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Alternative splice variants of DCLK1 mark cancer stem cells,
promote self-renewal and drug-resistance, and can be targeted
to inhibit tumorigenesis in kidney cancer
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Renal cell carcinoma (RCC) is a common and devastating disease characterized by a hypoxic microenvironment, epithelial-
mesenchymal transition and potent resistance to therapy evidencing the presence of cancer stem cells (CSCs). Various CSC
markers have been studied in RCC, but overall there is limited data on their role and most markers studied have been rela-
tively nonspecific. Doublecortin-like kinase 1 (DCLK1) is a validated CSC marker in the gastrointestinal tract and evidence for
an equivalent role in other cancers is accumulating. We used bioinformatics, immunohistochemistry, flow cytometry, spheroid
self-renewal and chemoresistance assays in combination with overexpression and siRNA-knockdown to study the stem cell-
supportive role of DCLK1 alternative splice variants (DCLK1 ASVs) in RCC. To target tumor cells expressing DCLK1 ASVs
directly, we developed a novel monoclonal antibody (CBT-15) and delivered it systemically to RCC tumor xenografts. DCLK1
ASVs were overexpressed, enriched together with CSC markers and predictive of overall and recurrence-free survival in RCC
patients. In vitro, DCLK1 ASVs were able to directly stimulate essential molecular and functional characteristics of renal CSCs
including expression of aldehyde dehydrogenase, self-renewal and resistance to FDA-approved receptor tyrosine kinase and
mTOR inhibitors, while targeted downregulation of DCLK1 reversed these characteristics. Finally, targeting DCLK1 ASV-positive
cells with the novel CBT-15 monoclonal antibody blocked RCC tumorigenesis in vivo. These findings establish DCLK1 as a CSC
marker with implications for therapy, disease progression and survival in RCC and demonstrate the therapeutic value of
DCLK1-targeted monoclonal antibodies against renal CSCs.
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Introduction after surgical resection.'> Moreover, RCC is intractable
Renal cell carcinoma (RCC) is a common cancer,’ and 48%  because of resistance to chemotherapies and radiation. Cur-
of patients present with regional or distant spread. RCC is rently, targeted therapies including immunotherapy, receptor
characterized by a 12.3% 5-year survival rate for metastatic ~tyrosine kinase inhibitors and mTOR inhibitors are the main
disease, and a 40% recurrence rate in localized disease, even treatments for RCC.* However, none of these therapies result
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What’s new?

Targeting DCLK1 splice variants in renal cancer stem cells

Doublecortin-like kinase 1 (DCLK1) is a validated marker for cancer stem cells in the gastrointestinal tract but its role in other
cancers is unclear. Here, the authors demonstrate that specific DCLK1 alternative splice variants are overexpressed in renal
cell cancer and drive self-renewal and resistance to standard of care chemotherapies in cell culture coexpression experiments.
As targeting the extracellular domain of DCLK1 variants by a monoclonal antibody (CBT-15) results in strong inhibition of
tumor growth in vivo, these findings may open new therapeutic options for patients afflicted with this commonly intractable

cancer.

in durable responses, and novel therapies are necessary to
improve prognoses.

VHL mutations and silencing are the most common event
in RCC development. Because of this loss, hypoxia-inducible
factors such as HIF1A can escape proteasomal degradation
and drive hypoxic conditions supporting angiogenesis.’
Although these processes provide a basis for RCC initiation,
other processes also provide support for RCC’s significant
intratumor heterogeneity® and notable resistance to radiation
and drug therapies.” Among these is epithelial-mesenchymal
transition (EMT)®® which may, in combination with a hyp-
oxic microenvironment and HIF1A activation,'® provide a
supportive environment for tumor stem cells (TSCs).
Together these characteristics may contribute to the prevalent
metastatic presentation and tendency for recurrence and
drug-resistance in human RCC,>*’ and form a basis for tar-
geting TSCs and related targets to improve outcomes.

Doublecortin-like kinase 1 (DCLK1) is a validated gastro-
intestinal TSC marker correlated to initiation, EMT, and pro-
gression.'"™">  Moreover, tumor-specific expression and
extracellular isoform localization make DCLK1 viable for tar-
geted therapies.'*'® In RCC, DCLKI is epigenetically dysre-
gulated and overexpressed on the gene and protein level.
Furthermore, DCLK1 downregulation impairs invasion and
spheroid formation in RCC.'® Here, we demonstrate that spe-
cific DCLKI1 isoforms are associated with renal TSC markers,
and able to predict survival and recurrence in RCC. More-
over, overexpressing these isoforms modulates resistance to
FDA-approved therapies. Finally, treatment with a novel
isoform-specific  DCLK1 monoclonal antibody (CBT-15)
impairs tumor growth in vivo. These findings support a
potential role for DCLK1 in renal TSCs'® which may account
for its value as a prognostic marker and therapeutic target in
this disease.

Materials and Methods

Construction of human DCLK1 Isoform 2 cDNA sequence
DCLKI1 Isoform 2 constructs are not commercially available
so we utilized a 364 bp gBlock synthetic DNA containing
human DCLKI Isoform 1 sequence shared with Isoform 2,
and DCLK1 isoform 2C-terminal sequence (NCBI RefSeq:
XM_005266592.2). The vector containing DCLK1 Isoform 1
and the gBlock were digested with EcoRI and Scal, followed
by gel purification and ligation. The ligated cDNA was

confirmed by automatic sequencing. DCLK1 Isoform 2 vector
was then constructed into lentivirus as described previously."
RCC cell line Caki-2 was infected with lentivirus to overex-
press DCLK1 Isoform 2/long-a (Caki2-dsRed-DCLK1) or red
fluorescent protein (RFP) ¢cDNA as control (Caki2-dsRed)
and selected to 100% expression.

