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Abstract

Doublecortin-like kinase 1(DCLK1) is a putative cancer stem cell marker, a promising diagnosticand
progno rmalignanttumors and a proposed drivergene forgastriccancer (GC). DCLK1

a majority of solid cancers correlates with lymph node metastases, advanced
poor-prognosis. In cancer cells, DCLK1 expression has been shown to promote

overexpre

epithelial-to-fy mal transition (EMT), driving disruption of cell-cell adhesion, cell migration
and invRi &M , we report that DCLK1 influences small extracellular vesicle (sEV/exosome)
biogenesi inase-dependent manner. sEVsisolated from DCLK1 overexpressing human GC cell
line MKN1 °£_SEVs), promote the migration of parental (non-transfected) MKN1cells

(MKN1"*%) tive proteomeanalysis of MKN1°-sEVs revealed enrichment in migratory and
adhesion regtifators (STRAP, CORO1B, BCAM, COL3A, CCN1) in comparison to MKN1™*-sEVs.
Moreove rmLKl—IN—L aspecificsmall molecule inhibitor of DCLK1, we reversed the increase in

trationin contrastto other EV subtypes, as well as kinase-dependent cargo
selection sinvolvedin EV biogenesis (KTN1, CHMP1A, MYO1G) and migration and
adhesion processegs (STRAP, CCN1). Ourfindings highlight a specificrole of DCLK1-kinase dependent
cargo selection for sEVs and shed new light onitsrole as a regulator of signalingin gastric

sEV size an

tumorigen@sis.

State ignificance of the study

Gastric cancer is the 3" leading cause of cancer mortality worldwide, responsible for over
800,00 in 2018 and ranks 5" for cancerincidence. The importance of understanding the
formation and development of GC is crucial to developing early detection tools and better
therapeutictreatments. Although DCLK1gene amplification, overexpression and somatic missense
mutations entlyobservedin human GC, the mechanisms by which DCLK1 contributes to
igepesis remains poorlyunderstood. Here we show that DCLK1 expressioninthe GC
pacts small extracellular vesicle (sEV) biogenesis both quantitatively and
nase-dependent manner, revealing a hitherto unknown role for this putative

gualitatively
oncogenic y combining functionaland protein dissection of human GC cell-derived sEVs, we
show a DCKL1-dependentregulation of sEVs. These findings willenable future studies seeking to
characterlit eupderlyingsignalingofcancerstemceIIsand have implicationsin definingand

therape geting specific pro-tumorigenicsignaling drivers, including kinases such as DCKL1.

-
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Introduction

Doublecortin-like kinase 1(DCLK1) was first described in 1999 as a close homologue of doublecortin
(DCX) p ded by a gene associated with brain development and neuronal migration.[1-3]
DCLK1 emerged as a marker of cancer stem cells (CSC) and tumor-initiating cells
However, more recent reports alsoimply adirectfunctional role of DCLK1in
|-to-mesenchymal transition (EMT) in cancercells and a pluripotent/stem cell
state uflle meostaticand pathological conditions.[7-25] In 2013, a comprehensive genomic
and molecmysis of 100 primary gastrictumors identified DCLK1as novel potential driver of
GC.[26] A stgongrarrelation between DCLK1 expression and low overall survivalwas presentedina
recent meta-analy§is, and correlations between DCLK1and anti-tumorimmuneresponses and

In the last dg
inthe Gl t

stromal com nts within the tumor micro-environment (TME) was found in gastric and colorectal
cancers.[2 hypothesized whetherthe alteredimmuneresponses and stromal components

inthese D high Gl-tumors might be an indirect result of the microtubule associated function of
DCLK1 res Iteredintercellularcommunication.

DCLK1 and are microtubule-associated protein (MAP) family members, regulating the dynamic

turnovera@ution of microtubules. Microtubules are involvedin arange of essential cellular
lar shape, polarity, migration, celldivision, and kinesin driven vesicleand
organellet jt.[29,30] DCLK1 and DCX share no homology to other MAPs, and binds to
microtubules eirtwointandem doublecortin domains (DCs).[31,32] Unlike classical MAPs,
eridges of the microtubule protofilament, DCLK1 binds in the valleys between

. Resulting in stabilized microtubules without overlapping kinesin motor protein
bindingsites. ] In addition, the DCdomains bind to both polymerized and unpolymerized o/B-

processes

DCLK1 contains a tunctional serine/threonine kinase domain at the C-terminal tail which negatively
regulates microtubule-binding affinity of DCLK1 through auto-phosphorylation of the DC

domains.[38] Whilst DCX stimulates microtubule polymerization in vitro, purified full-length DCLK1
the proteinisinthe presence of aphosphatase orits kinase domainisrendered
activating point mutations or specifickinaseinhibitors.[39] This suggests that
of DCLK1 is a negative regulator of microtubule polymerization and stabilization,
ddition, within neurons DCLK1 supports kinesin-3mediated cargo transport to
dinvolvementin synapticvesicle trafficking.[40-45] Suggesting that DCLK1 might be

doesnot, unle
non-functi
the kinase @
at leastin vj
dendrites

directl vesiculartraffickingand as a resultindirectly influences intercellular

commul“

The ceIIuIarsecreSme represents afundamental means of intercellular communication. This
complex mixture of proteins, lipids and nucleicacids allows for the regulation of a broad range of

cellular bekha#iors and physiological functions. Changesin the abundance of components of the
secreto ﬂ

bbserved in many diseases, including cancerand actively shape the TME to contribute
to tumor progre

