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cancers by disrupting EGFR/Eps8 complex
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Abstract

Background: Epidermal growth factor receptor (EGFR) and epidermal growth factor receptor pathway substrate 8
(Eps8) have been widely reported to be expressed in various tumors. Eps8 is an important active kinase substrate of
EGFR that directly binds to the juxtamembrane (JXM) domain of EGFR to form an EGFR/Eps8 complex. The EGFR/
Eps8 complex is involved in regulating cancer progression and might be an ideal target for antitumor therapy. This
study focused on the screening of small-molecule inhibitors that target the EGFR/Eps8 complex in breast cancer
and non-small cell lung cancer (NSCLC).

Methods: In silico virtual screening was used to identify small-molecule EGFR/Eps8 complex inhibitors. These
compounds were screened for the inhibition of A549 and BT549 cell viability. The direct interaction between EGFR
and Eps8 was measured using coimmunoprecipitation (CoIP) and JXM domain replacement assays. The antitumor
effects of the inhibitors were analyzed in cancer cells and xenograft models. An acute toxicity study of EE02 was
performed in a mouse model. In addition, the effect of the EE02 inhibitor on the protein expression of elements
downstream of the EGFR/Eps8 complex was determined by western blotting and protein chip assays.

Results: In this study of nearly 390,000 compounds screened by virtual database screening, the top 29 compounds
were identified as candidate small-molecule EGFR/Eps8 complex inhibitors and evaluated by using cell-based assays. The
compound EE02 was identified as the best match to our selection criteria. Further investigation demonstrated that EE02
directly bound to the JXM domain of EGFR and disrupted EGFR/Eps8 complex formation. EE02 selectively suppressed
growth and induced apoptosis in EGFR-positive and Eps8-positive breast cancer and NSCLC cells. More importantly, the
PI3K/Akt/mTOR and MAPK/Erk pathways downstream of the EGFR/Eps8 complex were suppressed by EE02. In addition,
the suppressive effect of EE02 on tumor growth in vivo was comparable to that of erlotinib at the same dose.

Conclusions: We identified EE02 as an EGFR/Eps8 complex inhibitor that demonstrated promising antitumor effects in
breast cancer and NSCLC. Our data suggest that the EGFR/Eps8 complex offers a novel cancer drug target.

Keywords: Epidermal growth factor receptor (EGFR), Epidermal growth factor receptor pathway substrate 8 (Eps8), Breast
cancer, NSCLC, small-molecule inhibitor
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Background
Cancer is hallmarked by the accumulation of genetic varia-
tions and the loss of normal cellular regulatory processes
and is a main cause of death worldwide [1, 2]. Although
chemotherapy is the cornerstone of systemic cancer
therapy, it has a modest effect on overall survival [3]. Lung
cancer is still the leading cause of cancer-related death
worldwide, and breast cancer is the most common type of
noncutaneous malignancy and the leading cause of cancer-
related death in women worldwide [4–6]. Thus, there is a
great need to develop novel therapeutic modalities to
improve survival rates [7].
Epidermal growth factor receptor (EGFR), also known as

ErbB1 or HER1, is a member of the receptor tyrosine
kinase (RTK) family of cell surface receptors [8]. EGFR
regulates differentiation, apoptosis, cell cycle progression,
development, and transcription [9–11]. EGFR hyperactivity,
caused either by mutation or overexpression of the ligand
or receptor, contributes to a variety of human cancers [12].
EGFR consists of an extracellular domain, a single hydro-
phobic transmembrane segment, an intracellular portion
with a juxtamembrane (JXM) segment, a protein kinase
domain, and a carboxyterminal tail [8].
Recent studies have shown that the presence of the JXM

domain is necessary for the full catalytic activity of EGFR
[13–15]. A study by Thiel and Carpenter showed that com-
pared with the activity of constructs containing the full-
length intracellular domain (ICD) containing the JXM do-
main, the activity of intracellular EGFR constructs lacking
the JXM domain was reduced by approximately 95% [15].
In a later study in the Carpenter laboratory, scanning ala-
nine mutagenesis experiments showed that ICDs con-
structed with mutations at 36 different residues in the JXM
domain reduced EGFR activity by approximately 50% [15].
Two of the mutations (V665A and L680A) were able to
significantly reduce the activity of full-length EGFR [15].
These results show that most of the amino acids (aa) within
the JXM domain play important roles in supporting the
activation of the kinase domain [13–17]. The JXM domain
not only links the transmembrane region to the kinase do-
main but also contains the initial 13 amino acids involved
in the EGFR dimerization process [18]. Studies have shown
that the JXM domain plays an activating role in EGFR, and
the deletion of half of the C-terminal amino acids (664–
682) in the JXM domain will affect the formation of EGFR
dimers, resulting in the loss of EGFR kinase activity [13].
JXM domain V665M or L679F amino acid mutations can
increase EGFR activity due to the formation of a more
stable EGFR dimer [13]. According to Sinclair et al., the
peptide E1 derived from the JXM domain can bind to the
EGFR JXM domain and effectively reduce EGFR
dimerization, which thereby affects EGFR activity and
reduces cell viability [19]. Boran once demonstrated that
the JXM domain of EGFR is essential to the activation of

EGFR, and the JXM domain activates and regulates EGFR
activation and is a potential target for the development of
new EGFR inhibitors [14].
Epidermal growth factor receptor pathway substrate 8

(Eps8) is an important active kinase substrate of EGFR [2,
20]. EPS8 is efficiently phosphorylated by various tyrosine ki-
nases, both receptor (RTK) and nonreceptor types, and is a
typical signaling protein, with a molecular weight of 97 kDa
and containing a phosphotyrosine binding protein (PTB) do-
main, an Src homology 3 (SH3) domain and a sterile
alpha-pointed (SAM-PNT) domain [21, 22]. Eps8 is fre-
quently overexpressed in breast, lung and other malignan-
cies but rarely in normal tissues [23–26]. Further studies of
EPS8 have revealed that a domain that encompasses amino
acids 298 to 362provides a binding surface for the JXM do-
main of EGFR [27]. Studies by Fazioli et al. and Castagnino
et al. have shown that Eps8 directly binds to the JXM
domain of EGFR and is phosphorylated, which activates a
series of downstream signaling pathways [20, 27], and thus
promotes tumor progression. Furthermore, the aberrant
expression of Eps8 often suggests anunfavorable prognosis
for cancer patients [20, 27, 28]. Therefore, Eps8 is consid-
ered a novel potential target for specific cancer therapy.
Eps8 directly binds to the JXM domain of EGFR and

forms an EGFR/Eps8 complex. Studies on the EGFR/Eps8
complex in malignancies are limited. In the present study,
we focused on the EGFR/Eps8 complex as a promising
tumor target for cancer therapy. The Eps8-derived 9-amino
acid peptide 327, which partly mimics the EGFR binding
region of Eps8, functions as a protein-protein interaction
module that can disrupt the EGFR/Eps8 complex, prevent
the activity of the downstream EGFR pathway, and exert
antitumor effects [2]. In our opinion, there is another
approach to disrupt the EGFR/Eps8 complex. Direct inhib-
ition of the EGFR/Eps8 complex by using drug-like, non-
peptide small molecules have several advantages, including
blocking the activity mediated by EGFR/Eps8 complex acti-
vation, improved cell permeability and better in vivo stabil-
ity and bioavailability. Based on the high-resolution X-ray
3D crystal structure of JXM and the kinase domain of
EGFR, the JXM domain is critical for EGFR activation and
acts as a binding site for Eps8 [13, 27]. Therefore, we
hypothesize that a small molecule that binds to the JXM
domain of EGFR may directly disrupt EGFR/Eps8 complex
formation and block the downstream pathway of the com-
plex. In this work, we report the discovery of an EGFR/
Eps8 complex small-molecule inhibitor through virtual
database screening.

