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Abstract

Gastric cancer (GC) is the 3rd leading cause of cancer mortality worldwide, therefore providing
novel diagnostic and treatment options is crucial for at risk groups. The serine/threonine kinase
doublecortin-like kinase 1 (DCLK1) is a proposed driver of GC with frequent amplification
and somatic missense mutations yet the molecular mechanism how DCLKI1 mediates
tumorigenesis is poorly understood. We report how DCLKI1 expression orchestrates
complementary cancer cell intrinsic and extrinsic processes leading to a comprehensive pro-
invasive and pro-metastatic reprogramming of cancer cells and tumor stroma in a DCLK1
kinase-dependent manner. Mechanistically, we identify the chemokine CXCLI2 as a key
promoter of the pro-tumorigenic properties downstream of DCLK 1. Importantly, inhibition of
the DCLKI1 kinase domain reverses the pro-tumorigenic and pro-metastatic phenotype.
Together, this study establishes DCLK1 as a promising, targetable master regulator of GC.

Teaser
DCLK1 is a druggable cancer driver of GC


https://doi.org/10.1101/2022.04.21.489109

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.21.489109; this version posted April 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Introduction

More than one million new cases of gastric cancer (GC) occurred in 2018, making it the fifth
most common malignancy globally and the world’s third leading cause of cancer mortality with
almost 800,000 deaths in 2018 (/). Genomic profiling has identified 4 molecular subtypes of
GC, chromosomal instable (CIN), microsatellite instable (MSI), Epstein Barr Virus-
transformed (EBV) and genomic stable (GS) (2). Among the different subtypes of GC, GS
have the highest stroma-to-tumor ratio, indicating a prominent desmoplastic response. Herein,
a complex network of paracrine and autocrine signaling crosstalk between cancer cells and
non-cancer cells shapes the tumor microenvironment (TME) and guides tumor evolution. In
contrast, gastric tumors with stromal-low anatomy are mostly characterized by the activation
of cell intrinsic oncogenic pathways that drive tumor neoplasia through a sequence of
metaplastic and dysplastic events (3). The stroma-to-tumor ratio is clinically relevant in
particular in GC where previous studies have shown that a low tumor-stroma ratio (stroma rich)

is an independent prognostic factor in both intestinal and diffuse histological subtypes of GC

(4).

Doublecortin-like kinase 1 (DCLK1) is a microtubule-associated serine/threonine kinase with
tubulin polymerization activity (5-17). It is a putative cancer stem cell marker, a proposed
prognostic marker for malignant GI tumors and a presumptive cancer driver of GC (/2-15).
DCLKI1 promotes an epithelial to mesenchymal transition (EMT) in gastrointestinal (GI)
cancer cells, driving disruption of cell-cell-adhesion, migration and invasion (/6-18). Its EMT-
promoting role in human cancer cells explains the strong link of DCLK 1 as a marker of (cancer)
stem cells or tumor initiating cells, particularly in cancers along the rodent GI tract (16, 17,
19). However, in these rodent models, Dclk1 is strongly expressed in epithelial tuft cells.

Contrary to rodents, in humans, DCLK1 is not a marker for tuft cells as demonstrated by recent
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single cell studies (20, 21). Moreover, accumulating evidence suggests that DCLK 1 may affect
tumorigenesis in a cancer cell extrinsic manner through DCLK1’s ability to promote
extracellular vesicle biogenesis emphasizing the strong correlation between DCLKI
expression and an immune suppressive tumor microenvironment in GI tumors (22, 23).

While our collective knowledge supports a model whereby DCLK1 promotes tumorigenesis
through cell intrinsic and extrinsic pathways, the underpinning molecular mechanisms remain
largely unknown. Here, we use both in vivo and in vitro models to map the functional
contributions of DCLK1 to gastric cancer development and identify corresponding therapeutic

vulnerabilities.

Results

DCLKI1 expression pattern in human gastric cancer

In order to investigate the expression profile of DCLK1 in gastric cancer, we first interrogated
the stomach adenocarcinoma dataset (STAD) of The Cancer Genome Atlas (TCGA). DCLK1
expression is significantly upregulated in gastric cancers belonging to the genomic stable (GS)
molecular subtype, Lauren’s histological diffuse subtype and the immune-enriched, fibrotic
(IE/F) tumor microenvironment subtype (24) (Figure 1 A-C). There is also a significant trend
towards higher expression levels of DCLK1 in more aggressive cancers irrespective of whether
cancers are classified according to TNM stage, neoplasm histology grade (G1-G3) or the
AJCC’s invasiveness of primary tumor classification (Figure 1 D-F). In line with this trend,
high DCLK1 expression correlated with poorer overall (OS), progression-free (PFS) and
disease-specific survival (DSS) (Figure 1 G-l). Meanwhile, the proportion of DCLK1-high
tumors among newly diagnosed gastric cancers remained mostly constant throughout the four

decades (40y to 80y) covering the vast majority of GC cases (Figure 1 J).
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Next, we analyzed DCLK1 expression in 37 human gastric cancer cell lines using bulk RNAseq
data from the DepMap portal (25). This analysis revealed low to medium mRNA expression
levels of DCLK1 in the majority of GC cell lines (Supplementary Figure 1 A) which was
comparable to the expression levels of other known cancer stem cell markers and neuronal
markers but significantly lower than a selection of standard housekeeping cancer genes
(Supplementary Figure 1 B-F). Anti-DCLK1 immunoblot analysis showed a relatively poor
correlation between DCLK1 mRNA and protein levels in the 7 GC cell lines investigated
(Supplementary Figure 1 G). This is in line with the moderately positive correlation (R=0.6) of
RNA/protein expression for DCLK1 in cancer cell lines recently reported (26). Finally, we
used THC to detect DCLK 1 expression in normal stomach tissue and tissues from patients with
gastritis and diffuse GC. While DCLK1 positivity in the healthy stomach was confined to
subsets of epithelial cells in deep antral glands, this expanded considerably in the inflamed
stomach and was readily detected in the majority of cancer cells in a diffuse gastric cancer
(Figure 1 K). Together, this data supports a pro-tumorigenic role for DCLK1 in the progression

of GC.

DCLKI1 promotes growth of gastric cancer xenografts

In order to study the impact of DCLK1 expression on gastric cancer growth, we enforced
expression of DCLK1 into the human gastric cancer cell line MKN1, which retains low E-
cadherin, mutant TP53, a prominent EMT expression signature and other hallmarks of the GS
molecular subtype (27). We confirmed over-expression of stably transfected full-length

isoform 1 (UniProt ID: O15075-2) by immunoblotting of pools in resulting MKN1PLK! cells
(Supplementary Figure 2 A).

