
ORIGINAL RESEARCH
DCLK1 Suppresses Tumor-Specific Cytotoxic T Lymphocyte
Function Through Recruitment of MDSCs via the CXCL1-CXCR2
Axis

Rui Yan,1,* Jianjian Li,2,* Zeru Xiao,1 Xiaona Fan,1 Heshu Liu,1 Ying Xu,2 Ruya Sun,2 Jian Liu,1

Jiannan Yao,1 Guangyu An,1 Yan Shi,2,3 and Yang Ge1

1Beijing Chao-Yang Hospital, Department of Oncology, Capital Medical University, Beijing, China; 2Institute for Immunology,
Department of Basic Medical Sciences, School of Medicine, Tsinghua-Peking Center for Life Sciences, Tsinghua University,
Beijing, China; and 3Institute for Immunology, Beijing Key Lab for Immunological Research on Chronic Diseases, School of
Medicine, Tsinghua University, Beijing, China
SUMMARY

High expression of doublecortin-like kinase 1 (DCLK1) in
intestinal cancer suggests a poor prognosis. DCLK1 pro-
motes tumor immune evasion through C-X-C motif ligand 1–
mediated myeloid-derived suppressor cell recruitment.
Abolishing myeloid-derived suppressor cell infiltration by
chemokine C-X-C motif receptor 2 blockade eliminates the
immune privilege of DCLK1þ tumor and leads to tumor
regression.

BACKGROUND & AIMS: Gastrointestinal cancer stem cell
marker doublecortin-like kinase (DCLK1) is strongly associ-
ated with poor outcomes in colorectal cancer (CRC).
Although DCLK1’s regulatory effect on the tumor immune
microenvironment has been hypothesized, its mode of action
has not been shown previously in vivo, which hampers the
potential intervention based on this molecule for clinical
practice.

METHODS: To define the immunomodulatory mechanisms of
DCLK1 in vivo, we generated DCLK1-/- tumor cells by Clustered
regularly interspaced short palindromic repeats (CRISPR)-
CRISPR-associated protein 9 (Cas9) and developed subcutane-
ous and intestinal orthotopic transplantation tumor models.
Tumor tissues were harvested and subjected to immunofluo-
rescence staining, flow cytometry analysis of tumor-infiltrating
immune cell populations, tumor myeloid-derived suppressor
cell (MDSC) sorting by isolation kit and then co-culture with
spleen T cells, and RNA sequencing for transcriptomic analysis.

RESULTS: We found that DCLK1-/- tumor cells lose their
tumorigenicity under immune surveillance. Failed tumor
establishment of DCLK1-/- was associated with an increase in
infiltration of CD8þ T cells and effector CD4þ T cells, and
reduced numbers of MDSCs in the tumor tissue. Furthermore,
DCLK1 promoted the up-regulation of C-X-C motif ligand 1,
which recruits MDSCs in CRC through chemokine C-X-C motif
receptor 2. The ability of in vivo tumor growth of DCLK1-/-

tumor cells was rescued by C-X-C motif ligand 1 over-
expression. Collectively, we validated that DCLK1 promotes
tumor growth in CRC through recruitment of T-
cell–suppressive MDSCs.

CONCLUSIONS: DCLK1-mediated immune suppression in tu-
mor models allows escaping from the host’s antitumor
response. Because DCLK1 is one of the most common markers
in gastrointestinal tumors, these results identify a precise
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therapeutic target for related clinical interventions. (Cell Mol
Gastroenterol Hepatol 2023;15:463–485; https://doi.org/
10.1016/j.jcmgh.2022.10.013)
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olorectal cancer (CRC) is the most common malig-
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Cnancy in the digestive system and the third leading
cause of cancer mortality.1 Although colonoscopy is widely
used, many patients diagnosed with CRC during the first
visit are already in the advanced stage. Because of limita-
tions of traditional chemotherapy and radiotherapy, more
than 50% of patients die from CRC recurrence and metas-
tasis.1,2 Immunotherapy, particularly immune checkpoint
blockade, is proven to be effective against non–small-cell
lung cancer, renal carcinoma, and melanoma. However,
immune checkpoint therapy has a limited 5% success rate in
advanced CRC patients and is only effective in those with the
uncommon microsatellite instability-high subtype, which re-
sponds well to programmed cell death protein-1/
programmed cell death-ligand 1 inhibitors. For the majority
of CRC patients afflicted with microsatellite stable (MSS) tu-
mors, immunotherapy is largely ineffective.3,4 Therefore, it is
necessary to explore new targets for CRC immunotherapy.

Cancer stem cells (CSCs) are a group of cells with self-
renewal and multi-differentiation potential. The occur-
rence and development of tumors are closely related to
CSCs, and CRC is no exception.5 Residing in various
anatomic and immunologic niches, CSCs form a unique tu-
mor microenvironment (TME) with stromal cells and im-
mune cells.6–8 In the TME, CSCs promote the invasion and
metastasis of tumor cells via several mechanisms, including
enhanced angiogenesis and cytokine production.9 In addi-
tion, immunosuppressive cells like tumor-associated mac-
rophages (TAMs), regulatory T cells (Tregs), and
myelosuppressive cells infiltrating in the TME inhibit the
cytolytic function of CD8þ T cells and natural killer (NK)
cells by secreting transforming growth factor-b (TGF-b), IL6,
and other cytokines.6,9 This process is widely regarded as
highly conducive to tumor immune escape, and disrupting
immunosuppressive TME through targeting CSCs is
emerging as a potential precision target in the treatment of
CRC.

In gastrointestinal cancer, doublecortin-like kinase 1
(DCLK1) is a CSC biomarker related to tumor develop-
ment.10,11 High expression of DCLK1 is found in both human
and mouse CRC tissues.12–14 DCLK1-positive cells in CRC
have increased invasive and metastatic capacity, with a
corresponding high antigen Ki-67 proliferation index and
anti-apoptotic protein expression.15 In an APCMin/þ

mouse–derived spontaneous tumor model, deletion of the
DCLK1 marked tumor stem cell resulted in the regression of
polyps.13 Importantly, previous studies have shown that the
high expression of DCLK1 in gastrointestinal tumors is
associated significantly with a poor prognosis.16,17

Although DCLK1 is an ideal biomarker of gastrointes-
tinal CSCs, its role in the tumor immune
microenvironment only recently has been noticed. The
study by Zhang et al18 in 2018 showed the relationship
between DCLK1 and tumor immune microenvironment in
the pancreatic cancer mouse model. Through gene
expression profiling, they discovered that IL17 secreted
by immune cells could stimulate the expression of certain
CSC molecules, such as aldehyde-dehydrogenase 1A1 and,
interestingly, DCLK1. This stimulation eventually lead to
the development of an initial lesion of the pancreatic duct
and the establishment of adenocarcinoma. Another study
showed that in the VillinCre; Dclk1flox/flox model, mice with
this DCLK1 deficiency suffered a more severe degree of
inflammatory bowel disease with immune factors varying
significantly from the controls, such as IL17, IL1b, CXCL1,
and CXCL2.19 These findings suggest that DCLK1 may play
an important role in the regulation of immune response.
Recently, Sureban et al20 designed a DCLK1-related
chimeric antigen–receptor T-cell immunotherapy for CRC.
This chimeric antigen–receptor T-cell therapy can inhibit
the proliferation of CRC cells both in vivo and in vitro,
without any severe side effects. However, the underlying
mechanism of DCLK1 giving rise to this potential clinical
implication has yet to be shown.

To further study how DCLK1 regulates host immunity, a
high priority should be given to whether this molecule
regulates TME in vivo. Increasing evidence indicates that
tumor immune evasion involves many immunosuppressive
cells in the TME. Among them, myeloid-derived suppressor
cells (MDSCs), which first were identified in 2007, are under
intensive scrutiny. At the moment, studies on MDSCs mainly
focus on their immunosuppressive function in the process of
tumor initiation.21–23 Originating from myeloid tissues,
MDSCs are immature cells derived from myeloid precursor
cells. MDSCs are characterized by myeloid cell markers
CD11b and CD33 in human tissues,24 and the counterpart in
mice is characterized by CD11b and Gr-1.25 MDSCs can be
divided into 2 groups: granulocytic MDSCs (G-MDSCs) and
monocytic MDSCs (M-MDSC). Activated MDSCs inhibit
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immune effector functions for tumor eradication, including
cytotoxic T lymphocytes and NK cells, by producing arginase
1, nitric oxide synthase 2, and other immunosuppressive
cytokines.25,26 Notably, MDSCs can inhibit CD8þ T-cell
cytotoxicity against tumor cells, and promote inflammation-
associated tumorigenesis.27 Moreover, emerging evidence
has shown that MDSCs appear to accumulate in premetastatic
sites,28 and the abnormal accumulation of circulating MDSCs
is highly correlated with cancer stage, metastasis, and survival
in CRC and other gastrointestinal cancer patients.29–33

Currently, immunotherapy targeting MDSCs is considered to
be one of the most promising investigational therapeutic av-
enues, with many preclinical experiments and clinical trials
ongoing.

