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Abstract

Tqgifl and Tgif2 repress gene expression by bindingctly to DNA, or interacting with
Transforming Growth Factor (TGF}responsive SMADs. Tgifs are essential for
embryogenesis and may function in tumor progres®granalyzing both gain and loss
of Tqif function in a well-established mouse modeintestinal cancer, we show that
Tgifs promote adenoma growth in the context of mu#gc (Adenomatous Polyposis
Coli). Despite the tumor suppressive role of TGkgnaling, transcriptome profiling of
colon tumors suggests minimal effect of Tgifs om T"GF pathway. Instead, it appears
that Tgifs, which are up-regulatedApc mutant colon tumors, contribute to
reprogramming metabolic gene expression. Integyagene expression data from colon
tumors with other gene expression and chromatidibgndata identifies a set of direct
Tqif target genes encoding proteins involved intdd@oA and pyruvate metabolism.
Analysis of both tumor and non-tumor tissues inisdhat these genes are targets of
Tqif repression in multiple settings, suggesting th a core Tgif function. We propose
that Tgifs play an important role in regulating icaanergy metabolism in normal cells,

and that this function of Tgifs is amplified in seroancers.
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Chapter 1 — General Introduction

1.1 Colorectal Cancer (CRC)

1.1.1 Background

Colorectal cancers (CRCs) are the third most pestalancers and are one of the
leading causes of cancer-related deaths in thed&tates. Over 140,000 new cases are
estimated to be diagnosed in 2018 in the UniteteStaone (1), and worldwide, it is
estimated that 700,000 people die from CRCs ydajlyThere are two forms of CRCs,
sporadically obtained and genetically inherited] #re vast majority of cases of CRC are
sporadic in nature, accounting for nearly 75% oflgediagnosed cases every year (3).
While the majority of this thesis work focuses podically obtained CRC,
understanding how both of these types of cancse gields a complete and overlapping
insight into the molecular mechanisms of tumorigenedisease progression, and
treatment. As such, is not surprising to find tG&Cs have been heavily studied, and
there is a well-established order in which mutatianise to cause a colorectal growth to
become a carcinoma (4) (Figure 1.1).

Colon cancer is a disease of the epithelial celthe colon (5). The colonic
epithelial cells form invaginations called crygtse key structural feature of the
intestines. The life span of a colonic epithelial ¢ very short, just 3-5 days. As such,
the intestinal stem cells (ISCs), found at thedyatbf colonic and small intestinal crypts
(henceforth referred to as ‘crypts’), are constadiVviding to replace the cells that are
lost, and these stem cells give rise to the reietifferentiated cell types found in the

epithelium. ISC progeny, transit amplifying (TA)llsg are highly proliferative. These



Figure 1.1 — Canonical progression of sporadic CR(®).
Transitions from normal tissue to invasive carciaoane partitioned by major pathways
mutated within the progression of CRC, and patag# indicates the approximate age at

which mutations occur in the appropriate pathways.
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cells divide and differentiate into the various| ¢gbes populating the crypt including
goblet cells, enterocytes, and enteroendocring ¢€J| and this all of this rapid division
is thought to force differentiated cells to migragavards along the crypt axis (8,9). As
mature epithelial cells die, they are released ftioenepithelial surface, and ISCs and
TAs constantly are required to replace them (5 @he key difference between small
intestinal and colonic crypts is the presence afg#acells in the small intestinal crypts
but not in colonic ones. These cells protect thalsimtestine ISCs from potential enteric
pathogens and additionally secrete various pro-tiréigands, including WNT,
facilitating the growth and division of ISCs (10)11

There are currently two theories on the cell agiarin CRC — a bottom-up theory
proposing the ISC is the cell of origin and the-tlqwvn theory in which either an ISC or
differentiated cell can be the cell of origin. Este for the top-down theory has mostly
come from histological studies which were unablditectly identify the direct cell of
origin due to the experimental method used (5).i#althl support for the top-down
theory comes from the many murine models of CRGshittilized Cre-mediated
deletion ofAdenomatous polyposis c@ipo (more onApcbelow) in all cells of the
intestinal epithelium, not just the stem cellspider to generate tumors (12-14).
However, recently, there has been some strong resgd®r the bottom-up theory through
genetic manipulations in mouse models. Mice wit@ Epecific deletions fohpcrapidly
developed colonic adenomas, whpc deletions in TAs and differentiated cells only
sporadically resulted in adenomas (15). Additianatience for the bottom-up theory has

been found in mouse models of prostate cancergiddé)glioblastoma (17). The sum of



the evidence suggests ISCs are most likely theotelligin in CRCs, and stem cells are
most likely the cells of origin for many types aincer (18).

Canonically, tumor initiation begins with a mutatim the tumor suppressor
APC, a key negative regulator of the WNT pathwaySCs, causing changes in colonic
crypt morphology (5,19). The crypts have more peddtive cells which are less
differentiated, and crypt fission, the process Iliyol a crypt splits in two, is observed.
This generates the colonic polyp, an abnormal grdvam the surface of the mucosal
membrane (Figure 1.1). Then, additional mutationthe RAS/MAPK pathway (mutated
in 66% of CRCs) help accelerate the growth of thigpin to an adenoma. Over time,
pathways involved in cellular proliferation/survif®|3K/AKT) (mutated in 36% of
CRCs), cell cycle/apoptosis (p53) (mutated in 6G%RCs), and TGF signaling
(mutated in 28% of CRCs) can become mutated, tgramadenoma into an invasive

carcinoma (3,6,12,19)
1.1.2 WNT signaling and the role of APC

WNT signaling

Wingless or WNT signaling was initially describeddrosophila melanogaster
and then was subsequently described in other nawgahisms, including but not limited
to XenopusandMus musculusWNT signaling plays a critical role in embryonic
development, cell proliferation, cell migrationdacell fate (20—22). Aberrant WNT
signaling has been implicated in the carcinoger@fsisany cancers, including, but not
limited to, breast, prostate, and CRCs. WNT signiatian be broken down into two
groups, canonical and non-canonical. The key diffee between the canonical and non-

canonical branches of WNT signaling depends onnyavement of -catenin —



canonical WNT signaling usescatenin to drive transcriptional programs whilenno
canonical WNT signaling occurs independently afatenin involvement and regulates
planar cell polarity and the WNT/calcium pathwaf2)( Canonical WNT signaling is
the best studied and understood within the corteRCs and will be in focus moving

forward.

Cannonical WNT signaling pathway

In the absence of WNT pathway activation, APC fothes -catenin destruction
complex by scaffolding and binding AXIN1/2, GSK3and -catenin (Figure 1.2). This
destruction complex sequestersatenin within the cytoplasm. Cytoplasmicatenin is
subsequently phosphorylated by casein kinase M2 /@), targeted for ubiquitination,
and degraded. When canonical WNT signaling is ateiy, the WNT ligand binds to the
extracellular domain of the FRIZZLED receptor a #imino terminus, which then
causes FRIZZLED to couple with a co-receptor, ERP5/6, to disrupt the-catenin
destruction complex. When bound to WNT, the FRIZBDILERP5/6 complex binds
AXINs, part of the -catenin destruction complex, to the cellular plasnmembrane,
causing the dephosphorylation if AXINs. This sedqua®n of AXINS, in turn, causes
another protein, DISHEVELED, to become activated iibit the activity of GSKS3, a
kinase able to phosphorylatecatenin and facilitate its eventual proteolysis.the
destruction complex is sequestered at the plasnmabmage and is unable to facilitate the
phosphorylation of -catenin, -catenin accumulates in the cytoplasatatenin then is
able to enter the nucleus and drive transcriptipnadjrams by binding to the TCF/LEF

transcription factors (20-22).



Figure 1.2 — The WNT signaling pathway.
The WNT signaling pathway is shown here in both@#é= and ON states. Percentages

underneath proteins indicate how often they areatadtin CRC.






APC has a key role in the negative regulation ef\¥INT pathway within
multiple different tissue types and specificallythium the epithelial cells of the colon, the
typical progenitors of CRCs (15,18,22,23). The vaajority of sporadic cases of CRCs
involve dysregulation of the WNT signaling pathweayth the largest proportion being
mutations in APC. Other, less common mutations;@atenin and AXIN1/2 also inhibit
the destruction of-catenin (Figure 1.2). Taken together, it is vdeac that
dysregulation of WNT signaling has a critical rotehe initiation and propagation of

CRCs.

APC, a tumor suppressor

Sporadic CRCs make up the majority of cases diagghesery year, and up to
80% are characterized by a mutation or deletidhéntumor suppressé&denomatous
polyposis col(APC) gene (12,19)APCencodes a 2843 amino acid single helix protein
that serves as a scaffold for theatenin destruction complex which includesatenin,
AXIN1/2, and GSK3. Most mutations in APC in CRCs occur in the matattiuster
region (MCR), a region spanning amino acids 12864]1%and these mutations are almost
exclusively create truncated versions of APC (Cncers with mutations in APC in the
MCR typically have more severe phenotypes thanaraneith mutations in APC outside
the MCR. One study even found that expressiontnirecated version of APC
(APC'®®®) a truncated version of Apc with the MCR intalitl not generate tumors in
mice, suggesting a tumor selection bias for APCatiuts to occur in the MCR (24).
Normally, the MCR contains-catenin binding regions and facilitate the appiadipr
scaffolding configuration of the-catenin destruction complex. Mutations in the MCR

affect the -catenin binding and downregulation domains in AR@Gditionally, as these
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mutated APC proteins are also truncated, theyAatiN binding sites and the
microtubule binding Basic domain. These mutation&PC render it unable to serve as
the scaffolding protein in the-catenin destruction complex, resulting in the
dysregulation of -catenin signaling and eventual cancer (19,25).ikdradenomatous
polyposis (FAP), a heritable form of CRC with gelime mutations in APC rendering it
less able to bind and form thecatenin destruction complex, results in a virtL@0%
lifetime risk of development of CRCs, highlightitige critical role of APC function in
CRC pathogenesis (26). Less frequently, CRCs carabsed by mutations in other
members of the WNT pathway includingcatenin activating mutations, mutations in
regulatory phosphorylation sites markingatenin for degradation, and loss-of-function

mutations inAXIN1/2(Figure 1.2).

Roles of APC outside Canonical WNT signaling

APC has been found to have multiple other rolesidatof canonical WNT
signaling. These roles include maintenance of thie aytoskeleton, cell-cell adhesion,
and cellular migration. Additionally, mutationsAPC are linked in with a phenomenon
known as chromosomal instability (CIN), leadingctslular aneuploidy in up to 85% of

all CRCs (19).

APC involvement in cytoskeletal integrity, celludatthesion, and migration

APC function has been implicated in the maintenaricermal cellular
cytoskeleton and adhesion at both the single celltessue levels in the colonic
epithelium, and mutations in APC have been condect¢he aberrations in these two
processes in CRCs. APC has been linked to cytdskahaintenance by its interaction

with -catenin and-catenin, which promotes actin stabilization (2¥dditionally,
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mutations in APC result in a disorganization of @ams junctions by breaking up the E-
cadherin, -catenin,(-catenin, and actin complex because of the ingtmhtAPC to bind
to -catenin properly (25,28). This dysregulation ofi@eknce junctions can lead to loss
of cellular polarity and abnormal cellular migratiom the colonic epithelial crypts. Cells,
instead of moving upward from the bottom of thepttpwards the top, may migrate
abnormally or not at all, remaining at or nearhl&om of the crypt as a result of
mutations in APC (29). As these cells accumulatefarm a polyp, they eventually can
become tumorigenic through the activation afatenin target genes (e.g. c-MYC,

CyclinD) and aneuploid via CIN.

APC involvement in Chromosomal Instability (CIN)

CRCs are often found to be aneuploid, having amm@bal number of
chromosomes. This aneuploidy can be found in apprately 85% of CRCs, from early
stage adenomas through carcinomas, perhaps suggegtiays an important role in the
progression of cancer. Aneuploidy in CRCs can teddrther defects in chromosome
separation, or CIN. How CIN is initiated in tumagigesis is unclear, but APC has been
implicated with CIN and may play an integral rod?C has a microtubule binding
domain, the basic domain, which is thought to cahn@crotubules to chromosomes
during mitosis to facilitate proper chromosome sggtion (30). APC binds the plus end
of a microtubule through an adaptor protein EB1 aftaches it to the kinetochore by
binding and forming a complex with BUB1 and BUB3)3The two BUB proteins are
mitotic checkpoint proteins; therefore, wild-typ®®@& helps facilitate normal mitotic
spindle formation, maintaining cellular diploidy.dgt mutant versions of APC are

truncated proteins which have lost the microtultieling domain. They, therefore, may
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not be able to bind to BUB1 (32), thus disruptihg ticrotubule-to-kinetochore
attachment, leading to a defect improper chromossggesgation and resulting

aneuploidy.

Taken together, APC plays a major role in CRC tugssresis and propagation,
mainly through the regulation of the WN¥¢atenin pathway. It has additional roles in
maintenance of cellular architecture, cellular &ibve and migration and may play a role

in the chromosomal instability seen in the vastanj of CRCs.

1.1.3 Treatments for CRCs

With the current public awareness of the necessiscreen for CRCs, many
CRCs are caught at early stages of tumorigenatigr es polyps or at Stages | or Il
Treatment for Stage | and Il cancers, early stagets which have not expanded
through the colonic mucosa or submucosa, is surgésaction of the tumor(s), with
adjuvant chemotherapy utilizing DNA-damaging ag€@scovorin/irinotecan) and
DNA replication inhibitors (5-fluorouracil/capcitate) (33,34). Stage | and Il treatments
for rectal cancer include neoadjuvant chemothesgmieviously mentioned followed by
radiation treatment. Radiation treatment is typycabt a feasible option for colon
cancers. For patients with Stage Il tumors, tuntbas have grown through the muscle
layer around the colon but have not broken thrahglouter layer of the colon, platinum-
based DNA damaging compounds, e.g. oxaloplatinégdatin, are added to the adjuvent
regiment for Stages | and Il (34). For Stage IVagag, tumors that have broken through
the wall of the colon and potentially metastasittedther organs, the primary treatment

typically is chemotherapy. Treatment includes thegd used to treat tumors in Stages I-
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[l in addition to more targeted therapies sucimasmoclonal antibodies against
epidermal growth factor receptor (EGFR) and vascat@othelial growth factor
(VEGFR) and pan-receptor tyrosine kinase inhibi{8&36). At the moment, few

targeted treatments are available for CRCs, tholighnumber is slowly growing.

1.1.4 Mouse models of CRC

While no animal model of CRC is able to fully caguhe full extent of the
human disease, development of murine models of B&been critical in understanding
its pathogenesis. Mouse models need to have thmeeriant characteristics in order to
have translational potential to human diseaset,Fivg disease needs to present in the
appropriate tissue. Second, the murine disease@nakds to share similar molecular
and histological features to the human diseaselljrthe murine disease model must
mimic both the underlying molecular mechanismsaihpgenesis and the complexity in
human disease (12).

There are three ways to induce tumor formation icers spontaneously, using
carcinogens or other environmental factors, ogeaetic manipulation (12). Mice rarely
develop CRCs spontaneously, with an incidenceafadés in the small intestine and 1%
in the colon at 24 months of age (37). As a resiudt,spontaneous model of CRC is both
an inefficient and expensive way to study the hutiaaase even though most human
CRC arises spontaneously. Additionally, given hofseiquently the CRCs arise
spontaneously, it is difficult to adequately chaegize the molecular mechanisms
underlying the disease.

One murine model of CRC with potential human reteeais the western diet

model. The western diet, characterized by consumptf large amounts of processed
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and red meats, fats, and sugars, has been shawodislate the risk of CRC in humans,
especially in western countries (38). This modekmEexogenous factor (diet) influencing
the spontaneous CRCs is an appealing one becdagmtentially able to represent the
underlying complexity of the development of humaRd3. Murine studies have focused
on this diet in order to recapitulate a potentia@genous promotor of human CRCs. Mice
are typically fed a diet containing four times agam fat and 90% less calcium (39).
These models result in hyperplasia/dysplasia inrttestine, appearing to prime the
intestine for the incidence of colon cancer as spddo directly causing it (39,40). In
one study, mice fed a diet high in fat and lowibef developed intestinal tumors with
characteristics of human invasive adenocarcinofagever, only 25% of the cohort
studied developed intestinal tumors, and the mieeevied the Western Diet for two
years (37). In addition to the time, cost, andfingfncy in the number of mice
developing intestinal tumors, there is a major pewbwith the Western Diet model of
CRC - the molecular mechanisms by which tumorsansnice as a result of the
Western Diet are unclear whereas how human CREs &rivell understood and
characterized (Figure 1.1). As a result, it is gmeghat the physiological changes
induced by the Western Diet model of CRC may notestely mimic the human disease
pathogenesis.

A second exogenously induced model of murine CRIZes chemicals with
mutagenic potential. Few chemicals are commonlg.uSae of the most often used
chemicals is azoxymethane (AOM), a strong alkytpagent (41). Intraperitoneal or
subcutaneous injections of AOM induce tumors inimeicolons, most often by inducing

mutations in -catenin, allowing the protein to resist regulatdegradation (42,43).
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However, in order for AOM to become carcinogenicigeds to be metabolized into its
active form. This process occurs in the liver, raftbich the active form of AOM is
excreted into the intestines through the bile dd4). However, there are studies in rats
which provide evidence suggesting AOM metabolisnig@ctive form can also take
place in epithelial cells, including the cells iml@nic crypts (45,46). Through both of
these routes, AOM is highly carcinogenic, and tiguction of tumors is highly dose-
dependent (47-49). While the chemically inducedineumodels of CRC follow similar
molecular mechanisms of pathogenesis, humans tigpara not exposed to such large
amounts of alkylating agents. Additionally, the tusithat do develop typically do not
follow the metastatic patterns of the human dised®# induced tumors rarely
metastasize to the liver or lung, two organs tocliiuman CRCs commonly metastasize
(50). With these two drawbacks, this model mayraptesent the typical sporadic nature
of the human disease.

The vast majority of work in a mutagenesis inducedine model has been done
in the Apé’"n mouse. This mouse has a truncating mutation iiAB@ gene at amino
acid 850 and causes tumors in both the small ineeand colon (51). Due to this
mutation being present through the entirety ofiifletime of the mouse, these mice
become anemic 60 days post birth and die at 126 piast birth (52). APE" mice
develop about ten times more tumors in the smadsiine than in the colon unlike the
human disease where no tumors are found in thd sitedtine. However, this model of
CRC accurately captures the molecular and pathcdbtriaits seen in the human
heritable CRC, FAP, and these traits are compataldpontaneous CRCs as well (53).

As a result, much work has been done within thisi@hto not only characterize the
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development of CRCs but also to study preventatieasures and treatments for the
human disease. This model has also been usefludiating modifiers of CRC risk, but
these modifiers are very dependent on the genatikgsound of the mouse lines used
(54-57). Overall, the AP model has been very important in understanding the
pathogenesis of human CRC but has major drawbacksding the inability to control

the timing disease initiation and the impact of gle@etic background of the mice used in

study on potential modifiers of the disease.

Genetically modified mice

The advent of genetically modified mice has alloweskarchers to more
faithfully recreate human CRCs at the molecular paithological level compared to the
previous models discussed. There are three maengalyes of the genetically modified
mice models of CRCs. Firstly, genetic models altegearchers to identify and
characterize the roles of specific genes in theqgenesis of CRCs. Secondly, the timing
of tumor initiation can be controlled. Finally, tHesease can be contained to the
intestines (12).

The Cre/loxP system is typically used to creatiiaible mouse models of CRCs.
The Cre is commonly linked to the promoter of thtestinal epithelial cell specific gene
Villin (14), although other genes have also been usg23(68—61)Villin is a gene
expressed throughout the epithelial cells in bbthamall and large intestines of mice,
making it a suitable candidate for intestinal-spedransgenic activation. However,
Villin expression is not limited to the epithelial ceifghe intestines. Aillin-LacZ
transgene showed expression in the intestinesratie ikidney starting at embryonic day

(e) 9 (14). While this additional expression isoaegmtial weakness of théllin transgene,
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subsequent transgenes purportedly specific to tmnmintestines also have been shown
to have extra intestinal expression, with someicgusiore severe unintended
developmental consequences than others. It aptiedrall of the published intestinal-
specific genes used for the Cre/LoxP system hagie specific drawbacks, and no one
promoter or method can specifically target and ic@nfransgenic expression to the
intestines (12).

TheVillin promoter has been used to generate two versioGsecdble to create
intestinal-specific deletions of floxed alleleseahat is activated when the gene is
activated during normal embryonic development amel that is tamoxifen-inducible
(62). The key difference between these two contnigahe time at which they are
activated. The normalillin-Cre is activated at €9, while the tamoxifen-intleiCre is
only activated when the mouse is injected with taifeo. The advantage of this
tamoxifen-inducible Cre is that it more faithfulgsembles the nature of the human
CRCs in that the mutations required to generatelidease are generated after birth, but
both versions of th¥illin-Cre use a version of a mutat&dcto generate intestinal
tumors mimicking the molecular mechanisms and paglyoof human CRCs.

