
of August 9, 2022.
This information is current as Epithelial Mesenchymal Transition

Carcinoma Invasion, Migration, and 
Dependent Oral Squamous Cell−Receptor

Activation of Human Platelets Promotes EGF
 Epidermal Growth Factor (EGF) Autocrine

Rui Chen, Ge Jin, Wei Li and Thomas M. McIntyre

http://www.jimmunol.org/content/201/7/2154
doi: 10.4049/jimmunol.1800124
August 2018;

2018; 201:2154-2164; Prepublished online 27J Immunol 

References
http://www.jimmunol.org/content/201/7/2154.full#ref-list-1

, 27 of which you can access for free at: cites 94 articlesThis article 

        average*

   
 4 weeks from acceptance to publicationFast Publication! •  

   
 Every submission reviewed by practicing scientistsNo Triage! •  

   
 from submission to initial decisionRapid Reviews! 30 days* •  

   
Submit online. ?The JIWhy 

Subscription
http://jimmunol.org/subscription

 is online at: The Journal of ImmunologyInformation about subscribing to 

Permissions
http://www.aai.org/About/Publications/JI/copyright.html
Submit copyright permission requests at: 

Email Alerts
http://jimmunol.org/alerts
Receive free email-alerts when new articles cite this article. Sign up at: 

Print ISSN: 0022-1767 Online ISSN: 1550-6606. 
Immunologists, Inc. All rights reserved.
Copyright © 2018 by The American Association of
1451 Rockville Pike, Suite 650, Rockville, MD 20852
The American Association of Immunologists, Inc.,

 is published twice each month byThe Journal of Immunology

 b
y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 
 b

y
 g

u
est o

n
 A

u
g
u
st 9

, 2
0
2
2

h
ttp

://w
w

w
.jim

m
u
n
o
l.o

rg
/

D
o
w

n
lo

ad
ed

 fro
m

 

http://www.jimmunol.org/cgi/adclick/?ad=56314&adclick=true&url=https%3A%2F%2Fwww.bdbiosciences.com%2Freal%3Futm_source%3Djim%26utm_medium%3Ddigital%26utm_campaign%3Dgl-ry586launch%26utm_content%3Dpdfbanner
http://www.jimmunol.org/content/201/7/2154
http://www.jimmunol.org/content/201/7/2154.full#ref-list-1
https://ji.msubmit.net
http://jimmunol.org/subscription
http://www.aai.org/About/Publications/JI/copyright.html
http://jimmunol.org/alerts
http://www.jimmunol.org/
http://www.jimmunol.org/


The Journal of Immunology

Epidermal Growth Factor (EGF) Autocrine Activation of

Human Platelets Promotes EGF Receptor–Dependent Oral

Squamous Cell Carcinoma Invasion, Migration, and

Epithelial Mesenchymal Transition

Rui Chen,* Ge Jin,† Wei Li,*,‡,x,1 and Thomas M. McIntyre*,‡,x

Activatedplatelets release functional, highm.w. epidermal growth factor (HMW-EGF). In this study,we showplatelets also express epidermal

growth factor (EGF) receptor (EGFR) protein, but not ErbB2 orErbB4 coreceptors, and somight respond toHMW-EGF.We foundHMW-

EGF stimulated platelet EGFR autophosphorylation, PI3 kinase-dependent AKT phosphorylation, and a Ca2+ transient that were blocked

by EGFR tyrosine kinase inhibition. Strong (thrombin) and weak (ADP, platelet-activating factor) G protein-coupled receptor agonists and

non–G protein-coupled receptor collagen recruited EGFR tyrosine kinase activity that contributed to platelet activation because EGFR

kinase inhibition reduced signal transduction and aggregation induced by each agonist. EGF stimulated ex vivo adhesion of platelets to

collagen-coated microfluidic channels, whereas systemic EGF injection increased initial platelet deposition in FeCl3-damaged murine

carotid arteries. EGFR signaling contributes to oral squamous cell carcinoma (OSCC) tumorigenesis, but the source of its ligand is not

established. We find individual platelets were intercalated within OSCC tumors. A portion of these platelets expressed stimulation-

dependent Bcl-3 and IL-1b and so had been activated. Stimulated platelets bound OSCC cells, and material released from stimulated

platelets induced OSCC epithelial–mesenchymal transition and stimulated their migration and invasion through Matrigel barriers. Anti-

EGF Ab or EGFR inhibitors abolished platelet-induced tumor cell phenotype transition, migration, and invasion; so the only factor

released from activated platelets necessary for OSCC metastatic activity was HMW-EGF. These results establish HMW-EGF in platelet

function and elucidate a previously unsuspected connection between activated platelets and tumorigenesis through rapid, and prolonged,

autocrine-stimulated release of HMW-EGF by tumor-associated platelets. The Journal of Immunology, 2018, 201: 2154–2164.

P
latelets are fundamental components of the inflammatory

system that express hundreds of mediators, cytokines, and

growth factors after activation (1, 2) to modulate both

innate and adaptive immune systems (3). Epidermal growth factor

(EGF) is a prominent member of the biologically active proteins

released from stimulated platelets (4–6), and platelets are the only

source of EGF in blood (4, 7–9). Platelets, however, do not contain

soluble, fully processed 6 kDa EGF, but instead the transmem-

brane ∼140 kDa pro-EGF precursor is abundantly immobilized

on their surface (10). The protease ADAMDEC1 released from

stimulated platelets solubilizes this pro-EGF to high (∼130 kDa)

m.w. EGF (HMW-EGF) (10), the form of EGF present in serum

(8, 11, 12). The C terminus of HMW-EGF is the EGF domain, and

HMW-EGF is an active EGF receptor (EGFR) ligand (10).

