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Abstract

Doublecortin-like kinase (Dclk1), a gene involved in neurogenesis, has recently been found expressed in single cells of the
human and murine adult gastrointestinal tract. Currently, there are opposing opinions on the exact identity and functional
characteristics of DCLK1 positive cells. Some view them as gastrointestinal stem cells that fuel the self-renewal process, whereas
others view them as an intestinal brush cells or as an enteroendocrine subtype. Interestingly, Dclk1 is over-expressed in several
gastrointestinal malignancies, but is expressed at only low levels in normal gastrointestinal cells, making it a possible target for
cancer therapy. In view of the recent therapeutic efforts to antagonize and target the cancer stem cell population, there has
been ongoing interest in DCLK1. In this review we critically appraise the studies describing the expression of Dclk1 in the
normal and neoplastic gastrointestinal tract as well as discuss the possible function and of Dclk1 in the gastrointestinal system
and the potential clinical relevance as a tumor marker and a therapeutic target.
Keywords: Dclk1, Dcamkl-1, intestinal stem cells, cancer stem cells, colorectal neoplasms, pancreatic neoplasms, esophageal
neoplasms, liver neoplasms, brush cells, Sox 9, SiRNA, tuft cells.

Background
the Dclk1 gene was found to be highly expressed in the stem
The human doublecortin gene family includes 11 members cell zone of mouse gastric glands and was proposed as a new
that share the tubulin-binding domain and are involved in gastrointestinal stem cell marker. In the past few years several
neural development [1]. One of the most interesting members studies have attempted to further define Dclk1 expression and
of this family is doublecortin-like kinase 1 (Dclk1 also known as function in the human and mouse gastrointestinal tract, often
Dcamkl-1), a gene encoding for a protein that is 70% identical with conflicting results. The purpose of this review is to critically
to doublecortin in the microtubule-binding N-terminal appraise the studies describing the expression of Dclk1 in the
domain. However, unlike doublecortin, the Dclk1 gene also normal and neoplastic gastrointestinal tract as well as discuss
encodes for a serine-threonine kinase C-terminal domain that the function and potential clinical relevance of Dclk1 in the
is similar to Ca2+/calmodulin-dependent protein kinase II, gastrointestinal system.
but lacks a canonical calmodulin-binding site. The Dclk1 gene
is extremely complex, and has at least nine alternative splice Early evidence of DCLK1 as a gastrointestinal stem cell marker
variants, including a full length isoform with an arginine-rich DCLK1 has only recently been identified in the gastrointestinal
domain, an isoform containing only the microtubule-binding tract. In 2006, Giannakis and colleagues showed increased
domain and an isoform containing only the kinase domain, Dclk1 expression in the isthmus of gastric glands, which is
which are expressed differently in various areas of the brain the presumed location of long lived, quiescent stem cells [5].
[2]. The function of the DCLK1 protein in not well known but is DCLK1 localization to the isthmus of gastric glands and to the
thought to overlap with that of doublecortin. The tubulin binding +4 position of intestinal crypts was subsequently confirmed by
part of the protein is involved in shaping the cytoskeleton, immunohistochemical staining. It was also shown that DCLK1
thereby regulating cell motility and axonal migration as well cells did not incorporate the thymidine analogue bromo-deoxy
as differentiation and the cell cycle while the protein kinase uridine (BRDU), which is consistent with lack of cell proliferation
function is unknown. In addition, sequence analysis has identified typical of quiescent stem cells [5]. Moreover, DCLK1 positive
at least one transmembrane domain near the C-terminus and cells did not co-localize with markers of differentiated gastric
several phosphorylation sites, which suggest its involvement cells, which suggests that these cells may be undifferentiated
in signaling pathways [3].
progenitor cells [5].
The Dclk1 gene is mainly expressed in the fetal and adult brain,
Adult stem cells have the capacity of self renew and of
although lower levels of the transcripts are also found in the fetal replacing differentiated cells that are lost each day. A population
lung and liver as well as the adult heart, liver, stomach, thymus, of rapidly proliferating crypt-base stem cells that co-express
prostate, testis, small intestine and colon[4]. More recently, Lgr5 maintain the fast turnover of the intestinal epithelium [6].
© 2012 Bellows et al; licensee Herbert Publications Ltd. This is an Open Access article distributed under the terms of Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0). This permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. DCLK1 immunoreactivity in the normal mouse colon. DCLK1 positive cells are found above the base of the crypt (arrows). A DCLK1 positive cell
with a neurofilament-like process is noted (dotted arrow). (100x).