We then engrafted MKN1PCLKL cells or their naive parental MKN1™Ve counterparts into the
g p Ip

1 DCLK1

flanks of immuno-compromised hosts and observed that MKN xenografts grew larger

than MKN "¢ xenografts despite similar tumor take-rates (18/24 vs 19/24) and proportions
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of proliferating and apoptotic cells (Supplementary Figure 2 B, C, D; data not shown). However,
MKN1PCLKL xenografts consistently stained stronger for vimentin and a.-smooth muscle actin
(a-Sma) than MKN1"¥¢ xenografts and were composed of more host derived stromal cells
(Supplementary Figure 2 E, F, G). Likewise, differential qPCR analysis with human and mouse
specific primer pairs confirmed the murine origin of the collagen-rich extracellular matrix
(ECM) of MKN1PCLK! tymors (Supplementary Figure 2 H). We also detected significantly
higher abundance of periostin, a matricellular protein expressed by mesenchymal cells, and
expression of which was recently associated with a stromal signature that predicts overall
worse survival in CRC patients (28) and of the activated isoform of the TGFf signal transducer
p-Smad2 (Supplementary Figure 2 1). The latter observation correlated with higher TGFf
expression in human cancer associated fibroblasts (CAFs) cultured in conditioned medium
prepared from supernatant of MKN1PLK! than of MKN1™V¢ cells (Supplementary Figure 2 J).
Together this data indicates that DCLK 1 expression in MKN1 tumor cells promotes cancer cell
extrinsic effects, resulting in host cell infiltration of tumors and coercing their production of
TGFp and associated remodeling of the tumor stroma. There is accumulating evidence in
preclinical mouse models that nerves play a tumor-promoting role in GC and given that
DCLKI1 is a marker of neurons/neural progenitors in mice, we wanted to investigate the
abundance of neurons within the TME of MKN "¢ and MKN1PLK! xenografts and their
overlap with DCLK1 expression. Co-immunofluorescence staining of xenograft tumors with
the neuronal marker NeuroD1 and DCLK1 detected a consistently low level of less than 1% of
tumor area positive for NeuroD1 with NeuroD1 positivity unaffected by DCLKI1
overexpression (Supplementary Figure 2 K,L). Overall, we observed very little colocalization of
DCLKI1 and NeuroD1 which suggested that DCLKI1 is not strongly expressed in cancer-
associated NeuroDI1+ neurons and its localization mostly restricted to MKNT1 cancer cells

(Supplementary Figure 2 K,L). Moreover, the correlation graph of DCLK1 and NeuroDlI
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expression in the TCGA STAD dataset indicates a weak positive correlation of R2 = 0.111,

implying that low overlap of these two markers is a general feature in gastric cancers

(Supplementary Figure 2 M).

Selective inhibition of DCLK1 kinase activity restricts xenograft growth and stromal
remodeling

The DCLKI1 protein contains a functional serine/threonine kinase domain (29). In order to
investigate whether the kinase activity of DCLKI1 is required for the remodeling of the tumor
stroma, we treated Balb/C hosts carrying xenograft tumors with a specific, selective and potent
DCLKI kinase inhibitor DCLK1-IN-1 (DCLK1i) (30, 31). Three weeks later, we observed
significantly smaller tumors in the cohort of DCLK 1i-treated hosts (Figure 2 A, B). Again this
was not caused by changes in either tumor cell proliferation or apoptosis ( Supplementary
Figure 3 A - D). Instead, we observed markedly reduced staining for the stromal markers o-
Sma, and Vimentin (Figure 2 C - F). Likewise, picrosirius red staining was diminished
highlighted by the presence of fewer and thinner collagen fibers. The latter observation
coincided with reduction in the collagen crosslinking enzyme lysyl oxidase, rather than of p-
SMAD2 accumulation and associated TGFf signaling, suggesting that DCLK li-treatment
impinges on TGFf-independent tissue remodeling processes (Figure 2 G - J) (Supplementary
Figure 3 E, F).

In order to further assess the functional importance of the DCLK1 kinase domain and the on-
target activity of the DCLKI1 inhibitor, we engineered a DCLK1 mutant protein containing a
single amino acid substitution (D to N) at the catalytic aspartate at position 511 which renders
the kinase domain nonfunctional (29) and generated pools of stably transfected MKNI cells
(MKN1P31N) Similar to the effect on tumor growth and tumor burden after treatment with the
DCLK1 inhibitor, MKN1P3!!N cancer xenografts showed reduced tumor growth (Figure 2 K, L)

and reduced expression of stromal cell markers a-Sma and Fap and ECM components collagen
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and periostin (Figure 2 M, N) (Supplementary Figure 3 G, H). Together this provides further
support of the on-target specificity of DCLK1i and underpins the conclusion that the stromal
remodeling phenotype is a direct consequence of cancer cell-extrinsic properties mediated by
the kinase activity of DCLK1. In addition, we employed the kinase dead mutant to investigate
whether the kinase activity also regulated cell intrinsic functions. As DCLK1 has been shown
to induce cancer cell EMT and impact cancer cell stemness, we performed limiting dilution
stemness assays and in vitro cell migration experiments and compared the ability of MKN17ave,
MEKN PCLKLMEN PN cells to grow in ultra-low attachment conditions and to migrate

across a transwell membrane. While MKN 1PCLKI

cells showed a significantly increased stem
cell potential compared to the parental MKN 1"V cells, this was abolished in cells expressing
the kinase dead mutant D511N or in MKNI1PLK! cells exposed to the DCLKI inhibitor
(Supplementary Figure 3 1). Similar trends to above results were observed when MKN1"v¢ cells
treated with the DCLK1 inhibitor were grown under low attachment conditions in vitro or as
xenografts in vivo, yet while the trend of stemness data failed to reach significance, xenograft
growth of inhibitor treated MNK1""¢ tumors was significantly reduced, if only slightly
(Supplementary Figure 3 J, K). These results are in keeping with the low but detectable
expression of DCLK1 in naive MKNI cells (see Supplementary Figure 1 G) underlining that
endogenous DCLK1 mediates the same processes as observed after its forced expression.
Consistent with the literature, DCLK1 expression increased the migratory potential of
MEKN1PCEKL cells compared to the naive control cells (Supplementary Figure 3 J) and this was
strongly inhibited by the DCLKI1 inhibitor and almost completely abolished in MKN1P3!!N
cells (Supplementary Figure 3 L). Very similar results were obtained in AGS human gastric
cancer cells genetically engineered to express wildtype or kinase dead mutant DCLKI,

indicating that these results are not cell-type specific (Supplementary Figure 3 M). Together

these results demonstrate that the DCLK1 kinase domain functionally regulates both cell
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intrinsic and extrinsic phenotypes, both of which are reversible by a recently developed specific

DCLK1 kinase small kinase inhibitor.

