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ABSTRACT

Doublecortin like kinase protein 1 (Dclk1) is a microtubule-associated protein with C-terminal
serine/threonine kinase domain. Originally designated Doublecortin and CaM kinase-like 1
protein (Dcamkl1) or KIAA0369, Dclk1 was first described as a marker for radial glia cells in the
context of microtubule polymerization and neuronal migration, possibly contributing to early
neurogenesis. Additionally, Dclk1 was proposed as a marker of quiescent gastrointestinal and
pancreatic stem cells, but in recent years has been recognized as a marker for tuft cells in the
gastrointestinal tract. While Dclk1+ tuft cells are now considered as niche or sensory cells in
the normal gut, growing evidence supports a role for Dclkl function in a variety of

ARTICLE HISTORY
Received 2 June 2016
Revised 13 June 2016
Accepted 15 June 2016

KEYWORDS

cancer; cancer initiating cells;
cancer stem cells; Dclk1;
inflammation and cancer;
Kras; pancreatic cancer

malignancies, modulating the activity of multiple key pathways, including Kras signaling. Here,
we review the recent advances in understanding of the importance of Dclkl function in

tumorigenesis and cancer.

Introduction

Dclkl was first described as a brain-specific protein in
the developing rodent brain, with at least 4 splicing
variants located on chromosome 13q13-q14.1 and with
close structural relation to doublecortin (DCX). Func-
tionally, Dclkl was found to be associated with microtu-
bules, and overexpression of the protein stimulated
microtubule elongation. Interestingly, this effect was
largely independent of the kinase function of Dclkl, as a
distinct function of the protein or kinase has not yet
been described. Furthermore, multiple groups reported
the importance of Dclkl in the developing brain based
on its expression in radial glia cells and neuronal
precursors.l’7

Outside of the nervous system, Dclkl was initially pro-
posed to mark quiescent gastrointestinal stem cells.® Care-
ful lineage tracing studies, however, led to a more elaborate
and nuanced understanding of the properties and function
of Dclkl+ cells in the gastrointestinal tract (see below).
Most Dclkl+ cells in the gut qualify as typical tuft cells
and are predominantly postmitotic.” Recently, lineage trac-
ing studies demonstrated that gastrointestinal Dclk1+- cells
do not serve as a meaningful pool of bona fide stem cells.
However, a subset of intestinal and colonic Dclkl+ tuft
cells is long-lived, largely quiescent, regulates and contrib-
utes to a stem cell niche.

Despite the fact that Dclk1+- tuft cells are not progenitor
cells, studies from our group using Dclkl-CreERT-BAC
transgenic mice showed that a subset of Dclkl+ colonic
and intestinal cells are long-lived and can function as pow-
erful cancer initiating cells in the setting of APC mutation
and inflammation."® Using a knockin construct of Dclkl-
CreERT, Chiba and co-workers also investigated the role of
Dclkl+ cells in homeostasis and malignancy. The sug-
gested that Dclk1 cells were short lived and did not display
progenitor abilities and that Dclkl might also define cancer
stem cells in APC™" adenomas."' The profound differences
between the 2 studies might be explained through the
Dclkl haploinsufficiency in Dclkl-CreERT knockin mice,
pointing to an importance of protein function of Dclkl
itself. Indeed, the specific knock out of one copy of Dclkl
in our Dclkl-CreERT-BAC transgenic mice (Delk1*™)
resulted in the loss of the long-lived Dclkl+ population
(Fig. 1). Such discrepancies in different mouse models need
to be investigated further in the future to better understand
the specific function of the Dclkl protein. and its role for
quiescence and potentially cancer initiation (see below).

