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CHAPTER |

INTRODUCTION

Overview: Inflammatory bowel disease and colitis-associated carcinoma

Cancers of the digestive tract are a significant healthcare burden. In America in
2008 alone, more than 135,000 are estimated to have died of cancers of the digestive
system (1). A large percentage of cancers of the digestive system arise because of chronic
inflammation including hepatocellular carcinoma which can result from viral hepatitis,
esophageal adenocarcinoma, which often arises from Barrett’s esophagus, gastric cancer,
frequently caused by Helicobacter pylori-induced gastritis, and colon cancer, which can
result from inflammatory bowel disease (IBD) (2). IBD is comprised of two types of chronic
inflammatory disorders of the intestine: Crohn’s disease (CD) and ulcerative colitis (UC).
IBD affects approximately 1.4 million Americans with typical onset occurring between 15
and 30 years of age (3). While the etiology of IBD is incompletely understood, evidence
suggests that IBD is the result of inappropriate inflammatory responses to intestinal
microbes which is dependent on genetic susceptibility in the host (4). In fact, prevailing
thought presents the model that 1) microbes or other undefined environmental
exposure, 2) genetic susceptibility, and 3) inappropriately sustained and severe
autoimmune inflammatory response leads to repetitive inflammatory injury to the

gastrointestinal tract.



There is constant debate in the field regarding the level of risk for colorectal cancer
(CRC) in patients with IBD which is greatly dependent on the set-up and analysis of
epidemiological data. A large single academic center study focused on histopathology of
IBD patients and risk of CRC demonstrated that histologically severe inflammation was
present in 41.4% of patients with dysplasia and 24.1% with CRC, but only 4.3% in controls.
Moreover, annual risk for dysplasia or CRC was increased 4.5% with longer disease
duration implicating disease severity and duration in risk of developing CRC (5). Patients
with IBD (standardized incidence ratio (SIR), 2.2; 95% confidence interval (Cl) 1.5-3.0) and
long-standing extensive colitis (SIR, 7.0; 95% Cl 4.4-10.5) are at increased risk for CRC,
although the risk is lower among patients receiving thiopurine therapy (6) indicating that
treatment should be taken into account when analyzing risk of CAC.

A meta-analysis of population-based data on cancer risk in CD revealed that there
is an increased risk of CRC among people with CD (SIR, 1.9; 95% Cl 1.4-2.5) (7) while a
similar study analyzing UC revealed that men with UC have a greater risk of CRC (SIR, 2.6;
95% Cl 2.2-3.0) than women (SIR, 1.9; 95% Cl 1.5-2.3) and that young age at disease onset
(SIR, 8.6; 95% CI 3.8-19.5) and extensive colitis (SIR, 4.8; 95% Cl 3.9-5.9) were both risk
factors for CRC (8) implicating sex, age, and extent of colitis in risk determination. The
risks outlined in the above studies represent values that are lower than those historically
noted for CAC risk in IBD, but the risk depends on age of IBD diagnosis, disease duration,
disease severity, and efficacy of therapies and IBD management (9-13). Moreover, more
effective anti-inflammatory treatment as well as more effective surveillance has likely led

to the decrease in the observed association. Importantly, increased disease activity is



associated with increased risk so understanding modifiers of IBD severity and CAC risk
factors are of paramount importance.

Unlike sporadic CRC there is no established genetic alteration associated with CRC
predisposition in IBD. It is hypothesized that it is the chronic inflammation characteristic
of IBD that causes cancer. In support of his hypothesis, CAC incidence increases with

longer duration and greater extent of colitis, the concomitant presence of
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Figure 1.1 Tumor promotion by the tumor microenvironment. The cells within the tumor
microenvironment form the niche for the tumor-initiating cells by producing tumor-promoting
cytokines and chemokines. These create a supportive environment that supports the uncontrolled
growth of initiated cells (promotion). The microbiota on the luminal side of the epithelium also
contributes to the niche and is responsible for barrier defects and maintenance of chronic
inflammation. The tumor microenvironment and epithelial cells interact with one another. Figure
obtained from Quante et al (14).

inflammatory symptoms including primary sclerosing cholangitis, and CAC incidence
decreases in response to anti-inflammatory treatment (5, 15). This inflammation likely

contributes to tumorigenesis via cytokine and chemokine production by infiltrating



immune cells which support tumor initiation and promotion (Figure 1.1) (16). In fact,
disruption of the NLRP3 inflammasome increases tumorigenesis in a mouse model of
colitis-associated carcinoma (17). Cytokines and growth factors produced by immune cells
can contribute to all stages of tumorigenesis, from initiation to progression and
metastasis, by promoting tumor cell proliferation, inhibiting apoptosis, suppressing anti-
tumor immunity and augmenting tumor blood vessel formation (14).

Inflammatory cells, including activated macrophages and neutrophils, produce
reactive oxygen species (ROS) and reactive nitrogen intermediates (RNI), which are both
highly reactive and mutagenic (18-21). As opposed to the early adenomatous polyposis
coli (APC) mutations seen in sporadic CRC, early oncogenic events in CAC include p53 gene
mutations. This occurs in both carcinoma and dysplasia, as well as in inflamed, but
otherwise normal intestinal mucosa (22), suggesting that this mutation is an initiating
event in development of CAC. Furthermore, epigenetic changes have been increasingly
noted in relation to IBD and CAC. In fact, several groups have identified epigenetic
modulation of histones and DNA within the loci of tumor suppressor genes including APC
and p16(INK4a) and p19(ARF) as well as genes controlling DNA stability, such as MutL-
homolog (MLH) (23-28). Indeed, most of the effects of inflammation discussed above,
such as the ability to cause mutations and epigenetic changes and promotion of cellular
regeneration in response to injury, continue to enhance oncogenesis during the tumor
promotion stage. Accumulation of subsequent genetic and epigenetic changes including
mutations in K-Ras and BRAF enhance tumorigenesis by reducing apoptosis, increasing

proliferation, and reducing growth factor dependence (29). Furthermore, several crucial



signaling pathways in the promotion of tumorigenesis are activated in response to
inflammation in IBD including NF-kB (30), TGF (31) STAT3 (32, 33), IL-23 (34, 35), COX2
(36), and IL-18 (37) to name a few.

Chronic inflammation present during CAC development can also influence
metastatic dissemination (38, 39). The acquisition of a mesenchymal or dedifferentiated
phenotype by tumor epithelial cells, known as epithelial-mesenchymal transition (EMT),
apart from being controlled by TGFp signaling, can also be enhanced by NF-kB and/or
STAT3 signaling (40, 41). Additionally, TNF signaling stabilized the transcription factor
Snail, which is pivotal for EMT (42). TNF also promoted survival and dissemination of
single cancer cells in circulation as well as their successful extravasation and growth in the
secondary site (43). Inflammation also regulates various proteases, whose activity was
implicated in remodeling of extracellular matrix and in metastatic process (38, 44).
Overexpression of various matrix metalloproteases (MMP), such as MMP7 and MMP9, is
a hallmark of colon cancer (44), essential for tumor growth and progression. Thus, a more
detailed understanding of modifiers of inflammation in IBD as well as factors that
influence aberrantly regulated pathways in CAC is essential for the development of
preventative strategies in patients with IBD at risk to develop CAC. The nutrients and
proteins of focus in this work are strong targets for risk identification as well as treatment

options in the progression from IBD to CAC.



Selenium, selenoproteins, and human health

In 1817, the element selenium (Se) was discovered by J.J. Berzelius (45). Initially
considered toxic and later understood to be an essential micronutrient, it was not until
the discovery of the first animal selenoprotein, glutathione peroxidase, in 1973 (46) that
the Se mechanism of action began to be elucidated. Se is incorporated into proteins,
known as selenoproteins, as selenocysteine (Sec) the twenty-first amino acid. Metabolic
labeling studies reveal that 80% of bodily Se is incorporated into selenoproteins (47). To
date, 25 genes encoding selenoproteins have been discovered within the human genome
(48), the majority of which were discovered because Sec requires a very specialized
mechanism for its incorporation into selenoproteins. Sec is encoded by a UGA codon in
the selenoprotein mRNA. In most proteins, the UGA codon encodes a stop signal but cis-
acting sequences in the selenoprotein mRNA recruit specialized trans-acting factors that
are dedicated to Sec incorporation. As can be imagined, selenoprotein production is
dependent upon availability of Se (49) and the importance of particular selenoproteins to
human health can be hypothesized based on the hierarchy of selenoprotein expression
that is reliant on this Se requirement. Se dietary intake depends on the bioavailability and
content of Se in crop plants that is contingent on Se content in soil. As an essential
micronutrient, Se plays a significant role in many human health processes and has even
been linked to cancer suppression. In the subsequent chapter, a detailed explanation of
Sec incorporation into selenoproteins as well as a broad description of the roles of Se and

selenoproteins in human health will be discussed.



Selenium metabolism

Decoding of UGA as Sec is a well-conserved process, occurring in all three domains
of life. The Sec incorporation mechanism has been largely worked out within prokaryotes.
The Sec insertion site is identified by the presence of a stem-loop structure within the
selenoprotein mMRNA. This sequence is termed the selenocysteine insertion sequence
(SECIS) and, in Escherichia coli, the SECIS resides directly downstream of the Sec UGA
codon. In fact, movement of the SECIS by as few as three nucleotides can abolish Sec
incorporation (50). In archea and eukarya, on the other hand, stem-loops are still required
for the SECIS but sequence and structure requirements differ from prokaryotes. The SECIS
is located within the 3’ untranslated region (UTR) of the mRNA and can be located a
significant distance from the Sec codon (49). This distance is required so that the single
SECIS can recode multiple UGA codons as opposed to a single, contiguous UGA codon as
is seen in prokaryotes (51, 52). In fact, a minimal spacing requirement of ~60 nucleotides
must exist (53).

In addition to the cis-acting SECIS elements described above, Sec incorporation
requires supplementary trans-acting factors including the selenocysteine-specific tRNA
(tRNASerSec) (54) as well as the enzymes required for the biosynthesis of the Sec-charged
tRNA, selenophosphate synthetase, phosphoseryl kinase, and selenocysteine synthase
(55-57). Also required are an elongation factor (EF) specific for the tRNA and a SECIS-
binding protein, SBP2, which recruits the EF to the selenoprotein mRNA (Figure 1.2) (58).
Moreover, the recent discovery of mammalian Tritl as a tRNAPeSec. jsopentenyl-

transferase which is also indispensable for selenoprotein expression (59) demonstrates



that we are still learning about the complete mechanism of Sec incorporation into

selenoproteins.

5|

Figure 1.2 A schematic demonstrating Sec incorporation in eukaryotes. The model shows the
hairpin structure of the SECIS as well as the trans-acting factors that are integral to Sec insertion
including the elongation factor (eEFSec), Sec-binding protein 2 (SBP2) and the Sec-tRNA. Figure
obtained from Driscoll et al (49).

Se metabolism takes place within the liver and ingested Se enters the liver via
portal vein blood (60). Those selenoproteins synthesized by the liver include the Se
transport protein selenoprotein P (Sepp1) which is exported to the circulation as well as
selenoenzymes that support liver function (60). The liver also releases Se in the form of
1B-methylseleno-N-acetyl-D-galactosamine, which is the major urinary selenium
metabolites and has been identified in rat liver and in rat and human urine (61). Finally,
the liver produces methylated excretory forms (62) and non-specifically incorporates
selenomethionine into proteins. Of those forms of Se produced by the liver, Sepp1l is
important for the distribution of Se to other tissues and production of other

selenoproteins.



Seppl has ten selenocysteines incorporated into its primary structure, nine of
which exist within a putative Se transport domain of Seppl. This Se-rich C-terminal
domain is necessary for the delivery of Se to the brain and testis (63) via apoER2-mediated
endocytosis of Seppl (64, 65) and to the kidney via megalin, a lipoprotein receptor
localized to the proximal tubule epithelium (65). Knockout of Seppl in hepatocytes
decreases plasma Sepp1l concentrations by 90%, thus decreasing whole-body and tissue
Se concentrations, further validating a role for Sepp1 in Se transport to tissues besides
the brain, testis, and kidneys. Moreover, 7°Se-labeled selenite tracing of metabolically
available Se reveals that deletion of hepatocyte Sepp1 more than doubles 7°Se excretion
in urine and increases liver °Se by 25% in mice lacking hepatic Seppl compared to
controls, suggesting increased incorporation of metabolically available Se into liver
selenoproteins consistent with there being competition for 7>Se between synthesis of
Sepp1l and production of excretory metabolites (Figure 1.3) (66).

hepatocyte
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Figure 1.3 Model for the proposed fate of metabolically available Se. Hepatocytes can further
metabolize several sources of Se. Synthesis of sec-tRNA[seTse @ competes with methylation
reactions @ for Se and synthesis of Sepp1 @ for export to the plasma competes with synthesis
of intracellular selenoproteins @ Furthermore, liver selenoproteins turn over @ to release Se.
The asterisks indicate the preferred path of Se during Se deficiency. Figure obtained from Hill et al
(66).



Because Se is required for the production of selenoproteins, Se deficiency causes
a substantial decrease in Seppl secretion. Moreover, Se deficiency also leads to
decreased expression of other selenoproteins. During Se deficiency, mRNA stability
contributes to the determination of what selenoproteins will be preferentially produced.
The relative stability of mRNAs has been determined to be glutathione peroxidase-4
(Gpx4) > Sepp1 > thioredoxin reductase 1 (TrxR1) > type | deiodinase (D1) > glutathione
peroxidase-1 (Gpx1) (67). This hierarchy of mRNA expression likely relates to the relative
importance of the selenoproteins in cellular homeostasis. Additionally, Se retention and
selenoprotein expression are differentially regulated within different tissues, thus

providing further hierarchical regulation of selenoprotein expression (68, 69).

Selenium in human health

The importance of Se to human health is most obvious when considering diseases
common in areas of the world with Se-poor soil. Se deficiency has been identified as a
factor in Keshan disease, a cardiomyopathy (70), which can be prevented by dietary Se
supplementation. Se supplementation also prevents and treats Kashin-Beck disease, a
deforming osteoarthritis (71). Both of these diseases are found in areas of China in which
soil Se concentrations are low. The importance of selenoproteins to human health is
demonstrated by humans with genetically impaired biosynthesis of selenoproteins who
develop a multisystem disorder characterized by failure of the latter stages of

spermatogenesis, axial muscular dystrophy, increased cutaneous ROS and susceptibility
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to ultraviolet radiation-induced oxidative damage, impaired T lymphocyte proliferation,
abnormal mononuclear cell cytokine secretion, and telomere shortening (72), giving some
of the best evidence for the varied roles of selenoproteins in maintenance of human
health.

Furthermore, epigenetic evidence reveals that low levels of Se are linked to a
number of health problems including decreased survival in people infected with HIV (73),
epileptic seizures (74) and age-associated neurological disorders (75). Moreover, dietary
Se supplementation contributes to the prevention of neurodegenerative and
cardiovascular diseases related to chronic oxidative stress as well as in the treatment of
inflammatory disorders including autoimmune thyroid disease (76), viral diseases and
sepsis (77-79), suggesting a link between Se and inflammation. In fact, a higher risk of CD
was noted in individuals with low baseline Se levels.

While low Se status has been linked to several diseases, there is also risk
associated with supranutritional Se status. At the most extreme, Se poisoning can result
in hair loss, skin lesions, and deformities and as selenosis progresses, decreased cognitive
function, weakness, paralysis, and ultimately death can occur (80). Se poisoning to this
extent is rare, though, so it is the detrimental effects of slightly increased Se levels that
are most worrisome. A secondary analysis of the Nutritional Prevention of Cancer (NPC)
trial revealed that Se-enriched yeast supplemented individuals whose baseline plasma Se
levels exceeded 122 ng/ml were at increased risk of developing type 2 diabetes compared
to those assigned placebo (81). Though the mechanism of this increased risk is not clearly

understood, the expression of selenoenzymes such as Gpx1, which act as antioxidants,
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may interfere with insulin-regulated cellular pathways via hydrogen peroxide (H20,)
reduction (82), as H.0; normally enhances the early insulin signaling cascade and
stimulates insulin-induced glucose uptake (83, 84). Moreover, both Se compounds and
Seppl are capable of attenuating insulin-induced phosphorylation of protein kinase B
(Akt) (85, 86), and insulin downregulates hepatic biosynthesis of Seppl (85, 87), thus
providing a potential feedback loop. Thus, there is a very small window in which Se
supplementation is beneficial to human health, beyond which there are also detrimental

effects.

Optimal recommended daily selenium intake

Se availability is the most important determinant for biosynthesis of
selenoproteins. Therefore, optimized expression of selenoproteins through Se
supplementation represents both a key objective and a biomarker of Se-replete status in
intervention trials (88). As suggested in the previous section, there is a narrow target for
beneficial Se supplementation. Animal studies demonstrated an inverted “U”-shaped
curve of optimal Se intake where too little or too much Se can be detrimental to health
(89). Further complicating matters, a number of studies designed to determine optimal
Se supplementation arrived at very different conclusions based on the method of Se
determination, study goals, and the population in which the study was conducted. In the
U.S., where Se is available at sufficient levels in crops, the recommended dietary
allowance for Se is 55 pg/day for healthy adults (90), while other studies have

recommended that adequate Se intake ranges between 30 and 85 pg/day, with a
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tolerable upper intake level of 300-450 pg/day (77, 91). These values have been
determined based on various Se status parameters.

Traditionally, the Se content in hair, toenails or plasma has been measured;
however, plasma levels of the two extracellular selenoproteins plasma glutathione
peroxidase (Gpx3) and Seppl are considered to be preferable as biomarkers. Maximal
Gpx3 activity is achieved at an intake of ~70 ug Se/day or plasma Se levels of 90 ng/ml
(92). Sepp1l plasma levels plateau at ~105 pg Se/day and plasma Se levels of 124 ng/ml
(93). As full expression of Seppl requires a greater Se intake than does Gpx3, it is the
better indicator of Se nutritional status (94). On the basis of the Se intake needed for
optimal Sepp1l expression based on the aforementioned parameters, ~75 ug Se/day is
recommended for U.S. residents (95), but even this value comes with several stipulations.
For instance, effects of Se-enriched milk protein and Se-yeast on rectal selenoprotein
MRNA levels have been compared in Australians with adequate Se status (basal plasma
Se levels of ~100 ng/ml) and while plasma Se levels increased similarly in both Se-
supplemented groups, dairy-Se was more effective at stimulating selenoprotein
expression (96), suggesting that the form of Se supplemented has an impact on the
efficiency of incorporation.

Genetic polymorphisms also have a significant impact on Se utilization, meaning
that the Se requirement for optimum human health can vary among individuals (97-102).
Finally, the health process that is being modified by Se supplementation must be
considered. For example, people with IBD demonstrate a decreased ability to absorb

nutrients and thus have an increased risk of Se deficiency. Se supplementation in these
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patients would need to be carefully monitored for Se biomarkers to insure adequate
supplementation. Additionally, other diseases in which inflammation and ROS exceed the
ability of the redox system to maintain balance might require higher levels of Se to insure
proper maintenance of selenoptroteins.

In conclusion, when considering successful Se supplementation, four points
should be considered: 1) the genetic and metabolic determinants that may affect
efficiency of dietary Se supplementation, 2) differences in metabolization and, therefore,
biological impact of the different Se compounds, 3) Se absorption and usage within

individuals, and 4) potential adverse health effects of high Se intake (103).

Selenoproteins as modifiers of tumorigenesis

The vast majority of the characterized selenoproteins are enzymes that catalyze
oxidation-reduction reactions and contain Sec in their active sites (104). Though Sec is
structurally identical to cysteine (Cys) with the exception of a Se replacing the sulfur, the
selenol group in Sec is more fully ionized than the thiol of Cys at physiological pH, making
it a more potent antioxidant (105). Due to its antioxidant role as well as a plethora of
epidemiological evidence pointing towards selenium as a suppressor of tumorigenesis, it
is predicted that selenoproteins contribute to suppression of a multitude of cancer types.
Within the following sections, the functions of selenoproteins as they relate to tumor
modifying properties will be discussed with a particular focus on the two plasma

selenoproteins, Gpx3 and Sepp1.
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Selenium and selenoproteins in oxidative stress response and cancer

Populations with low Se status are at increased risk for several cancers including
prostate, breast, lung, laryngeal and colorectal (106-108) and increased cancer-specific
mortality has been seen in renal cancer patients (109). Moreover, animal models have
demonstrated that Se supplementation can reduce the incidence and severity of liver,
esophageal, pancreatic, prostatic, colon, and mammary carcinogenesis (110). In support
of a potential role for Se in cancer suppression, several novel drugs are in development.
Synthetic organoselenium compounds have been generated to promote anti-tumor
activity (111), and encapsulated elemental Se nanoparticles are in production to increase
anti-tumor efficacy and decrease toxicity compared to Se compounds commonly used in
dietary supplements (112).

Interestingly, despite a consistent pattern in epidemiology, there are questions as
to whether Se supplementation is of potential value in reducing cancer risk. An early
intervention study of high-selenium yeast in humans demonstrated protection against
prostate and other cancers (113, 114). The Wheat Bran Fiber Trial, the Polyp Prevention
Trial, and the Polyp Prevention Study corroborated that variations in Se status may affect
CRC risk as adenoma recurrences were significantly lower in the quartile with the highest
plasma Se levels (150 ng/ml) versus the quartile with the lowest Se (113 ng/ml) (115). A
Spanish study reported significantly lower serum Se levels in two groups of patients with
large-size colorectal adenomas or CRC compared to healthy control subjects only for the
age group < 60 years (116), suggesting that age may be a confounding factor in several

studies. Furthermore, a U.S. cancer screening trial identified a significant inverse
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association between serum Se levels and the occurrence of advanced colorectal
adenomas only among the high-risk group of recent smokers (117) implicating lifestyle
decisions such as smoking as potential modifiers of study outcome.

In contrast, two larger U.S. case-control studies did not find any clear association
between serum Se levels and the risk of recurrent CRC (118, 119), and a meta-analysis of
intervention trials concluded that oral administration of antioxidants including Se were
not effective in the prevention of colorectal neoplasia in the general population (120). As
has been mentioned, though, there are limiting factors when considering Se
supplementation in otherwise healthy people in areas like America where Se status is
already sufficient for complete selenoprotein production. In support of this, in a meta-
analysis of randomized controlled trials of Se supplements and cancer prevention, there
was sufficient evidence to support the use of Se supplements in populations with high risk
of cancer and low baseline Se levels (121).

There were several lines of evidence that point towards mechanisms for Se
modification of tumorigenesis. Several intracellular selenoproteins metabolize reactive
oxygen intermediates and thereby defend the cell against oxidative injury. In fact, it
appears that over one third of all known selenoproteins are antioxidant in nature (122)
and the antioxidant activity of selenoproteins is essential in minimizing the levels of
hydroperoxides (123, 124). Thus, Se deficiency increases endogenous cytosolic oxidative
stress (125). Rat models have shown that Se deficiency can lead to liver necrosis and lipid
peroxidation in response to small doses of the redox-cycling compound diquat (126).

Importantly, injection of Se ten hours prior to diquat injection prevents the injury via the
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selenoprotein Seppl (127, 128). Alterations in oxidative stress have varied and far-
reaching consequences in terms of tumor modulation. Most directly, high levels of ROS
can promote cancer development through direct oxidative damage to DNA by species
such as the hydroxyl radical (129). However, more recent evidence suggests that other
actions of ROS, such as effects on p53, Nrf2, and Wnt signaling, cell proliferation, and
invasiveness might be important to cancer susceptibility (130, 131).

As many intermediate steps in both the Nrf2 and Wnt pathways can be modulated
by hydroperoxides, Se deficiency activates these pathways. In fact, the oxidation sensor
Keapl, which maintains Nrf2 in the cytosol wuntil its modification by
hydroperoxides/electrophiles, is the link between Se and Nrf2 signaling. Wnt signaling, on
the other hand, is activated by the oxidation sensor nucleoredoxin (Nrx), which is
associated with disheveled (Dvl). Se deficiency results in oxidation of both sensors and
the ultimate activation of both pathways (130), which are key players in the pathogenesis
of cancer (132-134). Moreover, by a likely feedback mechanism, the selenoproteins Gpx2,
TrxR2, and TrxR3 are regulated by Wnt signaling. Thus Se, which is essential for the
biosynthesis of Wnt-dependent selenoproteins, is likely important during carcinogenesis
(135).

As oxidative stress causes DNA damage, Se also impacts protection against DNA
damage. Supplementation of either tissue culture media, animal or human diets with
even moderate levels of Se compounds protect against the formation of DNA adducts,
DNA/chromosome breakage, chromosome gain or loss, mitochondrial DNA damage, and

telomere length and function alterations, and it is proposed that Se might do so through
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more direct mechanisms than just reduction of hydroperoxides. Se has been proposed to
enhance the DNA damage response, increase the activity of repair enzymes such as DNA
glycosylases, and augment DNA damage repair pathways that involve p53, BRCA1 and
Gadd45 (136).

Se is also thought to suppress tumor progression through inhibition of metastasis.
Se has been linked to inhibition of angiogenesis, the formation of new blood vessels
within and around a tumor through which metastatic cells can enter the blood stream, in
mammary cancer. Se does so via inhibition of endothelial proliferation and survival as well
as matrix degradation through enhancing production of Mmp7 (137). Moreover, other
aspects of metastasis are inhibited by Se including cell motility, migration and invasion
(138). Thus, Se not only inhibits tumor growth but also progression.

Experimentally, there is a plethora of evidence for a role of selenoproteins in
protection from tumorigenic processes. In a murine model of chemically-induced
hepatocarcinogenesis, tumorigenesis is increased in mice expressing a mutant Sec tRNA
gene (TrspA37G) compared to wild-type mice (139), but Se supplementation decreased
tumor size via augmentation of transforming growth factor-alpha (TGFa) signaling (140).
Specific selenoproteins have also been tested for their impact on tumorigenesis in several
models. For instance, in a mouse model of inflammation-associated carcinogenesis,
glutathione peroxidase-2 (Gpx2) and Se decreased both inflammation and tumorigenesis
(141) and knockout of the 15 kDa selenoprotein protected against aberrant crypt
formation (ACF) during chemically-induced colorectal carcinogenesis (142). Moreover,

epidemiological evidence exists for the involvement of selenoproteins in human
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tumorigenesis. Loss of heterozygosity of the GPX1 locus has been identified in breast,
lung, head and neck, and colon cancers (143-145). A second glutathione peroxidase, Gpx3,
is a biomarker for ovarian tumors and is frequently methylated in prostate cancer and
esophageal adenocarcinoma arising in the setting of Barrett’s esophagus (146, 147).
Within the thioredoxin reductase system, both Trx and TrxR1 are overexpressed in non-
small cell lung carcinoma, T-cell acute lymphoblastic leukemia, malignant pleural
mesothelioma, colorectal cancer, breast carcinoma, hepatocellular carcinoma, gastric
carcinoma, and cervical carcinoma. Moreover, increased cellular proliferation, decreased
patient survival, and chemotherapeutic resistance are associated with overexpression of
the thioredoxin system (148). Additionally, several selenoprotein single nucleotide
polymorphisms (SNPs) have been associated with CRC (Figure 1.4). Of particular interest
in their modification of cancer phenotypes are the plasma selenoproteins GPx3 and Sepp1

as they could potentially impact both intra- and extracellular redox activities.

Plasma glutathione peroxidase (Gpx3) in cancer

Gpx3 is expressed in a wide range of tissues, localizing to the cytoplasm and nuclei
of cells and secreted into the blood stream (149). Due to its nuclear localization as well as
its broad and unique substrate spectrum, including lipid and thymine hydroperoxides,
Gpx3 is hypothesized to play an important role in Se-dependent chemoprevention. Gpx3
specifically reduces lipid peroxide concentrations in cell membranes and downregulates
the eicosanoid biosynthesis pathway. This pathway increases inflammation, cancer

growth, and metastasis suggesting that Gpx3 might inhibit tumorigenesis (150).
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Figure 1.4 Colorectal functions modified by selenoproteins and their SNPs. The schematic shows
the identified genetic interactions in the context of selenoprotein subcellular localization and
biological function. Pictograms illustrate SNPs where rs numbers are defined in the legend in the
upper right. Black arrows indicate the delivery of Se to the different selenoproteins. Figure
obtained from Meplan et al (99).

There is inconsistent data regarding the roles of Gpx4 gene variants within the human
population. The gene variant rs713041, which is located in the 3’UTR of GPX3, has been
loosely associated with increased CRC risk (151). A second polymorphism in the GPX3
gene causes a T-C substitution in the 3'UTR bordering the SECIS element (152). In vitro,
the C variant promotes reporter gene expression to a greater extent than the T variant

and competes more strongly for one or more proteins involved in Se incorporation,
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possibly through modification of the structure of the 3'UTR in the vicinity of the SECIS
(153). Likely due to these alterations in Gpx3 expression, the C variant has also been
associated with increased mortality in breast cancer patients (154). Moreover, breast
cancer patients have impaired basal Gpx3 gene expression and a reduced ability to induce
Gpx3 expression in response to oxidative stress (155).

In perinatal mice Gpx3 loss in the epidermis causes hyperplasia, dermal
inflammatory infiltrate, dysmorphic hair follicles, and alopecia. These phenotypes are at
least partially due to increased lipid peroxidation and COX2 levels (156). Moreover,
ectopic Gpx3 expression in pancreatic tumor cell lines as well as L929 cells suppresses
tumor progression by reducing proliferation, tumor growth in semisolid media and in
orthotopic xenografts (157, 158). These data indicate that Gpx3 might suppress

tumorigenesis, especially in the context of high inflammation and oxidative stress.

Selenoprotein P (Sepp1) in cancer

Based on its Sec location, Seppl has two domains. The first, and larger domain
extends from the N-terminus through the residue just before the second Sec (residues 1-
244). This N-terminal domain contains one Sec and seven Cys residues and the Sec exists
within a UXXC motif that catalyzes the oxidation of glutathione (GSH) by a
phosphatidylcholine hydroperoxide (159). The smaller domain extends from the second
selenocysteine to the C-terminus (residues 245-366). It contains nine Sec and ten Cys

residues (160) and serves as a Se transport domain (63).
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Although Seppl is expressed almost ubiquitously in many tissues and cell lines
(161), most research has focused on liver-secreted plasma Seppl (160). Interestingly,
Seppl is abundantly expressed in normal colonic mucosa, and SEPP1 mRNA and
accompanying activity is significantly reduced in colon tumors (162). Similarly, it is
dramatically reduced in human prostate tumors, mouse tumors, and in the androgen-
dependent (LNCaP) and androgen-independent (PC-3) prostate cancer cell lines (163).
Several SNPs have been identified in SEPP1 that might contribute to decreased expression
in tumors. For instance, there is an association between rs7579 genotype in SEPP1 and
prostate cancer risk (164). Furthermore, four variants in SEPP1 were significantly
associated with advanced colorectal adenoma risk including the variant SEPP1 -4166G,
which exists within the promoter region, two loci in the 3’ region of SEPP1, and a third
locus in the 3’ region of SEPP1, which was inversely associated with risk of colorectal
adenoma (165). Also, though a novel (TC)s3 polymorphism within a complex (A)s-C-(A)a-
GG-(A)s-GCT-(TC)s-(T)17 (bp — 429 to bp — 477) repeat structure of the SEPP1 promoter
confers significantly reduced basal promoter activity, there is not a definitive link between
this polymorphism and cancer risk. Additionally, genetic instability was observed within
the (T)17 repeat motif in CRC to the mutator phenotype. Thus, this SEPP1 complex repeat
structure may be of functional relevance to Seppl gene expression and thus modify
tumorigenesis (98).

Experimentally, there is evidence supporting a role of Seppl downregulation in
mechanisms of tumor promotion. Sepp1 knockdown in Pr-111 cells resulted in increased

ROS and subsequent cell growth inhibition upon H.0; exposure. In support of Sepp1l loss
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being the driver of these phenotypes, administration of exogenous Seppl was able to
buffer ROS and rescue growth inhibition (166). Seppl has also been implicated in
inflammatory processes that play substantial roles in tumorigenesis. The cytokine TGF-B1
which is overexpressed in colon cancers (167) exerts an inhibitory effect on Seppl
secretion as well as represses Sepp1 transcription (168). Additionally, treatment of HepG2
cells with the cytokines interleukin 1B (IL-1B), tumor necrosis factor a (TNFa), and
interferon y (IFNY) repress promoter activity (169). These data suggest that Seppl is
downregulated in response to inflammation and that this mechanism might contribute to
Seppl downregulation during tumorigenesis. Another mechanism of Seppl regulation
might depend on inhibition of Sepp1 transactivation by the glucocorticoid receptor which
is increased during development, differentiation, and under conditions of critical illness
(170).

Differentiation, a process often reversed during the course of tumorigenesis, is
also influenced by Seppl. During enterocytic differentiation, Sepp1 gene expression and
secretion are both strongly upregulated through increased binding of hepatocyte nuclear
factor-4a (HNF-4a) to an upstream promoter element in Seppl (171). Additionally,
knockdown of Seppl in 3T3-L1 cells inhibits adipogenic differentiation, likely via
concomitant upregulation of proinflammatory cytokines (172). These data suggest that
Seppl promotes differentiation, a process that is generally associated with tumor
progression. Thus, Sepp1 appears to be a contributor to suppression of tumorigenesis in

multiple cancer types.
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Transcriptional corepressors with functions in gut development
and epithelial wound repair: Myeloid translocation genes

The analysis of translocation breakpoints in acute leukemia has identified several
gene regulatory proteins that are critically involved in cellular proliferation,
differentiation, apoptosis and stem cell properties; all processes that contribute to the
leukemic phenotype (173). For example, the reciprocal translocation between the 8™ and
215 chromosomes (t(8;21)) associated with acute myeloid leukemia (AML) has enabled
the discovery of AML-1 on chromosome 21 and myeloid translocation gene 8 (MTGS,
otherwise known as eight twenty-one; ETO) on chromosome 8 (174). t(8;21) retains the
AML-1 DNA binding domain which is fused to the majority of the MTG8 protein. Knock-in
of the AML-1/ETO translocation demonstrates that the fusion protein acts in a dominant
manner to inhibit AML-1 targets (175). This suggests that MTG8 serves to form repression
complexes which contribute to repression of targets bound by AML-1. In support of this,
biochemical and molecular studies reveal a role for MTG8 as a component of histone
deacetylase (HDAC) complexes which are recruited to AML-1 target genes (176-178).

After the discovery of MTGS8, two other MTG family members were identified:
myeloid translocation gene on chromosome 16 (MTG16) and myeloid translocation gene
related protein-1 (MTGR1) (179-182). MTGR1 was characterized within the L-G murine
myeloid cell line as an AML-1/ETO interacting protein. MTGR1 is an 85 kDa
phosphoprotein that is recognized by MTGS8 antibodies (182). Moreover, this gene was
validated in randomly sequenced human cDNA (EST) database searches based on the

MTG8 cDNA search probe. As such, MTGR1 is also termed ETO homologous on
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chromosome twenty (EHT) (180). MTG16 is a second, less common, translocation
involving chromosome 21, t(16;21), which was identified in therapy-related AML.
Characterization of MTG16 cDNAs revealed a high degree of homology to MTGS8 (181).
The MTG family of proteins are defined by four evolutionarily conserved domains
called nervy homology regions (NHR) 1-4. The NHR1 and NHR2 domains are protein-
interaction motifs (177, 183, 184). NHR1, homologous to the Drosophila transcriptional
co-activator TBP-associated factor 110 (TAF110) (185), can positively or negatively
regulate transcription through interaction with either co-repressors or transcriptional
activators (186). The NHR2 domain contains a hydrophobic heptad repeat that mediates
MTG dimerization as well as binding to the transcriptional co-repressor SIN3A (182, 187).
The function of the NHR3 domain is not well understood but it is hypothesized that it may
be involved in contacting certain co-repressors (188). The NHR4 domain contains a ring
finger motif, which mediates protein interactions including those with N-CoR/SMRT
(Figure 1.5) (176, 178, 189). The association of MTG family members with AML
translocations and HDACs indicate that MTGs may be important in both normal
physiology and pathology. The subsequent sections will explore the functions of MTGs

and how they can be subverted in malignancy.
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Figure 1.5 MTG8 family proteins are defined by their evolutionarily conserved domains, termed
nervy homology regions. A) Schematic of MTGS illustrating the positions of the NHR regions.
Percentages represent the percent homology between MTG8, MTG16, MTGR1, and Drosophila
nervy within each NHR. B) Schematic of MTGS8 interaction domains and binding partners.
Abbreviations: growth factor independence-1 (Gfi-1), promyelotic leukemia zinc-finger (PLZF),
histone deacetylase (HDAC), nuclear co-repressor (N-CoR), silencing mediator of retinoic acid and
thyroid hormone receptors (SMRT). The asterisk indicates that the binding domain for atrophin-1
has not been determined. Figure obtained from Davis et al (190).
Myeloid translocation genes in normal physiology

The MTG family is ubiquitously expressed, though individual members are
expressed differentially, which may influence their activities within different tissues.
MTGS8 is expressed in the human brain, heart, and peripheral blood as well as in the

human hematopoietic cell line (HEL; human erythroleukemia) (191-194) and the CD34*

compartment of human bone marrow cells (195). MTG16, on the other hand, is expressed
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at high levels in the heart, pancreas, skeletal muscle, spleen, thymus, colon, and in
peripheral blood leukocytes (181). Interestingly, substantially increased expression of
MTG16 is observed during hematopoietic differentiation suggesting that its temporal
regulation is important to the process of differentiation (196). MTGR1 is expressed in a
vast number of human cell types including those within the adult heart, brain, skeletal
muscle and to a lesser extent in placenta, kidney, pancreas, spleen, thymus, prostate,
testis, ovary, small intestine, and colon (180, 197, 198).

The MTGs serve as scaffolding proteins upon which transcriptional repression
complexes are built. Amongst those co-repressors recruited by MTGS8 are N-CoR/SMRT,
SIN3A, and HDACs -1, -2, and -3 (176, 178, 187-189). MTG16 also binds SIN3 as well as
HDACs -1, -2, -3, -6, and -8 (187). As MTGs do not bind DNA directly, they must interact
with DNA-binding transcription factors. Several MTG-recruiting proteins have been
identified that illustrate the physiological processes in which MTGs are involved. MTGS,
for example, is recruited by the promyleocytic leukemia zinc finger (PLZF) protein, which
is involved in cell cycle progression and has been identified in translocations in acute
promyelocytic leukemia. The PLZF and MTG8 proteins associate in vivo and in vitro and
MTG8 enhances transcriptional repression by PLZF (192). This implicates MTG8 in yet
another leukemia-associated interaction. In fact, the majority of proteins with which
MTGs interact are involved in hematologic differentiation, proliferation, and
malignancies. For instance, MTG8 and B cell lymphoma-6 (Bcl-6), a protein that is
frequently translocated and hypermutated in diffuse large B cell lymphoma, are

coexpressed in normal and malignant lymphoid tissue where they interact and colocalize.
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MTG8 cooperates with Bcl-6 to repress the transcription of Bcl-6 targets via forming a
complex on the promoters of Bcl-6 endogenous target genes (199). Furthermore, gene
expression analysis indicates that Mtgl6 is required for suppression of the cell-cycle
regulating E protein E2F2 (200) implicating Mtg16 in regulation of processes associated
with cellular growth. Notch receptors are determinants of cell lineage allocation,
commitment, and differentiation. Dysfunction of Notch signaling characterizes malignant
conditions such as leukemias (201-206). MTG16 interacts with the intracellular domain of
the Notch receptor, suggesting a role in the regulation of Notch-dependent lineage
allocation in hematopoiesis (207).

