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Abstract

A growing number of genetic breast cancer risk factors have been identified through the use of
familial breast cancer case studies, candidate gene approaches, and genome-wide association studies
(GWAS). The disease variants these approaches have identified are the basis for our current risk
assessment strategies, and they have played a pivotal role in our initial understanding of breast cancer
pathogenesis. Increasingly, the importance of common, low-penetrant variants to breast cancer risk has
been recognized. However, these approaches are limited in their ability to identify and characterize such
risk alleles. The Gould lab has undertaken a comparative genomics approach, utilizing the laboratory rat
for the identification and characterization of breast cancer risk alleles. The ultimate goal of these studies
being to translate laboratory findings back to human patients. Quantitative trait loci analysis in the rat
has identified a number of Mammary carcinoma susceptibility, Mcs, loci capable of affecting carcinoma
multiplicity in a carcinogen-induced model. My thesis work has focus on furthering the characterization
of two of these loci — Mcs5c and Mcsla. Work on the Mcs5c locus has focused on the functional
characterization of its method of action, and has revealed a novel association between its activity and
the windows of susceptibility (WOS) phenomenon observed in humans and rats. Mcs5c acts to regulate
nearby gene expression through tissue-specific chromatin folding and allele-dependent DNA
methylation that is regulated in a WOS-specific manner. This is the first molecular mechanism associated
with the WOS phenomenon, and represents a significant finding in the field. Work on the Mcs1a locus
has focused on validating the therapeutic relevance of its target gene Nr2f1/NR2F1 for the treatment of
triple negative breast cancer (TNBC). Indeed, we have shown that NR2F1-overexpression promotes a
reduction in TNBC tumor growth, and appears to do so through the promotion of a luminal molecular
profile. Luminal-like breast cancers tend to be less aggressive and more treatable than their TNBC
counterparts, and this “luminalization” effect represents a novel therapeutic strategy. Together, my

work on the Mcs5c and Mcs1a loci shows the potential of comparative genomic studies to deliver



translational findings that can be used in a prevention and therapeutic capacity, and provides useful

models with which to test future, clinically-relevant hypotheses.
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Chapter 1 - Introduction

In the United States, breast cancer is the most frequently diagnosed cancer and second leading
cause of cancer death among women [1]. Its etiology is complex, consisting of both genetic and
environmental risk factors. Early breakthroughs in understanding genetic contributions to breast cancer
risk came from the analysis of patients with an extensive family history of breast cancer, so called
familial breast cancer, leading to the discovery of the BRCA1 and BRCAZ2 susceptibility genes [2,3].
Women carrying a mutation in BRCA1 or BRCA2 have an average cumulative breast cancer risk by age 70
of 65% and 45%, respectively [4], and represent a high-risk population compared to the 12.3% average
lifetime risk of the general public [1]. While BRCA1/2 are therefore classified as high-penetrance alleles,
their frequency in the population is rare (<1%) [5] and they therefore only account for an estimated 25%
of familial and 1-2% of all breast cancer cases [6,7]. Additional familial studies led to the discovery of
other high-penetrant, low-frequency mutations in genes for TP53 [8] and STK11 [9]. Candidate gene
association studies have resulted in the identification of additional low-frequency risk alleles of
moderate penetrance in ATM [10], CHEK2 [11], BRIP1 [12], PALB2 [13], and CASP8 [14]. However,
candidate gene approaches have had limited results overall [15]. The rare nature of these alleles can
lead to underpowered studies, and the requirement of a priori knowledge can be limiting. Altogether,
risk alleles found through family-based and candidate gene approaches are only able to explain a small
percentage of breast cancer cases [6]. It was therefore hypothesized that the missing heritability for
breast cancer and other common diseases could be attributable to common variants, generally single
nucleotide polymorphisms (SNPs), with low penetrance, the so called ‘common disease, common
variant’ hypothesis [16,17]. Modeling studies on breast cancer support this hypothesis, and suggest that
the presence of multiple common, low-penetrant variants may contribute in an additive manner to
overall breast cancer risk [18,19]. The advent of genome wide association studies (GWAS) has made it

possible to detect these types of risk-associated SNPs in a global, unbiased approach, although large



case/control cohorts are still ideal. To date, GWAS have been successful in identifying 83 risk loci,
however, the functional relevance of many of the identified SNPs remains elusive [20]. While many of
the SNPs identified by GWAS may be functionally relevant, others may simply be markers for causal
SNPs in linkage disequilibrium. Additionally, for SNPs located in non-coding regions of the genome, their
function is not readily apparent. The identification and characterization of casual risk-associated SNPs
will be crucial for increasing our risk assessment capabilities, and in understanding the genetic pathways
associated with breast cancer pathogenesis for therapeutic purposes. Clearly, while GWAS have been
crucial in the identification of high-frequency, low-penetrant risk variants, they have a limited ability to

discern causality, and additional methods are needed for functional characterization.

In an effort to identify and rigorously characterize common, low-penetrant breast cancer risk
alleles, the Gould lab has taken a comparative genomics approach using the laboratory rat as a model.
The rat makes for an excellent model as it mimics human breast cancer in terms of carcinoma
morphology, histopathological progression, and hormone responsiveness [21-23]. Additionally,
different inbred rat strains vary considerably in their susceptibility to spontaneous and induced
mammary cancer [24], making for an ideal model in which to study the genetics of breast cancer
susceptibility. This variation in susceptibility to chemically induced mammary cancer was exploited by
our lab in a number of quantitative trait loci (QTL) analysis studies. The susceptible Wistar-Furth (WF)
and resistant Copenhagen (COP) and Wistar-Kyoto (WKy) rat strains were used in linkage mapping to
identify QTL associated with mammary carcinoma susceptibility in a 7,12-dimethylbenz-[a]anthracene
(DMBA)-induced model. The first QTL analysis performed on (WF x COP)F1 x WF backcrossed rats
identified 4 mammary carcinoma susceptibility (Mcs) loci, with the COP alleles of Mcs1-3 acting to

decrease and Mcs4 acting to increase carcinoma number [25,26]. QTL analysis on (WF x WKy)F1 x WF



backcrossed rats identified 4 additional Mcs loci, with the WKy alleles of Mcs5, -6, and -8 decreasing and

Mcs7 increasing carcinoma number [27].

Subsequent efforts in the lab have focused on the characterization of the Mcs1 and Mcs5 loci.
Fine-mapping studies have revealed the existence of subloci within both Mcs1 and Mcs5. The Mcs1
locus is comprised of Mcsla, -1b, and -1c which each act independently to reduce carcinoma number by
60% in congenic WF rats homozygous for the COP Mcs allele [28]. Fine mapping of the Mcs5 locus
identified Mcs5a, -5b, and -5¢, the interactions of which proved more complex than the Mcs1 subloci.
On their own, Mcs5a and Mcs5¢ were found to reduce carcinoma number in congenic WF rats
homozygous for the WKy allele, while Mcs5b increased carcinoma number. Mcs5a was found to act in
an epistatic manner to mask the effects of Mcs5b, and Mcs5a acts in a synergistic manner with Mcs5c to
decrease carcinoma number above what would be predicted by an additive model [29]. Clearly, a
comparative genomics approach is capable of identifying complex genetic architecture akin to the types
of interactions observed in humans. My thesis work has focused on the further characterization of the
Mcs1a and Mcs5c loci and, as will be outlined below, both demonstrate the ability of a comparative
genomics approach to be useful in the discernment of susceptibility loci relevant to human breast
cancer. More broadly, they illustrate the potential for ‘bench to bedside’ experimentation in a

mammalian model organism.

The Mcs5c locus: A study on the impact of age on risk locus functionality

As previously mentioned, breast cancer risk is influenced by both genetic and environmental
factors. Interestingly, the contribution of these factors to overall risk can vary depending on the
developmental context of the individual. In this way, there are multiple windows during a woman’s life

where she is more susceptible to genetic susceptibilities and environmental insults and behaviors that



will affect her long-term breast cancer risk. The time periods of birth to young adulthood, post-
pregnancy, and menopause represent three such windows of susceptibility [30—32]. The most well
documented of these windows is the birth-to-young-adult window of susceptibility (byaWQS), where
the effect of age-specific radiation exposure is readily apparent. In studies of women exposed to
radiation during the atomic bombings of Hiroshima and Nagasaki, women 20 years or younger at time of
exposure had an increased risk of developing breast cancer later in life compared to women exposed at
older ages [33]. Studies on women exposed to radiation for the treatment of Hodgkin's lymphoma found
a similar result. Women 30 years or younger at time of treatment showed an increased relative risk of
developing breast cancer, with risk being highest for those exposed before age 15 [34]. While the
byaWOS encompasses a broad age range, studies seem to suggest that risk may be variable even within
this time period, with possible sub-windows of childhood, adolescence, and young adulthood. Additional
studies point to the complex relationship that exists between environmental risk factors and various
windows of susceptibility. For example, studies on BMI and weight gain suggest that higher BMI in
adolescence may be protective against future breast cancer diagnosis, while weight gain in
postmenopausal women is associated with increased risk [35—-37]. Pregnancy itself represents a variable
risk factor, as early pregnancy is more protective compared to late-aged pregnancy, while the period
following pregnancy represents a general WOS [31,38]. Additionally, the windows of susceptibility
themselves likely interact with genetic factors that affect, among other things, hormone and growth
factor levels that play crucial roles during breast development, pregnancy, post-pregnancy involution,
and menopause [32,38,39]. While numerous associations between window-specific exposure and breast
cancer risk have been observed, the cellular mechanisms governing their interactions with
environmental and genetic risk factors are poorly understood. This is particularly true for the byaWos,

as the affected age group represents a vulnerable population not generally included in research studies



or amenable to tissue sampling. Also, most studies involving the byaWOS are retrospective, relying on

recall of past behaviors and events, which may be subject to error.

In an effort to understand the mechanisms underlying the byaWQOS, comparative genomic
studies in the rat make for a highly relevant model as it too exhibits the WOS phenomenon. This was
first demonstrated by Huggins et al [40], where a single dose of the carcinogen 3-Methylcholanthrene
(3-MC) was fed to outbred Sprague-Dawley (SD) rats at ages ranging from 23 to 100 days old.
Researchers found that carcinoma incidence increased with greater age at feeding, peaking for rats fed
3-MC between 50 and 65 days old, and dropping off considerably for 100 day old rats. A similar result
was seen in a study of DMBA-induced mammary cancer, although carcinoma incidence remained high
for all rats treated between 30 to 55 days of age, with carcinomas/rat peaking at 46 days at treatment
[41]. Data from our lab suggests that rat windows of susceptibility may be influenced by strain specific
differences and carcinogen class. Studies using the inbred Fischer 344 (F344) rat strain, showing an
intermediate susceptibility to mammary cancer, found differences in carcinoma incidence and
carcinomas/rat depending on the age of carcinoma treatment and the class of carcinogen used.
Specifically, when the alkylating agent N-nitroso-N-methylurea (NMU) was administered at 21 days of
age, carcinoma incidence and carcinomas/rat were significantly higher than when administration
occurred at 56 days. The results were reversed for the polycyclic aromatic hydrocarbon DMBA, as 56
days represented the most susceptible induction period [42]. Additional studies in the lab looking at the
susceptible WF rat strain have replicated these DMBA findings, showing a significant reduction in
carcinomas/rat when administration occurred at 32 or 93 days versus 56 days (Fig 1; unpublished data).
Clearly, while windows of susceptibility exist in the rat, it is important to interpret results in a strain- and

carcinogen-specific manner.
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Fig 1: The susceptible WF rat strain displays the WOS phenotype. Susceptible

Wistar-Furth (WF) rats were administered DMBA as a single oral dose dissolved in
sesame oil at 65mg/kg of body weight to induce mammary carcinoma formation. DMBA
was administered when animals were 32 (n = 13), 56 (n = 36), or 93 (n = 8) days of age
to gage the boundaries of the WOS phenotype. Carcinomas greaterthan I3mm were
counted at necropsy. 15 weeks post—DMBA administration. P-values were obtained
using the non-parametric Mann-Whitney U test.

It has been speculated that the reason for such age-specific susceptibilities is due to the
proliferative index and differentiation of terminal end buds (TEBs) within the mammary gland. In SD
rats, TEBs reach their maximum density at 21 days, with peak DNA synthesis occurring at 40 days,
roughly corresponding to the initiation of estrous cycling. From 21 days on, the TEBs are extending into
the fat pad and differentiating into the functional structures of the mammary gland, alveolar buds (ABs)
and terminal ducts (TDs), and this process is generally finished by 84 days of age [41,43]. This time
period would roughly capture the entirety of the human byaWQOS, and the data presented above further
suggests that there may exist two distinct windows within this time period, namely, the immature
(iWO0S) and adolescent window of susceptibility (aWOS). In the immature mammary glands of young rats
prior to estrous cycling, TEBs are at a maximum and are poised for future mitosis and differentiation.
This may be representative of pre-pubescent human breast tissue, where the epithelial tissue is similarly

poised for hormonally-induced growth at puberty. In adolescent rat mammary glands, beginning with

the onset of estrous cycling, growth and differentiation intensifies and is impacted by each successive



estrous cycle. This is similar to the extensive human breast development that occurs in a hormone-
dependent manner beginning with puberty and continuing until the first full-term pregnancy
[21,23,44,45]. Thus, not only does the rat recapitulate human breast development and the byaWOS
phenotype, but it provides an opportunity to study the possibility of distinct sub-windows within the

broad byaWOS.

The importance of the byaWOS became apparent during the course of Mcs5c characterization.
Previous work on Mcs5c had fine-mapped the locus to a 170kb region of rat chromosome 5 (Fig 2), lying
in a 1Mb gene desert that shares homology with both mice and humans (see Chapter 2, Fig 1). Rats
homozygous for the resistant WKy allele introgressed on a WF background had a 50% and 40%
reduction in carcinoma number for DMBA- or HER2/neu-induced mammary cancer, respectively [46].
Initial data from Veillet et al [46] identified the gene Tenascin C (Tnc) as a possible target of Mcs5c
activity, with differential expression observed in non-mammary gland tissues following carcinogen
exposure. As will be outlined in Chapter 2, our mammary gland transplant experiments show that Mcs5c
acts within the mammary gland to affect carcinoma number, and therefore shed doubt on the relevance
of these previously observed expression differences. A reevaluation of Mcs5c genotype-dependent gene
expression was conducted, with a focus on expression in the mammary gland. Of the genes nearest to
the Mcs5c locus, Pregnancy-associated plasma protein A (Pappa) stood out as being of potential
interest. Pappa/PAPP-A is a zinc metalloproteinase originally isolated from the plasma of pregnant
women and later identified as a component of the Insulin-like growth factor 1 and 2 (IGF-I/1) signaling
pathways [47,48]. Specifically, PAPP-A cleaves IGF binding proteins 2, 4 and 5 (IGFBP2/4/5), which are
responsible for binding IGF in the extracellular space and thereby preventing signaling through the IGF
receptor (IGF1R) [49-51]. Cleavage of the binding proteins by PAPP-A releases bound IGF, and therefore

acts to positively regulate IGF bioavailability and signaling [48,52]. While the specific role of PAPP-A in



normal breast development has not been studied, the IGF-I pathway, in general, is an essential

component of breast/mammary gland development, as evidence by the severe mammary gland defects

of Igf-I and Igf1r knockout mice [53—-55]. Given the extreme relevance of Igf-/ to mammary gland

development, we focused our expression analysis on you

ng rats within the iWOS and aWOS, speculating

that if Pappa was the target gene, it may be important during this developmental period. Indeed, we

have identified two mechanisms by which Mcs5c regulates the expression of Pappa in the mammary

gland during the aWOS, and have evidence to suggest that a different mechanism is at work during the

iWOS. Our results therefore not only support Pappa as an important mediator of mammary/breast

cancer susceptibility and suggest its potential as a therapeutic target, but also support the delineation of

the immature and adolescent windows of susceptibility.

5C-17
Tk N
Qlwmdd-2 _§_ _ _ _
il S
|

glwmd4:53

Mesae

170Kb

g

[ susceptivle line
. Resistant line

e 1l
ol

B Area of Recombination

Fig 2: Chromosome 5 congenic lines
defining the Mcs5¢ locus. Congenic lines
containing a section of the resistant WKy
genome introgressed on the susceptible WF
background are shown. Susceptible and resis-
tant lines are indicated by yellow and red bars,
respectively. The Mcs5c locus spans 170kb
and is defined by markers g5Uwm74-1 and
gUwmb4-8. Congenic line 5C-27 is the small-
est resistant line that contains the Mes5c locus

(275Kkb).



The Mcs1a locus: Establishing the therapeutic potential of a susceptibility locus target gene
The ultimate goal of comparative genomic studies is to translate laboratory findings back to
human patients in the so-called bench-to-bedside model. In the case of the Mcs loci, our aim is to
identify prevention and therapeutic strategies through the functional characterization of their method
of action. The Mcs1a locus epitomizes this bench-to-bedside strategy, as a logical next step in
therapeutic potential became apparent following its characterization. Previously published work from
the lab by Smits et al [56] had fine-mapped the Mcsla locus to a 277kb region located in a 3Mb gene
desert on rat chromosome 2 (Fig 3). Congenic rat lines homozygous for the resistant COP allele
introgressed on a WF background showed an approximately 50% reduction in carcinoma number in
DMBA-, NMU-, and HER2/neu-induced mammary cancer models. Mcsla was found to function in the
mammary gland, where it regulates expression of the target gene Nr2f1/Coup-TFl. The resistant Mcsla
allele contains a variant which disrupts a conserved Nr2f1 binding site involved in self-repression of the
Nr2f1 gene, resulting in increased Nr2f1 expression in resistant rats. Resistant rats also showed an
increase in the luminal population of mammary epithelial cells (MECs) compared to susceptible rats, and
these cells showed a decrease in proliferative capacity, suggesting that increased Nr2f1 expression in the
mammary gland may affect cell proliferation and differentiation, shifting cells to a luminal fate. RNA-seq
analysis on mammary glands from a mouse megadeletion model, resulting in a severe knockdown of
Nr2f1 expression, revealed that Nr2f1 was anti-correlated with genes involved in the cell cycle,
proliferation, and DNA-damage response. These data were recapitulated in publically available breast
cancer microarrays, where not only was NR2F1 expression anti-correlated with similar classes of genes,
but also with histological grade and carcinoma sub-type. Specifically, NR2F1 expression was lower in the
triple negative clinical class of tumors. Altogether, characterization of the Mcs1a locus found that it
regulates Nr2f1 expression in the rat mammary gland, with increased expression in resistant rats leading

to an increased luminal cell population that has a decreased proliferative capacity. Global expression
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analyses in mice and humans suggested that increased Nr2f1/NR2F1 expression decreases the

expression of proliferation-associated genes, consistent with the observations in the rat.
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Fig 3. Chromosome 2 congenic lines defining the Mcs1a
locus. Shown is a genetic map of the congenic lines
contributing to the positional identification of the Mcs7a locus on
rat chromosome 2. Each congenic line, as defined by
genotyping the genetic markers indicated along the vertical
scale bar, represents a segment from the resistant Cop inbred
strain introgressed onto the susceptible WF genetic back-
ground. Susceptible and resistant congenic lines are indicated
by the white and black bars, respectively. These lines were
used to define the critical interval for the Mcs7a resistance allele
to the 277kb region indicated. The coordinates (in bp) along the
vertical axis are from the 2004 version of the rat genome
(UCSC Genome Browser, m4) (figure adapted from Smits et al,
2013).
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The association of NR2F1 with the clinical subtype of triple negative breast cancer (TNBC) made
it an attractive candidate for potential therapeutic purposes. TNBCs account for approximately 15-20%
of all breast cancer cases, and are so-called as they lack expression of estrogen and progesterone
receptors (ER and PR) and human epidermal growth factor receptor 2 (HER2) amplification [57]. While

these tumors are molecularly heterogeneous, a majority of them fall into the basal subtype, with



11

expression profiles that mimic basal epithelial and myoepithelial breast cells [58]. TNBCs occur more
frequently in younger women and African American patients. They tend to be more aggressive, with a
higher histological grade and worse prognosis when compared to other clinical subtypes [57,59-61]. The
general therapeutic course of action for TNBC is systemic cytotoxic chemotherapy, and while initial
response rates are comparable to non-TNBC, 3-year overall survival rates were lower and recurrence
rates were higher in TNBC [62]. To achieve the success that hormone receptor and HER2 antagonists
have had in the treatment of ER/PR+ and HER2+ breast cancer, similarly targeted therapies for TNBC

need to be developed [63].

Our characterization of the Mcsla locus led to the hypothesis that its target gene, Nr2f1, may be
a good candidate for TNBC-specific drug development. NR2F1 is an orphan nuclear receptor, with
sequence analysis placing it into the steroid/thyroid hormone receptor superfamily of proteins. NR2F1
has the highest binding affinity for an AGGTCA direct repeat with a 1 nucleotide spacer, however,
binding to imperfect repeats with variable spacer lengths also occurs. This consensus site overlaps with
the response elements for the retinoid X receptor (RXR), retinoic acid receptor (RAR), thyroid hormone
receptor (TR), vitamin D receptor (VDR), peroxisome proliferator-activated nuclear receptor (PPAR), and
ER, resulting in competition for binding and thereby affecting the expression of target genes in these
pathways. Additionally, NR2F1 frequently dimerizes with RXR, RAR, or TR, and such an association tends
to disrupt their function [64,65]. Although generally thought of as a negative regulator of transcription,
NR2F1 can also act as an activator, and its regulatory action seems to be dependent on interactions with
other transcription factors or coactivators present in the cell [65—-68]. Nr2f1 is highly expressed in a
distinct pattern within the central nervous system during mouse embryonic development, and is also
expressed in other developing organs, specifically those that require epithelial proliferation and

differentiation [64,69,70]. Knock-out mice die perinatally with severe neuronal developmental defects
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[71]. Together, these data suggest that Nr2f1 plays an important role in organ development and
differentiation, particularly for neuronal tissues. Indeed, Nr2f1 was found to promote cell cycle exit and

differentiation when ectopically expressed in the dorsal cortex of transgenic mice [72].

Our work on the Mcs1a locus, described above, has shown that Nr2f1 may also play a role in the
development and differentiation of the mammary gland. Mcs1a-mediated increases in Nr2f1 mammary
gland expression appear to promote a mammary carcinoma-resistant phenotype through reduced
epithelial cell proliferation and promotion of the luminal cell fate. Breast cancers whose expression
profiles overlap with those for luminal breast cells tend to have a more favorable clinical prognosis [73].
We therefore hypothesized that increasing NR2F1 expression in basal-like, TNBC may have therapeutic
potential through a reduction in tumor proliferation and/or promotion of the less-aggressive luminal
phenotype. In the work to be discussed in Chapter 3, we found that NR2F1-overexpression does indeed
slow the growth of a TNBC cell line in a xenograft model. Although RNA-sequencing analysis of the
carcinomas does not show a strong reduction in proliferative-associated genes, it does appear that
these tumors have increased expression of genes associated with luminal breast cancers, and has
provided interesting targets for future therapeutic intervention. This work shows the potential of
translating comparative genomic studies into clinically relevant results, and represents the next step in

taking the Mcs1a findings from ‘bench to bedside’.
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Abstract

In understanding the etiology of breast cancer, the contributions of both genetic and
environmental risk factors are further complicated by the impact of breast developmental stage.
Specifically, the time period ranging from childhood to young adulthood represents a critical
developmental window in a woman’s life when she is more susceptible to environmental hazards that
may affect future breast cancer risk. Although the effects of environmental exposures during particular
developmental Windows of Susceptibility (WOS) are well documented, the genetic mechanisms
governing these inherent susceptibilities are largely unknown. To begin to understand the function of
genetic risk factors in the context of WOS, we utilized the Mammary Carcinoma Susceptibility 5¢, Mcs5c,
congenic rat model of breast cancer. In this model, rats harboring the resistant Wistar-Kyoto Mcs5c
allele exhibit a 55% reduction in DMBA-induced carcinomas compared to rats with the susceptible
Wistar-Furth allele. We have functionally characterized the Mcs5c locus in vivo at various stages of
mammary gland development using quantitative real-time PCR, chromosome conformation capture, and
bisulfite pyrosequencing. Mcs5c acts within the mammary gland to regulate expression of the
neighboring gene Pappa during a critical mammary developmental time period in the rat which
corresponds to the human young adult WOS. The Pappa gene has been shown to positively regulate the
IGF signaling pathway, which is both required for proper mammary gland/breast development and is of
increasing interest in breast cancer pathogenesis. Mcs5c mediated regulation of Pappa appears to occur
through age-dependent and mammary gland-specific chromatin looping, as well as genotype-dependent
CpG island shore methylation. This represents, to our knowledge, the first insight into cellular
mechanisms underlying the WOS phenomenon and represents a novel model for further investigation
into how environmental factors, together with genetic factors, modulate breast cancer risk in the

context of breast developmental stage.
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Author Summary

A woman’s lifetime risk of developing breast cancer is affected by both genetic and
environmental risk factors that can be influenced by breast developmental stage. Indeed, there are
certain periods of a woman’s life when she is more susceptible to environmental insults that may affect
her future breast cancer risk. Such time periods are referred to as windows of susceptibility (WOS), and
although the effects of WOS-specific exposure to environmental hazards are well documented, the
molecular mechanisms governing these windows are unknown. Our work presented here on the
characterization of the rat Mammary Carcinoma Susceptibility 5¢, Mcs5c, locus has identified a region
within Mcs5c¢ that interacts with the neighboring gene, Pappa, in an age-dependent manner to influence
gene expression via genotype-dependent DNA methylation. Importantly, Mcs5c-mediated gene
regulation occurs specifically within a WOS, and these finding represent the first identified molecular
mechanisms by which a WOS influences the ability of a locus to affect mammary/breast cancer risk. This
work highlights the importance a developmental stage can have on genetic risk factor function and we
anticipate that the Mcs5c locus will serve as a model for future studies on windows of susceptibility in

combination with genetic and environmental risk factors.