Cancer-associated venous thromboembolism is common, oc-

curring in one of every five patients with cancer (13), and is the

leading cause of death after the tumor itself. This cancer-related

coagulopathy, broadly Trousseau syndrome, can aid tumorigenesis

(14–16) through the release of stored proteins and nonprotein medi-

ators from activated platelets (1, 2). Accordingly, thrombosis has long

(17, 18) been known to contribute to metastasis (19, 20) and tumor

angiogenesis (21). Platelets accumulate in intravascular thrombi in

damaged vessels, but stimulated platelets are motile cells (22–25),

and platelets penetrate the vascular barrier when activated (26). Ac-

cordingly, intact platelets accumulate in the subendothelial space of

human tissue (27, 28) and within murine ovarian tumors (29).

Oral squamous cell carcinoma (OSCC) is the sixth most

common cancer worldwide (30) with 80–90% of these can-

cers overexpressing EGFR, which contributes to OSCC tu-

morigenesis and metastasis (31–33). EGFR expression in these

tumors correlates to poorer prognosis and radiation resistance

(34), and an early approved use of the anti-EGFR Ab Cetux-

imab was for head and neck cancers (31). Although EGF is the

paradigmatic growth-promoting cytokine, few cells express its

mRNA (35), so the source of EGFR ligand for these tumors is

opaque. Oral cancers, however, are marked by an extensive immune

cell infiltration (36), and the number of blood-borne platelets as-

sociates with oral cancer progression and survival (37); so poten-

tially platelets introduce EGFR ligand into these tumors.

We explored the potential for platelets to contribute EGF

to tumorigenesis to find activated platelets populate OSCCs, that

platelet-derived HMW-EGF promotes OSCC cell epithelial mes-

enchymal transition to a migratory phenotype, and that blockade of
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EGFR abolishes OSCC cell invasion and migration in response to

materials released from activated platelets.We also find platelets express

functional EGF tyrosine kinase receptors that aid signaling and acti-

vation by diverse agonists and so conclude tumor-infiltrating platelets

can function in an autocrine loop to promote tumor cell migration.

Materials and Methods
Chemicals and reagents

Endotoxin-free human serum albumin (25%) was from Baxter Healthcare. Anti-
EGF, anti-EGFR, anti-Her2, anti-HER3, anti-Her4, anti–b-actin, anti-Akt,
anti-Akt Thr308, anti-Akt Ser473, anti–p-EGFR, anti-Snail, anti-Claudin-1, and
anti-HRP–conjugated secondary Ab were from Cell Signaling Technology
(Danvers, MA). EGF was obtained either from R&D Systems (Minneapolis,
MN) or Cell Signaling Technology. The CL4 anti-EGFR aptamer was syn-
thesized by Integrated DNATechnologies (Coralville, IW). Ly294002 was from
Cell Signaling Technology and protease inhibitor mixture was from Roche
Diagnostics (Indianapolis, IN), whereas Fura-2 acetoxymethyl (AM) and
calcein-AM were from Thermo Fisher Scientific (Waltham, MA). Thrombin
and collagen were from Chrono-log (Havertown, PA), whereas media and sterile
filtered HBSS were prepared by the Cleveland Clinic Lerner Research Institute
Media Preparation Core. We obtained microfluidic Vena8 Fluoro+ chips from
Cellix (Dublin, Ireland), whereas AG1478, PGE1, SDS, and all other reagents
were from Sigma-Aldrich (St. Louis, MO). Recombinant ADAMDEC1 was
purified from CHO cell supernatants stably transfected with ADAMDEC1

(Origene, Rockville, MD). SAS-H1, SAS-L1, and SCC-9 cells were from
tongue squamous cell carcinomas of separate patients, HSC-3 was from a
poorly differentiated human OSCC with cervical lymph node metastasis, and
FaDu (American Type Culture Collection) was from human pharynx. The
TR146 lymph node–infiltrating buccal squamous cell carcinoma cell line (38)
has been previously described (39). BioCoat Matrigel Invasion Chambers were
from Corning (Oneonta, NY).

Platelet preparation

Human blood was drawn into acid-citrate-dextrose and centrifuged
(200 3 g, 20 min) without braking to obtain platelet-rich plasma in a pro-
tocol approved by the Cleveland Clinic Institutional Review Board. Purified
platelets were prepared from this platelet-rich plasma as in the past (40), in
which platelet-rich plasma was filtered through two layers of 5-mm mesh
(Biodesign) to remove nucleated cells and recentrifuged (520 3 g, 30 min)
in the presence of 100 nM PGE1. The pellet was resuspended in 50 ml
PIPES/saline/glucose (5 mM PIPES, 145 mM NaCl, 4 mM KCl, 50 mM
Na2HPO4, 1 mM MgCl2, and 5.5 mM glucose) containing 100 nM PGE1

before these cells were centrifuged (520 3 g, 30 min). The recovered
platelets were resuspended in 0.5% human serum albumin in HBSS.

Platelet function

Washed platelets (2.5 3 108 cells/ml) were stimulated with 0.02–0.05 U
of thrombin (the minimally active amount determined daily for each do-
nor), 1 mM platelet-activating factor (PAF), or 10 mg collagen. Platelet
aggregation was measured by transmittance (Chrono-log) with stirring

FIGURE 1. Platelets express EGFR and respond to EGF. (A) Platelets express EGFR. Proteins in the lysates of equivalent numbers of quiescent platelets

were resolved by SDS-PAGE and immunoblotted for the EGFR family (Her2, Her3, Her4, EGFR) or b-actin as described inMaterials and Methods. MCF7

cells are a positive control that express all EGFR family members (n = 3). (B) EGF induces platelet adhesion. Platelets were labeled with the Ca2+-sensitive

dye calcein-AM treated or not with AG1478 to inhibit EGFR tyrosine kinase activity and then incubated with EGF (200 ng/ml). These cells were then

layered over albumin-coated glass slides, which suppress adhesion of quiescent platelets. Nonadherent cells were removed after 10 min by washing before

calcein fluorescence was imaged (n = 3). (C) EGF stimulates platelet adhesion to collagen at high shear flow. Calcein-AM–labeled platelets were pulled

through collagen-coated Cellix microfluidic channels (400 mm) at 63 Dynes with or without EGF and with or without AG14778 added at the initiation of

flow. The assay was terminated after 5 min by pulling buffer through the channels and then imaging fluorescence at the chamber’s exit (n = 3). (D) EGF

augments intravascular thrombosis. Mice were injected with rhodamine 6G to fluorescently label platelets, with or without accompanying EGF (10 mg/kg),

10 min prior to ectopic application of FeCl3 to surgically exposed carotid arteries to initiate thrombosis (42, 43). Frames from fluorescent video microscopy

at the stated times after initiation of thrombosis show rapid deposition of fluorescent platelets at the site of injury that was significantly enhanced by prior

EGF injection.