MTGs also interact with proteins involved in non-hematopoietic malignancies.
MTG16 overexpression leads to decreased transcription of genes involved in tumor cell
metabolism including 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 and 4, and
pyruvate dehydrogenase kinase isoenzyme 1 (PDK1). As a result of this downregulation,
glycolytic metabolism is decreased while mitochondrial respiration and formation of ROS
is increased, ultimately resulting in proliferation inhibition and decreased fraction of cells
in the S-phase indicating that Mtg16 might serve as a tumor suppressor (208). Moreover,
Mtgrl interacts with TCF4 and can oppose B-catenin-dependent transcriptional activation
leading to overexpression of the oncogene c-Myc (209), again potentially linking MTG
family members to tumor modulation. One of the more interesting novel functions of
MTG family members is in regulation of RNA-dependent effects on chromatin
modification. There is increasing evidence that non-coding RNA plays a role in the

epigenetic control of chromatin (210-212). Remarkably, all MTG proteins can bind RNA
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through the zinc finger domains of the NHR4 domain and a short basic region upstream
of the NHR2 domain resulting in a potential RNA component in MTG-mediated chromatin
regulation (213).

Several functions of the MTG proteins have been elucidated by the analysis of
genetic models of MTG gene deletion. For instance, mice carrying an inactivating insertion
of LacZ in exon 2 of the MTG8 locus demonstrate severely impaired viability as the result
of failure in formation of the majority of the intestine, from the distal duodenum to the
greater part of the colon. Of those Mtg8”~ pups that survive past 48 hours, 60% die by 21
days after birth and are 30-50% smaller than their littermates. The surviving Mtg8”" mice
are smaller than littermates but outwardly normal otherwise. Microscopic analysis of
these mice, though, reveals small intestinal defects where marked intraluminal distention
and blunted, disorganized villi are observed (214). Based on observations in these mice,
Mtg8 seems to play an important role in the development of the midgut, likely due to
effects on intestinal stem cell function.

The Mtg167- mouse is mildly anemic at birth with a predominance of the
granulocyte/macrophage lineage at the expense of the megakaryocyte/erythroid
lineages, as expected, linking Mtg16 to hematopoietic lineage allocation (215). Similar to
Mtg8, Mtgl67 mice display a gut phenotype. Mtgl67- colons display increased
enterocyte proliferation and augmented intestinal permeability. Similar to immune
alterations identified in the whole body, the colon exhibits an increase in adaptive

immune signatures with skewing towards Th1 responses (216).
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Finally, Mtgr17- mice are smaller than their littermates throughout their lifespan
but display no other overt phenotype. When analyzing the small intestine, though, a
significant alteration is identified. Mtgri”- mice display a progressive reduction in the
secretory cell lineage, including goblet, Paneth, and enteroendocrine cells beginning at
weaning and continuing to 6-8 weeks of age. Moreover, there is a subtle colonic
phenotype with increased proliferation and mild crypt expansion (217). Collectively, the
gene knockout studies in Mtg8-, Mtg16-, and Mtgrl-deficient mice suggest that MTG
transcriptional co-repressors play critical roles in intestinal biology and likely function in

influencing stem cell behavior.

Moyeloid translocation genes in pathology

As previously mentioned, MTG8 and MTG16 are both involved in chromosomal
translocations that fuse them to the AML-1 gene on the 215 chromosome. The MTG8
translocation has been identified in 8-20% of all cases of AML and is even more prevalent
in the French-American-British class M2 AML with a 30-50% occurrence. The t(16;21) is
associated with therapy-related AML (181, 218-221). These translocations are non-
random as breakpoints for both occur between exons 5 and 6 in AML-1 and between
exons 1 and 2 or 3 and 4 of MTG family members (181). MTGR1, on the other hand, maps
to chromosome 20qg11. This region is deleted in a small percentage of myelodysplastic
syndromes and 3% of AML (180).

As transcription factors are frequently involved in hematologic malignancies, it is

possible that many different molecular mechanisms lead to malignant transformation. As
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such, some of these proteins might interact and mechanistically link different diseases.
The members of the MTG family of transcriptional co-repressors are excellent candidates
as such common factors because they are normally expressed in human hematopoietic
cells, bind to HDACs, and interact with several proteins involved with hematological
malignancies including PLZF, Bcl-6, PLZF/RARa, T-cell acute lymphocytic leukemia 1
(TAL1), growth factor independent 1 transcription repressor (Gfil), and human B-HLH
factor (HEB) (184, 199, 222, 223). MTG family members are likely involved in more
tumorigenic processes than just those associated with hematologic malignancies.

In vitro, there is evidence for a role of MTG family members in malignancy. The
ability of MTGS8 to bind to HDACs probably plays a significant role in t(8;21)-containing
leukemia (224). In fact, the addition of phenylbutyrate, an inhibitor of HDAC activity, to
the t(8;21)-containing Kasumi cell line results in an increase in differentiated cells from
20% to 60% after 1 week (225). Moreover, the mouse models that were essential to
developing an understanding of the physiological functions of the MTGs have been used
to explore the pathology associated with absence of these proteins. Under conditions of
hematopoietic stress, Mtg167- marrow demonstrates attenuated multi-lineage expansion
capabilities resulting in an inability of Mtg167- marrow to form splenic colonies in
recipient mice. Moreover, Mtg167 bone marrow fails to rescue radiation-induced
marrow clearance in bone marrow transplant assays. Upon removal of bone marrow cells
from knockout mice, Mtg167 stem cells continue to show defects in stem cell renewal
assays (200). These observations implicate MTG16 in regulation of hematopoietic stem

cell programs that are essential for lineage allocation (215).
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Considering the gut phenotypes identified in MTG knockout mice at baseline, they
were also stressed to uncover subsequent phenotypes. Mtg167- mice develop increased
clinical symptoms including weight loss, diarrhea, mortality, and histological colitis as well
as increased innate (Grl*, F4/80%, CD11c*, and MHCII*;CD11c*) and Th1 adaptive (CD4")
immune cells in response to dextran sodium sulfate (DSS) treatment. Additionally, there
is an increase in apoptosis and compensatory increase in proliferation in DSS-treated
mice. As another model of colonic injury, treatment of Mtg167- mice with C. rodentium
results in augmented colitis and increased bacterial colonization. Finally, in support of
more severe damage in response to injury, in human ulcerative colitis, MTG16 mRNA
levels are reduced (216).

Loss of Mtgr1 also sensitizes the colonic epithelium to the effects of DSS, at least
partially due to an increase in epithelial apoptosis rates. Significantly, Mtgr1”- mice
demonstrate impaired regeneration of colonic crypts, even ten weeks after a single DSS
administration, suggesting a role for Mtgrl in the colonic stem cell (226). When
considering these knockout experiments in combination, these data suggest that MTG
loss might contribute to increased tumorigenesis as well as severity of colitis. In support
of this, MTG16 has been mapped to the 16q24.3 breast cancer loss of heterozygosity
(LOH) region. Moreover, the expression of MTG16 is significantly reduced in a number of
breast cancer cell lines and in primary breast tumors when compared to nontransformed
breast epithelial cell lines and normal breast tissue and reintroduction of MTG16 into
breast tumor cell lines with low MTG16 expression reduces colony growth on plastic and

in soft agar (227). Furthermore, a genome-wide screen identified MTGS8 as a candidate
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cancer gene in CRC and breast cancer and four mutations within the NHR domains of
MTG16 have been identified in CRC (228, 229). Taken together these data implicate MTG
family member downregulation in tumor-promoting processes and indicate that loss of

MTG family members might contribute to tumorigenesis.

A transcriptional repressor that modifies Wnt signaling: Kaiso

In mammalian genomes, transcriptional regulation relies on both a complex
combinatorial interplay of transcription factors and epigenetic mechanisms. The former
involve the building of protein complexes upon promoters of target genes based on
specific DNA target sequences. The latter involve chromosomal and DNA structural
alteration and are maintained within the progeny of a cell (230). DNA methylation is one
of the epigenetic signatures common in regulation of gene expression. The transcription
factor Kaiso not only binds to a consensus Kaiso binding site (KBS), TCCTGCNA (231), but
also uses its three Krippel-like CoH> zinc fingers to bind methylated CpGs (232). Kaiso is a
member of the zinc finger and BTB domain containing (ZBTB) protein family, within the
broader poxvirus and zinc finger (POZ)-zinc finger (POZ-ZF) family. Two family members,
ZBTB4 and ZBTB38 contain Kaiso-like zinc fingers and, like Kaiso, bind methylated DNA in
vitro and in vivo, but unlike Kaiso, they can bind to single methylated CpGs (233). Kaiso
and its family members have been implicated in cancer and development (234) and, as
such, likely serve as targets for tumor modification. Interestingly, Kaiso is implicated in

Wnt repression and shares several targets with the MTG family members described
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previously suggesting that these two protein families might interact within a repression

complex, which might serve as an important target for cancer therapeutics.

Kaiso targets and implications

Kaiso, like MTG16, is a component of an N-CoR complex. In vitro, the Kaiso/N-CoR
complex is able to bind specific CpG-rich sequences in a methylation and sequence-
specific manner. In vivo, Kaiso targets the N-CoR complex to several promoters including
that of the metastasis-associated 2 (MTA2) gene in a methylation-dependent manner
(235). Regulation of MTA2 is especially important as this protein is closely related to a
protein that has been correlated with the metastatic potential of certain carcinomas (236)
and MTA?2, itself, represses p53 (237). Furthermore, Kaiso interacts with the CTC-binding
factor (CTCF), a DNA binding protein that plays essential roles in regulating gene
expression through its role as an enhancer blocker, through its POZ domain (238). CTCF
modifies 3D chromatin architecture giving it a broad impact on a vast array of genes.
Interestingly, CTCF has been identified as a tumor suppressor in breast cancer (239).

Perhaps one of the most well-studied roles of Kaiso is as a transcriptional
repressor involved intimately in Wnt signaling. Wnt activation has been closely linked to
colorectal tumorigenesis. Kaiso is a repressor of both canonical and non-canonical Wnt
signals through both its methylated and sequence-specific DNA binding modalities. Kaiso
regulates TCF/LEF1-activity by modulating HDAC1 and PB-catenin-complex formation
(240). Moreover, Kaiso associates with the Mmp7 promoter via its KBS ultimately allowing

for the abrogation of B-catenin-mediated activation of the Mmp7 promoter upon Kaiso
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binding (241). Mmp7 is a Wnt downstream effector protein that has been heavily
implicated in the progression of many cancer types, especially CRC (242-244). Kaiso
interacts with p120-catenin (p120“"), an E-cadherin-associated protein that affects E-
cadherin function and stability. Interestingly, in response to Wnt3a, pl120°" is
phosphorylated at two sites, Ser268 and Ser269, disrupting the interaction with E-
cadherin resulting in enhanced binding of p120°" to Kaiso and preventing Kaiso-mediated

inhibition of the B-catenin-TCF4 transcriptional complex (245).

Kaiso in pathology

POZ-ZF proteins have been implicated in many biological processes, including but
not limited to B cell fate determination, cell cycle progression, DNA damage responses
and developmental events such as gastrulation, limb formation, and hematopoietic stem
cell fate allocation (Table 1.1). As a result, dysfunction of POZ-ZF proteins such as Kaiso
have been linked to developmental disorders and tumorigenesis (246). Both Kaiso and its

closely-related family member ZBTB4 are downregulated in cancer (247, 248) and a study
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Protein Repressor,

Name | activator, or both? Putative function(s)

PLZF Repressor Limb development; gene regulation in APL
Plasma cell fate; germinal center formation; germ cell apoptosis; gene

Bcl-6 Repressor L
P regulation in B cell ymphoma
T cell proliferation; cytokine production; hematopoietic stem cell
FAZF Repressor . P .I I ytokine producti poret
proliferation
Gastrulation; cell cycle progression; regulator of Myc-mediated gene
MIZ-1 Both wiat ycle progression; regu yemediated g
regulation
HIC-1 Repressor jl'urp(?r.suppressor;.cran.iofacial development; DNA damage responses;
inhibition of Wnt signaling
7BTB7 Repressor Prqtq-oncogene; regualtor of oncogenesis; stimulator of HIV1 Tat
activity
Gastrulation; canonical and non-canonical Wnt signaling; regulator of
Kaiso Both ! & Bi ree

synapse formation

BAZF Repressor Activation of naive T cells
Possible tumor suppressor; cell growth inhibition; downregulated in

APM-1 Repressor . . .
cervical carcinoma cell lines
Neuronal apoptosis; behavioral sensitization to cocaine; regulation of
Nac-1 Repressor
p53 levels
ZBTB38 Repressor Expression in late postmitotic neurons; function unknown
ZBTB4 Repressor Ubiquitous expression; function unknown

Table 1.1 Putative cellular roles of POZ-ZF family transcription factors. Here, Kaiso is bolded for its
relevance to this work. Table adapted from Kelly et al (246).

to examine the expression pattern of Kaiso in human tumor tissue did not reveal an overt
alteration in expression but did note a change in Kaiso localization. In human cancer
tissues, Kaiso often localized to the cytosol rather than the nucleus. Interestingly, when
cultured cells with nuclear Kaiso localization are xenografted into nude mice, localization
of Kaiso shifts to the cytoplasm and, in some cells, Kaiso expression is completely
abolished (249). Such expression and localization changes suggest that Kaiso expression
is detrimental to tumorigenesis. In support of this hypothesis, increased p120¢"
expression reduces Kaiso nuclear localization, which results in enhanced expression of
Cyclin D1 ultimately leading to p120“"-dependent regulation of proliferation and cell

cycle in lung cancer cells through Kaiso (250).
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Interestingly, contrary to the aforementioned hypothesis, there are also instances
in which increased Kaiso expression and/or nuclear localization are related to increased
tumorigenic potential. For one, development of a Kaiso”- mouse crossed with the well-
characterized Apc™™* mouse that acquires intestinal polyps revealed that the absence of
Kaiso leads to delayed polyposis (251). Moreover, Kaiso repressed methylated tumor
suppressor genes, including the CDKN2A gene in human colon cancer cell lines.
Significantly, knockdown of Kaiso induced tumor suppressor gene expression and
increased susceptibility to cell cycle arrest and cell death in response to chemotherapy
(247). Finally, nuclear localization of Kaiso has been identified as a risk factor in high-grade
and triple-negative invasive breast cancer (252). Taken together, these data suggest that
the impact of Kaiso on tumorigenesis is multifactorial and may depend on localization,

cancer type, and cancer stage.

Experimental overview
The activities of each of the proteins outlined above are involved in pivotal roles
in stem cell activity and inflammatory and injury response. Because colitis-associated
carcinoma not only depends upon altered growth and differentiation properties within
the cell, but is also reliant upon inflammatory injury, we predicted that selenoproteins,
myeloid translocation genes, and Kaiso would modify development of colitis-associated
carcinoma. In order to test this hypothesis, we take advantage of the murine

azoxymethane (AOM), repeated dose dextran sodium sulfate (DSS) model of
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inflammatory carcinogenesis to test the impact of loss of these proteins on tumor
development as well as inflammatory injury.

Until 2003, inflammatory injury and subsequent tumorigenesis were modeled
using the DSS injury model. DSS-induced colitis is characterized by pro-inflammatory
cytokine and chemokine (IL-1, IL-6, KC, TNF-a, and IFNA) induction (253, 254) and
downregulation of anti-inflammatory cytokines such as IL-10 (254-257), likely at least in
part due to induction of macrophage infiltration into the colonic epithelium (258). DSS
induces colonic injury but its mechanism of action is only beginning to be understood. It
has been demonstrated that DSS can cause inhibition of reverse transcriptase activities
by competing with poly (U) ultimately resulting in the disruption of major cellular
functions (259). Moreover, DSS inhibits ribonuclease activity disturbing mRNA translation
(260, 261). It is thought that DSS penetrates epithelial cells of the colon by establishing
linkages with medium-chain-length fatty acids such as dodecanoate which form
nanometer-sized vesicles in the cytoplasm that activate intestinal inflammatory signaling
pathways (262). The end result of DSS administration is inflammatory injury within the
distal colon, which after several administrations over a long period of time leads to the
development of colitis-related tumorigenesis, albeit, with low incidence and multiplicity
(263).In 2003, though, Tanaka et al. combined the inflammatory injury resulting from DSS
administration with initial injection of a potent carcinogen, AOM, to enhance
tumorigenesis (264). When mice were given a low dose of AOM followed by one week of
exposure to 2% DSS and 20 weeks of incubation, they developed adenocarcinomas with

100% penetrance and approximately 6 adenocarcinomas per mouse and adenomas with
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38% incidence and less than one adenoma per mouse, and these neoplasias
demonstrated positivity for B-catenin, COX2, and iNOS, but not p53 (264). This protocol
has been modified, increasing DSS concentration administered as well as number of
administrations and amount of AOM and has allowed for a deeper understanding of
modifiers of inflammation and inflammation-related carcinogenesis (33, 265-267).

The AOM/DSS model for colitis-associated cancer is used in the subsequent
chapters to determine the impact of altered dietary Se intake, loss of the plasma
selenoproteins Gpx3 and Sepp1, loss of Mtgrl, and knockout of Kaiso in combination with
Mtg16 on severity of inflammation and inflammatory carcinogenesis. Our modification of
this protocol, to be used in the Se and selenoprotein experiments, involves injection with
12.5 mg/kg AOM intraperitoneally as described in (265, 268, 269). After a 3-day recovery
period, the animals are started on the first of 3 cycles of 3% DSS ad libitum. Each cycle is
4 days in length and separated by a 16-day recovery period. After the last cycle, animals
are sacrificed following 26 days of recovery. We note that, in response to the
aforementioned protocol though, absence of Mtgl6 results in a phenotype so severe that
it leads to extremely high morbidity. For this reason, the Mtg16 and Kaiso protocols utilize
10 mg/kg AOM and two administrations of 2% DSS.

In addition to the inflammatory injury protocol employed, there are several
experiments that are specific to the nutrient or protein being analyzed. In Chapter Il, mice
are depleted of selenium via dietary mechanisms and tested, not only for tumor burden
effects, but also for response to DSS-induced injury as a single modality. Moreover, in

order to determine alterations in reactive oxygen species in response to inflammation,
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F,-Isoprostanes are analyzed. Furthermore, cytokines and chemokines are analyzed to
determine how selenium deficiency impacts extent of inflammation.

In Chapter Ill, because Gpx3 has been implicated in antioxidant activity, oxidative
stress genes and oxidative DNA damage within tumors are analyzed. Caco2 cells are also
utilized to test for ROS production, DNA damage, and apoptosis in response to Gpx3
knockdown and H>0; administration as well as colony formation post-Gpx3 knockdown.
In Chapter IV, a novel model of epithelial stem cell function, organoid culturing, is utilized
to analyze the effects of Seppl loss on response to oxidative stress as well as baseline
proliferation and stem cell phenotypes, establishing an epithelial cell-autonomous role
for Sepp1l in protection from oxidative stress and alteration of Wnt tone. Furthermore,
bone marrow macrophages are activated in order to determine how Seppl loss, either
partial or complete, impacts macrophage polarization. In Chapter V, in situ hybridization
is utilized to measure MTGR1 expression alterations in tumors compared to normal
adjacent tissue. Bone marrow transplant is also employed to determine whether the
Mtgr1”- tumor effect is hematopoietic cell autonomous. Finally, in Chapter VI, an
interaction between MTG16 and Kaiso is established via yeast two hybrid,
immunofluorescent colocalization, and coimmunoprecipitation and the role of this
interaction in the transcriptional repression of Mmp7 is established using luciferase
reporter assays, chromatin immunoprecipitation, and expression analysis, ultimately
suggesting that this interaction might influence inflammatory carcinogenesis resulting in
the experiments performed in Chapter VII, which test the impact of either Mtg16 or Kaiso

loss or absence of both proteins on inflammatory carcinogenesis. The experiments
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described in this work have been performed with the goal to identify modifiers and

potential therapeutic targets in the treatment of colitis-associated carcinoma.
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CHAPTER Il

DIETARY SELENIUM DEFICIENCY EXACERBATES DSS-INDUCED EPITHELIAL INJURY AND

AOM/DSS-INDUCED TUMORIGENESIS?!

Introduction

The essential micronutrient selenium (Se) is of fundamental importance to human
health. Se, through selenoproteins, has antioxidant roles, influences immune activity, and
its levels are inversely correlated with cancer risk (73) and inflammatory bowel disease
(IBD) (270-272). In the case of IBD, red blood cell glutathione peroxidase activity (273), a
Se-dependent activity and mRNA levels of Sepp1 (274), a selenoprotein, are reduced.

IBD is an autoimmune inflammatory disease of the Gl tract affecting as many as
1.4 million people in the United States (275). IBD carries numerous and serious medical
complications: stricture and fistula formation, infection, severe pain, anemia, and
malnutrition (276-279). The pathophysiology of IBD is thought to be multifactorial in
origin. Genetic, microbial, and environmental factors have all been implicated, but the
fundamental etiology remains unclear. Nutritional deficiencies have been a major
concern in the management of IBD for decades and numerous studies have documented

decreased levels of Se in IBD compared to control patients (280-283). Moreover, as Se

1 This work has been published under Caitlyn W. Barrett, Kshipra Singh, Amy K. Motley, Mary K.
Lintel, Elena Matafonova, Amber M. Bradley, Wei Ning, Shenika V. Poindexter, Bobak Parang,
Vishruth K. Reddy, Rupesh Chaturvedi, Barbara M. Fingleton, Mary K. Washington, Keith T. Wilson,
Sean S. Davies, Kristina E. Hill, Raymond F. Burk, Christopher S. Williams. (2013) Dietary selenium
deficiency exacerbates DSS-induced epithelial injury and AOM/DSS-induced tumorigenesis, PLoS One, 8,
e67845 (7).
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deficiencies are often seen in IBD, downregulation of several selenoproteins have also
been identified. Serum selenoprotein P (Seppl) levels are significantly lower in patients
with Crohn’s disease (274) and glutathione peroxidase 1 mMRNA is significantly
downregulated in mononuclear cells from patients with IBD (284). Defects in epithelial
integrity contribute to IBD pathogenesis and understanding mechanisms affecting
epithelial homeostasis is a priority (285). In this regard, Se has been directly linked to WNT
signaling (286) and the intrinsic apoptosis pathway (287), suggesting that it may play a
role in epithelial integrity in response to injury.

Several epidemiological studies suggest that Se status is inversely correlated with
cancer incidence and mortality (288-291), but Se supplementation trials failed to show
benefit, possibly due to the fact that the advantages of Se supplementation are
dependent on several factors including baseline Se status, genetic background (e.g. the
existence of polymorphisms in selenoprotein genes), type of cancer, as well as the
metabolic conversion and dose of Se supplements (103). Furthermore, several
selenoproteins have been correlated with cancer risk. Mutation of the selenocysteine
transfer RNA gene which results in decreased expression of some selenoproteins results
in reduction in murine colon cancer risk (292). More specifically, elevated glutathione
peroxidase-2 (Gpx2) expression has been detected in colorectal adenomas (162, 293-
295). Subsequently, double knockout of Gpx1l and Gpx2 leads to bacterial-induced
intestinal inflammation and, ultimately, ileal tumor formation (296) and Gpx2 decreases
inflammation and tumors in response to inflammatory carcinogenesis (297). Expression

levels of selenoproteins including Gpx1, Gpx3, and Sepp1l are significantly decreased in
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colorectal cancer, with lowered Seppl expression correlating most significantly with
tumor stage (298). As such, we have shown that Gpx3 serves as a tumor suppressor in the
AOM/DSS model of CAC (268). Thus, both Se and selenoproteins may play pivotal roles in
tumor modulation, especially in the setting of inflammatory carcinogenesis.

There may be sub-populations of CRC patients who would benefit from Se
supplementation. IBD may fall into this category as it is characterized by chronic
inflammation and oxidative stress (299) and ulcerative colitis and Crohn’s colitis patients
are at increased risk for developing colon cancer (300). Experimental studies
demonstrating that Se deficiency exacerbates intestinal injury and tumorigenesis are not
definitive. The aim of these studies was to determine whether Se deficiency exacerbates
colitis and promotes inflammation-associated carcinogenesis. Mice were rendered Se-
deficient via maintenance on a tightly controlled Se-deficient diet. Se-deficient mice had
exacerbated colitis after DSS injury, resulting in a pro-tumorigenic microenvironment with
increased cytokines, oxidative stress, and DNA damage. Furthermore, when inflammatory
carcinogenesis modeling was performed, Se-deficient mice had increased tumorigenicity
and more advanced lesions compared to Se-sufficient cohorts. Thus, Se supplementation

in Se-deficient IBD patients may protect from mucosal injury and malignant degeneration.

Materials and Methods
Ethics Statement. This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National

Institutes of Health. The protocol was approved by the Institute of Animal Care and Use
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Committee at Vanderbilt University (protocol number: M/10-355). Every effort was made
to minimize suffering.

Murine DSS morbidity and inflammatory carcinogenesis modeling. Experimental diets
were Torula yeast-based and identical except for their Se contents. The basal diet
contained less than 0.01 mg Se per kg (Se-deficient) and the Se-sufficient diet was the
same diet supplemented with 0.25 mg Se as sodium selenite per kg. Se-deficient and -
sufficient diets were prepared and pelleted to our specifications (301) by Harlan-Teklad
(Madison, WI, USA). Upon weaning, Wild-type (WT) C57BL/6 mice were maintained on
the experimental diets for 12 weeks prior to initiation of DSS or AOM/DSS experiments to
ensure Se deficiency.

DSS at a molecular weight of 40,000-50,000 was obtained from USB Corporation
(Cleveland, OH, USA). A single lot was used for all experiments described in this
publication. A 3% w/v DSS solution was made in distilled water and filtered through a 0.22
pum cellulose acetate filter. This solution was then substituted for animal drinking water
and barriers were placed on the automatic watering systems within each cage.

For the DSS morbidity experiments, Se-sufficient (n=15) and Se-deficient (n=10)
mice were treated with DSS (Figure 2.1A) until their weight loss reached 20% of their
original weights, at which time they were sacrificed. Animals were weighed daily and
stools were examined for consistency and the presence of blood. Stool consistency scores
ranged from 0-2, with 0 = hard, normal stools, 1 = soft and spread, 2 = diarrhea-like.
Presence of blood was scored with a 0 = no blood, 2 = blood present, 4 = copious amounts

of blood. Values were added for each mouse.
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For the murine inflammatory carcinogenesis protocol (results shown in Figures 5-
6), Se-sufficient (n=18) or -deficient (n=20) C57BL/6 WT mice were injected with 12.5
mg/kg AOM (Sigma-Aldrich) intraperitoneally as described in (265, 268, 269). After a 3-
day recovery period, the animals were started on the first of 3 cycles of 3% DSS ad libitum
(see schematic in Figure 2.5A). Each cycle was 4 days in length and was separated by a 16-
day recovery period. Eight days into each recovery period, murine endoscopy was
performed to monitor colitis severity and tumor burden (302). After the last cycle, animals
were sacrificed following 26 days of recovery. Mice were anesthetized with isofluorane
prior to exsanguination from the inferior vena cava. Blood was treated with 15 ulof a 1
mg/ml solution of disodium EDTA to prevent coagulation and plasma was separated by
centrifugation for 2 minutes at 12,000xg. The colon was removed, flushed with PBS, and
opened longitudinally and gross tumor counts were conducted using a dissecting
microscope at 15x magnification and size measurements obtained using digital calipers.
Microscopic analysis was conducted by an experienced gastrointestinal pathologist (M.K.
Washington) for dysplasia on H&E stained “Swiss rolled” colons (processed by the
Vanderbilt Translational Pathology Shared Resource core). Low-grade dysplasia (LGD)
refers to preinvasive pedunculated, sessile, or flat plaque-like lesions with simple
glandular outlines, without loss of cellularity polarity. High-grade dysplasia (HGD) are
adenomas with architectural complexity, increased cytologic atypia, and loss of tumor cell
polarity (303, 304). Sections of tumor and normal adjacent colon were collected and
stored in RNAlater (Qiagen, Valencia, Santa Clarita, California, USA) and a section of the

most distal colon above the anus was collected and flash frozen in liquid nitrogen for
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protein analysis and/or determination of Se content. The remainder of the colon was
“Swiss Rolled”, formalin fixed overnight, and sectioned for histological analysis.

Colonic selenium measurements. The determination of colonic Se was carried out using a
modification of the fluorometric assay of Koh and Benson (305) and Sheehan and Gao
(306). Briefly, tissue was digested in nitric and perchloric acids and Se was complexed with
diaminonaphthalene. Selenium-diaminonaphthalene was extracted into cyclohexane and
fluorescence was measured in a Perkin-Elmer LS 55 fluorometer.

Plasma glutathione peroxidase activity assay. Plasma collected from mice was subjected
to a glutathione peroxidase (Gpx) activity assay using a modified protocol (307) based on
the method of Paglia and Valentine (308). In short, 800 pl of reaction cocktail (50mmol/L
potassium phosphate, pH 7.0, Immol/L EDTA, 1Immol/L NaNs, 0.2mmol/L glutathione)
was mixed with 10 pl plasma and 90 ul water in a clear plastic cuvette and incubated at
room temperature for 5 minutes. Next, 100 pul of H,0; substrate (0.25mmol/L H,0; in
H,0) was added to the reaction mixture to initiate the reaction. Gpx activity was assessed
by measuring the rate of change of Ass during the linear phase of the reaction. The rate
of change was then converted to the number of pmoles of NADPH oxidized/minute using
the extinction coefficient of 6.2 x 103 L mol™* cm™ for NADPH at 340 nm. Blank reactions
with distilled water were subtracted from each assay.

F>-Isoprostane analysis. DSS-treated mice (WT C57BL/6 fed Se-sufficient diets n=3, WT
C57BL/6 fed Se-deficient diets n=3, 3% DSS ad libitum for 3 days) were housed in
metabolic cages and urine was collected for 12 hours on days 0 and 3 of DSS

administration. Urinary F,-isoprostanes were measured by stable isotope dilution gas
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chromatography mass spectrometry using [2H4]15-F2t-isoprostane as internal standard
as previously described (309). Values were normalized to mg creatinine in urine.

Histological injury analysis. A colitis damage score was generated from digital images of
H&E stained sections, by first measuring the distance around the intact muscularis using
AVP Universal Desktop Ruler software (as performed by (272, 310)). The areas of
ulceration were then measured and given scores of 1, 2, 3, or 4, where a score of 1
represents injury involving the lower 1/3 of the crypt, 2 equaling injury to the lower 2/3
of the crypt, 3 equaling total crypt loss however the epithelial lining remains intact and 4
equaling total crypt and complete epithelial loss. The ulceration score was then multiplied
by the length of the involved colon, summed, and divided by the total colon length to give
a measure of ulceration severity/colon length. Measurements were performed in a
blinded fashion in all colons from mice subjected to the DSS morbidity protocol.

Cytokine array analysis. RNA from Se-sufficient or -deficient DSS morbidity colons
(collected on day nine of DSS treatment) was isolated using the RNeasy Mini Kit (Qiagen,
Valencia, Santa Clarita, California, USA). cDNA was synthesized using the iScript cDNA
synthesis kit (Bio-rad, Hercules, California, USA) from 1 pg of total RNA. 1 pl of the 20 pl
cDNA produced through the iScript reaction was used as a template in each subsequent
PCR reaction. SYBR green qRT-PCR was performed using mouse cytokine array libraries |
(Cat #: MCA-1) and Il (Cat #: MCA-II) purchased from RealTimePrimers.com (Elkins Park,
Pennsylvania, USA) according to manufacturer’s instructions. Individual cytokines were
analyzed using the delta-delta Ct method and normalized to Hypoxanthine-Guanine

Phosphoribosyltransferase (Hprt). Those showing significant differences were plotted

48



using Graphpad Prism. In order to develop the heat map, data was incorporated into the
free web-based PCR array analysis software provided by SABiosciences (Qiagen).

Immunohistochemistry and immunofluorescence staining. Five-micrometer sections were
cut, dewaxed, and hydrated. Antigen retrieval was conducted using Antigen Unmasking
Reagent (Vector Laboratories, Inc., Burlingame, California, USA) according to
manufacturer’s instructions. After blocking, primary antibody was added [a-Ki67
(NeoMarkers RB-1510-P, Fremont, California, USA), 1:1,000; a-8-hydroxy-
2'deoxyguanosine (8-OHdG, Abcam ab26842, Cambridge, Massachusetts, USA) 1:50] and
incubated overnight at 4°C. Isotype-matched antibodies were included as negative
controls. Sections were then incubated for one hour at room temperature in secondary
antibody (Ki67: Goat a-Rabbit-cy3, Invitrogen A10520; 8-OHdG: a-mouse-FITC, Sigma F-
0257). Identification of apoptotic cells was conducted using the ApopTag Plus Peroxidase
In Situ Apoptosis Kit (Chemicon, Temecula, California, USA) according to the
manufacturer's protocol. Control slides were obtained by omitting the terminal
transferase (TnT) enzyme. For immunofluorescence staining of proliferation and DNA
damage, slides were counterstained and mounted with ProLong Gold antifade including
4',6-diamidino-2-phenylindole (DAPI, Invitrogen, Grand Island, New York, USA). DNA
damage indices were generated by counting the number of positive cells per colon length
within each high-powered field, with 5 high-powered fields counted per colon, starting at
the most distal colon. Apoptosis, and proliferation indices were generated by counting

either the number of positive cells per high-powered field (HPF; 40x objective) within each
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tumor or the number of positive cells per longitudinal crypt section in 20 crypts per mouse
by a blinded observer. The average score was then calculated for each Swiss-rolled colon.
Statistical methods. Differences between Se-deficient and -sufficient mice were
determined utilizing Graphpad Prism and analysis with the Student’s t-test. The survival
curve was analyzed using the Log-rank (Mantel-Cox) test. Differences in stool scores and
percentage weight loss were determined using two-way ANOVA for repeated
measurements over time. Urine F;-isoprostane analysis of all four groups was analyzed
using one-way ANOVA with a Newman-Keuls post-test to determine variances between
columns. Finally, statistical analysis of high-grade dysplasia was performed using the

Fisher’s Exact test.

Results
Dietary selenium maintains epithelial integrity.

Se, through selenoproteins, has antioxidant roles, influences immune activity, and
has been inversely correlated with IBD (272, 311) and cancer risk (73). Because oxidative
stress compromises mucosal integrity (312), and Se deficiency has been shown to increase
oxidative stress (125), we determined whether dietary Se deficiency influences the
severity of colitis following treatment with 3% DSS ad lib (Figure 2.1A). Animals were fed

either Se-sufficient or -deficient diets for 12 weeks, an extended period of time sufficient
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Figure 2.1 Dietary selenium depletion reduces colon selenium levels and plasma glutathione
peroxidase activity. A. Schematic for the DSS morbidity protocol. At day 0, mice were weighed and
then given a 3% DSS solution in lieu of drinking water. Each day, mice were weighed and stools
were obtained for analysis of blood and stool consistency (weight and stool analyses times
indicated by black diamonds). Individual mice were sacrificed if their weights fell below 80% of
their original weights. B. Selenium sufficient (n=7) and deficient (n=7) colons were analyzed for
selenium concentrations. ***P<0.0001. C. Plasma glutathione peroxidase activity is quantified.
***p<0.0001.

to ensure Se deficiency which we confirmed via measurement of colonic mucosal Se levels

at the end of the DSS experiment (333.1 + 16.5 vs 60.6 * 4.1 ng/g, P<0.0001, Figure 2.1B)

and plasma glutathione peroxidase (Gpx) activity (215.4 + 31.6 vs 18.9 + 27.8 nmol
NADPH/ml.min, P<0.0001, Figure 2.1C). In this experiment, mice were maintained on 3%
DSS until their weight reached 80% of their original weights (survival endpoint). Se
deficient mice median survival was 9 days in comparison to Se-sufficient whose median
survival was 12 days (P=0.003, Figure 2.2A). Additionally, Se-deficient mice had worsened
diarrhea and increased blood in stools (stool scores at day 9: 2.7+ 0.7 vs 5.7 £ 0.3, P=0.02,
Figure 2.2B), had accelerated weight loss (84.3 £ 1.2 vs 77.4 £ 1.2% of starting body weight

at day 9, P=0.01, Figure 2.2C), and had more severe colitis/epithelial injury (2.1 + 0.2 vs
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2.9 £ 0.1, P=0.006, Figure 2.2D). These results indicate that Se is protective against DSS-

induced colonic injury.
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Figure 2.2 Selenium deficiency exacerbates colonic injury after DSS treatment. A. Se-sufficient
(n=15) and -deficient (n=10) mice were subjected to the DSS morbidity protocol (see Figure 1A)
and percent survival was tracked. P=0.003, Log-rank (Mantel-Cox) test. B. Stool scores were
analyzed for Se-sufficient and -deficient mice on the DSS morbidity protocol. The graph depicts the
average stool score for each dietary group on each day of DSS administration. P<0.001, 2-way
ANOVA. C. Percent of original weight averaged for each dietary group on each day of DSS
administration. P<0.01, 2-way ANOVA. D. Colitis damage scores (described in Materials and
Methods) for each dietary group analyzed at the completion of the experiment (left) and
representative images of Swiss rolled colons from each group (right). Top and bottom of box 25
and 75%™ percentile, bar represents the median value, whiskers minimum and maximum values.
**P=0.006, Students-t test.

Pro-tumorigenic microenvironment is promoted by selenium deficiency.