Introduction

In the United States, breast cancer is the most frequently diagnosed cancer and second leading
cause of cancer death among women [1]. Its etiology is complex, consisting of the interaction of both
genetic and environmental risk factors whose contribution to overall risk can vary depending on the
developmental context of the individual. In general, time periods in which women are more susceptible
to initiating events affecting their long term breast cancer risk are broadly referred to as windows of
susceptibility (WOS) [2]. In humans, the best documentation of a WOS can be found in studies of

radiation exposure in women. Women exposed to radiation between 0 and 30 years of age during either
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the atomic bombings of Japan or for the treatment of Hodgkin’s lymphoma had an increased risk of
developing breast cancer later in life compared to women >30 years of age at time of exposure [3,4].
This time period, therefore, represents one of the WOS, and encompasses ages spanning childhood,
adolescence, and young adulthood in women. Animals studies performed in rats to model the human
WOS phenomenon [5] further suggest the existence of at least two mechanistically distinct susceptibility
windows within the larger human WQOS, namely, the sexually immature WOS (iWOS) and the adolescent
WOS (aWQOS). This division of the WOS is most evident in work by Ariazi et al [6] on a carcinogen-
inducible model of breast cancer, where administration to developmentally immature (3 week) and
adolescent-aged (7 week) rats resulted in differential carcinoma development depending on age of
administration and the carcinogen used. Additionally, although over 80 genetic loci effecting breast
cancer susceptibility have been identified in human genome-wide association studies (GWAS)
[summarized in 7], their function in relation to developmental stages has not been characterized. In
general, while the effects of window specific exposures are well documented, the cellular mechanisms
responsible for their function and governing their interactions with environmental and genetic risk

factors are poorly understood.

To begin to understand the complex interactions between WOS, genetics, and the environment,
we turned to a comparative genomics approach, utilizing a rat model of breast cancer. The rat is an
excellent model for this type of study, as not only does its mammary gland and mammary tumor
development mimic that of the human condition [8], but, as previously mentioned, it too displays the
WOS phenomenon [5,6]. Additionally, inbred rat strains vary in their susceptibility to carcinogen-
induced mammary cancer, allowing for the identification of genetic susceptibility loci through
quantitative trait loci (QTL) analysis. This approach was applied in our lab, utilizing the mammary cancer

resistant Wistar-Kyoto (WKy) and susceptible Wistar-Furth (WF) inbred rat strains resulting in the
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identification and subsequent fine-mapping of the Mammary Carcinoma Susceptibility 5¢c, Mcs5c, locus
[9-11]. Mcs5¢c maps to a 170kb region located in a large gene desert on rat chromosome 5 that shares
homology with mice and humans (Fig 1). In both chemical carcinogen and oncogene-induced models of
mammary cancer, congenic lines homozygous for the resistant WKy Mcs5c allele showed an
approximately 50% reduction in carcinoma number compared to susceptible WF-homozygous controls

[11].

Fig 1: Comparative genomic map of the Mcs5c locus. The rat Mcs5c locus, along with neighboring
genes, is shown together with orthologous regions in the mouse and human genomes. Map coordinates
for the rat, mouse, and human were obtained via the UCSC Genome Browser using assemblies from
March 2012 (rn5), December 2011 (mm10), and February 2009 (hg19), respectively. The WKy-
homozygous region of resistant congenic line 5C-27 is shown in light gray relative to the rat Mcs5c locus.

The remainder of the 5C-27 line is WF-homozygous.

Using the Mcs5c¢ locus as a model, we sought to examine the interaction between a genetic risk
factor and WOS. We have characterized a temporal control element (TCE) within Mcs5c affecting the
expression of neighboring gene Pregnancy-associated plasma protein A, Pappa, in a genotype-
dependent manner in mammary epithelial cells (MECs). The function of the Pappa/PAPP-A protein
makes it an attractive candidate for involvement in both the WOS phenomenon and breast cancer
development. PAPP-A is a protease that acts to positively regulate bioavailability and signaling of the
Insulin-like growth factors, IGFs, through the cleavage of IGF binding proteins 2, 4 and 5, IGFBP2/4/5
[12-15]. The specific role of PAPP-A in normal breast development has not been studied, but the IGF-I
pathway, in general, is an essential component of breast/mammary gland development, as evident by

the severe mammary gland defects of Igf-I and Igf-I receptor (Igf1r) knockout mice [16-18]. The role of
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IGF-1in breast cancer development is supported by numerous studies which associate the IGF-I signaling
pathway with breast cancer initiation and progression [19]. Indeed, in transgenic mice, overexpression
of IGF-1in the mammary gland resulted in increased susceptibility and decreased latency to spontaneous
and carcinogen-induced mammary adenocarcinomas [20]. Limited studies of PAPP-A function in cancer
have demonstrated that increased PAPP-A activity enhanced tumor growth in ovarian and lung cancer
cell lines [21,22], and inhibition of its proteolytic function reduced tumor growth in a murine mammary

cancer cell line [23].

In this study, we have identified age-specific differences in Mcs5c activity which support the
existence of mechanistically distinct susceptibility windows. We have functionally characterized the non-
coding Mcs5c locus, finding that it acts within the aWOS to regulate Pappa expression through age-
dependent chromatin looping and genotype-dependent DNA methylation. To our knowledge, this study
represents the first identification of a molecular genetic mechanism underlying the aWOS phenomenon

and emphasizes the ability of developmental age to influence the activity of a susceptibility locus.

Results

Mcs5c acts in a mammary gland autonomous manner

To determine if Mcs5c exerts its effect on carcinoma multiplicity via the mammary gland,
transplant experiments were performed. Donor mammary gland tissue from either the Mcs5c resistant
5C-27 line or a Mcs5c susceptible control line was transplanted onto the interscapular fat pad of
recipient rats from both genotypes, creating four donor-recipient groups. This direct transplant design
allowed for the detection of mammary gland-host interactions and did not result in differential tissue
rejection rates, as the lines are isogenenic except at the Mcs5c locus. Transplant tissue rejection rates

were not statistically significant between transplant groups consisting of donors and recipients with the
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same genotype versus groups with different genotypes (Chi-squared test, X = .10, df = 1, p-value = 0.75).
Results from the mammary gland transplant experiment are shown in Fig 2. Resistant and susceptible
rats receiving resistant donor tissue had a transplant site carcinoma incidence of 21% and 27%,
respectively (n=76, 49), while resistant and susceptible rats receiving susceptible tissue had incidences
of 42% and 38%, respectively (n=69, 39). Recipient rats of either genotype that received susceptible
donor tissue had higher transplant site carcinoma incidences than those that received tissue from
resistant rats. In this way, the carcinoma phenotype was dependent on the donor tissue genotype and
was not influenced by the recipient genotype, suggesting that Mcs5c acts within the mammary gland.
Indeed, logistic regression analysis found a statistically significant donor effect (p-value = 0.0043;
recipient effect p-value = 0.825). Thus, it was concluded that Mcs5c acts in a mammary gland

autonomous manner to influence carcinoma multiplicity.

Fig 2: Mcs5c acts in a mammary gland autonomous manner to influence carcinoma multiplicity. The
four mammary gland transplant groups are listed on the x-axis (R = Mcs5c resistant 5C-27 line, S = Mcs5c¢
susceptible control line), with the genotype of the donor listed first and the genotype of the recipient
listed second. The number of animals per transplant group were: R->R, n = 76; R->S, n = 49; S->R, n = 69;
S->S, n = 39. The y-axis indicates the percentage of animals in each group that had one or more
carcinomas at the transplant site 15 weeks after DMBA administration. Logistic regression analysis found

a statistically significant donor effect (p-value = 0.0043; recipient effect p-value = 0.825).

Pappa is differentially expressed in MECs in an age-dependent manner
Quantitative real-time PCR (gqPCR) was used to investigate expression levels of nearby genes in
mammary epithelial cells (MECs) of Mcs5c resistant and susceptible rats at 4 — 12 weeks of age. This age

range was chosen as it captures multiple mammary gland developmental windows, including the iWOS
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(4 weeks), aWOS (6 -9 weeks), and adult (12 weeks) time periods. Pappa, located over 517kb
downstream of Mcs5c, was found to be differentially expressed in MECs (Fig 3). Compared to Mcs5c¢
resistant rats, Pappa expression was increased in susceptible rats by 43% at 6 weeks (Mann-Whitney U
test, p-value = 0.015, n = 13 and 15, respectively), 14% at 7 weeks (p-value = 0.05, n = 23 and 19), and
31% at 9 weeks (p-value = 0.0003, n = 23 and 18). Differential expression disappeared by 12 weeks of
age (n =9 and 18), at which point the mammary gland is fully developed and rats are past the aWQOS
stage [5]. Expression trends were reversed in 4 week old rats, with susceptible animals showing a sharp
decrease in expression relative to resistant rats (p-value = 8e-5, n =9 and 8, respectively). It appears that
Mcs5c influences Pappa expression in MECs in an age-specific manner and functions during both the
iWOS and aWOS. Differential expression in MECs was not observed for neighboring genes Tenascin C,
Tnc, and Tumor Necrosis Factor (Ligand) Superfamily, Member 15, Tnfsf15, during the awQOS (S1 Fig).
However, differential expression was observed in 4 week-old, immature MECs for both genes,

highlighting the complexity and age-specific nature of Mcs5c locus activity.

Fig 3: Pappa expression is altered in Mcs5c susceptible rats in an age-dependent manner. Pappa
expression was examined in MECs of Mcs5c susceptible and Mcs5c resistant rats at various ages.
Relative gene expression was determined via quantitative real-time PCR and standardized to Thp
expression. P-values were obtained using the non-parametric Mann-Whitney U test (*, P <0.05; **, P <

0.01; ***, P <0.001).

Mcs5c and Pappa physically interact in an age-dependent and tissue-specific manner
Genotype dependent differential expression seen in MECs led to the hypothesis that Mcs5c
contained a long-distance acting regulatory element influencing Pappa expression. Such a relationship

could be mediated by a physical association between the two regions, resulting in the looping out of
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intervening DNA sequence. Chromosome conformation capture (3C) was used to identify such an
interaction. To create 3C templates, MECs were isolated from the mammary glands of Mcs5c resistant
and susceptible animals at 4, 6, 7, and 12 weeks of age. The first fixed bait region chosen for
investigation, P3-1, begins 2kb upstream of Pappa’s first exon, and encompasses an area of high
conservation that likely includes the proximal promoter and also contains a conserved CpG island (Fig
4A). This fixed region was negative for any interaction with Mcs5c at 4, 7, and 12 weeks of age (S2 Fig).
The next bait region investigated, P4-1, is located within the first intron of the Pappa gene, 2.5kb
downstream of exon 1 (Fig 4A). As seen in Fig 4B, an 8.5kb region within Mcs5c displayed a high relative
interaction frequency (IF) with P4-1 in 6 and 7 week templates, indicative of a physical interaction
between the two regions occurring over a distance of 590kb. 4 and 12 week templates had a much
lower IF at this -590 region, leading to the formation of two distinct, age-dependent interaction groups
displaying either a strong (6 and 7 week) or weak (4 and 12 week) IF. The difference in IF for these two
groups was statistically significant (Mann-Whitney U test, p-value = 1.02e-10, n = 27 and 38 biological
replicates, respectively). For all ages, there was no difference in IF between genotypes, indicating that
the interaction is age-dependent but not genotype-dependent. We will therefore refer to the -590
looping region of Mcs5c as the temporal control element (TCE; chr5:84,428,694 — 84,437,192; RGSC
5.0/rn5). To determine if this interaction is also tissue-specific, 3C profiles were analyzed from 4 and 7
week colon epithelial cells and 7 week liver hepatocytes from Mcs5c resistant rats. The TCE did not
interact with P4-1 in these tissues (Fig 4C), implying that the interaction between Pappa and the Mcs5c
TCE is tissue-specific in addition to age-dependent. Sequencing of the resistant WKy and susceptible WF
TCE alleles revealed 10 variants between the two (S7 Table). Although our 3C results show that age-
specific looping occurs independent of genotype, we speculate that one or more variants may be

involved in genotype-dependent expression differences observed during this time period.
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Fig 4: Mcs5c displays an age-dependent and tissue-specific interaction with the Pappa gene in MECs.
(A) The Mcs5c locus is shown in relation to the full length Pappa gene on rat chromosome 5. Bait regions
P3-1 (blue line) and P4-1 (red line) used for 3C analysis are highlighted in the zoomed in image (UCSC
Genome Browser, March 2012, rn5). Region P3-1 encompasses Pappa exon 1, while P4-1 begins 2.5kb
downstream. Tick marks indicate Bglll cut sites, and the green box highlights a conserved CpG island. (B)
MEC 3C profiles showing the relative interaction frequency (IF, y-axis) between the bait region P4-1 and
regions within the entire Mcs5c locus. The x-axis indicates the distance between the tested region in
Mcs5c and P4-1 (UCSC Genome Browser, March 2012, rn5). The shaded box highlights the temporal
control element (TCE) within Mcs5c¢ that displayed an age-specific interaction with P4-1, with 6 and 7
week samples showing a strong IF (dotted lines) and 4 and 12 week samples a weak interaction (solid
lines). (C) Colon epithelial cell and liver hepatocyte 3C profiles showed a negative/weak IF (y-axis)
between the TCE (shaded box) and bait region P4-1. The x-axis is the same as in (B), however, not all
sites within Mcs5c were tested, resulting in a truncated axis. Only Mcs5c resistant rats were used for this
analysis. For both (B) and (C), each point represents multiple biological and technical replicates, and
standard error bars are included. P-values were obtained using the non-parametric Mann-Whitney U

test (*, P < 0.05; **, P < 0.01; ***, P <0.001).

Removal of the Mcs5c TCE in vitro decreases Pappa expression

In an effort to causally tie the Mcs5c TCE to Pappa expression, the entire 8.5kb region was
targeted for deletion in the rat mammary carcinoma cell line, LA7. Two CRISPR guides were used to
target the region, and clones were screened via PCR across the cut site, with validation by sequencing
(51 Table). We were unable to identify a clone with all copies of the TCE removed, despite much effort.
This was likely due to the aneuploid nature of LA7 cells, and mutations incurred at CRISPR guide target

regions (S2 & S3 Tables). Copy number analysis of 9 positive CRISPR edited clones showed that we were
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able to delete a majority of TCE copies, reducing the copy number by 3.5-fold across all clones (Fig 5A).
3C analysis of positive clones confirmed that removal of multiple TCE copies resulted in decreased
Mcs5c-Pappa looping (Fig 5B). Expression analysis revealed a significant reduction in Pappa expression
in CRISPR clones compared to wild-type LA7 cells, with Pappa decreased 4-fold across all clones (Fig 5C).
A Pearson correlation coefficient was computed to determine the relationship between Pappa
expression and TCE copy number, and a positive correlation between the two was observed (R = 0.6245,
n = 13, p-value = 0.0225; Fig 5D). These data highlight the importance of the Mcs5c-Pappa chromatin
loop on Pappa gene expression, and support our initial hypothesis that Mcs5c contains a long-distance

regulatory element.

Fig 5: Removal of Mcs5c TCE copies resulted in decreased Pappa expression in vitro. (A) CRISPR guides
targeting the TCE were transfected into LA7 cells, and clones were screened for removal of the target
region. Nine positive clones were assessed for remaining TCE copy number via gPCR, standardized to a
non-targeted region within the Pappa gene. Copy number in wild-type LA7 cells (n = 4 independent
cultures) was also assessed, and results were normalized to diploid MECs. (B) 3C analysis on select
positive clones (n = 3) and a WT LA7 sample showed a decrease in interaction frequency (IF, y-axis)
between bait region P4-1 and the Mcs5c¢ TCE in clones (TCE). The IF for a positive control region, two
nearby Bglll fragments, is also shown. (C) Pappa expression in positive clones and WT LA7 cells (n = 6)
was analyzed via gPCR and standardized to Thp expression. P-values for (A) and (C) were obtained using
the non-parametric Mann-Whitney U test (*, P < 0.05; **, P <0.01; ***, P <0.001). (D) A scatterplot of
Pappa expression and Mcs5c copy number showed a statistically significant positive correlation between
the two (Pearson correlation coefficient, R, = 0.6245, n = 13, p-value = 0.0225). A linear trend line is

shown with the dotted line (slope =5.327).
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Pappa CpG island shore is differentially methylated in vivo in a genotype-dependent manner
The Pappa looping fragment, P4-1, resides in a CpG island (CGI) shore region (Fig 6A). CGl shores
are regions located around 2kb of CGls, and are routinely the site of tissue specific differential
methylation associated with gene expression changes [24]. As this shore region is the target site of
Mcs5c¢ TCE looping, we hypothesized that Mcs5¢c may mediate observed differential Pappa expression
through an epigenetic mechanism specific to this region. Methylation levels for 12 CG dinucleotides
within and proximal to P4-1 were examined in MECs of Mcs5c resistant and susceptible rats at 4, 6,7, 9
and 12 weeks of age using custom designed pyrosequencing assays (Fig 6A). Selection of these
timepoints allowed for the examination of methylation patterns before, during, and after the awoS. In
general, methylation levels were dynamic across this region, with sites 2 — 4 consistently displaying the
lowest methylation levels (average = 13% methylated) and sites 9 — 12 displaying the highest levels
(average = 68% methylated). Individual methylation levels for all ages and CpG sites are shown in S4
Table. Additionally, there appeared to be few age-specific differences in methylation levels for animals
within the aWOS, therefore data for animals aged 6, 7, and 9 weeks were combined within genotypes.
Of the 12 sites examined, 6 showed statistically significant genotype-dependent differences in
methylation levels after adjusting for multiple comparisons (Mann-Whitney U-test with Bonferroni
correction). The percent change in methylation levels along with p-values are shown in Table 1. All
statistically significant, genotype-dependent methylation differences occurred during the aWwOS and
were directionally identical, with methylation levels decreased in Mcs5c¢ susceptible MECs. The percent
decrease in methylation levels ranged from 5.0% — 22.7%. Additionally, a number of other sites
displayed a similar trend, although these differences were not significant after Bonferroni correction. At
ages outside of the aWOS, there were no statistically significant genotype-dependent differences in
methylation, although sites 1 and 2 displayed a non-significant trend of increased methylation in Mcs5c

susceptible MECs at the 4 week time point. We also investigated the methylation state of the Pappa CGlI
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using 2 pre-made pyrosequencing assays (Fig 6A). Methylation levels for both assays were assessed in 4
week old animals, while one assay was examined at the remaining timepoints. For all CGl assays and
timepoints, there were no genotype-dependent differences in methylation levels and, in general, the
Pappa CGl is hypomethylated at all ages, with site specific methylation levels ranging from 0.16% -
8.41% (S5 Table). The observation of decreased shore methylation and increased Pappa expression in
Mcs5c susceptible MECs strongly supports the canonical role of DNA methylation in gene regulation,
that is, that the two are negatively correlated. Indeed, for 6 week MECs, for which we had both DNA and
RNA samples, Pappa expression was negatively correlated with the average methylation percentage of
the 6 significant shore sites (Fig 6B; Pearson correlation coefficient, R, =-0.67, n = 18, p-value = 0.0023).
By contrast, no correlation was observed between Pappa expression and the average methylation
percentage of the CGI-2 assay sites (Fig 6C; Pearson correlation coefficient, R, =0.16, n = 18, p-value =
0.52). The identification of genotype-dependent methylation differences during the aWQOS suggests that
Mcs5c facilitates genotype-dependent Pappa expression differences observed during this time period

through epigenetic regulation of the Pappa CGI shore.

Fig 6: In vivo methylation analysis of the Pappa CGI and CGl shore. (A) The first and second exons of
the Pappa gene (purple boxes) are shown in relation to a conserved CGI (green box) and the P4-1
looping fragment (gray box). Although both exons are shown, exon 2 begins 27.5kb downstream of P4-1.
The location of the 12 shore CG dinucleotides investigated in this report are indicated and numbered, as
are the regions covered by the two pre-made CGl pyrosequencing assays. The CGI assays each examined
5 CG dinucleotides within the island. (B) A scatterplot showing a statistically significant negative
correlation between 6 week MEC Pappa expression (x-axis) and shore methylation (y-axis; Pearson
correlation coefficient, R, =-0.67, n = 18, p-value = 0.0023) is shown. Shore methylation values were

obtained by averaging the absolute methylation percentages of the 6 significant shore sites (Sites 1, 3, 6
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—9) for each individual sample. A linear trend line is shown with the dotted line (slope =-7.88). (C) No
correlation was observed between 6 week MEC Pappa expression (x-axis) and CGl methylation (y-axis;
Pearson correlation coefficient, R, = 0.16, n = 18, p-value = 0.52). CGI methylation values were obtained
by averaging the absolute methylation percentages of the 5 sites examined by the CGI-2 assay for each

individual sample. A linear trend line is shown with the dotted line (slope = 0.544).

Discussion

Previous work on Mcs5c¢ had fine-mapped the locus to a 170kb non-coding region on rat
chromosome 5. This locus resulted in an approximately 50% decrease in both chemical carcinogen and
oncogene-induced mammary carcinoma development when homozygous for the resistant WKy allele
[11]. In this study, since we showed that the Mcs5c locus affects carcinoma multiplicity in a mammary
gland autonomous manner through the use of transplant experiments (Fig 2), functional studies were
therefore focused on the mammary gland. Expression analysis of neighboring genes revealed genotype-
dependent and age-specific differential expression of Pappa in MECs (Fig 3). Specifically, Mcs5c
susceptible MECs from 6 to 9 week old rats, but not older, showed increased expression of Pappa
compared to Mcs5c resistant rats. Importantly, the 6 to 9 week age range encompasses a time period of
rapid mammary gland development and maturity, falling within the aWOS [5]. We hypothesized that
Pappa expression changes were mediated by a control element within Mcs5c. Although Mcs5c lies over
500kb upstream of the Pappa gene, there is precedent for enhancers/suppressors working over such
distances [25,26], including the previously characterized Mcs1a locus [27]. Through 3C experiments we
identified a region within Mcs5c which we have termed the temporal control element (TCE) that
interacts with an intronic region of Pappa, P4-1, in an age-dependent and mammary-specific manner
over a distance of 590kb (Fig 4). This interaction occurs specifically in MECs at ages within the aWQOS,

and takes place regardless of Mcs5c genotype, indicating that looping alone cannot explain genotype-
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dependent expression differences. The importance of this regional, long-range looping interaction to
Pappa expression was demonstrated in vitro in CRISPR edited rat mammary carcinoma cells (LA7 cell
line), where removal of TCE copies and consequent reduction in Mcs5c-Pappa looping correlated with

decreased Pappa expression (Fig 5).

As looping occurs in a genotype-independent manner, additional mechanisms must be
responsible for the differential expression observed between Mcs5c resistant and susceptible rats. With
the intronic Pappa looping region, P4-1, falling in a CGI shore, DNA methylation of this region became an
important mechanistic candidate to explain genotype-dependent expression differences. The
importance of differentially methylated CGl shores to gene expression was first highlighted by Irizarry
and colleagues in 2009 [24]. Since then, many studies have shown an association between differentially
methylated shore regions and gene expression changes [28-35]. Our study identified 6 CG dinucleotides
within and proximal to the P4-1 looping region that were differentially methylated between Mcs5c
resistant and susceptible MECs (Table 1). Significant methylation differences were only observed during
the aWOS, with lower methylation levels found in susceptible MECs. A negative correlation was
observed between shore methylation levels and Pappa expression within the aWQS, strongly suggesting

that DNA methylation may be a mechanism involved in Mcs5c regulation of Pappa expression (Fig 6B).

Overall, our results point to a complex set of mechanisms underlying Mcs5c regulation of Pappa.
We have shown that during the aWOS time period, rats carrying the susceptible Mcs5c allele have
increased expression of Pappa in MECs compared to rats carrying the resistant allele, and we have
identified two mechanisms associated with this activity, chromatin looping and DNA methylation. 3C
experiments have revealed the aWOS-specific nature of Mcs5c-Pappa looping, and in vitro evidence

support its role in regulating Pappa expression. Similarly, methylation analysis has identified a strong
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negative correlation between shore methylation and Pappa expression, supporting a role for epigenetic
regulation of the Pappa gene. An unresolved issue is precisely how Mcs5c is mediating these activities.
ChIP experiments performed by Schmidt et al [36] on rat liver tissue have identified 2 CTCF binding sites
within the TCE of Mcs5c (identified via CTCFBSDB v2.0) [37,38], suggesting the possibility of a CTCF-
mediated looping mechanism, consistent with its role in chromatin organization [39]. ENCODE data
support the conservation of these binding sites in both humans and mice [40,41]; however, their
relevance to Mcs5c-Pappa looping is, at this point, purely speculative. Sequencing of the resistant WKy
and susceptible WF Mcs5c¢ TCE alleles (chr5:84,428,694 — 84,437,192; RGSC 5.0/rn5) revealed 10
variants (S7 Table). Although looping itself occurs in a genotype-independent manner, we hypothesize
that one or more variants are responsible for the differential binding/recruitment of transcription
factors, cofactors, and/or methyltransferases that ultimately affect Pappa expression. This could be
achieved through either their association with transcription machinery at the promotor or by their
involvement with differential methylation. Additionally, methylation itself may also be responsible for
differential cofactor recruitment at the Pappa shore region. Such a mechanism was demonstrated by
Bockmiihl et al [29], where shore methylation disrupted binding of the repressor protein YY1, leading to

differential expression of the nearby gene.

While the exact variants and proteins responsible for mediating this interaction remain
unknown, our data support the existence of a long-distance acting regulatory element within the Mcs5c
locus affecting Pappa expression in MECs. Mechanistically, Mcs5c achieves this through a combination
of chromatin looping and genotype-dependent differential DNA methylation that occurs specifically
during the aWQOS. During this window, Mcs5c resistant rats have decreased expression of Pappa in MECs
and a lower susceptibility to carcinogen-induced mammary carcinogenesis, supporting a protective

benefit of reduced Pappa levels during this developmental time period. Decreased levels of Pappa in the
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developing mammary gland would result in reduced Igf-I bioavailability through a reduction in Igfbp
cleavage [12]. During mammary gland development, the Igf-I signaling pathway acts to promote
proliferation and inhibit apoptosis, and is essential for proper growth [42]. It is therefore likely that a
reduction in free Igf-l would reduce the proliferative index of MECs. As the effects of many
environmental mutagens, such as radiation and chemical carcinogens, are dependent on interactions
with the DNA of proliferating cells [43], this would result in fewer targets for mutagenesis. This
represents one possible method by which reduced Pappa expression during the aWOS may result in a
mammary carcinoma-resistant phenotype; however, these and alternative hypotheses remain to be

tested.

