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Colon cancer is third most prevalent cancer in the United States, with significant
health consequences for the patient and society. Cancer stem cells are believed to be
resistant to conventional treatments resulting in relapse of the disease. Targeting cancer
stem cells in addition to conventional therapy may result in better outcomes for patients.
Colon cancer stem cells express several stem cell markers, including DCLK1.

Recent reports suggest that the 5’ promoter of DCLKI is increasingly methylated
and silenced in colon cancers; however significant levels of DCLKI-protein are
expressed by colon cancer cells and human adenocarcinomas, suggesting that DCLK1
measured in colon cancers is likely transcribed from an alternative promoter. As my first
goal, this possibility was investigated and led us to discover that colon cancers express a
short isoform of DCLK1 from a promoter within intron V, while normal colons mainly
express long isoforms of DCLK1 from 5’promoter.

The loss of DCLKI1 expression in cancer cells has been reported to result in the

loss of proliferative/tumorigenic/metastatic potential of colon cancer cells. RNAi



methods used so far, target both isoforms of DCLK1, therefore my second goal was to
use shRNA knockdown methods to specifically target DCLKI1-S isoform, in order to
delineate the biological role of cancer specific DCLK1-S isoform. The results of our
studies suggest that DCLK1-S mediates the activity of transcription factor, NFATC2 (via
the NFATC2 **SPPS>® motif), which in turn results in NFATC2 binding and activation of
the COL3A1 promoter which enhances the invasive potential of colon cancer cells.

The 5’(a)-promoter is differentially methylated in normal human colons vs.
human colorectal cancers, however the methylation status of the IntronV(p)-promoter
does not change. Therefore for my third goal, I investigated if differential expression of
DCLKI1-S in normal colons vs. human colorectal cancers was perhaps due to differences
in transcriptional activity of the promoter in normal vs. cancer cells. Our studies
demonstrate for the first time that FOXD3 is a potent transcriptional inhibitor of the
IntronV(B)-promoter, resulting in the absence of DCLK1-S expression in normal human

colons.
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Chapter 1: Introduction

Colorectal cancer (CRC) is the 3™ most common and lethal cancer in the United
States (US) (Siegel et al., 2014a; Siegel et al., 2014b). Development of colorectal cancer
occurs over many years and is a complex process involving multiple molecular pathways
(Grady and Pritchard, 2014; Kuipers et al., 2015; Okugawa et al., 2015). Accumulation
of genetic and epigenetic mutations causes mutant epithelial cells to divide
uncontrollably leading to a malignant tumor (Grady and Pritchard, 2014; Kuipers et al.,
2015; Okugawa et al., 2015). Colorectal cancer represents a significant burden on our
public health system and it is estimated that the national expenditure in the year 2015 will
be $18.5 billion (Mariotto et al., 2011). Although advances have been made in screening
and surveillance, mortality rates remain high among colorectal cancer patients due to the
metastasis and spread of the disease and our lack of understanding of these specific
mechanisms (Siegel et al., 2012). Cancer stem cells (CSCs) are believed to be resistant to
currently available treatments (Cherciu et al., 2014; Kantara et al., 2014; Wang et al.,
2015b). Recent literature suggests that targeting cancer stem cells may help to avoid
patient relapse and eliminate metastasis (Cherciu et al., 2014; Kantara et al., 2014; Wang
et al., 2015b), thus highlighting the importance of identifying and targeting cancer stem
cells for treating cancers.

Normal stem cells have been identified at the base of normal colonic crypts in
mice and humans, within a stem cell niche (Barker, 2014; Sancho et al., 2015), and are
responsible for the constant turnover of proliferating and differentiated cells located
along the length of the colonic crypts, due to the short half-life (4-7 days) of
differentiated cells (De Mey and Freund, 2013; Humphries and Wright, 2008). Cells in
the lower 1/3" of the crypts (proliferative zone) give rise to differentiated cells in the

upper 2/3rds of the crypt, which move upwards and get sloughed off into the lumen due



to apoptotic death (Barker, 2014; Sancho et al., 2015), either in response to injury or as
part of normal turnover (Humphries and Wright, 2008).

We previously reported that once normal stem cells (NSCs) are transformed into
cancer stem cells, they become morphologically distinct (Sarkar et al., 2012). It is
postulated that cancer stem cells unlike normal stem cells, lose the ability to proliferate
asymmetrically, and both daughter cells retain proliferative potential, with concomitant
loss in their differentiating potential (Ong et al., 2014; Sancho et al., 2015). Additionally,
cancer stem cells are believed to be resistant to chemotherapy and radiation therapy, and
although though the bulk of the tumor mass is reduced in response to the currently
available therapies, the small population of cancer stem cells (< 1-3%) (Kantara et al.,
2014; Sarkar et al., 2012) survive treatment and re-grow as primary/metastatic tumors,
resulting in relapse of the disease (Cherciu et al., 2014; Kantara et al., 2014; Wang et al.,
2015b).

Several putative stem cell markers, including LGR5 (Leucine-rich Repeat-
containing G-protein Coupled Receptor 5), CD44 (Cluster of Differentiation 44), and
DCLK1 (DoubleCortin-Like Kinase 1), have been reported to identify normal colonic
stem cells. However colon cancer stem cells express many of the same markers as
intestinal normal stem cells (Barker et al., 2008; Cherciu et al., 2014; Kantara et al.,
2014; Nakanishi et al., 2013; Sarkar et al., 2012); therefore targeting cancer stem cells
while sparing normal stem cells has remained a challenge.

Recently, DCLK1 was reported to be a specific colon cancer stem cell marker
(Nakanishi et al., 2013). High levels of DCLK1 protein have been reported in human
colorectal cancers (Gagliardi et al., 2012a; Kantara et al., 2014; Sureban et al., 2009);
however in recent years we have learned that the 5’ promoter of DCLK1 is epigenetically
silenced in human colorectal cancers (Marie Vedeld et al., 2014; Vedeld et al., 2014).
Therefore the first aim of my dissertation was to investigate the possibility of an alternate

isoform of DCLK1 being expressed from an alternate promoter in human colorectal
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cancers. The experiments conducted to address this aim are presented in Chapter 2 of my
dissertation. The results of our studies revealed that a short isoform of DCLK1 (DCLK1-
S) was the main isoform expressed in human colon cancer cells and in human
adenocarcinomas (AdCA), downstream of an IntronV(f)-promoter, while the canonical
DCLKI1-L (long isoform of DCLK1) was the main isoform expressed in normal human
colons, downstream of the 5’(a)promoter (O’Connell et al., 2015). We also demonstrated
that TCF/LEF (T-cell Factor/Lymphoid Enhancer-Binding Factor) (5’(a)-promoter) and
NF-xkB (Nuclear Factor of Kappa Light Polypeptide Gene Enhancer in B-cells)
(IntronV(B)-promoter) binding sites were required for transcriptional activation of L/S
isoforms in normal vs. cancer cells (O’Connell et al., 2015). The physiological relevance
of DCLK1-S expression was examined by plotting survival curves of 92 colorectal cancer
patients in relation to high/low expression of DCLK1-S; high-expressers had significantly
worse survival, compared to low expressers (O’Connell et al., 2015). Our novel findings
regarding alternative usage of promoters by normal vs. cancer stem cells, suggests that
specifically targeting DCLK1-S may eliminate cancer stem cells, while sparing DCLK1-
L functions in normal colons.

The loss of DCLKZ1 expression in cancer cells has been reported by us (Kantara et
al., 2014) and others (Sureban et al., 2011b; Sureban et al., 2009) to result in the loss of
proliferative/tumorigenic/metastatic potential of colon cancer cells. Our laboratory has
also reported that down regulation of DCLKZ1 in other transformed epithelial cells (Sarkar
et al., 2012), attenuates the growth of cells and is critically required for maintaining
proliferative potential of the colon cancer/transformed cells, in vitro and in vivo. RNAI
(RNA Interference) methods used so far (Kantara et al., 2014; Sureban et al., 2011b;
Sureban et al., 2009), target both isoforms of DCLK1. Therefore the second aim of my
dissertation was to use sShRNA (Short Hairpin RNA) knockdown methods to specifically
target the DCLK1-S isoform in representative colon cancer cells, in order to delineate the

biological role of cancer specific DCLK1-S isoform. The experiments conducted to
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address this aim are presented in Chapter 3 of my dissertation. The results of my Aim 2
studies allowed me to discover some of the pathways which were specifically down-
stream of DCLK1-S, but not DCLK1-L (O'Connell et al., 2016c; O'Connell et al., 2016d).
A major finding of these studies was that possible direct interaction of DCLK1-S (a
kinase), with transcription factor, NFATC2 (Nuclear Factor of Activated T-cells,
Cytoplasmic, Calcineurin-Dependent 2), resulted in DCLK1-S mediated phosphorylation
(at the **SPPS™ motif ) and activation of NFATC2 followed by binding of NFATC2 to
the promoter of COL3A1 (Collagen, Type I1I, Alpha 1) resulting in several fold increase
in expression levels of COL3A1 (O'Connell et al., 2016c¢). My in vitro and in vivo studies
also suggest that DCLK1-S plays a critical role in mediating the invasive potential of
colon cancer cells through modulation of the extracellular matrix (ECM) via enhanced
expression of associated genes (such as SPARC (Secreted Protein, Acidic, Cysteine-
Rich) and COL3A1) (O'Connell et al., 2016c).

As discussed above, the 5’(a))-promoter of DCLK1 is differentially methylated in
normal human colons vs. (versus) human colorectal cancers, as confirmed in my studies
(O’Connell et al., 2015), however, my findings suggest that the methylation status of the
IntronV(B)-promoter does not change in normal vs. colon cancer cells. Therefore the third
aim of my dissertation was to determine if differential expression of DCLK1-S in normal
colons vs. human colorectal cancers was perhaps due to differences in transcriptional
activity of the promoter in normal vs. cancer cells. The results of my third aim are
presented in Chapter 4 of my dissertation. As a result of these studies, we identified a
role of FOXD3 (Forkhead Box D3) in the regulation of the IntronV(pB)-promoter using
promoter reporter and ChIP assays (O'Connell et al., 2016a; O'Connell et al., 2016b).
Our studies demonstrate for the first time that FOXD3 is a potent transcriptional inhibitor
of the IntronV(p)-promoter, resulting in the absence of DCLK1-S expression in normal
human colons (O'Connell et al., 2016a; O'Connell et al., 2016b). We also evaluated the

pathophysiological relevance of DCLK1-S and FOXD3 expression in the overall survival
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of colorectal cancer patients and determined that patients expressing relatively high levels
of DCLK1-S and low levels of FOXD3 had significantly worse overall survival as
compared to patients expressing relatively low levels of DCLK1-S and high levels of
FOXD3, suggesting that measuring DCLK1-S and FOXD3 expression could have
diagnostic/prognostic significance (O'Connell et al., 2016a; O'Connell et al., 2016b).

The relevance of my findings towards improvement in the treatment, diagnosis
and prognosis of colorectal cancers is discussed in Chapter 5 of my dissertation. The
significance of many of the molecules and mechanisms related to my dissertation are
described below, as part of chapter 1 itself, and specific aspects of some relevant

molecules/pathways are described in the background sections of Chapters 2-4.

1.1 COLORECTAL CANCER

1.1.1 Colorectal Cancer Demographics

Colorectal cancer is the 3rd most prevalent and deadly cancer for both male and
females in the United States with an estimated 137,000 new cases and 50,000 deaths in

the year 2014 alone (Siegel et al., 2014a) , as illustrated in Figure 1.1.

Figure 1.1: Colorectal Cancer Demographics
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Colorectal cancer (CRC) is the 3rd most
prevalent and deadly cancer for both male and
females in the United States with an estimated
137,000 new cases and 50,000 deaths in year
2014 (Siegel et al., 2014).
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Over the past decade, the overall incidence rates have been steadily decreasing by
~3% per year (Bailey et al., 2015; Siegel et al., 2014a), however in adults 50 years or
younger, the incidence rates have increased (Abdelsattar et al., 2016; Bailey et al., 2015;
Siegel et al., 2012), suggesting that although the overall incidence of colorectal cancers
have declined in 50+ individuals, which can be largely attributed to increased awareness
and advances in screening and surveillance, further progress can be accelerated by
improving access and use of screening to all populations (Abdelsattar et al., 2016; Bailey
et al., 2015; Siegel et al., 2012), which may need to be extended to include individuals
40+ and older, based on recent reports described above. It was estimated in 2015, that
the national expenditure for colorectal cancer screening and treatment will be ~$18.5
billion (Mariotto et al., 2011), making it the second most costly cancer in terms of health
expenditures (Mariotto et al., 2011). Although great advances have been made to extend
the life of colorectal cancer patients, colorectal cancer remains a significant public health
burden for our society, due to less than optimal methods of treating and avoiding relapse

of this disease, especially in patients with stages I1-1V of colorectal cancer.

1.1.2 Progression of Colorectal Cancer

Development of colorectal cancer occurs over many years and is a complex
process involving multiple molecular pathways (Grady and Pritchard, 2014; Kuipers et
al., 2015; Okugawa et al., 2015). Accumulation of genetic and epigenetic mutations
causes mutant epithelial cells to divide uncontrollably leading to a malignant tumor (as
discussed in recent review articles, (Grady and Pritchard, 2014; Kuipers et al., 2015;
Okugawa et al., 2015). Colorectal cancer can be divided into two main subtypes
including 1) cancers with a hereditary component, accounting for ~25% of colorectal
cancers and 2) sporadic cancers, accounting for ~75% of colorectal cancers (Kuipers et

al., 2015).
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Cancers with a hereditary component can mostly be attributed to heritable
syndromes such as FAP (Familial Adenomatous Polyposis), which is caused by mutation
of the APC (Adenomatous Polyposis Coli) gene, and HNPCC (Hereditary Nonpolyposis
Colorectal Cancer or lynch syndrome), which is caused by mutation of DNA mismatch
repair genes such as MLH1 (MutL Homolog 1) or MSH2 (MutS Homolog 2) (Kuipers et
al., 2015).

Sporadic colorectal cancers are considered genetic/epigenetic diseases, which
may be triggered by unhindered hyperproliferation of colonic mucosa in response to
sustained and elevated levels of specific growth factors, such as IGFs (Insulin Like
Growth Factor 1) and PGs (Progastrins) (Singh et al., 2012; Vigneri et al., 2015), which
can potentially result in accumulation of epigenetic changes and/or genetic mutations, of
oncogenes and tumor suppressor genes (Grady and Pritchard, 2014; Okugawa et al.,
2015). As hyperproliferating colons progress through the adenoma-adenocarcinoma
sequence of colon carcinogenesis, several tumor suppressors (coding and noncoding) are
silenced while oncogenes are activated due to epigenetic changes or mutations (Kuipers
et al., 2015; Okugawa et al., 2015). Typically the APC gene is inactivated/mutated which
may operate as the initial trigger of colon carcinogenesis (White et al., 2012; Zoratto et
al., 2014). Oncogenes such as KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog),
BRAF (B-Raf Proto-Oncogene, Serine/Threonine Kinase), and TGFp (Transforming
Growth Factor Beta)/SMAD (Similar to Mothers Against Decapentaplegic) are then
activated (Berg and Soreide, 2012; Sipos and Galamb, 2012; Zoratto et al., 2014), along
with significant changes in the expression of several non-coding RNAs (Goel, 2015;
Okugawa et al., 2015; Weng et al., 2015), followed by inactivation of gateway tumor
suppressors such as p53 (Tumor Protein p53) (Li et al., 2015; Mundade et al., 2014). The
APC tumor suppressor protein is a key component of the destruction complex involved in
the WNT (Wingless-type MMTYV Integration Site Family Member) signaling pathway

(White et al., 2012). Loss of APC function results in accumulation of 3-catenin (Beta-
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Catenin), followed by its activation in response to upregulated oncogenic pathways (such
as elevated levels of circulating progastrins, (Singh et al., 2012)), which can transactivate
target genes involved in proliferation, differentiation, adhesion, and migration (Vasen et
al., 2015; White et al., 2012). Mutations in either oncogenic KRAS or its downstream
target, BRAF, results in constitutively activating RAS/RAF/MAPK and
PISK/PTEN/AKT pathways resulting in uninhibited cell growth and proliferation (Berg
and Soreide, 2012; Zoratto et al., 2014). Activation of SMAD dimers by TGF-p results in
transcriptional activation of key regulators of epithelial to mesenchymal transition (EMT)
(Sipos and Galamb, 2012; Zoratto et al., 2014). P53 is a key regulator of apoptosis, in
response to DNA damage (Li et al., 2015). P53 mutation results in proliferation of cells
harboring damaged/mutated DNA and is involved in advancing the progression of
adenomas to adenocarcinomas (Li et al., 2015).

Baseline mutation rates are insufficient to promote carcinogenesis in sporadic
cancers. Therefore, progression of sporadic cancers is facilitated by many different
molecular pathways of genomic instability, including chromosomal instability (CIN),
microsatellite instability (MSI) and CpG island methylator phenotype (CIMP), which
increase the number of mutations in transformed cells as illustrated in Figurel.2 (Kuipers
et al., 2015; Mundade et al., 2014). Chromosomal instability is characterized by
aneuploidy and frequent loss of heterozygosity and occurs in more than 50% of colorectal
cancers (Mundade et al., 2014; Pino and Chung, 2010). Microsatellite instability occurs
through inactivation of DNA mismatch repair genes and occurs in ~15% of colorectal
cancers (Kim and Kang, 2014; Mundade et al., 2014). Mutation or epigenetic silencing of
DNA mismatch repair genes leads to microsatellite instability resulting in accumulation
of DNA mutations during replication (Kuipers et al., 2015) (Mundade et al., 2014).
CIMP is characterized by widespread hypermethylation of CpG islands within a
promoter, resulting in inactivation of tumor suppressor genes in ~20% of colorectal

cancers (Mundade et al., 2014; Nazemalhosseini Mojarad et al., 2013). These types of
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fundamental changes in stem cells, likely transforms the stem cells into cancer stem cells,
which likely sustain the phenotypic changes associated with malignant tumors, arising
from benign (adenomatous) growths in the colons (Abetov et al., 2015; Cherciu et al.,
2014; Kantara et al., 2014; Kozovska et al., 2014; Sarkar et al., 2012; Singh et al., 2012;
Wang et al., 2015b). The challenge therefore is to target the cancer stem cells, which

represent the seed of the malignant growth.

Figure 1.2: Multiple Genetic Pathways in Colorectal Cancer
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There are three major molecular mechanisms responsible for facilitating sporadic colorectal cancer
including A) chromosomal instability pathway (CIN), B) microsatellite instability pathway (MSI), and
C) CpG methylator phenotype (CIMP). A simplified illustration is presented for each pathway. Briefly,
the classical CIN pathway is driven by mutations inactivating tumor suppressors such as the APC gene
and mutations activating proto-oncogenes such as KRAS. Chromosomal instability is characterized by
aneuploidy and frequent loss of heterozygosity. The MSI pathway is characterized by the loss of tumor
suppressor APC gene and inactivation of mismatch repair genes (MMR) leading to mutation of genes
such as TGFP and BAX. The CIMP pathway is driven by hypermethylation of promoters for tumor
suppressor genes and mutation of proto-oncogenes such as BRAF leading to loss of tumor suppressors
such as TP53 and pl6.
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1.1.3 Diagnosis and Treatment of Colorectal Cancer

Because adenomas and adenocarcinomas do not present symptoms in the early
stages, screening is critical to reduce colorectal cancer mortality rates. Several methods
are used to diagnose colorectal cancer including colonoscopy, fecal occult blood tests
(FOBT) or fecal immunochemical tests (FIT) and multi-targeted fecal DNA tests
(Mundade et al., 2014). To date the golden standard for diagnosis of colorectal cancer is
colonoscopy due to its high diagnostic accuracy. During a colonoscopy not only can the
location of polyps/tumors be assessed but polyps can also be removed allowing for
histological evaluation and molecular profiling of the polyps. (Kuipers et al., 2015).
Currently the CDC (Center for Disease Control and Prevention) recommends that regular
screening every 10 years should begin at the age of 50 and continue until age 75
(Sabatino et al., 2015). Although there has been significant progress in reducing
colorectal cancer incidence due to an increase in screening awareness, colonoscopy
remains invasive, expensive, and is not always available to the population at large.
Therefore, molecular biomarkers are critically required for accurate identification of
patients, who may be at risk of developing colorectal cancer. In my dissertation I
describe a novel tool that can be utilized for early detection/diagnosis of transformed
colonic epithelium. Utilizing such a tool may help to reduce healthcare costs and
improve screening compliance.

Although overall incidence rates have decreased, mortality rates remain high
among colorectal cancer patients (~40-50% of patients eventually die from the disease)
due to metastatic progression of the disease (Kuipers et al., 2015) (Siegel et al., 2014a).
Added to this challenge is the recently observed trend of increasing incidence of late
stage colorectal cancers in patients younger than the age of 50 (Abdelsattar et al., 2016;
Bailey et al., 2015; Siegel et al., 2014a), due to unknown etiologies. Treatment regimens

vary depending on the stage and progression of the cancer. Currently the standard of
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treatment includes colectomy, chemotherapy, and radiation therapy (Mundade et al.,
2014). Great strides have been made to minimize surgical trauma and preserve function
following colectomy and to increase the efficacy of chemotherapeutic agents by
targeting colon cancer associated oncogenic pathways, while decreasing their off target
effects. However, due to the diverse molecular pathogenesis of colorectal cancer, each
patient responds differently to targeted therapy/surgery (van Geel et al., 2015). Each
colorectal cancer patient is unique, therefore more precise and individualized treatment
strategies must be developed to improve treatment outcomes and prolong the survival of
patients (van Geel et al., 2015). Based on previous findings in the cancer stem cell area,
and results of my dissertation studies, | strongly believe that diagnosing/targeting cancer
stem cells may offer improved methods of prevention and treatment of colorectal cancers,

in the future.

1.2 STEM CELLS

1.2.1 Normal Stem Cells

As part of the final stages of digestion, the colon functions to extract energy and
water from solid waste before excretion from the body (Milla, 2009; Peterson and Awrtis,
2014). The colonic epithelium is a dynamic structure undergoing continuous regeneration
(Milla, 2009; Peterson and Artis, 2014). It is composed of epithelial cells arranged in a
single layer which fold into finger-like invaginations known as crypts (Milla, 2009;
Peterson and Artis, 2014). There are multiple cell types responsible for mediating the
function of the colonic epithelium including the well-studied absorptive, enteroendocrine,
mucus-secreting (goblet), and Paneth cells (D'Angelo and Wicha, 2010; Ong et al., 2014;
Sancho et al., 2015). Absorptive cells in the colonic crypts function to absorb nutrients
and water from waste, mucus secreting cells secrete mucus to protect the surface of the

crypts/colonic mucosa, enteroendocrine cells control gut physiology, including maotility,
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by secretion of hormones, and Paneth cells function to control the microbial environment
of the mucosa (D'Angelo and Wicha, 2010; Sancho et al., 2015). Recent reports describe
three additional cell types that exist in the colonic epithelium including M (microfold or
membranous) cells, cup cells, and tuft cells (Gerbe et al., 2012; Ong et al., 2014). M cells
function as an interface between the luminal crypt and the underlying immune cells,
however the precise functions of cup and tuft cells remains unknown (Gerbe et al., 2012;
Ong et al., 2014). Tuft cells are specialized cells, in which the function is not yet known,
in the upper 1/3" of the colonic crypts (Gerbe et al., 2012), and are also labeled as brush
cells due to its unique architecture, as described below.

Stem cells are present at the base of the crypts within a stem cell niche and are
responsible for the constant cellular turnover and regeneration of the crypt after injury, as
described above (Barker, 2014; Sancho et al., 2015). Stem cells are capable of self-
renewal by asymmetric proliferation in which one cell reverts back into a quiescent stem
cell, and the second daughter cell continues to divide and function as progenitor cells
(located in the lower 1/3" of the crypt), which go on to differentiate into all the functional
cell lineages of colonic crypts, as described above (Barker, 2014; Sancho et al., 2015).
Differentiated cells are located in the upper 2/3rd region of the crypts (Barker, 2014;
Sancho et al., 2015). As cells move upwards through the crypt they lose their
proliferating potential and differentiate into mature cells before going through apoptosis
and sloughing off into the lumen as demonstrated in Figure 1.3 (Barker, 2014; Sancho et

al., 2015).
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Figure 1.3: Organization of Cells in the Colonic Crypt
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Stem cells are located at the bottom of the crypt. Stem cells are capable
of self renewal and proliferation, giving rise to progenitor cells which
proliferate and differentiate as they move upwards through the crypt.

Balancing self-renewal, proliferation, and differentiation is required for
maintaining epithelial homeostasis. Disruption of this balance in hyperproliferating
crypts due to either idiopathic reasons, or in response to elevated levels of specific
growth factors (as described above), or inflammatory diseases, can result in uncontrolled
growth leading to transformation of stem cells and cancer (Ong et al., 2014; Sancho et
al., 2015; Singh et al., 2012). In order for stem cells to maintain normal homeostasis,
cells must remain within their protective niche (Sancho et al., 2015). The stem cell niche
is a tightly regulated microenvironment in which regulatory and secretory factors allow
for crosstalk between epithelial cells and their surrounding mesenchymal cells (Sancho et
al., 2015). |If signaling pathways crucial for regulating stem cell homeostasis (WNT,
Notch, Hedgehog, BMP (Bone Morphogenic Protein), etc.) are disrupted, due to either
inflammation/cytokines/altered microbiomes and/or elevated growth factor mediated
signaling pathways (such as EGFs, IGFs and progastrins, (Singh et al., 2012; Vigneri et
al.,, 2015)), normal stem cells can become transformed, and lose the ability to

asymmetrically divide and produce multi-lineage differentiated cells (Bu and Cao, 2012;
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Cherciu et al., 2014; Wang et al., 2015b). Our laboratory has described significant
phenotypic differences in isogenic normal and transformed epithelial stem cells (Sarkar et
al., 2012), and my studies further suggest expression of cancer specific isoforms of stem
cell markers in cancer stem cells (O’Connell et al., 2015), which may allow us, in the
future, to diagnose and target colon cancer stem cells.

The vast majority of studies on intestinal stem cells have focused on small
intestinal stem cells, especially in rodent models, while human colonic stem cells, remain
less well characterized (Zeuner et al., 2014). Within the small intestine two functionally
distinct populations of intestinal stem cells have been identified including LGR5+ crypt
base columnar stem cells and +4 quiescent stem cells, both of which are reportedly
capable of self-renewal and giving rise to differentiated cells (Barker, 2014; Ong et al.,
2014). However the contribution of each population towards maintenance of the colonic
crypt remains under debate (Ong et al., 2014) (Barker, 2014). The LGR5+ population of
stem cells actively proliferates and has been described to be the stem cell population
responsible for intestinal homeostasis (Barker, 2014; Ong et al., 2014; Zeuner et al.,
2014). The +4, BMI+ (BMI1 Proto-Oncogene, Polycomb Ring Finger), quiescent stem
cell population has been described as a reserve stem cell population that is capable of
regeneration of the LGR5+ population in case of injury (Barker, 2014; Ong et al., 2014;
Zeuner et al., 2014).

To date, the colonic stem cell populations remain largely undefined, and a lack of
robust stem cell markers makes studying colonic stem cells, challenging. Therefore,
identification of stem cell markers remains crucial to studying stem cell biology. A
number of cell surface markers have been proposed to be putative stem cell markers
including (but not limited to) LGR5/CD44/DCLK1 (Abetov et al., 2015; Cherciu et al.,
2014). As described above, LGR5+ cells have been reported to be actively proliferating
stem cells capable of generating all epithelial lineages of the colonic crypt (Barker et al.,

2007). CD44+ cells are involved in cell growth, differentiation, and survival and are
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capable of both self-renewal and differentiation (Cherciu et al., 2014). DCLK1+ cells are
located at the +4 position in normal intestinal crypts and have been described as the
quiescent stem cells, capable of giving rise to intestinal lineages (Chandrakesan et al.,
2015; May et al., 2008; May et al., 2009). Although several putative stem cell markers
have been reported to identify normal colonic stem cells, colon cancer stem cells express
many of the same markers as intestinal normal stem cells (Barker, 2014; Cherciu et al.,
2014; Hirsch et al., 2014; Nakanishi et al., 2013). Similarly in isogenic clones of normal
and transformed embryonic epithelial cells, while we described significant phenotypic
differences between normal and transformed stem cells, both expressed a similar array of
stem cell markers (Sarkar et al., 2012), therefore targeting cancer stem cells while sparing
normal stem cells remains a challenge. However, results of my studies may, for the time,

help us identify cancer stem cells, as further discussed in Chapters 2-4.

1.2.2 Cancer Stem Cells

Although significant progress has been made to understand the complex
molecular pathogenesis of colorectal cancer, the precise origin of colorectal cancer cells
remains unclear. Colorectal tumors are a heterogeneous population of cells, composed of
different cell types including epithelial, stromal, endothelial and infiltrating white blood
cells, all of which enhance tumor growth and progression by influencing physiological,
metabolic, and morphological changes (Abetov et al., 2015; Cherciu et al., 2014; Kuipers
et al., 2015; Wang et al., 2015b). Currently there are two models describing the process
of colorectal tumorigenesis and resulting tumor heterogeneity, these include the
stochastic and cancer stem cell models (Abetov et al., 2015; Cherciu et al., 2014;
Kozovska et al., 2014; Wang et al., 2015b). The stochastic model suggests that all cells
have equal capacity of initiating and promoting tumor growth while the cancer stem cell

model suggests that only a small subset of tumor cells have tumorigenic/metastatic
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potential, and these transformed cancer stem cells are responsible for maintenance of
tumor growth and metastasis (Abetov et al., 2015; Cherciu et al., 2014; Kantara et al.,
2014; Kozovska et al., 2014; Singh et al., 2012; Wang et al., 2015b).

Currently several hypotheses have been proposed to describe the origin of cancer
stem cells (Bu and Cao, 2012; Cherciu et al., 2014; Sarkar et al., 2012; Wang et al.,
2015b). We know that normal colonic stem cells are unspecialized, multipotent cells that
have the ability to self-renew through limitless division. Each daughter cell can either
revert back to a stem cell or commit to differentiation (Barker, 2014; Ong et al., 2014;
Sancho et al., 2015). The first hypothesis suggests that normal stem cells become
mutated/deregulated leading to transformation and formation of malignant stem cells that
are capable of proliferating continuously, giving rise to a tumor (Bu and Cao, 2012;
Cherciu et al., 2014; Wang et al., 2015b). The second hypothesis suggests that a
differentiated cell can acquire “stem cell like” capabilities resulting in a cell with a
dedifferentiated stem cell phenotype capable of limitless replication (Bu and Cao, 2012;

Cherciu et al., 2014; Wang et al., 2015b). Both hypotheses are illustrated in Figure 1.4.
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Figure 1.4: Origin of Cancer Stem Cells
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Normal colonic stem cells are unspecialized, multipotent cells that have the ability to self renew
through limitless division. Each daughter cell can either revert back to a stem cell or commit to
differentiation. A cancer stem cell can either originate from a normal stem cell that becomes
transformed giving rise to a malignant stem cell or from a differentiated cell that acquires a stem cell
like phenotype through de-differentiation.

Cancer stem cells maintain their capacity to self-renew and differentiate into
various cell types; however they are also capable of giving rise to malignant cells and
maintaining the whole tumor cell population (Abetov et al., 2015; Kantara et al., 2014;
Kozovska et al., 2014; Singh et al., 2012). Due to their limitless replicative capacity,
cancer stem cells can divide and feed the growth of tumors (Abetov et al., 2015; Kantara

et al., 2014; Kozovska et al., 2014; Singh et al., 2012). However, other cancer cells
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within the tumor only have a limited replicative capacity and can only contribute to the
bulk of the tumor but not to tumor maintenance (Abetov et al., 2015; Kantara et al., 2014;
Kozovska et al., 2014; Singh et al., 2012). Cancer stem cells are potently tumorigenic and
have the capability of generating a tumor from a limited number of cells (as few as 10°
cancer stem cells have been reported to be capable of generating a tumor) (Abetov et al.,
2015; Kantara et al., 2014; Kozovska et al., 2014; Sarkar et al., 2012). Cancer stem cells
are also believed to be resistant to chemotherapy and radiation (Cherciu et al., 2014;
Kantara et al., 2014; Singh et al., 2012; Wang et al., 2015b). Even though the bulk of the
colonic tumor mass is reduced in response to standard current therapies, a small
population of cancer stem cells survive treatment and are capable of re-growing as
primary/metastatic tumors, resulting in relapse of the disease, as recently reported by our
laboratory (Kantara et al., 2014), and confirmed by others (Cherciu et al., 2014; Wang et

al., 2015a). This process is demonstrated in Figure 1.5.
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Figure 1.5: Targeting of Cancer Stem Cells
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Tumors are composed of a heterogeneous population of cancer cells including differentiated cancer cells
and cancer stem cells. Cancer stem cells have tumorigenic capacity and the ability to sustain the tumor
growth. Conventional radiation and chemotherapy targets the bulk of the tumor, however cancer stem
cells are resistant to conventional therapy and have the ability to regenerate the tumor mass, resulting in
tumor relapse. By utilizing cancer stem cell targeting therapy, cancer stem cells can be eliminated
resulting in tumor shrinkage and eventually tumor elimination.

It has been proposed that by targeting cancer stem cells, relapse may be
eliminated, thus highlighting the importance of identifying and targeting cancer stem
cells for treating cancers (Cherciu et al., 2014; Kantara et al., 2014; Singh et al., 2012;
Wang et al., 2015b). As described above, several putative stem cell markers, including
LGR5, CD44, and DCLK1, have been reported as markers of normal colonic stem cells;

however colon cancer stem cells express many of the same markers (Barker, 2014;
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Cherciu et al., 2014; Hirsch et al., 2014; Nakanishi et al., 2013; Sarkar et al., 2012),
therefore targeting cancer stem cells while sparing normal stem cells remains a challenge.
In my dissertation | evaluated stem cell marker DCLK1 and its function as a normal and

cancer stem cell marker.

1.3 DCLK1 (DOUBLECORTIN-LIKE KINASE 1)

1.3.1 DCLK1 in the brain

Human DCLK1 was first described as a putative kinase that was similar to
doublecortin in structure but contained an additional calmodulin-dependent kinase-like
domain (Omori et al., 1998). The DCLK1 gene was mapped to chromosome 13913 and
multiple splice variants were described (Omori et al., 1998). Omori et al. demonstrated
that variants containing doublecortin (DCX) domains were predominantly expressed in
fetal brain tissue while variants that lacked DCX domains were expressed in both fetal
and adult brain, therefore it was concluded that the DCX containing variants appeared to
be specific to fetal life, playing a role in nervous system development while the variants
that lacked the DCX domain appeared to be important in maintaining the mature nervous
system (Omori et al., 1998). A subsequent report confirmed the chromosomal location of
DCLK1 and described protein domains of the full length DCLK1 variant (Sossey-Alaoui
and Srivastava, 1999). Based on the homology of DCLK1 to genes expressing only the
doublecortin domain, or Ca?*/calmodulin dependent kinase (CAMK), a possible role of
DCLKT1 in cortical development was described (Sossey-Alaoui and Srivastava, 1999).

Importantly, it was reported that the C-terminal kinase domain of DCLK1 lacked
calmodulin binding motifs, unlike CAMK, and Silverman et al. concluded that DCLK1 is
not calmodulin dependent but instead maybe a cAMP-dependent protein Kkinase
(Silverman et al., 1999). The genomic structure of the full length transcript of DCLK1

was mapped and individual exon/intron borders were characterized (Matsumoto et al.,
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1999). The mouse homolog of DCLK1 was cloned in mouse brains, and expression
patterns of variants were evaluated (Burgess et al., 1999). Mouse DCLK1 variants
followed a similar pattern of expression to human DCLK1 in fetal and adult brains, and a
role in cortical development of mice was suggested (Burgess et al., 1999); however, later
studies have questioned the conservation of DCLK1 functions in mouse vs. human brains
(Tuy et al., 2008). Expression patterns of DCX and DCLK1 were evaluated in the
developing neocortex and it was determined that temporal and spatial patterns of the two
proteins were similar, suggesting that both may be involved in a common signaling
pathway regulating neuronal migration (Mizuguchi et al., 1999).

Full length DCLK1 was found to co-localize and co-purify with microtubules,
while variants lacking the DCX domain remained cytoplasmic and did not appear to co-
localize with microtubules, demonstrating that the DCX domains were indeed responsible
for microtubule association (Burgess and Reiner, 2000). In primary cultures of
embryonic mouse neurons, DCLK1 was shown to co-localize with microtubules in the
growth cones of post-mitotic neurons (Burgess and Reiner, 2000). An additional report
demonstrated full length DCLK1 was expressed in migrating neuronal populations and
was capable of associating with microtubules to stimulate polymerization of tubulin and
formation of microtubule structures (Lin et al., 2000). DCLK1 association with
microtubules appeared to be a dynamic process and overexpression of full length DCLK1
resulted in microtubule bundling in cell lines and primary neuronal cells (Lin et al.,
2000). Lin et al., also demonstrated that the kinase domain of the full length protein
remained functional (Lin et al., 2000) in primary neurons. In a later report, Burgess et al.,
reported that full length DCLK1 was cleaved by calpain resulting in release of the kinase
domain from the microtubule binding DCX domain (Burgess and Reiner, 2001). The
cleaved kinase domain was structurally similar to the variants lacking DCX domains,
previously described (Omori et al., 1998). Omori et al., concluded that localization of the

DCLK1 kinase domain in neurons was regulated by calcium responsive cleavage by the
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enzyme calpain (Burgess and Reiner, 2001). An extensive study of the differential
expression and activity of mouse DCLK1 variants highlighted the complexity of neuronal
function and regulation (Burgess and Reiner, 2002). Although the presence of an
alternative promoter was eluded to, only splice variants were evaluated with regards to
the roles played by the variants in migrating neurons (Burgess and Reiner, 2002).

By identifying the crystal structure of the DCX domains of doublecortin and
DCLK1 (Kim et al., 2003b), the Kim et al., demonstrated that the N-terminal end of the
DCX domain only binds to assembled microtubules, while the C-terminal DCX domain
can bind to both microtubules and un-polymerized tubulin (Kim et al., 2003a). The
crystal structure of full length DCLK1 has yet to be resolved, and although two potential
regulatory domains of the C-terminal kinase domain have been identified (Shang et al.,
2003), substrates and regulators of DCLK1 have remained elusive, and DCLK1 has been
termed an “orphan kinase”. These gaps in our knowledge remain, and there is thus a
need to conduct additional studies to help tease out the specific functions of the two main
domains and overall role of DCLK1 variants.

