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Kant...ana Bardhan 

Constitutive and Regulated Expression ofTumor Suppressor Genes FAS, GPR109A, and 

SLC5A8 in I Iuman Colon Carcinoma Cells 

(Mentored by Dr. Kebin Liu) 

Under physiological conditions, tumor necrosis factor receptors (TNFRs) play a crucial 

role in initiating extrinsic apoptosis for the elimination of the diseased cells or unwanted 

cells to maintain cellular homeostasis. However, cancer cells can acquire apoptosis 

resistance through down regulation of surface TNFR level or alteration of key mediators 

in TNFR signaling pathway so that they can evade TNFR mediated and immune cell 

based cytotoxicity. On the other hand, epigenetic alterations, namely DNA methylation is 

a well-known mechanism to turn off the expression of many of the tumor suppressor 

genes in cancer. So understanding the underlying mechanism of resistance to TNFR 

mediated apoptosis in cancer and overcoming the gene silencing effects of epigenetic 

alterations will provide the basis for identif) ing specific molecular targets and more 

efficient cancer therap). 

In the current study, we have established the death receptor FAS as a tumor suppressor 

gene, at least in case of soft tissue sarcoma and human colon carcinoma, and we have 



also shown canonical NF-KB subunits to initiate a pro-apoptotic signal through 

transcriptional activation of FAS in human colon cancer cells as well as mouse embryonic 

fibroblast cells (MEFs). We have identified direct association of canonical NF

KB subunits to human FAS promoter, and found mutants of canonical NF-KB MEFs are 

resistant to Fas-mediated apoptosis (caspase dependent pathway) along with a decreased 

cell surface expression of Fas receptor, while mutants of alternative NF-KB MEFs are 

more prone to FasL-induced apoptosis with an increased expression of Fas receptor on 

their cell surface. 

In a separate study included in this dissertation work, we have found that promoter DNA 

hypermethylation in human colon cancer silences two tumor suppressor genes GPRJ09A 

and SLC5A8, and IFN-y treatment can over ride this silencing effect of epigenetic 

changes to up regulate the gene expression. We have found that IFN-y plays an important 

role to remodel the chromatin structure by acctylating the lysine residues on histone tails, 

thus opening up the chromatin, facilitating the binding of transcription factors to up 

regulate gene transcription. Our study has identified p300, a well-known histone 

acetyltrasferase (HAT) to be the immediate early gene of IFN-y signaling pathwa}. which 

helps to mediate this whole process of gene regulation \\<ithout changing the promoter 

DNA meth} lation status. Thus the current dissertation v.-ork gives an insight to the 

underlying molecular mechanism of establishing the pro-apoptotic signaling pathway of 



NF-KB via transcriptional activation of death receptor Fas. and also promoter specific 

overcoming of epigenetic silencing effect via IFN-y mediated signaling pathway. So 

targeting these new areas may help in developing efficient cancer therapeutics in a more 

gene specific manner. .. 
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INTRODUCTION 

A. Statement of the problem and specific aims of the overall project. 

Cancer is a term used for diseases in which abnormal cells within an organism start 

dividing and growing without control and is capable of invading other tissues through 

blood and lymphatic system. a phenomenon known as cancer metastasis. 

Colorectal cancer (CRC) is a type of cancer that starts in the colon or rectum portion of 

large intestine in our gastrointestinal (GI) tract. Excluding skin cancers, colorectal cancer 

is the third most commonly diagnosed cancer in both men and women in the United 

States. Overall, the lifetime risk of developing colorectal cancer is about I in 20 (5.1 %). 

But the mortality rate from this type of cancer is really alarming. In the United States, 

colorectal cancer is the third leading cause of cancer related deaths when men and women 

are considered separately, and second leading cause when both sexes are combined. CRC 

is expected to cause about 51,690 deaths during 2012 (source: American Cancer Society). 

Most colorectal cancer develops slowly over several years. Before a cancer develops, a 

growth of tissue or tumor usually begins as a non-cancerous polyp on the inner lining of 

the colon or rectum. Some polyps can eventually change into adenocarcinoma (a cancer 
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of an epithelium that originates in glandular tissue), but not all of them. The 

adenocarcinomas are often invasive. and are able to be metastasized to distant organs like 

liver, mostly via portal vein and lymph channels, during the course of metastasis. they 

also get drained into nearby lymph nodes. Although recent advances in detection, 

chemotherapeutic and biological agent based therapies, combined with liver resection, 

have dramatically increased the survival rate amongst CRC patients (I), colorectal cancer 

is still an uncontrollable disease. It is estimated that only about 20% cases of CRC have a 

familial basis, while a large fraction of the disease has been linked to environmental 

factors rather than heritable genetic changes (2). CRC risk factors include environmental 

and food-borne mutagens, intestinal microbiota and chronic intestinal inflammation that 

precede tumor development (3-5). Thus, chronic inflammation. likely to be caused by a 

dysregulated intestinal microbiota, is a major contributor of CRC pathogenesis (3, 6). 

Apoptosis, or programmed cell death, plays a critical role in maintaining physiological 

homeostasis. Dysregulation of apoptosis may result in pathophysiological alterations, 

such as cancer and autoimmune diseases. Acquisition of resistance to apoptosis is a 

hallmark of human cancer cells (7), including colorectal cancer and is believed to be the 

mechanism by which cancer cells escape host immune surveillance (8). Therefore, 

understanding the cellular and molecular mechanisms underlying apoptosis regulation in 

cancer cells is of significant importance for cancer therapy. 

Tumor necrosis factor receptor (TNFR) super family is a group of receptors on cell 

surface that can mediate various signaling pathways including cellular proliferation. 
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survival, differentiation and apoptosis (9. I 0). Certain types of TNFR. sharing similar 

cytosolic C)Steine rich domain. termed as death receptors. can initiate apoptotic signal 

upon engagement of death ligands. Because of the specificit) of the receptor and ligand 

interaction and subsequent apoptosis induction, targeting TNFRs to induce apoptosis in 

cancer has been appreciated as a novel and like!) low toxic approach in cancer therapy. 

TNFa, the prototype ligand ofTNFR super family has been approved for the treatment of 

locally advanced limb soft tissue sarcoma (II). This cytok.ine is chiefly produced by 

activated macrophages (M I) and also by other immune cell types. namely CD4+ T cells 

and natural killer (NK) cells (10. 12). FAS (also termed as CD95. AP0-1 and VlFRSF6) 

is a \\ell characterized death receptor that is considered as a major effector mechanism in 

cytotoxic T cell mediated tumor elimination ( 13. 14). It is v.,ell established that a hallmark 

of metastatic CRC is loss of expression and function of the death receptor Fas. Fas 

protein level is diminished in primary colon carcinoma, whereas complete loss of Fas 

expression is often associated with metastatic CRC ( 15, 16). Study of 128 human CRC 

cases showed that Fas mediated apoptosis exerted by the tumor inti ltrating cytotoxic T 

lymphocytes (CTLs) is an important contributor of tumor regression, and acquisition of 

resistance to Fas mediated apoptosis is linked to recurrence and adverse prognosis ( 17). 

Even though TNFRs have shown promise as a target in cancer therapy. disappointing 

clinical trials also expose the darker side. Due to complicated intricacies in the network 

of TNF and TNFR signaling, application of one cyto"-ine rna) result in man) unwanted 

side effects. For example. TNFa treatment can cause rheumatoid arthritis. hepatic 
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toxicity, bone resorption and other systemic abnormalities ( 18). Similarly FasL is also 

potent to induce hepatic toxicity (19). Moreover, tumor cells are often evolved to be 

highly resistant to Fas mediated apoptosis (20), thus conferring difficulties to the 

applicability of immune cell based cancer therapy. And most importantly, all the TNFRs 

are able to activate NF-KB, a multi-potent transcription factor that can regulate the 

expression of hundreds of genes involved in inflammation and carcinogenesis. TNFRs 

thereby may function as a double-edged sword (21 ). Therefore, elucidating the molecular 

mechanisms underlying the apoptotic and "non-apoptotic" signal transduction pathways 

is critically important for developing effective therapeutic strategies to promote the cell 

death and suppress or bypass the ··non-apoptotic" signals. 

Interferon-gamma (IFN-y) is a multifunctional cytokine, secreted primarily by activated 

NK cells and T cells, which plays an important role in initiating various cellular signals 

(22). pSTATl, the main mediator of IFN-y signaling pathway, acts as a transcription 

factor for a number of IFN-y stimulated genes which are known to play important roles in 

antimicrobial defense, apoptosis, proliferation and inflammation (23). Although IFN

y/pSTATl signaling pathway harbors dual functionality as either a tumor suppressor or a 

tumor promoter, understanding the signaling in survival and persistence of tumor specific 

CTLs and apoptosis of tumor cells will provide the foundation for designing the 

therapeutic strategies to enhance the efficacy of CTL based cancer immunotherapy (24-

27). 
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The field of epigenetics has witnessed a recent explosion in our kno\>\ ledge regarding the 

importance of these heritable modifications of chromatin structure in the context of gene 

expression without accompanying changes in the actual DNA sequence (28). Major 

epigenetic mechanisms include DNA methylation and covalent post-translational 

modification of histone proteins (29, 30). Deregulation of these phenomena has been 

associated with a variety of human diseases, most notably with cancer. DNA methylation 

itself has been widely considered as a regulator of gene expression, mostly associated 

with transcriptional silencing (31 ). An interesting feature of DNA methylation patterns is 

the presence of CG-rich regions (known as CpG islands), typically unmethylated 

sequences found at the promoter regions of most of human genes in normal cells. But 

these unmethylated CpG islands are often found to be hypermethylated in tumor cells, a 

finding that is associated with abnormal silencing of tumor suppressor genes and other 

cancer associated genes (32). Therefore, disruption of methylation patterns has been 

implicated in malignant transformation (28). 

Eukaryotic genomes are packaged into a highly compacted chromatin, which imposes 

constraints on gene transcription and other chromatin-based processes (32). To deal with 

this impediment, histone acetylation has evolved to open chromatin structure and 

facilitate accessibility of transcriptional machinery to DNA templates in chromatin. 

llistone acetylation is a reversible modification of specific residues in histone 'tails· and 

is controlled by histone acetylases (HATs) and histone deacetylases (HDACs) that 

typically act as transcriptional co-activators and co-repressors respectively. Deregulation 

of this process can lead into aberrant gene expression and tumorigenesis, although causes 
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and mechanisms underlying the deregulation of these epigenetic marks in human cancer 

remain a mystel)' (33). 

In summary, the death receptors, the cytokine signaling pathways and the epigenetic 

marks have emerged as very potent molecular targets for developing effective cancer 

therapy. The objective of this dissertation work is to study the regulation of death 

receptor Fas-mediated apoptosis in human colon cancer and also the effect of cytokine 

I FN-y on overcoming epigenetic repression on tumor suppressor genes in CRC. To 

achieve the above-mentioned goals, the following two specific aims had been developed 

and pursued: 

Specific Aim 1: Test the hypothesis that NF-KB directly regulates F AS transcription 

to mediate Fas-mediated apoptosis in normal epithelial cells and in human colon 

carcinoma cells. 

This aim determines the underlying mechanisms of regulation of Fas expression and the 

function of Fas in apoptosis and tumor development. Previous studies in the literature 

have shown that NF-KB plays a major role in mediating anti-apoptotic signaling (34). 

l lowever, function of NF-KB in promotion of apoptosis has also been reported (35-42). 

This study thereby aimed to find out the role of this important transcription factor in 

regulating the expression of Fas and its effect on Fas-mediated apoptotic pathway m 

mouse embryonic fibroblast (MEF) and in human colon carcinoma cells. 
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Specific Aim 2: Test the hypothesis that IFN-y over-rides the silencing effects of 

DNA methylation without causing any DNA de-methylation to activate transcription 

of tumor suppressor genes in CRC. 

The second aim determines whether IFN-y activates transcription of DNA methylation

si lenced tumor suppressor genes without DNA de-methylation. Preliminary studies have 

identified GPRI09A and SLC5A8 genes as tumor suppressor genes and their expression is 

often si lenced in human colon cancer cells (43, 44). This objecti ve aims to study how 

IFN-y over powers this epigenetic silencing to activate gene transcription. 

B. Review of related literature. 

1. Colorectal cancer: An overview 

Colorectal cancer is a leading cause of cancer deaths worldwide. It starts with the 

formation of polyp (small growth on the epithelial lining of colon or rectum), which may 

or may not be invasive. More than 95% of CRC cases arc of a type known as 

adenocarcinoma. If not familial (includes Familial adenomatous polyposis (FAP). 

Heredital) non-polyposis colon cancers (HNPCC). Turcot S) ndrome, Peutz-Jeghers 

syndrome and MUTYH-associated polyposis). occurrence of CRC may be dependent on 

various factors. namely food habit. life style and other environmental parameters (Source: 

American Cancer Society). CRC results from the accumulation of both acquired genetic 

and epigenetic changes that transform normal glandular epithelium into invasive 
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adenocarcinoma (45). The steps involved in this process were first described in the 

classic adenoma to cancer progression model proposed by Fearon and Vogelstein in 1990 

(46). The original model was based on the premise that tubular and tubulovillous 

adenomas were the premalignant neoplasms that would progress into invasive 

adenocarcinoma. However, it is now recognized that additional classes of premalignant 

polyps, such as serrated polyps, also have significant potential for malignant 

transformation. Serrated polyps are associated with microsatellite instability and aberrant 

DNA methylation, whereas tubular adenomas more commonly arise via inactivation of 

the APC tumor suppressor gene and concurrent genetic alterations resulting from 

chromosomal instability (47). The current cancer genome sequencing efforts demonstrate 

that most cancer genomes carry hundreds of mutations, providing a major challenge to 

determine which of these mutations have a pathogenic role in the formation of the cancer 

('driver mutations') and which are merely a consequence of this process ('passenger 

mutations') (45). Furthermore, CRCs can be grouped depending on the type of genetic 

stabi lity they display, such as chromosomal instability (CIN) group which is 

characterized by aneuploidy and chromosomal gains or losses and microsatellite 

instability (MSI) which is identified by the presence of frequent insertion and deletion 

mutations in repetitive DNA sequences (48. 49). Dysplastic aberrant crypt foci can harbor 

mutations in APC, inactivation of which leads to Wingless/Wnt pathway, a common 

mechanism for initiating polyp to cancer progression sequence (50). Subsequent to the 

mutation of APC or other genes in Wnt pathway, mutations in genes such as KRAS or 

TP 53 occur and foster the clonal progression of the polyp cells to cancer (50. 51). 

Progression can also involve mutations in TGF-.Bsignaling pathway (52). Mutations in 
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t) pe II TGF-Preceptor (l'GFBR2) gene occur in approximate!) 30% of CRCs. In 

addition, mutations and epigenetic alterations affecting other TGFB I signaling pathway 

members. including SMAD2. SMAD-1. RUNX3 and TSP 1 have been identified in colon 

cancers (52-56). Gene mutations and epigenetic alterations have been proposed to 

contribute to colon cancer formation through the activation of oncogenes and inactivation 

of tumor suppressor genes that regulate signaling pathways that control hallmark 

behaviors of cancers (57). For example, KRAS is a proto-oncogene that is a downstream 

effector of EGFR. It signals through BRAF to activate the MAPK pathwa). Mutations in 

KRAS or BRAF occur in approximately 55-60% of CRCs. aberrantly activating the 

MAPK signaling pathway, thus inducing proliferation and suppressing apoptosis (58. 59). 

Insights into the biology of CRCs to identify important gene mutations and stud) ing 

epigenetic modifications are also currently being used to develop new diagnostic and 

prognostic as sa) s, as well as ne\\ therapies. 

2. Death receptor system: Fas-mediated apoptosis 

The host immune system functions as a guardian against tumor development. It has been 

demonstrated that cytotoxic T lymphocyte (CTL)-mediated cytotoxic pathways function 

to suppress human CRC development. The perforin exocytosis pathv.ay and the Fas

mediated apoptosis pathway were the first t\.\0 identified cytotoxic effector mechanisms 

of CTLs (60). The perforin path\\ay depends on the polarized secretion of perforin and 

granzymes and utili1es perforin to traffic granzymes to the target cells where they cleave 

functional proteins to cause DNA fragmentation and subsequent apoptosis (61 ). The 

Fas/FasL system was originally thought to be essential for activation induced cell death 
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during an immune response and for the normal homeostasis of the immune system. 

However, it has recently become clear that the Fas/FasL efTector mechanism also plays 

an important role in suppressing tumor growth and progression (62-64). FAS (also termed 

as CD95 or AP0-1) are included in the subset of tumor necrosis factor receptor (TNF-R) 

superfamily members that is involved in death transducing signals and are therefore 

referred to as 'death receptors'. They contain one to five cysteine rich repeats in their 

extracellular domain, which is relatively conserved in TNFR superfamily and an 80 

amino acid long conserved amino acid sequence in the cytoplasmic tail of the receptor 

which forms the death domain. This death domain is essential for the transduction of the 

apoptotic signal (65). Fas is a widely expressed glycosylated cell surface molecule of 

relative molecular mass -45.000 to 52.000 (335 amino acid residues). It is a type I 

transmembrane receptor, but alternative splicing can result in a soluble form, function of 

which is unclear (66, 67). Human Fas has been localized to chromosome I 0 and consists 

of 9 exons. Fas mediated apoptosis is triggered by its natural ligand, FasL, which is a 

TNF-related type II transmembrane molecule and expressed in a more restricted way than 

the receptor ( 16). Both classical CD8+ CTLs as well as a portion of activated CD4+ T 

cells express FasL on their surface in membrane bound form (mFasL) (68). Cleavage by 

a metallo-protease causes shedding of FasL and the resulting soluble FasL (sFasL) can 

still bind Fas receptor. although the understanding of downstream signaling pathway is 

not clear. An increase in the serum concentration of sFasL in cancer patients suggests a 

possible immunosuppressive role of this molecule. Studies with various forms of FasL 

have indicated that mFasL kills target cells via FAS activation much more potently than 

docs sFasL (68). Although FASL has been widely reported to be expressed predominantly 
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(perhaps exclusive!)) in antigen stimulated T lymphoc) tes (both CD8 and also some 

CD4 • T cells) and NK cells. some reports indicated that in certain tissues, such as the 

testis, thyroid or eye, non-hematopoetic cells can express FasL and thereby kill 

infiltrating T cells to establish an immune-privileged niche (69, 70). It has also been 

proposed that FasL expression on cancer cells may render them refractory to immune 

attack by conferring them with the ability to kill Fasi tumor-infiltrating lymphoid and 

myeloid cells, but this so-called "tumor counter-attack" hypothesis has also been 

questioned (70). Upon ligand engagement, TNFRs change their conformation and lead to 

receptor oligomerization, which often leads to the recruitment of adaptor proteins through 

interaction with their death domains. Adaptor proteins such as F ADD (Fas Associated 

Death Domain) and TRADD (TNFR Associated Death Domain) can further recruit 

downstream associated proteins to form respective complexes to induce apoptosis. In the 

well-characterized FAS signaling pathway, trimerization of Fas receptor on the target cell 

surface is required upon ligand binding for transduction of the apoptosis signal. A 

complex of proteins associate with activated Fas. This death-inducing signaling complex 

(DISC) forms within seconds of receptor engagement. First. the adaptor protein FADD 

(also known as Mort I) binds via its own death domain to the death domain of Fas. F ADD 

also carries a so-called death-effector domain (OCD). and again b) homologous 

interaction, recruits the OED containing procaspase-8 (also knov.n as FLICE) into the 

01 C (66, 71 ). This interaction can be antagonized b) an inhibitol) protein called c-FLIP 

(cellular FLICE-inhibitol) protein). c-FLJP resembles procaspase-8 structure and can 

compete with its binding to F ADD (71, 72). Next. procaspase-8 is activated 

proteolytically and active caspase-8 is released from DISC into the cytoplasm in the form 
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of hetero-tetramer of n..,o small subunits and t\...,0 large subunits. Active capase-8 cleaves 

various proteins in the cell including procaspase-3, which results in its activation and 

completion of the cell death program (71). In so-called t}pe I cells (73), Fas trimerization 

is associated with lipid rafts on the cell membrane, which leads to the internalization of 

receptor associated complex, so that procaspase-8 gets more accessible to DISC and gets 

activated through auto-cleavage. The cascade is initiated by subsequent cleavage of other 

effector caspases, namely caspase3, 6 and 9, regardless of the alteration of the 

mitochondrial stability. But in type II cells (73), hardl} an} DlSC is formed, so the 

caspase cascade cannot be propagated direct I}. but has to be amplified via the 

mitochondria. Caspase-8 cleaves the Bcl-2 famil} member Bid, truncated bid (tBid) then 

translocates into mitochondria. interacts with Bax, and bring Bax to the outer membrane 

of mitochondria to increase its permeability (74, 75). On ·activation', mitochondria 

release pro-apoptotic molecules, such as cytochrome-c (76) and mac/DIABLO (77, 78). 

