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SUMMARY

Doublecortin-like kinase 1 (DCLK1) is critical for neurogenesis, but overexpression is also
observed in multiple cancers and is associated with poor prognosis. Nevertheless, the function of
DCLK1 in cancer, especially the context-dependent functions, are poorly understood. We present a
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“toolkit” that includes the DCLKZ1 inhibitor DCLK1-IN-1, a complementary DCLK1-IN-1-
resistant mutation G532A, and kinase dead mutants D511N and D533N, which can be used to
investigate signaling pathways regulated by DCLK1. Using a cancer cell line engineered to be
DCLK1 dependent for growth and cell migration, we show that this toolkit can be used to discover
associations between DCLK1 kinase activity and biological processes. In particular, we show an
association between DCLK1 and RNA processing, including the identification of CDK11 as a
potential substrate of DCLK1 using phosphoproteomics.
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INTRODUCTION

Doublecortin-like kinase 1 (DCLKZ1) is a multi-domain protein belonging to both the

doublecortin (DCX) and the protein kinase super families (Reiner et al., 2006). DCLK1 was
originally identified in post-mitotic neurons as a regulator of microtubule polymerization in
migrating neurons (Koizumi et al., 2017; Lin et al., 2000; Lipka et al., 2016; Qu et al., 2014;
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DCLK?1 overexpression occurs in cancer, suggesting that DCLK1 is a therapeutic target. We report
a tool kit for the study of DCLKJ1, including engineered DCLK1-dependent cancer cells, a
DCLK1 inhibitor, and DCLK1 mutations that ablate kinase activity or confer drug resistance. We
found a new association between DCLK1 and RNA processing.
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Sossey-Alaoui and Srivastava, 1999). Subsequent work established roles for DCLK1 in
neuronal migration, neurogenesis, retrograde transport, and neuronal apoptosis (Liu et al.,
2012; Mizuguchi et al., 1999; Verissimo et al., 2010). However, DCLK1 is also implicated in
human cancers. Whole-genome sequencing of human gastric tumors has identified frequent
somatic missense mutations in DCLK1, with mutations found in ~10% of tumors (Cancer
Genome Atlas Research, 2014). DCLK1 is also upregulated in cancers of the skin, colon,
pancreas, liver, esophagus, kidney, and small intestine (Gao et al., 2016; Ito et al., 2016;
Sakaguchi et al., 2016; Chandrakesan et al., 2017; Ikezono et al., 2017; Wang et al., 2016;
Westphalen et al., 2016; Weygant et al., 2016; Kadletz et al., 2017) and can be significantly
increased in later-stage disease (Weygant et al., 2015). Elevated expression of DCLK1 is
also associated with cancer-specific mortality in colon and gastric cancer (Gagliardi et al.,
2012; Wu et al., 2020).

Several DCLK1-mediated cancer mechanisms have been reported (Cancer Genome Atlas
Research, 2014; Wang et al., 2014; Weygant et al., 2016). In pancreatic and colorectal
cancers (CRCs), DCLK1 promotes tumor initiation and is a marker of cancer stem cells
(Bailey et al., 2014; Chandrakesan et al., 2014, 2015, 2016; Gao et al., 2016; Ito et al., 2016;
Koga et al., 2016; Nakanishi et al., 2013; Sakaguchi et al., 2016; Vedeld et al., 2014;
Westphalen et al., 2016). In a subset of colon and lung cancers, DCLK1 also causes
chromosomal instability and impairs DNA repair in a kinase and microtubule binding-
independent manner (Lu et al., 2018). In neuroblastoma cell lines, the microtubule binding
function of DCLK1 modulated responses to microtubule-disrupting drugs (Verissimo et al.,
2012). DCLK1 has also been identified as a potential RAS effector (Westphalen et al.,
2016). Given the multi-faceted nature of DCLK1 function, convenient research tools focused
on DCLK1 function are needed to clarify its roles in cancer and to determine which of those
constitute a bona fide vulnerability for cancer therapy.

It is well established that the kinase domain of DCLK1 is druggable (Deng et al., 2011a;
Powrozek et al., 2016; Suehiro et al., 2018; Sureban et al., 2013, 2014, 2015; Wang et al.,
2016; Westphalen et al., 2017; Weygant et al., 2014, 2015; Whorton et al., 2015). Multi-
targeted probes such as LRRK2-IN-1 and XMD892, which share a benzo[e]pyrimido
scaffold, have been used to study the effects of DCLK1 inhibition (Deng et al., 2011b;
Lenart et al., 2007; Steegmaier et al., 2007) and have shown anti-tumor effects in pancreatic
cancer models (Sureban et al., 2014; Weygant et al., 2014). Nevertheless, the multi-targeted
nature of these compounds leaves open the possibility that phenotypes are from off-target
effects.

Recently the X-ray structure of DCLK1 became available, making possible structure-guided
optimization of the benzo[e] pyrimido scaffold in favor of DCLK1 (Patel et al., 2016). A
paucity of side-chain volume in the back pocket of DCLK1 raised the possibility of
improving compound selectivity by adding substituents that occupy that pocket. Indeed,
addition of a trifluoro substituent resulted in improved selectivity for DCLKZ1 for the
compound DCLK-IN-1 (Ferguson et al., 2020). Here we report further characterization of
DCLK1-IN-1 and the discovery of complementary DCLK1 mutations, including kinase dead
(KD) and drug-resistance mutations and demonstrate their utility in studying the CRC cell
line DLD-1. This same suite of tools may be applied to other cancer models to clarify the
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roles of DCLK1 and discover predictive biomarkers to direct patient selection for DCLK1-
directed cancer therapies.