Utilizing a differential protein screen of developmental and mature neuronal
tissues, Shu et al., identified DCLK1 as a microtubule-associated protein that was highly
expressed in the neocortex and cerebellum during active neurogenesis and it was found to
regulate spindle formation during mitotic division (Shu et al., 2006). DCLK1 was also
reported to play a key role in axonal projection formation across the midline of migrating
cortical neurons (Koizumi et al., 2006) and radial neuronal migration to the cerebral
cortex (Friocourt et al., 2007). Knockdown of DCLK1 gene resulted in disruption of most
radial processes in early corticogenesis (Vreugdenhil et al.,, 2007), once again
demonstrating an important role of DCLK1 in neuronal migration and neurogenesis.
DCLK1 was shown to be a critical regulator of dendritic development by promoting
dendritic growth by enhancing microtubule binding and suppression of synapse

maturation (Shin et al., 2013).
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Thus, key roles of DCLK1 in neurogenesis, neuronal migration, cortical
development, and dendrite growth, have all been well established, but differences in the
specific role, if any, of the many variants remains unknown. More recently, a possible
role of DCLK1 in human memory and cognitive functions, and in anxiety related
behavior of mice was investigated. It was demonstrated that inheritable markers in
specific regions of the human DCLK1 gene influenced cognitive traits such as verbal
memory, general cognition, and 1Q score (Le Hellard et al., 2009). Overexpression of a
DCLK1 variant, lacking the DCX domains in mice, resulted in a more anxious behavioral
phenotype as demonstrated in an elevated plus maze assay (Schenk et al., 2010). Thus,
the vast amount of work done with DCLKZ1 in the brain strongly suggests that DCLK1
plays a critical role in neurogenesis, neuronal biology and normal neuronal functions.
Recent findings also suggest a possible important role of DCLK1 in tumorous growths as

described below.

1.3.2 Neuroblastomas and DCLK1

A possible important role of DCLK1 in maintaining tumorous growths was first
learned from experiments with neuroblastomas. Co-localization of DCLK1 with mitotic
spindles in dividing neuronal precursors was observed (Vreugdenhil et al., 2007),
Vreugdenhil et al. evaluated subcellular localization of DCLK1 (and its variants). Several
cell lines were evaluated, and surprisingly it was found that only neuroblastoma cell lines
endogenously expressed DCLK1, and silencing of DCLK1 resulted in disruption of
mitotic spindles and cell cycle arrest at the prometaphase (Vreugdenhil et al., 2007).

As a continuation of these studies, the Verissimo et al. mined data from multiple
microarray datasets that contained data from ~20,000 neuroblastoma samples and their
normal controls (Verissimo et al., 2010), and discovered that variants of DCLK1 were

expressed at significantly higher levels in neuroblastoma tissues, as compared to normal
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neuronal tissues (Verissimo et al., 2010), confirming the earlier results with
neuroblastoma cell lines In a mouse neuroblastoma cell line, DCLK1 was silenced and
changes in gene expression were analyzed (Verissimo et al., 2010). Using pathway
analysis, the Verissimo et al. identified significant loss in gene expression related to cell
cycle, oxidative stress, and apoptosis pathways, in cells down regulated for DCLK1
expression compared to isogenic control clones (Verissimo et al., 2010). Using a variety
of cell growth/death assays, it was confirmed that DCLK1 silencing lead to an inhibition
of proliferation and an induction of apoptosis in both human and mouse neuroblastoma
cell lines (Verissimo et al., 2010). Because DCLK1 is specifically expressed in
proliferative neuroblasts, and silencing resulted in an inhibition of proliferation and an
induction of apoptosis of neuroblastoma cell lines, it was suggested that DCLK1
represented a target for the treatment of neuroblastomas (Verissimo et al., 2010). The
role of DCLK1 in neuroblastoma was later reviewed (Verissimo et al., 2011) and the
Verissimo et al., proposed that DCLK1 represented a potential molecular target that
exhibited high specificity and low toxicity for neuroblastoma treatment.

Knockdown of DCLK1 in combination with a current neuroblastoma treatment
was evaluated (Verissimo et al., 2012). Treatment with microtubule-destabilizing agent,
vinca alkaloids (VASs), resulted in high toxicity and drug resistance (Verissimo et al.,
2012). By combining DCLK1 knockdown with lower doses of VAs, cells were
sensitized to VA treatment, resulting in inhibition of proliferation and induction of
apoptosis, while decreasing toxicity of VA treatment (Verissimo et al., 2012).

In a recent study, it was reported that inhibiting a DCLK1 variant, that contained
only the DCX domains but lacked the protein kinase domain, resulted in inhibition of cell
proliferation of neuroblastoma cell lines in vitro and a delay in neuroblastoma tumor
development in vivo (Verissimo et al., 2013).

Once an important role of DCLK1 in maintaining growth of neuroblastoma

tumors was established, a role of DCLK1 in a number of different cancers, including
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colorectal (Chandrakesan et al., 2014; Duckworth et al., 2013; Hammond et al., 2015; Jin
et al., 2009; Kantara et al., 2014; Kantara et al., 2015; Kwatra et al., 2013; Li and
Bellows, 2013; May et al., 2008; Neradugomma et al., 2014; Ponnurangam et al., 2012;
Singh et al., 2012; Vedeld et al., 2014; Westphalen et al., 2014; Weygant et al., 2014),
pancreatic (Bailey et al., 2013; Delgiorno et al., 2014; May et al., 2010; Mohammed et
al., 2015; Ponnurangam et al., 2015; Qu et al., 2015; Rao et al., 2015; Sureban et al.,
2011a; Sureban et al., 2013; Sureban et al., 2014; Weygant et al., 2014), esophageal
(Souza et al., 2008; Vega et al., 2012; Whorton et al., 2015), breast (Haakensen et al.,
2011; Liu et al., 2015; Oliveras-Ferraros et al., 2014), lung (Powrdzek et al., 2015), rectal
(Ikezono et al., 2015), renal (Weygant et al., 2015), and hepatocellular (Sureban et al.,
2015) cancers has been demonstrated, by either using mouse models of investigation or
human tumor samples. For the purposes of my dissertation, | evaluated the role of

DCLK1 in colorectal cancer and colorectal cancer stem cells.

1.3.3 DCLK1 as a Normal Intestinal Stem Cell Marker

The first evidence of DCLK1 as a gastrointestinal stem cell marker came in 2006
(Giannakis et al., 2006). Using differential gene expression microarray analysis of gut
epithelial progenitor cells and whole stomach epithelium, DCLK1 was identified as a
potential stem cell marker (Giannakis et al., 2006). DCLK1+ cells did not express
neuroendocrine differentiation biomarker, CgA (Glycoprotein Hormones, Alpha
Polypeptide), and did not stain for BrdU (Bromodeoxyuridine) (Giannakis et al., 2006).
Small intestinal crypts of normal mice contained a single DCLK1+ cell that was
positioned directly below the transit amplifying cell population (at the +4 position),
therefore DCLK1 was suggested to be a marker of adult gut stem cells (Giannakis et al.,

2006).
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Later reports confirmed that DCLK1 was expressed at the +4 position in the small
intestinal crypts of mice, and that DCLK1 and stem cell marker MSI-1 (Musashi RNA-
Binding Protein 1) were co-localized, suggesting that DCLK1+ cells likely represented a
subset of MSI-1+ cells (May et al., 2008). In APC™" mice, DCLK1+ cells were negative
for PCNA (Proliferating Cell Nuclear Antigen) staining suggesting that DCLK1+ cells
were not proliferating, therefore DCLK1+ cells were termed quiescent stem cells (May et
al., 2008). In normal appearing crypts, DCLK1+ cells exhibited membrane [-catenin
staining while in a crypt adenoma, DCLK 1+ cells exhibited nuclear B-catenin (May et al.,
2008). May et al., suggested that DCLK1 and nuclear B-catenin could distinguish
adenoma stem cells from normal intestinal stem cells and DCLK1 and PCNA staining
could distinguish an adenoma stem cell from a proliferative adenoma cell (May et al.,
2008).

In a later study, May et al., reported that DCLK1+ cells were primarily located at
the +4 position of the crypt within the small intestine of mice, and DCLK1+ cells did not
co-localize with other putative stem cell markers (such as LGR5) or any other marker of
differentiated intestinal cells, such as ChrA (Carcinoembryonic Antigen), pPTEN
(Phosphatase and Tensin Homolog), pAKT (V-akt Murine Thymoma Oncogene
Homolog 1), somatostatin, secretin, suggesting that DCLK1 marked a unique +4
quiescent stem cell population (May et al., 2009). Using PCNA staining to assess the
proliferative status of LGR5+ and DCLK1+ stem cell populations, LGR5+ cells were
found to be PCNA+ while DCLK1+ cells were PCNA-, suggesting that LGR5 does
indeed represent actively proliferating stem cells while DCLK1 represents the +4
quiescent stem cell population (May et al., 2009). DCLK1 was found to be expressed on
the cell surface and when cells were sorted and grown in suspension culture, DCLK1+
cells formed spheroids in vitro while DCLK1- cells lacked the ability to form spheroids,
providing proof of stemness of DCLK1+ cells (May et al., 2009). When injected into

nude mice, DCLK1+ cells grew as organoids and gave rise to intestinal lineages and
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produced gland like structures, providing proof of pluripotency of DCLK1+ cells (May et
al., 2009). May et al., determined that DCLK1 is not only a marker of +4 quiescent stem
cells, but also DCLK1+ cells could be distinguished from actively proliferating LGR5+
cells, providing a reliable marker to distinguish the two stem cell population located
within the small intestine (May et al., 2009).

In an author reply, the identification of DCLK1 as a putative stem cell marker was
challenged (Gerbe et al., 2009). In the reply, Gerbe et al., stated that DCLK1 expression
did not identify stem cells within the intestinal epithelium but instead identified
differentiated tuft cells or brush cells. Gerbe et al., questioned the authenticity of a stem
cell marker that identified non-proliferating cells; a well-established feature of stem cells
(Gerbe et al., 2009). To determine the identity of DCLK1+ tuft cells, Gerbe et al., co-
stained the cells with known markers of differentiated cell types (Gerbe et al., 2009).
DCLK1 was not found to co-stain with any known markers of the well-studied
absorptive, enteroendocrine, goblet, or Paneth cells; however, DCLK1 did co-stain with
COX1 (Cytochrome C Oxidase Subunit 1), COX2 (Cytochrome C Oxidase Subunit 2),
villin, and a-tubulin, all molecular markers of differentiated tuft cells (Gerbe et al., 2009).
Therefore Gerbe et al., concluded that DCLK1 was not a quiescent stem cell marker but
was instead a bona fide tuft cell marker (Gerbe et al., 2009). In a subsequent report,
Gerbe et al., described DCLK1+ cells as postmitotic, short lived differentiated tuft cells
that are derived from LGR5+ active cycling columnar base stem cells (Gerbe et al.,
2011). These conflicting reports rendered it difficult to establish the functional
significance of DCLK1as a stem cell marker, in normal biology of mouse intestines.

In another attempt to elucidate the potential function of DCLK1, DCLK1+ cells
were FACS sorted from intestinal epithelium of Dclk-CreER;Ro0sa26-YPF mice
(Chandrakesan et al., 2015). DCLK1+ cells were found to be positive for BMI1 and
negative for LGRS, while DCLK1- cells were positive for LGR5 and negative for BMI1,

suggesting that DCLK1+ cells represented the +4, BMI+, quiescent stem cell populations
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and DCLK1- cells represented the LGR5+ actively proliferating columnar base stem cell
populations (Chandrakesan et al., 2015). The DCLK1+ cell population also
demonstrated increased expression of pluripotency genes (OCT4/POUSF1 (Octamer-
Binding Transcription Factor 4/ POU Class 5 Homeobox 1), SOX2 (SRY (Sex
Determining Region Y)-Box 2), NANOG (NANOG Homeobox), and KLF4 (Kruppel-
Like Factor 4)) and pro-survival genes (ATM (ATM Serine/Threonine Kinase), Tp53,
and survivin) (Chandrakesan et al., 2015). DCLK1 +/- cell populations were grown as
enteroids (colonies grown on soft agar) to determine the self-renewal properties
(determined by enteroid formation) of the two populations (Chandrakesan et al., 2015).
Both DCLK1 +/- cell populations grew enteroids; however only 1-2% of the DCLK1-
population displayed the ability to self-renew, as compared to 18% of the DCLK1+
population (Chandrakesan et al., 2015), which is supported by our findings with
embryonic stem cells (Sarkar et al.,, 2012). Authors (Chandrakesan et al., 2015),
concluded that DCLK1+ cells represent the quiescent and pluripotent cells, which
maintain survival and have self-renewal capabilities, and are reminiscent of the +4
quiescent intestinal stem cell populations, that these May et al., had initially described in
2008 and 2009 (May et al., 2008; May et al., 2009). We and others had similarly
described the presence of DCLK1+ cells at the +4 position in the colonic crypts of mice,
which were responsive to the growth effects of progastrins, resulting in hyperproliferation
of the colonic crypts of these mice (Jin et al., 2009; Sarkar et al., 2011). Hence it is
possible that both the +4 cells in the stem cell niche, and the tuft cells, located towards
the upper end of colonic crypts, function as a reserve of stem cell populations, capable of
regenerating the active cycling stem cell population in case of injury. However, most of

these findings are based on mouse models and remain to be confirmed in humans.
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1.3.4 DCLK1 as a Cancer Stem Cell Marker

As described above, initial reports demonstrated that there were variable
expression patterns of DCLK1 between normal epithelium and the epithelium of APC™"
mice and DCLK1 expression was found to be increased in adenomas (May et al., 2008).
May et al., had suggested that DCLKI/nuclear B-catenin staining could distinguish
adenoma stem cells from normal intestinal stem cells and that DCLK1+ cells may be the
origin of neoplastic cells (May et al., 2008). As described above, our laboratory and
other investigators had also described the expression of DCLK1 in mouse colonic crypts
at the +4 position, and reported a significant elevation in the expression of DCLK1 in the
+4 cells, in response to progastrins (Jin et al., 2009; Sarkar et al., 2011); progastrins have
been described by many investigators as potent mitogens for colonic epithelial cells and
colon cancers (discussed in a recent review article (Singh et al., 2012). Increased
expression of progastrin in the intestines of Fabp-PG (Fatty Acid Binding Protein) mice
was reported by our laboratory to induce hyperproliferation of colonic crypts (Singh et
al., 2000b) and increase colon carcinogenesis in mice in response to AOM
(Azoxymethane) + DSS (Dextran Sodium Sulfate) (Cobb et al., 2004; Singh et al.,
2000a). Progastrin overexpression (in hGAS/+ mice, expressing high levels of progastrin
in the livers of the mice) led to increased expression of DCLK1 in the colonic crypts of
the mice; upon treatment with AOM (a colon carcinogen), and colonic tumorigenesis was
significantly enhanced in the hGAS/+ mice, in relation to increased expression of
DCLK1 in the tumors of the mice (Jin et al., 2009). We further reported that DCLK1
expression was increased in an annexin A2 (non-canonical receptor for progastrins,
(Singh et al., 2007)) dependent manner in response to autocrine and endocrine progastrins
(Sarkar et al., 2011).  Using isogenic clones of human embryonic epithelial cells
(HEK293), which either expressed the control vector (HEKC) or the mutant gastrin gene

vector, for over-expressing full length progastrin (HEKmGAS clones), we reported that
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both the relative levels and the proportion of cells expressing DCLK1 were significantly
increased in HEKmGAS cells compared to that in HEKC cells (Sarkar et al., 2011).
Treatment of cells with annexin A2 siRNA reversed stimulatory effects of autocrine PG
on DCLK1,suggesting that annexin A2 was required for mediating stimulatory effects of
progastrins on expression levels of DCLK1 in target cells, which was confirmed in vivo,
using annexin A2 knock down mice (Sarkar et al., 2011). Taken together, these reports
indicated that DCLK1 likely mediated growth factor and co-carcinogenic effects of
progastrins on colon carcinogenesis in mice.

An important role of DCLK1 in maintaining growth/proliferative potential of
human colon cancer cells became evident in studies with human colon cancer cells.
Downregulation of DCLK1 expression in human colon cancer cells (HCT116 cells) using
SiRNA against all isoforms of DCLKZ1, resulted in the loss of growth of HCT116 tumor
xenografts in athymic nude mice (Kantara et al., 2014; Sureban et al., 2011b), which was
reported to be mediated by loss of Let-7a miRNA (Sureban et al., 2009). Utilizing
isogenic clones of embryonic epithelial cells, HEKC and HEKmGAS cells (described
above), DCLK1+ cell populations were found to be significantly upregulated in
progastrin overexpressing HEKmGAS cells, when grown either as mono layer cultures in
2D or as 3D growths in vitro (spheroids) or in vivo (xenografts), compared to that of
HEKC cells (Sarkar et al., 2012). Downregulation of DCLK1 in HEKC and HEKmGAS
cells (using DCLK1 siRNA), resulted in significant downregulation of proliferation in
both cell types, demonstrating that DCLK1 likely plays a functional role in maintaining
proliferation of both normal and cancer stem cells (Sarkar et al., 2012). More recently, we
reported that a subset of DCLK1+ cells were resistant to inhibitory effects of
chemopreventive/chemotherapeutic agents, including the dietary agent, curcumin
(Kantara et al., 2014). Our studies demonstrated that unlike control (non-treated cells),
which formed secondary spheroids within 4 days of re-plating, curcumin treated cells

formed secondary spheroids much later, by ~ 30-45 days, suggesting that curcumin
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treatment delayed re-growth of secondary spheroids, but did not avoid relapse (Kantara et
al., 2014). On further investigation, we discovered that a subset of cancer stem cells,
expressing DCLK1, underwent autophagic survival and regrew as spheroids, while other
stem cells, expressing LGRS, did not, but the sub—set of DCLK1+ that re-grew, gave rise
to LGR5+ cells as well (Kantara et al., 2014). Curcumin treatment of primary HCT116
spheroids resulted in complete attenuation of LGR5 expression, however low levels of
DCLK1 continued to be expressed, suggesting that a subset of DCLK1+ cells are
resistant to curcumin treatment (Kantara et al., 2014). Co-treatment with DCLK1 siRNA
and curcumin eliminated relapse/re-growth of spheroids from colon cancer stem cells,
while treatment with LGR5/CD44 siRNAs were not as effective (Kantara et al., 2014).
These findings strongly support a critical role of DCLK1 in colon cancer stem cell
biology (Kantara et al., 2014). Effects of DCLK1 £ curcumin on HCT116 cells grown in
vitro in 2D or 3D culture or in vivo as xenografts were evaluated (Kantara et al., 2014).
DCLK1 siRNA was more effective than curcumin against growth of HCT116 cells both
in vitro and in vivo suggesting that DCLK1 plays a functional role in the
proliferative/tumorigenic potential of cancer stem cells (Kantara et al., 2014). DCLK1
downregulation combined with curcumin treatment was significantly more effective both
in vitro and in vivo. When treated with a combination of DCLK1 siRNA and curcumin,
primary HCT116 spheroids did not form secondary spheroids, suggesting that the
combined regimen resulted in augmentation of both apoptotic and autophagic cell death
pathways, and complete elimination of cancer stem cells, thus resulting in loss of relapse
in the time frame of our studies (Kantara et al., 2014). These findings highlighted a
critical role of DCLK1, not only as a marker of cancer stem cells, but also as a functional
protein, which may be playing an important role in maintaining the cancer stem cell

population in human colonic tumors.
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Recent literature also strongly implicates a possible important role of DCLK1 in
mouse colon tumorigenesis. The role of DCLK1 as a normal/cancer stem cell marker
was evaluated in normal mouse intestines and during intestinal tumorigenesis using
DCLK1“®RT2* knock in mice (Nakanishi et al., 2013). Using tamoxifen induced cre-
mediated lineage tracing of both the small intestine and the colon (via Dclk1C"™®ERT2*:
Rosa26R mice), it was demonstrated that DCLK1+ cells originated in the lower crypt and
that these DCLK1+ cells migrated up along the length of the crypt and were eventually
shed within a couple of weeks (Nakanishi et al., 2013). BrdU incorporation was not
observed in DCLK1+ cells located within the normal intestine; therefore the Nakanishi et
al., concluded that DCLK1 did not mark stem cells in the normal intestine but instead
marked postmitotic cells (Nakanishi et al., 2013). In Dclk1®"*R™*: Rosa26R; Apc™™*
mice, lineage tracing analysis showed that polyps were positive for LacZ labeled cells
(Nakanishi et al., 2013). When tracing LacZ expression within the polyps over time,
labeled cells (~3.1% of tumor cells) were initially located at the polyp base and then
expanded daily to eventually occupy the whole polyp within 5-7 days (Nakanishi et al.,
2013). Based on the data, Nakanishi et al., concluded that DCLK1 only marked cancer
stem cells, that formed tumors, and that DCLK1 expression was required for forming
intestinal adenomas (Nakanishi et al., 2013). Using Dclk1®"*R™*: Rosa26R; Apc™™*;
Rosa26™ ™" mice, diphtheria toxin mediated ablation of DCLK1+ cells resulted in
regression of the tumors without damaging the normal intestine, based on which the
Nakanishi et al., concluded that ablation of DCLK1+ cancer stem cells resulted in tumor
regression without causing damage to the normal intestine or normal intestinal stem cells.
DCLK1+ cells in mutant mice have similarly been described as colon cancer initiating
cells, giving rise to colonic tumors, especially in mice with non-functional APC, and in
the presence of an inflammatory stimulus (DSS induced colitis) (Westphalen et al.,
2014). Westphalen et al., however suggested that DCLK1+ tuft cells were required for

initiating colonic tumors in mice, giving credence to possible importance of tuft cells in
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colon carcinogenesis in mice. Taken together, these reports demonstrate that DCLK1+
cells function as colon cancer stem cells that are capable of giving rise to intestinal
tumors in mice.

Due to the reported specificity of DCLK1 to cancer stem cells, our laboratory
evaluated the use of DCLK1 as a novel circulating cancer stem cell marker (Kantara et
al.,, 2015). As described above, cancer stem cells are believed to be resistant to
chemotherapy and radiation and a small sub-set of cancer stem cells can survive
chemotherapeutic treatment and re-grow as primary/metastatic tumors, resulting in
relapse of the disease (Cherciu et al., 2014; Kantara et al., 2014; Wang et al., 2015b).
Therefore utilizing circulating cancer stem cells to screen patients for risk of relapse or
for presence of metastatic disease, could significantly improve clinical outcomes. Using
DCLK1 and several additional cancer stem cell markers/epithelial cell markers, we
reported a novel approach for detecting cancer stem cells in circulation (Kantara et al.,

2015).

1.3.5 Epigenetic Silencing of DCLK1

In recent years, the 5’ promoter of the human DCLK1 gene was reported to be
hypermethylated in a number of cancers, including colorectal cancers (Andresen et al.,
2012; Marie Vedeld et al., 2014; Powrdzek et al., 2015; Vedeld et al., 2014).
Hypermethylation of the 5’promoter of the human DCLK1 gene was first described in
cholangiocarcinoma (Andresen et al., 2012). The promoter of the human DCLK1 gene
displayed high methylation frequency in primary cholangiocarcinoma tumors when
compared to normal mucosal controls (Andresen et al., 2012). A subsequent report
demonstrated that the 5’promoter of the human DCLK1 gene was hypermethylated in
~82% of colorectal cancer samples with minimal methylation of the promoter in normal

mucosal samples (Vedeld et al., 2014). In a panel of 74 cancer cell lines derived from 15
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different tissues, Vedeld et al. observed a negative correlation of 5’promoter of DCLK1
methylation and DCLK1 expression, suggesting that when the promoter of DCLK1 is
hypermethylated, DCLKZ1 expression is silenced (Vedeld et al., 2014). Treatment of 20
cell lines with epigenetic drug, 5-aza-2’deoxycytidine (5-Aza), resulted in a significant
increase in DCLK1 expression, again demonstrating that reduced gene expression of
DCLK1 in human cancer cell lines was a result of hypermethylation of the DCLK1
promoter (Vedeld et al., 2014). Vedeld et al. suggested that methylation of the DCLK1
promoter represented a novel epigenetic biomarker for colorectal cancers (Vedeld et al.,
2014). It has since been demonstrated that the 5’promoter of the human DCLK1 gene is
hypermethylated in gastric (Marie Vedeld et al., 2014), pancreatic (Marie Vedeld et al.,
2014), and lung cancers (Powrozek et al., 2015).

1.3.6 DCLK1 Overexpression in Colorectal Cancers

Although the 5’promoter of DCLK1 gene has been reported to be epigenetically
silenced in human colon cancer cell lines and human colorectal cancers, high levels of
DCLKT1 protein have been reported throughout literature (Gagliardi et al., 2012a; Kantara
et al., 2014; Sureban et al., 2009). Using human cancer tissue microarrays, staining of
DCLK1 was found to be increased in human colorectal cancer specimens as compared to
normal colonic mucosa (Sureban et al., 2009). DCLK1 expression was also observed in a
variety of human colon cancer cell lines (Sureban et al., 2009). In a large scale patient
study, DCLK1 was found to be frequently expressed in colorectal neoplasia and patients
whose tumors had high levels DCLK1 staining had an increased risk for cancer specific
mortality, suggesting that DCLK1 expression may be associated with poor prognosis
(Gagliardi et al., 2012a). Reports from our laboratory demonstrated that colon cancer cell
lines express high levels of DCLK1 in both 2D and 3D cultures (Kantara et al., 2014).

These reports demonstrate that although the 5’ promoter of the human DCLK1 gene is
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epigenetically silenced, DCLK1 protein levels remain elevated in human colon cancer

cell lines and colorectal cancers.

1.3.7 Human DCLK1 gene

The DCLK1 gene encodes a member of the protein kinase family and
doublecortin family. The DCLK1 gene is located on the long arm of chromosome 13 at
position 13 (13q13) (Omori et al., 1998; Sossey-Alaoui and Srivastava, 1999). Previous
names of DCLK1 include DCAMKL1 and KIAAQ0369 (as described in the NCBI
database). According to the NCBI database, four transcript variants of human DCLK1
have been described; additional isoforms have been described in the SwissProt database.
The full length transcript of isoform 1 (NM_004734.4) is 8463 bps, contains 18 exons,
and results in a 729 aa peptide with a molecular mass of 82.224 kDa (NP_004725) (as
described in the NCBI database). DCLK1 isoform 2 (NM_001195415.1) is 7592 bps, and
lacks several 5’ exons as compared to isoform 1. The resulting transcript contains 14
exons and results in a 422 aa peptide (NP_001182344.1) that has a shorter N-terminus as
compared to isoform 1. DCLK1 isoform 3 (NM_001195416.1) is 7518 bps and lacks
several 5° exons as compared to isoform 1. Isoform 3 also lacks a coding exon in the 3’
region that results in a frame-shift, as compared to isoform 1. The resulting transcript
contains 13 exons and results in a 433 aa peptide (NP_001182345.1), that has a shorter
N-terminus and different C-terminus as compared to isoform 1. DCLK1 isoform 4
(NM_001195430.1) is 5432 bp and shares only one exon with isoform 1. The resulting
transcript contains 3 exons and results in a 56 aa peptide (NP_001182359.1) that has a
shorter N-terminus and C-terminus as compared to isoform 1. Key differences in the 4

transcripts of human DCLKT1 are highlighted in Figurel.6.
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Figure 1.6: Nucleotide Sequence Homology between the Transcripts for the 4
Isoforms of Human DCLK1

s 8§ 8 8§ 3§ 8§ &8 8§ s
1001— —2000

ATG

== == s s S

ATG TAA

2001— e —3000
— TGA
3001 — —4000
4001— —5000
5001 — —6000
6001 — —7000
A
7001— —8000
8001— r 8463
-~y A Transcriptional Start Site

A Transcriptional Stop Site
BDCLK1-L, Isoform 1, NM_004734.4
Homologous

BDCLK1-3, Isoform 3, NM_001195416.1 - = = = Non Homologous

/\ Alternative splice site
Diagrammatic representation of the nucleotide sequence homology of isoforms of ADCLKI as
described in the NCBI database. Dark Grey=isoform 1 (NM_004734.4), Light Grey=isoform 2
(NM_001195415.1), Dark Blue=isoform 3 (NM_001195416.1), and Light blue=isoform 4
(NM_001195430.1). Solid lines=homologous regions, dashed lines=non-homologous regions, arrow
head=alternative splice site, purple triangles=transcriptional start sites, orange triangles=transcriptional
stop sites. Start (purple) and stop (orange) codons are indicated. The coding region of DCLKI isoform
1 starts at bp 284 (from exon 2) and ends at bp 2473 (exon 18). The 5° untranslated region includes
exon 1 and part of exon 2.The 3° untranslated region includes most of exon 18 (3301 bp). The coding
region of DCLK] isoform 2 starts at base 334 (of exon 1), and ends at base 1602 (in exon 14). Isoform
2 consists of 14 exons. The 5° untranslated region includes most of exon 1 (352 bp) and 3° untranslated
region includes most of exon 14 (3301 bp). The coding region of DCLK] isoform 3 (DCLK1-3) starts
at base 334 (in exon 1) and ends at base 1635 (exon 14). Isoform 3 is transcribed from 13 exons rather
than 14 exons. Isoforms 2 and 3 represent splice variants of transcripts originating in the same exon of
the gene that are different by 74 bps, since isoform 2 contains sequences that are transcribed from an
additional exon compared to isoform 3.The coding region of DCLKI isoform 4 starts at base 334 and
ends at base 504, and is transcribed from 3 exons. The 5° untranslated region is homologous between
isoforms 2, 3, and 4. The 3’ untranslated region of isoform 4 includes most of exon 3.
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1.3.8 Human DCLK1 Protein

The full length DCLK1 isoform 1 contains: two N-terminal doublecortin domains
which bind microtubules, a C-terminal serine/threonine kinase domain with homology to
Ca2+/calmodulin dependent protein kinases and a middle serine/proline rich domain,
which mediates protein interactions (Sossey-Alaoui and Srivastava, 1999). The
serine/proline-rich domain has been shown to mediate multiple protein-protein
interactions. Isoforms 2 and 3 retain the protein kinase domain but lack the doublecortin
domains, compared to isoform 1. Isoform 4 lacks both the doublecortin domains and the
protein kinase domain. A diagrammatic representation of the 4 isoforms of DCLK1 is

provided in Figure 1.7.
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Figure 1.7: Diagrammatic Representation of Protein Domains of the hDCLK1
Isoforms
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DCX=doublecortin domain; PK=calmodulin-like proten kinase domain; IC=intracellular domains of the
indicated isoforms; EC=extracellular domain of the four isoforms; Isoforms are named according to the
NCBI database. The total number of amino acids in the four isoforms, as it relates to the various
domains is indicated. Briefly, isoform 1 consists of two doublecortin domains, a protein kinase domain,
and a serine/proline rich area. The transmembrane domain was present only in isoforms 1, 2 and 3.
Protein analysis using PSORT (www.psort.nibb.ac.jp.org), University of Tokyo, Japan) suggested only
one transmembrane domain (located between 568-584 AAs of isoform 1). However, protein analysis
using BCM Search Launcher (http://searchlauncher.bcm.tme.edu/multi-align/multi-align.html), Baylor
College of Medicine, Houston, TX) identified 2 transmembrane domains (located between AA 534-559
and 568-585). Isoforms 2 and 3 retain the protein kinase domain but lack the doublecortin domains,
compared to isoform 1. Isoform 4 lacks both the doublecortin domains and the protein kinase domain. It
is important to note that SwissProt describes a 740 AA isoform (015075-1) that is not described in the
NCBI database. This 740 AA protein consist of two doublecortin domains, a protein kinase domain,
and a serine/proline rich area.
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Various names have been used to describe the different human isoforms of
DCLKT1 throughout literature. Isoform 1 (NP_004725.1) has been previously referred to
as DCLK1-long-B (Engels et al., 2004), KIAA0369AS (Omori et al., 1998), DCK-al
(Pal et al., 2011), and DCLK1-p (Burgess and Reiner, 2002). Isoform 2
(NP_001182344.1) has been previously referred to as DCLK1-short-B (Engels et al.,
2004), DCK-B1 (Shang et al., 2003), and KIAA0369-BS (Omori et al., 1998). Isoform 3
(NP_001182345.1) has been previously referred to as DCLK1-short-A (Engels et al.,
2004), DCK-B2 (Shang et al., 2003), KIAA0369-BL (Omori et al., 1998), and CPG16
(Burgess and Reiner, 2002; Silverman et al., 1999). Isoform 4 has been previously
referred to as ania-4 (Berke et al., 1998) and CARP (Vreugdenhil et al., 1999). The 740
AA protein described in the SwissProt database (015075-1) has been referred to as
DCLK1-long-A (Engels et al., 2004), KIAA0369-AL (Omori et al., 1998), DCK-02
(Shang et al., 2003), and DCLK a (Burgess and Reiner, 2002).

1.3.9 Mouse DCLK1

Although the human DCLK1 gene is conserved in mouse, chimpanzee, dog,
chicken, and C. elegans, the associated transcripts described for each species differs
significantly, demonstrating the complexity of this gene in different species. There are 7
mouse DCLKZ1 isoforms described in the NCBI database. A diagrammatic representation

of the 7 transcripts described is provided in Figure 1.8.
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Figure 1.8: Diagrammatic Representation of the Transcripts for the 7 Mouse

Isoforms of DCLK1
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Isoform 7
Isoform 1 (NM_019978.3), Isoform 2 (NM_001111051.1), Isoform 3 (NM_001111052.1), Isoform 4
(NM_001111053.1), Isoform 5 (NM_001195538.1), Isoform 6 (NM_001195539.1), and Isoform 7
(NM_001195540.1). Transcriptional start sites (ATG) and end sites (TGA) are shown. Numbered
boxes=exons; lines between boxes=introns. Introns and Exons are not drawn to scale.

There are 7 unique resulting polypeptides in mice. In brief, isoform 1 consists of
two doublecortin domains and a protein kinase domain. Isoforms 2 and 3 retain the
protein kinase domain but lack the doublecortin domains, compared to isoform 1. Isoform
4 retains the doublecortin domains but lacks the protein kinase domain. Isoform 5
consists of two doublecortin domains and a protein kinase domain. Isoform 6 lacks the
doublecortin domains and consists of a protein kinase domain. Isoform 7 lacks both the
doublecortin and protein kinase domains. A diagrammatic representation of the protein

domains present in the 7 mouse isoforms is provided in Figure 1.9.
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Figure 1.9: Diagrammatic Representation of the Protein Domains Present in the 7
Isoforms of mouse DCLK1
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DCX=doublecortin domain; PK=calmodulin-like protein kinase domain. The total number of amino
acids in the seven isoforms, as it relates to the various domains is indicated. Briefly, isoform 1 consists
of two doublecortin domains and a protein kinase domain. Isoforms 2 and 3 retain the protein kinase
domain but lack the doublecortin domains, compared to isoform 1. Isoform 4 retains the doublecortin
domains but lacks the protein kinase domain. Isoform 35, like, isoform 1, consists of two doublecortin

domains and a protein kinase domain. Isoform 6 lacks the doublecortin domains and consists of a
protein kinase domain. Isoform 7 lacks both the doublecortin and protein kinase domains.
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Chapter 2: Epigenetic Changes and Alternate Promoter Usage by
Human Colon Cancers for Expressing DCLK1-Isoforms: Clinical

Implications

*This chapter is a copy of a manuscript published from our laboratory in 2015
(O’Connell et al., 2015). | retain copyright permission by Nature Publications to
reuse the full article for dissertations purposes.

2.1 INTRODUCTION

CRC is the third most prevalent cancer in the U.S. (Siegel et al., 2014a). Several
cancer stem cell (CSC) markers have been identified in the literature, including CD44,
CD133 (Prominin 1), Lgr5 and DCLK1 (Kemper et al., 2012; May et al., 2008;
Nakanishi et al., 2013; Ning et al., 2013; Nomura et al., 2015; Park et al., 2012; Schepers
et al., 2012). Besides marking cancer cells, CD44, CD133 and Lgr5 have been reported to
play an important functional role in either maintaining the growth of cancer cells and/or
in aiding in the metastatic potential of cells (Kemper et al., 2012; Nomura et al., 2015;
Park et al., 2012; Schepers et al., 2012). More recently, an equally important role of
DCLK1 has been implicated in colon tumorigenesis in mice (Bailey et al., 2014;
Nakanishi et al., 2013; Westphalen et al., 2014) and in maintaining the proliferative
potential of human colon cancer cells (Kantara et al., 2014; Sarkar et al., 2012; Sureban
et al., 2011b). We recently reported that a subset of DCLK1+CSCs were resistant to
inhibitory effects of chemopreventive/chemotherapeutic agents, and down-regulation of
DCLK1 combined with chemoprevention was required for eliminating CSCs, in vitro and
in vivo, and for avoiding relapse (in terms of re-formation of tumorospheres from treated
cells) (Kantara et al., 2014). These findings highlighted a possible critical role of DCLK1

in maintaining the growth of human colon cancer cell lines. Isogenic clones of human
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embryonic epithelial cells (HEK293), that were either poorly tumorigenic (HEKC) or
highly metastatic (HEKmGAS), expressed identical set of markers, including DCLK1
(Sarkar et al., 2012). Thus, specifically targeting CSCs has remained a challenge.
DCLK1-gene encodes a member of the protein kinase family and doublecortin
family (Lin et al., 2000), and was initially reported to play a critical role in neurogenesis
and neuronal migration (Lin et al., 2000; Shin et al., 2013; Shu et al., 2006). Thereafter,
investigators reported an important role of DCLK1 in dictating cognitive behavior of
mice and humans (Le Hellard et al., 2009; Shin et al., 2013). A possible important role of
DCLK1 in maintaining tumorous growths was first learned from experiments with
neuroblastomas (Verissimo et al., 2013; Verissimo et al., 2010). Only in the past 7-8
years, epithelial expression of DCLK1 was described for the first time in mouse gastric
epithelial cells (Giannakis et al., 2006), and Giannakis et al. speculated that DCLK1 was
being expressed by gastric stem cells. Soon afterwards, laboratories of Drs. Anant and
Houchen published several papers describing DCLK1 expression in mouse intestinal
crypts (May et al., 2008; May et al., 2009). Expression of DCLK1 in mouse colonic
crypts was reported to be significantly elevated in response to progastrins (potent
mitogens for colonic epithelial cells and colon cancers) (Jin et al., 2009; Sarkar et al.,
2011), which correlated with hyperproliferation of the crypts (Sarkar et al., 2011)).
DCLKT1 is also expressed by acetylated Tuft cells, located in the upper 1/3 of colon crypts
in mice (Gerbe et al., 2009). More recently, a critical role of DCLK1+Tuft cells was
reported in developing colon and pancreatic tumors/lesions in mutant mouse models of
carcinogenesis (Bailey et al., 2014; Westphalen et al., 2014). DCLK1+Tuft cells were
reported to be required for restitution of mouse intestinal crypts in response to
inflammation/radiation damage (May et al., 2014). Thus the literature so far strongly
implicates a possible important role of DCLK1 in mouse colon tumorigenesis and in

maintaining the growth of human colon cancers.
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A number of long (~80-82KDa) and short (~45-50KDa) isoforms of DCLK1 have
been identified in human brains/neurons (Burgess and Reiner, 2002; Engels et al., 2004,
Omori et al., 1998; Shang et al., 2003; Silverman et al., 1999) (as described in 1.3.8). The
~82kDa long isoform of DCLK1 contains: two N-terminal doublecortin domains which
bind microtubules, a C-terminal serine/threonine kinase domain with homology to
Ca2+/calmodulin dependent protein kinases and a middle serine/proline rich domain,
which mediates protein interactions. The nomenclature for the various isoforms has
remained a source of confusion, and differs even in the Swiss-Prot and NCBI databases
(as described in Figure 1.3.8). The specific biological function of the various isoforms
has remained undefined. The shorter isoforms lack the two N terminal doublecortin
domains. Thus the 3D structure of the long vs. short isoforms can be expected to be quite
different, with perhaps some differences in their biological interactions and activities.
The longer isoforms and their splice variants are presumed to be transcriptionally
regulated by the 5’(a)-promoter. The origin of the shorter isoforms has not been
investigated to a significant extent, but a 3’ promoter (termed [-promoter (Shang et al.,
2003)), downstream of the 5’(a)-promoter has been implicated in transcribing shorter-
transcripts of DCLKL1 in mouse cerebellum (Pal et al., 2011). In at least one report, a
TATA box containing promoter was described in the IntronV of DCLK1-gene in
neuronal cells (Le Hellard et al., 2009). Unlike in neuronal cells, possible expression of
different isoforms of DCLK1 by normal colonic epithelial cells and colon cancer
cells/tumors has not been investigated to-date. The presence of DCLKL1 protein in
epithelial cells has so far been mainly examined by using commercial antibodies,
generated against the common C terminal end of long and short isoforms (Femia et al.,
2013; Kantara et al., 2014; Kikuchi et al., 2010; May et al., 2008; Sarkar et al., 2012).
Thus the specific isoform(s) being expressed by epithelial cells has remained unknown.

