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Identification of DYRK1b as a novel regulator of
small extracellular vesicle release using a high
throughput nanoscale flow cytometry screening
platform+

Sina Halvaei, Nikki Salmond & and Karla C. Williams ©2) *

Extracellular vesicles (EVs) are important mediators of intercellular communication and have various roles
in physiological and pathological processes. Discovery of regulators of EV biogenesis and release has led
to significant improvements in our understanding of EV biology and has highlighted disease-specific path-
ways. Large scale discovery studies of EV regulators are limited by conventional methods of EV analysis
with limited throughput and sensitivity. To address this, this study presents a high-throughput flow cyto-
metry-based platform for the quantification of EVs released from cells. Here, a system was developed
using the MDA-MB-231 cell line stably expressing ZsGreen, which passively loads ZsGreen proteins into
EVs, and nanoscale flow cytometry. EV detection and quantitation was optimized and validated for a
96-well format. The high-throughput flow cytometry screening platform quantified the effect of 156
kinase inhibitors on EV number and identified AZ191 — a DYRKIb inhibitor — as a potent EV inhibitor.
DYRK1b inhibition and knockdown confirmed a significant reduction in total EV number, with small EVs
demonstrating the largest reduction. DYRK1b knockdown altered the intracellular distribution of EV
marker CD63, suggesting a role for DYRK1b in EV trafficking. In conclusion, our study establishes a plat-
form for high-throughput analysis of EV dynamics and introduces DYRK1b kinase as a novel EV-regulator.

1. Introduction

Extracellular vesicles (EVs) are nano-sized lipid bi-layer
enclosed particles released by all cell types into the extracellu-
lar space and biofluids." EVs contain nucleic acids,” proteins®
and lipids,* and their contents can reflect the cell of origin.’
There are several EV subtypes, with ectosomes and exosomes
being the most extensively studied. Ectosomes bud directly
from the plasma membrane or from membrane protrusions
such as filipodia and microvilli.® Ectosomes can be formed
and released using lipid membrane re-organization,” ESCRT
machinery,® and actin-myosin bleb forming mechanisms.’°
Exosomes are formed in the endosomal system. Exosome bio-
genesis starts with the inward budding of the endosomal
membrane into the endosomal lumen; this forms intraluminal
vesicles (ILV) and results in a multivesicular body."
Trafficking and fusion of the multivesicular body with the
plasma membrane releases the ILVs into the extracellular
environment/biofluids as exosomes."" Because exosomes and
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ectosomes can be difficult to separate and distinguish from
one another using common EV isolation methods, MISEV
2023 (the latest guideline for EV studies), recommends
describing purified EVs <200 nm in size as small EVs, and
>200 nm in size as large EVs."

EVs carry a diverse array of biologically active molecules,
including oncogenic proteins,’”> RNA,"”® miRNA," lipids,*
genomic' and mitochondrial DNA.> EVs are taken up by
neighbouring cells at local and distant sites.'® The transfer of
EV-associated biologically active molecules to recipient cells
can modify downstream signaling and gene regulation path-
ways. In the context of cancer, EV education of cells within the
tumor microenvironment can result in more aggressive charac-
teristics and phenotypes of neighbouring cells,'® endothelial
cell tubule formation and facilitation of angiogenesis,'” acti-
vation of fibroblasts to promote the pre-metastatic niche for-
mation,"® and immune cell suppression'® and apoptosis.>
Recent progress highlights the function of breast cancer EVs
in shaping a tumor microenvironment conducive to cancer cell
growth, metastasis,> immune system evasion,*” and the devel-
oping resistance to therapy.

Given the role of EVs in cell-cell communication and pro-
motion of pathological process such as cancer progression and
metastasis,'®** modulating EV release could represent a poten-
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tial therapeutic strategy.>® Targeting EV biogenesis and release
could be achieved through manipulating lipid reorganization,
sphingomyelinase activity, translocation of phosphatidylserine,
ATP-binding cassette transporters, and cytoskeletal organiz-
ation.?® Kinases also participate in EV biogenesis and release at
multiple points of the pathway. For example, phosphorylation
of synaptosome-associated protein 23 (SNAP-23) is necessary for
SNARE complex formation which facilitates exosome release.””
In tumor cells, SNAP-23 phosphorylation at Ser95 is mediated
by pyruvate kinase type M2 (PKM2) which further upregulates
exosome release from tumor cells.>” Also, SNAP-23 phosphoryl-
ation at Ser110 is mediated by diacylglycerol/protein Kinase C
(DAG/PKC), which contributes to multivesicular bodies’ fusion
with the plasma membrane.”® On the other hand, Rho family
small G protein and Rho-associated protein kinase (ROCK) are
essential for actin-myosin-based contraction and ectosome
release.’® ARF6 or ARF1 proteins activate RhoA and result in
actin-myosin contraction and ectosome budding.>* These
studies suggest that altering kinase enzyme activity could be a
promising approach to modulate EV biogenesis and release.

Current methods for EV isolation and analysis are not scal-
able, expensive, and time-consuming,** making EVs difficult
to study. This has impeded the implementation of high
throughput discovery studies investigating EV biogenesis and
release. Nanoscale flow cytometry is a promising platform that
could be used to develop a high-throughput screening plat-
form. We have previously shown that nanoscale flow cytometry
can be used to quantitatively analyze EVs at the single particle
resolution level in complex biological fluids using a 96-well
plate format.>'* In this study, we further advance nanoscale
flow cytometry technology by developing it as a high-through-
put compound screening platform. We optimized and vali-
dated a robust system to analyze the effect of 156 kinase
inhibitors on EV production. This method does not require
any EV isolation steps and is performed directly in a 96-well
plate format. Using this approach, we identify a previously
unknown EV modulator— DYRK1b.