The Journal of Immunology 2155
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(1000 rpm). Adhesion was measured by preincubating washed platelets
with calcein-AM (1 mg/ml) for 10 min before incubating cells on a glass
cover slip previously coated with BSA (100 mg/ml). Some cells were
pretreated with 2 mM AG1478 or 10 mM Ly294002 for 10 min to inhibit
EGFR or PI3K, respectively, and then were stimulated, or not, with 2 ng/ml
EGF. Cells were imaged by fluorescent microscopy with total fluorescence
quantitated by ImageJ software. Ca2+ transients were measured in stirred
Fura-2 AM–labeled platelets with the ratio of emission at 510 nm quantified
after excitation at either 340 or 380 nm in a custom Photon Technology
International (Birmingham, NJ) fluorimeter. Flow through Cellix collagen-
coated microfluidic chambers was at 63 Dynes, and fluorescent platelet
deposition in the capillaries was quantified as before (41).

Intravascular thrombosis

C57BL/6 micewere anesthetized (100mg/kg ketamine or 10 mg/kg xylazine)
before the right jugular vein and the left carotid artery were exposed by a
middle cervical incision in a protocol approved by the Cleveland Clinic
Institutional Animal Care and Use Committee. Platelets were labeled by
injecting 100 ml rhodamine 6G (0.5 mg/ml) in saline, with or without EGF
(10 mg/kg), into the right jugular vein (42, 43). Thrombosis was induced
10 min later in the left carotid artery by topical application of a filter paper
(1 3 2 mm) saturated with 7.5% FeCl3 for 1 min before washing, with the
resulting fluorescent thrombus formation observed in real-time under a water
immersion objective at 103 magnification. Time to occlusive thrombosis
was determined offline using video images captured with a QImaging Retiga
Exi 12-bit mono digital camera (Surrey, Canada) and StreamPix version 17.2
software (NorPix, Montreal, Canada). Fluorescence intensity was analyzed
by ImageJ in three to four randomly selected images for statistical analysis.

Immunofluorescence microscopy

Human oral cancer biopsy blocks were obtained from Department of Pa-
thology, School of Dental Medicine, Case Western Reserve University with
Institutional Review Board exemption from the Case Comprehensive
Cancer Center. Immunofluorescence staining was performed as described
previously (44). Briefly, sections (5-mm) were deparaffinized in xylene and
hydrated with serially diluted ethanol, followed by blocking with 10%
donkey serum overnight at 4˚C. After washing with PBS, the sections were
incubated with the respective primary Ab (1 h, 24˚C), washed in PBS, and
then stained with the stated fluorescent dye–conjugated secondary Ab. The
consecutive staining by different primary and secondary Abs was performed
using the same protocol. Nuclei were visualized with DAPI (Vector Labo-
ratories, Burlingame, CA). Isotype controls were conducted using isotype-
matched IgGs corresponding to each primary Ab. Immunofluorescent images
were generated using a Leica DMI6000B automated inverted fluorescence
microscope and were processed with National Institutes of Health ImageJ.

Western blotting

Washed platelets (4 3 108) were treated or not with the stated agonists
before the cells were lysed in reducing SDS loading buffer. For some
experiments, platelets were preincubated with 2 mM AG1478 in DMSO,
Ly294002 in DMSO, or DMSO as their solvent control for 10 min at 24˚C. The
proteins were resolved by SDS-PAGE in 4–20% cross-linked gels, transferred to
PVDF membranes and probed with the stated primary Ab overnight, and then
detected with immunoreactive HRP-conjugated secondary Ab.

Expression of data and statistics

Experiments were performed at least three times with cells from different
donors, and all assays were performed in triplicate. The SEs of the mean
from all experiments are presented as error bars. Figures and statistical
analyses were generated with Prism4 (GraphPad Software). A p value #

0.05 was considered statistically significant.

Results
EGF is an unappreciated prothrombotic platelet agonist

We determined whether platelets express EGFR and so might re-

spond to the HMW-EGF they release (10). We immunoblotted

platelet lysates for EGFR (ErbB1, Her1) and its family members

ErbB2, ErbB3, and ErbB4. This revealed (Fig. 1A) that the platelet

proteome contained EGFR and its inactive ErbB3 family member,

which lacks a receptor tyrosine kinase domain. Correspondingly, a

recent quantitative compilation of the platelet proteome identified

EGFR peptides (2), although an earlier quantitative mass spectro-

metric enumeration of platelet proteins did not include this receptor

(45). Platelets did not express the EGFR family members Her2 or

Her4, in contrast to the positive control MCF7 cells that expressed

all four receptors, which limits the potential response of platelets to

EGF-related ligands that are recognized by EGFR homodimers.

EGFR expression in the absence of other family members was

apparent among several individual blood donors.

