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Preface

Various human diseases caused by genetics and environmental factors
significantly impact the quality of life of the patients and their families, as
well as impose a heavy economic burden on the society. We believe that the
ultimate goal of understanding human biology is to prevent and cure diseases,
and to alleviate pain and suffering, thus allowing individuals to maintain a
healthy and active lifestyle. The sophisticated biological processes and com-
plexity of the human body made it challenging for scientists to elucidate the
underlying molecular and cellular mechanisms of various diseases. This is
further complicated by ethical concerns and difficulties in obtaining proper
tissue Samples at various stages of disease progression.

The focus of this volume of Progress in Molecular Biology and Translational
Science is on animal models of human diseases. Many biological processes and
signaling pathways are evolutionarily conserved between animals, including
humans. With the powerful genetics and ease of manipulation, animal models
have greatly facilitated our understanding of the basic molecular and cellular
mechanisms underlying various complex biological processes and human dis-
eases. Here, we highlight the use of animal models to study various disease
pathogenesis and their contribution to therapeutic development. We present
some of what we believe to be the most common health issues faced by the
general public, including cancer, cardiovascular, eye, metabolic, and neurolog-
ical diseases. In addition to mouse models, this volume has included, when
possible, chapters on vertebrate and invertebrate models such as zebra fish and
Drosophila that are currently used by scientists to model the respective
diseases.

KAREN T. CHANG AND KYUNG-TAI MIN
Los Angeles, California
Bloomington, Indiana
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2 FEN WANG

The progression of prostate cancer is a slow and multiple-step process;
clinically detectable prostate cancer normally manifest in aged men, although
the lesions may have originated much earlier in life. Animal models that mimic
the initiation, progression, and metastasis of human prostate cancer are needed
to understand the etiology of prostate cancer and to develop new treatments.
Recent progress in mouse genetic engineering technology has led to generation
of a series of mouse models for prostate cancer research, which have been
widely used for testing impacts of a single or combinations of several gene
alterations on the onset, progression, and metastasis of prostate tumors, as well
as for assessing the effects of environmental, clinical, and preclinical drugs for
prostate cancer prevention and treatment. Although it is possible that no single
“perfect” model can recapitulate every aspects of this highly heterogeneous
disease, it is expected that the models mimicking certain aspects of prostate
cancers will continue to provide preclinical guide to treat this prevalent disease.

l. Introduction

The prostate is an accessory gland of the mammalian male reproductive
system, which produces prostatic fluid that contributes to 25-30% of the
volume of the semen. Its morphology varies considerably among mammals.
Human prostate is an acorn-shape gland that sits under the bladder and in front
of the rectum. Adenocarcinoma of the prostate has become the most common
cancer in American men; more than 217,000 new cases are diagnosed every
year in the USA alone. Prostate cancer is responsible for more than 32,000
deaths in America per year; the mortality rate is second only to lung cancer."
The human prostate has three histologically distinct regions: the peripheral
zone, the transition zone, and the central zone. About 85% of human prostate
cancer arises in the peripheral zone, whereas benign prostatic hyperplasia
(BPH), a nonmalignant overgrowth that is fairly common among aging men,
occurs mainly in the transition zone." The progression of prostate cancer is a
slow and multiple-step process. Early prostate tumor is organ-confined, re-
sponsive to androgen deprivation, and is often surgically curative. At advanced
stages, however, the tumors frequently metastasize primarily to bones, lymph
nodes, and the lung and become castration resistant. Metastatic prostate cancer
usually is lethal, and there is still no cure for men with this advanced disease.
Although prostate cancer may originate as localized lesions early in life, most
prostate cancer patients may have clinical symptoms only after they are over
60 years of age. Therefore, animal models that mimic the processes of onset,
progression, metastasis, and escape from hormone therapies in human prostate
cancer are needed to develop new therapeutic strategies for prostate cancer
prevention and intervention.
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Unlike human prostate that has an acorn-shaped morphology, rodent
prostates have four pairs of lobes: the anterior prostate (AP, also known as
the coagulating gland), dorsal prostate (DP), lateral prostate (LP), and ventral
prostate (VP) lobes. The dorsal and lateral lobes are often collectively referred
to as the dorsolateral prostate (DLP) lobes. These morphologically and histo-
logically distinct lobes are arranged circumferentially surrounding the urethra.
They display characteristic patterns of ductal network and produce lobe-
specific sets of secretory proteins. Although the human and rodent prostates
are morphologically different, they have an overall similar histology structure,
which consists of epithelial and stromal compartments separated by basement
membranes. Furthermore, histology and gene expression similarities between
human peripheral zone and the rodent DLP suggest that they are structurally
and functionally equivalent.z’3

Despite the differences in details of organ morphology and tissue histology,
mouse and human prostates share extensive similarities in basic cellular and
molecular biological features (Fig. 1). The rodent and human prostates have
overall similar intimate two-way regulatory communications and symbiosis
between epithelial and stromal compartments. Similar to human prostate, the
mouse prostatic epithelium has three major cell types, luminal cells, basal cells,
and neuroendocrine (NE) cells. These three major cell types can be distin-
guished by their morphological characteristics, molecular markers, secretory
proteins, and relevance to progression of prostate tumors. Luminal cells are the
predominant cell in the prostate epithelium, which are androgen-dependent
and produce secretory proteins. The luminal epithelial cells are characterized
by the expression of the androgen receptor (AR), cytokeratins 8 and 18, and the
cell surface marker CD57, which are also exhibited in most human prostate
cancer cells. The basal cells are located between the luminal cells and the
basement membrane, which are characterized by the expression of cytokeratin
5, cytokeratin 14, CD44, and p63. Although some basal cells are AR positive,
most basal cells do not express the AR. Although the function and the cell
lineage of basal cells remain controversial, evidence reveals that epithelial stem
cells and transient amplifying cells of the prostate reside in the basal cell
compartment.*” The NE cells are a minor population of uncertain embryolog-
ical origin believed to provide paracrine signals to support the growth of
luminal cells.*” NE cells can be identified by expression of synaptophysin,
chromogranin A, and synaptic vesicle protein 2. Regardless that most prostate
cancer exhibits luminal epithelial markers and loses basal cell markers, both
luminal and basal cells are reported to be the cells of origin of prostate
cancer.>?

The stromal to epithelial cell ratio is 5:1 in human and 1:1 in rodent
prostates.'’ Despite this major histological difference between human and
rodent prostates, both rodent and human prostate stroma are mainly composed
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Fic. 1. Compartmentalization of the prostate. The prostate epithelium consists of secretory,
basal, and neuroendocrine (N) epithelial (E) cells, separated from the stroma by the basement
membrane. Testosterone, converted to dihydrotestosterone (DHT) within cells, controls direction-
specific paracrine and autocrine factors in both the stroma and epithelium, which interact with their
cognate receptors and mediate regulatory functions of the androgens. The growth factor signaling
pathways also modulate the expression and transactivation activity of the androgen receptors. These
regulatory communications between the stroma and epithelium control the growth, differentiation,
and apoptosis of the prostate cells and are important for maintaining tissue homeostasis in the
prostate and androgen-dependent nonmalignant tumors.

of specialized smooth muscle cell (SMC)-like and diverse other nonparenchy-
mal cell types, including matrix-producing fibroblast-like cells, cells contribu-
ted by innervations, the immune system, and the circulatory system. The SMC-
like cells, which express o-smooth muscle actin, intimately associated with and
surround the epithelial cells. The fibroblast-like cells and other stromal cells
are more dispersed within the stromal matrix. In rat prostate tumors, the
reduction of SMC-like cells in respect to the number and degree of differenti-
ation is found to be associated with the progression to malignancy.” Since loss
of SMC-like cells and dominance of the undifferentiated fibroblast-like cells
are found associating with tumor progression in rat prostate tumor models, it
appears that the epithelial cells are essential for maintaining the properties of
SMC-like cells as well as the overall cellular composition of the stroma.!
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Although rodent prostates seldom develop spontaneous prostate tumors,
Dr. W.F. Dunning of the University of Miami observed a spontaneous papillary
adenocarcinoma of DP of a Copenhagen rat in 1961,'2 which was designated as
the Dunning tumor. The tumor can be maintained in male syngeneic Copen-
hagen rats. After a series of passages in both intact and castrated hosts, several
sublines of tumors had been developed, including both hormone-sensitive and
-insensitive tumors.'® The progression of the Dunning tumor model recapitu-
lates what happens during human prostate tumor progression and has been
widely used to understand how prostate tumor progress and become castration
insensitive.'* Yet, genetic manipulation in rats is not well established, which
limits the development of new prostate tumor models in rats and hinders in-
depth investigation of the onset, progression, metastasis, and relapse of pros-
tate cancer at the molecular level.

Recent progress in mouse genetic engineering technology, including forced
expression and gene ablation, has led to the generation of a series of genetically
engineered mouse (GEM) models of human prostate cancer to mimic human
prostate tumor initiation, progression, and metastasis. These models are gen-
erated based on potential etiological factors of human prostate cancer, such as
inducing genetic instability or deregulating cell signaling, which cause dysre-
gulation of proliferation, differentiation, apoptosis, homeostasis control, and
other cellular activities. The major advantage of GEM models is that they
provide a model system for evaluating the role of a single gene and its interac-
tion with other genes or environmental factors in prostate cancer initiation,
progression, and metastasis. These models can be used for testing new thera-
peutic or preventive agents in intervention and prevention of prostate tumor
progression at various stages and for identifying molecular mechanisms by
which these therapeutic and preventive agents exert their actions.

Il. Technologies for Creating GEM Models

A. Overexpression

A wide spectrum of genes has been shown aberrantly expressed or mutated
in prostate cancer cells, implying their roles in the onset, progression, metasta-
sis, and relapse of prostate cancer. Therefore, forced expression of these genes
in the prostate will provide in vivo assay systems to scrutinize their roles in
prostate cancer. Generally, the mice that overexpress genes of interests in
targeted tissues can be categorized into two types, transgenic mice and knockin
mice. The conventional transgenic mice are the most common ones, which are
referred to mice carrying an artificial gene or exogenous cDNA that is intro-
duced into the mouse genome by microinjection into the pronucleus of
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fertilized eggs. A typical transgene includes a promoter that target the expres-
sion to specific cell types, a short intronic sequence that is required to ensure
the integrity of mature mRNAs, a cDNA that encodes the protein of interest,
and polyadenosine addition sites. Normally, multiple copies of the transgene
are integrated into the genome randomly in tandem repeat manner. Although
expression of the transgene is driven by the promoter, the chromatin structure
of the insertion site strongly affects the expression level. The impact of the
chromosome structure, however, at least partly, can be overcome by inclusion
of an insulator element in the transgene. An insulator is a DNA fragment that
associates with strong DNase 1 hypersensitive sites and tends to separate
chromatin domains with different degrees of condensation, thus, minimizes
negative effect of chromosome structures.'” The transgenic technology pro-
vides an easy and time-saving way to create overexpression models. A highly
active and tissue-specific promoter is critical for targeting the expression to a
specific cell type. Yet, the expression levels vary with each strain, and insertion
of the transgene may impact or disrupt normal function of the inserted allele.
Thus, precautions have to be taken in phenotype analyses.

The “knockin” technology is another way to create forced expression
models in which the coding sequence of a protein of interest is inserted
precisely into a desired genomic location by genetically engineering technology
in mouse embryonic stem (ES) cells. The expression of the knockin coding
sequence is controlled by the normal transcriptional machinery of the knockin
allele. The advantage of knockin models is that the expression pattern and the
outcome of disruption of the host allele are predictable. One common allele for
ubiquitous expression without obvious side effects is the ROSA26 allele.'® Yet,
this is a time-consuming and tedious way to generate knockin mice, and
sometimes, the expression level may not be high enough. Together with either
the Cre/loxP recombination or other gene expression regulatory mechanisms,
such as the tetracycline controlled gene expression system, more sophisticated
expression systems have been used to express genes of interest in mice. Instead
of being directly controlled by the promoter only as in conventional transgenes,
expression of these conditional expressing transgenes is further regulated both
temporally and spatially either by Cre/loxP mediated recombination or by
tetracycline regulatory transcription factors.

1. PROSTATE-SPECIFIC PROMOTERS

The rat probasin (PB) promoter and its derivatives, which include the
minimal PB promo’(er,]7 the long 12 kb PB plromoter,18 and the composite
ARR2PB promoter,19 are the most commonly used promoters for targeting
expression of genes of interest to the prostate epithelium. PB is an abundant
protein that belongs to the lipocalin superfamily. PB is located in the nucleus of
prostate and seminal vesicle epithelial cells, as well as in prostatic secretion
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fluids. The LP has the highest expression level of PB, followed by the dorsal,
anterior, VP, and seminal vesicles. The expression of PB reaches the maximum
level when the mice become sexually mature; androgen ablation quickly
decreases PB expression, indicating that the expression is regulated by andro-
gens. Detailed characterization reveals that two distinct AR-binding sites,
ARBS-1 and ARBS-2, are required for maximal androgen-induced gene
expression.zo

The minimal PB promoter includes 426 basepairs of the PB gene immedi-
ately upstream of the translational initiation sites and 28 basepairs of the
5'-uncoding region downstream of the transcription initiation site. It targets
transgene expression specifically to epithelial cells in LP, DP, and VP at
moderate levels and the AP and seminal vesicles at low levels.'” The transcrip-
tion activity of the minimal PB promoter can be detected as early as 2 weeks
after birth. The expression reaches maximal level by 7 weeks, which is corre-
spondent to the sexual maturation. The minimal PB promoter has been widely
used for expressing transgene in the prostate epithelium. The modest level of
transcription of the minimal PB promoter makes it suitable for expressing gene
products with high impact even at low expression levels, such as viral onco-
genes. However, it is unsuitable for expressing genes that need high expression
levels to have impacts. A large PB (LPB) promoter fragment composed of 12 kb
upstream sequence of the PB transcription initiation site is used to achieve high
level expression in the prostate epithelium.21 Similar to the minimal PB pro-
moter, the expression activity of the LPB promoter is also androgen regulated.
However, its bulky size makes it difficult to handle and reduces the efficiency of
cloning and genomic integration.

A composite ARR2PB promoter has been made in which the inhibitory
sequence between —426 and — 287 in the PB promoter was removed and
replaced with two copies of the AR response region of the PB promoter.19 The
composite promoter, although small in size, confers high androgen-dependent
expression of transgenes in the prostate epithelium. Compared to previous PB
promoter, ARR2PB driven expression is more consistent and at high levels.
However, low level activity has been noted in some other tissues, suggesting
that the specificity may have been compromised as a cost of high expression
levels. In vitro experiments also show that the ARR2PB promoter gives basal
expressions in PC-3, LNCaP, and DU145 prostate cancer cell lines and the
expression is significantly induced by androgens, whereas in nonprostatic cell
lines, the transcription activity is very low and not androgen responsive.

Prostate-specific antigen (PSA) is a kallikrein-like serine protease that is
almost exclusively expressed in human prostate luminal epithelial cells, and its
expression is androgen regulated. The 4 kb immediately upstream sequence of
the PSA coding sequence, which includes the proximal promoter and a strong
enhancer region, has been used to direct expression of transgenes in the
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prostate epithelium. The promoter delivers transgene expression to the LP by
8 weeks after birth at an androgen-dependent manner. The expression declines
after androgen deprivation and can be restored by androgen replenishment.zz’23
In addition to the PB and PSA, several other promoters have been used to target
expression of transgenes to the prostate epithelium with various degrees of
specificities, which include the C3(1) promoter,24 the fetal G-globin pr01n0ter,25
the gp91-phox promotelr,26 the cryptdin 2 plromotelr,27 MMTV,2® and the 3.8-kb
fragment of the PSP94 plromotelr.29 Currently, no prostate basal cell- or stromal
cell-specific promoters have been reported. Although not prostate specific, the
p63 promoter is an obvious candidate for the basal cells since p63 is specifically
expressed in basal cells, but not in luminal epithelial and stromal cells of the
prostate. The generally stromal-specific fibroblast-specific protein-1 (fsp1) pro-
moter has been used to express Cre recombinase in stroma cells, which has been
shown to effectively ablate target genes in prostate stroma.>*3!

B. Gene Targeting

Loss of function of tumor suppressors, such as Pten and p53, etc., through
mutation, deletion, or epigenetic modification, is also common in prostate
cancer. Analyzing mutant mice deficient in genes of interest is important in
determining the function of these genes in the onset, progression, metastasis,
and relapse of prostate cancer. Gene ablation based on homologous recombina-
tion in mouse ES cells enables the production of mutant ES cells that carry one
mutant allele of gene of interest, which are subsequently used to generate
chimeric mutant mice via microinjection to blas’tocysts.82 If the ES cells have
germline integration, the heterozygous mutants can be generated via breeding.
In some cases heterozygous mutant mice are sufficient, but, in most cases,
homozygous mutant mice are needed to produce phenotypic changes. The
convention method is to directly delete a segment of DNA via homologous
recombination, which has been widely used to generate genome-wide knock-
out, also known as germline knockout. This conventional method has been used
to investigate genes that contribute to the onset and progression of prostate
cancer. However, if their disruption leads to embryonic lethality or severe
abnormalities in mice, this approach does not permit evaluation of function of
those genes in prostate cancer since prostate diseases only occur in adult
animals. Furthermore, dissecting the role of genes specifically in the prostate
is often complicated by systemic defects since germline knockout mice have the
deletions in all cells and tissues. Abnormalities observed in the prostate
may arise indirectly from developmental defects or functional defects in
other organs.

The Cre/loxP- and the Flp/FRT (Flp recognition target)-mediated DNA
recombination systems provide a more sophisticated technology for spatially
and temporally specific gene ablation. Together with prostate specifically
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expressed Cre or Flp recombinase, this technology greatly increases the power
to functionally study the genes of interest in the prostate, especially those
needed for embryonic development. The Cre/loxP system is derived from the
bacteriophage P1 in which the Cre recombinase binds to two loxP sites and
mediates recombination of the sequence flanked by two loxP sites.®® If the two
loxP sites are inserted in the genomic DNA in the same orientation, the
recombination results in looping out the sequence between the two sites,
leaving a single loxP site in the original DNA. If the two loxP sites are inserted
in opposite directions, the recombination results in changing the direction of the
intervening sequence. The loxP elements and a selection marker are normally
inserted in the intronic sequences flanking the target coding sequence, which
usually may not affect expression of the alleles. Therefore, together with trans-
genic mice that express the Cre recombinase in a tissue-specific manner, the
Cre/loxP recombination is widely used for a temporally and/or spatially specific
ablation of genes of interests. In addition to the Cre/loxP system, the Flp/FRT
system has also been used for conditional gene ablations. The Flp recombinase
is encoded by the yeast plasmid and catalyses a site-specific recombination
reaction between two FRT sites.>*3 Adding temporal regulation of Cre or
Flp expression or activity further allows us to control gene ablation at a specific
time point. The tetracycline-regulatable expression system has been increasing-
ly used to control the Cre expression.36 Fusion of the Cre recombinase and a
mutated hormone-binding domain of the human estrogen receptor results in a
chimeric protein, Cre-ER™. Since the Cre-ER™ fusion protein can only be
translocated to the nucleus and elicits its recombination activity in the presence
of tamoxifen, the Cre-ER™ mediated recombination is strictly under control of
4-hydr0xytam0xifen.37 The combination of tissue-specific expression and
ligand-dependent Cre recombination will further provide precise timing and
cell type-specific controls of gene disruptions.

1. ProsTaTE-SPECIFIC CRE LINES

The first prostate epithelial-specific Cre line, PB-Cre, was generated by
using the minimal PB promoter to target expression of the Cre in prostate
epithelial cells.® Although the recombination efficiency is not high, the Cre
driver is able to mediate the deletion of the floxed retinoblastoma (Rb) alleles in
all lobes of the prostate, with the highest in VP and the lowest in AP. A second
line of prostate-specific Cre transgenic line was generated subsequently,
named PB-Cre4,” which carries the Cre ¢DNA under the control of the
ARR2PB composite promoter. Expression of PB-Cre4 is postnatal and prostat-
ic epithelium specific. Although the Cre recombination is detected in all lobes
of the mouse prostate, the expression levels vary significantly in different lobes,
being highest in the LP, followed by the VP, and then the DP and AP. Except for
a few scattered areas in the gonads and the stroma of the seminal vesicle, no
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other organs in adult PB-Cre4 mice demonstrate significant Cre expression.
A third prostate epithelium-specific Cre driver, ARR2PBi-Cre, was generated
with the similar strategy,40 in which the expression of modified Cre recombi-
nase*! is driven by the ARR2PB composite promoter. An insulator element
from the chicken globulin locus is inserted at the 3’-end of the transgene to
minimize negative effects on transcription of the transgene imposed by chro-
mosome structure. The ARR2PBi-Cre transgenic mouse specifically and uni-
formly expressed Cre recombinase in all lobes of the prostate, seminal vesicles,
and ductus deferens. Compared with the other two prostate-specific Cre
strains, the ARR2PBi-Cre strain exhibits higher and more uniform expression
of Cre recombinase in the prostate, although it is also expressed in seminal
vesicles and ductus deferens.*”

The human PSA promoter is also used to deliver expressions of Cre*? and
Cre-ERT?2 fusion proteins to the prostate epithelium.4' The line PSA-CreD4
shows high, prostate-specific Cre activity in all lobes. PCR analysis shows that
no other tested tissues exhibit Cre expression, which has been used to disrupt
Pten alleles in the prostate epi’(helium.42’44 The PSA-ERT?2 is also specifically
expressed in the prostate, with the highest expression in the DLP and lowest
expression in the AP.

In addition, two knockin Cre lines, Nkx3.1¢7 and Nkx3.1¢“F*R"2 have been
generated by knockin of the cDNA for Cre and Cre-ERT?2 fusion proteins into
the Nkx3.1 allele, which are expressed in the precursors for prostate epithelial
cells at embryonic day 17.0 when the prostate bud is formed. Although both
Cre drivers are expressed in many organs, in the prostate, they are only
expressed in the epithelium, which provide useful tools for studying genes of
interests in prostate development‘ﬁ’46 and in prostate stem cell research.’

lll. Prostate Tumor Models Driven by SV40 T Antigens

The T/t antigens are the early genes of simian virus 40 (SV40), which
include that large T and small t antigens. The large T effectively abrogates
function of tumor suppressors, p53 and Rb, and causes genetic instability.
In addition to suppressing p53 and Rb, the small t antigen also inhibits PP2A
protein phosphatase activity, leading to overactivation of the MAP kinase
pathway. Although the T/t antigens are not natural causes of human prostate
cancer, they induce onset and progression of prostate tumors by disruption of
genetic stability and unleashing cell signaling pathways that promote the tumor
phenotype. In fact, several T/t antigen-driven mouse models resemble the
development and progression of human prostate cancer in many aspects at
an accelerated pace, which greatly facilitate mechanistic and preclinical studies
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of prostate cancer. These models have been widely used for screening potential
dietary factors and drugs for prevention and intervention of the onset, progres-
sion, and metastasis of prostate cancer.

A. The Autochthonous TRAMP Model

The autochthonous TRAMP (transgenic adenocarcinoma of the mouse
prostate) model was developed based on the minimal PB promoter to direct
expression of the T/t antigens to the mouse prostatic epithelium.47 The T/t
antigens are expressed in epithelial cells of VP and DP at moderate levels,*”
which can be detected at the age of 4 weeks when the mice are reaching sexual
maturity. The combination of repression of tumor suppressors p53 and Rb and
overactivation of the MAP kinase pathway causes prostate adenocarcinoma in a
high incident rate. The TRAMP mice develop early prostatic intraepithelial
neoplasia (PIN) by 6 weeks, and mild- to high-grade PIN by 12 weeks. At
24 weeks, approximately 100% of male mice have poorly differentiated and
invasive adenocarcinomas. Metastases mainly to the periaortic lymph nodes
and lungs can be detected as early as 12 weeks of age. Although the bone is the
most common metastasis site of human prostate cancer, the TRAMP tumors, as
other GEM prostate tumor models, rarely metastasize to bone.*® The molecu-
lar mechanism underlying this difference is unknown. Therefore, to study the
differences between human and mouse prostate tumors and to develop mouse
prostate tumor models that have bone metastasis will provide hints for screen-
ing new therapeutic reagents for bone metastasis of human prostate cancer.

At early stages, the TRAMP tumors are androgen sensitive; castration of
TRAMP mice at 12 weeks causes a regression of prostate tumors along with the
normal prostate.‘lg’50 Similar to the human disease, although the castration at
12 weeks is curative in about 20% of TRAMP mice, the majority of the TRAMP
tumors progress to poorly differentiated and androgen-insensitive cancers with
frequent metastases by 24 weeks. As observed in human prostate cancer,
TRAMP cells also undergo the epithelial-mesenchymal transition (EMT)
marked by the loss of E-cadherin at later stages, as the primary tumors become
poorly differentiated and metastasize. Therefore, the TRAMP model provides
a consistent source of primary and metastatic tumors for histopathobiological
and molecular analysis to further define molecular events involved in the onset,
progression, metastasis, and relapse of prostate cancer.

TRAMP-C1, TRAMP-C2, and TRAMP-C3 are the immortalized epithelial
cell lines derived from primary TRAMP tumors.”" All three cell lines express
cytokeratin, E-cadherin, and AR. TRAMP-C1 and TRAMP-C2, but not
TRAMP-C3, cell lines are tumorigenic when grafted into syngeneic C57BL/6
hosts. The three cell lines represent various stages of cellular transformation
and progression to androgen-independent metastatic disease, which have been
widely used as an in vitro system parallel to the original mouse model for
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investigating molecular and cellular mechanisms underlying prostate tumor
progression, and for screening therapeutic agents for prostate tumor
treatments.

It has been suggested that TRAMP tumors may represent prostatic NE
tumors, since the NE differentiation markers may occur in early stages of PIN
lesions, especially in mice with the FVB genetic backgr()und.s2 Yet, systematic
studies of NE differentiation in the TRAMP mice reveal that foci of synapto-
physin, a NE differentiation marker, are detected in 2.5% of a total of 162 PIN
lesions. No synaptophysin is detected in any of the well-differentiated or
phylloides-like lesions. Synaptophysin can be detected in 92% of poorly differ-
entiated regions. However, when mice are castrated, synaptophysin is detected
in 100% of poorly differentiated regions.53 Of the seven metastatic lesions
analyzed, four pelvic lymph node metastasis expressed synaptophysin, but the
other metastatic lesions (liver, salivary gland, and mesenteric lymph node) did
not. Thus, it is likely that the emergence of the NE differentiation is a stochastic
event in the TRAMP model and is generally associated with end-stage and high-
grade prostate cancer. Focal NE differentiation has been detected in nearly all
clinical prostatic adenocarcinomas at late stages and has been associated with
aggressive human prostate tumors and hormone refractory disease, which is
thought to be of prognostic value. Approximately 10% of prostate cancers show
more extensive NE features even at the early stages, which are classified as NE
tumors. Similarly, all transgenic mouse prostate tumor models that have high
metastasis rates exhibit NE differentiation at different extents. It is interesting
that the most late-stage TRAMP tumors display the NE differentiation and that
the genetic backgrounds of the mice affect NE differentiation in TRAMP
tumors. Comparing the TRAMP tumors in different genetic backgrounds to
identify genes that can modify the NE differentiation should shed new light on
whether NE differentiation contributes to prostate tumor progression.