Interestingly, a reversal of genotype-dependent expression differences was observed in 4 week
old MECs compared to differences during the aWQOS (Fig 2). Specifically, Pappa expression was
decreased in 4 week old Mcs5c susceptible rats, while it was increased in aWOS-aged susceptible rats.
As the 4 week time point falls within the iWQOS, this suggests that Mcs5c activity is window-dependent.
Our focus remained on characterizing Mcs5c in the context of the aWOS; however, we included the 4
week time point in all mechanistic studies for comparison. MECs from 4 week old rats lacked strong
looping between the TCE and the intronic P4-1 region of Pappa (Fig 4B), and had no statistically
significant genotype-dependent CGI shore methylation differences (Table 1), both of which were
observed in aWOS-aged rats. This suggests that these interactions are specific to aW0S-aged regulation
of Pappa by Mcs5c. However, our measure of looping from the Mcs5c¢ locus to the Pappa gene was not
exhaustive, and we speculate that a different looping interaction between Mcs5c and Pappa occurs
during the iWOS to regulate Pappa expression at the 4 week time point. Additionally, although
statistically significant shore methylation differences were not observed, a trend towards increased

methylation in Mcs5c susceptible MECs is mechanistically consistent with the reduction of Pappa
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expression observed during this time period. It is possible that these sites are indicative of significant
methylation differences occurring at sites not examined in this study, and shore methylation may still,
therefore, be relevant to Mcs5c activity during the iWOS. Furthermore, differential expression of Thc
and Tnfsf15 exclusively at the 4 week time point (S1 Fig) indicates that Mcs5c regulates multiple genes
during the iWQS, and may therefore exhibit a more complex chromatin interaction than the looping
model identified in this study. These age-specific differences in function could be explained by
interactions with proteins specific to these developmental time points. For example, Tian et al [44]
showed that ERa expression, which is dependent on developmentally regulated estrogen activity,
affected the downstream Igf-I signaling pathways of transgenic mice. ldentifying proteomic differences
between the immature and adolescent mammary gland will be crucial in understanding the players

driving the window-specific mechanistic differences in Mcs5c activity.

Our study highlights the importance of characterizing genetic risk factors in the context of
developmental windows of susceptibility (G x WOS). Understanding these types of G x WOS interactions
will play a crucial role in assessing breast cancer risk and may help identify targets for prevention
therapeutics in young women at high risk for developing breast cancer due to genetic mutations or
family history. We believe that the Mcs5c locus will serve as a model to further study the mechanisms
behind G x WOS interactions and to understand how environmental risk factors influence these
interactions. There is growing concern over the impact adolescent exposure to a broad range of
environmental factors, including early-life stress (ELS), diet, phytoestrogens and other chemicals, may
have on long-term breast cancer risk [45]. Indeed, CGI shore methylation has already been found to be
affected by environmental factors such as ELS and diet [29,30,46,47]. The Mcs5c locus provides a robust

model to functionally characterize how environmental factors may affect breast cancer risk by
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influencing G x WOS interactions and may provide insight for the characterization of other such cancer

susceptibility loci.

Materials and Methods

Animals

Congenic rat lines were maintained in an AAALAC-accredited facility as previously described
[11]. All protocols were approved by the University of Wisconsin — Madison School of Medicine and
Public Health Animal Care and Use Committee. Congenic rat lines are defined as having the resistant
Wistar-Kyoto (WKy) Mcs5c allele introgressed on a susceptible Wistar-Furth (WF) background. The
resistant congenic line used in this study, 5C-27, is WKy-homozygous for a genomic region that includes
the entirety of the Mcs5c¢ locus (275kb) [11]. Susceptible control animals are WF-homozygous at the

Mcs5c locus.

Mammary Gland Transplantation

Mcs5¢c WKy-homozygous congenic rats from line 5C-27 were used as resistant donors and
recipients (Mcs5c resistant), and Mcs5¢c WF-homozygous rats were used as susceptible controls (Mcs5c
susceptible). Abdominal and inguinal mammary glands were collected from female donor rats aged 30-
35 days old, scissor minced, and split into four equal volumes. One volume was then grafted onto the
interscapular white fat pad of four different 30-35 day old female recipient rats. Three weeks after
transplantation, recipients were administered the chemical carcinogen 7,12-dimethylbenz(a)anthracene
(DMBA), as a single oral dose dissolved in sesame oil at 65 mg/kg of body weight to induce mammary
carcinoma formation. At 15 weeks post-DMBA, animals were removed from the study and carcinomas
present at the transplant site greater than 3x3mm were counted. Generally, recipient rats developed <1

carcinoma at the transplant site, so incidence values were used as opposed to multiplicity. Fat pads
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were whole mounted and stained with aluminum carmine to verify transplant mammary gland growth.
Four transplant groups were studied, with resistant 5C-27 or susceptible donor glands transplanted into
both resistant and susceptible recipients (R:R, R:S, S:R, S:S). The tissue rejection rate for the transplant
groups consisting of donors and recipients with the same genotype (R:R, S:S) was compared to the
rejection rate for groups with differing donor and recipient genotypes (R:S, S:R) via a Chi-squared test.
The effect of donor and recipient genotype on carcinoma incidence, converted to a binary response
value, was analyzed using logistic regression with two independent variables (donor genotype and

recipient genotype) and no interaction term.

Tissue collection and DNA/RNA processing

For all experiments, mammary epithelial cell (MEC) isolation began with fresh mammary glands
(abdominal and inguinal, with lymph nodes removed) that were finely minced and digested for 2 hours
at 37°Cin 10 mL of GIBCO Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12; Life Technologies)
containing 0.01 g/mL of type lll collagenase (Worthington). Cell pellets were collected by centrifugation
and resuspended in 5mL DMEM/F12. The suspension was loaded onto a 40um nylon filter to eliminate
stromal cells and collect mammary ductal fragments, consisting of an enriched MEC population. DNA
was isolated from cells via the DNeasy Blood and Tissue kit (Qiagen). To isolate RNA, cells were
homogenized in TRI Reagent (Ambion), followed by RNA extraction using the MagMAX-96 for
Microarrays Total RNA kit (Ambion). LA7 cells used for downstream analysis were collected via
treatment with 0.25% trypsin/EDTA (Life Technologies). RNA was extracted using the RNeasy Mini Kit

(Qiagen) and DNA was extracted using the DNeasy Blood and Tissue kit (Qiagen).

Quantitative real-time PCR
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MECs were collected at 4-12 weeks of age from female Mcs5c resistant and susceptible control
rats. RNA was isolated as described above. For in vivo and in vitro expression analysis, cDNA was
prepared from 1-2ug total RNA using Superscript Il reverse transcriptase (Invitrogen). Gene expression
was quantified using pre-designed or custom made TagMan gPCR assays (Pappa, Rn01458295 m1,
FAM; Tbp, Rn01455646_m1, VIC; ActB, cat #4352340E; Tnc, probe-FAM 5 CGAGAGCTGTGATTAGA 3’,
primers 5 GGCTGTCAGAAGGCCAGATG 3’ and 5’ TGCCATGAAGGGATTTGAAGA 3’; Tnfsf15,
Rn00595596_m1, FAM) and run on an ABI Prism 7900HT (Applied Biosystems). cDNA was diluted 1:4 or
1:8 and run using reaction conditions described previously [11]. Transcript quantities were calculated as
described in Smits et al [27], using a standard curve method to calculate C; values and extrapolate
guantity values. Sample measurements are an average of 3-4 replicates and data were analyzed using

SDS software version 2.2.2 (Applied Biosystems).

Chromosome conformation capture (3C) assay

Sample templates were prepared from MECs, colon epithelial cells, liver hepatocytes, and LA7
cells. MECs were isolated from 4, 6, 7, and 12 week old Mcs5c resistant and susceptible rats and the
resulting cell suspension was diluted in PBS and fixed via the addition of 1.5% formaldehyde. Colon
epithelial cells were isolated from 4 and 7 week old resistant rats, processed as described in Whitehead
et al [48], and fixed in formaldehyde. To isolate hepatocytes, the livers of 7 week old resistant rats were
digested via cannulation of the portal vein and blanching of the liver using a pre-warmed solution of
HBSS (Gibco) + 0.5mM EGTA followed by digestion via pre-warmed DMEM-low glucose (Gibco) +
1000CDU/mL Collagenase type IV (Worthington). Digested livers were collected in DMEM/F12 + 10% FBS
on ice and cells dispersed manually. The suspension was filtered through a 100um nylon filter and the
filtrate spun for 2 minutes at 50xg. Supernatant was removed and cell pellets were washed until media

became clear, followed by fixation in formaldehyde. Bacterial artificial chromosomes (BACs)
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encompassing the rat Mcs5c and Pappa promoter regions (CH230-433D12, CH230-498D4, CH230-
256M9, and CH230-244C7) were ordered from Children’s Hospital Oakland Research Institute (CHORI)
and used as positive control templates. Subsequent template preparation for all cell types and for BAC
controls continued as described in detail in Smits et al. [49]. The restriction enzyme used was Bglll.
Chromatin interactions were detected via PCR, with bait primers chosen near the predicted promoter
regions of Pappa tested against Mcs5c¢ primers spanning the entire locus. Primer sequences are listed in
S6 Table. Reaction components were 1X Herculase reaction buffer, 0.2mM dNTPs, 0.4uM primers, 0.3uL
Herculase Enhanced polymerase (5U/uL, Agilent) in a total volume of 25uL. The amount of DNA
template to add and optimal annealing temperatures were determined empirically. PCR reactions were
performed using the following cycling conditions: 95°C for 1 min, 36 cycles of 95°C for 30 s, T, for 30's,
72°C for 20 s, followed by a final extension of 72°C for 8 min. Reactions were analyzed by agarose gel
electrophoresis and visualized by ethidium bromide staining. Band intensities were quantified using
ImageQuant software (GE Healthcare). A relative interaction frequency (IF) was calculated by dividing

the band intensity of the sample templates by that of the BAC control.

Sequencing

Sequencing of the 8.5kb Mcs5c looping region (TCE; chr5:84,428,694 — 84,437,192; RGSC
5.0/rn5) identified in 3C experiments was performed on MEC DNA from Mcs5c resistant and susceptible
rats to assess polymorphisms between the WKy and WF alleles. Sequencing primers are listed in S7
Table. Traditional Sanger sequencing was performed at the University of Wisconsin — Madison

Biotechnology Center DNA sequencing facility as described in Smits et al [27].

Cell culture and in vitro CRISPR editing
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The rat mammary carcinoma cell line, LA7, was obtained from the American Type Culture
Collection and maintained in DMEM/F12 supplemented with 100 IU/mL penicillin, 100 pug/mL
streptomycin (Life Technologies), 5% FBS (HyClone), and 0.005mg/mL insulin. Gene expression analysis
proceeded as described above, and copy number analysis was performed via SYBR Green gPCR (Life
Technologies). For quantification of Mcs5c copies, a primer set located in the CRISPR target region was
used (5’ CAATCACGTTCACTGTGGGT 3’ and 5 TCACCTCACACTACCCCATG 3’) and as a control region, a
primer set located in Pappa was used (5’ TCCTCCTGACCACTCTGAGA 3’ and 5’
CCCTACAAACAGCAGAGGGA 3’). The CRISPR-Cas9 plasmid pSpCas9(BB)-2A-Puro (PX459) was provided
by Dr. Feng Zhang (Addgene plasmid #48139) [50]. Guide sequences were designed using the CRISPR

Design Tool (http://crispr.mit.edu) and phosphorylated and annealed guide oligos were inserted into the

PX459 plasmid via a combination digestion/ligation reaction. 100ng PX459 plasmid was mixed with 2L
of oligos (diluted 1:250), 1ulL Fast Digest Bbs/ (Thermo Scientific), 1X Fast Digest Buffer, 1mM DTT, 1mM
ATP, and 1500 units T7 ligase (New England BiolLabs) and incubated in a thermocycler for 5 minutes at
37°C followed by 5 minutes at 23°C for a total of 6 cycles. The resulting reaction was then treated with
Exonuclease V (NEB) according to the manufacturer’s protocol. The product was transformed into
competent cells, and colonies expanded and verified via sequencing of the guide insertion site. LA7 cells
were transfected with two CRISPR guides flanking the 8.5kb target region. Transfection was performed
via electroporation using a Nucleofector® Il Device and Amaxa® Cell Line Nucleofector® Kit V (Lonza),
according to the manufacturer’s instructions. Stable clones were isolated following puromycin selection,
and clonal colonies were expanded. Removal of the targeted region was determined via PCR screening

and sequencing. Primers used to create guides and screen clones are listed in S8 Table.

Methylation analysis of the Pappa intron


http://crispr.mit.edu/
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DNA was isolated from Mcs5c resistant and susceptible MECs at 4, 6, 7, 9, and 12 weeks of age.
Bisulfite conversion was carried out on 500ng of DNA using the EZ DNA Methylation-Lightening kit
(Zymo Research), according to the manufacturer’s instructions. Four primer sets were designed to
amplify the 12 CpG sites of interest within the Pappa CpG island (CGl) shore. Their sequences, along with
sequencing primers used for pyrosequencing, are listed in S9 Table. Optimal amounts of template DNA,
MgCl,, primers, and annealing temperature were experimentally determined (S9 Table). In general, PCR
reactions were performed using the following cycling conditions: 95°C for 5 min, 50 cycles of 95°C for 15
s, Tafor 30 s, 72°C for 30 s, followed by a final extension of 72°C for 5 min. 15uL of PCR product was used
for pyrosequencing on a PyroMark MD instrument (Qiagen), with 2-3 technical replicates per sample.
Data were analyzed using PyroMark CpG software (v 1.0; Qiagen). For analysis of the Pappa CGl, 2 pre-
made assays were obtained from Qiagen (CGI-1, Rn_D3ZNQ7_01_PM; CGI-2, Rn_D3ZNQ7_02_PM), with
PCR conditions following manufacturer’s recommendations. Both pre-made assay CGl-1 and CGI-2
amplified 5 CpG sites within the Pappa CGl, for a total of 10 sites in the island examined. For statistical
analysis of methylation differences, the non-parametric Mann-Whitney U test was used, with a

Bonferroni correction applied for multiple comparisons.
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Chapter 2, Fig 2: Mcs5c acts in a mammary gland autonomous manner to influence carcinoma
multiplicity
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Chapter 2, Fig 3: Pappa expression is altered in Mcs5c susceptible rats in an age-dependent manner
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Chapter 2, Fig 4: Mcs5c displays an age-dependent and tissue-specific interaction with the Pappa gene

in MECs
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Chapter 2, Fig 5: Removal of Mcs5c TCE copies resulted in decreased Pappa expression in vitro
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In vivo methylation analysis of the Pappa CGI and CGI shore

Chapter 2, Fig 6
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Table 1: Percent change in Mcs5c susceptible MEC methylation at sites within the Pappa CpG island shore relative to Mcs5c
resistant MECs

Site 1 Site 2 Site 3 Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 Site 10 Site 11 Site 12
iWOS-4wks  +22.6(NS)  +26.1(NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS)
aWoS - 6/7/9 wks  -20.4(0.0002)  -23.1(NS)  -22.7(0.0004) -12.6(NS) -5.1(NS) -12.2(0.004) -13.4(0.003) -8.9(0.0114) -5.0(0.023)  -5.6(NS) -2.2(NS) (NS)
Outside WOS - 12 wks (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS) (NS)

Direction of percent change of methylation levels in Mcs5c susceptible rats relative to Mcs5c resistant rats is indicated by a + (increase) or - (decrease). Bonferroni corrected p-values are
shown in parentheses (Mann-Whitney U Test; NS, not significant). Non-significant percent change trends are also shown.

6V
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Supplemental Figure and Table Legends

S1 Fig: Tnc and Tnfsf15 expression in mammary epithelial cells. Tnc (A) and Tnfsf15 (B) expression was
examined in MECs of Mcs5c susceptible and Mcs5c resistant rats at various ages. Gene expression
relative to Mcs5c susceptible levels was determined via qPCR with Tnc standardized to ActB, and Tnfsf15
standardized to Thp expression. There were an average of n = 12 animals per group, and p-values were

obtained using the non-parametric Mann-Whitney U test (*, P <0.05; **, P <0.01; ***, P <0.001).

S2 Fig: Chromosome conformation capture profile for Mcs5c and bait region P3-1. MEC 3C profile
showing the relative interaction frequency (IF, y-axis) between the bait region P3-1 and regions spanning
the entire Mcs5c locus. The x-axis indicates the distance between the tested region and P3-1 (UCSC
Genome Browser, March 2012, rn5). At the tested timepoints of 4, 7, and 12 weeks of age, there was no
significant interaction between Mcs5c and P3-1. Every point represents multiple biological and technical

replicates, and standard error bars are included.

S1 Table. Sequencing across target cut site of LA7 CRISPR clones

S2 Table. Sequencing of proximal target region of LA7 CRISPR clones

S3 Table. Sequencing of distal target region of LA7 CRISPR clones

S4 Table. MEC methylation levels of Pappa CpG island shore

S5 Table. MEC methylation levels of Pappa CpG island

S6 Table. Chromosome conformation capture (3C) primers

S7 Table. Sequencing primers and Mcs5c¢ looping variants between the WF and WKy inbred rat strains
S8 Table. CRISPR gene editing primers

S9 Table. Custom made primers for bisulfite pyrosequencing methylation analysis



Chapter 2, S1 Fig: Tnc and Tnfsf15 expression in mammary epithelial cells
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Chapter 2, S2 Fig: Chromosome conformation capture profile for Mcs5c and bait region P3-1
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S5 Table: MEC methylation levels of Pappa CpG island

CGI-1: Chr5:85,017,189 - 85,017,285 (Rn5)

CpG Site1 CpGSite2 CpGSite3 CpGSited4 CpGSite5
4wk Mecs5c Resistant Ave (n=6) 1.20% 0.43% 2.26% 0.45% 0.65%
std err 0.15 0.17 0.14 0.13 0.11
Mcs5c Susceptible Ave (n=6) 1.18% 0.82% 2.20% 0.16% 0.43%
std err 0.05 0.12 0.12 0.11 0.12
p-value >0.05 >0.05 >0.05 >0.05 >0.05
CGI-2: Chr5:85,017,266 - 85,017,405 (Rn5)
CpG Site1l CpGSite2 CpGSite3 CpGSited4 CpG Site5
4wk Mcs5c Resistant Ave (n=6) 1.80% 2.81% 4.92% 7.20% 4.56%
std err 0.25 0.50 0.40 0.53 0.61
Mcs5c Susceptible Ave (n=6) 1.87% 4.26% 5.99% 7.42% 3.05%
std err 0.28 0.55 0.48 0.39 0.41
p-value >0.05 >0.05 >0.05 >0.05 0.0411
6wk Mcs5c Resistant Ave (n=10) 1.43% 3.00% 5.68% 7.42% 3.71%
std err 0.25 0.32 0.39 0.51 0.30
Mcs5c Susceptible Ave (n=8) 1.13% 2.78% 5.36% 7.80% 2.99%
std err 0.30 0.68 0.64 0.77 0.63
p-value >0.05 >0.05 >0.05 >0.05 >0.05
7wk Mecs5c Resistant Ave (n=6) 1.63% 2.24% 4.61% 6.52% 3.06%
std err 0.45 0.24 0.61 0.69 0.12
Mcs5c Susceptible Ave (n=8) 1.55% 2.52% 5.12% 6.23% 3.86%
std err 0.28 0.40 0.50 0.34 0.57
p-value >0.05 >0.05 >0.05 >0.05 >0.05
9wk Mcs5c Resistant Ave (n=5) 2.58% 3.90% 4.90% 8.41% 4.91%
std err 0.59 0.23 0.47 0.89 0.53
Mcs5c Susceptible Ave (n=4) 2.99% 3.05% 4.63% 7.19% 4.07%
std err 0.35 0.23 0.33 0.43 0.51
p-value >0.05 >0.05 >0.05 >0.05 >0.05
6/7/9wk Mcs5c Resistant Ave (n=21) 1.76% 3.00% 5.19% 7.40% 3.81%
Combined std err 0.23 0.22 0.29 0.39 0.24
Mcs5c Susceptible Ave (n=20) 1.70% 2.73% 5.11% 7.05% 3.55%
std err 0.23 0.30 0.32 0.37 0.35
p-value >0.05 >0.05 >0.05 >0.05 >0.05
12wk Mcs5c¢ Resistant Ave (n=5) 1.63% 3.34% 5.02% 7.52% 4.91%
std err 0.13 0.59 0.65 0.57 0.51
Mcs5c Susceptible Ave (n=5) 2.06% 3.29% 5.27% 7.63% 4.75%
std err 0.22 0.51 0.29 0.41 0.54
p-value >0.05 >0.05 >0.05 >0.05 >0.05

Non-corrected p-values calculated via the non-parametric Mann-Whitney U Test are shown. New familywise

significance threshold after Bonferroni correction = 0.00143.




S6 Table: Chromosome conformation capture (3C) primers

Name ‘ Position on rat ch5 (rn5) ‘ Sequence (5’ - 3’)

Mcs5c

L619-E5-1 84347357 TGTTCACATCCCCTAGACAACTTTA
L619-E5-2 84351297 GAAAAGCTGAACTGTCCCAAAGTAT
L619-E2-2 84358162 CGTAAAAGAAGCACCATAGTTTTCC
L619-E2-2B 84362744 TTGGCAGCTGAAGCAATAGTAAA
L619-E2-3A 84367399 CCAGCATGAACTTTGATGGTAATAG
L619-E2-1 84373935 CTCCCAATTTGTCTGTAGAGATGAC
L619-E2-1C 84377423 ACATGCAGGGAAAAATAGACAGATT
L619-E3-1B 84387454 TGCTCATGTTAGGTTCCAGTTTAAT
L619-E3-1A 84387722 GAATGAAAGGGTAGATTGTTGGAAT
L619-E4-1A 84401386 AGTTTTGGGTTTTGGTGTACATTTT
L619-E4-1B 84402212 ATACCTCCCTCCACCAATTATGAA
L619-E4-2 84409109 AATGAGTCAGAACAACACCAAAAAT
L619-E4-3 84420136 ATGTGGAGCAAAAGGAGCAC
L619-E1-

2Aa* 84428804 GATCCAAGTTCTACATCCCTTCTGT
L619-E1-1 84437228 ACCTTCTAATGATCTTTCTCCTTGG
L619-E1-1D 84442267 CTATGGTTTATCTCTGGCCTCTTGT
L619-E1-3B 84451535 TACATAATACAGACAGCACCAGCAC
L619-E1-3A 84453612 AGCTTAGGGACTGAGATTGACAGTT
L619-E1-4 84464788 CAATAAACAGCCAGACAGAAGAGAG
L619-E1-5 84478703 TGGAAAATTCCTGACACTGTATGTT
L619-E1-6 84494352 CCACTTATGGGATACAACTTCCTCT
L619-E1-6B 84496188 CCAGGATTCATATCAGTGTGTTTGT
Pappa

L619-P3-4 85005792 ACAGATGATGGTGTAAGTCCAGAAA
L619-P3-3 85009054 TGGCCATAAACAATGTTCGTAGTAT
L619-P3-2 85011824 CCATTAAAAATTCATGTCAGACCAA
L619-P3-1 85015002 CCTTCCTTAGAGTTAGGATCTTTGC
L619-P4-1 85019840 TTCAGTGACTGTCTGAACCAGTGT
L619-P4-2 85028953 GGGAATTGGAGTCTCAGAAAGATAC
L619-P4-3 85038363 CAATGAGAACACATGAGAATGTTTG

*Primer L619-E1-2Aa marks the TCE of Mcs5c

Positions are in basepairs (UCSC version 5.0/rn5)
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S8 Table: CRISPR gene editing primers

Name

‘ Position on rat ch5 (rn5) ‘ Sequence (5’ - 3’)

Guide inserts*

L633-expl-G2a

84428812 (+ strand)

CACCGATGTAGAACTTGGATCTCT

L633-expl-G2b

84428812 (- strand)

AAACAGAGATCCAAGTTCTACATC

L633-expl-G3a

84428820 (+ strand)

CACCGACTTGGATCTCTAGGGAGTG

L633-expl-G3b

84428820 (- strand)

AAACCACTCCCTAGAGATCCAAGTC

L633-expl-G4a

84437156 (- strand)

CACCGTATCTAACTAGCTTATAGG

L633-expl-G4b

84437156 (+ strand)

AAACCCTATAAGCTAGTTAGATAC

L633-expl-G5a

84437167 (+ strand)

CACCGTTAGATACAGTACCTATAT

L633-expl-G5b

84437167 (- strand)

AAACATATAGGTACTGTATCTAAC

L633-expl-G6a

84437073 (+ strand)

CACCGTCAGATTCTCAGGATCTATC

L633-expl-G6b

84437073 (- strand)

AAACGATAGATCCTGAGAATCTGAC

Primers to check guide insertion in PX459

L633-Gchk-2F NA TTTCTTGGGTAGTTTGCAGTTTT
L633-Gchk-2R NA CGACTCGGTGCCACTTTT
Primers to screen deletion of target region

L619-5CseqlF 84428565 CCTTACCATGGTCACAACATCT
L619-5Cseq6R 84437428 TTGGCAGCTCATGATCAACA
L619-5CseqlR 84429012 GTTTCCATAAGCTTGTTTCTGTATT
L619-5Cseq6F 84436737 TCTTCAGTGAGGAATGGGCT
L619-5Cseq3dF 84431490 CAATCACGTTCACTGTGGGT
L619-

5Cseq3dR 84432328 TCACCTCACACTACCCCATG

*For insertion into the PX459 plasmid, Bbs/ compatible overhangs were added onto the
guide sequences. Those additional bases are indicated in red.
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Abstract

Breast cancer mortality rates have declined in recent years thanks, in part, to the advent of
targeted therapies that have shown substantial benefit for hormone receptor-positive and HER2+
clinical subtypes. Unfortunately, the triple-negative class of breast cancers, lacking expression of
commonly targeted receptors, have been left out of such progress, and their overall prognosis remains
worse by comparison. Triple negative breast cancer (TNBC) tends to be more aggressive and affect
younger women than its receptor-positive counterparts, and the identification of targeted therapies for
this clinical subtype remains a high priority. Previous work on a carcinogen-induced rat model of breast
cancer has identified Nr2f1/Coup-TFI expression as an important factor mediating the activity of the
Mammary carcinoma susceptibility locus, Mcs1a. In this model, Nr2f1 expression promoted the luminal
differentiation of mammary epithelial cells that displayed a reduced proliferative capacity. Comparative
analysis in humans suggested NR2F1’s potential as a therapeutic agent in TNBC, and we sought to test
this hypothesis in vivo using a TNBC cell line with inducible NR2F1-overexpression. NR2F1-
overexpression in the triple-negative MDA-MB-468 cell line resulted in a reduction in carcinoma volume
and growth rate in a xenograft model. Expression analysis identified upregulation of the classical luminal
marker FOXA1, and downregulation of a number of triple-negative/basal-associated genes, including
NGFT and TNFAIP2, as well as a novel association with the vacuolar-ATPase complex genes. These
results suggest that NR2F1 may reduce carcinoma growth through the promotion of a less aggressive,
luminal molecular profile, or the “luminalization” of TNBC cells. Network mapping of regulatory
interactions identified a number of central regulatory pathways by which NR2F1 may mediate
differential expression of target genes, with FOXA1 representing a critical node. This work supports the
therapeutic potential of NR2F1 in TNBC, and suggests that the luminalization of triple-negative tumors

may represent a relevant therapeutic strategy.
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Introduction

Breast cancer is the second leading cause of cancer death among women in the United States;
however, cancer mortality rates have been on a steady decline in the past decades, with overall rates
decreasing by 36% between 1989 and 2012 [1]. This reduction is attributable, in part, to advances in
both cancer detection and treatment [2]. The advent of targeted therapies has been particularly
beneficial for the treatment of hormone receptor-positive and HER2+ breast cancers. 5-year adjuvant
treatment of ER+ breast cancers with the selective estrogen receptor modulator tamoxifen has been
found to reduce the recurrence and mortality rate by 50% and 30%, respectively [3], while treatment of
HER2+ breast cancers with the HER2-antagonist trastuzumab has resulted in a 50% improvement in
disease-free survival interval [4]. Treatment options for the triple-negative class of breast cancers, which
lack expression of ER, PR, and HER2, however, are limited. Current treatment strategies for triple-
negative breast cancers (TNBCs) consist of systemic cytotoxic chemotherapy, but even with treatment,
3-year overall survival rates are lower and recurrence rates higher for TNBC compared to non-TNBC
patients [5]. Clearly, to achieve the success that endocrine therapies and HER2-antagonists have had in
the treatment of hormone receptor-positive and HER2+ breast cancer, similarly targeted therapies for

TNBC need to be developed.