In studies with mutant mouse models of colon/pancreatic tumorigenesis,

described above, a bac construct, expressing either the reporter gene or diphtheria toxin,
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downstream of the 5’promoter of mouse DCLK1 gene was used, suggesting that
5’promoter remains functional during intestinal/pancreatic tumorigenesis in mice, which
likely results in the expression of the long isoform(s). The 5’promoter of hDCLK1-gene,
however, was recently reported to be hypermethylated in hCRCs, by several investigators
(Marie Vedeld et al., 2014; Vedeld et al., 2014), suggesting the possibility that the
5’promoter of hDCLK1-gene may be epigenetically silenced in hCRCs. This intriguing
possibility was examined in the current studies, and our findings suggest that
hypermethylation of 5 promoter is an early event during adenoma-carcinoma sequence of
colon carcinogenesis in humans, unlike mice. Our data also suggests an absence of
expression of long transcripts/isoforms in all 15 human colon cancer cell lines (hCCCs)
screened to-date by us, suggesting epigenetic silencing of the 5’(a)-promoter due to its
hypermethylation in hCRCs, as described above.

Even though the 5’(a))-promoter is epigenetically silenced in hCCCs/hCRCs, high
levels of DCLK1 protein have been reported in hCCCs/hCRCs (Gagliardi et al., 2012a;
Gagliardi et al., 2012b; Kantara et al., 2014; Singh et al., 2012). The discrepancy between
the  reported presence of DCLK1 protein in hCCCs/hCRCs, and
hypermethylation/epigenetic silencing of 5’(a)-promoter, suggests the possibility that
hCCCs/hCRCs may be utilizing an alternate promoter for expressing alternate isoforms
of DCLKZ1. This novel possibility was examined as described below.

In silico analysis of hDCLK1 gene, led us to confirm the presence of a canonical
TATA box within the B promoter located within IntronV. We report for the first time,
that IntronV-(B)-promoter is used as an alternate-promoter by hCCCs/hCRCs for
expressing a short transcript. Based on sequence homology, the long (L) and short (S)
transcripts of DCLK1, found in normal human colon cell lines/normal human colons
(hNCs) vs. hCCCs/hCRCs, respectively, were determined to be identical to isoforms 1
(NM_004734.4) and 2 (NM_001195415.1) in the NCBI data base. For the purpose of our

studies we have termed the isoform 1 as DCLK1-L and the isoform 2 as DCLK1-S, to
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clearly differentiate between the molecular sizes of the two isoforms. Colon tumors and
normal colons from mice, on the other hand, were confirmed to only express the long
isoform(s).

Transcriptional regulation of the o/p promoters in the hDCLK1-gene in epithelial
cells remains largely unknown. Activation of B-catenin and NF-kBp65 was reported to be
critically required for upregulating DCLK1 protein in response to autocrine and
endocrine progastrins (Sarkar et al., 2011). We therefore conducted in silico analysis of
the two promoters followed by promoter-reporter/ChlP assays, in the presence or absence
of the known activator (progastrin), and report for the first time an important role of -
catenin binding to TCF4/LEF binding-sites for activating 5’(o)-promoter, and an
important role of NF-xB binding-site for activating IntronV-(B)promoter.

In order to define pathophysiological relevance of DCLK1-S expression by
hCRCs, the overall-survival of a cohort of 92 CRC patients was examined in relation to
high/low expression of DCLK1-S. A clinically important finding was that high-
expressers of DCLK1-S had significantly worse overall-survival, and disease free
interval. DCLK1-S expression represented an independent diagnostic/prognostic marker

for CRC patients.

2.2 MATERIALS AND METHODS

2.2.1 Reagents Used

Antibodies used in these studies included: anti-total-p65NF-xB, anti-p-catenin
(total) (Cell Signaling Technology, Danvers, MA); anti-p-actin (total) (Sigma, St. Louis,
MO); anti-DCLK1 antibody (Abcam AB31704, Cambridge, MA). Mono-specific rabbit

polyclonal anti-progastrin-antibody and eukaryotic plasmid, expressing triple mutant
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human gastrin gene, for overexpressing human progastrin (PG) peptide, were generated
in our laboratory as previously described (Sarkar et al., 2011). Smart Pool of target-
specific small interfering RNA (siRNA) and non-targeting (control) siRNA Pool were
purchased from Dharmacon (Lafayette, CO). Sepharose beads and all other chemical
reagents were purchased from Sigma. TissueScanTM Disease Tissue qPCR array
(Catalogue Number HCRT102) for colon cancer and normal colons was purchased from
OriGene (Rockville, MD). cDNA synthesis master mix was purchased from GeneDEPOT
(Baker, TX). Syber green qRT-PCR kit was purchased from Bio-Rad (Hercule, CA).
Promega GoTag®green Master Mix (Maddison, WI) was used for PCR amplification,
using a Thermal Cycler from Eppendorf (Hauppauge, NY). Cloning vector pGL2 was
from Promega, and TOPO-TA cloning vector was purchased from Invitrogen (Grand
Island, NY). Restriction enzymes and competent cells were purchased from New England
BioLabs (Ipswich, MA). Transfection reagent FUGENE®6 was bought from Roche

(Branford, CT), and all primers used were synthesized by Sigma.

2.2.2 Cell Culture

HEK?293 and HCT116 cell lines were obtained from ATCC, and have been
maintained in the laboratory for several years. CCD841 and CT26 cells were generously
gifted to our laboratory from Dr. Carla Kantara (Department of BMB, UTMB) and Dr.
Iryna Pinchuk (Department of Surgery, UTMB). CCD841 and CT26 were purchased
from ATCC within the past two years, and confirmed by ATCC. CT26 cells were
previously termed MC-26 mouse colon cancer cells (Siddheshwar et al., 2001). All cell
lines were monitored regularly for absence of mycoplasma and HEK293 and HCT116
cell lines were confirmed to represent human epithelial cell lines with the help of
Biosynthesis Company (Lewisville, TX). Stable clones of HEK293 cells were generated

to overexpress either the control vector (HEKC) or a triple mutant hGAS vector, in order
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to overexpress full length progastrin (PG) peptide (HEKmMGAS cells), as described
previously (Sarkar et al., 2012; Sarkar et al., 2011). The wild type parental cell lines
(HEK293, HCT116) were cultured in DMEMF12 medium (Invitrogen, Grand Island,
NY), supplemented with 10% FCS containing 1% penicillin/streptomycin in a humid
atmosphere at 37°C with 5% CO2. The stable clones of HEKC and HEKmGAS cells
were cultured in the same medium supplemented with 100pug/mL Geneticin (Invitrogen)
under similar conditions. CCD841 and CT26 were similarly cultured using MEM
(CCD841) and RPMI-1640 (CT26), media, along with supplements as described above.
In addition, for screening purposes only, several panels of human colon cancer cell lines
were purchased in January of 2015 from ATCC, and maintained in culture as suggested

by the company.

2.2.3 Procurement of Samples from Normal Colonic Mucosa and Colonic Tumors of
Patients

Samples of normal colonic mucosa were obtained from consented patients at the
time of endoscopy for screening purposes, as per our approved IRB protocol (UTMB
IRB#03-237). Normal samples were obtained only if the colons were free of adenomas
(Ads) and adenocarcinomas (AdCAs), but positive for small hyperplastic (Hp) growths.
Pinch biopsies of tubular adenomas (TAs) (polyps) were also obtained at the time of
screening endoscopy, from patients who were positive for polyps but negative for
AdCAs, as per our approved IRB Protocols; rest of the snared polyps were sent to
pathology department. Samples of primary or metastatic tumors, with or without the
adjoining uninvolved colonic tissue (matched paired sample) were obtained as discarded
samples (as per our approved UTMB IRB protocol #91-310) from either UTMB
Hospital, at time of surgery, or from Tissue Core Facility at Cancer Center, University of

Alabama, as part of CHTN Program funded by NIH. All samples were collected and
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flash-frozen and stored in liquid nitrogen or -80°C until analyzed. Pathology of all
samples, thus obtained, was confirmed. In few experiments we also harvested tissue
samples from colons, liver and brain of male FVB/N mice (2-4 month old) (Taconic,
Hudson, NY) by our published methods (Cobb et al., 2004), as per our approved IACUC
protocols (UTMB IACUC protocol #01-12-055). Ninety-two colorectal carcinoma tissues
were used for clinical validation of DCLK1-S expression from an independent cohort, for
data presented in Fig 2.14 and Tables 2.4 & 2.5. These specimens were preserved
immediately after surgical resection in RNA later (QIAGEN, Chartsworth, CA) and
stored at -80°C until RNA extraction. The surgical samples were obtained from the Mie
University Hospital, Japan, from patients enrolled during 2005 to 2011. The patients
included 57 men and 35 women with a mean age of 68 years (range 37-89 years). None
of the patients received chemotherapy and radiotherapy before surgery and no
perioperative mortalities were observed. The primary lesion was located in the rectum in
41 patients, sigmoid colon in 19, ascending colon in 16, transverse colon in 9, and
descending colon in 7. Eleven patients were diagnosed with synchronous liver metastasis.
Clinicopathological findings were based on the UICC’s criteria for tumor node metastasis
(TNM) classification. There were 19 patients with stage | (T1-2NOMO), 30 with stage 11
(T3-4NOMO0), and 22 with stage Il (TXN1-2MO0) disease. Twenty-one patients with
distant metastasis were classified as having stage IV (TXNXM1) disease. Ten patients
had poorly differentiated or mucinous adenocarcinoma, whereas 82 patients had well or
moderately differentiated colorectal tumors. Postoperative follow-up data were obtained
from all patients, and the median follow-up duration was 21.8 months (range: 1-88). All
patients were followed up after the initial hospital discharge, with physical examination
and tumor marker assays (CEA (Carcinoembryonic Antigen), CA19-9) performed every
1-3 months and computed tomography performed every 6 months. Endoscopic
examinations were performed when necessary. Written informed consent was obtained

from each patient (as per approved BCM IRB protocol #005-134). All tissues were
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collected in accordance with the approved guidelines set forth by UTMB and BCM for
the IRB and IACUC protocols.

2.2.4 Analysis of Tissue Samples and Cell Lines by RT-PCR/QRT-PCR

Total RNA was isolated from cell lines in monolayer cultures at 60-70%
confluency, or from human and mouse tissues (described above), using Trizol Reagent
(Invitrogen), as previously described (Siddheshwar et al., 2001; Singh et al., 2007). For
gRT-PCR, the iTag Universal SYBR Green Supermix (Bio-Rad, CA) was used as per the
manufacturer’s instructions. Expression levels of DCLK1-S in tissues for data presented
in Fig 214 were normalized against GAPDH (Glyceraldehyde-3-phophate
Dehydrogenase) using the 2-ACt method, as previously described (Hur et al., 2014). The
primer sequences used for PCR amplification of cDNA for both RT-PCR/QRT-PCR
amplification of the long (L) and short (S) isoforms of DCLK1 from either human (h) or
mouse (m) specimens are provided in Table 2.1. Electrophoresis gels presented were
cropped to present all the bands observed within the range covered by the molecular
markers used (between 100 bp and 1000 bp for RT-PCR data), in order to avoid primer-
dimers seen towards the end of the run. Processing of the electrophoresis blots was
applied equally across the entire image. Touch-up tools were not used to manipulate
data. Relative band-density of electrophoresis blots was analyzed using Image J program
(rsbweb.nih.gov/ij/download) and expressed as a ratio or % of B-actin in the

corresponding samples.

2.2.5 3’-5’ Primer Extension Assay

Total RNA was extracted from HCT116 and HEK?293 cells as described above.
Nascent RNA was isolated using a Click-iT Nascent RNA Capture Kit (Life
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Technologies) according to the manufacturer’s instructions. Sug of total RNA or nascent
RNA was reverse transcribed using a DCLK1-common primer (primer 2 in Fig 2.74a),
that encompassed the nt sequence from homologous coding sequence of both long and
short isoforms of DCLK1. The pool of cDNA was purified using a column (Oligo Clean
& Concentrator, Zymogen). The purified cDNA was ligated to a non-mammalian adapter
sequence (atgctgaaacgcgagagaaaccgegtatcaaccee) at the 5°-end by T4 DNA ligase
followed by purification of the ligated cDNA product. 2ul of the ligated product was
PCR amplified using the forward adapter primer (primer 1) and reverse primer 2. Using
these primers, the expected size for the DCLK1-S transcript is 498bps
(NM_001195415.1) and for the DCLK1-L transcript is 1300bps (NM_004734.4) as

shown in Fig 2.7a.

2.2.6 Treatment of colon cancer cells with 5-Azacytidine (de-methylating agent)

HCT116 cells were seeded in 100 mm dishes at a density of 5x10° cells/dish, one
day prior to drug treatment. The cells were treated with 10 uM 5-aza-2’'-deoxycytidine (5-
Azacytidine) on days 2 and 5 of culture. The cells were harvested on day 6 of culture and
total RNA isolated. RNA was processed for measuring relative levels of DCLK1-L/S by
RT-PCR.

2.2.7 Generation of DCLK1 5’(a)-promoter-reporter (luciferase) constructs

The long isoform (Isoform 1) of human DCLK1 is transcribed from 5’-promoter
(NM_004794.4 in the NCBI data base). Based on the published promoter sequence
(AL160392.12), several primer sets were designed to amplify three promoter segments of
0.5 to > 2.0Kb of the 5’-promoter from -100 through -2234 nts using genomic DNA from

either normal colonic mucosa or HEK-293 cells, which gave identical results. The
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primers were synthesized with the restriction sites Xhol at 5’-end and HindIII at 3’ end,
in order to clone into PGL2 basic vector (as shown in Table 2.1). The PCR products
were purified using QIAquick PCR Purification kit (Qiagen, Valencia, CA), cloned into
luciferase expression vector (PGL2 basic vector, Promega, WI) and amplified in DH5a.
competent cells (New England Biosciences, MD). Positive colonies were processed for
purifying the promoter-reporter expression plasmids; control plasmids lacked the DCLK1
5’-promoter sequences. In initial experiments promoter-reporter plasmids were
transfected into HEKC/HEKmMmGAS and HCT116 cells, and the construct which
demonstrated the maximum luciferase activity (-2234/-504 promoter-luciferase construct)
(termed DCLK1-L-LUC), was used in all the studies presented in Fig 2.8 & 2.9. For a
control experiment, the two functional TCF/LEF binding sites in the DCLK1-L-Luc
construct (-1904 and -1591) were disrupted. The -1904 TCF/LEF binding site was
disrupted by insertion of a Notl restriction site and the -1591 TCF/LEF binding site was
disrupted by insertion of a Sacll restriction site. Using the PGL2 luciferase expression
vector, the DCLK1-L-Luc-F primer (as shown in Table 2.1) and Notl-R primer
(GCGGCCGCAGTGCTCTCACTAGAAATAGTT) were used to amplify a 5 Xhol and
3’ Notl fragment. Notl-F primer
(GCGGCCGCGATCAATATCTTAGTAATATAAAGGAAG) and Sacll-R  primer
(CCGCGG AGTGCTCTCACTAGAAATAGTT) were used to amplify a 5° Notl and 3’
Sacll fragment. Sacll-F primer (CCGCGGTTGCTACTGAGAGAGTCAAACAC) and
DCLK1-L-Luc-R primer (as shown in Table 2.1) were used to amplify a 5° Sacll and 3’
Hindlll fragment. The 3 fragments were then ligated together and cloned into the PGL2
luciferase expression vector as described above. The mutant plasmid was confirmed and

reporter-promoter assays were conducted as described above.
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2.2.8 Generation of promoter-reporter constructs for IntronV-(g)promoter of
DCLK1-gene

The short isoform of DCLK1 (isoform 2) (NM_001195415.1 in NCBI data base)
is transcribed from a promoter within IntronV, as recently reported for neuronal cells (Le
Hellard et al., 2009). Unlike the 5’-promoter, the IntronV-promoter has a consensus
TATA binding site at -918nt (Fig 2.12a), and promoter-reporter constructs surrounding
the TATA box have been shown to be active in promoter-reporter assays (Le Hellard et
al., 2009). Therefore, promoter fragments within IntronV (-2503/-771 and -1348/-771)
were amplified using genomic DNA, described above, and cloned into PGL2 basic vector
at Xhol and Hindlll sites. The purified IntronV-promoter-reporter constructs, DCLK1-
Luc-S1 (-2503/-771) and DCLK1-Luc-S2 (-1348/-771), were confirmed by DNA
sequencing in the recombinant Core Facility at UTMB. Primer sequences used for PCR

amplification of the promoter segments are listed in Table 2.1.

2.2.9 Promoter-Reporter assays

Cells were transiently transfected with the indicated promoter-reporter constructs
using FUGENEG6 for 24-48h, as per manufacturer’s instructions; control cells were
transfected with empty pGL2 vector, lacking promoter sequences. In some experiments
promoter-reporter plasmids were used for measuring activation of B-catenin (TOPFlash
wild type and FOPFlash mutant), obtained from Dr. Bert Vogelstein (John Hopkins,
Baltimore, MD), as previously described (Sarkar et al., 2011). Transfected cells were
lysed in luciferase assay lysis buffer and luciferin was added according to instructions of
the manufacturer (E2510, Promega WI). Luciferase activity was measured using a
luminometer (Dynex Technologies, VA) after 10sec of addition of substrate, as

previously described (Sarkar et al., 2011).
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2.2.10 Chromatin Immunoprecipitation Assays (ChlP)

For ChIP assays, cells in culture (60-70% confluent), were fixed in 1%
formaldehyde for 10 min RT to crosslink DNA to bound proteins, and reaction stopped
by adding 0.125M glycine. Cells were washed with cold PBS, pelleted at 4°C in the
presence of protease inhibitor cocktail (Sigma) and re-suspended in 600ul of ChIP
sonication buffer (1%Triton X-100, 0.1% deoxycholate, 50mM Tris-pH 8.1, 150mM
NaCl, 5mM EDTA and protease inhibitors), followed by sonication and centrifugation of
fragments (600-700bp long) at 10,000 RPM. The crosslinked chromatin supernatant was
immunopreciptated using target-specific antibody (2-5ug purified 1gG) at 4°C, overnight.
Control samples contained no antibody. For obtaining input levels of the corresponding
proteins, equivalent numbers of cells were also processed for Western Immunoblot
analysis. Protein A/G Sepharose beads, pre-absorbed by Herring sperm DNA (100ug/ml)
was added to the chromatin-antibody complex and centrifuged to sediment the beads. The
beads were washed with cold buffers, and DNA eluted from the beads with elution buffer
(1%SDS, 0.1%NaHCO3, 0.01%mg/ml Herring Sperm DNA). DNA in the supernatant
was precipitated using high-salt method as described by Ishizawa et al (Ishizawa et al.,
1991). The extracted DNA was purified using a kit from Zymogen (Catalog number
D4060), and 2ul of the purified DNA was used for PCR amplification of the
immunoprecipitated DNA with specific primers designed around the transcription factor
binding site of interest. The primer sequences used for this purpose are listed in Table

2.1.

2.2.11 DNA Methylation Analysis using the method of bisulfite conversion

Genomic DNA was purified from cell lines and colon tissues using a kit from
Qiagen, and 2-5ug of gDNA was used for methylation analysis. Methylation analysis was

conducted as described by Clark et al (Clark et al., 1994). Briefly, DNA was treated with
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sodium hydroxide (3M) for denaturation followed by bisulfite deamination using
hydroquinone/sodium bisulfite treatment (16mM hydroquinone, 4 M sodium bisulfite),
overnight at 50°C. The reaction mixture was desalted using Wizard DNA clean-up kit
(Promega) and NaOH (3.0M), followed by incubating at 37°C for 20min for alkali de-
sulphonation reaction. The DNA was precipitated in the presence of 10mg/ml glycogen
as a carrier by the method used by Ishizawa et al (Ishizawa et al., 1991). Bisulfite
converted DNA (2ul) was amplified by PCR using bisulfite converted primers (primers
used are listed in Table 2.1). The PCR products were purified by a column (Wizard
DNA clean-up kit, Promega) and cloned into a TA cloning vector (Sigma). Clones were
confirmed by EcoR1 digestion and positive clones were sequenced using T7 primers in

the Recombinant DNA Core Facility at UTMB.

2.2.12 Western Immunoblot (WB) analysis

Treated and control cells growing as mono-layer cultures, were harvested and
processed for preparing cellular lysates, followed by electrophoresis and transferred to
PVDF-membranes as previously described (Kantara et al., 2014; Sarkar et al., 2012;
Sarkar et al., 2011). Frozen tissue samples obtained from patients as described above
were homogenized and processed for preparation of tissue lysates in RIPA buffer as
described previously (Kantara et al., 2014; Sarkar et al., 2012; Sarkar et al., 2011).
Samples containing 30-50ug of proteins were subjected to electrophoresis and transferred
to PVDF-membranes as previously described (Kantara et al., 2014; Sarkar et al., 2012;
Sarkar et al., 2011). Blots were cut into horizontal strips containing target or loading-
control proteins (-actin), and processed for WB, as described previously (Kantara et al.,
2014; Sarkar et al., 2012; Sarkar et al., 2011). Antigen-antibody complexes were detected
with a chemiluminescence-reagent kit (Thermoscientific, IL or GE Healthcare, UK).

Membrane-strips containing either target or loading control proteins were simultaneously
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exposed for equal time to autoradiographic films. Western blots presented were cropped
to exclude bands beyond the range of the molecular markers, at the running end and at
the loading end, as is customary, which helps to develop both weak and strong signals
within the relevant range. Processing of films was applied equally across the entire
image. Touch-up tools were not used to manipulate data. Relative band-density on
scanned autoradiograms ~ was  analyzed using Image J program
(rsbweb.nih.gov/ij/download) and expressed as a ratio or % of B-actin in the

corresponding samples.

2.2.13 Transient-transfection of cells with oligonucleotides

Cell lines, seeded in 96-well plates were transfected with 5pmol of either target-
specific or control-siRNA, as indicated, using Lipofectamine 2000 (Invitrogen), as
described (Kantara et al., 2014; Sarkar et al., 2011). Transfected cells were propagated in
normal growth medium containing 10% FCS, and processed for WB analysis after 48h of
transfection for confirming down-regulation of the target transcription factor (f3-catenin
or NF-kBp65). In order to examine the role of the indicated transcription factors in
modulating the transcriptional activation of the promoter-reporter constructs, cells in
culture were pre-transfected with the indicated promoter-reporter constructs, followed by
transient transfection with the indicated siRNA molecules, followed by processing the

cells after 48h of treatment for relative levels of luciferase, as described above.

2.2.14 Statistical analysis

Data are presented as mean+SEM of values obtained from indicated number of
patient samples or experiments. To test for significant differences between means,

nonparametric Mann Whitney test was employed using STAT view 4.1 (Abacus
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Concepts, Inc, Berkley, CA). Chi-square tests were used to analyze the relationship
between DCLK1-S expression and clinicopathological factors. Overall survival curves
were analyzed using Kaplan-Meier method, and comparisons were made using the log-
rank test. The cut off threshold between high and low expression group for DCLK1-S
transcript was defined by the median values of the gene’s expression in cancerous tissue.
The cox proportional hazards regression model, using Medcalc version 12.3.0 was
utilized to estimate univariate and multivariate hazard rations for prognosis. In addition to
target mMRNA expression, a list of clinical variables was considered for univariate and
multivariate analysis to determine its impact on prognosis of patients with colorectal
cancer: sex, age at diagnosis (continuous), pathological differentiation (differentiated or
undifferentiated), tumor size (>41lmm median or <41 mm), lymph node metastasis
(present or absent), and distant metastasis (presence or absence). All p values were two-

sided and differences were considered to be statistically significant if <0.05.

2.3 RESULTS

2.3.1 5’(a)promoter is methylated during colon-carcinogenesis in humans

In preliminary studies we discovered that 5’(a)-promoter of DCLK1-gene was
hypermethylated in hCCCs, as recently reported (Vedeld et al., 2014). We mapped a total
of 20 CpG sites within 200bps of the 5’(a)-promoter (Fig 2.1a). All the 20 CpG sites
were non-methylated in the human normal colon (hNC) cell line (CCD841), but were
methylated by >80% in 5 hCCC-lines, examined to-date. Mapping of the methylation
status of individual CpG sites obtained from representative cell lines, by bisulfite
sequencing is diagrammatically presented in Figure 2.1b. Samples obtained from either

normal (Norm) colons, adenomas (Ad), adenocarcinomas (AdCA) or metastatic-lesions
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(Met), from 5-8 patients, were also analyzed for methylation status of the indicated CpG
sites, as described in Methods, and data from representative samples are presented
diagrammatically in Figure 2.2a. The percentage of 20 CpG sites, that were methylated
in all the samples examined, was in the order of: AJCA/Met(85+15)>TA(67+30)>Norm
(19+8%) (Fig 2.1c).

2.3.2 Human normal colons (hNCs)/cells mainly express long-isoform of DCLK1
while hCCCs/hCRCs mainly express short-isoform

Hypermethylation of 5’-promoter of some genes during neoplastic-transformation
is associated with expression of shorter transcripts from an alternate promoter (Archey et
al., 1999; Hoivik et al., 2013). Since 5’(a)-promoter of the DCLK1-gene is
hypermethylated in hCRCs, but DCLK1 protein is measured in hCRCs, usage of an
alternate-promoter was suggested.

Molecular mass of DCLK1 was determined by Western Blot (WB) analysis using
DCLK1-antibodies, which detect isoforms 1&2 in human brain. Almost all normal
colonic mucosal samples (hNC) from patients were positive for the ~82kDa DCLK1
protein, corresponding to long isoform (isoform 1 in NCBI data base) of hDCLK1; Less
than 10% samples (1/22) were also strongly positive for S-isoform (Table 2.2), which
may be of prognostic value, since the patient was positive for large adenomas.
Representative WB data from hNC (normal colon) patient samples are presented in
Figure 2.3a. A minor band of S-isoform was also seen in a few hNC samples (Fig
2.3a,b;Table 2.2), which may reflect expression of the short isoform by stromal and
enteric neuronal cells, present within the colonic mucosa. The AdCA samples from
patients with hCRCs were predominantly positive for ~45-48kDa DCLK1 protein,
corresponding to short(S) isoform (isoform 2 in NCBI data base) of hDCLKZ1.

Representative WB data from AdCA samples in presented in Figure 2.3c. The ratios of
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S/L DCLK1 to B-actin in hNCs vs. hCRC samples, demonstrated opposite profiles (Figs
2.3b,d). A hNC cell line (CCD841) only expressed DCLK1-L while HCT116 hCCC
(colon cancer cells) only expressed DCLK1-S (Fig 2.3e). All 15 hCCC cell-lines,
examined by RT-PCR, were negative for DCLK1-L; but the majority (13/15) expressed
DCLK1-S (Table 2.3). Representative RT-PCR data from hCCC cell-lines, wild type or
mutant for KRAS/BRAF, are presented in Figure 2.4; the expression of DCLK1-S did
not appear to be associated with any specific mutant phenotype of hCCC-cell lines.
HEK293 cells, transduced to over-express progastrin (HEKmMGAS), develop
tumorigenic/metastatic potential (Sarkar et al., 2012), and express elevated levels of both
S/L DCLK1; control non-tumorigenic, HEKC cells, however, only express DCLK1-L
(Fig 2.3f). Thus, tumorigenic-transformation alone can apparently up-regulate the
expression of the short-isoform, in the absence of epigenetic-silencing of 5’(a)-promoter.

Genomic structure of hDCLK1-gene was mapped from contig NC_40000013.1 (Fig
2.5a). Primer sets were designed for isoforms listed in NCBI database, to identify the
isoforms being expressed by normal/non-transformed (CCD841/HEKC) and transformed
(HCT116/HEKmMGAS) cells. Long (NM_004734.4) and short (NM_001195415.1)
transcripts, transcribed from the indicated exons (Fig 2.5a), were detected (Figs 2.5b,c).
Only the 5’UTR and 17bps, downstream of ATG, are non-homologous in S vs. L
transcripts; the rest of the coding sequence for DCLK1-S is homologous with DCLK1-L
(Fig 2.5a; as described in background). Amino acid sequence of DCLK1-S was also
>98% homologous with C-terminus of DCLK1-L (as described in background). We took
advantage of slight differences in nucleotide sequences of L/S DCLK1, and developed
isoform specific primers for amplifying L/S transcripts from human/mouse samples
(Table 2.1). HCT116 cells only expressed DCLK1-S, while normal CCD841 cells only
expressed L-transcript (Fig 2.5b). Non-tumorigenic HEKC cells only expressed L-
transcript, while tumorigenic/metastatic HEKmGAS cells expressed both DCLK1-L/S
(Fig 2.5c), corresponding to protein data (Fig 2.3f). Both L/S transcripts were expressed
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in mouse brain (Fig 2.5d), as reported (Omori et al., 1998), but mouse colonic epithelium
only expressed DCLK1-L (Fig 2.5d). Unlike hCRCs, 5’-promoter of mouse DCLK1 gene
does not appear to be epigenetically silenced in intestinal/pancreatic tumors (Bailey et al.,
2013; Nakanishi et al., 2013; Westphalen et al., 2014), as recently confirmed (Borinstein
et al., 2010). Norm/Ad samples from mouse colons (generated as described in methods),
were subjected to RT-PCR, using mouse primers (Table 2.1), and only L-transcript was
amplified in both (Fig 2.5e). In a mouse cancer cell line (CT26), only L-transcript was
amplified (Fig 2.5f). Thus, even though 5’-promoter of many common genes are
epigenetically silenced in both mouse/human colon tumors (Grimm et al., 2013), 5’(a)-
promoter of hDCLK1 gene is silenced only in human colon tumors, as recently confirmed
(Vedeld et al., 2014). The loss or gain of DCLK1-L/S transcripts during different stages
of colon-carcinogenesis was examined in patient samples, and representative RT-PCR
data are presented in Figure 2.6a. Data from all samples (Figs 2.5g,h), show that hNCs
from patients mainly express L-transcript, while adenomas/adenocarcinomas mainly
express S-transcript, albeit at significantly different levels. The fold-change in DCLK1-S
expression by hCRC samples, at stages I-111, was examined by qRT-PCR, compared to
that in hNCs, free of colonic growths (Fig 2.6b); higher levels were measured at stages

I/11 than stage 111 in the four samples analyzed/stage, using a commercial cDNA plate.

2.3.3 Identification of transcriptional start site of DCLK1-transcripts in normal vs.
cancer cells

A common reverse-primer (primer-2) from coding sequence of L/S transcripts
was designed (Table 2.1), and either nascent-mRNA or total-RNA was reverse
transcribed, as diagrammatically shown (Fig 2.7a). A non-mammalian adapter-sequence
was ligated to the products and PCR amplified using primers 1/2 (Fig 2.7a); results are

shown in Figures 2.7b,c. HCT116 cells only expressed a 498bp-product, matching the
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expected size of short-isoform (NM_001195415.1) (Fig 2.7b). HEK293 samples only
expressed a 1,300bp-product, matching the expected size of DCLK1-L transcript
(NM_004734.4) (Fig 2.7c). Sequencing confirmed the expected products. All other bands
were fragments thereof or non-specific. The results confirm that hCCCs express DCLK1-
S from the B promoter in IntronV of hDCLK1-gene. HCT116 cells, treated with 5-
Azacytidine, re-expressed DCLK1-L transcript (Figs 2.7d.e), confirming that 5°-
promoter of hDCLKZ1 gene is epigenetically-silenced in HCT116 cells.

2.3.4 Role of TCF4/LEF binding-sites in up-regulating transcriptional activity of
5°(a)-promoter of hDCLK1 gene

We used progastrin (PG) as an activator of DCLK1 expression in target cells,
based on previous findings (Jin et al., 2009; Sarkar et al., 2011). PG is a potent co-
carcinogen and increases colon-carcinogenesis in mice, in response to AOM=DSS (Cobb
et al., 2004; Jin et al., 2009; Singh et al., 2000a). Two potent transcription-factors (TFs)
(NF-xBp65/p-catenin) mediate hyperproliferative/co-carcinogenic effects of PG on
mouse colonic crypts (Rengifo-Cam et al., 2007; Sarkar et al., 2011; Umar et al., 2009)
associated with significant up-regulation of stem-cell-markers, including DCLK1 (Jin et
al., 2009; Sarkar et al., 2011). Since colon-carcinogenesis in mice is associated with
increased expression of DCLK-L (Fig 2.5), and NF-xB/B-catenin mediate up-regulatory
effects of PG (Rengifo-Cam et al., 2007; Sarkar et al., 2011; Umar et al., 2008; Umar et
al., 2009), we conducted in silico analysis of 5’(a))-promoter. Several potential binding-
sites for TCF4/LEF, and NF-kB, were found within 5kb of start-site (Fig 2.8a, Fig 2.9a).
A 5’-promoter-reporter construct, containing TCF4/LEF and NF-«kB binding-sites, was
generated. Relative transcriptional-activity of promoter-reporter construct was examined
in transiently transfected HEKC/HEKmMGAS/HCT116 cells (Fig 2.8b). CCD841 cells

were not used as they were difficult to transfect. Corresponding levels of activated [3-
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catenin were indirectly examined by measuring relative activation of TOP vs. FOP
plasmids, as described in Methods. Non-tumorigenic HEKC cells demonstrated relatively
low levels of activated B-catenin (TOP-activity), while HEKmGAS/HCT116 cells were
positive for significant levels of activated p-catenin/NF-xB (Fig 2.8b, Fig 2.9b), probably
in response to autocrine PG (Sarkar et al., 2011). Transcriptional activity of 5’(a)-
promoter-reporter  construct (DCLK1-L-LUC) was several-fold higher in
HEKmGAS/HCT116 cells compared to that in HEKC cells, suggesting that -catenin
binding to 5’(a)-promoter may contribute to increased activation of DCLK1-L-LUC
vector (Fig 2.8b). HEK293 cells were transiently co-transfected with either control-
vector or mGAS-vector to express high levels of PG (Sarkar et al., 2012; Sarkar et al.,
2011), along with DCLK1-L-LUC vector. Transcriptional activity of DCLK1-L-LUC in
the presence of PG expression was significantly increased in HEK293 cells (Fig 2.8c).
Transcriptional activity of DCLK1-L-LUC-vector was significantly reduced in
HEKmMGAS/HCT116 cells to control HEKC levels, on co-transfection with B-catenin
SIRNA (Figs 2.8d,e); efficacy of -catenin-siRNA was confirmed (Fig 2.10). Possible
role of NF-xB-binding-sites in regulating 5’(a)-promoter was examined by co-
transfecting HEKC/HEKmMGAS cells with NF-kBp65-siRNA and DCLK1-L-LUC vector.
Relative activity of DCLK1-L-LUC vector was similar in control-siRNA vs. NF-kBp65-
SiRNA treated cells, corresponding to relative levels of DCLK1-L transcript in control vs.
treated cells (Fig 2.9b); the latter results strongly suggest that NF-kB-binding-sites do not
play a significant role in activating/regulating the 5’(a))-promoter in these cells.

[-catenin binding to the five potential TCF4/LEF binding-sites in 5’(o)-promoter
(Fig 2.11a), was determined in ChIP assays. TCF4/LEF sites at -1904 and -1591 were the
only functional B-catenin binding-sites in the indicated cells (Fig 2.11a). Representative
ChIP data from all three cell-lines confirmed that non-tumorigenic HEKC cells, lacking
activated B-catenin (Fig 2.8b), were negative for B-catenin binding to both sites, while

tumorigenic cell lines (HEKmGAS, HCT116) were positive (Figs 2.11b-d). HEK293
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cells were transiently transfected with either control or mGAS (PG expressing) vector,
and analyzed by ChIP assays (Figs 2.11e,f). Relative binding of B-catenin to the two
TCF4 binding-sites, in the presence or absence of mGAS expression, from several
experiments, is presented as % of total p-catenin (input) in the cells (Fig 2.11g). B-
catenin binding to both sites increased significantly in HEK293 cells transfected with
MGAS-vector. For reasons unknown, relative binding of p-catenin to -1904 site was
significantly higher than that to -1591 site in HEKmGAS/HCT116 cells (Fig 2.119).

To confirm a role of the -1904 and the -1591 TCF4/LEF binding-sites in
transcriptional regulation of DCLK1-L-LUC vector, the two sites were mutated as
described in Methods, and confirmed. All three cell lines were transfected with either the
mutant DCLK1-L-Luc construct (termed DCLK1-L-Mutant) or the wildtype DCLK1-L-
Luc construct. The transcriptional activity of DCLK1-L-Mutant construct was
significantly down-regulated in HEKmGAS/HCT116 cells, to control levels measured in
HEKC cells (Fig 2.8f), mimicking the results obtained with the wildtype DCLK1-L-Luc
construct in the presence of B-catenin siRNA (Figs 2.8d,e). Results in Figure 2.8f
provide further evidence that the two TCF4/LEF binding sites play a critical role in

transcriptional regulation of the 5’promoter.

2.3.5 Role of NF-kB binding-site in regulating transcriptional activity of IntronV(f)-
promoter of hDCLK1-gene

By in silico analysis, a single NF-kB binding site (~439bps, 5’ of a consensus
TATA box), but no TCF4/LEF sites, were identified within 3 kb of IntronV(j)-promoter
(Fig 2.12a). Role of NF-«B in regulating transcriptional activity of IntronV(B)-promoter
was examined by using two promoter-reporter constructs (Fig 2.12a). NF-«xB cis-element
was present in DCLK1-S-LUC-1, but absent in DCLK1-S-LUC-2 (Fig 2.12a).

