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Abstract

Tgifl and Tgif2 repress gene expression by binding directly to DNA, or interacting with
Transforming Growth Factor (TGF) B-responsive SMADs. Tgifs are essential for
embryogenesis and may function in tumor progression. By analyzing both gain and loss
of Tgif function in a well-established mouse model of intestinal cancer, we show that
Tgifs promote adenoma growth in the context of mutant Apc (Adenomatous Polyposis
Coli). Despite the tumor suppressive role of TGFp signaling, transcriptome profiling of
colon tumors suggests minimal effect of Tgifs on the TGFf pathway. Instead, it appears
that Tgifs, which are up-regulated in Apc mutant colon tumors, contribute to
reprogramming metabolic gene expression. Integrating gene expression data from colon
tumors with other gene expression and chromatin binding data identifies a set of direct
Tgif target genes encoding proteins involved in acetyl CoA and pyruvate metabolism.
Analysis of both tumor and non-tumor tissues indicates that these genes are targets of
Tgif repression in multiple settings, suggesting this is a core Tgif function. We propose
that Tgifs play an important role in regulating basic energy metabolism in normal cells,

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

1.1 Colorectal Cancer (CRC)

1.1.1 Background

Colorectal cancers (CRCs) are the third most prevalent cancers and are one of the
leading causes of cancer-related deaths in the United States. Over 140,000 new cases are
estimated to be diagnosed in 2018 in the United States alone (1), and worldwide, it is
estimated that 700,000 people die from CRCs yearly (2). There are two forms of CRCs,
sporadically obtained and genetically inherited, and the vast majority of cases of CRC are
sporadic in nature, accounting for nearly 75% of newly diagnosed cases every year (3).
While the majority of this thesis work focuses on sporadically obtained CRC,
understanding how both of these types of cancer arise yields a complete and overlapping
insight into the molecular mechanisms of tumorigenesis, disease progression, and
treatment. As such, is not surprising to find that CRCs have been heavily studied, and
there is a well-established order in which mutations arise to cause a colorectal growth to
become a carcinoma (4) (Figure 1.1).

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

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



Figure 1.1 — Canonical progression of sporadic CRC (6).
Transitions from normal tissue to invasive carcinoma are partitioned by major pathways
mutated within the progression of CRC, and patient age indicates the approximate age at

which mutations occur in the appropriate pathways.
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cells divide and differentiate into the various cell types populating the crypt including
goblet cells, enterocytes, and enteroendocrine cells (7), and this all of this rapid division
is thought to force differentiated cells to migrate upwards along the crypt axis (8,9). As
mature epithelial cells die, they are released from the epithelial surface, and ISCs and
TAs constantly are required to replace them (5). The one key difference between small
intestinal and colonic crypts is the presence of Paneth cells in the small intestinal crypts
but not in colonic ones. These cells protect the small intestine ISCs from potential enteric
pathogens and additionally secrete various pro-growth ligands, including WNT,
facilitating the growth and division of ISCs (10,11).

There are currently two theories on the cell of origin in CRC — a bottom-up theory
proposing the ISC is the cell of origin and the top-down theory in which either an ISC or
differentiated cell can be the cell of origin. Evidence for the top-down theory has mostly
come from histological studies which were unable to directly identify the direct cell of
origin due to the experimental method used (5). Additional support for the top-down
theory comes from the many murine models of CRCs which utilized Cre-mediated
deletion of Adenomatous polyposis coli (Apc) (more on Apc below) in all cells of the
intestinal epithelium, not just the stem cells, in order to generate tumors (12—14).
However, recently, there has been some strong evidence for the bottom-up theory through
genetic manipulations in mouse models. Mice with ISC specific deletions for Apc rapidly
developed colonic adenomas, while Apc deletions in TAs and differentiated cells only
sporadically resulted in adenomas (15). Additional evidence for the bottom-up theory has

been found in mouse models of prostate cancer (16) and glioblastoma (17). The sum of



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

Canonically, tumor initiation begins with a mutation in the tumor suppressor
APC, a key negative regulator of the WNT pathway, in ISCs, causing changes in colonic
crypt morphology (5,19). The crypts have more proliferative cells which are less
differentiated, and crypt fission, the process by which a crypt splits in two, is observed.
This generates the colonic polyp, an abnormal growth from the surface of the mucosal
membrane (Figure 1.1). Then, additional mutations in the RAS/MAPK pathway (mutated
in 66% of CRCs) help accelerate the growth of the polyp in to an adenoma. Over time,
pathways involved in cellular proliferation/survival (PI3K/AKT) (mutated in 36% of
CRCs), cell cycle/apoptosis (p53) (mutated in 60% of CRCs), and TGFp signaling
(mutated in 28% of CRCs) can become mutated, turning an adenoma 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 described in Drosophila melanogaster
and then was subsequently described in other model organisms, including but not limited
to Xenopus and Mus musculus. WNT signaling plays a critical role in embryonic
development, cell proliferation, cell migration, and cell fate (20-22). Aberrant WNT
signaling has been implicated in the carcinogenesis of many cancers, including, but not
limited to, breast, prostate, and CRCs. WNT signaling can be broken down into two
groups, canonical and non-canonical. The key difference between the canonical and non-

canonical branches of WNT signaling depends on the involvement of B-catenin —



canonical WNT signaling uses -catenin to drive transcriptional programs while non-
canonical WNT signaling occurs independently of B-catenin involvement and regulates
planar cell polarity and the WNT/calcium pathways (22). Canonical WNT signaling is
the best studied and understood within the context of CRCs and will be in focus moving

forward.

Cannonical WNT signaling pathway

In the absence of WNT pathway activation, APC forms the -catenin destruction
complex by scaffolding and binding AXIN1/2, GSK3p, and B-catenin (Figure 1.2). This
destruction complex sequesters B-catenin within the cytoplasm. Cytoplasmic B-catenin is
subsequently phosphorylated by casein kinase 1/2 (CK1/2), targeted for ubiquitination,
and degraded. When canonical WNT signaling is activated, the WNT ligand binds to the
extracellular domain of the FRIZZLED receptor at the amino terminus, which then
causes FRIZZLED to couple with a co-receptor, e.g. LRP5/6, to disrupt the B-catenin
destruction complex. When bound to WNT, the FRIZZLED/ LRP5/6 complex binds
AXINs, part of the B-catenin destruction complex, to the cellular plasma membrane,
causing the dephosphorylation if AXINs. This sequestration of AXINs, in turn, causes
another protein, DISHEVELED, to become activated and inhibit the activity of GSK3p, a
kinase able to phosphorylate B-catenin and facilitate its eventual proteolysis. As the
destruction complex is sequestered at the plasma membrane and is unable to facilitate the
phosphorylation of B-catenin, B-catenin accumulates in the cytoplasm. B-catenin then is
able to enter the nucleus and drive transcriptional programs 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 the OFF and ON states. Percentages

underneath proteins indicate how often they are mutated in CRC.
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APC has a key role in the negative regulation of the WNT pathway within
multiple different tissue types and specifically within the epithelial cells of the colon, the
typical progenitors of CRCs (15,18,22,23). The vast majority of sporadic cases of CRCs
involve dysregulation of the WNT signaling pathway, with the largest proportion being
mutations in APC. Other, less common mutations, in B-catenin and AXIN1/2 also inhibit
the destruction of B-catenin (Figure 1.2). Taken together, it is very clear that
dysregulation of WNT signaling has a critical role in the initiation and propagation of

CRCs.

APC, a tumor suppressor

Sporadic CRCs make up the majority of cases diagnosed every year, and up to
80% are characterized by a mutation or deletion in the tumor suppressor Adenomatous
polyposis coli (APC) gene (12,19). APC encodes a 2843 amino acid single helix protein
that serves as a scaffold for the B-catenin destruction complex which includes B-catenin,
AXIN1/2, and GSK3B. Most mutations in APC in CRCs occur in the mutation cluster
region (MCR), a region spanning amino acids 1286-1514, and these mutations are almost
exclusively create truncated versions of APC (12). Cancers with mutations in APC in the
MCR typically have more severe phenotypes than cancers with mutations in APC outside
the MCR. One study even found that expression of a truncated version of APC
(APC1638T), a truncated version of Apc with the MCR intact, did not generate tumors in
mice, suggesting a tumor selection bias for APC mutations to occur in the MCR (24).
Normally, the MCR contains -catenin binding regions and facilitate the appropriate
scaffolding configuration of the B-catenin destruction complex. Mutations in the MCR

affect the B-catenin binding and downregulation domains in APC. Additionally, as these
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mutated APC proteins are also truncated, they lack AXIN binding sites and the
microtubule binding Basic domain. These mutations in APC render it unable to serve as
the scaffolding protein in the B-catenin destruction complex, resulting in the
dysregulation of B-catenin signaling and eventual cancer (19,25). Familial adenomatous
polyposis (FAP), a heritable form of CRC with germ-line mutations in APC rendering it
less able to bind and form the -catenin destruction complex, results in a virtual 100%
lifetime risk of development of CRCs, highlighting the critical role of APC function in
CRC pathogenesis (26). Less frequently, CRCs can be caused by mutations in other
members of the WNT pathway including B-catenin activating mutations, mutations in
regulatory phosphorylation sites marking -catenin for degradation, and loss-of-function

mutations in AXIN1/2 (Figure 1.2).

Roles of APC outside Canonical WNT signaling

APC has been found to have multiple other roles outside of canonical WNT
signaling. These roles include maintenance of the actin cytoskeleton, cell-cell adhesion,
and cellular migration. Additionally, mutations in APC are linked in with a phenomenon
known as chromosomal instability (CIN), leading to cellular aneuploidy in up to 85% of

all CRCs (19).

APC involvement in cytoskeletal integrity, cellular adhesion, and migration

APC function has been implicated in the maintenance of normal cellular
cytoskeleton and adhesion at both the single cell and tissue levels in the colonic
epithelium, and mutations in APC have been connected to the aberrations in these two
processes in CRCs. APC has been linked to cytoskeletal maintenance by its interaction

with B-catenin and y-catenin, which promotes actin stabilization (27). Additionally,
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mutations in APC result in a disorganization of adherens junctions by breaking up the E-
cadherin, B-catenin, y-catenin, and actin complex because of the inability of APC to bind
to B-catenin properly (25,28). This dysregulation of adherence junctions can lead to loss
of cellular polarity and abnormal cellular migration in the colonic epithelial crypts. Cells,
instead of moving upward from the bottom of the crypt towards the top, may migrate
abnormally or not at all, remaining at or near the bottom of the crypt as a result of
mutations in APC (29). As these cells accumulate and form a polyp, they eventually can
become tumorigenic through the activation of B-catenin target genes (e.g. c-MYC,

CyclinD) and aneuploid via CIN.

APC involvement in Chromosomal Instability (CIN)

CRC:s are often found to be aneuploid, having an abnormal number of
chromosomes. This aneuploidy can be found in approximately 85% of CRCs, from early
stage adenomas through carcinomas, perhaps suggesting it plays an important role in the
progression of cancer. Aneuploidy in CRCs can lead to further defects in chromosome
separation, or CIN. How CIN is initiated in tumorigenesis is unclear, but APC has been
implicated with CIN and may play an integral role. APC has a microtubule binding
domain, the basic domain, which is thought to connect microtubules to chromosomes
during mitosis to facilitate proper chromosome segregation (30). APC binds the plus end
of a microtubule through an adaptor protein EB1 and attaches it to the kinetochore by
binding and forming a complex with BUB1 and BUB3 (31). The two BUB proteins are
mitotic checkpoint proteins; therefore, wild-type APC helps facilitate normal mitotic
spindle formation, maintaining cellular diploidy. Most mutant versions of APC are

truncated proteins which have lost the microtubule binding domain. They, therefore, may
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not be able to bind to BUBI (32), thus disrupting the microtubule-to-kinetochore
attachment, leading to a defect improper chromosome segregation and resulting

aneuploidy.

Taken together, APC plays a major role in CRC tumorigenesis and propagation,
mainly through the regulation of the WNT/B-catenin pathway. It has additional roles in
maintenance of cellular architecture, cellular adhesion, and migration and may play a role

in the chromosomal instability seen in the vast majority of CRCs.

1.1.3 Treatments for CRCs

With the current public awareness of the necessity to screen for CRCs, many
CRC:s are caught at early stages of tumorigenesis, either as polyps or at Stages I or II.
Treatment for Stage I and II cancers, early stage tumors which have not expanded
through the colonic mucosa or submucosa, is surgical resection of the tumor(s), with
adjuvant chemotherapy utilizing DNA-damaging agents (leucovorin/irinotecan) and
DNA replication inhibitors (5-fluorouracil/capcitabine) (33,34). Stage I and II treatments
for rectal cancer include neoadjuvant chemotherapies previously mentioned followed by
radiation treatment. Radiation treatment is typically not a feasible option for colon
cancers. For patients with Stage III tumors, tumors that have grown through the muscle
layer around the colon but have not broken through the outer layer of the colon, platinum-
based DNA damaging compounds, e.g. oxaloplatin/carboplatin, are added to the adjuvent
regiment for Stages I and II (34). For Stage IV cancers, tumors that have broken through
the wall of the colon and potentially metastasized to other organs, the primary treatment

typically is chemotherapy. Treatment includes the drugs used to treat tumors in Stages I-
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III in addition to more targeted therapies such as monoclonal antibodies against
epidermal growth factor receptor (EGFR) and vascular endothelial growth factor
(VEGFR) and pan-receptor tyrosine kinase inhibitors (35,36). At the moment, few

targeted treatments are available for CRCs, though that number is slowly growing.

1.1.4 Mouse models of CRC

While no animal model of CRC is able to fully capture the full extent of the
human disease, development of murine models of CRC has been critical in understanding
its pathogenesis. Mouse models need to have three important characteristics in order to
have translational potential to human disease. First, the disease needs to present in the
appropriate tissue. Second, the murine disease analog needs to share similar molecular
and histological features to the human disease. Finally, the murine disease model must
mimic both the underlying molecular mechanisms of pathogenesis and the complexity in
human disease (12).

There are three ways to induce tumor formation in mice — spontaneously, using
carcinogens or other environmental factors, or via genetic manipulation (12). Mice rarely
develop CRCs spontaneously, with an incidence rate of 4% in the small intestine and 1%
in the colon at 24 months of age (37). As a result, the spontaneous model of CRC is both
an inefficient and expensive way to study the human disease even though most human
CRC arises spontaneously. Additionally, given how infrequently the CRCs arise
spontaneously, it is difficult to adequately characterize the molecular mechanisms
underlying the disease.

One murine model of CRC with potential human relevance is the western diet

model. The western diet, characterized by consumption of large amounts of processed
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and red meats, fats, and sugars, has been shown to modulate the risk of CRC in humans,
especially in western countries (38). This model of an exogenous factor (diet) influencing
the spontaneous CRCs is an appealing one because it is potentially able to represent the
underlying complexity of the development of human CRCs. Murine studies have focused
on this diet in order to recapitulate a potential exogenous promotor of human CRCs. Mice
are typically fed a diet containing four times as much fat and 90% less calcium (39).
These models result in hyperplasia/dysplasia in the intestine, appearing to prime the
intestine for the incidence of colon cancer as opposed to directly causing it (39,40). In
one study, mice fed a diet high in fat and low in fiber developed intestinal tumors with
characteristics of human invasive adenocarcinomas. However, only 25% of the cohort
studied developed intestinal tumors, and the mice were fed the Western Diet for two
years (37). In addition to the time, cost, and inefficiency in the number of mice
developing intestinal tumors, there is a major problem with the Western Diet model of
CRC - the molecular mechanisms by which tumors arise in mice as a result of the
Western Diet are unclear whereas how human CRCs arise is well understood and
characterized (Figure 1.1). As a result, it is possible that the physiological changes
induced by the Western Diet model of CRC may not accurately mimic the human disease
pathogenesis.

A second exogenously induced model of murine CRC utilizes chemicals with
mutagenic potential. Few chemicals are commonly used. One of the most often used
chemicals is azoxymethane (AOM), a strong alkylating agent (41). Intraperitoneal or
subcutaneous injections of AOM induce tumors in murine colons, most often by inducing

mutations in B-catenin, allowing the protein to resist regulatory degradation (42,43).
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However, in order for AOM to become carcinogenic, it needs to be metabolized into its
active form. This process occurs in the liver, after which the active form of AOM is
excreted into the intestines through the bile duct (44). However, there are studies in rats
which provide evidence suggesting AOM metabolism to its active form can also take
place in epithelial cells, including the cells in colonic crypts (45,46). Through both of
these routes, AOM is highly carcinogenic, and the induction of tumors is highly dose-
dependent (47-49). While the chemically induced murine models of CRC follow similar
molecular mechanisms of pathogenesis, humans typically are not exposed to such large
amounts of alkylating agents. Additionally, the tumors that do develop typically do not
follow the metastatic patterns of the human disease. AOM induced tumors rarely
metastasize to the liver or lung, two organs to which human CRCs commonly metastasize
(50). With these two drawbacks, this model may not represent the typical sporadic nature
of the human disease.

The vast majority of work in a mutagenesis induced murine model has been done

Min

in the Apc”™" mouse. This mouse has a truncating mutation in the APC gene at amino
acid 850 and causes tumors in both the small intestine and colon (51). Due to this
mutation being present through the entirety of the lifetime of the mouse, these mice

Mi .
" mice

become anemic 60 days post birth and die at 120 days post birth (52). Apc
develop about ten times more tumors in the small intestine than in the colon unlike the
human disease where no tumors are found in the small intestine. However, this model of
CRC accurately captures the molecular and pathological traits seen in the human

heritable CRC, FAP, and these traits are comparable to spontaneous CRCs as well (53).

As aresult, much work has been done within this model to not only characterize the
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development of CRCs but also to study preventative measures and treatments for the
human disease. This model has also been useful in elucidating modifiers of CRC risk, but
these modifiers are very dependent on the genetic background of the mouse lines used
(54-57). Overall, the Apc™™ model has been very important in understanding the
pathogenesis of human CRC but has major drawbacks including the inability to control
the timing disease initiation and the impact of the genetic background of the mice used in

study on potential modifiers of the disease.

Genetically modified mice

The advent of genetically modified mice has allowed researchers to more
faithfully recreate human CRCs at the molecular and pathological level compared to the
previous models discussed. There are three main advantages of the genetically modified
mice models of CRCs. Firstly, genetic models allow researchers to identify and
characterize the roles of specific genes in the pathogenesis of CRCs. Secondly, the timing
of tumor initiation can be controlled. Finally, the disease can be contained to the
intestines (12).

The Cre/loxP system is typically used to create inducible mouse models of CRCs.
The Cre is commonly linked to the promoter of the intestinal epithelial cell specific gene
Villin (14), although other genes have also been used (13,23,58-61). Villin is a gene
expressed throughout the epithelial cells in both the small and large intestines of mice,
making it a suitable candidate for intestinal-specific transgenic activation. However,
Villin expression is not limited to the epithelial cells of the intestines. A Villin-LacZ
transgene showed expression in the intestines and in the kidney starting at embryonic day

(e) 9 (14). While this additional expression is a potential weakness of the Villin transgene,
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subsequent transgenes purportedly specific to the murine intestines also have been shown
to have extra intestinal expression, with some causing more severe unintended
developmental consequences than others. It appears that all of the published intestinal-
specific genes used for the Cre/LoxP system have their specific drawbacks, and no one
promoter or method can specifically target and confine transgenic expression to the
intestines (12).

