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Abstract 

Studies related to lung cancer have shown a link between human epidermal growth factor receptor-2 
(HER2) expression and poor prognosis in patients with non-small cell lung cancer (NSCLC). HER2 
overexpression has been observed in 3–38% of NSCLC, while strong HER2 protein overexpression is 
found in 2.5% of NSCLC. However, HER2 dimerization is important in lung cancer, including EGFR 
mutated NSCLC. Since HER2 dimerization leads to cell proliferation, targeting the dimerization of HER2 
will have a significant impact on cancer therapies. A peptidomimetic has been designed that can be used 
as a therapeutic agent for a subset of NSCLC patients overexpressing HER2 or possessing HER2 as well 
as EGFR mutation. A cyclic peptidomimetic (18) has been designed to inhibit protein-protein interactions 
of HER2 with its dimerization partners EGFR and HER3. Compound 18 exhibited antiproliferative activity 
in HER2-positive NSCLC cell lines at nanomolar concentrations. Western blot analysis showed that 18 
inhibited phosphorylation of HER2 and Akt in vitro and in vivo. Stability studies of 18 at various 
temperature and pH (pH 1 and pH 7.6), and in the presence of liver microsomes indicated that 18 was 
stable against thermal and chemical degradation. Pharmacokinetic parameters were evaluated in nude 
mice by administrating single doses of 4 mg/kg and 6 mg/kg of 18 via IV. The anticancer activity of 18 was 
evaluated using an experimental metastasis lung cancer model in mice. Compound 18 suppressed the 
tumor growth in mice when compared to control. A proximity ligation assay further proved that 18 
inhibits HER2:HER3 and EGFR: HER2 dimerization. Overall, these results suggest that 18 can be a 
potential treatment for HER2-dimerization related NSCLC. 
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Introduction 
Lung cancer is the second most common cancer 

in men after prostate cancer and in women after 
breast cancer. Lung cancers are of two types; non- 
small cell lung cancer (NSCLC), which constitutes 80–
85% of lung cancers, and small cell lung cancer 
(SCLC), which constitutes 10–15% of lung cancers [1]. 
Although cancer therapies using tyrosine kinase 
inhibitors (TKIs), immunotherapy, and combination 
therapy have led to improved survival benefits in 
selected NSCLC patients, the overall survival rate is 
still low [2]. When multiplexed assays were 
performed on the tumors from patients with lung 

adenocarcinomas to test for oncogenic drivers, an 
oncogenic driver was found in 64% of the patients 
[3]. Therefore, over the past few decades, NSCLC 
treatment has evolved from the use of cytotoxic drugs 
to the use of personalized regimens targeting 
particular molecular targets such as anaplastic 
lymphoma kinase (ALK), epidermal growth factor 
receptor (EGFR), ROS1, vascular endothelial growth 
factor receptor (VEGFR), human epidermal growth 
factor receptor-2 (HER2), and Kirsten ras sarcoma 
(KRAS) [4]. Check point blockers such as 
programmed cell death protein 1-programmed death- 
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ligand 1 (PD1-PDL1) have shown promise for 
managing NSCLC [5, 6]. Monoclonal antibodies and 
TKIs such as cetuximab, bevacizumab, nivolumab, 
and pembrolizumab, and crizotinib, erlotinib, afati-
nib, and gefitinib are approved by the FDA for the 
treatment of NSCLC [4]. 

One of the important molecular targets for 
NSCLC treatment is the EGFR family of receptors. 
This family is comprised of four members, namely, 
ErbB1/HER1, ErbB2/HER2, ErbB3/HER3, and 
ErbB4/HER4. These cell surface proteins play an 
important role in cell proliferation, differentiation, 
survival, and migration. Overexpression of HER2 is 
associated primarily with aggressive types of cancer 
with poor prognosis and lower survival rates. Reports 
related to HER2 overexpression in NSCLC vary 
depending on the detection method used for HER2 
quantification [7]. HER2 overexpression has been 
observed in 3–38% of NSCLC, while strong HER2 
protein overexpression is found in 2.5% of NSCLC [8, 
9]. In addition, HER2 mutations have been detected in 
2–4% of lung adenocarcinomas [10]. While treatment 
by targeting HER2 over-expression, gene 
amplification, or mutations remains controversial, 
there are certain subgroups of patients that have 
shown good response to HER2 targeted therapy 
[11-14]. Most of the HER2 targeted therapy for 
NSCLC are in a clinical trial [15]. Targeted therapies 
using TKIs develop resistance within 2-5 years [16]. 
Thus, there is a need to develop novel new ways of 
treating NSCLC. HER2 dimerization with other 
members of EGFR has been shown to be important in 
EGFR mutated NSCLC [17]. Thus, we are interested in 