Cell culture

Caki-2 and ACHN human RCC cells were obtained from
ATCC and Sigma-Aldrich, respectively, where they were
tested and authenticated via morphology, karyotyping and
PCR to rule out interspecies and intraspecies contamination.
Cells were cultured in RPMI medium containing 10% fetal
bovine serum (FBS) at 37°C and 5% CO,.

siRNA-mediated knockdown of DCLK1

Caki-2 10° or ACHN cells were seeded into 6 cm dishes and
allowed to attach overnight. Lipofectamine 3000 was com-
plexed with 25 nM of commercially validated siRNA target-
ing human DCLK1 coding region (siDCLK; sc-45618) or
25 nM scrambled sequence (siSCR) not matching any known
genes. After 72 hr of transfection, RNA and protein were col-
lected to confirm knockdown.

Quantitative real-time RT-PCR

Total RNA was isolated using Tri-Reagent. Reverse transcrip-
tion was performed using SuperScript II and random hexa-
nucleotide primers. cDNA was used to perform real-time
PCR on an iCycler IQ5 (BioRad). To detect specific tran-
scripts, gene-specific primers (Supporting Information Table
1) and JumpStart™ Taq DNA polymerase were used. B-
actin was used to normalize the threshold value and assess
quantitative changes.

Western blotting

Protein concentration was determined by BCA assay. Forty
microgram of protein lysates were size separated on a 4-20%
SDS polyacrylamide gel and transferred onto a PVDF mem-
brane. The membrane was blocked in 1% caseine for 30 min
and probed with primary antibody «-DCLK1 (ab31704),
HIF-1a (ab2185), Vimentin (SC-7557), ALDHIA1 (ab52492),
B-Actin (ab8226) overnight at 4°C. The membrane was
washed with TBST and probed with secondary antibody for
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30 min at RT. Proteins were detected using a LICOR Odys-
sey Imager.

Proliferation/drug resistance assay

Cells (5,000/well) were seeded into a 96-well plate in quadru-
plicate, and cultured with sorafenib, sunitinib, everolimus,
temsirolimus with DMSO as a vehicle at varying concentra-
tions. 48 or 72 hr after incubation, 10 pL of MTT was added
to each well and incubated at 37°C for 4 hr. When crystalline
precipitate became visible, 50 pL DMSO containing 266 mM
NH,OH was added to the wells for dissolution. Absorbance
was measured using a microplate reader and results were
normalized to vehicle-treated wells.

3D spheroid assay

Reduced growth-factor matrigel was mixed with cell suspen-
sions containing RPMI medium (volume 1:1). Hundred
microliter of mixture was pipetted into 96-well plates at 50
cells/well. After matrigel solidification, 50 pL RPMI medium
with 10% FBS was added to each well. The plates were then
incubated at 37°C under 5% CQO,. The media was refreshed
weekly and wells monitored for spheroids. For drug response,
after 72 hr drug treatment, the cells were trypsinized and
seeded following the protocol above. The cells were allowed
to form spheroids for 10-15 days, defined by >15 cells and
plates were washed with PBS and fixed with formalin. Sphe-
roids were counted manually.

Angiogenesis coculture assays

HUVEC cells (ATCC) were expanded to two passages and
seeded into 24-well plates containing growth-factor reduced
matrigel at 3.33 X 10* cells per well. Standard EGM was
used to stimulate tube formation and cells were treated with
vehicle (DMSQ) or sunitinib (200 nM) alone or below trans-
wells seeded with ACHN cells pretransfected with siSCR or
siDCLK1 for 48 hr. DCLK1 knockdown was confirmed by
Western blot. After 24 hr, images from each well were taken
with a microscope at 10x magnification including five images
from the circumference and five images from the center.
Tube formation was manually measured using Image]. Total
tubule length, mean tubule length and number of branches
were calculated. For additional representative images of direct
coculture, this assay was repeated in a 6-well dish with cell
number appropriately adjusted and final images were taken
after two weeks at 4x magnification.

Immunohistochemical automated cell counting

The tissue microarray was scanned using a digital pathology
scanner and saved in SVS format. The SVS file was loaded
into QuPath (OSX) and the sections dearrayed. After dearray,
tissue was detected with the simple tissue detection function.
DAB-positive cells were detected using positive cell detection
and negative cells were detected by hematoxylin. Segmenta-
tion accuracy was confirmed visually. Automated counts and
percentages were used for analysis.
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Flow cytometry

To assess cell cycle, cells were trypsinized, centrifuged at 4°C,
washed with cold PBS and fixed in 70% ethanol on ice for
>2 hr. Following fixation, cells were washed and incubated
with propidium iodide (50 pg/mL) and RNAse A. To analyze
DCLK1 expression, cells were trypsinized, centrifuged,
washed and then 5 pL activated ALDEFLUOR and 5 pL
anti-DCLK1 antibody conjugated with APC-Cy7 were added
and allowed to incubate for 60 min at 37°C. Following incu-
bation, cells were washed with ALDEFLUOR buffer. Data
was collected on FACS Calibur and analyzed in ModFit LT
or Flowing Software. To analyze ALDH expression, cells were
resuspended in ALDEFLUOR assay buffer containing ALDH
substrate, BAA (Bodipy-aminoacetaldehyde) (50 mg dry
reagent), with or without 5 mL of diethylaminobenzaldehyde
as a negative control. After 1 hr of incubation at 37°C, data
was collected. For DCLK1 extracellular-domain based sorting,
cells were trypsinized and washed as described above. After
washing, cells were incubated with anti-DCLK1 antibody for
60 min on ice and sorted using BD Biosciences FACSAria
III. Sorted cells were kept on ice and seeded into ECM.

Monoclonal antibody

DCLKI1-targeted therapeutic monoclonal antibody (CBT-15
mAB), an analogue of a previously reported DCLK1 mAB,"
and isotype control mAB were supplied in PBS (COARE).
DCLKI1 affinity was confirmed by ELISA and Western Blot.
ELISA for CBT-15 was performed with 5% BSA blocking and
commercial DCLK1 purified protein (Origene).