The Villin promoter has been used to generate two versions of Cre able to create
intestinal-specific deletions of floxed alleles, one that is activated when the gene is
activated during normal embryonic development and one that is tamoxifen-inducible
(62). The key difference between these two constructs is the time at which they are
activated. The normal Villin-Cre is activated at €9, while the tamoxifen-inducible Cre is
only activated when the mouse is injected with tamoxifen. The advantage of this
tamoxifen-inducible Cre is that it more faithfully resembles the nature of the human
CRC:s in that the mutations required to generate the disease are generated after birth, but
both versions of the Villin-Cre use a version of a mutated Apc to generate intestinal
tumors mimicking the molecular mechanisms and pathology of human CRC:s.

There are many mouse models of CRC which use a transgenic Cre, e.g. Villin-
Cre, in combination with floxed alleles of oncogenes, e.g. Kras (63) and Ctnnbl
(encoding B-catenin) (64), and tumor suppressors, e.g. Msh2 (65) and Tgfbril (66), but
floxed alleles of Apc are used in conjunction with an intestinal specific Cre to induce
tumorigenesis. Typically, loxP sites flanking either exon 14 (67-69) or 15 (70) are used
in animal studies, with Cre-mediated deletion of exon 14 being the more commonly used

mouse model of the two (AchKO) (69). AchKO mice, in the presence of Cre, have a
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frameshift causing a stop codon in the gene, resulting in a protein which only contains the
first 580 amino acids of the 2843 amino acid wild type protein. Apc*° mice, in
conjunction with a Cre-mediated (e.g. Villin-Cre) deletion to instigate tumorigenesis, is a
mouse model also able to identify the role of specific genes in the pathogenesis of CRCs.
By allowing the researcher to knockout or increase the expression of a specific target
gene potentially implicated in CRC pathogenesis, researchers have been able to leverage

this model effectively in order to understand the critical roles of genes involved in CRCs.

1.2 TGFp Signaling Pathway

TGFp signaling regulates a wide variety of molecular processes from cell
migration, adhesion, and differentiation to embryogenesis and organ development in
various different tissue types and contexts (71-75). This pathway is often misregulated in
diseases, including cancers, and its effects are heavily context dependent. In cancer, the
role of TGF signaling can vary depending on the state of the tumor. In pre-malignant
states, TGFP signaling typically is considered to have a tumor-suppressive role by
limiting cellular proliferation and promoting cellular cytostasis and differentiation. In
contrast, malignant tumors are able to hijack TGFp signaling to promote metastasis by
inducing epithelial-to-mesenchymal transition (EMT), increasing cellular motility, and, at
times, evading immune regulation. Mutations in different pathway components of the
TGFp signaling pathway are commonly seen in CRCs, often in the later stages of tumor
progression, after the tumor has already developed (Figure 1.1). TGFf signaling, along

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

There are two branches of the TGFf signaling superfamily, the TGFf
/Nodal/Activin subfamily and the bone morphogenetic proteins (BMP) subfamily, and
both subfamilies use a similar mechanism to regulate transcriptional programs (76).
TGFp signaling is activated when a ligand, e.g. TGFp, activin, BMP, binds to a TGF
type Il receptor (e.g. TGFBRII) homodimer which subsequently forms a heterotetramer
with a TGF type I receptor (e.g. TGFBRI) homodimer (Figure 1.3). This complex
functions as a serine/threonine kinase as TGFBRII phosphorylates TGFBRI which then
phosphorylates receptor-activated effector SMADS (R-SMADS), SMADs 2/3 for TGFj
and SMADs 1/5/8 for BMP. These phosphorylated SMADs associate with the co-Smad,
SMADA4, translocate to the nucleus, and, in conjunction with other transcriptional
activators and repressors, modulate gene expression (71-76). Each protein complex
consisting of SMAD4-RSMAD-cofactor regulates a different set of genes depending on
the cell type and molecular context. Through this interchangeability, the TGFj
superfamily is able to affect gene programs in both many tissue types and in different
contexts.

TGFp signaling is regulated at many levels within the cell, from the cell
membrane to the nucleus. R-SMADS, when not acting as downstream effectors for TGFj
signaling, can be regulated in the cytoplasm by SARA (Smad anchor for receptor
activation) (77). SARA acts as an anchor and holds R-SMADS near the cellular surface,
which primes R-SMADS for activation through phosphorylation. Once TGFBRI
phosphorylates an R-SMAD, the R-SMAD loses its affinity for SARA and exposes the

region of the protein responsible for nuclear import. Once the R-SMAD binds to



Figure 1.3 — The TGFp signaling pathway.
The TGFp signaling pathway is shown. Percentages underneath proteins 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 TGFp signaling at the protein
level at both the TGFp receptors and R-SMADS (78). SMAD6 competes with R-SMADs
to bind the co-SMAD, SMAD4. SMAD7 competes with R-SMADS to interact with
activated TGFBRI and TGFBRII, targeting them for degradation by recruitment of the E3
ubiquitin ligases, SMURFs (Smad ubiquitin regulatory factors). Additionally, SMAD-
regulated transcription can be regulated at the by the repressors SKI and SnoN, both of
which function independently from each other (79,80). TGIFs (Thymine-Guanine
Interacting Factors) also regulate TGFJ signaling by acting as a corepressor and binding
the SMAD complex already bound to DNA and inhibiting transcription of TGFp target
genes (81-83). In sum, there are multiple mechanisms that can regulate TGFp signaling

to maintain cellular and tissue function.

1.2.2 Tumor-suppressive role of TGFp

TGFp signaling has a key role in tumor suppression by inhibiting cellular
proliferation and promoting cellular cytostasis and differentiation (71-73). TGFp
signaling has been found to inhibit cell cycle progression through G1 by two mechanisms
— inhibition of ¢-MYC and upregulation of cyclin-dependent kinase inhibitors (CDKis). c-
MYC transcription is inhibited by a protein complex consisting of SMAD3/4, E2F4/5,
p107, and C/EBPB; SMAD2/3 and E2F4/5 bind to the c-MYC promoter, and transcription
is repressed by the repressor p107, which recruits other co-repressors (84,85). CDKi
regulation via TGF signaling is direct through SMAD-mediated transcription and is cell
type specific, with different cell types requiring different CDKis to arrest growth. For

example, in epithelial cells, TGFf signaling can induce expression of the CDKis,
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p21CIP1 and p15INK4b, which inhibit Cyclin E and Cyclin D, respectively (84).
However, in hematopoietic progenitors, TGFp induces the CDKi, pS7KIP2, able to
inhibit CYCLINs A, D, and E (86). However, the sum total of these transcriptional
activities, the inhibition of ¢-MYC and upregulation of CDK:is, limits progression through
the cell cycle and promotes cytostasis in various cell types (73).

TGFp signaling promotes cellular differentiation to less proliferative cell types by
negatively regulating transcription ID proteins. ID proteins (/nhibitor of Differentiation)
act as antagonists to prodifferentiation transcription factors by directly binding to a class
of transcription factors characterized by a basic helix-loop-helix (bHLH) motif (87).
Proteins with a bHLH motif, such as MYOD and NEUROD, factors that cause cells to
differentiate into muscle or neuronal cells, are able to bind DNA and regulate
transcription once they dimerize. ID proteins have a helix-loop-helix motif but are unable
to bind DNA. Thus, when ID proteins bind to proteins with a bHLH motif, they
negatively regulate the ability of bHLH-containing proteins to bind DNA and regulate
transcription (87). Published studies on ID proteins have shown ID proteins promote
murine embryonic stem cell self-renewal through Bmp-mediated Smad activation (88).
TGFp signaling has been found to suppress tumor formation and proliferation in murine
endothelial and epithelial cells through downregulation of ID protein expression mediated
by Smad3-mediated recruitment of the repressor ATF3 to the Id1 promoter (89). Thus, by
downregulating ID proteins in epithelial and endometrial cell lines and xenografts of Ras-
driven epithelial breast cancer cell line (90), TGFp signaling is able to promote cellular

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

The TGFp signaling pathway can also have a tumorigenic role in cancers. This
tumorigenic role typically occurs in later-stage epithelial cancers when the tumor
suppressive function of TGF signaling has been lost, and it instead promotes tumor
growth and invasion. TGFp signaling achieves this through both SMAD-dependent and
independent pathways.

Epithelial-to-mesenchymal transition (EMT) is a process by which cells lose
components of cell junctions and become motile and invasive. This process is essential in
embryonic gastrulation to create, among other things, the neural crest and somites (73).
This highly motile process is often hijacked by solid carcinomas in the process of
metastasis. Within the context of cancers, TGFp signaling has been found to be sufficient
in order to induce EMT-like behavior in transformed epithelial cells primed to become
tumors (91). Additionally, there is enrichment for TGFf ligands in the stroma of the
leading edge of invasive cancer. TGFp is able to induce EMT through SMAD-regulated
transcription, by inducing the transcription factors SNAIL, TWIST, and SLUG (92). This
SMAD-dependent signaling is enhanced by RAS activity (93), especially as RAS is
mutated in ~40% of human CRCs (12). Inhibition of TGFBRI by a kinase inhibitor
(LY2109761) has been shown to change the fate of breast cancer CD44+ of cells
undergoing EMT from a mesenchymal-like state to a more epithelial like state (94).

TGF has also been reported to facilitate EMT through a SMAD-independent
mechanism, though this pathway has been less studied. Once activated, TGFBRII
phosphorylates PAR6 which then recruits its effector, SMURF1, an ubiquitin ligase that

targets RHOA for degradation (95,96). RHOA is a protein that stabilizes and maintains



25

the cell-cell tight junctions. Destabilization and breakdown of these tight junctions, in
addition to the other pro-EMT TGFp /SMAD-dependent signaling events, facilitates

EMT seen at the leading edge of cancers in a TGFp-dependent manner.

1.3 Thymine-Guanine Interacting Factors

Thymine/Guanine-Interacting Factors (TGIFs) include the proteins TGIF1 and
TGIF2 which function as transcriptional (co)repressors (81,82). TGIF1 was first
identified by its ability to bind a DNA sequence (5° CTGTCAA 3’) within the promoter
of the rat Crbpll gene (97). When TGIF1 binds to this site, it blocks the binding of
retinoid X receptor (RXR), repressing the expression of the Crbpll gene. TGIF2 was
subsequently discovered by its similarity to TGIF1 through a search for human expressed
sequence tags (ESTs). Both TGIF1 and TGIF2 share highly conserved homeodomain and
carboxyl-terminal repression domains, but the rest of their respective sequences have
minimal overlap (Figure 1.4), indicating that while their core functions may be similar,

they may have different mechanisms of regulation (as expounded upon later).

1.3.1 Transcriptional Regulation by TGIF's

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

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

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

2018 (100).
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TGIF homeodomain of consists of three helices, comprised of sixty amino acids
(101,102), and the TALE. Located between the first two helices and having minimal
effect on DNA binding, the TALE may facilitate interactions with other proteins,
including other homeodomain proteins (98,103). For example, PBX-HOX interactions
are TALE-dependent and help facilitate animal development (104,105). However, it is
currently unknown if the TALE facilitates any protein-proteins interactions between

TGIF1/2 and other proteins (106).

Protein interactions with TGIF1 and TGIF2 facilitate its repressor activity

TGIFs are able to recruit and interact with other transcriptional corepressors,
including mSIN3 and histone deacetylases (HDACsS), to facilitate repression (81—
83,107,108). TGIF1 interaction with mSIN3 (Figure 1.4) was shown to be through the
repression domain closest to the carboxyl terminus, and HDACs can bind mSIN3, as
corepressors such as mSIN3 are required to facilitate HDAC function with certain DNA
binding repressors (83). TGIF1/2 interaction with mSIN3 is required for repression of
TGFp signaling. Compounding this, TGIFs, have been shown to interact with HDACs to
repress transcription without mSIN3. Thus, the exact TGIF corepressor complex may
contain some combination of TGIFs, HDACs, and mSIN3, but the identity of this
complex is unclear (108).

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

TGIF2 have mostly been considered and studied as repressors of the TGF pathway and
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appear to regulate similar genes, but they are also able to bind directly to DNA to inhibit
transcription independent of the TGFf pathway. Thus, TGIF2, unable to interact with

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

TGIF-mediated repression

TGIF-mediated gene repression happens in one of three ways: TGIFs bind
directly to DNA at the consensus site, TGIFs bind to active SMAD proteins at TGFj3-
responsive genes, or TGIFs compete with or interact indirectly with ligand-bound nuclear

hormone receptors. These are discussed below.

Direct transcriptional repression by TGIFs

Analysis of genome wide chromatin immunoprecipitation sequencing (ChIP-seq)
for TGIF1 in mouse embryonic stem cells has yielded some interesting results. Much of
the genome (~6000 ChIP-seq peaks in gene promoter regions) has peaks for TGIF1
(109), suggesting that the major role of TGIFl1is direct transcriptional repression. Once
TGIF1 is bound to the genome at its consensus binding site, other corepressors, €.g.
HDAC:S, are recruited in order to further repress transcription (81-83,107,108). This
observation from the analysis of ChIP-seq data for TGIF1 is consistent with multiple
TGIF1 knockdown or knockout RNA-sequencing (RNA-seq) analyses of various cell and
tissue types which suggest the majority of gene expression changes observed following
decreased expression of TGIF1 are independent of the TGFf pathway (109-111). Most
of the published data on TGIF transcriptional regulation has been done on TGIF1 with
some data about TGIF2. However, given that TGIF1 and TGIF2 share functional

domains, it is reasonable to think the two proteins have similar functional, even
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redundant, roles with regards to transcriptional regulation, potentially through different

mechanisms.

Regulation of the TGF f signaling pathway

The main body of work on TGIF function thus far has been on its role regulating
the TGFp signaling pathway, and, as a result of this, TGIFs have been misnamed TGFj-
interacting factors. TGFp signaling modulates gene expression through an R-
SMAD/SMAD4 complex. This complex translocates into the nucleus where it is able to
activate or repress TGFp targets with the help of other co-activators or repressors. TGIFs
regulate this TGFJ target transcription by binding to SMADs already bound to DNA
(81,82,112). TGIF1/2 binding to the SMAD complex results in the inhibition of the
TGFpB-regulated gene transcription. This binding event is independent of TGIFs binding
to DNA and is in competition with coactivators to bind to the SMAD complex. It should
be noted that while regulation of TGFp signaling via the SMAD complex by TGIFs does
not require DNA binding, this potential form of further regulation has not been ruled out.
In fact, the TGIF1 homeodomain has been shown to interact with the SMAD MH1
domain and decrease the DNA binding affinity of the whole protein complex (112).
There is little evidence to suggest TGFp signaling regulates TGIFs directly, suggesting
that while TGIFs regulate and repress TGFp signaling 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, nuclear receptors (NRs) dimerize in
response to ligand and bind to hormone response elements (HREs) within DNA to

control gene expression programs. Initially, TGIF1 was reported to bind to a retinoid
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response element in the rat Crbp2 gene (97), limiting its transcriptional activity through a
proposed mechanism of competing with RXR, a common partner for many different
nuclear receptors, including retinoic acid receptors. TGIF1 can be recruited to NR-bound
direct repeat HREs and function as repressors through two mechanisms. The first is direct
binding to its consensus site. The second is via a direct interaction between TGIF1 and
RXR through the RXR ligand binding domain to limit gene transcription via the
recruitment of CtBP without the need for a TGIF1 binding site to be present (113).
Therefore, this would indicate that TGIFs potentially would be able to regulate a large
number of transcriptional programs without the need for a TGIF1 consensus binding site.
However, it is unclear if direct DNA binding is a requirement for repression of NR-
responsive genes. Furthermore, murine embryos null for 7gif] have shown evidence for
sensitivity to retinoic acid in utero, with teratogenic effects of RXR signaling leading to
reduction of forebrain and hindbrain development (113,114), providing further evidence
that Tgifs are able to regulate the responses of nuclear hormone regulated transcriptional

programs.

1.3.2 Mouse Models of TGIFs

Mutations in TGIF1 have been associated with holoprosencephaly (HPE) (115), a
developmental disorder in which the brain fails to divide into two hemispheres. Most
work characterizing the function of TGIFs has been done within the context of this
disease in loss of function mouse models focusing on early embryogenesis (100). Many
groups created mice of different strains with Tgifl deletions, and none of these knockout
mice recapitulated the HPE phenotype (113,116-118). However, in a relatively pure

C57BL6 strain developed by the Wotton lab, Tgifl null mice were less viable with
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growth delays and placental defects (119,120). TgifI null embryos were also more
sensitive to retinoid acid-induced teratogenicity, resulting in an increased proportion of
null embryos with exencephaly (113,114). Taken together, Tgif] has a developmental
role in mice, through the inhibition of TGFp and retinoic acid pathways, but knockout of
Tgifl does not appear to cause HPE.

As previously mentioned, TGIF1 and TGIF2 may have similar or redundant
functions given both the structural and functional similarities both proteins possess
(Figure 1.4) (81-83,107,108). Expression of Tgifl and Tgif2 overlaps during embryonic
development, as Tgifl is first detected between e6-7.5 (116) and Tgif2 is first detected
between €6-8.5 (118,121). Tgif2 null mice, also developed by the Wotton lab, were
mostly phenotypically normal, and 7gif2 null embryos did not exhibit any severe
developmental defects. Embryos null for both Tgif] and Tgif2 fail to complete
gastrulation; however, the majority of embryos with one functional copy of either Tgif]
or Tgif2 are normal and viable (121), suggesting Tgif] and Tgif2 have redundant and
essential functions in embryogenesis.

To bypass these defects in gastrulation, mice with 7gif2 null alleles were crossed
to mice with conditional Tgif] alleles, and a Sox2-Cre transgene was used to delete Tgif]
(121). Embryonic expression of Sox2-Cre leads to cre-mediated deletion at €6.5 in the
cells of the epiblast (122). Nearly all of these embryos, with a Tgif2 null background and
as conditional deletion of Tgif1, survive to €10.5-11 and have both HPE-like phenotypes
and left-right asymmetry (106,121). Additionally, these embryos fail to close the
midbrain neural tube by €9.25 and have abnormal ventral forebrain morphology with a

failure to bisect the midline of the ventral head mesenchyme (106,123). Consistent with
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these observations, in situ hybridization expression of Pax7 and Pax2 shows that nasal
(Pax7) and eye (Pax2) fields do not separate in Tgifl and Tgif2 double knockout embryos
(106). All of these observations are consistent with HPE-associated defects, and it is clear

Tgifs play an important role in early embryonic development.

1.3.3 TGIFs in Cancer

While most work on TGIFs has focused on early development and
embryogenesis, and given the role TGIFs play in inhibiting TGFf signaling, one could
reasonably think TGIFs may have an oncogenic role in cancers. Indeed, there have been
recent reports indicating overexpression of TGIFs in different cancers, including but not
limited to lung (124), esophageal (125) , and ovarian cancers (126), and this
overexpression of TGIFs leads to both a worse prognosis and decreased survival for
patients with these cancers compared to those with lower expression of TGIFs. However,
the mechanisms by which TGIF overexpression leads to worse patient outcomes have not
been fully elucidated as of yet, but an obvious candidate model would be one in which
TGIFs functioned as repressors of a repressor, i.e. TGIFs inhibit TGFp signaling-
mediated inhibition of proliferation.

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

did die before day 30 post injection. Mechanistically, this changes were shown to be as a



34

result of TGIF1 competing with MEIS1, another TALE family member acting as an
activator, to bind competitively MEIS1-bound regions to inhibit activation transcriptional
programs regulated by MEIS1 (127).

In a completely a different mechanism of TGIF1 regulation in cancers, TGIF1
was shown to be pro-tumorigenic and participate in a feed-forward network with WNT
signaling in breast cancer, in a manner independent of TGFp signaling (128). B-catenin
and its coactivator TCF were found to ChIP to the TGIF1 promoter, indicating direct
WNT regulation of TGIF1, though the consensus sequence for this binding was not
published, making it difficult to recapitulate this finding. Additionally, TGIF1 was shown
to interact with AXIN1 and AXIN2 in the nucleus and sequester them there, thereby
preventing these proteins from shuttling back into the cytoplasm and form the -catenin
destruction complex (128). This nuclear localization allows for B-catenin to accumulate
in the cytoplasm, translocate to the nucleus, and drive WNT target genes and TGIF1
expression through the B-catenin/TCF complex regulation, thus completing the feed-
forward loop.