Transcriptional activity of both promoter-reporter constructs was negligible in HEKC
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cells (Fig 2.12b), known to be negative for activated NF-xBp6522. Relative
transcriptional activity of LUC-1 was ~2-4 fold higher in HEKmGAS/HCT116 cells,
compared to that of LUC-2 construct (Fig 2.12b), suggesting an important role of NF-xB
binding-site in mediating increased activation of IntronV(B)-promoter. Transcriptional
activity of LUC-2 was also elevated in HEKmGAS/HCT116 cells (Fig 2.12b),
suggesting endogenous factor(s), other than p65, may also activate IntronV(f3)-promoter.
PG is overexpressed in hCRCs (Singh et al., 1996; Singh et al., 2012), and maybe a
prognostic marker for hCRC patients (Do et al., 2012). In the presence of PG (mGAS-
vector), transcriptional activity of LUC-1 increased by ~10-15-fold in HEK293 cells (Fig
2.12c), confirming an important role of NF-kB binding site in transcriptional activation of
IntronV(B)-promoter in response to PG. Surprisingly transcriptional activity of LUC-2
(negative for NF-xB binding-site) was also increased by ~3-5-fold, suggesting that cis-
elements other than NF-xB, might also respond to PG. Cells transfected with LUCI-
vector were also co-transfected with either control- or NF-kBp65-siRNA (Figs 2.12d,e).
Loss of NF-kBp65 expression in NF-kBp65-SiRNA transfected cells (Fig 2.10b), resulted
in reduction of transcriptional activity of LUC-1 in HEKmGAS/HCT116 cells by >50%
(Figs 2.12d,e), to levels measured with LUC-2 (Fig 2.12b). The results suggest that the
single NF-xB cis-element plays an important role in transcriptional activation of
IntronV(B)-promoter, and hence the expression of S-isoform, in transformed/cancer cells.

Representative ChIP data confirms binding of NF-kBp65 to NF-kB binding-site
in IntronV-promoter (Fig 2.13a), in situ (Figs 2.13b,c). Almost 80-90% of total NF-
kBp65 was bound to NF-kB binding-site in HEKmMGAS/HCT116 cells. Surprisingly,
~30-40% of total NF-xBp65 was also bound in HEKC cells (Fig 2.13d), even though
transcriptional activity of the promoter-reporter construct was negligible in these cells
(Figs 2.12b,d), suggesting that either a threshold of NF-«B binding is required, or other
factors activate IntronV(p)-promoter, in the presence of NF-kBp65. The % bound NF-

kBp65 increased by ~5-fold in HEK293 cells overexpressing PG (MGAS vector) (Figs
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2.13e,f), corroborating our previous findings of significant increase in
phosphorylation/activation of NF-kBp65 in response to PG (Rengifo-Cam et al., 2007;
Sarkar et al., 2011).

2.3.6 High expression of DCLK1-S in AACA samples from CRC patients is
associated with poor patient survival

The expression pattern of DCLK1-S transcript in relation to clinicopathological
parameters was analyzed using an independent cohort of patient specimens, as described
in Methods. High-expression of DCLK1-S significantly correlated with overall poor
patient survival in patients with Stages I-1V disease (Fig 2.14a), or patients with only
curatively resected Stages I-111 disease (Fig 2.14b), with significantly worse disease free
survival (Fig 2.14c), which significantly correlated with pathological T-category and
lymphatic vessel involvement (Table 2.4). Moreover, by multivariate analysis,
overexpression of DCLK1-S emerged as an independent prognostic factor in CRC

patients (Table 2.5).
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Figure 2.1: Methylation of 5°(a)-promoter of hDCLK1
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(a) = CpG sites that can be potentially methylated within 200bps of the 5°(a)-promoter of DCLK1-gene
are depicted as vertical black/grey lines, and numbered 1-20. Grey vertical lines depict CpG sites used
for assessing DNA methylation of 5’(a)-promoter of DCLK1-gene in a recent study (as described in
results). (b) = Methylation status of 20 CpG sites was determined using the bisulfite method of
sequencing as described in Methods. Methylation status of the 20 sites is shown for representative
normal (CCD841) and colon cancer (HCT116) cell lines. Open circlessunmethylated CpG sites; filled
circles=methylated CpG sites. (¢) = Methylation status is presented as bar graphs, and represents %
CpG sites methylated (of the 20 sites analyzed) in samples from normal colons (Normal), colonic
tubular-adenomas (T As), primary adenocarcinomas (AdCAs), and metastatic (MET) tumors. Each bar
graph = mean+SEM of data from the indicated number of samples in parentheses, that were analyzed.
*=p<0.05 vs methylation status of normal-colons that were obtained from patients free of adenomas
and adenocarcinomas. The procurement of samples is described in methods.
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Figure 2.2: DNA Methylation Analysis of 5’(a)-promoter of hDCLK1 in Human

Samples
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Methylation status of all twenty CpG sites in representative normal, tubular adenoma (TA), primary
tumors (primary), and metastatic tumors (METS) is presented. Open circlessunmethylated CpG sites;
filled circles=methylated CpG sites. The procurement of all the samples has been described under

Methods.
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Figure 2.3: Western Blot (WB) Analysis of DCLK1 Protein in Human Cell Lines
and Patient Samples
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The Mr of the proteins correspond to the long (isoform 1 in NCBI database) (~80KDa) and short
(Isoform 2 in NCBI database) (~45KDa) DCLKI1 protein in human cells. (a-f) = Tissue samples were
obtained from patients with either normal-colons (hNCs), free of Ads/AdCAs, or from patients with
adenocarcinomas, as described in methods. Representative WB of samples from hNCs (a) and hCRCs
(c) are presented, demonstrating relative expression of L/S DCLKI; laboratory numbers for patient
samples are indicated above the Blots in a and c. WBs in each case were densitometrically analyzed
and ratio of relative levels of L/S DCLKI1 to corresponding [-actin levels are presented as bar-graphs,
from all samples analyzed (b, normal-colons; d, adenocarcinomas). Each bar-graph in b and ¢ =
mean+SEM of calculated ratios for the two isoforms in patient samples obtained from 8-22 patients, as
described in methods. (€) = Representative Western Blots from normal (CCD841) and colon cancer
(HCT116) cell lines. (f) = Representative WBs from isogenic HEKC/HEKmGAS cells. Western blots
presented in a, ¢, e, and f were cropped to improve clarity. All bands within the range of the molecular
markers were retained and processing of the film was applied equally across the entire image. *=p<0.05
vs. DCLK1-L

92




Figure 2.4: Representative RT-PCR Analysis of Long and Short Transcripts of
DCLK1 in Human Colon Cancer (hCCC) Cell Lines
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Representative RT-PCR data are shown from: hCCC cell lines (a-¢); B-actin was run as internal
controls. The molecular weight (MW) in terms of bps is shown on left-hand side of each image.
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Figure 2.5: RT-PCR Analysis of Long and Short Transcripts of DCLK1 in Human
and Mouse Cell Lines and in Patient Samples
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(a)=Diagrammatic representation of hDCLK/ gene with transcription of DCLK1-L/S transcripts from
the indicated exons. The o promoter for DCLKI1-L is located at 5°-end and the alternate [ promoter for
DCLKI1-S is located within IntronV of the gene. Transcriptional start sites (ATG) and end sites (TGA)
are shown and homologous sequences between the two transcripts are shaded. Numbered boxes=exons;
lines between boxes=introns. (b-h)=Samples from mice and humans (patients) were obtained as
described in methods and processed for RT-PCR using human/mouse primers for DCLK1-L/S
transcripts. Representative RT-PCR data are shown from: human cell lines (b,c); Normal-colonic-
mucosa and brain tissues from wild type FVB/N mice (d); uninvolved mouse colon-mucosa (Norm) and
mouse colon-tumor samples (Ads) (e€); mouse cancer cell line (CT26) (f). Human (b,c) and mouse (d-f)
B-actin was run as internal controls. The molecular weight (MW) in terms of bps is shown on left-hand
side of each image in b-f. Representative RT-PCR data from patient samples are presented in
Figure2.6a. Relative levels of short (g) and long (hy DCLK]1 transcripts in human patient samples are
presented as a ratio of the corresponding p-actin levels; hNC samples=Norm, tubular-adenomas=TA
and colon-adenocarcinomas=AdCAs. Each bar-graph in g and h = mean+SEM of 5-8 separate patient
samples, analyzed in duplicate. *=p<0.05 vs expression in normal patient samples.
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Figure 2.6: Relative Expression Levels of Long and Short Transcripts of DCLK1-
isoforms in Patient Samples
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Total RNA from indicated tissue samples were amplified by RT-PCR by using sense and anti-sense
primers for amplifying either DCLK1-L transcripts or DCLK1-S transcripts, as described in Methods.
Representative data are presented from normal colons, tubular adenomas (TA) and advanced
adenocarcinomas (AdCAs), obtained from two patients each; the samples were co-amplified and co-run
at the same time for L/S transcripts and corresponding B-actin levels. Densitometric data from all
samples that were similarly analyzed are presented as a ratio of B-actin levels in the corresponding
samples, and are presented as bar-graphs in Figure2.5g.h.
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Figure 2.7: Primer Extension Analysis for Confirming Transcription of DCLK1-
L/S Transcripts & Confirmation of Epigenetic Silencing of 5°(a)-
promoter of DCLK1-gene in HCT116 cells
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Schematic representation of 3°-5° primer-extension analysis. The shaded portion shows 100%
homology in the sequences between the two isoforms. A common primer-2 from the two transcripts
was used for 3°-5° extension, followed by ligating with non-mammalian adapter sequence (black box),
as described in methods. Primers 1 and 2 were used for PCR amplification of the products. (b-c) =Both
nascent mMRNA and total RNA were used for primer extension analysis, followed by PCR amplification,
as described above. Resulting PCR products are presented in b (HCT116 cells) and ¢ (HEK-293 cells).
HCT116 cells were positive for only the short transcript (498bps) and HEK-293 cells were positive for
only the long transcript (1,300bps). All other bands were either non-specific or fragments thereof, as
confirmed by sequencing. Electrophoresis gels shown in b and ¢, were not cropped. A white line is
provided to clearly separate the nascent RNA from the total RNA.

Relative expression (RT-PCR) of L/S DCLKI1 in HCT116 cells, in presence or absence of treatment
with S5-aza-2’-deoxycytidine (5-azacytidine) is shown. d = Representative RT-PCR data. e =
densitometric data presented as % of B-actin in corresponding samples. Each bar-graph in e =
mean+SEM of three experiments. *=p<0.05 vs. DMSO treated cells.
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Figure 2.8: Role of TCF4/LEF Binding-sites in Activation of 5’(a)-promoter
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(a) = In silico analysis of ~3kb of 5°(u)-promoter (transcribing DCLK1-L), identified several binding sites for
TCF-4/LEF and NF-xB, with =90% conserved sequences. The construct (DCLK1-L-LUC) used for the
promoter-reporter assays is diagrammatically shown below the mapped promoter. (b-f) = Relative
transcriptional/luciferase activity (RLU) in the indicated cells, transiently-transfected with the plasmids for
48h, in the presence or absence of transfection with either PG expressing plasmid (p-mGAS) (c), or the
indicated siRNA (d,e), or a mutant plasmid (DCLK1-L-Mutant), containing insertions in the -1904/-1591
TCF/LEF binding sites (f), as shown. Methods used to generate the mutant plasmid are described under
methods section. Cells were co-transfected with promoter-reporter construct+p-mGAS/siRNA for data
presented in c-e. VEC=control LUC vector; TOP=T OPFlash plasmid with wild type TCF4/LEF binding sites
for B-catenin binding; FOP=mutant FOPFlash plasmid. Each bar-graph in b-f represents mean+SEM of three
separate experiments conducted in duplicate or triplicate/experiment. *=p<0.05 vs corresponding values with
control vector. T in b=p=<0.05 vs corresponding values in HEKC cells; T in ¢=p=0.05 vs corresponding values
with DCLK1-L-LUC vector alone. T in d and e =p<0.05 vs control siRNA values; T in f=p=<0,05 vs wild
type DCLK1-L-LUC values.
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Figure 2.9: Role of NFkB Binding Site in Activation of the 5’(a)-promoter of

DCLK1
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(a) In silico analysis of ~5kb of 5°-promoter of human DCLKI-gene (transcribing DCLK1-L),
identified several binding sites for TCF-4/LEF and three NFxB binding sites, with >90% conserved
sequences. (b) = Relative transcriptional/luciferase activity (RLU) in the indicated cells, transiently-
transfected with the plasmids for 48h, in the presence or absence of transfection with either control or
NF«Bp65-siRNA. Cells were co-transfected with promoter-reporter construct=siRNA. VEC=control
LUC vector. Each bar represents mean+SEM of four experiments. (¢) = Western-Blot analysis,
demonstrating efficacy of NF-kBp65-siRNA for down-regulating the expression of NF-kBp635 protein
in the cell lines. (d) = Representative RT-PCR data for DCLK1-L isoform from indicated cells, in the
presence of absence of either control-siRNA or NFkBp65-siRNA. The indicated cell lines were
transfected with either (scrambled) siRNA (con-siRNA) or target-specific NF-kBp65-siRNA for 48h,
before processing the cells by RT-PCR.

98




Figure 2.10: Western-Blot Analysis, Demonstrating Efficacy of p-catenin-siRNA and
NF-kBp65-siRNA for Downregulating the Expression of the
Corresponding Protein in the Cell Lines
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The indicated cell lines were transfected with either empty vectors (Vec-con) or vectors expressing
promoter-reporter constructs (DCLK1-L-LUC) (a), or DCLK1-S-LUC-1) (b), and co-transfected with
either control (scrambled) siRNA (con siRNA) or target-specific siRNA: B-catenin-siRNA (a) or NF-
kBp65-siRNA (b), for 48h, as described in Methods. In each case the target specific siRNA was
effective in significantly down-regulating the expression of the target proteins by >80-90%. The data
presented are representative of three separate experiments conducted similarly in duplicate. B-cat=p3-
catenin; p65=NF-kBp65; Vec-con=empty vector; Con=control. The corresponding B-actin levels in
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Figure 2.11: In situ Binding of Endogenous p-catenin to the Two Functional
TCF4/LEF Binding Sites in the 5’(a)-promoter of DCLK1-gene
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(a) = Map of functional TCF4/LEF binding sites in 5°(c)-promoter of DCLKI-gene, as determined by
ChIP analysis for B-catenin binding. (b-d) = Relative binding of p-catenin to the indicated TCF4/LEF
binding sites in the indicated cell lines, by ChIP analysis. Total level of B-catenin in the samples is
presented as input. Electrophoresis gels were not cropped. (e-f) = Relative binding of B-catenin to
functional TCF4/LEF binding sites in HEK-293 cells, transfected with either control vector (e) or PG
expressing (p-mGAS) vectors (f), 48h before ChIP. Data presented in b-f is representative of six
observations from three experiments. (g) = Relative binding of B-catenin, in situ, to functional binding
sites in 5°(a)-promoter of DCLKi-gene, in different cell-lines, in presence or absence of mPG
expression (described above), presented as % of input. Each bar-graph=mean+SEM of duplicates from
three experiments. % binding of B-catenin was determined by densitometric analysis of indicated bands.
*=p<0.05 vs. HEKC or HEK293+Con
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Figure 2.12: Role of NF-kxB Binding Site in Activation of IntronV(f)-promoter of
DCLK1 gene
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(a) = In silico analysis of IntronV(p)-promoter demonstrated presence of a consensus TATA box and a
consensus NF-kB binding site, as shown. IntronV(p)-promoter-luciferase constructs, used in the current
studies, are diagrammatically shown as DCLKI1-S-LUC-1 and DCLKI-S-LUC-2. (b-e) =
Transcriptional activity of promoter-reporter constructs in the indicated cell lines (b), in the presence or
absence of PG expression (¢) or treatment with either control or NF-kBp635-siRNA (d-¢), as described
in the legend of Figure 2.8. Transcriptional activation in terms of luminescence (RLU) is presented in
b-e. Each bar-graph=mean+SEM of data from three experiments, conducted in triplicate. *=p<0.05 vs
control vector in (b-e). T in (c)=p<0.05 vs LUC-1 or LUC-2 vector alone, in the absence of PG
expression. T in (d,e)=p<0.05 vs corresponding data with control siRNA treated samples.
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Figure 2.13: Binding of Endogenous Activated NF-kBp65 to the Single NF-kB
Binding Site in the IntronV(f)-promoter, in situ, in Human Cell Lines
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(a) = In silico analysis of IntronV(p)-promoter DNA, mapped a conserved NF-kB binding site within

500bps of TATA box. (b,c) = ChIP analysis, demonstrating relative binding of NF-kBp65 to the single
NF-kB binding site in the indicated cell lines. (d) = Relative levels of NF-xBp65 bound to NF-kB
binding site was calculated as % of input by densitometric analysis of the bands from all experiments
and are presented as bar-graphs for the indicated cell lines. (¢) = Relative binding of NF-kBp635 to the
single NF-kB binding site, in the presence or absence of PG expression (p-mGAS), was measured by
ChIP analysis, as described in the legend of Figure2.11. Electrophoresis gels were not cropped. (f) =
Relative levels of NF-kBp65 bound to the NF-«B binding site in HEK-293 cells, in the presence of PG
expression, is presented as % of input, by densitometric analysis of the bands. (b,c,e)=representative
ChIP data from one of three experiments. Each bar-graph in (d,f)y=mean+SEM of data from three
experiments, run in duplicate. *=p<<0.05 vs. HEKC or Con-Vec
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Figure 2.14: Overall Survival and Disease Free Survival of Patients with CRC, in
Relation to Low or High Expression of DCLK1-S
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(a) = Kaplan-Meier overall survival curves of CRC patients, with stages I-TV disease in relation to
relative expression levels of DCLK1-S measured by qRT-PCR. n=92 patients. (b) = Kaplan-Meier
overall survival curves of CRC patients with stages I-III disease, in relation to relative expression levels
of DCLK1-S measured by qRT-PCR n=71 patients. (c) = Kaplan-Meier disease free survival curves of
CRC patients with stages I-1II disease, in relation to relative expression levels of DCLK1-S measurad
by qRT-PCR. n=67 patients. The cutoff threshold values were defined by using the median values of
DCLK1-S expression of each cohort in cancer tissues.
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Table 2.1:

Oligonucleotide (Primer) Sequences Used for qRT-PCR/RT-

PCR/ChIP/Promoter-methylation Assays

Table 2.1
Primer Sequences Used for RT-PCR/qRT-PCR And Other Assays
Target cDNA/gDNA Species Primer Sequence Assay
F:GGAGTGGTGAAACGCCTGTAC
DCLK1-Long (cDNA) Human RT-PCR & qRT-PCR
R:GGTTCCATTAACTGAGCTGG
F:ACACTAAGACTGTGTCCATGTTAGAACTC
DCLK1-Short (cDNA) Human RT-PCR & qRT-PCR
R:AAGCCTTCCTCCGACACTTCT
F:TCAATGAGGACCAGCTCCAG
DCLK1-Long (cDNA) Mouse RT-PCR & qRT-PCR
R:TCCGAGAGAGTTCGGGTCA
F:AAGACGTCAGCCTTACGCAG
DCLK1-Short (cDNA) Mouse RT-PCR & qRT-PCR
R:GAGAGATCCTCTGCTTCCGC
-1443 TCF cis element in 5 FAGAGCTGTGTCTGCTTGG
Human ChIP PCR
promoter (gDNA) R:GTTCATTCCAGGGCAGCTTA
-1141 TCF cis element in 5 F:TAAGCTGCCCTGGAATGAAC
Human ChIP PCR
promoter (gDNA) R:CCCAAGCTATGCACTCTGGT
NF-kB cis element in intron V F:CTGTATCCACTGCCCTCTGT
Human ChIP PCR
promoter (gDNA) R:GCAAAGCTATCTTCAGGAGG
DCLK1-5' promoter(-1067/- Human FTTTAGGGGTGTAGTTAAGTTAGATG DNA Methylation of
650) (gDNA) CpG sites
R:AACCTCTCTCTCCAAAAAAAAA
F:ACATGACTGTGGGCAAATGA
DCLK1-L-Luc (-2234/-503) Promoter Reporter
Human
(gDNA) R:CCCAAGCTATGCACTCTGGT Construct
F:GGTGCTTCCGTTCAAAGTGT
P
DCLK1-S-Luc1(-2503/-771) | Human romoter Reporter
R:CAGTCTCAGGAATACCTTGC Construct
F:CCTCCTGAAGATAGCTTTGC
DCLK1-S-Luc2(-1348/-771) | Human Promoter Reporter
R:CAGTCTCAGGAATACCTTGC Construct
Primer 1-Adaptor Egr’;an F:GAGAACCGCGTATCAACCCC LM-PCR
Primer 2-DCLK1 common Human R:GTGACGTAGAGGAGCCGCCA LM-PCR

The forward (F) and reverse (R) primer sequences that were designed and used for amplifying the
indicated target cDNA/gDNA for conducting the different assays are shown.
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Table 2.2: Relative Expression of DCLK1-L/S In Normal Colonic Mucosa Samples
From 22 Patients By Western Blot Analysis

Table 2.2
Relative Expression Of DCLK1-L/S In Normal Colonic Mucosa
Samples From a total of22 Patients By Western Blot Analysis
DCLK1-L/S Expression # of Patients
DCLK1-LHigh Expression 16/22
DCLK1-LLow Expression 5/22
DCLK1-LNo Expression 1/22
DCLK1-S High Expression 1/22
DCLK1-S Low Expression 6/22
DCLK1-S No Expression 15/22

Normal colonic mucosa samples were collected from a total of 22 patients, free of adenocarcinomas, as
described under methods. Relative band density in the western blots of normal colonic mucosa samples
was analyzed using Image I, as described in Methods. Samples which expressed similar concentrations
as HEK293 cells, used as positive control, were arbitrarily grouped under DCLK1-L high expression;
samples which expressed less than 50% of that in HEK293 cells were arbitrarily grouped as DCLK1-L
low expression; samples with no detectable expression, similar to that in HCT116 cells were labeled
DCLK1-L No expression. Levels of DCLK1-S expression were quantified similarly, but HCT116 cells
were used as a positive control, and HEK293 ce4lls were used as a negative control. Only one normal
colon mucosal sample from patient 262, appeared to be negative for both S/L isoforms, which could be
due to possible degradation of the sample, since samples after endoscopic collection, are usually flash
frozen within Smin, but due to logistics can remain at room temperature for longer than 10 min, before
flash freezing, as described.
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Table 2.3: RT-PCR Analysis of Long and Short Transcripts of DCLK1 in Human
Colon Cancer Cell Lines

Table2.3
RT-PCR analysis of long and short transcript of DCLK1 in
human colon cancer cell lines
Cell Line ATCC # DCLK1 DCLK1 Mutant Gene(s)
LONG SHORT
LOVO CCL-229 - + APC, KRAS!3, MSH2
SW111e6 CCL-233 - + APC, KRAS'2, TP53
SW837 CCL-235 - + APC, KRAS'2, TP53
SWo48 CCL-237 - + APC, APC, KRAS®!, PIK3CA
HCT116 CCL-247 - + KRAS!3, PIK3CA
SW-480 CCL-228 _ + APC, KRAS'2, SMAD4
DLD1 CCL-221 - + APC, KRAS!3, PIK3CA, TP53
COLO205 CCL-222 - APC, BRAF, SMADA4, TP53
RKO CRL-2577 - + BRAF, PIK3CA
LS411N CRL2159 _ + APC, BRAF, TP53
SwWi417 CCL-238 - APC, BRAF, PIK3R1, TP53
HT29 HTB-38 _ + APC, BRAF, PIK3CA, SMAD4, TP53
NCIH508 CCL-253 - + BRAF, PIK3CA, TP53
Caco2 HTB-37 _ + APC, SMADA4, TP53
COL0320 CCL-320 _ + APC, TP53

DCLKI1-L and S primers were used to identify the isoforms being expressed by 15 colon cancer cell
lines. The cell line name, ATCC catalog number, and mutational status of each cell line is provided.
Most of these cell lines were purchased from ATCC in January of 2015. Cells positive for either
DCLKI1-L or S are represented by + sign, while cells negative for DCLK1-L or S are represented by -
sign.
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Table 2.4: Clinicopathological Variables and DCLK1-S Expression in 92

Colorectal Cancer Patients

Table 2.4
Clinicopathological Variables and DCLK1-S Expression In 92 Patients with CRCs
. High Low
Variable n P Value
(n=46) | (n=46)
Male 57 29 28
Gender 1.000
Female 35 17 18
<68 (median) 47 20 27
Age (years) =68 25 %6 19 0.211
=4.1cm
= 47 22 25
Tumor Size (median) 0.677
<4.1lcm 45 24 21
] ) Differentiated 82 40 42
Histological Type Undifferentiated T p 2 0.738
pT1 11 3
Pathological T Category pT2 12 0.019*
pT3 59 32 27 '
pT4 10 7 3
Positive 42 25 17
Vessel Involvment - 0.143
Negative 50 21 29
Lymphatic Vessel Positive 70 41 29
- 0.007*
Involvement Negative 22 5 17
) NO 51 21 30
Lymph Node Metastasis 0.093
N1 41 25 16
MO 71 35 36
Distant Metastasis 1.000
M1 21 11 10
Stage | 19 5 14
Stage ll
TNM Stage g 30 15 15 0.061
Stage Ill 22 15 7
Stage IV 21 11 10

#Pearson's chi-square-test; *p<0.05

Samples were obtained from patients with colonic adenocarcinomas at CRC stages of I-IV, from 92
patients in Japan, as described in Methods. The relative expression levels of DCLK1-S were analyzed
by qRT-PCR, and high/low expression groups were classified by the median expression values in

cancer tissues.
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Table 2.5: Multivariate Analysis for Predictors of Overall Survival

Table 2.5
Multivariate Analysis for Predictors of Overall Survival
_—_ Univariate Multivariate
Variables
- HR | 95%Cl pvalue | HR 95%ClI p value
Gender (Male vs. Female) 1.2 0.52-2.77 0.66 1.53 0.57-4.13 10.41
Age (268 (median) vs. <68) 126 [0.58-2.75  [0.56 0.77  [0.29-2.05 [0.6

Histological type 349 |1.39-8.77 0.008* 4.46 1.54-12.9 [ 0.006*

(Undifferentiated/differentiated)

Tumor Size (24.1cm (median) vs. | 1.33 | 0.62-2.87 0.47 1.22 0.48-3.11 0.68
<4.1cm )
Lymph Node 13 3.90-43.1 <0.001* |4.70 1.17-18.8 | 0.03*

metastasis(present/absent)
Distant metastasis(present/ absent) | 9.67 | 4.35-21.5 <0.001* |[11.2 3.65-34.6 | <0.001%

DCLK1-S expression(high/low) 3.55 |1.41-8.99 0.008* 7.93 2.25-279 10.0014*

*p<0.05
HR=hazard ratio Cl=confidence level

Cox’s proportional hazards models were used to estimate hazard ratios (HRs) for overall survival. In
multivariate analysis, undifferentiated histological type, lymph node metastasis, distant metastasis, and
high DCLK1-S expression were independent prognostic factors in the cohort of 92 CRC patients.
Cl=confidence level; *p<0.05 for the indicated variables.

2.4 DISCUSSION

A clinically important discovery of our studies to address my Aim 1, was that an
alternate-promoter () within IntronV of DCLK1 gene is used by human colon cancer cell
lines (hCCCs) and hCRCs to express a short-transcript of DCLK1 (DCLK1-S) (termed
Isoform 2 in NCBI data base). In a cohort of 92 patients, we found that high-expressers of
DCLK1-S had an overall worse survival and disease free survival than low-expressers
(Fig 2.14). DCLK1-S expression was determined to be an independent prognostic factor
for patients with CRCs (Table 2.5). Another important finding was that epigenetic
silencing of 5’(a)-promoter and loss of expression of DCLK1-L during adenoma-

carcinoma sequence of colon-carcinogenesis was chronologically followed by activation
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of IntronV(B)-promoter of hDCLK1-gene, even though the two events are probably
independent and not connected mechanistically.

We did not observe DNA-methylation of 5’(a)-promoter in HEKmGAS cells,
suggesting that epigenetic silencing of 5(a)’-promoter is not a prerequisite for activating
IntronV(B)-promoter. Sustained activation of NF-kB, downstream of autocrine PG, may
play an important role as well, as suggested by data in Figure 2.12. Overexpression of
PG in normal intestinal epithelial cells was ineffective towards imparting tumorigenic
potential to the cells (Singh et al., 2010), suggesting that overexpression of PG and
activation of NF-kB pathway, in the context of human embryonic cells, up-regulates
tumorigenic pathway which appears to include activation of IntronV(pB)-promoter of
hDCLK1-gene. Inflammatory microenvironment of tumors, potentially leading to
sustained activation of NF-kB pathway, may also play a role in elevated levels of
DCLK1-S in Ads/AdCAs, in situ, (Fig 2.3, 2.5), as suggested in literature (Schwitalla et
al., 2013). Thus, factors up-stream of activation of DCLK1-S expression, such as an
inflammatory-microenvironment/progastrins/activation of oncogenic-pathways, likely
play an important role in the expression of DCLK1-S in hCRCs.

A critical role of DCLK1 expression in maintaining tumorigenic/metastatic
potential of hCCCs/CSCs was previously reported (Kantara et al., 2014; Sureban et al.,
2011a). In the current studies, DCLK1-S was identified as the major isoform in
hCCCs/hCRCs, with a few exceptions (Figs 2.3, 2.5), suggesting that DCLK1-S likely
supports the previously reported tumorigenic/metastatic potential of hCCCs (Kantara et
al., 2014; Sarkar et al., 2012). However, in mouse models of colon-carcinogenesis, high
levels of DCLK-L in the absence of DCLK-S are expressed (Fig 2.5e). Co-expression of
diphtheria-toxin in DCLKZ1+cells in small-intestines/colons, results in loss of
tumorigenesis in mouse models of colon carcinogenesis (Nakanishi et al., 2013;
Westphalen et al., 2014). These findings suggest that DCLK-L expression is required for

colon tumorigenesis in mice. Metastatic spread of mouse colon tumors, however, has not
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been reported in Apc™™* mice or in mice treated with AOM+DSS (Cobb et al., 2004;
Nakanishi et al., 2013; Singh et al., 2000a; Westphalen et al., 2014). Epithelial-
mesenchymal-transition by hCCCs requires DCLK1 expression (Chandrakesan et al.,
2014), suggesting that metastatic spread of colon cancer cells may require the expression
of DCLK1-S by hCCCs, which only express DCLK1-S (Table 2.3). We recently reported
expression of DCLK1-S by circulating cancer-stem-cells in hCRC patients (Kantara et
al., 2015), providing further evidence that DCLK1-S may be required for imparting
metastatic potential to hCCCs. The latter possibility is further supported by the fact that,
HEKmMGAS cells overexpressing DCLK1-S (Figs 2.3, 2.5), implanted in the cecum of
athymic nude mice and metastasized to the liver (Sarkar et al., 2012). Thus, metastasis of
colon tumors is possible in mice, but absence of DCLK-S expression by mouse tumors
may impede metastasis. This intriguing possibility needs to be examined in future.

As discussed in introduction, DNA methylation and epigenetic-silencing of 5’(a)-
promoters has been documented for many genes during tumorigenesis. Multiple
promoters are methylated in both mouse tumors and hCRCs (Grimm et al., 2013).
However, in a recent report (Borinstein et al., 2010), it was confirmed that 5’(o)-promoter
of some genes (including DCLK1) are methylated and silenced in human colon tumors,
but not in mouse colon tumors. Reports in literature (as discussed in introduction)
confirm that 5’(a)-promoter of mouse DCLK1-gene does not get silenced during
tumorigenesis, as confirmed by us (Fig 2.5). In the current studies, we further confirm
that loss of DCLK1-L in hCCCs is due to DNA methylation and can be reversed with de-
methylating agents (Fig 2.7d,e). Normal human colon cell line and hNCs, on the other
hand, continue to express DCLK1-L from 5’(a)-promoter. This important difference in
hNCs and hCCCs was confirmed by primer-extension analysis (Fig 2.7a-c). Majority of
the hCCCs/CRCs up-regulate expression of DCLK1-S from an alternate (B)-promoter

within IntronV, while mouse colon tumors do not (Fig 2.5), for unknown reasons.
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The activation of (f)-promoter for transcribing DCLK1-S isoform was recently
described in mouse cerebellum (Pal et al., 2011). The use of alternate-promoters for
transcribing shorter isoforms, especially for genes which have hypermethylated 5’-
promoters, is a dominant phenomenon and more common than transcription of splice-
variants during development and disease progression (Archey et al., 1999; Hoivik et al.,
2013; Pal et al., 2011). There is thus accumulating evidence in recent literature which
strongly supports our novel findings regarding the use of an alternate-() promoter within
IntronV for expressing shorter isoforms of DCLK1 in hCCCs/hCRCs. More recently,
shorter isoforms of DCLK1 (47KDa) were reported in KRAS mutant hCCCs (Hammond
et al., 2015), which further supports our findings; however, we did not observe a specific
correlation between expression of DCLK1-S and mutant phenotype of hCCCs (Table
2.3).

By in silico analysis, we discovered that while the 5’(a)-promoter was positive for
functional TCF4/LEF binding sites and a few NF-kB binding sites (Figs 2.8, 2.9, 2.11),
the IntronV(p)-promoter was positive for a functional NF-xB binding site, upstream of a
TATA box (Figs 2.8, 2.11). We therefore examined the role of NF-«xB/p-catenin
signaling pathways in regulating the activity of o/p promoters. Since progastrins activate
NF-kB/B-catenin signaling pathways (Rengifo-Cam et al., 2007; Sarkar et al., 2011;
Umar et al., 2008; Umar et al., 2009), resulting in increased expression of stem cell
markers, including DCLKZ1 in normal colon crypts and transformed cells (Sarkar et al.,
2012; Sarkar et al., 2011), we used progastrin for activating NF-kB/B-catenin in
HEK293/HEKC cells, and examined their role in activating 5’(a))-promoter for DCLK1-L
expression. Since tumorigenic/metastatic potential of HCT116/HEKmMGAS cells is
dependent on autocrine PG (Sarkar et al., 2012; Singh et al., 2007), we used these cell
lines to examine the role of NF-kBp65 in mediating transcriptional activation of
intronV(p)-promoter for expressing DCLK1-S. Experiments with Promoter-reporter

constructs along with ChIP assays, in the presence or absence of sSiRNAs against the two
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transcriptional factors (Figs 2.8-2.13), confirmed that TCF4/LEF binding sites, in
response to activated [-catenin, activates 5’(a)-promoter of Dclkl1-L (in tissues such as
mouse colons/tumors (Jin et al., 2009; Sarkar et al., 2011), while NF-kB binding site, in
response to activated NF-kBp65 and its partners, activates IntronV(j3)-promoter (thus up-
regulating DCLK1-S expression in hCCCs, Figs 2.3, 2.5, Table2.3). NF-xB binding sites
in the 5’(a)-promoter, on the other hand, did not appear to be playing any role in
activating the (a)-promoter and/or the expression of DCLK1-L (Fig 2.9). Both the 5’(a)
and IntronV(B) promoters are positive for several other binding sites, which likely play
synergistic/antagonistic roles in dictating transcriptional activity of the promoters, which
was not examined in Aim 1. However, in Aim 3, a negative regulator of DCLK1-S
expression was discovered, and is described in detail in Chapter 4.

In summary, our findings from my aim 1 studies, suggests that the 5’(a))-promoter
of DCLK1-gene becomes epigenetically silenced during colon-carcinogenesis at early
stages, resulting in loss of expression of DCLK1-L in adenomas and hCRCs. Oncogenic
and inflammatory pathways associated with colon-carcinogenesis may be involved in
transcriptional-activation of the alternate-(f) promoter within IntronV, resulting in
alternate expression of DCLK1-S. Usage of two separate promoters by normal vs. cancer
cells in humans provides an opportunity for developing methods for specifically targeting
DCLKZ1-S as an approach for eliminating colon cancer growths. Additionally, since high
expressers of DCLK1-S had worse overall/disease free survival, DCLK1-S expression by

colonic tumors may provide a useful diagnostic/prognostic tool.
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Chapter 3: DCLK1-S enhances the invasive potential of colon cancer
cells via a novel NFATC2 mediated pathway, resulting in enhanced

expression of extracellular matrix protein, COL3A1.

*This chapter is a copy of a manuscript to be submitted to Cancer Research
(O'Connell et al., 2016c). Part of this work has also been selected to be presented as
a Poster of Distinction at Digestive Disease Week, 2016 (O'Connell et al., 2016d).

3.1 INTRODUCTION

Colorectal cancer is the third most prevalent and deadly cancer in the United
States (Siegel et al., 2014a). Although many improvements have been made in screening
and early detection of colonic growths, ~15-25% of colorectal cancer patients are
currently diagnosed with advanced stages of colorectal cancer, and already have
metastatic disease (Marques et al., 2014). Of the patients diagnosed with advanced stage
colorectal cancer, ~80-90% have unresectable metastatic liver disease (Marques et al.,
2014). Nearly 50% of all patients who are diagnosed with early stages of colorectal
cancers, will eventually develop metastases in their lifetime, (Marques et al., 2014).
Patients whose colorectal cancers are detected as primary cancers, localized to the colons
(Stages I-11), have a 5-year survival rate of 90.1%. However, when the cancer has spread
to lymph nodes or adjacent organs, the 5-year survival rate decreases to 69.2%, and when
the cancer spreads to distant organs, the 5-year survival rate steeply decreases to 11.7%
(Siegel et al., 2012).

Cancer stem cells maintain their capacity to self-renew and can potentially
differentiate into various cell types, however, they can also give rise to malignant
growths and maintain tumorous growths (Abetov et al., 2015; Kozovska et al., 2014).
Cancer stem cells are believed to be resistant to currently used chemo and radiation

therapies (Cherciu et al., 2014; Kantara et al., 2014; Wang et al., 2015b). Although the
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bulk of the colonic tumor mass is reduced in response to the currently used therapies, a
small population of cancer stem cells can survive treatment and are capable of re-growing
as primary/metastatic tumors, resulting in relapse of the disease (Cherciu et al., 2014;
Kantara et al., 2014; Wang et al., 2015a). Thus targeting cancer stem cells along with
conventional therapy could provide a more comprehensive treatment strategy for cancer
patients, as suggested by the results of our recent findings (Kantara et al., 2014), and as
emphasized in recent review articles (Cherciu et al., 2014; Wang et al., 2015b). Several
putative stem cell markers, including LGR5, CD44, and DCLK1, have been reported to
identify normal colonic stem cells; however, we recently reported (Sarkar et al., 2012),
that colon cancer stem cells express many of the same markers as intestinal normal stem
cells, as confirmed by others (Barker, 2014; Cherciu et al., 2014; Hirsch et al., 2014;
Nakanishi et al., 2013). Therefore targeting cancer stem cells, while sparing normal stem
cells, remains a challenge, and was discussed in our recent publication (and presented
here in Chapter 2) (O’Connell et al., 2015)..