However, it has been postulated that the stem cells should
divide infrequently in order to prevent the acquisition of
errors during DNA replication and to preserve their long-term
pluripotency. Early cell tracking experiments located this
quiescent stem cell population in the +4 position in the small
intestine and in the isthmus of the gastric glands [7]. These
slowly cycling stem cells have only recently been found to
exclusively express Bmi1 and Mtert [7,8], but the characterization
of these cells and their co-existence alongside, and perhaps
upstream of the Lgr5 positive population remains controversial
[7]. Therefore, the search continues for the identification of
new markers for this elusive stem cell population.
In 2008, May and colleagues confirmed the finding that
DCLK1 is mainly expressed in single cells in the +4 stem cell
zone within the mouse small intestine and colonic crypts
[9]. In this tissue, DCLK1 positive cells were noted to have a
fusiform morphology with axonal like processes similar to
gastric D cells, a type of enteroendocrine cells that produces
somatostatin (Figure 1). However, co-localization studies
with the enteroendocrine markers CgA, somatostatin and
secretin appeared negative, suggesting that DCLK1 cells were
different from mature enteroendocrine cells [9,10]. Further
co-localization studies with known stem cell markers showed
no co-localization with MSI-1 or LGR5, as well as with the
proliferation marker PCNA, which was highly expressed in the
LGR5 positive transient amplifying cell population[10]. Since
DCLK1 cells were localized above the crypt base cells and
lacked of co-localization with other stem cell markers, DCLK1
was thought to be a unique marker of quiescent stem cells.