B. The LADY Model

The LADY prostate tumor model was created by using the 12-kb LPB
promoter to deliver SV40 large T antigen expression to the prostate epitheli-
um.>+% Using the large T antigen alone eliminates influence of the small
t antigen that causes overactivation of the MAP kinase pathway. The LPB-
Tag mice developed multifocal epithelial hyperplasia in the prostate by
10 weeks, which continued to progress to hyperplasia across the entire epithe-
lium and then to low-grade dysplasia. With advancing age, the mice gradually
developed the following lesions in sequence: low-grade PIN, high-grade PIN,
microinvasion, invasive carcinoma, and poorly or undifferentiated carcinoma
with NE differentiation, which is similar to that observed in human prostates.
Initially, the LADY tumors are androgen dependent since the tumors regress
quickly after the mice are castrated, and androgen replenishment restores both
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the original epithelial/stromal cell ratio and tumor growth. Yet, a small popula-
tion of prostatic epithelial cells in castrated animals continues to proliferate
after castration, indicating the potential for castration-resistant growth.

Although local invasions are commonly observed, the LADY mice generally
develop prostate adenocarcinoma without metastasizing to distal organs. How-
ever, one LADY line, 12T-10, frequently has metastasized tumors. Similar to
other LADY lines, the 12T-10 line develops PIN lesions first and invasive
carcinoma at late stages. Metastatic frequency is 66% in mice at 6 months of
age, and 88% at 9 months. The common targets are regional lymph nodes, liver,
and lung. Interestingly, the high mitotic activity of NE cells in the 12T-10 line
resembles those seen in human small cell carcinoma of the prostate. This
contrasts to the relatively low mitotic rate of NE cells in prostate adenocarcinoma,
raising the possibility that the 12T-10 line may be a useful model for
elucidating the processes involved in initiation and progression of small cell
carcinoma.

C. The T]g] Model

The Tis; model was created by using the ARR2PB promoter to drive
expression of a truncated NHy-terminal domain of SV40 large T antigen that
includes 121 amino acids (T}g;) in the prostate epithelium. The Ty mutant only
specifically inactivates pRb and leaves p53 and other T antigen targets function-
ally intact. The TgAPT5; transgenic mice exhibit highly abnormal epithelial
proliferations accompanied by Pten-dependent apoptosis and develop
widespread PIN lesions by 2 months of age. The epithelium is characterized
by nuclear atypia and loss of single layer architecture. By 4 months, the PIN
lesions slowly reach the microinvasive stage and then well-differentiated prostate
adenocarcinoma in all animals. Pten hemizygosity reduces apoptosis by 50% and
accelerates progression to adenocarcinomas in the TgAPTg; transgenic mice.”®
It is suggested that inactivation of pRb is sufficient to induce aberrant prolifera-
tion and abundant apoptosis in prostatic luminal epithelial cells and that
TgAPT;2; mice likely mimic the initiation of prostate cancer caused by dysfunc-
tional pRb pathways that are observed with high frequency in early stages of the
human disease.

Interestingly, disruption of p53 results in increased mesenchymal cell prolif-
eration that leads to an extensive hypercellular mesenchyme in the TgAPT;o;
prostate during early onset and progression of the tumors, while epithelial
apoptosis and proliferation is unaffected.”” The results reveal that mesenchymal
response in TgAPTy; prostate is increased due to p53 deficiency, and that
development of tumors in TgAPT)5; mice is facilitated by p53 deficiency.
Furthermore, disruption of the epithelial cell cycle via inhibiting pRb induces
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P53 response in the stroma and suppresses stromal proliferation, suggesting that
the interplay among multiple cell types imposes strong a selective pressure
yielding a highly proliferative mesenchyme that loses p53.

D. The PSP94-TGMAP Model

The PSP-TGMAP is generated by using the 3.8-kb promoter fragment of
PSP94 (prostate secretory protein of 94 amino acids) to target T antigens to the
prostate epithelium.”® At about 10 weeks of age, all male mice develop prostate
hyperplasia that progress to well-differentiated adenocarcinoma by 24 weeks.
The tumors further progress to castration insensitive and metastasize to
periphery organs as the age advances. A T antigen knockin model has been
created by inserting the T antigen-coding sequence to the PSP94 locus
(PSP-KIMAP).>® Compared with the original transgenic model, PSP-
TGMAP, the PSP-KIMAP mice develop tumors at a younger age, and the
tumor development is more predictive and has no founder line variations.

E. Nonprostate-Specific T Antigen-Driven Models

In addition to using prostate-specific promoters, several other promoters
that are not prostate epithelium specific are also used to drive expression of
T antigens in multiple organs. The Ggamma/T-15 transgenic mice were gener-
ated using the fetal globin promoter to direct T antigen expression in adult
prostates.6() The mice develop tumors within VP and DP at first, rapidly grow in
the pelvic region, and then metastasis to lymph nodes and distant sites. About
75% of heterozygous and 100% of homozygous transgenic males develop
prostate tumors. The tumorigenesis and progression is androgen independent,
since castration shortly after prostate morphogenesis does not prevent tumor
development. The advanced tumors exhibit both NE and epithelial pheno-
types, but the epithelial differentiation markers are often lost early in tumor-
igenesis. Interestingly, expressions of the T antigen-binding tumor suppressers
(p53 and Rb) are upregulated in Ggamma/T-15 tumors, and the expression of
the B-cell lymphoma-2 (Bcl-2) proto-oncogene is also slightly upregulated. As
the tumor arises from both NE and luminal epithelial cells, the Ggamma/T-15
transgenic mice provide a good model system for studying NE tumors and how
NE differentiation contributes to prostate tumor progression.

C3(1)/SV40 T mice have been generated by using a 4.5-kb fragment of the
rat [C3(1)] promoter to drive expression of T antigens.24 The VP and DLP
develop low-grade PINs at 2 months and high-grade PINs by 5 months.
Prostate carcinomas, appearing to arise from PIN lesions, are normally found
by 7 months in the VP and 11 months in the DLP. Most adenocarcinomas in the
C3(1)/SV40 T mice are locally invasive. The main disadvantage of the C3(1)/
SV40 T model is that the transgene is also expressed in other tissues including
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mammary, thyroid, and salivary glands. Nevertheless, the progression of PIN to
invasive prostate carcinoma in the C3(1)/SV40 T mice appears to be similar to
the process occurred in humans.

Cryptdin-2/SV40 T mice have been generated by using the 6-kb mouse
cryptdin-2 promoter to direct expression of T antigen to a subset of NE cells in
the pros’tate.27 Transgene expression is initiated between 7 and 8 weeks of age
in all prostatic lobes. The mice develop PIN lesions within a week afterward,
which progress rapidly and the tumors invade lymph nodes, liver, lung, and
bone by 6 months in an androgen-independent manner.

Although cytochrome b heavy chain (gp91-phox) is expressed exclusively in
terminally differentiating cells of the myelomonocytic lineage, male gp91-phox
T transgenic mice that carry T antigens driven by the gp91-phox promoter
unexpectedly express the T antigens in the prostate and develop prostate
tumors,?® which are characterized as androgen-independent neuroblastomas.

IV. Protooncogene-Driven Models

A. c-Myc Overexpression Models

The Myc family includes c-Myc, N-Myc, and L-Mye, which are basic helix-
loop-helix/leucine zipper (M HLH/LZ) transcription factors that are involved in
regulating expression of up to 15% of all genes. c-Myc functions as a master
regulator of genes that regulates diverse cellular processes including cell
proliferation, differentiation, and apoptosis. Gain of function mutant of Myc
has been shown to have strong oncogenic properties. Myc amplification and
overexpression has been detected in many human cancers. Up to 30% of
prostate tumors exhibit an increased c-Myc gene copy number or expression
levels. In addition, elevated c-Myc expression is frequently observed in early
stages of PIN lesions. Transgenic mice that express human c-Myc have been
generated, in which the expression of the Myc transgene is controlled either by
the PB promoter or by the composite ARR2PB promoter,61 The PB-Myc
transgenic mice have a low level of Myc expression and are designated as
Lo-Myc. The ARR2PB-Myc mice express Myc at high levels and are
designated as Hi-Myc.

The prostates expressing c-Myc exhibit a high rate of proliferation and
apoptosis. However, c-Myc induced high rate proliferation overcomes the
apoptosis and results in rapid development of PIN. In addition, expression of
c-Myc also increases angiogenesis; increased vascular density has been
detected in the prostate as early as in 2-month-old transgenic animals. The
PIN lesions progress to invasive adenocarcinomas by 3-6 months in the
Hi-Myc mice and by 10-12 months in the Lo-Myc mice, suggesting that



16 FEN WANG

progression of the disease is c-Myc expression level dependent. Frequently, the
atypical epithelial cells are often found penetrating through the basement
membrane and the fibromuscular layer in these mice, indicating local invasion
of the lesion. Furthermore, lymphovascular invasion also has been detected in
some cases. Castration of the Myc transgenic mice at 2 months of age causes
complete regression of PIN within 1 month after the castration, which is
correlated with the absence of detectable c-Myc expression. This indicates
that the PIN phenotype requires constant expression of Myc and is reversible.
Although castrating c-Myc transgenic mice at 8 months of age results in regres-
sion and fibrosis, all these mice have residual tumors present even after 5 months
after castration. The AR signaling is inactive and the Myc transgene is not
expressed in these castration-resisting tumors. Yet, the tumors fail to fully
regress, suggesting that genetic events have occurred that maintain survival of
tumor cells independent of c-Myc and that the lesion is irreversible at this stage.
A similar strategy using the rat C(3)1 promoter to drive c-Myc expression only
leads to PIN development without causing tumor development in the pros-
tate.% The discrepancy in phenotypes likely is due to different expression levels.

B. Ras Overexpression Models

As a small GTPase, the activation of Ras depends on the binding to
guanosine nucleotides, GTP (guanosine triphosphate). Like other members
of the G-protein family, Ras functions as a binary molecular switch that controls
a number of intracellular signaling networks regulating cellular processes,
including proliferation, differentiation, apoptosis, adhesion, and migration.
Three highly homologous genes encode human RAS, designated as H-Ras,
K-Ras4A and K-Ras4B (the two K-Ras proteins arise from alternative gene
splicing), and N-Ras, since they are first identified in Harvey, Kirsten sarcoma
viruses, and neuroblastoma, respectively. Ras-regulated signal pathways are
often deregulated in cancers, leading to increased invasion and metastasis
accompanied by decreased apoptosis. Probasin-H-RAS"'? (PB-H-RAS*"'2)
transgenic mice have been generated in which the prostate epithelial expres-
sion of an activated RAS""'? mutant is driven by the minimal PB promoter. The
prostate initially is normal, but develops atypical hyperplasia within 3 months.
Consistent with activating RAS increases proliferation, a significant proportion
of the prostates display PIN foci, which cover from 57% of the prostate in
young adult mice to 19% of the prostate in old mice.®® The PB-RAS transgenic
prostates exhibit multifocal intestinal metaplasia wherein the epithelial cells are
vacuolated cells similar to goblet cells of the intestinal epithelium. High levels
of the goblet cell-specific peptide Itf/T{f3 in these transgenic prostates is in
accordance with recent microarray studies showing that ITF/TFF3 is upregu-
lated in human prostate cancer. In addition, the PB-RAS prostates have a
thickened fibromuscular stroma. Thus, the PB-RAS mouse model can be useful
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for elucidating the early events in prostate carcinogenesis, as well as for
studying the mechanisms and potential prostate cancer relevance of intestinal
metaplasia.

Raf is a direct downstream target of the Ras family, which is a serine/
threonine kinase and relays the signals to the MAP pathway. Once activated,
Raf phosphorylates and activates the dual specificity protein kinases MEK1 and
MEK?2, which phosphorylate and activate ERK1 and ERK2. Activated ERKSs
then relay the signals to multiple downstream effectors and regulate gene
expression involved in the cell division cycle, apoptosis, cell differentiation,
and cell migration. The Raf family includes three members: A-Raf, B-Raf, and
C-Raf. Unlike A-Raf and C-Raf that engages in multiple signaling pathways, B-
Raf only activates MEK1 and MEK2. Transgenic mice expressing constitutively
active B-Raf"®°® mutant under control of a tyrosinase promoter/enhancer
have aberrant proliferation in p63+ basal epithelial cells and develop prostate
hyperplasia, which progress to rapidly growing invasive adenocarcinoma.®* The
model demonstrates that activation of the MAP kinase signaling pathway alone
is sufficient to drive prostate tumorigenesis. Interesting, although activation of
B-Rafis sufficient to initiate development of invasive prostate adenocarcinoma,
it is not required for the maintenance of tumors.

C. Constitutively Active Wnt/B-Catenin Models

Whats are a family of secreted glycoproteins that regulate a broad spectrum
of cellular processes. The canonical pathway of Wnt is mediated by binding to a
cell surface Frizzled (Fzd) receptor together with LDL-receptor-related pro-
tein (LRP), and activating the B-catenin pathway. In the absence of Wnt
signaling, cytoplasmic B-catenin is rapidly degraded by a complex that contains
adenomatous polyposis coli (APC), Axin, and glycogen synthase kinase 3
(GSK3). Binding of Wnt to Fzd activates Dishevelled, blocks the association
of B-catenin and GSK3, and, therefore, blocks the degradation of B-catenin.
B-Catenin is then translocated into the nucleus, where it acts as a transcrip-
tional coactivator and activates expression of target genes. Mutations that
stabilize B-catenin have been shown associated with approximately 5% of
primary human prostate tumors®; nuclear accumulation of B-catenin has
been found str()ngly correlated with advanced prostate cancer and recurrence
of the disease.®®5” Prostate epithelium-specific deletion of the Apc alleles with
the PB-Cre leads to prostate h(yperplasia in mice within 4.5 weeks of age, and
adenocarcinoma by 7 months.”® Continued tumor growth usually necessitates
sacrifice of the mice between 12 and 15 months of age. Despite the high
proliferation rate, no metastasis of these tumors to the lymph nodes or other
organs has been observed. Although castration of 6-week-old mice inhibits
tumor formation, castration of mice with more advanced tumors does not
eradicate the tumor, suggesting that tumors induced by loss of Apc function
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are capable of growing under conditions of androgen depletion. Similarly,
conditional deletion of exon 3 of B-catenin in prostate epithelial cells, which
leads to activation of the Wnt/B-catenin signaling, also results in epithelial
hyperplasia followed by PIN.% Interestingly, once high-grade PIN develops,
the prostate continues to grow even after androgen signaling blockade. The
results suggest that constitutively active B-catenin may also play a role in
compromising androgen dependency of prostate cancer.

D. Caveolin-1-Deficient Models

Caveolae are a special type of small invaginations of the plasma membrane
in many cells, which is involved in molecular transport, endocytosis, cell
adhesion, and signal transduction. Caveolin-1 (Cav-1), is a major protein of
caveolae, often found overexpressed in human prostate cancer cells and in
metastatic mouse prostate cancer. Tumor cell-secreted Cav-1 has proangio-
genic activities in prostate cancer, and the expression is positively correlated
with tumor angiogenesis. Interestingly, suppression of Cav-1 expression
induces androgen sensitivity in high caveolin, androgen-insensitive mouse
prostate cancer cells derived from metastases. On the other hand, overexpres-
sion of Cav-1 leads to androgen insensitivity in low caveolin, androgen-sensitive
mouse prostate cancer cells, implying that Cav-1 may be a candidate related to
tumor metastasis and hormone-resistant properties of prostate cancer.” Both
mouse and human prostate cancer cells secrete Cav-1 that promotes cancer cell
survival and clonal growth in vitro. It also promotes proangiogenic activities in
prostate cancer through the PI3K-Akt—eNOS signaling module independent
of caveolae function. Disruption of Cav-1 attenuates the tumor development
and progression in TRAMP mice.”" Knockdown of Cav-1 expression in
TRAMP tumor cells significantly reduces their tumorigenic and metastatic
potential, further demonstrating a positive correlation between Cav-1 expres-
sion and tumorigenicity.71

E. The PB-Bcl-2/TRAMP (BxT) Model

The antiapoptotic Bcl-2 family includes Bel-2, Bel-XL, Bel-w, Mcl-1, Bfl1/
A-1, and Bcl-B, which bind to and inactivate BH3-domain proapoptotic pro-
teins. Overexpression of the Bcl-2 family members has been reported to be
associated with therapeutic resistance in various human cancers. The PB-Bcl-
2/TRAMP (BxT) bigenic mouse model has been generated to assess the impact
of Bel-2 on the pathogenesis and progression of prostate cancer.” The prostate
of BxT bigenic mice exhibit an enlarged prostate that has increased in prolifer-
ation, attributable to the T/t antigens, and decreased apoptosis attributable to
Bcl-2. Compared to the TRAMP mice, the BxT mice also have shortened
tumor latency. Although the incidence of castration-resistant cancer is reduced
in the BxT mice compared to the TRAMP mice, the incidence of metastases is
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identical in both the TRAMP and BxT mice. Interestingly, androgen depriva-
tion significantly increases the expression of Bel-2 and Grp78 and decreases the
expression of Bax, Bcl-xl, and c-Myec in castration-responsive, but not in castra-
tion-resistant, TRAMP tumors.” Therefore, it appears that Bcl-2 has multiple
roles in prostate tumor initiation and progression.

F. The Egr1-Deficient Model

Early growth response protein 1 (Egrl) is a transcription factor that is
rapidly induced by growth factors, cytokines, and stress signals such as radia-
tion, injury, or mechanical stress to transduce signals to the downstream
cascades, which is involved in cell proliferation and apoptosis regulation.
Egrl overexpression occurs frequently in a majority of human prostate cancers
and is implicated in the upregulation of several genes important for prostate
tumor progression. In addition, loss of NAB2, an Egrl corepressor, is frequently
found in early human prostate carcinoma. Ablation of Egrl in the T antigen-
induced prostate tumor models in mice (CR2-T-Ag and TRAMP) significantly
delays progression of the prostate lesion from PIN to invasive carcinoma,
although tumor initiation and tumor growth rate are not affected by
Egrl ablation,™ implying that aberrantly expressed Egrl contributes to the
progression, but not onset, of prostate tumors.

G. The Hepsin Overexpression Model

Hepsin is a type II transmembrane serine protease that represents a
specialized group of cell surface proteolytic enzymes. Although the functional
significance of this upregulation is unknown, overexpression of hepsin is fre-
quently observed in human prostate cancer. Expression of hepsin in prostate
epithelial cells under the control of the PB promoter promotes prostate tumor
metastasis in LPB-Tag mice.” Overexpression of hepsin in the prostate epithe-
lium weakens the epithelial-stromal adhesion and disrupts the basement
membrane. Unlike tumors in LPB-Tag mice that normally do not metastasize,
up to 65% of the double transgenic LPB-Tag/PB-hepsin mice develop prostate
cancer, which metastasizes to liver, lung, and bone by 21 weeks of age. These
data indicate that hepsin promotes primary prostate cancer metastasis.

V. The Tumor Suppressor Models

A. Pten-Deficient Models

The tumor suppressor, PTEN (phosphatase and tensin homologue deleted
from chromosome 10), is one of the most frequently mutated genes in human
cancers, including prostate cancer. Loss-of-function mutation in Pten is found
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in about 30% of primary prostate cancer and 63% of metastatic tissues, and has
been found correlating with increasing Gleason score and advanced histopathol-
ogy in human prostate cancer. PTEN encodes a phosphatase that negatively
regulates the PI3-kinase-AKT pathway; therefore, loss of function of PTEN
results in overactivation of AKT and consequently elevates proliferation and
reduces apoptosis in cancer cells. The loss of Pten is embryonic lethal in mice.
The phenotypes of deleting one Pten allele are not consistent, ranging from
developing hyperplastic—dysplastic changes in the prostate, skin, and colon, to
developing tumors in multiple organs. Nevertheless, in Pten heterozygous mice,
cancer progression and metastasis often happen with the loss of heterozygosity of
Pten. Conditional deletions of Pten alleles selectively in the epithelium of mature
prostate also have inconsistent phenotypes. One group has reported that ablation
of Pten with PB-Cre4 leads to only noninvasive prostatic lesions’®; the other has
reported that the ablation with the same Cre driver leads to invasive prostate
adenocarcinoma.”” In addition, deletion of Pten alleles with PSA-Cre results in a
nonlethal invasive prostate cancer after long latency42; deletion of Pten alleles
with MMTV-LTR-Cre causes high-grade PIN lesions that frequently progress to
focally invasive cancer, although the mice also develop neoplastic changes in skin
and ’thymus.78 Hyperplasia in the prostatic epithelium can be seen by 5 days of
age and high-grade PIN in 2 weeks. Between 7 and 14 weeks, focal invasions
appear in more than half of the mutant mice.

Deletions of the Pten alleles with PSA-Cre-ERT2 mice, which express the
tamoxifen-dependent Cre-ERT2 fusion protein, cause prostate hyperplasia
within 4 weeks after Pten ablation and PIN within 2-3 months.* Although
PIN is found in all prostate lobes, the highest incidence of PIN is in the DLP
lobes. Eight to ten months after Pten ablation, adenocarcinoma is observed in
the DLP lobe that is thought to progress from PIN. No distant metastases have
been found up to 20 months after Pten ablation, indicating that progression to
metastasis requires additional alterations. Consistently, ablation of only one
allele of Pten with the same Cre driver also leads to focal hyperplasia and PIN.
The lesions are exclusively in the DLP, occur with a longer latency and much
lower frequency, and do not progress to adenocarcinoma. Pten expression is
undetectable in these epithelial cells in PIN lesions, suggesting that loss of Pten
function appears to act as a permissive event for the uncontrolled cell prolifer-
ation.*® The discrepancies in Pten conditional null phenotypes likely are attrib-
uted to differences in genetic background and the efficient of Cre-mediated
recombination of each strain.

Conditionally expression of either luciferase or green fluorescent protein
reporter has been combined with the Pten conditional null model to generate
the cPten conditional null luciferase (cPten L) or the Pten conditional null-
green fluorescent protein (cPten~G) lines to facilitate monitoring tumor
growth, regression after androgen deprivation, and relapse without invasive
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samplings.m Both c¢Pten™ "L and c¢Pten™~G lines, in which the floxed Pten
alleles are deleted with the PB-Cre4 driver, develop prostate tumors that
occasionally metastasize to lymph nodes. Androgen deprivation induces tumors
regress initially.79 Yet, the tumors {requently relapse in 7-28 weeks after the
castration. Like androgen-independent tumors in human, the relapsed tumors
often have a significant increased population of cells with NE differentiation.™
As in wild-type prostates, epithelial cells in Pten-null prostate tumors have an
increased number of apoptotic cells after the androgen ablation, indicating that
the tumor cells still respond to the androgen deprivation. However, the cancer
cells continue to proliferate even after androgen withdrawal, which counteracts
the effect of apoptosis induced by androgen deprivation. Thus, high prolifera-
tion due to Pten deficiency overcomes the apoptosis and contributes to
hormone-resistant prostate cancer.”’

Two pairs of isogenic, AR-positive epithelial cell lines have been isolated
from the prostate of conditional Pten knockout mice.?® The cells are either
heterozygous or homozygous for Pten deletion, but, loss of both Pten alleles is
associated with increased anchorage-independent growth in vitro and tumor-
igenesis in vivo. In addition, knockdown of Pten expression in the androgen-
dependent Myc-CaP cells converts the cells become androgen independent,
suggesting that Pten intrinsically controls androgen responsiveness, a critical
step in the development of castration-resistant prostate cancer.** Knockdown
of the AR in Pten null cells reverses androgen-independent growth in vitro and
partially inhibits tumorigenesis in vivo, indicating that the AR is required for
the Pten-controlled prostate tumorigenesis.80 Furthermore, it has recently
been shown in mouse models that the onset of hormone-deprivation resistance
likely is related to progression of the prostate tumor,®! and that inactivation of
Pten is sufficient to cause androgen-deprivation resistance.”” In the prostate,
both epithelial and stromal homeostasis is controlled by androgens. It is likely
that androgen deprivation causes stromal cells to produce proapoptotic signals,
either as a direct or indirect consequence of reduced AR signaling, which
induce epithelial apoptosis in prostate and androgen-dependent prostate
tumors. In castration-resistant Pten-null tumors, however, strong survival/pro-
liferation signals generated by overactivation of Akt and MAP kinase pathways
due to Pten inactivation, at least in part, counterbalance the proapoptotic
signals induced by androgen deprivation, and confer castration-resistant
properties to the tumor cells.®

Consistently, the MPAKT transgenic mice that express membrane-an-
chored AKT in prostate epithelial cells driven by the minimal PB promoter
develop hyperplasia and PIN lesions and often causes urinary obstructions.
The MPAKT transgene is mainly expressed in the VP, and causes high p70S6K
activation in VP epithelial cells. Interestingly, the VPs of MPAKT mice have
similar mRNA expression profiles and angiogenic signature82 as in human
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prostate cancer. The artificial fusion protein iAKT contains three structure
domains, the membrane docking fragment (FRBL2), the PH domain-deleted
AKT mutant, and a chemically induced dimerization domain. Thus, the activa-
tion of iAKT is controlled by the chemical dimerizer AP21967. PBCre-iAKT
transgenic mice that express the iAKT in the prostate epithelial cells driven by
the ARR2PB composite promoter have been genem‘[ed.g3 Activation of iAKT
stimulates epithelial cell proliferation of the prostate in gonad-intact mice and
promotes survival of prostate epithelial cells in castrated mice. Yet, the PIN
lesions in the AKT transgenic prostate do not progress to invasive prostate
cancer.** Since the AKT transgenic prostate aberrantly express p27""" it has
been suggested that a p27KiP1-driven checkpoint limits progression of PIN to
prostate cancer.>* Thus, these results indicate that other cooperating pathways
are involved in the tumorigenesis induced by inactivation of the Pten/Akt
pathway.