Together with the apoptosis protease activating factor Apaf-1 and procaspase-9 in the 

cytoplasm, these molecules form the so-called apoptosome, the second initiator complex 

of apoptosis. Caspase-9 activates further downstream caspases and the end result, again, 

is apoptosis. In type II cells, anti-apoptotic genes, such as Bcl-xL and Bcl-2. can 

antagonize pro-apoptotic genes. including Bax. Therefore, in mitochondrial pathway. the 

balance between the pro-apoptotic and anti-apoptotic proteins determines the outcomes of 

the t}pe II cell apoptosis (79). 
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3. Functional importance and physiological relevance ofF AS to Cancer suppression 

Apoptosis is a fundamental process of regulation of O\ era II physiological homeostasis; its 

derailment leads to severe diseases. Several mouse mutations have been identified that 

cause complex disorders of immune system. manifested as lymphadenopathy and 

autoimmunity (80). One is the recessive lpr (lymphoproliferation) mutation in the Fas 

receptor gene. The symptoms that arise are very similar to those of systemic lupus 

erythematous. The mutations lprcg (allelic to lpr) and gld (generalized 

ly mphoproliferative disease caused by mutation in FasL gene) cause a very similar 

disease (81 ). These mouse mutations lpr and gld are autosomal recessive mutations 

located on mouse chromosome 19 and I. respectively. fhe mutations cause 

lymphadenopathy and splenomegaly. and produce large amount of antibodies. including 

anti-DNA and rheumatoid factor (80). The mice die of nephritis or arthritis at 

approximately 5 months of age. In mice, the Fas chromosomal gene is more than 70kb in 

length and is split by 8 introns. whereas the mutated gene in lpr mice has an early 

transposable element (ETn). similar to an endogenous retrovirus. inserted into intron 2 

(82). Unlike lpr strain, lpr cg mice express full length Fas mRNA as abundantly as wild 

type mice (83). However. the mRNA carries a point mutation (T to A) in the middle of 

the Fm cytoplasmic region (83). This mutation results in an amino acid change. from 

isoleucine to asparagine and abolishes the ability of Fas to transduce the apoptotic signal. 

It has been shO\'.n that the gld mice carry a point mutation near the C-terminus of the 

coding region for FasL (84). This mutation results in the replacement of phenylalanine 

with leucine. and abolishes the ability of FasL to bind to Fas. These results indicate that 

mouse mutations lpr and gld are loss of function mutations of Fas and FasL genes. 
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respective!). In human patients. a similar disease with a d) sf unction of the FAS receptor 

(Type Ia autoimmune lymphoproliferative S)ndrome ALP ) and in FASL gene (Type I b 

ALP ) has been reported. Children \\ith ALP (or Canale mith syndrome) show 

massive, non-malignant lymphadenopath), an altered and enlarged T cell population and 

a severe autoimmunity (85-88). In some cases, (type II ALPS), defective Fas mediated 

apoptosis is observed without mutations in FAS or FASL system. It has recently been 

suggested that mutations in caspase-1 0 might cause such a complementing defect (89). 

Among these mutant alleles in human FAS gene, 13 are mutations in the coding sequence 

\\ hile 4 are mutations in the splice junctions. Deletion and insertion mutations. as well as 

non-sense mutations in the extracellular and cytoplasmic regions of the FAS gene result 

in the genes that code for truncated Fas molecules. One point mutation is found in the 

extracellular region, which probably abolishes its ligand binding activity. Five point 

mutations are found in the Fas cytoplasmic tai I, each of which causes a non-conservative 

amino acid replacement, and many abolish the ability of Fas to recruit the signal

transducing adaptor F ADD. Two mutations are in splice junctions in intron 3, and these 

cause aberrant splicing of the region of the Fas transcript that codes for the soluble form 

of Fas. Other mutations in either intron 6 or 7 produce a Fas protein that lacks most of its 

C) toplasmic region (80). Thus. the inabilit} of the immune S}Stem to eliminate self

reactive l)mphocytes by apoptosis can cause autoimmunity. Alternatively. apoptosis 

might produce changes in cellular constituents that affect antigen processing and self

tolerance. Increased resistance to apoptosis and persistence of auto-reactive activated T 

cells has been in fact found in models of experimental autoimmunity. Furthermore, 

human ALP patients also exhibit increased susceptibility to both hematopoetic and non-
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hematopoetic cancers (90). Both the FAS and FASL gene promoters are pol)morphic, 

including a G to A substitution at -1377 bp and an A to G substitution at -670 bp at the 

FAS gene promoter and a C to T substitution in at -844 bp and a -124 bp A to G 

substitution at the FASL gene promoter. These polymorphisms diminish transcription 

factor binding to the FAS and FASL gene promoter and Fas/FasL expression level and are 

associated with increased risk of both hematopoetic malignancies and non-hematopoetic 

carcinoma developments in humans (91-96). These critical observations suggest that FAS 

functions not only in inhibition of autoimmune diseases. but also in suppression of cancer 

development. It has since been suggested that Fas-mediated apoptosis is also directly 

involved in elimination of tumor cells b) tumor specific CTLs and thereby plays a ke) 

role in immune surveillance to suppress cancer development (97). 

4. "Non-apoptotic" Fas signaling pathways: Contradiction to its role in apoptosis 

Fas is undoubtedly a death receptor and when it is engaged by its ligand, mediates 

apoptosis in a wide variety of cells, including CRC. Some new evidence suggests, 

however, that Fas also mediates "non-apoptotic" signaling pathways, including cellular 

activation, proliferation, differentiation and migration, all of which promote tumor 

development (65, 68, 98-1 00). This "non-apoptotic·· signaling notabl) emphasizes the 

activation of Nf-KB signaling cascade. under conditions of low receptor stimulation or 

under conditions where apoptosis is blocked. ras signaling S\\itches to proliferative 

signaling, leading to the activation of ERKJ 2 and consequent!) NF-KB activation in 

gastric mucosal cells (99, I 0 I). Furthermore, it was observed that co-expression of 
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apoptotic inhibitOI) protein FLIP increased the Fas mediated proliferation and enabled 

colon carcinoma cells to metastasize to the liver (I 00). In addition. it has also been shown 

that loss of Fas in mouse models of O\ arian and liver cancers reduce tumor incidence and 

tumor sizes. These observations have led to the proposal that Fas activit) should be 

inhibited in cancer therapy. However, details of Fas mediated "non-apoptotic" signaling 

pathways remain largely unknown ( I 02). Importantly, although convincing experimental 

data have established NF-KB as a tumor promoting transcription factor (34), compelling 

recent studies have started to shed light on the function of NF-KB as a promoter of 

apoptosis and senescence (35-42). More importantly. it has been shown that NF

KB mediates recruitment of F ADD and caspase-8 to the death inducing signaling 

complex (DI C) to increase tumor cell sensitivit) to Fas mediated apoptosis in tumor 

cells (42). Furthermore. NF-KB was found to regulate TNFa and IFN-y expression to up

regulate Fas expression (I 03). 

5. Nuclear factor lC.B: A double-ed ged sword 

The nuclear factor-KB (NF-KB) signaling cascade is a major transducer of external 

signals. controlling the expression of a broad range of genes involved in survival. growth, 

stress response and inflammation (I 04). Aberrant activation of NF-KB pathway has been 

associated with the pathogenesis and pro-survival phenot) pe of solid tumors (I 05. I 06) . 

Taken together. these findings have identified NF-KB as a critical player in cancer 

development. creating a solid rationale for the development of anti-tumor therapies that 
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inhibit NF-KB signaling. However. t\\O recent studies have shown compelling evidence 

that functional NF-KB signaling is required for inducing cytotoxic drug-mediated 

senescence in tumors with a particular genetic make up and thus suggests a more 

complex role ofNF-KB signaling in oncogenesis (I 07, I 08). Therapy-induced senescence 

exhibits a senescence-associated secretory phenotype (SASP) characterized by a strong 

cytokine response that acts in an autocrine feedback loop to achieve growth arrest and 

attracts immune cells that eliminate senescent cells (I 09, II 0). Different experimental 

strategies led to the identification of NF-KB signaling pathwa} as the major mediator of 

SASP. In mammals, NF-KB family is composed of five related transcription factors: p50. 

p52, ReiA (p65), c-Rel and RelB (Ill. 112). These transcription factors are related 

through an N-terminal. 300 amino acid. DNA binding/dimerization domain, called the 

Rei homology domain (RHO), through which the) can form homodimers and 

heterodimers that bind to 9-10 base pairs DNA sites, known as KB sites, in the promoters 

and enhancer regions of the genes, thereby modulating gene expression. ReiA, c-Rel and 

ReiB contain C-terminal transcriptional activation domain (TAD), which enable them to 

activate target gene expression. In contrast, p50 and p52 do not contain C-terminal TAD, 

therefore, p50 and p52 homodimers repress transcription until the) are bound to a protein 

containing a TAD. such as ReiA. c-Rel. RelB or bCL-3 (a related transcriptional co

activator). l.Jnlike other NF-KB famil} members. p50 and p52 are derived from larger 

precursors, pI 05 and pI 00, respective!). NF-KB is not S}nthesized de novo: therefore its 

transcriptional activity is silenced b) interaction with inhibitOr} IKB proteins present in 

the C) toplasm. There are currently 7 identified IKB famil) members: IKBa, IKBb. Bcl-3, 
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IKBe. IKBg and the precursor proteins pI 05 and pI 00. which are characterized by the 

presence of ankyrin repeats. There are t\\O signaling path\\a)S leading to the activation of 

Nf-KB, known as canonical pathwa) (or classical) and the non-canonical pathway (or 

alternative) (113-116). The common regulatory step in both these cascades is the 

activation of an IKB kinase (IKK) complex consisting of catalytic kinase subunits (IKK 

alpha and/or IKK beta) and the regulatory non-enzymatic scaffold protein NEMO (NF

KB essential modulator, also known as IKK gamma). Activation ofNF-KB dimers is due 

to IKK mediated phosphorylation induced proteosomal degradation of the IKB inhibitor 

enabling the active NF-KB transcription factor subunits to translocate to the nucleus and 

induce target gene expression. In the canonical signaling pathway, binding of ligand to a 

cell surface receptor. such as the Toll like receptor superfamily. leads to the recruitment 

of the adaptor. such as TRAF, to the cytoplasmic domain of the receptor. These adaptors 

in turn recruit the IKK complex, which leads to the phosphorylation and degradation of 

the IKB inhibitor. The canonical pathway activates NF-KB dimers comprising of ReiA, c

Rel, ReiB and p50. The non-canonical pathway is responsible for the activation of 

pI 00/RciB complexes and occurs during the development of lymphoid organs 

responsible for the generation of B and T l)mphoc}tes. Only a small number of stimuli 

are knO\\n to acti\ate NF-KB via this pathwa} and these factors include I) mphotoxin beta 

and B cell activating factor (BAFF). This path\\ay utilizes an IKK complex that consists 

of two IKK alpha subunits, but not NEMO. In the non-canonical path\\a}. ligand induced 

activation results in the activation of NF-..:B inducing kinase (NIK). which 

phosphorylates and activates the I KK alpha complex. which in turn phosphor} lates pI 00. 
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leading to the processing and liberation of p52/ReiB active heterodimer. Chien et al. 

identified that the NF-KB subunit p65 (ReiA) binds abundanti) to senescent chromatin in 

a global proteomic analysis and confirmed its transcriptional activity. Whole genome 

gene expression profiling (GEP) studies revealed that an arra) of known NF-KB target 

genes, including SASP components, failed to be induced in p65 knockdown cells that 

were activated to senescence. These results suggested that NF -KB controls the 

transcriptional program mediating cellular senescence. This study has also shown that in 

a murine lymphoma model. a cytotoxic drug treatment activated NF-KB and induced a 

senescence response in p65 proficient, but not in p65 deficient lymphomas, 

demonstrating that silencing NF-KB activity impairs the senescence response to 

chemotherapy in this in vivo model (I 07). Consistent I), p65 proficient tumors regressed 

in response to cytotoxic drugs. Y-hile p65 k.nock down rendered tumors unresponsive. 

Thus, in this particular context in which apoptosis is suppressed by constitutive Bcl-2 

expression, inhibition of NF-KB activity has the unwanted effect of promoting cytotoxic 

drug resistance (I 08). Thus the opposing roles of NF-KB in oncogenesis, promoting 

tumorigenesis on one hand and mediating therapy-induced senescence on the other have 

significant therapeutic implications. Elucidating the molecular mechanism of this cascade 

could eventually lead to the identification of crucial downstream components of NF

KB that mediate chemosensitivity, with the eventual goal of developing strategies to 

boost senescence in tumors where NF-KB's oncogenic function dominates. 
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6. Interferon gamma: Its importance and functional relevance to cancer suppression 

IFN-y is a pleotropic type II cytokine produced primaril> b} NK cells, cog• T cells, and 

Th I CD4+ T cell (22). Production can be triggered by antigen stimulation and 

macrophage-derived cytokines. such as TNFa, IL-12, and IL-18.( 117). The response is 

also amplified by IFN-y itself, which acts bad. on the producing cell in an autocrine 

manner ( 118). The IFN-y receptor is located on all ce ll types, with the possible sole 

exception being erythrocytes. Whi le the receptor is ubiquitously expressed, it is not 

uniform ( 119). This accounts for variation in responsiveness to IFN-y treatment among 

different cell types. Binding of the IFN-y homodimer leads to oligomerization ofthe IFN

r receptor chains (two alpha chains and two beta chains) causing activation of the 

constitutively associated Janus kinases, JAK I and JAK2, via auto- and trans

phosphorylation (23, 120). These activated kinases phospho!) late specific tyrosine 

residues in the IFN-y receptor C)toplasmic tails, which will then act as docking sites for 

the SH2 domain of STATI located in the cytoplasm (121, 122). STAT I is the main 

mediator in the IFN-y signal ing pathway and the JAK-STA T I signal ing pathway has 

been well documented (22, 123, 124). STAT! recruitment to the receptor allows for 

TA Tl to be phosphorylated on a conserved tyrosine residue (Y70 I) by activated JAK I 

and JAK2. Phosphorylated STAT! (pSTATI) molecules form dimers (125)and migrate 

to the nucleus where they bind to specific consensus sequences known as Gamma 

Activation Sites (GAS), TTC (n 2-4) GAA) (22). pSTATI thus acts as a transcription 

factor for a number of so-termed I FN-y-stimulatcd genes. These genes are known to play 

roles in mediating antimicrobial defenses, apoptosis, proliferation. and inflammation. 
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The interferons \\-ere first described in 1957 (IFN-y specifically in 1965) as agents 

"interfering .. \\ ith viral rep I ication ( 126, 127) and indeed I FN-y, or I FN-y-receptor knock 

out mice shov .. ed increased susceptibility to a variety of pathogenic infections (128, 129). 

With the availabilit) of such knockout mice in the early 1990s, IFN-y's role in 

suppression of tumor development was also emerging. IFN-y knockout mice were shown 

to have increased susceptibility to the chemical carcinogen, 3-methylcoanthrene (MCA) 

( 130, 131 ). and were also evidenced to develop spontaneous cancers, specifically 

disseminated lymphomas and lung adenocarcinomas (24, 132). Similar results were 

obtained \\-ith STAT! knock out mice which are resistant to IFN-y treatment and also 

show increased susceptibility to infection and incidence of tumor formation (25. 133-

138). Therefore. IFN-y and its downstream effecter. TAT!. \\ere classified as tumor 

suppressors and IFN-y was believed to play an essential role in the so-called cancer 

immune survei llance system which functions to protect the host against tumor 

development (24-27). IFN-y has been sho\\-n to up regulate multiple components of the 

MIIC class I antigen processing and presentation pathway to increase tumor 

immunogenicity ( 139). It can also reduce tumor cel l proliferation by inducing the 

expression of cell cycle inhibitors, such as p21''nfl tc lpt and p27"1
P

1 (140. 141)and can 

promote tumor cell apoptosis by up regulating Fas and FasL (142). Furthermore. IFN-y 

has been shown to induce production of chemoJ..ine, such as CXCL-9 and CXCL- I 0 that 

act as chemo attractants for recruitment of JeuJ..oc) tes. as \\ell as having anti-angiogenic 

properties ( 143, 144 ). IFN-y stimulation can lead to macrophage activation resulting in 

release of tumoricidal products, such as reactive oxygen and reactive nitrogen 

intermediates ( 145). IFN-y additionally can stimulate NK cells to engage with and kill 
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tumor cells through activation of TRAIL (146). IFN-y is well knO\\n for polarizing CD4 

T cells into a Th I phenotype believed necessary for an effective anti-tumor response (27). 

7. GPRJ09A and SLC5A8: A brief introduction 

GPR109A and SLC5A8 are two recently dissected genes for tumor suppression. SLC5A8 

is a gene that codes for a transporter belonging to the Na +I glucose co-transporter gene 

family (SLC5). This has been identified as sodium coupled transporter ofmonocarboxylic 

acid, hence also termed as SMCT. It functions as a Na coupled transporter for short chain 

fatty acids, lactate and nicotinate (147. 148). It is expressed abundantly in the colon, 

ileum, kidne) and thyroid gland. The expression of this gene is often down regulated in 

varieties of tumors. More recent!), Li et al have identified it as a putative tumor 

suppressor gene in human colon cancer. The expression of this gene is silenced in colon 

neoplasia b) h)permethylationof CpG rich islands in exon I of the gene. This region 

remains unmethylated in normal colon mucosa but gets methylated in about 60% of 

primary colon cancers (44). All colon cancer cell lines that showed SLC5A8 exon I 

methylation were si lenced for SLC5A8 expression, and the gene expression can be 

restored by treatment with the demethylating agent 5-azacytidine. G protein coupled 

receptors (GPCRs) comprise a large protein famil) of transmembrane receptors that play 

important roles in several biological processes. The)' are common!)' being targeted for 

treatment of pain. inflammation and broad range of diseases name!) cancer. diabetes and 

cardiovascular diseases ( 149. 150). Of more than 700 GPCRs identified b) Human 

Genome Project. 150 or more of them are annotated as "orphan .. or functionally 

uncharacterized. Very recently, GPR109A along with its relatives GPR109B and GPR81 
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have been deorphanized. Though GPRJ09A has been primarily identified as the nicotinic 

acid receptor, later on beta h}drox} but} rate has been identified as the physiological 

ligand for this receptor ( 151 ). This receptor was first described in mice as a "protein up 

regulated in macrophages b} interferon gamma". GPR109A is expressed primarily in 

adipOC}tes and immune cells. Thus being identified as a niacin receptor is quite rational 

as niacin is used for decades to treat hyperlipidemia (152, 153). GPR109A is coupled to 

the inhibitory G protein G, Activation of this receptor with its ligands results in a 

pertussis toxin sensitive decrease in cAMP levels. As mentioned earlier, in murine 

macrophages, GPR109A expression is up regulated by C) tokines such as Jnterferon 

gamma (IFN-y), suggesting a role for GPRJ09A in immunit} and inflammation (153). 