In vitro ADCC assay

ACHN cells were seeded into a 96-well plates at 5 X 10*
cells/well and allowed to attach overnight at 37°C. CBT-15
mAB or isotype control were added to the ACHN wells at
100 pg/mL in quadruplicate and incubated at 37°C for 72 hr.
After mAB treatment, the media was replaced and 1.25 X
10° primary human PBMC cells (ATCC) were coincubated
with the ACHN cells for 72 hr. Finally, CaspaseGlo® 3/7
activity (Promega) assay was performed according to the
manufacturer’s protocol.

Xenograft tumor study

ACHN cells (5 X 10°) were injected subcutaneously into
male athymic nude mice flanks and allowed to grow until the
tumor reached an average of 100 mm’. Once this volume
was reached, CBT-15 or isotype mAB was delivered intraperi-
toneally at 25 mg/kg biweekly and tumor volume measure-
ments were taken every other day. Tumor volume was
calculated using the formula: volume = 0.5LW?. Mice were
killed by CO, asphyxiation and tumors excised, weighed and
measured. All studies were performed in accordance with
standards set forth by the OUHSC Institutional Animal Care
and Use Committee.
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Immunohistochemistry

Immunohistochemistry was performed as previously
described'® for PD-L1 and DCLKI1 using a microarray (US
Biomax, KD2085). Staining results were quantified by clinical
pathologists blinded to the sample identity. A composite
score was calculated by multiplying the assessed value for
stain intensity (0-4) and percent tissue involved (0-4).

Datasets, visualization and statistical analyses

RNA-seq results were obtained from TCGA Pan-Cancer
datasets (xenabrowser.net). Basic statistical analyses were per-
formed using R v3.2, SPSS Statistics 19, Graphpad Prism 7.0
and Microsoft Excel. One-way ANOVA and the Student’s ¢
test were used to determine significance. For nonparametric
comparisons the Wilcox test was used. Kaplan-Meier and
Cox regression analyses for patient survival were performed
and visualized using the survival and survminer packages in
R and Graphpad Prism 7.0, and correlation plots were pre-
pared with the corrplot package in R. KEGG pathway analysis
was performed using the gene set analysis toolkit (webgestal-
torg)."® Homology models were predicted using the
SPARKS™ Fold Recognition web server (sparks-lab.org)."® For
all analyses p<0.05 was considered to be statistically
significant.

Results
Alternative splice variants of DCLK1 are overexpressed in
RCC patient tumors
We previously reported that DCLKI is overexpressed in RCC
compared to adjacent normal tissue.'® To further evaluate
DCLKT1’s expression in kidney cancers, we analyzed The Can-
cer Genome Atlas (TCGA) PAN-CANCER RNA-seq dataset.
DCLK1 was most overexpressed in clear cell renal carcinoma
followed by papillary renal carcinoma. Conversely, it was
downregulated in chromophobe kidney cancers (Fig. 1a). To
investigate pathways enriched in DCLK1+ tumors, we com-
pared transcriptomes between high and low DCLKI-
expressing clear cell renal carcinoma (RCC) tumors using the
nonparametric Wilcox test and performed KEGG penrich-
ment. From ten enriched pathways, six were immunity-
related, suggesting that DCLK1 may play a role in the
immune response to RCC (Supporting Information Table I).
We evaluated DCLK1 protein expression by immunohis-
tochemical (IHC) staining using a tissue microarray. The
results confirmed our TCGA findings demonstrating DCLK1
overexpression in clear cell, papillary and sarcomatoid kidney
cancers (Fig. 1b). Qualitative analysis of IHC of normal tissue
shows that DCLK1 is primarily cytoplasmic and present in
both the smooth muscle and endothelial blood vessel cells in
proximity to glomeruli. Moreover, it is expressed with mod-
erate and occasionally strong intensity in some renal epithe-
lial tubules (Fig. 1c). This finding may be significant as the
proximal tubule is thought to be the cell of origin for
ccRCCs,* and vasculature supports progression in renal

