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Check for
updatesLung Fibroblasts Take up Breast Cancer

Cell-derived Extracellular Vesicles Partially
Through MEK2-dependent Macropinocytosis
Yuhao Wan1, Yue Zhao1, Minghui Cao1, Jingyi Wang1, Sheila V. Tran1, Zhixuan Song1,
Brent W. Hsueh1, and Shizhen Emily Wang1

ABSTRACT

Extracellular vesicles (EV) have emerged as critical effectors in the cross-
talk between cancer and normal cells by transferring intracellular materials
between adjacent or distant cells. Previous studies have begun to elucidate
how cancer cells, by secreting EVs, adapt normal cells at a metastatic site to
facilitate cancer cell metastasis. In this study, we utilized a high-content mi-
croscopic screening platform to investigate the mechanisms of EV uptake
by primary lung fibroblasts. A selected library containing 90 FDA-approved
anticancer drugs was screened for the effect on fibroblast uptake of EVs
from MDA-MB-231 breast cancer cells. Among the drugs identified to in-
hibit EV uptake without exerting significant cytotoxicity, we validated the
dose-dependent effect of Trametinib (a MEK1/2 inhibitor) and Copanlisib
(a PI3K inhibitor). Trametinib suppressed macropinocytosis in lung fi-

broblasts and inhibited EV uptake with a higher potency comparing with
Copanlisib. Gene knockdown and overexpression studies demonstrated
that uptake ofMDA-MB-231 EVs by lung fibroblasts requiredMEK2. These
findings provide important insights into the mechanisms underlying lung
fibroblast uptake of breast cancer cell-derived EVs, which could play a role
in breast cancer metastasis to the lungs and suggest potential therapeutic
targets for preventing or treating this deadly disease.

Significance: Through a phenotypic screen, we found that MEK inhibitor
Trametinib suppressedEVuptake andmacropinocytosis in lungfibroblasts,
and that EV uptake is mediated byMEK2 in these cells. Our results suggest
that MEK2 inhibition could serve as a strategy to block cancer EV uptake
by lung fibroblasts.

Introduction
Extracellular vesicles (EV), including exosomes of endocytic origin and mi-
crovesicles shed from plasma membranes, mediate the cross-talk between
cancer and normal cells through local and long-range transfer of functional
cargo including signaling nucleic acids and proteins. Cancer cell–secreted EVs
contribute to tumor heterogeneity and plasticity, resistance to therapies, vascu-
lar remodeling, immunomodulation, and establishment of premetastatic niches
(1, 2). Circulating EV-based biomarkers are being exploited for risk prediction,
early diagnosis, and prognosis of human diseases including cancer (3–5). In-
creased cancer EV cargo, such asmiRNAs, in the circulation can be detected at a
premetastatic stage and correlate with metastasis in patients with breast cancer.
Systemic inhibition of certain EV cargo derived from cancer cells suppresses
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metastasis and other systemic effects in preclinical studies (4–7). Therefore,
targeting cancer cell-derived EVs could be a new angle in cancer therapy.

Currently, there are no approved EV-targeted drugs as an adjuvant therapy
for treatment of cancer or other diseases. Experimental strategies targeting the
pathogenic functions of tumor-derived EVs include suppressing EV secretion
by cancer cells (at the origin), blocking EV uptake by normal cells (at the desti-
nation), depleting EVs from the circulation via hemodialysis (“en route”), and
inhibiting the signaling cascade of specific EV cargo (5). Because of the versa-
tile functions of EVs mediated by a broad variety of cargo molecules, it would
be more effective to block the trafficking of EVs than to target individual EV
cargo effectors. Dynasore, an endocytosis inhibitor targeting dynamin, sup-
presses the endocytic biogenesis of a certain subtype of EVs (exosomes) and EV
uptake in some cells (8, 9). However, dynamin is required for the endocytosis of
many critical signalingmolecules such as receptor tyrosine kinases, G-protein–
coupled receptors, and synaptic vesicle components (10). In addition, dynasore
is often used at a high in vitro concentration (such as 80 μmol/L) to exert an
effect on EVs, and it also exerts dynamin-independent effects such as reducing
cholesterol in the plasma membrane and disrupting lipid raft organization (11).
These drawbacks limit the therapeutic use of dynasore.

In this study, we carried out a phenotypic screen to identify compounds that
suppressed the uptake of breast cancer cell-derived EVs by lung fibroblasts.
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We focused on lung fibroblasts because EVs from breast cancer cells have been
shown to be taken up by lung fibroblasts in vivo and promote lung metastasis
through a variety of mechanisms (7, 12). The compounds were selected from
the NCI Development Therapeutics Program’s Approved Oncology Drugs Set
consisting of 179 FDA-approved anticancer drugs to focus on targeted therapies
especially kinase inhibitors. Our results suggest MEK2 inhibition as a potential
strategy to block cancer EV uptake by lung fibroblasts.