Adding further evidence to the hypothesis that DCLK1 is a
marker of intestinal stem cells, the response of DCLK1 positive
cells to radiation was studied in a mouse model.
Regeneration of the crypt after radiation injury relies upon
non-replicating stem cells. After 6 Gy of radiation DCLK1 cells
resisted the first wave of apoptosis, considered to affect stem
cells of the +4 compartment [6], but underwent apoptosis
and mitosis after 24-48 hours[9]. However, after a sterilizing
dose of radiation (12 Gy), DCLK1 cells did not take part in
the proliferative phase, a process where the only transient
amplifying progenitor cells are involved, and re-appeared at
7 days. To provide further evidence of DCLK1 cell quiescence,
the authors performed a modified label retention assay after
8 Gy of radiation, which showed that DCLK1 cells were the
only cells to retain label after 10 days [10].
More evidence in support of the stem cell nature of DCLK1
positive cells was provided by in vitro isolation studies. In low
attachment culture, DCLK1 positive cells were able to grow
and form spheres, a capacity attributed only to stem cells
[10]. Furthermore, DCLK1 positive cells injected in nude mice
were able to form gland like structures and give rise to all
intestinal cell lineages, which was considered as proof of their
pluripotency [10]. Taken together, these experiments lead
scientist to the early believe that DCLK1 was a gastrointestinal
stem cell marker and, in particular, a marker of the quiescent
stem cells from the +4 compartment [7,11-16]. However,
these findings were rapidly followed by several studies that
dampened the scientific enthusiasm of DCKL1 as a stem cell
marker.
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DCLK1: a gastrointestinal brush cell marker?
Insm1. Based on this data, 2 types of DCLK1 positive cells were
Brush cells, also known as tuft cells, express both neurogenic identified; one co-expressing enteroendocrine markers and
and inflammatory markers [17]. These cells are found in both the the other co-expressing brush cells markers including Gfi1b
human and murine normal and neoplastic intestinal mucosa, and UEA-1. These 2 types of cells can also be distinguished
as well as in mucosal inflammation [18,19]. In 2008, a group by their morphologic appearance on confocal microscopy
investigating the function of the Trpm5-expressing brush since enteroendocrine DCLK1 positive cells are flask shaped
cells of the gastrointestinal tract, found high levels of DCLK1 while brush cells have a volumetrically thin neck. In addition
transcript in these cells [17]. Based on these findings and on to the brush cell and the enteroendocrine cell type, there was
the observation that the majority of DCLK1 positive cells were small subset of immature mitotic DCLK1 positive cells at the
found in mouse villi and not in the stem cell zone, Gerbe and crypt base. Finally the same investigators showed that brush
colleagues contested the use of DCLK1 as a gastrointestinal cells are Atoh1 independent by demonstrating an increase
stem cell marker cells, and showed that DCLK1 cells expressed of DCLK1 positive cells after conditional Atoh1 deletion in
COX 1 and 2 enzymes and a large amount of villin and tubulin, transgenic mouse. It is clear from these findings that DCLK1
which are typical of brush cells [20]. These authors further expression is not limited to brush cells. Nevertheless, DCLK1
identified a unique signature marker of brush cells, which has been increasingly used to investigate brush cells and their
included SOX9, COX1, COX2, hematopoietic prostaglandin-D characteristics [18,25,28-30].
synthase, and DCLK1 [21]. Moreover, 98% of DCLK1 cells coIf DCLK1 was exclusively a marker of differentiated brush
expressed COX1 and can be recognized as brush cells by cells, why do DCLK1 positive cells also exhibit enteroendocrine
their high expression of SOX9, a brush cell signature marker and stem cell features? More insight into the enteroendocrine
common to enteroendocrine cells. Interestingly, SOX9 is also and stem cell characteristics of DCLK1 positive cells were
a putative gastrointestinal stem cell marker [22-24].
gained through a series of experiments investigating the
Further evidence challenging DCLK1 as a gastrointestinal fate of enteroendocrine progenitors in cholecystokinin-green
stem cell marker cells stemmed from a label retention assay fluorescent protein transgenic mice. In this study, Sei and
that demonstrated that DCLK1 positive cells do not retain label colleagues described a subset of enteroendocrine cells located
after 2 weeks. This conflicted with early reports using a shorter at the base of small intestinal crypts that were positive for the
modified assay with radiation [10], and therefore an attitude of stem cell markers CD133 and LGR5 as well as DCLK1 [31]. These
caution seemed to develop regarding whether DCLK1 cells were crypt base cells showed intermediate features between stem
legitimate quiescent stem cells [25]. Furthermore lineage tracing cells and mature enteroendocrine cells, since they express
studies of Lgr5 expressing cells showed staining for DCLK1 and CgA, which is a marker of well-differentiated endocrine cells,
SOX 9 among the Lgr5 positive clones, thereby demonstrating as well as Neurogenin 3 and multiple hormones typical of
that DCLK1 positive cells originate from Lgr5-expressing enteroendocrine progenitors. This and other experiments
transient amplifying cells. With a tamoxifen inducible Atoh1 led our laboratory to investigate DCLK1 expression in the
knock out mouse Gerbe and colleagues demonstrate that normal human colon. In this study, we showed that DCLK1
DCLK1 cells are Atoh1 dependant and therefore belong to the positive cells were present in 60% of colonic crypts and were
granulocitic cell lineage, a finding that was not confirmed by mostly located in crypt positions 1-4 (unpublished data).
others [26]. Finally, in the tamoxifen inducible neurogenin3, Gfi-1, Morphologically these cells resemble enteroendocrine cells
Spdef and Sox9 knockout mice, there is persistence of DCLK1 and had a strong cytoplasmic immunostaining that was anticells, demonstrating that their differentiation requirements luminal in distribution (Figure 2). Interestingly, a subpopulation
are different from the ones of enteroendocrine, paneth and of DCLK1 cells located at the crypt base co-stained for LGR5.
goblet cells [21]. The notion that DCLK1 was not a stem cell We also demonstrated CgA immunoreactivity in all DCKL1
marker but a brush cell created great interest in the research positive cells throughout the crypt, while CgA positive/DCLK1
community.
negative cells were found only in the upper part of the crypt
(unpublished data). Our results suggest that in normal human
DCKL1: expressed in enteroendocrine cells
colon all DCLK1 cells co-express enteroendocrine markers and
Brush cells are known to express many signaling peptides that a subset of these cells located at the crypt base are LGR5
common to enteroendocrine cells suggesting that they are positive progenitor cells.
a type of enteroendocrine cell [27]. In order to distinguish
brush cells from enteroendocrine cells Bjerknes and colleagues DCLK1: present in both differentiated cells and stem cells
performed a series of lineage tracing and co-localization of the small intestine
studies that included the marker DCKL1. First of all, these The explanation of why DCLK1 positive brush cells also appeared
investigators demonstrated that brush cells first express the to have stem cell characteristics was, in part, provided by
brush cell progenitor marker Gfi1b while DCLK1 is expressed at the Clevers group who used a three-color single-molecule
a later stage of differentiation [26]. DCLK1 is also expressed in a fluorescence in situ hybridization technique to study a
subset of cells expressing the enteroendocrine lineage marker comprehensive panel of intestinal stem-cell markers during
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Figure 2. DCLK1 immunoreactivity in the normal human colon. DCLK1 positive cells
are found at the base of a normal colonic crypt. Immuno-staining is anti-luminal (arrows) and cells morphologically resemble enteroendocrine cells . (200x).