An important role of DCLK1 has been implicated in colon tumorigenesis in mice
(Bailey et al., 2014; Nakanishi et al., 2013; Westphalen et al., 2014) and in maintaining
the proliferative potential of human colon cancer cells (Kantara et al., 2014; Sarkar et al.,
2012; Sureban et al., 2011b). In a recent report from our laboratory, we described that a
subset of DCLK1+ cancer stem cells were resistant to inhibitory effects of
chemopreventive/chemotherapeutic agents, and down-regulation of DCLK1 combined
with chemoprevention was required for eliminating cancer stem cells, in vitro and in vivo,
and for avoiding relapse (in terms of re-formation of tumorospheres from treated cells)
(Kantara et al., 2014). These findings highlighted a possible critical role of DCLK1 in
maintaining the in vitro and in vivo growth of human colon cancer cell lines. We also
recently reported that 2 isoforms of DCLK1 (DCLK1-L/DCLK1-S) are transcribed by
two different promoters (5’(a) and IntronV(B)) (O’Connell et al., 2015). The DCLK1-L

isoform is silenced by DNA methylation in human colon adenocarcinomas, while the
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DCLK1-S isoform is upregulated by many fold in colonic tumors (O’Connell et al.,
2015). Our novel findings regarding alternate promoter usage by human normal colons
vs. colorectal cancers suggest that one can develop strategies for specifically targeting
DCLK1-S to eliminate colon cancer stem cells, while sparing DCLK1-L functions in the
brain and other normal cells.

The loss of DCLK1 expression in cancer cells has been reported to result in the
loss of proliferative/tumorigenic/metastatic potential of colon cancer cells (Kantara et al.,
2014; Sureban et al., 2011b). However, RNAI methods used so far, target both isoforms
of DCLKZ1. In the current studies we used shRNA knockdown methods to specifically
target DCLK1-S isoform in human colon cancer cell lines, in order to delineate the
biological role of cancer specific DCLK1-S isoform. Isogenic clones of a representative
human colon cancer cell line (HCT116 cells) were generated to either express control
shRNA (HCT-C) or DCLK1-shRNA (HCT-D). Western Blot analysis and RT-PCR
analysis confirmed 80-90% knockdown of DCLK1-S expression in HCT-D clones
compared to HCT-C clones. The goal of my Aim 2 studies was to evaluate
molecular/genetic pathways mediating effects of DCLK1-S. In order to achieve this goal,
isogenic clones of HCT116 cells (HCT-C/HCT-D) were subjected to next generation
sequencing.

Many pathways were identified to be altered in response to DCLKI1-S
downregulation in HCT-D vs. HCT-C clones, as described in results. The
pathways/molecules associated with cell movement/invasion appeared to be one of the
most significantly affected. While | was in the process of completing my Aim 2 studies,
a recent study was published, which implicated DCLK1 to be critically involved in
accelerating tumor invasion and metastasis of pancreatic cancer cells (Ito et al., 2016).
Ito et al. demonstrated that DCLK1 was predominantly expressed in cancer stem cells, in
agreement of our previous findings (Kantara et al., 2014), and that DCLK1 was involved

in imparting invasive and metastatic potential to cancer cells (Ito et al., 2016).
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Overexpression of DCLK1 resulted in an enhanced metastatic phenotype, while
knockdown of DCLK1 suppressed metastasis of pancreatic cancer cells both in vitro and
in vivo (Ito et al., 2016). Ito et al. suggested that DCLK1 was essential for the
invasive/metastatic phenotype of cancer stem cells (Ito et al., 2016). Therefore, for my
Aim 2 studies, | investigated the genes/pathways, downstream of DCLK1-S expression,
which may be mediating the invasive potential of colon cancer cells. Of the genes
identified by RNAseq analysis, downstream of DCLK1-S expression, SPARC and
COL3AL emerged as two candidate genes/proteins, which were increased by many fold
in response to DCLK1-S, and which have been previously reported to play a critical role
in enhancing the invasive potential of cancer cells (Arnold and Brekken, 2009; Basso et
al., 2001; Ewald et al., 2013; Nagaraju et al., 2014; Su et al., 2014; Turashvili et al.,
2007; Xiong et al., 2014). Hence the role of DCLK1-S in mediating the expression of
SPARC and COL3AL, and their role in increasing the invasive potential of DCLK1-S

expressing colon cancer cells was evaluated as part of my Aim 2 studies.

3.1.1 SPARC

SPARC (secreted protein, acidic, cysteine-rich), a secreted glycoprotein, is a
member of the matricellular family of proteins. Matricellular proteins are nonstructural
extracellular matrix (ECM) proteins that contribute to the structure and composition of
the ECM, and mediate cellular interactions with the adjacent microenvironment (Alford
and Hankenson, 2006; Bornstein, 2009; Bornstein and Sage, 2002). SPARC plays a key
role in regulating matrix organization and modulating cell behavior (Bornstein, 2009).

The SPARC gene is located on the long arm of chromosome 5 at position 31-33
(5931-33). Previous names of SPARC include Osteonectin (ON) and Basement-
Membrane Protein 40 (BM-40). Three transcript variants of SPARC have been identified.
The full length predominant transcript (NM_003118.3) is 3604 bp, contains 9 exons, and
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results in a 303 aa peptide with a molecular mass of 34.632 kDa (NP_003109.1) (as
described in the NCBI database). SPARC isoform 2 (NM_001309443.1) is 3601 bp and
utilizes an alternate in-frame splice junction. The resulting transcript contains 9 exons
and results in a 302 aa peptide (NP_001296372.1), that has the same N and C terminus as
compared to isoform 1. SPARC isoform 3 (NM_001309444.1) is 3621 bp and utilizes an
alternate splice junction located at the 5° end of exon 9. The resulting transcript contains
10 exons and results in a 341 aa peptide (NP_001296373.1) that has a longer C-terminus
as compared to isoforms 1 and 2.

The predominant SPARC mature peptide is composed of an N-terminal acidic
domain, a follistatin-like domain, and an extracellular C-terminal domain as described in
Figure 3.1. The N-terminal acidic domain, rich in Asp and Glu, functions to binds
calcium and has chemosensitizing properties (Kos and Wilding, 2010; Lane and Sage,
1990). A possible role of the N-terminal acidic domain in inducing apoptosis has also
been reported (Rahman et al., 2011). The follistatin-like N terminal domain contains
cysteine-rich residues and was reported to inhibit cell proliferation in earlier studies
(Funk and Sage, 1991), and to bind both activin and inhibin in later studies (Kos and
Wilding, 2010). Opposing effects of the N terminal domain of SPARC have been
reported on angiogenesis, where in both stimulation of angiogenesis (Lane et al., 1994),
and inhibition of endothelial cell migration (Chlenski et al., 2004; Funk and Sage, 1991),
have been reported. The C-terminal extracellular domain is a calcium binding domain
that binds calcium (Pottgiesser et al., 1994), fibular collagens (Mayer et al., 1991,
Pottgiesser et al., 1994; Sasaki et al., 1998), and PDGF (Platelet-Derived Growth Factor)
(Kupprion et al., 1998; Sage and Vernon, 1994). A possible role of the extracellular
domain in anti-angiogenesis (Chlenski et al., 2004; Lane and Sage, 1990), inhibition of
cellular proliferation (Sage et al., 1989), and induction of MMPs (Matrix
Metalloproteinases) (Sasaki et al., 1997; Sasaki et al., 1998) has been reported, making it

difficult to predict the specific functions of this protein. It is possible that the function of
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SPARC will likely be dictated by the cell type and microenvironment of the cells, and
may be quite contextual. The receptor for SPARC, if any, has yet to be identified, and it

is not thought that SPARC competes with any other ligands (Bradshaw and Sage, 2001).

Figure 3.1: Diagrammatic Representation of SPARC Protein Domains
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An N-terminal acidic domain is located between 18-70 amino acids (shown in blue). The middle
Follistatin-like domain is located at 71-152 amino acids (shown in purple). The C-terminal extracellular
domain is located at 154-301 amino acids (shown in orange).

Although SPARC plays a critical role in maintenance of the ECM in tissue
development and normal tissue homeostasis (Bradshaw, 2009), the role of SPARC in
cancer remains highly controversial, for all the reasons described above. The role of
SPARC in cancer has been extensively studied and reviewed (Arnold and Brekken, 2009;
Chlenski and Cohn, 2010; Nagaraju et al., 2014; Said and Theodorescu, 2013; Tai and
Tang, 2008), however it appears that the activity of SPARC is both context and tissue
type dependent, as discussed above. Recently, SPARC’s role in different tumor types
including prostate cancer, urothelial cancer, colorectal cancer, pancreatic cancer,

esophageal cancer, gastric cancer, hepatocellular carcinoma, ovarian cancer, cervical
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cancer, endometrial cancer, breast cancer, skin cancer, lung cancer, meningioma, glioma,
medulloblastoma, and neuroblastoma was reviewed (Chlenski and Cohn, 2010; Said and
Theodorescu, 2013; Tai and Tang, 2008). In each tumor type, SPARC was found to be
differentially expressed, and its expression was found to relate to variable patient
outcomes. In some tumors, high expression of SPARC was found to correlate to overall
worse patient survival, while in other cancers low expression of SPARC was found to
correlate with overall worse patient survival (Chlenski and Cohn, 2010; Said and
Theodorescu, 2013; Tai and Tang, 2008). However, the pattern of expression of SPARC
(whether enhanced or decreased in tumor tissues as compared to normal tissues) is
contextual, and dependent on type of cancer (Chlenski and Cohn, 2010; Said and
Theodorescu, 2013; Tai and Tang, 2008). Many different and sometimes opposite
functions of SPARC have been described in the cancerous growths in different organs,
and include modulation of ECM, cell adhesion, migration, cell survival, apoptosis, tumor
growth, and even response to chemotherapy and radiation,, as detailed in recent reviews
(Arnold and Brekken, 2009; Nagaraju et al., 2014). Thus SPARC may function either as
a pro-invasive factor or even a tumor suppressor, which is tumor specific, and could also
be contextual, in relation to many other factors (including study design and isoform-
specificity), which require further investigation.

As in other tissue types, the role of SPARC in colorectal cancer remains
poorly understood (Said and Theodorescu, 2013; Tai and Tang, 2008). It was initially
reported that SPARC expression was localized to the basement membrane (Wewer et al.,
1988) and SPARC was detected in multiple cases of colorectal cancers (Porter et al.,
1995). It was also reported that SPARC expression in colorectal cancer patients was
upregulated in the stroma of resected colorectal tumors as compared to non-diseased
colon (Lussier et al., 2001). A microarray gene expression study demonstrated high
levels of SPARC in bulk-undissected colorectal tumors as compared to normal colonic

tissues (Chan et al., 2008). Using microscopic fine-needle dissection of bulk colorectal
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tumors, SPARC expression was found to be increased by six fold in malignant colorectal
epithelial cells as compared to normal epithelial cells (Wiese et al., 2007). However,
using both colon cancer cell lines and human colorectal tumors, Yang et al., demonstrated
that SPARC expression was suppressed in both cancer cell lines and tumors as compared
to normal mucosa (Yang et al., 2007). The methylation status of the SPARC promoter
was evaluated and 6 of the 7 cell lines and all 20 primary colon cancers demonstrated
hypermethylation of the promoter (Yang et al., 2007). SPARC expression was examined
in a cohort of 292 CRC patients and it was found that patients lacking SPARC expression
had significantly worse overall survival compared to patients with normal expression
(Yang et al., 2007). Yang et al., concluded that SPARC was epigenetically silenced in
colorectal tumors and that silencing of SPARC resulted in worse overall survival (Yang
et al., 2007). In tumors resistant to chemotherapy, SPARC expression was found to be
lower than in tumors sensitive to chemotherapy (Tai et al., 2005). When SPARC was
overexpressed in resistant tumors, SPARC increased the sensitivity of colon cancer cells
to chemotherapy and radiation suggesting that treatment of resistant colorectal tumors
with addition of SPARC could increase survival of patients with low levels of SPARC
expression (Tai et al., 2005). The findings of Yang et al and Tai et al., as described
above, however, appear to be the exception, rather than the rule, since overwhelming
literature in the colorectal cancer area, suggests a promotional role of SPARC in
colorectal cancers. Further studies are therefore necessary in order to fully understand the

role of SPARC in colorectal cancer.

3.1.2 COL3A1

The COL3A1 (collagen, type Ill, alpha 1) gene is located on the long arm of
chromosome 2 at position 31 (2931). The COL3AL transcript (NM_000090.3) is 5490

bps, contains 51 exons and results in a 1466 aa preprocollagen polypeptide
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(NP_000081.1) (as described in the NCBI database). The COL3A1l polypeptide is
composed of two propeptide domains, two non-helical regions, a triple helical region and

an N-terminal signaling domain, as shown in Figure 3.2.

Figure 3.2: Diagrammatic Representation of COL3A1 Protein Domains
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An N-terminal signaling domain, required to direct the polypeptide to the endoplasmic reticulum, is
located at 1-23 amino acids (shown in yellow). There are two propeptide domains located at the N-
terminal and C-terminal ends of the polypeptide (shown in green). Two non-helical regions located at
149-167 amino acids and 1197-1205 amino acids (shown in orange) and a triple helical region located
at 168-1196 amino acids (shown in pink) form the mature peptide.

The polypeptide of COL3AL1 is further processed into Type 111 collagen. Type Il
collagen synthesis is described in Figure 3.3. Briefly, the preprocollagen polypeptide is
hydroxylated and glycosylated within the rough endoplasmic reticulum and a triple-helix
is assembled from three preprocollagen polypeptides to form procollagen. Propeptides
are cleaved to form the collagen molecule, and assembled into larger collagen fibrils
which eventually aggregate to form a collagen fiber, described as Type 11l collagen
([a1(I1I)]3). Type I collagen is distributed throughout skin, internal organs, and blood
vessels (Bustin, 2015).
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Figure 3.3: Type Il Collagen Synthesis
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Type III collagen is composed of 3 al(III) polypeptide chains. Polypeptide chains, called
preprocollagen, are synthesized on membrane-bound ribosomes and then migrate to the lumen of the
Rough Endoplasmic Reticulum. In the lumen of the ER, the peptide is hydroxylated at select prolines
(by P4H and P43 proyl-hydroxylases) and lysines (by LHI1, LH2, and LH3 lysine-hydroxylases).
Following hydroxylation, hydroxylysines are glycosylated (by LH3). Three preprocollagen peptides
combine to form procollagen, a triple stranded helical molecule stabilized by hydrogen bonds. The
procollagen molecules are then packaged and secreted from the Golgi Apparatus. Once secreted,
propeptides (shown in green), are cleaved to form collagen molecules (by metalloproteinases).
Collagen molecules then assemble in the extracellular space to form larger collagen fibrils. Collagen
fibrils then aggregate to form a collagen fiber.
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Multiple mutations of COL3A1 have been reported (Kuivaniemi et al., 1991),
and most result in Ehlers-Danlos syndrome type IV (EDS type IV). EDH type IV is a
devastating inherited connective tissue disorder that results in acrogeria (sunken face),
translucent skin, and severe obstetrical, arterial, and digestive complications (Germain,
2007).

Throughout literature, COL3AL1 has been reported to be upregulated in a large
number of tumor types. Using a meta-analytical approach, Wu et al, mined the NCBI
dbEST database for differentially expressed genes (DEGs) between normal and cancer
tissues from different tumor types (Wu et al., 2012a). COL3Alwas identified as a DEG
between normal and cancer tissues from multiple organs, including breast, liver, prostate,
and thyroid, demonstrating that COL3AL is a potential biomarker of cancer in many
different tissues (Wu et al., 2012a). Serum levels of PIIP (N-terminal peptide cleaved
from the type Ill collagen precursor molecule) have been reported to be elevated in
patients with ovarian cancer (Kauppila et al., 1989), liver cancer (Hatahara et al., 1984),
breast cancer (Hatahara et al., 1984), colon cancer (Hatahara et al., 1984), pancreatic
cancer (Hatahara et al., 1984), stomach cancer (Hatahara et al., 1984), lung cancer
(Hatahara et al., 1984), uterine cancer (Hatahara et al., 1984), soft tissue sarcomas
(Wiklund et al., 1992), and metastatic bone tumors (Yudoh et al., 1994).

Several Microarray studies have demonstrated that COL3A1 is enhanced in
gastric cancer tumors as compared to normal gastric tissues (Hippo et al., 2002; Oue et
al., 2004). Using cluster analysis, Hu et al., demonstrated that COL3A1 was involved in
ECM-receptor mediated interactions and focal adhesion pathways, both of which are
enriched in gastric cancers (Hu and Chen, 2012).

By analyzing 36, publicly available patient databases, Ewald et. al. reported that
COL3A1 was specifically associated with muscle invasive bladder transition cell

carcinomas, and detected COL3AL in patients with advanced stages of muscle invasive
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bladder tumors (T2 and T3 tumors), with minimal expression of COL3A1 in T1 tumors
(Ewald et al., 2013).

An important tumor suppressive role of let-7d was demonstrated in renal cell
carcinoma (RCC) in which COL3AL1 was identified as a direct target of let-7d. Su et al.
identified an inverse correlation between let-7d levels and COL3A1 expression in
malignant RCC clinical samples. Downregulation of let-7d resulted in an increased
expression of COL3Al and an increase in the metastatic potential of RCC cells
demonstrating that let-7d suppresses metastasis of RCC cells by directly targeting
COL3A1 (Suetal., 2014).

In breast cancer, COL3A1 was determined to be significantly correlated with
increased expression of PAHAZ2 (Prolyl 4-Hydroxylase, Alpha Polypeptide I1), an enzyme
required for collagen triple helix formation and stabilization. Inhibition of P4HA2
activity resulted in inhibition of tumor growth and metastasis and reduction of collagen
deposition, suggesting that P4AHA2 enhances collagen deposition resulting in invasion
(Xiong et al., 2014). Microarray analysis of invasive ductal and lobular carcinomas (IDC
and ILC) indicate that COL3AL is upregulated in IDC and ILC but not in normal breast
tissues (Turashvili et al., 2007).

Deep sequencing of human colorectal cancer and normal colonic tissue samples
identified COL3A1 as a DEG (Wu et al., 2012b). Expression levels of COL3A1 were
confirmed to be upregulated in additional colorectal cancer samples as compared to
normal samples by gRT-PCR. By functional enrichment analysis, the ECM receptor
interaction pathway was identified as the most commonly affected pathway between
colorectal cancer and normal samples, demonstrating a critical role of COL3A1 and ECM
in colorectal cancer (Wu et al., 2012b). In the serum of colorectal patients, PIIP levels
were determined to be significantly increased in patients with distant metastasis (Basso et
al., 2001). High levels of PIIP in the serum was reported to be prognostic for patients’

overall survival (Basso et al., 2001). In patients with early stage colorectal cancer (stages
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I-11), high levels of PIIP in the serum was reported to be predictive for death from
recurrence of the disease (Basso et al., 2001). Basso et al. suggested that the association
between advanced tumor stage and increased serum levels of PIIP, may be due to
enhanced collagen synthesis by metastatic cancer cells, resulting in collagen acting as a
guide for the migrating cancer cells (Basso et al., 2001).

Throughout literature, fibular collagens, such as collagen IlI, have been
implicated in aiding the invasion of cancer cells (Basso et al., 2001; Ewald et al., 2013;
Su et al., 2014; Turashvili et al., 2007; Xiong et al., 2014). Although the exact role of
COL3AL in invasion has yet to be elucidated, it is speculated that collagen remodels the
ECM by providing the necessary “tracks” needed for invasion of migrating cancer cells
(Gritsenko et al., 2012; Lu et al., 2011). These speculations are supported by the fact that
most malignant tumors are enriched in COL3A1 (Ewald et al., 2013; Hippo et al., 2002;
Oue et al., 2004; Turashvili et al., 2007; Wu et al., 2012a; Wu et al., 2012b; Xiong et al.,
2014), as described above. Surprisingly, increased ECM stiffness, resulting from
increased collagen deposition, has been reported to promote cancer cell invasion
(Levental et al., 2009). A stiff collagen matrix allows cancer cells to invade into healthy
tissues by providing a track of least resistance (Gritsenko et al., 2012). This process is
best described in the invasion of breast cancer cells, in which an increased expression of
collagen results in collagen fiber bundling and straightening, causing collagen fibers to
become thicker and start aligning perpendicularly to the tumor boundary (Conklin et al.,
2011). The perpendicularly aligned collagen bundles provide contact guidance and an
unhindered track of least resistance (Goetz et al., 2011). An illustration of this speculated

process is provided in Figure 3.4.
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Figure 3.4: Remodeling of Collagen Fibers Promotes Invasion
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A) In situ carcinoma in which the ECM remains normal and intact. Collagen fibers (shown in green)
remain unbunddled and parallel/diagonal to the tumor boundary. B) Invasive carcinoma in which an
increase in fibular collagen results in remodeling of the extracellular matrix. Collagen fibers bundle
and straighten to become perpendicular to the tumor boundary providing an unhindered track for
invasive cells to move to nearby blood vessels. (diagrammatic representation based on literature,
discussed in text.)

The results of my Aim 2 studies, suggest for the first time, that the expression of
SPARC and COL3A1 is downstream of enhanced expression of DCLK1-S in colorectal
cancers, and the mediatory mechanisms were further investigated as part of my Aim 2
studies. In order to understand the mediatory mechanisms, | conducted in silico analysis
of both the SPARC and the COL3A1 promoters, in order to identify the presence of
possible common cis elements in the two promoters, for binding known transcription
factors.  Several potential binding sites for NFATC2 were identified in both of the
promoters, which led me to examine potential role of NFATC2 in DCLK1-S mediated

upregulation of SPARC and COL3AL1 in colon cancer cells, as part of my Aim 2 studies.
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3.1.3 NFATC2

NFATC?2 (nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent
2) is a member of the NFAT (nuclear factor of activated T cells) family of proteins. The
NFAT family of proteins function as transcriptional factors and often cooperate with
other transcription factors such as FOXP3 (Forkhead Box P3), GATA4 (GATA Binding
Protein 4), and AP1 (Activator-Protein 1) (Chen et al., 1998; Jain et al., 1992; Wu et al.,
2006). The NFAT family is comprised of 5 known proteins: NFATC2 (NFAT1),
NFATC1 (NFAT2), NFATC4 (NFAT3), NFATC3 (NFAT4), and NFAT5 (tonicity
enhancer binding protein) (Chuvpilo et al., 1999; Hogan et al., 2003; Shou et al., 2015).
Each protein is composed of a C-terminal domain (C-TERM) and a conserved RHR (Rel-
homology region) domain. The RHR domain comprises the DNA binding domain of the
NFAT proteins and is structurally similar to the binding domain of the Rel family (also
described as the NF-xB family) (Chytil and Verdine, 1996; Nolan, 1994). The
recognition sites for transcriptional binding partners (as described above) are located
within the RHR (Qin et al., 2014). NFATC1-4 contain an additional NHD (NFAT
homology Domain) which includes the domains for TAD (transactivation domain), CDS
(calcineurin docking site), NLS (nuclear localization signal), and NES (nuclear export
signal) (Hogan et al., 2003; Qin et al., 2014; Shou et al., 2015). As a result of the
presence of CDS domain, NFATC1-4 proteins are also calcium/calcineurin sensitive.
NFATS lacks an NHD domain containing the CDS domain, resulting in insensitivity of
NFATS5 to calcium/calcineruin; instead NFATS is sensitive to extracellular tonicity
(Lopez-Rodriguez et al., 1999; Miyakawa et al., 1999; Trama et al., 2002).

The NFATC2 gene is located on the long arm of chromosome 20 at position 13
(20g13). Previously NFATC2 was referred to as NFAT1 or NFATp. Eight transcript
variants of NFATC2 have been identified. The full length predominant isoform

(NM_173091, transcript variant 2) encodes for the longest isoform and is 7442 bps long,
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contains 10 exons, and results in a 925 aa peptide with a molecular mass of 100.146 kDa
(NP_775114.1) (as described in the NCBI database). NFATC2 transcript variant 1
(NM_012340.4) is 7442 bps and contains an alternate exon in the 3’ end that causes a
frameshift. The resulting transcript contains 11 exons and results in a 921 aa peptide
(NP_036472.2) and has a shorter and distinct C-terminus compared to variant 2.
NFATC?2 transcript variant 3 (NM_001136021.2) is 7452 bps and uses an alternate first
exon and contains an alternate exon at the 3’ end. The resulting transcript contains 11
exons and results in a 901 aa peptide (NP_001129493.1) with a shorter and distinct N-
and C-termini compared to variant 2. NFATC2 variant 4 (NM_001258292.1) is 7364 bps
and uses an alternate first exon. The resulting transcript contains 10 exons and
transcribes for 905 aa peptide (NP_001245221) that has a shorter and distinct N-terminus
compared to variant 2. NFATC2 variant 5 (NM_001258294.1) is 6938 bps and has an
alternate first exon, an alternate exon at the 3’ end, and uses an alternate splice junction at
the 5° end. The resulting transcript contains 10 exons and results in a 702 aa peptide
(NP_001245223.1) that is shorter at the N-terminus and has a shorter and distinct C-
terminus compared to variant 2. NFATC2 transcript variant 6 (NM_001258295.1) is
6850 bps and has an alternate first exon and uses an alternate splice junction at the 5 end.
The resulting transcript is 10 exons and results in a 706 aa peptide (NP_001245224.1)
that is shorter at the N-terminus. NFATC2 transcript variant 7 (NM_001258296.1) is
7016 bps and has an alternate splice junction at the 5° end of a coding exon and contains
an alternate exon at the 3” end. The resulting transcript is 11 exons and results in a 702
aa peptide (NP_001245225.1) that is shorter at the N-terminus compared to variant 2.
NFATC2 transcript variant 8 (NM_001258297.1) is 6928 bps and has an alternate splice
junction at the 5’ end of a coding exon. The resulting transcript is 10 exons and results in
a 706 aa peptide (NP_001245226.1) that is shorter at the N-terminus compared to variant
2. As discussed above, the predominant NFATC2 protein is composed of an N-terminal

NHD, a RHR domain, and a C-terminal domain, as shown in Figure 3.5 (Macian, 2005;

128



Szuhai et al., 2009). The regulatory NHD is composed of a TAD, a CDS, 2 SRR motifs,
3 SPXX motifs, and an N-terminal NLS. The C-Terminal domain contains a C-terminal
NLS and NES. The DNA-binding RHR facilitates binding of NFATC2 to the consensus
sequence of 5’-GGAAAA-3’ and contains the point of contact for multiple binding
partners such as FOS and JUN.

Figure 3.5: Diagrammatic Representation of NFATC2 Protein Domains
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An N-terminal NFAT Homology domain (NHD) is located between 1-407 amino acids. The NHD
contains TAD (transactivation domain) located at 1-100 amino acids and is shown in grey, 2 SRR
(serine rich regions) shown in blue, 3 SPXX (serine-prolineXX-repeat motifs) shown in purple, a CDS
(calcineurin docking site) shown in yellow, and an N-terminal NLS (nuclear localization signal) shown
in lime green. A middle Rel-homology region (RHR) is located between 407-677 amino acids. A C-
terminal domain (C-TERM) is located at 677-925 amino acids. The C-TERM contains a C-terminal
NLS shown in lime green and NES (nuclear export signal) shown in red.

The activation of NFATC2 and other calcineurin dependent NFAT family
members (NFATC1-4) has been extensively studied and reviewed (Hogan et al., 2003;
Muiller and Rao, 2010; Pan et al., 2013; Qin et al., 2014; Shou et al., 2015). In resting
cells, NFATC2 is present in the cytosol in an inactive, hyperphosphorylated state (Luo et
al., 1996; Okamura et al.,, 2000; Qin et al., 2014). Serine residues are heavily
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phosphorylated within the SRR and SPXX motifs (Luo et al., 1996; Shou et al., 2015).
NFATC2 activation is calcineurin-mediated and tightly controlled. A detailed

description of the activation of NFATC2 is illustrated in Figure 3.6.

Figure 3.6: Diagrammatic Representation of Pathways Reported to be Involved in
the Activation of NFATC2
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T-cell receptors (TCR), G-protein coupled receptors (GPCR), and receptor tyrosine kinases (RTK)
activate PLCy (phospholipase Cy) which hydrolyzes PIP2 (phophatidlinositol-4,5-biphosphate) into
DAG (diacylgycerol) and IP3 (inositol triphosphate). IP3 binds to the IP3 receptor (IP3R) which
stimulates release of calcium (Ca2+) from intracellular storage sites into the cytosol. Ca?* (calcium)
then activates CaM (calmodulin) which activates the phosphatase CN (calcineurin), resulting in
dephosphorylation of the serine residues located within the NHD of NFATC2. Dephosphorylation
unmasks the N-terminal NLS resulting in translocation of NFATC2 into the nucleus and induction of
NFAT-mediated gene transcription.
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In brief, PLCy (phospholipase Cy) hydrolyzes 1P (inositol triphosphate) resulting
in the release of calcium into the cytosol which activates calmodulin, which in turn
activates calcineurin. Calcineurin then dephosphorylates the serine residues in the NHD
resulting in unmasking of the N-terminal NLS. NFATC2 is then free to translocate to the
nucleus and induce transcription (Hogan et al., 2003; Miuller and Rao, 2010; Qin et al.,
2014; Shou et al., 2015).

Deactivation of NFATC2 is also tightly regulated and controlled (Hogan
et al., 2003; Muller and Rao, 2010; Pan et al., 2013; Qin et al., 2014; Shou et al., 2015).
Deactivation is primarily coordinated by three classes of kinases: priming, export, and
maintenance kinases. When intracellular Ca?* levels are low, DYRK1 and DYRK2 (dual-
specificity tyrosine-phosphorylation regulated kinases 1 and 2) (priming kinases)
phosphorylate  NFATC2 at the SPXX-3 motif, priming NFATC2 for further
phosphorylation (Gwack et al., 2006; Okamura et al., 2004; Pan et al., 2013). Export
kinases GSK3 (glycogen-synthase kinase 33) and CK1 (casein kinase 1) then operate to
rephosphorylate NFATC2 at the SPXX motifs and the SRR1 motif which facilities its
export out of the nucleus and into the cytoplasm (Gwack et al., 2006; Okamura et al.,
2004; Pan et al., 2013). Importantly, it has been shown that CK1 phosphorylation of the
SRR1 motif regulates the exposure of the NLS while the GSK3 phosphorylation of the
SPXX motifs regulates DNA binding affinity (Okamura et al., 2004). CK1 can also
operate as a maintenance kinase functioning to keep NFATC2 hyperphosphorylated and
in an inactive state (Gwack et al., 2006; Okamura et al., 2004; Pan et al., 2013). A

diagrammatic description of the deactivation of NFATC2 is provided in Figure 3.7.
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Figure 3.7: Diagrammatic Representation of Pathways Reported to be Involved if
the De-activation of NFATC2
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Figure 3.7 Diagrammatic representation of NFATC2 de-activation. DYRK1 and DRYK2 (dual-
specificity tyrosine-phosphorylation regulated kinase 1 and 2) priming kinases phosphorylate NFATC2
at the SPXX-3 domain priming NFATC2 for further phosphorylation. GSK3 and CK1 export kinases
then further phosphorylate NFATC2 at the SPXX and SRR1 motifs facilitating the export of NFATC2
from the nucleus into the cytoplasm. CKI1 then functions as a maintenance kinase, keeping NFATC2
hyperphosphorylated.

Recently an additional level of regulation has been identified for NFATC2. It has
been well described that phosphatases activate NFATC2 by dephosphorylating residues
within the NHD and kinases deactivate NFATC2 by re-phosphorylating these same
residues (as described above). However, recent reports have demonstrated that
phosphorylation of specific residues results in enhanced transcriptional activity of

NFATC2 (Gomez-Casero et al., 2007; Okamura et al., 2000; Ortega-Pérez et al., 2005;
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Vazquez-Cedeira and Lazo, 2012). The first report of this phenomenon came in 2000. By
mass spectrometry, Okamura et al., demonstrated that there are 14 conserved
phosphoserine residues within the NHD. To expose the NLS and mask the NES, 13
residues are required to be dephosphorylated; however a single novel Ser residue (located
between residues 45-61), is capable of promoting transcriptional activity upon
phosphorylation (Okamura et al., 2000). Later studies demonstrated that mutation of the
>33pSS®® motif resulted in diminished transactivating functions of NFATC2, suggesting
that phosphorylation of these residues is critical for activation of NFATC2 (Gomez-
Casero et al., 2007). Gomez-Casero et al. were able to demonstrate that Cot/Tpl2 and
PKCC (protein kinase C ¢) cooperate to enhance transcriptional activity of NFATC2 by
PKCZ mediated phosphorylation of the **SPSS*® motif (Gomez-Casero et al., 2007).
Similarly, other kinases have been implicated in enhancing NFATC2 transcriptional
activity. These kinases include JNK (c-jun N-terminal kinases), which can phosphorylate
TH® and S (Ortega-Pérez et al., 2005), and VRK2 (vaccinia-related kinase 2), which
phosphorylates S* (Vézquez-Cedeira and Lazo, 2012); each of these described
phosphorylations enhances transcriptional activity of NFATC2. The above studies
demonstrate the complexity of NFATC2 regulation and suggest that additional kinases
may be involved in promoting NFATC2 mediated transcription.

The NFAT family of proteins has been shown to play a critical role in regulation
of cancer initiation and progression through involvement in angiogenesis, migration, and
invasion (Mancini and Toker, 2009; Muller and Rao, 2010; Shou et al., 2015). NFATC2
has been reported to play an enhancing role in a variety of different cancers, including
melanoma (Werneck et al., 2011), glioblastoma (Tie et al., 2013), hepatocellular (Zhang
et al., 2012), breast (Gaudineau et al., 2012; Jauliac et al., 2002; Singh et al., 2011;
Véazquez-Cedeira and Lazo, 2012; Yiu and Toker, 2006; Yoeli-Lerner et al., 2009; Yoeli-
Lerner et al., 2005), pancreas (Singh et al., 2011), and colon (Duque et al., 2005; Gerlach
et al., 2012; Hong et al., 2010; Masuo et al., 2009; Tripathi et al., 2014). Additionally a
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vast amount of evidence suggests that NFATC2 may mediate cancer progression through
enhancing the invasive capability of cancer cells, as described below.

An important role of NFATC2 in cancer was initially reported in breast carcinoma
(Jauliac et al., 2002). Jauliac et al. reported a functional role of NFATC2 in promoting
the invasive capability of breast carcinoma cells (Jauliac et al., 2002). NFATC2 was
found to be expressed in both normal breast tissues and tissues derived from invasive
breast carcinomas; however, co-localization of NFATC2 and agB4 integrin (previously
shown to be highly expressed in breast carcinomas, but not in normal breast tissues) was
only detected in invasive breast carcinoma samples (Jauliac et al., 2002). Importantly,
Jauliac et al. demonstrated that expression of NFATC2 induced both the migratory and
invasive capability of MDA-MB-435 breast carcinoma cells, unlike NFAT5 which was
only capable of inducing migration of the cancer cells, without invasion (Jauliac et al.,
2002). Jauliac et al. concluded that NFATC2 was expressed in both normal and breast
carcinomas in human patients, and unlike other NFAT family of proteins, NFATC2
played a critical role in mediating the invasive capability of breast carcinoma cells
(Jauliac et al., 2002). However, unique gene signatures involved in invasion, that are
perhaps induced by NFATC2 (but not other members of NFAT family) remain to be
identified (Jauliac et al., 2002). It was later reported that NFATC2 mediated breast
cancer cell motility and invasiveness which could be blocked by AKT (Yoeli-Lerner et
al., 2005). AKT was shown to blunt NFATC2 transcriptional activity by reducing
nuclear translocation of NFATC2, due to the ubiquitination and degradation of NFATC2
by AKT (Yoeli-Lerner et al., 2005). AKT mediated NFATC2 loss of function resulted in
an inhibition of both motility and invasion (Yoeli-Lerner et al., 2005). In a subsequent
report, Yoeli-Lerner et al. reported that the loss of NFATC2 function (due to AKT
blunting) was mediated by inactivation of GSK-3B (which was previously shown to
deactivate NFATC2 by phosphorylation resulting in nuclear export of NFATC2) which

resulted in degradation of NFATC2 and subsequent inhibition of invasion (Yoeli-Lerner
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et al., 2009). The surprising relationship between GSK-3B and NFATC2 was later
evaluated and it was determined that GSK-3 played a critical role in stabilizing the
activated form of NFATC?2 via phosphorylation of the SP2 domain, protecting NFATC2
from ubiquitin degradation (Singh et al., 2011). Role of GSK-3B in maintaining
NFATC2 activity, demonstrates the complexity of regulation of NFATC2
activation/deactivation. In order to determine genes downstream of NFATC2, NFATC2
overexpressing MDA-MB-435 isogenic clones were derived and subjected to microarray
analysis (Yiu and Toker, 2006). Gene expression profiling revealed that COX-2 was one
of the most upregulated genes in response to NFATC2 overexpression (Yiu and Toker,
2006). COX-2 was confirmed to be transcriptionally upregulated via NFATC2 and
downregulation of either NFATC2 or COX-2 resulted in a decrease in the invasive
capability of breast cancer cells, suggesting that breast cancer invasion was promoted by
NFATC2, due to possible up-regulation of COX-2 expression (Yiu, 2006). NFATC2 was
confirmed to bind and activate the COX-2 promoter, resulting in increased invasive
capability of breast cancer cells (Vazquez-Cedeira and Lazo, 2012). Vazquez-Cedeira
and Lazo also described that NFATC2 was activated by phosphorylation of VRK2 (as
described above), and inhibition of VRK2 resulted in decreased COX-2 expression and
invasive capability of breast cancer cells, due to loss of binding of NFATC2 to the COX-
2 promoter (Véazquez-Cedeira and Lazo, 2012). NFATC2 was reported to bind and
promote activation of LCN2 (lipocalin 2) promoter, which in turn upregulates TNF-like
receptor, TWEAKR, and its ligand TWEAK, resulting in an increased invasive capability
of breast cancer cells (Gaudineau et al., 2012).

Although the majority of research on NFATC2 and its role in cancer cell invasion
has focused on breast cancer, an important role of NFATC2 in colon cancer cell invasion
has also been reported (Dugue et al., 2005; Hong et al., 2010). Expression of NFATC2 in
colon cancer cell lines was first reported in 2005 (Duque et al., 2005). Duque et al.

demonstrated that NFATC2 is activated via Ca?*/Cn activation in colon cancer cells, as in
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other cell types (as described above) and activation of NFATC2 resulted in activation of
COX-2 expression, which was later shown to mediate the invasive capability of breast
cancer cells, as described above (Duque et al., 2005). In an attempt to define a molecular
signature for early stage colorectal cancer patients that can predict the development of
metastatic disease, NFATC2 was identified as one of 53 genes, which represented a
unique set of genes capable of distinguishing cancer cells which will likely develop
metastatic/invasive characteristics (Hong et al., 2010). Based on my studies so far, and on
available literature in the area of breast and colon carcinomas, NFATC2 appears to play a
critical role in mediating the invasive capability of cancer cells.