Dclkl was also discussed to mark pancreatic exocrine
stem cells'> and Bailey and colleagues were able to dem-
onstrate that Dclk1l+ tuft-like cells are present in murine
pancreatic intraepithelial neoplasia and in pancreatic
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Figure 1. Function of Dclk1 cells in the gastrointestinal tract. (Left) Long-lived Dclk1+ tuft cells can function as potent cancer initiating
cells. (Center) Dclk1+ tuft cells are involved in homeostasis, niche formation and innate immunity. (Right) Dclk1+ tuft cells can function

as cancer stem cells in the setting of Dclk1 haploinsufficiency.

cancer cell lines. Through a series of elegant studies, the
authors were able to show that these Dclkl+ cells pos-
sess features of cancer stem (initiating) cells."” Moreover,
we recently demonstrated, that Dclkl marks pancreatic
progenitor cells that play a pivotal role in pancreatic
regeneration and are a powerful source of cancer initiat-
ing cells in the context of pancreatic injury'* (Fig. 2).
The role of Dclkl+ cells as progenitor, stem and cancer
stem (initiating) cells in the gastrointestinal tract is com-
plex and beyond the scope of this review. Here we would
like to focus on the growing body of evidence that Dclkl
is functionally implicated in tumorigenesis and might
emerge as promising target in various cancers.

Dclk1+ tuft like cell Dclk1+ acinar cell

Pan " Cell

Cancer Stem Cell

Figure 2. Function of Dclk1 cells in the pancreas. (Left) Dclk1+
tuft-like cells function as niche cells and cancer stem cells in pre-
invasive and invasive pancreatic cancer. (Right) Dclk1 marks qui-
escent pancreatic progenitor and potent cancer-initiating cells in
the acinar compartment.

Functional relevance of Dclk1 expression
in malignancy

Over the past decade, Dclkl was shown to be expressed in a
variety of cancers, and knockdown studies have shown that
it is functionally important to tumor growth or progression.
In 2009, Houchen and coworkers found increased expres-
sion of Dclk1 in human colorectal cancer samples and pro-
ceeded to target the gene using siRNA-mediated knock
down. Suppressing Dclkl gene expression caused a growth
arrest of colorectal cancer xenografts. Mechanistically, loss
of Dclkl expression led to an upregulation of the miRNA
let-7a, a negative regulator of cell cycle progression, and
downregulation of the oncogene c-myc,'" pointing to a role
in quiescence and malignant transformation. In neuroblas-
toma cells, silencing of doublecortin-like kinase-1 and dou-
blecortin-like kinase-1 long with Dclkl siRNA resulted in
an increase in apoptotic cell death and profound changes
in the gene expression profile.'"® Additionally, silencing
Dclkl expression in xenograft models of hepatocellular car-
cinoma showed a strong growth inhibitory effect."” More-
over, Dclkl was found to be upregulated in 93% of clear
renal cell carcinoma submitted to The Cancer Genome
Atlas (TCGA). Again, siRNA-mediated knockdown of
Dclk1 led to a significant inhibition of tumor cell prolifera-
tion, focal adhesion, invasion and clonogenic growth.'®
However, some of the strongest data on tumor growth
can be found in models of pancreatic cancer. Sureban
and colleagues extended our knowledge on Dclkl func-
tion in cancer through a series of well-designed experi-
ments in mouse models of pancreatic cancer and
pancreatic cancer cell lines. They first demonstrated that
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Dclkl expression is increased in early murine PanINs
and human pancreatic cancer samples.'” Furthermore,
siRNA-mediated knockdown of Dclkl let to upregula-
tion of miRNA200a, thereby negatively affecting epithe-
lial to mesenchymal transition (EMT). Paralleling the
findings in colorectal cancer, loss of Dclkl led to an
increase in let-7a expression and a simultaneous decrease
in c-myc expression,'>"” pointing again to a role for
Dclkl in carcinogenesis, as c-myc is an important driver
of pancreatic tumorigenesis.”” While a functional con-
nection between Dclkl and the oncogene c-myc is an
intriguing possibility, further studies are needed to deter-
mine if the results outlined above are indeed suggestive
of a regulatory network.

