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Abstract

Systems biology can be defined as the study of how multiple interacting parts of a living
system affect each other. A tumor is a system of cells that is imbedded in a larger system
of organs, otherwise known as the human body. This book attempts three things from
the systems biology perspective. The first chapter lays out testable reasons why estro-
gens and macrophages may be mechanisms behind why a lifelong exposure to estrogen
increases breast cancer risk. The second chapter clarifies confusion between the cellular
plasticity and cell-of-origin hypothesis in describing how tumors arise and how tumors
sustain themselves. The third chapter describes common misuses of mouse models of
cancer and how a systems biology perspective can extract so much more useful informa-
tion from mouse models of cancer.
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Preface

Systems biology can be defined as the study of how multiple interacting parts of a
living system affect each other. A tumor is a system of cells that is imbedded in a
larger system of organs, otherwise known as the human body. This book attempts
three things from the systems biology perspective. The first chapter lays out testable
reasons why estrogens and macrophages may be mechanisms behind why a lifelong
exposure to estrogen increases breast cancer risk. The second chapter clarifies con-
fusion between the cellular plasticity and cell-of-origin hypothesis in describing
how tumors arise and how tumors sustain themselves. The third chapter describes
common misuses of mouse models of cancer and how a systems biology perspec-
tive can extract so much more useful information from mouse models of cancer.

The primary purpose of this book is to provide insightful knowledge and testable
predictions for researchers and students within cancer biology. The secondary goal
is to provide training material for those who are new to the field of cancer biology.
The first chapter will be very informative for researchers who study breast cancer
risk and biological mechanisms of that risk. It will also be very useful to researchers
who study cellular or molecular aspects of breast cancer and who want to better
understand how global physiological mechanisms of normal mammary develop-
ment and function affect their question of interest. The second chapter provides an
example of how to assess two competing theories of tumor development. The third
chapter provides concise, insightful guidelines that will bring newcomers to the
topic of mouse models of cancer up to speed regarding common pitfalls and ways
around them. It will also help veterans of mouse models of cancer to better make
sense of their data: past, present, and future.

Berkeley, CA, USA David H. Nguyen
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Chapter 1
Macrophages, Extracellular Matrix,
and Estrogens in Breast Cancer Risk
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Abstract The primary purpose of this chapter is to succinctly present evidence that
macrophages are one of the important components within the complex mechanism
underlying why lifelong exposure to estrogen is a risk factor for breast cancer. In
line with the systems biology theme of this book, this chapter underscores the inte-
grated way in which multiple organs are regulated by macrophages and systemic
hormones. This systems biology view reveals that breast cancer risk due to life-long
estrogen exposure needs to be understood as having multiple biological mecha-
nisms that are distinct, yet deeply intertwined. This chapter develops what will be
referred to as the estrus-regulated, macrophage-dependent theory of breast cancer
risk due to life-long exposure to estrogen.

Introduction

The primary purpose of this chapter is to succinctly present evidence that macro-
phages are one of the important components within the complex mechanism under-
lying why lifelong exposure to estrogen is a risk factor for breast cancer. In line with
the systems biology theme of this book, this chapter underscores the integrated way
in which multiple organs are regulated by macrophages and systemic hormones.
This systems biology view reveals that breast cancer risk due to life-long estrogen
exposure needs to be understood as having multiple biological mechanisms that are

© Springer International Publishing Switzerland 2016 1
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distinct, yet deeply intertwined. This chapter develops what will be referred to as the
estrus-regulated, macrophage-dependent theory of breast cancer risk due to life-
long exposure to estrogen.

The secondary purpose of this chapter is to present an example of how a systems
biology perspective provides an integrated understanding of the ways in which mam-
malian physiology is intricately tied to tumor development. The advantage of an inte-
grated perspective is that it reveals more mechanisms that can become candidates for
therapeutic intervention, since rarely, if ever, is there just one biological mechanism
that is responsible for a complex disease phenotype. The systems biology perspective
also guides the scope and strategy of how the research literature can be approached.
This will be helpful to investigators who are just starting to study physiological mech-
anisms that pervade the entire organism. It is also helpful to those who study minute
molecular/subcellular mechanisms but who seek to have a global understanding of
how physiological mechanisms interact to affect their research question.

Epidemiological studies show a correlation between the following: early onset of
puberty and breast cancer risk; late onset of menopause and breast cancer risk; expo-
sure to endocrine disrupting chemicals and the early onset of puberty (Collaborative
Group on Hormonal Factors in Breast Cancer 2012). The question of interest now
becomes about how we can mitigate breast cancer risk by modulating the biological
mechanisms behind these risk factors. This chapter attempts to provide the reader with
an overview of why macrophages may be a good candidate as targets of prevention
and therapeutic modulation. The last section of the chapter has several goals: (1) pro-
pose ways of directly testing the theory that is outlined in this chapter via experiments;
(2) propose ways of indirectly testing the theory by presenting verifiable predictions
of breast biology in different populations of people; (3) discuss the epidemiology
studies relating age, breast density, and the theory outlined in this chapter.

Section 1: Estrus Cycle Regulates Macrophages
in the Mammary Gland

The focus of this section is to describe how the estrus cycle regulates the involve-
ment of macrophages in the mammary gland. The estrus cycle in mice consists of
four stages: proestrus, estrus, metestrus, and diestrus. The number and location of
macrophages in the mouse mammary gland fluctuates during these four phases. The
total number of macrophages peaks during diestrus, the last stage of the cycle. But
with macrophages, location is just as—if not more—important than total number.
Macrophages are located nearby and next to the epithelial ducts, but are also found
in the adipose regions and connective tissue regions. Epithelial ducts in the mouse
mammary gland are like a system of branching tubes that have grape-like clusters
(pouches) growing out from the walls of the tubes. The grape-like clusters are called
alveolar buds. During the estrus cycle, many epithelial cells in the ducts and buds
divide, causing the buds to enlarge. Late in the cycle, many cells in the ducts and
buds die, needing to be engulfed by macrophages, and causing the buds to shrink.
This growth and shrinkage happens with each cycle. More macrophages congregate
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around alveolar buds than around the ducts. Proestrus can be considered the prepa-
ratory phase between two cycles. Thus, it is the stage when apoptosis occurs in the
alveolar buds and the stage that exhibits the highest concentration of macrophages
surrounding the epithelial cells (Chua et al. 2010). The same research group that
characterized the location and frequency of macrophages in the mammary gland
during the estrus cycle also characterized certain phenotypic markers of those mac-
rophages. CD204 is a cell surface receptor on macrophages that helps them recog-
nize dying cells that need to be engulfed. MHCII is a cell surface marker on
macrophages that presents engulfed antigens to naive CD4+ or CD8+ T lymphocytes.
The expression of CD204 and MHCII peaked during proestrus and then subsided
during metestrus and diestrus (Hodson et al. 2013). These peaks during proestrus
are consistent with the increased apoptosis in epithelial cells that occurs during this
phase (Chua et al. 2010), meaning that the macrophages are actively engulfing
dying cells. NKG2D is a cell surface marker expressed on macrophages that helps
them detect dying cells that have DNA damage. In response to these dying cells,
NKG2D helps macrophages release proinflammatory cytokines that recruit other
leukocytes to the injured area. Opposite to the pattern of CD204 and MHCII expres-
sion, macrophages had the highest expression of NKG2D during the last two phases
of the estrus cycle, metestrus and diestrus (Hodson et al. 2013). Hodson, Chua,
Ingman and colleagues showed that the ovarian hormone progesterone was one of
the key regulators responsible for the CD204, MHCII, and NKG2D expression phe-
notypes (Hodson et al. 2013).

Macrophages play essential roles during mammary gland development. Mouse
models in which macrophages were removed exhibited a phenotype in which the mam-
mary glands did not branch into the fat pad during puberty (Gouon-Evans et al. 2000).
Not only are macrophages involved in normal ductal development, they are crucial factors
in tumor development. Macrophages are required in order for a small mammary tumor
to undergo the “angiogenic switch” during which the blood vessel network that feeds the
tumor dramatically expands and allows the tumor to enlarge in size (Lin et al. 2006).

In summary, macrophage frequency and function within the mammary gland are
systematically regulated during the estrus cycle.

Section 2: The Estrus Cycle Regulates Macrophages
in the Ovaries

It is important to note the crucial role of macrophages in normal ovarian function.
This section describes how macrophages are essential mediators of normal ovarian
function, which in turn is an essential mediator of normal mammary gland function.
Thus, the increased risk for breast cancer due to the function and dysfunction of
macrophages in the mammary gland is intricately tied to the function and dysfunc-
tion of macrophages in the ovaries.

The ovaries contain the egg cells that cyclically mature and ovulate through each
estrus cycle. Macrophages are involved in the maturation of the egg follicle,
the process of ovulation, and the process of forming the corpus luteum after the
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ovulation event. The fluctuation of macrophages within the ovary throughout the
estrus cycle has been documented (Brannstrom et al. 1993, 1994). Macrophages
secrete many products that aid in ovarian function. They secrete serine proteases,
cysteine proteases, and matrix metalloproteases. These proteases degrade the base-
ment membrane and extracellular matrix, which is part of the mechanism of how
mature follicles rupture during ovulation to release the egg. Macrophages also
release growth factors that promote the maturation of the follicle. After ovulation,
macrophages transform the remains of the follicular sac into the corpus luteum,
which produces the high levels of progesterone during the luteal phase of the estrus
cycle. Macrophages then degrade the corpus luteum by engulfing apoptotic cells that
appear at the end of the estrus cycle (reviewed in (Wu et al. 2004)).

In summary, macrophages play essential roles in normal ovarian function, meaning
a dysregulation of macrophage function in the ovaries would lead to abnormal mam-
mary gland function since the ovarian hormones control the mammary gland. Section 4
of this chapter, entitled “Macrophages as Targets of Endocrine Disrupting Chemicals”
applies to both the macrophages in the ovaries and the mammary glands.

Section 3: The Effects of Estrogens on Macrophages

Estrogens have been shown suppress pro-inflammatory activity in macrophages and
neutrophils by reducing the production of the cytokines CXCLS8, IL-6, TNFa, MIF
(Hsieh et al. 2007; Messingham et al. 2001; Pioli et al. 2007; Suzuki et al. 2008).
Both ER-a and ER-f are expressed in monocytes and macrophages (Ashcroft et al.
2003; Khan et al. 2005; Kramer and Wray 2002; Mor et al. 2003; Pioli et al. 2007,
Wang et al. 2006). Mor and colleagues showed that cultured U937 human monocyte
cells express ER-f, but turn off ER-f and switch to ER-a when they differentiate
into macrophages after treatment with phorbal ester. ER-a becomes the dominant
isoform in differentiated macrophages. Treatment of U937 differentiated macro-
phages, but not the pre-differentiated monocytes, with estradiol caused apoptosis.
Blocking the activity of ER-a with tamoxifen reversed the apoptotic effect of estro-
gen on macrophages (Mor et al. 2003). Consistent with this induction of apoptosis
by estradiol treatment, the number of circulating monocytes increases in women
during menopause, while hormone replacement therapy in this group reduced the
monocyte count to levels found in younger women (Ben-Hur et al. 1995). The find-
ings of the above Mor et al. study were echoed by a later study from Murphy and
colleagues. Murphy et al. showed that freshly isolated human monocytes expressed
more ER-p than ER-a, while monocytes differentiated into macrophages after 7
days of GM-CSF treatment exhibited a switch from ER-f to ER-a as the dominant
isoform. Furthermore, they showed that macrophages predominantly expressed a
truncated ER-a isoform called ERo46 compared to the full-length ERa66 isoform.
Monocytes, on the other hand, expressed equivalent amounts of ERo46 and ERa66.
Treatment with estradiol induced ER-a levels in macrophages, but not ER-p
(Murphy et al. 2009).
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Section 4: Macrophages as Targets of Endocrine
Disrupting Chemicals

Since macrophages express estrogen receptors and estrogen-related receptors, these
proteins are some of the prime candidates for studying the adverse effects of endo-
crine disrupting chemicals (EDCs). EDCs are chemicals that naturally occur in
nature or were synthesized by humans, and that have the ability to mimic or block
the activity of natural hormones in the body. Common EDCs are found in plastic
food containers, pesticides and herbicides, flame retardants, and industrial chemicals
(Schug et al. 2011).

Ohnishi and colleagues examined the effect of 37 EDCs on the ability of mac-
rophages to activate the interferon-beta (IFNf) promoter after stimulation with
lipopolysaccharide (LPS). They tested two classes of EDCs, resin-related chemi-
cals and agrochemicals, on the mouse macrophage cell line RAW264 that harbored
an IFN-B-dependent luciferase reporter construct. Among the chemicals were atra-
zine, bisphenol A (BPA), multiple phthalates, and multiple phenols. The authors
reported that most chemicals inhibited the LPS-stimulation of the IFN promoter
when used within the 50-200 mM range, which the authors note as being above the
typical levels found in the environment (Ohnishi et al. 2008). A prior study from
the same research group examined the effect of 18 different EDCs on the ability of
LPS-stimulated mouse macrophages to produce TNFa and nitric oxide (NO). The
results indicate while many EDCs affect macrophage activation by the endotoxin
LPS, the nature of the effect is dependent upon the type of EDC and the in vitro
(RAW264 cell line) or ex vivo (peritoneal macrophages) context of the experiment
(Hong et al. 2004).

Bisphenol A, also known as BPA, is a synthetic estrogen that is commonly used
in polycarbonate plastics and the epoxy resins that line food and beverage contain-
ers (reviewed in (Vandenberg et al. 2007)). A study of canned tomatoes sold in
supermarkets in Italy found that BPA was detected in 22 out of 42 brands (Grumetto
et al. 2008). A study of reusable water bottles found that incubating water at room
temperature for 5 days caused BPA to leach from the plastic. Furthermore, heating
the water contained in steel bottles that were lined with resin increased the amount
of leached BPA (Cooper et al. 2011).