representingan active element of the cell secretome.[55] EVsinclude plasmamembrane—derived

large EVs (termed microvesicles, 100-1,500 nm size)[56-59], endosomal-derived small EVs (termed
exosomes, 30-200 nm size)[58-61], midbody remnants (200-600 nm)[62,63] and exomeres (~30nm
size)[64,65], all are well-established mediators of cancer pathology.[66-68] Even though exosomes

pn[46-54]. Extracellularvesicles (EVs) are secreted lipid-encapsulated vesicles
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and microvesicles have different biological origin, theirsizes and biomarkers overlap, [58,59,69-72]
as such we used the consensus MISEV guidelines totermthese EVs as eitherlarge orsmall EVs.[68]
Overthe last decade, cancerderived EVs have been established as multifaceted paracrine and
autocri s of the TME[73] affecting both cancerand non-cancercells (i.e.,immuneand
stromal cel 1) alike. Creating amilieu conduciveto cancer cell survival, proliferation, evasion

of immuneg ance and to migration, invasion and the spread of cancercellstolocal lymph

distantsites.[73,78—-85] DCLK1 isa Gl CSC markerand sEVs secreted by CSCs have

attracted aparticularinterest due totheir potential use as regenerative mediators and targets for
Ltherapies. Isolated renal CSC-sEVs were able torenderrecipient cells resistant to

nodesand

clinical ant

cytotoxicdgggs induced the formation of a pre-metastaticniche in vivo.[86] Another study
showed th@t CSC-gEVs reprogrammed cells in the TME towards a pro-angiogenicand pro-metastatic
phenotype. ecently, it has been shown that cancer-derived sEVsinduce epigeneticchangesin

stem cells finfllen@ing their function in the TME.[88] These reports support a role for sEVs tumor
initiation, nand progression. Therefore, we hypothesized that DCLK1 could drive critical
pathology diated by sEVs. Here, we present aspecificrole of DCLK1-kinase dependent cargo
selection for sEVs ;d shednew lightonitsrole as a regulator of signalingin gastrictumorigenesis.

MaterialG\ ethods

Cell cultm

The human'@C ines MKN1and MKN28 were obtained from JCRB Cell Bank. The human GC cell
line AG ed fromthe ATCC. MKN1, MKN28 and AGS were cultured in RPMI-1640 +
GlutaMax upplemented with 10% (v/v) fetal calf serum (FCS) (Moregate biotech).
Telomer ortalized human foreskin fibroblasts (BJ-hTERT) were kindly provided by Rick
Pearso Callum Cancer Centre) and culturedin DMEM (Gibco™) + 20 mM HEPES, 17%

(v/v) Medium 199 (Gibco™), 15% (v/v) FCS, and 1% (v/v) GlutaMAX™ L-alanyl-L-glutamine dipeptide

(Gibco’"‘).}lls were maintained at 37 °C with 10% CO..

The DCLK 1 (accession NM_004734) was PCR amplified from plasmid RC217050 (Origene)
using forwdpd er5’ agc aag ctt gcc acc atg tce ttc gge aga gac atg gag 3'and reverse primer5’ acg
gga tecc cta ﬂ gt tgc gtc ttc gtc 3’ and subclonedinto pcDNA3 using Hindlll and BamHI

restriction sj construct was verified by Sanger sequencing and transfected into MKN1 using

lipofectamine 2000 (Invitrogen). Cells were selected for 4 weeks in culture medium supplemented
with wiERgE L Genetecin. DCLK1 protein expression was validated by western blot. Cells were
imaged“d microscope (Zeiss Axio observer5) and Zen-blueimaging software.

DCLK1-Ih:-response assessment

To avoid confg

#ng results caused by potential cytotoxicity of the DCLK1-IN-1small molecule
rformed adose-response assessmentin orderto selectaconcentration of DCLK1-IN-
1 that was alow the ICs,. Forthe dose-response assessment 7.5x 10° MKN1"® and MKN 1%
cellswere seeded in 96-well plate (Gibco) in quadruplicates, and subjected to a concentration range
[0.003, 0.01, 0.03, 0.1, 0.3, 1, 3, 10, 30, 100 uM] of DCLK1-IN-1small molecule inhibitor or DMSO
control.[89,90] After 72 hrs, cell toxicity was quantified using MTS-reagent (Promega) and
absorbance was measured at 490 nm. The ICso values were determined of the Log,, transformed
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. . . . . Top—Bott .
concentrations (X) with anon-linear regression curve fit (Y = Bottom + Op—?(om ) using

IC50

GraphPad Prism (v.8.4.3).

EV coIIec!o p urification and preparation

For the MKIN one week priorto EV collection, the FCSin the cell culture media was changed to
10% (v/v) FCS, FCSwas centrifuged at 100,000 x g for 18 hrs to remove EVs.[91] ForEV
collectign Samitimee!|s were seeded ina 5-layer T-1000 flask (Millipore), in 200 mL RPMI-1640 +
GIutaMax,sppleme nted with 10% (v/v) EV-depleted FCS. Cells were cultured for 48 hrs priorto
collection of conditioned media (CM) in the presence of either 1 uM DCLK1-IN-1(MKN1°*"") or
DMSO conffol (MK 1°*%/MKN1°%). Five independent replicates of each MKN1"*%, MKN 1%, and
MKN 105" 200 mL) were subjected to differential ultracentrifugation as previously
described[94, igure 1C). In brief, the CM was centrifuged (Rotina 380R) at 500 x g for 5 min4 °C
to removew; the supernatant subsequently centrifuged (Rotina 380R) at 2000 x g for 10 min
4 °Cto remove cell debris. Of the supernatant 180 mL was aliquotedin to 6 fractions, each 30 mL
and ce ntrifE0,000 x g for30 minutesat4 °C (SW 28, Beckman Coulter, Optima L-90k
Ultracentri pernatant was transferred to new tube and centrifuged at 100,000 x g for 60 min
at4°C (Swgckman Coulter, Optima L-90k Ultracentrifuge). The 10,000 x g (10k) pellets