Targeting DCLK1 splice variants in renal cancer stem cells

malignancy. Comparatively, normal tissue adjacent to malig-
nancy shows little DCLK1 expression in blood vessels and
tubules, and decreased expression overall. Instead, DCLKI is
frequently nuclear and most often found in individual cells
within the tubular epithelium, suggesting that DCLK1-based
signaling may be altered in disrupted tissue (Supporting
Information Fig. la). In sarcomatoid and papillary RCC,
DCLKI1 is expressed in tumor cells with weak to strong
intensity. Both highly specific and diffuse staining may be
present in these tumor types. In sarcomatoid RCC, DCLK1
expression appears to be associated with spindling cell mor-
phology and is primarily cytoplasmic, but membrane and
nuclear staining may also be present. DCLK1 is also
expressed diffusely in RCC cells with rhaboid morphology
and prominent megacytosis. In papillary RCC, DCLK1 may
be strongly expressed in the cytoplasm and membrane of
papule tumor cells and moderately but specifically expressed
in enlarged, dysplastic adjacent tubules (Supporting Informa-
tion Figs. 1b-1d). In clear cell RCC, DCLK1 expression varies
from sparse staining in early stage tumors to prominent,
intense staining of large tumor regions in more advanced
stages (Fig. 1lc; enlarged image panels: Supporting Informa-
tion Figs. 2a and 2b). However, we observed both early stage
tumors with high intensity DCLKI1 and later stage tumors
with low intensity DCLKI. Overall, expression is usually
found in tumor cells, tumor-associated vasculature or both—
and most ccRCC and associated cells express DCLK1 in the
cytoplasm, membrane or both—though nuclear staining may
also be present (Supporting Information Figs. 2a and 2b). To
quantify DCLK1+ cells per tumor section, automated seg-
mentation analysis was performed with QuPath*' (Supporting
Information Fig. 3). Settings were adjusted for conservative
quantification to increase confidence by excluding cells with
overly diffuse or low intensity DCLK1, which could lead to
false positives. In normal tissue, approximately 2% of cells
were positive on average compared to 0.3-0.5% in sarcoma-
toid and papillary RCCs. Clear cell RCC had the highest
number of positive cells with an average of 3% (Fig. 1d), and
consistent with our visual intensity scoring and qualitative
assessment showing increased DCLKI1 expression with pro-
gression, Stage I ccRCC had 1.24% DCLK1+ cells compared
to 4.29% for Stages II and III (Supporting Information Fig.
5a). Altogether, these findings show that DCLK1 is expressed
in common RCC subtypes and its specific localization in
tumor epithelia and vasculature may be desirable for targeted
therapies. Moreover, DCLK1+ cells are often sparsely distrib-
uted especially in early stage RCC, and mitotic events giving
the impression of self-renewal or rarely asymmetric division
are sometimes associated with them (Supporting Information
Fig. 2a, Upper Left Panel). Both characteristics are suggestive
of potential TSCs, although conclusions should not be drawn
from this initial THC characterization. Further analyses of
DCLK]1 distribution in RCC patient tumors at different time
points or perhaps from orthotopic models may be informa-
tive in understanding the significance of these findings.
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Because of varying functions and localizations of DCLK1’s
isoforms'>'®*? it is necessary to maintain awareness of their pro-
file. DCLK1 alternative-splicing resulting from an exon skip
leads to two additional variants with lengthened C-terminals.”?
To assess these in RCC, we used the isoform-specific RNA-seq
data generated during the TCGA PAN-CANCER project.
Isoform 1  (DCLKI-short-o;  UniProtKB:  015075-2;
ENST00000255448.8), Isoform 2 (DCLK1-long-o; UniProtKB:
015075-1; ENST00000360631.7) and Isoform 4 (DCLK1-long-
B; UniProtKB: O15075-4; ENST00000379893.5) are overex-
pressed in RCC (Fig. le). However, Isoforms 2 and 4 (alternative
splice variants) show a greater differential compared to Isoform
1. It is notable that the antibody used to perform the immuno-
histochemistry described is also specific to the “long” products
of DCLKI1 alternative splicing (i.e., Isoforms 2 and 4 which have
lengthened C-terminals). These findings suggest that DCLK1
has a favorable expression profile for therapy. Moreover, DCLK1
demonstrates isoform-specific overexpression that may be key
for biomarker development.

DCLK1-long isoforms are prognostic factors in clear cell
renal cancer

DCLKI1 is prognostic in colorectal, head and neck, lung and
other cancers.”**®> To determine if DCLK1 is prognostic in
RCC we performed Cox regression and Kaplan-Meier sur-
vival analyses. Tumor DCLK1 predicts recurrence in RCC
(p <0.005) with low level DCLK1 (<25th percentile) prog-
nosticating an approximately 2.5% five-year recurrence rate
compared to approximately 20% and >35% for mid and
high expression, respectively. Moreover, this rate is stable for
up to 11 years whereas tumors expressing mid or high levels
of DCLK1 are associated with a 38-43% recurrence rate (Fig.
2a). Cox regression analyses revealed that these differences
were associated with DCLKI Isoforms 2 (long-a) and 4
(long-B) (p<0.001 and p <0.02, respectively), but not Iso-
form 1/short-a (Supporting Information Table II). However,
despite significant differences in recurrence-free survival
(RES) associated with total DCLK1 gene expression, Cox
regression analysis of overall survival demonstrated no signif-
icant difference (Supporting Information Table II). Given
these somewhat confounding results, and our previous
hypothesis that DCLK1 expression may be more significant
in early cancer before the DCLK1+ cell's progeny dilute its
signal,”> we assessed clinical subgroups. In this context,
DCLK]1 Isoforms 2 or 4 were able to predict reduced OS in
patients with low-grade disease (p < 0.05). However, DCLK1
Isoform 1 expression predicted the opposite, suggesting that
it may have a differing function and be expressed in different
cells than Isoforms 2/4 in RCC (Fig. 2b). Using Fisher’s exact
test, we found a significant inverse relationship between
DCLK]1 Isoform 1 and stage, tumor size and lymph node sta-
tus explaining this apparent discrepancy. Moreover, relation-
ships between DCLK1 Isoforms 2/4 and gender and age
suggest that these factors should be considered in future
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studies (Fig. 2c). These findings support further investigation
of DCLK1-long isoforms as RCC biomarkers.

RCC tumors expressing high levels of DCLK1-long isoforms
are enriched for cancer stem cell markers

DCLKI1 has a prominent role in TSCs in the gastrointestinal
tract'>*®*” and data supports a similar role in other can-
cers.'® Although RCC displays TSC characteristics (drug
resistance, hypoxic microenvironment, EMT), research into
their role has been limited. Aldehyde dehydrogenase (ALDH/
ALDHI1AL1) is the most prominent RCC TSC marker and is
linked to tumorigenesis and mortality.”® Additional targets
increased in RCC TSCs include CXCR4, which also predicts
progression,””*® and CD44.>' To gauge DCLKI’s potential to
mark renal TSCs, we compared ALDH1A1l, CXCR4 and
CD44 expression levels in tumors expressing high and low
levels of DCLK1 isoforms. Tumors expressing DCLK1-long
isoforms (Isoforms 2 and 4) were enriched for these markers
compared to those expressing low levels (Supporting Infor-
mation Figs. 4a and 4b). In contrast, tumors expressing high
levels of DCLK1-short-a (Isoform 1) demonstrated no statis-
tical difference (Supporting Information Fig. 4c). Another
measure of stemness in RCC, CD44/24 ratio, also demon-
strated enrichment in tumors expressing DCLK1-long iso-
forms, but no difference in tumors expressing DCLK1-short-
o (Supporting Information Fig. 6a). These findings suggest
DCLKI1-long isoforms are coexpressed with renal TSC
markers. Moreover, they support differing roles between
DCLKI1-short and long isoforms in RCC, as well as a molec-
ular basis to explain their prognostic potential (Supporting
Information Fig. 4d).