In an effort to identify new therapeutic agents for breast cancer treatment and prevention, we
have taken a comparative genomics approach, using a carcinogen-induced rat model of breast cancer.
The inherent susceptibility differences among inbred rat strains to carcinogen-induced mammary cancer
were exploited in quantitative trait loci (QTL) analyses between the susceptible Wistar-Furth (WF) and
resistant Copenhagen (COP) and Wistar-Kyoto (WKy) rat strains. This led to the identification of 8
Mammary carcinoma susceptibility (Mcs1-8) loci capable of affecting carcinoma number following

carcinogen treatment, with several loci containing subloci characterized through further analysis [6—-11].
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Functional characterization of the Mcs5a locus [12,13] has resulted in the identification of novel
therapeutic prevention and treatment strategies that are currently being explored in women [14] and
validate the translational potential of comparative studies. Recently published work on the non-coding
Mecs1a locus has suggested the therapeutic relevance of its target gene Nr2f1/Coup-TFl [15].
Characterization of the Mcs1a locus by Smits et a/ [15] found that congenic rat lines homozygous for the
resistant COP allele introgressed on a WF background showed an approximately 50% reduction in
carcinoma number in both a chemical carcinogen and oncogene-induced mammary cancer model. The
non-coding Mcs1a locus affects expression of Nr2f1 in the mammary gland through a long-range
chromatin interaction between the gene and a conserved Nr2f1 binding site within the locus. This site is
involved in self-repression of Nr2f1 transcription and is disrupted in the resistant allele, leading to
increased expression of Nr2f1 in resistant rats. The mammary gland of resistant rats displayed an
increase in the luminal cell population, whose cells exhibited a reduced proliferative capacity compared
to the luminal cells of susceptible rats. These data suggested that Nr2f1 may play a role in mammary
gland proliferation and differentiation, pushing the gland towards a more luminal phenotype. RNA-
sequencing (RNA-seq) analysis on mammary glands from a mouse homologous Mcs1a region
megadeletion model revealed that Nr2f1 was anti-correlated with genes involved in the cell cycle,
proliferation, and DNA-damage response. These results were recapitulated in publically available human
breast cancer microarray data when orthologous genes were examined, and further support a role for
Nr2f1 in cell proliferation. Finally, NR2F1 expression was examined in relation to a number a clinical
features, and was found to decrease with increasing histological grade and was lower in TNBC compared
to receptor-positive cancers. Both high histological grade and triple-negative status are indicative of
aggressive, poorly differentiated and highly proliferative breast cancers, and this association further
supports a role for Nr2f1/NR2F1 in mammary gland/breast proliferation and differentiation and

highlights NR2F1 as a target for therapeutic intervention.
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TNBCs account for approximately 12% of all breast cancer cases [1] and occur more frequently
in younger women and African American patients [16,17]. They generally have a higher histological
grade and worse prognosis when compared to other clinical subtypes [16,18]. The correlation of low
NR2F1 transcript levels with high-grade/TNBC-status, as well as its inverse association with mammary
gland proliferation, suggested that modification of the NR2F1 pathway in TNBC may result in the
promotion of a less aggressive, more treatable phenotype. NR2F1 is an orphan nuclear receptor within
the steroid/thyroid hormone receptor superfamily of proteins. It can act as both an activator and
repressor of transcription, and frequently dimerizes with a number of other nuclear receptors,
particularly the retinoid X receptor (RXR). It is NR2F1’s interactions with other transcription factors or
coactivators present in the cell that appear to control its regulatory action [19-23]. During mouse
embryogenesis, Nr2f1 is highly expressed in a distinct pattern within the central nervous system, and
knock-out mice die perinatally with severe neuronal developmental defects [24,25]. Nr2f1, therefore,
appears to be necessary for proper neuronal development and differentiation, and our work on the
Mcs1a locus suggests that Nr2f1 may have a similar function in the mammary gland. Studies on the role
of NR2F1 in breast cancer are limited. In one study, NR2F1 was found to mediate retinoic acid-induced
expression of Retinoic acid receptor, beta (RARB) in a Retinoic acid receptor, alpha (RARA)-dependent
manner in a TNBC cell line. This interaction resulted in growth inhibition and apoptosis in vitro [26]. In a
separate study, NR2F1 was identified as part of a 49-gene signature for tumor cell dormancy, with high
expression associated with a higher dormancy score. Dormancy scores tended to be higher in ER+
cancers and showed an inverse correlation with proliferation in ER+ cell lines. Knockdown of NR2F1

MRNA in ER+ MCF-7 cells resulted in an increase in cell growth in a xenograft model [27].
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Given the association of NR2F1 with decreased proliferation and less aggressive clinical
subtypes, we hypothesized that increasing NR2F1 expression in TNBC may have therapeutic potential as
a targeted treatment for this class of tumors. We have overexpressed NR2F1 in the triple-negative MDA-
MB-468 breast cancer cell line and observed a reduction in carcinoma volume and growth rate in vivo
for cells overexpressing NR2F1. Our data support NR2F1 as a possible therapeutic agent in the treatment
of TNBC, and network modeling of NR2F1-dependent differentially expressed genes has identified

relevant signaling pathways and proteins that may hold additional therapeutic benefits.

Results

MDA-MB-468 cells engineered to overexpress NR2F1 in an inducible manner

NR2F1 expression levels were investigated in three triple-negative breast cancer (TNBC) cell
lines. MDA-MB-231 and BT-549 both showed considerable NR2F1 expression, while expression in MDA-
MB-468 was significantly lower, although not negligible (Fig 1A). MDA-MB-468 was therefore the cell
line chosen for NR2F1 engineering. Cells were stably transfected with two plasmids encoding either a
constitutively active tetracycline repressor (TetR) protein or the NR2F1 gene proceeded by two copies of
the tetracycline operator sequence. Without tetracycline/doxycycline, TetR binds the operator
sequences, preventing NR2F1 expression. With addition of tetracycline (tet) or doxycycline (dox), TetR is
removed and NR2F1 expression is induced [28,29]. Three tet-inducible clones were isolated, and analysis
of NR2F1 protein and RNA levels indicated two were positive for tet-inducible NR2F1 expression (Fig 1B
and C). Positive clones C6.3 and C6.8 both showed significant induction of NR2F1 protein levels and

RNA, with C6.8 exhibiting a higher in vitro response than C6.3.

Fig 1: Inducible overexpression of NR2F1 in TNBC cell line. (A) Endogenous NR2F1 expression was

assessed in 3 triple negative breast cancer (TNBC) cell lines using quantitative real-time PCR (qPCR).
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Average expression levels are shown relative to expression of the reference gene PPIA. (B) Protein levels
of NR2F1 are shown in three MDA-MB-468 clones stably transfected with the tetR gene and a
tetracycline (tet)-inducible NR2F1 expression vector. Clones C6.3 and C6.8 were positive for NR2F1
induction, while C6.5 was negative. A total of 10ug of protein was used for western blot analysis. (C) The
fold change of NR2F1 mRNA levels in positive clones following tet administration was examined by
gPCR. PPIA was used as the reference gene. For both (B) and (C), cells were exposed to 1ug/mL tet for

48 hours prior to cell collection.

NR2F1 overexpression in TNBC cell line slows carcinoma growth in a xenograft model

Preliminary xenograft experiments were performed with both C6.3 and C6.8 cells. Although C6.8
cells showed strong NR2F1 induction in vitro, they failed to grow sizable carcinomas in vivo, regardless of
dox treatment (data not shown). C6.3 cells showed appreciable carcinoma growth, and were therefore
used in further xenograft experiments. A total of 37 nude mice were injected with 2 million NR2F1-
inducible C6.3 cells. Half of the mice were sorted into the treatment group (n = 18), receiving a dox-
containing diet, while the other half remained on a standard rodent diet (n = 19). Carcinoma cells in
mice fed a dox-containing diet to induce overexpression of NR2F1 (NR2F1-high) achieved a lower final
carcinoma volume than cells with non-induced NR2F1 expression (NR2F1-low). At necropsy, 45 days
post-injection, NR2F1-high carcinomas were 37% smaller than NR2F1-low carcinomas (Fig 2A; p-value =
0.026). When the growth rates (mm?3/day) of NR2F1-high and NR2F1-low carcinomas were examined in
3 approximately 15-day growth windows throughout the course of the experiment, a statistically
significant increase in growth rate was observed between the second and third growth periods of the
study for NR2F1-low cells (Fig 2B; p-value = 5.76e-6). Conversely, growth rates remain relatively steady
for NR2F1-high cells. During the final growth period, a statistically significant NR2F1-dependent

difference in growth rates was observed, with NR2F1-high carcinomas growing at a rate of 3.9mm?3/day,
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while the growth rate for NR2F1-low carcinomas was 1.6mm?3/day (2.4-fold difference, p-value =
0.0022). As a control experiment, mice were injected with cells containing only the tetR plasmid,
constitutively expressing the TetR protein, but no NR2F1-containing inducible construct (TR1 cells). No
difference in carcinoma volume was detected between dox and no dox diets, suggesting that the

presence of doxycycline does not affect carcinoma growth (S1 Fig).

Fig 2: NR2F1 reduces TNBC growth in a xenograft model. (A) 2 million C6.3 cells containing a
constitutively active tetR plasmid and doxycycline (dox)-inducible NR2F1 expression plasmid were
injected into the hind flank of 6 week old female nude mice. 24 hours post-injection, animals were
placed on a dox-containing (NR2F1-high/Dox; n=18) or standard (NR2F1-low/no Dox; n=19) rodent diet.
Carcinoma volume (mm?, y-axis) was measured with a caliper using the formula %(L*W*H) over the
course of 45 days (x-axis). The difference in carcinoma volume at the final time point was statistically
significant between the two groups. (B) The 45 day measurement period was divided into 3 growth
windows consisting of the first (0-14 days post-injection, dpi), second (15-27 dpi), and the third (28-45
dpi) growth periods of the study (x-axis). The growth rate (mm?3/day, y-axis) was calculated by taking the
average growth rate between measurement points within a growth period for all samples included in
(A). For both (A) and (B) standard error bars are shown, and p-values were obtained using the non-

parametric Mann Whitney U test (*, P < 0.05; **, P <0.01; ***, P < 0.001).

RNA sequencing and GO term analysis of NR2F1-high and -low xenograft carcinomas

RNA sequencing (RNA-seq) was performed on a total of 8 xenograft carcinomas collected at
necropsy, 4 from the NR2F1-low group and 4 from the NR2F1-high dox treatment group. An average of
20.2 million reads/sample were obtained, and mapping to the human reference genome (GRCh37/hg19)

was done using RSEM. Differentially expressed (DE) genes were identified using the EdgeR software
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package in R. A total of 356 genes were found to be DE between the NR2F1-high and -low carcinoma
samples (adjusted p-value <0.05), with 218 genes found to be upregulated in NR2F1-high carcinomas,
and 138 genes downregulated. The top 40 up and downregulated genes by adjusted p-value are shown
in Table 1, and a list of all DE genes is available in S3 Table. Select genes were validated by gPCR in both
the samples used for RNA-seq analysis as well as additional NR2F1-high and -low carcinoma samples (n =

11 and 12, respectively; Fig 3).

Fig 3: qPCR validation of differentially expressed genes. A selection of differentially expressed genes
identified in our RNA-seq analysis were verified through quantitative real-time PCR (qPCR) analysis.
Gene expression was examined in the 8 carcinoma samples used for RNA-seq (4 NR2F1-high/Dox and 4
NR2F1-low/no Dox), as well as additional xenograft samples for a total of 11 NR2F1-high/Dox and 12
NR2F1-low/no Dox samples. Relative gene expression levels were standardized to the reference gene
PPIA, and standard error bars are shown. P-values were obtained using the non-parametric Mann

Whitney U test (*, P < 0.05; **, P <0.01; ***, P <0.001).

Functional annotation clustering of the up and downregulated gene sets was performed using
the Database for Annotation, Visualization and Integrated Discovery (DAVID) [30,31]. The clustering of
annotation terms by their functional relatedness and inclusion of similar genes helps to maximize the
biological meaning obtained from gene sets. A group enrichment score of >1.3 was indicative of a
statistically significant enrichment cluster, representing the geometric mean (-log scale) of cluster-
associated annotation term p-values that is <0.05. Both up and downregulated gene sets saw clusters
enriched for secreted proteins, signal peptides, extracellular proteins, plasma membrane proteins, and
proteins involved in cell adhesion (Tables 2 and 3). Unique clusters in the upregulated gene set saw

enrichment for terms related to tissue development (Cluster 4) and proliferation and apoptosis (Cluster
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15) (Table 2). Predictably, Forkhead box A1 (FOXA1), one of our top upregulated genes and a known
driver of mammary gland development [32], was included in Cluster 4. In Cluster 15, terms for both
positive and negative regulation of apoptosis are seen, with the same genes appearing in multiple GO
categories, suggesting that their involvement in apoptosis is likely context dependent. Cluster
enrichment scores for the downregulated gene set were generally lower than those for the upregulated
genes, and overlapped in functionality (Table 3). Cluster 17, a trending but not significantly enriched
cluster, stood out as it was a large cluster of 56 annotation terms that were grouped together almost
exclusively based on the inclusion of four genes that are components of the vacuolar-ATPase complex.
These genes, ATP6V/0D2, ATP6V1C2, ATP6V1B1, and ATP6V0A4, are downregulated between 2 and 4
fold in NR2F1-high carcinomas (S3 Table), and represent a novel association with NR2F1 expression. Lists
of the top 25 functional annotation clusters for the up and downregulated gene sets can be found in S4

and S5 Tables (electronic version only).

Network mapping of NR2F1-dependent differentially expressed genes

NR2F1 acts as a transcription factor, although its function is highly dependent on interactions
with other transcription factors and co-factors present in the cell. In an effort to identify through which
pathways NR2F1 may be regulating the observed DE genes, we created a regulatory network map (Fig
4A). To do this, we integrated our RNA-seq data with transcription factor binding site data, protein-
protein interactions, and literature-based data mining. These data were combined and the network
visualized using the Cytoscape software platform [33]. To begin, ChIP-chip data from Kittler et al [34] on
NR2F1 and other nuclear receptor transcription factors were combined with ENCODE ChlIP-seq data to
optimize a set of gene regulatory proteins (GRPs) (Fig 4, pink boxes) capable of interacting with the
maximum number of DE genes. These direct regulatory interactions are indicated by the red arrows in

Fig 4. Next, to connect the GRPs to NR2F1, intermediary factors (IFs) (Fig 4, orange boxes) were added
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based on protein-protein interactions, represented by the green lines in Fig 4. Relationships between
genes and proteins identified via literature-based data mining are represented by purple lines. These
interactions may be direct or indirect, and add an additional layer of information to our regulatory
network. These proteins and their associated interactions form the basic backbone of our network, and
is shown in Fig 4B. The only DE gene that appears in the backbone network, aside from NR2F1, is FOXA1
(red box). We have included it here with a unique color as it is both a major GRP and an upregulated DE
gene. Our full network was capable of reaching 330 of the 356 DE genes (92.7%; Fig 4A), with up and
downregulated genes indicated in blue and light blue, respectively. There is a moderate amount of inter-
connectively within the network, with each DE gene the target of an average of 3.3 GRPs. Likely, all
possible pathways to a DE gene shown in the network are not functionally relevant, but this provides for
a starting point to detect relevant transcriptional nodes and pathways. For instance, an examination of
the number of direct targets for each GRP (Table 4) shows that FOS, FOXA1, and RARA represents critical
nodes in our network, hitting 43%, 47%, and 59% of all DE network-mapped genes. To examine the
possible pathways from NR2F1 to specific DE genes of interest, target genes can be placed into the
backbone network with all relevant interactions present, but excluding all other DE genes, allowing for a
more readable network. This was done for the top upregulated gene Chitinase 3-Like 1 (CHI3L1; Fig 4C)
and for the four vacuolar-ATPase complex genes, ATP6V0OD2, ATP6V1C2, ATP6V1B1, and ATP6V0OA4 (Fig
4D). From these simplified figures we can see that CHI3L1 is a direct binding target of a number of GRPs,
including FOXA1 and NR2F1. This latter interaction pathway represents the most direct way for NR2F1-
mediated regulation of CHI3L1, and perhaps the most functionally relevant interaction. Two of the
ATPase genes are direct targets of FOXA1 binding (ATP6V0OD2 and ATP6V1C2), and their expression may
therefore be affected by NR2F1 regulation of FOXA1 expression. Alternatively, both ATP6V0OD2 and
ATP6VOA4 are targets of RARA, PPARG, and GATAS3 binding, and may be co-regulated through a NR2F1-

containing protein complex. This kind of visualization of possible NR2F1 regulatory interactions allows
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for the identification of potential critical nodes and regulatory pathways mediating regulation of DE

genes and provides hypotheses that can be tested in vitro and used to refine the network.

Fig 4: Multi-platform network mapping of regulatory interactions between NR2F1 and DE genes. The
Cytoscape software platform was used to visually depict the integrated RNA-seq, ChIP-chip/seq, and
literature-mined data used to create a regulatory network of possible NR2F1 interactions with DE genes.
For all network maps, proteins are depicted in colored boxes with categories consisting of gene
regulatory proteins (GRPs, pink), intermediary factors (IFs, orange), upregulated DE genes (blue), and
downregulated DE genes (light blue). Exceptions to this are NR2F1 (gray box) and the gene regulatory
protein/upregulated DE gene FOXA1 (red box). Protein-protein interactions are indicated by green lines.
Protein-DNA and literature-mined interactions are indicated by the red and purple arrows, respectively,
with the arrow head pointing to the regulatory target. Protein-DNA interactions were pulled from
publically available ChIP-chip and ChIP-seq datasets and represent direct regulatory interactions, while
literature interactions were mined from research abstracts and may be direct or indirect in nature. (A)
The full NR2F1 network showing all GRPs, IFs, and DE genes and their interactions. (B) The backbone
NR2F1 network showing only GRPs and IFs and their interactions. (C) DE gene-specific network showing
the possible regulatory pathways from NR2F1 to the DE gene CHI3L1. (D) DE gene-specific network
showing the possible regulatory pathways from NR2F1 to the DE vacuolar-ATPase complex genes

ATP6VOD2, ATP6V1C2, ATP6V1B1, and ATP6VOAA4.

Discussion

In the present study, we have demonstrated that overexpression of NR2F1 in the TNBC cell line
MDA-MB-468 (468) resulted in a 37% decrease in carcinoma volume and 2.4-fold reduction in growth

rate in vivo (Fig 2). RNA-seq analysis of NR2F1-high and -low carcinomas identified 356 differentially
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expressed genes resulting from NR2F1 overexpression, with significant enrichment for secreted and cell
membrane proteins. Predictably, upregulated genes were enriched for proteins involved in tissue
development, with one of the top DE genes, FOXA1, a known driver of mammary gland development
whose expression is associated with luminal, ER+ breast cancers and low tumor grade [32].
Downregulated genes showed enrichment for proteins that form the vacuolar-ATPase (V-ATPase)
complex, representing a novel association between these genes and NR2F1 expression, and identifying a
potential druggable target for TNBC. A network building strategy was developed to identify possible
pathways and binding partners responsible for the NR2F1-dependent expression differences observed.
This network incorporated our expression data with publically available ChIP-chip and ChIP-seq data,
known protein-protein interactions, and literature-based text mining. Through investigation of the
network via the Cytoscape interface, central hubs and transcription factors were identified. FOS, FOXA1,
and RARA represent critical gene regulatory proteins (GRPs), as they are proposed to interact with a
large percentage of DE genes (Table 4), and the NR2F1 binding partners RXRA and nuclear receptor
corepressor 2 (NCOR2) represent central hubs, as they interact with a number of other GRPs and IFs in

the network (Fig 4B).

Our third most significantly upregulated gene, FOXA1, stood out due to its well characterized
relationship with breast development and breast cancer. FOXA1 is a transcription factor involved in the
development of a number of epithelial tissues [32], and its expression in the mammary gland is required
for proper ductal epithelial development through the regulation of ERa expression [35]. FOXA1 in breast
cancer is predictably associated with ERa expression and also with low histological grade, increased
overall survival, and, more broadly, with the luminal A molecular subtype [36]. However, high FOXA1
levels are still an independent predictor of improved overall prognosis when patients with luminal [36]

or ERa-negative tumors [37] were examined independently. The luminal A subtype, along with the
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luminal B, HER2+, basal-like, and normal breast-like subtypes, were identified through gene expression
profiling of breast cancer samples [38,39]. Generally speaking, luminal tumors have expression profiles
that mimic luminal breast epithelial cells, while basal-like tumors are triple-negative histologically and
have expression patterns characteristic of basal epithelial and myoepithelial breast cells [18,40]. In our
study, overexpression of NR2F1 resulted in an 11-fold increase in FOXA1 expression (Table 1), likely
through the direct targeting of the FOXA1 gene by NR2F1 (Fig 4B). Additionally, FOXA1 represents a
major regulatory node in our network, targeting 47% of all DE genes (Table 4). These data together with
FOXA1’s known association with a luminal phenotype, suggest that FOXA1 may be an important
mediator of the increased Nr2f1-associated luminal cell differentiation previously described in the rat
[15]. Furthermore, it suggests that the reduction in growth observed in NR2F1-high TNBC cells may be
due to the promotion of a more luminal, less aggressive phenotype through increased FOXA1

expression.

Our focus on FOXA1 was further bolstered by the recent work of Marcotte and colleagues [41],
who identified potential drivers of breast cancer cell survival through shRNA dropout screens performed
on 77 breast cancer cell lines. The breadth of cell lines used allowed for the clustering of cell lines into
major clinical molecular subtypes (luminal A, luminal B, HER2+, and basal) and allowed for the
identification of subtype-specific driver genes, whose expression is essential to cell line survival. In this
essentiality analysis, three of our top 40 significantly upregulated genes, FOXA1, CHI3L1, and
Nephronectin (NPNT), were found to be essential in the luminal/HER2+ molecular subtype. FOXA1 was
the top essential gene in this author-defined subtype, and also in the luminal/HER2- molecular subtype
based on the Neve classification [42] and in the luminal androgen receptor (LAR) molecular subtype
based on the Lehmann classification [40]. Breast tumors in the LAR subtype are histologically triple-

negative, but are enriched for the expression of genes involved in hormonally-regulated pathways that
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typically define the luminal subtype, including FOXA1 [40]. Importantly, both CHI3L1 and NPNT are
direct targets of FOXA1, and CHI3L1 is also a direct target of NR2F1. CHI3L1 is a secreted protein that has
been shown to be expressed by luminal mammary epithelial cells [43]. Its expression is increased during
involution, where overexpression inhibits differentiation and polarization in a lactogenic hormone-
dependent manner in vitro; however, these results were not observed in a normal mammary epithelial
cell line in vivo. CHI3L1 is therefore not considered to be tumorigenic [43]. Examination of CHI3L1 in
breast cancer samples has had conflicting results, as it has been both negatively [44,45] and positively
[46] correlated with luminal cancer cell markers ER and PR. NPNT is a secreted, extracellular matrix
protein whose role, if any, in normal breast development is not known, but is involved in kidney
development [47] and the promotion osteoblast differentiation [48]. These three genes, therefore,
function broadly in tissue development and/or differentiation and the possibility of their involvement in
luminal epithelial cell-specific development/differentiation, whether confirmed (FOXA1) or unconfirmed
(CHI3L1 and NPNT), is bolstered by their classification as luminal-essential genes by Marcotte et al [41].
Their upregulation following NR2F1 overexpression and their direct regulation by either FOXA1 or
NR2F1, further supports our hypothesis that increased NR2F1 expression in TNBC 468 cells is facilitating
reduced tumor growth through the promotion of a less-aggressive, more luminal molecular profile

resulting in the “luminalization” of TNBC cells.