In this study, we explore the regulatory role of DCLK1 in
the immune microenvironment of CRC development. We
show that the expression of DCLK1 promotes the expression
and secretion of the key tumorigenic chemokine CXCL1 in
CRC cells. In turn, CXCL1 binds to chemokine C-X-C motif
receptor 2 (CXCR2) on MDSCs and recruits them to the tu-
mor microenvironment. The infiltration of MDSCs alters the
local immune microenvironment, resulting in suppression of
CD4þ T-cell and CD8þ T-cell proliferation and function,
facilitating unhampered tumor growth and subsequent
metastasis. In brief, we found the CSC marker DCLK1 actu-
ally can modulate tumor immunity through the recruitment
of immunosuppressive MDSCs, and we may tackle the
immune-privileged tumor microenvironment by targeting
DCLK1.

Results
DCLK1 Knockout Leads to Elimination of
Colorectal Cancer Cells in Immune-Competent
Hosts

To explore the role of DCLK1 in tumor immune regula-
tion, we chose DCLK1-expressing mouse colon cancer cells
MC38 (C57BL/6J) and CT26 (BALB/c) and used Clustered
regularly interspaced short palindromic repeats (CRISPR)
technology to establish DCLK1-deficient lines. We implanted
1 � 106 DCLK1wild-type (WT) or DCLK1-/- cells subcutaneously
(SC) into the flank of immune-deficient mice or immune-
competent mice to investigate the functional interactions
between tumor DCLK1 and the immune system. The result
showed that in immune-deficient BALB/c nude mice, tumor
growth of MC38 DCLK1WT and DCLK1-/- showed no obvious
differences, suggesting that DCLK1 has minimal impact on
the growth rate of MC38 and CT26 cells in the absence of
immune surveillance. On the contrary, in immune-
competent mice, MC38 DCLK1-/- tumors showed nominal
growth early on followed by gradual clearance, achieving
complete regression at the end point, while the MC38
DCLK1WT tumor growth remained normal and unaltered
(Figures 1A and B and 2A). The result was repeated in
DCLK1-/- CT26 in WT BALB/c mice (Figures 1C and D and
2C). On day 21, we excised and weighed the tumors from
DCLK1WT and DCLK1-/- groups, and found a significant dif-
ference between the 2 groups (Figure 2B and D). These
results indicate that DCLK1 is necessary for tumor growth in
the presence of a functioning immune system and plays an
important role in tumor immune escape.

To simulate in situ tumor growth, we injected DCLK1WT

and DCLK1-/- cells into the intestine of C57BL/6J or BALB/c
mice. In immunocompetent C57BL/6J mice, the tumor for-
mation ratio was significantly higher in the MC38 DCLK1WT

group compared with the DCLK1-/- group, although tumor
growth was still small in 2 of the mice in the DCLK1WT

group (numbered 4 and 5). Overall, tumors formed in 5 of 9
mice in the DCLK1WT group, but only 1 of 9 mice in the
DCLK1-/- group (Figure 1E). In situ tumor injection in the
immunocompetent BALB/c mice showed similar results.
That is, we found 5 of 8 mice developed multiple tumors in
the CT26 DCLK1WT group, whereas only 1 of 8 mice
developed a single tumor in the DCLK1-/- group (Figure 1F),
indicating that the DCLK1 molecule is crucial for in situ
colon tumor formation.

Adaptive immunity is characterized by recall re-
sponses.34 We reasoned that if the enhanced rejection of
DCLK1-/- cells is indeed a consequence of host adaptive
immune activation, their inoculation may be associated with
immune memory. To confirm this hypothesis, we implanted
C57BL/6J mice and BALB/c mice with syngeneic MC38
DCLK1-/- or CT26 DCLK1-/- cells SC, respectively. On day
21, the DCLK1-/- tumor cells were completely cleared. We
rechallenged the mice with DCLK1WT or DCLK1-/- tumor
cells on day 28. The result showed that both DCLK1WT and
DCLK1-/- cells failed to establish tumors (Figure 1G and H).
These results indicate that the lack of DCLK1 promotes a
host adaptive immune response with a typical recall
response, providing evidence for an immunosuppressive
function for DCLK1 in the context of tumorigenesis.
DCLK1 Ablation Promotes CRC Regression by
Modulating MDSC Recruitment and T-Cell
Activation

To further dissect the role of DCLK1 in host immunity,
we decided to characterize the role of adaptive immune cells
in DCLK1-/- tumor regression. On day 7 after inoculation, we
performed flow cytometry analysis of lymphocytes in tumor
tissues. Results showed no obvious difference between total
CD45þ and CD4þ T cells (Figure 3A and B). In contrast, we
found that the infiltration of CD4þCD62L-CD44þ effector T
cells increased in MC38 DCLK1-/- tumors (Figure 3C and F),
while the infiltration of CD8þ T cells increased significantly
both in MC38 and CT26 DCLK1-/- tumors (Figure 3D).
Infiltration of CD8þCD62L-CD44þ T cells also increased
significantly in MC38 DCLK1-/- tumors (Figure 3E and F).
Moreover, the proliferation of CD8þ T cells in the MC38
DCLK1WT tumor was comparatively less robust, as indicated
by reduced Ki-67 positivity. No significant difference in the
Ki-67 index of CD4þ T cells was detected between DCLK1WT

and DCLK1-/- tumors (Figure 3G). In addition, staining of
CD8þ T cells in frozen sections from DCLK1WT and DCLK1-/-

tumor tissues also showed noticeably increased infiltration
in the DCLK1-/- group (Figure 3H).

To further probe if there were any qualitative differ-
ences between CD4þ T cells and CD8þ T cells associated



Figure 1. DCLK1 promotes tumor
progression through immune
escape. (A) Tumor growth of
MC38-DCLK1WT and MC38-
DCLK1-/- CRC cells implanted in
immune-deficient nude mice and
immune-competent C57BL/6J
mice. (B) Photograph of subcu-
taneous tumor formation in the
BALB/c nude and C57BL/6J
mouse model. (C) Tumor growth of
CT26-DCLK1WT and CT26-
DCLK1-/- CRC cells implanted in
immune-deficient nude mice and
immune-competent BALB/c mice.
(D) Photograph of subcutaneous
tumor formation in the BALB/c
nude and BALB/c mouse model.
(E) CRC MC38-DCLK1WT (top) and
MC38-DCLK1-/- (bottom) cells in
situ transplantation into the intes-
tine of C57BL/6 mice. Represen-
tative photographs of intestinal
tumorigenesis (left panel) and
anatomic photographs (right panel)
as indicated (The arrowheads in-
dicates the site of intestinal tumor
formation). (F) CRC CT26-
DCLK1WT (top) and CT26-
DCLK1-/- (bottom) cells in situ
transplantation into the intestine of
BALB/c mice. Representative pho-
tographs of intestinal tumorigen-
esis (left panel) and anatomic
photos (right panel) as indicated
(The arrowheads indicates the site
of intestinal tumor formation). (G)
Tumor rechallenge of CRC MC38-
DCLK1WT (top) and MC38-
DCLK1-/- (middle) cells after pre-
challenge of MC38-DCLK1-/- cells
in C57BL/6J mice. Subcutaneous
growth of CRC MC38-DCLK1WT

and MC38-DCLK1-/- tumors injec-
ted on day 28 without prechallenge
(bottom) set as control. (H) Tumor
rechallenge of CRC CT26-
DCLK1WT (top) and CT26-
DCLK1-/- (middle) cells after pre-
challenge of CT26-DCLK1-/- cells
in BALB/c mice. Subcutaneous
growth of CRC CT26-DCLK1WT

and CT26-DCLK1-/- tumors were
injected on day 28 without pre-
challenge (bottom) as in panel G.
Data are presented as means ±
SD; n ¼ 6–9 tumors for each group.
**P < .01, ***P < .001, and ****P <
.0001, 2-tailed Student t test.
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with tumor DCLK1, we analyzed the expression of co-
inhibitory surface markers programmed death 1 and
cytotoxic T lymphocyte A-4 on T cells. We failed to find
any indication of altered T-cell exhaustion marker
expression (Figure 4A and B). In addition, we found no
difference in Natural killer (NK) or Natural killer T (NKT)
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cells (Figure 4C and D). Together, these data suggest that
differences in infiltrating T cells between DCLK1WT and
DCLK1-/- tumor implantations may explain the variable
outcomes in DCLK1WT and DCLK1-/- tumor regression.