Inflammation, a component of the epithelial and tumor microenvironment, is a
contributing factor that predisposes to malignancy and, as we had observed increased
injury in response to DSS administration in Se-deficient mice, we wanted to determine

whether chemokine and cytokine signaling was aberrantly regulated in Se-deficient mice
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in response to injury. Therefore, we analyzed Se-sufficient and -deficient colons for
cytokine mRNA expression using a mouse cytokine array. Because the RNA isolated for
analysis was isolated from whole colon, the source of these cytokines and chemokines
would include epithelial and stromal components. This analysis yielded alterations in
several chemokines and cytokines that are displayed as a heat map for all genes tested

(Figure 2.3). Significantly altered cytokines were grouped according to function using
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Figure 2.3 Cytokines are aberrantly regulated in selenium-deficient mice subjected to DSS. A. Heat
map of mouse cytokine library | and B. mouse cytokine library Il gene expression in Se-deficient
(n=4) versus -sufficient (control, n=4) colons post-DSS morbidity (left) and a chart of represented
cytokines (right). Green=underexpression, Red=overexpression where intensity of color indicates
increasing distance from 0; Grey=qRT-PCR yields were undetectable.
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PANTHER Pathway Analysis software (313). Transforming growth factor beta (TGF-B)

signaling was altered with increased Tgf-81 and -62 transcripts and decreased growth
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Figure 2.4 Cytokine expression is aberrantly regulated in selenium deficient mice post-DSS. A.
MRNA expression changes in Se-sufficient (n=4) and -deficient (n=4) mice on from day nine of the
DSS morbidity protocol. Genes were grouped based on pathways identified by PANTHER pathway
analysis software. Expression was normalized to Hprt. A. TGF-8 pathway alterations include
Bmp8b=bone = morphogenetic  protein 8b, Gdfl=Growth differentiation  factor-1,
Tgf81=transforming growth factor beta-1, Tgf62=transforming growth factor beta-2. B. EGF
pathway alterations include Egf=epidermal growth factor, Igfl=insulin-like growth factor 1,
Nrgd=neuregulin 4. C. Developmental pathway alterations include expression changes in
Lta=lymphotoxin alpha, Efnb2=ephrin-B2, Efnb3=ephrin-B3, Fgf22=fibroblast growth factor 22. D.
The gene altered within the group titled antioxidant activity is Tpo=thyroid peroxidase. E. Inmune
system process alterations are demonstrated in Cxcl13=chemokine (C-X-C motif) ligand 13,
Ifnk=interferon kappa, Ctfl=cardiotrophin 1, Ccl27=chemokine (C-C motif) ligand 27,
Ccl20=chemokine (C-C motif) ligand 20, IL17c=interleukin 17c, IL23a=interleukin 23a. *P<0.05,
**P<0.01, ***P<0.001.

differentiation factor-1 (Gdf1) and bone morphogenetic protein 8b (Bmp8b) (Figure 2.4A).
Additionally, the EGF pathway was altered (Figure 2.4B), as were components of

developmental programs (Figure 2.4C). Levels of thyroid peroxidase (Tpo), PANTHER
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classified as an antioxidant, was increased (0.01 + 0.003 vs 9.1 £ 6.3 fold change, P=0.04,
Figure 2.4D), consistent with a decrease in Se leading to aberrant regulation of thyroid
hormone production (314). Supporting immune system process activation there was
increased chemokine (C-X-C motif) ligand 13 (Cxc/13), interferon kappa (Ifnk),
cardiotrophin 1 (Ctf1), chemokine (C-C motif) ligand 27 (Ccl27), chemokine (C-C motif)
ligand 20 (Ccl/20), interleukin 17c (/I-17c), and interleukin 23a (//-23a) messenger RNA in
Se-deficient states (Figure 2.4E). Collectively, multiple factors capable of promoting tumor

development were upregulated after DSS treatment in a Se-deficient state.

Lipid peroxidation, a marker of oxidative stress, is increased in the urine of selenium-

deficient mice after DSS induced colitis.

DSS administration in the drinking water causes colonic epithelial injury and a
robust innate inflammatory response producing an environment enriched in reactive
oxygen and nitrogen species (315). Oxidative injury is quantifiable by measuring F»-
isoprostanes (F2-1soPs), one of the most reliable measures of in vivo lipid peroxidation, a
marker of oxidative stress (309, 316). We measured F;-IsoPs using stable isotope dilution
gas chromatography mass spectrometry methodology. F,-IsoP levels were not different
at baseline between Se-sufficient and -deficient mice (0 time point, Figure 2.5A).
However, increased urine F2-IsoPs were observed in mice fed a Se-deficient diet when
compared to mice on a Se-sufficient diet, after 3 days of 3% DSS (6.0 £ 0.3 vs 9.1 £ 1.0

ng/mg creatinine, P=0.05, Figure 2.5A), indicating that Se protects from lipid peroxidation
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in this model. Therefore, F,-IsoPs effectively quantitate oxidative stress levels in the DSS

model and Se-deficiency increases whole animal oxidative stress after DSS-induced injury.
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Figure 2.5 Selenium deficiency induces oxidative stress as measured by F-isoprostanes and DNA
damage A. Selenium-sufficient (n=3, white bars) and -deficient (n=3, black bars) mice were given
3% DSS ad lib. and maintained in metabolic cages. Urine was collected at days 0 and 3 of DSS
administration and Fi-isoprostanes were measured and normalized to mg of creatinine. *P=0.05,
1-way ANOVA. B. 8-OHdG (FITC) staining was performed in Se-sufficient (n=12) and -deficient
(n=12) mice post-DSS morbidity protocol and quantified based on number of positive cells per high-
powered field (HPF, 40x) length (left). Representative staining is shown on the right. ***P<0.0001.

DNA damage is increased in selenium-deficient mice in response to DSS.

As inflammatory injury and lipid peroxidation were upregulated in Se-deficient
mice, and because Se has been linked with DNA damage repair (136, 317), we next

determined whether DNA damage was increased in these mice. Colonic epithelial 8-OHdG
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staining, which identifies oxidative damage to DNA, was significantly increased in Se-
deficient mice after DSS injury (13.2 + 1.3 vs 28.8 + 1.6 8-OHdG" cells/HPF length,
P<0.0001, Figure 2.5B). Thus, Se-deficiency exacerbated colitis and was associated with
increased pro-inflammatory and pro-tumorigenic cytokines and increased DNA damage.

These changes collectively produce a microenvironment primed for tumorigenesis.

Dietary selenium protects from inflammatory carcinogenesis.

Because Se deficiency promoted an activated pro-tumorigenic microenvironment
and DNA damage after DSS treatment, we next determined if Se status modified
inflammatory carcinogenesis. AOM is a procarcinogen that is metabolically activated to
a potent alkylating agent forming O%-methyl-guanine (318). Its oncogenic potential is
markedly augmented in the setting of chronic inflammation, such as that induced by
repeated cycles of DSS treatment (319, 320).

To determine if dietary Se modifies CAC, we modeled inflammatory
carcinogenesis in Se-deficient or —sufficient C57BL/6 mice using AOM/DSS (Figure 2.6A).
At necropsy, Se-deficient mice demonstrated increased tumor multiplicity (3.4 £ 0.4 vs
7.6 = 0.9 tumors/mouse, P=0.0002, Figure 2.6B) as well as a higher degree of dysplasia

(P<0.0001, Figure 2.6C) compared to Se-sufficient mice. Consistent with the morbidity
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Figure 2.6 Selenium protects against tumor initiation and progression in inflammatory
carcinogenesis. A. Schematic of the AOM/DSS CAC protocol. Mice are injected with AOM 4 days
prior to beginning the first of three 4-day cycles of DSS. There are 16 days between each DSS cycle
and mice are sacrificed 26 days after their last cycle of DSS. Black circles indicate periods at which
mice are endoscopically analyzed. B. Selenium sufficient (n=18) and deficient (n=20) mice were
subjected to the AOM/DSS protocol and tumor number was analyzed. ***P=0.0002. C. Tumors
were analyzed (by pathologist M.K. Washington) for dysplasia grade (LGD=low-grade dysplasia,
HGD=high-grade dysplasia) and quantified based on percent of tumors demonstrating each grade
(left, HGD ***P<0.0001, Fisher’s exact test). Representative H&E stained colons are displayed on
the right.

studies (Figure 2.2), there was an increase in morbidity in Se-deficient mice in response
to the AOM/DSS protocol (Figure 2.7A), though this difference was not statistically
significant. We did not detect alterations in colon weight or length, however, suggesting
that Se-deficient mice did not sustain chronic inflammatory changes in response to the
AOM/DSS protocol (Supplementary Figure 2.7B and C), at least when evaluated after the
26-day recovery period. Taken together, these data suggest that Se serves as a tumor

suppressor that exerts its influence at the levels of tumor initiation and progression.
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Figure 2.7 Selenium levels do not significantly impact survival, colon weight, colon length, or
mouse weight in response to AOM/DSS. A. Survival curve of Se-deficient and -sufficient mice in
response to the AOM/DSS protocol. B. Colon weight (g) and C. colon length (mm) post-AOM/DSS
protocol. D. Mouse weight (g) throughout the AOM/DSS protocol measured on days 0, 1, 3, 4, and
7 of DSS administration during each DSS cycle. E. DSS consumption/mouse during the four days of
DSS administration.

Selenium deficiency results in increased intratumoral proliferation and a general increase
in DNA damage.

Several selenoproteins have been identified as direct WNT targets (135) and Se
deficiency activates WNT signaling (286), implicating Se deficiency in a proliferation
pathway that is aberrantly regulated in colorectal cancer. Furthermore, mitochondrial
selenoproteins have been implicated in the regulation of mitochondrial-dependent cell
death (287). As we noted an increase in tumor number in Se-deficient mice, we
determined whether cellular proliferation or apoptosis indices were altered.

Proliferation, as measured by Ki67 staining, was increased in the tumors of Se-deficient
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mice (26.0 £ 1.9 vs 39.5 + 2.9 Ki67* cells/tumor HPF, P=0.0008, Figure 2.8A). Apoptosis

was quantified by TUNEL staining and no difference was seen between the two groups.
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Figure 2.8 Selenium deficient colons demonstrate increased intratumoral proliferation and DNA
damage in response to inflammatory carcinogenesis. Swiss-rolled colons of Se-sufficient and —
deficient mice post-AOM/DSS protocol were analyzed for proliferation and DNA damage. A. Ki67
immunohistochemistry was conducted to identify actively proliferating cells. Intratumoral
proliferation index calculated from number of Ki67-positive cells per HPF (top, Se-sufficient n=15,
Se-deficient n=20, 40x). B. Inmunofluorescence for 8-OHdG was conducted according to Materials
and Methods. Staining is quantified per longitudinal crypt section in 20 crypts of each mouse (top)
and representative images are shown (bottom). C. 8-OHdG staining is quantified per tumor HPF
(top, Se-sufficient n=19, Se-deficient n=20, 40x) and representative images are shown (bottom).
**p=0.009, ***P<0.0001.

Interestingly, an increase in intratumoral proliferation is generally associated with an

increase in tumor size and not number. For this reason, and due to the fact that DSS
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results in DNA damage (268, 321) which can lead to changes in the initiation frequency,
we stained crypts and tumors of Se-sufficient and -deficient mice with 8-OHdG. Consistent
with what was observed in the DSS morbidity study, Se deficiency led to a significant
increase in DNA damage within crypts (0.83 £ 0.04 vs 1.1 + 0.08 8-OHdG"/crypt, P=0.009,
Figure 2.8B), as well as tumors (23.7 £ 1.5 vs 46.8 + 3.7 8-OHdG*/tumor HPF, P<0.0001,
Figure 2.8C). Indicating augmented DNA damage, potentially contributing to the

increased tumorigenesis observed in Se-deficient mice.

Discussion

The essential trace element Se may be useful for the prevention and/or
abrogation of several diseases related to oxidative stress including neurodegenerative,
cardiovascular diseases (78). In these diseases, Se deficiency is uncommon and thus
therapeutic approaches targeting Se would require supranutritional amounts of Se for
treatment. This point is important because harmful side-effects of supranutritional Se
have been identified including increased risk for diabetes (81). In contrast, IBD is a disease
characterized by chronic inflammation, high oxidative stress and Se deficiency making it
a potential target for Se supplementation, with the goal being to restore Se nutritional
status to the normal range. In support of this concept, our results demonstrate that, in
fact, Se sufficiency protects against DSS-induced injury when compared to Se deficiency
as morbidity, weight loss, and mucosal injury in response to DSS were all significantly
increased in mice fed a Se-deficient diet. Moreover, Se may protect against mucosal injury

by decreasing expression of pro-inflammatory cytokines; as such we detected increased
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MRNA expression of the B cell chemoattractant chemokine (C-X-C motif) ligand 13
(Cxcl13), the T cell inflammation associated Chemokine (C-C motif) ligand 27 (Ccl27), the
lymphocyte chemoattractant Chemokine (C-C motif) ligand 20 (Cc/l20), as well as
interleukin (1l)-17c which can promote Th17 cell responses (322). Of particular interest is
the upregulation of //-23a, as II-23 has been shown to be a pro-inflammatory factor and
target protein for inhibitory therapy in Crohn’s disease, since it has major effects on Th17
cell differentiation (323). These data suggest that restoration of normal Se levels may be
a therapeutic option in IBD.

DSS-induced colonic injury, like ulcerative colitis, results in increased oxidative
stress, which is at least partly attributable to immune cell infiltration and the release of
inflammatory mediators (324, 325). One method to quantify oxidative injury is to assess
lipid peroxidation via measurement of F-isoprostanes (F:-IsoPs), non-enzymatic
derivatives of arachidonic acid (309). It is important to note that, although lipid
peroxidation is an indirect measure of oxidative stress, the Biomarkers of Oxidative Stress
Study (BOSS) identified F»-1soPs as the most reliable index of in vivo oxidative stress when
compared against other known biomarkers (316). Other labs have demonstrated
increased F,-IsoPs in response to DSS using the Cayman assay (326, 327). We utilized
stable isotope dilution gas chromatography mass spectrometry analysis of F,-IsoPs to
demonstrate that Se deficiency further augments the effects of DSS, indicating that DSS-
induced lipid peroxidation, an indicator of oxidative injury, is increased in response to Se
deficiency upon DSS administration and implicating Se in protection from lipid

peroxidation in the DSS model.
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Chronic inflammation and cyclic epithelial injury characteristic of IBD results in
increased cancer risk, although the magnitude of this risk is unclear (300). In our studies
we found that Se deficiency leads to increased colonic injury and inflammation.
Additionally, several TGF-B signaling components were aberrantly expressed in Se-
deficient mice after DSS treatment. Transcripts for bone morphogenetic protein 8b
(Bmp8b), which important for primordial germ cell determination (328), and a second
TGF-B family member, growth differentiation factor 1 (Gdf1), were downregulated in DSS-
treated Se-deficient mice. Gdfl is correspondingly underexpressed in salivary gland
adenoid cystic carcinoma (329) suggesting a potential role as a tumor suppressor.
Furthermore, Tgf-81 gene expression is upregulated in Se-deficient mice and has been
implicated in the pathogenesis of colorectal neoplasia and several polymorphisms have
been identified in colorectal adenoma which lead to Tgf-81 overexpression (330, 331).
Tgf-62, also identified as overexpressed in Se-deficient mice, has been linked with tumor
promotion as it is upregulated in colorectal, breast, pancreatic, and brain cancer (332).

Transcripts of the EGF pathway are also upregulated in Se-deficient mice with
pathway members including epidermal growth factor (Egf), insulin-like growth factor 1
(lgf1) and neuregulin 4 (Nrg4) all demonstrating increased expression in Se-deficient
compared to -sufficient mice subjected to the DSS morbidity protocol. EGF is upregulated
nearly 3-fold in colorectal carcinoma (333) and the EGF signaling pathway is intimately
linked to promotion of solid tumor growth (334). These data coupled with the fact that
we also see increased expression of the ephrins Efnb2 and Efnb3, which are known to

contribute to tumor promotion as well as progression (335), suggest that the signaling
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cascades and inflammation resulting from Se deficiency after DSS injury may result in
increased cancer risk.

Beyond activation of oncogenic signaling pathways, Se deficiency may promote
tumorigenesis via affecting genomic integrity (129). Supplementation with moderate
levels of Se compounds both in vivo and in vitro is thought to protect against the
formation of DNA adducts and maintain chromosomal stability and telomere length and
function (136). In support of this we found that Se deficiency did, in fact, increase DNA
adduct formation, a marker of DNA damage, after DSS-induced colonic stress, suggesting
another mechanism by which Se might inhibit tumorigenesis in CAC.

Two prior studies report on the effects of reduced dietary Se in inflammatory
colon tumorigenesis. Both have demonstrated a subtle, non-significant, increase in
tumorigenesis with decreased dietary selenium (141). There are several potential
explanations for why we observed a significant increase in tumor burden in our studies;
1) Differences in model selection, 2) strain of mice studied, and 3) degree and magnitude
of Se deficiency. Our mice were fed Se-deficient diets (less than 0.01 mg Se/kg) for 12
weeks prior to the initiation of our protocols. This extensive time-frame was selected
because our group has previously determined that this will ensure Se deficiency (336). In
our current studies we confirmed Se deficiency by measuring plasma Gpx activity and
colonic Se levels. In contrast, the prior studies used low Se diets (0.02 and 0.086 mg Se/kg,
respectively) for shorter time periods before protocol initiation. Our AOM/DSS protocol
employs a single injection of AOM followed by cyclical administration of 3% DSS. Using

this protocol, we achieved a tumor penetrance of 100% revealing a significant role of Se
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deficiency in inflammatory carcinogenesis. Furthermore, our data suggest that Se may
also protect from tumor progression as more advanced lesions occurred in the setting of
Se deficiency.

There is considerable epidemiological evidence indicating that Se levels and
cancer are inversely correlated (103, 288, 290, 337). Dietary intervention studies targeting
Se have been inconsistent, however. Our findings suggest that Se supplementation, as a
therapeutic intervention, should be targeted to patient populations, or individual
patients, with demonstrable Se deficiency. Importantly, our data indicate that patients
with IBD, a disease in which Se deficiency occurs, might benefit from Se supplementation
to prevent CAC. Beyond IBD and CAC, there needs to be a concerted effort towards fully
understanding the molecular basis for how Se protects from tumorigenesis, in what
cancers Se is important, at what dietary levels Se is most beneficial, and in which patient

populations selenium supplementation might have a beneficial impact.
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CHAPTER 11l

TUMOR SUPPRESSOR FUNCTION OF THE PLASMA GLUTATHIONE PEROXIDASE GPX3 IN

COLITIS-ASSOCIATED CARCINOMA?

Introduction

Inflammatory bowel disease (IBD), which affects 1 in 600 Americans, is
characterized by severe and chronic inflammation. Such inflammation is a known
contributor to cancer as it promotes an environment rich in chemokines, cytokines, and
reactive oxygen species (ROS) influencing epithelial proliferation and survival programs
and impacting genomic integrity (15, 299). For example, patients with IBD demonstrate
increased nitric oxide production via activated macrophages and granulocytes and
increased plasma levels of the marker for DNA damage 8-hydroxydeoxyguanosine (299,
338). As such, the risk for cancer is increased 6-fold in patients with IBD compared with
the general population, and cancer, or risk thereof, is a cause of significant morbidity in
IBD (300).

Selenium is a necessary trace element that is present in the primary structure of
selenoproteins as selenocysteine. Several epidemiological studies have inversely
correlated nutritional selenium status with colon and prostate cancer risk, although this

is somewhat controversial. The effect of selenium status in IBD has not been definitively

2 This work has been published under *Caitlyn W. Barrett, *Wei Ning, Xi Chen, ]. Joshua Smith, Mary
K. Washington, Kristina E. Hill, Lori A. Coburn, Richard M. Peek, Rupesh Chaturvedi, Keith T. Wilson,
Raymond F. Burk, Christopher S. Williams (2013) Tumor suppression function of the plasma
glutathione peroxidase Gpx3 in colitis-associated carcinoma, Cancer Research, 73, 1245-55 (3).
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evaluated. It is proposed that the effect of selenium on carcinogenesis is realized by the
selenoproteins into which it is incorporated. In support of this, mouse models with
impaired selenoprotein expression demonstrate increased aberrant crypt foci, a
preneoplastic colon lesion, and breast cancer incidence (292, 339). The selenocysteine
present in the catalytic triad of glutathione peroxidases is optimized by hydrogen bonding
with glutamine and tryptophan residues, enhancing its activity and, in the case of certain
glutathione peroxidases such as GPX1, this allows it to exert antioxidant activity (68, 340).
One mechanism, though by no means the only, by which glutathione peroxidases may
reduce cancer risk is by blunting the tumor-promoting effects of oxidative stress.

Gpx3, or plasma glutathione peroxidase, is the only known selenocysteine-
containing extracellular form of glutathione peroxidase (Gpx) and accounts for nearly all
of the glutathione peroxidase activity in plasma (341). Gpx3 mRNA is expressed in a tissue-
specific manner by the kidney, heart, lung, liver, brain, adipose tissue, breast, and
gastrointestinal tract, but the majority of plasma Gpx3 is kidney-derived (342-344). It is
likely that other organs contribute to plasma Gpx3 as nephrectomized rats retain 30% of
original glutathione peroxidase activity (345). Gpx3 is transported via circulation where it
binds to the basement membranes of epithelial cells such as those in the gastrointestinal
tract (346). Gpx3 promoter hypermethylation and downregulation is commonly seen in
human cancer (298, 347-349). In prostate cancer, hemizygous and homozygous deletions
as well as methylation of the first exon of Gpx3 frequently occur (349). Promoter
hypermethylation insures decreased expression of Gpx3 in gastric, cervical, thyroid, head

and neck, and lung cancers, and in melanoma (347, 348) suggesting that Gpx3 serves as a
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tumor suppressor in these cancers. Genetic evidence supports a role for GPX enzymes in
IBD with Gpx1;Gpx2 double knockout mice developing spontaneous ileocolitis (350) and
intestinal carcinoma that is associated with bacteria-induced inflammation (351). In fact,
Gpx2 alone may have a protective role in inflammatory carcinogenesis (141). The role of
Gpx3 in these processes has never been directly tested.

We hypothesized that loss of Gpx3 would enhance tumorigenesis in
inflammatory carcinogenesis, a process rich in ROS production and chemokine/cytokine
driven pro-proliferative stromal signals (15, 299, 352-354). In order to test this we applied
the azoxymethane/dextran sodium sulfate (AOM/DSS) murine inflammatory
carcinogenesis model to Gpx37- mice. This model has been used to identify modifiers of
colitis-associated carcinoma including NF-xB (265), TLR4 (266), TNFa (355), and Mtgrl
(269), as well as innate immune responses (33) and intestinal microflora (356). We found
a striking increase in tumor number in the absence of Gpx3, indicating a direct impact of
Gpx3 on tumor initiation. In support of an initiating role, Gpx37- mice demonstrated
increased DNA damage. Tumors in Gpx37-mice demonstrated increased inflammation as
well as increased infiltration of M2 macrophages, proliferation, and nuclear B-catenin.
Gpx3”7-tumors were also more advanced. As expected, knockdown of Gpx3 in the human
colon cancer cell line Caco2 resulted in increased ROS production and DNA damage. Thus
we provide genetic evidence that Gpx3 behaves as a potent tumor suppressor during
inflammatory carcinogenesis in vivo likely by decreasing the ROS and DNA damage that

lead to tumor initiation.
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Materials and Methods

Murine Inflammatory Carcinogenesis and Chronic Colitis Protocols. 7-8 week old C57BI/6
WT (n=17) or congenic Gpx37- (n=20) mice were injected with 12.5 mg/kg of AOM (Sigma-
Aldrich) intraperitoneally as described in Greten, et al (265). After a three-day recovery
period the animals were started on the first of four cycles of 3% DSS ad libitum (see
Schematic in Figure 3.1A). Each cycle lasted 5 days and was separated by a 16-day
recovery period. A second DSS-only control arm was included for C57BI/6 WT (n=14) and
Gpx3”/- (n=19) that followed the same protocol outlined above excluding the AOM
injection. After the last cycle, animals were sacrificed following a 26-day recovery period.
Tumor counts and measurements were performed in a blinded fashion under a stereo
dissecting microscope. Each colon was then bisected longitudinally and half was Swiss
rolled for microscopic analysis and the other half was partitioned into normal and tumor
tissue and saved for protein and RNA analysis. Microscopic analysis was performed by a
gastrointestinal pathologist (MKW) for severity of inflammation (357) and dysplasia on
haematoxylin and eosin (H&E) stained “Swiss rolled” colons (processed by the Vanderbilt
Translational Pathology Shared Resource core). Four days after the third cycle of DSS,
murine endoscopy was utilized in order to monitor colitis severity (358) and tumor
burden. All in vivo procedures were carried out in accordance with protocols approved by
the Vanderbilt Institutional Animal Care and Use Committee.

Plasma Glutathione Peroxidase Activity Assay. Blood was collected from mice via the vena
cava and plasma was separated from erythrocytes (K3EDTA) by centrifugation at 12,000

rom for 1 minute. Glutathione peroxidase activity was determined according to a
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modified protocol (307) based on the method of Paglia and Valentine (308). Briefly, 800
ul reaction cocktail (50 mM potassium phosphate, pH 7.0, 1 mM EDTA, 1 mM NaNs, 0.2
mM NADPH, 1 E.U./ml GSSG-reductase, and 1mM GSH) was mixed with 20 pl plasma and
80 ul water in a clear plastic cuvette and incubated at room temperature for 5 minutes.
100 pl hydrogen peroxide (H202) substrate (0.25 mM H;0; in H,0) was added to the
reaction mixture to initiate reaction. Gpx activity was assessed by measuring the rate of
change of Aszs0 per minute over a 3 minute time period after the addition of H,0; to the
reaction mixture. The enzymatic reaction is linear during this time period. The rate of
change was then converted to the number of umol NADPH oxidized per minute using the
extinction coefficient of 6.2 x 103 L molt cm™ for NADPH at 340 nm. Blank reactions with
plasma replaced by distilled water were subtracted from each assay.

Oxidative stress gene RT-PCR. RNA was made from 30 mg WT water treated colons and
normal adjacent tissue from AOM/DSS colons using the RNeasy Mini kit (Qiagen),
according to the manufacturer’s directions. cDNA was then made using the SuperScript
cDNA kit (Invitrogen). RT-PCR was then performed using an oxidative stress primer library
(HOSL-1, Realtimeprimers.com). Reactions were performed according to the
manufacturer’s recommendations. Analysis was performed using the delta-delta-Ct
method.

Immunohistochemistry and immunofluorescence. Five-micrometer sections were cut,
dewaxed, hydrated and endogenous peroxidase activity quenched with 0.03% hydrogen
peroxide in MeOH. Antigen retrieval was performed using the boiling sodium citrate

method in a microwave (20 mmol sodium citrate pH 6.5) for 16 minutes at 30% power.
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After blocking, primary antibody was added (a-Ki67, (NeoMarkers), 1:1000; a-8-hydroxy-
2’ deoxyguanosine (Abcam) 1:50; a-B-catenin, (BD Transduction Laboratories), 1:1000; a-
arginase | (Argl), (Santa Cruz), 1:500; oa-IL-1B, (R&D Systems), 1:50; FITC-a-F4/80
(eBioscience), 1:1000) and incubated overnight at 4°C. Isotype-matched antibodies were
included as negative controls. The Vectastain ABC Elite System (Vector Labs) was used to
visualize staining for immunohistochemistry. Identification of intratumoral apoptotic cells
was performed using the ApopTag Plus Peroxidase in situ Apoptosis Kit (Chemicon)
according to the manufacturer's protocol. Control stains were obtained by omitting the
terminal transferase (TnT) enzyme. For immunofluorescence staining of macrophage
markers and DNA damage, slides were counterstained and mounted with ProLong Gold
antifade including DAPI (Invitrogen). Gpx3 staining was performed as described (346).
Immune cell, apoptosis, and proliferation indices were generated by counting the number
of positive cells per high-powered field (HPF; 40x objective) within each tumor by a
blinded observer. A B-catenin index was employed, as previously reported (269). This
index is generated by multiplying the staining intensity (on a scale of 1-4) by percentage
of the cells demonstrating nuclear staining. The average score was then calculated for
each Swiss rolled colon.

Cell Culture and shRNA Knockdown. Caco2 human colon tumor cells were obtained from
ATCC (HTB-37) and had morphologic characteristics consistent with their known identity.
Formal authentication was not performed. Caco2 cells were maintained in DMEM
supplemented with 10% FBS and penicillin/streptomycin (P/S). HEK293T cells were

maintained in RPMI1640 supplemented with 10% FBS and P/S. HEK293T packaging cells
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were transfected with Mission shRNA constructs (Sigma-Aldrich) specific for human Gpx3
(clone ID: TRCN0000273651-NM, TRCN0000273684, and TRCNO000008678) as well as the
PAX2 and pMD2.G plasmids using the Calcium Phosphate transfection method. Twenty-
four hours post-transfection, medium was removed from the HEK293T cells and passed
through a 0.45 uM filter. 4 ug/ml Polybrene (Millipore) was added to the filtered media.
Growth medium was removed from Caco2 cells and replaced with infection medium.
After 6 hours, the infection medium was replaced with normal growth medium and the
infection process was repeated 24 hours later. Cells were selected for knockdown using 5
ug/ml Puromycin (Invitrogen) over a 3-day period. Knockdown was analyzed by the delta-
delta-CT method following RT-PCR using Gpx3-specific Tagman probes (Invitrogen) and
by Western blotting using rabbit anti-mouse Gpx3 8096 (dilution 1:5000; custom-made
by Rockland).

ROS Determination. Caco2 cells infected with either scrambled or Gpx3-specific sShRNA
were pre-treated with 500 U/ml PEGylated catalase (PEG-CAT, Sigma) one hour prior to
1.5 hour treatment with 200 uM H,0,. Either ROS detection reagent 6-carboxy-2’,7’-
dichlorodihydrofluorescein diacetate, di(acetoxymethyl ester) (DCFH2, Invitrogen) or the
oxidation insensitive analog of DCFH2 (DCF, Invitrogen) was used to stain treated cells
according to the manufacturer’s protocol for flow cytometry analysis. In short, cells plated
on a 6-well plate in phenol red-free medium were washed with 500 ul PBS. Cells were
then resuspended in 1 uM DCFH2 or 0.5 uM DCF in pre-warmed PBS and incubated for

either 20 minutes or 5 minutes at 37°C, respectively. Cells were then washed twice with
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PBS and centrifuged at 1600 rpm for 6 minutes between washes. Cells were analyzed for
positivity by flow cytometry.

Detection of DNA Damage and Active Caspase-3 by Flow Cytometry. Caco2 (sh-scrambled)
and Caco2 (sh-hGpx3) cells were treated with H,O, (100 uM) for 4 hours and washed with
PBS, fixed in 0.1% paraformaldehyde, and permeabilized with 100% methanol on ice.
Levels of DNA damage and active caspase-3 were assessed as described previously (359).
In brief, cells were incubated with rabbit anti-active caspase-3 antibody conjugated with
phycoerythrin (PE; dilution 1:50; BD Biosciences) and 8-oxoguanosine—binding peptide
conjugated with fluorescein isothiocyanate (dilution 1:100) for 30 minutes at room
temperature. Cells were acquired with a BD LSRIl system (BD Biosciences) and analyzed
using FlowJo software (Star tree, Ashland, OR).

Matrigel Colony Formation Assay. The day prior to Matrigel plating, Matrigel (BD, 354234)
at 9 mg/ml was thawed overnight in ice at 4°C. For each well of a 48-well plate, 50 pl ice
cold Caco2 media (DMEM supplemented with 10% FBS and pen/strep) was mixed with 50
ul Matrigel. Plates were then allowed to solidify at 37°C for thirty minutes. Caco2 cells
were trypsinized, washed with PBS, and diluted to 10,000 cells/ml in 2 ml media. A 1:1
mixture of cells and Matrigel was added to the wells in the prepared 48-well plate and
incubated at 37°C for thirty minutes. To avoid drying, 200 pl complete Caco2 media was
added to each Matrigel-filled well. Cells were maintained at their normal growth
conditions and media was changed every 2-3 days. On day 22, cells were counted using

GelCount (Oxford Optronix, Oxford, UK).
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Results
Glutathione peroxidase activity is decreased and oxidative stress is increased in AOM/DSS-
treated mice.

Gpx3 is often downregulated in cancer (298, 347-349) and we sought to determine
whether its expression or activity was altered in the AOM/DSS model of inflammatory
carcinogenesis. For these experiments, 7-8 week old mice were injected with AOM and
treated with 4 cycles of DSS as defined in the Methods section and shown in Figure 3.1A.
During the course of this protocol, six Gpx3”7- mice died (lost over 20% of original body
weight and were sacrificed), two after cycle 1, two after cycle 2, and two during cycle 4 of
DSS. Whereas, as is typical with this protocol, two WT mice died, both after cycle 4, a time
when we usually see mortality. These mice were not included in the final analysis. This
increased morbidity suggests that Gpx3 may protect the mucosa from DSS induced injury.

As decreased Gpx3 levels are commonly seen in cancer, we first tested plasma
Gpx3 activity in mice receiving water only versus mice post the AOM/DSS protocol to
determine if Gpx3 activity might be altered. Measurement of oxidation of NADPH allowed
us to determine that AOM/DSS leads to diminished plasma glutathione peroxidase
activity (497.7 £ 56.9 versus 239.4 + 40.8 nmol NADPH oxidized/ml plasma/min, P=0.0013,
Fig. 3.1B). We next wanted to determine if local Gpx3 mRNA levels were affected in
AOM/DSS tumorigenesis. There was no difference in Gpx3 mRNA expression between

matched tumor and adjacent normal mucosa samples, but other oxidative stress
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Figure 3.1 Plasma Gpx3 activity is decreased and oxidative stress genes are increased in mice
subjected to the AOM/DSS protocol. A, schematic of the AOM/DSS protocol. Animals injected with
12.5 mg/kg AOM at day 0 followed by 4 cycles of 3% DSS ad libitum separated by 16 days of
recovery on water. B, plasma glutathione peroxidase activity determined after the completion of
the AOM/DSS protocol. WT water treated, N = 10; WT AOM/DSS, N = 11; ** P =0.0013. C, tumor
tissue mRNA expression of oxidative stress genes (ATOX1, ATX1 antioxidant protein 1 homolog;
CSDE1, cold shock domain containing E1, RNA binding; GSTMZ2, glutathione S-transferase M2,
muscle; GSTT1, glutathione S-transferase theta 1; NCF2, neutrophil cytosolic factor 2; OXSR1,
oxidative-stress responsive 1; SOD3, superoxide dismutase 3, extracellular) in WT water treated
(N = 4) vs. WT AOM/DSS (N = 4); *** P < 0.001; ** P < 0.01; * P <0.05.

response genes were upregulated in normal adjacent colon tissue from AOM/DSS mice
(Fig. 3.1C) suggesting an increase in oxidant stress resulting from the protocol. Finally, we
wanted to determine if GPX3 expression varied in a large colorectal cancer expression
array dataset, and in this case GPX3 was markedly and consistently underexpressed as
early as the adenoma stage (Fig. 3.2A). We confirmed this observation with 10 matched

normal/colon cancer samples by qRT-PCR, and in a second set of 10 matched samples by

protein analysis, finding reduced GPX3 levels in 80% of the samples (Fig. 3.2B & C). These
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results support previous studies (298) and suggest that GPX3 may serve as a tumor

suppressor in colorectal cancer.
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Figure 3.2 Gpx3 expression is downregulated in human colon cancer samples. A) GPX3 expression
is significantly downregulated in adenomas and colorectal cancer patients compared with normal
adjacent colon tissues. ¥*P<0.01 for each stage relative to normal. B) GPX3 expression in matched
human normal and tumor samples. Error bars represent standard deviation of samples performed
in duplicate. C) Western blot of GPX3 protein expression in matched human normal and tumor
samples. Quantification is presented as fold change intensity controlled for S-actin.
Gpx3 is a tumor suppressor in inflammatory tumorigenesis.

Utilizing the Gpx3” mouse, we directly tested whether Gpx3 was a tumor
suppressor in the AOM/DSS model. 7-8 week old WT or Gpx3”~ mice were placed on the

AOM/DSS protocol (Fig. 3.1A). As expected, mice lost weight and had looser stools as the

result of DSS administration in both the DSS and AOM/DSS arms of the experiment,
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though there was no significant difference between genotypes in these parameters. Gpx3
protein is normally seen in the colon binding the basement membrane on the basolateral
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Figure 3.3 Gpx3 functions as a tumor suppressor in inflammatory carcinogenesis. A,
immunofluorescence staining of normal WT colon. Gpx3 (red), F-actin (phalloidin, green), and
Hoescht (blue) staining is shown (left). Inmunoglobulin G (IgG) control is shown on the right (x60
magnification). B, representative colonoscopic images from WT (top left) or Gpx3™~ (top right)
mice after 3 cycles of DSS and murine endoscopic colitis scoring using the murine endoscopic index
of colitis severity. **, P < 0.01. C, representative gross specimens from the indicated genotype
(left). Tumor multiplicity (top right) and polyp burden (bottom right) are shown; results were
determined via calculation of the combined surface area (Zior SAi = Li x W) of all lesions in each
colon. DSS only WT, N = 13; Gpx37", N = 18, AOM/DSS WT, N = 12; Gpx3”, N = 11. *** P <0.001
between WT and Gpx3™~. 7, P < 0.001 DSS only versus AOM/DSS groups.
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surface (346) (Fig. 3.3A). Gpx3”7- mice demonstrated an increased endoscopic colitis score
(302) during both DSS and AOM/DSS protocols (Fig. 3.3B) with colonic thickening, vascular
changes, evidence of fibrin, increased granularity, and softer stools than wild type mice
(DSS: 12.1 + 1.4 N=6 versus 6.8 + 1.0, N=6; AOM/DSS: 12.1 + 1.2, N=4 versus 6.9 + 0.8;
N=6, P<0.01 for both comparisons). Twenty-six days after the last DSS cycle the animals
were sacrificed. Consistent with a role for Gpx3 in tumor suppression, quantification of
tumor number in AOM/DSS mice demonstrated increased tumor multiplicity in Gpx3”/
mice (21.1 £ 1.6 tumors/mouse N=11 versus 10.8 + 1.5 tumors/mouse N=12, P<0.0001).
In addition, there was a trend towards increased tumor number and size in Gpx37" mice
receiving DSS only without AOM when compared to wild-type mice (1.0 + 0.3
tumors/mouse N=18 versus 0.4 + 0.2 tumors/mouse, N=13, P=0.1, Fig. 3.3C).

Histologic examination by a gastrointestinal pathologist (MKW) of H&E stained
sections from colons prepared as “Swiss Rolls” revealed increased injury severity based
on a multi-parameter histologic injury score (357) in Gpx37- AOM/DSS mice (16.2 + 2.6
N=14 versus 7.8 + 0.92 N=16, P=0.003, Fig. 3.4A & B) with significant increases in
inflammation, inflammation extent, and crypt damage/regeneration (Fig. 3.4C). Tumors
were also analyzed for grade and Gpx3”- adenomas demonstrated increased propensity
for high-grade dysplasia characterized by loss of polarity and a more complex tumor
growth pattern than WT tumors (Fig. 3.4D). In fact, one Gpx3”7- tumor demonstrated local
invasion (Fig. 3.4A & D), a property rarely seen in response to AOM/DSS. These results

suggest that Gpx3 loss results in increased colonic injury and inflammation and
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contributes to tumor promotion and progression in the AOM/DSS model of inflammatory

carcinogenesis.
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Figure 3.4 Increased histologic injury in Gpx3”~ colons. A, representative H&E staining from WT
(x10 top, x20 bottom left) or Gpx37~ (x10 top, x20 bottom right) colons. There is evidence for
invasive adenocarcinoma in the Gpx3~~ tumor. B, histologic injury score for DSS only or AOM/DSS
tissues. **, P < 0.01. C, division of the histologic injury scores from B into pathologic inflammation,
extent, and crypt damage/regeneration scores for DSS only or AOM/DSS tissues. ***, P < 0.001.
D, dysplasia grading (conducted by M.K. Washington) in WT and Gpx3”~ tumors expressed as
invasive, high-grade dysplasia (HGD), low-grade dysplasia (LGD), or regenerative crypt. Results
represent percentage of total tumors for each group within each grade.
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Altered intratumoral proliferation in the absence of Gpx3.