targeting HER2 dimerization with other EGFR family 
members such as EGFR and HER3. At present, HER1, 
HER2, and HER3 are validated targets for the 
treatment of cancer, and HER4 is mostly associated 
with cardiac development [18, 19]. Previously we 
have reported the design of a peptidomimetic that 
targets HER2 receptor domain IV and inhibits HER2 
dimerization with other EGFRs [20]. Peptidomimetics 
have some advantages over antibodies as they are 
more stable, have relatively lower production costs, 
and are less immunogenic compared to antibodies, 
and some peptides are even known to be orally 
available [21, 22]. 

Monoclonal antibodies such as trastuzumab and 
pertuzumab are effective in HER2 positive breast 
cancer [23, 24]. However, the efficacy of pertuzumab 
as monotherapy for NSCLC is not clear at present [25, 
26]. Pertuzumab and trastuzumab, in combination 
[27] or pertuzumab along with TKIs, seem to have 
some efficacy in NSCLC [26, 28]. Trastuzumab binds 
to HER2 domain IV and mediates antibody- 
dependent cell-mediated cytotoxicity, inhibits HER2 
mediated cell signaling, HER2 cleavage, angiogenesis, 
and DNA damage repair whereas, pertuzumab binds 
to domain II of HER2 and inhibits receptor 
dimerization, phosphorylation, and activation of 
downstream cell signaling [29]. Although pertuzu-
mab and trastuzumab bind to the HER2 ECD, the 
mechanisms of action of these two antibodies are 
different compared to that of the peptidomimetics we 
designed. The biological activity of 18 (Fig. 1A) in vitro 
and in vivo, including its anticancer activity, has been 
evaluated in a breast cancer mouse model and 

 

 
Figure 1. A) Chemical structure of 18. 3-amino-3-(1-napthyl propionic acid) (Anapa) can have R or S configuration. Active compound has R configuration at Anapa. B) proposed 
binding site of 18 on C-terminal HER2 domain IV. C) Binding of 18 to HER2 and inhibition of EGFR-HER2 or HER2-HER3 dimerization and modulation of downstream signaling 
for cell proliferation by different pathways. 
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reported previously [30]. In this paper, we describe 
the physicochemical properties of a peptidomimetic 
(18) and evaluate the pharmacokinetic properties as 
well as the anti-tumor activity in an experimental 
metastasis lung cancer mouse model. Our studies 
indicated that 18 exhibited antiproliferative activity in 
NSCLC cell lines at nanomolar concentrations and 
inhibited phosphorylation of HER2 as well as 
downstream signaling proteins such as Akt. 
Pharmacokinetic studies indicated that 18 exhibits 
good stability in vivo with a terminal half-life of more 
than 40 h. In vivo studies in a mouse model of NSCLC 
indicated that 18 delayed tumor growth progression. 
The overall study suggests that 18 can be a potential 
therapy for targeting HER2 overexpressed NSCLC. 

Materials and Methods 
Cell lines 

HER2 positive A549 lung cancer cell line was 
purchased from American Type Culture Collection 
(ATCC, Manassas, VA) and subcultured in RPMI 
media (ATCC) with 10% FBS. A549-Red-FLuc 
Bioware® Brite Cell Line was purchased from 
PerkinElmer and subcultured in RPMI-1640 media 
(ATCC) with 10% FBS. Cells were incubated in a 
humidified atmosphere of 5% CO2 at 37°C. 