This interaction between TGIF1 and WNT signaling was also identified in human
colorectal cancer cell lines (129). This study demonstrated TGIF1 is able to promote
tumorigenesis in vivo through a xenograft model and tumor proliferation in vitro via cell
culture. TGIF1 knockdown was found to decrease transcription of WNT-responsive
genes, including WNT5a. Additionally TGIF1 was found to be able to promote the
interaction between B-catenin and TCF4. However, critically, this study was did not see
any effects on B-catenin or AXIN1/2 levels within the nucleus with differing levels of

TGIF1. Instead, this study proposed that increased levels of TGIF1 are able to modulate



35

the output of WNT signaling through two mechanisms - modulating direct transcriptional
outputs of WNT signaling and promoting the interaction between p-catenin and TCF4,
potentially by the formation of a trimeric complex (129). Additional mechanisms are
proposed, including TGIF1 regulating chromatin accessibility through its interactions
with HDACsS, but these mechanisms were only hypothesized and never tested. Overall, it
appears TGIFs promote tumorigenesis, but the mechanisms of regulation and potential

overlapping roles of TGIF1 and TGIF2 remain to be completely elucidated.

In summary, TGIF1 and TGIF2 function as repressors, either by inhibiting TGF3
(81,82) or RXR signaling (97,113) or directly binding to DNA (82,108,109), and TGIFs
have an important role in proper embryonic development and prevention of HPE (100).
Recently, the role of TGIFs in cancer has begun to be elucidated in various different
cancers, with evidence suggesting TGIF1 can promote CRC tumorigenesis and
proliferation through an interaction with the WNT signaling pathway (128,129).

However, the role of TGIFs in cancer has not been fully elucidated to this point.

1.4 Cancer Metabolism

Altered metabolism in cancer was first reported nearly one hundred years ago,
and this field of study continues to not only yield a new and deeper understanding of
metabolic reprogramming in tumorigenesis but also has led to the development of new
therapeutics. The many metabolic changes that happen during tumorigenesis cause

changes in glucose and amino acid uptake which in turn have a cascading effect on
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multiple different pathways (Figure 1.5). In this section, I will enumerate and describe

some of the most relevant metabolic shifts seen in cancers.

1.4.1 The Warburg effect and Hypoxia

Glycolysis is the metabolic pathway cells use to convert glucose to pyruvate in an
oxygen-independent manner, and the released free energy is captured in the form of
adenosine triphosphate (ATP) and NADH. Otto Warburg made one of the most famous
observations in the field of cancer metabolism when he described the increased
consumption of glucose in tumors compared to non-tumors even in normoxic conditions
(130,131). This observation has led to the diagnostic method of using positron emission
tomography (PET) imaging, with the use of a radioactively labeled glucose dye, to
identify, diagnose, and stage tumors (132). Normal cells, when cultured in nutrient-rich
media, do not constantly uptake the nutrients, e.g. glucose, due to tightly regulated intake
of nutrients (133). Cellular nutrient uptake, especially glucose uptake, has been found to
be regulated by growth factor signaling in vitro, and cells cultured without growth factors
are unable to uptake glucose to maintain even basic cellular bioenergetics (134,135).

However, this requirement for growth factor regulation of glucose uptake can be
avoided by cancer cells/tumors by overexpression of GLUT1, a plasma membrane
glucose transporter, and hexokinase (HK), the first enzyme in the glycolytic pathway
which irreversibly phosphorylates glucose (136). Thus, by increasing the uptake of
glucose into the cell and irreversibly phosphorylating it, the rate of glucose import into
the cell increases. The Warburg effect, the increase in glycolysis, even under aerobic

conditions, is beneficial for tumors overall because, not only does it generate fewer
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Figure 1.5 — Changes in metabolism between a normal cell and a cancer cell.
Changes in metabolism due to tumorigenesis are shown. On the left is a normal cell, and
on the right is a cancer cell. Normal cells import glucose, turn it into acetyl-CoA, and use
it to generate ATP through the TCA cycle and oxidative phosphorylation. Tumor cells
import much more glucose and generate ATP through aerobic respiration. Width of
arrows represents the amount of each process taking place. Adapted from Pavlova and

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

In addition to increased glucose uptake due to the Warburg effect, tumor tissues
must proliferate in the hypoxic environment created when a rapidly proliferating tumor
consumes more oxygen than is available. Hypoxia has been implicated in a number of
pro-tumorigenic pathways including angiogenesis, metastasis, and proliferation and is a
predictor of patient mortality in numerous cancers including breast, colon, brain, and
ovarian (139). Hypoxia leads to increased cellular activity of the appropriately named
transcription factor family, hypoxia-inducible factors (HIFs). HIF transcription factors
are heterodimeric, consisting of oxygen-regulated o subunits and constitutively expressed
B subunits. In normoxic conditions, HIF-a (HIF1o, HIF2a, HIF3a) is oxygenated and
subsequently targeted for degradation (140,141). However, in hypoxic conditions, HIF-a
subunits are no longer oxygenated, accumulate, and dimerize with Hif1p to drive
transcription of target genes (140). It is important to note that HIF-a subunits have been
shown to be stabilized by both loss of function mutations in known tumor suppressors
(e.g. PTEN and p53) and gain of function in known tumor suppressors (e.g. RAS, MYC,
and mTOR) (142-144). RAS/MAPK and PI3K/AKT pathways both are commonly
mutated in human CRCs (12). Critically, mutations in either tumor suppressors or
oncogenes in these pathways are able to stabilize HIF-a subunits independent of hypoxic
conditions (144-146), highlighting the dependence of CRCs on alterations in these

pathways.
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As tumors are typically hypoxic environments, one of the biggest consequences of
HIF-mediated signaling is angiogenesis which drives new blood vessel formation to
supply more oxygen for rapidly growing tumors (147,148). However, these newly created
blood vessels create a two-fold problem. First, these vessels are often quite leaky and
abnormal. Secondly, increased oxygenation of tumor tissue promotes even more
proliferation, and these new cells create a hypoxic environment (149-151). This creates a
perverse feedforward cycle of dysfunctional vasculature in hypoxic tissues.

Hypoxic conditions also cause adaptive metabolic shifts in cancers with an
increase in glycolysis and a decrease in oxidative respiration in order to limit the number
of ROS generated as a byproduct (152). HIF signaling increases the expression of
GLUTTI (153), promoting influx of glucose into the cell and increased glycolysis.
Additionally, hypoxia drives a further increase in glucose metabolism by converting
pyruvate into lactate through increased expression of lactate dehydrogenase A (LDHA)
(153). This upregulation of LDHA helps generate more NAD" to prevent the
accumulation of NADH and ATP in the cytosol (148). With decreased levels of cytosolic
NADH and ATP, the tumor cell is able to maintain the intracellular signal to continue
importing glucose via the overexpressed GLUT1 (137). Increased levels of ATP inhibit
the action of phosphofructokinase (PFK) in the glycolytic pathway while increased levels
of NAD" help alleviate any ROS. Through this mechanism, hypoxia drives the glycolytic
pathway and production of its intermediates for additional pro-proliferative pathways.

It is not advantageous for cancers to proliferate in a nutrient/metabolite deficient
state. To avoid this, mutated genes in cancer often facilitate increases in glucose/nutrient

uptake to the cancer cell. The glycolytic pathway is very versatile for the cancer cell
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because it provides intermediates, which become precursors, for multiple biosynthetic
pathways. The pentose phosphate pathway, hexosamine biosynthesis, phospholipid
biosynthesis, and one-carbon cycle all begin with glycolytic intermediates (137,138).
This upregulation of glycolysis yields a positive effect on branching pro-proliferative
pathways to the benefit of tumor growth and survival. Given that the Warburg effect
describes how tumors use aerobic glycolysis instead of oxidative phosphorylation for
energy production (130,131), the fact that glycolysis is upregulated in tumors suggests
the Warburg effect is a well-regulated metabolic state imperative in meeting the increased

biosynthetic demands of the tumor.

1.4.2 Glycolytic metabolites as intermediates for additional pathways

Pentose Phosphate Pathway (PPP)

The metabolic pathway first enriched in cancers through the glycolytic pathway is
the pentose phosphate pathway (PPP). Glucose-6-phosphate (G6P) is oxidized to create
NADPH and ribose-5-phosphate (R5P), a sugar that is a critical component in the
generation of nucleotides (138). As tumor cells are rapidly dividing, the generation of
nucleotides is needed to sustain this replication, and the enzymes involved in the key
steps of nucleotide synthesis from R5P are often overexpressed in cancers. This pathway
can be regulated by more than just irregular glucose import into the tumor cell. Tumors
with RAS mutations exhibit upregulation of enzymes involved in the production of RSP
as RAS can upregulate mRNA expression of GLUTI, HK1, HK2, and PFK]1, all genes
involved in glycolysis (154). Wild type p53, a famous tumor suppressor often mutated in

CRC:s (see previous section on mutated pathways in CRCs), has been shown to inactivate
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nucleotide synthesis via PPP through direct binding the rate-limiting enzyme in PPP,

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

Hexosamine biosynthesis

Fructose-6-phosphate is the next molecule generated in the glycolytic pathway
after glucose-6-phosphate, and it is an important precursor for hexosamine production.
Hexosamines, sugars with an attached amine group, are important precursors for
glycosylation reactions. Additionally, they are crucial for the synthesis of heparin sulfate
and hyaluronic acid, two molecules important for cellular growth and also as potentiators
for receptor mediated signaling for tumor metastasis and angiogenesis (156—158).
Hexosamine production also results in the production of glycolipids and proteoglycans,
thus regulating stability a subset of proteins, especially c-MYC (158), and leading to

increased proliferation.

Amino acid biosynthesis and the one-carbon cycle

One well characterized glycolytic metabolite used outside glycolysis is 3-
phosphoglycerate, a precursor molecule for the synthesis of the amino acids serine and
glycine. Additionally, 3-phosphoglycerate can be used to generate methyl donor groups
for subsequent methylation reactions. 3-phosopoglycerate dehydrogenase (PHGDH), the
rate-limiting enzyme in serine biosynthesis, is amplified with copy number alterations in
epithelial cancers, specifically in breast cancer and melanomas (159,160). Interestingly,
this study used metabolic flux experiments to suggest melanoma and breast cancer cell
lines may use up to 50% of the carbon in imported glucose for serine production and

catabolism rather than glycolysis (159).
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Occupying a key role in the one-carbon cycle (or folate cycle), serine production
is has a unique metabolic impact within cancer cells. Briefly, the gamma carbon on serine
can be transferred to the carrier protein tetrahydrofolate (THF) by serine
hydroxylmethyltransferase 2 (SHMT?2), generating glycine and 5, 10-methylene-THF. 5,
10-methylene-THF is an important precursor molecule that undergoes many oxidative-
reductive reactions and produces a number of one-carbon THF species (161). These one-
carbon-THF molecules are then utilized for the synthesis of purines, thymidine, and S-
adenosylmethionine, a key substrate for methylation reactions (137). Critically, one-
carbon-THF is a substrate that can used to generate NADPH which can neutralize ROS
generated under hypoxic conditions commonly found in tumors (162), and hypoxic
conditions induce SMHT?2 expression to protect tumors from hypoxia-generated

oxidative stress (163).

Overall, the glycolytic pathway provides the tumor with many intermediate
molecules to use for branching pathways, and is very often upregulated in malignancies.
The tumor reaps the metabolic benefits of this set of branching pathways while
simultaneously repressing the potentially toxic side effects of glycolysis, e.g. excess

pyruvate production and ROS generation.

1.4.3 Tricarboxylic acid cycle

The tricarboxylic acid cycle (TCA) is utilized by the cell for aerobic respiration
and ATP generation and takes place in the mitochondria. Similar to glycolysis, this
pathway can be used to generate metabolic intermediates as biosynthetic precursors for

other pathways. Briefly, the TCA cycle uses pyruvate imported from the cytosol to the
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mitochondria and converts it acetyl-CoA as an initial substrate. Acetyl-CoA is then
converted to numerous different substrates, generating both NADH and FADH?2 and also
generating GTP. NADH and FADH?2 are then used for oxidative phosphorylation,
generating ATP, the key molecule for energy storage and consumption within the cell
(164). The TCA cycle is the key pathway used by the cell for energy generation and is
considered to be one of the key metabolic pathways conserved in many organisms.
However, in tumors, this pathway is often downregulated, and the metabolic
intermediates are directed toward other metabolic pathways including synthesis of
nonessential amino acids, such as asparagine and aspartate (137,165,166), and fatty acid

synthesis (167,168) .

1.4.4 Aceyl-CoA regulation

Acetyl-CoA is a molecule occupying a vital role in multiple metabolic pathways
(137,169). It can be used as both a metabolic precursor and a source for protein and
histone acetylation reactions (170). Cytosolic acetyl-CoA levels in the tumor cell are
increased compared to normal cells (171). Normal cytosolic generation of acetyl-CoA is
controlled by two pathways, one involving the reduction of glutamine and another using
ethanol or acetate (169). In hypoxic conditions commonly seen in tumors, cytosolic
acetyl-CoA generation from acetate is driven by acetyl-CoA synthetase short-chain
family, member 2 (ACSS2) (172), and ACSS2 activity in the nucleus generates acetyl-
CoA. This promotes increased histone acetylation directly mediated by histone
acetyltransferases (HATs) (173), thereby changing the epigenetic programs to increase
cellular growth and proliferation (169). ACSS2 is upregulated in both hypoxic conditions

(174) and in epithelial carcinoma cell lines from many tissue types, including breast,
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lung, colon, skin, and liver (175), with elevated levels corresponding with higher tumor
grade and negatively correlating with patient survival (172,176,177). However, it is
important to note that while ACSS2 activity may be beneficial for tumor cells, it is not
considered to be an oncogene as there is little evidence to suggest overexpression of this

protein initiates tumorigenesis (169).

Fatty acid biosynthesis

Tumors strikingly upregulate lipid and fatty acid production compared to most
adult tissues, with the exceptions being lipogenic tissues such as the liver and adipose
tissue (167,168). The upreguation of fatty acid synthesis has a two-fold benefit for the
proliferating tumor cell — it provides more lipids for the cellular membrane, a
phospholipid bilayer, and it helps the cell relieve oxidative stress generated by hypoxic
conditions (178). Oxidative stress is generated when rapidly dividing cells, e.g. tumor
cells, produce a large amount of ROS which can damage DNA and induce senescence or
apoptosis (179,180). In order propagate, tumor cells need to bypass this negative
regulation of growth. The generation of fatty acids partially addresses this issue as the
tumor cell can alter membrane lipid composition to one more capable of adapting to
oxidative stress (178).

Fatty acid synthesis upregulation in tumors begins with cytosolic citrate, exported
from the mitochondria, being converted to acetyl-CoA by Akt-mediated upregulation of
ATP-citrate lyase (ACLY) (181,182). Acetyl-CoA converted by acetyl-CoA carboxylase
(ACC) to malyonyl-CoA. This molecule is a branch point for the production of fatty
acids and cholesterol biosynthesis. Fatty acids are made when malyonyl-CoA is

converted by fatty acid synthase (FASN) into fatty acid chains, e.g. palmitate (183). Key
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enzymes in this pathway, ACLY, ACC, and FASN are all upregulated in epithelial cancer
cell lines and cancers (e.g. breast, lung, and colon), and inhibition of these proteins has
been shown experimentally to inhibit cancer growth, both in vitro in cell lines and in vivo

in murine xenograft models (184-187).

Epigenetic Regulation

As previously mentioned, ACSS2 nuclear localization can provide acetyl-CoA to
facilitate histone acetylation (188,189). HATs are sensitive to acetyl- CoA levels as they
require acetyl-CoA as a cofactor for activity (173). Also, increased levels of histone
acetylation have been shown to be present in tumors. This global increase in the
epigenetic acetylation profile can stimulate cell growth and proliferation (171,190,191),
increase glycolysis (192), and an increase in resistance to oxidative stress (193),
especially in hypoxic conditions.

Embryonic stems cells have been shown to lose their pluripotency as acetyl-CoA
levels are depleted, and this is accompanied by decreased global histone acetylation
profiles, glycolysis, and proliferation (194). However this loss of pluripotency was
rescued by the addition of exogenous acetate which was sufficient to maintain histone
acetylation profiles (194). This suggests high acetyl-CoA levels can facilitate
maintenance of a stem-like state. Similarly, cancer cells have been shown to ectopically
synthesize acetyl-CoA from pyruvate during S phase of the cell cycle, and this ectopic
acetyl-CoA can be used to increase levels of histone acetylation (188,189,192,195).
Analysis of multiple cancer cell lines, SF188 (breast), PC-3 (prostate), LN229
(glioblastoma) showed increased histone acetylation with increased concentrations of

glucose, and increases in tumor glucose uptake directly lead to increases in acetyl-CoA
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generation (171). The acetylated genes in response increased acetyl-CoA levels were
involved in cell cycle progression, growth, and DNA replication in LN229 cells. More
importantly, this increased expression was dependent on oncogenic RAS and AKT
signaling, two signaling pathways often mutated in cancers, including CRCs (171). Thus,
the changes in epigenetic regulation due to increased levels of acetyl-CoA can have a

profound proliferative and growth impact in tumorigenesis.

Rapidly proliferating tumor cells upregulate the pentose phosphate pathway,
amino acid, and fatty acid synthesis using metabolic intermediates from both glycolysis
and the TCA cycle. Overall, in cancers, the Warburg effect, the marked upregulation of
aerobic respiration, is observed, and hypoxic conditions can also increase glycolysis,
leaving to metabolic shifts and changes in epigenetic profiles to benefit rapidly

proliferating cells.

For my thesis work, I further characterized the role of TGIFs in colorectal
cancer. It is clear TGIFs have some oncogenic role in CRC as levels of TGIFs are
increased, promote tumor proliferation, and are associated with poor patient prognosis,
but we understand little of its function. Understanding how TGIFs interact with both the
TGFp and WNT pathways in human disease would play a critical role in both CRC
pathogenesis and treatment. Additionally, though TGIFs have context-dependent and
tissue-dependent roles, understanding how and what genes are regulated by TGIFs across
a variety of tissues would help gain insight to the core functions of TGIFs. To that end,

we used genetically engineered mouse models to study both the function of Tgifl and
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Tgif2 in intestinal/CRC and identify downstream Tgif targets. Tgif] and Tgif2 deletion in
an APC mouse model of CRC cancer reduced tumor size and number in the small
intestine and tumor size in the colon. TGIF1 overexpression increased the overall number
and size of tumors in the small intestine. To elucidate the mechanisms TGIFs use to result
in these tumor size and number of differences observed, transcriptome profiling was
performed on colon tumors from these mice. These results demonstrated deletion of Tgifs
had little effect on both WNT and TGFf signaling. Instead, we see a novel result — Tgifs
appear to regulate gene expression in multiple metabolic pathways. This result would
suggest Tgifs participate in the metabolic reprogramming 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 frequently diagnosed cancers in the
United States and is the cause of over 140,000 deaths every year (1). Most cases of CRC
are sporadic in nature, and Adenomatous Polyposis Coli (APC), a gene encoding a
scaffolding protein which assembles the -catenin destruction complex consisting of
GSK3p, AXINs, and B-catenin, is mutated in >70% of these sporadic cases of CRC. In
the absence of WNT ligand, B-catenin is phosphorylated and targeted for degradation.
WNT signaling inhibits the phosphorylation and eventual degradation of B-catenin,
allowing it to accumulate in the nucleus. Then, B-catenin can translocate into the nucleus
and drive transcriptional programming by interacting with the LEF/TCF family of
transcription factors. Mutations or deletions in APC have the functional consequence of
constitutively active p-catenin, leading to aberrant WNT signaling. Additionally, Apc™™

CKO . . .
mice, mice with

mice, mice with germline inactivation of one allele of Apc, and Apc
Cre-mediated excision of a loxP flanked exon (exon 14) develop many adenomas, due to

stochastic inactivation of the intact allele.