Tumor number may be modified by increased cellular proliferation and/or survival
or decreased apoptosis of transformed cells. Intratumoral proliferation rates were
analyzed using in situ Ki67 staining. Gpx3”~ mice demonstrated an average of 163.9 + 14.1
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Ki67* cells/tumor high-powered field (HPF). WT mice, on the other hand, displayed 73.9
+ 15.1 Ki67* cells/tumor HPF (P=0.0003, Fig. 3.5A & B) indicating a significant increase in
proliferation in Gpx37- tumors. No differences were seen in apoptotic indices as

determined by TUNEL staining.
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Figure 3.5 Increased intratumoral proliferation and nuclear 8-catenin in Gpx3™”~ tumors. a-Ki67
immunohistochemistry was conducted to identify actively proliferating cells. A, representative
images of Ki67 staining in WT or Gpx3™~ tumors (x40 magnification). B, intratumoral proliferation
index calculated from number of Ki67-positive cells per HPF in 20 HPF per mouse. *** P = 0.0003.
C, B-catenin expression and localization was determined via immunohistochemistry with 8-catenin
as per Materials and Methods (Gpx3™~, N = 10, WT, N = 10 tumors). Representative staining for 8-
catenin from WT or Gpx37~ tumors (left, x10 magnification; right, x40 magnification). D,
intratumoral 8-catenin index calculated as described in Materials and Methods. * P = 0.03.
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Increased nuclear and total B-catenin in Gpx3”~ tumors.

Selenium deficiency in mice is predicted to stimulate the Wnt pathway (286). As
the Wnt pathway is known to drive pro-proliferative and survival processes and is often
hyperactive in the AOM/DSS model (264), we hypothesized that Wnt signaling, as
evidenced by altered B-catenin localization, might be further perturbed in the absence of
Gpx3. Therefore, we stained Gpx3” tumors for B-catenin localization. Gpx37- tumors
demonstrated a significant increase in both nuclear and total B-catenin, suggesting that
the Wnt pathway is upregulated in these mice, even above that typically seen in AOM/DSS

tumors (Fig. 3.5C & D, P=0.03).

Increased M2 macrophage infiltrate and DNA damage in Gpx3”~ tumors.

Macrophages are major modifiers of inflammation and resolution in response to
injury. Their activity and motility is also significantly modified by selenium and
selenoprotein modulation (360). Since Gpx37- mice demonstrate increased injury and
inflammation in response to AOM and DSS (Fig. 3.3B & C), Gpx3 loss may influence
intratumoral macrophage composition. Gpx3”~ tumors demonstrated increased F4/80*
and Argl* pro-tumorigenic M2 macrophages (17.1 + 1.7 versus 9.7 + 1.5 F4/80*/Argl*
cells/tumor HPF, P=0.005; Fig. 3.6A & B, bottom) and decreased F4/80* and IL-13* anti-
tumorigenic M1 macrophages (10.1 + 1.7 versus 18.6 + 1.8 F4/80*/IL-1B* cells/tumor HPF,
P=0.003; Fig. 3.6A & B, top) compared to WT mice, suggesting that Gpx3 may have an
impact on macrophage polarization, promoting a skewing towards pro-tumorigenic

macrophage distribution.
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Figure 3.6 Increased M2 macrophages and evidence for oxidative DNA damage in Gpx3™~ tumors.
Immunofluorescence for M1 (IL-18, F4/80*) and M2 (Arg1*, F4/80") macrophage markers and 8-
OHdG was conducted according to Materials and Methods. A, example images from WT top row
or Gpx3™~ tumors. B, quantification of M1 (top) or M2 (bottom) macrophages per tumor HPF. **
P < 0.01. C, example images from WT (top row) or Gpx3”~ (bottom row) tumors. White arrow
indicates positive staining in epithelial cells, yellow arrow indicates nonspecific staining. D, 8-
OHdG quantification. **P < 0.01. All images taken at x40 magnification.

ROS is produced during the AOM/DSS protocol as evidenced by increased

expression of oxidative stress response genes (Fig. 3.1C and (361)). Because ROS can
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directly induce DNA damage via oxidation and deamination of DNA bases (362), and
because DNA damage is an indicator of tumorigenesis risk, we wanted to determine
whether loss of Gpx3 would lead to increased DNA damage. 8-hydroxyguanine (8-OHdG)
staining was performed to determine intratumoral DNA damage. In fact, Gpx37- tumors
demonstrated evidence for increased DNA damage compared to WT tumors (10.0 + 0.8

versus 7.1 + 0.4 8-OHdG" cells/HPF, P=0.002, Fig. 3.6C).

GPX3 knockdown in vitro leads to increased ROS levels and DNA damage.

To determine whether knockdown of GPX3 in vitro would recapitulate results seen
in vivo we used shRNA to GPX3 in the human colon cancer cell line Caco2. Caco2 cells
were used as a model cell line because they express high levels of endogenous GPX3
compared to other colon cancer cell lines. shRNA-mediated knockdown resulted in
decreased GPX3 expression both at the mRNA and protein levels (Fig. 3.7A). At baseline,
knockdown of GPX3 had no impact on ROS production or DNA damage, though
stimulation with hydrogen peroxide (H20;) resulted in a significant increase in ROS (16.1%
versus 7.3%, P=0.0019), which was abolished with pre-treatment with the H,0, scavenger
PEG-CAT. Furthermore, GPX3 knockdown had no effect on the activity of the oxidation-
insensitive DCFH2* analog, DCF* (Figure 3.7B, right graph, compare white to black bars),
indicating the results obtained with DCFH2* were due to changes in hydrogen peroxide
concentrations as opposed to changes in uptake, ester cleavage, or efflux of the probe.

There was also a concomitant increase in DNA damage (1401 versus 766 8-oxoguanosine
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MFUs, P<0.05, Fig. 3.7C) in GPX3 knockdown cells, consistent with data seen in tumors of

Gpx37-mice. Thus, GPX3 does not seem to impact baseline oxidant parameters in vitro
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Figure 3.7 Increased ROS, DNA damage, and apoptosis and decreased soft agar colony formation
post-GPX3 knockdown. A, GPX3 mRNA and protein (inset) expression after knockdown with GPX3-
specific ShRNA constructs in Caco2 cells. **, P < 0.01. B, quantification of percentage of ROS-
positive cells (DCFH2?) post-GPX3 knockdown in untreated or 200 umol/L H,O,-treated Caco2 cells
after pretreatment with the H,0, scavenger PEG-CAT (left). ** P < 0.01. Quantification of
percentage of DCF* (oxidation-insensitive analog) cells post-Gpx3 knockdown in untreated or H,0,-
treated Caco2 cells (right). C, DNA damage as measured by 8-oxoguanosine—FITC flow cytometry
in cells treated with scrambled or Gpx3-specific shRNAs and with or without H,0, treatment. *, P
<0.05;7%, P<0.05. D, apoptosis, assessed as staining for active caspase-3 by flow cytometry (side-
scatter-A; SSC-A). The percentage positive cells are shown. **, P < 0.01; #, P < 0.01. E, colony
formation assay in Matrigel in Gpx3 knockdown and scrambled control Caco2 cells with and
without H,O; treatment. ***, P < 0.001 Scr versus shGPX3 control.

without application of a stressor, suggesting that its primary role is to buffer excessive

hydrogen peroxide concentrations.

Knockdown of GPX3 in vitro leads to increased apoptosis and decreased contact-
independent growth.

Because our data suggest that Gpx3 functions as a tumor suppressor in colitis-
associated carcinoma (CAC) in vivo, we wanted to determine whether it modified cellular
growth properties in vitro in the acute setting in an established colon cancer cell line. In
contrast to in vivo modeling where there was no effect of Gpx3 deletion on apoptosis,
knockdown of GPX3 in Caco2 cells led to increased apoptosis (26.8% versus 15.6%,
P<0.001, Fig. 3.7D) and no difference in proliferation when exposed to the stressor H;0.
Also of note, knockdown of GPX3 led to decreased contact-independent growth in
Matrigel colony formation assays (7.3 versus 16.1 colonies, P<0.001, Fig. 3.7E), indicating
the potential for a dual role for Gpx3 as a tumor suppressor in chronic inflammatory
carcinogenesis while its loss in already established tumor cells (such as Caco2 cells) is

detrimental to them.
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Discussion

Chronic inflammation, as seen in ulcerative colitis and Crohn’s colitis, predisposes
to malignancy (15). In fact, the risk for cancer is increased 6-fold in patients with IBD
compared with the general population (300). Although the relationship between chronic
inflammation and carcinogenesis is complicated and imprecisely understood, it is
hypothesized that the excess ROS and reactive nitrogen species (RNS) accompanying
inflammation contribute to malignancy. During chronic inflammation superoxide is
produced at rates that overwhelm antioxidant systems (363, 364). When reactive oxygen
and nitrogen species are not cleared efficiently, they begin to react with lipids, proteins,
and DNA (365). More specifically, oxidative DNA damage leads to C/G base pair mutations
which lead to an increased frequency of C:G—>T:A transversion (366), a mutation which is
most frequently observed in mutated proto-oncogenes and tumor suppressor genes
(367). GPX3 is an extracellular glutathione peroxidase that is able to abrogate ROS and is
postulated to protect from carcinogenesis via these activities, although this has up to now
not been rigorously tested using reverse genetics. We applied this approach to define the
role of Gpx3 in inflammatory carcinogenesis and now demonstrate that Gpx3 is indeed a
potent inhibitor of tumor promotion and progression. The impact of Gpx3 loss on
tumorigenesis is likely mediated by increased inflammation and DNA damage as well as
increased intratumoral proliferation that probably results from an increase in -catenin
nuclear translocation and Wnt stimulation. Loss of Gpx3 in the AOM/DSS CAC model leads

to increased tumor number, but not size. Gpx37- tumors also demonstrated increased
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tumor staging suggesting that its loss also contributes to progression. In fact, one Gpx3”/
tumor demonstrated local invasion, a characteristic that is not normally seen as the result
of the AOM/DSS protocol. This is significant because it supports epidemiological data that
demonstrates that throughout the course of colorectal cancer progression, GPX3
expression is decreased (298).

While the in vivo reverse genetic experiments using the Gpx37" mice in the
AOM/DSS protocol model allowed us to decipher the cumulative effects of the absence
of Gpx3 throughout the full spectrum of transformation from normal cells to tumor cells,
in vitro experiments were conducted in established cancer cells (Caco2) to isolate the
contribution of GPX3 to maintenance or promotion. As noted in vivo, GPX3 loss resulted
in increased DNA damage. Of interest, knockdown of GPX3 in Caco2 cells resulted in a
decrease in contact independent growth and increase in apoptosis in response to H,0,,
indicating that the acute absence of Gpx3 is detrimental to established carcinoma growth.

Our data show that there is increased inflammation and crypt damage and
regeneration in Gpx37- AOM/DSS mice compared to WT mice. Further, this inflammation
occurred despite a decrease in M1 and increase in M2 macrophages. It is theorized that
M1 macrophages, which normally serve as pro-inflammatory cells, are tumoricidal and
downregulated during cancer development while M2 macrophages, which normally aid
in the resolution of the inflammatory response, are pro-tumorigenic and upregulated
within the tumor microenvironment (368). Thus Gpx3 loss likely contributes to differential
macrophage activation or recruitment that further supports tumor growth and survival.

This is an interesting finding as selenoprotein deficiency leads to diminished macrophage
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migration (360) and selenium enhances the capacity of a host to generate cytotoxic
lymphocytes and macrophages to destroy tumor cells (369, 370). Thus, our data suggest
that at least part of the immune cell modifying properties of selenium are actuated by
Gpx3.

Thus far, our data support a tumor suppressor role for Gpx3 via clearance of ROS.
Upon knockdown of Gpx3 in the human colorectal cancer cell line Caco2, we saw an
induction of ROS as well as an increase in DNA damage resulting from hydrogen peroxide
treatment that supports our in vivo data. Contrary to what was originally expected,
knockdown of Gpx3 did not alter proliferation at baseline or during stress as was seen in
vivo. Instead, apoptosis was increased in response to H,0; administration, a result that
would be expected in cells that do not harbor the capacity to deal with oxidative stress
due to the loss of the antioxidant Gpx3. Even at baseline, knockdown of Gpx3 in Caco2
cells resulted in a decrease in contact-independent cell growth, a marker of
tumorigenicity. This is contrary to our in vivo findings in which Gpx3 served as a tumor
suppressor. Though initially surprising, we hypothesize that the tumor suppressive role of
Gpx3 exists in its ability to prevent the initiation and malignant transformation in vivo, but
in cells that are already malignant, Gpx3 is able to promote tumorigenesis by protecting
them from apoptosis. This also likely explains why, despite having higher proliferation
rates, the tumors of Gpx3” mice are not larger than those of WT mice. It may be that,
upon the application of a stressor such as DSS, malignant cells in Gpx37- mice are dying

more rapidly than those in WT mice and stabilizing the tumor size.
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In conclusion, we demonstrate that removal of Gpx3 enhances inflammation and
injury, proliferation, nuclear -catenin, and DNA damage in tumors of mice subjected to
an inflammatory carcinogenesis protocol. The net effect of these changes leads to an
increase in tumor promotion in response to Gpx3 loss. Thus, Gpx3 appears to serve as a
tumor suppressor in CAC. These studies provide insight into disease pathogenesis and
indicate that at least one of the selenoproteins that modifies carcinogenesis is Gpx3 and
that it may serve as a substrate for translational investigations in colitis-associated

carcinoma.
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CHAPTER IV

ABSENCE OF SELENOPROTEIN P PROMOTES STEM CELL PROPERTIES, AUGMENTS ROS-

INDUCED DAMAGE AND PROMOTES COLITIS-ASSOCIATED TUMORIGENESIS

Introduction

Selenium is a trace mineral that is incorporated into proteins as selenocysteine
encoded by a UGA codon in the selenoprotein mRNA. UGA is normally read as a stop
codon so selenocysteine incorporation relies on a cis-acting sequence within the mRNA
(selenocysteine insertion sequence) and trans-acting factors dedicated to selenocysteine
incorporation (such as selenocysteine-charged tRNA) (49). Selenoprotein synthesis is
dependent on Se levels resulting in a hierarchy of selenoprotein expression during times
of Se deficit. Even under conditions of severe Se deficiency, the majority of Se is used to
synthesize selenoprotein P (Seppl) (160). In fact, the bulk of Se is released into the
plasma from the liver in two specific forms, Seppl and 1B-methylseleno-N-acetyl-D-
galactosamine, but Sepp1 is also expressed by a wide range of tissues (371). Seppl has
two proposed main roles: the first is to supply various tissues with selenium and the
second is an antioxidant function. The transport role is thought to be carried out by the
C-terminal domain of Seppl1 which contains nine selenocysteine residues (372). Seppl
deletion in mice results in severe depletion of Se within the brain and testis as well as in
other organs to a lesser extent (336). The antioxidant role is proposed to be carried out

by a single selenocysteine within a UxxC redox motif in the N-terminal domain (160).
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Two enzymatic activities have been described for the N-terminal selenocysteine:
phospholipid hydroperoxide glutathione peroxidase and peroxynitrite reductase (159,
373). As such, Seppl is an effective reductant of reactive oxygen species enabling it to
prevent damage of cellular lipids, proteins, and nucleic acids (79). Its antioxidant role
suggests that Sepp1 could play a significant role in cancer prevention, particularly in the
context of inflammatory cancers characterized by increased oxidant stress such as colitis-
associated carcinoma (299). Several epidemiological studies have inversely correlated
nutritional Se status and cancer risk, particularly in colon cancer (374). Seppl is
downregulated in colorectal cancers (162) and single nucleotide polymorphisms (SNPs) in
the selenoprotein P gene (SEPP1) are significantly associated with advanced adenoma risk
(165).

Se deficiency can result in stimulation of the Wnt and Nrf2 pathways (125, 130,
286) which are known to be essential in the pathogenesis of colon cancer (132-134).
Because Seppl serves as the major selenium transport protein, it is likely that it
contributes to localized Wnt and Nrf2 signaling in target tissues. Furthermore, as the
gastrointestinal tract is susceptible to oxidative damage resulting from direct contact of
the colonic epithelium with microbial and food-derived reactive oxygen species, loss of
Seppl might prime the colonic epithelium for increased oxidative damage-induced tumor
initiation. This potential damage is augmented in the context of inflammatory bowel
disease (IBD) during which oxidative stress plays a major role (299). The majority of
oxidative species generated by the reaction of cellular substrates with nitric oxide during

IBD result in elevated expression of the inducible form of nitric oxide synthase (NOS2)
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(338). NOS2 has been shown to downregulate expression of Seppl in a mouse model of
chronic colitis (171). Sepp1 has also been identified as an IL-10-dependent, alternatively
activated macrophage-associated gene, linking Seppl to a pro-tumorigenic
microenvironment (375). Thus, not only through reduction of oxidative species, but also
via modulation of the immune system and Wnt signaling, Sepp1 potentially plays a critical
role in stem cell pathways and the development of tumors during colitis-associated
carcinoma.

The vast majority of Sepp1 is produced by the liver and it is proposed that Sepp1
activity is solely extracellular in nature. To date, it is unknown whether Seppl made
within and secreted from extrahepatic cells plays a significant role in antioxidant defense.
During mouse development spatiotemporal expression of Seppl is observed in the
intestine and is predicted to play a role in both Se transport and antioxidant defense
during embryogenesis (376). Seppl expression is also regulated in response to
inflammation (171) and negatively regulated by the glucocorticoid receptor (170),
suggesting that its cell-specific regulation is important. Of particular interest, cell culture
studies in adipocytes have determined that loss of SEPP1 expression results in the
upregulation of inflammatory cytokines MCP-1 and IL-6 in preadipocytes, leading to the
inhibition of adipocyte differentiation (172); for the first time implicating extrahepatic
Seppl in the regulation of inflammatory response and differentiation. These data suggest
that epithelial-derived Sepp1 might also contribute to cellular phenotypes.

Due to the roles of Seppl in Wnt and Nrf2 modulation as well as antioxidant

defense, we hypothesized that Sepp1 would contribute to stem cell phenotypes, protect
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from reactive oxygen species, and modify colitis-associated carcinogenesis. In order to
first establish epithelial cell-autonomous roles for Seppl in a closed system, we isolated
small intestinal organoids (enteroids) from WT and Sepp1”7- mice and analyzed them for
stem cell properties including plating efficiency, percentage of branching enteroids and
stem spheroids, and average number of branches within each branching enteroid.
Concurrent with a role in Wnt signaling, Sepp1”- enteroids demonstrated increased stem
cell properties. Moreover, treatment of enteroids with hydrogen peroxide resulted in an
increase in reactive oxygen species as well as an increase in proliferation which is also
seen at baseline. Finally, survival is decreased in Sepp1”- enteroids when treated with
multiple administrations of hydrogen peroxide over a 4-day period. Because of the
enteroid stem cell properties and responses to hydrogen peroxide, we wanted to test
whether Sepp1”- mice would demonstrate increased inflammatory tumorigenesis. WT,
Sepp1*-, and Seppl”- mice were subjected to the azoxymethane, repeated dose dextran
sodium sulfate (AOM/DSS) protocol to model colitis-associated carcinoma. Sepp1*- mice
demonstrated increased tumorigenesis compared to WT mice, but surprisingly, Sepp1”-
mice displayed decreased tumorigenesis. We hypothesized that this decrease in
tumorigenesis was due to decreased survival of initiated epithelial cells because of
augmented inflammatory damage upon complete Seppl loss. In support of this
hypothesis, Seppl”- mice subjected to AOM administration alone demonstrated
increased tumorigenesis and chronic DSS administration resulted in increased mucosal
injury. Moreover, homozygous loss of either the Se-rich C-terminal region or mutation of

the N-terminal UXXC redox motif resulted in increased tumorigenesis, suggesting that
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both domains contribute to the Seppl tumor phenotype but when both are lost
concurrently the stressed placed on the initiated epithelium during the CAC protocol is
significant enough to kill initiated cells.

Finally, because absence of Seppl in enteroids leads to increased stem cell
phenotypes and reduced ability to deal with oxidative stress in an epithelial cell
autonomous manner, we predicted that liver-derived Seppl might not contribute
significantly to the Seppl”- tumor phenotype. Conditional knockout of liver Seppl
(Sepp1f/F:Alb-cre) did not alter tumorigenesis in response to the AOM/DSS protocol
indicating that plasma Sepp1 does not contribute significantly to the Sepp1”- phenotype.
This report is the first to utilize enteroids to establish the epithelial cell autonomous
responses to Seppl loss and map the domains of Sepp1 necessary for tumor modification
in an inflammatory carcinogenesis model. Finally, this study reports that liver-derived

Seppl is not required for the effect that Sepp1 has on tumor modification.

Materials and methods
Ethics Statement. This study was performed in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health. The protocol was approved by the Institute of Animal Care and Use
Committee at Vanderbilt University (protocol number: M/10-355). Every effort was made
to minimize suffering.
Murine Inflammatory Carcinogenesis Protocol: Because Seppl”- mice exhibit decreased

survival when not fed a selenium-supplemented diet (301), mice were maintained on
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diets that were Torula yeast-based and supplemented with 1.0 mg Se as sodium selenite
per kg. This diet was prepared and pelleted to our specifications (301) by Harlan-Teklad
(Madison, WI, USA). Eight- to twelve-week old C57BL/6 wild type (WT) (n=13), Sepp1*"
(n=9), or Seppl”- (n=11) mice (336, 372) (constitutional knockout experiments), WT
(n=16) or Sepp14240-361/4240-361 (n=14) mice (63) (truncation experiments), WT (n=12) or
Sepp1U40S/U40S (n=15) (redox motif mutant experiments), or Sepplf“/f! (n=16) or
Sepp1f/FL:Alb-cre (n=17) mice (66) (liver-specific knockout experiments) (Figure 4.1A)
were injected with 12.5 mg/kg of AOM (Sigma-Aldrich, St. Louis, MO, USA)
intraperitoneally. Three days post-injection, the animals were started on the first of three
cycles of 3% DSS ad libitum (Figure 4.1B). Each cycle lasted 5 days and was followed by a
16-day recovery period. During each cycle of recovery, twelve days post-DSS
administration, colonoscopy (Karl Storz veterinary endoscopy) was performed to assess
injury, tumor multiplicity, and tumor grade (358). Injury was evaluated based on the
murine endoscopic index of colitis severity (MEICS) which grades mucosal thickening,
vasculature pattern, granularity, exudate, and stool consistency (358). Mice were
subsequently sacrificed on day 70. Tumor counts and measurements were performed in
a blinded fashion under stereo-dissecting microscope. Histologic analysis was performed
in a blinded fashion for severity of inflammation (357) and dysplasia on hematoxylin and
eosin (H&E) stained “Swiss rolled” colons by a gastrointestinal pathologist (MKW). All in
vivo procedures were carried out in accordance with protocols approved by the

Vanderbilt Institutional Animal Care and Use Committee.
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Immunohistochemistry and immunofluorescence staining. For Seppl and phalloidin
staining, mice were exsanguinated and colons and small intestines flash frozen in liquid
nitrogen. Five-micrometer frozen sections were cut and Sepp1 staining was performed as
described previously (377).For all other staining, five-micrometer sections of paraffin-
embedded colons were cut and haematoxylin and eosin (H&E) staining was performed by
the Vanderbilt University Translational Pathology Shared Resource. Cut sections were
dewaxed, hydrated, and quenched of endogenous peroxidase activity with 0.03%
hydrogen peroxide in methanol. Antigen retrieval was conducted using Antigen
Unmasking Reagent (Vector Laboratories, Inc., Burlingame, California, USA) according to
manufacturer’s instructions. After blocking, primary antibody was added [a-Ki67
(NeoMarkers), 1:1,000; a-arginase | (ARG1, Santa Cruz), 1:500; a-IL-1B (R&D Systems),
1:40; o-F4/80 (ABd Serotec) 1:1000; a-8-OHdG (Santa Cruz), 1:500] and incubated
overnight at 4°C. Isotype-matched antibodies were included as negative controls.
Identification of intratumoral apoptotic cells was conducted using the ApopTag Plus
Peroxidase In Situ Apoptosis Kit (Chemicon, Temecula, California, USA) according to the
manufacturer's protocol. Control slides were obtained by omitting the terminal
transferase (TnT) enzyme. For immunofluorescence staining of proliferation,
macrophages, and DNA damage, slides were counterstained and mounted with ProLong
Gold antifade including 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, Grand Island,
New York, USA). Apoptosis, proliferation, DNA damage, and M1 and M2 macrophage
indices were generated by counting either the number of positive cells per high-powered

field (HPF; 40x objective) within each tumor or the number of positive cells per crypt in
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20 crypts per mouse by a blinded observer. The average score was then calculated for
each Swiss-rolled colon.

Colonic selenium measurements. The determination of colonic selenium was carried out
using a modification of the fluorometric assay of Koh and Benson (305) and Sheehan and
Gao (306). Briefly, tissue was digested in nitric and perchloric acids and Se was complexed
with diaminonaphthalene. Selenium-diaminonaphthalene was extracted into
cyclohexane and fluorescence was measured in a Perkin-Elmer LS 55 fluorometer.
Western blot analysis of apoptosis and WNT pathway proteins. Flash-frozen sections of
colon (n=6 for each genotype) were lysed in RIPA buffer including 1x protease inhibitor
cocktail (Sigma) using a rotor homogenizer (Janke & Kunkel IKA-Labortechnik Ultra-Turrax
T25). Protein quantification was performed using a Pierce BCA Protein Assay Kit (Thermo)
according to manufacturer’s instructions. Samples were treated with loading buffer,
boiled, and 40 pg was run on an SDS-PAGE gel for western blot detection. The Apoptosis
Antibody Sampler (mouse preferred, #9930) and Wnt signaling Antibody Sampler (#2915)
kits (Cell Signaling Technology, Danvers, MA, USA) were used according to manufacturers’
protocol and analyzed using Odyssey imaging software. In short, Western blots were run
and transferred onto nitrocellulose. Blots were blocked with Odyssey Blocking Buffer (LI-
COR Biosciences, Lincoln, NE, USA) for 1 hour at room temperature with rocking. Blots
were incubated with primary antibodies from each kit diluted 1:1000 in Odyssey Blocking
Buffer overnight at 4°C with rocking. Blots were washed three times for five minutes each
with PBST and then incubated at room temperature for 1 hour in secondary antibody

(IRDye® 680LT Infrared Dye conjugated to antibodies against either mouse or rabbit)

99



diluted 1:1000 in Odyssey Blocking Buffer. Blots were washed three times for five minutes
each with PBST, rinsed with PBS, and imaged using the Odyssey quantitative fluorescence
imaging system. Quantification was performed using Odyssey Imaging Software and
normalized either to total caspase or B-actin.

Bone marrow macrophage polarization and analysis. Bone marrow macrophages were
isolated and activated as has been previously published (378, 379). For the production of
classically activated macrophages, bone marrow macrophages were primed with 150
U/ml IFNA for 6 hours and subsequently stimulated with 10 ng/ml LPS. For the production
of alternatively activated macrophages, bone marrow macrophages were treated with 20
U/ml IL13 for 12 hours. Six hours prior to activation of both macrophage types, RNA was
isolated using the RNEasy MiniKit (Qiagen, Valencia, CA, USA). 1 ug RNA was utilized to
perform reverse transcription PCR using the iScript cDNA synthesis kit (Bio-Rad, Hercules,
CA, USA). 1 pl of the subsequent cDNA was used for quantitative RT-PCR analysis of the
targets iNOS, IL-1B, and Ym1 using primers purchased from RealTimePrimers.com.
Plasma Seppl protein determination. Plasma Seppl was measured by ELISA. Plasma
samples were prepared prior to assay by dilution in PBST (PBS with 0.05% Tween-20)
containing 2% rat plasma cleared of Seppl by monoclonal antibody 8F11 (380)
immunoaffinity purification. 0.1 ul of normal mouse plasma was used in the ELISA assay.
The monoclonal antibody 954 was used as the capture antibody, and the polyclonal
antibody preparation 695, obtained from a rabbit immunized with rat Sepp1, was used as
the detection antibody. Wells of a microtiter plate were coated with 954 (0.1 pg/well) and

blocked with Block Ace (Serotec, Ltd., Raleigh, NC, USA). After washing, the plate was
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incubated with sample (50 pul of pre-prepared plasma) and purified antibody preparation
695 (50 pl of 1 ug/ml) at 37 °C for 30 min. Horseradish peroxidase-conjugated goat anti-
rabbit 1gG was used to detect the amount of 695 bound to Seppl captured by 954. The
TMB Microwell Peroxidase Substrate System (KPL, Gaithersburg, MD, USA) was used for
color development followed by treatment with the stop solution 1 N HSOa. The
developed color was measured at 450 nm with a Multiskan Spectrum plate reader
(ThermokElectron Corporation, Vantaa, Finland). Each assay plate contained a standard
curve built with 954 immunoaffinity-purified mouse Sepp1 (0-7.5 ng).

Small intestinal organoid culturing. Four inches of the distal small intestine were
dissected. The small intestinal section was flushed with ice cold PBS and cut open
lengthwise and dissected into 1cm pieces then transferred into 5ml ice cold PBS. Small
intestine was vortexed for 3 seconds to pull off loose villi. PBS was removed with a
pipettor and the villus wash was repeated. Tissue was transferred to 5ml chelation buffer
(ImM EDTA, made fresh in DPBS) and rocked for 10 minutes at 4°C. Chelation buffer was
removed from the tissue with a pipettor and tissue was washed twice with 10 ml PBS. 5
ml PBS was added and shaken gently for 2 minutes. The supernatant from the first shake
was poured off. 5 ml PBS was added and the shake was repeated for 2 minutes then
supernatant was poured off. 5 ml fresh chelation buffer was added and chelation was
performed for 10 minutes at 4°C with rocking. The small intestinal segments were washed
twice with PBS and then 5 ml PBS PBS was added for 2 minutes of shaking. The
supernatant was poured off and the shake was repeated with a new aliquot of PBS. Crypts

were filtered through a 70 um filter into a pre-chilled 50 ml tube. The filter was rinsed
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with 5 ml cold shaking buffer (PBS with 43.3mM sucrose and 54.9mM Sorbitol). Complete
crypts were counted and enough volume was transferred for 1200 crypts to a pre-chilled
5 ml round-bottomed tube. Crypts were centrifuged at 150 xG for 10 minutes at 4°C.
Shaking buffer was aspirated being careful not to disturb the pellet. Using pre-chilled
pipette tips, crypts were resuspended in 50 ul of Matrigel (BD Bioscience #356237, San
Jose, CA, USA), per well, containing 50 ng/ml EGF (R&D Systems #2028-EG-200,
Minneapolis, MN, USA), 100 ng/ml Noggin (R&D Systems #1967-NG-025/CF), 500 ng/ml
R-Spondin: 500ng/ml (R&D Systems #3474-RS-050), and 50ug/ml Wnt3a (Millipore #GF-
160, Billerica, MA, USA). Using pre-chilled pipette tips, 50 ul Matrigel per well was plated
with growth factors into 12-well cell culture plates so that the Matrigel formed a
mounded dome. The plate was placed in an incubator at 37°C for 30 minutes to allow
Matrigel to polymerize fully. Matrigel was overlayed with 500 ul Minigut culture media
(Advanced DMEM/F12 (Invitrogen #12634-010, Carlsbad, CA, USA), L-Glutamine
(Invitrogen #25030), Pen-Strep (Invitrogen #15140-148), Hepes (Mediatech #25-060-Cl),
N2 Supplement (R&D Systems #390155), B27 Supplement (Invitrogen #17504044). Every
4 days, media was replaced with fresh Minigut media plus growth factors.

Whole-mount 6-carboxy-2',7'-dichlorodihydrofluorescein diacetate (Carboxy-H,DCFDA)
enteroid staining. Enteroids were grown to full maturity, at least 4 days post-plating. The
morning of hydrogen peroxide treatment, enteroid media was replaced with fresh
Minigut. Either O uM, 400 uM, or 800 uM hydrogen peroxide was added directly to media.
Two hours post-hydrogen peroxide treatment, growth media was removed from cells.

Cells were treated with pre- warmed DPBS containing either the probe carboxy-H,DCFDA
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(Invitrogen #mp-36103) or, as a negative control, carboxy-DCFDA to provide a final
working concentration of 5 mM. Enteroids were incubated at 37°C in a cell culture
incubator for 1 hour. Loading buffer was removed and cells were returned to pre-warmed
Minigut media. Cells were incubated at 37°C for 15 minutes. Media was removed and
enteroids were fixed overnight at 4°C in 2% formaldehyde with gentle rocking. Fixative
was removed and enteroids were washed twice with DPBS. Enteroids were imaged with
a LSM 510 Confocal microscope using the same specifications for imaging of all enteroids.
Reactive oxygen species were quantified as staining intensity using ImageJ Image Analysis
software. The graph represents the fold change intensity relative to WT enteroids treated
with 0 uM hydrogen peroxide. Error bars represent the standard error of the mean for
three separate experiments performed in duplicate.

Whole-mount enteroid proliferation staining. Proliferation was determined using the
Click-iT EdU cell proliferation assay (Invitrogen #C-10337) according to manufacturers’
instructions. In short, enteroids were grown to full maturity, at least 4 days post-plating.
The morning of hydrogen peroxide treatment, enteroid media was replaced with fresh
Minigut. Either O uM or 800 uM hydrogen peroxide was added directly to media. Two
hours post-hydrogen peroxide treatment, media was replaced with fresh Minigut media
and a 10 uM working solution of EdU was added to each well of the plate. Enteroids were
incubated for 15 minutes under normal growth conditions. After incubation, media was
removed and 1 ml of 2% formaldehyde in PBS was added to each well and incubated
overnight at 4°C. The fixative was removed and enteroids were washed twice with 1 ml

3% BSA in PBS. Wash buffer was removed and 1 ml of 0.5% Triton X-100 in PBS was added
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to each well and incubated at room temperature for 20 minutes. Click-iT reaction cocktail
was prepared and 0.5 ml was added to each well. The plate was incubated for 30 minutes
at room temperature, protected from light. The reaction cocktail was removed and
enteroids were washed once with 1 ml 3% BSA in PBS. The wash solution was removed
and enteroids were stained with TO-PRO-3 (1:500 in PBS for 15 minutes at room
temperature). Enteroids were washed twice with 1 ml of PBS for 30 minutes. Enteroids
were imaged with a LSM 510 Confocal microscope using the same specifications for
imaging of all enteroids. Proliferation was quantified as EQU" cells/crypt area where crypt
area was determined using Imagel Image Analysis software. The graph represents the fold
change intensity relative to WT enteroids treated with 0 uM hydrogen peroxide. Error
bars represent the standard error of the mean for three separate experiments performed
in duplicate.

RNAseq assay and analysis. Tumors were dissected from WT and Sepp1”- mice and

RNA was isolated using the RNEasy MiniKit (Qiagen, Valencia, CA, USA). RNA integrity was
determined using Experion RNA StdSens Analysis Kit (Bio-Rad, Hercules, CA, USA). All RNA
samples had RNA integrity numbers (RINs) >8 and were deemed suitable for
hybridization. A total of 10 mg of cRNA was used in the second cycle of first strand
synthesis to generate the correct sense for target hybridization. Mouse gene 1.0 ST arrays
(Affymetrix, Santa Clara, CA, USA) were scanned the next day. CEL files were imported
into Partek Express (Partek, St Louis, MI, USA) and Robust Multichip Average (RMA) was
run across all eight samples. Pivot data was exported and posted. A t-test was run

between the Sepp17- and WT sample groups in Partek. The P-value was multiple testing
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corrected with Bonferroni and Stepup. Expression array analysis was performed hybrizing
cRNA to the Mouse gene 1.0 ST chip (Affymetrix). Differentially expressed genes were
classified using the Ingenuity Pathway Analysis Program

(http://www.ingenuity.com/products/ipa, Qiagen).

Statistical Methods: Analyses comparing two groups were analyzed using the Student’s t-
test. One-way ANOVA and Newman-Keuls post-test was used to compare multiple
groups. Data is presented as the mean +/- the standard error of the mean (SEM) in bar
graphs and a line identifying the mean is shown when all data points are plotted.
Percentages of mice displaying altered dysplasia grade were determined using Chi-square
contingency analysis for each grade. All of these analyses were performed using GraphPad

Prism®5.0c (San Diego, CA, USA).

Results
Selenoprotein P is a haploinsufficient tumor suppressor.
Because Seppl has been heavily implicated in protection from reactive oxygen
species, we hypothesized that Seppl*~ and Seppl”- mice would display increased
inflammatory tumorigenesis. The inflammatory tumorigenesis model that we used to test

this hypothesis was the azoxymethane, repeated dose dextran sodium sulfate (AOM/DSS)
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Nomenclature Mouse Description
wT Wild-type N10 C57/BL6
Sepp1* Heterozygous selenoprotein P knockout (C57/BL6)
Sepp1” Homozygous selenoprotein P knockout (C57/BL6)
Sepp14240-3614240-361 Homozygous deletion of Sepp1 amino acids 240-361 (C57/BL6)
Sepp1veosiuies Homozygous mutation of position 40 selenocysteine to serine (C57/BL6)
Sepp1</alb-cre*" Conditional knockout of liver-derived selenoprotein P (C57/BL6)
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Figure 4.1 Sepp1 haploinsufficiency results in increased inflammatory tumorigenesis in response
to the AOM/DSS model. A) Table describing the genotypes subjected to the AOM/DSS protocol and
the symbols used for each genotype. B) Schematic of the AOM/DSS protocol utilized. Mice are
injected with azoxymethane (AOM) and started on the first of three four-day cycles of DSS
administration three days post-AOM injection. Mice are analyzed by endoscopy twelve days after
each DSS administration for tumor burden and injury (black circles). Mice are sacrificed at day 70.
C) Immunofluorescence staining of Seppl (red) within the colon and small intestine of WT and
Seppl”- mice (100x magnification). D) Quantification of colonic selenium in WT, Sepp1*”, and
Seppl” mice. E) Tumor number (tumors/mouse, left) and average tumor size (mm?, right) within
each mouse and F) representative images of Swiss rolled colons from each mouse (25x
magnification).

colitis-associated carcinoma model (Figure 4.1B). AOM is a procarcinogen that is
metabolically activated to a potent alkylating agent forming O®-methyl-guanine (318). Its

oncogenic potential is augmented in the setting of chronic inflammation, which is induced
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by repeated cycles of DSS treatment (319). Importantly, Seppl expression is seen in the
colon and small intestine of WT mice (Figure 4.1C), indicating that it exhibits function
within these tissues. WT, Sepp1*, and Sepp1”- mice were subjected to the AOM/DSS
protocol and, upon sacrifice, analyzed for tumor burden. As expected, complete loss of
Sepp1l led to a decrease in colonic Se (Figure 4.1D), though surprisingly, this decrease was
not severe, indicating that Sepp1 is not the only mechanism of Se transport into the colon.
Partial loss of Seppl led to an increase in tumor number (5.2 + 0.8 vs 8.3 + 1.2
tumors/mouse, P=0.03, Figure 4.1E, left) but no change in tumor size. Unexpectedly,
complete knockout of Sepp1 led to a decrease in tumor number (2.7 £ 0.7, P=0.02, Figure
4.1E, left) and size (3.3 + 0.4 vs 1.8 + 0.4 mm?, P=0.02, Figure 4.1E, right). As this decrease
in tumorigenesis was concomitant with increased apoptosis as measured by TUNEL
staining (34.3 £ 3.1 vs 74.4 £ 10.9 TUNEL* cells/tumor high-powered field, P<0.01, Figure
4.2A) and western blotting for markers within the intrinsic apoptosis pathway (Figure
4.2D), we hypothesized that this decrease might be caused by clearance of initiated cells
due to oxidative injury beyond that which total Sepp1 loss could compensate. Moreover,
proliferation was increased in Sepp1*- tumors (55.6 + 2.8 vs 85.9 + 2.9 Ki67* cells/tumor
HPF, P<0.0001, Figure 4.2B) and decreased in Seppl1”- tumors (55.6 + 2.8 vs 19.0 + 6.9
Ki67* cells/tumor HPF, P<0.0001, Figure 4.2B), further supporting a role of clearance of
initiated cells in the Sepp1”- tumor phenotype.