There are many mouse models of CRC which use ageanc Cre, e.g/illin-

Cre, in combination with floxed alleles of oncogene.gKras (63) andCtnnb1

(encoding -catenin) (64), and tumor suppressors, Elsh2(65) andTgfbrll (66), but
floxed alleles ofApcare used in conjunction with an intestinal spedire to induce
tumorigenesis. Typically, loxP sites flanking eitle&on 14 (67—69) or 15 (70) are used
in animal studies, with Cre-mediated deletion adret4 being the more commonly used

mouse model of the twaApc- ®) (69). Apc™° mice, in the presence of Cre, have a
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frameshift causing a stop codon in the gene, riegulh a protein which only contains the
first 580 amino acids of the 2843 amino acid wjlge protein Apc-<® mice, in

conjunction with a Cre-mediated (e\gllin-Cre) deletion to instigate tumorigenesis, is a
mouse model also able to identify the role of sfpegenes in the pathogenesis of CRCs.
By allowing the researcher to knockout or increseexpression of a specific target
gene potentially implicated in CRC pathogenesisgaechers have been able to leverage

this model effectively in order to understand th&aal roles of genes involved in CRCs.

1.2 TGF Signaling Pathway

TGF signaling regulates a wide variety of moleculargasses from cell
migration, adhesion, and differentiation to embmigsis and organ development in
various different tissue types and contexts (71-¥bis pathway is often misregulated in
diseases, including cancers, and its effects areilgecontext dependent. In cancer, the
role of TGF signaling can vary depending on the state ofuh®ot. In pre-malignant
states, TGF signaling typically is considered to have a tursoppressive role by
limiting cellular proliferation and promoting celar cytostasis and differentiation. In
contrast, malignant tumors are able to hijack TGignaling to promote metastasis by
inducing epithelial-to-mesenchymal transition (EMiRcreasing cellular motility, and, at
times, evading immune regulation. Mutations inahiéint pathway components of the
TGF signaling pathway are commonly seen in CRCs, aftéhe later stages of tumor
progression, after the tumor has already develdpiggire 1.1). TGF signaling, along

with its differing roles within tumors, will be disssed in further detail moving forward.
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1.2.1 Canonical TGF signaling pathway

There are two branches of the TGdtgnaling superfamily, the TGF
/Nodal/Activin subfamily and the bone morphogenetioteins (BMP) subfamily, and
both subfamilies use a similar mechanism to regutainscriptional programs (76).
TGF signaling is activated when a ligand, e.g. TG&ctivin, BMP, binds to a TGF
type Il receptor (e.g. TGFBRII) homodimer which sefuently forms a heterotetramer
with a TGF type | receptor (e.g. TGFBRI) homodimer (Figurg)1This complex
functions as a serine/threonine kinase as TGFBIRisphorylates TGFBRI which then
phosphorylates receptor-activated effector SMADSWRADS), SMADs 2/3 for TGF
and SMADs 1/5/8 for BMP. These phosphorylated SMABsociate with the co-Smad,
SMADA4, translocate to the nucleus, and, in conjoncivith other transcriptional
activators and repressors, modulate gene expre@&lefi6). Each protein complex
consisting of SMAD4-RSMAD-cofactor regulates a @iéfnt set of genes depending on
the cell type and molecular context. Through thterichangeability, the TGF
superfamily is able to affect gene programs in lo#ny tissue types and in different
contexts.

TGF signaling is regulated at many levels within tk#,drom the cell
membrane to the nucleus. R-SMADS, when not actngoavnstream effectors for TGF
signaling, can be regulated in the cytoplasm by 8A8mad anchor for receptor
activation) (77). SARA acts as an anchor and hBIKEEMADS near the cellular surface,
which primes R-SMADS for activation through phospitation. Once TGFBRI
phosphorylates an R-SMAD, the R-SMAD loses itsratfjifor SARA and exposes the

region of the protein responsible for nuclear impOnce the R-SMAD binds to
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Figure 1.3 — The TGF signaling pathway.
The TGF signaling pathway is shown. Percentages undermqeatiins indicate how

often they are mutated in CRC.
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SMADA4, it is able to move into the nucleus.

Inhibitory SMADs, SMAD6 and SMAD?7, block TGFsignaling at the protein
level at both the TGFreceptors and R-SMADS (78). SMAD6 competes witBlRADs
to bind the co-SMAD, SMAD4. SMAD7 competes with RA&DS to interact with
activated TGFBRI and TGFBRII, targeting them fogdation by recruitment of the E3
ubiquitin ligases, SMURFs (Smad ubiquitin regulgttactors). Additionally, SMAD-
regulated transcription can be regulated at théheyepressors SKI and SnoN, both of
which function independently from each other (79,8@IFs (Thymine-Guanine
Interacting Factors) also regulate TGétgnaling by acting as a corepressor and binding
the SMAD complex already bound to DNA and inhilgtitmanscription of TGF target
genes (81-83). In sum, there are multiple mechantbat can regulate TGFsignaling

to maintain cellular and tissue function.

1.2.2 Tumor-suppressive role of TGF

TGF signaling has a key role in tumor suppressiombybiting cellular
proliferation and promoting cellular cytostasis aliffierentiation (71-73). TGF
signaling has been found to inhibit cell cycle pesgion through G1 by two mechanisms
— inhibition ofc-MY Cand upregulation of cyclin-dependent kinase irtbiisi (CDKis).c-
MY Ctranscription is inhibited by a protein complexsisting of SMAD3/4, E2F4/5,
p107, and C/EBP, SMAD2/3 and E2F4/5 bind to tleeMY Cpromoter, and transcription
is repressed by the repressor p107, which reathisr co-repressors (84,85). CDKi
regulation via TGF signaling is direct through SMAD-mediated trangtian and is cell
type specific, with different cell types requiridgferent CDKis to arrest growth. For

example, in epithelial cells, TGFsignaling can induce expression of the CDK:is,
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p21CIP1 and p15INK4b, which inhibit Cyclin E anddlig D, respectively (84).
However, in hematopoietic progenitors, TGRduces the CDKi, p57KIP2, able to
inhibit CYCLINs A, D, and E (86). However, the suatal of these transcriptional
activities, the inhibition o€-MY Cand upregulation of CDK:is, limits progression tingt
the cell cycle and promotes cytostasis in varialktgpes (73).

TGF signaling promotes cellular differentiation todgwoliferative cell types by
negatively regulating transcription ID proteins. pibteins [nhibitor of Differentiation)
act as antagonists to prodifferentiation transmipfactors by directly binding to a class
of transcription factors characterized by a basicxHoop-helix (bHLH) motif (87).
Proteins with a bHLH motif, such as MYOD and NEURQ&xtors that cause cells to
differentiate into muscle or neuronal cells, arkedb bind DNA and regulate
transcription once they dimerize. ID proteins havelix-loop-helix motif but are unable
to bind DNA. Thus, when ID proteins bind to proteimith a bHLH motif, they
negatively regulate the ability of bHLH-containipgpteins to bind DNA and regulate
transcription (87). Published studies on ID pratdimave shown ID proteins promote
murine embryonic stem cell self-renewal through Bmgdiated Smad activation (88).
TGF signaling has been found to suppress tumor foonand proliferation in murine
endothelial and epithelial cells through downregalaof ID protein expression mediated
by Smad3-mediated recruitment of the repressor AibRBeld1 promoter (89). Thus, by
downregulating ID proteins in epithelial and endtmaécell lines and xenografts of Ras-
driven epithelial breast cancer cell line (90), T&Gignaling is able to promote cellular

differentiation and inhibit cellular proliferation.
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1.2.3 Tumor-promoting role of TGF

The TGF signaling pathway can also have a tumorigeniciroteancers. This
tumorigenic role typically occurs in later-stagetieglial cancers when the tumor
suppressive function of TGFsignaling has been lost, and it instead promate®t
growth and invasion. TGFsignaling achieves this through both SMAD-depenhdea
independent pathways.

Epithelial-to-mesenchymal transition (EMT) is @pess by which cells lose
components of cell junctions and become motileiamdsive. This process is essential in
embryonic gastrulation to create, among other #hitige neural crest and somites (73).
This highly motile process is often hijacked byid@arcinomas in the process of
metastasis. Within the context of cancers, TGignaling has been found to be sufficient
in order to induce EMT-like behavior in transformgaithelial cells primed to become
tumors (91). Additionally, there is enrichment Td&F ligands in the stroma of the
leading edge of invasive cancer. TGE able to induce EMT through SMAD-regulated
transcription, by inducing the transcription fast@NAIL, TWIST, and SLUG (92). This
SMAD-dependent signaling is enhanced by RAS agt{@8), especially as RAS is
mutated in ~40% of human CRCs (12). Inhibition ofFBRI by a kinase inhibitor
(LY2109761) has been shown to change the fateezfdbicancer CD44+ of cells
undergoing EMT from a mesenchymal-like state tocaenepithelial like state (94).

TGF has also been reported to facilitate EMT throu@MAD-independent
mechanism, though this pathway has been less dtudiece activated, TGFBRII
phosphorylates PARG6 which then recruits its effec@URF1, an ubiquitin ligase that

targets RHOA for degradation (95,96). RHOA is at@irothat stabilizes and maintains
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the cell-cell tight junctions. Destabilization abiceakdown of these tight junctions, in
addition to the other pro-EMT TGHSMAD-dependent signaling events, facilitates

EMT seen at the leading edge of cancers in a T@&pendent manner.

1.3 Thymine-Guanine Interacting Factors
Thymine/Guanine-Interacting Factors (TGIFs) ineule proteins TGIF1 and

TGIF2 which function as transcriptional (co)reprass81,82). TGIF1 was first

identified by its ability to bind a DNA sequence (GIGTCAA 3’) within the promoter

of the ratCrbpll gene (97). When TGIF1 binds to this site, it blotke binding of

retinoid X receptor (RXR), repressing the exprassibtheCrbpll gene. TGIF2 was
subsequently discovered by its similarity to TGtRough a search for human expressed
sequence tags (ESTs). Both TGIF1 and TGIF2 shgidyhconserved homeodomain and
carboxyl-terminal repression domains, but the oéstheir respective sequences have
minimal overlap (Figure 1.4), indicating that whikeir core functions may be similar,

they may have different mechanisms of regulati@nefgoounded upon later).

1.3.1 Transcriptional Regulation by TGIFs

TGIF1 was initially discovered by its ability tortal and inhibit transcription of a
retinoid response element (97). This repressionfurélser shown to be a result of direct
competition with RXR to bind to RXR responsive etts. TGIFs are members of the

atypical TALE (three amino acid loop extension)exdi@mily of proteins (97-99). The
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Figure 1.4 — TGIF1 and TGIF2 proteins.

Human TGIF1 and TGIF2 protein schematics with paradentity and similarity for
conserved domains are shown. Amino acid scaleowistabove and below for each
protein. Major domains are represented: the hommado(HD), the 20 amino acid
region carboxyl-terminal to it (+20), and the cateterminal repression domain (C-ter
RD) are present in both TGIFs. The red region artenminal to the HD represents the
five amino acid PLDLS CtBP binding motif which islg present in TGIF1 and not in
TGIF2. DNA-binding by the homeodomain and carbaeymminal repression domain
interaction with HDACs and mSIN3 is indicated. Atagphfrom Wotton and Taniguchi,

2018 (100).
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TGIF homeodomain of consists of three helices, atag of sixty amino acids
(101,102), and the TALE. Located between the fist helices and having minimal
effect on DNA binding, the TALE may facilitate imgetions with other proteins,
including other homeodomain proteins (98,103). &@mple, PBX-HOX interactions
are TALE-dependent and help facilitate animal depeient (104,105). However, it is
currently unknown if the TALE facilitates any proteroteins interactions between

TGIF1/2 and other proteins (106).

Protein interactions with TGIF1 and TGIF2 facilitat e its repressor activity

TGIFs are able to recruit and interact with otlmanscriptional corepressors,
including mSIN3 and histone deacetylases (HDAGs}atilitate repression (81—
83,107,108). TGIF1 interaction with mSIN3 (Figurd)lwas shown to be through the
repression domain closest to the carboxyl termiand,HDACs can bind mSIN3, as
corepressors such as mSIN3 are required to faeiH®AC function with certain DNA
binding repressors (83). TGIF1/2 interaction witBIN3 is required for repression of
TGF signaling. Compounding this, TGIFs, have been shtmnnteract with HDACs to
repress transcription without mSIN3. Thus, the eX&&lF corepressor complex may
contain some combination of TGIFs, HDACs, and mSIhg the identity of this
complex is unclear (108).

TGIF1 is able to recruit and bind to the corepresStBP, through an N-terminal
PLDLS motif (107). Crucially, TGIF2 lacks this mb#nd is therefore unable to bind to
CtBP (Figure 1.4). Therefore, TGIF2 cannot repgesse expression through a CtBP
interaction and might only function as a HDAC-degemt repressor (108). TGIF1 and

TGIF2 have mostly been considered and studiedpasgssors of the TGFpathway and
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appear to regulate similar genes, but they areaddsoto bind directly to DNA to inhibit
transcription independent of the TGpathway. Thus, TGIF2, unable to interact with

CtBP, may function as a HDAC-dependent repressaiae of TGIF1.

TGIF-mediated repression

TGIF-mediated gene repression happens in one @ thays: TGIFs bind
directly to DNA at the consensus site, TGIFs bimadtive SMAD proteins at TGF
responsive genes, or TGIFs compete with or intenalitectly with ligand-bound nuclear

hormone receptors. These are discussed below.

Direct transcriptional repression by TGIFs

Analysis of genome wide chromatin immunoprecipitatsequencing (ChiP-seq)
for TGIF1 in mouse embryonic stem cells has yielsi@ahe interesting results. Much of
the genome (~6000 ChIP-seq peaks in gene promagiens) has peaks for TGIF1
(109), suggesting that the major role of TGIF1liedi transcriptional repression. Once
TGIF1 is bound to the genome at its consensusgslie, other corepressors, e.g.
HDACSs, are recruited in order to further repreasscription (81-83,107,108). This
observation from the analysis of ChlP-seq datdt8l+1 is consistent with multiple
TGIF1 knockdown or knockout RNA-sequencing (RNAJsagalyses of various cell and
tissue types which suggest the majority of geneesgion changes observed following
decreased expression of TGIF1 are independenedf&F pathway (109-111). Most
of the published data on TGIF transcriptional ratjoh has been done on TGIF1 with
some data about TGIF2. However, given that TGIFLBGIF2 share functional

domains, it is reasonable to think the two protéiage similar functional, even
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redundant, roles with regards to transcriptiongutation, potentially through different

mechanisms.

Regulation of the TGF signaling pathway

The main body of work on TGIF function thus far lw&@®n on its role regulating
the TGF signaling pathway, and, as a result of this, TGl&ge been misnamed TGF
interacting factors. TGFsignaling modulates gene expression through an R-
SMAD/SMAD4 complex. This complex translocates itite nucleus where it is able to
activate or repress TGRargets with the help of other co-activators @ressors. TGIFs
regulate this TGFtarget transcription by binding to SMADs alreaasyubd to DNA
(81,82,112). TGIF1/2 binding to the SMAD complesutlts in the inhibition of the
TGF -regulated gene transcription. This binding evenhdependent of TGIFs binding
to DNA and is in competition with coactivators timdb to the SMAD complex. It should
be noted that while regulation of TGBignaling via the SMAD complex by TGIFs does
not require DNA binding, this potential form of tber regulation has not been ruled out.
In fact, the TGIF1 homeodomain has been shownt&vant with the SMAD MH1
domain and decrease the DNA binding affinity of Wieole protein complex (112).
There is little evidence to suggest TGstgnaling regulates TGIFs directly, suggesting
that while TGIFs regulate and repress TGkgnaling at a cellular level, there is no

further feedback mechanism due to this interaction.

Regulation of Nuclear Hormone Regulated Responses
A large family of transcription factors, nucleacegtors (NRs) dimerize in
response to ligand and bind to hormone responseeelis (HRES) within DNA to

control gene expression programs. Initially, TGWds reported to bind to a retinoid
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response element in the @itbp2 gene (97), limiting its transcriptional activityrough a
proposed mechanism of competing with RXR, a compartner for many different
nuclear receptors, including retinoic acid receptdiGIF1 can be recruited to NR-bound
direct repeat HREs and function as repressors giwoso mechanisms. The first is direct
binding to its consensus site. The second is diaext interaction between TGIF1 and
RXR through the RXR ligand binding domain to ligéne transcription via the
recruitment of CtBP without the need for a TGIF@ding site to be present (113).
Therefore, this would indicate that TGIFs potemiatould be able to regulate a large
number of transcriptional programs without the nfsedh TGIF1 consensus binding site.
However, it is unclear if direct DNA binding is equirement for repression of NR-
responsive genes. Furthermore, murine embryodoemnillgifl have shown evidence for
sensitivity to retinoic acith uterg with teratogenic effects of RXR signaling leadtog
reduction of forebrain and hindbrain developmeni3(114), providing further evidence
that Tqifs are able to regulate the responses deauhormone regulated transcriptional

programs.

1.3.2 Mouse Models of TGIFs

Mutations in TGIF1 have been associated with haspncephaly (HPE) (115), a
developmental disorder in which the brain failgltade into two hemispheres. Most
work characterizing the function of TGIFs has bdene within the context of this
disease in loss of function mouse models focusingasly embryogenesis (100). Many
groups created mice of different strains withif1 deletions, and none of these knockout
mice recapitulated the HPE phenotype (113,116—H®&)\ever, in a relatively pure

C57BL6 strain developed by the Wotton lalgjf1l null mice were less viable with
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growth delays and placental defects (119,126jf1 null embryos were also more
sensitive to retinoid acid-induced teratogeniaigsulting in an increased proportion of
null embryos with exencephaly (113,114). Taken tioge Tgif1 has a developmental
role in mice, through the inhibition of TGRnNd retinoic acid pathways, but knockout of
Tgifl does not appear to cause HPE.

As previously mentioned, TGIF1 and TGIF2 may hsivilar or redundant
functions given both the structural and functiosiaiilarities both proteins possess
(Figure 1.4) (81-83,107,108). Expressiongffl andTgif2 overlaps during embryonic
development, aggiflis first detected between e6-7.5 (116) digif2 is first detected
between e6-8.5 (118,12T)gif2 null mice, also developed by the Wotton lab, were
mostly phenotypically normal, aricyif2 null embryosdid not exhibit any severe
developmental defects. Embryos null for bdthf1 andTgif2 fail to complete
gastrulation; however, the majority of embryos watte functional copy of eithdrgifl
or Tgif2 are normal and viable (121), suggesfiigifl andTgif2 have redundant and
essential functions in embryogenesis.

To bypass these defects in gastrulation, mice Wil null alleles were crossed
to mice with conditional gifl alleles, and &ox2Cre transgene was used to delbgél
(121). Embryonic expression 8bx2Cre leads to cre-mediated deletion at €6.5 in the
cells of the epiblast (122). Nearly all of thesebeyos, with argif2 null background and
as conditional deletion dafgifl, survive to €10.5-11 and have both HPE-like phgrext
and left-right asymmetry (106,121). Additionallizese embryos fail to close the
midbrain neural tube by €9.25 and have abnormdtaieiorebrain morphology with a

failure to bisect the midline of the ventral headsanchyme (106,123). Consistent with
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these observations) situ hybridization expression ¢fax7andPax2shows that nasal
(Pax? and eyeRax2 fields do not separate irgifl andTgif2 double knockout embryos
(106). All of these observations are consistenh\WPE-associated defects, and it is clear

Tgifsplay an important role in early embryonic devele@nm

1.3.3 TGIFs in Cancer

While most work on TGIFs has focused on early dgwelent and
embryogenesis, and given the role TGIFs play ibitihg TGF signaling, one could
reasonably think TGIFs may have an oncogenic rotancers. Indeed, there have been
recent reports indicating overexpression of TGHrdifferent cancers, including but not
limited to lung (124), esophageal (125) , and aradancers (126), and this
overexpression of TGIFs leads to both a worse mrsigrand decreased survival for
patients with these cancers compared to thoselawtbr expression of TGIFs. However,
the mechanisms by which TGIF overexpression leadgtse patient outcomes have not
been fully elucidated as of yet, but an obviousdadaie model would be one in which
TGIFs functioned as repressors of a repressoil Géks inhibit TGF signaling-
mediated inhibition of proliferation.

