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Background: Cargo of extracellular vesicles (EVs) may reveal responses to targeted anticancer drugs.
Results: Kinase inhibitors of the oncogenic epidermal growth factor receptor (EGFR) activate emission of exosome-like EVs

containing EGFR protein and DNA.

Conclusion: Co-detection of EGFR and DNA in tumor-related EVs reflects the responses to kinase inhibitors.
Significance: EV cargo may serve as a biomarker for targeted therapy.

Cancer cells emit extracellular vesicles (EVs) containing
unique molecular signatures. Here, we report that the oncogenic
EGF receptor (EGFR) and its inhibitors reprogram phosphopro-
teomes and cargo of tumor cell-derived EVs. Thus, phosphory-
lated EGFR (P-EGFR) and several other receptor tyrosine
kinases can be detected in EVs purified from plasma of tumor-
bearing mice and from conditioned media of cultured cancer
cells. Treatment of EGFR-driven tumor cells with second gener-
ation EGFR kinase inhibitors (EKIs), including CI-1033 and
PF-00299804 but not with anti-EGFR antibody (Cetuximab) or
etoposide, triggers a burst in emission of exosome-like EVs con-
taining EGFR, P-EGFR, and genomic DNA (exo-gDNA). The EV
release can be attenuated by treatment with inhibitors of exo-
some biogenesis (GW4869) and caspase pathways (ZVAD). The
content of P-EGFR isoforms (Tyr-845, Tyr-1068, and Tyr-
1173), ERK, and AKT varies between cells and their correspond-
ing EVs and as a function of EKI treatment. Immunocapture
experiments reveal the presence of EGFR and exo-gDNA within
the same EV population following EKI treatment. These find-
ings suggest that targeted agents may induce cancer cells to
change the EV emission profiles reflective of drug-related ther-
apeutic stress. We suggest that EV-based assays may serve as
companion diagnostics for targeted anticancer agents.
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Agents targeting members of the epidermal growth factor
receptor family of kinases (EGFR®/ErbB) represent an inform-
ative paradigm as to both the opportunities and challenges fac-
ing oncogene-directed, personalized anti-cancer therapy (1). In
this regard, experimental evidence supports oncogenic effects
associated with the activation, up-regulation, amplification, or
mutation of EGFR in several human malignancies (2). The
ligand-dependent, or -independent, multi- and heteromeriza-
tion of ErbB proteins (including EGFR) on the cell surface leads
to their activation and generation of transforming intracellular
signals. These events involve phosphorylation of critical tyro-
sine residues within the cytoplasmic domain of EGFR, includ-
ing Tyr-845, Tyr-1068, and Tyr-1173, to form docking sites for
effector and adaptor proteins, such as SRC, GRB2, and SHC,
respectively (2, 3). The resulting phosphorylation of MAPK,
AKT, STAT, and other signaling modules leads to the expres-
sion of genes governing cell proliferation, survival, angiogene-
sis, and other responses (2).

The constitutive activation of the oncogenic EGFR pathway
is thought to be central to the pathogenesis of lung, colorectal,
epidermoid, brain (glioblastoma), and other human cancers (2,
4). This realization motivates ongoing efforts to develop EGFR-
targeting anticancer therapeutics (5), including neutralizing
monoclonal antibodies (cetuximab and panitumumab) and
EGER kinase inhibitors (EKIs), of which several are already in
clinical use (gefitinib and erlotinib), whereas others remain at
various stages of development (1, 2, 5). The latter category
includes second generation, irreversible experimental pan-
ErbB inhibitors, such as CI-1033 (canertinib) and PF-00299804
(dacomitinib), thought to exert especially potent and lasting
effects on the EGFR transforming activity (5-7).

> The abbreviations used are: EGFR, epidermal growth factor receptor;
P-EGFR, phosphorylated EGFR; P-AKT, phosphorylated AKT; P-ERK, phos-
phorylated ERK; EV, extracellular vesicle; EKI, EGFR kinase inhibitor; MTS,
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium, inner salt; NSMase; neutral sphingomyelinase;
ASMase, acidic sphingomyelinase; NTA, nanoparticle tracking analysis;
GBM, glioblastoma; Z, benzyloxycarbonyl.
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Although these agents efficiently suppress EGER signaling in
laboratory settings, this is not always predictive of their clinical
efficacy (1). This disparity is attributed to numerous mecha-
nisms of therapeutic resistance (8), including tumor cell hetero-
geneity (9), EGFR mutations, as well as activation of salvage
signaling pathways (10), especially in vivo (11, 12). In this
regard, the ability to longitudinally monitor the EGER status,
activity, signaling, and cellular responses could provide action-
able insights during the course of therapy. However, targeted
therapy choices are presently imprecise, being extrapolated
mainly from a one-time (static) access to treatment-naive tis-
sues collected at surgery or biopsy (1, 13).

These circumstances underscore the emerging interest in
approaches known as “liquid biopsy” designed to gain “remote”
access to key molecular characteristics of cancer cells in real
time (14). In this setting, blood and body biofluids are thought
to be usable for the recovery of circulating tumor cells, soluble
factors, tumor-derived cell-free DNA, or extracellular vesicles
(EVs) reflective of different aspects of cancer-related molecular
repertoire (14-16). EVs are of particular interest, as they are
relatively abundant in biofluids and cellular supernatants, and
they are known to contain combinatorial mixtures of tumor cell
signatures, including intact oncoproteins and nucleic acids.
Indeed, previous studies documented the presence of EGFR
and its oncogenic mutants (e.g. EGFRVIII) in the cargo of
tumor-derived EVs (15-18).

EVs are generated through several still poorly understood
biogenetic mechanisms. The resulting structural and molecular
diversity of vesicle subtypes (19, 20) includes small EVs known
as exosomes (usually 30-100 nm in diameter). Exosomes are
thought to originate through an alternative form of endosomal
trafficking, and their emission is believed to involve neutral
sphingomyelinase (NSMase), Rab proteins (Rab27A/B), and
tetraspanins (CD63, CD81, CD82, and CD9), which are often
used as exosomal markers (21-23). Cancer cells may also shed
larger EVs derived from blebs of the plasma membrane (ecto-
somes and microvesicles), a process that involves different
effectors, such as acidic sphingomyelinase (ASMase) and ARF6
(22, 24). Still larger and more complex particles may exit cells as
“large oncosomes” or apoptotic bodies, the latter of which con-
tain genomic DNA (gDNA). However, gDNA was also found in
exosome-like particles released from viable cells, adding to the
complexity of the EV generation (vesiculation) process (17, 25,
26). Nonetheless, EVs are of great interest due to their role in
intercellular communication, content, and exchange of molec-
ular cargo (27, 28).

