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AN ABSTRACT OF THEISIS OF

Kawthar Sharaf Al Deen for Master of science
Major: Physiology

Title;: TET2 Expression as a function of Cx43 regulation: an In-vitro and Archival tissue study of
IBD and Colon cancer

Inflammatory bowel disease (IBD) is a complex disease characterized by chronic inflammation
of the gastrointestinal tract. There is evidence that IBD patients have higher propensity to
develop colorectal cancer. The study of the junctional complexes is essential for a better
understanding of the functional coordination between IECs and inflammatory cells in IBD,
intestinal barrier function and its progression to colon cancer. On the epigenetic level, Ten-
eleven translocation (TET) proteins oxidize 5-methylcytosine (SmC) to 5-
hydroxymethylcytosine (ShmC) and are reported to be dysregulated in different tumors. We
studied the expression of TET2 as a function of Cx43 regulation using an in vitro inflammation
cell culture model, and using normal, IBD, and colon cancer human archived tissues. We
documented TET2 functionality by determining the levels of 5-hmC epigenetic modification
under the same conditions. Our data demonstrate that TET2 expression decreases upon an
induced inflammation as well as upon the Cx43 upregulation, whereas TET2 expression
increases when Cx43 is downregulated. In addition, 5-hmC levels mimic that of TET2
expression, thus reflecting TET2 functionality. The expression of TET2 and its epigenetic mark
5-hmC in Normal, IBD and colon cancer human colon tissues is highly downregulated in IBD
and colon cancer human tissues when compared to Normal colon tissues.

Keywords: Inflammatory Bowel Disease, DNA demethylation, gap junctions, colorectal cancer.
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LITERATURE REVIEW
CHAPTER 1
DNA METHYLATION

A. DNA methylation an epigenetic DNA modification

Even though all cells in an organism possess the same genetic information, each cell type has
its unique gene expression. In other words, epigenetic mechanisms mediate the diversity of gene
expression among cells and tissues. One of the most important epigenetic modifications is DNA
methylation, since it satisfies the stringent criterion of a mitotically and meiotically heritable
epigenetic system. [1] DNA methylation involves the transfer of a methyl group to the C5
position of cytosine (5mC) and it mostly occurs at the CpG sites which are heavily methylated
except for some DNA regions as CpG islands [2]. It is well known that DNA methylation is a
dynamic process, but as cells differentiate they take an overall unique and stable pattern that is

responsible for tissue-specific gene transcription.

B. DNA methyl transferases

A family of DNA methyltransferases (Dnmt)[1] are responsible for DNA methylation. Those
catalyze the transfer of a methyl group from S-adenylyl methionine (SAM) to the fifth carbon of a
cytosine residue to form 5-methyl cytosine (5SmC) (Figurel). Dnmtl, called maintenance Dnmt,
copies the methylation of the newly synthesized DNA strand upon DNA replication to maintain

the original DNA methylation pattern, whereas Dnmt3a and Dnmt3b, known as de novo Dnmt,
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can methylate an un-modified DNA strand. [3] The maintenance of DNA methylation can be
highly conserved as the two female X chromosomes, where each one has a specific DNA
methylation pattern from the early embryonic state till the end of life.[4] On the other hand, DNA
methylation patterns change dynamically in cells to regulate gene expression and other cellular
mechanisms. Research showed that the Dnmt is extensively expressed upon embryonic
development, but when cells reach their final differentiation, Dnmt expression is reduced.|[3]
Among Dnmts is Dnmt2 which shows a weak methyltransferase activity and Dnmt3L that is
catalytically inactive but seems to interact directly with Dnmt3a and Dnmt3b stimulating their

catalytic activity.[5-7]

a CH,
Dnmt3a
5,TTGACAGCCGT3. Dnmt3b 5,TTGMCAGCCGT:Y
3 5 3 5
AACTGTCGGCA AACTGTCGGCA
b

Figure 1: DNA methylation pathways.



(a)De novo Dnmt3a and Dnmt3b responsible for the methylation of naked DNA. (b)
Maintenance Dnmt1 keeps the same DNA pattern during replication. During DNA replication,
Dnmtl1 precisely replicates the original DNA methylation pattern [2] by adding methyl groups on

to daughter strands (blue)

C. DNA methylation effect on gene expression

Three different families of proteins recognize DNA methylation: the MeCP2, the MBD
proteins, the UHFR proteins, and the zinc finger proteins. The MeCP2 and MBD family has a
function in transcriptional repression. For example, MBD family proteins binds directly by its
transcriptional repression domain (TRD) to a variety of repressor complexes at methylated DNA
sequences thus acting as a transcriptional repressor.[3] Also, zinc-finger domain proteins repress
transcription in a DNA- methylation dependent manner.[4] However, UHRF domain (ubiquitin-
like, containing PHD and RING finger domain) maintains DNA methylation upon DNA
replication by targeting Dnmt1 proteins to hemi-methylated cytosines.[5] Thus different protein

domains suppress gene expression by binding methylated DNA.

At the level of gene bodies, DNA methylation is also analyzed. Evidence suggests that
methylation of promoters is responsible for gene silencing[6], and that a higher DNA
methylation in the gene body of dividing cells is associated with higher gene expression.[7]
However, in slowly proliferative cells and non-proliferative cells such as in the brain, gene
expression is not associated with gene methylation.[8] In particular, the promoters of
housekeeping genes are mostly imbedded in CpG islands, that does not undergo methylation,

which can explain the conserved gene expression of housekeeping genes throughout various
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tissue.[9] Therefore, DNA methylation affects gene expression and the methylation of various
genomic sequences influence gene expression differently depending on the underlying genetic

sequence.

D. Importance of DNA methylation

DNA methylation is responsible for the regulation of different genetic processes, including
embryonic development, transcription, X-chromosome inactivation, DNA repair as well as DNA
replication. One of the most important roles of DNA methylation is to maintain the silencing of
harmful genetic elements as transposable and viral elements that form about 45% of the human
genome. This is demonstrated in the pathophysiology of different autoimmune diseases and
cancer, where the hypomethylation of long interspersed nuclear elements (LINEs) autonomous
retrotransposons and human endogenous retroviruses (HERVs) leads to their activation. [10]
Accordingly, defects in DNA methylation may cause genome instability and thus contributes to

various human diseases, including cancer.