Contradictory to this expected result, patientdhaitute myeloid leukemia
(AML) have better survival with higher levels of TKa (127). Patients with mixed
lineage leukemia (MLL) rearranged AML have demaaisty reduced TGIF1 expression,
and when TGIF1 is re-expressed in cellsitro, the cells exited the cell cycle and
differentiated. Additionally, when MLL-AF9 cells pressing TGIF1 were injected into
irradiated mice, onset of leukemia was delayed;éwas, all the mice in this experiment

did die before day 30 post injection. Mechanistigahis changes were shown to be as a
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result of TGIF1 competing with MEIS1, another TAE&mily member acting as an
activator, to bind competitively MEIS1-bound regsaio inhibit activation transcriptional
programs regulated by MEIS1 (127).

In a completely a different mechanism of TGIF1 dagjan in cancers, TGIF1
was shown to be pro-tumorigenic and participata feed-forward network with WNT
signaling in breast cancer, in a manner indepenofehGF signaling (128)) -catenin
and its coactivator TCF were found to ChlIP to ti&H1 promoter, indicating direct
WNT regulation of TGIF1, though the consensus sega¢or this binding was not
published, making it difficult to recapitulate tHiading. Additionally, TGIF1 was shown
to interact with AXIN1 and AXINZ2 in the nucleus asdquester them there, thereby
preventing these proteins from shuttling back th# cytoplasm and form thecatenin
destruction complex (128). This nuclear localizataiows for -catenin to accumulate
in the cytoplasm, translocate to the nucleus, aive dVNT target genes and TGIF1
expression through thecatenin/TCF complex regulation, thus completing fined-
forward loop.

This interaction between TGIF1 and WNT signalingsvaéso identified in human
colorectal cancer cell lines (129). This study destated TGIF1 is able to promote
tumorigenesisn vivo through a xenograft model and tumor proliferationitro via cell
culture. TGIF1 knockdown was found to decreasesttaption of WNT-responsive
genes, includingVNT5a Additionally TGIF1 was found to be able to promdite
interaction between-catenin and TCF4. However, critically, this stwdgs did not see
any effects on -catenin or AXIN1/2 levels within the nucleus wiiffering levels of

TGIF1. Instead, this study proposed that incredsegls of TGIF1 are able to modulate
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the output of WNT signaling through two mechanism®odulating direct transcriptional
outputs of WNT signaling and promoting the intel@ttbetween -catenin and TCF4,
potentially by the formation of a trimeric complg9). Additional mechanisms are
proposed, including TGIF1 regulating chromatin asdaility through its interactions
with HDACSs, but these mechanisms were only hypotleelsand never tested. Overall, it
appears TGIFs promote tumorigenesis, but the mé&anarof regulation and potential

overlapping roles of TGIF1 and TGIF2 remain to benpletely elucidated.

In summary, TGIF1 and TGIF2 function as repressgther by inhibiting TGF
(81,82) or RXR signaling (97,113) or directly bindito DNA (82,108,109), and TGIFs
have an important role in proper embryonic develepihand prevention of HPE (100).
Recently, the role of TGIFs in cancer has begusetelucidated in various different
cancers, with evidence suggesting TGIF1 can pro@&€ tumorigenesis and
proliferation through an interaction with the WNigrsaling pathway (128,129).

However, the role of TGIFs in cancer has not bedlg €lucidated to this point.

1.4 Cancer Metabolism

Altered metabolism in cancer was first reportedriyeane hundred years ago,
and this field of study continues to not only yiaelthew and deeper understanding of
metabolic reprogramming in tumorigenesis but aB® lkd to the development of new
therapeutics. The many metabolic changes that magiypeng tumorigenesis cause

changes in glucose and amino acid uptake whichrmtave a cascading effect on
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multiple different pathways (Figure 1.5). In thexction, | will enumerate and describe

some of the most relevant metabolic shifts se@anters.

1.4.1 The Warburg effect and Hypoxia

Glycolysis is the metabolic pathway cells use tovewt glucose to pyruvate in an
oxygen-independent manner, and the released fexg\eis captured in the form of
adenosine triphosphate (ATP) and NADH. Otto Warbuegle one of the most famous
observations in the field of cancer metabolism whemlescribed the increased
consumption of glucose in tumors compared to nemeis even in normoxic conditions
(130,131). This observation has led to the diagooséthod of using positron emission
tomography (PET) imaging, with the use of a radivaty labeled glucose dye, to
identify, diagnose, and stage tumors (132). Nome#s, when cultured in nutrient-rich
media, do not constantly uptake the nutrients,gug.ose, due to tightly regulated intake
of nutrients (133). Cellular nutrient uptake, esaki glucose uptake, has been found to
be regulated by growth factor signalimgvitro, and cells cultured without growth factors
are unable to uptake glucose to maintain even lgadlidar bioenergetics (134,135).

However, this requirement for growth factor regaatof glucose uptake can be
avoided by cancer cells/tumors by overexpressidaldiT1, a plasma membrane
glucose transporter, and hexokinase (HK), the énztyme in the glycolytic pathway
which irreversibly phosphorylates glucose (136)ug;hoy increasing the uptake of
glucose into the cell and irreversibly phosphoiyigit, the rate of glucose import into
the cell increases. The Warburg effect, the ina@aglycolysis, even under aerobic

conditions, is beneficial for tumors overall beausot only does it generate fewer
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Figure 1.5 — Changes in metabolism between a normegll and a cancer cell.
Changes in metabolism due to tumorigenesis areshOw the left is a normal cell, and
on the right is a cancer cell. Normal cells impggticose, turn it into acetyl-CoA, and use
it to generate ATP through the TCA cycle and oxidgaphosphorylation. Tumor cells
import much more glucose and generate ATP throegbléc respiration. Width of
arrows represents the amount of each process tplkang. Adapted from Pavlova and

Thompson, 2016 (137).
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reactive oxygen species (ROS), but also allows tartmadapt to hypoxic conditions
which occur in rapidly proliferating tumors with @ovascularization (138) (more on this
below).

In addition to increased glucose uptake due tdNlaeburg effect, tumor tissues
must proliferate in the hypoxic environment creatdten a rapidly proliferating tumor
consumes more oxygen than is available. Hypoxicokas implicated in a number of
pro-tumorigenic pathways including angiogenesigastasis, and proliferation and is a
predictor of patient mortality in numerous candacsuding breast, colon, brain, and
ovarian (139). Hypoxia leads to increased cellatdivity of the appropriately named
transcription factor family, hypoxia-inducible facs (HIFs). HIF transcription factors
are heterodimeric, consisting of oxygen-reguldtatibunits and constitutively expressed

subunits. In normoxic conditions, HEF(HIF1*, HIF2*, HIF3*) is oxygenated and
subsequently targeted for degradation (140,14 1yvever, in hypoxic conditions, HIF-
subunits are no longer oxygenated, accumulatedenerize with Hif1 to drive
transcription of target genes (140). It is impott@Ennote that HIF- subunits have been
shown to be stabilized by both loss of function atiohs in known tumor suppressors
(e.g. PTEN and p53) and gain of function in knowmaor suppressors (e.g. RAS, MYC,
and mTOR) (142-144). RAS/MAPK and PI3K/AKT pathwédnggh are commonly
mutated in human CRCs (12). Critically, mutatiom®ither tumor suppressors or
oncogenes in these pathways are able to stabiliz€ ISubunits independent of hypoxic
conditions (144-146), highlighting the dependenic@RCs on alterations in these

pathways.
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As tumors are typically hypoxic environments, oféhe biggest consequences of
HIF-mediated signaling is angiogenesis which drives blood vessel formation to
supply more oxygen for rapidly growing tumors (1448). However, these newly created
blood vessels create a two-fold problem. Firsts¢heessels are often quite leaky and
abnormal. Secondly, increased oxygenation of tumsue promotes even more
proliferation, and these new cells create a hyperMironment (149-151). This creates a
perverse feedforward cycle of dysfunctional vasttu&ain hypoxic tissues.

Hypoxic conditions also cause adaptive metabdilittssin cancers with an
increase in glycolysis and a decrease in oxida@sgpiration in order to limit the number
of ROS generated as a byproduct (152). HIF siggahoreases the expression of
GLUT1 (153), promoting influx of glucose into thellcand increased glycolysis.
Additionally, hypoxia drives a further increasegincose metabolism by converting
pyruvate into lactate through increased expressidactate dehydrogenase A (LDHA)
(153). This upregulation of LDHA helps generate enMAD" to prevent the
accumulation of NADH and ATP in the cytosol (148)ith decreased levels of cytosolic
NADH and ATP, the tumor cell is able to maintaie thtracellular signal to continue
importing glucose via the overexpressed GLUT1 (1BWyreased levels of ATP inhibit
the action of phosphofructokinase (PFK) in the glytic pathway while increased levels
of NAD" help alleviate any ROS. Through this mechanismpkia drives the glycolytic
pathway and production of its intermediates foriagaloal pro-proliferative pathways.

It is not advantageous for cancers to proliferata nutrient/metabolite deficient
state. To avoid this, mutated genes in cancer ddieihtate increases in glucose/nutrient

uptake to the cancer cell. The glycolytic pathwayery versatile for the cancer cell
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because it provides intermediates, which becomeupsers, for multiple biosynthetic
pathways. The pentose phosphate pathway, hexosaimsynthesis, phospholipid
biosynthesis, and one-carbon cycle all begin wiglea@ytic intermediates (137,138).

This upregulation of glycolysis yields a positiieet on branching pro-proliferative
pathways to the benefit of tumor growth and sunvi@ven that the Warburg effect
describes how tumors use aerobic glycolysis instéacidative phosphorylation for
energy production (130,131), the fact that glycslys upregulated in tumors suggests
the Warburg effect is a well-regulated metabolatesimperative in meeting the increased

biosynthetic demands of the tumor.

1.4.2 Glycolytic metabolites as intermediates fordditional pathways

Pentose Phosphate Pathway (PPP)

The metabolic pathway first enriched in cancersubgh the glycolytic pathway is
the pentose phosphate pathway (PPP). Glucose-@piphies(G6P) is oxidized to create
NADPH and ribose-5-phosphate (R5P), a sugar theatr#tical component in the
generation of nucleotides (138). As tumor cellsrapdly dividing, the generation of
nucleotides is needed to sustain this replicaton, the enzymes involved in the key
steps of nucleotide synthesis from R5P are oftemexpressed in cancers. This pathway
can be regulated by more than just irregular gleéogort into the tumor cell. Tumors
with RAS mutations exhibit upregulation of enzynmasolved in the production of R5P
as RAS can upregulate mRNA expressiobiJT1, HK1, HK2, andPFK1, all genes
involved in glycolysis (154). Wild type p53, a faostumor suppressor often mutated in

CRCs (see previous section on mutated pathway&i@d), has been shown to inactivate
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nucleotide synthesis via PPP through direct bintiagrate-limiting enzyme in PPP,

glucose-6-phosphate dehydrogenase (G6PD) (155).

Hexosamine biosynthesis

Fructose-6-phosphate is the next molecule genenatibe glycolytic pathway
after glucose-6-phosphate, and it is an importaetyrsor for hexosamine production.
Hexosamines, sugars with an attached amine groepm@ortant precursors for
glycosylation reactions. Additionally, they are @al for the synthesis of heparin sulfate
and hyaluronic acid, two molecules important fdiutar growth and also as potentiators
for receptor mediated signaling for tumor metastasid angiogenesis (156—158).
Hexosamine production also results in the produatioglycolipids and proteoglycans,
thus regulating stability a subset of proteinseesly c-MYC (158), and leading to

increased proliferation.

Amino acid biosynthesis and the one-carbon cycle

One well characterized glycolytic metabolite usatsmle glycolysis is 3-
phosphoglycerate, a precursor molecule for thenggid of the amino acids serine and
glycine. Additionally, 3-phosphoglycerate can bedit generate methyl donor groups
for subsequent methylation reactions. 3-phosopegite dehydrogenase (PHGDH), the
rate-limiting enzyme in serine biosynthesis, is &hgil with copy number alterations in
epithelial cancers, specifically in breast cancet melanomas (159,160). Interestingly,
this study used metabolic flux experiments to ssggelanoma and breast cancer cell
lines may use up to 50% of the carbon in imporledase for serine production and

catabolism rather than glycolysis (159).
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Occupying a key role in the one-carbon cycle @aite cycle), serine production
is has a unique metabolic impact within canceisc@tiefly, the gamma carbon on serine
can be transferred to the carrier protein tetrabfypdiate (THF) by serine
hydroxylmethyltransferase 2 (SHMT2), generatingcglg and 5, 10-methylene-THF. 5,
10-methylene-THF is an important precursor moletiidd undergoes many oxidative-
reductive reactions and produces a number of ortnal HF species (161). These one-
carbon-THF molecules are then utilized for the Bgais of purines, thymidine, and S-
adenosylmethionine, a key substrate for methylataations (137). Critically, one-
carbon-THF is a substrate that can used to gend¢ésddH which can neutralize ROS
generated under hypoxic conditions commonly foumthmors (162), and hypoxic
conditions induce SMHT2 expression to protect tusrioym hypoxia-generated

oxidative stress (163).

Overall, the glycolytic pathway provides the tumoth many intermediate
molecules to use for branching pathways, and ig @fen upregulated in malignancies.
The tumor reaps the metabolic benefits of thisgeranching pathways while
simultaneously repressing the potentially toxiesdfects of glycolysis, e.g. excess

pyruvate production and ROS generation.

1.4.3 Tricarboxylic acid cycle

The tricarboxylic acid cycle (TCA) is utilized blye cell for aerobic respiration
and ATP generation and takes place in the mitocti@n8imilar to glycolysis, this
pathway can be used to generate metabolic inteate=das biosynthetic precursors for

other pathways. Briefly, the TCA cycle uses pyrevatported from the cytosol to the
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mitochondria and converts it acetyl-CoA as anahgubstrate. Acetyl-CoA is then
converted to numerous different substrates, geangrabth NADH and FADH2 and also
generating GTP. NADH and FADH2 are then used fadatwe phosphorylation,
generating ATP, the key molecule for energy stogkconsumption within the cell
(164). The TCA cycle is the key pathway used byclefor energy generation and is
considered to be one of the key metabolic pathwagserved in many organisms.
However, in tumors, this pathway is often downragtgd, and the metabolic
intermediates are directed toward other metabalibyways including synthesis of
nonessential amino acids, such as asparagine padats (137,165,166), and fatty acid

synthesis (167,168) .

1.4.4 Aceyl-CoA regulation

Acetyl-CoA is a molecule occupying a vital rolenmltiple metabolic pathways
(137,169). It can be used as both a metabolic pgecand a source for protein and
histone acetylation reactions (170). Cytosolic @e€bA levels in the tumor cell are
increased compared to normal cells (171). Normidsolic generation of acetyl-CoA is
controlled by two pathways, one involving the reitut of glutamine and another using
ethanol or acetate (169). In hypoxic conditions swnly seen in tumors, cytosolic
acetyl-CoA generation from acetate is driven bytydgeoA synthetase short-chain
family, member 2 (ACSS2) (172), and ACSS2 actiuntyhe nucleus generates acetyl-
CoA. This promotes increased histone acetylatioectly mediated by histone
acetyltransferases (HATS) (173), thereby chandiegepigenetic programs to increase
cellular growth and proliferation (169). ACSS2 megulated in both hypoxic conditions

(174) and in epithelial carcinoma cell lines froramy tissue types, including breast,
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lung, colon, skin, and liver (175), with elevatedéls corresponding with higher tumor
grade and negatively correlating with patient skal{(172,176,177). However, it is
important to note that while ACSS2 activity maylmneficial for tumor cells, it is not
considered to be an oncogene as there is littieace to suggest overexpression of this

protein initiates tumorigenesis (169).

Fatty acid biosynthesis

Tumors strikingly upregulate lipid and fatty acigbguction compared to most
adult tissues, with the exceptions being lipogeisgues such as the liver and adipose
tissue (167,168). The upreguation of fatty acidisgsis has a two-fold benefit for the
proliferating tumor cell — it provides more lipifs the cellular membrane, a
phospholipid bilayer, and it helps the cell relievadative stress generated by hypoxic
conditions (178). Oxidative stress is generatednaapidly dividing cells, e.g. tumor
cells, produce a large amount of ROS which can dgendNA and induce senescence or
apoptosis (179,180). In order propagate, tumosceded to bypass this negative
regulation of growth. The generation of fatty aqidstially addresses this issue as the
tumor cell can alter membrane lipid compositiomt@ more capable of adapting to
oxidative stress (178).

Fatty acid synthesis upregulation in tumors beuiitls cytosolic citrate, exported
from the mitochondria, being converted to acetyAQxy Akt-mediated upregulation of
ATP-citrate lyase (ACLY) (181,182). Acetyl-CoA caented by acetyl-CoA carboxylase
(ACC) to malyonyl-CoA. This molecule is a branchmdor the production of fatty
acids and cholesterol biosynthesis. Fatty acidsrer@e when malyonyl-CoA is

converted by fatty acid synthase (FASN) into faityd chains, e.g. palmitate (183). Key
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enzymes in this pathway, ACLY, ACC, and FASN ateiptegulated in epithelial cancer
cell lines and cancers (e.g. breast, lung, andhgpénd inhibition of these proteins has
been shown experimentally to inhibit cancer growtbthin vitro in cell lines andn vivo

in murine xenograft models (184-187).

Epigenetic Regulation

As previously mentioned, ACSS2 nuclear localizatian provide acetyl-CoA to
facilitate histone acetylation (188,189). HATs aemsitive to acetyl- CoA levels as they
require acetyl-CoA as a cofactor for activity (178so, increased levels of histone
acetylation have been shown to be present in turiibis global increase in the
epigenetic acetylation profile can stimulate cetlwgth and proliferation (171,190,191),
increase glycolysis (192), and an increase in tasie to oxidative stress (193),
especially in hypoxic conditions.

Embryonic stems cells have been shown to lose phailpotency as acetyl-CoA
levels are depleted, and this is accompanied bredsed global histone acetylation
profiles, glycolysis, and proliferation (194). Hovez this loss of pluripotency was
rescued by the addition of exogenous acetate whashsufficient to maintain histone
acetylation profiles (194). This suggests high @e€bA levels can facilitate
maintenance of a stem-like state. Similarly, camedls have been shown to ectopically
synthesize acetyl-CoA from pyruvate during S ptafdee cell cycle, and this ectopic
acetyl-CoA can be used to increase levels of histmetylation (188,189,192,195).
Analysis of multiple cancer cell lines, SF188 (lst@aPC-3 (prostate), LN229
(glioblastoma) showed increased histone acetylatitimincreased concentrations of

glucose, and increases in tumor glucose uptaketbjiread to increases in acetyl-CoA
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generation (171). The acetylated genes in responssased acetyl-CoA levels were
involved in cell cycle progression, growth, and Di&plication in LN229 cells. More
importantly, this increased expression was depdrmieoncogenic RAS and AKT
signaling, two signaling pathways often mutatedancers, including CRCs (171). Thus,
the changes in epigenetic regulation due to inekésvels of acetyl-CoA can have a

profound proliferative and growth impact in tuma@mngsis.

Rapidly proliferating tumor cells upregulate thenfmse phosphate pathway,
amino acid, and fatty acid synthesis using metabotermediates from both glycolysis
and the TCA cycle. Overall, in cancers, the Warleffgct, the marked upregulation of
aerobic respiration, is observed, and hypoxic domis can also increase glycolysis,
leaving to metabolic shifts and changes in epigemebfiles to benefit rapidly

proliferating cells.

For my thesis work, | further characterized the role of TGIFs in celdal
cancer. It is clear TGIFs have some oncogenicinoleRC as levels of TGIFs are
increased, promote tumor proliferation, and are@ased with poor patient prognosis,
but we understand little of its function. Understeng how TGIFs interact with both the
TGF and WNT pathways in human disease would playtecakirole in both CRC
pathogenesis and treatment. Additionally, thoughFEGave context-dependent and
tissue-dependent roles, understanding how and gdreds are regulated by TGIFs across
a variety of tissues would help gain insight to ¢oee functions of TGIFs. To that end,

we used genetically engineered mouse models ty siith the function of Tgifl and
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Tqgif2 in intestinal/CRC and identify downstream fTigirgets. Tgifl and Tgif2 deletion in
an APC mouse model of CRC cancer reduced tumomsidewumber in the small

intestine and tumor size in the colon. TGIF1 overession increased the overall number
and size of tumors in the small intestine. To elate the mechanisms TGIFs use to result
in these tumor size and number of differences eesketranscriptome profiling was
performed on colon tumors from these mice. Theseltedemonstrated deletion of Tgifs
had little effect on both WNT and TGIsignaling. Instead, we see a novel result — Tgifs
appear to regulate gene expression in multiple moitapathways. This result would
suggest Tgifs participate in the metabolic reprograng occurring in CRC and may be

applicable to other cancers.
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Chapter 2 — TGIF1 expression promotes intestinal

tumorigenesis+

2.1 Introduction

Colorectal cancer (CRC) is among the most frequehtéignosed cancers in the
United States and is the cause of over 140,00deakery year (1). Most cases of CRC
are sporadic in nature, addlenomatous Polyposis CGAPCO), a gene encoding a
scaffolding protein which assembles theatenin destruction complex consisting of
GSK3 , AXINs, and -catenin, is mutated in >70% of these sporadicxat€RC. In
the absence of WNT ligand;catenin is phosphorylated and targeted for degi@aua
WNT signaling inhibits the phosphorylation and etiweh degradation of-catenin,
allowing it to accumulate in the nucleus. Thefgatenin can translocate into the nucleus
and drive transcriptional programming by interagtwith the LEF/TCF family of
transcription factors. Mutations or deletionsAIRC have the functional consequence of
constitutively active -catenin, leading to aberrant WNT signaling. Adiglly, Apc™
mice, mice with germline inactivation of one allefeApc and Ap&"© mice, mice with
Cre-mediated excision of a loxP flanked exon (ekénhdevelop many adenomas, due to

stochastic inactivation of the intact allele.

