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Abstract As a member of the epidermal growth factor
receptor family (EGFR) of receptor tyrosine kinases,
ERBB3 plays an important role in mediating cellular
growth and differentiation. Recent research works iden-
tified that CD74-NRG1 fusions lead to overexpression
of the EGF-like domain of NRG1, and thus activate
ERBB3 and PI3K-AKT signaling pathways. The fusion
was detected in lung adenocarcinomas, and served as an
important oncogenic factor for ERBB3 driven cancers.
A sequential virtual screening strategy has been applied
to ERBB3 crystal structure using databases of natural
products and Chinese traditional medicine compounds,
and led to identification of a group of small molecular
compounds potentially capable of blocking ERBB3. Six
small molecular compounds were selected for in vitro
analysis. Five of these molecules significantly inhibited
the growth of A549 cells. Among them, compound VS1
is the most promising one with IC50 values of 269.75 μM,
comparing to the positive control of nimustine hydrochlo-
ride with IC50 values of 264.14 μM. With good specificity
and predicted ADMET results, our results support the fea-
sibility by using a pharmacophore of the compound VS1 for
designing and optimization of ERBB3 inhibitors.
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Introduction

As one of the most common malignant tumors around the
world, lung cancer accounts for 1.8 million new cancer cases
each year and claims 27 % of total cancer related death. Lung
cancer is classified as non-small cell lung cancer (NSCLC)
and small cell lung cancer (SCLC) according to the histolog-
ical type. NSCLC makes up 80 % of all lung cancer cases and
most of the patients are the elderly [1]. There are three sub-
types of NSCLC, including adenocarcinoma (LUAD),
squamous-cell carcinoma (LUSC), and large-cell carcinoma
(LACC). Because of difficulties in early detection and diag-
nosis and tendency to metastasize, LUAD’s 5-year survival
rate is only about 15 % [2].

Significant advances in treatment of lung cancers have
been achieved by targeting critical growth and survival path-
ways of cancer cells. Epidermal growth factor receptor
(EGFR) is a transmembrane protein receptor with cytoplasmic
kinase activity, responsible for transduction of extracellular
growth and survival signals. More than 60 % of NSCLCs
express EGFR and many of them contain somatic mutations
leading to constitutive activation of EGFR signaling [3].
Recent clinical data showed that EGFR inhibitors were effec-
tive in treating the lung cancers with EGFR mutations [4].
EGFR is the prototypical member of the ERBB family of
transmembrane receptor tyrosine kinases (RTK), which in-
clude ERBB1 (EGFR, HER1) [5], ERBB2 (HER2) [6],
ERBB3 (HER3) [7], and ERBB4 (HER4) [8]. Deregulation
of other members of ERBB receptors was also observed in
human cancers, exemplified by overexpression of ERBB2 in
many breast cancers. Inhibitors targeting EGFR and ERBB2
signaling have been developed successfully and used to treat
lung and breast cancers.

ERBB family proteins exist in monomer in the absence of
ligand binding, containing three regions: extracellular region,
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transmembrane region, and intracellular region. The extracel-
lular region is responsible for ligand binding, and the intracel-
lular region comprised of a typical ATP binding site, as well as
the tyrosine kinase domain. Structural studies show that bind-
ing ligands of ERBBs promote the rearrangement of the ex-
tracellular region from a tethered to an extended conformation
[9]. Through binding to the ligands, ERBBs form heterodi-
mers or homodimers and induce the phosphorylation of the
kinase domain, leading to the activation of the following
PI3K-AKT and MAPK signaling pathways [10]. Among
them, ERBB2 does not bind any known ERBB ligands and
is activated via heterodimerization with other ligand bound
ERBB proteins. ERBB3 has impaired kinase activity, only
signaling through dimerization with ERBB proteins with ac-
tive kinase activity, such as ERBB2.