A study by Melzer and colleagues found that BPA levels detected in the urine of
human males associated with gene expression changes in immune cells. BPA
induced the mRNA of ER-p and ERR-a in peripheral blood leukocytes, which
includes monocytes (Melzer et al. 2011). Monocytes are the precursor cells that turn
into macrophages after they exit the blood stream and reside a tissue. In mouse
macrophages, ERR-a modulates the production of reactive oxygen species (ROS) in
response to infection (Sonoda et al. 2007). See the topic entitled “Estrogen Effects
on Macrophage ROS Production” for a discussion of the role of macrophage-derived
ROS in cancer. Relating to the discussion of prolonged estrogen signaling as a risk
factor of breast cancer in women, it remains to be determined if ERR-« is induced
by BPA in the peripheral blood leukocytes of women. The study by Melzer and
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colleagues (2011), which looked at transcript levels in lymphocytes from men,
found a positive correlation between the co-induction of ER-f and ERR-a by
BPA. This suggests that BPA induces a coordinated module of genes that includes
at least ER-P and ERR-a, which may also operate similarly in women.

It is important to note that BPA and other EDCs affect immune cell types other
than macrophages, such as lymphocytes, and that these other types of cells interact
with and influence macrophage phenotypes. Furthermore, in addition to the estro-
gen and estrogen-related receptor families, BPA also interacts with the androgen,
aryl hydrocarbon, and peroxisome proliferator-activated receptor families (reviewed
in (Rogers et al. 2013)).

Section 5: Estrogen Effects on Macrophage ROS Production

Reactive oxygen species (ROS) are unstable molecules containing an oxygen atom
that has an unpaired electron that disrupts covalent bonds on other molecules. This
disruption by ROS causes DNA, RNA, lipid, and protein damage, which can contrib-
ute to genomic instability of a cell. Macrophages normally produce ROS and reactive
nitrogen species (RNS) during the process of fighting infection. After engulfing bac-
teria, macrophages digest them by fusing the vesicle that contains the bacteria with
vesicles that contain digestive enzymes, lysozymes, or ROS (reviewed in (Horta et al.
2012; Slauch 2011)). However, when macrophages persist in a tissue longer than is
needed, they contribute to the problem of chronic inflammation. In chronic inflamma-
tion, macrophages and other immune cells remain in a tissue and continually produce
low to moderate levels of ROS and cytokines. The persistent presence of ROS around
cells of a normal tissue can eventually lead to DNA damage within the normal tissue.
Furthermore, the cytokines produced by macrophages bind to normal tissue cells and
activate intracellular signaling pathways. These pathways can lead to the induction of
genes that degrade DNA, and the suppression of genes that repair mismatched DNA. The
result is that normal cells in a chronic inflammation environment accumulate more
replication errors than their counterparts in a normal environment (reviewed in
(Elinav et al. 2013; Liou and Storz 2010; Waris and Ahsan 2006).

Estrogens generally have a suppressive effect on macrophages and other immune
cell types. They promote apoptosis in monocytes and macrophages (reviewed in
(Roy et al. 2007)). A number of studies indicated that estrogens significantly influ-
ence the production of ROS in macrophages. 17beta-estradiol induced calcium
influx into RAW-264.7 murine macrophage cells, which coincided with an increased
production of ROS (Azenabor and Chaudhry 2003). Peritoneal macrophages from
male rats were induced to produce ROS when treated with estrogen, but only at
concentrations below or above the range between 107'° to 10~ M (Chao et al. 1994),
suggesting a multi-modal response to estrogen. Two studies from the same research
group showed that removing the ovaries from female mice reduced the activity of
antioxidant enzymes in macrophages. Furthermore, this reduced activity could be
restored by treatment with exogenous estrogen. The first study showed that estrogen
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levels directly correlated with macrophage production of hydrogen peroxide
(Azevedo et al. 1997) while the second showed that estrogen levels directly corre-
lated with catalase activity in macrophages (Azevedo et al. 2001).

In summary, there is ample evidence suggesting that the surges of estrogen dur-
ing estrus cycling regulates both the factors that produce and quench ROS, which is
a key feature of the chronic inflammation that promotes cancer. It should be noted
that Sect. 6 of this chapter discusses the effect of a stiff physical environment on
macrophages, and that stiffness has been reported to increase ROS production (Patel
et al. 2012) meaning that a deregulation of estrogen signaling may compound the
effects of an abnormally stiff microenvironment on macrophage function. As a side
note, it is interesting to note that ovariectomy was reported to result in more perito-
neal macrophages with chromosomal aberrations, which was reversed with estrogen
treatment (Lacava and Luna 1994). It would not be a stretch to hypothesize that
mutated macrophages would be more prone to incorrect estrogen-regulated ROS
activity. In light of the section in this chapter about the effect of endocrine disrupt-
ing chemicals, one would predict that circulating monocytes or in situ macrophages
from humans who were exposed to higher levels of inhibitory estrogenic endocrine
disrupting agents would harbor more—or a distinct profile of —chromosomal
aberrations.

Section 6: Complex Interplay Between Macrophages
and the Extracellular Matrix

Composition of the Extracellular Matrix

The extracellular matrix (ECM) is a network of protein and carbohydrate molecules
that form the scaffold in which cells live and move. It is analogous to the wooden
frame within the walls of a house or the highways, walls, and bridges within a city.
The ECM affects the cells’ decisions to move, settle down, divide, or die. This matrix
is composed of different types of collagen molecules, fibronectin, elastin, decorin,
aggrecan, and perlecan (Frantz et al. 2010). In addition to all the cell types within the
mammary gland, macrophages also communicate with the ECM. As the physical
properties (i.e. stiffness, elasticity, etc.) of the ECM change because of aging, dam-
age, and disease, the messages that it sends to macrophages and other cell types begin
to change. These altered physical signals dramatically affect the behavior of cells.

Macrophages Modify the Mammary Extracellular Matrix

Macrophages not only reside within the ECM of the mammary gland, but they
play important roles in digesting and rearranging the ECM. During puberty in the
mouse, the mammary epithelial tree cannot grow to fill the entire gland if
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macrophages are removed (Gouon-Evans et al. 2000). Puberty is the time during
which the small ductal tree that is already present in the mammary gland begins
to extend and branch, resulting in a tree-like structure as the mouse enters adult-
hood. At the leading end of each arm in this expanding tree is a large bulb of cells
called the tail end bud (TEB). The TEB is what pushes through the fat tissue in
the gland, is where new cells are formed that will line the growing ducts, and is
where the arm of the tree occasionally splits to form two new branches.
Macrophages congregate at the base, or the neck, of the TEB. Ingman and col-
leagues conducted a study that examined the interaction of macrophages around
the TEB with the ECM that surrounds the TEB. The study revealed that the devel-
oping mammary gland has long collagen fibers that run along its entire length.
These fibers are also present around the neck of the TEBs, radiating from the neck
towards the direction of the TEB’s growth. Younger TEBs also have collagen
fibers that radiate perpendicularly from the neck region. It turns out that macro-
phages help organize collagen molecules into these large fibers. Macrophages
move along these fibers as if on train tracks, but do also move across them. When
these large fibers are present, macrophages move faster within the mammary
gland (Ingman et al. 2000).

Post-partum involution is another period of normal mammary gland develop-
ment in which macrophages mediate a remodeling of the ECM. After a mouse has
given birth to pups and has stopped breastfeeding them, her mammary glands
undergo a massive reduction in size and content. Like in humans, the mouse mam-
mary gland enlarges and fills with milk in preparation for the offspring. The
enlargement results from cells in the epithelial tree dividing to create more tunnel
space within the ductal system. This space then swells full with milk. When the
pups are grown and breastfeeding (lactation) is no longer needed, many of the cells
in the ductal system die. But cell death alone does not shrink the mammary gland
back to normal. The ECM that accompanied, and was distinct to, the enlarged
gland during pregnancy needs to be remodeled back to a pre-pregnancy state.
O’Brien and colleagues conducted a study in which they examined the phenotype
of macrophages before, during, and after involution. During involution, the mam-
mary gland contained an eightfold increase in the number of macrophages com-
pared to nulliparous female mice. Furthermore, these macrophages exhibited a
pro-tumor phenotype similar to those involved in wound healing and the promo-
tion of angiogenesis. Interestingly, cell culture experiments showed that ECM
extracted from involuting mammary glands attracted macrophages much more
than ECM from glands of nulliparous mice. The authors also reported that in cell
culture experiments, denatured collagen 1 was also chemotactic, attracting macro-
phages to migrate towards the source of the collagen. In all, the study presented
evidence that macrophages are highly recruited to the mammary gland during
involution (O’Brien et al. 2010). Within the context of macrophages that exhibit
the wound healing phenotype, these macrophages are known to play key roles in
digesting the collagen in the ECM of wounds (Madsen et al. 2013; Madsen and
Bugge 2013).
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Effect of Increased Matrix Stiffness on Breast
Cancer Progression

Before the discussion of how altered stiffness of the ECM affects macrophage
phenotypes that then affect breast cancer cells, it is helpful to understand the effect
of ECM stiffness on the cancer itself. The subfield of breast cancer that studies how
the physical environment around a cancer cell, that is the “microenvironment,” can
subdue that cancer was pioneered by the laboratory of Mina Bissell, Ph.D. Extending
this idea into a subfield that studies the mechanical properties of the breast cancer
microenvironment is the pioneering work of the laboratory of Valerie Weaver,
Ph.D. Two studies from the Weaver laboratory will suffice to illustrate the
importance of mechanical forces on breast cancer cells. Levental and colleagues
performed elegant experiments showing that as the surrounding tissue became
stiffer, the more the breast cancer developed (Levental et al. 2009). Using the
MMTV-Neu mouse model of breast cancer, which has normal mammary ducts that
progress to small tumors and then to large tumors, the authors showed that the ECM
increasingly stiffens and the collagen in the ECM increasingly linearizes as the pre-
cancerous lesions develop into advanced tumors. They also showed that lysyl oxi-
dase (LOX), an enzyme that crosslinks collagen molecules in the ECM, was a key
feature of this enhanced tissue stiffness. Forcing the expression of LOX in fibro-
blasts that were then co-injected with pre-malignant breast cells (MCF10AT) into
mice resulted in stiffer tumors compared to those that arose from the same type of
breast cells that were co-injected with un-modified fibroblasts. Furthermore, the
authors showed that tumor growth could be inhibited by administering either a
chemical that blocked LOX activity (BAPN) or an anti-LOX antibody. The group
that produced this paper also conducted another study in which they revealed a link
between the stiffness of the microenvironment and reduced levels of the tumor sup-
pressor called phosphatase and tensin homolog (PTEN) (Mouw et al. 2014). Mouw
and colleagues deciphered that by increasing the stiffness of the environment,
they could induce the expression of a micro-RNA called miR-18a that targeted
PTEN. MiR-18a reduced levels of PTEN in two ways. First, it directly bound to
PTEN mRNA and inhibited PTEN translation. Secondly, miR-18a reduced levels of
the transcription factor homeobox A9 (HOXA9), which transcriptionally activated
PTEN. These two studies provide many insights into how normal and malignant
breast cells sense physical forces in their microenvironment, and how the stiffness
of the physical environment promotes cancer progression.

Effect of Increased Matrix Stiffness
on Macrophage Phenotypes

Macrophages not only remodel the ECM, but their behaviors are dramatically
affected by the mechanical properties of the ECM in which they reside. Wehner
and colleagues cultured peritoneal macrophages on a platform that could be
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mechanically stretched (Wehner et al. 2010). When they applied 6 h of stretching
force to the platform and thus the macrophages that were attached to that plat-
form, they activated an inflammatory program that was not present in the non-
stretched control group. The authors also determined that stretching the
macrophages while exposing them to the bacterial endotoxin LPS synergistically
induced several inflammation genes two- to three-fold higher than LPS exposure
alone: inducible nitric oxide synthase (iNOS), cyclooxygenase (COX-2), and
interleukin-6 (IL-6). These data are in accord with a study done by Patel and col-
leagues, which showed that culturing mouse or human alveolar macrophages on
stiff compared to soft substrates altered their behaviors (Patel et al. 2012). The
authors cultured the macrophages on acrylamide gels that had the softness of lung
tissue (1.2 kPa) or the stiffness of fibrotic tissue (150 kPa). Culturing on stiff gels
caused the macrophages to exhibit increased phagocytosis of beads or bacteria,
and also increased production of ROS. Blakney and colleagues also explored the
combined effects of substrate stiffness and infection on macrophage phenotypes
(Blakney et al. 2012). Using Poly(ethylene glycol) (PEG) hydrogels that varied in
stiffness from 130, 240, or 840 kPa, and that were implanted subcutaneously in
mice, the authors found that the stiffer gels had more macrophages attached to
their surface 28 days after implantation. In vitro, after stimulation with LPS, mac-
rophages that were attached to stiffer gels had a higher expression of tumor necro-
sis factor-alpha (TNF-a), interleukin-1-beta (IL-1p), and IL-6 compared to those
that were attached to softer gels. Thus, there is a consistent theme that a stiffer
microenvironment enhances the degree by which macrophages are activated in
response to insults.

The above studies indicate that macrophage phenotype is determined by a com-
bination of the physical signals that come from the microenvironment and other
cues such as infection. Thus, it will be critical for the field of breast cancer research
to understand the effect of the physical microenvironment on the behavior of mac-
rophages. Macrophage phenotypes are complex and exhibit plasticity, meaning they
can transition between the different general phenotypes, i.e. would healing, anti-
microbial, and anti-inflammatory (reviewed in (Mosser and Edwards 2008)). Further
studies elucidating the effects of the physical environment on macrophage function
are certainly warranted. As more mechanisms of action within more subsets of mac-
rophages defined by their physical environment are revealed, general themes will
emerge that will guide the development of new preventive therapeutics.

