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Abstract
EWI2 is a transmembrane immunoglobulin superfamily (IgSF) protein that physically associates with tetraspanins and 
integrins. It inhibits cancer cells by influencing the interactions among membrane molecules including the tetraspanins and 
integrins. The present study revealed that, upon EWI2 silencing or ablation, the elevated movement and proliferation of 
cancer cells in vitro and increased cancer metastatic potential and malignancy in vivo are associated with (i) increases in 
clustering, endocytosis, and then activation of EGFR and (ii) enhancement of Erk MAP kinase signaling. These changes 
in signaling make cancer cells (i) undergo partial epithelial-to-mesenchymal (EMT) for more tumor progression and (ii) 
proliferate faster for better tumor formation. Inhibition of EGFR or Erk kinase can abrogate the cancer cell phenotypes result-
ing from EWI2 removal. Thus, to inhibit cancer cells, EWI2 prevents EGFR from clustering and endocytosis to restrain its 
activation and signaling.

Keywords Clathrin-mediated endocytosis · Epithelial-to-mesenchymal transition · MAPK signaling · Membrane spatial 
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Abbreviations
Ab  Antibody
BSA  Bovine serum albumin
CAMs  Cell adhesion molecules
CHC  Clathrin heavy chain
ECM  Extracellular matrix
EGFR  Epidermal growth factor receptor
EMT  Epithelial-to-mesenchymal transition
FBS  Fetal bovine serum
FN  Fibronectin

HB-EGF  Heparin-binding EGF-like growth factor
IgSF  Immunoglobulin superfamily
KO  Knockout
KD  Knockdown
LN  Laminin
mAb  Monoclonal antibody
MAPK  Mitogen-activated protein kinase
pAb  Polyclonal antibody
PBS  Phosphate buffered saline
PFA  Paraformaldehyde
PRAD  Prostate adenocarcinoma
ROI  Region of interest
STORM  Stochastic optical reconstruction microscopy
SR  Super-resolution
TEMD  Tetraspanin-enriched membrane domain
TUNEL  Terminal deoxynucleotidyl transferase dUTP 
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Introduction

EWI2 or EWI2/PGRL or CD316 is a binding partner of tet-
raspanins [1–3], which physically associate with each other 
and with other membrane proteins such as integrins, IgSF 
proteins, proteases, and growth factors receptors. As all of 
these membrane proteins regulate cancer cell functions [2, 
4–7], their associations could also be functionally impactful. 
EWI2 connections to various cancers are largely limited to 
its inhibitory roles in cancer invasiveness and metastasis, but 
whether EWI2 affects cancer formation and growth remains 
under-investigated.

It is well established that EGFR and its downstream Erk 
MAPK signaling drive cancer cell proliferation and move-
ment [8]. EGFR and its ligand HB-EGF can be found in 
the multi-molecular complexes of tetraspanins, which also 
modulate EGFR signaling [9, 10]. For instance, tetraspanin 
CD9 complexes with EGFR and integrins and downregulates 
EGFR signaling by promoting EGFR endocytosis [11–13].

Tumor cells that underwent epithelial-to-mesenchymal 
transition (EMT) exhibit spindle/fibroblast-like morphol-
ogy and enhanced motility [14, 15]. Tumor cells in different 
environments can also possess these properties or epithelial-
mesenchymal plasticity [16]. Tumor cells with non-epithe-
lial origin such as glioma and fibrosarcoma cells [15] inherit 
mesenchymal movement, while carcinoma cells [17] such as 
PC3 prostate cancer cells display more mesenchymal behav-
iors after EMT [18–21].

Here, we demonstrated that EWI2 regulates spatial 
dynamics of EGFR signaling, to inhibit locomotive behav-
iors and growth potential of cancer cells. EWI2 silencing or 
ablation promotes motogenic and mitogenic behaviors of 
prostate cells. Increased EGFR phosphorylation and Erk1/2 
MAP kinase signaling upon EWI2 removal result from the 
increases in (i) molecular clustering of EGFR at the cell 
surface and (ii) endocytosis of EGFR. Thus, as a regulator 
for the membrane distribution and vesicular trafficking of 
EGFR, EWI2 inhibits cancer cell movement and prolifera-
tion in vitro and cancer formation and malignancy in vivo by 
limiting EGFR-Erk signaling and may become a therapeutic 
target against cancer.

Materials and methods

Antibodies and reagents

See all Abs used in this study in Table S1–2 and reagents 
in Table S3.

Knockdown (KD) and knockout (KO) of EWI2

PC3 cells and Du145 cells, two types of human prostate 
cancer cell lines, were obtained from ATCC and cultured 
in complete DMEM media (DMEM containing 10% fetal 
bovine serum [FBS] and 1% penicillin/streptomycin).

The siRNA oligo against the target sequence GUU 
CUC CUA UGC UGU CUU  of EWI2 mRNA was used to 
silence EWI2 expression [22]. PC3 cells or Du145 cells 
were transfected with the siRNA using Lipofectamine 
RNAiMAX. The experiments were performed 2  days 
post-transfection.

PC3-EWI2 KO cells were generated with CRISPR/Cas9 
technology. Specifically, pX458 (SpCasp-2A-GFP) vec-
tor (Addgene, Watertown, MA) was digested with BbsI 
enzyme at 37 °C for 30 min and ligated with annealed 
oligonucleotides (Table S4) corresponding to small guide 
RNAs (sgRNAs) targeting exon 2 of the EWI2 gene (5′ 
GCG GGC AAT CTT GAG CAC CA 3′), for the generation 
of PX458-EWI2 KO construct. PC3 cells were seeded at 
a density of 0.5–1 ×  105 cells/well in six-well plates and 
transfected with PX458-EWI2-KO construct (2.5 µg/well) 
by Lipofectamine3000. Cells were selected based on GFP 
expression by flow cytometry after 48–72 h. The collected 
cells were then amplified in culture for several days, fol-
lowed by a second sort to select both EWI2- and GFP-
negative cells. The collected cells were amplified in cell 
culture for several days and then further sorted with flow 
cytometry, to obtain the cells negative in both GFP and 
EWI2 expression. The pool of those sorted cell was used 
as PC3-EWI2 KO transfectant.

Cell proliferation and survival assays

For anchorage-dependent cell proliferation, cells at dif-
ferent densities (2500, 5000, and 10,000 cells) in 100-μl 
culture media were seeded in 96-well plates. Cell prolif-
eration was monitored by analyzing the occupied area of 
cell images over time in the Incucyte Live Cell Imaging 
System (Essen BioScience, Arbor, MI) and represented as 
fold change of increased confluence.

Cell survival was assessed with CCK8 assay by follow-
ing the protocol of the manufacturer. After 24-h culture of 
equal number of cells (5 ×  103 cells/well of 96-well plate) 
from each group, the cells were replenished in fresh com-
plete media and incubated with 10 μl of CCK-8 reagent 
at 37 °C for 4 h. The absorbance at 450 nm was measured 
with Perkin Elmer EnVision® Multilabel Reader (Perkin 
Elmer, Waltham, MA). Cell apoptosis was induced by 
TNF-α (20 nM) for 48 h and measured by cleaved Caspase 
3 expression and TUNEL assay.
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For anchorage-independent cell proliferation, a mixture 
of 0.75 ml of 2 × DMEM complete medium and 0.75 ml of 
1% noble agar in deionized water were loaded into individ-
ual well of six-well plates. After the agar became solidi-
fied, each well was overlaid with the mixture containing 
0.75 ml 2 × DMEM complete medium, 0.75 ml 0.6% noble 
agar in deionized water, 5 ×  103 cells, and 1.3 μl DMSO 
with or without 15 nmol Gefitinib. After having been cul-
tured for 4 weeks, colonies were fixed and stained with 
0.1% crystal violet in 70% ethanol. The number and size 
of colonies were examined microscopically.

Cell movement assays

Directional solitary cell migration was examined with a 
Transwell migration assay. Transwell inserts (Corning, 
Corning, NY) were coated with fibronectin (FN), laminin 
(LN) 111 or laminin 411, and were then put in completed 
medium. Cells were suspended in FBS-free DMEM medium, 
loaded into inserts, and incubated at 37 °C for 3–6 h.

