GO:0060265, GO:0032755, GO:0006954, GO:0045087, GO:0002690, 
GO:0006956, GO:0050778, GO:0002842)

Kng1 Kininogen 1
Cd24 CD24 molecule
Tgfb3 Transforming growth factor, beta3
Cfb Complement factor B
Lbp Lipopolysaccharide-binding protein
Pla2g7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma)
Cfi Complement factor I
Crhr2 Corticotropin releasing hormone receptor 2
Spp1 Secreted phosphoprotein 1
Kng1l1 Kininogen 1-like 1
Lcn2 Lipocalin 2

(continued)



1313.5 Enrichment of the Genomic Signature of Prevention

Table 3.18 (continued)
Symbol Name

Pellet (GO:0002237, GO:0001818, GO:0002232, GO:0032913, GO:0042103, GO:0046014, 
GO:0060265, GO:0032755, GO:0006954, GO:0045087, GO:0006956, GO:0002842, 
GO:0050778)

Lcn2 Lipocalin 2
Cd24 CD24 molecule
Aqp2 Aquaporin 2 (collecting duct)
Cfb Complement factor B
Lbp Lipopolysaccharide-binding protein
Tgfb3 Transforming growth factor, beta3
Crhr2 Corticotropin releasing hormone receptor 2
Kng1 Kininogen 1
Spp1 Secreted phosphoprotein 1
Kng1l1 Kininogen 1-like 1
Cfi Complement factor I
Localization
hCG (GO:0051674, GO:0032879)
Mmp12 Matrix metallopeptidase 12
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Igfbp5 Insulin-like growth factor binding protein 5
Lbp Lipopolysaccharide-binding protein
Pla2g7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma)
Bambi BMP and activin membrane-bound inhibitor, homolog (Xenopus laevis)
Kcnk2 Potassium channel, subfamily K, member 2
Tgfb3 Transforming growth factor, beta3
Cd14 CD14 molecule
Crhr2 Corticotropin releasing hormone receptor 2
Pregnancy (GO:0033037)
Lbp Lipopolysaccharide-binding protein
Pellet (GO:0033037)
Lbp Lipopolysaccharide-binding protein
Response to stimulus
hCG (GO:0071223, GO:0071222, GO:0071216, GO:0050909)
Lbp Lipopolysaccharide-binding protein
Cd14 CD14 molecule
Lcn2 Lipocalin 2
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Pregnancy (GO:0010033, GO:0070887, GO:0050909, GO:0050795, GO:0048545, 

GO:2000252, GO:0032103)
Lcn2 Lipocalin 2
Cyp2e1 Cytochrome P450, family 2, subfamily e, polypeptide 1
Cd24 CD24 molecule
Spp1 Secreted phosphoprotein 1

(continued)
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Table 3.18 (continued)

Symbol Name

Tgfb3 Transforming growth factor, beta3
Duox1 Dual oxidase 1
Cfb Complement factor B
Lbp Lipopolysaccharide-binding protein
Adfp Adipose differentiation-related protein
Cldn4 Claudin 4
Krt19 Keratin 19
Crhr2 Corticotropin releasing hormone receptor 2
Prkaa2 Protein kinase, AMP-activated, alpha 2 catalytic subunit
Pla2g7 Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, 

plasma)
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Pellet (GO:0009725, GO:0043627, GO:0071280, GO:2000252, GO:0071326, GO:0071333)
Cd24 CD24 molecule
Mfge8 Milk fat globule-EGF factor 8 protein
Spp1 Secreted phosphoprotein 1
Aqp2 Aquaporin 2 (collecting duct)
Tgfb3 Transforming growth factor, beta3
LOC259246 Alpha-2u globulin PGCL1
Cldn4 Claudin 4
Abcg2 ATP-binding cassette, subfamily G (WHITE), member 2
Krt19 Keratin 19
Ctgf Connective tissue growth factor
Crhr2 Corticotropin releasing hormone receptor 2
Response to stress
hCG (GO:0006950, GO:0033554)
Mmp12 Matrix metallopeptidase 12
C4bpa Complement component 4 binding protein, alpha
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Sdc1 Syndecan 1
Tgfb3 Transforming growth factor, beta3
Kng1l1 Kininogen 1-like 1
Penk Proenkephalin
Lbp Lipopolysaccharide-binding protein
Mapk13 Mitogen-activated protein kinase 13
Cd14 CD14 molecule
Cfi Complement factor I
Lcn2 Lipocalin 2
Hspa1a Heat shock 70 kDa protein 1A
Tp63 Tumor protein p63
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1

(continued)
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Table 3.18 (continued)

Symbol Name

Duox1 Dual oxidase 1
Ndrg1 N-myc downstream regulated 1
Crhr2 Corticotropin releasing hormone receptor 2
Pregnancy (GO:0006950)
Mmp12 Matrix metallopeptidase 12
Lcn2 Lipocalin 2
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Cd24 CD24 molecule
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Tgfb3 Transforming growth factor, beta3
Duox1 Dual oxidase 1
Kng1l1 Kininogen 1-like 1
Cfb Complement factor B
Lbp Lipopolysaccharide-binding protein
Crhr2 Corticotropin releasing hormone receptor 2
Prkaa2 Protein kinase, AMP-activated, alpha 2 catalytic subunit
Cfi Complement factor I
Chl1 Cell adhesion molecule with homology to L1CAM
Pellet (GO:0006950)
Mmp12 Matrix metallopeptidase 12
Lcn2 Lipocalin 2
Aldoc Aldolase C, fructose-bisphosphate
Tp63 Tumor protein p63
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Cd24 CD24 molecule
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Aqp2 Aquaporin 2 (collecting duct)
Tgfb3 Transforming growth factor, beta3
Duox1 Dual oxidase 1
Kng1l1 Kininogen 1-like 1
Cfb Complement factor B
Lbp Lipopolysaccharide-binding protein
Ctgf Connective tissue growth factor
Crhr2 Corticotropin releasing hormone receptor 2
Cfi Complement factor I
Secretion
hCG (GO:0014064)
Crhr2 Corticotropin releasing hormone receptor 2
Pregnancy (GO:0014064)
Crhr2 Corticotropin releasing hormone receptor 2
Pellet (GO:0061179, GO:0014064, GO:0090278)

(continued)
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Table 3.18 (continued)
Symbol Name

LOC259246 Alpha-2u globulin PGCL1
Crhr2 Corticotropin releasing hormone receptor 2
Transport
hCG (GO:0010232, GO:0035482, GO:2000293, GO:0030001)
Gja1 Gap junction protein, alpha 1
Crhr2 Corticotropin releasing hormone receptor 2
Lcn2 Lipocalin 2
Kcnk2 Potassium channel, subfamily K, member 2
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Slc39a8 Solute carrier family 39 (zinc transporter), member 8
Pregnancy (GO:0032600, GO:0035482, GO:2000293, GO:0015891, GO:0015920, 

GO:0032594, GO:0090281)
Cd24 CD24 molecule
Crhr2 Corticotropin releasing hormone receptor 2
Lcn2 Lipocalin 2
Lbp Lipopolysaccharide-binding protein
Pellet (GO:0032600, GO:0035482, GO:2000293, GO:0015891, GO:0015920, GO:0032594, 

GO:0090281)
Cd24 CD24 molecule
Crhr2 Corticotropin releasing hormone receptor 2
Lcn2 Lipocalin 2
Lbp Lipopolysaccharide-binding protein
Wound healing
hCG (GO:0042060, GO:0035313)
Mmp12 Matrix metallopeptidase 12
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Sdc1 Syndecan 1
Apod Apolipoprotein D
Tgfb3 Transforming growth factor, beta3
Pregnancy (GO:0035313, GO:0042060)
Mmp12 Matrix metallopeptidase 12
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Apod Apolipoprotein D
Tgfb3 Transforming growth factor, beta3
Pellet (GO:0035313, GO:0042060)
Mmp12 Matrix metallopeptidase 12
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Apod Apolipoprotein D
Tgfb3 Transforming growth factor, beta3
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  Fig. 3.24    Venn diagram depicting the biological processes of the downregulated genes in the rat 
mammary gland under three different prevention strategies using a  p  < 0.01 and FC of 2.0          

  Fig. 3.23       Venn diagram depicting the biological processes of the upregulated genes in the rat 
mammary gland under three different prevention strategies using a  p  < 0.01 and FC of 2.0       
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three marsupials, rodents, rabbits, pigs, and camels.  Wap  is signi fi cantly upregu-
lated in the rat mammary gland under the three preventive strategies tested, and it 
has been shown to be a marker of differentiation in diethylstilbestrol-treated women 
 [  161  ] .  Wap  is regulated by the singleminded 2s ( Sim2s ) transcription factor that is 
required for proper mammary ductal morphogenesis and luminal epithelial differen-
tiation. Loss of  Sim2s  in breast cancer cells resulted in downregulation of epithelial 
markers and acquisition of a basal-like phenotype.  Sim2s  is developmentally regu-
lated throughout mammary gland development with highest expression during lac-
tation. Mammary glands from nulliparous mice expressing  Sim2s  driven by the 
mouse mammary tumor virus long terminal repeat promoter were morphologically 
indistinguishable from wild-type mice but displayed hallmarks of precocious lacto-
genic differentiation with elevated expression of Wap and Csn2  [  162  ] . It is of inter-
est that in postlactational mammary gland regression the oncostatin M (OSM) also 
named Spp1 is upregulated and inhibits proliferation and promotes cell detachment 
and enhances cell motility. Concurrently, OSM signaling precipitated the dephos-
phorylation of STAT5 and repressed expression of the milk protein genes beta-
casein and Wap. Similarly, during pregnancy, OSM signaling suppressed beta-casein 
and  Wap  gene expression. OSM also promoted the expression of metalloproteinases 
MMP3, MMP12, and MMP14, which, in vitro, were responsible for OSM-speci fi c 
apoptosis  [  163  ] .  

  Fig. 3.25    Gene ontology of the overrepresented genes downregulated by hCG in the rat mammary 
gland using a  p  < 0.01 and FC of 2.0       
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  Fig. 3.26    Gene ontology of the overrepresented genes upregulated by hCG in the rat mammary 
gland using a  p  < 0.01 and FC of 2.0       

 A gene that is overexpressed in the rat mammary glands of rats subjected to the 
three prevention modalities is the  Tgfb3  or transforming growth factor beta3 that 
encodes a member of the TGF-beta family of proteins. The encoded protein is 
secreted and is involved in embryogenesis and cell differentiation. The transforming 
growth factor-beta family of polypeptides (TGF-beta1, TGF-beta2, and TGF-beta3) 
is involved in the regulation of cellular processes, including cell division, differen-
tiation, motility, adhesion, and death  [  164–  169  ] . TGF-beta signals by binding the 
TGF-beta type II receptor (TGF-betaRII) which transphosphorylates and activates 
the type I receptor (TGF-betaRI). Activated TGF-betaRI then phosphorylates a sub-
set of SMAD proteins, Smad2 and Smad3, which translocate to the nucleus where 
they form transcription complexes with DNA binding factors and co-activators/co-
repressors. TGF-beta functions as a tumor suppressor by inhibiting the cell cycle in 
the G1 phase. Administration of TGF-beta is able to protect against mammary 
tumor development in transgenic mouse models in vivo  [  167,   168,   170–  172  ] . TGF-
beta3 may play a protective role against tumorigenesis in a range of tissues includ-
ing the skin, breast, oral, and gastric mucosa  [  173  ] . During rodent mammary gland 
involution there is a dramatic increase in the expression of the Tgfb3  [  174  ] . Persistent 
pregnancy-induced changes in mammary gene expression that are tightly associated 
with protection against tumorigenesis in multiple inbred rat strains have implicated 
alterations in transforming growth factor-beta signaling. IGF-I treatment of parous 
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  Fig. 3.27    Heat map 
showing the up- ( red ) and 
downregulated genes 
( green ) of hCG treated rat 
mammary glands using a 
 p  < 0.01 and FC of 2.0       

 



1453.5 Enrichment of the Genomic Signature of Prevention

  Fig. 3.28    Gene Ontology of overrepresented genes downregulated in the mammary gland of rats 
after pregnancy using a  p  < 0.01 and FC of 2.0       

rats increased mammary tumor incidence to 83%, as compared with 16% in parous 
rats treated with 17  b  -estradiol plus progesterone only. Tumor incidence and average 
number of tumors per animal did not differ between IGF-I-treated parous rats and 
age-matched virgin rats. Thordarson et al. [ 166 ] demonstrated that at the time of 
 N -methyl- N -nitrosourea exposure, DNA content was lowest but the alpha-lactalbu-
min concentration was highest in the mammary glands of untreated parous rats in 
comparison with age-matched virgin and IGF-I-treated parous rats  [  166  ] . The 
protein levels of estrogen receptor-alpha in the mammary gland were signi fi cantly 
higher in the age-matched virgin animals than in untreated parous and IGF-I-treated 
parous rats. Phosphorylation (activation) of the extracellular signal-regulated 
kinase-1/2 (ERK1/2) and expression of the progesterone receptor were both 
increased in IGF-I-treated parous rats, as compared with those in untreated parous 
and age-matched virgin rats. Expressions of cyclin D1 and tgfb3 in the mammary 
gland were lower in the age-matched virgin rats than in the untreated parous and 
IGF-I-treated parous rats  [  166  ] . All this indicate that tgfb3 is a common pathway in 
cancer prevention induced by the three different treatment modalities (Figs.  3.32  
and  3.33 ). 

 The iroquois homeobox 2 ( Irx2 ) is upregulated by hCG and pregnancy hor-
mones in the rat mammary gland. The Iroquois (Irx) genes encode homeoproteins 
conserved during evolution. Vertebrate genomes contain six Irx genes organized 
in two clusters, IrxA (which harbors Irx1, Irx2, and Irx4) and IrxB (which harbors 
Irx3, Irx5, and Irx6). The  fi ve Irx genes display largely overlapping expression 
patterns and contribute to neural patterning. All Irx genes are required for proper 
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formation of posterior forebrain, midbrain, hindbrain and, to a lesser extent, 
spinal cord  [  175 – 177  ] . IRX2 methylated in 85–100% of the squamous cell 
carcinomas  [  178  ]  and is overexpressed in 3D prostate cultures  [  179  ] . CpG islands 
in the HOXA cluster and other homeobox (Irx2, DLX2, NKX2-2) genes were 
signi fi cantly more methylated in Luminal A tumors  [  180  ] . Irx2a is expressed in 
the developing retina and that knockdown of irx2a results in a retinal phenotype 
strikingly similar to that of irx1a morphants. The expression of irx2a in retina 
ganglion cells was shown to be irx1a- and ath5-dependent suggesting that irx1a 
and ath5 are transcriptional regulators of irx2a. Furthermore, irx2a expression 
could rescue impaired propagation of shh waves in irx1a morphants. Together, 
these observations suggest that Irx2 functions downstream of irx1a to control shh 
expression in the retina. There is a transcriptional cascade of ath5-irx1a-irx2a in 
the regulation of hedgehog waves during vertebrate retinal development  [  181  ] . 
Comparative studies in  Xenopus  and mouse have identi fi ed Irx1, Irx2, and Irx3 as 
an evolutionary conserved subset of Irx genes, whose expression represents the 
earliest manifestation of intermediate compartment patterning in the developing 
vertebrate nephron discovered to date. Intermediate tubule progenitors will 
give rise to epithelia of Henle’s loop in mammals. Loss-of-function studies 

  Fig. 3.29    Gene ontology of the overrepresented genes upregulated by pregnancy in the rat mam-
mary gland using a  p  < 0.01 and FC of 2.0       
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  Fig. 3.30    Heat map 
showing the up- ( red ) and 
downregulated genes 
( green ) of post pregnancy 
rat mammary glands using a 
 p  < 0.01 and FC of 2.0       
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indicate that irx1 and Irx2 are dispensable, whereas irx3 is necessary for interme-
diate tubule formation in  Xenopus   [  182  ] . Irx1 and Irx2 serve an evolutionary con-
served role in the regulation of alpha-cell-speci fi c gene expression regulating 
pancreatic endocrine development and function  [  183  ] . In the stage during which 
ES cells differentiate into neural stem cells, modulation of nearly 1,000 genes 
was observed. Most of transcription factors (Otx2, Ebf-3, Ptx3, Sox4, 13, 18, 
engrailed, Irx2, Pax8, and Lim3), signaling molecules (Wnt, TGF, and Shh family 
members), and ECM/adhesion molecules (collagens, MAPs, and NCAM) were 
upregulated. However, some genes which may play important roles in maintaining 
the pluripotency of ES cells (Kruppel-like factor 2, 4, 5, 9, myeloblast onco-
gene like2, ZFP 57, and Esg-1) were downregulated  [  184  ] .  Therefore it is possible 
to speculate that Irx2 is involved in the pattern of mammary gland differentiation 
and that is elicited by the three prevention modalities  (Figs.  3.21  and  3.22 ). 

 Claudin 4 ( Cldn4 ) is upregulated in the rat mammary gland by the three preven-
tion modalities tested. This gene encodes an integral membrane protein, which 
belongs to the claudin family  [  185  ] . The protein is a component of tight junction 
strands and may play a role in internal organ development and function during 
pre- and postnatal life. Expression of adhesion molecules (AM) in the adhe-
rens, tight and gap junction pathways in embryonic stem cells subpopulations 

  Fig. 3.31    Gene Ontology of the overrepresented genes downregulated in the mammary gland of 
pellet treated rats using a  p  < 0.01 and FC of 2.0       
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1573.5 Enrichment of the Genomic Signature of Prevention

   Table 3.25    Biological processes and downregulated genes in hCG group (p < 0.01 and fold change 2)   

Symbol Name

Adhesion (GO:0035759)
Ccl21 Chemokine (C-C motif) ligand 21
Apoptosis (GO:0043067, GO:0016265, GO:0042981, GO:0060548, GO:0046671)
Plcg2 Phospholipase C, gamma 2
Cxcr4 Chemokine (C-X-C motif) receptor 4
Cflar CASP8 and FADD-like apoptosis regulator
Stk17b Serine/threonine kinase 17b
Cd40 CD40 molecule, TNF receptor superfamily member 5
Bcl2 B-cell CLL/lymphoma 2
Prkcb Protein kinase C, beta
Cd38 CD38 molecule
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Clcf1 Cardiotrophin-like cytokine factor 1
Cidec Cell death-inducing DFFA-like effector c
Ghrl Ghrelin/obestatin prepropeptide
Birc3 Baculoviral IAP repeat-containing 3
Unc13d Unc-13 homolog D (C. elegans)
Cell activation (GO:0001775, GO:0050867)
Unc13d Unc-13 homolog D (C. elegans)
Prkcb Protein kinase C, beta
Ubd Ubiquitin D
Plcg2 Phospholipase C, gamma 2
Ccl21 Chemokine (C-C motif) ligand 21
Rhoh Ras homolog gene family, member H
Satb1 SATB homeobox 1
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Cxcr4 Chemokine (C-X-C motif) receptor 4
Coro1a Coronin, actin-binding protein 1A
Cd40 CD40 molecule, TNF receptor superfamily member 5
Bcl2 B-cell CLL/lymphoma 2
Cd38 CD38 molecule
Zap70 Zeta-chain (TCR) associated protein kinase
Clcf1 Cardiotrophin-like cytokine factor 1
Cell communication (GO:0010646)
Cflar CASP8 and FADD-like apoptosis regulator
Cd40 CD40 molecule, TNF receptor superfamily member 5
Prkcb Protein kinase C, beta
Cd38 CD38 molecule
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Zap70 Zeta-chain (TCR) associated protein kinase
Rhoh Ras homolog gene family, member H
Clcf1 Cardiotrophin-like cytokine factor 1

(continued)
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Table 3.25 (continued)

Symbol Name

Ghrl Ghrelin/obestatin prepropeptide
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Cell cycle (GO:0035417)
Ubd Ubiquitin D
Cell motility (GO:0010764, GO:2000508, GO:2000529, GO:0040012)
Arhgap4 Rho GTPase-activating protein 4
Ccl21 Chemokine (C-C motif) ligand 21
Coro1a Coronin, actin-binding protein 1A
Bcl2 B-cell CLL/lymphoma 2
Ghrl Ghrelin/obestatin prepropeptide
Cxcr4 Chemokine (C-X-C motif) receptor 4
Cell proliferation (GO:0032946, GO:0032943, GO:0008284)
Coro1a Coronin, actin-binding protein 1A
Cd40 CD40 molecule, TNF receptor superfamily member 5
Bcl2 B-cell CLL/lymphoma 2
Cd38 CD38 molecule
Zap70 Zeta-chain (TCR) associated protein kinase
Clcf1 Cardiotrophin-like cytokine factor 1
Satb1 SATB homeobox 1
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Cxcr4 Chemokine (C-X-C motif) receptor 4
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Rac2 Ras-related C3 botulinum toxin substrate 2 (rho family, small 

GTP-binding protein Rac2)
Cellular component organization (GO:0030838, GO:0051126, GO:0008154)
Coro1a Coronin, actin-binding protein 1A
Ccl21 Chemokine (C-C motif) ligand 21
Ghrl Ghrelin/obestatin prepropeptide
Cellular metabolic process (GO:0051174, GO:0060255, GO:0043420, GO:0045937)
Bcl2 B-cell CLL/lymphoma 2
Cd6 Cd6 molecule
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Ccl21 Chemokine (C-C motif) ligand 21
Rhoh Ras homolog gene family, member H
Clcf1 Cardiotrophin-like cytokine factor 1
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Il22ra2 Interleukin 22 receptor, alpha 2
Ghrl Ghrelin/obestatin prepropeptide
Cd40 CD40 molecule, TNF receptor superfamily member 5
A2m Alpha-2-macroglobulin
Prkcb Protein kinase C, beta
Camk4 Calcium/calmodulin-dependent protein kinase IV
Cd38 CD38 molecule

(continued)
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Symbol Name

Skap1 Src kinase-associated phosphoprotein 1
Plcg2 Phospholipase C, gamma 2
Ell3 Elongation factor RNA polymerase II-like 3
Gria3 Glutamate receptor, ionotrophic, AMPA 3
Tasp1 Taspase, threonine aspartase 1
Satb1 SATB homeobox 1
Rhebl1 Ras homolog enriched in brain like 1
Serpinb6b Serine (or cysteine) peptidase inhibitor, clade B, member 6b
Kynu Kynureninase (l-kynurenine hydrolase)
Cellular process (GO:0048522)
Cflar CASP8 and FADD-like apoptosis regulator
Stk17b Serine/threonine kinase 17b
Unc13d Unc-13 homolog D (C. elegans)
Prkcb Protein kinase C, beta
Camk4 Calcium/calmodulin-dependent protein kinase IV
Cd6 Cd6 molecule
Skap1 Src kinase-associated phosphoprotein 1
Ubd Ubiquitin D
Hap1 Huntingtin-associated protein 1
Ell3 Elongation factor RNA polymerase II-like 3
Ccl21 Chemokine (C-C motif) ligand 21
Tasp1 Taspase, threonine aspartase 1
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Cidec Cell death-inducing DFFA-like effector c
Ghrl Ghrelin/obestatin prepropeptide
Cxcr4 Chemokine (C-X-C motif) receptor 4
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Circadian rhythm (GO:0042322)
Ghrl Ghrelin/obestatin prepropeptide
Development (GO:0030097, GO:0045687, GO:0021747)
Coro1a Coronin, actin-binding protein 1A
Bcl2 B-cell CLL/lymphoma 2
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Ubd Ubiquitin D
Plcg2 Phospholipase C, gamma 2
Zap70 Zeta-chain (TCR) associated protein kinase
Rhoh Ras homolog gene family, member H
Satb1 SATB homeobox 1
Clcf1 Cardiotrophin-like cytokine factor 1
Cxcr4 Chemokine (C-X-C motif) receptor 4
Homeostasis (GO:0006874, GO:0007204, GO:0055082, GO:0050801, GO:0072507, 

GO:0055065, GO:0030003, GO:0048873, GO:0030322, GO:0032848, GO:0060249, 
GO:0048871)

Bcl2 B-cell CLL/lymphoma 2

Table 3.25 (continued)
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Symbol Name

Prkcb Protein kinase C, beta
Cd38 CD38 molecule
Plcg2 Phospholipase C, gamma 2
Ccl21 Chemokine (C-C motif) ligand 21
Ghrl Ghrelin/obestatin prepropeptide
Cxcr4 Chemokine (C-X-C motif) receptor 4
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Scd Stearoyl-CoA desaturase (delta-9-desaturase)
Coro1a Coronin, actin-binding protein 1A
Rac2 Ras-related C3 botulinum toxin substrate 2 (rho family, small 

GTP-binding protein Rac2)
Immune response (GO:0006955, GO:0002429, GO:0002684, GO:0002764, GO:0002253, 

GO:0050670, GO:0070663, GO:0030890, GO:0002694, GO:0002520, GO:0050852, 
GO:0046649, GO:0051251, GO:0050853, GO:0042098, GO:0002312, GO:0050864, 
GO:0046632, GO:0002366, GO:0043368, GO:0045830, GO:0030098, GO:0030183, 
GO:0051607, GO:0046640, GO:0002316, GO:0002432, GO:0043375, GO:0002204, 
GO:0002697, GO:0043029, GO:0048002, GO:0002381)

Kynu Kynureninase (l-kynurenine hydrolase)
Cd40 CD40 molecule, TNF receptor superfamily member 5
Unc13d Unc-13 homolog D (C. elegans)
A2m Alpha-2-macroglobulin
Bcl2 B-cell CLL/lymphoma 2
RT1-EC2 RT1 class Ib, locus EC2
Prkcb Protein kinase C, beta
Cd38 CD38 molecule
Skap1 Src kinase-associated phosphoprotein 1
Ubd Ubiquitin D
Plcg2 Phospholipase C, gamma 2
RT1-Db1 RT1 class II, locus Db1
Ccl21 Chemokine (C-C motif) ligand 21
Zap70 Zeta-chain (TCR) associated protein kinase
Clcf1 Cardiotrophin-like cytokine factor 1
Gpsm3 G-protein signaling modulator 3 (AGS3-like, C. elegans)
Prg2 Proteoglycan 2, bone marrow
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Coro1a Coronin, actin-binding protein 1A
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Rhoh Ras homolog gene family, member H
Satb1 SATB homeobox 1
Cxcr4 Chemokine (C-X-C motif) receptor 4
Localization (GO:0032879)
Coro1a Coronin, actin-binding protein 1A

Table 3.25 (continued)
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Symbol Name

Cd40 CD40 molecule, TNF receptor superfamily member 5
Unc13d Unc-13 homolog D (C. elegans)
Bcl2 B-cell CLL/lymphoma 2
Arhgap4 Rho GTPase-activating protein 4
Prkcb Protein kinase C, beta
Cd38 CD38 molecule
Plcg2 Phospholipase C, gamma 2
Ccl21 Chemokine (C-C motif) ligand 21
Ghrl Ghrelin/obestatin prepropeptide
Cxcr4 Chemokine (C-X-C motif) receptor 4
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Protein modification process (GO:0018212, GO:0007260, GO:0006464, GO:0050730, 

GO:0042325, GO:0001934, GO:0042516, GO:0035408)
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Zap70 Zeta-chain (TCR) associated protein kinase
Clcf1 Cardiotrophin-like cytokine factor 1
Tnfrsf14 Tumor necrosis factor receptor superfamily, member 14 

(herpesvirus entry mediator)
Il22ra2 Interleukin 22 receptor, alpha 2
Stk17b Serine/threonine kinase 17b
B3galt4 UDP-Gal:betaGlcNAc beta 1,3-galactosyltransferase, 

polypeptide 4
Bcl2 B-cell CLL/lymphoma 2
Prkcb Protein kinase C, beta
Camk4 Calcium/calmodulin-dependent protein kinase IV
Cd6 Cd6 molecule
Ubd Ubiquitin D
Ccl21 Chemokine (C-C motif) ligand 21
Usp18 Ubiquitin-specific peptidase 18
Satb1 SATB homeobox 1
Ghrl Ghrelin/obestatin prepropeptide
Birc3 Baculoviral IAP repeat-containing 3
Rhoh Ras homolog gene family, member H
Regulation of DNA recombination (GO:0000018)
Cd40 CD40 molecule, TNF receptor superfamily member 5
Clcf1 Cardiotrophin-like cytokine factor 1
Response to stimulus (GO:0048584, GO:0009605, GO:0010037)
A2m Alpha-2-macroglobulin
Bcl2 B-cell CLL/lymphoma 2
Cd38 CD38 molecule
Skap1 Src kinase-associated phosphoprotein 1
Plcg2 Phospholipase C, gamma 2
Ghrl Ghrelin/obestatin prepropeptide
Kynu Kynureninase (l-kynurenine hydrolase)
Coro1a Coronin, actin-binding protein 1A

Table 3.25 (continued)
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Symbol Name

Cd40 CD40 molecule, TNF receptor superfamily member 5
Prkcb Protein kinase C, beta
Ccl21 Chemokine (C-C motif) ligand 21
Satb1 SATB homeobox 1
Rac2 Ras-related C3 botulinum toxin substrate 2 (rho family, small 

GTP-binding protein Rac2)
Cxcr4 Chemokine (C-X-C motif) receptor 4
Signaling (GO:0035556, GO:0043123, GO:0009967, GO:0023051, GO:0046425, 

GO:0035023, GO:0032321, GO:0010627)
Cflar CASP8 and FADD-like apoptosis regulator
Stk17b Serine/threonine kinase 17b
Cd40 CD40 molecule, TNF receptor superfamily member 5
Arhgap4 Rho GTPase-activating protein 4
Prkcb Protein kinase C, beta
Hcls1 Hematopoietic cell-specific Lyn substrate 1
Ubd Ubiquitin D
Plcg2 Phospholipase C, gamma 2
Ccl21 Chemokine (C-C motif) ligand 21
Zap70 Zeta-chain (TCR) associated protein kinase
Rhoh Ras homolog gene family, member H
Rhebl1 Ras homolog enriched in brain like 1
Clcf1 Cardiotrophin-like cytokine factor 1
Rac2 Ras-related C3 botulinum toxin substrate 2 (rho family, small 

GTP-binding protein Rac2)
Il22ra2 Interleukin 22 receptor, alpha 2
Rab19 RAB19, member RAS oncogene family
Ghrl Ghrelin/obestatin prepropeptide
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4
Cd38 CD38 molecule
Arhgap15 Rho GTPase-activating protein 15
Gria3 Glutamate receptor, ionotrophic, AMPA 3
Transport (GO:0006816, GO:0072511)
Coro1a Coronin, actin-binding protein 1A
Bcl2 B-cell CLL/lymphoma 2
Prkcb Protein kinase C, beta
Plcg2 Phospholipase C, gamma 2
Ccl21 Chemokine (C-C motif) ligand 21
Cxcr4 Chemokine (C-X-C motif) receptor 4
Kcnn4 Potassium intermediate/small conductance calcium-activated 

channel, subfamily N, member 4

Table 3.25 (continued)
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   Table 3.26    Biological processes and upregulated genes in hCG group (p < 0.01 and fold change 2)   

Symbol Name

Cell communication (GO:0007499)
Tp63 Tumor protein p63
Cell motility (GO:0016477, GO:0006928, GO:0040011)
Mmp12 Matrix metallopeptidase 12
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Igfbp5 Insulin-like growth factor binding protein 5
Lbp Lipopolysaccharide-binding protein
Pla2g7 Phospholipase A2, group VII (platelet-activating factor 

acetylhydrolase, plasma)
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Cell proliferation (GO:0008283, GO:0050678)
Serpinb5 Serpin peptidase inhibitor, clade B (ovalbumin), 

member 5
Mmp12 Matrix metallopeptidase 12
Epcam Epithelial cell adhesion molecule
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Gja1 Gap junction protein, alpha 1
Hspa1a Heat shock 70 kDa protein 1A
Tp63 Tumor protein p63
Kng1 Kininogen 1
Igfbp5 Insulin-like growth factor binding protein 5
Tgfb3 Transforming growth factor, beta3
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Cellular metabolic process (GO:0019546, GO:0052548, GO:0010466)
Padi3 Peptidyl arginine deiminase, type III
Serpinb5 Serpin peptidase inhibitor, clade B (ovalbumin), 

member 5
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Foxq1 Forkhead box Q1
Wap Whey acidic protein
Cellular process (GO:0048518)
Mmp12 Matrix metallopeptidase 12
Lcn2 Lipocalin 2
Epcam Epithelial cell adhesion molecule
C4bpa Complement component 4 binding protein, alpha
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Gja1 Gap junction protein, alpha 1
Hspa1a Heat shock 70 kDa protein 1A
Tp63 Tumor protein p63
Kng1 Kininogen 1
Igfbp5 Insulin-like growth factor binding protein 5

(continued)
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Symbol Name

Spp1 Secreted phosphoprotein 1
Tgfb3 Transforming growth factor, beta3
Lbp Lipopolysaccharide-binding protein
Mapk13 Mitogen-activated protein kinase 13
Pla2g7 Phospholipase A2, group VII (platelet-activating factor 

acetylhydrolase, plasma)
Cd14 CD14 molecule
Crhr2 Corticotropin releasing hormone receptor 2
Foxq1 Forkhead box Q1
Cfi Complement factor I
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Circulatory system (GO:0008015)
Gja1 Gap junction protein, alpha 1
Hspa1a Heat shock 70 kDa protein 1A
Kng1 Kininogen 1
Kng1l1 Kininogen 1-like 1
Crhr2 Corticotropin releasing hormone receptor 2
Development (GO:0031069, GO:0009888, GO:0030855, GO:0048627, GO:0048685, 

GO:0060529, GO:0048732, GO:0060512)
Tp63 Tumor protein p63
Igfbp5 Insulin-like growth factor binding protein 5
Foxq1 Forkhead box Q1
Serpinb5 Serpin peptidase inhibitor, clade B (ovalbumin), 

member 5
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Gja1 Gap junction protein, alpha 1
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Tgfb3 Transforming growth factor, beta3
Crhr2 Corticotropin releasing hormone receptor 2
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Sdc1 Syndecan 1
Epithelial to mesenchymal transition (GO:0010718)
Tgfb3 Transforming growth factor, beta3
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Growth (GO:0048630, GO:0040007)
Igfbp5 Insulin-like growth factor binding protein 5
Crhr2 Corticotropin releasing hormone receptor 2
Gja1 Gap junction protein, alpha 1
Hspa1a Heat shock 70 kDa protein 1A
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Tgfb3 Transforming growth factor, beta3

Table 3.26 (continued)
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Symbol Name

Lbp Lipopolysaccharide-binding protein
Immune response (GO:0032755, GO:0001817, GO:0045087, GO:0006954, GO:0006958, 

GO:0032760, GO:0002232, GO:0060265, GO:0002252, GO:0050776)
Lbp Lipopolysaccharide-binding protein
Mapk13 Mitogen-activated protein kinase 13
Crhr2 Corticotropin releasing hormone receptor 2
Cebpb CCAAT/enhancer-binding protein (C/EBP), beta
Tgfb3 Transforming growth factor, beta3
Cd14 CD14 molecule
Lcn2 Lipocalin 2
C4bpa Complement component 4 binding protein, alpha
Cfi Complement factor I
Kng1 Kininogen 1
Sdc1 Syndecan 1
Spp1 Secreted phosphoprotein 1
Kng1l1 Kininogen 1-like 1
Hspa1a Heat shock 70 kDa protein 1A
Localization (GO:0051674, GO:0032879)
Mmp12 Matrix metallopeptidase 12
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Igfbp5 Insulin-like growth factor binding protein 5
Lbp Lipopolysaccharide-binding protein
Pla2g7 Phospholipase A2, group VII (platelet-activating factor 

acetylhydrolase, plasma)
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Kcnk2 Potassium channel, subfamily K, member 2
Tgfb3 Transforming growth factor, beta3
Cd14 CD14 molecule
Crhr2 Corticotropin releasing hormone receptor 2
Molting cycle (GO:0022404, GO:0042633)
Tp63 Tumor protein p63
Igfbp5 Insulin-like growth factor binding protein 5
Foxq1 Forkhead box Q1
Response to stimulus (GO:0071223, GO:0071222, GO:0071216, GO:0050909)
Lbp Lipopolysaccharide-binding protein
Cd14 CD14 molecule
Lcn2 Lipocalin 2
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Response to stress (GO:0006950, GO:0033554)
Mmp12 Matrix metallopeptidase 12
C4bpa Complement component 4 binding protein, alpha
Gja1 Gap junction protein, alpha 1

Table 3.26 (continued)
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Symbol Name

Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Sdc1 Syndecan 1
Tgfb3 Transforming growth factor, beta3
Kng1l1 Kininogen 1-like 1
Penk Proenkephalin
Lbp Lipopolysaccharide-binding protein
Mapk13 Mitogen-activated protein kinase 13
Cd14 CD14 molecule
Cfi Complement factor I
Lcn2 Lipocalin 2
Hspa1a Heat shock 70 kDa protein 1A
Tp63 Tumor protein p63
Apod Apolipoprotein D
Spp1 Secreted phosphoprotein 1
Duox1 Dual oxidase 1
Ndrg1 N-myc downstream regulated 1
Crhr2 Corticotropin releasing hormone receptor 2
Secretion (GO:0014064)
Crhr2 Corticotropin releasing hormone receptor 2
Signaling (GO:0030512, GO:0009967)
Tgfb3 Transforming growth factor, beta3
Bambi BMP and activin membrane-bound inhibitor, homolog 

(Xenopus laevis)
Gja1 Gap junction protein, alpha 1
Tp63 Tumor protein p63
Kng1 Kininogen 1
Igfbp5 Insulin-like growth factor binding protein 5
Lbp Lipopolysaccharide-binding protein
Crhr2 Corticotropin releasing hormone receptor 2
Transport (GO:0010232, GO:0035482, GO:2000293, GO:0030001)
Gja1 Gap junction protein, alpha 1
Crhr2 Corticotropin releasing hormone receptor 2
Lcn2 Lipocalin 2
Kcnk2 Potassium channel, subfamily K, member 2
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Slc39a8 Solute carrier family 39 (zinc transporter), member 8
Wound healing (GO:0042060, GO:0035313)
Mmp12 Matrix metallopeptidase 12
Gja1 Gap junction protein, alpha 1
Scnn1b Sodium channel, nonvoltage-gated 1, beta
Scnn1g Sodium channel, nonvoltage-gated 1, gamma
Kng1 Kininogen 1
Sdc1 Syndecan 1
Apod Apolipoprotein D
Tgfb3 Transforming growth factor, beta3

Table 3.26 (continued)
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identi fi ed E-cadherin (E-cad), Claudin-4 (Cldn4), Connexin-43 (Cx43), Zona 
Occludens-1 (ZO-1), and Zona Occludens-2 (ZO-2) transcript which were differen-
tially expressed during early stages of hematopoietic/endothelial commitment. 
Stable embryonal stem cell (ESC) lines were generated with reduced expression of 
E-cad, Cldn4, Cx43, ZO-1, and ZO-2 using shRNA technology. Functional and 
phenotypic consequences of modulating AM expression were assessed using 
hematopoietic colony forming assays, endothelial sprouting assays, and surface 
protein expression. A decrease in E-cad, Cldn4, Cx43, and ZO-1 expression was 
associated with less commitment to the hematopoietic lineage and increased 
endothelial differentiation as evidenced by functional and phenotypic analysis. 
A reduction in ZO-2 expression did not in fl uence endothelial differentiation, but 
decreased hematopoietic commitment twofold. These data indicate that a subset of 
AM in fl uence ESC decisions to commit to endothelial and hematopoietic lineages. 
Furthermore, differentially expressed AM provide novel markers to delineate early 
stages of ESC commitment to hematopoietic/endothelial lineages  [  186  ] . Increased 
membranous expression of claudin-4 in gastric carcinoma is associated with better 
patient prognosis, whereas cytoplasmic claudin-4 expression did not show a 
signi fi cant association with prognosis. Consistent with the correlation of increased 
membranous claudin-4 with favorable clinicopathological factors, claudin-4 over-
expression inhibited the migration and invasion of gastric cancer cells; in contrast, 
it did not affect cell growth. Claudin-4 expression also increased the barrier function 
of TJs  [  187  ] . Claudin-4 upregulation was strongly correlated with DNA hypom-
ethylation in both gastric tissues and gastric cancer cells. Moreover, Cldn4 expres-
sion was repressed in normal gastric tissues in association with bivalent histone 
modi fi cations, and loss of repressive histone methylations and gain of active 
histone modi fi cations were associated with Cldn4 overexpression in gastric cancer 
cells. Interestingly, Cdnl4 repression could be markedly derepressed by combined 
treatments that simultaneously target both histone modi fi cations and DNA dem-
ethylation in Cldn4-hypermethylated cells, whereas concomitant changes in 
histone methylations and acetylations are required for Cldn4 induction in Cldn4-
repressed cells with low DNA methylation  [  188  ] . Low expression of Cldn4 was 
signi fi cantly associated with shorter survival in patients with pancreatic ductal 
adenocarcinoma (hazard ratio; 1.362, 95% con fi dence interval; 1.011–1.873, 
 p  = 0.0419). Patients with high Cldn4 expression survived longer for a median of 

   Table 3.27    Biological processes and downregulated genes in pregnancy group ( p  < 0.01 and fold 
change 2)   

 Symbol  Name 

 Lipid processes (GO:0019433, GO:0044269, GO:0046461, GO:0046503, GO:0019432, 
GO:0046460, GO:0046504) 

 Pnpla3  Patatin-like phospholipase domain containing 3 
 Signaling (GO:0071883, GO:0035625, GO:0032148, GO:2000273, GO:0045742, GO:0007176, 

GO:0061098) 
 Adra2c  Adrenergic, alpha-2C-, receptor 
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   Table 3.28    Biological processes and upregulated genes in pregnancy group ( p  < 0.01 and fold 
change 2)   

 Symbol  Name 

 Apoptosis (GO:0006921, GO:0006922) 
 Cd24  CD24 molecule 
 Gzma  Granzyme A 
 Cellular component organization (GO:0031346) 
 Lcn2  Lipocalin 2 
 Cd24  CD24 molecule 
 Tgfb3  Transforming growth factor, beta3 
 Cellular metabolic process (GO:0006709, GO:0032078, GO:0032074) 
 Akr1c18  Aldo-keto reductase family 1, member C18 
 Gzma  Granzyme A 
 Cellular process (GO:0051704) 
 Lcn2  Lipocalin 2 
 Akr1c18  Aldo-keto reductase family 1, member C18 
 Cd24  CD24 molecule 
 Tgfb3  Transforming growth factor, beta3 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Cldn4  Claudin 4 
 Circulatory system (GO:0034107, GO:0034119) 
 Cd24  CD24 molecule 
 Development (GO:0031103, GO:0048685, GO:0034103, GO:0042335, GO:0043932) 
 Apod  Apolipoprotein D 
 Spp1  Secreted phosphoprotein 1 
 Chl1  Cell adhesion molecule with homology to L1CAM 
 Cd24  CD24 molecule 
 Duox1  Dual oxidase 1 
 Tgfb3  Transforming growth factor, beta3 
 Homeostasis (GO:0033212) 
 Lcn2  Lipocalin 2 
 Immune response (GO:0002682, GO:0001818, GO:0002232, GO:0032913, GO:0042103, 

GO:0046014, GO:0060265, GO:0032755, GO:0006954, GO:0045087, GO:0002690, 
GO:0006956, GO:0050778, GO:0002842) 

 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Tgfb3  Transforming growth factor, beta3 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydro-

lase, plasma) 
 C fi   Complement factor I 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Spp1  Secreted phosphoprotein 1 
 Kng1l1  Kininogen 1-like 1 
 Lcn2  Lipocalin 2 

(continued)
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Table 3.28 (continued)

 Symbol  Name 

 Localization (GO:0033037) 
 Lbp  Lipopolysaccharide-binding protein 
 Respiratory burst (GO:0045730) 
 Cd24  CD24 molecule 
 Lbp  Lipopolysaccharide-binding protein 
 Response to oxygen levels (GO:0070483) 
 Tgfb3  Transforming growth factor, beta3 
 Response to stimulus (GO:0010033, GO:0070887, GO:0050909, GO:0050795, GO:0048545, 

GO:2000252, GO:0032103) 
 Lcn2  Lipocalin 2 
 Cyp2e1  Cytochrome P450, family 2, subfamily e, polypeptide 1 
 Cd24  CD24 molecule 
 Spp1  Secreted phosphoprotein 1 
 Tgfb3  Transforming growth factor, beta3 
 Duox1  Dual oxidase 1 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Adfp  Adipose differentiation-related protein 
 Cldn4  Claudin 4 
 Krt19  Keratin 19 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Prkaa2  Protein kinase, AMP-activated, alpha 2 catalytic subunit 
 Pla2g7  Phospholipase A2, group VII (platelet-activating factor acetylhydro-

lase, plasma) 
 Scnn1b  Sodium channel, nonvoltage-gated 1, beta 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Response to stress (GO:0006950) 
 Mmp12  Matrix metallopeptidase 12 
 Lcn2  Lipocalin 2 
 Scnn1b  Sodium channel, nonvoltage-gated 1, beta 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Apod  Apolipoprotein D 
 Spp1  Secreted phosphoprotein 1 
 Tgfb3  Transforming growth factor, beta3 
 Duox1  Dual oxidase 1 
 Kng1l1  Kininogen 1-like 1 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Prkaa2  Protein kinase, AMP-activated, alpha 2 catalytic subunit 
 C fi   Complement factor I 
 Chl1  Cell adhesion molecule with homology to L1CAM 

(continued)
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 Symbol  Name 

 Secretion (GO:0014064) 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Transport (GO:0032600, GO:0035482, GO:2000293, GO:0015891, GO:0015920, 

GO:0032594, GO:0090281) 
 Cd24  CD24 molecule 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Lcn2  Lipocalin 2 
 Lbp  Lipopolysaccharide-binding protein 
 Wound healing (GO:0035313, GO:0042060) 
 Mmp12  Matrix metallopeptidase 12 
 Scnn1b  Sodium channel, nonvoltage-gated 1, beta 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Kng1  Kininogen 1 
 Apod  Apolipoprotein D 
 Tgfb3  Transforming growth factor, beta3 

Table 3.28 (continued)

   Table 3.29    Biological processes and downregulated genes in pellet group ( p  < 0.01 and fold 
change 2)   

 Symbol  Name 

 Cell proliferation (GO:0002158, GO:0033688) 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic 

peptide receptor C) 
 Circadian rhythm (GO:0042752, GO:0046010) 
 Alb  Albumin 
 Arntl  Aryl hydrocarbon receptor nuclear translocator-like 
 Circulatory system (GO:0003013, GO:0003044, GO:0045777, GO:0001907, GO:0001986, 

GO:0003014, GO:0001994, GO:0002017, GO:0001978, GO:0050880) 
 Alb  Albumin 
 Hsd11b2  Hydroxysteroid 11-beta dehydrogenase 2 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic 

peptide receptor C) 
 Adra1d  Adrenergic, alpha-1D-, receptor 
 Development (GO:0046548) 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Homeostasis (GO:0065008) 
 Alb  Albumin 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Hsd11b2  Hydroxysteroid 11-beta dehydrogenase 2 
 Npr3  Natriuretic peptide receptor C/guanylate cyclase C (atrionatriuretic 

peptide receptor C) 
 Gpr120  G-protein coupled receptor 120 
 Adra1d  Adrenergic, alpha-1D-, receptor 

(continued)
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 Symbol  Name 

 Localization (GO:0051659) 
 Alb  Albumin 
 Response to stimulus (GO:0070541) 
 Alb  Albumin 
 Signaling (GO:0031547, GO:0071883, GO:0035625, GO:0071875) 
 Ntrk2  Neurotrophic tyrosine kinase, receptor, type 2 
 Adra2c  Adrenergic, alpha-2C-, receptor 
 Adra1d  Adrenergic, alpha-1D-, receptor 
 Symbiotic interaction (GO:0019836, GO:0044179, GO:0051801, GO:0052025, GO:0052111, 

GO:0052188, GO:0051818) 
 Alb  Albumin 

Table 3.29 (continued)

   Table 3.30    Biological processes and upregulated genes in pellet group ( p  < 0.01 and fold change 2)   

 Symbol  Name 

 Adhesion (GO:0007155) 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Mfge8  Milk fat globule-EGF factor 8 protein 
 Spp1  Secreted phosphoprotein 1 
 Msln  Mesothelin 
 Ctgf  Connective tissue growth factor 
 Cldn7  Claudin 7 
 Aging (GO:0007568, GO:0010260) 
 Aldoc  Aldolase C, fructose-bisphosphate 
 Tp63  Tumor protein p63 
 Apod  Apolipoprotein D 
 Aqp2  Aquaporin 2 (collecting duct) 
 Tgfb3  Transforming growth factor, beta3 
 Ctgf  Connective tissue growth factor 
 Apoptosis (GO:0006921, GO:0006922) 
 Cd24  CD24 molecule 
 Gzma  Granzyme A 
 Cell communication (GO:0007499) 
 Tp63  Tumor protein p63 
 Cell cycle (GO:0070318) 
 Ctgf  Connective tissue growth factor 
 Cellular component organization c (GO:0022411, GO:0031346) 
 Cd24  CD24 molecule 
 Aqp2  Aquaporin 2 (collecting duct) 
 Gzma  Granzyme A 
 Lcn2  Lipocalin 2 
 Tgfb3  Transforming growth factor, beta3 

(continued)



172 3 Comparative Effects of the Preventive Effect...

 Symbol  Name 

 Cellular metabolic process (GO:0044253, GO:0032078, GO:0032074) 
 Tgfb3  Transforming growth factor, beta3 
 Ctgf  Connective tissue growth factor 
 Gzma  Granzyme A 
 Circadian rhythm c(GO:0007623) 
 LOC259246  Alpha-2u globulin PGCL1 
 Cldn4  Claudin 4 
 Per2  Period homolog 2 ( Drosophila ) 
 Circulatory system c(GO:0034107, GO:0034119) 
 Cd24  CD24 molecule 
 Collagen process (GO:0032967, GO:0010712) 
 Tgfb3  Transforming growth factor, beta3 
 Ctgf  Connective tissue growth factor 
 Development (GO:0048685, GO:0060529, GO:0034103, GO:0042335, GO:0043932, 

GO:0045617, GO:0060197, GO:0031103) 
 Spp1  Secreted phosphoprotein 1 
 Tp63  Tumor protein p63 
 Cd24  CD24 molecule 
 Duox1  Dual oxidase 1 
 Tgfb3  Transforming growth factor, beta3 
 Apod  Apolipoprotein D 
 Homeostasis (GO:0019725, GO:0032844, GO:0033212) 
 Ccl28  Chemokine (C-C motif) ligand 28 
 Lcn2  Lipocalin 2 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Aqp2  Aquaporin 2 (collecting duct) 
 LOC259246  Alpha-2u globulin PGCL1 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Qsox1  Quiescin Q6 sulfhydryl oxidase 1 
 Spp1  Secreted phosphoprotein 1 
 Immune response (GO:0002237, GO:0001818, GO:0002232, GO:0032913, GO:0042103, 

GO:0046014, GO:0060265, GO:0032755, GO:0006954, GO:0045087, GO:0006956, 
GO:0002842, GO:0050778) 

 Lcn2  Lipocalin 2 
 Cd24  CD24 molecule 
 Aqp2  Aquaporin 2 (collecting duct) 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Tgfb3  Transforming growth factor, beta3 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Kng1  Kininogen 1 
 Spp1  Secreted phosphoprotein 1 
 Kng1l1  Kininogen 1-like 1 
 C fi   Complement factor I 

Table 3.30 (continued)

(continued)
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 Symbol  Name 

 Lipid processes (GO:0010876) 
 LOC259246  Alpha-2u globulin PGCL1 
 Lbp  Lipopolysaccharide-binding protein 
 Crabp2  Cellular retinoic acid-binding protein 2 
 Adfp  Adipose differentiation-related protein 
 Localization (GO:0033037) 
 Lbp  Lipopolysaccharide-binding protein 
 Pregnancy (GO:0007565) 
 Aqp2  Aquaporin 2 (collecting duct) 
 Tgfb3  Transforming growth factor, beta3 
 Cldn4  Claudin 4 
 Abcg2  ATP-binding cassette, subfamily G (WHITE), member 2 
 Regulation of biological process (GO:0048518) 
 Mmp12  Matrix metallopeptidase 12 
 Lcn2  Lipocalin 2 
 Rasd2  RASD family, member 2 
 Dbp  D site of albumin promoter (albumin D-box) binding protein 
 Tp63  Tumor protein p63 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Mfge8  Milk fat globule-EGF factor 8 protein 
 Spp1  Secreted phosphoprotein 1 
 Aqp2  Aquaporin 2 (collecting duct) 
 Tgfb3  Transforming growth factor, beta3 
 LOC259246  Alpha-2u globulin PGCL1 
 Gzma  Granzyme A 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Ctgf  Connective tissue growth factor 
 Crhr2  Corticotropin releasing hormone receptor 2 
 C fi   Complement factor I 
 Respiratory burst (GO:0045730) 
 Cd24  CD24 molecule 
 Lbp li  Popolysaccharide-binding protein 
 Response to oxygen levels (GO:0070482, GO:0070483) 
 Aldoc  Aldolase C, fructose-bisphosphate 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Cd24  CD24 molecule 
 Tgfb3  Transforming growth factor, beta3 
 Ctgf  Connective tissue growth factor 
 Response to stimulus (GO:0009725, GO:0043627, GO:0071280, GO:2000252, GO:0071326, 

GO:0071333) 
 Cd24  CD24 molecule 
 Mfge8  Milk fat globule-EGF factor 8 protein 
 Spp1  Secreted phosphoprotein 1 

Table 3.30 (continued)
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 Symbol  Name 

 Aqp2  Aquaporin 2 (collecting duct) 
 Tgfb3  Transforming growth factor, beta3 
 LOC259246  Alpha-2u globulin PGCL1 
 Cldn4  Claudin 4 
 Abcg2  ATP-binding cassette, subfamily G (WHITE), member 2 
 Krt19  Keratin 19 
 Ctgf  Connective tissue growth factor 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Response to stress (GO:0006950) 
 Mmp12  Matrix metallopeptidase 12 
 Lcn2  Lipocalin 2 
 Aldoc  Aldolase C, fructose-bisphosphate 
 Tp63  Tumor protein p63 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 Apod  Apolipoprotein D 
 Spp1  Secreted phosphoprotein 1 
 Aqp2  Aquaporin 2 (collecting duct) 
 Tgfb3  Transforming growth factor, beta3 
 Duox1  Dual oxidase 1 
 Kng1l1  Kininogen 1-like 1 
 Cfb  Complement factor B 
 Lbp  Lipopolysaccharide-binding protein 
 Ctgf  Connective tissue growth factor 
 Crhr2  Corticotropin releasing hormone receptor 2 
 C fi   Complement factor I 
 Secretion (GO:0061179, GO:0014064, GO:0090278) 
 LOC259246  Alpha-2u globulin PGCL1 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Signaling (GO:0043949, GO:0009967) 
 Rasd2  RASD family, member 2 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Tp63  Tumor protein p63 
 Kng1  Kininogen 1 
 Cd24  CD24 molecule 
 LOC259246  Alpha-2u globulin PGCL1 
 Lbp  Lipopolysaccharide-binding protein 
 Transport (GO:0032600, GO:0035482, GO:2000293, GO:0015891, GO:0015920, 

GO:0032594, GO:0090281) 
 Cd24  CD24 molecule 
 Crhr2  Corticotropin releasing hormone receptor 2 
 Lcn2  Lipocalin 2 
 Lbp  Lipopolysaccharide-binding protein 

Table 3.30 (continued)

(continued)
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 Symbol  Name 

 Wound healing (GO:0035313, GO:0042060) 
 Mmp12  Matrix metallopeptidase 12 
 Scnn1g  Sodium channel, nonvoltage-gated 1, gamma 
 Kng1  Kininogen 1 
 Apod  Apolipoprotein D 
 Tgfb3  Transforming growth factor, beta3 

Table 3.30 (continued)

  Fig. 3.32    Gene Ontology of the overrepresented genes upregulated in the mammary gland of 
pellet treated rats using a  p  < 0.01 and FC of 2.0       

63.0 months, compared with 14.7 months in patients with low Cldn4 expression 
( p  = 0.0067). In immunohistochemical analysis, the level of Cldn4 mRNA expres-
sion was signi fi cantly correlated with the expression of Cldn4 protein ( p  = 0.0168) 
 [  189  ] . Claudins (Clds) are crucial constituents of tight-junction strands in epithelial 
cells and have a central role in barrier functions. Cld4 is unexpectedly expressed in 
normal thymic lymphocytes independently of tight junctions  [  190  ] . Differentiation 
of epithelial cells and morphogenesis of epithelial tubes or layers are closely linked 
with the establishment and remodeling of the apical junctional complex, which 
includes adherens junctions and tight junctions. The transcription factor grainyhead-like 
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  Fig. 3.33    Heat map 
showing the up- ( red ) and 
downregulated genes 
( green ) of pellet-treated rat 
mammary glands using a 
 p  < 0.01 and FC of 2.0       
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2 (Grhl2), an epithelium-speci fi c mammalian homolog of  Drosophila  Grainyhead, 
is essential for adequate expression of the adherens junction gene E-cadherin and 
the tight junction gene claudin 4 in several types of epithelia, including gut endo-
derm, surface ectoderm, and otic epithelium. Grhl2 mutant mice speci fi cally asso-
ciate with  cis -regulatory elements localized at the Cldn4 core promoter and within 
intron 2 of the E-cadherin gene. Cldn4 promoter activity in epithelial cells is cru-
cially dependent on the availability of Grhl2 and on the integrity of the Grhl2-
associated  cis -regulatory element. At the E-cadherin locus, the intronic 
Grhl2-associated  cis -regulatory region contacts the promoter via chromatin loop-
ing, while loss of Grhl2 leads to a speci fi c decrease of activating histone marks at 
the E-cadherin promoter. Grhl2 acts as a target gene-associated transcriptional acti-
vator of apical junctional complex components and, thereby, crucially participates 
in epithelial differentiation  [  191  ] .  Altogether these data indicate that overexpres-
sion of Cldn4 in the mammary gland is associated with the differentiation pathway 
elicited by the preventive agents and together with Tgfb3, ApoD, Enc1 and Wap are 
markers of cell differentiation  (Fig.  3.22 ) .  Supporting evidence of this statement is 
the fact that breast cancer progression is associated with aberrant DNA methylation 
and expression of genes that control the epithelial-mesenchymal transition (EMT), 
a critical step in malignant conversion. Cells that underwent EMT exhibited loss of 
expression of the CDH1, CGN, CLDN4, and KLK10 genes as a result of hyperm-
ethylation of their corresponding promoter regions. Activated TGFbeta-Smad sig-
naling provides an “epigenetic memory” to maintain silencing of critical genes. In 
support of this hypothesis, disrupting Smad signaling in mesenchymal breast cancer 
cells resulted in DNA demethylation and reexpression of the genes identi fi ed. This 
epigenetic reversal was accompanied by an acquisition of epithelial morphology 
and a suppression of invasive properties. Notably, disrupting TGFbeta signaling 
decreased the DNA binding activity of DNA methyltransferase DNMT1, suggest-
ing that failure to maintain methylation of newly synthesized DNA was the likely 
cause of DNA demethylation. Hyperactive TGFbeta-TGFbetaR-Smad2 signaling 
axis needed to maintain epigenetic silencing of critical EMT genes and breast can-
cer progression  [  192  ] . Expression of claudin-3 and claudin-4 is repressed in ovarian 
epithelial cells in association with promoter “bivalent” histone modi fi cations, con-
taining both the activating trimethylated histone H3 lysine 4 (H3K4me3) mark and 
the repressive mark of trimethylated histone H3 lysine 27 (H3K27me3). During 
ovarian tumorigenesis, derepression of CLDN3 and CLDN4 expression correlates 
with loss of H3K27me3 in addition to trimethylated histone H4 lysine 20 
(H4K20me3), another repressive histone modi fi cation. Although CLDN4 repres-
sion was accompanied by both DNA hypermethylation and repressive histone 
modi fi cations, DNA methylation was not required for CLDN3 repression in immor-
talized ovarian epithelial cells. Moreover, activation of both CLDN3 and CLDN4 in 
ovarian cancer cells was associated with simultaneous changes in multiple histone 
modi fi cations, whereas H3K27me3 loss alone was insuf fi cient for their derepres-
sion. CLDN4 repression was robustly reversed by combined treatment targeting 
both DNA demethylation and histone acetylation  [  193,   194  ] . 

 There is a group of genes that are upregulated in the three preventive modalities 
tested that are related to the in fl ammatory response (Table  3.17  and Fig.  3.22 ). 
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 As depicted in Fig.  3.22  the preventive signature of the mammary gland is related 
to the upregulation of genes controlling cell differentiation, innate immune defense, 
inhibition of cell proliferation, angiogenesis, and in fl ammation, all of them leading 
to increase in apoptosis. This indicates that the epithelial cells are interacting very 
actively with the stroma by halting many stressors like in fl ammation and 
angiogenesis.  

    3.6   Concluding Remarks 

 The transcriptomic pro fi le of the rat mammary gland displays a set of common 
genes that can explain the protective effect of hCG, pregnancy, and hormones asso-
ciated with pregnancy like the combined use of estrogen and progesterone. These 
preventive strategies occurring during a narrow window in the development of the 
breast would succeed in permanently inducing the molecular changes that will make 
the mammary gland resistant to develop cancer. Of relevance is that hCG induces 
speci fi c set of genes and wider transcriptomic changes that could be extremely 
important to control the progression of the differentiation pathway, and that these 
changes are permanently imprinted in the genome, regulating the long-lasting 
refractoriness of the mammary gland to develop cancer.      
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          4.1   Introduction 

 Historically, the challenge of recreating tissue architecture in three-dimensions has 
been the task of those tissue engineers interested in growing implants for the pur-
pose of grafting this tissue into human patients. Part of the challenge has been 
 fi nding alternatives to tissues derived from animals or humans which may vary from 
batch to batch. Since 1975, our laboratory has used the very simple concept that the 
three-dimensional (3D) model must reproduce the morphological appearance of the 
tissue of origin. Originally, we used collagen-coated cellulose sponges, which pro-
vide an excellent technique for the study of 3D expression of tumor morphology 
and for investigating MCF-7s cellular interrelations  [  1–  5  ] . The morphologic pattern 
exhibited by the metastatic human breast cancer cell line MCF-7 grown in the col-
lagen-coated cellulose sponge was similar to the histological pattern found in both 
the precursor primary tumor and the pleural metastasis from which this cell line was 
derived  [  6  ] . From this seminal work, we have identi fi ed that the use of type I colla-
gen matrix is a reproducible extracellular matrix for creating a 3D structure of the 
tumor tissue and most importantly the normal ductal structures. Primary mammary 
epithelial cells grown in collagen matrix are able to form tree-like structures resem-
bling in vivo ductulogenesis  [  7  ] . The human breast epithelial cells MCF-10F formed 
tubules when grown in type I collagen. The advantage of an in vitro model of 3D 
growth is that it allows for modeling of the epithelial architecture of the breast 
 [  5,   8–  10  ] . Normal epithelial cells form ducts-like structures, having apical–basal 
polarity and well-organized tubular structures with stable adherent junctions and 
cell-basement communications. The malignant transformation is associated with 
the loss of apical–basal polarity and monolayer morphology and signi fi cant devia-
tions from normal epithelial behavior in 3D cultures  [  10,   11  ]  (see Sect.  4.5 ). In 
several studies, basement membrane (BM) like Matrigel has been used to study the 
growth and differentiation of the breast epithelia. Matrigel is a complex mixture of 
extracellular matrix proteins and growth factors extracted from a murine tumor 
(Engelbreth-Holm-Swarm); its components are laminin, type IV collagen, epidermal 
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growth factor (EGF), transforming growth factor beta (TGF- b ), and insulin like 
growth factor (IGF)  [  12,   13  ] . The advantage of the type I collagen is that it provides 
the structural support which allows for the expression of the breast epithelial cells 
intrinsic properties, while the use of BM is best used to study the role of different 
factors and extracellular matrix components that affect the branching  [  12  ] . For 
example, some cells such as MDCK kidney cells formed tubular structures in type I 
collagen in the presence of hepatocyte growth factor (HGF), but not in Matrigel. 
The MDCK cells form multicellular cysts when they are grown suspended in 
Matrigel, whereas they form branching cords in type I collagen. However, when 
cultured in a mixture of collagen and Matrigel, these cells give rise to elongated, 
branched tubules with visible lumen. Studies of the matrix components demon-
strated that collagen IV and vitronectin inhibit the branching and tubule formation, 
whereas collagen I, laminin, and  fi bronectin promote the process. Furthermore, 
EGF promotes proliferation and spheroid formation and low TGF concentrations 
induce tubule formation  [  10  ] . Due to the different response of the epithelium to the 
composition of the extracellular matrix, we have selected to use type I collagen gel 
matrix which is more appropriate for our study to observe the effect of the carcino-
genic or environmental compounds on the breast epithelial cells MCF-10F in the 
absence of the morphogenetic factors present in the matrigel.  