Section 7: Testing the Estrus-Regulated
Macrophage-Dependent Hypothesis of Breast Cancer Risk

Directly and Indirectly Testing the Hypothesis

Up to this point, the content of this chapter was meant to lay the foundation for why
macrophages should be considered crucial preventive and therapeutic targets in the
biological mechanisms underlying the risk of breast cancer from life-long exposure to
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estrogen. This last section will briefly outline methods for and challenges to testing the
hypothesis that estrus and estrogen-mimicking compounds increase breast cancer risk
by inducing macrophages to stiffen the extracellular matrix, which then feeds back to
alter macrophage behavior. There are two ways of testing this hypothesis. First is the
direct way of experimentally mimicking the effect of estrus-regulated, macrophage-
dependent stiffening of the mammary gland microenvironment. The second and indi-
rect way is to make verifiable predictions of altered breast biology in human populations
that is consistent with the theoretical framework outlined by the hypothesis.

Experimental Approaches to Directly Testing the Hypothesis

A direct way of testing this hypothesis is to implant a gel substrate or actual human
breast fragment into a mouse for an extended period of time, allowing many estrus
cycles to occur, and then measuring the physical properties of the implant, the struc-
tural arrangement of the implant’s matrix, and the degree of ROS production of
macrophages associated with the implant. A number of materials are commonly
used as gels that carry cells or molecules for implanting into mice (reviewed in
(Frantz et al. 2010)), but since macrophages are known to promote the formation of
and to digest collagen I, a major component of the mammary gland ECM, a colla-
gen I gel would a good candidate substrate. It should be considered, however, that
the type of collagen I used should be those that are extracted in a way that preserves
their terminal ends, which contain the moieties required for crosslinking individual
molecules into a fibril (Sabeh et al. 2009). Since reconstituted collagen gels do not
fully replicate the in vivo ECM (Sabeh et al. 2009), intact explanted fragments from
human reduction mammoplasties would be closer to the ideal model system. It is
important to keep in mind that the human mammary gland has major structural dif-
ferences compared to the mouse mammary gland. In humans, the ductal epithelia is
surrounded by two thick layers of fibrous stroma, whereas the epithelia of mice only
have a thin layer of fibroblasts that separate the ductal compartment from the adi-
pose compartment. The scarring that results from the transplantation procedure may
confound measures of stiffness in a xenografted tissue, so considerations should be
taken to minimize this effect. But regardless of impeded physical measures, histo-
logical and immunohistological features can still be measured via the physical prop-
erties of fibrillar collagen and the use of antibodies that are specific to human
collagen. Immunohistochemistry would be particularly useful in studying the
arrangement of human collagen in human explants that were placed into the mouse
mammary gland, since it is known that the prevalence of fibrillar collagen is associ-
ated with increased tissue stiffness. Xenografted human explants should be placed
into the intact mammary glands of adult female mice, as opposed to mouse mam-
mary glands in which the epithelial compartment has been previously removed.
This is because the circuitry that recruits macrophages to the mammary gland during
each estrus cycle involves complex feedback between multiple compartments
(epithelial cells, fibroblasts, adipocytes, etc.). Human mammary fragments would
have to be implanted into the mammary glands of immunocompromised mice
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(Sheffield and Welsch 1988), which have intact mammary glands (Militzer and
Schwalenstocker 1996). The length of time and window of time for implantation
should also be considered. As female mice mature and then age, their menstrual
cycles begin to slow down (Nelson et al. 1982). The varied aspects of the estrus
cycle are likely dependent on the genetic background of the mouse strain.

Another method of testing this hypothesis is to measure physical forces, ECM
structure, and macrophage phenotype in intact mammary glands of groups of mice
that have different estrus rates. Mice that have a shorter cycle length would natu-
rally have more cycles within their lifetime than those that have longer cycles.
A genetically engineered BRCA1 mutant mouse model has been reported to exhibit
shortened estrus cycles (Hong et al. 2010). Other BRCA1 mutant models may
exhibit the same ovarian effect. It is possible to remove the endogenous ovaries of
a mouse and then replace them with the over-active ovaries of a syngeneic donor.
This approach would allow the endogenous mammary glands to be controlled by a
highly active donor ovary.

Indirectly Testing the Hypothesis by Making Verifiable
Predictions

The Effect of Aging

The hypothesis and theory —depending on how one uses the idea—developed in
this chapter can be indirectly tested by making predictions in human populations.
Regarding this estrus-regulated, macrophage-dependent ECM stiffening theory of
risk from lifelong estrogen exposure, one of the most straightforward questions to
ask is whether the breasts of older women are denser with ECM compared to those
in younger women. Women with denser breasts have four to six times the risk of
breast cancer than those with less dense breasts (Bertrand et al. 2013; Boyd et al.
2007; Byng et al. 1998; Pinsky and Helvie 2010). A study by Checka and colleagues
(2012) analyzed the mammograms of 7007 women and showed that in general breast
density decreases as women age, and that density was highest in women who were
pre-menopausal (the average age of menopause is generally considered to be 50).
81 % of women less than 40 years-old had dense breasts, while 74 % of women
between 40 and 49 years had dense breasts. The percentage drops to 57 % for those
between 50 and 59, then to 44 % for those between 60 and 69, then to 36 % for those
between 70 and 79, and finally rising to 41 % for those above 80 years. These data
are consistent with the hypothesis that the more menstrual cycles a women under-
goes, the more dense her breast tissue will be.

It should be noted that the Checka study examined the percentage of women
characterized as having dense breasts across continuous age groups, but does
not examine the increase in breast density within individual women across their
lifetimes. This study did not address whether certain groups of women develop
dense breasts early in life and then maintain that level of density up to and beyond



Section 7: Testing the Estrus-Regulated Macrophage-Dependent Hypothesis of Breast... 13

menopause, or gradually develop density up through menopause after which the
density level is maintained or lost. As with many aspects of physiology, there are
likely subgroups of women with regard to this phenotype. Radiographic breast
density, as measured by the Checka study and others, is defined as the ratio of the
area represented by epithelial and stromal cells, which appears white, compared to
fatty tissue, which appears radiolucent (varying shades of gray). The Checka study
involved patients that were mostly Caucasian and who had medical insurance. It is
well known that racial disparities significantly affect breast density, along with the
age of onset of breast cancer and the type of breast cancer that develops. African-
American women have higher rates of triple-negative breast cancers (Kurian et al.
2010), the most aggressive type of breast cancer. Thus, race is likely another impor-
tant factor in the rate of density gain and loss.

Breast tissue from reduction mammoplasty or other surgical procedures from
women of varying ages would be great for examining the structural arrangement of
collagen in the extracellular matrix. An increase of fibrillar collagen and stiffness
with increasing age would support the theory outlined in this chapter.

The Effect of Premature Ovarian Failure

A second question for indirectly testing the theory is to ask whether women with
premature ovarian failure have less dense breast tissue than normal women, since
those who live beyond the ovarian failure would have had fewer menstrual cycles
than normal women of the same age. Benetti-Pinto and colleagues (2014) examined
the mammographic density of 56 women who experienced premature ovarian fail-
ure (POF) at an average age of 32.35 years. Each subject had two mammograms that
were taken an average of 5.25 years apart. Consistent with the theory outlined in this
chapter, the authors found that the breast density of women with POF decreased
across 5 years, regardless of whether they used estrogen-progestin therapy. The
same research group conducted a similar study 6 years prior to this one in which
they did a one-time-point comparison of mammographic density between POF
patients who were on hormone therapy and normal women (Benetti-Pinto et al.
2008). In that study they did not find a difference in breast density between the POF
group and the normal controls, suggesting that POF does not decrease breast den-
sity. However, the findings from the 2014 study nullify the results of the 2008 study,
because the 2014 study revealed that parity significantly reduces the degree of
breast density in POF patients. In the later 2014 study 32 % (18/56) of POF patients
were nulliparous (never having had a full-term pregnancy) while those who were
multiparous (having had more than one full-term pregnancy) were shown to have a
lesser degree of breast density. In other words, having had children decreases wom-
en’s degrees of breast density. This is significant for the comparison of the two
studies because the earlier 2008 study reported 54.8 % of the POF patients as
“breastfeeding,” meaning that they had at least one full-term pregnancy. The fact
that half of the POF group in the 2008 study was parous means that the POF cohorts
between the two studies are not comparable. Further evidence for this can be found
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in the two papers. In the 2008 study, the POF group had an average age of 36.9 years
and an average digitized breast density of 25.1 %. In the 2014 study, the nulliparous
POF group at the second mammography screening had an average age of 40.33
years and an average digitized breast density of 25.4 %. It is known that mammo-
graphic density decreases with age (Checka et al. 2012), so even though the POF
group in the 2008 study was several years younger, it had a comparable degree of
breast density as the POF group in the 2014 study; likely due to the fact that half of
the 2008-POF group was parous, which correlates with decreased breast density.
The effect of parous POF patients also applies to the third study from this research
group, which was published in 2010 (Soares et al. 2010). Soares and colleagues
compared the mammographic density of POF patients who were on hormone ther-
apy to normal post-menopausal women who were on hormone therapy, finding no
difference. However, as in their 2008 study, half of the POF cohort had breastfed and
were thus parous. Additionally, in the Soares study the patients in the POF group
had already been diagnosed for an average of 85.9 months (7.16 years) at the time
of the study. 7.16 years may have been a time during which significant reduction in
breast density in the POF cohort had already occurred, since the 2014 study showed
this effect. In summary, further studies with larger sample sizes and comparable
experimental design are warranted to clarify the effect of POF on mammographic
density.

As with the data linking aging to breast density, mammography does not reveal
the structural characteristics of the extracellular matrix nor the physical properties
of the tissue. Measuring these factors in breast tissue from women several years
after they underwent POF compared to age-matched normal women would be a way
of confirming the predictions of the theory outlined in this chapter.

The Effect of Hormone Replacement Therapy in Post-menopausal Women

A third question for indirectly testing the theory outlined in this chapter is to ask if
hormone replacement therapy in post-menopausal women increases breast density.
Exogenously treating a patient with estrogens and progestins is akin to an “over-
expression” experiment in which the hypothesized effect is induced by artificially
adding or promoting a factor. In this case, the theory outlined in this chapter would
predict that treatment with exogenous hormones would increase breast density in
post-menopausal women. Indeed, multiple studies have shown this to be true, have
reported that varying doses of hormone treatment correlate with varying degrees of
increased density, and that not all women who receive treatment exhibit the same
degree of increased density (Christodoulakos et al. 2006; Laya et al. 1995; Marugg
et al. 1997). Though the post-menopausal patients in these studies exhibit increased
mammographic density due to hormone therapy, it is unknown if macrophages are
recruited to their mammary tissue as part of why the density increased. An increase
in the amount of epithelial cells, stromal cells, and extracellular matrix would all
result in increased mammographic density. However, it is unknown whether the new
extracellular matrix in these post-menopausal women is arranged in ways that are
similar to the effect of macrophages on the matrix during normal menstruation.



Section 7: Testing the Estrus-Regulated Macrophage-Dependent Hypothesis of Breast... 15

The Effect of Wiskott—Aldrich Syndrome on Breast Density

A fourth question for indirectly testing the theory is to ask if women with mutated
macrophages have less dense breasts than women with normal macrophages. The
Wiskott—Aldrich Syndrome (WAS) is an X-linked disorder that results in people who
have a mutated form of the Wiskott—Aldrich Syndrome protein (WASP). The WASP
protein is involved in actin polymerization, which is critical for cell movement. Since
the WASP gene is primarily expressed in hematopoietic cells, WAS patients exhibit
recurring infections, easy bruising, prolonged bleeding, and a low number of small
platelets (reviewed in (Thrasher and Burns 2010)). Since macrophages are derived
from the hematopoietic system, WAS patients should exhibit deficits or impairments
regarding physiological features that are governed my macrophages. Macrophages
from patients with WASP mutations exhibit impaired filopodia, lamellapodia, and cell
migration (reviewed in (Thrasher and Burns 2010)). Given the role of macrophage in
remodeling the ECM of the mammary gland, the theory outlined in this chapter would
predict that WAS patients would have breast tissue that is less dense and that has
altered extracellular matrix, compared to normal women, because of impaired macro-
phage function. The advent of modern medical treatments such as bone marrow trans-
plants and antibiotics has allowed WAS patients to survive for multiple decades,
which is enough time for their breast tissue to have undergone many menstrual cycles
(Blaese et al. 2013). Since WAS patients may have little concern for developing breast
cancer, which is a disease significantly influenced by age, there would be shortage of
mammography data with which to examine breast density. However, due to the types
of cancers that WAS patients experience and die from (Salavoura et al. 2008), they
may commonly undergo thoracic computed tomography (CT) scans for diagnostic
purposes. The CT data would allow investigators to determine the density of their
breast tissue as a function of age. CT scans are relatively comparable to mammogra-
phy for determining breast density (Salvatore et al. 2014). Retrospective analysis of
breast density via CT data should consider and extrapolate the menstrual phase of the
patient at the time of the scan. WAS patients who undergo bone marrow transplanta-
tions may have most of their myeloid-derived cells, which includes macrophages,
replaced, which may be a confounding factor in determining whether the WAS affects
breast density based on dysfunction macrophages. However, differing WAS patients
will have received bone marrow transplants at different times and thus may still have
had significant years of adult life with dysfunctional macrophages affecting the mam-
mary glands. Furthermore, not all bone marrow graft procedures yield a completely
recovered immune system after the same amount of time, which may still leave a graft
recipient with a number of years with dysfunctional mammary macrophages.

Closing Thoughts

In testing my hypothesis, I propose the use of imaging modalities that capture gross
features of breast tissue. These modalities cannot pinpoint microscopic mammary
epithelial lesions that may be increasing in stiffness and matrix reorganization even
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though the density of the overall breast may be decreasing as the woman ages.
Perhaps new imaging modalities in the future will allow us to detect individual foci
of stiffness and matrix reorganization that worsen over the lifetime of the patient.
Also, there is evidence that in utero exposure to estrogen-mimicking compounds
can cause epigenetic marks that then increase the risk of breast cancer after the
woman is born. The details of those studies are not discussed here, but suffice it to
say that an in utero epigenetic theory of breast cancer risk across a person’s lifetime
goes hand-in-hand with the estrogen-regulated, macrophage-dependent theory of
breast cancer risk that is outlined in this chapter. Microscopic lesions that develop
over a woman’s lifetime from epigenetically altered mammary epithelial cells will
inevitably alter the macrophages that they encounter, along with the adjacent extra-
cellular matrix.
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Abstract It is now recognized that tumor cells share similarities to stem cells in
that they do not have a strong sense of functional identity. In the case of the skin, a
mature cell that becomes stem-like no longer has the identity of a skin cell, meaning
it changes shape and behaves in ways that make it not fit in with its normal skin cell
neighbors. Accompanying these changes in behavior are changes in which genes
are transcribed or repressed. This is why the transcriptome of cancer cells or cancer
stem cells often share many similarities with the transcriptome of embryonic or
adult stem cells.