RESULTS

DCLK1 Kinase Activity Is Required for DLD-1 Growth and Invasion

The DCLK1 small-molecule inhibitor, DCLK1-IN-1, and the negative control, DCLK1-
NEG, are generally non-toxic for cell growth (Figure S1) and predictive biomarkers of anti-
proliferative effects of DCLK1-IN-1 are currently not established. Therefore, we sought to
develop a cellular system through genetic means that was DCLK1 dependent for growth.
The structure of DCLK1 suggests that Lys 419, Asp 511, Asn 516, and Asp 533 are involved
in catalysis (Figures 1A and S2) (Patel et al., 2016). This predicts that DCLK1 D511N and
D533N mutations will abolish kinase activity. These mutant proteins were recombinantly
expressed and purified from E. coli. They exhibited no kinase activity in peptide substrate
mobility shift biochemical enzyme assays, as expected (Figure 1B). We overexpressed
DCLK1 or DCLK1-KD D511N mutant or D533N mutant in DLD-1 cells. All DCLK1
expression constructs showed similar levels of DCLK1 by western blot (Figure S3). Wild-
type (WT) expression in DLD-1 cells had no effect on cell proliferation compared with a
GFP control; however, expression of DCLK1-KD reduced cell growth (Figure 1C). Similar
effects were observed in cell invasion (Figure 1D) and colony-formation assays (Figure 1E).
Because DCLK1 has been reported as a cancer stem cell marker in CRC and plays an
important role in CRC tumorigenesis (Mohammadi et al., 2018; Nakanishi et al., 2013), we
evaluated whether overexpression of DCLK1 or DCLK1-KD could alter spheroid formation
of CRC cells, a defining feature of cancer stem cells /in vitro (Shaheen et al., 2016). DCLK1
overexpression significantly increased the sphere volume, but DCLK1-KD dramatically
reduced the sphere volume of DLD-1 cells (Figures 1F and 1G). This establishes that DLD-1
cells are dependent on DCLK1 kinase activity for spheroid growth of DLD-1 cells and that
both Asp 511 and Asp 533 are required for DCLK1 kinase activity.

DCLK1-IN-1 Phenocopies DCLK-1-KD

DCLKZ1-IN-1 (Figure 2A) is a highly selective, ATP-competitive inhibitor of DCLK1 kinase
activity (Ferguson et al., 2020). To show that DCLK1-IN-1 can engage with DCLK1
specifically in DLD-1 cells, we performed a cellular thermal shift assay to evaluate drug
target interactions (Jafari et al., 2014). In this assay, the ability of compounds to enhance the
thermal stability of proteins in cells indicates target engagement. We treated DLD-1 cells
overexpressing DCLK1 with 1 uM DCLK1-IN-1 overnight, collected the cells, and exposed
these to a temperature gradient. DCLK1-IN-1 treatment increased the levels of soluble
DCLK1 in cells by approximately 3°C compared with DMSO or treatment with 1 uM
DCLK1-NEG, which incorporates a methyl group that prevents DCLK1 binding (Figures 2B
and S4) (Ferguson et al., 2020), confirming that DCLK1-IN-1 binds to DCLK1 in DLD-1
cells.

Having confirmed target engagement of DCLK1 by DCLK-IN-1 in DLD-1 cells, we directly
compared the phenotype of DCLK1-IN-1 treatment with genetic abolishment of DCLK1
kinase function. In 2D culture, DCLK1-IN-1 reduced cell proliferation of DLD-1 cells

Cell Chem Biol. Author manuscript; available in PMC 2021 April 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 5

overexpressing WT DCLKZ1 in a dose-dependent manner (Figure 2C left panel), while
DCLK1-NEG showed no effects (Figure 2C right panel). Similarly, DCLK1-IN-1 decreased
colony formation (Figure 2D) and cell invasion (Figure 2E). DCLK1-IN-1 also abolished
spheroid formation (Figures 2F and 2G), consistent with the genetic DCLK-KD phenotype.
This establishes that DCLK1-IN-1 phenocopies the KD version of DCLK1 for DLD-1 cell
growth, invasion and spheroid formation.