Examination of significantly downregulated DE genes (Table 1) identified a number of genes
implicated in cancer cell survival. The top most significant gene Interferon, alpha-inducible protein 27
(IFI27), as well additional genes Monoamine oxidase A (MAOA), Nerve growth factor receptor (NGFR),
and Tumor necrosis factor, alpha-induced protein 2 (TNFAIP2) are all membrane proteins whose
expression is associated with cell proliferation, migration, and invasion in breast cancer or other cancer

types [49-52]. Additionally, expression of NGFR and TNFAIP2 are associated with the basal/TNBC



82

phenotype [52,53]. The association of these genes with tumor cell proliferation and invasion and their
localization to the plasma membrane suggests that the therapeutic effect of NR2F1 overexpression may
also be due, in part, to the modulation of the extracellular environment through downregulation of
these, and other, membrane/extracellular-associated proteins. Furthermore, their positive association
with TNBC tumors further supports our assertion that NR2F1 overexpression results in a shift away from
basal-related gene expression to a more luminal molecular profile, or “luminalization”, that gives rise to

a less-aggressive phenotype.

Functional annotation clustering (Table 3) identified a unique cluster consisting predominately
of four V-ATPase complex genes, ATP6VOD2, ATP6V1C2, ATP6V1B1, and ATP6V0A4, that were
downregulated between 2.2 and 4.3 fold with NR2F1 overexpression (Table 1, S3 Table). The V-ATPase is
a large, multi-subunit complex responsible for the acidification of either intracellular compartments or
the extracellular environment through the hydrolysis of ATP. It consists of the transmembrane V, and
cytoplasmic V1 domains, which each contain multiple subunits and isoforms [54]. The Vo a subunit is
responsible for localization of the complex [54], and knockdown of DE gene ATP6V0A4 has been shown
to reduce plasma membrane V-ATPase complex localization in the TNBC MDA-MB-231 cell line [55]. This
suggests that plasma membrane V-ATPase localization may be compromised in 468 cells following
NR2F1-overexpression. In breast cancer, knock down of individual subunits has resulted in decreased
tumor growth in vivo [56] and cell invasiveness in vitro [55,57], and targeting of the V-ATPase complex
through inhibitory drugs has resulted in reduced invasion of TNBC cells in vitro [58] and pancreatic
cancer cell growth in vivo [59]. Interestingly, in vivo growth reduction was only observed once
carcinomas became large, which mirrors our in vivo growth results showing NR2F1-high tumors had a
reduced growth rate only in the latter growth period of the study (Fig 2B). The importance of V-ATPase

genes was further supported by the essentiality analysis of Marcotte and colleagues [41], as they
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identified ATP6V1B2 as the third most essential gene for the basal-like molecular subtype. Although this
gene was not DE in our study, we did observe differential expression of its isoform, ATP6V1B1, as well as
three other complex genes, with two genes directly targeted by the DE transcription factor FOXA1 (Fig
4D). Together, these results suggest that V-ATPase activity is important for TNBC/basal cell survival, and
that NR2F1-mediated downregulation of these genes may contribute to the reduction in carcinoma

growth observed in vivo, making them a potential target for TNBC therapies.

Altogether, the examination of DE genes resulting from overexpression of NR2F1 in the triple-
negative 468 cell line has identified a number of promising therapeutic targets and strategies for TNBC
treatment. We are particularly interested in the possibility that NR2F1 expression results in a shift from
a basal to more luminal-like molecular profile. This may partially explain the observed reduction in
carcinoma growth, as luminal tumors have a less aggressive clinical prognosis. It is also possible that this
NR2F1-induced change in molecular profile may make cells more amenable to therapies not previously
associated with basal breast cancer, and raises the possibility of utilizing combination therapies. To this
end, network modeling of DE genes has helped in identifying regulatory pathways that may be exploited
for therapeutic purposes. A caveat of our modeling strategy is that many of our protein-DNA
interactions came from analysis in the ER+ MCF-7 breast cancer cell line [34], and interactions would
therefore need to be verified in triple-negative cells to ensure ER is not a necessary cofactor. Even so,
our network provides a useful model for investigation of regulatory interactions and patterns, and was
used to identify RARA as a critical gene regulatory protein. Lin et al [26] have previously demonstrated
that the anti-cancer effects of retinoic acid are mediated by NR2F1- and RARA-dependent induction of
RARB expression. Indeed, in our analysis RARB was upregulated 6.2-fold in NR2F1-high cells (adj p-value
= 3.76E-5; S3 Table), suggesting that the overexpression of NR2F1 may result in cells that are more

sensitive to the effects of retinoic acid treatment. Importantly, while NR2F1 is an orphan nuclear
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receptor with an as of yet unidentified ligand, analysis of its ligand binding domain shows near identical
homology with its subfamily member, NR2F2 [20]. The crystal structure of NR2F2 has been identified,
and its function appears to be ligand-regulated [60]. Due to their high sequence homology, it is
therefore likely that NR2F1 functions in a similarly ligand-dependent manner. This suggests the
possibility that a ligand or other molecule could be identified that could enhance NR2F1 activity in TNBC
to achieve the therapeutic “luminalization” effects achieved in our overexpression model. These
hypotheses, and others, could be tested in vitro and in vivo using our NR2F1-inducible system, and
emphasize the potential of this approach to identify and validate combination therapies for TNBC

treatment.

Materials and Methods

Cell culture conditions and creation of inducible NR2F1 overexpression cell lines

Triple negative human breast adenocarcinoma cells, MDA-MB-468, were obtained from the
American Type Culture Collection and maintained in DMEM/F12 supplemented with 100 IU/mL
penicillin, 100 pg/mL streptomycin (Life Technologies), and 10% FBS (HyClone). Cells were cultured in a
humidified tissue culture incubator at 37° C with 5% CO,. The T-Rex™ System (Life Technologies) was
used to create tetracycline/doxycycline-inducible cell lines. The pcDNA6/TR® vector was stably
transfected into MDA-MB-468 cells, and a clone expressing the tetR gene was chosen for subsequent
experiments. Human NR2F1 cDNA (OriGene; SKU: SC116616) was removed from the pCMV6-XL4
expression vector via Not/ digestion and subcloned into the pcDNA™4/TO inducible expression vector.
The resulting NR2F1 expression vector was transfected into MDA-MB-468 cells expressing the tetR gene,
and stable clones obtained following zeocin selection (500ug/mL). All transfections were performed via

electroporation using a Nucleofector® Il Device and Amaxa® Cell Line Nucleofector® Kit V (Lonza),
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according to manufacturer’s instructions. For in vitro experiments where induction of NR2F1 was

desired, media was changed to one containing 10% Tet System Approved FBS (Clontech).

Western blot analysis

Cells were lysed in RIPA buffer (50mM Tris-HCL, pH 8, 150mM NaCl, 1% Triton X-100, 0.5%
sodium deoxycholate, 0.1% SDS, 1mM EDTA) containing protease inhibitor cocktail tablets (Roche),
agitated for 20 minutes at 4°C, and centrifuged at 14,000 rpm for 10 minutes at 4°C. The supernatant
was used for analysis. Protein was fractionated by 10% SDS-PAGE electrophoresis and transferred to a
nitrocellulose membrane. Membranes were blocking in a 5% (w/v) non-fat powdered milk solution for 1
hour and incubated overnight at 4°C with primary antibody. Membranes were then washed three times
in PBST (phosphate buffered saline with 0.05% Tween-20) and incubated with a horseradish peroxidase
conjugated secondary antibody for 1 hour at room temperature. Membranes were washed three times
in PBST and complexes detected using ECL Western Blotting Substrate (Thermo Scientific). Bands were
visualized using a ChemiDoc™ MP system (Bio-Rad). The following antibodies and dilutions were used:
TetR at 1:1,000 (Clontech, Cat #: 631131); human NR2F1 at 1:1,000 (R&D Systems; Cat #: PP-H8132-00);
human GAPDH at 1:10,000 (R&D Systems; Cat #: MAB5718); goat anti-mouse IgG HRP-conjugated

secondary antibody at 1:2,000 (Life Technologies; Cat #: A16072).

Mouse xenograft experiments

All animals were maintained in an AAALAC-accredited facility and protocols were approved by
the University of Wisconsin — Madison School of Medicine and Public Health Animal Care and Use
Committee. Female athymic nude (Foxn1™) mice aged 3-4 weeks were purchased from Harlan
Laboratories. To establish xenograft carcinomas, 2 million tetracycline-inducible MDA-MB-468 cells were

suspended in 100uL PBS and subcutaneously injected into the right flank of 6 week old nude mice.
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Twenty-four hours following injection, half of the mice were put on a rodent diet containing 625 mg/kg
doxycycline to induce NR2F1 expression (Harlan; TD.01306). Carcinoma growth was measured with a
caliper over the course of 45 days, and carcinoma volume was determined using the formula %(L*W*H).
To calculate the carcinoma growth rate (mm3/day) over the course of the experiment, the 45 day
measurement period was divided into 3 approximately 15-day growth windows consisting of the first (0-
14 days post-injection, dpi), second (15-27 dpi), and the third (28-45 dpi) growth periods of the study.
Growth rates between measurement points were calculated for each individual mouse and
measurement points within a growth period were averaged for a single, window-specific growth
rate/mouse. Individual animal growth rates were then averaged within treatment groups for each

growth period of the study.

Quantitative Real-Time PCR

Cells used for gene expression were collected via 0.25% trypsin/EDTA (Life Technologies) and
RNA was extracted using the RNeasy Mini Kit (Qiagen). RNA from MDA-MB-231 and BT-549 cell lines
used to assess endogenous NR2F1 expression were kindly provided by Dr. Wei Xu. For xenograft gene
expression, carcinomas were snap-frozen in liquid nitrogen at necropsy and homogenized in TRI-
Reagent (Life Technologies) using a Polytron® PT 10-35 homogenizer (Kinematica AG). RNA was
extracted using MagMAX-96 for Microarrays Total RNA kit (Life Technologies). cDNA was prepared from
2ug total RNA using Superscript Il reverse transcriptase (Life Technologies). Gene expression was
quantified using pre-designed TagMan gPCR assays and run on an ABI Prism 7900HT (Life Technologies).
c¢DNA was diluted 1:8 and run using reaction conditions described previously [61]. Transcript quantities
were calculated as described in Smits et al [15], using a standard curve method to calculate C; values and
extrapolate quantity values. Human PPIA (Hs04194521_s1) served as the reference gene, and TagMan

assays used for target genes are listed in S1 Table.
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RNA-sequencing and functional enrichment analysis

A total of 8 xenograft carcinomas were chosen for RNA-sequencing (RNA-seq) analysis, 4 from
mice receiving doxycycline-containing food (Dox) to induce NR2F1 expression and 4 on a normal diet (no
Dox). RNA was sent to the University of Wisconsin Biotechnology Center Gene Expression Center for
sample preparation and sequencing. Sample preparation was done using the TruSeq RNA Library
Preparation Kit (lllumina), according to the manufacturer’s specifications and sequencing was performed
on the lllumina HiSeq 2000. Reads were aligned to the human reference genome, GRCh37/hg19, using
the RSEM algorithm [62]. Genes with at least 1 read per million in at least 3 samples in each condition
were used in downstream analysis. Differential expression between Dox and no Dox carcinomas was
determined using EdgeR [63]. Functional annotation enrichment analysis was performed using the
Database for Annotation, Visualization and Integrated Discovery (DAVID) web-based analysis tool
[30,31]. A background list of expressed genes obtained from our RNA-seq results was used for used for
the analysis and is available in S2 Table (electronic version only). The full list of up and down regulated
genes used for enrichment analyses is available in S3 Table. Sample values in this dataset are normalized
counts per million (CPM) values obtained from EdgeR. For functional annotation clustering performed in
DAVID, a cluster was considered significant if its group enrichment score was >1.3. This represents the

geometric mean (-log scale) of cluster-associated annotation term p-values that is < 0.05.

Creation of an NR2F1-based regulatory network

Background network

To create a regulatory network which would model the possible interactions responsible for
NR2F1-mediated expression changes, an integer linear program (IP)-based approach based on the work

by Chasman et al [64] was used. In this way, data from our RNA-seq experiment as well as publically
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available protein-protein, protein-DNA, and literature-mined interactions were incorporated and used to
perform subnetwork inference. Protein-protein interactions were gathered from HPRD [65], BioGRID
[66], and HIPPIE [67], while the majority of protein-DNA interactions were gathered from MCF-7 ChIP-
chip data collected by Kittler et al [34]. Additional protein-DNA interactions relevant to our network

were identified using the ENCODE ChlIP-Seq Significance Tool (encodeqgt.simple-encode.org/) [68].

Program parameters consisted of our DE gene list (S3 Table) and an analysis window centered on the
TSS/5’end using a 5000bp upstream and downstream pad in all available cell lines. Finally, the Literome
Project [69,70] was used to mine biomedical articles for relevant regulatory interactions pertaining to
our DE gene list. The network was visualized using the Cytoscape software platform [33]. In this way, DE
genes, gene regulatory proteins (GRPs), and intermediary factors (IFs) were represented by nodes, while
interactions were represented by edges. Specifically, directed edges represented regulatory protein-
DNA or literature-mined interactions, while undirected edges represented physical protein-protein
interactions. Post processing of the network was done to verify that undirected edges were true and

relevant to the system.

IP method, weighting, and path generation

The NR2F1 signaling subnetwork was inferred by solving two integer linear programs (IPs) in a
method based on the work by Chasman et al [64]. A full description of this method can be found in the
Supplemental Methods section. In general, using NR2F1 as the source node, a depth-first traversal
search algorithm was used to find all directed acyclic pathways that led from NR2F1 to the DE genes.
The stopping criteria for the algorithm were as follows: if the maximum depth was exceeded, stop
searching down that branch of the network; if a protein-DE gene edge was reached, do not search
further down that path. The maximum depth of the search algorithm was limited to 3, so all paths had

at most 4 nodes. All paths had the same directionality, going from a source node to a target node and
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not the reverse. The subnetwork inference IP had the potential to generate multiple solutions that
satisfied all of the constraints and retrieved the same objective function solution values. To differentiate
the solutions and select the one that inferred the most plausible subnetwork, RNA-seq expression data
and the scientific literature were used to assign weights to gene nodes. To incorporate RNA-seq data,
expression values, represented as normalized counts per million (CPM) values obtained from EdgeR,
were used to weight GRPs and IFs for selection, with the requirement that these incorporated nodes be
expressed in MDA-MB-468 cells. Literature-based weighting of GRPs and IFs was performed using

GADGET (http://gadget.biostat.wisc.edu). GADGET is a tool developed by Dr. Mark Craven and

colleagues that allowed for the mining of biomedical literature for genes associated with a user-input
query. Using GADGET, the query “Breast Cancer AND Basal NOT Luminal” was used to identify
associated genes. These genes were sorted based on their relevance to the query using a GADGET-
generated F; score. This F; score was used to weight GRPs and IFs in the network. The integration of
both RNA-seq and literature-based weighting methods assisted in choosing an IP solution that was the

most relevant to our TNBC cell model.
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Chapter 3, Fig 1: Inducible overexpression of NR2F1 in TNBC cell line
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Chapter 3, Fig 2: NR2F1 reduces TNBC growth in a xenograft model

A

120
*
100 T
T [
Ew 1
v |
£ i
2 60 NR2F1-lowno Dox
> T
o =~ NR2F1-high/Dox
= il
o 40
o
G
= T
o 20 1
o
7 14 24 27 34 38 a2 a5
Days post-injection
B 5 *k
*kk ]
1
4.5
—_ 2
&
- 3.5
-
E 3
£
£ 2 NR2F1-low/no Dox
°
£ 2 W NR2F1-high/Dox
=
315
S
© 1
s - |
0
1st 2nd 3rd

Growth period

91



Table 1: Top 40 significantly up and downregulated genes in

NR2F1-high vs. NR2F1-low xenograft carcinomas
Upregulated genes

Downregulated genes

Fold Fold
Gene Symbol change adj p-val Gene Symbol change adj p-val
CHI3L1 14.18 4.41E-19 IFI27 -12.74 1.73E-14
FCGBP 13.60 1.21E-16 MAOA -9.98 5.63E-10
FOXA1 11.15 3.02E-16 NGFR -7.47 2.60E-08
SERPINAS 29.35 8.30E-14 TNFAIP2 -4.87 1.21E-06
PKP1 12.41 2.07E-13 STAC2 -4.50 1.27E-06
PTGIS 9.46 7.52E-13 TMEM100 -5.13 1.95E-06
PLAT 19.74 2.91E-12 MFI2 -4.94 8.76E-06
NPNT 11.07 2.96E-12 ITGB2 -4.12 8.76E-06
TCN1 18.14 7.85E-12 WIF1 -6.14 9.72E-06
ALOX5 10.10 2.53E-11 SLC38A3 -5.44 1.29E-05
PADI3 18.80 2.79E-11 FAT3 -8.08 1.39E-05
VSTM2L 10.44 7.02E-10 FAM176A -3.44 1.66E-05
ANO1 4.50 3.63E-09 SPON2 -6.81 1.87E-05
TGM?2 9.41 5.05E-09 LOC645638 -4.59 1.93E-05
TMEM213 5.84 1.47E-08 SYT8 -5.80 1.99E-05
PECAM1 15.62 1.49E-08 KIAA1210 -6.33 3.71E-05
LOC100505989 60.37 1.56E-08 SH3TC1 -4.29 4.47E-05
TUB 12.65 2.19E-08 NES -4.00 4.72E-05
INPP4B 12.46 2.97E-08 TNS1 -3.45 8.16E-05
MSX1 9.49 7.36E-08 EDN2 -3.87 8.41E-05
HOXB2 10.08 8.44E-08 CA12 -3.49 1.08E-04
RIC3 146.37 1.23E-07 DYX1C1-CCPG1 -8.37 1.14E-04
UGT1A6 28.26 2.22E-07 LINC00284 -3.81 1.18E-04
ILIR2 8.52 2.22E-07 LOC100505746 -3.85 1.24E-04
UGT1A7 169.33 2.58E-07 LRRC55 -3.32 1.30E-04
CST6 6.89 3.24E-07 ITGAL -4.51 1.33E-04
GNE 4.48 3.63E-07 UNC5B -3.96 1.33E-04
CLU 6.52 5.68E-07 NT5E -4.11 1.39E-04
SPRR3 45.51 5.94E-07 CD22 -9.82 1.48E-04
INHBB 4.02 5.94E-07 ARSA -3.56 1.48E-04
IL1B 26.81 7.20E-07 PRSS21 -9.55 1.66E-04
PPBP 11.29 8.68E-07 ATP6V0OD2 -4.31 2.34E-04
SUSD2 5.26 9.18E-07 RNF150 -4.71 2.46E-04
MUCL1 17.42 1.43E-06 ALDH3B1 -3.60 2.57E-04
SCIN 10.03 1.45E-06 ADRB2 -4.25 5.23E-04
CAPNS8 5.31 1.64E-06 LOC100499194 -8.93 5.33E-04
NR2F1 4.28 1.72E-06 LYNX1 -3.57 5.55E-04
PPP1R14C 5.28 1.77E-06 LOC100507218 -8.24 5.83E-04
THSD7A 9.52 1.85E-06 ATP6V1C2 -2.90 6.29E-04

Genes are listed by adjusted p-value




Chapter 3, Fig 3: qPCR validation of differentially expressed genes
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Table 2: Select functional annotation clusters of upregulated gene set

Annotation Cluster 1

Enrichment Score: 17.17

Category Term PValue Benjamini
SP_PIR_KEYWORDS glycoprotein 5.48E-24 | 1.75E-21
SP_PIR_KEYWORDS disulfide bond 3.28E-18 | 5.26E-16
UP_SEQ_FEATURE signal peptide 1.76E-17 | 7.04E-15
SP_PIR_KEYWORDS signal 2.20E-17 | 2.35E-15
UP_SEQ_FEATURE disulfide bond 6.83E-17 | 2.95E-14
GOTERM_CC_FAT G0:0005576~extracellular region 1.82E-16 | 4.42E-14
SP_PIR_KEYWORDS Secreted 7.21E-15 | 5.77E-13
Annotation Cluster 2 | Enrichment Score: 11.15

Category Term PValue Benjamini
GOTERM_CC_FAT G0:0005576~extracellular region 1.82E-16 | 4.42E-14
GOTERM_CC_FAT G0:0044421~extracellular region part 6.17E-11 | 6.14E-09
GOTERM_CC_FAT G0:0005615~extracellular space 3.19E-08 | 2.11E-06
Annotation Cluster 3 Enrichment Score: 8.05

Category Term PValue Benjamini
SP_PIR_KEYWORDS glycoprotein 5.48E-24 | 1.75E-21
UP_SEQ_FEATURE glycosylation site:N-linked (GIcNAc...) 2.21E-21 | 1.76E-18
UP_SEQ_FEATURE topological domain:Extracellular 3.23E-10 | 6.44E-08
UP_SEQ_FEATURE topological domain:Cytoplasmic 6.82E-09 | 1.09E-06
GOTERM_CC_FAT G0:0031226"intrinsic to plasma membrane 8.78E-07 | 4.37E-05
GOTERM_CC_FAT G0:0005886~plasma membrane 1.63E-06 | 6.48E-05
GOTERM_CC_FAT G0:0005887~integral to plasma membrane 4.23E-06 | 1.40E-04
UP_SEQ_FEATURE transmembrane region 4.49E-06 | 5.96E-04
SP_PIR_KEYWORDS transmembrane 6.67E-06 | 4.27E-04
SP_PIR_KEYWORDS membrane 9.31E-06 | 4.96E-04
GOTERM_CC_FAT G0:0044459~plasma membrane part 1.31E-05 | 3.72E-04
GOTERM_CC_FAT G0:0016021~integral to membrane 0.0017 0.0367
GOTERM_CC_FAT G0:0031224~intrinsic to membrane 0.0020 0.0391
Annotation Cluster 4 | Enrichment Score: 3.00

Category Term PValue Benjamini
GOTERM_BP_FAT G0:0008544~epidermis development 4.34E-05 0.0183
GOTERM_BP_FAT G0:0007398~ectoderm development 9.29E-05 0.0311
GOTERM_BP_FAT G0:0030855~epithelial cell differentiation 4.54E-04 0.0742
GOTERM_BP_FAT G0:0060429~epithelium development 0.0014 0.1272
GOTERM_BP_FAT G0:0030216~keratinocyte differentiation 0.0162 0.3897




GOTERM_BP_FAT G0:0009913~epidermal cell differentiation 0.0252 0.4524

Annotation Cluster 11 | Enrichment Score: 1.82

Category Term PValue Benjamini

GOTERM_BP_FAT G0:0007155~cell adhesion 0.0132 0.3574

GOTERM_BP_FAT G0:0022610~biological adhesion 0.0134 0.3565

SP_PIR_KEYWORDS cell adhesion 0.0194 0.2300

Annotation Cluster 15 | Enrichment Score: 1.52

Category Term PValue Benjamini

GOTERM_BP_FAT G0:0042127~regulation of cell proliferation 2.48E-05 0.0208

GOTERM_BP_FAT GO0:0006916~anti-apoptosis 0.0080 0.3092

GOTERM_BP_FAT G0:0043066~negative regulation of apoptosis 0.0082 0.3005
G0:0043069~negative regulation of

GOTERM_BP_FAT programmed cell death 0.0088 0.3002

GOTERM_BP_FAT G0:0060548~negative regulation of cell death 0.0090 0.3004

GOTERM_BP_FAT G0:0042981~regulation of apoptosis 0.0156 0.3852
G0:0043067~regulation of programmed cell

GOTERM_BP_FAT death 0.0170 0.3945

GOTERM_BP_FAT G0:0010941~regulation of cell death 0.0177 0.3968
G0:0043068~positive regulation of

GOTERM_BP_FAT programmed cell death 0.0246 0.4487

GOTERM_BP_FAT G0:0010942~positive regulation of cell death 0.0255 0.4467

GOTERM_BP_FAT G0:0043065~positive regulation of apoptosis 0.0498 0.5794
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Table 3: Select functional annotation clusters of downregulated gene set

Annotation Cluster 1

Enrichment Score: 5.46

Category Term PValue Benjamini
SP_PIR_KEYWORDS disulfide bond 9.26E-09 | 2.02E-06
UP_SEQ_FEATURE disulfide bond 9.89E-09 | 5.37E-06
SP_PIR_KEYWORDS signal 1.45E-07 1.59E-05
UP_SEQ_FEATURE signal peptide 1.52E-07 | 4.14E-05
SP_PIR_KEYWORDS glycoprotein 7.80E-07 | 5.67E-05
UP_SEQ_FEATURE glycosylation site:N-linked (GIcNAc...) 2.52E-05 0.0045
SP_PIR_KEYWORDS Secreted 3.24E-05 0.0018
GOTERM_CC_FAT G0:0005576~extracellular region 7.87E-05 0.0063
GOTERM_CC_FAT G0:0044421~extracellular region part 9.83E-04 0.0312
GOTERM_CC_FAT GO0:0005615~extracellular space 0.0023 0.0587
Annotation Cluster 2 Enrichment Score: 3.93
Category Term PValue Benjamini
GOTERM_BP_FAT G0:0007155~cell adhesion 2.70E-05 0.0301
GOTERM_BP_FAT G0:0022610~biological adhesion 2.76E-05 0.0155
SP_PIR_KEYWORDS cell adhesion 3.86E-04 0.0105
GOTERM_BP_FAT G0:0016337~cell-cell adhesion 6.86E-04 0.2282
Annotation Cluster 3 Enrichment Score: 3.63
Category Term PValue Benjamini
GOTERM_CC_FAT G0:0005886~plasma membrane 7.24E-06 0.0012
SP_PIR_KEYWORDS cell membrane 8.06E-05 0.0029
SP_PIR_KEYWORDS membrane 0.0221 0.2770
Annotation Cluster 17* | Enrichment Score: 1.20
Category Term PValue Benjamini
G0:0033176~proton-transporting V-type
GOTERM_CC_FAT ATPase complex 8.08E-04 0.0320
G0:0016471~vacuolar proton-transporting
GOTERM_CC_FAT V-type ATPase complex 0.0033 0.0738
SP_PIR_KEYWORDS Hydrogen ion transport 0.0052 0.0911
G0:0015986~ATP synthesis coupled proton
GOTERM_BP_FAT transport 0.0055 0.6472
G0:0015985~energy coupled proton
GOTERM_BP_FAT transport, down electrochemical gradient 0.0055 0.6472

*Cluster 17 contains 56 terms and is shown in a condensed form
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Chapter 3, Fig 4: Multi-platform network mapping of regulatory interactions between NR2F1 and DE

genes




Table 4: Gene regulatory protein interactions

within the NR2F1 network

Direct DE Percent of DE

GRP gene targets network genes
EZH2 131 39.7%
FOS 143 43.3%
FOXA1 155 47.0%
GATA3 83 25.2%
NR2F1 94 28.5%
PPARG 81 24.5%
RARA 195 59.1%
RXRA 77 23.3%
SuUz12 42 12.7%
VDR 93 28.2%

GRP = gene regulatory protein; DE = differentially

expressed
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Supplemental Figure and Table Legends

S1 Fig: Doxycycline does not affect TNBC growth. (A) 2 million cells containing only the constitutively
active tetR plasmid (TR1 cells) were injected into the hind flank of 6 week old female nude mice. 24
hours post-injection, animals were placed on a dox-containing (TR1/Dox; n=13) or standard (TR1/no
Dox; n=12) rodent diet. Carcinoma volume (mm?3, y-axis) was measured with a caliper using the formula
%(L*W*H) over the course of 45 days (x-axis). The difference in carcinoma volumes was not statistically
significant between the two groups. Standard error bars are displayed, and p-values were obtained

using the non-parametric Mann Whitney U test (*, P < 0.05; **, P <0.01; ***, P < 0.001).

