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Epigenetic regulation of human DCLK-1 gene during colon-
carcinogenesis: clinical and mechanistic implications
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Abstract: Colorectal carcinogenesis is a multi-step process. While ~25% of colorectal cancers (CRCs)
arise in patients with a family history (genetic predisposition), ~75% of CRCs are due to age-associated
accumulation of epigenetic alterations which can result in the suppression of key tumor suppressor
genes leading to mutations and activation of oncogenic pathways. Sporadic colon-carcinogenesis is
facilitated by many molecular pathways of genomic instability which include chromosomal instability
(CIN), micro-satellite instability (MSI) and CpG island methylator phenotype (CIMP), leading towards
loss of homeostasis and onset of neoplastic transformation. The unopposed activation of Wnt/B-catenin
pathways, either due to loss of APC function or up-regulation of related stimulatory pathways, results in
unopposed hyperproliferation of colonic crypts, considered the single most important risk factor for colon
carcinogenesis. Hypermethylation of CpG islands within the promoters of specific genes can potentially
inactivate DINA repair genes and/or critical tumor suppressor genes. Recently, CpG methylation of the 5’
promoter of human (h) DCLKI gene was reported in many human epithelial cancers, including colorectal
cancers (CRCs), resulting in the loss of expression of the canonical long isoform of DCLK1 (DCLKI1-L) in
hCRCs. Instead, a shorter isoform of DCLK1 (DCLKI-S) was discovered to be expressed in hCRCs, from
an alternate B promoter of DCLKLI-gene; the clinical and biological implications of these novel findings, in

relation to recent publications is discussed.
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DCLKI1 was first described in the late 1990s as a putative
kinase, with homology to double-cortin (DCX), and the
gene was mapped to chromosome 13q13 (1). Long (L)
and short (S) variants of DCLK1 have been described,
where in the L variants contain DCX domains, and the (S)
variants lack the DCX domains (1). At the C-terminal end,
DCLKI1 has homology with Ca’*/calmodulin-dependent
kinase (CAMK), but lacks calmodulin binding motifs, and
is calmodulin-independent (2). The exon/intron borders
of hDCLKI gene were characterized (3), followed by
characterization of mouse (m) Dclk1 variants (4). Significant
differences in the mouse and human DCLKI1 were
identified (5), but in both human and mice, DCLKI1 was
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reported to regulate neuronal migration (4). The DCX
domains were required for association with microtubules,
and the full-length (L) DCLK1 was required for
polymerization and formation of microtubule structures
(6,7). Till recently, it was widely believed that the S-isoforms
of DCLKI arose due to calpain-mediated cleavage (8).
Possible use of an alternate (B) promoter for expressing
shorter variants, however, had been speculated [as discussed
in (9)]. While crystal structures of specific domains within
DCLKI1 (including DCX) have been resolved (10,11),
substrates and regulators of DCLKI1 have remained
elusive, earning the molecule the term ‘orphan kinase’. Key
role of DCLKI1-L in neurogenesis, neuronal migration,
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cortical development and dendrite growth are by now well
established (12,13). DCLKI1 also influences cognitive traits
such as memory and IQ scores (14). Loss of DCX domains
in mice was reported to result in a more anxious behavioral
phenotype (15).

The first evidence that DCLKI is also expressed by
epithelial cells came in 2006, when it was described as a stem
cell marker in the stomach (16). Dclkl+ cells were located
below the transit amplifying cells in the stomach mucosa,
did not express differentiation markers, did not stain for
BrdU, and were proposed as a marker of adult gut stem cells
in mice (16). Studies by the groups of Anant and Houchen
demonstrated that Dclkl was expressed at the +4 position in
intestinal crypts of mice and co-localized with another stem
cell marker (MSI-1) (17). The Dclkl+ cells were negative
for PCNA staining and termed quiescent stem cells (17,18).
Importantly the authors demonstrated that Lgr5+ cells were
PCNA positive while Dclkl+ cells were PCNA negative,
suggesting Lgr5 represented actively proliferating stem
cells (progenitors?), while Dclkl represented +4 quiescent
stem cells in the mouse intestinal crypts (18). The Declkl+
cells grew as organoids in nude mice, suggesting Dclkl+
cells were pluripotent, a hallmark of stem cells (18). We
and others reported a significant increase in the number
and intensity of Dclkl+cells in hyper proliferating mouse
colonic crypts, in response to potent growth factors (19) or
colon carcinogenic agents, AOM = DSS (20), suggesting
a role of Dclkl+ cells, at position 4, in hyper proliferation
and carcinogenesis of colonic crypt cells. However, it soon
became clear that Dclkl is also expressed in specialized
cells, called tuft cells, in the mouse colonic crypts which are
enriched in Cox1/Cox2, Villin and a-Tubulin, and believed
to be derived from Lgr5+ actively cycling stem/progenitor
cells (21). Dclkl+ cells in mouse intestinal crypts, were
recently reported to represent both quiescent/cycling
stem cells, including tuft cells, and reported to express
pluripotency factors (Oct4, Sox2, Nanog and K1f4), and give
rise to intestinal cell lineages, forming enteroids (22). The
role and importance of Dclkl as an epithelial normal stem
cell marker, in mice, thus continues to evolve and change.