    4.2   The Three-dimensional Growth of Human Breast 
Epithelial Cells 

 Our observations that ductal carcinomas originate in lobules type 1 (Lob 1) of the 
immature breast  [  14  ]  (Fig.  4.1 ), which are the structures with the highest proliferative 
activity, provide a mechanistic explanation for the higher susceptibility of these struc-
tures to undergo neoplastic transformation when exposed to chemical carcinogens, as 
demonstrated in in vitro experiments  [  3  ] . The cells obtained from the normal lobular 
structures type 1 proliferate in culture and are ER a  negative suggesting that the stem 
cells that originate from normal ductal structures are the ER a  negative proliferating 
cells. This is supported by our observations that MCF-10F, a spontaneously immortal-
ized ER a  negative human breast epithelial cell line derived from breast tissues con-
taining Lob 1 and Lob 2  [  1,   2  ] , is able to form normal ductal structures in a 3D 
collagen matrix system. The ductal structures are lined by a monolayer of well polar-
ized epithelial cells that become malignant after exposure to the chemical carcinogens 
benz(a)pyrene  [  3  ]  or 17 b -estradiol (E 

2
 )  [  4,   15  ] . In this model  [  4,   5  ] , the immortal 

MCF-10F cells that are E 
2
 -transformed (trMCF cells) progressively express pheno-

types of in vitro cell transformation, including loss of the ductulogenic capacity 
(Fig.  4.2 ). Loss of the ductulogenic capacity is the earliest phenotype observed accom-
panied by increasing cell proliferation and the activation of genes related to DNA cell 
replication, inhibition of apoptosis, and the expression of genes related to cell polarity, 
cell positioning, and cellular architecture (Table  4.1 ). Further selection of these trMCF 
cells for invasiveness in a Matrigel invasion system identi fi ed cells (bcMCF) that 
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formed tumors in severe combined immunode fi cient (SCID) mice. The cell lines 
derived from those tumors (caMCF) were poorly differentiated ER a , PR, and ERBB2 
negative adenocarcinomas  [  4,   5  ] . These characteristics are similar to the human basal 
cell-like carcinomas previously described  [  16  ] . To better understand the molecular 
events associated with the progressive phenotypic changes that were observed during 
estrogen-mediated malignant cell transformation, we analyzed chromosomal copy 
number (CN), loss of heterozygosity (LOH), and gene expression changes that 

  Fig. 4.1    Lobule type 1 or the 
terminal ductal lobular unit is 
the site of origin of ductal 
carcinoma in situ (DCIS) 
(adapted from Russo et al 
(2000) J Natl Cancer Inst 
Monogr 27:17–38)       

  Fig. 4.2    In vitro–in vivo model of cell transformation. MCF-10F, a human breast epithelial cell 
line spontaneously immortalized and estrogen receptor alpha (ER a )-negative, became transformed 
after 17b-estradiol treatment. losing their ductulogenic capacity forming the trMCF cells that 
evolve to bcMCF and caMCF cells. All the cells were cultured in Dulbecco’s modi fi ed Eagle 
medium (DMEM/F-12, Gibco ® ; Formula 90-5212 EF) with 5% horse serum, 2.43 g/L sodium 
bicarbonate, 20  m g/L epidermal growth factor (EGF), 100  m g/L  Vibrio cholera  toxin, 10 mg/L 
insulin, 0.5 mg/L hydrocortisone, 1.05 mM calcium, antibiotics, and antimicotic (Gibco, Cat # 
15240-062). The cells were resuspended at a  fi nal concentration of 7.5 × 10 3  cells/mL in collagen 
matrix consisting of 2.68 mg/mL (89.3%) type I collagen (PureCol, Inamed Biomaterials CO., 
Fremont, CA), 8% 12.5× DMEM-F12 with antibiotics, 0.1 mg/mL insulin, 14 mM NaHCO 

3
 , and 

0.01 N NaOH. A volume of 400  m L of this mixture was plated into 24-well chambers pre-coated 
400  m L collagen base at the same concentration. Eight wells were used and 3,000 cells were plated 
per well. After the solidi fi cation of the collagen, the cells were fed with standard medium which 
was replaced daily. The cells in collagen matrix were examined under an inverted microscope 
(Nikon Eclipse, TS100, Japan), and after 8 days, the ductulogenesis process was evaluated. Twenty 
ducts from each were chosen at random and the length and diameter of the main tubule was mea-
sured using an ocular scale; also the number of primary, secondary, and tertiary branching arising 
from the main duct were counted. Analysis of variance (ANOVA) followed by Tukey’s test was be 
used for comparing architectural parameters (adapted from  [  4  ]  and Tiezzi et al (2007) Int J Oncol 
31:823–827)       
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occurred at different stages of cell transformation. By integrating these data, we were 
able to identify associations between CN changes, LOH, transcript expression, and 
phenotypes of invasion and tumorigenicity, including a strong gene signature of epi-
thelial to mesenchymal transition (EMT) that was con fi rmed by immunohistochemis-
try  [  5  ] . The bcMCF (invasive) and caMCF (tumor-derived) cells showed dramatic 
changes in morphology, losing epithelial characteristics of polarity and acquiring 
mesenchymal characteristics of a  fi broblast-like spindle shape and increased migra-
tory behavior and invasiveness. Changes in gene and protein expression were charac-
teristic of EMT, namely loss of intercellular adhesion (E-cadherin and occludins), 
downregulation of epithelial makers (cytokeratins), and upregulation of mesenchymal 
markers (vimentin and smooth muscle actin   )  [  4,   5  ] .     

    4.3   Importance of an In Vitro Model 

 Among all the human diseases, breast cancer offers unique challenges due to its 
preponderance among the cause-related death in women, the heterogeneity in clini-
cal course, and our lack of understanding of a speci fi c etiologic agents of the dis-
ease. Environmental factors derived from both lifestyle practices and industrial 
toxins remain an area of intense public and scienti fi c concerns, even though few 
factors beyond ionizing radiation are of proven of setiologic signi fi cance. Therefore, 
it is rational and imperative to develop experimental models that mimic the human 
disease and that allow us to identify not only a more precise relation between caus-
ative agents and disease, but also that the disease thus produced has the same phe-
notype and genomic pro fi le of primary breast cancer. The development of animal 
models for testing carcinogenicity as well as therapeutic and preventive agents is 
quite extended; however, these models, although crucial, are not economically practical 
in order to test carcinogenic substances for having a potential role as causative 

   Table 4.1    List of genes dysregulated during the neoplastic transformation of human breast epithe-
lial cells and in primary breast cancer   

 Gene 
 Fold change 
(trMCF) 

  q -value 
(trMCF)  Gene 

 Fold change 
(trMCF) 

  q -value 
(trMCF) 

 MKI67  1.78  0.0451  POLE2  2.68  0.0123 
 AURKB  1.84  0.013  RFC3  2.14  0.0473 
 BIRC5  1.71  0.0475  ARHGDIA  3.41  0.0294 
 CENPA  1.91  0.0438  TGFB2  −3.64  0.0163 
 CST6  −4.29  0.0104  TGFBR2  −2.21  0.0112 
 DUSP1  2.97  0.0641  TRIM22  −40.82  0.00844 
 E2F2  1.95  0.0395  TP53I3  −4.11  0.00718 
 KIF2C  2.03  0.0419  USP1  1.81  0.0534 
 LOX  2.93  0.0507  UBE2S  1.77  0.0413 
 PLK1  1.7  0.0561  MYBL2  1.95  0.0129 
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agents of breast cancer. In addition. extrapolation to humans needs to be done with 
caution due to the signi fi cant difference in response that exists between animals spe-
cies and human. Therefore, it is in this context that the challenge to develop 3D or 
virtual models to reduce use of animals in research needs to be considered. Breast 
cancer incidence rates in the United States have increased at a rate of 1% per year 
since 1940. Despite considerable advances in early detection and in therapeutic 
modalities, the mortality caused by this disease has remained almost unchanged for 
the past  fi ve decades. This already dismal picture is worsened by the gradual increase 
in breast cancer incidence in most Western countries and in societies that have 
recently become westernized or are in the process of westernization. Furthermore, 
daughters of women who migrate from low-incidence to high-incidence countries 
acquire the breast cancer risk prevailing in the new country  [  4  ] , suggesting that 
aspects of lifestyle or the environment are the major determinants of breast cancer. 
Many environmental chemicals are weakly estrogenic and are therefore hypothe-
sized to increase breast cancer risk by mimicking 17 b -estradiol. Furthermore, they 
are excreted in breast milk, suggesting that ductal and other cells in the breast are 
exposed directly. Thus, many of these compounds bioaccumulate in the food chain 
and persist in the body and in the environment. The concentrations of these chemi-
cals can be measured in breast milk, adipose tissue, and blood. Most of the epide-
miologic literature on organochlorines focuses on DDT, DDE (1,1-dichloro-2,2,-bis 
( p -dichlorophenyl) ethylene, the main metabolite of DDT), and PCBs because they 
are among the most persistent in humans. In addition to the compounds described 
above, there are environmental pollutants that can mimic estrogens in vitro and 
in vivo and are called xenoestrogens. Xenoestrogens are part of a larger group of 
synthetic and naturally occurring agents termed endocrine disruptors because of 
their capacity to perturb normal hormonal actions. It has been suggested that some 
endocrine disruptors may contribute to the development of hormone-dependent 
cancers, such as breast and endometrial cancers. The widely used industrial mono-
mer bisphenol A (BPA) is a xenoestrogen that has been used since the 1950s as a 
monomer that is polymerized to manufacture polycarbonate plastic and epoxy res-
ins. BPA derivatives are widely used as industrial materials and found as environ-
mental contaminants. Human exposure occurs by the leaching of BPA from 
plastic-lined food and beverage cans and from some dental sealants. BPA also is 
used as an additive in many other products, with global capacity at >6 billion lb/
year. Polycarbonate is less durable than commonly believed because the ester bond 
linking polymerized BPA molecules can be hydrolyzed, and hydrolysis increases 
dramatically at high or low pH and as temperature increases. BPA thus leaches into 
food and beverages with use of tin cans and polycarbonate plastic containers under 
normal conditions and the rate of leaching greatly increases when polycarbonate is 
scratched and discolored. Evidence for estrogenic effects of BPA has been reported 
in several studies showing that it activates estrogen receptors alpha (ER a ) and beta 
(ER b ) and stimulates MCF-7 breast cancer cell growth. Although BPA mimics E 

2
  

by competitively binding and activating endogenous ERs, its af fi nity is at least 
10,000-fold less than that of E 

2
  for both ER a  and ER b . There is signi fi cant exposure 

of women of reproductive age and pregnant women to BPA, as indicated by its 
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presence in serum and follicular  fl uid, and of biologically active (unconjugated) 
BPA in human fetuses, whose mean blood levels at parturition are in the range of 
2–3 ng/mL (approximately 10 nM) and in amniotic  fl uid during fetal reproductive 
tract differentiation levels are even higher, at 8 ng/mL. There is some uncertainly as 
to the level and risk of exposure to BPA, but evidence suggests that BPA can disrupt 
normal reproductive tract development in male and female rodents. BPA exposure 
during perinatal periods has been shown to inhibit testosterone synthesis in adult 
rats and promote feminization of  Xenopus laevis  tadpoles. Urinary levels of BPA 
and its conjugates have been found in 88–92% of males in Japan and 53–100% of 
females in Japan and Korea  [  17  ] . BPA was found in 95% of urinary samples tested 
in a larger study in United States. Butyl benzyl phthalate (BBP) is another endocrine 
disruptor that has been reported to be an estrogenic compound. It is used as a plas-
ticizer and is widely used in food wraps and cosmetic formulations. The International 
Program of Chemical Safety (IPCS) concluded that BBP exposure among the gen-
eral population is based almost entirely on food intake, because the concentrations 
of BBP in air, drinking water, and soil are very low and intakes from these routes are 
essentially negligible. Adult intake has been estimated at 2  m g/kg body weight/day 
and exposure to infants and children could be up to threefold higher. Studies in rats 
have described that prenatal exposure to 500, or 1,000 mg/kg of BBP, or 250 or 
375 mg/kg of its major metabolite, monobenzyl phthalate, induced signi fi cant alter-
ations in the reproductive system of male offspring, including undescended testes 
and decrease in the ano-genital distance. When administered during sexual differen-
tiation, BBP also causes male reproductive tract malformation of the external geni-
talia, sex accessory glands, epididymides, and testes. Several in vitro tests, such as 
MCF-7 cell proliferation, ER binding in the rat uterus, and yeasts transfected with 
human ER gene, have demonstrated the estrogenic activity of BBP. However, there 
is poor evidence on the mechanism mediating its effect on cell proliferation. It is 
likely that the estrogenic response is not only elicited via the ER, but also through 
the activation of other still unknown pathways. The role of BPA and BBP as estro-
genic substances is of relevance to breast cancer because this estrogen-dependent 
malignancy is steadily increasing in incidence in most western societies and in 
countries that are becoming industrialized. 

    4.3.1   Developing a Carcinogenicity Index for Testing 
the Carcinogenicity of Environmental Agents 

 Based on previous data, we have  developed a carcinogenicity index  using four dif-
ferent approaches: (a) Ductulogenesis assay in a 3D matrix; (b) Con fi rmation of the 
3D structures by histological and immunocytochemical studies; (c) the invasion 
index in a matrigel membrane; and (d) expression analysis using RT-PCR of the 
genes listed in Table  4.1 . These genes are representative of the transformation event 
in MCF-10F by 17 b -estradiol, but are also related to the behavior and progression 
of primary breast cancer. To evaluate the carcinogen effect in the ductulogenesis, 
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we measure the following parameters: (1) Presence or absence of ducts; (2) Presence 
or absence of solid masses (i.e., the maximal expression of carcinogenicity); (3) If 
ducts are found then we determine: (a) number of branches; (b) length of the ducts; 
and (c) thickness. (4) If solid masses are formed, we determine their distribution in 
size. All these parameters are measured using an automatic imaging system consist-
ing of an IX81 motorized inverted microscope (Olympus, Inc.) equipped with a 
cooled CCD camera, an incubator, and a motorized stage in the  XYZ  dimensions 
control by Metamorph Software (Molecular Devices). A ×2 objective is used to 
tabulate the type and number of structures for the image analysis using Metamorph. 
The  fi nal values of a carcinogenicity index are compared to our standard which is 
the MCF-10F transformed with 17 b -estradiol. We evaluate the structures on colla-
gen at day eighth because the tubules show a complete lumen formation and branch-
ing at this time. It has been reported that the lumen formation is completed between 
days 6 and 8  [  8  ] . In our work, we showed that MCF-10F cells produce tubules with 
secondary branches that can be quantitated and measured. For example, when we 
use 17 b -estradiol, there is a signi fi cant increase in width with an incomplete lumen 
formation and this effect was associated with increased cellular proliferation (   Ki67 
positive cells). It has been suggested that the  fi lling of the lumen would be the result 
of a decrease in central apoptosis, enhanced cellular proliferation, or a combination 
of both. Luminal  fi lling is the earliest morphologic alteration and is commonly 
reported in neoplastic processes. Luminal  fi lling is commonly seen in atypical duc-
tal hyperplasia and ductal carcinoma in situ (DCIS).  

    4.3.2   Construction of an Index of Carcinogenesis 

 We apply image analysis to cells in a matrix culture. Such cells may form clumps or 
masses which are counted and measured. Short of that, they may exhibit ducts 
whose thicknesses and lengths are measured as well as their numbers of branches. 
These variables are used to construct the required index. First, each variable is tested 
singly for association with the rank order of the tested carcinogens. Variables that 
are signi fi cantly associated with carcinogenesis are entered into a multivariable 
regression in an attempt to improve the association. We also cast these variables into 
multidimensional space to visualize their joint effect in discriminating the several 
compounds. Simple linear discriminant analyses are applied with the compounds 
grouped into a smaller number of similar carcinogenic levels. In collaboration with 
Drs. E. Ross and S. Litwin from FCCC, Philadelphia, and Dr. P. Gutierrez Diez from 
the Univ. Valladolid, Spain, we attempted to improve the results of linear discrimi-
nant analysis by using special surfaces that follow classes of similar carcinogenicity 
more closely than hyperplanes are able to do. For further re fi nement of the index, 
we consider two possible functional forms for the index. We focus our attention on 
functions that will most likely be useful in this role. Namely: Let  C  be the carcino-
genicity index. Let  x  denote the total number of solid masses; let  y  

 i 
  be the size of 

 i -solid mass,  i  = 1,2, … , x ; let  z  be the total number of ducts; let  w  
 j 
  denote the thickness 
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of the  j -duct,  j  = 1,2,…, z ; let  u  
 j 
  be the number of branches of the  j -duct,  j  = 1,2,…, z ; 

and let  v  
 j 
  denote the length of  j -duct,  j  = 1,2,…, z . The carcinogenicity index must be 

de fi ned as a real valued function  C ( x,y  
1
  ,y  

2
  ,… , y  

 x 
  ,z,w  

1
  ,w  

2
  ,…,w  

 z 
 , u  

1
  ,u  

2
  ,…,u  

 z 
 , v  

1
  ,v  

2
  ,…,v  

 z 
 ) 

satisfying: p1.  ∂C/∂x  > 0 and  ∂C/∂y  
 i 
  > 0 (number and size of solid masses are signs 

of cancer strength and increase the carcinogenicity index). p2.  ∂C/∂z  > 0 and 
 ∂C/∂w  

 j 
  > 0 (number and thickness of thick ducts are signs of precancerous state 

severity and increase the carcinogenicity index). p3.  ∂C/∂u  
 j 
  < 0 and  ∂C/∂v  

 j 
  < 0 (num-

ber of branches of the ducts and length of the ducts are signs of normal ductulogen-
esis and decrease the carcinogenicity index). Among the possible carcinogenicity 
indexes verifying p1–p3, we select that with the best behavior from the mathemati-
cal and biological points of view,  fi nding the appropriate constant values involved in 
the carcinogenicity index through the experimentation results with cultured cells. 
This selection starts from the simplest indexes, such as those linear or log-linear in 
the variables and of logistic type. Denoting by  y ,  w ,  u,  and  v  to the average values 
for  y  

 i 
 ,  w  

 j 
 ,  u  

 j 
 , and  v  

 j 
 , respectively, good and simple initial proposals satisfying p1–p3 

are the following:

     
… … … … = + + + + + +1 1 1 1( , , , , , , , , , , , , , ) ,x z z zC x y y z w w u u v v A Bx Cy Dz Ew Fu Gv
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where  A ,  B ,  b ,  C ,  c ,  D ,  d ,  E ,  e ,  F ,  f ,  G,  and  g  are the constants to be determined. 
Other statistics of the data such as variances and outliers may also be incorporated 
as variables if found to be signi fi cant.  

    4.3.3   Design 

  In collaboration with Dr. E. Ross at the FCCC in Philadelphia we applied the Play 
the winner  methods to determine the most carcinogenic level for each compound. 
To this end, we test at least  fi ve levels of each agent and select the one that is maxi-
mally carcinogenic. Five replicate plates are used to estimate the carcinogenic 
potential of each compound at its selected dose level. We estimate the carcinogenic 
index of each compound using a test index function obtained as above. We then 
submit the carcinogenic indices of the tested compounds along with their surrogate 
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estimates of carcinogenic potential to Pearson’s to test for correlation. With ten 
agents, for example, this test is able to distinguish a correlation coef fi cient of 0.66 
from 1 of 0 with 80% power and 5% type I error. Using variables that are singly 
signi fi cant, we determine index parameters, as in Sect.  4.3.2  above, and that maxi-
mize the correlation of the index with the surrogate endpoint rank order. We apply 
the above methods to each of our surrogate endpoints, namely: invasiveness, gene 
expression, and histology. Each endpoint is  fi tted with its own special function. 
Thus, there are 23 special functions, 20 of which are for gene expression. The set of 
22 functions are subjected to principal component analysis for  fi nal index construc-
tion, although some of the individual functions may themselves be appropriate indi-
ces. We consider various composites of the 22 functions as they occur to improve 
the performance of our index.   

    4.4   An In Vitro In Vivo Model for Studying 
the Basal Breast Cancer 

 Invasive breast cancer that leads to metastasis is a heterogeneous disease that 
encompasses a variety of pathological features that are associated with speci fi c 
clinical behavior. The discovery that the morphological heterogeneity of breast can-
cer is re fl ected at the transcriptome level has allowed for the classi fi cation of breast 
cancer into  fi ve main groups: luminal A, luminal B, normal breast-like, ERBB2 
(HER2), and basal-like breast carcinomas  [  18  ] . The luminal-like subtypes display 
moderate to high expression of ER a  and luminal cytokeratins. The basal-like carci-
nomas, which have been reported to have a more aggressive clinical behavior, are 
composed of cells that consistently express genes usually found in normal basal/
myoepithelial cells of the breast, including basal cytokeratins (5/6, 14 and 17), 
p-cadherin, and caveolin 1 and p53. Molecular analyses of basal-like carcinomas 
have con fi rmed the frequent lack of expression of estrogen (ER) and progesterone 
(PR) receptors and HER2, high levels of expression of proliferation-related genes, 
and frequent mutation of the TP53 gene. Morphologically, basal-like breast carcino-
mas present with high histological grade, high mitotic indices, central necrotic 
zones, pushing borders, and a conspicuous lymphocytic in fi ltrate. In addition, meta-
plastic elements and medullary/atypical medullary features have been reported. 
Similarities have been found between basal-like tumors and breast carcinomas 
occurring in BRCA1 mutation carriers in a premenopausal population of African 
American (AA) women and in the younger breast cancer patient population in gen-
eral. Since basal-like breast cancer confers a poor prognosis  [  5  ] , a great percentage 
of these tumors could be prevented by interventions that eliminate the causative 
agents if they are properly identi fi ed. Therefore, the 3D model of the human breast 
has allowed us to test the carcinogenic potential of environmental agents that can be 
applied directly to this type of breast cancer. 

 Ductulognesis of MCF-10F cells grown in collagen matrix (3D-cultures) and after 
the cells are treated with E 

2
 , the ductulogenesis is quantitatively evaluated by estimating 
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the ability of the cell to form tubules. When MCF-10F cells grow in regular media or 
in media with DMSO and plated in collagen, the cells formed tubules (Fig.  4.3a ). 
When the cells are treated with E 

2
  alone and plated in collagen, cells form semi solid 

masses of 178 ± 33.16  m m in diameter (Fig.  4.3f ). The treatment with E 
2
  increased 

cell proliferation evaluated using an antibody against Ki67 antigen. The Ki67 antigen 
is a cell cycle-related nuclear protein, expressed by proliferating cells in all phases of 
the active cell cycle (G 

1
 , S, G 

2
 , and M phases) and it is absent in resting (G 

0
 ) cells. 

The cross sections of the tubular structures showed a monolayer of epithelial cells 
around the lumen    (Fig.  4.3b ), whereas in the E 

2
  treated cells, the cross section of the 

tubules showed an increase of both number of epithelial layers (Fig.  4.3d, e ,  g ) and 

  Fig. 4.3    Loss of branching by treatment of MCF-10F cells with 17 b -estradiol (E 
2
 ). ( a ,  c ,  f ) Cells 

in collagen matrix. Phase contrast (×10); ( b ,  d ,  e ,  g ) cross section of the corresponding structures 
shown in the  left side panel . ( a ,  b ) MCF-10F cells treated with DMSO (control) forming ductules 
lined by a double layer of low cuboidal epithelial cells; ( c ,  d ,  e ) MCF-10F cells treated with 
0.007 nM estradiol tend to form spheres lined by a multilayerd epithelium with secondary lumina; 
( f ,  g ) MCF-10F cells treated with 70 nM estradiol form large sherical masses lined by a hyperplas-
tic epithelium (reprinted from Russo J, Russo IH (2004) Biological and molecular basis of breast 
cancer. Springer, Heidelberg, Chapter 4, p 104, Figure  4.13a–g )       
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Ki67 positive cells (Proliferative index = 91.16). The epithelial cells layering the 
ducts showed to be estrogen receptor alpha (ER a ) negative and they have a 
signi fi cantly low expression of cadherins, laminin, and  fi bronectin.    The  fi lling of the 
lumen is the result of a decrease in central apoptosis, enhanced cellular proliferation, 
or a combination of the two. Luminal  fi lling is the earliest morphologic alteration and 
is commonly reported in neoplastic processes. Luminal  fi lling is seen in atypical 
ductal hyperplasia and DCIS. These phenotypical changes occur in the MCF-10F 
which is representative of the basal cell type breast tumors. This type of tumor is 
characterized by exhibiting EMT that is predominately regulated by the TGF- b  and 
Wnt signaling pathways. The Immortal MCF-10F cells are non-transformed, non-
tumorigenic, and ER negative. Because malignant cell transformation of these cells 
produced poorly differentiated tumors characteristic of basal-like carcinomas, we 
chose to classify these cells relative to the breast cell lines described by Charafe-
Jauffret et al.  [  19  ] . As shown in Fig.  4.4 , these MCF-10F and derived cell lines clus-
tered in the branch containing the basal breast cell lines. In our molecular 
characterization of malignant cell transformation  [  6  ] , we identi fi ed the “intermediate 
 fi lament” component enriched in Gene Ontology (GO) analysis, separating the non-
tumorigenic MCF-10F and trMCF cells from the tumorigenic bcMCF and caMCF 
cells. Numerous cytokeratins were suppressed or absent, whereas vimentin was 
strongly induced in bcMCF (7.0-fold) and caMCF (8.1-fold).   

  Fig. 4.4    MCF-10F and derived cell lines (trMCF, bcMCF, and caMCF) classify as basal cell lines. 
The expression data for these cell lines was combined with the published expression values of a 
364 gene set and used to classify the breast cell lines by hierarchical clustering. The MCF-10F and 
derived cell lines occupy a distinct branch of the basal subtype ( left branch ) because the expression 
values were calculated independently from different batches of normalized genechips (reprinted 
from Russo J, Russo IH (2011) The role of the basal stem cell of the human breast in normal devel-
opment and cancer. Adv Exp Med Biol 720:121–134)       
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 Because of these  fi ndings, we generated a gene list from published literature 
for EMT markers and their regulators  [  5  ] . The 52 genes in this list were  fi ltered by 
low stringency criteria of combined coef fi cient of variation >0.3 and “Present 
calls” in more than 30% of the samples. The 27 genes passing these criteria were 
used for sample and gene clustering (Fig.  4.5a ). Two sample groups and two gene 
groups were identi fi ed. The nontumorigenic MCF-10F and trMCF cells were 
grouped into sample cluster  k , while the tumorigenic bcMCF and caMCF cells 
were grouped into cluster  l . On the other side, the genes were grouped into cluster 
 a  and  b  based on their expression pattern. The epithelial markers  E-cadherin, 

  Fig. 4.5       Expression pro fi le of epithelial to mesenchymal transition (EMT) markers and their regu-
lators during malignant cell transformation. ( a ) A list of EMT markers and promoting genes was 
generated a priory by literature search  [  4  ] . Hierarchical clustering of cell lines and genes was per-
formed using dChip software. Two sample clusters ( k  and  l ) and two gene clusters ( a  and  b ) were 
identi fi ed. The  red ,  white , and  blue  colors represent level above, at, and below mean expression, 
respectively. ( b ) Detection of epithelial and mesenchymal markers by immunocytochemistry 
(×100).  a:  Histological sections of MCF-10F cells, reacted with pre-immune mouse serum, were 
used as the negative control;  b ,  c ,  d : MCF-10F reacted for EMA, E-cadherin, vimentin, respec-
tively;  e : trMCF cells reacted with pre-immune mouse serum used as negative control;  f ,  g ,  h : 
trMCF cells reacted for EMA, E-cadherin, and vimentin, respectively;  i : bsMCF cells reacted with 
pre-immune mouse serum as a negative control;  j ,  k ,  l : bsMCF cells reacted for EMA, E-cadherin, 
and vimentin, respectively;  m : caMCF tumor cell line cells reacted with pre-immune mouse serum 
used as negative control;  n ,  o ,  p : caMCF tumor cell lines reacted for EMA, E-cadherin, and vimen-
tin, respectively;  q ,  r : invasive ductal carcinoma of the breast as positive control and immunore-
acted for EMA and E-cadherin, respectively;  s : histological section of an invasive adenocarcinoma 
immunoreacted for vimentin (reprinted from  [  5  ] )       
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occludin, desmoplakin,  and  cytokeratins  were decreased, while the mesenchymal 
markers   fi bronectin, vimentin,  and  N-cadherin  were increased in bcMCF and 
caMCF cells (Fig.  4.5a ). It was con fi rmed by real time RT-PCR that the expres-
sion of FN1, S100A4, SNAI2, HRAS, and TGF- b 1 was increased, while CDH1 
(E-cadherin) was decreased in bcMCF and caMCF cells  [  5  ] . Immunocytochemical 
analysis using antibodies against epithelial membrane antigen EMA (also called 
MUC1) and E-cadherin displayed signi fi cant loss of these epithelial markers and 
increased expression of the mesenchymal marker vimentin in tumorigenic cells 
(Fig.  4.5b ). These  fi ndings con fi rmed the EMT phenotype revealed by gene 
expression pro fi le in Fig.  4.5a .  

 In order to determine whether there is a relationship between our EMT gene 
signature (Fig.  4.5a ) and the classi fi cation of the Basal A and Basal B breast cell 
lines reported by Neve et al., we identi fi ed nine genes present in both our EMT 
gene signature and Neve et al. 396 gene classi fi er set  [  20  ] . By Prediction Analysis 
of Microarray (PAM), we show that the parent MCF-10F cells and trMCF cells 
can be classi fi ed as Basal A, whereas the bcMCF (invasive) and caMCF (tumor-
derived) cells classi fi ed as Basal B (Table  4.2 ). Based on these data, we hypoth-
esize that both Basal subtypes A and B can arise from the same cell of origin and 
may re fl ect differing degrees of EMT and invasive potential. To explore this 
hypothesis further, we extracted our EMT gene signature from the GeneChip 
expression  fi les of the 30 cell lines that were characterized for invasiveness in a 
modi fi ed Boyden chamber assay  [  20  ] . As shown in Fig.  4.6 , this EMT gene sig-
nature classi fi ed, with complete concordance to  [  20  ] , the cell lines into luminal, 
Basal A, and Basal B subtypes. The Basal B cell lines that scored as invasive 
grouped to the far left (Fig.  4.6 ). This result along with the recent report showing 
that EMT occurs more frequently in basal-like tumors indicates the relevance of 
these breast cell lines for molecular analysis of the networks regulating EMT and 
that the Basal A that originates B is the stem cell involved in the early stage of 
cell transformation or trMCF.   

  CD44  + / CD24  −/low  is the cell surface marker of tumorigenic breast cancer cells 
in which the tumorigenic capacity is further increased by additional expression 
of  ESA   [  21  ] . These cells are characterized by a 186-gene “invasiveness” gene 
signature that is associated with risk of death and metastasis in breast cancer 
 [  21  ] .  CD24  encodes a small, heavily glycosylated cell-surface adhesion protein. 
 CD44  undergoes extensive alternative splicing within its central region span-
ning exon 6a to 14, also termed as variable exon v1 to v10. The two variants 
expressed in our model are mRNA precursor variant 3 with exon 6a to 11 spliced 
out and variant 4 with exon 6a to 14 spliced out, corresponding to  CD44E  and 
 CD44H , respectively. The  CD44H  is mainly expressed on cells of lymphohe-
matopoietic origin; it plays an important role in cell adhesion and its expression 
promotes tumor cell migration.  CD44E  is preferentially expressed on epithelial 
cells and it is involved in the recognition of a common determinant in  CD44H  
and  CD44E  promoting homotypic cellular aggregation. Microarray and RT-PCR 
analysis of  CD44  and  CD24  revealed an expression pattern of  CD44H  high / CD44E  −  /
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  Fig. 4.6    Classi fi cation of breast cell lines using an EMT gene signature identi fi es subtype and 
invasiveness. Gene expression values were extracted from the CEL  fi les of the 30 cell line subset 
of breast cancer cell lines that were previously characterized for invasive potential. The invasive 
Basal B cell lines are indicated by the  red bar ; noninvasive by a  green bar  (reprinted from Russo 
J, Russo IH (2011) The role of the basal stem cell of the human breast in normal development and 
cancer. Adv Exp Med Biol 720:121–134)       

CD24  −  in bcMCF and caMCF. The increased ratio of CD44H/CD44E in trMCF 
cells might represent an early marker for E 

2
 -transformed HBECs (Fig.  4.7a–d ). 

The signi fi cant increase of CD44H and complete loss of CD44E might be a 
novel phenotype associated with the tumorigenic capacity. In addition, the loss 
of  ESA  in bcMCF and caMCF indicated that  ESA  expression is not required for 
the tumorigenic capacity in our model.   
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    4.5   Stem Cell and the Asymmetric Cell Division 

 One unresolved challenging question in breast cancer is whether the cancer stem 
cell originates from normal stem/progenitor cells or from mature cells that acquired 
the stem cell phenotype because of a transformation event or subsequent mutations. 
There is evidence that in the human breast there is a stem cell population that can 

  Fig. 4.7    Characterization of the expression of CD44 and CD24. ( a ,  b ) Microarray expression 
values of CD44 and CD24, respectively. Signi fi cance:  p  < 0.05 in unpaired  t  test compared with 
MCF-10F. ( c ) RT-PCR validation for CD44 ( top ) and CD24 ( middle ) expression levels. 
( d ) Densitometry ratio of CD44H to CD44E detected in RT-PCR (reprinted from  [  5  ] )       
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give rise to many different cell types and are important for breast development, 
pregnancy-induced differentiation, lactation, and involution  [  22  ] . Stem cells have 
the unique potential to divide asymmetrically to generate daughters of distinct fates, 
one of which remains a stem cell and the other turns into a cell committed to dif-
ferentiation. By dividing asymmetrically, stem cells maintain the stem cell pool and 
simultaneously generate committed cells that reconstitute the organ, for example, to 
prepare the breast for a new pregnancy after the involution from a previous preg-
nancy and lactation process  [  23,   24  ] . However, in this cumulative knowledge we 
still do not know if the cancer stem cell originates from normal stem/progenitor 
cells or from mature cells that acquired the stem cell phenotype because of a trans-
formation event or subsequent mutations. Our starting hypothesis is that the normal 
stem cell divides asymmetrically and that the carcinogenic event disrupts this pro-
cess leading to a neoplastic breast cancer stem cell. Furthermore, the main chal-
lenge has been to demonstrate that the asymmetric cell division takes place as part 
of the normal process of ductulogenesis and that the carcinogenic agent (17 b -estra-
diol) modi fi es this process  [  4,   5,   25  ] . 

 Our model offers a stem cell with the characteristic of the basal cell type that 
differentiates normally in a tridimensional in vitro system forming ductular struc-
tures mimicking the lobules type 1 of the human breast  [  4,   5,   25  ] . This in turn 
offers a structural model to understand how the normal cellular architecture is 
modi fi ed during the asymmetric cell division as the main driver of this normal 
morphogenetic process. In addition, the basal stem cell when challenged by a 
carcinogenic agent loses the ability to form ductal structures and becomes neo-
plastic mimicking the histological appearance of the early neoplastic process like 
carcinoma in situ and forming an epithelial multilayer with loss of polarity and 
increased cell proliferation  [  4,   5  ] . Therefore, in this unique system we have been 
able to demonstrate that the normal stem cell is the one that under a carcinogenic 
insult switch the process of asymmetric cell division. Altogether, this model is 
offering a way to understand the mechanism of asymmetric cell division that is still 
elusive in the breast cells and to demonstrate how the disruption of this phenome-
non by estrogen can trigger the initial step of cell transformation. The supporting 
evidence for this hypothesis is in the  genomic alterations in the transformed cells 
(trMCF), which indicate that the asymmetric cell division is the target mechanism 
of neoplastic transformation.  

    4.5.1   Genomic Alterations in the trMCF Cells Indicate 
That the Asymmetric Cell Division Is the Target 
Mechanism of Neoplastic Transformation 

 Loss of the ductulogenic capacity is the earliest phenotype observed during the 
neoplastic transformation of MCF-10F cells by 17 b -estradiol. Asymmetric cell 
division takes place in the normal process of ductulogenesis and this process is 
modi fi ed by the carcinogenic agent. Speci fi cally we have demonstrated that 
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17 b -estradiol acting on the basal cell type induces architectural changes in the 
stemness, the cell polarity, the partitioning of the cell component and the mitotic 
apparatus, and the interaction with the niche or extracellular matrix.  

    4.5.2   Cell Partitioning in Asymmetric Cell Division 

 In Table  4.3  and Figs.  4.8  and  4.9  are listed some of the genes that may contribute in 
altering the cell partitioning during the asymmetric cell division. Among them is 
 NOTCH3 , which is signi fi cantly downregulated in the estrogen-transformed cells 
that have lost the ability to form ductal components in the collagen matrix. As it is 
depicted in Fig.  4.10 , NOTCH3 is polarized in its localization in MCF-10F cells; 
when the cell divides, one of the daughter cells carries the expression of NOTCH3 
and the other one does not. Instead, in the E 

2
 -treated cells or trMCF, most of the cells 

have very low or not expression of NOTCH3. Therefore, we conclude that NOTCH3 
could be asymmetrically partitioned in the breast epithelial cells and that daughter 
cells that are transformed by estradiol will have a loss of the expression of this gene. 
There is supporting evidence in the literature indicating that Notch-1 and Notch-3 
have been shown to affect stem cell fates, suggesting that Notch function in specify-
ing cell fate might also be evolutionarily conserved  [  26–  29  ] . Interestingly, the Notch 
pathway plays multiple roles in hematopoiesis, including differentiation, prolifera-
tion, and survival, and may be critical for human stem cell (HSC) activity  [  30,   31  ] . 
Notch-1 was found in the CD34 + CD38 − Lin −  subpopulation of human bone marrow 
cells (SAGE) and in two enriched stem cell populations derived from the fetal liver 
(Sca-1 + AA4.1 + Lin lo/− cKit +  cells) (SCDb)  [  32,   33  ] . In the  Drosophila,  it is suggested 
that asymmetrical localization/segregation of Numb in neural precursors enables sib-
ling cells to respond differently to extrinsic Notch signaling and, thus, to adopt dis-
tinct fates (A or B). During the asymmetric precursor division, Numb segregates 
exclusively into one daughter cell, the future B cell. The Notch ligand Delta signals 
both progenies to adopt the A-cell fate. In the A cell, Delta activation of Notch 
induces the cleavage of the Notch receptor and the subsequent translocation of the 
Notch intracellular domain to the nucleus, where it regulates transcription of speci fi c 
target genes and allows the cell to adopt the A fate. In the B cell, Numb blocks recep-
tion and/or transduction of the Notch signal, possibly through its endocytosis. The 
absence of active Notch signaling in these cells is deterministic for B-cell fate  [  34  ] . 
The silencing of NOTCH3 in the trMCF or the daughter cell generated in the trans-
formation of MCF could be due to degradation. Protein ubiquitination and deubiquit-
ination are dynamic processes implicated in the regulation of numerous cellular 
pathways. Table  4.3  lists genes that are modi fi ed during the transformation induced 
by 17 b -estradiol. Among them are TRIM22 and TRIM5  [  35–  40  ] , SLPI  [  41–  43  ] , 
USP1  [  44  ] , UBE2Q2  [  45,   46  ] , and UBE2S, all components of the ubiquitin pathway 
leading to proteosome degradation that is signi fi cantly dysregulated in the trMCF 
cells. This supports the interpretation that the localization of this complex could be 
asymmetrically located in the trMCF cells under the treatment with estradiol disrupting 
the asymmetrical process.     
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 Of great interest is TRIM22, a functional E3 ubiquitin ligase, which is also ubiq-
uitinated itself and is downregulated in the trMCF cells indicating a possible role in 
the partitioned position in the stem cells MCF (Table  4.3 ). There is 41-fold down-
regulation of TRIM22 in trMCF when compared to the stem cell MCF. Its potential 
role in the cell asymmetry is suggested to us by the work of Herr et al.  [  36  ] , which 
shows that human and rhesus TRIM22 localize to different sub cellular compart-
ments and that this difference can be assigned to the positively selected B30.2 
domain. It is possible that TRIM22 is asymmetrically located in the MCF cells and 
that during transformation the daughter cells trMCF lose or alternatively silence the 
expression of this gene. Further support is the fact that TRIM22 underwent self-
ubiquitylation in vitro in combination with the E 

2
  enzyme UbcH5B and the ubiqui-

tylation was dependent on its RING  fi nger domain. Further evidences showed that 
TRIM22 could also be self-ubiquitylated in vivo. Importantly, TRIM22 was conju-
gated with poly-ubiquitin chains and stabilized by the proteasome inhibitor in 293T 
cells, suggesting that TRIM22 targeted itself for proteasomal degradation through 

  Fig. 4.8    Heat maps showing clusters of genes upregulated (on the  left ) or downregulated (on the 
 right ) in the trMCF cells.  Arrows  indicate some of the genes that were validated through real time 
RT-PCR,  red  represents higher values of expression and  green  lower expression       
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the poly-ubiquitylation  [  37  ] . Another piece of evidence showing that it could be 
involved in the asymmetry of cell division is the  fi nding that interferon induces 
TRIM22 as a p53 target gene, with possible involvement in proliferation and dif-
ferentiation of leukemia cells in which expression of TRIM22 correlates inversely 
to differentiation, as TRIM22 is highly expressed in CD34 +  human bone marrow 
progenitor cells, but declines in mature populations. The erythroid lineage appears 
as a special case, as TRIM22 expression shows an extreme decrease during late 
erythroid maturation and is completely undetectable in nucleated erythroid popula-
tions in contrast to other lineages  [  38,   39  ] . A similar phenomenon has been reported 
in T cells  [  40  ] . 

 Besides NOTCH3, there are other candidate proteins coded by the genes MLF1 
 [  47–  50  ] , NEBL  [  51–  54  ] , PACS1  [  55–  57  ] , SEC14L2  [  58  ] , TRIOBP  [  59–  61  ] , 

  Fig. 4.9    Graphs showing the 
results from the real time 
RT-PCR of some of the genes 
listed in Table  4.3 . Gene 
expressions are relative to the 
MCF-10F cells. Graph on the 
 top  shows the downregulated 
genes and the graph  below  
shows the upregulated genes; 
 Asterisks  represent the genes 
that had  p  < 0.001 compared to 
control and  plus symbol 
p  < 0.03       
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TSPAN1, and PSIP1 (Table  4.3 ) which may have a regulatory effect on the 
partition distribution of proteins and organelles affecting the asymmetric cell 
division. For example, the Myeloid leukemia factor 1 (MLF1) expresses normally 
in a variety of tissues including hematopoietic stem cells and also in the MCF 
cells, but it is unregulated several folds in the trMCF cells (Table  4.3 ). MFL1 is a 
negative regulator of cell cycle progression functioning upstream of the tumor 
suppressor p53  [  47,   49,   50  ] , stabilizing the activity of the tumor suppressor p53 
by suppressing E3 ubiquitin ligase and the shuttling of MFL1 is critical for the 
regulation of cell proliferation and a disturbance in the shuttling balance increases 
the cell’s susceptibility to oncogenic transformation  [  48  ] . Therefore, this gene 
product is a target for evaluation in the loss of asymmetric division induced by E 

2
  

in the MCF cells. There are also three genes, PACS1  [  55–  57  ] , SEC14L2  [  58  ] , and 
TRIOBP  [  59–  61  ] , that play a role in cell sorting and interaction with actin fi la-
ments, and are signifi cantly downregulated in trMCF cells, suggesting that they 
may play an unsuspected role in asymmetric cell division.  

  Fig. 4.10    Immuno fl uorescence studies of NOTCH3. MCF-10F and E 
2
  cells were plated onto 

round cover slips and grown overnight at 37 °C. Cells were  fi xed using 4% Formaldehyde and 
incubated with the primary antibody (anti-NOTCH3, Abcam 2  m g/mL) for 50 min at room tem-
perature. Slides were viewed and images recorded using the Nikon Eclipse 2000-U C1 LSCM and 
a ×40-NA 1.3 oil objective lens. Nikon EZ-C1 software was used to view images (reprinted from 
Russo J, Pereira J, Snider K, Russo IH (2010) Estrogen-induced breast cancer is the result in the 
disruption of the asymmetric cell division of the stem cell. Horm Mol Biol Clin Investig 
1(2):53–65)       
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    4.5.3   Mitotic Apparatus 

 A signi fi cant ampli fi cation in the expression of Aurora Kinase B (AURKB), polo-
like kinase 1 (PLK1), centromere protein A (CENPA), and kinesin family member 
C(KIF2C) are observed in the E 

2
  cells with respect to the MCF-10 cells (Table  4.2 ; 

Fig.  4.9 ). This could indicate that the dysregulation of theses genes by the carcino-
genic agent 17 b -estradiol contribute to the alteration of the asymmetric pattern of 
cell division of the stem cell MCF. Supporting evidence for this is the knowledge that 
the binding of kinetochores to spindle microtubules during mitosis regulates the 
traf fi cking of macropinosomes to the cytoskeleton during antigen presentation. The 
CENPA is a histone H3-like protein that is thought to be involved in the nucleosomal 
packaging of centromeric DNA. It is a marker of embryonic stem cells  [  62,   63  ]  and 
highly expressed in breast cancer cells. CENPA interacts with poly(ADP-ribose) 
polymerase 2 (PARP-2) in a cell cycle-dependent manner, accumulating at centrom-
eres during prometaphase and metaphase, disassociating during anaphase, and disap-
pearing from the centromeres by telophase  [  64,   65  ] . The KIF2C/mitotic 
centromere-associated kinesin (MCAK) is associated to the growth of breast cancer 
cells. It is expressed at undetectable levels in normal human tissues and upregulated 
in the trMCF cells as well as in breast cancer tissue. Treatment of breast cancer cells 
with small interfering RNA (siRNA) against KIF2C/MCAK effectively suppressed 
KIF2C/MCAK expression and inhibited the growth of the breast cancer cell lines 
T47D and HBC5  [  66  ] . The importance of these kinetochore-related proteins is that 
few-fold reductions in kinetochore-microtubule turnover, particularly in early mito-
sis, induce severe chromosome segregation defects. Enough stimulation of microtu-
bule dynamics at kinetochores restores stability to chromosomally unstable tumor 
cell lines, establishing a causal relationship between deregulation of kinetochore-
microtubule dynamics and chromosomal instability. Thus, temporal control of micro-
tubule attachment to chromosomes during mitosis is central to genome stability in 
human cells  [  67  ] . In the  Drosophila  sensory organ precursor cells, Aurora A regu-
lates the asymmetrical localization of Numb  [  68  ] . Mammalian Auroras (member of 
the serine/threonine kinase family) regulate centrosome separation, chromosome 
segregation, and cytokinesis. Auroras are overexpressed in many cancers and high 
protein levels correlated with chromosomal instability  [  69–  71  ] . A key regulator in 
the process of cell division is the PLK1. It controls cytokinesis, the  fi nal stage of cell 
division, and is a novel player in maintaining genomic stability during DNA replica-
tion and is an important modulator of the DNA damage checkpoint. Importantly, it 
has been shown to be a link between developmental processes and the cell cycle 
machinery during asymmetric cell division in  fl ies and worms  [  72,   73  ] . 

 Two genes YPEL5 and EPLIN identi fi ed by our group may have an unsuspected 
role in the control of asymmetric cell division in the human breast epithelial cells. 
YPEL5 gene is downregulated in the 17 b -estradiol transformed cells and the coded 
protein is localized to the centrosome and nucleus during interphase and at the 
mitotic spindle during mitosis. This sub cellular localization in association with centro-
some or mitotic spindle suggests a novel function involved in the cell division  [  74  ] . 
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The second gene EPLIN (epithelial protein lost in neoplasm; also known as 
Lima-1) (Table  4.3 )  [  75  ]  is also signi fi cantly downregulated in the trMCF cells 
and plays an important role in the  fi rst phase of the cytokinesis that is the 
membrane ingression. The ingression phase generates a cleavage furrow and this 
requires co-operative function of the actin-myosin II contractile ring and septin 
 fi laments  [  76  ] . Therefore, it is possible that EPLIN plays an important role in the 
asymmetric cell division of the stem cell MCF and is silenced in the trMCF cells. 
This concept is supported by data showing low level of EPLIN in tumor tissues  [  77  ] . 
Of interest is that EPLIN couples with alpha-catenin and, in turn, links the cadherin-
catenin complex to F-actin  [  78  ] . EPLIN is a substrate for ERK. ERK phosphory-
lates Ser360, Ser602, and Ser692 on EPLIN in vitro and in intact cells. 
Phosphorylation of the C-terminal region of EPLIN reduces its af fi nity for actin 
 fi laments  [  79  ] . EPLIN increases the number and size of actin stress  fi bers and inhib-
its membrane ruf fl ing induced by Rac and the reduced expression may contribute 
to the motility of invasive tumor cells  [  80,   81  ] . All of these data point toward a need 
for detailed analysis of the architectural localization of these gene products in the 
MCF cells during the normal process of ductulogenesis and during the loss of the 
asymmetric properties of these cells induced by 17 b -estradiol.  

    4.5.4   Cell Polarity and Asymmetric Cell Division 

 As is depicted in Table  4.3 , there are several genes that are signi fi cantly deregu-
lated in the trMCF such as CDC42, EPSL8L2, FLNB, FXYD3, and NRP2. Whereas 
the role of EPSL8L2, FLNB, FXYD3, and NRP2 is less clear, the CDC42 is known 
to regulate the generation of cell polarity from yeast to man and in a wide range of 
biological contexts and the downstream target Par6  [  82,   83  ] . Epithelial morpho-
genesis involves the establishment of an apical surface in an individual cell and the 
formation of cadherin-based adherents junctions and claudin-based tight junctions 
between adjacent cells. Accompanying reorganization of the actin and microtubule 
cytoskeletons and polarized vesicle traf fi cking reinforces these interactions, lead-
ing to a stable tissue of polarized cells. Expression of dominant-negative or consti-
tutively active versions of Cdc42 in the dog kidney epithelial cell line MDCK 
grown on a two-dimensional (2D) surface leads to defective tight junction forma-
tion (typically a delay) as well as mislocalized delivery of basolateral proteins 
 [  83–  86  ] . Similar experiments performed with MDCK grown in three dimensions 
to provide a more physiological growth context have concluded that Cdc42 is 
required to form an apical surface through regulated traf fi cking of a vacuolar apical 
compartment  [  87,   88  ] . In Caco-2, a human intestinal epithelial cell line, which, 
when grown in a 3D matrix, generates polarized cysts with a single central lumen. 
CDC42 is not required for the formation of an apical surface, but instead is required 
to position the apical surface with respect to the growing 3D structure. CDC42 
regulates apical surface positioning by controlling spindle orientation during cell 
division.  
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    4.5.5   Cell Positioning and Asymmetric Cell Division 

 The interrelation between extrinsic determinants (niche), stem cells, and the regula-
tion of cell fate is better characterized in germline cells of lower organisms  [  89,   90  ] . 
In mammalian cells such as the breast epithelia, this interrelation could be deter-
mined by the extracellular matrix. Among the proteins that are involved in the breast 
epithelial cells are the E-cadherin and the bone morphogenetic protein. Both of 
them are expressed in the normal cells and lost in the trMCF cells. In the  Drosophila  
germinal stem cell of the female gonads, DE-cadherin-mediated cell adhesion was 
shown to be essential for anchoring ovarian gonadal stem cells to their niches and 
stimulating their proliferation  [  91  ] . Decapentaplegic (Dpp) (the  Drosophila  homolog 
of human bone morphogenetic protein 2/4) is expressed in anterior somatic cells of 
the gonad and is essential for PGC proliferation. PGC mutants for  thick veins , an 
essential Dpp receptor, are impaired in their ability to clonally populate a niche, 
further suggesting that Dpp is one of the extrinsic mitotic signals that promote the 
clonal expansion of gonadal stem cells in the niche  [  92  ] . Recent studies identify the 
osteoblasts and the BMP signaling pathway as potential in vivo regulators of the 
HSC niches  [  93,   94  ] . In mice BMP signaling promotes the generation of astrocytes 
and mature, myelinating oligodendrocytes in vivo, but does not affect oligodendro-
cyte precursor development, thus suggesting tight regulation of BMP signaling to 
ensure proper gliogenesis  [  95  ] . 

 The concept of asymmetric cell division also needs to be studied in the context 
of the activation of cell proliferation, apoptosis, and cell junction gene products that 
are signi fi cantly modi fi ed during the transformation of MCF cells. Some of these 
genes are listed in Table  4.3  and among them are TOP2A  [  96,   97  ] , MK62, RFC3 
 [  98,   99  ] , BIRC5, and GSN. Of interest is the upregulation of BIRC5 or Survivin 
(Table  4.3 ; Fig.  4.11 ), a member of inhibitor of apoptosis family protein. A vector-
based siRNAs silenced Survivin expression in prostate cancer cells, resulting in 
signi fi cantly reduced cell proliferation and enhanced apoptosis, and increased the 
sensitivity of prostate cancer cells to the apoptosis-inducing agent, platinol  [  98  ] . 
Signal transducer and activator of transcription 3 (Stat3) and survivin have been 
shown to exert oncogenic effects in various human neoplasms  [  99  ] . Global gene 
expression analysis shows that BIRC5 or Survivin, an anti-apoptotic oncofetal gene, 
is highly expressed in human embryonic stem (hES) cells and teratomas but not in 
embryoid bodies. Genetic and pharmacological ablation of Survivin induces apop-
tosis in hES cells and in teratomas both in vitro and in vivo  [  7  ] . Treatment with 
Ochratoxin A (OTA), a potent renal carcinogen, resulted in overexpression of key 
regulators of mitosis, including the mitotic protein kinases PLK1, Aurora B and 
cyclin-dependent-kinase 1 (Cdk1(Cdc2)), several cyclins and cyclin-dependent-
kinase inhibitors, topoisomerase II, and survivin. Immunohistochemical analysis 
con fi rmed upregulation of Cdk1, p21(WAF1/CIP1), topoisomerase II, and survivin 
in S3 proximal tubule cells, from which OTA-induced tumors in rats arise, and dem-
onstrated increased phosphorylation of histone H3, a target of Aurora B. Importantly, 
many of the genes found to be deregulated in response to OTA have been linked to 
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chromosomal instability and malignant transformation, supporting the hypothesis 
that aberrant mitosis, resulting in blocked or asymmetric cell division, accompanied 
by an increased risk of aneuploidy acquisition, may play a critical role in OTA 
carcinogenicity  [  8  ] . There is a similarity in the behavior of this carcinogen with 
17 b -estradiol.    

    4.6   The Molecular Pathway of Epithelial Mesenchymal 
Transition 

 While the regulation of epithelial mesenchymal  transition (EMT) is not fully under-
stood, a network of several signaling pathways affecting the expression and/or func-
tion of a complex hierarchical network of transcription factors (TFs) has been 
partially elaborated  [  100,   101  ] . Known signaling pathways include multiple tyrosine 
kinase receptors leading to Ras-mediated activation of MAPK and PI3K pathways, 
TGF- b , Notch, and Wnt. From our studies, we have evidence that enhanced TGF- b  
and Wnt signaling pathways are found in the EMT expressing bcMCF and caMCF 

  Fig. 4.11    Schematic representation showing the role of asymmetric cell division in ductulogene-
sis and the effect of estradiol in the loss of this property (reprinted from Russo J, Pereira J, Snider 
K, Russo IH (2010) Estrogen-induced breast cancer is the result in the disruption of the asymmet-
ric cell division of the stem cell. Horm Mol Biol Clin Investig 1(2):53–65)       
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cells  [  5  ] . TGF- b  acting through Smad transcriptional complexes can repress expression 
of the Id TFs (Id1, Id2, Id3) and activate HMGA2, a DNA binding protein important 
for chromatin architecture  [  99  ] . Expression of HMGA2 is known to regulate several 
EMT controlling TFs including TWIST1, SNAI1, and SNAI2 (Slug)  [  5,   100,   101  ]  
(Figs.  4.5  and  4.6 ). TGF- b  and Wnt signaling also affect the expression of several 
additional EMT-regulating TFs including ZEB1 (TCF8), TCF3 (E2A encoding E12 
and E47), and LEF1  [  101  ] . 

 Analysis of the EMT expressing bcMCF cell line revealed the absence of expres-
sion of the secreted frizzled-related protein 1 (SFRP1), a repressor of Wnt signaling 
 [  5  ] . One allele of SFRP1 was deleted in these cells, with the remaining apparently 
silenced by methylation, accounting for the 28-fold reduction of this transcript. 
Loss and epigenetic inactivation of SFRP1 occurs often in invasive breast cancer 
and is associated with poor prognosis  [  102  ] . Inspection of the SFRP1 expression 
levels in Basal B cell lines  [  5  ]  showed absent calls for four of the eight invasive cell 
lines and eightfold decreases in another three invasive cell lines relative to the non-
invasive MCF-10A cells. Inspection of the expression  fi les for bcMCF cells and the 
eight invasive Basal B cell lines  [  5  ]  revealed that LEF1 was always absent, while 
TCF3 and TCF8 were expressed.  

    4.7   The Metastatic Phenotype 

 As indicated above, the bsMCF cells induced tumors in SCID mice that were poorly 
differentiated adenocarcinomas that were ESR a , progesterone receptor (PR) and 
ERBB2 negatives. When bsMCF or caMCF (T4 or T5) cells are inoculated in the 
tail of SCID mice, they induced metastatic foci in the lung (Figs.  4.12  and  4.13 ). 
This unique model allows us: (a) to study the genomic and epigenomic changes 
present in the cell with metastatic capabilities, (b) to use metastatic and nonmeta-
static cells from the same genetic background, and (c) to elucidate the functional 
role of each of the genes thus identi fi ed. We have found that more than 74 genes are 
either down- or upregulated in the invasive and metastatic phenotype of the bsMCF 
(Fig.  4.14 ; Tables  4.4  and  4.5 ). Several genes controlling invasion and metastasis 
are signi fi cantly downregulated in bsMCF (C5) cells (Fig.  4.14 ; Table  4.5 ).    Many of 
these genes are silenced by methylation in speci fi c GpC islands and their role in the 
process of invasion and metastasis has been already determined or suspected. For 
example, AZGP1 is known to be downregulated in malignant prostate epithelium 
 [  103,   104  ] , but its precise role in metastasis is not clear. CLDN7 or Claudin 7 is 
signi fi cantly downregulated in bsMCF cells as well as in breast  [  105,   106  ]  and other 
types of cancer  [  107  ] . Hypermethylation at the CLDN7 promoter was detected in 
20% of colon cancer cells with low CLDN7 expression. EPB41L5 erythrocyte 
membrane protein band 4.1 like 5 is involved in cell polarity and in maintaining by 
separation of the apical and basolateral domains through specialized cell–cell junctions 
 [  108,   109  ]  and could be an early marker of metastasis. GPR56 or G protein-coupled 
receptor 56 is downregulated in bsMCF cells and is markedly downregulated in the 
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metastatic variants of melanoma. Functional studies have shown that overexpression 
of GPR56 suppresses tumor growth and metastasis, whereas reduced expression of 
GPR56 enhances tumor progression  [  110,   111  ] . KLF5 Kruppel-like factor 5 is 
downregulated also in bsMCF cells and reduced in expression in many types of 
human tumor  [  112  ] .      

 FRMD3 is a member of the protein 4.1 superfamily and is a putative tumor sup-
pressor  [  113  ]  signi fi cantly downregulated in bsMCF cells. Grbl4, a growth factor 
receptor-bound protein 14 member of the Grb7 family of adapters, is an inhibitor of 
FGFR signaling. Grbl4 induces an arrest of the signaling transduction cascades in 
the MDA-MB-231cells by blocking PLCy, ERK2, JNK1, and AKT  [  114,   115  ] . 
Another role of GRB14 is as a binding partner of tankyrase 2. Tankyrase is an 
ankyrin repeat-containing poly [ADP-ribose] polymerase originally isolated as a 
binding partner for the telomeric protein TRF1. MEST or mesoderm-speci fi c 
 transcript homolog is a hypermethylated gene that is highly enriched for targets of 
the PRC2 (Polycomb repressive complex 2) in embryonic stem cells. MTUS1 or 
microtubule associated tumor suppressor 1 is downregulated in bsMCF cells and is 
signi fi cantly downregulated in colon cancer and in a breast cancer  [  116–  118  ]  and in 
the triple negative (ER− PR− HER2−) breast carcinomas, a subgroup of highly 
proliferative tumors with poor outcome and no available targeted therapy. Functional 
studies indicate that silencing MTUS1 expression by siRNA increases cellular 

  Fig. 4.12    Transformation of MCF-10F cells by 17 b -estradiol treatment. Experimental protocol: 
MCF-10F cells treated with 70 nM 17 b -estradiol (E 

2
 ) that expressed high colony ef fi ciency (CE) 

and loss of ductulogenic capacity in collagen-matrix were classi fi ed as transformed (trMCF). 
Transformed cells that were invasive in a Matrigel Boyden type invasion chambers were selected 
(bsMCF) and plated at low density for cloning (bcMCF). MCF-10F, trMCF, bsMCF, and bcMCF 
were tested for carcinogenicity by injecting them into the mammary fat pad of 45-day-old female 
SCID mice. MCF-10F and trMCF cells did not induce tumors; bsMCF formed solid tumors from 
which four cell lines, identi fi ed as caMCF, were derived and cells proven to be tumorigenic in 
SCID mice. bsMCF or caMCF when injected in the tail of SCID mice develop metastatic foci in 
the lung (reprinted from Russo J, Russo IH (2011) The role of the basal stem cell of the human 
breast in normal development and cancer. Adv Exp Med Biol 720:121–134)       

 



2194.7 The Metastatic Phenotype

  Fig. 4.13    bcMCF cells were transfected by Lipofectamine/Plus Reagent from Life Technologies. 
The plasmids that were used for the cotransfection were pGL3 control red (SV40-luc) from 
Promega/C. Contag, Stanford University, and pSV40/Zeo from Invitrogen. After the cells were 
transfected, selection occurred over a period of 10–12 days using 1  m g/mL of Zeocin (Invitrogen). 
After selection, the cells were allowed a period of time to recover after which they were expanded. 
To ensure the presence of luciferase in the cells, a Luciferase Assay (Promega) was performed 
using the EnVision Workstation plate reader. Mice were placed in a plastic restraining device 
equipped with a hole from which we could access the tail. The tails of the mice were placed in 
warm water in order to dilate the lateral tail veins and to allow easy visualization. Two million 
(2 × 10 6 ) cells suspended in PBS were injected into the lateral tail vein using a 26 gauge needle. The 
animals were followed over a period of 5 weeks by Bioluminescence Imaging using the Caliper 
LS/Xenogen IVIS Spectrum System to determine the location of the bcMCF cells (reprinted from 
Russo J, Russo IH (2011) The role of the basal stem cell of the human breast in normal develop-
ment and cancer. Adv Exp Med Biol 720:121–134)       
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  Fig. 4.14    Heat map of the bcMCF cells compared 
with the MCF-10F cells (reprinted from Russo J, 
Russo IH (2011) The role of the basal stem cell of 
the human breast in normal development and cancer. 
Adv Exp Med Biol 720:121–134)       
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   Table 4.4    Genes differentially expressed genes in bcMCF compared to MCF-10F   

 Symbol  Gene name  Fold change 

 AZGP1  Alpha-2-glycoprotein 1, zinc-binding  −31.8 
 CDH1  Cadherin 1, type 1, E-cadherin (epithelial)  −497.8 
 EPB41L5  Erythrocyte membrane protein band 4.1 like 5  −17.7 
 FRMD3  FERM domain containing 3  −3.3 
 GRB14  Growth factor receptor-bound protein 14  −4.1 
 GPR56  G protein-coupled receptor 56  −27.8 
 KLF5  Kruppel-like factor 5 (intestinal)  −2.9 
 MEST  Mesoderm-speci fi c transcript homolog (mouse)  −4.3 
 MTUS1  Mitochondrial tumor suppressor 1  −2.4 
 RAB25  RAB25, member RAS oncogene family  −46.2 
 SFRP1  Secreted frizzled-related protein 1  −5.8 
 SFRP1  Secreted frizzled-related protein 1  −5.5 
 SFRP1  Secreted frizzled-related protein 1  −4.8 
 SRPX  Sushi-repeat-containing protein, X-linked  −6.4 
 ST14  Suppression of tumorigenicity 14 (colon carcinoma)  −5.8 
 ST14  Suppression of tumorigenicity 14 (colon carcinoma)  −4.2 
 S100A9  S100 calcium binding protein A9  −18.2 
 SIK1  Salt-inducible kinase 1  −6.9 

   Table 4.5    Upregulated genes differentially expressed genes in bcMCF compared to MCF-10F   

 Symbol  Gene name  Fold change 

 FHL1  Four and a half domains 1  6.5 
 HEY1  Hairy/enhancer-of-split related with YRPW motif 1  5.4 
 ZEB1  Zinc  fi nger E-box binding homeobox 1  12.0 
 ZEB2  Zinc  fi nger E-box binding homeobox 2  11.5 
 COL6A3  Collagen, type VI, alpha 3  77.1 
 FN1  Fibronectin 1  4.9 
 FOSL1  FOS-like antigen 1  3.8 
 GNG11  Guanine nucleotide binding protein (G protein), gamma 11  10.5 
 HRAS  V-Ha-ras Harvey rat sarcoma viral oncogene homolog  6.0 
 NRP1  Neuropilin 1  6.9 
 RHOB  Ras homolog gene family, member B  5.7 
 S100A4  S100 calcium binding protein A4  18.8 
 TGFB1  Transforming growth factor, beta 1  3.1 
 TIMP1  TIMP metallopeptidase inhibitor 1  2.9 
 TNS1  Tensin 1  14.9 
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proliferation. Conversely, restoring endogenous levels of MTUS1 expression leads 
to reduced cancer cell proliferation, clonogenicity, and anchorage-independent 
growth and reduces the incidence and size of xenografts grown in vivo  [  119  ] . Loss 
of SFRP1, secreted frizzled-related protein 1, expression is observed in breast, along 
with several other cancers  [  120–  124  ] , and is associated with poor patient prognosis. 
SFRP1 is signi fi cantly downregulated in bsMCF cells and it has been shown to be 
methylated in many pre and neoplastic breast cancer cell lines. SFRP1 antagonizes 
the Wnt/ b -catenin signaling pathway by competing with the Frizzled receptor for 
Wnt ligands, resulting in an attenuation of the signal transduction cascade leading 
to the development of several human cancers, including breast cancer. SRPX sushi-
repeat-containing protein, X-linked is downregulated in bsMCF cells and is also 
markedly reduced in carcinomas of colon, bladder, and ovary and closely linked to 
the progression of T-cell leukemia/lymphoma. The SRPX gene was originally iso-
lated as a novel suppressor gene of v-src transformation and was shown to induce 
apoptosis in human cancer cells. It has been observed by us and others that TWIST, 
which is an important transcription factor during embryonic development and has 
recently been found to promote the EMT phenomenon seen during the initial steps 
of tumor metastasis, is upregulated in bsMCF cells, whereas SRPX is downregu-
lated. The    siRNA-mediated depletion of TWIST results in upregulation of SRPX, 
indicating an important role of the SRPX gene in invasion and metastasis. Another 
gene downregulated in bsMCF cells is SNF1LK or the serine-threonine kinase SIK1 
(salt-inducible kinase 1) as a regulator of p53-dependent anoikis. Inactivation of 
SIK1 compromised p53 function in anoikis and allowed cells to grow in an anchor-
age-independent manner. In vivo, SIK1 loss facilitated metastatic spread and sur-
vival of disseminated cells as micrometastases in lungs. The presence of functional 
SIK1 was required for the activity of the kinase LKB1 in promoting p53-dependent 
anoikis and suppressing anchorage-independent growth, matrigel invasion, and 
metastatic potential. Decreased expression of the gene encoding SIK1 closely cor-
related with development of distal metastases in breast cancers from three indepen-
dent cohorts. Together, these  fi ndings indicate that SIK1 links LKB1 to p53-dependent 
anoikis and suppresses metastasis  [  125,   126  ] . SIK is an inducible gene target of 
TGF- b /Smad signaling. Loss of endogenous SIK results in enhanced gene responses 
of the  fi brotic and cytostatic programs of TGF- b   [  127  ] . 