The primary ligand for ERBB3 is neuregulin 1 (NRG1), a
member of neuregulin family. NRG1 isoforms are mainly
expressed in the nervous system, heart and breast, and all of
them have an extracellular EGF-like domain, which can acti-
vate the heterodimerization of ERBB2-ERBB3 [11]. Recent
genomic analysis identified some oncogene fusions as driver
mutations in LUAD, including CD74-NRG1, SLC3A2-
NRG1, EZR-ERBB4, TRIM24-BRAF, and KIAA-RET.
[12] Among them, CD74-NRG1 fusion results in the overex-
pression of NRG1’s extracellular EGF-like domain, which
provides ligands for ERBB3 receptors, induces ERBB2-
ERBB3 hetero-dimerization, and the subsequent activation
of the PI3K-AKT and MAPK signaling pathways [13].
Therefore, inhibition of the activity of ERBB3 presents a de-
sired strategy to treat LUAD caused by NRG1 fusions. Recent
findings suggested ERBB3 is a promising drug target [14, 15],
and its activation can be inhibited by directly blocking ligand-
receptor interactions. Several ERBB3 inhibitors showing
good pre-clinical results have been currently in different clin-
ical phases, and are expected to be approved as potential in-
novative drugs. However, most of them are monoclonal anti-
bodies [16–20], and the small molecular drugs are still under
development.

Natural products contributed greatly to the new molec-
ular entities (NMEs) in the history. Of all the FDA-
approved NMEs introduced until now, roughly over one-
third are natural products and their derivatives [21]. China
has rich medicinal resources, where the well-known tradi-
tional Chinese medicine (TCM) has been practiced for
more than 2000 years [22]. During the past few years,
over 1000 plants were investigated and showed somewhat
anticancer activities in vivo. Some biologically active nat-
ural products, including traditional Chinese medicine
(TCM), would provide selective ligands for disease-
related targets [23], influence or inhibit the disease-
related pathways, and therefore provide potential lead
compounds for the diseases. In this study, we reported
an integrated computer aided approach searching for good

potential ERBB3 inhibitors among the known natural
products or traditional Chinese medicine compounds.

We developed a computer-aided drug screening platform
(http://www.vslead.com) to provide virtual screening,
molecular dynamics simulation, and bioinformatics online
services. To search for potential ERBB3 inhibitors, we used
the sequential virtual screening workflow followed by cell
based assay testing. Five novel inhibitors were identified as
potential inhibitors of ERBB3 and could be further
optimization as specific ERBB3 inhibitors.

Experimental methods

Databases construction

The structural information of natural products and traditional
Chinese medicines was collected from both domestic and in-
ternational mainstream databases, such as ZINC database. The
format of compounds structures is converted to pdbqt format
through Applied Chemistry Software openbabel [24]. To pro-
vide potential active compounds for the following structure-
based virtual screening, we have successfully constructed a
traditional Chinese medicines compounds database
(TCMCD) containing 8445 kinds of active ingredients in tra-
ditional Chinesemedicines and 33,765molecular compounds,
and a natural products database (NPD) containing 149,515
molecular compounds.

Protein preparation and virtual screening

Computer-aided drug screening platform [25] is a platform for
drug discovery, we use virtual screening module (http://www.
vslead.com/index.php?r=vina/index) to carry out the virtual
screening. Three aspects should be confirmed before
submitting virtual screening tasks: compound database,
prepared protein files, and the binding site of the target.

Crystal structure of ERBB3 was obtained from the Protein
Data Bank (PDB code: 1M6B). Firstly, all water and solvent
molecules were removed from the structure, hydrogen atoms
and Gasteiger charges were added using AutoDock Tools
[26], and the prepared protein file in pdbqt format was
uploaded. Secondly, binding site should be identified and the
relevant blanks need to be filled on the platform. Because of
no complex structure of ERBB3, the grid-enclosing box was
set to center on the β-hairpin cavity of domain II, which was
thought to relate to the regulation of ligand binding. Center
coordinate (center_x: −1.51, center_y: 45.26, center_z :
55.24) and box size ( size_x: 20, size_y: 18, size_ z: 20) of
grid was proposed to enclose the whole β-hairpin cavity.
Thirdly, NPD (~150 000 compounds) and TCMCD (~30
000 compounds) were selected and virtual screening task
was submitted. Afterwards, the top 200 ranked compounds
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from each database were selected for further visual inspection.
Finally, binding affinity with the β-hairpin region and
druggability were considered to select candidates.
Compounds shape or molecular electrostatic potential
matching with the active site of target would be selected,
and more hydrogen bond interactions with residues (242–
259) of the β-hairpin region would be added extra points.
On the other hand, trade-off analysis of polar ring and non-
polar groupwas proposed to consider druggability. As a result,
14 candidates from NPD and 13 candidates from TCMCD
were selected.

