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ABSTRACT

INVESTIGATION OF THE EFFECT OF SODIUM BUTYRATE ON THE
REGULATION OF CYCLOOXYGENASE-2 IN COLON CANCER CELL
LINES CACO-2 AND HT-29

Ulgen, Dogukan Hazar
M.S., Department of Biology

Supervisor: Assoc. Prof. Dr. Sreeparna Banerjee

February 2015, 103 pages

Sodium butyrate (NaBt) is a four-carbon short-chain fatty acid histone
deacetylase inhibitor (HDACI) that is available in the colon through the
commensal microbiota-mediated fermentation of dietary fibers. It is the main
source of energy for colonocytes, and is regarded to have tumor suppressive
effects, most prominently in colorectal cancer (CRC). Cyclooxygenase-2
(COX-2) is a gene important in the inflammatory response due to its ability to
convert arachidonic acid to prostaglandins. Overexpression and overactivity
of COX-2 were observed in chronic inflammatory diseases and CRC. To
understand whether the expression of COX-2 was regulated through NaBt in
CRC, we treated Caco-2 and HT-29 cells with 3mM NaBt. We observed that
Caco-2 cells treated with 3 mM NaBt showed increased mRNA and protein
expression of COX-2 while a decrease in the same was observed in HT-29
cells. To understand the mechanism behind this dual regulation, we analyzed

the transcriptional regulation of COX-2 through NF-kB. Contrary to our
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expectations, we found that even though the nuclear localization of p65
subunit of NF-kB showed an increase in Caco-2 cells and not in HT-29 cells,
the recruitment of NF-kB to the COX-2 promoter region decreased in Caco-2
cells, and increased in HT-29 cells We therefore hypothesized that COX-2
was regulated post-trascriptionally. We observed that mitogen-activated
protein kinase (MAPK) p38, a pathway that activates a number of proteins
involved in mRNA stabilization, was activated only in Caco-2 cells and not
HT-29 cells. We investigated the downstream signaling and discovered that
the use of distal polyadenylation signal, and the stability of COX-2 were
increased in NaBt-treated Caco-2 cells and decreased in HT-29 cells. We then
showed that the said stability was lost when the p38 activity was inhibited in
Caco-2 cells. The stabilizing AU-rich element binding protein (AREBPs)
HuR was found to decline in the two cell lines, whereas destabilizing AREBP
TTP exhibited a decrease only in Caco-2 cells. Collectively, this study
indicates that NaBt can modify the transcriptome not only through its HDACi
ability but also via the activation of p38-dependent post-transcriptional

regulation networks.

Keywords: Sodium butyrate, cyclooxygenase-2, colorectal cancer, Caco-2,

HT-29, inflammation, NF-«xB, post-transcriptional regulation, p38, HuR, TTP.
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CACO-2 VE HT-29 KOLON KANSERI HUCRE HATLARINDA
SODYUM BUTIRAT MUAMELESININ SIKLOOKSIJENAZ-2
REGULASYONU UZERINE ETKISININ ARASTIRILMASI

Ulgen, Dogukan Hazar
Yiiksek Lisans, Biyoloji Boliimii

Tez Yoneticisi: Dog. Dr. Sreeparna Banerjee

Subat 2015, 103 sayfa

Sodyum biitirat (NaBt), kommensal mikrobiyotanin diyet liflerini
fermentasyonu yoluyla kolonda ortaya ¢ikan, dort karbonlu bir kisa zincir yag
asidi olup ayni1 zamanda bir histon deasetilaz inhibitoriidiir (HDACI).
Kolonositlerin birincil enerji kaynagi olmasinin yanisira, 6zellikle kolorektal
kanser iizerinde Onemli tiimor-baskilayici etkileri oldugu bilinmektedir.
Siklooksijenaz-2 (COX-2), arasidonik asitten prostaglandin sentezini
yonetmesinden dolayi, enflamatuar tepkide Onemli bir gendir, ve kronik
enflamatuar hastaliklar ve kolorektal kanserde overekspresyon ve
overaktivitesi goriilmektedir. Iki farkli kolon kanseri hiicre hatt1 olan Caco-2
ve HT-29’da, 3 mM NaBt muamelesinin, COX-2 mRNA ve protein
seviyelerini farkli sekilde etkiledigi bulgusunu elde ettikten sonra, bu
regiilasyonun ardinda yatan mekanizmay1 bulmak i¢in ¢abaladik. NF-kB’nin
p65 altbiriminin niikleer lokalizasyonunun Caco-2’de artmasina ve HT-29’da

degismemesine ragmen NF-kB’nin COX-2 promotoruna ¢agirilmasinin Caco-
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2’de azaldigi, HT-29’da ise arttig1 sonucuna vardik. p38 proteininin, NaBt
muamelesi sonucunda sadece Caco-2’de aktive edildigini gordiikten sonra,
takip eden sinyal yolaklarini inceledik ve Caco-2 hiicrelerinde, COX-2
mRNA’sinin distal poliadenilasyon sinyali kullaniminda ve stabilitesinde bir
artis gdzlemledik. Yine Caco-2 hiicrelerinde, isbu stabilitenin, p38 aktivitesi
inhibe edildiginde yok oldugunu gosterdik. Stabilize edici AU-bol bdlge
baglayict protein (AREBP) HuR’un seviyelerinin iki hiicrede NaBt
muamelesiyle azaldigi, ancak destabilize edici AREBP TTP seviyesinin
sadece Caco-2 hiicrelerinde azaldigin1 gozlemledik. Sonug itibariyle bu
calisma, NaBt’nin hiicre transkriptomunu bilinen HDACi 6zelliginin yanisira,
p38 aktivasyonu yoluyla beliren post-transkripsiyonel regiilasyonlar

aracilifiyla da etkiledigini gostermektedir.

Anabhtar kelimeler: sodyum biitirat, siklooksijenaz-2, kolorektal kanser, Caco-

2, HT-29, enflamasyon, NF-kB, post-transkripsiyonel regiilasyon, HuR, TTP.
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CHAPTER 1

INTRODUCTION

1.1 Colorectal cancer

Colorectal cancer (CRC), described as the cancer of the colon or rectum, is
the third leading cause of cancer-related deaths in the United States regardless
of gender, preceded only by lung cancer in both genders; prostate cancer in
males and breast cancer in females (Siegel, Naishadham, and Jemal 2013;
American Cancer Society 2014). CRC is highly prevalent, with a 5% risk of
developing worldwide. Although there is a degree of inheritance associated
with CRC, many of the risk factors are lifestyle-related. Diets low in fiber-
containing fruits, vegetables, and high in over-cooked meats are linked to
high risk of developing CRC. Thus, it has been recognized that, being a
cancer of the gastroinstestinal tract, CRC is extensively associated with the
food metabolism of the body and that fiber-rich food has a protective effect
(Bultman 2014).

CRC has an established model of progression and mutations. Fodde et al.
suggested that in order to develop into cancer, an intestinal cell must first
acquire the selective advantage to allow for the initial clonal expansion and
the genetic instability to either abrogate the activity of tumor suppressors or

reinforce genes responsible for malignant transformation (Fodde, Smits, and
1



Clevers 2001). From the normal mucosa to adenomatous polyps and then to
adenomas (Figure 1.1), it was proposed that the cells should inactivate tumor
suppressor proteins such as APC and p53; and activate transcription factors
such as NF-kB (described in section 1.2.2), AP-1, K-Ras, and SMAD4
(Brosens et al. 2005). Originating from a tissue that has a high turnover rate, it
is hardly surprising that CRC also possesses a high mutation rate (Greenman

et al. 2007).

adenocarcinoma

severe
dysplasia
(pre-cancerous
palyp)

adenomatous polyps:

large
hyper- small

proliferation

L Bonlgn Il Malignant

Figure 1.1 Progression of CRC; retrieved from (“From Polyp to Cancer”

2014).

When considering colorectal cancer progression, it is important to bear in
mind that the colon is not a sterile environment; it is home to an array of
bacterial strains that collectively constitute the microbiota. Commensal

microbiota contributes to the health of colon through many processes



including the production of short-chain fatty acids such as acetate, propionate,
and butyrate (please see section 1.4). The presence of bacteria leads to an
induction of T- and B-cells of the immune system; however, this activation of
the immune system is regarded as limited, and the colon is thought to be in a
state of controlled inflammation where the commensal bacteria are tolerated
(Cebra 1999). Moreover, a strong barrier function in the intestine keeps the
bacterial population separate from the stroma. As will be discussed in section
1.2.2, a constant, low-level inflammation that does not resolve in the event of
a breach in the barrier function might result in tissue damage that in turn leads
to CRC transformation (Scanlan et al. 2008). Therefore, the regulation of
immune response to the microbiota plays a key role in the homeostasis of the
colon, and evidence suggests that such regulation can be exerted by the cross-
talk of different strains of bacteria. To illustrate, a study showed that when
germ-free mice were inoculated with Bifidobacterium adolescentis or
Bacteroidetes thetaiotaomicron, immune response was generated only to B.
thetaiotaomicron; however, a co-inoculation of the two strains relieved this
response against B. thetaiotaomicron, implying that presence of B.
adolescentis adjusted the humoral immunity against another strain (Scharek et
al. 2000). Consequently, the products of bacterial metabolism (short-chain
fatty acids, reactive oxygen species, etc.), cross-talk between different strains,
and the regulation of the immune response are means by which microbiota
constitution might influence CRC transformation and progression (Hope et al.
2005). Despite the fact that every individual has a unique constitution of
microbiota in their colon, the identity, number, and the percentile of the

residents appear important for a healthy colon (Sears and Garrett 2014).

Having been studied for many years, a number of in vitro model cell lines are
available for CRC. In this study, Caco-2 and HT-29 cell lines were used, both
of which were isolated in 1977 (Fogh et al. 1977).



1.1.1 Caco-2 cell line

A human colon adenocarcinoma cell line, Caco-2 cells are less potent,
invasive and metastatic. As is the case for most CRC cell lines, Caco-2 cells
grow in monolayers in vitro. These cells show increased dependence on fetal
bovine serum in the medium; requiring two-fold of the usual concentration,
and can spontaneously differentiate to enterocyte-like cells showing cell
polarity and expressing small intestinal hydrolase enzymes (Pinto et al. 1983).
The cell line possesses a high level of heterogeneity in culture, which is
visible through a microscope. Being a rather heterogeneous cell line, there is a
possibility that different labs working on it may have different subpopulations
of Caco-2 that dominated the culture in the earlier propagations, and this may
lead to non-comparable results. Therefore, to generate more analogous
results, efforts have been made to establish standard culture conditions and

the number of passages (Sambuy et al. 2005).

1.1.2 HT-29 cell line

HT-29 cells were isolated from a 44 year-old Caucasian female with
colorectal adenocarcinoma (American Tissue Culture Collection 2014).
Compared to Caco-2, HT-29 is a more aggressive cell line with a lesser
requirement for growth factors in vitro. Although there are subpopulations
with higher metastatic potential, HT-29 cells, relative to the other CRC cell
lines, are generally regarded as less metastatic (Haier, Nasralla, and Nicolson
1999). Unlike Caco-2 cells, HT-29 cells do not undergo enterocytic
differentiation spontaneously; rather, a glucose-free medium is required to
induce the process (Zweibaum et al. 1985). The morphologies of the Caco-2
and HT-29 cells can be seen in Figure 1.2.



Scale Bar = 100pm

Figure 1.2 Morphology of Caco-2 (A) and HT-29 (B) cells. Adapted from
ATCC.

1.2 Inflammation

A wound and the subsequent pathogen entry through the wound trigger a
sophisticated network of molecular signaling within the body, whose ultimate
purpose is to clear the pathogens at the site of infection (Medzhitov 2008). Its
name comes from the “in-flamed” appearance of the site of injury due to an
increase in the speed of the blood supply. Inflammation helps in the
recruitment of leukocytes, cells of innate immune system specialized to
exterminate pathogens, to the site of infection, guiding them by a gradient of

chemokines. The leukocytes are then required to migrate out of the blood



vessel by a process known as extravasation (Middleton et al. 2002). Once the
pathogenic threat is cleared by the leukocytes, inflammation recedes and with
the aid of growth factors, epithelial cells are given clearance to migrate and

proliferate to fill up the wound.