In order to determine whether Sepp1 absence promotes tumorigenesis utilizing

either AOM or DSS as single modalities and, thus, understand the impact of Sepp1 on
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Figure 4.2 Intratumoral apoptosis and DNA damage are increased in response to complete Sepp1
knockout and proliferation is increased in Seppl*- tumors. A) Quantification of intratumoral
apoptosis as determined by TUNEL* cells/tumor high-powered field (HPF, 40x magnification). B)
Quantification of intratumoral proliferation as determined by Ki67* cells/tumor HPF. C)
Quantification of intratumoral DNA damage as measured by 8-hydroxyguanine®* cells/tumor HPF.
D) Quantification of intratumoral canonical apoptosis targets cleaved caspase-3, cleaved caspase-
6, cleaved caspase-9, and cleaved PARP relative to total caspase-3, caspase-6, caspase-9, and B-
actin, respectively. Quantification is shown as fold change relative to WT (top) and representative

images of blots from three individual tumors from each genotype (bottom). *P<0.05, **P<0.01,
***p<0.001.

tumorigenesis without the possibility of initiated cell clearance in response to injury, we
assessed ACF and tumor production as well as injury in response to AOM or DSS
administration. Endoscopic analysis of tumor burden 15 weeks post-AOM administration
revealed an increase in tumor number in Sepp1”- mice compared to WT mice (3.7 + 0.6
vs 7.7 + 2.2 tumors/colon, Figure 4.3A). Moreover, endoscopic injury analysis using the

MEICS scoring system (302) post-DSS administration revealed increased injury in response
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to DSS (4.1 £ 0.5 vs 8.1 £ 0.4 MEICS score, P<0.0001, Figure 4.3B). Because tumorigenesis
is increased in Sepp1”- mice subjected to AOM alone and injury is increased in Sepp1”
mice subjected to DSS, we suspect that Seepl loss leads to increased tumorigenic
potential that is lost when initiated cells are cleared by the increased DSS-induced injury

in Sepp1”- mice.
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Figure 4.3 Sepp1”- mice demonstrate increased tumorigenesis and injury in response to AOM and
DSS as sole agents, respectively. A) Endoscopic tumor score in mice treated with AOM alone. B)
Endoscopic colitis score (MEICS) in mice treated with DSS alone.

Intratumoral DNA damage increases in a dose-dependent manner with decreased Sepp1
expression.

Se has been identified as a potential contributor to the maintenance of genomic
stability (129, 136), however the role of selenoprotein P in DNA damage repair is
unknown. We wanted to test the impact of Sepp1l deficiency on crypt and intratumoral
DNA damage. 8-hydroxyguanine staining, a measure of oxidative DNA damage, in fact,
demonstrated that intratumoral DNA damage increases with decreased Sepp1 expression
(WT: 8.1 + 0.8, Sepp1*: 15.3 + 1.5, P=0.002, Seppl”~: 23.3 + 3.4 8-hydroxyguanine*

cells/tumor HPF, P=0.0007, Figure 2.2C) though crypt DNA damage was not altered when
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compared to WT mice in response to Seppl deficiency. These data suggest that, within
the tumor microenvironment, decreasing Seppl expression leads to an increase in

oxidative DNA damage.

Pro-tumorigenic M2 macrophage polarization is increased in Sepp1*/- tumors.

The most significantly induced gene in response to polarization of macrophages
to the M2 phenotype is selenoprotein P (375, 381, 382). Moreover, proinflammatory
cytokines induce NOS2 resulting in down-regulation of Sepp1l (171) indicating that Sepp1l
may play a role in macrophage polarization and inflammation. We, therefore, wanted to
analyze tumors from WT, Sepp1* and Seppl”- mice post-AOM/DSS for macrophage
polarization. Staining for the pan-macrophage marker F4/80 and either the M1
macrophage marker IL-1B revealed an increase of total macrophages (WT: 13.1 + 1.3,
Seppl*~: 23.2 + 3.0, P<0.01, Seppl”: 13.1 + 0.8 F4/80* cells/tumor HPF, Figure 4.4A)
resulting from unaltered M1 macrophages (Figure 4.4B) but increased M2 macrophage
recruitment (WT: 8.4 + 0.8, Sepp1*: 18.0 + 3.9, Sepp1”/: 8.3 + 1.1 F4/80*/Arginase I*
cells/tumor HPF, Figure 4.4C) in Seppl* tumors. Interestingly, Sepp1”- tumors did not
demonstrate this increase in M2 polarized macrophage infiltration. In order to determine
whether this was a recruitment or polarization effect, we isolated bone marrow
macrophages from WT, Sepp1*/, and Seppl”- mice and activated them to either the M1
or M2 polarizations using IFNA and LPS to polarize to the M1 and IL-13 to polarize to the
M2 phenotype. Analysis of M1 markers iNOS and /L-18 demonstrated decreased M1

polarization in Sepp1*- macrophages (iINOS: 19494 + 593.8 vs 14961 + 782.3 fold change,
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Figure 4.4 Seppl regulates pro-tumorigenic M2 macrophage polarization. Quantification of A)
intratumoral total macrophage staining as determined by F4/80° cells/tumor HPF, B) M1
macrophage staining as determined by F4/80%/IL-167 cells/tumor HPF, and C) M2 macrophage
staining as determined by F4/80%/Arginase I' cells/tumor HPF. D) iNOS (left) and IL-18 (right) and

E) Ym1 mRNA expression in WT, Seppl*””, and Seppl”" in vitro-activated bone marrow
macrophages. Graphs demonstrate fold change in expression relative to unstimulated (US) WT
macrophages normalized to GAPDH. *P<0.05, **P<0.01, ***P<0.001.

P<0.001, IL-1B: 337.6 £ 0.78 vs 225.1 + 20.66 fold change, P<0.001, Figure 4.4D) while the
M2 marker Ym1 demonstrated increased polarization to M2 (13.1 + 3.3 vs 26.6 + 0.3,
P<0.001, Figure 4.4E). Though this is not a complete polarization defect, this data
indicates that Sepp1 haploinsufficiency may lead to improper macrophage response to
directed stimulation suggesting that the macrophage phenotype seen in Sepp1*-tumors

may be due to increased polarization to the M2 phenotype.
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Loss of the selenium-rich C-terminal domain of selenoprotein P promotes inflammatory
tumorigenesis.

Selenoprotein P is considered the primary Se transport protein as deletion of the
Se-rich C-terminal domain (Sepp14240-361/4240-361) resylts in severe Se deficiency in the
brain and testis of mice (63). In fact we see that, to a lesser extent, loss of this domain
leads to decreased colonic Se (394.5 + 19.6 vs 260.2 + 10.6 ng selenium/g colon, P=0.0001,
Figure 4.5A) as well suggesting that selenoprotein P contributes to Se delivery to the colon
but is not the sole source. Because of the role of Se in DNA damage repair, Wnt and Nrf2
signaling, and links to modification of several cancer types including colorectal, lung,
laryngeal, hepatic, and prostate (108, 139, 164, 383) to name a few, we wanted to
determine whether the loss of the Se-rich domain of selenoprotein P would contribute to
tumorigenesis. We subjected WT and Sepp14240-361/4240-361 mjce to the AOM/DSS protocol
and analyzed them for tumor burden. We discovered that Seppl truncation leads to an
increase in tumor number (3.9+ 0.7 vs 7.9 + 1.4 tumors/mouse, P=0.02, Figure 4.5B). Also,
because we have established a role for dietary Se in dysplasia grade (384), we submitted
H&E stained “Swiss rolled” colons to a gastrointestinal pathologist to determine tumor
grade and determined that Seppl truncation also leads to an increase in tumors
displaying high-grade dysplasia (P<0.05, Figure 4.5C).

Concomitant with an increase in tumor number was an increase in intratumoral
proliferation (13.4 + 1.7 vs 20.3 + 2.2 Ki67* cells/tumor HPF, P=0.04, Figure 4.5D) but no

change in crypt proliferation or crypt or tumor apoptosis. Consistent with a role of Se in
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DNA damage repair, crypt (0.7 £ 0.04 vs 1.0 = 0.08 8-OHdG" cells/crypt, P=0.02, Figure

4.5E) and intratumoral (17.1 + 2.7 vs 29.8 + 2.8 8-OHdG" cells/tumor HPF,
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Figure 4.5 Both the selenium-rich region and putative antioxidant domain of selenoprotein P
protect from inflammatory tumorigenesis. A) Quantification of colonic selenium in WT and
Sepp14240-361/0240-361 mijce, B) Number of tumors within each mouse and C) percentage of total
tumors for each genotype with either high grade dysplasia (HGD, black) or low grade dysplasia
(LGD, white) (top) and representative images from tumors of the given genotypes (40x
magnification, bottom). D) Quantification of intratumoral proliferation as measured by Ki67*
cells/tumor HPF, E) crypt DNA damage as measured by 8-hydroxyguanine* cells/crypt averaged
from 20 crypts within each mouse, and F) intratumoral DNA damage as measured by 8-
hydroxyguanine® cells/tumor HPF. G) Number of tumors and H) average tumor size within either
WT or Sepp1Y45/Y4% mice. |) Quantification of crypt proliferation as measured by Ki67+ cells/crypt
averaged from 20 crypts within each mouse, J) intratumoral proliferation as measured by Ki67*
cells/tumor HPF, K) crypt DNA damage as measured by 8-hydroxyguanine* cells/crypt averaged
from 20 crypts within each mouse, and L) intratumoral DNA damage as measured by 8-
hydroxyguanine* cells/tumor HPF. *P<0.05, **P<0.01, ***P<0.001.

P=0.01, Figure 4.5F) DNA damage indices are increased in mice lacking the Se-rich C-

terminal domain. These data suggest that the Se-rich domain of Sepp1 might protect from

tumor initiation by reducing DNA damage in response to AOM and DSS administration.

Mutation of the redox active selenocysteine in Selenoprotein P promotes inflammatory
tumorigenesis.

Within the N-terminal domain of selenoprotein P, residues 40-43, exists a UXXC
redox motif which possesses phospholipid hydroperoxide glutathione peroxidase activity
(160). As such, it may be that selenoprotein P is able to contribute to antioxidant activity
within mice challenged with DSS. In order to test whether loss of this antioxidant domain
would lead to alterations in tumorigenesis, we subjected Seppl mice in which the
selenocysteine (U) at amino acid 40 was mutated to an enzymatically dead serine (S)
(Sepp1Y405/U40s)  to the AOM/DSS protocol. In response to this inflammatory
carcinogenesis protocol, Seppl mutated mice displayed increased tumor number (3.8 +

0.7 vs 7.3 £ 1.1 tumors/mouse, P=0.02, Figure 4.5G) and tumor size (1.6 £ 0.2 vs 3.1+ 0.3
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mm?, P=0.002, Figure 4.5H). This increase in tumorigenesis was likely at least partially
dependent upon an increase in crypt (0.3 £ 0.02 vs 0.5 + 0.04 Ki67* cells/crypt, P=0.0009,
Figure 4.51) and intratumoral (15.2 + 1.6 vs 33.5 + 2.6 Ki67* cells/tumor HPF, P<0.0001,
Figure 4.5J) proliferation despite no change in apoptosis. We did note an increase in crypt
(0.3 £ 0.03 vs 0.6 + 0.02 8-OHAG" cells/crypt, P<0.0001, Figure 4.5K) and intratumoral
(10.8 £ 1.2 vs 28.7 + 2.6 8-OHdG" cells/tumor HPF, P<0.0001, Figure 4.5L) DNA damage,

suggesting that the redox site of Sepp1 contributes to protection from DNA damage.

Hepatic Sepp1 does not contribute to the Sepp1”- tumorigenic phenotype.

Hepatic selenoprotein P expression is essential for Se homeostasis (66) and
restoration of hepatic Seppl can reverse neurological and reproductive phenotypes of
Seppl”- mice (385) indicating that Sepp1 produced by and transported from the liver is
able to supplement Seppl loss in the brain and testes. We wanted to test whether liver-
derived Seppl is the major driver of the tumorigenic protection in response to
inflammatory carcinogenesis. We, therefore, crossed floxed Seppl mice with mice
expressing albumin-driven cre (Sepp1<alb-cre*’”) and subjected these mice to the
AOM/DSS protocol. As would be expected upon liver-specific knockout of Sepp1, plasma
levels of Seppl were severely reduced compared to those seen in WT mice (31.4 +2.1vs
3.9 + 0.6 ug Seppl/mg plasma, P<0.0001, Figure 4.6A). Despite this decrease in plasma
Seppl, tumor number (7.1 + 1.0 vs 6.5 + 0.7 tumors/mouse, P=0.6, Figure 4.6B) and size

(2.4 £0.3vs 2.3 0.2 mm?, P=0.9, Figure 4.6C) were similar between WT and
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Figure 4.6 Liver-derived Sepp1 does not modify colitis-associated carcinoma. A) Quantification of
Sepp1 protein within the plasma of either WT or Sepp1*/alb-cre*- mice. B) Number of tumors and
C) average tumor size within each mouse (mm?). ***P<0.001.

Sepp1%<;alb-cre*”- mice indicating that loss of liver-derived Seppl does not impact the
tumorigenic phenotype that is seen upon complete Seppl knockout. This is especially
important because it indicates that there is an important function for non-plasma Sepp1l

in anti-tumor properties.

Absence of Selenoprotein P augments stem cell properties and reduces the ability of
enteroids to survive in response to hydrogen peroxide.

Selenoprotein P regulates oxidative stress and toxicity (373, 386) and, consistent
with a function in Wnt signaling, has been shown to play a role in differentiation and stem
cell properties (172, 387). Interestingly, we noted that liver-derived Seppl does not
contribute to tumorigenesis in our mouse model, suggesting a potential epithelial
influence of Seppl. Of interest, though Sepp1 is not expressed in the colon or enteroids
to the extent of that in the liver, there is expression which, upon loss, could contribute to
epithelial phenotypes (Figure 4.7A). We, therefore, wanted to determine whether

selenoprotein P contributed to epithelial growth and stem cell properties at baseline as
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well as whether hydrogen peroxide treatment would alter ROS production and survival
within the epithelial compartment. Recently, a model for epithelial crypt growth has been
established based on the isolation of stem cells from the small intestinal crypt. From single
crypts, complex structures can be grown in vitro that closely resemble their in vivo
counterparts (388). We utilized this model system to determine how the small intestinal
epithelial compartment responds to selenoprotein P knockout.

Enteroids can be grown from a single stem cell or complete crypts (389) and the
“stemness” of an enteroid can be measured by several growth properties displayed by
the enteroid. For instance, augmented stem cell survival can be measured by an increase
in the number of crypts that survive plating versus the total number of crypts plated
(plating efficiency). Furthermore, the percentage of branching enteroids or stem
spheroids at a certain time point can establish the capabilities of the stem cells to
differentiate and the extent of stem cell signaling, respectively. Finally, the number of
branches within each enteroid exhibit the ability of the stem cells to self-propagate and
establish new crypts. We analyzed Sepp1”- enteroids for each of these properties (plating
efficiency: 96.5 + 2.4 % enteroids of total crypts plated, branching enteroids: 61.5+ 1.8 %
branching enteroids, stem spheroids: 14.5 £ 0.2 % stem spheroids, number of branches:
3.2 = 0.2 number of branches per branching enteroid, Figure 4.7B) and discovered an
increased stem cell fitness and growth abilities compared to WT enteroids (plating
efficiency: 65.5 £ 2.0 % enteroids of total crypts plated, P<0.0001, branching enteroids:

42.1 + 2.4 % branching enteroids, P=0.02, stem spheroids: 7.6 + 0.9 % stem spheroids,
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P=0.002, number of branches: 1.9 + 0.1, P=0.003, Figure 4.7B). We next wanted to

determine the response of Sepp1”- enteroids to hydrogen peroxide treatment. Analysis
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Figure 4.7 Sepp1”- enteroids display an increase in stem cell characteristics and increased ROS
production, proliferation, and decreased survival in response to hydrogen peroxide administration.
A) Relative Sepp1 mRNA expression in the liver, colon, brain, and enteroids isolated from WT mice.
The graph displays fold change expression normalized to GAPDH and relative to colonic Sepp1
expression. B) Enteroid stem cell properties determined based on plating efficiency as measured
by percentage of surviving enteroids one day post-plating compared to total crypts plated, percent
of branching enteroids and stem spheroids relative to total enteroids counted three days post-
plating, and average number of branches per branching enteroid at four days post-plating. C) ROS
quantification as determined by carboxy-H,DCFDA staining intensity measured after 2 hours of
treatment with 0 uM, 400 uM, and 800 uM hydrogen peroxide. The quantification is displayed as
the fold change in intensity relative to WT enteroids treated with 0 uM hydrogen peroxide (left).
Representative images of the single carboxy-H.DCFDA channel and merged carboxy-H,DCFDA and
TO-PRO3 channels in WT and Seppl”- enteroids treated with either O uM or 800 uM hydrogen
peroxide (100x magnification, right). C) Proliferation quantification as determined by EdU" cells
per crypt area within WT and Sepp1”- enteroids after two hours of treatment with either 0 uM or
800 uM hydrogen peroxide (left) and representative images of EdU staining in WT and Seppl”
enteroids post-treatment with either 0 uM or 800 uM hydrogen peroxide (100x magnification,
right). D) Survival curves for WT (red), Sepp1*” (blue), and Sepp1”- (black) enteroids after daily
treatment with 400 uM hydrogen peroxide. *P<0.05, **P<0.01, ***P<0.001.
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of reactive oxygen species (ROS) produced after treatment with hydrogen peroxide
revealed a decreased ability of SeppI1”- mice to respond to oxidative stress as carboxy-
H.DCFDA staining intensity was increased (800 UM H20;: 1.6 £ 0.4 vs 3.3 + 0.4 fold-change
intensity relative to 0 uM H,0, WT, P=0.04, Figure 4.7C) though there was no change in
staining intensity of the oxidative-insensitive analogue carboxy-DCFDA. Moreover,
baseline proliferation was increased in Sepp1”- enteroids (1.0 + 0.06 vs 1.4 + 0.1 fold-
change EdU* cells/crypt area relative to 0 uM H,0, WT, P<0.05, Figure 4.7D) and
treatment with hydrogen peroxide resulted in decreased Sepp1”- proliferation compared
to untreated null enteroids (1.4 + 0.1 vs 0.9 + 0.09 fold-change EdU* cells/crypt area
relative to 0 pM H,0, WT, P<0.01, Figure 4.7D), but Sepp1”- enteroids retained increased
proliferation compared to WT enteroids (0.4 + 0.09 vs 0.9 * 0.09 fold-change EdU*
cells/crypt area relative to 0 uM H,0, WT, P<0.05, Figure 4.7D). Finally, Sepp1”- enteroids
demonstrated decreased survival in response to multiple daily administrations of
hydrogen peroxide (P=0.005, Figure 4.7E). These data indicate that absence of Seppl
increases baseline stem phenotypes and proliferation but decreases the antioxidant
potential of enteroids. These data are important because they indicate an epithelial cell-
autonomous role for Sepp1l in processes that would likely contribute to tumorigenesis in

CAC, a cancer characterized by increased oxidative stress.
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Whnt signaling and oxidative stress gene signatures are altered in Sepp1” epithelium.

Enteroids rely on the addition of growth factors EGF, Noggin, and R-spondin in
order to properly grow and differentiate. As Sepp1 null enteroids demonstrate increased
stem cell properties and fitness, we wanted to determine whether absence of signaling
down one of the three pathways required for enteroid establishment and growth would
reverse the baseline enteroid phenotype. Depletion of EGF, Noggin, and R-spondin
resulted in similar decreases in survival in all three genotypes indicating that all three
pathways are important for enteroid persistence (Figure 4.8A), but absence of R-spondin
is the only condition in which both heterozygous and null enteroids displayed decreased
survival compared to WT enteroids, though this difference was not statistically significant
(Figure 4.8A). These data indicate that the stem phenotypes seen upon Sepp1 knockout
are most dependent on Wnt signaling.

In order to acquire an unbiased understanding of gene changes within tumors of
Seppl”- tumors, we performed RNAseq analysis of tumors from WT and Sepp1”- mice
subjected to the AOM/DSS protocol. Ingenuity pathway analysis indicates that Wnt
signaling is altered in Sepp17- tumors with increases in TGFBR3, APPL2, SFRP-4 and -5, and
Cdh-2 expression and obvious pathway abnormalities (Figure 4.8B), thus validating results
seen in enteroids. As further validation of altered Wnt signaling in these tumors, protein
analysis demonstrates increased expression of the Wnt targets Lef-1, Cyclin D1, and
Mmp7 upon loss of Seppl expression (Figure 4.8C). We also wanted to determine

whether alterations could be determined within oxidative stress genes. First, we looked
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for changes in expression of other selenoproteins to determine if compensation was

taking place and found that expression of selenoproteins were not significantly different
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Figure 4.8 Wnt signaling plays a pivotal role in the Seppl”" phenotype. A) Survival curves in
response to growth factor depletion in WT, Sepp1*°, and Seppl”- enteroids. B) Ingenuity pathway
analysis of Sepp1” tumor RNAseq data relative to WT data. Select genes from the WNT signaling
pathway that are overexpressed in Seppl-/- tumors (top) and WNT pathway alterations
demonstrated in a pathway map (bottom). Genes highlighted with red are overexpressed and
genes highlighted with green are suppressed. Intensity of color indicates extent of expression
where darker color indicates a greater expression change. C) Quantification of WNT proteins Lef-
1, Cyclin D1, and Mmp7 normalized to 8-actin. Quantification is shown as fold change relative to
WT (top) and representative images of blots from three individual tumors from each genotype
(bottom).

between WT and Seppl”- tumors. We did note significant alterations in several
cytochrome P450 gene family members as well as beta-hydroxysteroid dehydrogenase
genes (Table 4.1) suggesting that other antioxidant genes are upregulated to attempt to

compensate for Sepp1 loss.

Gene Symbol Gene Name Enzymatic Activity Fold Change | P-value
Cyp2bl0 Cytochrome P450 2B10 oxidoreductase activity -2.1| 0.0001
Aldhlal Retinal dehydrogenase 1 oxidoreductase activity 2| 5.00E-05
Hpd 4-hydroxyphenylpyruvate dioxygenase oxidoreductase activity 2.1|5.00E-05
Hsd3b2 3 beta-hydroxysteroid dehydrogenase/Delta 5-->4-isomerase type 2 |oxidoreductase activity 2.2|5.00€E-05
Cyp2d9 Cytochrome P450 2D9 oxidoreductase activity 2.2|5.00E-05
Fmo2 Dimethylaniline monooxygenase [N-oxide-forming] 2 oxidoreductase activity 2.2|5.00E-05
Hsd17b13 17-beta-hydroxysteroid dehydrogenase 13 oxidoreductase activity 2.2| 5.00E-05
Nosl Nitric oxide synthase, brain oxidoreductase activity 2.2|5.00€E-05
Cyp2chS Cytochrome P450, family 2, subfamily ¢, polypeptide 65 oxidoreductase activity 2.3| 5.00E-05
Cypdbl Cytochrome P450 4B1 oxidoreductase activity 2.3| 0.00065
Cypafid Leukotriene-B4 omega-hydroxylase 3 oxidoreductase activity 2.34| 5.00E-05
Hao2 Hydroxyacid oxidase 2 oxidoreductase activity 2.4|5.00E-05
Nrxn2 Protein Nrxn2 oxidoreductase activity 2.5| 0.00025
Ddo D-aspartate oxidase oxidoreductase activity 2.5| 0.00035
Dpyd Dihydropyrimidine dehydrogenase [NADP(+4)] oxidoreductase activity 2.6|5.00E-05
Hsd3b3 3 beta-hydroxysteroid dehydrogenase/Delta 5-->4-isomerase type 3 |oxidoreductase activity 2.6|5.00E-05
Cyp2c55 Cytochrome P450 2C55 oxidoreductase activity 2.7|5.00€E-05
Cdl63 Scavenger receptor cysteine-rich type 1 protein M130 oxidoreductase activity 3.2|5.00E-05
Cyp2di2 Cytochrome P450, family 2, subfamily d, polypeptide 12 oxidoreductase activity 3.7| 5.00E-05
Clvs2 Clavesin-2 oxidoreductase activity 3.8/ 0.0011
Cyp2el Cytochrome P450 2E1 oxidoreductase activity 4.1|5.00E-05

Table 4.1 Significantly up- or down-regulated oxidative stress response genes in Seppl”- tumors
compared to WT tumors.
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Discussion

Selenoprotein P mRNA levels are significantly decreased in colorectal cancer tissue
relative to normal mucosa (162) and association studies have identified multiple SNPs in
SEPP1 that are linked to colorectal cancer incidence or risk (99, 165). Perhaps most
importantly for the purpose of this study, expression of Seppl is also significantly
decreased during progression in tumors resulting from ulcerative colitis (390). This link
may be dependent upon the role of selenoprotein P in antioxidant activity as it has been
shown to be a hydroperoxide-reducing enzyme (159) and oxidative stress is a
characteristic of inflammatory bowel disease (299). This possibility is supported by the
fact that selenoprotein P is also downregulated in prostate cancer and results in
decreased protection against oxidative damage (164, 166) and in vitro, Seppl protects
astrocytes (391) and keratinocytes (386) from oxidative damage. These data suggest that
Seppl may protect from colitis-associated carcinoma and its antioxidant activities might
contribute to this protection. Thus, Seppl may serve as a therapeutic target in the
prevention of CAC in patients with IBD.

In support of this proposed role, partial loss of Seppl leads to increased
tumorigenesis concomitant with increased DNA damage, proliferation, and pro-
tumorigenic M2 macrophage infiltration. Interestingly, the macrophage phenotype
appears to result from improper polarization as activation of Sepp1*- bone marrow
macrophages also leads to increase prevalence of M2 characteristics suggesting that
decreased Sepp1 expression alters macrophage polarization. Moreover, truncation of the

selenium-rich domain of Sepp1 or mutation of the N-terminal redox active selenocysteine
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also resulted in increased tumorigenesis, suggesting that both functional domains of
Sepp1l contribute to protection from inflammatory tumorigenesis. Interestingly, despite
the fact that the liver produces the majority of Seppl which is distributed via the blood
stream, we present evidence here that implicates epithelial-derived Seppl in protection
from oxidative stress and tumorigenesis. For one, small intestinal organoids isolated from
Seppl1”- mice display increased stemness and proliferation, two properties closely linked
with tumorigenesis. Moreover, they demonstrate a decreased ability to deal with
oxidative stress as hydrogen peroxide treatment leads to increased ROS production and
decreased survival. Finally, absence of liver-derived Sepp1 does not alter tumorigenesis.
While this does not directly implicate epithelial Sepp1l in the Sepp1”- tumor phenotype,
coupled with enteroid data, the liver-specific knockout data suggest that epithelial Sepp1
at least plays a contribution to the phenotype. Additionally, the Se-rich C-terminal domain
of Sepp1 is considered to primarily function as a Se transport domain but the Sepp1<;alb-
cre*/- and Sepp14240-361/4240-361 nhenotypes do not phenocopy one another suggesting that
there may be a role for the C-terminal domain of Seppl beyond selenium transport.
Future experiments should focus on epithelial-specific knockout models in order to
confirm this hypothesis.

Induction of several signaling pathways have been linked to Se depletion including
Nrf2 (125) and Wnt (130), there is little known about the contribution of Sepp1 to these
pathway alterations or others which might be specific to Seppl. We, therefore,
performed an unbiased RNAseq analysis of tumors from WT and Seppl”- mice post-

AOM/DSS protocol. Amongst the most severely altered pathways in response to Sepp1l
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loss was the Wnt pathway. While genes were both up- and down-regulated in this
pathway, some of particular importance including the Wnt ligand, the transcriptional
effector LEF/TCF, and the Wnt targets Mmp7, which we also validated at the protein level,
and p14ARF were all decreased at the mRNA level. Genes that demonstrated increases in
expression included the TGF-B receptor, E-cadherin, and the liver receptor homologue- 1
(LRH-1) which is important for maintaining stem cell pluripotence during development
(392). Importantly, Ingenuity analysis identified the Wnt/B-catenin signaling pathway as
being stimulated in Sepp1”- tumors despite those genes that were downregulated. This is
important because Sepp1l is a Se transporter and Se deficiency leads to an increase in Wnt
signaling suggesting that Sepp1’s selenium transport function may contribute to Wnt
modulation.

We also wanted to survey Seppl”- tumors for alterations in redox gene regulation.
Interestingly, we did not note increased expression of other selenoproteins, indicating
that there was not compensation upon Seppl loss. Amongst some of the most
significantly upregulated redox genes in response to Sepp1l deficiency in the AOM/DSS
model were members of the cytochrome P450 family of oxidoreductases. The
cytochrome P450 (Cyp) superfamily is a group of enzymes that catalyze the oxidation of
organic substances (393). One Cyp identified, Cyp2el, can reduce oxygen to produce pro-
oxidant species, which can create oxidative stress particularly when antioxidant reserves
are depleted (394) as would be seen with Sepp1 deficiency. This upregulation of the Cyp

gene family likely results from the increased oxidative stress resulting from Seppl
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absence and ultimately results in augmentation of the already high oxidative load seen in
Seppl”- mice.

We demonstrate that Sepp1 deficiency leads to protumorigenic phenotypes both
within small intestinal epithelial cells and in response to the AOM/DSS inflammatory
carcinogenesis protocol. These data utilize a novel stem cell model system as well as
genetic models of Seppl modulation to show that Seppl would likely serve as a
therapeutic target in the prevention and treatment of colitis-associated carcinoma, a

cancer characterized by high oxidative stress.
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CHAPTER YV

MTGR1 IS REQUIRED FOR TUMORIGENESIS IN THE MURINE AOM/DSS COLITIS-

ASSOCIATED CARCINOMA MODEL3

Introduction

MTGR1 (Myeloid Translocation Gene, Related-1, CBFA2T2), MTG8 (RUNX1T1) and
MTG16 (CBFA2T3) are members of a gene family (MTGs) in which MTG8 and MTG16 were
originally identified as targets of chromosomal translocations in acute myeloid leukemia
(AML) (178, 190). Translocations involved in cancer identify master regulatory genes often
affecting cellular proliferation, differentiation and apoptosis. MTGs are transcriptional co-
repressors lacking both enzymatic activity and DNA binding capabilities, and act as
scaffolding proteins upon which other transcriptional co-repressors (mSin3a, N-CoR,
SMRT), histone deacetylases, and transcription factors assemble, thus directing
promoter-specific targeting of repressor complexes (178, 190). The aggregate effect of
these complexes is chromatin remodeling via post-translational histone modifications.

In addition to their pivotal role in AML, MTG8 and MTG16 have been implicated in
epithelial malignancies, with the identification of multiple non-synonymous mutations in
MTG8 and MTG16 in colorectal carcinoma (228, 229) and more recently additional

mutations in MTGS8 identified in breast and lung cancer (395). Furthermore, MTG16 is

3 This work has been published under Caitlyn W. Barrett, Barbara Fingleton, Amanda Williams, Wei

Ning, Melissa Steapleton, Mary K. Washington, Rupesh Chaturvedi, Keith T. Wilson, Scott W. Hiebert,
Christopher S. Williams (2011) Mtgr1 is required for tumorigenesis in the murine AOM/DSS colitis-
associated carcinoma model, Cancer Research, 71, 1302-12 (4).
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proposed to function as a tumor suppressor in breast cancer (227). Recently, it has been
demonstrated that MTGs bind to TCF4 and repress its transcriptional activity, thus linking
MTGs with a stem cell regulatory pathway critical for epithelial homeostasis that is
frequently targeted in malignancy (209). The role in tumorigenesis of MTGR1, the third
MTG family member, has yet to be determined.

Observations made in Mtgr1”- and Mtg8” mice have identified MTGs as participating
in intestinal developmental and differentiation programs. Roughly a third of Mtg8” mice
demonstrate a complete deletion of the midgut (214). Mtg16”7 mice revealed that MTG16
is required for hematopoietic progenitor cell fate decisions and early progenitor
differentiation (396). Mtgr1”- mice have increased intestinal proliferation and the
progressive depletion of the secretory lineage in the small intestine, indicating that
MTGR1 regulates intestinal proliferation and differentiation programs (217). Additionally,
Mtgr1”-mice are sensitive to DSS-induced colitis and exhibit chronic architectural changes
with this type of injury implicating MTGR1 in epithelial repair programs (226). Collectively,
the genetic evidence suggests that MTG proteins play key roles in intestinal biologic
processes and could influence intestinal tumorigenesis.

Chronic inflammation, as in Ulcerative Colitis and Crohn’s Colitis, predisposes
malignancy (15, 397, 398), but with an extended latency. While inflammation can be
linked to tumorigenesis, the long latency makes the molecular basis of these links less
clear. Moreover, in certain malignancies inflammation may impair tumor growth. This is

termed “tumor immunoediting” and represents the dynamic nature between the anti-
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tumoral and pro-tumoral activities of immunity (399). Thus it is difficult to predict the
impact a particular gene or pathway may have on tumorigenesis a priori.

We hypothesized that MTGR1 could modify inflammatory carcinogenesis, but
whether this would be stimulatory or inhibitory was unclear. In order to test this
hypothesis, we applied the azoxymethane/dextran sodium sulfate (AOM/DSS) murine
inflammatory colitis model to Mtgr1”-mice. This model has been employed to dissect NF-
kB (400), TLR4 (266), and TNFa (401) signaling, innate immune responses (402), and the
role of intestinal microflora (403) in inflammatory carcinogenesis. We found a striking
decrease in tumor formation in the absence of MTGR1 coupled with increased intra-
tumoral apoptosis. This phenotype required injury and was non-hematopoietic cell
autonomous; however, global gene expression analysis revealed that members of WNT
networks were decreased and genes associated with innate and adaptive immune
networks upregulated in Mtgrl”- tumors, implicating tumor immunity as a potential
mechanism of tumor clearance. Supporting this concept, we observed decreased nuclear
[-catenin and increased CD3*, B220*, NKp46*, and F4/80" infiltrates in Mtgr1”-tumors.
Thus, MTGR1 is required for efficient AOM/DSS-induced tumorigenesis and may promote

survival of initiated colonocytes perhaps by its influence on suppressing tumor immunity.

Materials and Methods
Murine Inflammatory Carcinogenesis Protocol: 8-10 week old C57BL/6/129 mixed
background WT (n=22) or Mtgrl”-(n=19) mice were injected with 12.5 mg/kg of AOM

(Sigma-Aldrich) intraperitoneally as described in Greten, et al (265). After a three-day
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recovery period the animals were started on the first of four cycles of 3% DSS ad libitum
(See Schematic in Figure 5.1A). Each cycle lasted 5 days and was separated by a 16-day
recovery period. After the last cycle, animals were sacrificed following a 26-day recovery
period. Tumor counts and measurements were performed in a blinded fashion under a
stereo-dissecting microscope. Microscopic analysis was performed for severity of
inflammation (357) and dysplasia on (H&E) stained “Swiss rolled” colons by a
gastrointestinal pathologist (MKW). All in vivo procedures were carried out in accordance
with protocols approved by the Vanderbilt Institutional Animal Care and Use Committee.
Mtgrl expression: Tumors and adjacent non-tumor tissue from four colons were
dissected from WT mice and RNA was isolated using the RNEasy MiniKit (Qiagen). SYBR
Green (Bio-Rad) gRT-PCR using Mtgrl and GAPDH specific primers was performed in
triplicate as previously described (226). Analysis of fold-change was performed using the
AACt method.

In situ hybridization: The MTGR1-1699T and MTGR1-2020B probe set and protocol of
Amann et al. were used (217). Images were taken on a Zeiss Axioskope under identical
conditions.

Immunohistochemistry: 2-h prior to sacrifice, animals were injected with 16.7 mg/kg
bromodeoxyuridine. 5-micron sections were cut, dewaxed, hydrated and endogenous
peroxidase activity quenched with 0.03% hydrogen peroxide in MeOH. Antigen retrieval
was performed using the boiling sodium citrate method in a microwave (20mM sodium
citrate pH 6.5) for 16 min at 30% power. After blocking, primary antibody added (a-B-

catenin, (BD Transduction Laboratories), 1:1000; a-CD3, (Serotec), 1:1000; a-CD45r, (BD
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Pharmingen), 1:40, monoclonal a-BrdU (Accurate Labs) 1:2000), a-arginase | (ARG1),
(Santa Cruz), 1:500; o-IL-1B, (R&D Systems), 1:50; a-NKp46, (Santa Cruz), 1:500; o-
matrilysin 338 (404), diluted 1:500) overnight at 4°C. Isotype-matched antibodies were
included as negative controls. The Vectastain ABC Elite System (Vector Labs) was used to
visualize staining for IHC. For immunofluorescence slides were counterstained with DAPI
(Invitrogen) and mounted with ProLong Gold antifade (Invitrogen). Identification of intra-
tumoral apoptotic cells was performed using the ApopTag® Plus Peroxidase in situ
Apoptosis Kit (Chemicon) according to the manufacturers protocol. Control stains were
obtained by omitting the terminal transferase (TnT) enzyme. Immune cell, apoptosis, and
proliferation indices were generated by counting the number of positive cells per high-
powered field (HPF; 40x objective) within each tumor (15 Mtgr1”/- 42 WT tumors) from 9
Mtgrl”- and 14 WT tumor bearing mice. A total of 82 Mtgr1”- and 319 WT high-powered
fields were examined and the mean positive cells per HPF was calculated. A crypt
apoptosis and proliferation index was generated by counting twenty crypts per mouse.
This is presented as the mean number of TUNEL* or BrdU* cells per crypt.