DCLKI1 regulates ECM remodeling via kinase-dependent and independent mechanisms

Because of the known capacity of DCLK1 to promote EMT in tumor cells, we next quantified
the contribution of human tumor cells to the overall pool of tumor-associated cells with stromal
appearance. Accordingly, we used antibody staining for a human mitochondrial protein to
discriminate between human MKN1 tumor-derived cells with fibroblast-like appearance and
counterparts from the murine hosts. We found that the stroma associated with MKN]"aive
xenografts remained almost entirely composed of cells of human tumor origin (Figure 3 A). By
contrast, we attributed the larger abundance of stromal cells in MKN1PCLK! xenografts to an
increase of both human and mouse cells (Figure 3 A - C). Furthermore, DCLK li-treatment of
the host reduced the proportion of human cancer cells with stromal appearance without
affecting the abundance of mouse cells, suggesting that the infiltration of host cells is mediated
by processes that are DCLK1 kinase-independent (Figure 3 B, C). The latter observations was
supported by quantitative PCR analysis using primers for mouse Hprt housekeeping gene,
which confirmed equal abundance of murine transcripts between vehicle and inhibitor treated
MEKN1PCEK xenografts samples (Figure 3 D). We then focused on human SNAII expression as
a likely instigator of the EMT process in cancer cells and observed upregulated expression in
MKN1PCLKL xenografts, which was reverted in xenografts recovered from DCLK li-treated
hosts (Figure 3 E). Collectively, our results suggest dichotomous functions of DCLK1 in tumor
cells, where DCLK kinase activity induces a mesenchymal transition, while the influx of host-

derived stromal cells into the tumor is regulated in a kinase-independent manner.

CXCL12 chemokine promotes DCLK1-dependent EMT
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The DCLK1 kinase-dependent tissue remodeling observed in the MKNIPLK! xenograft
tumors implied tumor cell-extrinsic mechanisms most likely brought about by secreted
mediators. We therefore used an array assay to detect chemokines in supernatants harvested
from MKN1"v¢ and MKN1PLKL cells grown in the absence or presence of the DCLK1i. We
reasoned that the expression of any chemokine implicated in stromal remodeling would be
increased in the supernatant of MKNI1PCLKD cells and decreased in DCLK li-treated cells.
Among the many mediators increased in cultures of MKN1PLK! cells that were also sensitive
to DCLK li-treatment, we detected CXCL12, Midkine and the T-cell chemoattractant CXCL16
(32) (Figure 4 A; Supplementary Figure 4 A). As the xenografts were grown in
immunocompromised Balb/C nude mice which lack T cells, we did not consider the T cell
chemoattractant CXCL16 any further (32). Our subsequent parsing of CXCL12 and Midkine
for their capacity to mediate biological outcomes of DCLKI based on correlating gene
expression in the TCGA STAD dataset revealed a positive correlation between CXCL12 and
DCLK1 (R? = 0.713; p <2.2e-16), and a negative correlation between Midkine and DCLK1
(R? = -0.274; p<5.611e-08) (Figure 4 B; Supplementary Figure 4 B). We therefore focused on

the role of CXCL12 for the remaining study.

To functionally confirm a contribution of CXCL12 to DCLK1-regulated phenotypes, we first
established that the abundance of its cognate CXC chemokine receptor 4 (CXCR4) remained
unchanged between MKN1P“IKI and MKN11ve cells. RT-qgPCR, immunoblotting and anti-
CXCR4 flow cytometry revealed consistent but low expression levels of the CXCR4 receptor
in MKN1"4"¢ and MKN1PCLK! cells (Supplementary Figure 4 C - E). In light of the known role
of CXCL12 as a strong inducer of cell migration, we asked whether CXCL12 acted as mediator
of cell motility downstream of DCLK1 by using the CXCR4-specific inhibitor AMD3100. We

observed that AMD3100 inhibited in vitro migration and invasion of MKNIPLK! and
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MEKN 1" cells to a level comparable to that observed with DCLKi (Figure 4 C, D, E). This
suggested that excessive DCLK1 activity induces mesenchymal transition in part through
CXCLI12. Indeed, akin to the DCLK inhibitor, treatment of MKN1P¢HK! cells with AMD3100
reduces expression of the mesenchymal marker SNAI1, while expression of the epithelial
marker E-cadherin increases (Supplementary Figure 4 F). We then confirmed these observations

in vivo by observing reduced tumor size of MKN]PCLK!

xenografts in hosts treated with
AMD3100 (Figure 4 F, G). Moreover, staining with anti-a-Sma and anti-Vimentin antibodies
for the detection of mesenchymal cells alongside anti-Periostin immunoblots consistently
revealed a reversal of the stromal phenotype in tumors of AMD3100-treated hosts that was
comparable to experiments with DCLK li-treatment (Figure 4 H, 1, J). However, it is likely that
there is no linear signaling relationship between DCLK1 and CXCL12, because we observed
that CXCL12, unlike inhibition of DCLK1, reduced tumor cell proliferation, but did not lead
to reduction of stromal collagen (Figure 4 H, I; Supplementary Figure 4 G, H). We reasoned that
these differences were likely mediated by inhibition of stromal CXCL12/CXCR4 signaling as
was recently reported (33). In order to better ascertain this, we investigated the distribution of
CXCR4 among the stromal cell populations of the MKN1PLK! tymor xenografts by flow
cytometry. The results indicated wide-spread expression of CXCR4 among endothelial cells
and cancer associated fibroblasts (CAFs) and to a lesser extent in macrophages and myeloid

derived suppressor cells (MDSCs) supporting our evidence of DCLK 1-independent effects of

AMD3100 (Supplementary Figure 4 1).

DCLKI1 accelerates invasion and metastasis in an orthotopic model of GC
Based on the capacity of excessive DCLK1 activity to promote mesenchymal transition and
stromal remodeling in vivo, we next investigated the ability of DCLK1 to promote invasion

and metastasis in an orthotopic gastric cancer xenograft model (34). For this, we injected
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luciferase-tagged MKN1PCLKL and MKNI1mve cells into the gastric subserosa and assessed
metastatic outgrowth by weekly bioluminescent imaging over 6 weeks. We observed a
moderate “take rate” of MKNI1"¢ cells (2/6 mice), which never developed metastases.
Meanwhile the MKN1PCLK! cells formed tumors in every host, and in 5/6 mice also developed
lung metastases (Figure 5 A, B). Importantly, the primary MKN1PK! cell-derived gastric
tumors were also characterized by increased abundance of collagen in the ECM and increased
Vimentin expression corroborating our observations with the subcutaneous xenografts (Figure
5 C, D). Consistent with the increased metastatic potential of MKN1PCLK! cells, we also
observed enhanced invasive behavior as revealed by staining with a human mitochondrial
specific antibody. 83% (5/6) of primary MKNI1PCK! tumors had breached the muscularis
mucosa and invaded into the gastric mucosa compared to only 50% (1/2) of primary orthotopic
tumors that emerged from the parental MKN1"V¢ cells (Figure 5 E, F). On balance, these results
illustrate that DCLK1 expression has the capacity to bestow cancer cells with pro-invasive and

pro-metastatic properties.