E. DNA demethylation pathways

DNA demethylation is categorized as either passive or active demethylation. The passive
DNA demethylation occurs upon inhibition or dysfunction of Dnmt1 in DNA replication, thus
the newly incorporated cytosines will remain demethylated. The strong carbon-to-carbon bond is
never cleaved by a direct process. Instead, the removal of the methyl group from 5SmC requires
series of enzymatic reactions, those reactions modify SmC by deamination or oxidation reactions
followed by the base excision repair (BER) pathway that replaces the modified-5mC with a

naked cytosine. [11] [12] [13]
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Activation induced deaminase (AID) deaminates cytosine to Uracil and, to a lesser extent, to
thymine, thus creating G/T mismatch and inducing BER pathway to correct the base. This whole
pathway seems to be incomplete, where some studies state that the methylation action of AID on
C is better than that on SmC, others suggest that the deamination of C rather than SmC leads to a
regional repair, and thus an indirect demethylation of SmC. Interestingly, AID showed to work on

single stranded DNA or RNA-DNA hetero-duplexes only.

Ten-eleven translocation (TET) methyl cytosine dioxygenases are a family of enzymes that
perform oxidation of 5-methylcytosine (5SmC) to 5-hydroxymethylcytosine (ShmC), 5-
formylcytosine (5FC) and 5-carboxylcytosine (5caC).[14] This pathway is the major DNA

demethylation pathway that is further explained in the next chapter.
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CHAPTER 2

TEM ELEVEN TRANSLOCATION (TET) DIOXYGENASES

Ten-eleven translocation (TET) methyl-cytosine dioxygenases are a family of three
enzymes TET1, TET2, and TET3 which perform oxidation of 5-methylcytosine (5mC) to 5-
hydroxymethylcytosine (ShmC), 5-formylcytosine (SFC) and 5-carboxylcytosine (5caC).[14] It
has been demonstrated that the oxidation products are in a dynamic state and are not short-term
transient intermediates in the DNA methylation enzymatic pathway. Those intermediates are
incorporated in the DNA with high stability and are responsible for significant and pivotal

regulatory functions.

In mammalian genomes, the relatively stable epigenetic modifications are known to be SmC
and ShmC where as 5fC and 5caC are extremely rare and directly removed by thymine DNA

glycosylase (TDG). [15]

A. TET nomenclature

TET proteins nomenclature was after the finding of the ten-eleven translocation
(t(10;11)(g22;923)) in rare cases of acute myeloid and lymphocytic leukemia. In this
translocation the mixed-lineage leukemia 1 (MLLI) gene located on human chromosome 10 was

fused with TET'1 gene on human chromosome 11.[16]
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B. TET proteins structure and domains

TET proteins are multi-domain proteins with a molecular mass that ranges between 180 and
230 kDa. The structure of TET family proteins have a common catalytic C-terminal CD domain
(figure 3), which consists of a conserved double-stranded B-helix dioxygenase domain (DSBH),
and a cysteine-rich (Cys) region. [17] Besides, the DSBH domain contains metal-binding sites
for a-ketoglutarate (a-KG) and Fe which functions as a co-substrate for the TET enzymatic
activity and iron-dependent dioxygenase activity, respectively. [18, 19] The TET2 binding to
DNA was described as a crystal structure, this structure enables the two zinc fingers to bring the
DSBH fold and the Cys-rich domains together to form a compact catalytic domain.[20] On the
other hand, the amino (N)-terminal region of TET1 and TET3 harbors a conserved CXXC-type
domain which is known to bind the un-methylated cytosine residues in DNA. In TET2 case, the
CXXC domain is split from TET2 to form a distinct gene, IDAX/CXX4, at the 5’-end of TET2.
Interestingly, this gene is transcribed in the opposite direction and the Idax CXXC domain binds
DNA sequences at un-methylated CPGs, localized at promotors, which interact directly with the
catalytic domain of TET2 and results in caspase activation and TET2 protein degradation thus

TET2 downregulation. [21]
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Figure 2: TET proteins structural domains.

All three TET enzymes share the same C-terminal core catalytic domain consisting of DSBH

domain, Fe and 2-OG cofactor binding sites, and a cysteine rich domain. It also contains a large

low-complexity region with unknown function. TET1 and TET3 have an N-terminal CXXC

domain that binds DNA and facilitate its binding to genomic target sites.[22] This CXXC domain

is involved in TET1 and TET3 binding to CpG sites where studies showed that TET1 is highly

enriched on CpG islands associated with promoters and TET3 occurs at genomic elements in

developing embryos. [23] Whereas, the structure of TET2 doesn’t reveal its direct binding to

DNA, and thus it is potentially recruited to DNA by a distinct CXXC domain. TET2 is known to

bind at gene bodies, regulatory elements and transcription factors.[24, 25]
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C. Mechanisms of TET mediated demethylation

The conversion of 5SmC and its oxidized derivatives back to cytosine can be either “passive”
or “active” demethylation. TET- mediated ShmC deposition may induce passive-replication-
dependent DNA demethylation on the newly synthesized DNA strand. Other articles have shown
that DNA methylation maintenance may be established by the binding of Dnmt1 to ShmC
through its interaction partners UHRF1 and UHRF2.[26] For instant, the overall passive

demethylation at ShmC is still not fully understood.