homeostasis and regeneration [28]. By using this approach,
gene co-expression in single cells were measured with a
correlation coefficient. A high correlation coefficient would
identify genes that could be regulated by a common upstream
gene or directly regulate each other while a low correlation
coefficient would represent mutually exclusive genes. A striking
finding from this study was that Dclk1 expression, at all crypt
positions, significantly correlated with that of all the stem-cell
markers that were otherwise confined to the crypt bottom,
including Lgr5, Sox9, Musashi-1, EphB2, and EphB3. To assess
the capacity of Dclk1 expressing cells to regenerate the whole
crypt their response after 12 Gy and 1 Gy of irradiation was
measured. Based on the low Ki67 expression, their turnover
similar to goblet cells and their co-expression of COX1, a brush
cell marker, DCLK1 positive cells did not seem to contribute to
crypt cell regeneration after a sterilizing dose of radiation and
after 1Gy did not show the expected apoptotic response [6].
A better explanation of DCLK1 stem cell function was
demonstrated in a recent FACS isolation and characterization
study of small intestinal cells expressing the putative intestinal
stem cell marker Sox9. These studies were prompted by the
observations made in the Sox9-EGFP-reporter mouse model
that intestinal stem cells expressed low levels of Sox9-EGFP
while enteroendocrine cells expressed high levels of Sox9-EGFP
[32]. Ramalingam and colleagues recently confirmed these
findings in a series of experiments using the same mouse model.
These investigators showed that cells expressing low levels of
Sox9 (Sox9-low cells) were enriched with Lgr5 mRNA and that
cells expressing a high level of Sox9 (Sox9-high cells) were

enriched with enteroendocrine hormones. However, Sox9-high
cells were also the only intestinal cells expressing the markers
of quiescent stem cells such as Bmi1 and Hopx as well as Dclk1,
whose transcript was 147 fold higher in Sox9-high compared
to Sox9-low cells. Surprisingly, while Sox9-low stem cells
showed the predicted expansion and hyper-proliferation after
radiation, Sox9-high cells were also found to be proliferating
and expanding, albeit at a slower pace. Interestingly, while Sox9
low cells were able to form multi-lineage organoids in vitro
both before and after irradiation, Sox9 high cells were able to
do so only after irradiation, thus, leading to the hypothesis that
Sox9-high cells are quiescent intestinal stem cells activated in
stress condition. In support of this hypothesis, the analysis of
Sox9-high cells gene expression before and after irradiation
showed a up-regulation of genes required for quiescent cells
to re-enter the cell cycle, genes associated with DNA repair,
and other genes associated with resistance to apoptosis and
with proliferation, which are typically found in activated stem
cells. Many of the up-regulated genes were also linked to radioresistance and cancer growth. This dual enteroendocrine and
quiescent stem cell nature of Sox9-high cells, together with
their increased Dclk1 expression may well explain some of the
previous contradictory results, such as the presence of stem
cell antigens in well differentiated brush or enteroendocrine
cells or the different involvement, compared to Lgr5-expressing
stem cells, in the regeneration process after irradiation. The
spatial relationship of DLCK1 positive cells with other cells in
the intestinal crypt is shown in Figure 3.
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spheres in low attachment conditions and, when injected
into nude mice, gave rise to nodular growths expressing the
markers of early pancreatic development (PDX-1), glandular
epithelium (cytokeratin-14 and Ep-CAM), and islet-like
structures (somatostatin and secretin) [35]. This suggests that
pancreatic DCLK1 positive cells are undifferentiated stem-like
cells that can give rise to all pancreatic lineages.