Presence of a TGF[ superfamily ligand, e.g. Activin, Nodal, TGFp, induces TGF[

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

" This work is a part of a manuscript currently under revision at Genes and Development. Shah, A.,
Melhuish, T.A., Frierson Jr., H.F., Wotton, D. (2018) TGIF transcription factors repress acetyl-CoA
metabolic gene expression and promote intestinal tumor growth.

? Tiffany Melhuish helped with counting the murine tumors and performed the initial western blots for the
Villin-T7-hTGIF1 construct. Dr. Henry Frierson analyzed histological sections from the murine tumors.
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phosphorylation and activation of SMAD2 and SMAD3. These SMADs associate with
the co-SMAD, SMADA4, and translocate to the nucleus to affect gene expression. TGF
signaling is often tumor suppressive in cancers due to its anti-proliferative effects, and
different mutations in this pathway are found in patients. TGFBRII, encoding TGFj
receptor type II, is mutated in 25% of CRCs (196,197), and loss of heterozygosity in a
region of chromosome 18 including SMAD2 and SMAD4 occur in 70% of CRCs (though

it is important to point out this is less common in colon adenomas) (198).

Thymine-Guanine Interacting Factor 1 (TGIF1) and the paralogous TGIF2 are
homeodomain transcription factors which are part of the TALE (three amino acid loop
extension) superfamily (97,108,199). Other proteins in the TALE family of
homeodomain proteins include MEIS and PBX which activate gene expression (103). In
contrast, however, TGIF1 and TGIF2 are transcriptional repressors that interact with
other general corepressors, including mSIN3 and histone deacetylases (81,108). TGIF1,
but not TGIF2, can additionally recruit CtBP1/2 through a conserved interaction motif
(107). TGIFs inhibit TGFpB-mediated gene responses by binding to the SMAD complex
on DNA and recruiting other corepressors to inhibit SMAD mediated transcription
(81,108). Loss of function of TGIF1 has been associated with holoprosencephaly (HPE),
a severe genetic disease affecting forebrain development (100). Additionally, TGIFs have
been found to be upregulated in a variety of epithelial cancers, including ovarian (126),
esophageal (125), and lung (124) among others. One murine study of breast cancer
reported TGIF1 promoted tumorigenesis independent of the TGFf pathway, and Tgif!
was a direct B-catenin/TCF transcriptional target (128,200). Taken together, TGIFs may

have an oncogenic role.
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As TGIF functions may overlap with the WNT and TGFp signaling pathways,
both of which are important in CRC, we first analyzed different human CRC datasets to
identify if TGIFs were indeed upregulated. We then used a human CRC cell line,
HCT116, to assay the role of TGIF1 in vitro. We subsequently used genetically
engineered mouse models to address the function of Tgifs in intestinal cancer
tumorigenesis. Knockout of 7Tgifs in SI crypts resulted both in fewer cells and fewer
proliferating cells while overexpression of TGIF1 had the opposite effect. In a mouse
model of CRC, over-expression of TGIF1 in intestinal epithelial cells increased the size
and number of adenomas in the small intestine (SI), and deletion of Tgifl and Tgif2
reduced tumor size in both the SI and colon. These results taken together suggest Tgifs
have a role in intestinal tumorigenesis, and it may be due 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 the University of Virginia. HCT116 cells
were cultured in RPMI-1640 (Gibco 11875-093) supplemented with 10% fetal bovine
serum (FBS) (HyClone SH30396.03), 1% Anti-Anti (Gibco15240-062), and 100pug/mL
Normocin (InvivoGen ant-nr-1). Cells were grown in a humidified 37°C incubator

supplemented with 5% CO,. Cell line identity was verified by STR profiling.

2.2.2 CRISPR/Cas9 mediated knockout and verification

Guide RNAs targeting the second exon of TGIF1 were cloned into pX330 (Addgene
#42230). The guide RNA used for TGIF1 was: 5° - CTGTGCAGATTCTTCGGGAT -
3’. HCT116 cells were plated in 6-well plates (200,000/well). Cells were transfected the
next day with 1pg of pX330 with a sgRNA against TGIF1 and 400ng of a puro-resistance
knock in cassette. The puro-resistance knock in cassette was generated by PCR from
pBabe-puro with overhangs homologous to TGIF1, at the site of the Cas9-mediated cut.
Media on the transfected cells was changed after 24 hours to regular culture media. 72
hours after transfection, cells were split into 60mm plates, and puromycin, at 0.5pg/mL,
was added. Cells were allowed to grow and form colonies for approx. two weeks. During
this time, culture media was changed every third day. Once colonies had sufficiently
formed, individual colonies were picked and placed into single wells of a 12-well plate,
eventually sequentially expanded for protein samples and DNA. Protein samples from
individual colonies were prepared in MSLD for DNA pulldown followed by western blot

to verify TGIF1 absence. Evi5l primers were used for pulldown as described in (111).
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PCRs for endogenous TGIF1 and 3°/5’ puromycin cassette integration were sent for

sequencing to verify TGIF'I knockout.

2.2.3 Cell Proliferation Assay

Wild type and two TGIF1 mutant HCT116 cell lines were plated in triplicate at 300,000
cells/plate. Three days later, cells were trypsinized, and live cells were counted via trypan
blue exclusion. 300,000 cells were replated to count at the next passage. This was
repeated six times in total. Fold change was calculated after each passage, and total fold

change was calculated by multiplying the fold changes after each passage together.

2.2.4 Mice

All animal procedures were approved by the Animal Care and Use Committee of the
University of Virginia, which is fully accredited by the AAALAC. Conditional alleles
with loxP flanked exons are referred to here as ‘f” for loxP flanked, or ‘r’ for recombined
(null). Mice were maintained on a predominantly C57BL/6J background. Conditional
Apc mice were from the NCI, and the Villin-Cre line was from Jax (B6.Cg-Tg(Vill-
cre)1000Gum/J; #021504; (14)). Conditional Tgif2 mice were generated from targeted
ES cells obtained from EUCOMM (Tgif2"™*EVCOMMWEL TRMC project 24492) and
crossed to conditional a Tgiflline (121). Villin-TGIF1 transgenic mice were generated at
the UVA GEMM Core. The human TGIF1 cDNA with an amino-terminal T7 epitope tag
was inserted into the Villin promoter plasmid (12.4kbVillin-AATG), which was a gift
from Deborah Gumucio (Addgene plasmid # 19358; (14)). Germ 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-embedded, sectioned at 5 microns, and
stained with Hematoxylin and Eosin (H&E) or prepared for immunostaining as described
(201). Images were captured with 10, 20, or 40x objectives, using a Nikon Eclipse NI-U
with a DS-QI1 or DS-Ril camera and NIS Elements software, and adjusted in Adobe
Photoshop. For IF, antibodies were as follows: Rabbit anti-Acss2 (Abcam 66038), rabbit

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

2.2.6 RNA isolation and qRT-PCR

RNA from snap-frozen tissue was isolated and purified using Absolutely RNA kit
(Agilent) and quality checked by Bioanalyzer. cDNA was generated using Superscript 111
(Invitrogen) and analyzed by real time PCR using a BioRad MylIQ cycler and Sensimix
Plus SYBRgreen plus FITC mix (Bioline), with intron-spanning primer pairs selected

using Primer3 (http://frodo.wi.mit.edu/). 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 addition of NP-40 to 1%, then lysates were
separated by SDS-PAGE, transferred to Immobilon-P (Millipore) and proteins visualized
using ECL (Pierce). Primary antibodies were against Acss2 (Abcam 66038), TGIF1(82),
Y-tubulin (Sigma T6557), and HSP90 (Cell Signaling #4874). Pcx was detected using

Neutravidin conjugated HRP (ThermoFisher).
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2.2.8 Statistical methods

Experiments in cell lines were completed three independent times with n=3 technical
replicates, and data is shown as mean +/- SD of one experiment, unless otherwise
specified. Cell line and mouse data was analyzed using one- way ANOVA followed by
pairwise t-tests with Holm post-hoc tests. p-values are denoted 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 colorectal tumors

Analysis of CRC data sets showed elevated TGIF1 and TGIF2 in CRCs (Figure
2.1A-D) and increased expression in both adenomas and carcinomas (Figure 2.1C).
Comparison of TGIF1 expression in paired tumor and normal patient samples also
showed increased expression in tumors in all cases (Figure 2.1E). Similarly, analysis of
TCGA colorectal data showed elevated TGIF I and TGIF?2 in adenocarcinomas, with
additionally elevated levels of TGIF1 in mucinous CRC and cecum adenocarcinomas
(Figure 2.1F).

To test what role elevated TGIF 1 might have in CRCs, we used CRISPR/Cas9 to
knockout TGIFI in HCT116 cells, an immortalized human adenocarcinoma cell line.
HCT116 cells are in the top 15% of CRC cell lines expressing TGIF1 according to CCLE
(Cancer Cell Line Encyclopedia), making it a suitable cell line in which to test the role of
TGIF1. Multiple knockout clones were generated (Figure 2.2A) and sequenced (Figure
2.2B). TGIF1 expression is robust in this cell line (Figure 2.2C), and CRISPR/Cas9
mediated knockout completely abrogates TGIF1 expression in the mutants. With two of
the mutant clones, we tested if TGIF1 knockout affected growth in HCT116 cells using a
3T3 assay with serial replating. At the second passage, HCT116 cells with TGIF1
knockout grew significantly slower (Figure 2.2C), and this remained the case at the
fourth passage. Cells were passaged six times, and, at the second passage (and every
subsequent passage), both TGIF1 knockout HCT116 cell lines grew slower than the
HCT116 controls (Figure 2.2D), suggesting TGIF1 function 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 analyzed from publicly available CRC gene
expression array data-sets obtained from GEO. Data is plotted as relative expression
(median, with upper and lower quartiles [box] and 5™ and 95™ percentiles [whiskers]) for
normal (N) and tumor (T) (panels A, B, D), or normal (N), adenoma (Ad), and carcinoma
(Ca) in panel C. E) Relative expression of TGIF1 in paired normal and tumor samples
from panel D is shown. p-values for comparisons to normal are shown. F) Log2 median
centered expression data for TGIFI and TGIFI in the TCGA colorectal dataset (analysis
from Oncomine, with upper and lower quartiles and 10™ and 90™ percentiles), for normal

and the indicated tumor types. p-values for comparisons to normal are shown.
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Figure 2.2 — CRISPR-mediated TGIF1 knockout in HCT116 cells leads to decreased
proliferation.

A) Expression of TGIF1 was analyzed by western blot (with Hsp90 as a loading control)
from seven HCT116 TGIF]1 colonies. Note that colonies 1 and 5 appear do not appear to
have any TGIF1 mutations. B) A schematic of the sgRNA (red) used as a guide for Cas9
and the sequences of the five colonies from A with abolished TGIF1 expression. Note the
generation of clones with both deletions and insertions. C) Relative cell number of
HCT116 control or two mutant colonies shown after passage 2 (P2) or P3. * p < 0.05, **
p < 0.01. Western blot showing TGIF1 expression in wild type (WT), mutant 1 (m1), and
mutant 2 (m2) shown. D) Fold growth of HCT116 WT, m1, and m2 cells shown over six

passages with serial replating displayed. Note the logarithmic scale. * p < 0.05.



A

CRISPR/Cas9 clones

1

B

2 3 4 5 6 7

_Fa

e s HSPOO

O

Relative cell number

1.0
— *
05 I *x ¥
0 4
P2 P4

60

aggagtctgtgcagattcttcgggattggctgtat
E S v 9 I L R D W L Y

2 AGGAGTCTGTGCAGATTCTTCG-GATTGGCTGTAT del 1

3 AGGAGTCTGTGCAG-————m———mm carTreereTaT del 10
TGIF1 6 AGGAGT-———————m—m e creTaT del 26
7 AGGAGTC-——————m—m e e carreecreTar del 16
4 AGGAGTCTGTGCAGATTCTTCGGGATTGGCTGTAT INS 2
A
TT
HCT116 D 1000000000 -
I 100000000 -
. Ctr 10000000 -
I:l TGIF1 m1 = 1000000 -
EtGFime | §
g 10000 -
WTmim2 & 1000
100
TGIF1 . .
10
1 +—— : :
HSPOO s s s PO P1 P2 P3 P4 PS5 P6



61

We attempted to create TGIFI and TGIF2 double knockout HCT116 cells using
CRISPR/Cas9. We attempted to knockout 7GIF2 within two of the TGIF1 KO HCT116
cloes we had initially generated, but we were unable to generate any colonies from this
transfection. We then created TGIF2 HCT116 KO cells and then attempted to knockout
TGIFI within these TGIF2 KO cells. However, of the 29 colonies with puromycin
knockin in one TGIF1 allele that we sequenced for the TGIF1 allele from this
transfection, all of the colonies had a second wild type, unaltered TGIF'I sequence. Taken

together, this further suggested that TGIFs may have an important role in CRCs.

2.3.2 Modulation of levels of Tgifs in the intestinal epithelium

To test effects of decreased Tgifl and Tgif2 expression in the intestine, mice
lacking both Tgif1 and Tgif2 in the intestinal epithelium were generated. We used Villin-
Cre to delete loxP flanked Tgifl (118) and loxP flanked Tgif2, derived from a knockout
first allele from EUCOMM (Figure 2.3A). Male mice lacking both Tgifs were
approximately 10% lighter by 42 days, and maintained this difference (Figure 2.3B);
however, female mice lacking both Tgifs did not show any differences in weight (Figure
2.3C). Additionally, there was no change in the length of the small intestine (Figure
2.3D), though the lengths were somewhat variable. Overall, mice lacking both Tgifs
(conditional double knockouts or “cdKOs”) from the intestinal epithelium were viable,
grossly normal, and fertile.

To test effects of increased TGIF1 expression in intestine, we generated a
transgene in which an amino terminal T7-epitope tagged human TGIF1 was expressed
from the Villin promoter (Figure 2.4A). Analysis of expression in a panel of tissues by

western blot showed robust expression in the intestine, with no detectable expression in
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Figure 2.3 — Mice with intestine-specific knockout of Tgifl and Tgif2 are viable.

A) Schematic of loxP flanked alleles of Tgifl and Tgif2. Exons, ATG transcription start
sites, and UTRs are denoted. Black arrows represent loxP sites. Cre-mediated deletion of
Tgifl results in loss of exons 2 and 3 of Tgif] and loss of exon 2 of Tgif2. B-C) Wild type
or Tgifl;Tgif2 (cdKO) male/female mice were weighed from 4 weeks to 10 weeks of age.
p-values and relative weight shown below. D) Small intestine length (cm) was measured

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

A) A schematic of the Villin-T7-TGIF1 transgene is shown. B) Expression of a Villin
promoter-T7-TGIF1 transgene (Vil-TGIF1) was analyzed by western blot for the T7-
epitope tag in a series of tissues (SI: small intestine, Li: liver, Ki: kidney, Sp: spleen, Hr:
heart, Lu: lung, Th: thymus). C) Expression of the Vil-TGIF1 transgene in a non-
transgenic (control) and transgenic animal (SI: small intestine [P: proximal, M: middle,

D: distal thirds], Co: colon, Sp: spleen). Hsp90 or y-tubulin loading controls are shown.
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any other tissue examined (Figure 2.4B). Within the small intestine, we observed readily
detectable expression in the proximal, middle, and distal thirds, with much lower
expression in the colon and none in non-transgenic tissue (Figure 2.4C and (202)).
Similarly to mice lacking both Tgifs, Vil-TGIF1 transgenic mice were normal and viable
to at least 150 days.

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

on villi length.
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Figure 2.5 — ¢cdKO mice have fewer proliferating cells in the intestinal epithelium.
A) WT, transgenic, and cdKO SI tissue were fixed, sectioned at Sum, and stained with [
catenin, DAPI, and Ki67 to measure proliferation in intestinal crypts with representative
images shown. B) Quantification of Ki67+ cells from stained crypts. C) Quantification of

crypt depth as measured by the number of total cells in each crypt.
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2.3.3 Increased Tgif expression in colorectal tumors

Mouse models of intestinal cancer, based on genetic alterations found in human
cancers or treatment with chemical carcinogens, have been analyzed by gene expression
array (203). In these analyses, Tgifl expression was significantly higher in the
azoxymethane (AOM) and Apc mutant models but not in one based on inactivation of
Smad3, a component of the TGFf signaling pathway (Figure 2.6A). Similar results were
found with Tgif2 expression in this dataset, although the signal in the AOM samples was
too variable to reach statistical significance.

To test expression of 7gifs in Apc mutant mouse colon tumors, we combined a
Villin-Cre transgene with a loxP flanked allele of Apc, isolated normal colon and colon
tumors at 12 weeks of age, and analyzed gene expression by qRT-PCR. We observed a
significant increase in expression of both 7gif] and 7gif2 in colon tumors compared to
normal tissue (Figure 2.6B). Western blot analysis of similar 12 week tumors showed
increased Tgifl protein expression in tumor compared to normal (Figure 2.6C). We also
analyzed tumors in which 7Tgif] was deleted specifically from epithelial cells. Little or no
Tgifl signal was detectable in these samples, suggesting the majority of Tgifl present in
colon and its increase in tumors were due to expression in the intestinal epithelium
(Figure 2.6C). An increase in Tgifl expression in small intestine tumors compared to
normal tissue was also observed (Figure 2.6D). Thus expression of both Tgif1 and Tgif2
is higher in Apc mutant intestinal tumors in mice, recapitulating observations seen in the
human disease.

To compare expression of the Vil-TGIF1 transgene to the endogenous Tgif1 in

Apc mutant tumors, we performed western blots with a TGIF1 antiserum that recognizes
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Figure 2.6 — Tgif expression in mouse intestinal tumors.

A) Relative expression of Tgif1 and Tgif2 (mean + sd) from the GSE5204 dataset, for
normal colon (N), tumors from and AOM/DSS model, Apc mutant tumors, or those from
a Smad3 mutant model. B) Relative Tgif1 and Tgif2 expression (mean + sd of
quadruplicate samples), determined by qRT-PCR, from wild type (normal) colon or from
Apc mutant colon tumors. ** p < 0.01, *** p < 0.001, **** p < (0.0001. C) Expression of
Tgifl was analyzed by western blot (with Hsp90 as a loading control) from normal colon
(N) and tumor (T) from tissue of the indicated genotypes (+: wild type, r: recombined
allele). D) Tgifl expression from small intestine (normal or tumor, as in panel C). E)
Expression of Tgifl in normal (N) and tumor (T) tissue from mice of the indicated
genotypes is shown by western blot with a TGIF1-specific antiserum and HSP90 as a
loading control. Note the transgenic TGIF1 migrates slightly faster than the endogenous

mouse Tgifl.
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both human and mouse Tgif1. There was an increase in endogenous Tgifl expression in
regions of the SI with tumors, compared to wild type tissue (Figure 2.6E). The levels of
expression of transgenic TGIF1 was similar in both tumor and normal and, while higher
than the expression of mouse Tgif1 in normal tissue, were quite similar to the increased
level of endogenous Tgifl in tumors (Figure 2.6E). The transgenic TGIF1 migrates more
rapidly on SDS-PAGE than mouse Tgif1, and it appears that expression of the transgene
effectively reduces expression of endogenous Tgif1, as evidenced by the almost complete
absence of the slower migrating Tgif1 band in the transgenic samples (Figure 2.6E).
Thus, Vil-TGIF1 is over-expressed to a level similar to that 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 combined conditional alleles of
Tgifl, both Tgifl and Tgif2, or the Vil-TGIFI transgene with Villin-Cre and a
heterozygous loxP flanked Apc allele. At 12 weeks of age, small intestines were
separated into proximal, middle, and distal thirds and opened along the length to identify
tumors. Although the number of tumors per animal was quite variable, there was a
significant reduction in tumor numbers in mice lacking both Tgif1 and Tgif2 and an
increase in the Vil-TGIF1 mice (Figure 2.7A). The number of tumors larger than 1.5mm
in diameter was significantly lower in both the Tgifl and Tgifl,;Tgif2 mutants (Figure
2.7A). The increase in larger tumors in the TGIF1 over-expressing mice was highly
significant, whereas there were no significant differences in the number of smaller
(<1.5mm) tumors. Histological examination of tumors isolated from animals of all four

genotypes revealed no clear differences in tumor morphology (Figure 2.7B). All tumors



73

Figure 2.7 — Tgif expression promotes small intestinal tumorigenesis.