Cell Culture and siRNA transfection: HCT116 cells were obtained from Dr. Robert Coffey
and have morphologic characteristics consistent with their known identity. Formal
authentication was not performed. One day prior to siRNA transfection, cells were plated
at 2x10° cells per well in a 6-well plate. Cells were then transfected with ON-TARGETplus
SMARTpool siRNA for Mtgr1/CBFA2T2 (Thermo Scientific) using RNAiMax (Invitrogen)
according to the manufacturer’s protocol. 6 h after transfection, the transfection mixture

was replaced with complete media. The next day, cells were starved overnight with media
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containing 1% BSA and the next morning cells were washed and complete media was
added. After harvesting, cells were analyzed for apoptosis using the TACS Annexin V-FITC
flow cytometry kit (R&D Systems). Cells were analyzed on the 5-laser BD LSRIl analyzer
and unstained controls were used to establish proper gating. Presented are the average
percentage of annexin V positive cells per 10,000 cells over three different trials.
Expression Array Assays: Tumors were dissected from WT and Mtgr1” mice and RNA was
isolated using the RNEasy MiniKit (Qiagen). RNA integrity was determined using an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). All RNA samples had RNA
integrity numbers (RINs) >8 and were deemed suitable for hybridization. A total of 10 mg
of cRNA was used in the second cycle of first strand synthesis to generate the correct
sense for target hybridization. Mouse gene 1.0 ST arrays (Affymetrix) were scanned the
next day. CEL files were imported into Partek Express (Partek) and Robust Multichip
Average (RMA) was run across all 8 samples. Pivot data was exported and posted. A t-test
was run between the Mtgri”- and WT sample groups in Partek. The P-value was multiple
testing corrected with Bonferroni and Step-up. Expression array analysis was performed
hybrizing cRNA to the Mouse gene 1.0 ST chip (Affymetrix). Differentially expressed genes
were classified using the PANTHER (Protein Analysis THrough Evolutionary Relationships)
classification system (www.pantherdb.org/gen).

Bone Marrow Transplant: A single cell suspension of bone marrow cells was obtained
from the tibia and femur of two Mtgr1”- and four WT 6-week old donor mice, and the red
blood cells were lysed with erythrocyte lysis buffer (Buffer EL, Qiagen). 0.85 x 10° bone

marrow cells were injected via the tail vein into 15 Mtgr1”/~ and 17 WT lethally irradiated
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(900 rads) 8 to 12-week old recipient mice. The mice were then fed acidified water
(0.015% HCl in autoclaved water) supplemented with 1.1 g/L neomycin sulfate and 125
mg/L polymyxin B sulfate for two weeks post transplantation (modified from Cotta et al.
(405)). Eight weeks post-transplantation the mice were placed on the Murine
Inflammatory Carcinogenesis Protocol.

Statistical Methods: Apoptosis, proliferation, and immune cell indices as well as the tumor
and burden counts were analyzed using the Student’s-t test using Graphpad Prism® 5.0c,

unless otherwise indicated.

Results
Mtgrl is overexpressed in AOM/DSS tumors.

Proteins regulating intestinal proliferation and differentiation pathways often
contribute to oncogenesis. Given the newly discovered role of MTGR1 in regulating these
processes coupled with the observation that loss of MTGR1 results in sensitization to gut
injury, we hypothesized that Mtgrl expression maybe altered in AOM/DSS tumors. For
these experiments, 8-10 week old mice were injected with AOM and treated with 4 cycles
of DSS as defined in the Methods and shown in Figure 5.1A. Tumors and adjacent tissue
were harvested and both qRT-PCR and in situ hybridization for Mtgrl mRNA expression
was performed. A 10.7-fold increase (P<0.001) in Mtgrl mRNA expression was
demonstrated in tumors compared to adjacent mucosa (Fig. 5.1B) and this expression was
localized to a majority of the epithelial cells within the tumor whereas in adjacent

histologically normal appearing colonic crypts it was expressed in only a small population
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Figure 5.1 Mtgrl expression is increased in tumors resulting from AOM/DSS colitis-associated
carcinoma. A, schematic of the AOM/DSS protocol. B, polyps and adjacent normal tissue subjected
to Tagman qRT-PCR analysis via the delta-delta Cr method demonstrated a 10.73-fold increase in
Mtgrl expression in tumor versus normal tissue (***P<0.001). Error bar represents the standard
error for four biological replicates performed in triplicate. C, Mtgr1 in situ hybridization of colonic
“Swiss Rolls” obtained from WT AOM/DSS. Arrows indicate positive signal within the base of the
crypt. Scale bar is 5 ym.

of epithelial cells within the lower crypt region, consistent with the published expression
pattern (Fig. 5.1C) (217). We next wanted to determine if MTGR1 levels varied in human
colon cancer. We were unable to obtain human colitis associated carcinoma samples
therefore we performed gRT-PCR for MTGR1 on two colorectal cancer sample groups.
The first consisted of non-matched normal and colorectal carcinoma (CRC) tissues. In this

group we observed a 2.3 fold increase in MTGR1 expression in the CRC samples (P<0.05)

(Fig. 5.2A). We then looked at 9 matched normal/colon cancer samples and found
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Figure 5.2 MITGR1 is overexpressed in human colorectal cancer. A) Mtgrl RNA levels in normal
colon vs. CRC samples. (left) average of 3 normals vs 8 CRC samples, *P<0.05. B) Relationship plot
of Mtgrl RNA levels in nine matched normal and CRC samples indicating heterogeneity in Mtgrl
expression.

heterogeneity in MTGR1 expression, however, 55% of the CRC samples demonstrated an
increase in MTGR1 expression (Fig. 5.2B). These results suggest that MTGR1 may
contribute to inflammatory carcinogenesis in the colon and we postulated that deletion

of MTGR1 may prevent tumor formation.

Mtgr1 is required for efficient inflammatory tumorigenesis.

Using genetic manipulation in the mouse, we tested whether MTGR1 was required
for tumorigenesis in the AOM/DSS model. 8-10 week old WT or Mtgr1”- mice were placed
on the AOM/DSS protocol (Fig. 5.1A). Consistent with our prior report (226) Mtgrl” mice
experienced greater weight loss in comparison to WT animals with each DSS treatment.
Looser stool was evident in both groups, with frank blood frequently seen in the Mtgr1”-
mice. Four weeks after the last DSS cycle the animals were sacrificed. Despite the

increased sensitivity to colitis, the Mtgr1”- mice actually had significantly fewer polyps
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Figure 5.3 Mtgrl functions as a tumor promoter in the murine AOM/DSS inflammatory
carcinogenesis model. A) polyp frequency and B) polyp size as determined via calculation of the
surface area of each lesion in each mouse (**P<0.01). C) representative gross specimens from
three WT and Mtgr17- AOM/DSS treated mice with longitudinally opened colons on the far right.
D) representative H&E demonstrating tumors from WT and Mtgrl”- mice. Overall, WT tumors
were larger and displayed more dysplasia than those from Mtgr1”- mice. Scale bar is 5 um.

compared to WT mice (1.8 £0.5 vs 7.5 +0.8, Fig. 5.3A) and decreased tumor size (4.6 £0.62
mm? vs 8.4 +0.83 mm?, Fig. 5.3), which was apparent upon gross inspection
(representative colons, Fig. 5.3C). Histologic examination of H&E stained sections from
colons prepared as “Swiss Rolls” revealed adenomas with high grade dysplasia
characterized by loss of epithelial polarity and a more complex tumor growth pattern

frequently present in WT tumors, whereas the adenomas observed in the Mtgr1” colons

(Fig. 5.3D) more often showed only low grade dysplastic changes. WT or Mtgr1”- mice
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treated either with AOM as a single modality, or with multiple exposures to DSS in the
absence of AOM, did not develop tumors over this time frame (data not shown).

A decrease in tumor multiplicity in Mtgr1”/- mice suggested that MTGR1 may be
playing a role in initiated or early tumor progenitor cell survival after injury, as opposed
to influencing tumor promotion, in which case similar numbers of tumors, but smaller
tumors would be expected. To determine if epithelial injury was required for this effect,
we treated animals with AOM as a single agent (12.5 mg/kg IP) and assessed effects 48
weeks later. At necropsy, there was no difference in polyp or aberrant crypt foci (ACF)
formation between WT and Mtgr1”- mice (polyps, 3.5 0.2 vs 4.1 0.5, P=0.40; ACF, 23.4

0.1 vs 27.0 £2.0, P=0.21, Fig. 5.4A, B). These data indicate that alterations in epithelial
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Figure 5.4 AOM-only experiments demonstrate no difference in polyp burden or ACF. A) mice
treated with AOM and aged for 48 weeks had similar polyp and B) ACF burdens.

injury, either due to DSS itself or to inflammatory infiltration was required for the
different AOM/DSS phenotype in Mtgrl”/- versus WT mice. Collectively, these
experiments suggest that MTGR1 could protect early tumor progenitor cells from

clearance after enterocyte injury.
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Altered intratumoral apoptosis in the absence of MTGR1.
Variations in proliferation or apoptosis may account for the difference in tumor

burden between Mtgr17-and WT mice. Intra-tumoral apoptosis rates were assessed using
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Figure 5.5 Mtgr1” polyps demonstrate increased apoptosis. Colons were isolated from mice after
completion of the AOM/DSS protocol. A) apoptosis was measured via TUNEL staining of Swiss
rolled colons from all tumor bearing mice. Mtrg1”" polyps, on average, have higher apoptotic cell
counts than WT polyps (***P<0.001) but there is no difference in apoptosis within crypts. B) siRNA
knockdown of Mtgrl in the colon carcinoma line, HCT116, resulted in increased apoptosis
compared to scrambled siRNA control (¥*P<0.05). Error bar represents the standard deviation for
three biological replicates.

in situ TUNEL staining. Mtgrl”- mice demonstrated an average of 32.0 #5.1 TUNEL*
cells/tumor high-power field (HPF). WT mice, on the other hand, displayed 12.9 +0.9

TUNEL* cells/tumor HPF (P<0.001, Fig. 5.5A), while no differences were seen in apoptotic
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indices within crypts. To investigate whether there is a direct link between loss of MTGR1
and induction of apoptosis, we utilized a cell culture model using the human colon cancer
cell line HCT116. Knockdown of MTGR1 by siRNA resulted in increased apoptosis as
measured by annexin V and propidium iodide (Pl) flow cytometry (Fig. 5.5B), but no
change in proliferation (data not shown).

Next, to analyze proliferation rates, BrdU immunohistochemistry (IHC) was
performed. BrdU positive cells/crypt were counted and averaged. As observed previously
(226), non-tumorigenic Mtgrl”- colonic epithelium showed a modest increase in
proliferation compared to WT mice. However, intra-tumoral proliferation rates were
similar between WT and Mtgr1”- mice, suggesting that the difference in tumor formation
and/or size was not a function of differences in epithelial proliferation rates between WT

and Mtgr17-animals, but more likely due to differences in intratumoral apoptosis.

Decreased nuclear and total B-catenin in Mtgr1”/- tumors.

All three MTG family members (MTGR1, MTG16, and MTGS8) are capable of
competing with B-catenin for TCF4 occupancy and can repress TCF4 mediated
transcriptional activity (209). Based on this observation, we stained WT or Mtgrl1”-tumors
with a B-catenin specific antibody to determine the levels of B-catenin expression and its
localization. We derived a B-catenin staining index, which incorporates the intensity of
staining and percentage of nuclear B-catenin* cells/HPF. We found uniformly high nuclear

and cytoplasmic staining in the WT tumors (252.4 +24.9, Fig. 5.6A, B). However, the
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Mtgr1”- tumors contained lower levels of nuclear B-catenin and there was a more

heterogeneous staining pattern within the tumor (101.2 £23.6, Fig. 5.6A, B).
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Figure 5.6 Decreased expression and heterogeneous distribution of nuclear 8-catenin in Mtgr1”-
tumors. [-catenin expression and localization was determined via immunohistochemistry with -
B-catenin as per Methods section. A) representative staining for 8-catenin from WT or Mtgr1”
tumors, B) B-catenin index (Percentage of tumor with nuclear B8-catenin x expression intensity,
(N=10 mice, each genotype) **P<0.01). Error bar represents the standard deviation and scale bar
is5 um.
Transcriptional network alterations in Mtgr1”- tumors.

To address the mechanism by which MTGR1 might act during tumorigenesis, RNA
was isolated from WT and Mtgr1”7- tumors and hybridized to Affymetrix Mouse Gene 1.0
ST arrays. After data normalization, expression profiles were uploaded to the PANTHER

platform (313). Significant decreases in both Wnt (P=.001) and Cadherin (P=.0001)

pathways in the Mtgr1” tumors was evident with the most significant reductions in the
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Gene Fold decrease in Mtgr1”
Pnliprp1 -30x

Pnliprp2 -20x

Wif1 -17.9x

Dkk2 -7.6x

Lgr5 -8.9x

Axin2 -3.8x

Defensins -3.5x>-10x

(2,5,20,22,23)

Mmps -3.3x>-6.9x

(7,12,13,14)

Gene Fold increase in Mtgr1-
Cyp2c55 6x

Card 4.8x

Hao3 4.7x

Slc26a3 3.8x

Aqp8 3.4x

Table 5.1 Differential expression of genes in Mtgrl”- tumors. Tumors were developed according to
the Murine Inflammatory Carcinogenesis Protocol and dissected from WT and Mtgrl”" mice.
Isolated RNA was hybridized to the Mouse gene 1.0 ST arrays and CEL files were imported into
Partek for differential expression of genes. Among other genes,

Mmp7 was shown to be downregulated in Mtgrl”- tumors.

Whnt target Lgr5 (-8.95 fold), consistent with decreased Wnt signaling tone in the Mtgr1”
tumors. Paradoxically, repressors of Wnt signaling (Wif1 -17.9x, Dkk2 -7.6x and Axin2 -
3.8x, Table 5.1) were also down-regulated. Levels of expression of the matrix
metalloproteinases (Mmp-7 6.8x, Mmp-13 3.9x, Mmp-12 3.5x, and Mmp-14 3.4x) were
also decreased in Mtgrl”- tumors (Table 5.1). MMP7 is a known target gene of the Wnt
pathway (244) and its overexpression has been associated with colon cancer (406). We
therefore assessed MMP7 at the protein level by immunofluorescence, and observed not

only decreased expression but also decreased secretion of MMP7 from colonic polyps in
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the Mtgr1”- versus WT mice (Fig. 5.7A, B). These findings suggest that decreases in WNT

signaling and MMP expression may contribute to decreased tumor size in Mtgrl”" mice.
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Figure 5.7 Decreased expression and secretion of Mmp7. A) immunofluorescence for Mmp7
demonstrated a decrease in Mmp?7 production and secretion. E-cadherin, a downstream target of
Mmp?7 is shown in red. B) Mmp7* cells were counted per 40x HPF in tumors from WT and Mtgr1”
mice (***P<0.001). Scale bar is 5 ym.

Immune pathways are upregulated in Mtgr1”- tumors.

PANTHER analysis of the changes in gene expression also revealed increased MHC-I
(P=.001), MHC-II (P=.003), T-cell (P=6.8x10!), and B-cell mediated immunity pathways
(P=.007), indicating that these gene classes are overrepresented in the Mtgrl”/- tumors
(Table 5.2). To both confirm and extend these observations we performed
immunohistochemistry on WT and Mtgr17-tumors to classify intratumoral inflammation.
In Mtgr17-vs WT tumors (Fig. 5.8A, B), there were increased CD3* T-lymphocytes (13.6
+2.5/tumor HPF vs 49.4 +5.6, P <0.001), B220/CD45r* B-lymphocytes (15.8 +2.3 vs 6.0
+0.8/tumor HPF, P <0.001), and NKp46* natural killer cells (51.0 +3.7 vs 36.0 +3.1/tumor
HPF, P=0.004). Because Mtgr17-tumors were smaller than WT tumors and mononuclear

phagocytes can exert anti-tumor activity by directly killing tumor cells and eliciting tissue

143



disruptive reactions (407), we used F4/80 and IL-1B co-staining and observed increased

M1 macrophages in Mtgr1”-tumors (29.1 3.0 positive cells/tumor HPF vs 11.6 +1.6,

Panther Biologic Processes
(Mtgr1+ relative to WT)

Increased Decreased
Biological Function p-value Biological Function p-value
B-cell and antibody-mediated immunity 6.8x10° Pre-mRNA processing 4.2x10°13
!mmum‘ty MHCII mediated immunity 3.5x10° Nucleotide and nucleic acid metabolism 9.9x10°10
subset MHCI mediated immunity 1.8x10° mRNA splicing 4.2x10°10
T-cell mediated immunity 6.9x10°" Pheromone response 1.9x10
Immunity and defense 1.4x10°% Nuclear transport 3.8x10*
Oxidative phosphorylation 9.2x10°10 mRNA transcription initiation 8.4x10*
Transport 1.6x10% rRNA metabolism 9.0x10*
Cation transport 6.1x10% Protein metabolismand modification 1.0x103
Electron transport 6.8x10% Intracellular protein traffic 1.8x103
lon transport 1.8x107 Protein folding 3.6x10°
Carbohydrate metabolism 7.3x10° Cell cycle 4.2x10%
Lipid, fatty acid and steroid metabolism 6.2x10° tRNA metabolism 7.9x10°3
Muscle development 3.6x10+ DNA metabolism 8.6x10°
Muscle contraction 4.7x10 DNA replication 5.3x102
Neuronal activities 1.1x10°3 Proteolysis 6.2x102
Bload circulation and gas exchange 1.8x102 General mRNA transcription activities 1.9x10"
Phosphate metabolism 7.0x102 Protein targeting and localization 1.9x10°!
Other receptor mediated signaling pathway 9.2x10% DNA repair 2.1x10"
Fatty acid metabolism 1.1x10" Stress response 4.9x10"
Homeostasis 1.2x10°" Mitosis 5.0x10!
Regulation of vasoconstriction, dilation 1.3x101 RNA localization 7.5x101
Steroid hormone-mediated signaling 1.6x10"
Carbohydrate transport 2.0x10"
Synaptic transmission 2.9x10"
Extracellular transport and import 3.8x10"
Amino acid metabolism 6.8x10"
Qther neuronal activity 8.3x101
Other homeostasis activities 8.7x10"
Other immune and defense 9.7x10"

Table 5.2 Mtgrl”- tumors have increased adaptive and innate immunologic transcriptional
networks. Post-normalized expression data was analyzed via PANTHER to map biologic process
categories. Significant increases in B-, T-cell, MHCIl and MHCI were identified in Mtgr1”- tumors.

P<0.001). Because M2 macrophages are generally considered pro-tumorigenic (407), we
anticipated that co-staining with F4/80 and ARG1 would identify fewer M2 mononuclear
cells in the Mtgr1”/ tumors. We were surprised to find increased M2 cells in the Mtgr1”

tumors (15.8 +2.6 positive cells/tumor HPF vs 7.2 1.3, P=0.003, Fig. 5.8A, B).
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In situ hybridization indicated that Mtgrl was mainly expressed within the
epithelium of developing AOM/DSS induced tumors (Fig. 5.1C). However, MTGR1 is

present in many tissue types, including hematopoietic lineages (198). Given the dramatic
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Figure 5.8 Mtgr1”tumors have increased immune infiltration. A & B) WT or Mitgr1”- tumors were
stained with aNKp46(green), aCD3, aB220, afF4/80 (red), all-1f (green), and ARG1 (green)
antibodies and positive cells/tumor HPF were counted showing increased immune infiltrate in
Mtgr1”-tumors in comparison to WT tumors (***P<0.001, **P<0.01). Scale bar is 5 um.

changes in inflammatory cell infiltration in the tumors, MTGR1 could be acting in a
hematopoietic cell autonomous fashion to repress immune infiltration, or alternatively,
MTGR1 could be acting in the stromal or epithelial compartment to repress immune cell
recruitment. To test whether the MTGR1 effect is hematopoietic cell autonomous, we

restored MTGR1 expression in hematopoietic cells in the Mtgrl”- mouse via bone marrow

transplantation of WT marrow. In addition, WT mice were transplanted with Mtgri”-
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marrow and control transplants consisting of WT or Mtgr17- mice transplanted with WT
or Mtgrl”- marrow, respectively, were also performed (Fig. 5.9A, B). Non-transplanted
controls did not survive two weeks post irradiation, indicating that the endogenous
marrow was ablated. Transplanted animals were allowed to recover for three months

prior to placing the animals on the AOM/DSS protocol.
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Figure 5.9 Autologous transfer of Mtgrl** marrow does not reverse the Mtgrl”’- AOM/DSS
phenotype. Bone marrow transplants were performed on WT and Mtgrl” mice as indicated. A)
wild type mice given Mtgr1”- bone marrow have more polyps per colon than Mtgr1”- mice given
WT bone marrow (**P<0.01). B) colonic polyps are larger in WT mice rescued with Mtgrl”- bone
marrow than in Mtgrl”- mice rescued with WT marrow.

WT mice rescued with either WT or Mtgrl”- bone marrow had equivalent tumor
burden (2.125 + 0.693 and 1.5 + 0.756, polyps/mouse, respectively). No tumors were
observed in either of the Mtgrl” recipient groups. This indicates, at least in this model,
that it is the absence of MTGR1 in non-hematopoietic cellular compartments that
protects from AOM/DSS-induced tumorigenesis. This data coupled with increased

epithelial apoptosis in the HCT-116 cells suggests that MTGR1 promotes tumorigenesis

through its actions in the epithelium.
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Discussion

Myeloid Translocation Genes (MTGs) are transcriptional co-repressors that were first
identified in AML where the prototypic event is the 8:21 translocation (408). Considerable
information has been gained from the creation of constitutional null alleles for each MTG
family member. Mtgr17-mice have increased enterocyte proliferation, mainly localized to
the lower 1/3 of the crypt, as well as the progressive depletion of the secretory lineage in
the small intestine (217). The presence of MTGR1 is required for maintenance of epithelial
integrity after DSS-mediated injury and chronic architectural changes occur after a
solitary DSS-mediated injury (226).

In this report, we demonstrate that MTGR1 is required for efficient inflammatory-
associated colonic carcinogenesis. AOM is a procarcinogen and is metabolically activated
to a potent alkylating agent forming 0®-methyl-guanine (318). Its oncogenic potential is
markedly augmented in the setting of chronic inflammation, such as that induced by
repeated cycles of DSS treatment (319). The power of this model has recently been
demonstrated in deciphering the epithelial versus myeloid cell contribution of IKKB to
polyp formation in the setting of inflammation (265), and the contributions of IL-6 and its
downstream mediator, STAT-3 (33). IL-6 and MTGR1 are required for maintenance of
mucosal integrity after injury (226), (33). Both Mtgr17-and IL-67 mice are protected from
tumorigenesis in the AOM/DSS model. In the case of the Mtgr1”- mice, higher levels of
intra-tumoral apoptosis, with no appreciable difference in proliferation, may mediate the
beneficial affect of MTGR1 deletion. Injury is required for the Mtgrl”- protective effect,

as there was no difference in tumor burden when mice were injected with AOM without
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subsequent cycles of DSS. This suggests that MTGR1, similar to IL-6, protects initiated
epithelial cells from apoptosis. In the case of IL-6, this is mediated via its production by
lamina propria myeloid cells, and our data indicates that hematopoetic MTGR1
production does not modify tumorigenesis.

Alteration in Wnt signaling is a common initiating event in sporadic CRC (25); however,
it is less common in colitis-associated carcinoma (CAC), and when it does occur, it typically
does so as a late event (409). We were surprised to find evidence of low Wnt signaling in
Mtgrl” tumors as it has previously been shown that MTGs bind to TCF4 and compete
with B-catenin for occupancy; thus, at least in certain circumstances, antagonizing WNT
transduced signals (209). One potential explanation for this apparent paradox is that
MTGs are known to function as transcriptional co-repressors via diverse interactions with
multiple transcription factors (i.e. PLZF, BCL6, GFI-1) in addition to TCF4. They also form
bridging interactions with other transcriptional co-repressors such as N-CoR, SMRT,
mSin3A and HDACs 1, 2, and 3 (176, 178, 187). Our results suggest that the effect of
MTGR1 on WNT signaling may be less important than its ability to inhibit apoptosis via
modulating other pathways.

Our data suggests that loss of MTGR1 shifts the inflammatory response towards an
anti-tumorigenic state by increasing expression of tumoricidal immune cells such as
natural killer cells and M1 macrophage subsets. Perplexingly, there is also a concomitant
increase in “pro-tumorigenic” M2 polarized macrophages. It is theorized that there is a
balance between M1 (anti-tumorigenic) and M2 (pro-tumorigenic) within the tumor

microenvironment and it is proposed that this balance could have different net effects at
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different stages of tumor progression (407). As the overall observed effect in the absence
of MTGR1 was smaller and fewer tumors this observation suggests that MTGR1 could
influence the balance between anti- and pro- tumorigenic macrophage function.
Furthermore, the fact that WT marrow transplanted into Mtgrl1”- mice failed to prevent
the reduction in tumorigenesis in the Mtgr17- AOM/DSS phenotype indicates that this
process is not acting in a hematopoietic cell autonomous manner in this tumor model.
This raises the possibility that MTGR1 suppresses inflammatory recruitment, perhaps via
regulating production of epithelial derived chemokines and cytokines.

We observed decreased Mmp-7 (Matrilysin), -12, -13, and -14 in Mtgrl”- tumors.
These matrix metalloproteinases are overexpressed in human colorectal carcinomas with
increased Mmp7 observed early in malignant progression and in 85% of surveyed tumors
(410). Mmp77 mice bred with Apc™™* mice have a 50% decrease in polyposis (406, 411).
MMP7 has pleiotropic effects promoting cancer progression via its proteolytic activity
against the ectodomain of a number of cell surface proteins. For example, MMP7 cleavage
of CD45 makes tumor cells resistant to apoptosis (412, 413), MMP7 mediated cleavage of
proHB-EGF into mature HB-EGD promotes proliferation and angiogenesis (414), and E-
cadherin is cleaved to soluble E-cadherin, promoting invasion (415). The tumor promoting
effects of increased MMP expression could contribute to tumor growth differences and
raises the intriguing possibility that MMPs may be important targets of MTGR1-mediated
repression.

In conclusion, we demonstrate that removal of MTGR1 enhances inflammation,

increases intra-tumoral apoptosis, and reduces production of proteins such as MMPs
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known to be pivotal to tumor growth. Thus, MTGR1 appears to influence the tumor
microenvironment and in addition to its effects on initiated cell survival may also suppress
tumor immunosurvelliance. These studies provide insight into disease pathogenesis and
implicate MTGR1 dysfunction in colitis-associated carcinoma and sporadic colorectal
carcinoma, thus providing the substrate for translational investigations of MTGR1 in

colitis-associated carcinoma.
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CHAPTER VI

KAISO DIRECTS THE TRANSCRIPTIONAL COREPRESSOR MTG16 TO
THE KAISO BINDING SITE IN TARGET PROMOTERS?

Introduction

The myeloid translocation gene proteins (MTGs) are transcriptional corepressors,
lacking both enzymatic and DNA-binding activities, that act as scaffolding proteins upon
which other transcriptional corepressors (mSin3a, N-CoR, SMRT), histone deacetylases
(HDACs), and transcription factors assemble (178, 190). Their modular nature permits
contributions to multiple promoter-specific repressor complexes, making them master
regulators of gene expression. MTG8 and MTG16 (CBFA2T3) were originally identified as
targets of chromosomal translocations in acute myeloid leukemia (178, 190), suggesting
an important role in cellular growth and development. MTG family proteins have since
been implicated in the development of colon and breast cancers as well (227-229, 269).
Because MTG repressive capabilities are dictated via protein-protein interactions with
transcription factors and other co-repressors it is imperative to identify MTG-interacting
proteins and understand their functions and specificities in the context of tumorigenesis.
Zinc fingers, C;Hz and BTB domain containing (ZBTB) family members bind methylated or

unmethylated DNA in a sequence-specific manner and repress target genes (416). AZBTB

4 This work has been published under Caitlyn W. Barrett, ]. Joshua Smith, Lauren C. Lu, Nicholas
Markham, Kristy R. Stengel, Sarah P. Short, Baolin Zhang, Aubrey A. Hunt, Barbara M. Fingleton,
Robert H. Carnahan, Michael E. Engel, Xi Chen, R. Daniel Beauchamp, Keith T. Wilson, Scott W.
Hiebert, Albert B. Reynolds, Christopher S. Williams (2012) Kaiso directs the transcriptional
corepressor MTG16 to the Kaiso binding site in target promoters, PLoS One, 7, e51205 (12).
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family member that has recently been studied in detail for its ability to modulate
colorectal cancer, Kaiso (ZBTB33), utilizes all three zinc fingers for high affinity binding to
DNA targets (417). All ZBTB family members likely share this method of DNA binding, as
homology exists within their zinc finger motifs. Kaiso, like MTGs, forms repression
complexes that include N-CoR and HDACs (190, 233) and plays a pivotal role in the
repression of tumor suppression genes such as CDKN2A in colon cancer cell lines (247).
Kaiso also represses matrix metalloproteinase gene MMP7 expression (241) in addition
to canonical and non-canonical Wnt targets (418-420). Moreover, Kaiso expression is a
prognostic indicator in non-small cell lung cancer (420) and its deletion suppresses
intestinal tumorigenesis in mice (251). ZBTB4 also modulates the cellular responses to
p53 activation (248) and is downregulated in breast cancer (421). Collectively, these data
suggest ZBTB proteins, and Kaiso specifically, have multidimensional roles in cancer
development.

Like the ZBTB family of transcription factors, the MTG family of transcriptional
corepressors has disparate roles in cancer development. For example, MTGs associate
with TCF4 to repress Wnt signaling (209) and mutations in both MTG8 and MTG16 were
found in colon and breast cancer (228, 229). Mtgr1 is required for tumorigenesis in a
murine model of inflammatory carcinogenesis (269), and MTG16 has been identified as a
putative tumor suppressor in human breast cancer (227). Given that ZBTB16 (also known
as PLZF) and BCL6 (ZBTB27) associate with MTG8 (192, 199) and that Kaiso and MTG16

have similar influences in cancer development, we tested for a wider structure-function
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relationship between the ZBTB and MTG families, which could provide insights into their
roles in tumorigenesis.

Here, we identified the association of Kaiso, ZBTB4, and ZBTB38 with MTG16 in
yeast two-hybrid assays, which suggests a direct physical interaction between these
factors. The Kaiso-MTG16 complex specifically binds to Kaiso’s established binding site
(KBS) on DNA and enhances repression of a KBS-containing reporter and the Kaiso target,
MMP7 promoter. However, MTG family members did not influence methylation-based
repression by Kaiso. These data suggest that Kaiso-MTG16 dependent transcriptional
repression requires the interaction of this complex on the KBS. Moreover, the impact of
MTG16 on repression of Kaiso target promoters depends on Kaiso DNA binding. Analysis
of publicly available ChIP-seq datasets showed that MTG family members bind Kaiso-
targeted promoters over 70% of the time, implicating this interaction in the regulation of
over 100 genes. Lastly we examined a large multi-stage CRC expression array dataset and
discovered an inverse relationship between Kaiso and MTG16 expression and consistently
elevated MMP7 expression at all stages of tumorigenesis supporting the hypothesis that

loss of either Kaiso or MTG16 de-regulates MMP7 expression.

Materials and Methods
Yeast Two-Hybrid. ZBTB4 and ZBTB38 prey and MTG16 bait plasmids were obtained from
Hybrigenics. pDONR201-Kaiso (clone ID: HsCD00082434, The ORFeome Collaboration)
and pDONR221-MTG16 (clone ID: HsCD00079915, HIP) plasmids were obtained from

Harvard PlasmID and pGAD-GW and pGBT9-GW vectors were provided by ABR. Kaiso and
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MTG16 were inserted into the pGAD-GW and pGBT9-GW plasmids using the Gateway
Cloning procedure (422). In short, 150ng of entry vector (Kaiso or MTG16) was mixed with
150ng of destination vector (pGAD or pGBT9) and the volume was brought to 8ul with TE.
2ul of LR Clonase Il enzyme mix (Invitrogen) was added and the reaction was incubated
for 1 hour at 25°C. 1ul Proteinase K was then added to each sample and incubated at 37°C
for 10 minutes. Kaiso was then truncated to include amino acids 298-573 by Agilent
Quickchange Il site-directed mutagenesis (Agilent) according to the manufacturer’s
protocol. The MTG16 constructs shown in Figure 1 were also developed using the
Quickchange 1l site-directed mutagenesis kit. For the yeast two-hybrid, yeast at ODeoo
were transformed via the PEG-LiAc-TE method using a 42°C heat shock. Yeast at an ODgoo
of 0.6 were centrifuged at 3000 rpm for 5 minutes and resuspended in 10ml of LiAc-TE,
centrifuged and resuspended in 1ml of LiAc-TE. Transformations were set up using 50ug
of carrier DNA (sheared salmon sperm DNA, Ambion), 1ug of DNA for each construct
(pGAD and pGBT9) and 100ul of competent yeast. 0.7ml of sterile 40%PEG-LiAc-TE was
added and yeast were allowed to recover at 30°C for 30 minutes and then heat shocked
at 42°C for 15 minutes. Cells were then washed with sterile TE and the reactions were
plated on double-dropout selective media plates (-leu, -trp) and grown at 30°C for three
days. Colonies were then plated on either triple- (for the Hybrigenics system) or
quadruple-dropout (for the pGAD/pGBT9 system, -leu, -trp, -his, -ala) plates. Empty
vector bait was used as a negative control.

Immunofluorescence and Colocalization. K562 human leukemia cells (ATCC CCL-243) were

plated on poly-I-lysine (Sigma-Aldrich) coated cover slips and allowed to adhere for 30
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minutes at room temperature. Cells were fixed with ice-cold 2% paraformaldehyde, pH7.4
for 10 minutes. After three washes, cells were blocked with 1% BSA and then stained with
MTG16 antibody (1:1000 333, supplied by MEE) and a polyclonal Kaiso antibody (1:1000
supplied by ABR) overnight at 4°C. Cells were washed then stained with anti-rabbit-Cy3
and anti-mouse-FITC for 1 hour at room temperature and mounted using ProLong Gold
antifade mounting medium with DAPI (Invitrogen). Slides were visualized using
Deltavision software (Stress Photonics, Madison, WI) supplied by the Epithelial Biology
Core (Vanderbilt).

Cell Culture. Human colon cancer cell lines HCT116 (ATCC CCL-247) and HT29 (ATCC HTB-
38) were maintained in McCoy’s 5A media supplemented with fetal bovine serum (FBS)
and pen/strep (P/S). HCT116 cells were transfected with Lipofectamine LTX and Plus
reagent (Invitrogen) and HT29 cells were transfected with Fugene HD (Promega)
according to manufacturer’s protocol. K562 cells were maintained in DMEM
supplemented with FBS and P/S.

Coimmunoprecipitation. HCT116 cells were transfected with Kaiso and each of the Gal- or
Myc-tagged MTG family members (provided by Mike Engel) using Lipofectamine LTX and
Plus reagent (Invitrogen) according to manufacturer’s protocol. 48 hours post-
transfection, cells were lysed with coimmunoprecipitation buffer (0.5% Triton-X 100, 0.1%
DOC, 0.1% SDS, and protease inhibitors in PBS), clarified by centrifugation, and pre-
cleared with protein A/G agarose beads for 1 hour at 4°C. 2ug of either anti-Gal (Santa-
Cruz, sc-510), anti-Myc (Santa-Cruz, sc-40) or anti-IgG (Cell Signaling, G3A1) control

antibodies were then added to pre-cleared lysate and incubated overnight at 4°C with
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rotation. Following removal of input, 40ul protein A/G agarose beads were added to each
sample and incubated at 4°C for 1 hour with rotation. Western blotting for Kaiso
(polyclonal Kaiso antibody supplied by ABR, 1:1000) was then performed.

Kaiso Knockdown. HEK293T packaging cells (ATCC CRL-11268) were transfected with
Mission shRNA constructs (Sigma-Aldrich) specific for human Kaiso (clone ID:
NM_006777.3-2600s1c1l and NM_006777.3-358s1c1) as well as the PAX2 and MDG?2
plasmids using Superfect Transfection Reagent (Qiagen) according to the manufacturer’s
protocol. 24 hours post-transfection, media was removed from the HEK293T cells and
passed through a 0.2 uM filter. 4ug/ml Polybrene (Millipore) was added to the filtered
media. Growth medium was removed from HCT116 cells and replaced by infection
medium. After 6 hours, the infection medium was replaced with normal growth medium
and the infection process was repeated 24 hours later. Cells were selected for knockdown
using 5ug/ml Puromycin (Invitrogen) over a 3-day period. Knockdown was analyzed by
the delta-delta-CT method following RT-PCR using Kaiso-specific Tagman probes
(Invitrogen) and by Western blotting using the polyclonal Kaiso antibody (1:1000,
supplied by ABR).

Luciferase Reporter Assays. Kaiso and MTG family members were transiently expressed
in HCT116 cells along with either the Kaiso binding site (4xKBS) reporter, which contains
four consensus Kaiso binding sites and a luciferase reporter gene (gift from Juliet Daniel,
McMaster University, Canada), or the mutant Kaiso binding site promoter which contains
mutant forms of the KBS and a luciferase reporter gene (PGL3 control 4xKBSMT, gift from

Juliet Daniel). A constitutive reporter plasmid expressing Renilla luciferase (pGL4 TK
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hRluc) was included to normalize data generated from the Kaiso reporter constructs. Cell
lysates were subjected to a dual-luciferase assay and presented as adjusted RLUs. For
human MMP7 (HMAT, gift from BMF) assays, Myc-tagged delta-MTG16 constructs (ME,
Figure 1C) were co-transfected with activators PEA3, LEF1, C-JUN, and delta B-Catenin
and the human MMP7 promoter fused to the luciferase reporter gene (HMAT-2.3).
Activation by enforced expression of PEA3, LEF1, C-JUN, and delta B-catenin was required
to see repression by MTG family members because HCT116 cells express low levels of
MMP7 endogenously. Mbd2”- cells (a gift from Pierre-Antoine Defossez) (232) were
maintained in Advanced MEM supplemented with BCS and P/S and transfected with
Superfect (Qiagen), according to manufacturer’s protocol. For methylation-dependent
studies, 5ug of pSV40Luc was methylated upon mixture of 1.5ul SAM, 30l 10x NEB2, 1l
Sssl methylase (New England Biolabs) and water to 300ul. The mixture was incubated at
37°C for 2 hours followed by addition of 1.5ul SAM and continued incubation for 1 hour.
DNA was then purified using the Qiaquick PCR purification kit (Qiagen). Mbd2” cells (gift
from Pierre-Antoine Defossez) were transfected with MTG family members and either
methylated or unmethylated promoter according to previously published specifications
(232). HMAT and KBS assays were performed as outlined in the Materials and Methods
section in the main paper.