Antiproliferative activity 
Antiproliferative activity of 18 on A549 cells was 

measured using CellTiter-Glo® assay, as described in 
our previous publications. In a 96-well plate, 1 × 104 
cells/well were seeded and incubated overnight at 37 
°C and 5% CO2. The stock solution of the peptide-
mimetic was prepared by dissolving them in DMSO. 
Stock solutions of the compound and controls were 
diluted using the serum-free medium to prepare 
solutions of different concentrations of compounds 
with DMSO concentration not exceeding 1% (v/v) in 
the final solution in each well of a 96-well plate. 
Compound 18 in the medium was added to the wells 
in triplicate and incubated for 72 h, and luminescence 
was read using CellTiter-Glo assay [31]. A dose- 
response curve was generated using percentage cell 
viability vs. log concentration of compounds, and IC50 
values were obtained using Prism® (GraphPad 
Software). Experiments were repeated three times to 
obtain standard deviation values. 

Western blot 
A549 cells were treated with 2 µM 18 or 2 µM 

lapatinib (positive control). Cells without treatment 
were employed as a negative control. Cells were 
treated for 36 h, washed, and trypsinized. 35 μg of 
protein from each sample was loaded on Novex® 
4-20% tris-glycine gels and transferred into nitro-

cellulose membranes. The membranes were blocked 
with 2% bovine serum albumin solution and 
incubated with primary antibodies overnight at 4 °C. 
Antibodies for the detection of total HER2 protein 
(t-HER2), phosphorylated HER2 protein (p-HER2), 
total AKT (t-AKT); (Cell Signaling Technology, 
phosphorylated AKT (P-Akt, S473); (Cell Signaling 
Technology) were used at 1:1000 dilution. Secondary 
antibodies with HRP conjugation was incubated for 1 
h. After the addition of the substrate and enhancer 
solutions from a super signal enhanced 
chemiluminescence kit (Pierce, Rockford, IL) to the 
membrane, images were captured using ChemiDoc™ 
Touch Gel Imaging System (Bio-Rad), and band 
densities were quantified. A representative Western 
blot image was used for the final presentation. Data 
are from triplicates and are presented as the mean ± 
standard error of the mean (SEM). To evaluate the 
significance, statistical analysis was performed by a 
one-tail T-test using Prism Graph Pad (GraphPad 
Software, San Diego). P< 0.05 was considered 
statistically significant [20, 32]. 

Circular dichroism spectroscopy 
Circular dichroism experiments were done using 

a Jasco J-815 CD Spectrometer (Jasco, Japan) at 
temperatures from 20 to 80 °C with a gradual 5 °C 
increase before reading. The sample was prepared by 
dissolving 18 in a few microliters of methanol and 
then adding water to obtain a concentration of 18 µM. 
The spectra for samples were recorded from 185-350 
nm wavelengths with a total of four scans for each 
temperature, and wavelength vs. ellipticity was 
plotted for an average of four scans. 

HPLC analysis 
Shimadzu FCV-20AH2 manual injector was used 

with Ultra C18, 5 µm (250 × 4.6 mm) column, 
Shimadzu SPD-20A UV/Vis detector, and Shimadzu 
LC-20AP pump. 40% acetonitrile (0.1% TFA) with 
60% water (0.1% TFA) was used as mobile phase. 
Relative Peak area was plotted as % remaining 
compound with respect to time compared with zero 
time point, and data are from triplicate experiments. 
For pH stability, a buffer with pH 1 was obtained by 
adding 0.1 M HCl, and a buffer with pH 7.5 was 
obtained by adding 0.1 M PBS (Sigma). 

Liver microsomal stability assay 
A microsomal metabolic stability assay was 

conducted using human mixed pooled microsome 
(Corning® UltraPool™ HLM 150). The reaction 
mixture consisted of human liver microsome (0.5 
mg/mL), 18 (10 µM), and cofactor solution (10 mM 
NADPH in 0.1 M PBS). Incubations were done at 37 



 Journal of Cancer 2020, Vol. 11 

 
http://www.jcancer.org 

5985 

°C for 6 h. Samples of 250 µL volume were withdrawn 
from the reaction mixture at 0, 0.25, 0.5, 1, 2, 3, 4, and 6 
h and transferred into new tubes. The reaction was 
stopped by protein precipitation through the addition 
of 1 mL of acetonitrile. The sample was then analyzed 
using HPLC and mass spectrometry. 