To validate the role of CD4þ and CD8þ T cells in
DCLK1-/- CRC tumor regression, we depleted CD4þ or
CD8þ T-cell populations by neutralization antibody in
mice bearing DCLK1-/- MC38 tumor (Figure 5A and B),
and found that removal of either type of T cells led to
robust tumor growth exceeding the WT DCLK1 tumor in
the control group (Figure 5C). Based on this, we tenta-
tively concluded that the DCLK1WT tumors escape im-
mune surveillance via limiting the infiltration of CD4þ and
CD8þ T cells. Subsequently, we assessed the activation
status of CD8þ T cells. We found that the interferon-g
and granzyme B–positive T cell percentage of the total
CD8þ T cells doubled in MC38 and CT26 DCLK1-/- tu-
mors, suggesting that DCLK1 knockout boosted the acti-
vation intensity of individual CD8þ T cells (Figure 6A and
B). Together, these findings provide direct functional
proof that CD4þ and CD8þ T cells are responsible for the
regression of DCLK1-/- tumors.

Mounting evidence has suggested that the accumula-
tion of MDSCs in the tumor microenvironment can inhibit
the infiltration and function of T cells and promote the
immune escape of tumors.21,35–37 Next, we analyzed
immunosuppressive cell infiltration in DCLK1WT and
DCLK1-/- tumors. As shown by the flow cytometry results,
there was a significant decrease in G-MDSC infiltration in
the DCLK1-/- group (Figure 6C and D). Subsequently, to
clarify whether DCLK1 regulates the MDSC function be-
sides recruitment, we detected the expression of arginase-
1 and nitric oxide synthase 2, which suppress T-cell
function.36,37 As shown by the results, these 2 immuno-
suppressive molecules show similar intensity between
DCLK1WT and DCLK1-/- groups (Figure 6E). Furthermore,
to determine whether MDSCs from these 2 groups impede
T-cell proliferation, we isolated the mouse spleen CD8þ T
cells, labeled with carboxyfluorescein succinimidyl ester
(CFSE) and stimulated with anti-CD3 and anti-CD28
antibody in the presence of equal numbers of MDSCs
sorted from mouse subcutaneous MC38 DCLK1WT and
DCLK1-/- tumors. MDSCs from DCLK1WT and DCLK1-/-

groups showed similar inhibition of T-cell proliferation
in vitro (Figure 6F). However, because MDSC infiltration
in the DCLK1-/- CT26 tumor is severely defective, we did
not acquire enough MDSCs from CT26 tumors. These re-
sults indicate that MDSCs from DCLK1WT tumors do not
possess more potent T-cell inhibition than DCLK1-/- tu-
mors. In brief, these results implicate positive regulation
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Figure 4. DCLK1 deletion boosts antitumor immunity independent of T-cell exhaustion and NK cell infiltration. Flow
cytometry quantification of inhibitory marker, including programmed death 1 (PD-1) and cytotoxic T lymphocyte (CTL)A-4, by
the percentage of CD8þ and CD4þ tumor-infiltrating T cells in (A) CRC MC38-DCLK1WT, MC38-DCLK1-/- group intratumor
tissues, and (B) CRC CT26-DCLK1WT, CT26-DCLK1-/- group intratumor tissues. Flow cytometry quantification of Natural Killer
(NK) cells and (Natural Killer T ) NKT cells infiltrating (C) MC38-DCLK1WT, MC38-DCLK1-/- group intratumor tissues and (D)
CT26-DCLK1WT, CT26-DCLK1-/- group intratumor tissues. Data are presented as means ± SD; n ¼ 5–7 tumors for each group,
2-tailed Student t test.

2023 DCLK1 suppresses T cells through MDSCs recruitment 469
of G-MDSC recruitment in DCLK1-expressing tumors, but
no alteration on the T-cell inhibitory capacity of MDSCs.
MDSC-Recruiting Chemokines, CXCL1 and
CXCL2, Are Highly Expressed in DCLK1WT CRC
Tumor Cells

To explore the mechanism of increased intratumoral
MDSCs in DCLK1-expressing tumors, we performed the RNA
sequencing (RNA-seq) analysis of MC38 DCLK1WT and
DCLK1-/- cells. Kyoto Encyclopedia of Genes and Genomes
(KEGG) and Gene Ontology (GO) enrichment analysis identi-
fied remarkable differences in the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK)
pathway between DCLK1WT and DCLK1-/- tumors (Figure 7A
and B). Correlation analysis of the RNA-seq results showed
that genes in the ERK pathway are correlated with DCLK1
(Figure 7C). Next, we confirmed that DCLK1 expression is
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correlated positively to ERK pathway activation in human CRC
through analysis of the colorectal adenocarcinoma (COAD)
The Cancer Genome Atlas (TCGA) cohort (Figure 7D).
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decreased in the DCLK1-/- group (Figure 7E). Furthermore,
search tool for recurring instances of neighboring genes
(STRING) based protein–protein interaction analysis sug-
gested a relationship between DCLK1 and CXCL1 and CXCL2
through the ERK pathway (Figure 7F).

To verify the results of the transcriptome analysis, we
examined the expression of CXCR2 ligands by Real-time
polymerase chain reaction (RT-PCR). CXCL1 and CXCL2
expression were markedly higher in MC38 or CT26
DCLK1WT cells compared with DCLK1-/- cells (Figure 7G and
I). To further confirm these results in human CRC lines, we
selected SW480 with high expression of DCLK1, and
HCT116 with low expression of DCLK1. After knocking out
or overexpressing DCLK1 in these 2 CRC lines, respectively,
we tested the expression of CXCL1 and CXCL2 and found
decreased expression of both in SW480 DCLK1-/- CRC lines
(Figure 7K). Conversely, when we forced the expression of
DCLK1 in HCT116 cells, the expression of CXCL1 and CXCL2
increased (Figure 7M). We further confirmed the CXCL1 and
CXCL2 expression in cell culture supernatant using enzyme-
linked immunosorbent assay (ELISA). Protein levels of
CXCL1 and CXCL2 in DCLK1-/- medium were lower than
those in DCLK1WT medium, whereas DCLK1 overexpression
led to higher levels (Figure 7H, J, L, and N). These data
together show that the expression of chemokines CXCL1 and
CXCL2, which are known to recruit MDSCs, are regulated by
DCLK1. To prove that DCLK1 regulates MDSC recruitment
by promoting the expression of CXCL1 and CXCL2, we
extracted MC38 and CT26 tumor tissues inoculated SC in
mice, isolated MDSCs, and cultured them in a Transwell
upper chamber. The conditioned medium of DCLK1WT and
DCLK1-/- tumor cells were added to the lower chamber and
the migratory ability of MDSCs was detected. MDSC migra-
tion in the DCLK1WT conditioned medium was increased
significantly compared with the DCLK1-/- group (Figure 7O).
These data show that DCLK1 promotes the expression of
chemokines CXCL1 and CXCL2, which are known to recruit
MDSCs in the tumor microenvironment.
DCLK1 Induces CXCL1/CXCL2 Expression via
the ERK Pathway

The earlier-described results indicate that the expression
of CXCL1 and CXCL2 is regulated by the expression of
Figure 6. (See previous page). DCLK1-expressing tumors sho
T-cell proliferation. (A) Flow cytometry quantification of CD8þ