Presence of a TGFsuperfamily ligand, e.g. Activin, Nodal, TGHnduces TGF

receptor type 1 and type 2 to form a heterotetramoemplex, resulting in the

! This work is a part of a manuscript currently undeision atGenes and Developme&hah, A.,
Melhuish, T.A., Frierson Jr., H.F., Wotton, D. (B)TTGIF transcription factors repress acetyl-CoA
metabolic gene expression and promote intestimabtugrowth.

2 Tiffany Melhuish helped with counting the murinartors and performed the initial western blots Fer t
Villin-T7-hTGIF1 construct. Dr. Henry Frierson analyzestdibgical sections from the murine tumors.
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phosphorylation and activation of SMAD2 and SMADBese SMADs associate with
the co-SMAD, SMAD4, and translocate to the nucleuaffect gene expression. TGF
signaling is often tumor suppressive in cancerstdues anti-proliferative effects, and
different mutations in this pathway are found itigrats. TGFBRIL encoding TGF
receptor type ll, is mutated in 25% of CRCs (198)1and loss of heterozygosity in a
region of chromosome 18 including SMAD2 and SMADBtwr in 70% of CRCs (though

it is important to point out this is less commorcoton adenomas) (198).

Thymine-Guanine Interacting Factor 1 (TGIF1) anel plaralogous TGIF2 are
homeodomain transcription factors which are pathefTALE (three amino acid loop
extension) superfamily (97,108,199). Other protathe TALE family of
homeodomain proteins include MEIS and PBX whiclivaté gene expression (103). In
contrast, however, TGIF1 and TGIF2 are transcnatioepressors that interact with
other general corepressors, including mSIN3 anmésdeacetylases (81,108). TGIF1,
but not TGIF2, can additionally recruit CtBP1/2dbgh a conserved interaction motif
(107). TGIFs inhibit TGF-mediated gene responses by binding to the SMADptexn
on DNA and recruiting other corepressors to inMdMAD mediated transcription
(81,108). Loss of function afGIF1 has been associated with holoprosencephaly (HPE),
a severe genetic disease affecting forebrain dpuedat (100). Additionally, TGIFs have
been found to be upregulated in a variety of epaheancers, including ovarian (126),
esophageal (125), and lung (124) among others.n@mme study of breast cancer
reported TGIF1 promoted tumorigenesis independkthiteoTGF pathway, and gifl
was a direct -catenin/TCF transcriptional target (128,200). Tat@gether, TGIFs may

have an oncogenic role.
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As TGIF functions may overlap with the WNT and TGdtgnaling pathways,
both of which are important in CRC, we first ana@galifferent human CRC datasets to
identify if TGIFs were indeed upregulated. We tlhised a human CRC cell line,
HCT116, to assay the role of TGIk1Lvitro. We subsequently used genetically
engineered mouse models to address the functidgitsf in intestinal cancer
tumorigenesis. Knockout dfgifsin SI crypts resulted both in fewer cells and fewe
proliferating cells while overexpression of TGIFAdthe opposite effect. In a mouse
model of CRC, over-expression of TGIF1 in intedtiaithelial cells increased the size
and number of adenomas in the small intestine &8t),deletion oT gifl andTgif2
reduced tumor size in both the Sl and colon. Theselts taken together suggest Tgifs
have a role in intestinal tumorigenesis, and it laylue to differences in proliferative

potential of intestinal crypts.
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2.2 Materials and Methods

2.2.1 Cell culture

HCT116 cell line were from the Wotton Lab at theikénsity of Virginia. HCT116 cells
were cultured in RPMI-1640 (Gibco 11875-093) supp@ated with 10% fetal bovine
serum (FBS) (HyClone SH30396.03), 1% Anti-Anti (Goh5240-062), and 18Q/mL
Normocin (InvivoGen ant-nr-1). Cells were growreimmumidified 37°C incubator

supplemented with 5% GOCell line identity was verified by STR profiling.

2.2.2 CRISPR/Cas9 mediated knockout and verificatio

Guide RNAs targeting the second exorm &fIF1 were cloned into pX330 (Addgene
#42230). The guide RNA used f6GIF1was: 5 — CTGTGCAGATTCTTCGGGAT —
3. HCT116 cells were plated in 6-well plates (Zmm/well). Cells were transfected the
next day with 2g of pX330 with a sgRNA against TGIF1 and 400n@ @iuro-resistance
knock in cassette. The puro-resistance knock isettswas generated by PCR from
pBabe-puro with overhangs homologous to TGIFlhatsite of the Cas9-mediated cut.
Media on the transfected cells was changed aftéro4s to regular culture media. 72
hours after transfection, cells were split into &@mplates, and puromycin, at @dmL,
was added. Cells were allowed to grow and formmefor approx. two weeks. During
this time, culture media was changed every thigd @ace colonies had sufficiently
formed, individual colonies were picked and plao#d single wells of a 12-well plate,
eventually sequentially expanded for protein sasipled DNA. Protein samples from
individual colonies were prepared in MSLD for DNAlldown followed by western blot

to verify TGIF1 absencdvi5l primers were used for pulldown as described in 111
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PCRs for endogenoddGIF1 and 3'/5’' puromycin cassette integration were $ent

sequencing to veriff GIF1 knockout.

2.2.3 Cell Proliferation Assay

Wild type and two TGIF1 mutant HCT116 cell linesrev@lated in triplicate at 300,000
cells/plate. Three days later, cells were trypgidjzand live cells were counted via trypan
blue exclusion. 300,000 cells were replated to tatithe next passage. This was
repeated six times in total. Fold change was caledlafter each passage, and total fold

change was calculated by multiplying the fold chemgfter each passage together.

2.2.4 Mice

All animal procedures were approved by the AnimateCand Use Committee of the
University of Virginia, which is fully accreditedytthe AAALAC. Conditional alleles
with loxP flanked exons are referred to here afoff'loxP flanked, or ‘r’ for recombined
(null). Mice were maintained on a predominantly 8b/6J background. Conditional
Apcmice were from the NCI, and th&llin-Cre line was from Jax (B6.Cg-Tg(Vill-
cre)1000Gum/J; #021504; (14)). Conditional TgifZenwere generated from targeted
ES cells obtained from EUCOMM (Tgif#aEVCOMMWIS [, M C project 24492) and
crossed to conditional a Tgiflline (12Wllin-TGIF1 transgenic mice were generated at
the UVA GEMM Core. The human TGIF1 cDNA with an amiterminal T7 epitope tag
was inserted into th¥illin promoter plasmid (12.4khllin-, ATG), which was a gift
from Deborah Gumucio (Addgene plasmid # 19358;)(1@%rm line transmission was

verified by PCR and expression by western blot.
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2.2.5 Tumor analysis, IF, and histology

Tissues were fixed in zinc-formalin, paraffin-embed, sectioned at 5 microns, and
stained with Hematoxylin and Eosin (H&E) or premhfer imnmunostaining as described
(201). Images were captured with 10, 20, or 40cibjes, using a Nikon Eclipse NI-U
with a DS-QI1 or DS-Ril camera and NIS Elementssgnie, and adjusted in Adobe
Photoshop. For IF, antibodies were as follows: Rabiii-Acss2 (Abcam 66038), rabbit

anti-Slc2al (Millipore 07-1401), mouse ahtieatenin (BD Transduction Labs 610153).

2.2.6 RNA isolation and gRT-PCR

RNA from snap-frozen tissue was isolated and padifising Absolutely RNA kit
(Agilent) and quality checked by Bioanalyzer. cDMAs generated using Superscript Il
(Invitrogen) and analyzed by real time PCR usijaRad MyIQ cycler and Sensimix
Plus SYBRgreen plus FITC mix (Bioline), with intr@panning primer pairs selected

using Primer3Http://frodo.wi.mit.eduy. Expression was normalized to Rpl4 and

Cyclophilin using the delta Ct method.

2.2.7 Tissue western blot

Tissues were ground in PBS, followed by additiolN&¥40 to 1%, then lysates were
separated by SDS-PAGE, transferred to ImmobiloMiftipore) and proteins visualized
using ECL (Pierce). Primary antibodies were agaitsis2 (Abcam 66038), TGIF1(82),
gtubulin (Sigma T6557), and HSP90 (Cell Signalid@#4). Pcx was detected using

Neutravidin conjugated HRP (ThermoFisher).
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2.2.8 Statistical methods

Experiments in cell lines were completed three preahelent times with n=3 technical
replicates, and data is shown as mean +/- SD oErperiment, unless otherwise
specified. Cell line and mouse data was analyzedyuwse- way ANOVA followed by
pairwise t-tests with Holm post-hoc tests. p-valaesdenoted in figure legends. Data

was analyzed using Microsoft Excel and RStudio.
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2.3 Results

2.3.1 Increased TGIF expression in human colorectalimors

Analysis of CRC data sets showed elevat&dF1 andTGIF2in CRCs (Figure
2.1A-D) and increased expression in both adenomégarcinomas (Figure 2.1C).
Comparison of GIF1 expression in paired tumor and normal patient samalso
showed increased expression in tumors in all c&Sgare 2.1E). Similarly, analysis of
TCGA colorectal data showed elevate@IF1 andTGIF2 in adenocarcinomas, with
additionally elevated levels GiGIF1in mucinous CRC and cecum adenocarcinomas
(Figure 2.1F).

To test what role elevatddsIF1 might have in CRCs, we used CRISPR/Cas9 to
knockoutTGIF1in HCT116 cells, an immortalized human adenocarcia cell line.
HCT116 cells are in the top 15% of CRC cell lingpressing TGIF1 according to CCLE
(Cancer Cell Line Encyclopedia), making it a suiat®ell line in which to test the role of
TGIF1. Multiple knockout clones were generated (iFég2.2A) and sequenced (Figure
2.2B). TGIF1 expression is robust in this cell l{Régure 2.2C), and CRISPR/Cas9
mediated knockout completely abrogates TGIF1 espasn the mutants. With two of
the mutant clones, we tested if TGIF1 knockoutaéd growth in HCT116 cells using a
3T3 assay with serial replating. At the second agesHCT116 cells with TGIF1
knockout grew significantly slower (Figure 2.2Chdethis remained the case at the
fourth passage. Cells were passaged six timesaatite second passage (and every
subsequent passage), both TGIF1 knockout HCT11@reed grew slower than the
HCT116 controls (Figure 2.2D), suggesting TGIF1ction is important for cellular

proliferation.
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Figure 2.1 — Increased expression of TGIFs in CRC.

A-D) Expression of TGIF1 and TGIF2 was analyzedrfroublicly available CRC gene
expression array data-sets obtained from GEO. Batiotted as relative expression
(median, with upper and lower quartiles [box] affteBd 95 percentiles [whiskers]) for
normal (N) and tumor (T) (panels A, B, D), or notr(id), adenoma (Ad), and carcinoma
(Ca) in panel C. E) Relative expression of TGIFpaired normal and tumor samples
from panel D is shown. p-values for comparisonsdonal are shown. F) Log2 median
centered expression data T&IF1 andTGIF1in the TCGA colorectal dataset (analysis
from Oncomine, with upper and lower quartiles adtl and 98 percentiles), for normal

and the indicated tumor types. p-values for congpas to normal are shown.
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Figure 2.2 — CRISPR-mediated TGIF1 knockout in HCT16 cells leads to decreased
proliferation.

A) Expression of TGIF1 was analyzed by western plath Hsp90 as a loading control)
from seven HCT116 TGIF1 colonies. Note that colsrlieand 5 appear do not appear to
have any TGIF1 mutations. B) A schematic of thed§Rred) used as a guide for Cas9
and the sequences of the five colonies from A wafiblished TGIF1 expression. Note the
generation of clones with both deletions and insest C) Relative cell number of
HCT116 control or two mutant colonies shown aftesgage 2 (P2) or P3. * p < 0.05, **
p < 0.01. Western blot showing TGIF1 expressiowiid type (WT), mutant 1 (m1), and
mutant 2 (m2) shown. D) Fold growth of HCT116 WTl,mand m2 cells shown over six

passages with serial replating displayed. Notddbarithmic scale. * p < 0.05.
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We attempted to crealésIF1 andTGIF2 double knockout HCT116 cells using
CRISPR/Cas9. We attempted to knockdo@iF2 within two of theTGIF1 KO HCT116
cloes we had initially generated, but we were uaablgenerate any colonies from this
transfection. We then creaté&IF2HCT116 KO cells and then attempted to knockout
TGIF1 within theselT GIF2 KO cells. However, of the 29 colonies with purormyc
knockin in oneTGIF1 allele that we sequenced for fh&IF1 allele from this
transfection, all of the colonies had a second wiek, unaltered GIF1 sequence. Taken

together, this further suggested that TGIFs may lzavimportant role in CRCs.

2.3.2 Modulation of levels of Tgifs in the intestial epithelium

To test effects of decreased Tgifl and Tgif2 exqasin the intestine, mice
lacking both Tgifl and Tgif2 in the intestinal d@@tium were generated. We usédlin -
Cre to delete loxP flanketgifl (118) and loxP flankedigif2, derived from a knockout
first allele from EUCOMM (Figure 2.3A). Male micadking both Tgifs were
approximately 10% lighter by 42 days, and maintaities difference (Figure 2.3B);
however, female mice lacking both Tgifs did notwrany differences in weight (Figure
2.3C). Additionally, there was no change in thegterof the small intestine (Figure
2.3D), though the lengths were somewhat variablerél, mice lacking both Tgifs
(conditional double knockouts or “cdKOs”) from timeestinal epithelium were viable,
grossly normal, and fertile.

To test effects of increased TGIF1 expressiomtestine, we generated a
transgene in which an amino terminal T7-epitopgé¢aghumarm GIF1 was expressed
from theVillin promoter (Figure 2.4A). Analysis of expressioraipanel of tissues by

western blot showed robust expression in the im&stvith no detectable expression in
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Figure 2.3 — Mice with intestine-specific knockouof Tgifl and Tgif2 are viable.

A) Schematic of loxP flanked alleles B§if1 andTgif2. Exons, ATG transcription start
sites, and UTRs are denoted. Black arrows reprdéseRtsites. Cre-mediated deletion of
Tgiflresults in loss of exons 2 and 31a@fifl and loss of exon 2 d@fgif2. B-C) Wild type
or Tgif1;Tgif2 (cdKO) male/female mice were weighed from 4 weaeks0 weeks of age.
p-values and relative weight shown below. D) Snmaéistine length (cm) was measured

in WT and cdKO mice.
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Figure 2.4 -Villin -T7-TGIF1 expression is limited to the intestines.

A) A schematic of th&/illin-T7-TGIF1 transgene is shown. B) Expression wflin
promoter-T7-TGIF1 transgene (Vil-TGIF1) was anatyby western blot for the T7-
epitope tag in a series of tissues (SI: small tmtesLi: liver, Ki: kidney, Sp: spleen, Hr:
heart, Lu: lung, Th: thymus). C) Expression of YheTGIF1 transgene in a non-
transgenic (control) and transgenic animal (Sl:Ismgestine [P: proximal, M: middle,

D: distal thirds], Co: colon, Sp: spleen). Hsp9@tubulin loading controls are shown.
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any other tissue examined (Figure 2.4B). Withindhmall intestine, we observed readily
detectable expression in the proximal, middle, @isthl thirds, with much lower
expression in the colon and none in non-transgessae (Figure 2.4C and (202)).
Similarly to mice lacking both Tgifs, Vil-TGIF1 tnsgenic mice were normal and viable
to at least 150 days.

As HCT116 cells lacking TGIF1 showed decreasedfgrative potential, we
decided to compare intestinal cellular proliferatio wild type, cdKO, and transgenic
mice. We analyzed the Sl crypts of these three typae of mice as the crypts are where
the majority of the proliferative potential of thgestinal epithelium lies. We stained
intestinal crypts for Ki67 to assay proliferatinglls (Figure 2.5A). Strikingly, we
observed cdKOs had significantly fewer prolifergtoells in the crypts while transgenic
mice had significantly more proliferating cells ¢bre 2.5B). This observation supports
the data obtained from the HCT116 TGIF1 knockolsdarther suggesting Tgif
knockout causes an anti-proliferative effect. Aaatially, as TGIF1 overexpression
increases the number of proliferative cells inititestinal epithelium (Figure 2.5B), this
observation even suggests Tgifs promote prolifenatWhile counting Ki67+ cells, we
noted that the cdKO mice had fewer cells per c(gptpt depth) than the wild type, but
there was no difference between wild type and gang mice (Figure 2.5C). However,
even with differences in proliferative potential3h crypts, we did not observe any
differences in villi length between these threeagpes of mice (data not shown),
suggesting that the number of proliferating cedlghie SI crypt may not have any effect

on villi length.
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Figure 2.5 — cdKO mice have fewer proliferating cd$ in the intestinal epithelium.

A) WT, transgenic, and cdKO Sl tissue were fixggttioned at 5pum, and stained with
catenin, DAPI, and Ki67 to measure proliferationntestinal crypts with representative
images shown. B) Quantification of Ki67+ cells fratained crypts. C) Quantification of

crypt depth as measured by the number of totad aekach crypt.
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2.3.3 Increased Tgif expression in colorectal tumar

Mouse models of intestinal cancer, based on geaktéations found in human
cancers or treatment with chemical carcinogense lb@en analyzed by gene expression
array (203). In these analysa@gifl expression was significantly higher in the
azoxymethane (AOM) anfipc mutant models but not in one based on inactivaiion
Smad3, a component of the TG&ignaling pathway (Figure 2.6A). Similar resultsre/
found withTgif2 expression in this dataset, although the signilenAOM samples was
too variable to reach statistical significance.

To test expression dfgifsin Apcmutant mouse colon tumors, we combined a
Villin-Cre transgene with a loxP flanked alleleAgic, isolated normal colon and colon
tumors at 12 weeks of age, and analyzed gene expndsy gRT-PCR. We observed a
significant increase in expression of bdwifl andTgif2 in colon tumors compared to
normal tissue (Figure 2.6B). Western blot analg$isimilar 12 week tumors showed
increased Tgifl protein expression in tumor comghdéoenormal (Figure 2.6C). We also
analyzed tumors in whichgifl was deleted specifically from epithelial cellsttle or no
Tgifl signal was detectable in these samples, siiggethe majority of Tgifl present in
colon and its increase in tumors were due to espyasn the intestinal epithelium
(Figure 2.6C). An increase in Tgifl expressionnmall intestine tumors compared to
normal tissue was also observed (Figure 2.6D). Bxpsession of both Tgifl and Tgif2
is higher inApc mutant intestinal tumors in mice, recapitulatifigervations seen in the
human disease.

To compare expression of the Vil-TGIF1 transgengéoendogenous Tgifl in

Apcmutant tumors, we performed western blots withGAFL antiserum that recognizes
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Figure 2.6 — Tgif expression in mouse intestinal taors.

A) Relative expression of Tgifl and Tgif2 (meandy som the GSE5204 dataset, for
normal colon (N), tumors from and AOM/DSS modghc mutant tumors, or those from
a Smad3 mutant model. B) Relative Tgifl and TgK@ression (mean + sd of
guadruplicate samples), determined by qRT-PCR, fralchtype (normal) colon or from
Apcmutant colon tumors. ** p < 0.01, *** p < 0.001** p < 0.0001. C) Expression of
Tgifl was analyzed by western blot (with Hsp90 &saaling control) from normal colon
(N) and tumor (T) from tissue of the indicated ggpes (+: wild type, r: recombined
allele). D) Tgifl expression from small intestim®s(mal or tumor, as in panel C). E)
Expression of Tgifl in normal (N) and tumor (T)sti® from mice of the indicated
genotypes is shown by western blot with a TGIFle#meantiserum and HSP90 as a
loading control. Note the transgenic TGIF1 migratlghtly faster than the endogenous

mouse Tgifl.
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both human and mouse Tgifl. There was an increasedogenous Tgifl expression in
regions of the Sl with tumors, compared to wildeyssue (Figure 2.6E). The levels of
expression of transgenic TGIF1 was similar in kathor and normal and, while higher
than the expression of mouse Tgifl in normal tisgtexe quite similar to the increased
level of endogenous Tgifl in tumors (Figure 2.6H)e transgenic TGIF1 migrates more
rapidly on SDS-PAGE than mouse Tgifl, and it appdaat expression of the transgene
effectively reduces expression of endogenous Tgglevidenced by the almost complete
absence of the slower migrating Tgifl band in thedgenic samples (Figure 2.6E).
Thus, Vil-TGIF1 is over-expressed to a level simitathat of the elevated endogenous

Tgifl expression seen in tumors.