Random solitary cell migration was analyzed by live 
imaging with the Operetta High Content Imaging System 
(Perkin Elmer, Waltham, MA) for KD transfectants. The 
cells transfected with control or EWI2 siRNA were photo-
graphed once every 15 min for 16 h, starting from 48 h post-
transfection. Gefitinib (10μΜ) was added in the medium for 
32 h when rescue experiments were performed. The distance 
and speed of individual cell movements were analyzed with 
Columbus 2.3 software (Perkin Elmer, Waltham, MA). For 
KO transfectants, random migration was measured in the 
Transwell system. Briefly, inserts membranes were put in 
complete medium without coating extracellular matrix. 
1 ×  105 cells in 100 μl complete medium were added in the 
upper chamber. Migrated cells were fixed by 4% PFA and 
stained with 0.1% crystal violet after 6 h. Cells were counted 
under an inverted microscope (Olympus, Bartlett, TN).

Collective cell migration was evaluated in a wound-heal-
ing assay. For knock down system, PC3 cells were cultured 
in six-well plates and were then knocked down with EWI2 
siRNA. After the cells reached confluence, wounds were 
created with pipette tips by scratching the monolayer. Dur-
ing 16–24 h of healing, wound closure was analyzed using 
an inverted light microscope every 4 h. Wound closure was 
imaged and analyzed with Image J software. For KO system, 
1.5 ×  105 cells were added in each well of a 96-well plate 
to form a confluent monolayer. The gap was made by the 
woundmaker tool (Essen BioScience, Arbor, MI). Then, the 
detached cells were removed gently. 100 μl FBS-free culture 
medium was added to each well. Relative wound density 
(cell density in the wound area / cell density outside of the 
wound area) was measured in the Incucyte LiveCell Imaging 
System (Essen BioScience, Arbor, MI).

Cell invasion was examined with Transwell inserts that 
were coated with Matrigel. The cells were added on the gel 
and incubated overnight at 37 °C, 5%  CO2. The cells were 
pre-treated with Gefitinib (10 μΜ) for 32 h or Ravoxertinib 
(1 μΜ) for 16 h prior to the experiments when rescue experi-
ments were performed. The cells that invaded through the 
inserts were fixed with 4% PFA, stained with Diff-Quick 
solution or 0.1% crystal violet and then imaged. Cell number 
was counted using Image J software.

Cell–matrix adhesion assays

Cell–matrix adhesion was examined on FN- or LN111-
coated plates. After 1 h of incubation, cells were rinsed 
with serum-free DMEM three times to remove non-adherent 
cells. The adherent cells were stained with Diff-Quick solu-
tion, imaged, and quantified with Image J software.

Flow cytometry and imaging flow cytometry

Cells were incubated with primary Abs on ice, followed by 
washes with cold PBS and subsequent staining with fluoro-
chrome-conjugated secondary Abs on ice. After staining, the 
cells were examined with an automated FourColor Benchtop 
flow cytometer (BD Biosciences, San Diego, CA) or Amnis 
ImageStreamX Mk II Imaging flow cytometer (Luminex, 
Austin, TX). The traditional and imaging flow cytometry 
data were analyzed with the Flowjo7.6.1 program (BD Bio-
sciences, San Diego, CA) and IDEAS program (Amnis part 
of EMD Millipore, Seattle, WA), respectively.

Western blot

Cells were lysed with RIPA buffer on ice for 30 min. After 
centrifugation at 13,000×g for 15 min, soluble portions 
of the cell lysates were separated by SDS-PAGE and then 
electrically transferred to nitrocellulose membranes. The 
membranes were blocked with fat-free milk and then blotted 
sequentially with primary Abs and horseradish peroxidase-
conjugated secondary Abs, followed by chemiluminescence.

Fluorescence microscopy

Cells were fixed with 3% PFA, and permeabilized with 
0.1% Brij98 in PBS for 90 s or 0.1% Triton X-100 in PBS 
for 5 min. Then, the cells were incubated sequentially with 
primary Abs and fluorochrome-conjugated secondary Abs. 
Cells were then examined and imaged with Leica SP2 or 
SP8 confocal microscope equipped with a 63× Plan APO 1.4 
NA oil immersion objective (Leica Microsystems, Buffalo 
Grove, IL). ImageJ software was used for image analysis.

When epithelial-to-mesenchymal transition was ana-
lyzed, PC3 cells were seeded on Matrigel and stained with 
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Alexa Fluor 488-conjugated phalloidin. Gefitinib (30 nM) 
or Ravoxertinib (1 μM) was applied to treat cells overnight 
before seeding cells.

Immunohistochemistry

Slides were de-paraffinized and rehydrated. Sodium citrate 
(10 mM, pH 6.0) was used to perform antigen retrieval. 
Slides were blocked by 1% BSA in PBS, incubated with 
primary antibody and secondary antibody and treated with 
DAB reagents. Random sections were cut from each tumor 
tissues (see below), and randomly selected fields were exam-
ined in each section. The average value from each section 
was used as one readout.

Endocytosis assay

Cells cultured on glass coverslips were chilled on ice for 
10 min, then washed with cold live cell imaging solution 
(HEPES-based buffer at pH 7.4, 20 mM glucose, and 1% 
BSA), and incubated with 2 μg/ml of pHrodo green EGF 
conjugate in the solution at 37 °C for 15 min, followed by 
washes with the solution and fixation with 3% PFA. The 
cells were then imaged under a LeicaSP2 or SP8 confocal 
microscope with excitation wavelength of 509 nm, emission 
518 nm, and a 63 × Plan APO 1.4 NA oil immersion objec-
tive (Leica Microsystems, Buffalo Grove, IL). The images 
were analyzed for internalized EGF and its colocalization 
with clathrin heavy chain (CHC) or caveolin-1 by ImageJ 
software.

EGFR mAb GFR450, which is against extracellular 
domain of human EGFR, was used as another probe to 
examine EGFR endocytosis. PC3 cells were incubated with 
the mAb (20 μg/ml) at 37 °C for 15 min. The following 
procedures were the same as described above.

Super‑resolution (SR) imaging and data analysis

Cells were cultured in the eight-well chambered coverglass 
(ThermoFisher, Rockford, IL) for 12 ~ 24 h, treated with 
human EGF (25 nM in PBS) for 3 min, and washed once 
with PBS. The cells were then fixed with 3% glyoxal solu-
tion at room temperature for 1 h and washed sequentially 
with 0.1%  NaBH4 in PBS for 5 min and 10 mM Tris in PBS 
for 5 min twice at room temperature, followed by block with 
5% BSA, 0.05% Triton X-100 in PBS for 15 min. The cells 
were labeled with 4 μg/ml of AlexaFluor 647-conjugated 
EGFR antibody in 2% BSA, 0.05% Triton X-100 in PBS 
at room temperature for 1 h, washed with 2% BSA, 0.05% 
Triton X-100 in PBS at room temperature for 5 min thrice 
and with PBS for 5 min once.

The coverslip with fixed and labeled cells was mounted 
on an Attofluor cell chamber (ThermoFisher, Rockford, IL) 

with 1.5 ml of the imaging buffer, which consisted of an 
enzymatic oxygen-scavenging system and primary thiol: 
50 mM Tris, 10 mM NaCl, 10% glucose, 168.8 U/ml glu-
cose oxidase, 1,404 U/ml catalase, and 20 mM 2-Ami-
noethanethiol, pH 8. The chamber was sealed by placing 
an additional coverslip over the chamber, and the oxygen-
scavenging reaction was allowed to proceed for 15 min at 
room temperature before the imaging started. Imaging was 
performed using a custom-built microscope controlled by 
custom-written software in MATLAB (MathWorks, Natick, 
MA). A sCMOS camera (C11440-22CU; Hamamatsu Pho-
tonics, Bridgewater, NJ) was used to collect SR data. A 647-
nm laser (500 mW 2RU-VFL-P; MPB Communications Inc., 
Pointe-Claire, Quebec) was used as the excitation laser. The 
objective had an NA of 1.49 (APON 60 × OTIRF; Olympus, 
Bartlett, TN), and the filters consisted of a 708/75-nm filter 
(FF01-708/75-25; Semrock, Rochester, NY) for SR image 
emission path, and a 640/8-nm laser diode cleanup filter 
(LD01-640/8–12.5; Semrock, Rochester, NY). A total of 
40,000 images (20 datasets of 2000 frames at 100 Hz) were 
recorded and stored during data acquisition on each cell. 
Correction for sample drift was performed before each data-
set using brightfield-registration. Data were collected for at 
least 12 different cells from each coverslip.