Oncogenic EGFR is thought to influence EV biogenesis and
thereby its own emission and intercellular trafficking (15, 29).
This could be explained, at least in part, by the activation of the
EGER recycling mechanisms involving endosomes and exo-
somes (2). However, the status and changes in the state of EV-
associated EGFR, P-EGFR, their effectors (MAPK and AKT)
and cellular phosphoproteome in various cancer settings
remain poorly studied. This is of special interest in relation to
EGFR-targeting therapeutics, which could be expected to
impact the EV emission, content, and cargo.

Here, we show that oncogenic EGFR (and EGFRVIII) is
detectable in EV isolates from plasma of glioblastoma (GBM)
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patients, plasma of GBM xenograft-bearing mice, and condi-
tioned medium of EGFRvIII-transfected cancer cells. We also
describe detection of phosphorylated RTKs (including
P-EGEFR) in cargo of EVs circulating in the blood of mice har-
boring several different human tumor xenografts. However, the
pattern of EGFR phosphorylation differs between EVs and their
parental cells. The exposure of cancer cells to EKIs stimulates
the emission of EVs containing EGFR, P-EGFR, and exo-gDNA,
a process that is mitigated by NSMase and caspase inhibitors
suggesting a cross-talk between exosomal and apoptotic path-
ways. Overall, we propose that unique EV characteristics could
be explored as biomarkers of targeted therapy responses in
cancer.

Experimental Procedures

Cell Cultures and Treatments—Human cancer cell lines,
including A431 (epidermal), MDA-MB-231 (breast), BxPC3,
PANC-1 (pancreatic), PC-3 (prostate), DLD-1, and CaCo2
(colon), were obtained from American Type Culture Collection
(ATCC, Manassas, VA). HCT116 cells and their p53 "/~ variant
(379.2) were a gift from Dr. Bert Vogelstein (Johns Hopkins
University), and glioma cell lines U373, U373vIll, and U87vIII
were contributed by the late Dr. Ab Guha (University of
Toronto). Cell lines were cultured in DMEM (Invitrogen), sup-
plemented with 10% fetal bovine serum (FBS) (Multicell
Wisent, Inc., St-Bruno, Quebec, Canada), and penicillin/strep-
tomycin (Invitrogen). The clonal A431-CD63/GFP cell line was
prepared by transfecting A431 parental cells with the plasmid
pCMV6-AC-GFP (OriGene, Rockville, MD), clone RG 201733,
encoding the CD63-GEP fusion protein. Clonal sublines were
selected for high GFP expression and one chosen for experi-
mentation. Treatment with the indicated agents was conducted
at 80% confluence after serum starvation overnight (0.1% FBS).
Cells were washed twice with PBS (1X) and incubated with
CI-1033 (Canertinib, 1-5 um; LC Laboratories, Woburn, MA),
PF-00299804 (Dacomitinib 1-5 uMm; Selleckchem, Houston,
TX), Cetuximab (Erbitux, 50 wg/ml, Bristol-Myers Squibb Co.),
and/or TGFa (50 ng/ml; Invitrogen) for 24 h before preparation
of EVs.

Xenografts and Plasma Samples—Single cell suspensions of
the indicated cells were subcutaneously (s.c.) injected into
immunodeficient YFP/SCID mice at 1-5 X 10° cells/animal.
Tumor growth in either vehicle- (PBS) or drug (CI-1033, 20
mg/kg/day intraperitoneally)-treated mice was measured using
Vernier calipers, and lesion volumes were calculated according
to the formula TV = a® X b/2, where a and b are the shorter and
longer perpendicular diameters, respectively (30). Intracranial
xenografts of human GBM were generated in the laboratory of
Dr. Abhijit Guha (University Health Network) under the Insti-
tutional Research Ethics Board approval. The EGFRvIII muta-
tion status was established as described previously (31). Mouse
blood was collected by cardiac puncture at the end point, and
EVs were isolated as described (15). All animal procedures
(Animal Use Protocol) were approved by the Institutional Ani-
mal Care Committee according to guidelines of the Canadian
Council of Animal Care.

Preparation of Extracellular Vesicless—EV-depleted FBS
(centrifuged for 5 h at 150,000 X g) was used to prepare condi-
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tioned medium. Conditioned medium or platelet-poor plasma
was used to isolate EVs in vitro and in vivo, respectively (15, 22).
Briefly, culture supernatants were centrifuged for 10 min at
400 X gto collect floating cells (P1 fraction), followed by 20 min
at 2500 X g (P2), 30 min at 10,000 X g (P3),and 1 h at 110,000 X
g (P4). Pellets containing P4 fraction were washed in PBS once
and centrifuged for 1 h at 110,000 X g. EVs collected for the
DNA extraction were filtered through a 0.22-um filter (or as
indicated) prior to the last 110,000 X g centrifugation (17).

Western Blot—RIPA buffer containing protease inhibitor
(Roche Applied Science) and phosphatase inhibitor mixtures 2
and 3 (Sigma) was used to isolate total proteins from cells or
EVs. Lysates were incubated on ice for 5 min and centrifuged at
13,000 rpm for 10 min at 4 °C, and solubilized proteins were
quantified using the Pierce Micro BCA™ protein assay
(Thermo Scientific, Rockford, IL). Proteins were resolved using
SDS-PAGE at 10%, and transferred to polyvinylidene difluoride
membranes (PVDF; Bio-Rad). The membranes were probed
with indicated primary antibodies and appropriate horseradish
peroxidase (HRP)-conjugated secondary anti-mouse (Dako,
Mississauga, Ontario, Canada) or anti-rabbit (Cell Signaling,
Danvers, MA) antibodies. Chemiluminescence (GE Health-
care) was visualized using ChemiDoc MP system (Bio-Rad).
Primary antibodies were from Cell Signaling, including the fol-
lowing: rabbit anti-EGFR; rabbit anti-Tyr-845-P-EGEFR; rabbit
anti-Tyr-1068-P-EGFR; rabbit anti-Tyr-1173-P-EGEFR; rabbit
anti-AKT and anti P-AKT; and rabbit anti-ERK and rabbit anti-
P-ERK. Antibodies from Sigma and from BD Biosciences were
used to probe for either mouse B-actin or for mouse flotillin-1,
GAPDH, CD9, GFP, and caspase 3, respectively.