A) The numbers of tumors per animal (at 12 weeks) in the small intestine are shown
(median, upper, and lower quartiles, 5™ and 95" percentiles) for each genotype. Numbers
are shown for all tumors and separately for those <1.5mm, or >1.5mm in diameter. p-
values for comparison to the Apc*™” mice are shown. * p < 0.05, ** p < 0.01, *** p <
0.001. B) Representative images of H&E stained tumors from the indicated genotypes are

shown. Images captured at 200x magnification.
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examined were adenomas, and we did not observe invasive carcinomas in these animals.
Thus, increasing TGIF1 expression to a level similar to that seen in Apc mutant tumors
enhances adenoma growth but does not promote transition to invasive adenocarcinoma.

In the middle and distal regions of the SI, we observed increased numbers of
larger tumors in Vil-TGIF1 mice and a decrease in total tumor numbers in Tgifl,;Tgif2
mice (Figure 2.8 A-B). These differences were primarily driven by changes in the
numbers of larger tumors (Figure 2.8 A-B). Apc mutant mice lacking only 7gif] had an
intermediate phenotype between that of the Apc and Apc; Tgifl; Tgif2 mice, especially
seen in the number of large tumors in the middle and distal portions of the SI (Figure
2.8C). This was particularly evident when analyzing the proportion of tumors in each
mouse that were >1.5mm in diameter (Figure 2.8D).

Although the Vil-Cre;Apc model primarily generates tumors in the small intestine,
there are also colon tumors in these animals. Comparison of tumor number and size in the
colon between Apc mice and those lacking Tgif1 did not reveal any significant
differences (Figure 2.9A-B). However, in the Apc, Tgifl;Tgif2 mice, average tumor
volume was significantly lower, nearly 45% lower in Apc, Tgifl;Tgif2 mice compared to
Apc mice, despite the fact that the tumor sizes were quite variable (Figure 2.9B). Thus, it
appears that further reducing overall Tgif levels by deleting 7gif] and Tgif2 enhances the
relatively mild effect of deletion of Tgifl alone, implying redundant function. As with the
SI tumors, there were no clear histological differences between the colon tumors from
mice of each genotype (Figure 2.9C). Together, these data suggest Tgif1 and Tgif2
contribute to Apc mutant intestinal tumorigenesis, and increasing TGIF1 expression

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

A) Tumor numbers per animal in the middle (A) and distal (B) thirds of the small
intestine at 12 weeks are shown (median, upper, and lower quartiles, 5™ and 95"
percentiles) for each of the four genotypes. C) Large tumor numbers ( >1.5mm) per
animal in proximal, middle, and distal thirds of the small intestine at 12 weeks shown for
Tgif knockout mice only (median, upper, and lower quartiles, 5™ and 95" percentiles). D)
Percentage of large tumors compared to all tumors per animal that are over 1.5mm in
diameter. p-values for comparison to the Apc™” mice are shown for each of the four
genotypes. p-values for comparison to the Apc™” mice are shown. * p < 0.05, ** p < 0.01,

ok p <0.001, *#** p < 0.0001.
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Figure 2.9 — Tgif expression promotes colon tumorigenesis.

A) Average number of colon tumors per mouse (median, upper, and lower quartiles, 5t
and 95" percentiles). B) Average tumor volume per mouse (mm°). p-values for
comparison to the Apc™” mice are shown. * p < 0.05. C) Representative images of H&E
stained colon tumors from the indicated genotypes are shown. Images captured at 200x

magnification.
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2.4 Discussion

Analysis of multiple CRC datasets, including a TCGA dataset, showed elevated
levels of TGIF1 and TGIF2. We further show knockout of TGIF1 in HCT116 cells
decreases proliferation, and this result was recapitulated by analyzing the proliferative
potential of intestinal crypts in Apc mice with different levels of Tgifs. Utilizing the Apc
mouse model of CRC, we provide evidence that expression TGIF transcription factors are
upregulated in CRC and impact both intestinal tumor burden and individual tumor size.

TGIF1 is well documented as an inhibitor of TGFp-activated gene expression.
Given the tumor suppressive effects of TGFp signaling, TGIFs might be expected to be
oncogenic by limiting the anti-proliferative effects of TGFf signaling. Several studies
have examined effects of TGIFs on the proliferation of human cancer cell lines or growth
in xenograft models, and recent work suggests a pro-tumorigenic role for TGIF1 in colon
cancer (129). Knockout of TGIF1 in HCT116 cells reduced proliferation of these cells in
culture. In a xenograft model using the human LoVo CRC cell line, reduction of TGIF1
levels resulted in smaller tumors in a xenograft model. Our mouse data support this, in
that deleting either TgifI or both Tgifl and Tgif2 together in the background of a
heterozygous Apc mutation reduced the number of tumors, especially of larger adenomas.
Thus, cell culture, xenograft, and mouse genetic models support a role for Tgifl in
intestinal tumor growth.

Deletion of both Tgif1 and Tgif2 had a greater effect on tumor growth than
deletion of Tgifl alone, and this difference was primarily seen in the apparent stepwise
decrease in the number of >1.5mm tumors in the middle and distal portions of the small

intestine. This difference was also partially seen in the tumor volumes in the colon. Taken
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together, these results suggest an overlapping function in the intestine, as in early
embryos (106,119,121,123). In contrast to our work, other analyses of Tgif function in
cancer have focused on either Tgifl or Tgif2 alone, without testing potential
cooperativity. Our analysis of Apc mutant mouse colon and small intestine tumors shows
increased expression of both Tgifl and Tgif2, consistent with increases seen in human
gene expression data-sets and for TGIF1 in human CRC samples (129).

Modeling the increase in Tgifl levels by overexpression of a TGIF1 transgene in
intestinal epithelium supported a pro-tumorigenic effect of Tgifs in intestine, with TGIF1
transgenic mice having both more and larger tumors. Additionally, SI crypts in transgenic
mice had more proliferative cells, further suggesting the pro-tumorigenic effect of Tgifs.
Taken together, this data suggests that increased levels of TGIF1 in the SI crypts may
lead to the larger tumors we observed in transgenic mice, perhaps indicating increased
TGIF1 levels could prime a tumor to become larger. However, the transgene is poorly
expressed in colon, so this analysis is based on tumor numbers in the small intestine.
While this is different from the human disease, the difference is dependent on the
regulatory elements used to drive the transgene, and analysis of small intestine tumors in
mouse models has provided considerable insight into CRC biology. The opposite pattern
also held true for the Tgif knockout mice which had both fewer proliferative cells in SI
crypts and developed fewer and smaller tumors overall. Overall, our data strongly support
a pro-tumorigenic effect of Tgifs in the intestines.

In summary, our data corroborates the increase in Tgif expression seen in human
CRC datasets and suggests Tgifs have a pro-tumorigenic role in CRC, potentially through

changes in proliferation.
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Chapter 3 - Tgifs regulate Acetyl-CoA

metabolism>*

3.1 Introduction

Changes in cancer metabolism during tumorigenesis have been observed for
nearly a century (131), and tumor cells often are able to obtain nutrients from nutrient-
poor environments in order to survive and proliferate. Aerobic glycolysis, one famous
metabolic shift observed in cancers better known as the Warburg effect, occurs even in
normoxic conditions (130,131). This increase in glycolysis further benefits the tumor by
additionally decreasing the generation of reactive oxygen species (ROS) through
oxidative phosphorylation (152). The hypoxic tumor environment further drives these
metabolic shifts, by reinforcing increased glucose uptake by the tumor cell through the
upregulation of GLUT1, a glucose transporter (137,153). Hypoxic conditions additionally
promote the conversation of pyruvate to lactate, generating NAD" as a reducing agent
and preventing the accumulation of NADH in the cytosol, further promoting the uptake
of glucose (137,148). Thus, both the metabolic shift to aerobic respiration and hypoxia in
tumors work together to increase glucose uptake and reduce ROS.

Increased glycolysis and decreased oxidative respiration results in tumor cells
using the intermediates of glycolytic pathway as precursors for multiple biosynthetic
pathways branching from glycolysis. The pentose phosphate pathway (PPP), an anabolic

pathway producing ribose sugars for nucleotide biosynthesis, and one carbon cycle, the

* This work is a part of a manuscript currently under revision at Genes and Development. Shah, A.,
Melhuish, T.A., Frierson Jr., H.F., Wotton, D. (2018) TGIF transcription factors repress acetyl-CoA
metabolic gene expression and promote intestinal tumor growth.

* Tiffany Melhuish performed both the RT-qCPR and ChIP-qPCR in MEFs and small intestinal tissue. Dr.
David Wotton created the pathway map (Figure 3.6) and performed RNA-seq mapping to the mouse
genome. Additionally, Dr. Wotton assisted me with the subsequent RNA-seq analysis.
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metabolism of serine for the biosynthesis of purines, thymidine, and the reducing agent,
NADPH, are key examples of biosynthetic pathways which are upregulated in the
presence of increased glucose uptake (137,138). The overall upregulation of glycolysis in
tumors results in upregulation of downstream pro-proliferative pathways for growth and
survival. Taken together, this suggests the Warburg effect is a well-regulated metabolic
state required to meet the biosynthetic demands of a rapidly growing tumor.

TGIF1 and TGIF2 (thymine-guanine interacting factors) are homeodomain
transcriptional corepressors that are members of the TALE (three amino acid loop
extension) superfamily, which interact with the corepressors mSin3 and histone
deacetylases (81,108). Additionally, TGIF1 can interact with CtBP1/2 corepressors via a
conserved interaction motif (107). Tgifs limit the response to TGF[ signaling by
recruiting co-repressors to the SMAD transcription factors (81,108). In addition to
SMAD-interaction, other mechanisms for TGFf pathway inhibition have been suggested,
including promoting SMAD?2 ubiquitylation and degradation or preventing SMAD?2
phosphorylation in response to TGFp signaling (204,205). Loss of function mutations in
TGIF1 are associated with holoprosencephaly (HPE), a severe developmental disorder
adversely affecting forebrain development (100). Mouse models of Tgifl and Tgif2 loss
of function suggest Tgif] and Tgif2 have a redundant, but essential roles in early
embryogenesis (121). Conditional mutants survive to mid-gestation with multiple
developmental abnormalities, including HPE (106,123).

Although developmental defects in embryos lacking Tgif1 and Tgif2 can be partly
rescued by reducing TGFp family signaling through mutation of Nodal (106,121,123),

transcriptome profiling of early embryos or primary mouse embryo fibroblasts (MEFs)
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lacking Tgifs suggests that the majority of gene expression changes are unlikely to be due
to altered TGFp family signaling (110,111). TGIF1 was first identified by its ability to
bind a retinoid response element of the Rbp2 gene and reduce activation by RXR nuclear
receptors (97). TGIFs can bind directly to DNA and repress transcription via a well-
defined consensus site, cTGTCAa, where the central five bases are most important
(82,97). Direct repression via this consensus site has been shown for a small number of
Tgif target genes (111,123). Recent genome-wide analysis identified a large number of
potential Tgif1 binding sites, with enrichment for the known TGIF consensus element
(109).

Increased Tgif levels have been implicated in ovarian, esophageal, and lung
cancer among others (124-126). Tgif] promoted breast cancer progression in a mouse
model, independent of effects on TGFp signaling (128). The TGIF1 gene was shown to
be a direct B-catenin/TCF transcriptional target that is activated by Wnt/B-catenin
signaling (128), and the possibility that TGIF1 sequesters Axins to activate Wnt/Bcatenin
signaling was also suggested as a mechanism to explain the its pro-tumorigenic function
(128). Recent work with human CRC cell lines suggests a role for TGIF1 in CRC
progression and also implicated TGIF1 in controlling the output of the Wnt/B-catenin
pathway, although this appeared to be independent of effects on Axins (129). Thus, Tgifs
can promote tumorigenesis, but questions regarding mechanisms and overlapping roles of
Tgifl and Tgif2 remain.

We used genetically engineered mouse models to address the function of Tgifs in
intestinal cancer and to identify downstream Tgif target genes. Over-expression of TGIF1

in intestinal epithelial cells increased the size and number of adenomas in the small
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intestine (SI), and deletion of Tgifl and Tgif2 reduced tumor size in both the SI and colon
(from previous chapter). Transcriptional profiling of colon tumors from these mice
revealed little effect of Tgifs on either Wnt/B-catenin or TGFp signaling. Instead, we
found that deleting Tgifs from colon tumors caused changes in expression of genes
affecting multiple metabolic pathways. Integrating this data with additional gene
expression profiling suggests that Tgifs play a fundamental role in regulating energy
metabolism, and they may contribute to the reprogramming 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 Animal Care and Use Committee of the
University of Virginia, which is fully accredited by the AAALAC. Conditional alleles
with loxP flanked exons are referred to here as ‘f” for loxP flanked, or ‘r’ for recombined
(null). Mice were maintained on a predomintly C57BL/6J background. Conditional Apc
mice were from the NCI, and the Villin-Cre line was from Jax (B6.Cg-Tg(Vill-
cre)1000Gum/J; #021504 (14)). Conditional Tgif2 mice were generated from targeted ES
cells obtained from EUCOMM (Tgif2"™ 2 EVCOMMWEL TRNC project 24492) and crossed
to conditional a Tgif1 line (121). Villin-TGIF1 transgenic mice were generated at the
UVA GEMM Core. The human TGIF1 cDNA with an amino-terminal T7 epitope tag
was inserted into the Villin promoter plasmid (12.4kbVillin-AATG), which was a gift
from Deborah Gumucio (Addgene plasmid # 19358 (14)). Germ 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-embedded, sectioned at 5 microns and
prepared for immunostaining as described in (201). Images were captured with 10, 20, or
40x objectives, using a Nikon Eclipse NI-U with a DS-QI1 or DS-Ril camera and NIS
Elements software, and adjusted in Adobe Photoshop. For IF, antibodies were as follows:
Rabbit anti-Acss2 (Abcam 66038), rabbit-anti Slc2al (Millipore 07-1401), mouse anti-f3-

catenin (BD Transduction Labs 610153).
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3.3.3 Cell culture

HCT116 and primary MEF cell lines were from the Wotton Lab at the University of
Virginia. HCT116 cells were cultured in RPMI-1640 (Gibco 11875-093) supplemented
with 10% fetal bovine serum (FBS) (HyClone SH30396.03), 1% Anti-Anti (Gibco15240-
062), and 100pg/mLNormocin (InvivoGen ant-nr-1). Primary MEFs were grown in the
same conditions as HCT116 cells except with DMEM. Cells were grown in a humidified
37°C incubator supplemented with 5% CO,. Cell line identity was verified by STR
profiling. For siRNA-mediated knockdown, HCT116 cells were seeded at 200,000 cells
per well in a six well plate. The next day, cells were transfected with either control or
Tgifl and Tgif2 siRNAs using Turbofect (ThermoFisher R0532) as per the

manufacturer’s protocol. Knockdown was confirmed by RT-qPCR and western blot.

3.3.4 RNA isolation and qRT-PCR

RNA from snap-frozen tissue and cells was isolated and purified using Absolutely RNA
kit (Agilent) and quality checked by Bioanalyzer. cDNA was generated using Superscript
IIT (Invitrogen) and analyzed by real time PCR using a BioRad MyIQ cycler and
Sensimix Plus SYBRgreen plus FITC mix (Bioline), with intron-spanning primer pairs

selected using Primer3 (http://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 Illumina barcodes were sequenced (NextSeq
500 at the UVA GATC) to at least 25M single end 75bp reads per sample. Data was

analyzed using the Galaxy server (https://usegalaxy.org/). Transcript quantification was




88

performed using Salmon (206) to map to the mm10 mouse genome build, and DESeq2
(207) within the Galaxy site was used for normalizing count data, estimating dispersion,
fitting a negative binomial model for each gene and comparing expression between
groups. A cut-off of +/- 0.5 log2 and an adjusted p-value of <0.01 was considered
significant. Enrichment was analyzed with ENRICHR

(http://amp.pharm.mssm.edu/Enrichr/) (208,209) and heat maps generated with

Heatmapper (http://www?2.heatmapper.ca/expression/) (210). Gene set enrichment was by

GSEA software from the Broad Institute (211,212). RNA-seq data is deposited at GEO

(GSE116578).

3.3.6 Western blot

Tissues were ground in PBS, followed by addition of NP-40 to 1%, then lysates were
separated by SDS-PAGE, transferred to Immobilon-P (Millipore) and proteins visualized
using ECL (Pierce). Primary antibodies were against Acss2 (Abcam 66038), y-tubulin
(Sigma T6557) and HSP90 (Cell Signaling #4874). Pcx was detected using Neutravidin

conjugated HRP (ThermoFisher).

3.3.7 Chromatin immunoprecipitation (ChIP)

Chromatin was cross-linked for 20 minutes in 1% formaldehyde and sonicated to 200-
1000bp using a Branson digital sonifier, with microtip as described in (213).
Immunoprecipitation was carried out using 10uL of polyclonal TGIF1 antiserum (81), or
pre-immune serum. Bound and input fractions were analyzed by qPCR on a BioRad

MylQ cycler using Sensimix Plus SYBRgreen plus FITC mix (Bioline).
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3.3.8 Statistical methods

Experiments in cell lines were at least two independent times with n=3 technical
replicates, and data is shown as mean +/- sd of one experiment, unless otherwise
specified. T-tests were used to compare groups for RT-qPCR and ChIP-qPCR
experiments, and p-values are denoted in figure legends. 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 contribute to intestinal tumor growth, we
performed transcriptome profiling, comparing normal wild type colon to colon tumors
from Apc and Apc; Tgifl; Tgif2 mice. RNA was isolated from five normal colon samples
and seven tumors from mice of each of the two genotypes from both males and females.
The samples from each of the three genotypes clustered separately, although there was
considerable spread among the tumors, and the two tumor genotypes clustered closer to
each other than to the wild types (Figure 3.1A). Some of this spread in the tumor samples
may have been due to other cell types present in the tumor, such as immune cells and
stromal cells, but IF analysis has shown the majority of cells present in these colon
tumors were epithelial cells. To identify genes that were differently expressed, we
performed pairwise comparisons using a 0.5 log2-fold change and an adjusted p-value
cut-off of <0.01. This identified close to 2000 genes that were differentially expressed
between the two tumor genotypes, with 884 being higher in the Apc; Tgifl, Tgif2 than in
the Apc tumors and 1160 with lower expression. Hierarchical clustering of each of these
two gene lists suggested that, among the genes with increased expression in the
Apc; Tgifl; Tgif2 compared to the Apc tumors, a small fraction was also more highly
expressed in wild type colon (Figure 3.1B). This is consistent with these genes being Tgif
targets that are repressed in Apc tumors by increased Tgif expression. Among the genes
with lower expression in Apc; Tgifl; Tgif2 tumors, many are increased in the Apc tumors
compared to wild type, consistent with loss of Tgifs reversing at least part of the Apc

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

A) Principle component analysis of RNA-seq data from normal wild type (WT) mouse
colon or from colon tumors isolated from Apc heterozygous mice (Apc) or Apc
heterozygous mice with homozygous deletion of both Tgif] and Tgif2 (ApcTT). Heat
maps are shown for all genes with significantly (log2-fold change > 0.5, p-adjusted <
0.01) higher (B) or lower (C) expression in ApcTT than in Apc. D) Venn diagrams
indicating the overlap between genes that are significantly differently expressed between

Apc versus WT and Apc versus ApcTT.
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decrease in the Apc tumor compared to wild type and increase in Apc;Tgifl; Tgif2 tumors,
there was minimal enrichment for this class (Figure 3.1D) among genes that are
significantly differently expressed in both the Apc to wild type (left Venn diagram) and
Apc,; Tgifl;Tgif2 to Apc comparisons (right Venn diagram). However, more genes with
higher expression in Apc;Tgifl;Tgif2 tumors had reduced expression in Apc tumors
compared to wild type (124/392; 31.6%) than had higher expression (72/392; 18.4%).
Thus, it appears that there is a subset of differentially expressed genes that fit with being
Tgif targets. However, there also appears to be significant tumor to tumor variability and
a larger number of genes that do not fit a simple direct Tgif target model.