DCLK1-long-o drives molecular and functional stemness in
renal cancer cells

To investigate DCLKl-long in RCC we overexpressed
DCLK1-long-a (Isoform 2) in Caki-2 cells (Caki-2-dsRed-
DCLKI1). Overexpression of the DCLK1-dsRed fusion protein
was confirmed by western blot, real-time PCR and micros-
copy (Figs. 3a and 3b). Overexpression of DCLKI-long-a
modestly increased cell proliferation, but did not affect the
cell cycle (Supporting Information Figs. 6b and 6c). More-
over, overexpression led to increased ALDH1A1l and HIF1A
(Figs. 3a and 3b) consistent with our RNA-seq analysis (Sup-
porting Information Fig. 4a). Additionally, we found
increased vimentin which is associated with RCC survival,'®
and increased immune checkpoint proteins PD-L1 and
CTLA4 which are the targets of novel therapies®>”” and a
mechanism by which EMT-supported TSCs avoid immune-
mediated destruction.>**

To assess DCLK1-long-a in functional stemness, we com-
pared spheroid formation capacity of Caki-2-dsRed and
Caki-2-dsRed-DCLK1 cells. After two weeks, spheroids were
fixed, counted and quantified using Image]. DCLKI-long-o
increased the size and number of spheroids formed (Fig. 3c¢).
Moreover,

immunocytochemistry ~ demonstrated — strong
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Figure 1. DCLK1 is overexpressed in renal cancer subtypes. (a) DCLK1 mRNA is overexpressed in papillary (n = 290) and clear cell (n =533)
renal cancers, but downregulated in chromophobe cancer (n = 66, *p < 0.0001) in the TCGA PANCAN dataset. (b) Immunohistochemistry
reveals that DCLK1 is overexpressed in clear cell (n = 165), papillary (n = 6) and sarcomatoid (n = 10) renal cancer compared to normal tis-
sue (*p <0.002). () Representative images of DCLK1 expression in normal and stages I-Ill clear cell RCC. (d) DCLK1+ cells represent a
minority of RCC cell populations and occur in the greatest numbers in clear cell RCC. (¢) DCLK1 alternative transcripts (Isoforms 2 and 4)
demonstrate greater upregulation compared to normal tissue than canonical DCLK1 Isoform 1 transcript (*p < 0.0001 for all).

ALDHI1A1 expression in DCLKI-overexpressing spheroids
compared to faint ALDHIAI protein expression in controls
(Fig. 3d). These findings suggest that DCLK1-long-o and
ALDHI1Al may cooperate in renal TSCs and led us to
hypothesize the presence of a double-positive population.

To test the hypothesis that ALDH/DCLK1-long double-
positive cells are present in RCC, we performed FACS on
unmodified ACHN and Caki-2 cells. Both lines demonstrated
a large population of ALDH+ cells (>50%) as measured by
Aldefluor reagent and a smaller population of DCLK1-long+

cells (7-18%). However, despite the large percentage of
ALDH+ cells, ALDH/DCLK1-long++ cells accounted for
only 0.5-1.5% of total cell population consistent with a
minority subpopulation, as by chance a 5.5-9.8% double-
positive population would be expected (p <0.05) (Fig. 4a).
Furthermore, we performed FACS analysis for ALDH on the
DCLKI1-long-oac  overexpression cell line (Caki-2-dsRed-
DCLK1). ALDH+ cells as measured by Aldefluor reagent
were increased in Caki-2-dsRed-DCLK1 cells compared to
vector control cells (Fig. 4b). These findings demonstrate that
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Figure 2. DCLK1 alternative transcript expression predicts RCC recurrence and survival. (a) Increased levels of DCLK1 gene expression pre-
dict significantly decreased recurrence-free survival. Low expression of DCLK1 predicts a <4% probability of recurrence for RCC patients
over the course of >11 years. (b) Subgroup analysis demonstrates that DCLK1 alternative transcripts (Isoforms 2 and 4) predict significantly
decreased overall survival when they are expressed at high levels in low-grade disease (*p < 0.05) while expression of canonical Isoform 1
predicts increased survival (p < 0.001). (c) Correlation analysis demonstrating relationship between DCLK1 gene expression and clinical fac-

tors. Blocks without numbers indicate a significance level of p < 0.05.

DCLK1 and ALDH are linked at the cellular level and
together with the spheroid data support the possibility that
they mark a population of renal TSCs.

Extracellular DCLK1-long marks a subpopulation of RCC

cells with increased clonogenic capacity

Extracellular markers of TSCs are desirable for targeted ther-
apies. We hypothesized that some of the minority subpopula-
tion of DCLK1+ cells observed in our FACS experiments
(Figs. 4a and 4b) might express extracellular DCLKI1. To
evaluate this hypothesis, we sorted DCLK1+ cells under non-
permeabilizing conditions from the ACHN line by FACS
using antibody targeting the extracellular domain of DCLK1
and isotype control to exclude cells with nonspecific staining
(Fig. 4c). Following FACS, cells were seeded into extracellular
matrix for 3D colony formation. Following two weeks of
growth, ACHN-DCLK1+ cells formed more spheroids
(>25%) compared to ACHN-DCLKI1- cells (Fig. 4d). This
finding demonstrates that extracellular DCLK1-long is pre-

sent in a population of RCC «cells with enhanced

Int. J. Cancer: 00, 00-00 (2018) © 2018 UICC

clonogenicity and provides evidence that DCLKI supports
RCC functional stemness.'®

DCLK1-long is a source of resistance to receptor tyrosine
kinase inhibitors in RCC