Nevertheless, the most important driver of pancreatic
carcinogenesis is Kras, which is mutated in more than
95% of all pancreatic cancer cases, and to date no drugs
efficiently targeting mutant Kras have been developed.”**
The functional importance of mutant Kras, a member of
the GTPase enzyme family, in pancreatic cancer, even in
the setting of metastatic disease, has been shown in a
series of seminal papers.”>*> Consequently, the finding by
Sureban and coworkers that siRNA-mediated knockdown
of Dckl in human pancreatic cancer cells resulted in
downregulation of Kras expression was of great interest."
The authors followed up this study with a more in depth
analysis of pancreatic cancer cells with reduced Dclkl
gene expression, and demonstrated that Dclkl regulated
pluripotency and angiogenic programs via distinct miR-
NAs. Of note, the abovementioned negative effect on
Kras was confirmed in this study.’® Given the effect of
Dclkl deficiency on Kras levels, and the functional impor-
tance of Dclkl in various cancers, targeting or inhibiting
Dclkl appeared to be a potential therapeutic option. Con-
sequently, nanoparticle-based delivery of siRNAs against
Dclkl, or use of small molecules inhibiting the kinase
function of Dclkl, led to marked responses in preclinical
models of pancreatic and colorectal cancer.””"* This needs
further investigation in the future to understand the exact
mechanism but could be an interesting novel targeted
therapy option.

In these lines, work from our group showed that Dclkl
was also a marker for a potential pancreatic cancer-initiat-
ing cell. Using genetic lineage tracing, we demonstrated
that Dclkl marked a rare and quiescent progenitor cell type
in the murine pancreas, similar to that in the gut. These
cells had the ability to contribute substantially to pancreatic
regeneration after injury, and were pivotal for recovery after
murine pancreatitis'* (Fig. 2). Pancreatitis itself is consid-
ered a risk factor for the development of pancreatic can-
cer.” Thus, it was not surprising that the combination of
targeted mutation of Kras to Dclkl+ cells and pancreatic

injury converted Dclk1+ cells into highly potent cancer ini-
tiating cells. Importantly, genetic and pharmacological tar-
geting of Dclkl led to a significant inhibition of pancreatic
tumorigenesis in well-established Kras-mutated mouse
models of pancreatic cancer.>! Moreover, loss of Dclkl led
to decreased in vivo and in vitro levels of the Kras effector,
phospho-ERK, underscoring the importance of the inter-
play between Dclkl and mutant Kras. Similarly, pharmaco-
logical inhibition and genetic deletion of Dclkl in Kras
mutant organoid cultures led to a significant growth defect,
most probably due to reduced signaling downstream of
receptor tyrosine kinases. We based this hypothesis on the
following observations. In most cases, pancreatic organoids
growth depends on the presence of epithelial growth factor
(EGF) in the culture medium.”* In contrast, Kras mutant
organoids are able to grow in the absence of EGF, but their
growth can further be stimulated with exogenous EGF
(own unpublished observations). Accordingly, we tried to
rescue the effect of Dclkl deficiency with the addition to
EGF to the culture medium. In these experiments, substitu-
tion of exogenous EGF had no effect on the growth of
Dclk1-deficient Kras mutant organoids, suggesting that the
inhibitory effect of Dclkl deletion was operating down-
stream of receptor tyrosine kinases such as the EGF-recep-
tor. While Dclkl deficiency clearly impaired proliferation
and p-ERK signaling in Kras mutant pancreatic cells, the
explanation for this association emerged from bioinfor-
matic studies of Kras interacting proteins. Computational
methods suggested that Dclkl might be a potential Kras
effector and, based on structural similarities between Dclk1
and RalGDS, physically bind directly to Kras. This physi-
cally interaction was confirmed using immunoprecipitation
assays, opening a novel interaction of these 2 proteins with
a functional relevance in cancer. Besides, overexpression of
Dclkl increased proliferation in human pancreatic cancer
cell lines,** and in human pancreatic cancer stem cells con-
ferred a more aggressive phenotype and accelerated tumor
invasion and metastasis.”