Materials and Methods
Chemical Reagents
Compounds used for screening were selected from the Approved Oncology
Drugs Set obtained from the NCI Development Therapeutics Program and
listed in Supplementary Table S1. 5-(N-ethyl-N-isopropyl)amirolide (EIPA;
catalog no. 337810), chlorpromazine (CPZ; catalog no. J63659-09), Genistein
(catalog no. 328271000), Transferrin-Fluorescein (catalog no. T2871), BSA-
Alexa 488 (catalog no. A13100), and Dextran-Fluorescein (catalog no. D1823)
were purchased from Thermo Fisher Scientific. The human MEK1 (MAP2K1)
siRNA #1 and #2 (Assay ID # 324 and 325) and human MEK2 (MAP2K2)
siRNA #1 and #2 (Assay ID # 1080 and 1081) were purchased from Invitrogen.
The control siRNA was purchased from Cell Signaling Technology (catalog no.
6201S). Plasmids encoding human wild-type MEK2 or a catalytically inactive
mutant (K101A), LZRS-Mek2-wt (Addgene plasmid # 21201; https://n2t.net/
addgene:21201; RRID:Addgene_21201) and LZRS-Mek2-K101A (Addgene plas-
mid # 21191; https://n2t.net/addgene:21191; RRID:Addgene_21191), were gifts
from Paul Khavari.

Cell Culture
Human breast cancer cell lines MDA-MB-231 (HTB-26) and MDA-MB-
468 (HTB-132), murine mammary tumor cell line 4T1 (CRL-2539), murine
fibroblast cell line NIH3T3 (CRL-1658), and primary human lung fibrob-
lasts were obtained from the ATCC. MDA-MB-231, MDA-MB-468, 4T1, and
NIH3T3 cells were cultured in DMEM (Gibco) supplemented with 10% FBS
(Sigma-Aldrich). Primary human lung fibroblasts were obtained from ATCC
(catalog no. PCS-201-013) and cultured in Fibroblast Basal Medium (ATCC;
catalog no. PCS-201-030) supplemented with Fibroblast Growth Kit-Low
serum (ATCC; catalog no. PCS-201-041) or Fibroblast Growth Kit-Serum-free
(ATCC; catalog no. PCS-201-040). Overexpression of a membrane-targeted
Lck-GFP for EV labeling is described in our previous study (13). Cell lines
were authenticated by ATCC short tandem repeat profiling and routine ex-
amination of morphology and consistent in vitro growth properties. Cell
lines were grown for no more than 15 passages after thawing. Cell lines
were periodically tested and confirmed negative for Mycoplasma contami-
nation (last tested: January 2023) using a PCR-based method described in
ref. 14.

EV Purification
MDA-MB-231 EVs were purified from conditioned medium (CM) using dif-
ferential centrifugation. Briefly, CM was collected from cultured cells grown in
serum-free DMEM containing 1× antibiotic-antimycotic (Gibco) for 24 hours
and precleared by centrifugation at 500× g for 15minutes and then at 10,000× g
for 20 minutes. EVs were then passed through a 0.22-μm filter and pelleted by
ultracentrifugation at 110,000× g for 120 minutes and washed in PBS using the
same ultracentrifugation conditions.

EV Characterization
To quantify EVs based on protein amount, bicinchoninic acid (BCA) assay was
used. Briefly, RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific, cat-
alog no. 89901) was added to EV-containing solution at 1:1 ratio and incubated
on ice for 15 minutes. The mixture was centrifuged at 14,000× g for 15 minutes,
and 10 μL of the supernatant was used as input for BCA assay following man-
ufacturer’s protocol (Pierce BCA Protein Assay Kit; Thermo Fisher Scientific,
catalog no. 23225).Nanoparticle TrackingAnalysiswas performed to determine
the size distribution and concentration of nanoparticles by using a NanoSight
NS300 (Malvern Panalytical).

Fluorescent Staining of EVs
After the first ultracentrifugation, EV pellet resuspended in PBS was passed
through a 29 G needle for at least five times in order to break down large ag-
gregates. Then, DiI (1,1′-Dioctadecyl-3,3,3′,3′- Tetramethylindocarbocyanine
Perchlorate; Invitrogen), or DiO when indicated, was added to EV solution at
5 μmol/L and incubated for 30minutes at 37°C.Meantime, another vial contain-
ing PBS and 5 μmol/L DiI but no EVs was incubated in parallel and later served
as the “Dyeonly control”. Both the EV and control samples were then cen-
trifuged at 2,000 × g for 10 minutes to remove large DiI micelles. Both samples
were then concentrated using a 100 kD MWCO ultrafiltration unit (Thermo
Fisher Scientific; catalog no. 88533), followed by another centrifugation at
10,000 × g for 10 minutes to remove smaller DiI micelles. The fluorescence
intensity of stained EVs was measured using a Varioskan LUX multimode
microplate reader (Thermo Fisher Scientific) and stored at −80°C till use.