We determined whether platelet EGFR was functional to find that

EGF stimulated calcein-labeled platelets to adhere to a normally

nonadherent, albumin-coated surface (Fig. 1B). This response in-

cluded the appearance of large aggregates displaying increased Ca2+-

dependent calcein fluorescence, suggesting active adhesion and not

just agglutination. EGF-induced adhesion was suppressed by the

long-established (46) EGFR tyrosine kinase inhibitor AG1478 (tyr-

phostin). We next modeled the prothrombotic effect of EGF by

flowing washed human platelets through collagen-coated Cellix

microfluidic chambers at high shear. EGF increased adhesion of

fluorescently labeled platelets along the length (data not shown) and

distal end of the chamber (Fig. 1C). Pretreating platelets with

AG1478 abolished the EGF-stimulated increase in platelet deposition

in the collagen-coated microfluidic chambers. EGF was similarly

active in an in vivo model of carotid artery thrombosis. We found that

injecting EGF into mice 10 min prior to initiating thrombosis by a

brief ectopic application of FeCl3 to carotid arteries enhanced de-

position of fluorescently labeled platelets onto the vessel wall early in

the thrombotic process (Fig. 1D). Injected EGF did not alter the time

to occlusive thrombosis (data not shown), so EGF only augmented

FIGURE 2. EGFR is a platelet agonist. (A) EGF stimulates tyrosine

autophosphorylation of platelet EGFR. Platelets were incubated (10 min)

with DMSO or AG1478 in DMSO and then with buffer or EGF (200 ng/ml)

for the stated times. Proteins in lysed platelets were resolved by SDS-PAGE

and immunoblotted for phosphorylated EGFR with a mixture of five anti–

phosphotyrosyl-EGFR Abs or with b-actin (n = 3). (B) EGF stimulates platelet

Ca2+ transients and adhesion. Fura-2 AM–labeled platelets were stimulated with

the stated concentration of EGF and the fluorescent ratio at 510 nm after ex-

citation at either 340 or 380 nm was assessed over time. Inset, Fluorescence was

significantly higher after stimulation with 150 ng/ml than 50 ng/ml recombinant

EGF (p = 0.0026, n = 3). Cuvettes at the end of the experiment showed clearing

of opalescent washed platelets in the cuvettes after EGF exposure.

2156 PLATELET EGF/EGFR AUTOCRINE AXIS IN SQUAMOUS CELL CARCINOMA
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deposition of platelets during the initial phase of unstable thrombus

formation.

EGF stimulates platelet EGFR

We determined whether EGF stimulated platelets through their EGFR

by detecting the phosphorylation of select EGFR tyrosyl residues (47)

because autophosphorylation of these residues is an immediate re-

sponse to EGFR homodimerization and activation (48). We used a

mixture of Abs that recognize five of these phosphorylated tyrosyl

residues in activated EGFR to find these residues were not phos-

phorylated in quiescent platelets (Fig. 2A). Recombinant EGF,

however, stimulated phosphorylation of EGFR tyrosyl residues

within 5 min, the earliest time we tested, with abundant phosphor-

ylation remaining by 30 min. Pretreating platelets with AG1478

abolished EGF-induced tyrosine phosphorylation of platelet EGFR;

so phosphorylation indeed reflected autophosphorylation as in the

positive control HeLa cells reporter cells (10).

EGFR stimulation rapidly increases intracellular Ca2+ in nucleated

cells (49, 50), and a Ca2+ flux is central to platelet activation (51). We

thus determined whether EGFR signaling altered Ca2+ metabolism in

platelets by prelabeling these cells with the ratiometric Ca2+-sensitive

dye Fura-2 AM, washing the cells, and then stimulating them with

EGF. We found EGF induced a rapid, concentration-dependent, and

significant increase in the 340/380 nm ratio of Ca2+–Fura-2 fluores-

cence (Fig. 2B), showing EGF induced a rapid spike in intracellular

Ca2+ levels in platelets. Visualization of the cuvettes at the end of

the experiment showed clearing of opalescent suspended cells with

formation of adherent aggregates on the walls of the fluorimeter

cuvettes and stir bar (Fig. 2C inset), supporting the conclusion that

platelets functionally respond to EGFR stimulation.

EGFR transactivation aids thrombin-induced

signal transduction

Platelet activation and their subsequent release of stored proteins, small

molecules, and polymers by degranulation is immediate and complete

within several minutes of stimulation (6). HMW-EGF release, how-

ever, was different, with continued release of soluble HMW-EGF for

up to 18 h after either pharmacologic stimulation by the Ca2+ iono-

phore A23187 or the strong agonist thrombin (Fig. 3A). Release

of the protease ADAMDEC1, which hydrolyzes membrane-bound

pro-EGF to release soluble HMW-EGF (10), also continued for

hours after stimulation. Unstimulated platelets eventually released

both ADAMDEC1 and HMW-EGF, potentially reflecting IL-1b

synthesis and autocrine stimulation of the platelet IL-1 receptor (52).

EGFR is transactivated in a range of cells by G protein-coupled

receptor (GPCR) stimulation (53) that then aids (54–57), or circum-

vents (55), signaling in response to these GPCRs. Thrombin activates

human platelets primarily through the GPCR protease-activated

receptor 1 (PAR1) (58), and we found thrombin rapidly induced ty-

rosine phosphorylation of platelet EGFR (Fig. 3B). Thrombin-induced

EGFR phosphorylation was abolished by pretreating platelets with

AG1478, so thrombin transactivated EGFR autophosphorylation in

platelets. Thrombin stimulation induced phosphorylation of the serine/

threonine kinase AKT at threonine 308, and this required EGFR ty-

rosine kinase activity because inclusion of the tyrosine kinase inhib-

itor AG1478 abolished phosphorylation of this residue (Fig. 3C). In

FIGURE 3. Platelet EGFR aids thrombin-induced signaling. (A) Platelets release HMW-EGF for extended times after activation. Platelets were incubated

with buffer, the Ca2+ ionophore A23187 (1 mM) or active human thrombin (0.05 U), for the stated times before the media was cleared of platelets by

centrifugation. Platelet-derived supernatants were denatured by SDS solubilization with radioimmunoprecipitation assay (RIPA) buffer and the proteins were

resolved by SDS-PAGE in 4–20% cross-linked SDS gels and immunoblotted for HMW-EGF (top) or ADAMDEC1(bottom) (n = 3). Lanes designated with “R”

contained recombinant ADAMDEC1. (B) Thrombin stimulates EGFR tyrosine autophosphorylation. Platelets were incubated (10 min) with DMSO or 2 mM