2.3.4 Altered tumor burden in the small intestine

To test effects of Tgifs on tumorigenesis, we carediconditional alleles of
Tgifl, bothTgifl andTgif2, or theVil-TGIF1 transgene witWillin-Cre and a
heterozygous loxP flanke&bcallele. At 12 weeks of age, small intestines were
separated into proximal, middle, and distal theirdd opened along the length to identify
tumors. Although the number of tumors per animad waite variable, there was a
significant reduction in tumor numbers in mice liagckbothTgif1 andTgif2 and an
increase in the Vil-TGIF1 mice (Figure 2.7A). Thenmber of tumors larger than 1.5mm
in diameter was significantly lower in both thgifl andTgif1;Tgif2 mutants (Figure
2.7A). The increase in larger tumors in the TGIW&reexpressing mice was highly
significant, whereas there were no significantetéghces in the number of smaller
(<1.5mm) tumors. Histological examination of tum@slated from animals of all four

genotypes revealed no clear differences in tumaphwogy (Figure 2.7B). All tumors
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Figure 2.7 — Tgif expression promotes small intestal tumorigenesis.

A) The numbers of tumors per animal (at 12 weekshe small intestine are shown
(median, upper, and lower quartile¥, &nd 95 percentiles) for each genotype. Numbers
are shown for all tumors and separately for thds&mm, or >1.5mm in diameter. p-
values for comparison to tec” mice are shown. * p < 0.05, ** p < 0.01, *** p <
0.001. B) Representative images of H&E stained tgnfrom the indicated genotypes are

shown. Images captured at 200x magnification.
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examined were adenomas, and we did not observeiwg/earcinomas in these animals.
Thus, increasing TGIF1 expression to a level sintdahat seen ik\pc mutant tumors
enhances adenoma growth but does not promotettcant invasive adenocarcinoma.

In the middle and distal regions of the S, we obse increased numbers of
larger tumors in Vil-TGIF1 mice and a decreasenalttumor numbers imgifl;Tgif2
mice (Figure 2.8A-B). These differences were pripalriven by changes in the
numbers of larger tumors (Figure 2.8A-Bjpc mutant mice lacking onlygifl had an
intermediate phenotype between that ofAlpe andApc;Tqif1;Tgif2mice, especially
seen in the number of large tumors in the middtedistal portions of the SI (Figure
2.8C). This was patrticularly evident when analyzing proportion of tumors in each
mouse that were >1.5mm in diameter (Figure 2.8D).

Although theVil-Cre;Apc model primarily generates tumors in the smallgtites,
there are also colon tumors in these animals. Casgraof tumor number and size in the
colon betweei\pcmice and those lacking Tgifl did not reveal amnsgicant
differences (Figure 2.9A-B). However, in tApc; Tgif1;Tgif2mice, average tumor
volume was significantly lower, nearly 45% lowerApc;Tgif1;Tgif2mice compared to
Apcmice, despite the fact that the tumor sizes weite gariable (Figure 2.9B). Thus, it
appears that further reducing overall Tgif levetgdeletingTgifl andTgif2 enhances the
relatively mild effect of deletion ofgifl alone, implying redundant function. As with the
Sl tumors, there were no clear histological diffexes between the colon tumors from
mice of each genotype (Figure 2.9C). Together ghieda suggest Tgifl and Tgif2
contribute toApc mutant intestinal tumorigenesis, and increasingFILGxpression

drives adenoma growth.
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Figure 2.8 — Tgif expression promotes tumorigenesd large tumors in the small
intestine.

A) Tumor numbers per animal in the middle (A) amstal (B) thirds of the small

intestine at 12 weeks are shown (median, upperlamer quartiles, 8 and 9%'
percentiles) for each of the four genotypes. Cpkdaumor numbers ( >1.5mm) per
animal in proximal, middle, and distal thirds oétbmall intestine at 12 weeks shown for
Tgif knockout mice only (median, upper, and lower glesrt5" and 95 percentiles). D)
Percentage of large tumors compared to all tumerapimal that are over 1.5mm in
diameter. p-values for comparison to #kgc”" mice are shown for each of the four
genotypes. p-values for comparison toApe” mice are shown. * p < 0.05, ** p < 0.01,

% 1) < 0,001, *** p < 0.0001.
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Figure 2.9 — Tgif expression promotes colon tumorg&nesis.

A) Average number of colon tumors per mouse (mediaper, and lower quartiles"5
and 98' percentiles). B) Average tumor volume per mouse{mp-values for
comparison to th&pc”" mice are shown. * p < 0.05. C) Representative #sag H&E
stained colon tumors from the indicated genotypeshown. Images captured at 200x

magnification.
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2.4 Discussion

Analysis of multiple CRC datasets, including a TC@#&aset, showed elevated
levels of TGIF1 andTGIF2. We further show knockout of TGIF1 in HCT116 cells
decreases proliferation, and this result was réalaped by analyzing the proliferative
potential of intestinal crypts iApcmice with different levels of Tgifs. Utilizing th&pc
mouse model of CRC, we provide evidence that espyasl GIF transcription factors are
upregulated in CRC and impact both intestinal tumoden and individual tumor size.

TGIF1 is well documented as an inhibitor of TG&ctivated gene expression.
Given the tumor suppressive effects of T&Gignaling, TGIFs might be expected to be
oncogenic by limiting the anti-proliferative effeadf TGF signaling. Several studies
have examined effects of TGIFs on the proliferabdbhuman cancer cell lines or growth
in xenograft models, and recent work suggests dprwrigenic role for TGIF1 in colon
cancer (129). Knockout of TGIF1 in HCT116 cellsueed proliferation of these cells in
culture. In a xenograft model using the human L&RC cell line, reduction of TGIF1
levels resulted in smaller tumors in a xenograftieloOur mouse data support this, in
that deleting eithefgifl or bothTgifl andTgif2 together in the background of a
heterozygoug\pc mutation reduced the number of tumors, espeatdllgirger adenomas.
Thus, cell culture, xenograft, and mouse genetidetsosupport a role for Tgifl in
intestinal tumor growth.

Deletion of both Tgifl and Tgif2 had a greater effen tumor growth than
deletion of Tgifl alone, and this difference wasnarily seen in the apparent stepwise
decrease in the number of >1.5mm tumors in the imiddd distal portions of the small

intestine. This difference was also partially sgethe tumor volumes in the colon. Taken
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together, these results suggest an overlappindifumi the intestine, as in early
embryos (106,119,121,123). In contrast to our wotker analyses of Tgif function in
cancer have focused on either Tgifl or Tgif2 alam#hout testing potential

cooperativity. Our analysis éfpc mutant mouse colon and small intestine tumors show
increased expression of both Tgifl and Tgif2, cetesit with increases seen in human
gene expression data-sets and for TGIF1 in humad €#nples (129).

Modeling the increase in Tqifl levels by overexpres of a TGIF1 transgene in
intestinal epithelium supported a pro-tumorigerife@ of Tgifs in intestine, with TGIF1
transgenic mice having both more and larger tunfdslitionally, S| crypts in transgenic
mice had more proliferative cells, further suggesthe pro-tumorigenic effect of Tgifs.
Taken together, this data suggests that increasetslof TGIF1 in the Sl crypts may
lead to the larger tumors we observed in transgarse, perhaps indicating increased
TGIF1 levels could prime a tumor to become largEwever, the transgene is poorly
expressed in colon, so this analysis is basedmoprtaumbers in the small intestine.
While this is different from the human disease,dliterence is dependent on the
regulatory elements used to drive the transgerteanalysis of small intestine tumors in
mouse models has provided considerable insightGRE biology. The opposite pattern
also held true for the Tgif knockout mice which Heodh fewer proliferative cells in Si
crypts and developed fewer and smaller tumors dv€raerall, our data strongly support
a pro-tumorigenic effect of Tgifs in the intestines

In summary, our data corroborates the increasgihekpression seen in human
CRC datasets and suggests Tgifs have a pro-tumazigde in CRC, potentially through

changes in proliferation.
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Chapter 3 — Tqifs regulate Acetyl-CoA
metabolisnt*

3.1 Introduction

Changes in cancer metabolism during tumorigenesis been observed for
nearly a century (131), and tumor cells often dnle & obtain nutrients from nutrient-
poor environments in order to survive and prolifer@&erobic glycolysis, one famous
metabolic shift observed in cancers better knowth@dVarburg effect, occurs even in
normoxic conditions (130,131). This increase incglysis further benefits the tumor by
additionally decreasing the generation of reaabixggen species (ROS) through
oxidative phosphorylation (152). The hypoxic tuneavironment further drives these
metabolic shifts, by reinforcing increased glucaptake by the tumor cell through the
upregulation ofGLUTL, a glucose transporter (137,153). Hypoxic condgiadditionally
promote the conversation of pyruvate to lactateggating NAD as a reducing agent
and preventing the accumulation of NADH in the eglip further promoting the uptake
of glucose (137,148). Thus, both the metabolict $biferobic respiration and hypoxia in
tumors work together to increase glucose uptakeaahace ROS.

Increased glycolysis and decreased oxidative n&smn results in tumor cells
using the intermediates of glycolytic pathway ascprsors for multiple biosynthetic
pathways branching from glycolysis. The pentosesphate pathway (PPP), an anabolic

pathway producing ribose sugars for nucleotideywtigesis, and one carbon cycle, the

" This work is a part of a manuscript currently undesision atGenes and Developme@hah, A,
Melhuish, T.A., Frierson Jr., H.F., Wotton, D. (B)TTGIF transcription factors repress acetyl-CoA
metabolic gene expression and promote intestimabtugrowth.

* Tiffany Melhuish performed both the RT-qCPR andEgPCR in MEFs and small intestinal tissue. Dr.
David Wotton created the pathway map (Figure 3m@) @erformed RNA-seq mapping to the mouse
genome. Additionally, Dr. Wotton assisted me with subsequent RNA-seq analysis.
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metabolism of serine for the biosynthesis of pwgjrieymidine, and the reducing agent,
NADPH, are key examples of biosynthetic pathwaygtlare upregulated in the
presence of increased glucose uptake (137,138)oVérall upregulation of glycolysis in
tumors results in upregulation of downstream pralifarative pathways for growth and
survival. Taken together, this suggests the Warbtfegt is a well-regulated metabolic
state required to meet the biosynthetic demandasrapidly growing tumor.

TGIF1 and TGIF2 (thymine-guanine interacting fasjare homeodomain
transcriptional corepressors that are memberseof ALE (three amino acid loop
extension) superfamily, which interact with theeqmessors mSin3 and histone
deacetylases (81,108). Additionally, TGIF1 cannaté with CtBP1/2 corepressors via a
conserved interaction motif (107). Tqifs limit tresponse to TGFsignaling by
recruiting co-repressors to the SMAD transcriptiactors (81,108). In addition to
SMAD-interaction, other mechanisms for TGpathway inhibition have been suggested,
including promoting SMAD2 ubiquitylation and degedidn or preventing SMAD2
phosphorylation in response to TGsignaling (204,205). Loss of function mutations in
TGIF1 are associated with holoprosencephaly (HPE), arsedevelopmental disorder
adversely affecting forebrain development (100)us®models of Tgifl and Tgif2 loss
of function suggest Tgifl and Tgif2 have a redunidhnt essential roles in early
embryogenesis (121). Conditional mutants survivai-gestation with multiple
developmental abnormalities, including HPE (106)123

Although developmental defects in embryos lackiggTand Tgif2 can be partly
rescued by reducing TGRamily signaling through mutation &fodal (106,121,123),

transcriptome profiling of early embryos or primanpuse embryo fibroblasts (MEFs)
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lacking Tgifs suggests that the majority of genpregsion changes are unlikely to be due
to altered TGF family signaling (110,111). TGIF1 was first iddred by its ability to

bind a retinoid response element of Rigp2gene and reduce activation by RXR nuclear
receptors (97). TGIFs can bind directly to DNA aagress transcription via a well-
defined consensus site, cTGTCAa, where the ceifiteabases are most important
(82,97). Direct repression via this consensushgigebeen shown for a small number of
Tqif target genes (111,123). Recent genome-widey/sisadentified a large number of
potential Tgifl binding sites, with enrichment tbe known TGIF consensus element
(109).

Increased Tgif levels have been implicated in mvaresophageal, and lung
cancer among others (124-126). Tgifl promoted bzaser progression in a mouse
model, independent of effects on TGs$ignaling (128). Th@ GIF1 gene was shown to
be a direct -catenin/TCF transcriptional target that is actxaby Wnt/ -catenin
signaling (128), and the possibility that TGIF1 sesfers Axins to activate Wntlatenin
signaling was also suggested as a mechanism taiexpk its pro-tumorigenic function
(128). Recent work with human CRC cell lines su¢gasole for TGIF1 in CRC
progression and also implicated TGIF1 in contrgllthe output of the Wntfcatenin
pathway, although this appeared to be independegiferts on Axins (129). Thus, Tgifs
can promote tumorigenesis, but questions regardimchanisms and overlapping roles of
Tgifl and Tgif2 remain.

We used genetically engineered mouse models tessidine function of Tgifs in
intestinal cancer and to identify downstream Tarfjet genes. Over-expression of TGIF1

in intestinal epithelial cells increased the sind aumber of adenomas in the small
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intestine (Sl), and deletion dQif1 andTgif2 reduced tumor size in both the SI and colon
(from previous chapter). Transcriptional profilincolon tumors from these mice
revealed little effect of Tgifs on either Wri¢atenin or TGF signaling. Instead, we
found that deleting Tgifs from colon tumors caushdnges in expression of genes
affecting multiple metabolic pathways. Integratthgs data with additional gene
expression profiling suggests that Tqifs play adamental role in regulating energy
metabolism, and they may contribute to the reprognang of metabolic gene expression

that occurs in CRC.
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3.2 Materials and Methods

3.3.1 Mice

All animal procedures were approved by the AnimateCand Use Committee of the
University of Virginia, which is fully accreditedytthe AAALAC. Conditional alleles
with loxP flanked exons are referred to here a#off'loxP flanked, or ‘r’ for recombined
(null). Mice were maintained on a predomintly C578Lbackground. ConditionAlpc
mice were from the NCI, and théllin-Cre line was from Jax (B6.Cg-Tg(Vill-
cre)1000Gum/J; #021504 (14)). Conditional Tgif2 eweere generated from targeted ES
cells obtained from EUCOMM (TgiftaEVCOMMWESE |\ MC project 24492) and crossed
to conditional a Tgifl line (121)illin-TGIF1 transgenic mice were generated at the
UVA GEMM Core. The human TGIF1 cDNA with an amirexninal T7 epitope tag
was inserted into th¥illin promoter plasmid (12.4khllin-, ATG), which was a gift
from Deborah Gumucio (Addgene plasmid # 19358 (1&@rm line transmission was

verified by PCR and expression by western blot.

3.3.2 Tumor analysis, IF and histology

Tissues were fixed in zinc-formalin, paraffin-embed, sectioned at 5 microns and
prepared for immunostaining as described in (20dages were captured with 10, 20, or
40x objectives, using a Nikon Eclipse NI-U with &{QI1 or DS-Ril camera and NIS
Elements software, and adjusted in Adobe PhotoghamplF, antibodies were as follows:
Rabbit anti-Acss2 (Abcam 66038), rabbit-anti Slc@dillipore 07-1401), mouse anki-

catenin (BD Transduction Labs 610153).
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3.3.3 Cell culture

HCT116 and primary MEF cell lines were from the WatLab at the University of
Virginia. HCT116 cells were cultured in RPMI-164BiHco 11875-093) supplemented
with 10% fetal bovine serum (FBS) (HyClone SH30836, 1% Anti-Anti (Gibco15240-
062), and 108g/mLNormocin (InvivoGen ant-nr-1). Primary MEFs wegrown in the
same conditions as HCT116 cells except with DMEMILwere grown in a humidified
37°C incubator supplemented with 5% £Qell line identity was verified by STR
profiling. For siRNA-mediated knockdown, HCT116lselere seeded at 200,000 cells
per well in a six well plate. The next day, cellsre/transfected with either control or
Tgifl and Tgif2 siRNAs using Turbofect (ThermoFisR0532) as per the

manufacturer’s protocol. Knockdown was confirmedRi-qPCR and western blot.

3.3.4 RNA isolation and gRT-PCR

RNA from snap-frozen tissue and cells was isolatedl purified using Absolutely RNA
kit (Agilent) and quality checked by BioanalyzeDMA was generated using Superscript
[l (Invitrogen) and analyzed by real time PCR gsmBioRad MylQ cycler and
Sensimix Plus SYBRgreen plus FITC mix (Bioline)tintron-spanning primer pairs

selected using Primer8tfp://frodo.wi.mit.edu. Expression was normalized to Rpl4 and

Cyclophilin using the delta Ct method.

3.3.5 RNA-sequencing and analysis

Poly-A RNA-seq libraries generated with llluminart@des were sequenced (NextSeq
500 at the UVA GATC) to at least 25M single end @'Bbads per sample. Data was

analyzed using the Galaxy servettfs://usegalaxy.orfj/Transcript quantification was
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performed using Salmon (206) to map to the mm10se@enome build, and DESeq2
(207) within the Galaxy site was used for normalizcount data, estimating dispersion,
fitting a negative binomial model for each gene aomhparing expression between
groups. A cut-off of +/- 0.5 log2 and an adjustedatue of <0.01 was considered
significant. Enrichment was analyzed with ENRICHR

(http://amp.pharm.mssm.edu/Enrigh208,209) and heat maps generated with

Heatmapperhttp://www?2.heatmapper.ca/expressjoi210). Gene set enrichment was by

GSEA software from the Broad Institute (211,212)ARseq data is deposited at GEO

(GSE116578).

3.3.6 Western blot

Tissues were ground in PBS, followed by additioiNBt40 to 1%, then lysates were
separated by SDS-PAGE, transferred to ImmobiloMiflipore) and proteins visualized
using ECL (Pierce). Primary antibodies were agaftsis2 (Abcam 66038ytubulin
(Sigma T6557) and HSP90 (Cell Signaling #4874). Was detected using Neutravidin

conjugated HRP (ThermoFisher).

3.3.7 Chromatin immunoprecipitation (ChlP)

Chromatin was cross-linked for 20 minutes in 1%rfaldehyde and sonicated to 200-
1000bp using a Branson digital sonifier, with miggas described in (213).
Immunoprecipitation was carried out usin@L®f polyclonal TGIF1 antiserum (81), or
pre-immune serum. Bound and input fractions weedyaed by gPCR on a BioRad

MyIQ cycler using Sensimix Plus SYBRgreen plus FIifi& (Bioline).
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3.3.8 Statistical methods

Experiments in cell lines were at least two indejet times with n=3 technical
replicates, and data is shown as mean +/- sd oéxperiment, unless otherwise
specified. T-tests were used to compare groupRTegPCR and ChIP-gPCR
experiments, and p-values are denoted in figurendg. Data was analyzed using

Microsoft Excel and RStudio.
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3.3 Results

3.3.1 Transcriptional changes in Tgif mutant tumors

To address how increased Tgif levels contributatiestinal tumor growth, we
performed transcriptome profiling, comparing normatl type colon to colon tumors
from ApcandApc;Tgifl;Tgif2mice. RNA was isolated from five normal colon sesp
and seven tumors from mice of each of the two ggrest from both males and females.
The samples from each of the three genotypes chdsgeparately, although there was
considerable spread among the tumors, and theunvortgenotypes clustered closer to
each other than to the wild types (Figure 3.1Am8mf this spread in the tumor samples
may have been due to other cell types presentitutinor, such as immune cells and
stromal cells, but IF analysis has shown the migjarfi cells present in these colon
tumors were epithelial cells. To identify gened tvare differently expressed, we
performed pairwise comparisons using a 0.5 log@-fblange and an adjusted p-value
cut-off of <0.01. This identified close to 2000 gsrthat were differentially expressed
between the two tumor genotypes, with 884 beindrign theApc;Tqifl;Tgif2than in
theApctumors and 1160 with lower expression. Hierardhstsstering of each of these
two gene lists suggested that, among the genesneitbased expression in the
Apc;Tgifl;Tgif2compared to thApctumors, a small fraction was also more highly
expressed in wild type colon (Figure 3.1B). Thisamsistent with these genes being Tgif
targets that are represseddpctumors by increased Tgif expression. Among theegen
with lower expression iApc;Tgifl;Tgif2tumors, many are increased in fgctumors
compared to wild type, consistent with loss of $géversing at least part of tApc

mutant gene expression program (Figure 3.1C). Deefipeé presence of some genes that
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Figure 3.1 — Gene expression changes in Tgif mutaatlon tumors.