Tgifs are well characterized as repressors of TGFf responsive transcription
(81,100) and have been suggested to promote Wnt responsive gene expression (128,129).
We, therefore, examined expression of genes that are known targets of these pathways.
For a panel of well characterized TGFp targets (Smad7, Skil, Serpinel, Cdknla, and
Cdkn2b), and some additional genes that respond to TGFf in LS1034 CRC cells (214),
there was no consistent pattern in expression differences between normal colon and Apc
tumors, and deletion of Tgifs had minimal effect (Figure 3.2A). Overlapping gene
expression changes in Apc; Tgifl;Tgif2 compared to Apc tumors with expression array
data from mouse Apc colon tumors or Apc tumors lacking the TGFp type 2 receptor
(GSES82133; (215)) revealed minimal overlap (Figure 3.2B). qRT-PCR analysis of
canonical TGFJ target genes in a set of Apc,Tgifl;Tgif2 and Apc colon tumors did not
show significant increases in expression in the 7gif mutants (Figure 3.2C).

To examine Wnt signaling we looked at expression of canonical targets of the

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

A) A heat map (z-score per gene) is shown for RNA-seq data for a panel of well
characterized TGFp target genes in addition to those shown to be regulated by TGFp in
LS1034 CRC cells. The right hand panel shows the log-2 fold change for each gene,
comparing Apc tumors to wild type, and Apc;Tgifl;Tgif2 (ApcTT) tumors to Apc only.
B) A Venn diagram indicating the overlap between genes with differential expression in
Apc versus ApcTT tumors and those with significantly different (log2 fold change > +/-
0.5, p < 0.05) expression comparing Apc mouse colon tumors to those with deletion of
the TGFp type 2 receptor (Tbr in figure) as well as Apc. Data is from GSE82133. C)
gRT-PCR analysis of a panel of known TGFp target genes comparing ApcTT tumors to
Apc only (n=4 per genotype). D) Heat maps are shown for expression of known Wnt/B-
catenin target genes in RNA-seq data. Data is shown as in panel A. E) Overlap of genes
differentially expressed in Apc versus Apc;Tgifl;Tgif2 tumors (left) or Apc versus WT
tissue (right) with validated -catenin target genes that are either activated (act) or
repressed (rep) by Wnt/B-catenin signaling. Note the enrichment for genes that are 3-
catenin activated and increased in the Apc compared to wild type, and for B-catenin
repressed and decreased in the Apc compared to wild type. In contrast, loss of Tgifs has
little effect on this gene set. F) qRT-PCR analysis of a panel of known Wnt/B-catenin
target genes comparing Apc;Tgif1;Tgif2 and Apc tumors to wild type (n=4 per

genotype).
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but were not further activated by deletion of 7gifs (Figure 3.2D). Comparing a set of 3-
catenin activated or repressed target genes (216) with our data showed limited overlap
with expression differences between Apc;Tgifl;Tgif2 and Apc tumors, whereas there was
clear enrichment for these target genes in the comparison between Apc and WT tissue
(Figure 3.2E). This was supported by gqRT-PCR analysis showing increased expression of
Axin2, Lgr5, and Lefl in Apc mutant tumors but no decrease in Apc; Tgifl;Tgif2 tumors,
as would be expected if Tgif1 promotes B-catenin activated gene expression (Figure
3.2F). Thus, it appears, in the context of colon tumors in mice, Tgifs do not play a major

role in regulating either TGFf or Wnt/B-catenin signaling.

3.3.2 Altered metabolic gene expression in tumors lacking Tgifs

To identify functional groups among the gene expression changes, we performed
GSEA. Gene sets indicative of epithelial to mesenchymal transition (EMT) and KRAS
signaling were among the most significantly enriched in the Apc compared to
Apc; Tgifl; Tgif2 tumors (Figure 3.3A). Surprisingly, glycolysis was also one of the most
significantly enriched gene sets in the Apc tumors, and other metabolic signatures were
enriched in Apc compared to Apc, Tgifl,; Tgif2 tumors (Figure 3.3A). Comparing
Apc; Tgifl; Tgif2 to Apc tumors, one of the most down-regulated glycolytic genes was
Slc2al, encoding Glutl, the major glucose transporter in the intestine. For most
glycolytic enzymes, there was a more modest reduction in expression in Apc,; Tgifl; Tgif2
tumors (Figure 3.3B). Examining expression of genes encoding proteins that function to
generate glucose from pyruvate revealed that these genes were generally slightly more
highly expressed in the Apc; Tgifl; Tgif2 tumors. Summing the relative expression for

each tumor for a panel of glycolysis or gluconeogenesis-specific genes revealed a clear
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Figure 3.3 — Altered metabolic gene expression in Tgif mutant colon tumors.

A) GSEA analysis indicates enrichment of EMT, KRAS signaling, glycolysis and
glutamine metabolism in Apc tumors compared to ApcTT. The nominal enrichment score
(NES) and FDR g-value are shown. B) Heat maps are shown indicating fold-change
(comparing ApcTT to Apc tumors) for the glycolytic pathway and for genes involved
specifically in the conversion of pyruvate to glucose. The plot to the right shows summed
z-scores for a panel of genes involved only in glycolysis or in gluconeogenesis, plotted as
gluconeogenesis versus glycolysis for each tumor. Heat maps are shown for all genes in
the purine and pyrimidine metabolic pathways (C) or amino acid metabolic pathways (D)

that are significantly differently expressed comparing Apc to ApcTT tumors.
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separation of Apc and Apc;Tgifl;Tgif2 tumors, consistent with the GSEA result, despite
the expression of most components of these pathways (Figure 3.3B). We also examined
the RNA-seq data for changes in other metabolic pathways by comparing all genes that
were significantly differently expressed between Apc and Apc; Tgifl; Tgif2 tumors to
metabolic gene lists from KEGG. This analysis revealed reduced expression of multiple
genes with links to purine and pyrimidine synthesis and amino acid metabolic pathways
(Figure 3.3C-D).

Since Slc2al was the most down-regulated glycolytic gene in Apc; Tgifl;Tgif2
tumors, we examined expression of the Glutl protein in colon tumors of each genotype
by IF. Glutl was expressed throughout normal colon and Apc mutant tumor tissue, with
relatively little difference in expression between the two (Figure 3.4). In contrast, there
was clearly lower expression of Glutl in the Apc, Tgif1,;Tgif2 tumor tissue compared to
adjacent normal tissue and to Apc mutant tumors (Figure 3.4). Together, these analyses
suggest that loss of Tgifs from Apc tumors results in widespread changes in metabolic

gene expression.
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Figure 3.4 — Glutl expression in normal and tumor tissue.
IF analysis shown for Glutl and B-catenin in colon tumors [T] with adjacent normal

tissue [N].
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3.3.3 Tgifs repress expression of genes involved in Acetyl-CoA

metabolism

The majority of metabolic gene expression changes examined so far are decreases
in expression in the absence of Tgifs, suggesting these changes are unlikely to be direct
Tgif targets. To identify Tgif target genes we overlapped gene expression changes found
here with transcriptome profiling from wild type and conditional 7TgifI;Tgif2 null mouse
embryos (111). There was relatively little overlap between these two data sets, but,
among the genes that changed in both, there was a significant enrichment for genes that
increased with deletion of Tgifs from embryos and tumors (Figure 3.5A). ChIP-seq
analysis from mouse ES cells identified more than 16,000 potential Tgif1-bound regions
across the genome (109). To enrich for higher confidence targets, we considered only the
top 40% of putative Tgif1-bound regions from this analysis and overlapped this list with
genes that were differently expressed in 7gifl,;Tgif2 null embryos and tumors lacking
Tgifs (Figure 3.5B). This revealed a greater overlap with genes that were activated by
loss of Tgifs than with genes that had lower expression in the mutants (Figure 3.5B-C).
Among the genes with increased expression in both 7gif1;7Tgif2 null embryos and tumors
almost 70% had high confidence ChIP peaks (Figure 5C).

Analysis of the 125 genes with ChIP-seq peaks and higher expression in both
RNA-seq datasets revealed a significant enrichment for a MEIS1 consensus site (which is
identical to a TGIF site) associated with these genes, consistent with the idea that they are
direct Tgif targets (Figure 3.5D). Propanoate metabolism and acetyl-CoA biosynthetic

process were the most significantly enriched pathways, and, among the 125 gene list,
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Figure 3.5 — Identification of putative Tgif target genes.

A) Differentially expressed genes from RNA-seq data from control or Tgif1;Tgif2 null
(cdKO) day 9 mouse embryos (GSE78728) overlapped with genes that are significantly
differently expressed in ApcTT versus Apc tumors. B) Genes with significantly higher
(left) or lower (right) expression in either data-set were overlapped with Tgif1 ChIP-seq
data from mouse ES cells (GSE55404). C) The percentage of genes from each of the
indicated overlaps between expression data from embryos and tumors with ChIP-seq
peaks is shown. D) EnrichR analysis of the 125 genes with increased expression in

embryos and tumors that also have ChIP-seq peaks is shown.
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there were three genes encoding enzymes that synthesize acetyl-CoA: Acss1, Acss2, and
Mlycd. To place these changes in context, we visualized expression changes for genes
encoding a number of enzymes involved in acetyl-CoA metabolism as part of a metabolic
pathway map. Acss2 was significantly increased in both cdKO embryos and in tumors
lacking Tgifs and decreased in Apc tumors compared to wild type colon (Figure 3.6).
Similarly, the mitochondrial Acss/ was increased in Tgif mutant embryos and
tumors and decreased in the Apc tumors. Other genes that showed this pattern included
Mlycd, which encodes a cytosolic enzyme that converts malonyl-CoA to acetyl-CoA, and
Acatl which generates acetoacetyl-CoA from acetyl-CoA in the mitochondria as the first
step of ketone synthesis (Figure 3.6). Since there was some increase in expression of
genes associated with the early stages of pyruvate metabolism (Figure 3.3B) and Mpcl
and Pcx expression was increased in 7gif1,;Tgif2 null embryos, we also examined some
changes in this pathway. Mpcl expression showed a similar pattern to the acetyl-CoA
synthetic genes, as did Pcx, although the increase in Pcx expression in Apc; Tgifl;Tgif2
tumors was not statistically significant (Figure 3.6). This analysis is consistent with the
idea that Tgifs directly repress multiple genes involved in acetyl-CoA metabolism and

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

A pathway map for selected genes involved in acetyl-CoA and pyruvate metabolism is
shown, with mitochondrial and cytoplasmic compartments shown separately. Black
arrows indicate metabolic reactions, green arrows translocations, and the dashed arrows
links to additional metabolic pathways. For each gene shown (boxed), the three colored
squares represent fold changes in Apc to WT comparison (left), ApcTT to Apc tumor
comparison (center) and cdKO to control embryo comparison (right). Larger boxes
indicate significant change (p-adjusted < 0.01). Smaller boxes are not significant at this

cut-off.
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IF analysis of colon tissue from Apc and Apc;Tgifl;Tgif2 mice indicated that
Acss2 expression was reduced in Apc mutant tumors compared to adjacent normal colon,
and expression was higher in both normal and tumor tissue in the Apc;Tgif1;Tgif2 mice
(Figure 3.7A). In both small intestine and colon, we observed higher Acss2 expression,
with more evident nuclear localization in the Tgif1;Tgif2 mice compared to wild type
(Figure 3.7C-D). In support of this, western blot of colon tumors indicated higher Acss2
expression in Apc, Tgifl;Tgif2 than in Apc tumors, and Pcx expression was also higher in
the Tgifl,; Tgif2 mutants (Figure 3.7B). To address the possibility that genes involved in
acetyl-CoA and pyruvate metabolism are direct Tgif targets in multiple cell types, we
tested expression of a panel of these genes by qRT-PCR in both normal small intestine
and primary MEFs. All three acetyl-CoA synthetic genes and Acatl were significantly
more highly expressed in Tgifl;Tgif2 null small intestine than in wild type tissue (Figure
3.8A). Similarly, expression of Pcx and Mpcl was also higher in the mutant. We
observed a similar pattern for five of the six genes in primary MEFs (Figure 3.8B). Acss!
expression did not increase in MEFs, but its expression is very low in cultured cells,

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

A) IF analysis is shown for Acss2 and B-catenin in colon tumors with adjacent normal
tissue from Apc mutants and Apc;Tgifl; Tgif2 (ApcTT) mice. B) Western blot analysis of
colon tumors from Apc and ApcTT mice showing expression of Acss2 and Pcx, together
with Hsp90 and y-tubulin loading controls. Molecular weight markers are shown. C-D) IF
analysis is shown for Acss2 and B-catenin in normal colon (C) or small intestine (SI) (D)

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

A) Expression of the indicated genes was analyzed by qRT-PCR from normal small
intestine from wild type or cdKO (Tgif1;Tgif2 conditional double knockout) mice. B)
Expression of the same genes was analyzed in wild type and cdKO primary MEFs.
Expression is plotted relative to the wild type (mean +sd) of 4 and 3 replicates for

intestine and MEFs. * p < 0.05, ** p < 0.01, *** p < 0.001 for comparison to wild type.
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We next examined the sequences of the ChIP-seq peaks associated with each of
these genes. In each case the potential Tgif]l bound region overlapped the transcriptional
start site, and for all but Acss/ at least two TGIF consensus sites were present (CTGTCA
or TGTCAa; Figure 3.9A-B). To test Tgif1 recruitment, we performed ChIP-qPCR for
the five genes that had ChIP-seq peaks with consensus TGIF sites. For Mpcl, we
amplified two regions as the predicted peak was quite broad and had consensus sites
close to each end. In chromatin from wild type small intestine, we observed significant
enrichment of the putative Tgifl binding regions from all five genes compared to a
negative control region, and similar results were obtained from primary MEFs (Figure
3.9C-D). Together, these data suggest that Tgifs are direct repressors of a set of genes

involved in acetyl-CoA and pyruvate metabolism.

3.3.4 TGIF repression of genes involved of Acetyl-CoA in cancer

With strong evidence to suggest Tgifs directly repress genes involved in acetyl-
CoA and pyruvate metabolism, we next decided to look at the expression patterns of
these genes with the context of the human disease. First, we analyzed the expression
profile of these genes in the human CRC cell line, HCT116, in order to confirm the
expression changes of a panel of genes involved in acetyl-CoA and pyruvate metabolism
seen in the small intestine and MEFs (Figure 3.8 A-B). We tested expression of this panel
of acetyl-CoA and pyruvate metabolism genes in HCT116 cells with and without siRNA-
mediated knockdown of TGIF1 and TGIF2 by qRT-PCR. TGIF1 and TGIF2 knockdown
these HCT116 cells was >70% (Figure 3.10A). Similar to both the mouse small intestine
and MEFs, the three acetyl-CoA synthetic genes and ACAT1 were significantly more

highly expressed in the double knockdown cells, and this result was also true for PC
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Figure 3.9 - Tgif1 regulation of acetyl CoA metabolic gene expression.

A) The relative positions of ChIP-seq peaks are shown, together with the percentile
ranking in this data set (ranked by relative enrichment), and the number of 6/7 base
matches (either cTGTCA or TGTCAa) to the TGIF consensus site and the expected
number. B) The positions of the ChIP-seq peaks, qPCR amplicons, and TGIF consensus
sites for each to the five genes tested are shown using UCSC genome browser views. A
4kb region centered on the transcriptional start is shown for each mouse gene, with
similarity to human below. C) Tgifl binding to each peak region was analyzed by ChIP-
gPCR from normal wild type small intestine. D) Tgifl binding in primary MEFs was
analyzed by ChIP-qPCR. Chromatin was precipitated with a TGIF1 antiserum or pre-
immune serum (pre-I). Data is mean + sd of triplicates and is plotted in arbitrary units
with the TGIF1 IP for the negative control region (fbpk3) 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 and pyruvate metabolism genes in
HCT116 cells with TGIF knockdown.

A) Expression of TGIF1 and TGIF2 in control (si-ctrl) and knockout (siTGIF1;2)
HCT116 cells was analyzed by qRT-PCR. B) Expression of the indicated genes was
analyzed by qRT-PCR in HCT116 cells with and without TGIF knockdown. Expression
is plotted relative to the wild type (mean +sd) of 4 and 3 replicates for si-ctrl and si-

TGIF1;2 samples. * p < 0.05 and ** p < 0.01 for comparison to si-ctrl.
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(human homolog of Pcx) and MPC1 (Figure 3.10B). This result replicates the results
from the small intestine and primary MEFs (Figure 3.8), suggesting the TGIF-mediated
repression of acetyl-CoA and pyruvate metabolism is conserved between mice and
humans within the context of CRC.

We next analyzed TCGA CRC data to see if TGIF1 levels affected expression of
ACSS1,ACSS2, and PC, key genes involved in acetyl-CoA or pyruvate metabolism. We
stratified the data into quartiles based on TGIF1 expression within the tumors. Then, we
compared the expression of these three genes between the top and bottom quartiles. All
three genes were significantly more highly expressed in the tumors in the bottom quartile
of TGIF1 expression compared to the top quartile of tumors with TGIF1 expression
(Figure 3.11A), once again agreeing with the idea that these genes are direct TGIF
targets. Additionally, progression-free survival analysis from TCGA CRC data indicates
patients with tumors with higher ACSS2 expression survived longer than with lower
expression as defined by z-score (Figure 3.11B), further suggesting TGIF1 and ACSS2
have opposing effects on tumor progression, likely due to TGIF1 repression of ACSS2
(Figure 3.9). Together, this data also agrees with both the previously seen gene
expression and ChIP-qPCR data from mouse small intestines and primary MEFs and
gene expression data from HCT116 cells.

To identify if TGIF repression of acetyl-CoA and pyruvate metabolism is a
conserved function of TGIFs, we next did an analysis of pan cancer data. The correlation
of expression with TGIF1 of the panel of six genes (Figure 3.8), three involved in acetyl-
CoA metabolism, ACAT1, and the pyruvate metabolism genes, PC and MPC1, was

analyzed in a eighteen different solid cancer types (Figure 3.11C). Overall, the expression
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Figure 3.11 - TGIF1 expression negatively correlates with genes involved in acetyl-
CoA and pyruvate metabolism in different cancer types.