DCLK1 G532A Is Resistant to DCLK1-IN-1 Treatment

Acquired resistance occurs commonly in response to targeted cancer therapies and is often
caused by mutations in a drug binding site that prevent binding (Hoelder et al., 2012). An
analogous concept has been used in chemical biology studies as a control to demonstrate the
on-target effects of small-molecule inhibitors (Lim et al., 2015; Xie et al., 2014). We aimed
to generate a DCLK1-IN-1-resistant version of DCLK1. Recently several crystal structures
of DCLK1 became available, including a structure of DCLK1 bound to NVP-TAE684
(PDB: 5JZN; Patel et al., 2016). In addition, several co-structures of kinases bound to
compounds containing the benzo[e]pyrimido scaffold have also become available, including
the structure of CHK1 (PDB: 50Q5; Williamson et al., 2017), ERK5 (PDB: 5BY'Y; Chen et
al., 2016), ROCO4 (PDB: 4YZM,; Gilsbach et al., 2015), and AURK (PDB: 3ZTX; Ferguson
etal., 2017). All of these structures show a similar binding mode. Using the available
DCLK1 kinase structure, we performed an unconstrained, induced fit docking of DCLK1-
IN-1. The resulting pose was highly similar to binding modes seen in previously solved
crystal structures of benzo[e]pyrimido scaffolds (Figure 3A). In this model DCLK1 residues
L440, V449, and G532 form van der Waals interactions with the trifluoroethyl portion of
DCLKZ1-IN-1 to DCLK1 protein. We compared these side chains with those found in other
known targets of benzo[e] pyrimido scaffolds, including AURK, CHK1, ERKS5, and
ROCO4, which do not bind to DCLK1-IN-1. We noted that the side chains in DCLK1
surrounding the trifluoro contained comparatively fewer atoms than other potential off-
targets. We computed the side-chain volumes (Baumann et al., 1989; Richards, 1977) and
found that DCLK1 had the smallest side-chain volume (Figure 3B). This is consistent with
the original design concept of DCLK1-IN-1, which hypothesized that selectivity could arise
from clashes between the trifluoro substituent and some combination of side chains at
positions equivalent to DCLK1 L440, V449, and G532 (Figure 3A) (Ferguson et al., 2020).
We considered that introduction of additional side-chain volume into the trifluoro binding
pocket of DCLK1 would result in a DCLK1-IN-1-resistant mutant. We searched the kinome
for tolerated substitutions at the equivalent position of G532 in DCLKZ1 and found that other
kinases have Ala, Ser, or Val at this position. We expressed and purified DCLK1 with
G532A, G532S, and G532V. Of these, only G532A had the same level of kinase activity as
DCLK1 WT in the enzymatic assay (Figure 3C). To confirm that G532A mutation prevents
DCLK1-IN-1 binding, we used isothermal titration calorimetry (ITC) to characterize the
binding affinity between DCLK1-IN-1 and DCLK1 G532A. Previous studies suggested the
binding constant (Ky4) of DCLK1-IN-1 and DCLK1 is 109 nM (Ferguson et al., 2020).
However, no binding was detected with DCLK1 G532A protein (Figure 3D). We further
showed drug resistance by measurement of kinase activity using purified DCLK1 G532A
protein. DCLK1-IN-1 showed no inhibitory effects on the activity of DCLK1 G532A,
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whereas DCLK1-IN-1 inhibited DCLK1 WT with a half maximal inhibitory concentration
of 55 nm (Figure 3E).

We characterized the DCLK1 G532A in DLD-1 cells. Cells overexpressing WT DCLK1 or
DCLK1 G532A showed no difference in cell growth (Figure 4A), suggesting equivalence in
the biological function of these DCLK1 forms. However, DCLK1 G532A-bearing cells were
completely resistant to treatment by DCLK1-IN-1 in cell proliferation assays (Figure 4B),
cell invasion (Figure 4C), colony formation (Figure 4D), and spheroid formation assays
(Figures 4E and 4F). The ability of the DCLK1 G532A mutation to rescue from DCLK1-
IN-1-dependent phenotypes confirms that these phenotypes are due to on-target inhibition of
DCLKZ1. This establishes that DCLK1 G532A is resistant to inhibition by DCLK1-IN-1 and
that the G532A substitution can be used to establish DCLK1 on-target effects via rescue
experiments of DCLK1-IN-1-dependent phenotypes.

Perturbation of the Phosphoproteome in Colon Cancer Cells by DCLK1-IN-1

Selective DCLK1 inhibitors provide an opportunity to discover new aspects of DCLK1
biology such as downstream signaling pathways. To show the utility of DCLKZ1-IN-1 in
elucidating DCLK1-related signaling in colon cancer, we conducted a time-dependent
phosphoproteomics analysis of DCLK1-overexpressing DLD-1 cell lines after treatment
with DCLK1-IN-1. In these experiments, cells were grown to confluency, treated with 1 mM
of DCLK1-IN-1 for the indicated times, and then harvested and processed using quantitative
phosphoproteomics as described previously (Lyons et al., 2018). The DCLK1-IN-1
treatment resulted in minor changes in the proteome overall; however, we did observe time-
dependent changes in the phosphoproteome (Figure 5A).

We first evaluated for significantly downregulated phosphopeptides, which could be
potential direct or indirect substrates of DCLK1. We found that phosphopeptides from
TOP2B, CDK11B, and MATR3 showed marked depletion at 1, 4, and 24 h post-treatment
(Table 1). To confirm that this was not related to changes in the protein levels, we confirmed
by normalizing to the proteome at each time point (Figure 5B). DCLK1-dependent
phosphorylation of these substrates has not been reported previously.

We next analyzed for enrichment or depletion of biologically related phosphopeptides (p <
0.05) using Kyoto Encyclopedia of Genes and Genomes analysis. At early time points there
were coordinated changes in phosphopeptides from proteins involved in RNA processing,
insulin signaling, ErbB signaling, proteoglycan synthesis, and maintenance of focal adhesion
and tight junction pathways (Figures 5C and S5). Of these, changes in RNA processing and
proteoglycan-related genes persisted at 24 h. Finally we performed analysis of kinase
activity by inference, given that DCLK1 has been shown to act, at some level, through
kinase-mediated signaling networks (Ikezono et al., 2017; Liu et al., 2018; Rangarajan et al.,
2015). Kinase activity was inferred by performing GSEA analysis of phosphorylation levels
for custom protein sets that are known substrates of kinases, similar to previous analyses
(Poulin et al., 2019). Multiple kinases showed significant changes in inferred activity based
on enrichment or depletion of peptide substrates at various time points (false discovery rate
<0.25; Figure 5D), including CDK1/2, ERK2, GSK3B, CHK1, and PKACA (Figure S6).
This finding is consistent with the DCLK1-IN-1-induced phenotype in DLD-1 cells, given

Cell Chem Biol. Author manuscript; available in PMC 2021 April 17.
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that all of these pathways are important for cell migration and proliferation; phenotypes for
which these DLD-1 cells are DCLK1 dependent. In summary, the phosphoproteomics
analysis establishes that DCLK1-IN-1 can be used as a discovery tool to identify substrates
and biological processes that rely on DCLKZ1 function.