A) Principle component analysis of RNA-seq datarfnoormal wild type (WT) mouse
colon or from colon tumors isolated frofpc heterozygous mice (Apc) &pc
heterozygous mice with homozygous deletion of Aaiil andTgif2 (ApcTT). Heat
maps are shown for all genes with significanthgfddold change > 0.5, p-adjusted <
0.01) higher (B) or lower (C) expression in ApcHan in Apc. D) Venn diagrams
indicating the overlap between genes that arefsignily differently expressed between

Apc versus WT and Apc versus ApcTT.
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decrease in thApctumor compared to wild type and increasépt; Tgifl; Tgif2tumors,
there was minimal enrichment for this class (FigdiddD) among genes that are
significantly differently expressed in both tApcto wild type (left Venn diagram) and
Apc;Tqifl;Tgif2to Apc comparisons (right Venn diagram). However, moneegewith
higher expression iApc;Tgifl;Tgif2tumors had reduced expressioApctumors
compared to wild type (124/392; 31.6%) than hadh@igexpression (72/392; 18.4%).
Thus, it appears that there is a subset of diftelynexpressed genes that fit with being
Tgif targets. However, there also appears to bafgignt tumor to tumor variability and
a larger number of genes that do not fit a simplectl Tgif target model.

Tgifs are well characterized as repressors of Tf&Bponsive transcription
(81,100) and have been suggested to promote Wimes/e gene expression (128,129).
We, therefore, examined expression of genes tledtreown targets of these pathways.
For a panel of well characterized TGtargets $mad7, Skil, Serpinel, Cdknaad
Cdkn2h), and some additional genes that respond to TIGES1034 CRC cells (214),
there was no consistent pattern in expressionrdiffees between normal colon akplc
tumors, and deletion of Tgifs had minimal effeag(fe 3.2A). Overlapping gene
expression changes Apc;Tgifl; Tgif2Zcompared té\pctumors with expression array
data from mous@pccolon tumors oApctumors lacking the TGFtype 2 receptor
(GSEB2133; (215)) revealed minimal overlap (Figai2B). gRT-PCR analysis of
canonical TGF target genes in a setApc;Tgifl;Tgif2ZandApccolon tumors did not
show significant increases in expression intgeé mutants (Figure 3.2C).

To examine Wnt signaling we looked at expressiocamionical targets of the

pathway. These genes were clearly activatepotumors compared to wild type colon
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Figure 3.2 — Wnt and TGF target gene activity in colon tumors.

A) A heat map (z-score per gene) is shown for R¥4-data for a panel of well
characterized TGFtarget genes in addition to those shown to belaggu by TGF in
LS1034 CRC cells. The right hand panel shows tge2léold change for each gene,
comparing Apc tumors to wild type, and Apc;TgiflifBg(ApcTT) tumors to Apc only.
B) A Venn diagram indicating the overlap betweeneagewith differential expression in
Apc versus ApcTT tumors and those with significaulifferent (log2 fold change > +/-
0.5, p < 0.05) expression comparing Apc mouse ctlorors to those with deletion of
the TGF type 2 receptor (Thr in figure) as well as Apct®is from GSE82133. C)
gRT-PCR analysis of a panel of known TGirget genes comparing ApcTT tumors to
Apc only (n=4 per genotype). D) Heat maps are shimwexpression of known Wnt/
catenin target genes in RNA-seq data. Data is stasan panel A. E) Overlap of genes
differentially expressed in Apc versus Apc;TgiflifPgumors (left) or Apc versus WT
tissue (right) with validated-catenin target genes that are either activateg ¢ac
repressed (rep) by Wnttatenin signaling. Note the enrichment for geihes are -
catenin activated and increased in the Apc comparedid type, and for -catenin
repressed and decreased in the Apc compared tawwid In contrast, loss of Tgifs has
little effect on this gene set. F) gRT-PCR analgsia panel of known Wntfcatenin
target genes comparing Apc;Tgif1;Tgif2 and Apc tusio wild type (n=4 per

genotype).
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but were not further activated by deletionlgfifs (Figure 3.2D). Comparing a set of
catenin activated or repressed target genes (2itlo)owr data showed limited overlap
with expression differences betwegpc;Tgifl; Tgif2ZandApctumors, whereas there was
clear enrichment for these target genes in the anisgyn betweeApcand WT tissue
(Figure 3.2E). This was supported by qRT-PCR aisbfsowing increased expression of
Axin2 Lgr5, andLeflin Apc mutant tumors but no decreasedc;Tgifl;Tgif2tumors,

as would be expected if Tgifl promotegatenin activated gene expression (Figure
3.2F). Thus, it appears, in the context of colandts in mice, Tgifs do not play a major

role in regulating either TGFor Wnt/ -catenin signaling.

3.3.2 Altered metabolic gene expression in tumoradking Tgifs

To identify functional groups among the gene exgiceschanges, we performed
GSEA. Gene sets indicative of epithelial to mesgnwl transition (EMT) and KRAS
signaling were among the most significantly enrechretheApccompared to
Apc;Tgifl;Tgif2tumors (Figure 3.3A). Surprisingly, glycolysis walso one of the most
significantly enriched gene sets in thpctumors, and other metabolic signatures were
enriched inApc compared t#\pc; Tgifl;Tgif2tumors (Figure 3.3A). Comparing
Apc;Tgifl;Tgif2to Apctumors, one of the most down-regulated glycolgBoes was
Slc2al encoding Glutl, the major glucose transportéhéintestine. For most
glycolytic enzymes, there was a more modest rediidéti expression iApc;Tgifl;Tgif2
tumors (Figure 3.3B). Examining expression of gesresoding proteins that function to
generate glucose from pyruvate revealed that theses were generally slightly more
highly expressed in thepc; Tgif1;Tgif2tumors. Summing the relative expression for

each tumor for a panel of glycolysis or glucone@gistspecific genes revealed a clear
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Figure 3.3 — Altered metabolic gene expression inglf mutant colon tumors.

A) GSEA analysis indicates enrichment of EMT, KR#i§naling, glycolysis and
glutamine metabolism in Apc tumors compared to AcThe nominal enrichment score
(NES) and FDR g-value are shown. B) Heat mapstareis indicating fold-change
(comparing ApcTT to Apc tumors) for the glycolypathway and for genes involved
specifically in the conversion of pyruvate to glseoThe plot to the right shows summed
z-scores for a panel of genes involved only in glysis or in gluconeogenesis, plotted as
gluconeogenesis versus glycolysis for each tumeatirhaps are shown for all genes in
the purine and pyrimidine metabolic pathways (Camino acid metabolic pathways (D)

that are significantly differently expressed compguApc to ApcTT tumors.
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separation oApcandApc;Tgifl;Tgif2tumors, consistent with the GSEA result, despite
the expression of most components of these path{fagsre 3.3B). We also examined
the RNA-seq data for changes in other metabolibvays by comparing all genes that
were significantly differently expressed betwégt andApc;Tgifl; Tgif2tumors to
metabolic gene lists from KEGG. This analysis réegaeduced expression of multiple
genes with links to purine and pyrimidine synthesid amino acid metabolic pathways
(Figure 3.3C-D).

SinceSlIc2alwas the most down-regulated glycolytic genéjc;Tgifl;Tgif2
tumors, we examined expression of the Glutl prateoolon tumors of each genotype
by IF. Glutl was expressed throughout normal calmhApc mutant tumor tissue, with
relatively little difference in expression betwdbe two (Figure 3.4). In contrast, there
was clearly lower expression of Glutl in thpc; Tgif1;Tgif2tumor tissue compared to
adjacent normal tissue andApc mutant tumors (Figure 3.4). Together, these apalys
suggest that loss of Tgifs froApctumors results in widespread changes in metabolic

gene expression.
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Figure 3.4 — Glutl expression in normal and tumorissue.
IF analysis shown for Glutl andcatenin in colon tumors [T] with adjacent normal

tissue [N].
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3.3.3 Tgifs repress expression of genes involvedAcetyl-CoA

metabolism

The majority of metabolic gene expression changaméed so far are decreases
in expression in the absence of Tqifs, suggestinge changes are unlikely to be direct
Tqif targets. To identify Tgif target genes we dapped gene expression changes found
here with transcriptome profiling from wild typednonditionalTgif1;Tgif2 null mouse
embryos (111). There was relatively little overliween these two data sets, but,
among the genes that changed in both, there wiggsificant enrichment for genes that
increased with deletion of Tgifs from embryos amehors (Figure 3.5A). ChlP-seq
analysis from mouse ES cells identified more th@&y®Q0 potential Tgifl-bound regions
across the genome (109). To enrich for higher denite targets, we considered only the
top 40% of putative Tgifl-bound regions from thmabysis and overlapped this list with
genes that were differently expressed gifl;Tgif2 null embryos and tumors lacking
Tgifs (Figure 3.5B). This revealed a greater oyerdth genes that were activated by
loss of Tgifs than with genes that had lower exgimsin the mutants (Figure 3.5B-C).
Among the genes with increased expression in Bbgtfi;Tgif2 null embryos and tumors
almost 70% had high confidence ChIP peaks (Fige 5

Analysis of the 125 genes with ChlP-seq peaks agtteh expression in both
RNA-seq datasets revealed a significant enrichdogrg MEIS1 consensus site (which is
identical to a TGIF site) associated with theseegenonsistent with the idea that they are
direct Tqgif targets (Figure 3.5D). Propanoate meliam and acetyl-CoA biosynthetic

process were the most significantly enriched pajiswand, among the 125 gene list,
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Figure 3.5 — Identification of putative Tgif targetgenes.

A) Differentially expressed genes from RNA-seq daban control orTgif1;Tgif2 null
(cdKO) day 9 mouse embryos (GSE78728) overlappéu gdnes that are significantly
differently expressed in ApcTT versus Apc tumors@nes with significantly higher
(left) or lower (right) expression in either datt-svere overlapped with Tgifl ChlP-seq
data from mouse ES cells (GSE55404). C) The peaigentf genes from each of the
indicated overlaps between expression data fronmasland tumors with ChiP-seq
peaks is shown. D) EnrichR analysis of the 125 gevith increased expression in

embryos and tumors that also have ChlP-seq peak®ign.
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there were three genes encoding enzymes that syrehecetyl-CoA: Acssl, Acss2, and
Mlycd. To place these changes in context, we vizedlexpression changes for genes
encoding a number of enzymes involved in acetyl-@u#&abolism as part of a metabolic
pathway mapAcss2was significantly increased in both cdKO embryod & tumors
lacking Tgifs and decreasedApctumors compared to wild type colon (Figure 3.6).
Similarly, the mitochondriahcsslwas increased in Tgif mutant embryos and
tumors and decreased in thpctumors. Other genes that showed this patterndeciu
Mlycd, which encodes a cytosolic enzyme that convertemya CoA to acetyl-CoA, and
Acatlwhich generates acetoacetyl-CoA from acetyl-Cogamitochondria as the first
step of ketone synthesis (Figure 3.6). Since thex®some increase in expression of
genes associated with the early stages of pyrumatabolism (Figure 3.3B) arMpcl
andPcxexpression was increasedTigifl;Tgif2 null embryos, we also examined some
changes in this pathwallpclexpression showed a similar pattern to the acety-
synthetic genes, as did Pcx, although the increaBex expression iApc;Tgifl;Tgif2
tumors was not statistically significant (Figuré)3.This analysis is consistent with the
idea that Tgifs directly repress multiple geneslugd in acetyl-CoA metabolism and

suggests they may also play a similar functiorpfguvate metabolic genes.
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Figure 3.6 — Acetyl-CoA and pyruvate metabolism pdiway map.

A pathway map for selected genes involved in ag@bA and pyruvate metabolism is
shown, with mitochondrial and cytoplasmic compariteseshown separately. Black
arrows indicate metabolic reactions, green arrgarsstocations, and the dashed arrows
links to additional metabolic pathways. For eachegghown (boxed), the three colored
squares represent fold changes in Apc to WT cormsgarleft), ApcTT to Apc tumor
comparison (center) and cdKO to control embryo camspn (right). Larger boxes
indicate significant change (p-adjusted < 0.01)allen boxes are not significant at this

cut-off.
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IF analysis of colon tissue froA&pcandApc;Tgifl;Tgif2mice indicated that
Acss2 expression was reduceddjoc mutant tumors compared to adjacent normal colon,
and expression was higher in both normal and tumesue in theApc;Tgifl; Tgif2mice
(Figure 3.7A). In both small intestine and colore @bserved higher Acss2 expression,
with more evident nuclear localization in thgif1;Tgif2 mice compared to wild type
(Figure 3.7C-D). In support of this, western blotolon tumors indicated higher Acss2
expression ilApc; Tgif1;Tgif2than inApctumors, and Pcx expression was also higher in
the Tqifl;Tgif2 mutants (Figure 3.7B). To address the possiliii genes involved in
acetyl-CoA and pyruvate metabolism are direct Tajifjets in multiple cell types, we
tested expression of a panel of these genes byR{ERin both normal small intestine
and primary MEFs. All three acetyl-CoA syntheticge andAcatlwere significantly
more highly expressed ifgif1;Tgif2 null small intestine than in wild type tissue (g
3.8A). Similarly, expression d*fcxandMpclwas also higher in the mutant. We
observed a similar pattern for five of the six gemeprimary MEFs (Figure 3.8BAcss1
expression did not increase in MEFs, but its exgoesis very low in cultured cells,

including primary MEFs.
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Figure 3.7 — Increased Acss2 expression in Tgif mant tumors and crypts.

A) IF analysis is shown for Acss2 anetatenin in colon tumors with adjacent normal
tissue fromApcmutants and\pc;Tgif1;Tgif2(ApcTT) mice. B) Western blot analysis of
colon tumors from Apc and ApcTT mice showing expras of Acss2 and Pcx, together
with Hsp90 andytubulin loading controls. Molecular weight markare shown. C-D) IF
analysis is shown for Acss2 angcatenin in normal colon (C) or small intestiné) (®)

from wild type (WT) or Tgif1;Tgif2 conditional doud knockout (T1;T2).
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Figure 3.8 — Increased expression of acetyl-CoA amruvate metabolism genes in
Tgif null small intestine and primary MEFs.

A) Expression of the indicated genes was analyyeqRI¥-PCR from normal small
intestine from wild type or cdKO (Tgif1;Tgif2 cortchnal double knockout) mice. B)
Expression of the same genes was analyzed in ypkland cdKO primary MEFs.
Expression is plotted relative to the wild type émersd) of 4 and 3 replicates for

intestine and MEFs. * p < 0.05, ** p < 0.01, **$0.001 for comparison to wild type.
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We next examined the sequences of the ChlIP-se psakciated with each of
these genes. In each case the potential Tgifl bregidn overlapped the transcriptional
start site, and for all buicsslat least two TGIF consensus sites were prese@TCRA
or TGTCAa; Figure 3.9A-B). To test Tgifl recruitmewe performed ChIP-qPCR for
the five genes that had ChlP-seq peaks with consenSIF sites. Favipcl, we
amplified two regions as the predicted peak watdwioad and had consensus sites
close to each end. In chromatin from wild type dnmaéstine, we observed significant
enrichment of the putative Tgifl binding regionsrir all five genes compared to a
negative control region, and similar results wersgamed from primary MEFs (Figure
3.9C-D). Together, these data suggest that Tgifslmect repressors of a set of genes

involved in acetyl-CoA and pyruvate metabolism.

3.3.4 TGIF repression of genes involved of AcetyldA in cancer

With strong evidence to suggest Tgifs directly esgsrgenes involved in acetyl-
CoA and pyruvate metabolism, we next decided t& ltdhe expression patterns of
these genes with the context of the human dis&ase, we analyzed the expression
profile of these genes in the human CRC cell Ith&T116, in order to confirm the
expression changes of a panel of genes involvadetyl-CoA and pyruvate metabolism
seen in the small intestine and MEFs (Figure 3.8AVEe tested expression of this panel
of acetyl-CoA and pyruvate metabolism genes in HBIdells with and without siRNA-
mediated knockdown of TGIF1 and TGIF2 by gRT-PCRIHL and TGIF2 knockdown
these HCT116 cells was >70% (Figure 3.10A). Sintddboth the mouse small intestine
and MEFs, the three acetyl-CoA synthetic genesPDWT 1were significantly more

highly expressed in the double knockdown cells, thiglresult was also true f&C
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Figure 3.9 -Tqifl regulation of acetyl CoA metabolic gene expssion.

A) The relative positions of ChIP-seq peaks arenshaogether with the percentile
ranking in this data set (ranked by relative enrient), and the number of 6/7 base
matches (either cTGTCA or TGTCAa) to the TGIF caorssss site and the expected
number. B) The positions of the ChIP-seq peaksRjB@plicons, and TGIF consensus
sites for each to the five genes tested are shemgy WCSC genome browser views. A
4kb region centered on the transcriptional stashimwvn for each mouse gene, with
similarity to human below. C) Tgifl binding to egabak region was analyzed by ChliP-
gPCR from normal wild type small intestine. D) Tlghfinding in primary MEFs was
analyzed by ChIP-gPCR. Chromatin was precipitatitd & TGIF1 antiserum or pre-
immune serum (pre-1). Data is mean + sd of tripésaand is plotted in arbitrary units
with the TGIF1 IP for the negative control regidbpk3) set equal to 1. * p < 0.05, * p

<0.01, ** p < 0.001, for comparison to fbpk3.
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Figure 3.10 - Increased expression of acetyl-CoA drpyruvate metabolism genes in
HCT116 cells with TGIF knockdown.

A) Expression of TGIF1 and TGIF2 in control (sitgtaind knockout (SiTGIF1;2)
HCT116 cells was analyzed by qRT-PCR. B) Expressidhe indicated genes was
analyzed by qRT-PCR in HCT116 cells with and with®GIF knockdown. Expression
is plotted relative to the wild type (mean +sd¥adnd 3 replicates for si-ctrl and si-

TGIF1;2 samples. * p < 0.05 and ** p < 0.01 for qmarison to si-ctrl.
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(human homolog aPcX) andMPC1 (Figure 3.10B). This result replicates the results
from the small intestine and primary MEFs (Figur@) 3suggesting the TGIF-mediated
repression of acetyl-CoA and pyruvate metabolispoisserved between mice and
humans within the context of CRC.

We next analyzed TCGA CRC data to see if TGIF1lkea#ected expression of
ACSS1ACSS2andPC, key genes involved in acetyl-CoA or pyruvate rhetsm. We
stratified the data into quartiles based on TGIkdression within the tumors. Then, we
compared the expression of these three genes bethe¢op and bottom quartiles. All
three genes were significantly more highly expréssehe tumors in the bottom quartile
of TGIF1 expression compared to the top quartiluofors with TGIF1 expression
(Figure 3.11A), once again agreeing with the ided these genes are direct TGIF
targets. Additionally, progression-free survivabbsis from TCGA CRC data indicates
patients with tumors with high&fCSSZexpression survived longer than with lower
expression as defined by z-score (Figure 3.11Bdén suggesting TGIF1 and ACSS2
have opposing effects on tumor progression, likielg to TGIF1 repression of ACSS2
(Figure 3.9). Togethethis data also agrees with both the previously seee
expression and ChIP-gPCR data from mouse sma#itines and primary MEFs and
gene expression data from HCT116 cells.

To identify if TGIF repression of acetyl-CoA angrpvate metabolism is a
conserved function of TGIFs, we next did an analgdipan cancer data. The correlation
of expression with TGIF1 of the panel of six ge(f@gure 3.8), three involved in acetyl-
CoA metabolismACAT] and the pyruvate metabolism gerfe€,andMPC1, was

analyzed in a eighteen different solid cancer typegure 3.11C). Overall, the expression
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Figure 3.11 — TGIF1 expression negatively correlagewith genes involved in acetyl-
CoA and pyruvate metabolism in different cancer tyes.