A) Expression of a panel of genes is shown in the top (high) and bottom (low) quartiles
of human CRCs expressing TGIF1. Data is from the published TCGA colon cancer
dataset and has been stratified into quartiles by TGIF1 expression. p-values are denoted.
B) Progression-free survival analysis of provisional TCGA colon cancer data is plotted
for tumors with high and low expession of ACSS2. High and low expression was
determined by a z-score above and below 0, respectively. C) Heat map is shown
comparing the correlation of expression of TGIF1 with a panel of genes involved in
acetyl-CoA and pyruvate metabolism in eighteen different solid cancer types using
published TCGA data. D) Heat map is shown comparing the correlation of expression of
TGIF1 with a panel of randomly generated genes in the five different solid cancer types
with the highest negative correlation with acetyl-CoA and pyruvate metabolism genes

from (C).
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of these six genes negatively correlated with TGIF1 expression, especially in the top 50%
of cancers with an overall negative correlation (bottom nine rows of heatmap).
Additionally, many epithelial cancer types are found within this set of nine
cancers, including colon adenomas. In order to make sure these correlations between
TGIF1 and the panel of genes was not occurring due to chance, we randomly selected
eighteen genes and compared their correlation with TGIF1 expression in five different
cancers, including CRCs (Figure 3.11D). There did not appear to be any pattern to the
correlation between expression of these random genes within the given cancer types.
Overall, this analysis of solid cancer types indicates TGIF regulation of acetyl-CoA and
pyruvate metabolism may not only be conserved through many 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 point to analyze TGIF function, we
provide evidence that TGIF transcription factors directly regulate genes involved in
acetyl-CoA and pyruvate metabolism. We also provide evidence this regulation by TGIFs
is seen in multiple different cancer types, especially in epithelial cancers. This function of
TGIFs does not appear to be limited to tumor or normal tissue and may represent a key
unexpected function of these transcription factors, independent of the other pathways
they are known to regulate.

Our initial prediction was that Tgifs promote intestinal tumorigenesis by
inhibiting TGFp signaling. Mutating the 7gfbr2 gene in the intestine has minimal effect,
but, in concert with an Apc mutation, loss of Tgfbr2 drives the transition from adenoma to
invasive adenocarcinoma (217). Decreasing Tgif levels might be expected to increase the
TGFp response and limit tumor growth. However, transcriptome profiling of colon
tumors revealed almost no overlap with changes in TGFB-responsive gene expression,
suggesting that at least, in this model, Tgifs are not major regulators of TGFf signaling.
In this context, it seems somewhat surprising that deleting Tgifl and Tgif2 had such
limited effect on the TGFp response in colon tumors. However, a TGFB-independent role
for Tgifs is consistent with analysis suggesting that the majority of Tgif function may be
mediated by direct binding to DNA (109). In agreement with this, structural studies show
that, unlike many other homeodomain proteins, TGIF1 binds with high specificity and
relatively high affinity to its cognate site (112).

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

to activate Wnt signaling by sequestering Axins, allowing activation of Wnt/B-catenin
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target genes (128). In our transcriptome data, canonical Wnt target genes show increased
expression in Apc mutant tumors, but there is no consistent decrease in the Tgif mutant
tumors, as would be expected if Tgifl promoted B-catenin nuclear function. Like effects
on TGFp signaling, this suggests the Wnt pathway is not a major TGIF target in this
colon tumor model, arguing against the two most likely models to explain a pro-
tumorigenic function of Tgifs. A further link to Wnt signaling is the demonstration that
TGIF1 is directly activated by Wnt/B-catenin signaling (128). Our data are consistent
with this, in that Tgifl and Tgif2 expression is increased in Apc mutant tumors compared
to normal tissue, although we do not know if Tgif genes are f-catenin targets in the
intestine.

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

analysis on this high confidence gene set identified acetyl-CoA metabolism as the most
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significantly enriched biological process, with no apparent links to TGFf or Wnt
signaling.

Along with large metabolic shifts, the two biggest changes between Apc and
Apc,; Tgifl;Tgif2 tumors by GSEA were in EMT and KRAS signaling. The enrichment for
the EMT signature in the Apc tumors was initially somewhat surprising as this tumor
model of CRC does not metastasize, but recent work has suggested EMT transcription
factors participate in metabolic rewiring seen in tumorigenesis by promoting glycolysis
(218,219). Additionally, there is evidence to suggest dysregulation of metabolic
pathways, especially glycolysis, can drive EMT (137,220,221). As glycolysis was one of
the other large changes we noticed by GSEA, it may not be surprising to see EMT and
glycolysis enriched in the Apc tumors together. The change in KRAS signaling is not
quite as surprising as Apc tumors were typically larger than Apc; Tgifl;Tgif2 tumors,
suggesting difference in proliferation between the two tumor genotypes. This difference
in KRAS signature may in part account for the differences in tumor size and volume
previously observed.

In addition, analysis of all gene expression changes between Apc tumors and Apc
tumors lacking both Tgifs revealed changes in multiple metabolic pathways, further
supporting a role for Tgifs as regulators of metabolic gene expression. Among a panel of
six genes with links to acetyl-CoA and pyruvate metabolism, five had multiple consensus
TGIF sites within the region identified by ChIP-seq, and we validated them as direct
Tgifl targets in both normal small intestine and primary MEFs further supporting the
notion of this being a conserved core Tgif function. Our data suggest that Tgifs play a

role in regulating metabolic gene expression in both normal and tumor tissues and may
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mediate part of the metabolic reprogramming that occurs in colon adenomas. Analysis of
a panel of diverse human cancer data sets suggests that TGIF1 may regulate metabolic
genes in multiple cancers, supporting the wider relevance of this conserved function of
TGIFs.

In summary, our data suggest a model in which Tgifs function in multiple cell
types to limit expression of a core set of acetyl-CoA metabolic genes. In cancers where
Tgif levels increase, this normal Tgif function may be 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 understand the role of TGIFs in CRC. We
first analyzed multiple CRC datasets, including TCGA data, to confirm the upregulation
of TGIFI and TGIF2. Then, using CRISPR/Cas9 mediated knockout, we generated
TGIF1 KO HCT116 cells and showed they had decreased proliferation; this result was
also observed in intestinal crypts in mice with differing levels of Tgifl expression —
c¢dKO mice had decreased proliferation while the opposite was true in Villin-TGIF1
transgenic mice. Using a murine model of CRC with an intestine-specific Cre-mediated
deletion of Apc, we analyzed the role of Tgifl and Tgif2. We observed Tgifs are
upregulated in CRC, recapitulating the expression patterns seen in humans, and knockout
of Tgifs or overexpression of TGIF1 had opposing impacts on tumor burden and tumor
size.

With this result, we performed transcriptome profiling on the colon tumors from
the mice. The results were overlapped with transcriptome profiling data from wild type
and cdKO embryos (111), and this analysis strongly suggested TGIFs directly regulate
genes regulating acetyl-CoA and pyruvate metabolism. To follow up on these results, we
provided evidence to suggest glycolysis is downregulated in Apc;cdKO tumors through
decreased expression of Glutl, and we also show increased Acss2 expression in
Apc;cdKO tumors compared to Apc tumors by IF. In addition, we showed Tgif knockout
or knockdown in murine MEFs, SI, and human HCT116 cells results in increased
expression by RT-qPCR of six genes involved in acetyl-CoA and pyruvate metabolism,
and two of the genes involved in these processes were shown to be upregulated at the

protein level by western blot. Finally, we show Tgif1 directly regulates genes involved in
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acetyl-CoA and pyruvate metabolism by performing ChIP-qPCR. Analysis from the
transcriptome profiling, IF, western blot, RT-qPCR, and ChIP-qPCR taken together
provide strong evidence Tgifs regulate acetyl-CoA and pyruvate metabolism.

Evidence for this regulatory role of TGIFs was further demonstrated by an
analysis of a large panel of solid tumors which suggested TGIF expression strongly
negatively correlates with a panel of genes involved in acetyl-CoA and pyruvate
metabolism. Additionally, this role of TGIFs does not appear to be limited to tumor
tissue, suggesting it may be a core function of TGIF transcription factors. Taken together,

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

4.1 TGIF connection to proliferation

Previous studies on the role of TGIFs in cancer have focused on the role of
TGIF1. In multiple cancer types, including breast, colon and lung cancers, TGIF1
expression has been shown to be pro-tumorigenic and pro-proliferative (124,128,129).
No study has properly addressed the role of both TGIFs simultaneously within any given
cancer model. As there is strong evidence to suggest TGIF1 and TGIF2 have overlapping
and potentially redundant functions (100,108,111), it remains a possibility that knockout
of a single TGIF could be compensated for by presence of its paralog. Thus, our double
knockout of TGIFs in a CRC model more accurately has allowed us to ascertain some of
their functions in CRC, and this is where our study has excelled and provided important
insights.

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

fewer cells and fewer proliferating cells in the intestinal crypts. In contrast, mice
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overexpressing Villin-TGIF1 had more proliferating cells in the intestinal crypts
compared to wild type animals. This result would suggest TGIFs promote proliferation,
independent of a tumor state and mirrors the result obtained in vitro with single knockout
of TGIF1 in HCT116 cells. In two TGIF1 null colonies generated by CRISPR/Cas9
deletion, both grew significantly slower than wild type cells, further suggesting TGIFs
promote proliferation.

Unfortunately, we were unable to generate TGIF1 & TGIF2 double knockout in
HCT116 cells. Generating these cells would have allowed us to eliminate the possibility
of overlapping functions of TGIFs. The inability to generate the double KO of TGIFs
might suggest TGIFs are necessary for HCT116 cell survival. However, given we were
able to generate viable cdKO mice with no Tgif expression in the intestines, this
possibility seems unlikely. The inability to generate double TGIF KO HCT116 cells
could also indicate double KO of TGIFs in HCT116 cells may cause these cells to
senesce, indicating we could generate the double KO but would not be able to grow or
use them. Additionally, two other possibilities remain — the double knockout of TGIF1
and TGIF2 is possible in HCT116 cells, but they grow so slowly that they are difficult to
identify and screen, and, secondly, not enough colonies were screened. If generation of
TGIF1 & TGIF2 double knockout HCT116 cells is difficult to achieve, screening 29
colonies may not have been enough to determine it was not possible to generate these
cells. Additionally, there is evidence that a complete Tgif1 or Tgif2 knockout mouse is
viable, though a double knockout mouse is not (111,119,222). While evidence for a full
body double knockout of TGIFs shows it is not possible, double knockout is possible in

the intestines. This would suggest TGIFs are not essential for intestinal homeostasis.
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Taken together, it would seem that TGIF function in intestines is not essential but could
promote proliferation, something tumors could potentially exploit.

Once we shifted to the CRC tumor model utilizing Villin-Cre with Tgif knockout
and TGIF1 overexpression, we observed clear differences in tumor burden. Mice with
TGIF1 overexpression had both more tumors and more overall larger tumors compared to
Apc mutant mice, while mice with Tgif1 or Tgifl,;Tgif2 knockout within an Apc
background had both fewer tumors and fewer larger tumors. We also observed a stepwise
effect on tumor burden and tumor size as we went from single to double deletion of
Tgifs. This data, again, agrees with data previously published which suggested TGIF1 is
pro-tumorigenic and promotes tumor proliferation (129). Our data also goes beyond that
conclusion by suggesting deletion or overexpression of Tgifs may have a stepwise type
effect on CRC tumors, with respect both to tumor size and burden, providing evidence of
a potential compensatory function of Tgifs.

In addition, one of the biggest changes between Apc and Apc, Tgifl,; Tgif2 tumors
through transcriptome profiling and subsequent GSEA was an enrichment of KRAS
signaling in Apc tumors. KRAS is a well-known oncogene whose mutation results in
aberrant and dysregulated cellular proliferation, and the KRAS/MAPK pathway has been
found to be mutated in 66% of human CRCs. While there is a link between Tgif
expression and proliferation, no direct link between Tgifs and Kras signaling is currently
known. It is somewhat surprising to see and enrichment for Kras signaling in Apc tumors
compared to Apc, Tgifl,; Tgif2 tumors, but this differential expression of Kras signaling
within the context of Tgif KO in tumors may in part explain the tumor size and volume

differences we observed.
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The unanswered question here is how latent levels of Tgif expression are able to
affect tumorigenesis and/or tumor growth. This is unknown, and the answer would be
crucial in understanding CRC tumor biology. One of the easiest ways to address this
would be to analyze Tgif expression in normal crypts and identify if there is an overlap
with intestinal stem cells (ISCs). This co-expression would be very important for two
reasons. Firstly, it has previously been shown that stem cells upregulate TGIF (109), and
if Tgifs were upregulated in intestinal stem cells, it would recapitulate that previous
finding. Secondly, it is widely believed ISCs are the cells of origin for CRCs (15,23).
Thus, evidence of Tgif upregulation in ISCs in the absence of a tumor would strongly
suggest the level of Tgif expression in these cells of origin for CRC would have a
priming effect for tumor growth and progression.

This potential priming effect for tumor growth and progression would be simple
to test in HCT116 double TGIF1 and TGIF2 knockout cells, if we could generate them. It
would be worth trying to screen many more double KO colonies in order to do some very
simple experiments with them. An alternate strategy to generate HCT116 cells without
TGIF1 or TGIF2 expression, a shRNA mediated knockdown of TGIF2 in TGIF1 KO
cells, could be used. A combination of experiments including a simple growth assay with
serial replating, colony forming assay in soft agar and on plastic, and xenografts in mice
with double knockout and wild type cells would provide the results to assess the role
TGIFs have on proliferation and tumorigenicity both in vitro and in vivo, and these
experiments could be competed rather rapidly once the double knockout cells could be

generated.
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4.2 Tgif disconnect with TGFf and Wnt signaling

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

TGIFs have been well characterized as repressors, beginning with their discovery
as RXR repressors (81,82,97,107,108,113). Much of the work to understand the function
of TGIFs has been done within the context of TGFp signaling (81,82,110,112,120,204),
so much so that TGIFs perhaps have been misnamed TGFp-induced factor
(129,222,223). TGIFs have been shown to interact with SMADs independent of DNA
binding to its consensus site (81,112), and TGIFs compete with SMAD coactivators.
Repression of TGIF-bound SMAD:s is further enhanced by recruitment of other
corepressors by TGIFs (107,108). However, unlike other TGFp inhibitors such as
SMAD7 or SKIL (224,225), there is little evidence to suggest TGFp signaling directly
regulates TGIF expression. Taken together, this would suggest that while TGIFs are able
to limit TGFp signaling, TGFf signaling does not induce TGIFs, and a feedback
mechanism between the two has yet to be shown to exist.

Our initial hypothesis was that Tgifs would promote intestinal tumorigenesis in
our mouse model by inhibiting TGFp signaling. Tgfbr2 mutations, within the context of
an Apc CRC tumor model, are able to facilitate the transition from adenoma to invasive
carcinoma (217). Thus, it would be reasonable to think that decreased expression of Tgifs
would result in increased TGFp response, limiting tumor size. However, very
surprisingly, analysis of our RNA-seq data of well characterized TGFJ target genes saw
no consistent changes in expression between normal tissue and Apc tumors in which
Tgifs are upregulated. Even more surprising was the result that Tgif knockout in tumors

had little to no effect on expression of TGFJ targets. Thus, it does not appear Tgifs are
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major regulators of TGFf signaling within this model of CRC. This is in contrast to the
effect of Arkadia (Rnf111), a ubiquitin E3 that promotes TGFf signaling by driving
degradation of the Ski and Skil (SnoN) SMAD corepressors. Rnf111 deletion increased
tumor numbers in a chemical carcinogen mouse colon cancer model, increased Skil
expression and reduced the TGFJ response (226). Thus, altered SMAD corepressor levels
can affect CRC tumor progression, although it remains possible that other Arkadia
substrates contribute.

Within this context, it is certainly surprising that deletion of Tgifl and Tgif2 had
such a minimal effect on TGFp signaling in colon tumors. However, this result is
consistent with published studies which suggested that the majority of TGIF function
may be through direct DNA binding (109-111), and this data is corroborated by another
structural study which showed TGIF1 has both high affinity and specificity for its
consensus site (112,227). Therefore, while it was initially surprising our data does not
show changes in TGFp-responsive genes with changes in Tgif levels, this result suggests
Tgifs may have a TGFp independent function within the context of CRC (more on this

later).

4.2.2 Tgifs do not appear to regulate WNT signaling in our CRC model

A novel role of TGIF1, independent of direct DNA binding and TGFf inhibition,
was proposed by one study which provided evidence to suggest TGIF1 activates Wnt
signaling by sequestering Axins in the nucleus (128). This blocks the formation of the -
catenin destruction complex, allowing B-catenin to translocate to the nucleus and drive
Whnt target genes. This study was done primarily in a breast cancer model. A second

group also published a study with evidence to suggest TGIF1 activates Wnt signaling in a
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CRC model, but this study did not find evidence of Axin sequestration (129). We
investigated the link between Wnt and Tgifs in our model of CRC, and transcriptome
profiling showed increased expression of Wnt target genes in the Apc tumors compared
to normal tissue. However, there was no decrease in the expression of Wnt target genes in
the tumors lacking both Tgifs, as would be expected if Tgifs promoted -catenin
mediated transcriptional regulation. Thus, Tgifs do not appear to regulate Wnt signaling
in our CRC model, similar to its lack of effect on TGF[ signaling

It remains possible that any effect on Wnt signaling is a cell type specific function
of TGIF1, a notion that is consistent with the significant differences in gene expression
changes seen in different cell types and tissues with reduced TGIF function. It is also
possible TGIF1 promotes -catenin function, but its effect is masked by the overriding
pathway activation caused by Apc mutation. However, this still argues against a Tgif
effect on tumor promotion via -catenin in this mouse model. These results, taken
together, strongly suggest that the two models which most likely explain the pro-
tumorigenic role of Tgifs in CRC are incorrect, indicating the pro-tumorigenic role of
Tgifs in CRC may be due to the genes they directly regulate, independent of Wnt and
TGFp signaling.

Another link between Wnt signaling and TGIF1 was demonstrated by showing
TGIF]1 is directly activated by B-catenin (128). Our RNA-seq data is consistent with this
as Tgifl and Tgif2 expression is increased in Apc tumors compared to normal tissue, but
we do not have evidence to suggest B-catenin directly activates Tgifs in the intestines.
One of the next steps for this project would be to perform ChIP for the B-catenin/Tcf co-

activating complex within the Tgif promoter in Apc tumors and normal intestine. This
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would provide direct evidence that Wnt signaling regulates Tgif expression,
corroborating a previously published study (128). Additionally, if we could ChIP the -
catenin/TCF complex to the Tgif promoter in normal tissue, it would provide strong
evidence to suggest Wnt signaling is a regulator of Tgifs outside of the tumor context.
This would be both a novel and important finding as little is currently known about how

Tgifs are transcriptionally regulated.

4.3 Tgif regulation of metabolism

After finding little evidence to suggest Tgifs were regulating Wnt or TGFf3
signaling within our CRC model, we compared gene expression enrichment between
Tgif1 wildtype and null tumors using published ChIP-seq data from Lee et al. 2015 (109).
Within this data set, there were over 16,000 ChIP-seq peaks for Tgifl. In order to narrow
our focus and consider genes likely to be Tgif1 direct targets, we considered the top 40%
of genes with ChIP peak enrichment scores with Tgif1 deletion. This resulted in a set of
genes which we considered to be high confidence Tgif1 targets. Additionally, there were
few genes enriched in both Tgifl;Tgif2 null CRC tumors and a previous analysis
conducted by the Wotton lab in early mouse embryos lacking Tgifs (111), strongly
suggesting Tgifs may have tissue specific effects. However, the genes that did overlap
between these two data sets, when combined with the Tgifl ChIP-seq data, yielded strong
evidence of a high confidence Tgif1 target gene set. Furthermore, these high confidence
genes had TGIF1 consensus sites in their promoters, providing strong evidence for

TGIF1 regulation of these genes.
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To our surprise, the genes highly upregulated with high confidence ChIP peaks
were genes involved in acetyl-CoA and pyruvate metabolism, with no connection to
TGFp or Wnt signaling (as previously discussed). Additionally, transcriptome analysis of
Apc and Apc; Tgifl; Tgif2 tumors suggested large scale metabolic shifts, providing
additional evidence Tgifs regulate expression of genes involved in cancer metabolism.
When we analyzed a panel of six genes involved in acetyl-CoA and pyruvate metabolism,
five had TGIF consensus sites within their promoter regions. We were then able to
validate these genes as Tgifl targets in multiple tissue types, normal small intestine, and
primary MEFs. This suggested that, unlike the majority of changes seen with Tgif
deletion in CRC tumors, the increased expression of acetyl-CoA and pyruvate metabolic
genes is not cell type specific, with evidence it occurs in mouse embryos, primary MEFs,
normal small intestine, and colon tumors. This strongly suggests that regulation of acetyl-
CoA and pyruvate metabolism may be a fundamental, yet unexpected role of Tgifs.
However, even if this is an unexpected role of Tgifs, we provide evidence to suggest it is
a conserved core function of Tgifs.