 Among the upregulated genes in the bsMCF cells are the one listed in Table  4.5 , 
FHL1, HEY1, ZEB1, ZEB2, FOSL1, and S100A4.    FHL1 (four and a half LIM 
domains 1) may play an important role in ER signaling as well as breast cancer 
cell growth regulation  [  128,   129  ] . HEY1 hairy/enhancer-of-split related with 
YRPW motif 1 and NOTCH3 are upregulated also in bsMCF cells and may be 
involved in the EMT process  [  129–  131  ] . TGF- b  is upregulated in bsMCF cells 
and is involved in the EMT through activation of Smad and non-Smad signaling 
pathways. EMT is the differentiation switch by which polarized epithelial cells 
differentiate into contractile and motile mesenchymal cells. Cell motility and 
invasive capacity are activated upon EMT. Multiple transcription factors, includ-
ing deltaEF1/ZEB1, SIP1/ZEB2, and Snail/SNAI1, are induced by TGF- b -Smad 
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signaling and play critical roles in TGF- b -induced EMT. In addition, both non-Smad 
signaling activated by TGF- b  and cross-talk with other signaling pathways play 
important roles in induction of EMT. Of these, Ras signaling synergizes with 
TGF- b -Smad signaling and plays an important role in the induction of EMT. 
FOSL1 is upregulated in bsMCF cells and has been shown to be overexpressed in 
MCF-7 cells after development of antiestrogen resistance. Fos is a component of 
the dimeric transcription factor activator protein-1 (Ap-1), which is composed 
mainly of Fos (c-Fos, FosB, Fra-1, and Fra-2) and Jun proteins (c-Jun, JunB, and 
JunD). Unlike Fra-1 (encoded by FOSL1), c-Fos contains transactivation domains 
required for oncogenesis and cellular transformation  [  132  ] . The Fos-related anti-
gen-1 (Fra-1) is activated in multiple cancers and gene ablation can suppress the 
invasive phenotypes of many tumor cell lines  [  132–  134  ] . S100A4 calcium bind-
ing protein A4 is upregulated in bsMCF cells and many other cancers  [  135,   136  ] . 
This protein promotes metastasis in several experimental animal models, and 
S100A4 protein expression is associated with patient outcome in a number of 
tumor types and possesses a wide range of biological functions, such as regulation 
of angiogenesis, cell survival, motility, and invasion  [  137,   138  ] .  From these data, 
we concluded that the EMT occurring in the breast basal cells depends predomi-
nately on TGF- b  and Wnt signaling pathways, which increase the expression and 
function of transcription and chromatin organization factors that repress the epi-
thelial and enhance the mesenchymal phenotype, thus favoring increased inva-
sion and metastatic activity.   

    4.8   Human Chorionic Gonadotropin Prevents 
the Transformed Phenotypes Induced 
by 17 b -Estradiol in Human Breast Epithelial Cells 

 Clinical and epidemiological studies have shown that prolonged or cumulative 
estrogenic exposure such as early menarche or late menopause are associated 
with increased breast cancer incidence  [  139–  141  ] . Moreover, these effects con-
tinue even after menopause due to local tissue estrogen production  [  142  ] . We 
have demonstrated that estrogen-induced neoplastic transformation in vitro is 
characterized by the loss of the ductulogenic pattern in collagen matrix with 
disruption of the normal breast epithelial architecture  [  4,   143  ] . At early stages in 
the transformation process, estrogen produces a downregulation in the expres-
sion of genes related to cell adhesion such as  ITGB6  (integrin  b 6),  LAMA3  (lami-
nin  a 3),  LAMC2  (laminin  g 2), and  FN1  ( fi bronectin 1) and downregulation of 
other genes by epigenetic modi fi cations  [  5,   144  ] . Unlike estrogen, parity at early 
age, especially before age 24, decreases the incidence of breast cancer  [  12,   145  ]  
compared to nulliparous women. Women with at least one full-term pregnancy 
have 25% reduction in breast cancer risk and increasing number of pregnancies 
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confers further protection  [  146,   147  ] . This can be explained by comparing the 
morphology of the breast of nulliparous and parous women. The breast of a normally 
cycling woman contains three types of lobules described as type 1 (Lob 1), type 
2 (Lob 2), and type 3 (Lob 3) by the degree of their increasing complexity, de fi ned 
as the number of alveoli per lobule  [  148–  150  ] . The breast attains its maximum 
development during pregnancy when there is a progression of Lob 2 to Lob 3; 
this growth phase is followed by the secretory phase in fully differentiated lob-
ules type 4 (Lob 4). With the progressive maturation of Lob 1 to Lob 2, Lob 3, 
and Lob 4, there is a progressive decrease in the percentage of proliferating cells 
and a reduction in the susceptibility of the cells to be transformed by carcinogens 
 [  150  ] . After post-lactational involution, Lob 4 regress to Lob 3, which remains 
present as the predominant structures in the breast until a woman reaches the 
fourth decade of life, at which point the structures decrease due to their involu-
tion to Lob 2 and Lob 1. As opposed to the breasts of parous women, the nullipa-
rous breast contains a great number of Lob 1, whose percentage remains almost 
constant throughout their lifespan; in nulliparous women, Lob 2 are present in 
moderate numbers and Lob 3 are almost totally absent. After menopause, the 
breast regresses in both nulliparous and parous women and this is manifested as 
an increase in the number of Lob 1, and a concomitant decline in the number of 
Lob 2 and Lob 3. At the end of the  fi fth decade of life, the breast of both nullipa-
rous and parous postmenopausal women contains predominantly Lob 1, although 
the Lob 1 in parous women are refractory to carcinogenesis and they have a 
“genomic signature” or gene expression pro fi le that is different from the Lob 1 
of nulliparous women  [  150,   151  ] . We further demonstrated in a model of mam-
mary carcinogenesis in rats that a full-term pregnancy results in substantial pro-
tection against DMBA-induced malignant transformation  [  152  ] . Moreover, 
short-term treatment of virgin rats with hCG induces the same differentiation 
than pregnancy, as described in Chap. 3. Thus, the mammary epithelium is able 
to gain resistance to carcinogenesis by hCG pretreatment  [  153  ] . In an experiment 
in which virgin rats were treated with human chorionic gonadotropin (hCG) for 
21 days (the length of a pregnancy), followed by a 21-day rest period and then 
administration of DMBA, a dramatic dose-dependent decline incidence was 
observed  [  148,   152,   154  ] . Based on these observations, it was proposed that in 
the breast, pregnancy or hCG is able to shift the stem cells 1 that are susceptible 
to transformation by a carcinogen to stem cells 2 that are refractory  [  150,   155  ] . 
Stem cells 2 are progenitor cells originated after post-lactation involution of the 
breast and they can proliferate and differentiate under the stimulus of a new preg-
nancy  [  150,   155  ] . This concept, known as  terminal differentiation hypothesis of 
breast cancer prevention , predicts that the loss of stem cells 1 through differen-
tiation to stem cells 2 and the general increase in the mammary gland differentia-
tion following pregnancy or hCG treatment results in protection from 
tumorigenesis  [  155,   156  ]  (Fig.  4.15 ). Furthermore, previous studies from our 
laboratory have shown that full-term pregnancy induces a permanent genomic 
signature in the breast epithelial cells associated with lower cell proliferation and 
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ef fi cient DNA repair capacity, creating a differentiated breast epithelium that is 
more resistant to carcinogenesis  [  155,   157  ] . The disruption of the tubular structures 
of the breast epithelial cells, including loss of apico-basal polarity and  fi lling of 
the luminal space, are considered a hallmark in epithelial cancers  [  8  ] . The archi-
tectural features and branching morphogenesis during neoplastic transformation 
have critical importance for better understanding the mechanisms behind mam-
mary epithelial carcinogenesis and its prevention. Presumably, early parity and/
or hCG play critical roles in preventing the neoplastic process in the breast epi-
thelium by preserving the normal 3D epithelial architecture. We further demon-
strated in vitro that rhCG was able to prevent the transformation phenotypes 
induced by E 

2
  and stimulated the ductulogenesis by increasing the length of the 

ducts and producing tertiary branching of the breast epithelial cells.  

  Fig. 4.15    The terminal differentiation hypothesis of breast cancer prevention. Stem cells 1 are 
susceptible to be transformed by carcinogens (or E 

2
 ), although stem cells 2 are refractory. This 

hypothesis predicts that: ( a ) the loss of a population of susceptible stem cells 1 through differ-
entiation to stem cells 2 and a general increase in the differentiation of the cells in the mammary 
gland following recombinant human chorionic gonadotropin (rhCG) treatment results in protec-
tion from tumorigenic changes. ( b ) Stem cells 1 exposed to carcinogens (or E 

2
 ) give origin to 

early transformed cells that progress to tumor cells. ( c ) In the case of carcinogen (or E 
2
 ) admin-

istration followed by rhCG treatment, transformed cells are inhibited from progressing to the 
tumorigenic stages (reprinted from Kocdor H, Kocdor MA, Russo J, Snider KE, Vanegas JE, 
Russo IH, Fernandez SV (2009) Human chorionic gonadotropin (hCG) prevents the transformed 
phenotypes induced by 17  b -estradiol in human breast epithelial cells. Cell Biol Int 
33:1135–1143)          
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    4.8.1   Human Chorionic Gonadotropin Prevented the Formation 
of Solid Masses Induced by 17 b -Estradiol (E 

2
 ) 

 The effect of the rhCG on the transformation induced by E 
2
  was studied using 

MCF-10F cells grown in collagen matrix (3D-cultures). One of the advantages of 
using type I collagen matrix is that the human breast epithelial cells like MCF-
10F form tubules mimicking the normal ductules of the human breast. After the 
cells were treated with E 

2
  or rhCG or a combination of E 

2
  and rhCG, the ductulo-

genesis was quantitatively evaluated by estimating the ability of the cells to form 
tubules. When MCF-10F cells were grown in regular media (regular media group) 
or in media with DMSO (DMSO group) or with rhCG alone or in combination 
with E 

2
  (hCG and hCG + E 

2
  groups) and plated in type I collagen matrix, the cells 

formed tubules (Fig.  4.16 ). When the cells were treated with E 
2
  alone (E 

2
  group) 

and plated in collagen, some cells formed tubules and others solid masses 
(Figs.  4.16 ,  4.17  and  4.18 ). E 

2
  induced the formation of solid masses of 

178 ± 33.16  m m in diameter; however, when the cells were treated with E 
2
  in com-

bination with rhCG, the formation of solid masses was prevented (Fig.  4.18 ). The 
number of ducts was similar between the groups except between the control in 
regular media and hCG + E 

2
  group in which the difference was signi fi cant ( p  = 0.01 

Tukey’s test) (Fig.  4.18 ).     

    4.8.2   Human Chorionic Gonadotropin Induced Longer 
Tubules with Tertiary Branching 

 The tubules formed in collagen showed different morphology between the groups; 
the length and diameter of the main duct and the number of primary, secondary, and 
tertiary branching arising from the main tubule were different according to the treat-
ments (Fig.  4.16 ). The ducts were signi fi cantly longer and had more branches when 
the cells were treated with rhCG (hCG alone or in combination with E 

2
 ) (Fig.  4.19 ). 

In Fig.  4.16 , the length, width, and branching of the tubules from each group are 
represented. The tubules formed by the cells treated with rhCG (hCG group) were 
signi fi cantly longer compared to the other groups ( p  < 0.001, Tukey’s test) 
(Fig.  4.19a ). In addition, the tubules formed by the cells treated with rhCG in com-
bination with E 

2
  (hCG + E 

2
  group) were longer compared to other groups ( p  < 0.001; 

Tukey’s test) (Fig.  4.19a ). The diameter of the main tubules was also measured; the 
tubules showed a signi fi cant increase in width when the cells were treated with E 

2
  

alone (E 
2
  group) ( p  < 0.001; ANOVA) and no signi fi cant differences were found 

among the other groups (Fig.  4.19a ). Also, the primary, secondary, and tertiary 
branching was evaluated (Fig.  4.19b ). All the tubules showed primary and second-
ary branches and the differences were not signi fi cant between the treatments; only 
when the cells were treated with rhCG (alone or in combination with E 

2
 ), the ducts 



2274.8 Human Chorionic Gonadotropin Prevents the Transformed Phenotypes…

showed tertiary branching (Fig.  4.19b ). All the ducts from the hCG group and 60% 
of the hCG + E 

2
  group showed tertiary branching. The number of tertiary branches 

per duct was higher when the cells were treated with rhCG alone (hCG group) than 
when they were treated with rhCG in combination with E 

2
  (hCG + E 

2
  group) 

(Student’s  t  test,  p  < 0.001).   

  Fig. 4.16    Tubules on collagen matrix. ( a ) Parameters for the evaluation of 3D growth of human 
breast epithelial cells MCF-10F in collagen. The main ductal length, main ductal width and pri-
mary, secondary, and tertiary branches are indicated; ( b ) tubule formed by MCF-10F cells growing 
in collagen after treatment with DMSO; ( c ) tubule formed by MCF-10F cells after treatment with 
70 nM 17 b -estradiol (E 

2
 ): the tubules are shorter and increased in width; ( d ) tubule formed by 

MCF-10F after treatment with rhCG: the ducts are longer, thinner and present a signi fi cant higher 
number of secondary and tertiary branches; ( e ) tubule formed by MCF-10F cells after treatment 
with rhCG in combination with 17 b -estradiol (hCG + E 

2
  group): the presence of hCG prevents the 

alterations induced by E 
2
  (reprinted from Kocdor H, Kocdor MA, Russo J, Snider KE, Vanegas JE, 

Russo IH, Fernandez SV (2009) Human chorionic gonadotropin (hCG) prevents the transformed 
phenotypes induced by 17  b -estradiol in human breast epithelial cells. Cell Biol Int 
33:1135–1143)       
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  Fig. 4.18    Number of tubules and solid masses on type I collagen matrix. MCF-10F cells were 
treated during 2 weeks with 70 nM (E 

2
  group); 50 IU/mL rhCG (hCG group) or 50 IU/mL rhCG in 

combination with 70 nM E 
2
  (hCG + E 

2
  group); as controls cells were treated with DMSO (DMSO 

group) or maintained in the regular media (regular media group). After the treatments, the ductulo-
genesis assay was performed and the number of ducts and solid masses were counted. Solid masses 
with a mean diameter of 178  m m appeared after treatment with E 

2
 , although when E 

2
  was used in 

combination with rhCG, solid masses did not appear on the collagen. The mean and the standard 
deviation (SD) are indicated (reprinted from Kocdor H, Kocdor MA, Russo J, Snider KE, Vanegas 
JE, Russo IH, Fernandez SV (2009) Human chorionic gonadotropin (hCG) prevents the transformed 
phenotypes induced by 17  b -estradiol in human breast epithelial cells. Cell Biol Int 33:1135–1143)       

  Fig. 4.17    Cell proliferation study by immunohistochemistry. The cross sections of the tubules 
grown in collagen matrix after the different treatments are presented. Only some cells were posi-
tive for Ki67 antigen in the control in regular media (Control), DMSO, hCG, E2 and hCG + E

2
. In 

a cross section, the MCF-10F breast epithelial cells were arranged forming a monolayer around the 
lumen of the duct except in the cells treated with estradiol (E 

2
 ). E 

2
  impairs not only ductal morphol-

ogy and lumen formation, but also causes loss of epithelial characteristics and proliferation as 
consequences of neoplastic transformation. An increased number of cells showed to be positive for 
Ki67 antigen in the tubules formed by the cells treated with E

2
 (bar = 50  m m) (reprinted from 

Kocdor H, Kocdor MA, Russo J, Snider KE, Vanegas JE, Russo IH, Fernandez SV (2009) Human 
chorionic gonadotropin (hCG) prevents the transformed phenotypes induced by 17  b -estradiol in 
human breast epithelial cells. Cell Biol Int 33:1135–1143)       

    4.8.3   The 17 b -Estradiol (E 
2
 ) Treatment Increased Cell 

Proliferation 

 The cell proliferation was evaluated using an antibody against Ki67 antigen. The 
Ki67 antigen is a cell cycle-related nuclear protein, expressed by proliferating cells 
in all phases of the active cell cycle (G 

1
 , S, G 

2
  and M phase) and it is absent in resting 
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  Fig. 4.19      Upper histogram: Ductal length and width. The ducts were longer in the hCG groups 
(hCG and hCG + E 

2
  groups). The tubules showed increased width in the E 

2
  group. The ducts in 

hCG group are signi fi cantly longer than in DMSO, E 
2
 , control in regular media and hCG + E 

2
  

group ( p  < 0.001;  p  < 0.001;  p  < 0.001 and  p  = 0.008 respectively, Tukey’s test); furthermore, the 
tubules are longer in the hCG + E 

2
  group than in the DMSO ( p  < 0.001 Tukey’s test), E 

2
  ( p  < 0.001 

Tukey’s test), and control in regular media ( p  < 0.001 Tukey’s test) groups. The differences in the 
length of the tubules were no signi fi cant between control in regular media vs. DMSO, control in 
regular media vs. E 

2
 , and E 

2
  vs. DMSO ( p  = 0.064,  p  = 0.052, and  p  = 0.79, respectively; Tukey’s 

test). The treatment with E 
2
  (E 

2
  group) increased the width of the ducts when compared to other 

groups ( p  < 0.001 ANOVA followed by Tukey’s test).  Lower histogram:  Percentage of primary, 
secondary, and tertiary branching per duct. Tertiary branching was only observed in the rhCG 
groups (hCG alone or hCG + E 

2
 ) (reprinted from Kocdor H, Kocdor MA, Russo J, Snider KE, 

Vanegas JE, Russo IH, Fernandez SV (2009) Human chorionic gonadotropin (hCG) prevents the 
transformed phenotypes induced by 17  b -estradiol in human breast epithelial cells. Cell Biol Int 
33:1135–1143)       

(G 
0
 ) cells. The cross sections of the tubular structures showed a monolayer of epi-

thelial cells around the lumen in all the groups except in the E 
2
  group (Fig.  4.17 ). In 

the E 
2
  treated group, the cross section of the tubules showed an increase of both 

number of epithelial layers and Ki67 positive cells (Proliferative index = 54.9), 
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indicating an increase in the cell proliferation rate; no difference in the proliferation 
rate was observed in the other groups (Table  4.6 ). Interestingly, there was no increase 
in the cell proliferation rate when the cells were treated with E 

2
  in combination with 

rhCG (hCG + E 
2
  group) (PI = 29.34) compared to the control in regular media 

(PI = 36.8) or DMSO (PI = 32) (Table  4.1 ). The epithelial cells layering the ducts 
showed to be estrogen receptor alpha (ER a ) negative and positive for E-cadherin, 
laminin, vimentin, and keratin shown, but no differences were found between the 
groups.  

 Primary mammary epithelial cells grown in collagen matrix are able to form 
tree-like structures resembling in vivo ductulogenesis  [  7  ] . The human breast epithe-
lial cells MCF-10F formed tubules when grown in type I collagen and we demon-
strated that treatment of these cells with E 

2
  induces phenotypical changes indicative 

of neoplastic transformation  [  4,   143  ] .    We have demonstrated that the transformation 
of MCF-10F by E 

2
 , which is associated with impaired ductal morphogenesis, can be 

abrogated by the hCG; the treatment of the human breast epithelial cells MCF-10F 
with E 

2
  induced formation of solid masses of 178  m m in diameter, although treat-

ment with E 
2
  in combination with hCG prevented their formation. Treatment with 

E 
2
  in combination with rhCG produced the differentiation of the cells and branching 

formation in collagen; the rhCG prevents the action of E 
2
  acting as antagonist. Also, 

we demonstrated that rhCG has a direct effect on the branching of breast epithe-
lium; signi fi cant ductal elongation was observed in hCG-treated groups and tertiary 
branches only appear in the presence of hCG (alone or in combination with E 

2
 ). 

Furthermore, the increase in the width of the tubules produced by E 
2
  was prevented 

by the rhCG. In conclusion, the loss of differentiation and disorganized growth of 
transformed MCF-10F cells caused by estrogen was abrogated by hCG. Altogether 
our data clearly showed that estrogen-induced neoplastic transformation associated 
with altered ductal morphology and solid masses formation and hCG was able to 
abrogate them. These results further support the  terminal differentiation hypothesis 
of breast cancer protection .    MCF-10F cells which are ER a  negative and CD44 +  
form ductules in collagen and can be transformed by carcinogens  [  4,   5,   150  ]  and it 
was proposed that these cells exhibit characteristics of stem cells 1  [  150  ] . 

 The ducts formed a signi fi cant increase in width with an incomplete lumen forma-
tion when the cells were treated with E 

2
  (E 

2
  group) and this effect was associated 

   Table 4.6    Proliferative index   

 Group 
 Percentage of positive Ki67cells on 
ductal structures (Average ± SD) 

 1  Control in regular media  36.8 ± 6.7 
 2  DMSO  32 ± 3.45 
 3  hCG  31.63 ± 11.6 
 4  hCG + E 

2
   29.34 ± 7.35 

 5  E 
2
   54.9 ± 8.1 

  In the ducts, the number of cells Ki67 positive was counted from approximately 100 cells that 
formed the ducts. The proliferative index with the standard deviation is indicated in each case  
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with increased cellular proliferation (Ki67 positive cells). It has been suggested that 
the  fi lling of the lumen would be the result of a decrease in central apoptosis, enhanced 
cellular proliferation, or a combination of the two  [  158  ] . Luminal  fi lling is the earli-
est morphologic alteration and is commonly reported in neoplastic processes  [  158  ] . 
Luminal  fi lling is commonly seen in atypical ductal hyperplasia and DCIS.   

    4.9   Concluding and Summary Remarks 

 The advantage of an in vitro model of 3D growth (3D-cultures) is that it allows 
modeling of the epithelial architecture of the breast  [  8,   10,   159  ] . Normal epithelial 
cells form duct-like structures with apical–basal polarity and well-organized tubular 
structures with stable adherens junctions and cell-basement communications. 
Malignant transformation is associated with the loss of apical–basal polarity and 
monolayer morphology and signi fi cant deviations from normal epithelial behavior 
in 3D-cultures  [  10,   11  ] . In several studies, basement membrane (BM) like Matrigel 
was used to study the growth and differentiation of the breast epithelia instead of 
type I collagen matrix. Matrigel is a complex mixture of extracellular matrix pro-
teins and growth factors  [  12,   13  ] . At difference of type I collagen that provide the 
structural support allowing the expression of the intrinsic properties of the breast 
epithelial cells, the use of BM has allowed to study the role of different factors and 
extracellular matrix components that affect the branching  [  12,   13,   160–  163  ] . 
Therefore, the usage of type I collagen gel matrix was more appropriate for our 
study which involved observing the paracrine effect of the hCG on the breast epithe-
lial cells MCF-10F in the absence of these morphogenetic factors. 

 Although the cellular and molecular mechanisms of tubulogenesis are still incom-
pletely understood, a number of polypeptide growth factors have been shown to 
stimulate the formation and branching of epithelial tubes  [  164  ] . In the present work, 
we showed that rhCG produced longer tubules with tertiary branches even in the 
presence of estradiol. It has been reported that hCG treatment resulted in branching 
and lobulo-alveolar development of the human breast epithelia, although these effects 
were not observed in ovariectomized animals  [  165  ] . Other factors shown to affect the 
branching morphogenesis are the hepatocyte growth factor/scatter factor (HGF/SF) 
 [  12,   166,   167  ]  and several members of the  fi broblast growth factor family  [  168  ] . 
Also, it was shown that heregulin and retinoids stimulated the branching  [  169  ] . 

 Both LH (luteinizing hormone) and hCG bind to the LH/hCG receptor and they 
stimulate adenylate cyclase on the internal membrane converting adenosine triphos-
phate (ATP) into cyclic adenosine monophosphate (cAMP); cAMP stimulates the 
activation of a protein kinase, which among other actions stimulates steroidogenesis 
in the mitochondria of the target cell by transforming cholesterol into pregnenolone. 
Other actions include the induction of proteolytic enzymes, prostaglandine synthe-
sis, inhibin production, induction of 17 b -hydroxysteroid dehydrogenase, and 
changes in gene metabolism  [  170  ] . It was shown that LH/hCG receptors are present 
in human breast tissue, rat breast tissue, and different cell lines  [  171–  174  ] . Gene 
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expression pro fi le studies of rats have shown that the genomic signature induced by 
rhCG treatment was similar to the one induced by pregnancy and these data 
indicated that hCG like pregnancy induce genomic changes that control a speci fi c 
differentiation pathway that it is capable of changing stem cells 1 to stem cells 2, 
although other compounds that induce branching were not able to induce that 
speci fi c signature  [  151,   155  ] . 

 A population-based case-control study of breast cancer among women 40 years of 
age or younger showed that women who received hCG, as a part of a weight loss 
program popular during the 1960s and 1970s or as a component of infertility treat-
ment, were at lower risk to developing breast cancer  [  175  ] . Another population-based 
cohort study of serum collected from  fi rst-trimester pregnant women showed that 
women with high levels of hCG had lower risk of breast cancer than women with low 
hCG levels  [  176  ] . The fact that parous women at early ages also develop breast can-
cer at early ages could be explained if the hCG did not reach suf fi cient levels to be 
able to change the stem cell 1 population to stem cell 2; it was proposed by    Russo and 
Russo  [  155  ]  that Lob 1 found in the breast of nulliparous women and parous women 
with breast cancer never went through the process of differentiation, retaining stem 
cells 1 that are targets for carcinogens and therefore susceptible to undergo neoplas-
tic transformation. Mutagenic insults or protective factors speci fi cally operating 
before or during puberty are likely to have profound consequences for breast cancer 
later in life  [  177–  181  ] . Different studies have suggested that at puberty during the 
mammary gland development associated with stem cell 1 expansion, the gland is 
more sensitive to cancer causing agents. As stem cells 1 are targets of tumorigenesis, 
reducing this population through a direct effect of hCG treatment would be 
bene fi cial. 

 In conclusion, the rhCG was able to abrogate the transforming abilities of E 
2
  and 

it was shown to have a differentiating property on the human breast epithelial cells 
MCF-10F by increasing the branching, a phenotype indicative of cell differentia-
tion. Our results suggested that rhCG has signi fi cant potential as chemopreventive 
agent, protecting the normal cells from becoming malignant.      
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      5.1   Introduction 

 This chapter has been designed in answer to the need of unifying methodological, 
analytical, and clinical procedures for studying the normal human breast  [  1–  7  ] . 
We describe standard operating procedures, guidance on specimen collection and 
handling, data collection and analysis, and to serve as a unique source of reference 
for all the researchers using this source. The information contained in this work 
provides guidelines for the coordination of procedures that include breast core biop-
sies (CB), sample identi fi cation, preservation, and storage, laser capture microdis-
section (LCM), RNA extraction, and cDNA microarray  [  8–  19  ] .  

    5.2   Recruitment and Consent Process 

 The recruitment of women willing to donate normal breast tissue samples requires 
the full participation of institutions, hospitals, physicians, nurses, and the women 
donating their tissue  [  6  ] . In general the recruitment starts by selecting potentially eli-
gible participants by mail. A letter giving a full description of the study, how it will 
be performed and what data and material will be collected should be fi rst read and 
approved by the prospective donor. The study nurse completes an Eligible Participant 
Study Log containing the name of the potentially eligible participant, date letter 
sent, telephone contact (yes/no) for veri fi cation of participation, date called, will-
ingness to participate (yes/no); if no, reason for decline, age, and parity status 
(Tables  5.1  and  5.2 ). For each subject who elects to participate in the study, the 
nurse  fi lls out a questionnaire collecting information on reproductive, lifestyle, and 
medical history (including all current medications). The study nurse checks the eli-
gibility criteria and if eligible the participant signs an informed consent  [  6  ] . The 
study nurse registers each participant and assigns a unique ID; she obtains anthropo-
metrical measurements (height, weight, waist, and hip), a mammography exam and 
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   Table 5.1    Women’s Gene Expression Study-eligibility questionnaire        

(continued)
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Table 5.1 (continued)
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   Table 5.2    Women’s Gene Expression Study questionnaire     

(continued)
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Table 5.2 (continued)
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(continued)

Table 5.2 (continued)
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Table 5.2 (continued)

(continued)
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Table 5.2 (continued)

(continued)
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Table 5.2 (continued)

(continued)
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Table 5.2 (continued)

(continued)
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Table 5.2 (continued)

(continued)
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Table 5.2 (continued)
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enrolls new subjects consecutively until the required number of study subjects is 
 fi lled and collects biological specimens described in Sect.  5.3 . When an accrual 
report shows that the database includes the number assigned for the particular study 
a training set is created and the same when the adequate number has been recruited, 
to create the validation set.    

    5.3   Specimen Collection Procedures 

 Every sample received in our laboratory is logged in a database and stored in −80°C 
freezer. Each breast sample consists of four core biopsies. One core is processed 
for histopathological analysis and the other three for genomic analysis (Fig.  5.1 ). 
All breast core biopsies must be obtained by a quali fi ed physician and specimens 
are obtained after an authorization for use and disclosure of protected health infor-
mation for research has been approved by the Institutional Review Board (IRB) in 
compliance with the US HIPAA regulations (Fig.  5.1 ). All breast core biopsies and 
corresponding participant’s data are de-identi fi ed following the safe harbor method 
recommended by the institution’s De-Identi fi cation of Protected Health Information 
policies. In the protocol used in our studies four core biopsies with a 10G biopsy 
needle were taken from the upper outer quadrant (UOQ) of the right or the left 

  Fig. 5.1    Diagrammatic representation of the steps followed for the isolation of mRNA from the 
core biopsy sample for performing Affymetrix analysis       
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breast, preferentially sampling dense or gritty areas in the breast tissue which may 
be appreciated on the mammogram. From the four core biopsies collected, the  fi rst 
one is preserved in 70% ethanol for histopathological evaluation; the second, third, 
and fourth passes are separately preserved in an RNA-preserving  fl uid (RNAlater ® , 
Ambion) for genomic analysis.  

 The  fi rst core specimen from each CNB is stored in 70% ethanol at 4°C. Cell 
clusters or tissue fragments are tightly positioned in a tissue cassette, which is then 
dehydrated and embedded in paraf fi n and sectioned at 4  m m thickness and stained 
with hematoxylin-eosin (H&E), or processed for immunocytochemical studies 
utilizing an automated cell stainer (Optimax Plus Automatic Consolidated Cell 
Stainer, Biogenex, San Ramon, CA) following standard procedures (Fig.  5.2 ).   

    5.4   Laser Capture Microdissection 

 LCM is performed on frozen sections cut approximately 1 h prior to staining. Slides 
are placed on dry ice immediately after sectioning and remained there until staining 
commenced. Slides are then stained using the Arcturus HistoGene Frozen Section 
Staining Kit (cat# KIT0401) with the following method: 30″, 70% ethanol; dip 
in nuclease-free water; 1 ¢ , hematoxylin treated with ProtectRNA Rnase Inhibitor 
(Sigma, cat# R7397); dip in bluing reagent; 30″, eosin treated with ProtectRNA 
Rnase Inhibitor; 30″, 70% ethanol; 30″, 95% ethanol; 5 ¢ , 100% ethanol; 5 ¢ , xylene. 
Slides are allowed to air dry for about 1 min before beginning the LCM. Each 

  Fig. 5.2    Histological 
processing of the core biopsy       
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Arcturus HistoGene Frozen Section Staining Kit has enough reagents to process 
120 slides  [  6  ] . LCM is performed using the Arcturus Veritas automated system. 
Cells are captured onto CapSure ®  Macro LCM Caps (cat# LCM0211). RNA is 
isolated from the captured cells with the PicoPure RNA Isolation Kit (Arcturus 
cat# KIT0202/KIT0204) and DNA extracted with the PicoPure DNA Extraction Kit 
(Arcturus cat# KIT0103) according to manufacturer’s protocols. Each section 
provided enough cell material for two caps. In average, 40–45 min are required to 
collect cells on each cap. RNA extraction from Macro LCM caps requires 30 min of 
incubation time, and the RNA puri fi cation process takes 20 min. The success rate in 
obtaining high-quality RNA as measured by bioanalyzer is 64%. DNA extraction 
from Macro LCM caps requires 3:30 h of incubation time and  fi nal DNA puri fi cation. 
The success rate in obtaining high-quality RNA as measured by bioanalyzer is (4/4) 
100% (Figs.  5.3 ,  5.4  and  5.5 ).     

    5.5   RNA Preservation for Affymetrix Studies 

 For RNA preservation the second and third breast core biopsies are immersed in 
500  m L of RNAlater ®  (Ambion cat# AM7020), in an Eppendorf tube that are 
identi fi ed specifying the name, ID, date, and solution lot number. The subject num-
ber is the unique identi fi er used in our laboratory for specimen archiving, assay 
tracking, and results reporting. It is linked back to the slide, the date the sample was 
obtained, the type of sample, the preservatives used, and all information related to 

  Fig. 5.3    Laser capture microdissection (LCM) processing       
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  Fig. 5.4    Procurement of mRNA from LCM and kits quality control       

  Fig. 5.5    Procurement of DNA from LCM and kits quality control       

 

 



2655.7 PicoPure® DNA Extraction Kit

assay dates, quality control parameters, lot numbers of reagents, and results. All 
the tubes containing breast core biopsies will be kept at 4°C before shipping. 
As an additional measure each sample tube should be wrapped with Para fi lm to 
prevent possible leakage during shipment. The samples have to be shipped in a 
Styrofoam box with frozen ice packs by overnight express mail. The samples need 
to be packed tightly so they do not move during shipping.  

    5.6   RNA Extraction for mRNA Sequencing 

    5.6.1   Total RNA Isolation 

 The protocol that we use is suitable for 1–10  m g of total RNA because lower amounts 
may result in inef fi cient ligation and low yield. The protocol has been optimized 
using 1  m g of high-quality universal human reference total RNA as input. It is very 
important to use high-quality RNA as the starting material. Use of degraded RNA 
can result in low yield, overrepresentation of the 5 ¢  ends of the RNA molecules, or 
failure of the protocol. Illumina recommends that you check total RNA integrity 
following isolation using an Agilent Technologies 2100 Bioanalyzer with an RNA 
Integrity Number (RIN) value greater than 8. 

 Total RNA is extracted from Macro LCM caps using the PicoPure RNA Isolation 
Kit. The kit enables the recovery of total cellular RNA from pico-scale samples. The 
PicoPure RNA Isolation Kit is optimized for use with cells acquired using LCM on 
CapSure Macro LCM. Total cellular RNA isolated using the PicoPure RNA Isolation 
Kit produces RNA in a small volume of low ionic strength buffer, ready for use 
in diverse downstream applications. In summary, total cell extract is loaded onto a 
preconditioned puri fi cation column and the total RNA is captured on the column 
membrane. The column is washed and the RNA is eluted in low ionic strength buffer.   

    5.7   PicoPure ®  DNA Extraction Kit 

 Extraction Kit provides a fast and easy genomic DNA extraction procedure. No 
organic extractions or spin columns are needed, enabling very high DNA recovery 
from samples and single-tube DNA extraction and subsequent ampli fi cation. This 
streamlined method makes the kit ideal for processing small samples, of as few as 
ten cells, where maximum DNA recovery is critical. The DNA extraction protocol 
requires a 3 h incubation of the LCM caps in proteinase K. After proteinase K is 
denatured, sample is spun and DNA is ready for downstream applications.  
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    5.8   RNA Processing and Quality Control for cDNA 
Microarray Analysis 

 All specimens that have been collected in RNAlater and kept at room temperature 
for no more than 30 min and then stored at 4°C are used for total RNA isolation 
Trizol (Invitrogen, Inc.). The concentration and the quality of each RNA is con fi rmed 
through electrophoresis by capillarity using Agilent 2100 Bioanalyzer (Agilent 
Technologies, Inc., Wilmington, DE, USA) before the RNA is used for ampli fi cation 
and labeling (Fig.  5.1 ). When this process is concluded, the ef fi ciency of the 
ampli fi cation and incorporation of dye into the RNA is measured and hybridization 
proceeds only if the values indicated by the manufacturer have been reached. The 
two-Cycle Eukaryotic Target Labeling Assay will be used. Total RNA (10–100 ng) 
is  fi rst reverse transcribed using a T7-Oligo(dT) Promoter Primer in the  fi rst-strand 
cDNA synthesis reaction. Following RNase H-mediated second-strand cDNA syn-
thesis, the double-stranded cDNA is puri fi ed and serves as a template in the subse-
quent in vitro transcription (IVT) reaction. The IVT reaction is carried out in the 
presence of T7 RNA Polymerase and a biotinylated nucleotide analog/ribonucle-
otide mix for complementary RNA (cRNA) ampli fi cation and biotin labeling. The 
biotinylated cRNA targets are then cleaned up, fragmented, and hybridized to 
GeneChip expression arrays. Because we will start with an initial low amount of 
total RNA, an additional cycle of cDNA synthesis and IVT ampli fi cation is required 
to obtain suf fi cient amounts of labeled cRNA target for analysis with arrays. After 
cDNA synthesis in the  fi rst cycle, an unlabeled ribonucleotide mix is used in the  fi rst 
cycle of IVT ampli fi cation. The unlabeled cRNA is then reverse transcribed in the 
 fi rst-strand cDNA synthesis step of the second cycle using random primers. 
Subsequently, the T7-Oligo(dT) Promoter Primer is used in the second-strand cDNA 
synthesis to generate double-stranded cDNA template containing T7 promoter 
sequences. The resulting double-stranded cDNA is then ampli fi ed and labeled using 
a biotinylated nucleotide analog/ribonucleotide mix in the second IVT reaction. The 
labeled cRNA is then cleaned up, fragmented, and hybridized to Affymetrix 
GeneChip expression arrays (GeneChip ®  Human Genome U133 Plus 2.0; Part# 
900470). The GeneChip ®  Human Genome U133 Plus 2.0 Array offers a compre-
hensive analysis of genome-wide expression on a single array. It also provides 
comprehensive coverage of the transcribed human genome on a single array and 
analyzes the expression level of over 47,000 transcripts and variants, including 
38,500 well-characterized human genes. It comprises more than 54,000 probe sets 
and 1,300,000 distinct oligonucleotide features. 

  cDNA Microarray QA/QC : The scanned images of the microarrays are submitted 
to the software Feature Extraction v9.5.1 (Agilent Technologies, Inc., Wilmington, 
DE, USA), which measures quality parameters, quali fi es each spot based on inten-
sity of signal, background, shape, saturation, and also identi fi es areas with problems 
of hybridization or wash. Those slides that don’t present a satisfactory quality are 
excluded from the analysis to assure the most trustful results (Fig.  5.1 ).  
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    5.9   Blood Collection for Hormone Determination 

 After proper participant identi fi cation and veri fi cation of informed consent form 
signature, whole blood is collected from the median cubital vein for extraction and 
storage of serum and plasma. Serum obtained from postmenopausal women is 
utilized for blood level determination of follicle-stimulating hormone (FSH) for 
con fi rmation of postmenopausal condition.  

    5.10   Blood Collection for Genomic Analysis 

 For whole blood RNA extraction, the PreAnalytiX PAXgene Blood RNA System 
which stabilizes the gene transcription pro fi le at the point of sample collection and 
provides highly puri fi ed cellular RNA is used. PAXgene Blood RNA Tubes stabilize 
cellular RNA for up to 3 days at 18–25°C or up to 5 days at 2–8°C or 6 months at 
−20°C.      
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          6.1   Introduction 

 More than 300 years have elapsed since a striking excess in breast cancer mortality 
was reported in nuns, in whom the increased risk was attributed to their childless-
ness  [  1  ]  until    MacMahon et al.  [  2  ]  in a landmark case-control study found an almost 
linear relationship between a woman’s risk and the age at which she bore her  fi rst 
child (see Chap.   1    ). This work, which included areas of high, intermediate and low 
breast cancer risk in seven parts of the world, con fi rmed that pregnancy had a pro-
tective effect that was evident from the early teen years and persisted until the mid-
dle 20s  [  2  ] . Other studies have reported that additional pregnancies and breastfeeding 
confer greater protection to young women, including a statistically signi fi cantly 
reduced risk of breast cancer in women with deleterious  BRCA1  mutations who 
breast-fed for a cumulative total of more than 1 year  [  3,   4  ] . Our studies, designed to 
unravel what speci fi c changes occurred in the breast during pregnancy that confer a 
lifetime protection from developing cancer, led us to the discovery that endogenous 
endocrinological or environmental in fl uences affecting breast development before 
the  fi rst full-term pregnancy (FFTP) were important modulators of the susceptibility 
of the breast to undergo neoplastic transformation. The fact that exposure of the 
breast of young nulliparous females to environmental physical agents  [  5  ]  or chemi-
cal toxicants  [  6,   7  ]  results in a greater rate of cell transformation suggests that the 
immature breast possesses a greater number of susceptible cells that can become the 
site of origin of cancer, similarly to what has been reported in experimental animal 
models  [  8–  11  ] . In these models, the initiation of cancer is prevented by the differen-
tiation of the mammary gland induced by pregnancy  [  11,   12  ] . The molecular 
changes involved in this phenomenon are just starting to be unraveled  [  13–  18  ] . The 
protection conferred by pregnancy is age-speci fi c since a delay in childbearing after 
age 24 progressively increases the risk of cancer development. Eventually, this risk 
becomes greater than that of nulliparous women when the FFTP occurs after 35 
years of age  [  2  ] . The higher breast cancer risk that has been associated with early 
menarche further emphasizes the importance of the length of the susceptibility 
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“window” that encompasses the period of breast development occurring between 
menarche and the  fi rst pregnancy, when the organ is more susceptible to undergo 
complete differentiation under physiological hormonal stimuli. Differentiation is a 
hallmark that protects the breast from developing cancer by lessening the risk of 
suffering genetic or epigenetic damages. This postulate is supported by our observa-
tions that the architectural pattern of lobular development in parous women with 
cancer differs from that of parous women without cancer; the former being similar 
to the architectural pattern of lobular development of nulliparous women with or 
without cancer. Thus, the higher breast cancer risk in parous women might have 
resulted from either a failure of the breast to fully differentiate under the in fl uence 
of the hormones of pregnancy and/or proliferation of transformed cells initiated by 
early damage or genetic predisposition  [  18  ] . 

 Numerous studies have been performed to understand how the dramatic 
modi fi cations that occur during pregnancy in the pattern of lobular development and 
differentiation, cell proliferation, and steroid hormone receptor content of the breast 
 [  18  ]  in fl uence cancer risk. Studies at the molecular level using different platforms 
for global genome analysis have con fi rmed the universality of this phenomenon in 
various strains of rats and mice  [  13–  18  ] . Studies in experimental animal models 
have been useful for uncovering the sequential genomic changes occurring in the 
mammary gland in response to multiple hormonal stimuli of pregnancy that lead to 
the imprinting of a permanent genomic signature. Work reported herein was 
designed with the purpose of testing whether a similar phenomenon occurs in the 
breast of postmenopausal parous women. Our results support our hypothesis that 
postmenopausal parous women exhibit a genomic “signature” that differs from the 
expression present in the breast of nulliparous women, who traditionally represent 
a high breast cancer risk group.  

    6.2   Methodologic Approach 

 The study participants consisted of postmenopausal women who were grouped accord-
ing to their reproductive history into parous (P) and nulliparous (NP). The nulliparous 
group included both, nulligravida nulliparous (NN) and gravida nulliparous (GN); both 
NN and GN women were considered within the NP as a single group for most analyses, 
unless indicated otherwise. Breast core needle biopsies (CNBs) were  fi rst analyzed his-
topathologically in order to determine the adequacy of tissue, presence of ductal and 
lobular structures, and the characteristics of the stroma. A total of 126 biopsies obtained 
from 82 P and 44 NP women were eligible for  fi nal genomic analysis. In order to gain 
insight into the functional and molecular events that differ between parous and nullipa-
rous breast samples, we applied data mining methods to identify biological processes, 
pathways, and gene networks that are statistically signi fi cant. The up- and downregu-
lated genes for these analyses were selected as described in Table  6.1 . Ingenuity Pathways 
Analysis (IPA) provides a rich functional annotation of genes and proteins, protein–
protein interactions, and the roles of genes in various diseases. The genes differentially 
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expressed between parous and nulliparous breast samples were uploaded into IPA along 
with the ranking metrics. These genes were searched in the IPA’s functional annotation 
database, the Ingenuity Pathways Knowledge Database (IPKB). Depending on the input 
gene list, Ingenuity software models networks and pathways through a statistical com-
putation using functional relationships such as interaction, activation, and localization, 
between proteins, genes, complexes, cells, tissues, drugs, and diseases. Given a list of 
genes and their expression values or fold change metrics, IPA computes a score for net-
work eligible genes that were uploaded. The score is simply the negative exponent of 
this  p -value calculation which calculates the likelihood that the Network Eligible 
Molecules that are part of a network are found therein by random chance alone. A higher 
score implies a signi fi cant composition of genes in a network. Finally, to identify canon-
ical pathways and associations to other knowledge datasets, Gene Set Enrichment 
Analysis (GSEA) was performed against the lists of differentially expressed genes 
between parous and nulliparous samples. For GSEA, we did not apply any fold change 
 fi lter. Canonical pathways were tested for enrichment and pathways were obtained from 
MSigDB, which is a database of gene sets provided by GSEA. Default parameters were 
chosen, except that the maximum intensity of probes was only selected while collapsing 
probe sets for a single gene. To depict the genes that are enriched by GSEA methods as 
a heatmap, we used the RMA expression values and performed an average linkage hierar-
chical clustering on selected genes (Fig.  6.1 ).   

  Fig. 6.1    Hierarchical 
clustering of differentially 
expressed probesets in parous 
and nulliparous women.  Red  
represents expression values 
above the median across all 
samples, and  green  represents 
values below the median. In 
the two top-level clusters of 
samples, the right cluster is 
composed mainly of parous 
samples and the left cluster is 
composed mainly of 
nulliparous samples.  U  
represents the intensity of 
upregulated probesets among 
parous samples, whereas  D  
represents the intensity of 
downregulated probesets 
(reprinted with permission 
from  [  45  ] )       
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    6.3   The Genomic Analysis 

 From the 126 samples hybridized to Affymetrix HG_U133 Plus 2.0 oligonucleotide 
arrays, 113 chips (71 P, 42 NP) satis fi ed quality control thresholds. Using empirical 
Bayes moderated  t -statistics with  p -value less than 0.001 and a minimum log2 fold 
change of 0.3 thresholds as criteria of signi fi cance, we identi fi ed 305 differentially 
expressed probesets (corresponding to 208 distinct genes) between P and NP women 
(Table  6.1 ). Of these, 267 were upregulated and 38 were downregulated (Fig.  6.1 ). 
To understand the biological theme of the observed gene expression differences, we 
carried out bioinformatics-based analysis of microarray data. Gene ontology (GO) 
enrichment analysis revealed biological processes that were categorized into groups 
including RNA metabolic processes, differentiation and development of epidermis 
and ectoderm, and cell-substrate junction assembly (Table  6.2 ),  fi ndings that are in 
agreement with existing knowledge that pregnancy hormones promote the differen-
tiation of mammary epithelial cells     [  4  ] . Highly represented in the parous breast 
were biological processes involving both mRNA and RNA metabolic processes and 
RNA splicing machinery. Important genes that were upregulated within these cate-
gories were: RBMX, HNRNPA1, HNRNPA2B1, HNRNPD, LUC7L3, PNN, 
PRPF39, RBM25, SFPQ, SFRS1, SFRS5, SFRS7, PABPN1, and PRPF4B. 
Biological processes such as differentiation and development of epithelial and ecto-
dermal cells were represented by the up-regulation of COL7A1, KRT5, KRT15, 
LAMA3, LAMC2, NTF4, and KLK7. We also found that genes which are pivotal in 
two biological processes that are critical to the anchoring of epithelial cells to the 
basement membrane, hemidesmosome, and cell-substrate junction assembly, such 
as KRT5, LAMA3 and LAMC2, were upregulated in the P group (Table  6.2 ).  

 Among the downregulated genes, insulin-like growth factor 1 (IGF1) was 
enriched in 19 biological processes that comprised cell proliferation, regulation of 
IGF-like growth factor receptor signaling, somatic stem cell maintenance, muscle 
cell differentiation and apoptosis, among others. Other downregulated genes were 
RALGAPA2, SOX6, ABHD5, EBF1, and RASD1 (Table  6.2 ). 

 We used GSEA to compare differentially expressed genes from this study to 
3,717 curated gene sets of speci fi c pathways, processes, and pro fi les of previous 
pro fi ling experiments obtained through MSigDB  [  19  ] . Pathways enriched by upreg-
ulated genes included breast cancer estrogen signaling, cell communication, and 
mRNA processing (Table  6.3 ). The breast cancer estrogen signaling pathway 
encompassed a set of genes that were dysregulated in estrogen receptor-dependent 
breast cancers. Among these genes were SCGB2A1, SCGB2A2, GATA3, TP53, 
TFF1, STC2, SerpinB5, and SerpinA3. Since full-term pregnancy involves the 
in fl ux of several hormones including estrogen, we postulated that several down-
stream targets of estrogen would be co-regulated in parous subjects (   Table  6.4 ). 
Other pathways that were enriched by upregulated genes were cell communication 
(DSC3 and KRT5) and the mRNA processing reactome (Table  6.3 ). Of great inter-
est was the signi fi cant number of genes related to the mRNA processing reactome 
that were differentially expressed by parity. This pathway was comprised of those 
genes involved in key molecular mechanisms that encompass mRNA and pre-mRNA 
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   Table 6.2    Overrepresented GO biological processes for differentially expressed genes*   

 GO term ID  GO term  Genes upregulated in parous samples 

 GO:0007044  Cell-substrate 
junction 
assembly 

 KRT5, LAMA3, LAMC2 

 GO:0007398  Ectoderm 
development 

 COL7A1, KRT5, KRT15, LAMA3, LAMC2, NTF4, 
KLK7 

 GO:0008544  Epidermis 
development 

 COL7A1, KRT5, KRT15, LAMA3, LAMC2, NTF4, 
KLK7 

 GO:0010160  Formation of organ 
boundary 

 NTF4 

 GO:0031581  Hemidesmosome 
assembly 

 KRT5, LAMA3, LAMC2 

 GO:0016071  mRNA metabolic 
process 

 CIRBP, RBMX, HNRNPA1, HNRNPA2B1, 
HNRNPD, LUC7L3, PNN, PRPF39, RBM25, 
SFPQ, SFRS1, SFRS5, SFRS7, PABPN1, 
PRPF4B 

 GO:0006397  mRNA processing  RBMX, HNRNPA1, HNRNPA2B1, LUC7L3, PNN, 
PRPF39, RBM25, SFPQ, SFRS1, SFRS5, 
SFRS7, PABPN1, PRPF4B 

 GO:0034059  Response to anoxia  OXTR 
 GO:0016070  RNA metabolic 

process 
 DDX17, CHD2, CBX3, CIRBP, ZNF785, EZH2, 

L3MBTL, GATA3, RBMX, ZNF789, 
HNRNPA1, HNRNPA2B1, HNRNPD, LUC7L3, 
PNN, PRPF39, ZNF83, METTL3, CREBZF, 
RBM25, RBBP8, RPS24, CENPK, SFPQ, 
SFRS1, SFRS5, SFRS7, ZNF814, ZNF207, 
PABPN1, RUNX3, FUBP1, PRPF4B, HNRPDL 

 GO:0006396  RNA processing  DDX17, RBMX, HNRNPA1, HNRNPA2B1, 
HNRNPD, LUC7L3, PNN, PRPF39, RBM25, 
RPS24, SFPQ, SFRS1, SFRS5, SFRS7, 
PABPN1, PRPF4B, HNRPDL 

 GO:0008380  RNA splicing  RBMX, HNRNPA1, HNRNPA2B1, HNRNPD, 
LUC7L3, PNN, PRPF39, RBM25, SFPQ, 
SFRS1, SFRS5, SFRS7, PABPN1, PRPF4B 

 GO term ID  GO term  Genes downregulated in parous samples 

 GO:0032859  Activation of Ral 
GTPase activity 

 RALGAPA2 

 GO:0021534  Cell proliferation in 
hindbrain 

 IGF1 

 GO:0009441  Glycolate metabolic 
process 

 IGF1 

 GO:0042692  Muscle cell 
differentiation 

 IGF1, SOX6 

 GO:0051450  Myoblast 
proliferation 

 IGF1 

 GO:0006654  Phosphatidic acid 
biosynthetic 
process 

 ABHD5 

(continued)
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 GO term ID  GO term  Genes downregulated in parous samples 

 GO:0031325  Positive regulation 
of cellular 
metabolic 
process 

 EBF1, IGF1, ABHD5, SOX6 

 GO:0045821  Positive regulation 
of glycolysis 

 IGF1 

 GO:0051006  Positive regulation 
of lipoprotein 
lipase activity 

 ABHD5 

 GO:0042523  Positive regulation 
of tyrosine 
phosphorylation 
of Stat5 protein 

 IGF1 

 GO:0031329  Regulation of 
cellular catabolic 
process 

 IGF1, ABHD5 

 GO:0043567  Regulation of 
insulin-like 
growth factor 
receptor 
signaling 
pathway 

 IGF1 

 GO:0010660  Regulation of muscle 
cell apoptosis 

 IGF1 

 GO:0032485  Regulation of Ral 
protein signal 
transduction 

 RALGAPA2 

 GO:0010889  Regulation of 
sequestering of 
triglyceride 

 ABHD5 

 GO:0033143  Regulation of steroid 
hormone receptor 
signaling 
pathway 

 IGF1 

 GO:0090207  Regulation of 
triglyceride 
metabolic 
process 

 ABHD5 

 GO:0043403  Skeletal muscle 
tissue 
regeneration 

 IGF1 

 GO:0007264  Small GTPase 
mediated signal 
transduction 

 IGF1, RASD1, RALGAPA2 

 GO:0035019  Somatic stem cell 
maintenance 

 IGF1 

  * Adapted with permission from  [  45  ] .  

Table 6.2 (continued)
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   Table 6.3    Overrepresented GSEA gene sets for differentially expressed genes*   

 Pathways enriched by 
upregulated genes  NES 

 FDR 
 q -value  Genes 

 Breast cancer estrogen 
signaling 

 2.217  0.002  SCGB2A1, TFF1, SCGB2A2, SCGB1D2, STC2, 
GATA3, SERPINB5, SERPINA3, AZGP1, 
TP53, CCNA2, CCNE2, EGFR, PTEN, DLC1, 
FHL5 

 HSA01430 cell 
communication 

 1.711  0.075  KRT15, DSC3, DSG3, KRT5, COL4A6, KRT17, 
KRT14, LAMC2, LAMA3, LAMB3, THBS3, 
LAMA5, LAMC1, GJA4, LAMA4, VWF, 
COL4A1, COL4A2 

 mRNA processing 
reactome 

 1.626  0.093  METTL3, HNRPD, HNRPA2B1, PRPF4B, SFRS7, 
CLK4, SFRS5, PABPN1, CSTF3, HNRPU, 
RBM5, SNRP70, SFRS14, SNRPA1, CLK2, 
NXF1, SFRS8, SFRS2, PTBP2, FUS, SFRS6, 
SFRS16, SF3B1, HNRPA3, SNRPB, PRPF3, 
SFRS12, U2AF1, PHF5A, TXNL4A, CUGBP2 

 Pathways enriched by 
downregulated genes  NES 

 FDR 
 q -value  Genes 

 HSA04910 insulin 
signaling pathway 

 −2.242  0.004  CALML3, SHC4, IKBKB, PKM2, PIK3CD, 
PHKA1, CALM1, CBL, MAPK9, GSK3B, SKIP, 
MAP2K1, PIK3R3, CRK, IRS2, SORBS1, SOS1, 
PDE3A, PDE3B, PRKAR2B, MAPK10, PCK1 

 HSA04080 neuroac-
tive ligand receptor 
interaction 

 −2.148  0.007  NPY2R, OXTR, PARD3, GABBR1, LTB4R, 
NR3C1, EDNRA, EDNRB, EDG1, CALCRL, 
ADRB2, AGTRL1, ADRA2A, GHR, PTGER3, 
ADRA1A 

 HSA04530 tight 
junction 

 −2.053  0.012  CGN, INADL, EXOC3, LLGL2, PARD3, PARD6G, 
TJP1, EPB41L1, ZAK, PPP2R1B, PTEN, 
GNAI1, RRAS2, CTNNA1, MAGI1, CLDN10 

 HSA04010 MAPK 
signaling pathway 

 −2.018  0.013  NTF5, FGFR3, CACNA1D, RASGRP1, MAP3K14, 
TP53, CACNA1G, FAS, PDGFA, IKBKB, 
CACNA2D2, DAXX, GNA12, MAPK9, EGFR, 
GADD45A, DUSP10, CHP, DUSP3, MAP2K1, 
CRK, MEF2C, ZAK, EVI1, TGFBR1, SOS1, 
FGF10, RAPGEF2, RRAS2, RASGRF2, 
MAPK10, ACVR1C 

 HSA05210 colorectal 
cancer 

 −1.972  0.013  TP53, IGF1R, FZD8, RALGDS, PIK3CD, FZD6, 
CYCS, MAPK9, EGFR, GSK3B, MAP2K1, 
PIK3R3, TGFBR1, SOS1, TCF7L2, FZD4, 
MAPK10, ACVR1C 

 HSA04510 focal 
adhesion 

 −1.913  0.016  PAK7, COL4A6, LAMC2, LAMA3, SHC4, PAK6, 
ITGA10, LAMB3, ITGA4, PDGFA, IGF1R, 
THBS3, LAMA5, ZYX, PPP1R12A, ITGA2, 
PIK3CD, MAPK9, CAV1, EGFR, PARVA, 
GSK3B, LAMC1, MAP2K1, PIK3R3, CRK, 
FLT1, FYN, CCND2, PTEN, LAMA4, SOS1, 
VWF, IGF1, CAV2, TLN2, COL4A1, PDGFC, 
COL4A2, MAPK10 

 Integrin mediated cell 
adhesion KEGG 

 −1.661  0.062  CAPN3, PAK6, ITGA10, ITGA4, ZYX, ITGA2, 
CAV1, MAP2K1, CRK, SORBS1, FYN, SOS1, 
CAV2, TNS1, MAPK10 

(continued)
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 Pathways enriched by 
downregulated genes  NES 

 FDR 
 q -value  Genes 

 HSA04310 Wnt 
signaling pathway 

 −1.423  0.161  CSNK1A1, NFATC3, TP53, WNT5A, VANGL2, 
FZD8, FZD6, MAPK9, GSK3B, CHP, DAAM1, 
DAAM2, SOX17, PPP2R1B, CCND2, TCF7L2, 
FZD4, MAPK10 

 ST integrin signaling 
pathway 

 −1.400  0.160  PAK7, PAK6, ITGA10, ITGA4, ZYX, ITGA2, 
MAPK9, CAV1, CRK, ARHGEF7, FYN, PTEN, 
SOS1, TLN2, MAPK10 

 HSA04060 cytokine–
cytokine receptor 
interaction 

 −1.383  0.152  CXCL6, IL28RA, CCL5, IFNGR2, FAS, IL4R, 
TNFSF15, PF4V1, TNFRSF14, IL2RB, IFNAR1, 
EGFR, LIFR, FLT1, BMPR2, TGFBR1, PDGFC, 
GHR, BMP2 

  * Adapted with permission from  [  45  ]   

Table 6.3 (continued)

   Table 6.4    Genes differentially expressed by full-term pregnancy (P) when compared to women 
who did not have a full-term pregnancy (GN) ( p  < 0.001 and log2 fold change of at least 0.3)*   

 Gene symbol  Gene name  Probe ID  Log ratio   p  Value 
 Adj.  p  
value 

 ADCYAP1R1  Adenylate cyclase activating 
polypeptide 1 (pituitary) 
receptor type I 

 226690_at  −0.35  0.0005  0.41 

 BMPR1B  Bone morphogenetic protein 
receptor, type IB 

 229975_at  1.17  0.0001  0.41 

 C8orf84  Chromosome 8 open reading 
frame 84 

 235209_at  0.67  0.0007  0.41 

 C8orf84  Chromosome 8 open reading 
frame 84 

 235210_s_at  0.68  0.0009  0.41 

 C9orf5  Chromosome 9 open reading 
frame 5 

 223007_s_at  −0.31  0.0005  0.41 

 CDK5RAP3  CDK5 regulatory subunit 
associated protein 3 

 218740_s_at  0.34  0.0007  0.41 

 CLN5  Ceroid-lipofuscinosis, neuronal 5  214252_s_at  0.33  0.0001  0.41 
 CYTSB  Cytospin B  228900_at  −0.35  0.0009  0.41 
 FAM101A  Family with sequence similarity 

101, member A 
 227320_at  0.39  0.0007  0.41 

 MIA  Melanoma inhibitory activity  206560_s_at  0.66  0.0008  0.41 
 MPPED2  Metallophosphoesterase domain 

containing 2 
 205413_at  0.53  0.0001  0.41 

 SPRY4  Sprouty homolog 4 
( Drosophila ) 

 221489_s_at  −0.38  0.0005  0.41 

 XIST  X (inactive)-speci fi c transcript 
(non-protein coding) 

 224589_at  0.53  0.0005  0.41 
 236373_at  −0.42  0.0001  0.41 
 237190_at  −0.32  0.0002  0.41 
 232626_at  0.35  0.0010  0.41 
 235762_at  0.39  0.0010  0.41 
 241600_at  0.40  0.0009  0.41 

  * Adapted with permission from  [  45  ] .  
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  Fig. 6.2    Immunohistochemistry 
of cyclin–cyclin L2 protein 
(CCNL2) performed in paraf fi n 
embedded tissues of nulliparous 
and parous samples. CCNL2 
protein was overexpressed in the 
nucleus of epithelial cells of 
lobules type 1 in parous breast 
( d – f ) when compared to 
nulliparous women ( a – c ) (×40) 
(reprinted with permission 
from  [  45  ]        

processing reactions, as well as splicing of mRNAs, whose representative genes 
include METTL3, HNRPD, HNRPA2B1, PABPN1, PRPF4B, SRSF7, CLK4, and 
SFRS5 (Table  6.5 ). Among the key pathways that were enriched by downregulated 
genes, the most signi fi cant ones were the insulin signaling pathway, MAPK, 
cytokine–cytokine receptor interaction, and Wnt signaling pathways (Table  6.3 ). In 
Table  6.6 , we depict the genes that were validated using RT-PCR. The genes XIST, 
CREBZF, CCNL2, AHSA2, CIRBP, PILRB, OXTR, and TNMD displayed the 
same expression behavior in both microarray and real time RT-PCR. XIST, CREBZF, 
and CCNL2 were signi fi cantly ( p  < 0.05) upregulated in the parous women. In addi-
tion, the level of expression and localization of CCNL2 was veri fi ed by immunohis-
tochemistry in nulliparous and parous breasts (Fig.  6.2 ). CCNL2 protein was 
signi fi cantly overexpressed in the nucleus of epithelial cells of lobules type 1 of the 
parous breast (Fig.  6.2d–f ) when compared with similar structures found in the 
breast of nulliparous women (Fig.  6.2a–c ). These observations con fi rm the localiza-
tion of this protein in the splicing factor compartment (nuclear speckles)  [  20  ] .     
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    6.4   Functional Signi fi cance of the Signature of Pregnancy 

 Differentiation of the breast induced by an early pregnancy imprints a speci fi c 
genomic signature that can be detected in postmenopausal women (   Fig.  6.3 ; 
Table  6.7 ). Using bioinformatics methods, we found transcriptomic differences 
between the breasts of parous and nulliparous women. These differentially expressed 
genes were used to identify enriched biological processes and pathways. Enriched 
biological processes related to upregulated genes included RNA-related processes, 
differentiation and development of epidermis and ectoderm, and cell-substrate junc-
tion assembly; whereas in the case of downregulated genes the biological processes 
that were enriched included IGF-like growth factor signaling, somatic stem cell 
maintenance, and apoptosis. Pathways that were enriched by upregulated genes 
included breast cancer estrogen signaling, cell communication, and mRNA process-
ing machinery. Numerous pathways were enriched by downregulated genes; the 
most signi fi cant ones were the insulin, Wnt and integrins signaling pathways, 
MAPK, cytokine–cytokine receptor interaction, tight junction, and focal adhesion, 
all representing proteins that are highly expressed in malignancies. 