Based on the results of my Aim 2 studies, it is likely that significant increases in
the expression of DCLK1-S in colon cancer cells, mediates increased transcriptional
activity of NFATC2, by functioning as a specific kinase for phosphorylating the
NFATC2 **SPPS* motif. Increased transcriptional activation of NFATC2 likely results in
increased expression of COL3A1 and other target genes. Overall our findings suggest
that DCLK1-S may play a critical role in mediating the invasive potential of colon cancer
cells by transcriptional activation of NFATC2, resulting in up-regulation of invasion
associated proteins (such as COL3A1), causing re-modeling of extracellular matrix for

unhindered invasion by colon cancer cells.

3.2 MATERIALS AND METHODS

3.2.1 Reagents Used

Antibodies used in these studies included: anti-B-actin (total) (Sigma, St. Louis,
MO); anti-DCLK1, anti-NFATC2, anti-collagen Il (Abcam, Cambridge, MA); anti-
SPARC (Cell Signaling Technology, Danvers, MA), anti-GFP (Novus Biologicals LLC,
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Littleton, CO), Anti-Flag (ThermoFischer Scientific, Waltham, MA). Smart Pool of
target specific small interfering RNA (siRNA) (DCLK1 and NFATC2) and non-targeting
(control) siRNA Pool were purchased from Dharmacon (Lafayette, CO). Sepharose beads
and all other chemical reagents were purchased from Sigma. cDNA synthesis master mix
was purchased from GeneDEPOT (Baker, TX). Syber green qRT-PCR kit was purchased
from Bio-Rad (Hercule, CA). Promega GoTaq®green Master Mix (Maddison, WI) was
used for PCR amplification, using a Thermal Cycler from Eppendorf (Hauppauge, NY).
Restriction enzymes and competent cells were purchased from New England BioLabs
(Ipswich, MA). Transfection reagent, FUGENE®6 was bought from Roche (Branford,
CT), and all primers used were synthesized by Sigma (St. Louis, MO) (as described in
Table 3.1).

3.2.2 Cell Culture

HCT116 and HEK?293 cell lines were obtained from ATCC (Manassas, VA), and
have been maintained in the laboratory for several years. COLO-205, RKO, COLO-320
and SW1417 were purchased from ATCC within the past two years and were confirmed
by ATCC. All cell lines were monitored regularly for absence of mycoplasma. HCT116
and HEK293 cell lines were confirmed within the past 3 years to represent human
epithelial cell lines with the help of Biosynthesis Company (Lewisville, TX). All cell
lines were cultured in DMEMF12 medium (Invitrogen, Grand Island, NY), supplemented
with 10% FCS containing 1% penicillin/streptomycin in a humid atmosphere at 37°C
with 5% CO2. The stable clones of HCT116, and COLO205 cells were cultured in the
same medium supplemented with 100pg/mL Geneticin (Invitrogen, Grand Island, NY)

under similar conditions.
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3.2.3 Generation of HCT116 clones, stably transfected with DCLK1-shRNA for
downregulation of endogenous DCLK1-S

Initially, HCT116 cells were transiently transfected with seven hDCLKI1-
lentiviral-shRNA plasmids (V2LS library) (Dharmacon, Lafayette, CO); non-silencing
ShRNA-pGIPZ lentiviral-plasmid was used as a control (Dharmacon, Lafayette, CO), as
per manufacturer’s instructions. Down-regulation of DCLK1 expression by >70% was
measured by WB analysis in cells transfected with V2LS 36413 and V2LHS 36415
plasmids. These plasmids were transfected into HCT116 cells to produce stably
expressing clones that expressed either DCLK1-shRNA-413/415 (HCT-D) or pGIPZ-
vector only clones (HCT-C). The downregulation of DCLK1 was confirmed by qRT-

PCR and western blot analysis, as shown under results.

3.2.4 Generation of COLO205 clones, stably over-expressing full length GFP-
DCLK1-L/S

Eukaryotic expression plasmids expressing N-terminally GFP tagged full length
coding sequence of DCLK1-Long and DCLKZ1-Short were purchased (GeneCopoeia,
Rockville, MD). COLO205 cells were chosen for over-expressing either the L or the S
isoforms of DCLK1, because COLO205 cells, unlike >80% of available colon cancer cell
lines, were reported by us to lack the expression of both L/S isoforms of DCLK1
(O’Connell et al., 2015). COLO205 clones, stably expressing full length DCLK1-Long
(205-L) or DCLK1-Short (205-S) were generated as previously described (Sarkar et al.,
2011). Vector Transfected clones (205-C) expressing only GFP served as controls. GPF
and DCLK1 expression was confirmed by qRT-PCR, western blot analysis and

immunofluorescence, and is shown in results.
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3.2.5 Transient-transfection of cells with oligonucleotides and expression plasmids

Cell lines were transfected with either target specific (DCLK1 or
NFATC2)/control siRNA, or expression/control plasmids as indicated, using
LipofectamineTM 2000 (Invitrogen, Grand Island, NY) according to manufacturer’s
instructions, as previously described (Kantara et al., 2014; O’Connell et al., 2015; Sarkar
et al., 2011). Transfected cells were propagated in normal growth medium containing
10% FCS, and processed for RT-PCR analysis after 48h of transfection for confirming
down-regulation of the target genes (DCLK1 and NFATC2) or expression of indicated

expression plasmids.

3.2.6 Analysis of cell lines/isogenic clones/tissue samples by RT-PCR/qRT-PCR

Total RNA was isolated from cell lines (isogenic clones and treated/control cells)
in monolayer cultures at 60-70% confluency, or from human patient tissues (described
below) using Trizol Reagent (Invitrogen), as previously described (O’Connell et al.,
2015). For gRT-PCR, the iTag Universal SYBR Green Supermix (Bio-Rad, CA) was
used as per the manufacturer’s instructions, as previously described (O’Connell et al.,
2015). The primer sequences used for PCR amplification of cDNA for both RT-
PCR/QRT-PCR analysis are provided in Table 3.1. Electrophoresis gels presented were
cropped to present all the bands observed within the range covered by the molecular
markers used (between 100 bp and 1000 bp for RT-PCR data), in order to avoid primer
dimers seen towards the end of the run. Processing of the electrophoresis blots was
applied equally across the entire image. Touch-up tools were not used to manipulate

data.
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3.2.7 Western Immunoblot (WB) analysis

Cell lines (isogenic clones and treated/control cells) growing as mono-layer
cultures, were harvested and processed for preparing cellular lysates, followed by
electrophoresis, and transferred to PVDF-membranes as previously described (Kantara et
al., 2014; O’Connell et al., 2015). Frozen tissue samples obtained from patients as
described below were homogenized and processed for preparation of tissue lysates in
RIPA buffer as described previously (Kantara et al., 2014; O’Connell et al., 2015).
Samples containing 30-50 pg of proteins were subjected to electrophoresis and
transferred to PVDF-membranes as previously described (Kantara et al., 2014; O’Connell
et al., 2015). Blots were cut into horizontal strips containing target or loading-control
proteins (f3-actin), and processed for WB, as described previously (Kantara et al., 2014;
O’Connell et al.,, 2015). Antigen-antibody complexes were detected with a
chemiluminescence-reagent kit (Thermoscientific, IL or GE Healthcare, UK).
Membrane-strips containing either target or loading control proteins were simultaneously
exposed for equal time to autoradiographic films. Western blots presented were cropped
to exclude bands beyond the range of the molecular markers, at the running end and at
the loading end. Processing of films was applied equally across the entire image. Touch-

up tools were not used to manipulate data.

3.2.8 In Vitro Growth Assays

In vitro proliferation of cells (isogenic clones) was quantified in an MTT assay as
previously described (Sarkar et al., 2012). Briefly cells were plated at equal
concentrations (5000 cells per well) in 96-well plates. After plating, cells were serum
starved for 24 hours before addition of 0-12% FCS containing media for 48 hrs. The
total number of viable cells was determined in an MTT (3-4,5-Dimethylthiazol-2-yl)

assay. The in vitro tumorigenic potential was measured in a soft agar clonogenic assay as
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previously described (Sarkar et al., 2011). Briefly, cells were seeded at equal
concentrations, (10,000 cells per well) in 6-well culture plates in 0.5% agar in growth
media containing 0-12% FCS. The total number of colonies per well were counted and

graphed.

3.2.9 In Vitro Invasion Assay

Transwell chambers, precoated with Matrigel, were purchased from Corning Inc
(Corning, NY). Isogenic clones were seeded and allowed to attach to a 10 cm plate.
After 24 hours, isogenic clones were serum starved for 24 hours. After an additional 24
hours, cells were removed from the plate and washed 3 times with serum free media.
Cell were resuspended in 0.5 mL of serum free media and transferred to the top of
transwell chambers. Chambers were placed in a 24 well plate with 0.5 mL media
containing variable levels of FCS. HCT isogenic clones were placed in media containing
20% serum, and COLO205 isogenic clones were placed in media containing 5% serum.
After 12 hours, cells that had invaded through the matrigel to the lower surface of the
chamber were stained with crystal violet and allowed to dry. The cells that had invaded
through the transwell membrane, were counted and % cells that had invaded, compared

to total number of cells plated, were graphed.

3.2.10 In Vitro growth of cells as spheroids

Isogenic clones were grown as spheroids as previously described (Kantara et al.,
2014). In brief, cells were plated at a density of 5000 cells/well into 24-well ultra low-
attachment plates (Costar, Corning NY). Cells were suspended in serum-free media
containing DMEM/F12 (1:1) + 1% Anti-Anti Antibiotic-Antimycotic supplemented with
B-27 (50X) (all from Invitrogen, Grand Island, NY), epidermal growth factor (EGF)
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20ng/ml and fibroblast growth factor (bFGF) (10ng/ml) (both from Sigma-Aldrich, St
Louis, MO). Media was changed every 2-3 days and the formation of spheroids
(tumorospheres/spheres) monitored daily. Spheres were imaged at 4x, 10x and 40x using

white light microscopy (Nikon, NY).

3.2.11 In vivo tumorigenic/metastatic assays

Cells were inoculated in athymic (Nude) mice to grow either sub-dermal
xenografts or metastatic growths in liver/lung after intrasplenic-inoculations as
previously described (Kantara et al., 2014; Sarkar et al., 2012). To prepare cells for
inoculation into the athymic (Nude) mice, sub-confluent cells in cultures were scraped
and re-suspended in phosphate buffered saline (PBS) as single cell suspensions. For
subdermal xenograft injections, 5x106 cells/100uL PBS were inoculated on right and left
flanks of female athymic mice, 4 weeks of age (Envigo, United Kingdom) (as per our
approved IACUC protocols-IRB#01-12-054B). After 3—-6wks from time of inoculation,
tumors were harvested, dissected free of host tissue, patted dry and weighed. For
intrasplenic inoculations, 2x10° cells/50pl PBS were inoculated in the tip of the spleens,
after making a <lcm incision on the dorsal side (left of center, right below the ribs) of the
female athymic mice, 4 weeks of age (Envigo, United Kingdom) (as per our approved
IACUC protocols-IRB#01-12-054B). The incision was followed by suturing the dermis
and clipping the skin with wound clips. Mice receiving intrasplenic inoculations were
subjected to splenectomy after 24h of inoculation to avoid splenic/peritoneal growths.
After 3-6 weeks from time of inoculation, liver and lungs were harvested. Both
subdermal xenografts and lung and livers from intrasplenic inoculated mice, were washed
with tissue wash buffer and fixed overnight using 10% formalin, followed by 70%

ethanol. Embedding and sectioning was performed with the help of Vel-Lab (Houston,
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TX), and the sections were processed for H&E, IHC and IF staining for specific protein

markers (as published previously (Kantara et al., 2014; Sarkar et al., 2012).

3.2.12 Immunostaining

For IF staining of cells, cells were grown on coverslips in 24-well plates and at
70% confluency, cells were fixed using a 1:1 ratio of acetone:methanol solution at -20°
for 30 minutes as previously described (Kantara et al., 2014; Sarkar et al., 2012). In brief,
cells were washed 3X with PBS, blocked with 5% goat serum for 1 hour. Cells were then
stained with either anti-DCLK1 antibody (1:200), anti-GFP (1:200) or anti-NFATC2
antibody (1:200). Excess antibody was washed off and cells were incubated with either
goat anti-rabbit-1gG coupled to Alexa Flour 488 or goat anti-mouse-1gG coupled to Alexa
Flour 594. Excess antibody was washed off and cells were incubated with 4°, 6-
diamidino-2-phenylindole (DAPI) for 2 minutes. Cover slips were then mounted onto
glass slides using FluorSaveTM Reagent (CALBIOCHEM, La Jolla, CA). Images were
acquired using Zeiss Axioplan epifluorescent microscope (META). Images were
analyzed using METAMORPH, v6.0 software (Molecular Devices). To quantitate %
cells positive for GFP expression, cells expressing GFP were counted in 15-20 fields of
view per well for each cell line.

For IHC staining of liver/lung samples obtained from nude mice, slides containing
tissue sections were deparaffinized and hydrated using xylene and ethanol. Slides were
unmasked for antigen by boiling in sodium citrate buffer, pH 6.0. Endogenous peroxidase
was neutralized by incubating in 3% H;0O, for 20min and washed in PBS. 5% goat serum
was used to block non-specific binding. Rabbit polyclonal primary antibody against GFP
was used at 1:250 dilution, rabbit polyclonal primary antibody against SPARC was used
at 1:200 dilution, and mouse monoclonal primary antibody against COL3A1 was used at

1:800 dilution at 4°C overnight. Incubated sections were washed and incubated at room
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temperature for 2h with HRP conjugated anti-rabbit or anti-mouse antibody at 1:200
dilution. Sections were further incubated for 30min at RT, using biotinylated secondary
anti-rabbit or anti-mouse antibodies (1:200) followed by washing with PBS and
incubated with DAB (Dako Inc.). Images from the tissue sections were captured by a
Nikon microscope (TS100) equipped with a camera at 20X and 40X magnifications, after

mounting the sections with coverslips, as previously described (Sarkar et al., 2012).

3.2.13 Differential Gene Expression by RNAseq Analysis

Total RNA was isolated (as described above) from biological triplicates of HCT-
C and HCT-D isogenic clones. Library construction and RNA sequencing was
performed at the UTMB Next Generation Sequencing Core Facility. RNA was
fragmented by incubation at 94- for 8 minutes in 19.5 uL fragmentation buffer (Illumina,
San Diego, CA). First and second strand synthesis, adapter ligation, and library
amplification were performed according to manufacturer’s instructions using the TruSeq
RNA Sample Preparation kit (Illumina, San Diego, CA). Using an Illumina Truseq RNA
v2 Kit (Illumina, San Diego, CA), a sequencing library was prepared according to the
manufacturer’s instructions. Paired end, 50-base sequencing was performed on an
[llumina HiSeq 1000 using a TruSeq SBS kit v3 (Illumina, San Diego, CA) according to
the manufacturer’s instructions. Reads were mapped to the human hgl9 reference
(https://support.illumina.com/sequencing/sequencing_software/igenome.html) using the
STAR version 2.3.1a alignment program. Differential gene expression was analyzed with
the Cuffdiff function of the Cufflinks software suite, version 2.2.1. The molecular
functions and Biological processes changed in response to DCLK1-S were analyzed by
the PANTHER (Protein Analysis Through Evolutionary Relationships) Classification
System version 9.0 (http://pantherdb.org/). Ingenuity Pathway Analysis (IPA) was used
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to identify the top pathways changed in response to downregulation of DCLK1-S and

heat maps were constructed based on genes involved in top pathways.

3.2.14 Procurement of samples from normal colonic mucosa and colonic tumors of
patients

Samples of normal colonic mucosa and primary colonic tumors, were obtained as
discarded samples (as per our approved UTMB IRB protocol #91-310) from the Tissue
Core Facility at Cancer Center, University of Alabama, as part of CHTN Program funded
by NIH. All samples were collected and flash-frozen and stored in liquid nitrogen or -

80°C until analyzed. Pathology of all samples was confirmed.

3.2.15 Generation of SPARC and COL3A1 promoter-reporter (luciferase)
constructs

Based on the published promoter sequences of SPARC and COL3A1, primer sets
were designed to amplify promoter segments of the SPARC promoter from -125 through
-2059 nucleotides and the COL3A1 promoter from +48 through -1348 nucleotides using
genomic DNA from HCT116 cells. The primers were synthesized with the restriction
sites Xhol at 5’-end and HindIII at 3° end, in order to clone into PcLUC vector (New
England Biosciences, MD) (as shown in Table 3.1). The PCR products were purified
using QIAquick PCR Purification kit (Qiagen, CA), cloned into luciferase expression
vector (PcLUC vector) and amplified in DHS5o competent cells (New England
Biosciences, MD). Positive colonies were processed for purifying the promoter-reporter

expression plasmids; control plasmids lacked SPARC and COL3A1 promoter sequences.
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3.2.16 Promoter-Reporter assays

Cells were transiently transfected with the indicated promoter-reporter constructs
using FUGENEG for 24-48h, as per manufacturer’s instructions; control cells were
transfected with empty PcLUC vector, lacking promoter sequences. Media was collected
from transfected cells and luciferin was added according to instructions of the
manufacturer (New England Biosciences, MD). Luciferase activity was measured using a
luminometer (Dynex Technologies, VA) after 10sec of addition of substrate, as

previously described (O’Connell et al., 2015; Sarkar et al., 2011).

3.2.17 Chromatin Immunoprecipitation Assays (ChlP)

ChlIP assays were performed as previously described (O’Connell et al., 2015). In
brief, cells were fixed in 1% formaldehyde to crosslink DNA to bound proteins, and
reaction stopped by adding 0.125M glycine. Cells were washed with cold PBS, pelleted,
and resuspended in ChIP sonication buffer, followed by sonication and centrifugation of
fragments  (600-700bp long). The crosslinked chromatin  supernatant  was
immunopreciptated using target-specific antibody (2-5 pg purified IgG) at 4C, overnight.
Control samples contained no antibody. For obtaining input levels of the corresponding
proteins, equivalent numbers of cells were also processed for Western Immunoblot
analysis. Protein A/G Sepharose beads, pre-absorbed by Herring sperm DNA (100ug/ml)
was added to the chromatin-antibody complex and centrifuged to sediment the beads.
DNA was eluted from the beads with elution buffer and DNA was precipitated using a
high salt method (as previously described (Ishizawa et al., 1991). The extracted DNA
was purified and used for PCR amplification of the immunoprecipitated DNA with
specific NFATC2 primers. The primer sequences used for this purpose are listed in Table

3.1.
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3.2.18 Immunoprecipitation

Immunoprecipitation of DCLK1 and NFATC2 was performed as previously
described (Sarkar et al., 2011). Cellular lysates of cells/transfected cells were prepared as
described above. The lysates were pre cleared for nonspecific binding by incubating with
Sug of normal rabbit serum for 2h at 4C, followed by incubating with 50ul sepharose
H/C beads for 1 hour. The lysate was then incubated at 4C overnight with Spg of anti-
DCLKI1 polyclonal antibody (as described above). The bound complex was pulled down
with Protein A sepharose beads for 6h at 4C followed by washing the beads with RIPA
buffer. The beads were suspended in 2X SDS sample buffer, boiled and processed for

Western Blot analysis for NFATC2, irrespective of phosphorylation status.

3.2.19 Generation of WT and MUT NFATC2-FLAG expression plasmids

Eukaryotic expression plasmids expressing C-terminally FLAG tagged full length
coding sequence of WT NFATC2 or MUT NFATC2 were purchased (GeneCopoeia,
Rockville, MD). In MUT NFATC2 expression plasmids, serine®® was mutated to
alanine® and serine®® was mutated to alanine®®. The mutant plasmid was confirmed by

sequencing and used for transfections as described above.

3.2.20 Statistical analysis

Data are presented as mean+SEM of values obtained from indicated number of
patient samples or experiments. To test for significant differences between means,
nonparametric Mann Whitney test was employed using STAT view 4.1 (Abacus

Concepts, Inc, Berkley, CA).
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3.3 RESULTS

3.3.1 Biological Effects of Down-Regulating the Expression of DCLK1-S in Colon
Cancer Cells

HCT116 cells, previously shown to express high levels of DCLK1-S, with
undetectable levels of DCLK1-L expression (due to methylation of the 5’(a)-promoter)
(O’Connell et al., 2015), were used to generate isogenic clones stably expressing either
empty vector (HCT-C) or DCLK1-shRNA (HCT-D). HCT-D clones were confirmed to
be significantly downregulated for the expression of DCLK1-S (Fig 3.8A,B). Transcript
levels of DCLK1-S were downregulated by ~2.25 fold in HCT-D vs. HCT-C clones, by
gRT-PCR analysis (Fig 3.8A). DCLKL1-S protein levels, measured by western blot
analysis, were also attenuated in HCT-D vs. HCT-C clones (Fig 3.8B). Growth rate of
HCT-D clones was ~2 fold lower than that of HCT-C clones, in response to increasing
concentrations of fetal calf serum (Fig 3.8C). The colonogenicity of HCT-D vs. HCT-C
clones was also decreased by ~5 fold, in a soft agar assay (Fig 3.8D). The invasive
potential of HCT-D clones was attenuated by ~4 fold as compared to that of HCT-C cells,
measured in a transwell assay, as described in methods (Fig 3.8E). Tumorigenic
potential of clones was examined in vivo, by evaluating the growth of an equal number of
cells as subdermal xenografts in athymic nude mice, as described in methods. Mice
inoculated with HCT-D cells failed to generate palpable tumors, while all mice
inoculated with HCT-C clones formed tumors with tumor volumes similar to those
previously published with HCT116 cells (Kantara et al., 2014), as presented in Figure
3.8F. HCT-C and HCT-D clones were also subjected to a functional stem cell assay, by
growing the cells in 3D, in vitro, in low attachment plates (spheroidal assays), by our
published methods (Kantara et al., 2014), as described in methods. HCT-C clones formed

well defined spheroids, as previously described (Kantara et al., 2014), while HCT-D
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clones failed to form spheroidal structures (Fig 3.8G). In summary,
proliferative/tumorigenic/invasive and spheroid formation potential of HCT-D clones was
significantly attenuated, due to loss of DCLK1-S expression. Loss of tumorigenic
potential of HCT-D clones was perhaps the most severe, which may reflect a significant
loss in the population of cancer stem cells in the HCT-D clones, further supported by the

absence of spheroid formation by the downregulated cells.

3.3.2 Transcriptional changes in response to DCLK1-S downregulation

To evaluate the transcriptional differences between HCT-C and HCT-D clones,
RNAseq analysis of biological triplicates was performed, as described in methods. A
total number of 2999 genes were found to be significantly different in HCT-C vs. HCT-D
clones. A total of 227 genes were significantly upregulated by >2 fold (as shown in
Appendix 1), while 213 genes were significantly downregulated by >-2 fold (as shown in
Appendix 2) (Fig 3.9A). DCLK1 expression was downregulated by an average of -1.87
fold in HCT-D clones vs. HCT-C clones. To evaluate the biological processes and
molecular functions disrupted by DCLK1-S downregulation, genes downregulated by
more than 3 fold were subjected to PANTHER analysis, as described in methods. The
various biological processes and molecular functions disrupted by DCLK1-S
downregulation are presented in Figure 3.9B,C. Prominent biological processes that
were disrupted, included adhesion, response to stimulus, and apoptosis (Fig 3.9B). Some
of the prominent molecular functions disrupted, included catalytic activity, binding, and
receptor activity (Fig 3.9C). To evaluate the specific cellular pathways disrupted by
DCLK1-S silencing, Ingenuity Pathway Analysis (IPA) of genes up/downregulated >3
fold was conducted. The top 5 pathways affected by DCLK1-S downregulation included
cellular growth (Fig3.10A), tumor development (Fig3.10B), cellular movement
(Fig3.10C), cellular death (Fig3.10D), and apoptosis (Fig3.10E), as presented in Figure
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3.10. Heat maps of up/down regulated genes, involved in each specific pathway, are
shown (Fig 3.10). Based on PANTHER analysis, IPA, and recent reports (Ito et al.,
2016), two specific genes, known to play a significant role in enhancing the invasive
potential of colon cancer cells, were identified as SPARC and COL3A. These two
molecules were further evaluated in relation to DCLK1-S expression, as part of my Aim

2 studies.

3.3.3 SPARC and COL3ALl are expressed downstream of DCLK1-S

Both SPARC and COL3Al1 were confirmed to be significantly
downregulated in HCT-D clones, compared to that in HCT-C clones, by qRT-PCR (Fig
3.11A) and western blot analysis (Fig 3.11B). Relative transcript levels of SPARC were
down regulated by ~-12 fold while transcript levels of COL3A1 were down regulated by
~-14 fold in HCT-D vs. HCT-C clones (Fig 3.11A). Relative protein levels of SPARC
and COL3A1 were similarly attenuated in HCT-D vs. HCT-C clones (Fig 3.11B). Colon
cancer cell lines, positive for significant expression of DCLK1-S (RKO, SW1116), were
also positive for significant expression of SPARC and COL3A1, while colon cancer cell
lines, negative for DCLK1-S expression (COLO205, SW1417), were also negative for
SPARC and COL3AL1 expression (Fig 3.11C). We have previously reported that normal
colonic patient samples are generally negative for the expression of DCLK1-S, while
colonic adenocarcinomas from patients are generally positive for significant levels of
DCLK1-S expression (O’Connell et al., 2015), as summarized in Fig 3.11F. Some of
these samples were examined for the expression of SPARC/COL3A1. Normal colonic
mucosal samples from patients, negative for DCLK1-S expression, were found to express
null to low levels of SPARC and COL3Al (Fig3.11D), while primary colon
adenocarcinoma samples from patients, were positive for high levels of DCLK1-S and

SPARC/COL3A1 (Fig3.11E). Thus, the relative expression levels of SPARC and
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COL3AL strongly correlated with the expression levels of DCLK1-S in normal colons
and colon cancer cells/adenocarcinomas, providing further evidence that

SPARC/COL3ALI are likely down stream of DCLK1-S expression in colon cancers.

3.3.4 Isoform specific effects of DCLK1 on SPARC/COL3AL and the invasive
potential of colon cancer cells

COLO205 cells (205), were previously reported to be negative for the expression
of both DCLK1-L and DCLK1-S isoforms (O’Connell et al., 2015). We therefore used
these cells to generate isogenic clones of stably expressing cells, which either expressed
the empty GFP vector (205-C), GFP tagged DCLK1-L (205-L), or the GFP tagged
DCLK1-S (205-S); the GFP tag in both the L and S vectors was located at the N-terminal
end. The 205-L and 205-S clones were confirmed to overexpress DCLK1-L/DCLK1-S
at the transcript (Fig 3.12A) and protein levels (Fig 3.12B), respectively. GFP expression
of all three isogenic clones was confirmed by IF analysis (Fig 3.12C). Percentage of
cells positive for GFP in the three isogenic clones was quantified, as described in
methods (Figure 3.12D). For reasons unknown, GFP expression was lower in both 205-
L and 205-S clones as compared to that in 205-C, however GFP expression levels were
comparable in 205-L vs. 205-S clones (Fig 3.12D).

The three isogenic 205 clones were used for evaluating isoform specific effects of
DCLK1 on the expression of SPARC/COL3A1, and used for examining differences, if
any, in the invasive potential of the control vs. L/S expressing 205 colon cancer cells.
The expression of SPARC and COL3AL1 was significantly upregulated, at the transcript
(Fig 3.13A) and protein (Fig 3.13B) levels, in 205-S clones, overexpressing DCLK1-S.
However, expression levels of SPARC and COL3A1 remained unchanged in 205-C and
205-L clones, overexpressing DCLK1-L, suggesting for the first time that at least some

of the pathways, downstream of the two isoforms maybe significantly different. The
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transcriptional activity of the promoters for SPARC and COL3A1, was next examined.
Promoter reporter constructs were constructed (as described in methods) (Fig 3.13C).
The transcriptional activity of SPARC and COL3A1 promoters was significantly
increased in the 205-S clones, compared to that of the 205-C and 205-L clones (Fig
3.13D). These results provide additional evidence that SPARC and COL3ALl are
expressed downstream of DCLK1-S, but not DCLK1-L.

The invasive potential of the isogenic clones was next examined in an in vitro
invasion assay, as described in methods. The invasive potential of 205-S cells, was ~7
fold higher compared to that of either 205-C or 205-L cells, based on the number of
invasive cells detected by crystal violet staining of the transwell membrane inserts (Fig
3.13E).

To examine the invasive potential of 205 isogenic clones in vivo, an equal number
of cells from the three clones were inoculated in the spleens of athymic nude mice,
intrasplenically (as described in methods). Within 3 weeks of inoculation, mice
inoculated with 205-S clones developed visually apparent metastatic lesions in the livers,
unlike mice inoculated with 205-C or 205-L clones; livers from representative mice are
presented in Figure 3.14A. Livers from mice in all three groups were processed for
H&E staining (Fig 3.14B). As can be seen, metastatic lesions were only seen in the
livers of 205-S mice, while livers of 205-C or 205-L mice appeared to be free of
metastatic lesions (Fig 3.14B). Liver samples from all three groups were also processed
by RT-PCR for measuring relative expression levels of DCLK1-L/S in the livers, as a
reflection of presence of invasive cells from the three clones (Fig 3.14C). We have
previously reported the expression of DCLK1-L, but no DCLK1-S expression, in the
hepatocytes of normal mouse livers (O’Connell, 2015). The relative levels of DCLK1-L
were not significantly different in the liver samples of mice inoculated with the three 205
clones. However, DCLK1-S expression was detected only in the livers of the mice

inoculated with 205-S clones, further confirming that while the 205-S clones had
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metastasized to the livers, the other two clones likely lacked metastatic potential, and had
not invaded the livers from the spleen (Fig 3.14C). The relative expression levels of GFP
were also evaluated in the livers of mice inoculated with 205 clones, by western blot
analysis (3.14D). GFP expression was only detected in the livers of mice injected with
205-S clones, once again demonstrating that only the 205-S clones had developed
invasive potential, and become metastatic (3.14D), in agreement with in vitro findings,
presented in Figure 3.13E. Next the protein levels of GFP/SPARC/COL3AL in the
livers of mice inoculated with 205 isogenic clones was examined by IHC of liver
sections. The metastatic lesions in the livers of mice injected with 205-S clones were
positive for GFP/SPARC/COL3A1 staining (Fig 3.15), while the livers of mice
inoculated with 205-C or 205-L clones were relatively negative for
GFP/SPARC/COL3AL1 staining (Fig 3.15). Based on the results presented in figures 3.13
to 3.15, from the in vitro and in vivo assays, it appears likely that DCLK1-S (but not
DCLK1-L) expression in colon cancer cells, significantly enhances the invasive potential
of the cells. It is also strongly indicated that SPARC and COL3A1 expression are
upregulated several fold in response to DCLK1-S expression, but not DCLK1-L
expression, in colon cancer cells, which may mediate the increase in the invasive

potential of the cells.

3.3.5 Role of NFATC2 in upregulating transcriptional activity of SPARC and
COL3A1l

In order to understand the mechanisms by which DCLK1-S may be mediating the
increased expression of SPARC/COL3AL, | conducted in silico analysis of both the
SPARC and COL3AL1 promoters to identify the presence of a possible common cis
element in the two promoters. Several potential binding sites for NFATC2 were

identified in both the promoters (as described in Figures 3.16 and 3.17). There were 6
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potential NFATC2 binding sites within 3 kb of the start site of the SPARC promoter (Fig
3.16) and 9 potential NFATC2 binding sites within 3 kb of the start site of the COL3A1
promoter (Fig3.17). NFATC?2 binding, in situ, to the potential NFATC2 binding sites
was examined in ChIP assays. The -1470/-1339 binding site in the SPARC promoter
(Fig 3.18A) and the -728 binding site in the COL3A1 promoter (Fig 3.18B) were
determined to be the only functional NFATC2 binding sites in HCT116 cells, of the
several sites examined in this study. | next examined the role of DCLK1-S expression on
the binding of NFATC2 to the promoters of SPARC and COL3AL, by conducting ChIP
assays in HCT-C/HCT-D clones. Results of ChIP assays confirmed that binding of
NFATC?2 to either the -1470/-1339 binding site in the SPARC promoter (Fig 3.18C) or
the -728 binding site in the COL3Al promoter (Fig 3.18D) was significantly
downregulated in HCT-D clones compared to that in HCT-C clones. Relative binding of
NFATC2 to the indicated NFATC?2 binding sites, from several experiments, is presented
as % of total NFATC2 binding (input) in the cells (Fig 3.18E). To confirm a role of
DCLK1-S and NFATC2 in the transcriptional regulation of SPARC and COL3A1, wild
type HCT116 cells were transiently transfected with siRNAs against either DCLK1 or
NFATC?2 (as described in methods). In cells transfected with either DCLK1 or NFATC2
SiRNA, COL3AL expression was significantly downregulated, compared to that in cells
transfected with the respective control siRNA (Fig 3.18F). However, surprisingly,
SPARC expression was significantly downregulated only in cells transfected with
DCLK1 siRNA, but not in cells transfected with NFATC2 siRNA (Fig 3.18F). These
results suggest that NFATC2 is required for upregulating the expression of COL3A1 in
response to DCLK1-S, while NFATC2 may not be required for upregulating the
expression of SPARC in response to DCLK1-S.
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3.3.6 Association of DCLK1-S with NFATC2

DCLKZ1-S retains the calmodulin like kinase domain as discussed in chapter 1.
Previous reports have suggested that DCLK1 proteins can potentially function like a
kinase (Shang et al., 2003), and in at least one report, a kinase inhibitor (LRRK2-IN-1)
was reported to inhibit the biological effects of DCLK1 protein (Weygant et al., 2014).
Since my results suggest that a potent transcription factor, NFATC2, binds the promoters
of SPARC and COL3AL1, downstream of DCLK1-S, | hypothesized that NFATC2 may
become activated/phosphorylated at critical Ser/Thr sites, by possibly associating with
DCLK1-S in colon cancer cells. The latter intriguing possibility was evaluated in the next
set of experiments. To investigate if DCLK1-S co-localizes with NFATC2, HCT-C and
HCT-D clones were used to co-IP NFATC2 with DCLK1-S. As can be seen in Figure
3.19A, DCLK1-S co-imunoprecipitated with NFATC2 in HCT-C cells, but not in HCT-D
cells. The co-localization of DCLK1-S and NFATC2 in HCT-C/D clones was further
evaluated by IF staining of the cells (Fig 3.19B). In HCT-C clones, strong co-
localization of DCLK1-S and NFATC2 was evident (highlighted by arrows in the merged
images), while HCT-D clones did not demonstrate any co-localization of NFATC2 with
DCLK1-S, since S isoform is nearly absent in HCT-D clones (Fig 3.19B). To examine
if association of NFATC2 with DCLK1 protein is isoform specific, 205 isogenic clones
were also subjected to IF staining for the two proteins (Fig 3.19C). The 205-C and 205-
L clones did not demonstrate co-localization of NFATC2 with DCLKZ1, to any significant
level; however NFATC2 was strongly co-localized with DCLK1 in 205-S clones (as
highlighted by arrows in the merged images) (Fig 3.19C).
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3.3.6 Role of phosphorylation at the NFATC2 **SPPS*® enhancement motif, in
mediating downstream effects of DCLKZ1-S in colon cancer cells

As described in the introduction of this chapter, activity of NFATC2 can be
regulated at many different levels (Gémez-Casero et al., 2007; Okamura et al., 2000). A
large amount of literature describes deactivation of NFATC2 by several kinases
(summarized in Figure 3.7). However, a class of kinases has also been identified, which
are implicated in enhancing the activity of NFATC2 by phosphorylation at the **SPPS*®
motif, located within the NHD (Gdmez-Casero et al., 2007; Okamura et al., 2000). We
therefore evaluated if the *SPPS®® motif of NFATC2 was necessary to activate COL3AL.
To evaluate the importance of the >*SPPS*® motif, mutant NFATC2 was generated as
described in methods, where in Ser53 and Ser56 were mutated to Ala53 and Ala56, as
shown in Figure 3.20A. Plasmids expressing either the WT or MUT NFATC2 cDNA
were transiently transfected into HCT116 cells, and the resultant expression of COL3A1
was monitored at the RNA and protein levels, after 48 hrs of transfection. Relative levels
of COL3AL were significantly downregulated, at both the transcript (Fig 3.20B) and
protein (Fig 3.20C) levels in the cells transfected with MUT plasmid compared to levels
in cells transfected with the WT plasmid. To further confirm these important findings,
HCT116 cells were co-transfected with COL3AL promoter-reporter constructs (described
above), along with plasmids expressing either the MUT or WT NFATC2. The
transcriptional activity of COL3A1 promoter-reporter construct was significantly lower
in HCT116 cells co-transfected with the MUT vs. the WT plasmid (Fig 3.20D). In
HCT116 cells, transfected with either the MUT or WT NFATC2 plasmid, the binding of
MUT NFATC2 to the -728 NFATC2 binding site in the COL3A1 promoter, was
significantly reduced compared to that of WT NFATC2, in ChlP assays (representative
ChlIP data from one of three similar experiments, are shown in Fig 3.20E; relative

binding of MUT/WT NFATC2 from all three experiments is shown in Fig 3.20F).
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My results with NFATC2 and SPARC, presented above in Figure 3.18F,
suggested that NFATC2 does not have any significant role in regulating the
transcriptional activity of SPARC promoter. To confirm that NFATC2, with or without
phosphorylation at the **SPPS® motif, was not involved in the transcriptional regulation
of SPARC, HCT116 cells were transfected with either the WT or MUT NFATC2 cDNA
plasmids, and the relative expression levels of SPARC measured. The expression of
SPARC remained unchanged, at both the transcript (Fig 3.21B) and protein (Fig 3.21C)
levels, in cells transfected with either WT or MUT NFATC2. Similarly, the
transcriptional activity of the SPARC promoter-reporter construct (described above),
remained unchanged in HCT116 cells, transfected with either WT or MUT NFATC2 (Fig
3.21D). The binding of NFATC2 to the -1470/-1339 NFATC2 binding site in the
SPARC promoter, also remained unchanged in cells transfected with either WT or MUT
NFATC2, in ChIP assays (representative ChIP data are shown in Fig 3.21E, while
relative binding of WT/MUT NFATC2 from all three experiments is shown in Fig
3.21F). The results of the above experiments demonstrate for the first time that
phosphorylation of NFATC2 at the **SPPS® motif, in response to possible direct
interaction with the DCLK1-S kinase, is required for transcriptional activation of
COL3A1, resulting in the expression of elevated levels of COL3AL in colon cancer cells.
However, elevated levels of SPARC, in response increased expression of DCLK1-S in

colon cancer cells, appears to be independent of NFATC2 binding to its promoter.
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Figure 3.8: Downregulation of DCLK1-S Inhibits
Proliferative/Clonogenic/Invasive/Spheroidal Formation Potential of
HCT116 Colon Cancer Cells
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A) DCLK1 L/S expression in HCT-C/HCT-D isogenic clones by qRTPCR. Each value represents
Mean+SEM of 3 separate experiments. B) DCLK1-S expression in HCT-C/HCT-D isogenic clones by
western blot analysis. Blot presented is representative of 3 separate experiments. C) Growth rate of an
equal number of HCT-C and HCT-D cells in response to increasing concentrations of serum, measured
in an MTT assay. Absorbance values are plotted against serum concentration. Each value represents data
from 8 separate wells/experiment, from a representative of 3 similar experiments. D) Representative
Images of clonogenic growth of HCT-C and HCT-D clones on soft agar in response to 10% serum are
shown; bar graphs = Mean+SEM of number of colonies/S wells from indicated clones . E) Invasive
potential of an equal number of HCT-C and HCT-D cells in Transwells in response to 10% serum.
Represntative images are shown; Bar graphs = Mean+SEM of % cells (of control), which had invaded
the transwell inserts (stained with crystal violet) per 3 wells from indicated clones. F) Tumor Volume of
HCT-C and HCT-D clones, grown as subdermal tumors, presented as Mean+SEM of 6 tumors from 3
mice, at indicated time points, after inoculation of equal # of cells. G) Spheroid assays with cells from
the HCT-C/D clones, grown in non-adherent stem cell cultures, after indicated time-points.
Representative images of spheroids from 6 wells/clone from two separate experiments are shown.
#=P<0.05 vs HCT-C values
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Figure 3.9: Molecular Functions and Biological Processes Disrupted in Response to
DCLK-S Downregulation
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A) Total number of genes up/down regulated by >2 fold, as a result of DCLK1-S downregulation. B&C)
Panther analysis of genes downregulated >3 fold, were classified by either, B) Biological Process or C)
Molecular function.
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Figure 3.10: Cellular Pathways Disrupted in HCT116 Cells in Response to DCLK1-S
Downregulation
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Heat maps generated from top cellular pathways disrupted in response to DCLK1-S downregulation,
were identified by IPA analysis. Top pathways included A) Cellular Growth, B) Tumor Development, C)
Cell Movement, D) Cell Death, and E) Apoptosis. A colorkey and histogram are provided for reference.
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Figure 3.11: Expression of DCLK1-S and Downstream Targets SPARC/COL3A1
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Relative expression of SPARC/COL3Al in HCT-C/HCT-D clones measured by A) gqRT-PCR and B)
western blot analysis. Representative RT-PCR data for the 3 transcripts from: C) human colon cancer
cell lines; D) human normal colonic mucosa; and E) primary colon adenocarcinomas from patients. F)
DCLKI1-L/S levels in normal colonic mucosa and colon AJCAs of patients, previously reported
(O’Connell et al., 2015). For A-E, B-actin was run as internal controls. In A, each value represents
Mean+SEM of 3 separate biological clones. All data presented in B-E are representative of 2-3 separate
experiments. Molecular weight (MW) in terms of bps and molecular mass in terms of kDa are shown on
left-hand side of each image. D and E are representative of 5—10 patient samples, analyzed in duplicate.