Phosphoprotein Profiling—Indicated cells were grown to 70%
confluence following conditioning of the culture medium for 3
days using exosome-depleted FBS. EV pellets (fraction P4) were
collected by ultracentrifugation following generation of EV and
cell lysates using buffers containing 20 mmMm MOPS, 2 mM EGTA,
5 mM EDTA, 30 mm sodium fluoride, 40 mm S-glycerophos-
phate, 20 mm sodium pyrophosphate, 1 mm sodium orthovana-
date, 1 mMm phenylmethylsulfonyl fluoride, 3 mm benzamidine,
5 uMm pepstatin A, 10 uM leupeptin, and 5% Nonidet P-40. Pro-
filing of phosphoproteins was performed using KPSS1.3
Kinex™ phospho-site antibody array (Kinexus Bioinformatics
Corp.) and visualized as a heatmap generated by MeV software
as described (32).

Phosphoreceptor Tyrosine Kinase (P-RTK) Array—The con-
tent of activated human receptors in EVs circulating in blood of
xenograft-bearing mice was measured using antibody array
(Protein Profiler, R&D Systems, Minneapolis, MN) containing
phospho-specific antibodies against 42 human RTKs. Plasma
EV preparations were incubated with Profiler membranes, and
chemiluminescent signal was quantified by densitometry
(ChemiDoc MP, Bio-Rad) and presented as a heatmap (MeV).

Quantification of EV-associated EGFR—Human total EGFR
and P-EGFR ELISA kits (R&D Systems, Minneapolis, MN) were
used to quantify the respective receptors in cell culture
medium. Quantifications were repeated using human phos-
pho-EGEFR antibody array (RayBiotech, Norcross, GA; data not
shown). Briefly, 80% confluent cultures were serum-starved
overnight (0.1% FBS), washed twice with PBS (1X), and pre-
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treated for 20 min with indicated agents in 5% FBS. The media
were subsequently replaced, and the treatment was continued
for 24 h. Proteins were extracted from adherent cells and EV
pellets quantified, and incubated with ELISA reagents as rec-
ommended by the manufacturer. Alternatively, array mem-
branes were exposed to equal amounts (5-10 ug) of protein.
The signal was visualized using chemiluminescence, quantified
(ChemiDoc MP; Bio-Rad), normalized to internal controls,
pooled from two experiments, and plotted.

Cell Growth/Survival Assays—MTS assay (Promega, Madi-
son, WI) was used to measure in vitro cell growth/viability in
the presence of indicated treatments. In parallel, trypan blue
exclusion and changes in cell morphology (200X) were
recorded at different time intervals (2, 6, and 24 h). As indi-
cated, the cells were grown to 80% confluence, serum-starved
overnight (0.1% FBS), washed, and pretreated for 1 h with the
pan-caspase inhibitor Z-VAD-fluoromethyl ketone (ZVAD; 20
uM; Promega, Madison, WI) in EV-depleted media prior to
addition of EGFR inhibitors or control compounds (Etoposide,
50 pg/ml; Sigma). After the first 20 min, the medium was
changed, and treatment was continued for 24 h, followed by EV
isolation.

EV Analysis—The number and size of emitted EVs were ana-
lyzed using NS500 nanoparticle tracking analysis system (NTA;
Nanosight, Amesbury, UK). Culture media were centrifuged at
400 X gfor 10 min to remove cells, and 300-ul aliquots (P2-P4)
were loaded into the flow chamber. At least three recordings of
30 s each were obtained under automatic detection and batch
processing settings. For inhibitor treatment, cells were grown
to 80% confluence, washed, and pretreated for 1 h with sphin-
gomyelinase inhibitors as follows: GW4869, 10 um or FTY720,
5 uM (Calbiochem, Millipore, Ontario, Canada). After 1 h, the
medium was changed, and fresh media containing the EGFR
inhibitor (or vehicle) with either GW4869 or FTY720, respec-
tively, were added for additional 24 h, followed by NTA. The
results of at least 2—3 independent experiments were combined
and plotted. The EVs were also analyzed by floatation in the
sucrose gradient (33). Briefly, the combined P2 to P4 fractions
were centrifuged twice at 110,000 X g for 70 min. The pellets
were resuspended in 2 ml of 20 mm HEPES, 2 M sucrose. The
resulting samples were transferred to the bottom of the Beck-
man SW41 centrifuge tube and slowly layered with a continu-
ous gradient of sucrose, from 2 to 0.25 M. The samples were
ultracentrifuged in a swinging bucket rotor for 17 h at
210,000 X g with the brake set on low. After centrifugation, the
samples in each tube were separated into 11 fractions of 1 ml
each, starting from the top. Each fraction was transferred into a
3-ml tube, and mixed with 2 ml of HEPES (20 mm), centrifuged
at 110,000 X g for 1 h, resuspended in 50 ul of PBS (1X), and
processed for assays indicated.

DNA Analysis—As described previously (17), EV aliquots (20
ul) were pelleted at 110,000 X g and mixed with 20 ul of DNA
lysis buffer (2X 200 wl of Tris, 20 ul of 0.5 M EDTA, 40 ul of 10%
SDS, 80 ul of 5 M NaCl, and proteinase K (1:200)). Following
incubation at 37 °C for 2 h, isopropyl alcohol precipitation, and
centrifugation at 16,100 X g for 20 min at room temperature,
DNA pellets were washed once with 200 ul of 70% ethanol,
air-dried, and resuspended in 50 ul of double-distilled H,O.
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The genomic sequences were PCR-amplified from 5 to 10 ul of
DNA samples using a denaturation step set at 95 °C for 10 min
followed by 33 or 40 cycles of denaturation at 95 °C for 30 s,
annealing at 55 °C for 30 s, and synthesis at 72 °C for 1 m. The
final elongation step was at 72 °C for 5 min, followed by resolu-
tion in 2% agarose gel at 100 V for 20—-30 min. The forward
(gtgtcctggeacccaageccatg) and reverse (ccccaccagaccatgaga)
primer sequences were designed to amplify the region flanking
exon 18 of the EGFR gene.