MMP7 Repression. HT29 cells were transfected with expression plasmids for Kaiso, an
MTG family member, or a combination of the two. RNA was isolated using the Qiagen
RNA Isolation Kit and cDNA was generated from 1 ug of total RNA using the iScript cDNA

Synthesis Kit (BioRad). Tagman gPCR was performed using MMP7-specific probes
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(Invitrogen), and expression was normalized to GAPDH (Invitrogen). Analysis was
performed using the delta-delta Ct method. Transfected cells were also treated with
Protein transport inhibitor containing Brefeldin A (BD GolgiPlug) for 3 hours before lysate
was collected using RIPA buffer. Lysates were run on Western blots, probed with a-MMP7
(Santa-Cruz 1:1000) and a-B-actin (Sigma-Aldrich, 1:5000) as a loading control and
developed using the Odyssey system.

Chromatin Immunoprecitation. HCT116 cells were fixed using 1% formaldehyde for 20
minutes at room temperature. Cells were then lysed and chromatin was sheared by
sonication (4 watts, 10 seconds on, 1 minute off, on ice repeated ten times). Lysate was
precleared with 20ul protein A/G agarose beads (Santa Cruz, sc-2003) and beads were
blocked with 2ug sheared salmon sperm DNA (Ambion). Lysate was immunoprecipitated
with either 1gG (Cell Signaling, G3A1), polyclonal MTG16 (333, provided by MEE) or
monoclonal MTG16 (2D1, provided by SWH) overnight at 4°C with rotation. Protein A/G
agarose beads were then added for 1 hour at 4°C with rotation. Complexes were eluted
and crosslinks reversed with NaCl at 65 degrees for 5 hours and DNA isolated using the
Qiagen PCR purification kit. gRT-PCR was performed using Kaiso binding site-specific
primers (241). Analysis was performed using the delta-delta Ct method.

Statistical Methods. Luciferase, ChIP, and expression analyses were analyzed using one-
way ANOVA and a Newman-Keuls post-test in Graphpad Prism 5.0c, unless otherwise
indicated.

Microarray experiments—human tissues and microarray platform. Representative

sections of fresh tissue specimens were flash frozen in liquid nitrogen and stored at -80C
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until RNA isolation. Quality assessment slides were obtained to verify the diagnosis of
cancer or normal adjacent mucosa. Stage was assessed using American Joint Commission
on Cancer guidelines for both cohorts of tumor samples. RNA for human tissue was
purified using the RNeasy kit (Qiagen). Samples were hybridized to the Human Genome
U133 Plus 2.0 GeneChip Expression Affymetrix array. The expression array data are
deposited and the GEO accession number is GSE17538. Complete minimum information
about a microarray experiment-compliant dataset for analysis are available
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17538).

Microarray Analysis and Statistics. Microarray data were normalized using the Robust
MultiChip Averaging (RMA) algorithm as implemented in the Bioconductor package Affy
as previously described (423-425). Wilcoxon Rank sum test was used to determine
significance for the normal, adenoma and colorectal cancer comparisons. The gene
expression data Spearman correlation coefficient was used to assess the association
between Kaiso and MTG16 (probes 214631 _at and 208056_s_at respectively). We next
compared the differential expression between normal samples and carcinoma samples
for genes MTG16 and MMP7 using a linear model with an interaction term. More
specifically, our model included gene expression as the outcome variable, main effects
group (normal, carcinoma) and gene (e.g., Kaiso, MMP7) as well as the group x gene
interaction term. The significance of interaction term indicates that differential gene
expression for normal vs. carcinoma is significantly different for the two genes. This test

procedure was similarly applied to genes Kaiso versus MMP7.
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Ethics Statement. The protocols and procedures for this study were approved by the
Institutional Review Boards at University of Alabama-Birmingham Medical Center,
Vanderbilt University Medical Center, Veterans Administration Hospital (Nashville, TN)
and H. Lee Moffitt Cancer Center, and written informed consent was obtained from each

subject per institutional protocol.

Results
ZBTB family members interact with MTG16.

In order to understand MTG16-mediated intracellular signaling we used yeast-two
hybrid screening to identify MTG16 binding partners. This approach identified two
members of a family of zinc-finger transcription factors that repress methylated and non-
methylated DNA: ZBTB4 and ZBTB38. Another member of this family, Kaiso (ZBTB33), is
of particular interest because, like MTG16, it has been previously linked to Wnt signaling
and tumorigenesis in the gut (247, 251, 418). Kaiso was not identified in the initial yeast
two-hybrid screen, likely due to limited expression in the murine brain library that was
screened. However, the ZBTB4 and ZBTB38 clones that were identified consisted of the
highly homologous zinc finger region shared by ZBTB family members (Fig. 6.1A) and
suggested that Kaiso would likely be a third target for MTG16 binding. Directed yeast two-
hybrid validation experiments demonstrated that ZBTB4, ZBTB38, and Kaiso each interact
with MTG16 via a highly conserved zinc-finger domain (Fig. 6.1B) which is also required
for ZBTB16 (PLZF) MTG16 interaction (192), but not with ZBTB27 (BCL6) which

demonstrates MTG16 binding within the fourth zinc finger motif (199). Mapping of the
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Figure 6.1 ZBTB family members interact with MTG16. A. ZBTB family member alignment based
on homologous zinc fingers and identification of amino acids used in yeast-two hybrid experiments
(veast two-hybrid clones). B. Yeast-two hybrid assay for interactions between ZBTB family
members and MTG16. C. Mapping of the Kaiso binding site on MTG16. Yeast two-hybrid assays
were performed in triplicate.

MTG16 binding domain identified the nervy homology region 1 (NHR1) as the component

hybrid assay (Fig. 6

.10).
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of MTG16 that is required for binding to Kaiso as the three constructs lacking the NHR1

domain (A5N, A7N, and ANHR1) failed to demonstrate an interaction in the yeast two-



Empty + +
Kaiso + + +
MTG8-Gal + +
MTG16-Gal + + + +
MTGR1-Gal + +
= e — -— % Kaiso
- ]| J
a-lgG IP Input a-Gal IP
B
1 145 242 365 402 460 510 532 567 653
Myc-MTG16 wt | Myc NHR1 NHR2 NHR3| |NHR4
Myc-MTG16A7N Myc F{NHR2 NHR3| |NHR4
Myc-MTG16A5C | Mye NHR1
Myc-MTGT6ANHR2 | myc H NHR1 NHR3 | |NHR4
C D
Empty +
Myc-MTG16 wt + +
Myc-MTG16A7N +
Myc-MTG16A5C +
Myc-MTG16ANHR2 +
=D —
1B: Myc ‘
® 5
S ©
IB: Kaiso % o, 0t b» 4
IP: Myc
IB: Kaiso | - s .LI]A

Figure 6.2 Kaiso and MTG16 associate and co-localize. A. Immunoprecipitation of overexpressed

Gal-tagged MTG family
immunoprecipitated with

members in HCT116 cells. Cell lysates were fractionated and
anti-Gal or control IgG and analyzed by immunoblotting with Kaiso

antibody. B. Myc-tagged MTG16 constructs used for immunoprecipitation mapping of MTG16
binding site. C. Immunoprecipitation of overexpressed Myc-tagged MTG family members in
HCT116 cells. Cell lysates were fractionated and immunoprecipitated with anti-Myc or control IgG
and analyzed by immunoblotting with Kaiso antibody. D. K562 cells costained for MTG16 (333,
FITC) and Kaiso (polyclonal, ABR, Cy3) were imaged using the Deltavision system, and a correlation
coefficient was determined for Kaiso and MTG16 colocalization (r=0.95+0.04, n=25 cells).
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Using wild-type and selected mutant constructs for MTG16, we confirmed the
Kaiso interaction in the HCT116 human colon cancer cell line which has endogenous Kaiso
expression (Fig. 6.2A, r=0.95+0.04). We then mapped the binding interface to the N-
terminus of MTG16 (Fig. 6.2B,C). We next used immunofluorescence to demonstrate
endogenous co-localization of Kaiso and MTG16 in the K562 cells, a human leukemia cell
line with high levels of expression of both proteins (Fig. 6.2D). Furthermore, in silico
analysis of publicly available ChIP-seq data (UCSC Genome Browser, (426)) identified 101
promoters with intersecting Kaiso and MTG protein occupancy (Fig. 6.3A), providing
further evidence that cooperativity between Kaiso and the MTG proteins may occur.
Furthermore, three targets identified in the in silico ChIP-seq analysis, ATF-2, ATF-7, and
MAPK14 demonstrate altered expression in response to MTG16 overexpression. ATF-2
and MAPK14 are repressed by MTG16 (Fig. 6.3B, P<0.0001 ATF-2 and P=0.04 MAPK14)
while ATF-7 expression is higher in response to MTG16 overexpression (Fig. 6.3C,
P<0.0001). Though initially surprising, this result still points to a Kaiso and MTG16 complex
binding the ATF-7 promoter but suggests that either the proteins behave as activators,
something Kaiso is capable of on this promoter, or that they are displacing another
repressor complex that is a more potent repressor than the Kaiso-MTG16 complex.
Collectively, these findings suggest a direct binding relationship between Kaiso and

MTG16 with a shared impact in transcriptional control and tumorigenesis.
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Figure 6.3 Kaiso shares repression targets with MTG16 and MTGR1. A. The UCSC genome browser
ChlIP-seq data was used to identify Kaiso targets. Chip-seq data developed by Soler et al., 2011
(426) was used to identify MTG16 and MTGR1 targets that overlapped with Kaiso binding sites. B.
ATF-2, MAPK14, and C. ATF-7 mRNA expression upon overexpression of MTG16. The graph shows
the fold-change (*2Ct) of mRNA compared to an empty vector control. Error bars represent the
standard error for three replicate experiments performed in triplicate. *P<0.05, ***P<0.001.
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MTG family members repress the Kaiso binding site promoter.

In mammalian cells, Kaiso recognizes both the consensus sequence TCCTGCNA
(Kaiso binding site, KBS) and methylated CpG dinucleotides (231, 232). We used a
luciferase-based Kaiso binding site reporter (4xKBS), as well as a mutant form that
contains a C>A transversion that abolishes both Kaiso binding and Kaiso-mediated
repression (4xKBSMT) (231) to explore cooperation between Kaiso and MTG family
proteins in transcriptional repression (Fig. 6.4A). We determined that MTGs were capable
of repressing the 4xKBS reporter construct (Fig. 6.4B) and that this repression was specific
as it was disrupted when the 4xKBSMT reporter was used in lieu of the 4xKBS reporter
(Fig. 3C). Additionally, Kaiso knockdown (Fig. 6.4D, left) resulted i a dose-dependent loss
of 4xKBS repression by MTG16 (Fig. 6.4D, right). Finally, knockdown of both MTG16 and
Kaiso resulted in decreased repression of the KBS in the HCT 116 cell line that expresses
high levels of both proteins (Fig. 6.5A & B, P=0.008).

Because we determined MTG family members are able to repress the sequence-
specific Kaiso target, we also wanted to determine whether MTGs were able to repress
the second common Kaiso target, methyl-CpG. We therefore assessed the ability of MTG
family members to repress a methylated reporter plasmid (232). In this case, we saw little
repression of the methylated reporter by MTG family members until very high levels of
MTG8 or MTG16 were used (Fig. 6.4E). This indicates that Kaiso dependent MTG
repression specificity is directed towards genes containing the KBS as opposed to methyl-
CpG, and suggests a model where MTG16 cooperates with Kaiso in the repression of KBS

targets, but not to methylated CpG targets (Fig. 6.4F).
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Figure 6.4 MTG family members repress the Kaiso binding site reporter (4xKBS). A. Composition of
the KBS reporter constructs. The 4xKBS reporter contains four consensus Kaiso binding site
sequences followed by a luciferase gene. The mutant reporter (4xKBSMT) contains a C2A
transversion in the Kaiso binding sites which abolishes Kaiso binding. B. 4xKBS artificial promoter
assays in HCT116 cells upon titration of MTG family members (Ong, 200ng, 400ng, 800ng). The
graph shows the fold-change in luciferase activity relative to the control reporter, pGL4-TK hRLUC,
after transfection of expression plasmids encoding MTG family members, MTG8, MTG16, and
MTGR1. The error bars represent the standard error of the mean for 3 replicate experiments
performed in triplicate. C. 4xKBS and 4xKBSMT artificial promoter assays in HCT116 cells after
transfection of 500ng of the indicated MTG family member. The error bars represent the standard
error of the mean for 4 replicate experiments performed in triplicate. D. Kaiso knockdown by two
independent Kaiso shRNA constructs compared to a scrambled shRNA control (left). 4xKBS
artificial promoter assay after knockdown of Kaiso and the transfection of 500ng of MTG16 (right).
E. Methylated pSV40 artificial promoter assay in Mbd2” cells upon titration of MTG family
members (Ong, 200ng, 400ng, 800ng). The graph shows the fold-change in luciferase activity
relative to the control reporter, pGL4-TK hRLUC, after transfection of expression plasmids encoding
MTG family members, MTG8, MTG16, and MTGR1. The error bars represent the standard error of
the mean for 3 replicate experiments performed in triplicate. F. Model for Kaiso repression of Kaiso
binding site (KBS) and methyl CpGs (mCpG) on target promoters. *P<0.05, **P<0.01, ***P<0.001.
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Figure 6.5 Repression of 4xKBS, HMAT, and MMP7 is decreased with knockdown of MTG16 and
Kaiso in HCT116 cells. A. Kaiso or MTG16 mRNA expression after knockdown of Kaiso (sh-Kaiso)
and MTG16 (si-MTG16) in HCT116 cells. The graph shows the fold-change (* “Ct) of mRNA
compared to a scrambled control (sh-scrambled and si-scrambled). B. 4xKBS and C. HMAT reporter
activity after knockdown of both Kaiso and MTG16. D. MMP7 expression in response to knockdown
of Kaiso and MTG16. Error bars represent the standard error for three replicate experiments
performed in triplicate. **P<0.01, ***P<0.001.
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MTG family members repress the MMP7 promoter.

MMP7 is an established tumor promoter in colon, prostate, pancreatic, and lung
cancers (242, 243, 427, 428). It also contributes to tumor progression and metastasis
(429). Interestingly, two Kaiso binding sites are present in the human MMP7 promoter
(Fig. 6.6A) that enable Kaiso-mediated repression of MMP7 expression (231). Our data
suggests that MTGs may cooperate with Kaiso to repress Kaiso targets. Therefore, we
hypothesized that MTGs would repress the MMP7 promoter. Titration of each MTG family
member with the full-length human MMP7 reporter (HMAT-2.3, (231)) in the Kaiso-
expressing HCT116 cells resulted in dose-dependent repression (Fig. 6.6B). This
repression was lost when an MTG16 construct lacking the NHR1 domain (loss of affinity
mutant) was used, further supporting an interaction with Kaiso that is dependent on the
NHR1 domain of MTG16 (Fig. 6.6C). Also, Kaiso knockdown resulted in loss of HMAT
repression, suggesting that Kaiso represses MMP7 via MTG16 recruitment. Moreover,
knockdown of both MTG16 and Kaiso in the HCT116 cell line resulted in decreased
repression of the HMAT reporter (Fig. 6.5A & C, P<0.0001). Taken together, these data

demonstrate that MTG16 and Kaiso repress MMP7 promoter activity.
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Figure 6.6 MTG family members depend on Kaiso to repress the human MMP7 promoter. A. The
composition of the full-length MMP7 reporter (HMAT-2.3). The HMAT-2.3 reporter contains two
Kaiso and two TCF binding sites followed by a luciferase gene. B. HMAT-2.3 artificial promoter
assays in HCT116 cells upon titration of MTG family members (Ong, 200ng, 400ng, 800ng). The
graph shows the fold-change in luciferase activity relative to the control reporter, pGL4-TK hRLUC,
after transfection of expression plasmids encoding MTG family members, MTG8, MTG16, and
MTGRI1. The error bars represent the standard error of the mean for 3 replicate experiments
performed in triplicate. C. HMAT-2.3 promoter assay utilizing MTG16 deletion constructs in which
the indicated nervy homology region is removed. Error bars represent the standard deviation of
triplicate samples. D. HMAT-2.3 artificial promoter assay after knockdown of Kaiso and the
transfection of 500ng of MTG16. Error bars represent the standard deviation of triplicate samples.

*Pp<0.05, ***P<0.001.
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Figure 6.7 MTG family members repress endogenous MMP7. A. Primers for the ChIP assay flank
the -537 Kaiso binding site in the MMP7 promoter. B. ChIP assay performed in HCT116 cells using
both polyclonal (333, pMTG) and monoclonal (2D1, mMTG16) antibodies for MTG16. The graph
shows fold-enrichment compared to IgG control. C. Knockdown of Kaiso by three independent
ShRNA constructs compared to a scrambled sh-RNA control. D. Chromatin immunoprecipitation
assay in HCT116 cells. The graph shows fold enrichment of the -537 Kaiso binding site after
precipitation with the MTG16 2D1 antibody compared to the IgG control. E. MMP7 mRNA
expression after transfection of the indicated MTG family member in HT29 cells. The graph shows
the fold-change (AACt) of MMP7 mRNA compared to an empty control. Error bars represent the
standard error for three replicate experiments performed in triplicate (top). Representative
immunoblotting of MMP7 in HT29 cells after transfection of indicated family members and
treatment with Brefeldin-A. Protein quantification was performed with the Odyssey Western blot
developer system. **P<0.01, ***P<0.001.
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Figure 6.8 MTG16 does not repress the MMP7 reporter via TCF binding sites. A. The composition
of the truncated MMP7 reporter (HMAT-296) and TCF mutant reporters (HMAT-194, HMAT-109,
and HMAT-2x). B. HMAT artificial promoter assays in HCT116 cells. HCT116 cells were transfected
with either 500ng of MTG16 or 500ng of Empty vector as a control. The graph shows the fold-
change in luciferase activity relative to the standard pGL4-TK hRLUC after transfection of
expression plasmids. The error bars represent the standard error of four replicate experiments
performed in triplicate. *P<0.05, **P<0.01.

The human MMP7 promoter also contains two TCF binding sites (Fig. 6.7A). MTGs also

associate with TCF4 and repress TCF4 targets (209). Thus it was possible that in addition
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to repressing via an interaction with Kaiso at the KBS, MTG16 could be recruited by TCF4
to repress MMP7 via TCF response elements. To address this issue of MTG16 specificity
for Kaiso or TCF binding sites, we performed repression assays using heterologous
transcriptional reporters composed of minimal MMP7 promoter elements where TCF
binding sites were mutated individually or in combination (430) (Fig. 6.8A). Mutation of
either or both of these sites had no effect on MTG16-mediated repression of MMP7 (Fig.
6.8B). These data indicate that MTG16-dependent MMP7 repression occurs independent
of TCF binding sites. In concert, these results suggest that MTG16 recruitment by Kaiso to
the MMP7 KBS is responsible for MTG16:Kaiso mediated MMP7 repression.

Both MTG16 and Kaiso have been implicated in breast, colon, and lung carcinoma
(227-229, 247, 431, 432). Each can regulate Wnt signaling (209, 418), a pathway strongly
associated with colon cancer development. Recently at least five MTG mutations have
been identified in colon or breast cancer (228, 229), all are non-synonymous and
predicted to influence MTG function. We therefore wanted to determine whether these
mutations could influence Kaiso dependent repression of the 4xKBS and HMAT reporters.
Overexpression of each MTG mutant resulted in no change in repression of either the
4xKBS (Fig. 6.9A) or HMAT reporters (Fig. 6.9B), indicating that these mutations do not

influence MTG dependent Kaiso repression.
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Figure 6.9 Established MTG8 and MTG16 colorectal cancer mutations do not alter repression of
Kaiso target promoters. A. 4xKBS artificial promoter assays in HCT116 cells. The graph shows the
fold-change in luciferase activity relative to the standard pGL4-TK hRLUC after transfection of
expression plasmids encoding the indicated MTG8 mutant constructs. B. HMAT-2.3 artificial
promoter assays in HCT116 cells. The graph shows the fold-change in luciferase activity relative to
the standard pGL4-TK hRLUC after transfection of expression plasmids encoding the indicated
MTG8 mutant constructs. The error bars represent the standard error of three replicate
experiments performed in triplicate. *P<0.05, **P<0.01.

MTG family members repress endogenous MMP7 expression.

Based upon the transcriptional control data described above, we predicted that
MTG16 should occupy the promoters of Kaiso-regulated genes. To address this
hypothesis, we used ChIP to probe for MTG16 occupancy of the -537 Kaiso binding site in
the endogenous MMP7 promoter (Fig.7A). We observed 13.2 or 14.7 fold enrichment
over IgG when either a polyclonal (333, pMTG) or monoclonal MTG16 (2D1, mMTG16)
antibody was used (P<0.001, Fig. 6.7B). Importantly, Kaiso knockdown abrogated MTG16

binding to the MMP7 promoter, showing that Kaiso is essential for MTG16 recruitment

(Fig. 6.7C, D).
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We next determined whether MTG16 was capable of regulating endogenous
MMP7 expression by analyzing MMP7 mRNA and protein levels in the context of enforced
expression of MTG family members. For this experiment, the colon cancer cell line HT29
was utilized. Overexpression of MTG8, MTG16, and MTGR1 resulted in decreased MMP7
both at the RNA and protein levels when compared to a vector control (fold-change mRNA
expression: 0.60 S.E. 0.05 (MTG8), 0.59 S.E. 0.07 (MTG16), 0.71 S.E. 0.09 (MTGR1), P<0.01
for each, Fig. 6.7E). Considering that HT29 transfection efficiency in these experiments
was 44.85% + 6.553, the data likely under-represent the impact of MTGs on MMP7
expression. Moreover, knockdown of Kaiso and MTG16 in HCT116 cells resulted in
derepression of endogenous MMP7 expression (Fig. 6.6D, P=0.04). These findings suggest

that MTGs repress endogenous MMP7 expression via interaction with Kaiso.

MMP7 increased expression is associated with decoupling of the MTG16 and Kaiso
regulatory axis.

We next sought to compare the expression levels of Kaiso, MMP7 and MTG16 in
patients with colorectal cancer compared with normal adjacent colon tissues and
adenomas. We observed a significant up-regulation of MMP7 and Kaiso (Fig. 6.10A, B,
P<0.001 for all stages) while MTG16 is significantly down-regulated for all stages of cancer
compared with normal adjacent colon samples (Fig. 6.10C, P<0.001). Given the in vitro
data demonstrating MTG16 played a key role and was required for maximal repression of
Kaiso-regulated KBS-containing promoters, we reasoned that Kaiso and MTG16

expression would be inversely related on a per sample basis. We did in fact note a highly
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significant inverse correlation (Fig. 6.10D, Rho=-0.29, P<0.001). The data presented in this

paper suggests a model by which both Kaiso and MTG16 are necessary for MMP7
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Figure 6.10 MTG16 and Kaiso are negatively correlated in human CRC patient samples and MMP7
is up-regulated. A) Kaiso expression is significantly up-regulated in adenomas and colorectal
cancer patients compared with normal adjacent colon tissues (P<0.001, for all comparisons). B)
MMP7 expression is significantly up-regulated in adenoma and colorectal cancer patients for each
stage (P<0.001 for all comparisons). C) MTG16 expression is significantly down-regulated in
colorectal cancers versus normal adjacent samples (P<0.001; *for all comparisons except
adenoma). Wilcoxon Rank Sum test was used to determine significance for A-C. D) Normalized
expression of both MTG16 and Kaiso probes (see Methods) were compared in human colorectal
cancer patients. The graph demonstrates a significant inverse correlation for MTG16 versus Kaiso
(rho =-0.29, P<0.001, inverse correlation depicted by red line, Spearman correlation coefficient).

repression. This model likely applies to other Kaiso:MTG16 regulated KBS containing

promoters.
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Discussion

Kaiso and MTG16 share several functional similarities, including their abilities to
repress Wnt signaling, bind co-repressors, and impact processes that influence
tumorigenesis. Because of these similarities, we postulated that Kaiso and MTGs could
form complexes and that Kaiso could target MTG repression functions to specific
promoters. In testing this hypothesis we found that Kaiso and MTG16 interact and that
this depends on the homologous zinc fingers in Kaiso and the NHR1 domain in MTG16.
Furthermore, when MTG family members are overexpressed, they enhance repression of
a KBS reporter. Studies with both heterologous KBS reporters and Kaiso knockdown
showed that MTG-dependent transcriptional repression on Kaiso targets, such as the
MMP7 promoter, is Kaiso-dependent. ChIP experiments revealed that the Kaiso-MTG
interaction occurs endogenously at the KBS in the MMP7 promoter, and reduced MMP7
expression at both the RNA and protein level show the interaction to be functionally
significant. Thus, we have linked two families of transcriptional repressors, both
previously implicated in oncogenesis. Understanding the nature of this relationship is
important in understanding transcriptional regulation by these complexes in normal
biology and how this is perturbed in tumorigenesis.

Kaiso is a dual-specificity repressor that can recognize both a consensus sequence
(KBS, TCCTGCNA) and methyl-CpG dinucleotides (231). Interestingly, though MTG16 is
important for repression of KBS reporters, it does not repress a methylated reporter,
suggesting that the Kaiso-MTG16 interaction is specific for promoters that contain the

Kaiso binding site. Kaiso has been identified as the factor that recruits the N-CoR complex
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to CpG-rich sequences in a methylation-dependent manner (235), our study
demonstrates that there is a converse activity with interaction with MTG16, as it is a Kaiso
cofactor that is dependent solely on Kaiso binding to the canonical KBS. This suggests that
Kaiso might differentiate between target repression based on the availability of cofactors,
making these cofactors key in understanding the regulation of Kaiso targets, be they
methylated or the canonical consensus sequence. We think that this is biologically
relevant as we noted a strong inverse correlation between MTG16 and Kaiso levels in a
large human CRC dataset. This could have important implications for the regulation of
Kaiso:MTG16 targets and may influence the bimodal effect of Kaiso on carcinogenesis
(247, 251, 418, 432).

This interaction is also of great importance as our data directly implicates
MTG16:Kaiso complexes in the regulation of MMP7 expression. MMP7 plays a significant
role in all stages of tumor progression and is a key player in a wide variety of cancers
including, but not limited to, colon, prostate, lung and ovarian (427, 433-436). Indeed,
metalloproteinases are among the most common targets for anti-cancer drug
development (437) so understanding their regulation will give insight into mechanisms by
which their expression might be altered. We have determined that MTG16 binds Kaiso at
the MMP7 promoter and recruits transcriptional corepressors to attenuate MMP7
expression. Furthermore, both MTG16 and Kaiso demonstrate coordinate patterns of
expression when compared with MMP7 in human CRC samples vs. normal adjacent colon
samples. Decreased repression upon loss of either protein within this complex could

contribute to tumorigenesis.
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In order to better understand the scope of the Kaiso-MTG interaction, we analyzed
public-domain ChlIP-seq datasets (UCSC Genome Browser, (426)) to determine the
overlap of targets bound by Kaiso and the MTG family members MTG16 and MTGR1.
Several targets relevant to cancer pathogenesis were revealed using this methodology.
For example, Kaiso and MTG16 bind the Activating Transcription Factor (ATF)-2 promoter,
while Kaiso and MTGR1 bind the promoter for ATF7. The ATF family is composed of
transcription factors that are involved in cellular stress response (438). Aside from being
activated by the MAPK pathway in response to stress, ATFs 2 and 7 are also involved in
oncogenesis, as they are able to dimerize with c-Jun to influence Jun-dependent survival,
apoptosis, and cell cycle progression (439, 440). C-Jun pathway regulation is also seen
with a third target of MTG-Kaiso binding, MAPK14. Mitogen-activated protein kinase
(MAPK) p38a (MAPK14) suppresses cellular proliferation through inhibition of the JNK-c-
Jun pathway (441) and plays an essential role in stem and progenitor cell proliferation
and differentiation in the lung (442). Another MAPK family member, MAP3K7, was also
identified in this screen. MAP3K7 plays an important role in the modulation of TGF-8
signaling (443), a pathway highly related to oncogenesis. Importantly, overexpression of
MTG16 in the HT29 cell line resulted in repression of both ATF2 and MAPK14, consistent
with MTG16 functioning as a repressor, but also overexpression of the target ATF7,
suggesting that this target has more complex transcriptional regulation.

In summary, we identified an association between Kaiso and MTG family
members. Because Kaiso is the prototypic ZBTB family member, we focused on

understanding the contribution of MTG16 to Kaiso mediated repression. We determined
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that the Kaiso-MTG16 complex specifically binds to the KBS and represses the Kaiso
target, MMP7. We examined a large multi-stage CRC expression array dataset and
discovered an inverse relationship between Kaiso and MTG16 expression and consistently
elevated MMP7 expression at all stages of tumorigenesis supporting the hypothesis that
loss of either Kaiso or MTG16 de-regulates MMP7 expression. Analysis of publicly
available ChIP-seq datasets showed that MTG family members bind Kaiso-targeted
promoters over 70% of the time, implicating this interaction in the regulation of over 100
genes, many of which are involved in cell cycle control and survival programs.

In conclusion, we report that Kaiso and MTGs interact in inhibitory complexes and
identify a subset of target genes which are important in oncogenesis. Additional targets
identified in the ChIP-seq screen include stress and oxidative damage response proteins
potentially important in inflammatory carcinogenesis. Future experiments should be
directed towards understanding the role of Kaiso and MTG16 in sporadic and

inflammatory colon carcinogenesis.
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CHAPTER VII

KAISO IS REQUIRED FOR MTG16-DEPENDENT EFFECTS ON COLITIS-ASSOCIATED

CARCINOMA

Introduction

Kaiso is a p120 catenin binding partner that represses DNA methylation-
dependent targets including several tumor suppressor genes including CDKN2A, HIC1, and
MGMT (247). As such, Kaiso dysfunction might play a key role in tumorigenesis. In fact,
Kaiso knockout mice crossed with the tumor-susceptible Apc™™* mouse model show
resistance to intestinal tumorigenesis (251). Moreover, Kaiso represses several genes
within the canonical WNT signaling pathway including the B-catenin/TCF target gene
matrix metalloproteinase-7 (Mmp?7) (241, 418) which has been implicated in stimulation
of Wnt signaling as well as tumor progression in several solid malignancies (244, 406, 410,

428, 429).

Transcriptional co-repressors recruit other repressors, HDACs, and DNA binding
transcription factors to repression complexes. The myeloid translocation genes are a
three-member family of transcriptional corepressors that act as scaffolding proteins upon
which other transcriptional corepressors, including mSin3a, N-CoR, SMRT, histone
deacetylases (HDACs), and transcription factors assemble (178, 190). Kaiso is a myeloid
translocation gene (MTG) family binding partner and the interaction occurs through the

zinc finger domain of Kaiso and the NHR1 domain of MTG16. Target specificity is achieved
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via Kaiso vectoring the complex to Kaiso Binding Site (KBS)-containing promoters. The
functional relevance of the interaction is evident as loss of either protein leads to
derepression of targets such as Mmp7 (444). MTG family members have been implicated
in both hematologic and solid malignancies including leukemia and colon and breast
cancers (227-229) and our lab has shown that MTGR1 is required for tumorigenesis and
absence of MTG16 leads to increased tumorigenesis in a murine model of colitis-

associated carcinoma, implicating the MTGs in inflammation-driven tumorigenesis (269).

The impact of Kaiso loss on inflammatory cancer has not yet been established.
Because Kaiso and MTG16 form a repression complex and MTG16 loss greatly
exacerbates injury and tumorigenesis in response to the AOM/DSS protocol, the purpose
of this work was to determine whether Kaiso deficiency modified tumorigenesis and
whether subsequent loss of MTG16 would modify the Kaiso”- phenotype. Here, we
determine that Kaiso deficiency does not lead to altered injury or tumorigenesis in
response to the AOM/DSS inflammatory carcinogenesis protocol while Mtg167 mice, as
expected, demonstrated increased injury and tumorigenesis in response to AOM/DSS.
Perhaps most surprisingly, knockout of both MTG16 and Kaiso led to a similar phenotype
as that seen in WT and Kaiso”" mice, suggesting that Kaiso loss rescues the Mtg167
phenotype. Moreover, intratumoral proliferation and apoptosis indices support the
alterations in tumorigenesis seen in each genotype and, consistent with a pro-
tumorigenic microenvironment, only Mtg167 tumors demonstrate increased pro-
tumorigenic M2 macrophages and increased chemokine and cytokine expression. This

suggests that, though Kaiso and MTG16 share several targets, it is the transcriptional
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targets that they do not share that distinguish their responses to the AOM/DSS protocol
and that Kaiso targets are dominant to MTG16 targets where loss of Kaiso leads to rescue

of the Mtg167- phenotype.

Materials and Methods
Murine inflammatory carcinogenesis protocol. 8-12 week old C57BL/6 wild type (WT)
(n=14), Mtg167~ (n=15), Kaiso”" (n=14), or Kaiso”;Mtg167- (DKO, n=8) mice were injected
with 10 mg/kg of azoxymethane (AOM, Sigma-Aldrich, St. Louis, MO, USA)
intraperitoneally as described by Greten, et al. (265). Three days post-injection, the
animals were started on the first of two cycles of 2% DSS ad libitum (see schematic in Fig.
7.1A). Each cycle lasted 5 days and was followed by a 16-day recovery period. Weights
were obtained throughout the treatment and recovery period and reported as the
percentage of the original weight one day before DSS administration. In addition, stools
were examined for consistency and the presence of blood during the treatment period:
normal stools = 0 points, loose stool = 1 point, diarrhea = 2 points, presence of blood = 2
points, and excessive blood = 4 points. During the second cycle of recovery (day 29),
colonoscopy (Karl Storz veterinary endoscopy, El Segundo, CA, USA) was performed to
assess injury, tumor multiplicity, and tumor grade. Injury was evaluated based on the
murine endoscopic index of colitis severity (MEICS) that includes thickening of the colon,
changes in vasculature, presence of granularity, presence of exudate, and stool
consistency (302, 358). Mice were subsequently sacrificed on day 40. Colons were

removed, flushed with PBS, and opened longitudinally and tumor counts and diameter
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were assessed using calipers. Sections of tumor and normal adjacent colon were collected
and stored in RNAlater (Qiagen, Valencia, Santa Clarita, CA, USA) and a section of distal
colon was collected and flash frozen in liquid nitrogen for protein analysis. The remainder
of the colon was “Swiss Rolled”, formalin fixed overnight, and sectioned for histological
analysis. All in vivo procedures were carried out in accordance with protocols approved
by the Vanderbilt Institutional Animal Care and Use Committee.

Immunohistochemistry and immunofluorescence staining. Five-micrometer sections of
paraffin-embedded colons were cut and haematoxylin and eosin (H&E) staining was
performed by the Vanderbilt University Translational Pathology Shared Resource. Cut
sections were dewaxed, hydrated, and quenched of endogenous peroxidase activity with
0.03% hydrogen peroxide in methanol. Antigen retrieval was conducted using Antigen
Unmasking Reagent (Vector Laboratories, Inc., Burlingame, CA, USA) according to
manufacturer’s instructions. After blocking, primary antibody was added [a-Ki67
(NeoMarkers, Fremont, CA, USA), 1:1,000; a-arginase | (ARG1, Santa Cruz, Dallas, TX,
USA), 1:500; a-IL-1B (R&D Systems, Minneapolis, MN, USA), 1:40; a-F4/80 (AbD Serotec,
Raleigh, NC, USA) 1:1000] and incubated overnight at 4°C. Isotype-matched antibodies
were included as negative controls. Identification of intratumoral apoptotic cells was
conducted using the ApopTag Plus Peroxidase In Situ Apoptosis Kit (Chemicon, Temecula,
CA, USA) according to the manufacturer's protocol. Control slides were obtained by
omitting the terminal transferase (TnT) enzyme. For immunofluorescence staining of
proliferation and macrophages, slides were counterstained and mounted with ProLong

Gold antifade including 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, Grand Island,
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NY, USA). Apoptosis, proliferation, and M1 and M2 macrophage indices were generated
by counting either the number of positive cells per high-powered field (HPF; 40x
objective) within each tumor or the number of positive cells per crypt in 20 crypts per
mouse by a blinded observer. The average score was then calculated for each Swiss-rolled
colon.

Wnt pathway analysis. Flash-frozen sections of colon (n=6 for each genotype) were lysed
in RIPA buffer including 1x protease inhibitor cocktail (Sigma-Aldrich) using a rotor
homogenizer (Janke & Kunkel IKA-Labortechnik Ultra-Turrax T25). Protein quantification
was performed using a Pierce BCA Protein Assay Kit (Thermo, Hudson, NH, USA) according
to manufacturer’s instructions. Samples were treated with loading buffer, boiled, and 40
pg was run on an SDS-PAGE gel for western blot detection using the Odyssey western blot
system (LI-COR, Lincoln, NE, USA). A Wnt/B-catenin Activated Targets Antibody Sampler
Kit (Cell Signaling Technology, Boston, MA, USA) was used to probe for Wnt targets
according to the manufacturer’s protocol with the exception of using Odyssey-specific
secondary antibodies for detection. Bands were quantified using Odyssey software and
normalized to B-actin.

Cytokine array analysis. RNA from tumors of WT (n=4), Kaiso”- (n=4), Mtg16”- (n=4), and
DKO (n=4) was isolated using the RNeasy Mini Kit (Qiagen). cDNA was synthesized using
the iScript cDNA synthesis kit (Bio-rad, Hercules, CA, USA) and 1 ug of total RNA. 1 ul of
the 20 pl cDNA produced through the iScript reaction was used as a template in each
subsequent PCR reaction. SYBR green qRT-PCR was performed using mouse cytokine

array libraries | and Il from RealTimePrimers.com (Elkins Park, PA, USA) according to
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manufacturer’s instructions. Individual cytokines were analyzed using the delta-delta Ct
method and those showing significant differences can be seen in Supplementary Figure
3. The networks were generated through the use of IPA (Ingenuity® Systems,
www.ingenuity.com).

Statistical methods. Statistical analysis comparing all four groups was performed utilizing
Graphpad Prism and analysis with the one-way ANOVA and Newman-Keuls Multiple
Comparison post-test. Differences in stool scores and percentage weight loss were

determined using two-way ANOVA for repeated measurements over time.

Results
Kaiso is required for enhanced mucosal injury in Mtg167- mice after AOM/DSS treatment.