Introduction

What is the point of understanding whether a tumor arises from one cell or a number
of different cells? These are the cells that allow the tumor to regrow after treatment
has shrunk it. The regrown tumor is often meaner than the original tumor. These are
also the cells the leave the tumor and colonize other organs in the form of metastasis,
which is often what kills a patient. Thus, if medical research wants to develop more
specific therapies that have fewer side effects and a lower risk of relapse, knowledge
of cells-of-origin or cancer stem cells is essential. Furthermore, as nanotech research
and in situ live-imaging technologies seek to treat cancer, they cannot be guided to
target specific cells and spare normal cells if we do not know the properties of cells-
of-origin or cancer stem cells.

© Springer International Publishing Switzerland 2016 21
D.H. Nguyen, Systems Biology of Tumor Physiology, SpringerBriefs
in Cancer Research, DOI 10.1007/978-3-319-25601-6_2



22 2 Cellular Plasticity, Cancer Stem Cells, and Cells-of-Origin

This chapter will discuss common concepts that are similar but not identical,
which cause confusion within the field about how different studies relate to each
other. For example, the cell-of-origin of a tumor may not be the same cell as the
“cancer stem cell” (CSC) of the tumor. Furthermore, even if a tumor were
derived from one transformed stem cell, there are processes within a tumor that
would alter the identity of cells that arose from that initial stem cell, or that
would produce hybrid cancer stem cells that may or may not resemble the initial
stem cell.

Section 1: Defining the Terminology Necessary
for Understanding This Field

To understand the concepts of cell-of-origin, cancer stem cell, dedifferentiation, and
plasticity in cancer biology, it is important to clarify terms that are commonly used
in the field and its various subfields.

Stem Cell

A stem cell is a cell that has two defining properties: (1) it can self-renew, meaning
it can divide to produce two daughter cells, at least one of which remains a stem
cell; and (2) it has the potential to mature (see the definition of “differentiation”)
into multiple different types of cells. When a stem cell divides to produce a stem cell
and a progenitor cell, this is called asymmetric division. If a stem cell divided to
produce two stem cells, then this is called symmetric division.

Progenitor Cell

A progenitor cell is similar to a stem cell, except that it has less potential with regard
to what cell types it can mature to become. Depending on the type of tissue, pro-
genitors can self-renew like stem cells do, producing more cells that maintain an
identity of being a progenitor. Progenitors might also undergo what is called transit
amplification, meaning they divide rapidly to form more copies of themselves.
These types of progenitors are referred to as transit amplifying cells. The purpose of
transit amplification is to produce many progenitors from a few starting progenitors,
such that they turn into many mature cells. This effect spares stem cells from having
to divide many times. For example, one stem cell can divide once to produce a stem
cell and a progenitor cell. The resulting progenitor cell can then divide many times
to produce many progenitor cells, so that the original stem cell doesn’t need to
divide unnecessarily. Depending on the organ, there can be early progenitors and
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late progenitors. The further down the line a progenitor becomes as it matures, the
less potential it has to become different types of cells, meaning the more committed
itis to a certain “fate,” or identity.

Differentiation

Differentiation is the process in which a stem or progenitor cell matures into a cell
with a specific function and identity. In cell biology and tissue biology, cellular
function and identity go hand-in-hand. To speak generally, a stem cell that differen-
tiates into one type of skin cell will take on the physical properties of skin and will
not be able to do what a liver cell does for the body. Differentiation is how cells
specialize in performing a certain duty, which requires them to turn on the genes and
make the proteins necessary for that duty. The change in programing of what genes
are turned on and which are turned off is an important reason why cells that differ-
entiate into one type cannot differentiate into another type under normal circum-
stances. Differentiation is accompanied by a change in chromatin structure,
epigenetic marks, transcriptomic profile, and cytoskeletal structure. A differentiated
cell is a cell that has matured into a specific cell type that has a specific function.

Potency

This concept describes the potential that a stem or progenitor has for becoming dif-
ferent types of differentiated cells. The term totipotent means that a stem cell can
become any differentiated cell type in the body. During mammalian embryonic
development, a process called gastrulation occurs after which the three main germ
layers are formed: endoderm, mesoderm, and ectoderm. Cells in these germ layer
lineages are called pluripotent, meaning they can become multiple differentiated
cell types that are derived from the same germ layer. For example, nerve cells, skins
cells, and breast cells are all derived from the ectoderm. A bipotent progenitor cell
is one that can only become one of two differentiated cell types within the same
germ layer lineage. A unipotent progenitor is one that can divide to produce more
of itself, but when its descendants differentiate, they can only become one cell type.

Lineage Commitment

This concept refers to the point of no return as a stem cell matures into an early
progenitor and then to a late progenitor. The further along the progenitor goes along
this continuum, the more it becomes committed to a certain fate, meaning the less
potential it has to differentiate into different cell types.
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Transdifferentiation

This describes the situation when a differentiated cell from one germ lineage (endo-
derm, mesoderm, or ectoderm) becomes a differentiated cell from another germ lin-
eage. In mammals, this does not happen in a normal animal unless genetic engineering
or tissue engineering is involved. Transdifferentiation is one of the main goals of
adult stem cell research. For example, turning a person’s skin cells (ectoderm origin),
which are very abundant, into stem cells that can then be injected into that person’s
damaged heart (mesoderm origin) for the purposes of tissue regeneration.

Dedifferentiation

Dedifferentiation is the process in which a differentiated cell undergoes changes to
lose its matured cell identity to become progenitor-like or stem-like. A dedifferenti-
ated morphology is one of the hallmarks of cancerous cells. Dedifferentiation is
accompanied by changes in cell-to-cell interactions, which allows the dedifferenti-
ated cell to take on an odd shape or to divide “out of line” such that its daughter cells
are no longer neatly packed like the other cells around them.

Plasticity

The concept of plasticity describes the potential of a differentiated cell to dediffer-
entiate back into a progenitor-like or stem-like state, and then to differentiate into a
new differentiated state. The underlying concept is that a cell’s identity, and thus its
function, is not permanently fixed after a cell has differentiated. Within a tumor that
contains many different regions of distinct morphology, or an early stage invasive
tumor that is next to normal tissue, there are areas of transition showing groups of
neighboring cells changing from one shape to another in ways that normal, differ-
entiated cells do not do. Such drastic changes in cell morphology change the tran-
scriptomic and proteomic identity of the cell. Thus, within the permissible environment
of a tumor there is ample evidence of cellular plasticity.

Epithelial-to-Mesenchymal Transition (EMT)

Epithelial-to-mesenchymal transition (EMT) is a process in which an epithelial cell
takes on the features of a mesenchymal cell, which allow it to break away from
epithelial-type cell-to-cell interactions and to have enhanced migratory abilities.
The function of epithelial cells is to form cube-like blocks that attached together to
form a wall, which inherently limits their ability to move relative to mesenchymal
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cells that form layers of interspersed, flattened cells. The process of EMT has been
well-documented to give an epithelial cell stem cell-like properties, though this is
not necessarily true in every case

Niche

A niche is defined as the location in which a stem cell or progenitor cell likes to
reside and perform its function of making progenitors or more of itself. The niche is
a very important concept in stem cell biology and cancer biology, because those
who study tissue development, organ regeneration, wound healing, or metastasis all
study at least one facet of how the niche regulates stem cell function. Why are stem
cells in tissue located where they are? What activates a dormant stem cell to produce
progenitors that heal a wound? Do stem cell-like circulating tumor cells prefer cer-
tain locations when they seed into and metastasize in distant organs? Are these
locations natural stem cell niches or does the roaming stem-like cell induce its own
niche? Is there such a thing as an inducible niche? If so, how should we understand
and predict sites of metastasis? These questions are highly relevant for understand-
ing the fundamentals of organ development, wound healing, and tumor develop-
ment. An organism’s niche within its habitat is also an important concept in ecology.
If defined in detail, the concept of a niche draws together many of the topics that are
studied in ecology (i.e. types of species interactions, physical or biological factors
that affect population density, ways of using available resources, waste manage-
ment, mating habits, etc.). The niche is one of the concepts that unifies ecology. The
niche is also a concept that unifies the topic of this chapter: plasticity, cancer stem
cells, and cells-of-origin. A niche isn’t just a basket of extracellular matrix proteins
in which a stem cell sits. In a niche, the stem cell is surrounded by neighboring cells
that communicate with it. These cells often play very important roles in regulating
the activity of the stem cell. A stem cell in a niche can be affected by physical con-
tact with its neighbors, paracrine signals released by its neighbors, signals from
cellular projections that reach over from a distance, among other mechanisms of
cell-to-cell communication. The reality, as with other aspects of biology, is likely
multiple simultaneous signals.

Microenvironment

The microenvironment refers to physical attributes surrounding a cell, which
includes the extracellular matrix molecules, temperature, pH, salinity, hormonal
milieu, electro-magnetic signals, connective tissue cells (fibroblasts, blood vessels,
lymph vessels), and immune cells that are present. The term microenvironment is
often used to describe a general condition of, within, or surrounding a cell/tumor;
often a condition that promotes a specific behavior of the tumor.
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Clonality

This concept is important in discussions of cancer stem cells and cells-of-origin
because it underlies part of the reason why certain therapies shrink a tumor, only to
have the tumor return. A clone in this context is defined as a single cell that divides
to give rise to a large population of identical cells. Polyclonal describes a tumor or
population of cells that is derived from multiple distinct clones. Monoclonal
describes a population of cells that is derived from one cell.

Cancer Stem Cell

A cancer stem cell (CSC) is a cell that divides to replenish a population of cancer cells.
CSCs can exist in cell lines that are grown in two-dimensional and three-dimensional
culture systems or in tumors that are grown in living organisms. CSCs are the cells that
survive a therapeutic treatment that destroys the vast majority of the tumor. CSCs
divide to produce cells that make up the returned tumor. CSCs have special properties
that allow them to be distinguished from non-CSCs. CSCs are better able to repair
damage that occurs inside of them, such as DNA and protein damage. They are also
better able to quench reactive oxygen species inside of them, reducing the amount of
damage that they incur when under stressful conditions. CSCs are often the cells that
leave the primary tumor, survive in the blood stream, and metastasize distant organs.
The terms cancer initiating cell (CIC) or tumor initiating cell (TIC) are often used to
describe cells that are essentially CSCs, but are named differently because of how they
were identified or tested as having stem cell-like properties. Section 2 of this chapter
describes common confusions between CSCs and cells-of-origin.

Cell-of-Origin

A cell-of-origin is a normal stem or progenitor cell that becomes abnormal and gives
rise to a cancer, liquid or solid. Due to its origin from a normal cell, the cell-of-origin
is not necessarily the same thing as a cancer stem cell, though it may be. Cancer stem
cells were derived from studying tumors, while cells-of-origin are identified by lineage
tracing experiments that can track normal cells that become part of tumors. Section 2
of this chapter describes common confusions between CSCs and cells-of-origin.

Section 2: Confusion Among Stem Cell, Cancer Stem Cell,
and Cell-of-Origin Concepts

The purpose of understanding cancers stem cells and cells-of-origin is to allow for
the development of more specific therapies and therapies that result in less relapse.
However, discussions of these two topics often results in confusion, since their
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definitions can overlap. Clarity on this matter is important because cancer prevention
strives to keep normal cells from becoming cancerous, while cancer treatment
seeks to eliminate cells that are already cancerous. The point of cancer research at
the molecular and cellular level is so that these details allow us to produce better
therapies that have fewer side effects. Clear definitions of function and identity are
necessary for nanotechnology and targeted drug delivery methodologies to specifi-
cally target CSCs or cells-of-origin, while sparing normal cells.

The microenvironment of the tumor is drastically different than a normal tissue.
Thus, even if a tumor arose from one cancerous cell among normal neighbors, by
the time that one cell has divided enough times to form a tumor within that tissue, the
microenvironment of that tumor may have turned non-CSCs into CSCs. Therefore, a
tumor that started from a transformed normal stem cell, the cell-of-origin, may harbor
CSC:s that did not come from that stem cell. A tumor may harbor any combination of
cells-of-origin and CSCs. This is because as a tumor grows, it enlarges and engulfs
neighboring areas that also have normal stem cells. Those engulfed stem cells may
then become additional cells-of-origin. Furthermore, the engulfed normal differenti-
ated cells may become additional CSCs. Thus, a tumor may contain multiple cells-
of-origin and multiple CSCs, each of which joined the tumor at different times.
Given the complexity of the combinatorial possibilities of cells-of-origin and CSCs
within a tumor, individual research papers need to assume simplifications in their
conclusions about cells-of-origin and CSCs. However, for both those who are
advancing this area of knowledge and those who are new to it, being aware of this
complexity will help reveal new mechanistic insights, organize existing literature
and future knowledge, and guide hypotheses.