Methods
Structure-based virtual screening
To identify potential candidate compounds that can dis-
rupt EGFR/Eps8 complex formation, the crystal structure
of EGFR solved at 2.8-Å resolution was retrieved from the
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Protein Data Bank (PDB ID code 3GOP) (DOI: https://doi.
org/10.2210/pdb3GOP/pdb) [29] and used in this study.
The chemical databases used in our virtual screening were
provided by TopScience Co., Ltd. Collectively, these data-
bases offer a collection of 390,000 small-molecule organic
compounds. The chemical catalogs provide only 2D chem-
ical structures; the 3D structural models were generated by
using SYBYL software (Version 7.3, Tripos Associates, St.
Louis) with the standard settings. The molecular docking
program SYBYL was used to perform the virtual screening.
The binding cavity in the EGFR JXM domain was the re-
gion targeted for docking. SYBYL software was used to as-
sign the standard AMBER (refers to a set of molecular
mechanical force fields for the simulation of biomolecules)
atomic partial charges on the EGFR protein and the
Gasteiger-Hückel atomic partial charges on each ligand
molecule to be docked. The parameters used for modeling
docking, which controlled how the docking was performed
in our work, were standard settings according to the guide-
lines of the software [30]. Each molecule in the assessed da-
tabases with a molecular weight between 200 and 1000 was
docked into the targeted binding site of EGFR. The top 5%
scored compounds from each database, as selected by
SYBYL, were extracted and combined to provide a total of
18,000 candidate compounds. The preselected 18,000 com-
pounds then were reranked according to their binding af-
finities as estimated by the total score. Of the best-scored
50 compounds selected by the total score from the 18,000
compounds, physical samples of 29 of these compounds
were purchased from TopScience Co., Ltd. PyMOL soft-
ware (Version 1.6.X, Open-Source) was obtained from the
PyMOL website (https://pymol.org) [31].

Cell lines and culture conditions
The non-small cell lung cancer cell lines (A549、H460、H
1975), breast cancer cell lines (MCF-7、BT549、MDA-
MB-468) and multiple myeloma cell line (IM-9) were kept
in our laboratory (Hematological Laboratory of Zhujiang
Hospital, Guangzhou, China) and genotyped to verify their
authenticity. Human normal lung epithelial cell line
(BEAS-2B) and human normal mammary epithelial cell line
(MCF-10A) were purchased from FuHeng Cell Center
(Shanghai, china) and genotyped to verify their authenticity.
Normal PBMCs were obtained from 5 unrelated healthy do-
nors at Southern Medical University (Guangzhou, China).
MCF-10A cell line was cultivated in MEpiCM medium (Cat
No. 7611, ScienCell, San Diego, California, USA) and other
cell lineswere cultivated in DMEM or RPMI 1640 medium
(Invitrogen, Grand Island, NY, USA) with 10% fetal bovine
serum (FBS; Invitrogen) at 37 °C with 5% CO2.

Compounds and growth-inhibiton assay
For testing different compounds, A549 and BT549 cells
were plated in a 96-well-plate (5 × 103 cells/well) and

incubated for 24 h before treatment. Then cells were ex-
posed to the compounds for 24 h at a final concentration
of 10 μM. After treatment, 10 μl of CCK-8 reagent (Dojindo
Laboratories, Japan) was added to each well, and cells
were incubated for 3 h at 37°C and 5% CO2. The op-
tical density (OD) was analyzed at 450 nm. The data
obtained are presented as percentage viability in the
graph.

Plasmid constructs and the creation of stable EGFR-
overexpressing cell lines
The wild-type EGFR (wt-EGFR) sequence was obtained
through an NCBI search, the whole length of the gene was
synthesized by GENEWIZ, Inc. (Germantown, MD), and
the two ends were cloned into the vector PCD531B (SBI)
using the restriction site NheI//NotI. At the same time, 30
amino acids in the JXM domain (aa: 650–679) were re-
placed with a 10 GGS repeating sequence to obtain the
new gene sequence mutant-type EGFR (mut-EGFR), which
was produced by GENEWIZ, Inc. (Germantown, MD), and
both ends were cloned into the vector PCD513B (SBI) by
using the restriction site NheI//NotI [32]. The sequence in-
tegrity of the completed two vectors were ensured by se-
quencing. MCF-7 cells were transfected with wt-EGFR,
mut-EGFR or PCD531B empty vector using Lipofectamine
2000 (Invitrogen) following the manufacturer’s protocol.
Twenty-four hours after transfection, the culture medium
was replaced by medium supplemented with 1.0 μg/ml
puromycin. Two or 3 days later, the cells that grew to ap-
proximately 90% confluency were passed and seeded at a
high dilution ratio into 150-mm cell culture dishes. The
medium containing puromycin was replaced every 2–3
days until colonies of cells appeared approximately 2 weeks
after the initial seeding. Several colonies in each transfec-
tion group were selected for further experiments and desig-
nated as MCF-7-NC, MCF-7-wt-EGFR or MCF-7-mut-
EGFR.

Creation and characterization of stable EGFR knockdown
cell lines
EGFR expression was stably knocked down in A549,
H460 and MDA-MB-468 cells via RNA interference
(RNAi). The annealed oligonucleotide fragments encod-
ing short hairpin transcripts corresponding to EGFR
were as follows: CCGGGCAGATCATCAGAGGAAA-
TATCTCGAGATATTTCCTCTGATGATCTGCTTTTT
and CCGGGGAGATAAGTGATGGAGATGTCTCGA-
GACATCTCCATCACTTATCTCCTTTTT. The nontar-
geting empty plasmid was used as the control shRNA
plasmid. According to the manufacturer’s instructions,
A549, H460 and MDA-MB-468 cells (2 × 105cells/well in
six-well plates) were transfected separately with the con-
trol shRNA plasmid or the EGFR shRNA plasmid using
Lipofectamine 2000 (Invitrogen). After 24 h, the culture
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medium was replaced with medium supplemented with
puromycin at a selection concentration. Several colonies
in each transfection group were selected for further
experiments and designated as A549-NC, A549-EGFR/
shRNA1, A549-EGFR/shRNA2, H460-NC, H460-EGFR/
shRNA1, H460-EGFR/shRNA2, MDA-MB-468-NC, MD
A-MB-468-EGFR/shRNA1 or MDA-MB-468-EGFR/shR
NA2.

Cell proliferation/survival assays and apoptosis
measurements
To test the effects of EE02 on the biological activities of
tumor cells and normal cells, tumor cell lines, normal cell
lines and normal PBMCs were plated in a 96-well plate
(5 × 103cells/well) and incubated for 24 h before treatment.
All cells were then incubated with different concentrations
of EE02 (0, 1, 2.5, 5.0, 7.5 or 10 μM) for 24 h.CCK-8
(Dojindo Laboratories, Japan) assays were carried out ac-
cording to the manufacturer’s instructions. Colonyforma-
tion assays were also performed. Cells (A549 and H460
were 300 cells/well, BT549 and MCF-7 were 500 cells/well)
were seeded into six-well plates and treated with different
concentration’s EE02 or DMSO on the following day. After
2 weeks, the cells were fixed with4% formaldehyde and
washed with PBS when colonies were visible. Crystal violet
was added to the plates to stain the colonies. The number
of apoptotic cells was analyzed by flow cytometry (BD
Bioscience) using Annexin V and propidium iodide (PI; BD
Biosciences). Cells (1 × 106 cells/well) were seeded in
six-well plates and exposed to 10 μM EE02 or DMSO, and
they were harvested and processed after 24 h according to
the manufacturer’s instructions [33].

Western blot analysis
All prepared cells were homogenized in IP lysis (CO-IP kit,
Thermo Scientific, Cat No. #26149), and debris was re-
moved by centrifugation at 12,000 g for 10min at 4 °C. The
protein concentrations were determined using a Bradford
protein assay kit (Beyotime, China, Cat No. #KGP902).
After addition of loading buffer, protein samples were elec-
trophoresed, transferred to PVDF membranes (0.2 μm,
Millipore, Bedford, MA), and subsequent blocked. The
membranes were immunoblotted with rabbit anti-human
primary antibody overnight at4 °C. Antibodies of EGFR,
Erk, p-Erk, Akt, p-Akt (ser473) and GAPDH were obtained
from Cell Signaling Technology (Cat No. #4267, #9102,
#9101, #9272, #9271 and #5174 respectively; dilution ratio
was 1:1000). Antibody targeting EPS8 was purchased from
Biosciences (Cat No. #610143; dilution ratio was 1:1000).
After four washes with TBST, the blots were incubated
with horseradishperoxidase (HRP)-conjugated secondary
antibodies at room temperature for 1 h, and the HRP signal
was detected using enhanced chemiluminescence (Pierce
Biotechnology, Rockford, IL, USA).