The role of DCLKI in transformed cells of human
origin was examined using isogenic clones of human
embryonic epithelial cells (HEK293) (23), which either
expressed the empty vector (HEKC) or expressed the
full-length progastrin (PG) peptide, 30 (HEKmGAS). PG
peptide induces hyper proliferation of colonic crypts and
increases colon-carcinogenesis by many fold, in response

to AOM=DSS (19,20,24-27). Besides, PG is expressed by
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>80% of human colon cancer cell lines (hCCCs) and CRCs
(28,29). Surprisingly, overexpression of PG, resulted in
imparting tumorigenic/metastatic phenotype to HEK293
cells, associated with significant up-regulation of DCLK1+
cell populations in HEKmGAS vs. HEKC cells (23).
Down-regulation of DCLKI1 expression in HEKmGAS
cells caused loss of tumorigenic/metastatic potential of the
cells, which led us to conclude that DCLKI1 is required for
sustaining tumorigenic/metastatic potential of transformed
HEKmGAS cells (23), and likely marks both normal stem
cells (NSCs) and cancer stem cells (CSCs) in humans.
Experiments with mouse models of tumorogenesis have
confirmed a critical role of Dclkl in tumorigenesis, and as a
CSC marker, as described below. It is important to note that
overexpression of PG in either mature colonic epithelium
(as in Fabp-PG mice) (19,24-26) or in intestinal epithelial
(IEC) cells (30), results in hyper proliferation of colonic
crypts/cells, but does not cause neoplastic transformation
(IEC-cells) or formation of colonic tumors (Fabp-PG mice)
in the absence of AOM=DSS (19,24-26,30). However,
overexpression of PG in embryonic epithelial cells, allowed
neoplastic transformation of the epithelial cells confirming
hyper-sensitivity of multi-potent embryonic stem cells,
unlike mature stem cells. A significant finding was the
fact that CSCs in HEKmGAS cells, co-expressed several
stem cell markers, along with DCLK1, such as CD44 and
Lgr5 (23), while normal cells (NSCs?) in mouse (19) and
human colons (unpublished data from our laboratory)
were positive for either only DCLK1 or Lgr5 or CD44. In
hCCCs, we similarly reported co-expression of DCLK1
with CD44 (31). Dclk1+NSCs, from mouse colons, form
enteroids, positive for all differentiated lineages (22).
Embryonic hNSCs (in HEK293 cells) formed well-
rounded spheroids in vitro (23); presence of differentiated
lineages was not examined. The transformed CSCs from
HEKmGAS and hCCCs, on the other hand, formed ill-
defined spheroids with amorphous structures, which
correlated with the metastatic potential of the cells (23,31).
Thus morphologically, the nature of spheroidal growths
may reflect metastatic potential of CSCs in tumorous
growths, which needs further investigation.

It is by now well known that CSCs are resistant to
radiation/chemotherapy (32), and targeting CSCs, while
sparing NSCs, has remained a challenge in the cancer
field (32). We recently reported that a subset of DCLK1
+ CSCs are resistant to inhibitory effects of potent
chemopreventive agents such as curcumin (31), which
may explain the failure of curcumin in clinical trials
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with cancer patients. Even though curcumin and several
chemopreventive agents have been reported to attenuate
multiple inflammatory and oncogenic pathways [discussed in
(30,31)], for reasons unknown, a subset of DCLK1+ colon
cancer cells, survive inhibitory effects of chemopreventive/
chemotherapeutic agents by undergoing autophagy,
associated with survival rather than apoptosis (31). Down-
regulation of DCLKI1 was required in combination with
chemopreventive agents for eliminating CSCs and avoiding
relapse (in terms of reformation of tumorospheres from
colon cancer cells) (31). Thus reports in literature to-date
suggest a critical role of DCLKI in maintaining the growth
of human colon cancer cells iz vitro and in vivo.