EVs (

containlar IEVs), while the 100,000 x g (100k) pellets contain sEVs. To remove any co-isolated
or bound factors, the 10k and 100k pellets were washed in 100 pL PBS (Gibco), pooled per condition

perreplic and centrifuged at either 10,000 x g for 30 minat 4 °C (Eppendorf Centrifuge
5430R) or 1@9, g for60 minat 4 °C (TLA 55, Beckman Coulter, Optima MAX-TL Ultracentrifuge),
respecti oled |IEVs (10k) and sEV (100k) pellets were resuspended in 50 puL PBS and
aliquote pmediate use orstored at-80 °C for further downstream use.

Nano king analysis

Vesicle size was determined using NanoSight NS300, Nanoparticle tracking analysis (NTA) (Malvern)
fitted with@ NS300 flow-cell top plate witha405 nm laser. |IEV and sV samples (1 ug/uL) infiltered
(0.2 um) M,OOO dilution) wereinjected with 1 mL syringes (BD) (detection threshold =10,
perature =25 2C). For each sample, 5 replicate 60 s video captures were made. To
calculate vé eand concentration, videos were analysed as described using NTA software 3.0

ProteiWeparation and Western blot analysis
sEVsand Imlysed insodium dodecylsulphate (SDS) 2% (v/v), 50mM triethylammonium

, pH 8.0, ultrasonicated (10min) and centrifuged at 16,000g for 10 minat 4 °C,
icroBCA (Life Technologies). sEV and IEV relative protein abundance was

eir corresponding MKN"** sEVs or |EVs of the same collection date. SDS-PAGE
(Invitrog erformed (200V, 35 min) on denatured (70 °C, 10 min) protein lysate (15 pg, 50
mM Dithiothreitof{DTT), 125 mM Tris—HCl, pH 6.8, 12.5 % (v/v) glycerol, 0.02% (w/v) bromophenol
blue). Proteins were transferred to PVDF-membranes using iBLOT system (Invitrogen). Membranes
were blocked in blocking-buffer (5% (w/v) milkin PBS-0.1% Tween-20) for1 hr at RT and
subsequently probed with primary antibodies (1:1000 dilution in blocking buffer) overnightat4 °C
against ALIX (Cell Signaling Technology, #2172), TSG-101 (BD Biosciences, #612696), DCLK1 (Abnova,

bicarbona
and quantified b
normali
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#H00009201-A01), and GAPDH (Sigma-Aldrich, #G9545). Membranes were subsequently incubated
with secondary HRP-linked antibodies goat anti-mouse (DAKO, #P0447, 1:7500) or goat anti-rabbit
(DAKO, #P0448, 1:7500) for 1 hr at RT with orbital shaking. Protein bands were visualized using ECL-
substra nd Chemidoc™ (Biorad XRS, imagelab™ software).

Transwel rationassay
EV-depleted FCS was used forall transwell migration assays to fully attribute the effects upon cell
migration t@ the added EVs and not bovine derived EVs present within FCS.[91] Transwell migration
assays weaned using 8 um transwell inserts (Falcon)seeded with 4x 10* MKN1"® cellsin
100 pL serufA-fr PMI-1640+ Glutamax (Gibco). Cells were supplemented with either 30 pg/mL
MKN1™®%- N1%# or MKN1°*"™"_derived sEVs or IEVs, or vehicle (PBS). Inserts were nested onto
24-well plate (Falcon), as chemoattractant 20% (v/v) EV-depleted FCS was added to RPMI-1640 +
maed for48 hrs (37 °C). For co-culture migration assays, 2x 10° MKN1"*® or
MKN1° ce eP€seededina24-well plate (falcon) (bottom chamber), 24h after seeding media
was replamoo uL 10% (v/v) EV-depleted FCSin RPMI 1640 and cells were cultured for48h.

Glutamax PAR

4-8 x 10" N28, AGS or BJ1-hTERT cells were seeded in 300 pL serum-free mediain 8 um
transwellin Icon) (top chamber) and co-cultured for 72h. For transwell migration and co-
culture migration assays all non-migrating cells were removed with cotton-swabs and inserts were
dual fixed v/v) paraformaldehyde in PBS for 10 minutes at RT and 10 minutes withice cold
methanol ells were stained using Diff-Quik staining solution (Millipore). Washed and air-
dried mempora ere cut out priorto mounting onto glass slide with dibutyl phthalate polystyrene
xylene (DPX, Sigma). Slides were scanned and analyzed using Aperio ImageScope and eSlide

Manag a Biosystems).