AKT-1 phosphorylation antibody array and CoIP
We performed human AKT-1 phosphorylation antibody
arrays, which included 18 different antibodies (RayBiotech,
Inc., USA) [34, 35]. All the steps are carried out according
to the manufacturer’s instructions. Briefly, MDA-MB-468
cells from different groups (EE02 10 μM and DMSO con-
trol) were lysed and the total proteins were purified using
the Cell and Tissue Protein Extraction Reagent (Kangchen,
China). The protein concentrations were tested using a
Bradford protein assay kit (Beyotime, China, Cat No.
#KGP902). A total of 380 μg protein extract was added into
each well and incubated for 3 h at room temperature.
Then, the antibody arrays membranes were washed and in-
cubated with HRP-Anti-Rabbit IgG antibody at room
temperature for 2 h, and the HRP signal was detected using
ImageQuant LAS4000 Scanner (GE Healthcare Corporate,
USA). For the coimmunoprecipitation (CoIP) of endogen-
ous proteins, 10 μg of anti-EGFR (Cat No. #4267, CST) or
IgG (Cat No. #2729, CST) antibody was added to Amino-
Link plus coupling resin (Thermo Fisher Scientific, Pierce
CoIP kit, Cat No. #26149) for antibody immobilization at
room temperature for 100min. Cells were lysed in cell lysis
buffer at 4 °C for 30min [36]. A total of 1000 μg protein ex-
tract was added into each tube of control agarose resin and
incubated for 1 h at 4 °C. Then, the protein was centrifuged
from the control agarose tube, and the protein-containing
liquid was added to the antibody incubation tube, and the
mixture was incubated at room temperature for 2 h. Immu-
noprecipitants were separated by SDS-PAGE after washing
with the same buffer and were analyzed by immunoblotting
with an anti-Eps8 antibody [37].

Chemicals
Erlotinib was purchased from Selleckchem, dissolved in
DMSO at a final concentration of 50 mg/ml and stored
at − 20 °C.

Acute intraperitoneal toxicity
Thirty-five male and thirty-five female specific pathogen-
free (SPF) BALB/c mice were randomly assigned to seven
groups: six treatment groups and one vehicle control group,
with five male and five female mice per group. The vehicle
control group received DMSO in a volume of 5mL/kg
body weight (b.w.) by intraperitoneal injection. EE02 was
dissolved in DMSO and administered to the mice at doses
of 75.00, 86.25, 99.19, 114.19, 131.75 or 151.51mg/kg b.w.,
and all animals were observed every day for symptoms and
mortality for two weeks. The vehicle control group was ob-
served at the same time. All of the surviving animals were
euthanized at the end of the study. The vital organs of both
the mouse that died and those that were euthanized were
individually observed for overt pathology by necropsy, and
the 50% lethal dose (LD50) was calculated by the Bliss
method on day 14. The vital organs were removed, fixed,
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and embedded in paraffin for histopathological analyses
[38, 39].

Xenograft tumor model
All animal experiments complied with Southern Med-
ical University’s Policy on the Care and Use of La-
boratory Animals. Five-week-old athymic BALB/c nu/
nu male mice were used for in vivo experiments. The
animals were housed at a constant room temperature
with a 12 h light/12 h dark cycle and fed a standard
rodent diet and water. H460 cells were harvested and
injected subcutaneously (5 × 106 cells in 100 μl of
phosphate-buffered saline (PBS)) into the mice. Treat-
ment began after the size of the H460 tumors
reached 50 mm3, and the treatments consisted of in-
traperitoneal (i.p.) injections of DMSO, EE02 (5 mg/kg
b.w. in 100 μl of DMSO), EE02 (10 mg/kg b.w. in
100 μl of DMSO) or erlotinib (10 mg/kg b.w. in 100 μl
of DMSO). The treatment was performed every 2
days. Tumor growth was monitored by a digital
caliper, and the maximum tumor volume was not
allowed to exceed 1500 mm3. At the end of the ex-
periment, the animals were sacrificed, and the tumors
were removed. The tumor volumes were determined

by measuring the tumor length (L) and width (W)
and calculating the volume (V = 0.5 × L ×W2), [40].
Tumor samples were excised, fixed, and embedded in
paraffin for immunohistochemical (IHC) analyses [41,
42].

Statistical analysis
Statistical significance was evaluated using SPSS 21.0 soft-
ware. P < 0.05 was considered statistically significant. * Rep-
resents P < 0.05, ** represents P < 0.01, and *** represents
P < 0.001.

Results
Discovery of EE02 through structure-based virtual
database screening
The EGFR binding region of EPS8 is predicted to target
the JXM domain of EGFR. We hypothesized that a small
molecule that binds to the JXM domain of EGFR will
compete with EPS8, consequently blocking the EGFR/
EPS8 interaction. With the aid of structure-based virtual
screening, we chose a crystal structure of EGFR (PDB ID
code 3GOP) that includes the kinase region and the
JXM domain. Using SYBYL software to predict and gen-
erate the docking pocket of EGFR (Fig. 1a), we narrowed

Fig. 1 Schematic diagrams of the modeling used for the structure-based virtual database screening. a JXM and kinase domains of the EGFR
protein. The structure is based on the Protein Data Bank entry 3GOP. The circled region indicates the target JXM binding site used in our virtual
screening study. b The Predicted model of EE02 binding to the EGFR JXM and kinase domains. EE02 is rendered as a ball-and-stick model. The
molecular surface of the EGFR JXM and kinase domains is colored to indicate electrostatic potentials: red indicates the most positively charged
regions, and blue indicates the most negatively charged regions. c Specific hydrogen bonds formed between the EGFR JXM and kinase domains and
EE02. The binding model was predicted by SYBYL. Only the residues that form hydrogen bonds with EE02 are shown in the explicit atomic models. d
EE02 structure. e, f A549 and BT549 cells were used for the initial EGFR/EPS8 complex small-molecule inhibitor screening. The cells were treated with
10 μM EE02 as well as other small-molecule compounds for 24 h, and then the cells were harvested for analysis by a CCK-8 assay (n = 3). a-c were
generated by using PyMOL
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our interest from a total of 390,000 compounds to 50
top candidate compounds and were able to obtain
chemical samples of 29 of the top 50 compounds. We
first tested the effects of these 29 molecules on the
proliferation of A549 and BT549 cell lines by using
CCK-8 assays in vitro. Of the 29 compounds tested,
the most promising compound was EE02 (ChemDiv
No. 0884–0022), which was obtained from
TopScience Co., Ltd. (Fig. 1e and f ). EE02 is a syn-
thetic compound with a molecular weight of 767 (Fig.
1d). The model of EE02 binding to EGFR was gener-
ated by SYBYL software and refined by structural
organization using PyMOL software. The refined
model, shown in Fig. 1b and c, predicted that EE02
binds the JXM domain and the meshed area where
the JXM domain intersects with the kinase domain
and forms a number of hydrogen bonds with nearby
residues, including Ser-671 and Arg-807 (Fig. 1c).