Figure 3. Localization of DCLK1 positive cells along the intestinal crypt. DCLK1 positive cells co-express neuroendocrine
markers and can be found either at the crypt base among the
Paneth cells or above the crypt base in an area which includes the
+4 compartment were quiescent stem cells are thought to reside.
Crypt base DCLK1 positive cells are also positive for LGR5 while
DCLK1 positive cells above the crypt base are LGR5 negative but
may express other markers of quiescent stem cells such as SOX9
and BMI1. In the upper part of the crypt a mature neuroendocrine cell is depicted.

DCLK1 expression in the stomach
Although DCLK1 expression is well characterized in the small
intestine, its expression in the gastric mucosa is not well
defined. In the stomach, DCLK1 cells are found in the stem cell
zone located at the isthmus of the fundic glands [33] and are
clearly distinct from TFF2 transcript–expressing cells, which are
considered the progenitor cells for mucus neck, parietal and
zymogenic cells [12,34]. Gastric DCLK1 cells express parietal
cell markers and partially co-express MSI1. In rodent models
of acute gastritis and of chronic ulcer DCLK1 cells expand
beyond the stem cell zone but remain PCNA negative [33,34].
In these conditions as well as after irradiation, DCLK1 cells are
found adjacent to the PCNA positive compartment, suggesting
a possible role in the restitution of mucosal integrity [33,34].

Regulation of DCLK1 in the gastrointestinal tract
The mechanisms regulating the homeostasis of DCLK1 intestinal
cells are incompletely understood. The balance between
notch signal, leading to enterocyte differentiation, and ATOH
signal leading to the granulocytic lineage regulates the fate of
intestinal stem cells. To date, studies on Atoh dependence of
DCLK1 cells have been conducted in different mouse models
leading to opposite results as outlined above [21,26]. However
using the GFP-Lgr5 mouse, it has recently been shown that
Notch inhibition (and therefore Atoh1 increase) results in a
decrease in Lgr5 expressing-cells and in an increase in the
differentiation and number of secretory lineage cells including
DCLK1 positive cells [30]. It has been hypothesized that DCLK1
cells are only partially dependant on Atoh1, which would
explain these conflicting results [26]. Moreover, directly blocking
the cell division through Cdc25 loss induces the differentiation
of crypt base stem cells but not that of DCLK1 and Musashi-1
positive cells located above the base, which suggests that
these cells are independent from cell cycle regulation [11].
Wnt and Klf4 are two key regulators of stem cell self-renewal
that are necessary in the maintenance of the undifferentiated
state. By using the Wnt reporter mouse model, investigators
have shown that Wnt responsive cells are DCLK1 negative
[16]. Moreover, in transgenic mice with a tamoxifen-induced
partial depletion of the Klf4 transcription factor, a decrease
of goblet cells and an increase of DCLK1 positive cells with
expansion beyond the crypt stem cell zone and loss of cell
polarity has been demonstrated [14]. Interestingly, while Klf4
is known to play an important role in cell fate reprogramming
and self-renewal, it is also known as a tumor suppressor gene,
which is down regulated in colorectal cancer.