More recentl)'. GPR109A has been shown to be expressed in the lumen facing apical 

membrane of colonic and intestinal epithelial cells and the receptor recognizes butyrate. a 

short chain fatt)' acid, generated in colon by bacterial fermentation of dietary fiber. which 

protects against colorectal cancer and inflammatory bowel disease ( 154). The expression 

of GPR109A has been shown to be silenced in human colon cancer cell lines and in a 

mouse model of intestinal/colon cancer. The cell death in colon cancer cells induced by 

GPR109A activation doesn't involve inhibition of IIDACs. Thus, the bacterial 

fermentation product butyrate causes cell death in colon cancer cells by two independent 

but complementary mechanisms: one through SLC5A8 mediated entry of butyrate into 

cells \\.ith subsequent inhibition of HDACs (43), and the second through GPRJ09A 

independent of HDACs. The signaling path\\a}s responsible for GPR109Aibutyrate 

induced cell death in cancer cells remain to be identified. 
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8. Chromatin: The basic concept 

Chromatin is the state in which DNA is packaged within the euJ..aryotic cells. The basic 

unit of the chromatin is the nucleosome, which comprises 147 base pairs of DNA 

wrapped around an octamer of core hi stones (made of two molecules of each H2A, H2B, 

113 and 114). Each nucleosome is linked to the next by small segments of linker DNA. 

Most chromatin is further condensed by winding in a polynucleosomal fiber, which may 

be stabilized through the binding of histone Il l to each nucleosome and to the linker 

DNA (32). From functional point of view, chromatin structures may exist in two forms: 

euchromatin and heterochromatin. Euchromatin generally corresponds to the region of 

the genome which possess actively transcribed genes (or potentially active ones) and that 

are decondensed during interphase. The regulatOI) sequences in these regions are 

accessible to nuclease and have characteristically, unmethylated CpG islands and the core 

histones I 13 and H4 are hyperacetylated on their N- terminal lysine residues (30). In 

general, euchromatic domains replicate during early S phase. By contrast, 

heterochromatin refers to the transcriptionally inactive and highly condensed regions of 

the genome. Within heterochromatin, DNA renders itself inaccessible to nucleases, it is 

usually methylated in the dinucleotide CpG and histones are markedly hypoacetylated. 

Depending on whether heterochromatin is established in eve!") cell type or limited to any 

particular lineage. it can be divided into two groups: Constitutive heterchromatin forms 

mainly on repetitive sequences. eg. Satellite centromeric and pericentromeric repeats. 

Regions and DNA sequences that are subjected to a developmentally regulated 

transcriptional silencing, constitute the Facultative heterochromatin, eg. Inactive X 
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chromosome in female mammalian cells (cytologicall)' observed as a dense nuclear 

structure referred to as the Barr body) (32). 

9. Chromatin remodeling: Introduction to different modifications 

DNA methylation and histone acetylation are major epigenetic modifications that are 

most intensively studied in the context of gene transcription and abnormal events that 

lead to oncogenic process. For example, hypermethylation of CpG islands in gene 

promoters triggers deacetylation of local histones. whereas lower levels of histone 

acetylation (h)' poacetylation) seem to sensitize to targeted DNA meth)' lation (31 ). 

Therefore. there is an intimate communication bet\'.een DNA methylation and histone 

acetylation. although the mechanism underlying this event is poorl) understood. Histone 

acetylation, a known marker for open chromatin, is a reversible modification of specific 

residues on histone ·tails' and is controlled by histone acetyltransferases (HATs) and 

histone deacetylases (HDACs) that typically act as transcriptional co-activators and co

repressors, respectively. Of all the known modifications. acetylation has the most 

potential to unfold chromatin since it neutralizes the basic charge ofthe lysine. 

Acetyltransferases are divided into three main families: GNAT. MYS'Tand CBP/p300 

(155). Most ofthe acetylation sites characterized till date fall within the N-tenninal tail of 

histones. which are more accessible for modification. IIO\'.ever. a I} sine \'.ithin the core 

domain of H3 (K56) has recently been found to be acet)' Ia ted. The K56 residue is facing 

towards the major groove of the DNA within the nucleosome, so it is in a particularly 

good position to affect histone/DNA interactions when acetylated. A yeast protein SPT I 0 

may be mediating acetylation of H3K56 at the promoters of histone genes to regulate 
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gene expression ( 156), whereas the Rtt I 09 acet} !transferase mediates this modification 

more globally ( 157-159). The reversal of acet} lation correlates with transcriptional 

repression. There are three distinct families of histone deacetylases (HDACs): the class J 

and class II HDACs and the class Ill NAD-dependent enzymes ofthe Sir family (160). 

They are involved in multiple signaling pathways and they arc present in numerous 

repressive chromatin complexes. In general, these enzymes do not appear to show much 

specificity for a particular acetyl group. The methylation of DNA is the covalent addition 

of a methyl group to the five carbon (C5
) position of cytosine bases in CpG dinucleotides. 

This process of methylation is carried out b) two t} pes of DNA methyltransferases 

(DNMTs): de novo and maintenance meth}ltransferases. DNA methylation patterns are 

established during early development by de no~·o methyltransferase DNMT3A and 

DNMT3B ( 161, 162). Patterns of DNA methylation are propagated with extreme fidel it} 

by the maintenance methyltransferase DNMT I, which reproduces pattern of methylated 

and unmethylated CpG sites between cell generations (32). CpG islands that are typically 

unmethylated in normal cells are often hypermethylated in tumor ce lls, a finding 

associated with abnormal silencing of tumor suppressor genes and other cancer

associated genes. Direct inhibition oftranscription may be through blocking the binding 

of transcription factors to the promoters containing methylated CpG sites, while indirect 

repression rna} involve proteins such as MeCP2 that specifically bind to meth} lated 

DNA via a meth) 1-CpG-binding domain (MBD). The MBD containing proteins are 

thought to mediate transcriptional repression b) recruiting HDAC activit} to methylated 

DNA, resulting in a deacetylated repressive chromatin structure ( 161 ). These protein 

complexes are also known for their association with histone methyltransferases. 
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Methylation of histone can occur at both lysine and arginine residues and is now 

appreciated as a reversible process. Its homeostasis is mediated by t\vo antagonizing 

groups of enzymes, histone meth) lation 'writers' and 'erasers·, which install and remove 

histone methylation marks, respectively, in a site-specific manner ( 163. 164). For 

example, Histone H3 lysine 4 (H3K4) methylation is established by the SET I and mixed 

lineage leukemia (MLL) family ofhistone methyltransferases (IIMTs) (164), and 

removed by the lysine specific histone demethylase I (LSD I) and jumonji AT-rich 

interactive domain I (JARJDJ) family of histone demethylases (HDMs) ( 165). For 

histone 113, methylation has been observed at multiple lysine sites, including H3K4, K9, 

K27, K36 and K79, and addition of up to three methyl groups at each I) sine produces a 

total of four methyl states: unmethy Ia ted, monomethy lated, dimethylated and 

trimeth} lated. These histone methylation states exhibit a distinct distribution pattern in 

the mammalian genome ( 166). H3K4 trimethy lation (113K4me3) is strongly associated 

with transcriptional competence and activation, with the highest levels observed near 

transcriptional start sites of highly expressed genes. Two other methylation sites on 

histones are implicated in activation of transcription: 113K36 and H3K79. On the 

contrary, 113K27 trimethylation (H3K27me3) is frequently associated with gene 

silencing, especial!) the repression of unwanted differentiation programs during lineage 

specification ( 166-168). T\\O other lysine methylation sites connected to transcriptional 

repression are H3K9 and H4K20 (30). The establishment of an appropriate pattern of 

histone methylation is not on I) crucial for normal de\elopment and differentiation, but is 

also intimate!} associated \\ith tumor initiation and development. MLL fusions, a type of 

MLL gene arrangement in leukaemia, directly recruits DOT I L (also known as KMT4), a 



histone methyl transferase that writes the methylation of histone H3 lysine 79 

(113K79me3). a ke} event in MLL-AF I 0-driven leukaemogenesis ( 169). DOTI Land 

H3K 79me are associated with active transcription, especially at MLL fusion targeted 

loci, thus providing a potential mechanism for the aberrant transcriptional activation 
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found in leukaemia ( 169, 170). DOT I Land by inference 113 K 79me, are also found to be 

involved in cell cycle progression, silencing of telomere-proximal genes and regulation of 

Wnt-target genes. Another MLL fusion, MLL-EEN. recruits histone arginine 

meth} ltrasferase PRMTI, and its methyltransferase activity towards histone H4 arginine 

3 has been shown to be important for leukaemia transformation ( 171 ). Enhancer ofzeste 

homolog 2 (EZH2). an H3K27 specific methyltransferase. provides another connection 

bet\\-een miswriting histone methylation marks and oncogenesis. EZH2 is frequently 

found to be overexpressed in various solid tumors. including prostate, breast. colon, skin 

and lung cancer ( 172. 173). Mechanistically the oncogenic function of EZH2 has been 

attributed to the silencing of the tumor suppressor genes, including INK-IB-ARF-INK4A, 

E-cadherin, p57 A1P2. p27 ( 174), BRCA I ( 175) and adrenergic receptor beta 2 ( 176). 

llistone lysine demethylases (HDMs). especially those that remove methylation on H3K4 

and H3K27. are found mutated or deregulated in human cancer. LSD I is the first histone 

demeth}lase (HOM) isolated and this nuclear amine oxidase can convert dimethyl or 

monomethyl H3K4 to its unmodified state ( 177). L D I removes H3K4me211 from 

se\eral downstream targets that include path\\a}S involving TGF-J3 signaling, cell 

growth. migration and invasion. Knocking down L D I enhances the invasive and 

metastatic potential of breast cancer cells ( 178). In contrast to its canonical functions. 

L D I also interacts with androgen receptor (AR). This LSD 1-AR complex erases 
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methylation marks from H3K9. a repressive marker. thus leading to the activation of AR 

signaling in prostate cancer cells ( 179). These observations show that L D I has both 

tumor suppressi .. e and oncogenic functions. depending on cellular context and substrate 

speci ficit)'. Sporadic inactivating mutations of ubiquitously transcribed tetratricopeptide 

repeat X chromosome (UTX). an H3K27me3/2 specific II OM gene have recently been 

reported in a subset of multiple myeloma, oesophageal squamous cell carcinoma and 

renal cell carcinoma ( 180). Restoration of UTX in UTX-mutated cancer cells reduced 

H3K27me3 at tested targets and slowed cell proliferation ( 180). More over, studies have 

shown that, h) poacetylation of histone together with histone methylation is the first event 

in gene silencing process. follov.ed by h) permethylation of CpG sites. thus. CpG islands 

meth) lation is a late event that may serve to irrevocabl)' lock the silenced genes ( 181 ). 

Another factor that mediate chromatin transitions is adenosine tri-phosphate (A TP) 

dependent nucleosome remodeling and repositioning factors (remodelers). SWI-SNF 

complexes are a large and well-studied fami l)' of remodelers, and most family members 

are essential, abundant and highly conserved ( 182). They contain an A TPase subunit that 

can slide the nucleosome along DNA templates, and 8-12 other proteins that assist in 

regulation and targeting. SWI/SNF complexes remodel nucleosome structure and are 

capable of mobilizing nucleosomes both by sliding and by catal)'zing the ejection and 

insertion of histone octamers ( 183). Nucleosome sliding has been proposed to include the 

foiiO\\ing steps: binding ofSWIISNF complex to a fixed position on nucleosomal DNA. 

disruption of histone-DNA contacts, translocation of DNA that is initiated via the 

A TPase subunit and DNA loop formation that can then propagate around the nucleosome 

and generate sites that are more accessible to DNA binding factors ( 183, 184). Histone 
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chaperons rna) assist in this process. Although yeast WI/ NF complexes \\-ere identified 

on the basis of their roles in transcriptional activation. evidence indicates that mammalian 

WJISNF complexes contribute to both repression and activation. Contributing to the 

mechanism of repression, SWI/SNF comple>.es are capable of recruiting histone 

deacetylases (HDACs), which remove activating acetyl marks from histone tails ( 185). 

Studies have shown association ofSWI-SNF complexes with varieties of tumor 

suppressor genes and cell cycle regulators. strongly suggesting that misregulation of 

remodeler targeting or activity can promote cancer. 



MATERIALS AND METHODS 

1. Cell lines and human tissue specimens 

All human and mice tumor cell lines used were obtained from the American Type Culture 

Collection (ATCC) (Manassas, VA). ATCC has characterized these cells by morphology, 

immunology, DNA fingerprints and cytogenetics. p65 KO and the matched p65 WT MEF 

cells \\ere kind I} provided b} Dr. Karen H. Vousden (NCI, National Institute of health, 

FrcdericJ... MD) ( 186). p52 KO and matched p52 WT MEF cells \\ere provided by Dr. 

Keneth B. Marcu (Stony Brook Universit}, Nev. YorJ..) ( 187). Human tumor tissue 

specimens were obtained from de-identified patients at Georgia Regents University 

Medical Center. 

2. Mouse models 

BALB/c mice were obtained from National Cancer Institute (Frederick, MD). Wild type 

(n 5) and IFN-y KO (n=4) mice \\ere anestheti7ed under constant flow of oxygen and 

isofluorane. A small abdominal incision \\as made near the cecum. Tumor cells CT26 

(I xI 04 cells in 20 ~I saline) \\ere injected into the cecal wall from the serosal side. 

Wound was sealed \\ith a \\Ound clip. Incidence of tumor de\elopment \\as examined 

after 2 I days. In case of 3-meth} 1-cholanthrcne (MCA) induced soft tissue sarcoma (25), 

31 
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I 00 Jlg MCA \\as dissolved in I 00 Jll of peanut oi l and v.as injected subcutaneously into 

B6.MRL-Fas11
"" J (n= IO). WT C57BL/6J (n 10). CPt.C3-FasF1

d/J (n=23). and BALB/c 

(n- 14) mice. To induce colon cancer. the \\ell-established azoxymethane (AOM) and 

dextran sodium sulfate (DSS) procedure was used ( 188). Briefly. AOM (I 0 mg/kg bod) 

weight) was injected intraperitoneall) into B6.MRL-Fas1pr!J (n- 3) and WT C57BL/6J 

(n 5) mice. The drinking water of the mice was replaced with DSS (2.25%) the day after 

AOM injection for I week. After four cycles of water (2 weeks) and DSS (I week), the 

mice were maintained with regular water for 33 more days and examined for colon 

cancer development. 

3. Reagents and cell treatment 

IKKP-KA and IKKa-KM plasmids \\ere kindly provided b) Warner C. Greene 

(University of California. San Francisco. CA) ( 189). For de-methylation of DNA, cells 

were treated for 3 days with 5·-aza-deoxycytidine ( igma) at a final concentration of I 

~tg/ml. For IFN-y and TNFa treatments, cells were cultured in the presence of 

recombinant IFN-y and TNFa (R & D Systems. Minneapolis, MN) at a final 

concentration of I 00 U/ml. For Mega FasL (kindly provided by Drs. Steven Butcher and 

Lars Damstrup. Topotarget A/S. Denmark), tumor cells \\ere pre-treated with a final 

concentration of I 00 ng/ml and MEF cells were cultured with a final concentration of 5 

ng/ml. Mega fas Ligand is a recombinant fusion protein that consists of three human 

r asL extracellular domains linked to a protein backbone comprising the dimer forming 

collagen domain of human adiponectin. The mega Fas ligand \\as produced as a 



33 

glycoprotein in mammalian cells using good manufacturing practice-compliant processes 

in Topotarget A/S (Copenhagen. Denmark). 

4. Human Colorectal Carcinoma specimens 

The NCI. National Institute of Health, Cancer Diagnosis Program provided Colon cancer 

ti ssue microarray sl ides. The tissue microarrays contain 341 stage 1-1 V colorectal cancer 

specimens and were designed by NCI statisticians for high statistical power for 

examination of associations of markers with tumor stage, clinical outcome and other 

clinical-pathological variables. Specimen information is listed in table 5. 

5. RNA extraction 

The total RNA extraction \\as done using TRizol (Invitrogen. an Diego. CA) system 

according to the manufacturer's instructions with subtle modifications. For adherent cells, 

3x I 06 cultured monolayer cells were trypsinized and washed once with ice-cold PBS. 

For animal tissue. a small portion of tumor was cut and about I 0 mg tissue was used. Cell 

pellets or tissue sections were transferred to 1.5 ml eppendorf microtubes and I ml 

TRI1ol reagent was added to each tube. Cell homogenization requires a thorough up and 

down pipetting while the tissue homogenization was done by Tissuemiser Homogenizer 

(Fisher cientific) to disperse and emulsify the samples in TRIL.ol reagent. 200 ~tl 

chloroform (Sigma) was used to separate RNA from protein and 500 ~I isopropanol 

(Fisher) \\as used to precipitate RNA pellet. Afier centrifugation. RNA pellet was \\ashed 

with 70% ethanol and air dried pellet \\as dissolved in distilled and deionized molecular 
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grade \\ater (Cellgro). The concentration and purit) of RNA was measured 

spectrophotometrically at 260/280 nm. 

6. Primer design 

The nucleotide sequences used for primer design were obtained from Genebank (NCB I). 

Mac-Vector software was used for sequence analysis and designing the primers required 

for Reverse transcription (RT) PCR. Detailed primer sequences are shown in Table I. 

Meth) lation specific PCR (MS-PCR) primers \\ere designed by MethPrimer software 

(Chemcon). The promoter regions of GPRJ09A and SLC5A8 genes \\ere analyzed and 

unmethylated-methylated (U-M) primer sets \\ere designed. PCR primers used in 

Bisulfite sequencing for analysis of promoter methylation status \\ere also designed using 

the same MethPrimer software. 

7. Semi-quantitative RT-PCR 

200 ng to I f..lg RNA was used for eDNA synthesis using the MMLV reverse transcriptase 

(Promega). The eDNA was then used as a template for PCR amplification. I ~d eDNA 

was used for one PCR reaction in a final volume of20 ~LI. Each PCR reaction was set up 

in a PCR tube by using 2 fll I OX PCR bufTer (with Mg2+), 0.4 Ill I 0 mM dNTP mix, 0.5 

~tl of Taq DNA pol) merase (5 U/f..ll), 0.8 ~tl of 25 f.!M primer mix (a mixture of equal 

volume of 50 f.!M of sense and anti-sense primer), and DEPC \\ater up to 20 f..ll. Mixed 

samples \\ere run on a predesigned PCR program on a thermal cycler: one C)'Cie of 94°C 

for 2 min: 20-40 cycles (depending on the level of gene expression) of 94°C for 30 
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seconds, 58 °C-60 °C (depending on the melting temperature (T m) of the designed primer) 

for 30 seconds and 72 °C for I min; and 4 °C till the end. Beta-actin primer was used as 

an internal control. 4 ~I of the 6X-loading butTer (bromophenol and sucrose) was added 

to the amplified product and was run on 1.5°/o-3% agarose gel (depending on the size of 

the PCR product) in TAE butTer (40 mM Tris, 20 mM Acetic acid and I mM EDTA) 

containing ethidium bromide to visualize the DNA fragments. DNA bands were observed 

and recorded using Alpha Imager (Santa Clara, CA). PCR band intensity was quantified 

using Ni l I imager J program (National Institutes of l lealth, Bethesda, MD) ( 190. 191 ). 

8. Real Time PCR 

Real time PCR is a quantitation experiment that measures the quantity of a target nucleic 

acid (v.e used eDNA) during each amplification cycle of the polymerase chain reaction 

(PCR). In real time quantitation experiments, the reactions are characterized by the point 

in time during cycling when amplification of a PCR product achieves a fixed level of 

nuorescence, rather than a final quantity of PCR product accumulated after a fixed 

number of cycles. An amplification plot graphically displays the nuorescence detected 

over the number of cycles that were performed. With the Applied Biosystems StepOne™ 

and tepOnePius™ Real-Time PCR Systems, three types of quantitation experiments can 

be performed. I) The standard curve method is used to determine the absolute target 

quantity in samples. With the standard curve method. the tepOne soft\\are measures 

amplification of the target in samples and in a standard dilution series. Data from the 

standard dilution series are used to generate the standard curve. Using the standard curve, 

the software interpolates the absolute quantity of target in the samples. 2) The relative 
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standard curve method is used to determine relative target quantit) in samples. With the 

relative standard curve method. the StepOne softv,;are measures amplification of the 

target and of the endogenous control in samples. in a reference sample. and in a standard 

dilution series. Measurements are normalized using the endogenous control. Data from 

the standard dilution series are used to generate the standard curve. Using the standard 

curve, the software interpolates target quantity in the samples and in the reference 

sample. The software determines the relative quantity of target in each sample by 

comparing target quantity in each sample to target quantity in the reference sample. 3) 

The comparative CT (~~CT) method is used to determine the relative target quantity in 

samples. With the comparative C1 method. the tepOne soft'""are measures amplification 

of the target and of the endogenous control in samples and in a reference sample. 