DCLK1WT and DCLK1-/- subcutaneous tumors from immunoco
groups; bottom panel: CT26-DCLK1WT, CT26-DCLK1-/- groups)
staining of CD8þ T cells applied for identification of the CD8þ
quantification of the MDSC subpopulation in MC38-DCLK1WT a
CT26-DCLK1WT and CT26-DCLK1-/- group intratumor tissues
identification of the MDSC subpopulation. Ly6Gþ subpopulati
MDSC). (E) Representative flow cytometry quantification of argin
percentage of MDSCs in MC38-DCLK1WT and MC38-DCLK1-/-

and CT26-DCLK1-/- group intratumor tissues (lower panel). (F) F
CD8þT cells, activated by anti-CD3/28 (4 mg/mL), were co-c
DCLK1WT and DCLK1-/- tumors. The proliferation of CD8þ T cel
SD; n ¼ 5–7 tumors for each group. *P < .05, **P < .01, and ****
One; FSC-H, Forword Scatter-Height; IFN, interferon; SSC-A, _
DCLK1. Because we found remarkable differences in ERK
pathway enrichment in the DCLK1WT group compared with
the DCLK1-/- cell lines, we sought to assess this finding at
the protein level. Western blot showed significantly
decreased ERK phosphorylation in DCLK1-/- tumor cells
(Figure 8A). To further investigate whether DCLK1 regulates
CXCL1 and CXCL2 through the ERK pathway, we used ERK-
specific inhibitor SCH77298439 to treat MC38, CT26,
SW480, and DCLK1-overexpressing HCT116 cells, and
detected the expression changes of CXCL1 and CXCL2 by
RT-PCR. The expression of CXCL1 and CXCL2 noticeably
decreased after inhibition of the ERK pathway by
SCH772984 (Figure 8B). According to the Eukaryotic Pro-
moter Database (EPD) (https://epd.epfl.ch//index.php)
generated from validated experimental results, we found
that MYC proto-oncogene (c-Myc), a key downstream tran-
scription factor of the ERK pathway,40,41 has specific bind-
ing sites on the promoter of CXCL1 and CXCL2. Next, we
detected the expression of c-Myc in the nucleus. The results
showed that there was a positive correlation between the
expression of c-Myc and DCLK1 in the nucleus (Figure 8C).

To further explore the function of CXCL1 and CXCL2 in
DCLK1þ tumors, we rescued the expression of CXCL1 and
CXCL2 in the DCLK1-/- MC38 cell line and transplanted
the DCLK1WT, DCLK1-/-, DCLK1-/--CXCL1OE, and DCLK1-/--
CXCL2OE cell lines into the flanks of C57BL/6J mice.
CXCL1 rescue led to a tumor growth rate for DCLK1-/-

CRC cells similar to WT cells. However, tumor growth was
not restored by CXCL2 overexpression (Figure 8D).
Notably, the rescue of CXCL1 also reduced the infiltration
of CD8þ T cells and enhanced the infiltration of MDSCs
(Figure 8E). To validate this, we established an in situ
mouse model of intestinal tumor and found that MC38
DCLK1WT cells had the highest rate of tumorigenesis,
including 2 of 6 mice showing a heavy tumor burden
(tumor size, >5 mm), 2 mice with moderate burden
(tumor size, 2–4 mm), and 1 mouse with mild tumor
burden (tumor size, 1–2 mm). In contrast, only 2 mice in
the DCLK1-/- group had visible tumors, and the tumor
burden was relatively low (tumor size, 1–2 mm). As ex-
pected, CXCL1 (but not CXCL2) overexpression in
DCLK1-/- tumors led to exceeding in situ tumor growth
and 5 of 6 mice developed multiple tumors, the tumors of
mice 1–3 were more than 5 mm in diameter, and mice 4
w a higher proportion of MDSC infiltration, which inhibits
IFN-gþ cell and CD8þGranzymeBþ cell percentage in CRC
mpetent mice (top panel: MC38-DCLK1WT, MC38-DCLK1-/-

. (B) Flow cytometry gating strategy for IFN-g and GranzymeB
T-cell activation status. (C) Representative flow cytometry

nd MC38-DCLK1-/- group intratumor tissues (left panel), and
(right panel). (D) Flow cytometry gating strategy applied for
on, (G-MDCS); Ly6Cþ subpopulation, monocytic MDSC (M-
ase 1 (ARG-1) (left) and nitric oxide synthase 2 (NOS2) (right)
group intratumor tissues (upper panel), and CT26-DCLK1WT

low cytometry results of the CFSE-labeled T-cell proliferation.
ultured with MDSCs sorted from the subcutaneous MC38
ls is indicated by percentage. Data are presented as means ±
P < .0001, 2-tailed Student t test. FMO, _Fluorescence Minus
Side Scatter-Area.
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and 5 were approximately 3 mm in diameter, which was
consistent with the subcutaneous tumor transplantation
assays. In agreement with the subcutaneous tumorigenesis
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CXCR2 has been implicated in the progression of a wide
range of tumor types.42,43 Recent research reported that
antagonists targeting CXCR2 showed efficacy in inflamma-
tory response and against colorectal tumors.44 To examine
whether modulation of CXCR2 alters MDSC recruitment to
the tumor microenvironment, we administered the CXCR2
antagonist (SB265610) to DCLK1WT MC38 tumor-bearing
mice. It showed that administration of CXCR2 antagonist
efficiently inhibited tumorigenesis of DCLK1WT cells
(Figure 8G), along with promoted infiltration of CD8þ T
cells; the infiltration of MDSCs, however, was suppressed
accordingly (Figure 8H). We investigated the antitumor ef-
fect of SB265610 with the in situ model of DCLK1 cells. We
found that intestinal tumorigenesis in DCLK1WT cell trans-
planted mice remained severe, 3 mice showed 3- to 4-mm
diameter tumor formation, and the other 3 mice showed
2- to 3-mm tumors, including 2 mice with multiple tumor
formation. Tumor burden was milder in mice treated with
SB265610, only 4 of the 6 mice had tumor formation with a
diameter of 1–3 mm, and all developed individually.
Because of the tumor-suppressive effect of DCLK1-knockout
in situ, accurately assessing the inhibitory effect of
SB265610 is not possible. However, in the DCLK1-knockout
cell inoculated group, only 1 of 6 mice treated with
SB265610 developed a tumor with a diameter of 1 mm,
while 2 of 6 mice treated with vehicle developed tumors
that were 2 mm in diameter (Figure 8I). Collectively, these
findings suggest that CXCL1–CXCR2 interaction downstream
of DCLK1 plays a critical role in the tumorigenesis and
progression of DCLK1þ CRC.
Clinical Expression of DCLK1 and CXCL1 in CRC
Patients and the Relevance of DCLK1 and MDSC
Signature

Our findings indicate that DCLK1 can affect the tumor
immune microenvironment by recruiting MDSCs and pro-
moting tumor immune escape. To verify this in clinical sam-
ples, we analyzed the TCGA COAD cohort with an established
MDSC gene signature,45 and identified a strong positive
Figure 7. (See previous page). The recruitment factors for MD
high colon carcinoma. (A) KEGG analysis shows that genes a
pathway. (B) GO enrichment analysis suggests that down-reg
Erk2 cascade. (A and B) Red bars indicate up-regulated genes,
around the bars are the number of genes in corresponding categ
in the MAPK–ERK pathway. The X-axis shows Pearson correlati
correlations. (D) Co-expression relationships between DCLK1 an
(E) Expression differences among genes in the MAPK–ERK pa
lationships identified in this study suggest potential crosstalk
CXCL2. Nodes represent proteins, and edges represent protei
dence. Relative messenger RNA expression levels of CXCL1
CT26-DCLK1WT, CT26-DCLK1-/- tumor cells and (K) human C
HCT116-DCLK1WT, HCT116 DCLK1OE by RT-PCR analysis. E
MC38-DCLK1WT, MC38-DCLK1-/-, CT26-DCLK1WT, and CT2
DCLK1WT, SW480-DCLK1-/-, HCT116-DCLK1WT, and HCT116
recruitment in vitro. MC38 or CT26 cells were inoculated subcu
day, the tumor tissues were stripped and tumor-infiltrating MD
Transwell upper chamber. DCLK1WT and DCLK1-/- cell-condi
Transwell, and the migration of MDSCs was observed 48 hours
***P < .001, and ****P < .0001, 2-tailed Student t test. Akt, protein
Factor Receptor; NOD, Non Obese Diabetes ; PI3K, Phosphoino
correlation with DCLK1 expression (Figure 9A). Notably, CD33,
a classic marker of human MDSCs, showed a significant cor-
relation with DCLK1 (Figure 9B). Using polychromatic fluo-
rescent staining, we evaluated the expression of DCLK1,
CXCL1, and CD33 in primary CRC and paracancerous tissues.
The results showed that high expression of DCLK1 was
accompanied by high expression of CD33 and an increased
level of CXCL1 in colon cancer tissues compared with the
DCLK1-low tumor tissues and adjacent tissues (Figure 9C).