Epithelial and stromal expression of DCLK1 in human GC

In order to extend these observations, we stained DCLK1 on a tissue microarray containing
biopsies from 122 diffuse-type GC. To assist with the identification of the stromal and tumor
compartments, we also stained each tumor core with H&E, anti-CD45 and anti-pan-cytokeratin
antibodies (Supplementary Figure 5 A). Each tumor core was then scored for DCLK 1 according
to staining intensity (0-3) per tumor compartment (none, epithelium, stroma or both) and
percentage of area stained (None, <25%, 25-50%, 50-75%, >75%) (Figure 6 A - C, E - H). While
18% lacked any DCLK1 immuno-reactivity, 42% of biopsies stained positive for DCLK1 in
both stromal and epithelial compartments (Figure 6 B, C). On average, we observed more

extensive areas of staining in the epithelium than in the stroma, with 30% and 17% of biopsies
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showing DCLK1 immuno-reactivity in at least half of all epithelial and stromal cells,
respectively (Figure 6 F, H). These observations were reiterated in terms of staining intensity
(Figure 6 E, G), and are reflected in the corresponding histological score (Hscore) index (Figure
6 D). Moreover, extending these observations to all histological GC subtypes, we performed
correlation analyses between DCLK1 and the stromal fibroblast marker PGDGRA and the
cancer (stem) cell marker CD44 using the TCGA STAD data. Consistent with the TMA
analysis, DCLK1 positively correlated with both cancer cell and fibroblast markers, albeit with
a slightly higher degree for PDGRFA (Supplementary Figure 5 B,C). However, these analyses
do not answer whether stromal DCLK1+ cells are a consequence of cancer cell EMT or the
result of de novo expression of DCLK1 in other stromal cells. To address this question, we
made use of an in house murine gastric adenocarcinoma model (35) whereby a transgenic
Tff1CreERT? drives induction of oncogenic P/3K and Kras alleles as well as the expression of
stabilized mutant of p53. These mice develop invasive gastric cancer within 3 months of
induction (MFE, MB, ME, unpublished). Importantly, Dclk1 expression is not enforced in this
GC model and cancer cells can be identified by anti-p53 stains which recognize mutant p53.
Furthermore, we used Snail expression as a marker for cancer cell EMT. We therefore co-
stained stomach sections of invasive gastric cancer with either Dclk1 and Snail or Dclk1 and
p53 and observed broad Dclkl positivity in cells with stromal morphology which overlapped
extensively with Snail positive cells or pS3 positive cells, respectively (Supplementary Figure
5D). Finally, we conducted a surrogate experiment and stimulated cancer-associated fibroblasts
in vitro with TGF-f to induce an EMT response. However, while we observed weak expression
levels of DCLK1 in CAFs, TGF-B stimulation failed to induce DCLK1 expression further
suggesting that DCLK 1 positive stromal cells are mainly derived from cancer cells (Figure 6 I).
Together these results strongly suggest that stromal DCLK1 expression is the result of cancer

cell EMT.
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This conclusion is further supported by our unsupervised clustering analysis of the TCGA
STAD dataset for DCLK 1 and genes associated with EMT, tumor stroma or immune signatures
(36, 37). The heatmap indicated that DCLKI clusters very closely with CXCL12 and with
genes belonging to EMT and stromal signatures which represent the clusters most enriched in
the genomic stable and diffuse subsets of GC (Figure 7A). As implied by our previous
correlation analysis (Supplementary Figure 4 B), Midkine (MDK) did not co-cluster with
DCLKI1 while CXCL16 fell just outside an area containing genes strongly enriched in the GS
and Lauren diffuse subtypes (boxed area) (Figure 7 A). Go-term and Reactome pathway
analyses of the genes within the boxed area further emphasize processes associated with
cellular migration and changes to the tumor matrix (Supplementary Figure 6 A, B). Given this
strong association of DCLK1 with EMT and tumor stroma, we next correlated DCLKI
expression with 29 recently reported functional gene expression signatures (fges) covering
known cellular and functional TME properties (24). The resulting Spearman correlation matrix
clearly indicated highly significant positive correlations of DCLK1 with the cancer cell EMT
signature as well as with angiogenic and fibrotic TME signatures across all GC subtypes
(Figure 7 B). Moreover, we found widespread positive correlations with various fges in both
the anti- and pro-tumor microenvironment categories, notably pro-tumor cytokines,
macrophage/DC traffic, B and T cells, albeit, none of them were significant across all GC
subtypes (Figure 7 B). Finally, the proliferation rate signature produced the most significant
negative correlation values across all GC subtypes, corroborating our findings that DCLK1

expression did not promote proliferation of MKNI cancer cells (Figure 7 B, Supplementary
Figure 3 A, B).

Collectively, our functional observations across complementing preclinical in vitro and in vivo
models strongly argues for a tumor promoting role for DCLK1 kinase through the induction of

a robust cancer cell EMT and the establishment of an amplified tumor secretome which
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simultaneously elicits paracrine and autocrine signaling pathways. As a consequence, this
brings about a fibrotic TME rich in stromal infiltrates which ultimately leads to tumor

progression and facilitates the formation of distant metastases.

Discussion

During the last decade, genomic and functional analyses have supported both cancer cell
intrinsic and extrinsic roles for DCLK1 as a driver of gastric tumorigenesis (/5-18, 22, 23, 3§-
42). Our study presented here, unifies these different aspects of DCLKI1 biology into a
cooperative single mechanism.

We report here that overexpression of DCLK1 in a human gastric cancer cells drives a DCLK1
kinase-dependent transition of cancer cells to a mesenchymal phenotype and an associated
surge in tumor-infiltrating host cells as the underlying mechanisms that create a fibrotic TME
conducive for cancer cell invasion and metastasis. Thus, our data functionally underpins a large
body of literature indicative of a positive correlation between elevated DCLK 1 expression and
progressive disease and reduced overall survival of patients with GC and various other solid

cancer types (43).

Our study functionally links cancer cells with excessive DCLK1 kinase activity with their
capacity to produce the chemokine CXCL12 which is widely overexpressed across many
different solid tumor types (44, 45), and promotes tumor angiogenesis as well as the
recruitment of bone marrow-derived cells to the TME. Our mechanistic insights corroborate
previous observations in GI cancers, made in silico, of a positive correlation between
expression of DCLK1 and CXCL12, TGFB1 alongside their respective receptors and an
activated TME characterized by predominance of M2 macrophages (22). The major source of

CXCLI12 in solid cancers are CAFs which exhibit properties of myofibroblasts (33, 46, 47). In
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our xenograft tumor model, CXCL12 is expressed by cancer cells and inhibition of CXCLI12
action blocks the expansion of vimentin and o-Sma-positive cells in the tumor stroma,
indicating that CXCL12 at least partially mediates the mesenchymal transition of cancer cells
and the infiltration of bone marrow derived monocytes and/or tissue resident fibroblasts.
Contrary to the DCLKI inhibitor treatment, AMD3100-mediated inhibition of the CXCL12
receptor restrained proliferation of the MKNIPMK! tumor cells, but did not reduce the
deposition of collagen. These results are reminiscent of observations in CXCL12 transgenic
mice where the CXCL12/CXCR4 signaling axis promoted expansion of o-Sma-positive
myofibroblasts and the proliferation of CXCR4-positive epithelial progenitor cells during
gastritis, yet had minimal effect on ECM deposition and tissue fibrosis (48). This implies that
collagen deposition is regulated by DCLKI1 kinase-dependent mechanism(s) that are
independent of, or bypass CXCL12 altogether. We therefore predict that therapeutic targeting
of DCLK1 in these GC subtypes could translate to more profound benefits than inhibition of

the CXCL12/CXCR4 signaling axis alone.