DISCUSSION

Here, we report a set of chemical and genetic tools for the study of DCLKZ1, including the
KD mutations D511N and D533N, drug-resistance mutation G532A for the selective
DCLK1 inhibitor DCLK1-IN-1, and an engineered DCLK1-dependent cancer cell line. Both
DCLK1-KD and DCLK1-IN-1 treatment produced similar phenotypes in the DLD-1 model
line. These phenotypes were fully reversed by the resistant mutation G532A, confirming that
effects seen after DCLK1-IN-1 exposure are DCLK1 dependent. DCLK1-IN-1 also enabled
identification of substrates of DCLK1 and an association of DCLK1 activity with RNA
processing. Altogether, this work establishes a set of DCLK1 inhibitors and complementary
mutations that can be used as a toolKkit for examining the functions of DCLK1 in various
contexts and for evaluating prospective DCLK1-targeted therapies.

From this work it is unclear exactly how KD versions of DCLK1 produce a dominant
negative phenotype in DCLKZ, but presumably this is related to the ability to out-compete
the endogenous active enzyme. Given that, DCLK1 includes DCX domains that bind to
microtubules, one possibility is that DCLK1 -KD displaces active DCLK1 at the
microtubules and exerts its effects in this manner. Additional work on this area may clarify
the apparent connection between DCLK1 kinase activity and the function of the DCX
domains.

A future goal is to explain the functions of DCLK1 in cancer, which appear to be variable
and context dependent (Sureban et al., 2015). We showed that DCLK1-IN-1 can be used to
identify the underlying signaling pathways that DCLK1 utilizes to regulate cell growth and
migration, in DLD-1 cells, including RNA-related pathways, insulin signaling and
proteoglycan, focal adhesion and tight junction pathways. Association of focal adhesion and
tight junction pathways with DCLKZ1 is consistent with previous reports showing that focal
adhesion becomes dysregulated in cancer cell lines in a DCLK1-dependent manner leading
to epithelial-to-mesenchymal transition (Weygant et al., 2015). It is also consistent with the
observation that DCLK1 knockout mice lose their ability to maintain tight junctions (May et
al., 2014). However, to our knowledge DCLK1 has not been associated with RNA
trafficking/processing and insulin signaling/proteoglycans prior to this study.

In addition, our GSEA analysis of kinase activity identified ERK2, GSK3B, CDK1, CDK2,
CHK1, and PKACA activity as affected by DCLK1 inhibition. Some of these findings are
compatible with previous reports that DCLK1 interacts with SRC leading to activation of
FAK, which phosphorylates ERK and upregulates cyclin D1 leading to cell migration and
proliferation (Ikezono et al., 2017). However, a regulatory link between DCLK1 and
PKACA or GSK3B has not been reported previously. Confirming this link, and the
significance thereof, will be the subject of future efforts.

Cell Chem Biol. Author manuscript; available in PMC 2021 April 17.
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Our analysis also associated DCLK1 with several potential substrates involved in nucleic
acid processing, including CDK11, MATR3, and DNA topoisomerase 2-beta (7OPZB). The
sites in which we identify a decrease in response to DCLK1-IN-1 are likely DCLK1
substrates given the high selectivity of DCLK1-IN-1, but there is a possibility for off-target
effects. Indeed, our novel mutants will aid in the discovery of DCLK1-IN-1 on- and off-
target substrates in future phosphoproteomic studies. CDK11 is a serine/threonine protein
kinase in the CDK family, which forms a complex with the cyclin L regulatory partner and
plays a role in pre-mRNA splicing (Hu et al., 2003). Overexpression of CDK11 has been
detected in human cancers and inhibition or deletion of CDK11 in cancer cells leads to
cancer cell death and apoptosis (Lin et al., 2019). CDK11 null cells also display defects in
cell growth, mitotic arrest, and apoptosis. Therefore, CDK11 is considered a therapeutic
target (Ahmed et al., 2019; Zhou et al., 2015, 2016), but has been difficult to selectively
inhibit with small molecules. It may be possible to exploit the connection between DCLK1
and CDK11 to target CDK11-dependent disease processes.

MATR3encodes a nuclear matrix protein, which binds to DNA and RNA, playing roles in
RNA processing and mRNA stabilization (Johnson et al., 2014; Salton et al., 2011). Under
normal physiological conditions, both MATR3 and DCLK1 are detected in neuronal cells
(Malik et al., 2018; Shin et al., 2013), supporting the idea that DCLK1 could regulate
MATR3 in neurons. However, the role of MATR3 in cancer is less clear.

TOPZB encodes a type Il topoisomerase, an essential gene (Yang, 2000) that functions to
make transient double-stranded DNA breaks during DNA replication and gene transcription
(Austin and Marsh, 1998). Top2p is expressed in all mammalian cells throughout the cell
cycle and is essential to the survival of proliferating cells (Lyu and Wang, 2003; McClendon
and Osheroff, 2007). It has therefore been exploited as a cancer target to treat numerous
human malignancies, although topoisomerase inhibitors can produce significant toxicity
(McClendon and Osheroff, 2007). If DCLK1 is confirmed as a regulator of Top2p in cancer
cells, this could create opportunities for potentially less toxic treatment of cancer.

Finally, while DCLK1 overexpression has been considered a potential marker of DCLK1-
dependent tumors, this concept has not yet borne out. Chemical probes are powerful tools
for subtyping the heterogeneity of cancer and for the discovery of “therapeutic triads,”
defined as the combination of a target, an inhibitor, and an enrollment biomarker (McMillan
et al., 2018). Now that DCLK1 inhibitors have been developed, they can enable discovery of
predictive biomarkers of response. We anticipate that these data and data provided in
Ferguson et al. (2020) will help to guide such endeavors. Specifically, given the Ky of ~100
nM as measured by ITC, target engagement in cells of ~280 nM as measured by nano-
BRET, and excellent kinome selectivity at 2.5 pM as measured by KiNativ, we anticipate
that working with concentrations of ~1 uM of DCLK1-IN-1 will be effective for cell-based
studies.