We further clarified the prognostic value of DCLK1 in
CRC patients of the TCGA COAD project and found that high
DCLK1 expression significantly correlated to poor prognosis
for stage I/II CRC patients. We speculate that the main
reason for this may be DCLK1-mediated immunosuppres-
sion and the resulting effect on tumor recurrence and
metastasis (Figure 9D). In addition, stage I patients with
high expression of DCLK1 have a worse prognosis for
overall survival than those with lower expression, and the
hazard ratio was 8.081, suggesting that DCLK1 is a predictor
for the overall survival of patients with stage I CRC, but high
DCLK1 expression is not a good predictor of overall patient
survival for the rest of the stages (Figure 9E). This finding
suggests that the detection of DCLK1 expression can predict
the survival of patients with early CRC, which may be of
significance for clinical diagnosis and treatment.
Discussion
DCLK1 is well known as a molecule that is highly

expressed in CRC,13,15,46 pancreatic cancer,47,48 renal can-
cer, and other tumors.49,50 In various models and human
samples, it regulates the development, progression, metas-
tasis, and epithelial–mesenchymal transition of tumors.
Studies have shown that inhibition of DCLK1 expression can
slow down tumor progression and metastasis.14,49,51 We
observed similar results consistent with previous studies,
such as DCLK1 knockout impeded the tumor cell migration
in MC38 and CT26 tumor cell lines (Figure 10A and B).
However, some of our findings differed from previous
studies. For example, we found no change in cell
SCs (CXCL1 and CXCL2) are highly expressed in DCLK1-
ffected by DCLK1 knockout are enriched in the MAPK–ERK
ulated genes are enriched in processes related to Erk1 and
while blue bars indicate down-regulated genes. The numbers
ories. (C) Expression correlations between DCLK1 and genes
on coefficients, and the Y-axis shows –log10 (P values) for the
d the MAPK–ERK pathway in TCGA-COAD project (n ¼ 480).
thway. Levels are normalized by row. (F) Co-expression re-
between DCLK1 and the MAPK–ERK pathway via CXCL1/
n–protein associations, whose colors represent levels of evi-
and CXCL2 in (G) MC38-DCLK1WT, MC38-DCLK1-/-, and (I)
RC cell lines SW480-DCLK1WT, SW480-DCLK1-/-, and (M)

LISA results of cell supernatants of (H and J) CRC cell lines
6-DCLK1-/-, and (L and N) human CRC cell line SW480-
DCLK1OE. (O) High expression of DCLK1 promotes MDSC

taneously into WT C57BL/6J or BALB/c mice. On the seventh
SCs were isolated. MDSCs (2 � 105) were placed into the
tioned medium were added into the lower chamber of the
later. Data are presented as means ± SD. *P < .05, **P < .01,
kinase B; ECM, Extracellular matrix; EGFR, Epidermal Growth
sitide-3-kinase.
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proliferation between DCLK1WT and DCLK1-/- groups of
mouse CRC cell lines (Figure 10C–F). Accordingly, there was
no significant difference in in vivo tumor growth in immune-
deficient mice between the 2 groups (Figure 1A and C),
which differed from previous results in human CRC cell
lines.17 We also explored cell-cycle changes in DCLK1WT and
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DCLK1-/- cell lines and found no alteration (Figure 10G and
H). This observation is critical for our collective research on
this molecule because the former would attribute the role of
DCLK1 in cell-intrinsic regulation while our finding put this
molecule front and center in host immune regulation.

In this study, we discovered that DCLK1 can lead to
immunosuppression in CRC and promote tumor progres-
sion. By constructing in situ and subcutaneous tumor
models of mouse intestinal cancer, comparing tumor for-
mation in immunocompetent and immunodeficient mice,
and combining differential analysis of tumor-infiltrating
immune cells, we confirm the regulatory role of DCLK1 on
inhibitory tumor microenvironment in vivo. We note that
current studies on DCLK1-mediated tumor immune escape
are based mainly on transcriptional or bioinformatic anal-
ysis and cell-level verification,52,53 but few studies have
validated the immune modulation role of DCLK1 in vivo.

Immune escape plays an important role in tumor
occurrence and development. A suspected role for DCLK1 in
this process has been inferred from numerous reports.52,54

However, mechanistic insights remain elusive. In support
of the immune-centric role of DCLK1, our team recently
found that DCLK1 could promote the expression of pro-
grammed cell death-ligand 1 on pancreatic tumor cells via
up-regulating the Yes associated protein1 (YAP1) molecule.
YAP1 is a potent regulator of the Hippo pathway that is an
integral part of host immunity.55 Recent studies also have
shown that DCLK1 is correlated with a variety of immune
cells, including CD8þ T cells and CD4þ T cells in the CRC
immune microenvironment.52 In our study, in addition to
the close relationship between DCLK1, CD4þ T cells, and
CD8þ T cells, we also found that DCLK1 plays a crucial role
in the recruitment of immunosuppressive MDSCs, a key
group of cells that have not been experimentally linked to
DCLK1. MDSCs, a heterogeneous population of immature
myeloid immune cells, have been reported to be indis-
pensable for tumor angiogenesis, invasion, and metas-
tasis.23,36,56 The CXCL–CXCR2 axis is required in the
recruitment and trafficking of MDSCs. CXCL1, CXCL2, CXCL3,
Figure 8. (See previous page). DCLK1 regulates MDSC re
Immunoblot results of ERK protein phosphorylation in DCLK1-kn
cells, and DCLK1-overexpressing HCT116 cells compared with
DCLK1WT, DCLK1-/- cells and DCLK1WT, DCLK1OE treated with
Western blot results for nuclear protein extracts that have valid
Tumor growth in mice injected SC with DCLK1WT, DCLK1-/- ce
growth kinetics were measured every 4–5 days. (E) Flow cytom
for subcutaneous MC38-DCLK1WT, MC38-DCLK1-/-, and CXCL
implantation. (F) Four cell lines, MC38 DCLK1WT, MC38 DCLK1
were inoculated with 1.5 � 106 cells per mouse in situ in the intes
the mice were killed on the 21st day after tumor inoculation (Th
(G) Subcutaneous tumor growth in mice injected with MC38
(CXCR2 inhibitor, 2 mg/kg body weight) or PBS control starting
CD8þT cells and the MDSC percentage for subcutaneous tumor
Mice were inoculated with MC38 DCLK1-WT and DCLK1-kno
receptor inhibitor SB265610 intraperitoneally for 14 days after
testinal dissection was performed to compare tumor formation
rowheads indicates the site of intestinal tumor formation). Data a
*P < .05, **P < .01, ***P < .001, and ****P < .0001, 2-tailed Stude
regulated kinase inhibitor; mRNA, messenger RNA; p-ERK, pho
and CXCL5 are all important ligands of CXCR2 and
contribute to the infiltration of MDSCs into the colonic
mucosa and tumors.27,57 In the TME, the accumulation of
MDSC cells is one of the most important mechanisms of
tumor immune escape, and targeting MDSCs is a promising
therapeutic avenue.24,58 As for the mechanism of MDSC
recruitment by DCLK1, our study found that activation of
the MAPK/ERK pathway facilitates CXCL1 expression, and
the c-Myc transcription factor downstream of ERK was
found to have binding sites with the CXCL1 promoter, but
whether additional pathways involved in the DCLK1-
mediated regulation of CXCL1/2 remains to be deter-
mined. Therefore, the present findings are a vital supple-
ment to the current studies, without which the reality of this
phenomenon in vivo would remain unknown.