  Fig. 6.3    Proposed model of the biological processes involved in differentiation of breast epithelial 
cells of postmenopausal parous women (reprinted with permission from  [  45 ]       
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    6.4.1   The Spliceosome Machinery 

 The main components of the spliceosome machinery, including RNA and proteins 
that undergo dynamic changes during the splicing reaction, were upregulated in the 
parous breast. Among them were the heterogeneous nuclear ribonucleoproteins 
(HNRPs) that include HNRPA3, HNRPA2B1, HNRPD, and HNRPU  [  21  ] , which 
are implicated in the regulation of mRNA stability, as well as other functions, such 
as mammary gland involution  [  22  ] , negative regulation of telomere length mainte-
nance  [  23  ] , and regulation of mRNA traf fi cking from the nucleus to distal processes 
in neural cells  [  24  ] . Although further studies are needed to de fi ne their precise func-
tional role in the postmenopausal breast, we postulate that they may play an impor-
tant regulatory function as transcriptional regulators. In addition, post-transcriptional 
methylation of internal adenosine residues in eukaryotic mRNAs by METTL3 
(methyltransferase like 3), which is upregulated in the parous breast, could play a 
role in the ef fi ciency of mRNA splicing, transport, or translation in the differenti-
ated breast epithelium. Other members of the spliceosome complex are the proteins 
encoded by the genes SF3B1, SFRS2, SFRS7, SFRS8, SFRS14, SFRS16, SNRP70, 
SNRPB, SNRPA1, PRF3, and PHF5A, all of which are overexpressed in the parous 
breast. In the case of the small nuclear ribonucleoproteins (snRNPs), there is evi-
dence that they suppress tumor cell growth and may have major implications as 
cancer therapeutic targets. The pre-mRNA splicing factors are enriched in nuclear 
domains termed interchromatin granule clusters or nuclear speckles. Among the 
members of the splicing factor compartment are CCNL1 and CCNL2 that partici-
pate in the pre-mRNA splicing process and are located in the nuclear speckles  [  25, 
  26  ] . These two genes are upregulated in the parous breast and the CCNL2 protein is 
also overexpressed in the nucleus of breast epithelial cells. CCNL1 and CCNL2 are 
transcriptional regulators  [  25–  28  ]  that modulate the expression of critical factors 
leading to cell apoptosis, possibly through the Wnt signal transduction pathway 
 [  27  ] , a signaling pathway that is enriched by downregulated genes in the parous 
breast (Table  6.2 ). In our previously published preclinical and clinical studies  [  4,   5, 
  7,   11  ] , we have reported that pregnancy confers protection from breast cancer devel-
opment by inducing gland differentiation, which imprints a speci fi c and permanent 
genomic signature in this organ. A similar phenomenon was demonstrated in the 
involuted breast of postmenopausal parous women  [  4  ] . We previously described a 
case-control study of transcriptomic analysis of normal breast tissues obtained from 
parous and nulliparous women free of breast pathology and parous and nulliparous 
women with history of breast cancer that served as controls and cases, respectively 
 [  4  ] . In order to investigate the degree of commonality between the previous case-
control and the present study, we applied GO enrichment analysis to the gene lists 
generated from both studies. We found that processes involved in RNA metabolism 
and RNA processing were similar in both studies (Table  6.8 ).   
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     Table 6.7    Important differentially expressed genes in parous vs. nulliparous ( p  < 0.001 and log2 
fold change of at least 0.3)*   

 Gene symbol  Log ratio  Gene name 

 ABHD5  −0.32  Abhydrolase domain containing 5 
 C1orf168  0.80  Chromosome 1 open reading frame 168 
 CBX3  0.53  Chromobox homolog 3 (HP1 gamma homolog,  Drosophila ) 
 CCNL1  0.40  Cyclin L2 
 CCNL2  0.47  Cyclin L2 
 CREBZF  0.48  CREB/ATF bZIP transcription factor 
 DDX17  0.49  DEAD (Asp-Glu-Ala-Asp) box polypeptide 17 
 DSC3  0.55  Desmocollin 3 
 EBF1  −0.33  Early B-cell factor 1 
 EZH2  0.44  Enhancer of zeste homolog 2 ( Drosophila ) 
 GATA3  0.38  GATA binding protein 3 
 HNRNPA1  0.50  Heterogeneous nuclear ribonucleoprotein A1 
 HNRNPA2B1  0.56  Heterogeneous nuclear ribonucleoprotein A2/B1 
 HNRNPD  0.59  Heterogeneous nuclear ribonucleoprotein D (AU-rich element 

RNA binding protein 1, 37 kDa) 
 HNRPDL  0.65  Heterogeneous nuclear ribonucleoprotein D-like 
 IGF1  −0.35  Insulin-like growth factor 1 (somatomedin C) 
 KRT15  0.55  Keratin 15 
 KRT5  0.41  Keratin 5 
 LAMA3  0.30  Laminin, alpha 3 
 LAMC2  0.34  Laminin, gamma 2 
 MALAT1  0.56  Metastasis-associated lung adenocarcinoma transcript 1 

(non-protein coding) 
 METTL3  0.69  Methyltransferase like 3 
 MGP  0.53  Matrix Gla protein 
 NCRNA00173  0.39  Non-protein coding RNA 173 
 NCRNA00201  0.47  Non-protein coding RNA 201 
 OXTR  0.54  Oxytocin receptor 
 RALGAPA2  −0.30  Ral GTPase activating protein, alpha subunit 2 (catalytic) 
 RASD1  −0.31  RAS, dexamethasone-induced 1 
 RBMX  0.38  RNA binding motif protein, X-linked 
 SFPQ  0.47  Splicing factor proline/glutamine-rich 
 SFRS1  0.30  Splicing factor, arginine/serine-rich 1 
 SFRS18  0.40  Splicing factor, arginine/serine-rich 18 
 SFRS5  0.36  Splicing factor, arginine/serine-rich 5 
 SFRS7  0.40  Splicing factor, arginine/serine-rich 7, 35 kDa 
 SNHG10  0.62  Small nucleolar RNA host gene 10 (non-protein coding) 
 SNHG12  0.53  Small nucleolar RNA host gene 12 (non-protein coding) 
 SNORD104  0.43  Small nucleolar RNA, C/D box 104 
 SOX6  −0.33  SRY (sex determining region Y)-box 6 
 XIST  0.57  X (inactive)-specifi c transcript (non-protein coding) 
  * Adapted with permission from  [  45 ]   
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    6.4.2   Non-coding RNAs 

 A number of non-coding RNAs that included XIST, MALAT1 (also called NEAT2), 
and NEAT1 were upregulated in the parous breast. XIST, which inactivates X chro-
mosome as an early developmental process, plays an essential role in female mam-
mals by providing dosage equivalence between males and females. Up-regulation of 
XIST occurs upon differentiation, whereas failure to express XIST is often seen in 
malignancies and in early embryogenesis  [  29  ] . Our  fi ndings are supported by recent 
reports that suggest that XIST is expressed in adult well-differentiated cells in order 
to maintain gene repression  [  29–  33  ] . Oxytocin, a neurotransmitter that acts through 
its speci fi c receptor OXTR and is overexpressed during lactation, up-regulates the 
expression of MALAT1, a highly conserved non-coding RNA  [  34,   35  ] . Interestingly, 
both MALAT1 and OXTR remain overexpressed in the breast of postmenopausal 
parous women. NEAT1 and NEAT2 localize to the periphery and to the interior the 
spliceosome assembly factor SC35 domains or speckles. Our observation that in 
breast epithelial cells CCNL2 is highly enriched in nuclear speckles (Fig.  6.2 ) indi-
cates that CCNL2 might colocalize with NEAT1 and NEAT2. The down-regulation 
of NEAT1, NEAT2, and XIST in the breast of nulliparous women, in whom this 
organ never reached a stage of complete differentiation similar to that achieved after 
completion of pregnancy and lactation  [  36  ] , suggests that the undifferentiated breast 
is not actively involved in the RNA metabolism that is necessary for maintaining a 
state of differentiation.  

    6.4.3   Downstream to the Estrogen Receptor Pathway 

 Although in this study we did not observe differential expression in estrogen receptor 
between parous and nulliparous breasts, several genes that are directly or indirectly 
regulated by estrogen receptor were up- or downregulated in the parous breast (Chap. 
  7    ) and were found to be enriched in the breast cancer estrogen signaling gene set. 
Among them, GATA3, an important component of this gene set, is crucial to mam-
mary gland morphogenesis and differentiation of progenitor cells. GATA3 has been 
suggested to be a tumor suppressor  [  36  ] , a fact supported by the observations that 
induction of its expression in GATA3-negative undifferentiated carcinoma cells is 
suf fi cient to induce tumor differentiation and inhibition of tumor dissemination  [  37–
  39  ] . The down-regulation of RASD1 (RAS, dexamethasone-induced 1), a potential 
miR-375 target that negatively regulates ER alpha expression in breast cancer, further 
con fi rms that the genes involved in the estrogen receptor regulated pathways could be 
under permanent transcriptional modi fi cation as a manifestation of a higher degree of 
cell differentiation of the parous breast, in spite of the lack of transcriptomic differ-
ences in this receptor’s levels between parous and nulliparous breast tissues.  

http://dx.doi.org/10.1007/978-1-4614-4884-6_7


3056.5 Concluding Remarks

    6.4.4   Cell Communication 

 Cell communication, which is a key element in the process of cell and organ dif-
ferentiation, is well represented in the breast of parous women. The parous breast 
exhibits up-regulation of desmocollin (DSC3), a calcium-dependent glycoprotein 
that is a member of the desmocollin subfamily of the cadherin superfamily. These 
members of the desmosomal family, along with the desmogleins, are found primar-
ily in epithelial cells where they constitute the adhesive proteins of the desmosome 
cell–cell junction and are required for cell adhesion and desmosome formation. In 
addition, the up-regulation of matrix Gla proteins (MGP), laminins (LAMA3 and 
LAMC2), and keratin 5 (KRT5) in the parous breast is an indication that they re fl ect 
the greater differentiated state of the breast epithelial cells  [  40  ] . This concept is sup-
ported by the observation that the loss of MGP expression may be associated with 
tumor progression and metastasis  [  41  ] .  

    6.4.5   Insulin-Like Growth Factor 1 

 Our  fi ndings that IGF1 is downregulated in the parous breast is consistent with 
published data reporting overall lower levels of IGF1 in parous than in nulliparous 
women  [  42  ]  and support the association of IGF1 with increased breast cancer risk 
 [  43  ] . It is known that IGF1 stimulates mitosis and inhibits apoptosis, playing a 
signi fi cant role in signaling pathways involved in the pathogenesis of breast cancer. 
The down-regulation of IGF1 in the parous breast, in association with the signi fi cant 
down-regulation of SOX6, EBF1 (early B-cell factor 1), ABHD5, RASD1 (RAS, 
dexamethasone-induced 1), a potential miR-375 target that negatively regulates ER 
alpha expression in breast cancer  [  44  ] , and RALGAPA2, could represent a signi fi cant 
driving force in the reduction of breast cancer risk conferred by pregnancy.   

    6.5   Concluding Remarks 

 In summary, using a core needle biopsy of postmenopausal breast parenchyma com-
prising of stroma and lobular structures, we found a speci fi c genomic signature 
induced by full-term pregnancy (Table  6.7 )  [  45  ] . This genomic signature suggests 
that the differentiation process of breast cells is centered in the mRNA processing 
reactome, which emerges as an important regulatory pathway induced by pregnancy. 
The biological importance of the differential expression of genes that control the 
spliceosome could be an indication of a safeguard mechanism at post-transcriptional 
level that maintains the  fi delity of the transcriptional process. In addition, the criti-
cal regulatory pre-mRNA splicing mechanism could also regulate the expression of 
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speci fi c genes controlling estrogen signaling pathways, cell communication, and 
differentiation, as well as pathways related to chromatin remodeling, altogether 
resulting in control of cell differentiation and breast cancer prevention (Fig.  6.3 ). 
Future studies are needed to con fi rm these results, in particular studies focusing 
speci fi cally on lobular epithelial cells selected using laser capture microdissection 
(LCM). Finally, digital transcriptome analysis such as RNA-Seq methods will help 
in understanding the precise differentiation paradigms in parous breast tissue.       

   References 

    1.    Clarke CA, Purdie DM, Glaser SL (2006) Population attributable risk of breast cancer in white 
women associated with immediately modi fi able risk factors. BMC Cancer 6:170  

    2.    MacMahon B, Cole P, Lin TM, Lowe CR, Mirra AP, Ravnihar B, Salber EJ, Valaoras VG, 
Yuasa S (1970) Age at  fi rst birth and breast cancer risk. Bull World Health Organ 
43:209–221  

    3.    Jemal A, Siegel R, Ward E, Murray T, Xu J, Thun MJ (2007) Cancer statistics, 2007. CA 
Cancer J Clin 57:43–66  

    4.    Russo J, Balogh GA, Russo IH (2008) Full-term pregnancy induces a speci fi c genomic signa-
ture in the human breast. Cancer Epidemiol Biomarkers Prev 17:51–66  

    5.    Russo J, Russo IH (1980) In fl uence of differentiation and cell kinetics on the susceptibility of 
the rat mammary gland to carcinogenesis. Cancer Res 40:2677–2687  

    6.    Tay LK, Russo J (1981) Formation and removal of 7,12-dimethylbenz[a]anthracene—nucleic 
acid adducts in rat mammary epithelial cells with different susceptibility to carcinogenesis. 
Carcinogenesis 2:1327–1333  

    7.    Russo IH, Koszalka M, Russo J (1991) Comparative study of the in fl uence of pregnancy and 
hormonal treatment on mammary carcinogenesis. Br J Cancer 64:481–484  

    8.    Thomas DB, Rosenblatt KA, Ray RM (2001) Re: Breastfeeding and reduced risk of breast 
cancer in an Icelandic cohort study. Am J Epidemiol 154:975–977  

    9.    Sinha DK, Pazik JE, Dao TL (1988) Prevention of mammary carcinogenesis in rats by preg-
nancy: effect of full-term and interrupted pregnancy. Br J Cancer 57:390–394  

    10.    Srivastava P, Russo J, Mgbonyebi OP, Russo IH (1998) Growth inhibition and activation of 
apoptotic gene expression by human chorionic gonadotropin in human breast epithelial cells. 
Anticancer Res 18:4003–4010  

    11.    Russo J, Moral R, Balogh GA, Mailo D, Russo IH (2005) The protective role of pregnancy in 
breast cancer. Breast Cancer Res 7:131–142  

    12.    Russo J, Russo IH (1997) Role of differentiation in the pathogenesis and prevention of breast 
cancer. Endocr Relat Cancer 4:7–21  

    13.    Henry MD, Triplett AA, Oh KB, Smith GH, Wagner KU (2004) Parity-induced mammary 
epithelial cells facilitate tumorigenesis in MMTV-neu transgenic mice. Oncogene 
23:6980–6985  

    14.    Srivastava P, Russo J, Russo IH (1997) Chorionic gonadotropin inhibits rat mammary carcino-
genesis through activation of programmed cell death. Carcinogenesis 18:1799–1808  

    15.    Medina D (2004) Breast cancer: the protective effect of pregnancy. Clin Cancer Res 
10:380S–384S  

    16.    Ginger MR, Gonzalez-Rimbau MF, Gay JP, Rosen JM (2001) Persistent changes in gene 
expression induced by estrogen and progesterone in the rat mammary gland. Mol Endocrinol 
15:1993–2009  

    17.    D’Cruz CM, Moody SE, Master SR, Hartman JL, Keiper EA, Imielinski MB, Cox JD, Wang 
JY, Ha SI, Keister BA, Chodosh LA (2002) Persistent parity-induced changes in growth 



307References

factors, TGF-beta3, and differentiation in the rodent mammary gland. Mol Endocrinol 
16:2034–2051  

    18.    Russo J, Russo IH (2004) Endocrine control of breast development. In: Russo J, Russo IH 
(eds) Molecular basis of breast cancer: prevention and treatment, 1st edn. Springer, Berlin, pp 
64–67  

    19.    Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, 
Pomeroy SL, Golub TR, Lander ES, Mesirov JP (2005) Gene set enrichment analysis: a 
knowledge-based approach for interpreting genome-wide expression pro fi les. Proc Natl Acad 
Sci U S A 102:15545–15550  

    20.    de Graaf K, Hekerman P, Spelten O, Herrmann A, Packman LC, Bussow K, Muller-Newen G, 
Becker W (2004) Characterization of cyclin L2, a novel cyclin with an arginine/serine-rich 
domain: phosphorylation by DYRK1A and colocalization with splicing factors. J Biol Chem 
279:4612–4624  

    21.    Wahl MC, Will CL, Luhrmann R (2009) The spliceosome: design principles of a dynamic 
RNP machine. Cell 136:701–718  

    22.    Taga Y, Miyoshi M, Okajima T, Matsuda T, Nadano D (2010) Identi fi cation of heterogeneous 
nuclear ribonucleoprotein A/B as a cytoplasmic mRNA-binding protein in early involution of 
the mouse mammary gland. Cell Biochem Funct 28:321–328  

    23.    Huang PR, Hung SC, Wang TC (2010) Telomeric DNA-binding activities of heterogeneous 
nuclear ribonucleoprotein A3 in vitro and in vivo. Biochim Biophys Acta 1803:1164–1174  

    24.    Han SP, Friend LR, Carson JH, Korza G, Barbarese E, Maggipinto M, Hat fi eld JT, Rothnagel 
JA, Smith R (2010) Differential subcellular distributions and traf fi cking functions of hnRNP 
A2/B1 spliceoforms. Traf fi c 11:886–898  

    25.    Loyer P, Trembley JH, Grenet JA, Busson A, Corlu A, Zhao W, Kocak M, Kidd VJ, Lahti JM 
(2008) Characterization of cyclin L1 and L2 interactions with CDK11 and splicing factors: 
in fl uence of cyclin L isoforms on splice site selection. J Biol Chem 283:7721–7732  

    26.    Li HL, Wang TS, Li XY, Li N, Huang DZ, Chen Q, Ba Y (2007) Overexpression of cyclin L2 
induces apoptosis and cell-cycle arrest in human lung cancer cells. Chin Med J (Engl) 
120:905–909  

    27.    Zhuo L, Gong J, Yang R, Sheng Y, Zhou L, Kong X, Cao K (2009) Inhibition of proliferation 
and differentiation and promotion of apoptosis by cyclin L2 in mouse embryonic carcinoma 
P19 cells. Biochem Biophys Res Commun 390:451–457  

    28.    Brooks YS, Wang G, Yang Z, Smith KK, Bieberich E, Ko L (2009) Functional pre-mRNA 
trans-splicing of coactivator CoAA and corepressor RBM4 during stem/progenitor cell dif-
ferentiation. J Biol Chem 284:18033–18046  

    29.   Erwin JA, Lee JT (2010) Characterization of X-chromosome inactivation status in human 
pluripotent stem cells. Curr Protoc Stem Cell Biol Chapter 1:Unit 1B 6  

    30.    Do JT, Han DW, Gentile L, Sobek-Klocke I, Wutz A, Scholer HR (2009) Reprogramming of 
Xist against the pluripotent state in fusion hybrids. J Cell Sci 122:4122–4129  

    31.    Vincent-Salomon A, Ganem-Elbaz C, Manie E, Raynal V, Sastre-Garau X, Stoppa-Lyonnet D, 
Stern MH, Heard E (2007) X inactive-speci fi c transcript RNA coating and genetic instability 
of the X chromosome in BRCA1 breast tumors. Cancer Res 67:5134–5140  

    32.    Xiao C, Sharp JA, Kawahara M, Davalos AR, Di fi lippantonio MJ, Hu Y, Li W, Cao L, Buetow 
K, Ried T, Chadwick BP, Deng CX, Panning B (2007) The XIST noncoding RNA functions 
independently of BRCA1 in X inactivation. Cell 128:977–989  

    33.    Silver DP, Dimitrov SD, Feunteun J, Gelman R, Drapkin R, Lu SD, Shestakova E, Velmurugan 
S, Denunzio N, Dragomir S, Mar J, Liu X, Rottenberg S, Jonkers J, Ganesan S, Livingston DM 
(2007) Further evidence for BRCA1 communication with the inactive X chromosome. Cell 
128:991–1002  

    34.    Breton C, Di Scala-Guenot D, Zingg HH (2001) Oxytocin receptor gene expression in rat 
mammary gland: structural characterization and regulation. J Mol Endocrinol 27:175–189  

    35.    Koshimizu TA, Fujiwara Y, Sakai N, Shibata K, Tsuchiya H (2010) Oxytocin stimulates 
expression of a noncoding RNA tumor marker in a human neuroblastoma cell line. Life Sci 
86:455–460  



308 6 The Transcriptome of Breast Cancer Prevention

    36.    Wilson BJ, Giguere V (2008) Meta-analysis of human cancer microarrays reveals GATA3 is 
integral to the estrogen receptor alpha pathway. Mol Cancer 7:49  

    37.    Chou J, Provot S, Werb Z (2010) GATA3 in development and cancer differentiation: cells 
GATA have it! J Cell Physiol 222:42–49  

    38.    Pei XH, Bai F, Smith MD, Usary J, Fan C, Pai SY, Ho IC, Perou CM, Xiong Y (2009) CDK 
inhibitor p18(INK4c) is a downstream target of GATA3 and restrains mammary luminal pro-
genitor cell proliferation and tumorigenesis. Cancer Cell 15:389–401  

    39.    Kouros-Mehr H, Bechis SK, Slorach EM, Littlepage LE, Egeblad M, Ewald AJ, Pai SY, Ho IC, 
Werb Z (2008) GATA-3 links tumor differentiation and dissemination in a luminal breast can-
cer model. Cancer Cell 13:141–152  

    40.    Fischer J, Klein PJ, Farrar GH, Hanisch FG, Uhlenbruck G (1984) Isolation and chemical and 
immunochemical characterization of the peanut-lectin-binding glycoprotein from human 
milk-fat-globule membranes. Biochem J 224:581–589  

    41.    Chen L, O’Bryan JP, Smith HS, Liu E (1990) Overexpression of matrix Gla protein mRNA in 
malignant human breast cells: isolation by differential cDNA hybridization. Oncogene 
5:1391–1395  

    42.    Holmes MD, Pollak MN, Hankinson SE (2002) Lifestyle correlates of plasma insulin-like 
growth factor I and insulin-like growth factor binding protein 3 concentrations. Cancer 
Epidemiol Biomarkers Prev 11:862–867  

    43.    Key TJ, Appleby PN, Reeves GK, Roddam AW (2010) Insulin-like growth factor 1 (IGF1), 
IGF binding protein 3 (IGFBP3), and breast cancer risk: pooled individual data analysis of 17 
prospective studies. Lancet Oncol 11:530–542  

    44.    de Souza Rocha Simonini P, Breiling A, Gupta N, Malekpour M, Youns M, Omranipour R, 
Malekpour F, Volinia S, Croce CM, Najmabadi H, Diederichs S, Sahin O, Mayer D, Lyko F, 
Hoheisel JD, Riazalhosseini Y (2010) Epigenetically deregulated microRNA-375 is involved 
in a positive feedback loop with estrogen receptor alpha in breast cancer cells. Cancer Res 
70:9175–9184  

    45.      Peri S, López de Cicco R, Santucci-Pereira J, Slifker M, Ross EA, Russo IH, Russo PA, Arslan 
AA, Belitskaya-Lévy I, Zeleniuch-Jacquotte A, Bordas P, Lenner P, Åhman J, Afanasyeva Y, 
Johansson R, Sheriff F, Hallmans G, Toniolo P, Russo J (2012) De fi ning the genomic signature 
of the parous breast. BMC Med Genomics (in press)          



309J. Russo and I.H. Russo, Role of the Transcriptome in Breast Cancer Prevention, 
DOI 10.1007/978-1-4614-4884-6_7, © Springer Science+Business Media New York 2013

          7.1   Introduction 

 Breast cancer is the most frequently diagnosed cancer in postmenopausal women 
and the leading cause of cancer death in females worldwide  [  1  ] . The global inci-
dence of breast cancer has gradually increased over the last few decades  [  1,   2  ] . 
Although the reasons of this increase are uncertain, it is known that the breast 
cancer risk is reduced in women who gave birth to a child before age 24  [  3  ]  a 
reduction that is enhanced by breast-feeding and multiparity  [  4,   5  ] . Experimentally 
it has been demonstrated that the protection conferred by pregnancy is mediated 
by the differentiation of the breast, a physiological process driven by the complex 
hormonal milieu created by the placenta and the fetus  [  6–  8  ] . The postulate that the 
degree of differentiation acquired through an early pregnancy changes the genomic 
signature that differentiates the lobular structures of early parous (P) women from 
those of nulliparous (NP) women has been demonstrated through the enriched 
analysis of the genomic pro fi le of breasts of parous and nulliparous postmeno-
pausal and premenopausal women  [  9,   10  ]  and of rodent models  [  6–  8,   11,   12  ] . 
These  fi ndings have allowed researchers to demonstrate that signi fi cant differ-
ences in the expression of genes controlling differentiation and transcription exist 
between groups that differ in their parity history. These data explain at molecular 
level the basis of the protective effect of pregnancy and establishes a functional 
genomic signature of breast cancer risk reduction, con fi rming a postulate pub-
lished in 1997  [  7  ] . 

 We have demonstrated using a detailed histological, cytological, immunohis-
tochemical (IHC), and transcriptomic analysis of breast samples obtained from nul-
liparous and parous postmenopausal women that the differentiation of the breast 
induced by an early pregnancy imprints a speci fi c phenotypic and genotypic signa-
ture that can be detected in postmenopausal women.  

    Chapter 7   
 Chromatin Remodeling and Pregnancy-Induced 
Differentiation       
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    7.2   The Methodological Approach 

 Breast tissue was collected from volunteering healthy women  [  13  ]  between 50 and 69 
years of age, postmenopausal, i.e., lack of menstrual periods for 12 preceding months 
and elevated circulating levels of follicle-stimulating hormone (FSH) (40–250 IU/L), 
consistent with menopausal condition. Breast core needle biopsies (CNBs) were taken 
from the upper outer quadrant of the right or the left breast under radiographic control. 
From the CNBs obtained from each donor one core was  fi xed in 70% ethanol for histo-
logical and IHC analysis; the two remaining cores were placed in RNAlater ®  (Ambion) 
solution for RNA extraction and subsequent transcriptomic analysis (see Chap.   5    ).  

    7.3   Architecture of Postmenopausal Women’s Breast 

 Our previous studies have in great part clari fi ed the role of pregnancy-induced breast 
differentiation in the reduction in breast cancer risk, as well as the identi fi cation of 
lobules type 1 (Lob 1) or the terminal ductal lobular unit (TDLU) as the site of origin 
of breast cancer  [  6,   9,   14  ] . The morphological, physiological, and genomic changes 
resulting from pregnancy and hormonally induced differentiation of the breast and 
their in fl uence on breast cancer risk have been addressed in previous publications 
 [  6,   9,   14,   15  ] . Our observations that during the postmenopausal years the breast of 
both parous and nulliparous women contains preponderantly Lob 1 and the fact that 
nulliparous women are at higher risk of developing breast cancer than parous women 
indicate that Lob 1 in these two groups of women either differ biologically, or exhibit 
different susceptibility to carcinogenesis  [  15  ] . The breast tissues of the parous and 
nulliparous women contained ducts and Lob 1, which were characterized by contain-
ing 11.2 ± 6.3 ductules per lobular unit, as previously reported  [  7–  9  ] . Each ductule 
was composed of an external layer of myoepithelial cells and a monolayer of cuboi-
dal epithelial cells lining a lumen than contained proteinaceous material (Fig.  7.1a–d ). 
IHC staining revealed that epithelium lining both ducts and ductules consisted of 
basal cells showing positive reactivity for keratin 5/6 (Fig.  7.1e ) and myoepithelial 
cells reacting positively with smooth muscle antigen (SMA) (Fig.  7.1f ); these two 
markers had similar reactivity in both parous and nulliparous breasts.  

 The proliferative activity of the epithelial cells or Ki67 index was expressed as the 
percentage of Ki67 positive cells from the total number of cells counted in ducts and 
Lob 1 of parous (Fig.  7.2a, b ) and nulliparous (Fig.  7.2c, d ) women’s breast. The Ki67 
index in the ductal epithelium of NP breasts was signi fi cantly higher ( p  < 0.03) than in 
the Lob 1 of the same tissues and it was also higher than in ducts and Lob 1 of the 
parous breast (Fig.  7.2b ). In the parous breast, on the other hand, the Ki67 index did not 
differ between the epithelium of ducts and that of Lob 1 ( p  > 0.55) (Fig.  7.2b ).  

 The ER- a  and the PR were equally expressed in epithelial cells lining ducts and 
Lob 1 of both NP and P breast tissues. The percentage of cells positive for both 
receptors did not differ between NP and P women’s breasts, as shown in the box plot 
of ER- a  positive cells (Fig.  7.3 ).  

http://dx.doi.org/10.1007/978-1-4614-4884-6_5
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  Fig. 7.1    Histological sections of HE-stained ductules in lobules type 1 (Lob 1): ( a ,  b ) from nul-
liparous (NP) and ( c ,  d ) from parous (P) women’s breast tissues; ( e ) positive IHC stain for keratin 
5/6 in basal cells; ( f ) IHC stain for SMA in myoepithelial cells. DAB with hematoxylin (H) coun-
terstain. Magni fi cation bar: 100  m m. All ethanol- fi xed cores were processed for histopathological 
and IHC evaluation. All blocks of paraf fi n-embedded tissues were cut at a thickness of 5  m m, 
stained with hematoxylin and eosin (HE) and examined under an Olympus BH-2 transmitted light 
microscope. Each section was evaluated for the presence of mammary ducts and lobules and for 
determining the ratio between parenchyma and stroma. Specimens lacking epithelial components 
were not included in the analysis (reprinted with permission from  [  51  ] )       

 



  Fig. 7.2    Ki 67 immunoreactivity in the nucleus of epithelial cells in ducts ( a ) and Lob 1 
( b ) in the parous breast and in ducts ( c ) and Lob 1 ( d ) of the nulliparous breast. DAB-H counter-
stain; magni fi cation bar: 100  m m. Box plot of the proliferative activity (Ki67 index) of ductal and 
Lob 1 epithelial cells. The Ki67 index in ductal epithelial cells of the nulliparous breast (NP-ducts) 
was signi fi cantly higher than in the Lob 1 (NP-Lob) of the same tissues (paired  t -test) ( T  = 2.22; 
 p  < 0.03), but it did not differ signi fi cantly between ducts (P-ducts) and Lob 1 (P-Lob) in the parous 
breast. The Ki 67 index in NP-ducts was also signi fi cantly higher than in ducts and Lob 1 of the 
parous breast. See legend of Fig.  7.3  (reprinted with permission from  [  51  ] )       
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 The study of HE-stained tissues revealed that the population of luminal cells lin-
ing ducts and Lob 1 was composed of cells that were characterized by their nuclear 
appearance into two types: one that contained large and palely stained nuclei with 
prominent nucleoli (Fig.  7.1a, b ) and another consisting of small hyper chromatic 
nuclei (Fig.  7.1c, d ). The pale staining of the large former nuclei is a feature indica-
tive of a high content of non-condensed euchromatin; these nuclei were called 
euchromatin-rich nuclei (EUN) (Fig.  7.1a, b ). The hyperchromasia observed in the 
latter nuclei was indicative of chromatin condensation and high content of hetero-
chromatin; these nuclei were identi fi ed as heterochromatin-rich nucleus (HTN) 
(Figs.  7.1c, d  and  7.4a ). The analysis of the distribution of HTN and EUN cells in 
histological sections of the breast core biopsies revealed that EUN were more abun-
dant in the NP than in the P breast tissues, whereas the inverse was true for the HTN; 
these differences were statistically signi fi cant (Fig.  7.4b ). We have con fi rmed the 
differences between the HTN and EUN depicted in Fig.  7.1a, b  vs.  7.1c, d , using a 
quantitative image analysis system. The nuclear size (diameter, area, and perimeter) 
of the EUN as a whole was signi fi cantly higher ( p  < 0.05) than that of the HTN in 
both nulliparous and parous women (Table  7.1  and Fig.  7.4b ). Differences were also 

  Fig. 7.3    The estrogen receptor  a  (ER- a ) immunoreactivity in the nucleus of epithelial cells in 
ducts and Lob 1 is similar between parous and nulliparous breasts, as shown in the box plot. Fifty 
cases (21 NP and 29 P) were selected for IHC detection of the following antibodies: cytokeratin 
(CK) 5/6, clone D5/16 B4, ER- a  clone ID5, dilution 1:50, progesterone receptor (PR) (clone PgR 
636), smooth muscle antibody (SMA) clone 1A4, and Ki67, all from DakoCytomation, anti-di-
methyl-histone H3 (Lys9) (H3K9me 2 ), tri-methyl histone H3 (Lys27) (H3K27me 3 ) (Cell Signaling 
Technology Inc.), and cyclin L2 (CCNL2) antibody (Novus Biologicals, Cambridge, UK). All 
assays were run with appropriate negative and positive controls; incubation and staining proce-
dures were performed following protocols recommended by the manufacturers. Evaluation of IHC 
reactions was performed by a count of 1,000 cells per case and results were expressed as the per-
centage of positive nuclei (ER- a , PR, Ki67, H3K9me 2 , H3K27me 3 , and CCNL2) or cytoplasm 
(CK 5/6, SMA) of the total number counted and analyzed by  t -test. Cells were evaluated according 
the intensity of brown staining as strongly positive (+), moderately positive (±), or negative (−) 
(reprinted with permission from  [  51  ] )       
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  Fig. 7.4    ( a ) Box plot showing the signi fi cant difference ( T  = −2.82;  p  < 0.02) in nuclear diameter 
between hyperchromatic heterochromatin-rich nuclei (HTN) and the palely stained euchromatin-
rich nuclei (EUN) nuclei. ( b ) The box plot showing the percentage of HTN and EUN distribution 
in histological sections of the breast core needle biopsies of parous (P) and nulliparous (NP) 
women revealed that HTN were signi fi cantly more abundant in the P than in the NP breast 
( T  = −7.86;  p  < 0.0000), whereas EUN were prevalent in the NP vs. P breast ( T  = 7.88;  p  < 0.0000). 
The percentage of HTN in the NP breast was signi fi cantly lower than the percentage of EUN 
( T  = −11.63;  p  = 0.0000); in the P breast, on the other hand, HTN prevailed over EUN ( T  = 5.18; 
 p  = 0.0000) (reprinted with permission from  [  51  ] )       
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found to be statistically signi fi cant ( p  < 0.05) regarding the nuclear shape (nuclear 
feret ratio) in the breast of nulliparous women, indicating that in these breasts the 
nuclei of the HTN had a more elongated ellipsoidal shape than the EUN (Table  7.1 ). 
The light absorbance (mean gray values/nucleus) was always greater for EUN than 
for HTN of both NP and P breasts, either considered as two groups or individually, 
an indication that under densitometric terms HTN were always more densely stained 
than EUN. Comparison of the EUN of nulliparous vs. parous breasts revealed 
signi fi cant differences in nuclear size, stainability, and densitometric energy, lead-
ing us to conclude that epithelial cell nuclei were larger, less stainable, and with 
smaller regions with uniform densitometric intensity in nulliparous breasts. 
Comparison of the HTN of nulliparous vs. parous breasts revealed signi fi cant differ-
ences in nuclear diameter (Fig.  7.4a ), perimeter, shape, and stainability; cell nuclei 
showed larger contours and more elongated ellipsoidal shape and they were more 
stainable in nulliparous breasts (Table  7.1 ). These observations indicated that a shift 
of the EUN cell population to a more densely packed chromatin cell (HTN) had 
occurred in association with the history of pregnancy as a distinctive pattern of the 
postmenopausal parous breast.   

 Since chromatin condensation is part of the process of chromatin remodeling 
towards gene silencing that is highly regulated by methylation of histones, we 
veri fi ed this phenomenon by IHC incubating NP and P breast tissues with anti-
bodies against histone 3 dimethylated at lysine 9 (H3K9me 2 ) (Fig.  7.5a-a, b ) and 
trimethylated at lysine 27 (H3K27me 3 ) (Fig.  7.5c-a, b ). The IHC stain revealed 
that methylation of H3 at both lysine 9 and 27 was increased in the heterochro-
matin-condensed nuclei of epithelial cells of the parous breast (Fig.  7.5a-b  and 
 7.5c-b ) when compared to the EUN of the nulliparous breast (Fig.  7.5a-a  and 
 7.5c-a ). In the nulliparous breast the reactivity in individual cells was less 
intense and the number of positive cells was signi fi cantly lower (Fig.  7.5b  and   
7.5d ). These variations in chromatin reorganization were supported by the 
upregulation of  CBX3 ,  CHD2 ,  L3MBTL , and  EZH2  genes controlling this 
process, as depicted in Table  7.2  and Fig.  7.6 .    

    7.4   Transcriptomic Differences 

 Analysis of P and NP microarrays revealed that there were 305 differentially 
expressed probesets, 267 up- and 38 downregulated, corresponding to 208 distinct 
genes between these two groups. From these 267 genes we selected those that 
described biological processes that were representative of the transcriptomic dif-
ferences between the parous and the nulliparous breasts. Using bioinformatics-
based analysis of microarray data we found that the biological processes involving 
the splicing machinery and mRNA processing were prevalent in the parous breast 
and were represented by the following upregulated genes:  LUC7L3 ,  SFRS1 , 
 HNRNPA2B1 ,  HNRNPD ,  RBM25 ,  SFRS5 ,  METTL3 ,  HNRNPDL , and  SFPQ  
(Table  7.2 ). Transcription regulation and chromatin organization were also highly 
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  Fig. 7.5    ( a ) The H3K9(me 2 ) 
IHC staining is of higher (+) 
intensity in the nuclei of the P 
( a, b ) breast than in NP breast 
( a, a ); a moderately diffused 
(±) stain predominates in 
most of the NP breast. 
DAB-H counterstain. 
Magni fi cation bar: 100  m m. 
( b ) Box plot shows a 
signi fi cantly higher number of 
strongly positive cells (+) in P 
than in NP breasts ( p  < 0.001), 
moderately positive (±) cells 
predominate in the NP tissues 
( p  < 0.00001), and negative 
cells are more numerous in 
the P cells ( p  < 0.05). ( c ) IHC 
reaction of H3K27(me 3 ) is of 
higher (+) intensity in the 
nuclei of the P ( c, b ) breast 
than in NP breast ( c, a ), in 
which the nuclear stain is 
faint and  fi nely granular, 
being mostly circumscribed to 
the nucleoli. DAB-H 
counterstain. Magni fi cation 
bar: 100  m m. ( d ) Box plot 
shows a signi fi cantly higher 
number of strongly positive 
cells (+) in P than in NP 
breasts ( p  < 0.0005); weakly 
to moderately positive (±) 
cells predominate in the NP 
tissues ( p  < 0.00005); negative 
cells are more numerous in the 
P than in the NP breast cells 
( p  < 0.06)  (reprinted with 
permission from  [  51  ] )      
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     Table 7.2       Genes displaying differential expression between parous and nulliparous breast tissues 
classifi ed according to biological processes   

 Symbol  Log ratio   p  Value  Gene name 

 (A) Genes upregulated in the parous breast 
 Apoptosis (GO:0006915;GO:0006917;GO:0008624;GO:0042981) 
  CASP4   0.37  0.0003  Caspase 4, apoptosis-related cysteine 

peptidase 
  RUNX3   0.36  0.0000  Runt-related transcription factor 3 
  LUC7L3   0.34  0.0002  LUC7-like 3 ( Saccharomyces cerevisiae ) 
  ELMO3   0.30  0.0003  Engulfment and cell motility 3 
 DNA repair (GO:0006281; GO:0006284) 
  SFPQ   0.46  0.0002  Splicing factor proline/glutamine-rich 
  MBD4   0.36  0.0003  Methyl-CpG binding domain protein 4 
  RBBP8   0.32  0.0000  Retinoblastoma-binding protein 8 
 Cell adhesion (GO:0007155; GO:0030155) 
  NRXN1   0.60  0.0001  Neurexin 1 
  DSC3   0.51  0.0000  Desmocollin 3 
  COL27A1   0.44  0.0002  Collagen, type XXVII, alpha 1 
  PNN   0.37  0.0001  Pinin, desmosome-associated protein 
  COL4A6   0.36  0.0008  Collagen, type IV, alpha 6 
  LAMC2   0.34  0.0008  Laminin, gamma 2 
  COL7A1   0.33  0.0002  Collagen, type VII, alpha 1 
  COL16A1   0.31  0.0000  Collagen, type XVI, alpha 1 
  LAMA3   0.30  0.0008  Laminin, alpha 3 
 Cell cycle (GO:0000075; GO:0007049; GO:0045786) 
  SYCP2   0.45  0.0000  Synaptonemal complex protein 2 
  PNN   0.37  0.0001  Pinin, desmosome-associated protein 
  RUNX3   0.36  0.0000  Runt-related transcription factor 3 
  RBBP8   0.32  0.0000  Retinoblastoma-binding protein 8 
 Cell differentiation (GO:0001709; GO:0030154; GO:0030216) 
  MGP   0.53  0.0003  Matrix Gla protein 
  KRT5   0.41  0.0002  Keratin 5 
  GATA3   0.35  0.0009  GATA-binding protein 3 
  LAMA3   0.30  0.0008  Laminin, alpha 3 
 Cell proliferation (GO:0008283; GO:0008284; GO:0008285; GO:0042127; GO:0050679; 

GO:0050680) 
  PTN   0.67  0.0002  Pleiotrophin 
  KRT5   0.41  0.0002  Keratin 5 
  RUNX3   0.36  0.0000  Runt-related transcription factor 3 
  IL28RA   0.34  0.0003  Interleukin 28 receptor, alpha (interferon, 

lambda receptor) 
  CDCA7   0.31  0.0005  Cell division cycle associated 7 
 Cell motility (GO:0006928; GO:0030334) 
  DNALI1   0.37  0.0001  Dynein, axonemal, light intermediate chain 1 
  LAMA3   0.30  0.0008  Laminin, alpha 3 
 G-protein coupled receptor pathway (GO:0007186) 
 OXTR  0.54  0.0006  Oxytocin receptor 

(continued)
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 Symbol  Log ratio   p  Value  Gene name 

 RNA metabolic process (GO:0000398; GO:0001510; GO:0006376; GO:0006396; GO:0006397; 
GO:0006401; GO:0008380) 

  METTL3   0.69  0.0000  Methyltransferase like 3 
  HNRPDL   0.65  0.0001  Heterogeneous nuclear ribonucleoprotein 

D-like 
  HNRNPD   0.59  0.0003  Heterogeneous nuclear ribonucleoprotein D 

(AU-rich element RNA-binding protein 
1, 37 kDa) 

  HNRNPA2B1   0.56  0.0003  Heterogeneous nuclear ribonucleoprotein 
A2/B1 

  SFPQ   0.47  0.0006  Splicing factor proline/glutamine-rich 
  RBM25   0.38  0.0009  RNA-binding motif protein 25 
  RBMX   0.38  0.0000  RNA-binding motif protein, X-linked 
  LUC7L3   0.34  0.0002  LUC7-like 3 (S. cerevisiae) 
  SFRS1   0.30  0.0001  Splicing factor, arginine/serine-rich 1 
 RNA transport (GO:0050658) 
  HNRNPA2B1   0.56  0.0003  Heterogeneous nuclear ribonucleoprotein 

A2/B1 
 Transcription (GO:0006350; GO:0006355; GO:0006357; GO:0006366; GO:0016481; 

GO:0045449; GO:0045893; GO:0045941) 
  HNRPDL   0.65  0.0001  Heterogeneous nuclear ribonucleoprotein 

D-like 
  HNRNPD   0.59  0.0003  Heterogeneous nuclear ribonucleoprotein D 

(AU-rich element RNA-binding protein 
1, 37 kDa) 

  CBX3   0.53  0.0003  Chromobox homolog 3 (HP1 gamma 
homolog,  Drosophila ) 

  NFKBIZ   0.48  0.0001  Nuclear factor of kappa light polypeptide 
gene enhancer in B-cells inhibitor, zeta 

  FUBP1   0.47  0.0002  Far upstream element (FUSE) binding 
protein 1 

  SFPQ   0.47  0.0006  Splicing factor proline/glutamine-rich 
  EZH2   0.44  0.0000  Enhancer of zeste homolog 2 ( Drosophila ) 
  ZNF207   0.41  0.0007  Zinc fi nger protein 207 
  ZNF711   0.41  0.0003  Zinc fi nger protein 711 
  GATA3   0.38  0.0009  GATA binding protein 3 
  PNN   0.37  0.0003  Pinin, desmosome-associated protein 
  ZNF107   0.37  0.0001  Zinc fi nger protein 107 
  RUNX3   0.36  0.0000  Runt-related transcription factor 3 
  CCNL1   0.35  0.0009  Cyclin L1 
  ZNF692   0.34  0.0000  Zinc fi nger protein 692 
  CHD2   0.33  0.0001  Chromodomain helicase DNA-binding 

protein 2 
  RBBP8   0.32  0.0000  Retinoblastoma-binding protein 8 
  ZNF789   0.32  0.0005  Zinc fi nger protein 789 
  CDCA7   0.31  0.0005  Cell division cycle associated 7 

Table 7.2 (continued)

(continued)
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Table 7.2 (continued)

 Symbol  Log ratio   p  Value  Gene name 

 Chromatin organization (GO:0006333; GO:0006338) 
  CBX3   0.53  0.0003  Chromobox homolog 3 (HP1 gamma 

homolog,  Drosophila ) 
  CHD2   0.33  0.0001  Chromodomain helicase DNA-binding 

protein 2 
 Cell division (GO:0051301) 
  SYCP2   0.45  0.0000  Synaptonemal complex protein 2 
 DNA metabolic process (GO:0006139; GO:0006260; GO:0006310; GO:0015074) 
  METTL3   0.69  0.0000  Methyltransferase like 3 
  SFPQ   0.46  0.0002  Splicing factor proline/glutamine-rich 
  GOLGA2B   0.32  0.0001  Golgin A2 family, member B 
 Lactation (GO:0007595) 
  OXTR   0.54  0.0006  Oxytocin receptor 
 (B) Downregulated genes 
 Apoptosis (GO:0006917) 
  SOS1   −0.23  0.0040  Son of sevenless homolog 1 
 Cell adhesion (GO:0007155; GO:0030155) 
  PDZD2   −0.35  0.0004  PDZ domain containing 2 
 Cell proliferation (GO:0008283; GO:0008284; GO:0008285; GO:0042127; GO:0050679; 

GO:0050680) 
  IGF1   −0.35  0.0002  Insulin-like growth factor 1 (somatomedin 

C) 
 Cell motility (GO:0006928; GO:0030334) 
  IGF1   −0.35  0.0002  Insulin-like growth factor 1 (somatomedin 

C) 
 G-protein coupled receptor pathway (GO:0007186) 
  RASD1   −0.31  0.0009  RAS, dexamethasone-induced 1 
 Transcription (GO:0006350; GO:0006355; GO:0006357; GO:0006366; GO:0016481; 

GO:0045449; GO:0045893; GO:0045941) 
  SOX17   −0.28  0.0026  SRY (sex determining region Y)-box 17 
  EBF1   −0.33  0.0005  Early B-cell factor 1 
 DNA metabolic process (GO:0006139; GO:0006260; GO:0006310; GO:0015074) 
  IGF1   −0.35  0.0002  Insulin-like growth factor 1 (somatomedin 

C) 
 Insulin-like growth factor receptor signaling pathway (GO:0043568) 
  IGF1   −0.35  0.0002  Insulin-like growth factor 1 (somatomedin 

C) 
 (C) Overexpressed nonprotein coding (npc) regions 
 Gene symbol  Probe ID  Log ratio  Gene name 
  CXorf50B   242292_at  0.35  Nonprotein coding RNA 246B 
  MALAT1   224558_s_at  0.56  Metastasis associated lung adenocarcinoma 

transcript 1 
  MALAT1   224558_s_at  0.56  Metastasis associated lung adenocarcinoma 

transcript 1 
  NCRNA00173   237591_at  0.39  Nonprotein coding RNA 173 
  NCRNA00201   225786_at  0.47  Nonprotein coding RNA 201 
  NEAT1   224565_at  0.38  Nuclear paraspeckle assembly transcript 1 

(continued)
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 Symbol  Log ratio   p  Value  Gene name 

  NEAT1   224566_at  0.50  Nuclear paraspeckle assembly transcript 1 
  XIST   224589_at  0.39  X (inactive)-specifi c transcript 
  XIST   221728_x_at  0.57  X (inactive)-specifi c transcript 
  XIST   214218_s_at  0.57  X (inactive)-specifi c transcript 

  All laboratory personnel were blinded to samples’ parity status and other personal information. 
Unblinding of the parity status after completion of cDNA microarray analysis revealed that volun-
teer participants belonged to one of the following groups: Parous (P), 71 women that were 23.2 
(±4.25) years old at the time of their fi rst pregnancy and 24.0 (±4.6) at the time of delivery of a fi rst 
full-term pregnancy (FTP); this group included women that had been pregnant once or more times 
(gravida  ³ 1), and delivered one or more live children (parity  ³ 1) (G  ³  1/P  ³  1); nulligravida nullipa-
rous (NN), 30 women who never became pregnant and therefore never delivered a live child (G0/
P0), and gravida-nulliparous (GN), 12 women that became pregnant one or more times, but never 
delivered a live child (G  ³  1/P0). Pregnancies in 11 of the women in this group were terminated 
between the 6th and 12th week of gestation, and one had a miscarriage at the 20th week of preg-
nancy. Because of the similarities in gene expression levels between NN and GN these two groups 
were further analyzed as a single group of nulliparous (NP) women. For microarray gene analysis 
total RNA was isolated from the core biopsy samples using the Qiagen Allprep RNA/DNA Mini 
Kit (Qiagen, Alameda, CA, USA) according to manufacturer’s instructions. The GeneChip 
Expression 3 ¢ -Amplifi cation Two-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA) was 
used for the Affymetrix microarray gene analysis. A total of 169 chips were run; from these, 113 
chips, 71 from P and 42 from NP, were selected for the differential expression analysis of parous 
vs. nulliparous after completion of standard Affymetrix quality control measures (average back-
ground, scale factors, percent present calls) and probe-level model (PLM) analysis. Nineteen good 
quality chips that represented technical replicates were excluded from the P/NP comparison. 
Affymetrix CEL fi les were preprocessed using RMA  [  56  ] , which incorporates background adjust-
ment, quantile normalization of probe intensities across arrays, and summarization using the 
median polish algorithm. To account for between-batch variability in the arrays, the data were 
adjusted using ComBat, an empirical Bayes framework developed by Johnson et al.  [  57  ] . A vari-
ance fi lter was applied for removing all probesets with variance across all samples below the fi rst 
quartile. A total of 18,694 probesets remained for further analysis after fi ltering. The limma pack-
age  [  58  ] , which uses empirical Bayes methods to moderate standard errors of model coeffi cients 
(i.e., log 2  fold-changes), was implemented in the R/Bioconductor platform  [  59  ]  that was used for 
identifying probesets differentially expressed in the P/NP comparisons. Probesets for downstream 
analysis from pairwise comparisons were selected using both the  p -value of 0.001 from the empiri-
cal Bayes moderated  t -statistics, and a minimum log 2  fold-change of 0.3 threshold as criteria of 
signifi cance; unless otherwise noted. A heatmap using the RMA expression values and average 
linkage method to make hierarchical clustering on selected genes was built for depicting the genes 
that were differentially expressed between parous and nulliparous women. Data mining methods 
were applied for identifying statistically signifi cant biological processes, pathways, and gene net-
works that were differentially expressed in the P/NP comparisons. Gene ontology (GO) functional 
categories enriched in differentially expressed genes were identifi ed using conditional hypergeo-
metric tests in the GOstats package (R/BioConductor). This analysis was carried out indepen-
dently for up- and downregulated genes; a  p -value cut off of 0.01 was used to select GO terms. 
 To identify pathways and associations to other knowledge datasets, Gene Set Enrichment Analysis 
(GSEA) was performed against the lists of differentially expressed genes. Since we were interested 
in fi nding pathways and co-regulated genes, we relaxed the  p -value to 0.01 and did not apply any 
fold change fi lter to identify pathways from more genes. Pathways obtained from MSigDB (data-
base of gene sets provided by GSEA) were tested for enrichment. Default parameters were chosen, 
except that the maximum intensity of probes was only selected while collapsing probe sets for a 
single gene. The gene expression profi le obtained was deposited to the Gene Expression Omnibus 
(GEO) Series GSE26457:   http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zpmfjygscwae
mdo&acc=GSE26457     (reprinted with permission from  [  51  ] )   

Table 7.2 (continued)

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zpmfjygscwaemdo&acc=GSE26457
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=zpmfjygscwaemdo&acc=GSE26457


322 7 Chromatin Remodeling and Pregnancy-Induced Differentiation

represented in the parous breast by the upregulation of  CBX3 ,  EBF1 ,  GATA3 , 
 RBBP8 ,  CCNL1 ,  CCNL2 ,  CDCA7 ,  EZH2 ,  FUBP1 ,  NFKBIZ ,  RUNX3 ,  ZNF107 , 
 ZNF207 ,  ZNF692 ,  ZNF711 ,  ZNF789 ,  CDCA7 , and  ZNF692  (Table  7.2 ). The 
parous breast also expressed upregulation of six noncoding regions that included 
 X inactive-speci fi c transcript  ( XIST ),  MALAT-1  (or  NEAT2 ), and  NEAT1  
(Table  7.2 ). 

  Genes that were downregulated in the parous breast represented transcription 
regulation, encompassing  CBL ,  FHL5 ,  NFATC3 ,  NCR3C1 ,  TCF7L2 , and a set of 
genes that were involved in IGF-like growth factor signaling, somatic stem cell 
maintenance, muscle cell differentiation and apoptosis, such as  IGF1 ,  RASD1 , 
 EBF1 ,  SOX1 ,  SOX6 ,  SOX17 ,  RALGAPA2 , and  ABHD5  (Table  7.2 ). The level of 
expression was con fi rmed to be differentially expressed between nulliparous and 
parous breast tissues by real-time RT-PCR for the following genes:  CREBZF , 
 XIST ,  MALAT1 ,  NEAT1 ,  CCNL2 ,  GATA3 ,  DDX17 ,  HNRPDL ,  SOX6 ,  SNHG12 , 
 SOX17 , and  C1orf168 . In addition to the level of expression, the localization of 
the alternative splicing regulator cyclin-cyclin L2 protein ( CCNL2 )  [  16  ]  was 
veri fi ed by IHC. CCNL2 protein was expressed in the nucleus of epithelial cells 
in breast tissues from NP and P women, although the level of expression was 
signi fi cantly higher in Lob 1 in the parous breast when compared with similar 
structures found in the breast of nulliparous women. These observations 
con fi rmed the localization of this gene product in the splicing factor compart-
ment (nuclear speckles)  [  17  ] .  

  Fig. 7.6    ( a ) Transcriptionally 
active chromatin is 
predominantly expressed in the 
EUN of the nulliparous 
women’s breast. ( b ) 
Transcriptionally inactive 
chromatin is more frequently 
found in the heterochromatin-
rich nuclei (HTN) of the 
parous breast; its presence is 
associated with histone 3 
methylation at lysines 9 and 
27, and transcriptional 
silencing in heterochromatin 
complexes       
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    7.5   Functional Signi fi cance 

 We demonstrated that the changes in cell types and increases in chromatin condensa-
tion are novel markers for de fi ning the concept of differentiation in the adult breast. 
These  fi ndings con fi rm the universality of the histone 3 methylation in lysines 9 and 
27 during differentiation, since a similar phenomenon has been described to occur 
during embryonic stem cell (ESC) differentiation  [  18  ] . The observed chromatin 
changes in parous epithelial cells are complemented by the expression of genes 
related to increasing cell adhesion and differentiation, such as  NRXN1 ,  DSC3 , 
 COL27A1 ,  PNN ,  COL4A6 ,  LAMC2 ,  COL7A1 ,  COL16A1 ,  MGP ,  KRT5 ,  GATA3 , and 
 LAMA3 . In contrast to the  fi ndings of Asztalos et al.  [  10  ]  of downregulation of the 
expression of ER- a  following recent (<2 years) and distant (5–10 years) pregnancies 
in premenopausal women, our current genomic and IHC study did not reveal differ-
ences in the level of expression of ER- a  in the epithelial cells of ducts and Lob 1 
between parous and nulliparous postmenopausal women. Nevertheless, numerous 
genes that are regulated downstream by the ER- a  were found to be upregulated in the 
parous breast, supporting a-parity-mediated protective effect evident in younger 
parous women  [  10  ]  but lasting until menopause. Among the ER- a  downstream-reg-
ulated genes was  GATA3 , which encodes a protein that belongs to the GATA family 
of transcription factors that regulates T lymphocyte differentiation and maturation. 
 GATA3  is crucial to mammary gland morphogenesis and differentiation of progenitor 
cells and a putative tumor suppressor  [  19  ] . Induction of  GATA3  expression in  GATA3 -
negative undifferentiated carcinoma cells is suf fi cient to induce tumor differentiation 
and inhibition of tumor dissemination  [  20  ] . Therefore, the observation that genes 
involved in the estrogen receptor-regulated pathways are upregulated in the parous 
breast in spite of the lack of transcriptomic differences in this receptor’s levels 
between parous and nulliparous postmenopausal breast tissues suggests that they 
could be under permanent transcriptional modi fi cation as a manifestation of a higher 
degree of cell differentiation. 

 Studies of breast development under the in fl uence of parity in women and in 
animal models are in agreement on the pregnancy-induced differentiation of the 
breast, a process that ultimately becomes manifested as a speci fi c genomic signa-
ture in the mammary gland  [  6–  12  ] . Although variations in gene expression among 
different studies and species are expected, an increase in immune activity, including 
overexpression of lipopolysaccharide-binding protein ( LBP / Lbp ) has been reported 
in the postpregnancy breast of premenopausal women  [  10  ]  and in the mammary 
gland of four different strains of rats  [  12  ] . Interestingly, this response observed in 
both recently pregnant and in distant pregnant groups was not observed in the post-
menopausal group reported in this study. These discrepancies might indicate that 
the upregulation of in fl ammation/immune response-related genes persists during 
postpartum involution, but wanes after menopause sets in. However, it cannot be 
ruled out the possibility that the cyclic hormonal changes occurring during the men-
strual/estrus cycle in fl uence the genomic pro fi le of the breast activating pathways 
that greatly differ from those expressed in the postmenopausal parous women.  
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    7.6   Evidence of a Shifting of the Stem Cell Population 
in the Human Breast 

 We found a shift in the cell population of the postmenopausal breast as a manifesta-
tion of the reprogramming of the organ after pregnancy. These observations are in 
agreement with what is observed in the rat mammary gland, which also contains 
two types of luminal epithelial cells, designated dark (DC) and intermediate (IC) 
cells, in addition to the myoepithelial cells  [  21  ] . The DC and IC are equivalent to the 
HTN and EUN cells described in the present work. DCs increase after pregnancy 
and lactational involution; whereas the ICs signi fi cantly outnumber the DC in ductal 
hyperplasias and ductal carcinomas  [  21,   22  ] . Our analysis of nuclear ultrastructural 
and morphometric parameters of rodent IC have allowed us to differentiate the 
mammary progenitor stem cell from the cancer stem cells  [  15,   21,   22  ] . Nuclear 
morphometric analysis of breast and ovarian carcinomas has con fi rmed the predic-
tive value of nuclear grade on the progression of premalignant lesions to invasive-
ness  [  23–  25  ] . Our present  fi ndings of a signi fi cant decrease in the number of EUN 
with a subsequent increase in the number of HTN cells expressing speci fi c biomark-
ers identi fi ed at the chromatin and transcriptional levels support the value of mor-
phometric analysis as an adjuvant to molecular studies (Fig.  7.5a-d ). Our data 
clearly indicate that there are morphological indications of chromatin remodeling in 
the parous breast, such as the increase in the number of epithelial cells with con-
densed chromatin and increased reactivity with anti-H3K9me 2  and H3K27me 3  anti-
bodies. Histone methylation is a major determinant for the formation of active and 
inactive regions of the genome and is crucial for the proper programming of the 
genome during development  [  26  ] . In the parous breast there is upregulation of tran-
scription factors and chromatin remodeling genes such as  CHD2  or  chromodomain 
helicase DNA-binding protein 2  and the  CBX3  or  Chromobox homolog 3 , whose 
products are required for controlling recruitment of protein/protein or DNA/protein 
interactions.  CBX3  is involved in transcriptional silencing in heterochromatin-like 
complexes, and recognizes and binds H3 tails methylated at lysine 9, leading to 
epigenetic repression. Two other important genes related to the polycomb group 
(PcG) protein that are upregulated in the parous breast are the  L3MBTL  gene or l (3)
mbt-like and the histone-lysine N-methyltransferase or  EZH2 . Members of the PcG 
form multimeric protein complexes that maintain the transcriptional repressive state 
of genes over successive cell generations.  EZH2  is an enzyme that acts mainly as a 
gene silencer, performing this role by the addition of three methyl groups to lysine 
27 of histone 3, a modi fi cation that leads to chromatin condensation  [  18,   27,   28  ] .  

    7.7   Role of Noncoding RNA in Chromatin Remodeling 

 Recent studies indicate that RNA molecules recruit PcG complexes to the locus of 
transcription or to sites located elsewhere in the genome. An important role has 
been attributed to noncoding RNAs (ncRNAs)  [  29  ] . It is possible to postulate that 
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the increased chromatin condensation in the parous breast reported herewith could 
have been initiated by ncRNAs, a postulate supported by the observed upregulation 
of several ncRNAs that included nuclear paraspeckle assembly transcript 1 ( NEAT1 ), 
 MALAT-1  ( NEAT2 ), and  XIST   [  30  ] , all critical components of the speckles. The 
expression of  MALAT-1  is upregulated by the neurotransmitter oxytocin during lac-
tation, which acts through its speci fi c receptor OTR. It is of interest the fact that 
both  OTR  and  MALAT-1  remain upregulated in the breast of postmenopausal parous 
women even in the absence of circulating oxytocin. These observations indicate that 
in parous women the breast remains actively involved in the RNA metabolism that 
is necessary for maintaining a state of differentiation. Upregulation of  XIST  occurs 
upon differentiation, resulting in X chromosome inactivation. An ncRNA tran-
scribed from a portion of the  Xist  gene locus forms hairpin structures that recruit the 
PRC2 complex to the X-inactivation center  X ( ic )  [  31  ] . Transcription of full-length 
 Xist  RNA, which forms the same hairpin structures, leads to further PRC2 recruit-
ment and the spread of PcG-mediated repression across the inactive X chromosome. 
 Xist  repression, which is often seen in malignancies, also occurs in early embryo-
genesis and during the acquisition of pluripotency in undifferentiated ES cells by 
the binding of  Nanog ,  Oct4 , and  Sox2  directly to the chromatin of the  Xist  gene  [  31  ] . 
It is possible that in the postmenopausal nulliparous breast the upregulation of  DDX , 
 Sox1 ,  Sox6 , and  Sox17 , which might be equivalent to  Nanog ,  Oct4 , and  Sox2 , play 
a direct pivotal role in the repression of  XIST  transcription. Although this postulate 
needs to be functionally veri fi ed, it is possible that these genes may play a role in 
controlling  XIST  in the parous breast. The upregulation of  XIST  has important impli-
cations in the understanding of the differentiation pattern of the parous breast. In 
recent studies it has been shown that the reprogramming of X-chromosome inacti-
vation during the acquisition of pluripotency in vivo and in vitro is accompanied by 
the repression of  XIST   [  31–  33  ] . Reprogramming experiments have further rein-
forced the concept that X-inactivation is intimately linked to differentiation and 
support our  fi ndings that  XIST  is expressed in adult well-differentiated cells, partici-
pating in the maintenance of gene repression  [  31–  33  ] . There is a relationship 
between the chromatin remodeling process and posttranscriptional control main-
tained by the spliceosome machinery that is stored in nuclear speckles. Among the 
components of the spliceosome machinery that are upregulated in the parous breast 
are the heterogeneous nuclear ribonucleoproteins  HNRPA3 ,  HNRPA2B1 ,  HNRPD , 
and the  HNRPU  shown in Table  7.2 . The functional role of these  HNRPs  in the 
postmenopausal breast could be implicated in the regulation of mRNA stability, 
other functions like mammary gland involution  [  34  ] , acting as negative regulators of 
telomere length maintenance  [  35  ]  or regulating the traf fi cking of mRNA molecules 
 [  36  ] . Other members of the spliceosome complex are the small nuclear ribonucleo-
proteins (snRNPs), which function as suppressors of tumor cell growth and may 
have major implications as cancer therapeutic targets. Among these we have found 
that the transcripts regulated by the genes  SF3B1 ,  SFRS2 ,  SFRS7 ,  SFRS8 ,  SFRS14 , 
 SFRS16 ,  SNRP70 ,  SNRPB ,  SNRPA1 ,  PRF3 , and  PHF5A  are overexpressed in the 
parous breast. Other members of the splicing factor compartment that are localized 
in the nuclear speckles are  CCNL1  and  CCNL2 . We have demonstrated through 
immunohistochemistry that CCNL2 protein is overexpressed in the nucleus of 
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epithelial cells composing the Lob 1 of the parous breast.  CCNL1  and  CCNL2  are 
transcriptional regulators that participate in the pre-mRNA splicing process and the 
expression of critical factors leading to cell apoptosis, possibly through the Wnt 
signal transduction pathway  [  37,   38  ] , which we found to be downregulated in the 
parous breast. 

 Another component of the spliceosome complex that regulates genes involved in 
the apoptotic process is the RNA-binding motif protein 5 ( RBM5 ). The overexpres-
sion of  RBM5  retards ascites-associated tumor growth and enhances  p53 -mediated 
inhibition of cell growth and colony formation  [  39,   40  ] , mechanisms that could also 
be operational in the parous breast. The spliceosome plays a critical role in differen-
tiating mouse ESC, and self-renewal, pluripotency, and tissue lineage speci fi cation 
of human ESC  [  41  ] . Posttranscriptional modi fi cations of RNA, including packaging 
into the nuclear speckles of the breast epithelial cells and recognition by RNA-
binding proteins and/or microRNAs are crucial processes in differentiating breast 
epithelial cells. Although it is known that these regulatory mechanisms decrease the 
susceptibility of the cell to carcinogenesis, more studies need to be conducted for 
identifying the speci fi c pathways involved in this process. Data presented here con-
tribute to emphasize the importance of posttranscriptional regulatory mechanisms 
as a critical component underlying the differentiation of the breast.  