Declkl+ cells, including tuft cells, have similarly been
reported to be critically required for colon/pancreatic
tumorigenesis in elegantly designed mutant mouse models
(33-36). Reporter genes and diphtheria toxin gene were
expressed downstream of 5’ promoter of the mDclkl
gene, using either the bac construct (to avoid disruption
of endogenous Dclkl gene) (34-36), or in a mono-allelic
manner (33) in mutant mouse models of tumorigenesis.
Based on the results, the authors concluded that Dclkl
represented a specific marker of CSCs, and that Dclkl was
required for colon/pancreatic tumorigenesis in mice (33-36).
Thus both the mouse and human studies clearly implicate
a critical role of DCLKI in colon carcinogenesis and in the
maintenance of tumorous growths. Since neuronal cells
and several normal epithelial cells (NSCs?) also express
DCLKI, targeting DCLKI expression, transcribed from
the 5’ promoter, can potentially prove to be toxic for many
neuronal functions in the adult brain, such as neuronal
migration/cognitive behavior, and potentially affect the
functions of DCLK1 in normal epithelial cells.

Epigenetic regulation of hDCLKI gene in CRCs was
first described in 2014 (37). Vedeld er a/. (37) reported
hypermethylation of CpG island in the promoter of
hDCLKI gene in ~82% of hCRC samples, with minimal
methylation of the 5’promoter in normal mucosal samples.
The authors used three primer sets along the length of the
c¢DNA sequence for hDCLK1-transcript, and amplified
sequences corresponding to exons 3/4, 5/6 and 10/12 by
RT-PCR. A significant correlation was found between
hypermethylation of 5’ promoter and loss of transcripts
from exons 3/4 and 5/6, but not exons 10/12 (37). These
results provided the first indication that hypermethylation
was associated with loss of expression of a significant
portion of DCLKI1 transcript in hCRC samples (37).
The authors analyzed 74 cancer cell lines derived from
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15 different issues, and once again measured a significant
correlation between promoter methylation of hDCLK1
gene and loss of amplification of transcripts from specific
exons, as described above (37). The authors have since
patented hypermethylation of hDCLKI gene promoter as
a novel epigenetic biomarker for CRCs in patients. Since
then, 5’promoter of hDCLKI gene has been reported to
be hypermethylated in gastric (38), pancreatic (38), and
lung cancers (39). Interpretation of data in light of these
important discoveries, has however remained ignored by
some investigators, who have published since 2014 in this
field (36,40). A link to our comments, regarding inaccurate
interpretation of some data published by Westphalen
et al. (36), is available at http://www.cell.com/cell-stem-cell/
comments/51934-5909(16)30003-0.

While recent literature demonstrates hypermethylation
and epigenetic silencing of 5’ promoter of hDCLKI gene
in several human cancers, we and others have reported
high levels of DCLKI protein in hCRCs and human colon
cancer cell lines (hCCCs) (23,31,41-44). High levels of
DCLKI1 staining in hCRC samples was reported to be
associated with an increase in cancer specific mortality (43),
suggesting possible prognostic value of measuring
expression levels of DCLK1 in CRCs. We began examining
possible use of an alternate promoter for expression of
DCLKI protein, to resolve the discrepancy between
silencing of 5’promoter and presence of DCLKI in hCRCs/
hCCCs. After extensive literature search and in silico
analysis of hDCLKI gene, we discovered that the previously
suggested B promoter (11,45), was located in IntronV of
the hDCLK1 gene, and had a canonical TATA box (9). The
alternate B promoter was transcriptionally active in 80-
90% of hCCCs and transformed (HEKmGAS) cells, but
was inactive in non-transformed (HEK293) and normal
colonic epithelial cells (9). A transcript originating from the
alternate P promoter was confirmed to match isoform 2 in
the NCBI data base (NM_001195415.1) (9). The full length
transcript originating from the 5’ promoter is labeled as
isoform 1 (NM_004734.4) in the NCBI data base. Unique
primer sets which amplified transcripts from isoforms 1
or 2 were designed (9), and the expression of full length
isoform 1 (~82 KDa) was confirmed in normal colonic
mucosal samples of patients, while the shorter isoform 2
(47 KDa) was expressed at variable levels in colonic
adenomas and adenocarcinomas from patients, at both
RNA and protein levels (9). The use of a/B promoters for
expressing L or S isoforms of DCLK1 by normal vs. cancer
cells is diagrammatically shown in Figure 1.
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Figure 1 Activation of 5(0)) and/or intronV(B) promoters, for transcribing either the Long or Short isoforms of DCLKI, in normal vs.