A) Expression of a panel of genes is shown in dipe(high) and bottom (low) quartiles
of human CRCs expressing TGIF1. Data is from thHdiplued TCGA colon cancer
dataset and has been stratified into quartiles®WT expression. p-values are denoted.
B) Progression-free survival analysis of provisiohR@GA colon cancer data is plotted
for tumors with high and low expession of ACSSZjliHand low expression was
determined by a z-score above and below 0, resjedetiC) Heat map is shown
comparing the correlation of expression of TGIF1hva panel of genes involved in
acetyl-CoA and pyruvate metabolism in eighteeredd#ht solid cancer types using
published TCGA data. D) Heat map is shown compahegorrelation of expression of
TGIF1 with a panel of randomly generated genebeanfive different solid cancer types
with the highest negative correlation with acetgACand pyruvate metabolism genes

from (C).
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of these six genes negatively correlated with TG3kfiression, especially in the top 50%
of cancers with an overall negative correlationttd@o nine rows of heatmap).
Additionally, many epithelial cancer types are fdwmthin this set of nine
cancers, including colon adenomas. In order to nsake these correlations between
TGIF1 and the panel of genes was not occurringtdwhance, we randomly selected
eighteen genes and compared their correlation T¥&H-1 expression in five different
cancers, including CRCs (Figure 3.11D). There didappear to be any pattern to the
correlation between expression of these randomsgeitkin the given cancer types.
Overall, this analysis of solid cancer types inthsal GIF regulation of acetyl-CoA and
pyruvate metabolism may not only be conserved tjinaunany cancer types, but may

especially be conserved within epithelial cancers.
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3.4 Discussion

Using a colon cancer model as a starting poinhtdyae TGIF function, we
provide evidence that TGIF transcription factonedily regulate genes involved in
acetyl-CoA and pyruvate metabolism. We also proedeence this regulation by TGIFs
is seen in multiple different cancer types, esplgdia epithelial cancers. This function of
TGIFs does not appear to be limited to tumor onmraditissue and may represent a key
unexpected function of these transcription factmdependent of the other pathways
they are known to regulate.

Our initial prediction was that Tgifs promote isti@al tumorigenesis by

inhibiting TGF signaling. Mutating th@gfbr2 gene in the intestine has minimal effect,
but, in concert with adpc mutation, loss of gfbr2drives the transition from adenoma to
invasive adenocarcinoma (217). Decreasing Tgiflierreght be expected to increase the
TGF response and limit tumor growth. However, trarngorne profiling of colon
tumors revealed almost no overlap with changes3k Fresponsive gene expression,
suggesting that at least, in this model, Tgifsraremajor regulators of TGFsignaling.
In this context, it seems somewhat surprising dedeting Tgif1l and Tgif2 had such
limited effect on the TGFresponse in colon tumors. However, a Taikdependent role
for Tgifs is consistent with analysis suggestinat tthe majority of Tgif function may be
mediated by direct binding to DNA (109). In agreamwith this, structural studies show
that, unlike many other homeodomain proteins, TAlRts with high specificity and
relatively high affinity to its cognate site (112).

In addition to direct DNA binding and SMAD-intetaan, TGIF1 was proposed

to activate Wnt signaling by sequestering Axinkvaing activation of Wnt/-catenin
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target genes (128). In our transcriptome data, maabWnt target genes show increased
expression ilApc mutant tumors, but there is no consistent decreatbe Tgif mutant
tumors, as would be expected if Tgifl promotechtenin nuclear function. Like effects
on TGF signaling, this suggests the Wnt pathway is noggor TGIF target in this

colon tumor model, arguing against the two mosljikmodels to explain a pro-
tumorigenic function of Tgifs. A further link to Wisignaling is the demonstration that
TGIF1 is directly activated by Wnt/catenin signaling (128). Our data are consistent
with this, in that Tgifl and Tgif2 expression i€iaased ifA\pc mutant tumors compared
to normal tissue, although we do not know if Tgghgs are -catenin targets in the
intestine.

Genome wide analysis of Tgifl binding to chromatimouse ES cells revealed a
very large number of binding sites (109). Compathmygenes predicted by this binding
did not reveal any enrichment for genes with insegbexpression in Tgifl knockdown or
knockout cells. When we ranked ChIP peak enrichreentes and considered the top
40%, there was enrichment for genes activated lydBietion, consistent with this
being a higher confidence target gene set. Comgpénggene expression changes with
deletion of Tgifs from colon tumors to our previausalysis of early mouse embryos
lacking Tgifs revealed a relatively small overlapnsistent with tissue specific effects.
However, there was enrichment in the overlap foregehat showed increased
expression in both data sets withifl; Tgif2 deletion. Integrating this analysis with
chromatin binding data identified a high confidetexget gene set. In support of this, the
promoters of these genes were enriched for a TGhSensus site. Surprisingly, pathway

analysis on this high confidence gene set identifieetyl-CoA metabolism as the most
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significantly enriched biological process, with aygparent links to TGFor Wnt
signaling.

Along with large metabolic shifts, the two biggebnges betweekpcand
Apc;Tgifl;Tgif2tumors by GSEA were in EMT and KRAS signaling. Bmichment for
the EMT signature in th&pctumors was initially somewhat surprising as thisor
model of CRC does not metastasize, but recent Wasksuggested EMT transcription
factors participate in metabolic rewiring seenumbrigenesis by promoting glycolysis
(218,219). Additionally, there is evidence to sugjgl/sregulation of metabolic
pathways, especially glycolysis, can drive EMT ((BZD,221). As glycolysis was one of
the other large changes we noticed by GSEA, it ni\be surprising to see EMT and
glycolysis enriched in thApctumors together. The change in KRAS signalingois n
quite as surprising aspctumors were typically larger thakpc;Tgifl;Tgif2tumors,
suggesting difference in proliferation betweenttlie tumor genotypes. This difference
in KRAS signature may in part account for the d#feces in tumor size and volume
previously observed.

In addition, analysis of all gene expression chariggweem\pctumors anddpc
tumors lacking both Tgifs revealed changes in mldtmetabolic pathways, further
supporting a role for Tgifs as regulators of met@bgene expression. Among a panel of
six genes with links to acetyl-CoA and pyruvate abelism, five had multiple consensus
TGIF sites within the region identified by ChIP-seqd we validated them as direct
Tgifl targets in both normal small intestine annarry MEFs further supporting the
notion of this being a conserved core Tgif functi®ur data suggest that Tgifs play a

role in regulating metabolic gene expression irhbwirmal and tumor tissues and may
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mediate part of the metabolic reprogramming thatioein colon adenomas. Analysis of
a panel of diverse human cancer data sets sugbasfBGIF1 may regulate metabolic
genes in multiple cancers, supporting the widesuvahce of this conserved function of
TGIFs.

In summary, our data suggest a model in whichsTigifction in multiple cell
types to limit expression of a core set of acetyACGnetabolic genes. In cancers where
Tgif levels increase, this normal Tgif function mag co-opted by the tumor as part of

the metabolic reprogramming.
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Chapter 4 — General Discussion

The work done for this thesis sought to understardole of TGIFs in CRC. We
first analyzed multiple CRC datasets, including TACéata, to confirm the upregulation
of TGIF1andTGIF2 Then, using CRISPR/Cas9 mediated knockout, wergésd
TGIF1 KO HCT116 cells and showed they had decrepsaderation; this result was
also observed in intestinal crypts in mice witHetiihg levels of Tgifl expression —
cdKO mice had decreased proliferation while theosje was true iVillin-TGIF1
transgenic mice. Using a murine model of CRC withrdestine-specific Cre-mediated
deletion ofApc we analyzed the role of Tgifl and Tgif2. We obserTgifs are
upregulated in CRC, recapitulating the expressattepns seen in humans, and knockout
of Tqifs or overexpression of TGIF1 had opposingatts on tumor burden and tumor
size.

With this result, we performed transcriptome pioglon the colon tumors from
the mice. The results were overlapped with trapsame profiling data from wild type
and cdKO embryos (111), and this analysis stroagfygested TGIFs directly regulate
genes regulating acetyl-CoA and pyruvate metaboligfollow up on these results, we
provided evidence to suggest glycolysis is downlagd in Apc;cdKO tumors through
decreased expression of Glutl, and we also shawaeed Acss2 expression in
Apc;cdKO tumors compared to Apc tumors by IF. ldieidn, we showed Tgif knockout
or knockdown in murine MEFs, SI, and human HCT1éisaesults in increased
expression by RT-qPCR of six genes involved inydg€@bA and pyruvate metabolism,
and two of the genes involved in these processes st®wn to be upregulated at the

protein level by western blot. Finally, we show flgiirectly regulates genes involved in
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acetyl-CoA and pyruvate metabolism by performindFCgPCR. Analysis from the
transcriptome profiling, IF, western blot, RT-qPGRd ChIP-gPCR taken together
provide strong evidence Tgifs regulate acetyl-Cod pyruvate metabolism.

Evidence for this regulatory role of TGIFs was ligit demonstrated by an
analysis of a large panel of solid tumors whichgasged TGIF expression strongly
negatively correlates with a panel of genes invbiveacetyl-CoA and pyruvate
metabolism. Additionally, this role of TGIFs doedst mppear to be limited to tumor
tissue, suggesting it may be a core function ofHtednscription factors. Taken together,

this work provides evidence for a novel role forlF&and their function in CRCs.

4.1 TGIF connection to proliferation

Previous studies on the role of TGIFs in canceetfagused on the role of
TGIF1. In multiple cancer types, including breasion and lung cancers, TGIF1
expression has been shown to be pro-tumorigeni@emgroliferative (124,128,129).
No study has properly addressed the role of both-$Gimultaneously within any given
cancer model. As there is strong evidence to sudges-1 and TGIF2 have overlapping
and potentially redundant functions (100,108,1itXEgmains a possibility that knockout
of a single TGIF could be compensated for by preser its paralog. Thus, our double
knockout of TGIFs in a CRC model more accurately &dliowed us to ascertain some of
their functions in CRC, and this is where our sthdg excelled and provided important
insights.

Double knockout of both Tgifs in mouse small initesst epithelium resulted in

fewer cells and fewer proliferating cells in théeistinal crypts. In contrast, mice
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overexpressin¥illin-TGIF1 had more proliferating cells in the intestiog/pts
compared to wild type animals. This result wouldgest TGIFs promote proliferation,
independent of a tumor state and mirrors the redt#tinedn vitro with single knockout
of TGIF1 in HCT116 cells. In two TGIF1 null colosigenerated by CRISPR/Cas9
deletion, both grew significantly slower than wilgbe cells, further suggesting TGIFs
promote proliferation.

Unfortunately, we were unable to generate TGIF1@IH2 double knockout in
HCT116 cells. Generating these cells would hawenadtl us to eliminate the possibility
of overlapping functions of TGIFs. The inability generate the double KO of TGIFs
might suggest TGIFs are necessary for HCT116 aelivwal. However, given we were
able to generate viable cdKO mice with no Tgif egsion in the intestines, this
possibility seems unlikely. The inability to generdouble TGIF KO HCT116 cells
could also indicate double KO of TGIFs in HCT118seay cause these cells to
senesce, indicating we could generate the doubl®i@vould not be able to grow or
use them. Additionally, two other possibilities @m— the double knockout of TGIF1
and TGIF2 is possible in HCT116 cells, but theywgem slowly that they are difficult to
identify and screen, and, secondly, not enoughnoesowere screened. If generation of
TGIF1 & TGIF2 double knockout HCT116 cells is diffilt to achieve, screening 29
colonies may not have been enough to determinastivt possible to generate these
cells. Additionally, there is evidence that a coet@lTgifl or Tgif2 knockout mouse is
viable, though a double knockout mouse is not (119,222). While evidence for a full
body double knockout of TGIFs shows it is not pbiesidouble knockout is possible in

the intestines. This would suggest TGIFs are negr@sal for intestinal homeostasis.



129

Taken together, it would seem that TGIF functiomtestines is not essential but could
promote proliferation, something tumors could patdly exploit.

Once we shifted to the CRC tumor model utilizvigin- Cre with Tgif knockout
and TGIF1 overexpression, we observed clear diffags in tumor burden. Mice with
TGIF1 overexpression had both more tumors and imegeall larger tumors compared to
Apcmutant mice, while mice withgifl or Tgif1;Tgif2 knockout within arApc
background had both fewer tumors and fewer langmiots. We also observed a stepwise
effect on tumor burden and tumor size as we wemh fsingle to double deletion of
Tgifs. This data, again, agrees with data previopablished which suggested TGIF1 is
pro-tumorigenic and promotes tumor proliferatioBqL Our data also goes beyond that
conclusion by suggesting deletion or overexpressforgifs may have a stepwise type
effect on CRC tumors, with respect both to tumae sind burden, providing evidence of
a potential compensatory function of Tgifs.

In addition, one of the biggest changes betwaanandApc;Tgif1;Tgif2tumors
through transcriptome profiling and subsequent G3BA an enrichment of KRAS
signaling inApctumors. KRAS is a well-known oncogene whose matatesults in
aberrant and dysregulated cellular proliferationd the KRAS/MAPK pathway has been
found to be mutated in 66% of human CRCs. Whiledl®a link between Tgif
expression and proliferation, no direct link betwdgifs and Kras signaling is currently
known. It is somewhat surprising to see and enrainfor Kras signaling il\pctumors
compared tApc; Tgif1l; Tgif2tumors, but this differential expression of Kragaling
within the context of Tgif KO in tumors may in pastplain the tumor size and volume

differences we observed.
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The unanswered guestion here is how latent le\elgib expression are able to
affect tumorigenesis and/or tumor growth. Thisnknown, and the answer would be
crucial in understanding CRC tumor biology. Oné¢haf easiest ways to address this
would be to analyze Tgif expression in normal csyqutd identify if there is an overlap
with intestinal stem cells (ISCs). This co-expreaswould be very important for two
reasons. Firstly, it has previously been showndten cells upregulate TGIF (109), and
if Tgifs were upregulated in intestinal stem celisyould recapitulate that previous
finding. Secondly, it is widely believed ISCs ahne tcells of origin for CRCs (15,23).
Thus, evidence of Tgif upregulation in ISCs in #iissence of a tumor would strongly
suggest the level of Tqif expression in these a#llzrigin for CRC would have a
priming effect for tumor growth and progression.

This potential priming effect for tumor growth apobgression would be simple
to test in HCT116 double TGIF1 and TGIF2 knockaelts; if we could generate them. It
would be worth trying to screen many more double d¢tnies in order to do some very
simple experiments with them. An alternate stratiegyenerate HCT116 cells without
TGIF1 or TGIF2 expression, a shRNA mediated knoekdof TGIF2 in TGIF1 KO
cells, could be used. A combination of experimemttiding a simple growth assay with
serial replating, colony forming assay in soft agad on plastic, and xenografts in mice
with double knockout and wild type cells would piader the results to assess the role
TGIFs have on proliferation and tumorigenicity batlvitro andin vivo, and these
experiments could be competed rather rapidly onealbuble knockout cells could be

generated.
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4.2 Tgif disconnect with TGF and Wnt signaling

4.2.1 Tgifs do not appear to regulate TGF signaling in our CRC model

TGIFs have been well characterized as represseg#fing with their discovery
as RXR repressors (81,82,97,107,108,113). Mucheofmork to understand the function
of TGIFs has been done within the context of TGRnaling (81,82,110,112,120,204),
so much so that TGIFs perhaps have been misnamEd-inGuced factor
(129,222,223). TGIFs have been shown to interaitt ®MADs independent of DNA
binding to its consensus site (81,112), and TGtfspete with SMAD coactivators.
Repression of TGIF-bound SMADs is further enharmgdecruitment of other
corepressors by TGIFs (107,108). However, unlikeoTGF inhibitors such as
SMAD?7 or SKIL (224,225), there is little evidenaeduggest TGFsignaling directly
regulates TGIF expression. Taken together, thidadveuggest that while TGIFs are able
to limit TGF signaling, TGF signaling does not induce TGIFs, and a feedback
mechanism between the two has yet to be shownisa ex

Our initial hypothesis was that Tgifs would promaitestinal tumorigenesis in
our mouse model by inhibiting TGFignaling.Tgfbr2 mutations, within the context of
anApc CRC tumor model, are able to facilitate the tramsifrom adenoma to invasive
carcinoma (217). Thus, it would be reasonableittktthat decreased expression of Tgifs
would result in increased TGFesponse, limiting tumor size. However, very
surprisingly, analysis of our RNA-seq data of walaracterized TGFtarget genes saw
no consistent changes in expression between naigaat and\pctumors in which
Tgifs are upregulated. Even more surprising waseéhbalt that Tgif knockout in tumors

had little to no effect on expression of TGargets. Thus, it does not appear Tgifs are
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major regulators of TGFsignaling within this model of CRC. This is in ¢aast to the
effect of Arkadia Rnf113, a ubiquitin E3 that promotes TGBignaling by driving
degradation of the Ski and Skil (SnoN) SMAD coregars Rnflll1deletion increased
tumor numbers in a chemical carcinogen mouse ccdmeer model, increased Skil
expression and reduced the T@Esponse (226). Thus, altered SMAD corepressetdev
can affect CRC tumor progression, although it reim@iossible that other Arkadia
substrates contribute.

Within this context, it is certainly surprising thdeletion of Tgifl and Tgif2 had
such a minimal effect on TGFsignaling in colon tumors. However, this result is
consistent with published studies which suggedtatithe majority of TGIF function
may be through direct DNA binding (109-111), and thata is corroborated by another
structural study which showed TGIF1 has both hiffiimity and specificity for its
consensus site (112,227). Therefore, while it wéglly surprising our data does not
show changes in TGFresponsive genes with changes in Tgif levels, rssilt suggests
Tgifs may have a TGFindependent function within the context of CRC (enon this

later).

4.2.2 Tgifs do not appear to regulate WNT signalingh our CRC model

A novel role of TGIF1, independent of direct DNAding and TGF inhibition,
was proposed by one study which provided evidenseiggjgest TGIF1 activates Wnt
signaling by sequestering Axins in the nucleus J1Z8is blocks the formation of the
catenin destruction complex, allowingcatenin to translocate to the nucleus and drive
Wnt target genes. This study was done primarilg breast cancer model. A second

group also published a study with evidence to ssigg&IF1 activates Wnt signaling in a
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CRC model, but this study did not find evidencésin sequestration (129). We
investigated the link between Wnt and Tgifs in owadel of CRC, and transcriptome
profiling showed increased expression of Wnt tagggtes in thépctumors compared
to normal tissue. However, there was no decreaieipxpression of Wnt target genes in
the tumors lacking both Tgifs, as would be expedt@gifs promoted -catenin
mediated transcriptional regulation. Thus, Tgifsndb appear to regulate Wnt signaling
in our CRC model, similar to its lack of effect ®&F signaling

It remains possible that any effect on Wnt sigrialsa cell type specific function
of TGIF1, a notion that is consistent with the gigant differences in gene expression
changes seen in different cell types and tissudsn@duced TGIF function. It is also
possible TGIF1 promotescatenin function, but its effect is masked by ¢kerriding
pathway activation caused Byc mutation. However, this still argues against & Tgi
effect on tumor promotion via-catenin in this mouse model. These results, taken
together, strongly suggest that the two models vhmost likely explain the pro-
tumorigenic role of Tgifs in CRC are incorrect, icating the pro-tumorigenic role of
Tgifs in CRC may be due to the genes they dirgetylate, independent of Wnt and
TGF signaling.

Another link between Wnt signaling and TGIF1 wamdastrated by showing
TGIF1 is directly activated by-catenin (128). Our RNA-seq data is consistent with
as Tqifl and Tgif2 expression is increasedjttumors compared to normal tissue, but
we do not have evidence to suggesttenin directly activates Tgifs in the intestines
One of the next steps for this project would bpadorm ChIP for the -catenin/Tcf co-

activating complex within the Tgif promoter Apctumors and normal intestine. This
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would provide direct evidence that Wnt signalinguiates Tgif expression,
corroborating a previously published study (128)diionally, if we could ChIP the-
catenin/TCF complex to the Tgif promoter in normsdue, it would provide strong
evidence to suggest Wnt signaling is a regulatdrgifis outside of the tumor context.
This would be both a novel and important findinditk is currently known about how

Tqifs are transcriptionally regulated.

4.3 Tgif regulation of metabolism
After finding little evidence to suggest Tgifs wesgulating Wnt or TGF

signaling within our CRC model, we compared genaression enrichment between
Tgifl wildtype and null tumors using published Cld&q data from Lee et al. 2015 (109).
Within this data set, there were over 16,000 CHd®seaks for Tgifl. In order to narrow
our focus and consider genes likely to be Tgifeditargets, we considered the top 40%
of genes with ChIP peak enrichment scores withITdéletion. This resulted in a set of
genes which we considered to be high confidenct Targets. Additionally, there were
few genes enriched in bottyif1;Tgif2 null CRC tumors and a previous analysis
conducted by the Wotton lab in early mouse embigosing Tgifs (111), strongly
suggesting Tgifs may have tissue specific effddtsvever, the genes that did overlap
between these two data sets, when combined witldli# ChIP-seq data, yielded strong
evidence of a high confidence Tgifl target genefathermore, these high confidence
genes had TGIF1 consensus sites in their promgiergiding strong evidence for

TGIF1 regulation of these genes.
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To our surprise, the genes highly upregulated twidgih confidence ChlP peaks
were genes involved in acetyl-CoA and pyruvate tmatam, with no connection to
TGF or Wnt signaling (as previously discussed). Addhitilly, transcriptome analysis of
ApcandApc;Tgifl;Tgif2tumors suggested large scale metabolic shiftyjgirng
additional evidence Tgifs regulate expression ofeganvolved in cancer metabolism.
When we analyzed a panel of six genes involveatatydCoA and pyruvate metabolism,
five had TGIF consensus sites within their promoggiions. We were then able to
validate these genes as Tgifl targets in multipkue types, normal small intestine, and
primary MEFs. This suggested that, unlike the migj@f changes seen with Tgif
deletion in CRC tumors, the increased expressi@tefyl-CoA and pyruvate metabolic
genes is not cell type specific, with evidencecituwrs in mouse embryos, primary MEFs,
normal small intestine, and colon tumors. Thisrggip suggests that regulation of acetyl-
CoA and pyruvate metabolism may be a fundamengaliyexpected role of Tgifs.
However, even if this is an unexpected role of §give provide evidence to suggest it is
a conserved core function of Tgifs.