*=P<0.05 vs HCT-C values
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Figure 3.12: Confirmation of COLO205 (205) Clones, Overexpressing Control GFP
or GFP Tagged DCLK1-L/S
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A) Relative expression of DCLK1 L/S in 205-C/205-L/205-S isogenic clones by RT-PCR B) Relative
expression of GFP tagged DCLK1-L/S expression in 205-C/205-L/205-S clones by western blot analysis.
C) Representative Images of GFP expression in 205-C/205-L/205-S cells grown on coverslips. A-C =
representative data from 2-3 separate experiments. The molecular weight (MW) in terms of bps and
molecular mass in terms of kDa is shown on left-hand side of each image. D) % cells positive for GFP
expression in 205-C/205-L/205-S clones, growing on cover slips. Each value in D represents Mean+=SEM
of 15-20 fields of view from 4 separate wells in 2 experiments. Images in C, suggests differences in
morphology of control vs L and S cells, which may reflect biological impact of the isoform expression,
and needs further investigation.
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Figure 3.13: DCLK1 Isoform Specific Expression of SPARC/COL3AL in 205
Clones: Effect on Invasion
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SPARC/COL3A1 expression in 205-C/205-L/205-S isogenic clones by A) qRT-PCR and B) western blot
analysis. C) Luciferase promoter-reporter constructs for SPARC/COL3A1 genes D) Relative
transcriptional/luciferase activity (RLU) in 205-C/205-L/205-S cells, transiently-transfected with
SPARC/COL3A1 promoter-reported constructs, after 48 hr. E) Invasive potential of 205-C/205-L/205-S
cells, measured and presented as described in legend of Fig 3.8. For A and B, B-actin was run as internal
controls. In A and D, each value represents Mean+SEM of 3 separate experiments. In B, blot is
representative of 3 separate experiments. Molecular weight (MW) in terms of bps and molecular mass in
terms of kDa of bands are shown on left-hand side of each image.*=P<0.05 vs 205C values. 7=P<0.05 vs
205L values.
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Figure 3.14: Metastatic Potential of DCLK1 L vs. S Isogenic Clones
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Liver tissues were removed 3 wks after intrasplenic incoulation of mice with equal # of 205-C/205-
L/205-S isogenic clones. A) Representative images of liver metastasis from mice inoculated
intrasplenically with 205-C/205-L/205-S clones. F=Fat and M=Met Tumor. Tissue sections were flash
frozen as described in methods. B) H&E staining of liver sections from the mice. Representative sections
of livers from the three groups of mice, which were either devoid of met lesions (C/L clones) or were
positive for met lesions (S clones). (N= normal looking liver, M=met tumor cells in liver). Relative
expression levels of GFP-DCLK1-L/S in the livers of mice inoculated intrasplenically with 205-C/205-
L/205-S clones by C) RT-PCR and D) Western blot analysis (anti-GFP antibody used for WB). B-C)
Data presented in A-D are representative of livers obtained from 4 mice per group. The molecular
weight (MW) in terms of bps and molecular mass in terms of kDa are shown on left-hand side of each
image.
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Figure 3.15: Metastatic Tumors in Liver, Obtained Only from Mice Inoculated with
205-S clones, are Positive for SPARC and COL3A1
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Liver tissues were removed 3 wks after intrasplenic incoulations of mice with 205-C/205-L/205-S
isogenic clones. Tissue sections were processed for paraffin embedding and tissue sectioning as
described in methods. Representative staining of liver sections from the three groups of mice are shown.
All sections were stained with haematoxylin and antibodies against either GFP, SPARC or COLO3A1, as
indicated. Note the presence of distinct met lesions in the liver sections of only the mice inoculated with
S clones.
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Figure 3.16: NFATC2 Binding Sites on SPARC Promoter
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A) In silico analysis of ~3 kb of SPARC promoter, identified several binding sites for NFATC2, with
>90% similarity with the consensus sequence (shown on top of B). The SPARC luciferase promoter
reporter construct used is diagrammatically shown below the mapped promoter in A. The location and

sequence of each NFATC?2 binding site, in the SPARC promoter is tabulated in B.
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Figure 3.17: NFATC2 Binding Sites on COL3A1 Promoter
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A) In sifico analysis of ~3 kb of COL3Al promoter, identified several binding sites for NFATC2, with
>90% similarity with the consensus sequence (shown on top of B). The COL3Al luciferase promoter
reporter construct used is diagrammatically shown below the mapped promoter in A. The location and
sequence of each NFATC?2 binding site, in the COL3A1 promoter is tabulated in B.
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Figure 3.18: Role of NFATC2 Binding Sites in Activation of SPARC and COL3Al
Promoters
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Location of functional NFATC2 binding sites in the SPARC (A) and COL3Al (B) promoters, as
determined by ChIP analysis for NFATC2 binding, C-D) Relative binding of NFATC2, to the indicated
NFATC2 binding sites, in SPARC/COL3A1 promoters, of HCT-C/HCT-D clones, is shown. Total
expression of NFATC?2 in the clones is presented as input. ChIP Data in C and D are representative of six
observations from three experiments. E) Relative binding of NFATC2, in situ, to functional binding sites
in SPARC/COL3Al promoters in the two clones, is presented as % of input. Each bar graph =
Mean+SEM of duplicates from three experiments. % binding was determined by densitometric analysis
of indicated bands. F) qRT-PCR analysis of HCT116 cells transiently-transfected with either scrambled
siRNA (sc SiRNA), DCLK1 siRNA, or NFATC2 siRNA for 48 hr. Cells were transfected with only the
indicated siRNA. Each value represents Mean+SEM of 3 separate experiments. *=P<0.05 vs HCT-C
values or #*=P<0.05 vs sc siRNA values.
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Figure 3.19: Co-Localization of DCLK1-S with NFATC?2
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A) Cellular lysates of HCT-C /D were processed for CO-IP with either preimmune control IgG or anti-
DCLK1-S-Abs and probed for NFATC2 by western blot analysis. Representative IF images of HCT-
C/HCT-D (B) and 205-C/205-L/205-S (C) cells grown on coverslips, stained with Abs against the
indicated proteins, as described in methods. Co-localization of the indicated proteins is depicted in
yellow color in merged images. A-C, representative data from 3 separate experiments.
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Figure 3.20: Effect of Mutated NFATC2 (at the **SPPS®® Motif ) on COL3A1
Promoter activity and on Expression of COL3A1.
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A) Diagrammatic representation of the mutation of NFATC2 3SPPS36 motif to 3APPA® as described in
methods. COL3A1 expression in HCT116 cells, transiently transfected with WI/MUT NFATC?2 for 48
hours by qRT-PCR (B) and western blot (C) analysis. D) Relative transcriptional/luciferase activity
(RLU) of COL3A1 promoter-reporter construct, in the presence or absence of WI/MUT NFATC2, in
HCT116 cells (transiently-transfected with the promoter-reporter constructs for 48 hours). E) Relative
binding of NFATC?2 to the indicated NFATC2 binding site in HCT116 cells, transiently transfected with
WT/MUT NFATC2 for 48 hours. F) Relative binding of NFATC2, in situ, to functional binding sites in
the COL3A1 promoter in HCT116 cells, transiently transfected with WT/MUT NFATC2 for 48 hours,
presented as % of input. For B,D, F each bar graph = Mean+SEM of duplicates from 3 experiments. In
F, % binding was determined by densitometric analysis of indicated bands. For A and B, B-actin was run
as internal control. In B,E= Data is representative of 3 separate experiments. Molecular weight (MW) in
terms of bps and molecular mass in terms of kDa of bands are shown on left-hand side of each
image. *=P<0.05 vs .WT NFATC2 values.
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Figure 3.21: Effect of Mutated NFATC2 (at the **SPPS* Motif) on SPARC
Promoter activity and on Expression of SPARC.
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A) Diagrammatic representation of the mutation of NFATC2 3SPPS5¢ motif to > APPA®¢ ,as described in
methods. SPARC expression in HCT116 cells, transiently transfected with WTI/MUT NFATC?2 for 48
hours by qRT-PCR (B) and western blot (C) analysis. D) Relative transcriptional/luciferase activity
(RLU) of SPARC promoter-reporter construct, in the presence or absence of WI/MUT NFATC2, in
HCT116 cells (transiently-transfected with the promoter-reporter constructs for 48 hours). E) Relative
binding of NFATC?2 to the indicated NFATC2 binding site in HCT116 cells, transiently transfected with
WT/MUT NFATC?2 for 48 hours. F) Relative binding of NFATC?2, in situ, to functional binding sites in
the SPARC promoter in HCT116 cells, transiently transfected with WI/MUT NFATC?2 for 48 hours,
presented as % of input. For B,D, F each bar graph = Mean=SEM of duplicates from 3 experiments. In
F, % binding was determined by densitometric analysis of indicated bands. For A and B, B-actin was run
as internal control. In B,E= Data is representative of 3 separate experiments. Molecular weight (MW) in
terms of bps and molecular mass in terms of kDa of bands are shown on left-hand side of each
image.*=P<0.05 vs. WT NFATC?2 values.
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Figure 3.22: Co-Localization of DCLK1-S with WT/MUT NFATC2
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A) Diagrammatic representation of the mutation of NFATC2 3SPPS>¢ motif to 3 APPA3 as described in
methods. B) Cellular lysates of HCT116 cells, transiently transfected with WI/MUT NFATC2 for 48
hours were processed for CO-IP with either preimmune control IgG or anti-DCLK1-S-Abs and probed
for NFATC2 by western blot analysis. C) Representative images of HCT116 cells, transiently transfected
with WI/MUT NFATC?2 for 48 hrs on coverslips, and stained for indicated proteins, are shown. Co-
localization of DCLK1-S with NFATC?2 is seen in yellow color in merged images. Images in B&C are

representative of 3 separate experiments.
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Table 3.1: Oligonucleotide (primer) Sequences Used for gRT-PCR/RT-PCR/ChIP
for Aim 3 Experiments

Table 3.1

Target cDNA/gDNA Species | Primer Sequence Assay
F:GGAGTGGTGAAACGCCTGTAC

DCLK1-Long (cDNA) Human RT-PCR & gRT-PCR
R:GGTTCCATTAACTGAGCTGG
F:ACACTAAGACTGTGTCCATGTTAGAACTC

DCLK1-Short (cDNA) Human RT-PCR & gRT-PCR
R:AAGCCTTCCTCCGACACTTCT
F:GTGCAGAGGAAACCGAAGAG

SPARC (cDNA) Human RT-PCR & gRT-PCR
R:AAGGGCAGGAAGAGTCGAA
F:AAACCTAAGGAAACTTCACG

COL3A1 (cDNA) Human RT-PCR & qRT-PCR
R:GCTATTCATGTGTCTAAATATGAATATTG

NFATC2 (cDNA) Human | [ OCCATCAACAGCTGCTTCCA RT-PCR & gRT-PCR
R:CACACCCCGCACCTTAATGA

-1470/-1339 NFATC2 cis F:ATGGCAAGAGAGACAGGGGC

element in SPARC Human _ ChIP PCR

promoter(gDNA) R:GAATGCCTTGGCTTCCCAAA

-728 NFATC2 cis element in F:-TGTGCACAGGCATAGAGACGGA

Human ChIP PCR
COL3A1 promoter (gDNA} R:GCAAAGCTATCTTCAGGAGG
SPARC-LUC (-2059/-125) F:CCAAGCTTGACAGGTGAGGGGAGGAAA Promoter Reporter
Human
(gDNA) Construct

R:AACCTAGGTGCCTAAACCGACTCACAGA
F:CCCTCGAGTTTGCCACTGTCCATGCTTA

COL3A1-LUC (-1384/+48) Promoter Reporter
Human
(gDNA) R:CCCCCTAGGGTTCAAAGTAGCCACCATCAA | Construct

The forward (F) and reverse (R) primer sequences that were designed and used for amplifying the
indicated target cDNA/gDNA for conducting the different assays are shown.

3.3 DISCUSSION

Accumulating evidence suggests that cancer stem cells are capable of surviving
radiation/chemotherapy and are able to regrow as primary or metastatic tumors, resulting
in relapse of the disease (Cherciu et al., 2014; Kantara et al., 2014; Wang et al., 2015b).
We and others have therefore proposed that targeting cancer stem cells, in conjunction

with conventional or other therapies, may provide a more comprehensive strategy for
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treating cancers. Therefore identification of cancer stem cells with reliable markers
remains an important goal in the field (Cherciu et al., 2014; Kantara et al., 2014; Kantara
et al., 2015; Wang et al., 2015a). Several putative stem cell markers have been identified,
however colon cancer cells express many of the same markers as intestinal stem cells
(including DCLK1) (Barker, 2014; Cherciu et al., 2014; Hirsch et al., 2014; Nakanishi et
al., 2013; Sarkar et al., 2012); therefore targeting cancer stem cells, while sparing normal
stem cells, remains a challenge. We recently reported that an alternate promoter within
the Intron V of the DCLK1 gene is utilized by colon cancer cells to express a shorter
transcript of DCLK1 (DCLK1-S), while the 5’(a)-promoter is utilized by normal colonic
cells to express the full length DCLK1 transcript (DCLK1-L) (O’Connell et al., 2015), as
described in detail in Chapter 2. The 5’(a)-promoter of DCLK1 becomes methylated in
colon adenocarcinomas resulting in silencing of DCLK1-L expression (O’Connell et al.,
2015). The two promoters appear to be regulated independently, and the expression of
one does not appear to be connected to the expression of the other. Therefore an
opportunity exists to specifically target DCLK1-S as an approach for eliminating colon
cancer stem cells while preserving normal colonic stem cells.

The presence of multiple isoforms of DCLK1 within the brain has been
extensively reported (Burgess and Reiner, 2002; Engels et al., 2004; Omori et al., 1998;
Pal et al., 2011; Shang et al., 2003; Silverman et al., 1999; Vreugdenhil et al., 1999);
however the specific biological functions of each isoform have remained undefined.
DCLKZ1-S lacks both N-terminal DCX doublecortin domains as compared to DCLK1-L,
therefore differences in the 3D structure of the isoforms can be expected. To date, the
crystal structure of either the full length DCLK1-L isoform or the shorter DCLK1-S
isoform have not been resolved (Kim et al., 2003b). The substrates and regulators of both
isoforms of DCLK1 have also remained elusive (Shang et al., 2003), and DCLK1 has
been termed an “orphan kinase”. Due to likely differences in the 3D structures of the long

and short isoforms, it is speculated that the biological functions and activities of the

175



isoforms will likely be different. In my Aim 2 studies, | used shRNA knockdown method
to downregulate the expression of DCLK1-S isoform in a representative colon cancer cell
line, (which only expressed the short isoform, due to hypermethylation and silencing of
the 5° promoter), in order to delineate biological role of the cancer specific DCLK1-S
isoform. Based on my studies, | discovered that NFATC2 may represent a novel
substrate for the kinase domain of DCLK1-S, which allows activation of the potent
transcriptional factor and results in significantly enhancing the expression of COL3A1
and the invasive potential of the colon cancer cells, in vitro and in vivo (Fig 3.19). Most
importantly, my studies suggest that overexpression of the S isoform by colon cancer
cells imparts a potent invasive phenotype to the cells, strongly suggesting that targeting
the kinase domain or the downstream functions of the S isoform may allow us to
specifically target cancer stem cells.

In here we report for the first time that DCLK1-S binds (and most likely
activates) NFATC2 via the NFATC2 **SPPS>® motif. The activation/de-activation of
NFATC2 has been well described throughout literature. NFATC2 is activated via
calcineurin/calmodulin mediated de-phosphorylation of multiple serine residues, resulting
in the unmasking of the NLS. NFATC2 is then free to translocate to the nucleus and
induce transcription (Hogan et al., 2003; Miiller and Rao, 2010; Qin et al., 2014; Shou et
al., 2015). The de-activation of NFATC?2 is coordinated through several kinases that
function to phosphorylate serine residues resulting in re-masking of the NLS and
maintaining a hyper-phosphorylated state so that NFATC2 remains inactive (Hogan et
al., 2003; Muller and Rao, 2010; Pan et al., 2013; Qin et al., 2014; Shou et al., 2015). An
additional level of NFATC2 regulation has been reported, in which certain kinases
function to enhance the transcriptional activity of NFATC2 via phosphorylation of the
NFATC2 >*SPPS* motif (Gémez-Casero et al., 2007; Okamura et al., 2000). By mutating
the NFATC2 **SPPS®® motif, we were able to demonstrate that NFATC2 was no longer
able to upregulate the expression of COL3AL, suggesting that the NFATC2 >3SPPS*®
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motif is critical for measuring DCLK1-S mediated overexpression of COL3AL in colon
cancer cells (Fig 3.20). Importantly, the binding of DCLK1-S (by IP analysis), or the
translocation of NFATC2 into the nucleus (by IF analysis), was not affected by mutation
of the NFATC2 **SPPS®® motif, suggesting that phosphorylation of NFATC2 >*SPpS*®
motif needs to be inhibited by either engineering a mutation of this site or by discovering
a specific inhibitor of phosphorylation at this site. In future studies an important role of
DCLK1-S is phosphorylating/activating NFATC2 at the **SPPS>® motif needs to be
confirmed, using recombinant proteins and in vitro kinase assays. However based on my
results so far, it is speculated that DCLK1-S plays a critical role in enhancing the
activation of NFATC2 via phosphorylation of the NFATC2 **SPPS>® motif, resulting in
the increased expression/secretion of COL3A1, which likely imparts an invasive potential
to the cells.

Both SPARC (Arnold and Brekken, 2009; Nagaraju et al., 2014) and
COL3A1 (Basso et al., 2001; Ewald et al., 2013; Su et al., 2014; Turashvili et al., 2007;
Xiong et al., 2014) have been implicated in playing a critical role in mediating the
invasive potential of cancer cells via rearrangement of the extracellular matrix. ECM
stiffness from increased collagen deposition has been reported to promote cell invasion
by providing a track of least resistance for invasive cells (Conklin et al., 2011; Goetz et
al., 2011; Gritsenko et al., 2012; Levental et al., 2009). During invasion, collagen fibers
bundle and straighten out, causing the fibers to become thick and align perpendicularly to
the tumor boundary. The perpendicularly aligned collagen bundles provide contact
guidance for cells and an unhindered track for invasion with least resistance.

In my Aim 2 studies, | have confirmed that DCLK1-S (but not DCLK1-L)
mediates the expression of SPARC and COL3A1 (Fig 3.11 & 3.13). Therefore the role of
DCLKZ1-S in enhancing the invasive potential of DCLK1 was evaluated both in vitro and
in vivo (Fig 3.13 & 3.14). Our results demonstrate that the increased invasive potential

of cells due to expression of DCLK1-S is isoform specific (Fig 3.14). Using the well-

177



established in vivo model for invasion studies (Sarkar et al., 2012), we learned that mice
inoculated with DCLK1-S overexpressing, but not DCLK1-L overexpressing, isogenic
colon cancer cells, developed visible metastatic lesions in the livers within 3 weeks of
inoculation. The latter results suggested the novel possibility that DCLK1-S (but not
DCLK1-L) enhanced the invasive potential of colon cancer cells (Fig 3.14). Importantly,
high levels of SPARC and COL3A1 were detected in the metastatic lesions of mice
inoculated with DCLK1-S expressing cells (Fig 3.15), confirming my in vitro findings
(shown in Figure 3.13), and demonstrating increased expression of SPARC and
COL3AL, in response to DCLK1-S expression in colon cancer cells. It is speculated that
the increased expression of SPARC and/or COL3A1, downstream of DCLK1-S, may
facilitate ECM remodeling around the colon cancer cells/tumors to facilitate invasion, as
described in literature.

In my Aim 2 studies, | concentrated on examining a role of DCLK1-S in
enhancing the invasive potential of colon cancer cells. However multiple pathways are
significantly disrupted in colon cancer cells, down regulated for the expression of
DCLK1-S expression (Fig 3.9 & 3.10). These pathways include cellular growth, tumor
development, cell death, and apoptosis (Fig 3.9 & 3.10). Our experiments thus far
demonstrate that downregulation of DCLKI1-S results in the inhibition of the
proliferative/tumorigenic/invasive potential of HCT116 colon cancer cells, which likely
reflects the loss of cancer stem cells measured in spheroidal assays (Fig 3.). Thus,
attenuation of DCLK1-S expression results in significant changes in the biology of cancer
cells, both in vitro and in vivo (Fig 3.8). To better understand the role DCLKZ1-S in colon
carcinogenesis, especially in humans, additional studies are required to evaluate the role
of DCLK1-S in each of the molecular pathways, discovered to be significantly altered in
cells in which DCLK1-S has been downregulated.

A clinically important discovery of the current studies is the identification

of genes activated downstream of DCLK1-S (Appendix 2). Since the L/S transcripts of
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DCLK1 are >99% homologous (O’Connell et al., 2015), 3’ of the doublecortin domains,
specifically targeting DCLK1-S remains an issue. In order to avoid toxicity, it may be
significantly more difficult to only target S-isoform, while sparing the L-isoform.
Therefore identifying isoform specific targets, downstream of DCLK1-S, as conducted in
my studies, may have significant translational value, in terms of prevention and treatment
of colorectal cancers, in the absence of side effects to normal tissues.

In summary, our findings suggest that DCLK1-S is required for maintaining
proliferative/tumorigenic/metastatic potential of colon cancer cells, both in vitro and in
vivo, probably by maintaining the viability of cancer stem cells (measured in spheroid
assay). My studies have established, with some confidence, the critical role of DCLK1-S
(but not DCLK1-L) in enhancing the invasive potential of colon cancer cells. DCLK1-S
functions to bind and activate the NFATC2 *3SPPS> motif resulting in enhanced
activation of NFATC2. NFATC2 then translocates from the cytosol to the nucleus and
transcriptionally upregulates the expression of COL3AL, resulting in remodeling of the
extracellular matrix in order to enhance the invasive capacity of colon cancer cells, as
diagrammatically presented in Figure 3.23. The identification of genes activated
downstream of DCLK1-S provides an opportunity for developing methods that can
specifically target downstream effects of DCLK1-S, without disrupting the function of

DCLK1-L in normal cells.
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Figure 3.23: Diagrammatic Representation of Mechanisms by which DCLK1-S is
Speculated to Mediate Downstream Effects, based on my Aim 2
Findings
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Based on our previous and current findings, the role of NFATC2, and COL3Al in mediating invasive
effects of DCLK1-S is presented diagrammatically. Ca?* (calcium) activates CaM (calmodulin) which
activates the phosphatase CN (calcineurin), resulting in dephosphorylation of the serine residues located
within the NHD of NFATC2. Dephosphorylation unmasks the N-terminal NLS. DCLK1-S functions to
bind and activate the NFATC2 338PPS* motif resulting in enhanced activation of NFATC2. NFATC2
then translocates from the cytosol to the nucleus and transcriptionally upregulates the expression of
COL3ALl, resulting in remodeling of the extracellular matrix in order to enhance the invasive capacity of
colon cancer cells. My studies also suggest that SPARC collaborates with COL3Al in increasing the
invasive potential of DCLK1-S expressing colon cancer cells, by as yet unknown mechanisms.
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Chapter 4: FOXD3 is a novel repressor of the expression of short
isoform of DCLK1 (DCLKZ1-S) from IntronV(f)-promoter of human
DCLK1 gene, and is epigenetically silenced in human colorectal
cancers: Prognostic/Diagnostic implications of FOXD3/DCLK1-S

expression in human colorectal cancers.

*This chapter is a copy of a manuscript to be submitted to Oncotarget (O'Connell et
al., 2016a). This work has also been selected to be presented as a Poster of
Distinction at Digestive Disease Week, 2016 (O'Connell et al., 2016b).

4.1 INTRODUCTION

DCLK1 is a specific marker of colon and pancreatic cancers in mice (Bailey et al.,
2014; Nakanishi et al., 2013; Westphalen et al., 2014), and is elevated in human colon
adenocarcinomas (Gagliardi et al., 2012a; Kantara et al., 2014; O’Connell et al., 2015).
Downregulation of DCLKZ1, results in loss of cancer stem cell markers and tumorigenic
potential of human colon cancer cells (Kantara et al., 2014; Sureban et al., 2011b). We
recently reported a novel finding that human colorectal cancers express short transcripts
of DCLK1 (DCLK1-S) from an alternate promoter located within the intron V of the
DCLK1 gene, while normal human colons express the canonical long transcript (DCLK1-
L) from the 5’(a)-promoter of the gene (O’Connell et al., 2015). We and others have
demonstrated that the 5’(a)-promoter is hypermethylated in human colorectal cancers,
resulting in epigenetic silencing and loss of expression of DCLK1-L (Marie Vedeld et al.,
2014; O’Connell et al., 2015; Vedeld et al., 2014). Although the 5’(a)-promoter is
differentially methylated in normal human colons vs. human colorectal cancers,
methylation status of the IntronV/(B)-promoter does not change (O’Connell et al., 2015).

We therefore hypothesized that differential expression of DCLK1-S in normal colons vs.
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human colorectal cancers is perhaps due to differences in the transcriptional activity of
the promoter in normal vs. cancer cells. To test our hypothesis, we conducted in silico
analysis of the IntronV(3)-promoter and found several potential binding sites for FOXD3
within 3 kb of the transcriptional start site of the IntronV()-promoter (as described in
Figure 4.1). Therefore the role of FOXD3 in regulating the IntronV/(3)-promoter was

further evaluated.

Figure 4.1: FOXD3 Binding Sites on DCLK1 IntronV-p-promoter
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Location Sequence Consensus Sequence
-2159 TTGTTTTTGT 92.0%
-728 TTTTATTGTTT 93.5%
-313 AAACAAACAAA 98.5%

A) In silico analysis of ~3 kb of IntronV(pB)-promoter of DCLK, identified several binding sites for
FOXD3, with >90% similarity with the consensus sequence (shown on top of B). The location and
sequence of each FOXD3 binding site, in the IntronV(p)-promoter is tabulated in B.
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4.1.1 FOXD3

FOXD3 (Forkhead Box D3) is a member of the forkhead box (FOX) family of
transcription factors which is characterized by a distinct FH (forkhead) domain (Weigel
and Jackle, 1990) . The FH domain is a helix-turn-helix DNA binding motif (Wijchers et
al., 2006). In humans there are 17 FOX gene subfamilies (FOXA-R) in which 41 genes
have been identified (Myatt and Lam, 2007). FOX protein family members have been
found to be important in a number of biological processes including development,
differentiation, metabolism, proliferation, migration, and invasion (Myatt and Lam, 2007;
Wijchers et al., 2006).

The FOXD3 gene is located on the short arm of chromosome 1 at position 31
(1p31). Previous names of FOXD3 include HNF3, VAMAS2, AIS1, HFH2, and Genesis.
The FOXD3 transcript (NM_012183.2) is 2078 bps, contains 1 exon and transcribes a
478 aa protein with molecular mass of 47.630 kDa (NP_036315.1) (as described in the
NCBI database). The distinctive FH domain (also known as winged helix domain) is

located at 141-218 aa, as shown in Figure 4.2.

Figure 4.2: Diagrammatic Representation of FOXD3 Protein Domains
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FOXD3 is a 478 aa peptide. A distinctive FH domain, also referred to as a winged helix domain, is
located at 141-218 amino acids (shown in vellow).
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A role of FOXD3 in development is well established (Hanna et al., 2002; Kos et
al., 2001; Liu and Labosky, 2008; Pan et al., 2006; Sutton et al., 1996; Teng et al., 2008;
Tompers et al., 2005). FOXD3 was first identified in embryonic stem cells (Sutton et al.,
1996) and has been shown to play a critical role in the early mouse embryo where it
functions to maintain pluripotent cells within the neural crest (Teng et al., 2008), inner
cell mass (Hanna et al., 2002), and trophoblast progenitors (Tompers et al., 2005). It has
also been demonstrated that FOXD3 is required to establish murine embryonic stem cell
lines in vitro (Liu and Labosky, 2008; Pan et al., 2006), and knockdown of FOXD3 is
embryonically lethal in mice (Hanna et al., 2002; Tompers et al., 2005). An important
role in later development has also been reported in which FOXD3 plays a key role in
migrating neuronal crest cells and repression of melanogenesis in the avian embryo (Kos
et al., 2001). FOXD3 functions primarily as a transcriptional repressor (Sutton et al.,
1996). However, it can also act as a transcriptional activator of a number of genes
including ERBB3 (Erb-B2 Receptor Tyrosine Kinase 3) (Abel et al., 2013), OCT4 (Pan
et al., 2006), and NANOG (Pan et al., 2006), many of which are required for suppressing
differentiation of stem cells. The consensus DNA binding sequence for FOXD3 has been
identified as 5’-A[A/T]T[A/G]TTTGTTT-3’, which is comprised of two overlapping
forkhead binding sites (Sutton et al., 1996).

The role of FOXD3 in repression of melanogenesis led investigators to
examine if FOXD3 played a role in melanomas (Abel and Aplin, 2010; Basile et al.,
2012; Katiyar and Aplin, 2011; Kubic et al., 2015; Weiss et al., 2014). Initial reports
demonstrated that FOXD3 was suppressed by B-RAF and that ectopic expression of
FOXD3 inhibited cell growth of melanoma cells by upregulating p21expression, resulting
in cell cycle arrest at the G1 phase (Abel and Aplin, 2010). In subsequent reports it was
demonstrated that ectopic expression of FOXD3 resulted in inhibition of spheroidal
growths, migration, and invasion of melanoma cells, which was shown to be mediated via

binding of FOXD3 to the Rnd3 (Rho Family GTPase 3) promoter (Katiyar and Aplin,
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2011). The role of FOXD3 in adaptive resistance of melanoma to targeted therapies was
also evaluated; it was reported that RAF/MEK inhibitors up regulate FOXD3 expression,
resulting in FOXD3 mediated up regulation of ERBB3 (Erb-B2 Receptor Tyrosine
Kinase 3) (Abel et al., 2013; Basile et al., 2012). FOXD3 has been reported to inhibit
migration of melanoma cells through repression of TWIST1 (Twist Family BHLH
Transcription Factor 1) (Weiss et al., 2014). At the same time, FOXD3 was reported to
enhance migration of melanoma cells, by co-activating expression of CXCR4
(Chemokine (C-X-C Motif) Receptor 4) and PAX3 (Paired Box 3) (Kubic et al., 2015).
The role of FOXD3 in neural crest cells led investigators to examine if
FOXD3 was involved in the generation of neuroblastomas, an embryonal tumor, derived
from the neural crest (Li et al.,, 2013). The investigators reported that FOXD3
transactivates the expression of NDRG, by directly binding its promoter, resulting in the
suppression of growth, angiogenesis, invasion, and metastasis of neuroblastoma cells (Li
et al., 2013). The Li et al., additionally reported that expression levels of FOXD3 were
significantly down regulated in neuroblastoma cell lines and tumors, and overall survival
of neuroblastoma patients was significantly higher in patients expressing higher levels of
FOXD3 (Li et al., 2013). Based on the above findings, Li et al. concluded that FOXD3 is
a novel tumor suppressor of neuroblastomas, and suppresses growth and aggressiveness
of the cells (Li et al., 2013). A possible inhibitory role of FOXD3 was similarly reported
in breast and lung cancers (Chu et al., 2014; Wang et al., 2015a; Yan et al., 2015; Zhao et
al., 2014). Zhao et al., reported that low levels of FOXD3 were inversely associated with
metastatic status of invasive ductal carcinomas of the breast (Zhao et al., 2014). Chu et
al., reported down regulation of FOXD3 expression in breast tumors vs. normal breasts;
low levels of FOXD3 in breast cancers was found to be associated with shorter disease
free survival of the patients (Chu et al., 2014). Chu et al. additionally reported that down
regulation of FOXD3 caused increased cell proliferation/invasion of breast cancer cells,

while over expression of FOXD3 inhibited tumor growth and metastasis, suggesting a
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critical tumor suppressive role for FOXD3 (Chu et al., 2014). Reports also demonstrated
that FOXD3 was down regulated in lung cancers (Wang et al., 2015a; Yan et al., 2015).
Over expression of FOXD3 resulted in the inhibition of cell/tumor growth in vitro and in
vivo, and reduced angiogenesis in vivo (Yan et al., 2015). FOXD3 has also been reported
to bind and activate miR-137, resulting in suppression of cell growth, migration and
invasion of hepatocellular carcinoma cells (Liu et al., 2014).

Methylation of the FOXD3 promoter has been reported in recent years in gastric
and colon cancers (Cheng et al., 2013; van Roon et al., 2013), which likely mediates
epigenetic silencing of the gene, and loss of expression of FOXD3 in many cancers.
Using integrative genome wide scans, FOXD3 was reported to be hypermethylated in
gastric tissues of H pylori infected patients, and in patients with gastric cancers, who had
short-term survival (Cheng et al., 2013). Overexpression of FOXD3 in gastric cancer cell
lines resulted in inhibition of cell growth and invasion of cells, in vitro, and also reduced
the growth of tumors/xenografts in mice; Cheng et al. believed that the inhibitory effects
of FOXD3 were mediated by its binding/activating proapototic target genes, CYFIP2 and
RARB (Cheng et al., 2013). Relative levels of FOXD3, CYFIP2 (Cytoplasmic FMR1
Interacting Protein 2) and RARB (Retinoic Acid Receptor, Beta) were down regulated in
human gastric tumor tissues compared to that in normal tissues, suggesting that
methylation of FOXD3 results in enhanced gastric carcinogenesis in patients with H
Pylori infection (Cheng et al., 2013). Using the method of differential methylation
hybridization, BRAF mutation-specific hypermethylation of FOXD3 was reported (van
Roon et al., 2013). Van Roon et al. also reported high levels of FOXD3 in normal
colonic tissue and in tumors with wtBRAF; on the other hand, FOXD3 was not detected
in colonic tumors positive for mutBRAF (van Roon et al., 2013). The results from the
above described studies strongly suggest that FOXD3 is a tumor suppressor, and may

represent a novel therapeutic target for a large number of tumor types.
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The results of my Aim 3 studies confirm an inhibitory role of FOXD3 in colon
cancers. Our studies demonstrate for the first time that FOXD3 is a potent transcriptional
inhibitor of IntronV(B)-promoter, resulting in the absence of DCLK1-S expression in
normal human colons. We also evaluated the pathophysiological relevance of DCLK1-S
and FOXD3 expression in overall survival of colorectal cancer patients in a cohort of 92
patients, and determined that patients expressing relatively high levels of DCLK1-S and
low levels of FOXD3 had significantly worse overall survival as compared to patients
expressing relatively low levels of DCLK1-S and high levels of FOXD3 suggesting that
measuring relative levels of DCLK1-S and FOXD3 will likely have diagnostic/prognostic

significance.

4.2 MATERIALS AND METHODS

4.2.1 Reagents Used

Antibodies used in these studies included: anti-p-actin (total) (Sigma, St. Louis, MO);
anti-DCLK1 antibody (Abcam, Cambridge, MA); anti-FOXD3 antibody (Abcam,
Cambridge, MA). Smart Pool of target-specific small interfering RNA (siRNA) and non-
targeting (control) siRNA Pool were purchased from Dharmacon (Lafayette, CO).
Sepharose beads and all other chemical reagents were purchased from Sigma. cDNA
synthesis master mix was purchased from GeneDEPOT (Baker, TX). Syber green qRT-
PCR kit was purchased from Bio-Rad (Hercule, CA). Promega GoTaq®green Master
Mix (Maddison, WI) was used for PCR amplification, using a Thermal Cycler from
Eppendorf (Hauppauge, NY). Cloning vector pGL2 was from Promega, and TOPO-TA
cloning vector was purchased from Invitrogen (Grand Island, NY). Restriction enzymes
and competent cells were purchased from New England BioLabs (Ipswich, MA).
Transfection reagent FUGENEG6 was bought from Roche (Branford, CT), and all primers

used were synthesized by Sigma.
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4.2.2 Cell culture

HEK293 and HCT116 cell lines were obtained from ATCC, and have been
maintained in the laboratory for several years. COLO-205, RKO, COLO-320 and
SW1417 were purchased from ATCC within the past two years and confirmed by ATCC.
CCD841 were generously gifted to our laboratory from Dr. Carla Kantara (Department of
BMB, UTMB). CCDB841 cells were purchased from ATCC within the past two years,
and confirmed by ATCC. All cell lines were monitored regularly for absence of
mycoplasma, and HEK293 and HCT116 cell lines were confirmed to represent human

epithelial cell lines with the help of Biosynthesis Company (Lewisville, TX).

4.2.3 Procurement of samples from normal colonic mucosa and colonic tumors of
patients for RT-PCR analysis

Samples of normal colonic mucosa and primary colonic tumors were obtained as
discarded samples (as per our approved UTMB IRB protocol #91-310) from the Tissue
Core Facility at Cancer Center, University of Alabama, as part of CHTN Program funded
by NIH. All samples were collected and flash-frozen and stored in liquid nitrogen or at -

80°C until analyzed. Pathology of all samples was confirmed.