Capture and DNA Analysis in EGFR-containing EVs—Cells
grown in 6-well plates were incubated with CI-1033 or
PF-00299804 in 650 ul of EV-depleted media for 24 h. Culture
medium was then centrifuged at 400 X g for 10 min to remove
cells debris, and 300-ul aliquots were added to EGFR ELISA
well (RayBiotech) and incubated overnight at 4 °C. The follow-
ing day, the media were removed; the wells were washed twice
with PBS, and 30 ul of DNA lysis buffer was added to the wells.
The solution was removed and transferred to a clean tube for
DNA precipitation with isopropyl alcohol. DNA pellets were
recovered at 16,100 X g for 20 min at room temperature,
washed once with 200 ul of 70% ethanol, air-dried, and resus-
pended in 50 ul of double distilled H,O, and processed for
EGFR PCR (above).

Data Analysis—All experiments were reproduced at least
twice with similar results and presented as a number of repli-
cates (n) and their mean value * S.D. Statistical significance
was evaluated using SPSS software, or a computerized two
tailed ¢ test, and the differences were considered significant for
p < 0.05.

Results

EV-mediated Release of EGFRvIII Oncogene by Glioma
Cells—Cells may emit intact EGFR through EV-mediated
mechanisms (15, 29, 34). To extend this observation, we exam-
ined by immunoblotting the content of mutant EGFRVIII in
EVs isolated from plasma samples of patients with GBM and
from mice harboring intracranial human GBM xenografts. In
both cases, the EGFRVIII status in the tumor mass correlated
with the EGFRVIII signal in plasma-derived EVs (Fig. 1, A and
B). We also tested the conditioned medium of EGFRvIII-trans-
fected glioma cells (U373vIII) and their parental indolent coun-
terparts (U373; Fig. 1C). Once again, endogenous EGFR and
exogenous EGFRVIII were readily and specifically detected in
EVs shed by the former cell line, although U373 released only
small amounts of endogenous EGFR. As expected, we also
detected increased levels of P-EGFR (Tyr-1068) in transformed
U373VIII cells and their EVs, relative to parental controls (Fig.
1C). Indeed, EGFRVIII induces widespread changes in the cel-
lular and EV phosphoproteome, as indicated by profiling of
U373 and U373VIII cells and their EVs using Kinex™ array
platform (data not shown). Collectively, these results highlight
the ability of EVs to mediate the release of the oncogenic EGFR
and P-EGER from cancer cells.

Tumor-related Emission of Phosphorylated RTKs into the
Circulating Blood—W e asked whether EV-mediated emission
of phosphorylated RTKs (P-RTKs) extends beyond EGFR in
glioma. To address this question, plasma was collected from
mice harboring xenografts of human brain (U87vIIl and
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FIGURE 1. Evidence for EV-mediated extracellular release of the onco-
genic EGFRvIII by human GBM cells in vivo and in vitro. A, analysis of GBM
tissue samples for EGFRvIIl mRNA. Hypoxanthine phosphoribosyltransferase
1 (HGPRTT1) was used as a loading control, as described previously (31). Lower
lane, EGFRUVIII protein signal was detected by Western blotting in EV prepara-
tions from plasma of patients with EGFRvlll-expressing tumors where the
EGFRuvIIl band is apparent, despite the fact that the quality of the archival
plasma samples was relatively poor and negatively impacted protein integ-
rity in exosomal isolates and the image quality. B, detection of EGFRVIII in
plasma of SCID mice harboring human GBM intracranial xenografts positive
(EGFRVIII+) or negative (EGFRvIII—) for EGFRVIII expression. C, detection of
EGFR and P-EGFR in cell lysates and EV preparations of conditioned medium
from control U373 indolent glioma cells and their aggressive variant
(U373vlll) transfected with EGFRVIII expression vector (31).

Total EGFR vill

P-EGFR (Y1068)

Flotillin-1

U373vIII), epidermal (A431), breast (MDA-MB-231), lung
(A549), prostate (PC3), pancreatic (BxPC3 and PANC-1), and
colorectal (379.2, HCT116, CaCo2, and DLD-1) cancers, and
purified EVs were profiled using the antibody array containing
probes for 42 different P-RTKs. Among several detectable
P-RTKs, only some were relatively ubiquitous, including
P-EGFR and macrophage-stimulating protein receptor (MSPR/
RON, member of the MET family) (Fig. 2). These experiments
document the ability of multiple human cancer types to emit
P-RTKs, including P-EGFR, in vivo.

EGEFR Inhibitors Impact Growth and Vesiculation of Cancer
Cells—Among cancer models found to emit EVs containing
P-EGFR, A431 cells represent an interesting paradigm due to
their exquisite and well documented dependence on the endog-
enous EGFR activity (29). Therefore, we chose these cells to
interrogate in more detail whether EGFR and EV emission may
change in the presence of clinically relevant EGFR-targeting
agents. Indeed, the exposure of A431 cells to two different irre-
versible pan-ErbB/EKIs, CI-1033 and PF-00299804, produced a
marked and dose-dependent decline of metabolic activity
(MTS assay), especially above the 1 um threshold. In contrast,
the growth inhibitory effect of the anti-EGFR-neutralizing anti-
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FIGURE 2. Detection of phosphorylated receptor tyrosine kinases in EVs
released to mouse blood from human cancer cell xenografts. Indicated
cell lines are representative of brain, epidermal, breast, lung, prostate, pan-
creatic, and colorectal cancers. Subcutaneous tumors were grown in SCID
mice until subjected to terminal blood collection. Plasma EVs were isolated by
ultracentrifugation, lysed, and tested for 42 different human phospho-RTKs
using the indicated antibody array platform. Notably, several human RTKs,
including EGFR, were detected in the circulating blood in the intact, phos-
phorylated, and EV-associated form (see text for details).
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FIGURE 3. Responses of EGFR-driven cancer cells to EGFR inhibitors. A-C,
A431 cells harboring genomic amplification of the EGFR gene were grown in
monolayer cultures and exposed for 24 h to the indicated irreversible EGFR
kinase inhibitors (EKIs: CI-1033 and PF-00299804) or neutralizing anti-EGFR
antibody (Cetuximab) at increasing concentrations. The cells were tested for
metabolic activity using the MTS assay. EKIs, but not Cetuximab, triggered
marked and dose-dependent reduction in metabolic activity. D, effects of
drug treatment on EGFR phosphorylation (P-EGFR; Western blotting); numer-
ical values represent mean = S.D. of several independent experiments; *, p >
0.05.

body (Cetuximab) with no direct anti-kinase activity was rela-
tively mild (Fig. 3, A—C), as described earlier (4).