hCRC cells, respectively. The canonical Long isoform of DCLK1

is expressed in normal cells and neurons. During colon carcinogenesis,

the 5°(a) promoter gets hypermethylated, and the promoter is silenced, resulting in the loss of expression of DCLKI-L. At the same time,

during colon carcinogenesis, repressive transcription factors for the B promoter are also silenced, allowing the p promoter to be activated in

response to NF-kB and/or other oncogenic pathways, resulting in the proportional expression of DCLKI1-S by adenomas/adenocarcinomas

in the colons of patients (9).

In mice, on the other hand, the full length isoform
1 continues to be expressed by mouse epithelial tumors as
suggested from studies with mouse models of colon and
pancreatic tumorigenesis (33-36), and as confirmed by us (9).
Thus, unlike humans, the 5’promoter of mDclkl gene
does not get hypermethylated and silenced during colon
carcinogenesis in response to carcinogens or loss of APC
function (34-36). In recent publications, however, this
important difference in the isoform(s) being expressed
by colonic tumors in humans vs. mouse models has
been ignored (36,40), requiring re-evaluation of results
reported in these and other articles, published previously.
The various mouse and human isoforms of DCLKI have
been given many different names in literature, leading to
much confusion in this field, as discussed (9). Even though
isoform 2 bears >98% homology with isoform 1, isoform
2 is significantly smaller and lacks the N-terminal double-
cortin domains, which can potentially result in significant
differences in the 3D structure of the two isoforms. The
crystal structure of the full-length isoforms 1 and 2 remains
unknown to-date, even though the crystal structure of
specific domains has been published, as described above. In
a preliminary study we recently reported that the biological
activity of DCLK1-S (isoform 2) was significantly different
from that of DCLKI1-L (isoform 1) (46); hCCCs expressing
DCLKI-S developed an invasive phenotype while hCCCs
expressing neither or overexpressing isoform 1 alone,
lacked invasive and metastatic potential (46). It is therefore
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speculated that human epithelial cancers, including
hCRCs, positive for DCLKI-S expressing CSCs, will form
metastatic lesions within shorter intervals, compared to
cancerous tumors negative for DCLK1-S expressing CSCs.
The latter possibility is supported by results from a cohort
of 92 CRC patients (9); high expressers of DCLKI-S in
their tumor samples had worse overall survival/disease-free
interval, than low expressers, irrespective of stage of disease.
On the other hand, relative expression of DCLKI-L in
colonic adenocarcinomas of CRC patients did not correlate
with survival of the patients (unpublished data from our
laboratory). While the epithelial component of CRC
tumors mainly expresses DCLKI-S, tumor stromal cells
mainly express the L isoform, which may explain an absence
of significant correlation between relative expression of L
isoform and overall survival of the patients.

A possible important role of DCLKI-L, at early stages
of colon carcinogenesis, however, cannot be ignored,
given that tissue specific loss of Dclkl-L expression results
in the absence of colon/pancreatic tumorigenesis in
mouse models of cancer (33-36). Thus, CSCs expressing
DCLKI1-L may similarly play an important role during
tumorigenesis in humans as well. However, it is also true
that in mouse models of colon carcinogenesis, metastatic
lesions to the liver or lung have not been reported. It is
therefore speculated that lack of expression of DCLK1-S
by mouse tumors, may render the tumors non-invasive/
non-metastatic, unlike hCRCs, based on the results of our
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preliminary findings (46). There may thus be significant
differences in the biology of epithelial tumors expressing
long = short isoforms of DCLKI1, which needs to be further
explored. Due to significant differences in the epigenetic
regulation of DCLKI in mice and humans during
tumorigenesis of epithelial cells, mouse models may need to
be developed which mimic the epigenetics of human cancers
in order to use mice for pre-clinical validation of preventive/
therapeutic agents, and for understanding cellular
mechanisms of tumorigenesis. The nude mouse model has
many advantages since it allows the growth of human cancer
cells, but does not replicate micro-environment of human
tumors, and is not useful for examining various stages of
tumorigenesis. There is thus a critical need for developing
better iz vivo models in the cancer field.
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