A lot of attention has been given to the role of DCLK1 as a marker of (cancer) stem cells.
Notwithstanding this, our data presented here and previous studies have shown that DCLK1
expression is detectable in both tumor and stromal cells (14, 49, 50). Regardless of the cellular
origin, mounting evidence indicates substantial trans-differentiation potential of CSCs into
various stromal subtypes such as endothelial cells, pericytes, CAFs, MSCs and neurons (57).
While such studies were mostly conducted in vitro, vasculogenic mimicry, the trans-
differentiation of CSCs into endothelial cells, has been demonstrated in vivo over a decade ago
(52). Nevertheless, cellular fusion of cancer cells with other cell types of the TME is a potential
alternative pathway which could give rise to cancer cells expressing various mesenchymal,

endothelial, immune or neuronal markers in vivo (53). Consequently, while the interrogation


https://doi.org/10.1101/2022.04.21.489109

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.21.489109; this version posted April 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

of publicly available single cell transcriptomic cancer datasets may identify additional DCLK 1
expressing cell types and subpopulations within the TME, their exact cellular ontogeny may
still remain elusive. Irrespective of the exact cellular origin of DCLK1 expressing stromal cells,
considering the established role of DCLK1 in promoting cancer cell stemness and EMT of
cancer cells, we conclude that at least a fraction of the stromal DCLK 1+ cells are generated via
EMT. This is supported by our own results which indicate that the overwhelming majority of
DCLK1+ stromal cells in the tumor xenografts are of (human) cancer cell origin.

The major limiting factor of our study is the use of immunocompromised murine tumor models
which precludes analysis of the impacts of DCLK 1 expression and the effects of inhibiting its
kinase activity on the full cellular composition of the TME. This is relevant in light of the
strongly positive and negative correlations of DCLK1 gene expression with various functional
signatures associated with both pro-and anti-tumourigenic properties of the TME. Further
studies are therefore necessary to study DCLK1 function in immunocompetent cancer models
and to gauge the impact of anti-DCLK therapies. The current study investigates the function
of a single full-length isoform of DCLKI, however, three more splice variants have been
described, and while all four isoforms contain the kinase domain, two of them are short,
“kinase-only”, isoforms and lack the N-terminal DCX domains which mediate DCLK1’s
microtubule-associated function (29, 37). Moreover, we and others have shown that the
DCLKI1 kinase domain negatively regulates microtubule polymerization, at least in vitro, and
the C-terminal autoinhibitory domain (AID) of DCLK1 competes with ATP for access to the
catalytic kinase domain of DCLK1, thus negatively regulating the kinase activity of DCLK1
(29, 31, 54). Notably, cancer-associated mutations in the AID domain lead to elevated kinase
activity and reduced microtubule binding (54, 55). Both full-length and short isoforms have
documented pro-EMT and pro-cancer functions and their kinase activity is blocked by DCLK1-

IN-1 (30, 56-58). Nevertheless it is unclear whether kinase inhibition of short and long DCLK1
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isoforms mediate anti-cancer outcomes through identical mechanisms. Future investigations
such as by Liu et al. (56), are needed to document short and long isoform-specific cellular
changes to the phosphoproteome and to identify isoform-specific kinase substrates in order to
better understand the biological processes facilitated by the different DCLK1 isoforms.

The genomic stable subtype has the worst prognosis among all the gastric cancer subtypes
largely due to the ineffectiveness of current therapies. Our results demonstrate that inhibition
of the DCLKI kinase activity has anti-tumorigenic potential in preclinical mouse models of
GS-like stomach cancer. Intriguingly, it does so without affecting cancer cell proliferation per
se, raising the possibility of combining DCLK1 small molecule inhibitors with strong anti-
proliferative drug treatments to maximize anti-tumor control. Considering that the GS and
diffuse GC subtypes showed the highest DCLK1 expression levels, we were intrigued to see
the strong positive association of DCLK1 with EMT, fibrosis and angiogenesis across all GC
cancer subtypes. This suggests that targeting DCLK1 kinase activity may not only be a novel
therapeutic target for the treatment of GS and diffuse subtypes of gastric cancer but may be a

novel promising pan-cancer target for stomach cancer.

Materials and Methods

Study Approval

All animal studies were conducted in accordance with all relevant ethical regulations for animal
testing and research including the Australian code for the care and use of animals for scientific
purposes. All animal studies were approved by the Animal Ethics Committee of the Ludwig
Institute for Cancer Research, the Walter and Eliza Hall Institute of Medical Research, Austin
Health or by the Institutional Animal Care and Use Committee at the Peter MacCallum Cancer

Centre. We have complied with all relevant ethical regulations for work with human
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participants. Collection and usage of human gastric cancer tissues was approved by the Austin

Health ethics committee and informed consent was obtained from all subjects.

Animal Models

Bl6/Rag2/GammaC double knockout mice harboring recombinase activating gene-2 (RAG2)
and cytokine receptor y-chain (yC) mutations were bred and maintained under specific
pathogen-free conditions in the research facility of the Peter MacCallum Cancer Centre. Balb/c
nude mice were purchased from the Animal Resources Centre (Canning Vale, WA, Australia).
All interventions were performed during the light cycle on both male and female mice. All
animals had free access to water and food (standard chow). All strains were maintained on a
12-hour light/dark cycle at constant temperature. Co-housed, age- and gender-matched
littermates were utilized for all experiments. The inducible BAC(Tff1CreERT2);Kras®!*P
model of murine GC has been reported previously (35, 59) and was used to generate the
BAC(Tff1CreERT2),;Kras®'?P; Pi3kca™"*R. p53R172H mouse model of invasive gastric

adenocarcinoma (MFE, MB, ME, unpublished).

DNA Cloning

The cDNA encoding the DCLK1 isoform 1 (accession # NM_004734) was PCR amplified
from a plasmid purchased from Origene (Origene Technologies, Rockville, US; Cat #
RC217050) using forward primer 5’ agc aag ctt gcc acc atg tce ttc gge aga gac atg gag 3’and
reverse primer 5’ acg gga tcc cta cat cct ggt tge gte ttc gtc 3’ and subcloned into pcDNA3 using
HindIII and BamHI restriction sites. The construct was verified by Sanger sequencing and

DCLKI1 protein expression validated by immunoblotting.

Tissue Culture
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The gastric carcinoma cell lines were cultured in RPMI1640 + GlutaMax supplemented with
10% fetal calf serum (FCS) and 1% L-glutamine. They were kept in the incubator with 5%

CO2 at 37°C. The cells were passaged twice a week at a 1:10 ratio.