AG1478 in DMSO and then with buffer or thrombin (0.05 U/ml) for the stated times. Proteins in lysed platelets were resolved by SDS-PAGE and immunoblotted

for phosphorylated EGFR with a mixture of five anti–phosphotyrosyl-EGFR Abs (n = 3). (C) Platelet EGFR autophosphorylation is necessary for thrombin-

stimulated AKT Thr308 phosphorylation. Washed human platelets were preincubated (10 min) with buffer, 2 mM AG1478, or 10 mM Ly294002 to inhibit PI3K

and then were stimulated with thrombin (0.05 U/ml) for the stated time. Platelets were lysed, their proteins resolved by SDS-PAGE, and immunoblotted for

phosphorylation of AKT threonine 308 (top), AKT serine 473 (middle), or total AKT (bottom) (n = 3). (D) EFGR signaling contributes to thrombin-stimulated

Ca2+ flux. Washed platelets were loaded with Fura-2 and then washed. These cells were then pretreated or not with the anti-EGFR aptamer CL4 (200 nM) before

stimulation with stirring in cuvettes with buffer or the stated thrombin (IIa) concentration as the ratio of fluorescence was assessed over time after excitation at

340 or 380 nm. Inset thrombin-stimulated aggregation in the fluorimeter cuvettes was suppressed by the anti-EGFR RNA aptamer CL4 (n = 3).

The Journal of Immunology 2157
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contrast, phosphorylation of AKT serine 473 in response to thrombin

stimulation was reduced, but not abolished, in the absence of func-

tional EGFR. Phosphorylation at both AKT sites was downstream of

PI3 kinase activity because Ly294002 effectively inhibited thrombin-

induced AKT phosphorylation of either residue. We determined that

the anti-EGFR ribonucleotide aptamer CL4, which inhibits EGF li-

gation and activation (59), also suppressed the thrombin-stimulated

flux in intracellular Ca2+ (Fig. 3D). We also observed that the CL4

aptamer strongly interfered with the formation of platelet aggregates in

the fluorimeter cuvettes by the end of the experiment (Fig. 3D). Thus,

EGFR ligation, autophosphorylation, and activation aid thrombin-

induced signaling cascades.

EGFR contributes to thrombin-induced platelet aggregation

We determined whether EGFR signaling was sufficiently rapid to

contribute to immediate thrombin-induced aggregation. We pre-

treated washed platelets with AG1478 and then stimulated aggre-

gation of these cells with a low dose of thrombin to find that AG1478-

treated platelets were significantly less able to undergo homotypic

aggregation (Fig. 4A). The relative contribution of EGFR kinase

activity to thrombin-stimulated aggregation was variable among

blood donors, but overall its contribution was significant (Fig. 4B).

The humanized chimeric mAb Cetuximab physically ligates EGRF

to interfere with EGF binding, thereby suppressing EGFR signal-

ing. Cetuximab significantly reduced aggregation of platelets from

various donors in response to thrombin stimulation (Fig. 4C).

Correspondingly, we found the anti-EGFR CL4 RNA aptamer,

which also suppresses EGF ligation to EGFR, suppressed thrombin-

induced platelet aggregation (Fig. 4D); so EGFR materially con-

tributes to thrombin-induced platelet responsiveness.

EGFR transactivation aids platelet activated by GPCR and

non-GPCR ligands

The phospholipid mediator PAF ligates and stimulates PtAFR, a

distinct and poorly conserved member of the GPCR family of

receptors (60), expressed by platelets and other cells of the in-

nate immune system (61). We found PAF induced phosphory-

lation of EGFR tyrosyl residues, and again, this represented

autophosphorylation because phosphorylation was abolished by

AG1478 pretreatment (Fig. 5A). PAF stimulated AKT threonine

308 phosphorylation, although this was more prolonged than in

response to thrombin stimulation, and we found AG1478 also

strongly, but not completely, suppressed phosphorylation of

this downstream kinase. EGFR signaling contributed to PAF-

stimulated platelet function because AG1478 pretreatment re-

duced aggregation, although this suppression was far less than

complete blockade of the PAF binding site of PtAFR by the

small molecule WEB2086 (Fig. 5B). Platelets are activated by

collagen through non-GPCR GPVI and the integrin dimer

a2b1 that recruit soluble Src tyrosine kinase activity, activa-

tion of PI3 kinase, and a rapid increase in intracellular Ca2+ (62,

63). Pretreating platelets with AG1478 significantly reduced

FIGURE 4. EGFR aids thrombin-induced aggregation. (A) Time relationship of platelet aggregation in the presence or absence of EGFR tyrosine kinase

activity. Washed human platelets were pretreated with DMSO or AG1478 in DMSO for 10 min with stirring before addition of buffer or thrombin (0.05 U).

Optical transmittance was assessed over time in stirred Chrono-log cuvettes. (B) Loss of EGFR function reduces aggregation of platelets from multiple

donors. Platelets were pretreated with AG1478, or not, before the change in OD between buffer and fully aggregated platelets 900 s after activation was

assessed. *p , 0.05, n = 4. (C) Cetuximab inhibits thrombin-induced aggregation. Platelets from multiple donors were pretreated (10 min) or not with the

anti-EGFR mAb Cetuximab (20 mg) before the cells were stimulated with buffer or thrombin as above. *p , 0.05, n = 5. (D) CL4 aptamer inhibition of

EGFR reduces aggregation in response to thrombin. Duplicate platelet aliquots were treated with 200 nM of the RNA anti-EGFR aptamer CL4 for 1 h

before aggregation was initiated by the addition of thrombin as above. n = 3.
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subsequent aggregation in response to collagen stimulation

(Fig. 5C). This effect was common among platelets of various

blood donors (Fig. 5D), so EGF transactivation extends to non-

GPCRs, at least in human platelets.

Platelets localize within OSCC microenvironments

Activated platelets are repositories of a myriad of growth factors

and mediators and are a source of HMW-EGF. We determined

whether platelets are present in tumor tissue to find normal oral

mucosa contains few extravascular platelets identified by their

abundant and specific surface marker CD42b (GP1ba) (Fig. 6A).