Drug resistance is a clinical characteristic of RCC. Moreover,
it is a mechanism by which quiescent TSCs maintain viability
while the bulk of the tumor is destroyed by chemotherapies
targeting rapidly dividing cells preferentially. To determine
DCLKI’s contribution to this process, we subjected Caki-2-
dsRed or Caki-2-dsRed-DCLK1 cells to increasing concentra-
tions of sunitinib and sorafenib for 48 hr and performed an
MTT assay. Caki-2-dsRed-DCLK1 cells resisted sunitinib
compared to controls at most doses (ANOVA p < 0.05). In
contrast, although there was resistance to sorafenib at lower
doses, the effect was insignificant (Fig. 5a). To test this effect
further, we repeated spheroid assays following pretreatment
with sunitinib. Under these conditions, Caki-2-dsRed-DCLK1
cells maintained clonogenic ability compared to control cells
(Fig. 5b, Supporting Information Fig. 74). In addition to
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Figure 3. Overexpression of DCLK1 alternative transcript (Isoform 2) drives expression of RCC stem cell markers and enhances self-renewal
ability. (a, b) DCLK1-overexpressing Caki-2 RCC cells (Caki-2-dsRed-DCLK1) demonstrate a dramatic upregulation in DCLK1 protein and
mRNA expression (*p < 0.05). Fluorescence imaging of the dsRed-tagged DCLK1 overexpressing cells demonstrate a primarily microtubule/
cytoskeletal localization for this isoform (Isoform 2; DCLK1-long-a) in this cell line. Moreover, DCLK1 overexpression increases expression of
EMT/cancer stem cell marker proteins ALDH1A1, HIF-1a and vimentin as well as immune-checkpoint markers PD-L1 and CTLA4. (¢) In matri-
gel self-renewal assays, Caki-2-dsRed-DCLK1 cells form larger and greater numbers of spheroids compared to vector control cells

(*p < 0.05). (d) Caki-2-dsRed-DCLK1 spheroids demonstrate increased ALDH protein expression compared to vector control cells, suggesting
that DCLK1 alternative transcript and ALDH may cooperate to drive self-renewal.

receptor tyrosine kinase inhibitors (RTKIs), the FDA has
approved mTOR inhibitors everolimus and temsirolimus for
RCC. Repeating the MTT assays above, we found that Caki-
2-dsRed-DCLK1 cells resisted both mTOR inhibitors (Sup-
porting Information Fig. 6d). These findings suggest that
DCLKI1 expression is an important factor in RCC drug
resistance.

To test whether DCLK1-targeted therapies can overcome
resistance, we transfected Caki-2 and ACHN cells with
DCLKI1-targeted siRNA, confirmed DCLK1 knockdown by
western blot (Fig. 5¢), and treated with varying doses of
RTKIs. DCLK1 knockdown sensitized both cell lines to
RTKIs at varying doses (Fig. 5d). Given these findings, spher-
oid assays with sunitinib pretreatment were repeated in Caki-
2 cells following DCLK1 knockdown. DCLK1 siRNA in

combination with sunitinib caused a 2.5 to fourfold decrease
in spheroid formation compared to controls treated with
sunitinib and scrambled siRNA (Fig. 5e).

Anti-proliferative activity is a secondary mechanism of
RTKI anti-tumor activity,”** and some reports suggest that
this activity may be overcome through EMT induction, TSC
resistance or other mechanisms.*”** Other findings show
TSCs which resist this activity can undergo endothelial differ-
entiation in which they become susceptible,*’ or that TSCs
become susceptible at increased dose.** To determine
whether DCLK1 may have a role in angiogenic/vasculogenic
activity that RTKIs target, we performed a surrogate assay
using HUVEC endothelial cells plated in growth factor
reduced matrigel with or without 200 nM of sunitinib and
with or without supportive ACHN cells pretransfected with

Int. J. Cancer: 00, 00-00 (2018) © 2018 UICC
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scrambled or DCLK1-specific siRNA for 48 hr plated in 0.4
pum transwells. In the presence of tumor cells, HUVECs were
able to form tubule structures when treated with sunitinib,
but this activity was strongly reduced in HUVECs plated
with ACHN cells that were pretreated with DCLK1 siRNA
compared to scrambled siRNA as measured by total tubule
length (Figs. 5f and 5¢) and mean tubule length (Supporting
Information Figs. 5b and 5d). Together with findings of cell
growth inhibition in combination with RTK inhibitors, these
findings support targeting DCLK1 synergistically with RTKIs
in RCC.

Immune-checkpoint is associated with DCLK1-long in RCC
patient tumors

PD-L1 is an checkpoint membrane marker
expressed on various tumors, including RCC.** It negatively
regulates the immune response by binding to PD-1 on

immune

Int. J. Cancer: 00, 00-00 (2018) © 2018 UICC

T-cells leading to apoptosis and allowing escape from tumor
cytolysis induced by activated T-cells.*® Moreover, both PD-
L1 and CTLA4 are targets of novel therapies that may extend
RCC survival.”> Importantly, PD-L1 is associated with
EMT** and a likely mechanism by which TSCs avoid
immune-mediated destruction in an EMT environment.
While RCC often resists therapy, studies focusing on immu-
notherapies, including the PD-L1/PD-1 interaction have
shown promising results.*”*® Considering the KEGG analysis
demonstrating that the majority of pathways enriched in
DCLK1+ RCC are immune-related (Supporting Information
Table I) and expression analysis indicating that DCLK1-long-
o leads to increased expression of PD-L1 and CTLA4
proteins in RCC (Fig. 3a), we set out to determine if
DCLKI1-long and PD-L1 are coexpressed in RCC. Immuno-
histochemistry results demonstrated that PD-L1 was upregu-
lated stage-wise in RCC (Fig. 6a). Moreover, tumors with

=}
—
=}
ot
==}
i
(3]
9
=
<
)
]
]
—
=
5]
=
=}
=



http://wileyonlinelibrary.com

10 Targeting DCLK1 splice variants in renal cancer stem cells

-
)
S

;
o

ST 40 +Sunitinib
— 21004 =
8 % - g a0 *
= 804 1
£ o0 z 3 |
& S 601 s
2 1 i 2 40 E % —— T
= ; 3 401
3 ; 4 o . \ &
204 ~*Caki-2-dsRed X 20{ —*—Caki-2-dsRed b 10
-~ Caki-2-dsRed-DCLK1 e -4~ Caki-2-dsRed-DCLK1 e
U 500107 507100 5,0:-101-.. 9 5.0%10°1 5.0%10° 5.0¢10" dsRed ds_Red-DCLK1
Sunitinib (M) Sorafenib (uM) Caki-2