Like other models, the Pten-null/conditional null models also have several
weaknesses. First, unlike invasive human prostate cancer that primarily metas-
tasizes to the bone, prostate tumors induced by Pten inactivation do not
metastasize to bone. Second, although there are only limited cells in human
prostate cancer that are CD44-positive, almost 100% of the Pten-deficient
tumors cells are 100% CD44 positive.85 Third, the onset of prostate cancer in
the Pten-null model is associated with changes in p63+ cell number, morphol-
ogy, and localization. Yet, in human prostate cancers, the presence of p63+
cells is negatively correlated with progression of adenocarcinoma.*® In addi-
tion, not all human prostate tumors exhibit loss of function of Pten, and loss of
Pten per se may not be sufficient to cause full blown tumors in mice, suggesting
that multiple genetic “hits” are required for progression of prostate to invasive
cancer and metastasis to other organs.

B. P53-Deficient Models

The tumor suppressor p53 regulates target gene expressions, including
those involved in cell cycle arrest, apoptosis, senescence, DNA repair, or
changes in metabolism in response to diverse cellular stresses, which constitu-
tes of transcription activation, DNA binding, and oligomerization domains.
Mutations in p53 that cause changes in the complex network of molecular
events are often found to be associated with prostate tumor initiation, progres-
sion, metastasis, and androgen—deprivation resistance. Acute Pten inactivation
induces growth arrest through the p53-dependent cellular senescence pathway.
This Pten deficiency-induced senescence can be fully rescued by the combined
loss of p53. The results demonstrate that the cellular senescence restricts
tumorigenesis in vivo and that p53 is an essential fail-safe protein of
Pten-deficient tumors.”™®
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Transgenic mice (PB-53 mutant) that express a dominant-negative mutant
of p53 (273Arg/His) in the prostate driven by the minimal PB promoter
develop high-grade PIN by the age of 52 weeks without developing pathologi-
cal change in the other organs.”” Compared to the prostate of nontransgenic
littermates, the transgenic prostate undergoes less apoptosis after castration,
suggesting compromised apoptotic potential in the transgenic prostates.
Although prostate epithelium-specific inactivation of p33 does not result in
prostate tumorigenesis, it cooperates with loss of Rb to induce highly aggres-
sive, poorly differentiated, and metastatic prostate cancer.”® Interestingly, all
malignant tumors arise from the proximal region of the prostatic ducts, where
are enriched in prostate stem/progenitor cells. At early neoplastic stages, the
cells in the lesion foci express Scal (a mouse stem cell marker), luminal
epithelium marker cytokeratin 8, NE markers synaptophysin and chromogra-
nin A, and the AR, although the cells are not sensitive to androgen withdrawal.
Noticeably, the PIN lesions developed from the distal regions of the prostatic
ducts that consist of lineage-committed transit amplifying and/or differentiated
cells that never progress to carcinoma, suggesting that the microenvironment
may also play a role in progression of the lesions induced by loss of function of

P53 and Rb.%
C. The Nkx3.1-Deficient Models

The Nkx3.1 is a homeobox transcription factor that is involved in cell fate
determination and organogenesis regulation. Nkx3.1 is expressed in early
stages of the prostate organogenesis. It is essential for proper branching
morphogenesis of the prostate, and for prostatic epithelial cells to appropriately
express secretory proteins. The human Nkx3.1 alleles are located in the chro-
mosome 8p region. Deletion of this region occurs in as many as 80% of human
prostate tumors and is one of the most common events in early prostate
carcinogenesis. Indeed, emergin§ evidence indicates that Nkx3.1 may function
as a prostate tumor suppressor. ” Loss of NKX3.1 expression at the protein
level in human prostate cancers due to loss of one allele in combination with
hypermethylation of the 5" UTR of the other allele, or point mutations in both
coding and noncoding regions, has been shown to correlate with prostate
tumor progression.

Homozygous Nkx3.1 null mice are viable, but exhibit defects in prostate
organ structure and secretory function in young adult males. With increasing
age, the Nkx3.1 mutant mice develop prostatic epithelial hyperplasia, dysplasia,
and low- to high-grade PIN. The lesion foci exhibit significantly increased cell
proliferation ac‘civity.%’91 After 1 year of age, most homozygous Nkx3.1 null
mice develop low- to high-grade PIN lesions, with the features of perturbed
basal cell layer, disrupted stroma, and compromised expression of prostate
epithelial differentiation markers. Although none of the aged Nkx3.1 null
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mice develop invasive carcinoma, tissue recombination experiments demon-
strate that after serial transplantation in nude mice, prostatic tissue recombi-
nants from Nkx3.1 null mice display neoplastic progression characterized by
increasingly dysplastic histopathological alterations,” indicating that Nkx3.1
has tumor suppressor activity. Consistently, conditional ablation of one or both
alleles of Nkx3.1 in the prostate epithelium with PSA-Cre leads to the devel-
opment of PIN lesions.”® The mechanisms underlying the tumor suppressor
activity of Nkx3.1 are not fully understood. It has been proposed that Nkx3.1
binds to topoisomerase I via its homeodomain and enhances the enzymatic
activity by accelerating binding of topoisomerase I to DNA.%* In addition,
Nkx3.1 upregulates expression of several antioxidant and prooxidant enzymes,
including glutathione peroxidase 2 and 3 (GPx2, GPx3), peroxiredoxin 6
(Prdx6), and sulfthydryl oxidase Q6 (Qscn6), and, therefore, provides protection
against oxidative damage and indirectly suppresses tumor initiation. 5
Although loss of function of Nkx3.1 is not sufficient to cause prostate
cancer, it cooperates with Pten loss to induce prostate carcinogenesis.%’97
Nkx3.1/Pten double mutant mice display an increased incidence of high-
grade PIN by 6 months of age. A majority of the Nkx3.1/Pten double mutant
mice develop adenocarcinoma when they are over 1 year old, sometimes
accompanied by metastases to lymph nodes and other distant organs.”® The
tumors are characterized as multifocal and poorly differentiated cells with
prominent and multiple nucleoli, increased nuclear-to-cytoplasmic ratio, and
active mitoses. Unlike wild-type prostates that have large-scale apoptosis within
2 days after the castration, the Nkx3.1/Pten mutant prostate continues to
display a highly proliferative activity. At the age of 8 or 10 months, the castrated
Nkx3.1/Pten double null mice develop castration-resistant high-grade PIN or
carcinoma, which are similar to those found in noncastrated mice of the same
ages and genotypes. Even mice castrated at the age of 3 weeks, which are not
sexually mature, still develop PIN lesions at a high frequency. Interestingly,
exposure of Pten/Nkx3.1 mutant mice to low androgen levels (1/10 of normal
level) for a long period of time results in a marked acceleration of prostate
tumorigenesis compared with those exposed to normal androgen levels.”
Furthermore, the double mutant mice that have undergone both surgical
castration and adrenalectomy still develop similar lesions, suggesting that the
androgen independence is not simply just a consequence of adaptation to
reduced androgen levels.
In addition to Pten, Nkx3.1 also cooperates with other tumor suppressors,
including p5399 and the cyclin-dependent kinase (CDK) inhibitor
g7kipl 100101 5, suppressing prostate tumorigenesis. Nkx3.1 cooperates with
pZ7kip Yo suppress the proliferation of prostatic epithelial cells and the forma-
tion of PIN lesions. P27P! mutant mice develop prostate hyperplasia and
dysplasia at less extent than Nkx3.1 mutant mice. However, P27P1/Nkx3.1
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double mutant mice develop extensive lesions with increasing nuclear crowd-
ing, nuclear elongation, and hypelrchromasia.101 The mice carrying triple het-
erozygous mutant alleles of kaS.l/pZ?kipl/Pten exhibit even more severe
prostate lesions. 1% Unexpectedly, homozygous inactivation of p27kipl inhibits
tumor progression, suggesting that pZ7kipl possesses dosage—sensitive positive
as well as negative roles in prostate cancer progression.m{) Interestingly, Pten
loss causes reduction of Nkx3.1 expression in both murine and human prostate
cancers. Restoration of Nkx3.1 expression in the epithelium of Pten null
prostate leads to decreased cell proliferation and increased cell death and
prevents tumor initiation. Restoration of Nkx3.1 expression also leads to
increased p53 acetylation and half-life through MDM2-dependent mechan-
isms. The results suggest that Nkx3.1 stabilizes p53 and blocks prostate cancer
initiation caused by Pten loss.””

D. p27XP! Downregulation Models

p27Kipl controls the G1/S transition during the cell cycle via inhibiting
cyclin/CDK; degradation of p27kip Us required for the GI1/S transition.
In addition, p27Kipl also regulates other cellular processes, including cell
motility. Downregulation or loss of p27Kip ! expression is often found associated
with prostate and other human cancers. The protein level of p27Kip Lin the cells
is regulated primarily by the ubiquitin E3 ligase SCF(*2_mediated ubiquitin-
dependent proteolysis, a process that is triggered by a small molecule called
Cksl. Recently, we and others showed that elevated Cks1 expression is coinci-
dent with the reduction of p27kipl proteins in tumor cells and is associated with
the aggressive behavior of prostate cancer.'*'% p27%P! null mice developed
hyperplastic prostate.m4 SKP2 is a p27Kipl downregulation regulator that
mediates degradation of p27kipl. Consistent with its critical role in triggering
p27Kipl proteolysis, overexpression of SKP2 in the prostate epithelium leads to
significant downregulation of p27Kipl and overproliferation in the epithelial
cells, resulting in hyperplasia, dysplasia, and low-grade carcinoma in the pros-
tate gland.'” The results suggest that SKP2 can be an oncoprotein in the
prostate via downregulating p27*'".

E. pRb-Deficient Models

The Rb tumor suppressor pRb is involved in regulating cell cycle progres-
sion primarily through interactions with the E2F family of transcription factors
and controlling the G1 to S-phase transition. Mutations in Rb have been found
as early events in prostate cancer; loss of heterozygosity of the Rb gene has
been reported to be associated with prostate cancer. Prostate epithelium-
specific deletion of even one single Rb allele results in increased expression
of E2F target genes concomitant with increases in prostate epithelial
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proliferation and causes focal prostate hyperplasia in mice, % demonstrating
that loss of pRb disrupts cell cycle control and causes overproliferation in the
prostate, but is insufficient to cause malignancy.

VI. Androgen Signaling Disruption Models
A. AR Mutant Models

The prostate is an androgen-dependent organ; androgen deprivation
induces massive apoptosis in the epithelium within 2 days, and the prostate
atrophies in 2 weeks. Androgen replenishment quickly induces prostate epi-
thelial cells to undergo proliferation, and the atrophied prostate regenerates
and recovers to its original volume and morphology within 2 weeks. Like a
normal prostate, prostate cancers at early stages are also androgen responsive.
Androgen deprivation makes prostate tumors shrink. Yet, the androgen therapy
is only palliative; recurrence of the tumor is almost inevitable at some time after
the androgen therapy. The recurrent tumors often become castration resistant
and are highly malignant. To date, how androgens control prostate growth and
development is still not well understood and, consequently, how prostate
cancer cells escape from androgen regulation remains elusive. Tissue recombi-
nation experiments reveal that stromal ARs are required for the androgen to
elicit mitogenic signals during development and for prostate branching mor-
phogenesis.107 The mice that have forced expression of the AR in luminal
epithelial cells of the prostate driven by the minimal PB promoter are normal
at young age, although they appear to have marked increase in epithelial
proliferation in the VP and DLP.!%® At the age of 1 year or older, however,
the transgenic prostate develops high-grade PIN. Interestingly, expression of
the AR-E231G mutant, a mutation in the NHs-terminal domain that influences
interactions with coregulators, causes rapid development of PIN lesions, which
progress to invasive and metastatic disease.'””

On the other hand, ablation of the AR in epithelial cells of mature prostates
reduces the glandular infolding, polarization of the cells, and expression of
differentiation markers in the epithelium, including PB, PSP-94, and
Nkx3.1.''* Ablation of epithelial AR disrupts prostate differentiation and
induces hyperproliferation and hyperapoptosis in the prostate. The results
suggest that epithelial ARs control prostate homeostasis by suppressing both
proliferation and apoptosis of the cells. Consistently, TRAMP mice lacking the
epithelial AR in the prostate have increased luminal epithelial cell apoptosis
and epithelial basal cell proliferation. The mice develop larger and more
invasive metastatic tumors in lymph nodes and die earlier than littermates
carrying wild-type ARS Interestingly, ablation of the AR in both epithelial
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and stromal compartments of the TRAMP prostate results in smaller primary
prostate tumors with lower proliferation rates,”® which is in contrast to the
epithelial AR ablation that results in larger primary prostate tumors with higher
proliferation rates. The results suggest that stromal AR play a more dominant
role than epithelial AR to promote tumor cell proliferation. Similar to AR
knockout in the epithelium, AR knockout in both stroma and epithelium
significantly increases intermediate cell populations in the tumors, suggesting
AR signals in the epithelium promotes epithelial cell differentiation. Consis-
tently, restoring AR in PC3 human prostate cancer cells suppresses prostate
cancer metastasis in tissue recombination experiments; knockdown AR in
CWR22rvl human prostate tumor cells results in increased cell invasion
in vitro and in vivo.® These data further suggest that AR signals in the
epithelium suppress proliferation of the cells.

B. SRC-3 Mutation Models

SRC-3 is a coactivator for the AR, which is expressed in basal epithelial and
stromal, but not luminal epithelial cells of normal prostates. Some epithelial
cells in the PIN foci and well-differentiated carcinoma aberrantly express
SRC-3, and almost all poorly differentiated prostate carcinoma cells express
SRC-3. SRC-3 is not essential for prostate organogenesis and growth; it is
dispensable for androgen-dependent prostate regeneration.]” Yet, ablation
of SRC-3 in TRAMP mice arrests prostate tumor progression at the well-
differentiated carcinoma stage. In addition, SRC-3 null TRAMP prostates
show much lower cell proliferation than TRAMP prostates with wild-type
SRC-3 alleles, indicating that aberrant SRC-3 expression in partially trans-
formed epithelial cells is essential for progression to poorly differentiated
carcinoma. Thus, inhibition of SRC-3 expression or function is potentially of
therapeutic value for suppressing prostate cancer progression. Although both
SRC-1 and SRC-3 are overexpressed in multiple human endocrine cancers and
knockdown of either one of them in prostate cancer cell lines impedes cellular
proliferation, ablation of SRC-1 in TRAMP mice does not affect prostate
cancer initiation, progression, and metastasis.''2

VIl. Models with Aberrant Cell Signaling

A. Aberrant FGF Signaling Models

The fibroblast growth factor family (FGF) encoded by 22 distinct genes are
widely expressed regulatory polypeptides that control a broad spectrum of
cellular processes. Among them, 18 FGFs bind to and signal through the
FGF receptor (FGFR) tyrosine kinase."'® The other four structurally
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homologous members (FGF11-14, also known as FHF's for FGF homologues
factors) do not bind to the FGFR and are involved in intracellular processes
unrelated to canonical FGF signaling. All FGFs are composed of a single
polypeptide, which has a highly homologous core split and flanked by areas
of less homology (Fig. 2A). The FGFR is a transmembrane tyrosine kinase that
is composed of a single glycosylated polypeptide. The extracellular ligand-
binding domain contains 2 or 3 immunoglobulin-like (Ig) loops (Fig. 2B).
The intracellular tyrosine kinase domain is split by a nonconserved kinase
insertion domain and followed by a C-terminal sequence. Many FGF members
need to have heparan sulfates (HSs) as cofactors to bind and activate FGFR,
which are highly heterogeneous polysaccharide site-chains of proteoglycans on
the cell surface. The HS has both FGF- and FGFR-binding motifs that are
involved in the determination of ligand-binding and -signaling specificity of
FGFR complexes.

Active

Fic. 2. The FGFR signaling axis. (A) Structure domains of the FGF. Boxes indicate the
putative structure domains. Empty box, signal peptide; solid box, conserved domain; shaded box,
nonconserved sequence. (B) Models of the FGFR complex. Docking of FGF releases FGFR from
negative restrictions imposed by interaction with heparan sulfate chains of heparan sulfate proteo-
glycans (HSPG) resulting in an active conformation where adjacent kinases maintain an enzyme-
substrate relationship. Positions of the four major tyrosine phosphorylation sites on the FGFR are
indicated. II, Ig-loop II; III, Ig-loop III; F, FGF; K, kinase domain; circles, monosaccharides of
heparan sulfate chains; solid bar, plasma membrane.
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Four highly conserved genes (Fgfrl, Fgfr2, Fgfr3, and Fgfr4) encode the
FGFR. Yet, the diversity of the FGFR is substantially expanded through
alternative splicing, which produces a large repertoire of FGFR isotypes
varying in both the extracellular and intracellular domains. These variants
have distinct or fine-tuned biological functions, different tissue distribution,
and ligand-binding specificity. Two major alternatively spliced isoforms in the
second half of Ig-like domain III, namely IIIb and IIlc, in FGFR1, FGFR2,
and FGFR3, bind a different subset of FGFs, resulting in different responses
to different FGFs. FGFR2IIIb, a hallmark of epithelial cells in multicompart-
ment parenchymal tissues, relays signals from stromal-derived FGFs, such as
FGF7 and FGF10, promoting net intercompartmental homeostasis including
restraints on malignant progression of tumor cells. This is in marked contrast to
FGFRI1IIIc and FGFR2IIIc isoforms that appear abnormally in epithelial cells
due to ectopic gene activation, or splice switching. Ectopic expression of
FGFRIIIIc appears to elicit a new set of abnormal signals in the epithelial
cells whereas the switch to FGFR2IIIc cuts off epithelial cells from homeosta-
sis-promoting stromal signals that activate FGFR2IIIb.

Although the kinase domains of the four FGFR isotypes are highly homo-
logous (> 80%) in the amino acid sequences and share several similar phospho-
tyrosine sites, the four FGFRs elicit receptor- and cell-type-specific activities in
cells.!3 Binding of FGF to the FGFR activates the FGFR kinases and leads to
receptor autophosphorylation, creating binding sites for downstream effectors
that contain a Src homology 2 (SH2) domain or a phosphotyrosine-binding
(PTB) domain. Seven major tyrosine (Y) autophosphorylation sites have been
identified in the FGFRI kinase domain. Phosphorylated Y653 and Y654 are
predominant in activation (derepression) of the receptor kinase activity. Phos-
phorylation of Y766 is required for recruiting PLCy via its SH2 domains to the
FGFRI kinase. The function of other phosphorylation sites, including Y463,
Y583, Y585, and Y730, has not been clearly established, despite some evidence
that Y463, 583, and 585 contribute to the timed extent of mitogenic activity of
FGFRs, Y430 is a CRK/CRKL-binding site, and phosphorylated Y730 is a
P85-binding site. In some experimental systems, the four FGFR isotypes elicit
similar and redundant effects on cell phenotypes and, in others, exert different
effects. This explains why FGFR1 and FGFR2 have different biological end-
points in the prostate epithelial cell context. New approaches and rigidly selected
and controlled experimental systems promise to dissect such differences.

The activation of the MAP kinase, P13 kinase, and PLCy pathways has been
implicated in most FGFR1 responses (Fig. 3). Phosphorylation of the mem-
brane-anchored FRS2a (also known as SNT1 for SUCl-associated neuro-
trophic factor target proteins) by the FGFR1 kinase recruits and activates the
GRB2/SOS1 complex that then interacts with Ras to activate the MAP kinase
signaling pathway. In addition, Crk has also been proposed to be a functional
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represent negative effects.

adaptor protein that binds to FGFR,'* which has been reported to link the
ERK pathway to FGFRI. The activation of the ERK pathway by the FGFR
tyrosine kinase is tightly regulated by both positive and negative feedback loops
at both transcription and posttranslation. Sprouty (Spry) is a feedback regulator
of the FGF pathway at the 1E;osttranslational level, which consists of four con-
served members, Spryl—4.1 ° Tyrosine phosphorylation of Spry creates a decoy
site that binds the docking molecule Grb2 and prevents SOS from activating
Ras. Sef (similar expression of FGF) inhibits binding of FRS2a to the FGFR
and prevents activation of ERK, and, therefore, negatively regulates the Ras-
MAPK pathway. The expression of Sef is controlled by the FGF signaling axis.

Specific isoforms of FGF and FGFR are partitioned in the stroma and
epithelium of the prostate, forming the basis of directional communications
between the two compartments, which regulate development, function, and
tissue homeostasis of the organ. Disruptions of these paracrine signals due to
loss of gene expression, mutations, and changes in RNA splicing, or ectopic
expression of other members of the FGF or FGFR are characteristic in
diseases. FGF10 is essential for prostate development; ablation of FgfI10 abro-
gates fetal prostate development and androgen responsiveness of prostatic
rudiments when grafted to kidney capsules of wild-type mice. 1%
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FGF2 is often overexpressed in human prostate cancer and BPH, which
promotes cell motility and proliferation, increases tumor angiogenesis, and
inhibits apoptosis. Forced expression of FGF2 under the control of the mini-
mal PB promoter leads to male infertility and epithelial hyperplasia.117 Com-
pared with those of control littermate mice, acinar epithelial glands in the DP
of FGF-2 transgenic mice are denser and show simple papillary hyperplasia.
The VP of FGF-2 transgenic mice shows glandular and luminal enlargement
without epithelial overgrowth. On the other hand, inactivation of the Fgf2 in
TRAMP mice significantly increases survival time, decreases metastasis, and
inhibits progression to the poorly differentiated phenotype in primary prostatic
tumors.''® Furthermore, inactivation of one Fgf2 allele also significantly sup-
presses TRAMP tumorigenesis and progression, suggesting that FGF2 pro-
motes prostate tumorigenesis and progression in a gene dosage-dependent
manner.

FGF3 has been overexpressed in the prostate and Wolffian duct derivatives
by using the MMTV-transactivator.''® The FGF3 transgenic mice develop
extensive prostate hyperplasia; all prostatic lobes exhibit epithelial stratifica-
tion, cribriform structures, and papillary tufts. The cell proliferation activity in
the epithelial compartment is significantly increased. The luminal epithelial
cells display increased nuclear-to-cytoplasmic ratios but retain relatively
uniform nuclear AR and the tumor suppressor C-CAM1 staining. Although
dysmorphogenic, no epithelial cell invasion to the basement membrane or
stromal compartment has been found, indicating that the lesions stall at PIN
stages. Together, the data suggest that the ectopically expressed FGF-3 severe-
ly perturbs prostate development and leads to prostatic hyperplasia. In addi-
tion, profound disorders of the Wolffian duct derivatives have been observed.
The ampullary glands and vas deferens are extremely cystic, hypertrophic, and
hyperplastic; the enlarged epididymi show a reduction of spermatozoa, and the
seminal vesicles exhibit a dramatic reduction of seminal secretions.

The FGF7 transgenic mice (PKS) that express human FGF7 in the pros-
tatic epithelium driven by the minimal PB promoter develop prostate hyper-
plasiamo; many epithelial ducts are filled with secretory luminal epithelial cells
that are tightly associated with highly enfolded basement membranes. Distor-
tions of the ductal smooth muscle layer are also observed. Consistently, target
expression of a truncated FGFR2IIIb receptor (KDNR), which functions as a
dominant-negative inhibitor of the FGF7 receptor, to the prostatic epithelium
with the similar strategy leads to a smaller prostate in mice.'*® The epithelium
in many of the prostatic ducts is disorganized and contains numerous rounded
cytokeratin-positive cells that are not tightly associated with the basement
membrane. The stroma is also disorganized and does not form a tight layer of
smooth muscle around the epithelial ducts, suggesting that the FGF7-FGFR2
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signaling axe plays an important role in the communication between epithelial
and stromal compartments, which is required for maintaining tissue structures
of the prostate.

Expression of the b isoform of fibroblast growth factor 8 (FGF8b) is often
upregulated premalignant and malignant lesions in men prostate. Targeted
overexpression of FGF8b in prostate epithelial cells driven by the ARR2PB
composite promoter causes prostatic hyperplasia in the LP and VP in as early as
2-3 months, and in all lobes between 6 and 16 months. The mice develop low-
grade PIN by the age of 5-7 months. During the first 14 months, all transgenic
animals exhibit multifocal epithelial hyperplasia; about 1/3 of the animals also
have areas of low-grade PIN. Between 15 and 24 months, about two-thirds of
the mice develop low-grade PIN and about half of the mice develop high-grade
PIN lesions. Stromal cells have elevated proliferation activities. The affected
stroma consists primarily of the SMC component. The epithelial cells exhibit
papillary hyperplasia with atypia displayed in the FGFSb transgenic mice. The
transgenic mice also have chronic inflammation, mostly involving T cells, in the
prostate.121 Mice harboring the FGF8b transgene and haploinsufficiency in
Pten develop prostatic adenocarcinoma, which frequently metastasizes to the
lymph node, whereas the lesions in mice carrying either the FGF8b transgene
or Pten heterozygous null mutation generally only develop PIN in the pros-
tate.'* In addition to late age-related development of typical adenocarcinoma,
the FGFSb/Pten™ ™ mice also displays a low incidence of mucinous adenocar-
cinoma, a rare variant type of human prostatic adenocarcinoma. Thus, the
results demonstrate the cooperation between FGFSb overexpression and
Pten deficiency in prostate tumorigenesis.

Among the four FGFRs, FGFR2IIIb is the resident FGFR isoform in the
prostate epithelium, which is important for prostate tissue homeostasis.'?® Loss
of the resident FGFR2 accompanied by gain of ectopic FGFR1 in prostate
tumor cells is a hallmark change in prostate tumor progression.124’12‘ Forced
expression of FGFRI in premalignant rat prostate tumor cells, DT3 from the
Dunning 3327 tumors, accelerates progression of the cells to malignancy in a
time-dependent manner. To test the effect of chronic activity of ectopic
FGFRI1 in the prostate epithelium, a constitutively active mutant of FGFR1
(caFGFR1) has been expressed in prostate epithelial cells using the minimal
PB promoter.126 The minimal PB promoter drives expression of caFGFRI at
low levels, which allows analysis impact of chronic FGFR1 activity of physio-
logical levels in its native transmembrane context. Relative to wild-type litter-
mates, young adult transgenic animals frequently develop prostate hyperplasia
in less than a year. The disease is severe enough to cause death due to urinary
obstruction. The hyperplasia is also accompanied by foci of intermediate-grade
PIN (PIN 2-3) in the DP, LP, and AP lobes of young adult mice (Fig. 4).
At the age of 20 months or older, the transgenic mice have a prostate that is
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Fic. 4. Dosage-dependent activity of ectopic FGFR1 in induction of prostatic intraepithelial
neoplasia. Paraffin sections prepared from the indicated wild-type or transgenic mice expressing
constitutively active FGFRI in the prostate epithelium were H&E stained to demonstrate tissue
structures. (A) 30-week-old wild-type mouse; 30-week-old PB-caFGFRI transgenic mouse; C&D,
25-month-old PB-caFGFR1 transgenic mice; E&F, 30-week-old ARR2PBi-caFGFR1 mice.
Bar =50 pm.

two- to six-times larger than that of normal littermates, which often exhibits
high-grade PIN lesions throughout the prostate. It appears that the overall
hyperplastic condition in the caFGFRI1 prostate, in large part, is due to
overpopulation of well-differentiated epithelial cells, although in areas of high-
est hyperplasia foci, the cells also exhibit a quantitative decrease in cytokeratin
expression. No invasive carcinomas have been observed. Androgen-induced
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prostate regeneration after castration is significantly accelerated in caFGFR1
transgenic mice, suggesting that ectopic caFGFR1 promotes proliferation of
prostate epithelial cells. Therefore, chronic exposure to the ectopic FGFRI1
kinase activity alone appears to disrupt homeostasis between stroma and
epithelium, but is insufficient to cause carcinoma.