In active DNA demethylation, several pathways have been proposed, but the pathway
involving thymine-DNA—glycosylase (TDG)-catalyzed base excision and DNA base excision
repair (BER) is believed to be the major pathway (Figure 3). TDG, a DNA mismatch repair
enzyme, binds and excises mismatched pyrimidines in G: U and G: T base pairs. This excision
yields an abasic site that is replaced by a cytosine by BER. [27-29] It is demonstrated that TDG
has no effect on ShmC but works on 5fC and 5caC. [27, 29, 30] This suggests that 5fC and 5c are
constantly being removed by TDG/BER-dependent pathway and that ShmC is a stable cytosine

modification that remains in the genomic DNA for an extended period of time.
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Figure 3: DNA demethylation involving thymine—-DNA—glycosylase (TDG)-catalyzed
base excision and DNA base excision repair (BER)

D. TET2 mutations in Hematological Malignancies

TET2 mutations were first reported in hematological malignancies in MDS patients with
chromosome 4q24 abnormalities. [31] It was reported that 26% of MDS patients had mutations
in the coding region of TET?2. [32] Other studies reported that patients with AML, MDS, or
myeloproliferative neoplasm, have mutations or deletions in 7E72 gene.[33] [34]In addition,
TET2 mutations are present in chronic myelomonocytic leukemia (CMML) and malignant
lymphoma. [1] These findings suggest that the mutations disrupt the catalytic activity of TET2
and constitutes a critical background for the initiation and development of hematological

malignancies.
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E. THE ENZYMATIC ACTIVITY OF TET FAMILY PROTEINS IN TUMORS
Mutations or decreased expression of TET proteins have been observed in a wide variety of

human solid tumors. Missense and truncating mutations in TET genes are reported in nearly all

types of tumors. Some studies showed that up to 20% of patients carry mutations in one or more

of'the TET genes (http://www.cBioPortal.org). Other studies showed that TET mutations in solid

tumors are mostly missense mutations with unknown significance on TET activity. In addition,
lower ShmC levels were reported as a general hallmark of many cancer types, including gastric,

prostate, liver, lung, and breast cancer as well as glioblastoma and melanoma [35] [36] [37]

The mechanisms that lead to a decline in TET activity is not fully known, but several ones
were proposed. One mechanism is the overexpression of TET2-interacting proteins
IDAX/CXXC4 and RINF/CXXCS5 which are known to have a negative effect on TET2 stability
and function. [38] Also, several microRNAs have been reported to target TET proteins and these
miRNAs are known to be overexpressed in cancer solid tumors. [39] [40] [41] Other researches
stated that the mutations in different metabolic genes as IDH1/2, SDH, and FH that are found in
different solid tumors may simultaneously inhibit TET proteins thus impact DNA methylation.

[42]

F. ShmC levels in normal and tumor tissues

It is well known that the main function of TET proteins is to catalyze the oxidation of 5SmC
into ShmC thus the ShmC level reflects the action of TET proteins. Reports showed that ShmC
levels are reduced in hematological malignancies and a broad spectrum of tumors including liver,

breast, colon, and prostate compared to normal tissues. [43, 44] ShmC have shown to be
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abundant in the human brain tissue where ShmC levels are about 1% of all cytosines, which
signifies the important role of ShmC in the mammalian brain. [45] Other studies have shown that
ShmC levels are enriched in terminally differentiated neurons, whereas less differentiated
neurons have lower ShmC levels. Taken all together, ShmC levels differ by tissue type and

differentiation stage and tumor type.
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CHAPTER 3

THE INTESTINAL MUCOSAL BARRIER

The Mucosal barrier has the ability to provide adequate containment of undesirable luminal
microorganisms and molecules while providing its main function in nutrient and water

absorption. This mucosal barrier is well known to be altered in IBD and colon cancer.

A. Components of the Intestinal Barrier

1. The epithelium

This physical barrier, the epithelium, is a continuous monolayer of columnar epithelial cells
that are highly organized into crypts and villi. It is composed of 4 major Intestinal epithelial cells
(IECs): absorptive enterocytes, mucus-producing goblet cells, antimicrobial peptide producing
Paneth cells, and hormone-producing enteroendocrine cells. [36] Paneth cells and Stem cells
reside at the base of the crypt whereas other differentiated cells migrate towards the tip of the
villus which makes the crypt a secretory compartment whereas the villus an absorptive one.
There also exists specialized epithelial M cells for antigen sampling and endocytosis of different
molecules that are then rapidly transported to the underlying Payer’s patches, lymphoid
tissue.[46] The epithelium is covered by a layer of mucus, AMP, and Secretory IgA. IECs
regulates the intestinal barrier thus are responsible for maintaining the mucosal homeostasis. The
Dysregulation and alteration of this epithelial barrier has been linked to different conditions,

including IBD .[47]
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2. Microbiota:

The microbiota colonizes the gastrointestinal tract and forms a mutual relationship with the
host. It is an important component of the Intestinal barrier and affects it directly and indirectly.
The microbiota stimulates epithelial proliferation by the secretion of IL-8, one of the main
chemokines, and IL-22 [48], it also has a role in immunostimulation, relocation of tight junction
(TJ) proteins, and induction of heat shock proteins. [49] [50] The host-friendly bacteria is
responsible for dietary fiber digestion and provides the host with short-chain fatty acids which
are a source of energy and have an anti-inflammatory role. [51] Alteration of the normal

microbiota lead to inflammation and it is a known feature of IBD.

3. The mucus layer:

The mucus layer forms a physical and biochemical barrier and acts as the first line of defense
in the gastrointestinal tract. It is composed of an outer loose mucus layer and an inner adherent
mucus layer that is largely devoid of bacteria and separates them from IECs.[52] Mucus is
mainly composed of mucins (MUC:s) that are divided into two groups, secretory-gel forming
mucins (MUC2, 5AC, 5B, and 6) that are produced by goblet cells and membrane-associated
MUCs (MUCI, 3, 4, 13, and 17), secreted by both goblet and absorptive cells in their apical

membrane. MUC2 forms the major mucus component forming the effective mucus layer. [53]
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Recent studies have been shown that IBD patients have altered mucus layer and mucin

secretions.[54]

4. Antimicrobial Peptides and sIgA

AMPs are secreted by Paneth cells, enterocytes and immune cells into the crypt’s space and
the mucus layer. They include defensins, cathelicidin, regenerating islet-derived protein,
secretory leukocyte protease inhibitor, bactericidal/permeability-increasing protein, lysozyme,
lactoferrin, and also chemokines such as chemokine (C—C motif) ligand (CCL) 14 and CCL15.
[55] AMPs are part of the antimicrobial defense in the intestinal barrier. For instance, defensin
alpha5 stimulates IL-8 secretions, but cathelicidin has wound-healing and anti-apoptic effects in
IECs. [55] sIgA is secreted by B lymphocytes and then secreted into the lumen as dimers. It is
the main antibody isotype found in the intestinal mucosa. sIgA neutralizes bacterial epitope
expression and maintain intestinal homeostasis, in which the absence of IgA induces

inflammation.[56]