EV Uptake Microscopy
Cellvis 96-well glass-bottom plates (Cellvis, catalog no. P96-1.5H-N) were
precoated with collagen I (Gibco, catalog no. A1048301) according to the
manufacturer’s protocol. Normal primary human lung fibroblasts within 10
passages were prestained with CFSE (5-(and 6)-Carboxyfluorescein diacetate
succinimidyl ester of CFDA SE; BioLegend; catalog no. 423801) following
the manufacturer’s protocol. The prestained cells were seeded at a density of
5,000 cells per well in serum-containing medium. After the cells attached, they
were washed once with PBS and changed to serum-free medium for an in-
cubation of 24 hours in the presence or absence of compounds as indicated.
For compound library screen, the compounds were tested at the final con-
centration of 200 nmol/L. Next, serum-free medium containing approximately
1 μg of DiI-stained EVs was added to each well, and the plate was incubated
at 37°C with 5% CO2 for 6 hours to allow EV uptake by the lung fibroblasts.
Following the incubation, the cells were washed three times with PBS, and then
fixed in a 4% paraformaldehyde (PFA) solution (Thermo Fisher Scientific, cat-
alog no. J19943.K2) at room temperature for 15 minutes. The cells were then
washed three times with PBS. To visualize the cell nuclei, the cells were stained
with 2 μmol/L Hoechst 33342 (Thermo Fisher Scientific; catalog no. 62249)
for 5 minutes at room temperature. Excess dye was removed by washing the
cells three times with PBS. Finally, stained cells were stored in PBS at 4°C be-
fore high-content microscopy. Cells were imaged using a Nikon Eclipse Ti2-E
BioPipeline system equipped with a Lumencor Celesta laser engine and a spin-
ning disk scanner (X-Light V3, CrestOptics) and a Plan Apo lambda 10 × NA
0.45 air objective. The lasers used were 405, 477, and 546 nm, and the emission
wavelength and bandwidth of the three channels used were 450/40, 520/40, and
590/50 nm. The images are acquired with anORCA-Fusion digital CMOS cam-
era (Hamamtsu). Illumination, automated image acquisition and processing
were controlled by NIS Elements Advanced Research software JOBS module
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(Nikon Instruments) and Nikon’s automatic image processing pipeline (GA3).
Briefly, a threshold set based on background fluorescent intensity was added to
all channels to remove the noise. Binary images of CFSE signals and Hoechst
33342 signals were used to define cell objects and nuclei objects, respectively,
whereas the binary image of DiI signals was used to mask the original image.
Watershed algorithm was used to combine cell objects and nuclei objects such
that single cells were delineated. Finally, DiI signals (after masking) were quan-
tified in every single-cell object previously defined. Results were exported in
excel format.

Flow Cytometry
Primary lung fibroblasts cultured and treated on 12-well plates were de-
tached through trypsinization, fixed with 4% PFA in PBS, and analyzed using
a BD FACSCanto RUO cytometer (BD Biosciences) and FlowJo software
(10.8.1).

RNA Extraction, Reverse Transcription, and qPCR
These procedures were carried out as reported previously (7, 9). Sequences
of the primers were obtained from PrimerBank (https://pga.mgh.harvard.edu/
primerbank/). For human FN1, a forward primer 5′-CGGTGGCTGTCAGT
CAAAG and a reverse primer 5′-AAACCTCGGCTTCCTCCATAAwere used.
For human S100A4, a forward primer 5′-GATGAGCAACTTGGACAGCAA
and a reverse primer 5′-CTGGGCTGCTTATCTGGGAAGwere used.GAPDH
was detected using primers 5′-GGAGCGAGATCCCTCCAAAAT and 5′-
GGCTGTTGTCATACTTCTCATGG and served as an internal reference to
calculate the relative level of eachmRNA. Reverse transcription was performed
using random primers. PCR data were collected and analyzed using Bio-Rad
CFX Manager software (Bio-Rad, version 3.1).

Transfection of siRNA or Plasmid DNA
Transfections of primary lung fibroblasts were performed using Lipofectamine
2000 (for DNA) or RNAiMAX (for siRNA) Transfection Reagent (Thermo
Fisher Scientific, catalog nos. 11668027 and 13778150). Forty-eight hours later,
transfected cells were analyzed byWestern blots or treated with EVs for uptake
assay.

Western Blots
Cells were lysed in RIPA Lysis and Extraction Buffer supplemented with cOm-
plete Protease Inhibitor Cocktail (Roche, catalog no. 04693124001) and Halt
Phosphatase Inhibitor Single-Use Cocktail (Thermo Fisher Scientific, catalog
no. 78428). Protein extracts were then separated by electrophoresis on a 4%–
15% precast SDS polyacrylamide gel (Bio-Rad, catalog no. 4561084 or 4561086).
Separated proteins in the gel were then transferred onto a polyvinylidene difluo-
ridemembrane (Bio-Rad, catalog no. 1620177) under 100V for 75minutes. After
transfer, blot was blocked with 5% nonfat dry milk in TBS with 0.1% Tween
20 detergent (TBST) and then stained with the primary antibody. Horseradish
peroxidase–conjugated secondary antibodies were used for all Western blots.
Signals were detected using Pierce ECL Western Blotting Substrate (Thermo
Fisher Scientific, catalog no. 32106). Information of the primary antibodies is
included in Supplementary Table S2.