Interestingly, ARR2PBi-caFFGFR1 transgenic mice that express caFGFR1
at high levels with the ARR2PB promoter develop high-grade PIN within
8 months (Fig. 4). Foci with cribriform structures in acini lumen and epithelial
cells pushing through stromal compartments are common features throughout
the ARR2PBi-caFGFRI prostate. Most epithelial cells in high-grade PIN foci
fail to express cytokeratins that are differentiation markers of luminal epithelial
cells of the prostate. In high-grade PIN foci, stromal cells surrounding the
epithelial cells also fail to express a-actin, a characteristic marker associated
with differentiated SMCs. The basement membranes surrounding the epithe-
lial compartment are often disrupted, especially in the foci with high-grade
PIN. The results indicate that the ectopic FGFRI in prostate epithelial cells
disrupts tissue homeostasis and induces preneoplastic lesions in a dosage-
dependent manner.

Furthermore, expression of KDNR, a dominant-negative construct of
FGFR2, with the PB promoter in prostate epithelial cells to depress FGFR2
signals promotes development of PIN in PB-caFGFR1 transgenic mice that
express caFGFR1 at low levels. Interestingly, expression of KDNR does not
accelerate PIN development induced by high levels of the caFGFRI in
ARR2PBi-caFGFR1 mice, although it increases the population of NE cells in
the lesion foci. The results further confirm that loss of resident FGFR2 and
gain of ectopic FGFR1 in prostate epithelial cells synergistically perturbs
prostate homeostasis.

The membrane-anchored fusion protein of iFGFR1 is a chimeric molecule
that contains a 12-Kd FK506-binding protein (FKBP12) fused in frame with
the C-terminus of the FGFRI intracellular kinase domain, which can be
activated by a chemical induction of dimerization (CID) mechanism with
FK506.'%7 Transgenic mice JOCK1 that express iFGFR1 in luminal epithelial
cells driven by the ARR2PB promoter have been generated to investigate the
role of the FGFRI1 kinase under conditions of maximal activation in the
prostate.128 Activation of iFGFR1 by the CID induces grade I-II of PIN in
mice by 12 weeks, which is characterized by multiple layers of atypical epithe-
lial cells. By 6 months, more extensive nuclear atypia, thickened “reactive”
stroma, and basement membrane herniation occurs, which are the character-
istics feature of high-grade PIN.'?® From 42 weeks onward, mice develop
adenocarcinoma that penetrates into all lobes.'?” Moreover, up to 1 year
activation of iFGFRI1 causes the mice to develop a spectrum of prostate
malignancies that have a low frequency of metastases to lymph nodes and
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liver. The induced hyperplasia is reversible by withdrawal of the CID activator
at PIN stages. Yet, after extensive intraductal vascularization occurs, deactiva-
tion of iFGFR1 by CID withdrawal only reduces prostate adenocarcinoma
progression. The results suggest that although continued progression requires
prolonged FGFRI1 signaling, the lesions are not reversible at late stages.
Furthermore, activation of iFGFR1 in TRAMP mice increases vascular volume
in 1 week, ' evidence by increased vessel volume and branching. Interestingly,
continuing activation of iFGFRI is not required to maintain the new vascula-
ture 6 weeks after the induction. Consistent upregulation of HIF-1o, vascular
endothelial growth factor (VEGF), and angiopoietin 2 (Ang-2), and the loss of
Ang-1 expression in the basal epithelium are associated with iFGFR1 activa-
tion. The results suggest that high level of aberrant FGFRI signaling contri-
butes to vascularization through the angiopoietins.

The results demonstrate that activation of truncated iFGFR1 kinase dimers
alone is sufficient for causing prostate cancer in transgenic mice, which is quite
different from ectopically expressed full-length transmembrane FGFR1 kinase
physiological levels. The iFGFRI fusion protein does not have an extracellular
domain that binds to HS proteoglycans or other cofactors; it is artificially
dimerized at its C-terminus. Normally the activity amplitude and substrate
specificity of the FGFR kinase are subject to the restriction imposed by the
interaction with HS proteoglycans and other cofactors. The truncated iFGFR1
is not subject to these restrictions due to lacking the ectodomain. Therefore, it
may have a wider range of substrates coupled with more sustained and high
extent activities. This may overlap sufficiently with pathways that promote the
required genetic instability and tumorigenicity. The long latency of tumorigen-
esis and the independence of the more advanced tumors on iFGFR1 suggest
other cooperating events are needed for prostate tumorigenesis induced by the
tyrosine kinase.

Loss of the tissue homeostasis-promoting FGFR2-signaling axis has been
associated with prostate tumor progression both in human prostate cancer and
in animal models. Since Fgfr2 ablation is early embryonically lethal, tissue-
specific ablation of Fgfr2 in mouse prostate epithelial progenitor cells during
early prostate morphogenesis with the Cre/LoxP recombination system has
been created to study the function of FGFR2 in the prostate epitlleliun1.45
Unlike a normal prostate that is composed of 4 pairs of AP, DP, LP, and VP,
most young adult Fgfr2 conditional null (Fgfr2°") mice develop a small prostate
that often only has 2 pairs of DP and LP. In addition, branching morphogenesis
of the Fgfr2®" prostates is significantly impaired, which can be characterized by
deficient intraluminal infolding, and the luminal epithelial cells are not well
polarized. In contrast to wild-type prostates, maintenance of mature Fgfr2”
prostates is not strictly androgen dependent. No significant prostatic atrophy is
observed even at 2 weeks after castration in adult Fgfr2” mice. Similarly,
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androgen replenishment also fails to induce cell proliferation in the Fgfr2”
prostates. The results showed that FGFR2 signals are essential for strict
androgen dependency in adult prostates with respect to tissue homeostasis.
In contrast, production of secretory proteins in Fgfr2“" prostate remains to be
strictly androgen dependent. Together, the results indicate that is androgens
may regulate cellular homeostasis and functions of luminal epithelial cells by
different mechanisms.

The FRS20 adaptor protein is extensively tyrosine phosphorylated by the
FGFR kinase upon activation by the FGF ligand. 13 Phosphorylation of tyrosine
on FRS2a creates binding sites for Grb2 (Y196, Y306, Y349, Y392) that mainly
link to PI-3 kinase activation, and Shp2 (Y436 and Y471) that mainly links the
FGFR kinase to the MAP kinase pathway. Frs2o is expressed in mouse embryos
during early embryogenesis and almost ubiquitously in all fetal and adult
tissues. ! Disruption of Frs2u alleles abrogates the FGF-induced activation
of MAP kinase and PI-3 kinase, chemotactic response, and cell proliferation,
and severely impairs mouse development resulting in embryonic lethality at
E7-E7.5."* The human Frs2a gene is located in 12q15; rearrangement in
12q15 is often found in human tumors, suggesting that aberrant expression of
Frs2o may be involved in tumorigenesis.

The Frs2o alleles have been tissue-specifically disrupted in the progenitors
for prostate epithelial cells in early prostate morphogenesis with the Nkx3.1¢"
driver (designated as Frs20""N5  Similar to wild-type prostates, the Frs20"
Nhkx prostates have similar gross organ morphology, yet, have significantly less
epithelial ducts than wild-type prostates. Interestingly, unlike the Fgfr2®
prostate that has a compromised androgen dependency, Frs20" ™ prostates
are strictly androgen dependent with respect to production of secretory pro-
teins and tissue homeostasis, suggesting that the FGFR2 regulates androgen
dependency of prostate epithelial cells independent of FRS2a. Although Frs2u«
is not expressed in luminal epithelial cells of mature prostates, it is highly
expressed in prostate tumor epithelial cells in the TRAMP mouse, which is
coincident with the ectopic appearance of FGFR1 (Fig. 5A), suggesting that
the ectopic FRS2a-mediated FGF signaling axis is involved in prostate tumor
progression.l33’134 The majority of TRAMP mice carrying the floxed Frs2o
alleles develop low-to-high-grade PIN lesions within 10 weeks of age. PIN
foci are apparent across the whole prostate with an estimated 80% of the
prostate exhibiting various degrees and grades of PIN lesions (Fig. 5B). The
PIN foci in TRAMP/Frs20 ™/ Nk prostates are fewer than in control TRAMP
mice. The majority of the lesions are less severe, compared with the control
TRAMP mice (Fig. 5B and C). By 24 weeks of age, most control TRAMP mice
develop advanced, poorly differentiated tumors, whereas tumors in the
TRAMP/Frs26""N mice are at well-differentiated stages. Furthermore, the
TRAMP/Frs26"" % mice have a significantly increased life span than those
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Fic. 5. Ablation of Frs2u in the prostatic epithelium inhibited tumorigenesis in the TRAMP
prostatic tumor model. (A) Expression of Frs2o and Fgfrl at the mRNA level was assessed in
TRAMP prostates by in situ hybridization. Red arrows indicate epithelial cells, and black arrows
indicate stromal cells. Inset, wild-type control showing no expression of Fgfrl in the epithelial
compartment. (B) Prostate tissue sections were prepared from TRAMP mice with or without Frs2u
null alleles at the indicated ages and stained with HE or analyzed by immunohistochemical staining
with anti-T-antigen antibody. Blue arrows indicate focal lesions, and green arrows indicate normal
epithelial cells. (C) The percentage of areas occupied by the PIN foci in prostates of 10-week-old
TRAMP mice. The data are mean and standard deviation from five prostates. (D) Mortality of
TRAMP mice with the indicated Frs2o alleles was determined from daily observation over
250 days. The percentage of mice that survived to the respective age is shown. F/F, homozygous
TRAMP-Frs2¢"”* mice; CN, TRAMP-Frs20" mice. (Adopted from Zhang et al., 2008, Develop-
ment. 135 (4): 782).

TRAMP mice that have intact Frs2« alleles (Fig. 5D). These results strongly
suggest that ablation of FRS2uo-mediated signaling pathways in prostate

epithelial cells inhibits prostate tumor initiation and progression in the
TRAMP mice.
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B. Models with HER2/neu Overexpression

HER2/neu (also known as ErbB-2) is a member of the epidermal growth
factor receptor (EGFR) family, also known as the ErbB protein family that
includes EGFR, HER2, HER3, and HER4. The HER2/meu is a transmem-
brane glycosylated tyrosine kinase that consists of an extracellular domain,
which interacts with other EGFR family members and an intracellular tyrosine
kinase domain. HER2 forms heterodimers with other EGFR family members,
induced by binding of EGF to the EGFR. The interaction allows HER2/neu
heterodimers to serve as a coreceptor of EGFR. The heterodimers are more
stable and, therefore, elicit more potent signals than other EGFR dimers
without HER-2/neu. HER2/neu and other members of the EGFR family
have been implicated in human prostate cancer initiation and progression to
castration-resistant stages.135 Transgenic mice that overexpress HER2/neu in
prostate epithelial cells with the PB promoter develop PIN by the age of
5 months, which progresses to invasive carcinoma after 1 year.136

C. Models with TGF-B Signaling Disruption

The transforming growth factor beta (TGF-B) superfamily is involved in
regulation of many cellular processes both in adults and in embryos, including
growth, differentiation, apoptosis, homeostasis, and other functions. TGF-f
elicits signals by binding and activating to type II TGF-f receptor (TGF-BRII),
which is a transmembrane serine/threonine kinase that phosphorylates the
type I TGF-p receptor (TGF-BRI). The type I receptor then phosphorylates
SMAD:s that are subsequently translocated to the nucleus where they function
as transcription factors and participate in the regulation of gene expressions.
The epithelium-to-stroma TGF-B signaling axis plays a critical role in the
communication between the two compartments and maintenance of tissue
homeostasis. Loss of the TGF-BRII receptor is often found associated with
advanced human prostate cancer. Expression of dominant-negative TGF-BRII
(DNIIR) mutant proteins, which attenuate TGF- signaling, in the prostate
epithelium of the LADY mice increases amounts of metastasis compared to
age-matched control mice expressing only the large T antigens.'®” Yet, the sizes
of the neoplastic prostates are not increased by the attenuation of TGF-f
signaling. Knockout of the TGF-BRII in prostate stroma with FSP1-Cre
(Tefpr2(fspKO)) results in the development of PIN and progression to adeno-
carcinoma within 7 months.** Unlike prostates with functional TGF-BRII
alleles, which quickly regress after androgen deprivation, prostates of Tgffr2
(fspKO) mice regress to a lesser extent than the control mice and exhibit high
levels of prolifera‘cion.31 In the prostates with intact TGF-BRII, Wnt activity
can be only detected in epithelial cells of proximal ducts after castration. In the
prostate of Tgfpr2(fspKO) mice, however, Wnt activity can be detected
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throughout the glandular epithelia regardless of androgen status. In vivo tissue
recombination of Tgffr2(fspKO) prostatic stromal cells and wild-type or SV40
large T antigen expressing epithelial cells results in prostate-like tissues that are
resistant to androgen deprivation. Furthermore, xenografts with human
LNCaP prostate cancer cells show that prostatic stromal cells from the prostate
Tofpr2(fspKO) mice induce LNCaP cell proliferation and tumorigenesis as a
result of elevated Wnt3a expression.138 The results suggest that a TGF-beta,
androgen, and Wnt paracrine signaling axis enables prostatic regression after
androgen ablation and that the loss of stromal TGF-BRII expression compro-
mises androgen dependency of the prostate.

D. Models with Disrupted IGF-I Signaling

The insulin-like growth factor (IGF) family has two highly homologous
ligands, IGF-I and IGF-II, which elicit the regulatory activities by binding and
activating their receptor, IGF-IR. The circulating IGF-I ligand is mainly
synthesized and secreted by the liver under the control of growth hormone
(GH). IGF-I is also produced as local a growth factor in many tissues and
organs, including the prostate. Ligand-dependent activation of the IGF-IR
kinase initiates multiple signaling events, including activation of the PI3K/Akt
and MAP kinase pathways. Aberrant expression of the IGF-1 signaling axis has
been found to be associated with prostate cancer risk, as well as associated with
progression in the Dunning rat prostate tumor model. "

Although forced expression of IGF-1 in mouse prostate epithelial cells
causes prostate hyperplasia,140’141 forced expression of IGF-1 in the prostate
epithelium of TRAMP mice unexpectedly delays ?rogression of organ-confined
tumors and emergence of metastatic lesions.'*' Consistently, ablation of
IGF-IR in prostate epithelial cells activates ERK1/2 signaling, leads to cell
autonomous proliferation and hyperplasia in the epithelium, and induces
p>53-regulated apoptosis and cellular senescence rescue programs.142 Ablation
of IGF- IR in the prostate epithelium on TRAMP mice, rather than inhibiting
the tumorigenesis and progression, accelerates the emergence of aggressive
prostate cancer. In line with this observation, reducing the serum IGF-1 level
to 10% of control mice by tissue-specifically deletion of IgfI in the hepatocytes
of TRAMP mice does not significantly affect the survival rates of TRAMP
mice.'* No difference in the pathologic stage of the prostate cancer can be
detected between the IgfI conditional knockout and wild-type groups, suggest-
ing that the reduction in systemic IGF-1 is not sufficient to inhibit prostate
tumor progression in the TRAMP model. It has been proposed that the IGF
signaling in prostate epithelial cells may suppress cellular senescence and
apoptosis to allow epithelial cells to survive spontaneous transformation while
enforcing a strong differentiation block. Thus, loss of IGF-I signaling, in
combination with suppressed p53 function by the T antigens, provides selective
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advantage to transformed epithelial cells that overcome the IGF-IR-mediated
differentiation block and progress toward more invasive and disseminated
forms of carcinoma.'*? The results further suggest that the onset, progression,
and invasion of prostate tumors in animals are composite outcomes resulting
from multiple mutations and defects, which, sometimes, may not be consistent
with data gathered from in vitro cell culture and biochemistry experiments.
Recapitulation of tumor onset, progression, metastasis, and relapse in animal
models is needed to validate in vitro findings, and will provide guidance for
preclinical initiatives for prostate cancer therapies.

E. NF-xB Pathway Models

Nuclear factor-kappaB (NF-kB) is a family of transcription factors that
regulate a broad spectrum of genes expression and control diverse functions.
The activity of NF-kB is regulated by IkB (inhibitor of ¥B) that binds to and
sequesters NF-«B in the cytoplasm. When the NF-«xB pathway is activated, the
IxB kinase phosphorylated IxB at serine residues 32 and 36. Phosphorylated
IxB is then degraded via the ubiquitination-mediated proteasome degradation,
resulting in the release of NF-xB, which is translocated to the nucleus where it
functions as a transcription factor. Constitutive activation of NF-kB is often
found in primary prostate cancer samples. The castration-resistant prostate
tumor cell lines and androgen-independent prostate tumor xenografts often
have higher NF-xB activities than androgen-dependent grafts. In addition,
metastatic prostate tumors also have higher NF-kB activities than organ-con-
fined ones.'** In fact, elevated NF-xkB activity correlates with recurrence after
radical prostatectomy and has value as a prognostic risk factor. It has been
shown that the prostatic NE cells activate the NF-kB pathway in LNCaP cells
via secretory factors, resulting in increased levels of active AR. On the other
hand, blocking NF-«B signaling inhibits in vitro activation of the AR. Ablation
of IxkBa, a major inhibitor of NF-kB, prevents regression of the mouse prostate
after castration. Furthermore, ablation of one allele of IxBot in ARR2PB-c-Myc
(Hi-Myc) mice significantly lowers the sensitivity of the tumor to androgen
deprivation by castration, and the tumor cells continue to proliferate after the
castration.'** These results suggest that activation of NF-xB is sufficient to
maintain androgen-independent growth of prostate and prostate cancer cells
by upregulating AR activities.

F. The Vav3 Overexpression Model

Vav3 is a guanine-nucleotide-exchange-factor that relays signals to
Rho-GTPases. Overexpression of Vav3 has been found to be associated with
castration-resistant properties of prostate tumors both in human and animal
models. Vav3-mediated Rho GTPase signaling has been shown to contribute to
ligand-independent activation of AR and estrogen receptors in breast cancer.
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Overexpression of constitutive active Vav3 in the prostate epithelium leads to
development of PIN and prostate cancer at as early as 3 months of age.145 The
AR and PI3-kinase/Akt signaling pathways are both overactivated in Vav3
transgenic prostate. In addition, Vav3 transgenic mice developed nonbacterial
chronic prostatitis in the prostate gland, which was associated with elevated
incidence of prostate cancer. In vitro analysis showed that overexpression of
Vav3 in prostate cancer cells enhanced NF-xB activity,145 which may underlie
the innate inflammatory response, as well as overactivation of the androgen
signaling pathway induced by elevated Vav3 activity. Thus, the elevated Vav3
activity in the prostate epithelial cells enhances both AR signaling and the
innate inflammatory response, and contributes to the onset and castration-
resistant activity of prostate cancer.

VIIl. Remarks

Although a definitive relationship remains to be proven, it is generally
believed that epithelial hyperplasia and low-grade PIN are the early morpho-
logical lesions leading to prostate cancer. In addition, the proliferative inflam-
matory atrophy (PIA), a prostate epithelial response to microenvironmental
stress, has also been shown to be precancerous lesions. These focal lesions
gradually progress to higher and higher grades of PIN and then adenocarcino-
ma that will metastasize primarily to bone first and other organs at later stages.
The process likely is a continuous change in gene expressions and mutations,
which correlates with multiple changes in cellular properties, including prolif-
eration, differentiation, migration, hormone dependency, and interaction with
other cells in the microenvironment. Over the last decade, GEM models have
been widely used for testing impacts of these changes on the onset, progres-
sion, and metastasis of prostate tumors, as well as for assessing the effects of
environmental and preclinical drugs for prevention and treatment of prostate
cancer. However, human prostate cancer is a complex disease and is highly
heterogeneous. It is possible that no single mouse model will mimic all aspects
of all human prostate cancers, although continuing efforts are taken to establish
and characterize mouse models that best mimic human prostate cancers. Each
model may only resemble certain properties of human prostate cancer. New
models with selective alterations in diverse prostate stromal cell types are
needed to better understand interactions among the stroma and epithelium
and diverse cell types within each compartment. Nevertheless, specific mouse
models displaying certain aspects of prostate cancers will continue to shed new
light on understanding basic biological mechanisms as a preclinical guide to
understanding and management of human prostate cancer.
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The basic cellular processes deregulated during carcinogenesis and the vast
majority of the genes implicated in cancer appear conserved from humans to
flies. This conservation, together with an ever-expanding fly genetic toolbox,
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has made of Drosophila melanogaster a remarkably profitable model to study
many fundamental aspects of carcinogenesis. In particular, Drosophila has
played a major role in the identification of genes and pathways implicated in
cancer and in disclosing novel functional relationships between cancer genes.
It has also proved to be a genetically tractable system where to mimic cancer-
like situations and characterize the mode of action of human oncogenes. Here,
we outline some advances in the study of cancer, both at the basic and more
translational levels, which have benefited from research carried out in flies.

l. Introduction

There are more than 200 different types of human cancers that, all together,
are responsible for roughly one-fifth of all deaths in industrialized countries.
Despite their diversity, cancer cells share, albeit to different extents, some
fundamental properties: increased proliferation, decreased apoptosis, altered
differentiation, altered metabolism, genomic instability, immortalization, alter-
ation of the tissue structure, and invasive behavior." At the molecular level,
cancers arise as a consequence of multiple genetic lesions that modify the normal
function of oncogenes, tumor suppressor genes or miRNA genes, controlling the
aforementioned processes.> Characterizing the functions of these genes as well
as the key steps of cellular transformation is crucial to understand and fight
tumorigenesis. Accordingly, much effort has been devoted to developing ex vivo
and in vivo experimental models for cancers. Beside vertebrate models, the fruit
fly Drosophila melanogaster has emerged as a powerful tool for cancer studies.
Indeed, the key cellular processes (proliferation, apoptosis, migration, etc.) and
the vast majority of the cancer-associated genes are conserved from Drosophila
to humans.® Its relative simplicity, low level of gene redundancy, excellent
genome annotation and one century of genetic characterization have also played
a great deal in the success of Drosophila. Notably, the extensive genetic toolbox
available in flies allows mimicking cancer-like situations and setting up sophisti-
cated genetic screens.* Thereby, Drosophila has been instrumental for the
identification of many signaling pathways deregulated in human cancers and
the study of genetic interactions occurring between cancer genes.

However, not all the aspects of carcinogenesis can be studied in Drosophila.
For instance, flies have an open circulatory system and no adaptive immunity;
thus their tumors grow without angiogenesis and the immune surveillance of
cancer cells does not operate in the same way. Also, flies have a very short
lifespan whereas human cancers are fundamentally linked with aging. Finally,
each human cancer cell develops in a genetic and microenvironmental context
that is determinant for the outcome of the disease but whose complexity can
hardly be recreated in any experimental model. Despite these limitations,



MODELING CANCERS IN DROSOPHILA 53

Drosophila has greatly contributed to our understanding of cancer. In this work,
we summarize some Drosophila researches focusing either on the analysis of the
general mechanisms underlying cell transformation or oriented to the design of
cancer-specific model systems.

Il. Drosophila and Cancer Cell Growth

The most prominent hallmark of cancer cells is their aberrant growth, as
illustrated by the etymology of the word tumor (from the Latin “tumor,” i.e.,
swelling). This hyperplasia can be caused by increased proliferation and/or
decreased cell death. Drosophila has helped characterizing many genes
controlling these two processes.

A. Cell Proliferation

The core machinery controlling cell cycle progression is conserved from
yeast to mammals, and Drosophila has been a successful model for studying
cell cycle regulation in vivo in part because its E2F/CycE network is simpler
than in mammals.” For instance, Drosophila has only two E2F's (one activator
of proliferation, E2F1, and one repressor, E2F2), one E2F heterodimeric
partner (Dp), two RB family members (Rbfl and Rbf2), one essential G1-S
cyclin (Cyclin E), a single cyclin-dependent kinase inhibitor (Dacapo), and no
INK homologue. Most work in flies has focused on the regulation of cell cycle
during development.6 Whereas S and M phases oscillate without gaps during
early embryogenesis, imaginal disc cells, that will give rise to the adult struc-
tures, rely on canonical cell cycle during larval stages. In addition, a number of
embryonic and larval structures undergo endoreplication and, in the adult
gonads, the germ cells undergo meiosis. The comparative study of these
different cell cycle types has brought important contributions to our under-
standing of cell cycle regula’tion.7 For example, the G1-S transition, which
primarily depends on Cyclin E (CycE) activity, has been extensively studied in
Drosophila. Regulation of CycE turnover is critical for cell cycle progression
and many cancers upregulate CycE in humans.® Works in flies showed that
CycE is regulated both at the transcriptional and posttranscriptional levels
in vivo,’ notably by the E3 ubiquitin ligase Archipelago (Ago) that targets
CycE to SCF-dependent degradation.” This finding prompted the discovery
that Ago ortholog Fbw7 is a tumor suppressor.g’] Of note, beside in vivo
genetic screens, RNA interference (RNAi) using Drosophila cell cultures
provides new means to study cell proliferation. Accordingly, large-scale to
genome-wide RNAi screens have been successfully conducted to identify
regulators of cell cycle progression or of E2F activity.>™*



54 POLESELLO ET AL.

Cell proliferation is controlled by a variety of conserved signaling pathways,
including RAS/MAPK, PI3K, and JAK/STAT pathways, whose deregulation can
lead to cancer. Many components of these pathways were identified by genetic
studies in Drosophila and they were shown to control proliferation also in this
organism.* One salient example is the historical role played by Drosophila in
the characterization of the RAS/MAPK cascade. In mammals, mitogenic
growth factors activate receptor tyrosine kinases (RTKs) and the downstream
RAS/MAPK pathway to induce cell division. Accordingly, activating mutations
in RAS genes are among the most frequent genetic alteration in human
cancers.”” In Drosophila, changes in RTK/RAS signaling activity induce visible
eye phenotypes that were used in elegant second-site modifier screens to unveil
new components of this conserved pathway.16 Together with analysis in Cae-
norhabditis elegans, these studies delineated the core RTK/RAS/MAPK signal-
ing cascade from the cell surface to the nucleus. In parallel, works on
Drosophila eye and wing development have shown that crosstalk between
patterning signals such as Hedgehog (Hh), Decapentaplegic (Dpp), Wingless
(Wg), or Notch (N) impinges directly on the activity of key cell cycle regulators.
Moreover, their output on cell cycle seems to be tissue speciﬁc,lL19 which
implies that, depending on the developmental context, these signaling mole-
cules can function either as tumor suppressors or oncogenes.