In addition to phospho-ERK, another downstream effec-
tor of Kras is COX-2, an important player in inflammatory
carcinogenesis,”**> DelGiorno and colleagues recently
reported that Dclk1+- tuft cells, which are known to express
COX-2, contribute substantially to biliary metaplasia pres-
ent in pancreatic tumors.>® Moreover, recent studies have
suggested a direct relationship between Dclkl and Cox-2 in
pancreatic cancer. In murine and human pancreatic cancer,
Dclkl, Cox-2 and 5-LOX expression increased in a linear
fashion paralleling tumor progression, a process that could
be further accelerated through induced pancreatitis. Treat-
ment with the novel dual COX/LOX inhibitor licofelone led
to a significant decrease in pancreatic tumors, Dclkl expres-
sion and pancreatic cancer stem cells.” Thus, Dclkl



expression is closely tied to 2 Kras effectors, p-ERK and
COX-2, supporting a concept of Dclk1 being a key regulator
of Kras function in pancreatic cancer.

Of note, Dclkl is expressed in a number of other
tumors, although its role here is less well defined. In a
subset of human colorectal cancers and high-grade ade-
nomas strong Dclkl protein expression is associated
with disease recurrence but not with disease stage, sug-
gesting that Dclkl expression was an independent prog-
nostic factor.”®*® However, Dclkl gene expression was
significantly downregulated in a large number of colorec-
tal cancer samples and cell lines, most likely through
hypermethylation of the Dclkl promoter.*® Recently,
Singh and colleagues were able to shed light on the com-
plex epigenetic regulation of different Dclkl transcripts
in colorectal cancer, and showed that expression of a
long Dclkl isoform, transcribed from the 5° promoter, is
silenced in colorectal cancer due to hypermethylation at
this site. Nevertheless, the group hypothesized that there
could be an alternative promoter site utilized, and the
demonstrated that a novel short isoform of Dclkl was
transcribed from another promoter site. Indeed, high lev-
els of expression of this short isoform correlated with a
significantly worse prognosis in 92 human colorectal
cancers. Thus, O’Connell and colleagues were able to
reconcile the apparent contradictory findings of wide-
spread epigenetic silencing of the Dclkl+ gene on one
hand, and the clear functional importance of the tran-
script in a broad variety of cancers on the other.*'

Accordingly, Dclkl expression has been observed in
neuroendocrine tumors of the mammary gland and the
rectum,*>*® consistent with the known expression of
Dclk1 in neuronal and enteroendocrine cells, but no spe-
cific role for Dclkl in these tumors has been suggested so
far. Finally, the relevance of Dclkl expression in esoph-
ageal cancer is presently unclear,** but the cells seem to
correlate with an increased progression to cancer in a
murine model and human patients.*’

Dclk1 as a marker of cancer stem and initiating cells

As mentioned above, Dclkl was proposed as a marker of
quiescent gastrointestinal and pancreatic stem cells.*'?
These assumptions were based on the expression pattern
of the protein at baseline, and changes in expression after
various injurious stimuli. However, in these early studies,
evidence from formal genetic lineage tracing supporting
any progenitor role for Dclk14- cells was absent.

In 2013, Chiba and co-workers reported data using a
Dclkl-CreERT knockin mouse model. In their study,
Dclk1 did not label a significant proportion of active or qui-
escent stem cells, but did mark most intestinal tuft cells,
which were found to turn over quite rapidly within a few
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weeks (see discussion of discrepancy above). However, in
the APC™ mouse model of colorectal cancer, they found
that Dclkl+ tumor cells fulfilled all bona fide criteria of
tumor stem cells continuously fueling adenoma growth,
and also expressed the known intestinal stem cell marker
Lgr5. Targeted deletion of Dclkl+ tumor cells using a
diphtheria toxin based approach led to a significant regres-
sion of established adenomas, without adverse effects on
the non-transformed epithelium.46 However, while a
potentially important observation, the study must be inter-
preted in light of the fact that the Dclk1-CreERT2 knockin
mice were haploinsufficient for the Dclkl gene, which
seems to be involved in quiescence, self-renewal and lon-
gevity' *'** (see above).