Intriguingly, the EV-mediated emission of EGER into the
conditioned medium of cancer cells increased dramatically in
the presence of EKIs but not Cetuximab (Fig. 4, A—C). More-
over, additional stimulation of EGFR with transforming growth
factor a (TGFa) did not change the ability of TKIs (CI-1033) to
drive the EV-mediated release of EGFR (Fig. 4, B—D). Collec-
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NS, not significant.

tively, these observations suggest that the efficient blockade of
the EGFR kinase activity facilitates (rather than inhibits) extra-
cellular emission of EVs containing this RTK.

EKI Treatment Impacts the Profile of EV-associated
P-EGFR—EGER signaling is a multifactorial process involving
phosphorylation of several tyrosine residues (including Tyr-
845, Tyr-1068, and Tyr-1173) and activation of downstream
transduction modules, especially AKT and ERK. These events
would be expected to subside in the presence of EKIs (5, 11, 35,
36), but their representation in the EV cargo has not been stud-
ied in detail. Thus, we compared the expression of the respec-
tive phosphorylated EGFR isoforms, AKT and ERK, in EKI-
treated A431 cells and their EVs. Of note, the constitutive
P-EGER levels were considerably lower in EVs than in corre-
sponding cells, especially the Tyr-1173 phosphorylation. As
expected, the exposure to PF-00299804 (Fig. 5) and CI-1033
(Fig. 6) markedly reduced cellular EGFR phosphorylation levels
on all tyrosines tested. Somewhat surprisingly, however, the
content of P-EGFR in EVs released from EKI-treated cells was
visibly and selectively increased, especially on Tyr-845 and Tyr-
1068. P-EGER was also elevated in cells and EVs following stim-
ulation with TGFq, including the Tyr-1173 residue. Addition of
EKI (CI-1033) completely reversed this effect in cells, but only
partially in the case of their derived EVs, in which Tyr-845 and
Tyr-1068 remained phosphorylated. These results may suggest
that certain P-EGER isoforms may be preferentially positioned
at sites of EV biogenesis, especially when EGFR signaling is
perturbed in the presence of EKIs (Figs. 4—6).

It is also noteworthy that EVs emitted from A431 cells con-
tained AKT, but no detectable P-AKT, regardless of treatment.
In contrast, although the levels of ERK and P-ERK in EVs of
intact cells were exceedingly low, EKI treatment markedly
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FIGURE 5. Differential EGFR phosphorylation profiles of cancer cells and
their EVs in the presence or absence of PF-00299804 treatment. A431
cells and corresponding EV preparations were subjected to Western blotting
for EGFR and for three different EGFR phosphosites (Tyr-845, Tyr-1068, and
Tyr-1173). EVs differ in their EGFR phosphorylation profiles from their paren-
tal cells, including preponderance of 2 out of 3 phosphoisoforms of EGFR
following drug treatment.

increased the packaging of these proteins into the EV cargo,
especially following prestimulation of cells with TGFa. Thus,
EVs do not mimic the cellular status of crucial proteins involved
in oncogenic EGFR signaling, but instead they may reflect the
cross-talk between EGFR signaling and vesiculation pathways.

EVs Released Following EGER Blockade Exhibit Exosome-like
Properties—Exosomes represent the major subset of EVs impli-
cated in EGFR emission (29, 34). To explore whether EKI-in-
duced vesiculation leads to the exaggerated emission of exo-
somes, or triggers formation of other types of EVs (e.g. larger
microvesicles or apoptotic bodies), we employed the variant of
A431 cells stably expressing CD63-GEFP fusion protein. Because
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FIGURE 6. Differential phosphorylation profiles of EGFR, AKT, and ERK in
cancer cells and their EVs following treatment with pan-Erb kinase
inhibitor CI-1033. A431 cells were treated with the EGFR agonist (TGFe, 50
ng/ml), irreversible ErbB kinase inhibitor (CI-1033, 5 um), or both. The cells and
EVs were collected 24 h later and immunoblotted for total EGFR, three differ-
ent EGFR phosphosites (P-EGFR Tyr-845, Tyr-1068, and Tyr-1173), AKT, P-AKT
(Ser-473), ERK, and P-ERK (Thr-202/Tyr-Y204). As loading controls, B-actin and
Ponceau red were used for cell and EV lysates, respectively. EVs differ in their
EGFR phosphorylation profile from their parental cells. P-EGFR is less abun-
dantin EVsthanin corresponding cells. EVs accumulate Tyr-845 and Tyr-1068
P-EGFR isoforms, but not Tyr-1173, following treatment with CI-1033. EV-as-
sociated Tyr-1173 is increased following stimulation with TGFa. EVs contain
no detectable P-AKT but are enriched for ERK and P-ERK following CI-1033
treatment (see text for details).