Measurements are normalized using the endogenous control. The sofu.vare determines the 

relative quantity of target in each sample b} comparing normalized target quantity in 

each sample to normalized target quantit) in the reference sample. Now coming to the 

point of detection of PCR products, small molecules that bind to double-stranded DNA 

can be divided into two classes: those that intercalate DNA and those that bind the minor 

groove of DNA. Applied Biosyestems has developed conditions that permit the use of 

SYBR Green I dye in PCR without PCR inhibition and with increased sensitivity of 

detection compared with ethidium bromide. When added to the sample. SYBR Green I 

d}e immediate!} binds to all double-stranded DNA. During the PCR, AmpliTaq Gold 

DNA polymerase amplifies the target. which creates the PCR product. or "amplicon··. 

The double-stranded DNA is denatured to single stranded molecules and the SYBR 

Green I dye is released. The primers anneal to the single stranded DNA and the 
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AmpliTaq Gold DNA polymerase amplifies the target, creating more double stranded 

DNA. As the PCR progresses. more amplicon is created. The SYBR Green I dye then 

binds to each new copy of double stranded DNA that is generated during each PCR cycle. 

Since the SYBR Green I dye binds to all double-stranded DNA, the result is an increase 

in fluorescence intensity proportional to the quantity of the double stranded PCR product 

produced. While designing the primers, certain points should be addressed: The amplicon 

should span one or more introns to avoid amplification of the target gene in genomic 

DNA; the primer pair should be specific to the target gene to avoid amplification of 

pseudo genes or other related genes; an important default parameter is the selection of 

amplicons in the 50-150 basepair range because small amplicons promote high-efficienc) 

amplification; the G/C content of the selected region is preferable between 30-80%. 

because G/C content more than 80°/o rna) not denature well during thermal C)cling. 

leading to a less efficient reaction, also G/C rich sequences are susceptible to nonspecific 

interaction and thus rna) produce nonspecific signals in assays using SYBR Green 

reagents; Applied Biosystems recommends that the melting temperature (T m) of the 

primers should be 58-60°C. The detailed primer sequences used have been described in 

table I. The predesigned PCR program that runs on the Applied Biosystem machine 

consists of a holding stage of I 0 min at 95°C for activation of AmpliTaq Gold DNA 

polymerase. and then 40 cycles of melting at 95 °C for 15 seconds followed by the 

annealing/extension step at 60 °C for I min. At the end, \\e use the comparative CT value 

to compare the gene expression profile amongst the samples of our interest. 
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9. DNA methylation analysis 

Genomic DNA \\<as purified using DNeaS} Tissue Kit (Qiagen) according to the 

manufacturer"s instructions. The purity of DNA \\<aS determined b)' A260 2so and pure 

DNA is considered to have a 260/280 value of 1.8. odium bisulfite treatment of the 

extracted genomic DNA was carried out using EZ DNA Methylation KitTM (Zymo 

Research) according to the manufacturer's instructions. This modification results in the 

conversion of unmethylated cytosine to uracil. For methylation-sensitive PCR (MS

PCR), the modified DNA was used as a template for PCR amplification on regular PCR 

program for 40 cycles with unmethylated and meth} lated sets of primers. The list of 

primers is given in table 2. The amplified PCR products \\<ere then visualized by agarose 

gel electrophoresis (as described in semi-quantitative RT-PCR). For DNA sequencing, 

the bisulfite modified DNA was used as a template for PCR amplification by using 

sequencing specific primer sets (designed as de cribed in primer design section). The 

amplified DNA fragments were cloned into pCR2.1 vector using TA cloning kit 

(Invitrogen) and individual clones were sequenced. DNA methylation status was 

analyzed using QUMA programing. Primer sequences used for bisulfite sequencing have 

been listed in table 2. 
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Tablt 1. 

OllctSll• rw f...-nnl Rrntw 

-.ra. Jrr.p('R S'-AITATCGTC'CMAAGTGnMT-3' S'-TGCATGIIIJCTGTAmCCTI-3' 

).«-fu Jrr.p('R 5'-ATGCTGTGGATCTGGGCT-3' S'· TCACTCCAGACAITGTCC-3' 

Mouw BcJ.IL Jrr.p('R S'· GCAGGTAGTGAATGAACTCTTTCGG .)' S'· CAGAACCACACCAGCCACAGTC -3 

llumalf:as Rnl·llmt PCR S'· GCCTGGTTTGGAGATACTMCTGC ·3' S TGMCATITTCGGGGGTGG .J 

t.«-fu Rnl·llmt PCR s·. MCCAGAmCTACTGCGATTCTCC .J S'· CmTTCCAGCACTTTC111TCCG -3 

bGPRI09A lrr·PC'R S'-TCGTmTGTCATCTGCTTCCTIC-3' s·. TGGCTCACCTGTCATCTTCCTCTG -3' 

bSLCSAI RT-PCR md rui-IJID( PCR S'-CAATGGGACTCGTTTGTGAAGC 3 S'· GAAAGAGAGGGAAATGTCAATGCC -J' 

mGPRI09A RT·PCR S'-TCTGCCTGCCGTTCCTGAC l' S'-TGGTGAGACCCCACAAGAAGC-3' 

mSLCSAI RT·PC'R S'-CGGGACATCGGCAGTTTTG-J' S'·ACGGTAGACCTCGGCAGGAG-3' 

P300 RT-PCR mdrc~-tunc PCR S'-CAGTCCAGTAAATCAGCCTGCC J' S'-MTCCTGTTTGTCCTCCCAJ'CTG-3' 

HDACI lrr·PC'R S'· TCTCCTGCCTGTCctmGT-3' S ·CCCTTCACTCGC'IACTCCAG-3' 

bGPR109A llt~ T1111t PCR S'· CCCATCCTTTCCCAAmmCTC-3' s· GCGGTTATTATCTGGCTCACCTG ·3 

1'-liC'Ial lrr·PC'R S'·AITGITACCMCTGGGACGACATG-3' S -CTTCAIGAGGTAGTCTGTCAGGTC-3 

1'-liC'Ial Rnl T 1111t PCR S'· AAMCTGGAACGGTGAAGGTGAC ·3' s·. TTGTGAACTTTGGGGGATGCTCGC ·3 

011ps... rw 
bG~I09A·BS Buullitt ~ 

bG~ I 09A·BS-I BiJu1fiR RqllaiCIDI 

S'· TGTGTGGAGATAGAGTGTAJAGGAJ.J' S'-TTGTAAJTTTAGTATITTGGGAGGT-3 

S'·TGTTTTTGGAAAATTTTATTGTTTG-3' S"-CAAMCTCTTATACAACCTACWTTACAT·3' 

bGPR109A·BS-2 Buulfitt ~ S'· TTTTTTTGTTGGAGTAITTATTAGG-3' S' ·AAMTCC ACMAACAAMCCATTAC-3' 

bSLCSAS-BS Bisulfitt~ S'-GAGGTTTTATAITTGGGTTTGAGG-3 S'CCCATCAAAAAATCCTTAAAAATCTA-3 

mGPRI09A·M MS-PCR (Mtlhyb~ S' -CGTAAITGTGATATTTATTTTTCGG-3 S"-GTAMCTCCACACTAATACTTCGAT-3' 

mGPR109A·U MS-PCR(Uanxthybkd) S'·TGTAATTGTGATATTTAITTTTTGG-3' S'·CATAAACTCCACACTAATACTTCAAT·3' 

bGPR109A·M MS-PCR(Methy~ S'-TATAAAGGTAGGCGTGGAATTATAC 3' ~··ACCTTAACAATAAAATCATCTCGAA·3 

bGPRI09A·U MS-PCR (UIIIIIttbybkd) S'· TAAAGGTAGGTGTGGAAJTATATGT·3 s· ·ACCTTAACAATAAAATCAI'CTCAAA-3 

bSLCSAI-M 

bSLCSAJ.U 

mSLCSAI-M 

mSLCSAJ.U 

MS-PCR(Mtdly~ S'-GTTATGGAIACGTTACGGGGTATC·l' S'·AAI'CC'I"IAA.AACTAACCGCC-3' 

MS-PC'R (\:~'-d) S' -GTTATGGATATGTTATGGGGTAITG-3' S'·AAI'CC'I"IAA.AACTAACCACC-3 

NS-PCR (Mttby~ S' -AATTGTTTTTCGATTCGTTTTATC-3 S'-CCCGAATAACCCAACTACGA-3 

MS-PCR (\:~-t.d} S'-TTGTTTTTTGAITTGTTTTTATTGH S"·TATAACCCCAAATAACCCAACTACA·3 
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l 0. Cytosolic fractionation 

First cells \\ere harvested and \\ashed once with ice-cold PB . The pellet was then re

suspended in ice-cold cytosol extraction buffer [I 0 mM Hepes, pH 7 .4, 250 mM sucrose, 

70 mM KCI, 1.5 mM MgCI2, I mM EDT A, I mM EGT A and protease-phosphatase 

inhibitor cocktails (Calbiochem)] for 5 min on ice. 30 J..ll buffer was used per million of 

cells, and 0.02% Digitonin (selectively permeabilize cell membrane) was added to each 

tube. After incubation cell suspension was centrifuged at 1000 x g for 5 min at 4°C. The 

supernatant containing the cytosolic fraction was transferred to the new tube. (64). 

11. Total protein extraction and western blot analysis 

Cells were harvested and washed once with ice-cold PB . The cell pellet was 

resuspended in total lysis buffer [20 mM Tris-IICI pit 7.5, 150 mM NaCI, I mM EDTA, 

I% Triton X-1 00 and protease-phosphatase inhibitor cocktails (Calbiochem)] and 

incubated on ice for 30-60 min with frequent tapping. Then the lysate was centrifuged at 

13,000 rpm for I 0 min at 4° C and the supernatant was col lected as total protein extract. 

The protein concentration was determined by Bradford reagent (Bio-Rad). 5X SDS

PAGE gel loading buffer [0.25 M Tris-HCI pH 6.8. 15% SDS. 50% glycerol. 25% beta

mercaptoethanol and 0.0 I% bromophenol blue] has been added to the lysate to a final 

concentration of I X along with I 00 mM OTT (Oithiothreitol) and boiled at 95° C to 

denature the protein (so that the globular structure of the protein doesn't interfere with its 

migration through the gel matrix and the proteins get separated according to its size. 

irrcspecthe of their shape). 25-50 ~1g protein e:-..tracts (based on the expression level of 
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the target gene) were separated on 4-20°/o SO -PAGE gels (Invitrogen) [running buffer 

used was I X TGS pH 8.3 (25 mM Tris. 192 mM glycine and 0.1% SDS)] and transferred 

to lmmobilon JM PVDF membrane (Millipore, Bedford. MA) using the X-cell II TM blot 

module (Invitrogen) [Transfer buffer used was Bu pH 1M Tris-Glycine Transfer buffer (25 

mM Tris base, 192 mM glycine pH 8.0)]. The membrane was blocked with 5% non-fat 

dry mi lk in IX PBST buffer [3.2 mM Na2IIP04 0.5 mM KH2P04 1.3 mM KCI, 135 mM 

NaCI and 0.05% Tween-20 pH 7.4). After blocking, the membrane was probed with 

primal) antibody at 4°C overnight. The next day, the membrane was washed in I X PBST 

(3 x I 0 min) and probed by related Horseradish peroxidase (HRP) linked secondary 

antibodies (ECL TM) at room temperature for about an hour. The membrane was then 

again washed in I X PBST for another round of 3 x I 0 min, and then detected b} ECL 

Plus (Amersham Pharmacia Biotech, Piscata\\a). NJ) Western detection kit. The X-ra) 

films \\ere developed in dark room using Konica Minolta SRX-1 0 I A processor ( 192). 

12. Chromatin Immunoprecipitation (ChiP) 

ChiP assays were carried out according to the protocols from Upstate Biotechnology, Inc. 

(Lake Placid, NY) ( 190). lmmunoprecipitation was performed using anti-pSTA T I 

antibody [(A2) sc-8394 X]. anti-p50 antibody [(NL ) sc-114 X), anti-p300 antibody [(N-

15) sc-584 X], anti-acetyl histone H3 (Lys9118) antibody [07-593 Millipore1M], and anti

IIOACI antibody [(H-51) sc-7872 X], follO\\ed b) pull-down of the protein-DNA 

complex \\ith agarose-protein A beads (Upstate Biotechnolog), Inc.). Finall) the eluted 

DNA was used for PCR amplification of promoter specific regions of the genes of 

interest. Primer pairs used for ChiP PCR have been listed in table 3. 
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13. Electrophoretic mobility shift assay (EMSA) 

A rapid method for preparation of cell nuclear extracts was used \\ ith modifications. 

3x I ot. tumor cells were collected and washed ""ith ice-cold PBS. Cell pellets were then 

lysed by incubating in 200 ~I cold lysis buffer A [I 0 mM II EPES-KOH pH 7.9. 1.5 mM 

MgCI2• I 0 mM KCI, 0.5 mM DTI, with protease and phosphatase inhibitors cocktail 

(Calbiochem)] on ice for I 0 min. After vortexing for I 0 seconds and centrifuging for 30 

seconds at I 000 x g, the supernatant was discarded and the pellet was resuspended in 

about 40-60 ~I (depending up on size of the pellet) of lysis buffer C [20 mM HEPES

KOH pH 7.9. 25% glycerol, 0.42 M NaCI, 1.5 mM MgCb. 0.2 mM EDTA and protease

phosphatase inhibitors cocktail (Calbiochem)). The I} sate was incubated at 4°C on a rotor 

for about I hour and centrifuged at 13.000 rpm for I 0 min at 4°C. The supernatant was 

collected as nuclear extract. The concentration of the protein was measured by Bradford 

assay (Bio-Rad). NF-KB consensus oligonucleotides were purchased from Santa Cruz 

(sc-2505). The wi ld type DNA probes are provided as double-stranded oligonucleotides 

containing binding site for NF-KB/c-Rel homodimeric and hcterodimeric complexes. The 

mutant DNA probe had the same sequence as the wi ld type probe except for a 

substitution of "G" to "C" in the binding site of NF-KB/c-Rel. The human FAS promoter 

region was analyzed and wild type DNA oligos containing the NF-KB binding consensus 

sequence and Gamma activated sequence (GA ) for p TAT I bindings were designed 

using Mac-Vector software. Similar)}. promoter regions of our other genes of interest. 

namely human GPRI09A. SLC5A8 and p300 \\ere analyzed and DNA oligos for pSTATJ 

binding to the GAS region have been designed by Mac-Vector. Sequences of all the DNA 
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oligos used have been listed in table 4. The DNA oligonucleotides were annealed to form 

dsDNA (double stranded) probes and the DNA probes were then end-labeled with (y-32P) 

ATP in the presence ofT4 pol) nucleotide kinase (Invitrogen). About I 0-15 ~g of nuclear 

extracts were pre-incubated in 5X binding butTer [50 mM Tris-HCI pH 7.5, 5 mM MgC12. 

2.5 mM EDT A, I mM OTf, 250 mM NaCI, 20% glycerol and 0.25 mg/ml 

polydeoxyinosinic-deoxycytidilic acid {poly (dl-dC)] along with IgG and specific 

antibodies needed for supershift control experiment (identification of protein-DNA 

specific complex) on ice for 30 min. Then the end-labeled probes were incubated with 

nuclear extracts for 20 min at room temperature. For specificity control, unlabeled probe 

or mutant probe was added to the reaction at I: I 00 molar excess. The protein-DNA 

complexes ""ere separated by electrophoresis in 6°/o polyacrylamide gel (PAGE) in 0.5X 

TBC butTer (89 mmol/L Tris base, 89 mmol/L boric acid. and 5mmoi/L EDTA). The gel 

was dried and exposed to a Phophorlmager Screen (GE llealthcare), and the images were 

acquired using a Storm 860 Imager (GM I Inc.) ( 192). 
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Tablt 3. 

Oti&• ~·lllf l'w ftn-ard Rtnrw 

hFas Jlromo(n ChiP I ChiP S'· CCTGGTCAGTTAGGC'ITIAGGACAC ·3 S'· lTTGGGGGTCACAGTTCAGATG ·3 

hFas Jlromo(n ChiP 2 ChiP S · TTTTGGACTTGCCAGCCTCTAC -3' S'· GCC I I ICTCCTTCTTCTTCCTTCTG -3 

hFaa PromOCC1 ChiP 3 ChiP S'-GGGGGTATGGCATAGAAAGAGC ·3' S • AGGAAGGAAAAGGGGTGTGAGG -3 

hF as Pramocn-ChiP 4 ChiP S- TAGCTGGGGCTATGCGA1TIGG ·3 S • AGTCACTCAGAGAAAGACTTGCGG -3' 

hFasPramocn-ChiPS ChiP S- CCTTGATGCGAAGTGCTGATCC -3 S • TCGGTGCTGACTTATTTCCTACG -3 

hGPRI09A-C'hiP I ChiP S'-CCTAACTGGAGATGAATGGCAGAG-3 S'·TGGAAGGCTGGGTGCTTGTATG-3 

hGPR I 09A-C'hiP 2 ChiP S'· TCACCACACAGACACACACCTCC-3 S'-GCCCAGAAGCCCGAAGATAAAC-3' 

hSLCSA8CbiP I ChiP S'-GCTCTCCAGTAAGAAATGCCAGAAG-3' S'-CTTTCACATCTTTCGGGTGTCTG-3' 

hSLCSA8-ChiP 2 ChiP S'-GCATTTTCCCATATCTAGGGCTG-3' S'-GGTTTGGAATTACGTCCTACCAGTG-3 

hP300 ChiP I ChiP S'-TTTGGGTCTGGTGCCGAAAC-3' S'-TGCGTCCTCACTTCTCCATTG-3' 

hP300 ChiP 2 ChiP S'-GGCGATGAGAAGGAGGAGGAC-3 S'-CGATAGAAAAGGTAAGGGCAAGTG-3' 

TJbH 

OlrfDN.at \Itt fona:d Seqatlct Rn-cnt Seqaalct 

f» tif-tB Prdlt I EliSA 5' -GGCllTAGGACAcrmcrrAGGCT·3 S'·AGCC1A.4GAAJ.AGTGTCCTA.4AGCC-3' 

futif-tB Prdlt 2 EMSA S'·AAAClU GGGGCCCTCCC I' IICAG-3' S'-CTGAAAAGGGAGGCiC'C'CCTTAGTIT-3 

futif-tBJir<U 3 EMSA 5' .CCAA('('((iG(i((iJTCCCCAGCGA(iG.3 5'.((j('(j('J'(jG(j(G(CCGGGlT(j(j..3' 

futiftBJir<U4 EMSA S'-<JACC.400NGGCTTITCGTGAGCTt"·3 S'-GAGCTCACGAAAAGCCCCGGTGGTC-3' 

f u tiT tB Prdlt s EMSA 5' -CCCTTCCGGGAAJTCTCTCTilAAG-3' S' -CTTAAAGAGAGAATTCCCGG.UG(iG.3' 

fuGASJir<UI EMSA S' -CTGTCCAJTCCAGAAACGTCTc;.3' S' .CAGACGTTTCTGGAATGGACAG-3' 

f u GAS Plobt2 EMSA 5 .crrnClTTCTCG.UAAAGTTA·l TAAClTITTCGAGAAAG.UAAG-3 

Gni09Av.'T GAS probe EMSA S' .CAGGAJ'CAClTTCTGGAAAJAGACAAGA·3' S'·TCTTGTCTAJTTCCAGAAAGTGATCCTG-3 

Gn109AMTGASprobt EMSA 5' .CAGGAJ'CACAGAJTGGTCTGAG.4CAAG.H S'-TCTTGTCTCAGACCAATC'TGTGAICCTG-3 

SLCSAJ i'T GAS Prdlt EMSA S'·AAGTTCCCAG.UGTG.W'tt.WTCCC.4GAAGGAT·3' S'·AJCCTTCTGGGAATTGGAITCACTTClGGG.UCTT·3 

P300 GAS Prdlt 
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14. Apoptosis assay 

For measuring apoptosis of mouse embryonic fibroblast cells (MEF), cells were treated 

overnight v.ith IFN-y (IOOU/ml from R&D S)Stems. Minneapolis. MN). TNFa. (IOOU/ml 

from R&D systems. Minneapolis, MN) and mega fasL (Sng/ml, kind!) provided by Drs. 

teven Butcher and Lars Damstrup, Topotarget A/ , Denmark) separate I}. Cells were 

then either stained with propidium iodide (PI) ITrevigen, Gaithersburg. MD) or PI plus 

Annexin V-Aiexa Fluor 647 (Biolegend, San Diego, CA) or analyzed by flow cytometry. 