EE02 significantly inhibited the viability and proliferation
of EGFR-positive and Eps8-positive breast cancer and
NSCLC cells
Initially, to screen the expression levels of EGFR and EPS8
in cancer and normal cell lines, we performed a western
blot analysis. The results indicated EGFR overexpression in
the MDA-MB-468, H460, A549 and BT549 cell lines; mod-
erate EGFR expression in the H1975 cell line; and very low
EGFR expression in the MCF-7, IM-9, MCF-10A and
BEAS-2B cell lines. EPS8 was overexpressed in all six breast
cancer and NSCLC cell lines (MDA-MB-468, H460, A549,
H1975, MCF-7 and BT549), moderate expressed in normal
cell lines (MCF-10A and BEAS-2B) and very low expressed
in IM-9 cell line (Fig. 2a). Then, to assess the activity of
EE02, A549, H460, H1975, BT549, MDA-MB-468 and
MCF-7 cells were treated for 24 h with increasing concen-
trations of the inhibitor EE02 (0–10 μM). The dose-
dependent antiproliferative effect of EE02 was determined

Fig. 2 Biological activity of EE02 in vitro. a The expression levels of EGFR and EPS8 in different cell lines are shown. b A549, H460, BT549
and MCF-7 cells were seeded and treated with increasing concentrations of EE02 for 2 weeks. Colonies were counted, and images were
acquired. The quantification of the colony numbers is shown. c Cancer cell lines were treated with EE02 for 24 h at increasing
concentrations (0, 1, 2.5, 5, 7.5 and 10 μM), and then cell viability was assessed using CCK-8 assays (n = 3). d PBMCs from 5 untreated
healthy donors were treated with increasing concentrations (0, 1, 2.5, 5, 7.5 and 10 μM) of EE02 for 24 h, and cell viability was analyzed
via CCK-8 assays (n = 3). e Normal cell lines were treated with EE02 for 24 h at increasing concentrations (0, 1, 2.5, 5, 7.5 and 10 μM), and
then cell viability was assessed using CCK-8 assays (n = 3)
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using CCK-8 assays (Fig. 2c). However, at a 10 μM concen-
tration, the antiproliferative effect of the inhibitor EE02 on
the proliferation of the A549, H460, H1975, BT549 and
MDA-MB-468 cancer cells was significantly stronger than
that on the proliferation of the MCF-7 cells, which overex-
press EPS8 but not EGFR (P = 0.003, 0.008, 0.008, 0.008
and 0.009, respectively, t-tests) (Fig. 2a and c). We then ex-
amined the effect of EE02 on the colony formation capabil-
ity of the breast carcinoma and NSCLC cells and found
that the inhibitor EE02 significantly reduced colony num-
bers of A549 (P < 0.001, one-way ANOVA), H460 (P <
0.001, one-way ANOVA), H1975 (P < 0.001, one-way
ANOVA) and BT549 (P < 0.001, one-way ANOVA) in a
dose-dependent manner (Fig. 2b). At 5 μM, the inhibitory
effect of EE02 on the colony formation capability of the
A549, H460 and BT549 cancer cells was stronger than that
on the colony formation capability of the MCF-7 cells (Fig.
2b). Moreover, EE02 did not result in significant suppres-
sion in normal cell lines (MCF-10A and BEAS-2B, less than

40% suppression) and peripheral blood mononuclear cells
(PBMCs) from 5 untreated healthy volunteers (less than
30% suppression), suggesting that EE02 possesses specificity
toward cancer cells that overexpress EGFR and EPS8 (Fig.
2d and e).

EE02 promotes apoptotic cell death
To examine the apoptotic effect of EE02, A549, H460,
MDA-MB-468 and MCF-7 cells were treated with
DMSO or EE02 for 24 h and then stained with annexin
V and propidium iodide (PI). As is shown in Fig. 3a,
after 24 h of exposure to 10 μM EE02, a significant in-
crease in the apoptosis rates of A549 (P = 0.005, t-test),
H460 (P = 0.026, t-test), MDA-MB-468 (P = 0.003, t-test)
and MCF-7 (P = 0.004, t-test) cell lines were observed
(Fig. 3a). The ability of EE02 to promote apoptosis was
significantly stronger in the A549, H460 and
MDA-MB-468 cancer cells than in the MCF-7 cells (P =
0.037, 0.045 and 0.016, respectively, t-test) (Fig. 3a).

Fig. 3 Effect of EE02 on apoptosis of cells in vitro. a Cancer cells were incubated with DMSO or EE02 (10 μM) for 24 h and then analyzed for
apoptosis using annexin V/PI staining assays. The quantification of the annexin V/PI staining is shown. b PBMCs from 5 untreated healthy donors
were incubated with DMSO or EE02 (10 μM) for 24 h and then analyzed for apoptosis using annexin V/PI staining assays. The quantification of the
annexin V/PI staining is shown. c Normal cell lines were incubated with DMSO or EE02 (10 μM) for 24 h and then analyzed for apoptosis using
annexin V/PI staining assays. The quantification of the annexin V/PI staining is shown
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Moreover, EE02 did not result in a significant promotion
of apoptosis in normal cell lines (MCF-10A and BEAS-2B,
less than 7% apoptotic cells) and PBMCs from 5 untreated
healthy volunteers (less than 5% apoptotic cells), suggest-
ing that EE02 possesses specificity toward cancer cells that
overexpress EGFR and EPS8 (Fig. 3b and c).

EGFR knockdown reduces the sensitivity of cancer cells to
EE02
To verify that the antitumor effect of EE02 on cancer cells
was related to the EGFR protein, we knocked down EGFR
expression in H460, A549 and MDA-MB-468 cells; per-
formed western blotting and gray values analysis; and com-
pared the results with those of the vehicle-treated H460,
A549 and MDA-MB-468 cells. As shown in Fig. 4b, the
EGFR expression in the H460-EGFR/shRNA1 and H460-
EGFR/shRNA2 cells was significantly downregulated com-
pared to that in the H460-NC cells, and the same was true

of the A549 and MDA-MB-468 cell lines. Subsequently, to
detect whether the sensitivity of tumor cells to EE02 was
reduced after knocking down EGFR, the cancer cells were
treated for 24, 48 or 72 h with increasing concentrations of
the inhibitor EE02 (H460: 0–3.0 μM; A549: 0–5.0 μM; and
MDA-MB-468: 0–2.5 μM), and CCK-8 assays were then
performed. The results showed that the sensitivity of the
A549, H460 and MDA-MB-468 cells to the inhibitor EE02
was significantly decreased after the knockdown of EGFR
expression, suggesting that the antitumor effect of EE02 is
related to EGFR (Fig. 4d).

EGFR overexpression increases the sensitivity of cancer
cells to EE02
To verify that the inhibitor EE02 acts as an antitumor
agent by targeting the EGFR JXM domain, we designed
a mutant receptor, mut-EGFR, in which the JXM
domain is replaced by a (GGS)10 sequence (Fig. 4a). The

Fig. 4 EE02 blocks the EGFR/EPS8 interaction. a The schematics of the plasmids used in the study encoding wild-type EGFR and mutant-type
EGFR are shown. To create the mut-EGFR plasmid, the oligonucleotides encoding the EGFR JXM domain (amino acids 650–679) were replaced by
an unstructured sequence encoding ten GGS repeats as described in the Methods section. b Cancer cell lines transfected with wt-WGFR, mut-
EGFR, EGFR/shRNA1, EGFR/shRNA2 and NC shRNA were subjected to western bolt analysis for EGFR and GAPDH expression. c Cells were
untreated or treated with EE02 or DMSO for 24 h, then the cell lysates were immunoprecipitated with an anti-EGFR antibody or an anti-IgG
antibody and were immunoblotted with the indicated antibody. d Cancer cell lines transfected with wt-WGFR, mut-EGFR, EGFR/shRNA1, EGFR/
shRNA2 and NC shRNA were treated with EE02 for 24 h, 48 h or 72 h at increasing concentrations, and then cell viability was assessed using CCK-
8 assays (n = 3)
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(GGS)10 sequence has been demonstrated to lack a regu-
lar secondary structure and to be very flexible. The plas-
mid was created as described in the Methods. Briefly,
amino acids 650–679 of EGFR were replaced by the
(GGS)10 sequence.
MCF-7 cells were transfected with wt-EGFR, mut-EGFR,

or the empty vector. The transfected cells were analyzed by
western blotting and gray values analysis, and the results
were compared with those of the vehicle-treated MCF-7
cells. As shown in Fig. 4b, the EGFR expression levels in
the MCF-7-wt-EGFR and MCF-7-mut-EGFR cells were
significantly upregulated compared to those in the
MCF-7-NC cells. Subsequently, to detect whether the sen-
sitivity of tumor cells to EE02 increased after the overex-
pression of EGFR, the cancer cells were treated for 24 h,
48 h or 72 h with increasing concentrations of the inhibitor
EE02 (0–5.0 μM), and then CCK-8 assays were performed.
The results showed that the sensitivity of the MCF-7-
wt-EGFR cells to the inhibitor EE02 was significantly
higher than that of the other transfected cells, but there
was no significant difference between the sensitivities of
the MCF-7-mut-EGFR and MCF-7-NC cells. The results
indicate that the antitumor effect of EE02 is mediated by
targeting the EGFR JXM domain (Fig. 4d).