The data were analyzed via a 2D localization algorithm 
based on maximum likelihood estimation [23]. The local-
ized emitters were filtered through thresholds of a maximum 
background photon counts at 200, a minimum photon counts 
per frame per emitter at 250, and a data-model hypothesis 
test with a cutoff p value at 0.01 [24]. The accepted emitters 
were used to reconstruct the super-resolution image. Each 
emitter was represented by a 2D-Gaussian with σx and σy 
equal to the localization precisions, which were calculated 
from the Cramér-Rao Lower Bound.

Clustering analysis of dSTORM data was performed 
using the density-based DBSCAN algorithm implemented 
in MATLAB as part of a package of local clustering tools 
(https:// stmc. unm. edu/) [25, 26]. Parameters chosen were (i) 
a maximal distance between neighboring cluster points of 
ε = 40 nm and (ii) a minimal cluster size of three observa-
tions. Cluster boundaries were produced with the MATLAB 
“boundary” function using a default methodology that pro-
duced contours halfway between a convex hull and a maxi-
mally compact surface enclosing the points. The cluster 
areas within these boundaries were then converted into the 
radii of circles of equivalent area for a more intuitive inter-
pretation. 10–15 ROIs of size 5 μm × 5 μm (10 μm2) were 
selected within each super-resolution cell image from which 
statistics for the equivalent radii were collected per ROI. 
A p value was also calculated for comparing distributions 
via the two-sample Kolmogorov–Smirnov goodness-of-fit 
hypothesis test. A p value near 1 suggests the two distribu-
tions which are being sampled are drawn from the same 

https://stmc.unm.edu/


EWI2 prevents EGFR from clustering and endocytosis to reduce tumor cell movement and…

1 3

Page 5 of 21 389

underlying continuous population, while a p value near zero 
suggests the underlying distributions are different.

Extracellular matrix (ECM) deposition

PC3 cells were seeded on the coverslips and removed by 
1% Triton X-100 in PBS after 48 h. ECM was fixed by 4% 
PFA, incubated with fibronectin antibody or collagen IV 
antibody, and sequent secondary antibodies. Images were 
taken under SP8 confocal microscope (Leica Microsystems, 
Buffalo Grove, IL) and analyzed by ImageJ software. Cell 
numbers were quantified by optical density (OD) values after 
crystal violet staining. Tissue sections from the tumor tissues 
(see below) were stained with Sirius Red.

Tumorsphere formation assay

PC3 cells were suspended in the tumorsphere-formation 
media (DMEM supplemented with 20 ng/ml EGF, 10 ng/
ml FGF, 5 μg/ml insulin, 0.4% BSA, and 1 × B27) at the con-
centration of 1 cell per μl of the medium. Two hundred cells 
were added into each well of a 96-well ultra-low attachment 
plate (Corning, Corning, NY). After 10-day incubation, tum-
orsphere numbers in each well were counted under a micro-
scope. Tumorsphere formation efficiency was calculated as 
a percentage of the number of tumorspheres formed from 
the number of cells seeded initially [27, 28].

Tumor initiation and growth in vivo

One million PC3 cells in 100 µl PBS were injected subcu-
taneously into 8-week-old male NU/J nude mice  (Foxn1nu). 
For those mice with treatment, Gefitinib (500  mg/kg) 
was administrated by gavage at 1-, 2-, 3-, 5-, and 7-week 
post-injection. Mouse body weights and tumor sizes were 
measured every 4  days. The volume was calculated as 
length ×  width2 × 0.52. Tumor tissues were collected 8 weeks 
after injection. The final tumor weight was measured.

Experimental metastasis

PC3 transfectant cells (one million cells in 100 µl PBS per 
mouse) were injected through tail veins into 8-week-old 
male NU/J nude mice  (Foxn1nu). Lung tissues were col-
lected 4 weeks after the injection. Metastatic lesions were 
examined in randomly selected tissue sections. Ravoxertinib 
(30 mg/kg/day) was administrated post-injection by gavage 
on a daily basis for 21 days.

Bioinformatics analyses

Comparison of EWI2 mRNA levels between prostate adeno-
carcinoma (PRAD) and normal prostate tissues based on The 

Cancer Genome Atlas (TCGA) was obtained from MEX-
PRESS (https:// mexpr ess. be/) and UALCAN (http:// ualcan. 
path. uab. edu/ analy sis. html). EWI2 alteration in different 
types of cancers was generated from cBioPortal (https:// 
www. cbiop ortal. org/). Dataset was selected as TCGA Pan-
Cancer Atlas. Kaplan–Meier survival curves for EWI2 in 
TCGA data were plotted using GEPIA (http:// gepia. cancer- 
pku. cn/). Patients were divided by median EWI2 expression 
levels. Correlations of EWI2 with EGFR, HER2, and HER3, 
and with MEK1, MEK2, Erk1, and Erk2 in gene expression 
in PRAD were examined in GEPIA.

Statistical analyses

The incidence of tumor formation was compared using Chi-
square test. All other data, based on at least three individual 
experiments, were compared using two-tailed Student’s t 
test. Kaplan–Meier survival curve was plotted and analyzed 
with Log-rank (Mantel-Cox) test. Analyses were conducted 
with SPSS 13.0 or GraphPad 7 software. p < 0.05 was con-
sidered statistically significant for all statistical analyses.

Results

EWI2 inhibits tumor cell movement of certain 
modalities.

PC3 cells express an intermediate level of EWI2 (Figure S1), 
compared to other cells [3]. To determine the cellular func-
tions of EWI2, we silenced EWI2 in PC3 cells using siRNA 
(Figure S1A and S1B) and ablated EWI2 using CRISPR-
Cas9 (Figure S1C and S1D).

Since EWI2 overexpression inhibits cell movement, [3, 
29] we examined the impact of EWI2 removal on cell move-
ment. Directional solitary cell migration onto fibronectin 
(FN), laminin-111 (LN111), and laminin-411 (LN411) were 
markedly enhanced upon EWI2 KD and KO (Fig. 1A, S2A, 
and S2B). The invasiveness through Matrigel was also sig-
nificantly increased upon EWI2 silencing (Fig. 1B, F, S2A, 
and S2B). Using Operetta system, we also examined random 
solitary cell migration on 3D collagen-I gel and found that 
the speed and distance of random migration were elevated on 
collagen-I gel upon EWI2 KD or KO (Fig. 1C, G). EWI2 KD 
or KO did not alter the ability of PC3 cells to heal wounds, a 
type of collective cell migration (Fig. 1D). Taken together, 
these findings indicate that EWI2 inhibits (i) cell invasion 
through Matrigel, (ii) directional solitary cell migration onto 
various ECMs, and (iii) random or non-directional migration 
but does not affect collective cell migration as measured by 
wound healing.

In accordance with the changes in cell movement in vitro, 
staining of vimentin, an EMT indicator, was increased in the 

https://mexpress.be/
http://ualcan.path.uab.edu/analysis.html
http://ualcan.path.uab.edu/analysis.html
https://www.cbioportal.org/
https://www.cbioportal.org/
http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
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Fig. 1  EWI2 removal promotes the migration and invasion of tumor 
cells. A EWI2 in PC3 cells was either silenced with siRNA or 
ablated with CRISPR-Cas9 (see Figure S1 for details) and analyzed 
in Trans-well migration assay. Migration of the cells was examined 
with Transwell inserts coated with FN (10  μg/ml), LN111 (10  μg/
ml), or LN411 (10 μg/ml). Numbers of the KD (left panel) and KO 
(right panel) cells that migrated through the inserts were counted 
and compared between groups statistically (mean ± SD, n = 3 inde-
pendent experiments). *p < 0.05, **p < 0.01. B PC3 cells transfected 
with control siRNA (NEG) or EWI2 siRNA (KD) (left) or PC3-
Mock and PC3-KO (right) were analyzed in invasion assay with 
Transwell inserts coated with Matrigel. Numbers of the cells that 
invaded through the Matrigel were counted and compared statistically 
(mean ± SD, n = 3 independent experiments). *p < 0.05, **p < 0.01. C 
PC3 NEG and EWI2-KD cells were cultured on collagen gel for 24 h 
and then live-recorded by the Operetta high-content imaging system 
for cell movement for 16 h. The trajectories of individual migratory 
cells and the distances of cell movement on the gels per hour were 
analyzed with ImageJ software. The distances of cell movement are 
presented in panel G. (left) PC3-mock and PC3-EWI2-KO cells in 
complete medium on the upper side migrated to the lower chamber 
which was also filled with complete medium through non-coated 
membrane when random migration was investigated. Cell numbers 
were determined at 6 h after seeding cells. Number of migrated cells 
was compared by t-test and represented as mean ± SD (n = 3 indi-
vidual experiments). **p < 0.01. (right) D Wound healing analy-
sis. Light microscopic images were taken at 40  h after the wounds 
in PC3-NEG and -KD cell monolayers were created (left). Scale 
bar: 250 µm. Healing process for PC3-Mock and -KO cell monolay-
ers were dynamically traced for 40 h (right). E Tumors formed PC3-
Mock and -KO cells (see below) were sectioned, stained for vimentin 