15. Cell viability assay 

Tumor cells v.ere seeded in 96 .... ell plate at a concentration of Sx I 03 cells per well and 

cultured in presence of IFN-y (I OOU/ml), fasL (I OOng/ml) or in combination of both for 

3 days. The cell viabilit} assa} was carried out using the MTT cell proliferation assay kit 

(ATCC) follo .... ing the manufacturer's instructions. 

16. Cell surface Fas protein analysis 

I Iuman tumor cells were stained with anti-human Fas mAb (clone DX2, Biolegend), 

followed by incubation with FITC conjugated anti-mouse lgG. Mouse embryonic 

fibroblast cells were stained with FITC conjugated anti-mouse Fas mAb (Biolegend). 

lsotype matched control lgG (Biolegend) was used as negative control. The stained cells 

, .. ere analyzed by flow cytometry. 
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17. Immunohistochemistry 

Tissues \\ere fixed in formalin. embedded in paraffin. sectioned and stained \'.ith 

hematox}lin and eosin ( 192) using CD8 antibod} (DAKO Corp.) at I :250 dilution and 

anti-Fas (C-20. Santa Cruz biotechnolog}. Inc. anta Cruz. CA). Slides were 

counterstained ''ith hematoxylin (Richard-Allan cientific. Kalamazoo. Ml). The human 

colorectal cancer tissue microarray (TMA) slides were obtained from the NCI-sponsored 

Cooperative Human Tissue Network. To analyze the tumor infi ltrating T cells, murine 

CT26 cel ls were injected into BALB/C mice i.v. and tumor bearing lungs were digested 

with collagenase ( 193). Cells were stained with FITC conjugated CD8 mAb and PE 

conjugated fasL mAb (Biolegend) and anal}zed b} flo\\ cytometry. GPR I 09A specific 

anti bod} has been previous!) described ( 152). LC5A8 specific antibody was obtained 

from Abeam (Cambridge. MA). All the immunohistochemical staining \\as performed at 

the Georgia Pathology Service. We thanlo.. Ms. Kimberl) mith for her excellent technical 

assistance in this process. 

18. Gene silencing 

Cells were transiently transfected using Lipofectamine 2000 system (Invitrogen) with 

scrambled siRNA (Dharmacon. Lafayette. CO) and human p300 specific siRNA (Santa 

Cruz. CA) respectively. The effect was validated b) analysis of mRNA levels of our 

genes of interest b} real time PCR. 
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19. Chromatin remodeling assay 

Cells (5>..1 06
) .. -.ere harvested and washed in ice-cold PB • and then re-suspended in 

nuclear extraction butTer (also knO\\n as DNasel butTer) [25 mM Tris-HCI pH 8.0. 50 

mM KCI. 5 mM MgCI2 8% gl}cerol. 0.5°/o NP-40 and protease-phosphatase inhibitors 

cocktail] and incubated on ice for I 0 min. Then the cells v.-ere homogenized in a glass 

homogenizer and spun down at I OOOg for 5 min. Cell pellets were washed once with 

DNasel buffer, spun down at I OOOg for 5 min, and then washed once with nucleus 

storage butTer (NSB) [50% glycerol, 50 mM Tris-IICI pi I 8.0, 5 mM MgCb. 2.5 mM 

Dl T. 0.1 mM EDTA and protease-phosphatase inhibitors cocktai l]. Endonuclease 

digestion was performed in a reaction mixture containing 320 ~I of nuclei in NSB. 480 ~I 

of 2X nuclease buffer [30 mM NaCI and 8 mM CaCh]. 160 ~ll Tris butTer [50 mM Tris

IICI pi I 8.0 and 5 mM MgCb] and DNasel [0.5U ml] (Roche Applied Science). Before 

the addition of DNasel. an aliquot .. .,as removed from the reaction mixture for the zero 

time point. After addition of DNasel. the digestion mixture was incubated at 3'fC. 

Aliquots were taken out of the digestion mixture at 3. 6. 9 and 12 min after DNasel 

addition, mixed immediately with 500 ~LI of chilled phenol:chloroform:isoamyl alcohol 

(25:24: I) mixture, vortexed and spun down at 14,000 rpm for I 0 min. DNA was 

collected from the top aqueous layer. purified and anal)zed by PCR. !Iuman GPR109A 

and SLC5A8 promoter specific primers \\ere used to amplif) the purified genomic DNA. 

20. Statistical analysis 

All statistical anal) sis .. .,as performed using A 9.2. and statistical significance .. -.as 

assessed using an a level of 0.05. Fisher exact test \\ere used to examine the difference in 
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tumor stage; node stage, metastasis stage and summa!) stage by Fas stain intensit} 

(bright \'er.\m dim), CD8 T cell infiltration level ( IO\" \'erws high), and a combination of 

J as stain intensity and CD8 T cell infiltration level. Kaplan-Meier survival analysis was 

used to examine differences in time to recurrence by ras stain intensity, CD8 T cell 

infiltration level and a combination of both. A log rank test was used to assess differences 

in surviva l between the groups. 



RESULTS 

Specific Aim l. The molecular mechanism underlying the transcriptional activation 

of FAS in human colon carcinoma cells 

I. Loss of Fas or FasL function leads to increased spontaneous sarcoma 

development. 

Because membrane-bound FasL onl} induces Fas-mediated apoptosis and membrane

bound fasL is primaril} expressed on activated l)mphOC)tes ( 194, 195), it is thus critical 

to examine Fas function in a tumor microenvironment \\-here tumors are immunogenic 

and lymphocyte infiltrates are present. The 3-methylcholanthrene (MCA)-induced 

spontaneous sarcoma is an immunogenic mouse tumor model and the host lymphocytes 

are actively involved in anti-tumor immunity in sarcoma-bearing host (25). MCA was 

injected into Fas'pr (B6.MRL-Fas1P'fJ) and Fas;:ld (CPt.C3-Fasf1d/J) mice, respectively, 

and examined for spontaneous sarcoma development. Ninety percent (9/1 0) Fas1
pr mice 

and I 00°/o (23/23) Fa~1d mice developed high-grade sarcoma (Fig. I A & I C), 

respective!), v~hereas onl} 20°/o (2 10) \\t Fas C57BL/6J mice and 71% (10/14) Fas "'1 

BALB 'C mice de\ eloped tumor (Fig. I B & 0). Although the tumor sizes \\-ere not 

significant!) different be~\een Fas1pr mice and wt C57BLI6J control mice (Fig. I B), 
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tumors in Fa.s,gld mice grew significant!} faster than in \\t BALB/c control mice (Fig. I D). 

As a complimentaf} mouse tumor model. \\e also used the AOM-0 S-induced 

spontaneous colon carcinoma mouse model to e'\amine the function ofFas in tumor 

development. Fas1
pr and C57BL/6J mice were treated with AOM-DSS and observed for 

spontaneous colon carcinoma development. A OM-OS induced a higher colon cancer 

incidence in Fas'P' mice as compared to the wt C57BL/6J control mice (Fig. IE & F). 

Taken together, our data suggest that Fas functions as a suppressor of spontaneous 

sarcoma and colon carcinoma. 



Figure 1. Loss of Fas junctio11 increased spontaneous sarcoma and colon carcinoma 

developme11t. A. MCA was injected to wt (n 10) and Fas'rr (n 10) mice s.c and analyzed for 

mrcoma development 102 days later. ShO\w is liw sarcoma in a tumor-bearing mouse (left 

panel) and H&E-stained tumor section shou ing high-grade mrcoma cell!> (right panel). B. 

Tumor mcidence (left panel) and size (right panel). Column. mean; Bar, SD. C. MCA wru 

injected to wt (n 14) and Fasl!"' (n - 23) mice and analyzed for sarcoma development. Shown 

are lh•e sarcoma in a tumor-bearing mice (top left panel). H& £-stained section of high grade 

sarcoma cells (bottom panel). and tumor incidence (top right panel). D. Tumor growth 

kinetics in wt (left panel) and Fasl!ld mice (right panel). MCA-induced sarcomas as shown in 

C were measured for sizes over time. E. AOM-DSS-induced colon carcinoma in wt and Fas'rr 

mice. Wt (n 5) and Fas'rr (n 3) mice were treated u ith AOM and DSS as described in 

expemnental procedure section and exammed for colon cancer dewlopment. A1orphology of 

tumor-bearmg colon tissues are shoun (lop panel) The tumor nodule number was counted 

and presented in the bottom panel. Column. mean. Bar. SD. •• p<0.01 F. Histological 

mw~rsis of the A OM-DSS-induced colon carcinoma a.s .\hown in E The tumor sections were 

stained with H&E. a. normal colon tissue; b. adenoma. and c. adenocarcinoma. 
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2. Correlation between Fas level and cancer recurrence in human colorectal cancer 

patients 

F AS is frequent I} silenced in human cancer, especial!) in metastatic cancer cells ( 16), 

suggesting that human cancer cells might use loss of F AS as a means to advance the 

disease. To determine the relationship between Fas expression level and colorectal cancer 

development in humans. we used immunohistochemical approach to examine Fas protein 

level in a large cohort of human colorectal cancer specimens (n- 341 ). Analysis of Fas 

protein levels in these 341 CRC patients revealed that the average time to cancer 

recurrence for patients with high Fas level in the tumor cells is 98.82 months, whereas 

that time is only 47.4 months for patients with lov. Fas protein level in the tumor cells 

(Table I). llowever, due to the large variations in times to recurrence among patients, the 

difference was not statistically significant (p- 0.35). The level of CDS T cell infiltration 

in the tumor is positive!)' correlated with decreased recurrence (Table I) (p=O.OOO I). No 

correlation between Fas level and tumor stages was observed. 



Tabk .S Kaplan-Mcer survinl on recmrmce 

~an Log-Rank Test 
Vanabk Ln.-d ~~· SD p-value 

(moatb.s) 

Bridrt 93 82 3 . .59 
FasPro~m 0.3496 

Dun 47 4 1.98 

Hidl 113 79 3.37 
cos·r~Us 0.0001 

Low 55 83 2.26 

Bn~w .59 91 2.72 
0~79 

Dunii...ow 36 86 2.46 
F as Protem~ cos• T cell 

Bri!fltHigh 114 39 4.50 

04876 
Dlm'Bip 4148 1.30 

·~of time (m months) from date of caDCfi di2gnom to first~ or last \-mfied 
r~he 
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Fas receptor alone does not initiate cellular signals and FasL is the physiological ligand of 

Fas ( 196). FasL is primaril) expressed on activated lymphocytes, particularly COS+ T 

cells ( 195). Therefore, we analyzed cos• T cell infiltration level in these tumor 

specimens. As expected, CDS ... T cell infiltration level is positive() correlated with 

decreased recurrence (p=O.OOO I) ( 197, 19S). No statistically significant correlation was 

observed between Fas level and recurrence time in patients with high level of CDS+ T 

cell infiltration. l lowever, patients with high Fas protein level in the tumor cells have a 

longer survival time before recurrence occurs when CDS T cell infiltration level in their 

tumor cells is low (Table 4, Figure 2) (p=0.04S). The mean recurrence time is 59.91 

months for patients with high Fas protein level 36.S6 months for patients with low Fas 

protein level, respective!) (Table 4 ). 
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Figure 2. Correlation between Fas protebt level, CD8+ T cells and cancer recurrence in 

lu11tta11 co/orecta/ cancer patients. TMA slides containing human co/orecta/ cancer 

specimen.~ (!\ 3.f 1, supplemental table 1) were stained for tumor-infiltrating CD8 T cells 

and Fas protem level. The stained specunem were then graded and statistically analyzed for 

correlation with cancer recurrence. Each \'ariable is mdicated hl' colored lines in the plot. 
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3. FasL induces tumor growth inhibition in vitro. 

J o determine whether FasL induce apoptosis ( 199) or promote tumor cell growth, eight 

human colon carcinoma cell lines \\ere cultured in the presence of FasL in vitro and 

measured for cell growth (98). Because certain tumor cells are resistant to apoptosis and 

IFN-y sensitizes tumor cells to apoptosis induction ( 192), IFN-y treatment was included 

for each cell line. It is clear that FasL inhibited the growth of all eight cell lines in vitro 

(Fig. 3A). Next, nine human cancer ce ll lines of six types of cancers, including sarcoma 

(PLS-1, MPNST724, SW 116), hepatoma (llepG2), ovarian carcinoma (JGROV I, 

SKOV3), lung carcinoma (A549), mammary carcinoma (MCF7) and prostate cancer 

(DU 145) were tested for their sensiti\ity to FasL-induced apoptosis. All nine cell lines 

are sensitive to FasL-induced apoptosis (fig. 38). Furthermore, IFN-y increased the 

sensitivity of 6 cell lines to FasL-induced apoptosis (rig. 38). Our data thus indicate that 

Fas-FasL interaction suppresses human cancer cell gro\vth in ''ilro. 

To determine the specificity ofFasL-induced apoptosis, we first established sarcoma cell 

lines from wt and FaiP,. tumors derived from the tumor-bearing mice as shown in Fig. I, 

and examined the response of these tumor cell lines to FasL. Incubation of FasL with Fas 

wt sarcoma tumor cells induced tumor cell growth inhibition, whereas, Fas'P,. tumor cells 

exhibited no response to the FasL treatment (Fig. 3C). Next. we established sarcoma cell 

lines from \\1 and Fa~1d mice and examined the sensitivity of these cell lines to FasL. 

Both Fa.\L \\1 and Fas81
d sarcoma cell lines arc sensitive to FasL-mediated growth 

inhibition (Fig. 30). In summary. our data suggest that FasL induces tumor cell gro\vth 

inhibition specifically through the Fas receptor. 



Figure 3. FasL specifically induces tumor cell growth inhibition through Fas receptor in 

vitro. A Eight human colon carcinoma eel/lines were incubated with IFN-y, FasL. or both 

IFN-yand FasLfor 3 days and analyzed for gro11th mluhition by M1T assays. The growth 

rate of untreated cells was set at 100%. Percentage of cell growth was calculated as % of 

cell growth as measured by M1T assays of treated cells over untreated cells. Column: mean, 

bar: SD. B. Multiple types of human cancer cells were analyzed for sensitivity to FasL

induced apoptosis as in A. The eel/lines are indicated under the plot. C. FasL induces tumor 

cell growth inhibition specifically through the Fas receptor. Tumor cell lines were 

established from sarcomas derived from tumor-bearing wt (n 2) and Fas'"r (n=5) mice as 

shown in Fig.JA and incubated with IFN-y, FasL. or both JFN-r and FasL for 3 days and 

analyzed for growth inhibition by MTT assay us in A. D Lo.n of FasL in tumor cells does not 

c~ffect tumor cell sensitivity to FasL-induced apoptosis Tumor cell lines were established 

from tumor-bearing wt (n=4) and Fa~'J (11 ./) mice as shown in Fig. JC and analy=ed by 

M1T assay as in A. 
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4. IFN-y and TNFa. up-regulate Fas expression through pSTATl and NF-KB 

binding to the F AS promoter. 

Human metastatic colon carcinoma cells often exhibit diminished Fas expression ( 16) 

(Fig. 4A). It has been shown that IFN-y and TNFa, cytokines secreted by senescent 

tumor cells and activated immune cells can up-regulate FAS expression (I 03, 200, 20 I). 

Indeed, IFN-y and TNFa synergistically up-regulated Fas in human colon carcinoma 

cells (Fig. 48). Consistent with increased Fas expression, the metastatic colon carcinoma 

cells became sensitive to FasL-induced apoptosis (Fig. 5). To determine whether IFN-y

activated pSTATI and TNFa.-activated Nf-KB directly bind to the FAS promoter to 

activate FAS transcription, we performed ChiP assays of the human FAS gene promoter 

from -4000 to + 1000 relative to the FAS gene transcription initiation site. 

lmmunoprecipitation with pSTATI- and p50-specific antibodies revealed that both 

pSTAT I and NF-KB bind to multiple regions of the FAS gene promoter chromatin in the 

human colon carcinoma cells (Fig. 40 & E). 

Analysis of the human FAS promoter region with MacVector identified 2 potential 

pSTA T I binding consensus Gamma Activation Site (GAS) elements, and at least 5 

potential NF-KB-binding consensus sequences (Fig. 4C). We next performed EMSA and 

observed that pSTATI binds to both GAS elements (Fig. 40). EMSA also sho\.,ed that 

canonical NF-KB binds to all five Nf-KB consensus sequences at the FAS promoter 

region in human colon carcinoma cells (Fig. 4E). In summary. our data demonstrated that 

p TAT I and NF-KB directly bind to the FAS promoter in human colon carcinoma cells. 



Figure 4. IFN-y and TNFa up-regulate Fal expressio11 through pSTATJ and NF-ICB bit~di11g 

to the FAS promoter i11 huma11 colo11 carci11oma cells. A Fas is silenced in metastatic human 

colon carcinoma cells. SW480 and SW620 cell\ ll'ere analyzed for cell surface Fas protein level 

bv flow cytometry (top panel) and Fas mRNA by semi-quantitati\·e (boll om left panel) and real

time RT-PCR analysis (bollom right panel). Gray-filled area IgG isotype control; solid line: 

Fas-specific staining. Column: mean, bar: SD. B IFN-y and TN Fa cooperate to up-regulate Fas 

expression in metastatic human colon carcinoma cells. SW620 cells were treated with IFN-y, 

TNFa or both IFN-y and TN Fa and stained with Fas-specific mAb for cell surface Fas level. 

Gray-filled area: IgG isotype control staining. solid line: Fas-specific staining. C. The FAS 

promoter structure The number under the bar indicates nucleotide number relative to Fas 

transcription initiation sile. The ChiP PCR regions are indicated abow the bar. The GAS and 

NF- 1..·8-binding consensus sequence elements are also indicated D ChiP assays of pSTATJ 

association with the FAS promoter (top panel) SW620 cells were either untreated or treated with 

JFN-y for .Jh and used for ChiP. PCR amplification was conducted with FAS promoter sequence

spec({ic primers as shown in C. The primer sequences are listed in Table 3. Bollom panel: EMSA 

<~fpSTATJ binding to the GAS elements of the human FAS promoter Probe 1: GASJ; and probe 

2: GAS 2 as in C. The probe sequences are listed in Table 4. E NF-KB binds to the FAS promoter 

DNA SW620 cells were either untreated or treated with TNFa for 30 min. ChiP assays of 

canonical NF-KB association wilh the FAS promoter (top panel) were performed to determine the 

protein-DNA interactions with p50-specific antibody lgG was used as antibody negative control 

Genomic DNA (gDNA) was used as PCR posith·e control. Bollom panel: EMSA of NF-KB 

binding to the NF-KB consensus sequence as shou n m C in the human FAS promoter The probes 

correspond to the NF-A.·B consensus sequence.\ as listed in C are listed in Table .J. 



Figure 4. 