B. Overview of Inflammatory bowel disease
Inflammatory bowel disease (IBD) is a complex disease characterized by chronic
inflammation of the gastrointestinal tract. It develops as a result of complex interactions between

individual’s genetic background, environmental factors, a dysregulated immunity, as well as
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alterations in intestinal microbiota composition. [57] It is well recognized that IBD patients are at

higher risk of developing colorectal cancer .[58]

1. Inflammatory bowel disease Subtypes

Chronic IBD is mainly divided into two subtypes; Ulcerative colitis (UC) and Crohn’s
disease (CD). Both UC and CD cause digestive disorders and inflammation in the gastrointestinal
tract and share similar symptoms including diarrhea, abdominal pain, rectal bleeding and weight
loss.[59] Ulcerative colitis is continuous inflammation of the inner mucosal layer of the colon
and usually starts in the rectum. It is associated with bloody stool and severe pain. On the other
hand, Crohn’s disease is characterized by a discontinuous, transmural ulcerations in all layers of
the bowel wall and through the entire gastrointestinal tract, but it mostly involves the terminal
ileum and the colon. Rectal bleeding is less common in CD but it exists in severe cases.
“Indeterminate colitis” is a term describing indistinguishable cases of patients with inflamed

colon.[60, 61]

2. Genetic factors contributing to IBD pathogenesis

Although only a minor risk for IBD can be explained by genetic factors alone, the genome-
wide association studies (GWAS) has identified 240 susceptible loci in the human
genome [62]. The first found gene to be associated with CD was NOD2 located within
IBD1 on chromosome 16. NOD2 protein is known to play an immunity role by activating

nuclear factor kappa B (NF-kB) and recognizing bacterial receptors (LPS).[63] On the
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other hand, IBD2 carrying advilin gene is associated with UC extensively. In addition,
mutations in HLA, IL23R, ATGI6L1, IRGM, TNFSF15, NCF2/NCF4 and PTPN22 have
been associated with chronic IBD.[64] Those mutations directly affect autophagy,
phagocytosis, Paneth cell failure as well as signaling pathways of the adaptive immunity,
such as IL-10 mutations. [65] Actually, the risk of developing IBD is only 20% higher
than any other individual who is not a carrier of a particular mutation. Which keeps

genetic testing of IBD an un-useful test for IBD diagnosis. [62]

3. Epigenetic modification in IBD

Different studies showed altered epigenetic modifications in IBD tissues. In correspondence
to DNA methylation, it has been reported that accelerated DNA methylation and cell turnover
was found in locally inflamed colonic epithelium. Actually, increased DNA methylation results
in genetic instability leading to cancer development. It has been found that genes already related
to carcinogenesis are differentially methylated in the colonic mucosa of UC patients, such
asCDKN2a/p16INK4A, CDKN2a/p14ARF, CDHI, MLHI1, HPPI and MYOD1.[66] [67]
Epigenome-wide methylation association studies (EWAS) reported 50 significant altered
methylation sites in CD patients. Some of those gene have a critical role in immune responses,
such as IL2IR, S100413, FASLG, MAPK13, RIPK3 or PRF1.[68] In addition, GWAS analysis
revealed a relation between IBD and Polymorphism in DNMT73a. Moreover, higher expression of

DNMT3b and DNMT1 were reported. [2]
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C. Cancer secondary to chronic intestinal inflammation

Chronic intestinal inflammation is the primary risk factor for cancer including CRC, small
bowel adenocarcinoma, intestinal lymphoma, and cholangiocarcinoma (Table 1). Different
sporadic molecular mechanisms are described leading to colon cancer in IBD patients. These
include mutations in the adenomatous polyposis coli (4PC) gene, aneuploidy, DNA methylation,
microsatellite instability (MSI), activation of the oncogene k-ras, activation of COX-2, and

mutation in tumor suppressor genes DCC/DPC4, and eventual loss of p53 function.[69].

The immune system plays an important role in the initiation and prognosis of carcinogenesis.
Indeed, the inflammatory microenvironment of IBD mimics that of cancer at the level of immune
cells, epithelial cells, stromal cells, cytokines, as well as chemokines. These mediators include

tumor necrosis factor alpha (TNF-a), ILs-1, 6, 12, 13, 17, 22, and 23.[70]

Table 1: Cancer secondary to chronic intestinal inflammation [71]

Cancer type Standardized incidence ratio

Colorectal cancer[3] 5.7 (95%CI: 4.6-7.0)

Small bowel adenocarcinoma[20] 27.1 (95%CI: 14.9-49.2)

Intestinal lymphoma[36] 17.51 (95%CI: 6.43-38.11)

Anal cancer[60] Data not available
Cholangiocarcinoma[23] 916.63 (95%CI: 297.88-2140.99) in UC
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CHAPTER 4

CONNEXIN 43

A. The Connexin Family

Gap junctions are intercellular plasma membrane channels that facilitate the intercellular
exchange of ions and small molecules (less than 20kDa) between the cytosol and adjacent cells.
This intercellular communication is critical for functional coordination between cells and cellular
development, where coupled cells respond to a ligand synchronously and differentiate together to
acquire the nearly same fate. In vertebrates, gap junctions are composed of a family of proteins

called Connexins

1. Connexin nomenclature

The protein nomenclature employs an abbreviation beginning with Cx for Connexin followed
by a number that resembles the predicted molecular weight from the cDNA sequence of the
Connexin (for example Cx43). [72] Connexin corresponding genes are identified with a symbol
starting with GJ for gap junction, followed by the subfamily symbol corresponding to the
differences between Connexin sequences (a, B, v, 0, and € or GJA, GJB, GJC, GJD, and GJE)

(Table 2). [73]

Table 2: The Connexin protein and gene families in humans. [74]
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Gene Protein
symbol name
GJB1 CX32
GJB2 CX26
GJB3 CX31
GJB4 CX30.3
GJBS CX31.1
GJB6 CX30
GJB7 CX25
GJA1 CX43
GJA3 CX46
GJA4 CX37
GJAS CX40
GJA8 CX50
GJA9 CX59
GJA10 CX62
GJClI CX45
GJC2 CX47
GJC3 CX30.2/31.3
GJD2 CX36
GJD3 CX31.9
GJD4 CX40.1