The proteins integral to the generation and sustainability of the inflammatory
response are called pro-inflammatory proteins. Pro-inflammatory proteins can
be exemplified by cytokines interleukin-13 (IL-1B), IL-6, TNF-a; enzymes
such as cyclooxygenase-2; and the transcription factors nuclear factor kappa
B (NF-kB, see section 1.2.3) and activator protein-1 (AP-1) (Adcock and
Caramori 2001). The subsequent inactivation of inflammatory responses is
regulated by anti-inflammatory proteins. Generally, anti-inflammatory
proteins operate by counter-acting against the activity of pro-inflammatory

proteins; and as a result, inflammation is resolved.

Healthy inflammation should progress acutely, dwindling as soon as the
pathogen threat is removed (Buckley et al. 2013). The resolution of
inflammation is required since prolonged inflammation interferes with wound
healing. Furthermore, as will be described in section 1.2.2, a constant, low-
level inflammatory environment is thought to promote neoplastic
transformation (Coussens and Werb 2002). That inflammation can be rather
destructive to the body itself necessitates extensive regulation of the genes

involved in inflammatory response.

1.2.1 Regulation of inflammatory genes

Two master regulators of the inflammatory response are the transcription
factors NF-xkB and AP-1, whose downstream target genes comprise a large
group of pro-inflammatory genes (Wegener and Krappmann 2008; Karin, Liu,
and Zandi 1997). However, the time required for the transcription of pro-

inflammatory mRNAs and successive translation is rather long; and as stated



earlier, a more acute, rapid response is required for inflammation. Thus, many
inflammatory genes are regulated not only at the transcriptional level but
post-transcriptional, translational and post-translational level, as well (Bhatt
and Ghosh 2014; Saccani, Pantano, and Natoli 2002; O’Connell, Rao, and
Baltimore 2012). Post-transcriptional regulation provides rapid response
owing to the lack of dependence on the production of new mRNA.
Translational regulation ensures the fine-tuning of the inflammatory protein
levels that rapidly increase when needed and diminish when not. Post-
translational regulation supplies a second level of regulation over the activity

of inflammatory proteins, so that they can be turned on or off swiftly.

1.2.2 Chronic inflammation-cancer relationship

The inflammatory environment presents a harsh living condition for the
adjacent cells. Reactive oxygen and nitrogen species are utilized by
leukocytes as a weapon against pathogens (Bryan et al. 2012). As described
earlier, inflammation also involves anti-apoptotic signals, pioneered by NF-
kB, which provides survival signals to the surrounding tissue. On the other
hand, if inflammation cannot be resolved and instead continues to exist at a
low level (referred to as chronic inflammation), these mechanisms may also
favor cancer progression and survival, respectively. Indeed, leukocytes had
been observed within tumors by Rudolf Virchow in the 19" century. Since
then, more and more evidence connects inflammation to cancer, with 20% of
all cancer incidences attributed to chronic inflammation (Grivennikov,
Greten, and Karin 2010). The relationship is much more prominent in the case
of CRC, since 95% of CRC cases also show chronic inflammation (Siegel,
Naishadham, and Jemal 2012). Keeping in mind the constant risk of
microbiota in the colon running rogue and causing inflammation, these

statistics are hardly surprising for CRC.



Whether inflammation precedes or succeeds tumor transformation or
progression was initially a matter of debate; however, it is now understood
that chronic inflammation might play a role in both of the cases. Before
tumorigenic transformation, the required mutations are accelerated by
genomic instability and epigenetic modifications exerted in the inflammatory
milieu. Induction of growth factor-mediated tissue repair facilitates the
proliferation of transformed cells; and the rapid proliferation, in turn, also
contributes to the genomic instability. Upon passing the threshold up to which
the blood supply can feed the early tumor, cells located inside the solid
tumors undergo necrosis and the resulting release of IL-1 and high mobility
group protein-1 (HMGB-1) ensures an angiogenic effect mediated by
inflammation (Vakkila and Lotze 2004). The “wounds that do not heal”
(Flier, Underhill, and Dvorak 1986), tumors both draw on and promote a low-

level inflammation (Grivennikov, Greten, and Karin 2010).

1.2.3 NF-k B Pathway

A potent activator of inflammatory responses, the NF-xB family of proteins
was first discovered in David Baltimore’s laboratory, and is characterized by
its ability to bind immunoglobulin k light chain enhancer sequences (Sen and
Baltimore 1986). The family is divided into two classes with reference to the

domains their proteins carry (Figure 1.3);

1. Class I contains NFKB1 and NFKB2 genes, which code for p105 and
pl02, respectively. After translation, these proteins undergo
proteolytic cleavage to yield p50 and p52, which are the functional
counterparts.

2. Class II is also known as the Rel-group of proteins due to the
homology they share with the retroviral oncoprotein v-Rel; and
although class I proteins also share this homology, class II took the

name because its proteins were discovered earlier. This class is
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comprised of RELA, RELB and c-Rel; RELA encodes the protein
po5.

RelA
RelB

Rel c-Rel RHD TAD
Dorsal
Dif

p50/p105

NF-xB  p52/p100 RHD “““I
Relish | 9

Figure 1.3 Schematic representation of the two classes of NF-kB proteins.
NF-«xB (Class I) class contains a Rel-homology domain followed by several
ankyrin repeats towards the N-terminus. Rel (Class II) class is equiped with a
transactivation domain instead of the ankyrin repeats of Class I. Adapted from

(Gilmore 2006).

The proteins from both classes can either homodimerize or heterodimerize.
Since they possess a transactivation domain, the homo- and heterodimers
containing at least one subunit from Class II are assumed to have the ability to
induce transcription; although this may not be true all the time (Paz-priel et al.
2013). Conversely, dimers of class I proteins are regarded as repressive due to
the inability of ankyrin repeats to recruit proteins important in transcription

Initiation.



NF-kB can bind DNA from the decameric sequence 5’-GGGRNWYYCC-3’
where N is any nucleotide; W is A or T; and Y is C or T. Sequences on DNA
conforming to the above formula are called NF-kB-response elements and are
usually found in the promoters of pro-inflammatory genes, as well as NF-xB

genes themselves.

The name NF-«xB usually refers to the canonical heterodimer of p65 and p50,
and the heterodimer is sequestered in the cytoplasm by a family of proteins
called inhibitor of k-B (IxB). Upon stimulation by pathogens, UV exposure or
stress stimuli (Aggarwal 2004), IkBa is phosphorylated by IkB kinases (IKK)
on serine residues 32 and 36, which renders the protein a target for ubiquitin-
proteasome degradation system (Traenckner et al. 1995). Now free of the
repression, NF-kB translocates into nucleus, being able to induce transcription
of NF-kB-responsive inflammatory genes, as well as transcription of its own
genes. Along with the genes responsible for the required physiological
response, NF-kB also increases the transcription of its repressor that is IKBa,
in the case of the canonical p65-p50 heterodimer, thereby ensuring that NF-
kB response is not preserved at the same level (Scott et al. 1993). While
active, NF-kB increases the transcription of cytokines and proteins involved

in eicosanoid cascade such as 5-lipoxygenase and cyclooxygenase-2 (Pahl
1999).

Since the inflammatory environment can be severely damaging to the
surrounding cells, NF-xB also inhibits p53-mediated apoptosis and
upregulates the transcription of several anti-apoptotic genes of the Bcl-2
family, promoting the survival of cells in the vicinity (Pahl 1999). These same
pro-survival capabilities of NF-kB confer a strong oncogenic role to the
protein. Indeed, NF-«xB activity was observed to peak in many types of human

cancers ranging from CRC to lymphomas (Staudt 2010).

10



1.2.4 Cyclooxygenase-2

Synthesized from the transcript of the gene prostaglandin-endoperoxidase
synthase-2 (PTSG-2), cyclooxygenase-2 (COX-2) catalyzes the conversion of
arachidonic acid to PGG,; the key regulatory step in the anabolism of
prostaglandins, most prominently PGE, (Park, Pillinger, and Abramson 2006).
Despite catalyzing the same reaction with COX-1, unlike COX-1, COX-2 is
not ubiquitously expressed; it is upregulated upon pathogen stimuli, nitric
oxide, irradiation or cytokines, and once such signals cease, the levels of
COX-2 are rapidly brought down (Harper and Tyson-Capper 2008). As
described beforehand, COX-2 is among many inflammatory genes whose
expression and activity are highly regulated both transcriptionally and post-
transcriptionally and COX-2 mRNA is known to be regulated by microRNAs
and mRNA binding proteins (see section 1.3) via its 3’-untranslated region
(UTR). Furthermore, COX-2 transcript possesses two distinct polyadenylation
signals, the utilization of which yield either a shorter 3’'UTR containing
relatively less regulatory sites; or a longer 3’UTR having more regulatory

sites (Hall-Pogar et al. 2005) (Figure 1.4).
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Figure 1.4 COX-2 mRNA can be regulated by mRNA binding proteins
CUGBP2 (A), HuR/TTP (B), miRNAs (C), and alternative polyadenylation
(C, D). Adapted from (Harper and Tyson-Capper 2008).

COX-2 mRNA levels and activity were observed to be increased in 85% of all
CRC incidences (Eberhart et al. 1994). The first evidence that COX-2 activity
was important in CRC came to light from a patient whose rectal polyps
receded while he was prescribed a combination of indomethacin and sulindac
for pain relief (Waddell and Loughry 1983). The studies that followed
revealed that 10-15 years intake of the non-steroidal anti-inflammatory drug
(NSAID) aspirin, which is an inhibitor of both COX-1 and COX-2, reduces
the risk of developing CRC by up to 50% (Giovannucci et al. 1994; Ricchi et
al. 2003). However, the clinically available COX-2 selective inhibitors
celecoxib and rofecoxib have been shown to be more powerful
chemotherapeutic agents than NSAIDs, suggesting that the inhibition of

COX-2 could be the cause of NSAID-mediated cancer regression (Roelofs et
12




al. 2014). In a study using transgenic mice, it was demonstrated that
overexpression of COX-2 alone could induce tumorigenesis (Liu et al. 2001).
Overexpression of COX-2 also led to a marked elevation in the levels of
BCL-2 in rat intestinal epithelial cells; and matrix metalloproteinases, whose
expression is usually linked to an elevation in cell migration and invasion

(Tsujii and DuBois 1995; Tsujii, Kawano, and DuBois 1997).

1.3 mRNA stability of inflammatory genes

mRNAs of many inflammatory genes, along with those of other genes that
need a stringent translational control to regulate the protein activity, possess
3’UTR regulatory elements known as AU-rich elements (ARE). AREs are
defined as 5’-AUUUA-3" motifs near U-rich regions in 3’UTRs and are
known to recruit proteins collectively referred to as ARE-binding proteins
(AREBP) (Malter 1989). AREBPs may act to confer either stability or
instability to the mRNAs they bind to, depending on the identity of the
protein. To illustrate, HuR increases the stability of its bound mRNA,
whereas AUFI1, TIA-1, TIAR, and Tristetraprolin (TTP) can render it
vulnerable to deadenylation of the polyA tail by 3’-exonucleases and the
subsequent degradation of mRNA (Beelman and Parker 1995). HuR and TTP

are explored further in sections 1.3.2 and 1.3.3, respectively.

Some of the less-investigated proteins that were found to bind ARE probes in
electrophoretic mobility shift assays include hnRNP AO-1, poly-A binding
protein, glyceraldehyde-3-phosphate dehydrogenase, enoyl-CoA hydratase,
heat shock proteins hsp70 and hsp110, and CUGBP2 (Dean et al. 2004).
Whether these findings are relevant or just artifacts of in vitro studies remains

to be assessed.
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1.3.1 Involvement of p38 mitogen-activated protein kinase pathway in
mRNA stability

The p38 group of mitogen-activated protein kinases (MAPK) was identified
when it was found that upon stress or heat shock, a different signaling cascade
involving a novel MAPK, p38, was getting activated (Rouse et al. 1994). Four
isoforms have been acknowledged, two of which (o and ) are ubiquitously
expressed, with the expression of the remaining two (y and §) being restricted
to the brain. Heat, UV exposure, osmotic shock, inflammatory cytokines
TNF-a and IL-1, and growth factor CSF-1 are all stimuli by which p38 can be
turned on. Upon activation, p38 can phosphorylate MAPK-activated protein
kinase-2 (MK2) and/or transcription factors such as p53 and C/EBP. As a
result of this plethora of downstream targets, p38 signaling may influence
many cellular events ranging from development, differentiation, cell cycle,

apoptosis and inflammation (Zarubin and Han 2005) (Figure 1.5).
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Figure 1.5 The p38 MAPK pathway. Adapted from (Novus Biologicals 2014)
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p38 signaling is known to induce TNF-a and IL-1 production and COX-2
activity (W. Chen et al. 2001). It was later found that AREBPs HuR and TTP
(see sections 1.3.2 and 1.3.3) are regulated by MK2, implying a role for p38
in mRNA stability of these proteins (F. Chen, Shyu, and Shneider 2011;
Sawaoka et al. 2003). Indeed, TNF-a and COX-2 mRNAs have AREs in their
3’UTR (Espel 2005). p38a/B inhibitors SB 203580 and SB 202190 were
shown to inhibit inflammatory cytokine production, further corroborating that
mRNA stability through p38 plays a considerable role in inflammatory
responses (Badger et al. 1996).