In contrast, anucleate CD42+ (red) platelets accumulated within

the tumor microenvironment in the early stages (T0/T1) of OSCC

(Fig. 6B). Macrophage-rich infiltrates line the margins of OSCC

tumors (64), and staining for the macrophage/monocytic marker

CD68 identified a macrophage-rich margin but also anucleate

CD68- and CD42b-positive (yellow/orange) platelets, which ad-

ditionally express CD68 (2, 45), within the tumor (Fig. 6C). In-

filtration of CD68 tumor-associated macrophages, as well as

CD42b-positive anuclear platelets, was common among OSCC

tumors of several patients (Fig. 6C–E). Typically, platelet activa-

tion in vivo is not readily discernable, but we do know quiescent

platelets contain neither IL-1b mRNA (65) nor protein (45),

whereas activation promotes splicing of stored IL-1b hetero-

nuclear RNA to functional mRNA and translation of this newly

formed mRNA to functional IL-1b protein (40, 65, 66). Immu-

nohistochemistry showed a portion of the anucleate CD42+ cells

distributed throughout the OSCC tumor-contained IL-1b protein

(Fig. 6D). Bcl-3 expression additionally marks activated platelets

because Bcl-3 is only translated from stored mRNA in activated

platelets (67–69) and is not present in the proteome of unactivated

platelets (2, 45). Immunohistochemistry shows regions of the OSCC

tumor contained individual platelets that coexpressed CD42 and

Bcl-3 (Fig. 6E); so activated platelets populate OSCC tumors.

Platelet-derived HMW-EGF stimulates OSCC cell invasion

and migration

Expression of EGFmRNA is uncommon (70), and OSCC lines from

tumors of different patients themselves failed to released immu-

noreactive EGF (Fig. 7A). In contrast, soluble HMW-EGF was

available to each of these cell lines after coincubation with

thrombin-stimulated platelets. These two cell types can come into

proximity because flow cytometry showed stimulated platelets ad-

hered to the SASH-1 OSCC line (Fig. 7B). Material from these

activated platelets rapidly stimulated phosphorylation of OSCC

tumor cell EGFR but also downstream AKT, GSK3, and ERK ki-

nases (Fig. 7C). Stimulation of tumor cell EGFR by platelet-derived

material was primarily responsible for phosphorylation of these

kinases because blockade of EGFR tyrosine kinase activity by

AG1478, the irreversible EGFR inhibitor Cl387785, or the clinically

used anti-EGFR Ab Cetuximab all at least returned phosphorylation

of these kinases to their basal level (Fig. 7C). Activated platelets

selectively stimulated OSCC cell EGFR, and not other EGFR

family members in HeLa reporter cells that express all EGFR

family members (Fig. 7D), so HMW-EGF is the only functional

EGFR family ligand released from activated platelets. Platelet

FIGURE 5. EGFR tyrosine kinase activity contributes to PAF- and collagen-induced aggregation. (A) PAF induces EGFR autophosphorylation. Washed human

platelets were preincubated with buffer or 2 mMAG1478 and stimulated with the lipid agonist PAF for the stated times. Lysates were resolved and immunoblotted

for phospho-EGFR or phospho-AKT Thr308 as in Fig. 3 (n = 3). (B) EFGR contributes to PAF receptor–induced aggregation. Washed platelets, pretreated or not

with AG1478 (2 mM, 10 min) or the specific PtAFR inhibitor WEB2086 before aggregation, were assessed by turbidimetry (n = 3). (C) EFGR contributes to

collagen-induced aggregation. Washed platelets, pretreated or not with AG1478 (2 mM, 10 min), were stimulated with buffer or collagen (10 mg/ml) before

turbidity was assessed over time. The full deflection induced by PAF was abolished by WEB2086 and reduced by AG1478. (D) EGFR contributes to platelet

aggregation from multiple donors. Aggregation was assessed as in the previous panel and expresses as a fraction of full aggregation. *p , 0.05, n = 4.
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releasate–activated EGFR phosphorylation of cell lines derived

from diverse head and neck tumors (Fig. 7E), although this re-

sponse was delayed for the HSC3 and Tr146 cell lines, which

contained less immunoreactive HMW-EGF when cultured with

platelet releasates (Fig. 7A).

The physiology of differentiated tumor cells can be reverted to a

migratory, proinvasive phenotype through epithelial–mesenchymal

transition that is primarily mediated by EGFR signaling (71). We

found diverse OSCC cell lines were attracted by releasates from

activated platelets through a Matrigel barrier and then through a

Millipore Sigma filter as measures of both invasion and migration

(Fig. 7F). Inclusion of the humanized anti-EGF mAb Cetuximab

abolished stimulated invasion while allowing basal numbers of

cells to invade the lower chamber; so HMW-EGF is the only

agonist released from stimulated platelets to stimulate metastatic

behavior of cells from diverse OSCC tumors.

We tested whether platelet HMW-EGF altered OSCC cellular

architecture, reflecting the epithelial to mesenchymal transition,

by labeling SAS-H1 OSCC cells with calcein to identify cyto-

plasm and MitoTracker Red to visualize organelle distribution.

We found supernatants from stimulated platelets induced the

elongated migratory phenotype of SAS-H1 cells compared with

the cluster of compact cells not exposed to platelet-derived mate-

rial (Fig. 7G). This spindle-shaped cell, after exposure to platelet

releasate, correlated to an increased level of green fluorescence,

suggesting intracellular Ca2+ levels were enhanced in these cells.

Molecular markers reflecting loss of Claudin-1 of mature epithe-

lium tight junctions or accumulation of the transcriptional repressor

Snail, which enables expression of mesenchymal mediators,

confirmed induction of OSCC epithelial–mesenchymal tran-

sition by material released from thrombin-activated platelets

(Fig. 7H). Inclusion of the anti-EGFR mAb Cetuximab abolished

Snail accumulation and fully restored Claudin-1 expression, so, again,

the only factor relevant to induction of an invasive OSCC tumor cell

phenotype released by stimulated platelets was HMW-EGF.