Prote iguid chromatography—-tandem mass spectrometry

For mass spectrometry-based proteomics[91], lysed samples (10 ug) were normalized and reduced
with 10 mM, DTT for 45 minat 50 °C followed by alkylation with 10mM iodoacetamide for 30 min at
25°Cin thL\

precipitateg

e reaction was quenched to a final concentration of 20 mM DTT. Lysates were
ix volumes of acetone overnight at-20 °C. Protein pellets were centrifuged at

10,000 x g t 4 °C and resuspendedin 50 MM TEAB, pH 8.0. Samples digested with trypsin
(Promega, V5 at a 1:50 enzyme-to-substrateratiofor 16 h at 37 °C. The peptide mixture was
acidifiedt oncentration of 2% formicacid, 0.1% trifluoroaceticacid (TFA) and centrifuged at
16,0009Er02en at -20 °Cfor 30 min, and dried by vacuum centrifugation. For proteomic

analysis' ﬁ:!ﬁtides'/ere resuspended in 2% acetonitrile, 0.07% TFA, quantified by Fluorometric
Peptide AsSay and normalizedto 1 ug per 3 uL.

Peptideswere analyzed on a Dionex UltiMate NCS-3500RS nanoUHPLC coupled toa Q-Exactive HF-X
hybrid quadrupolegsOrbitrap mass spectrometer equipped with ananospray ion source in positive
ed.[94] Peptides wereloaded (Acclaim PepMap100C18 5 um beads with 100 A

o FisherScientific) and separated (1.9-um particle size C18, 0.075 x 250 mm, Nikkyo
Technos Co. Ltd ha gradient of 2-28% acetonitrile containing 0.1% formicacid over 110 minutes
at 300 nLminat 55°C. An MS1 scan was acquired from 350-1,650 m/z (60,000 resolution, 3 x 10°
automaticgain control (AGC), 128 mseconds injection time) followed by MS/MS data-dependent
acquisition (top 25) with collision-induced dissociation and detection in the ion trap (30,000

resolution, 1x10° AGC, 60 mseconds injection time, 28% normalized collision energy, 1.3 m/z
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guadrupoleisolation width). Unassigned precursorions charge states and slightly charged species
were rejected and peptide match disabled. Selected sequenced ions were dynamically excluded for
30 seconds.

DataPro nd Bioinformatics Pipeline

Peptideid nd quantification were performed as described previously using MaxQuant
(v1.6.14‘with its built-in search engine Andromeda.[62,94-97] Tandem mass spectra were searched
against Hopgo sapiens (human) reference proteome (74,811 entries, downloaded 1-2020)
supplemerL common contaminants. Search parametersincluded carbamidomethylated
cysteine asgiike dification and oxidation of methionineand N -terminal protein acetylation as
variable m@gificaons. Data was processed using trypsin/P as the proteolyticenzyme withup to 2
missed cleayagesites allowed. The search tolerance and fragmention mass tolerance were setto 7
ppmand 0 ), raspectively, atlessthan 1% false discovery rate on peptide spectrum match (PSM)
level employing #target-decoy approach at peptide and protein levels. Label free quantification
(LFQ) algo axQuant was used to obtain quantification intensity values and processed using
Perseus asm/(‘j [74] LFQintensities were Log2 transformed after removing contaminants and

reverse ide ns. Proteins with no missing values amongall sample groups are subjected to

st with p-value adjusted at 5% permutation-based FDR. Missing values between

technicalr imputed using Perseus built-inimputation feature from anormal distribution
with1.8d and 0.3 width. Normalized intensities were Log2 transformed, with statistical
analysesp using Student’s T-test or ANOVA (g-value <0.05was considered significant).
Gene enrichmentfunctional annotation clustering analysis was performed using DAVID and
Reacto way bioinformatics recourses.[98] Graphpad Prism and Rstudio were used for
visualization o ysis.

Results

DCLK1 ohssion increases cell protrusions and secretion of small extracellular
vesicles (

In light of
stemcellma

entoverexpression of DCLK1in solid tumorsand its associatedrole as a cancer
Ke and putative driverof GC,[5,17,21,26,28,99-101] we established aclonal MKN1%

GCcelllin Ich stably overexpressed DCLK1at a level approximately 4.5fold higher compared to
parentm

N1 cells (Figure S1A). Consistent withthe reported role of DCLK1as an
rious cancer cells,[13,19-23] DCLK1 overexressing MKN1 cells (MKN1°) display

cellular protrusions suggesting increased plasma membrane dynamics in MKN1° cells (Figure 1A).
Inlight of theii sed membrane dynamics observed in cells overexpressing DCLK1and the pivotal
roleth rane forces play inthe shedding of extracellularvesicles, we investigated the impact
of DCLK1 a its catalytickinase activity on the release and composition of EVs. Consistent with
previous reports on colorectal and pancreaticcancer cells, DCLK1-IN-1had little effect on cell
viability at concentrations up to 1 uM with an ICs, of 14 and 49 pM for MKN1"* and MKN1% cells,
respectively (Figure 1B). Based on these results and the known ICsq of 57 nM for the inhibition of the
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catalyticactivity of the DCLK1 kinase, [89] we decided to use DCLK1-IN-1ata concentration of 1 uM
for all treatmentsin this study.

T

We collecteggamditioned media from MKN1"*® cells and MKN1°® cells grown for48 hrin presence or
absence of @ -1and subsequently purified sEVs using differential ultracentrifugation to
separate sma large EVs (Figure 1C). Bio-marker expression of sEVs (containing exosomes)
was corffirfegrrorendomsomal-derived TSG101and ALIX, revealing separation/enrichment of sEVs
fromIEVs Mcell lysate; however, we did notdetect DCLK1in either|EVsorsEVs (Figures 1D,
S1B-D).The telatixe EV protein abundance was significantly increased in MKN1°*-sEVs and
MKN1°“""8IEVs (Flgures 1E, S1E). Interestingly, when DCLK1is overexpressed there is asignificant
increasein rticles/mL (AUC) as well as the concentration of “larger” MKN1°-(s/I)EV's (200-
600 nm), b rvations are reversed upon DCLK1-inhibition (Figures 1F, S1F-G). Collectively,
DCLK1 ovew

released, t isreversed upon DCLK1inhibition.