2. Results

2.1. Quantitative analysis of ZsGreen-EV release dynamics by
nanoscale flow cytometry

MDA-MB-231 cells stably expressing ZsGreen proteins were
used to develop a nanoscale flow cytometry screening platform
(Fig. 1A). ZsGreen was used as it is significantly brighter com-
pared to enhanced GFP and, thus, would support the detection
of EVs above background noise. To demonstrate this, con-
ditioned media from MDA-MB-231-ZsGreen cells seeded in a
96-well plate was analysed by nanoscale flow cytometry.
ZsGreen EVs were readily detected and quantified by nanoscale
flow cytometry (Fig. 1B-E). To ensure that the EVs detected
were not protein aggregates or cell debris, 1% Triton-X was
added into the conditioned media prior to analysis by nano-
scale flow cytometry to lyse EVs. Particle signal was completely
lost after detergent treatment demonstrating that the system is
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detecting ZsGreen-positive EVs (Fig. 1B). Additionally, large
EVs (10 000g) and small EVs (100 000g) isolated by differential
centrifugation were readily detected by nanoscale flow cytome-
try and an observed shift in size was noted from the small EV
population compared to the large EV population (Fig. 1C).
Isolated EVs were characterized by western blot, nanoparticle
tracking analysis and scanning transmission electron micro-
scope (STEM) (Fig. S1A-S1Ct). Western blot showed that EV-
associated proteins CD9, CD63, and CD81 were abundant in
the EV pellets (Fig. S1A}). Comparing the small EVs and large
EVs, the expression level of the EV markers was higher in the
small EVs (Fig. S1At). Moreover, both the small and large EVs
contained little calnexin compared to cell lysate, indicating
minimal EV preparation contamination with protein or cell
debris (Fig. S1At). Nanoparticle tracking analysis data showed
that the small EV fraction was smaller in size compared to the
large EV fraction (Fig. S1B). STEM confirmed that cup shaped
particles, consistent with EV morphology, were present in the
small and large EV fractions (Fig. S1Cf). In addition, size ana-
lysis of STEM images showed that the mean particle size for
large EV and small EV isolated fractions was approximately
203.69 nm and 99.73 nm, respectively (Fig. S1D¥).

To test whether our system could detect changes in the
number of EVs released by cells, increasing numbers of MDA-
MB-231 cells were plated in a 96-well format (ranging between
2 x 10°-20 x 10®). The number of EVs detected in the con-
ditioned media by nanoscale flow cytometry increased accord-
ingly with increasing cell number (Fig. 1D and E) until cell con-
fluence reached 100% (Fig. 1F), at which point EV release
decreased potentially due to changes in cell behaviour at this
confluence. To validate that the system can detect changes in EV
release due to small molecule manipulation of EV biogenesis
and release dynamics, MDA-MB-231-ZsGreen cells were treated
for 24 h with bafilomycin and GW4869, which increase and
decrease EV number, respectively. The concentration of GW4869
to decrease EV release was optimized compared to vehicle
control dimethyl sulfoxide (DMSO) (Fig. S2At). Analysis of the
conditioned media by nanoscale flow cytometry showed that the
number of EVs released from cells treated with EV stimulator
bafilomycin was significantly higher compared to the vehicle-
treated control cells (Fig. 1G and H). Treatment with EV biogen-
esis inhibitor GW4869 was found to significantly reduce the
number of EVs detected by nanoscale flow cytometry compared
to the vehicle-treated control (Fig. 1G and H). Importantly, the
treatment of MDA-MB-231-ZsGreen cells with bafilomycin or
GW4869 did not change cell proliferation or viability, indicating
that the change in EV number was solely due to the effect of the
compounds upon EV regulation (Fig. S2B and S2Cf).

2.2. High-throughput screen of the effect that 156 kinase
inhibitors have upon the biogenesis and release of EVs by
MDA-MB-231-ZsGreen cells