Discussion
Platelets are reported to be unable to bind EGF (72), but we find

by Western blotting that platelets did express EGFR, although

perhaps at levels that escaped detection by EGF ligation. We find

EGFR significantly contributed to signal transduction in platelets

stimulated by diverse soluble agonists, augmented homotypic

FIGURE 6. OSCCs contain activated platelets. (A) Normal human tongue does not contain immunoreactive platelets. Sections of normal human tongue

immunostained for endothelial/hematopoietic cell CD34 (macrosialin, green) or platelet CD42b (gp1ba, red) and counterstained nuclear DAPI (purple) dye. (B)

Platelets infiltrate OSCC tumors. Platelet and hematopoietic cell in an early-stage (T0/T1) patient OSCC stained with anti-CD34, anti-CD42b, and DAPI as in

the preceding panel. (C) Platelets infiltrate OSCC tumor, not macrophage-rich margins. Poorly differentiated OSCC section stained with anti-CD68 (monocytes,

platelets; green) or anti-CD42b (platelet; red) and counterstained with DAPI. (D) OSCCs from a second patient contain CD42b-positive platelets distinct from

nucleated CD68-expressing macrophages. (E). OSCC from a third patient contain CD42b-positive platelets distinct from CD68-expressing macrophages. (F)

OSCC tumors from patient 1 tumor contain activated platelets marked by IL-1b. OSCC sections were stained with anti–IL-1b (green) or anti-CD42b (red), and

nuclei were counterstained with DAPI. (G) OSCC tumors from patient 1 contain activated platelets expressing Bcl-3. OSCC sections were stained with anti–

Bcl-3 (green) or anti-CD42b (red), and nuclei were counterstained with DAPI. Original magnification 320.
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aggregation, and enhanced rapid thrombosis in damaged carotid

arteries in intact animals. Notably, the tyrosine kinase inhibitor

sunitinib reduces platelet function in cancer patients (73), and

among its targets, the only receptor tyrosine kinase expressed by

platelets is EGFR. Tyrosine phosphorylation is a central com-

ponent of signal transduction in stimulated platelets, which

generally reflects the activity of soluble Src family kinases

(74, 75). However, platelets additionally express membrane-

associated receptor tyrosine kinases including Eph receptors

(76, 77), insulin growth factor receptors (78), vascular endo-

thelial growth factor receptor (79), and the Met receptor for

hepatocyte growth factor (80). This list is now expanded to

FIGURE 7. Platelet-derived HMW-EGF induces epithelial mesenchymal transition of OSCC lines. (A) Platelets, but not OSCC cells, release HMW-EGF.

OSCC cell lines were incubated (16 h) with or without addition of cell-free thrombin-activated releasates before supernatant proteins were resolved by SDS/

gradient gel electrophoresis. EGF immunoreactivity was visualized with anti-EGF Ab and detected with HRP-conjugated secondary Ab (n = 3). (B)

Thrombin-activated platelets bind SAS-H1 OSCC cells. Washed human platelets labeled with calcein-AM were incubated with Cellstripper-suspended

SAS-H1 cells before defined amounts of thrombin (green = 0.01 U, orange = 0.05 U, and light blue = 0.1 U) or a buffer control, was added for 10 min before

the cells were washed and lightly fixed with paraformaldehyde. A gate for SAS-H1 cells was defined by forward and side scatter before calcein fluorescence

in channel 1 in this gate was quantified by flow cytometry (n = 2). (C) Platelet HMW-EGF stimulates OSCC EGFR activation and downstream signaling.

SCC-9 cells were stimulated for the stated times with releasates from thrombin-stimulated platelets before the cells lysed, and their proteins were resolved

by SDS-PAGE electrophoresis. The transferred proteins were immunoblotted with anti–phospho-EGFR, phospho-AKT, phospho-GSK3, phospho-ERK, or

anti–b-actin Abs. In some cases, OSCC cells were pretreated with the tyrosine kinase inhibitor AG1478, humanized anti-EGFR Ab Cetuximab, or the

irreversible EGFR inhibitor CL1387785 as stated (n = 3). (D) Activated platelet releasate contains EGFR agonist but not agonists for other EGFR family

members. HeLa cells expressing all ErbB receptors were treated (15 min) with Cetuximab (20 mg), or not, and stimulated (10 min) in buffer or concentrated

(.50 kDa) media from nominally unstimulated or thrombin-stimulated platelets. The reaction was terminated with radioimmunoprecipitation assay (RIPA)

buffer containing protease and phosphatase inhibitors before cell lysates were resolved by SDS-PAGE, blotted for the stated phosphorylated proteins or

b-actin (n = 3). (E) Platelet releasates stimulate EGFR phosphorylation in diverse OSCC cell lines. The stated OSCC cell lines were stimulated for in-

creasing times with releasates from thrombin-stimulated platelets before Western blotting total cellular proteins with anti-EGFR phosphotyrosyl1068 or

anti–b-actin Abs (n = 3). (F) Activated platelet releasates stimulate OSCC cell invasion and migration through EGFR signaling. OSCC cells (2.5 3 104),

containing 20 mg Cetuximab or not, were inoculated into the upper well of a Corning BioCoat Matrigel Invasion Chamber above a lower chamber

containing releasates from thrombin-stimulated platelets. Cells adherent to the bottom of the lower chamber after 48 h incubation were released by trypsin

digestion and manually counted with the aid of a hemocytometer. The mean 6 SD of two combined biologic replicates containing three samples are

presented. ***p = 0.0001, **p , 0.001, *p , 0.01. (G) Platelet releasates stimulate epithelial to mesenchymal transition migratory phenotype in SAS-H1

OSCC cells. SAS-H1 cells were labeled with calcein-AM and MitoTracker Red and then with buffer or thrombin-stimulated platelet releasate for 16 h

before the cells were imaged by fluorescent microscopy. Original magnification 3100. (H) Platelet-derived EGF bioactivity promotes markers of epithelial

to mesenchymal transition. FaDu OSCC cells were grown with releasate from activated platelets, or not, in the absence or presence of anti-EGF Ab