DCLK1 in gastrointestinal neoplasia
The propagation and growth capacity of many human cancers
is thought to be driven, in part, by a subset of undifferentiated
cells with stem-like features called cancer stem cells (CSC)
or cancer initiating cells [36]. One notion is that these CSC
originate from tissue resident stem cell populations that have
DCLK1 expression in the pancreas
undergone malignant transformation [6]. In fact, some of the
In adult mice DCLK1 is expressed in the ductal epithelial cells markers of intestinal stem cells such as LGR5, MSI1 and DCLK1,
and islets of the pancreas, but not within acinar cells [35]. Co- found in the normal intestinal crypts, are over-expressed in
expression was observed with Neurogenin 3, a pancreatic stem tumors [37,38]. However, to date the relationship between
cell marker highly expressed during embryogenesis, and with CSC and the tissue resident stem cell populations’ remains
somatostatin, indicating an endocrine phenotype, but not with poorly understood.
glucagon or insulin. FACS-isolated DCLK1 positive cells formed
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DCLK1 in gastrointestinal carcinogenesis: animal data
Colon
In Apc-mutant mice, DCLK1 positive cells were shown to
expand beyond the stem cell compartment to the villi [9].
Similar observations of expansion beyond the stem cell
compartment were also reported in the colon of progastrin
overexpressing transgenic mice [39]. These mice develop
colonic hyperproliferation and colorectal cancer through a
decrease in apoptosis and an increase in β-catenin and crypt
fission. Deletion or inhibition of the gastrin receptor CCK2R
decreased the tumor formation as well as the number of
DCLK1 positive cells. Similar findings were observed in the
mouse colon after progastrin administration as well as in an
in vitro model of progastrin autocrine stimulation that relies
on the presence of the annexin 2 receptor on cancer cells [40].
Another interesting observation in Apc- mutant mice was the
fact that abundant DCKL1 positive cells were noted in the areas
surrounding the adenomas but were rare within adenoma itself
[9]. However, within the adenomas DCLK1 positive cells were
found to have nuclear β-catenin translocation, which is a sign
of neoplastic activation [9,21]. Similar findings were reported
in adenomas from mice carrying a K-ras mutation [21].
Studies involving radiation injury provide an illustration of
the complex function of DCKL1 in the colon. For instance, in
the progastrin over-expressing mouse model, DCLK1 positive
cells were resistant to radiation [39]. Interestingly, irradiated
mice receiving recombinant regenerating islet-derived protein
4 (REG4), a protein expressed in colorectal cancer, are resistant
to radiation-induced apoptosis and show a marked increase
of DCLK1 positive cells, suggesting a possible role of these
cells in radioresistance. Furthermore, strategies aimed at
antagonizing Reg 4 resulted in a decrease in tumor growth
and an increase in the tumors response to radiotherapy [41].

doi: 10.7243/2049-7962-1-12

correlated with the neoplastic changes [44]. Moreover in this
tumor model, DCLK1 cells co-localized with the pancreatic
cancer cell marker 14-3-3 σ protein in both preneoplastic
and neoplastic lesions. Based on these reports the sobering
conclusion is that DCLK1 has an active role in gastrointestinal
carcinogenesis.
DCLK1 in gastrointestinal carcinogenesis: human data
Cell lines
DCLK1 has been shown to be expressed in human colon
[45,46], pancreatic [44] and hepatocellular carcinoma [47] cell
lines as well as in tumor xenografts established from these
cell lines. Recently, using flow cytometry, only a small fraction
(0.5-2%) of the Huh7 hepatocellular carcinoma cell line had
a high surface expression of DCLK1. However, if these DCLK1
positive cells were isolated by fluorescence-activated cell
sorting and plated they formed spheroids while the DCLK1
negative pool did not, implying that surface expression of
DCLK1 is related to CSC properties [47]. Moreover, in the Huh7
cells, DCLK1 transcripts increase after HCV transfection and
after induction of pluripotency, suggesting that DCLK1 may
play a role in HCV related carcinogenesis and may be a new
hepatocellular carcinoma CSC marker [47].