in immunohistochemistry, and photographed by light microscopy. 
Intensities were quantified and presented mean ±  SE  (n = 5 tumors/
mice per group and five fields per tumor/mouse). ****p < 0.0001. 
Scale bar: 75  µm. F Effects of EGFR inhibitor Gefitinib and Erk 
inhibitor Ravoxertinib on the invasiveness through Matrigel. The 
cells were pre-treated with DMSO or Gefitinib (10μΜ) for 32  h or 
Ravoxertinib (1 μΜ) for 16 h prior to the experiments. Numbers of 
cells that invaded through the Matrigel were counted and presented 
as mean ± SD (n = 3 independent experiments). *p < 0.05, **p < 0.01, 
and ***p < 0.001. G Effects of EGFR inhibitor gefitinib and Erk 
inhibitor Ravoxertinib on the migration of PC3-NEG and -KD cells 
on collagen-I gel or FN. The experiments and analysis were per-
formed as described in panel C. The cells were treated with DMSO 
or Gefitinib (10μΜ) for 32 h or Ravoxertinib (1 μΜ) for 16 h prior 
to and during the experiments. Cell migration on collagen-I gel was 
live-recorded by the Operetta High-content Imaging System for 16 h, 
while cell migration onto FN was assayed with Transwell insert as 
described above. The distances of cell migration on collagen-I gels 
per hour were quantified with ImageJ software (mean ± SE, n = 3 
independent experiments, and a dozen of cells were analyzed in each 
experiment), while the numbers of cells migrated onto FN through 
Transwell inserts were fixed, stained, and counted as described above 
(mean ± SD, n = 3 independent experiments). *p < 0.05, **p < 0.01, 
and ***p < 0.001. H. Lung metastasis was examined 4  weeks after 
tail vein injection. Five random sections were made for each mouse 
and 3–5 random fields were observed in each section. Incidence of 
lung metastasis was compared by Chi-square test. Average number of 
metastases per field of each mouse was analyzed by t test (mean ± SD, 
three mice in Mock group, nine mice in KO group). *p < 0.05, and 
***p < 0.001. Scale bar: 700 µm

Fig. 1  (continued)

◂
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primary tumors formed by PC3-EWI2 KO cells in nude mice 
(see below), compare to those by PC3-Mock cells (Fig. 1E), 
suggesting that PC3-EWI2 KO tumors are more mesenchy-
mal and thereby more invasive. Further examination showed 
that, for hematogenous dissemination of PC3 cells after tail 
vein injection in experimental metastasis assay, both inci-
dence and number of micro-metastatic lesions in the lungs 
were apparently increased in PC3-KO group, compared to 
PC3-Mock group, although no visible or macro-metastatic 
lesion was found in the lungs of both groups (Fig. 1H), con-
sistent with more aggressive behaviors of PC3-KO cells 
in vitro.

EWI2 inhibits anchorage‑independent 
and ‑dependent proliferation of tumor cells

Because (i) cell adhesion proteins and growth factor recep-
tors in TMEDs regulate both cell movement and cell 

proliferation and (ii) EWI2 as a TMED component likely 
affects both cell movement and cell proliferation, we then 
evaluated the effect of EWI2 removal on tumor cell prolif-
eration and survival. EWI2 KO markedly elevated the pace 
of PC3 cell proliferation when the cells were cultured on 
2D dishes (Fig. 2A), analyzed by Incucyte Imaging System. 
EWI2 KO also accelerated the cell proliferation when the 
cells grew in 3D soft agar, assessed by the size of colony, 
and promoted the colony formation, assessed by the number 
of colonies, indicating that EWI2 removal potentiates the 
malignancy of tumor cells and supports anchorage-inde-
pendent proliferation (Fig. 2B). The populations of tumor 
initiating cells or tumor stem cells, reported by their mark-
ers  CD49f+CD326− [30] and  CD44+CD49bhiCD133+ [31], 
remained at similar levels between PC3-Mock and PC3-KO 
cells (Fig. 2C), so were the formation efficiencies of primary, 
secondary, and tertiary tumorspheres (Fig. 2D), underlining 
that EWI2 removal does not promote dedifferentiation of 
PC3 cells. EWI2 KO did not change PC3 cell survival, eval-
uated by CCK8 assay (Fig. 2E), and had no impact on apop-
tosis either at basal level or induced by TNF-α (Fig. 2F).

To evaluate the role of EWI2 in vivo, we inoculated NU/J 
nude mice subcutaneously with the PC3 transfectant cells. 
More mice with PC3-EWI2 KO cells formed tumor than the 
ones with PC3-Mock cells (Fig. 2G). Furthermore, the PC3-
EWI2 KO group formed palpable tumor masses much earlier 
than the PC3-Mock group, as all of PC3-EWI2 KO mice 
formed tumor within 20 days after inoculation (Fig. 2H). 
But the tumors grew comparably between the two groups 
(Fig. 2I). We further examined Ki67 and cleaved Caspase-3, 
which reflect proliferation and apoptosis, respectively, in pri-
mary tumor tissues and found no obvious difference between 
two groups (Figs. 2J and S2C).

EWI2 removal leads to partial EMT

EWI2 silencing markedly upregulated the surface level of 
fibronectin-binding integrin α5 and downregulated that of 
laminin-binding integrin α6 (Fig. 3A), suggesting elevated 
function of mesenchymal integrin and diminished function 
of epithelial integrin. Indeed, cell adhesion onto FN was 
increased while adhesiveness to LN111 was decreased, upon 
EWI2 removal (Fig. 3A). EWI2 ablation also elevated the 
cell surface level of CD44, an invasiveness-promoting cell 
adhesion protein and an EMT marker (Fig. 3B).

As EMT typically couples with reduced cell–cell adhe-
sion, we investigated the effect of EWI2 removal on cell–cell 
adhesion proteins. E- and N-cadherin protein levels were 
unaltered upon EWI2 removal, but EWI2 silenced PC3 
cells tended to be compromised in forming mature or close 