Next, using the nanoscale flow cytometry platform, in a 96-well
plate format, a kinase inhibitor library was selected to screen
for changes in EV quantity. In a 96-well plate format, 15 x 10°
MDA-MB-231-ZsGreen cells were treated with a library of 156
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Fig. 1 Optimization of nanoscale flow cytometry for high-throughput screening of EVs in 96-well plate format. (A) A schematic diagram detailing
the set-up and testing for development of a high-throughput screen platform to accurately quantify EV release dynamics. For this, (i) ZsGreen cells
were tested for EV release, (ii and iii) plated in a 96-well format with small molecule EV-modulators, and (iv) changes to EV number assessed by
nanoscale flow cytometry. (B) Representative flow cytometer dot plots of ZsGreen EVs in MDA-MB-231-ZsGreen cell conditioned media (diluted
1:1in PBS). Upon addition of 1:1 1% Triton-X, EV lysis was confirmed by reduction of ZsGreen-EV signal on the flow cytometer. Red frames rep-
resent the gate for FITC-H signal threshold. (C) After isolating large EVs (10 000g) and small EVs (100 000g) by differential ultracentrifugation, the
ZsGreen-EV were detected on the flow cytometer in a 30 second measurement. (D) MDA-MB-231 cells were seeded into a 96-well plate in increas-
ing cell numbers: 2.5 x 10%, 5 x 103, 10 x 103, 15 x 10%, 20 x 10°. After 24 h of conditioning the media, the ZsGreen-EVs were analyzed using nano-
scale flow cytometry. Red frames represent the gate for FITC-H signal threshold. (E) The data acquired in (D) was quantified and presented in graphi-
cal format. +SEM, n = 3. (F) MDA—-MB-231 cells were seeded into a 96-well plate in increasing cell numbers: 2.5 x 10%, 5 x 10%, 10 x 103, 15 x 103, 20
x 10® and imaged. The end-point confluence was calculated using IncuCyte imaging. +SEM, n = 3. (G) MDA-MB-231 cells were seeded into a
96-well plate at 15 x 10® seeding density, and cells were treated with 99.2 nM bafilomycin or 4 pM GW4869 for 24 h before conditioned media was
harvested and analyzed on the flow cytometer for 30 seconds. Red frames represent the gate for FITC-H signal threshold. GW4869 and bafilomycin
were dissolved in DMSO; different volumes of DMSO were used for each compound. GW4869 and Bafilomycin Vehicle Control (DMSO alone) were
matched acccordingly. (H) Data acquired in (G) was quantified and presented in graphical format. One-way ANOVA test with post-hoc uncorrected
Dunnett’s test was perform for statistical analysis. +SEM, n = 3. ns: not significant. **p < 0.01. ****p < 0.0001.
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non-selective and selective kinase inhibitors (500 nM) and
DMSO as the vehicle control for 24 h. Cytotoxicity assay were
performed to identify compounds that >10% increased cell tox-
icity (Fig. S31). Compounds causing >10% cytotoxicity com-
pared to vehicle control were removed from analysis as cell
death could affect EV number irrespective of the kinase
mechanism of action. Seven compound were removed due to
increased cytotoxicity. Compared to the untreated control, the
vehicle control, did not show any significant change differ-
ences in EV release and cytotoxicity assay. The remaining 149
compounds were used for the screen. MDA-MB-231-ZsGreen
cells were incubated with each of the 149 compounds and con-
ditioned media was analyzed by nanoscale flow cytometry. The
number of EV events detected by nanoscale flow cytometry
were normalized to end-point cell confluence to ensure that
the EV number accounted for any differences in cell number
from well-to-well (Fig. S47). The kinase inhibitor screen identi-
fied 16 compounds that significantly reduced the number of
the EVs released by MDA-MB-231-ZsGreen cells into the con-
ditioned media (Fig. 2). Among these 16 compounds, 7 com-
pounds (KN-93, H-9, JNK inhibitor XVI, BIBF1120, AZ191,
VE-822, LCK inhibitor, MLCK Inhibitor Peptide 18; Fig. 2, Red
Dots) were selected for validation (Fig. 3). MB-231-ZsGreen
cells were treated for 24 hours with 500 nm of each compound,
DMSO as vehicle control, or left untreated (untreated control).
EVs were isolated using differential ultracentrifugation and
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isolated EVs were analyzed and quantified by nanoscale flow
cytometry. This confirmed a reduction in EV number for six of
the seven compounds (Fig. 3A and B). AZ191 was the only com-
pound that consistently, and significantly, reduced the
number of large and small EVs. Compared to vehicle control,
AZ191 reduced the number of small EVs and large EVs by
60.9% and 40.9%, respectively. AZ919 was chosen as the lead
compound for further validation.

AZ191 is a small molecule selective DYRK1b inhibitor with
10-fold selectivity toward DYRK1b over DYRK1a.>* To validate
the role of AZ191 in decreasing EV release, EVs were harvested
from MDA-MB-231-ZsGreen cells following treatment with
500 nm AZ191 for 24 h. EVs were isolated using size-exclusion
chromatography (SEC) whereby five fractions were collected
representing EVs of decreasing size (1 (largest) to 5 (smallest)).
SEC isolated EVs were analyzed and quantified using nano-
scale flow cytometry. Similar to the results obtained by differ-
ential ultracentrifugation, AZ191 reduced the number of total
EVs with the largest reductions found for the smaller EV frac-
tions. Analysis of SEC EV fractions by nanoscale flow cytometry
demonstrated that compared to vehicle control, AZ191
decreased EV release by 28.7%, 51.4%, 54.9%, 63.2% in frac-
tions 1, 2, 3, and, 4/5, respectively (Fig. 4A). While a reduction
in EV number was noted for fraction 1, which contains the
largest EV sizes,>"** no significant difference was found com-
pared to vehicle control.
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Fig. 2 High-throughput screen to determine the effect of 149 kinase inhibitors on EV release. 15 x 10° MDA-MB-231 cells were seeded into each
well of a 96-well plate. The cells were treated with 500 nM final concentration of each compound for 24 h and conditioned media harvested,
diluted 1:1 with PBS and run on the flow cytometer for 30 seconds. The number of EVs detected in each condition was quantified and normalized
to end-point confluence, and fold change of EV release compared to vehicle was calculated in excel. P-Value was calculated using Kruskal—Wallis's
test in GraphPad Prism comparing each compound to vehicle. The log, (P value) and log, (fold change) were used for the volcano plot. n = 2.
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Fig. 3 Validation of EV-compound screen by large scale EV isolation
using differential ultracentrifugation. MDA—-MB-231 cells were seeded into
15 cm plates (5 x 10° per plate) in EV-depleted media and treated with 500
nM of each compound for 24 h. After 24 h, conditioned media was col-
lected and large EVs (10 K pellet) and small EVs (100 K pellet) were isolated
via differential ultracentrifugation. Cell confluency for each condition was
quantified at end-point. (A) Large EVs and (B) small EVs were analyzed and
quantified using nanoscale flow cytometry. The number of events quan-
tified by flow cytometry (particle counts per 30 s run) were normalized to
end-point cell confluence. One-way ANOVA with Uncorrected Fisher's LSD
test. +SEM, n = 3. ns: not significant. *p < 0.05. **p < 0.01. ***p < 0.001.