Statistical Analysis and Reproducibility
Quantitative data are presented as mean ± SD unless noted otherwise. Two-
tailed Student t tests were used for comparison of means of data between
two groups. For multiple independent groups, one-way ANOVA with post hoc

Tukey tests were used. Values of P < 0.05 were considered significant. All sam-
ples that have received the proper procedures with confidence were included
for the analyses.

Data Availability
The data generated in this study are available upon request from the
corresponding author.

Results
Setting up a Microscopic Assay for Quantitative
Measurement of EV Uptake
In this study, we started with EVs from the MDA-MB-231 metastatic breast
cancer cell line. Previous studies have shown that the MDA-MB-231 EVs can
enter and influence the function of a broad range of non-cancer cells including
fibroblasts from various tissues (9, 12, 15). EVs prepared from the CM ofMDA-
MB-231 by differential centrifugation contained enriched protein markers of
EVs (16), including transmembrane proteins CD9 and CD63 and cytosolic pro-
teins Alix and TSG101, but lacked a cis-Golgi matrix protein GM130 when
compared with the whole-cell lysate (Supplementary Fig. S1A). These EVs ex-
hibited a typical size distribution of small EVs, ranging from 40 to 150 nm with
a mean diameter of 115.8 nm (Supplementary Fig. S1B).

To establish a method for quantitative measurements of EV uptake by indi-
vidual cells, we used a lipophilic fluorescent dye (DiI) to label MDA-MB-231
EVs that were subsequently incubated with normal human lung fibroblasts
(Fig. 1A). The fibroblasts were stained with CFSE, which generally labeled
the cell body, and also with Hoechst 33342 to visualize the nucleus. The two
fluorescent channels together enabled single-cell delineation through draw-
ing the boundary of cells and separating cell clusters (Fig. 1B). By using
Nikon’s automatic image acquisition system and image processing pipeline,
this labeling strategy allows us to quantify EV fluorescence in individual cells
to reflect any cellular heterogeneity, especially appropriate for high-content
microscopy-assisted assessments of EV uptake. To validate the performance of
this high-content microscopy platform in assessing EV uptake, we incubated
lung fibroblasts with increasing doses of EVs. The results are presented as the
calculated mean value of EV fluorescence intensity per cell in a given well or
as individual cells from all measured wells, and in either way showed a dose-
dependent increase in the cellular signals of DiI reflective of a dose-dependent
increase in EV uptake (Fig. 1C). EV uptake also increased with time in a time
course study consisting of 0, 1, 3, and 6 hours of incubation (Fig. 1D). To con-
firm that the detected EV signals were from the cellular compartment instead
of EVs bound to the cellular surface, we measured EV uptake on ice to inhibit
the cellular uptake process and did not detect significant EV signals (Fig. 1D).
Furthermore, to control for any free DiI micelles, we included a dye-only con-
trol (no EV) for every batch of staining and did not detect significant signals
(Fig. 1C–E).

Lung Fibroblasts Take up MDA-MB-231 EVs Through
Dynamin- and Caveolae-dependent Endocytosis and
Macropinocytosis
A variety of cell internalizationmechanisms have been implicated in EV uptake
(17–19). To evaluate which mechanisms are required for the uptake of MDA-
MB-231 EVs by lung fibroblasts, we tested the effect of a few established pathway
inhibitors. Dynasore, an inhibitor of endocytosis that targets dynamin and
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FIGURE 1 The high-content microscopic platform for quantitative measurement of EV uptake. A, A schematic graph showing how cellular uptake of
fluorescently-labeled EVs was detected and quantified. Briefly, cells were prestained with CFSE (green) and EVs were prestained with DiI (red).
Following the incubation, extracellular EVs were washed off and cell nuclei were stained with Hoechst 33342 (blue). During fluorescent image analysis,
the CFSE and Hoechst 33342 signals were used to delineate single-cell boundaries and the DiI signals per cell were thereafter quantified. ObjectID, ID
for single cells. MFI, mean fluorescent intensity. B, Representative images showing the single-cell delineation process. Human lung fibroblasts were
captured at 10 ×. Scale bar, 100 μm. C, Dose-dependent uptake of MDA-MB-231 EVs by human lung fibroblasts. Indicated dosages of EVs were added
to cells growing in 100 μL of medium on a 96-well plate for an incubation of 3 hours. Five independent images were taken from each well. The results
are presented as the calculated mean value of all MFI in a given well (left; n = 3 independent wells; data shown (Continued on the following page.)
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(Continued) as mean ± SD) or as the individual MFI of each single cell in that group (right; n > 1,000 cells). In the right panel, the line represents the
median of that group and the percentage represents the portion of cells showing an MFI value > 0. Dye-only ctrl, no EVs was added in the EV dye
labeling step. ***, P < 0.001; ns, not significant. D, Time-dependent uptake of MDA-MB-231 EVs by human lung fibroblasts. An equal amount of EVs
(10 μg/mL) were added to the cells for the indicated periods of incubation. Results are presented as in C. Left: n = 3 independent wells; right:
n > 7,000 cells. “1 (on ice)”, cells were incubated with EVs on ice for 1 hour. ***, P < 0.001. E, Representative images from dose-dependent and
time-dependent experiments. Images were captured at 10 ×. Green, CFSE; yellow, DiI; blue, Hoechst 33342. Scale bar, 100 μm.