B 

i 

0 I; •!f! £!!!fi 
+ + FN 

• 
+ 

• + + • + 

E 

pSTATI 

I<JG 
+ "E 

8 GASI 

GAS2 

TTCCACMA 
· 367 035t 

TlCTCOMA 
•QJq •951 

.. --

! 

_,.. 

60 

., 
!~ i 

Nf B I GGACACTTTTC 
·3918 3908 

Nf ·82 GGGGOCCTCCCrnlC 
431 .. ,6 

NF 8 3 GGGCGTlCC .. , •24 

NF-.84 GGOGCrnlC 
•51 ... 

Nf 8 s OOGMTTCTCTCm 
•1040 +1054 

p66 

+ lgG 

+ • + NE 

+ TNFu 
Probe 



FigureS. 

A 

B 

Control +TNfu +lfN T & TNFu 

!I.J?rl~Fl 'li r0

• ~~~ r~J. f}·, \.-_,.._ - • t!..J_J • • -
10 U ot• 10 I • 11"11 I I r' 1 .. 111 t' I >I . .. II It'~· I If 1~1 IC I I~ 1 •• 

Control +IFN·y + TNFu +IFN-y 
& TNFu 

61 

Figure 5. IFN-yand TN Fa synergistically sensitize the metastatic human colon carcinoma 

cells to FasL induced apoptosis. A. Fas-resistant SW620 cells were either untreated (control), 

treated wllh IFN-y(IOOUml), TN Fa (JOOU. ml) or both IFN-rand TN Fa O\'ernight, followed by 

incubation with FasL at the indicated concentratiom Cell death was ana(r::ed by PI staining and 

flow cytometry analysis B. Percent FasL induced cell death was culculated as 0/o PI positive cells 

in the prew1ce of FasL (+ FasL)- 0/u PI positi\'1! in ah.~enc:e of Fa.\L (-Fa.\L) Column: Mean, Bar 

SD 
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5. NF-lC.B regulates FAS transcription in human colon carcinoma cells. 

TNFu is a potent NF-KB inducer. The above observations that TNFa up-regulates FAS 

expression suggest that NF-KB might activate FAS expression. To test this h)pothesis, 

Fas-high W480 cells were stably transfected with the dominant-negative IKKJ3 mutant 

(IKKJ3-KA) to block the canonical NF-KB pathway. EMSA revealed that canonical NF

KB is activated in SW480 cells and FasL enhances canonical NF-KB activation (Fig. 6A). 

Flow cytomctr} analysis indicated that blocking canonical NF-KB activation significantly 

decreases Fas protein level on the cell surface (Fig. 68) and Fas mRNA level in the cells 

(Fig. 60). Furthermore, blocking canonical Nr -KB activation also inhibited human colon 

carcinoma cell response to TNFa to activate FAS (Fig. 6C & 0). In contrast, blocking 

alternate NF-KB activation with the dominant-negative IKKa mutant (IKKa-KM) 

increased cell surface Fas protein level (Fig. 68) and Fas mRNA level (Fig. 60) in 

human colon carcinoma cells. In addition, blocking alternate NF-KB activation does not 

alter tumor cell response to TNFa to activate Fas (Fig. 6C & D). Together these data 

suggest that canonical NF-KB is a FAS transcription activator and alternate NF -KB is a 

FAS transcription repressor. 



Figure 6. NF-KB is a Fas transcription activator in human colon carcinoma cells. A. FasL 

induces NF-KB activation in human colon carcinoma cell\ Nuclear extracts were prepared 

from SW480 cells and analyzed for NF-KB acti,•il) usmg EJ.f..f)A with NF-KB consensus 

sequence-containing DNA probes. Anti-p65 and anti-p50 anttbodies were used to identify the 

canonical NF-KB-probe binding (left panel) Mutant probe was used as negative control. 

Nuclear extracts were also prepared from SW 480 cells treated with FasL for the indicated 

lime and analyzed for NF-KB activation kinetics using EMSA (right panel). B . Blocking NF

KB activation alters FAS expression in human colon carcinoma cells. SW480 cells \.1-'ere 

stahly transfected with control vector, an IKKfJdominant-negath•e mutant (IKK/3-KA) or an 

IKKa dominant-negative mutant (IKKa-Jaf) and ww~rzedjbr Fas protein/eve/ on the cell 

surface. Gray-filled area: IgG isotype control 5/ammg. wlulthin /me Fas fe,·el in 

SJV480. Vector cells; solid bold line: Fas proteinle\·el in SW480./KK/3-KA cells; and dolled 

thm /me · Fas protein level in SJV480./KKa-KAf cell\. The Fa.~ MFI was quantified and 

presented in the right panel. Column: mean, bar SD. C & D Blocking canonical NF-KB 

aclimtion results in loss of response of tumor cells to TNra-medwted FAS up-regulation. 

SW480. Vector, SW480.IKKf3-KA and SW480.IKKa-KM cells were treated with TNFa and 

ww~vzedfor Fas protein/eve/ on the cell surface (C) and mRNA level by real-lime RT-PCR 

(D). Gray-filled area: /sotype control staining, solid line. untreated cells: and dolled line, 

TN Fa-treated cells. The Fas MFI was quantified and pre-;ented at the right panel. Column 

mean, bar SD. For real-time RT-PCR cma~l '.\i\ c~f Fa\ mRNA lew/, the relatin! Fas mRNA 

lerelm \H 480. Vector cell\ was set at 1. 
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6. NF-K.B is also a Fas tra nscription activator in MEF cells. 

The above observation is a surprising one since canonical NF-KB is often considered a 

tumor promoter (34, I 05, I 06), and we showed here that canonical NF-KB is a Fas 

transcription activator. To determine whether this is a general phenomenon, we examined 

Fas level in wt and p65 KO MEF cells. It is J...nown that knocking down p65 diminishes 

Bcl-xL expression and sensitizes MEF cells to TNFcx.-induced apoptosis (202). It has also 

been shown inhibition of NF-KB activity strongly enhances TNFcx.-mediated apoptosis 

(42). Indeed, p65 KO MEF cells have decreased 8cl-xL level (Fig. 7 A) and increased 

sensitivity to TNFcx.-induced apoptosis (Fig. 78 & C). l lowever, although knocking out 

p52 also down-regulated 8cl-xL (Fig. 70), in contrast to p65 KO MEF cells. p52 KO 

MEF cells exhibited no increased sensitivit} to 1NFcx-induced apoptosis as compared to 

their matched p52 wt MEF cells (Fig. 7C & F). 

Next, we analyzed p65 and p52 MEF cells to fasL-induced apoptosis. Consistent \-.ith 

what was observed in human colon carcinoma cells, we observed that both Fas protein 

level and mRNA level are dramatically lower in p65 KO MEF cells as compared to p65 

wt MEF cells (Fig. 8A). Like the human colon carcinoma cells, the p65 wt MEF cells are 

responsive to IFN-y and TNFcx. to up-regulate Fas expression (Fig. 88). The p65 KO 

MLF cells are also responsive to IFN-y to up-regulate Fas (fig. 88). but due to massive 

cell death after exposure to TNFcx. (Fig. 78), p65 KO MFF cells could not be analyzed 

for I as e.\.pression level after TNFcx. treatment. FasL induced caspase 8 acti\ation (Fig. 

8C) and apoptosis in the\\ t MEF cells {Fig. 80). Consistent with diminished Fas 
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Figure 7. S ensitivity ofwt and NF-!dJ KO MEF cells to TNFcz..i11duced apoptosis. A-C. 

p65 wt and p65 KO MEF cells. A . RT-PCR analysts of Bcl-xL mRNA le\·el. B. Cells were 

cultured in the absence or presence of IFN-yor TN Fa overni~ht, stained with Annexin V 

and PI, and analyzed by flow cytometry. Number in each box indicates % Annexin V and 

PI-double posili\•e cells. C. Quantification of aJX>plotic cell death. Percent apoptosis was 

calculated as % Annexin V and Pl-positi\•e cell\ in the presence of IFN-y or TN Fa- % 

Annexm V and PI positive in the absence of IF!v-yor Tl\Fa Column. mean. bar: SD. •• 

p <. 0 Of D-F p52 wt and p52 KO MEF cell~ D RT-PCR analysis of Bcl-xL mRNA level. 

E. Cell\ lH.>re cultured in the absence or pre.\ence of IF\.-y or Tl\Fa and ana/r-ed for 

apopto.\is a.\ in B. F. Quantification of apoptotic cell death as inC 
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expression, p65 KO MEF cells failed to respond to FasL to activate caspase 8 (Fig. 8C). 

and acquired a resistant phenot) pe to FasL-induced apoptosis (Fig. 80). In contrast to 

p65 KO cells, p52 KO MEF cells exhibited increased cell surface Fas protein and mRNA 

level as compared to the matched p52 \vt MEF cells (Fig. 8E). Both p52 wt and p52 KO 

MEF cells responded to IFN-y and TN Fa to up-regulate Fas expression (Fig. 8F). 

Furthermore, both p52 wt and p52 KO MEF cells are highly sensitive to FasL-induced 

apoptosis (Fig. 80). In summary, our data indicate that: I) canonical NF-KB, but not 

alternate NF-KB, protects MEF cells from TNFa-induced apoptosis; and 2) canonical 

NF-KB is a general Fas transcription activator and alternative NF-KB is a Fas 

transcription repressor in MEF cells. 



Figure 8. Canonical N F-KB is a Fas transcription acti,•ator and alternate NF-KB is a Fas 

transcription repressor in MEF cells. A-D p65 wt and p65 KO MEF cells. A Cell surface Fas 

protein (left panel) and mRNA (right panel) levels Gray-filed area IgG isotype control staining 

The Fas MFI was quantified and presented at the m1ddle panel Column: mean, bar: SD. B. 

Responses ofwt and p65 KO MEF cells to IFN-yand TNFa in Fas up-regulation. wt and p65 KO 

MEF cells were treated with IFN-y, TN Fa, or both IFN-yand TNFa and analyzed for Fas 

protein level as in A. Gray-filled area: lsotype control staining. The Fas protein staining levels in 

cells of various treatments were represented by colored line as indicated. The Fas MFI ofwt 

MEF cells as shown in the top panel was quant(fied and presented in the bollom panel. C. 

Caspase 8 activation in wt and p65 KO MEF cells Cell.~ were treated with FasLfor the indicated 

time and cytosol fraction were prepared for the Western blolling analysis of cleaved caspase 8. 

D Sensitivity ofwt and p65 KO MEF cells to Fa.\L-mduced apoptos1s. Cells uere cultured in the 

absence or presence of FasL o\.·emight and stained'' ilh Annexin V and PI Percent FasL-induced 

cell death was calculated as% Annexin and PI-positn·e cel/.'i in the presence of FasL {+ FasL) -

% Annexin V and PI positive in the absence of FasL (-FasL). and presented at the right panel. 

Column- mean. bar: SD. •• p<O.OI. E-G. p52 wt and p52 KO MEF cells E. Cell surface Fas 

protein (left panel) and mRNA (right panel) le\•els. Gray-filed area· IgG isotype control staining. 

The Fas MFI was quantified and presented at the middle panel. Column: mean, bar: SD. F. 

Responses ofwt and p52 KO MEF cells to IFN-yand TN Fa in Fas up-regulation. Cells were 

treated with IFN-y, TN Fa, or both IFN-yand TN Fa and analyzed for Fas protein level as in B. 

Grar-filled area !sol}pe control staining The Fas protein.staming levels in cells of various 

treatment.\ were represented by colored line as indicated The Fa.s MFI ofwt and p52 KO MEF 

cells as shown in the top panel was quantified and presented in the bouom panel Column: mean, 

bar SD G Sensitil'if}• of ut and p52 KO MEF cells to FasL-induced apoptosis Apoptosis was 

ana~v=ed as in D. 
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pecific Aim 2. The molecular mechanisms by which IFN-y over-rides the silencing 

effects of DNA methylation to activate the eApression of tumor suppressor genes in 

CRC. 

7. GPRI09A is silenced by DNA hypermethylation in human colon carcinoma 

GPR/09A is highly expressed in normal human colon epithelial cells but is silenced in 

human colon carcinoma ce lls. Inhibition of DNA methylation up-regulates GPR/09A 

expression in human colon carcinoma cells ( 154). llowever, DNA sequence analysis 

indicates that there are no CpG islands in the human GPR109A gene promoter region 

(Fig. 9A). To determine whether DNA meth) lation directly regulates GPRJ09A 

expression. ""e anal}zed the methylation status of GPR/09A promoter. Genomic DNA 

\\aS isolated from human colon carcinoma cells and modified \\<ith bisulfite. One region 

of the GPRJ09A promoter was amplified b} PCR and cloned (Fig. 9A). Single clones 

\\ere then sequenced and examined for DNA methylation. It is clear that the majority of 

cytosines of the CpG dinucleotides in this region are meth) lated (Fig. 9A). 

To determine whether GPR109A promoter is hypermethylated in vivo in colon 

carcinoma, genomic DNA was isolated from colon carcinoma tissues dissected from 

paraffin-embedded human colon cancer specimens. MS-PCR analysis of the bisulfite

modified genomic DNA indicated that the GPR/09A promoter is hypermethylated in all 5 

colon cancer specimens examined (Fig. 9B). To determine \\hether GPRJ09A expression 

is re-activated b} inhibition of DNA h) permeth) lation, tumor cells .... ere treated with 5 ·

aza-deox} !cytidine (Aza-dC) and anal} zed for GPR/09A expression. Consistent ""ith the 

heav)' DNA meth}lation level, Aza-dC treatment dramaticall} increased GPRJ09A 



expression in human colon carcinoma cells in a dose-dependent manner (Fig. 9C & 0). 

Taken together. our data demonstrate that GPRJ09A is silenced in human colon 

carcinoma cells b) its promoter DNA hypermethylation. 
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Figure 9. The human GPR109A gene promoter is hypermethylated and GPR109A 

expression is silen ced in human colorecta/ cattcer cells. (A} The methylation status of the 

human GPRI09A gene promoter in human colon carcinoma cell.\. The human GPRJ09A 

gene DNA sequence was exported from the human genome database and ana~vzedfor CpG 

i.\lands using MethyPrimer computer program. Top panel: the human GPR109A gene 

promoter structure. Vertical bars under the line indicate location ofCpG dinucleotides, and 

the number under the line indicates nucleotide number relative to GPR109A transcription 

initiation site(~ 1). Bollom panel: methylation status of the GPRJ09A gene promoter in 

human colon carcinoma cells. Genomic DNA was isolated from SW 116 and T84 cells and 

modified with bisulfite. The indicated DNA fragme111 was amplified by PCR and cloned to 

pCR2 /vector. Four individual clones for each cell/me Here sequenced and the methylation 

Hatus of the C)tosine in the CpGs lWS anal;:ed usmg QCMA computer program (open 

ctrcle, unmethylated CpG; closed circle, met}~}>-·/ated (pG). (B) Methylation status of the 

GPRI09A gene promoter in human colorectal carcmoma specimens. Tumor tissues were 

dissected from paraffin-embedded human colorectal carcinoma specimens from 5 colorecta/ 

cancer patients. Genomic DNA was isolated from the dissected tumor tissues and modified 

with bisulfate. The modified DNA was then analyzed by MS-PCR (U, unmethy/ated; M, 

methylated). Numbers above the figure are patient codes. (C & D) inhibition of DNA 

methylation increases GPRJ 09A expre\'!lion. SW 116 and T8.J cell'> were treated with A=a-dC 

for 3 days at the indicated doses and analyzed for GPR109A e'<preuionlevel by semi

quantitative RT-PCR (C) and real-/line RT-PCR (D) The GPRI09A expression levels of 

untreated cells were arbitrarily set at I Column mean, bar SD 
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8. pST AT l di rectly binds to the GPRJ 09A promoter region to activate transcription 

from the hypermetbylated promoter 

In a study to examine inflammation-related gene expression in colon carcinoma cells. \ .. e 

observed, surprising!), that GPRJ09A was up regulated by lfN-y. a pro- and anti

inflammatory cytokine secreted by activated cytotoxic T lymphoc}tes (CTL) and natural 

killer (NK) cel ls. RT-PCR analysis of 4 human colon carcinoma cell lines revealed that 

GPR109A is dramatically up regulated by IFN-y despite its promoter DNA 

hypermeth) lation (Fig. lOA). Analysis of GPR109A expression kinetics revealed that 

GPRJ09A mRNA starts to increase 3-6 h after IFN-y treatment (Fig. lOA). Flo\\

cytometry analysis revealed that IFN-yR is expressed on the cell surface of all 4 cancer 

cell lines examined (Fig. lOB). Western blotting anal)sis indicated that pSTATI. the key 

mediator of the IFN-y signaling pathway. is rapid!) activated b) IFN-y through 

phosphorylation in human colon carcinoma cells. p TA Tl was detected as early as I 0 

min after IFN-y treatment (Fig. I OC). Analysis of the human GPRJ09A gene promoter 

revealed that there are two gamma activation sequence (GA ) elements in the region 

(Fig. IOD), and ChiP analysis with pSTATI-specific mAb showed that IFN-y-activated 

pSTATI is associated ~ ith both GAS sites in the GPRJ09A promoter chromatin (Fig. 

I OE). Furthermore, EMSA indicated that p TAT I binds to the GAS DNA element 

directl} (Fig. I OF). These obsenations thus indicate that lfN-y up-regulates GPR109A 

expression through pSTATI direct binding to the hypermeth)lated GPR109A promoter 

DNA to activate its transcription. 



Figure 10./FN-yactivates GPR109A transcription from tire hypermetlrylated GPRJ09A 

promoter. (A) Four human colon cancer eel/lines were treated with IFN-y (1 OOU/ml) for the 

indicated time and analyzed for GPRI09A expression/eve/ by semi-quantitative RT-PCR (top 

panel). The GPRI09A expression in T84 cells were also analyzed by real-time PCR (boltom 

panel). The relative expression level of untreated cells for each eel/line was set all. 

Column: mean, Bar: SD. (B) Expression of IFN.-yR in human colon carcinoma cells. The 4 

indicated human colon carcinoma eel/lines were stained with fluorescent dye-conjugated 

lFN-yR mAb and analyzed for cell swface IFN-yR protein level. Grey area: IgG isotype 

control staining; solid line: IFN-yR-specific staining. (C) Induction ofSTATJ 

phosphorylation by IFN-y in human colon carcinoma cells. T84 cells were treated with IFN

yfor the indicated time and analyzed for pSTATJ protein level by Western blotting analysis. 

(D) The human GPR109A promoter structure. The number under the bar indicates nucleotide 

number relative to GPR109A transcription initiation site(+ 1). The GAS element locations 

and consensus sequences are shown under the bar. The ChiP PCR amplified regions are 

indicated above the bar. (E) ChiP analysis ofpSTATJ association with the GPRI09A 

promoter chromatin in human colon carcinoma cells. SW 116 and T84 cells were either 

untreated (-IFN-y) or treated with IFN-y (+ IFN-y) for 6 hand analyzed by ChiP using 

pSTATl-specific mAb. Purified genomic DNA (gDNA) was used as a positive control for the 

PCR. (F) EMSA ofpSTATJ binding to the GAS element-containing GPRI09Apromoter 

DNA. T84 cells were either untreated or treated with IFN-y ( r IFN-y) for 6 hand used for 

nuclear extract preparation. The nuclear extracts were incubated with the GAS element

containing DNA probe (as shown in D) in the absence or presence of IgG or pSTATI mAb 

and then analyzed for protein-DNA interaction. A mutant GAS DNA probe (MT probe) was 

also used as specificity control. 
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9. p TAT I also directly binds to tbe SLC5A8 promoter to activate transcription 

The above observation that pSTATI direct!) binds to the h)permethylated GPRJ09A 

promoter to activate GPRI09A transcription is a surprising one. To determine \\<hether 

this striking finding is a general phenomenon, ""e sought to determine whether IFN-y can 

activate transcription of other DNA-methylation-silenced genes. It has been reported that 

SLC5A8 is silenced in human colon carcinoma cell lines by DNA methylation based on 

MS-PCR. Analysis of a region within the CpG islands of the human SLC5A8 gene 

promoter revealed that 96% CpGs is methylated in this region (Fig. II A & B). The 

SLC5A8 promoter region is also hypermethylated in human colon carcinoma tissues (Fig. 