1.3.2 HuR

Belonging to the family of embryonic lethal abnormal vision-like (ELAVL)
proteins, HuR, or ELAVLI is a crucial gene in the post-transcriptional
regulation of ARE-containing mRNAs. The other members of the family,
HuB, HuC and HuD have a brain-restricted tissue expression profile, whereas
HuR is expressed in the intestine, thymus, spleen, and gonads (Lu and
Schneider 2004). It is a 34 kDa protein that is predominantly localized in the
nucleus (Xinhao Cynthia Fan and Steitz 1998). Upon p38-mediated activation
of MK2, cyclin-dependent kinase-1 (Cdk1) is phosphorylated by MK2, which
in turn phosphorylates HuR, promoting its translocation to the cytoplasm
(Filippova et al. 2012). Now in cytoplasm, HuR can bind the AREs of mature

transcripts and enhance their stability.

Overexpression of HuR in mouse NIH 3T3 cells was found to stabilize c-fos
mRNA; however, this stability was not derived from the prevention of
deadenylation of the polyA tail, as it was observed that there were
deadenylated mRNAs in the stable mRNA pool (Peng et al. 1998). Likewise,
an RNAi-utilized depletion of HuR resulted in a drop in mRNA levels of

inflammatory cytokines, concurrent with a decline in protein levels. Another
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intriguing finding was that muscle differentiation was severely inhibited upon

HuR depletion (Van Der Giessen et al. 2003).

It is now an established notion that cytoplasmic HuR can stabilize ARE-
containing mRNAs. Although the exact mechanism is still to be elucidated,
shuttling of the protein between the nucleus and cytoplasm appears to be
related to the hinge region between residues 205 and 237. It was reported that

206 21 .
or Arg”" residues, can promote mRNA

HuR, when methylated at its Arg
stability, implying that protein-protein interactions through the hinge region,
and thus the shuttling and successive activity of the protein, can be modified

(Li et al. 2002).

1.3.3 TTP

A protein with three tetraproline (PPPP) motifs, TTP is able to bind mRNAs
at their 3°’UTR AREs through two zinc-finger motifs (DuBois et al. 1990). It
is a 36 kDa phosphoprotein whose expression is generally restricted to T
lymphocytes, monocytes and macrophages (Ogawa et al. 2003). The
deduction derived from the expression profile that TTP was important in
innate immunity was substantiated when it was observed that TTP-null mice
suffered from an inflammatory syndrome that arose from increased stability
of TNF-a mRNA (Carballo, Gilkeson, and Blackshear 1997). Like HuR, TTP
is also sequestered in nucleus, with a small fraction being in the cytoplasm.
Upon direct phosphorylation by MK2 of the Ser”> and Ser'"® residues, nuclear
TTP translocates into cytoplasm; however, unlike HuR, phosphorylated TTP
loses its ability to bind AREs and instead are bound and kept in check by
inhibitory 14-3-3 proteins (Chrestensen et al. 2004). One study revealed that
degradation, but not the phosphorylation of the protein, is prevented by
MG132, an inhibitor of 20S/26S proteasome, indicating phosphorylation of
TTP does not precede ubiquitination and consequent degradation. The 14-3-3
binding kept TTP away from the stress granules and proteasomes, thereby
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contributing to the stability, but not the activity of the protein (Brook et al.
2006). Hence, the p38-MK2 signaling improves mRNA stability by two
separate means: by increasing the activity of stabilizing AREBP HuR, and by
inhibiting the binding of destabilizing protein TTP to the AREs.

The seemingly counterintuitive effect of inflammatory p38 signaling over
TTP; promoting the stability of the protein itself, is, in fact, another
remarkable process by which pro-inflammatory signals are stringently
regulated. It was proposed by Brook et al. that as soon as the inflammatory
signals abate, mRNAs with AREs are actively destabilized by the now
restored action of TTP (Brook et al. 2006). Since TTP is already at the
location where it is functional, i.e., the cytoplasm, inflammation is resolved

rapidly, without the need to anticipate the translocation of TTP.

HuR and TTP can regulate COX-2 mRNA stability through a number of
AREs present in its 3’UTR. In the progression of CRC, it was observed that
HuR activity was elevated, whereas TTP activity subsided; these phenomena
were concurrent with the elevation of COX-2 mRNA levels (D. A. Dixon et
al. 2001; L. E. Y. and D. A. Dixon 2010). However, despite its strong
correlation with CRC, constitutive activity of p38 does not always occur in all
cancer types, indicating that other signaling mechanisms are also in place to

regulate the stability of the COX-2 mRNA (Comes et al. 2007).

1.4 Short-chain fatty acids

Compounds with fatty acid tails having less than six carbons are defined as

short-chain fatty acids (SCFAs) (Cummings 1981). The most prominent

members include acetic acid, propionic acid, and butyric acid; and their

conjugate bases, acetate, propionate, and butyrate respectively, which are the

compounds present in the body (Topping and Clifton 2001). SCFAs are
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produced by the commensal microbiota present in the colon, through the
fermentation of dietary fibers (Fung et al. 2012). There have been studies
where SCFA production from mammalian tissues is implicated, however, the
majority of the SCFAs are still derived from fiber fermentation. As a result,
diet and microbiota composition of the individuals significantly influence the

production of SCFAs.

The otherwise unavailable source of carbon-derived energy in fibers can be
harvested in the body via B-oxidation of SCFAs. Depending on the production
levels, 5-15% of the caloric requirement of the whole body can be contributed
by SCFAs. The contribution of SCFAs to the mammalian energy requirement
is the highest in the colon, as colonocytes preferably use butyrate over
glucose and other fatty acids as an energy source. Liver and muscle cells can
also utilize butyrate to obtain energy, but this is less favored (Velazquez,

Lederer, and Rombeau 1997).

All SCFAs can be absorbed actively through their respective carrier proteins
on the apical membrane, or passively through diffusion. The transport is
highest in the ascending colon, where the SCFA concentration is reported to
be in the range of 13-130 mM (Cummings et al. 1987). Among the SCFAs,
acetate is predominant, and butyrate is the lowest. The bulk of the absorbed
butyrate is used by the colonic epithelium, which results in yet lower portal
levels, and the remaining levels are brought down even more by the liver. The
venous concentration of butyrate is thus the lowest, as compared to the other
SCFAs, ranging from 0.5 uM to 3.3 uM, while acetate, for example, has a
serum concentration of 98-143 uM (Wolever et al. 1997).

Despite acetate being the most prominent, butyrate has been studied the most

extensively due to its potential anti-tumorigenic effects.
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1.4.1 Sodium butyrate (NaBt): effects in normal cells and cancer cells

The sodium salt of butyrate, NaBt is an SCFA consisting of a four carbon-
long fatty acid chain (Figure 1.6). In the colon, 60% of the mucin-adhered
microbiota belongs to the Clostridium cluster XIVa, whose members are

responsible for the production of virtually all the butyrate present in the colon
(Van den Abbeele et al. 2013).

ONa

Figure 1.6 Chemical formula of NaBt. Taken from (Selleck Chem 2014).

Produced from bacterial fermentation, butyrate is used as the primary energy
source by the colonocytes, another indication of the co-evolution humans
went through with the microbiota (Donohoe et al. 2011). However, this is not
the only physiological function of butyrate. The fatty acid is also crucial in

colonic homeostasis, as it promotes the integrity of the mucosal barrier;
20



modulates immune and inflammatory responses; moderates fluid and
electrolyte flux; regulates colonic motility, cell growth and differentiation
(Figure 1.7). In the case of tumorigenic transformation, NaBt takes up new
roles, presumably due to the shift of energy metabolism in cancer cells. Due
to the Warburg effect, glucose is selectively used to obtain energy, which
results in accumulated concentrations of NaBt in the cell (Donohoe et al.
2012). The lower extent of NaBt metabolism in turn yields the new roles such
as induction of apoptosis and differentiation; inhibition of proliferation, cell
cycle, angiogenesis and histone deacetylase (HDAC) activity (Candido,
Reeves, and Davie 1978).

Normal colon Colorectal tumour

. . Induces apoptosis
Promotes the integrity pop

of the mucosal barrier

Inhibits proliferation
Modulates the immune and
inflammatory response \
— > Induces differentiation
Moderates fluid and «e—

electrolyte flux \
/ Inhibits the cell cycle

Regulates colonic motility
Inhibits HDAC activity

Regulates cell growth and

differentiation I . .
Inhibits angiogenesis

Figure 1.7 The range of effects of butyrate in normal versus CRC cells.

Adapted from (Fung et al. 2012).
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Among the tumor-induced effects of NaBt, HDAC inhibition is the most
studied. Acetylated histones correspond to a more relaxed chromatin
topography that is more accommodating to the transcription initiation
complex; therefore, prevention of deacetylation by NaBt leads to a global
increase in transcription; some direct targets being the Cdk inhibitor p21 and
pro-apoptotic genes such as BAX and FAS (H M Hamer et al. 2008). NaBt
can also modulate colonocyte differentiation through the regulation of genes

such as mucins and intestinal alkaline phosphatases (Gum et al. 1987).

Chronic inflammation was also suggested to be relieved to an extent by NaBt,
through a reduction in the expression of IL-8 and inhibition of nitric oxide
synthase (Huang et al. 1997). Acetylated p65 subunits of NF-«kB are proposed
to be more prone to IkB-mediated inhibition, and since there is evidence
suggesting that deacetylase-inhibitory effects of NaBt might not be confined
to HDACs only, it is reasonable to assume that NF-kB activity is also
modulated by NaBt (Kiernan et al. 2003). Aside from these, NaBt was also
found to inhibit transcription of c-myc and HIF-la, thereby inhibiting
important promoters of tumorigenesis and angiogenesis, respectively (Heruth
et al. 1993; Zgouras et al. 2003). These effects collectively reduce the
survivability and the proliferation of cancer cells; and today, NaBt is being
used as adjuvant in CRC treatment (Food and Drug Administration 2015).
Although there are numerous studies conducted on NaBt alleviating different
types of cancer in vitro, probably only those involving CRC cell lines hold
relevance, as NaBt has a rather low concentration in the blood stream and the
only location where it has a physiologically relevant concentration is the

colon (Bultman 2014).

1.4.2 Outcome of NaBt treatment: is it always working?

Being highly selective for cancer cells and having a wide variety of effects by
which chronic inflammation can be relieved, NaBt holds promise as a
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chemotherapeutic against cancer and inflammatory diseases. On the other
hand, not all patients receiving NaBt appear to be responding to the treatment.
To illustrate, one study revealed that patients with ulcerative colitis in
remission do not gain significantly beneficial effects upon NaBt treatment
(Henrike M. Hamer et al. 2010). Mariadason et al. revealed that
spontaneously differentiating Caco-2 cells gradually become more resistant to
NaBt, postulating that this may have resulted from the increased metabolism
of NaBt in the differentiated cells (Mariadason et al. 2001). It appears that
availability of other inter-/intracellular factors and substrates, inflammatory
conditions in the environment, differentiation status of the cell, and the
constitution of microbiota influence the outcome of the treatment and whether
a patient will benefit from it. Although there is no reported case of NaBt
exacerbating the disease, the aforementioned ambiguity raises questions

regarding NaBt’s use as a chemotherapeutic drug.