To validate that the target of AZ191 -DYRK1b— has a role in
EV regulation we performed DYRK1b knockdown studies in
MDA-MB-231-ZsGreen cells. Knockdown was confirmed by
western blot (Fig. 4B). To show that the effect of AZ191 in redu-
cing the EV quantity was selective toward DYRK1b and not due
to any off-target effects on DYRK1a, DYRK1a knockdown was also
performed. DYRK1a knockdown was confirmed with western blot
(Fig. 4C) Flow cytometry analysis of conditioned media from non-
transfected cells (untreated), non-targeting siRNA control cells
(si-Control), DYRKla knockdown (si-DYRK1la), and DYRK1b
knockdown (si-DYRK1b), found a significant reduction (36.6%
reduction) in EV number with loss of DYRK1b (Fig. 4D).
Knockdown of DYRK1a did not show any effect on EV quantity
(Fig. 4D). This demonstrates that inhibition of DYRK1b function
reduces EV number and suggests that the DYRK1b may play an
important role in EV biogenesis or release.

2.3. DYRK1b modulates CD63 localization in the cytosol

To further investigate the role of DYRK1b in EV biogenesis or
release we assessed CD63 expression and localization. CD63 is

8210 | Nanoscale, 2025, 17, 8206-8218
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a marker of the multivesicular body and found to be enriched
in exosomes. Immunofluorescence staining showed that CD63
localization changed with loss of DYRK1b (Fig. 5A). Upon loss
of DYRK1b, CD63 signal was less dispersed and found to
cluster around the nucleus whereas control cells had a distinct
punctate distribution throughout the cytoplasm (Fig. 5A, white
arrows). There was no difference in CD63 expression between
control and DYRK1b knockdown cell lines (Fig. 5B).
Quantification of CD63 total area per cell demonstrated that
that CD63 was less distributed throughout the cell in DYRK1b
knockdown cells compared to non-targeting siRNA control
cells (Fig. 5C and E, white arrows). This lack of distribution of
CD63 vesicular structures resulted in an observed increased
intensity of a perinuclear signal in DYRK1b knockdown cells
(Fig. 5E, white arrows). Quantification of CD63 signal intensity
found an increase in CD63 signal intensity in DYRK1b knock-
down cells compared to non-targeting siRNA control cells
(Fig. 5D). Overall, the results indicate that in the absence of
DYRK1b, CD63-positive structures accumulate rather than dis-
persing suggesting a defect in multivesicular trafficking or
maturation.

3. Discussion

EVs have been repeatedly shown to have an important role in
healthy physiology and in the pathophysiology of many dis-
eases, including neurological disorders,®> autoimmune dis-
eases,*® cardiovascular diseases,®” and cancer.*® Identifying
modulators of EV biogenesis, trafficking, and secretion is
important for an improved understanding of EV biology. In
addition, the study of modulators of EV biogenesis and
release in the context of disease could identify disease
specific EV-pathways, which may represent new therapeutic
options. Discovery of modulators of EV biogenesis, traffick-
ing, and secretion has been limited due the inherent chal-
lenges in studying EVs. Current EV isolation methods are
time-demanding and often require a high volume of
sample;*® they are not practical for running high-throughput
drug screens. Hence, there is a need for the development of
novel techniques to quantify EV release in a large-scale
screening format. Nanoscale flow cytometry is an emerging
technology useful for the detection and quantification of
nanoparticles, including sEVs and IEVs. Relying on its sensi-
tivity and resolution,®® nanoscale flow cytometry provides a
unique advantage by detecting EVs without requiring EV iso-
lation and purification steps. In addition, its 96-well plate
format offers a practical and feasible platform for high-
throughput drug screenings.

This study aimed to optimize and validate nanoscale flow
cytometry for use in a high-throughput kinase screen to ident-
ify novel kinase inhibitors that modulate EV biogenesis and
release. We showed that nanoscale flow cytometry provides a
direct, fast, and quantitative measurement of ZsGreen-positive
EVs in the conditioned media of MDA-MB-231-ZsGreen cells,
without the need to pre-isolate EVs. The 96-well plate format

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Validation of AZ191 as an EV release modulator. (A) MDA-MB-231 cells were seeded into 15 cm plates and treated with AZ191 for 24 h. EVs
were isolated using size exclusion chromatography. After 3 ml of flow through, five 500 pl EV fractions ranging from 1 (larger) to 5 (smaller) were
collected. The number of EVs in each fraction was analyzed by nanoscale flow cytometry. Fraction 4 and 5 were pooled. Two-way ANOVA test with
uncorrected Dunn's test. +SEM, n = 3, ns: not significant, *p < 0.05, ****p < 0.0001. (B and C) MDA-MB-231 cells were transfected with siRNA
against (B) DYRK1b or (C) DYRK1a. Untreated: no treatment. Non-targeting: non-targeting siRNA control. The protein expression of each kinase was
assessed by western blot 24 h and 48 h post-transfection. (D) MDA-MB-231 cells were left untreated or transfected with siRNA against DYRK1b,
DYRK1a, or non-targeting. 24 h post-transfection, cells were re-plated and allowed to condition media for 48 h. Conditioned media was harvested
from each condition, and EVs were isolated by ultracentrifugation. Isolated EVs were analysed by nanoscale flow cytometry. One-way ANOVA test

with uncorrected Dunn'’s test. +SEM, n = 3, ns: not significant, *p < 0.05.

of the nanoscale flow cytometer allowed rapid and high-
throughput analysis of the inhibitory or inducing effects of
149 small molecule kinase inhibitors on EV release using only
50 pl of conditioned media.