S1 Table: Expression assays used for qPCR

S2 Table: Background gene list used for functional annotation analysis. Gene symbols were converted
to Entrez gene IDs in DAVID and used as the background gene list for functional annotation analyses on
up and downregulated genes. Due to its size, this table is only available in the electronic version of this

thesis.

S3 Table: Complete list of statistically significant up and downregulated genes from RNA-seq analysis.
An adjusted p-value cut-off of <0.05 was considered statistically significant. Treatment and control

sample values are normalized counts per million (CPM) values obtained from EdgeR analysis.

S4 Table: Functional annotation clustering of upregulated gene set using DAVID - top 25 clusters.
Significant clusters (enrichment score >1.3) are highlighted in red. The gene list from S2 Table was used

as the background list. Due to its size, this table is only available in the electronic version of this thesis.
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S5 Table: Functional annotation clustering of downregulated gene set using DAVID - top 25 clusters.
Significant clusters (enrichment score >1.3) are highlighted in red. The gene list from S2 Table was used

as the background list. Due to its size, this table is only available in the electronic version of this thesis.



Chapter 3, S1 Fig: Doxycycline does not affect TNBC growth
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Supplemental Table 1: Expression
assays used for gPCR

Gene Assay ID
CHI3L1 Hs00609691_m1
CST6 Hs01012810 g1
FCGBP Hs00175398_m1
FOXA1 Hs04187555_m1
IFI27 Hs01086373_gl
NGFR Hs00609977_m1
NR2F1 Hs00818842_m1
NT5E Hs00159686_m1
TNFAIP2 Hs00196800_m1
VSTM2L Hs00327067_m1
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S2 Table: Background gene list used for functional annotation analysis.
This table contains a list of the 15,948 expressed genes (gene symbols and Entrez IDs) used as the
background list for DAVID analysis. Due to its size, it is only available in the electronic version of this

thesis.
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Supplemental Table 3: Complete list of statistically significant up and downregulated genes
from RNA-seq analysis

Genes upregulated in NR2F1-high samples

Treatment samples: NR2F1-high

Control samples: NR2F1-low

fold

gene_id Change pvalue padj MHO1 MHO02 | MHO3 | MHO04 MHO5 MHO06 MHO07 MHO08
CHI3L1 14.18 2.76E-23 | 4.41E-19 78.42 70.43 | 60.03 87.98 4.18 6.56 5.40 4.23
FCGBP 13.60 1.52E-20 | 1.21E-16 292.57 | 316.47 | 648.37 | 488.05 22.11 40.98 31.10 31.88
FOXA1 11.15 5.68E-20 | 3.02E-16 42.38 45.12 45.82 37.28 3.70 3.86 4.71 2.57
SERPINAS 29.35 2.60E-17 | 8.30E-14 6.41 5.72 8.33 6.05 0.24 0.29 0.17 0.15
PKP1 12.41 7.78E-17 | 2.07E-13 53.11 33.68 29.73 51.36 3.14 4.44 3.17 2.42
PTGIS 9.46 3.30E-16 | 7.52E-13 87.38 4542 | 94.34 83.38 8.04 8.00 7.88 8.47
PLAT 19.74 1.46E-15 | 2.91E-12 38.13 40.40 26.46 47.56 3.30 1.93 0.60 1.21
NPNT 11.07 1.67E-15 | 2.96E-12 34.04 84.66 | 70.96 54.93 3.14 2.51 10.11 6.34
TCN1 18.14 4.93E-15 | 7.85E-12 7.87 11.80 | 18.54 11.96 0.72 0.58 1.20 0.23
ALOX5 10.10 1.75E-14 | 2.53E-11 25.70 19.16 18.30 18.31 1.53 241 1.46 2.34
PADI3 18.80 2.10E-14 | 2.79E-11 10.81 8.22 5.64 12.26 0.64 0.58 0.26 0.38
VSTM2L 10.44 6.17E-13 | 7.02E-10 18.91 13.66 22.30 25.24 1.77 241 1.20 2.04
ANO1 4.50 3.41E-12 | 3.63E-09 343.04 | 343.57 | 250.35 | 293.56 43.42 69.13 90.40 66.17
TGM2 9.41 5.06E-12 | 5.05E-09 20.84 18.59 21.73 28.23 2.66 2.80 1.11 2.42
TMEM213 5.84 1.57E-11 | 1.47E-08 28.67 38.29 36.76 26.34 5.16 3.69 8.91 4.15
PECAM1 15.62 1.68E-11 | 1.49E-08 2.32 3.00 2.53 2.12 0.16 0.00 0.17 0.23

LOC10050

5989 60.37 1.86E-11 | 1.56E-08 0.85 2.50 2.70 1.57 0.00 0.00 0.09 0.00
TUB 12.65 2.75E-11 | 2.19E-08 17.29 13.73 6.45 4.74 0.48 0.48 1.46 0.83
INPP4B 12.46 4.10E-11 | 2.97E-08 5.02 16.95 16.74 10.51 0.48 0.48 2.23 0.76
MSX1 9.49 1.06E-10 | 7.36E-08 6.41 6.08 6.86 6.49 0.72 0.58 0.26 0.98
HOXB2 10.08 1.27E-10 | 8.44E-08 6.33 5.22 8.58 6.13 0.16 0.58 0.86 0.98
RIC3 146.37 1.92E-10 | 1.23E-07 0.85 3.29 1.14 0.88 0.00 0.00 0.00 0.00
UGT1A6 28.26 3.61E-10 | 2.22E-07 3.12 4.30 0.82 2.94 0.16 0.09 0.00 0.08
IL1IR2 8.52 3.76E-10 | 2.22E-07 6.10 5.65 5.55 6.78 0.72 0.77 0.34 0.83
UGT1A7 169.33 4.52E-10 | 2.58E-07 1.23 0.56 2.28 2.39 0.00 0.00 0.00 0.00
CST6 6.89 5.89E-10 | 3.24E-07 37.75 28.17 | 40.27 52.89 8.04 5.78 3.34 4.76
GNE 4.48 6.84E-10 | 3.63E-07 99.50 | 106.40 | 87.23 55.56 11.90 13.98 33.67 18.28
CLU 6.52 1.10E-09 | 5.68E-07 191.90 | 130.65 | 351.96 | 290.98 38.60 46.76 20.39 36.48
SPRR3 45.51 1.23E-09 | 5.94E-07 0.93 1.00 2.12 1.53 0.00 0.00 0.00 0.08
INHBB 4.02 1.22E-09 | 5.94E-07 164.88 | 112.26 | 116.15 | 107.82 31.84 30.27 32.73 25.91
IL1B 26.81 1.53E-09 | 7.20E-07 2.70 6.15 1.06 5.40 0.00 0.19 0.00 0.30
PPBP 11.29 1.91E-09 | 8.68E-07 2.62 4.36 3.10 2.63 0.00 0.10 0.69 0.30
SUSD2 5.26 2.07E-09 | 9.18E-07 | 420.62 | 262.04 | 501.59 | 511.21 63.52 99.69 50.47 99.33
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MUCL1 17.42 3.50E-09 | 1.43E-06 1.00 2.57 4.25 3.36 0.16 0.19 0.17 0.08
SCIN 10.03 3.65E-09 | 1.45E-06 1.86 3.08 2.21 1.90 0.16 0.10 0.26 0.30
CAPN8 5.31 4.23E-09 | 1.64E-06 22.54 24.53 10.95 14.74 2.65 3.57 3.17 3.55
NR2F1 4.28 4.54E-09 | 1.72E-06 343.52 | 194.41 | 229.66 | 278.31 41.81 74.60 54.92 68.43
PPP1R14C 5.28 4.77E-09 | 1.77E-06 40.99 37.54 18.46 27.43 5.63 4.63 9.51 3.40
THSD7A 9.52 5.12E-09 | 1.85E-06 2.86 9.94 6.86 4.73 0.82 0.29 0.34 0.83
TMPRSS4 4.53 5.63E-09 | 1.95E-06 54.50 45.26 42.39 60.62 9.01 14.17 9.25 10.73
BPI 26.10 6.25E-09 | 2.12E-06 1.93 1.07 3.27 1.39 0.08 0.10 0.09 0.00
KCNK3 12.43 7.33E-09 | 2.44E-06 2.86 2.86 1.80 4.81 0.32 0.29 0.09 0.23
PLA2G2A 14.44 1.11E-08 | 3.62E-06 2.70 2.29 8.00 5.03 0.24 0.58 0.34 0.08
GLP1R 7.57 1.23E-08 | 3.91E-06 10.73 11.80 5.80 7.30 0.40 1.74 1.89 0.60
SCGB3A1 16.90 2.40E-08 | 7.51E-06 2.32 1.29 5.64 3.50 0.08 0.00 0.26 0.38
MYH16 19.62 2.62E-08 | 8.04E-06 3.24 4.79 0.57 2.48 0.00 0.10 0.09 0.30
PLAU 4.57 3.11E-08 | 9.01E-06 97.84 76.89 38.79 85.48 14.11 21.30 12.75 14.02
GPR115 9.76 3.89E-08 | 1.09E-05 6.25 8.94 2.70 3.28 0.08 0.39 1.29 0.38
F3 4.42 5.62E-08 | 1.49E-05 130.45 | 271.43 84.13 | 134.09 30.72 15.62 62.46 27.42
LBP 8.99 6.57E-08 | 1.69E-05 12.43 13.23 21.56 26.41 1.45 4.44 1.20 0.76
SPRR1B 88.17 8.66E-08 | 2.09E-05 1.08 0.79 0.33 1.24 0.00 0.00 0.00 0.00
A2ML1 14.33 1.08E-07 | 2.58E-05 8.88 6.65 1.72 6.57 0.00 0.96 0.34 0.30
GABRP 3.29 1.16E-07 | 2.71E-05 105.21 | 210.93 | 145.06 79.15 31.52 35.00 48.15 40.64
GRIK2 5.77 1.66E-07 | 3.72E-05 2.86 8.51 5.06 4.30 0.48 0.58 1.20 1.13
COL17A1 5.29 1.65E-07 | 3.72E-05 25.47 29.82 9.72 25.75 5.87 3.09 3.34 3.63
RARB 6.16 1.70E-07 | 3.76E-05 2.86 8.08 7.68 5.54 0.80 0.39 1.63 0.98
KCP 9.08 2.02E-07 | 4.42E-05 11.50 11.15 1.72 3.79 0.40 0.67 1.03 0.83
PTGER2 9.44 3.13E-07 | 6.57E-05 2.16 1.93 1.72 1.24 0.24 0.29 0.09 0.08
ID1 4.45 3.28E-07 | 6.79E-05 9.80 7.58 8.41 8.61 1.45 231 1.97 1.81
C150rf48 6.19 3.92E-07 | 8.02E-05 5.17 6.15 9.56 5.18 0.96 1.74 0.60 0.68
KIAA1755 6.46 4.64E-07 | 9.14E-05 2.62 2.22 2.53 3.94 0.48 0.48 0.34 0.38
EPHB2 3.68 5.88E-07 | 1.13E-04 78.66 51.84 59.95 79.83 19.37 19.97 12.51 18.51
IGFBP1 16.62 6.26E-07 | 1.17E-04 1.47 0.93 1.06 1.46 0.24 0.00 0.00 0.00
MMP28 12.93 7.67E-07 | 1.34E-04 2.01 1.57 0.74 2.92 0.08 0.29 0.00 0.15
HRH1 4.16 7.92E-07 | 1.37E-04 16.13 19.02 8.90 11.75 3.14 2.70 5.14 2.04
SORL1 3.34 8.15E-07 | 1.39E-04 32.19 41.33 44.35 34.51 8.52 7.13 17.22 12.61
CREB3L2 2.81 1.02E-06 | 1.66E-04 227.95 | 293.09 | 243.73 | 212.00 75.99 53.70 127.01 84.98
RAET1E 5.54 1.21E-06 | 1.95E-04 4.55 4.93 2.12 4.30 0.88 0.29 0.69 0.83
LHFP 3.88 1.27E-06 | 2.03E-04 8.49 12.08 7.43 8.97 1.45 1.83 3.20 2.79
Cdorf26 15.90 1.32E-06 | 2.09E-04 0.46 2.22 0.90 1.17 0.00 0.00 0.26 0.00
SLCO2A1 4.00 1.52E-06 | 2.35E-04 19.92 20.81 17.15 26.77 5.23 5.50 3.17 6.19
DAPK1 3.13 1.59E-06 | 2.44E-04 63.07 65.35 35.53 39.25 12.38 13.40 22.53 14.96
GJB2 3.21 1.87E-06 | 2.78E-04 130.92 | 152.59 | 169.48 | 124.53 63.12 27.57 47.73 32.78
TLR7 6.39 2.07E-06 | 3.05E-04 1.54 4.58 4.33 1.90 0.32 0.19 0.60 0.68
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HSD17B11 8.12 2.14E-06 | 3.13E-04 0.85 1.50 1.23 1.39 0.13 0.10 0.09 0.23
KCNE1 4.87 2.36E-06 | 3.43E-04 3.32 2.65 3.35 2.99 0.40 0.39 1.11 0.60
CTSL1 3.45 2.82E-06 | 4.06E-04 19.30 14.89 17.72 14.66 4.66 3.76 4.97 5.36
FIBCD1 5.86 3.21E-06 | 4.53E-04 1.62 1.83 2.04 2.19 0.08 0.39 0.34 0.45
FOXQ1 2.88 3.19E-06 | 4.53E-04 105.06 83.73 83.64 84.99 34.26 29.70 29.30 25.76
PODXL 2.61 3.28E-06 | 4.58E-04 424.63 | 430.59 | 299.11 | 312.57 130.67 | 113.57 173.12 127.88
MAML3 6.49 4.08E-06 | 5.55E-04 2.62 2.57 1.96 1.24 0.00 0.19 0.60 0.45

PIGR 6.58 5.11E-06 | 6.72E-04 8.72 11.51 47.13 10.21 2.73 3.86 1.71 2.95

LOC10013

1551 4.79 6.03E-06 | 7.66E-04 2.24 3.43 2.29 1.39 0.40 0.29 0.69 0.45
STK39 3.46 6.01E-06 | 7.66E-04 10.73 20.38 20.91 13.35 3.94 2.89 6.77 4.83
AXIN2 3.33 6.05E-06 | 7.66E-04 20.14 22.40 12.17 13.13 4.58 3.28 6.60 5.21
EMP1 2.74 6.21E-06 | 7.74E-04 404.25 | 329.27 | 241.12 | 21441 92.23 82.34 162.39 91.25
IL1RL1 9.24 6.90E-06 | 8.53E-04 0.69 2.57 0.74 1.90 0.00 0.10 0.34 0.15
ABLIM3 6.90 7.11E-06 | 8.72E-04 1.62 2.79 0.82 2.41 0.24 0.39 0.17 0.23
SLC23A1 5.54 8.22E-06 | 1.00E-03 1.54 2.22 1.63 2.19 0.08 0.19 0.77 0.30
MATN2 3.16 8.54E-06 | 1.03E-03 15.59 23.10 17.81 19.04 4.50 4.53 9.77 491
TRIML2 11.57 8.68E-06 | 1.04E-03 1.00 2.29 0.49 0.88 0.16 0.10 0.09 0.00
SCARA3 2.81 9.87E-06 | 1.17E-03 141.26 | 107.68 | 142.04 | 152.40 4431 56.98 41.21 44.79
OLFM4 4.04 1.09E-05 | 1.28E-03 182.56 | 493.94 | 754.14 | 314.50 162.76 64.31 121.24 60.28
TNFSF10 3.83 1.12E-05 | 1.29E-03 9.42 35.32 29.00 17.87 4.34 3.66 10.28 5.06
FZD4 3.32 1.11E-05 | 1.29E-03 24.24 30.32 19.68 14.74 3.62 4.44 10.88 7.55
KCNK6 3.33 1.14E-05 | 1.30E-03 13.20 11.15 8.41 9.70 2.65 3.09 3.34 3.25
JAG1 2.60 1.26E-05 | 1.38E-03 143.58 | 162.74 79.47 | 105.27 41.01 36.15 63.75 42.00
ENPP1 3.60 1.37E-05 | 1.47E-03 12.35 32.67 33.41 17.44 4.42 3.86 10.97 7.03
Cllorfle 47.35 1.46E-05 | 1.55E-03 0.62 0.64 0.33 0.29 0.00 0.00 0.00 0.00
LOC10013
0705 6.84 1.52E-05 | 1.56E-03 16.67 17.73 1.96 3.79 0.64 1.45 2.48 1.06
WNT7A 24.43 1.95E-05 | 1.92E-03 0.69 1.00 0.08 1.24 0.00 0.00 0.00 0.08
F2R 3.78 1.96E-05 | 1.92E-03 5.56 12.30 8.90 8.17 1.77 0.96 4.28 2.12
SYTLS 12.57 2.40E-05 | 2.32E-03 0.31 1.07 0.57 0.73 0.00 0.10 0.09 0.00
NOSTRIN 5.82 2.64E-05 | 2.47E-03 1.31 6.72 4.33 2.99 0.24 0.19 1.54 0.60
KANK4 3.25 2.65E-05 | 2.47E-03 13.51 10.51 8.74 7.66 3.14 2.51 3.51 2.87
TNNT2 5.11 3.01E-05 | 2.75E-03 15.82 16.73 4.17 5.62 0.80 1.93 4.46 1.06
CABP4 4.07 3.02E-05 | 2.75E-03 4.48 6.72 2.53 241 0.72 0.67 1.63 0.76
RNASE1 4.10 3.49E-05 | 3.13E-03 7.49 4.93 8.17 7.95 1.61 2.60 0.94 1.51
LGALS9C 6.51 4.20E-05 | 3.70E-03 4.02 3.34 5.74 5.03 0.16 1.85 0.38 0.32
MGAM 431 4.44E-05 | 3.85E-03 1.70 3.65 2.61 1.46 0.32 0.29 0.94 0.53
ENTPDS8 4.04 4.53E-05 | 3.89E-03 5.91 5.29 2.94 2.48 0.56 1.08 1.71 0.68
LAMB3 3.01 4.54E-05 | 3.89E-03 756.09 | 475.14 | 458.87 | 726.60 223.38 | 249.32 117.41 171.31
GPR87 6.43 4.61E-05 | 3.93E-03 3.86 8.37 1.39 4.89 0.56 0.00 1.54 0.68
CCND1 2.35 4.83E-05 | 4.08E-03 158.63 | 151.94 | 112.31 | 124.60 57.01 44.43 71.29 54.16
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ELOVL4 3.52 5.03E-05 | 4.22E-03 12.97 50.98 31.61 28.96 7.08 3.57 16.19 7.88
TMEM156 4.01 5.25E-05 | 4.38E-03 2.01 3.00 2.70 2.19 0.48 0.67 1.03 0.23
5100B 16.59 5.35E-05 | 4.40E-03 0.31 0.43 0.74 0.58 0.08 0.00 0.00 0.00
SCCPDH 2.44 5.50E-05 | 4.49E-03 72.17 | 107.83 91.32 62.01 28.79 23.81 53.21 28.10
HKDC1 3.90 5.60E-05 | 4.56E-03 2.78 2.93 2.53 2.19 0.64 0.29 0.60 0.98
FLJ43826 9.20 5.87E-05 | 4.70E-03 1.16 0.43 0.82 1.02 0.08 0.10 0.09 0.08
RNASE7 6.29 5.90E-05 | 4.70E-03 2.01 2.00 0.49 1.75 0.40 0.10 0.17 0.23
CDCA2EP5 4.90 5.92E-05 | 4.70E-03 3.32 1.57 4.57 4.38 0.88 0.58 0.34 0.91
EFNB1 2.97 5.84E-05 | 4.70E-03 61.85 38.40 59.63 71.49 24.20 18.32 13.71 18.66
HAS3 3.86 6.02E-05 | 4.75E-03 25.16 24.24 5.64 24.15 4.91 6.27 4.63 3.63
PRODH 3.46 6.10E-05 | 4.79E-03 20.69 14.59 8.00 15.03 2.65 5.98 3.86 3.78
FOLR1 3.48 6.27E-05 | 4.90E-03 134.23 | 101.03 | 279.04 | 204.51 65.41 56.72 24.42 49.85
OLFML2A 3.32 6.39E-05 | 4.97E-03 23.39 16.02 10.62 21.08 5.87 5.50 3.68 5.36
GPR132 19.14 6.49E-05 | 5.03E-03 0.85 0.72 0.57 0.29 0.00 0.10 0.00 0.00
CEACAM6 5.45 6.75E-05 | 5.20E-03 3.24 3.65 13.73 4.01 0.56 1.93 0.94 0.98
GJB4 4.15 6.92E-05 | 5.28E-03 10.65 6.94 5.55 10.80 1.69 3.47 1.03 1.59
CYP27C1 3.21 6.91E-05 | 5.28E-03 27.56 44.33 12.58 15.90 5.47 5.78 12.94 5.89
AGR2 2.97 7.19E-05 | 5.46E-03 23.85 51.98 79.72 42.75 15.04 12.82 24.68 13.45
LINCO034
1 3.37 8.94E-05 | 6.70E-03 5.48 8.44 5.06 3.50 1.85 0.87 2.40 1.21
ZIC2 2.64 8.95E-05 | 6.70E-03 20.69 22.38 20.75 17.22 7.16 7.62 8.74 6.08
OXTR 5.10 9.38E-05 | 6.99E-03 2.08 12.16 3.35 5.25 0.64 0.29 2.48 0.91
PGC 10.00 9.75E-05 | 7.23E-03 0.39 0.43 0.90 1.17 0.00 0.10 0.00 0.15
SYNC 2.93 9.93E-05 | 7.26E-03 15.47 25.29 17.72 12.19 3.72 3.38 10.21 6.52
HLA-DPA1 6.94 1.06E-04 | 7.72E-03 1.16 0.79 1.25 0.88 0.17 0.29 0.00 0.09
GLRA3 52.30 1.09E-04 | 7.84E-03 0.00 0.57 1.06 0.44 0.00 0.00 0.00 0.00
CTNNAL1 4.04 1.09E-04 | 7.84E-03 2.70 17.23 8.09 7.08 1.29 1.06 3.77 2.19
STAT4 4.48 1.20E-04 | 8.61E-03 1.00 4.15 1.88 2.55 0.64 0.19 0.77 0.38
ZBTB16 11.06 1.24E-04 | 8.83E-03 0.85 0.50 0.33 0.58 0.00 0.00 0.09 0.08
HES2 3.18 1.30E-04 | 9.18E-03 21.69 12.94 8.74 12.26 4.34 5.01 4.63 2.95
KLF9 3.15 1.32E-04 | 9.27E-03 5.17 17.88 14.78 11.09 2.89 2.70 5.40 4.00
FAM105A 3.38 1.33E-04 | 9.33E-03 2.70 5.08 3.68 2.70 0.56 0.58 1.71 1.21
GPRC5C 3.69 1.43E-04 | 9.93E-03 11.66 6.57 18.38 17.58 2.98 5.11 2.31 3.96
NMNAT2 2.94 1.45E-04 | 1.00E-02 11.17 12.42 5.72 7.37 2.25 2.41 4.54 2.95
FHL1 2.74 1.45E-04 | 1.00E-02 25.86 25.03 26.87 31.00 12.87 7.81 7.80 9.29
RARRES1 2.37 1.45E-04 | 1.00E-02 347.21 | 537.63 | 670.92 | 420.79 176.99 | 131.31 311.63 207.20
NEDD9 2.33 1.47E-04 | 1.01E-02 85.99 76.72 55.38 60.42 30.64 23.43 36.33 25.61
PDLIM3 2.81 1.48E-04 | 1.01E-02 15.98 11.87 13.80 11.09 4.26 4.92 4.03 4.83
NFASC 2.92 1.59E-04 | 1.08E-02 18.76 22.81 10.45 14.08 3.62 7.71 4.97 4.99
LYPD6B 2.73 1.74E-04 | 1.16E-02 9.69 11.73 9.96 8.68 3.22 4.05 4.20 2.64
TFPI2 3.09 1.81E-04 | 1.20E-02 6.79 6.51 6.04 4.30 1.21 2.22 2.91 1.21
SLC15A2 2.52 1.85E-04 | 1.22E-02 29.64 58.92 38.39 28.01 10.29 10.12 24.85 14.88
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RCAN1 2.24 1.95E-04 | 1.28E-02 334.10 | 536.15 | 499.96 | 381.61 160.99 | 133.73 312.57 166.18
MAMLD1 2.24 1.95E-04 | 1.28E-02 81.05 79.94 59.46 65.36 32.81 26.51 34.79 28.78
PIWILA 3.96 2.00E-04 | 1.30E-02 1.47 3.43 1.72 1.17 0.48 0.19 0.69 0.45
SELL 5.78 2.12E-04 | 1.37E-02 0.85 0.72 0.90 0.66 0.08 0.00 0.17 0.23
LGALS9B 5.52 2.12E-04 | 1.37E-02 4.86 2.47 4.34 4.65 1.01 0.00 0.38 1.42
S1PR3 2.49 2.50E-04 | 1.58E-02 25.24 33.89 20.66 24.46 8.12 6.75 17.22 9.37
CI1IQTNF1 2.83 2.53E-04 | 1.59E-02 84.37 61.35 93.28 | 115.34 33.53 40.40 15.68 29.38
RASA3 2.78 2.53E-04 | 1.59E-02 20.30 13.09 12.09 14.44 5.15 5.88 4.28 5.36
FAMA46C 2.80 2.55E-04 | 1.60E-02 8.26 15.37 15.60 8.68 4.10 241 5.31 4.61
LOC10050
7410 3.39 2.59E-04 | 1.60E-02 3.63 4.15 1.55 2.77 0.88 0.48 1.11 0.91
NNMT 3.48 2.67E-04 | 1.65E-02 3.94 2.22 2.61 3.36 0.88 0.96 0.60 0.91
FAS 4.18 2.87E-04 | 1.77E-02 1.85 9.22 4.98 5.98 0.80 0.29 2.66 1.44
DGKI 35.21 2.90E-04 | 1.78E-02 0.31 0.72 0.33 0.07 0.00 0.00 0.00 0.00
ABCA4 2.82 3.08E-04 | 1.86E-02 11.89 15.30 5.80 7.30 2.73 2.89 5.06 3.02
PDZK1 3.81 3.13E-04 | 1.88E-02 531 11.25 2.26 6.20 0.71 0.72 3.07 1.92
GPRASP2 11.88 3.16E-04 | 1.89E-02 9.06 2.91 2.49 2.48 0.00 0.00 1.62 0.00
GAB3 7.63 3.54E-04 | 2.08E-02 0.39 1.36 0.90 0.29 0.00 0.00 0.17 0.15
ARL4D 2.69 3.59E-04 | 2.10E-02 21.00 18.16 17.23 27.36 6.35 9.83 6.01 7.86
CDKN1C 2.98 3.68E-04 | 2.14E-02 9.73 5.01 7.92 6.35 2.25 2.22 2.06 2.95
PLAGL1 3.29 3.83E-04 | 2.19E-02 11.73 33.61 12.25 9.34 3.38 1.74 9.68 4.83
TMEMA45A 2.19 3.85E-04 | 2.19E-02 325.13 | 414.93 | 435.43 | 310.99 194.20 | 111.45 222.09 131.13
NRARP 2.52 3.88E-04 | 2.20E-02 26.32 21.45 17.40 21.08 9.17 7.52 7.11 8.91
PDE8SB 3.41 3.95E-04 | 2.22E-02 1.93 4.58 3.59 2.85 0.56 0.29 1.46 1.36
RAB31 2.35 3.96E-04 | 2.22E-02 76.12 87.38 44.76 56.76 20.59 17.35 49.52 25.08
TMA4SF19 31.80 4.03E-04 | 2.25E-02 0.34 0.47 0.20 0.23 0.00 0.00 0.00 0.00
IL6R 3.23 4.17E-04 | 2.33E-02 5.48 5.72 2.04 2.41 0.96 0.96 1.54 1.13
CHRDL1 5.25 4.34E-04 | 2.40E-02 1.24 0.57 2.37 1.17 0.16 0.10 0.17 0.53
TSPAN1 2.87 4.44E-04 | 2.44E-02 68.31 41.61 78.43 82.00 30.64 28.44 12.08 17.98
HBEGF 2.84 4.54E-04 | 2.49E-02 16.13 11.89 8.00 12.18 5.55 3.57 3.34 3.63
LRRC31 5.11 4.76E-04 | 2.60E-02 0.54 1.43 1.88 1.02 0.00 0.10 0.34 0.45
LAMA4 2.06 4.88E-04 | 2.66E-02 263.61 | 441.03 | 310.79 | 297.46 137.83 | 102.97 220.72 157.94
TF 2.99 5.05E-04 | 2.74E-02 44.39 44,90 | 129.62 48.08 23.96 29.02 14.91 17.07
FUT4 3.64 5.23E-04 | 2.83E-02 2.93 5.15 2.70 1.60 0.32 0.39 1.97 0.68
EGLN3 2.18 5.38E-04 | 2.90E-02 241.76 | 155.65 | 222.00 | 161.95 96.33 71.93 107.53 76.29
ABCA12 3.42 5.64E-04 | 2.99E-02 3.94 7.87 3.27 5.84 1.37 0.39 3.17 1.13
C21orf63 2.46 5.63E-04 | 2.99E-02 18.06 13.51 14.46 14.52 5.63 6.46 6.34 5.51
SRGN 3.68 6.10E-04 | 3.17E-02 1.47 3.93 131 1.97 0.48 0.10 0.86 0.76
CFI 3.75 6.24E-04 | 3.22E-02 1.00 5.22 4.57 2.26 0.40 0.58 1.29 1.06
G0S2 15.23 6.28E-04 | 3.23E-02 0.62 0.57 0.00 0.66 0.00 0.00 0.09 0.00
HAPLN3 2.25 6.37E-04 | 3.26E-02 70.17 71.07 42.31 62.30 20.10 29.70 22.19 32.18
LIPG 2.39 6.41E-04 | 3.27E-02 42.22 43.19 19.60 23.86 10.94 10.99 19.96 10.65
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SMN2 299.20 | 6.70E-04 | 3.38E-02 | 1127 | 0.00| 0.00 0.00 0.00 | 0.00 0.00 0.00
CDHR3 8.25 | 6.74E-04 | 3.38E-02 0.69 1.07 | 0.8 0.61 0.00 | 0.10 0.17 0.00
CREG2 12.09 | 6.78E-04 | 3.39E-02 015| 050| 0.57 0.29 0.08 | 0.00 0.00 0.00
FLG 32.86 | 7.03E-04 | 3.49E-02 031| 072] 0.0 0.29 0.00| 0.00 0.00 0.00
TP63 2.67 | 7.29E-04 | 3.58E-02 | 24.24 | 3582 | 12.74| 2597 | 1061 | 4.05| 13.45 7.55
BLVRA 2.17 | 7.26E-04 | 3.58E-02 | 56.97 | 48.26 | 54.15| 4939 | 2557 | 2073 | 23.82| 22.96
SERPINB1
2 31.66 | 7.42E-04 | 3.63E-02 0.08| 064| 041 0.15 0.00| 0.00 0.00 0.00
SPHK1 3.11 | 7.54E-04 | 3.68E-02 9.26 | 751 | 4.82| 1240 249 | 3.66 1.54 2.72
ABCC11 2.85 | 7.59E-04 | 3.68E-02 270 | 243 | 229 2.33 072 | 058 1.03 0.98
LPCAT1 2.11 | 7.60E-04 | 3.68E-02 | 147.44 | 112.69 | 8045 | 91.41 | 4495| 5264 | 58.09| 42.22
RASL10A 3.47 | 8.09E-04 | 3.87E-02 170 | 164 163 1.09 032 | 0.9 0.26 0.76
C120rf75 2.68 | 8.22E-04 | 3.93E-02 6.18| 7.36| 6.62 5.98 2.49 1.06 3.94 2.11
HRASLS5 2.34 | 8.80E-04 | 4.13E-02 | 18.14 | 21.74| 1642 | 14.59 482 | 579 | 1242 7.10
COL13A1 2.72 | 9.22E-04 | 4.29E-02 9.80 | 15.96 | 4.17 8.90 338 | 3.09 4.28 2.64
SLC2A10 227 | 9.26E-04 | 4.29E-02 | 31.11| 3847 | 31.94| 2101 | 1045| 762| 19.45| 1541
FOX01 2.59 | 9.78E-04 | 4.51E-02 386 | 6.15| 6.70 5.03 1.85 1.54 3.08 1.74
C30rf36 9.01 | 1.02E-03 | 4.65E-02 077 | 0.64| 0.25 0.22 0.00 | 0.00 0.00 0.15
VSNL1 246 | 1.03E-03 | 4.70E-02 | 13.74 | 28.89 | 18.46 | 28.38 812 | 511 1482 7.93
CPA4 2.17 | 1.06E-03 | 4.79E-02 | 11140 | 98.17 | 46.15| 6879 | 3522| 3162| 4824| 30.06
KCNMB4 2.53 | 1.07E-03 | 4.83E-02 579| 586 6.3 5.11 249 |  2.02 1.97 2.11
SLC9A2 3.41 | 1.09E-03 | 4.90E-02 316 | 13.66 | 5.96 5.25 0.80 | 0.87 4.63 1.81
MYH3 3.94 | 1.11E-03 | 4.97E-02 0.85 1.98 | 0.9 1.15 0.00 | 0.29 0.51 0.40