suppresses EV uptake in some cells (8, 9), potently inhibited EV uptake in lung
fibroblasts by approximately 90% (Fig. 2A). EIPA, an inhibitor of Na+/H+ ex-
change and macropinocytosis, as well as Genistein, a tyrosine kinase inhibitor
that inhibits caveolae-dependent endocytosis (17, 20, 21), both inhibited EV
uptake by approximately 60% (Fig. 2B andC). In contrast, CPZ, a previously re-
ported inhibitor of clathrin-mediated endocytosis (18, 20), had no effect on EV
uptake by lung fibroblasts (Fig. 2B and C). Thus, uptake ofMDA-MB-231 breast
cancer cell-derived EVs by human lung fibroblasts is dynamin dependent, and
is mediated by macropinocytosis and caveolae-mediated endocytosis, but not
clathrin-mediated endocytosis.

High-Content Oncology Drug Screen Reveals
Compounds that Suppress Cancer EV Uptake in
Lung Fibroblasts
We then employed the high-content EVuptakemicroscopy platform to screen a
selected compound library containing 90 FDA-approved anticancer drugs. The
compounds were selected from the NCI Development Therapeutics Program’s
Approved Oncology Drugs Set consisting of 179 anticancer drugs to focus on
targeted therapies especially kinase inhibitors. Some drugs that are expected to
indirectly affect EV uptake or EV signal intensity in the cells by altering cell

FIGURE 2 Human lung fibroblasts take up MDA-MB-231 EVs via dynamin- and caveolae-dependent endocytosis and macropinocytosis. A,
Fibroblasts were pretreated with 80 μmol/L Dynasore or an equal volume of DMSO (as a control) for 24 hours and then incubated with 10 μg/mL EVs
for 6 hours in the continuous presence of Dynasore or control (n = 3 wells per group; 5 images per well). Data are presented as mean ± SD.
***, P < 0.001. B, Cells were pretreated with 50 μmol/L EIPA, 10 μmol/L CPZ, or 200 μmol/L Genistein for 24 hours and then incubated with 10 μg/mL
EVs for 6 hours in the presence of drug (n = 3 wells per group; 5 images per well). Data are presented as mean ± SD. ***, P < 0.001; ns, not significant.
C, Representative images of Dynasore-, EIPA-, CPZ-, or Genistein-treated cells and untreated cells. Images were captured at 10 ×. Green, CFSE; yellow,
DiI; blue, Hoechst 33342. Scale bar, 100 μm.
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viability or proliferation, such as those causing DNA damage or targeting the
cell cycle, were not our primary focus and were excluded in this study. In ad-
dition to EV uptake screen, we set up parallel plates of cells with compound
treatment for assessment of cell viability by MTS assay. Each compound was
tested in duplicate wells of cells, using DMSO as a vehicle control and Dyna-
sore as a control compound that is known to potently inhibit EV uptake. For
both EVuptake and viability tests, the averaged value fromDMSO-treatedwells
was set as the 100% reference.

On the basis of the screen results, we identified five compounds that caused
>25% inhibition of EV uptake while maintaining >75% cell viability at
200 nmol/L (Fig. 3A). These include Trametinib (a MEK1/2 inhibitor), Copan-
lisib tris-HCl (a PI3K inhibitor), Venetoclax (a Bcl-2 inhibitor), Carfilzomib
(a proteosome inhibitor), and Omacetaxine mepesuccinate (a cytotoxic alka-
loid; Fig. 3A). Although Carfilzomib and Omacetaxine mepesuccinate passed
the cell viability cutoff (>75%) in MTS assay, cells treated with these two drugs
showed abnormal morphology including low confluency, loose attachment to
the plate, rounded shape, and slow division rate, indicating toxicity (Fig. 3B).
We therefore removed Carfilzomib and Omacetaxine mepesuccinate from our
list of compounds for further investigation. The inconsistency between re-
sults fromMTS assay and morphologic assessment could be related to residual
metabolic activity of cells, delayed cell death kinetics, and the limited sensitiv-
ity of the MTS assay. In addition, we decided not to follow Venetoclax because
its primary effect is to induce apoptosis, which could confound the EV up-
take result. As such, the oncology drug screen revealed two compounds that
suppressed MDA-MB-231 EV uptake by lung fibroblasts without affecting cell
viability, Trametinib that targets MEK1/2 and Copanlisib tris-HCl that targets
PI3K.