In summary, multiple lines of evidence suggest there is value in inhibiting DCLK1 as a
cancer therapy. The genetic and chemical tools reported here will hasten progress in
understanding DCLKZ1 cancer biology and identifying appropriate populations for the
application of this therapeutic concept.

Cell Chem Biol. Author manuscript; available in PMC 2021 April 17.
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SIGNIFICANCE

DCLK1 was originally identified a regulator of microtubule polymerization in migrating
neurons but has also emerged as a potential driver of human cancers. How DCLK1 functions
as an oncogene in each of these contexts and whether it is a targetable vulnerability for
cancer therapy are unclear. Here, we report a set of chemical biology tools to enable studies
of DCLK1 function, with an emphasis on kinase inhibition. We demonstrate that kinase dead
versions of DCLK1, D511N, and D533N, are dominant negative with respect to several cell
growth and invasion phenotypes in the colon cancer cell line DLD-1. This phenotype is most
apparent in three-dimensional culture. The selective DCLK1 small-molecule inhibitor
DCLK1-IN-1 recapitulates these phenotypes but the analog DCLK1-NEG does not. To
further establish that the DCLK1-IN-1-dependent phenotype is on-target for DCLK1, we
developed a drug-resistance mutant, DCLK1 G532A, that prevents compound binding and
rescues cells from DCLK1-IN-1 treatment. We used DCLK1-IN-1 in combination with
phosphoproteomics to discern potential DCLK1-dependent pathways that support DLD-1
growth and to discover substrates of DCLK1 such as CDK11B and additional proteins
involved in RNA processing, as well as other pathways previously associated with DCLK1
activity. Our study establishes a framework to clarify the role of DCLKZ1 in various cancer
contexts and its importance as a therapeutic target. This toolkit may also assist with
understanding the function of DCLKZ1 in normal physiology.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for reagents and resources should be directed to and will be
fulfilled by Contact Ken Westover (ken.westover@utsouthwestern.edu)

Materials Availability

All unique/stable reagents generated in this study will be provided without restriction as
long as stocks remain available and reasonable compensation is provided by the requestor to
cover processing and shipment.

Data and Code Availability

This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines and Growth Conditions

The DLD-1 (male) cell line was obtained from the ATCC. Cells were cultured in
RPMI-1640 supplemented with 10% FBS. DLD-1 stable cells expressing DCLK1 were
generated by infecting of lentivirus containing DCLK1, originating from plenti6/v5
(Invitrogen), and selection using blasticidin. Single colonies were picked after 7 days of

Cell Chem Biol. Author manuscript; available in PMC 2021 April 17.
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selection with 5 mg/ml of blasticidin. Lipofectamine 2000, was used to do 293TD cell
transfection and was purchased from Invitrogen. (Carlsbad, CA).

Breast cancer cell lines, 184A1 (female), 184B5 (female), AU565 (female), BT20 (female),
BT474 (female), BT549 (female), CAL120 (female), CAL51 (female), CAL851 (female),
CAMAL (female), EFM19 (female), EVSAT (female), HCC1143 (female), HCC1395
(female), HCC1419 (female), HCC1569 (female), HCC1806 (female), HCC1937 (female),
HCC1954 (female), HCC202 (female), HCC38 (female), HCC70 (female), HS578T
(female), HTERT_HMEL1 (female), MCF10A (female), MCF-12A (female), MDA-MB-175-
VII (female), MDA-MB-231 (female), MDA-MB-330 (female), MDA-MB-361 (female),
MDA-MB-415 (female), MDA-MB-436 (female), MDA-MB-453 (female), MDA-MB-468
(female), SKBR3 (female), SUM1315 (female), SUM149 (female), SUM159 (female),
SUM185PE (female), SUM229PE (female), SUM52PE (female), T47D (female),
UACC-812 (female), UACC-893 (female), ZR-75-1 (female), ZR-75-30 (female), were
maintained in their recommended growth conditions (see https://lincs.hms.harvard.edu/db/
cells/), and seeded at the densities listed (Table S1) in 384-well Cell Carrier plates (Perkin
Elmer, Waltham, MA) using a Multidrop Combi Reagent Dispenser (Thermo Fisher
Scientific, Waltham, MA) and allowed to adhere to for 24 hours prior to drug treatment.
Cells were treated with a half-log dilution series of the indicated drugs by pin transfer. Cells
were stained and fixed for analysis at the time of drug delivery and after 72 hours of
treatment. Cells were pulsed for one hour with EdU (Lumiprobe, Hunt Valley, MD) and
stained with 1:2000 LIVE/DEAD Far Red Dead Cell Stain (LDR) (Thermo Fisher
Scientific, Waltham, MA). Cells were then fixed with 3.7% formaldehyde (Sigma Aldrich,
St. Louis, MO) for 30 minutes and permeabilized with 0.5% Triton X-100 in PBS. The EdU
was labeled with cy3-azide (Lumiprobe, Hunt Valley, MD) for 30 min. The cells were then
blocked for one hour with Odyssey blocking buffer (LI-COR, Lincoln, NE), and stained
overnight at 4°C with 2 ug/ml Hoechst 33342 (Sigma Aldrich, St. Louis, MO) and a 1:1000
dilution of anti-phospho-histone H3 (pHH3) Alexa 488 (Serl10, clone D2C8) conjugated
antibody (Cell Signaling Technologies, Danvers, MA). Fixed cells were imaged with a 10x
objective using an Operetta (Perkin Elmer, Waltham, MA) or Image Xpress (Molecular
Devices, San Jose, CA) microscope and analyzed using Columbus or MetaXpress software
respectively. Nuclei were segmented based on their Hoechst signal, and the LDR signal was
used to classify cells as live or dead. Live cell counts were normalized to DMSO-treated
controls on the same plates to yield normalized growth rate inhibition (GR) values as
described previously (Hafner et al., 2016). Experiments were performed as technical
triplicates.