II C). 

Similar to what \\as observed for GPRJ09A. IFN-y treatment also up-regulated SLC5A8 

expression in human colon carcinoma cells (Fig. II D). SLC5A8 mRNA starts to increase 

3-6 h after IFN-y treatment and reaches plateau approximate!) 24 h after the treatment 

(Fig. II D). I Iuman SLC5A8 promoter also contains two GAS elements (Fig. II C). ChiP 

anal} sis showed that pSTA T I is associated with the SLC5A8 promoter chromatin in vivo 

(Fig. II E). and EMSA analysis indicated that pSTA T I directly and specifically binds to 

the GAS DNA element of the SLC5A8 promoter in vitro (Fig. II F). Our results thereby 

demonstrate that I FN-y also up-regulates SLC5A8 expression through pSTA T I direct 

binding to the h) permeth) lated SLC5A8 promoter to activate its transcription. 



Figure 11. /FN-yalso activates SLC5A8 tramcriptionfrom the lrypermetlry lated SLC5A8 

promoter. (A} The methylation status of the human SLC5A8 gene promoter in human colon 

carcinoma cells. The human SLC5A8 gene DIVA ~equence was exported from the human 

genome database and analyzed for CpG i~lands using MethyPrtmer computer program. Top 

panel shows the promoter structure. Vertical han under the line indicate location ofCpG 

dinucleotides, and the number under the line indicates nucleotide number relative to SLC5A8 

transcription initiation site(+ 1). Middle panel: methylation status of the SLC5A8 gene 

promoter as analyzed in Fig. 9A. Open circle: Unmethylated CpG; Closed circle: Methylated 

CpG. Bollom panel: Methylation statu~ of the SLC5A8 gene promoter in human colorectal 

carcinoma specimens as analyzed in Fig 98. U. l..mmethylatton, M· Methylation. (B) IFN-r 

up-regulatiOn ofSLC5A8 expression SW620 and T84 cells were treated with IFN-r for the 

indicated tune and analpedfor SLC5A8 expreuwnle~·el hl' wnu-quanlltative RT-PCR (left 

panel) and real-time RT-PCR (right panel). (C) ChiP ana(r~i.\ ofpSTATJ association with 

the SLC5A8 promoter chromatin. Top panel: The human SLC5A8 promoter structure. The 

number under the bar indicates nucleotide number relati,·e to SLC5A8 transcription 

initiation site ( +- 1). The ChiP PCR amplified regions are indicated above the bar. The GAS 

element location and consensus sequences are shown under the bar. Bottom panel: ChiP 

assars. T84 cells were either untreated (-JFN-rJ or treated with JFN-r ( IFN-rJ for 6 hand 

analyzed by ChiP using pSTATJ-specijic mAh. Purtfled genomic uas used m a positive 

control for the PCR. {D) EMSA of pSTA Tl binding to the GAS element-containing SLC5A8 

promoter DNA probes. T84 cells were either untreated or treated with IFIV-r (+ IFN-rJ for 6 

hand used for nuclear extract preparatiOn The nuclear extract.\ u ere incubated u ith the 

GAS element-containing DNA probe (a.\ slwu n m B) m the ab\ence or presence of /gG or 

pSTATJ mAb and then analyzed for protein-DNA mteractwn 
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10. IFN-y regulates GPR109A and SLC5A8 expression in colon carcinoma cells in 

vivo 

Activated T cells in vivo produce IFN-y. To determine expression levels of GPR109A 

and SLC5A8 and T cell infiltration in human colon carcinoma, we analyzed six human 

colon carcinoma specimens using immunohistochemical staining with GPR I 09A-, 

SLC5A8-, and COS-specific antibodies, respectively. The stained tissues were then 

analyzed by two board-certified pathologists (JRL and GBL). Three colon carcinoma 

specimens showed no detectable GPR109A staining. The other three specimens showed 

difTuse or focal cytoplasmic staining in a speckled pattern in tumor cells (Fig. 12A). 

Similarly, about half (3/6) human colon carcinoma tissues shov.,ed high level cytoplasmic 

SLC5A8 staining (Fig. 128). CD8 T cells were observed to infiltrate in all six tumor 

tissue specimens and were either peritumoral or intratumoral (Fig. 12C). These 

observations indicate that although the GPRI09A and SLC5A8 promoter DNA is 

hypermethylated in human colon carcinoma cells (Figs. 9A & lOA), GPRI09A and 

SLC5A8 are expressed in certain human colon carcinoma cells in vivo. 
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Figure 12. 

Figure 12. GPR109A and SLC5A 8 protein lel't!ls and CD8+ T cell infiltratiolt level i11 

ltuma11 colorectal carcinoma tissues. Human colon carcmoma specimens were stained with 

GPRI09A-. SLC5A8-, and CDB-specific anttbodte.\ Shoun are representatil'e images of 

GPRJ09A (A) and SLC5A8 (B) protein staining ami CDH tumor mfiltratmg T cells (C). The 

po.Htil·e staining is shown in brown, whereas cells that are tmreactiw are indicated by the 

blue counterstain. 
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To functionally detennine whether IFN-y activates GPR109A and SLC5A8 transcription 

from the methylated promoters under pathophysiological conditions, \\e established 

mouse colon carcinoma CT26 cell orthotopic transplant models in WT and IFN-y KO 

mice. Both gpr 1 09a and slc5a8 promoters are hypermethylated in CT26 cells (Fig. 13A); 

however, IFN-y treatment dramaticall) increased gprl09a and slc5a8 mRNA levels in 

CT26 cells in vitro (Fig. 138). When surgically implanted to mouse colon, CT26 tumors 

grew much faster in IFN-y KO mice than in WT mice (Fig. 13C). Analysis of the 

dissected colon tumor tissues revealed that mRNA levels of both gpr 1 09a and slc5a8 are 

significall) higher in tumors grown in WT mice than that in IFN-y KO mice (Fig. 130). 

Our data thus demonstrate that IFN-y activates gpr109a and slc5a8 transcription from 

their h) pennethylated promoters in vivo. 



Fig11re 13. IFN-y activates gpr109a and slc5a8 transcription from their hypermethylated 

promoters in vivo. (A) DNA methylation ~talus of the mouse gprl09a and slc5a8 gene 

promoters in colon carcinoma cells. Genom1c DNA was ISolated from mouse colon 

carcinoma cell line CT26 and analy=ed for gprl09a (left panel) and slc5a8 (right pane/) 

promoter methylation by MS-PCR. U: unmethylated, M. methylated. (B) CT26 cells were 

treated with IFN-y (IOOU ml) for the indicated time and analyzed for GPRI09A (left panel) 

and SLC5A8 (right panel) expression levels by real-time RT-PCR. The relative expression 

level of untreated cells was set at I. Column: mean, Bar: SD. (C) Colon carcinoma cells 

grow more aggressively in IFN-y-deficient mice. CT26 cells (lx/04 mouse) were surgically 

implanted to the cecal wall of WT (n 5) and IFN-y KO (n 3) mice. Tumor growths on the 

colon/Issues were analy=ed 21 days after tumor tran\plant Left panel: representative image 

of WT and JFN-y KO mouse colon tissues showing colon tumor de,·elopment (red arrow.s) 

(/eft panel) The tumor ''olumes were presented in the nght panel. (D) GPR109A and 

SLC5A8 expression in colon carcmoma cells WT and JFN-r KO mice. Colon carcinoma 

tissues as shown in C were dissected from the colon tissues of three WT and three JFN-y KO 

mice, respectively, and analyzed by real-time RT-PCRfor GPR/09A and SLC5A8 expression 

levels. The GPRJ09A and SLC5A8 expression levels in mouse I were arbilrarily set at I. 

Each column represents relative GPRI09A or SLC5A8 expression level in one mouse. 
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I I. IFN-y does not alter GPRJ09A and SLC5A8 promoter DNA methylation 

To detennine whether IFN-y up-regulates GPRI09A and SLC5A8 expression through 

inhibition of DNA methylation. Human colon carcinoma cells \"ere cultured in the 

absence or presence of IFN-y for 24 h and analyzed for the GPR109A and SLC5A8 

promoter DNA meth) lation status. DNA sequencing analysis indicated that both 

GPR109A and SLC5A8 promoter DNA is still heavi l) methylated after IFN-y treatment in 

human colon carcinoma cells (Fig. 14A & B). Further analysis of the GPRJ09A promoter 

regions containing the two GAS elements (Fig. I OD) indicates that I FN-y does not induce 

DNA de-meth) lation in these regions (Fig. 14C). 
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Figure 14. JFN-rdoes 1101 alter the metllylatio11 let•el of tire GPR109A a11d SLC5A8 promoter 

DNA ;, lluma11 colo11 carci11oma cells. A & B. Tumor cell\ were cultured in the presence of 

IF'V-yfor 2.f h Genomic DNA was isolated from the c:e/1.\ anclww~r=ed for the GPRJ09A and 

SLC5Ab promoter DNA methylation h•,•e/ a.\ in Fig 9A ancl I lA, respec:th·ely Open circle: 

Unmetl~rlated CpG: Closed circle Methrlated (j>G C. The llro vAS containing GPR109A 

promoter regiom as ~hown in Fig. IOD Here ww~r=edfiJr Dl\.1 methylation as in A Open circle: 

Unmethrlatecl CpG. Closed circle: Metylatecl CpG. 
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12. IFN-y induces a transcriptionally active chromatin conformation at the 

GPR109A and SLC5A8 gene promoter regions 

Promoter DNA h) permeth) lation of CpG islands often causes chromatin condensation to 

block transcription factor binding to the DNA, thereby silencing gene expression (203). 

llowever, histone acetylation rna) mediate switch bet\\een repressive and permissive 

chromatin and thus determines the functional state of genes (204, 205). Our above 

observations that IFN-y up-regulates GPR109A and SLC5A8 expression from the 

hypermethylated GPR109A and SLC5A8 promoters without altering the promoter DNA 

meth) lation level suggest that IFN-y might modulate chromatin conformation at the 

GPR109A and SLC5A8 promoter regions to regulate gene e'\pression. To test this 

h)pothesis, \\e analyzed chromatin histone markers and ob erved that IFN-y treatment 

dramaticall} increased the level of cellular acet:ylated 113K9-18 protein, a marker for 

acti\e chromatin conformation (206) in human colon carcinoma cells (Fig. 15A). ChiP 

anal}sis showed an increased level ofacetylated 113K9-18 at the GPR109A promoter 

region (Fig. 15A). Next, we analyzed the SLC5A8 promoter chromatin, and observed that 

I FN-y treatment also significantly increased the level of acetylated 113 K 9-18 at the 

SLC5A8 promoter region (Fig. 15A). Thus, IFN-y signaling induces a transcriptionally 

permissive chromatin conformation at the GPR/09A and SLC5A8 promoter region in 

human colon carcinoma cells. 



Figure 15. IFN-yinduces histone hyperacty/ation to create a transcriptionally permissive 

chromati11 conformation at the GPRJ09A a11d SLC5A8 promoter regions. (A) Left panel: 

T84 cells were treated with IFN-yfor the indicated time and analyzed by Western blotting/or 

H3K9-18Ac level. H3 protein was used as normalization control. Middle and right panels: 

ChiP assays showing increased acetyi-H3K9-18 in the GPRJ09A (middle panel) and 

SLC5A8 (right panel) promoter chromatin after IFN-.r treatment. T8.t cells were cultured in 

the absence (-IFN-r) or presence of IFN-y(+IFN-y)for 6 hand then analyzed by ChiP using 

acetyi-H3K9-18-specific antibody to detect the level of acetyi-H3-K9-18 at the GPR109A and 

SLC5A8 promoter chromatin. (B) Inhibition of HDAC activity increases GP Rl 09A and 

SLC5A8 expression. T84 cells were cultured in the presence or absence ofTSA (200 nM) and 

JFN-y(IOOU/m/)as indicated for 24 hand analyzed for the expression of the indicated genes 

by RT-PCR. (C) The expression levels ofGPRI09A and SLC5A8 in T8.t cells treated as 

described in B were analyzed by real-time RT-PCR. (D) IFN-ydoes not alter HDACI 

association with the GPRI 09A promoter chromatin. T8.t cells were either untreated (-IFN-r) 

or treated with IFN-y(+IFN-r)for 24 hand analyzed by ChiP using HDACJ-specific 

antibody. IgG was used as a negative control for ChiP and purified genomic was used as a 

positive control for PCR. 
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13. Inhibition of HDACs enhances IFN-y-mediated GPRI09A and SLC5A8 up

regulation 

These observations thus suggest an essential role for histone acetylation in GPR/09A and 

SLC5A8 transcription regulation from the hypermeth) lated promoters. Therefore. we 

hypothesized that inhibition of HDAC activit)' should enhance GPR/09A and SLC5A8 

transcription activation by IFN-y. To test this hypothesis, human colon carcinoma cells 

were treated with TSA, IFN-y or both TSA and IFN-y to check GPRI09A and SLC5A8 

expression. RT-PCR analysis revealed that TSA treatment dramatically increased 

GPR/09A and SLC5A8 expression (Figs. 158 & C). However, combined TSA and IFN-y 

treatment resulted in an even greater up-regulation of both GPR/09A and SLC5A8 than 

either agent alone (Figs. 158 & C). 

It is known that HDAC I mediates histone acetylation le\ el in many gene promoters 

(207). Our observation that inhibition of HDAC activity dramatically increased IFN-y

induced GPRI09A and SLC5A8 expression in human colon carcinoma cells led us to 

reason that IFN-y might repress HDAC I expression to regulate GPRI09A and SLC5A8 

expression. To test this hypothesis, we analyzed IIDAC I expression level in IFN-y

treated cells. RT-PCR analysis indicated that I FN-y does not alter HDAC I expression 

(Fig. 158). ChiP analysis showed that HDAC I is associated with the chromatin at one of 

the two regions analyzed (Fig. 15C) at the GPR/09A promoter region. No HDACI is 

reliably detected at the SLC5A8 promoter region. Consistent with the observation that 

IIDACI expression is not regulated by lfN-y. IFN-y did not alter HDACI association 

with the GPRI09A promoter chromatin (Fig. I 50). 
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14. p300 is tbe immediate early target of tbe IFN-y signaling patbway 

Histone acetyltransferases (HATs) and HDACs antagonize each other through 

modification of the l}sine side chains (207, 208). It is knO\'vn that H3K9-18 acetylation is 

mediated by HAT p300 (30. 209). Our observations that I FN-y increases H3K9-18 

acetylation level at the GPR I 09A and SLC5A8 promoter regions (Fig. 15A) suggest that 

IFN-y might increase p300 expression to increase H3K9-18 level. RT-PCR analysis 

revealed that I FN-y treatment indeed rapidly up-regulates p300 expression level in human 

colon carcinoma cells. p300 mRNA and protein increase started I 0 min after IFN

ymRNA and protein increase started 10 min aftei6A). Analysis ofthe humanp300 gene 

promoter region identified two GAS sites (Fig. 168), and ChiP analysis indicted that 

I FN-y-activated pST AT I is associated "' ith one with the tv.o GAS sites at the p300 

promoter region in human colon carcinoma cells (Fig. 168). Consistent with the ChiP 

results, EMSA indicated that pSTATI directly and specificall} binds to that GAS DNA 

of p300 promoter (Fig. 16B). Taken together, our data indicated that p300 is an 

immediate earl} target of the IFN-y signaling pathway. 



Figure 16. / FN-yregu/ates GPR109A and SL C5A8 expression through direct regulation of 

p300 expression. (A) T8./ cells were treated u ith IFN-r for the indicated time and analyzed 

by RT-PCRfor pJOO expression lew/ by semt-quantttative PCR (left panel) and real-time 

PCR (middle panel). pJOO protein /ere/ in T8./ cell\ wa.\ analrzed by Western blotting 

analysis (right panel). (B) IFN-r-activated pSTATI directly hinds to the pJOO promoter. Left 

panel: The human pJOO promoter structure. The number under the bar indicates nucleotide 

number relative to p300 transcription initiation site (+ 1). The ChiP PCR amplified regions 

are indicated above the bar. The GAS element locations and consensus sequences are shown 

under the bar. Middle panel: T8./ cells were either untreated (-/FN-y) or treated with IFN-y 

( IFN-y)jor 6 hand analyzed by ChiP using pSTATJ-specific mAb. Purified genomic DNA 

(gDAA) u as used as a positive comrol for the PCR. Rtght panel E"-fSA of pSTATJ binding 

to the GAS element-containing p300 promoter DNA T8./ cells were etther Lmtreated or 

treated with IFN-y( IFN-y) for 6 hand used for nuclear extract preparation. The nuclear 

extracts were incubated with the GAS element-contammg DNA probe in the absence or 

presence of JgG or pSTATI mAb and then analyzed for protein-DNA interaction. (C) ChiP 

assays showing increased association ofp300 with tlte GPRI09A and SLC5A8 promoter 

chromatin after IFN-ytreatment. T8./ cells were cultured in the absence (-IFN-y) or presence 

(+ IFN-y) of IFN-y for 6 hand then analyzed by ChiP u\·ing p300-.\pecific antibody to detect 

p300 a.Hociation with the GPRI09A and SLC5A8 promoter chromatm (D) Silencing p300 

dimmished IFN-r-induced SLC5A8 and GPR109A up-regulation Tumor cells were 

tramient~l' tramfected with scrambled or p300-5pecific siRNAs orermght, and then treated 

u tth IFN-yfor 8 h. p300, GPR/09A and SLC5A8 expre.wonlewl.\ u ere then ana~vzed by 

real-tune RT-PCR. 
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IS. IFN-y activates GPR109A and SLC5A8 transcription through p300 association 

with their promoters 

To determine whether p300 directly mediates IFN-y regulation of GPR109A and SLC5A8 

gene transcription. we first analyzed p300 association with the GPR109A and SLC5A8 

promoter chromatin. ChiP analysis revealed that IFN-y treatment dramatically increased 

p300 association with the GPRJ09A promoter chromatin (Fig. 16C). IFN-y also increased 

p300 association with the SLC5A8 promoter chromatin at one of the two regions analyzed 

(Fig. 16C). Next. we sought to determine whether p300 mediates GPRJ09A and SLC5A8 

expression. p300 was silenced with p300-specific siRNA in human colon carcinoma 

cells, and GPRJ09A and SLC5A8 expression levels -were then analyzed. Real-time RT

PCR anal)sis revealed that silencing p300 diminished IFN-y-induced GPR109A and 

SLC5A8 expression (Fig. 160). Thus, -we conclude that p300 directly mediates pSTATI

activated GPRJ09A and SLC5A8 transcription in human colon carcinoma cells. 

16. IFN-y induces chromatin remodeling at the GPRJ09A and SLC5A8 promoter 

regions 

Our above findings raise the possibi lity that IFN-y induces chromatin remodeling at the 

GPRJ09A and SLC5A8 promoter regions to convert a hypermethylated DNA-mediated 

repressive chromatin conformation to a hyperacetylated and transcriptionally permissive 

one to facilitate pSTATI binding to activate GPRJ09A and SLC5A8 transcription. To test 

this hypothesis. \\e used limited DNasel digestion to detect chromatin remodeling at the 

GPRJ09A and SLC5A8 promoter regions. Jtuman colon carcinoma cells were treated 

with lrN-y. Nuclei were then isolated from the cells and incubated with DNasel for 
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various time periods. Genomic DNA was purified from the nuclei and used as template 

for PCR amplification using the GPRJ09A and SLC5A8 promoter DNA-specific primers. 

Comparison of the PCR-amplified DNA fragment levels sho~ed that the GPR109A (Fig. 

17 A) and SLC5A8 (Fig. 17B) promoter chromatin regions in IFN-y-treated cells are 

significant!) more accessible to DNasel than in the untreated cells. Thus, our data 

indicated that IFN-y induces p300-mediated chromatin histone hyperacetylation to 

remodel chromatin at the GPRJ09A and SLC5A8 promoter regions, which facilitates IFN

y-activated pSTATI binding to the hypermethylated promoters to activate GPRJ09A and 

SLC5A8 transcription. 