B. Cell Death

Cell death evasion is another central aspect of cancer and Drosophila
models contributed to our understanding of cell death pathways, in particular
apoptosis. The apoptotic program culminates with the sequential activation of
initiator and effector caspases, a family of cysteine proteases essential for cell
destruction.?® During fly development, Dronc, the ortholog of Caspase-9, is the
main initiator caspase. In response to apoptotic stimuli, it binds to the apoptosis
promoting factor 1 (APAF1)-like protein Dark to activate effector caspases
such as drICE.*! Regulating caspase activity is critical for proper control of
apoptosis and this is achieved both by members of the Bcl2 family and of the
inhibitor of apoptosis (IAP) family. Actually IAPs were discovered in baculo-
viruses and their first cellular homologs were identified in a genetic screen in
Drosophila, opening the way for the characterization of their function and
mode of action.?? Further studies showed that Drosophila IAPs (in particular
DIAP1) rather than Bcl2 homologs play a predominant role in preventing
caspase activation.?! Actually, DIAP1 directly interacts with the initiator cas-
pases and promotes their degradation by ubiquitinylating them. Conversely,
DIAP1 is regulated by IAP antagonists, such as Reaper (Rpr), Head involution
defective (Hid), and Grim, whose binding to DIAP1 releases the caspases and
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favors DIAP1 degradation. IAPs are overexpressed in many cancer cell lines
and primary tumors and are now considered as potential targets for cancer
treatment.>?

In Drosophila as in cancer cells, apoptosis is controlled by developmental
cues as well as by oncogenic signaling pathways and environmental stimuli such
as irradiation. The two major upstream regulators activated in response to
apoptotic stimuli in flies are the p53 homolog Dmp53 and the JNK pathway,
which are critical regulators of apoptosis in humans.>*26 Interestingly, Dmp53
also promotes apoptosis by activating Hippo signaling following irradiation,
suggesting that this pathway may contribute to p53 tumor suppressor func-
tion.?” Strikingly too, it has been known for a long time that irradiation can lead
to the removal of more than 50% of cells in imaginal discs without affecting the
size or the pattern of the final organ.28 This intriguing feature relies on a
process termed apoptosis-induced proliferation whereby compensatory divi-
sions are induced in the neighboring nonapoptotic cells by the dying cells.”
Depending on the tissue, compensatory proliferation actually requires the
initiator caspase Dronc or the effector caspase DrICE and Dcp-1 to promote
the nonapoptotic function of JNK or the accumulation of the mitogen Hh.30-3
Of note, compensatory proliferation also occurs in mammals, for example,
during intestinal and liver regeneration,35’:36 and might participate in tumor-
igenesis. Thus, delineation of this phenomenon in Drosophila could provide
important information for our understanding of cancer progression.

C. Checkpoints Control

Most cancer cells are aneuploid, and T. Boveri proposed almost 100 years
ago that abnormal chromosome constitution promotes tumor formation.””
Aneuploidy in cancer cells is associated with increased chromosomal instability
and defects in mitotic checkpoints. In addition, cells are exposed to exogenous
and endogenous genotoxic agents and defects in DNA damage response lead to
genomic instability and accumulation of potentially oncogenic mutations. Dro-
sophila emerged as an appropriate model to study DNA damage and mitotic
checkpoints due to the functional conservation of the molecular actors
controlling these events.>> For example, the Chk2/p53 cascade plays a con-
served role in ionizing radiation-induced cell death in flies and mam-
mals.2+%>4%2 1) addition to irradiation of embryos or imaginal discs, meiotic
recombination and telomere maintenance have been extensively used to inves-
tigate DNA damage response in vivo.*®* Moreover, cell-based RNAi screens
have been recently developed to identify genes important both for survival
after DNA damage and for chromosome stability.44’45 These different
approaches helped defining conserved mechanisms controlling genome
maintenance.
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Besides, Drosophila can also serve to test the function of key regulators of
chromosomal stability in cancer. For instance, centrosome amplification, which
can lead to the formation of multiple spindle poles and unequal distribution of
chromosomes in daughter cells, is a common phenotype in solid human tumors
and has been linked to genetic instability and tumorigenesis.37 But whereas
evidence for a causal link between centrosome amplification and genomic
instability is still missing, some recent findings in Drosophila challenge the
whole notion. Indeed, flies presenting extra centrosomes are viable and can be
maintained as stable diploid stocks for many generations.*® Intriguingly, upon
transplantation into adult host flies, larval brain cells with compromised cen-
trosomal function generate metastatic tumors, supporting the idea that centro-
some dysfunction is sufficient to promote tumorigenesis. However, these
tumors seem to arise from a defect in asymmetric cell division rather than
from increased genomic instability or aneuploidy, as usually assumed in mam-
mals.***” Furthermore, a genome-wide RNAIi screen in Drosophila cells iden-
tified a set of genes that prevent the formation of multipolar spindles.*®
Importantly, reducing the levels of one of them, the nonessential kinesin
motor HSET, selectively killed mammalian cancer cells with supernumerary
centrosomes, suggesting that some tumors depend on centrosome clustering
for survival, an observation that opens new avenues for cancer therapeutics.

lll. Drosophila, Cancer and Tissue Growth

In most cases, mutations inducing ectopic proliferation or decreased
apoptosis do not result in tissue overgrowth due to compensatory mechanisms
that are likely to be also involved in the control of tumor growth. Some of the
mechanisms and signaling pathways that coordinate tissue growth have been
established in Drosophila.

A. The Hippo Pathway

In the past decade, a new conserved signaling pathway discovered in
Drosophila, the Hippo pathway, has been shown to control organ size by
coordinately regulating proliferation and apoptosis.49 Importantly, deregula-
tion of this pathway has been implicated in the development of many human
cancers. The first components of the Hippo pathway, warts (wts also known as
lats), salvador (sav), hippo (hpo), and mob as tumor suppressor (mats) have
been identified in genetic screens looking for genes that normally restrict cell
growth and prolifera’tion.SO’57 Loss of function in any of these genes provokes a
distinctive hyperplasia due to excessive proliferation and decreased apoptosis
in response to the transcriptional activation of cycE, DIAPI, and bantam
(Fig. 1). At the molecular level, these four core components form a molecular
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Fic. 1. The Hpo pathway controls both apoptosis and proliferation. Electron microscopy pic-
tures of Drosophila eyes. A control wild-type eye is shown in the left panel. Downregulation of hpo
activity leads to a massive increase in eye size due to both lack of apoptosis and increase in proliferation
(middle panel). On the contrary, overexpression of sav and ws strongly reduces eye size (right panel).

complex that restrict tissue growth chiefly by phosphorylating the transcriptional
coactivator Yorkie (Yki) (Fig. 2), thereby preventing its nuclear accumulation
and the activation of the Hippo pathway transcriptional targets.”>*

Over the last few years, thanks to active researches by several fly labs, a
number of molecules acting upstream or downstream of these four core
components have been identified and their mode of action partly characterized
(Fig. 2).% These include the planar cell polarity transmembrane proteins Fat
and Dachsous, which seems to act as receptor and ligand, the Expanded-
Merlin—Kibra complex, which participates in signal transduction from the cell
cortex, the transcription factors Scalloped and Homothorax, which recruit Yki
to DNA, and two negative regulators, dRASSF and Ajuba, which inhibit some
of the core components. Most members of the Hippo pathway have functional
homologs in mammals. Actually, human YAP (Yki homolog), Lats1 (Wts homo-
log), Mst2 (Hpo homolog), and Mobl (Mats homolog) can rescue the
corresponding Drosophila mutant in vivo”**®* and interactions between
core components of the Hpo pathway are largely conserved.®

The Hippo pathway was originally identified as a tumor suppressor path-
way in Drosophila and its deregulation is emerging as an important step in
mammalian carcinogenesis.*” One striking example is the human tumor sup-
pressor gene NF2 (Merlin homolog) whose mutation has been causally linked
to the development of neurofibromatosis type 2, a familial predisposition
neoplasia syndrome that causes multiple tumors in the nervous system.64
Also, mutation or downregulation of lats and mst genes has been found in
several human cancer lines and genetic studies in mice demonstrated that lats1
and mst1/2 are tumor suppressor genes.*>® Conversely, yap was shown to
control contact inhibition and has been implicated as a bona fide oncogene and
a prognostic marker in human hepatocellular carcinoma.®”%® Undoubtedly,
ongoing investigations in flies will give a better understanding of Hippo
pathway regulation during normal development and cancer.
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In/TOR
pathway
Hpo pathway

Polarity complexes

Fic. 2. Schematic representation of the Insulin/TOR pathway, Hippo pathway and epithelial
polarity complex proteins in Drosophila. Binding of the insulin-like peptides (ILP) to the insulin
receptor (InR) induces the activation of PI3K and Akt, which phosphorylates and inactivates the
transcription factor FOXO, thereby reducing cell metabolism and proliferation. In response to
nutrient sensing, the small GTPase Rheb is inhibited by the activity of the Tuberous sclerosis
complex formed by TSC1 and TSC2. GTP-bound Rheb allows the activation of the TOR/Raptor
complex, promoting translational initiation, ribosome biogenesis as well as nutrients storage.
Activation of the Hpo pathway relies on a phosphorylation cascade involving the core components
Hpo, Sav, Wts, and Mats, and leads to the cytoplasmic retention of the cofactor of transcription Yki.
Ft and Crb somehow regulate Ex and Mer, which are required upstream of Hpo to control both
proliferation and apoptosis. Apicobasal cell polarity is established and controlled by intricate cross-
regulatory interactions between three major complexes. The Par3/Par6/aPKC and the Crb/Pals/
Patj complexes are located in the subapical region of the cell and the Scrib/Dlg/Lgl complex is
found in the lateral region. These interactions regulate the maintenance of subapical junctional
complexes (adherens junctions, AJ, and septate junctions, SJ) that mediate cell—cell interactions.

B. Cell Competition

Cell competition is another important contributor to tissue growth and
homeostasis. This process, which was first described in Drosophila using
mutations in ribosomal protein genes called Minutes,®®™ is thought to arise
from differences in growth rates between neighboring cells.”t As a conse-
quence of this difference, apoptosis is triggered in the weaker cells, whereas
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the stronger cells are stimulated to proliferate. During cell competition, be-
cause the expansion of winners occurs at the expense of losers, total cell
numbers does not change and the normal pattern of the organ is preserved.
Growth regulators have been proposed to affect cell competition: for example,
components of the Hippo tumor suppressor 1;)athway72 and most notably dmyc,
the homolog of the proto-oncogene c-myc. 374 Mutations that reduce dMye
function lead to small flies but localized dMyc overexpression leads to the death
of surrounding wild-type cells, even though they are perfectly healthy. Winner
cells are thought to produce an unknown soluble killing signal that triggers
apoptosis in the loser cells., ™™ Reciprocally, losing cells induce an engulfment
response in the winner cells.”® How winners and losers are distinguished is an
important but still unresolved question.

Cell competition also occurs in mammals, as illustrated by mutation in mouse
ribosomal protein L24 gene.”” As this process takes place between different
neighbor cells, it might be activated between normal and transformed cells and
the fact that Myc and the Hippo pathway are both associated with tumorigenesis
and cell competition suggests a possible link between these two processes.
Accordingly, it has been proposed that cell competition may participate in tumor
progression by allowing cancer cells to out-compete normal cells.™

C. The Insulin/TOR Pathway

One key conserved regulator of cell and organism growth is the Insulin/
TOR pathway that couples dietary conditions to cell metabolism, growth,
proliferation and survival. Drosophila has proven to be a powerful genetic
model to decipher the Insulin/TOR pathway with direct implications for
carcinogenesis.79

Briefly, in the first branch of the pathway, secreted Drosophila insulin-like
peptides (Dilps) act in an endocrine manner by binding insulin receptor
homolog InR to activate an intracellular signaling cascade implicating IRS1
homolog Chico, PI3K and Akt (Fig. 2).5952 Akt phosphorylates and inhibits the
nuclear translocation of one major target of InR signaling: the transcription
factor FOXO that controls the expression of several key actors of cell metabo-
lism and cell cycle, including ribosomal proteins, dMyec, and the inhibitor of
cap-dependant translation 4E-BpS3%5 Diminishing InR signaling leads to
reduced cell, organ, and body size by decreasing both proliferation and
growth.80 Conversely, reducing the activity of PTEN, which antagonizes
PI3K activity, results in increased cell growth and proliferation.86’87 The second
branch, the target of rapamycin (TOR) pathway, directly senses the dietary
status (amino acid and energy levels) at the individual cell level.” The complex
formed by the proteins tuberous sclerosis complex 1 and 2 (TSC1 and TSC2)
constitutes the upstream component of the pathway. Mutations in Drosophila
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tscl or ¢sc2 lead to larger cells and mild cell cycle acceleration.®® ! The main
known function of the TSC complex is to antagonize the small GTPase Rheb
that activates the TOR—Raptor complex (TORC1) (Fig. 2).979 TORC1 phos-
phorylates 4E-BP and S6K to activate protein biosynthesis and it also promotes
ribosome biogenesis and Myc accumulation,5>99 Importantly, multiple cross-
regulations take place between the InR and TOR branches.™

In humans, cancer cells have an altered metabolism that is essential for
their survival and growth. In addition, many components of the Insulin/TOR
pathway are either tumor suppressors (e.g., PTEN) or oncogenes (e.g.,
PI3KCA, AKT).”" Analysis of the InR/TOR pathway in flies has not only
illuminated the intimate relationship between nutrient sensing and carcino-
genesis but also helped define the function of these genes and their epistatic
relationships. For example, tuberous sclerosis is an autosomal dominant disor-
der caused by mutation in TSCI or TSC2 that leads to widespread develop-
ment of benign tumor. Mutations in gigas/tsc2 and tscl in fly were recovered in
genetic screens for genes that affect cell growth and their characterization was
instrumental to link the tumor suppressor activity of TSC1/TSC2 to the Insulin/
TOR pathwazy.%*91 Also, the TSCI/TSC2 target Rheb was first identified in
Dr()sophila.9~ 94 All together, these studies paved the way for the development
of anticancer drugs targeting metabolic processes.

IV. Drosophila, Cancer, Differentiation, and Stemness

Another hallmark of cancer cells is their altered differentiation. Cell differ-
entiation is usually associated with a low proliferating potential, and cancer can
be envisaged as a “differentiation disease,” as exemplified by the discovery of
cancer stem cells.”® Drosophila cancer models have brought valuable insights
into the regulation of the balance between self-renewal and differentiation that
goes awry in cancer cells.

For example, an analysis in flies demonstrated that loss of differentiation
could act as a switch for tumor proglression.99 This work showed that the
incidence of tumors and metastasis observed in a sensitized eye background
could be, respectively, suppressed or enhanced by gain or loss of function in
atonal, a gene controlling eye cell fate specification and differentiation.”®
Atonal suppresses tumor formation both by promoting differentiation and
cell cycle exit and by inducing apoptosis through JNK signaling in cancer
cells. Remarkably, an accompanying study demonstrated that the tumor sup-
pressor function of atonal is conserved in mammals and also depends on the
JNK pathway.loo However, deregulation of differentiation master genes is not
the only route to cancer progression. For instance, contrary to eye cells lacking
either Rb or the Hippo pathway, the double mutant cells fail to exit the cell
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cycle and progressively dedifferentiate.'® This dedifferentiation is not due to
inappropriate plrolifelration,101’102 but reflects an unexpected cooperation be-
tween Rb and Hippo pathways in maintaining differentiation, which depends
neither on E2F or Yki.'?! Thus, beside their cell cycle defects, Rb mutant cells
may be prone to dedifferentiate and generate cancer stem cells.

Whether cancer stem cells arise through the malignant transformation of
normal stem cells or of committed downstream progenitors is a matter of
controversy and probably depends on the cancer type.m3 However, strong
evidence indicating that mutations affecting stem cells can induce tumors
was obtained in flies. The best examples came from studies on the neural
stem cells: the neuroblasts. Indeed, some of the first Drosophila tumor sup-
pressors were identified by the massive growth of the brain in mutant larvae'**
and their subsequent analysis showed that this overgrowth is caused by defects
in neural stem cell asymmetric division. Normally, a neuroblast divides into one
neuroblast and one differentiating cell, the ganglion mother cell (GMCQ).'0?
This asymmetric division relies on the precise orientation of the mitotic spindle
and the distribution at opposed sides of the cell of different polarity protein
complexes, which eventually restrict the localization of GMC fate determinants
to the basal side of the dividing neuroblast. In a seminal study, Caussinus et al.
196 Jemonstrated that mutations altering several components of the neuroblast
asymmetric division machinery can trigger brain tumors that can be indefinitely
transplanted from host to host. It is tempting to speculate that a similar
functional link between abnormal asymmetric division and cancer may be
conserved in mammals.

Depending on the nature of the mutation, Drosophila brain tumors can
arise from direct expansion of the neuroblasts, from misspecification of a GMC
that reverts to a neuroblast fate, or from retention of the neuroblast in a
transient amplifying state.'” For example, in the absence of Prospero, which
represses cell cycle and stem cell fate genes and activates neuronal differentia-
tion in the GMC, differentiating daughter cells revert to a stem cell-like
fate.'°71% In contrast, in brain tumor (brat) mutants, neuroblasts are blocked
in their maturation and are unable to produce differentiated pmgeny.108 Brat
seems to impinge both on the miRNA machinery and on Myc activity, to
negatively regulate cell growth.w5 Thus, different aspects of stem cell biology
can be altered to produce tumor stem cells.

Beside the central nervous system, Drosophila has other stem cell-like
compartments, notably in the gonads, the gut and the hematopoietic system,
which give good opportunities to study stem cell-derived tumors.'* For in-
stance, JAK/STAT signaling regulates Drosophila blood stem cell homeosta-
sis'1%and activating mutations in the JAK kinase Hopscotch have been found to
induce transplantable hematopoietic tumors more than 15 years ago.''''?
Mirroring these results, it was recently found that activating mutations of
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JAK?2 in human blood stem cells are associated with various hematopoietic
malignancies.113 Finally, studies in Drosophila of the relationships between
stem cells and their niche have helped defining many stem cell features
relevant to ccurcinogenesis.109

V. Drosophila, Cancer and Cell Polarity

Malignant transformation and loss of cell polarity are tightly correlated in
carcinoma, which represent around 80% of human cancers.''* Studies in
Drosophila pioneered the discovery of the role of cell polarity determinants
in cancer. Indeed, lethal giant larvae (Igl) and discs large (dlg) were identified
as tumor suppressor genes 50 years ago and it was subsequently shown that
they act together with scribble (scrib) to control epithelial cell polarity.115 lal,
dlg, or scrib mutant larvae exhibit hallmarks of human carcinoma: their imagi-
nal discs, normally composed of a monolayer of epithelial cells, are grossly
disorganized and overproliferate. These findings were then corroborated by
expression studies showing that their orthologs are inactivated in human carci-
noma and by functional assays demonstrating that they behave as tumor
suppressors in vertebrates.''*

Three major conserved complexes control epithelial cell polarity. The
Crumbs/Pals1/Patj and the Par3/Par6/aPKC complexes are localized to the
apical cortex, whereas the Scrib/Dlg/Lgl module is localized to the basolateral
membrane (Fig. 2).116 Intricate cross-regulatory interactions between these
proteins control epithelial tissue integrity by regulating the maintenance of
subapical junctional complexes that mediate cell-cell interactions. While mem-
bers of the basolateral group consistently behave as tumor suppressors in many
tissues, the function of apical components in human carcinoma seems instead
context dependent.114 Furthermore, different proteins of the endocytic ma-
chinery control epithelial cell polarity and behave as neoplastic tumor suppres-
sors in Dr()so;ohila.l17 In humans, several regulators of endocytosis are
abnormally expressed in tumors, although it is not clear whether they partici-
pate in tumorigenesis by controlling cell polarity or the trafficking of growth
factor receptors.''®

By loosening cell—cell contacts, disruption of epithelial polarity is directly
linked to a critical step in cancer progression: the epithelial-mesenchymal
transition (EMT). During this process, cells transit from a polarized, epithelial
phenotype to a highly motile mesenchymal phenotype.''” In Drosophila imag-
inal discs, cells lacking the so-called scrib group genes (scrib/dlg/lgl) lose their
columnar shape and form multilayered aggregates of rounded cells.'® In the
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ovary, their loss causes follicle cells to undergo EMT and to invade the germ
line in a Par3-dependent manner. 21122 Similarly, different EMT-promoting
factors were found to target polarity complex components in mammals. !

However, the mechanisms leading to larval disc hyper-proliferation in scrib
group mutants remain unclear. Loss of epithelial cell polarity, by affecting the
localization of signaling proteins involved in growth control, may indirectly lead
to increased proliferation. In addition, Lgl, «PKC, and Crumbs may regulate
cell proliferation and survival by impinging on the Hippo pathway. Indeed, Crb
seems to regulate Expanded localization, whereas «PKC and Lgl controls both
Hpo and dRASSF localization,'2*12>

V1. Drosophila and Metastasis

Metastasis, the ultimate step of malignancy, is the main cause of death for
cancer patients. It chiefly relies on the capacity of a tumor cell to migrate from
the primary site and invade surrounding tissues.'2® In most cases, cancer cell
metastasis implies EMT, disruption of the basement membrane, intravasation
into the vasculature, extravasation into distant organs, survival and proliferation
of the cancer cells into their new environment. Not all these aspects can be
studied in Drosophila, but in compensation, the normal development of some
fly tissues provides different models where to analyze in vivo the mechanism
governing cell migration and thus gain insight into the behavior of metastatic
cells."” Here, we shall focus on border cell migration, which represents an
interesting paradigm to study cell invasion, and then discuss other more direct
approaches aiming at modeling metastasis in Drosophila.

A. Border Cell Migration

Collective migration is involved in the propagation of several types of
tumors, such as colorectal carcinoma, melanoma, and breast cancer.!?®
Furthermore, some carcinoma metastatic tumors maintain a relatively well-
differentiated epithelial morphology and a complete EMT is not mandatory for
tumor cell dissemination into surrounding tissues.!? Border cells are a group
of 6-10 epithelial cells that delaminate from the anterior pole of the follicular
epithelium surrounding the egg, migrate as a cell cluster between the nurse
cells, and eventually reach the oocyte, located at the posterior of the egg
chamber. Genetic screens and live imaging pinpointed the different cellular
and molecular players governing this collective migration, an approach that has
revealed unsuspected parallelisms with the mechanisms implicated in human
metastasis.'?® For example, the transformation of the follicular epithelial cells
into invasive cells is mediated by the JAK/STAT pathway that induces the
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C/EBP transcription factor Slow border cell (Slbo).130-132 Similarly, hyperac-
tive JAT/STAT signaling and STAT3 target C/EBPO have been linked to meta-
static progression in humans. 23136

Migrating border cells retain apicobasal polarity and several polarity com-
ponents are required for proper detachment of border cells from neighboring
epithelial cells and/or for their migration.137’140 These results are consistent
with the idea that polarity proteins, by regulating front-back polarity in migrat-
ing cells, are key regulators of metastasis.'*! Also, regulated DE-cadherin
turnover stands as a critical feature to preserve cluster integrity and to allow
migration.'**? Along this line, the discovery that DE-cadherin is stabilized by
Myosin VI during border cell migra’don143 prompted the finding that human
Myosin VI is upregulated in some prostate and ovarian cancers and contributes
to metastasis in a mouse xenograft model. 144145

The precise movement of the border cell cluster is guided by ligands for
PDGF/VEGF and EGF receptors, which provide chemoattractant cues, 1467148
and by regulators of endocytosis, which spatially restrict receptor signalingjf.149
Moreover, the fly homologs of two human metastasis tumor suppressor genes,
Nm23 and missing in metastasis (mim), were found to control border cell
migration by impinging on (endoc>/tosis.l5()’151 Thus, endocytosis may partici-
pate in metastasis by affecting both cell polarity and local response to guidance
cues. Work on border cell migration also hinted that IAPs, beyond their well-
described role in cell death, regulate metastasis. Indeed, DIAP1 mutant border
cells fail to migrate but do not activate apoptosis.lsz’153 Recently, human IAPs
were also shown to promote tumor cell motility independently of their cyto-
protective role.1?*

Finally, several lines of evidence indicate that hypoxia can trigger metasta-
sis in mammals.'®® Remarkably, the hypoxic response controls border cell rate
of invasion and migratory capacity through a conserved cascade involving
HIF10.'%% All together, the numerous similarities between border cell migra-
tion and metastasis strongly suggest that this model will continue to bring
significant insights into this process.