    7.8   Inducing Chromatin Remodeling by HCG 

 In our preclinical studies of chemically induced mammary tumor model  [  6,   42–  45  ] , 
we have shown that the initiation of mammary cancer is prevented when the car-
cinogen is administered after completion of the  fi rst pregnancy or after a 21-day 
treatment of virgin rats with either human urinary or recombinant hCG, u-hCG, and 
r- hCG, respectively (see Chap.   2    ). The preventive effect of both pregnancy and 
hCG treatments is mediated by the induction of differentiation of the mammary 
gland, depression of DNA synthesis, and changes in the genomic pro fi le of this 
organ  [  42,   43,   45  ]  (Fig.  7.7 ). Moreover, a short-term treatment of virgin rats with 
r-hCG prior to DMBA administration induces a degree of mammary gland differen-
tiation that results in a dramatic decline in mammary cancer incidence  [  7,   42,   45–
  47  ] . Like full-term pregnancy, r-hCG treatment induces a permanent genomic 
signature in the mammary epithelial cells associated with lower cell proliferation 
and ef fi cient DNA repair capacity, creating a differentiated epithelium that is more 
resistant to carcinogenesis  [  48,   49  ] . Based on our in vivo studies we proposed that 
in the breast, pregnancy or hCG are able to shift the Stem Cells 1 that are susceptible 
to be transformed by a carcinogen to Stem Cells 2 that are refractory  [  47,   48  ] . The 
Stem Cells 2 are progenitor cells originated after post-lactation involution of the 
breast, but they can proliferate and differentiate under the stimulus of a new preg-
nancy  [  47,   48  ] . This hypothesis, called  the terminal differentiation hypothesis of 
breast cancer prevention , predicts that the loss of Stem Cells 1 through their dif-
ferentiation to Stem Cells 2 and the general increased differentiation of the breast 
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following pregnancy or hCG treatment will result in protection from tumorigenesis 
 [  7,   46,   48  ]  (Fig.  7.7 ). As it is described in Chap.   4    , we demonstrated in vitro that 
r-hCG prevented the expression of transformation phenotypes induced in MCF-10F 
cells by E2 treatment and stimulated ductulogenesis by increasing the length of the 
ducts and producing tertiary branching of the breast epithelial cells  [  50  ] .  

 In order to determine if some of the genes listed in Table  7.2  were also present in 
MCF-10F cells and to determine if hCG induces activation of chromatin remodeling 
genes we treated the cells with 10, 50, 100 IU/mL of r-hCG for 48 h. Cell lysates 
were prepared using 1XRIPA buffer at the end of treatment and 40  m g of cell lysates 
were resolved by 4–12% Bis-Tris gel and transferred on nitrocellulose membrane 
followed by incubation with primary mouse anti-human EZH2 antibody (BD). The 
immunoreactive protein was detected by IRDye 800CW goat. The expression of 
EZH2 was signi fi cantly increased by the 50 and 100 IU r-hCG treatment (Fig.  7.8A ). 
These data were con fi rmed by IF using the antibody mouse anti-human EZH2 1:200 
(BD) and labeling was detected with Alexa  fl uor488 goat anti-mouse or Alexa 
 fl uor555 goat anti-rabbit secondary antibody (Fig.  7.8B ). Nuclei were counter-
stained with DAPI and the  fl uorescent images were photographed using an Olympus 

  Fig. 7.7    The initially normal progenitor stem cell 1/IC that is present in the Lob 1 or TEB and 
gives origin to the parenchymal tree, when affected by a carcinogen becomes the cancer stem cell 
(CSC) that originates breast cancer. Aging in the absence of pregnancy retains the stem cell 1, 
which when affected by a carcinogen can become a CSC. Both early pregnancy or hCG treatment 
of virgin animals induce the differentiation of the progenitor stem cell 1 to the stem cell 2, which 
has become resistant to undergo neoplastic transformation, although it retains proliferative activity 
and the capability to regenerate the complete lobular system during the next pregnancy (from 
Russo and Russo  [  15  ] )       

 

http://dx.doi.org/10.1007/978-1-4614-4884-6_4


328 7 Chromatin Remodeling and Pregnancy-Induced Differentiation

Bx53 IF microscope and quanti fi ed using Metamorph software (Fig.  7.8C ). The 
signi fi cant increase in the expression of the nuclear protein was con fi rmed by 
Western blot and by RT-PCR.  

 The level of  XIST  expression in MCF-10F cells treated with r-hCG at the doses 
of 0, 10, 50, and 100 IU for 48 h was evaluated by RT-PCR ( probe  Hs00300535_s1) 
(Fig.  7.9 ). A signi fi cant dose-dependent increase in  XIST  expression was detected in 
the MCF-10F cells treated with r-hCG. Determination of level of expression of 
CREBZF in MCF-10F cells treated with r-hCG for 48 h by IF using rabbit anti-
human CREBZF ab (Lifespan Biosciences) at a dilution of 1:100 revealed that the 
treatment with r-hCG signi fi cantly increased the level of expression of CREBZF in 
MCF-10F cells in a dose-dependent manner. RT-PCR (probe Hs00300535_s1) was 
utilized for con fi rmation and quantitation of values (Fig.  7.10 ). CREB/ATF bZIP 

  Fig. 7.8    EZH2 determination in MCF-10F cells treated with r-hCG. ( A ) Western Blot, 
( B ) immuno fl uorescence (IF): ( a ) 0 IU (control); ( b ) 10; ( c ) 50; and ( d ) 100 IU r-hCG, ( C ) 
 fl uorescence quantitation       
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  Fig. 7.9    Determination of XIST level of expression in MCF-10F cells treated with 0, 10, 50, and 
100 IU r-hCG for 48 h and quantitated by RT-PCR       

  Fig. 7.10    CREBZF detection in MCF-10F cells treated with r-hCG for 48 h. ( A ) IF, ( a ) 0; ( b ) 10; 
( c ) 50; and ( d ) 100 IU r-hCG. ( B ) RT-PCR quanti fi cation       
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transcription factor also called ZF or Zhangfei, which is also upregulated in the 
parous breast tissues (Table  7.1 ), is member of the CREB/ATF subfamily of bZIP 
transcription factors that are widely recognized as critical regulators of gene expres-
sion (see Chap. 6)    and may play an important role in the chromatin remodeling 
induced by hCG. The IF analysis of histone 3 trimethylation in lysine 27 (H3K27me 3 ) 
was performed using the rabbit anti H3K27me 3  (Cell Signaling Technology Inc.) at 
a 1:200 dilution. MCF-10F cells revealed increased nuclear reactivity of high inten-
sity in cells treated with 100 IU r-hCG (Fig.  7.11 ). Further evidence that this effect 
was due to the differentiating effect of r-hCG was con fi rmed in histological sections 
of MCF-10F cells treated with 50 IU r-hCG for 2 weeks and their corresponding 
controls, which were grown in collagen matrix after the treatment (Fig.  7.12 ). IHC 
was performed using antibody against the H3 trimethylated at lysine 4 (H3K4me 3 ) 
and H3K27me 3 . Evaluation of IHC reactions was performed by a count of ~800 
cells per case and results were expressed as the percentage of positive nuclei over 
the total number of cells counted and statistically analyzed by  t -test. Cells were 
evaluated according the intensity of brown staining as strongly positive (+++), mod-
erately positive (±), or negative (−). More than 80% of the MCF-10F control cells 
(Fig.  7.12a, b ) were strongly positive with the H3K4me 3  antibody, consistent with 
the presence of an active euchromatin, whereas 60% of the r-hCG-treated cells 

  Fig. 7.11    Expression of H3K27me 3  in MCF-10F cells treated with r-hCG for 48 h. ( A ) IF, ( a ) 0 
(control); ( b ) 10; ( c ) 50; and ( d ) 100 IU r-hCG. High intensity reactivity observed in cells treated 
with 100 IH r-hCG. ( B ) Quantitation       
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(Fig.  7.12c, d ) were moderately positive or negative. The opposite reactivity was 
observed in the cells immunoreacted with the H3K27me 3  antibody, which showed 
strong nuclear reactivity in 100% of r-hCG-treated cells (Fig.  7.12g, h ), whereas greater 
than 80% of control cells were either weakly positive or negative (Fig.  7.12e, f ).      

    7.9   Relevance of Chromatin Remodeling in Breast Cancer 
Prevention 

 Our work  [  51  ]  clearly demonstrates that the breast of parous postmenopausal women 
exhibits a speci fi c signature that has been induced by a full-term pregnancy. This 
signature reveals for the  fi rst time that the differentiation process is centered in chro-
matin remodeling and the mRNA processing reactome, which emerge as important 
regulatory pathways induced by pregnancy. The biological importance of the path-
ways identi fi ed in this speci fi c population cannot be suf fi ciently emphasized due to 
the fact that the upregulation of the noncoding sequences that control gene repression 

  Fig. 7.12    MCF-10F cells growing in collagen after a 2-week treatment with 50 IU r-hCG. IHC 
reactivity with antibody against the H3K4me 3  ( a – d ) or H3K27me 3  ( e – h ). Untreated controls ( a ,  b ) 
were strongly positive with the H3K4me 3  antibody, consistent with the presence of an active 
euchromatin, whereas r-hCG-treated cells ( c ,  d ) were predominantly negative. MCF-10F cells 
immunoreacted with H3K27me 3  antibody showed strong nuclear reactivity in r-hCG-treated cells 
( g ,  h ), whereas the untreated control cells were negative ( e ,  f )       
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and of the genes that control the spliceosomes could represent a safeguard mecha-
nism at genomic and at posttranscriptional level that maintains the  fi delity of the 
transcription process, a phenomenon that could be the ultimate step mediating the 
protection of the breast conferred by full-term pregnancy. Altogether our data pro-
vide rationale basis to our hypothesis that hCG may induce its differentiation effect 
by activating the mechanism of chromatin remodeling by changing the euchromatin 
to a heterochromatic state, mimicking the effect of pregnancy by selectively silenc-
ing part of the genome and activating the differentiating pathway of the cells.      
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    8.1   Introduction 

 In 1977, work by the Sharp and Roberts labs revealed that genes of higher organisms 
are “split” or present in several distinct segments along the DNA molecule  [  1,   2  ] . 
The coding regions of the gene are separated by noncoding DNA that is not involved 
in protein expression. The split gene structure was found when adenoviral mRNAs 
were hybridized to endonuclease cleavage fragments of single-stranded viral DNA 
 [  1  ] . It was observed that the mRNAs of the mRNA-DNA hybrids contained 5 ¢  and 
3 ¢  tails of non-hydrogen bonded regions. When larger fragments of viral DNAs 
were used, forked structures of looped out DNA were observed when hybridized to 
the viral mRNAs. It was realized that the looped out regions, the introns, are excised 
from the precursor mRNAs in a process Sharp named “splicing.” The split gene 
structure was subsequently found to be common to most eukaryotic genes. Phillip 
Sharp and Richard J. Roberts were awarded the 1993 Nobel Prize in Physiology or 
Medicine for their discovery of introns and the splicing process. The advances in 
this  fi eld is unprecedented mainly due to the new implications in our understanding 
of the basic biological process and its application to the treatment and prevention of 
many diseases  [  3,   4  ] . In this chapter we will describe the main pathways of the 
splicing mechanism that help the reader to understand the new  fi ndings in the human 
breast and their role in breast cancer prevention.  

    8.2   The Splicing Mechanism 

 A spliceosome is a complex of specialized RNA and protein subunits that removes 
introns from a transcribed pre-mRNA (hnRNA) segment. This process is generally 
referred to as splicing. Each spliceosome is composed of  fi ve small nuclear RNA 
proteins, called snRNPs, and a range of non-snRNP-associated protein factors. The 
snRNPs that make up the nuclear spliceosome are named U1, U2, U4, U5, and U6, 
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and participate in several RNA–RNA and RNA–protein interactions (Fig.  8.1 ). The 
canonical assembly of the spliceosome comprises the conversion of precursor mes-
senger RNA into mature messenger RNA (mRNA). The pre-mRNA molecule 
undergoes three main modi fi cations, which occur in the cell nucleus before the RNA 
is translated: (1) mRNA capping, (2) Processing of intron-containing pre-mRNA 
and (3) mRNA 3 ¢  end processing. These three main steps are executed by a large 
number of proteins that are listed in Tables  8.1  and  8.2 .    

 The capping of the pre-mRNA involves the addition of 7-methylguanosine (m7G) 
to the 5 ¢  end. The cap protects the 5 ¢  end of the primary RNA transcript from attack 
by ribonucleases (Fig.  8.2 ). The processing of intron-containing pre-mRNA is the 
process by which introns, regions of RNA that do not code for protein, are removed 
from the pre-mRNA and the remaining exons connected to re-form a single continu-
ous molecule (Fig.  8.3 ). The hnRNA contains speci fi c sequence elements that are 
recognized and utilized during spliceosome assembly. These include the 5 ¢  end 
splice, the branch point sequence (BPS), the polypyrimidine tract (PPT), and the 3 ¢  
end splice site. The spliceosome catalyzes the removal of introns, and the ligation of 
the  fl anking exons. Introns typically have a GU nucleotide sequence at the 5 ¢  end 
splice site, and an AG at the 3 ¢  end splice site. The 3 ¢  splice site can be further de fi ned 
by a variable length of polypyrimidines, called the PPT, which serves the dual func-
tion of recruiting factors to the 3 ¢  splice site and possibly recruiting factors to the 
BPS. The BPS contains the conserved Adenosine required for the  fi rst step of splic-
ing. A group of less abundant snRNPs, U11, U12, U4atac, and U6atac, together with 
U5, are subunits of the so-called minor spliceosome that splices a rare class of pre-
mRNA introns, denoted U12-type. These snRNPs form the U12 spliceosome and are 
located in the cytosol  [  5  ] . The last step in the process is the mRNA 3 ¢  end processing 
that consists in the cleavage of its 3 ¢  end and addition of adenine residues to form the 
poly(A) tail, which protects the 3 ¢  end from ribonuclease digestion.    

  Fig. 8.1    Spliceosome assembly and RNA splicing       
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   Table 8.1    Components of the splicing mechanism   

 mRNA 
capping 

 POLR2A 
 RNMT 
 SUPT5H 
 RNGTT 

 Processing of 
intron-
containing 
pre-mRNA 

 Internal methylation of mRNA 
 NCBP1 
 NCBP2 
 METTL3 

 Formation of pre-mRNPs (heterogeneous nuclear 
ribonucleoproteins) 

 HNRPA1 
 HNRPA3P1 
 HNRPA2B1 
 HNRPAB 
 HNRPC 
 HNRPD 
 RBMX 
 HNRPH1 
 HNRPH2 
 HNRPK 
 HNRPL 
 HNRPM 
 HNRPR 
 HNRPU 

 mRNA splicing 
(major 
pathway) 

 Formation of the 
spliceosomal 
E complex 

 U1snRNP 

 U1snRNA 
 SNRP70 
 SNRPA 
 SNRPB 
 SNRPD1 
 SNRPD2 
 SNRPD3 
 SNRPE 
 SNRPF 
 SNRPG 

 U2AF 

 U2AF1 
 U2AF2 
 SFRS1 
 SFRS2 
 SFRS3 
 SFRS5 
 SFRS6 
 SFRS7 
 SFRS9 

 RNA helicase A 

 FUS 
 NSEP1 
 SF4 
 RBM5 
 CD2BP2 
 SMC1LI 

(continued)
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 Formation of the 
spliceosomal 
A complex 

 U2 snRNP 

 RNU2 
 SF3A1 
 SF3A2 
 SF3A3 
 SNRPA1 
 SNRPB2 
 SF3b14b 
 PHF5A 
 SF3B1 
 SF3B2 
 SF3B3 
 SF3B4 
 SF3B5 

 SR proteins  SFRS4 
 RNA helicase  DHX3B 

 Additional factors 
 CDC40 
 DNAJC8 
 PRPF8 
 PTBP1 

 Formation of the 
spliceosomal 
B Complex 

 U4:U5:U6 
tri-snRNP 
complex 

 U4 snRNA 
 SSFA1 
 PRPF4 
 RNU6 
 SSFA1 
 LSM2 
 U5snRNA 
 TXNL4A 
 WDR57 
 U5-116KD 
 LSM2 
 PRPF8 
 PRPF18 

 mRNA 3 ¢  end 
processing 

 NUDT21 
 HEAB 
 CPSF1 
 CPSF2 
 CPSF3 
 CPSF4 
 PABPN1 
 PAPOLA 
 CSTF1 
 CSTF2T 
 CSTF2 
 CSTF3 

Table 8.1 (continued)
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   Table 8.2    Accessory proteins for splicing   

 Category  Genes 

 SR protein kinases  CLK1, CLK2, CLK3, CLK4, PRPF4B, SRPK1, 
SRPK2, PSKH1 

 SR-protein phosphatases  PPM1G 
 Additional SR proteins  SFRS8, SFRS10, SFRS12, SFRS14, SFRS16, 

TMP21, FUSIP1, SRRM1, SRP54 
 Spliceosome-associated helicases  DDX1, DDX20, DHX8, DHX15, DHX16 
 mRNA splice site selection  BRUNOL4, CUGBP2, PTBP2 
 hnRNP regulators  HRMT1L2, HRMT1L1, PCBP2 
 Putative alternative splicing regulators  SNRPN, RNPS1 
 SR-repressor proteins  FUSIP1 
 RNAi pathway  DICER1 
 Miscellaneous  CUGBP1, RNPC2, NONO, XRN2, SPOP, PRPF3, 

FNBP3, RBM17, LSM7, SNRPN, NXF1, SFPQ 

  Fig. 8.2    The cap protects the 5 ¢  end of primary 
RNA transcript from attack by endonucleases       

  Fig. 8.3    Internal methylation of 
mRNA and formation of pre-mRNPs       
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    8.3   Spliceosome Assembly 

 The model for formation of the spliceosome active site involves an ordered, stepwise 
assembly of discrete snRNP particles on the hnRNA substrate. The  fi rst recognition 
of hnRNAs involves U1 snRNP binding to the 5 ¢  end splice site of the hnRNA and 
other non-snRNP-associated factors to form the commitment complex, or early (E) 
complex in mammals  [  6,   7  ]  (Table  8.1  and Fig.  8.4 ). The commitment complex is 
an ATP-independent complex that commits the hnRNA to the splicing pathway  [  8  ] . 
U2 snRNP is recruited to the branch region through interactions with the complex 
component U2AF (U2 snRNP auxiliary factor) and possibly U1 snRNP (Table  8.1 ). 
In an ATP-dependent reaction, U2 snRNP becomes tightly associated with the BPS 
to form complex A. A duplex formed between U2 snRNA and the hnRNA branch 
region bulges out the branch adenosine specifying it as the nucleophile for the  fi rst 
transesteri fi cation  [  9  ]  (Fig.  8.4 ). The presence of a pseudouridine residue in U2 
snRNA, nearly opposite of the branch site, results in an altered conformation of the 
RNA-RNA duplex upon the U2 snRNP binding. Speci fi cally, the altered structure 
of the duplex induced by the pseudouridine places the 2 ¢  OH of the bulged adenos-
ine in a favorable position for the  fi rst step of splicing  [  10  ] .  

 The U4/U5/U6 tri-snRNP (Fig.  8.5  and Table  8.1 ) is recruited to the assembling 
spliceosome to form complex B, and following several rearrangements, complex C 
(the spliceosome) is activated for catalysis  [  11,   12  ] . It is unclear how the triple 
snRNP is recruited to complex A, but this process may be mediated through pro-
tein–protein interactions and/or base pairing interactions between U2 snRNA and 
U6 snRNA. The U5 snRNP interacts with sequences at the 5 ¢  and 3 ¢  splice sites via 
the invariant loop of U5 snRNA  [  13  ]  and U5 protein components interact with the 
3 ¢  splice site region  [  14  ] . Upon recruitment of the triple snRNP, several RNA-RNA 
rearrangements precede the  fi rst catalytic step and further rearrangements occur in 
the catalytically active spliceosome. Several of the RNA–RNA interactions are 
mutually exclusive; however, it is not known what triggers these interactions, nor 
the order of these rearrangements. The  fi rst rearrangement is probably the displace-
ment of U1 snRNP from the 5 ¢  splice site and formation of a U6 snRNA interaction. 
It is known that U1 snRNP is only weakly associated with fully formed spliceosomes 
 [  15  ] , and U1 snRNP is inhibitory to the formation of a U6-5 ¢  splice site interaction 
on a model of substrate oligonucleotide containing a short 5 ¢  exon and 5 ¢  splice site 
 [  16  ] . Binding of U2 snRNP to the BPS is one example of an RNA–RNA interaction 
displacing a protein-RNA interaction. Upon recruitment of U2 snRNP, the branch 
binding protein SF1 in the commitment complex is displaced since the binding site 
of U2 snRNA and SF1 are mutually exclusive events (Table  8.1  and Fig.  8.5 ). Within 
the U2 snRNA, there are other mutually exclusive rearrangements that occur 
between competing conformations. For example, in the active form, stem loop IIa is 
favored; in the inactive form a mutually exclusive interaction between the loop and 
a downstream sequence predominates  [  12  ] . It is unclear how U4 is displaced from 
U6 snRNAm, although RNA has been implicated in spliceosome assembly, and 
may function to unwind U4/U6 and promote the formation of a U2/U6 snRNA 
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interaction. The interactions of U4/U6 stem loops I and II dissociate and the freed 
stem loop II region of U6 folds on itself to form an intramolecular stem loop and U4 
is no longer required in further spliceosome assembly. The freed stem loop I region 
of U6 base pairs with U2 snRNA forming the U2/U6 helix I. However, the helix I 
structure is mutually exclusive with the 3 ¢  half of an internal 5 ¢  stem loop region of 
U2 snRNA.   

    8.4   The Role of Spliceosome in the Human Breast 

 We have reported  [  17,   18  ]  that there is a group of genes that are signi fi cantly upreg-
ulated in the parous breast tissue as it is depicted in the Tables  8.3 ,  8.4 , and  8.5  
related to the mRNA processing reactome in the parous breast emerging as an 
important regulatory pathway induced by pregnancy. The biological importance of 
this pathway cannot be overemphasized enough because the pre-mRNAs contain 

  Fig. 8.4    Formation of the 
spliceosomal A complex       

  Fig. 8.5    Formation of the spliceosomal B and C complex       
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   Table 8.3    Overrepresented GO biological processes for differentially expressed genes   

 GO term ID  GO term  Genes upregulated in parous samples 

 GO:0016071  mRNA metabolic process  CIRBP, RBMX, HNRNPA1, HNRNPA2B1, 
HNRNPD, LUC7L3, PNN, PRPF39, RBM25, 
SFPQ, SFRS1, SFRS5, SFRS7, PABPN1, 
PRPF4B 

 GO:0006397  mRNA processing  RBMX, HNRNPA1, HNRNPA2B1, LUC7L3, 
PNN, PRPF39, RBM25, SFPQ, SFRS1, 
SFRS5, SFRS7, PABPN1, PRPF4B 

 GO:0034059  Response to anoxia  OXTR 
 GO:0016070  RNA metabolic process  DDX17, CHD2,C BX3, CIRBP, ZNF785, EZH2, 

L3MBTL, GATA3, RBMX, ZNF789, 
HNRNPA1, HNRNPA2B1, HNRNPD, 
LUC7L3, PNN, PRPF39, ZNF83, METTL3, 
CREBZF, RBM25, RBBP8, RPS24, CENPK, 
SFPQ, SFRS1, SFRS5, SFRS7, ZNF814, 
ZNF207, PABPN1, RUNX3, FUBP1, 
PRPF4B, HNRPDL 

 GO:0006396  RNA processing  DDX17, RBMX, HNRNPA1, HNRNPA2B1, 
HNRNPD, LUC7L3, PNN, PRPF39, RBM25, 
RPS24, SFPQ, SFRS1, SFRS5, SFRS7, 
PABPN1, PRPF4B, HNRPDL 

 GO:0008380  RNA splicing  RBMX, HNRNPA1, HNRNPA2B1, HNRNPD, 
LUC7L3, PNN, PRPF39, RBM25, SFPQ, 
SFRS1, SFRS5, SFRS7, PABPN1, PRPF4B 

   Table 8.4    Overrepresented GSEA gene sets for differentially expressed genes   

 Pathways enriched by 
upregulated genes  NES  FDR q-val  Genes 

 mRNA processing 
reactome 

 1.626  0.093  METTL3, HNRPD, HNRPA2B1, PRPF4B, 
SFRS7, CLK4, SFRS5, PABPN1, CSTF3, 
HNRPU, RBM5, SNRP70, SFRS14, 
SNRPA1, CLK2, NXF1, SFRS8, SFRS2, 
PTBP2, FUS, SFRS6, SFRS16, SF3B1, 
HNRPA3, SNRPB, PRPF3, SFRS12, U2AF1, 
PHF5A, TXNL4A, CUGBP2 

noncoding sequences (introns) that must be removed in order to accurately place the 
coding sequences (exons) in the correct reading frame. The upregulation of these 
gene products in the breast epithelia of parous women could be a clear indication of 
a safe guard mechanism that will maintain the  fi delity of the transcription process 
and this could be a mechanism of protection conferred by the differentiated breast. 
This critical regulatory pre-mRNA splicing event is fundamental in development 
and cancer. In fi delity in this process can have dramatic consequences for protein 
production, with errors resulting in mRNA instability or the production of aberrant 
protein products. The spliceosome machinery involved in this process is composed 
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of RNA and proteins, which undergoes dynamic changes in RNA–RNA, RNA–
protein, and protein–protein interactions during the splicing reaction. Part of this 
interaction is clearly shown in all the upregulated genes controlling the splicing 
mechanism of the parous breast tissue.    

    8.4.1   Internal Methylation of mRNA and the Methyltransferase 
Like 3 

 The MTTL3 or methyltransferase like 3 that is upregulated in the parous breast is 
involved in the posttranscriptional methylation of internal adenosine residues in 
eukaryotic mRNAs, forming N6-methyladenosine playing a role in the ef fi ciency of 
mRNA splicing, transport or translation (Fig.  8.3 ). The role of this gene needs to be 
placed in relevance with the different mechanisms involved in the control of gene 
expression. The regulation of gene expression is a cellular process that controls the 
level and the interval of time in which genes are in a state of transcription or transla-
tion. This regulation also dictates the structure and function of the cell, and is fun-
damental to control differentiation, morphogenesis, and growth. By their diverse 
actions in eukaryotic cells, they can have a transcriptional, posttranscriptional, 
translational, or posttranslational effect on gene activity. Epigenetics are involved in 
some of these processes and can be de fi ned as the reversible heritable changes in 
gene function that occur during cell division without changes in nuclear DNA 
sequence. They include modi fi cations that take place on genomic DNA such as 
methylation of cytosine residues, and posttranscriptional modi fi cations on the tail 

   Table 8.5    Important differentially expressed genes in parous vs. nulliparous ( p  < 0.001 and 
log 2-fold change of at least 0.3)   

 Gene symbol  Log ratio  Gene name 

 CCNL1  0.40  Cyclin L2 
 CCNL2  0.47  Cyclin L2 
 HNRNPA1  0.50  Heterogeneous nuclear ribonucleoprotein A1 
 HNRNPA2B1  0.56  Heterogeneous nuclear ribonucleoprotein A2/B1 
 HNRNPD  0.59  Heterogeneous nuclear ribonucleoprotein D (AU-rich element 

RNA-binding protein 1, 37 kDa) 
 HNRPDL  0.65  Heterogeneous nuclear ribonucleoprotein D-like 
 METTL3  0.69  Methyltransferase like 3 
 SFPQ  0.47  Splicing factor proline/glutamine-rich 
 SFRS1  0.30  Splicing factor, arginine/serine-rich 1 
 SFRS18  0.40  Splicing factor, arginine/serine-rich 18 
 SFRS5  0.36  Splicing factor, arginine/serine-rich 5 
 SFRS7  0.40  Splicing factor, arginine/serine-rich 7, 35 kDa 
 SNHG10  0.62  Small nucleolar RNA host gene 10 (nonprotein coding) 
 SNHG12  0.53  Small nucleolar RNA host gene 12 (nonprotein coding) 
 SNORD104  0.43  Small nucleolar RNA, C/D box 104 
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domains of histones by methylation, acetylation, phosphorylation, ubiquitination, 
or sumoylation  [  19–  21  ] . DNA methylation is generally associated with transcrip-
tional repression and is involved in genomic imprinting. This modi fi cation is active 
during the entire life of a cell, and it is essential for modeling and modulating the 
genome during gametogenesis and in the early stages of mammalian embryo devel-
opment and differentiation where epigenetic events are crucial. However the cells 
must not only contain the appropriate epigenetic factors, but also need to accumu-
late mRNAs and proteins to allow the cell to perform its functions. In eukaryotic 
cells, pre-mRNAs have to undergo several modi fi cations to excise the introns pres-
ent prior to translation of the matured mRNA. Interestingly, this splicing process 
can be affected by the methylation of internal adenosine residues located within the 
5 ¢  cap and 3 ¢  poly (A) tail  [  22,   23  ]  (Fig.  8.3 ). The N6-methyladenosine is present at 
internal sites in mRNA isolated from all higher eukaryotes and prokaryotes  [  24  ] . 
This nucleoside modi fi cation occurs only in a sequence-speci fi c context that appears 
to be conserved across diverse species and may play a role in the ef fi ciency of 
mRNA splicing, transport, or translation during sporulation  [  23  ] . The high levels of 
 METTL3  present in the parous breast may in fact be necessary for pre-mRNA pro-
cessing, because of the minor gene activation occurring in the resting breast of the 
parous woman and may act as a mechanism of methylation of internal adenosine 
residues located within the 5 ¢  cap and 3 ¢  poly (A) tail.  

    8.4.2   Formation of Pre-mRNP or Heterogeneous Nuclear 
Ribonucleoproteins 

 During the processing of intron-containing pre-mRNA the second step after the 
internal methylation of mRNA is the formation of pre-mRNPs (Table  8.1  and 
Fig.  8.3 ). The RNPs or heterogeneous nuclear ribonucleoproteins are main compo-
nents of the spliceosome machinery and among them are the HNRPA3. HNRPA2B1, 
HNRPD, and the HNRPU that all of them are upregulated in the parous breast 
(Tables  8.3 ,  8.4 , and  8.5 ). These proteins are associated with pre-mRNAs in the 
nucleus and appear to in fl uence pre-mRNA processing and other aspects of mRNA 
metabolism and transport. While all of the hnRNPs are present in the nucleus, some 
seem to shuttle between the nucleus and the cytoplasm. Two other components of the 
hnRNP complex are FUS and U2AF1. FUS protein belongs to the FET family of 
RNA-binding proteins which have been implicated in cellular processes that include 
regulation of gene expression, maintenance of genomic integrity, and mRNA/
microRNA processing  [  25–  27  ]  (Table  8.1 ). The U2AF1 or U2 small nuclear RNA 
auxiliary factor 1 belongs to the splicing factor SR family of genes. U2 auxiliary fac-
tor, comprising a large and a small subunit, is a non-snRNP protein required for the 
binding of U2 snRNP to the pre-mRNA branch site. This gene encodes the small 
subunit which plays a critical role in both constitutive and enhancer-dependent RNA 
splicing by directly mediating interactions between the large subunit and proteins 
bound to the enhancers. Whereas the precise functional role of the heterogeneous 
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nuclear ribonucleoproteins in the postmenopausal breast epithelia is not known they 
may play an important regulatory function as transcriptional regulators  [  28,   29  ] . 
These genes are known for coding proteins implicated in the regulation of mRNA 
stability as well as other function like mammary gland involution  [  30  ]  or acting as 
negative regulator of telomere length maintenance  [  31  ] , or regulating the traf fi cking 
of mRNA molecules from the nucleus to distal processes in neural cells  [  32  ] . 

    8.4.2.1   Heterogeneous Nuclear Ribonucleoprotein A1 

 This protein belongs to the A/B subfamily of ubiquitously expressed hnRNPs and 
along with other proteins, is exported from the nucleus, probably bound to mRNA, 
and is immediately re-imported. Its M9 domain acts as both a nuclear localization 
and nuclear export signal (Fig.  8.6 ). The encoded protein is involved in the packag-
ing of pre-mRNA into hnRNP particles, transport of poly A+ mRNA from the 
nucleus to the cytoplasm, and may modulate splice site selection. Multiple alterna-
tively spliced transcript variants have been found for this gene but only two tran-
scripts are fully described. These variants have multiple alternative transcription 
initiation sites and multiple polyA sites  [  32  ] . The parous breast shows an upregula-
tion of the HNRNPA1 and we have interpreted that this transcript may play a role in 
the genomic signature of prevention detected in the breast of parous women  [  17, 
  18  ] . The basis for this assumption are from data in literature demonstrating that 
alternative pre-mRNA splicing defects can contribute to, or result from, various 
diseases, including cancer. Aberrant mRNAs, splicing factors and other RNA pro-
cessing factors have therefore become targets for new therapeutic interventions 
 [  33  ] . For example the natural polyphenol resveratrol can modulate alternative splic-
ing in a target-speci fi c manner. For this purpose minigenes of several alternatively 
spliceable primary mRNAs has been transected into HEK293 cells in the presence 

  Fig. 8.6    Structure of the HNRPA1 protein. Based on PyMOL rendering of PDB 1ha1. Permission 
is granted to copy, distribute and/or modify this document under the terms of the GNU Free 
Documentation License, Version 1.2 or any later version published by the Free Software 
Foundation       
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or absence of 1, 5, 20, and 50  m M resveratrol and measured exon levels by 
semi-quantitative PCR after separation by agarose gel electrophoresis. Using this 
protocol has been found that 20 and 50  m g/mL of resveratrol affected exon inclusion 
of SRp20 and SMN2 pre-mRNAs, but not CD44v5 or tau pre-mRNAs. This effect 
was due to the ability of resveratrol to change the protein level but not the localiza-
tion of several RNA processing factors. The processing factors that increased 
signi fi cantly were ASF/SF2, HNRNPA1 and HuR, but resveratrol did not change 
the levels of RBM4, PTBP1, and U2AF35. Using siRNA-mediated knockdown the 
cells were depleted of SIRT1, regarded as a major target of resveratrol, and showed 
that the effect on splicing was not dependent on SIRT1 suggesting that resveratrol 
might have an effect on the splicing machinery in which HNRNPA1 was upregulated 
 [  33  ] . Another example on how the regulation of the HNRNPA1 could be corrective 
of the splicing mechanisms is in the spinal muscular atrophy (SMA) that is a common 
autosomal recessive neuromuscular disorder that is caused by loss of the survival 
motor neuron gene, SMN1. SMA treatment strategies have focused on production 
of the survival of motor neuron (SMN) protein from the almost identical gene, 
SMN2. For this purpose has been used valproic acid (VPA) that is a histone deacetylase 
(HDAC) inhibitor that can increase SMN levels in some SMA cells or SMA patients 
through activation of SMN2 transcription or splicing correction of SMN2 exon 7. 
Of great interest is that in two  fi broblast cell lines from Japanese SMA patients, 
more than 1 mM of VPA increased SMN2 expression at both the transcript and 
protein levels. VPA increased not only full-length (FL) transcript level but also exon 
7-excluding ( D 7) transcript level in the cell lines and did not change the ratio of 
FL/ D 7, suggesting that SMN2 transcription was mainly activated. VPA modulated 
splicing factor expression: VPA increased the expression of splicing factor 2/alter-
native splicing factor (SF2/ASF) and decreased the expression of heterogeneous 
nuclear ribonucleoprotein A1  [  34  ] .  

 HNRNPA1 can also play an important role in the maintenance of genomic integ-
rity by promoting telomere capping  [  35  ] . Telomeres are repetitive DNA elements 
mainly found at the ends of human chromosomes. In most normal cells, telomeres 
shorten with each cell division. Telomere shortening can be compensated for by a 
ribonucleoprotein complex, called telomerase. Telomerase, consisting of an integral 
RNA and catalytic protein component as well as several auxiliary factors, extends the 
3 ¢ -G-rich strand of the ends of the telomeres. Telomerase bound hnRNPs in promot-
ing telomere access by interacting with telomeres. Telomere bound hnRNPs include 
HNRNP A1, A2-B1, D and E and telomerase bound HNRNPs including HNRNPA1, 
C1/C2, and D. Maintenance of telomeres requires both DNA replication and telom-
ere “capping” by shelterin. These two processes use two single-stranded DNA 
(ssDNA)-binding proteins, replication protein A (RPA), and protection of telomeres 
1 (POT1). Puri fi ed POT1 and its functional partner TPP1 are unable to prevent RPA 
binding to telomeric ssDNA ef fi ciently but the heterogeneous nuclear ribonucleopro-
tein A1 (HNRNPA1) recapitulates the RPA displacing activity. The RPA displacing 
activity is inhibited by the telomeric repeat-containing RNA in early S phase, but is 
then unleashed in late S phase when telomeric repeat-containing RNA levels decline 
at telomeres. Interestingly, telomeric repeat-containing RNA also promotes POT1 
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binding to telomeric ssDNA by removing hnRNPA1, suggesting that the re- 
accumulation of telomeric repeat-containing RNA after S phase helps to complete 
the RPA-to-POT1 switch on telomeric ssDNA. HNRPA1, TERRA, and POT1 act in 
concert to displace RPA from telomeric ssDNA after DNA replication, and promote 
telomere capping  [  35  ] . 

 HNRNPA1 also interacts with high mobility group A protein 1a (HMGA1a) that 
is involved in splice site regulation of 3 ¢  splice site 2 (A2) and 5 ¢  splice site 3 (D3) 
of HIV-1 genomic RNA. HMGA1a inhibits HNRNPA1 function on exon splicing 
silencer of Vpr (ESSV) to activate A2 function  [  36  ] . Another type of interaction has 
been found between HNRNPA1 and Quaking (Qk)  [  37,   38  ] . Quaking (Qk) is 
required for myelin formation and has been associated with psychiatric disease. QK 
regulates the stability, subcellular localization, and alternative splicing of several 
myelin-related transcripts. QK governs these activities by enhancing HNRNPA1-
RNA stability by binding a conserved 3 ¢  UTR sequence with high af fi nity and 
speci fi city. A single nucleotide mutation in the binding site eliminates QK-dependent 
regulation, as does reduction of QK by RNAi. Analysis of exon expression across 
the transcriptome reveals that QK and HNRNPA1 regulate an overlapping subset of 
transcripts. It has been interpreted that QK regulates a large set of oligodendrocyte 
precursor genes indirectly by increasing the intracellular concentration of HNRNP 
A1 controlling of myelin gene expression  [  37  ] . 

 HNRNPA1, hnRNPA2, and polypyrimidine tract-binding protein (PTB; also 
known as HNRNPI), control alternative splicing events that regulate cell prolifera-
tion and cancer and among them are the metabolic shift from oxidative phosphory-
lation to aerobic glycolysis that is partly achieved by a switch in the splice isoforms 
of the glycolytic enzyme pyruvate kinase. Although normal cells express the pyru-
vate kinase M1 isoform (PKM1), tumor cells predominantly express the M2 iso-
form (PKM2). Switching from PKM1 to PKM2 promotes aerobic glycolysis and 
provides a selective advantage for tumor formation. The PKM1/M2 isoforms are 
generated through alternative splicing of two mutually exclusive exons  [  39,   40  ] . In 
breast cancer a large fraction of the sequence variants of unknown signi fi cance or 
unclassi fi ed variants of the BRCA1 could be pathogenic by affecting mRNA splic-
ing. These cancers exhibit a large spectrum of sequence variation but only two vari-
ants, both located in exon 18, have been shown experimentally to affect splicing 
regulatory elements. The effect of the variant has been tested  [  41,   42  ]  by using 
splicing reporter hybrid minigene assays inducing a major splicing defect, with 
skipping of exon 23, resulting in frameshift and predicted protein termination within 
the second BRCT domain. Moreover, the segment c.5420–5449 of BRCA1, in the 
center of exon 23, exhibits splicing enhancer properties. This enhancement is abol-
ished by the c.5434C G mutation, indicating that the nucleotide change, in this 
highly conserved region, affects a splicing regulatory element. Bioinformatics anal-
yses predict that the mutation c.5434C G creates an HNRNPA1 dependent splicing 
silencer  [  41  ] . 

 Although we do not know at the present time which is the precise mechanism of 
action of HNRNPA1 in cancer prevention it is possible to postulate that it may 
interact with different genes controlling apoptosis and cell proliferation. This is 
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based on the known data from the literature that HNRNPA1 is involved with certain 
types of human papillomaviruses (HPVs) that are etiologically linked to cervical 
cancer. Their transforming capacity is encoded by a polycistronic pre-mRNA, 
where alternative splicing leads to the translation of functional distinct proteins 
such as E6, E6*, and E7. Splicing of HPV16 E6/E7 ORF cassette is regulated by 
the epidermal growth factor (EGF) pathway. The presence of EGF was coupled to 
preferential E6 expression, whereas depletion of EGF, or treatment with EGF 
receptor (EGFR) neutralizing antibodies or the EGFR inhibitor tyrphostin AG1478, 
resulted in E6 exon exclusion in favor of E6*. As a consequence, increased p53 
levels and enhanced translation of E7 with a subsequent reduction of the retino-
blastoma protein pRb could be discerned. E6 exon exclusion upon EGF depletion 
was independent from promoter usage, mRNA stability, or selective mRNA trans-
port. Time-course experiments and incubation with cycloheximide demonstrated 
that E6 alternative splicing is a direct and reversible effect of EGF signal transduc-
tion, not depending on de novo protein synthesis. Within this process, Erk1/2-
kinase activation was the critical event for E6 exon inclusion, mediated by the 
upstream MAP kinase MEK1/2. Moreover, siRNA knockdown experiments 
revealed an involvement of splicing factors HNRNPA1 and hnRNPA2 in E6 exon 
exclusion, whereas the splicing factors Brm and Sam68 were found to promote E6 
exon inclusion. Because there is a natural gradient of EGF and EGFR expression 
in the strati fi ed epithelium, it has been assumed that EGF modulates E6/E7 splic-
ing during the viral life cycle and transformation  [  43  ] . In another example B23, a 
nucleolar protein required for rRNA processing, is localized to the cytoplasm and 
forms a complex with the mRNA-binding proteins HNRNPU and HNRNPA1 in a 
sequential manner. In addition, RNA Polymerase I, but not RNA Polymerase II 
inhibition, was found to account for the translocation-dependent assembly of B23/
hnRNPU/HNRNPA1. Interactions among these proteins are regulated by HNRNPU-
bound mRNAs such as the 3 ¢ -untranslated region (UTR) of Bcl-xL mRNA. 
Ectopically expressed 3 ¢ -UTR of Bcl-xL mRNA, which disrupted the interactions 
among B23, HNRNPU, and HNRNPA1, led to enhanced cell apoptosis induced by 
either actinomycin D treatment or mitotic arrest  [  44  ] . Another example is the tran-
scription factor c-Myb which plays a key role in hematopoietic proliferation and 
lineage commitment and in fl uences alternative pre-mRNA splicing. This was seen 
by its marked effect on the 5 ¢ -splice site selection during E1A alternative splicing, 
while no effect of c-Myb was observed when reporters for the 3 ¢ -splice site selec-
tion or for the constitutive splicing process were tested. Co-immunoprecipitation 
experiments provided evidence for interactions between c-Myb and distinct com-
ponents of the splicing apparatus, such as the general splicing factor U2AF and 
HNRNPA1 involved in the 5 ¢ -splice site selection. The effect on 5 ¢ -splice site 
selection was abolished in the oncogenic variant v-Myb  [  45  ] . 

 The protective effect of an early  fi rst full term pregnancy has been attributed to 
the hormonal milieu of pregnancy and its imprinting in the genomic of the post-
menopausal breast  [  17,   18  ] . It is know that HNRNPA1 can be regulated by steroid 
hormones. Treatment of neuronal cells with estradiol results in increased expression 
of APP695, SC35, and HNRNPA1, and lowers the level of secreted beta-amyloid 
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peptide (Abeta) that accumulates in senile plaques in Alzheimer’s disease is formed 
by cleavage of the amyloid precursor protein (APP). The APP gene has several 
intronic Alu elements inserted in either the sense or antisense orientation. Binding 
of SC35 and HNRNPA1 to Alu elements on either side of exon 7 in the transcribed 
pre-mRNA is involved in alternative splicing of APP exons 7 and 8. Neuronal cells 
transfected with the full-length form of APP secrete higher levels of Abeta than 
cells transfected with the APP695 isoform lacking exons 7 and 8  [  46  ] . In addition 
HNRNPA1 is a critical regulator of expression of the human CYP2A6 gene, a 
human xenobiotic-metabolizing enzyme cytochrome P450, which catalyzes the bio-
activation of a number of carcinogens and drugs and is overexpressed in cases of 
liver diseases, such as cirrhosis, viral hepatitis, and parasitic infestation, and in cer-
tain tumor cells. Several proteins present in human hepatocytes interact speci fi cally 
with the 3 ¢ -untranslated region (UTR) of CYP2A6 mRNA. Biochemical and immu-
nological evidence show that the RNA–protein complex of highest intensity con-
tains the heterogeneous nuclear ribonucleoprotein HNRNPA1 or a closely related 
protein. Mapping of the HNRNPA1 binding site within CYP2A6 3 ¢ -UTR reveals 
that the smallest portion of RNA supporting signi fi cant binding consists of 111 
central nucleotides of the 3 ¢ -UTR. HNRNPA1 from HepG2 cancer cells exhibits 
modi fi ed binding characteristics to the CYP2A6 3 ¢ -UTR compared with primary 
hepatocytes. The level of CYP2A6 mRNA remains high in conditions of impaired 
transcription in primary human hepatocytes, showing that CYP2A6 expression can 
be affected posttranscriptionally in conditions of cellular stress. The posttranscrip-
tional regulation involves interaction of the HNRNPA1 protein with CYP2A6 
mRNA  [  47  ] . Steroid hormone resistance in New World primates occurs in the 
absence of abnormal expression of cognate nuclear receptors. Rather, these animals 
have elevated levels of heterogeneous nuclear ribonucleoproteins that act as hor-
mone response element-binding proteins and attenuate target gene transactivation. 
A similar mechanism in humans via a patient with resistance to the active form of 
vitamin D [1,25-dihydroxyvitamin D(3) (1,25(OH)(2)D(3))] who presented with 
normal vitamin D receptor (VDR) expression. Initial cotransfection studies showed 
that the cells of the patient suppressed basal and hormone-induced transactivation 
by wild-type VDR. Electrophoretic mobility-shift assays and Western/Southwestern 
blot analyses indicated that this suppressive effect was due to overexpression of a 
nuclear protein that speci fi cally interacts with a DNA response element known to 
bind retinoid X receptor-VDR heterodimers. Ab blocking in electrophoretic mobil-
ity-shift assays indicated that this dominant-negative acting protein was in the 
HNRNPA family of nucleic acid-binding proteins. Further studies have shown that 
several members of this family, most notably HNRNPA1, were able to suppress 
basal and 1,25(OH)(2)D(3)-induced luciferase activity. Vitamin D resistance in a 
human subject is similar to that previously described for New World primates in 
which abnormal expression of a hormone response element-binding protein can 
cause target cell resistance to 1,25(OH)(2)D(3). That this protein is a member of the 
HNRNP family capable of interacting with double-stranded DNA highlights a 
potentially important new component of the complex machinery required for ste-
roid hormone signal transduction  [  48  ] .  
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    8.4.2.2   Heterogeneous Nuclear Ribonucleoprotein A2/B1 

 The heterogeneous nuclear ribonucleoprotein A2/B1 or HNRNPA2B1 (Fig.  8.7 ) is 
upregulated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ) and belongs to the A/B 
subfamily of ubiquitously expressed heterogeneous nuclear ribonucleoproteins 
(HNRNPs)  [  49  ] . The process of alternative splicing is widely misregulated in cancer, 
and the splicing factor HNRNP A2/B1 has been involved in cancer progression  [  50–
  52  ] . Knockdown of HNRNP A2/B1 in glioblastoma cells inhibited tumor formation 
in mice. In contrast, overexpression of HNRNPA2/B1 in immortal cells led to malig-
nant transformation, suggesting that HNRNPA2B1 is a putative proto-oncogene  [  52  ] . 
However, the mechanism by which HNRNPA2B1 may be involved in cancer is not 
clear and it could be my modifying the splicing of other critical genes known to play 
a role in apoptosis. A clear example of this is the Bcl-x transcript, which has two 
alternatively spliced products; the anti-apoptotic Bcl-x(L) and the pro-apoptotic Bcl-
x(s)  [  53  ] . Cancer cells often alter Bcl-x splicing to escape from apoptosis, which 
results in tumor formation, metastasis and a poor prognosis for the patient  [  54  ] . The 
activity of Fyn and the expression of HnRNPA2B1 were signi fi cantly increased in 
human metastatic pancreatic cancers. The expression and activity of Fyn were cor-
related with metastasis of human pancreatic cancer cells. Inhibition of Fyn activity 
reduced the expression of HNRNPA2B1. HnRNPA2B1 binds to endogenous Bcl-x 
mRNA and affects the ratio of the pro-apoptotic Bcl-x(s) mRNA to the anti-apoptotic 
Bcl-x (L). This study  [  55  ]  provides evidence that HnRNPA2B1 is involved in apop-
tosis via regulation of the pro-apoptotic Bcl-x(s) mRNA. HNRNPA2B1 also regu-
lates several tumor suppressors and oncogenes among them are c-FLIP, BIN1, and 
WWOX, and the proto-oncogene RON. Knockdown of RON inhibited HNRNP A2/
B1 mediated transformation, which implied that RON is one of the mediators of 
HNRNPA2B1 oncogenic activity  [  52  ] . Another example of the role played by 
HNRNPA2B1 is in its association with SOX2 that is a key gene implicated in main-
taining the stemness of embryonic and adult stem cells that appears to reactivate in 
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several human cancers including glioblastoma multiforme. SOX2 was found to 
 interact with several heterogeneous nuclear ribonucleoprotein family proteins, 
including HNRNPA2B1, HNRNPA3, HNRNPC, HNRNPK, HNRNPL, HNRNPM, 
HNRNPR, HNRNPU, as well as other ribonucleoproteins, DNA repair proteins and 
helicases. Gene ontology (GO) analysis revealed that the SOX2 interactome was 
enriched for GO terms GO:0030529 ribonucleoprotein complex and GO:0004386 
helicase activity. These  fi ndings indicate that SOX2 associates with the heteroge-
neous nuclear ribonucleoprotein complex, suggesting a possible role for SOX2 in 
posttranscriptional regulation in addition to its function as a transcription factor  [  56  ] . 
Similar interaction has been found with the breast cancer susceptibility gene 1 
(BRCA1) that plays a signi fi cant role in the development of a subset of familial 
breast and ovarian cancers, but increasing evidence points to a role also in sporadic 
tumors. BRCA1 is a multifunctional nuclear protein involved in the regulation of 
many nuclear cellular processes, including DNA repair, cell cycle, transcription, and 
chromatin remodeling. qRT-PCR analyses indicated that the HNRNPA2B1 levels 
increased in response to BRCA1 loss and restoration of BRCA1 expression in 
BRCA1 null cells reverted HNRNPA2B1 upregulation  [  57  ] . Altogether these data 
point towards the need to better understand the regulatory function of HNRNPA2B1 
in the process of breast differentiation and prevention of breast cancer. HNRNPA2B1 
is involved with pre-mRNA processing forming complexes with at least 20 other dif-
ferent HNRNP and heterogenous nuclear RNA in the nucleus (Tables  8.1  and  8.2 ) 
indicating that we are only understand a fraction on the role played by this gene in 
the normal as well as in the cancer process.   

    8.4.2.3   Heterogeneous Nuclear Ribonucleoprotein D (AU-Rich Element 
RNA-Binding Protein 1) 

 The HNRNPD proteins have distinct nucleic acid-binding properties  [  58  ] . The pro-
tein encoded by this gene has two repeats of quasi-RNA recognition motif (RRM) 
domains that bind to RNAs. It localizes to both the nucleus and the cytoplasm. This 
protein is implicated in the regulation of mRNA stability. The hnRNP D protein 
interacts with nucleic acids both in vivo and in vitro. Like many other proteins that 
interact with RNA, it contains RNA-binding domain (RBD) (or “RRM”) domains 
and arg–gly–gly (RGG) motifs (Fig.  8.8 ). Comparison of the predicted sequences of 
the hnRNP D proteins in human and mouse shows that they are 96.9% identical 
(98.9% similar). This very high level of conservation suggests a critical function for 
HNRNPD. Sequence analysis of the human HNRNPD gene shows that the protein 
is encoded by eight exons and that two additional exons specify sequences in the 3 ¢  
UTR. Use of two of the coding exons is determined by alternative splicing of the 
HNRPD mRNA. The human HNRPD gene maps to 4q21. The mouse Hnrpd gene 
maps to the F region of chromosome 3, which is syntenic with the human 4q21 
region  [  59  ] .  

 The HNRNPD is also upregulated in the parous breast however its precise role is 
not clear at the present time. However it is known that the HNRNPD transcript is 
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alternatively spliced to produce four protein isoforms that stabilize or destabilize 
hundreds of mRNAs. Estradiol (E2) treatment of ovariectomized sheep increased 
concentrations of HNRNPD protein which stabilized estrogen receptor alpha (ER) 
mRNA in the uterus. Northern analysis determined that E2 treatment increased con-
centrations of total HNRNPD mRNAs twofold in endometrial and myometrial tis-
sue compartments. In situ hybridization indicated that the increase was most intense 
in the glandular epithelium of endometrium. In a well characterized in vitro RNA 
stability assay, HNRNPD 3 ¢  UTR sequences were much more stable in uterine 
extracts from E2-treated ewes compared to extracts from control ewes. HNRNPD 
mRNAs with alternative splicing of exons 2 and 7 (in the coding sequence) and 
exon 9 (in the 3 ¢  UTR) were identi fi ed. The only effect of E2 treatment on alterna-
tive splicing was that it reduced the percentage of HNRNPD1 mRNAs containing 
exon 9-derived sequences indicating that E2 upregulates HNRNPD and ER genes 
coordinately by a posttranscriptional mechanism  [  60  ] .  

    8.4.2.4   Heterogeneous Nuclear Ribonucleoproteins D Like 

 The HNRPDL or Heterogeneous nuclear ribonucleoproteins D like has two alterna-
tively spliced transcript variants. One of the variants is probably not translated 
because the transcript is a candidate for nonsense-mediated mRNA decay. The pro-
tein encoded by this gene is similar to its family member HNRPD. The functional 
role of HNRPDL is promoting transcription repression by binding to double- and 
single-stranded DNA sequences. For example a transcription suppressor element 
(sequence −481 to −320) containing a G-rich motif (designated GTG) and a newly 
identi fi ed CAT-rich motif (designated CATR) was previously shown to modulate 
expression of the mouse cytochrome c oxidase Vb gene during myogenesis. The 
GTG element is critical for transcription activation in both undifferentiated and dif-
ferentiated myocytes. Mutations of the CATR motif abolished transcription repres-
sion in myoblasts while limiting transcription activation in differentiated myotubes, 
suggesting contrasting functional attributes of this DNA motif at different stages of 
myogenesis. Results show that the activity of the transcription suppressor motif is 
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modulated by an orchestrated interplay between ubiquitous transcription factors: 
ZBP-89, YY-1, and a member of the heterogeneous nuclear ribonucleoprotein 
D-like protein (also known as JKTBP1) family. In undifferentiated muscle cells, 
GTG motif-bound ZBP-89 physically and functionally interacted with CATR motif-
bound YY-1 to mediate transcription repression. In differentiated myotubes, hetero-
geneous nuclear ribonucleoprotein D-like protein/JKTBP1 bound to the CATR 
motif exclusive of YY-1 and interacted with ZBP-89 in attenuating repressor activ-
ity, leading to transcription activation  [  61  ] . HNRPDL binds to the transcription sup-
pressor CATR sequence of the COX5B promoter and also binds with high af fi nity 
to RNA molecules that contain AU-rich elements (AREs) found within the 3 ¢ -UTR 
of many proto-oncogenes and cytokine mRNAs. It has also been shown that 
HNRPDL binds both to nuclear and cytoplasmic poly(A) mRNAs an to the poly(G) 
and poly(A), but not to poly(U) or poly(C) RNA homopolymers  [  62  ] . These data 
indicate that the protein of HNRPDL contains two repeats of a putative RBD, each 
composed of canonical RNP-2 and RNP-1 motifs, and a glycine- and tyrosine-rich 
carboxyl terminus. The sequences of these two repeats are highly homologous with 
those of the 2× RBD-Gly rich group of HNRNPs. Northern blotting showed that 
two mRNAs of approximately 1.4 and 2.8 kb were present in most cultured cells 
examined. The recombinant protein expressed in Escherichia coli interacted with 
the double-stranded form of JKT41 as well as with its single-stranded form. This 
interaction was competitively inhibited by the same unlabeled JKT41 and to nearly 
the same extent by unrelated oligonucleotides. Moreover, the recombinant protein 
interacted with poly(G) and poly(A), but not with poly(U) or poly(C). Transient 
expression of the protein in SKM-1 cells repressed the expression of chlorampheni-
col acetyltransferase reporter genes located downstream of the intron 9 element of 
JKT41 or intron 7 element of FERE27  [  62  ] . The protein of the HNRPDL shows a 
remarkable speci fi city for the (CCCTAA) n  repeated motif, and the recombinant 
proteins expressed in Escherichia coli and have been shown to retain their binding 
speci fi city toward the C-block repeated sequence. In the light of the current knowl-
edge about these proteins, their possible involvement in telomere functioning has 
been suggested  [  63  ] . 

 As indicated above the transcription repression function of HNRPDL could also 
be a driving mechanism in the breast of parous women. Supporting data that the 
transcript of HNRPDL could be related to terminal differentiation has been shown 
by Northern blotting indicating ubiquitous but varied expressions of approximately 
1.4 and 2.8 kb mRNAs in various tissues. Immunoblotting indicated that the 
amounts of protein of about 38 kDa were higher in the brain and testis than in other 
tissues. An additional protein of about 53 kDa was found in the brain and testis. 
Germ cell-de fi cient W/W(v) mutant mice and aged mice had the reduced amounts 
of HNRPDL in the testes. Immunohistochemical staining indicated cell type-
speci fi c expression of HNRPDL in tissues: neurons and spermatocytes displayed 
strong signal intensities. The signals were con fi ned to the nucleus. The amount of 
38 kDa HNRPDL was estimated to be approximately 1.3 × 10 7  molecules per 
HL-60 cell. These results indicate that HNRPDL is an abundant, highly conserved 
nuclear protein  [  29,   64  ] .   
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    8.4.3   Formation of the Spliceosome E Complex 

    8.4.3.1   RNA-Binding Motif Protein 5 

 A component of the spliceosome complex is RBM5 or RNA-binding motif protein 
5 that regulates alternative splicing of a number of mRNAs (Table  8.1 ) is upregu-
lated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ). RBM5 modulates splice site 
pairing after recruitment of the U1 and U2 snRNPs to the 5 ¢  and 3 ¢  splice sites of the 
intron (Fig.  8.4 ) and both positively and negatively regulate apoptosis by regulating 
the alternative splicing of several genes involved in this process, including FAS and 
CASP2/caspase-2  [  65,   66  ] . Overexpression of RBM5 by the regulation of alterna-
tive splicing retards ascites-associated tumor growth in immunocompromised mice, 
a phenomenon that may be related to an associated ability to modulate apoptosis 
and the cell cycle  [  67–  69  ] . Overexpression of RBM5 enhanced p53-mediated inhi-
bition of cell growth and colony formation and resulted in increased mRNA and 
protein levels for endogenous p53 target genes  [  70  ] . The recognition of single-
stranded RNA (ssRNA) is an important aspect of gene regulation, and a number of 
different classes of protein domains that recognize ssRNA in a sequence-speci fi c 
manner have been identi fi ed. The RNA-binding motif protein 5, also known as 
Luca15 or H37  [  68  ] , is a component of prespliceosomal complexes that regulates 
the alternative splicing of several mRNAs, such as Fas and caspase-2  [  65  ] . The 
RBM5 play a role in tumor progression. In particular, down-regulation of RBM5 is 
involved in lung cancer and other cancers upon Ras activation, and, also, represents 
a molecular signature associated with metastasis in various solid tumors. On the 
other hand, upregulation of RBM5 occurs in breast and ovarian cancer. Moreover, 
RBM5 was also found to be involved in the early stage of the HIV-1 viral cycle, 
representing a potential target for the treatment of the HIV-1 infection. While the 
molecular basis for RNA recognition and ubiquitin interaction has been structurally 
characterized, small molecules binding this zinc  fi nger (ZF) domain that might con-
tribute to characterizing their activity and to the development of potential therapeu-
tic agents have not yet been reported. Using an NMR screening of a fragment library 
several binders have been identi fi ed and the complex of the most promising one, 
compound 1, with the RBM5 ZF1 was structurally characterized in solution. 
Interestingly, the binding mechanism reveals that one occupies the RNA-binding 
pocket and is therefore able to compete with the RNA to bind RBM5 RanBP2-type 
ZF domain, as indicated by NMR studies  [  71,   72  ] . 

 RBM5 is a nuclear RNA-binding protein containing two RRMs. The RBM5 
gene is located at the tumor suppressor locus 3p21.3. Deletion of this locus is the 
most frequent genetic alteration in lung cancer, but is also found in other human 
cancers. RBM5 is important for the activity of the tumor suppressor protein p53. 
Over expression enhanced p53-mediated inhibition of cell growth and colony for-
mation. Expression of RBM5 augmented p53 transcriptional activity in reporter 
gene assays and resulted in increased mRNA and protein levels for endogenous p53 
target genes. In contrast, shRNA-mediated knockdown of endogenous RBM5 led to 
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decreased p53 transcriptional activity and reduced levels of mRNA and protein for 
endogenous p53 target genes. RBM5 affected protein, but not mRNA, levels of 
endogenous p53 after DNA damage suggest that RBM5 contributes to p53 activity 
through post-transcriptional mechanisms  [  67  ] . RBM5 is one member of a group of 
structurally related genes that includes RBM6 and RBM10. RBM10 maps to 
Xp11.23, and one allele is inactivated as a result of X chromosome inactivation. 
Both RBM5 and RBM6 map to 3p21.3, a tumor suppressor region that experiences 
loss of heterozygosity in the majority of lung cancers. Over expression of RBM5 
retards ascites-associated tumor growth in immunocompromised mice, a phenom-
enon that may be related to an associated ability to modulate apoptosis  [  66,   67, 
  73–  75  ]  but RBM5 seems to behave differently in breast cancer  [  76  ] .  

    8.4.3.2   Small Nuclear Ribonucleoproteins in the Spliceosome E Complex 

 Differentiation of the human breast during the process of pregnancy and lactation 
and post lactational involution requires a unique gene expression program that 
insures synthesis of the appropriate proteome at each stage of maturation. Our stud-
ies using expression microarrays have provided important insight into gene expres-
sion indicating that the process of terminal differentiation is mediated by RNA 
processing, that alters structure and function of encoded proteins. The observation 
among the regulated transcripts encode RNA-binding proteins such as SNRP70, 
SNRPB (Fig.  8.9 ), SNORD104 and  the  SNRPA1 (Fig.  8.10 )  [  77,   78  ] , indicate 
signi fi cant changes in the RNA processing machinery supporting the existence of a 
regulated alternative pre-mRNA splicing program that is critical of the differenti-
ated breast. Similar process has been reported during erythrocytes differentiation 
 [  79  ] . SNRP70 also known as U1 small nuclear ribonucleoprotein 70 kDa is a pro-
tein  [  80  ]  that in humans is encoded by the  SNRNP70  gene that associates with U1 
spliceosomal RNA, forming part of the spliceosome (Table  8.1 ). This gene has been 
shown to be upregulated by exposure to low-dose radiation combined with a solar 
particle in animals  [  81  ] . SNRP70 is linked to WW domains mediate protein–protein 
interactions in many intracellular processes. In pre-mRNA splicing, WW domains 
participate in cross-intron bridging. These WW domains are characterized by a cen-
tral aromatic block of three tyrosine residues. A novel protein containing the same 
type of WW domain named WAC, is located in human chromosome 10p11.2-
10p12.1. A  Drosophila melanogaster  WAC homolog (CG8949) was identi fi ed as a 
Rosetta stone protein. Domain fusion analysis of the Rosetta stone protein linked 
WAC to the splicing factor SNRP70 and co-localized with SC35, the marker for 
pre-mRNA splicing machinery  [  82  ] .   

 The SNRPB or Small nuclear ribonucleoprotein-associated proteins B and B ¢  is a 
protein that in humans is encoded by the  SNRPB  gene and is unregulated also in the 
parous differentiated breast. The protein encoded by this gene is one of several 
nuclear proteins that are found in common among U1, U2, U4/U6, and U5 small 
ribonucleoprotein particles (snRNPs) (Table  8.1  and Figs.  8.4  and  8.5 ). These snRNPs 
are involved in pre-mRNA splicing, and the encoded protein may also play a role in 
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pre-mRNA splicing or snRNP structure  [  83–  85  ] . The SNRPB protein self-regulates 
its expression by promoting the inclusion of a highly conserved alternative exon in 
its own pre-mRNA that targets the spliced transcript for nonsense-mediated mRNA 
decay. Depletion of SNRPB protein in human cells results in reduced levels of 
snRNPs and a striking reduction in the inclusion levels of hundreds of additional 

  Fig. 8.9    Structure of the SNRPB protein. Based on PyMOL rendering of PDB 1d3b. Permission 
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Documentation License, Version 1.2 or any later version published by the Free Software 
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alternative exons, with comparatively few effects on constitutive exon splicing levels. 
The affected alternative exons are enriched in genes encoding RNA processing and 
other RNA-binding factors, and a subset of these exons also regulate gene expression 
by activating nonsense-mediated mRNA decay  [  86  ] . To the light of these  fi ndings the 
protective role of the splicing machinery in the parous breast is evident. Another 
important functional role of SNRPB is that single nucleotide polymorphisms (SNPs) 
in this gene signi fi cantly modify breast cancer risk in BRCA1 mutation carriers. The 
minor alleles of rs6138178 in SNRPB and rs6602595 in CAMK1D displayed the 
strongest associations in BRCA1 carriers (HR = 0.78, 95% CI: 0.69–0.90, 
P(trend) = 3.6 × 10 −4  and HR = 1.25, 95% CI: 1.10–1.41, P(trend) = 4.2 × 10 −4 )  [  87  ] . 