\

oninduces cellular protrusions and increases the amount of enlarged vesicles

Quality control of sEV proteome replicates

Endosomalfderived EVs trafficalong microtubules to the plasma membrane as part of multivesicular
endosome asintraluminal vesicles[55,102-104], in contrast to EVs originating from the
plasma mepabiaaes The endosomal EVs are smaller (30-200 nm) than plasmamembrane EVs (100-
1,500 nm) @nd efore more likely toend up inthe stV fraction. Inaddition, the IEV fraction
consistsof a ogeneous pool of EVs (different exosometypes, microvesicles)[62,71] and had
approx§. og, foldloweryield (AUC) (Figure S1G), hence only the composition of sEVs was
analysedbym ectrometry.

Toinve apacity of DCLK1in regulating sEV proteome composition, we performed
quantitative proteomics on MKN1™*®, MKN1°%, and MKN1°*"™ sEVs. Proteomics analysis identified
1492 unigye proteins with high stringency (presentin 4 or more replicates)across all sample groups,
with 1290, mand 1362 proteinsineach group, respectively (Figure S2A, Table S1). Proteomics
analysisfu ntified and validated comparable abundance of EV marker proteins, ALIX,

TSG101, C , FLOT1 and FLOT2 (Figure S2B, Table S1). To assess datavariance and sample
grouping, we performed a correlation matrix (Figure S2C) and principal component analysis (Figure

$2D), dem@nstrating that MKN1°t and MKN1°*"™" sEV proteomes clustered togetherand could be
distingui MKN1"* sEVs. This revealed that our replicate MKN1°* (OE4) consistently
generat. i sults and therefore was excluded from further downstream analyses ( Figures
S2C-D). :

Overexpressj f DCLK1 induces reprogramming of sEV composition to support cell
adhes cell migration in vitro.

To investiga influence of DCLK1 overexpression on sV proteomes, we initially compared sEV
proteomes between MKN1°*and MKN1™*" cells, and observed significantly (students t-test p<0.05)
altered abundance of 381 of the identified 1424 proteins, including 96 down- and 283 up-regulated
(Figure 2A, Table S2-3). We next performed enrichment map analysis of these proteins to gain
insightinto enriched pathways and functions (Gene Ontology (GO), KEGGs). Subsequent gene
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enrichmentanalysis revealed that a third of these proteins are assigned to either cell adhesion (gene
ontology GO: 0007155, 27.6%) and cell migration (GO: 0016477, 14.5%) (Figures 2A, S3A, Table S4-
5). The unsupervised clusteranalysis shows the distribution of the 381 differentially expressed
protein in comparison to MKN1™*, proteinsinvolved in cell migration or cell adhesion
biological pyo@&8ses are high-lighted (Figure 2B). Refining of the two GO-term hierarchies revealed
altered pra @ ndance in more specificclusters in a pro-tumorigenicway, namely the up-
regulation of epithelial cell migration (GO:0010631, p=5.68E-04) and cell-matrix adhesion
(GO:OO(”lmlO), and the down-regulation of leukocyte migration (GO:0050900, p=4.37E-03)
and cell adhesi gulation (G0O:0045785, p=0.012) (Figure 2C). Major altered proteins are basal cell
adhesion eclile (BCAM) and collagentype lllal(COL3A1) (bothinvolvedin extracellular matrix
(ECM) reonganizatiibn)and serine/threonine Ras-activated protein (STRAP) and coronin 1B (CORO1B)
whichisinvo in cell migration and invasion. Down-regulated proteins integrin subunitalpha 2
(ITGA2) an@uni@onie ntional myosin 1G (MYO1G) (bothinvolvedinleukocyte migration), cysteine-
rich 61 (CC E@M-protein regulating cell adhesion), CD59and CD55 (integrinsinvolvedin
complem e activation) (Figure 2C). Most of the aforementioned proteins have been
implicated with ;ir prognosis and metastasis in gastro-intestinal cancers.[105—109]

We next questioned whether stV derived from MKN1° could indeed functionally regulate cell
migration.’@MKN 1°*-sEVsincreased cell migration of MKN1"® cells, compared to MKN1"%-
sEVs (Figu In contrast, large EVs collected from MKN1"** and MKN1°® cells were unable to

induce mi i@mim recipient cells (Figures $S3B-C). In addition, co-culture migration experiments
with MKN 2™ N1° cells showed thatfactors presentinthe MKN1°® secretome caninduce
migrationinte nt (non) cancercell lines (Figures S3E-F). Thus, our datasuggest that DCLK1
reprog etome and more specifically sEVs, to support a pro-migratory phenotype in

recipientcells.

Molecular inhibition of DCLK1 identifies 61 altered sEV cargo proteins.