Genes downregulated in NR2F1-high samples

Treatment samples: NR2F1-high

Control samples: NR2F1-low

Fold

gene_id Change pvalue padj MHO1 MHO02 | MHO3 | MHO04 MHO05 MHO06 MHO07 MHO08
IFI127 -12.74 4.33E-18 | 1.73E-14 17.68 10.87 | 17.15 19.70 | 248.18 | 203.05 | 116.55 | 228.11
MAOA -9.98 4.59E-13 | 5.63E-10 1.62 2.29 4.41 1.68 22.52 14.56 35.22 26.81
NGFR -7.47 3.42E-11 | 2.60E-08 9.88 5.93 9.72 10.80 82.26 | 72.12 35.47 68.13
TNFAIP2 -4.87 2.80E-09 | 1.21E-06 86.30 | 101.89 | 43.94 50.19 | 205.70 | 513.87 | 320.12 | 244.13
STAC2 -4.50 3.04E-09 | 1.27E-06 13.59 17.45 | 19.11 16.63 89.10 | 64.31 49.78 79.39
TMEM100 -5.13 5.54E-09 | 1.95E-06 3.01 6.86 4.49 3.87 18.33 13.50 39.40 20.92
MFI2 -4.94 2.94E-08 | 8.76E-06 4.88 4.86 4.08 4.38 15.92 30.75 15.34 23.19
ITGB2 -4.12 2.97E-08 | 8.76E-06 24.66 18.15 | 33.13 25.39 107.13 | 115.27 75.30 | 103.11
WIF1 -6.14 3.41E-08 | 9.72E-06 0.69 1.14 0.90 0.73 4.74 2.60 6.85 6.65
SLC38A3 -5.44 4.68E-08 | 1.29E-05 5.71 4.57 9.07 7.95 44.55 | 40.20 19.95 36.41
FAT3 -8.08 5.16E-08 | 1.39E-05 0.46 0.79 0.33 0.44 2.89 1.54 7.80 4.38
FAM176A -3.44 6.36E-08 | 1.66E-05 37.21 28.38 | 27.61 24.07 | 109.76 | 80.89 95.36 | 101.59
SPON2 -6.81 7.39E-08 | 1.87E-05 1.54 0.72 0.57 0.88 3.78 8.87 5.40 6.65
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LOC64563
8 -4.59 7.76E-08 | 1.93E-05 6.64 4.79 8.58 5.91 34.50 29.41 21.25 28.48
SYT8 -5.80 8.12E-08 | 1.99E-05 4.94 4.22 1.63 2.48 7.88 19.28 20.57 27.27
KIAA1210 -6.33 1.60E-07 | 3.71E-05 0.39 1.86 1.80 0.58 5.31 4.63 9.17 9.06
SH3TC1 -4.29 2.07E-07 | 4.47E-05 11.89 6.22 5.23 6.58 22.92 32.20 30.33 40.18
NES -4.00 2.22E-07 | 4.72E-05 8.11 5.93 8.74 8.61 31.20 35.48 25.68 28.70
TNS1 -3.45 4.04E-07 | 8.16E-05 19.61 13.87 17.56 17.58 51.44 66.72 51.23 59.75
EDN2 -3.87 4.22E-07 | 8.41E-05 15.59 7.65 12.17 12.40 47.44 47.92 39.76 45.02
CA12 -3.49 5.58E-07 | 1.08E-04 12.43 13.09 15.19 7.51 36.75 28.83 62.98 37.92
DYX1C1-
CCPG1 -8.37 6.00E-07 | 1.14E-04 0.22 0.72 0.01 0.21 1.20 2.99 2.34 2.88
LINC0028
4 -3.81 6.36E-07 | 1.18E-04 3.55 4.00 4.49 3.28 9.81 12.15 22.36 13.97
LOC10050
5746 -3.85 6.79E-07 | 1.24E-04 4.47 6.59 2.89 2.55 12.45 13.82 18.86 15.18
LRRC55 -3.32 7.18E-07 | 1.30E-04 19.84 32.03 25.32 22.03 104.24 67.78 89.37 48.49
ITGAL -4.51 7.45E-07 | 1.33E-04 2.47 2.07 4.25 3.21 13.35 13.88 10.28 14.80
UNC5B -3.96 7.52E-07 | 1.33E-04 18.99 12.87 12.17 20.86 58.94 88.51 43.70 54.76
NTS5E -4.11 8.20E-07 | 1.39E-04 12.04 40.26 22.38 17.22 78.24 33.84 155.77 98.57
CD22 -9.82 8.82E-07 | 1.48E-04 0.23 0.14 0.00 0.15 0.96 1.83 1.03 1.44
ARSA -3.56 8.91E-07 | 1.48E-04 10.73 9.72 7.19 6.93 18.41 31.14 30.25 39.43
PRSS21 -9.55 1.01E-06 | 1.66E-04 0.46 0.07 0.25 0.22 1.61 3.86 1.37 2.57
ATP6VOD2 -4.31 1.50E-06 | 2.34E-04 2.01 1.86 2.94 1.09 7.00 6.36 12.68 7.80
RNF150 -4.71 1.62E-06 | 2.46E-04 3.40 2.36 3.10 3.21 11.82 5.40 26.82 14.91
ALDH3B1 -3.60 1.71E-06 | 2.57E-04 11.33 9.13 10.32 10.38 33.72 43.53 22.99 40.74
ADRB2 -4.25 3.77E-06 | 5.23E-04 3.24 2.50 1.63 2.19 9.01 13.59 10.71 5.82
LOC10049
9194 -8.93 3.87E-06 | 5.33E-04 0.15 0.14 0.08 0.15 0.80 1.83 0.77 1.36
LYNX1 -3.57 4.10E-06 | 5.55E-04 35.05 23.81 44.27 43.55 134.05 | 152.62 71.37 142.76
LOC10050
7218 -8.24 4.35E-06 | 5.83E-04 0.18 0.15 0.09 0.07 0.75 1.00 1.33 1.09
ATP6V1C2 -2.90 4.74E-06 | 6.29E-04 24.43 37.34 20.22 13.49 54.92 55.85 91.52 61.93
FRMPD1 -6.46 5.14E-06 | 6.72E-04 0.15 0.29 0.25 0.15 1.21 1.54 1.54 1.06
CLDN10 -2.90 5.20E-06 | 6.74E-04 45.08 44.44 65.26 48.51 170.93 | 138.01 129.90 125.03
RORC -3.96 6.14E-06 | 7.70E-04 2.08 1.72 2.12 1.24 6.75 8.39 5.83 6.04
HCP5 -2.76 8.98E-06 | 1.07E-03 37.52 31.39 32.18 26.04 68.35 | 102.01 73.94 91.93
CD14 -3.62 1.14E-05 | 1.30E-03 33.19 23.24 50.23 47.49 111.61 | 178.58 72.57 175.29
ADAMTS1 -3.40 1.15E-05 | 1.31E-03 25.63 16.23 12.82 11.16 66.42 28.35 80.80 44.87
GPNMB -3.12 1.18E-05 | 1.33E-03 34.12 23.52 49.99 23.71 123.11 76.36 130.24 74.25
C2orf54 -3.30 1.22E-05 | 1.36E-03 30.03 15.73 20.99 31.22 75.11 97.76 52.87 87.09
CACNG4 -3.92 1.24E-05 | 1.38E-03 1.54 1.00 1.63 1.82 6.11 5.98 5.23 5.59
FAM3D -4.10 1.30E-05 | 1.42E-03 17.45 15.59 40.10 31.00 156.16 96.90 50.21 100.46
KRT38 -3.50 1.36E-05 | 1.47E-03 1.70 1.57 1.88 2.04 6.27 5.69 6.08 6.42
WFDC2 -5.98 1.42E-05 | 1.51E-03 0.31 0.43 1.23 0.66 5.55 3.28 1.97 4.00
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PRSS22 -3.02 1.47E-05 | 1.55E-03 11.19 9.94 9.07 8.83 25.49 33.74 22.18 30.60
FGD3 -3.07 1.48E-05 | 1.56E-03 15.75 10.80 11.76 11.75 31.20 45.37 28.45 42.58
LY6D -4.94 1.51E-05 | 1.56E-03 5.40 1.93 1.88 2.26 13.83 18.99 6.17 14.65
GMPR -3.91 1.50E-05 | 1.56E-03 3.24 2.15 3.10 3.36 10.78 14.56 6.85 12.09

FAMS5B -3.23 1.62E-05 | 1.64E-03 8.95 6.15 6.62 7.37 27.10 23.52 19.02 20.24

LEMD1 -2.93 1.61E-05 | 1.64E-03 26.09 23.24 32.10 22.98 88.53 81.18 52.78 66.17

SNCAIP -4.61 1.70E-05 | 1.72E-03 0.23 0.50 0.57 0.66 2.33 1.45 3.08 2.11

TMEM211 -4.95 1.78E-05 | 1.78E-03 0.46 0.29 0.25 0.44 1.69 1.93 1.63 1.74
SLC28A1 -3.47 1.80E-05 | 1.80E-03 7.87 6.22 9.72 7.08 33.37 29.02 16.88 21.68
ISM2 -11.28 2.21E-05 | 2.16E-03 0.15 0.00 0.08 0.07 1.29 0.67 0.43 1.21

H3F3A -181.88 2.39E-05 | 2.32E-03 0.00 0.00 0.00 0.00 0.00 0.00 4.14 3.65

FGFBP1 -2.98 2.42E-05 | 2.33E-03 294.72 | 234.82 | 477.58 | 279.48 | 1239.39 | 874.47 759.82 793.32

RGPD8 -312.57 2.49E-05 | 2.37E-03 0.00 0.00 0.00 0.00 0.00 0.00 13.81 0.87

S100A7 -4.23 2.56E-05 | 2.43E-03 2.15 12.73 3.02 6.05 19.38 31.24 28.19 13.52

ANKRD1 -3.65 2.61E-05 | 2.46E-03 6.15 16.87 7.68 6.61 22.58 13.02 67.34 31.72
ATP6V1B1 -2.98 2.97E-05 | 2.75E-03 209.81 | 180.00 | 267.01 | 282.03 727.90 | 783.94 388.81 764.52
MUC16 -2.86 3.00E-05 | 2.75E-03 34.27 29.10 19.28 16.27 35.62 73.08 107.62 64.43
MMP7 -2.38 3.18E-05 | 2.88E-03 283.06 | 392.48 | 311.66 | 301.87 739.72 | 546.86 | 1074.32 627.17
RASD1 -3.50 3.24E-05 | 2.91E-03 2.16 1.43 1.80 1.75 4.50 7.91 7.03 5.14
SYNM -2.84 3.70E-05 | 3.30E-03 8.26 11.51 7.84 7.44 16.48 18.32 41.90 22.13
EVPLL -4.56 3.73E-05 | 3.31E-03 0.39 0.29 0.74 0.29 2.03 1.55 1.99 1.98
LOC10050

6178 -5.26 4.34E-05 | 3.80E-03 0.85 0.36 0.25 0.22 1.29 1.64 4.20 1.96
Cllorf53 -4.45 4.41E-05 | 3.84E-03 1.54 1.07 1.72 1.46 9.25 6.07 2.74 6.04
LOC10013

3669 -6.92 4.74E-05 | 4.02E-03 0.15 0.29 0.00 0.44 1.05 2.41 0.94 1.66
PPP1R1A -3.93 5.31E-05 | 4.40E-03 1.62 0.79 2.04 1.39 6.59 4.92 4.11 6.57

UCA1 -3.31 5.34E-05 | 4.40E-03 4.86 3.07 3.76 2.19 9.65 14.08 9.85 10.50

HSH2D -3.23 5.87E-05 | 4.70E-03 4.40 3.00 2.94 2.77 8.60 12.63 8.31 11.10
ZFP57 -2.84 8.80E-05 | 6.65E-03 6.33 5.15 3.76 4.09 12.71 13.31 13.88 12.92

MOCS1 -3.38 9.87E-05 | 7.26E-03 2.81 2.04 2.75 2.44 9.43 9.29 4.94 8.47

TMOD1 -2.60 9.89E-05 | 7.26E-03 12.87 9.82 9.35 9.44 22.98 28.17 31.25 22.84

SFTA1P -2.74 1.06E-04 | 7.69E-03 5.48 4.79 5.23 4.96 14.23 12.63 16.02 11.71
IRS4 -3.69 1.31E-04 | 9.21E-03 0.62 1.00 0.65 0.29 2.17 1.25 3.08 2.64

HSD11B2 -2.48 1.66E-04 | 1.12E-02 38.36 30.67 28.10 33.04 65.54 92.85 55.78 94.04

PCDH8 -3.03 1.70E-04 | 1.14E-02 4.63 3.65 5.06 2.70 15.84 9.26 11.48 9.74

PARVG -3.96 1.74E-04 | 1.16E-02 0.62 0.50 0.49 0.36 2.65 1.74 1.54 1.51

MAP2K6 -3.53 1.77E-04 | 1.18E-02 2.39 2.07 3.51 1.75 9.33 2.89 12.08 9.89
RGS2 -3.48 2.16E-04 | 1.39E-02 1.93 6.29 6.21 3.14 9.01 7.91 32.56 12.46