 SNRPB protein as part in the assembly of the spliceosomal complex is located in 
the Cajal bodies that are subnuclear domains (Fig.  8.11 ). The Cajal body marker pro-
tein, coilin, interacts with SMN and Sm proteins. Therefore phosphorylation of coilin 
in fl uences interaction with its target proteins and, thus, may be signi fi cant in manag-
ing the  fl ow of snRNPs through the Cajal body  [  83,   88  ] . Interestingly coilin interacts 
also with Ku70 and Ku80, which are major players in the DNA repair process. Ku 
proteins compete with SMN and SNRPB proteins for coilin interaction sites. The 
binding domain on coilin for Ku proteins cannot be localized to one discrete region, 
and only full-length coilin is capable of inhibiting in vitro nonhomologous DNA end 
joining (NHEJ). Since Ku proteins do not accumulate in CBs, these  fi ndings suggest 

  Fig. 8.11    Nuclear compartments. The nuclear speckles contain most of the transcripts related to 
the splicing mechanism       
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that nucleoplasmic coilin participates in the regulation of DNA repair  [  89  ] . A further 
functional role for SNRPB is as metastasis suppressor gene as demonstrated by is 
decreased expression of in the metastasizing compared to non-metastasizing tumors 
using the mouse allograft model of prostate cancer (NE-10)  [  90  ] , genomic imprinting 
 [  91  ] , and in the mechanisms of autoantibody diversi fi cation in systemic lupus erythe-
matosus  [  92  ]  warrants the need of further study of this gene.   

    8.4.3.3   Small Nuclear Ribonucleoproteins in the Spliceosome A Complex 

 As indicated in Table  8.1  the proteins encoded by the genes regulating the formation 
of complex A (Fig.  8.4 ) are numerous an most of them are upregulated in the parous 
breast (Tables  8.3 ,  8.4 , and  8.5 ). The genes that are part of the B complex (Fig.  8.5 ) 
are the SFRS8, SFRS14 and the SFRS16, SF3B1, SFRS2, SFRS7, that are neces-
sary for the splicing of pre-mRNA and integrant of the U2 snRNP. The other com-
ponent of the preRNA splicing machinery is the PHF5A. This gene encodes a 
subunit of the splicing factor 3b protein complex. Splicing factor 3b, together with 
splicing factor 3a and a 12S RNA unit, forms the U2 small nuclear ribonucleopro-
teins complex (U2 snRNP). The splicing factor 3b/3a complex binds pre-mRNA 
upstream of the intron’s branch site in a sequence-independent manner and may 
anchor the U2 snRNP to the pre-mRNA. The protein encoded by this gene contains 
a PHD- fi nger-like domain that is  fl anked by highly basic N- and C-termini. This 
protein belongs to the PHD- fi nger superfamily and may act as a chromatin-associ-
ated protein. This gene has several pseudogenes on different chromosomes. Acts as 
a transcriptional regulator by binding to the GJA1/Cx43 promoter and enhancing its 
upregulation by ESR1/ER-alpha. Also involved in pre-mRNA splicing. These small 
nuclear ribonucleoproteins are essential splicing factors and there is evidence that 
they function as suppressors of tumor cell growth and may have major implications 
as cancer therapeutics target. The pre-mRNA splicing factors are enriched in nuclear 
domains termed interchromatin granule clusters or nuclear speckles. During mito-
sis, nuclear speckles are disassembled by metaphase and reassembled in telophase 
in structures termed mitotic interchromatin granules. There are numerous splicing 
factors that we have found upregulated in the epithelia of the parous breast. 

 The SFRS8 or splicing factor arginine/serine-rich 8 encodes a human homolog 
of  Drosophila  splicing regulatory protein functioning as an alternative splicing reg-
ulator and regulate its own expression at the level of RNA processing. SFRS7 inter-
acts with CLK4 that is a protein kinase can interact with and phosphorylate the 
serine- and arginine-rich (SR) proteins, which are known to play an important role 
in the formation of spliceosomes, and thus may be involved in the regulation of 
alternative splicing. The CLK2 or CDC-like kinase 2 that is also upregulated in the 
parous breast and may play similar function. 

 The SF3B1 or splicing factor 3B subunit 1 is a protein that in humans is encoded 
by the  SF3B1  gene. This gene encodes subunit 1 of the splicing factor 3b protein 
complex. Splicing factor 3b, together with splicing factor 3a and a 12S RNA unit, 
forms the U2 small nuclear ribonucleoproteins complex (U2 snRNP) (Table  8.1 ). 
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The splicing factor 3b/3a complex binds pre-mRNA upstream of the intron’s branch 
site in a sequence-independent manner and may anchor the U2 snRNP to the pre-
mRNA. Splicing factor 3b is also a component of the minor U12-type spliceosome. 
The carboxy-terminal two-thirds of subunit 1 have 22 nonidentical, tandem HEAT 
repeats that form rod-like, helical structures (Fig.  8.12 ). Heterozygous missense 
mutations in the U2AF1 and SF3B1 genes that encode spliceosome subunits. 
U2AF1 is frequently mutated in myeloid hematopoietic malignancies, especially in 
myelodysplastic syndrome (MDS), and SF3B1 is frequently mutated in both MDS 
 [  93,   94  ]  and chronic lymphocytic leukemia (CLL). SF3B1 mutations in CLL were 
associated with faster disease progression and poor overall survival. The results 
reinforce the idea that targeting several well-known genetic pathways, including 
mRNA splicing, could be useful in the treatment of CLL and other malignancies 
 [  95–  97  ] .  

 SFRS2 or Splicing factor, arginine/serine-rich 2 also called SC35  [  98,   99  ]  is a 
splicing factor that is upregulated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ) and 
may play a role in the resting stage at the postmenopause. SFRS2 has a role in 
blocking cell proliferation and has been shown in embryos of inbred mouse strains. 
In these embryos stop their cleavage at the late 2-cell stage and this phenomenon is 
known as the “2-cell block in vitro.” Using microinjections of 5-bromouridine 
5 ¢ -triphosphate (BrUTP) to examine the transcriptional status of blocked embryos 
and by tracing the nuclear distribution of hyperphosphorylated form of RNA poly-
merase II in such embryos it was found that transcriptional activity is gradually 
decreased when the embryos stay in block. This is accompanied by prominent 
increasing of the size of SFRS2 nuclear speckles (Fig.  8.11 ) that begin to accumu-
late hyperphosphorylated RNA polymerase II  [  100  ] . Another important function of 

  Fig. 8.12    Structure of the 
SF3B1 protein. Based on 
PyMOL rendering of PDB 
2f9d. Permission is granted to 
copy, distribute and/or modify 
this document under the terms 
of the GNU Free 
Documentation License, 
Version 1.2 or any later version 
published by the Free Software 
Foundation       
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SFRS2 is in the regulation of both constitutive and alternative splicing. SFRS2 
contains one RRM (domain) and a RS domain at the C-terminus which is enriched 
with arginine and serine residues. SFRS2 is speci fi cally involved in major regula-
tory pathways for cell proliferation and cell cycle progression  [  101  ] . The SR protein 
SFRS2 controls cell proliferation during pituitary gland development but is com-
pletely dispensable in terminal differentiated mature cardiomyocytes in mice. 
SFRS2 in mouse embryonic  fi broblasts induces G2/M cell cycle arrest and genomic 
instability, resulting at least in part from p53 hyperphosphorylation and hyperacety-
lation. While p53 hyperphosphorylation appears related to ATM activation, its 
hyperacetylation has been attributed to the increased expression of the acetyltrans-
ferase gene p300 and the aberrant splicing of the deacetylase gene SirT1. These 
 fi ndings reveal the involvement of SFRS2 in speci fi c pathways in regulating cell 
proliferation and genomic stability during mammalian organogenesis  [  102  ] . SFRS2 
affects transcriptional elongation in a gene-speci fi c manner. SFRS2 depletion 
induces Pol II accumulation within the gene body and attenuated elongation, which 
are correlated with defective P-TEFb (a complex composed of CycT1-CDK9) 
recruitment and dramatically reduced CTD Ser2 phosphorylation. Recombinant 
SFRS2 is suf fi cient to rescue this defect in nuclear run-on experiments. These 
 fi ndings suggest a reciprocal functional relationship between the transcription and 
splicing machineries during gene expression  [  103  ]  and support the role of the 
SFRS2 in the protective effect exerted by pregnancy in the postmenopausal breast. 

 SRSF7 or serine/arginine-rich splicing factor 7 also known as splicing factor, 
arginine/serine-rich 7 or splicing factor 9G8 (Table  8.1 ). The protein encoded by 
this gene is a member of the serine/arginine (SR)-rich family of pre-mRNA splicing 
factors that contains an RRM for binding RNA and an RS domain for binding other 
proteins. The RS domain is rich in serine and arginine residues and facilitates inter-
action between different SR splicing factors (Fig.  8.13 ). The SRSF7 transcript is 
upregulated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ) however, its functional 
role is not clear. Literature search indicated that SRSF7 co-localizes with cyclin L2 
or CCNL2, that is also upregulated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ), 
within nuclear speckles (Fig.  8.11 ) and that it associates with hyperphosphorylated, 
but not hypophosphorylated, RNA polymerase II and cyclin-dependent kinase 
(CDK) p110 PITSLRE kinase via its N-terminal cyclin domains. CCNL2 it can also 
associate with the SRSF7 through its RS repeat region. Recombinant CCNL2 pro-
tein can stimulate in vitro mRNA splicing. Overexpression of CCNL2 suppresses 
the growth of human hepatocellular carcinoma SMMC 7721 cells both in vitro and 
in vivo, inducing cellular apoptosis. This process involves upregulation of p53 and 
Bax and decreased expression of Bcl-2. The data suggest that CCNL2 represents a 
new member of the cyclin family, which might regulate the transcription and RNA 
processing of certain apoptosis-related factors, resulting in tumor cell growth inhi-
bition and apoptosis  [  104  ] .  

 These data clearly support the concept that SRSF7 may be involve d in the rest-
ing stage of the parous breast  [  18  ] . We cannot rule out the possibility that SRSF7 
might have other functional role in the parosu breast due that I also has been shown 
to be associated with STOX1A, a winged helix transcription factor recently 
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demonstrated to be involved in late onset Alzheimer’s disease and affecting the 
amyloid processing pathway  [  105  ] . Another functional role of SRSF7 is in the cyto-
plasmic export of herpes simplex virus 1  [  106,   107  ]  and to function in mRNA export 
in conjunction with the export protein, Tap/NXF1. Tap interacts directly with the 
Mason-P fi zer monkey virus constitutive transport element (CTE), an element that 
enables export of unspliced, intron-containing mRNA  [  108  ] . 

 SFRS8 or splicing factor suppressor of white apricot homolog (Table  8.2 ) 
encodes a human homolog of  Drosophila  splicing regulatory protein. This gene 
autoregulates its expression by control of splicing of its  fi rst two introns. Three 
SNPs in splicing factor, arginine/serine-rich 8 had an association with asthma. 
SFRS8 regulates the splicing of CD45, a protein which, through alternative splice 
variants, has an essential role in activating T cells. T cells are involved in the 
pathogenesis of atopic diseases such as asthma  [  109  ] . Two other genes that 
encode an accessory protein in the splicing mechanism is the SFS14 or putative 
splicing factor, arginine/serine-rich 14  [  110,   111  ]  and the SFRS16 or Splicing 
factor, arginine/serine-rich 16  [  112,   113  ]  (Table  8.2 ). They are upregulated in the 
parous postmenopausal breast but their functional role have not been 
determined.  

    8.4.3.4   Small Nuclear Ribonucleoproteins in the Spliceosome B Complex 

 A component of the spliceosome B complex that is upregulated in the parous breast 
are the TXNL4A that constitutes an essential component of the U5 particle, and its 
functions have been reported to be highly conserved throughout evolution and the 
PRPF3 that participates in pre-mRNA splicing and play a role in the assembly of the 
U4/U5/U6 tri-snRNP complex (Fig.  8.5 ). Another gene that is also overrepresented 

  Fig. 8.13    Structure of the SFRS7 protein. Based on PyMOL rendering of PDB 2hvz. Permission 
is granted to copy, distribute and/or modify this document under the terms of the GNU Free 
Documentation License, Version 1.2 or any later version published by the Free Software 
Foundation       
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in the parous breast are PRPF4B or PRP4 pre-mRNA processing factor 4 homolog 
B that is related to the sequential transesteri fi cation steps of the pre-mRNA splicing 
and in signal transduction (Table  8.1 )  [  114–  116  ] . This protein belongs to a kinase 
family that includes serine/arginine-rich protein-speci fi c kinases and CDKs. This 
protein is regarded as a CDK-like kinase (Clk) with homology to mitogen-activated 
protein kinases (MAPKs)  [  117  ] . Whereas it is not clear explanation for the upregu-
lation of this gene in the parous breast it has been shown that PRPF4B is associated 
with complexes involved in the coordination of pre-mRNA processing and tran-
scriptional regulation. PRPF4B in the  Schizosaccharomyces pombe  is enriched in 
SC35-containing nuclear splicing speckles. RNA interference of  Caenorhabditis 
elegans  PRPF4B indicates that it is essential in metazoans. In support of a role for 
PRPF4B in pre-mRNA splicing, is that PRP6, SWAP, and pinin are interacting pro-
teins and demonstrated that PRPF4B is a U5 snRNP-associated kinase  [  118  ] . In 
addition, BRG1 and N-CoR, components of nuclear hormone coactivator and co-
repressor complexes, also interact with PRPF4B. PRPF4B coimmunoprecipitates 
with N-CoR, BRG1, pinin, and PRP6, and we present data suggesting that PRP6 
and BRG1 are substrates of this kinase. Lastly, PRP4K, BRG1, and PRP6 can be 
puri fi ed as components of the N-CoR-2 complex. PRPF4B is an essential kinase 
that, in association with the both U5 snRNP and N-CoR deacetylase complexes, 
demonstrates a possible coordination of pre-mRNA splicing with chromatin remod-
eling events involved in transcriptional regulation  [  119  ] . We speculate that similar 
functional role is played in the parous breast mainly during the chromatin remodel-
ing process  [  18  ] . PRPF4B can also be induced that intensive exercise triggering the 
cascade processes of body adaptation, including modulation of spliceosome func-
tioning, and can lead to modi fi cation of its activity and choice of alternative exons 
 [  119  ] . PRPF4B has also shown to be related to the activation of resting T lympho-
cytes initiates differentiation into mature effector cells over 3–7 days. The chemokine 
CCL5 (RANTES) and its major transcriptional regulator, Krüppel-like factor 13 
(KLF13), are expressed late (3–5 days) after activation in T lymphocytes. Using 
yeast two-hybrid screening of a human thymus cDNA library, PRPF4B was 
identi fi ed as a KLF13-binding protein. Speci fi c interaction of KLF13 and PRPF4B 
was con fi rmed by reciprocal co-immunoprecipitation. Knockdown of PRPF4B by 
small interfering RNA markedly decreases CCL5 expression in T lymphocytes 
 [  120  ] . Using a yeast two-hybrid screen of a T-cell cDNA library it was found that 
PRPF4B protein binds to the human immunode fi ciency virus type 2 (HIV-2) Gag 
polyprotein. Speci fi c interaction of PRPF4B and HIV-2 Gag was con fi rmed in 
in vitro and in vivo assays. The interacting region of HIV-2 Gag is located in the 
conserved matrix and capsid domains, while both the RS (arginine/serine-rich) 
domain and the KS (kinase) domain of PRPF4B are able to bind to HIV-2 Gag. 
PRPF4B is not incorporated into virus particles. HIV-2 Gag is able to inhibit 
PRPF4B-mediated phosphorylation of the splicing factor SF2. This is also observed 
with Gag from simian immunode fi ciency virus, a closely related virus, but not with 
Gag from human T-cell lymphotropic virus type 1. It is possible that Gag accumulates 
in the cell, down-regulation of splicing occurs through reduced phosphorylation of 
SF2  [  121  ] .    
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    8.5   mRNA 3 ¢  End Processing 

 This is the last step in the splicing mechanism and consists in the cleavage of its 3 ¢  
end and addition of adenine residues to form the poly(A) tail, which protects the 3 ¢  
end from ribonuclease digestion (Fig.  8.14 ). There are several proteins involved in 
this step as outlined in Table  8.1  and some of the transcripts regulating this process 
are upregulated in the parous breast (Tables  8.3 ,  8.4 , and  8.5 ). Among them PABPN1 
or poly(A) binding protein and CSTF3 (Fig.  8.15 ).   

 PABPN1 encodes an abundant nuclear protein that binds with high af fi nity to 
nascent poly(A) tails. The protein Involved in the 3 ¢ -end formation of mRNA pre-
cursors (pre-mRNA) by the addition of a poly(A) tail of 200–250 nt to the upstream 
cleavage product. Stimulates poly(A) polymerase (PAPOLA) conferring processiv-
ity on the poly(A) tail elongation reaction and controls also the poly(A) tail length. 
Increases the af fi nity of poly(A) polymerase for RNA. Is also present at various 
stages of mRNA metabolism including nucleocytoplasmic traf fi cking and nonsense-
mediated decay (NMD) of mRNA. The type II poly(A)-binding protein PABP2/ 
PABPN1 functions in general mRNA metabolism by promoting poly(A) tail forma-
tion in mammals and  fl ies. It also participates in poly(A) tail shortening of speci fi c 
mRNAs in  fl ies, and snoRNA biogenesis in yeast  [  122  ] . The addition of a 3 ¢  poly(A) 
tail is a prerequisite for the maturation of the majority of eukaryotic transcripts. In 
most eukaryotic species, RNA poly(A) tails are bound by two important poly(A)-
binding proteins (PABPs)  [  123  ] : In eukaryotic cells, newly synthesized mRNAs 
acquire a poly(A) tail that plays several fundamental roles in export, translation and 
mRNA decay. Poly(A) tails of mRNAs are synthesized in the cell nucleus with a 
de fi ned length, approximately 250 nucleotides in mammalian cells. The same type 
of length control is seen in an in vitro polyadenylation system reconstituted from 
three proteins: poly(A) polymerase, cleavage and polyadenylation speci fi city factor 
(CPSF), and the nuclear PABP. CPSF, binding the polyadenylation signal AAUAAA, 
and PABPN1, binding the growing poly(A) tail, cooperatively stimulate poly(A) 
polymerase such that a complete poly(A) tail is synthesized in one processive event, 
which terminates at a length of approximately 250 nucleotides  [  124  ] . It has been 
shown that PABPN1 and PABPC1 function solely in the nucleus and cytoplasm, 
respectively. 3 ¢  poly(A) tails can also act as a degradation mark via the exosome 
complex of 3 ¢ –5 ¢  exonucleases, involving the nuclear PABP in posttranscriptional 
gene regulation  [  125,   126  ] . PABPN1 is an aggregation-prone nuclear protein that 
could play a role in increased aggregation of misfolded proteins associated with 
aging. It characterizes a number of related neurodegenerative disorders caused    by 
homopolymeric amino acid expansion mutations. However, Natural aggregation of 
wild-type (WT) PABPN1 is not known to be disease-associated, but alanine-
expanded PABPN1 (expPABPN1) accumulates in insoluble intranuclear inclusions 
in muscle of patients with oculopharyngeal muscular dystrophy (OPMD)  [  126, 
  127  ] . OPMD caused by a polyalanine expansion mutation in the coding region of 
the poly-(A) binding protein nuclear 1 (PABPN1) gene. In unaffected individuals, 
(GCG)(6) encodes the  fi rst six alanines in a homopolymeric stretch of ten alanines. 
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  Fig. 8.14    Cleavage of the 3 ¢  splice site and exon ligation followed by cleavage of mRNA at the 3 ¢  
end and the  fi nal step mRNA polyadenylation       

  Fig. 8.15    Structure of the CSTF3 protein. Based on PyMOL rendering of PDB 2ond. Permission 
is granted to copy, distribute and/or modify this document under the terms of the GNU Free 
Documentation License, Version 1.2 or any later version published by the Free Software 
Foundation       

In most patients, this (GCG)(6) repeat is expanded to (GCG)(8–13), leading to a 
stretch of 12–17 alanines in mutant PABPN1, which is thought to confer a toxic 
gain of function  [  128  ] . The developmental pathways of the canonical Wnt signaling 
can modulate muscular pathology in mutant PABPN1 nematodes, and cooperate 
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with the Sir2-FoxO longevity pathway to confer protection against mutant PABPN1 
toxicity at the cellular and behavioral levels. Mutant PABPN1 toxicity was modi fi ed 
by genes along the canonical Wnt pathway, several of which depend on daf-16 for 
activity. ss-catenin and pop-1/TCF RNAi suppressed the protection from mutant 
PABPN1 conferred by loss-of-function mutations in sir-2.1 and daf-16. Moreover, 
the aggravation of muscle cell pathology by increased sir-2.1 dosage was reversed 
by ss-catenin and pop-1 RNAi. The chemical inhibition of GSK-3ss, a repressor of 
ss-catenin activity, protected against mutant PABPN1 toxicity in a daf-16-depen-
dent manner, which is consistent with a cross-talk between ss-catenin signaling and 
Sir2-FoxO signaling in protecting from mutant PABPN1 toxicity. In OPMD, a dis-
ease caused by polyalanine expansion in the nuclear protein PABPN1, the genetic 
inhibition of sirtuins and treatment with sirtuin inhibitors protect from mutant 
PABPN1 toxicity in transgenic nematodes  [  129  ] . 

 The CSTF3 or Cleavage stimulation factor 77 kDa subunit  [  130,   131  ]  is one of 
three (including CSTF1 and CSTF2) cleavage stimulation factors that combine to 
form the cleavage stimulation factor complex (CSTF). This complex is involved in 
the polyadenylation and 3 ¢  end cleavage of pre-mRNAs. The encoded protein func-
tions as a homodimer and interacts directly with both CSTF1 and CSTF2 in the 
CSTF complex (Fig.  8.15 ). Alternative splicing results in multiple transcript vari-
ants encoding different isoforms  [  132  ] . CSTF3 is upregulated in gastric cancer by 
5-Fluorouracil (5-FU) an anticancer drug that is widely used in the treatment of 
cancer  [  133  ] .  

    8.6   Other Accessory Proteins Related 
to the Splicing Mechanism 

 As depicted in Table  8.2  there are numerous accessory proteins that are involved in 
the splicing mechanism and some of them are also overrepresented in the expres-
sion pro fi le of the parous breast (Tables  8.3 ,  8.4 , and  8.5 ). Among them are the 
NXF1 belonging to the family of nuclear RNA export factor genes. PTBP2 that 
encodes a protein that binds to the intronic cluster of RNA regulatory elements and 
CUGBP2 that is involved in mRNA splice selection. NXF1 or Nuclear RNA export 
factor 1  [  134,   135  ]  is one member of a family of nuclear RNA export factor genes. 
Common domain features of this family are a noncanonical RNP-type RNA-
binding domain (RBD), 4 leucine-rich repeats (LRRs), a nuclear transport factor 2 
(NTF2)-like domain that allows heterodimerization with NTF2-related export pro-
tein-1 (NXT1), and a ubiquitin-associated domain that mediates interactions with 
nucleoporins. Alternative splicing results in transcript variants. The LRRs and 
NTF2-like domains are required for export activity. The encoded protein of this 
gene shuttles between the nucleus and the cytoplasm and binds in vivo to poly(A)+ 
RNA  [  136  ] . It is the vertebrate homologue of the yeast protein Mex67p  [  137  ] . The 
encoded protein overcomes the mRNA export block caused by the presence of 
saturating amounts of CTE RNA of type D retroviruses and other virus  [  138–  140  ] . 
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A variant allele of the homologous Nxf1 gene in mice suppresses a class of muta-
tions caused by integration of an endogenous retrovirus (intracisternal A particle) 
into an intron  [  141  ] . 

 PTBP2 or Polypyrimidine tract-binding protein 2  [  142  ]  is encoded by this gene 
binds to the intronic cluster of RNA regulatory elements, downstream control 
sequence (DCS). It is implicated in controlling the assembly of other splicing 
regulatory proteins. This protein is very similar to the polypyrimidine tract-binding 
protein PTBP1 but it is expressed primarily in the brain  [  143  ] . PTBP2 play an 
important role in the alternative splicing of the CaV1.2 calcium channels. This 
gene function in diverse cellular processes such as gene regulation, muscle con-
traction, and membrane excitation and are diversi fi ed in their activity through 
extensive. The mutually exclusive exons 8a and 8 encode alternate forms of trans-
membrane segment 6 (IS6) in channel domain 1. The human genetic disorder 
Timothy syndrome is caused by mutations in either of these two CaV1.2 exons, 
resulting in disrupted Ca(2+) homeostasis and severe pleiotropic disease pheno-
types. The tissue-speci fi c pattern of exon 8/8a splicing leads to differences in 
symptoms between patients with exon 8 or 8a mutations. The polypyrimidine 
tract-binding protein (PTB) mediates a switch from exon 8 to 8a splicing. PTB 
and its neuronal homolog, nPTB, are widely studied splicing regulators control-
ling large sets of alternative exons. During neuronal development, PTB expres-
sion is downregulated with a concurrent increase in nPTB expression. Exon 8a is 
largely repressed in embryonic mouse brain but is progressively induced during 
neuronal differentiation as PTB is depleted. This splicing repression is mediated 
by the direct binding of PTB to sequence elements upstream of exon 8a. The 
nPTB protein is a weaker repressor of exon 8a, resulting in a shift in exon choice 
when nPTB replaces PTB in cells  [  144  ] . PTBP2 interacts with the cytidine deami-
nase AID to switch-region DNA. Knockdown of PTBP2 mediated by short hair-
pin RNA in B cells led to a decrease in binding of AID to transcribed switch 
regions, which resulted in considerable impairment of immunoglobulin class-
switch recombination  [  145  ] . How all these different function of PTBP2 are related 
to signature of prevention of the postmenopausal breast is not clear, however, 
PTBP2 is considered as “global regulators” of RNA alternative splicing, stability, 
and translation in non-neuronal (including ectodermal) tissues examined to date 
in diverse species, and REST/NRSF (RE-1 Silencing Transcription Factor/Neuron 
Restrictive Silencing Factor) represses >2,000 neuronal genes in all non-neuronal 
tissues examined. During neurogenesis these factors are replaced by what has 
been considered neuron-speci fi c HuB/C/D, nPTB, and alternatively spliced REST 
(REST4), which work with miR-124 to activate this battery of genes, comprehen-
sively reprogram neuronal alternative splicing, and maintain their exclusive 
expression in post-mitotic neurons  [  146  ] . Therefore it is possible to speculate that 
this genes may play an important role in the reprogramming the breast after preg-
nancy  [  17,   18  ] . The upregulation of PTBP2 in the parous breast provides an evi-
dence that this gene has a regulatory function, previously considered to have a 
unique role in governing neurogenesis  [  147  ]  can also be applied to the breast 
epithelia. 
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 CUGBP2 or CUG-BP- and ETR-3-like factor 2  [  148–  150  ]  is a member of the 
CELF/BRUNOL protein family are RNA-binding proteins and contain two 
N-terminal RRM domains, one C-terminal RRM domain, and a divergent segment 
of 160–230 aa between the second and third RRM domains. Members of this pro-
tein family regulate pre-mRNA alternative splicing and may also be involved in 
mRNA editing, and translation. Alternative splicing results in multiple transcript 
variants encoding different isoforms. CUGBP2 is upregulated in the parous breast 
and whereas its function in this organ is unknown this gene has an important role in 
alternative pre-mRNA splicing by adjusting the transcriptional output of the genome 
by generating related mRNAs from a single primary transcript, thereby expanding 
protein diversity. The CUGBP2 splicing regulator plays a key role in the brain 
region-speci fi c silencing of the NI exon of the NMDA R1 receptor. In a recent study 
 [  151  ]  has been shown that CUGBP2 to GU-rich motifs closely positioned at the 
boundaries of the branch sites of the NI exon, and has been demonstrated an auto-
regulatory role for CUGBP2 as indicated by its direct interaction with functionally 
signi fi cant RNA motifs surrounding the branch sites upstream of exon 6 of the 
CUGBP2 transcript itself. The perimeter-binding model explains how CUGBP2 can 
effectively embrace the branch site region to achieve the speci fi city needed for the 
selection of exon targets and the  fi ne-tuning of alternative splicing patterns  [  151  ] . 
CUGBP2, acting as translation inhibitor, induces colon cancer cells to undergo 
apoptosis  [  152,   153  ] .  

    8.7   Other Transcripts That Could Play a Role in RNA Splicing 
in the Human Breast 

 As it is depicted in Tables  8.3 ,  8.4 , and  8.5 , there are other genes that could play a 
role in the splicing of RNA in the human breast at menopause. The DEAD box RNA 
helicases p68 (DDX5) and p72 (DDX17) play important roles in multiple cellular 
processes that are commonly dysregulated in cancers, including transcription, pre-
mRNA processing/alternative splicing, and miRNA processing  [  154  ] . DDX17 can 
unwind double-stranded RNA and also contribute to the remodeling of ribonucleo-
protein complexes. These activities of p68/p72 are required for ef fi cient RNA splic-
ing and microRNA processing. In addition, p68/p72 perform functions that are 
independent of their enzymatic activity. This is especially common to their role in 
gene regulation, where p68/p72 coactivate various transcription factors, including 
the tumor suppressor p53, estrogen receptor alpha, and beta-catenin. P68/p72 are 
posttranslationally modi fi ed by SUMO attachment and phosphorylation that regu-
late their coactivation potential  [  155  ] , binding to known interactants or protein sta-
bility. Knock-out mouse models revealed that both DDX5 and DDX17 are essential 
genes during development. Furthermore, together with their ability to stimulate cell 
proliferation and prevent apoptosis, the reported overexpression of p68/p72 in three 
of the major human cancers (colon, breast, prostate) strongly suggests that p68/p72 
promote tumorigenesis and might even represent proto-oncoproteins  [  156  ] . DDX5 
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and DDX17, are substrates for the acetyltransferase p300 in vitro and in vivo. 
Mutation of acetylation sites affected the binding of p68/p72 to HDACs, but not to 
p300 or estrogen receptor. Acetylation additionally increased the stability of p68 
and p72 RNA helicase and stimulated their ability to coactivate the estrogen recep-
tor  [  157,   158  ] , thereby potentially contributing to its aberrant activation in breast 
tumors. Also, acetylation of p72, but not of p68 RNA helicase, enhanced p53-
dependent activation of the MDM2 promoter, pointing at another mechanism of 
how p72 acetylation may facilitate carcinogenesis by boosting the negative p53-
MDM2 feedback loop. Furthermore, blocking p72 acetylation caused cell cycle 
arrest and apoptosis, revealing an essential role for p72 acetylation  [  159  ] . The mus-
cleblind 1 (MBNL1) is an splice regulator in the development of RNA splice defects 
in myotonic dystrophy I (DM1). The variant of MBNL1(CUG) bind ten proteins 
involved in remodeling ribonucleoprotein complexes including hnRNP H, H2, H3, 
F, A2/B1, K, L, DDX5, DDX17, and DHX9. The expression of expanded CUG 
repeats alters the stoichiometry of MBNL1 (CUG) complexes to allow both the 
reinforcement and expansion of RNA processing defects  [  160  ] . Intensive exercise 
triggers the cascade processes of body adaptation, including modulation of spli-
ceosome functioning, and can lead to modi fi cation of its activity and choice of alter-
native exons. We studied the effect of exercise of the maximum aerobic power on 
activation of transcription of genes involved in the splicing process. Short-term 
exercise resulted in a signi fi cant increase of mRNA expression of genes encoding 
proteins involved in the formation of precatalytic spliceosome: DDX17, DDX46, 
HNRNPR, PRPF4B, and SRPK2. The role of the detected regulators in initiation of 
spliceosome assembly under conditions of maximally intensive exercise is dis-
cussed  [  119  ] . 

 LUC7L3 or LUC7-like 3 ( S. cerevisiae ) encodes a protein with an N-terminal 
half that contains cysteine/histidine motifs and leucine zipper-like repeats, and the 
C-terminal half is rich in arginine and glutamate residues (RE domain) and arginine 
and serine residues (RS domain). This protein localizes with a speckled pattern in 
the nucleus, and has been shown to be involved in the formation of spliceosome via 
the RE and RS domains. This genes has been shown to be upregulated in heart fail-
ure tissues demonstrated that 17 splicing factors, associated with all major spli-
ceosome components, were upregulated. Two of these splicing factors, RBM25 and 
LUC7L3 were elevated in human heart failure tissue and mediated truncation of 
SCN5A mRNA in both Jurkat cells and human embryonic stem cell-derived cardio-
myocytes  [  161  ] . The cardiac voltage-gated Na+ channel current (encoded by 
SCN5A), and the changes have been implicated in the increased risk of sudden 
death in heart failure. 

 PNN or pinin a desmosome-associated protein is a transcriptional activator bind-
ing to the E-box 1 core sequence of the E-cadherin promoter gene; the core-binding 
sequence is 5 ¢ CAGGTG-3 ¢ . Capable of reversing CTBP1-mediated transcription 
repression. Component of a splicing-dependent multiprotein exon junction complex 
(EJC) deposited at splice junction on mRNAs. The EJC is a dynamic structure con-
sisting of a few core proteins and several more peripheral nuclear and cytoplasmic-
associated factors that join the complex only transiently either during EJC assembly 
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or during subsequent mRNA metabolism. PNN participates in the regulation of 
alternative pre-mRNA splicing. Associates to spliced mRNA within 60 nt upstream 
of the 5 ¢ -splice sites  [  162  ] . Pinin (Pnn), a nuclear speckle-associated protein, zones 
of accumulation of transcriptional and mRNA splicing factors, where Pnn is involved 
in mRNA processing  [  162  ] . PNN has been shown to function in maintenance of 
epithelial integrity through altering expression of several key adhesion molecules 
 [  163  ] . Pnn plays a crucial role in small intestinal development by in fl uencing expres-
sion of an intestinal homeobox gene, Cdx2. Conditional inactivation of Pnn within 
intestinal epithelia resulted in signi fi cant down-regulation of a caudal type homeo-
box gene, Cdx2, leading to obvious villus dysmorphogenesis and severely disrupted 
epithelial differentiation. Additionally, in Pnn-de fi cient small intestine, we observed 
upregulated Tcf/Lef reporter activity, as well as misregulated expression/distribu-
tion of beta-catenin and Tcf4. Since regulation of Cdx gene expression has been 
closely linked to Wnt/beta-catenin signaling activity, we explored the possibility of 
Pnn’s interaction with beta-catenin, a major effector of the canonical Wnt signaling 
pathway. Co-immunoprecipitation assays revealed that Pnn, together with its inter-
action partner CtBP2, a transcriptional co-repressor, was in a complex with beta-
catenin  [  164  ] . Moreover, both of these proteins were found to be recruited to the 
proximal promoter area of Cdx2. Pnn is essential for tight regulation of Wnt signal-
ing and Cdx2 expression during small intestinal development  [  165  ] . PNN and other 
SR proteins including SC35 are differentially expressed in the adult mouse CNS, 
displaying cell type-speci fi c distribution patterns  [  166  ] . Depletion of Pnn expres-
sion, a SR-related protein with functions involved in pre-mRNA splicing and mRNA 
export, induces reduced expression of a subset of cellular proteins, especially that of 
SR family proteins, including SC35, SRm300, SRp55, and SRp40, but not that of 
other nuclear proteins, such as p53, Mdm2, and ki67. Knocking down Pnn expres-
sion was achieved in vitro by siRNA transfection. Expression levels of SR and 
SR-related proteins in Pnn-depleted cells as compared to those in control cells were 
evaluated by immuno fl uorescent staining and Western blot with speci fi c antibodies. 
In addition, we also demonstrate that loss of Pnn expression could modulate splice 
site selection of model reporter gene in vivo. Pnn may play a general role in the 
control of the cellular amount of family SR proteins through down-regulation of its 
own expression, thereby providing us with a better understanding of the cellular 
mechanism by which Pnn ful fi lls its biological function  [  167  ] . 

 During mouse embryo development, PNN transcripts display two isoforms due 
to differential utilization of a polyadenylation site and exhibit tissue variable expres-
sion with thymus expressing the highest level of transcript. Analysis of pnn expres-
sion in mouse embryos revealed N-pnn expression starts from the two-cell fertilized 
egg stage and is ubiquitous at all stages of mouse embryo development. ISH and 
immuno fl uorescent staining of embryo cryosections showed that during mouse 
organogenesis N-pnn is highly expressed in the central nervous system. In addition, 
N-pnn was found to be highly expressed in the cortex region of thymus of 
E16.5 mouse fetus, while in the hepatic primordium the strongest signals were 
noted at E13.5 to E14.5 rather than at later developmental stages. The subcellular 
location of N-pnn in photoreceptors of developing retinas was determine by 
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nuclear fractionation and Western blot, because N-pnn displayed a staining pattern 
reminiscent of cytoplasmic proteins at the microscopic level in developing mouse 
photoreceptors  [  168  ] . 

 PRPF4 or pre-mRNA processing factor 4 homolog (yeast) is involved in pre-
mRNA splicing. Human splicing factors Hprp3p and Hprp4p are associated with 
the U4/U6 small nuclear ribonucleoprotein particle, which is essential for the assem-
bly of an active spliceosomes  [  169–  172  ] . Silencing of PRPF4, a splicing factor 
hitherto unrelated to Retinitis pigmentosa, evoked the same defects in vision, pho-
toreceptor morphology, and retinal gene expression. RP can be elicited by muta-
tions that affect the tri-snRNP subunit of the pre-mRNA splicing machinery. In 
zebra fi sh by silencing the RP-associated splicing factor PRPF4 and observed detri-
mental effects on visual function and photoreceptor morphology. Despite reducing 
the level of a constitutive splicing factor, no general defects in gene expression were 
found. Instead, retinal genes were selectively affected, providing the  fi rst in vivo 
link between mutations in splicing factors and the RP phenotype  [  173  ] . High oxy-
gen consumption and cyclical changes related to dark-adaptation are characteristic 
of the outer retina. Oxygenation changes may contribute to the selective vulnerabil-
ity of the retina in retinitis pigmentosa (RP) patients, especially for those forms 
involving genes with global cellular functions. Genes coding for components of the 
U4/U6.U5 tri small nuclear ribonucleoprotein (tri-snRNP) complex of the spli-
ceosome stand out, because mutations in four genes cause RP, i.e., RP9 (PAP1), 
RP11 (PRPF31), RP13 (PRPF8), and RP18 (PRPF3), while there is no degeneration 
outside the retina despite global expression of these genes. With the assumption that 
variable oxygenation plays a role in RP forms related to pre-mRNA splicing and the 
retina and brain are similar, we searched a data collection of ischemia-hypoxia regu-
lated genes of the brain for oxygen regulated genes of the U4/U6.U5 tri-snRNP 
complex  [  174  ] . 

 RBM25 or RNA-binding motif protein 25 acts as a regulator of alternative pre-
mRNA splicing. Involved in apoptotic cell death through the regulation of the apop-
totic factor BCL2L1 isoform expression. Modulates the ratio of pro-apoptotic 
BCL2L1 isoform S to anti-apoptotic BCL2L1 isoform L mRNA expression. When 
overexpressed, stimulates pro-apoptotic BCL2L1 isoform S 5 ¢ -splice site (5 ¢ -ss) 
selection, whereas its depletion caused the accumulation of anti-apoptotic BCL2L1 
isoform L. Promotes BCL2L1 isoform S 5 ¢ -ss usage through the 5 ¢ -CGGGCA-3 ¢  
RNA sequence. Its association with LUC7L3 promotes U1 snRNP binding to a 
weak 5 ¢  ss in a 5 ¢ -CGGGCA-3 ¢ -dependent manner. Binds to the exonic splicing 
enhancer 5 ¢ -CGGGCA-3 ¢  RNA sequence located within exon 2 of the BCL2L1 pre-
mRNA  [  175  ] . 

 RBMX or RNA-binding motif protein, X-linked belongs to the RBMY gene 
family which includes candidate Y chromosome spermatogenesis genes and func-
tion as RNA-binding protein which may be involved in pre-mRNA splicing 
 [  176–  179  ] . 

 SFPQ or splicing factor proline/glutamine-rich is a DNA- and RNA-binding pro-
tein, involved in several nuclear processes. Essential pre-mRNA splicing factor 
required early in spliceosome formation and for splicing catalytic step II, probably 
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as an heteromer with NONO. SFPQ binds to pre-mRNA in spliceosome C complex, 
and speci fi cally binds to intronic PPTs. Interacts with U5 snRNA, probably by bind-
ing to a purine-rich sequence located on the 3 ¢  side of U5 snRNA stem 1b. It may be 
involved in a pre-mRNA coupled splicing and polyadenylation process as compo-
nent of a snRNP-free complex with SNRPA/U1A. The SFPQ-NONO heteromer 
associated with MATR3 may play a role in nuclear retention of defective RNAs. 
SFPQ may be involved in homologous DNA pairing; in vitro, promotes the invasion 
of ssDNA between a duplex DNA and produces a D-loop formation. The SFPQ-
NONO heteromer may be involved in DNA unwinding by modulating the function 
of topoisomerase I/TOP1; in vitro, stimulates dissociation of TOP1 from DNA after 
cleavage and enhances its jumping between separate DNA helices. The SFPQ-
NONO heteromer may be involved in DNA nonhomologous end joining (NHEJ) 
required for double-strand break repair and V(D)J recombination and may stabilize 
paired DNA ends; in vitro, the complex strongly stimulates DNA end joining, binds 
directly to the DNA substrates and cooperates with the Ku70/G22P1-Ku80/XRCC5 
(Ku) dimer to establish a functional preligation complex. SFPQ is involved in tran-
scriptional regulation. Transcriptional repression is probably mediated by an inter-
action of SFPQ with SIN3A and subsequent recruitment of HDACs. The 
SFPQ-NONO/SF-1 complex binds to the CYP17 promoter and regulates basal and 
cAMP-dependent transcriptional activity. SFPQ isoform Long binds to the DNA 
binding domains (DBD) of nuclear hormone receptors, like RXRA and probably 
THRA, and acts as transcriptional co-repressor in absence of hormone ligands. 
Binds the DNA sequence 5 ¢ -CTGAGTC-3 ¢  in the insulin-like growth factor response 
element (IGFRE) and inhibits IGF-I-stimulated transcriptional regulation  [  180–
  186  ] . PSF or SFPQ stimulate double-strand break repair in cell free systems, most 
likely via direct interaction with the repair substrate. Prior in vitro studies are, how-
ever, insuf fi cient to demonstrate whether PSF contributes to DNA repair in living 
cells. miRNA-mediated PSF knockdown in human (HeLa) cells. Mutational analy-
sis suggests that sequences required for viability and radioresistance are partially 
separable, and that the latter requires a unique N-terminal PSF domain. As an inde-
pendent means to investigate PSF sequences involved in DNA repair, was estab-
lished using an assay based on real-time relocalization of PSF-containing complexes 
to sites of dense, laser-induced DNA damage in living cells. The relocalization is 
driven by sequences in PSF, rather than its dimerization partner, p54(nrb)/NONO, 
and that sequences required for relocalization reside in the same N-terminal domain 
that contributes to radioresistance. Further evidence for the importance of PSF 
sequences in mediating relocalization is provided by observations that PSF pro-
motes relocalization of a third protein, PSPC1, under conditions where p54(nrb) is 
limiting. Together, these observations support the model derived from prior bio-
chemical studies that PSF in fl uences repair via direct, local, interaction with the 
DNA substrate  [  184,   186  ] . 

 Lipids can in fl uence pre-mRNA processing by regulating the phosphorylation 
status of speci fi c regulatory factors, which is mediated by protein phosphatase activ-
ity. Ceramides are lipid-signaling molecules composed of sphingosine and a fatty 
acid. C6 pyridinium ceramide (PyrCer) binds to the PP1 catalytic subunit and 
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inhibits the dephosphorylation of several splicing regulatory proteins containing the 
evolutionarily conserved RVxF PP1-binding motif (including PSF/SFPQ, Tra2-
beta1, and SF2/ASF)  [  180  ] . 

 CCNL1 and CCNL2 or cyclin L1 and cyclin L2 are two closely related mem-
bers of the cyclin family that contain C-terminal arginine- and serine-rich (RS) 
domains and are localized in the splicing factor compartment (nuclear speckles) 
 [  187–  189  ]  are signi fi cantly upregulated in the parous breast.. They are transcrip-
tional regulators which participates in regulating the pre-mRNA splicing process 
 [  190,   191  ] . Also modulates the expression of critical apoptotic factor, leading to 
cell apoptosis possibly through the Wnt signal transduction pathway  [  104,   192  ] . 
Cyclin L1 and cyclin L2 are two closely related members of the cyclin family that 
contain C-terminal arginine- and serine-rich (RS) domains and are localized in the 
splicing factor compartment (nuclear speckles). Using photobleaching techniques 
was show that a green  fl uorescent protein (GFP) fusion protein of cyclin L1, in 
contrast to cyclin L2, was not mobile within the nucleus of living COS7 cells. 
Transcriptional arrest by actinomycin D caused accumulation of GFP-cyclin L2 in 
rounded and enlarged nuclear speckles but did not affect the subnuclear pattern of 
distribution of GFP-cyclin L1. Although immobile in most phases of the cell cycle, 
GFP-cyclin L1 was diffusely distributed and highly mobile in the cytoplasm of 
metaphase cells. By analysis of a series of chimeras, deletion constructs, and a 
point mutant, a segment within the RS domain of cyclin L1 was identi fi ed to be 
necessary for the immobility of the protein in nuclear speckles  [  187  ] . Whereas the 
CCNL1 has an inhibitory effect on growth of MDA-MB-231 cells it seems that 
interact with the tissue inhibitor of matrix metalloproteinase-1 (TIMP1)  [  193  ] . 
CCNL1 and TIMP1 expression was signi fi cantly elevated in breast cancer tissues 
compared with that in peri-breast cancer tissues of patients by cDNA microarray 
and these results were further con fi rmed by real-time RT-PCR and western blot-
ting. Co-expression or co-repression of these two genes did not affect cell growth. 
Overexpression of CCNL1 and TIMP1 individually induced overexpression of 
each other  [  193  ] . Previous studies using the yeast two-hybrid assay (Y2H) have 
identi fi ed cyclin L1 (CCNL1) and Ewing sarcoma breakpoint region 1 protein 
(EWSR1) as being interacting partners of tuftelin-interacting protein 11 (TFIP11). 
All three proteins are functionally related to the spliceosome and involved in pre-
mRNA splicing activities. The spliceosome is a dynamic ribonucleoprotein com-
plex responsible for pre-mRNA splicing of intronic regions, and is composed of 
 fi ve small nuclear RNAs (snRNAs) and  m 140 proteins. TFIP11 appears to play a 
role in spliceosome disassembly allowing for the release of the bound lariat-intron. 
The roles of CCNL1 and EWSR1 in the spliceosome are poorly understood. Using 
 fl uorescently-tagged proteins and confocal microscopy TFIP11, CCNL1, and 
EWSR1 frequently co-localize to speckled nuclear domains. These data would 
suggest that all three proteins participate in a common cellular activity related to 
RNA splicing events  [  194  ] . Cyclin L1 and L2 genes generate 14 mRNA variants 
encoding six cyclin L proteins, one of which has not been described previously. 
Using cyclin L gene-speci fi c antibodies, have demonstrated expression of multiple 
endogenous cyclin L proteins in human cell lines and mouse tissues. Interactions 
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between CDK11(p110), mitosis-speci fi c CDK11(p58), and apoptosis-speci fi c 
CDK11(p46) with both cyclin L-alpha and -beta proteins and the co-elution of 
these proteins following size exclusion chromatography. CDK11(p110) and asso-
ciated cyclin L-alpha/beta proteins localize to splicing factor compartments and 
nucleoplasm and interact with serine/arginine-rich proteins. Importantly, we also 
determine the effect of CDK11-cyclin L complexes on pre-mRNA splicing. 
Preincubation of nuclear extracts with puri fi ed cyclin L-alpha and -beta isoforms 
depletes the extract of in vitro splicing activity. Ectopic expression of cyclin 
L1alpha, L1beta, L2alpha, or L2beta or active CDK11(p110) individually enhances 
intracellular intron splicing activity, whereas expression of CDK11(p58/p46) or 
kinase-dead CDK11(p110) represses splicing activity. Expression of cyclins 
L-alpha and -beta and CDK11(p110) strongly and differentially affects alternative 
splicing in vivo. Together, these data establish that CDK11(p110) interacts physi-
cally and functionally with cyclin L-alpha and -beta isoforms and SR proteins to 
regulate splicing  [  190  ] . 

 The expression and ampli fi cation of cyclin L1 (CCNL1) gene, a potential onco-
gene localized in the commonly ampli fi ed 3q25-28 region, in human head and neck 
squamous cell carcinomas (HNSCCs) with no relationships to the clinico-patholog-
ical parameters is located in the nuclear speckles in tumor cells compatible with a 
role for CCNL1 in RNA splicing  [  195  ] . 

 CrkRS is a Cdc2-related protein kinase that contains an arginine- and serine-
rich (SR) domain, a characteristic of the SR protein family of splicing factors. 
CrkRS interacts with cyclin L1 and cyclin L2, and thus rename it as the long 
form of cyclin-dependent kinase 12 (CDK12(L)). A shorter isoform of CDK12, 
CDK12(S), that differs from CDK12(L) only at the carboxyl end, was also 
identi fi ed. Both isoforms associate with cyclin L1 through interactions mediated 
by the kinase domain and the cyclin domain, suggesting a bona  fi de CDK/cyclin 
partnership. Furthermore, CDK12 isoforms alter the splicing pattern of an E1a 
minigene, and the effect is potentiated by the cyclin domain of cyclin L1. When 
expression of CDK12 isoforms is perturbed by small interfering RNAs, a rever-
sal of the splicing choices is observed. The activity of CDK12 on splicing is 
counteracted by SF2/ASF and SC35, but not by SRp40, SRp55, and SRp75. 
Together, our  fi ndings indicate that CDK12 and cyclin L1/L2 are CDK and cyclin 
partners and regulate alternative splicing  [  196  ] . Cyclin L (ania-6a), is commonly 
overexpressed in primary tumors compared with corresponding normal tissues. 
This cyclin was previously pinpointed as a candidate for a role in promoting cell 
cycle entry. Thus, we propose cyclin L as a candidate oncogene in head and neck 
cancer  [  197  ] . 

 Cyclin L2, as a substrate of the nuclear protein kinase DYRK1A contains an 
N-terminal cyclin domain and a C-terminal arginine/serine-rich domain (RS 
domain), which is a hallmark of many proteins involved in pre-mRNA processing. 
The gene for cyclin L2 encodes the full-length cyclin L2, which is predominantly 
expressed in testis, as well as a truncated splicing variant (cyclin L2S) that lacks 
the RS domain and is ubiquitously expressed in human tissues. Full-length cyclin 
L2, but not cyclin L2S, was associated with the CDK PITSLRE. Cyclin L2 
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interacted with splicing factor 2 in vitro and was co-localized with the splicing 
factor SC35 in the nuclear speckle compartment. Photobleaching experiments 
showed that a fusion protein of GFP and cyclin L2 in nuclear speckles rapidly 
exchanged with unbleached molecules in the nucleus, similar to other RS domain-
containing proteins. In striking contrast, the closely related GFP-cyclin L1 was 
immobile in the speckle compartment. DYRK1A interacted with cyclin L2 in pull-
down assays, and overexpression of DYRK1A stimulated phosphorylation of 
cyclin L2 in COS-7 cells. These data characterize cyclin L2 as a highly mobile 
component of nuclear speckles and suggest that DYRK1A may regulate splicing 
by phosphorylation of cyclin L2. Human cyclin L2 shares signi fi cant homology to 
cyclin L1, K, T1, T2, and C, which are involved in transcriptional regulation via 
phosphorylation of the C-terminal domain of RNA polymerase II. The cyclin L2 
protein contains an N-terminal “cyclin box” and C-terminal dipeptide repeats of 
alternating arginines and serines, a hallmark of the SR family of splicing factors. 
A new isoform and the mouse homologue of human cyclin L2 have also been 
cloned in this study. Recombinant cyclin L2 protein can stimulate in vitro mRNA 
splicing. Overexpression of human cyclin L2 suppresses the growth of human 
hepatocellular carcinoma SMMC 7721 cells both in vitro and in vivo, inducing 
cellular apoptosis. This process involves upregulation of p53 and Bax and decreased 
expression of Bcl-2. The data suggest that cyclin L2 represents a new member of the 
cyclin family, which might regulate the transcription and RNA processing of cer-
tain apoptosis-related factors, resulting in tumor cell growth inhibition and apopto-
sis  [  104  ] . Stable CCNL2-overexpressing P19 cells were less differentiated after 
treatment with 1% DMSO and that expression of myocardial cell differentiation-
related genes (such as cardiac actin, GATA4, Mef2C, Nkx2.5, and BNP) were 
reduced compared to vector-only transfected P19. Moreover, P19 cells overex-
pressing the CCNL2 gene had a reduced growth rate and a remarkably decreased S 
phase and these cells underwent apoptosis, as detected by two different apoptosis 
assays. The anti-apoptotic Bcl-2 protein was also downregulated in these cells. 
Expression of Wnt and beta-catenin was suppressed and GSK3beta was induced in 
the CCNL2-overexpressing P19 cells. Overexpression of CCNL2 inhibited prolif-
eration and differentiation of mouse embryonic carcinoma P19 cells and induced 
them to undergo apoptosis, possibly through the Wnt signal transduction pathway 
 [  192  ] . Overexpression of cyclin L2 inhibited the growth of human lung adenocar-
cinoma cells (A549 cell). Cell cycle analysis in cells transfected with pCCNL2 
revealed an increment in proportion in G0/G1 phase (68.07% ± 4.2%) in contrast to 
60.39% ± 2.82% of the cells transfected with mock vector. Apoptosis occurred in 
7.25% ± 0.98% cells transfected with pCCNL2, as compared with 1.25% ± 0.21% 
of the mock vector control group. Cyclin L2-induced-G0/G1 arrest and apoptosis 
involved upregulation of caspase-3 and down-regulation of Bcl-2 and survivin. The 
results indicate that overexpression of cyclin L2 protein may promote ef fi cient 
growth inhibition of human lung adenocarcinoma cells by inducing G0/G1 cell 
cycle arrest and apoptosis  [  191  ] . This function is in agreement with our data in 
which the CCDL2 is highly expressed in the parous breast and localized in the 
nuclear compartment (Figs.  8.16  and  8.17 ).    



  Fig. 8.16    Immunohistochemistry of cyclin-cyclin L2 protein (CCNL2) performed in paraf fi n 
embedded tissues of nulliparous and parous samples. CCNL2 protein was overexpressed in the 
nucleus of epithelial cells of lobules type 1 in parous breast (b, d and e)     when compared to nullipa-
rous women (a and c)       

  Fig. 8.17    Histogram showing quantization of CCNL2. There is a signi fi cant difference in the 
percentage of positive cells for CCNL2 in the parous vs. the nulliparous breast       
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    8.8   Functional Role of the Spliceosomes in Breast 
Cancer Prevention 

 How these data explain the protective effect of parity against breast cancer? The 
concept that parity induces a terminal differentiation of the breast epithelial cells 
was postulated by us  [  198–  206  ] , the  fi nding reported herewith that the spliceosome 
is mainly the target of these changes is further supported by recent work  [  207  ]  indi-
cating the role of alternative splicing in differentiating mouse embryonic stem (ES) 
point the critical role for the spliceosome in the speci fi cation of ES cells with dif-
ferentiation. The same also apply to self-renewal, pluripotency, and tissue lineage 
speci fi cation of human embryonic stem cells  [  208–  211  ] . Another example is in the 
 D. melanogaster  on how sex-speci fi c functions is not a single regulatory event that 
governs the activities of all downstream sex determination regulatory genes-turning 
on Sex lethal (Sxl) RNA splicing activity in females while leaving it turned off in 
males-there are, in addition, elaborate temporal and spatial transcriptional controls 
on the expression of the terminal regulatory genes, dsx and fru  [  212  ]  indicating the 
importance of RNA splicing in the sex determination at each individual somatic 
cell. Retinoic acid treatment regulates the alternative splicing mechanism during 
neural differentiation  [  213  ] . Or in the role of spliced interleukin (IL)-7 in distinct 
anatomic areas in the adult, in developing human brains and in normal human neu-
ronal progenitor cells  [  214  ] . Splicing, nuclear transport, and extramatrix proteins 
may be involved in sex determination. The male sex determination pathway switches 
on the expression of genes driving Sertoli cell differentiation. Sertoli cells orches-
trate testicular differentiation. In the absence of Sry, the predomination of the female 
pathway results in the realization of a robust genetic program that drives ovarian 
differentiation  [  215  ] . Alternative splicing is also regulating the preferentially metab-
olization of glucose by aerobic glycolysis, characterized by increased lactate pro-
duction in cancer cells. The aerobic glycolysis process is controlled by hnRNP A1 
and A2, as well as the polypyrimidine tract-binding protein PTB  [  216  ] . Alternative 
splicing occurs during complex disease and may govern for example experimental 
autoimmune encephalomyelitis  [  217  ] , the differentiation of erythroid cells and 
megakaryocytes by GATA1  [  218  ] . 

  Whereas more studies need to be conducted to understand the speci fi c pathway/s 
of the genes involved in this process. Our data   [  17,   18,   219  ]   emphasize the impor-
tance of posttranscriptional regulatory mechanisms as a critical component under-
lying the differentiation of the breast. From the moment a gene is transcribed, it 
undergoes a series of posttranscriptional regulatory modi fi cations in the nucleus 
and cytoplasm until its  fi nal deployment as a functional protein. Initially, a message 
is subjected to extensive structural regulation through alternative splicing, which is 
capable of greatly expanding the protein repertoire by generating, in some cases, 
thousands of functionally distinct isoforms from a single gene locus. Then, RNA 
packaging into the nucleus of the breast epithelial cells and recognition by RNA-
binding proteins and/or microRNAs is capable of restricting protein synthesis to 
selective locations and under speci fi c input conditions. This ability of the posttran-
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scriptional apparatus to expand the informational content of the breast cells and 
control the lower susceptibility of the cell to carcinogenesis susceptibility is deter-
mined by the signature induced y a full term pregnancy.       
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          9.1   Introduction 

 The development of the breast is a lifelong process of organogenesis that starts as 
an appendage of the skin in the 5-week-old embryo  [  1  ] ; however, the commitment 
of the organ to develop as a female breast becomes established at the time of fer-
tilization of the oocyte through the inheritance of a paternal X chromosome  [  2–  4  ] . 
Subsequent cell divisions will generate 2-, 4-, and 8-cells, which will progress to 
the morula stage (human pre-embryo) and the blastocyst, within which the inner 
cell mass (ICM) cells continue to proliferate and constitute the ultimate totipotent 
cells from which the embryonic stem (ES) cells are harvested  [  2–  4  ] . The ICM 
cells represent the ultimate undifferentiated cell type, as it gives rise to all cell 
types and live offspring  [  5  ] . Totipotency persists for the very  fi rst cell doublings, 
from the single cell and zygote to at least the 4-cell pre-embryo. Initiation of tran-
scription in the newly formed embryonic genome reportedly occurs at the 4- and 
8-cell stage, followed by decreases in abundance of individual mRNAs  [  6  ] . The 
XX female needs to equalize their gene dosage relative to XY males by inactivat-
ing one of their X chromosomes. An inactive chromosome X (Xi) becomes pres-
ent in each cell through the X chromosome inactivation center (XCI) that contains 
several genetic elements essential for the transcription initiation of long noncod-
ing RNAs (lncRNAs)  [  7  ] . Initiation of XCI requires the  cis  accumulation of a 
nontranslated human X inactive-speci fi c transcript (XIST) RNA that coats the X 
chromosome and is followed by various epigenetic changes on the future Xi that 
contribute to chromosome silencing  [  8  ] , which is detected as early as the 4-cell 
stage of mouse embryos. Defects in dosage compensation prior to implantation 
lead to abnormal development in a majority of the embryos and early lethality. 
Thus, the presence and function of an lncRNA determines the lifetime ability of 
the breast to develop normal growth and differentiation, which require a synchro-
nized sequence of cellular processes that involve commitment to speci fi c cell 
types and its ultimate function, milk production  [  9–  13  ] . Any derangements affecting 
the integrated framework of signaling networks that control breast development 
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during puberty, pregnancy, lactation, or post lactation involution, such as 
 inheritance  [  14  ]  or exposure to genetic and environmental factors that cause accu-
mulation of germline  [  3,   4,   14  ]  or epigenetic  [  15,   16  ]  mutations might lead to the 
neoplastic transformation of mammary tissues  [  17,   18  ] . Loss of Xi has been 
reported in both BRCA1 defective and in wild breast cancer cells  [  19  ] . XIST is 
the key player of the X chromosome silencing; the inactive X (Xi) acquires typi-
cal features of heterochromatin, such as late replication, hypoacetylation of his-
tones H3 and H4, methylation of histone H3 at lysines 9 and 27, lack of methylation 
of H3 at lysine 4, and methylation of DNA CpG islands, epigenetic modi fi cations 
that appear to act synergistically and stably maintain the inactive state through 
subsequent cell divisions  [  20  ] . Studies of human embryonic stem cells (hESCs) 
have demonstrated that lncRNAs are important regulators of pluripotency and 
neurogenesis, playing an important role in human brain development  [  21  ] . 
Similarly, the role played by lncRNAs, and more speci fi cally XIST, in normal 
development and differentiation of the breast has been con fi rmed by our studies 
of the genomic and epigenetic characteristics of the differentiated breast of early 
parous women that had reached menopause free of breast cancer  [  22  ] . The reduc-
tion in breast cancer risk conferred by the  fi rst pregnancy has been attributed to 
the induction of complete differentiation of the virginal breast, which in nullipa-
rous women remains undifferentiated and susceptible to carcinogenic insults  [  9, 
  10,   22  ] . Genome-wide studies comparing the gene expression pro fi les of breast 
biopsy specimens of these two populations revealed that the differentiated breast 
of parous women expressed upregulation of the lncRNA  XIST . In addition, the 
nucleus of epithelial cells had condensed chromatin and increased reactivity with 
anti-H3K9me 2  and H3K27me 3  antibodies  [  11  ] . These observations led us to pos-
tulate that chromatin remodeling is the driving force of the observed differences 
between the parous and nulliparous breast that had been initiated by lncRNAs that 
are key players in developmental processes, maintaining pluripotency or differen-
tiation during embryogenesis  [  2,   21  ]  and maintain these roles during adult growth 
and differentiation  [  11,   22  ] .  

    9.2   Nuclear Organelles and ncRNAs 

 The cell nucleus is a highly compartmentalized organelle harboring a variety of 
dynamic subnuclear bodies. Its interior is not uniform and the bodies that it contains 
are not membrane-bound  [  23  ] . The best-known of these existing subnuclear compart-
ments is the nucleolus, which is mainly involved in the assembly of ribosomes for 
their exportation to the cytoplasm  [  24  ] . Besides the nucleolus, other subnuclear com-
partments are made up of unique proteins, RNA molecules, and particular parts of 
mitochondria. These include Cajal bodies or coiled bodies (CBs)  [  25  ] , gems (dissoci-
ated Sm proteins of the survival of motor neurons [SMN] complex)  [  26  ] ; PIKA (poly-
morphic interphase karyosomal association  [  27  ] , PML (promyelocytic leukemia) 
bodies  [  28  ] , paraspeckles, and splicing speckles  [  29,   30  ] . Increasing knowledge has 



3939.2 Nuclear Organelles and ncRNAs

accumulated since the 1900s on a number of these domains,  fi ndings that have 
con fi rmed that the nucleoplasm is not a uniform mixture, but rather an organized and 
compartmentalized functional structure  [  23–  30  ] . Cajal bodies were discovered by 
Ramon y Cajal in silver stained neurons, and rediscovered by electron microscopists, 
who renamed them coiled bodies (CBs)  [  25  ] ; CBs in fetal tissues are in proximity of 
gems, thus their twin appearance generated the name gemini to this duo  [  26  ] . However, 
the phenomenon is not observed in adult tissues in which the two structures appear 
fused  [  25  ] . A nucleus typically contains between 1 and 10 compact Cajal bodies that 
measure between 0.2 and 2.0  m m in diameter, depending upon the cell type and spe-
cies  [  25  ] . When seen under an electron microscope, CBs resemble balls of tangled 
threads  [  23  ]  and are dense foci of distribution for the protein coiling     [  24,   27,   29,   30  ] . 
CBs are involved in a number of different roles relating to RNA processing, speci fi cally 
small nucleolar RNA (snoRNA) and small nuclear RNA (snRNA) maturation, and 
histone mRNA modi fi cation  [  30  ] . Gems are similar in size and shape to CBs, and in 
fact are virtually indistinguishable under the microscope  [  24  ] . Unlike CBs, gems do 
not contain small nuclear ribonucleoproteins (snRNPs), but do contain an SMN, 
whose function relates to snRNP biogenesis, therefore they are believed to assist CBs 
in snRNP biogenesis  [  27  ] , though it has also been suggested from microscopic evi-
dence that CBs and gems are different manifestations of the same structure. 

 The presence of speckles in the nucleus was  fi rst reported by Cajal as translucent 
clumps in 1910 and identi fi ed with the electron microscope as interchromatin parti-
cles by Swift in 1959, although the term “speckles” was  fi rst coined by Beck in 1961 
 [  31,   32  ] . Speckles are subnuclear structures that are enriched in pre-messenger RNA 
splicing factors and are located in the interchromatin regions of the nucleoplasm of 
mammalian cells. Fluorescent microscopy shows them as irregular, punctuate struc-
tures that vary in size and shape, and the electron microscope con fi rms them as clus-
ters of interchromatin granules. Speckles are dynamic structures, and both their 
protein and RNA-protein components can cycle continuously between speckles and 
other nuclear locations, including active transcription sites. Studies on the composi-
tion, structure, and behavior of speckles have provided a model for understanding the 
functional compartmentalization of the nucleus and the organization of the gene-
expression machinery  [  33  ] . Sometimes referred to as interchromatin granule clusters 
or as splicing-factor compartments, speckles are rich in splicing snRNPs  [  31,   34  ]  and 
other splicing proteins necessary for pre-mRNA processing  [  35  ] . Because of a cell’s 
changing requirements, the composition and location of these bodies changes accord-
ing to mRNA transcription and regulation via phosphorylation of speci fi c proteins 
 [  36  ] . The compartmentalization allows the cell to prevent translation of unspliced 
mRNA  [  37  ] . Eukaryotic mRNA contains introns that must be removed before being 
translated to produce functional proteins. The splicing is done inside the nucleus 
before the mRNA can be accessed by ribosomes for translation. Without the nucleus, 
ribosomes would translate newly transcribed (unprocessed) mRNA, resulting in mal-
formed and nonfunctional proteins. Paraspeckles, which were discovered by Fox 
et al. in 2002, are irregularly shaped compartments in the nucleus’ interchromatic 
space  [  29  ] . First documented in HeLa cells, in which there are generally 10–30 per 
nucleus  [  31  ] , paraspeckles are now known to also exist in all human primary cells, 
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transformed cell lines, and tissue sections  [  33  ] . Their name is derived from their 
distribution in the nucleus; the “para” is short for parallel and the “speckles” refers to 
the splicing speckles to which they are always in close proximity  [  29,   31,   33,   34  ] . 