While other studies have carried out high-throughput ana-
lysis of EV release modulators, they have used in-direct
measurement of EV release, whereas our study is one of the
first to directly quantify EVs in a high throughput screen. For
example, Datta et al., used a CD63-GFP transfected cell line as
their model to study prostate cancer EVs. They developed an
imaging assay on a microplate-based laser scanning imaging
cytometer and quantified the GFP signal from cells as an indir-
ect representation of EV dynamics and conducted a high
throughput study on more than 4000 compounds.*® Another
tetraspanin-oriented high throughput approach was to make a

This journal is © The Royal Society of Chemistry 2025

CD63-Tluc-CD9-EmGFP reporter cell line and study the effect
of 27 895 compounds on monocyte leukemia cells. After treat-
ing the cells with the compounds, the conditioned media was
harvested, and a chemiluminescent assay was employed to
measure luciferase activity, which acts as an indirect readout
of EV release.”’ To our knowledge, all the other high through-
put studies that have been conducted by other research groups
looked at the indirect readout of the EV levels. What sets our
study apart from the previous studies is that our system
directly measures and quantifies the EV numbers released by
cells under each condition and performs this measurement in
a short 30 second run. Overall, the field of EV research has
shown a keen interest in developing novel systems or optimiz-
ing existing technologies for high throughput screening of EV
dynamics. Various approaches, ranging from emerging novel
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Fig. 5 DYRK1b crosstalk with CD63. (A) MDA-MB-231 cells transfected with either non-targeting siRNA or DYRK1b siRNA were fixed and fluores-
cently immunostained for CD63 (red) followed by staining with DAPI (blue) and actin (Alexa488 Phallodin, green). Imaging of cells was done using
20x objective (top row). A higher magnification image shows CD63 punctate (control and siControl, white arrows) and CD63 perinuclear accumu-
lation (siDYRK1b, white arrow) (bottom row). (B) A representative western blot of CD63 expression in MDA—-MB-231 non-transfected control, siRNA
non-targeting control, siRNA against DYRK1b. Scale bar = 100 pm or 20 pm (zoom). (C & D) The images acquired in (B) were analyzed using Imaged,
and two parameters were measured: (C) the total area within each cell that CD63 occupied and (D) the fluorescent intensity of each CD63 pixel
within each cell. (E) Representative images of MDA—-MB-231 cells used for analysis in (D). CD63 (red) and DAPI (blue); arrows point to distributed
CD63 punctae (top two rows) and aggregated CD63 perinuclear clusters (bottom row). Images were taken using a 40x oil emersion objective. One-

way ANOVA test with uncorrected Dunn’s test. +SEM, n = 3, ns: not significant, *p < 0.05, ***p < 0.001.

fluidic devices®® to adjustments in conventional flow cytome-
try,"> have been utilized to detect EV dynamics. Our work
offers an insightful approach in quantitative high-throughput
screening to assess the effect of small molecules on the release
of EVs using nanoscale flow cytometry.

Despite the numerous advantages of our high-throughput
methodology—such as its speed (30 s), simplicity, cost-effec-
tiveness (minimal plastic/media), and direct EV detection via
flow cytometry—it has limitations. Autofluorescent com-
pounds, for instance, cannot be easily used in this platform.
Also, suspension cells, such as lymphocytes, may require
further optimization steps. Also, our method depends heavily
on fluorescence expression by cell lines for the generation of

8212 | Nanoscale, 2025, 17, 8206-8218

fluorescent EVs, making it unsuitable for hard-to-transfect
cells like primary or stem cells. Moreover, the flow cytometer
used has a detection limit around 80 nm,**** which limits
detection of smaller EV populations. While this method pro-
vides a platform to study EV dynamics further validation for
reliable results is required using larger scale EV preparations.
Nonetheless, for cell lines amenable to our platform, the
potential for discovery of new EV regulators is substantial;
indeed, this supported our identification of DYRK1b as an EV-
regulatory kinase.

To our knowledge, this is the first report on the role of
DYRK1b in the modulation of EV dynamics. We showed that
DYRK1b knockdown affected CD63 localization in cells indi-

This journal is © The Royal Society of Chemistry 2025
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cating that DYRK1b could play a role in CD63-exosome biogen-
esis or trafficking pathway. It has been shown that CD63 is
localized in multivesicular bodies and traffics towards the
plasma membranes.** Impairing regulators of CD63-positive
multivesicular bodies has been shown to lead to an accumu-
lation of CD63-positive bodies in the cytoplasm, consequently
reducing the number of secreted EVs.*> Potentially, DYRK1
regulates either directly, or in-directly, trafficking of the multi-
vesicular body and thus, impairing its activity or expression
results in a reduction in EV trafficking and subsequent
secretion.

Vesicle trafficking is crucial in endocytosis and exocyto-
sis*® as well as in EV docking and release. In some
mammals DYRK1 has two homologs, DYRK1a and DYRK1b,
but in Ascidian Ciona it has one homolog making it an
interesting model to study DYRK1 function.*® In has been
shown in the Ascidian Ciona model that DYRK1 regulates the
phosphorylation of endocytic and exocytic components such
as: dynamin1 at Ser728, amphiphysinl at Ser408, endophilin
at Ser263, and VAMP2 at Ser112.*® VAMP2 (v-SNARE) inter-
acts with t-SNAREs and plays a role in SNARE complex
assembly for vesicle docking.”” Therefore, VAMP2 may
potentially be involved in docking and release of multivesi-
cular bodies as well. In addition, DYRK1b directly binds and
interacts with STAT3 which leads to phosphorylation and
accumulation of p-STAT3 in the nucleus.*® Upregulation and
downregulation of p-STAT3 increases and decreases EV
protein markers and EV release in cancer cells.*’ p-STAT3
promotes transcription of SHMT2 mRNA in the nucleolus
which positively correlates with PKM2 transition from tetra-
meric to phosphorylated dimeric form.*® p-PKM2 then acts
as kinase and phosphorylates SNAP23 (t-SNARE) protein and
p-SNAP23 engages in forming SNARE complex and controls
EV release.”” In conclusion, DYRK1b may control EV release
by directly phosphorylating VAMP2 or indirectly leading to
SNAP23 phosphorylation. Further studies are warranted to
investigate the precise molecular mechanism of DYRK1b-
mediated EV regulation.