METHOD DETAILS

Plasmids, Peptide and Protein

His-tagged DCLK1 kinase domain DNA construct was a gift from Dr. Ana Clara Redondo

of the Structural Genomics Consortium at the University of Oxford. DCLK1 kinase domain
protein was expressed in E.coli BL21 lambda phosphatase by induction of IPTG. Cells were
lysed in lysis buffer (50 mM Hepes pH 7.8, 350 mM NaCl, 20 mM Imidazole, 5% Glycerol,
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5 mM B-ME) using a cell disrupter and the soluble fraction recovered by centrifugation.
DCLK1 was purified using Ni-NTA resin.

DCLK1 Enzyme Activity

DCLK1 activity was measured using a peptide substrate mobility shift assay assembled from
purified components. DCLK1 substrate was FL-Peptide 12 from Caliper Life Science. The
sequence was 5-FAM-KKLRRTLSVA-COOH. Final reaction conditions were 3 nM DCLK1
protein, 100 mM HEPES, pH 7.5, 0.015% Brij-35, 5.0% DMSO, 0.004% Tween 20, 10 mM
MgCl, and 2 mM DTT, 1 uM peptide 12, and 100 pM ATP. If inhibitors or DMSO were
used, they were allowed to incubate with DCLKZ1 for an hour at room temperature prior to
initiation of the assay by adding peptide and ATP. Endpoint assays were run for 1 hour. The
reaction was quenched with 40 mM EDTA. Data was collected using a LabChip® EZ
Reader (PerkinElmer) and analyzed using GraphPad.

Cellular Thermal Shift Assay

Cells were cultured in 10 cm plates and were treated with DMSO or a compound overnight.
Cells were collected, washed with PBS twice. Cells were re-suspended with 1 mL of PBS
and were aliquoted into 0.2 mL PCR tubes. Cells were incubated in a PCR machine for 3
minutes in a temperature gradient. Following the heating, samples were incubated at 25°C
for 3 minutes. Samples were then snap-frozen in liquid nitrogen. Cell samples were frozen
and thawed for three times, and were spun down at 15000 rpm for 15 minutes at 4°C. The
supernatant was separated and analyzed by Western Blotting.

Isothermal Titration Calorimetry (ITC)

Experiments were performed using the iTC200 system (GE Healthcare) at 20°C with
titration buffer (10 mM Hepes pH 7.8, 700mM NaCl, 1 mM MgCI2, 5% Glycerol, and 1mM
DTT). 20 uM purified DCLKZ1 protein in 400ml of titration buffer was placed in the sample
cell, and 200 uM compound in 40pl of titration buffer was loaded into the injection syringe.
A 120-s delay at the start of the experiment was followed by 20 injections with 120-s
intervals. All measured samples were stirred at 500 rpm. The data were analyzed in
SEDPHAT and exported in GUSSI.

Western Blotting

Whole cell lysates were separated by SDS-PAGE gel and protein was transferred onto
Immobilon-P membrane. The membrane was blocked by 5% milk in PBS with 0.1%
Tween-20. The blot was probed with the DCLK1 antibody from Cell Signaling (Danvers,
MA). Protein was detected by LumiGLO reagent and peroxide from Cell Signaling.
Secondary antibody was from Cell Signaling.

Cell Proliferation Assay

CellTiter-Glo reagent was ordered from Promega (Madison, WI). Briefly, 50,000 cells were
seeded per well in a 100 ul medium in 96-well format and were treated by a compound or
transfected with a DNA construct. Assays were developed by addition of 100 pl of CellTiter-
Glo reagent. Luminescence was measured using BioTek NEO plate reader.
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Mass Spectrometry and Data Analysis

DLD-1 cells overexpressing DCLK1 were treated with 1 uM of DCLK1-IN-1 for 1, 4 and 24
hours. DMSO treatment at 4 hours was used as a control. After treatment, cells were
harvested and were washed with cold PBS buffer for 3 times. Cells were harvested in ice-
cold PBS. Quantitative mass spectrometry-based proteomics were performed as previously
described (Biancur et al., 2017; Paulo et al., 2017). TMT isobaric reagents were from
Thermo Scientific (909406, Life Technologies). Water and organic solvents were from J.T.
Baker (Center Valley, PA, USA). Cell lysis was carried out in 2% SDS buffer with 25 mM
NaCl, 20 mM HEPES pH 8.8, 5 mM dithiothreitol (DTT, to reduce disulfide bonds), 200 uM
sodium orthovanadate (New England Biolabs, P0758S), and 1 x Halt™ Protease and
Phosphatase Inhibitor Cocktail (Life Technologies, 78847) with zirconium oxide beads
(Next Advance / MidSci ZROBO05) using a vortexer at maximum speed for 5 min (Tissue
Lyser LT, Qiagen). The homogenized cell lysate was placed at 60°C for 30 min, followed by
cooling at room temperature for 10 min. Proteins were alkylated with 14 mM iodoacetamide
(11149 Sigma) at room temperature for 30 min in the dark. Excess iodoacetamide was
quenched with 15 mM dithiothreitol at room temperature for 15 min in the dark.

Chloroform-methanol precipitation of proteins from cells was performed prior to protease
digestion. To summarize, three parts neat methanol was added to each sample and vortexed,
one part chloroform was added to the sample and vortexed, and 2.5 parts water was added to
the sample and vortexed. The sample was centrifuged at 4000 x g for 10 min at room
temperature and subsequently washed twice with 100% methanol. Samples were
resuspended in 200 mM HEPES pH 8.5 for digestion. Protein concentrations were
determined using the bicinchoninic acid (BCA) assay.