Section 3: Evidence for the Theory of Cell-of-Origin
as the Root of Tumors

Much has been written about the evidence for the cell-of-origin hypothesis. The
reader is directed to the two excellent reviews that are briefly discussed here. The
first is by White and Lowry (White and Lowry 2015), which discusses studies that
provide evidence that specific populations within the hierarchy of stem cells and
progenitor cells can be mutated to give rise to specific subtypes of cancers. The
studies that were discussed yielded slightly different stem or progenitor cells as the
cells-of-origin within hair follicles and the cells surrounding them. However, the
clear uniformity from these studies is that causing mutations in a specific cell type
within the stem cell hierarchy produces a specific type of tumor. While this supports
the cell-of-origin theory, it is important to keep in mind that these studies are not yet
able to trace the origin of the heterogeneous tumor—that is, one that has multiple
distinct regions of morphology or behavior—to one or a few cells. The second review
is by Jane Visvader (Visvader 2011), which outlines several conceptual models of
how stem cells are mutated to become cells-of-origin. This review also discusses
studies that support the cell-of-origin hypothesis. The best support comes from
studies of hematopoietic cancers in which over expression of oncogenes in various
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compartments of the stem cell hierarchy resulted in cancer. The upper/earlier com-
partments, that is the stem cells, are more susceptible to oncogene-induced transfor-
mation that result in cancers, while the progenitor compartments are not. However, a
higher dosage is able to produce cancer from the progenitor compartments, which
highlights that given a permissive environment, such as a tumor, the right mutations
can arise in cells that do not normally serve as cells-of-origin such that they become
cells-of-origin. Further evidence comes from mouse models of intestinal cancer, pros-
tate cancer, basal cell carcinomas, and pancreatic ductal cell carcinomas.

Section 4: Evidence for the Theory of Cellular Plasticity
in Tumor Development

The cellular plasticity exhibited by partially or fully differentiated cells reverting
back to stem cell is an alternative hypothesis about how tumors develop, especially
those that harbor heterogeneous cell types. The liver is an organ that can regenerate
itself after being wounded. Progenitor liver cells are believed to exhibit reversion
back into stem cells even while in a non-cancerous —albeit wounded —organ state,
in order to regenerate the region that is missing due to hepatectomy (Choi et al. 2014;
Dorrell et al. 2011; Huch et al. 2013; Santoni-Rugiu et al. 2005). This type of plastic-
ity is also observed in cancer. Klevebring and colleagues (2014) sequenced the
exomes of CSCs and paired non-CSCs from breast cancer patients. To their surprise,
the two populations shared the majority of the same somatic mutations, which argues
against the idea that CSCs have a distinct mutational profile because they don’t
divide—and accrue replication errors—as much as the bulk of the tumor cells that
arise from them. These data suggest that CSCs may be switching between a CSC and
non-CSC state, since they share such similar somatic mutation profiles. Chaffer and
colleagues (2011) made a discovery that also echoes the cellular plasticity theory.
They found that differentiated human breast epithelial cells could spontaneously
revert to a stem-like state. Furthermore, oncogenic transformation of these differenti-
ated cells increased the rate of reversion to the stem-like state, producing CSC-like
cells in vitro and in vivo. The plasticity of cancer cells is made extra evident in the
study by Sharma and colleagues (2002), which showed that epithelial prostate cancer
cells could dedifferentiate and then become vasculogenic cells that comprised blood
vessels inside of tumors, something that epithelial cells are not supposed to do.

Section 5: Confounding Factors in the Plasticity Versus
Cell-of-Origin Debate

It is difficult to clearly prove that a tumor arose from and is sustained by purely one
cell-of-origin without the addition of CSCs that were derived from cells other than
that cell-of-origin. If Sections 2 and 4 of this chapter did not make this point obvi-
ous, this section will further solidify it.
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Cell Fusion

One major confounding factor in proving that a tumor is derived from one cell-of-
origin is that spontaneous cell fusion can occur. Terada and colleagues found that
mesenchymal stem cells from the bone marrow of mice could spontaneously fuse
with mouse embryonic stem cells (Terada et al. 2002), which has deep implications
for what the mesenchymal stem cells can do when they encounter CSCs or non-
CSCs within the tumor microenvironment. Bone marrow-derived mesenchymal
stem cells are common components of tumors. A study by Ying and colleagues fur-
ther implicates the importance of cell fusion events that occur when stem-like cells
interact. The authors isolated neural stem cells that were engineered to have perma-
nent genetic markers (green-fluorescent protein and puromycin resistance), and then
cultured them with mouse embryonic stem cells that were engineered to also have
permanent genetic markers (hygromycin resistance). They discovered that the neural
stem cells could spontaneously fuse with the embryonic stem cells to produce hybrid
cells that contained genetic markers from both cell types (Ying et al. 2002). The
publication of the Terada et al. and Ying et al. papers required a reinterpretation of a
number of transdifferentiation studies in which cell fusion may actually have been
the mechanism, instead of transdifferentiation, by which the cells’ phenotypic identi-
ties were altered (reviewed in (Wurmser and Gage 2002). In 2013, Lazova and col-
leagues reported the first case of cell fusion in human cancer. By measuring regions
of DNA that were unique to the recipient or donor from whom bone marrow was
taken, the authors were able to show that the melanoma that metastasized to the brain
of the recipient was a hybrid of both the recipient and the donor (Lazova et al. 2013).

Induced Mesenchymal States

Epithelial-to-mesenchymal transition (EMT) is a process in which an epithelial cell
takes on the features of a mesenchymal cell, which allow it to break away from epi-
thelial-type cell-to-cell interactions and to have enhanced migratory abilities. The
function of epithelial cells is to form cube-like blocks that attach together to form a
wall, which inherently limits their ability to move relative to mesenchymal cells that
form layers of interspersed, flattened cells. The process of EMT has been well-doc-
umented to give epithelial cells stem cell-like properties, though this is not necessar-
ily true in every case (reviewed in (Brabletz 2012)). Much has been written about
growth factors and over-expressed genes that induce an EMT and CSC phenotype.
This section will discuss a mechanism of cell-to-cell communication that allows
for the transfer of nucleic acid polymers and it’s implication on bulk tumor gene
expression profiling data. Exosomes are microscopic membrane vesicles that bud
off from a donor cell and that can fuse with another cell, dumping their contents into
the recipient cell. The discovery that exosomes can deliver nucleic acid polymers,
such as microRNA (miRNA), which can alter the transcript level of their target
genes in the recipient cell (Melo et al. 2014; Singh et al. 2014; Yang et al. 2011) has
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important implications for understanding mechanisms that induce cellular plasticity.
These mechanisms of nucleic acid transfer make sense of why tissues that seem
morphologically normal to a pathologist can have a stem cell-like or progenitor-like
transcriptomic signature that is detected by mRNA extraction from bulk tissue.
Spatially guided, laser-microdissection transcriptomic techniques that allow the
investigator to identify the transcriptome of distinct regions or cells within a sample
may clarify epicenters of exosome-mediated nucleic acid transfer (reviewed in
(Crosetto et al. 2015)).

References

Brabletz, T. (2012). EMT and MET in metastasis: Where are the cancer stem cells? Cancer Cell,
22,699-701.

Chaffer, C. L., Brueckmann, 1., Scheel, C., Kaestli, A. J., Wiggins, P. A., Rodrigues, L. O., et al.
(2011). Normal and neoplastic nonstem cells can spontaneously convert to a stem-like state.
Proceedings of the National Academy of Sciences of the United States of America, 108,
7950-7955.

Choi, T. Y., Ninov, N., Stainier, D. Y., & Shin, D. (2014). Extensive conversion of hepatic biliary
epithelial cells to hepatocytes after near total loss of hepatocytes in zebrafish. Gastroenterology,
146, 776-788.

Crosetto, N., Bienko, M., & van Oudenaarden, A. (2015). Spatially resolved transcriptomics and
beyond. Nature Reviews Genetics, 16, 57-66.

Dorrell, C., Erker, L., Schug, J., Kopp, J. L., Canaday, P. S., Fox, A. J., et al. (2011). Prospective
isolation of a bipotential clonogenic liver progenitor cell in adult mice. Genes and Development,
25, 1193-1203.

Huch, M., Dorrell, C., Boj, S. F, van Es, J. H., Li, V. S., van de Wetering, M., et al. (2013). In vitro
expansion of single Lgr5+ liver stem cells induced by Wnt-driven regeneration. Nature, 494,
247-250.

Klevebring, D., Rosin, G., Ma, R., Lindberg, J., Czene, K., Kere, J., et al. (2014). Sequencing of
breast cancer stem cell populations indicates a dynamic conversion between differentiation
states in vivo. Breast Cancer Research, 16, R72.

Lazova, R., Laberge, G. S., Duvall, E., Spoelstra, N., Klump, V., Sznol, M., et al. (2013). A mela-
noma brain metastasis with a donor-patient hybrid genome following bone marrow transplan-
tation: First evidence for fusion in human cancer. PLoS One, 8, e66731.

Melo, S. A., Sugimoto, H., O’Connell, J. T., Kato, N., Villanueva, A., Vidal, A., et al. (2014).
Cancer exosomes perform cell-independent microRNA biogenesis and promote tumorigenesis.
Cancer Cell, 26, 707-721.

Santoni-Rugiu, E., Jelnes, P., Thorgeirsson, S. S., & Bisgaard, H. C. (2005). Progenitor cells in
liver regeneration: Molecular responses controlling their activation and expansion. APMIS
(Acta Pathologica, Microbiologica et Immunologica Scandinavica), 113, 876-902.

Sharma, N., Seftor, R. E., Seftor, E. A., Gruman, L. M., Heidger, P. M., Jr., Cohen, M. B., et al.
(2002). Prostatic tumor cell plasticity involves cooperative interactions of distinct phenotypic
subpopulations: Role in vasculogenic mimicry. The Prostate, 50, 189-201.

Singh, R., Pochampally, R., Watabe, K., Lu, Z., & Mo, Y. Y. (2014). Exosome-mediated transfer
of miR-10b promotes cell invasion in breast cancer. Molecular Cancer, 13, 256.

Terada, N., Hamazaki, T., Oka, M., Hoki, M., Mastalerz, D. M., Nakano, Y., et al. (2002). Bone
marrow cells adopt the phenotype of other cells by spontaneous cell fusion. Nature, 416,
542-545.

Visvader, J. E. (2011). Cells of origin in cancer. Nature, 469, 314-322.



References 31

White, A. C., & Lowry, W. E. (2015). Refining the role for adult stem cells as cancer cells of origin.
Trends in Cell Biology, 25, 11-20.

Wurmser, A. E., & Gage, F. H. (2002). Stem cells: Cell fusion causes confusion. Nature, 416,
485-487.

Yang, M., Chen, J., Su, E,, Yu, B., Su, F,, Lin, L., et al. (2011). Microvesicles secreted by macrophages
shuttle invasion-potentiating microRNAs into breast cancer cells. Molecular Cancer; 10, 117.
Ying, Q. L., Nichols, J., Evans, E. P,, & Smith, A. G. (2002). Changing potency by spontaneous

fusion. Nature, 416, 545-548.



Chapter 3
Using Mouse Models and Making
Sense of Them

Contents
INEEOAUCTION. . .ceeiiiiiiiictci et b bbb nne 33
Section 1: Selecting the Right Model.......... .. 35

Section 2: Correctly Using the Right Model...
Section 3: Making Sense of the Data........... .
RELEIENCES. ...ttt bbb 51

Abstract The purpose of this chapter is to provide some insights into the use and
misuse of mouse models of cancer. The goal is that this chapter will help investiga-
tors better plan their mouse experiments. It also will be helpful in making sense of
data that is conflicting or incongruous across independent experiments or research
groups. This chapter is structured into three sections to give coherence among the
individual topics that are discussed. The sections also represent the three general
phases of a study involving rodent models and the challenges that are commonly
encountered in each. The guidelines are certainly not exhaustive, since there are
many factors that were not discussed due to space limitations.

Introduction

Section 1: Selecting the Right Model
Section 2: Correctly Using the Right Model
Section 3: Making Sense of the Data

In vivo experiments have an unpredictable nature to them, which underscores the
complexity of mouse physiology that is yet to be completely understood. While
there are no conventions that every research group follows when performing mouse
experiments, appreciating the complexities highlighted in this chapter will make it
easier to compare independent data sets in a meaningful way. There has been an
effort to systematically define conventions for reporting the experimental details
and results of rodent models: ARRIVE (www.nc3rs.org.uk/ARRIVE) (Kilkenny
et al. 2010). Other institutions are attempting to provide frameworks for
systematically reviewing rodent data: CAMARADES (www.camarades.info) (Sena
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et al. 2014), SYRCLE (www.syrcle.nl) (Hooijmans and Ritskes-Hoitinga 2013),
and SABRE (http://www.sabre.org.uk/) (Muhlhausler et al. 2013). These prescribed
conventions are an important move in the right direction, since their goal is to
improve transparency, inter-study comparability, and reproducibility. The conven-
tions should be increasingly enforced by funding agencies and journals for the fol-
lowing reasons. (1) Meta-analysis of pre-clinical rodent models can identify adverse
effects of novel treatments before those treatments go into clinical trials on humans
(reviewed in (Pound et al. 2004)). (2) More reliable studies prevent biomedical
research involving animal models from losing credibility as a worthwhile scientific
pursuit. (3) More reliable studies keep tax-payer-funded researchers accountable to
the public, which will eventually get fed-up with bad subfields of science. (4) More
reliable studies reduce the waste of tax-payer funds and curtail the risk of further
reduced funding for certain subfields of research.

Many of the topics discussed in this chapter are factors that increase the “noise”
within data from mouse experiments. While there is no way to completely control
every single factor, a few simple precautions can dramatically increase the yield
of “clean” data. Studies involving mouse models often become tissue banks of
information that can be probed to find new insights or directions for research.
Taking the guidelines outlined in this chapter into consideration while planning
and doing mouse experiments may help the investigators get more mileage out of
their data.