4. Conclusion

In conclusion, this study presents a platform to permit high-
throughput screening of EV modulators. It proposes a
straightforward, fast, and cost-effective protocol for conduct-
ing screens on EV biogenesis and release that is applicable to
both pharmaceutical and academic settings. This study
describes a direct platform for accurately measuring and
quantifying the number of EVs released by cells and elimin-
ates the need for tedious EV isolation steps. It also introduces
DYRK1b kinase as an EV modulator for the first time. Future
work needed to expand on these studies would involve explor-
ing alternative EV labelling methods, such as fluorescently
labelled subcellular compartment markers, or incorporating
antibodies for sub-population analysis. Using our platform
enabled the identification of the kinase, DYRK1b, as an EV
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modulator; the possibility for using this platform to screen
other regulators is tremendous and could support studies
assessing EV-regulation by lipids, metabolism, and other
small molecule libraries.

5. Experimental section

5.1. Cell culture

Triple-negative breast cancer cell line, MDA-MB-231, was pur-
chased from ATCC (ATCC HTB-26). MDA-MB-231 cell line was
cultivated in DMEM with 10% fetal bovine serum (FBS; Gibco
Life Technologies, Grand Island, NY, USA). All cell lines were
cultured at 37 °C in a humidified environment, supplemented
with 5% CO,. Cells used in all experiments were between 70%
to 75% confluent at the time of experiment initiation and had
a greater than 90% viability. pLC-ZsGreen-P2A-Hygro vector
was purchased from Addgene (Plasmid# 124301) and used to
transfect MDA-MB-231 cells using lipofectamine (Invitrogen,
Carlsbad, CA) according to the manufacturers protocol to
generate a stably transfected MDA-MB-231-ZsGreen cell line.

5.2. Electron microscopy

Isolated EVs were fixed by dilution 1:1 in 4% paraformalde-
hyde and adsorbed onto formvar/carbon-coated copper
200 mesh grids for 2 minutes. EVs were negatively stained for
30 seconds using 1% pre-filtered Uranyl acetate pH 4.6 (Fisher
Scientific). After the grids were blotted with filter paper and air
dried, they were imaged using the scanning transmission
mode of a Helios NanoLab 650, fitted with a STEM detector,
(Thermofisher, Systems for Research, Kanata, ON, Canada) at
30 kv. Then images obtained from STEM were analyzed via
Image] and ten images per grid per sample were used to
measure the size of particles.

5.3. Nanoparticle tracking analysis

EVs were diluted 1:200 in 0.02 pm filtered PBS. The concen-
tration and size of diluted EVs were analyzed using the
NanoSight LM10 equipped with a blue 488 nm laser (Malvern
Panalytical) and sCMOS camera. The laser gain was set on
366 and 200 tracks per video were considered as valid
measurements. Three repeats of three 30 second measure-
ments with 749 video frames were acquired while the syringe
pump sustained EV movement at speed 40 through the
fluidic compartment. For all the samples the detection
threshold for analysis was set at 5. NTA software version 3.4
was used to analyze data.

5.4. Differential ultracentrifugation

For EV isolation via ultracentrifugation, 1.75 x 10° cells were
seeded into a 10 cm plate in 17 ml complete media for each
condition. After 24 h, the plate was washed with PBS and the
media was refreshed with 17 ml 10% EV-depleted FBS sup-
plemented DMEM media. The cells were treated with 500 nM
final concentration of the compound of interest. 24 h post-
treatment, conditioned media was harvested and spun at 300g
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for 10 minutes, at 4 °C to remove dead and floating cells.
Then, the supernatant was transferred into a new tube and it
was spun at 2500¢g for 15 minutes, 4 °C, to remove cell debris
and apoptotic bodies. Next, the supernatant was transferred to
polyallomer 38.5 ml open-top ultracentrifuge tubes (Beckman
Coulter) and centrifuged at 10 000g for 30 min, 4 °C, to isolate
large EVs. The supernatant was transferred to new ultracentri-
fuge tubes and small EVs were pelleted at 100 000g for 70 min,
4 °C. The resulting large and small EV pellets were washed in
1.5 ml PBS and transferred into an Eppendorf tube. The
Eppendorf tubes were placed into open-top ultracentrifuge
tubes and re-pelleted at 100 000g for 70 min, 4 °C. EV pellets
were re-suspended in 30 pl PBS. The SW32Ti Rotor (Beckman
Coulter) was used in an Optima XPN-100 ultracentrifuge
(Beckman Coulter) for this procedure.

5.5. EV isolation via size-exclusion chromatography

Cells were prepared for EV isolation via size exclusion chrom-
atography (SEC) as described in the differential centrifugation
protocol. After 24 h of conditioning, media was harvested and
spun at 300g for 10 minutes, at 4 °C then, at 2500g for
15 minutes, at 4 °C. The conditioned media was then concen-
trated to 500 pl using a 10 kDa molecular weight cut-off regen-
erated cellulose membrane Amicon® Ultra-4 centrifugal con-
centrator (Millipore, Sigma). A room temperature IZON
gEVoriginal/70 nm size-exclusion chromatography column
(IZON Sciences Ltd) was equilibrated with two-column
volumes (20 ml) of 0.2 um filtered PBS. Subsequently, 500 pl
of the concentrated sample was applied to the column fret and
3 ml flow-through was collected, followed by five 500 pl EV
fractions (1-5 larger EVs to smaller). The flow of the sample
through the column was sustained by continuously adding
1 ml 0.02 pum filtered PBS to prevent the column from drying.