EE02 blocks the EGFR/EPS8 interaction and suppresses
EPS8 downstream signaling in cancer cells
Previous results have shown that EE02 inhibits the pro-
liferation of tumor cells by targeting the JXM domain of
EGFR. EGFR is a transmembrane protein, and EPS8 is
an intracellular protein. We assume that Eps8 interacts
with the JXM domain of EGFR, which is intracellular
and close to the membrane. The coimmunoprecipitation
results showed that in A549, H460 and MDA-MB-468
cells, which express both EGFR and EPS8, Eps8 inter-
acted with EGFR to form an EGFR/EPS8 complex (Fig.
4c). Can the inhibitor EE02 disrupt the EGFR/EPS8
interaction by binding to the JXM domain of EGFR? To
test this hypothesis, MDA-MB-468 cells expressing high
levels of endogenous EGFR and EPS8 were treated with
EE02 (10 μM) for 24 h. Coimmunoprecipitation was per-
formed using an anti-EGFR antibody. The results indi-
cated that the treatment with EE02 resulted in EGFR/
EPS8 complex dissociation. As is shown in Fig. 4c, little
EPS8 was detected in the EGFR immunoprecipitants
after the treatment with the inhibitor EE02. Our results
showed that EE02 is a potent inhibitor that was
predicted to bind to the EGFR JXM domain and block
the EGFR/EPS8 complex.
EE02 blocks EGFR/EPS8 complex formation by competi-

tively binding to the JXM domain of EGFR. What effects
does EE02 have on the signaling pathway downstream of
this complex? To further examine the inhibitory effect of
EE02 on EGFR/EPS8 complex downstream signaling, we

detected the expression of EGFR/EPS8 complex target pro-
teins by protein chip assays. MDA-MB-468 is a breast can-
cer cell line that expresses high levels of EGFR and Eps8.
We examined protein levels after these cells were treated
with EE02 (10 μM) for 24 h. We also included a control
group treated with DMSO. The protein chip results showed
that the levels of p-Akt, p-4E-BP-1, p-Erk1/2, p-Gsk3β,
p-mTOR, p-p70S6K, p-PRAS40 and p-RPS6 were appar-
ently decreased after the treatment with EE02 compared
with that after the treatment with DMSO, but there was no
difference between the EE02 group and the DMSO control
group in the expression of other proteins on these protein
chips (Fig. 5a).
To further identify the inhibitory effect of EE02 on down-

stream MAPK/Erk and PI3K/Akt signaling, we measured
EGFR, Eps8, Akt, p-Akt, Erk and p-Erk protein expression
in MDA-MB-468 and H460 (NSCLC cell line) cells after
EE02 treatment for 24 h. The Akt, p-Akt, Erk and p-Erk
protein levels were inhibited in a dose-dependent manner
in these two cell lines, while the total EGFR and Eps8 pro-
tein levels were unaffected (Fig. 5b and c).

Acute intraperitoneal toxicity study
The results of the intraperitoneal single-dose toxicity
study are summarized in Table 1. No mice died after re-
ceiving an intraperitoneal dose of up to 75.00 mg/kg b.w.
EE02. Conversely, both female and male mice died when
given an intraperitoneal dose of 150.85 mg/kg b.w. EE02.
In other groups, different numbers of mice died, and as
the dose increased, the number of mice that died grad-
ually increased (Table 1). According to these results, the
approximate LD50 in the mice was determined to be
101.92 mg/kg b.w. by the Bliss method, and the 95%
confidence interval was 93.67 mg/kg b.w. to 110.49 mg/
kg b.w.. No adverse effects or clinical signs of toxicity
were observed in the surviving mice during the study
except for slight weight loss during the first week after
the EE02 treatment. However, in the second week, the
mice gradually gained weight and approached their
pretreatment weights (Fig. 6a, b and c).
In addition to lethality, other parameters should be

considered and investigated in acute toxicity studies to
identify signs of toxicity or toxic potential in specific or-
gans. Therefore, macroscopic and histological analyses
were performed in the liver, spleen and kidneys. In
addition, the testes of the male mice were also examined.
Macroscopic analysis showed no changes in the color or
morphology of the liver, spleen, kidneys or testes when
the mice were treated intraperitoneally with the different
doses of the inhibitor EE02 or DMSO. Further histo-
logical analysis showed no gross pathological findings
and no significant differences in the liver, spleen, kidneys
or testes between the EE02- and DMSO-treated mice
(Fig. 6d and e).
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Fig. 5 The inhibitory effects of EE02 on EGFR/Eps8 complex-associated signaling. a The results of protein chip assays are shown. MDA-MB-468
cells were incubated with DMSO or EE02 (10 μM) for 24 h, and then total protein was extracted for protein chip assays. b Western blot assays for
the expression of EGFR, EPS8, Akt, p-Akt, Erk and p-Erk were performed with MDA-MB-468 cells treated with increasing concentrations of EE02 for
24 h. c Western blot assays for the expression of EGFR, EPS8, Akt, p-Akt, Erk and p-Erk were performed with H460 cells treated with increasing
concentrations of EE02 for 24 h

Table 1 Intraperitoneal inject single-dose toxicity of EE02 in mice

Group n Dose (mg/kg b.w.) Logarithmic Dose Mortality Mortality Rate (%)

Vehicle control group 10 5 (mL/kg b.w.) 0 0/10 0

1 10 75.00 1.875 0/10 0

2 10 86.25 1.936 3/10 30

3 10 99.19 1.996 4/10 40

4 10 114.07 2.057 7/10 70

5 10 131.18 2.118 9/10 90

6 10 150.85 2.179 10/10 100
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The acute toxicity study for EE02 was conducted in
mice to establish the potential for acute toxicity and to
provide information pertaining to the upper dose limit
for longer-term feeding studies. On the basis of the tox-
icity study results, the estimated LD50 of EE02 in mice is
101.92 mg/kg b.w. Under the conditions of this study, a
unique composition of EE02 and DMSO did not pro-
duce any acute intraperitoneal toxicological effects. This
indicates that EE02 has relatively low toxicity and high
potential for development as a new drug.

Efficacy of EE02 in an animal model
We next sought to explore whether EE02 exhibited anti-
cancer activity in an orthotopic H460 xenograft mouse
model. Compared to the DMSO treatments, the low-dose
EE02 (5mg/kg b.w., P = 0.003, t-test), high-dose EE02 (10
mg/kg b.w., P < 0.001, t-test) and erlotinib (10mg/kg b.w.,
P < 0.001, t-test) treatments significantly suppressed tumor

growth, as is shown by the photos of the tumors excised at
the end of the experiment (Fig. 7e). Compared with
low-dose EE02 (5mg/kg b.w.), both high-dose EE02 (10
mg/kg b.w., P = 0.001, t-test) and erlotinib (10mg/kg b.w.,
P < 0.001, t-test) significantly inhibited tumor growth in the
H460 xenograft model (Fig. 7b and d). There was no differ-
ence between the high-dose EE02 (10mg/kg b.w.) and erlo-
tinib (10mg/kg b.w.) treatments (P = 0.236, t-test) (Fig. 7b
and d). We monitored mouse body weights over a 20-day
period to assess toxicity and found no statistically signifi-
cant differences in mouse body weight among the four ex-
perimental groups, indicating that these inhibitors have
very low or no toxicity in vivo (Fig. 7c). As is shown in Fig.
7f, compared to those from the DMSO control mice, the
tumors from the EE02-treated mice showed decreased pro-
liferation, as assessed by Akt, Erk, p-Akt, p-Erk and ki-67
staining. These data demonstrated that EE02 is a potential
inhibitor that is able to reduce the growth of tumors.