We next determined the effect of varying doses of Trametinib and Copanlisib
on EV uptake. Both drugs inhibited EV uptake in a dose-dependent manner
(Fig. 3C). Compared with Copanlisib, Trametinib is more potent in inhibit-
ing EV uptake, reaching a plateau of approximately 50% inhibition at only
40 nmol/L. In contrast, Copanlisib caused approximately 50% inhibition at
1,000 nmol/L (Fig. 3C). As a second method to validate the effect of Copan-
lisib and Trametinib on EV uptake, we measured EV uptake by flow cytometry
using DiO as the EV-labeling dye. Consistent with the results of microscopy-
assisted EV uptake assessment, flow cytometry also showed that treatment with
Copanlisib or Trametinib at 200 nmol/L significantly decreased EV uptake in
fibroblasts (Fig. 3D).

Western blots confirmed the inhibition of AKT phosphorylation and ERK1/2
phosphorylation by Copanlisib and Trametinib, respectively, at 200 nmol/L,
whereas treatment with MDA-MB-231 EVs did not significantly alter these
pathways (Fig. 4A). MDA-MB-231 EVs induced the expression of S100A4 and
FN1 in lung fibroblasts (Fig. 4B), which is consistent with other reports identify-
ing these genes asmarkers for EV-induced premetastatic niches in the lungs (12,
22). The effect of EVs was diminished by treating the fibroblasts with Trame-
tinib or Copanlisib (Fig. 4B). Using EVs from 4T1 and MDA-MB-468 breast
cancer cells engineered to overexpress a membrane-targeted Lck-GFP (13),
we confirmed that lung fibroblast uptake of EVs from these additional breast
cancer cell lines was also inhibited by Trametinib and Copanlisib (Fig. 4C).

Trametinib and Copanlisib Inhibit
Macropinocytosis-mediated EV Uptake
To understand which cell uptake pathways Trametinib and Copanlisib interfere
with, we assessed the uptake of three pathway markers under the treatment

FIGURE 3 Screening of a targeted library of oncology drugs by
high-content microscopy identifies compounds suppressing EV uptake.
A, Cells were pretreated with drugs (200 nmol/L final concentration)
for 24 hours and then either assayed for viability or incubated with
10 μg/mL EV for 6 hours and assayed for EV uptake. Dynasore
(80 μmol/L) was also included as a control treatment. For both MTS
assay and EV uptake assay, n = 2 wells per drug were tested. For EV
uptake assay, 5 images per well were captured and analyzed. Each dot
represents the mean value of two replicates. Drugs resulting in >75% cell
viability and <75% EV uptake efficiency were indicated in red. B,
Representative images of untreated cells and cells treated with selected
drugs. Images were captured at 10 ×. Green, CFSE; yellow, DiI; blue,
Hoechst 33342. Scale bar, 100 μm. C, Dose-dependent analysis of the
effect of Trametinib and Copanlisib. Experiments were carried out as in
A using indicated concentrations of the drug. Data are represented as
mean ± SD (n = 3 wells per group; 5 images per well). The best-fit IC50

of each drug is indicated. D, Validation of the effect of Trametinib and
Copanlisib by flow cytometry. Experiments were carried out as in A but
scaled up to a 6-well plate format. Data are represented as mean ± SD
(n = 3 wells). ***, P < 0.001.
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FIGURE 4 Pathway inhibitors Trametinib and Copanlisib inhibit the uptake and effect of EVs from various breast cancer cells. A, Western blots of
lung fibroblasts treated with 200 nmol/L of Trametinib or Copanlisib or with 10 μg/mL EV for 24 hours. B, qRT-PCR–determined mRNA levels of
S100A4 and FN1 with or without MDA-MB-231 EV treatment for 48 hours. Trametinib and Copanlisib were added together with EVs when indicated.
Data were normalized to GAPDH. C, Lung fibroblasts were pretreated with Trametinib or Copanlisib (200 mmol/L) for 24 hours before
Lck-GFP–labeled EVs derived from 4T1 or MDA-MB-468 cells were added and incubated for 6 hours. EV uptake was assessed and compared with
DMSO-treated (No drug) control group. D, NIH3T3 fibroblasts were pretreated with Trametinib or Copanlisib before Lck-GFP–labeled EVs derived from
4T1 or MDA-MB-231 cells were added. Data are represented as mean ± SD (n = 3 wells). **, P < 0.01; ***, P < 0.001.