5.6. Nanoscale flow cytometry

The commercially available kinase screen library (#10505,
Cayman Chemicals, USA) consisted of 156 kinase inhibitors
and were tested for their effects on EV biogenesis and release.
In a 96-well plate, 15 x 10° cells were seeded in 100 pl complete
media. After 24 h, the plate was washed with PBS and the
media was refreshed with 100 pl 10% EV-depleted FBS sup-
plemented DMEM media. The cells were treated with 500 nM
of each kinase inhibitor for 24 h. The 500 nM concentration
was a concentration suggested by the manufacturing company
as it was the concentration near and above the IC5, for most of
the compounds. All the compounds were dissolved in DMSO
and since the stock concentration and final concentration
were similar for all the compounds one vehicle condition was
included and reported in this experiment. After treatment,
50 pl conditioned media was harvested, diluted 1:1 in 50 pl
0.02 pm filtered PBS (MultiCell), and transferred into a flat-
bottomed 96-well plate. Alternatively, upon analysis of the
large and small EV samples isolated using ultracentrifugation
or SEC, samples were diluted 1:10 in 90 pl 0.02 pm filtered
PBS. Samples were analyzed using the CytoFLEX S (Beckman).
Instead of sheath fluid, water obtained from the MilliQ water
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purification system was used. Samples were triggered with
405 nm violet side scatter (VSSC), with a 1027 detection
threshold, on slow speed setting, and gain settings as follows:
VSSC = 100. FITC = 500. Data was acquired for 30 seconds. The
population of interest was gated with reference to complete
media. For the two compounds, SU 6668 and 17p-hydroxy
Wortmannin, which showed autofluorescence, manual gating
was performed on populations of interest with reference to
complete media plus compounds. All data was exported into
an Excel file, and analysis was performed on the total number
of events within the manually gated areas during the 30
second acquisition.

5.7. Lysis of EVs

EVs were lysed before running on the CytoFLEX S by mixing
samples in 1:1 1% Triton-X 100 (Fisher Bioreagents) in PBS.
Samples were analyzed via nanoscale flow cytometry as men-
tioned above.

5.8. Kinase screen

A commercial library of 156 selective and non-selective kinase
inhibitors was purchased from Cayman Chemical (#10505).
The compounds were applied at the 500 nM final concen-
tration according to the manufacturer’s recommendation. To
see the full list of compounds and their target kinase, refer to
ESI Table 1.}

5.9. Cell lysate preparation

After collecting the conditioned media, 200 pl cold RIPA lysing
buffer (Thermo Scientific #P189900) was added to each plate
on ice. A cell scraper was used to harvest the cells into a
1.5 mL tube and then rotated for 10 min at 4 °C. The tube was
then centrifuged at 16 x 10°g for 10 min, at 4 °C. The pellet
was discarded, and the supernatant was collected in a new
1.5 mL tube and kept on ice for protein concentration
quantification.

5.10. Protein concentration quantification

The protein concentration of isolated EVs and cell lysates were
determined using Micro BCA™ Protein Assay Kit and Pierce™
Rapid Gold BCA Protein Assay Kit (Thermo Fisher Scientific)
respectively, according to the manufacturer’s instructions.

5.11. Western blot

After protein isolation and concentration quantification,
30-80 pg protein was prepared for western blot by adding 25%
loading buffer (Novex Life Technologies). Protein samples were
boiled at 95 °C for 9 minutes. Protein samples were loaded
onto 4-12% gradient gels (Thermo Fisher Scientific) and sep-
arated by molecular weight using electrophoresis at 200 V for
30 minutes in MES running buffer (50 mM MES (Sigma),
50 mM Tris Base, 0.1% SDS, 1 mM EDTA, pH 7.7). Proteins
were transferred (190 mM glycine, 25 mM Tris Base) from the
gel onto a nitrocellulose 0.45 pm membrane (BioRad) at 30 V
for 90 minutes. The membrane was blocked in 5% milk in
TBS-T (20 mM Tris base, 160 mM NaCl, 0.1% Tween) for
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1 hour while shaking at room temperature. Primary antibodies
were incubated overnight while shaking at 4 °C in 1% milk-
TBS-T. Then, blots were washed with three (10 minutes)
washes in TBS-T. Secondary Licor IRDye® 680RD antibody was
applied in 1% milk-TBS-T for 1 hour in the dark while shaking
at room temperature. Blots were washed with three
(10 minutes) washes in TBS-T and imaged on the Licor
Odyssey® CLx using Image Studio Lite software (5.2.5). All
reagents were sourced from Thermo Fisher unless otherwise
specified. For all antibody information, please see ESI
Table 1.

5.12. MTT assay

In each well of a 96-well plate, 15 x 10° MDA-MB-231 cells
were seeded. After overnight culture, cells were treated with
bafilomycin (99.2 nM) and GW4689 (4 pM) for 24 h. The con-
ditioned media was removed and replaced with serum free
media containing 0.01% thiazolyl blue tetrazolium bromide
(T-030-1; GOLDBIO). Cells were incubated at 37 °C for 4 h
before the media was removed, and 100 pL of DMSO was
added to each well to dissolve the purple formazan crystals.
After incubating the plate at 37 °C for 10 min and shaking the
plate for 5 min on a plate shaker in the dark, absorbance was
measured at a wavelength of 570 nm to determine the viability.