CD63 is present in exosomes, this modification serves to visu-
alize production of these EVs by tracking the GFP signal. Thus,
conditioned medium of A431-CD63/GEP cells was subjected to
differential ultracentrifugation under either low (P2 fraction) or
high centrifugal force (P4 fraction), to preferentially sediment
microvesicles and exosomes, respectively (22). As expected,
EGFR was markedly enriched in the exosomal (P4) fraction,
especially after EKI (CI-1033) treatment (Fig. 7A). Next, EVs
were resolved in the sucrose gradient, followed by NTA for the
number and size distribution in the respective fractions. This
placed the majority of particles between 1.11 and 1.21 g/ml
density and 50-250 nm in diameter, which corresponds to
properties of exosomes. It should be noted that exosomal frac-
tions contained a range of EV sizes, suggesting a level hetero-
geneity. After EKI treatment, the abundance and size range of
EVs markedly increased (Fig. 7, B and C). We also probed indi-
vidual sucrose fractions for EGFR and exosomal markers
(CD63/GFP and CD9), all of which co-localized within the exo-
somal density range, between 1.10 and 1.21 g/ml (33). Notably,
CI-1033 treatment led to a marked increase in the EGFR,
CD63/GFP, and CD9 content of these fractions, further sug-
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FIGURE 7. Pharmacological blockade of the oncogenic EGFR triggers emis-
sion of EVs with exosomal characteristics. A431-CD63/GFP cells were cultured
for 24 h in the presence of control media or EGFR blocking concentrations of
CI-1033 (5 um). A, EVs were collected by ultracentrifugation at either 2500 X g
(EV-P2) or 110,000 X g (EV-P4) and immunoblotted for EGFR or GFP, the latter to
reveal the exogenous GFP/CD63 chimeric protein marker of exosomes. P4 frac-
tion containing exosome-sized EVs was enriched in EGFR and GFP, especially
after the CI-1033 treatment. B and C, A431-derived EVs were floated on the
sucrose gradient, and the respective fractions were profiled for size and numeri-
cal EV distribution using nanoparticle tracking analysis system (NTA, Nanosight).
Of note is the fact that CI-1033 treatment stimulated production of mainly small
EVs (exosome-like), with sizes ranging between 51 and 150 nm and density
between 1.11 and 1.21 g/ml, which corresponded to sucrose density fractions
3-8. NTA of individual fractions containing cancer cell-derived EVs suggests a
highly heterogeneous size distribution. D and E, exosomal fractions (1.12-1.17
g/ml) of EVs purified from conditioned medium of control A431-CD63/GFP cells
contain both EGFR and GFP (CD63) markers (immunoblotting). CI-1033 treat-
ment triggered the increase in the EGFR and exosomal marker content (GFP-
CD63 and CD9) across exosomal fractions 1.10-1.21 g/ml of A431-GFP/CD63-
derived EVs. Data are representative of three independent experiments (see text
for details).
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FIGURE 8. EKI-induced cellular vesiculation depends on the neutral sph-
ingomyelinase pathway of exosomal biogenesis. A, NTA analysis of EVs
emitted from A431 cells treated with EKI (CI-1033 (C/)), inhibitor of neutral
sphingomyelinase (GW4869), inhibitor of acidic sphingomyelinase (FTY720),
or their indicated combinations. Of note is a shift to the right in the median
size peak of EVs in presence of GW4869 indicative of reduced numbers of
exosome-seized vesicles and the preponderance of larger EV sizes. B, EV out-
putinto the A431 conditioned medium as measured within the median exo-
some size (range 150-200 nm) of vesicles. Cl-1033-induced increase in EV
numbers is attenuated by GW4869 pretreatment but not by FTY720 pretreat-
ment, which increases the EV production; compilation is of three indepen-
dent experiments, and p value is as indicated. NS, nonsignificant.

gesting that EKI treatment stimulates emission of EVs with
exosome-like characteristics.

We also examined the role of EV biogenesis pathways in
vesiculation triggered by EKIs. To accomplish this, A431 cells
were treated with inhibitors of either NSMase (GW4869) or
ASMase (FTY720), implicated in formation of exosomes and
microvesicles, respectively (Fig. 8) (22). As expected, GW4869
diminished the emission of exosome-sized EVs at baseline (Fig.
84, peak), while shifting the NTA spectrum to larger particles.
Interestingly, this treatment also significantly reduced the
emission of exosome-sized EVs from CI-1033-treated cancer
cells. In contrast, FTY720 treatment not only did not suppress,
but instead exacerbated the EKI-triggered EV emission. Collec-
tively these results suggest that EKIs trigger formation of exo-
some-like EVs, as judged by their size, markers, density, and
dependence on the NSMase activity.

Emission of Exosome-like EVs from EGFR-inhibited Cancer
Cells Involves the Caspase Pathway—TIt is conceivable that cel-
lular stress may lead to a cross-talk between vesiculation and
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apoptotic pathways. To test whether this may occur in the con-
text of EKI exposure, A431 cells were pretreated with the pan-
caspase inhibitor (ZVAD) and assayed for vesiculation. Indeed,
EKI treatment triggered the cleavage of caspase 3 in conjunc-
tion with increased emission of EVs (Fig. 9), both mitigated by
ZVAD. Cleaved caspase 3 was detected in cells exposed to both
relatively inert (1 um) and strong growth inhibitory (5 um) con-
centrations of CI-1033 (Fig. 9) and PF-00299804 (data not
shown). Likewise, etoposide, which induces apoptosis in an
EGFR-unrelated manner, predictably triggered caspase activa-
tion. Cleaved caspase 3 was mainly observed in floating cells
(P1), whereas their adherent counterparts remained unaf-
fected, and no caspase 3 was detected in the EV cargo (P2 and
P4 fractions). It should be noted that although all aforemen-
tioned treatments activated caspase 3, only strong inhibitory
concentrations of EKIs (CI-1033) stimulated the increased EV
emission in a ZVAD-sensitive manner (Fig. 9, B—E). The ZVAD
effect was especially apparent within the exosomal size range
(100-200 nm) of EVs. Thus, EKI responses differ from pro-
grammed cell death resulting in formation of large apoptotic
bodies (>1000 nm) (27), especially because etoposide did not
trigger any measurable release of exosome-like EVs (Fig. 9, D
and E). These observations suggest that EKI-induced cellular
death pathways are associated with a distinct profile of cellular
vesiculation.

EVs Released from EGFR Inhibited Cancer Cells Contain
Genomic DNA—We and others have recently described the
ability of cancer cells to emit exosome-like EVs containing
genomic DNA (exo-gDNA). The underlying processes remain
unclear and may involve both viable and dying cells (17, 25, 26).
To test whether EKI treatment alters formation of DNA-con-
taining exosomal EVs, their preparation from culture medium
was resolved on the sucrose density gradient, and fractions
were analyzed for exo-gDNA. This included total DNA (QC
Analyzer) and genomic EGFR (exon 18; PCR) (Fig. 10, A and B).
Although exosomal fraction 6 isolated from media of untreated
cells contained little or no DNA, the exposure to CI-1033 led to
a dramatic increase in both total DNA and genomic EGFR sig-
nal. It should be noted that EVs with higher density contained
DNA regardless of treatment, probably due to the presence of
larger vesicles and cell fragments (Fig. 10B). Nonetheless, these
results suggest that EKI-induced cellular stress provokes an
increase in the emission of exo-gDNA contained in exosome-
like EVs.