Western Blot

For Western Blot analysis protein lysates were prepared from tissue samples and cells. Cells
were lysed in lysis buffer (10 mM Tris/HCI, 100 mM NacCl, 1% Triton X-100, 10% glycerol,
0.5 mM PMSF, 2 mM EDTA) for 30 minutes on ice after which the supernatant was collected
and prepared for BCA protein concentration measurements (Pierce). 20-40pg of protein were
diluted in lysis buffer, 4x loading buffer. The samples were denatured at 95°C for 5 minutes
before proteins were separated according to their size on a 4-12% SDS-PAGE gels. Semi-dry
blotting was used to blot the proteins on the SDS-gel onto a PVDF-membrane. The blotting
step was performed with the iBlot device (Invitrogen) for 7 minutes. The membrane was
blocked with blocking buffer (TBS, Odyssey Blocking Buffer, Li-COR) for 1 hour or 5% milk
powder in PBS-T. The primary antibodies were diluted in blocking buffer and PBS-T (see table
2) and added to the membrane. The membrane was incubated overnight at 4°C. The next day,
the membrane was washed and the secondary antibody was added in blocking buffer and
incubated for 1 hour at room temperature. The membrane was washed three times for 10
minutes and subsequently dried or ECL solution (Thermo Fisher) was applied for one minute.

Detection was either by fluorescence (Odyssey) or by luminescence reader (HRP, Bio-Rad).

Real-time PCR
Total RNA was extracted from frozen xenograft tumor samples using Trizol® Reagent (Life
technologies, Cat# 15596026) and cDNA was prepared from 2 pg total RNA using the high

capacity cDNA reverse transcription kit (Applied Biosystems, Cat# 4368813) according to the
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manufacturer’s protocol. Quantitative RT-qPCR analyses were performed in technical
triplicates with SensiMix SYBR kit (Bioline, Cat# QT60520) using the ViiA™ 7 Real Time
PCR System (Life Technologies). Further details and the sequences of the used

oligonucleotides are described in Supplemental Table S1.

Chemokine Array

MKN1ve and MKN1PCLKD gyer-expressing cells were cultured and treated with DCLK1
inhibitor (DCLK11i) and the supernatant was collected to detect the secreted chemokines.
Further, protein lysates (100 pg) of MKN1%4v¢ and MKN PRI gver-expressing cells extracted
from a xenograft mouse model were analyzed for chemokine detection. For all samples, the
human chemokine array kit (R&D Systems) was used according to the manufacturer's

protocol.

Cell migration and invasion

Cell migration and invasion assays were done according to supplier’s protocol (BD
Biosciences). In short, migration and invasion assay were done in individual 24 well tissue
culture inserts (8um pore size, cat # 353097). The upper chamber was plated with 4 x 10* cells
in serum-free medium (+/- inhibitors) while the bottom chamber contained medium with 20%
FCS. 72 hours after seeding, the cells on upper chamber were wiped off and the cell on the
bottom of the chamber were fixed and stained with the Diff-Quik staining solution by
sequentially transferring the inserts through the fixing and two Diff-Quik staining solutions
and several water rinses. The cell nuclei stain purple and the cytoplasm stains pink. The
invasion assay was performed basically as described above with the exception that the top
chamber was coated with Matrigel (BD Biosciences, Cat# 354578) at a final concentration of
300 pg /mL in coating buffer and incubated at 37°C for 3 hours prior to plating cells in each

chamber. Stained bottom inserts were imaged with 4 x and 40 x objectives and the 40 x images
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were used for assessment of migration and invasion potential (% area covered by cells) using

Fiji software.

Stimulation of cancer-associated fibroblasts

Human cancer-associated fibroblasts (CAFs) were sourced as previously described (60) and
were maintained at 37°C in 10% CO2 with in Dulbecco's modified Eagle's medium
(DMEM)/F-12 culture media supplemented with 10% (v/v) of fetal calf serum (FCS). Cells
were plated into 6 well plates at a density of 150,000 per well and stimulated for 48 hrs with 5
ng/mL human TGF.

Alternatively, CAFs were plated into 6-well plates at a density of 150,000 per well.
MKN1naive and MKN1DCLKI1 cells were grown in 10 cm tissue culture plates until they
reached 80% confluency before supernatant was collected. Dead cells were removed by
centrifugation before supernatant was added to CAFs for 48 hours at which point total RNA
was collected and cDNA prepared for RT-qPCR analysis using primers specific for human

TGFB.

Immunostaining and Quantification

The paraffin-embedded tissues were dewaxed in Xylene twice for 10 minutes and subsequently
rehydrated in graded ethanol baths (70%, 100%). Then the antigens were retrieved by cooking
the slides in 10mM sodium citrate buffer (pH 6.0) or EDTA buffer for 18 minutes. After
cooling, the endogenous peroxidases were blocked in 3% H202 in PBS for 20 minutes at room
temperature. Nonspecific binding sites were blocked by incubating the slides in blocking buffer
(5% normal goat serum (NGS) in PBS) for 60 minutes at room temperature (RT). After
blocking, the sections were incubated with the primary antibody diluted in blocking buffer

overnight at 4°C. The next day the sections were washed twice with 1x PBS/0.1% Tween and
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once with 1x PBS. Then the sections were incubated with the secondary antibody for 30
minutes at RT. After washing, the sections were incubated with ABC solution (Vectastain,
ABC-Kit) diluted 1:200 in PBS for 30 minutes at RT. Sections from the human gastric cancer
TMA were incubated with either anti-rabbit or mouse ImmPRESS-HRP detection kit (Vector
Laboratories) for 30 minutes at RT. The sections were washed and DAB (Dako) was added
onto the sections for staining. The staining reaction was stopped by applying distilled water
onto the sections. The sections were then counterstained with hematoxylin and passed through
ethanol gradients (100%, 70%) and xylene for dehydration. After drying, the sections were
mounted with mounting media. Images were collected and analyzed with Aperio ImageScope
v11.2.0.780 software (Leica Biosystems). Quantification of positive staining per um2 was
performed using an automated cell counter script in Fiji (6/) or Aperio ImageScope nuclei

detection script. Further details on the antibodies used are described in the Supplemental Table
S2.

For immunofluorescence staining, the same rehydration and antigen retrieval protocol was
used. The slides were blocked in 1% BSA in PBS with 0.5% Triton X-100 for 1 hour at room
temperature. After blocking, the primary antibodies were applied and incubated overnight at
4°C. The next day the slides were washed in PBS and the secondary antibodies were applied
to the slides for 1 hour at room temperature. After washing the slides in PBS, the slides were
mounted with Prolong Gold anti-fade mounting solution with DAPI (Thermo Scientific).
Images were acquired using a fluorescence microscope (Vectra system, Perkin Elmer) and

analyzed with inForm tissue analysis software (Akoya Biosciences).