There is an increasing distrust of research involving animal models, especially
in areas that seek to find new treatments that will immediately translate into treat-
ments for human diseases (Hayden 2014; Lutz 2011; SABRE-Research-UK 2014).
There are several reasons behind this frustration. (1) Studies using inbred mouse
strains do not represent the genetic diversity that exists in human populations, so
the effectiveness of mice as a model of a human disease may need to be tested
across multiple different strains, depending on the question of interest. (2) Many
animal studies are often not done very well, as is commonly stated in the publica-
tions that systematically review animal model data prior to, or in light of, human
clinical trials that fail (Hooijmans and Ritskes-Hoitinga 2013; Kilkenny et al.
2010; Muhlhausler et al. 2013; Sena et al. 2014). (3) A mouse is physiologically
not the same as a human—it’s just a model, not a replica. (4) The physiology of a
mouse is very complicated and we have yet to understand enough that we can con-
trol the experiment to the degree that we want. In light of these challenges, this
chapter attempts to help make things clearer along the lines of the book’s subtitle:
“Rethinking the Past, Defining the Future.” It does so by suggesting guidelines that
may shed light on previous data while guiding the structure of future experiments
such that more useful information can be extracted within and across independent
studies. The guidelines in this chapter also follow the theme of the book’s main
title: “Systems Biology of Tumor Physiology.” The guidelines treat the tumor as if
it were an endocrine organ that communicates with the brain and other endocrine
organs. The guidelines suggest that more information can be gained from a mouse
model of cancer if we pay attention to the global physiology of the mouse while
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considering the cancer as an organ that affects, and is affected by, that physiology.
The guidelines in this chapter come from personal experience, having wrestled
with the literature, peer-reviewing literature, conversations, and commiserations
with scientists from across the globe.

Section 1: Selecting the Right Model

The Age of the Mice

Mice undergo developmental stages as they mature, just as humans do. Mice begin
puberty at around 3—4 weeks after birth and reach young-adulthood at 8-9 weeks of
age. In females, the mammary gland has fully developed, filling the mammary fat
pad, by the 8-9 week time point (Sternlicht 2006). Organs undergo many dramatic
changes during puberty and continue to do so through the lifespan of the mouse.
Organs physiologically and genetically change when transitioning from puberty, to
adulthood, to pregnancy, and to old age. Mice typically have a life span of 2-3
years. A 1-year old mouse can be considered as a “middle-aged” mouse. Two-year
old mice are considered “old.” Investigators who are interested in studying age-
related effects should be cognizant of the definitions of age ranges within the litera-
ture, as this can be a source of confusion across independent studies.

Synchronizing the age of the mice at the start of the experiment and keeping
track the date and time of procedures during the experiment will become helpful in
making sense of the results. Synchronization here means selecting mice based on
the timing since birth and weaning. This information may explain differences
between experiments past and present, within one research group or across multiple
research groups.

An important factor to also keep in mind is that mice of the same age also vary
in weight, since a litter of pups may have a few runts that are smaller than their
siblings. Thus, when purchasing mice of a certain age from a vendor, it will be help-
ful to request that the mice be above a certain weight, not just at a certain age. This
simple step will help reduce variation in the data. The optimal weight must be deter-
mined by the investigator. This factor about age and weight also applies to research
groups that breed their own mice.

Appreciate the Estrus Cycle to Reduce Variation in Data

The estrus cycle in mice occurs in cycles of 4-5 days, depending on the strain. It is
composed of four phases (Byers et al. 2012): proestrus, estrus, metestrus, and dies-
trus. The first two phases, proestrus and estrus, is when the female mouse is most
receptive to mating and pregnancy. The second two phases, metestrus and diestrus, is



36 3 Using Mouse Models and Making Sense of Them

when the uterine lining degrades. The hormonal milieu of these four phases is
dramatically different. Since the endocrine hormones from the brain and the ovaries
surge throughout the blood stream, the different levels of hormones during each stage
may confound data, adding extra “noise” by causing a wide variation. Estrus stage
should be considered when the scatter of data points within a treatment group is wide,
exhibiting a bimodal distribution of two clusters separated by a few data points in
between them. The average value of the data points of the bimodal distribution may
be the same as that of the unimodal distribution in the control group, but annotating
the data points according to estrus stage may reveal that there are two distinct bio-
logical responses in the bimodal distribution.

Some investigators synchronize their female mice several days before a treat-
ment begins by injecting a cocktail of estrogen and progesterone under the skin
between the scapulae. This is to avoid the confounded effects of having multiple
different estrus stages present at the time that a treatment is administered.

The Estrus Cycle Affects the Immune System

The estrus cycle affects many organs and systems in the mouse because many
different tissues have protein receptors for the endocrine hormones that regulate
and facilitate estrus cycling. This includes cells in the innate or adaptive immune
systems (Beagley and Gockel 2003; Chua et al. 2010; Petrovska et al. 1996). The
immune system has intricate functions in each organ system. This is part of the
reason why estrus staging may be the culprit behind the wide scatter of data within
a treatment group.

Identifying Estrus Stage

It is good practice to record the estrus stage at the time that a treatment is adminis-
tered to the mice. It is also good practice to record the estrus stage at the time that
tissue is harvested from the mice. The study by Byers and colleagues (2012) describes
an easy method for determining estrus stage by visually inspecting the vaginal
orifice. The authors also provided pictures of the orifice at each stage for three strains
of mice: BALB/cBylJ (white coat), CByB6F1/J (agouti coat), and C57BL/6J (black
coat). The authors explain that visual inspection is the easiest and quickest method to
stage for estrus, but is only reliable in identifying the first two stages of the cycle,
proestrus and estrus. However, having only this minimal information as part of the
data records may turn out to be very useful. The most reliable method for identifying
each of the four stages of estrus is the cytology method in which a moist cotton swab
is used to gently scrape cells from the vaginal wall. The study by Byers et al. also
provides reference images for cell morphologies at each stage and provides citations
for more detailed explanations.
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Daily Estrus Staging Can Cause Pseudopregnancy

Daily staging of estrus via physical entry into the vagina may cause a mouse to
become pseudopregnant. When a female mouse mates with a sterile male mouse,
the female mouse becomes pseudopregnant. Her internal hormones change as if she
was pregnant, her mammary glands proliferate and produce milk, and she builds a
nest. However, she is not pregnant and will not deliver pups. Daily staging of estrus
can induce pseudopregnancy, which changes the hormonal milieu of the data that is
subsequently collected. This should be kept in mind when interpreting data from
experiments that performed daily invasive staging. A less invasive, but more costly,
means of daily estrus staging is the collection and analysis of urine. In mice, the
fourth pair of mammary glands, known as the inguinal glands, is often manipulated
during the experiment due to ease of surgical access. Preserving the fourth pair for
manipulation, the third pair of mammary glands under the upper limbs can be col-
lected, fixed and stained by the “whole mounting” process (Plante et al. 2011), and
examined to determine if a state of pseudopregnancy is present. Pseudopregnancy,
like pregnancy, results in engorged ducts and lobules in the mammary gland, which
fills much of the fat pad (Brisken 2013; Oakes et al. 2006).

Background Genetics

Genetically engineered mice may exhibit odd mating phenotypes. They may also
develop cancers in tissues other than at the site of transplantation or interest.
Sometimes this is due to the “leakiness” of the artificial promoter that controls the
expression of the transgene in a genetically modified mouse. It is worth noting that
certain strains of mice are genetically prone to reproductive problems, which may
be amplified by the fact that they have been genetically modified by the insertion or
removal of genetic material.

The results of a mouse experiment may be more dramatic if the experiment is
performed on an inbred mouse strain that has certain genetic susceptibilities. Mouse
models are just that, research models. As someone once insightfully stated, “No
model is right, but some are useful.” Mouse models are used to show proof of prin-
ciple about a biological mechanism of action. Whether the mouse experiment showed
no effect or a big effect, it’s still just a mouse model that is different from humans.
Aside from situations in which the researcher wants to test the effect of genetic back-
ground, researchers should make the most out of their experiments and pick a mouse
strain that will give them the clearest data possible. The most rigorously supported
claims —usually from multiple independent publications by independent laborato-
ries—that are based on mouse experiments are those in which the evidence has been
independently repeated in multiple strains of mice. This is not to say that a study that
only tested one mouse strain is poorly designed, since testing multiple mouse strains
in one publication is often financially unfeasible for one laboratory. Furthermore,
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without a clear phenotype from a susceptible inbred strain, it would be difficult to
identify a cellular or molecular mechanism that is responsible for that phenotype and
that might translate to a treatment for the human disease that is being modeled.

There is abundant evidence that cancer phenotypes are dramatically affected by
the strain of the mouse. A first example comes from the study of the polyoma virus.
This virus infects mice and causes them to develop mammary cancer. However,
different inbred strains have different susceptibilities to polyoma virus-induced
mammary cancer: C3H/DiBa mice are highly susceptible; DBA/2 and BALB/c
mice have low susceptibility, while C57bl/6 mice are resistant. It was found that the
H-2 haplotype, which is the major histocompatibility complex (MHC) gene, of the
strain correlated with the degree of susceptibility, suggesting that immune resis-
tance as a major mechanism behind these phenotypes (Freund et al. 1992). A sec-
ond example of the influence of background genetics on cancer phenotype is a
study of the Polyomavirus Middle T Antigen (PyMT) mouse model. PyMT mice
harbor the middle T antigen of the polyoma virus, which causes mammary cancer.
The investigators compared the cancer phenotype of two strains of PyMT mice,
FVB/NJ and C57bl/6]. The PyMT model is a very aggressive form of mammary
cancer in the FVB strain, but the same PyMT oncogene became less aggressive in
the C57bl/6] strain (Davie et al. 2007).

A third example of the importance of genetic background on cancer susceptibility
was revealed by studies that removed the 7Trp53 gene from mice. The protein product
of this gene is p53, a transcription factor that is involved in many cellular functions,
ranging from DNA damage response (Reinhardt and Schumacher 2012), to metabo-
lism (Vousden and Ryan 2009), and to stem cell regulation (Spike and Wahl 2011).
The Trp53 gene was first removed in a mouse that was a cross of the C57bl/6 and
129/Sv backgrounds (C57bl/6 x 129/Sv) (Donehower et al. 1992). These mice began
to develop tumors at around 4.5 months of life. When these null mice were crossed
into a pure 129/Sv background, the descendants not only developed tumors sooner,
but had testicular tumors 50 % of the time. Since the 129/Sv background had a natu-
ral susceptibility to testicular cancer, it appeared that removing the Trp53 gene
enhanced the tendency of these mice to form this cancer (Donehower 1996). In con-
trast, the C57bl/6 strain had a natural susceptibility to lymphomas (Stutman 1974),
which was enhanced when Trp53 was removed. A similar effect was observed when
the Trp53 null allele was crossed into the BALB/c background. The BALB/c strain
had a natural susceptibility for mammary cancer, and removing the 7rp53 gene
enhanced this phenotype (Jerry et al. 2000; Kuperwasser et al. 2000).

Single Nucleotide Polymorphism (SNP) arrays can be useful for reconciling or
justifying, phenotypic differences across experiments, but more cost effective meth-
ods, such as histology, may also be useful. The topic in this chapter entitled “Collect
the Endocrine Organs for Retrospective Analysis” discusses the utility of harvesting
endocrine organs at the time of euthanasia for the purposes of making sense of per-
plexing data. This topic is also relevant for reconciling effects that are due to genetic
background. Collecting organs that are known to express a disease phenotype that
is associated with a certain mouse strain may turn out to be quite useful. Histological
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and/or “omic” analyses of these organs may explain differences in phenotypes
observed in certain mouse strains across independent experiments. It is helpful to
keep in mind that different venders that provide the same strain may have derived
that strain from different sub-strains. If collaborating laboratories followed a con-
vention to harvest and store the same endocrine organs from 5 to 10 mice per treat-
ment group in an experiment, these tissues may become very helpful in reconciling
conflicting or incongruous data.

Also see the topic entitled “Developmental Deformities Give Insight into Future
Phenotypes” in Sect. 1 of this chapter.

Developmental Deformities Give Insight into Future Phenotypes

Certain ailments and physical deformities are common to laboratory mice. The
chapter by Burkholder and colleagues entitled “Health Evaluation of Experimental
Laboratory Mice” provides a good synopsis of common health problems in labora-
tory mice (Burkholder et al. 2012). Understanding these ailments is not just important
for humane mouse husbandry, but helps identify clues about incongruous phenotypes
between independent research groups. Understanding the genetic susceptibility of
parental mouse strains, such as the high incidence of scrotal hernias in the FVB strain
of mice (Lewis et al. 2012), may help investigators understand phenotypes such as
low fertility rates in their particular genetically engineered mice. Keeping the knowl-
edge of genetic susceptibilities in mind, or knowing to look for them in the literature,
will save time and effort when overcoming sudden problems such as low birthrates
and infertility. The background susceptibility interacts with the genetic modification
to yield abnormal reproductive phenotypes that can delay the preparation process
before the experiment even begins.

The nature of a common deformity can give insight into why a certain mouse model
yields a certain experimental result while other similar models give similar, but slightly
different results. These differences may be things like a different spectrum of tumor
types or tumor subtypes between similar mouse models, or more of a certain phenotype
(i.e. more squamous carcinomas in one strain compared to a related, but mixed strain;
or more bone metastasis in one strain compared to a related strain). It is useful to keep
in mind that multiple different adult tissues arose from the same embryonic germ layers
(MacCord 2013; Tam and Beddington 1992): endoderm, mesoderm, and ectoderm. In
mice and humans (and other mammals), both skin cells and mammary cells originated
from the ectoderm layer. Thus, skins cancers and mammary cancers, which can revert
to an embryonic-like state, may share more similarities to each other than to osteosar-
comas. This is partly because osteosarcomas arise from bone, which originated from a
different germ layer (the mesoderm) than the skin and mammary gland.

Understanding the relationships between germ layers and adult tissue programing
will guide what questions to ask of the literature and of the data when seeking to make
sense of similar themes between distinct diseases. As a hypothetical example, noticing
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that about 10 % of the mice have skin lesions or a skin deformity may shed light on
differences in the mammary tumor data of this study compared to that of another study
that bred its own mice. Long-term breeding of mice by individual research groups may
result in genetic drift, producing sub-strains of the original strain. This inadvertently
enriches for common deformities that are very rare in the original inbred strain.