Mtg167 mice demonstrate increased mucosal injury in response to the AOM/DSS
protocol resulting in increased weight loss, stool scores, and morbidity (McDonough et
al., submitted). Because we have determined that Kaiso and MTG16 form a repression
complex, we wanted to determine whether absence of Kaiso influenced AOM/DSS-
induced injury. We utilized 10mg/kg azoxymethane (AOM) in order to initiate DNA
damage and treated mice with cyclical administration of 2% DSS for five days followed by
16 days of recovery (Figure 7.1A). Absence of MTG16 resulted in exacerbated injury as
evidenced by increased stool scores which take into account stool consistency and
presence of frank blood (P<0.0001 2-way ANOVA, Figure 7.1B) as well as increased weight
loss (P<0.0001 2-way ANOVA, Figure 7.1C), both of which were most prominent during

the second cycle of DSS administration. In support of these clinical metrics, endoscopy
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Figure 7.1 Kaiso knockout rescues the Mtg167" injury phenotype observed in response to the
AOM/DSS protocol. A. Schematic of AOM/DSS inflammatory carcinogenesis protocol. B. Stool
scores as determined using the scoring system described in the “materials and methods” section
and C. percent weight change throughout the course of the AOM/DSS protocol. D. Endoscopic
colitis scoring (MEICS scale) determined at day 29 of the AOM/DSS protocol. *P<0.05, **P<0.01.

performed at day 29 demonstrated an increase in colitis severity as measured by the
MEICS scoring system (302) (WT: 7.3+1.0, Mtg167: 11.7+0.6, P<0.01, Figure 7.1D). Kaiso™
/- mice, however, did not show increased injury in response to the AOM/DSS protocol
above that of WT mice (Kaiso”": 9.4+0.7). In fact, Kaiso”;Mtg167- double knockout (DKO)

mice demonstrated injury equivalent to that seen in Kaiso”- mice (MEICS DKO: 8.7+1.1,
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Figure 7.1) indicating Kaiso was required for this Mtg16-null phenotype. Thus Mtg167

mice have worse injury after AOM/DSS treatment, which is Kaiso dependent.

Knockout of Kaiso rescues Mtg167/--dependent increases in tumorigenesis.

We next evaluated for modified tumor burden in Mtg167, Kaiso”-, or DKO mice
compared to WT mice in response to the AOM/DSS CAC protocol. Tumor development
tracked very closely with severity of injury with Mtg167- mice displaying increased tumor
number (9.9+0.8 tumors/mouse, P<0.001) compared to both the WT (5.4%0.8
tumors/mouse) and Kaiso”- (4.9+0.6 tumors/mouse) mice and the MTG16 effect on
tumorigenesis was partially rescued by subsequent Kaiso knockout (7.5+1.1
tumors/mouse, Figure 7.2A & B). Furthermore, consistent with an increase in injury
extent, an increased number of Mtg167 tumors were identified in the more proximal
region within the colon compared to those seen in the other three genotypes (Figure
7.2C). These data suggest that, while MTG16 loss serves to promote tumorigenesis, at
least in part through increasing mucosal injury and inflammation, Kaiso loss has no impact

on inflammatory tumorigenesis by itself, but in fact, rescues the Mtg167 phenotype.
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Figure 7.2 Knockout of Kaiso rescues the Mtg167- tumor phenotype. A. Number of tumors within
each mouse of the indicated genotypes. B. Representative images of Swiss rolled colons and
tumors from WT, Mtg16”, Kaiso”, and DKO mice (left 25x, right 100x) C. Graphical depictions of
tumor locations within mice post-AOM/DSS protocol. Each dot represents the number of tumors
found within the given region of the colon in a single mouse. ***P<0.001.

Crypt and intratumoral proliferation and apoptosis rates support alterations in
tumorigenesis between the genotypes.

Alterations in proliferation and apoptosis, among other growth parameters, could

contribute to differences in tumor size and number. As we identified increased tumor
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multiplicity in Mtg167- mice, we wanted to determine whether crypt or intratumoral
proliferation or apoptosis indices were altered in these mice and if Kaiso absence reversed
any of these parameters. Proliferation, as determined by Ki67 staining, was only increased
in crypts of Mtg167" mice (1.2+0.2 Ki67*/crypt, P<0.01) compared to WT (0.7+0.02
Ki67*/crypt), Kaiso”- (0.6+0.07 Ki67*/crypt), and DKO mice (0.7+0.06 Ki67*/crypt, Figure
7.3A). Intratumoral proliferation, on the other hand, was increased in both Mtg167
(34.0+3.4 Ki67*/tumor high-powered field (HPF)) and Kaiso”~ (25.0+4.3 Ki67*/tumor HPF)
mice compared to WT mice (8.7+1.3 Ki67*/tumor HPF, Figure 7.3B). This increase in Kaiso
/- intratumoral proliferation was balanced by a marked increase in apoptosis (WT:
12.5+2.3, Kaiso”: 25.7+#3.5, P<0.01, Mtgl167/: 20.9+1.2, P<0.05, DKO: 15.3+2.7
TUNEL*/tumor HPF, Figure 7.3D). Crypt apoptosis is increased in Mtgl67- (0.8+0.04
TUNEL*/crypt, P<0.05), Kaiso”- (0.7+0.08 TUNEL*/crypt, P<0.05), and DKO (0.7+0.08
TUNEL*/crypt, P<0.05) mice compared to WT mice (0.5+0.03 TUNEL*/crypt, Figure 7.3C),
and thus does not likely contribute to alterations in tumorigenesis. Therefore, Mtg167
mice likely demonstrate increased tumorigenesis compared to the other genotypes due
to an increase in proliferation and, though Kaiso”" mice display increased proliferation as
well, they do not display increased tumorigenesis because the effects of this proliferation

are reversed by a concomitant increase in apoptosis.

Whnt target expression is increased in tumors lacking Kaiso, MTG16, or both proteins.
Kaiso and MTG16 repress canonical Wnt signaling (209, 418) and our lab has

shown that Kaiso recruits MTG16 to the Mmp7 promoter and represses its expression
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(444). We, therefore, wanted to determine whether Kaiso and MTG16 contributed to Wnt
repression in vivo. Tumor lysates from WT, Kaiso”-, Mtg167-, and DKO mice were
immunoblotted to determine expression of WNT pathway targets. As expected, absence
of Kaiso, MTG16, or both resulted in an increase in Mmp7 protein levels (WT: 1.610.3,
Kaiso”": 3.240.8, P<0.01, Mtg167: 2.8+0.7, P<0.05, DKO: 2.4%0.3 relative fold change
compared to WT and normalized to B-actin, P<0.05). Moreover, c-Myc was also increased
with loss of these proteins in vivo (WT: 0.7+0.3, Kaiso”": 3.6+1.5, P<0.05, Mtg167": 3.1+0.8,
P<0.05, DKO: 2.5+0.5 relative fold change compared to WT and normalized to B-actin,
P<0.05, Figure 7.4A & B). These data suggest that Kaiso and MTG16 cooperate to repress
at least a component of Wnt signaling and the loss of either protein increases Mmp7 and

c-Myc levels.
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Figure 7.3 Proliferation is increased in tumors and crypts of Mtgl6”" mice and apoptosis is
increased in tumors of Kaiso” mice. a-Ki67 immunohistochemistry was conducted to identify
actively proliferating cells and TUNEL staining was performed to identify apoptotic cells. A. Ki67*
cells/crypt determined as averaged positive cells/crypt within 20 crypts per mouse (left) and
representative images shown for each genotype (right). B. Ki67* cells/tumor high-powered field
(HPF, 40x) averaged for each tumor (left) and representative images of each genotype (right)
where red shows Ki67 staining and blue is DAPI nuclear stain. C. TUNEL* cells/crypt determined as
averaged positive cells/crypt within 20 crypts per mouse (left) and representative images shown
for each genotype (right). D. TUNEL* cells/tumor high-powered field (HPF, 40x) averaged for each
tumor (left) and representative images of each genotype (right). *P<0.05, **P<0.01, ***P<0.001.
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Figure 7.4 Wnt targets are upregulated in Kaiso”" and Mtg16” mice. A. Quantification of tumor
protein expression of matrix metalloproteinase-7 (Mmp?7) and c-Myc normalized to 8-actin and B.
representative western blots from three tumors within each genotype. *P<0.05, **P<0.01,
***p<0.001.

Kaiso is required for recruitment of tumor-promoting M2 macrophages in Mtgl67
tumors.
Macrophage polarization to the M2 phenotype is associated with a pro-

tumorigenic microenvironment (368). Because we have previously identified an

193



upregulation of M2 macrophages in Mtg167- tumors (McDonough et al., submitted), we
wanted to determine whether Kaiso was required for this phenotype. Co-staining for
F4/80 and Arginase 1 revealed a relative paucity of M2 macrophages in Kaiso”~ (17.0%3.1
F4/80*/Arginase I*/tumor HPF) and DKO (13.3+1.2 F4/80*/Arginase I*/tumor HPF) tumors
with their numbers equaling those of WT tumors (10.2+1.2 F4/80*/Arginase I*/tumor
HPF), but a substantial increase in M2 macrophages in Mtgl67" tumors (36.0+3.4
F4/80*/Arginase I*/tumor HPF, P<0.001, Figure 7.5 A & B) suggesting that the presence of

Kaiso is required for recruitment or polarization of M2 macrophages in Mtg167" mice.
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Figure 7.5 Pro-tumorigenic M2 macrophage infiltrate is increased in Mtg167 tumors. a-F4/80
(green) and a-Arginase | (red) immunofluorescence was conducted to identify M2 macrophages.
A. Intratumoral M2 macrophage index calculated from number of F4/80/Arginase |-double
positive cells per high-powered field (HPF, 40x) and B. Representative images from tumors of each
genotype. ***P<0.0001.
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Absence of Kaiso rescues increased tumor-promoting microenvironment seen in Mtg167-
tumors.

Absence of MTG family members leads to an increase in pro-inflammatory and
pro-tumorigenic cytokines in response to injury (269). We, therefore, performed cytokine
and chemokine expression analysis from WT, Kaiso”", Mtg167-, and DKO colons after

AOM/DSS treatment. Interestingly, we noted that the inflammatory microenvironment is
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Figure 7.6 TGF and TNF signaling is increased in Mtg16”- tumors but not in WT, Kaiso”", or DKO
tumors. A. Spider plot demonstrating alterations in cytokine and chemokine mRNA expression in
WT (red), Kaiso”" (green), Mtg167- (blue), and DKO (purple) tumors where each concentric circle
represents the log fold change in expression for each gene. B. Quantification of tumor protein
expression of phosphorylated Smad-2 normalized to total Smad-2 (left) and immunohistochemical
staining of tumors from WT, Kaiso”", Mtg16”, and DKO mice for phosphorylated Smad-2.
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very similar between WT and DKO mice (Figure 7.6A) with minimal alterations seen in
chemokine and cytokine expression. Moreover, as has been demonstrated previously, the
Mtg167 tumor inflammatory milieu is increased substantially compared to WT mice.
Specifically, the fibroblast growth factor (FGF), transforming growth factor (TGF), bone
morphogenic protein (BMP), and interleukin families are upregulated specifically in
Mtg167 mice compared to WT and Kaiso”- mice. Moreover, DKO mice show a partial
rescue of the increased inflammation seen in Mtg167 mice (Figure 7.6A).

Because Ingenuity Pathway Analysis identified components of the TGF- pathway
as increased specifically in Mtg167 tumors compared to tumors from the other
genotypes, we wanted to test the expression of a downstream TGF-B target,
phosphorylated Smad-2. Analysis of phospho-Smad-2 by both western blot and IHC
corroborated an increase in TGF-B signaling in Mtg167- tumors (WT: 1.0+0.2, Kaiso”":
1.9+0.4, Mtg167": 5.8+1.3, P<0.01, DKO: 4.2+0.7, relative fold change compared to WT
and normalized to total Smad-2, P<0.05, Figure 7.6B). Interestingly, based on
immunohistochemical staining, this increase looks to be associated with the epithelial
cells within the tumor and not the immune cells, suggesting that this is an epithelial cell-

autonomous effect.

Discussion
Kaiso is a transcriptional repressor that recognizes both methylated DNA and a

sequence-specific consensus sequence by utilizing its three zinc fingers for high-affinity
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DNA binding (445). Moreover, the interaction between MTG16 and Kaiso has been
mapped to this domain. MTG16 is a transcriptional co-repressor and serves as a
scaffolding protein upon which repressor complexes are nucleated (444). As such, MTG16
and Kaiso are required for repression of several targets including Mmp7 (418, 444). A
great deal has been learned about these proteins through the generation of Kaiso”- and
Mtg167- mice. Though Kaiso is reported to be a transcriptional repressor of S100A4,
MTA2, Mmp7 (241, 446, 447), and an activator of Rapsyn (447) and is proposed to be a
tumor modifier through its ability to repress tumor suppressor genes in a DNA
methylation-dependent manner (247), Kaiso”~ mice demonstrate no overt phenotype. A
phenotype is unmasked, though, when the mice are crossed with the Apc™* sporadic
tumor model and resistance to intestinal polyposis is demonstrated (251). MTG16
knockout mice, on the other hand, display some very specific gut and stem cell
phenotypes. Mtg167- mice demonstrate increased enterocyte proliferation at baseline
and in response to DSS, Mtg167- mice demonstrate severe colitis (216), and display
increased tumorigenesis when subjected to the AOM/DSS inflammatory tumorigenesis
protocol (McDonough et al., submitted). Furthermore, Mtg167 mice also demonstrate
hematopoietic stem cell defects (215). These data suggest that, though Kaiso and MTG16
share a subset of targets, loss of repression of exclusive, non-overlapping, targets of each
might also influence tumorigenesis.

Because Kaiso and MTG16 cooperate in regulating Wnt signaling and have been
implicated in intestinal tumorigenesis, we wanted to determine the requirement for Kaiso

in the development of colitis-associated cancer in the absence of Mtgl6. In this report,
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we demonstrate that absence of Kaiso rescues the pro-injury and tumorigenesis
phenotypes observed in Mtg167- mice after AOM/DSS treatment. This appears to occur
via anincrease in intratumoral apoptosis and a decrease in pro-inflammatory chemokines
and cytokines that normally produce a pro-tumorigenic microenvironment. These data
suggest that there is a subset of Kaiso targets that are normally repressed by Kaiso and
block tumorigenesis an when Kaiso is lost these genes are activated, masking the Mtgl16
phenotype.

Because MTG16 and Kaiso form a repression complex that binds the Mmp7
promoter and impacts its expression (444) and because both proteins have been
implicated in Wnt regulation (209, 241), we analyzed Wnt targets Mmp7 and c-Myc for
expression changes in the tumors of WT, Kaiso”-, Mtg167-, and DKO mice. Wnt signaling
is especially important in colitis-associated carcinoma as Wnt pathway gene methylation
is an early event seen in IBD and methylation of several Wnt targets are proposed to serve
as biomarkers for IBD-associated neoplasia (448). Interestingly, though, we have
demonstrated that Kaiso-dependent methylation binding was not dependent on Mtgl6
(444), suggesting differential methylation targets for the two proteins. As expected, we
determined that knockout of either MTG16, Kaiso, or both resulted in an increase in
Mmp7 and c-Myc expression in the tumors of the respective mice. Interestingly, these
Whnt signaling changes do not contribute to the phenotypes seen in response to AOM and
DSS administration as the expected increase in tumorigenesis with augmented Wnt

signaling does not result in an increase in tumorigenesis in Kaiso”- or DKO tumorigenesis
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relative to WT mice. We therefore wanted to establish the role of injury and inflammation
in the observed tumor phenotypes.

In order to analyze the pathways and genes that contribute most significantly to
the injury phenotypes seen in Kaiso”", Mtg167-, and DKO mice we performed chemokine
and cytokine expression analysis. Several interesting targets were increased in Mtg167
tumors but not tumors isolated from WT, Kaiso”-, or DKO mice. Ingenuity pathway
analysis of these genes identified several pathways modified specifically in Mtg167
tumors. Amongst some of the most interesting targets were genes within a FGF, TGF, and
IL18 signaling axis as well as genes within the BMP, TNF, and IFN signaling axis. Because
of the complex role of TGF-B in tumor modulation as well as its central position in the
signaling axis identified, we wanted to determine whether the canonical TGF-f target
phosphorylated Smad-2 was altered in tumors of Mtg167- mice compared to WT, Kaiso”
, and DKO mice. Western blotting of tumors from WT, Kaiso”-, Mtg167-, and DKO mice
demonstrated that TGF-B signaling is significantly increased in Mtg167 mice and partially
rescued in DKO tumors. Immunohistochemical staining corroborates Western blotting
and suggests that increased TGF-B signaling is specific for the epithelial compartments of
Mtg167- tumors. While TGF-B signaling has recently been implicated in tumor
suppression, there are instances in which this pathway can contribute to tumorigenesis,
especially in the context of severe inflammation as is seen in colitis-associated
tumorigenesis. TGF-B is a key immunosuppressor and tumors often produce high levels
in order to evade immune surveillance (449). TGF-B released by Mtg167- tumors, coupled

with increased M2 macrophage infiltrate, may enable tumors to survive despite massive
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inflammatory cytokine expression while also allowing for the pro-tumorigenic properties
of that inflammation to contribute to tumorigenesis.

Kaiso and MTG16 interact within a repression complex and share a wide variety
of targets, but they also target a separate set of genes. This is made clear by the fact that
Mtg167 and Kaiso”" mice display very different baseline phenotypes and, as reported
here, demonstrate very different responses to the AOM/DSS initiation-promotion model.
Moreover, knockout of both proteins leads to rescue of the increased tumorigenesis
phenotype seen in Mtg167- mice. These data suggest that Kaiso targets act downstream
or are dominant to MTG16 targets in this model system. This report is the first to establish
the Kaiso”" response to the AOM/DSS inflammatory carcinogenesis protocol and shows

that Kaiso deficiency can rescue the Mtg167 phenotype.
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CHAPTER VIII

SUMMARY, CONCLUSIONS, AND IMPLICATIONS

Selenium as a potential therapeutic target in colitis-associated carcinoma

Amongst important considerations regarding the beneficial supplementation of Se
is baseline Se status. Patients presenting with optimal Se levels, 124 ng/ml Se, are unlikely
to benefit from Se supplementation. In fact, supranutritional Se levels can be detrimental.
Importantly, patients with IBD demonstrate Se deficiency as measured by both plasma Se
and Sepp1l levels. While healthy controls have plasma Se levels of 0.84 + 0.13 mmol/L,
patients with UC display Se levels of 0.63 + 0.25 mmol/L and patients with CD have levels
of 0.69 + 0.25 mmol/L (283). Furthermore, the expression of Sepp1 in healthy controls is
3.4 £ 0.8 pg/ml while expression in patients with CD is 1.8 + 0.5 pg/ml, a decrease of 53%
in the most accurate determinant of Se status (274). This suggests that patients with IBD
are Se deficient to an extent where Se supplementation would be beneficial should Se
contribute to protection from inflammation, oxidative injury, and tumorigenesis in
patients with IBD. It is for this reason that we tested the impact of dietary Se modulation
as well as plasma selenoprotein loss in the development of colitis-associated carcinoma.
We determine that Se and selenoproteins are protective against injury and tumor
development in our model system suggesting that Se supplementation would be

beneficial in patients with IBD that demonstrate low Se levels.
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Selenium supplementation in reduction of inflammatory injury and cancer risk resulting
from IBD.

We have shown that Se deficiency leads to increased morbidity, weight loss, stool
scores, and colonic injury as well as increased DNA damage, likely resulting from increased
oxidative stress, in response to DSS-induced injury compared to mice fed a Se-sufficient
diet. This suggests that Se is protective against oxidative stress and inflammation.
Moreover, it indicates that patients with IBD concomitant with low Se levels might have
more severe colitis. Ultimately, the question that was posed was whether this increased
injury, inflammation, and oxidative stress led to increased tumorigenesis. In response to
the AOM/DSS protocol, we observed increased tumor number and progression to high-
grade dysplasia. Taken together, these data indicate that Se supplementation could
benefit patients with risk of CAC and Se-low status and, importantly, this supplementation
might be able to not only decrease IBD disease severity, but also decrease risk of cancer.
It is most likely through impact on selenoprotein expression that Se protects against
inflammation and tumorigenesis, so we sought to determine the impact of loss of the

plasma selenoproteins on development of CAC.

Selenoproteins in colitis-associated carcinoma

Seppl expression is decreased as much as 50% in IBD compared to healthy
controls (274). We note that Seppl haploinsufficiency leads to a dramatic increase in
tumorigenesis indicating that Se alterations already seen in patients with IBD could be

actively contributing to CAC through the decreased expression of a single selenoprotein.
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As we also note that Gpx3 loss leads to increased tumorigenesis and there is strong
evidence to indicate that other selenoproteins contribute to tumor promotion,
selenoprotein expression alterations could be significant contributors to CAC.
Selenoproteins likely protect from tumorigenesis through protection from DNA damage,
reduction of oxidative stress, and modulation of signaling pathways such as the Wnt
pathway to which Seppl deficiency contributes significantly. A more detailed
understanding of the impact of other selenoproteins on CAC or other cancers in which Se
deficiency is commonplace would greatly benefit the design and development of
intervention trials.

Contrary to expectations, complete Sepp1 loss leads to decreased tumor burden
despite increased DNA damage and inflammatory injury. Because AOM-only experiments
demonstrate that Seppl loss leads to increased ACF formation and DSS as a single
modality leads to increased injury in Seppl”- mice, we predict that the decreased
tumorigenesis observed in Sepp1” mice is the result of increased clearance of initiated
epithelial cells. This indicates to us that complete Sepp1l loss is not necessarily detrimental
to tumorigenesis, but instead overwhelms the antioxidant system making cell survival
problematic in response to stress. We predict that, if there was a condition in humans in
which Seppl was completely lost, the effects on cell survival in response to stress would
be catastrophic. As decreased, but not completely lost, Seppl expression is observed in
people with IBD and genetic variants, the Sepp1*- phenotype is the more applicable

model in this situation and best demonstrates the impact of Sepp1 loss on IBD and CAC.
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Finally, we have noted an increase in Wnt signaling in mice lacking Seppl and a
dependence upon Wnt signaling for the increased “stemness” that is seen in Seppl”
enteroids. This suggests that the Wnt pathway, a signaling pathway that is commonly
upregulated in CRC and CAC, plays an integral role in the pro-tumorigenic phenotype in
response to Sepp1 loss. It is possible that patients with SNPs in the promoter regions of
SEPP1 may not benefit from Se supplementation due to inability to promote transcription
despite an influx of Se. In these cases, disruption of the signaling pathway that is activated
might be beneficial. Unfortunately, until recently, the Wnt pathway has been a very
difficult anti-cancer target. Pan-Wnt inhibitors inhibit both canonical and non-canonical
Whnt signaling leading to far-reaching and detrimental non-specific effects. Even targeting
some of the most downstream processes in Wnt signaling, such as inhibiting B-catenin,
impact the binding of B-catenin to a-catenin and E-cadherin, disrupting cell adhesion
(274). Notably, Gonsalves et al. have developed inhibitors of the B-catenin-TCF4
interaction that display minimal to no impact on non-canonical Wnt signaling or the
Hedgehog, JAK/STAT, or Notch signaling pathways (450). Depending on the feasibility of
use of these inhibitors on humans, they might preferentially benefit patients with IBD and

SEPP1 SNPs.

The impact of Mtgrl on gut homeostasis and its misregulation in colitis-associated
carcinoma
We have observed that Mtgrl is expressed in the crypt base and overexpressed in

the tumors of mice subjected to the AOM/DSS protocol compared to “normal” adjacent
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tissue. Moreover, we note an increase in MTGR1 expression in CRC samples compared to
normal controls indicating that Mtgrl expression might be tumor supportive.
Interestingly, Mtgrl”- mice are protected from inflammatory tumorigenesis, due at least
in part to a significant increase in colonic apoptosis. This increase in cellular death is likely
due to severe epithelial injury and inflammation typified by increased CD3* and natural
killer T cells as well as macrophages. These phenotypes are dependent on epithelial injury
as there is no difference in ACF when animals were treated with AOM as a single modality
and the effect is not hematopoietic cell-autonomous because bone marrow
transplantation does not impact the phenotype. Similar to results seen in Sepp1”” mice,
we predict that Mtgrl is required for the survival of initiated epithelial cells in response
to inflammation. Contrary to what is seen with complete loss of Seppl, Mtgrl expression
is increased in tumors of mice subjected to the AOM/DSS protocol as well as in human
CRC samples. This suggests that, while at its core loss of Seppl expression is tumor-
promoting, loss of Mtgrl is tumor-suppressing. Thus, disruption of Mtgrl skews the
inflammatory microenvironment to the extent that anti-tumorigenic inflammatory cell
recruitment is increased and damaged epithelial cells are destroyed. Through its potential
impact on tumor immunosurveillance, Mtgrl disruption could serve as a therapeutic

approach in treatment of inflammatory cancers such as CAC.

The Kaiso-MTG16 interaction and how it modifies colitis-associated carcinoma
Kaiso and MTG16 share several functional similarities, including their abilities to

repress Wnt signaling, bind co-repressors, and impact processes that influence

205



tumorigenesis. We, therefore, wanted to determine whether these two proteins could
interact and, ultimately, whether this interaction had a functional impact on AOM/DSS-
induced tumorigenesis. We found that Kaiso and MTGs interact in inhibitory complexes
and target genes that are important in oncogenesis, including Mmp7. We expected
knockout of either of the proteins alone or in tandem would result in similar AOM/DSS-
induced tumor burdens as loss of either of the proteins in the complex should have
destroyed the entire complex and released targets from repression.

Contrary to these expectations, knockout of either one or both of these proteins
resulted in very different phenotypes suggesting that the Kaiso-MTG16 complex is not the
only factor that controls tumorigenesis. Specifically, we see in this model system that,
while Mtg167 mice display increased injury and tumorigenesis, Kaiso loss does not impact
tumorigenesis in AOM/DSS mice relative to WT mice. Significantly, knockout of both
Mtg16 and Kaiso results in rescue of the Mtg167- phenotype suggesting that, though Kaiso
and Mtgl6 share several targets, it is the transcriptional targets that they do not share
that distinguish their responses to the AOM/DSS protocol. There is likely a subset of Kaiso
targets that are normally repressed by Kaiso and block tumorigenesis which, when Kaiso
is lost, are activated, masking the Mtgl16 phenotype. Further exploration into these genes
could provide important targets for anti-tumorigenic therapeutics, especially in people
that express one of the 4 identified MTG mutations or demonstrate decreased
intratumoral MTG16 expression. These data establish a foundation for further research
into the genes that may contribute to the protective effect of Kaiso in a subset of patients

with decreased MTG16 expression or activity.
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CHAPTER IX

FUTURE DIRECTIONS

Selenium and selenoproteins in modification of sporadic colorectal cancer

We hypothesized that, as important regulators of reactive oxygen species and
inflammation, selenoproteins would play a critical role in protection against CAC.
Interestingly, inflammation is not only important in the development of CAC, but it is also
associated with pathogenesis of sporadic CRC (451). Moreover, our work has shown that
Se and Sepp1 depletion induces Wnt signaling, a key contributor in colonic tumorigenesis.
Both lines of evidence point toward a potential role for Se and selenoproteins in
development of sporadic CRC. As Se and Seppl modulation of tumorigenesis is partially
dependent on Wnt signaling, the commonly utilized Apc™™* model of sporadic
tumorigenesis, which relies on mutagenesis of the murine homolog of the Apc gene, is
not an ideal model as it could mask some of the impact of Se deficiency or Sepp1l loss.
Recently, a genetic model of intestinal polyposis that is independent of dysregulated
canonical Wnt signaling was developed by the lab of Robert Coffey utilizing the leucine-
rich repeats and immunoglobin-like domains 1 (Lrigl) protein. Lrigl is a transmembrane
protein that inhibits ErbB signaling in an inducible manner (452). Lrigl marks a subset of
intestinal stem cells that are relatively quiescent until they are mobilized to repopulate
the colonic crypt in response to tissue damage. The Lrig1-CreERT2/CreERT2 mouse model

results in low-grade adenomas within the duodenum by 5 to 6 months of age with 88%
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penetrance (453). This model system is especially applicable to the analysis of phenotypes
in response to dietary Se deficiency or Sepp1 knockout because, though it is not a model
of CAC, the Lrigl knockout mouse displays significant intratumoral inflammation
(correspondence with Robert Coffey) which will model the inflammation commonly seen
during the development of sporadic CRC. Monitoring the effect of dietary Se deficiency
and Sepp1 depletion in this model will allow us to determine whether Se and Sepp1 can
protect against sporadic CRC as well as inflammatory cancer, expanding the list of cancer
types impacted by the essential micronutrient Se and one of the predominant plasma
selenoproteins. In addition, this model system would allow other selenoproteins, such as
Gpx3, to be studied, potentially establishing an important link between selenoproteins

and CRC.

Hematopoietic and epithelial cell-autonomous effects of selenoprotein P modulation
on cancer development

To our surprise, our data indicate that, despite the preponderance of hepatic
Sepp1l within the body, liver-derived Sepp1 does not impact tumorigenesis in response to
the AOM/DSS protocol. Studies in intestinal organoids suggest that epithelial Sepp1 loss
has an effect on several tumorigenic properties, including increased stem cell
characteristics, augmented proliferation, and increased ROS production in response to
oxidative stress. Enteroid studies suggest that it might be through the epithelial

compartment that Sepp1 loss is having an impact on tumorigenesis. It is for this reason
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that epithelial-specific knockout models would benefit the understanding of the role of
Sepplin CAC development.

The villin-cre-ERT2 model of tissue-specific and inducible cre-mediated
recombination allows for epithelial-specific knockout of genes of interest (454). Crossing
the Sepp17/F mouse onto this background will enable epithelial knockout of Sepp1l. These
mice could then be subjected to the AOM/DSS protocol and monitored for tumorigenesis,
establishing the first evidence that non-hepatic Sepp1 is essential for tumor modification
in vivo.

Seppl is one of the most highly induced genes in response to polarization of M2
and tumor —associated macrophages (375, 381) suggesting that Seppl may play a role in
macrophage polarization. We identified a mild polarization defect in bone marrow
macrophages isolated from Sepp1*- mice, supporting the hypothesis that Sepp1 has an
impact on macrophage activity. In addition, Seppl knockdown leads to amplified
inflammation (172) which may be the result of more than just alterations in macrophage
polarization. Seppl might be acting within the inflammatory compartment to modify
tumorigenesis. In order to test this hypothesis, crossing the floxed Seppl mouse with the
Mx1-cre mouse (455) would enable the cre-mediated inducible inactivation of Sepp1 in
the bone marrow as well as several tissues including the liver, heart, spleen, and kidney.
In order to avoid the complex effects of Seppl deletion in other tissues, bone marrow
transplant could be used to insure that recombination only occurs within the bone
marrow compartment, thus resulting in knockout of Sepp1 in the hematopoietic lineages.

This tool will not only enable the analysis of the effects of Sepp1 loss in the hematopoietic
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compartment on AOM/DSS carcinogenesis, but also allow for the characterization of

immune cell function alterations in vivo.

Pathway alterations in response to modulation of selenoprotein P expression in
normal physiology and response to oxidative stress

We have identified increased Wnt signaling in Sepp1”- tumors and a potential
dependence on Wnt signaling in the stem cell phenotype of Seppl”- enteroids. Wnt
inhibitors will enable us to solidify the role of Wnt signaling in Sepp1”- phenotypes. The
monoclonal antibody OMP-18R5 binds to Frizzled, the receptor through which the Wnt/B-
catenin pathway is initiated and can be utilized in vivo to inhibit Wnt signaling (456). The
utilization of the OMP-18R5 inhibitor prior to and post-AOM/DSS protocol in Sepp1*- and
Seppl”- mice would enable the determination of the role of Wnt signaling in tumor
initiation and promotion, respectively, in these genotypes. The use of this antibody would
also establish a role for Wnt signaling in Seppl”- enteroid phenotypes, both during
initiation of enteroids and upon establishment of fully differentiated enteroid cultures.

Enteroid experiments also suggest that Notch and EGF signaling may contribute
to Seppl”- phenotypes. In order to gain unbiased insight into pathways modulated by
Seppl loss, it would be beneficial to perform RNAseq analysis of enteroids isolated from
WT and Seppl”/- mice. We have performed this analysis in tumors from these mice, but
the tumor microenvironment is incredibly complex, containing a plethora of cell types
that might skew RNAseq results. The benefit of RNAseq analysis in enteroids is that it will

analyze pathway changes in the epithelial compartment alone. Based on the pathway and
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gene alterations identified, experiments can be designed that test for the impact of those
pathways on Seppl”- phenotypes both in vitro and in vivo using either inhibitors or
overexpression of essential pathway components, depending on the identified changes
of the pathway of interest. Additionally, the enteroid system allows for the analysis of
gene changes in response to events such as oxidative stress. RNAseq analysis if hydrogen
peroxide or diquat-treated enteroids could establish pathways that are altered in Sepp1”

/- epithelial cells in response to oxidative stress compared to WT epithelial cells.

Mpyeloid translocation gene modulation in intestinal organoids: stem cell properties
and mechanisms for altered cellular activities

The identification of MTGs in leukemia translocations suggests that the MTGs play
roles in stem cell properties. In addition, we have noted alterations in apoptosis and
proliferation in cells with MTG knockdown. While we have dismissed a hematopoetic cell-
autonomous effect of MTG knockout on CAC development, we have not established that
the effect is epithelial in nature. The intestinal organoid model that we have leveraged to
establish a role for Seppl in epithelial phenotypes will be an exceptional system with
which to monitor the effects of Mtgrl loss on epithelial phenotypes. Monitoring of stem
cell properties including plating efficiency, stem spheroid percentage, percentage of
branching enteroids and number of branches per enteroid will establish a role for Mtgri
in stem cell fitness and/or characteristics. Moreover, analysis of cell types within the fully
differentiated enteroid will confirm the effect of Mtgrl on lineage allocation when

microenvironmental influence is no longer a contributing factor in cellular differentiation.
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Finally, enteroids will be used to monitor proliferation and apoptosis as well as pathway
dependence in Mtgrl” epithelial cells. Taken together, these analyses will determine the
mechanisms by which Mtgrl loss is able to suppress tumorigenesis or, if upon taking the
severe inflammation resulting from DSS out of the equation, Mtgrl loss actually promotes
tumorigenic properties.

Absence of Mtgrl in the AOM/DSS model results in a multilineage inflammatory
cell infiltrate. This influx of inflammatory cells is not due to a hematopoietic cell
autonomous effect, suggesting that it is recruitment that controls this phenotype. To
date, there have been no attempts to culture enteroids with immune cell subtypes, but
the enteroid culturing parameters make this a feasible option. For one, immune cells, like
enteroids, can be plated in Matrigel and monitored for alterations in motility and activity.
Secondly, as enteroids are isolated from mice, immune cells can also be isolated from
mice of the same strain, or even the same mouse from which the enteroids are derived,
and cross-species immunity can be avoided. Finally, enteroids and immune cells can be
isolated from WT or knockout mice, again of the same background, and mixed to monitor
how loss of the protein of interest in either compartment contributes to the observed
phenotypes. Co-culturing a combination of WT and Mtgr1”- enteroids and immune cells,
such as naive macrophages, will give significant insight into the mechanism of increased

infiltration and altered macrophage polarization in Mtgr17-tumors.
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Mtgrl in sporadic colorectal cancer

We have shown that Mtgrl”- mice are protected from tumorigenesis in response
to the AOM/DSS inflammatory carcinogenesis protocol, and that this protection is likely
the result of clearance of initiated cells by an anti-tumorigenic microenvironment.
Furthermore, we have identified an increase in Mtgrl expression in human CRC. These
data beg the question, what is the impact of Mtgrl loss on development of sporadic CRC?
Similar to Sepp1”- experiments outlined above, the Lrig1-CreERT2/CreERT2 mouse will
serve as an optimal background for the Mtgr1” cross. For one, the MTGs are repressors
of canonical Wnt signaling making the Apc™* model less than ideal as it relies on
augmented Wnt signaling for the development of intestinal polyps. If MTGs repress Wnt,
knockout of Mtgrl will result in increased Wnt signaling which will be masked by the Apc
mutational activation of Wnt signaling. Lrigl knockout, on the other hand, will allow for
the induction of tumorigenesis in a Wnt-independent manner with the added benefit of
smoldering inflammation. The determination of a Mtgr1”- phenotype in a sporadic CRC
model will expand the role of Mtgrl into a realm beyond just CAC and will add insight into

the role of DSS-induced injury in the Mtgr1”- AOM/DSS phenotype.

The impacts of MTG colorectal cancer mutations on cancer risk and cellular properties

As mentioned in the Introduction, there are several non-synonymous mutations
that have been identified in MTG8 and MTG16 in colorectal and breast cancer (228, 229).
Preliminary work in our lab has demonstrated decreased TCF4 binding and decreased

TOPFLASH Wnt inhibition with several of these MTG mutations, indicating severe
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functional abnormalities in the repression capabilities of these mutants. It will be very
interesting to develop a transgenic mouse model expressing the most severe mutation
based on Wnt repressive capabilities, but in the short term, enteroids will serve as a great
model for MTG mutant analysis. Overexpression of the Mtgl6 mutants in Mtgl67
enteroids will enable analysis of epithelial phenotypes including lineage allocation,
proliferation, apoptosis, and stem cell characteristics in response to abnormal Mtgl6
function. Importantly, this will give insight into the mechanisms by which these mutations
might be beneficial to tumorigenesis within a closed and well-controlled system. An
understanding of the molecular mechanisms by which these mutations promote
tumorigenesis will likely open avenues for specific therapeutic interventions in patients

with MTG mutations.

Additional future directions

e Determine the receptor for Sepp1 in enterocytes.

e Establish the isoforms of Seppl made within enterocytes and hematopoietic cells.
Subsequently, determine the activity/roles of each isoform in enteroids.

e Develop Gpx37;Sepp17- double knockout mice so that there is complete absence
of plasma selenoproteins. Analyze mice and enteroids at baseline and in response
to stress for intestinal phenotypes including proliferation changes, DNA damage,

apoptosis, and macrophage polarization.
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Irradiate enteroids from Seppl”- mice and determine DNA damage and establish
alterations in repair pathways.

Treat Sepp1” enteroids with H,0, or diquat. Determine if this alters DNA damage
and, if so, perform RNAseq to determine genes mutated and the functional
significance of these mutations (i.e. overexpression, underexpression).

Isolate enteroids from Sepp1UY4%> and Sepp14240-3°1 mice and establish which
domains are important for the identified Sepp1”- phenotypes in enteroids.

We have found that the truncation of Sepp1 leads to alterations in tumorigenesis
in response to AOM and DSS but that loss of the liver-specific form of Seppl does
not show a phenotype, suggesting that the selenium-rich C-terminal domain
serves a function aside from delivery of selenium to enterocytes and that this
function is important for the inhibition of inflammatory tumorigenesis. Utilize
Sepp14240-361 enteroids to determine pathway and functional changes that result
from truncation. These enteroids can also be compared with Sepp1” enteroids by
RNAseq to identify the pathway alterations that are dependent upon the

selenium-rich region as opposed to the other domain of Sepp1.
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