B. Fly Models for Metastasis

As discussed above, mutations in several genes controlling Drosophila
apicobasal cell polarity lead to overgrowth phenotypes but do not cause meta-
stasis. However, seminal studies by Gateff'™ and then by Woodhouse
et al.">"'3% showed that brain tumors coming from lgl, dlg, or brat mutant
larvae and transplanted into the abdomen of adult host flies can give rise to cells
that can cross basement membrane, invade distant organs, and form lethal
secondary tumors. Additional parallels with metastasis in humans were brought
up by the demonstration that matrix metalloproteinase (MMP) activity is
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critical for the invasive behavior of the transplanted cells." This technique has
been particularly useful to demonstrate the tumorigenic nature of several Dro-
sophila mutations and, to a lesser extent, to identify genes potentially modulating
metastasis, 106:112:160.161

Another decisive contribution to the study of metastasis in flies was the
design of refined genetic techniques allowing generation of cell clones
carrying multiple genetic alterations in mosaic animals. These techniques,
such as the MARCM system, made possible to study the behavior in an
otherwise wild-type context of a clone of cells that are mutant for a particu-
lar gene and simultaneously overexpress any desired factor.'® This has
allowed screening for cooperative effects between oncogenes and tumor
suppressor, closely mimicking the two-hit situation observed in cancers. In
two parallel studies, it was shown that disruption of polarity (loss of scrib,
dlg, or lgl) and the expression of an activated form of Ras or Notch are
sufficient to induce full malignant transformation of epithelial cells as shown
by the appearance of metastatic tumors in distant organs.**'®® These
tumors exhibited several features of metastatic mammalian tumors, such as
loss of cell adhesion, decreased E-cadherin expression and the ability to
degrade the basement membrane.'® Importantly, oncogenic Ras and loss of
Scrib were subsequently found to cooperate to promote cell invasion in
mammals. 4

This type of studies also showed that the JNK pathway is an important
effector of the oncogenic Ras activity in this cooperative context. Normally,
JNK induces apoptosis in scrib mutant cells'?® but, in the presence of RasV12,
JNK activity assumes instead a growth-promoting activity and contributes to
metastasis by activating MMP expression, basement membrane remodeling
and JAK/STAT signaling.l%’168 How JNK signaling switches roles is still un-
clear but CO()%)eration between Ras and JNK has also been observed in human
carcinoma.'® Yet, blocking apoptosis and promotin% cell proliferation in scrib
mutant cells is not sufficient to induce metastasis,'® indicating that Ras/Scrib
cooperation involves additional targets.

Another infamous proto-oncogene is c¢-Src whose overactivation has
been associated with metastasis' ", a feature that seems conserved in flies.
Indeed, whereas high levels of Src signaling normally induce cell death,
they cooperate with RasV12 to induce invasive eye cell tumors.'™ Further-
more, mutations in polyhomeotic, a member of the Polycomb Group (PcG) of
epigenetic silencers, also cooperate with RasV12 to induce metastatic
tumors.'®® Similar connections may exist in human cancer cells where PcG
proteins have pleiotropic functions. Finally, cooperation with RasV12 can be
used in genetic screens to identify new genes controlling metastasis.!”® Thus
these approaches stand as a strong paradigm to study conserved aspects of
metastasis.
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VII. Drosophila and Cancer Cell Environment

Mutations in cancer genes not only affect mutant cells themselves but also the
behavior of the surrounding tissue. Conversely, wild-type cells also influence
tumor course.'™ The analysis of tumor suppressor mutant clones in Drosophila
mosaics showed that the behavior of cancer cells is clearly non cell-autonomous.
For instance, mutations in scrib or dCsk lead to ectopic growth when mutant cells
cover an entire epithelium, whereas mutant clones surrounded by normal cells are
extruded from the epithelium, migrate and die by apoptosis.mo’174 As it has been
shown for Ig] clones, cell competition is likely to be involved in the elimination of
these mutant cells.'™ Thus, the interface between normal and transformed cells
may influence their invasive behavior.'™ In line with this hypothesis, Src or Ras-
transformed mammalian cells extrude from cultured epithelial sheets only when
juxtaposed to normal cells.'1™ Moreover, in Drosophila, mutant clones for
different endosomal components or for the E1 ubiquitin ligase induce overgrowth
of the adjacent tissue by paracrine signals.“7’179 So, cell signals operating in both
directions occur at the interface between normal and transformed cells.

An unexpected discovery made in flies is the existence of interclonal
cooperation between two oncogenic events. Indeed, scrib loss and RasV12
also cooperate for invasive tumor induction when they occur in adjacent
cells.*®® This interclonal cooperation relies on a two-tier process: first the
propagation of JNK activation from scrib mutant cells to RasV12 cells and
then JNK-induced upregulation of the JAK/STAT-activating cytokines. There-
by, JNK-dependent JAK/STAT signaling sustains RasV12 cell growth even
when scrib mutant cells, which are the original source of JNK activity, have
disappeared. It will be of particular interest to determine whether interclonal
cooperation also contributes to human cancers.

Finally, components of the mammalian immune system play a dual role in
cancer as they can either eradicate cancerous cell or promote tumor develop-
ment.'*® Drosophila innate immune system also displays antitumor and protu-
mor activities."*"'%* In the presence of scrib mutant clones, macrophages
proliferate and are recruited to the tumor surface to restrain its growth.
Macrophages are recruited by the tumoral disruption of the basement mem-
brane, while their proliferation is activated by the initial expression of the JAK/
STAT ligand Unpaired in the damaged tissue.'® Efficient elimination of scrib
mutant cells seems to rely on the production of the TNF ligand Eiger by the
macrophages.182 However, activation of TNF signaling by the blood cells
promotes invasive growth of the tumor cells in the case of oncogenic coopera-
tion between RasV12 and scrib.'® Thus, as in mammals, malignant evolution
may rely on the hijacking of the immune response. These results also suggest
that Drosophila, which is devoid of acquired immunity, is an attractive model to
study the relationship between cancer cells and the innate immune system.
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VIIl. Drosophila and Specific Cancer Models

In addition to providing essential clues about the fundamental cellular
processes underlying tumorigenesis, Drosophila has been used to characterize
certain oncogenes. Below, we highlight some of the main findings obtained
with these specific cancer models.

A. BCR-ABL

The first human oncogene whose function was investigated in fly is the
product of the notorious Philadelphia chromosome, BCR-ABL, which is
responsible for almost all cases of chronic myeloid leukemia (CML) and
some cases of acute lymphoid leukemia (ALL).'"3 BCR-ABL is generated by
a balanced translocation between c-Abelson (Abl) on chromosome 9 and the
breakpoint cluster region (ber) of chromosome 22. The location of the break-
point within ber is variable and gives rise to slightly different fusion proteins:
p210 in most CML and p185 in most ALL. In both cases, the dimerization
domain provided by BCR N-terminal moiety induces the constitutive activa-
tion of the tyrosine kinase ABL. To gain insights into BCR-ABL isoforms mode
of action, Fogert et al.'"®* generated transgenic flies expressing p210 or p185
human/fly chimeric proteins: BCR and the N-terminal ABL sequences were
derived from human, whereas the more divergent C-terminal ABL tail derived
from Drosophila. Although p185 and p210 rescued the lethality of dAbl mutant
flies and activated the ABL signaling cascade, their overexpression generated
distinct dominant phenotypes, notably in the eye, and also activated signaling
pathways not normally employed by ABL.'**'%> Further work using this model
may thus help identifying components of the BCR-ABL signaling cascades and
the differences underlying the distinct clinical features of p210 and p185-
associated leukemia.

B. Mixed Lineage Leukemia (MLL)-Associated
Translocations

A similar approach was used to study oncogenic fusions involving MLL, the
human homolog of trithorax (trx), which is translocated in 5-10% of patients
with ALL or acute myeloid leukemia (AML).'®® MLL has been found in 73
different translocations and 54 partner genes have been cloned.*®” Invariably,
the resulting fusion protein replaces the PHD fingers and SET domain of MLL
with the C-terminal portion of the partner. MLL-AF9, which is associated with
AML, and MLL-AF4, which is found in ALL, are among the most frequent
translocation products. Although MLL and most MLL-fusion proteins are
incorporated into macromolecular nuclear complexes carrying histone-modifying
activities, how MLL-fusions promote leukemia is largely unknown. Expressing
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either MLL-AF4 or MLL-AF9 in flies induced pupal lethality.186 Interestingly
though, these two fusions had different effects on proliferation and chromosome
condensation in larval brains and displayed largely nonoverlapping binding
patterns on polytene chromosomes, suggesting that they interfere with distinct
pathways. Hence, the C-terminal partners of the MLL fusion proteins may have
a more important contribution to the chimera’s aberrant activities than generally
assumed.

C. ErbB-2 and Breast Cancer

Besides comparing the activity of related human oncogenes in an
integrated system, Drosophila can be used to perform refined structure/func-
tion analysis of human oncoproteins in vivo. For instance, ErbB-2 is a member
of the EGF receptor family frequently overactivated in breast cancer and in
non-small cell lung cancer.'® Cell culture assays showed that autophospho-
rylation of any four of the five tyrosine (pTyr) present in ErbB-2 C-terminal tail
is sufficient for ErbB-2-induced transformation.’®® A study in flies using an
activated ErbB-2 carrying a single mutation on each of the five pTyr showed
that these proteins induced dominant phenotypes similar to those seen in
D-EGFR gain of function alleles. Yet, these phenotypes can be distinctively
suppressed by different second site mutations, allowing identification of adap-
tors and second messengers specifically functioning downstream of particular
pTyrs." In addition, a recent study revealed that ErbB-2 is structurally more
related to D-EGFR than to other mammalian EGFRs,'! emphasizing the
relevance of Drosophila model to study ErbB-2 oncogenic activity.

D. CDH1 and Hereditary Diffuse Gastric Cancer

Hereditary diffuse gastric cancer (HDGC) accounts for 1-3% of all gastric
cancer cases. It is an autosomal dominant inherited gastric cancer susceptibility
syndrome that is causally linked to mutations in the human E-cadherin gene
CDHI1.'*> In HDGC patients, most mutations affecting CDHI lead to the
production of nonfunctional E-cadherin, but some are missense mutations
affecting different domains of the protein and their impact on E-cadherin
function remains more elusive. Expression of two CDHI1 missense mutants
(A634V or V832M) in the Drosophila wing epithelium suggests that they retain
some E-Cad function but differentially disturb epithelial cell.'”3 Indeed,
although both wild-type and mutant CDH1 localized properly and interacted
with B-catenin, the two mutants promoted cell extrusion towards the basal side
of the epithelium. In addition, whereas A634V cells moved in connected
groups, V832M cells escaped the epithelium as small clusters or as isolated
cells. Additional studies in flies may thus reveal the common and specific
functions affected by the different CDHI missense mutations.
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E. SV40 Small T

Viruses are one of the main etiologic agents in human cancers and the study
of oncoviruses led to critical discoveries in cancer biology. The simian virus
SV40 is an archetypal DNA tumor virus that encodes two oncoproteins: large T,
which inhibits Rb and p53, and small T (ST), which interferes with the protein
phosphatase PP2A.'"* To gain insights into the cellular processes affected by
ST, Kotadia et al.'® expressed ST in Drosophila embryos. Their analysis
revealed several new functions for ST that were subsequently verified in
human cells. Notably, ST caused multiple defects in cytoskeleton organization,
centrosome duplication and cell cleavage, all of which might reflect mecha-
nisms by which ST induces transformation. Consistent with this hypothesis,
these phenotypes were enhanced by decreasing PP2A activity and required the
ST interaction domain with PP2A that is also necessary for ST oncogenic
activity. These data extend the utility of Drosophila as a model for studying
viral oncoproteins.

F. EGFR, PI3K, and Glioma

Malignant gliomas are the most frequent tumors of the central nervous
system in adults.'®® These glial cell neoplasms are highly aggressive and re-
spond poorly to therapeutic treatment. A growing body of evidence suggests
that enhanced RTK signaling is an initial oncogenic event in gliomagenesis and
that these signaling are mediated in large part by the PI3K/Akt/mTOR and Ras/
MAPK pathways. The similarities between Drosophila and vertebrate glial cell
development197 enticed two groups to develop models for gliomagenesis in fly.

Witte et al.'®® analyzed transgenic lines overexpressing activated Drosophila
EGFR, PI3K and also other tyrosine kinase receptors (PDGFR/VEGFR, InR,
and FGFR) in the glial cells of the larval eye disc. These transgenes increased
glial cell proliferation and, in addition, both EGFR and PI3K induced ectopic
migration of the glial cells along the optic nerve. Hence, these models recapitu-
late key histological features of human gliomas, including the invasion along
nerve tracts of brain structures. Interestingly, the invasive properties of EGFR/
PI3K-expressing cells were partly reverted by feeding the larvae with the EGFR
inhibitor gefitinib and completely rescued by the PI3K inhibitor wortmannin or
the Akt inhibitor triciribine.

Read et al. ' investigated the consequence of activating the D-EGFR and/
or the PI3K signaling in the glial cells of the larval brain. By modifying the
activity of different components of these two pathways, they showed that
EGFR and PI3K pathways synergize to induce glial cell transformation.
Upon transplantation, EGFR/PI3K-activated glial cells generated large inva-
sive tumors that seemed to stimulate growth of new trachea in a process
analogous to tumor angiogenesis. In addition, genetic analysis pinpointed key
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factors necessary for EGFR/PI3K-induced glial neoplasia in Drosophila, such
as Myc, CycE, Cdk4, and Rictor, which may stimulate in concert cell cycle
entry and progression, protein translation, cellular growth and migration in
human gliogenesis.

Together, these two studies show that Drosophila models can be useful to
decipher the signaling cascades implicated in gliomagenesis and search for
therapeutic compounds.

G. PAX7-FKHR and Rhabdomyosarcoma

Alveolar rhabdomyosarcoma (ARMS) is an aggressive childhood muscle
cancer causally linked to two different chromosomal translocations that pro-
duce chimeric proteins between the DNA binding domain of either PAX3 or
PAX7 and the transcriptional activation domain of FKHR/FOX01.2%° The
PAX-FKHR fusions are believed to act as an oncogene by perturbing skeletal
muscle differentiation, which is normally controlled by PAX3 and PAX7. In-
triguingly, in a mouse model, PAX3-FKHR produced ARMS when expressed
in differentiating myofibers but not in muscle stem cells,201:202 suggesting that
PAX3-FKHR malignant cells may arise from postmitotic, syncytial muscular
tissue. Yet, which cell type is at the origin of ARMS remains a matter of
controversy.200 The parallels between fly and vertebrate myogenic programsw3
and the accessibility of Drosophila muscle to live imaging led Galindo et al. 204
to assess PAX-FKHR activity in Drosophila muscles. Strikingly PAX7-FKHR
expression in differentiated muscles caused budding off individual cells from
the syncytial myofibers and their dissemination to other tissues. In addition,
increasing or decreasing Ras activity respectively enhanced or suppressed
PAX7-FKHR-associated phenotypes. Thus, PAX-FKHR fusions may promote
tumorigenesis by “reversing” or inhibiting muscle cell terminal differentiation
by acting on Ras signaling. Interestingly too, PAX7-FKHR expression induced
a gene-dosage sensitive larval lethality that could be used in a genetic screen to
identify its functional partners.

H. c-Ret and Multiple Endocrine Neoplasia Type 2

Multiple endocrine neoplasia type 2 (MEN2) is a rare autosomal-dominant
disorder characterized by the formation of primary tumors in multiple endo-
crine tissues. MEN2 is caused by activating mutations in c-Ret.**® Different
MEN2 clinical subtypes are linked with distinct ¢-Ret mutations: almost all
MEN2A patients harbor mutations in the extracellular region, whereas MEN2B
patients carry mutations within the tyrosine kinase domain. Drosophila and
vertebrate Rets have similar expression patterns and RetMEN? mutant residues
are conserved in flies.?% Expression of dRetMEN?A o dRetMENB analogue
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mutants in the developing eye induces several defects that are related to human
MEN2 tumors, such as increased proliferation, compensatory cell death, and
abnormal cell differentiation.?” These eye defects were sensitive to gene dosage
and a large-scale genetic interaction screen pinpointed a number of RetMEN2
modifier loci. Yet, all the modifiers interacted with both dRet™FN?A and
dRetMENE, suggesting that the phenotypic differences between MEN2A and
MEN2B diseases may be due to differential alteration of the Ret kinase activity
rather than differences in signaling specificity. Interestingly, human orthologs of
two modifiers loci, TNIK and CHD3/Mi-2a showed loss of heterozygosity in
MEN2-associated pheochromocytomas and thus may participate in adrenal
tissue tumorigenesis. Moreover, feeding Drosophila larvae with ZD6474, which
blocks the tyrosine kinase activity of RET-derived oncoproteins in cell culture
assays, also suppressed the dRet™EN2 associated phenot>7pezs.208 Hence this
Drosophila cancer model might also be used to screen for therapeutic
compounds.

l. AML1-ETO and AML

Finally, we recently developed a fly model for AML1-ETO, the product
of the t(8:21) translocation associated to + 12% of all cases of AML.2% In
AMLI-ETO, the DNA binding domain of the RUNX transcription factor
AMLLI is fused to almost the entire ETO transcriptional corepressor.gl() It
has been proposed that AML1-ETO promotes leukemia by interfering with
the function of AMLI in myeloid differentiation, but its precise mechanism
of action remains to be determined. In flies, the RUNX factor Lozenge (LZ)
controls the emer%ence and the differentiation of one of the two main blood
cell lineages.zn’zl' Moreover, several features of blood cell development
appear conserved between humans and flies, suggesting that Drosophila
could be a model to investigate the mode of action of AML1-ETO. Expres-
sing AMLI1-ETO specifically in the LZ blood cell lineage induced a pre-
leukemic-like phenotype characterized by impaired differentiation and
increased number of blood cell progenitors.go‘g Furthermore, AML1-ETO
expression induced lethality at the pupal stage. Using an in vivo tissue-
specific RNAi screen strategy, we identified the Ca“—dependant protease
CalpainB as required for AML1-ETO-induced phenotypes in Drosophila.
Importantly, inhibition of human calpains caused AMLI-ETO degradation
and strongly decreased the clonogenic growth of a t(8:21)" leukemia cell
line, indicating that calpain inhibitors might serve in leukemia treatment.
This demonstrates that Drosophila stands as a genuine model to identify
conserved regulators of AMLI-ETO and potentially new avenues for AML
therapy.
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IX. Conclusion

As illustrated above, research on Drosophila has provided a wealth of data
relevant to human cancers. These results favored the genetic decryption of
signaling pathways implicated in cancer and the identification of the basic
processes deregulated during cellular transformation, such as control of cell
growth, self renewal, differentiation, and mobility. In addition, they have also
facilitated the functional analysis of human oncogenes, the identification of new
biomarkers and, ultimately, potential therapeutic drugs. There is no doubt that
the development of new genetic techniques and additional dedicated cancer
models in Drosophila will continue to fuel the field of cancer research with
groundbreaking concepts. Finally, it is expected that multidisciplinary studies
tightly combining Drosophila and mammalian models will facilitate translational
research and hasten the fight against cancer.
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Congenital heart defects (CHDs) impact in utero embryonic viability,
children, and surviving adults. Since the first transfer of genes into mice,
transgenic mouse models have enabled researchers to experimentally study
and genetically test the roles of genes in development, physiology, and disease
progression. Transgenic mice have become a bona fide human CHD pathology
model and their use has dramatically increased within the past two decades.
Now that the entire mouse and human genomes are known, it is possible to
knock out, mutate, misexpress, and/or replace every gene. Not only have
transgenic mouse models changed our understanding of normal development,
CHD processes, and the complex interactions of genes and pathways required
during heart development, but they are also being used to identify new avenues
for medical therapy.

Progress in Molecular Biology Copyright 2011, Elsevier Inc.
and Translational Science, Vol. 100 83 All rights reserved.
DOLI: 10.1016/B978-0-12-384878-9.00003-0 1877-1173/11 $35.00



84 SNIDER AND CONWAY

l. Introduction

Congenital heart defects (CHDs) are the most common of all human
birth defects and are the leading cause of neonatal and infant morbidity and
mortality,l’2 yet their underlying molecular, biochemical, cellular, and physio-
logical causes as well as etiologies remain poorly understood. It has been
estimated that at least 60% of human embryos die in utero, the majority due
to early postfertilization and/or implantation anomalies but ap?roximately 15%
undergo gastrulation and die during pregnancy or prenatally.” Examination of
the myriad of mouse knockouts, gene traps, transgenic alleles, and chemically
induced and spontaneous mouse mutants reveals that defects within the heart
and vascular system are largely responsible for the observed in utero lethality of
the embryo and early fetus.* If a transgenically altered mouse embryo survives
implantation but fails to be born, it usually indicates that there is some form of
lethal cardiovascular defect present. Significantly, the heart is the first organ to
develop in the mammalian embryo and remarkably it functions even before it is
even fully formed. Most CHDs are the result of anatomical and/or functional
malformations that result from errors during embryogenesis, which implies
that they are due to alterations in genes involved in cardiac development that
underlie or predispose the embryo toward congenital disease. Although an
endeavor in itself, merely identifying the genetic mutations resulting in
CHD:s does not help the patients; however, it may help in risk stratification.”
Designing successful therapies often requires a thorough understanding of the
underlying pathological mechanisms and potential target pathways within
in vivo animal models.® This review summarizes the types and use of mouse
model systems currently being used to understand the embryology, pathogen-
esis, classification, and molecular mechanisms involved in cardiac development
in order to clarify the genetic basis of CHDs. The hope is that if these complex
CHD:s can be prevented and/or nullified in genetically defined mouse mutant
models, then the knowledge gained will help engineer potential treatments for
pediatric patients.

Il. Congenital Heart Defects

The term CHDs can describe a number of different problems affecting the
heart, but usually refers to problems with the heart’s structure which are
present at birth and can often lead to inadequate cardiac performance
(reviewed by Hoffman and KaplanI and Hoffman"). Although just as problem-
atic but less appreciated, congenital functional defects® ™ can also result in
deleterious changes to the developing heart. CHDs are the most common type
of birth defect and are responsible for more deaths in the first year of life than
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any other birth defects. 1213 Despite advances in detection and treatment,
congenital heart disease accounts for 3% of all infant deaths and 46% of those
deaths result from congenital malformations.'* All infants are at risk for having
a congenital defect, regardless of age, race, or socioeconomic status.” The
Centers for Disease Control reports cyanotic (blue discoloration caused by a
relative lack of oxygen) heart defects occurred in 56.9 per 100,000 live births
in the United States in 2005, with higher rates noted when maternal age
exceeded 40 years.14 The incidence of CHD in premature infants is 1.25%),"
excluding isolated patent ductus arteriosus and atrial septal defect (ASD).
It has been estimated that 10% of the children born with heart defects will
require surgery in infancy or childhood.'® CHDs can be severe and complex
with life-threatening symptoms and require immediate medical care after
birth, or they can be simple defects that have few if any symptoms and can
be fixed easily or require no treatment. The occurrence of less severe CHDs,
such as small ventricular septal defects (VSDs), within the newborn population
should not be trivialized. The impact of stress on the family and the cumulative
impact on healthcare expenditures of cardiovascular defects that generally have
a favorable outcome can be considerable. Studies on the incidence of congenital
heart disease have generally been from collection and reporting of recognized
cases rather than careful population screening with currently available diag-
nostic technologies. Significantly, the incidence of CHDs has remained rela-
tively constant over time and between populations, suggesting a greater
contribution from genetic factors and a smaller etiological environmental
contribution.'? A genetic basis for etiology of CHD was founded by a combi-
nation of twin studies, demonstration of familial aggregation, and animal
homologies.16

CHDs may occur alone or together as part of a wide ranging spectrum of
other congenital defects. The majority of CHDs occur as isolated (or nonsyn-
dromic) CHDs.'?2 However, they can also be found in association with various
genetic and chromosomal syndromes such as Down syndrome, Trisomy 13,
Turner syndrome, Marfan syndrome, Noonan syndrome, and 22q11 DiGeorge
syndlrome.m’17 Microdeletions of chromosomal regions are a significant cause
of syndromal CHDs,'? and extracardiac manifestations occur in approximately
30% of children with CHDs.'” This is not surprising considering multiple
organs and individual cell lineages have common growth and differentiation
signals.”’18 This often requires multiple surgeries to correct the various
defects, resulting in both detrimental postoperative sequelae and compromised
quality of life. Moreover, infants with either isolated and/or syndromic CHDs
can develop developmental and psychological problems, even without having
undergone surgery, indicating a significant secondary effect of CHDs
in utero.™ Although much still needs to be learned of genotype—phenotype
correlations, it is already clear that CHDs represent a problem that ultimately



86 SNIDER AND CONWAY

affects a great number of families. Gratifyingly, the survival of patients with
CHDs has significantly improved during the past several decades, particularly
in neonates but unfortunately less so in children.? This achievement is jointly
attributable to a growth in basic knowledge, individual therapeutic successes,
advances in clinical management, and the commitment of patients and families.
However, adult CHDs represent an increasing proportion of heart transplant
recipients, and compared with adult recipients, patients with adult CHD
experience higher post-heart transplantation mortality and retransplan’tation.21
Moreover, immunosuppression differs among patients with both grown-up
patients with congenital heart disease (GUCH) and adult recipients.zo’22 Fur-
ther research directed at the cause and ultimately the prevention of structural
birth defects of the heart is an essential component of any agenda to reduce
premature death and morbidity due to cardiovascular disease.

lll. Genetic Basis of Disease

The genetic basis of disease can be summarized into three major cate-
gories: single gene, chromosomal, and multifactorial causes. 1023 First, single
gene mutations conform to standard Mendelian inheritance patterns and can
be assessed as autosomal or X-linked dominant mutations, as well as recessive
mutations.'%%2 For example, single gene mutations have been demonstrated
to result in both isolated CHDs (i.e., NKX2.5, PROSIT240, TFAP2B) and
syndromic CHDs (i.e., JAGGEDI, NKX2.5, TBX5, ZIC3) in patients.24 One
of the first single gene mutations demonstrated to give rise to an inherited
CHD was in the T-box transcription factor gene family.%’26 Holt-Oram syn-
drome was shown to be caused by mutations in TBX5, in both Holt-Oram
syndrome families and sporadic Holt-Oram syndrome cases.?®?" Like Holt—
Oram patients, adult Thx5 heterozygous mutant mice were found to have ASD
CHDs and conduction system abnormalities including atrioventricular conduc-
tion delay.28 CHDs that fail to follow clear Mendelian inheritance are often
assumed to result from sporadic mutations and/or multiple genetic insults, and
identification of these CHD-causing genetic determinants is extremely
difficult.®

The second category of genetic disorders is chromosomal aberra-
tions.' 21523 When chromosomal regions are identified, they tend to be large
with multiple genes localized to that region and this has made fine mapping and
gene identification challenging.29 Until the recent and dramatic growth in
mouse genetics and increased understanding of molecular biology of cardiac
development, chromosomal causes of CHDs were only investigated if syndro-
mic anomalies or other organ systems were involved.®® Since the development
of sophisticated karyotyping techniques and advancements in localization,
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sequencing, and detection of loci critical for cardiac development, many asso-
ciations between CHDs and chromosomal aberrations have started to be
delineated.*®*° For example, molecular advances in the 22q11 microdeletion
syndrome (also known as DiGeorge syndrome) have led to greater understand-
ing of the basic knowledge as well as advances in clinical management of young
patients.")’o’31 The 22q11 microdeletion syndrome is the most common human
deletion syndrome, and the spectrum of cardiac defects was initially outlined in
the mid-1970s.32 Initially, the entire proximal region of mouse chromosome 16
(analogous to human chromosome 22) was deleted, and these heterozygous
deletion mice mutants exhibited CHDs similar to interrupted aortic arch (IAA)
CHDs.*® Subsequently, transgenic complementation and gene targeting stud-
ies confirmed that the loss of Thx1 was the gene responsible for the structural
abnormalities observed.>*>% Significantly, the Thxl mutant mice have gross
anatomical defects that are thought to reflect a severe 22q11 microdeletion
syndrome phenotype.37 More recently, a hypomorphic ThxI mouse mutant has
been used to demonstrate that Tbx1 is required to activate expression of two
key downstream target genes, namely the Forkhead transcription factor
(Foxa2) and Fgf8 growth factor.®® In addition to the congenital aspects, the
22q11 microdeletion syndrome is also associated with late-onset features and
an association with psychological problems, such as schizophrenia.lg’39 Initially,
it was impossible to determine whether these developmental difficulties were
due to genetic causes or postoperative complications, but further understand-
ing of the molecular biology, mutation spectrum, and clinical subclassifications,
in conjunction with availability of complementary animal models, is helping to
distinguish primary and secondary genotype—phenotype correlations and
underlying pathology.