2. Connexin gene structure

The human Connexin family comprises 21 confirmed connexin genes that have tissue and
developmental- specific functions. The Connexin genes show a similar structure, most of them
are made of two exons (Ex1, Ex2), one in-between intron, and 3’ and 5’ untranslated region
(UTR). Ex2 is uninterrupted, however in Cx45 three exons with the coding region in Ex3. Other
connexin genes, like Cx36 gene has its coding region in Ex1 and Ex2, interrupted by an intron.
Other connexins are transcribed by different promotes (Ex1A and Ex1B) resulting in different

transcripts over different tissues (Figure 4). [75]

L D’ " | 5

Exta Exib Ex2

UTR

E
|

Figure 4: Connexin gene structure.[75]

3. Connexin protein structural domains

The membrane topology of Connexins includes tetra-span transmembrane (TM) domains
connected by two Extracellular loops (ECL1 and ECL2) and one intracellular loop (IL), in
addition to cytoplasmic amino (NT) - and carboxy-termini (Figure2). Despite the highly
conserved homology of Cxs, there are important differences in the length and the amino acid

sequence of CT and ICL domains. Connexin-based channels are formed by the oligomerization
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of connexin proteins forming heteromeric (HC consists of more than one Cxs type) and
heterotypic channels (two homomeric channels each made by a different Cxs type). Research
have showed that the NT region is responsible for the oligomerization compatibility between
Cxs. While, the CT domain encloses many phosphorylation sites for GJ regulation and protein-

protein interactions. [75] [76] (Figure5)

E1 EZ2
Extracellular
Flasma membrane
Cytoplasm

CL

NT
cT

Figure 5: Connexin protein structural domains[77]

4. Connexin transcriptional modifications

a. Transcription factor regulation

Transcription factors control connexin gene expression which consists of two or more exons
as mentioned earlier. This transcription is controlled by a combination of tissue specific
transcription factors. An interesting example is the heart, in which Cx40, Cx43, and Cx45 are

differently expressed in the heart chambers and in the conducting system. Cx43 is the sole
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connexin of the ventricular myocardium, whereas Cx43 and Cx40 are co-expressed in the
atria.[78] Connexins are also regulated within very short time frames in fundamental
physiological functions. As an example is the upregulation of Cx43 in the uterus upon labor,

which is necessary for the synchronization of forceful coordinated uterine contractions. [79]

b. Epigenetic regulation at the level of DNA methylation

Cx43 mRNA expression levels are also regulated by histone acetylation, DNA methylation
and micro-RNAs. DNA methylation plays a crucial role in the normal regulation of connexin
expression. An example is the expression of Cx43 instead of Cx32 upon the methylation of Cx32
promoter in the liver epithelium.[80] DNA methylation is also involved in the pathophysiological

conditions, where connexin expression in cancer is altered differently.[81, 82] [83]

5. Connexin post-translational modification

Most Connexins are modified post-translationally through phosphorylation, hydroxylation,
acetylation, ubiquitination, disulfide binding, and nitrosylation. But the most extensively studied
modification of Connexin in undoubtedly phosphorylation. Using different available techniques,
it was demonstrated that Cx phosphorylation is on the CT tail except for Cx26. This step is
important for the correct oligomerization of connexins into connexons thus forming functional

channels and precise traffic of channels to the membrane.[84]
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B. Connexin channel

1. Connexin channel Structure

Six Connexins oligomerize to form hemi-channel, called Connexon which then forms a Gap
junction by docking another hemichannel from adjacent cells. Gap junctions can be either formed
of six identical Cx subunits (Homomeric) or can be formed of six different Cx subunits
(Heteromeric). Gap junction channels may be homotypic, when two identical connexons
assemble, or heterotypic, when two different connexons assemble between adjacent cells. (
Figure 6) [85]. In addition, individual connexons can function as hemi-channels and allow the

diffusion of molecules from ECM to the cytosol.
Heteromaric

H Heteromeric

| Heterotypic
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/ [
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Connexin  Connexon Gap junctions

Figure 6: Gap junction types [85]
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2. Connexin channel Function

At the molecular level, Cx43 have three main functions: Cell- cell communication between
adjacent cells, hemichannel activity, and direct connexin-protein interaction through its C-
terminal to activate different signaling pathways. Each function plays and important role in

normal and patho-physiology.

At the physiological level, Gap junctions play a crucial role in cellular development,
embryonic growth, differentiation and regeneration. Research had mentioned their essential role
in electrical coupling in cardiac tissue, uterine contraction, alveolar differentiation, bone

formation, lens growth, the inner ear, gastrointestinal tract and central nervous system.

C. Connexin 43 in colonic epithelium and cancer

In the gastrointestinal tract, gap junctions are highly expressed especially in the inner circular
layer of the intestinal smooth muscle to coordinate the contractile activity of the gut. In the
normal colonic epithelium, three major connexins have been shown at the protein level, Cx26,
Cx32 and Cx43. The most studied isoform in the contest of intestinal inflammation and motility
is Cx43. In Hireschprung’s disease the gut at certain parts is aganglionic and lack normal
motility. It was found that Cx43 expression is severely reduced or absent leading to decreased
levels of gap junctions, thus explaining the disturbance of colon motility.[86] At the level of
colorectal cancer, loss of Connexin expression or relocalization from the plasma membrane to
the cytosol was suggested. Therefore, Gap junctions lose their main function in colorectal

cancer.[87]
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AIM OF THE STUDY

The aim of the study is to explore the variation of TET2 protein expression in
conditions of colonic inflammation and its transitional state to colon cancer. This
was accomplished by an in-vitro model of IBD, established by treating IECs with
inflammatory mediators or by overregulating and downregulating Cx43 in IECs
which showed to be altered upon inflammation. This was also studied by
screening TET2 expression in IBD and colon cancer archived human colon

tissues.
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MATERIALS AND METHODS