4.2.4 Analysis of cell lines/tissue samples by RT-PCR/QRT-PCR

Total RNA was isolated from cell lines (isogenic clones and treated/control cells)
in monolayer cultures at 60-70% confluency, or from human patient tissues using Trizol
Reagent (Invitrogen), as previously described (O’Connell et al., 2015). For qRT-PCR, the
iTag Universal SYBR Green Supermix (Bio-Rad, CA) was used as per the
manufacturer’s instructions, as previously described (O’Connell et al., 2015). The primer

sequences used for PCR amplification of cDNA for both RT-PCR/gRT-PCR analysis are
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provided in Table 4.1. Electrophoresis gels presented were cropped to present all the
bands observed within the range covered by the molecular markers used (between 100 bp
and 1000 bp for RT-PCR data), in order to avoid primer dimers seen towards the end of
the run. Processing of the electrophoresis blots was applied equally across the entire

image. Touch-up tools were not used to manipulate data.

4.2.5 Western Immunoblot (WB) analysis

Cell lines (isogenic clones and treated/control cells) growing as mono-layer
cultures, were harvested and processed for preparing cellular lysates, followed by
electrophoresis and transferred to PVDF-membranes as previously described (Kantara et
al., 2014; O’Connell et al., 2015). Samples containing 30-50 pg of proteins were
subjected to electrophoresis and transferred to PVDF-membranes as previously described
(Kantara et al., 2014; O’Connell et al., 2015). Blots were cut into horizontal strips
containing target or loading-control proteins (B-actin), and processed for WB, as
described previously (Kantara et al., 2014; O’Connell et al., 2015). Antigen antibody
complexes were detected with a chemiluminescence-reagent kit (Thermoscientific, IL or
GE Healthcare, UK). Membrane-strips containing either target or loading control proteins
were simultaneously exposed for equal time to autoradiographic films. Western blots
presented were cropped to exclude bands beyond the range of the molecular markers, at
the running end and at the loading end. Processing of films was applied equally across the

entire image. Touch-up tools were not used to manipulate data.

4.2.6 Western Immunoblot (WB) analysis

Cells were treated with 5-azacytidine as previously described (O’Connell et al.,

2015). In brief, HCT116 cells were seeded in 100 mm dishes at a density of 5x10°
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cells/dish, one day prior to drug treatment. The cells were treated with 10 pM
5-aza-2'-deoxycytidine (5-Azacytidine) on days 2 and 5 of culture. The cells were
harvested on day 6 of culture and total RNA isolated. RNA was processed for measuring

relative levels of DCLK1-S and FOXD3 by RT-PCR.

4.2.7 Generation of promoter-reporter constructs for IntronV-(g)promoter of
DCLK1-gene

The short isoform of DCLK1 (isoform 2) (NM_001195415.1 in NCBI data base) is
transcribed from a promoter within IntronV, as recently reported (O’Connell et al., 2015).
Promoter-reporter constructs were generated as previously described (O’Connell et al.,
2015). In brief, promoter fragments within IntronV (-2503/-771) were amplified using
genomic DNA and cloned into PGL2 basic vector at Xhol and HindlIlI sites. The purified
IntronV-promoter-reporter constructs, were confirmed by DNA sequencing. Primer

sequences used for PCR amplification of the promoter segments are listed in Table 4.1.

4.2.8 Transient-transfection of cells with oligonucleotides and expression plasmids

Cell lines were transfected with either target specific FOXD3/control siRNA, or
expression/control plasmids as indicated, using LipofectamineTM 2000 (Invitrogen,
Grand Island, NY) according to manufacturer’s instructions, as previously described
(Kantara et al., 2014; O’Connell et al., 2015; Sarkar et al., 2011). Transfected cells were
propagated in normal growth medium containing 10% FCS, and processed for RT-PCR
analysis after 48h of transfection for confirming downregulation of the target gene

(DCLK1 and FOXD3) or expression of indicated expression plasmids.
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4.2.9 Promoter-Reporter assays

Promoter reporter assays were performed as previously described (O’Connell et
al., 2015). In brief, cells were transiently transfected with the indicated promoter reporter
constructs using FUGENEG6 for 24-48h, as per manufacturer’s instructions; control cells
were transfected with empty PGL2 vector, lacking promoter sequences. Transfected cells
were lysed in luciferase assay lysis buffer and luciferin was added according to
instructions of the manufacturer (Promega, WI). Luciferase activity was measured using
a luminometer (Dynex Technologies, VA) after 10sec of addition of substrate, as

previously described (O’Connell et al., 2015; Sarkar et al., 2011).

4.2.10 Chromatin Immunoprecipitation Assays (ChIP)

ChlIP assays were performed as previously described (O’Connell et al., 2015). In
brief, cells were fixed in 1% formaldehyde to crosslink DNA to bound proteins, and
reaction stopped by adding 0.125M glycine. Cells were washed with cold PBS, pelleted,
and resuspended in ChIP sonication buffer, followed by sonication and centrifugation of
fragments (600-700bp long). The crosslinked chromatin  supernatant was
immunopreciptated using target specific antibody (2-5 ug purified IgG) at 4C, overnight.
Control samples contained no antibody. For obtaining input levels of the corresponding
proteins, equivalent numbers of cells were also processed for Western Immunoblot
analysis. Protein A/G Sepharose beads, pre-absorbed by Herring sperm DNA (100ug/ml)
was added to the chromatin-antibody complex and centrifuged to sediment the beads.
DNA was eluted from the beads with elution buffer and DNA was precipitated using a
high salt method (as previously described (Ishizawa et al., 1991). The extracted DNA
was purified and purified DNA was used for PCR amplification of the
immunoprecipitated DNA with specific primers designed around the FOXD3 binding

sites. The primer sequences used for this purpose are listed in Table4.1.
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4.2.11 Procurement of samples from colonic tumors of patients for Kaplan-Meier
survival curves

Sixty-seven colorectal carcinoma tissues were used for clinical validation of DCLK1-
S and/or FOXD3 expression from an independent cohort as previously described
(O’Connell et al., 2015). These specimens were preserved immediately after surgical
resection in RNA later (QIAGEN, Chartsworth, CA) and stored at -80°C until RNA
extraction. The surgical samples were obtained from the Mie University Hospital, Japan,
from patients enrolled during 2005 to 2011. Written informed consent was obtained from

each patient (as per approved BCM IRB protocol #005-134). All tissues were collected

in accordance with the approved guidelines set forth by UTMB and BCM for the

IRB protocols.

4.2.12 Statistical analysis

Data are presented as mean+=SEM of values obtained from indicated number of
patient samples or experiments. To test for significant differences between means,
nonparametric Mann Whitney test was employed using STAT view 4.1 (Abacus
Concepts, Inc, Berkley, CA). Chi-square tests were used to analyze the relationship
between DCLK1-S expression and clinicopathological factors. Overall survival curves
were analyzed using Kaplan-Meier method, and comparisons were made using the log-
rank test. The cut off threshold between high and low expression group for DCLK1-S
and FOXD3 transcripts was defined by the median values of the gene’s expression in
cancerous tissue. All p values were two-sided and differences were considered to be

statistically significant if <0.05.
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4.3 RESULTS

4.3.1 FOXD3 expression inversely correlates with DCLK1-S expression in human
cell lines and human patient samples

We have previously reported that human normal colonic patient samples and cell
lines mainly expressed DCLK1-L while human colonic adenocarcinomas and colon
cancer cell lines mainly expressed DCLK1-S, downstream of an IntronV(p)-promoter
(O’Connell et al., 2015). An important role of NF-xkB was reported for activating the
IntronV(B)-promoter (O’Connell et al., 2015). Further in silico analysis revealed several
additional cis elements (as shown in Figure 4.1A), which likely play an important role in
regulating transcriptional activity of IntronV(p)-promoter. Amongst the additional cis
elements identified, FOXD3 was chosen for further evaluation, as a potential
transcriptional inhibitor of the IntronV()-promoter, based on the literature in the field (as
described above). FOXD3 expression was evaluated in relation to the expression of
DCLK1-S. As previously reported, HCT116 colon cancer cells were positive for
significant DCLK1-S expression, while HEK293 and CCD841 cells (normal human
epithelial/colon mucosal cells) were negative for DCLK1-S expression (O’Connell et al.,
2015) (Fig 4.3A,B). HEK293 and CCD841 cells, positive for DCLK1-L expression from
the 5’(a)promoter, were found to be positive for FOXD3 expression; HCT116 colon
cancer cells, on the other hand, were relatively negative for FOXD3 expression (Fig
4.3A,B). I next evaluated a panel of colon cancer cell lines. Cells positive for DCLK1-S
expression were negative for FOXD3 expression (RKO, SW1116), and cells negative for
DCLK1-S expression were positive for FOXD3 expression (COLO205, SW1417)
(Fig4.3C). Normal colonic mucosal samples from patients, negative for DCLK1-S
expression, were positive for high levels of FOXD3 (Fig4.3.D) while primary colon
adenocarcinoma samples from patients, positive for high levels of DCLK1-S expression,

did not express detectable levels of FOXD3 (Fig4.3E). Thus, the relative expression
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levels of FOXD3 inversely correlated with the expression levels of DCLK1-S, in normal

colonic cell lines/normal colons and in colon cancer cells/adenocarcinomas.

4.3.2 FOXD3 promoter is epigenetically silenced in HCT116 colon cancer cells.

The promoter of FOXD3 has previously been reported to be hypermethylated in
various cancers including colorectal cancers (Cheng et al., 2013; Li et al., 2013; van
Roon et al, 2013). Because colon cancer cell lines and human colorectal
adenocarcinomas were void of FOXD3 expression, hypermethylation of the FOXD3
promoter was evaluated. HCT116 cells were treated with 5-Azacytidine. We have
previously reported that DCLK1-S expression is decreased in response to treatment with
5-Azacytidine (O’Connell et al., 2015) (Fig 4.3F). However, FOXD3 was re-expressed
in HCT116 cells treated with 5-Azacytidine (Fig 4.3F). Re-expression of FOXD3 in
response to treatment, confirms that the FOXD3 promoter is epigenetically silenced in
colorectal cancer cells, due to hypermethylation, as previously reported (van Roon et al.,

2013) (Fig 4.3F).

4.3.3 FOXD3 binding to the Intron V(p) promoter in DCLKI1 gene, as a potential
transcriptional regulator of DCLK1-S expression

As described above, in silico analysis of the IntronV(p)-promoter revealed several
potential binding sites for FOXD3 within 3 kb of the start site (Fig 4.1A). FOXD3
binding, in situ, to the potential FOXD3 binding sites was examined in ChIP assays. The
-2159 and -787 binding sites were determined to be the only functional FOXD3 binding
sites in HEK293 cells, of the many sites examined in this study. HEK293, non-
transformed embryonic epithelial cells were used for the remainder of the studies, since

CCD841 cells are difficult to transfect. Similar to CCD841cells, HEK293 cells were also
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null for DCLK1-S expression, but expressed relatively high levels of FOXD3, at both the
transcript and protein levels (Fig4.3A,B). Results of ChIP assays demonstrated that non-
tumorigenic HEK293 cells were positive for FOXD3 binding to both the -2159 and -787
sites, while tumorigenic HCT116 cells were negative for FOXD3 binding to both sites
(Fig 4.4B,C). Relative binding of FOXD3 to the indicated FOXD3 binding sites, from
several experiments is presented as % of total FOXD3 (input) in the cells (Fig 4.4D).
These results suggest that the FOXD3 cis elements likely play an important role in the
transcriptional regulation of the IntronV(p)-promoter, and likely dictate the absence of
DCLK1-S expression in non-transformed/normal cells. For reasons unknown, relative
binding of FOXD3 was significantly higher to the -787 site, compared to that with the -
2159 site in HCT116 cells.

4.3.4 Role of FOXD3 binding sites in down regulating transcriptional activity of
IntronV-p-promoter

To evaluate the role of FOXD3 in transcriptional regulation of DCLK1-S,
HCT116 cells were transiently transfected with FOXD3 or control cDNA (Vec) (as
described in methods). In cells transfected with FOXD3 cDNA, DCLK1-S expression
was significantly downregulated at both the transcript (Fig 4.5B) and protein levels (Fig
4.5C). Using a IntronV(p)-promoter-reporter constructs, previously described (O’Connell
et al.,, 2015) (as shown in Figure 4.5A), a possible role of FOXD3 in regulating the
transcriptional activity of IntronV(B)-promoter was examined. HCT116 cells were
transiently co-transfected with FOXD3/Vec c¢cDNA and DCLK1-S-LUC1/LUCVec
promoter-reporter constructs. The transcriptional activity of the IntronV(j)-promoter-
reporter constructs was significantly decreased in cells co-transfected with FOXD3
cDNA containing plasmid (Fig 4.5D). To further confirm a role of FOXD3 in regulating

the expression of DCLK1-S, HEK293 cells were transiently transfected with
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Con/FOXD3 siRNA. In cells transfected with FOXD3 siRNA, DCLK1-S expression
levels were significantly upregulated at both the transcript (Fig 4.6B) and protein levels
in HEK293 cells (Fig 4.6C), confirming an important inhibitory role of FOXD3 on the
expression of the S-isoform, but not the L-isoform (as the 5’(o)promoter of DCLK1 gene
lacks FOXD3 binding sites). Using DCLK1-S-LUC1 promoter-reporter construct,
HEK?293 cells were transiently co-transfected with Con/FOXD3 siRNA and DCLK1-S-
LUC1/LUC Vec promoter-reporter constructs. The transcriptional activity of the
IntronV(B)-promoter was significantly increased in HEK293 cells, transfected with
FOXD3 siRNA, compared to that of cells transfected with the control sSiRNA (Fig4.6D).
These results suggest that the FOXD3, and its cis elements, play an important role in
down regulating transcriptional activity of the IntronV(p)-promoter. Interestingly, even
after down regulating FOXD3 expression in HEK293 cells, transcriptional activity of
IntronV(B)-promoter remained significantly lower than that in HCT116 cells (Fig4.5D
and Fig4.6D), suggesting that besides loss of FOXD3, up-regulation of oncogenic
pathways, such as activated NF-kB, are required for optimally activating the expression
of IntronV(B)-promoter in cells, as previously reported/discussed (O’Connell et al.,

2015).

4.3.5 High expression of DCLK1-S and low expression of FOXD3 in AACA samples
from colorectal cancer patients is associated with poor patient survival

The expression patterns of DCLK1-S and FOXD3 transcripts, in relation to
clinicopathological parameters, were analyzed using an independent cohort of patient
specimens, as described in methods. As previously described (O’Connell et al., 2015),
high expression of DCLKZ1-S significantly correlated with overall poor patient survival in
patients with Stages I-Ill disease (Fig 4.7A). We now report that low expression of

FOXD3 similarly correlates with overall poor patient survival in patients with Stages I-111
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disease, although the correlation was not statistically significant (Fig 4.7B). However, on
evaluating the expression of both DCLK1-S and FOXD3, in relation to patient survival,
we found that high-DCLK1-S/low-FOXD3 patients had the worst overall survival,
compared with low-DCLK1-S/high-FOXD3 patients (Fig4.7C). The latter findings
demonstrates that high expression of DCLK1-S, in conjunction with low expression of
FOXD3, was a stronger independent prognostic factor than expression of high levels of

DCLK1-S alone.
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Figure 4.3: Expression of DCLK1-S and FOXD3 in Human Cell Lines Patient
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Relative expression of DCLK1-S/FOXD3 in HEK293 and CCD841 cells (normal human epithelial/colon
mucosal cells) and HCT116 colon cancer cell line measured by A) RT-PCR and B) western blot
analysis. Representative RT-PCR data for DCLK1-S and FOXD3 from C) colon cancer cell lines; D)
human normal colonic mucosa; and E) primary colon adenocarcinomas from patients. F) Relative
expression (RT-PCR) of DCLK1-S and FOXD3 in HCT116 cells, in presence or absence of treatment
with 5-aza-2'-deoxycytidine (5-azacytidine) is shown. For A-F, B-actin was run as internal control. All
data presented are representative of 2-3 experiments. The molecular weight (MW) in terms of bps and
molecular mass in terms of kDa are shown on left-hand side of each image. D and E are representative of
5-10 separate patient samples, analyzed in duplicate. F is representative of 3 separate experiments run in
duplicate.
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Figure 4.4: Role of FOXD3 Binding Sites in Activation of the IntronV-(p)-promoter
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of indicated bands. *=P<0.05 vs values presented for HEK293 cells.

N B
0O

FOXD3 Bound
(% of input)

199



Figure 4.5: Overexpression of FOXD3 Results in Inhibition of the IntronV-(p)-

promoter of DCLK1
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A) Diagrammatic representation of the FOXD3 binding sites on the DCLK]1 IntronV-p-promoter and the
construct (DCLK1-8-LUCI) used for the promoter reporter assays is diagrammatically shown below the
mapped promoter. DCLK1-8 expression in HCT116 cells, transiently transfected with Vector or FOXD3
cDNA plasmids for 48 hours measured by B) qRT-PCR and C) western blot analysis. D) Relative
transcriptional/luciferase activity (RLU) of HCT-116 cells, transiently-transfected with the Vector or
FOXD3 ¢DNA plasmids and DCLK1-S-LUC1 promoter construct for 48 hours. Data presented in C is
representative of 3 experiments. The molecular weight (MW) in terms of kDa is shown on left-hand side
of image. Each bar graph = Mean+SEM of duplicates from three experiments. *=P<0.05 vs. Vec
transfected cells.
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Figure 4.6: Downregulation of FOXD3 Results in Activation of the IntronV-(p)-

promoter of DCLK1
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A) Diagrammatic representation of the FOXD3 binding sites on the DCLK1 IntronV-B-promoter and the
construct (DCLK1-S-LUC1) used for the promoter reporter assays is diagrammatically shown below the
mapped promoter. DCLK1-S expression in HEK293 cells, transiently transfected with con siRNA or
FOXD3 siRNA for 48 hours measured by B) qRT-PCR and C) western blot analysis. D) Relative
transcriptional/luciferase activity (RLU) of HEK293 cells, transiently-transfected with the con siRNA or
FOXD3 siRNA and DCLKI1-S-LUC1 promoter construct for 48hours. Data presented in C is
representative of 3 experiments. The molecular weight (MW) in terms of kDa is shown on left-hand side
of image. Each bar graph = Mean+SEM of duplicates from three experiments. *=P<0.05 vs. Con
transfected cells.
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Figure 4.7: Overall Survival of Patients with CRC, in Relation to Low or High
Expression of DCLK1-S and/or FOXD3
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A) Kaplan-Meier overall survival curves of CRC patients with stages I-III disease, in relation to relative
expression levels of DCLK1-S measured by qRT-PCR; n= 67 patients. B) Kaplan-Meier overall survival
curves of CRC patients with stages I-III disease, in relation to relative expression levels of FOXD3. C)
Kaplan-Meier overall survival curves of CRC patients with stages I-III disease, in relation to relative
expression levels of DCLK1-S and FOXD3 expression. The cutoff threshold values were defined by
using the median values of DCLK1-S expression of each cohort in cancer tissues.
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Table 4.1: Oligonucleotide (primer) Sequences Used for qRT-PCR/RT-PCR/ChIP
Assays for Aim 3 Studies.

Table 4.1

Target cDNA/gDNA Species | Primer Sequence Assay
F:ACACTAAGACTGTGTCCATGTTAGAACTC

DCLK1-Short {cDNA) Human RT-PCR & qRT-PCR
R:AAGCCTTCCTCCGACACTTCT
F:GTGCAGAGGAAACCGAAGAG

FOXD3 (cDNA) Human RT-PCR & gRT-PCR
R:AAGGGCAGGAAGAGTCGAA

-2159 FOXD3 cis element in F: AGGGCAAGAGCTGGAGAGCA

DCLK1 IntronV-B-promoter Human ChIP PCR

aDNA) R: TGGCCTACGCCCTTCACAGAGGG

-787 FOXDS3 cis element in F: GGGCTGGCACAGTAAGGCAAG

DCLK1 IntronV-B-promoter Human ChIP PCR

gDNA) R: GAGCAAATAGGGAAGCAAACACAGT

DCLK1-5-Lucl(-2503/-771) F:GGTGCTTCCGTTCAAAGTGT Promoter Reporter

Human

(gDNA) Construct

R:CAGTCTCAGGAATACCTTGC

The forward (F) and reverse (R) primer sequences that were designed and used for amplifying the
indicated target cDNA/gDNA for conducting the different assays are shown.

4.3 DISCUSSION

By in silico analysis, | identified several FOXD3 binding sited in the IntronV((3)-
promoter of the DCLK1 gene, and confirmed at least two of these sites to be functional
FOXD3 binding sites, by ChIP analysis. We therefore examined the role of FOXD3 in
regulating the activity of the IntronV(B)-promoter. Our results for the first time
demonstrate that FOXD3 functions to bind and repress activity of the IntronV(pB)-
promoter in normal cells. As described above, FOXD3 functions primarily as a
transcriptional repressor (Sutton et al., 1996) and has been shown to be a novel tumor
suppressor in number of cancers (Chu et al., 2014; Katiyar and Aplin, 2011; Li et al.,

2013). As part of my Aim 3 studies, | discovered that relative expression levels of
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FOXD3 are inversely related to the expression of DCLK1-S in normal and colon cancer
cells/adenocarcinomas, strongly suggesting that loss of FOXD3 expression may allow
colon cancer cells to express DCLK1-S. Overexpression of exogenous FOXD3 in colon
cancer cells resulted in significantly down regulated expression of DCLK1-S in the
cancer cells (Fig 4.5), while down regulation of endogenous FOXD3 in normal cells,
caused transcriptional activation of the IntronV(B)-promoter with an increase in the
relative levels of DCLK1-S in the cells (Fig 4.6). The latter findings suggest that
FOXD3 may indeed be acting as a tumor suppressor by repressing the transcriptional
activity of the B promoter, resulting in the loss of DCLK1-S expression. Our results in
chapters 2 and 3 strongly suggest that DCLK1-S expression enhances metastatic potential
of colon cancer cells. Therefore FOXD3 may play a critical role in hindering the
metastatic phenotype of colon cancer cells. Future studies will allow us to confirm if re-
expression of FOXD3 in colon cancer cells/tumors can be used as an approach for
preventing metastatic spread of colorectal cancers.

Multiple reports demonstrate that FOXD3 is downregulated in several tumor
types, compared to its expression levels in the corresponding normal tissues (Chu et al.,
2014; Li et al., 2013; Zhao et al., 2014). My Aim 3 studies demonstrate that FOXD3
levels are significantly lower in human colorectal cancers (Fig4.3E), compared to that in
normal colonic mucosa (Fig4.3D). Thus an important finding of my Aim 3 studies is that
FOXD3 expression inversely correlates with the expression of DCLK1-S, in both
normal/cancer cell lines (Fig4.3A,B,C) and in normal/adenocarcinoma samples from
human patients (Fig4.3D,E).

FOXD3 has been reported to be epigenetically silenced during the progression
and formation of cancerous tumors from normal cells in many organs (Cheng et al., 2013;
van Roon et al., 2013). Our results suggest that the FOXD3 gene becomes methylated
during colon carcinogenesis, causing loss of FOXD3 expression, and results in the

expression of DCLK1-S in human colorectal cancers. In order to confirm methylation of
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FOXD3 promoter, one needs to conduct methylation analysis of the promoter in normal
and cancer cells. However, the FOXD3 promoter is highly C-G rich, which makes the
methylation analysis of the FOXD3 promoter/introns challenging, as reported by other
groups as well (Cheng et al., 2013; van Roon et al., 2013). Therefore it remains to be
determined if methylation status of the FOXD3 promoter can be used for
prognostic/diagnostic purposes, as currently suggested for 5°(a) promoter of DCLK1-
gene (O’Connell et al., 2015; Vedeld et al., 2014). We were, however, able to determine
that patients expressing high-DCLK1-S/low-FOXD3 had significantly worse overall
survival compared to patients expressing low-DCLK1-S/high-FOXD3. A clinically
important finding was that high expression of DCLK1-S, in conjunction with low
expression of FOXD3, is a stronger independent prognostic factor than expression of
high levels of DCLK1-S alone.

In summary, we report for the first time that FOXD3 is a potent repressor of the
IntronV(B)-promoter of the human DCLK1 gene in normal cells. Out results strongly
suggest that loss of FOXD3 expression during colon carcinogenesis likely occurs due to
hypermethylation and silencing of the FOXD3 gene, resulting in the expression of
DCLK1-S in human colorectal cancers. Our findings also suggest a prognostic/diagnostic
value of measuring relative expression levels of DCLK1-S/FOXD3 in tumors of
colorectal cancer patients. It is speculated that loss of expression of both DCLK1-L and
FOXD3, associated with increased expression of DCLK1-S, can be used as an early

diagnostic marker of epigenetic changes, associated with colon carcinogenesis in humans.
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Chapter 5: Conclusions

The major goal of my dissertation was to examine the mechanism by which DCLK1
supports the growth characteristics/functions of cancer cells, with a long term goal of
developing novel diagnostic markers and treatment strategies for targeting cancer stem
cells, while sparing normal stem cells. To achieve my major goals, studies were
conducted in three aims to examine the following: 1) Possible expression of an alternate
isoform of DCLK1 from an alternate promoter in colorectal cancers; 2) Biological role of
cancer specific DCLK1-S isoform, 3) Underlying mechanisms dictating differential
expression of DCLK1-S in normal colons vs. human colorectal cancers, speculated to be

due to differences in transcriptional activity of the p promoter in normal vs. cancer cells.

5.1 ALTERNATE ISOFORM OF DCLK1 FROM AND ALTERNATE PROMOTER IN
COLORECTAL CANCERS

In Chapter Two we examined the epigenetic changes and alternative promoter
usage by human colon cancers for expressing DCLK1-isoforms. Recent reports have
demonstrated that the 5° promoter of human DCLK1-gene is hypermethylated in human
colorectal cancers (Marie Vedeld et al., 2014; Vedeld et al., 2014), suggesting the
possibility that the 5° promoter of human DCLK1-gene may be epigenetically silenced in
human colorectal cancers. Our findings suggest that the hypermethylation of the human
DCLK1-gene is an early event during adenoma-carcinoma sequence of colon
carcinogenesis in humans (O’Connell et al., 2015). Our data also suggests an absence of
expression of long transcripts/isoforms in all 15 human colon cancer cell lines screened
to date, suggesting epigenetic silencing of the 5’(a)-promoter due to its hypermethylation

in human colorectal cancers (O’Connell et al., 2015). Although the 5’(o)-promoter is
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epigenetically silenced in human colon cancer cell lines and colorectal cancers, high
levels of DCLK1 protein have been reported in human colon cancer cell lines and
colorectal cancers (Gagliardi et al., 2012a; Gagliardi et al., 2012b; Kantara et al., 2014;
Singh et al., 2012). The discrepancy between the reported presence of DCLK1 protein in
human colon cancer cell lines and colorectal cancers, and hypermethylation/epigenetic
silencing of 5’(a)-promoter, suggests the possibility that human colon cancer cell lines
and colorectal cancers may be utilizing an alternate promoter for expressing alternate
isoforms of DCLK1. To examine this novel possibility we conducted in silico analysis of
the human DCLK1-gene, which led us to confirm the presence of a canonical TATA box
within the B promoter located within IntronV. In Chapter Two we describe that the
IntronV-(B)-promoter is used as an alternate-promoter by human colon cancer cell lines
and colorectal cancers for expressing a short transcript. Based on sequence homology, the
long (L) and short (S) transcripts of DCLK1, found in normal human colon cell
lines/normal human colons vs. human colon cancer cell lines and colorectal cancers,
respectively, were determined to be identical to isoforms 1 (NM_004734.4) and 2
(NM_001195415.1) in the NCBI data base. For the purpose of our studies we have
termed the isoform 1 as DCLK1-L and the isoform 2 as DCLK1-S, to clearly differentiate
between the molecular sizes of the two isoforms. Colon tumors and normal colons from
mice, on the other hand, were confirmed to only express the long isoform(s).
Transcriptional regulation of the o/f promoters in the human DCLK1-gene in
epithelial cells remains largely unknown. Activation of B-catenin and NF-kBp65 was
reported to be critically required for upregulating DCLK1 protein in response to autocrine
and endocrine progastrins (Sarkar et al., 2011). We therefore conducted in silico analysis
of the two promoters followed by promoter-reporter/ChlP assays, in the presence or
absence of the known activator (progastrin), and we identified an important role of -
catenin binding to TCF4/LEF binding-sites for activating 5’(a)-promoter, and an

important role of NF-xB binding-site for activating IntronV-(B)promoter.
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In order to define pathophysiological relevance of DCLK1-S expression by
human colorectal cancers, the overall-survival of a cohort of 92 CRC patients was
examined in relation to high/low expression of DCLK1-S. A clinically important finding
was that high-expressers of DCLK1-S had significantly worse overall-survival, and
disease free interval. DCLK1-S expression represented an independent

diagnostic/prognostic marker for CRC patients.

5.2 BIOLOGICAL ROLE OF CANCER SPECIFIC DCLK1-S ISOFORM

In Chapter 3 studies we investigated the cellular mechanisms by which DCLK1-S
supports the growth of cancer stem cells. An important role of DCLK1 has been
implicated in colon tumorigenesis in mice (Bailey et al., 2014; Nakanishi et al., 2013;
Westphalen et al., 2014) and in maintaining the proliferative potential of human colon
cancer cells (Kantara et al., 2014; Sarkar et al., 2012; Sureban et al., 2011b). In a recent
report from our laboratory, we described that a subset of DCLK1+ cancer stem cells were
resistant to inhibitory effects of chemopreventive/chemotherapeutic agents, and down-
regulation of DCLK1 combined with chemoprevention was required for eliminating
cancer stem cells, in vitro and in vivo, and for avoiding relapse (in terms of re-formation
of tumorospheres from treated cells) (Kantara et al., 2014). These findings highlighted a
possible critical role of DCLK1 in maintaining the in vitro and in vivo growth of human
colon cancer cell lines. The loss of DCLK1 expression in cancer cells has been reported
to result in the loss of proliferative/tumorigenic/metastatic potential of colon cancer cells
(Kantara et al., 2014; Sureban et al., 2011b). However, RNAIi methods used so far, target
both isoforms of DCLK1.

In Chapter 3 studies we used shRNA knockdown methods to specifically target
DCLK1-S isoform in a human colon cancer cell line, in order to delineate the biological

role of cancer specific DCLK1-S isoform. Isogenic clones of a representative human
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colon cancer cell line (HCT116 cells) were generated to either express control sShRNA
(HCT-C) or DCLK1-shRNA (HCT-D). Using these clones, we determined that DCLK1-
S is required for maintaining proliferative/tumorigenic/metastatic potential of colon
cancer cells, both in vitro and in vivo. From these studies we also established a critical
role of DCLK1-S (but not DCLK1-L) in enhancing the invasive potential of colon cancer
cells. To evaluate molecular/genetic pathways mediating effects of DCLK1-S, isogenic
clones of HCT116 cells (HCT-C/HCT-D) were subjected to next generation sequencing.
Although many pathways were identified to be altered in response to DCLK1-S
downregulation in HCT-D vs. HCT-C clones, the pathways/molecules associated with
cell movement/invasion appeared to be one of the most significantly affected. Therefore,
| investigated the genes/pathways, downstream of DCLK1-S expression, which may be
mediating the invasive potential of colon cancer cells. Of the genes identified by
RNAseq analysis, downstream of DCLK1-S expression, SPARC and COL3A1 emerged
as two candidate genes/proteins, which were increased by many fold in response to
DCLK1-S, and which have been previously reported to play a critical role in enhancing
the invasive potential of cancer cells (Arnold and Brekken, 2009; Basso et al., 2001,
Ewald et al., 2013; Nagaraju et al., 2014; Su et al., 2014; Turashvili et al., 2007; Xiong et
al., 2014). Hence the role of DCLK1-S in mediating the expression of SPARC and
COL3A1, and their role in increasing the invasive potential of DCLK1-S expressing
colon cancer cells was evaluated.

The results of my Chapter 3 studies suggest for the first time, that the expression
of SPARC and COL3A1 is downstream of enhanced expression of DCLK1-S in
colorectal cancers. In order to understand the mediatory mechanisms, | conducted in
silico analysis of both the SPARC and the COL3AL promoters, in order to identify the
presence of possible common cis elements in the two promoters, for binding known
transcription factors. Several potential binding sites for NFATC2 were identified in both

of the promoters, which led me to examine potential role of NFATC2 in DCLK1-S
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mediated upregulation of SPARC and COL3A1 in colon cancer cells. Based on the
results of my Chapter 3 studies, it is likely that significant increases in the expression of
DCLKZ1-S in colon cancer cells, mediates increased transcriptional activity of NFATC2,
by functioning as a specific kinase for phosphorylating the NFATC2 **SPPS*® motif.
Increased transcriptional activation of NFATC2 likely results in increased expression of
COL3AL and other target genes. Overall our findings suggest that DCLK1-S may play a
critical role in mediating the invasive potential of colon cancer cells by transcriptional
activation of NFATC2, resulting in up-regulation of invasion associated proteins (such as
COL3AL), causing re-modeling of extracellular matrix for unhindered invasion by colon

cancer cells.

5.3 UNDERLYING MECHANISMS DICTATING DIFFERENTIAL EXPRESSION OF DCLK1-S IN
NORMAL COLONS VS. HUMAN COLORECTAL CANCERS

We recently reported a novel finding that human colorectal cancers express short
transcripts of DCLK1 (DCLK1-S) from an alternate promoter located within the intron V
of the DCLK1 gene, while normal human colons express the canonical long transcript
(DCLK1-L) from the 5’(a)-promoter of the gene (O’Connell et al., 2015). We and others
have demonstrated that the 5’(a)-promoter is hypermethylated in human colorectal
cancers, resulting in epigenetic silencing and loss of expression of DCLK1-L (Marie
Vedeld et al., 2014; O’Connell et al., 2015; Vedeld et al., 2014). Although the 5’(a)-
promoter is differentially methylated in normal human colons vs. human colorectal
cancers, methylation status of the IntronV(3)-promoter does not change (O’Connell et al.,
2015). We therefore hypothesized that differential expression of DCLK1-S in normal
colons vs. human colorectal cancers is perhaps due to differences in the transcriptional
activity of the promoter in normal vs. cancer cells. To test our hypothesis, we conducted

in silico analysis of the IntronV/(B)-promoter and found several potential binding sites for
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FOXD3 within the IntronV(B)-promoter. Therefore the role of FOXD3 in regulating the
IntronV/(B)-promoter was further evaluated.

The results of my Chapter 4 studies confirm an inhibitory role of FOXD3 in colon
cancers. Our studies demonstrate for the first time that FOXD3 is a potent transcriptional
inhibitor of IntronV(fB)-promoter, resulting in the absence of DCLK1-S expression in
normal human colons. We also evaluated the pathophysiological relevance of DCLK1-S
and FOXD3 expression in overall survival of colorectal cancer patients in a cohort of 92
patients, and determined that patients expressing relatively high levels of DCLK1-S and
low levels of FOXD3 had significantly worse overall survival as compared to patients
expressing relatively low levels of DCLK1-S and high levels of FOXD3 suggesting that
measuring relative levels of DCLK1-S and FOXD3 will likely have diagnostic/prognostic

significance.

5.4 SUMMARY

Overall my results revealed that: 1) DCLK1-S is expressed in colon cancer cells and
in human adenocarcinomas, downstream of an IntronV(f)-promoter, while DCLK1-L is
primarily expressed in normal colons, downstream of the 5’(a)promoter, 2) DCLK1-S
functions as a kinase and binds NFATC2, resulting in activation/phosphorylation of
NFATC2 at the **SPPS®® motif, and upregulation of COL3AL expression, which likely
mediates the observed increase in invasive potential of DCLK1-S expressing colon
cancer cells, 3) FOXD3 is a potent transcriptional inhibitor of the IntronV(J)-promoter,
resulting in the absence of DCLK1-S expression in normal human colons and patients
expressing high-DCLK1-S/low-FOXD3 have worse overall survival compared to patients
expressing low-DCLK1-S/high-FOXD3. An overall summary of my results is presented

in Figure 5.1.
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Figure 5.1: Diagrammatic Representation of the Role of DCLK1-S in Normal and
Colon Cancer Cells
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Based on our previous and current findings, the role of DCLK1-8, NFATC2, COL3Al, NFxB, FOXD3
is presented diagrammatically. In normal cells, FOXD3 acts a transcriptional inhibitor of the IntronV{[)-
promoter. Therefore DCLK1-S expression remains suppressed in normal cells, and NFATC2 remains in
an inactive state within the cytosol. In colon cancer cells, FOXD3 promoter is methylated resulting in
the removal of the suppression and transcriptional activation of DCLKI1-8 in response to several
oncogenic pathways, including presence of activated NFKB. Elevated levels of DCLK1-8 then enhance
expression of COL3Al and SPARC. COL3Al expression appears to be mediated via the
phosphorylation of NFATC2 38PPS®6 Motif, resulting in translocation of NFATC? into the nucleus and
activation of the COL3Al promoter. However the role of DCLK1-8 in enhancing the expression of

SPARC remains to be elucidated. SPARC and COL3Alare then secreted from the cell in order to
facilitate ECM remodeling resulting in invasion.
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5.5 CLINICAL RELEVANCE

Our novel findings regarding alternative usage of promoters by normal vs. cancer
stem cells, suggests that specifically targeting DCLK1-S may eliminate cancer stem cells,
while sparing DCLK1-L functions in normal colons. Now that we have identified
signaling pathways/molecules, downstream of DCLK1-S, we have developed a high
throughput screening (HTS) bioassay to help us identify small molecules/chemicals from
available libraries, which can potentially downregulate biological effects of DCLK1-S in
cancer cells, without inhibiting functions of DCLK1-L in normal cells. The significant
fold decrease in the expression of COL3A1 gene was exploited and COL3AL luciferase
activity was used as a readout for the loss of DCLK1-S expression/function. These

experiments are currently on going in our laboratory.

Since high expressers of DCLK-S had significantly worse overall/disease free
survival, DCLK1-S may have significant diagnostic/prognostic significance. Therefore,
we have generated a specific DCLK1-S Ab which does not cross react with DCLK1-L,
but specifically detects the S-isoform in human colorectal cancers, with little or no
background. We hypothesize that patients whose Hps/Ads at baseline colonoscopy are
positive for DCLK1-S staining, will likely develop recurrent growths at shorter time
intervals. To assess the predictive value of DCLK1-S staining in resected patient polyps,
at the time of baseline colonoscopy, we have designed a retrospective study, in which
archived FFPE (Formalin-fixed, paraffin-embedded) samples from Department of
Pathology, UTMB, will be used. These studies are also currently ongoing in our

laboratory.
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Therefore based on my studies, it may be possible to eliminate cancer stem cells
while preserving normal stem cell function by specifically targeting DCLK1-S. My
studies also suggest that DCLK1-S and FOXD3 can be utilized as diagn