Immune checkpoint blockade (ICB) therapy is a major
breakthrough in cancer treatment. However, at present, ICB
is only highly applicable to non–small cell lung cancer,
melanoma, and renal cancers. For patients with CRC, ICB
shows promise only in the small subset of patients with
damaged mismatch repair or microsatellite instability-high
tumors.59 In this study, we explored the role of DCLK1
with both microsatellite instability MC38 and MSS CT26
tumor cell lines and reached the same conclusion. Therefore,
our study can be viewed as a mismatch repair–independent
approach. In addition, many reports have indicated that
CRC patients remain resistant to ICB. The possible mecha-
nisms include the decrease in T-cell infiltration, the absence
of tumor-specific antigens, and the increase in immunosup-
pressive cell infiltration.60,61 Recently, attention is being paid
to MDSCs, which may be partly responsible for the failure of
ICB treatment.62,63 The combination of MDSC-targeted drugs
and ICB also has been performed in a number of clinical
trials, such as NCT04599140. In this Clinical Trial, the efficacy
of nivolumab in combination with the CXCR1/2-receptor
antagonist SX-682 was evaluated in patients with MSS co-
lon cancer, but the results have not yet been shown.

Collectively, we found that DCLK1 promotes the immu-
nosuppressive TME through recruitment of MDSCs, and
cruitment factor CXCL1 through the ERK pathway. (A)
ockout MC38, CT26, and SW480 cells compared with control
control cells. (B) RT-PCR results for CXCL1 and CXCL2 in

or without SCH772984 (ERK inhibitor) (1 mmol/L, 48 hours). (C)
ated binding to the CXCL1 and CXCL2 promoter region. (D)
lls, and CXCL1 or CXCL2 rescued DCLK1-/- cells, the tumor-
etry quantification of CD8þ T cells and the MDSC percentage
1 rescued MC38-DCLK1-/- tumors on the seventh day after
-/-, MC38 DCLK1-/--CXCL1OE, and MC38 DCLK1-/--CXCL2OE

tine, and the tumor growth of each group was compared after
e arrowheads indicates the site of intestinal tumor formation).
-DCLK1WT and DCLK1-/- cells treated daily with SB265610
from tumor inoculation. (H) Flow cytometry quantification of
s receiving treatment on the seventh day after implantation. (I)
ckout (KO) colon cancer cell lines in situ and given CXCR2-
7 days of inoculation. After day 21, mice were killed and in-
between the inhibitor-dosed and nondosed groups (The ar-
re presented as means ± SD; n ¼ 5–7 tumors for each group.
nt t test. DMSO, dimethyl sulfoxide; ERKi, Extracellular signal-
sphorylase-Extracellular signal-regulated kinase inhibitor.
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Figure 9. The expression of DCLK1 is associated with CXCL1 expression, MDSC infiltration, and poor prognosis in
colon cancer patients. (A) Expression correlations between DCLK1 and known genes that actively are involved in MDSC
regulation. The transcriptome profiling samples from patients with colon cancer (TCGA-COAD project) were used. (B) The corre-
lation scatterplot shows a significant correlation between the expression of DCLK1 and CD33. The same batch of profiling samples
as in panel A was used. Expression levels were log(ln)-transformed. (C) Fluorescence staining of CRC tissues shows that the
expression and release of CD33 and CXCL1 in tumor tissues with high expression of DCLK1 are significantly higher than those in
adjacent and low DCLK1 expression tissues. (D) Expression levels of DCLK1 have a notable impact on disease progression-free
survival in patients with stage I/II (according to tumor node metastasis -TNM classification of tumor). (E) Expression levels of DCLK1
have a notable impact on overall survival of stage I patients.
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Figure 10. DCLK1 deletion reduces the migration ability of tumor cells, but not proliferation, in vitro. (A and B) The cell
migration ability of DCLK1WT and DCLK1-/- cells was analyzed by Transwell assays. Significantly reduced cell migration was
detected after down-regulation of DCLK1 in both MC38 and CT26 cells. (C–F) The deletion of DCLK1 did not affect tumor
proliferation of MC38 and CT26 cell lines in vitro. (C and E) Representative images of the colony-formation assay are shown. (D
and F) The Cell Counting Kit-8 (CCK-8) experiments show the growth curve of the MC38 and CT26 cell lines. (G and H) The cell
cycle of MC38-DCLK1WT, MC38-DCLK1-/- and CT26-DCLK1WT, CT26-DCLK1-/- were analyzed by flow cytometry. Right:
Representative images of cell-cycle assays. left: The percentage of each phase is shown. Data are presented as means ± SD,
**P < .01, ***P < .001, and ****P < .0001, 2-tailed Student t test.
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targeting DCLK1 may be a promising target for immuno-
therapy in CRC. Our work sheds light on how DCLK1 con-
tributes to CRC immune evasion by allowing tumor cells to
escape from immunosurveillance. Furthermore, our results
provide a rationale to develop CXCR2 antagonists and
DCLK1 inhibitors as therapeutic approaches to subverting
tumor-induced immunosuppression. For early colon cancer
patients with high DCLK1 expression, we may be able to
combine DCLK1 inhibitors (such as LRRK2-IN-1, XMD8-92,
and DCLK1-IN-1) or CXCR2 inhibitors (navarixin) with
existing antineoplastic treatment to overcome immune
tolerance and prolong progression-free survival. In addition,
DCLK1 may serve as a biomarker to predict the survival of
patients and provide guidance for clinical treatment.
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Materials and Methods
Cell Lines

The MC38, CT26, SW480, and HCT116 CRC cell lines and
293FT cells were obtained from American Type Culture
Collection (Manassas, VA). MC38 and CT26 cells were
cultured with RPMI1640 (Gibco, Shanghai, China), SW480
cells were cultured in L-15 medium, HCT116 cells were
cultured in McCoy’s 5A medium, and 293FT cells were
cultured in high-glucose Dulbecco’s modified Eagle medium
(Gibco, Shanghai, China). All medium was supplemented
with fetal bovine serum (FBS) (10%; Albany, Australia),
penicillin (100 U/mL), and streptomycin (100 mg/mL). The
incubator maintained an atmosphere of 5% CO2 at 37ºC for
the MC38, CT26, HCT116, and 293FT cell lines. For the
SW480 cell line, CO2-free culture conditions were used as
recommended by American Type Culture Collection.
Gene Deletion of DCLK1 by the CRISPR/Cas9
System

DCLK1-deficient cells were constructed through
CRISPR/Cas9 technology. According to the principle of the
CRISPR/Cas9 system, we designed the single-guide RNA to
target the DCLK1 gene. The sequences used for mouse
DCLK1 are as follows: 5’-GCATTTTGATGAGCGGGACA-3’ and
5’-AGCAGGGGGTCCCGTGTGAA-3’, and for human DCLK1 is
5’-CACCGGAGTAGAGAGCTGACTACCA-3’. The single-guide
RNA sequences were ligated with linearized LentiCRISPR
V2 plasmids. Two plasmids, psPAX2 and pMD2.G, were used
for packaging plasmid. We co-transfected the 3 plasmids in
293FT cells for Lentivirus packaging and then collected the
supernatant to harvest lentivirus to infect the MC38, CT26,
and SW480 cells. After the infection, all 3 cell lines were
selected with puromycin.
DCLK1 Overexpression
DCLK1 overexpression was achieved by transient

transfection of the pLVX-IRES-DCLK1-Zsgreen 1 plasmid
into the HCT116 cell line using Neofect (Biotech Co, Ltd,
Beijing, China) according to the manufacturer’s instructions.
The empty vector was used as a negative control.
Subcutaneous Tumor Growth
C57BL/6J, BALB/c, and nude mice were obtained from

Charles River Laboratory (Beijing, China). In all experi-
ments, 6- to 8-week-old mice were used. All mice were kept
in a barrier facility at the animal center of Tsinghua Uni-
versity (Beijing, China). The animal facility in the laboratory
has been licensed by the Association for Assessment and
Accreditation of Laboratory Animal Care International. For
the xenograft tumor model, 1 � 106 tumor cells were
implanted SC into the right flanks of mice with 3 different
genetic backgrounds. Tumor volume was measured every
4–5 days. The following formula was used to calculate the
tumor volumes: V (mm3) ¼ (length � width2)/2. All animal
experiments in this study were approved by the animal
ethics committee.
Establishment of Intestinal Carcinoma In Situ
The tumor cells were adjusted to 3 � 107/mL and mixed

with an equal volume of melted Matrigel (BD Biosciences,
Heidelberg, Germany) at a final concentration of 1.5 � 106

cells per 100 mL. Mice received 5% chloral hydrate intra-
peritoneally for anesthesia. The injection volume corre-
sponded to mouse weight, that is, 200 mL chloral hydrate
per 20-gram mouse. After anesthesia, we maintained the
mice at a 37ºC constant-temperature operating table in an
abdominal-upward position. An opening was made in the
left lower abdomen of the mice to expose the colon, and 100
mL cell suspension coated with Matrigel (1.5 � 106 cells)
was injected into the intestinal wall. After the injection, the
abdominal incision was closed using a wound suture clamp.
The anesthetized mice awakened 2 hours later, and their
vital signs were observed daily. Three weeks later, the mice
were killed and dissected to check the tumor growth.