5.13. Cytotoxicity assay

Lactose dehydrogenase (LDH) release was measured using the
CytoTox 96® Non-Radioactive Cytotoxicity Assay kit (Promega
Corporation, Madison, USA) based on the manufacturer’s pro-
tocol. The conversion of a tetrazolium salt into a formazan
crystal determines LDH release. Briefly, 15 x 10> MDA-MB-231
cells were seeded in each well of a 96-well plate. After overnight
culture, cells were treated with 500 nM kinase inhibitors for
24 h. All the compounds were dissolved in DMSO and since
the stock concentration and final concentration were similar
for all the compounds one vehicle condition was included and
reported in this experiment. Conditioned media were collected
and used to measure the amount of LDH. To determine the
level of LDH the absorbance was measured at 490 nm.

5.14. Confluence analysis

For experiments done in flat bottom 96-well plates, 15 x 10
MDA-MB-231 cells per well were seeded in 100 pl complete
media. After 24 h, the plate was washed with PBS, and the
media was refreshed with 100 pl DMEM media supplemented
with 10% EV-depleted FBS. The cells were treated with 500 nM
final concentration of the compounds of interest. All the com-
pounds were dissolved in DMSO and since the stock concen-
tration and final concentration were the same for all com-
pounds, only one vehicle control condition was included and
reported in this experiment. Cells were left to settle for at least
30 minutes, and the plate was imaged at 0 h and 24 h on the
IncuCyte Zoom HD72CLR (Essen BioScience, USA), 9 phase
contrast images per well using 20x magnification. The conflu-
ence of cells was analyzed via IncuCyte Zoom 2018A software
according to the manufacturer’s instructions for a label-free
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proliferation assay. For experiments done in a 15 cm plates, 5
x 10® MDA-MB-231 cells per plate were seeded in EV-depleted
media and treated with 500 nM of each compound for 24 h.
After 24 h, conditioned media was collected for EV isolation
via differential ultracentrifugation or SEC. The remaining cells
were trypsinized with 0.53 mM EDTA/0.05% trypsin (Wisent),
stained 1:1 with 0.4% trypan blue solution (Gibco) and
counted via Luna-II automated cell counter. Isolated EVs were
then analyzed and quantified using nanoscale flow cytometry.
The number of events obtained via flow cytometry were nor-
malized to end-point cell confluence of 1 x 10° cells.

5.15. siRNA knockdown

In a 6-well plate, 250 x 10> MDA-MB-231 cells were seeded in
2 ml complete media. After 24 h, when cells were 70% conflu-
ent, siRNA against DYRK1b or a non-targeting siRNA control
(Dharmacon Research) was mixed with 7.5 pl Lipofectamine
3000 (Thermo Fisher) in 250 pl Gibco OptiMEM media (Fisher
Scientific) according to the manufacturer’s protocol. After a
6 h incubation, the lipoplexes were removed, and the media
was refreshed. The plate was imaged at 48 h post-transfection
on the IncuCyte Zoom HD72CLR (Essen BioScience, USA), 9
phase contrast images per well using 20x magnification. The
confluence of cells was analyzed via IncuCyte Zoom 2018A
software according to the manufacturer’s instructions for a
label-free proliferation assay. The cell lysates were harvested at
48 h post-transfection. The siRNA was used at a final concen-
tration of 25 nM.

5.16. Immunocytochemistry

MDA-MB-231 cells were seeded onto 13 mm diameter cover-
slips with a seeding density of 0.05 x 10° cells. After 6 h of
siRNA transfection, cells were fixed with 4% paraformalde-
hyde, pH 7.4, for 5 min at room temperature. The coverslips
were washed with 1% Glycine for 10 min and permeabilized
with 0.1% Triton X-100 for 3 min. Then, the coverslips were
blocked with 5% milk in PBS for 90 min at room temperature.
Cells were washed with PBS and incubated with the primary
antibody (CD63) for 90 minutes in PBS using the concen-
tration shown in Table S1.1 The coverslips were washed in PBS
using three 5 minute washes. The secondary anti-mouse anti-
body was diluted in 1% milk in PBS and incubated for 60 min.
Finally, the coverslips were mounted onto slides with DAPI+
mounting media (Invitrogen #S36920). The slides were allowed
to dry overnight at room temperature. Samples were protected
from light throughout the process until imaging.

5.17. Software, statistical analysis, and data acquisition

All experiments, were performed as three independent experi-
ments unless stated otherwise in the figure legend. Adobe
Hlustrator 27.7 was used for figure preparation. ImageJ2
2.14.0/1.54f was used for analyzing STEM images. CytExpert
2.3 software was used to export nanoscale flow cytometry
images and data. Western blot visualization was performed on
Image Studio 2.5.2 via the Li-COR Odyssey CLx. Data was
handled in Microsoft Excel 16.90.2 and analyzed using
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GraphPad Prism 10.1.1. The normal distribution of the data
was analyzed by Kolmogorov-Smirnov test. All normally dis-
tributed data were analyzed using parametric one-way ANOVA
and two-way ANOVA with Dunnett’s post-hoc test. The kinase
screen data was analyzed using Kruskal-Wallis’s test to calcu-
late the P-value in GraphPad Prism comparing each compound
to vehicle control (DMSO) and the fold change of EV release
compared to vehicle was calculated in excel. The log,, (P
Value) and log, (fold change) were used for the volcano plot.
*p < 0.05. **p < 0.01. ***p < 0.001. ****p < 0.0001.

Abbreviation

EVs Extracellular vesicles

sEVs Small extracellular vesicles

IEVs Large extracellular vesicles

SEC Size-exclusion chromatography

ESCRT Endosomal sorting complexes required for trans-
port machinery

SNAP-23  Synaptosome associated protein 23

MTT 3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetra-
zolium bromide

DYRK Dual-specificity tyrosine-regulated kinases

ATCC American type culture collection

PBS Phosphate buffer saline

BCA Bicinchoninic acid

H Hour

MAPK/ Mitogen-activated  protein  kinase/extracellular-

ERK signal-regulated kinase
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