ADMET prediction

The failure of many drug candidates during clinical trials can
be attributed to poor ADMET (absorption, distribution, me-
tabolism, excretion, and toxicity) properties. However, the
experimental evaluation of pharmacodynamics and toxicity
profiles is costly and the workload is heavy, therefore, com-
putational techniques that can filter/predict pharmacodynam-
ics and toxicity profiles have become an alternative approach.
Nowadays, computational approaches are used to assess the
ADMET properties of compounds at the early stages of drug
discovery and development. Here, we evaluated the ADMET
properties of compounds using admetSAR [27] and pkCSM
tools [28]. AdmetSAR and pkCSM are advanced computer
programs that enable researchers to rapidly predict a large
number of ADMET properties from a molecular structure.
They have been considered widely as useful tools to predict
physico-chemical and biological properties of drug-like
chemicals [29–31].

Chemistry

All compounds were purchased from two commercial sup-
pliers, Yuanye (www.shyuanye.com) and Topscience (www.
tsbiochem.com), without further purification. HPLC analysis
of these compounds confirmed that the purity was≥98 %.

In vitro antiproliferation assay on A549 and MRC-5 cell
lines

Cell viability was measured by the CCK-8 assay as previously
described [32, 33]. Briefly, A549 cells and MRC-5 cells were
plated into 96-well plates with 200 μl of DMEM medium
containing 10 % fetal bovine serum (FBS) and 1 %
Penicillin-Streptomycin solution (PS) at a density of 5×10
[4] cells/well. We got six compounds solution at the concen-
tration of 1 mg/ml by dissolving with 50 % DMSO. The cells
were incubated with these six compounds, as well as the pos-
itive control nimustine hydrochloride, at different concentra-
tions (1 mg/ml, 200 μg/ml, 40μg/ml, 8 μg/ml, 160 ng/ml, and
32 ng/ml) in a humidified incubator with 5 % CO2, 37 °C for

48 h. The cells were only incubated with DMSO at different
concentrations (40 %, 8 %, 1.6 %, 0.32 %, 0.064 %, and
0.0128 %) in the negative control. At the end of each treat-
ment, we discarded the supernatant and re-added 200 μl of
DMEM medium with 10 % FBS and 1 % PS; 20 μl Cell
Counting Kit-8 (CCK-8) was added to each well and cells
were further cultured for 4 h. The absorbance was measured
at a wavelength of 450 nm with a Synergy 2 multimode mi-
croplate reader (BioTek). The inhibition rate (%) was calcu-
lated by the formula:

Inhibition% ¼ 1‐F450;compound

.
F450;control

� �
� 100%

.
IC50 values were calculated from the inhibition curves.

Results and discussion

The structure of ERBB3 extracellular region is shown as
Fig. 1. Domains I and III exhibit β-helical structure, and do-
mains II and IV show extend rod-like structures with repeats
of small disulfide-bonded modules [10]. As reported, the re-
gion between domain I and III is the ligand binding site.
Residues Tyr246, Phe251, and Gln252 of β-hairpin loop (do-
main II, residues 242 to 259) contact the COOH-terminal of
domain IV to create intramolecular interaction, which is im-
portant to keep ERBB3 in the ligand-free inactive conforma-
tion and sets a barrier to conformation rearrangement of ligand
binding. The structural information of ERBB3 with ligands
demonstrates a large conformation change and domain rear-
rangement occurring upon ligand binding, which breaks up
domain II/IV intramolecular interaction and exposes the di-
merization site in domain II for subsequence receptor dimer-
ization and activation.

Actually, domain II/IV contact region is predicted as a po-
tential pocket by PocketPicker23 [34] and antibody binding
on it to trap ERBB3 in the tethered conformation has been
proved feasible [35]. LJM716, a human monoclonal antibody
currently in phase 1 clinical development, can inhibit ERBB3
in the tethered conformation through binding to an epitope
within domain II and IV [35]. This provides us a rational
approach to modulate the activation of ERBB3 by designing
compounds binding to domain II/IV tethered region (the β-
hairpin loop of domain II, domain II/IV contact region or the
pocket of domain IV).

We select the cavity above the β-hairpin loop (Fig. 1c) for
virtual screening, to search for small molecular inhibitors of
the ERBB3 receptor. The inhibitors can suppress the NRGs-
ERBB3 signal conduction process by blocking conformation
rearrangement and keeping ERBB3 in an inactive state.