To investigate this further, we analyzed the expoesof ACSS1, ACSS2, and
PC in human TCGA CRC data. After splitting the tusimto quartiles by TGIF1
expression, we noted that the expression of these genes was increased in the lowest
guartile compared to the uppermost quartile. Thas & somewhat surprising result as
high ACSS2 levels previously have been seen ingmnaiit tumors (188), suggesting
tumors may become dependent on acetate to geAeC&82-mediated acetyl-CoA for
the generation of fatty acids and overall growtt aarvival. Additionally, in brain

tumors and triple-negative breast cancers, ACS$gegion was shown to correlate with
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tumor grade and survival, with higher expressioAGES2 leading to a worse prognosis
(176,188).

Reconciling these studies with our data suggesiedink between ACSS2 and
tumor severity phenotype may be cancer or tisseeip. We provide evidence for this
when we performed a progression free survival amlgn TCGA CRC data for ACSS2.
The results showed tumors with higher ACSS2 expradsad better progression free
survival, and fit into our larger overall moderich Tgif expression leads to a more
aggressive tumor phenotype and represses Acss@ssipm. This result from CRCs is
somewhat confusing as it goes against conventigisalom, but it may demonstrate a
novel finding about ACSS2 within the context of CR€. ACSS2 expression in human
CRC tumors may be more associated with less aggeassnors and normal tissue
compared to other cancers. However, tumors developeur model of CRC did not
develop past the adenoma stage, and it remaing@AELSS2 expression could
increase a later tumor stage, though the progme$se survival analysis would argue
against that.

One reason high ACSS2 expression may be benefcipkogression free
survival is that the colonic lumen is filled withigrobes which can produce high levels
of short chain fatty acids, such as butyrate ardate (228,229). Short-chain fatty acids
are a major energy source for colonocytes. Thespticrobiome of the colon may have a
unique impact on colonic energy homeostasis condparether tissue types, perhaps
explaining why increased ACSS2 expression in hu@®Bg results in better progression
free survival while the opposite may be true fdresttissues. It is possible, for example,

that decreased expression of ACSS2 in a tumor wloultlifatty acid synthesis, favoring
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glycolysis and the Warburg effect. Thus, theseltesuggest that Tgif regulation of
Acss2 and other enzymes involved in fatty acid Isgsis might be an important function
of Tgifs, especially in the colon and CRC, whergyfacid metabolism is important
(more on this later).

Although we observed extensive changes in expnesdimetabolic genes,
relatively few were increased in the Tgif mutamhtus, suggesting the majority of
changes may be indirect effects. Attempting to @laatential direct Tgif target genes in
context suggests that Tgifs repress anabolic misaboather than catabolism (see
Figure 3.6). For example, Tgif repression of mitmatirial AcsslandAcatlwould be
expected to limit ketone synthesis, and generati@acetyl-CoA from acetate would be
reduced via repression of botleasslandAcss2 In the absence of Tgifs, anabolic
metabolism may favor synthesis of ketones and Isteaiad the utilization of pyruvate to
generate other metabolic intermediates. Thesetdftgrts of Tgifs are reminiscent of
the shift in cancer cells towards the generatiometabolic intermediates that can drive
tumor growth.

Reprogramming of metabolic gene expression is m@zed as one of the
hallmarks of cancer. In addition to an increasdidmee on glycolysis, termed the
Warburg effect (230), there is extensive rewirifigergy metabolism in cancer cells
(137,231). Comparison of gene expression betwgrriumors and those lacking Tgifs
shows enrichment of glycolysis and glutamine metatyoin theApctumors that have
high Tgif expression, and higher expression of geneolved in nucleotide and amino
acid metabolism. Recent work suggests metabolimgepmming occurs at the adenoma

stage of CRC (232), and it appears this is dowastref activation of oncogenes, such as
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KRAS or BRAF, and requires high MYC expression (233). Thus it would appear that
Tgifs are required components for this metabolitt b repress some acetyl-CoA and
pyruvate metabolism genes, but they do not appeae hecessary for the large-scale
metabolic shifts seen in tumors.

Additionally, there is evidence to suggest EMT rp&y a role in the metabolic
reprogramming of tumors. EMT was the top enrichedegsignature by GSEA, and this
was quite surprising as the tumor model we used doemetastasize. Evidence from the
literature would suggest EMT can regulate some badiapathways, including
glycolysis (234) and oxidative phosphorylation (REFNAIL a well-known EMT
transcription factor prepresses fructose-1,6-bisphate 1 (FBP1) which favors
increased glucose uptake (236), glycolysis, anxldfumetabolites through downstream
glycolytic pathways, such as the pentose phospiatevay (PPP). Additionall{5sNAI1
has been shown to repress the expression of FABM@ER, two enzymes involved in
fatty acid metabolism (237). Together, this sugg&MT can rewire tumor metabolism
by increasing glycolysis and decreasing other nodtapathways.

Complicating this is the fact that metabolic altenas can drive EMT, especially
metabolic alterations within the glycolytic pathwdy fact, one study in breast cancer
MCF-10A cells showed overexpression of phosphoglagsomerase (PGI), an enzyme
that converts G6P to F6P, can cause the stabdizafiZEB1 and ZEB2, two well
characterized EMT drivers (238). Additionally, amet study found silencing GAPDH in
HCT116 cells inhibited EMT by repression®NAI1(221). This, taken with evidence of
EMT transcription factors influencing tumor metabdhifts, suggests there may be a

positive feedback loop between EMT and glycolyBIBIT transcription factors, such as
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SNAIlandZEB1 can cause metabolic shifts in tumors in ordelltmw the tumor cells to
survive in the tumor microenvironment while dysrigion of tumor metabolism,
especially increased glycolysis and decreasesigr glathways, in turn drives EMT.
Metabolic stress typically causes cellular senese€p39), and EMT induction is one
means by which cells could survive and proliferatautritionally deficient and hypoxic
conditions found in tumors.

Connecting EMT to Tgifs within our tumor model istrdirectly obvious. We
provide direct evidence to suggest Tgifs act indepeatly from EMT as we show Tgifs
ChIP to five genes involved in acetyl-CoA and pyatermetabolism. One connection
between Tgifs and EMT is the repression of fatig agnthesis. As previously discussed,
short chain fatty acids, especially butyrate, dnenalant in the colon due to the effects of
the microbiome. Thus, normal colonocytes may haeesased expression of enzymes
involved in fatty acid synthesis. EMT transcriptifactors have been shown to decrease
expression of enzymes involved in fatty acid sysihieand we show Tgifs directly bind
and repress transcription of enzymes involved ity facid synthesis. Thus, it may be that
the enrichment for EMT we see Apctumors may be partially due to the lack of Tgif
repression of fatty acid synthesisApc;Tgifl;Tgif2tumors. In addition, it may be Tgif
repression of genes involved in fatty acid synthésan important function of Tgifs in
CRC specifically. However, it remains possible thalecrease in glycolysis seen in the
Apc;Tgifl;Tgif2tumors may help explain the difference in EMT silyme between the
two tumor genotypes. As there is evidence to suggese is a positive feedback look
between glycolysis and EMT, one simple theory tpl@x the EMT difference in the

tumors would be the enrichment for glycolysidipctumors. Taken together, our data
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may suggest Tgif expression is pro-EMT, but thikkisly through an indirect
mechanism.

Tgifs appear to play a role in regulating metabgkoe expression in both tumor
and normal tissues, and we provide evidence toesidhis is conserved in multiple
cancer types. We first provide evidence via RT-gRCRCT116 WT and’ GIF1;TGIF2
knockdown cells that the five of the six genes walgzed in murine small intestine and
primary MEFs were all upregulated with TGIF knockaio We then showed analysis of
18 solid tumor types for TGIF1 expression correlativith a panel of acetyl-CoA and
pyruvate metabolic genes. We identified a negadkm@ession correlation between the
two in many of the cancers, and this was espeqmtiypounced in cancers with an
epithelial cell of origin. This again provides esitte to suggest a core function of TGIF1
is to repress these genes, independent of tispee Ityalso provides evidence that the
regulatory role of Tgifs we see in our CRC modeias necessarily limited to CRC but
likely occurs in other types of cancer as well tigatarly in epithelial cancers. Further
work is required to understand the metabolic reguisby Tgifs in not only CRC but in
other types of cancer as well.

The model of CRC we used to develop these tumeesgis an insight into what
Tgifs are doing within early states of tumorigesedihis is a novel study, and the results
are quite surprising. To reiterate, Tgifs do nqteqr to regulate TGFor Wnt signaling
and instead appear to regulate metabolism, spakyfiatty acid/acetyl-CoA synthesis
and pyruvate metabolism. Additionally, this Tgif-di@ed metabolic switch iApc

tumors may be pro-EMT, and this would again be\gehfunction of Tgifs. In sum, our
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work within this mouse model not only has proviaeav insights into Tgif function in
tumorigenesis, but opened up new avenues for €gdarch in CRCs.

Here, the next immediate steps to strengthen eealéor this novel role of Tgif-
mediated metabolic reprogramming include furthexlysis of the panel of six genes we
analyzed which regulate acetyl-CoA and pyruvateatmaism. A bulk of our presented
evidence was a combination of western blots forsB@nd Pcx, and one panel of IF for
Acss2. Assessing protein levels and subcellulalipation both in tumor and wild type
intestinal tissue with and withotigifl; Tgif2knockout would be very informative and
provide direct evidence to validate Tqif regulatafrthese targets in addition to the
bioinformatics approach. Additionally, it would w@éte our finding that Tgifs regulate
these genes in normal and tumor tissues. Performa@sgern blots and RT-gPCR in
human samples for these genes involved in acetyl-&w pyruvate metabolism in
addition to TGIFs would not only provide evidenoe TGIF regulation of these genes in
the human disease, but it would also strengtherddéeethat these genes Tgifs regulate is

a core, conserved function across species.

4.4 Potential Medium & Long Term Projects

4.4.1 Metabolomics experiments

One of the next steps for this project is to penfanetabolomics experiments
utilizing mass spectrometry on both normal intesgiand tumors iApcand
Apc;Tgifl;Tgif2mice to assess the levels of different metaboléas acetate, acetyl-
CoA, pyruvate, and lactate. Acss2 turns acetateanetyl-CoA, so we would expect to

see decreased levels of acetate and increased tEhadetyl-CoA inTgifl; Tgif2 null
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tissue with perhaps lower levels of acetate anceased levels of acetyl-CoA in
Apc;Tgifl;Tgif2tumors compared to normal small intestine. We w@l$o expect to see
opposing results with pyruvate and lactate, simoagcetate and acetyl-CoA. Tumors
undergoing aerobic respiration typically turn pyatevinto lactate in order to reduce ROS
(137,138), and Tgifs appear to directly negativelyulate genes involved in pyruvate
metabolism. Thus, we would expect to see increbesadls of lactate and decreased
levels of pyruvate in tissues expressing Tgifshwitore lactate present in tumor tissue
than in normal tissue.

Additionally, full scale metabolomics on murine @oltumors, HCT116 cells with
and withoutTGIF1; TGIF2KO, and human tumor samples would be very usefubs
experiments. The results of these experiments woradide raw levels of metabolites
within these different tissue types and validateaRkpected results of the experiments
proposed above which analyze levels of a panelethbolites. Full scale metabolomics
would also show levels of metabolites in differergtabolic pathways, providing
evidence for the downstream impacts of Tgif-mediaggulation of metabolic genes. In
addition, overlapping the results of these fulllsgaetabolomics experiments would
concretely show a conserved function of Tgif acssscies and model systems.

These experiments are important because they woaldde direct evidence and
a functional consequence of Tgif-mediated regutatibmetabolic genes and their
outputs. Additionally, overlapping the results wabprovide more evidence that the
acetyl-CoA and pyruvate metabolic gene regulatipi ¢ifs is independent of
tumorigenesis, and this is a core function of Tdifisese experiments additionally could

be informative by showing differences in metabdkteels between normal and tumor
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tissue in the presence or absence of Tgifs, thowisly the metabolic shifts due to Tgifs

during tumorigenesis.

4.4.2 ldentification of additional primary effectsof Tgif knockout in our

mouse model of CRC

We provide evidence that Tqifs directly regulate &xpression of a few genes
involved in acetyl-CoA and pyruvate metabolism. Hoer, this is by no means the only
set of genes Tgifs regulate, and it is possibldsTrgigulate other genes involved in both
metabolism and other cellular processes. It woelddry informative to identify other
genes Tgifs directly regulate to obtain a fullestpre of their role in CRCs. Performing
ChlIP-seq for Tgifs in normal and tumor tissue vattd without Tgif expression would be
the experiment to identify genes directly regulatgdrgifs. ChiP-seq results would
reveal a more complete picture of Tgif regulatiand provide evidence for novel
functions of Tgif. Additionally, these results wdwhow changes in gene regulation by
Tgifs between normal and tumor tissue which couti/jgle interesting insights into
changes and differences in Tgif function basedssue type. Finally, these results could
also provide evidence for secondary effects of S dtirther analysis of Tgif ChlP-seq
data potentially could show enrichment for a clafsgenes whose repression could also

participate in metabolic reprogramming or in sortteeocellular pathway.

4.4.3 ldentification of secondary effects of Tgif kockout in our mouse

model of CRC

While transcriptome analysis 8fpcandApc;Tgifl;Tgif2tumors showed large

changes in expression of metabolic genes, inclugamgs involved in purine/pyrimidine
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biosynthesis and amino acid metabolism, only agenes increased in Tgif mutant
tumors. In addition, one of the biggest metabdtifts in theApctumors was the shift to
glycolysis, with the upregulation of Glutl. We didt see any evidence to suggest Tgifs
directly regulate expression 8fc2al the gene transcribed to create Glutl, even though
immunofluorescence analydgc;Tgifl; Tgif2tumors showed decreased expression of
Glutl compared té\pc tumorsThis suggests most of the changes observed ingifie T
mutant tumors may be due to indirect effects of Kgockout. It remains possible Tgifs
are not directly regulating the pathways previousntioned but are instead driving a
secondary oncogenic pathway which results in thhegipation of metabolic genes we
see inApc mutant tumors.

One way to identify potential secondary effect3 gif knockout in tumors would
be to identify if there are any transcription fastavhich could function as repressors
enriched in the metabolic genes upregulateéijgatumors. This could be done using
oPossum, a tool that can be used to identify opeesented transcription factor binding
sites in large data sets (240-242). With the resflthis analysis, it would be
straightforward to identify if expression of thramscription factor(s) which acts as a
repressor was low iApctumors in which Tgif expression is increased, higther in
Apc;Tgifl;Tgif2tumors. This would provide indirect evidence tggest Tgifs regulate
these repressors. Then, analyzing the promotesmegjithese genes for Tgif binding
sites and subsequent ChlP-seq/ChIP-QPCR data ywonNtte evidence Tgifs regulate
these repressors, thus allowing transcription efahce repressed metabolic gene&pn
tumors. These results would be important becateewlould provide evidence that Tgifs

regulate tumor metabolism both directly throughrespion of genes involved in acetyl-
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CoA and pyruvate metabolism and indirectly thropgkential repression of transcription

factors repressing metabolic genes upregulatégpatumors.

4.4.4 Generation of a new mouse model of CRC

Problems with our mouse model

There are some critical issues with the model vesl @d presented in this thesis.
First and foremost, the vast majority of the tumarthese animals were present in the
small intestine, with few tumors developing in ttedon. Secondly, the genetic
background of the mice can have effects on the giztarated through strain specific
modifiers (12); therefore, these studies need tddme on100% inbred animals in order
to mitigate variations in tumor multiplicity andzei due to genetic background. The need
to keep mice inbred in order to mitigate effectstofin background does not faithfully
represent the human disease. The tumors that ddogiem the intestines do not progress
beyond the adenoma stage (12). This, again, ddescoorately model the human
disease. Additionally, it means we are unable émiifly the role Tgifs may have in more
aggressive tumors. Finally, the majority of the miitgpic effect we observed in this
model occurred in the small intestine, though wksdie a reduction in tumor volume in
the colon betweeApcandApc;Tgifl;Tgif2mutant tumors. Given these reasoiss
mutant mice expressingllin-Cre may not be the best model in which to study the

function of Tgifs.

A new model
The ideal mouse model of CRC would have the salimbrk features as the

human disease, including similar molecular mechmasisf tumorigenesis and disease
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pathology, genetic heterogeneity within a sporagicor that specifically develops in the
colon, high penetrance, a latency period, grondmfan adenoma to a metastatic
adenocarcinoma with metastases to lung, liver,carghph nodes (243,244). Additional
aspects of this ideal mouse model would includeathikty for researchers to manipulate
one gene or condition at a time within the contéxhe many mutations which arise
during the course of tumorigenesis, and the altitsnonitor tumorsn vivo (244,245). It
has certainly been very difficult to generate mouselels that satisfy all of these
requirements, and many different models have bearrgted, many of which address a
few, but not all of the requirements laid out ab¢i/2,246).

A recently published study developed a mouse mibd¢laddressed many of
these aforementioned requirements, and it woula bseful model in which Tgif
function could be studied at multiple stages of CR@n adenoma to invasive
adenocarcinoma to metastases. This mouse modkixXiasites flanking exon 14 @fpc
loxP sites flanking exons 2-10 953 and loxP sites flanking Tet-inducitfeas®*?°
allele and was established withitvalin- Crés* "2 background (245Villin-Cre normally
is expressed within the epithelium of both the $imétstine and colon; to make
expression colon-specific, a 4-OH-tamoxifen-etharwdbnic enema was used to drive
the Villin-Cre™"™2 The Tet-inducibl&ras®'?® allele was expressed with administration
of doxycycline in the drinking water. After a latgnperiod of approximately six weeks,
tumors at all stages from adenomas to metastaticamércinomas were detected, and
metastases were observed in the liver, lung, amglynodes.

Interestingly, metastases were only observed wiemiutanKras was

expressed; however, when doxycycline was removddraritantkras expression
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stopped, those animals did not have metastase#, &wad observed tumors which were
adenocarcinomas reverted to adenomas, stronglyestigg mutankras is required for
metastasis (245). Whole-exome sequencing of thesers indicated primary tumors

were heterogenous férasc*°

while metastases were homogenous for the mitias
allele, further providing evidendéras®*P drives tumor progression to metastasis.
Additionally, TGF signaling was shown to mediate Kras-induced irorgghrough
upregulation of nuclear pSmad2, and every moude métastases had at least one
primary carcinoma which had invaded entirely thiotige colon, strongly suggesting
that this invasion and extravasation exhibited &gimomas is required for metastasis
(245).

This mouse model, IKAP (245), is clearly a supenmdel to theVillin-
Cre Apcc© we used, and has the potential to allow a researcher to undetsteore
deeply and completely the function of Tgifs, or @@ne, in CRC. While this model does
develop a few tumors in the distal portion of thea#l intestine (in approximately 10% of
animals), the majority of the tumors these anindalgelop are found in the colon (245).
Additionally, Tgif function can be assessed insédlges of tumors (through doxycycline
addition or subtraction) through RNA-seq or Chlg;sand these results can be compared
to each other. For example, one could ask if theabodic changes driven by Tgifs in an
adenoma are the same as metabolic changes inasiiecancer and in a distal
metastatic site. The results of these metaboloexpgriments would help validate our
findings described here, and would additionallyvglilee evolving role of Tgif regulation

of metabolism within the context of tumor progressi
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It remains possible that Tgifs may have differemtdtions at different states of
tumorigenesis — this has yet to have been tedtathy be that Tgifs participate in
metabolic rewiring in adenomas and may have areéifterole in carcinomas.
Additionally, as TGF, known to induce invasion and metastasis in can@), appears
to facilitate Kras-mediated invasion, it would Ipéormative to study if Tgifs regulate
EMT through its known role as an TGFepressor. This work would provide evidence
for another function of Tgifs in tumor progressiamependent of metabolic regulation.
However, as previously discussed, Tgifs may proradd through downregulation of
fatty acid synthesis, in a manner independent df T&élgnaling. The results of these
studies could have potential clinical and theraipaalevance. Overall, the iIKAP model
of CRC appears to be robust and mimics the hunseade, and it may prove to be a

model in which it is easy to test the functiond gffs within CRC.
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