To investigate this further, we analyzed the expression of ACSS1, ACSS2, and
PC in human TCGA CRC data. After splitting the tumors into quartiles by TGIF1
expression, we noted that the expression of these three genes was increased in the lowest
quartile compared to the uppermost quartile. This was a somewhat surprising result as
high ACSS2 levels previously have been seen in malignant tumors (188), suggesting
tumors may become dependent on acetate to generate ACSS2-mediated acetyl-CoA for
the generation of fatty acids and overall growth and survival. Additionally, in brain

tumors and triple-negative breast cancers, ACSS2 expression was shown to correlate with
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tumor grade and survival, with higher expression of ACSS2 leading to a worse prognosis
(176,188).

Reconciling these studies with our data suggested the link between ACSS2 and
tumor severity phenotype may be cancer or tissue-specific. We provide evidence for this
when we performed a progression free survival analysis on TCGA CRC data for ACSS2.
The results showed tumors with higher ACSS?2 expression had better progression free
survival, and fit into our larger overall model in which Tgif expression leads to a more
aggressive tumor phenotype and represses Acss2 expression. This result from CRCs is
somewhat confusing as it goes against conventional wisdom, but it may demonstrate a
novel finding about ACSS2 within the context of CRC, i.e. ACSS2 expression in human
CRC tumors may be more associated with less aggressive tumors and normal tissue
compared to other cancers. However, tumors developed in our model of CRC did not
develop past the adenoma stage, and it remains possible ACSS2 expression could
increase a later tumor stage, though the progression free survival analysis would argue
against that.

One reason high ACSS2 expression may be beneficial for progression free
survival is that the colonic lumen is filled with microbes which can produce high levels
of short chain fatty acids, such as butyrate and acetate (228,229). Short-chain fatty acids
are a major energy source for colonocytes. Thus, the microbiome of the colon may have a
unique impact on colonic energy homeostasis compared to other tissue types, perhaps
explaining why increased ACSS2 expression in human CRC results in better progression
free survival while the opposite may be true for other tissues. It is possible, for example,

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

Although we observed extensive changes in expression of metabolic genes,
relatively few were increased in the Tgif mutant tumors, suggesting the majority of
changes may be indirect effects. Attempting to place potential direct Tgif target genes in
context suggests that Tgifs repress anabolic metabolism rather than catabolism (see
Figure 3.6). For example, Tgif repression of mitochondrial Acss/ and Acatl would be
expected to limit ketone synthesis, and generation of acetyl-CoA from acetate would be
reduced via repression of both Acss/ and Acss2. In the absence of Tgifs, anabolic
metabolism may favor synthesis of ketones and sterols, and the utilization of pyruvate to
generate other metabolic intermediates. These direct effects of Tgifs are reminiscent of
the shift in cancer cells towards the generation of metabolic intermediates that can drive
tumor growth.

Reprogramming of metabolic gene expression is recognized as one of the
hallmarks of cancer. In addition to an increased reliance on glycolysis, termed the
Warburg effect (230), there is extensive rewiring of energy metabolism in cancer cells
(137,231). Comparison of gene expression between Apc tumors and those lacking Tgifs
shows enrichment of glycolysis and glutamine metabolism in the Apc tumors that have
high Tgif expression, and higher expression of genes involved in nucleotide and amino
acid metabolism. Recent work suggests metabolic reprogramming occurs at the adenoma

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

Additionally, there is evidence to suggest EMT may play a role in the metabolic
reprogramming of tumors. EMT was the top enriched gene signature by GSEA, and this
was quite surprising as the tumor model we used does not metastasize. Evidence from the
literature would suggest EMT can regulate some metabolic pathways, including
glycolysis (234) and oxidative phosphorylation (235). SNAI1, a well-known EMT
transcription factor prepresses fructose-1,6-bisphosphate 1 (FBP1) which favors
increased glucose uptake (236), glycolysis, and flux of metabolites through downstream
glycolytic pathways, such as the pentose phosphate pathway (PPP). Additionally, SNAII
has been shown to repress the expression of FASN and ACC, two enzymes involved in
fatty acid metabolism (237). Together, this suggests EMT can rewire tumor metabolism
by increasing glycolysis and decreasing other metabolic pathways.

Complicating this is the fact that metabolic alterations can drive EMT, especially
metabolic alterations within the glycolytic pathway. In fact, one study in breast cancer
MCF-10A cells showed overexpression of phosphoglucose isomerase (PGI), an enzyme
that converts G6P to F6P, can cause the stabilization of ZEB1 and ZEB?2, two well
characterized EMT drivers (238). Additionally, another study found silencing GAPDH in
HCT116 cells inhibited EMT by repression of SNAII (221). This, taken with evidence of
EMT transcription factors influencing tumor metabolic shifts, suggests there may be a

positive feedback loop between EMT and glycolysis. EMT transcription factors, such as
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SNAII and ZEBI, can cause metabolic shifts in tumors in order to allow the tumor cells to
survive in the tumor microenvironment while dysregulation of tumor metabolism,
especially increased glycolysis and decreases in other pathways, in turn drives EMT.
Metabolic stress typically causes cellular senescence (239), and EMT induction is one
means by which cells could survive and proliferate in nutritionally deficient and hypoxic
conditions found in tumors.

Connecting EMT to Tgifs within our tumor model is not directly obvious. We
provide direct evidence to suggest Tgifs act independently from EMT as we show Tgifs
ChIP to five genes involved in acetyl-CoA and pyruvate metabolism. One connection
between Tgifs and EMT is the repression of fatty acid synthesis. As previously discussed,
short chain fatty acids, especially butyrate, are abundant in the colon due to the effects of
the microbiome. Thus, normal colonocytes may have increased expression of enzymes
involved in fatty acid synthesis. EMT transcription factors have been shown to decrease
expression of enzymes involved in fatty acid synthesis, and we show Tgifs directly bind
and repress transcription of enzymes involved in fatty acid synthesis. Thus, it may be that
the enrichment for EMT we see in Apc tumors may be partially due to the lack of Tgif
repression of fatty acid synthesis in Apc, Tgifl;Tgif2 tumors. In addition, it may be Tgif
repression of genes involved in fatty acid synthesis is an important function of Tgifs in
CRC specifically. However, it remains possible that a decrease in glycolysis seen in the
Apc,; Tgifl;Tgif2 tumors may help explain the difference in EMT signature between the
two tumor genotypes. As there is evidence to suggest there is a positive feedback look
between glycolysis and EMT, one simple theory to explain the EMT difference in the

tumors would be the enrichment for glycolysis in Apc tumors. Taken together, our data
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may suggest Tgif expression is pro-EMT, but this is likely through an indirect
mechanism.

Tgifs appear to play a role in regulating metabolic gene expression in both tumor
and normal tissues, and we provide evidence to suggest this is conserved in multiple
cancer types. We first provide evidence via RT-qPCR in HCT116 WT and TGIF1;TGIF2
knockdown cells that the five of the six genes we analyzed in murine small intestine and
primary MEFs were all upregulated with TGIF knockdown. We then showed analysis of
18 solid tumor types for TGIF1 expression correlation with a panel of acetyl-CoA and
pyruvate metabolic genes. We identified a negative expression correlation between the
two in many of the cancers, and this was especially pronounced in cancers with an
epithelial cell of origin. This again provides evidence to suggest a core function of TGIF1
is to repress these genes, independent of tissue type. It also provides evidence that the
regulatory role of Tgifs we see in our CRC model is not necessarily limited to CRC but
likely occurs in other types of cancer as well, particularly in epithelial cancers. Further
work is required to understand the metabolic regulation by Tgifs in not only CRC but in
other types of cancer as well.

The model of CRC we used to develop these tumors gives us an insight into what
Tgifs are doing within early states of tumorigenesis. This is a novel study, and the results
are quite surprising. To reiterate, Tgifs do not appear to regulate TGF3 or Wnt signaling
and instead appear to regulate metabolism, specifically fatty acid/acetyl-CoA synthesis
and pyruvate metabolism. Additionally, this Tgif-mediated metabolic switch in Apc

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

Here, the next immediate steps to strengthen evidence for this novel role of Tgit-
mediated metabolic reprogramming include further analysis of the panel of six genes we
analyzed which regulate acetyl-CoA and pyruvate metabolism. A bulk of our presented
evidence was a combination of western blots for Acss2 and Pcx, and one panel of IF for
Acss2. Assessing protein levels and subcellular localization both in tumor and wild type
intestinal tissue with and without Tgif1,Tgif2 knockout would be very informative and
provide direct evidence to validate Tgif regulation of these targets in addition to the
bioinformatics approach. Additionally, it would validate our finding that Tgifs regulate
these genes in normal and tumor tissues. Performing western blots and RT-qPCR in
human samples for these genes involved in acetyl-CoA and pyruvate metabolism in
addition to TGIFs would not only provide evidence for TGIF regulation of these genes in
the human disease, but it would also strengthen the idea that 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 perform metabolomics experiments
utilizing mass spectrometry on both normal intestines and tumors in Apc and
Apc; Tgifl; Tgif2 mice to assess the levels of different metabolites, e.g. acetate, acetyl-
CoA, pyruvate, and lactate. Acss2 turns acetate into acetyl-CoA, so we would expect to

see decreased levels of acetate and increased levels of acetyl-CoA in Tgifl;Tgif2 null
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tissue with perhaps lower levels of acetate and increased levels of acetyl-CoA in

Apc,; Tgifl;Tgif2 tumors compared to normal small intestine. We would also expect to see
opposing results with pyruvate and lactate, similar to acetate and acetyl-CoA. Tumors
undergoing aerobic respiration typically turn pyruvate into lactate in order to reduce ROS
(137,138), and Tgifs appear to directly negatively regulate genes involved in pyruvate
metabolism. Thus, we would expect to see increased levels of lactate and decreased
levels of pyruvate in tissues expressing Tgifs, with more lactate present in tumor tissue
than in normal tissue.

Additionally, full scale metabolomics on murine colon tumors, HCT116 cells with
and without TGIF1;TGIF2 KO, and human tumor samples would be very useful set of
experiments. The results of these experiments would provide raw levels of metabolites
within these different tissue types and validate the expected results of the experiments
proposed above which analyze levels of a panel of metabolites. Full scale metabolomics
would also show levels of metabolites in different metabolic pathways, providing
evidence for the downstream impacts of Tgif-mediated regulation of metabolic genes. In
addition, overlapping the results of these full-scale metabolomics experiments would
concretely show a conserved function of Tgif across species and model systems.

These experiments are important because they would provide direct evidence and
a functional consequence of Tgif-mediated regulation of metabolic genes and their
outputs. Additionally, overlapping the results would provide more evidence that the
acetyl-CoA and pyruvate metabolic gene regulation by Tgifs is independent of
tumorigenesis, and this is a core function of Tgifs. These experiments additionally could

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

during tumorigenesis.

4.4.2 Identification of additional primary effects of Tgif knockout in our

mouse model of CRC

We provide evidence that Tgifs directly regulate the expression of a few genes
involved in acetyl-CoA and pyruvate metabolism. However, this is by no means the only
set of genes Tgifs regulate, and it is possible Tgifs regulate other genes involved in both
metabolism and other cellular processes. It would be very informative to identify other
genes Tgifs directly regulate to obtain a fuller picture of their role in CRCs. Performing
ChIP-seq for Tgifs in normal and tumor tissue with and without Tgif expression would be
the experiment to identify genes directly regulated by Tgifs. ChIP-seq results would
reveal a more complete picture of Tgif regulation, and provide evidence for novel
functions of Tgif. Additionally, these results would show changes in gene regulation by
Tgifs between normal and tumor tissue which could provide interesting insights into
changes and differences in Tgif function based on tissue type. Finally, these results could
also provide evidence for secondary effects of Tgifs. Further analysis of Tgif ChIP-seq
data potentially could show enrichment for a class of genes whose repression could also

participate in metabolic reprogramming or in some other cellular pathway.

4.4.3 Identification of secondary effects of Tgif knockout in our mouse

model of CRC

While transcriptome analysis of Apc and Apc, Tgifl;Tgif2 tumors showed large

changes in expression of metabolic genes, including genes involved in purine/pyrimidine
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biosynthesis and amino acid metabolism, only a few genes increased in Tgif mutant
tumors. In addition, one of the biggest metabolic shifts in the Apc tumors was the shift to
glycolysis, with the upregulation of Glutl. We did not see any evidence to suggest Tgifs
directly regulate expression of Sic2al, the gene transcribed to create Glutl, even though
immunofluorescence analysis Apc, Tgifl,;Tgif2 tumors showed decreased expression of
Glutl compared to Apc tumors. This suggests most of the changes observed in the Tgif
mutant tumors may be due to indirect effects of Tgif knockout. It remains possible Tgifs
are not directly regulating the pathways previously mentioned but are instead driving a
secondary oncogenic pathway which results in the upregulation of metabolic genes we
see in Apc mutant tumors.

One way to identify potential secondary effects of Tgif knockout in tumors would
be to identify if there are any transcription factors which could function as repressors
enriched in the metabolic genes upregulated in Apc tumors. This could be done using
oPossum, a tool that can be used to identify overrepresented transcription factor binding
sites in large data sets (240-242). With the results of this analysis, it would be
straightforward to identify if expression of this transcription factor(s) which acts as a
repressor was low in Apc tumors in which Tgif expression is increased, and higher in
Apc,; Tgifl;Tgif2 tumors. This would provide indirect evidence to suggest Tgifs regulate
these repressors. Then, analyzing the promoter region of these genes for Tgif binding
sites and subsequent ChIP-seq/ChIP-QPCR data would provide evidence Tgifs regulate
these repressors, thus allowing transcription of the once repressed metabolic genes in Apc
tumors. These results would be important because they would provide evidence that Tgifs

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

factors repressing metabolic genes upregulated in Apc tumors.

4.4.4 Generation of a new mouse model of CRC

Problems with our mouse model

There are some critical issues with the model we used and presented in this thesis.
First and foremost, the vast majority of the tumors in these animals were present in the
small intestine, with few tumors developing in the colon. Secondly, the genetic
background of the mice can have effects on the data generated through strain specific
modifiers (12); therefore, these studies need to be done on100% inbred animals in order
to mitigate variations in tumor multiplicity and size due to genetic background. The need
to keep mice inbred in order to mitigate effects of strain background does not faithfully
represent the human disease. The tumors that do develop in the intestines do not progress
beyond the adenoma stage (12). This, again, does not accurately model the human
disease. Additionally, it means we are unable to identify the role Tgifs may have in more
aggressive tumors. Finally, the majority of the phenotypic effect we observed in this
model occurred in the small intestine, though we did see a reduction in tumor volume in
the colon between Apc and Apc, Tgifl; Tgif2 mutant tumors. Given these reasons, Apc
mutant mice expressing Villin-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 same hallmark features as the

human disease, including similar molecular mechanisms of tumorigenesis and disease
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pathology, genetic heterogeneity within a sporadic tumor that specifically develops in the
colon, high penetrance, a latency period, growth from an adenoma to a metastatic
adenocarcinoma with metastases to lung, liver, and/or lymph nodes (243,244). Additional
aspects of this ideal mouse model would include the ability for researchers to manipulate
one gene or condition at a time within the context of the many mutations which arise
during the course of tumorigenesis, and the ability to monitor tumors in vivo (244,245). It
has certainly been very difficult to generate mouse models that satisfy all of these
requirements, and many different models have been generated, many of which address a
few, but not all of the requirements laid out above (12,246).

A recently published study developed a mouse model that addressed many of
these aforementioned requirements, and it would be a useful model in which Tgif
function could be studied at multiple stages of CRC, from adenoma to invasive
adenocarcinoma to metastases. This mouse model has loxP sites flanking exon 14 of Apc,
loxP sites flanking exons 2-10 of Tp53, and loxP sites flanking Tet-inducible Kras®'?°
allele and was established within a Villin-Cre™8" background (245). Villin-Cre normally
is expressed within the epithelium of both the small intestine and colon; to make
expression colon-specific, a 4-OH-tamoxifen-ethanol colonic enema was used to drive
the Villin-Cre™ ™. The Tet-inducible Kras®'*" allele was expressed with administration
of doxycycline in the drinking water. After a latency period of approximately six weeks,
tumors at all stages from adenomas to metastatic adenocarcinomas were detected, and
metastases were observed in the liver, lung, and lymph nodes.

Interestingly, metastases were only observed when the mutant Kras was

expressed; however, when doxycycline was removed and mutant Kras expression
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stopped, those animals did not have metastases, and it was observed tumors which were
adenocarcinomas reverted to adenomas, strongly suggesting mutant Kras is required for
metastasis (245). Whole-exome sequencing of these tumors indicated primary tumors

G12D
were heterogenous for Kras

while metastases were homogenous for the mutant Kras
allele, further providing evidence Kras®'*® drives tumor progression to metastasis.
Additionally, TGFp signaling was shown to mediate Kras-induced invasion, through
upregulation of nuclear pSmad2, and every mouse with metastases had at least one
primary carcinoma which had invaded entirely through the colon, strongly suggesting
that this invasion and extravasation exhibited by carcinomas is required for metastasis
(245).

This mouse model, iKAP (245), is clearly a superior model to the Villin-
Cre;Apc“®© we used, and it has the potential to allow a researcher to understand more
deeply and completely the function of Tgifs, or any gene, in CRC. While this model does
develop a few tumors in the distal portion of the small intestine (in approximately 10% of
animals), the majority of the tumors these animals develop are found in the colon (245).
Additionally, Tgif function can be assessed in all stages of tumors (through doxycycline
addition or subtraction) through RNA-seq or ChIP-seq, and these results can be compared
to each other. For example, one could ask if the metabolic changes driven by Tgifs in an
adenoma are the same as metabolic changes in an invasive cancer and in a distal
metastatic site. The results of these metabolomics experiments would help validate our

findings described here, and would additionally show the evolving role of Tgif regulation

of metabolism within the context of tumor progression.
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It remains possible that Tgifs may have different functions at different states of
tumorigenesis — this has yet to have been tested. It may be that Tgifs participate in
metabolic rewiring in adenomas and may have a different role in carcinomas.
Additionally, as TGFp, known to induce invasion and metastasis in cancers (73), appears
to facilitate Kras-mediated invasion, it would be informative to study if Tgifs regulate
EMT through its known role as an TGFf repressor. This work would provide evidence
for another function of Tgifs in tumor progression, independent of metabolic regulation.
However, as previously discussed, Tgifs may promote EMT through downregulation of
fatty acid synthesis, in a manner independent of TGFp signaling. The results of these
studies could have potential clinical and therapeutic relevance. Overall, the iKAP model
of CRC appears to be robust and mimics the human disease, and it may prove to be a

model in which it is easy to test the functions of Tgifs within CRC.
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