 Nuclear speckles or their ultrastructural equivalent, the interchromatin granule 
clusters, are enriched in components of the pre-mRNA splicing machinery, par-
ticularly spliceosomal snRNP particles and other non-snRNP protein splicing fac-
tors such as SC35 and U2AF. They also contain several kinases, the PP1 
phosphatase, 3 ¢ -end processing factors, some transcription factors involved in 
gene expression driven by the RNA polymerase II, and a population of poly(A) 
RNA and noncoding RNAs (ncRNAs). LncRNAs are in general considered as 
nonprotein coding transcripts longer than 200 nucleotides, distinguishing them 
from small regulatory RNAs such as microRNAs (miRNAs), short interfering 
RNAs (siRNAs), Piwi-interacting RNAs (piRNAs), snoRNAs, etc. The  fi ndings 
that only one- fi fth of transcription across the human genome is associated with 
protein-coding genes  [  38,   39  ] , whereas lncRNA sequences are fourfold more fre-
quent indicate the need of performing large-scale complementary DNA (cDNA) 
sequencing projects such as FANTOM (Functional Annotation of Mammalian 
cDNA) for revealing the complexity of this transcription  [  40  ] . The FANTOM3 
project identi fi ed ~35,000 noncoding transcripts from ~10,000 distinct loci that 
bear many signatures of mRNAs, including 5 ¢  capping, splicing, and poly-adeny-
lation, but have little or no open reading frame (ORF). Guttman et al.  [  41  ]  sought 
to undertake systematic loss-of-function experiments on all large intergenic ncR-
NAs (lincRNAs) known to be expressed in mouse embryonic stem cells (ESCs). 
ESCs are pluripotent cells that can self-renew in culture and can give rise to cells 
of any of the three primary germ layers including the germline in which the sig-
naling, transcriptional, and chromatin regulatory networks controlling pluripo-
tency have been well characterized. The knockdown of the vast majority of 
ESC-expressed lincRNAs has a strong effect on gene expression patterns of com-
parable magnitude to that seen for the well-known ESC regulatory proteins. Loss-
of-function has allowed identifying dozens of lincRNAs that exit from the 
pluripotent state and similarly, additional lincRNAs that, while not essential for 
the maintenance of pluripotency, act to repress lineage-speci fi c gene expression 
programs in ESCs  [  41  ] . These studies demonstrated that most lincRNAs are 
directly regulated by critical pluripotency-associated transcription factors and 
that ~30 % of lincRNAs physically interact with speci fi c chromatin regulatory 
proteins to affect gene expression, and many physically interact with chromatin 
proteins, affect gene expression programs, and maintain the ESC state.  

    9.3   De fi ning the RNAs 

 Mammalian genomes produce a wide variety of RNA transcripts  [  41–  43  ] . In addi-
tion to the classical RNAs that serve as templates for protein synthesis and transla-
tion, that include the complementary RNA (cRNA), a viral RNA that is transcribed 
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from negative-sense RNA; messenger RNA (mRNA), made up of 400–10,000 bases 
long molecules; ribosomal RNA (rRNA) that together with proteins forms the ribo-
somes and play a structural role and ribosomal binding of mRNA and transfer RNA 
(tRNA).  

    9.4   Noncoding RNAs 

    9.4.1   Noncoding RNA Classes 

 NcRNAs have been grouped into two major classes based on transcript size; small 
ncRNAs that are represented by a broad range of known and newly discovered RNA 
species, with many being associated with 5 ¢  or 3 ¢  regions of protein-coding genes. 
This class includes the well-documented miRNAs, siRNAs, piRNAs, etc. Extensive 
research on the molecular biology and its application to cancer research and therapy 
that is ongoing is beyond the scope of this chapter and is available in existing reviews 
in this  fi eld  [  44  ] .  

    9.4.2   Long Noncoding RNAs 

 LncRNAs are a numerous class of newly discovered genes in the human genome 
that are de fi ned as transcripts >200 nucleotides with little or no protein-coding 
potential  [  21  ] . The end product of the DNA sequence from which an ncRNA is 
transcribed is often called an RNA gene or ncRNA gene. They have been pro-
posed to be key regulators of biological processes, including stem cell pluripo-
tency and neurogenesis  [  21  ] . Several lncRNAs have been biologically 
characterized (including XIST, TSIX, HOTAIR, and AIR)  [  45  ] , but shotgun 
cDNA sequencing and microarray hybridization have suggested that the vast 
majority of the mammalian genome can produce RNA transcripts under some 
circumstances  [  42  ] . The mammalian transcriptome also encodes many thou-
sands of large noncoding transcripts that include a class of ~3,500 lincRNAs, 
which have been identi fi ed using a chromatin signature of actively transcribed 
genes  [  7,   41,   46  ] . These lincRNA genes have been shown to express clear evo-
lutionary conservation patterns that correlate with various cellular processes 
and binding of key transcription factors to their promoters and the lincRNAs 
themselves physically associate with chromatin regulatory proteins  [  47  ] . 
Although it remains unclear whether the RNA transcripts themselves have bio-
logical functions, studies in ESCs and induced pluripotent stem cells (iPSCs) 
indicate that lncRNAs are integral members of the ESC self-renewal regulatory 
circuit. In addition, Loewer et al.  [  48  ]  showed that lincRNA-RoR enhanced the 
reprogramming of  fi broblasts into iPSCs. LncRNAs such as MALAT1, Evf-2, 
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and Nkx2.2AS have also been reported to specify neural cell fate and function. 
LncRNAs are also dynamically expressed during neuronal–glia fate speci fi cation, 
and they appear to regulate the expression of protein-coding genes within the 
same genomic locus, suggesting lncRNA function. Additional evidence sug-
gesting functional roles of lncRNAs in the brain includes a computational anal-
ysis of in situ hybridization data from the Allen Brain Atlas, which identi fi ed 
849 lncRNAs showing speci fi c expression in the mouse brain  [  49  ] . Furthermore, 
neural lncRNAs have been shown to be regulated by transcription factors and 
epigenetic processes. So far, most efforts aimed at understanding lncRNA func-
tions in pluripotency and neural differentiation have been focused on the mouse 
as a model system  [  47,   49  ] . To date, the roles of lncRNAs in human embryonic 
and neural developmental gene networks are just beginning to be investigated. 
Interesting enough,  fi ndings on lncRNA functions in pluripotency and neural 
differentiation in mouse and human ESC are similar to our  fi ndings on the dif-
ferentiation of the breast induced by an early pregnancy in the breast of post-
menopausal women  [  11,   22  ] . 

 NcRNAs are generated in eukaryotes by the spliceosomes that perform the 
splicing reactions essential for removing intron sequences, this process is required 
for the formation of mature mRNA (see Chap.   8    ). Another group of introns can 
catalyze their own removal from host transcripts, these are called self-splicing 
RNAs. There are two main groups of self-splicing RNAs, these are the group 
I catalytic intron and group II catalytic intron. These ncRNAs catalyze their own 
excision from mRNA, tRNA, and rRNA precursors in a wide range of organisms. 
These ncRNA are involved in critical regulatory processes that de fi ne biological 
processes and roles of a cell. The expression of these molecules have been shown 
to be a systematic transcriptional and regulatory event involving recruitment of 
spliceosomes machinery and nuclear export. Majority of these ncRNAs are 
expressed during various stages of development and are highly tissue speci fi c. It 
is understood that these molecules exert a higher tier of regulation over critical 
structural and regulatory proteins and are critical to epigenetic processes and 
directing cell fate. It has been recently shown that in rats, an ncRNA, PINC 
(pregnancy-induced ncRNA) is induced by both pregnancy and hormonal stimu-
lation. PINC is alternatively spliced, polyadenylated and is expressed in parous 
rat mammary gland. Functional studies have shown that it plays signi fi cant role 
in modulating cell fate in mammary epithelial cells and imparts “functional 
memory” of parity  [  50  ] . Although this is the only ncRNA that has been shown to 
be directly involved in epigenetic imprinting, no genome-wide screening for 
such molecules has been done. The results from the initial transcriptomic analy-
sis in the normal breast of parous and nulliparous women reveals that genes such 
as nuclear paraspeckle assembly transcript 1 ( NEAT1 ),  MALAT-1  ( NEAT2 ), and 
XIST are upregulated in the parous breast  [  11,   51  ] . The role of these genes in 
epithelial cell differentiation and maturation needs to be explored. More importantly, 
we must assess the role of ncRNA and the genes involved in epithelial cell 
maturation and fate in both parous and nulliparous women. Furthermore the 
expression levels of these molecules can be combined with expression measurements 
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of coding RNA to identify the systematic regulatory networks that are involved 
in parous and nulliparous breasts and could provide novel and signi fi cant infor-
mation in the role of ncRNA in breast cancer prevention.   

    9.5   Noncoding RNA in the Parous Breast 
and its Implications in Cancer Prevention 

 Recent studies indicate that RNA molecules recruit PcG complexes to the locus of 
transcription or to sites located elsewhere in the genome. An important role has 
been attributed to ncRNAs  [  52  ] . It is possible to postulate that the increased chro-
matin condensation in the parous breast reported by us  [  11  ]  could have been initi-
ated by ncRNAs, a postulate supported by the observed upregulation of several 
ncRNAs that included nuclear paraspeckle assembly transcript 1 (NEAT1), 
MALAT-1 (NEAT2), and XIST  [  11,   53  ]  (Table  9.1 ), all critical components of the 
speckles. The expression of MALAT-1 is upregulated by the neurotransmitter oxy-
tocin during lactation, which acts through its speci fi c receptor OTR. It is of interest 
the fact that both OTR and MALAT-1 remain upregulated in the breast of postmeno-
pausal parous women even in the absence of circulating oxytocin. These observa-
tions indicate that in parous women the breast remains actively involved in the RNA 
metabolism that is necessary for maintaining a state of differentiation. Upregulation 
of XIST occurs upon differentiation, resulting in XCI. A ncRNA transcribed from a 
portion of the Xist gene locus forms hairpin structures that recruit the PRC2 com-
plex to the X-inactivation center X(ic)  [  54  ] . Transcription of full-length Xist RNA, 
which forms the same hairpin structures, leads to further PRC2 recruitment and the 
spread of PcG-mediated repression across the inactive X chromosome. Xist repres-
sion, which is often seen in malignancies, also occurs in early embryogenesis and 
during the acquisition of pluripotency in undifferentiated ES cells by the binding of 
Nanog, Oct4, and Sox2 directly to the chromatin of the Xist gene  [  54  ] . It is possible 
that in the postmenopausal nulliparous breast the upregulation of DDX, Sox1, Sox6, 
and Sox17, which might be equivalent to Nanog, Oct4, and Sox2, plays a direct 
pivotal role in the repression of XIST transcription. Although this postulate needs to 
be functionally veri fi ed, it is possible that these genes may play a role in controlling 
XIST in the parous breast. The upregulation of XIST has important implications in 
the understanding of the differentiation pattern of the parous breast. In recent stud-
ies it has been shown that the reprogramming of XCI during the acquisition of 
pluripotency in vivo and in vitro is accompanied by the repression of XIST  [  54–  56  ] . 
Reprogramming experiments have further reinforced the concept that X-inactivation 
is intimately linked to differentiation and support our  fi ndings that the upregulation 
in the expression of XIST in adult well-differentiated cells is an indication of its 
participation in the maintenance of gene repression  [  54–  56  ] . Continuous search for 
additional ncRNA in the parous breast is pivotal for furthering our understanding of 
the role of these noncoding regions in gene regulation and differentiation.   
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    9.6   The Functional Role of XIST 

 X inactivation is an early developmental process in mammalian females that tran-
scriptionally silences one of the pairs of X chromosomes, thus providing dosage 
equivalence between males and females (see Sect.  9.1 ). The process is regulated by 
several factors, including a region of chromosome X called the X-inactivation 
 center. The XIST gene is expressed exclusively from the XIC of the inactive X 
chromosome. The transcript is spliced but apparently does not encode a protein. The 
transcript remains in the nucleus where it coats the inactive X chromosome. 
Alternatively spliced transcript variants have been identi fi ed, but their full length 
sequences have not been determined. Xist triggers the X-inactivation process in 
mice even in the absence of this gene. hESCs fall into three classes of XCI states: 
upregulation of XIST upon differentiation, always expressing XIST in the undif-
ferentiated and differentiated states, and never expressing XIST in the undifferenti-
ated and differentiated states. Failure to express XIST represents an especially 
concerning state in hESC, as this state does not occur in healthy female cells but it 
is often seen in malignancies  [  53  ] . Normally X inactivation is initiated in early 
embryogenesis, but recent reports identi fi ed instances where Xist is expressed and 
can initiate gene repression  [  57  ] . It has been demonstrated that Xist is functional in 
tumor cells, where SATB1 was identi fi ed as the  fi rst silencing factor for Xist-
mediated chromosome silencing  [  58  ] . Xist is a unique gene in that it is repro-
grammed to the state of somatic cells in fusion-induced pluripotent hybrids. In 
hybrids formed from the cell fusion of embryonal carcinoma cells (ECCs) with 
male neural stem cells (mNSCs), the Xist gene was found to be reprogrammed to 
the somatic cell state, whereas the pluripotency-related and tissue-speci fi c marker 
genes were reprogrammed to the pluripotent cell state. Speci fi cally, Xist is not 
expressed in hybrids, because the memory of the somatic cell has been retained (i.e., 

   Table 9.1    Over expressed nonprotein coding (NPC) regions   

 Gene symbol  Probe ID  Log ratio   P  value  Gene name 

 CXorf50B  242292_at  0.35  0.0001  Nonprotein coding RNA 246B 
 MALAT1  224558_s_at  0.56  0.0000  Metastasis-associated lung 

adenocarcinoma transcript 1 
 MALAT1  224558_s_at  0.56  0.0000  Metastasis-associated lung 

adenocarcinoma transcript 1 
 NCRNA00173  237591_at  0.39  0.0002  Nonprotein coding RNA 173 
 NCRNA00201  225786_at  0.47  0.0004  Nonprotein coding RNA 201 
 NEAT1  224565_at  0.38  0.0012  Nuclear paraspeckle assembly 

transcript 1 
 NEAT1  224566_at  0.50  0.0014  Nuclear paraspeckle assembly 

transcript 1 
 XIST  224589_at  0.39  0.0000  X (inactive)-speci fi c transcript 
 XIST  221728_x_at  0.57  0.0000  X (inactive)-speci fi c transcript 
 XIST  214218_s_at  0.57  0.0000  X (inactive)-speci fi c transcript 
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mNSCs do not exhibit Xist expression) and that of the pluripotent cell erased (i.e., 
inactivation of the partially active Xist gene of ECCs, complete methylation of the 
Xist region). The latter phenomenon is induced by male, but not by female, NSCs 
 [  59  ] . A role of XCI process in the development of breast cancer have been sug-
gested. In particular, the relationship between the breast cancer predisposing gene 
BRCA1 and XIST, the main mediator of XCI, has been intensely investigated, but 
still remains controversial. The behavior of XIST has been investigated in different 
groups of breast carcinomas and in a panel of breast cancer cell lines both BRCA1 
mutant and wild type, and also evaluated the occurrence of broader defects of het-
erochromatin in relation to BRCA1 status in breast cancer cells. In breast cancer 
cells BRCA1 is involved in XIST regulation on the active X chromosome, but not 
in its localization as previously suggested, and that XIST can be unusually expressed 
by an active X and can decorate it. This indicates that the detection of XIST cloud 
in cancer cell is not synonymous of the presence of an inactive X chromosome. 
Moreover, global heterochromatin defects observed in breast tumor cells are inde-
pendent of BRCA1 status. These observations shed light on a possible previously 
uncharacterized mechanism of breast carcinogenesis mediated by XIST misbehav-
ior, particularly in BRCA1-related cancers. Moreover, the signi fi cantly higher lev-
els of XIST-RNA detected in BRCA1-associated respect to sporadic basal-like 
cancers open the possibility to use XIST expression as a marker to discriminate 
between the two groups of tumors  [  20,   60  ] . In particular, it has been proposed that 
the loss of BRCA1 function can lead to loss of XIST RNA association with the Xi. 
The X-chromosome status was evaluated using single-cell (RNA and DNA 
 fl uorescence in situ hybridization) and global genomic (array-comparative genomic 
hybridization and allelotyping) approaches on a series of 11 well-de fi ned BRCA1 
tumors. Many or most of the tumor cells contained one or more XIST RNA domains, 
although the number of these domains varied considerably between cells, even 
within a single tumor. Frequent X-chromosome allelic and copy number aberrations 
have been found in agreement with aberrant XIST RNA domain numbers. In sum-
mary, by combining multiple approaches to assess the genetics and epigenetics of a 
large series of BRCA1 primary tumors, it has been concluded that BRCA1 is not 
required for XIST RNA coating of the X chromosome. The intratumoral and inter-
tumoral variability in XIST RNA domain number in BRCA1 tumors correlates with 
chromosomal genetic abnormalities, including gains, losses, reduplications, and 
rearrangements of the X-chromosome  [  61,   62  ] . The increased risk of several types 
of cancer in Klinefelter syndrome (47XXY), including that of the breast, suggests 
that the extra X chromosome may be involved in the tumorigenesis associated with 
this syndrome  [  63  ] . Cancer cells (PSK-1) derived from a patient with Klinefelter 
syndrome (47XXY) showing loss of an inactive X chromosome subsequently gained 
active X chromosomes. This abnormal X chromosome composition in PSK-1 is 
caused by a loss of an inactive X chromosome followed by multiplication of identi-
cal active X chromosomes, not by reactivation of an inactive X chromosome. In a 
series of 22 female-derived cancer cell lines (eight breast cancer cell lines, seven 
ovarian cancer cell lines, and seven cervical cancer cell lines) demonstrated that 
loss-of-inactive X in the female-derived cancer cells is mainly achieved by loss of 
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an inactive X chromosome followed by multiplication of an identical active X 
chromosome. However, distinctive pathways, including reactivation of an inactive 
X chromosome, are also involved in the mechanisms for loss-of-inactive X and 
gain-of-active X in female-derived cancer cells  [  63  ] .  

    9.7   The Functional Role of NEAT1 

 The use of high-throughput analyses of mammalian transcriptomes have revealed 
that more than half of the transcripts produced by RNA polymerase II are 
 nonprotein-coding. One class of these noncoding transcripts is the lncRNAs, which 
are more than 200 nucleotides in length and are molecularly indistinguishable from 
other protein-coding mRNAs. Although the molecular functions of these lncRNAs 
have long remained unknown, emerging evidence implicates the functional involve-
ment of lncRNAs in the regulation of gene expression through the modi fi cation of 
chromatin, maintenance of subnuclear structures, transport of speci fi c mRNAs, and 
control of pre-mRNA splicing; examples of these lncRNAs are NEAT1/MEN e / b /
VINC, MALAT1/NEAT2, and Gomafu/RNCR2/MIAT, which accumulate abun-
dantly within the nucleus as RNA components of speci fi c nuclear bodies  [  64  ] . 

 In our work  [  11  ]  using the Affymetrix expression arrays to identify polyadeny-
lated RNA transcripts displaying nuclear enrichment we have identi fi ed two non-
coding nuclear-enriched abundant transcripts (NEAT). RNAs strikingly located less 
than 70 kb apart on human chromosome 11, NEAT1, at the locus encoding for 
TncRNA, and NEAT2, also known as MALAT-1. Although the two NEAT tran-
scripts share no signi fi cant homology with each other, each is conserved within the 
mammalian lineage, suggesting signi fi cant function for these ncRNAs. Human cells 
as the murine homologs of these ncRNAs are also nuclear enriched. RNA FISH 
analyses suggest that these ncRNAs function in mRNA metabolism as they demon-
strate an intimate association of these RNA species with SC35 nuclear speckles in 
both human and mouse cells. One of these transcripts, NEAT1 localizes to the 
periphery of such domains, whereas the neighboring transcript, NEAT2, is part of 
the long-sought polyadenylated component of nuclear speckles  [  65  ] . 

 NEAT1 RNA, a highly abundant 4 kb ncRNA, is retained in nuclei in approxi-
mately 10–20 large foci that we have shown that completely coincide with paraspeck-
les, nuclear domains implicated in mRNA nuclear retention. Paraspeckles are 
dynamic structures that are altered in response to changes in cellular metabolic 
activity. They are transcription dependent  [  30  ]  and in the absence of RNA Pol II 
transcription, the paraspeckle disappears and all of its associated protein compo-
nents (PSP1, p54nrb, PSP2, CFI(m)68, and PSF) form a crescent-shaped perinucle-
olar cap in the nucleolus. This phenomenon has been demonstrated during the cell 
cycle, in which paraspeckles are present during interphase and all the phases of 
mitosis, except in telophase. During telophase, when the two daughter nuclei are 
formed, there is no RNA Pol II transcription so the protein components instead form 
a perinucleolar cap  [  33  ] . Depletion of NEAT1 RNA via RNAi eradicates paraspeckles, 
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suggesting that it controls sequestration of the paraspeckle proteins PSP1 and p54, 
factors linked to A-I editing. Unlike overexpression of PSP1, NEAT1 overexpres-
sion increases paraspeckle number, and paraspeckles emanate exclusively from the 
NEAT1 transcription site. The PSP-1 RNA binding domain is required for its co-
localization with NEAT1 RNA in paraspeckles, and biochemical analyses support 
that NEAT1 RNA binds with paraspeckle proteins. Unlike other nuclear-retained 
RNAs, NEAT1 RNA is not A-I edited, consistent with a structural role in paraspeck-
les. NEAT1 functions as an essential structural determinant of paraspeckles, provid-
ing a precedent for a ncRNA as the foundation of a nuclear domain  [  66  ] . Nuclear 
retention correlates with adenosine-to-inosine editing and is in paraspeckle-associ-
ated complexes containing the proteins p54(nrb), PSF, and PSP1 alpha. The core 
paraspeckle proteins (PSF/SFPQ, P54NRB/NONO, and PSPC1 [paraspeckle pro-
tein 1]) are members of the DBHS ( Drosophila melanogaster  behavior, human 
splicing) family. These proteins, together with the long nonprotein-coding RNA 
NEAT1 (MEN-epsilon/beta), associate to form paraspeckles and maintain their 
integrity  [  67  ] . In hESCs, were a robust editing activity is found, there is no nuclear 
retention, whereas p54(nrb), PSF, and PSP1 alpha are all expressed in hESCs, but 
paraspeckles are absent and only appear upon differentiation. Paraspeckle assembly 
and function depend on expression of a long nuclear-retained ncRNA, NEAT1. This 
RNA is not detectable in hESCs but is induced upon differentiation. This is in agree-
ment what we  fi nd in the parous breast in which NEAT1 is upregulated. Knockdown 
of NEAT1 in HeLa cells results both in loss of paraspeckles and in enhanced nucle-
ocytoplasmic export of mRNAs containing inverted Alu repeats. This large noncod-
ing nuclear RNA has a biological function in the regulation of mRNA export  [  68  ] . 
These long nonprotein-coding RNAs are emerging as important regulators of cel-
lular differentiation and support the concept that their presence in the parous breast 
is a marker of differentiation. Many long ncRNAs exhibit dynamic expression pat-
terns during neuronal and oligodendrocyte (OL) lineage speci fi cation, neuronal-
glial fate transitions, and progressive stages of OL lineage elaboration including 
myelination. Consideration of the genomic context of these dynamically regulated 
ncRNAs showed they were part of complex transcriptional loci that encompass key 
neural developmental protein-coding genes, with which they exhibit concordant 
expression pro fi les as indicated by both microarray and in situ hybridization analy-
ses. These included ncRNAs associated with differentiation-speci fi c nuclear subdo-
mains such as Gomafu and Neat1, and ncRNAs associated with developmental 
enhancers and genes encoding important transcription factors and homeotic pro-
teins. Changes in ncRNA expression pro fi les have been observed in response to 
treatment with trichostatin A, a histone deacetylase inhibitor that prevents the pro-
gression of OL progenitors into post-mitotic OLs by altering lineage-speci fi c gene 
expression programs. LncRNA is expressed in neuronal and glial cell differentiation 
and in the modulation of ncRNA expression by modi fi cation of chromatin architec-
ture. These observations explicitly link ncRNA dynamics to neural stem cell fate 
decisions, speci fi cation and epigenetic reprogramming  [  48  ] , event that is also 
observed in the involution of the postmenopausal breast leading to terminal differ-
entiation  [  11  ] . 
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 NEAT1 is virus inducible ncRNA in the brain of mice infected with Japanese 
encephalitis virus and rabies virus. NEAT1 interacts with the paraspeckle protein, 
P54nrb through three different protein interaction regions (PIRs) one of which (PIR-
1) is localized near the 5 ¢  end while the other two (PIR-2, PIR-3) are localized near 
the 3 ¢  region of NEAT1  [  69  ] . Through this mechanism paraspeckles and their com-
ponents may ultimately have a role in controlling gene expression during many 
cellular processes including differentiation, viral infection, and stress responses  [  29, 
  70  ] . The use of a live-cell imaging system for the inducible transcription of Men  e / b  
(also known as Neat1 ncRNAs) allows the direct visualization of the recruitment of 
paraspeckle proteins. Men  e / b  ncRNAs are essential to initiate the de novo assem-
bly of paraspeckles. These newly formed structures effectively harbor nuclear-
retained mRNAs con fi rming that they are bona  fi de functional paraspeckles. By 
three independent approaches it has been shown that Men  e / b  transcription, but not 
ncRNAs alone, regulates paraspeckle maintenance. Finally,  fl uorescence recovery 
after photobleaching (FRAP) analyses supported a critical structural role for Men 
 e / b  ncRNAs in paraspeckle organization  [  71  ] . It has also been proposed that 
paraspeckles are nonessential, subpopulation-speci fi c nuclear bodies formed sec-
ondary to particular environmental triggers  [  72,   73  ] . However there is evidence that 
NEAT1 bind the RNA binding protein p54(nrb) that is involved in many nuclear 
processes including transcription, RNA processing, and retention of hyperedited 
RNAs  [  74  ] . LncRNAs are dysregulated in Huntington’s disease brains while the 
brain-speci fi c tumor-suppressor MEG3 is downregulated   . Many LncRNAs that are 
dysregulated gene expression through formation of epigenetic ribonucleic com-
plexes, including TUG1 and MEG3  [  75  ] . Therefore, elucidating lncRNA network 
changes will be important in understanding and treating this and other neurodegen-
erative processes.  

    9.8   The Functional Role of NEAT2 

 NEAT2 (also known as MALAT-1) is also upregulated in the normal parous breast. 
This gene is extraordinarily well conserved for a ncRNA, more so than even XIST 
 [  65  ] . MALAT1 is known to be misregulated in many human cancers. Reports in the 
literature have shown that in the endometrial stromal sarcoma (ESS) of the uterus the 
metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1) gene is one of 
the major genes upregulated, whereas the full-length placental cDNA clone 
(CS0DI066YJ10) is one of the major genes downregulated. Samples of normal 
stroma in the secretory phase and menopausal state included some that were negative 
or weakly positive for MALAT-1. In contrast, all ESS and 12 of 13 cases of stromal 
cells in the proliferative phase were negative for the full-length placental cDNA clone 
but 10 of 13 cases of endometrial stromal cells in the secretory phase were positive 
for transcripts of the gene ( P  < 0.05). These results indicated that endometrial stromal 
cells have different phenotypic characteristics between proliferative and secretory 
phases and the tumor cells of ESS have the phenotypic character of endometrial 
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stromal cells in the proliferative phase  [  76  ] . The highly conserved small RNA of 61 
nucleotides originating from the MALAT1 locus that is broadly expressed in human 
tissues is found exclusively in the cytoplasm. RNase P cleaves the nascent MALAT1 
transcript downstream of a genomically encoded poly(A)-rich tract to simultaneously 
generate the 3 ¢  end of the mature MALAT1 transcript and the 5 ¢  end of the small 
RNA. Enzymes involved in tRNA biogenesis then further process the small RNA, 
consistent with its adoption of a tRNA-like structure. These  fi ndings reveal a 3 ¢  end 
processing mechanism by which a single gene locus can yield both a stable nuclear-
retained ncRNA with a short poly(A) tail-like moiety and a small tRNA-like cyto-
plasmic RNA  [  77  ] , this could be related to the neoplastic process. MALAT-1 gene 
was over expressed in trophoblast cell invasion. Targeting of MALAT-1 mRNA 
expression with siRNA in trophoblast-like BeWo, JAR, and JEG-3 choriocarcinoma 
cells suppressed the invasion ability of these cells  [  78  ] . MALAT1 was involved in 
cervical cancer cell growth, cell cycle progression, and invasion through the regula-
tion of gene expression, such as caspase-3, -8, Bax, Bcl-2, and BclxL  [  79  ] . MALAT1 
is upregulated in many cancers  [  80  ]  and in neuroblastoma has been found to bind to 
the cyclic AMP-responsive element binding (CREB) transcription was observed 
using chromatin immunoprecipitation (ChIP) followed by tiling array analysis, and 
the results were con fi rmed using ChIP-qPCR. The posterior pituitary hormone oxy-
tocin increased the levels of MALAT1 and immediate early gene transcripts as early 
as 15 min after stimulation. Although the expression of immediate early genes 
returned to basal levels after 3 h, MALAT1 transcript levels peaked 6–24 h after 
stimulation. Indicating a shorter transcriptional initiation site and found that CREB 
binds to the de fi ned proximal promoter of the MALAT1 gene  [  81  ] . An important 
function of MALAT1 is its interaction with the serine/arginine splicing factors that 
regulate tissue- or cell-type-speci fi c alternative splicing of pre-mRNA in a concen-
tration- and phosphorylation-dependent manner highlighting the role of this genes in 
the regulation of gene expression  [  82  ] . Altogether, the role of ncRNAs in the mecha-
nism of breast cancer prevention still is unknown and deserves a signi fi cant research 
effort.      
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    10.1   Evidence for a Stem Cell in the Mammary Gland 

 Stem cells in adult structures have been de fi ned by their ability for self-renewal and 
for generating a differentiated progeny. In the mammary gland, Deome et al .   [  1  ]  
demonstrated that fragments of different parenchymal portions were able to gener-
ate fully functional mammary outgrowths in mice, forming ductal and lobuloalveo-
lar structures composed by epithelial and myoepithelial cells. This concept was 
further developed by Kordon and Smith  [  2  ]  who demonstrated that the progeny 
from a single cell might comprise the epithelial population of a fully developed 
lactating mammary outgrowth in mice. Thus, the development of the complete 
mammary tree from a small portion of a duct or from single cells attests of their 
multifaceted potential. However, it was not known whether these progenitor/stem 
cells would be capable of initiating cancer when exposed to a carcinogenic agent. 
This issue was addressed by Russo and coworkers  [  3–  5  ] , who demonstrated that 
cancer started in terminal end buds (TEBs) present in the mammary gland of young 
virgin rats. The analysis of these structures by electron microscopy allowed them to 
characterize their cellular composition based upon cell and nuclear size, nuclear-
cytoplasmic ratio, amount of chromatin condensation, electron density of the cyto-
plasm, number and distribution of organelles, and the presence or absence of Mg 2+  
and Na + K + -dependent ATPases. Based upon these criteria, in addition to myoepithe-
lial cells, three types of epithelial cells were identi fi ed: Light, intermediate, and dark 
cells  [  4,   5  ] . Dark cells were found to be the predominant type in TEBs; intermediate 
and myoepithelial cells were present in signi fi cantly lower percentages and light 
cells were only occasionally seen; therefore, their percentage was combined with 
that of intermediate cells. The analysis of the DNA labeling index revealed that all 
the cell types proliferated, although at different rates, depending upon the type of 
cells and of their location within the mammary gland tree. Cell proliferation was 
maximal in intermediate cells located in TEBs, being signi fi cantly lower in dark and 
myoepithelial cells found in the same location. High cell proliferation was associ-
ated with greater incorporation of H 3 -DMBA, and a progressive dominance of 
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intermediate cells in DMBA-induced intraductal proliferations (IDPs) and in ductal 
carcinomas  [  5,   6  ] . These results indicated that intermediate cells were not only the 
targets of the carcinogen but also the stem cells of mammary carcinomas. Further 
work by Bennett et al .   [  7  ]  demonstrated that intermediate cells isolated from DMBA-
induced mammary tumors originated two cell types in culture, the dark cell, repre-
senting a terminally differentiated cell or a class in transition to differentiation, and 
intermediate cells, which could represent an undifferentiated, or stem cell, a pro-
genitor of dark and myoepithelial cells. Rudland et al.  [  8  ]  isolated and characterized 
from the normal rat mammary gland and from DMBA-induced mammary adeno-
carcinomas epithelial cells that were cuboidal and gave rise to a mixture of cuboidal 
and spindle-shaped cells resembling  fi broblasts. In con fl uent cultures, cuboidal cells 
acquired the morphology of a third type of cells, which were dark, polygonal, and 
with many small vacuoles, resembling the dark cells ultrastructurally described by 
Russo et al .   [  5  ] . Chepko and Smith  [  9  ]  differentiated three division-competent cell 
populations in the murine mammary epithelium, a subset of “large light cells” struc-
turally and functionally compatible with early stages of secretory differentiation, 
“small light cells” that were the least differentiated, suggesting that the large light 
cells were a direct precursor to terminally differentiated cells, both secretory and 
myoepithelial. These results con fi rmed the Russo’s work  [  5  ] .  

    10.2   Cell Markers for Identifying the Stem Cell 
in the Mammary Gland 

 A shift from the pioneering work done for characterizing by morphology and by 
in vitro behavior the progenitor/stem cells started with the search for immunocy-
tochemical and genomic markers was done by Smith et al.  [  10  ]  utilizing the expres-
sion of keratins 6 and 14 in mouse mammary epithelium for de fi ning subsets of 
morphologically distinct luminal mammary epithelial cells with kinetic properties 
expected for latent mammogenic stem cells. Keratin 6 was con fi ned to a small num-
ber of mammary epithelial cells found in the growing end buds and among the 
luminal epithelium, whereas keratin 14 was expressed in basally located fusiform 
cells as the myoepithelial cells. These authors emphasized the usefulness of these 
markers for identifying mammary epithelium-speci fi c primordial cells. Stingl et al .  
 [  11,   12  ]  utilized new molecular markers for selecting subpopulations of cells with 
distinct differentiation potential. They described bipotent human mammary epithe-
lial progenitor cells based on the expression of epithelial-speci fi c antigen (ESA), 
sialomucin 1 (MUC1), common acute lymphoblast antigen (CALLA/CD10), and 
alpha-integrin, in combination with exclusion of rhodamine dye. Hebbard et al.  [  13  ]  
observed that CD44, a member of the family of cell surface proteins that is expressed 
in breast carcinomas, is also expressed in the normal mammary gland. In rodents, 
CD44 expression is  fi rst detected at puberty, and thereafter it is regulated by the 
estrous cycle; it disappears during lactation, reappearing during involution, suggest-
ing that the expression of this protein is a marker of a stem cell. Novel studies in 
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mice mammary gland  [  14  ]  have identi fi ed stem cells in TEBs and ducts by pulse 
labeling HC-11 primary mammary epithelial cells with  fl uorescent TRITC-cell 
linker membrane label and BrdU, the cells were then transplanted into cleared juve-
nile syngenic mammary fat pads, in which they were identi fi ed as long-lived, label-
retaining mammary epithelial cells (LRCs) in mammary ducts that were actively 
growing or static. This study demonstrated that LRCs are stem cells and their prog-
eny (transitional cells) are arranged as transitional units (TUs) and that both express 
Zonula Occludens-1 and alpha-catenin proteins, data that suggest that TUs retain 
stem cells. 

 The study of markers for other stem cells has been useful in the identi fi cation of 
mammary stem/progenitor cells. Sca1 (stem cell antigen 1) was  fi rst described in 
mice as a hematopoietic stem cell antigen  [  15  ] . Welm et al.  [  16  ]  detected in the 
luminal epithelium of mice an Sca1+ cell population that is enriched for functional 
stem/progenitor cells. These cells are BrdU label retaining, lack expression of dif-
ferentiation markers, and are progesterone receptor negative. The Sca1+ population 
also shows “side population” (SP) properties, a characteristic  fi rst de fi ned in bone 
marrow cells  [  15  ] , as cells with Hoechst dye-ef fl uxing properties that have pheno-
typic markers of multipotential hematopoietic stem cells. It has been proposed that 
the protein responsible for that phenotype is breast cancer resistance protein 1 
(BCRP1), suggesting that the expression of this protein could serve as a marker for 
stem cells from various sources  [  17  ] . Mammary epithelial cells with SP properties 
were also identi fi ed in human mammary gland. Alvi et al .   [  18  ]  showed that 0.2–
0.45% of both human and mouse epithelia were formed by distinct SP cells. These 
cells generated ductal and lobuloalveolar structures when transplanted into murine 
cleared mammary fat pads. The SP cells had a high expression of BCRP1, sca1, 
telomerase catalytic subunit, and low levels of differentiated markers for luminal 
(epithelial membrane antigen and cytokeratin 19) and myoepithelial cell types 
(cytokeratin 14). These cells were detected in all human breast samples studied, but 
their presence was not correlated with age, parity, contraceptive use, or day of men-
strual cycle. Further investigations identi fi ed new markers which may be speci fi c 
for the human stem/progenitor cells. Gudjonsson et al.  [  19  ]  isolated a cell line 
derived from human mammary cells expressing ESA and lacking sialomucin (MUC) 
expression that could give rise to both luminal epithelial and myoepithelial cells in 
culture. One single ESA+/MUC− cell had the ability of generating a terminal duc-
tal-lobular unit-like structure in basement membrane gel, similar to that formed 
when the cell line was implanted in mice. In contrast, an ESA+/MUC+ subpopula-
tion was differentiated, luminal epithelial-restricted without stem cell properties. 
Dontu et al.  [  20  ]  developed a system to enrich the population of human mammary 
progenitor/stem cells by culturing them in suspension where they formed “nonad-
herent mammospheres.” These structures were able to differentiate along all three 
mammary epithelial lineages and to clonally generate complex functional structures 
in 3D culture systems. Cytological and immunocytochemical analysis of secondary 
mammospheres revealed that these structures contained cells positive for alpha-6 
integrin, cytokeratin 5, which was widely expressed, and CD10; ESA-positive and 
cytokeratin 14-positive cells were less frequently found. Muc 1, alpha-smooth 
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muscle antigen (ASMA), and cytokeratin 18 were not detected. In addition to cells, 
mammospheres contained extracellular material (ECM). However, immunostains 
for  fi bronectin and collagen IV, the classical components of adult gland ECM material 
were negative, although ~20% of the mammospheres stained positive for laminin. 
In contrast, abundant expression of the embryonic ECM components, tenascin 
and decorin, were detected in mammospheres (see ref.  [  20  ] ). Moreover, the 
comparison of the genomic pro fi le of undifferentiated cells from mammospheres to 
that of differentiated cells cultured on collagen identi fi ed genes candidates for 
stem/progenitor cell markers. Some of these genes have been already described as 
involved in stem/progenitor cell-speci fi c functions or regulation of self-renewal, 
whereas abnormal expression of some of them has been correlated with breast cancer 
development such as proliferation, cell survival, and invasion. Recently, new studies 
showed that the null mutation of the peroxisome proliferator-activated receptor-
binding protein (PBP) resulted in defective mammary gland development and in the 
inability of the mammary epithelial cells to form mammospheres, suggesting a role 
of PBP in the survival of mammary stem cells or in the mammosphere formation 
process  [  21  ] .  

    10.3   Estrogen Receptor as a Marker of Stem Cells 
in the Mammary Gland 

 The identi fi cation of the stem cell and of its role in the development and differentia-
tion of the mammary gland from birth to senesce requires an understanding of the 
effect of estrogen and its cognate ligand receptor alpha (ERalpha) in these pro-
cesses. The importance of the role played by the ERalpha in mammary gland devel-
opment has been highlighted by the development of the ERalpha KO mouse  [  22  ] . 
At birth, the mammary gland of intact animals consists of a rudimentary ductal tree 
that develops and  fi lls the stroma of the gland in response to increased ovarian estro-
gen at puberty. The mammary gland of ERalpha KO females does not grow beyond 
the rudimentary ducts, illustrating the role of estrogens in ductal elongation. The 
importance of active ductal growth driven by estrogen has been further emphasized 
by the higher susceptibility of the breast to be transformed during a “high risk” 
window in the lifespan of a female encompassed between menarche and a  fi rst full 
term pregnancy  [  6  ] . This period is characterized by rapid ductal growth and active 
proliferative activity of the mammary epithelium of Lob 1. These structures are 
composed of a rapidly proliferating epithelium that has a high content of ERalpha 
and progesterone receptor (PR)-positive cells. With the progressive maturation of 
Lob 1 to Lob 2, Lob 3, and Lob 4 there is a progressive decrease in the percentage 
of proliferating cells, a reduction in the percentage of cells positive for steroid hor-
mone receptors, and a reduction in the susceptibility of the cells to be transformed 
by chemical carcinogens  [  23  ] . These data indicate that the stem cells that originate 
the mammary tree as well as cancerous lesions are located in a speci fi c compart-
ment of the mammary parenchyma, namely the Lob 1 or TDLU; these are the cells 
that have been called Stem cell 1 by Russo and Russo  [  24  ] . Supporting studies by 
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Petersen et al.  [  25  ]  have shown that a subset of suprabasal breast luminal epithelial 
cells that are able to generate themselves as well as differentiated luminal epithelial 
and myoepithelial cells, and to form terminal ductal lobular unit (TDLU)-like struc-
tures are distinguished by cytokeratin 19. The suprabasal population of breast stem 
cells consists of undifferentiated “intermediate” cells with Hoechst dye-ef fl uxing 
“side population” (SP) properties. These cells lack expression of myoepithelial and 
luminal apical membrane markers such as CALLA and MUC1. They are rich for 
ERalpha-positive cells and express several fold higher levels of the ERalpha, p21 
(CIP1), and Msi1 genes than non-SP cells. They also form branching structures in 
matrigel which included cells of both luminal and myoepithelial lineages. These 
data suggest a model where scattered steroid receptor-positive cells are stem cells 
that self-renew through asymmetric cell division and generate patches of transit 
amplifying and differentiated cells  [  26,   27  ] . ERalpha/PR+ breast cancers exhibit 
loss of the two key regulators of asymmetric cell division, Musashi-1 and Notch-1, 
and thus they may arise from symmetric division of the ERalpha/PR+ stem cell 
 [  26  ] . These data are supported by the observations of Russo et al.  [  23  ]  that epithelial 
cells of the Lob 1 co-express ERalpha, PR and the proliferation marker Ki67, sug-
gesting that these cells could originate ERalpha-positive tumors. However, these 
cells represent less than 1% of the total cell population, whereas the majority of 
ERalpha/PR+ cells do not express the proliferation marker, an indication that the 
cells that contain the receptors are not capable of proliferating. The  fi ndings that 
proliferating cells are different from those that are ERalpha/PR-positive support 
data that indicate that estrogen controls cell proliferation by an indirect mechanism. 
Further support is the  fi nding that when Lob 1 of normal breast tissue are placed in 
culture, they lose the ERalpha-positive cells, indicating that only proliferating cells 
that are also ERalpha-negative can survive, representing a type of stem cell that may 
originate ER-negative tumors  [  23  ] . The fact that the majority of proliferating breast 
epithelial cells do not express ERalpha and PR receptors could explain Clayton 
et al.  [  28  ]  data that cells characterized as human mammary stem cells, present 
ESA expression, Hoechst dye exclusion, low levels of MUC-1 and CALLA, and 
lack detectable expression of ER alpha and beta. Cells expressing that phenotype 
had high cloning ef fi ciency in culture from a single cell, generating mixed colonies 
containing luminal and myoepithelial cells. 

    10.3.1   Estrogen Receptor Beta and the Breast Stem Cells 

 Estrogens and ERs are required for the proliferation of stem cells. For example, it 
was observed that the human breast carcinoma cells PMC42, which have stem cell 
characteristics, did not proliferate in serum-free medium unless 17 b -estradiol (E 

2
 ) 

or progesterone were added, though their ER content was lower than that described 
for MCF-7 and T47D. The addition of both hormones induced a more than additive 
increase in proliferation whereas the addition of tamoxifen signi fi cantly decreased 
cell numbers and inhibited the stimulatory effects of E 

2
   [  29  ] . Estrogens also have 
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profound effects on function and plasticity of rat neural stem cells. Both embryonic 
and adult rat neural stem cells express ERalpha and ERbeta. E 

2
  treatment increased 

the proliferation of embryonic neural stem cells and these effects were inhibited by 
the ER antagonist, ICI-182780, showing an involvement of ERs  [  30  ] . It has also 
been shown that estrogens have signi fi cant effects on spermatogonial stem cells of 
the Japanese eel ( Anguilla japonica ) and these effects are mediated via ERs  [  31  ] . 
Together, these observations indicate that estrogens and ERalpha/ERbeta are 
required for the proliferation of stem cells. However the data regarding the role of 
the second ER isoforms ERbeta in regulation of cell proliferation are controversial 
 [  22,   23,   25–  34  ] . ERbeta has been assigned two different and opposed actions as an 
inhibitor or a stimulator of E 

2
 -induced proliferation in human breast cells. For 

example, there are several reports indicating that over-expression of ERbeta and its 
variants in breast cancer cell lines and breast cancer cells inhibited ERalpha-
mediated cell proliferation  [  35–  37  ] . In ERbeta-knock out mice, the presence of 
ERalpha but not ERbeta was necessary for the development of mouse mammary 
gland  [  38,   39  ] . Thus, it was hypothesized that ERbeta is acting as antagonist for the 
actions of ERalpha, as an inhibitor of cell proliferation  [  35–  37,   40–  42  ] . However, 
this hypothesis is challenged by the following data: (a) There are proliferating cells 
in breast which express ERbeta  [  43  ] , but the ERalpha-expressing cells in breast 
cancer do not express proliferation markers  [  44,   45  ] ; (b) The expression of ERbeta 
in breast cancer cells correlated with the enhanced expression of cell proliferating 
markers (e.g., Ki67 and cyclin A)  [  43–  46  ] ; (c) ERbeta is by far the more abundant 
of the two ERs in human breast cells  [  47  ]  and rat mammary gland  [  48,   49  ]  and its 
expression is higher in normal breast cells than in breast cancer cells  [  50–  54  ] ; 
(d) both wild-type and ERbeta variants are expressed in higher grade human breast 
tumors  [  45–  55  ]  and the expression of ERbeta correlated with accepted prognostic 
indicators including lymph node status and tumor grades  [  56  ] ; (e) high percentage 
ERalpha-negative tumors were positive for ERbeta. The presence of ERbeta was 
associated with an increase in survival rates in women treated with tamoxifen  [  57  ] ; 
and (f) in addition, it has been found an inverse relationship between the methyla-
tion rate of the ERbeta gene and tamoxifen resistance. The tamoxifen-resistant 
tumors showed denser methylation of the ERbeta gene than control tumors  [  58  ] . 

 There are several lines of evidence suggesting that ERbeta is involved in the 
control of stem cell proliferation. Proliferation of pluripotent, bone marrow stem 
cells, which develop to lymphoid and myeloid progenitors, is negatively regulated 
by estrogens. In estrogen de fi ciency and in ERbeta KO mice, there is signi fi cant 
alteration in bone marrow hematopoiesis. Shim et al .   [  59  ]  observed that 1.5-year-
old ERbeta KO mice developed pronounced splenomegaly that is much more severe 
in females than in males. Further characterization of these mice revealed myeloge-
nous hyperplasia in bone marrow, an increase in the number of granulocytes and B 
lymphocytes in blood, lymphadenopathy, and in fi ltration of leukocytes in the liver 
and lung. Analysis by  fl ow cytometry of the bone marrow cells revealed that the 
percentage and total number of Gr-1hi/Mac-1hi-positive granulocytes were 
increased. The number of B cells in the bone marrow and spleen were signi fi cantly 
higher in ERbeta −/−  mice than in WT littermates. Some of the ERbetaKO mice also 
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had a severe lymphoproliferative phenotype. Thus the absence of ERbeta results in 
a myeloproliferative disease resembling human chronic myeloid leukemia with 
lymphoid blast crisis. These results indicate a role for ERbeta in regulating the dif-
ferentiation of pluripotent hematopoietic progenitor cells  [  59  ] . In the prostate, there 
are high levels of ERbeta but no ERalpha, suggesting a direct estrogenic in fl uence 
on prostatic epithelium mediated by ERbeta. Imamov et al.  [  60  ]  reported that loss 
of ERbeta results in epithelial hypercellularity in the ventral prostate. In ERbeta −/−  
mouse prostates, there is over-expression of the androgen receptor and of the anti-
apoptotic factor Bcl-2 in the prostate. It is normally expressed only in the basal cells 
in the prostate. This apparent expansion of the “stem cell-like population” in the 
ERbeta −/−  mouse prostate has been further examined. They found a higher expres-
sion of cytokeratin 5 in ERbeta −/−  mouse prostates so that the ratio of cytokeratin 5 
to that of 19 is much higher in ERbeta −/−  than in wild-type littermates. In addition, 
labeling of DNA with BrdU showed a 3.5-fold higher proliferation rate in ERbeta −/−  
mouse prostate. Despite these clear differences, the piling up of epithelial cells 
never progressed to high-grade prostatic intraepithelial neoplasia (PIN)-like lesions. 
Hyperplastic foci in ERbeta −/−  mice show accumulation of cells without signs of 
atypia, resembling low-grade PIN in humans. The reason for this appeared to be a 
high rate of cellular detachment and subsequent fall off into the lumen in ERbeta −/−  
mice. The fall off phenomenon is possibly related to the  fi nding that the expression 
of the cell adhesion molecule E-cadherin was reduced. It is concluded that in 
ERbeta −/−  mouse prostates, the epithelial cell population contains more epithelial 
cells in the intermediate stage of differentiation, possessing both the ability to pro-
liferate as the basal cells and the ability to secrete as the highly differentiated lumi-
nal epithelium. 

 Estrogen exposure has been linked to a risk for the development of testicular 
germ cell cancers. Pais et al .   [  61  ]  compared the localization and expression levels of 
ER alpha and beta subtypes in testicular germ cell cancers with normal testis. These 
authors observed that ERalpha was not expressed in the human normal testis and 
was also absent in all the testicular germ cell cancers studied. In contrast, ERbeta 
was strongly expressed in various germ cells of the normal testis, suggesting that 
only ERbeta mediates the action of estrogen in the human male gonad  [  61  ] . Palmieri 
et al .   [  62  ]  evaluated the expression of ERalpha and ERbeta by immunochemistry in 
normal breast tissue samples, and in puri fi ed human breast  fi broblasts by Western 
blotting, RT-PCR analysis, and ligand-binding sucrose gradient assay. They observed 
that ERbeta variants, including ERbeta1, ERbeta2, ERbeta5, and ERbeta delta but 
not ERalpha, were expressed in human adult mammary  fi broblasts. These results 
are supported by the  fi ndings that an ERbeta-selective ligand, BAG, but not the 
ERalpha high-af fi nity ligand E 

2
 , can induce  fi broblast growth factor-7 release and 

activate transcription from an estrogen-responsive element promoter in these adult 
human mammary  fi broblasts. Together, these observations revealed that, in the 
adult breast and in breast cancer, the proliferative signals derived from the stroma of 
adult mammary glands in response to estrogen are not mediated by ERalpha and 
provide new insights into the nature of stromal-epithelial interactions in the adult 
mammary gland. In addition, the expression of these ERbeta variants in cells where 
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there is no ERalpha suggested that these ERbeta splice forms may have functions 
other than that of modulating ERalpha activity  [  62  ] . 

 MCF-10F cells are immortalized human breast epithelial cells (HBEC) negative 
for ERalpha but positive for ERbeta. Earlier passages of these cells have low levels 
of ERbeta mRNA expression but when they were transformed either by a chemical 
carcinogen, or estrogen or its metabolites  [  63,   64  ] , the levels of ERbeta expression 
were enhanced  [  65  ] . E 

2
 , 2-OH E 

2
 , and 4-OH E 

2
  are capable of enhancing cell prolif-

eration, and of transforming HBECs, inducing phenotypes that were not abrogated 
by the antiestrogen ICI182780 [ 64–  68 ]. Although these observations suggest that 
ERbeta may play a role in E 

2
 -mediated cell proliferation and transformation, the 

defi nitive role of this receptor remains elusive.  

    10.3.2   In fl uence of the Stroma in the Genomic Pro fi le 
of the MCF-10F Cell that Behaves as a Stem Cell In Vitro 

 Considering that the HBEC MCF-10F could behave like a stem cell we aimed to 
determine the role of the stroma in the growth pattern of these cells in vitro. We have 
found that MCF-10F cells growing in collagen matrix form ductular structures 
mimicking the breast epithelia in vivo (Fig.  10.1 ). We performed cDNA microarray 
in order to determine the differential gene expression pro fi le between the cells 
growing in monolayer and those growing in a tridimensional matrix and determining 
the role of the stroma in the ductulogenic process. We found 161 genes differentially 
expressed and up-modulated (log mean of difference >2.0, with  P  < 0.05) in the 
ductular structures in comparison to the MCF-10F cells in monolayer  [  63  ] . Those 
genes are related to several biological functions such as gene transcription or 
regulation of transcription, such as Myeloid cell nuclear differentiation antigen 
(MNDA)  [  59–  75  ] , protein biosynthesis (such as Stromal cell-derived factor 2)  [  76  ] , 
amino acid transport, and membrane traf fi cking (collagen, type IV, alpha 5 and 
RAB4, a member of the RAS oncogene family), DNA repair system (such as ADP-
ribosyltransferase (NAD+, poly(ADP ribose) polymerase)-like 2)  [  77–  87  ]  and 
genes related to regulation of cell transformation such as transforming growth factor 
beta receptor III. Two of the genes that are highly relevant are the MNDA and the 
ADP-ribosyltransferase (NAD+, poly(ADP ribose) polymerase)-like 2 or PARP. 
The MNDA is expressed in a lineage-speci fi c manner in myeloid cells  [  72–  74  ] . 
MNDA may have an important role in myelomonocytic cell differentiation by 
exerting an antiproliferative effect on myeloid cell growth. In our speci fi c model the 
MCF-10F cells express it under the stroma like effect of the collagen matrix and if 
could be involved in the expression of the organization of the ductal structures. 
MNDA may be related to the stem cell differentiation process in the HBECs.  

 ADP-ribosyltransferase (NAD+, poly (ADP ribose) polymerase)-like 2 is also 
upregulated in the ductular structures and is thought to participate in chromatin 
condensation, maintenance of genomic stability, and the repair of oxidative DNA 
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damage  [  77  ] . PARP binds to double and single DNA strand breaks, generated by 
reactive oxygen species and the DNA-bound repair enzymes during the repair process. 
Upon binding to strand breaks sites via two zinc  fi ngers in its N-terminal region, 
PARP’s catalytic activity increases 500-fold  [  78,   79  ] . PARP catalyzes the transfer of 
the ADP-ribose moiety of NAD+ onto a host of acceptor proteins such as histones, 
DNA topoisomerases, p53, DNA-dependent protein kinase, and other DNA binding 
proteins, including itself, thus forming long branched polymers of ADP-ribose  [  80–
  83  ] . The high negative charge associated with poly ADP-ribosylation electrostati-
cally repels the modi fi ed proteins from DNA and this is thought to clear the damaged 
site of chromatin and other extraneous proteins and facilitate repair  [  84,   85  ] . Although 
PARP is necessary for the repair of damaged DNA that allows continued cell 

  Fig. 10.1    Schematic representation of the steps to determine the differential gene expression 
pro fi le between MCF-10F cells growing in monolayer and those forming ductular-like structures 
in collagen matrix after 21 days (modi fi ed from Russo et al.  [  63  ] )       
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survival, it is widely recognized that in the face of extensive DNA strand breaks, 
PARP activation can lead to depletion of NAD+, decreases in intracellular ATP 
levels, and cell death  [  86,   87  ] , all properties that are part of the genomic make up of 
a differentiated cell like the Stem Cell 2 (Fig.  10.2 ).   

    10.3.3   The MCF-10F Cell as the Stem Cell in Estrogen-Induced 
Carcinogenesis 

 There is substantial amount of epidemiological, clinical and experimental evidence 
pointing to estrogens, e.g., 17 b -estradiol (E 

2
 ), as being one of the most important 

etiological factors for the development and progression of breast cancer  [  64  ] . To test 
the transforming ability of estrogens on MCF-10F cells that are ERalpha negative, 
ERbeta positive and progesterone receptor negative, they were treated twice a week 
during 2 weeks with 70 nM 17 b -E 

2
   [  64  ] . These cells expressed transformation 

phenotypes such as the formation of colonies in agar methocel, and the loss of 
the ductulogenic capacity when they grew in a collagen matrix. In order to identify 
the more aggressive transformed cells capable of forming tumors after E 

2
  treatment, 

we have selected the highly invasive populations of MCF-10F cells treated with E 
2
  

  Fig. 10.2    The terminal differentiation hypothesis of breast cancer prevention (modifi ed from 
Russo, J. and Russo, I.H. Role of differentiation in the pathogenesis and prevention of breast 
cancer.  Endocrine Related Cancer 4:7–21, 1997)       
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in their ninth passage by seeding them in Boyden chambers (see Chap.   3    ). Those 
cells crossing the membrane were collected, expanded, and designated B2, B3, B4, 
B5, C2, C3, C4 and C5. Four of them, B2, C3, C4 and C5 cells were injected to 
severe combined immune depressed (SCID) mice. Only C3 and C5 cells were tum-
origenic in 2/12 and 9/10 animals injected, respectively. The tumors were poorly 
differentiated adenocarcinomas, ERalpha, and PR negative, and expressed basic 
keratin of high molecular weight, E-Cadherin, CAM5.2, and vimentin. The genomic 
pro fi le of C3 and C5 cells analyzed by cDNA microarray, revealed that C5 cells 
overexpressed more than  fi vefold tankyrase (chr 8p23.1), claudin 1 (chr 3q28), 
homeobox C10 (HOX-C10; chr 12q13.3), and Notch homolog 3 (chr 19p13.12). 
It also exhibited downregulation of telomeric repeat binding factor 1 (chr 8q21.11) 
and tumor metastasis suppressor LASS2 (chr 1q21.3) genes. Four tumoral cell lines 
were obtained from four of the nine tumors derived from C5: C5-A1-T1, C5-A4-T4, 
C5-A6-T6, and C5-A8-T8 and all of them produced tumors when they were injected 
to SCID mice. Comparative genomic hybridization (CGH) analysis was performed to 
identify gains and losses of genetic material in the different cell lines during the 
tumorigenic process. CGH analyses showed that the E 

2
 -transformed cells (trMCF) 

(see Fig.   4.12    ) had no differences when compared with untreated MCF-10F cells, 
except for a loss in 9p11-13   . The four tumors (An1, An4, An6, and An8) showed 
identical pattern of genomic imbalances. CGH analyses showed similar genomic 
patterns between the four tumors (A1, A4, A6, and A8) and the four cell lines 
derived from them (C5-A1-T1, C5-A4-T4, C5-A6-T6, and C5-A8-T8); and there 
were no additional chromosomal alterations after in vitro cell culture. All the 
tumors and derived cell lines showed gains of 1p, 5q15-qter, and 8q24.1-qter and 
losses of chromosome 4, 3p12.3-13, 8p11.1-21, 9p21-pter, and 18q24.1. The parental 
cell line C5 showed a tendency for gain of 1p and 5q15-qter and loss of chromo-
some 4 and it is likely that in the tumors derived from C5, a sub-clone with these 
changes had a selective advantage in vivo and became more distinct. Losses of 
3p12.3-13, 8p11.1-21, 9p21-pter, and 18q appear to be new changes in the tumor. 
Interestingly, C5 and the cells treated with E 

2
  had loss of 9p11-13 while in the 

tumors the 9p21-pter was lost. The chromosomal alterations that we found in vitro 
are similar to those reported in primary breast cancer. Altogether our data show that 
17 b -estradiol is able to transform an HBEC and that the MCF-10F cell line has all 
the properties of a stem cell that is able to generate a tumor when challenged with a 
carcinogen agent.   

    10.4   The Evidence for the Shifting of Stem Cell 1 
to Stem Cell 2 in the Mammary Gland Post-Pregnancy 

 Epidemiological studies in humans and experimental carcinogenesis models have 
provided wide evidence of the protective effect of pregnancy from breast cancer 
development  [  88–  97  ] . Russo and coworkers  [  95,   98,   99  ]  have postulated that the 
mechanism of pregnancy-induced protection is mediated by the induction of 
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mammary gland differentiation driven by the hormonal milieu of pregnancy, which 
creates a speci fi c genomic signature in the mammary gland that makes this organ 
permanently refractory to carcinogenesis  [  100,   101  ] . Alternative explanations 
attributed the protective effect of pregnancy to changes in the environmental milieu 
 [  102  ]  and/or alterations in the immunological pro fi le of the host  [  92  ] . A further 
re fi nement of the hypothesis of how pregnancy could be affecting cancer suscepti-
bility through induction of differentiation of the mammary gland was  fi rst proposed 
by Russo and Russo  [  24  ] , who postulated that the Lob 1 and the TEB found in 
the breast of nulliparous women or of young virgin rats, respectively, had not com-
pleted their differentiation into Lob 2, Lob 3, and Lob 4, retaining a high concentra-
tion of stem cells called Stem cell 1, which are susceptible to undergo neoplastic 
transformation when exposed to a carcinogenic agent (see previous section, 
Fig.  10.2 )  [  24  ] . After the postmenopausal involution of the mammary gland, the 
architecture of the parous breast is similar to that of the nulliparous breast, containing 
predominantly Lob 1 composed of Stem cell 2, an epithelial cell population that is 
refractory to transformation. It was further postulated that the degree of differentia-
tion acquired through early pregnancy permanently changes the “genomic signa-
ture” that differentiate the Lob 1 from early parous women from that of nulliparous 
women, shifting the Stem cell 1 to Stem cell 2 that is refractory to carcinogenesis. 
These cells were called Stem cell 2 because after post-lactational involution, the 
mammary epithelium remains capable of responding with proliferation and differ-
entiation to the stimulus of a new pregnancy; however, these cells are refractory to 
carcinogenesis, even though they are stimulated to proliferate and to regenerate the 
whole mammary gland (Fig.  10.2 ). The Stem cell 2 is characterized by having a 
genomic signature that has been induced by the  fi rst cycle of differentiation. During 
the last 8 years, supporting evidence to this hypothesis has been generated by Russo 
and coworkers as well as by other researchers. Studies by Smith and coworkers 
 [  103–  105  ]  using transgenic WAP-driven Cre and Rosa 26- fl -stop- fl -LacZ mice pro-
vided evidence of a new mammary epithelial cell population that originates from 
differentiated cells during pregnancy; 5–10% of this parity-induced epithelium 
survives post-lactational involution after the  fi rst pregnancy. With successive preg-
nancies, their percentage increases, reaching 60% of the total epithelium in multipa-
rous females. The parity-induced mammary epithelial cells (PI-MEC) is equivalent 
to the Stem cell 2 postulated by Russo and Russo  [  24  ] , since these cells show 
capacity for self-renewal and contribute to mammary outgrowth in transplantation 
studies. PI-MEC can function as alveolar progenitors in subsequent pregnancies, 
and it is thought that they would be related to differences in response to hormonal 
stimulation and carcinogenic agents observed between nulliparous and parous 
females  [  103–  105  ] . 

 The crucial role of the number of mammary stem cells in breast cancer risk has 
also been postulated by Trichopoulos et al.  [  106  ] , number that would be reduced 
through the process of terminal differentiation after the  fi rst full-term pregnancy 
that in certain way is the same idea of shifting the number of Stem cell 1 to another 
more differentiated cells or Stem cell 2 postulated earlier by Russo and Russo  [  24  ] . 
Several authors have focused in  fi nding molecular changes as a mechanism of the 
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pregnancy-induced protection  [  107–  114  ] . Russo and coworkers have found that the 
post-pregnancy involuted rat mammary gland exhibits a genomic signature charac-
terized by elevated expression of genes involved in the apoptotic pathways, such as 
testosterone repressed prostate message 2 (TRPM2), interleukin 1 beta-converting 
enzyme (ICE), bcl-XL, bcl-XS, p53, p21, and c-myc, which can be from 3- to 5-fold 
upregulated  [  107,   108,   115  ] . The activation of programmed cell death genes occurs 
through a p53-dependent process, modulated by c-myc and with partial dependence 
on the bcl2-family-related genes. In addition, inhibin A and B, heterodimeric non-
steroidal secreted glycoproteins with tumor suppressor activity are also upregulated 
 [  107,   108,   115,   116  ] . Genes whose level of expression progressively increases with 
time of pregnancy reaching their highest levels between 21 and 42 days postpartum 
are those coding for a fragment of glycogen phosphorylase, AMP-activated kinase, 
bone morphogenetic protein 4, and vesicle-associated protein 1. G/T mismatch-
speci fi c thymine DNA glycosylase gene is also increased by  fi vefold in this model. 
These data indicate that the activation of genes involved in the DNA repair process 
is part of the signature induced in the mammary gland by pregnancy. These observa-
tions con fi rm previous  fi ndings that in vivo the ability of the cells to repair carcino-
gen-induced damage by unscheduled DNA synthesis and adduct removal is more 
ef fi cient in the parous animal mammary gland  [  98  ] . In concordance with the 
studies of Srivastava et al.  [  107  ] , Sivaraman et al.  [  111  ]  observed that p53 can 
be implicated in the protective effect of parity, which can be mimicked by treatment 
of virgin rats with estrogen and progesterone. Studies by Medina et al .   [  109,   110  ]  in 
the same hormonal model reported that the function of p53 is required for the 
hormone-mediated protection of DMBA-induced mammary tumorigenesis in mice. 
Genomic analysis of the mammary gland of virgin rats treated with estrogen and 
progesterone at doses that have been reported to mimic pregnancy, showed down-
regulation of certain growth-promoting molecules, whereas markers involved in cell 
cycle control or the modulation of transforming growth factor beta (TGF-beta) sig-
naling pathway were upregulated in the posttreatment involuted mammary gland 
 [  112  ] . In this study, an unknown noncoding RNA (designated G.B7) and RbAp46, 
which has been implicated in a number of complexes involving chromatin remodel-
ing, were found to be persistently upregulated in the lobules of the regressed glands. 
Using gene pro fi le analysis, D’Cruz et al.  [  114  ]  also observed down regulation of 
growth factors potentially involved in epithelial proliferation as well as persistent 
upregulation of TGF-beta3 and several of its transcripts targets in the involuted 
gland of parous rats and mice. The proposed model of parity-induced speci fi c 
changes  [  24  ]  has been further con fi rmed by Ginger and Rosen  [  113  ] , who reported 
that pregnancy induces multiple changes in the mammary epithelial cells, including 
nuclear accumulation of p53 and induction of whey acidic protein (WAP). During 
involution, a large component of the epithelium is eliminated through apoptosis, 
and a speci fi c subpopulation of epithelial cells survives this process. The involuted 
mammary gland has persistent changes in gene expression, nuclear localization of 
p53, and an altered proliferative capacity in response to a carcinogen. Pregnancy 
would induce epigenetic changes, such as chromatin remodeling, DNA methyla-
tion/demethylation, and histone modi fi cations, affecting cell fate in the parous 
mammary gland. As it has been previously published  [  63  ]  all the genes that have 
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been related to the Stem cell 2 seem to work in a different functional pathways than 
those described for the Stem cell 1. 