Fig. 6 Acute intraperitoneal injection toxicity test in mice. SPF BALB/c mice were randomly assigned to 7 groups (n = 10, half male and half
female mice). The mice were intraperitoneally injected with EE02 once at the indicated concentration (75.00, 86.25, 99.19, 114.19, 131.75 or 151.51
mg/kg b.w.) or injected with DMSO as a control, and the body weight of the mice was assessed every day for two weeks. a The body weights of
the female and male mice are shown together. b The body weights of the female mice are shown. c The body weights of the male mice are
shown. d Representative photomicrographs show the hematoxylin and eosin (HE)-stained liver, spleen and kidneys of the female mice
intraperitoneally injected with EE02 (H&E 200×). e Representative photomicrographs show the HE-stained liver, spleen, kidneys and testes of the
male mice intraperitoneally injected with EE02 (H&E 200×)

Li et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:211 Page 11 of 15



Discussion
The JXM domain of EGFR is a critical region for EGFR ac-
tivation and the binding site Eps8 uses to form the EGFR/
Eps8 complex [13–17, 27, 43]. According to XiaolingXie et
al., peptide 327 derived from the Eps8 can bind to the
EGFR JXM domain and effectively reduce EGFR/Eps8
complex, which thereby affects EGFR signaling and re-
duces cell viability [2]. Effective though, peptide inhibitors
have the disadvantages of being difficulty in penetrating
the membrane and the usage of high drug dosage [2, 44–
46]. Quite on the contrary, using drug-like, nonpeptide

small molecules to disrupt the EGFR/Eps8 complex
conformation may have several advantages, including im-
proved cell permeability, small dosage, better in vivo stabil-
ity and bioavailability [30], which are more in line with
clinical application requirements. In this study, we used a
computational screening approach to identify potential
small-molecule inhibitors of the EGFR/Eps8 complex from
a database of 390,000 small molecules. Of the 29 candidate
compounds tested, EE02 showed remarkable inhibition of
the growth of tumor cells with high expression of EGFR
and Eps8 and promoted apoptosis, while did not

Fig. 7 Antitumor activity of EE02 in an H460 xenograft model. a H460 cells (5 × 106 per flank) were injected into the right flank of mice. When
the volume of the tumors reached 50mm3, the mice were randomly divided into four groups (6 mice in each group). Then, DMSO (negative
control), low-dose EE02 (5 mg/kg b.w.), high-dose EE02 (10 mg/kg b.w.) or erlotinib (positive control, 10 mg/kg b.w.) was intraperitoneally injected
into the mice every other day. b The volume of each tumor was measured every other day for 20 days. c The body weights of the mice are
shown. d The volume of each tumor was measured after tumor extraction at the experimental endpoint. e The tumors excised from the mice
after 20 days of treatment are shown. f The expression of Akt, p-Akt, Erk, p-Erk and ki67 in the tumor tissue at the end of the experiments were
assessed using IHC staining
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significantly inhibit and promote apoptosis in normal cell
lines (Fig. 1, Fig. 2 and Fig. 3).
Next, we proposed that the observed antitumor effects of

the inhibitor EE02 could be explained by competitive pro-
tein binding between EE02 and Eps8 towards EGFR. The
JXM domain of EGFR is critical for receptor activation
[13–17], and targeting this region could be a promising
strategy. To further confirm whether the inhibitor EE02
directly binds to the JXM domain of EGFR and disrupts
the EGFR/Eps8 complex conformation, we designed a mut-
EGFR in which the JXM domain of EGFR was replaced by
a 30 amino acid (GGS)10 linker. Such mut-EGFR is very
similar to and of the same length as wt-EGFR (Fig. 4a). This
substitution did not affect the structure or function of the
transmembrane and kinase domains. Results showed that
the inhibitory effect of EE02 on the proliferation of the
MCF-7 cells overexpressing wt-EGFR was significant, but
there was no significant change in the proliferation of the
MCF-7 cells overexpressing mut-EGFR compared with that
of the MCF-7-NC cells (Fig. 4d). Such results indicate that
the inhibitor EE02 directly binds to the JXM domain of
EGFR and competitively blocks the formation of the EGFR/
Eps8 complex.
We further hypothesized that the EGFR/Eps8 complex

inhibitor could negatively affect the survival of cancer cells
by suppressing the downstream signaling of EGFR/Eps8.
Inhibitors that can block downstream or upstream
elements in the EGFR signaling pathway have been exten-
sively studied in cancer research over the past two decades
with the reasons that EGFR downstream signaling regu-
lates tumor progression via proliferation, angiogenesis,
metastasis and drug resistance mechanisms [2, 8, 47–50].
In our study, western blotting and protein chip assays
both showed that the inhibitor EE02 could downregulate
the expression of Akt, p-Akt, Erk and p-Erk (Fig. 5), which
firmly support our hypothesis. Our results were compat-
ible with those of a previous study, which demonstrated
that the activation of the PI3K/Akt/mTOR and MAPK/
Erk pathways could promote cancer cell proliferation.
Small-molecule EGFR inhibitors, such as erlotinib and

gefitinib, compete reversibly with ATP to bind to the kin-
ase domain of EGFR and, thus, inhibit EGFR autophos-
phorylation and downstream signaling [48, 51, 52].
However, the structure of the kinase domain of EGFR is
very unstable and can be easily mutated, which may cause
problems such as drug resistance of small molecule inhibi-
tors targeting this region [8, 53–59], thereby limiting their
clinical application. Compared with the kinase domain,
the JXM domain of EGFR is relatively conserved with
more stable structure and is not easy to mutate [14]. This
may mean that small molecule inhibitors targeting this re-
gion are not prone to drug resistance and have a better ap-
plication prospect. The vivo studies provided primary
evidence that the inhibitor EE02 could selectively inhibit

H460 cancer cell growth in the xenograft nude mouse
model. What’s more, there showed no significant differ-
ence in the antitumor effects between erlotinib and EE02
at the same dose (Fig. 7), implying that EE02 may be a
novel antitumor drug.

Conclusions
In summary, using a combination of virtual screening and
biochemical assays, we have screened small molecules and
demonstrated that the inhibitor EE02, a specific EGFR/
Eps8 inhibitor, can bind to the JXM domain of EGFR and
directly inhibit the EGFR interaction with Esp8. The
present study is the first successful attempt to identify dir-
ect disruptors of the EGFR/Eps8 complex using an in silico
virtual screening approach, and this approach resulted in
the identification of the inhibitor EE02. On the basis of
these results, more potent EGFR/Eps8 complex inhibitors
should be investigated, with the goal of developing novel
therapeutic strategies that can act as complementary
approaches to treat EGFR-positive and Eps8-positive
malignancies.

Abbreviations
aa: Amino acids; CoIP: Coimmunoprecipitation; EGFR: Epidermal growth
factor receptor; Eps8: Epidermalgrowth factor receptor pathway substrate 8;
ICD: Intracellular domain; IHC: Immunohistochemical; JXM: Juxtamembrane;
NSCLC: Non-small cell lung cancers; PBS: Phosphate-buffered saline;
PDB: Protein data bank; PI: Propidium iodide; PTB: Phosphotyrosine binding
protein; RNAi: RNA interference; RTK: Receptor tyrosine kinase; SAM-
PNT: Sterile alpha-pointed; SPF: Specific pathogen-free

Acknowledgements
The authors are grateful to Jingwen Du (Department of hematology,
Zhujiang Hospital, Guangzhou, China) for providing flow cytometry
assistance.

Funding
This work was supported by the National Natural Science Foundation of
China [grant number 81372249]; the Science and Technology Planning
Project of Guangdong Province, China [grant number 2016A020213005 and
2017A020215043]; the Science and Technology Planning Project of
Guangzhou [grant number 201704020216]; the Clinical Research Project of
Southern Medical University [grant number LC2016ZD027]; the Frontier
Research Program of Guangzhou Regenerative Medicine and Health
Guangdong Laboratory [2018GZR110105014].

Availability of data and materials
Materials is available upon request.