Our group examined many of the same questions using
BAC transgenic mice bearing a Dclkl-CreERT2 transgene
and thus retaining both copies of the endogenous Dclkl
gene. We found that a subset of Dclk1+ cells was extremely
long-lived (e.g. up to 2 years), but this longevity was lost
with deletion of one copy of the Dclkl gene. Furthermore,
in contrast to the results with Dclkl-CreERT2 knockin
mice, we found that most (e.g., 60%) of Dclkl+ cells did
not take up BrdU after one month of continuous labeling,
confirming their relative quiescence. The longevity and qui-
escence of small intestinal tuft cells has been supported by
their genetic signature, which reveals gene signature with
enrichment of Bmil expression, and hallmarks of quies-
cence and self-renewal.”” Moreover, in the setting of APC
deficiency, Dclkl+ cells remained persistently quiescent,
but surprisingly could be converted into potent cancer initi-
ating cells in the setting of an inflammatory stimulus such
as DSS colitis.'” While surprising at first, the exquisite role
of NF-«B signaling in inflammatory gastrointestinal carci-
nogenesis is well established,*® and in fact the results are in
line with observations from Florian Greten’s group.” In a
series of elegant experiments, Schwittala and colleagues
were able to demonstrate that intestinal inflammation
induced NF-«B signaling, which in turn stimulated Wnt
signaling. Most importantly, the authors were able to show
that this axis was sufficient to convert non-stem cells into
potent cancer initiating cells.*’ It is tempting to speculate
that at least part of the tumors observed in the Schwittala
series emerged from mutated Dclkl+ cells. Furthermore,
given the fact that tuft cells express Cox-2,”° an important
player in inflammatory colorectal carcinogenesis>* and that
Kras signaling can stimulate Cox-2 and colorectal cancer
growth,” it is furthermore possible that the combined pres-
ence of Cox-2 and the Kras modulator Dclkl in tuft cells
renders this cell population especially prone to inflamma-
tory induced carcinogenesis. Of note, using the Dclkl-
BAC-CreERT2 mice with 2 copies of the endogenous
Dclkl gene, we were not able to confirm the ability of
Dclkl cells to act as tumor stem cells within APC™"
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adenomas (unpublished observation). Finally, a recent
study showed that loss of Elp3 inhibited Wnt-driven intes-
tinal tumorigenesis was at least partly due to decreased
expression of Dclkl.” These results further highlight the
significance of Dclkl expression in intestinal malignancy.

The importance of Dclkl+ cells in tumorigenesis was
further underscored by a study by Leach and colleagues in
which the authors investigated the appearance of Dclkl+
cells in preinvasive and established pancreatic cancer. The
authors found that Dclk1+- cells were present at the earliest
stages of pancreatic tumorigenesis, but could also be found
in more advanced pancreatic cancers and pancreatic cancer
cell lines. These cells grouped as a functionally and mor-
phologically distinct subpopulation. In murine PanINs,
Dclk1+- cells readily gave rise to pancreatic spheres, a sur-
rogate for stemness. Dclkl4 cells isolated from pancreatic
cancer cells lines were found to be highly tumorigenic."
Finally, our group recently reported on the ability of pan-
creatic Dclkl+ cells to serve as a potent source of preinva-
sive pancreatic cancer initiating cells in the setting of Kras
mutation and pancreatic injury. Overall, growing evidence
from in vivo and in vitro studies suggests that Dclk1+ cells
can function as cancer stem and cancer initiating cells in
colorectal and pancreatic cancer.'* Further studies are
needed for other cancers with Dclkl expression in order to
extrapolate a general function of the Dclkl protein or the
expressing cell type in carcinogenesis.