Fig. 2  EWI2 removal promotes tumor cell proliferation and tumor 
formation. A Proliferations of PC3-Mock and -KO cells on cul-
ture plates were examined with Incucyte System as described in 
Materials&Methods, at different starting cell densities, and quanti-
fied for the changes in cellular areas in the plated (mean ± SD, n = 3 
individual experiments) on a daily basis. *p < 0.05 and ***p < 0.001. 
B Anchorage-independent cell proliferation was examined with soft-
agar assay as described in Materials&Methods and quantified as 
number and size of colonies per microscopic field (mean ± SD, n = 3 
individual experiments). *p < 0.05 and **p < 0.01. C Oncospheres 
were formed after the cells were cultured in tumorsphere medium for 
10 days, imaged with light microscope, and quantified as oncosphere 
formation efficiency (mean ± SD, n = 3 independent experiments). D 
Cancer stem cell populations were examined by flow cytometry with 
the combinations of the indicated prostate cancer stem cell markers 
and presented as percentage of total cells (mean ± SD, n = 3 inde-
pendent experiments). E Cell survival was examined with CCK8 
assay as described in Materials&Methods and quantified as OD val-
ues (mean ± SD, n = 3 individual experiments with triplicate per 
group in each experiment). F For apoptosis analysis, the cells were 
treated with TNF-α (20 ng/ml) for 48 h and lysed, and cleaved Cas-
pase3 was examined by Western blot and quantified as relative levels 
of normalized band densities (mean ± SD, n = 3 independent experi-
ments). Or cells were stained with TUNEL after TNF-α treatment and 
detected by flow cytometry. MFI was presented as mean ± SD (n = 3 
independent experiments). G Tumor formation after subcutaneous 
injection of PC3-Mock and -KO cells into nude mice, in the absence 
or presence of gefitinib, which was administered orally at 500  mg/
kg of mouse body weight at 1, 2, 3, 5, and 7 weeks after tumor cell 
injection. Incidence of tumor formation is calculated at 20th day and 
8th week, respectively. **p < 0.01. H Tumor-free probability, based 
on the experiments described in G, is assessed as percentage of mice 
carrying no tumor. **p < 0.01. I Growth of primary tumors formed by 
PC3-Mock and -KO cells, in the presence of Gefitinib, as described 
in G. J Primary tumors were stained with Ki67 and cleaved Caspase 
3 antibodies, respectively. Percentage of Ki67+ cells and number of 
cleaved Caspase 3+ cells in each randomly selected field were meas-
ured by Image J, presented as mean ± SD
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cell–cell contacts and were stalled at the stage of digitation 
junction (Fig. 3C), [32] supporting that EWI2 removal facili-
tates cell dissociation from each other or EMT.

In addition, intermediate filament component vimentin, 
another marker of EMT, was also increased upon EWI2 
removal (Fig. 3D).

As a component of Hippo signaling regulated by cell–cell 
contacts,  pSer127-YAP proteins were markedly reduced upon 
EWI2 silencing, while total YAP remained unchanged 
(Fig. 3E). Consistently, nuclear translocation of YAP was 
elevated in EWI2-silenced cells, suggesting that EWI2 sus-
tains Hippo signaling and supporting that Hippo signaling 
limits EMT [33].

Deposition of FN, a representative of mesenchymal ECM, 
was elevated in PC3-KO cells, compared to PC3-Mock cells, 
while deposition of collagen IV, an epithelial basement 
membrane ECM, was reduced in PC3-KO cells (Figs. 3F 
and S2E).

Cell morphology became more mesenchymal or fibro-
blast-like upon EWI2 removal (Fig. 3E), and such morphol-
ogy denotes a typical cellular status when Hippo signal-
ing is off [34]. Similarly, more EWI2-silenced PC3 cells 
exhibit mesenchymal morphology on collagen-I gel (data not 
shown) or Matrigel (Fig. 3G), which more mimics in vivo 
conditions. Furthermore, tumors formed by PC3 cells in 
nude mice (see below) contained much more collagenous 
fibers, as shown by SiriusRed staining, in EWI2 KO group, 
than the Mock group (Figs. 3F and S2D).

To this end, these observations collectively underline that 
EWI2 prohibits mesenchymal properties and EWI2 removal 
promotes mesenchymal movement of tumor cells.

EWI2 prevents partial EMT by confining EGFR‑Erk 
signaling

To determine how EWI2 silencing leads to the mesen-
chymal modes of cell movement, we examined the role of 
EGFR/MEK/Erk signaling in EWI2 function, since tetras-
panin-enriched membrane domains (TEMDs) crosstalk with 
EGFR [6]. After EWI2 KD or KO, EGFR/MEK/Erk sign-
aling was markedly upregulated, with (1) more total and 
 Tyr1068-phosphorylated EGFRs, (2) higher levels of MEK1 
and/or MEK2 proteins, and (3) increased Erk phosphoryla-
tion or activation (Fig. 4A). All changes indicate elevated 
EGFR signaling upon EWI2 KD.

Interestingly, accumulations of EGFRs in cytoplasmic 
vesicles (Fig.  4B, left panel) were observed in EWI2-
silenced PC3 cells, consistent with less presence of EGFR at 
the cell surface (right panel in Fig. 4B). Consistently, EGFR 
internalization, induced and probed by its ligand EGF, was 
elevated upon EWI2 silencing (Fig. 4C).

To determine how EWI2 restrains EGFR activation, we 
analyzed the EGFR distribution in PC3 cells by super-reso-
lution imaging. Figure 4D shows (i) representative images 
of dSTORM super-resolution fluorescence (left panel) and 
(ii) single particle localizations determined from regions of 
interest (ROIs) (right panel). Single particle localizations are 
color coded to denote their assignment to different cluster 
sizes from the DBSCAN analysis.

From the clustering analyses on dSTORM data, we found 
that PC3-KD cells had much higher density of clusters than 
PC3-NEG cells (Fig. 4E, left panel). The number of localiza-
tions per ROI (Fig. 4E, middle panel) and fraction of clus-
tered localizations (Fig. 4E, right panel) were also mark-
edly increased in PC3-KD cells, compared to PC3-NEG 
cells. The sizes or radii of the clusters exhibited a moder-
ate increase in PC3-KD cells, as shown by the cumulative 
distribution function plot (Fig. 4F). There were no obvious 
trends among the conditions for compactness ( 4�A∕P2 , 
where A and P denote the area and perimeter of the cluster, 
respectively) between the two groups. Hence, clustering of 

Fig. 3  EWI2 removal facilitates EMT of PC3 prostate cancer cells. 
A Cell surface integrin levels and cell–matrix adhesion. Integrin α5 
and α6 expressions upon EWI2 KD were analyzed by flow cytome-
try and are presented as MFI (mean ± SD, n = 3 independent experi-
ments) on the left. Cell adhesion onto FN (10  µg/ml) or LN111 
(50  µg/ml) was performed as described in Materials and Methods. 
Adhesiveness is presented as the number of attached cells per well 
(mean ± SD, n = 3 individual experiments) on the right. *p < 0.05, 
**p < 0.01. B Cell surface levels of CD44 upon EWI2 KO were 
analyzed by flow cytometry and are presented as MFI (mean ± SD, 
n = 3 independent experiments). **p < 0.01. C Cell–cell adhesion 
was examined in control and EWI2-silenced PC3 cells in the hang-
ing-drop cell aggregation assay, with or without  Ca2+ presence, 
as described in Materials&Methods. Cell–cell adhesiveness was 
quantified as the area of aggregates (mean ± SD, n = 3 independent 
experiments). **p < 0.01. ***p < 0.001. E-cadherin distribution was 
revealed by immunofluorescence, and digitation junctions indicated 
by pink arrowheads (Middle). N-cadherin levels at the cell surface 
were measured by flow cytometry (Right). D Western blot analysis 
on vimentin. The band densities of vimentin were quantified, normal-
ized by those of actin or GAPDH, and then presented as mean ± SD 
(n = 3 individual experiments). *p < 0.05. E Western blot analysis on 
total and  Ser127-phosphorylated YAP and immunofluorescence anal-
ysis on nuclear translocation of YAP. The band densities and num-
bers of nuclear YAP-positive cells were quantified and presented as 
mean ± SD (n = 3 individual experiments). **p < 0.01. ***p < 0.001. 
The images were capture by confocal microscopy. Scale bar: 25 µm. 
F ECM deposition of PC3 cells which were cultured on glass cover-
slips in complete media for 2 days was immune-stained sequentially 
with primary and secondary Abs, imaged by fluorescence micros-
copy, and quantified with ImageJ as fluorescence units (see Sup-
plemental Fig.  2D). After normalized by the cell quantities on the 
glass coverslips (see Supplemental Fig.  2D), the deposited ECMs 
are presented as relative units (mean ± SD, n = 3 individual experi-
ments). ***p < 0.001 and ****p < 0.0001. G The cells were cultured 
on Matrigel, fixed, stained with Alexa488-conjugated phalloidin, and 
imaged by fluorescence microscopy. Scale bar: 10 µm. H Tumor tis-
sues formed on mice (6 mice in each group) were stained by Sirius 
Red. 3 random sections were processed in each tumor tissue. The 
intensity of Sirius red of each section was measured by ImageJ, com-
pared by t-test and shown as mean ± SD. *** p < 0.001
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EGFR at or near the cell surface was markedly increased 
upon EWI2 removal.