To understand DCLK1 kinase-dependent cargo selection for sEVs, we compared the proteome
profiling bL/IKNlOEand MKN1°""™" sEVs. Across the 1400 identified proteins, this revealed 61
proteins withmltered abundance (students t-test p<0.05), including 16 up-regulated and 45 down-
regulated @ Figure 3A, Tables S6-7). Interestingly, 31% of these proteins are associated with
cell adhesioMi@®70007155, 21%) and/or cell migration (GO: 0016477, 18%) (Figures 3A, S3D, Tables
$8-9), sup unctional association of DCKL1 with these cellular processes. Amongthe
proteinma DCLK1-kinase activity dependent abundance (Figure 3B), we identified CCN1,
KTN1, STRAP, RCC% SBDS and JAK1 that collectively have beenimplicated previously with cell
migrati(MCM regulationin gastricor other malignancies.[110-114]

Identification o£55 DCLK1-kinase dependent sEV cargo proteins

ned the association of DCLK1 activity with the sEV proteome —looking whetherthe
roteins upon DCLK1inhibition are also altered upon overexpression. We performed
a correlation anal{8is of these differentially expressed componentsin sEVs (MKN1%/MKN1"* vs
MKN1°%""/MKN 1°E) revealing a strong negative correlation (R2=—0.745, p =5.37e-12, Pearson
correlation) and resultingin 55/61 proteins thatare alteredina kinase dependent way (Figure 3C,
Table $6). Of which 13 are down-regulated upon overexpression (MKN1°/MKN1"*%) and up-
regulated upon DCLK1inhibition (MKN1°*"™"/MKN1°) and vice versa45 proteins are up and then
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downregulated, respectively. Two key proteins up-regulated upon DCLK1 overexpression and down-
regulated uponinhibition (up—down) include DEK (oncoprotein associated with chromatin
organization) and KTN1(microtubule-based movement, adhesion and migration), while opposite
behavin p) proteinsinclude the ECMbinding protein CCN1 (associated with cell
proliferatiq ell adhesion) and endosomal sorting protein CHMP1A (Figure 3C). The heatmap
revealsth 1" and MKN1°*"" replicates clustertogether separate of the MKN1°*
replicates, indicating the inhibition of DCLK1 brings these protein levels down to baseline (MKN1
(Figure!D nterestingly, 15/55 proteins are associated with cell adhesion and/or cell migration.
Thus, it ap t DCLK1 can modulate the composition of sEVsinakinase-dependent manner,

resulting imnges in pro-adhesiveand pro-migratory factors, supported by the known

PAR
)

functions gEDCLKBin cell migration and adhesion as mentioned above.

Discussim

In this study, we eiablish anew functionalrole for the DCLK1 in supporting sV biogenesis,
secretion gramming sEV cargo towards a pro-migratory phenotype, in vitro. Thisisin line
slinking DCLK1 expression to the induction of signaling pathways effecting
invasionand EMT.[7,8,10,13,19,20,22,23,115] Our resultsalso align and extend
mechanisticmodels of DCLK1as a polymerizer and stabilizer of microtubules and therefore
facilitator @f v lartrafficking.[31,32,39,41,45,116]

isms of DCLK1altering EV biogenesis orinfluencing cargo selectionis currently

heless, the reversible nature of sEV size, cargo quantity and composition after
itionisaclearindicatorof an importantrole forthe catalyticactivity of DCLK1 in

unknown.
DCLK1 kin
processes. Whilst our seV proteome analysis is of limited use in deciphering the
intracellular processes associated with localization/trafficking and directly regulated by DCLK1, it has
uncoveredigeveral candidates that may explain the promotion of EV biogenesis in DCLK1
overexpr:*s (Figure 4A). Mostintriguingly is Kinectin (KTN1), an organelletrans-membrane
receptoring®e@in intracellular organelle motility.[117,118] KTN1 anchors vesicles and organelles
to kinesins w re transported towards the plus-ends of the microtubules.[119] Further, binding
of KTN1 to kinesin stimulates kinesin-ATPase activity, releasing kinesin from its inactive compact
formationﬂjs observationis consistent with the known localization of DCLK1 at the plus-ends
of micr doublecortin-stabilized microtubules are substrates for kinesin translocase
motors and for depolymerase kinesins.[36,37] The combination of both increased DCLK1and KTN1

and the vesicles, Micreasing vesicular and organelle transport stability and rate. This could explain

theincrea nt of secreted sEVs in vitro. Another explanation for this might be the reduction
of MYO1G, whi sbeenshowntobe essentialforlysosomestability in different human cancer
celltyp he down-regulation of MYO1G and probable destabilization of the lysosome might
influencet ision of MVBs being fused tothe plasma membrane ratherthan with the

lysosome.[58] In contrast, charged multivesicular body protein 1A (CHMP1A), is a protein which, in
yeast, has been shown todirectly interact with vacuolar protein sorting 4 (VPS4),[122] a component
of the endosomal sorting complex required for transport [1I (ESCRT-111), which is mainly responsible
for scission of the intraluminal vesicles (ILVs) into the MVBs.[122] This might suggest thata lack of
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CHMP1A may cause delaysinscission leading to potential defectsin the generation of MVBs and
may help explain the largervesicles observed after forced DCLK1 expression and theirreversion to
normal size afterinhibitortreatment. Indeed, such findings are supported by areport where
membr ies and heterogeneity of melanoma-derived EVsisinfluenced by membrane
organizatio orting machineries.[123] The involvement of DCLK1in vesicle-mediated transport

pathwaysi ed by four recent LC-MS/MS studies investigating DCLK1 function by
overexpression and/orinhibition, affinity purifications and in vitro kinase-assays (Table

SlO).[Sf,l ,124,125] A reactome pathway analysis reveals that 3-7% of significantly altered
(phospho) i r affinity-purified DCLK1interacting proteins are associated with vesicle-
mediated tg@nspkt (Figures S4A-B). This supports amore general role for DCLK1 involvement, either
directly or@, in EV-trafficking and biogenesis.