Authors’ contributions
YHL and MFL participated in the design of the study. MFL, JLY and LHZ
performed the experiments and wrote the paper. SFT and XZ collected and
analyzed the data. YJH, ZT and WJZ provide assistance with revising the
manuscript. All authors read and approved the manuscript.

Ethics approval and consent to participate
The study was approved by the ethical review board of Zhujiang Hospital
(Guangzhou, China).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Li et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:211 Page 13 of 15



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Hematology, Zhujiang Hospital, Southern Medical University,
No. 253 GongyeDadaoZhong, Guangzhou, Guangdong 510282, People’s
Republic of China. 2State Key Laboratory of Chemo/Biosensing and
Chemometrics, College of Chemistry and Chemical Engineering, Hunan
University, Changsha 410082, People’s Republic of China.

Received: 2 December 2018 Accepted: 2 May 2019

References
1. Peela N, Truong D, Saini H, Chu H, Mashaghi S, Ham SL, et al. Advanced

biomaterials and microengineering technologies to recapitulate the
stepwise process of cancer metastasis. BIOMATERIALS. 2017;133:176–207.

2. Xie X, Zhou W, Hu Y, Chen Y, Zhang H, Li Y. A dual-function epidermal
growth factor receptor pathway substrate 8 (Eps8)-derived peptide exhibits
a potent cytotoxic T lymphocyte-activating effect and a specific inhibitory
activity. CELL DEATH DIS. 2018;9(3).

3. Schiller JH, Harrington D, Belani CP, Langer C, Sandler A, Krook J, et al.
Comparison of four chemotherapy regimens for advanced non-small-cell
lung cancer. N Engl J Med. 2002 2002-01-10;346(2):92–8.

4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2016. CA Cancer J Clin. 2016
2016-01-01;66(1):7–30.

5. McCracken M, Olsen M, Chen MJ, Jemal A, Thun M, Cokkinides V, et al.
Cancer incidence, mortality, and associated risk factors among Asian
Americans of Chinese, Filipino, Vietnamese, Korean, and Japanese
ethnicities. CA. Cancer J Clin. 2007;57(4):190–205.

6. Jemal A, Siegel R, Ward E, Murray T, Xu J, Smigal C, et al. Cancer statistics,
2006. CA. Cancer J Clin. 2006;56(2):106–30.

7. Tian T, Olson S, Whitacre JM, Harding A. The origins of cancer robustness
and evolvability. Integr Biol (Camb). 2011;3(1):17–30.

8. Roskoski R. ErbB/HER protein-tyrosine kinases: structures and small molecule
inhibitors. Pharmacol Res. 2014;87:42–59.

9. Hubbard SR. The Juxtamembrane Region of EGFR Takes Center Stage. CELL.
2009;137(7):1181–3.

10. Ciardiello F, Tortora G. EGFR antagonists in cancer treatment. N Engl J Med.
2008;358(11):1160–74.

11. Schlessinger J. Ligand-induced, receptor-mediated dimerization and
activation of EGF receptor. CELL. 2002;110(6):669–72.

12. Sergina NV, Moasser MM. The HER family and cancer: emerging molecular
mechanisms and therapeutic targets. TRENDS MOL MED. 2007;13(12):527–
34.

13. Red Brewer M, Choi SH, Alvarado D, Moravcevic K, Pozzi A, Lemmon MA, et
al. The Juxtamembrane Region of the EGF Receptor Functions as an
Activation Domain. MOL CELL. 2009;34(6):641–51.

14. Boran ADW. The regulatory role of the juxtamembrane region in the activity
of the epidermal growth factor receptor. BIOCHEM SOC T. 2012;40(1):195–9.

15. Thiel KW, Carpenter G. Epidermal growth factor receptor juxtamembrane
region regulates allosteric tyrosine kinase activation. Proceedings of the
National Academy of Sciences, 2007. 104(49):19238.

16. Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers MH, et al. Mechanism
for activation of the EGF receptor catalytic domain by the juxtamembrane
segment. CELL. 2009;137(7):1293–307.

17. Choowongkomon K, Carlin CR, Sonnichsen FD. A structural model for the
membrane-bound form of the juxtamembrane domain of the epidermal
growth factor receptor. J BIOL CHEM. 2005;280(25):24043–52.

18. Aifa S, Aydin J, Nordvall G, Lundstrom I, Svensson SP, Hermanson O. A basic
peptide within the juxtamembrane region is required for EGF receptor
dimerization. EXP CELL RES. 2005;302(1):108–14.

19. Sinclair JKL, Schepartz A. Influence of Macrocyclization on Allosteric,
Juxtamembrane-Derived, Stapled Peptide Inhibitors of the Epidermal
Growth Factor Receptor (EGFR). ORG LETT. 2014;16(18):4916–9.

20. Fazioli F, Minichiello L, Matoska V, Castagnino P, Miki T, Wong WT, et al.
Eps8, a substrate for the epidermal growth factor receptor kinase, enhances
EGF-dependent mitogenic signals. The EMBO Journal. 1993;12(10):3799–808.

21. Di Fiore PP, Scita G. Eps8 in the midst of GTPases. Int J Biochem Cell Biol.
2002;34(10):1178–83.

22. Chen Y, Xie X, Wu A, Wang L, Hu Y, Zhang H, et al. A synthetic cell-penetrating
peptide derived from nuclear localization signal of EPS8 exerts anticancer
activity against acute myeloid leukemia. J EXP CLIN CANC RES. 2018;37(1).

23. Cattaneo MG, Cappellini E, Vicentini LM. Silencing of Eps8 blocks migration and
invasion in human glioblastoma cell lines. EXP CELL RES. 2012;318(15):1901–12.

24. Ding X, Zhou F, Wang F, Yang Z, Zhou C, Zhou J, et al. Eps8 promotes cellular
growth of human malignant gliomas. ONCOL REP. 2013;29(2):697–703.

25. Welsch T, Endlich K, Giese T, Buchler MW, Schmidt J. Eps8 is increased in
pancreatic cancer and required for dynamic actin-based cell protrusions
and intercellular cytoskeletal organization. CANCER LETT. 2007;255(2):205–18.

26. Cappellini E, Vanetti C, Vicentini LM, Cattaneo MG. Silencing of Eps8 inhibits
in vitro angiogenesis. LIFE SCI. 2015;131:30–6.

27. Castagnino P, Biesova Z, Wong WT, Fazioli F, Gill GN, Di Fiore PP. Direct
binding of eps8 to the juxtamembrane domain of EGFR is phosphotyrosine-
and SH2-independent. ONCOGENE. 1995;10(4):723.

28. Chen C, Liang Z, Huang W, Li X, Zhou F, Hu X, et al. Eps8 regulates cellular
proliferation and migration of breast cancer. INT J ONCOL. 2015;46(1):205–14.

29. Choi, S.H., Alvarado, D., Moravcevic, K., Lemmon, M.A. Crystal Crystal
structure of the EGF receptor juxtamembrane and kinase domains. 2009.
DOI:https://doi.org/10.2210/pdb3GOP/pdb. https://www.rcsb.org/structure/
3GOP. Accessed 21 Sept 2014.

30. Song H, Wang R, Wang S, Lin J. A low-molecular-weight compound
discovered through virtual database screening inhibits Stat3 function in
breast cancer cells. Proc Natl Acad Sci U S A. 2005;102(13):4700–5.

31. Schrodinger. The PyMOL Molecular Graphics System. 2003–2018. https://
pymol.org. Accessed 10 Nov 2014.

32. He L, Hristova K. SCI REP-UK. 2012;2(1):Consequences of replacing EGFR
juxtamembrane domain with an unstructured sequence.

33. Park D, Magis AT, Li R, Owonikoko TK, Sica GL, Sun SY, et al. Novel small-
molecule inhibitors of Bcl-XL to treat lung cancer. CANCER RES. 2013;73(17):
5485–96.

34. Matsumoto M, Seike M, Noro R, Soeno C, Sugano T, Takeuchi S, et al.
Control of the MYC-eIF4E axis plus mTOR inhibitor treatment in small cell
lung cancer. BMC CANCER. 2015;15:241.