Stability in simulated gastric and intestinal 
fluids 

Simulated intestinal fluid TS and simulated 
gastric fluid were purchased from Ricca Chemical 
(Arlington, TX). Pepsin (0.32 g/100 ml) was added to 
the simulated gastric fluid. To determine the effect of 
simulated gastric and intestinal fluids on 18, it (10µM) 
was incubated in gastric fluid with pepsin for 6 h and 
intestinal fluid for 12 h at 37 °C. Samples were taken at 
particular time intervals and analyzed using the 
HPLC method [33]. Methods used were similar to the 
methods explained above for HPLC analysis. 

Mass spectrometry 
A sample solution was prepared by adding 100 

µL methanol into a freeze-dried sample. A saturated 
solution of α-cyano-4-hydroxycinnamic acid (CHCA; 
Sigma-Aldrich, St. Louis, MO, USA) dissolved in a 
mixture of 50/50 (v/v) of acetonitrile and 0.1% 
trifluoroacetic acid (TFA) in water was used as the 
matrix. MALDI-TOF MS measurements were 
performed using a high-resolution mass spectrometry 
instrument (Ultraflextreme, Bruker Daltonics, 
Billerica MA). 

Surface plasmon resonance analysis 
Surface plasmon resonance analysis was 

performed in 0.01 M phosphate-buffered saline (NaCl 
0.138 M; KCl –0.0027 M); Tween® 20 –0.05%, pH 7.4 
using a Reichert Life Sciences System. Immobilization 
of HSA to the hydrophilic carboxymethylated dextran 
matrix of the CM5 sensor chip was carried out by the 
standard primary amine coupling method. Different 
concentrations of 18 were used as analyte. All binding 
experiments were performed at a flow rate of 25 
µL/min. After each interaction analysis, the sensor 
chip was regenerated with water. A blank subtracted 
sensorgram for 18 was represented. The Kd values 
were obtained using the 1:1 kinetic evaluation fitting 
tool of Tracedrawer software. 

Molecular docking 
The crystal structure of human serum albumin 

(HSA) was obtained from the RCSB Protein Data Bank 
(PDB code: 2BXD). The structure of 18 was obtained 
from our previous work [20]. The binding of 18 to and 
HSA (PDB ID:2BXD) was modeled using AutoDock 
4.0, and Lamarckian genetic algorithm (LGA) in 
Autodock was used to estimate the possible binding 

conformations of 18 with HSA[34]. While docking, 10 
different conformations were considered for 18 
bindings to HSA. The conformer with the lowest 
binding free energy was used for further analysis. 
Final structures were converted into PDB files and 
visualized using PyMOL Molecular Graphics System 
(Schrodinger Inc. OR). 

In vivo studies 
Female Foxn1-nude, 6–7 week-old mice (Envigo) 

were used in all studies. All animals were handled 
according to the approved protocol from IACUC at 
the University of Louisiana at Monroe. 

Pharmacokinetics study 
Pharmacokinetic parameters were evaluated in 

nude mice by administrating single doses of 4 mg/kg 
and 6 mg/kg of 18 via IV. After administration of the 
compound, mice were sacrificed at certain time 
intervals (0, 0.25, 0.75, 2, 4, 6, 12 and 24 h), and blood 
samples were taken to study the amount of 
compound remaining in blood circulation. The 
samples were then centrifuged at 1000 rpm for 5 min. 
The separated supernatant serum samples were 
precipitated by acetonitrile to extract the analytes and 
passed through the Sep-Pak (Waters) column. 
Chromatographic separation was performed on an 
HPLC. Mass spectrometry was used to identify the 
correct molecular ion of the intact compound. 