A. Cell lines and culture conditions

In this study, we used human intestinal epithelial cell line (IECs): HT-29, which is a
colorectal adenocarcinoma cell line widely used model of intestinal transport and pathology,
including inflammation. HT-29 cells were previously transduced in our lab with Cx-43
dendra2 lentiviral vectors so that we have HT-29 cells that overexpress Cx43 (HT-29 43D
cells) and HT-29 cells that were transfected with Cx-Sh plasmids to have HT-29 43- cells.
We also used human non-adherent, monocytic cell line (THP-1) and a communication
deficient cell line (HeLa). THP-1 cells were activated with 50ng/ml PMA for 24 hours and
after 80-90% confluency we added 1ug/ml of LPS for 3-4 hours. Cells were left to grow for
72 hours before collecting the Activated THP-1 supernatant (condition media) that was used
to induce inflammation. Cells were maintained in RPMI (HT-29, THP-1), and DMEM AQ
(HeLa). All media were supplied with 10% FBS, 100U/ml penicillin G and 100pg/ml
streptomycin. Cells were cultured at 37 °C in a humidified incubator with 5% CO»

atmosphere.
B. Construction of Cxs-Dendra2 chimeras

Cx43-Dendra2 chimeras were constructed by cloning Connexins (Cxs) into the multiple
cloning site (MCS) of pDendra2-N plasmid. Dendra2 is amonomeric green to red photo
convertible fluorescent protein. Dendra2 was ligated to the C-terminal of the Cxs using Hind
IIT and BamH]1 restriction enzymes. cDNA covering the complete reading frame of Cx26 and

Cx43 were synthesized from 1 u g of total cellular RNA and amplified by Phusion Flash
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High-Fidelity PCR Master Mix. PCR products were separated by electrophoresis on 1%
agarose gel, and visualized with ethidium bromide staining. PCR fragments corresponding to
Cx26-cDNA (780bp), Cx43-cDNA (1171bp), and pDendra2N (4700bp) were excised,
purified, and digested with restriction enzymes. A ligation reaction containing three molar
excess of the purified Cxs-cDNA to pDendra2-N was allowed to proceed for 20 min at room
temperature (RT) using T4 DNA ligase. Aliquots of the ligation reaction were transformed

into DHS « competent bacteria by heat shock. Positive colonies were identified by restriction

enzymes analysis. New constructs within the plasmid were confirmed by sequencing

(Applied Biosystems 3500 Genetic Analyzer, USA).

C. Transduction of IECs with Cxs-Dendra2 lentiviral vectors

For efficient delivery of Cxs-Dendra2 chimeric protein into IECs, we generated lentiviral vectors
by cloning Cxs, N-terminally tagged with Dendra2 into the transfer vector pCSCW under the
control of the CMV promoter. Using calcium phosphate, 293T cells were transfected with three
lentiviral plasmids: pCMVDR&8.91 (containing gag/pol), pVSVG2 (containing the envelope gene
VSV-G) and pCSCW-Cx-Dendra2. The cell supernatant containing the recombinant lentivirus was
collected 48-72 h post transfection, filtered and frozen. To determine the viral titer, HeLa cells
were transduced with the produced virus and the number of fluorescent cells was quantified by
flow cytometry. The titer was extrapolated from the percentage of fluorescent cells, which
correlates directly to the number of transducing viral units present in the supernatant used (tu/ml).
A total of 2x106 virus particles were used to transduce 2x105 IECs. Forty-eight hours later, the
efficiency of transduction was determined by the percentage of fluorescent cells on the plate.

Transduced cells expressing the Cx-Dendra2 fusion proteins were used for biochemical studies.
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D. Fluorescence-Activated Cell Sorting (FACS)

Cultured HT-29 43D cells; previously transduced with Cx43Dendra Lentiviral vectors, were
detached by trypsinization, centrifuged at 100xg to collect the pellet which was then re-
suspended in complete media. Those cells were sorted using FACS Aria SORP sorter (BD

biosciences). Highly positive Dendra2 cells were collected in complete media.

E. Quantitative PCR

Total RNA from confluent HT-29 cell line was extracted using QIAGEN RNeasy Kit as per

the manufacturer’s instructions. 1pg of the total RNA was reverse transcribed to cDNA using
1Q SYBR Green Supermix in a CFX96 system (Bio-Rad Laboratories). kit. Quantitative PCR
(qPCR) products were amplified using primers that recognize Cx43, TET2 and GAPDH. The

primers that are used are listed in Table3.

Table 3: Quantitative PCR primers

Genes Primer sequence

GAPDH F: TGGTGCTCAGTGTAGCCCAG
R: GGACCTGACCTGCCGTCTAG

Cx43 F:CTTCACTACTTTTAAGCAAAAGAG
R: TCCCTCCAGCAGTTGAG

TET2 F: AAGGAGACCCGACTGCAACTG

R: TCTTGAGAGGGTGTGCTGCTG
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F. Western Blot

Cells were washed with PBS and scraped on 4 °C in lysis buffer (0.5M Tris-HCL buffer,
pH6.8, 2%SDS, 20%glycerol, phosphate and protease inhibitors). The samples were loaded
onto 8% SDS-polyacrylamide gel, subjected to electrophoresis, and transferred to PVDF
membrane. Membranes were blocked with 5% fat-free milk and 0.05% Tween in PBS
(TPBS). For western blotting the following antibodies were used: GAPDH, TET2, Cx43,

Dendra, and Actin.
G. Slot Blot

Total DNA from confluent HT-29 cell line was extracted using QIAGEN kit as per
manufacturer’s instructions. DNA samples were diluted to needed increasing concentrations
for the same total volume 25l and denatured at 95°C for 15mins. DNA was then directly
Blotted using vacuum Slot Blot machine on N+ Nylon membrane. DNA was crosslinked
using UV at optimum power. Two membranes were used for same conditions, one stained
with methylene blue and the other blocked with 5% free-fat milk then incubated with 5-hmC

antibody overnight.
H. Immunofluorescence on cells

HT-29 cells were cultured on coverslips, fixed with ice-cold methanol and stored at —20 °C.
Cells were then washed 3X with PBS, and blocked with 5% NGS in PBS for 1 hin a
humidified chamber. Cells were incubated with primary antibody for Cx43, TET2, and 5-
hmC antibodies overnight at 4°C, followed by washing and incubation with IgG-conjugated

secondary antibody (Alexa Fluor 488, Texas red at a concentration of 1 pg/ml) for 1 h. The
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cells were then incubated with DAPI (1 pg/ml) for 10 min to stain their nuclei, washed 3X
with PBS, mounted on slides using Prolong Anti-fade kit and observed using Zeiss LSM710
confocal microscope (Zeiss, Oberkochen, Germany), and images were processed using Zen
2009 (Carl Zeiss). Z-stacks of images were acquired using a 63x/1.46 Oil Plan-Apochromatic

objective.