of these drugs. Transferrin, an iron-binding protein, is taken up into cells
through clathrin-coated pits and vesicles via receptor-mediated endocytosis
and is frequently as a marker in studies of clathrin-mediated endocytosis
(23). Dextran, a well-characterized marker for macropinocytosis (24), and
BSA, a commonly used marker for caveolae-mediated endocytosis (25, 26),
were also included. Consistent with the specificity of the involved cellular
uptake pathways, uptake of dextran was significantly inhibited by EIPA, the
macropinocytosis inhibitor, but not by CPZ or Genistein. Uptake of transfer-
rin was most significantly inhibited by CPZ, the inhibitor of clathrin-mediated
endocytosis. Uptake of BSA was partially inhibited by all three inhibitors,
with Genistein showing the strongest inhibitory effect (Supplementary
Fig. S2). Using these markers indicating different cell uptake pathways, we

observed that Copanlisib significantly inhibited the uptake of transferrin and
dextran, whereas Trametinib significantly inhibited the uptake of dextran but
increased BSA uptake (Fig. 5A). Thus, we concluded that Trametinib mainly
inhibited macropinocytosis while Copanlisib inhibited both macropinocyto-
sis and clathrin-mediated endocytosis. As we show earlier that MDA-MB-231
EVs enter lung fibroblasts mainly through macropinocytosis and caveolae-
mediated endocytosis, we further concluded that Trametinib and Copanlisib
mainly block macropinocytosis-mediated EV entry. It has been previously
reported that PI3K inhibitors suppress macropinocytosis and phagocytosis,
thereby blocking EV uptake in a variety of cells (18, 27), whereas the role of
MEK1/2 has not been elucidated.
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FIGURE 5 Trametinib interferes with macropinocytosis in lung fibroblasts while Copanlisib interferes with both macropinocytosis and
clathrin-mediated endocytosis. A, Quantification of the cellular uptake of indicated markers with or without Copanlisib or Trametinib treatment. Data
are presented as mean ± SD (n = 3 wells per group; 5 images per well). Faint symbols represent all 15 images per group. Dark symbols represent the
mean value from each well. **, P < 0.01; ns, not significant. B, Representative images of the cellular uptake of indicated markers. Images were captured
at 10 ×. Green, FITC-transferrin, Alexa488-BSA or FITC-dextran; blue, Hoechst 33342. Scale bar, 100 μm.

MEK2, but not MEK1, Mediates EV Uptake in
Lung Fibroblasts
It has caught our attention that Trametinib was not the only MEK1/2 inhibitor
in our selected compound library. The other three MEK1/2 inhibitors in the li-
brary, namely Cobimetinib, Selumetinib, and Binimetinib, did not suppress EV
uptake by>25%. Interestingly, Cobimetinib exhibits a specificity against MEK1
(IC50 against MEK1 = 0.95 nmol/L in comparison with IC50 against MEK2 =
199 nmol/L; refs. 28, 29), whereas Trametinib potently inhibits both MEK1 and

MEK2 with IC50 < 1 nmol/L (30). Selumetinib and Binimetinib are designed
to target both MEK1 and MEK2 but their IC50 against MEK1/2 are >10-fold
higher comparing with Trametinib (31–33). Thus, we hypothesized that MEK2
plays a more important role than MEK1 in EV uptake by lung fibroblasts. To
test this hypothesis, we used siRNA to individually knock down MEK1 and
MEK2 in lung fibroblasts and assessed EVuptake by comparingwith the control
siRNA treatment group. Western blot analysis confirmed significant decreases
of MEK1 or MEK2 proteins upon knockdown of the corresponding genes and
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FIGURE 6 MDA-MB-231 EV uptake by lung fibroblasts requires MEK2 but not MEK1. A, Fibroblasts were transfected with siRNAs against MEK1 or
MEK2 (two independent siRNAs used for each gene), or with a control siRNA, at 48 hours before EVs were added for an incubation of 6 hours (n = 3
wells per group). B, Western blots of cells transfected with indicated siRNAs showing the gene knockdown efficiency of MEK1/2. C, Representative
images of untreated cells and cells transfected with indicated siRNAs. Images were captured at 10 ×. Green, CFSE; yellow, DiI; blue, Hoechst 33342.
Scale bar, 100 μm. D, Fibroblasts were transfected with an overexpression plasmid encoding wild-type (WT) or catalytically inactive (K101A) MEK2, or
with the empty vector. Forty-eight hours later, cells were incubated with MDA-MB-231 EVs for 6 hours (n = 3 wells per group). E, Western blots of cells
transfected with indicated overexpression plasmids. Data are presented as mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant.
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the consequent reductions of ERK1/2 phosphorylation (Fig. 6A). Importantly,
although lung fibroblasts express both MEK1 and MEK2 proteins at significant
levels, only knockdown of MEK2 but not MEK1 led to significant decreases in
EV uptake (Fig. 6B and C). Overexpression of wild-type MEK2, but not a cat-
alytically inactive mutant, increased EV uptake (Fig. 6D and E). The results
collectively suggest that the MEK2-specific signaling pathway plays a critical
role in MDA-MB-231 EV uptake by lung fibroblasts.