The Composition of Mouse Chow

Soy-based mouse chow contains phytoestrogens that have endocrine effects.
Investigators who study tissues that are known to be responsive to estrogens and
progestins should be aware of the composition of the chow that is fed to their mice.
Degen and colleagues measured the amount of genistein and daidzein, the two main
soy isoflavones, in various rodent chows (Degen et al. 2002). Soy-based chows can
have dramatic effects on phenotypes of both male and female mice (Aukema et al.
1999; Quiner et al. 2011; Stauffer et al. 2006). The composition of chow may be a
commonly overlooked confounding factor in rodent studies. Thigpen and colleagues
discuss factors to consider when choosing the appropriate rodent diet for studies of
endocrine disrupting agents (Thigpen et al. 2004).

Section 2: Correctly Using the Right Model

Mock Procedures for Control Groups Yield Cleaner
and More Consistent Data

Experiments involving mouse models need negative controls just like other types of
experiments. It is important to keep in mind that taking a mouse out of its cage,
physically restraining it, and subjecting it to a foreign chamber, surgery, or injec-
tions is a very stressful process for the mouse. Psychological and physical stress
alters the physiology of the mouse. Thus, it is important that the negative control
groups be subjected to the same procedures as the experimental group of mice.
Performing a mock procedure will subject the control group to the same stressful
situations that the experimental group must endure. For example, experiments that
perform surgery on the experimental group should also perform the same anestheti-
zation procedure and similar surgery on the control group. Experiments that involve
injections of compounds into the experimental group should also inject the liquid
vehicle, but without the compound, into the control mice (the “vehicle” is the liquid
in which a compound is dissolved). Experiments that involve irradiating mice in a
metallic X-ray machine that has a heavy slamming door and that makes loud hum-
ming noises should put the control mice through the same procedure but without
turning on the radiation.
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Different Types of Stressors

Various forms of stress will alter the physiology and gene expression patterns of
mouse tissues. These stressors include audiogenic stress (noise, predator sounds
within an animal facility that houses multiple species), physical stress (restraint,
physical harm), toxicological stress (toxins, chemicals, radiation), and social stress
(being caged alone, being caged with an aggressive mouse, not being able to burrow
and hide). Studies about the effect of chronic mild stress in mice revealed many lay-
ers of complexity regarding how mice respond. The effect of this chronic mild stress
depends on the type of stressor, the pattern in which the stress is applied (predictable
or unpredictable), and the strain of mice that was studied (Ducottet et al. 2004;
Ducottet and Belzung 2004; Griffiths et al. 1992; Ibarguen-Vargas et al. 2008; Mineur
et al. 2006; Pothion et al. 2004). Furthermore, picking up and restraining a mouse for
the purpose of an intraperitoneal injection is itself a stressful experience for the
mouse, which is why mice in control groups should also undergo the process of being
picked up, restrained, and injected with the vehicle solution. The routine handling of
mice—picking up the mouse, holding it in your hands—can increase their stress
response (Meijer et al. 2007). It is worth noting that the gender of the experiment has
a significant effect on a mouse’s stress response. Male humans and other mammals,
not the females, produce a volatile chemical that can be smelled by the mice. This
male olfactory signal triggers an increase in the stress hormone corticosterone, which
dampens the amount of pain that the mice feel after receiving in injection in an ankle.
Thus, it is worth keeping track of and reporting the gender of the experimenters and
when in the experiment a change in experimenters occurred (Sorge et al. 2014).

Environmental Enrichment and Cancer

A study by Cao and colleagues found that providing mice with environmental
enrichment (EE) reduces tumor size, tumor growth rate, and tumor frequency across
multiple types of cancers (Cao et al. 2010). EE is a spacious housing condition that
includes toys for mice to play in/with and material with which they can build nests.
However, the results of the Cao et al. study could not be replicated by an indepen-
dent research group (Westwood et al. 2013), which further underscores the com-
plexity of mouse experiments and the need for guidelines such as those outlined in
this chapter.

Two other studies about EE on cancer remain, but like the Westwood study
(Westwood et al. 2013) neither reported that EE resulted in smaller tumors as was
observed in the Cao study. In the first remaining study, Benaroya-Milshtein and col-
leagues showed that EE causes mice to have slower tumor growth after injection
with an idiotype-vaccine prior to injection of tumor cells. The tumor-inoculated
mice housed in EE lived longer and 44 % were tumor-free, compared to tumor-
inoculated mice housed under standard conditions (Benaroya-Milshtein et al. 2007).
In the second remaining study, Nachat-Kappes and colleagues showed that EE
resulted in a slower tumor growth rate, but only up to 10 days after injection of the
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tumor cells. Tumors from mice with EE had reduced levels of COX-2 and Ki67, but
higher levels of caspase-3 (Nachat-Kappes et al. 2012). In summary, these studies
show that EE does have biological effects on mouse physiology and tumor pheno-
type, though none of the studies show a consistently dramatic effect of EE on tumor
size. Further studies are warranted, especially with a concerted effort to make EE
parameters uniform across the studies.

Also see the topic entitled “Collect the Endocrine Organs for Retrospective
Analysis” within Sect. 3 of this chapter.

Time of Day for Treatments and Exposures

Repeated treatments, exposures, or surgeries should be done at the same time of day
each time. This will minimize the phenotypic variations that result from differential
physiological states due to circadian rhythms. Nearly all species have adapted to
earth’s 24-h rotation, known as the circadian rhythm. Alterations in this rhythm due
to sleep disorders, exposure to artificial light, exposure to electromagnetic radiation,
and shift work have been linked to many metabolic and physiologic diseases
(reviewed in (Takahashi et al. 2008)). The genes PER1 and PER?2 are activated in
the brain after exposure to pulses of light. A handful of other genes (CLOCK, CRY,
BMAL, NPAS, and DEC) and their isoforms interact with the PER genes in a feed-
back loop that is regulated by light and the autonomic nervous system (reviewed in
(Sahar and Sassone-Corsi 2009; Savvidis and Koutsilieris 2012)).

Mouse physiology during the mornings is different than that during the afternoon
or evening. This means that how a mouse’s physiology responds to a drug, a wound,
or a stressful situation differs depending on what time of the day it is. I was told of
a case in which injecting a normally innocuous chemical into mice killed them, but
that this lethal effect could never be repeated by animal welfare inspectors. It turned
out that the chemical caused lethality when injected before noon time, and that the
inspectors habitually did their inspection in the afternoons when the mice’s physi-
ological state could tolerate the chemical. Indeed, the “time of day” at which proce-
dures were done is one of the details on the “ARRIVE guidelines checklist” for
reporting animal studies (http://www.nc3rs.org.uk/page.asp?id=1357).

The Confounding Effects of Anesthesia

The confounding effects of anesthetics are especially important for prolonged tumor
studies during which the mice are repeatedly anesthetized for surgical or biopsy
procedures. A wide array of chemicals can be used to anesthetize mice. For tumor
biology experiments, it is helpful to know which anesthetics have been shown to
have anti-tumor properties. For example, the analgesic Meloxicam has been reported
to inhibit the growth of several different cancer cell lines in culture and of ovarian
cancer subcutaneous xenografts (Ayakawa et al. 2009; Goldman et al. 1998; Xin
et al. 2007). Thus, searching for literature about an anesthetic of interest may allow
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the researcher to avoid confounding factors in mouse experiments. Anesthetics that
come in the form of volatile inhalants have been shown to alter the gene expression
of human cancer cell lines. The human breast cancer cell line MCF7 exhibited a
different kinetic of gene expression change over a 1-h time course than did the
human neuroblastoma cell line SH-SYS5Y. Different types of volatile inhalants
induced different kinetics of gene expression change (Huitink et al. 2010).

All analgesics can have confounding effects. The nature of science rarely allows
a researcher to completely nullify all confounding factors, but safeguards can be
implemented for the attainment of cleaner data. In fact, understanding how
confounding factors affect data is one way by which new discoveries are made.
Different classes of analgesics have different mechanisms of action. Here are some
questions that will help you decide if a certain anesthetic should be avoided. (1) Are
the chemical’s mechanisms of action known to be highly active in the general
phenotype of your research model? (2) Is the protein target of the anesthetic highly
expressed in your research model? (3) If you are comparing two or more subtypes
of a cancer, does one of them express the anesthetic’s inhibitory target more than the
other? The answers to these questions may not be available before the experiment is
done, but can be obtained after tissues have been harvested. The answers may come
in handy when interpreting the data that is inconsistent with those from other studies
or suddenly inconsistent when compared to previous studies.

Examples of Rodent Anesthetics

Inhalant anesthetics include isofluorane, halothane, sevoflurane, methoxyflurane,
nitrous oxide, and ether. Anesthetics combined with Ketamine: Xylazine, Acepromazine,
Medetomidine, Midazolam. Other anesthetics are Buprenorphine is an opiod analgesic
used for pre- and post-operative purposes. Non-steroidal anti-inflammatory (NSAID)
analgesias include Carprofen, Meloxicam, Ketaprofen, Ketorolac, and Flunixin
meglumine. Local analgesics used on the area of surgical incision include Lidocaine
hydrochloride and Bupivacaine. For more information on the use of these compounds
see IACUC (2011).

Completely Thaw Frozen Plasma and Re-Suspend
Jor Cleaner Data

Many studies collect blood plasma for analysis of proteins, metabolites, etc. Plasma
is often frozen at minus 80 °C for later analysis. Plasma is a complex mixture of
proteins, carbohydrates, and metabolites. The components in plasma have different
densities and will freeze and thaw at different rates. Therefore, it will be advanta-
geous to make sure frozen plasma is completely thawed on ice and re-suspended
with a micropipette before aliquots are taken for analysis. This simple step will
yield cleaner, more repeatable data.
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Section 3: Making Sense of the Data

Collect the Endocrine and Other Organs
Jor Retrospective Analysis

Endocrine systems are integrated and communicate with each other via positive and
negative feedback loops. Harvesting tissues in a small population of mice (5-10
mice per group) from each experimental condition will provide useful information
about the global physiological status of the mice. The information from organs
outside of the tumor will provide a contextualized picture of why a tumor is behav-
ing the way it does in one treatment but not another. A tumor can be considered an
organ not just because it shares morphological similarities with the tissue from
which it arose, but also because, like organs do, it communicates with other organs
via endocrine pathways.

The following items are examples of ways in which a cancer’s effect and behav-
ior can be better understood by quantifying the characteristics of organs that it
affects. These surrogate metrics are not substitutes for direct measurements on a
tumor, but together with the direct measurements on a tumor they provide a holistic
understanding of the complex, integrated mechanisms that yield a tumor’s pheno-
type. These surrogate metrics are also great for (1) generating mechanistic hypoth-
eses, and (2) comparing incongruent mouse data sets that should otherwise be
similar. The following examples were selected because they can be measured
with a ruler or weight scale, but which organs to pick and how to measure them
(i.e. non-invasive imaging) depends on the details of the experiment and the avail-
able technologies. Organs can be fixed in formalin or other appropriate fixatives for
long-term storage and later analysis. Or, the organs can be measured and then
immediately processed for extracting live cells. Preserving an organ by formalin-
fixation is advantageous in that it allows paraffin-embedding, slicing, and histo-
logical examination. Histology can provide much more information than size and
weight alone.

The Thymus

The thymus is the organ where T lymphocytes mature. It grows rapidly after birth,
but begins to shrink at the start of puberty. However, when a mouse is stressed, the
thymus shrinks faster than usual (Dominguez-Gerpe and Rey-Mendez 2003;
Pearse 2006). Thus, thymus weight and size may serve as a surrogate measure of
inadvertent stressors that affected one treatment group but not another. Normal,
age-related shrinkage of the thymus is considered involution, while stress-induced
shrinkage of the thymus in young-adult mice is considered shrinkage. It should be
noted that in old mice, involution and atrophy may appear histologically similar
(Pearse 2006).
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The Spleen

An enlarged spleen is indicative of an activated immune system (Bronte and Pittet
2013). A difference of weight and size of the spleen between two experimental con-
ditions suggest that one condition is activating the immune system. Without further
dissection of cell surface markers and functional in vitro assays on primary splenic
lymphocytes, it is difficult to pinpoint a more detailed mechanism. However, an
enlarged spleen is indicative of an immune defense against factors that the mouse
considers as harmful. Measuring the spleen at the time of euthanasia is a simple sur-
rogate measure of differential immune activity across experimental groups of mice.

The Liver

The liver is responsible for a number of homeostatic functions, including detoxification
and response to acute infection. Part of the liver’s response is to increase in size, which
it does in response to the aforementioned insults. However, it also increases in size
in response to normal physiological hormones such as those governing pregnancy
and lactation; and it grows in response to an increased dietary intake of fat, carbo-
hydrates, and protein (Maronpot et al. 2010). Thus, the size and weight of the liver
is a surrogate measure of many potentially overlooked physiological mechanisms
underlying a cancer phenotype. It may be useful in reconciling incongruent data
between mouse experiments that should have exhibited similar results.

The Heart

One effect of a treatment or mutation on female mice may be to alter the rate of the
estrus cycle throughout the lifetime or experimental time course, as was the case for
BRCA1-/- mice (Hong et al. 2010). It may be unfeasible, or experimentally undesir-
able, to measure the exact length of multiple, consecutive estrus cycles. Furthermore,
investigators may be interested in indications that the treatment, condition, or muta-
tion that they applied onto their mice altered circulating estrogen levels beyond the
effect of normal estrus. This question is relevant when studying endocrine disrupting
agents or steroid hormones, which often interact in physiological feedback loops. In
the cases in which estrogen levels or endocrine disrupting agent levels were not
directly measured in blood plasma, the weight and fibrotic state of the heart may give
clues to altered lifelong levels of circulating estrogen. Abundant evidence supports
the role of circulating estrogen in preventing cardiac hypertrophy, cardiac thinning,
and cardiac fibrosis. In particular, the estrogen receptor-beta (ER-b) is the protein that
mediates this protective effect of estrogen. In female mice, Angiotensin II (Angll)
causes cardiac hypertrophy and collagen deposition, which is inhibited by activated
ER-b (Pedram et al. 2008). AnglI was also shown to stimulate cardiac fibroblasts to
become cardiac myofibroblasts by inducing the expression of TGFB1, which in turn
induced expression of vimentin, fibronectin, and collagens I and II; all of which
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contribute to fibrosis. Treatment with estrogen or an ER-b agonist (dipropylnitrile)
blocked all of these events (Pedram et al. 2010). The ER-b agonist B-LGND?2 is also
effective against Angll-induced cardiac pathology (Pedram et al. 2013).