EWI2 upholds EGFR at cell surface

To determine the mechanism responsible for more EGFR 
endocytosis upon EWI2 removal, we examined EWI2 effect 
on endocytic routes of EGFR. As EGFR undergoes clath-
rin- and caveolin-dependent endocytoses [35–37], Western 
blot analysis revealed that the level of clathrin heavy chain 
(CHC), which reports clathrin endocytic route, remained 
unchanged while caveolin-1 and cavin1, both crucial for 
caveola-dependent endocytosis, were up-regulated, upon 
EWI2 ablation (Fig. 5A). Steady-state colocalizations of 
EGFR with CHC and caveolin1 were both increased in PC3-
EWI2 KO cells, compared to PC3-Mock cells, if we take 
both M1 and M2 into consideration (Fig. 5B). Increased 
colocalizations occurred mainly in peri-nuclear regions, 
suggesting their more co-existence in late endosomal and/
or biosynthetic compartments. Using fluorescently labeled 
EGF as the probe for EGF endocytosis, we found that inter-
nalized EGF entered both clathrin- and caveolin-positive 
compartments and EWI2 KO enhanced EGF endocytosis 
into both compartments (Fig. 5C) if we take more caveolin1 

and internalized EGF into consideration (Figs. 4C and 5A), 
indicating that EWI2 constrains both clathrin- and caveo-
lin1-mediated endocytoses of EGF. This endocytosis assay, 
however, has a caveat as the pHrodo-EGF probe becomes 
only fluorescent under low pH environment. Hence, no or 
few colocalization of caveolin1 with pHrodo-EGF (Fig. 5C) 
could be due to relatively higher pH in caevolin1 endocytic 
compartment. To circumvent this potential hurdle, we used 
EGFR mAb as the probe to trace EGFR endocytosis. The 
internalized EGFR indeed displayed low but comparable 
levels of colocalization with caveolin1 in both groups, as 
shown by Manders colocalization coefficients (Fig. 5D). 
But, because both internalized EGFR and caveolin1 are 
increased upon EWI2 ablation, total quantity of internalized 
EGFR that are colocalized with caveolin1 became markedly 
increased in the EWI2 KO cells, compared to the Mock cells 
(Fig. 5D), strongly suggesting that EWI2 removal bolsters 
EGFR endocytosis through caveolin1-containing/-mediated 
trafficking route.

Earlier study showed EWI2 inhibits TGFβR signaling in 
melanoma cells by sequestering CD9/CD81 from TGFβRs 
and then preventing TGFβRs from clustering for their acti-
vation [38]. To determine the contributions of other tet-
raspanins, we examined CD9 as example using CD9 mAb 
C9BB to report homo-clustered CD9 and CD9 mAbs ML13, 
MAB7, and ALB6 to report total CD9 [39]. In total cell 
lysates homo-clustered CD9 proteins were unchanged but 
total CD9 were decreased upon EWI2 KO (Fig. 6A), but at 
the cell surface both homo-clustered and total CD9 levels 
were markedly reduced upon either EWI2 KD or EWI2 KO 
(Figs. 6B and S3A, B).

Colocalization analysis on EGFR and CD9 revealed that 
EGFR-colocalized CD9, either total or homo-clustered 
CD9, became more upon EWI2 removal, while total CD9-
colocalized EGFR, not homo-clustered CD9-colocalized 
EGFR, were decreased in EWI2-KO cells (Fig. 6C). This 
observation strongly suggests that more CD9 proteins are 
present nearby EGFR upon EWI2 removal. Taken more 
EGFR but comparable homo-clustered CD9 in PC3-
KO cells into consideration, this observation also sug-
gests that more homo-clustered CD9 proteins are present 
nearby EGFR upon EWI2 removal. Further analysis on the 
colocalization between internalized EGF and CD9 also 
revealed that the EGF-colocalized, homo-clustered CD9 
became more upon EWI2 removal (Fig. 6D). The homo-
clustered CD9-colocalized EGF remained unchanged upon 
EWI2 KO (Fig. 6D), indicating that more homo-clustered 
CD9 are nearby the internalized EGF given the fact of 
more internalized EGF in PC3-KO cells. Together, these 
observations underline more homoclustered CD9 are pre-
sent in close proximity of EGFR and internalized EGF.

Fig. 4  EWI2 removal potentiates EGFR-MAPK signaling by increas-
ing endosomal retention and surface clustering of EGFR. A The 
components of the EGFR/MEK/ERK signaling pathway were ana-
lyzed with Western blot in PC3 KD (left) and KO (right) transfect-
ant cells, together with actin and GAPDH as loading controls of 
whole cell lysates. The proteins were quantified as band densities 
and presented as relative levels (mean ± SD, n = 3 ~ 4 individual 
experiments). *p < 0.05 and **p < 0.01. B Steady-state distribution of 
EGFR in PC3-NEG and -KD cells. After the cells were fixed, per-
meabilized, and stained for EGFR with EGFR mAb, F-actin with 
phalloidin, and nucleus with DAPI, immunofluorescence images were 
captured with confocal microscopy. (left) The cell surface expression 
levels of EGFR were measured via flow cytometry and presented as 
mean ± SD (n = 3 independent experiments). **p < 0.01. C EGFR 
endocytosis. PC3-NEG and -KD cells were incubated with pHrodo 
Green EGF at 37  °C for 15  min, fixed, and imaged with confocal 
microscopy. Scale bar: 10 µm. The internalized EGF was quantified 
as fluorescence intensity (mean ± SD, n = 3 independent experiments) 
with ImageJ software and analyzed via independent samples t test. 
***p < 0.001. D EWI2 removal results in more and larger EGFR clus-
tering at the cell surface. The cells were treated with EGF (25 nM) 
for 2  min, fixed, and stained with Alexa647-conjugated EGFR Ab. 
The EGFR distribution on the cell surface was imaged at nano-scale 
by dSTORM super-resolution microscopy, and representative images 
are shown on the left panel. Representative images for clusters identi-
fied by DBSCAN analysis are shown on the right panel. Scale bars: 
500 nm. E Clustering analysis results for pooled data from multiple 
"regions of interest" (ROIs) on 12 different cells for each condition. 
Mean values are indicated by red lines, and p values for the panels 
from left to right are 1.38e−28, 1.72e−30, and 2.49e−28, respectively. F 
Cumulative distribution function (CDF) plot shows the sizes (radii) of 
the EGFR clusters. Twelve individual cells were examined for each 
group, and multiple ROIs for each cell
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We further examined the impacts of EWI2 removal 
on CD9 trafficking through clathrin- and caveolin-pos-
itive compartments. Colocalization of CHC with total 

or homo-clustered CD9 was not altered upon EWI2 
KO (Figure S4A), as less total CD9-colocalized clath-
rin can be attributed to less total CD9 in PC3-KO cells. 
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Colocalizations of caveolin1 with total and homo-clus-
tered CD9 were both increased upon EWI2 removal (Fig-
ure S4B), as less total CD9-colocalized caveolin1 can be 
attributed to less total CD9 and more caveolin1 in PC3-
KO cells. These observations suggest that EWI2 removal 
enhances CD9 partition to and/or trafficking through 
caveolin1-containing compartment. Interestingly, the pat-
terns of colocalization coefficients of CD9 and caveolin1 
are identical to the ones of CD9 and EGFR (Figs. 6C and 
S4B).

Besides PC3 cells, the inverse correlation between 
EWI2 expression and cell motility can also be observed 
in Du145 human prostate cancer cells. Silencing EWI2 in 
Du145 cells resulted in elevated invasiveness (Fig. 7A, B). 
Consistently, gross upregulation of EGFR-Erk signaling 
was also observed in EWI2-silened Du145 cells (Fig. 7C).