Immunofluorescence on paraffin embedded tissues

Tissue sections were obtained from normal and IBD and colon cancer patients. All patients
identifiers were kept confidential and no use of identities were utilized in this study. Biopsies
referred to as “normal” were obtained from patients presented with abdominal pain; the
diagnosed biopsies ruled out IBD. After de-parafinization of slide sections, antigen retrieval
was performed by incubating sections in sodium citrate buffer (pH 6.0) and incubated in a
steamer for 40 min. Sections were allowed to cool for 15 min, washed 2X with deionized
H20 and then were incubated with 100% ice-cold methanol at -20 °C for 2 hours. After
several washes, sections were blocked with 5% NGS in PBS for 1 h in a humidified chamber.
Sections were incubated with primary antibodies overnight at 4 °C, followed by washing and
incubation with IgG-conjugated secondary antibody (Alexa 488, Texas red: 1 pg/ml) for 1 h.
The sections were then washed 2X with PBS, mounted with Prolong Anti-fade, and observed
using Zeiss LSM710 confocal microscope (Zeiss, Oberkochen, Germany), and images were
processed using Zen 2009 (Carl Zeiss). Z-stacks of images were acquired using a 63x/1.46
Oil Plan-Apochromatic objective. Z-stacks of images were acquired using a 63x/1.46 Oil

Plan-Apochromatic objective.
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RESULTS
1. Expression and localization of TET2 in cultured intestinal
epithelial cells as an effect of Cx43 regulation and in inflammatory

conditions

TET2 profiling as a function of Cx43 regulation

In our previous research work, our lab showed that Cx43 protein expression is affected with
inflammation. And in order to determine the effect of Cx43 regulation on TET2 expression in
intestinal epithelial cells, screening for TET?2 at the transcriptional, translational and cellular
localization levels was performed. TET2 expression was assessed in the human intestinal
epithelial cell line: HT-29, HT-29 transduced cells with Cx43-dendra, thus overexpressing

Cx43, and HT-29 transfected with shCx43 plasmid, thus downregulating Cx43.

First of all, a western blot was performed to verify Cx43 downregulation in HT-29 43- cells
and the expression of Cx43-Dendra in HT-29 transduced cells (Figure7A). Also we showed
that TET2 expression varied as a function of Cx43 regulation (Figure7). At the transcriptional
level, HT-29 43D cells expressed lower level of TET2 but HT-29 43- cells expressed higher
levels compared to HT-29 cells (Figure 7A). At the protein level, western Blot results in
similar conclusion (Figure 7C, D). This data was further supported by Immunofluorescence

microscopy using TET2 antibody (Figure8).
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Figure 7: TET2 expression as a function of Cx43 regulation in IECs. (A) Western Blot verifying
the down-regulation of Cx43 in HT-29 43- cells and expression of Cx43- Dendra in Ht-29 43D
cells. (B) Histogram representing the normalized expression of TET2 to GAPDH assessed by
qPCR. (B) Representative western Blot of TET2 expression in IECs; HeLa as a positive control
of TET2. (C) Densitometry analysis of western Blot of TET2 expression normalized to GAPDH
in IECs.
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Tile scan Magnified image
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Figure 8: Cellular expression of TET2 by immunofluorescence on HT-29, HT-29 43-, and HT-
2943D. Tile scan and magnified images are represented. Images captured at a 63x/1.46 Oil Plan-
Apochromatic objective. DAPI in blue, TET2 in green.
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2. Regulation of TET2 expression by treatment with conditioned

media from THP-1 supernatant

HT-29, HT29 43D, and HT-29 43- were treated with conditioned media from THP-1
activated cells for 24 hours. The expression levels of TET2 was also assessed at both
transcriptional and protein levels. A significant increase in TET2 expression was detected in

all treated cases at both transcriptional and protein levels (Figure9).
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Figure 9: The effect of treatment with conditioned media for 24 hours on TET2 expression in
IECs. (A) Histogram representing the normalized expression of TET2 to GAPDH assessed by
gPCR. (B) Representative western Blot of TET2 expression in IECs. (C) Densitometry analysis
of western Blot of TET2 expression normalized to GAPDH in IECs.

In addition, we performed an immunofluorescence assay to study the effect of inflammatory
mediators on the expression of TET2 in IECs. Briefly, HT-29, HT-29 43D, and HT-29 43- cells
were either treated or untreated with conditioned media from activated THP-1 cells for 24 hours.
The cells were then fixed and immune-stained by TET2. TET2 expression also recorded an

increase upon the treatment with Conditioned media (Figure 10).
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Figure 10: Cellular expression and expression of TET2 in HT29, HT29 43D, and HT-29 43- cells
with and without treatment with conditioned media from activated THP-1 cells. Images captured
at a 63x/1.46 Oil Plan-Apochromatic objective. DAPI in blue, TET2 in green.
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3. The variation of 5-hmC epigenetic modification mimics TET2

expression

5-hmC is generated from 5-mC by TET2 protein, thus 5-hmC levels represent the functionality
of TET2. We have shown that TET2 expression increases upon Cx43 down regulation and
decreases when Cx43 is up-regulated. In addition, the treatment of IECs with inflammatory

mediators increases TET2 expression.