The prediction of whether a treatment, condition, or mutation—if it affects life-
long levels of circulating estrogen—should increase or decrease hypertrophy and
fibrosis depends on the specifics each experiment. Nonetheless, cardiac weight can
be measured with a scale and cardiac fibrosis can be measured by immuno-staining
for collagen I, collagen II, vimentin, or fibronectin. These pieces of information will
give clues about abnormal lifelong estrogenic activity. It is worth noting that as
rodents and humans age, the heart naturally undergoes hypertrophy and fibrosis
(Anversa et al. 1990; Cornwell et al. 1991; Olivetti et al. 1991; Swynghedauw et al.
1995), so age effects should be considered and adjusted for via appropriate control
specimens. Lastly, the weight of the heart can be normalized by the length of the
tibia, to adjust for the influence of differential bodily growth rate between genders
or treatment groups (Stauffer et al. 2006).

Mammary Glands of Male Mice

Some strains of male mice maintain a small ductal structure in their mammary fat
pads throughout adulthood. These male ductal structures do not expand like the
female glands during puberty. Vandenberg and colleagues demonstrated that male
mammary ducts can be induced to grow via exposure to bisphenol A (BPA), an endo-
crine disrupting chemical and environmental pollutant (Vandenberg et al. 2013). The
expansion of the male mammary ductal system is an excellent surrogate measure to
determine if male mice within a treatment group were inadvertently exposed to
estrogenic compounds or if a treatment of interest had a feminizing effect on males.

Also see the topic entitled “Genetic Background” (Sect. 1) for why collecting
certain endocrine organs will be helpful for reconciling data or phenotypes from
different mouse strains that underwent the same experimental procedures.

The Bimodal Distribution

Investigators often compare the average measurement between two treatment groups
and use the student’s t-test (a parametric test assuming a normal distribution of the
data) or the Mann—Whitney test (a non-parametric test assuming non-normal distri-
bution of the data). For these two tests, the scatter of the data points above and below
the mean or median matters, especially for the t-test. Plotting data as scatter plots
will reveal if the data are segregated into two groups. Having two groups of data
points clustered apart from each other, separated by a few data points in between,
suggests a bimodal distribution of the data, as opposed to a unimodal distribution
where all data points clump together in one mass. Bimodal distributions may be the
result of two distinct biological situations occurring within a treatment group.
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Bimodal distributions can seem like normal “noise” or scatter in the data. But with a
sufficient sample size and similar results across multiple, independent research
groups, the treatment being studied may actually be interacting with distinct biologi-
cal conditions present within the group of mice. The bimodal distribution should be
kept in mind when studying a treatment that is not expected to yield a dramatic phe-
notype (i.e. a low dose of some biologically active agent). Low-dose or small-effect
treatments may make small perturbations that, in concert with normal variations in
physiological status, lead to eventually distinct phenotypes months to years later.

Also see the topic entitled “Appreciate the Estrus Cycle to Reduce Variation in
Data” in Sect. 1 of this chapter for a discussion of how estrus staging can reveal
bimodal distribution in data from female mice.

Circulating Tumors Cells Don’t Stay on One Side of the Mouse

Laboratories that study reagents and techniques that track a cell or a molecule
within a tumor often do this in rodents. A relatively common experimental proce-
dure is to label cancer cells by attaching a fluorescent marker, then inject the labeled
cells into only one side of the mouse, and then track the location of the marked cells
via non-invasive imaging techniques. A caveat about conclusions from such studies
is that injected cancer cells or endogenous tumors often have circulating tumor
cells. These cells leave the tumor and travel throughout the body through the blood
stream or lymphatic system. Thus, tumor cells on the left side of the mouse can and
do travel to the other side, meaning they can inhabit the other tumor. Thus, the other
side of the mouse is not a good location to inject unlabeled cells of the control
group. Data resulting from bilaterally injected mice may be confounded by the fact
that tumor cells can migrate. Also, researchers may find that the bone marrow or
organs other than the tumor exhibits the presence of the tracer. This may be due to
the fact that the circulating tumor cells have seeded or metastasized to distant sites
rather than that the fluorescent probe was metabolized and stored at the distant sites.

The Non-ubiquitous Activation of a Ubiquitous
Artificial Promoter

An artificial gene promoter may only be activated in a subset of cells in a tissue or
organ that ubiquitously expresses the transgene. An example is the mouse mammary
tumor virus (MMTYV) promoter, which is a common gene promoter that is used to
drive the artificial expression of genes within the mouse mammary gland. The
MMTYV promoter is responsive to glucocorticoids and progesterone (Bruggemeier
etal. 1991; Truss et al. 1995), both of which are a class of steroid hormones that bind
to and activate nuclear hormone receptors that then act as transcription factors. Thus,
cells that express the progesterone receptors and/or the glucocorticoid receptors will
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activate the MMTV promoter much more than cells that don’t have these protein
receptors. This becomes highly relevant for inducible knockout model systems in
which the MMTYV promoter controls the expression of Cre recombinase. Expression
of the Cre gene by the MMTYV promoter in a cell results in the excision of the target
gene that is flanked by loxp sites in that same cell. The ductal epithelium of the
mouse mammary gland contains two main layers of cells, the inner luminal epithelia
and the outer myoepithelia. The transcriptional milieu between the two layers is
distinct, reflecting their developmental origins from stem or progenitor cells: many
of the luminal cells, as opposed to none of the myoepithelial cells, express the pro-
gesterone receptor, meaning the MMTV promoter is more often activated in the
luminal compartment. Furthermore, lineage tracing and sorting studies have uncov-
ered various types of progenitor cells that are luminal-like in nature (Shehata et al.
2012; Sleeman et al. 2007; van Amerongen et al. 2012; Van Keymeulen et al. 2011),
meaning each has the potential to activate the MMTYV promoter. No matter what tis-
sue is being studied, it is good to know which cellular compartments are most likely
to activate an artificial promoter. This information will undoubtedly shed light on
mouse tumor data using artificial promoters.

Also see the topic entitled “Varied Mechanisms Can Yield the Same Phenotype:
A Shrinking Tumor” in Sect. 3 for a discussion about variations in the spectrum of
histological subtypes of tumors that yield the same phenotype of a shrinking or “cured”
tumor. That type of variation can compound with the non-ubiquitous activation of
artificial promoters in explaining incongruent mouse data that should be similar.

Varied Mechanisms Can Yield the Same Phenotype:
A Shrinking Tumor

The golden read-out of studies on anti-cancer therapies is the tumor that shrinks due
to treatment. Multiple biological mechanisms individually, but often in combination,
can give rise to the phenotype of a shrinking tumor. The most common mechanisms
are necrosis, apoptosis, senescence, dormancy, and immune clearance. The main mech-
anism by which a tumor shrinks may give clues to why two data sets derived from the
same mouse model or xenografted mouse model yielded different results.

In certain cases when independent research groups have conflicting data about
similar treatments or treatment modalities (i.e. dose, dosage patterns, priming dose
followed by full dose), it is useful to examine the histological features of the tumors
via hematoxylin & eosin (H&E) staining. For example, histology reveals not just the
presence of necrosis, but the pattern of necrosis. Different histopathological subtypes
(i.e. adenocarcinoma, squamous carcinoma, spindle cell carcinoma, etc.) can exhibit
different patterns of the aforementioned mechanisms underlying tumor shrinkage. In
the case of necrosis, the patterns can be a large, central necrotic core; a necrotic core
along the tumor border; or many small necrotic cores throughout the tumor.

Aside from histology, simply keeping a record of the macroscopic features of
tumors may yield useful information when for comparing incongruent data between
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experiments or research groups. Dissected tumors can range in color from an opaque
whiteness to a dark reddish blackness. Their texture can range from solid and firm
to soft and mushy. Tumors can spill out a viscous liquid from their middle region
when dissected, be solid, be solid with dispersed pockets of viscous liquid, or bleed
profusely. These macroscopic observations have different underlying biological
mechanisms that give rise to them, which may provide crucial information for
reconciling conflicting data sets that were expected to be similar.

The presence of different histologies and macroscopic characteristics between
two data sets that employed the same xenografted human cell line can be very telling
about why the data sets were incongruent. Excluding considerations of mislabeled
cell lines, contaminated cell lines, and inadvertent “sub-cloning” of a cell line from
the original cell line, incongruent macroscopic characteristics may indicate that the
investigators are comparing apples to oranges.

Tumors resulting from a specific transgene that is regulated by an artificial promoter
may exhibit different histologies. This may be because the transgene or transgene
system (i.e. Cre recombinase systems) was randomly activated within a population
of somatic cells. Activation of the transgenic system in a differentiated somatic cell
may give rise to a different tumor histology than would a somatic early progenitor
or late progenitor. See also the topic entitled “The Non-ubiquitous Activation of a
Ubiquitous Artificial Promoter.”

The Gut Microbiome Affects Cancer

The discovery that certain bacterial populations within the mammalian intestine can
affect cancer has been very exciting, because it revealed yet another unrealized fun-
damental physiological mechanism of tumor development (reviewed in (Poutahidis
et al. 2014; Walsh et al. 2014)). Furthermore, these discoveries suggest that there is
future potential to develop non-invasive, dietary interventions that can inhibit or
prevent cancer. In the context of data from mouse models of cancer, the gut micro-
biome immediately stands out as a confounding mechanism that has likely been the
culprit of many irreproducible or incongruent mouse experiments. Our meager
understanding of the gut microbiome’s influence on cancer is both exciting and
daunting. Like other fundamental mechanisms of physiology and cancer biology, it
is a piece of the puzzle that is itself complex, yet is sure to interact with other known
pieces of the puzzle in synergistically complicated ways.

See the topic entitled “Appreciate the Estrus Cycle to Reduce Variation in Data”
in Sect. 1 of this chapter for a discussion about how hormones of the estrus cycle
affect the immune system. The endocrinology of the estrus cycle will certainly be a
factor that influences studies about interactions between the microbiome and cancer.

Due to space limitations, only three recent mouse studies about the intersection
of the microbiome and cancer will be discussed here. They will suffice to show that
someone needs to develop a simple, cost-effective method of preserving rodent
fecal matter, or the microbes extracted from fecal matter, for future analyses. In this
way, investigators can keep a record of viable gut microbiota from their mouse
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experiments as surrogate measures to reconcile conflicting or incongruent data sets.
A consortium among research centers that agrees to process and store fecal samples
from laboratories around the world may be an option.

The first study is entitled “The Gut Microbiome Modulates Colon Tumorigenesis”
(Zackular et al. 2013). Zackular and colleagues studied the effect of altering the gut
microbiome in a mouse model of inflammation-dependent colon cancer. They found
that the proportions of different populations of bacteria changed as the mouse colon
progressed from normal, to inflamed, to tumor-bearing. Mice that received an anti-
biotic cocktail to ablate their gut microbiome had much fewer and smaller colon
tumors, showing a dramatic influence of the gut microbiome on cancer phenotype.
Furthermore, the authors inoculated germ-free mice with the feces and bedding of
tumor-bearing mice or healthy mice. The germ-free mice living in the infected bed-
ding from tumor-bearing mice eventually harbored all phyla of bacteria and 90 % of
genera of bacteria that were originally detected in the tumor-bearing mice. When
colon tumors were induced via the same carcinogenic initiation & promotion chemi-
cals as was used throughout the study, the germ-free mice living in infected bedding
had twice as many tumors, and larger tumors, than the treated germ-free mice that
were living in bedding from healthy mice.

The second study is entitled “The Intestinal Microbiota Modulates the Anticancer
Immune Effects of Cyclophosphamide” (Viaud et al. 2013). Viaud and colleagues
showed that the efficacy of cyclophosphamide (CTX), an anti-cancer agent, is
dependent upon the presence of gram-positive bacteria within the small intestine of
the mice (Viaud et al. 2013). The anti-cancer mechanism of CTX includes modulat-
ing the immune system into an anti-tumor phenotype. Viaud et al. showed that CTX
caused damage to the lining of the small intestine, which allowed certain species of
bacteria to translocate into the blood stream and mesenteric lymph nodes. Removal
of bacteria via treatment with antibiotics ablated the anti-tumor efficacy of
CTX. Furthermore, adoptive transfer of bacteria from CTX-treated mice to naive
mice activated T lymphocytes in the naive mice into an anti-tumor phenotype.

The third study is entitled “Commensal Bacteria Control Cancer Response to
Therapy by Modulating the Tumor Microenvironment” (lida et al. 2013). Iida and
colleagues studied the effectiveness of two classes of chemotherapy on tumors after
ablating the gut microbiota via an antibiotic cocktail. One therapy was treatment
with CpG-oligodeoxynucleotides along with an anti-IL-10 receptor antibody (anti-
IL-10R/CpG-ODN). This treatment is known to induce necrosis in the MC38 tumor
cells that were growing in the mouse. It does so by inducing cytokine production
from myeloid cells of the innate immune system against the tumor, followed by
activation of T lymphocytes against the tumor. However, in mice with ablated gut
microbiota, the anti-IL-10R/CpG-ODN treatment induced less necrosis and less
tumor shrinkage. This impaired reduction was also observed in Rag/—/— mice,
which lack mature T and B lymphocytes. Together, these data suggest that the gut
microbiota primarily interacts with the innate immune system as opposed to the
adaptive immune system in mediating the anti-cancer effects of anti-IL-10R/CpG-
ODN. The authors also showed that ablation of the gut microbiota also inhibited the
effectiveness of two platinum-based chemotherapy compounds, one of which can
kill tumor cells directly, without activating the immune system first.
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In summary, the above three studies emphatically underscore the importance of
the gut microbiome in modulating cancer development and chemotherapy response.
Each study presents more questions than it provides answers, meaning much remains
to be discovered.
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