35. Cui Y, Xie S, Luan J, Zhou X, Han J. Identification of the receptor
tyrosinekinases (RTKs)-oriented functional targets of miR-206 by an
antibody-basedprotein array. FEBS Lett. 2015;589(16):2131–5.

36. Donati G, Peddigari S, Mercer CA, Thomas G. 5S ribosomal RNA is an
essential component of a nascent ribosomal precursor complex that
regulates the Hdm2-p53 checkpoint. CELL REP. 2013;4(1):87–98.

37. Song J, Ma Z, Hua Y, Xu J, Li N, Ju C, et al. Functional role of RRS1 in breast
cancer cell proliferation. J CELL MOL MED. 2018.

38. Mello-Andrade F, Cardoso CG, Silva CRE, Chen-Chen L, Melo-Reis PRD, Lima
APD, et al. Acute toxic effects of ruthenium (II)/amino acid/diphosphine
complexes on Swiss mice and zebrafish embryos. Biomed Pharmacother.
2018;107:1082–92.

39. Zhang C, Yi Y, Chen J, Xin R, Yang Z, Guo Z, et al. In Vivo Efficacy and
Toxicity Studies of a Novel Antibacterial Agent: 14-O-[(2-Amino-1,3,4-
thiadiazol-5-yl)Thioacetyl] Mutilin. MOLECULES. 2015;20(4):5299–312.

40. Gao C, Dimitrov T, Yong KJ, Tatetsu H, Jeong HW, Luo HR, et al. Targeting
transcription factor SALL4 in acute myeloid leukemia by interrupting its
interaction with an epigenetic complex. BLOOD. 2013;121(8):1413–21.

41. Jang S, Kim YT, Chung HW, Lee KR, Lim JB, Lee K. Identification of novel
immunogenic human leukocyte antigen-A 2402-binding epitopes of human
papillomavirus type 16 E7 for immunotherapy against human cervical
cancer. CANCER-AM CANCER SOC. 2012;118(8):2173–83.

42. Sher YP, Lin SI, Chen IH, Liu HY, Lin CY, Chiang IP, et al. A HLA-A2-restricted
CTL epitope induces anti-tumor effects against human lung cancer in
mouse xenograft model. ONCOTARGET. 2016;7(1):671–83.

43. Xu M, Shorts-Cary L, Knox AJ, Kleinsmidt-DeMasters B, Lillehei K, Wierman
ME. Epidermal growth factor receptor pathway substrate 8 is overexpressed
in human pituitary tumors: role in proliferation and survival.
ENDOCRINOLOGY. 2009;150(5):2064–71.

44. Console S, Marty C, García-Echeverría C, Schwendener R, Ballmer-Hofer K.
Antennapedia and HIV transactivator of transcription (TAT) "protein
transduction domains" promote endocytosis of high molecular weight
cargo upon binding to cell surface glycosaminoglycans. J Biol Chem. 2003
Sep 12;278(37):35109–14.

45. Boran AD, Seco J, Jayaraman V, Jayaraman G, Zhao S, Reddy S, et al. A
potential peptide therapeutic derived from the juxtamembrane domain of
the epidermal growth factor receptor. PLoS One. 2012;7(11):e49702.

Li et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:211 Page 14 of 15

https://doi.org/10.2210/pdb3GOP/pdb
https://www.rcsb.org/structure/3GOP
https://www.rcsb.org/structure/3GOP
https://pymol.org
https://pymol.org


46. Rizzuti M, Nizzardo M, Zanetta C, Ramirez A, Corti S. Therapeutic
applications of the cell-penetrating HIV-1 tat peptide. Drug Discov Today.
2015 Jan;20(1):76–85.

47. Wu YL, Zhou C, Hu CP, Feng J, Lu S, Huang Y, et al. Afatinib versus cisplatin
plus gemcitabine for first-line treatment of Asian patients with advanced
non-small-cell lung cancer harbouring EGFR mutations (LUX-lung 6): an
open-label, randomised phase 3 trial. Lancet Oncol. 2014 Feb;15(2):213–22.

48. Lurje G, Lenz H. EGFR signaling and drug discovery. Oncology. 2009;77(6):
400–10.

49. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al.
Gefitinib or Chemotherapy for Non–Small-Cell Lung Cancer with Mutated
EGFR. The New England Journal of Medicine. 2010;362(25):2380–8.

50. Sequist LV, Yang JC, Yamamoto N, O'Byrne K, Hirsh V, Mok T, et al. Phase III
Study of Afatinib or Cisplatin Plus Pemetrexed in Patients With Metastatic Lung
Adenocarcinoma With EGFR Mutations. J CLIN ONCOL. 2013;31(27):3327–34.

51. Press MF, Lenz HJ. EGFR, HER2 and VEGF pathways: validated targets for
cancer treatment. Drugs. 2007;67(14):2045–75.

52. Baselga J. Why the epidermal growth factor receptor? The rationale for
cancer therapy. Oncologist. 2002;7(Suppl 4):2–8.

53. Song H, Jung KS, Yoo KH, Cho J, Lee JY, Lim SH, et al. Acquired C797S mutation
upon treatment with a T790M-specific third-generation EGFR inhibitor (HM61713)
in non–small cell lung Cancer. J Thorac Oncol. 2016;11(4):e45–7.

54. Yu HA, Tian SK, Drilon AE, Borsu L, Riely GJ, Arcila ME, et al. Acquired
Resistance of EGFR-Mutant Lung Cancer to a T790M-Specific EGFR Inhibitor:
Emergence of a Third Mutation (C797S) in the EGFR Tyrosine Kinase
Domain. JAMA ONCOL. 2015;1(7):982–4.

55. Kobayashi S, Boggon TJ, Dayaram T, Jänne PA, Kocher O, Meyerson M, et al.
EGFR mutation and resistance of non-small-cell lung cancer to gefitinib. N
Engl J Med. 2005 Feb 24;352(8):786–92.

56. Mok TS, Wu Y, Thongprasert S, Yang J, Yang C, Chu D, et al. Gefitinib or
Carboplatin–Paclitaxel in Pulmonary Adenocarcinoma. The New England
Journal of Medicine. 2009;361(10):947–57.

57. Kwak EL, Sordella R, Bell DW, Godin-Heymann N, Okimoto RA, Brannigan BW,
et al. Irreversible Inhibitors of the EGF Receptor May Circumvent Acquired
Resistance to Gefitinib. P NATL ACAD SCI USA. 2005;102(21):7665–70.

58. Wu S, Shih J. Management of acquired resistance to EGFR TKI–targeted
therapy in advanced non-small cell lung cancer. MOL CANCER. 2018;17(1).

59. Niederst MJ, Hu H, Mulvey HE, Lockerman EL, Garcia AR, Piotrowska Z, et al.
The Allelic Context of the C797S Mutation Acquired upon Treatment with
Third-Generation EGFR Inhibitors Impacts Sensitivity to Subsequent
Treatment Strategies. CLIN CANCER RES. 2015;21(17):3924–33.

Li et al. Journal of Experimental & Clinical Cancer Research          (2019) 38:211 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Structure-based virtual screening
	Cell lines and culture conditions
	Compounds and growth-inhibiton assay
	Plasmid constructs and the creation of stable EGFR-overexpressing cell lines
	Creation and characterization of stable EGFR knockdown cell lines
	Cell proliferation/survival assays and apoptosis measurements
	Western blot analysis
	AKT-1 phosphorylation antibody array and CoIP
	Chemicals
	Acute intraperitoneal toxicity
	Xenograft tumor model
	Statistical analysis

	Results
	Discovery of EE02 through structure-based virtual database screening
	EE02 significantly inhibited the viability and proliferation of EGFR-positive and Eps8-positive breast cancer and NSCLC cells
	EE02 promotes apoptotic cell death
	EGFR knockdown reduces the sensitivity of cancer cells to EE02
	EGFR overexpression increases the sensitivity of cancer cells to EE02
	EE02 blocks the EGFR/EPS8 interaction and suppresses EPS8 downstream signaling in cancer cells
	Acute intraperitoneal toxicity study
	Efficacy of EE02 in an animal model

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