Q.

siSCR siDCLK1 siSCR siDCLK1 *

100

* *
DCLKA1-a 82kD 100 "‘ T d
£ 80 #‘ * £ 80
> =
DCLK1-B 52 kD E 60 j % 60 * 4
*
; S 40 E 40
B-actin 42 kD 5 > r‘
——— .o - e []
° 9 © 9
DMSO 6.25 125 25 50 100 DMSO 625 125 25 50 100
e 51 +Sunitinib Sunitinib (pM) Sunitinib (uM)
= %k
R .% 4 3 _100 ’—l
2 =
= = < 80 sk
2 E o z 2 60 A
.- | ' - =
) T 21 * g )
S o >
8 'g 14 — E 5 20
=} [-% 0 © 9
5 L : : DMSO 625 125 25 50 100 DMSO 625 125 25 50 100
o siSCR siDCLK1 Sorafenib (uM) Sorafenib (uM)
s Vehicle (DMSQ) Sunitinib
E f . g L o
U 1x10% 2 K S o PR .
3 | S
= ® ol . oy
2 8x10% T T SR T
e L T :
- Q
gl 4
g 6%10°% - -
2 T gl
2 4x10% €
=] I o
- ar z|
0 2x
[ —- —— — <
T T T é T 1 g i
HUVEC siSCR siDCLK1 HUVEC siSCR siDCLK1 o
Vehicle (DMSO) Sunitinib %
z
Co-Culture [[J None [0 ACHN| z
<

Figure 5. Overexpression of DCLK1 alternative transcript (Isoform 2) enhances drug resistance and self-renewal ability. In contrast, targeted
downregulation of DCLK1 expression sensitizes RCC cells to receptor tyrosine kinase inhibitors. (a, b) Caki-2-dsRed-DCLK1 cells resist sunitinib
in MTT and matrigel self-renewal assays (*p < 0.05). However, Caki-2-dsRed-DCLK1 cells do not demonstrate comparable resistance to sorafe-
nib by MTT assay. () Transfection of Caki-2 and ACHN RCC cells with 25 nM siDCLK1 for 72 hr leads to downregulation of DCLK1 alternative tran-
script protein expression of the 52 kDa (Isoform 4) and 82 kDa (Isoform 2) forms. (d) siDCLK1 and sunitinib coadministration to Caki-2 cells
leads to significantly impaired self-renewal in matrigel (*p < 0.01). (e) Targeted downregulation of DCLK1 in Caki-2 and ACHN cell lines results
in significant sensitization to FDA-approved receptor tyrosine kinase inhibitors sunitinib and sorafenib. (f, g) HUVEC cells are capable of forming
tubes following 200 nM sunitinib in the presence of ACHN RCC cells, but total tubule length is significantly decreased in HUVECs supported by
ACHN RCC cells that have been pretreated with DCLK1 siRNA compared to scrambled controls (p < 0.05).

Int. J. Cancer: 00, 00-00 (2018) © 2018 UICC



Ge et al.

a b o]
21.01 * ok — 2.0%10% __?lf_
Eil e =)
Q 3 e
2 0.81 w E, 1.8x10%4
£ 2 g .
2064 g 2 oxio] —=
& -l : W : P g
[ E ] ] = <
5 0.41 8 % % 5 P?'): 1410
: < BN BN E 8 —
021 3 iy 3 = & 120104
ol a &
Q- — 8
Lt &\\ = K e?\\\ qé.\ PD-L1 Localization O 1oxe lsotype  CBT-15
& F g P S
d e f
800 0.
5009 —e— 1sotype mAB -~ P<0.001 P<0.01
-8~ CBT-15 mAB £ 5007 0.4 .
—_— @ Lol o
B o * ANOVA p<0.03 £ ol s
E Z a00f -
= E 2 o2
2 £ 2004 5 %k
E k-1 L3 %
S 3004 g | + * 0.1 : _1*_
g .ﬁ 0.0
S Isotype CBT-15 : Isotype CBT-15
£ 2004
I2 g Isotype mAB
100 L ¥ Q@ @ @ 9o o ¢
I . : : . T J CBT-15 mAB
0 5 10 15 20 25 30 =
Days (Post Initial Injection) VRV &6 g e € ~ o

Isotype

CBT-15

Figure 6. DCLK1 alternative transcript expression of RCC cells is associated with membrane PD-L1. CBT-15 DCLK1-targeted mAB treatment
sensitizes ACHN RCC cell line to ADCC in vitro and results in powerful inhibition of ACHN tumor xenograft growth in vivo. (a) PD-L1 is
strongly upregulated in RCC compared to normal tissue (**p < 0.005) in an apparent stage-dependent fashion. (b) Tumors with membrane-
localized PD-L1 demonstrated significantly higher DCLK1 expression levels compared to patients with cytoplasmic PD-L1 (*p < 0.05). ()
CBT-15 DCLK1-targeted mAB treatment sensitizes ACHN RCC cells to apparent immune-mediated apoptosis as measured by caspase-3/7
activity (*p < 0.02). (a—g) Biweekly injections of novel CBT-15 mAB significantly impairs ACHN tumor xenograft growth (p < 0.03) as con-
firmed by (e) decreased excised tumor volume and (f) decreased excised tumor mass (*p < 0.01 for both). (h) Immunohistochemical stain-

ing demonstrating decreased DCLK1 in CBT-15 treated tumors compared to controls.
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membrane PD-L1 demonstrated higher DCLK1-long expres-
sion (Fig. 6b). These findings demonstrate coexpression of
DCLK1 and membrane PD-L1, which is the functional form
of this marker and further illustrate the potential therapeutic
value of DCLK1 in RCC.