1.5  Aim of the Study

Understanding the subtle molecular differences between CRC cell lines upon
NaBt treatment is important to reveal as to why some patients do not benefit

from NaBt use. Focusing on inflammation;

* We observed a differential regulation of the mRNA and protein levels
of the highly inflammatory gene COX-2 upon NaBt treatment in two
CRC cell lines; Caco-2 and HT-29.

* We then set out to investigate what this regulation entails and found
that post-transcriptional, rather than transcriptional, regulation was

more determining.
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* The post-transcriptional regulation was conferred by the activation of

p38 pathway in Caco-2 cells, which was lacking in NaBt-treated HT-
29 cells.

This study illustrates that NaBt, though an HDACI, can also influence p38-

driven mRNA stability of COX-2, which in turn leads to an increase in the

protein levels.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Cell culture

Caco-2 and HT-29 cells were purchased from SAP Enstitiisii (Ankara,
Turkey). Caco-2 cells were grown in Eagle’s minimum essential medium
(EMEM) (Biochrom AG, Germany) supplemented with 1% penicillin-
streptomycin, 2 mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 mM non-
essential amino acids, 1 mM sodium pyruvate, and 20% fetal bovine serum
(FBS). HT-29 cells were grown in McCoy’s 5A medium (Biochrom AG,
Germany), with 1% penicillin-streptomycin, 2 mM L-glutamine, and 10%

FBS. Both cell lines were incubated at 37 °C, with 5% CO.,.

2.2 Treatments

Sodium butyrate (Sigma-Aldrich, Germany) was prepared fresh as a stock
solution of 100 mM in cell culture-grade PBS, kept at -20 °C, and utilized in
the treatments of 48 h with concentrations ranging between 1-5 mM in

complete media. To prevent oxidation, the aliquots were stored under argon.
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SB 202190 (Tocris Bioscience, United Kingdom) was prepared as a 100 mM
stock in DMSO and stored in aliquots to avoid freeze-thaw cycles. Before
use, the stock was further diluted to 10 mM, and the treatments, at a final

concentration of 10 uM, were done in serum-free media for 30 min.

Actinomycin D (Tocris Bioscience, United Kingdom) was prepared as 1
mg/ml stocks and aliquots were stored at -20 °C. Treatments were done in
serum-free media after the pre-treatments with the appropriate chemicals, at

the final concentration of 1 pg/ml for 30 min.

The scheme for the treatments can be found in Figure 2.1.

48 h '30 min' 0-4 h

NaBt SBor Actinomycin D
SB + NaBt

Figure 2.1 Plan followed for the treatments. If the cells are to be treated with
SB 202190 (SB), they are pre-treated with NaBt for 48 h. For actinomycin D
experiments, all the cells (untreated, NaBt-treated, SB-treated, or SB+NaBt
treated) were treated with actinomycin D after the time required for other

treatments ended. Cells were then gathered at 0, 0.5, 1, 2, and 4 h-marks.

26



23 RNA isolation and cDNA synthesis

After the appropriate treatments of sodium butyrate (48 h), SB 202190 (30
min) and/or actinomycin D (30 min), cells were gathered in cell culture-grade
PBS, and total RNA isolation was carried out using RNeasy RNA Extraction
Kit (Qiagen, Germany) according to the manufacturer’s guidelines. To
remove any contaminating genomic DNA, the RNA was treated with DNAse
I (Thermo Scientific, USA) and cDNA synthesis was carried out with 1 pg of
the RNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo
Scientific) using oligo-dT primers (supplied in the same kit). The cDNAs

were stored at -20 °C.

24 RT-PCR and qRT-PCR

RT-PCR mixtures were prepared in a volume of 18ul with 0.5 pM forward
and reverse primers (Table 2.1), 0.2 mM dNTP mix, 1.5 mM MgCl,, and 1 U
Taq Polymerase (Fermentas, Lithuania), into which 2 pl of 1 pg cDNA (final
concentration: 0.1 pg) was added. Initial denaturation (3 min) and
denaturation (30 sec) steps were carried out at 94-95 °C, and extension (30
sec) and final extension (7 min) steps were done at 72 °C, with the annealing
temperatures and cycle numbers indicated in Table 2.1. The reactions were
performed in a thermal cycler (Applied Biosystems). As an internal control,
primers amplifying either GAPDH or B-actin were used. If the annealing
temperatures of the primer sets of the gene of interest and the internal control
were compatible, duplex PCR was utilized; if not, separate reactions were
prepared for the primer sets. 20 pl of PCR product was mixed with 4 ul of 6X
loading dye and run on a 2% agarose gel at 100V; images were observed and

recorded under UV light.
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For qRT-PCR, 18 pl reactions were prepared with 0.5 uM forward and
reverse primers and 10 pl of 2X Fast Start SYBR Green Mix, into which 2 pl
cDNA (final concentration: 0.01 pg) was added. Either p-actin or GAPDH
amplifications were used as internal controls. Reactions were carried out in
Rotor GeneQ 6000 (Qiagen). Standard curves were prepared for each set of
primers used, which were then used to calculate Ct values of the unknown
samples. Fold changes with respect to the internal controls were calculated

using Pfaffl method (Pfaffl 2001).

2.4.1 qRT-PCR for the usage of alternative polyadenylation signal

Primer sets against a sequence before the proximal polyA signal (named
“shorter 3’UTR” in Table 2.1) and in between the proximal and distal polyA
signals (named “longer 3’UTR” in Table 2.1) were constructed. qRT-PCRs
were performed as described in section 1.4. The values obtained from shorter

3’UTR reaction were normalized by subtracting the longer 3°UTR values.
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Table 2.1: List of primers used in this study

Annealing
Amplicon
Temp. (°C)/
L Sequence Length
Description Cycle
(bp)

Number
COX-2 5’-CAAATCCTTGCTGTTCCCACCCAT-3’ 65 40 173
(gene) 5’-GTGCACTGTGTTTGGAGTGGGTTT-3’
COX-2 5’-CAAGGCGATCAGTCCAGAAC-3’ 62 40 465
(promoter) 5’-GGTAGGCTTTGCTGTCTGAG-3’
COX-2 5’-TCAGCTCAGGACTGCTATTTAG-3’
(longer , , 60 40 151
3°UTR) 5’-TTTGCATCCATCTTGGTTACAG-3
COX-2 5’-TTGCGGAGAAAGGAGTCATAC-3’
(shorter , , 59,5 40 216
3'UTR) 5’-CAGCATTTTGCCATCTTGTG-3

5’-CGACCACTTTGTCAAGCTCA-3’
GAPDH #1 5’-CCCCTCTTCAAGGGGTCTAC-3’ 65 35 238
5’-GGTGAAGGTCGGAGTCAACG-3’
GAPDH A e AAAGTTGTCATGGATGACC3’ S R i
B-actin 5’-CAGCCATGTACGTTGCTATCCAGG-3’ 60.5 35 151
¢ 5’-AGGTCCAGACGCAGGATGGCATG-3’ ’

2.5  Analysis of protein expression

2.5.1 Total protein isolation

M-PER Mammalian Protein Extraction Kit (Thermo Scientific) was used to

extract proteins from cells, along with the additional protease and phosphatase

inhibitors (Roche, Germany), and 0.2% NP-40 (Applichem).
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2.5.2 Cytoplasmic and nuclear protein isolation

Cells (~10") were gathered, and washed with cell culture-grade PBS
containing phosphatase inhibitor twice, and resuspended in 500 pl of
hypotonic buffer (10 mM HEPES pH 7.5, 4 mM sodium fluoride, 10 uM
sodium molybdate, 0.1 mM EDTA, phosphatase and protease inhibitors).
After 15 min incubation on ice, 100 pl of 10% NP-40 was added and mixed
by pipetting. Centrifugation at the highest setting for 30 sec yielded the
supernatant that contained the cytoplasmic fraction. After the separation of
cytoplasmic fraction into an ice-cold 1.5-ml tube, the pellet was resuspended
in 100 pl nuclear extraction buffer (10 mM HEPES pH 7.9, 0.1 mM EDTA,
1.5 mM MgCl,, 420 mM NaCl, 20% glycerol, 1 mM dithioreitol, phosphatase
and protease inhibitors). Samples were incubated on ice for 15 min, and
vortexed at the highest setting, followed by another 15 min incubation on ice
and another vortexing for 30 sec. Samples were then centrifuged down at
14000 g for 10 min at 4 °C. Supernatant, which contained the nuclear fraction
was taken into another ice-cold 1.5 ml-tube. Cytoplasmic and nuclear

fractions were stored at -80 °C.

2.5.3 Quantification of isolated proteins

Measurements for the isolated proteins were done using Coomassie Protein
Assay Reagent (Thermo Scientific), relative to the bovine serum albumin

standard curve.

2.5.4 Western blotting

Electrophoresis were carried out on a 10-12% SDS-polyacrylamide gel loaded
with equal amounts of protein (30-70uM) at 100V. Wet transfer was

performed to blot the proteins onto polyvinylidene fluoride membranes
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(Roche), with constant current at 380 mA for 1 h and 15 min. The membranes

were blocked in either 5% skim milk (Applichem) in PBS containing 0.1%
Tween (Applichem) or 5% BSA (Applichem) in TBS containing 0.1%

Tween, for 45 min at room temperature on a shaker. Overnight incubation

with the primary antibody (Table 2.2) at 4 °C was followed by horseradish

peroxidase-conjugated secondary antibody incubation for 1 h at room

temperature, on the shaker. Visualization was performed using either Pierce

ECL Western Blotting Substrate (Thermo Scientific) or Clarity ECL Substrate
(Bio-Rad, USA) and imaged on a Chemi-Doc MP (Bio-Rad).

Table 2.2: List of antibodies used in this study. Asterisk indicates the

concentration used for chromatin immunoprecipitation.

Conc. for
Media Dilution ChIP (u
Description Origin Vendor
g)
. Santa Cruz -
B-actin mouse Biotech. PBS-T 1:2000
o-tubulin mouse Santa Cruz PBS-T 1:500 i
Biotech.
Topoisomerase . Santa Cruz . -
g rabbit Biotech. PBS-T 1:500
. Santa Cruz . 2.5
p65 rabbit Biotech. PBS-T 1:500
. Santa Cruz . 2.5
p50 rabbit Biotech. PBS-T 1:500
p38 rabbit Abcam PBS-T 1:500 -
. Santa Cruz -
phospho-p38 rabbit Biotech. TBS-T 1:500
HuR rabbit Abcam TBS-T 1:1000 -
TTP rabbit Abcam PBS-T 1:500 -
. Santa Cruz . 2.5
IgG rabbit Biotech. - 1:2000
. . Santa Cruz -
anti-rabbit goat Biotech. PBS-T 1:2000
anti-mouse rabbit Santa Cruz PBS-T | 1:2000 -
Biotech.

31




2.6  Luciferase assay

NF-kB activity was assessed using pNF-kB Luc PathDetect plasmid (Agilent)
and pSV- B-galactosidase control vector was used as an internal control
(Promega, USA). Caco-2 and HT-29 cells were transfected with 1 pg/well of
both vectors with X-tremeGENE HP (Roche) using a 1:3 pg vector/ pl
transfection reagent ratio. Opti-MEM (Gibco, New Zealand) was used as the
transfection medium. After incubating for 6 h at 37°C, transfection media
were replaced with either EMEM or McCoy’s SA complete medium, in which
sodium butyrate treatment was carried out for 48 h. Cells were harvested with
100 pl lysis buffer (Roche) and cell debris were pelleted by centrifugation at
14000 x g for 2 min. The supernatant was transferred into a separate tube and
20 pl was further aliquoted for luciferase measurements. The aliquots were
mixed with 100 pl luciferase assay reagent (Roche) and the Modulus
Luminometer (Turner Biosystems, USA) was used to measure the relative
light units at ~562 nm. In a separate 96-well plate, 50 pl of supernatant was
mixed with 50 pl B-gal reaction buffer containing 100 mM B-mercaptoethanol
(Sigma), 2 mM MgCl, (AppliChem), 200 mM sodium phosphate (Sigma) and
2-nitrophenyl B-D-galactopyranoside (Fluka, Germany). After 30 min
incubation at 37 °C, absorbance values were measured by MultiSkan GO

Microplate Spectrophotometer (Thermo Scientific).