RASL11A -3.33 2.18E-04 | 1.40E-02 1.78 2.50 3.51 2.85 10.53 8.87 4.63 9.14

SLC1A6 -3.26 2.34E-04 | 1.49E-02 30.41 18.66 62.08 42.75 178.46 | 126.20 65.03 108.77

TNF -3.19 2.36E-04 | 1.50E-02 6.02 5.22 2.70 2.77 9.25 20.34 10.80 9.67
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TFCP2L1 -2.50 2.58E-04 | 1.60E-02 653.04 | 639.67 | 327.29 | 255.53 671.61 | 964.71 | 1949.83 | 1050.83
ADH1C -4.45 2.95E-04 | 1.80E-02 1.65 1.79 10.12 2.19 9.65 11.17 26.97 24.83
FBX032 -2.21 2.97E-04 | 1.80E-02 54.27 83.16 60.85 50.04 122.95 81.18 211.12 121.08
SLC6A2 -2.25 3.05E-04 | 1.85E-02 39.83 39.76 37.33 35.82 80.90 98.15 67.08 79.77
KLHL38 -3.20 3.15E-04 | 1.89E-02 1.24 1.07 1.39 0.73 4.34 2.99 2.91 3.17
ABCG2 -3.36 3.29E-04 | 1.95E-02 0.69 1.14 1.06 1.17 2.73 1.54 6.00 3.55
RASSF10 -2.65 3.30E-04 | 1.95E-02 11.81 6.44 5.80 7.22 14.71 18.99 25.36 23.42
LYPD5 -2.24 3.30E-04 | 1.95E-02 35.05 28.45 26.46 27.14 58.38 71.73 60.42 62.15
CYP24A1 -2.94 3.55E-04 | 2.08E-02 1.93 4.29 1.39 1.46 4.91 5.50 9.60 5.36
ETV7 -3.03 3.61E-04 | 2.10E-02 3.09 1.57 3.19 2.63 7.32 9.54 6.25 7.70
CTGF -2.35 3.71E-04 | 2.14E-02 140.64 97.68 | 118.35 | 106.51 370.45 | 186.07 271.87 220.11
LOC72897
8 -5.81 3.81E-04 | 2.19E-02 0.31 0.00 0.00 0.36 0.72 1.06 0.94 1.36
ANGPT1 -4.55 3.85E-04 | 2.19E-02 0.15 3.43 2.70 2.12 6.92 3.37 15.77 11.63
OASL -2.85 3.90E-04 | 2.21E-02 9.88 6.01 6.13 8.75 20.18 27.96 13.19 22.51
CCL17 -3.51 4.22E-04 | 2.34E-02 0.23 0.57 0.57 0.58 1.61 1.93 1.80 1.36
UST -2.41 4.39E-04 | 2.42E-02 10.50 10.73 10.05 8.75 23.24 14.75 35.90 21.45
FAM107A -7.05 5.57E-04 | 2.99E-02 0.08 0.07 0.25 0.07 0.49 1.54 0.34 0.91
LOC10050
5839 -2.64 5.62E-04 | 2.99E-02 12.20 7.08 5.47 8.17 20.42 25.16 17.91 20.02
ATP6VOA4 -2.18 5.61E-04 | 2.99E-02 63.40 50.16 66.75 54.46 120.85 | 147.20 111.90 113.01
RGS16 -2.92 5.74E-04 | 3.03E-02 1.16 1.00 0.82 0.88 2.73 3.09 2.74 2.27
PCDH19 -2.69 5.76E-04 | 3.03E-02 3.47 4.79 5.06 3.50 11.98 5.50 16.79 10.20
ACSS1 -2.42 5.89E-04 | 3.09E-02 7.95 7.79 8.90 7.30 19.22 19.38 15.85 19.34
LGALS7B -3.34 6.06E-04 | 3.17E-02 4.32 1.35 2.61 5.22 11.84 10.62 7.46 14.49
ALDH2 -2.41 6.11E-04 | 3.17E-02 27.17 21.16 38.55 39.10 84.27 83.10 62.03 64.58
PCSK9 -2.74 6.22E-04 | 3.22E-02 14.67 6.86 10.29 8.39 30.07 33.65 17.91 23.34
MX2 -2.99 6.29E-04 | 3.23E-02 6.72 4.15 1.88 2.48 6.52 12.73 12.85 12.32
RINL -2.68 6.50E-04 | 3.30E-02 12.44 7.94 10.86 11.89 37.55 27.09 16.54 28.55
SLC16A3 -2.56 6.70E-04 | 3.38E-02 31.03 16.30 31.69 28.82 77.84 71.83 40.69 74.32
PGLYRP4 -3.63 6.75E-04 | 3.38E-02 0.85 0.79 1.14 0.95 4.26 4.63 1.54 2.19
ARLAC -2.06 7.03E-04 | 3.49E-02 131.38 | 117.12 91.15 90.45 166.53 | 160.82 331.67 222.06
ARSG -2.73 7.13E-04 | 3.53E-02 2.01 1.57 1.72 1.46 4.50 4.82 3.77 4.53
LOC10012
8054 -8.88 7.27E-04 | 3.58E-02 0.08 0.07 0.08 0.00 0.26 0.48 1.35 0.30
OSR1 -2.67 7.72E-04 | 3.73E-02 4.32 3.22 3.43 5.11 9.33 10.12 8.14 14.20
SARM1 -2.20 7.81E-04 | 3.76E-02 16.92 17.53 14.23 15.61 33.00 36.99 30.00 34.75
MIP -8.80 7.85E-04 | 3.77E-02 0.00 0.14 0.00 0.00 0.56 0.39 0.43 0.15
LHX4 -2.93 8.31E-04 | 3.95E-02 1.73 1.87 0.79 0.58 3.27 2.38 4.42 3.91
FLJ41200 -3.62 8.36E-04 | 3.97E-02 1.31 6.22 5.64 3.06 10.05 3.95 32.99 12.84
CHADL -3.33 8.57E-04 | 4.06E-02 1.64 0.79 0.66 1.33 2.52 3.11 2.77 6.11
C100rf116 -2.39 8.74E-04 | 4.12E-02 18.12 12.99 12.74 13.86 27.26 39.33 23.36 41.84
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LRRN2 -2.73 8.79E-04 | 4.13E-02 6.72 3.36 5.55 5.76 14.62 17.35 9.85 14.43
TNNI2 -2.69 9.00E-04 | 4.21E-02 3.47 6.65 3.84 5.03 4.74 14.08 18.85 12.69
PDE5A -3.32 9.26E-04 | 4.29E-02 2.70 18.38 11.68 7.66 16.73 13.02 71.43 32.93
ITGA9 -2.14 9.53E-04 | 4.40E-02 18.56 16.45 13.80 17.14 32.73 29.41 40.96 34.82
PDE4B -2.23 1.01E-03 | 4.62E-02 18.99 40.04 25.65 19.04 44.71 32.88 96.99 51.89
Clorf64 -14.00 1.02E-03 | 4.65E-02 0.08 0.00 0.00 0.00 0.24 0.10 0.43 0.76
LGALS7 -4.79 1.06E-03 | 4.79E-02 0.32 0.15 0.00 0.55 1.03 1.34 0.77 1.75
TNNC1 -3.19 1.11E-03 | 4.97E-02 3.16 2.50 5.15 4.23 16.57 12.05 4.37 12.01

An adjusted p-value cut-off of <0.05 was considered statistically significant. Treatment and control sample values are normalized

counts per million (CPM) values obtained from EdgeR analysis.
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S4 Table: Functional annotation clustering of upregulated gene set using DAVID - top 25 clusters.

Due to its size, this table is only available in the electronic version of this thesis.

S5 Table: Functional annotation clustering of downregulated gene set using DAVID - top 25 clusters.

Due to its size, this table is only available in the electronic version of this thesis.
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Supplemental Methods — Integer linear program (IP) approach

The IP methods outlined below were developed through a collaboration with Dr. Mark Craven
and Sid Kiblawi in the Department of Computer Sciences and Department of Biostatistics and Medical

Informatics.

IP notation and variables

The NR2F1 signaling subnetwork was inferred by solving two integer linear programs (IP). The
first of which determined how many of the DE nodes (genes) could be reached within the given
background. The second IP constructed the subnetwork using the information generated from the first.
We encoded the relevance of each node, edge, and candidate paths as binary variables. Inference was
performed by selecting a combination of paths that satisfied the constraints listed below and optimized

the objective functions.

Notation

We denoted the set of nodes as ' where each node, n, represented either a protein or a target
gene. IV was a single element set containing the source node, NR2F1. V' Twas the set of DE genes.
N T* was a subset of IV Tthat represented the number of target genes that could actually be reached.
N Irepresented the remaining nodes that were either gene regulatory proteins or intermediary factors

that were present in our background network but were not source nodes or targets.

The complete set of edges, £, was the union of subsets EYand £ which represented the
undirected (protein-protein interactions) and directed (regulatory interactions) respectively. We
denoted an edge between two nodes n; and n; as e = (n, n;). £(n) referred to the edges that touched a

particular node n. V'(e) returned the nodes that were involved in that edge.
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The set of paths was denoted as P, with each path represented as p. All paths in the set were
source-target paths. £(p) returned all edges in a given path. V'(p) returned all nodes that were

contained within a specific path.

Variables

The relevance of a path p was represented with a binary variable g;,, which took the value of 1 if
the particular path was predicted to be included, and 0 otherwise. The predicted relevance of an edge
was represented by the binary variable x,, which took a value of 1 if the edge was in at least one
relevant path, and 0 otherwise. The predicted relevance of a node was represented by the binary

variable y,,. The variable received a value of 1 if it was present in any relevant paths, and 0 otherwise.

IP constraints and objective functions

Determining relevant target nodes

The first integer linear program determined how many of the DE genes could actually be

reached through the background network satisfying the following constraints:

All edges in a relevant path were relevant. For an edge, e, to be relevant (x,=1) there must have been at
least one relevant path that contained it (o, = 1). Therefore, a relevant path p must have been

composed of relevant edges, e.

Veef x,< Z Ty
pEP(e)

VpEP Ve€&E(p) o0,=< X,
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All nodes in a relevant edge were relevant. A node, n, was relevant if it was connected to a relevant

edge, e, (where x,=1). Each node, n, for a relevant edge, e, must have been relevant (y,,=1).

VneEN y, < Z X
ee&(n)

VeeE VneN(e) x.< y

All differentially expressed genes must have come from a regulatory element. In order for a gene to have
been DE, at some point in a path there was a change to one of the gene’s regulators. We wanted all

paths to end with a regulatory element acting on a DE gene.

vn e NT ynsz x

e
eegP(n)

No intermediary factors could come from a regulatory element edge. Since most of our intermediary
factors and gene regulatory proteins were not part of the DE gene set, it was safe to assume that these

genes were not changing their expression.

vn e N1 0= Z X,
eegP(n)

Objective function. In order to determine which of the target nodes could actually be reached following

these constraints we used the following objective function:



118

max(| V7 =D y)
nenT

The set V' T* was composed of all genes that were determined to be relevant based on the

constraints and the objective function above. This set was what we used in the second IP.

Determining intermediary nodes

The second objective function we used contained all of the same constraints in the first IP, but

by replacing ' T with V' T*, an additional constraint was added.

There must have been at least one path leading to a target node. In order to include as many target
genes in the subnetwork as possible, we forced the subnetwork to include at least one relevant path

where a target gene was also relevant.

vhne NT* 1< 2 oy
PEP(N)

Objective functions. Our goal was to infer a subnetwork that minimized redundancy while still containing
all of the possible DE genes. Therefore, we wanted the smallest number of gene regulatory proteins and

intermediary factors as possible in our network.

min Z Vn

ne N

The objective function above gave us the size of the network, but there was the possibility of

multiple solutions that satisfied this objective function. To improve the plausibility of our network,
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intermediary factors and gene regulatory proteins were selected that had the highest relevance to the
literature based on their RNA-Seq normalized counts per million (CPM) values, w(n). In order to further
reduce the chance of multiple solutions, we selected the potential nodes that had the highest GADGET

score, g(n), from the subset of nodes that achieved the highest RNA-Seq score, V' Ix,

max(| N =) ;vnw(n))

nen!

max Z yng(m)

ne N I

Finally, as multiple paths may have been used to reach the target nodes, and we did not know
whether one or many gene regulatory proteins were acting on the DE genes, the edges between nodes
selected for our subnetwork were maximized. This was true for protein-protein interactions within the

network as well.

max Z Xe
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Chapter 4 — Conclusions and Future Directions

The Mcs5c locus:

Mcs5c acts within the mammary gland to influence the expression of Pregnancy-associated plasma
protein A (Pappa) in an age-specific manner during the immature (iWOS) and adolescent (aWOS)
windows of susceptibility.

Mammary gland transplant experiments identified a significant donor effect on carcinoma
multiplicity, indicating that Mcs5c acts in a mammary gland-autonomous manner. Expression analysis of
nearby genes found Pappa to be differentially regulated between Mcs5c resistant and susceptible rats.
This differential regulation occurred in an age-specific manner, with 4 week old susceptible rats having
reduced and 6-9 week old susceptible rats having increased levels of Pappa expression in mammary
epithelial cells (MECs). This time period corresponds to the broad birth-to-young-adult WOS (byaWQS)
observed in humans, and the age-specific differences in Pappa expression changes suggested the

existence of the immature and adolescent sub-windows which differentially alter Mcs5c activity.

The Mcs5c locus regulates Pappa expression in MECs through a physical interaction with an intronic
region of Pappa that is age- and tissue-dependent.

We hypothesized that Mcs5c contained a regulatory element responsible for mediating Pappa
expression differences observed in MECs. Chromosome conformation capture (3C) experiments were
used to identify a physical interaction between the two regions that would be indicative of such
regulation. Through 3C analysis, we identified an 8.5kb region within Mcs5c, termed the temporal
control element (TCE), that interacts with Pappa’s first intron in an age-dependent and MEC-specific

manner. This interaction was observed in both Mcs5c resistant and susceptible rats, but was specific to
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time periods falling within the aWQOS (6 and 7 week) and was not observed during the iWOS (4 weeks) or
in adult rats (12 weeks). A reduction of TCE copies in a rat mammary carcinoma cell line (LA7) through
CRISPR/Cas9 gene editing resulted in reduced Mcs5c-Pappa looping and correlated with a reduction in

Pappa expression, suggesting that the TCE is indeed relevant to Pappa regulation.

Allele-dependent differential methylation of Pappa CpG island (CGI) shore sites may contribute to
Mcs5c¢ regulation of Pappa expression.

The intronic region of Pappa that is targeted by TCE looping resides in a CGl shore region,
located approximately 2kb away from a conserved CGl spanning exon 1. Bisulfite pyrosequencing was
used to investigate the methylation levels of CpG sites near this region, as shore methylation has been
associated with expression differences. We identified 6 sites within the Pappa intron that are
differentially methylated in MECs between Mcs5c resistant and susceptible rats specifically during the
aWoOS (6 & 7 weeks). Mcs5c susceptible rats had decreased methylation levels compared to resistant
rats and, during this time period, methylation levels were negatively correlated with Pappa expression
levels, suggesting that Pappa CGl shore methylation is an additional mechanism by which Mcs5c

regulates Pappa gene expression.

This work has identified, to our knowledge, the first genetic mechanism underlying the WQOS
phenomenon, and highlights Pappa as a novel factor during this critical developmental period. Many
guestions, however, still remain. Of primary importance is the creation of a Mcs5c TCE knockout rat. TCE
knockdown in LA7 cells resulted in a reduction in Pappa expression, suggesting that this region acts as
an enhancer of Pappa. |, therefore, would propose the targeting of the TCE in the susceptible Wistar-
Furth (WF) rat strain, and hypothesize that this would reduce Pappa expression in MECs during the

aWOS compared to wild-type WF rats, resulting in a mammary carcinoma resistance phenotype that
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mimics Mcs5c resistant congenic rats. This knockout model would also provide the opportunity to
address another unanswered question, namely, whether Mcs5c-Pappa looping is the driving force
behind differential shore methylation. If this is the case, we would expect to see a difference in shore
methylation between TCE knockout WF and wild-type WF rats. Alternatively, if differential methylation
drives Mcs5c-Pappa looping through some other non-TCE-dependent mechanism, methylation would be
unaffected. If this were the case, we would hypothesize that carcinoma multiplicity in TCE knockout rats
may not mimic Mcs5c resistant congenics and may either show no difference from wild-type rats or may
show an intermediary phenotype, as an absence in looping, in general, may still decrease Pappa
expression. In this instance, a Pappa CGl shore knockout rat would clarify the dependency of looping on

shore methylation.

Our results suggested the presence of at least two sub-windows (iWOS and aWOS) in the rat
within the corresponding human byaWOS. Mcs5c activity appears to heavily depending on age, with
differences in activity observed during the iWOS and aWQOS. We have speculated that these window-
specific differences in function could be explained by interactions with proteins specific to these
developmental time points. It is known that a great deal of gland development and differentiation takes
place during this age range [1,2], and these differences in cell composition of the mammary gland may
result in significant proteomic differences. A thorough investigation of cell-type differences and the
proteomic landscape of MECs from these developmental time periods through flow cytometry and mass
spectrometry would provide insight into differentially expressed proteins that may be involved in the
differential activity of Mcs5c during the iWOS and aWOS. More targeted studies could also be initiated
to identify proteins involved in Mcs5c-mediated regulation of Pappa specifically during the aWwOS.
Specifically, CTCF binding sites identified in rat liver tissue [3] within the TCE suggest that this protein

may be involved in the looping interaction. | would like to verify that this interaction takes place in MECs
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through ChIP-gqPCR. However, this approach could not be used to identify other factors that bind this
region. To do so, | propose using a technique developed by Nordhoff et al [4] that uses matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to identify proteins bound
to a specific DNA probe. This would allow for the identification of protein complexes bound to regions
within the TCE or the targeted intronic Pappa region. Additionally, through the use of WF or WKy allele-
specific probes, we could investigate whether strain-specific sequence variants affect protein binding or

protein complex formation that may contribute to differential Pappa expression.

In addition to Pappa’s role during the aWQOS, expression analysis | have performed on DMBA-
induced mammary carcinomas suggests that Pappa may also play a role during tumor progression.
Carcinomas from Mcs5c susceptible rats showed a 59% increase in Pappa expression compared to
tumors from resistant rats (p-value = 0.0017, n = 17 and 19; Fig 1). To identify the relevance of PAPP-A

expression in human breast cancers, | utilized the Oncomine database (www.oncomine.com, Thermo

Fisher Scientific) to examine PAPP-A levels in publically available human breast cancer microarray data
stratified by various clinical classifications. This analysis was similar to the one performed by Smits et a/
[5] for the Mcsla locus. My analysis revealed that PAPP-A expression was increased in ER-, HER2+, and
triple-negative (TN) breast tumors, but was not associated with tumor grade or PR status (Fig 2). In this
way, PAPP-A seemed to be associated with more aggressive tumor types, and we speculated that it may
represent a novel therapeutic strategy for TNBC. Work by others has shown that increased PAPP-A
activity enhances the growth of ovarian and lung cancer cell lines [6,7], and we sought to test if this is
true for TNBC cells. An overexpression strategy identical to that described for NR2F1 in Chapter 3 was
employed; however, overexpression of PAPP-A in MDA-MB-468 cells failed to increase carcinoma
growth in vivo (data not shown). | hypothesize that this may be due to the presence of an inhibitory

protein, such as Stanniocalcin-2 (STC2) [8], that diminishes the effects of PAPP-A overexpression.


http://www.oncomine.com/
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Alternatively, the MDA-MB-468 cell line may not be dependent on the IGF-signaling pathway for cell
growth and survival. To address the first hypothesis, | purpose to examine STC2 levels in cells with and
without PAPP-A induction, as perhaps compensatory overexpression of STC2 was initiated. To address
the second hypothesis, PAPP-A expression could be reduced in a TNBC cell line with high endogenous
expression, and its effect on cell growth in vivo could be measured, with the hypothesis that this should

reduce carcinoma growth.
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Fig 1: Pappa expression is increased in Mcs5c susceptible mammary
carcinomas. Pappa expression was examined In mammary carcinomas
from MesSc susceptible (n = 17) and Mes5ce resistant (n = 19) rats 15
weeks after DMBA administration. Gene expression relative to Mcs5c
susceptible levels was determined via qPCR and standardized to Thp
expression. P-values were obtained using the non-parametric Mann-
Whitney U test (*, P=0.05; " P=0.01;**, P =0.001).
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Fig 2: Oncomme analy5|s of PAPF-A expression in human breast tumors. Microarray datasets with >12{] samples were analyzed
for expression differences based on various clinical subtypes (G = tumor grade, ER = estrogen receptor, HER2 = human epidermal
growth factor receptor 2, PR = progesterone receptor, TN = triple-negative). The number of studies analyzed is listed below each
category, along with the number of tumors included in the studies. Statistics were performed using the Kruskal-Wallis rank test in R
(*,P< 005 ", P<001,™, P<0.001).
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Additional future directions focus on the use of the Mcs5c¢ congenic rat model, or its target gene
Pappa, in a prevention and therapeutic setting. | believe that this model will be useful for functionally
characterizing how environmental factors may affect breast cancer risk by influencing genetic x WOS (G
x WOS) interactions. There is growing concern over the impact adolescent exposure to a broad range of
environmental factors, including early-life stress (ELS), diet, phytoestrogens and other chemicals, may
have on long-term breast cancer risk [9]. The effect aWOS-specific exposure of these factors may have
on mammary cancer risk could be investigated in the Mcs5c model, and exposure-specific alterations in
Mcs5¢ mechanistic activity could be investigated. In this way, we could begin to understand molecularly
how early exposure to environmental risk factors affects a specific pathway related to breast cancer risk.
Understanding the interaction of environmental factors on G x WOS interactions may be crucial for the
identification of window-specific risk variants. To date, no breast cancer-associated SNP has been
identified in Mcs5c or the Pappa gene through GWAS. However, this may be due to the requirement of

an initiating environmental exposure during childhood that then affects the risk of a select group of risk-
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variant harboring women. Mcs5c or Pappa-associated SNPs may therefore be missed in GWAS that do
not account for this type of exposure. This thesis work showing the effect that WOS can have on genetic
risk factor function will hopefully highlight the need for these types of interactions to be considered in

the context of risk assessment.

The Mcsla locus:

Overexpression of the Mcs1a target gene Nr2f1/NR2F1 results in decreased TNBC cell growth in vivo.
The human TNBC cell line MDA-MB-468 was identified as having low endogenous NR2F1

expression levels. Inducible overexpression of NR2F1 in these cells resulted in a decrease in final

carcinoma volume and growth rate, suggesting that the NR2F1 signaling pathway is a relevant

therapeutic target for TNBC therapy.

Many differentially expressed genes resulting from NR2F1 overexpression in TNBC cells are associated
with a luminal-like molecular profile. This is consistent with Mcs1a-associated promotion of a luminal
phenotype in MECs and may explain the therapeutic benefits of NR2F1 expression in TNBC.

FOXA1 is a well-characterized driver of luminal breast cancers and a critical component of
normal luminal breast development. Its upregulation following NR2F1 overexpression, and the
downregulation of triple-negative/basal-associated genes, supports earlier work correlating Mcs1a
activity to luminal MEC differentiation. As luminal breast cancers tend to be less aggressive than TNBC, it
further suggests that the promotion of a luminal-like profile may explain NR2F1-associated TNBC tumor

reduction.



133

Network modeling represents a useful tool in the identification of regulatory pathways of therapeutic
interest.

Our modeling strategy incorporated numerous regulatory interaction data to identify possible
pathways by which NR2F1 is mediating differentially expressed gene changes. Through this modeling,
we were able to identify FOXA1, RXRA, RARA, and FOS as important regulatory nodes. FOXA1 and the
retinoic acid pathways, in particular, represent therapeutic areas that may be targeted through
combination treatment strategies. These strategies can be assessed in the future using our NR2F1-

inducible model.

In this work, | have demonstrated the therapeutic relevance of the Mcsla target gene NR2F1 in
TNBC. The analysis of differentially expressed (DE) genes resulting from NR2F1 overexpression and
NR2F1-based regulatory mapping has identified a number of genes, pathways, and strategies of future
interest for targeted and combination therapies. Most intriguing of these include targeting of the
vacuolar-ATPase complex, manipulation of the retinoic acid signaling pathway, and the promotion of a
luminal molecular profile, or “luminalization”, of triple-negative cells via NR2F1 and FOXA1 signaling.
The tetracycline (tet)-inducible TNBC cell line system engineered during the course of this work
represents a valuable in vitro model to begin to test these therapeutic strategies. However, its ability to
recapitulate in vivo results needs to be tested. Initial in vitro gene expression experiments show that 48
hours of exposure to tet-containing media was not capable of recapitulating the majority of expression
changes seen at necropsy in xenograft carcinomas (Fig 3; compare to Chapter 3 — Fig 3). Specifically, only
NR2F1 and CHI3L1 show significant tet-dependent expression differences. | purpose to repeat these
experiments with a longer time period of tet exposure, and hypothesize that this will result in a better

recapitulation of in vivo expression changes. Additionally, | would like to verify that protein level
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changes can be detected for DE genes of interest, particularly for secreted DE genes, as they would

represent a readout of NR2F1-signalling that could be scaled up for high-throughput screening purposes.
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Fig 3: qPCR validation of DE genes in vitro. The same set of DE genes selected for vernfication through qPRC in vivo were
analyzed in vifro. Two separate plates of cells were exposed to media containing 1pg/mL tetracycline (NR2F1-high/Tet, n = 2) for 48
hours or mock treatment (NR2F7-low/no Tet, n =2). Cell were collected and RNA extracted for gPCR expression analysis. Relative
gene expression levels were standardized to the reference gene PPIA, and standard error bars are shown. P-values were obtained
using a two-sided t-test (*, P < 0.05; *, P <0.01; ***, P < 0.001).
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If NR2F1-mediated expression changes could be modeled in vitro, it would make for a simplified
system with which to test out therapeutic candidates before initiating in vivo studies. If not, these types
of studies would be undertaken directly through xenograft experiments that would mimic those
presented in Chapter 3. | would specifically like to test out whether overexpression of NR2F1 in TNBC
cells has sensitized cells to treatment with existing therapeutic agents. In vitro, this would entail treating
cells with a combination of tet (for a pre-determined length of time that would initiate expression
changes observed in vivo) followed by treatment with retinoic acid (RA). The anti-cancer effects of RA
have been shown by Lin et al [10] to be mediated by NR2F1- and RARA-dependent signaling, and our
network modeling suggests that RARA is a central regulator of numerous NR2F1-dependent DE genes. |
hypothesize that NR2F1 overexpression would make cells more sensitive to RA treatment and may be an

example of a possible combination treatment strategy for TNBC. Additionally, work performed by
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Marcotte and colleagues [11] that correlated gene essentiality with drug sensitivity data from Daemen
et al [12], suggests additional cancer drugs that NR2F1-high cells may be sensitive to due to NR2F1-
mediated expression changes. In this analysis, a gene was considered positively correlated to drug X if it
was essential to the survival of a cell line and that cell line was also sensitive to drug X. This would
suggest that the gene in question may be a direct target or in the targeted pathway of drug X, and high
expression would be ideal with use of such a drug. A gene was considered negatively correlated to drug
X if it was essential to the survival of a cell line, but that cell line was resistant to drug X. This would
suggest that the gene may be important for drug resistance, and you would want low expression of the
gene before using drug X. | examined the correlation between gene essentiality of top DE genes of
interest and drug resistance data (Table 1). An initial analysis suggests that the PI3K/mTOR class of drugs
may be more effective in NR2F1-high 468 cells, as we have increased expression of genes that are
positively correlated with drug sensitivity (and may represent drug-targeted pathways) and decreased
the expression of negatively correlated genes (that may confer resistance). In general, these
combination therapies would be exciting treatment strategies to test out in either an in vitro or in vivo

model.

Table 1: Correlation of gene essentiality and drug sensitivity for NR2F1 -dependent DE genes

Class 1 Class 2 Class 3 Class 4 Class 5
Upreg genes (PIBK/mTOR)  (EGFR/MEK/ERK) (AURORA/CDK) (Mixed) (DSB/Taxanes)
CHI3L1 POS - - - NEG
FCGBP - POS POS - -
FOXA1 POS NEG NEG - NEG
SERPINAS POS - - POS -
NPNT POS - NEG - NEG
Downreg genes
IF127 - - POS - POS
MAOA NEG - POS POS -
NGFR NEG - - - -
MFI2 NEG - - NEG POS
ITGB2 - - NEG POS -

POS = positive correlation between gene and drug sensitivity; NEG = negative correlation between gene and drug sensitivity
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Additionally, | would like to continue to work on refining the NR2F1-based network model.
Currently, a major limitation of our approach is that much of the protein-DNA interactions were
obtained from an ER+ breast cancer cell line [13]. Although the literature-based weighting method used
for node integration (GADGET) was TNBC-specific and therefore helped to downplay ER-dependent
interactions, ideally, | would like to perform ChlP-seq experiments in our NR2F1-high 468 cells. From our
initial network model, NR2F1, FOXA1, RARA, FOS, and RXRA appear to be central gene regulatory
proteins whose binding sites following NR2F1-overexpression would be of interest. Binding site
verification for these critical factors in a TNBC cell line would be essential for refinement of the model.
Altogether, this thesis work highlights the relevance of the NR2F1 signaling pathway as a target in the
treatment of TNBC. As this clinical class currently lacks effective targeted therapies, the identification of
new combination strategies and targets is a welcome addition in the fight against this particularly

aggressive form of the disease.
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