Virtual screening of natural products database (NPD) and
traditional Chinese medicines compounds database
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(TCMCD) were performed on our computer-aided drug
screening platform [36] (Fig. 2). First of all, the top 200 com-
pounds ranked by binding free energy were selected for fur-
ther structural analysis. Next, we manually checked the inter-
action models of these compounds with the β-hairpin region
to remove the false positive results. Compounds that shape or
molecular electrostatic potential matching with the β-hairpin
region were selected. In addition, several in silico properties
(AlogP, rotatable bond) were also considered in the screening
process. Then, 14 candidates from NPD and 13 candidates
from TCMCD were selected to consider for assay testing.

After checking the availability and prices provided by differ-
ent suppliers, finally, six compounds (compounds VS1, VS2,
VS3, VS4, VS5, and VS6) were purchased for further bioas-
say experiments.

To investigate whether the compounds actively inhibit
NSCLC cell proliferation, six compounds (VS1, VS2, VS3,
VS4, VS5, and VS6) were chosen for antiproliferation assay
on A549 (human lung adenocarcinoma epithelial cells) and
MRC-5 cell lines (human lung normal cells). Nimustine hy-
drochloride [37], an approved nitrosourea-derived anticancer
agent effective against lung cancer [38], was selected to be the

Fig. 1 The crystal structure of the extracellular region of ERBB3. a)
Ribbon representation of the ERBB3 extracellular region (PDB code:
1M6B). Four domains (I, II, III, and IV) are labeled in green, β-hairpin
loop is colored yellow, while II/IV contact residues (Tyr246, Phe251, and
Gln252) are colored magenta and shown in stick representation; b)

complex of ERBB3 (dark blue) and MOR09825 (purple) (PDB code:
4P59), MOR09825 is the parent Fab molecule of ERBB3 monoclonal
antibody LJM716 [35]; c) Surface representation of ERBB3, active site
used in virtual screening is indicated in black box, binding site predicted
by PocketPicker plugin in Pymol is shown as gray spheres

Fig. 2 Schematic representation
of virtual screening on ERBB3
receptor
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Table 1 Structures and bioassay data of the compounds

Compound Structure A549 Cell line
a

MRC-5 Cell line
b

IC50 ( M) IC50 ( M)

VS1 269.75 305.14

VS2 1162.71 737.52

VS3 150.48 119.66

VS4 612.34 369.37

VS5 540.63 466.30

VS6 541.54 330.92

Nimustine 

Hydrochloride

264.14 436.94

a A549 cells are human lung adenocarcinoma epithelial cells
bMRC-5 cells are human lung normal cells
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positive control. The cells were incubated with various com-
pounds at different concentrations for 48 h, and five of them,
compounds VS1, VS3, VS4, VS5, and VS6, significantly
inhibited the growth of A549 cells with IC50 values ranging
from 150.48 μM to 612.34 μM (Table 1). As shown in
Table 1, compound VS1 expresses good selectivity as its
IC50 value of A549 cell line is much lower than that of

MRC-5 cell line. Thus five hits (compounds VS1, VS3,
VS4, VS5, and VS6) were identified as novel inhibitors for
ERBB3.

The potential binding modes of the five hits revealed by
docking study are shown in Fig. 3. All of the five hits have
aromatic rings to form van der Waals interaction with the β-
hairpin region. In addition, all of them contain groups creating

Fig. 3 Predicted binding modes
of compounds VS3(b), VS1(c),
VS5(d), VS6(e), VS4(f) in the β-
hairpin cavity of ERBB3 (PDB
code: 1M6B). ERBB3 is colored
in green, while β-hairpin loop is
yellow, relevant residues are
shown as sticks and labeled.
Compounds are represented as
cyan sticks. Potential hydrogen
bond interactions are shown in
red. Electrostatic potential dia-
gram of ERBB3 with compound
VS3 (colored in orange) and VS1
(colored in cyan) is shown in
Fig. 3a
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several hydrogen bonds with β-hairpin’s residues. Notably,
they all have hydrogen bond interaction with residue
Asn256, which might be a key residue for small molecular
binding, and pi-pi interaction with residue His258 could be
observed in compounds VS3, VS1, and VS5.

Among them, compounds VS3 and VS1 have the
highest activity. Based on the docked conformation of
compounds VS1 and VS3, a binding mode was proposed.
Indole ring creates hydrophobic interactions with the non-
polar pocket. The linker pyrrolidine ring fits the β-hairpin
region through van der Waals interaction, the lactam ring
interacts with residue His258 by weak pi-pi interaction,
and the oxygen of carbonyl creates a hydrogen bond with
the amino of amide in residue Asn256. The oxygen of
carbonyl in the pyrrole ring interacts with the hydrogen
of the main chain in residue Cly579 through hydrogen
bond interaction, and the amide in the indole ring forms
hydrogen bonds with residue Leu244. In addition, the
only difference between compounds VS3 and VS1 is the
oxygen-containing six-membered heterocycle. The oxy-
gen of compound VS1 creates a hydrogen bond with the
hydrogen of the amino in residue Lys578. However, the
activity of compound VS3 is twice that of compound
VS1, which may be because the hydrogen bond interac-
tion with residue Lys578 is not the key interaction, or
related to compound’s dynamics inside the cell.