For the 3’UTR luciferase experiments, Dual-Glo Luciferase Assay Kit
(Promega) was used. 3’'UTR of PTGS-2 gene were ligated into a psiCheck2
(Promega) vector (please see Appendix B). Cells were washed and harvested
in 100 pl Dual-Glo luciferase reagent for 15 min on a shaker at room
temperature. Cells were gathered, and 20 pl of lysate was transferred into
white 96-wells and luminescence from firefly luciferase was measured by
luminometer (Turner Biosystems, USA) after incubation with 25 pl of
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Luciferase Assay Reagent II (LAR II). Renilla luciferase activity was then

measured immediately after incubation with 25 pl Stop&Glo Reagent.

2.7 Chromatin immunoprecipitation

Cells were grown in 10-cm dishes. After the appropriate treatments, 0.8%
formaldehyde was used to crosslink DNA-protein complexes. After
incubating for 7 min, 125 mM glycine was added to stop the crosslinking
reaction. Two washing steps were carried out with PBS, after which the cells
were gathered in ice-cold PBS, into 1.5-ml eppendorf tubes. Centrifugation at
13000 x g for 1 min at 4 °C yielded the DNA-protein complexes as the pellet.
The supernatant was discarded, and pellets were snap-frozen in liquid
nitrogen. Buffer A containing 200 M HEPES-KOH pH 7.5, 420 mM NaCl,
0.2 mM EDTA pH 8.0, 1.5 mM MgCl,, 25% glycerol and protease inhibitors
was used to dissolve the pellet and incubated for 20 min on ice. After
centrifugation to pellet the nuclei, the supernatant was discarded and the
pellet was resuspended in Buffer B (50 mM Tris-Cl pHS8.0, 1 mM EDTA, 1%
SDS, 150 mM NaCl, 2% Triton X-100). A probe sonicator was used to shear
DNA to lengths between 200-1000 bp. The sonication was pre-optimized and
involved 11 cycles of sonication for 30s and incubation on ice for 30 sec each.
An aliquot of 75 pl was taken from the sheared chromatin, and de-
crosslinking was carried out by incubating the chromatin with RNase A for 1
h (37 °C) and proteinase K (50 °C) for 1 h. The mixture was then incubated
overnight at 60 °C after diluting it in 325 pl of Buffer C (50 mM Tris-CL pH
8.0, 1 mM EDTA, 150 mM NaCl, 0.1% Triton X-100). Sheared chromatin
amount was measured from the de-crosslinked input sample using NanoDrop
(Thermo Scientific), and was run on a 1% agarose gel to confirm the
efficiency of sonication. If the sheared DNA was of the required length,
samples were divided into fresh 1.5 ml-eppendorf tubes so that each tube
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contained 25 pg chromatin. The tubes were centrifuged at 13000 rpm for 10
min at 4 °C and the pellet was resuspended in Buffer C. Protein A/G beads
(Santa Cruz) were pre-blocked with 1.5 pl of 1 pg/pl calf thymus DNA and
7.5 pl of 10 mg/ml BSA for 30 min on a shaker. Resuspended samples were
then incubated in 2.5 pg of p65, p50 or isotype-specific IgG antibodies (Table
2) overnight at 4 °C with constant shaking. Pre-blocked beads were added
onto the samples and incubated for 2 h at 4 °C on a shaker and samples were
washed with Buffer 1 (20 mM Tris-CI pH 8.0, 150 mM NaCl, 2 mM EDTA,
0.1% SDS, 1% Triton X-100) three times and then with Buffer 2 (20 mM
Tris-Cl pH 8.0, 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100)
once. Elution Buffer (100 mM NaHCOs;, 1% SDS) was used to elute DNA-
chromatin complexes, which were then subjected to the de-crosslinking
procedure as input. Next day, DNA was obtained using HighPure PCR
Purification Kit (Roche) and qRT-PCR experiments were performed to assess
the quantity of the precipitated NF-kB response element-containing COX-2

promoter regions.

2.8 Statistical analyses

Experiments were repeated independently at least three times and Student’s t-
test or one-way ANOVA tests of GraphPad Prism 6.1 (GraphPad Software
Inc., USA) were used to assess significance, with p<0.05 considered to be

significant.
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CHAPTER 3

RESULTS

3.1 mRNA and protein levels of COX-2 upon NaBt treatment

Caco-2 and HT-29 cells were treated with physiologically relevant levels of
NaBt (1-3 mM) and the adjuvant concentration (5 mM) for 48h and the
expression of COX-2 was assessed. qRT-PCR analysis revealed that COX-2
mRNA levels were increased with NaBt treatment of Caco-2 cells, reaching
their peak with 3 mM and declining from then on (Figure 3.1A). On the other
hand, in HT-29 cells, COX-2 mRNA levels were decrecased with the
treatment, reaching the lowest levels with 3 mM NaBt (Figure 3.1B). The
changes in the mRNA levels correlated with the COX-2 protein levels in the
two cell lines (Figure 3.1C). Since the difference was the most pronounced at

3 mM, it was chosen as the treatment concentration for further experiments.
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Figure 3.1 qRT-PCR analysis of COX-2 mRNA levels in untreated (UT) or
with 48 h of treatment with 1, 3 and 5 mM NaBt in Caco-2 (A) and HT-29
(B). Data were normalized using B-actin levels. (C) Protein levels of COX-2
mRNA in the two cell lines treated with 3mM NaBt. B-actin was used as

protein loading control.

3.2 Transcriptional regulation of COX-2 in the presence of NaBt

NF-«B is known to be one of the major regulators of COX-2 expression
(Takada et al. 2004). Therefore, to investigate the underlying mechanisms of
the differential regulation observed in the two cell lines, we first investigated

the NF-kB activity. Nuclear/cytoplasmic fractionation showed that NaBt
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treatment resulted in p65 translocation into the nucleus in Caco-2 cells,
whereas in HT-29 p65 translocation showed little to no change. The overall
p50 levels declined with NaBt treatment in both cell lines, with HT-29
demonstrating a more conspicuous change, especially in the nuclear fraction.
Although o-tubulin used as the cytoplasmic marker was observed to be
increased with treatment, B-actin levels demonstrated equal loading (Figure

3.2A).

To observe NF-xB activity, we used the NF-xB Pathdetect System®, a
commercial luciferase plasmid containing five tandemly repeated NF-kB-
response elements unpstream of the luciferase gene. After transfection and
treatment with NaBt, luminescence levels normalized to [-galactosidase
activity were expressed as fold change with respect to untreated samples. NF-
kB activity was found to be increased upon NaBt treatment in Caco-2, while

HT-29 showed a decrease (Figure 3.2B-C).
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Figure 3.2 (A) Representative image of cytoplasmic-nuclear fractionation
Western showing the changes in the subcellular localization of the NF-kB
subunits p65 and p50 in untreated (UT) or treated (NaBt) Caco-2 and HT-29

cells. Topoisomerase II-f (TopolIf) and a-tubulin were used as nucleus- and
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cytoplasm-specific markers, respectively; and B-actin was used as the loading
control. Luciferase assay utilizing NF-kB PathDetect® plasmid in Caco-2 (B)
and HT-29 (C).

Luciferase assays might not reflect on the endogenous events, as the plasmid
does not possess the topography the chromatin has. Additionally, since NaBt
is a well-known inhibitor of histone deacetylases (HDAC:1), it has the ability
to alter the chromatin topography. Therefore, to determine the endogenous
binding of NF-kB upon NaBt treatment, we performed chromatin
immunoprecipitation (ChIP) using antibodies specific to p65 and p50. ChIPs
displayed a significant loss of p65 recruitment to the COX-2 promoter in
Caco-2 while p50 recruitment did not change (Figure 3.3A). In HT-29, it was
pS0 recruitment that was significantly increased while p65 recruitment

remained unchanged (Figure 3.3B).
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Figure 3.3 ChIP assay using antibodies of p65 and p50, and IgG as negative
control in Caco-2 (A) and HT-29 (B). After immunoprecipitating with the
indicated antibodies, DNA fragments obtained were used as template in qRT-
PCRs for COX-2 promoter region. Data was shown as fold enrichment with

respect to IgG.

Since p65 is the subunit possessing the transactivation domain, neither the
increase nor the decrease in the COX-2 mRNA and protein levels in Caco-2
or HT-29 cells, respectively, could be attributed to altered NF-xB
transcriptional activity. We also analyzed the activity of AP-1, another
important regulator of COX-2 (Kim et al. 2009), via luciferase assay, which

did not show a significant difference with treatment (data not shown).

40



33 Post-transcriptional regulation of COX-2 in the presence of NaBt

Since the investigation of the activation of important inflammatory
transcription factors NF-kB and AP-1 did not account for the differential
regulation of COX-2 mRNA levels in the two cell lines, we hypothesized that

the observed difference was conferred by post-transcriptional regulation.

3.3.1 Alternative polyadenylation of the 3’UTR of COX-2 mRNA

The COX-2 transcript carries two polyadenylation signals on its 3’UTR with
regulatory elements in between (Hall-Pogar et al. 2005). The use of the distal
polyA signal would result in a longer 3°’UTR, with the possibility of greater
regulation, while the use of the proximal polyA signal would result in a
shorter 3’UTR, which can escape regulation. To determine whether the
proximal or the distal polyA signal was used when Caco-2 or HT-29 cells
were treated with NaBt, we carried out qRT-PCR amplifications of the longer
3’UTR. The results demonstrated a shift in the preference of distal polyA
signal with increasing concentrations of NaBt in Caco-2, indicating the
possibility of greater regulation, whereas the polyA signal usage preference

did not change significantly in the HT-29 cells (Figure 3.4).
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Figure 3.4 qRT-PCR analysis of longer COX-2 transcript using primers
against the site between the proximal and distal polyA signals. Significance
calculated by comparing to the untreated sample. Data were normalized using

B-actin levels.

3.3.2 p38-mediated post-transcriptional regulation of COX-2 mRNA

The differential use of the polyA signal in the 3’UTR of COX-2 in Caco-2
cells indicated that the 3’UTR was indeed regulated in the presence of NaBt.
An extensive number of AU-rich elements (AREs, please see section 1.2.4)
are located in the 3’UTR of COX-2 mRNA and the initiation of a signaling
cascade by the phosphorylation and activation of p38 can induce the mRNA-
stabilizing protein HuR (section 1.3.2) while inactivating the destabilizing
protein TTP (section 1.3.3). Both HuR and TTP have been shown to bind to
the AREs in COX-2 and regulate stability of the mRNA (Young et al. 2009).
We therefore investigated the activation of p38 in the two cell lines. In Caco-

2 cells, NaBt treatment resulted in an increase of both the Tyrs,-
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phosphorylated and total levels of p38 in the cytoplasm. On the other hand,
p38 protein and phosphorylation levels did not vary in HT-29 cells treated
with NaBt (Figure 3.5A). To understand whether p38 activation led to
changes in the mRNA levels of COX-2, we used SB 202190, a specific
inhibitor of p38 activity. After incubation for 30 min, the high mRNA levels
of COX-2 due to NaBt treatment in Caco-2 were reduced drastically, whereas

a similar difference was not observed in HT-29 cells (Figure 3.5B-C).

To show that the regulation observed was through the 3’UTR of COX-2
mRNA, we transfected Caco-2 and HT-29 cells with a construct of COX-2
3’UTR cloned into psiCheck-2™ dual luciferase vector. Similar to the COX-2
mRNA levels, the normalized Renilla luciferase signal from Caco-2 cells
increased with NaBt treatment and decreased with SB 202190 treatment. In
HT-29 cells, NaBt resulted in a drop in the signal, and SB 202190 treatment
did not exhibit a significant effect on the levels (Figure 3.5D-E).
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Figure 3.5 (A) Phospho-(Tyr;s,) and total p38 levels in cytoplasmic fractions
of Caco-2 and HT-29 cell lysates. The upper band in p-p38 (marked with an
asterisk) is non-specific. qRT-PCR for COX-2 mRNA in untreated, NaBt-
treated, SB 202190-treated (SB) and Double-treated cells of Caco-2 (B) and
HT-29 (C). SB and Double samples were pre-treated with NaBt for 48 h.
Asterisk indicates that after pre-treatment, the sample was treated with NaBt
and SB together. Significance calculated by comparing to the untreated
sample. Data were normalized using B-actin. Dual luciferase results using
psiCheck-2™ COX-2 3’UTR construct in Caco-2 (D) and HT-29 (E) cells.

Data were normalized with respect to bioluminescence of firefly luciferase.