 Collectively, the data described above present evidence that pregnancy, through 
the process of cell differentiation, shifts the Stem cell 1 to Stem cell 2 (Fig.  10.2 ), 
cells that exhibit a speci fi c genomic signature that could be responsible for the 
refractoriness of the mammary gland to carcinogenesis.  

    10.5   Isolation of the Stem Cells from the Rat Mammary 
Gland 

    10.5.1   Isolation of Stem Cells 

 In order to propagate suf fi cient rat mammary stem cells we adapted the methodology 
employed for the propagation of mouse mammary stem cells utilizing StemCell 
Technologies (Fig.  10.3 ). Right and left mammary abdominal glands were obtained 
from anesthetized 50–99-day-old virgin female Sprague Dawley rats. Dissections 
were performed in a sterile laminar  fl ow hood. The tissue was then placed in 1× 
gentle collagenase/hyaluronidase solution and incubated 15 h at 37°C with gentle 
shaking. After dissociation, cell pellets were resuspended with a 1:4 mixture of 
ammonium chloride (NH 

4
 Cl) and cold Hanks’ Balanced Salt Solution supplemented 

with 2% FBS and centrifuged at 350 ×  g  for 5 min. The resultant organoids were 
sequentially resuspended in 0.25% Trypsin-EDTA for 2 min, 5 mg/mL Dispase I 
plus 0.1 mg/mL DNase I for 2 min, and followed by  fi ltration through a 40  m m cell 
strainer to obtain single cell suspensions. For the enrichment of mammary epithelial 
cells a single cell suspension at a concentration of 1 × 10 8  cells/mL was prepared in 
Hanks’ Balanced Salt Solution supplemented with 2% FBS (HF), followed by 15 min 
incubation of EasySep Negative Selection Mouse Mammary Epithelial Cell 
Enrichment Cocktail and another 15 min incubation of EasySep Biotin Selection 
Cocktail. Magnet Nanoparticles were then added in and CD45 + /Ter119 + , and CD31 +  
cells were removed by magnet selection. Cells were ready for culturing after the 
viability was checked by trypan blue staining. After selection of cells with EasySep 
mouse mammary stem cell enrichment kit, the cells were resuspended in HF and 
stained with a 1:50 dilution of CD24-PE and CD49f-FITC for 30 min on ice followed 
by 2  m g/mL propidium iodide. Analysis of CD24-PE- or CD49f-FITC-positive cells 
was done by FACS Vantage SE Becton Dickinson BD Flow Cytometer (Fig.  10.4 ).    

    10.5.2   Mammosphere Culture Conditions 

 Mammary epithelial cells enriched single cells were grown in 6-well ultra-low 
attachment plate at a density of 25,000 or 50,000 cells/mL in complete EpiCult-B 
medium (#06100, StemCell technology) containing 10 ng/mL EGF, 10 ng/mL basic 



42310.5 Isolation of the Stem Cells from the Rat Mammary Gland 

  Fig. 10.3    Different steps involved in the preparation and analysis of mammospheres       

  Fig. 10.4    FACS analysis of stem cell markers. CD49f: alpha 6 integrin that is associated with 
bipotent progenitor cells and myoepithelial cells       

 

 



424 10 The Role of Stem Cell in Breast Cancer Prevention

 fi broblast growth factor (bFGF), 4  m g/mL Heparin, and 1× Pen/Strep/Fungizone. 
The formation of mammospheres was daily monitored by examination under an 
inverted microscope and photographed every other day (Fig.  10.5 ). After 7–8 days 
in culture, mammospheres were counted and then collected using a 40  m m cell 
strainer and dissociated with 0.05% Trypsin-EDTA for 2 min at 37°C for obtaining 
single cell suspensions. Primary mammosphere-derived cells were plated at a den-
sity of 25,000 cells/mL for the culture of secondary mammospheres. Primary mam-
mosphere-derived single cells were mixed with Matrigel at a density of 
600 cells/400  m L Matrigel per well in 24-well plate. Differentiation assay medium 
was added onto the Matrigel after it solidi fi ed. One week after plating, the medium 
was changed with differentiation assay medium containing 1  m g/mL prolactin and 
refreshed every week. Cells were  fi xed with 10% formalin for 30 min at room tem-
perature and followed with immuno fl uorescence staining after 25 days of culture. 
We were able to culture mammospheres from single rat mammary epithelial cells in 
a suspension culture in low-attachment dishes. We were successful in culturing and 
passing these to produce mammospheres demonstrating their self-renewal capabil-
ity, results similar to reports of mammosphere formation from human mammary 

  Fig. 10.5    Freshly isolated rat 
mammary gland cells form 
mammospheres. Epithelial 
cells enriched rat mammary 
cells were plated on ultra-low 
attachment 6-well plate at a 
density of 25,000 cells/mL in 
complete EpiCult-B medium       
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cells  [  20  ] . The frequencies of primary mammospheres formed from epithelial 
cells enriched rat mammary cells are 2–6 spheres/1,000 cells, which are similar to 
other reports on human (~7 spheres/1,000 cells)  [  20  ]  and mouse; (~2 spheres/1,000 
cells)  [  117  ]  mammary cells. Twenty  fi ve to  fi fty percent of dissociated cells from 
rat mammary epithelial mammospheres were recovered and regenerated new 
mammospheres. The frequency of secondary mammospheres formed from primary 
mammosphere-derived cells were 2–4 spheres/1,000 cells, which is similar to previous 
report in humans  [  20  ] .   

    10.5.3   Effect of hCG the Mimicking Hormone of Pregnancy 
in Mammospheres Formation 

 We have isolated the stem cells of the mammary gland of rats treated with hCG for 
21 days and allowed to rest another additional 21 days (see Chap.   2    ) and compared 
if there was a difference in the formation of mammospheres between the control 
and hCG-treated cells. We have found that the mammary epithelial cells from rats 
treated with hCG formed signi fi cantly less primary mammospheres supporting the 
concept in reduction of stem cells; however, the size of the mammospheres was not 
signi fi cantly different. There were also no differences in the number and size of the 
secondary mammospheres (Fig.  10.6a, b ) or tertiary mammospheres (Fig.  10.7a, b ).    

    10.5.4   Characterization of Cells from Mammospheres 

 For immuno fl uorescence staining the mammospheres were centrifuged on glass 
slides and  fi xed with acetone-methanol (1:1) for 10 min at −20°C. The staining of 

  Fig. 10.6    There are no signi fi cant differences in the number and size of secondary mammospheres       
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2D differentiation assay was performed in 3 cm dishes. The following primary anti-
bodies were used: ESA, CK14, CK18, and  b -casein. Alexa  fl uor 555 donkey anti-
rabbit, alexa  fl uor 488 donkey anti-mouse, and alexa  fl uor 647 donkey anti-goat 
secondary antibodies were used to detect the staining. As it is depicted in Fig.  10.8 , 
primary mammospheres reacted with ESA (EpCAM) that is a marker of bipotent 
progenitor cells and differentiated luminal cells and also reacted with CK14 that is 
attributed to differentiated myoepithelial cells or to putative progenitor cells. Of 
interest is that the primary mammospheres are positive for CD24 that is signi fi cantly 
reduced in the mammary gland of hCG-treated animals (Fig.  10.9 ). Immunostaining 
with CK14 showed that this antibody was expressed in some of the cells in primary 
mammospheres obtained from hCG-treated rats, whereas it was rarely observed in 
the spheres from control animals (Fig.  10.10 ).    

 Primary mammosphere-derived cells are capable of differentiation into different 
types of colonies under differentiating conditions (Fig.  10.11 ). Using ESA, CK14, 
and beta casein as markers of cell differentiation we found that there are more colo-
nies with three lineages differentiation after hCG treatment (Fig.  10.12 ). Of interest 
is the  fi nding that hCG induces the formation of more colonies containing myoepi-
thelial cells (Fig.  10.13 ).    

 We have compared the transcriptomic pro fi le of the stems cells of the mammary 
gland from the control and hCG-treated animals (Table  10.1 ) and we demonstrated 
by both microarray and real-time RT-PCR that CD24 is signi fi cantly reduced in the 
mammospheres from hCG-treated rats (Fig.  10.14  and Table  10.2 ). MME (CD10) is 
signi fi cantly reduced in mammospheres from hCG-treated rats based on the real-
time RT-PCR result, whereas it did not appear signi fi cantly changed by microarray 
analysis (FDR 0.138). The myoepithelial markers Krt (CK14) and ASMA showed 
upregulation in the mammospheres from hCG-treated rats by both microarray and 
real-time RT-PCR analysis, but none of them reached statistical signi fi cance 
( P  = 0.086, FDR 0.269 and P=0.032, FDR 0.164, respectively)) (Table  10.2  and 
Fig.  10.14 ).  Genes reported in the literature to be highly speci fi c for myoepithelial 

  Fig. 10.7    There are no signi fi cant differences in the number and size of tertiary mammospheres       
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  Fig. 10.8    Cellular composition of primary mammospheres from rat mammary gland. ESA 
(EpCAM) is a bipotent progenitor cells and differentiated luminal cells. CK14: differentiated myo-
epithelial cells and attributed to putative progenitor cells. Seven-day-old primary mammospheres 
were centrifuged on slides and  fi xed with acetone-methanol (1:1). The cellular composition was 
checked by the antibodies ESA and CK14 staining indicated under pictures       

  Fig. 10.9    CD24-positive cells are reduced in the primary mammospheres from rats of 21 days 
post hCG treatment. Staining on cytospin slides (mammospheres)       
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  Fig. 10.10    Immunostaining with CK14 showed CK14 is expressed in some of the cells in primary 
mammospheres from hCG-treated rats, whereas is hard to observed in the spheres from control       

  Fig. 10.11    ICC/IF staining of colony with epithelial, myoepithelial, and alveolar differentiation. 
Images are taken by monochrome camera, the color showing is pseudocolor       
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  Fig. 10.12    There are more colonies with three lineages differentiation after hCG treatment       

  Fig. 10.13    There are more 
colonies with myoepithelial 
differentiation after hCG 
treatment (2D differentiation 
assay). Test:  P  = 0.026       

   Table 10.1    Level of Expression of Transcripts detected in the Mammary Gland of Rats treated 
with hCG vs. Control   

 Markers used to characterize mammospheres in 
the literature  Microarray data 

 Marker  Symbol  Gene name  Log FC 
 Fold 
change   P -value  FDR 

 ASMA  Acta2  Smooth muscle 
alpha-actin 

 0.38  1.31  0.032  0.164 

 Cd24  Cd24  CD24 molecule  −1.42  0.37  0.000  0.033 
 ESA  Epcam  Epithelial cell adhesion 

molecule 
 −0.27  0.83  0.503  0.702 

 Alpha 6 integrin 
(CD49f) 

 Itga6  Integrin, alpha 6  −0.05  0.97  0.728  0.855 

 CK14  Krt14  Keratin 14  0.92  1.89  0.086  0.269 
 CK18  Krt18  Keratin 18  −0.19  0.88  0.674  0.820 
 CK5  Krt5  Keratin 5  0.69  1.61  0.162  0.378 
 CD10  MME  Membrane metallo-

endopeptidase 
 −0.78  0.58  0.021  0.138 

 Muc1  Muc1  Mucin 1, cell surface 
associated 

 Not found in the arrays 
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   Table 10.3    Level of Expression of Myoepithelial Cell Markers detected in the Mammary 
Gland of Rats treated with hCG vs. Control      

 Symbol  Gene name  Log FC  Fold change   P  value  FDR 

 Adamts1  ADAM metallopeptidase with 
thrombospondin type 1 motif, 1 

 0.68  1.61  0.001  0.047 

 Cyr61  Cystein-rich, angiogenic inducer, 61  0.78  1.72  0.000  0.033 
 Igfbp3  Insulin-like growth factor binding 

protein 3 
 0.78  1.71  0.001  0.042 

 Tpm1  Tropomyosin 1  1.05  2.06  0.001  0.042 

cells, such as Adamts1, Cyr61, Igfbp3, and Tpm1, are signifi cantly upregulated in 
the primary mammospheres from hCG-treated rats (Table  10.3 ). The adamalysin-
thrombospondin (ADAMTS) proteinases have been implicated in various cellular 
events, including cleavage of proteoglycans, extracellular matrix degradation, 

  Fig. 10.14    Comparison of microarray data to qPCR results       

   Table 10.2    Comparison of the transcriptomic profi le of the mammary gland of control and 
hCG-treated rats evaluated by real time RT-PCR and microarray   

 Real-time RT-PCR  Microarray 

 Detector  Log FC 
 Fold 
change   P  value  Log FC 

 Fold 
change   P  value  FDR 

 CD24  −1.58  0.33  0.000  −1.42  0.37  0.000  0.033 
 EpCAM (ESA)  −0.64  0.64  0.216  −0.27  0.83  0.503  0.702 
 MME (CD10)  −1.26  0.42  0.008  −0.78  0.58  0.021  0.138 
 Krt14 (CK14)  1.15  2.22  0.138  0.92  1.89  0.086  0.269 
 Krt18 (CK18)  −0.69  0.62  0.383  −0.19  0.88  0.674  0.820 

 Muc1  0.16  1.12  0.725  Not found in the array 
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inhibition of angiogenesis, gonadal development, and organogenesis. The expression 
of ADAMTS1 in breast tissues is higher in stromal  fi broblasts and myoepithelial 
cells, but it is poorly expressed in luminal epithelial cells. ADAMTS1 is signi fi cantly 
downregulated in invasive breast carcinoma compared to non-neoplastic mammary 
tissue  [  118  ] . ADAMTS1 is cancer-speci fi c hypermethylated in colorectal tumors 
 [  119  ] , and its expression is decreased in prostate cancer, and might be involved in 
the early steps of prostate cancer development  [  120  ] .     

 Although IGFBP-3 has no direct inhibitory effect on breast cancer cells Hs578T, it 
could accentuate apoptosis induced by the physiological trigger ceramide in an IGF-
independent manner  [  121  ] , whereas the expression of IGFBP-3 in MCF-7 cells leads 
to the induction of apoptosis through the activation of caspases involved in a death 
receptor-mediated pathway, an indication that IGFBP-3 functions as a negative regu-
lator of breast cancer cell growth, independent of the IGF-IGF receptor axis  [  122  ] . 
Another gene that is upregulated in myoepithelial cells is Tropomyosin-1 that func-
tions as a suppressor of transformation  [  123  ]  and has been shown can resensitize breast 
cancer cells to anoikis  [  124  ] . 

 Canonical pathway analyses of microarray data obtained from mammospheres 
of the mammary gland of rats treated with hCG have shown that pathways involved 
in the immune system are downregulated after hCG treatment, which is consistent 
with our previous microarray data from rat mammary gland tissues of in vivo exper-
iment discussed in Chap.   3    .   

    10.6   The Importance of the Mammary Gland Stem Cell 
and Pregnancy in the Prevention of Breast Cancer 

 Our comparative studies of human and rodent mammary development in relation to 
age and parity  [  99,   125–  129  ]  have revealed that the development of the mammary 
gland is a progressive process of growth initiated at childhood  [  130,   131  ] . 
Epidemiological studies in humans and experimental carcinogenesis models have 
provided wide evidence of the protective effect of pregnancy from breast cancer 
development  [  83–  89,   132–  134  ] . Russo and coworkers  [  98,   99,   135  ]  have postulated 
that the mechanism of pregnancy-induced protection is mediated by the induction 
of mammary gland differentiation driven by the hormonal milieu of pregnancy, 
which creates a speci fi c genomic signature in the mammary gland that makes this 
organ permanently refractory to carcinogenesis. A further re fi nement of the hypoth-
esis of how pregnancy could be affecting cancer susceptibility through induction of 
differentiation of the mammary gland was  fi rst proposed by Russo and Russo  [  24  ] , 
who postulated that the Lob 1 and the TEB found in the breast of nulliparous women 
or of young virgin rats, respectively, had not completed their differentiation into 
Lob 2, Lob 3, and Lob 4, retaining a high concentration of S/PC or Stem cell 1, 
which is susceptible to undergo neoplastic transformation when exposed to a 
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carcinogenic agent  [  24  ]  (Fig.  10.2 ). Although after the postmenopausal involution 
of the mammary gland, the architecture of the breast in parous women is similar to 
that of the nulliparous women, both containing predominantly Lob 1, in parous 
women the Lob 1 is composed of Stem cell 2, an epithelial cell population that 
through the completion of differentiation induced by pregnancy has permanently 
changed its “genomic signature” and becomes refractory to transformation  [  100, 
  101  ] . Nevertheless, the Stem cell 2 remains capable of responding with proliferation 
and differentiation to the stimulus of a new pregnancy. The Stem cell 2 is character-
ized by a genomic signature that has been induced by the  fi rst cycle of differentia-
tion. The crucial role of the number of mammary stem cells in breast cancer risk has 
been postulated by Trichopoulos et al.  [  106  ]  but the concept that their number would 
be reduced through the process of terminal differentiation after the  fi rst full-term 
pregnancy has been indicated previously  [  24  ] .  However, an important concept in 
our study is that in the process of differentiation is not only the number of stem cells 
but the shifting of stem cell 1 to stem cell 2 by changing the genomic and epigenomic 
pro fi le of these cells, as it has been recently reported to be the case in the breast of 
postmenopausal parous women   [  100,   101  ] . Several authors have focused in  fi nding 
molecular changes as a mechanism of the pregnancy-induced protection. Russo and 
coworkers have found that the post-pregnancy involuted mammary gland exhibits a 
speci fi c genomic signature as well as epigenetic changes, such as chromatin remod-
eling, DNA methylation/demethylation, and histone modi fi cations that affect cell 
fate in the breast of parous women  [  100,   101  ] .  Collectively, the data described 
above present evidence that pregnancy, through the process of cell differentiation, 
shifts the Stem cell 1 to Stem cell 2. These cells exhibit a speci fi c genomic signature 
that could be responsible for the refractoriness of the mammary gland to carcino-
genesis   [  100,   101  ] .      
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  A 
  Accessory proteins, spliceosomes 

 CUGBP2 , 369  
 LRRs and NTF2-like domain , 367  
 NXF1 , 367  
 overrepresented GO biological processes , 

344, 367  
 overrepresented GSEA gene sets , 344, 367  
 parous  vs.  nulliparous , 345, 367  
 PTBP2 , 368  
 for splicing , 341, 367   

  Affymetrix analysis, RNA preservation , 
263, 265   

  Apod.    See  Apolipoprotein D (Apod)  
  Apolipoprotein D (Apod) 

 description , 110–111  
 gene enrichment procedure , 123, 128   

  Apoptotic index determination 
 adenocarcinomas and regimens , 48, 50  
 digoxigenin-nucleotide complexes , 48  
 paraffi n-embedded tumors , 48  
 r-hCG and u-hCG effect , 48, 49   

  Asymmetric cell division 
 basal cell type , 207  
 and cell polarity , 214  
 and cell positioning , 215–216  
 dysregulated genes , 208, 209  
 expression, TRIM22 , 211  
 gene expressions, MCF-10F , 208, 211  
 genomic alterations, trMCF Cells , 

207–208  
 heat maps , 208, 210  
 immunofl uorescence studies, NOTCH3 , 

208, 212  
 mitotic apparatus , 213–214  
 MLF1 , 212  
 NOTCH3 , 211–212  

 pregnancy and lactation process , 207  
 RING fi nger domain , 210  
 transformation and mutations , 206  
 TRIM22 , 211–212  
 trMCF cells , 212   

  AU-rich element RNA-binding protein 1.    
See also  Heterogeneous nuclear 
ribonucleoprotein D (HNRNPD) 

 parous and nulliparous breast tissues , 
318–321  

 ubiquitin-proteasome pathway , 100    

  B 
  Basal breast cancer 

 basal A and B cell lines , 203, 204  
 bcMCF and caMCF cells , 201  
 CD44 and CD24 expressions , 203  
 description , 199  
 E-cadherin , 203  
 EMT gene signature , 203, 205  
 EMT markers , 201  
 ER a  , 200–201  
 expression profi le, EMT , 202  
 Ki67 antigen , 200  
 MCF-10F and derived cell lines , 201  
 nontumorigenic MCF-10F and 

trMCF , 202  
 TGF- b  and Wnt signaling pathways , 201  
 treatment, MCF-10F cells , 199, 200   

  Blood collection 
 genomic analysis , 267  
 hormone determination , 267   

  BMP7.    See  Bone morphogenetic protein 7 
(BMP7)  

  Bone morphogenetic protein 7 
(BMP7) , 112    
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  C 
  Carcinogenesis 

 DMBA-induced mammary tumors , 7  
 endocrine system , 5  
 HRSW and PMSCs , 6  
 index construction , 197–198  
 luminal and myoepithelial cells , 7  
 mammary gland development , 6  
 rat mammary   ( see  Rat mammary 

carcinogenesis) 
 stem cell in estrogen-induced , 418–419   

  C4bpa.    See  Complement component 4 binding 
protein, alpha (C4bpa)  

  Ccl21.    See  Chemokine (C-C motif) ligand 21 
(Ccl21)  

  CCNL2 protein.    See  Cyclin-cyclin L2 
(CCNL2) protein  

  cDNA Microarray Analysis , 266   
  Cell communication , 305   
  Cell death-inducing DFFA-like effector c 

(Cidec) , 108–109   
  Cell markers 

 description , 410  
 ECM , 412  
 ESA+/MUC+ , 411  
 human epithelial progenitor cells , 410  
 progenitor cells , 411  
 TRITC-cell linker membrane , 411   

  Cell proliferation, 17 b -estradiol 
 Ki67 antigen , 228  
 MCF-10F, CD44  +   , 230  
 neoplastic processes , 231  
 proliferative index , 229, 230  
 tubular structures , 229   

  Cell transport, GO biological processes 
 Slc13a2 , 103  
 Slc39a8 , 102–103   

  Chemokine (C-C motif) ligand 21 (Ccl21) , 107   
  Chromatin remodeling and pregnancy-induced 

differentiation 
 architecture, postmenopausal women’s 

breast , 310–316, 318–321  
 breast cancer prevention , 331–332  
 breast development , 323  
 defi ned , 309  
 expression, ER- a  , 323  
 FSH , 310  
 inducing chromatin remodeling   ( see  Human 

chorionic gonadotropins (hCGs)) 
 ncRNAs   ( see  Noncoding RNAs (ncRNAs)) 
 stem cell population, human breast , 324  
 transcriptomic differences , 316, 322   

  Cidec.    See  Cell death-inducing DFFA-like 
effector c (Cidec)  

  Claudin 4 (Cldn4) 
 description , 151  
 EMT , 177  
 expression , 167  
 grainyhead-like 2 (Grhl2) , 175–177   

  Cldn4.    See  Claudin 4 (Cldn4)  
  Complement component 4 binding protein, 

alpha (C4bpa) , 99–100   
  Complement factor B (Cfb) gene 

 biological processes , 130  
 description , 97  
 protein activation cascade , 113   

  Complement factor I (Cfi ) gene 
 and B (Cfb)   ( see  Complement factor B 

(Cfb) gene) 
 biological processes , 81–82  
 GO immune response , 78  
  p -values and fold chance , 79   

  Core biopsies (CB) 
 histological processing , 262  
 RNA preservation , 263, 269  
 steps and mRNA isolation , 261–262   

  Corticotropin releasing hormone (CRH) 
 activity , 98  
 affi nity , 98  
 Crhr2 , 97–98  
 description , 28   

  Corticotropin releasing hormone receptor 2 
(Crhr2) , 97–98   

  CRH.    See  Corticotropin releasing hormone 
(CRH)  

  Crhr2.    See  Corticotropin releasing hormone 
receptor 2 (Crhr2)  

  Cyclin-cyclin L2 (CCNL2) protein , 299    

  D 
  Dose and timing, hCG treatment 

 cell proliferation inhibition , 62  
 data, necropsy , 60  
 estrogens , 63  
 follicle-stimulating hormone , 62  
 mammary cancer, female rats , 59  
 MCF-7 radiosensitivity , 64  
 molecular mechanisms , 61  
 p53, OKL38 and VHL , 63  
 pregnancy  vs.  breast cancer , 59  
 pre-menopausal women , 64  
 programmed cell death , 62  
 tumor histopathology , 59, 60   

  Dual oxidase 1 (DUOX1) 
 DUOXA1/NIP1 interacting protein 

functions , 113  
 ectopic nip1 expression , 112, 113  
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 gene enrichment procedure , 123, 128  
 prevention strategies , 123  
 thyroid hormones synthesis , 112   

  DUOX1.    See  Dual oxidase 1 (DUOX1)   

  E 
  ECM.    See  Extracellular matrix (ECM)  
  Ectodermal-neural cortex 1 (Enc1) gene 

 description , 88  
 in situ hybridization analysis , 91  
 LH/hCG treatment , 91  
  p -values and fold chance , 77, 79, 124  
 transient expression , 88   

  Embryonic stem cells (ESCs) 
 and iPSCs , 395  
 lincRNAs , 394  
 pluripotency and neural differentiation , 396   

  EMT.    See  Epithelial-mesenchymal transition 
(EMT)  

  Enc1 gene.    See  Ectodermal-neural cortex 1 
(Enc1) gene  

  Epidemiology, breast cancer 
 cancer progression, pregnancy , 9–10  
 carcinogenesis   ( see  Carcinogenesis) 
 childlessness, nuns , 1  
 description , 1  
 early pregnancy , 18–20  
 endocrinological infl uence , 17–18  
 estrogens , 3–4  
 GEM models , 4  
 gene analysis , 14  
 hormones as carcinogens , 13  
 HPG axis , 2  
 HRSW , 15  
 human breast   ( see  Pregnancy and disease) 
 hypothalamic–pituitary–ovarian axis and 

fertility , 21  
 landmarks, history , 1, 2  
 modern epidemic , 2, 4  
 ovarian aging and fertility , 20, 21  
 PI-MEC , 15  
 population growth , 20–21  
 postweaning, rats , 13–14  
 pregnancy and environmental infl uences , 

2–3  
 prevention, mammary cancer   ( see  

Mammary cancer prevention) 
 progenitor stem cell 1/intermediate cell 

(IC) , 14  
 relative risk (RR), pregnancies , 2, 3  
 risks , 4–5  
 rodent models, mammary carcinogenesis , 5  
 tumor incidence , 13  

 tumor progression, hormones , 10–12  
 tumor type and behavior , 1   

  Epithelial-mesenchymal transition (EMT) 
 classifi cation, breast cell lines , 203, 205  
 genes and breast cancer progression , 177  
 gene signature , 203  
 immunohistochemistry , 194  
 markers , 201  
 phenotype , 203   

  ER.    See  Estrogen receptor (ER)  
  ERK.    See  Extracellular signal-regulated kinase 

(ERK)  
  ESCs.    See  Embryonic stem cells (ESCs)  
  17 b -Estradiol (E 

2
 ) 

 ductulogenic pattern , 223  
 “genomic signature”/gene expression 

profi le , 224  
 human chorionic gonadotropin, solid 

masses , 226  
 lobules description , 223–224  
 longer tubules and tertiary branching , 

226–227  
 nulliparous and parous women , 223  
 terminal differentiation hypothesis , 

224, 225  
 transformation phenotypes , 225   

  Estrogen and progesterone, transcriptomic 
profi le 

 downregulated genes 
 adrenoceptor (AR) stimulation , 119  
 biological processes , 118, 119  
 Npr3 , 119  
 preventive strategy , 118  

 upregulated genes 
 circadian clock function , 121–122  
 description , 118, 119–120  
 methylselenocysteine , 122  
 Per2 , 122   

  Estrogen receptor (ER) 
 CALLA and MUC1 , 413  
 ERalpha and PR , 413  
 ERalpha KO females , 412  
 ERbeta and breast stem cells , 413–416  
  in vivo  MCF-10F , 416–418  
 Lob 1 , 412  
 MCF-10F cell, estrogen-induced 

carcinogenesis , 418–419   
  Estrogen receptor beta (ERbeta) and breast 

stem cells 
  Anguilla japonica  , 414  
 description , 413  
 epithelial hypercellularity , 415  
 KO mice , 414  
 MCF-10F cells , 416  
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Estrogen receptor beta (ERbeta) and breast 
stem cells (cont.)

 pluripotent hematopoietic progenitor cells , 
415  

 proliferation, human breast , 414  
 subtypes, testicular germ cell , 415   

  Estrogen receptor pathway , 302, 304   
  Euchromatin-rich nuclei (EUN) 

 description , 313  
 and HTN , 314  
 light absorbance , 316   

  EUN.    See  Euchromatin-rich nuclei (EUN)  
  Extracellular matrix (ECM) 

 degradation , 114  
 embryonic , 412  
 in physiological processes , 114   

  Extracellular signal-regulated kinase (ERK) 
 Map3k6 , 97  
 phosphorylation , 145    

  F 
  False discovery rate (FDR) , 76–77, 79   
  FDR.    See  False discovery rate (FDR)  
  FFTP.    See  First full-term pregnancy (FFTP)  
  First full-term pregnancy (FFTP) , 269–270   
  Flow cytometry 

 cell cycle and apoptotic markers , 46, 47  
 cellular DNA analysis , 46, 47   

  Follicle stimulating hormone (FSH) 
 menopausal , 310  
 postmenopausal condition , 267  
 steroids and peptides , 21   

  FSH.    See  Follicle stimulating hormone (FSH)   

  G 
  Gene ontology (GO) biological processes 

 downregulated genes 
 hCG , 84–85  
 pellet treatment , 87, 91, 92  
 pregnancy preventive strategy , 83, 87  
 prevention modalities , 82  
 rat mammary after pregnancy , 83, 87  
 rat mammary under hCG treatment , 

82, 83  
 immune response   ( see  Immune response, 

GO biological processes) 
 transport   ( see  Cell transport, GO biological 

processes) 
 upregulated genes 

 hCG , 86  
 pellet treatment , 87, 93–95  
 pregnancy preventive strategy , 83, 89–90  

 prevention strategies , 78, 80  
 rat mammary after pregnancy , 83, 88  
 rat mammary under hCG treatment , 

82, 83, 86   
  Gene Set Enrichment Analysis (GSEA) 

 canonical pathways , 284  
 description , 284  
 differentially expressed genes, pathways , 

285, 288  
 probesets expression, P  vs.  NP , 270–283  
 signature, prevention , 123   

  Genetically engineered mice (GEM) models , 4   
  Genomic analysis 

 CCNL2 protein, immunohistochemistry , 299  
 cell communication and mRNA 

processing , 285, 299  
 estrogen signaling pathway , 285  
 full-term pregnancy , 285, 289  
 gene ontology (GO) enrichment analysis , 

285–287  
 gene validation, RT-PCR , 288  
 GSEA , 285, 288–289  
 parous (P)  vs.  nulligravidas (NG) , 

290–297, 299  
 probesets, P and NP women , 285  
 up and down-regulated genes , 285   

  Genomic profi le, MCF-10F 
 description , 416  
 DNA-bound repair enzymes , 417  
 gene expression , 416, 417  
 MNDA , 416  
 terminal differentiation hypothesis , 418   

  Genomic signature, breast cancer prevention 
 airway epithelium , 113  
 Cldn4 , 151, 175–177  
 common biological processes , 123, 127–134  
 CRH , 98  
 cut-offs  p -value and fold change , 123–125  
 Duox1   ( see  Dual oxidase 1 (DUOX1)) 
 enrichment procedure , 123, 128  
 GSEA , 123  
 hCG treatment , 123, 135–142, 157–166  
 IGF-I treatment , 143–145  
 Irx2 , 145, 149, 151  
 Kng1 , 99  
 Lbp , 99  
 mammary gland, preventive signature , 

145, 175, 178Mmp12, 175  
 Nip1 , 112, 113  
 OSM signaling , 136  
 pellet treatment , 123, 149–156, 170–175  
 pregnancy treatment , 123, 143–148, 

167–170  
 prevention strategies , 123, 126, 127  
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 Tgfb3 , 143  
 Wap , 128, 136   

  Glutamate receptor, ionotrophic, AMPA 3 
(Gria3) , 109–110   

  Gria3.    See  Glutamate receptor, ionotrophic, 
AMPA 3 (Gria3)  

  GSEA.    See  Gene Set Enrichment Analysis 
(GSEA)   

  H 
  hCGs.    See  Human chorionic gonadotropins 

(hCGs)  
  Heat shock 70 kDa protein 1A (Hspa1a) , 

78, 100   
  Heterochromatin-rich nucleus (HTN) 

 and EUN cells , 313  
 hyperchromasia , 313  
 NP and P breasts , 316  
 nuclear diameter, EUN cells and , 314   

  Heterogeneous nuclear ribonucleoprotein A1 
(HNRNPA1) 

 agarose gel electrophoresis , 348  
 APP gene, intronic Alu elements , 351  
 c.5434C G mutation , 349  
 cell proliferation and cancer , 349  
 c-Myb and v-Myb , 350  
 EGF and EGFR expression , 350  
 electrophoretic mobility-shift assays , 351  
 genomic integrity, telomere capping , 348  
 HMGA1a , 349  
 human CYP2A6 gene , 351  
 neuronal cells treatment , 350–351  
 polycistronic pre-mRNA , 350  
 RNA processing factors , 348  
 RPA displacing activity , 348–349  
 SMA , 348  
 spliced transcript variants , 347  
 structure , 347  
 therapeutic interventions , 347–348   

  Heterogeneous nuclear ribonucleoprotein 
A2/B1 (HNRNPA2B1) 

 BRCA1 , 353  
 glioblastoma cells, knockdown , 352  
 human metastatic pancreatic cancers , 352  
 mediators, RON , 352  
 SOX2 , 353  
 structure , 352   

  Heterogeneous nuclear ribonucleoprotein D 
(HNRNPD) 

 estradiol (E2) treatment , 354  
 in human and mouse genes , 353  
 parous breast upregulation , 353–354  
 quasi-RNA recognition motif , 353  

 splicing machinery and mRNA processing , 316  
 structure , 353, 354   

  Heterogeneous nuclear ribonucleoproteins 
(hnRPs) 

 HNRNPA1   ( see  Heterogeneous nuclear 
ribonucleoprotein A1 (HNRNPA1)) 

 HNRNPA2B1 , 352–353  
 HNRNPD   ( see  Heterogeneous nuclear 

ribonucleoprotein D (HNRNPD)) 
 HNRPDL , 354–355   

  Heterogeneous nuclear ribonucleoproteins D 
like (HNRPDL) 

 description , 354  
 G-rich and CATR motifs , 354  
 Nothern blotting , 31  
 recombinant  E. coli  , 355  
 transcription repression function , 355  
 ubiquitous transcription factors , 354–355   

  High risk susceptibility window (HRSW) 
 algorithm, breast cancer protection , 20  
 genotoxic/epigenetic exposures , 15  
 HPW , 7, 73  
 mammary gland development , 6, 9  
 young virgin rats administration , 8   

  HNRNPA1.    See  Heterogeneous nuclear 
ribonucleoprotein A1 (HNRNPA1)  

  HNRNPA2B1.    See  Heterogeneous nuclear 
ribonucleoprotein A2/B1 
(HNRNPA2B1)  

  HNRNPD.    See  Heterogeneous nuclear 
ribonucleoprotein D (HNRNPD)  

  HNRPDL.    See  Heterogeneous nuclear 
ribonucleoproteins D like (HNRPDL)  

  hnRPs.    See  Heterogeneous nuclear 
ribonucleoproteins (hnRPs)  

  Hormonal protection window (HPW) , 7, 9, 73   
  Hormones as carcinogens 

 BALB/c female mice , 13  
 carcinogenicity, 17 b -estradiol , 13  
 modulators , 11–13   

  HPW.    See  Hormonal protection window (HPW)  
  HRSW.    See  High risk susceptibility window 

(HRSW)  
  Hspa1a.    See  Heat shock 70 kDa protein 1A 

(Hspa1a)  
  HTN.    See  Heterochromatin-rich nucleus (HTN)  
  Human breast epithelial cells 

 bcMCF and caMCF , 194  
 17 b -Estradiol , 223–225  
  in vitro–in vivo  model , 192, 193  
 LB type 1 , 192, 193  
 neoplastic transformation , 192, 194  
 progressive phenotypic changes , 193  
 SCID mice , 193   
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  Human chorionic gonadotropins (hCGs).    
See also  Urinary hCG (u-hCG)  vs.  
recombinant hCG (r-hCG) 

 anti-human EZH2 antibody , 327  
 body weight and gland morphology , 

53, 54  
 Cfi  gene , 97  
 CREBZF detection , 328, 329  
 cut-offs, differentially expressed genes , 

77, 79  
 determination, XIST level , 328, 329  
 doses, Virgin Sprague–Dawley rats , 

73, 74  
 downregulated genes, transcriptomic 

profi le 
 Ccl21 , 107  
 CD38 , 108  
 CD40 , 107–108  
 Cidec , 108–109  
 description , 104–107  
 Gria3 , 109–110  
 Rab19 , 110  
 Rhebl1 , 110  
 Ubd , 109  

 ductal length and width , 227, 229  
 estrogen and progesterone , 118  
 expression, H3K27me 3  , 330  
 EZH2 determination , 327, 328  
 GO biological processes 

 downregulated genes , 82, 83  
 upregulated genes , 80, 83  

 hCG + E 
2
  , 227  

 hypothesis , 326  
 immunohistochemistry , 226, 228  
 induced longer tubules, tertiary branching , 

226–227  
 LH/hCG treatment , 88, 91  
 in mammary cancer prevention , 

36–38  
 MCF-10F cells , 327, 330, 331  
 progenitor stem cell 1/IC , 326, 327  
 side effect , 67  
 tubules, collagen matrix , 226, 227  
 type I collagen matrix , 226, 227  
 upregulated genes, transcriptomic profi le 

 Apod , 110–111  
 BMP7 , 112  
 Cfi  and Cfb , 97  
 description , 104–107, 110  
 DUOX1 , 112  
 Kng1 , 113  
 Ndrg1 , 111–112   

  Hypothalamic–pituitary–ovarian axis and 
fertility , 21    

  I 
  IGF1.    See  Insulin-like growth factor 1 (IGF1)  
  Immune response, GO biological processes 

 C4bpa , 99–100  
 CD14 molecule , 101–102  
 Crhr2 , 97–98  
 Hspa1a , 100  
 Kng1 , 99  
 Lbp , 99  
 Pla2g7 , 98–99  
 RET receptor , 100–101   

  Immunocytochemical detection, inhibin 
 non-tumoral mammary gland , 47  
 rabbit polyclonal antibodies , 46  
 r-hCG and u-hCG effect , 47, 48  
 tumor suppressor activity , 8  
 Vectastain Elite ABC kit , 47   

  Ingenuity Pathways Analysis (IPA) 
 description , 270, 284  
 GSEA , 284  
 hierarchical clustering , 283  
 probesets expression, P  vs.  NP , 270–282  
 statistical computation , 284   

  Inhibin.    See  Immunocytochemical detection, 
inhibin  

  Insulin-like growth factor 1 (IGF1) , 305   
   In vitro  three-dimensional (3D) system 

 BBP , 196  
 17 b -estradiol, human breast epithelial cells   

( see  17 b -Estradiol) 
 BPA , 195  
 carcinogenicity , 196–197  
 cellular interrelations, MCF-7 , 191  
 construction, carcinogenesis index , 

197–198  
 design , 198–199  
 EMT , 216–217  
 ER a  and ER b  , 195  
 growth, human breast epithelial cells   

( see  Human breast epithelial cells) 
 heterogeneity,194 
  in vivo  model, basal breast cancer   

( see  Basal breast cancer) 
 MCF-7 cell proliferation , 196  
 MDCK cells , 192  
 metastatic phenotype   ( see  Metastatic 

phenotype) 
 murine tumor , 191–192  
 phenotype and genomic profi le , 194  
 stem cell and asymmetric cell division , 

206–207   
   In vivo  model 

 cleaning and weaning, rat litters , 65  
 contraceptive effect, hCG , 67  
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 delivery data, animals , 65–66  
 description, hCGs , 30  
 estrous cycles , 64  
 intraductal proliferations and CIS , 30  
 pregnancy , 29  
 primary prevention, breast cancer , 29  
 rat mammary carcinogenesis   ( see  Rat 

mammary carcinogenesis) 
 rodent rats , 29  
 side effect, hCG , 67  
 suppression, mammary carcinogenesis , 64  
 TEBs and TDs , 30  
 tumorigenic response, hCG , 60  
 urinary hCG  vs.  recombinant hCG   ( see  

Urinary hCG (u-hCG)  vs.  
recombinant hCG (r-hCG))  

  IPA.    See  Ingenuity Pathways Analysis (IPA)  
  Iroquois homeobox 2 (Irx2) , 145, 151    

  K 
  Kininogen 1 (Kng1) 

 bradykinin , 99  
 description , 99  
 GO immune response , 78  
 high molecular weight (HMWK) , 

99, 113  
 low molecular weight (LMWK) , 99, 113   

  Kng1.    See  Kininogen 1 (Kng1)   

  L 
  Laser capture microdissection (LCM) 

 DNA procurement and kits quality control , 
263, 264  

 Macro LCM caps , 263  
 methods , 262–263  
 mRNA procurement and kits quality 

control , 263, 264  
 processing steps , 263   

  Lbp.    See  Lipopolysaccharide-binding protein 
(Lbp)  

  LCM.    See  Laser capture microdissection 
(LCM)  

  Lcn2 gene.    See  Lipocalin 2 (Lcn2) gene  
  Lipocalin 2 (Lcn2) gene 

 activated neutrophils , 96  
 biological processes , 78, 81  
 description , 91  
 EMT , 93, 96  
 infl ammatory response , 96  
 interleukin-3 (IL3) deprivation , 91  
 NFAT3 signaling , 93  
  p -values and fold chance , 77, 79   

  Lipopolysaccharide-binding protein (Lbp) 
 GO immune response , 99   

  LncRNAs.    See  Long noncoding RNAs 
(lncRNAs)  

  Long noncoding RNAs (lncRNAs) 
 chromatin regulatory proteins , 395  
 description , 395  
 ESC self-renewal regulatory circuit , 395  
 functional memory , 396  
  in situ  hybridization data , 396  
 MALAT1, Evf-2 and Nkx2.2AS , 395–396  
 mammalian transcriptome , 395  
 post-menopausal women , 396  
 self-splicing RNAs , 396  
 systematic regulatory networks , 396–397  
 transcriptomic analysis , 396    

  M 
  Male neural stem cells (mNSCs) , 398–399   
  Mammary cancer prevention 

 histogram, AdCa and CIS , 38  
 hormones , 8–9  
 location, Sprague–Dawley rat , 34, 36  
 necrosis/regressive changes , 38  
 palpation, animals , 36  
 papillary adenocarcinomas , 38  
 pregnancy , 7–8  
 preventive and therapeutic effi cacy , 32, 36  
 r-hCG and u-hCG effect , 36, 37   

  Mammary cancer therapy, hCGs 
 in animals and regimens , 45  
 DMBA administration , 41  
 gross anatomy, mammary glands , 35, 39  
 histogram, AdCa and CIS , 39, 41  
 histopathological analysis , 44  
 mammary gland, virgin rats , 45  
 palpable masses , 45  
 papillary adenocarcinomas , 39  
 preventive and therapeutic effi cacy, hCGs , 

32, 39  
 regressive and differentiation-associated 

changes , 44–45  
 r-hCG and u-hCG effect , 39, 41–43  
 Sprague–Dawley rat , 33, 39   

  Mammary gland 
 cell markers   ( see  Cell markers) 
 estrogen receptor   ( see  Estrogen receptor) 
 post-pregnancy, stem cell 1 to 2 , 419–422  
 rat   ( see  Rat mammary gland) 
 stem cell , 409–410   

  Mammospheres 
 ADAMTS1 , 430–431  
 CD24-positive cells , 426, 427  
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Mammospheres (cont.)
 description , 422  
 EpCAM , 426, 427  
 frequencies , 31  
 hCG treatment , 426, 429  
 ICC/IF staining, colony , 426, 428  
 IGFBP-3 , 431  
 immunofl uorescence staining , 30  
 immunostaining, CK14 , 426, 428  
 isolated rat mammary gland , 30  
 markers , 426, 429  
 microarray data  vs.  qPCR results , 426, 430  
 mimicking hormone hCG , 425   

  Map3k6 gene.    See  Mitogen-activated protein 
kinase kinase kinase 6 (Map3k6) 
gene  

  Matrix metalloproteinase (MMP) 
 activity , 114  
 description , 114  
 matrixin genes , 114  
 Mmp12 , 114, 116  
 overexpression , 116   

  Metastatic phenotype 
 bcMCF cells , 217, 219  
 bcMCF  vs.  MCF-10F , 221, 222  
 bsMCF/caMCF , 217  
 CLDN7 , 217  
 EPB41L5 erythrocyte , 217  
 FOSL1 , 223  
 FRMD3 and MEST , 218  
 heat map, bcMCF cells , 217, 220  
 MTUS1 expression , 222  
 SRPX gene , 222  
 transformation, MCF-10F ,217, 218  
 upregulated genes , 217, 220   

  Methodological approach 
 blood collection , 267  
 cDNA Microarray Analysis , 266  
 IPA   ( see  Ingenuity Pathways Analysis (IPA)) 
 LCM , 262–263  
 P and NP groups ,270  
 PicoPure® DNA Extraction Kit , 265  
 probesets expression, P  vs.  NP , 270–282  
 recruitments   ( see  Recruitments, normal 

breast samples) 
 RNA 

 extraction , 265  
 preservation , 263, 265  

 Specimen Collection Procedures , 261–262   
  Methyltransferase like 3 (MTTL3) 

 epigenetics , 345  
 gene expression , 345  
 genomic DNA modifi cations , 345–346  
 mRNA and pre-mRNPs , 341, 345   

  Mitogen-activated protein kinase kinase kinase 
6 (Map3k6) gene , 97   

  MMP.    See  Matrix metalloproteinase (MMP)  
  MNDA.    See  Myeloid nuclear differentiation 

antigen (MNDA)  
  mNSCs.    See  Male neural stem cells (mNSCs)  
  mRNA 3’ end processing 

 canonical Wnt signaling , 366–367  
 cleavage, 3’ splice site and exon ligation , 

365, 366  
 description , 365  
  in vitro  polyadenylation system , 365  
 OPMD , 365  
 PABPN1 encoding , 365  
 pre-mRNA molecule modifi cations , 338  
 Sir2-FoxO signaling , 367  
 structure, CSTF3 protein , 365–367   

  mRNA internal methylation , 341, 346   
  MTTL3.    See  Methyltransferase like 3 (MTTL3)  
  Myeloid nuclear differentiation antigen 

(MNDA) , 416    

  N 
  Natriuretic peptide receptor C/guanylate 

cyclase C (Npr3) 
 acute myeloid leukemia , 119  
 estrogen and progesterone preventive 

strategy , 118, 119   
  ncRNAs.    See  Noncoding RNAs (ncRNAs)  
  Ndrg1.    See  N-myc downstream regulated 1 

(Ndrg1)  
  NEAT1.    See  Nuclear paraspeckle assembly 

transcript 1 (NEAT1)  
  Nip1.    See  Numb-interacting protein 1 (Nip1)  
  N-myc downstream regulated 1 (Ndrg1) , 

111–112   
  Noncoding RNAs (ncRNAs) 

 CCNL1 and CCNL2 , 325–326  
 classes , 395  
 defi nition, RNAs , 394–395  
 description , 324, 391  
 genome-wide studies , 391  
 heterochromatin features , 392  
 ICM cells , 391  
 LncRNAs   ( see  Long noncoding RNAs 

(LncRNAs)) 
 NEAT1   ( see  Nuclear paraspeckle assembly 

transcript 1 (NEAT1)) 
 NEAT2 , 402–403  
 and nuclear organelles   ( see  Nuclear 

organelles) 
 parous, ncRNas   ( see  Parous breast, ncRNAs) 
 pluripotency and neurogenesis , 391  
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 RBM5 , 326  
 signaling networks , 391–392  
 transcripts , 325  
 upregulation, XIST , 325  
 X chromosome inactivation , 325  
 XCI initiation , 391  
 XIST   ( see  X inactive-specifi c transcripts 

(XISTs))  
  Npr3.    See  Natriuretic peptide receptor C/

guanylate cyclase C (Npr3)  
  Nuclear organelles 

 Cajal bodies (CBs) , 393  
 description , 392  
 ESCs , 394  
 eukaryotic mRNA , 393  
 FANTOM , 394  
 lincRNAs , 394  
 paraspeckles , 393–394  
 RNA molecules , 392  
 SC35 and U2AF , 394  
 snRNP biogenesis , 393  
 speckles, subnuclear structures , 393   

  Nuclear paraspeckle assembly transcript 1 
(NEAT1) 

 affymetrix expression arrays , 400  
 differentiation-specifi c nuclear 

subdomains , 401  
 FRAP analysis , 402  
 hESCs , 401  
 nonprotein-coding, lncRNAs , 400  
 paraspeckles , 400–401  
 PIRs , 402  
 postmenopausal breast involution , 401  
 PSP-1 RNA binding domain , 401  
 RNA FISH analysis , 400   

  Nulliparous (NP) women 
 CCNL2 protein , 299  
 enriched biological processes , 300  
 estrogen receptor pathway , 304  
 FFTP ,269–270  
 groups , 270  
 IGF1 , 305  
 IPA , 270, 284  
  vs.  P women 

 differentially expressed genes , 300, 302  
 hierarchical clustering , 284  
 probesets differentially expressed , 

270–283   
  Numb-interacting protein 1 (Nip1) , 112, 113    

  O 
  Oncostatin M (OSM) signaling , 136   
  Ovarian aging and fertility , 20, 21    

  P 
  Parity-induced mammary epithelial cells 

(PI-MEC) , 14–15   
  Parous breast, ncRNAs , 397–398   
  Parous (P) women 

 CCNL2 protein , 299  
 cell communication , 305  
 estrogen receptor pathway , 304  
 genes up-regulation , 286–287  
 groups , 270  
 GSEA , 284  
 IGF1 , 305  
 IPA , 270, 284  
 lobular development , 270  
 mRNA and RNA metabolic processes , 

285  
 non-coding RNAs , 304  
  vs.  NP   ( see  Nulliparous (NP) women) 
 spliceosome machinery , 301–303   

  Patatin-like phospholipase domain containing 
3 (Pnpla3) , 114   

  Per2.    See  Period homolog 2 (Drosophila) 
(Per2)  

  Period homolog 2 (Drosophila) (Per2) 
 estrogen and progesterone preventive 

strategy , 119–121  
 siRNA and shRNA , 122   

  Phospholipase A2, group VII (Pla2g7) 
 description , 98  
 GO immune response , 78  
 knockdown , 98  
 silencing , 98–99   

  PicoPure® DNA Extraction Kit , 265   
  PI-MEC.    See  Parity-induced mammary 

epithelial cells (PI-MEC)  
  PIRs.    See  Protein interaction regions (PIRs)  
  Pla2g7.    See  Phospholipase A2, group VII 

(Pla2g7)  
  PMSCs.    See  Progenitor mammary stem cells 

(PMSCs)  
  Pnpla3.    See  Patatin-like phospholipase domain 

containing 3 (Pnpla3)  
  Postmenopausal women’s breast architecture 

 active and inactive chromatin , 316, 322  
 chromatin condensation , 316, 317  
 ER- a  immunoreactivity, ducts and Lob 1 , 

310, 313  
 genes, parous and nulliparous breast tissues 

expression , 318–321  
 HE-stained ductules, Lob 1 , 310, 311  
 HTN and EUN cells , 313, 314  
 image analysis , 315, 316  
 Ki 67 immunoreactivity, ducts , 

310, 312   
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  Pregnancy and disease 
 hormone replacement therapy , 15, 17  
 HPG axis and endogenous hormone 

secretions , 15  
 percentage, lobules development , 15, 16  
 puberty to adulthood , 15, 16   

  Pregnancy, transcriptomic profi le 
 downregulated genes , 114, 115  
 MMP   ( see  Matrix metalloproteinase 

(MMP)) 
 Pnpla3 , 114  
 Spp1 , 116  
 transcripts , 96, 99  
 upregulated genes , 114–117   

  Pre-mRNP formation 
 components, splicing mechanism , 339, 346  
 hnRPs   ( see  Heterogeneous nuclear 

ribonucleoproteins (hnRPs)) 
 overrepresented GO biological processes , 

344, 346  
 overrepresented GSEA genes , 344, 346  
 parous  vs.  nulliparous , 345, 346  
 U2AF1/U2 snRNA auxiliary factor 1 , 346   

  Progenitor mammary stem cells (PMSCs) , 6–7   
  Protein interaction regions (PIRs) , 402    

  R 
  Rab19.    See  RAB19, member RAS oncogene 

family (Rab19)  
  RAB19, member RAS oncogene family 

(Rab19) , 110   
  Ras homolog enriched in brain like 1 (Rhebl1) , 

110   
  Rat mammary carcinogenesis 

 average tumor volume , 57–58  
 average weight gain , 53, 54  
 DMBA-induced mammary carcinomas , 52  
 DMBA preparation, tumor frequency , 55  
 dose and timing   ( see  Dose and timing, 

hCG treatment) 
 experimental model , 52, 53  
 hCG  vs.  breast cancer development , 52  
 latency, tumor , 58, 59  
 mean number, tumors per animal , 56, 57  
 mounts preparation , 53, 54  
 multiplicity, tumor , 56, 57  
 SAS, R and SigmaStat 3.5 program , 56  
 tumor histopathology , 58, 59   

  Rat mammary gland 
 characterization, mammospheres   ( see  

Mammospheres) 
 hCG mimicking hormone, mammospheres 

formation , 425  

 isolation , 422, 423  
 mammospheres   ( see  Mammospheres)  

  RBM5.    See  RNA-binding motif protein 5 
(RBM5)  

  Recruitments, normal breast samples 
 anthropometrical measurements , 243, 261  
 description , 243  
 participants selection , 243  
 study nurse , 243  
 Women’s Gene Expression Study 

questionnaire , 243–260   
  Rhebl1.    See  Ras homolog enriched in brain 

like 1 (Rhebl1)  
  RNA-binding motif protein 5 (RBM5) 

 accessory proteins, splicing , 341, 356  
 apoptotic process , 326  
 components, splicing mechanism , 339, 356  
 description , 356  
 heterozygosity loss , 357  
 overrepresented GO biological processes , 

344, 356  
 overrepresented GSEA gene sets , 344, 356  
 parous  vs.  nulliparous , 345, 356  
 tumor progression , 356   

  RNA extraction , 265   
  RNA splicing, human breast 

 CCNL1 and CCNL2 , 374  
 CDK11 interactions , 374–375  
 co-immunoprecipitation assays , 371  
 CrkRS , 375  
 DDX5 and DDX17 , 369  
  in vitro  and  in vivo  , 369–370  
 immunohistochemistry and histogram, 

CCNL2 , 376, 377  
 lipids , 373–374  
 LUC7L3 , 370  
 MBNL1(CUG) variants , 370  
 mouse embryo development , 371  
 mutational analysis , 373  
 nuclear protein kinase DYRK1A , 375–376  
 overrepresented GO biological processes , 

344, 369  
 overrepresented GSEA gene sets , 344, 369  
 parous  vs.  nulliparous , 345, 369  
 PNN , 370–371  
 precatalytic spliceosomes , 370  
 PRPF4 , 372  
 PSPC1 , 373  
 RBM25 and RBMX , 372  
 SFPQ , 372–373  
 SR family proteins , 371  
 TFIP11 , 374  
 tri-snRNP complex , 372   

  Rodent models, mammary carcinogenesis , 5    
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  S 
  Secreted phosphoprotein 1 (Spp1) , 116   
  Signature of pregnancy 

 cell communication , 305  
 differentially expressed genes, P  vs.  NP , 

300, 302  
 enriched biological processes , 300  
 estrogen receptor pathway , 304  
 IGF1 , 305  
 non-coding RNAs , 304  
 spliceosome machinery , 301–303   

  Slc39a8.    See  Solute carrier family 39 (zinc 
transporter), member 8 (Slc39a8)  

  Small nuclear ribonucleoproteins (SNRPs) 
 spliceosome A complex , 360–363  
 spliceosome B complex , 363–364  
 spliceosome E complex   ( see  Spliceosome 

E complex)  
  Solute carrier family 39 (zinc transporter), 

member 8 (Slc39a8) 
 description , 102  
 endoderm (e7.5) , 103  
 epigenetic silencing , 102  
 upregulated genes , 78, 81, 105  
 Zrt/Irt-related protein 8 (ZIP8) , 102–103   

  Specimen collection procedures 
 CB   ( see  Core biopsies (CB)) 
 steps, mRNA isolation , 261–262   

  Spliceosome A complex 
 B complex genes , 360  
 pre-mRNA splicing factors , 360  
 SFRS2 , 361–362  
 SFRS8 , 360, 363  
 structure 

 SF3B1 , 360–361  
 SRSF7 , 362–363   

  Spliceosome assembly 
 components, splicing mechanism , 

338–339, 342  
 helix I structure , 343  
 hnRNA substrates , 342  
 NEAT1 and NEAT2 , 304  
 RNA-RNA interaction , 342  
 spliceosomal A complex formation , 342, 343  
 spliceosomal B and C complex formation , 

342, 343   
  Spliceosome B complex , 363–364   
  Spliceosome E complex 

 autoantibody diversifi cation , 360  
 BRCA1 mutation carriers , 359  
 coilin interactions , 359–360  
 description , 357  
  Drosophila melanogaster  WAC homologs , 

357  

 nonsense-mediated mRNA decay , 358  
 nuclear compartments , 359  
 pre-mRNA splicing , 357–358  
 proteins,301 
 RBM5 , 356–357  
 SNRPs   ( see  Small nuclear 

ribonucleoproteins (SNRPs)) 
 structure, SNRPB and SNRPA1 protein , 

357, 358   
  Spliceosome, human breast 

 accessory proteins   ( see  Accessory proteins, 
Spliceosomes) 

 assembly   ( see  Spliceosome assembly) 
 biological importance , 343–344  
 breast cancer prevention , 378–379  
 coding regions , 337  
 eukaryotic genes , 337  
 formation, E complex   ( see  Spliceosome 

E complex) 
 mRNA and MTTL3 , 345–346  
 mRNA 3’ end processing , 364–367  
 overrepresented GO biological processes , 

343, 344  
 overrepresented GSEA gene sets , 343, 344  
 parous  vs.  nulliparous , 343, 345  
 pre-mRNP formation/HNRNPs   ( see  

Pre-mRNP formation) 
 regulatory pre-mRNA splicing event , 344  
 RNA and proteins , 344–345  
 RNA splicing   ( see  RNA splicing, human 

breast) 
 splicing mechanism   ( see  Splicing 

mechanism)  
  Spliceosome machinery 

 CCNL1 and CCNL2 , 301  
 gland differentiation , 301  
 HNRPs , 301  
 RNA metabolism and processing , 

301, 303  
 Wnt signal transduction pathway , 301   

  Splicing mechanism 
 accessory proteins , 338, 341  
 BPS and PPT , 338  
 components , 338–340  
 5’ end capping, endonucleases , 338, 341  
 estrogen signaling pathways , 305–306  
 mRNA 3’ end processing , 338  
 mRNA internal methylation and pre-

mRNPs formation , 338, 341  
 pre-mRNA molecule modifi cations , 338  
 RNA and protein subunits , 337  
 spliceosome assembly and RNA , 

337–338   
  Spp1.    See  Secreted phosphoprotein 1 (Spp1)  
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  Stem cells 
 cell markers, mammary gland , 410–412  
 cell proliferation , 409–410  
 DMBA-induced mammary 

adenocarcinomas , 410  
 ER   ( see  Estrogen receptor) 
 isolation in rat mammary gland   ( see  Rat 

mammary gland) 
 in mammary gland , 409–410  
 mammary gland post-pregnancy , 419–422  
 mammary gland stem cell and pregnancy , 

431–432  
 rat mammary gland   ( see  Rat mammary 

gland) 
 stem cell 1 to 2 

 carcinogenesis , 422  
 description , 419  
 DNA glycosylase gene , 421  
 nuclear localization , p53, 421  
 PI-MEC ,420  
 pregnancy-induced protection , 420–421  
 TRPM2 , 421  
 WAP , 421  
 young virgin rats , 431–432  

 TEBs , 409   
  Steroid hormone receptors ligand binding 

assay 
 ER and PR evaluation , 48  
 Lineweaver–Burk plot , 50  
 r-hCG and u-hCG effect , 50, 51  
 tumor cytosol fractions , 48, 50    

  T 
  Testosterone repressed prostate message 2 

(TRPM2) , 8, 63, 421   
  Transcriptoma, breast cancer prevention 

 biological processes , 300  
 differentiation , 270  
 FFTP ,269–270  
 genomic analysis , 285–299  
 methodologic approach , 270–284  
 molecular changes , 269  
 signature of pregnancy   ( see  Signature of 

pregnancy) 
 studies , 270   

  Transcriptomic profi le, rat mammary gland 
 Cfi    ( see  Complement factor I (Cfi ) gene) 
 cut-offs, genes expression , 77, 79  
 Enc1   ( see  Ectodermal-neural cortex 1 

(Enc1) gene) 
 estrogen and progesterone   ( see  Estrogen 

and progesterone, transcriptomic 
profi le) 

 FDR and  p -values , 76–77  
 fold change, genes expression , 77, 79  
 genomic signature, prevention   ( see  

Genomic signature, breast cancer 
prevention) 

 GO biological processes   ( see  Gene 
ontology (GO) biological processes) 

 hCG   ( see  Human chorionic gonadotropins 
(hCGs)) 

 HRSW , 74–75  
 Lcn2   ( see  Lipocalin 2 (Lcn2) gene) 
 long-lasting structural and genomic 

changes , 73  
 Map3k6 gene , 97  
 pathway, mammary gland differentiation , 

75, 76  
 pregnancy   ( see  Pregnancy, transcriptomic 

profi le) 
 structures, quantitation , 76, 78  
 toluidine blue staining , 75, 77  
 virgin Sprague–Dawley rats   ( see  Virgin 

Sprague–Dawley rats)  
  Transforming growth factor, beta3 (Tgfb3) , 

143   
  Tumor development, r-hCG  vs.  u-hCG 

 advanced , 41–45  
 early , 39–41    

  U 
  Ubd.    See  Ubiquitin D (Ubd)  
  Ubiquitin D (Ubd) , 109   
  uPAR.    See  Urokinase plasminogen activator 

receptor (uPAR)  
  Urinary hCG (u-hCG)  vs.  recombinant hCG 

(r-hCG) 
 anatomy, tumors , 33, 35  
 apoptotic index determination , 48  
 fl ow cytometry   ( see  Flow cytometry) 
 immunocytochemical detection, inhibin 

  ( see  Immunocytochemical 
detection, inhibin) 

 LH-CG-R , 30–31  
 location, Sprague–Dawley rat , 33, 34  
 mammary cancer prevention   ( see  

Mammary cancer prevention) 
 mammary cancer therapy   ( see  Mammary 

cancer therapy, hCGs) 
 Ovidrel treatment , 50  
 parameters, DMBA administration , 36  
 Phase I/II trial , 31  
 placebo-treated animals , 51–52  
 pregnancy , 31  
 premalignant lesions , 51  
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 preventive and therapeutic effi cacy testing , 
31, 32  

 regimens , 31, 33  
 steroid hormone receptors ligand binding 

assay , 48–50  
 tumoristatic and tumoricidal effi cacy , 31    

  V 
  Virgin Sprague–Dawley rats 

 experimental protocol , 74–75  
 modulators, carcinogenic response , 11–12  
 thoracic and abdominal, mammary gland , 75  
 treatment , 73–74    

  W 
  Wap.    See  Whey acidic protein (Wap)  
  Whey acidic protein (Wap) , 128, 136   
  Women’s Gene Expression Study 

questionnaire , 243–260    

  X 
  X inactive-specifi c transcripts (XISTs) 

 BRCA1 function , 399  
 description , 398  
 female-derived cancer cells , 399–400  
 functional role , 398–400  
 hESCs , 398  
 intratumoral and intertumoral variability , 

399  
 Klinefelter syndrome (47XXY) , 399  
 loss-of-inactive X and gain-of-active X , 

400  
 microarray and RT-PCR , 299  
 mNSCs , 398  
 noncoding regions , 322  
 non-coding RNAs , 304  
 SATB1 , 398  
 transcription , 325  
 XCI process , 399   

  XISTs.    See  X inactive-specifi c transcripts 
(XISTs)       
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