Collectively, the findings above support an inverse cor-
relation between EWI2 and EGFR-Erk signaling. Notably, 
the EGFR inhibitor Gefitinib and Erk inhibitor Ravoxerti-
nib reduced the increased invasiveness through Matrigel 
of EWI2-silenced PC3 cells (Fig. 1F) and the elevated 
migration on collagen-I gel of PC3 cells (Fig. 1G) to levels 
comparable with those of the control cells. Ravoxertinib 
also abrogated the formation of micro-metastatic lesions in 
lung of PC3-KO cells through tail veins, in experimental 

metastasis assay (Fig. 1H). Similar effects of Gefitinib and 
Ravoxertinib on invasion were also observed in EWI2-
silenced Du145 cells (Fig. 6B). Gefitinib also abolished 
the difference in oncogenic colony formation between the 
two groups in vitro (Fig. 2B) and postponed tumor ini-
tiation of nude mice carrying tumors formed by EWI2-
ablated PC3 cells (Fig. 2H). Furthermore, Ravoxertinib 
converted the mesenchymal or fibroblast-like morphol-
ogy of PC3-EWI2 KO cell to cobblestone-like morphol-
ogy, although Gefitinib did not (Fig. 3G), and Gefitinib 
reduced fibrotic or mesenchymal property of the tumor 
formed by PC3-EWI2 KO cells (Figs. 3G and S2E). These 
observations strongly suggest that elevated EGFR signal-
ing contributes to EWI2 removal-induced i) increase in 
malignancy of tumor cells and ii) partial EMT.

EWI2 gene expression and human prostate cancer

Since EWI2 inhibits (i) outside-in signaling in prostate 
cancer cells and (ii) prostate cancer xenograft in mice, 
we investigated the impact of EWI2 gene expression on 
human PRAD (Figure S5). EWI2 gene expression cannot 
predict the patient prognosis, despite a moderate increase 
in PRAD and a marginal negative correlation with PSA 
level (Fig. S5A–D). But in a very small portion of PRAD 
patients, EWI2 gene is extensively deleted (Fig. S5B). 
Furthermore, EWI2 gene expression does not correlate 
strongly with EGFR, HER2, or HER3 gene expressions 
(Fig. S5E), supporting our observations above that EWI2 
down-regulates EGFR at post-translation stages such as 
endocytosis. Interestingly, among MEK1, MEK2, Erk1, 
and Erk2, EWI2 displayed impressive correlation with 
MEK1 and Erk2 in gene expression (Fig. S6E).

Discussion

EWI2 functionally interacts with TEMDs: from TEMD 
reorganization to TEMD trafficking

EWI2 associates with tetraspanins and inhibits tumor cell 
movement, tumor growth, and tumor metastasis [3, 38]. For 
example, EWI2 overexpression down-regulates integrin-
dependent migration of tumor cells on LN by enhancing 
tetraspanin CD81-integrin α3β1 association [40] and inhib-
its collective migration of fibroblasts [29]. Consistently, 
the EWI2-associated tetraspanins such as CD9, CD81, and 
CD82 [2, 3] also regulate cell movement [41, 42], probably 
by altering the activities of their physically associated cell 
adhesion molecules (CAMs) and growth factor receptors. 
For example, CD9 affects cell migration by modulating inte-
grin activation [43] and EGFR activity [11, 12].

Fig. 5  EWI2 removal promotes EGFR trafficking through clathrin-
mediated endocytosis. A Indicated proteins of PC3 transfectant cells 
were analyzed with Western blot with GAPDH as a loading control 
of whole cell lysates, quantified as band densities, and presented 
as relative levels (mean ± SD, n = 3 ~ 4 individual experiments). 
*p < 0.05, **p < 0.01. B EGFR colocalization with CHC or caveolin1 
in PC3 transfectant cells at steady state. After the cells were fixed, 
permeabilized, and stained sequentially with primary and secondary 
Abs, immunofluorescence images were captured with confocal fluo-
rescence microscopy. Of note, EGFR Ab and CHC or caveolin1 Ab 
came from different species (See Table  S1). EGFR colocalizations 
with CHC and caveolin1 were presented as Manders coefficients 
(mean ± SE, n = 3 independent experiments, and 7 ~ 9 cells were ana-
lyzed per experiment). M1 = EGFR-colocalized CHC/CHC or EGFR-
colocalized caveolin1/caveolin1, and M2 = CHC-colocalized EGFR/
EGFR or caveolin1-colocalized EGFR/EGFR. *p < 0.05, **p < 0.01. 
Scale bars: 10 µm. C Colocalization of internalized EGF with CHC 
or caveolin1. PC3-Mock and -KO cells were incubated with pHrodo 
Green EGF at 37  °C for 30  min, fixed, and imaged with confocal 
microscopy. Scale bar: 10  µm. The colocalizations of internalized 
EGF with CHC and caveolin1 were presented as Manders coefficients 
(mean ± SE, n = 3 independent experiments, and 7 ~ 9 cells were ana-
lyzed per experiment). M1 = EGF-colocalized CHC/CHC or EGF-
colocalized caveolin1/caveolin1, and M2 = CHC-colocalized EGF/
EGF or caveolin1-colocalized EGF/EGF. *p < 0.05. Scale bars: 6 µm. 
D Cells were incubated with EGFR mAb (GFR450, 2 ug/ml) at 37 °C 
for 30 min, washed with PBS three times, fixed by 4% PFA at room 
temperature for 10 min, permeabilized by 0.1% Triton X-100 at room 
temperature for 5  min, and incubated sequentially with caveolin-1 
pAb at 4 °C overnight and secondary Ab at room temperature for 1 h. 
Images were taken under Leica SP8 confocal microscope and ana-
lyzed by ImageJ. Data are presented as mean ± SE (n = 24 individual 
cells). ***p < 0.001
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This study expands the mechanistic understanding of 
EWI2 anti-tumor roles from its regulation on molecular 
interactions within TEMDs at cell membrane to its regu-
lation on endocytic trafficking of TEMD components like 
EGFR through endolysosome vesicles. Given that the cyto-
plasmic domain of EWI2 binds various phosphatidylinosi-
tol phosphates in cell membrane [29] and the membrane 
phosphatidylinositol phosphates play key roles in endocytic 
trafficking, [44] it is predictive that EWI2 can affect the 
endocytosis of TEMD components.

Notably, our study also strongly suggests that EWI2 pre-
vents EGFR from interacting caveolin-containing entities, 
namely caveolae and lipid rafts, and thereby undergoing 
endocytosis through these endocytic machineries. Given 
tetraspanins bind cholesterol [32, 45, 46] and lipid rafts 
enrich cholesterol, whether EWI2 regulates the interactions 
between TEMDs and lipid rafts becomes an obvious ques-
tion to be answered in the coming studies.

EWI2 inhibits tumor cell movement by preventing 
partial EMT

We found that EWI2 restrains both random and directional 
solitary movements (migration and/or invasion) of PC3 
cells. Directional migration and invasion of the cells are 
chemo-hepatotactic onto 2D ECMs and through 3D ECMs, 
respectively, while random migration is under FBS stimula-
tion. Hence, EWI2 restrains the pro-migratory signaling ini-
tiated by growth factors and/or ECMs. But increased cell-FN 
adhesion and decreased cell-LN adhesion upon EWI2 silenc-
ing strongly suggest that elevated EGFR signaling is the 
major driving force for greater movement of EWI2-removed 
cells. Indeed, EGFR inhibition by Gefitinib and Erk inhibi-
tion by Ravoxertinib abolish the increases in invasiveness 
and migration of EWI2-silenced cells.

During collective cell migration, traction force result-
ing from cell–matrix adhesion keeps balance with the force 

derived from cell–cell adhesion, to make the cells not only 
move but also move together [47–49]. In EWI2-removed 
cells, greater motile potential due to higher EGFR signaling 
is possibly offset by poorer motile potential due to lower 
cell–cell adhesiveness, resulting in no obvious change in 
collective cell migration. As cell–cell and cell–matrix adhe-
sions crosstalk with each other, [47] the reduced LN adhe-
sion and less basement membrane ECM deposition coincide 
well with less cell–cell adhesion, when the cells become 
more mesenchymal.

In PC3 cells, fewer E-cadherin proteins at cell–cell junc-
tions upon EWI2 silencing strongly suggest less cell–cell 
adhesion and more solitary cell movement. In EWI2-silenced 
PC3 cells, poorly formed digitation junctions, i.e., microex-
trusions between cells, [32] support less cell–cell adhesion. 
More CD44 proteins at cell surface upon EWI2 removal 
support greater motility potential for PC3 cells. Therefore, 
when EWI2 is silenced, (i) increased cell-FN adhesion 
while decreased cell-LN adhesion, (ii) increased deposition 
of mesenchymal ECM FN while decreased deposition of 
epithelial ECM collagen-IV, (iii) reduced cell–cell adhesion, 
and (iv) elevated solitary movement are in accord with mes-
enchymal transition.