34 COX-2 mRNA stability increases upon NaBt treatment

To confirm whether NaBt treatment enhanced mRNA stability differentially
in Caco-2 or HT-29 cells, we treated the cells with actinomycin D to inhibit
de novo transcription and analyzed COX-2 mRNA levels as a function of
time with qRT-PCR and RT-PCR. When Caco-2 cells were treated with
NaBt, mRNA stability was observed to be increased relative to the untreated
levels (Figure 3.6). This stability was lost when the cells were also treated

with SB 202190.
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B-actin was used as loading control.
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Figure 3.6 Actinomycin D time course of untreated (blue), NaBt-treated
(red), SB 202190-treated (green) and Double-treated (orange) Caco-2 cells.
After the appropriate treatments, all cells were incubated with actinomycin D
(1 pg/ml) and harvested at the indicated time points. QqRT-PCR data (A) were
normalized using GAPDH as an internal control. In RT-PCR experiments (B),

To determine the stability of COX-2 mRNA in HT-29 cells treated with NaBt,
a similar treatment was carried out with actinomycin D. We have observed
that, contrary to its effect in Caco-2 cells, NaBt treatment resulted in less

stable COX-2 mRNA as compared to the untreated cells (Figure 3.7). Since



SB 202190 treatment showed no change in COX-2 mRNA levels in HT-29
(Figure 3.5C), we did not include it in the HT-29 stability experiments.
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Figure 3.7 Actinomycin D time course of untreated (blue) and NaBt-treated
(red) HT-29 cells. After the appropriate treatments, all cells were incubated
with actinomycin D (1 pg/ml) and harvested at the indicated time points.
qRT-PCR data (A) were normalized using GAPDH as an internal control. In

RT-PCR experiments (B), B-actin was used as loading control.
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3.5 HuR and TTP compete for COX-2 mRNA stability in NaBt-
treated Caco-2 and HT-29 cells

After the observation that treatment with NaBt not only increased the COX-2
mRNA stability in Caco-2, but also decreased it in HT-29, we wanted to
determine the levels of AREBPs HuR and TTP (Figure 3.8). Since HuR is
known to be abundant in the nucleus but active in the cytoplasm (Hyeon et al.
2008), we assayed for the HuR levels in the cytoplasmic fraction. We have
observed a reduction in the cytoplasmic levels of the HuR protein upon NaBt

treatment in both cell lines (Figure 3.8A).

Since the localization of TTP in both the nucleus and cytoplasm have been
associated with activation as well as loss of activation depending on the
signaling pathways upstream (Brook et al. 2006), we assayed for the total
levels of TTP. Unlike HuR, TTP protein levels showed a differential
regulation in the two cell lines with a decrease observed in Caco-2 cells with

no alteration in HT-29 cells (Figure 3.8B).
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Figure 3.8 HuR levels in the cytoplasmic fraction from untreated or NaBt-
treated Caco-2 and HT-29 cells (A). Total TTP levels from untreated or NaBt-
treated Caco-2 and HT-29 lysates (B). B-actin was used as protein loading

control.
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CHAPTER 4

DISCUSSION

In this study, we investigated the effects of the short chain fatty acid NaBt on
colon cancer cell lines Caco-2 and HT-29. The concentration of the treatment
was selected to be 3 mM, as it is close to the concentration of butyrate in the
colon (Wolever et al. 1997). Treatment of Caco-2 cells with 3mM NaBt
resulted in increased mRNA and protein expressions of COX-2 (Figure 3.1A-
C). On the other hand, HT-29 cells treated with NaBt showed a decrease in
COX-2 mRNA and protein levels (Figure 3.1B-C).

NaBt at 3mM has also been used to chemically differentiate colon epithelial
cells (Barrasa et al. 2012; Furusawa et al. 2013). Earlier research from our lab
has revealed that after 48 h treatment with 3 mM NaBt, HT-29 cells showed
an increase in the mRNA levels of differentiation markers such as intestinal
alkaline phosphatase (IAP), Hic-5 and Villin (Kucukdemir 2012). Treatment
with NaBt also induced colonic differentiation in Caco-2 cells, as identified
by the increase in IAP activity (Litvak et al. 1998). Although differentiation
was reported to occur in both cell lines (as determined from the increased
expression of differentiation markers), however, the differential expression of
COX-2 in the two cell lines indicates that the regulation may be independent

of differentiation.
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Upregulation of COX-2 was observed in cartilage differentiation, however, it
is not regarded as a differentiation marker in colon cancer (Ulivi et al. 2008).
Interestingly, Ulivi et al. demonstrated that during cartilage differentiation,
NF-kB and p38 pathways were activated, as well. Thus, it can be claimed that
treatment with NaBt resulted in activation of a signaling mechanism
resembling cartilage differentiation in Caco-2 cells that led to the expression
of COX-2, and such a mechanism was not available in the treated HT-29
cells. This study hence affirms that the effect of NaBt, rather than being

universal, is exclusive to the cell line or the cell type (Wolter and Stein 2002).

4.1 NaBt and inflammation

It has been a matter of debate whether NaBt induces or reduces inflammation,
with the general notion being the inflammatory response was reduced through
the inhibition of NF-kB pathway and the concomitant upregulation of the
anti-inflammatory peroxisome proliferator-activated receptor-y (PPARy) (H
M Hamer et al. 2008). We investigated the effects of NaBt treatment over NF-
kB, as it is an important regulator of COX-2 expression (will be discussed in
the following section). However, since COX-2 is vital in the inflammatory
response, regardless of the NF-kB pathway activity, it is clear that NaBt
exhibited differential effects on the expression of inflammatory genes in two
colon cancer cell lines. The activity of inflammatory pathways could be
reduced, but this might not correlate with the levels of some inflammatory

genes downstream, as was the case with COX-2 levels in our study.
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4.2 NF-kB activity in the presence of NaBt

We found by Western blotting that the subcellular localization of the p65
subunit of NF-kB (with the transactivation domain) showed a difference in
the two cell lines where its nuclear presence was induced in Caco-2 cells and
slightly reduced in HT-29 cells. The second subunit in the NF-xB
heterodimer, p50, which is known to have inhibitory functions when it
translocates to the nucleus as a homodimer (Plaksin, Bacuerle, and Eisenbach
1993), showed a reduction in both cell lines when treated with NaBt (Figure
3.2A).

Nuclear translocation of NF-kB subunits is usually accompanied by their
activity as a transcription factor. When we determined the transcriptional
activity of NF-kB, using a luciferase vector that contains 5 copies of the kB-
binding element, we observed an increase in transcriptional activity in Caco-2
cells and a decrease in HT-29 cells (Figure 3.2B-C). These data corroborated
with the Western data described above. However, care must be taken when
interpreting data involving expression of luciferase from a plasmid in an
experiment where cells are treated with NaBt, an HDAC inhibitor, which can
enhance the transcription of genes through the relaxation of the chromatin
(Candido, Reeves, and Davie 1978). We therefore carried out chromatin
immunoprecipitation using polyclonal antibodies against p65 and p50 to
determine the promoter binding of the NF-xB subunits in vivo in the presence
or absence of incubation with NaBt. Interestingly, using primers specific for
the NF-«kB binding region, we have observed a decrease in the recruitment of
p65 and p50 to the promoter of COX-2 in Caco-2 cells (Figure 3.3A). Indeed,
qRT-PCRs performed using primers specific to other promoters where NF-xB
is known to bind (i.e. ICAM-1, and VCAM-1) (Xia et al. 2001) showed
concomitant results with COX-2 promoter region, indicating lower NF-xB

activity in Caco-2 cells. Therefore, despite the elevated presence of the
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subunit p65 in nucleus, the recruitment of NF-kB to the promoter was reduced
in Caco-2 cells, which appears in line with other studies showing a reduction
in NF-xB activity. In HT-29 cells, p65 recruitment was not altered; rather,
there seemed to be an increase in the recruitment of p50 subunit (Figure
3.3B), which can be attributed to an inhibition of the transcription of NF-xB
target genes. However, there have been studies showing the p5S0 homodimers
can also induce transcriptional activation, depending on the particular kappa
B motifs (Fujita et al. 1992; Cao et al. 2006). Hence, although it was not seen
in the context of COX-2 mRNA transcription, whether NF-kB activity in HT-

29 is higher for other inflammatory genes remains to be elucidated.

4.3 Post-transcriptional regulation of COX-2 mRNA

Having observed a dichotomy in the transcriptional regulation of the COX-2
promoter and its mRNA and protein expressions in the NaBt treated cells, we
hypothesized that the regulation could be post-transcriptional. The 3’UTR of
COX-2 is known to be extensively regulated post-transcriptionally through
various mechanisms including microRNAs, alternative polyadenylation, as
well as binding of stabilizing or destabilizing proteins to the AU rich elements
(Hall-Pogar et al. 2005). We first determined whether the treatment with NaBt
resulted in alternative polyadenylation in the COX-2 mRNA.

The 3’UTR of the COX-2 mRNA possesses two polyA signals, which
indicate that two COX-2 mRNAs with differing lengths of the polyA tail can
be generated. The usage of distal polyA signal would result in a longer
3’UTR, whereas usage of the proximal polyA tail would result in a shorter

UTR with potential implications on the extent of regulation through

microRNAs or AREBPs (Figure 4.1).
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Figure 4.1 The schematic representation of COX-2 3’UTR, with the polyA
signals and the AREs shown. The usage of the distal polyA signal generates a
transcript that is 1.8 kb longer containing an additional 23 AREs. Adapted
from (Hall-Pogar et al. 2005)

We observed that in the presence of NaBt, the distal polyA usage increased in
Caco-2 cells, while remaining unchanged in HT-29 cells (Figure 3.4). A
longer transcript is usually regarded to be less stable, through post-
transcriptional regulation in the higher number of regulatory elements
(Sandberg et al. 2008). In the case of NaBt; however, the longer transcript
was found to be more stable in Caco-2 cells. A possible explanation would be
that the presence of the longer 3’UTR would allow for greater regulation

through the availability of more AU-rich elements (Figure 4.1).
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4.4  Differential activation of p38 MAPK in the presence of NaBt

The COX-2 transcript, as with the transcripts of other proteins involved in
immune functions, is known to be exquisitely regulated through ARE-binding
proteins such a HuR and TTP (Young et al. 2009). The activation of these
AREBPs are known to be signaled through the p38 MAPK pathway (Fernau
et al. 2010). Therefore, we hypothesized that AREBPs were differentially
recruited to the 3’UTR of COX-2 mRNA through differential activation of
p38. We observed that when the cells were treated with NaBt for 48 h, p38
was activated only in Caco-2 cells, as determined by the phospho-Tyrig,
levels (Figure 3.5A). Following the NaBt treatment, when the cells were
incubated with SB 202190, a specific inhibitor of p38, for 30 min, a strong
downregulation of the increased levels of COX-2 mRNA was observed in the
Caco-2 cells indicating that the p38 pathway was specifically activated in
Caco-2 cells (Figure 3.5B). As expected, a similar treatment of NaBt treated
HT-29 cells with SB 202190 did not result in any significant change in COX-
2 mRNA indicating that the p38 pathway in this cell line was not stimulated
upon NaBt treatment (Figure 3.5C).

SB 202190 binds to the ATP-binding pocket of p38a/f, thereby inhibiting the
kinase activity of the protein, without preventing the phosphorylation of the
protein itself (Davies et al. 2000). The inhibitor can bind both the inactive and
the active forms of p38. Therefore, the effect of SB 202190 found on Caco-2
cells did not arise from the prevention of p38 phosphorylation. Similarly, the
fact that SB 202190 did not change the mRNA levels in HT-29 cells rules out
the possibility of a basal activity of p38-driven mRNA stability in HT-29,
which would still be affected from SB 202190 treatment.

Considering that p38 activation upon NaBt treatment did not take place in
HT-29, it can be postulated that an upstream activator of p38 had a
debilitating mutation in this cell line, which prevented the NaBt signal to be
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relayed to p38. It would be reasonable to suspect that such a protein must be
upstream of both NF-kB and p38 pathways, as both these pathways were
observed to be inactive in HT-29 cells following NaBt treatment. A G-protein
from the Rho family, named Rac-1, appears to match the above qualifications,
as it can activate both NF-kB via phosphorylation of IKBa, as well as p38
through the activation of the MAPK kinase MKK3 (Perona et al. 1997; You
et al. 2005; Abcam 2015).