Interacting with residues through two hydrogen bonds,
compounds VS4, VS5, and VS6 have moderate activity. The
hydrogen bond interaction with residue Asn256 may be a key
hydrogen bond to maintain the activity. Notably, the pi-pi

interaction between the lactam ring of compound VS5 and
residue His258 does not increase the compound’s activity.

All in all, the above five hits, especially compounds VS1
and VS3, can provide references for further design and opti-
mization of ERBB3 inhibitors.

Moreover, various pharmaceutically relevant properties
and physical descriptors for ADME properties were also ana-
lyzed. As shown in Table 2, all compounds showed ADME
parameters within reference range. In silico toxicity risk was
also performed to check AMES toxicity, carcinogens, acute
oral toxicity, skin permeability, and hepatotoxicity. The com-
pounds are found to have good safety, except five compounds
(VS1, VS2, VS3, VS4, and VS5) are predicted as positive for
hepatotoxicity. The future work of structure optimization will
not only focus on increasing the activities, but also eliminating
the toxicities.

Conclusions

In conclusion, ERBB3 is an important transmembrane recep-
tor and is involved in the intracellular signal transduction net-
work. It is well documented that ERBB3 activation induces
the downstream PI3K-AKT and MAPK signaling pathways.
This study identified five compounds from natural products
database (NPD) and traditional Chinese medicines com-
pounds database (TCMCD) as potential therapeutic agents
for the treatment of NSCLC by structure-based virtual screen-
ing. In silico ADMET properties filtering was used after
docking, but several calculated properties (AlogP, rotatable

Table 2 Results of in silico prediction of ADMET properties

ADMET properties VS1 VS2 VS3 VS4 VS5 VS6

BBB BBB- BBB- BBB+ BBB+ BBB+ BBB-

HIA HIA+ HIA+ HIA+ HIA+ HIA+ HIA+

Pgp substrate Substrate Non-substrate Substrate Substrate Substrate Substrate

VDss (human) −0.304 −0.864 −0.055 −0.143 −0.812 −0.537
Total clearance 0.839 0.089 0.895 0.129 0.384 0.092

hERG inhibition Inhibitor Non-inhibitor Non-inhibitor Inhibitor Inhibitor Non-inhibitor

AMES toxicity Non AMES toxic Non AMES toxic Non AMES toxic Non AMES toxic Non AMES toxic Non AMES toxic

Carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens Non-carcinogens

Acute oral toxicity III III III III III III

Skin permeability No No No No No No

Hepatotoxicity Yes Yes Yes Yes Yes No

Molecular weight 534.572 466.497 476.536 585.814 465.513 418.445

LogP 3.41522 5.64994 3.64402 7.1732 3.3033 5.4551

Rotatable bonds 3 7 3 7 5 1

H Bond acceptors 6 5 4 7 6 6

H Bond donors 3 4 3 1 1 2

Surface area 228.999 200.153 207.048 253.486 200.798 178.211
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bond, etc.) were considered in the screening process after
docking. Availability and prices of compounds were also
checked after docking. Compared with the approved drug
for lung cancer, nimustine hydrochloride, these five com-
pounds showed relatively good performance. In addition, in
silico prediction of ADMET properties indicated that the com-
pounds have good pharmaceutically relevant properties.
Because the virtual screening is targeting a new active site,
there’s no existing experimental models as reference, the pre-
liminary results may have both activity and toxicity.

Next steps

The hits discovered in this work will provide novel scaffolds
for further hit-to-lead optimization and lay the foundation for
further development of the therapeutic candidates for NSCLC
treatments. The following experiments will focus on structural
optimization of these VS-molecules, especially compound
VS1, and the proposed binding model still needs more exper-
imental verification. As the inhibitory rates are not very high,
structural optimization is needed to find compounds having
better inhibitory based on the known structures. On the other
hand, we are interested in exploring whether the activity is still
maintained in vivo, and different xenograft models will be
established for the tests.
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