Colon
Data on DCLK1 expression in human tumors is sparse. Using
immunohistochemistry, studies of tissue microarrays from colon,
breast, pancreatic and prostate cancers showed an increased
expression of DCLK1 in the epithelial cells and in the cancer
associated stroma compared to paired normal tissue [45,46]. Our
laboratory has recently investigated DCLK1 immunoreactivity
[48] in the colorectal adenoma- carcinoma sequence from 71
patients. DCLK1 immunoreactivity was found in more that
70% of the colorectal adenomas and carcinomas and in more
Esophagus
that 50% of the distant metastasis. Immunohistochemical
In a transgenic mouse model, IL-1β over-expression in the staining of DCLK1 in a colorectal carcinoma is shown in
mouse esophagus has been shown to induce IL-6 dependent Figure 4. In adenomas, strong immunoreactivity was only
Barrett esophagus and esophageal adenocarcinoma [42]. In present in those with high-grade dysplasia. In colorectal
these mice, abundant DCLK1 positive cells were present in cancers, strong immunoreactivity was significantly associated
the gastric cardia adjacent to the area of metaplasia. However, with recurrent disease. Interestingly, there was no correlation
with progression to dysplasia, Dclk1 expression was down- between DCLK1 immunoreactivity and tumor stage, indicating
regulated. In a H+/K+-ATPase-IL-1β transgenic mouse model, that DCLK1 may be an independent prognostic factor. Taken
the expansion of cells expressing DCLK1 was strongly associated together these findings indicate that DCLK1 may be a marker
with inflammation-related carcinogenesis and preceded the of advanced adenomas and a useful prognostic marker to
development of gastric cancer. Notably, over-expression or identify colorectal carcinomas at high risk for recurrence.
infusion of IFN-γ reduces both cell proliferation and the number However, larger studies are needed to confirm these findings.
of DCLK1 positive cells and therefore raises the possibility of
a direct effect of IFN-γ on gastric progenitor cells [43].
Esophagus
DCLK1 expression in biopsy samples taken from Barrett’s
Pancreas
mucosa and esophageal adenocarcinoma has been investigated
DCLK1 cells are significantly increased in the pancreatic tissue in two human studies [42,49]. These studies showed a significant
of K-ras transgenic mice that develop very aggressive metastatic increase in the DCLK1 immunoreactivity and the mRNA levels
pancreatic cancers. Of note, this increase in DCKL1 cells directly in Barrett’s esophagus (BE) compared to normal squamous
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Figure 4. DCLK1 immunoreactivity at the invasive edge of a human moderately
differentiated colorectal cancer. Immuno-staining is localized to the apical cytoplasm (arrows). Stromal cellular staining is also noted (dotted arrow). (100x).

epithelium. In esophageal adenocarcinoma, an increased Liver
stromal DCLK1 staining was noted compared to adjacent DCLK1 immunoreactivity has recently been evaluated in
epithelia and in one study a progressive increase of DCLK1 liver tissue microarrays of hepatocellular carcinoma and
expression in BE from dysplasia to adenocarcinoma was advanced cirrhosis with and without carcinoma, as well as in
observed [49]. Interestingly, LGR5 and DCLK1 were significantly liver biopsies from patients with HCV positive cirrhosis [47]. The
elevated in the gastric cardia of BE patients [42]. The up- results obtained from the analysis of the tissue microarrays
regulation of gastric columnar progenitor cells in the region demonstrated an increased DCLK1 expression in hepatocytes,
of the cardia and in BE suggest that the metaplastic lineage bile ducts and stromal tissue in parallel with the neoplastic
in BE lesions in humans may be derived from a gastric cardia progression from normal liver to hepatocellular carcinoma. By
lineage. However, based on the current level of evidence, it is comparison, the liver biopsies from patients with HCV positive
not clear if DCLK1 can be clinically useful to predict progression cirrhosis showed a sporadic expression of DCLK1. However,
from BE to esophageal adenocarcinoma.
marked DCLK1 immunoreactivity and CK19 staining (hepatic
tumor marker) were observed in one patient with uncontrolled
Pancreas
HCV proliferation and dysplastic regenerative nodules.
Although pancreatic tumors show strong DCLK1
immunoreactivity in the ductal cells and stroma [44], DCLK1 DCLK1: a potential target of new therapeutic strategies?
is also present within the islets of the normal pancreas, and A single research group has explored the possibility of using
in the pancreatic ducts and stroma of patients with chronic DCLK1 as a tumor target in different gastrointestinal cancer
pancreatitis. Among adenocarcinomas, co-localization with models. These investigators showed that the intra-tumoral
the pancreatic intraductal neoplasia marker 14-3-3 s was injection of DCLK1 siRNA resulted in a 55% reduction in the
observed, suggesting that neoplastic transformation may size of colorectal cancer xenografts [45]. The effect of DCLK1 on
arise in putative pancreatic CSCs. Sureban and colleagues, tumor growth appeared to be related to its inhibition of Let7A
also characterized the DCLK1 positive stromal cells using the miRNA as well as a concomitant increase in the Let7A target
mesenchymal lineage marker vimentin, and showed that DCLK1 c-myc [45]. Interestingly, an inverse relation between DCLK1 and
immunoreactivity was present in 10% of vimentin positive Let7A miRNA was also observed in normal mouse intestinal cells,
stromal cells, suggesting that DCAMKL-1 may be involved in suggesting that this existing pathway may become activated in
the desmoplastic reaction associated with human pancreatic tumors [45]. Moreover, using a xenograft tumor model Sureban
cancer and may also play a role in epithelial-mesenchymal and colleagues demonstrated a decrease of Notch1 mRNA in
transition (EMT) [44].
the xenografts treated with nanoparticle-encapsulated DCLK1
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Figure 5. Factors regulating the proliferation of DCLK1 positive cells in gastrointestinal
neoplasia, and downstream targets mediating the effects of DCLK1 on tumor growth.