Alternative explanation for the increased movement upon 
EWI2 removal is the dedifferentiation of tumor cells in the 
absence of EWI2. As EWI2 removal does not affect the 
(i) population of tumor initiating/stem/stem-like cells and 
(ii) formation of tumorspheres, the increased movement is 
unlikely caused by the dedifferentiation of PC3 cells.

Moreover, this study substantiates the understanding 
of EWI2 inhibitory effects on prostate cancer cell move-
ment, which have been reported in earlier studies [3, 50]. 
For example, different from mere investigation of directional 
solitary migration upon EWI2 overexpression in Du145 
prostate cancer cells [3], we systematically analyzed differ-
ent modes of PC3 prostate cancer cell movement including 
directional solitary migration, random solitary migration, 
collective migration, and invasion by EWI2 KD and KO 
approaches in this study. Different from the report show-
ing that EWI2 inhibits EGFR signaling through exoso-
mal miRNA [50], our study indicates that EWI2 inhibits 
EGFR signaling through (i) limiting EGFR clustering at 
the cell surface and (ii) preventing EGFR internalization 
from caveolin-mediated endocytosis route. In addition, our 
study (i) elucidates that EWI2 inhibits tumor cell move-
ment by restraining partial EMT, (ii) establishes a causal 
role between Erk kinase and EWI2 functions in addition to 
the EWI2-EGFR link, and (iii) reveals the contribution of 
homo-clustered CD9 to EWI2-mediated inhibition of EGFR.

Fig. 6  Effects of EWI2 removal on CD9 homo-clustering and CD9 
interaction with EGFR. Western blot (A) and flow cytometry (B) 
analyses on CD9 expression in and on PC3-EWI2 KD and KO cells 
and their control cells. The levels of CD9 are presented as relative 
band density (A) and MFI (B) (mean ± SD, n = 3 individual measure-
ments). *p < 0.05, **p < 0.01, and ***p < 0.001. Actin serves as a 
loading control in Western blot (A), and isotype-matched IgG stain-
ing serves as a negative control in flow cytometry (B). Colocaliza-
tions of EGFR (C) and internalized EGF (i.e., pHrodo Green EGF) 
(D) with total and homo-clustered CD9, stained by CD9 mAbs ALB6 
and C9BB, respectively, were examined in immunofluorescence, 
imaged with confocal microscopy, and quantified as Manders colo-
calization coefficients (mean ± SD, n = 3 individual experiments, nine 
cells were analyzed per experiment). M1 = EGFR- or EGF-colocal-
ized CD9/CD9, and M2 = CD9-colocalized EGFR or EGF/EGFR or 
EGF. ***p < 0.001 and ****p < 0.0001. Scale bars: 10  µm (C) and 
8 µm (D)

◂
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Fig. 7  Effects of EWI2 KD in 
Du145 cells on invasiveness 
and EGFR-Erk signaling. A 
EWI2 expression levels at the 
cell surface of Du145 cells 
upon EWI2 KD, as analyzed 
with flow cytometry and 
presented as MFI (mean ± SD, 
n = 3 individual measure-
ments). ***p < 0.001. Isotype 
matched IgG staining serves as 
a negative control. B Effects of 
EGFR and Erk inhibitors on the 
invasiveness of Du145-NEG 
and -KD cells through Matrigel. 
The cells were pre-treated with 
DMSO or Gefitinib (10μΜ) for 
32 h or Ravoxertinib (1 μΜ) 
for 16 h prior to the experi-
ments. Numbers of cells that 
invaded through the Matrigel 
were counted and presented as 
mean ± SD (n = 3 independent 
experiments). *p < 0.05 and 
**p < 0.01. C The components 
of the EGFR/MEK/Erk signal-
ing pathway were analyzed with 
Western blot in Du145 trans-
fectant cells, together with actin 
as loading control of whole 
cell lysates. The proteins were 
quantified as band densities 
and presented as relative levels 
(mean ± SD, n = 4 individual 
experiments). *p < 0.05 and 
**p < 0.01
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EWI2 restrains EGFR signaling by limiting the cell 
surface clustering and endocytic trafficking of EGFR

EWI2 KD and KO lead to global upregulation of EGFR-
MEK-Erk1/2 signaling, mainly by enhancing the cell sur-
face clustering and endocytosis of EGFR. EWI2 removal 
enhances both clathrin-mediated and caveolin-mediated 
endocytoses of EGFR. Earlier study demonstrated that PC3 
cells barely contain caveola as the cells do not express cavin 
[51]. Upregulation of cavin, together with a higher level of 
caveolin-1, upon EWI2 removal suggest caveola as a viable 
endocytic route in EWI2-removed cells, in which more 
EGFR are indeed internalized to caveolin-containing com-
partment. Even for the cells expressing a negligible amount 
of or no cavin, caveolin as a lipid raft component could 
still undergo clathrin-independent but lipid raft-dependent 
endocytosis. EGFR endocytosis correlates with Erk1/2 
activation-dependent transcriptional responses [36, 52], 
and Erk translocation into the nucleus is needed to promote 
cell movement [53]. Indeed, nuclear translocation of Erk 
becomes increased upon EWI2 removal (our unpublished 
data).

Although our study revealed that EWI2 restrains EGFR 
signaling by inhibiting EGFR clustering at the plasma 
membrane and EGFR endocytosis from the plasma mem-
brane, how EWI2 restrains the signaling at and from the 
plasma membrane, e.g., EGFR clustering, remains to be 
investigated. In melanoma, EWI2 inhibits TGFβR signal-
ing by sequestering CD9 and CD81, dissociating them 
from TGFβR1 and TGFβR2, and subsequently prevent-
ing TGFβR1-TGFβR2 clustering [38]. For EGFR, EWI2 
removal promotes spatial proximity of CD9, especially 
homo-clustered CD9, with EGFR and internalized EGF in 
PC3 cells. Hence, consistent with the functional crosstalk 
between EWI2 and TGFβR [38], EWI2 restraint of EGFR 
signaling could depend on its sequestration of CD9. Notably, 
our study strongly suggests that homo-clustered CD9 escorts 
or facilitates ligand-induced endocytosis of EGFR and that 
EWI2 insulates homo-clustered CD9 from interacting with 
EGFR to prevent EGFR endocytosis.

Elevated EGFR-Erk signaling upon EWI2 removal could 
attribute in part to the altered integrins, as integrins and 
EGFR can associate physically with each other and share 
similar signaling downstream [54]. Especially, given that 
EWI2 is a TEMD component and TEMDs bridge integrins 
and EGFR [55], it is plausible to predict that integrins con-
tribute to EWI2-altered EGFR activity and signaling. While 
some EWI2-regulated cellular functions such as random 
cell migration likely result mainly from changed integrins 
in EWI2-removed cells. Partial EMT could be another phe-
notype largely due to the changes in integrins and cellular 
functions directly controlled by integrins.

In summary, our study reveals that EWI2 inhibits (i) 
various modes of movement and (ii) proliferation of pros-
tate cancer cells by confining EGFR-Erk signaling, to slow 
down tumor formation and metastasis. At the molecular 
level, EWI2 limits (i) formation of larger clusters of EGFR 
at the cell surface and (ii) endocytic trafficking of EGFR, to 
prevent EGFR over-activation. Resonating the restraint role 
of EWI2 in EGFR-Erk signaling, EGFR and Erk inhibitors 
reduce the elevated movement and proliferation of prostate 
cancer cells caused by EWI2 removal.

TMED components like tetraspanins and integrins can 
exert context- and lineage-dependent activities on cancer cell 
behaviors [56, 57]. We also realize that EWI2 as a TMED 
component plays differential roles in regulating some cancer 
cell functions such as proliferation. The effects of EWI2 on 
PC3 and Du145 prostate cancer cells are largely similar. 
For example, (i) invasion and directional migration and (ii) 
EGFR-Erk signaling are elevated in both PC3 and Du145 
cells upon EWI2 removal. Although PC3 and Du145 cells 
reflect the complexity of prostate cancer, the observations 
from this study underlines the commonality of different 
prostate cancer cell lines in response to EWI2 removal.
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