Tumor Growth After Rechallenge
DCLK1-/- MC38 cells (1 � 106) were implanted SC into

the left flank of C57BL/6J mice and DCLK1-/- CT26 cells
were implanted in BALB/c mice. Tumor volumes were
measured by caliper every 4–5 days. After the DCLK1-/-

tumors regressed, DCLK1WT or DCLK1-/- tumor cells were
implanted into the right abdomen of mice SC, and marked as
the experimental group. We continued to observe the
growth of tumor cells in the 2 groups. In the control group,
the mice were implanted with only DCLK1WT or DCLK1-/-

cells SC at 28 days, without any prior inoculation.

CD4þ, CD8þ T-Cell Depletion
In vivo T-cell depletion was performed through intraperi-

toneal injection. Anti-CD4, anti-CD8 (clone GK1.5 and clone 53-
6.7, respectively), and isotype control antibody were pur-
chased from eBioscience, San Diego, CA. Before the SC injection
of tumor cells, mice were injected with 150 mg antibody 4
times. After the mice were inoculated with tumor cells, the
antibody was injected intraperitoneally at 3-day intervals to
completely deplete the T cells. On day 8 after the initial anti-
body injection, each group, containing 6w8 mice, was inocu-
lated with 1 � 106 MC38 DCLK1WT and DCLK1-/- cells SC.

Flow Cytometry Analysis of Immune Cell
Populations

For flow cytometry analysis, the tumor-bearing mice
were killed by CO2 asphyxiation and the tumor tissues were
removed on the seventh day after tumor inoculation. The
tumor tissues were digested with Dulbecco’s modified Eagle
medium/RPMI 1640 medium containing 2 mg/mL collage-
nase IV for 0.5 hours at 37ºC. Next, the tumor tissues were
dissociated by gentleMACS Tissue Dissociator (Miltenyi
Biotec, Bergisch Gladbach, Germany) and run through a 70-
mm cell strainer to obtain a single-cell suspension. Samples
were centrifuged at 1000 rpm for 5 minutes twice and
resuspended in fluorescence-activated cell sorter buffer. To
stain intracellularly, we permeabilized the cell membrane
with Foxp3/transcription factor staining buffer. All anti-
bodies for flow cytometry population analysis are listed in



Table 1.T-Cell Subsets for Flow Cytometry Analysis to
Define Immune Cell Populations

Population Markers

CD4þ T cells CD45þCD3þCD4þCD8-

CD4þ effector T cells CD45þCD3þCD4þCD8-CD44þCD62L-

CD8þ T cells CD45þCD3þCD4-CD8þ
CD8þ effector T cells CD45þCD3þCD4-CD8þCD44þCD62L-

Markers Fluorophore

Viability Auqa

CD45 APC-eFluor780

CD3 APC

CD4 BV605

CD8 BV421

CD44 FITC

CD62L PE

APC, Allophycocyanin; FITC, fluorescein isothiocyanate; PE,
Phycoerythrin.
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Tables 1–3. Nonviable cells were stained with the LIVE/
DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher
Scientific, Waltham, MA) and gated out. Experiments were
performed using a BD Biosciences FACS Aria III, and results
were analyzed using FlowJo software (Palo Alto, CA).

CD8þ T-Cell Fluorescent Immunohistochemistry
Seven days after the mice were inoculated, tumor-bearing

mice were killed and tumor tissues were taken. All tissues
were embedded in Optimal Cutting Temperature (OCT) cryo-
stat sectioningmedium and stored at -80�C. Before sectioning,
tissue blockswere kept at -20ºC overnight. Frozen blockswere
sectioned onto 5-mm–thick slides and kept in 1% para-
formaldehyde at room temperature for approximately 3 mi-
nutes. After permeabilization with 0.5% Triton-X 100
(Beyotime, Beijing, China) for 30 minutes, antigen retrieval
was performed with glycine. Before staining, all slides were
blocked for 1 hour at room temperature with 0.2% Tween-20
and 5% FBS to avoid nonspecific binding. Staining with pri-
mary antibodieswas performed at 4ºC inmoist dark chambers
overnight. Primary antibodieswere diluted in antibodydiluent
(1� phosphate-buffered saline [PBS]þ 0.2%Tween-20þ 5%
FBS þ 0.05% NaN3). The anti-mouse CD8a (clone 53-6.7)
antibodywas diluted at 1:100, rat IgG2awasusedas a negative
control (eBioscience, SanDiego, CA) and diluted at 1:100. After
staining with primary antibodies, we washed the slides with
PBS for 10 minutes. Slides were incubated with secondary
antibodies for more than 2 hours in a moist dark chamber at a
dilution of 1:1000 (Alexa Fluor 488-AffiniPure goat anti-rabbit
IgG; HþL) (Jackson ImmunoResearch, West Grove, PA). After
removal of secondary antibodies, the slides were mounted
with a mounting medium containing 40,6-diamidino-2-
phenylindole (100 ng/mL). After washing, slides were sealed
with a coverslip and observed with LSCM-FV1200 laser
scanning confocal microscopy (Olympus, Tokyo, Japan). Three
tumor sections were stained in each group.

RNA Sequence Analysis
Gene expression profiling. RNA-seq libraries were
sequenced on a BGISEQ-500 (BGI, Shenzhen, China). The
yielded reads then were aligned to mm10 reference genome
using STAR 2.6.0a,64 with the following parameters as –
outFilterMultimapNmax 20 –alignSJDBoverhangMin 1 –out
FilterMismatchNmax 999 —outFilterMismatchNoverRead
Lmax 0.04 –alignIntronMin 20 –alignIntronMax 1000000 –
outFilterIntronMotifs RemoveNoncanonicalUnannotated –
sjdbScore 1 –sjdbOverhang 49 –quantMode GeneCounts.
Aligned reads were quantified by STAR using GENCODE
M20 as reference. The data and analysis pipeline were
managed by BioQueue.65 To identify differentially expressed
genes, we used edgeR,66 which also provided us depth-
normalized read counts. Another R package, pheatmap,
was used to visualize expression profiles.

Enrichment Analysis
We further performed both GO and KEGG enrichment

analysis on these identified differentially expressed genes
using cluster Profile.67 For GO enrichment, we considered as
significant the ontology terms with q values smaller than
0.05 adjusted by Benjamini and Hochberg (BH). For KEGG
enrichment, we required significant pathways to have P
values less than .05.

Association Analysis
Association analysis between DCLK1 and the MAPK-ERK

pathway was performed with cor.test from R. Functional
protein association networks betweenDCLK1 and proteins in
the MAPK-ERK pathway was predicted by STRING (version
11),68 using an interaction score of 0.400 as a cut-off value. To
validate our conclusion in human beings, we retrieved Frag-
ments Per Kilobase of exon model per Million mapped
fragments (FPKM) values of homogeneous genes from the
TCGA-COAD project (n ¼ 480) and calculated their correla-
tion coefficients.

Survival Analysis
All of the messenger RNA expression data for TCGA data

set analysis were downloaded from UCSC Xena (https://
xenabrowser.net/datapages) (University of California,
Santa Cruz) in FPKM format. Samples with incomplete in-
formation or survival time shorter than 30 days were
excluded and the optimal cut-off point of risk value was
performed using the surv_cutpoint function in R package
survminer to avoid bias.