Cetuximab (20 mg) for 48 h prior to lysis. Abundance of Claudin-1 and Snail were visualized by Western blotting relative to b-actin content.
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include EGFR that responds to EGF, TNF-a, ampiregulin, and

epiregulin (81) that activate EGFR homodimers in the absence of

Her2 or Her4 family member heterodimers (82, 83). The extent

and nature of signal transduction activated in response to EGFR

ligation differ depending on the concentration of the inciting

ligand as well as its identity (84–86), so EGF signaling in

platelets will not recapitulate signaling in cells with a larger

complement EGFR family members. In contrast to previously

known platelet receptor tyrosine kinases that respond only to

their cognate ligand, endogenous EGFR transactivation signifi-

cantly contributed to both signaling and platelet activation in

response to either GPCR or non-GPCR agonists. In support, the

EGFR tyrosine kinase inhibitor afatinib has now been deter-

mined to reduce murine platelet activation by thrombin and,

particularly, C reactive protein (87).

Numerous members of the GPCR family transactivate EGFR

(53, 54, 88–90) (i.e., they stimulate EGFR tyrosine phosphoryla-

tion by nontyrosine kinase receptors) to participate in the serine/

threonine signaling cascades initiated by these GPCRs (53, 55).

We found the tyrosine kinase activity of stimulated EGFR aided

phosphorylation of platelet AKT Ser473, potentially an action of

mTORC2, but that EGFR activity also was necessary for Thr308

phosphorylation that is a PDK1 target (91). The complete loss of

thrombin- or PAF-induced Thr308 phosphorylation after inhibition

of EGFR tyrosine kinase activity shows that AKT phosphorylation

is not a direct outcome of signaling by the PAR1 thrombin re-

ceptor or the PtAFR receptor for PAF, so EGFR circumvention of

direct downstream signaling by GPCRs occurs in platelets as well

as in smooth muscle cells (55).

EGFR transactivation by GPCRs in nucleated cells requires

stimulated activation of an unidentified matrix metalloproteinase

to solubilize the distinct gene product pro–heparin-binding

EGF (HB-EGF) (92). Quantitative analysis of the platelet pro-

teome shows platelets do not express pro–HB-EGF (45), nor is

HB-EGF present in the proteins released from stimulated

platelets (1, 2). Instead, we propose the stimulated release of

HMW-EGF is the functional counterpart of HB-EGF solubili-

zation in nucleated cells that then allows autocrine EGFR ty-

rosine kinase activity to contribute to GPCR and collagen

receptor signaling in platelets. Rapid activation of platelet ag-

gregation by thrombin, ADP, PAF, and collagen was augmented

by EGFR kinase activity; so sufficient EGFR ligand was rapidly

generated in response to these agonists to contribute to rapid

platelet activation.

EGFR signaling in isolation did not produce either a strong

response like thrombin, or a typical weak response to other GPCR

ligands like PAF because EGF did not stimulate homotypic ag-

gregation of stirred, washed human platelets (data not shown).

The exception to this was the clearing of platelets in quartz

cuvettes by adhesion to the cuvette walls and stir bar or to coated

glass slides, suggesting contributions to activation by interac-

tion with glass or quartz surfaces to EGF stimulation be-

cause aggregation tubes are coated to reduce cellular interaction.

Augmentation of a primary stimulus also was apparent in vivo in

which early formation of unstable platelet aggregates at the site of

FeCl3 damage to the coronary vessel in mice preinjected with

EGF could not be sustained as the clot matured to a stable, oc-

clusive thrombus.

Nearly all (80–90%) OSCCs overexpress EGFR, which corre-

lates to poorer prognosis and radiation resistance (34). EGF en-

dows OSCC cells with cancer stemlike properties (93) and a

migratory phenotype (94) through an epithelial to mesenchymal

transition (71). Oral cancer cells themselves did not release EGF,

and Western blotting for phospho-EGFR showed these cells did

not contain constitutively activated EGFR, so the tumor micro-

environment must provide ligands to stimulate tumor cell EGFR.

Oral cancers are marked by an extensive immune cell infiltration

(36) and the number of blood-borne platelets associate with oral

cancer progression and survival (37). We identified activated

platelets distributed throughout OSCC tumors and found that ac-

tivated platelets physically bound OSCC cells. We found that

activated platelets released soluble HMW-EGF and continued to

do so for hours after stimulation, suggesting platelets as a source

of EGF bioactivity in tumors as in plasma (4, 7–9). The form of

EGF released from activated platelets is far larger than fully

processed 5.6 kDa EGF, but the single EGF domain in pro-EGF

forms the C terminus of HMW-EGF and platelet-derived HMW-

EGF is an active EGFR ligand (10). Potentially, HMW-EGF at

∼130 kDa would be cleared less quickly than fully processed EGF.

Accordingly, we found platelet-derived HMW-EGF induced an

invasive and migratory phenotype associated with markers of the

epithelial to mesenchymal transition of OSCC cell lines. A notable

aspect of OSCC cell migration and invasion stimulated by mate-

rial released from activated platelets was that EGFR inhibition

abolished all migratory, invasive, and epithelial mesenchymal

transition-related gene expression responses. Thus, among the hun-

dreds of proteins, growth factors, mediators, and small molecules

(1, 2) released by stimulated platelets, only HMW-EGF initiated

epithelial to mesenchymal transition, migration and chemotaxis, and

invasion. Indeed, only OSCC EGFR, and not its receptor family

members, was stimulated by platelet-derived materials. Platelet-

derived HMW-EGF, then, is an autocrine platelet agonist posi-

tioned by tumor-infiltrating platelets (29) to contribute to OSCC

tumor stem cell proliferation, tumorigenesis, and metastasis (32,

33, 93) through a novel intercellular HMW-EGF/EGFR axis

aided by HMW-EGF autocrine platelet stimulation.
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