To confirm that the regulation of COX-2 mRNA is via the 3°’UTR, we cloned
the 3’UTR of COX-2 into psiCheck2 dual luciferase vector, and compared the
luciferase signals obtained from untreated, NaBt-treated, SB-treated, and
SB+NaBt-treated cells. The effects of treatments on the luciferase signal
measured correlated with the COX-2 mRNA levels observed with the
respective treatments (Figure 3.5D-E), indicating that 3’UTR of COX-2 was
sufficient to confer the observed regulation in the two cell lines. The fact that
the fold changes in the luciferase data in Caco-2 and HT-29 cells are quite
similar to the fold changes of COX-2 mRNA under the treatments
demonstrates that the transcriptional regulation plays little to no role in the

NaBt-driven changes in the levels of COX-2 mRNA.

4.5  Acquisition and loss of stability of COX-2 mRNA in Caco-2 and
HT-29 cells

To determine whether the differential activation of the p38 pathway in Caco-2
and HT-29 cells had implications on COX-2 mRNA stability in the two cell
lines, actinomycin D was used to inhibit de novo transcription, and the COX-
2 mRNA levels were examined as a function of time. The most stable pool of
COX-2 mRNAs was found when the Caco-2 cells were treated only with
NaBt (Figure 3.6). When the cells pre-treated with NaBt were also treated
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with SB 202190, the stability of COX-2 mRNA was lower than that of the
untreated samples, indicating that there was a degree of basal p38 activity in
Caco-2 cells. The COX-2 mRNA stability trendlines for treatment of the cells
with SB202190 and for concomitant treatment with SB202190 and NaBt
treated cells shown in Figure 3.6 were nearly identical indicating that the drop

in stability could not be rescued with the simultaneous treatment with NaBt.

Interestingly, the COX-2 mRNA levels were found to be increased in all the
cells treated for 30 min with actinomycin D, regardless of the cell line or the
treatment. It is possible to attribute this to the actinomycin D-mediated
translocation and activation of HuR (Fan and Steitz 1998; Cell Signaling
Technology 2013 ; please see Appendix A). This can be regarded as a failsafe
mechanism whereby the stability of the current mRNA pool is increased,
which was activated when RNA polymerase II is inhibited by actinomycin D.
As will be discussed later, the drop in the cytoplasmic HuR levels in the
presence of NaBt is thus compensated for the first 30 min by the effect of
actinomycin D, which then interferes with our results. After this initial
induction; however, this effect dwindles and the mRNA decay started to

become discernible.

Another intriguing, although not unexpected observation from the
actinomycin D experiments was that treatment with NaBt resulted in a loss of
stabilization of the COX-2 transcripts in HT-29 cells, which could account for
the low COX-2 mRNA and protein levels observed when these cells were
treated with NaBt. In order to account for this dichotomy in COX-2 stability
in Caco-2 and HT-29 cells, we then set out to determine the protein levels of
HuR and TTP in the two cell lines. HuR is a protein that is known to stabilize
COX-2 mRNA transcripts by binding to ARE rich elements, while TTP is
known to enhance the destabilization of COX-2 mRNA through a competition
of binding to the same ARE’s (Brennan and Steitz 2001). We detected low
levels of HuR in the cytoplasm in both of the cell lines, implying the stability
of COX-2 mRNA observed in Caco-2 cannot be attributed to HuR alone.
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TTP, on the other hand, was found to be downregulated in Caco-2 cells,
whereas its level did not change in HT-29. This finding was in line with the
mRNA decay experiments: as HT-29 showed a reduction only in the
stabilizing AREBP, HuR, the stability of the mRNA was lost when the cells
were treated with NaBt. In contrast, in Caco-2 cells, where both the
stabilizing and the destabilizing AREBPs, HuR and TTP, were reduced at the
same time, the COX-2 mRNA was stabilized. Since TTP dominated HuR in
its ability to bind AREs, the overall outcome of the reduction in the levels of
both proteins was an increase in the stability of COX-2 mRNA in Caco-2
cells. Consequently, it can be argued that rather than the presence of HuR, it
is the absence of TTP that caused the increased stability of COX-2 mRNA in
Caco-2 cells; and conversely, it is the absence of HuR that resulted in the loss

of stability observed in HT-29 cells.

Another possibility that we have not investigated lies in the origin of TTP. It
belongs to TIS11 family of proteins that also includes two other proteins:
butyrate response factor-1 and 2 (BRF-1/2), both of which can bind AREs. As
their name implies, these zinc-finger proteins were found to respond to NaBt
treatment, and can also be regulated by p38 signaling (Sanduja, Blanco, and
Dixon 2011). Analogous to TTP, they are almost exclusively nuclear, and
upon phosphorylation, translocate to cytoplasm, where they are constrained
by 14-3-3 proteins (Stoecklin et al. 2004; Maitra et al. 2008). Thus, the
protein levels and the subcellular localization of BRF-1 and BRF-2 might be
worth investigating in the Caco-2 and HT-29 cells treated with NaBt.
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4.6  p38 activation status as a prognostic marker for treatment with

NaBt

The fact that two colon cancer cell lines responded divergently to NaBt in
regulating COX-2, a gene that appears to be crucial in the progression of
CRC, raises the question of whether it is prudent to use NaBt as an adjuvant
for all patients. If our findings coincide with in vivo studies, NaBt treatment
bears a risk of increasing chronic inflammation in the tumor
microenvironment through the upregulation of COX-2, which would
exacerbate the disease. Since the observed difference in COX-2 mRNA and
protein levels is not related to the HDACi capability of NaBt, the p38
pathway leading to the post-transcriptional regulation of the mRNA is the
determining factor in this phenomenon. Although the relevance of the current
findings must first be assessed in vivo, the Caco-2/HT-29 model of NaBt
response may pave the road for a prognostic application where the p38
activation status (or Rac-1, if applicable) of the CRC cells can be investigated
from the biopsy samples of a patient, and whether that particular patient must

be administered NaBt as therapy could be determined.
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CHAPTER S

CONCLUSION

In this study, the effect of 3 mM NaBt treatment on the regulation of COX-2
in colon cancer cell lines Caco-2 and HT-29 was examined. It was observed
that COX-2 mRNA and protein levels showed differential regulation in the
two cell lines, with Caco-2 cells exhibiting an induction and HT-29 cells

exhibiting a reduction.

At the transcriptional level, the subcellular localization of NF-kB and its
binding to the NF-kB-response elements through luciferase assays implied the
activation of NF-kB in NaBt-treated cells, however, chromatin
immunoprecipitation demonstrated a reduction in the recruitment of p65 and
p50 subunits of NF-kB to the COX-2 promoter. AP-1 was also found to be

not related to the observed differences in the mRNA levels.

Ruling out the possibility of the regulation on the transcription level, we
hypothesized that the differences observed in COX-2 mRNA levels in the two
cell lines could be attributed to post-transcriptional regulation, exerted by the
mitogen-activated protein kinase p38. Upon NaBt treatment, the p38 pathway
was observed to be activated only in Caco-2 cells; these cells also showed an
upregulation of COX-2 mRNA and protein. The enhanced stability of COX-2
mRNA in the presence of NaBt was confirmed with mRNA decay
experiments. Additionally, the specificity of 3’UTR-mediated stability was

also affirmed.
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Based on the protein level differences of the AREBPs HuR and TTP in the

two cell lines, a model coherent with our results is proposed, which is as

follows:

Since the levels of HuR, a protein known to stabilize COX-2 mRNA,
decresed in the cytoplasm in Caco-2 and HT-29 with NaBt treatment,
mRNA stabilization by this AREBP, by itself, is most likely not
responsible for the enhanced stabilization of COX-2 mRNA and
protein in Caco-2 cells.

The protein levels of TTP, an AREBP that is known to destabilize the
COX-2 mRNA, on the other hand, exhibited a differential regulation
in the two cell lines where its protein level was lower in Caco-2 cells,
while staying the same in HT-29 cells.

Taken together, the changes in HuR and TTP levels suggest that,
rather than the presence of HuR, the absence of TTP was what caused
the stable COX-2 mRNA in Caco-2 cells. Likewise, rather than the
elevated presence of TTP, it was the absence of HuR that resulted in

the loss of stability observed in HT-29 cells.

Consequently, our data indicate that, aside from the well-known HDACi

capacity, NaBt can also regulate the transcriptome through the manipulation

of post-transcriptional regulation mechanisms. We hope that the yet

unanswered question of why the p38 activation was not detected in HT-29

will, in the future, lead to a prognostic application through which whether a

patient should be administered NaBt can be assessed.
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CHAPTER 6

FUTURE STUDIES

There are several questions remaining to be answered in this study, which

includes, but not limited to:

Confirmation of whether the stability of COX-2 mRNA is indeed
conferred through the absence of TTP. TTP knockdown
experiments can be performed to assess whether the COX-2
mRNA levels in Caco-2 cells can be further elevated when the
TTP-knockdown cells are treated with NaBt.

Whether the changes in HuR and TTP protein levels were through
the proteasomal degradation. If the ubiquitin-proteasome system
is inhibited, it could be interesting to then check the levels of
COX-2 mRNA in the presence of NaBt.

Understanding the functional outcome of the increased COX-2
levels in Caco-2 cells. Pertinent information includes whether it
will enhance the cell’s survival/proliferation of the cancer cells, as
it is usually observed in vivo, and thus it is an important question
to sought answer for, as this may hold implications regarding
NaBt’s use as adjuvant.

Understanding the upstream activator of p38 activity to explain

the differential activation of p38 in the two cell lines. This holds
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promise in potentially becoming a prognostic marker that would
suggest whether a patient will benefit from treatment with NaBt
as an adjuvant. If the underlying mechanism of the differential
activation is found, this may open a new spectrum of possibilities
ranging from the prognostic use to the development of “NaBt-
helping” chemicals, which might increase the NaBt response in
patients with a low feedback. For this purpose, it might be worth
investigating the Rho family protein Rac-1, which is known to be
upstream of both NF-«B and p38 signaling.
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APPENDIX A

CYTOPLASMIC HuR LEVELS UPON ACTINOMYCIN D

TREATMENT
Caco-2 HT-29
Act D: - + - +

- HuR

- B-actin

Figure A.1 Cytoplasmic HuR levels in Caco-2 and HT-29 cells treated with 1

pug/ml for 30 min. Note that even though the exposure is quite lower as

compared to that in Figure 3.8, actinomycin D-induced levels of cytoplasmic

HuR are clearly visible.
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Resulting in a massive surge of HuR from nucleus to cytoplasm that was the
most prominent in Caco-2 cells, actinomycin D treatment interfered with the

mRNA stability results significantly at the first 0.5-1 h.
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Figure A.2 Results of two representative actinomycin D time course

experiments in Caco-2 (A) and HT-29 (B) cells.
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The differential increase of COX-2 mRNA levels in the first 30 min in the
two cell lines (Figure A.2) also cements our hypothesis of post-transcriptional
regulation upon NaBt treatment. As the levels of TTP went down only in
Caco-2 cells, the increase of HuR levels mediated by actinomycin D had a
much stronger effect on the mRNA levels, as opposed to its effect in HT-29

cells.
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APPENDIX B

CLONING OF COX-2 3’UTR TO THE psiCheck2™
VECTOR

The 3’UTR of COX-2 mRNA was cloned amplified from the Mammalian
Gene Collection Fully Sequenced Human PTGS2 cDNA (clone ID: 3880850)

(Dharmacon) using the below forward and reverse primers:

5’-GGGCTCGAGAGAACGTTCGACTGAACT-3’
5’-GCGCGCGGCCGCAGAGGAGCTAAATAGCAGTCC-3°

The introduced Notl and Xhol restriction sites (written bold above) on the
fragments and the psiCheck-2 vector were then cut by incubating the

following mix at 37°C:

DNA: 15 pl for the amplified fragments; 5 pg for the vector
Notl (Thermo Scientific): 1 ul

Xhol (Thermo Scientific): pl

Buffer O (Thermo Scientific): 2 pl

dH20: Up to 20 pl.