Mouse MDSCs (CD11bþGr1þ) Isolation and Co-
culture With T Cells

Subcutaneous DCLK1WT and DCLK1-/- tumors were
dissected, digested with collagenase IV (Worthington) at
37ºC, and filtered to a single-cell suspension. The EasySep
Mouse MDSC (CD11bþ Gr1þ) Isolation Kit (Stemcell, Van-
couver, Canada) was used to isolate MDSCs from tumor
tissues. The purity of MDSCs, as indicated by flow cytom-
etry, was greater than 70%. The corresponding spleens of

https://xenabrowser.net/datapages
https://xenabrowser.net/datapages


Table 2.MDSC Subsets for Flow Cytometry Analysis to
Define Immune Cell Populations

Population Markers

Macrophage CD45þCD11bþF4/80þ
G-MDSC CD45þCD11bþF4/80-Gr1þLy6Gþ
M-MDSC CD45þCD11bþF4/80-Gr1þLy6Cþ

Markers Fluorophore

Viability Auqa

CD45 APC-eFluor780

CD11b AF700

F4/80 PE

Gr1 AF594

Ly6G BV421

Ly6C FITC

APC, Allophycocyanin; FITC, fluorescein isothiocyanate; M-
MDSC, monocytic myeloid-derived suppressor cell; PE,
Phycoerythrin.
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DCLK1WT and DCLK1-/- groups were isolated, and the
EasySep Mouse CD8þ T-Cell Isolation Kit (Stemcell, Van-
couver, Canada) was used to extract CD8þ T cells from the
spleen of mice and stained with CFSE (10 mmol/L). The
sorted MDSCs were co-cultured with CFSE-labeled T cells at
a 1:1 ratio, and mouse CD3/CD28 (eBioscience, San Diego,
CA) was added to activate the T cells. After 3 days, the
proliferation of T cells was detected by flow cytometry.
Multiplexed Immunofluorescence
A colon cancer tissue microarray (HCol-Ade060CS1-01)

containing 30 paired tissues of stage I/II intestinal cancer
and matched paracancerous tissues was purchased from
Core Ultra (Shanghai, China). This tissue microarray was
stained with the Opal 4 Multiplex reagents (PerkinElmer,
Waltham MA) containing DCLK1 (ab31704, 1:500) opal 690,
CXCL1 (ab89318, 1:500) opal 570, and CD33 (ab269456,
1:500) opal 590, and then counterstained with 40,6-
diamidino-2-phenylindole. Multiplexed fluorophore-stained
slides were photographed under an Olympus confocal
Table 3.NK and NKT Cells for Flow Cytometry Analysis to
Define Immune Cell Populations

Population Markers

NK CD45þCD3-NK1.1þ
NKT CD45þCD3þNK1.1þ

Markers Fluorophore

Viability Aqua

CD45 APC-eFluor780

CD3 APC

NK1.1 FITC

APC, Allophycocyanin; FITC, fluorescein isothiocyanate;
NKT, Natural killer T.
microscope (Tokyo, Japan). The background was removed
using plain white film and finally analyzed using the inForm
software (Beijing, China).
Western Blot Analysis
DCLK1WT and DCLK1-/- tumor cells (1 � 106) were

seeded in 60-mm dishes and cultured for 24 hours. Protease
and phosphatase inhibitors (Beyotime, Beijing, China) were
dissolved in RIPA buffer. After the cells adhered, the culture
supernatant was removed and the RIPA buffer was added
for cell lysis. Cells were lysed with RIPA buffer on ice for
half an hour. Total protein was extracted and concentrations
were measured by BCA protein assay (Thermo Fisher Sci-
entific,Waltham, MA). The Nuclear Extraction Kit (Beyotime,
Beijing, China) was used for cytoplasmic and nuclear protein
isolation. The protein samples were applied to 8%–12%
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
and transferred onto a polyvinylidene difluoride membrane
(Millipore Corporation, Billerica, MA). After 8% nonfat milk
blockade for 1 hour, the membrane was incubated with
primary antibodies at 4ºC overnight. Primary antibodies
included anti-DCLK1 (1:1000, cat# 62257; Cell Signaling
Technology and cat# 31704; Abcam, Cambridge, UK), anti-
ERK1/2 (1:1000, cat# 4695; Cell Signaling Technology),
anti–phospho-ERK (1:1000, cat# 9101; Cell Signaling
Technology), c-Myc (1:1000, CST#18583; Cell Signaling
Technology), lamin A/C (1:1000, cat# 4777; Cell Signaling
Technology), and anti–glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) (1:1000, cat# 5174; Cell Signaling
Technology). After the polyvinylidene difluoride membrane
was washed 3 times by 1� Tris-buffered saline with Tween-
20, the secondary antibodies were incubated for 1 hour at
room temperature. The membrane was developed with the
imaging system (Bio-Rad, Irvine, CA).
RNA Extraction and Quantitative Real-Time PCR
Total RNA was extracted using TRIzol reagent (Invi-

trogen, Carlsbad, CA). To prepare complementary DNA us-
ing the PrimeScript RT reagent Kit (RR047A; TaKaRa,
Beijing, China), 1 mg total RNA was reverse-transcribed.
Expression of specific genes was verified using the SYBR
Green system (Applied Biosystems, Waltham, MA), normal-
ized with GAPDH. In the RT-PCR system, all PCR reactions
contained forward and reverse primers (100 pmol). The RT-
PCR reaction was performed on a 7500 Sequence Detection
System (Applied Biosystems, Waltham, MA). With the
comparative Cycle Threshold (Ct) method, we measured the
relative gene expression changes (X ¼ 2-DDCT). Sequences of
quantitative PCR primers are listed as follows: CXCL1 of
mice: 5’-CTGGGATTCACCTCAAGAACATC-3’ and 5’-
CAGGGTCAAGGCAAGCCTC-3’; CXCL1 of human beings: 5’-
TCCTGCATCCCCCATAGTTA-3’ and 5’-CTTCAGGAA-
CAGCCACCAGT-3’; CXCL2 of mice: 5’-CCAACCACCAGGCTA-
CAGG-3’ and 5’-GCGTCACACTCAAGCTCTG-3’; CXCL2 of
human beings: 5’-CCCATGGTTAAGAAAATCATCG-3’ and 5’-
CTTCAGGAACAGCCACCAAT-3’; GAPDH of mice: 5’-ATCAA-
GAAGGTGGTGAAGCA-3’ and 5’-AGACAACCTGGTCCTCAGTGT-
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3’; GAPDH of human beings: 5’-ACAACTTTGGTATCGTG-
GAAGG-3’ and 5’-GCCATCACGCCACAGTTTC-3’.

ELISA Assays
The tumor cells were seeded evenly on a 6-well plate for

24 hours. After that, cell culture supernatant was collected.
To remove cell fragments, the supernatant was centrifuged
at 16,000 � g for 10 minutes. The mouse CXCL1 and CXCL2
expression levels were measured by mouse Quantikine
ELISA kits (MKC00B/MM200; R&D Systems), and the hu-
man CXCL1 and CXCL2 expression levels were measured by
the Human SimpleStep ELISA Kit (ab190805/ab184862;
Abcam). All of the experimental methods were performed
according to the manufacturer’s protocols.

Cell Proliferation and Migration Assays
The cell proliferation experiments were performed with

the Cell Counting Kit-8 kit (Dojindo, Kumamoto-ken, Japan).
The DCLK1WT and DCLK1-/- cells were seeded on a 96-well
plate, and the absorbance was measured at 450-nm wave-
length by a microplate reader for 4–5 days. Then, the pro-
liferation curve was calculated.

Cells were seeded in the upper chamber of a 24-well,
8.0-mm pore membrane chamber (Corning, Inc, Corning, NY)
with FBS-free medium (1 � 105 cells for MC38 and 5 � 104

for CT26), followed by the addition of 600 mL medium
containing 10% FBS into the lower chamber. The MC38 and
CT26 cells were cultured for 24 hours for migration. After
24 hours, we removed the nonmigrating cells from the up-
per chamber and fixed the chamber membranes with 4%
Paraformaldehyde (PFA) for 10 minutes. The migrating cells
were stained with crystal violet (0.1%) for 5 minutes, and
stained cells were counted under the microscope.

Colony Formation Assays
MC38 and CT26 cells (2 � 102/well) were seeded in 6-

well plates, and the clone formation was detected under the
microscope approximately 2w3 days. Two weeks later, we
removed the culture media and washed with PBS twice, and
then fixed with 4% PFA for 10 minutes, stained with crystal
violet. Each clone contained more than 50 cells.

Statistical Analysis
All of the data are presented as means ± SD. Two groups

were compared using the Student t test. Data were analyzed
with GraphPad Prism (version 9.0) (Software, San Diego,
CA), and a P value < .05 was considered significant. Each
independent experiment was repeated more than 3 times.
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