For each sample, 100 pg of protein was digested overnight with 1:100 protease-to-protein
ratio Lys-C protease (129-02541, Wako Chemicals USA, Inc.) followed by trypsin (V5117,
Promega) at a 1:100 protease-to-protein ratio, all at 37°C. Digested peptides were separated
from contaminants using 50 mg silica bonded phase cartridges (WAT054960, Waters)
followed by lyophilization using a speedvac concentrator overnight. 50 pg of peptides from
each sample (as quantified using Micro BCA (Thermo Scientific, Rockford, IL)) were
labelled with TMT reagent (100 pg) for 1 h, followed by quenching the reaction with
hydroxylamine to a final concentration of 0.3% v/v. As a check to ensure effective labeling
and appropriate ratios, we mixed 2% of each labeled sample in a
1:1:1:1:1:1:1:1:1:1:1:1:1:1:1 ratio and performed a ‘ratio check’ using LC/MS/MS. Based on
ratios measured in this ratio check, we then combined the remainder of the samples. The
combined sample was acidified, vacuum centrifuged to near dryness and subjected to C18
SPE (Sep-Pak, Waters). Next, each sample was enriched for phosphopeptides using the
Pierce High-Select FE-NTA phosphopeptide Enrichment Kit following the manufacturer
instructions. After phosphopeptide elution, the sample was lyophilized using a speedvac
concentrator. For whole proteome analysis, the flow through from the phosphopeptide
enrichment was collected and the sample was separated using basic pH reversed-phase
HPLC and then pooled into 12 fractions. Data for the whole proteome and phosphoproteome
analysis were obtained using an Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific, San Jose, CA, USA) coupled with a Proxeon EASY-nLC 1200 LC pump (Thermo
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Fisher Scientific). Peptides were separated on a 75 pm inner diameter microcapillary column
packed with 35 cm of Accucore C18 resin (2.6 um, 100 A, Thermo Fisher Scientific).
Peptides for global proteome analysis were separated using a 3 hour gradient of 6-27%
acetonitrile in 0.125% formic acid with a flow rate of 400 nL/min. Phosphopeptides were
analyzed using a 2 h gradient of 1-22% acetonitrile in 0.125% formic acid with a flow rate
of 400 nL/min. The data were acquired using a mass range of m/z 350-1350, resolution
120,000, AGC target 1 x 108, maximum injection time 100 ms, dynamic exclusion of 120 s
for the peptide measurements in the Orbitrap. Data dependent MS?2 spectra were acquired in
the ion trap with a normalized collision energy (NCE) set at 35%, AGC target set to 1.8 x
10% and a maximum injection time of 120 ms. MS? scans were acquired in the Orbitrap with
a HCD collision energy set to 55%, AGC target set to 1.5 X 10°, maximum injection time of
150 ms, resolution at 50,000 and with a maximum synchronous precursor selection (SPS)
precursors set to 10. Phosphopeptide data were acquired using the same parameters as
described above with the addition of MultiStage Activation (MSA). Mass spectra were
processed using a Sequest-based-in-house software pipeline as described previously (Paulo
et al., 2015). Protein and phosphopeptide quantitation values were exported for further
analysis. Each reporter ion channel was summed across all quantified proteins and
normalized assuming equal protein loading in all 15 samples.

MS data analysis was previously reported (Lyons et al., 2018; Poulin et al., 2019). Briefly,
we performed GSEA analysis on phosphoproteomic data with custom gene sets constructed
of kinases and their respective species-specific substrate sites. Kinases were considered
significantly active if the enrichment of their substrate set surpassed a threshold of either a
nominal P-value < 0.05 or an FDR g value < 0.25.

QUANTIFICATION AND STATISTICAL ANALYSIS

One way ANOVA was used for comparisons with more than two groups. If there was a
statistics difference, two-tail unpaired T test was used to compare each individual group. If
not specified, the first sample was the control to make statistics analysis. * was used for p <
0.05 and ** was used for p< 0.01.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Overexpression or DCLK1 in DLD-1 cells results in DCLK1-dependent

. Genetic or chemical ablation of DCLK1 activity inhibits DCLK1-transformed

. The DCLK1 mutation G532A results in DCLK1-IN-1-resistance

. DCLK1 inhibition decreases RNA processing and other cellular processes
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cell growth
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Figure 1. Ablation of DCLK1 Kinase Activity Disrupts the Malignant Behavior of DLD-1 Cells
(A) Catalytic residues in DCLK1 kinase active site (PDB: 5JZN). AMPPN is an ADP

analog.

(B) D511N or D533N extinguished DCLK1 kinase activity. Activity was measured by
peptide substrate mobility shift assay.

(C) Proliferation of DLD-1 cells was not altered by stable overexpression of WT DCLK1,
but was reduced by DCLK1-KD D511N or D533N.
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(D) Cell invasion of DLD-1 was impaired by overexpression of DCLK1-KD. Results are
normalized to GFP control.

(E) Colony-forming ability of DLD-1 cells was impaired in DCLK1-KD mutants.

(F) Spheroid assays showed profound growth defects in DLD-1 cells expressing DCLK1-
KD. Scale bars, 600 pm.

(G) Quantitation of spheroid volume shown as the average of at least three samples.

For all panels error bars are the SD. **p < 0.01.
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Figure 2. The DCLK1 Inhibitor DCLK1-IN-1 Phenocopies DCLK1-KD
(A) Chemical structures of DCLK1-IN-1 and the negative control DCLK1-NEG.

(B) Cellular thermal shift assay confirmed target engagement by DCLK1-IN-1 but not
DCLK1-NEG in DLD-1 cells overexpressing WT DCLK1.