Several st e shown that high expression of DCLK1induces EMT and increases migration and
invasioni |fferent cancertypes through various mechanisms.[7,8,10,13,19,20,22,23] In this

study, ina identifying up-regulated pro-migratory cargo proteins within seVs from DCLK1
overexpressing MBIN 1 cells, we also show thatthese sEVsindeed increase cell migration of MKN1
parental c ro. Thus revealing an as of yet unappreciated role for DCLK1indirectly

reprogram |p|ent cells. Two mostinteresting kinase dependent cargo proteins associated
with eplth | cell migration are coronin 1B (CORO1B) and serine/threonine kinase receptor-

associated protein (STRAP), both are increased in MKN1°-sEVs and decreased in MKN1°*"™"-EVs
(Figure 4B)yC regulates various actin-dependent cellular processes via Arp2/3 complex

interaction ing cell protrusion, migration and scission.[126] Silenced or kinase dead CORO1B
has be educe migrationina multitude of different cancerand non-cancercells.[126—
129] Ina e I cornonins have been associated with poor prognosis and metastasisin
GC.[130,1 restingly, STRAP is also significantly up-regulated in GCs compared to adjacent
normal RAP silencing has been shown to reduce cell migration and invasion invitro, and

metastasis in vivo in CRC and osteosarcoma.[108,132,133] A differentstudy showedthatSTRAPis
tethered t@icol Iagen MRNAs and facilitates its translation and thus indirectlyregulating ECM stiffness
and cell- m esion.[134] Stiffening of the ECM induces focal adhesion formations within the

cells, wh|c®ent|alf0rd|rect|onal cancer cell motility.[135-137]

As well as gko-migratory proteins, the sEVs released by MKN1% cells also carried more abundant
cell-m promoting proteins, of which BCAMand COL3A1 are the top two associated
protemw BCAMis a member of the immunoglobulin superfamily and areceptorforthe
i . Interestlngly, BCAMlevelsare 5|gn|f|cantly hlgherln pr|mary GCtumors of

itial matrix regulating stromal components and is up-regulated in GCversus normal
ndis a marker of poor prognosisin many cancer types.[106,107,139,140] ECM
protein CCN1is LK1 kinase-dependent sV cargo protein andis down-regulated upon
overexpression and up-regulated upon inhibition. CCN1is secretedinto the ECM regulatingabroad
spectrum of cellular activities, including cell adhesion and migrationin acell type and context
dependent manner.[114,141-143] High CCN1 levels are linked to sites of inflammation and wound

healing processes, activation of NFkB signallingin macrophages polarizingthem towards a pro-
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inflammatory M1 phenotype and can induce cell type specificapoptosis of fibroblasts through the
activation of FasL, TNFa or integrins.[142,144,145] The down-regulation of CCN1, and up-regulation
of BCAM and COL3A1 upon DCLK1 overexpression is suggestive of acell extrinsicrole for DCLK1 in
thereg mune evasive, matrix stiffening, pro-migratory and pro-fibroblastic processes.

A Iimitinng studyis the use of only a single cell line. Futurework should investigate

whethdit Helsamee ffects on EV-biogenesis and EV cargo selection are observed in other(non)-
cancerous @ll lines afterforced expression of DCLK1. Nevertheless, large proteomicdatasets

investigatin function supporta more general role for DCLK1 in vesicle-mediated transport
gestingthatourobservationsin MKN1cells are not restricted to a particularcell
ether MKN1°*-derived sEVs ratherthan otherfactorsin the total cell secretome,
have the ahiffit romote migration of cells needs to be investigated in orderto assess whether
thisisa ceweciﬁc ormore stereotyped output. In this study, we show that the in vitro pro-
migratory Fﬁwming of EVsisnot conserved amongall types of EVs but rather restricted to
SEVs.

In conclusigh® ata has uncovered anovel role for DCLK1in sEV biogenesis. We found kinase-
dependent@and independent functions for DCLK1in sEV biology relating to size, composition and
secretion. One of the principal impacts of DCLK1-reprogrammed sEVsis the ability to promote cell

migration ent cells, in vitro. Otheraltered cargo proteins are associated with GO biological
processes that encell-celladhesion, strengthen cell-matrixadhesion and influence leukocyte
migrati velinsightsinto DCLK1function may pave the way for a better understanding of
itsroleas a of cancer stem cells and driver of tumorigenesis.
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Figuremct of DCLK1 overexpression and inhibition on cellmorphology and
viability, and isolation and characterization of small extracellular vesicles from