siRNA and an increase of Notch1 inhibitor miR-144, suggesting
that, in colorectal tumors, DCLK1 may activate Notch1 via a miR144 dependant mechanism [46]. Also, in this study the potent
epithelial-mesenchymal transition (EMT) inhibitor miR-200 was
decreased in the siRNA treated tumors, an effect which was
not seen with NOTCH1 inhibition alone. EMT is a phenotypic
conversion necessary for embryonic development and wound
healing, which is also found in neoplasia where it is associated
with disease progression and outcome. Tumors after DCLK1
siRNA treatment also showed the down-regulation of ZEB1,
ZEB2, Snail and Slug and an up-regulation of E-cadherin, which
are consistent with the hypothesis that in human colorectal
cancer knockdown of DCLK1 may inhibit EMT via a miR-200adependent mechanism. Similar results were also shown after
siRNA-mediated knockdown in a human pancreatic cancer
cell line [44] suggesting that DCLK1 may be a valid tumor
target in for the treatment of other aggressive tumors of the
gastrointestinal tract. Recently using a hepatocellular carcinoma
cell line transfected with HCV, Ali and colleagues showed that
siRNA-mediated inhibition of Dclk1 resulted in the decrease
of HCV RNA and the viral polymerase levels, suggesting a
lower viral replication rate and a possible therapeutic role of
inhibiting Dclk1 expression as a potential treatment of HCV
induced carcinogenesis [47]. The current known information
regarding how DCLK1 is regulated and how DCLK1 regulates
other molecules / pathways to drive carcinogenesis is illustrated
in Figure 5.

Future directions and conclusion
Since the first description of DCLK1 in the gastrointestinal
tract, a lot of progress has been made in our understanding
of this gene expression. However numerous questions remain
unanswered regarding the origin and fate of gastrointestinal
DCLK1 positive cells. The presence of DCLK1 in brush cells does
not explain its association with other stem cell marker or its
activation after radiation injury. Lineage tracing experiments
may shed more light on whether a subset of DCLK1 cells may
have stem cell properties different from those of Lgr5-positive
transient amplifying cells and whether they may be indeed
quiescent stem cells. Moreover, brush cells have not been
shown to be increased in human gastrointestinal cancer [21]
whereas there is accumulating evidence that DCLK1 is not
only over expressed in several human malignancies but it also
may play a functional role in gastrointestinal carcinogenesis.
At present it remains unknown whether DCLK1 can be used
a CSC marker or as a therapeutic target largely because the
role and function of DCLK1 in tumor relapse and metastasis
remain incompletely explored. CSCs are involved in resistance
to conventional chemotherapy and radiotherapy and have
been related to the ability of cancers to metastasize [36].
The increased expression of DCLK1 has been shown in a
small number of studies to be directly related to both radioresistance [23,41] and tumor aggressiveness [48]. These studies
can be interpreted as evidence to support the development of
therapeutic strategies beyond traditional chemotherapeutic
gents.
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