Discussion
Cellular uptake of EVs is a highly dynamic event that can be influenced by
multiple cell-intrinsic and -extrinsic factors. Although the detrimental effect of
cancer cell-derived EVs has been widely demonstrated, development of ther-
apeutic strategies to block the entry of pathogenic EVs into healthy cells has
been hindered by the poor understanding of mechanisms controlling EV up-
take. Here, by screening a targeted library of approved oncology drugs, we
aim to identify those anticancer drugs that also inhibit the uptake of cancer
cell-derived EVs for rapid translation, by guiding selection of a more effec-
tive anticancer drug regimen and expanding the indications for some drugs.
We employed a high-content microscopy platform to quantitatively measure
EV uptake at the individual cell level with a relatively high throughput. Com-
pared with flow cytometry, which can also detect EV fluorescence in individual
cells, the high-content microscopy platform not only provides a much higher
throughput but also avoids the need to detach cells from the culture plate,
thereby maximally preserving the integrity of cells and preventing potential
leakage of cellular EV signals. Our results indicate that MEK2, but not MEK1,
mediates the uptake of breast cancer cell-derivedEVs bynormal lung fibroblasts
through micropinocytosis, and that inhibition of MEK2 could be a potential
strategy to protect lung fibroblasts from cancer-secreted EVs. In the compound
screen, we tested all compounds at 200 nmol/L. It is possible that inhibitors
targeting the same kinase exhibit different potency at this concentration and
therefore show different effect on EV uptake. Nevertheless, the role of MEK2 in
EV uptake was confirmed by gene knockdown and overexpression in our study.

Recent studies have elucidated multiple pathways in EVs biogenesis and se-
cretion (34). The mechanisms of EV uptake may be specific to the type
of recipient cells and to the source of EVs. HeLa cell uptake of EVs from
A431 epidermoid carcinoma cells depends on clathrin-independent endocyto-
sis and macropinocytosis (17). In contrast, PC12 rat pheochromocytoma cells
take up EVs derived from the same cells via clathrin-mediated endocyto-
sis and macropinocytosis (18). Ligand-induced activation of EGFR promotes,
while EGFR signaling blockage inhibits, the autocrine uptake of oral squa-
mous cell carcinoma cell-derived EVs through regulating macropinocytosis
(19). Here we find that lung fibroblasts take up MDA-MB-231 breast cancer
cell-derived EVs mainly through macropinocytosis and clathrin-independent,
caveolae-mediated endocytosis, and thatMEK inhibition by Trametinibmainly
suppresses macropinocytosis. We noted that Trametinib did not fully inhibit
EV uptake but only resulted in a maximal inhibition of approximately 50%
(Fig. 4C). It is possible that the remaining EV uptake events that were resis-
tant to MEK inhibition were mediated by other uptake mechanisms such as
caveolae-mediated endocytosis.

The MEK1/2 kinases have been attractive targets for cancer therapy especially
for cancers associated with aberrant activation of the RAS-RAF-MEK-ERK
pathway, including melanomas and non–small cell lung cancer (NSCLC; ref.
35). The MEK1/2 kinases are a key component of the signaling cascades of

many surface receptors and mediates the malignant cell transformation by
mutated EGFR and KRAS. Because the MEK kinases are the only known ac-
tivator of ERK1/2, and because ERK1/2 are the only known substrates of MEK
and play a critical role in cell proliferation and tumorigenesis (35, 36), inhibi-
tion of MEK has been considered a relatively specific and effective approach
in cancer therapy. MEK1 and MEK2 share approximately 80% amino acid
identity but have unique sequences in their C-terminal domains. MEK2 has
been shown to be more potent in phosphorylating recombinant ERK (37, 38).
MEK1 andMEK2 seem to be differentially regulated by upstream stimulators at
least in some cellular settings (39). The crystal structures of MEK1 and MEK2
reveal that the two kinases each have a unique inhibitor-binding pocket adja-
cent to the MgATP-binding site, which allows selective inhibition by certain
inhibitors (40).

Trametinib is an oral allosteric inhibitor of MEK1/2 that potently inhibits both
kinases with an IC50 of 0.7–0.9 nmol/L (30). Trametinib, as a monotherapy,
first received its FDA approval for the treatment of some melanomas carrying
certain BRAF mutations and was subsequently approved as a combinational
therapy for some solid tumors including gliomas and NSCLC. It also shows
promise as a targeted therapy forKRAS-mutatedNSCLC (41) and for rare breast
cancers carrying BRAFmutations (42). Our findings herein further suggest in-
hibitors of MEK kinases, especially MEK2, might confer a protective effect on
lung fibroblasts by preventing the entry of some cancer cell-derived EVs. This
may support the utility of MEK inhibitors as a combinational therapy for the
prevention or treatment of breast cancermetastasis to the lungs. Further studies
are warranted to determine the in vivo effect of MEK2 inhibitors on EV up-
take and cancer metastasis using preclinical models and lung specimens from
patients who have been treated with MEK inhibitors.
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