The third category is multifactorial whereby genes interact with environ-
mental influences to result in disease.'>'%23 Estimations suggest that approxi-
mately 8% of CHDs are due to genetic factors, approximately 2% are due to
environmental factors, and the rest are multifactorial . *° Although epidemiolog-
ical data have highlighted environmental influences,*! these studies have most-
ly suggested risk rather than pinpointing underlying CHD mechanisms.'® The
joint and/or synergistic effects associated with the interplay between genes and
the environment are termed “gene—environment interactions” and do not
exhibit any recognizable Mendelian pattern of inheritance and are not asso-
ciated with any identifiable chromosomal abnormalities.'>** The description
“multifactorial” is used as it refers to the additive effects of several genes that
can be modified to a greater or lesser extent by environmental factors, and that
an individual who is genetically susceptible, may or may not develop a CHD
depending on the interaction of risk factors, both genetic and environmen-
tal 1217 Examples of multifactorial causes of CHDs have largely come from
mice mutant studies, specifically the findings that TBX5 and NKX2.5 proteins
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interact physically to activate target genes28 and that defective interactions
between GATA4/TBX5 and GATA4/NKX2.5 may underlie CHDs caused by
GATA4 mutations.*? The recent discovery that many developmental events
have to be additionally synchronized via posttranscriptional microRNA
(miRNA) regulation, specifically miR-1, miR-138, and miR-133, and that each
participates in multiple aspects of cardiac development and homeostasis, *>44
suggests that a mutation within a single miRNAs may aberrantly affect multiple
signaling pathways. These genetic studies have provided two important insights.
First, that developmentally important transcription factors are involved in the
etiology of CHD. Second, that the dosage of key cardiac developmental factors
must be precisely regulated, as most disease causing mutations result in
haploinsufficiency and some are the result of activating mutations.

Routine testing for the many genes that have been shown to be involved in
causing CHDs (see Table I) is presently not a viable cost-effective patient
option except on a research basis, although there is significant interest in
transitioning this testing from the laboratory to clinic.>* However, a recent
pilot “personalized genome sequencing” report,45 in which the complete ge-
nome of an individual was determined by massive parallel DNA sequencing,
suggests that identifying the key genome sequences that may be associated with
disease is predictive of the response to medication and would enable individual
genotype—phenotype correlations may be possible in the near future.

IV. The Mouse as a Genetic Model

The development of animal models to study cardiac embryology has been
driven by a need to understand both normal and abnormal heart formation
during in utero developmen’(.4’29’46 Transgenic technology is invaluable as it can
be used to answer physiological questions that can only be answered within the
intact organism.*” Significantly, both mice and humans have evolutionary simi-
larity,*® share 90% identity in their amino acid sequence of homologous pro-
teins, and their genomes are of similar size (~20,000-25,000 genes; The
International Human Genome Sequencing Consortium, 2004; www.genome.
gov). Moreover, mouse and human genes are similarly ordered along the chro-
mosomes.* Importantly, mice have been extensively studied, and their genetics,
embryology, and physiology are very well understood.>*549 Additionally, mice
are decidedly fertile, easy to feed and house, and are highly amenable to assisted
reproductive techniques including cryopreservation which can preserve the
sperm from genetically manipulated mouse lines.>® Since the sequencing of
the entire mouse genome, it is now feasible to remove and/or mutate every
gene.Sl’52 Furthermore, embryonic stem (ES) technology now allows for the
generation of hypomorphic (partial loss of gene function), spatiotemporal



TABLE 1

THREE SuBTYPES OF THE MosT CoMMON CHDs ARE LISTED: SEPTATION, CYANOTIC, AND LEFT-SIDED OBSTRUCTION DEFECTS

Congenital heart defect

Category

Mouse mutants

Atrial septal defect (ASD)
Atrioventricular septal defect (AVSD)
Aortic coarctation

Aortic stenosis (AS)

Bicuspid aortic valve (BV)

Double outlet right ventricle (DORV)

Ebstein’s anomaly
Hypoplastic left heart (HLH)
Interrupted aortic arch (IAA)

Mitral stenosis

Patent ductus arteriosus (PDA)
Pulmonary atersia

Persistent truncus arteriosus (PTA)

Single ventricle

Tetralogy of Fallot (TOF)

Transposition of the great arteries
(TGA)

Tricuspid atresia

Ventricular septal defect

Septation defect
Septation defect
Left-sided obstruction
Left-sided obstruction
Other

Cyanotic heart defect

Cyanotic heart defect
Left-sided obstruction
Left-sided obstruction

Left-sided obstruction
Other

Cyanotic heart defect
Cyanotic heart defect

Cyanotic heart defect
Cyanotic heart defect
Cyanotic heart defect

Cyanotic heart defect
Septation defect

Activin type 116 receptor, Bmp6/7 dKO, Cited2, Eve, Gata4, MyHC, Nkx2.5, Nt3, Tbx5, Zic3

Alk2 ¢KO, Cryptic, Cx40/45, Fog2, Gata4, Has2, Lefty-1, Nfatc, Nkx2.5, Pitx2c, RxRa, Trisomy 16

Foxcl/Foxc2 double hets, Vangl2

Elastin, Hox1.5

Foxcl/Foxc2 double hets

Bmp2/4 compound KOs, Cited2, Cx40, Disheveled compound KOs, Gata3, Gdf1, Hand1-Hd2
replacement K1, Hey2, Jumonyji, Lefty-1, Meis1, Nf1, Nfatc, Pbx2/3, Pitx2¢c, PlexinA2, Rb/p107 dcKO,
Sema3c, SOX-4, Tolloid-like 1, Vangl2

Alk3 cKO

Etsl

Bmp receptor2, Chrd, Eta, Foxc2, Foxcl/Foxc2 double hets, Gata3, Ltbp, Pax3, Sema3c, TGFB receptor
type I1 cKO, Tbx1, Vegf 120/188 Kls, Zic3

Foxcl/Foxc2 double hets

HandI1-Hand2 replacement K1, Tfap28

Jagl, Ptpnll

Alk2 cKO, Alk5 cKO, Bmp receptor IA ¢KO, Chrd, Cited2, Fak ¢KO, Fox2c/Eta dKOs, Gata6 cKO,
Gata 3, Hox1.5, Ltbp1, NCadherin ¢cKO, Neuropilinl, N¢3, Pax3, Pbx1, Pdgf receptora, Pdgf
receptor6, Ptpnll ¢cKO, Raldh2, Racl ¢cKO, RXRa, Smad 4 cKO, Smad7 overexpressor, TGF6
receptor type II cKO, Thx1, Tbx20 hypomorph, Tfap2, RARal, RARG, Trisomy 16, Wnt5a

ENU mutant (chr. 7), Thx20

Cx40, Fog2, Gdfl, Hey2, Jagl, Pbx2/3, Meis1, Thx1, Vegf 120/188 Kls

Activin type 116 receptor, Cryptic, Gdfl, Leftyl, Neuropilinl, Perlecan, Pitx2c, Zic3

Bmp6/7 dKO, Hey2, Leftyl, Pax3-Fkhr Kl

Alk2 cKO, Alk5 cKO, Bmp6/7 dKO, Chrd, Cited2, Cx40/45, eNos, Et1, Eta, Ets1, Fak cKO, Fgf receptor
2-II1b, Foxc1/Foxc2 double hets, Foxc2, Fog2, Gata3, Gata4, Gdf1, Hey2, Jumonji, Ltbpl, Meis1,
MyHc, NCadherin cKO, Neturopilinl, Nfl, Nfatc, Nkx2.5, Nt3, Pax3, Pax3-Fkhr KI, Pbx1, Pbx2/3,
Pdgf receptora, Pdgf6, Pdgf, Receptor6, Raldh2, RARal, RAR6, RxRa, Smad 4 cKO, Smad7
overexpressor, Sox4, Thx5, Tbx20 hypomorph, Tfap2, TGF6 receptor type I IcKO, Tolloid-like 1,
Vegf 120/188 kls, Vangl2, wnt5a, zic3

The types of CHD that occur within each subtype and a partial listing of the mouse mutants that exhibit them are indicated. Note that the majority of mouse models are conventional systemic

knockouts, unless otherwise indicated.
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lineage-restricted gene replacement, and/or overexpression in normal or ectopic
locations in mice. If ahuman sequence is in hand, the homologous mouse gene can
be mutated by gene targeting and/or transgenically forced to be expressed, and the
consequent physiological outcome determined.*® Moreover, known human muta-
tions can be introduced in mice to examine their in utero effects and assess
genotype—phenotype correlations.”>>* Additionally, precise regions of the in
utero developing cardiovascular system can be genetically ablated.®® In addition,
mice have the advantage over flies, worms, and fish in that they have the mamma-
lian four-chambered heart, making the data more applicable to human CHDs.”
Knowledge of a mutation that predisposes or causes CHDs alone cannot translate
directly into treatment, but an understanding of g)athological processes will be
crucial to the development of eventual treatments.” Animal models are one of the
few approaches that we have to help with our understanding of the multifactorial
basis for CHDs, including genetic predisposition to disease and environmentally
acquired factors such as viral infection.”

Human diseases are mostly polygenic with the clinical phenotype being a
result of interplay between multiple genes and environmental influences.”®
Animal models of cardiovascular physiology have mostly been large animals
which have limitation due to genetic variance and difficulties of molecular—
genetic manipulation.56 However, mice are the most genetically manipulative
vertebrate model system and are available on approximately 500 strains of
inbred  (http:/www.informatics.jax.org/external/festing/search_form.cgi) and
numerous mixed genetic backgrounds. In fact, strain-dependent phenotype
variability can be used to examine the multifactorial basis of congenital defects.
For example, TGFf1-deficient mice placed on various inbred genetic back-
grounds can exhibit phenotypes ranging from preimplantation to weaning-age
lethalityfm":}7 This strain-dependent variability facilitates the potential mapping
of modifier genes.58 Thus, researchers now have to tools to modify and control
the protein content of the developing mammalian heart, resulting in mouse
models that can potentially provide the critical links between mutated or absent
protein and CHD pathogenesis at molecular, biochemical, and cellular levels.™

V. Transgenic Mice

A transgenic line is one in which artificially introduced genetic material
is microinjected in vitro into the large male pronucleus fertilized mouse
eggs.fio’62 Following random chromosomal integration of the transgene,
injected eggs are subsequently implanted in the oviduct of pseudopregnant
surrogate mothers and their progeny is screened for transgene integration. The
microinjected DNA tends to integrate as multiple tandemly arranged copies at
a random position in the genome, often after one or two cell divisions have
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occurred. Thus, the resulting mouse is only partially transgenic. If the trans-
genic cells contribute to the germ line, then some transgenic eggs or sperm will
be produced and the next generation of mice will be fully transgenic. These are
referred to as “stable transgenic” lines as the transgene has stably integrated in
both somatic and germline cells so that the foreign construct is disseminated
across future genera‘dons.62 However, the use of transient generation of trans-
genic mice has been employed.ﬁg’64 Here, no breeding is required because
females with potential transgenic pups in utero are sacrificed during gestation
and expression and/or effects of the transgene directly assessed. In order to
express a recombinant protein in the transgenic animal, the DNA that is
microinjected must contain the region that encodes a coding sequence of
interest. This is placed downstream of a selected cell-specific promoter/en-
hancer (transcriptional regulatory region) which directs gene expression to a
specific tissue, cell type, or developmental stage and upstream of a polyadeny-
lation signal sequence. 4764 Where possible, it is best to select promoter
sequences with proven tissue-specific expression in transgenic mice, as this
will increase likelihood of experimental success.
Transgenesis enables several types of experiments to be performed.47

Overexpression: wherein a protein in a cell that normally expresses that
protein is overexpressed, in order to experimentally address the
consequences of producing an abnormally high level of that protein in a
particular cell or tissue. Transgenic expression cassettes that use genomic
DNA rather than cDNA are generally more efficiently expressed in mice.
It is usually a good idea to include (where possible) generic introns when
¢DNA is used and levels of expression are important.

Ectopic expression: wherein the ramifications of ectopic expression in
which a protein is expressed in cell type that does not normally express
it are addressed.

Gain-of-function: wherein a mutation can be studied by designing a
transgene that encodes a mutated protein that is constitutively active.
Loss-of-function: wherein a dominant negative form of a specific pro-
tein is studied.

Reporter expression: a reporter gene does not influence the normal
biological activity of the cells in which it is expressed, but rather is used
to explore the pattern of the promoter as well as to identify any cis-
acting elements required for function of the transcriptional regulatory
sequence attached to the reporter gene.*”

The most commonly used reporter genes are lacZ and green fluorescent
protein (GFP). LacZ is an enzyme which catalyzes the hydrolysis of X-gal
(5-bromo-4-chloro-indolyl-B-D-galactosidase) and forms a bright blue
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precipitate within a single cell. In order to stain for lacZ, a tissue must be fixed
and a chromogenic substrate is added. Although not preset in the heart,
mammals have endogenous B-galactosidase activity which can result in back-
ground staining. By cloning a nuclear localization signal into the f-galactosi-
dase gene, the nuclear transgene staining can be easily differentiated from the
endogenous cytosolic Signal.S6 Another popular reporter is GFP which can be
used to analyze living (rather than fixed) cells. GFP is a small protein cloned
from jelly fish that functions as a fusion protein and upon long-wave UV
stimulation, emits green light.56

Like all molecular biological techniques, in addition to their power and
flexibility, there are also several caveats. Once the injected DNA has been
integrated into the murine genome, it can theoretically exhibit its function.
However, it must be pointed out that since the insertion occurs randomly, posi-
tional/insertional effects must be considered as both the function of the inserted
gene and endogenous genes may be altered.®* Variegation effects must also be
considered, since the expression of the transgene may be altered by surrounding
elements. It has been estimated that 5-10% of transgene integration events cause
disruptions, deletions, or translocations that cause a mutant phenotype. % Inorder
to bypass the variegation position effects and study trdnscri}é;uondl regulatory
elements, transient transgenic approaches can be employed as a comparison
of multiple founders will ensure that any phenotypes due to positional effects of
the transgene are readily apparent.64 An additional disadvantage of this technolo-
gyis the inability to control the number of transgene copies inserted into the host
genome 9 Therefore, many of the mouse models express the transgene at very
high levels and raises questions of nonphysiological consequences due to atypical
levels of gene expression. > Most times, the transgene is transmitted in a Mendelian
fashion. If you have a mosaic mouse, transmission may be much sparser than
Mendelian, and you may have to breed several litters to find your transgene. Once
you have a positive offspring, breeding from that one should be Mendelian. At
other times (rarely), you may have more than one integration site, in which case
your transgene will be transmitted in greater than Mendelian numbers. Very
rarely, the transgene is not in the germ line and is not transmitted. Additionally,
the endogenous gene and protein product are present and may make interpreta-
tion of the data perplexing and inconclusive.*

Since the first transgenic animals were mice created by Rudolf ]aenisch66
and Gordon et al.,*® who demonstrated that a microinjected a recombinant
plasmid in pronuclei of fertilized mouse oocytes could be passed onto their
offspring to generate large numbers of transformed animals, there has been an
explosion in the use of transgenic mice models in biomedical research and
industry. Recombinant DNA technology of transgenesis has become vital in
studying mammalian embryonic development, patterns of gene expression,
physiological gene function, as well as the problems of gene regulation and
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cell differentiation in the complex mammalian system.M‘GO’62 Other uses in-
clude the production of human hormones (e.g., insulin) and for testing in
biomedical research. Furthermore, transgenic mice are routinely employed
to mimic human diseases by cloning human genes that are known to underlie
various human disorders, thus making them an invaluable research tool.®
Additional transgenic species are also beginning to be generated, including
sheep, goats, pigs, some chickens, and most recently a stable line of breeding
transgenic marmosets. Marmosets are primates and thus our closest relatives
(so far) to be genetically engineered.67

VI. Gene Knockout and Gene Knockin Mice

A knockout mouse is a genetically engineered mouse in which one or more
genes have been turned off through a targeted mutation. Targeting is achieved
via either “homologous recombination” or “gene trapping” within ES cells. ES
cells are pluripotent and have the cagacity to differentiate into nearly any type
of adult cell and generate a mouse.®>% The targeting vector is electroporated
into the ES cells in vitro and various drug resistance cassettes are used to select
for the targeted lines that have undergone targeting."s9 ES cell colonies are then
screened for the presence of the targeting gene, then once confirmed, the
genetically modified ES cells are injected into a blastocyst harvested from a
black mouse and implanted into a pseudopregnant agouti mouse.”™% The
“chimeric” offspring will have patches of both the black and agouti coat color.
Male mice with the highest percentages of chimerism are then selected based
on coat color, and subsequently out crossed with wild-type black females to
confirm germline transmission.”>%® If the animals are viable, the mice can be
bred to homozygosity and analysis of the heterozygotes and homozygotes can
assess the effects of gene dosage. Knockout mice usually follow Mendelian
inheritance strictly, and thus it is relatively straightforward to generate double,
triple and even quadruple compound heterozygous and/or homozygous
mutants to examine genetic interactions and redundancy amongst family mem-
bers and coexpressed genes.

For homologous recombination (also called gene targeting or knockouts), a
targeting vector is generated that shares identical, or homologous, sequence to
the gene being targeted.48’64’70 This homologous sequence flanks the existing
gene’s DNA sequence both upstream and downstream of the gene’s location on
the chromosome, and then the cells’ own nuclear machinery automatically
recognizes the identical stretches of sequence and swaps out the existing
gene or portion of a gene with the artificial piece of DNA. Gene targeting
constructs also contain a positive selection cassette conferring antibiotic resis-
tance (typically neomycin) and a core region with the appurtenant genetic
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modification flanked by homology arms.*®%* Ag homologous recombination is
rare compared to random DNA integrations, strategies are used to enrich for
recombinant ES cell clones.®* These include use of negative selection markers
such as Diphtheria toxin o-chain coding region or herpes simplex virus type-I
Thymidine gene located outside of the targeting construct.”*"® Thus, ES cells
that have correctly undergone homologous recombination will not contain
a negative selection marker, as nonhomologous flanking sequences will be
removed prior to integration; however, randomly integrated constructs will
retain the negative selection marker and be eliminated.®* Given the usefulness
of knockout mice lines, the National Institutes of Health has established
The Knockout Mouse Project (KOMP) that aims to generate a comprehensive
and public resource comprising mice containing a null mutation in every gene
in the mouse genome (http:/www.nih.gov/science/models/mouse/knockout/
index.html). For gene trapping, instead of directly targeting a gene of interest
via homologous recombination, random insertion in ES cells is used. Gene
trap vectors principal element is a gene trapping cassette consisting of a
promoterless reporter gene, and/or selectable marker flanked by an upstream
3’ splice site (splice acceptor, SA) and a downstream transcriptional termina-
tion/polyadenylation sequence.m’74 The inserted piece of artificial DNA pre-
vents the cells RNA “splicing” machinery from working properly, thus
preventing the existing gene from producing its designated protein and knock-
ing out its function. As the vector simultaneously inactivates and reports the
expression of the trapped gene at the insertion site and provides a gene-trap
sequence tag (GTST), it is possible to quickly identify the location of the
disrupted gene. Thus, using this approach, it is possible to track the activity
of the artificial reporter gene to figure out the existing gene’s normal pattern of
activity in mouse tissues.”* An international public consortium provides a
central registry of the all lines available (http://www.genetrap.org/).

One advantage gene targeting has over transgenic techniques is that ES cell
homologous recombination clearly defines the integration site allowing for
precise genetic changes to be introduced.®*™ ™ “Knockout” mouse models
are also able to provide useful information on gene function as well as being
useful to study human diseases caused by either total or partial protein loss-of-
function mutations.®® This is particularly evident, when either reporters (such
as lacZ or GFP) are inserted into specific sites and used to monitor gene
expression under the control of the gene’s own cis and trans transcriptional
machinery. Moreover, “knockin” mice, wherein desired sequences are targeted
to specific loci, not only allow the study of gain-of-function mutations through
targeted mutagenesis but also allow the replacement of one gene by another
functional and/or mutated gene, enabling genetic testing of the subtle varia-
tions between genes by replacing one gene with another.®® Knockin mice can
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be used to model human CHDs that are a result of gain-of-function mutations.
Several of the caveats with knockout models include early embryonic lethality,
which prevents studying the role of a gene at later stages, and if the target gene
has many functions in multiple cell types obscuring its cell autonomous role.*®
However, both of these problems can be readily overcome using conditional
lineage-specific gene targeting (see section VII below). Additional problems
can be encountered if there is duplication of genes during evolution, which can
lead to functional redundancy. In this case, a deficient animal may overexpress
an alternative gene product in order to compensate for the deficiency, thus
severely limiting phenotypic characterizations.*® However, this too can be
circumvented via generation of double-knockout mice and removal of
the compensating, parallel pathway and/or synergistic gene targets. Finally,
the presence of a positive selection marker in the targeted gene can affect the
gene of interest and result in “hypomorphic phenotype.”"" However, hypo-
morphic alleles can be very useful in the study of somatic-based diseases that
generate a phenotype as a consequence of gradual gene function deteriora-
tion.*® Another advantage of generating a hypomorphic allele is the ability to
make compound heterozygotes that carry one hypomorphic allele and one null
allele following the proper mouse mating and often have more severe pheno-
types than hypomorphic alleles alone.*® Despite these drawbacks, knockout
mice offer one of the most powerful means now available for studying gene
function in a living animal. Such studies will accelerate efforts to translate
newfound knowledge of the human and mouse genomes into better strategies
for diagnosing, treating, and preventing human CHDs.

VIl. Conditional Knockout Mice

Conventional gene targeting generates a mutant allele in all cells of the
mouse following fertilization. However, difficulties can be encountered, such as
embryonic lethality, and analysis can be complicated due to indirect effects
from ablating the gene in all tissues. This can be overcome by using a two-
component mouse system employing recombinase to inactivate the gene of
interest.”® Cre and F lp are members of the a-integrase family of site-specific
recombinases.”> " Application of this technology results in deletion of genetic
material at a specific time and in specific cells, depending upon the promoter
used to drive Cre or Flp recombinase.” Cre and Flp catalyse DNA strand
exchange between recombination sites and depending on the number and
orientation of the recombination sites, deletions, duplications, inversions, or
integrations can be generated.”™ Cre and Flp remove segments of intervening
DNA between two unique 34 base pair recognition sites termed loxP and FRT
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sites, respectively. They each comprise two 13 base pair palindromes separated
by an asymmetric 8 base pair core. "5 1 order to study CHDs, a mouse is
prepared in which the targeted allele is flanked by loxP/FRT sites, and then this
mouse is bred to a mouse expressing Cre or Flp which are expressed under the
control of heart- or lineage-specific tissue-restricted promoter/enhancers.78
The recombinase then excises the DNA segment between the recombination
loxP/FRT sites, and the gene is rendered inactive.*” Conditional knockouts are
advantageous because both the timing at which the cells are affected and its
spatial restriction are under the control of the investigator, thereby circumvent-
ing the embryonic lethality and/or multiple sites of expression concerns
sometimes encountered with conventional knockouts.*” In conditional technol-
ogy, it is vital to make sure the recombinase recognition sites are placed around
an essential part of the gene of interest, without compromising its function.®*
Several methods have been developed to help with this. Often the entire
coding region will be flanked by loxP or FRT sites, or the loxP/FRT sites can
be positioned within an intronic sequence located around an essential exon.
Additionally, the promoter region of the gene can be targeted.64 Further
development of the targeted Cre-loxP technology now provides researchers
with the ability to genetically ablate specific cardiovascular cell lineages at
various different stages of heart development. Biological functions can now
be analyzed in vivo and in utero via targeting the toxic gene Diphtheria toxin
A subunit (DTA) to specific cell lineages and forcing the intended cells to
undergo apoptotic cell death, without any bystander effects.>>%152 Given the
enormous strides made using cell ablation within the chick embryo model 5354
it is more than likely that the combined power of mouse transgenesis and
toxigenics will also provide a boon to the modeling of mouse mutants
for studying CHDs. To date, the Cre-loxP system is the best characterized
means of achieving conditional gene inactivation in mice and has contributed
extensively as a tool for altering the mammalian genome.