The re-ligation of the sticky ends was prevented by dephosphorylation with
calf intestinal alkaline phosphatase FastAP (Thermo Scientific) at 37°C as

follows:

10X Buffer: 4 ul
89



CIAP: 1 pl
DNA: 30 ul
dH20: 5 ul

PCR purification carried out to remove phosphatase activity. For the ligation
reactions, the accurate ng of fragment needed to ligate with 50 ng of vector,

the following formula was used:
ng insert = (ng plasmid * kb insert)/kb plasmid * dilution factor

1:3 vector-fragment ratio was adopted in the ligation reactions that was run

overnight at 16°C. The reaction was then heat-inactivated at 65°C for 10 min.

For the transformation of XL1-Blue competent cells, 7 ul of the ligation
reaction was added into 100 pl cell suspension. After 15 min incubation on
ice, the cells were heat-shocked at 42°C for 90 sec, and the bacteria were
spread on LB (Merck)-Agar (Applichem) plates containing 1X Ampicilin
(AppliChem).
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APPENDIX C:

qRT-PCR STANDARD CURVES
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Melt data for Melt A Green

Threshold 0,0384

Left Threshold 1,000

Standard Curve Imported No

Standard Curve (1) conc= 104-0,307*CT + 12,926)
Standard Curve (2) CT = -3,260"log(conc) + 42,141
Reaction efficiency (*) (* = 10A-1/m) - 1) 1,0264

M -3,26024

B 42,14109

R Value 0,99575

R*2 Value 0,99153

Start normalising from cycle |1

Noise Slope Correction No

No Template Control Threshold| % 0

Reaction Efficiency Threshold | Disabled

Normalisation Method Dynamic Tube Normalisation
Digital Filter Light

Sample Page Page 1

Imported Analysis Settings

No. Colou

1| Wl [0 22,55 1.000.000 1.020.229
2 |l |02 22,31 1.000.000 1213.110
3 |l |03 22,46 1.000.000 1.087.532
4 | [0 25,70 100.000 110.112
5 | B 1002 2574 100.000 107.551
6 | i |1003 25,9 100.000 91.752
7 | [5001 28,56 20.000 14.627
o | W [5003 28,41 20.000 16.268
10 | I [1000-1 2055 10.000 7.253
11| [l [10002 2,15 10.000 9.685
12| g [10003 29,46 10.000 7.767
13 5000-1 31,02 2.000 2.586
14 | i [5000-2 3114 2.000 2.368
15| | 50003 30,93 2.000 2.753
16| il |NTC1 38,13 17

Figure C.1 Standard and melt curves used for COX-2 qRT-PCR primers.
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Raw Data For Cycling A Green
/
! /
Melt data for Melt AGreen
]
v <
.
T
\
o [ i
Standard Curve

Threshold 0,3323

Left Threshold 1,000

Standard Curve Imported No

Standard Curve (1) conc= 104-0,285*CT + 13,171)
Standard Curve (2) CT = -3,504%log(conc) + 46,148
Reaction efficiency (*) (* = 104-1/m) - 1) 0,9293

M -3,50386

B 46,14837

R Value 0,99617

R*2 Value 0,99235

Start normalising from cycle |1

Noise Slope Correction No

No Template Control Threshold|% 0

Reaction Efficiency Threshold | Disabled

Normalisation Method Dynamic Tube Normalisation
Digital Filter Light

Sample Page Page 1

Imported Analysis Settings

-

29
288
28
a5
285
<%
2 e
88

2e
2%

1
10

No. Colour Name Type

1c5€
Concentraton

Ct Ct Comment Given Conc (Copies) Calc Conc (Copies)

1 | | |1:500 [Standard|25,02 1000000 1073681,27818643
2 | [ |1:500 |Standard|25,17 1000000 972394,138874968
3 | | |1:500 [Standard|25,19 1000000 957816,440334122
4 | ] |1:5000|Standard|28,48 100000 110096,472911426
5 | | [1:5000|Standard|28,49 100000 109725,745825562
6 | JJ] |1:5000|Standard|28,92 100000 82778,5953156149

Figure C.2 Standard and melt curves used for B-actin qRT-PCR primers.
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Raw Data For Cycling A.Green Threshold 0,1322
Left Threshokd 1,000
-~ Standard Curve Imported | No
® Standard Curve (1) conc= 104-0,255°CT + 10,342)
§ Standard Curve (2) CT = -3,925%Iog(conc) + 40,588
i Reaction efficiency (*) (* = 10N-1/m) - 1) 0,79806
N M -3,9246
B 40,58814
=-{-_I: 1 » EJ » » @ RVale 0,99969
Melt data for Melt A Green o R'2 Vale 0,98977
Start normalising from cycle |1
. Noise Slope Correction No
No Template Control Threshold|% 0
Reaction Efficiency Threshokd |Disabled
) Normalisation Method Dynamic Tube Normalisation
P, " Digital Filter Light
Y Sanpe Page page’
: v — o Imported Analysis Settings

T 1 3
10 10 10
Concentration

No. Colour Name Type Ct Ct Comment Given Conc (Coples) Calc Conc (Copies)

1 | ] [10-1 [Standard|13,06 10.000.000 10.318.255
2 | [} [102 |Standard|13,16 10.000.000 9.751.690
3 | || |50-1 [Standard|15,85 2.000.000 2014.997
4 | |l |50-2 |Standard|15,85 2.000.000 2.010.605
5 | [ [100-1 [Standard|17,00 1.000.000 1.024.892
6 | | |100-2 |Standard|17,12 1.000.000 952.352
7 | ] |500-1 [Standard|19,76 200.000 203.156
8 | [} [500-2 |Standard|19,84 200.000 193.819
9 | Jll |1000-1|Standard|20,95 100.000 101.136
10 | J [1000-2(Standard| 20,95 100.000 100.978
11| ] (N NTC |36 4

Figure C.3 Standard and melt curves used for GAPDH qRT-PCR primers.
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APPENDIX D

MINIMUM INFORMATION FOR PUBLICATION OF
OQUANTITATIVE REAL-TIME PCR EXPERIMENTS
GUIDELINES

95



Table D.1 MIQE guidelines.

ITEM TO CHECK IMPORTANCE | CHECKLIST |
EXPERIMENTAL DESIGN

Definition of experimental and control groups E YES
Number within each group E YES
Assay carried out by core lab or investigator's lab? D YES
Acknowledgement of authors' contributions D NO
NUCLEIC ACID EXTRACTION

Procedure and/or instrumentation E YES
Name of kit and details of any modifications E YES
Source of additional reagents used D YES
Details of DNase or RNAse treatment E YES
Contamination assessment (DNA or RNA) E NO
Nucleic acid quantification E YES
Instrument and method E YES
Purity (A260/A280) D YES
Yield D YES
RNA integrity method/instrument E YES
RIN/RQI or Cq of 3" and 5" transcripts E NO
Electrophoresis traces D N/A
Inhibition testing (Cq dilutions, spike or other) E YES
REVERSE TRANSCRIPTION

Complete reaction conditions E YES
Amount of RNA and reaction volume E YES
Priming oligonucleotide and concentration E YES
Reverse transcriptase and concentration E YES
Temperature and time E YES
Manufacturer of reagents and catalogue numbers D YES
Cgs with and without RT D NO
Storage conditions of cDNA D YES
gqPCR TARGET INFORMATION

If multiplex, efficiency and LOD of each assay. E N/A
Sequence accession number E YES
Location of amplicon D NO
Amplicon length E YES
In silico specificity screen (BLAST, etc) E YES
Pseudogenes, retropseudogenes or other homologs? D NO
Sequence alignment D NO
Secondary structure analysis of amplicon D NO
Location of each primer by exon or intron (if applicable) E YES
What splice variants are targeted? E N/A
qPCR OLIGONUCLEOTIDES

Primer sequences E YES
RTPrimerDB Identification Number D N/A
Probe sequences D N/A
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Table D.1 (continued)

Location and identity of any modifications E N/A
Manufacturer of oligonucleotides D YES
Purification method D NO
qPCR PROTOCOL

Complete reaction conditions E YES
Reaction volume and amount of cDONA/DNA E YES
Primer, (probe), Mg++ and dNTP concentrations E YES
Polymerase identity and concentration E YES
Buffer/kit identity and manufacturer E YES
Exact chemical constitution of the buffer D N/A
Additives (SYBR Green I, DMSO, etc.) E YES
Manufacturer of plates/tubes and catalog number D YES
Complete thermocycling parameters E YES
Reaction setup (manual/robotic) D NO
Manufacturer of QPCR instrument E YES
qPCR VALIDATION

Evidence of optimization (from gradients) D YES
Specificity (gel, sequence, melt, or digest) E YES
For SYBR Green I, Cqof the NTC E YES
Standard curves with slope and y-intercept E YES
PCR efficiency calculated from slope E YES
Confidence interval for PCR efficiency or standard error | D N/A
r2 of standard curve E YES
Linear dynamic range E YES
Cq variation at lower limit E YES
Confidence intervals throughout range D N/A
Evidence for limit of detection E YES
If multiplex, efficiency and LOD of each assay. E N/A
DATA ANALYSIS

qPCR analysis program (source, version) E YES
Cq method determination E YES
Outlier identification and disposition E N/A
Results of NTCs E YES
Justification of number and choice of reference genes E YES
Description of normalization method E YES
Number and concordance of biological replicates D YES
Number and stage (RT or qPCR) of technical replicates | E YES
Repeatability (intra-assay variation) E YES
Reproducibility (inter-assay variation, %CV) D NO
Power analysis D NO
Statistical methods for result significance E YES
Software (source, version) E YES
Cq or raw data submission using RDML D N/A

E: Essential information, D: Desirable information, N/A: Not applicable
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APPENDIX E

CONTENTS OF BUFFERS USED FOR WESTERN BLOT
EXPERIMENTS

6X Sample Loading Buffer

12% SDS, 30% B-mercaptoethanol, 30% glycerol, 0.012% Bromophenol
Blue, 0.375 M Tris-HCI pH 6.8

PBS-T

8 g NaCl, 0.27 g KH,PO4, 3.58 g Na,HPO4.12H,0; pH adjusted to 7.4,

autoclaved, and 0.1% Tween-20 added before use.
TBS-T

50 mM Tris-HCI pH 7.4, 150 mM NaCl; autoclaved, and 0.1% Tween-20

added before use.
10X Blotting Buffer

30.3 g Trizma Base (0.25 M), 144 g glycine (1.92 M); pH adjusted to 8.3 in 1
L dH,O.

Transfer Buffer (2 L)

400 ml methanol, 200 ml 10X Blotting Buffer, 1400 ml water
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SDS-PAGE Buffer
25 mM Tris, 190 mM glycine, 0.1% SDS
12% Separating Gel Mix

43 ml dH,O, 3.8 ml 10% SDS+1.5 M Tris-HCl pH 8.8, 6.7 ml of
acrylamide+bisacrylamide (30%), 150 ul APS, 20 ul TEMED.

4% Stacking Gel Mix

4.7 ml dH,O, 2 ml 10% SDS+1.5 M Tris-HCl pH 6.8, 1.2 ml of
acrylamide+bisacrylamide (30%), 50 ul APS, 10 ul TEMED.

Mild Stripping Buffer
15 g glycine, 1 g SDS, 10 ml Tween-20; pH adjusted to 2.2 in 1 L dH,O.
Harsh Stripping Buffer

100 mM B-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl ph 6.8
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APPENDIX F

MAPS OF VECTORS USED IN THIS STUDY

P bla

ampicillin

SV40 3'-splice site/SV40 pAV

cis-Reporter Plasmids
(luciferase reporter)

pUC ori

enhancer element

TATA

Figure F.1 The base map for PathDetect cis-Reporter plasmids (Agilent

Technologies). The NF-kB PathDetect plasmid used in this study possesses

tandem  repeats of the NF-«xB  response element

(TGGGGACCTTTCCGCO).
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Hindlll 414

SV40 Promoter
and Enhancer

pSV-B-Galactosidase
ori Vector
(6820bp)

EcoRI 3701

BamHI 4151

Sall 4163
Pstl 4173

Figure F.2 pSV-B-Galactosidase (Promega).
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1674
1663
1643
1640

HSV-TK
promoter

Notl
Pmel
Xhol
Sqfl

BamHI 4451

SV40 Late
poly(A) \

Amp'
hluc+

psiCHECK™-2

Vector
Synthetic (6273bp)
poly(A)
T7

% Promoter

ori

Nhel 684

Figure F.3 psiCHECK™-2 (Promega).
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