Flow cytometry
Xenograft tumors were excised and submerged in room temperature PBS. Cells and tumor
tissues were centrifuged at 100 x g at room temperature for 5 min to pellet cells and tissue

pieces before being resuspended in Sml tissue culture medium (1x HBSS, Cat+ Mg+ free).
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Tissue was transferred into a 60 mm petri dish and minced with scalpel blade to obtain ~ 1-3
mm3 pieces. Minced tissue was transferred into 15 mL conical tube and centrifuged at 100 x g
for 5 min at room temperature. Pelleted tissue was resuspended in 4.7 mL warm tissue culture
medium and 300 pL enzymatic digestion mix was added containing Collagenase III, Dispase
and DNase I at 1 mg/mL, 0.4 U/mL and 2 pg/mL final concentrations, respectively and
incubated on a nutating platform at 37°C for 60 min. The cell suspension was then triturated
with a 10 ml plastic serological pipet until a homogenous cell suspension was achieved before
being strained through a 70 um cell strainer. Single cells were collected by centrifugation at
100 x g for 10 min at room temperature and supernatant was discarded. Cell pellet was
resuspended in warm cell culture medium and viable cells were counted using Trypan Blue.
Cells were then pellet again at 100 x g for 10 min at room temperature and resuspended in Iml
staining buffer (2.5% FCS in PBS). Cells were blocked in FcR blocking reagent (Milteny
Biotec) on ice for 20 min and incubated with cell type-specific antibody panels on ice for 1 hr
for the staining of endothelial cells (CD45- CD31+), CAFs (Cd45- Epcam- CD31- PDPN+
PDGFRA+), macrophages (CD45+ CD11B+) mMDSCs (CD45+ CD11B+ F480+ LY6C-
LY6G-) and gMDSCs (CD45+ CD11B+ F480- LY6G+ LY6C-). SYTOX Blue (Thermo Fisher
Scientific) was used for dead cell exclusion. For dilution of primary and secondary FACS
antibodies see Supplemental Table S3. Stained cells were acquired for flow cytometry on a

FACSCanto II (BD Biosciences) and analyzed using FlowJo software (BD Biosciences).

Limiting dilution assay

MEKN"ave MKN1PCLRL MKN1P3HN cancer cells were grown to 80% confluency and then
harvested by trypsinization and counted using a hemocytometer. Cells were then diluted in
growth media and manually seeded into rows of 12 wells of a 96-well clear round bottom ultra-

low attachment spheroid microplate at 500, 50, 10, 5 and 1 cell(s) / well and incubated at 37°C,
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5% CO2 for 14 days. 24 hrs after initial seeding, the number of cells in each well was manually
scored under the microscope and attributed to the following 5 categories: 500 cells/well, 10-50
cells/well, 5-9 cells/well, 2-4 cells/well and 1 cell/well. Wells without cells were excluded from
further analysis. DCLK1-IN-1 was used at final concentration of 1uM. Two weeks after initial

seeding, each well was scored for the presence or absence of a cancer cell spheroid.

Histological TMA Scoring

A pathologist was consulted for the diagnosis of the samples, and scoring of immune-stained
slides was performed independently by two investigators (AC, MB). The scoring was carried
out based on two different parameters: (1) staining intensity and (2) amount of tissue involved.
Epithelia and stroma were scored separately. The intensity was measured and scored from 0 to
3, no staining = 0, weak staining = 1, moderate staining = 2 and strong staining = 3. The amount
of tissue involved was measured and scored from 0 to 4, no tissue involved (None) =0, <25 %
involved = 1, 25-50 % involved = 2, 51-75 % involved = 3 and >75 % involved = 4. Finally,
the intensity score was multiplied by tissue involvement (%) score to obtain DCLK1 histology

Score.

Orthotopic gastric cancer model

8-10 week old female Balb/c nude mice were subcutaneously engrafted with 5x10® MKN]naive
or MKNI1PCKD cells in both flanks. Once tumor xenografts became visible, mice were
randomly divided into the various treatment cohorts. Treatments were daily during the week
with treatment holidays during the weekend. Tumor xenograft diameters were recorded three
times per week by caliper. Xenograft volume was calculated according to the following
formula: V = (L? x W)/2. Mice were sacrificed before the tumors reached 1500 mm?. For

orthotopic grafting, 8-10 week old Bl6/Rag2/yC double knockout mice were injected
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orthotopically with 5x10* luciferase-tagged MKNI1™¢ or MKNIPCLK! into the gastric

subserosa as previously described (34).

Drug Treatments (DCLK1i, AMD3100)

MEKN " MKN1PCLKL cells were treated with 1 uM DCLK1-IN-1 (DCLK1i), AMD3100 or
vehicle (0.1% DMSO) for 24 to 72 hours. For in vivo application, the DCLKI1 inhibitor
(DCLK1i; DCLK1-IN-1 kindly provided by (30)) was prepared at 3 mg/ml in 5% NMP / 5%
Solutol HS-15 / 90% saline. Skin xenograft bearing Balb/c nude mice were treated daily by
oral gavage at a dose of 30 mg/kg DCLK1 inhibitor or vehicle control for 3 weeks. The DCLK 1
inhibitor and vehicle were prepared fresh every week and stored at 4°C. Likewise, AMD3100
was diluted in PBS at 350 pg/ml and administered at 3.5 mg/kg by daily intraperitoneal

injection for 3 weeks.

TCGA-STAD data analysis

Preprocessed TCGA-STAD RNAseq Log2(RPKM+1) values were downloaded via the Xena
platform from the University of California, Santa Cruz (UCSC) (62), and Z-score normalized
per gene row (z = (x-p)/c). The clinical data, including: tumor staging, Lauren classification
and molecular subtype, were obtained from cbioportal (63, 64) and linked to the TCGA-
patient-ID number. The 130 EMT-up and down regulated gene signatures, and the 280 stromal-
and immune gene signatures were acquired from published pan-cancer meta-analysis (36, 37).
DCLKI1, CXCL12, CXCL16, Midkine, periostin and the EMT, stromal, and immune genes
were extracted from the Z-score normalized RNAseq data set. The extracted data-frame was
used for spearman-correlations, unsupervised clustering, and heatmap visualization performed

in Rstudio version 4.0.0 (64bit) (65).