Dclk1 as a potential tumor marker

As Dclk1 is broadly expressed in a range of different can-
cers, it is not surprising that some investigators proposed
to use Dclkl as a tumor marker in cancer bearing indi-
viduals. In Barrett’s esophagus and esophageal cancer,
similar to the findings in IL1-8 mouse model of Barrett’s
esophagus,” Dclk1 protein was detectable by ELISA in
all patients studied. In contrast, the protein was not
detectable in all but one control patient.** Using free cir-
culating tumor DNA, Milanowski and coworkers were
able to analyze the promoter region of Dclkl with
regards to its methylation status. In this study, 65
patients with lung cancer and 95 healthy controls were
analyzed. Dclkl promoter methylation was found in less
then 10% of healthy individuals while almost 50% of the
patients diagnosed with lung cancer had detectable levels
of the methylated Dclkl promoter in their plasma, and
the methylation status was a predictor of poor survival in
these patients.”* Houchen and colleagues analyzed both
circulating tumor cells and the serum of patients diag-
nosed with pancreatic cancer for Dclkl expression. In a
representative genetically engineered mouse model of
pancreatic cancer, greater than 50% of all circulating
tumor cells expressed Dclkl. Furthermore, serum Dclkl

levels were also elevated in this model. In humans, serum
Dclkl levels were elevated in stage I/II when compared
to healthy controls. Interestingly, there was no difference
between stage III/IV patients and healthy controls, sug-
gesting a change in the expression pattern or shedding in
late stage pancreatic cancer.” Finally, Dclkl protein was
also detectable in the plasma of patient with diagnosed
with hepatocellular carcinoma.'” Overall, Dclkl protein
levels can be measured in the blood of patients with a
number of different malignancies. However, the clinical
significance and the potential diagnostic value of these
findings need to be rigorously validated in future pro-
spective studies with large cohorts of patients and
controls.

Concluding remarks

After the initial description of Dclkl in the context of
neuronal development, recent advances have almost
exclusively focused on the role of Dclkl+ tuft cells in the
gastrointestinal tract and Dclkl+ cells in a variety of
cancers. In this review, we have focused primarily on the
role of Dclkl in cancer, and have not been able to review
the exciting studies focused linking tuft cells to type 2
immunity and ILC2 cells in the gut.”*>® While published
data consistently show that targeting Dclkl has negative
effects on cancer growth, the underlying mechanisms of
these findings are less clear. Only recently, work from
many laboratories has shed some light on the mecha-
nisms by which Dclkl promotes tumorigenesis. How-
ever, the mode of action remains to be defined. As Dclkl
has a kinase domain and targeting this domain inhibits
tumorigenesis in some models, it is tempting to speculate
that the kinase activity of Dclkl1 is partly responsible for
its effects in malignancy, nevertheless the function of this
kinase needs to be determined as well. As the targets of
Dclkl are unknown to date, future studies are needed to
confirm the outlined concepts. Others and we have
recently shown that Dclkl functionally and physically
engages with Kras, one of the most powerful oncogenes.
While major efforts have so far failed to therapeutically
target Kras, small molecules targeting Dclkl are available
and might have a role in the treatment of Kras-driven
cancers. Moreover, the epigenetic regulation of the short
and long isoforms, creating a “cancer-specific” isoform
of Dclkl warrants further investigation, potentially open-
ing the window for isoform specific drugs. As some
groups have proposed to use the detection of Dclkl in
the blood of patients as a biomarker, future studies are
needed to understand an than validate this concept and
its prognostic and clinical relevance in prospective
cohorts. Finally, as Dclkl marks cancer stem and initiat-
ing cells in some cancers, early diagnosis and preventive



approaches based on this finding might be a viable
option in the future.

Taken together, Dclkl plays a role in a variety of dif-
ferent cancer and is functionally important in these
malignancies. Further research efforts are needed to clar-
ify and manipulate the underlying mechanisms before
Dclkl can be used as a meaningful therapeutic target,
although it appears to be a promising approach for the
future.
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