MKNIPA&MKNIOE and MKN1OE+INH conditioned media. A) Morphological images of
MKN1™* and 1°F cells, scale bars = 20 um, cell protrusions are indicated with arrowheads. B)
DMSO nor ell viability dose-response assay with DCLK1-IN-1inhibitor. Datais represented
as mean + = 4 technical replicates and are representative of n=3 independent
experimen izontal dotted line =ICso, vertical dotted line =1 uM of DCLK1-IN-1inhibitor. C)

westernblotfor ALIX, TSG101, DCLK1, and GAPDH forfull cell lysate and sEVs. E) Relative protein
normalized to the MKN1™ subset of the same collection date. Datarepresented
SEM (errorbars), with unpaired Student’s t-test, * p = 0.041. F) Histogram of

average icate measurements £ SEM (error bars), * p < 0.001.
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Figure 2
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Figure 2. Overexp;ssion of DCLK1 induces aberrant significant (p<0.05) differentially abundant

proteinsin sEVsisglated from MKN1. Proteins are presentin >75% of replicatesinatleast one

group. iew of 55 unique and 381 significant differentially expressed proteins (p <0.05)

proteinsin MKN1% sEVs in comparison to MKN1"®

sEVs, showingthe percentage of significant
altered proteins associated with GO:0016477~cell migration, GO:0007155~cell adhesion, both or

other GO-terms. B) Unsupervised clustering analysis of significantly differentially expressed proteins
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PAR OE
(p<0.05) for eachreplicate of MKN1  (PAR)and MKN1 (OE) sEVs, values are z-scores of the LFQ
intensities (missini values =grey), side columns link proteins are to GO:0016477~cell migrationor
G0:00071557 dhesion (blacklines). C) Volcano plot showing differentially expressed proteins.

The horizo ictsthe Log, fold change, the vertical axis represent the —Log(p-value,

I I
students tfest), with significance threshold at p-value =0.05 (dashed line). Proteins are mappedto

theirGO-tchelial cell (square)and leukocyte (triangle) migration (orange), positive

regulationo dhesion (square, purple), orregulation of cell-matrix adhesion (triangle, purple)
PAR
D) Represwmages of the transwell migration membraneof MKN1  cell with and without

PAR OE
20% FCS, and sEVs§ecreted by eitherMKN1 or MKN1 . Scale bars: top row =1 mm, bottom row

™
=50 um. E:'cell countof Aperio analysis of complete membrane of transwell migration

assayin D orbars = SEM, p-value =0.0053.
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Figure 3
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Figure 3. DiLKl—kliase dependent cargo selectionforsEVs. DCLK1 overexpressing cells (MKN1 )
treated wi all moleculeinhibitor DCLK1-IN-IN (MKN10E+|NH) resultedin significant differential

expressio roteinsinsEVs. Proteins are presentin >75% of replicatesin atleastone group. A)

Overvi nique and 61 significant differentially expressed proteins (p < 0.05) proteins in
MKN1OE sEVs in comparisonto MKN1PAR sEVs, showingthe percentage of significant altered
proteins associated with GO:0016477~cell migration (red), GO:0007155~cell adhesion (blue), both

(checkered, red-blue), and other GO-terms (grey). B) Volcano plot showing differentially expressed
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OE+INH OE
proteins; showing differential Log, FCof MKN1 versus MKN1 , the Y-axis shows the —Log(p-

value, stujints t—iist), with significance threshold at p-value 0.05 (dashed line). Proteins are mapped

to their GO- : GO:0016477~cell migration (orange), GO:0007155~cell adhesion (purple)orboth

(red-blue ). C) Correlation coefficient analysis of Log, fold change of MKN 10E/MKN 1PAR

1

(x-axis) ve fold change of MKN 10E+|NH/MKN 1OE (y-axis) of significantly differential proteinsin

response t@ DCLKIMinhibitortreatment. R-value represents Pearson correlation. D) Hierarchical

C

PAR
clustering agial unsupervised clustering) of 55 kinase dependent proteinsin seVsfrom MKN1

-+

OE+INH
(PAR), MKN1 E) and MKN1 (INH); values are z-scores of LFQintensities (missing values =

grey), side link proteins are to GO:0016477~cell migration or GO:0007155~cell adhesion

(black linegy.
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Proposed mechanism of action of DCLK1 on extracellular
vesicle biogenesis & downstream biological effects

“ A. Extracellular Vesicle Biogenesis

CHMP1A ___
x X V-
o | Y /
IEVs: r\u\j’ ) \/ N ’
MVEs Microvesicl/e_/g;_,g} ) “ﬁ}
yd N\
/ Nucleus N
; \ —
T ’)”{ \‘t;.,1 MVBs - delay in scission
ER N results in larger sEVs

3 -4 MYO1G
Kinesin facilitated transport ) — € ,_,;

of MVBs along microtubules

Lysosomal destabilisation
resulting in increased EV
release rather than recycling

BCAM
COL3A1
CCN1

CORO1B

CD59 ..
CD55

i

%
loss of cell-cell adhesion 3
L 4 3
cell migration increased cell-matrix adhesion
B. Intracellular changes C. Extracellular changes

Figure *summarv and proposed mechanism of action of DCLK1 on extracellularvesicle

biogenesi tream biological effects. Throughoutthis figure sEV cargo proteins thatare up-
regulated ninredand down-regulatedin cargo proteinsare inblue. A) The effect of DCLK1
on extracellular vasicle biogenesis where KTN1facilitates anchoring of multivesicular bodies (MVBs)
to kinesing¥ re facilitating transportalong microtubules. Lower CHMP1A levels might explain
the largervesi ound, CHMP1A is a regulator of vesicular scission. Lastly, down-regulation of
MYO1G n destabilization of lysosomes favoring the decision of sEVsto be released rather
than recycled: ese secreted sEVs canalterintracellularchanges upon uptake and main altered

cargo proteinsinvolving cell-celladhesion and cell migration are: STRAP, CORO1B, CD59 and CD55.
C) The effect of secreted sEVs on extracellular changes and ECM remodelinginclude altered cargo
proteins BCAM, COL3A1 and CCN1 associated with cell-matrixadhesion and cell migration biological
processes. Created with BioRender.com.
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