EV-mediated Co-emission of EGFR and Exo-gDNA under
Therapeutic Stress—Because EV populations and biogenetic
pathways are inherently heterogeneous, we asked whether EKI
treatment triggers the co-emission of exo-gDNA and EGER by
the same or different EV subsets. To accomplish this, we
designed an assay predicated on a selective capture of EGFR-
expressing EVs on dishes coated with the anti-EGER antibody,
followed by detection of DNA content using PCR (Fig. 114).
We also used two different filtration protocols (0.45 and 0.8
um) to exclude cells, large EVs, and apoptotic bodies (>1 wm).
These experiments documented no EGFR DNA amplification
from EGFR-exposing EVs collected under control conditions.
However, exo-gDNA content was readily detected when donor
cells were treated with growth-suppressing concentrations of
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FIGURE 10. EKI treatment leads to cellular emission of genomic DNA
within exosome-like fraction of EVs. A, A431 cells were cultured and
treated with CI-1033 (5 um), and sucrose fractions of their EVs were tested for
extracellular genomic DNA using QC Analyzer (A) or PCR (B) assays. EV frac-
tions are as follows: 3 (below exosomal density), 6 (exosomal like), and 9
(above exosomal density) were analyzed for DNA content. DNA was detected
(arrowhead) only in fractions 6 and 9, and upon treatment with CI-1033.8, PCR
amplification of the EGFR (exon 18) genomic sequence in A431-derived EV
fractions obtained with and without CI-1033 treatment. These profiles sug-
gest the emission of DNA within exosome-like fractions of EVs following the
EGFR blockade. EVs at a higher density contain gDNA regardless of treatment
(see text for details).

either CI-1033 or PF-00299804 (Fig. 11B). Thus, EKI treatment
causes co-emission of EGFR and exo-gDNA, at least in part,
within the same population of exosome-like EVs.

Discussion

Our report focuses on EGFR as a paradigm of oncogene-
directed targeted anti-cancer therapy. In this regard, we explore
how EV biogenesis and cargo may reflect cellular consequences
of targeting EGFR kinase activity, and we report several novel
findings related to this question. First, we document the ability
of multiple types of human cancer cells to emit phosphorylated
(intact/activated) RTKs as cargo of their EVs, both in vitro and
in vivo. This includes oncogenic EGFR and EGFRVIIL Second,
we report differences in molecular profiles between EGFR-
driven cancer cells and their derived EVs. We suggest that sub-
sets of EGFR phospho-isoforms, AKT and ERK, are unevenly
distributed between cellular and EV compartments. This is sig-
nificant from both a biological and biomarker perspective,
because EVs are often perceived as entities representative’ of
their parental tumors, a notion that we wish to qualify here.

emissions from A431 cells, despite caspase 3 activation in both cases. Cl-1033-
induced EV release was selectively inhibited by ZVAD pretreatment, as dem-
onstrated by NTA of total (C), and exosome-like (150-200 nm (D)) vesicle
populations, but this effect was not observed in larger microvesicle-like EV
subsets (350-400 nm; E); data are representative of three independent
experiments, p value is as indicated. NS, nonsignificant.
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FIGURE 11. EV-mediated extracellular co-emission of EGFR and DNA fol-
lowing cancer cell exposure to EKIs. A, experimental design: ImmunoCap-
ture of pre-filtered, EGFR-containing EVs produced by A431 cells either in the
absence of in the presence of EKls, followed by detection of extracellular
genomic DNA (exo-gDNA; PCR). B, analysis of EGFR genomic sequences in EV
fractions captured on plates coated with anti-EGFR antibody. This assay
reveals that the same population of small EGFR-positive exosome-like EVs,
which are able to pass through both 0.8- and 0.45-um filters, is enriched in
exo-gDNA, but only if the cells were pretreated with growth inhibitory doses
of EKIs, CI-1033 or PF-00299804 (see text for details). UC, ultracentrifugation;
-, possible but not obligatory step in the procedure.

Although further studies are required to fully understand this
molecular “asymmetry,” we propose that EV-mediated EGFR
emission may be a part of an alternative EGFR recycling process
sensitive to specific post-translational modifications of this
potent oncogenic receptor. Third, we describe the previously
unrecognized (and surprising) ability of targeted kinase inhibi-
tors (EKIs) to trigger the emission of exosome-like EVs contain-
ing EGFR and exo-gDNA. This process is mitigated by inhibi-
tors of both exosome biogenesis pathways (GW4869) and
caspase cascade (ZVAD), an observation suggestive of a possi-
ble cross-talk between these respective mechanisms. Fourth,
we describe a new capture assay that enables a sensitive detec-
tion of combined extracellular release of EGFR (RTK) and exo-
gDNA. This is relevant, as EGFR/exo-gDNA co-expression in
our hands signifies the effective anti-tumor EKI treatment,
which may be of interest from the therapeutic and biomarker
perspective.

In particular, this study extends the link between pathways
governing oncogenic transformation and cellular vesiculation.
Thus, we and others have previously described the quantitative
and qualitative influences exerted by oncogenic signals on the
EV release from cancer cells (15, 17, 28, 37, 38). These earlier
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studies also revealed intriguing aspects of EV-mediated inter-
cellular trafficking of oncogenic and bioactive proteins and
their corresponding nucleic acids (15, 29, 39, 40). EGFR is espe-
cially well studied in this regard and presents itself as an inform-
ative (albeit not exclusive) paradigm of the horizontal molecu-
lar exchange in cancer (16, 18, 41, 42). Although there is an
understandable interest in biological impact of EVs in the cell-
to-cell communication (15, 18, 26, 34, 43— 45), diagnostic impli-
cations of the EV release from cancer cells in their various func-
tional states also deserve more thorough exploration.

Different mechanisms of cellular vesiculation may enable
cancer-specific molecular cargo to exit tumor cells and enter
biofluid spaces serving as unique “liquid biopsy” portals (14, 42,
46). Unlike circulating cell-free molecules (e.g. cell-free DNA),
individual EV carry multiple molecular entities, the combina-
tion of which could be informative as to complex properties and
responses of EV donor cells. Despite considerable EV profiling
efforts currently underway (19, 47—49), the analysis of molec-
ular combinatorial co-emission patterns is scarcely available,
especially given the remarkable heterogeneity both between
and within the specific and still poorly characterized EV sub-
populations (exosomes, ectosomes, and apoptotic bodies) (48).
The EV-mediated co-emission of EGFR and exo-gDNA by can-
cer cells targeted with EKI, as described in our study, is but
one example of such biologically meaningful combinatorial
characterization.