(C and D) Cell proliferation of DLD-1 overexpressing WT DCLK1 was reduced by DCLK1-
IN-1 but not by DCLK1-NEG.
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(E) Colony-forming ability of DLD-1 overexpressing WT DCLK1 was determined when
treated with DCLK1-IN-1 or DCLK1-NEG for 1 week. Cells were stained by crystal violet
solution.

(F) Treatment with 1 uM of DCLK1-IN-1, but not DCLK1-NEG, resulted in loss of cell
invasion in DLD-1 cells overexpressing WT DCLKZ1. Results were normalized to DMSO
control.

(G) Spheroid assays showed that treatment with 1 uM of DCLK1-IN-1, but not DCLK1-
NEG, led to growth defects in DLD-1 cells overexpressing WT DCLK1.

(H) Quantitation of spheroid volume.

For all panels error bars were the SD. ** p < 0.01.
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Figure 3. DCLK1 G532A Confers DCLK1-IN-1 Resistance
(A) Residues surrounding the binding pocket for the trifluoro substituent in DCLK1 include

L440, V449, and G532. Corresponding residues in other kinases known to bind the core
scaffold, but not trifluoro-containing analogs such as DCLK1-IN-1, also shown below.

(B) Calculation of the volume of side chains lining the trifluoro pocket showed that side-
chain volume was smallest for DCLKZ1, suggesting that addition of side-chain volume in that
region would lead to drug resistance.
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(C) G532A was tolerated with respect to DCLK1 kinase activity. Other candidate mutations,
DCLK1 G532S and DCLK1 G532V, showed a decrease in kinase activity as measured by
peptide substrate mobility shift assay.

(D) Isothermal titration calorimetry showed loss of binding of DCLK1 G532A for DCLK1-
IN-1. The molar ratio refers to the molecular ratio of DCLK1-IN-1 to DCLK1 protein
molecules.

(E) DCLK1 G532A resulted in profound loss of inhibitory activity of DCLK1-IN-1.

For all panels error bars indicate the SD.
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Figure 4. Overexpression of DCLK1 G532A Rescues DLD-1 Cells Exposed to DCLK1-IN-1
(A) G532A did not change cell proliferation relative to WT DCLK1.

(B) Inhibitory effects of DCLK1-IN-1 on cell proliferation were lost with G532A. Growth
was assessed at 48 h. Results are normalized to DMSO control.
(C-E) (C) G532A rescued cells from DCLK1-IN-1-dependent effects on cell invasion. Cells
were pretreated with 1 uM DCLK1-IN-1 for 24 h. Normalization was to GFP-expressing
cells treated with DMSO. (D-E) G532A rescued colony-forming ability (D) and spheroid
formation of DLD-1 cells overexpressing WT DCLKL in the setting of 1 yM DCLK1-IN-1

(E).
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Figure 5. Quantitative DCLK1-IN-1 Phosphoproteomics in DLD-1 Cells Overexpressing WT
DCLK1 Identifies Substrates of and Biological Associations with DCLK1

(A) Change in levels of phosphopeptide abundance for mean of DCLK1-IN-1 treated versus
mean of DMSO-treated samples at three time points. Blue circles represent significantly
downregulated phosphopeptides (log,(fold change) < —0.5, adjusted p < 0.05). Data shown

are averaged from three biological replicates.

(B) Relative phosphorylated peptide MS intensity of the top three DCLK1 substrates over
time. The levels of phosphorylated peptides were normalized to un-phosphorylated peptide
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within each sample then the ratio for treated versus DMSO control was calculated. For all
panels error bars are the SD.

(C) Kyoto Encyclopedia of Genes and Genomes analysis of MS data identified coordinated
enrichment of spliceosome, RNA transport, insulin signaling, proteoglycans, mRNA
surveillance, focal adhesion, and tight junction pathways in response to DCLK-IN-1
treatment at 1 and 4 h. RNA-related pathways persisted at 24 h.

(D) Changes in inferred Kinase activity upon treatment with DCLK1-IN-1 identifies kinases
that were potentially regulated by DCLK1. Plot shows association between normalized
enrichment score (NES) and false discovery rate (FDR). Kinases with positive or negative
enrichment and an FDR <0.25 are labeled.
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Potential Substrates of DCLK1

Table 1.

Gene symbol

Site Position

Fold Change (Log2)

p Value (-Log10)

1 h DCLK1-IN-1 versus DMSO

TOP2B S1552 -1.49 2.48
CDK11B S115 -1.30 1.36
MATR3 S621 -0.98 3.15
ARFIP1 S39 -0.94 2.86
RPS6 S244; S247 -0.82 1.93
TOP2B S1550 -0.74 2.60
ECM29 S833 -0.71 1.95
SERBP1 S391 -0.65 212
4 h DCLK1-IN-1 versus DMSO

TOP2B S1552 -2.44 3.32
CDK11B S115 -1.39 1.45
MATR3 S621 -1.20 3.88
SPTBN1 T2187 -0.84 1.67
ABCF1 T108; S109 -0.73 2.49
LMNA S404; S407 -0.70 1.67
SPTBN1 T2328 -0.68 2.01
MAP1S S731 -0.67 1.59
24 h DCLK1-IN-1 versus DMSO

SPEN S736; S740 -2.31 3.73
MATR3 S621 -1.31 1.64
CDK11B S115 -0.88 3.22
PNPLAG S1309; S1318 -0.56 1.80
LMO7 S495 -0.54 1.86
SRRM2 S2412 -0.54 1.62
KRI1 S136 -0.54 2.74
SLC9A1 S599; S602; T603  —0.53 1.64

De-enriched phosphorylated peptides in DLD-1 cells treated with DCLK1-IN-1 relative to 4 h DMSO control.
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