Figure 17. IFN-yinduces chromatin remodeling in the GPR109A a11d SLC5A8 promoter 

regions. T84 cells were cultured in the absence (-IFN-y) or presence (+IFN-y) of IFN-rfor 6 

h. Nuclei were then isolated from the cells and incubated with DNase !for the indicated time. 

Genomic DNA was purified from the nuclei and used as template for PCR using the 

GPR109A promoter DNA-specific primers {A) as shown in Fig. JOD and the SLC5A8 

promoter DNA-specific primers (B) as shown in Fig. JJC. Top panel: semi-quantitative PCR. 

Bolfom panel: real-time PCR. The genomic DNA ofO h time point was used as normalization 

control for the real-time PCR. 
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Figure 18. 
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Figure 18. Model of transcriptional acti••ation ofGPRJ09A a11d SLC5A8 by IFN-rfrom their 

lrypermetlry lated promoters. Both GPRJ09A and SLC5A8 promoter are hypermethylated and 

thus are transcriptionally silenced in human colon carcinoma cells. E-.:posure of human colon 

carcinoma cells to JFN-r induces rapid STAT I activation through phosphorylation. Activated 

STATJ (pSTATl) directly binds to the promoter region of the immediate early target gene p300. 

resulting in rapid acti\•ation of p300 transcription (as earl}• as 10 min, Fig. 16A). p300 then binds 

to the GPR109A and SLC5A8 promoters to induce histone hlperacetylation, resulting in 

chromatm remodelmg to create a transcriptional(l' permi.Bi\'1! chromatm without altering DNA 

methylation, uhichfacilitates pSTATJ binding the promoter.\ ofsecondary target genes GPR109 

and SLC5A8to activate GPR109A and SLC5A8transcription in the presence of their promoter 

D!vA methylation. 



DISCUSSION 

Acquisition of apoptosis is a hallmark of human cancers, especially the metastatic 

phenotype of the disease (7). It is believed that tumor cells acquire apoptosis resistance 

through multiple mechanisms to evade both immune and non-immune surveillance to 

advance the disease. For example, mutations of apoptosis mediators, such as p53, c-myc 

and Bc/2 leads to impaired intrinsic apoptotic signaling pathway and resultant tumor 

outgrowth (21 0, 211 ). Alterations in the TNFR mediated extrinsic apoptotic pathways 

also contribute to tumor evasion from cytotoxic immune cell mediated immune 

surveillance (60, 212). The above mentioned extrinsic and intrinsic apoptosis pathways 

often converge in tumor cells and tumor cells often impairs both pathways to acquire an 

apoptosis resistant phenotype. In terms of cancer therapy, cytotoxicity based conventional 

chemotherapy often targets the intrinsic pathway to induce apoptosis in tumor cells. This 

intrinsic pathway largely depends on p53. It is estimated that more than half of human 

advanced stage tumors have p53 mutations, thereby exhibiting drug resistance (2 I 3). On 

the other hand, targeting TNFR mediated extrinsic apoptosis pathways in cancer therapy 

can bypass p53 dependent apoptotic path\\a) through directly activating caspases 

machinery to induce apoptosis (214). Our studies provided mechanisms underlying Fas 

90 
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mediated apoptosis in colon cancer, which will provide significant insight to guide TNFR 

based cancer therapy. 

The Fas-FasL apoptosis signaling pathway is one of the two cell contact dependent main 

effector mechansims of cytotoxic T cells in elimination of tumor cells through induction 

of apoptosis. Advanced stage tumor cells often down-regulate Fas or alter the expression 

levels of key mediators in the Fas signaling pathway to disrupt CTL killing (215, 216). 

There are two types of Fas signaling pathways and which pathway mediates apoptosis in 

the cells depends on the amount of activated caspase 8. In type I cells, Fas receptor will 

interact with lipid raft and cause intemali7ation so that more pro-caspase 8 can get access 

to the 01 C and get cleaved (217). Abundant cleaved caspase 8 will directly activate 

downstream effector caspase cascades. Ho~\-ever. in type II cells. Fas receptor is not 

necessarily to be capped by lipid raft. so Fas-FasL engagement \\ill not exert sufficient 

caspase 8, and the apoptotic signaling requires amplification by the mitochondrial 

pathway. Tumor cells can acquire apoptosis resistance to Fas signaling through 

hampering either pathway. 

Although extensive data have shown that FAS functions as a tumor suppressor in both 

human and mouse tumor models ( 17. 91-94, 96, 97, 218-223 ). the role of FAS as a tumor 

promoter has also been reported. and blod.ing Fas activit} for cancer therap:r has been 

proposed (98). The apparentl:r contrasting observations might be due to the mouse tumor 

models and cells used in the studies. fas is a cell surface receptor and it alone does not 

generate any cellular signaling. It is the Fasl that binds to Fas to initiate the Fas-mediated 



92 

signaling pathways. It has been proposed that membrane bound FasL only induces Fas 

mediated apoptosis; where as soluble Fast triggers ··non-apoptotic'" signaling path\\ays 

(98. 224). Membrane bound FasL is primaril} expressed on activated lymphocytes. 

Therefore. activation and infiltration of tumor specific lymphocytes, primarily tumor 

specific COS+ CTLs in the tumor microenvironment. might be essential for FAS function. 

If the tumors are non-immunogenic or immune suppressive tumor-specific immune cells 

may then not be activated to infiltrate into the tumor microenvironment. Studies have 

shown that human colorectal tumors are immunogenic ( 197. 198), whereas MCA-induced 

sarcoma is highly immunogenic (25). Using these immunogenic spontaneous colon 

carcinoma and sarcoma mouse model. we demonstrated here that FAS functions as a 

suppressor of tumor development under ph) siological conditions. 

Our finding that FAS functions as a tumor suppressor is further supported by our data 

from human colorectal cancer specimens. We demonstrated that in patients with high Fas 

protein levels in their tumor cells have longer times before recurrence occurs when 

tumor-inti It rating COS+ T cells levels are low (Fig. 2). It is known that the perforin

depcndent cytotoxicity is the dominant anti-tumor cytotoxic effector mechanism (225); 

therefore, the perforin cytotoxicity alone might be sufficient to suppress tumor 

development when COS+ T cells level is high (97). Our data suggest that in the tumor 

microenvironment \\ith limited COS T cells infiltration. fas-mediated tumor cell 

apoptosis might pia} a critical role in CTLs-mediated tumor suppression in human 

colorectal cancer. 
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Constitutive NF-KB activation often promotes oncogenesis, providing a strong rationale 

for anticancer strategies that inhibit Nf -KB signaling (I 05, I 06). Indeed, as reported in 

the literature and observed in this study. canonical NF-KB protects MEF cells from 

TNFa.-induced apoptosis (42. 202) (Fig. 7). Ho\\ever, \\e observed that canonical NF-KB 

functions in an opposing way in mediating FasL-induced apoptosis. Our finding revealed 

that canonical NF-KB is a general FAS transcription activator that promotes Fas-mediated 

apoptosis. Therefore, in contexts where pro-survival signals derive from other oncogenes, 

canonical NF-KB activity might instead promote apoptosis (20 I, 226, 227). Our finding is 

consistent in principle with recent observations that NF-KB signaling enhances tumor cell 

sensitivit} to Fas-mediated apoptosis and to C}toto'\ic chemotherap}, thereby exerting a 

tumor-suppressor function (37-39, 42, I 07, I 08). 

Our observation that alternate NF-KB is a FAS transcription repressor in both human 

colon carcinoma cells and MEF cells is an interesting one (Figs 6 & 8). Alternate NF-KB 

is often sequentially activated after the canonical NF-K. Therefore, it is possible that 

alternate NF-KB might funct ion as a FAS transcription repressor to turn off canonical NF

KB-activated FAS transcription to prevent sustained Fas transcription activation. Our 

initial stud} did not identit) direct interaction bel\\een alternate Nf-KB and the FAS 

promoter in human colon carcinoma cells (Fig. 6A). Therefore. hov •. alternative NF-KB 

represses FAS transcription requires further stud}. Nevertheless, our data suggest that 

therapeutic strateg} to inhibit NF-KB signaling should take into consideration that such 
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inhibition rna} confer tumor cell resistance to Fas-mediated apoptosis, thereby at least 

partially impairing the anti-tumor activity of the host cancer immune surveillance system. 

DNA hypermeth} lation frequently occurs at the promoter regions of tumor suppressor 

genes, which often induces a condensed and transcriptionally inactive chromatin structure 

to represses transcription of target genes (228, 229). In colorectal cancer, genome-wide 

analysis showed that many of the hypermethylated genes have known or predicted 

function in tumorigenesis (230). Therefore, cancer cells use DNA hypermethylation as a 

mechanism to silence tumor suppressor genes to advance the disease (231 ). Specifically, 

DNA h) permethylation has been implied as a mechanism for GPR109A silencing in 

human colon carcinoma cells ( 154 ), and DNA methylation has been detected at the 

SLC5A8 promoter region in human colon carcinoma cells (44). Here. we conducted in

depth DNA methylation analysis of the GPRJ09A and SLC5A8 promoter regions. 

Although there are no classical CpG islands in the human GPR109A gene promoter 

region, we identified several CpG diculeotides in the region. Cytosines present in these 

dinucleotides are methylated in human colon carcinoma cells (Fig. 9A). We also 

demonstrated that the SLC5A8 promoter region is also heavily methylated in human 

colon carcinoma cells (Fig. II A). Our observations thus indicate that the expression of 

GPR/09A and SLC5A8 is silenced by their promoter DNA hypermethylation in human 

colon carcinoma cells in vitro and in colon carcinoma tissues in vtvo (Fig. 9A & II A). 

GPR109A and SLC5A8 are receptor and transporter in colonoC}tes. respectively. for gut 

commensal bacterial metabolite (43, 147, 154), and mediate the bacterial metabolite 
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exerted anti-innammatory effects to suppress colonic innammation and inflammation

dependent colon cancer development (43. 44, I 54, 232). Therefore. it is not surprising 

that both GPRJ09A and SLC5A8 genes are coordinated silenced in human colon 

carcinoma cells (Figs. I OA & I I 8). However, although the GPRJ09A and SLC5A8 

promoters are heavil} meth)lated, both GPR109A and SLC5A8 are expressed in 

approximately 50% of the colon carcinoma specimens examined (Fig. I 2) and in WT but 

not in IFN-y KO mice (Fig. I 3), suggesting the presence of a novel mechanism that can 

coordinately activate gpr109a and slc5a8 transcription in the tumor microenvironment in 

spite of the hypermethylation of their promoters. I FN-y i.s a proinnammatory cytokine 

secreted by activated T cells and NK cells that function as a 1-.ey component of the host 

cancer immune surveillance S)Stem (25. 233). IFN-y e:\erts its function through activation 

of TAT I that acts as a master transcription factor to regulate I FN-y target gene 

transcription. Our observations that C) totoxic T cells extensively infiltrate a subset of 

colon cancer tissues (Fig. 12) and that high expression level of gpr I 09a and slc5a8 is 

present in colon carcinoma cells in WT but not IFN-y KO mice (Fig. 13) suggest that 

IFN-y is responsible, at least in part, for gpr109a and slc5a8 expression in colon 

carcinoma in vivo. Because IFN-y is a key component of the host cancer immune 

surveillance system (25. 233, 234), our data thus also suggest that the host immune 

system might counteract tumor cell-induced and DNA meth) lation-mediated silencing of 

GPR/091 and SLC5A8 expression through lfN-y-mediated reactivation of GPR109A and 

SLC5A8 transcription. 
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It has been shown that DNA methylation rna) renders tumor cell resistance to IFN

induced apoptosis and IFN-y stimulated gene expression determines tumor cell sensitivity 

to DNA de-meth) lation-induced apoptosis (235, 236). trikingly, \\e observed here that 

IFN-y can over-ride the silencing effects of DNA h)permeth)'lation to acti\ate GPRJ09A 

and SLC5A8 transcription without obvious demethylation of the GPRJ09A and SLC5A8 

promoter DNA in human colon carcinoma cells. Current approach to re-activate DNA 

methylation-silenced tumor suppressor genes primarily relies on chemical inhibitors, 

mainly 5'-aza-dC that inhibits DNMT activity (235, 237). This type of DNA methylation 

inhibitor is highly cytotoxic. and its use as chemotherapeutic agents in cancer therapy is 

associated with extensive toxicity and minimal efficacy (237). Our data suggest that 

immunotherapeutic approach. such as adopti\e or active CTL immunotherap)' (238), 

might be an alternative and yet effective and less toxic approach to activate DNA 

methylation-silenced expression of genes in cancer tissues. In addition. 5'-aza-dC is 

general DNA methylation inhibitors that cause global DNA demethylation. In contrast, 

IFN-y-activated pSTATI only binds to specific DNA sequences (GAS element) to 

activate specific gene transcription. Therefore, I FN-y-activated expression of genes from 

DNA-methylation-silenced promoters is gene-specific: this approach is thus like!) to be 

associated with low toxicity. 

p300 is a histone acetyltransferase that also functions as a master transcriptional mediator 

in mammalian cells (207, 209. 239-241 ). In this stud), ""e demonstrated that p300 is an 

immediate earl) target of the IFN-y signaling pathwa)' (f-ig. 16). p300 transcription 

activation was detected I 0 min after I FN-y,-treatment (Fig. 16A). TA Tl was also 
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activated within I 0 min after IFN-:y treatment (Fig. I OC). Although it has been shown 

that p TATI and p300 directly interact with each other (242). ""e observed that pSTATI 

physically binds to the p300 promoter region. Therefore, the lilo.ely signaling transduction 

cascade is that pSTATI \\as acti\ated first, and it then binds to the p300 promoter to 

activate p300 transcription. Elevation of p300 then enhances its association with the 

GPR/09A and SLC5A8 promoter to induce histone hyperacetylation and chromatin 

remodeling, resulting in a permissive chromatin conformation to faci litate pSTA T I 

binding to activate GPRI09A and SLC5A8 transcription. 

Based on the activation and expression lo.inetics of p TAT I, p300. and 

GPR/09A SLC5A8. ""e propose a model to illustrate IFN-y-induced GPRI09A and 

SLC5A8 transcription activation from their hy permethy lated promoters. We propose that 

both GPRJ09A and SLC5A8 promoters are hypermethylated and thus transcriptionally 

inactive in human colon carcinoma cells. Exposure of human colon carcinoma cells to 

IFN-y induces rapid STAT! activation. Activated TATI (p fATI) directly binds to the 

p300 promoter region to rapidly activate p300 transcription. p300 then binds to the 

GPRJ09A and SLC5A8 promoters to induce histone h)peracetylation. resulting in 

chromatin remodeling to create a transcriptionally permissive chromatin at the GPRI09A 

and SLC5A8 promoter regions without obvious change in the methylation status of these 

promoters. A transcriptionally permissive chromatin structure allows pSTATI binding to 

acti\ate GPRI09A and SLC5A8 transcription (Fig. 18). 
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The biggest challenge in developing a successful cancer therapy is that human patients 

from different genetic background respond non-uniforml)' to an)' specific kind of 

treatment. Therefore defining TNFR based and ·or C} tokines based immunotherapeutic 

effect on different tumor type, stage and possible combination with chemotherapy. 

radiotherap)' or immune adapthe transfer therapy will most likel} initiate a new opening 

towards the new generation of cancer prognosis and treatment. 



SUMMARY 

Under physiological conditions, tumor necrosis factor death receptors play a crucial role 

in initiating extrinsic apoptosis for the elimination of the diseased cells or unwanted cells 

to maintain cellular homeostasis. Under neoplastic conditions, tumors often acquire 

resistance to apoptosis induction to evade host immune surveillance. Moreover, tumor 

cells have the ability to modulate tumor microenvironment to convert immune 

compartment from anti-tumor response to pro-tumor activity. Fas is a member of the 

death receptor superfamil). Stimulation of Fas leads to induction of apoptotic signals 

such as caspase 8 activation. as \\-ell as .. non-apoptotic'' cellular responses. notabl) NF

KB activation. Convincing experimental data have identified NF-KB as a critical promoter 

of cancer development, creating a solid rationale for the development of antitumor 

therapy that suppresses NF-K.B activity. On the other hand, compelling data have also 

shown that NF-KB activity enhances tumor cell sensitivity to apoptosis and senescence. 

Furthermore, although stimulation of Fas activates NF-KB, the function ofNF-KB in the 

Fas-mediatcd apoptosis pathway remains largely undefined. In this dissertation study, we 

obsened that deficiency of either Fa.\ or FmL resulted in significantly increased 

incidence of 3-meth} !cholanthrene (MCA)-induced spontaneous sarcoma development in 

mice. Furthermore, Fa.5'-deficient mice also e:\hibited significant!} greater incidence of 

a/OX) methane (AOM) and dextran sodium sulfate (D )-induced colon carcinoma. 
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Engagement of Fas with FasL triggered NF-J<B activation. Interesting!}, canonical NF-J<B 

\\as found to directly bind to the FAS promoter. Blocking canonical NF-KB activation 

diminished Fas expression, \\hereas blocking alternate NF-KB increased Fas expression 

in human carcinoma cells. Moreover, although canonical NF-1\B protected MEF cells 

from TNF n -induced apoptosis, knocking out p65 diminished Fas expression in MEF 

cells, resulting in inhibition of FasL-induced caspase 8 activation and apoptosis. In 

contrast, knocking out p52 increased Fas expression in MEF cells. Our observations 

indicate that canonical NF-J<B is a FAS transcription activator and alternate NF-KB is a 

FAS transcription repressor, and FAS functions as a suppressor of spontaneous sarcoma 

and colon carcinoma. To achieve our second aim, \\e studied the important role of 

interferon gamma in over-riding the epigenetic silencing mechanism to activate gene 

transcription. hort-chain fatty acids, metabolites produced by colonic microbiota from 

fermentation of dietary fiber; act as anti-innammatol) agents in the intestinal tract to 

suppress innammation-mediated diseases such as innammatory bowel disease and 

colorectal cancer. GPRJ09A and SLC5A8, receptor and transporter, respectively, for short 

chain fatty acids, are often silenced in human colon carcinoma cells. We demonstrated 

that the GPRI09A and SLC5A8 promoter DNA is h}permethylated in human colon 

carcinoma cells in vitro and in ''ivo. Strikingly, IFN-y, a cytokine secreted by activated 

C}toto:\ic T lymphOC}tes, effective!} activated GPRI09A and SLC5A8 transcription 

without altering their promoter D A meth} lation levels. Orthotopic implant of colon 

carcinoma cells to mouse colons shO\\ed that both KJJrl09a and ~;/c5a8 are up regulated in 

tumor cells grown in WT but not in IFN-y -deficient mice. Anal} sis of the IFN-y 

signaling pathwa}S indicated that IFN-y -activated p TAT I binds to the promoter of 
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immediate early target gene p300 to rapidly activate p300 transcription. p300 then binds 

to the CPR/09A and SLC5A8 promoters and induces chromatin hyperacetylation, 

resulting in chromatin remodeling in the hyperrnethylated CPRI09A and SLC5A8 

promoter regions. pSTATI then directly binds to the remodeled but still hyperrnethylated 

CPR/09A and SLC5A8 promoters to activate transcription of secondary response genes 

GPRJ09A and SLC5A8. Taken together, our data demonstrated that IFN-y re-activates 

DNA methylation-silenced GPR109A and SLC5A8 genes through p300-mediated 

chromatin h) peractylation and remodeling without altering DNA methylation, and 

suggest that the host immune system might use I FN-y to counteract DNA methylation

mediated silencing of tumor suppressor genes as a mechanism to suppress tumor 

development. In summary, this work better describes the crucial role ofNF-KJ;lin 

initiating pro-apoptotic signals in tumor cells as \\CII as in MEFs and also the underlying 

molecular mechanism of how cytokine IFN-y helps in chromatin remodeling to overcome 

the silencing effect of epigenetic modification. 
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