Diagnostic potential may also lie in a better factual documen-
tation, characterization, and understanding of protein sorting
mechanisms between various cellular and extracellular (EV)
compartments. We suggest that post-translational modifica-
tions, especially phosphorylation, may contribute to these pro-
cesses, including with respect to EGFR (and beyond) (15, 49, 50,
51). Indeed, recent findings suggest that HER2 may provoke
widespread changes in the EV phosphoproteome (52), which is
similar to the effects we observed in the case of EGFRVIII. Inter-
estingly, phosphorylation patterns of specific tyrosine residues
within the EGEFR itself differ between EVs and their parental
cancer cells. In particular, the levels of P-EGFR are generally
lower (per overall protein content) in EVs relative to parental
cancer cells, suggesting that only a fraction of activated EGFR
is normally released to the extracellular space. However, the
P-EGFR content of EVs is markedly increased in cells subjected
to either maximal stimulation (TGF«) or irreversible blockade
(EKIs) of the EGFR kinase activity. In addition, we observed that
not all P-EGFR isoforms were equally distributed to EVs. For
example, we noticed a greater representation of EGFR phos-
phorylated on Tyr-845 and Tyr-1068 residues versus Tyr-1173,
in the EV compartment of A431 cells under several different
conditions. The mechanisms regulating this P-EGER partition-
ing remain presently unknown.

Phosphorylated residues Tyr-845, Tyr-1068, and Tyr-1173
are thought to mediate contacts between, the cytoplasmic
domain of P-EGFR and its key molecular interactors, such as
SRC, GRB2 and SHC, respectively (3). The nonrandom associ-
ation of P-EGER subsets with the EV compartment could sug-
gest a role of the vesiculation process in modulating the corre-
sponding signaling patterns within the EGFR pathway,
including in response to ligands and EKIs (53, 54). For example,

JOURNAL OF BIOLOGICAL CHEMISTRY 24543



Extracellular Vesicles and Targeted Anticancer Drugs

the Src homology 2 domain of SHC is thought to interact
mainly with P-EGER on the Tyr-1173 residue, which is under-
represented in EVs, although the Tyr-1068 site interacts with
GRB2 and is readily detected in EVs of EKI-treated cells.
Because GRB2 interacts with a number of EGFR effectors (SOS,
GABI, and RhoU), it is interesting to consider the possibility
that their content could undergo a selective exosomal export
(“dumping”) resulting in regulatory biases in cellular signaling
(34, 55, 56).

We observed that the nearly complete inhibition of EGFR
was coupled with dramatically up-regulated global emission of
exosome-like EVs. This effect was attenuated following phar-
macological inhibition of NSMase (GW4869), which was pre-
viously implicated in exosome biogenesis. In contrast, ASMase
inhibitor (FTY720) was devoid of this activity and instead pro-
voked increased vesiculation. ASMase is often linked to forma-
tion of membrane blebs and microvesicles, rather than exo-
somes (22) and implicated in ceramide-dependent apoptosis of
endothelial cells (57). In keeping with these reports, we have
previously documented unperturbed release of small exosome-
like EVs containing ras oncogene from ASMase ’~ brain
tumor cells (17). Our present analysis of EKI-related emission
of small EVs containing EGFR also suggests no obvious require-
ment for ASMase in this process.

The possible link between vesiculation and apoptotic path-
ways is intriguing. Indeed, EKI-induced vesiculation of cancer
cells was associated with caspase 3 cleavage, cell detachment,
reduced metabolic activity, sensitivity to ZVAD, and incorpo-
ration of exo-gDNA into the EV cargo. However, these events
were also distinct from those known to accompany the apopto-
tic cell death. For example, EVs emitted by EKI-treated cells
exhibited many characteristics of exosomes, and their sizes
were orders of magnitude smaller that those described for apo-
ptotic bodies (27). Moreover, low concentrations of EKIs trig-
gered caspase 3 cleavage without cell death or increased vesic-
ulation. Conversely, no burst in exosome-like EV emission was
observed in the presence of EGFR-independent pro-apoptotic
effects of etoposide. We have not detected caspase 3 in the
cargo of tumor-related EVs, at variance with some prior reports
(55). However, our observations are reminiscent of caspase-de-
pendent exosomal export of MHCII complexes from macro-
phages, involving regulation of this process by purinergic P2X7
receptor agonists (58). It is possible that cancer and inflamma-
tory cells share some nodes of the caspase and vesiculation sig-
naling networks. It is also possible that in EGFR “addicted” can-
cer cells (59), the acute blockade of oncogenic signals may lead
to cellular stress that engulfs both exosomal and apoptotic
pathways leading to unique changes in vesicular emission.

We (17) and others (25, 26) have recently described the
release of exosome-like EVs containing double-stranded onco-
genic gDNA from viable cancer cells. Balaj et al. (41) have ear-
lier described single-stranded DNA sequences containing
oncogenic Myc amplicon contained in EVs emitted from intact
medulloblastoma cells. These findings suggest that the vesicu-
lar release of exo-gDNA may not necessarily signify cellular
demise (17, 41). Indeed, we observed detectable amounts of
histones and chromatin complexes in EVs isolated from cul-
tures of viable cancer cells ((17) data not shown). However, in
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this study, the burst in emission of EVs containing both exo-
gDNA and EGER coincides with a dramatic reduction in cellu-
lar P-EGEFR levels and diminished cell viability. Whether such a
combined extracellular export (protein target and gDNA)
could be used to gauge the lethality of targeted kinase inhibitors
remains to be investigated, including through the use of recep-
tor capture assays similar to the one we employed in this study.

Overall, our study describes a new process of EV emission
under the influence of cellular stress resulting from the acute
blockade of the oncogenic EGFR driver. Although biological
underpinnings of these effects remain to be elucidated, our
results could be regarded as a proof-of-principle, and a starting
point of further quantitative, qualitative, and molecular charac-
terization of targeted drug-induced EV emission. This avenue
could be informative as to therapeutic responses in a wider
spectrum of human cancers driven by other oncogenes. We
suggest that EV analysis could help personalize the use of tar-
geted anticancer therapeutics in the clinic.
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