DCLK1-long monoclonal antibody therapy inhibits renal
cancer tumorigenesis in vivo
Given DCLK1-long’s extracellular domain (Supporting Infor-
mation Fig. 7b), we hypothesized that monoclonal antibodies
(mABs) may be suitable to target DCLK1+ cells in cancer.
We obtained a DCLK1-long targeted mAB (CBT-15) and
performed ELISA to test its affinity for DCLK1-long (Sup-
porting Information Fig. 7c). CBT-15 demonstrated an ECsg
of approximately 1.02 nM for DCLK1-long compared to no
specific binding for DCLK1-short, and could detect DCLK1-
long-B by immunoblot (Supporting Information Figs. 7c¢ and
7d). Cells treated with CBT-15 demonstrated no toxicity at
up to 200 pg/mL (data not shown) and no significant
changes in DCLKI1-long expression. However, CBT-15 did
appear to modestly downregulate PD-L1 in Caki-2 cells (Sup-
porting Information Fig. 7d). Considering the lack of toxicity
observed with CBT-15 in vitro, we repeated the experiment
with the addition of peripheral blood monocytes (PBMCs).
In combination, CBT-15 increased cell apoptosis as measured
by caspase-3/7 activity suggesting antibody-dependent cell-
mediated cytotoxicity (ADCC) (Fig. 6¢). Moreover, CBT-15
was able to bind CD16, which mediates ADCC, in an
antigen-dependent fashion (Supporting Information Fig. 7e).
To measure CBT-15’s in vivo efficacy in RCC, we estab-
lished ACHN xenografts in athymic nude mice. At an aver-
age tumor volume of 100 mm?, the animals were injected i.p.
with CBT-15 or isotype at 25 mg/kg biweekly (n=6) and
tumor volume was measured triweekly. CBT-15 inhibited
ACHN xenograft growth compared to isotype (Fig. 6d,
p<0.03). This was confirmed by measuring excised tumors
(Figs. 6e and 6g, p < 0.001, p < 0.01). Additionally, immunos-
taining showed high DCLK1 expression in isotype-treated
ACHN xenograft tumors which decreased appreciably follow-
ing CBT-15 (Fig. 6h). These findings demonstrate in vivo effi-
cacy of DCLKI-targeted mAB against RCC. Given RCC’s
potent resistance to therapy, DCLKI1-targeted agents should
be further investigated in this context. However, further
research to determine the mechanisms mediated by extracel-
lular DCLK1 will be needed.

Discussion

RCC is characterized by slow-growth, hypoxia and drug-
resistance consistent with the presence of TSCs.”®** Previous
findings demonstrate that DCLK1 is epigenetically dysregu-
lated and overexpressed in RCC. Moreover, downregulation
of DCLK1 in RCC decreases hallmarks of tumorigenesis and
metastasis.'® In this study, we found that DCLK1 alternative
splice variants (DCLK1 ASVs) were enriched with RCC stem
cell markers ALDH, CXCR4 and CD44. Moreover, DCLK1

Targeting DCLK1 splice variants in renal cancer stem cells

ASVs were associated with recurrence. Because DCLKI1
marks TSCs, high expression is likely more relevant during
early disease before a variety of progeny have populated the
tumor bulk. Predictably, patients with high DCLK1 ASVs
during low-grade or early stage disease had reduced overall
survival. These data together with DCLK1’s tumor-specific
overexpression suggest that it may mark RCC TSCs in an
isoform-specific fashion and have potential as a biomarker.

To expand on our patient data, we overexpressed DCLK1
ASV (Isoform 2) in RCC cells and assessed TSC characteris-
tics. Overexpression of DCLK1-ASV in RCC induced ALDH
and HIF1A, spheroid formation and RTKI resistance. Con-
versely, siRNA-mediated downregulation of DCLKI sensi-
tized RCC to RTKIs and mTOR inhibitors. These findings in
combination with our findings in patient tumors, FACS stud-
ies demonstrating DCLK1/ALDH double-positive subpopula-
tions, ALDH-positive DCLK1-overexpressing spheroids and
our previous work'® suggest that DCLK1 is a functional tar-
get that is coexpressed with ALDH in RCC TSCs.

Targeting DCLK1 has proven to be effective in vivo
against gastrointestinal cancer.'>?®*” Pancreatic cancer shares
TSC markers with RCC including ALDH, CXCR4, CD44 and
others.”® Moreover, as we demonstrate here in RCC,
DCLK1+ cells are also enriched with the ALDH TSC marker
in pancreatic cancer.'” Additionally, given the patient and
functional data supporting a role for DCLK1 in RCC drug
resistance, clonogenicity, recurrence and survival, we assessed
the potential for DCLK1-targeted agents against in vivo
tumorigenesis. The most basic form of specific targeted ther-
apy with demonstrated success in patients are monoclonal
antibodies (mABs). Generally, for a mAB to be effective in
patients its target must be extracellular and relatively
restricted to the tumor. DCLK1 contains an extracellular
domain'*"® and its expression in normal renal tissue is
restricted but overexpressed in RCC.'® To assess DCLKI-
targeted mAB therapy we obtained mAB raised against the
DCLKI1 extracellular domain (CBT-15). We found that CBT-
15 was nontoxic, but could induce apoptosis in the presence
of immune cells. Importantly, systemic biweekly CBT-15 was
well-tolerated and reduced tumorigenesis in RCC xenografts.
To our knowledge, this is the first peer-reviewed report of a
therapeutic DCLK1 mAB in vitro and in vivo, and the first to
demonstrate specific targeting of DCLK1 in RCC in vivo.

Overall, the findings presented here suggest DCLKI is a
potential renal TSC marker and that assessing DCLK1 anti-
bodies or other DCLKI1-detection reagents as RCC bio-
markers is warranted. Additionally, they add to the literature
demonstrating unique functions for DCLK1 isoforms and
highlight the importance of studying these individually.
Future studies should focus on determining if normal
DCLK1+ kidney cells may serve as tumor-initiating cells in
animal models, elucidating DCLK1’s role in regulating
immune checkpoint, and assessing anti-DCLK1 therapies in
orthotopic RCC models.

Int. J. Cancer: 00, 00-00 (2018) © 2018 UICC
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