Studies on CHD have been immeasurably enhanced with the development
of cardiac-specific promoters that can now be used to direct expression of an
engineered protein within only the heart at different developmental stages.”
Cardiac-specific promoters in transgenic animals have given researchers a
powerful tool to eliminate complicated effects of other organs or muscle
systems.5 Transgenes influencing structural aspects of cardiac function,
physiology, metabolic processes, calcium cycling, ion channels, transport,
mechanical stimulation, and electrical properties have been expressed with
the use of these cardiac-specific promoters paving the way for murine models
to mimic human CHD.? Ultimately, the development of the Cre-loxP recom-
binase system has revolutionized mouse genetics by proving to be an essential
tool for conditional genetic alteration in mice.
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VIII. Inducible Mice

In a clinical setting, physicians are often interested in the reversibility of
cardiac phenotypes, including whether the cardiac pathology is controllable or
reversible.” A more precise control of transgene induction is needed to address
these questions, and pharmacological methods have proven the answer.”
Tetracycline (tet) or its analog doxycycline (dox) has been most widely used
to express a transgene at a precise developmental stage, allowing a phenotype
to develop and then shut off expression to see if the heart returns to normalcy.”
This tet-inducible system requires two different constructs. One encodes a tet-
repressor herpes virus Vpl6 termed rTA which is expressed either from a
generic promoter that is nontissue-specific or from a developmentally regu-
lated tissue-specific promoter.85 The second construct (tetO) consists of a
minimum promoter with no basal activity linked to the gene of interest.*
The tet-V16 protein has a very high binding coefficient for the tetQ.%>%
There are two varieties of tet-regulatory sequences, one in which a gene is
repressed by tet binding (rTA or “Tet-Off”) and the other where the gene is
activated by tet binding (rtTA or “Tet-On”). Repression of a gene with this
system occurs because in the presence of tet or its analog, tet binds rTA and the
confirmation changes so that it can no longer bind to the tetO sequence leading
to downregulation of expression. A mutation in the tet activator (rtTA) promot-
er causes the mutant protein not to bind the tetO sequence in the target gene
unless tet is introduced into the system.85 Gene induction can be detected
within a few hours and maximal expression occurs within a day.85 The con-
structs can be microinjected separately, and animal with each construct can be
mated, or the constructs can be coinjected. The tet-Off (rTA) and tet-On (rtTA)
systems have been successfully used in mice to control gene expression, both in
adults and in utero within the developing heart.56-57

IX. Forward Genetic Approaches

A “reverse genetics” strategy occurs when a gene is altered first and then
the phenotype resulting from this alteration is subsequently studied, is the
principle behind knockin and knockouts. However, it has been recognized that
this strategy is somewhat limited by the fact that it examines genes already
thought to be involved in the physiological process under study.50 Thus, a
“forward genetics” strategy which employs an unbiased approach, that more
closely mimics the work of clinicians who tend to identify a disease first, and
then try to isolate the genes responsible has been developed.”™*® This approach
uses N-ethyl-N-nitrosurea (ENU) as a potent means of inducing random point
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mutations across the gen()me.50’89 ENU is an alkylating agent that causes base
substitutions in DNA, creating allelic series of mutations that has a mutation
rate of 1 in 1000 gametes in mice.” Mutations generated in mouse ES cells
which retain germline competency can be used to study partial loss, complete
loss, and/or gain-of-function alleles. 99! Although ENU is an effective random
chemical mutagen capable of generating novel phenotype, the ENU-induced
single-base-pair changes responsible for a given mutant phenotype are often
difficult to detect and require laborious techniques such as positional cloning.92
Upon intronic insertion, gene-trap transposons are capable of reducing wild-
type transcript levels by mutating disrupted endogenous genes and producing
novel phenotypes, making them useful as a random germline insertional muta-
gen in mice.”? Transposons catalyze the insertion of foreign DNA into host
chromosomes, which is the most important step in gene transfer applications.93
This forward genetics approach has the added benefit of generating countless
new phenotypes, several which exhibit unique CHDs including the single
ventricle phenotype that has been underrepresented using reverse genetic
approaches (Table I; Ref. 94).

X. Common CHDs

CHD:s can be divided into three major subtypes (Table I): cyanotic (blue
discoloration caused by a relative lack of oxygen), left-sided obstruction
defects, and septation defects. 159 Tetralogy of Fallot (TOF), transposition
of the great vessels, tricuspid atresia, total anomalous pulmonary venous
return, truncus arteriosus, pulmonary atresia, Ebstein’s anomaly, and some
forms of total anomalous pulmonary venous return are the most common
cyanotic CHDs. Left-sided obstructive lesions include hypoplastic left heart
(HLH), mitral stenosis, aortic stenosis, aortic coarctation, and TAA. Septation
defects, which constitute the most prevalent CHD subtype, include ASDs,
VSDs, and atrioventricular septal defects. Other relatively common CHDs that
lie outside these subtypes include patent ductus arteriosus (PDA) where a
neonate’s ductus arteriosus fails to close after birth and bicuspid aortic valve
where only two valve leaflets instead of the normal three are formed in the
aortic valve. Each of these CHDs may occur alone or together and the severity
(and morbidity) of these CHDs varies greatly. The following sections highlight
one of each of the subtypes” most common defects and some of the insights
provided via mouse transgenics.
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A. Ventricular Septal Defect

VSDs are the most common congenital cardiac defects in human infants,
and there are both muscular and perimembranous VSDs. Clinically, isolated
VSDs can lead to the failure of survival, but the effects of isolated VSD disease
are quite variable and are dependent upon anatomical location and size. The
larger the communication between the left and right ventricles, the greater the
hemodynamic alteration and increased load on the heart, the worse the effects.
The genetics of ventricular septation are poorly understood, and in human
populations, no single gene disorder primarily causing isolated VSD exists. 579
Isolated VSD can occur in patients heterozygous for mutations in NKX2.5”7 or
TBX5%: however, this phenotype is less common. More frequently, VSDs are
seen in combination with other subtypes of CHDs, particularly outflow tract
alignment and septation defects.

The morphogenesis of atrioventricular septation is complex,98 as multiple
primordia contribute to the formation of the interatrial and interventricular
septa, including endocardial cushion tissue (derived from both colonizing
extracardiac neural crest and intrinsic epithelial-to-mesenchymally derived
lineages), endothelium, and myocardium. The muscular portion of the inter-
ventricular septum arises from ingrowth and folding of the myocardial wall of
the developing ventricle, whereas the membranous portion of the interventric-
ular septum is derived primarily from endocardial cushion tissue. Despite
being the foremost CHD found in patients, isolated VSD in mice mutants is
usually found in association with altered myocardial growth, OFT/AAA
abnormalities, and/or valvular defects.**® VSD pathogenesis is complex and
multifactorial and may include underlying defects within the cardiomyocyte,
cardiac neural crest, endothelial, endocardial cushion, epicardial, and/or
cardiac fibroblast lineages that can each alter left-right ventricular morpho-
genesis, chamber formation, and septal positioning. Although a large number
of transgenic models exhibit VSDs, very few have been shown to affect the
ventricular septum exclusively, but many, such as Bmp6/7 double knockouts,
Cited2, Fog2, Nkx2.5, Pax3, Sema3c, Tbx5, and Tll1, have been shown to affect
ventricular septation as part of a larger constellation of congenital cardiac
anomalies (Table I). Initially, the Hey2 knockout phenotype was reported as
an isolated VSD,” but subsequent analysis has revealed that Hey2 mutants
exhibit a variable penetrance and sgectrum of CHDs, including TOF, de-
formed valves, and cardiomyopathy.””'?" These variable phenotypes probably
reflect the fact that Hey2 is expressed in multiple cardiovascular lineages
throu%hout development, including robust expression within the myocardi-
um.*’ Despite the suggestion in several reviews and textbooks that increased
apoptosis within the developing interventricular septum may underlie VSD
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pathogenesis, there is little experimental evident to support this implication.
Using Hey2 knockout mice as the model, both apoptosis and cell proliferation
can readily be examined in knockout and age-matched littermate controls on
the identical genetic background. While Hey2 mutants exhibit both DORV and
VSDs that are structurally similar to those observed in patients with CHDs
(Fig. 1), apoptosis was unchanged within the developing heart (examined from

o

Fic. 1. (A) Echocardiography of 2-day-old newborn patient with DORV. Note aorta (Ao) is
exiting from the right ventricle (rv). (B) Echocardiography of 5-month-old infant with perimem-
branous VSD. Note large hole connecting right and left ventricles (indicated via yellow arrow).
(C-F) Histological hematoxylin/eosin stained sections of E14 Hey2 knockout mutant and control
littermate hearts. Note large VSD in (E) (indicated via yellow arrow) and DORV in (C) (as both the
aorta and pulmonary (pul)) vessels exit the right ventricle. (G) Analysis of apoptosis via TUNEL
immunohistochemistry in E14 Hety2 knockout heart. Note that there is no elevation of cell death
associated with VSD, but there are a few apoptotic (brown) cells localized at the base of the DORV.
(H and I) Characterization of cell proliferation in E14 Hey2 cardiovascular system via BrdU
immunohistochemistry. Hey2 knockouts (H) exhibit VSDs, while the septum is intact in wild-type
littermates (I). Heat map inserts (in H and I) indicated the relative differences between the mutant
(~13% proliferating cells) when compared to normal control hearts (~27% proliferating cells).
Note that BrdU staining is reduced by approximately 50% in the stunted mutant interventricular
septum. Abbreviation: lv, left ventricle. Bar in (E) and (F) is 100 pM.



PROBING HUMAN CARDIOVASCULAR CONGENITAL DISEASE 101

embryonic days (E) 9 to 14 (only E14 shown in Fig. 1G), during ontogeny of the
interventricular septum and septation of the mouse embryo heart. However,
examination of cell proliferation revealed a significant reduction in cardiomyo-
cyte proliferation at the base of the interventricular septum (Fig. 1H). These
types of analyses illustrate the usefulness of the mouse transgenic analysis
approaches and the type of detailed informative data that can be obtained.
While most of the mouse models exhibit perimembranous VSDs, several
mutants also exhibit muscular VSDs. Analysis of Hand1-Hand?2 knockin chi-
meras'™ revealed that stillborn high-percentage chimeric neonatal Hand1-
Hand?2 knockins exhibited DORV with concomitant VSDs and PDA. Intrigu-
ingly, their hearts had a thinned myocardium and the myocardial architecture
was extensively disorganized, with both multiple muscular and obligatory large
perimembranous VSDs evident.'”! As Hand1 and Hand?2 transcription factors
are both expressed in the early cardiomyocytes, this suggests that growth of
septal myocytes, elevated cell death, or positioning of the interventricular
septum could underlie the HandI-Hand2 knockin chimeras CHDs. Evidence
that Hand1 is indeed an important regulator of the interventricular boundary is
observed in Mlc2v—Hand1 ectopic expressing transgenic mice that die at mid-
gestation lacking a septum.m2 The multiple causes underlying VSD causation
are further illustrated via the recent finding that suppression of the TGFf
superfamily intracellular signaling pathway within post-migratory cardiac neu-
ral crest cells in the outflow tract endocardial cushions can result in isolated
VSD formation.®” Using a three—component triple transgenic system, expres-
sion of the inhibitory Smad7 was induced via doxycycline within the neural
crest lineage at post-migratory stages, resulting in isolated VSD and neonatal
lethality. Although there is a paucity of data regarding the function of postmi-
gratory neural crest within the heart itself, it has been shown via Cre-loxP that
neural crest-specific N-cadherin, RhoA, and Cx43 expression are each required
for normal OFT morphogenesis, cell shape, alignment, and cell-cell commu-
nication.” Thus, further studies are required to understand the link between
lineage commitment and the many changes in cushion cell shape, cell-matrix
adhesion, and cell-cell adhesion that occur within the heart itself during
interventricular septal morphogenesis. One important disparity between the
mouse models of VSDs and those seen in human infants is the high newborn
mortality of mice compared with patients. In most mouse models, the VSDs are
localized to the perimembranous region, are generally large, and are predicted
to have significant left-to-right shun’dng.'96 It is also thought that mice are
particularly sensitive to left-to-right shunting, given their high neonatal heart
rates (~ 600+), as mouse models of PDA are also neonatal lethal 3104 despite
PDAs being well tolerated in neonatal patients.
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B. Tetralogy of Fallot

TOF is the most common cyanotic CHD and the most common cause of
the “blue baby syndrome.” Approximately, 9-14% of babies with CHDs will
have TOF (American Heart Association, 2010; www.heart.org). In TOF, an
anterior placement of the conotruncal septum results in unequal division of the
conus, which produces four cardiovascular alterations. % The four CHDs asso-
ciated with TOF are VSD, right ventricular hypertrophy, pulmonary stenosis,
and overriding aorta. 40,105,106 In TOF, the VSD is present because of an antero-
cephalad malalignment of the developing ventricular septum and a failure of
the OFT cushions to muscularize.**'% Right ventricular hypertrophy is a
hemodynamic consequence of the deviated outlet septum.m6 Pulmonary ste-
nosis results from abnormal morphology of the septoparietal trabeculations
surrounding the subpulmonary outflow tract, causing a narrowing of the right
ventricular outflow and obstructing blood flow, 40106 Overriding aorta is a result
of the displacement of the outlet septum into the right ventricle, which causes
the aortic root to be positioned directly over the VSD.' Cyanosis is the major
hallmark of TOF and can be present in neonates based on the degree of the
blood flow obstruction to the lungs. 105,106 Surgical intervention can result in
complete repair, although adults have chronic issues such as pulmonary regur-
gitation, recurrence of pulmonary stenosis, and ventricular arrhythmias.'*®
TOF is thought to be a multifactorial CHD and genetic associations of TOF
are chromosomal aberrations such as trisomies 21, 18, 13 as well as microdele-
tions in chromosome 22.1%° Specific genetic associations via both mouse
mutant analysis and patient screening also include FOG2, JAGI, NKX2.5,
and VEGF. Cooperative morphological data analysis from mice and humans
shows that TOF may be caused because the lack of longitudinal growth of the
OFT prohibits the normal counterclockwise rotation of the OFT region.m7

Several mouse mutants have been shown to exhibit TOF. The isoform-
specific Vascular endothelial growth factor (Vegf)Vegf120/120 knockin mice
only express the 120 isoform and are highly predisposed to develop TOF,105:109
The proposed etiology is that a localized increase in VEGF signaling within the
secondary heart field-derived myocardium results in alterations of Notch sig-
naling, cdusmg OFT cushion hypoplasia, and subpulmonary myocardial apo-
ptosis. 109 Slgmﬁcantly, VEGF haplotype correlates with increase risk for TOF
in patients.”>!" Similarly, as knockouts of mouse Growth differentiation
factor-1 (GdfI) left-right patterning gene exhibited CHDs, a population
study was performed to determine if a spectrum of CHDs can be attributed
to human GDFIL.''"1'2 Indeed, a heterozygous loss-of-function in the human
GDF1 gene contributed to a distinct class of CHD affecting the conotrun-
cus.'? Thus, these studies confirmed that cardiac development in humans can
be affected by left-right patterning signals and mutations in the entire pathway
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of left-right determination may be considered as candidates for CHD mani-
festations in humans on the basis of identifying a similar mechanism.''2 F inally,
as mutations in the FOG-2 (friend of GATA 2) transcriptional cofactor that can
physically interact with GATA-4/5/6, were shown to occur in patients with
TOF,M'>!1* 4 mouse knockout was generated. Significantly, Fog2 null mice
die midgestation and display several cardiac malformations, including thin
ventricular myocardium and TOF.M? These Fog2 knockout mice are currently
being used to examine Fog2’s ability to act in a dose-dependent manner and
decrease Fog2-related pathways. 4 Similarly, transgenic expression of
truncated Fog?2 alleles is being used to examine its in utero function.'* Thus,
via combining transgenic mice models and clinical and genetic characterization
of patients, it is possible to gain a better understanding of the signaling path-
ways affecting cardiac development and the underlying causes of CHDs.

C. Hypoplastic Left Heart Syndrome

HLH is a relatively rare CHD in which the left side of the heart is severely
underdeveloped and the causes are presumed to be genetic, although the exact
genetic mechanism is unknown. Approximately, 4-8% of CHDs are HLH and
the left ventricle is small and nonfunctional, while the right ventricle maintains
both the pulmonary and systemic circulation.'®''® HLH is a heterogeneous
group of abnormalities and in addition to the small or missing left ventricle,
there is atresia of the mitral and aortic valves and hypoplasia of the ascending
aorta.'*>116 patients with HLH, extensive reconstructive surgery is required
for survival.'*® Constriction of blood flow to or from the left ventricle can
significantly affect left ventricular development and it is supposed that HLH
may occur secondarily to embryonic hemodT\/namic disruptions, rather than a
primary defect intrinsic to the left ventricle."*M7 It has been observed that the
left ventricular growth worsens as fetal growth proceeds which support the
theory that obstructed flow is suppressing myocardial growth."”

Although generating a mouse model has been challenging, as HLH is likely
to be dependent on both genetic and epigenetic factors, % a model may have
been developed. Recently, screening of Jacobsen syndrome patients who often
exhibit HLH as part of their syndrome identified a 1.2-Mb region of overlap
that contains six candidate genes.“s One of the genes in that cardiac critical
region is the transcription factor ETS-1, shown to be important in many
biological functions, including regulation of cellular growth and differentia-
tion.!18 Critically, Ets] knockout mice exhibit various cardiac defects, but a
subset has non-apex-forming left ventricle, which is a hallmark of HLH,
although the other structures associated with HLHS were normal.''® Via
mouse transgenic analysis, we have established the beginnings of a road map
to understand how ventricular cells become specified, differentiate, and
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expand into a functional cardiac chamber.!'® The key is to now take this
molecular and genetic information and devise innovative methods to augment
or modify the effects of gene mutations on ventricular development.

Xl. Conclusion

Significant advances in mouse genetics have led to a vast improvement in
our understanding of cardiac morphogenesis. Multiple pathways and genetic
networks have been indentified, and clear evidence accumulated to demon-
strate which genes disrupt cardiac morphogenesis and can cause CHDs. Now
the goal is to develop new concepts and models aimed at improving the
diagnosis, treatment, and intervention of CHDs in utero and in newborns.
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The use of animal models in medicine has contributed significantly to the
development of drug treatments and surgical procedures for the last century, in
particular for cardiovascular disease. In order to model human disease in an
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animal, an appreciation of the strengths and limitations of the system are
required to interpret results and design the logical sequence of steps toward
clinical translation. As the world’s population ages, cardiovascular disease will
become even more prominent and further progress will be essential to stave off
what seems destined to become a massive public health issue. Future treat-
ments will require the imaginative application of current models as well as the
generation of new ones. In this review, we discuss the resources available for
modeling cardiovascular disease in zebrafish and the varied attributes of this
system. We then discuss current zebrafish disease models and their potential
that has yet to be exploited.

l. The Impact of Cardiovascular Disease and Need
for Disease Models

Cardiovascular disease (CVD) is responsible for more deaths each year
than the next most common diseases combined (sources, American Heart
Association and Center for Disease Control). In the United States, 81.1 million
citizens suffer from some form of CVD, which range from inherited birth
defects to conditions such as coronary artery disease, high blood pressure,
congestive heart failure, and also stroke (based on data from the National
Health and Nutrition Examination Survey (NHANES) 2003-2006). This trans-
lates into a substantial economic burden as well; in 2010, it is estimated that
heart disease will cost the United States $316.4 billion.' In addition, the life-
span of individuals in Western nations continues to increase as a result of
multiple factors, such as better nutrition. Improvements in healthcare over
the last century have contributed to this phenomenon and continued advance-
ments in medical care will be crucial to combat the diseases that will afflict this
large aging population. This includes the prevention and treatment of CVD
since heart failure still remains a common affliction among the elderly.

The etiology of the different types of CVD is complex due to the confounding
influence of environmental factors, such as diet. However, some forms of disease
demonstrate a clear heritable component.z_4 Now that many of the simple Men-
delian traits have been mapped and genes identified (such as those responsible for
familial hypertrophic and dilated cardiomyopathy, and long QT syndrome5’6), the
next step becomes the determination of the consequence of interactions between
different genetic factors. Epigenetic modifications and environmental exposures
as well as genetic factors predisposing individuals to coronary artery disease,
aneurysms, and stroke are also now starting to be identified.” ' With such a



ZEBRAFISH MODELS OF CARDIOVASCULAR DISEASE 113

high prevalence of CVD, the importance of establishing better models for these
conditions becomes essential to help sort out the relevance of these different
factors as well as to improve and increase speed of diagnosis and treatment.

Il. Current Animal Models of Cardiovascular Disease

Animal models have long been employed for the study of CVD and the testing
of new and improved surgical techniques. Large animal models, such as pig and
sheep, have traditionally been used for the study of CVD. They also closely mimic
the hemodynamic stresses and physiological parameters seen in humans. Unfor-
tunately, they are difficult to house and their size and associated costs prevent their
use in a true high-throughput capacity. This niche was initially filled by the use
of the rat model but with the advent of homologous recombination and the ability
to specifically ablate individual genes, the mouse became the favored system.
The trade-off was that rodent physiology and cardiovascular function are not as
similar to humans as were large mammals, despite the genetic similarities. Many of
the difficulties in measuring heart function in such a small animal have been
overcome but still require substantial expertise.

These animal models have also been employed to study the pathogenesis of
disease. More recently, with the completion of the sequencing of several verte-
brate genomes, new molecular studies have defined several key signaling path-
ways and genes that were previously understudied in cardiac disease. Ideally,
these animal models would serve as surrogates for different forms of CVD and
recapitulate the varied symptoms associated with these conditions. Such a model
would facilitate studies of approaches for management of the disease with small
molecules or other, nonsurgical, cellular therapies. The interpretation of findings
from small rodent models must be accompanied by caveats, however, since some
attributes of cardiac physiology are dramatically different from humans (e.g., the
high heart rate of the mouse compared to humans (500-600 vs. 60-90 beats per
minute, respectively) requires a different profile of sarcomeric and channel
proteins). As a result, the utility of findings in such a system may ultimately not
translate well to larger mammals. The determination of a loss of function
phenotype in mouse will lead to essential insights into gene function; however,
the implications for human cardiovascular function have to be assessed carefully
and will inevitably require validation in large animal models.

lll. Molecular Tools to Study Zebrafish

Although the zebrafish is a relatively new animal model for disease, a
wealth of resources is already available to scientists wishing to employ this
system. ZFIN (The Zebrafish Model Organism Database) serves as an entry
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point and attempts to bring together general information from a vast variety of
sources, including mRNA expression data and gene mutation/knockdown phe-
notypes. Numerous zebrafish lines, as well as cDNAs/ESTs and antibodies, are
maintained by the Zebrafish International Resource Center (ZIRC) for distri-
bution to the research community. ZFIN, as well as both the Sanger and
Ensembl sites, also serves as portals to the chromosomal maps (both meio-
tic''™* and radiation hybrid mapsls’”), as well as the data from the Sanger
zebrafish genome sequence initiative.'® These resources also provide access to
gene/protein sequence information in addition to the traditional NCBI sites.

IV. Approaches to Generate Zebrafish Models for Disease

Traditional forward genetic screens involved the identification of important
developmental genes based on the detection of a mutant phenotype and are
now complemented by the ability to knockdown gene expression with morpho-
linos.'*2! However, the availability of near complete genome sequence data
has enabled efforts to systematically generate mutations in protein coding
genes using new approaches such as “TILLING” (for Targeting Induced
Local Lesions in Genomes).2>2* The same ENU mutagenesis strategy is
used to chemically induce mutations within the genomeZE’2 ; however, instead
of a phenotype-driven assay, high-throughput sequencing is employed to di-
rectly detect point mutations in genes of interest. Several institutes, including
the Sanger Centre, have initiated efforts to identify mutations in genes previ-
ously not targeted by the initial screens as a service to the research community.
Another technique to induce genetic lesions that also shows great promise for
zebrafish investigators is the use of customized zinc-finger nucleases
(ZFNs).2"28 This approach has been shown to be effective in introducing
targeted frame-shift mutations with high efﬁciency.m’% Although still techni-
cally daunting, detailed protocols for constructing expression constructs to
generate and then inject RNAs of ZFNs to induce mutations in target genes
are available® and the vectors and reagents are freely accessible to the scientific
community.

The traditional mutagenesis screens have led to the identification and
characterization of numerous mutants while the characterization of those
derived from the newer, gene-targeted, approaches is still ongoing. As a result,
many of the zebrafish models being used to study CVD were derived from the
large-scale ENU mutagenesis screens performed in Tubingen® and Boston,*!
as well as smaller screens at other institutes.®>>* This approach provided an
unbiased and genome-wide, large-scale approach for identifying novel genes
required for cardiovascular function. New disease models generated using this



ZEBRAFISH MODELS OF CARDIOVASCULAR DISEASE 115

traditional approach will also become available from the screening of 6000
mutagenized genomes as part of the ZF-MODELS (Zebrafish Models for
Human Development and Disease, EU) consortium. This effort was specifical-
ly devised to target mutations that disrupt organogenesis and tissue formation
with the objective of identifying new models for disease. One novel aspect of
this initiative was the inclusion of screens to detect defects affecting tissue
formation in the adult, past the typically studied timeframe of embryogenesis.

V. Zebrafish as a Model System for the Study of
Cardiovascular Disease

The advantages of the zebrafish system that were initially exploited for
developmental studies have also established it as a first-line model system to
study cardiac and vascular biology and disease. These include the optical
transparency of the developing embryo which allows real-time observation of
the heart and vessels as they develop and begin to function. More importantly,
because zebrafish can survive in the absence of heart function and blood
circulation for the first several days of life, defects in cardiac and vascular
formation may be studied during periods of growth not feasible in other
model systems due to embryonic lethality.so"g]’m’m This attribute of the zebra-
fish embryo is a result of its aqueous surroundings, which facilitate the diffusion
of oxygen and nutrients directly from the water*'*? unlike mammalian models
such as the mouse which suffers hypoxic deterioration under similar conditions.
Another advantage of the aquatic environment of zebrafish is the ease of
application of drugs to animals during early stages of growth. Water soluble
compounds are readily taken up by the embryo and this property has been
exploited for the identification of new small molecules affecting cardiovascular
growth; in theory, this approach could also be used for the identification of
compounds which reverse pathological conditions.*>

Although there are concerns regarding the use of any small animal to study
defects that affect large mammals such as humans, zebrafish possess other
unique attributes that make it an attractive model system. For example, the
normal embryonic heart rate is 120-180 beats per minute, much closer to
humans than mouse.*® From a broader perspective, since zebrafish are verte-
brates, they possess a strong genetic relationship to mammalian model systems,
including gene conservation and regions of chromosomal synteny. This has
permitted the use of zebrafish to study the genetic factors regulating both
cardiovascular development and function.
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VI. Early Cardiovascular Development in Zebrafish is
Similar to Humans

Over the past 15 years, much of the groundwork was established to define
the molecular determinants of cardiomyocyte cell fate and vessel growth
during zebrafish development.47’50 In fact, since the fundamental mechanisms
of cardiac growth and function are highly conserved in zebrafish as in other
widely used vertebrate models, key developmental steps in vertebrate cardio-
vascular development have been determined through genetic and cell biology
studies in this system (see Fig. 1; reviewed in Refs. 51-53). In addition, the
highly conserved architecture of the vertebrate vascular tree has provided a
strong basis for use of the zebrafish model to dissect molecular mechanisms
underlying developmental angiogenesis.”*>*° As we learn more about the
genes and signaling pathways controlling vertebrate blood and lymphatic vessel
development, more parallels can be drawn between zebrafish and mammalian
models.’™® This has significantly increased the use of the zebrafish model as
an alternative discovery model for vascular biology in the last few years.
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Fic. 1. Structure of the zebrafish embryonic heart. The zebrafish heart consists of two
chambers and develops rapidly. Many of the distinguishing attributes of a vertebrate heart are
detectable within 2-3 dpf, as indicated in the diagram. Mature valves do not form until later larval
development but valve-like structures that allow a unidirectional flow of blood are present at this
st