Statistical Analysis
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Statistical analyses were performed in Prism (GraphPad, San Diego, CA). Statistical
significance was calculated by either 2-tailed unpaired t tests assuming equal variance or 1-

way analysis of variance. Data are expressed as mean + standard error of the mean.
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Figures and Tables

Fig.1.: DCLK1 gene expression in gastric cancer
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DCLKI transcript levels in the TCGA-STAD dataset grouped according to (A) molecular
subtype, (B) Lauren classification, (C) TME classification, (D) TNM staging, (E) neoplasm
histology grade and (F) invasiveness of primary tumor classification (AJCC). (G) DCLK1-
high/low Kaplan-Meier analysis for overall survival, progression-free survival (H) and disease-
specific survival (I). (J) Distribution of the proportion of DCLK 1-high/low tumors at patient
age of diagnosis. (K) anti-DCLK1 IHC on tissue containing healthy antral stomach, gastritis
or diffuse-type GC. *P < .05, **P <.01, ****P <.0001. Abbreviations: CIN, chromosomal
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Fig.2.: DCLK1 remodels the ECM in a kinase-dependent manner
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(A) Xenograft tumor growth of MKN1PCIK! cells in Balb/c nude mice treated with DCLK1
inhibitor (DCLK11) or vehicle (Veh). (B) Xenograft tumor weights at time of harvest. (C, E,
G, I) Immunohistochemical stains of xenograft tumor tissue using anti-vimentin (Vim) and o.-
Sma antibodies, picrosirius red stain and anti-Lysyl oxidase (Lox) antibodies. (D, F, H, J)
Quantification of IHC stains. (K) Xenograft tumor growth of MKNI1PCK! and MKN1P3 1IN
cells in Balb/c nude mice. (L) Xenograft tumor weights at time of harvest. (M) Immunoblot of
MKN1PCEKT and MKN1P31N xenograft tumor lysates for detection of a-Sma and Fap. Gapdh
and a-tubulin are used as loading controls. (N) RT-qPCR analysis of xenograft tumors of
MKNI1D511N and MKN1DCLKI1 cells using primers specific for the indicated murine genes.
*P <.05, **P <.01, ****P <0001. Scale bar = 100 um.


https://doi.org/10.1101/2022.04.21.489109

bioRxiv preprint doi: https://doi.org/10.1101/2022.04.21.489109; this version posted April 21, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig.3.: DCLKI1 regulates stromal remodeling via kinase-dependent and independent

mechanisms
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(A) Immunohistochemical stain of xenograft tumor tissue using anti-human mitochondrial
protein antibody. Bottom sample of murine GC allograft serves as antibody specificity control.
(B) Quantification of stained stromal cells (fold change compared to parental vehicle control).
(C) Quantification of unstained stromal cells (fold change compared to parental vehicle
control). (D) Fold change in the transcript levels of murine Hprt compared to vehicle-treated
MKN1"ve xenograft tumors. (E) RT-qPCR analysis of EMT transcription factors Snail and
Snai2 in xenograft tumors of MKN1%4V¢ and MKN1PCEK! cells treated with vehicle or DCLK 1
inhibitor. Scale bar = 50 um. *P < .05, **P <.01, ***P <.001, ****P <.0001.
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Fig.4.: DCLK1 promotes EMT via CXCL12 chemokine
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(A) Heatmap showing expression levels of selected chemokines in cell supernatants collected
from cultured MKN1"V¢ and MKN1PCLK! cells and MKN1PCLK!D cells grown in the presence
of DCLKI inhibitor for 72 hours. (B) Correlation analysis of DCLK1 and CXCL12 expression
(z-score, log2 transformed) in gastric cancers from the TCGA STAD dataset. Each dot
represents a single cancer indicating both its molecular subtype and Lauren classification. (C)
Cell migration and cell invasion assays using transwell inserts with MKN1"3¢ and MKN ] PCLK!
cells in the presence of CXCR4 antagonist (AMD3100), DCLK1 inhibitor (DCLK11) or vehicle
(Veh). No FCS is negative control where the FCS is omitted from the lower culture chamber.
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20% FCS is the positive control. Images were taken using the 4x objective lens (top row) or
40x lens (bottom row). (D) Quantification of cell migration assays. (E) Quantification of cell
invasion assays. (F) Xenograft tumor growth of MKN1PCLK! cells in Balb/c nude mice treated
with AMD3100 or vehicle (Veh). (G) Weight of xenograft tumors at time of harvest. (H)
Immunohistochemical stains of xenograft tumor tissue using anti-Vimentin and a-Sma
antibodies and picrosirius red stain to visualize collagen. (I) Quantification of IHC stains. (J)
Immunoblot of MKN1PCLK! xenograft tumor lysates for detection of Periostin and Gapdh.
Scale bar = 300 um. *P <.05, ***P <.001, ****P <.0001.
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Fig.5.: DCLKI1 kinase activity accelerates invasion and metastasis in vivo
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(A) Representative image of a BLI scan 6 weeks post orthotopic implantation of MKN174¥¢ or
MKN1PCEKD ¢ells. The small insets in top left corners show dissected lung lobes. (B) Tumor
take-rate and the subsequent formation of lung metastases for transplanted MKN1"3"¢ and
MKN1PCKD cells,  THC stains of gastric orthotopic xenografts with (C) anti-Vimentin
antibody, (D) Masson’s Trichrome stain and (E) anti-human mitochondrial protein antibody
for scoring of invasion stage. The dashed red line indicates the muscularis mucosa (MM). M,
mucosa; S, submucosa. (F) Quantification of stage of invasion in gastric orthotopic xenografts
sections stained with anti-human mitochondrial protein. Scale bar = 100 pum.
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Fig.6.: Epithelial and stromal expression of DCLK1 in human diffuse-type GC
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(A) Representative photomicrographs of DCLK1 stained tissue sections of a human diffuse-
type GC tissue array showing examples of gastric cancers with no DCLK1 expression (left
column), DCLK1 expression restricted to epithelial cells (2nd column), DCLK1 expression
restricted to stromal cells (3rd column) or DCLK1 expression observed in both stromal and
epithelial cells (right column). Quantification of the staining distribution (B) and the % staining
distribution (C) of DCLK1 in human diffuse-type GC tissue array. (D) Histology score (H-
score) for DCLK1 in gastric cancer epithelium and stroma. H-score = Staining Intensity x %
Staining Coverage. Quantification of the staining intensity (E) and the % staining coverage (F)
of DCLKI in the tumor epithelium of 124 primary diffuse-type GC tissues. (G) Quantification
of the staining intensity (G) and the % staining coverage (H) of DCLK1 in the tumor stroma
of 124 primary diffuse-type GC tissues. (I) Immunoblot for the detection of DCLKI1 and
GAPDH after stimulation of human CAFs with TGF[ (5ng, 24 hrs). Scale bars = 500 um (top
row) and 50 um (bottom row). ****P <0001.
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Fig.7.: DCLKI1 clusters with CXCL12, mesenchymal and stromal enriched GCs in human
gastric cancer datasets
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(A) Heat map of the unsupervised clustering of DCLK1 and genes associated with EMT, tumor
stroma and immune response in TCGA STAD dataset separated by molecular subtype and
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Lauren classification (top). The position of DCLK1, CD44, PDGFRA, POSTN, CXCL12,
CXCL16 and MDK genes are highlighted in various colors (left). Dashed box indicates the
position of the highly enriched genes in the GS/Lauren subtype. (B) Spearman correlation
between DCLK1 gene expression and 29 functional TME and malignant cell signatures
subdivided by molecular, histological or TME subtypes (bottom). The individual functional
gene signatures covering known cellular and TME properties are listed on the left and right y-

axis, respectively. Statistical significance is indicated in each square. *P < .05, **P < .01, ***P
<.001, ****P <.0001.
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