To further document the activation of TET2, 5-hmC levels were determined by
Immunofluorescence and Slot Blot technique. This data shows that 5-hmC increased in down-
regulated Cx43 cells and increased upon upregulation of Cx43 (Figurell, 12). Also, 5-hmC

levels increased when cells where treated with inflammatory mediators for 24 hours (Figurel2).
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Figure 11: 5-hmC expression in IECs as an effect of Cx43 regulation and treatment. (A) Slot Blot
analysis of 5-hmC expression in DNA extracted from IECs and the methylene blue
corresponding to the concentrations of DNA triplicates. (B) Analysis of 5-hmC dot Blot.
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Figure 12: 5-hmC expression in IECs as an effect of Cx43 regulation and treatment by
Immunofluorescence. Images captured at a 63x/1.46 Oil Plan-Apochromatic objective. DAPI in
blue, 5-hmC in green.
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4. Expression of CD68 in IBD and Cancer human colon tissues

As suspected, CD68 showed to increase significantly in IBD and cancer colon tissues with
respect to the Normal tissues (Figure13). It can be inferred that the inflammation level in IBD, in

correspondence to CD68 expression, is higher than that recorded in cancer colon tissue.
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Figure 13: CD68 expression in Normal, IBD and Cancer tissues. Both tile scan and a magnified
image is represented. Images captured at a 63x/1.46 Oil Plan- Apochromatic objective. DAPI in
blue, CD68 in red.

5. Altered Cx43 expression in IBD and colon cancer

Further, we assessed Cx43 expression by immunofluorescence. Cx43 was observed on the
membrane of adjacent cells of the crypt in normal colon tissue (Figure 14A, B). On the other
hand, Cx43 expression increases in IBD tissue, and their localization is re-distributed to the
apical surface of crypt adjacent cells (Figurel5). In cancer colon tissues, the expression of Cx43
is generally low and it showed to be altered with no definite criteria with respect to normal

tissues (Figurel5).
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Figure 14: Cx43 expression in Normal colon crypt. (A) Shows a tile scan, (B) shows a magnified
image of Cx43 expression. Images captured at a 63x/1.46 Oil Plan-Apochromatic objective.
DAPI in blue, Cx43 in green.
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Figure 15: Cx43 expression in Normal, IBD, and colon cancer human tissues. Images captured at
a 63x/1.46 Oil Plan-Apochromatic objective. DAPI in blue, Cx43 in green.
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6. TET2 expression and localization in Normal human colon tissues

In order to investigate the expression of TET2 in normal colon tissues, immunofluorescence on
paraffin embedded normal colon tissue sections was done. It reveals that TET2 is expressed in
normal colon tissues and it is localized to both nucleus and cytoplasm. This expression is
represented as green dots in the cytoplasm and the nucleus of crypt cells (Figurel6). In attempt to
know the difference between cytoplasmic and nuclear TET2 expression, we counted the dots
corresponding to TET2 presence. For 70-76 nuclear dots a maximum of 16 cytoplasmic dots
were found (Figure 16A). Which means that the nuclear expression of TET2 dominates cytosolic

expression in normal colon tissue.
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Figure 16: TET2 expression and localization in Normal colon tissue. (A) 2D projection image of a Z-stack
of normal colon crypts and a video representing the Z-stack. (B) Two different z-stack positions of the
same image showing the localization of TET?2 at both cytosolic and nuclear positions. Images captured
at a 63x/1.46 Oil Plan-Apochromatic objective. DAPI in blue, TET2 in green.

7. TET2 expression diminished in IBD and Colon cancer tissues.

In the attempt to detect TET2 profile in IBD and colon cancer, immunofluorescence was also
done on IBD and colon cancer tissues. The screening of TET2 in IBD and colon cancer showed a
decrease compared to normal tissues, and it was found that the expression, if present, is localized
to the nucleus (Figurel6). It is important to mention that in Normal colon tissues TET2 is
expressed in all crypt cells, but in IBD many cells do not even express TET2. Thus TET2 is

highly down regulated in IBD and cancer colon tissue.
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This data was further supported by checking TET2 functionality; 5S-hmC. This was done by
immunofluorescence on human colon tissues which enables us to detect 5S-hmC expression in
cells. 5-hmC data mimics that of TET2 data where the level of 5-hmC decreases in IBD and

colon cancer (Figurel7)
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Figure 17: TET2 cellular expression in Normal, IBD and colon cancer human tissue. Arrows
shows some obvious mitotic cells in cancer tissue. Images captured at a 63x/1.46 Oil Plan-
Apochromatic objective. DAPI in blue, TET2 in green.
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DISCUSSION AND CONCLUSION

Epigenetic modifications, including DNA methylation, had been studied widely to determine the
role of epigenetics in IBD and its transformation to colorectal cancer. Research have tried to find
also the correlation between TET family proteins and diseases including IBD and cancer, but no
clear data was published till now. In our study, we chose to focus on the variation of TET2

expression in IBD and cancer.

First, in an in-vivo inflammatory culture model we compared the expression of TET2 between
HT-29, HT-29 43D, and HT-29 43- cell lines. Both transcriptional and protein expression data
showed that TET2 expression increases upon the downregulation of Cx43 but TET2 expression
decreases upon the over-expression of Cx43. In other experiment, IECs were cultured with
activated THP-1 supernatant (condition media) to induce inflammation to IECs. The results show
that TET2 expression increases upon inflammation. It is important to mention that 5-hmC data
(Dot Blot and IF) mimics TET2 data. As mentioned earlier, research had stated a severely
reduced or absent Cx43 expression in IBD and colorectal cancer. [86] [87] Also, it is well known
that as Cx43 expression increases cell lines become more epithelial like cells were as cells lose
their Cx43 they become more cancer like cells. This ensures that Cx43 down-regulation must
mimic an inflammatory culture model which was translated in TET2 expression data. Thus in the
in-vitro inflammatory culture model, TET2 expression showed to increase upon an induced

inflammation.

Second, Immunofluorescence was done on archived human colon tissues. First, CD68, as an

inflammation marker, showed that inflammation level is higher in IBD than in colon cancer
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tissue. This was also the result of Cx43 Immunofluorescence data. Cx43 expression showed to
increase in IBD but become very low in colon cancer tissue. This data ensures the relation
between inflammation and Cx43 expression in colon tissue. At the level of TET2, TET2 protein
expression showed a decrease in IBD and colon cancer tissue with respect to normal colon tissue.

This states that TET2 protein is downregulated in IBD and colon cancer.
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