Antitumor assessment 
All animal studies were conducted in accordance 

with NIH guidelines for care, and use of laboratory 
animals and protocols were approved by the 
Institutional Animal Care and Use Committee at the 
University of Louisiana Monroe. Bioware® Brite Cell 
Line A549 Red-FLuc cells that had been engineered to 
express firefly luciferase (Perkin Elmer) were injected 
into the tail vein (4.5 × 106 cells in 200 µl PBS per 
mouse) of 6-week-old Foxn1nu-nude mice. For 
bioluminescence imaging, mice were anesthetized 
with 1–3% isoflurane and 150 mg/kg of D-luciferin 
(PerkinElmer) in phosphate-buffered saline (PBS) was 
given by intraperitoneal injection. 8 min after 
injection, bioluminescence was imaged with an IVIS 
Lumina III Series (PerkinElmer), and regions of 
interest (ROI) were drawn around the bioluminescent 
signals and quantified as photons/second (p/s). Mice 
with tumors were divided into three groups viz. 
control (vehicle), 18 treatment, and lapatinib 
treatment. After two weeks of the inoculation of 
tumor cells, mice from the respective groups were 
injected intravenously with 18 (6 mg/kg) or lapatinib 
(10 mg/kg) or vehicle twice a week for the next three 
weeks. To evaluate the effect of the treatments, 
tumors were imaged, and bioluminescence was 
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measured once a week. On day 35, the mice were 
sacrificed, and lungs, kidney, liver, and heart were 
removed washed and fixed with 10% buffered 
formalin and stored. The sections of lung tumor tissue 
used for Western blot were rinsed with cold PBS and 
stored at -80 °C. 

Proximity ligation assay (PLA) 
The lung tissue samples with tumors were fixed 

on the slides. PLA assay was done with the lung tissue 
sample in order to evaluate the inhibition of 
EGFR:HER2 and HER2:HER3 dimerization. Antigen 
retrieval on the tissue section of slides was done in a 
steaming sodium citrate buffer (10 mM, 0.05% Tween 
20, pH 6.0) for 15 min. Tissue slides were incubated 
with primary antibodies overnight at 4 °C and 
washed, and secondary antibodies PLA+ and PLA− 
were added. After incubation and washing, PLA 
detection reagents were added [35, 36]. The mounting 
medium was then added, and the slides were 
coverslipped. Slides were viewed using an Olympus 
BX63 fluorescence microscope fitted with 
deconvolution optics using DAPI, and Texas Red 
filters. Images were obtained at 40×. 

Histopathology 
For histopathological analysis, lungs, kidney, 

liver, heart, and pancreas were excised from the mice 
and fixed with 10% normal formalin solution. These 
fixed samples were embedded in paraffin, and slides 
were prepared by cutting them into 5 µm slices and 
mounting on the glass. Prepared slides were stained 
using hematoxylin and eosin (H&E) staining. Slides 
were visualized under a microscope (Nikon labophot 
2. Type120) and pictures were taken at different 
magnifications for analysis. Representative pictures 
from histopathology analysis were used for 
presentation. 

Results 
Design of the peptidomimetic compound 18 

Previously in our lab, peptidomimetics were 
designed that could bind to domain IV, inhibit the 
homo or hetero-dimerization, and block HER2- 
mediated cell signaling [37]. The design of the 
peptidomimetics is based on the spatial disposition of 
electrostatic and hydrophobic interaction sites in the 
crystal structure of HER2 protein complexed with its 
antibody trastuzumab. Using a rational drug design 
approach, linear peptidomimetics named compounds 
5 and 9 were designed and synthesized that exhibited 
antiproliferative activity in HER2 positive cancer cell 
lines [37]. To prevent enzymatic degradation, 
compound 9 was cyclized using a repeated sequence 

and cyclization approach using an L-Pro-D-Pro 
sequence. In this program, several linear, cyclic as 
well as conformational constrained peptidomimetics 
were designed, and in vitro activity were evaluated. 
Among these, compounds 5, 9, and 18 were selected 
for in vivo activity based on their IC50 value in HER2 
positive cancer cell lines. Structure-activity relation-
ships of 18 (Fig. 1) and analogs and their effect on 
HER2-positive breast cancer were described in our 
previous reports [20, 30, 38-42]. 

Compound 18 inhibits cellular proliferation 
and reduces the phosphorylation of HER2 
kinase in A549 cell line 

Compound 18 is highly specific for HER2 
positive cancer cell lines [20]. A549 lung cancer cell 
lines overexpress HER2 protein and are used as in vivo 
and in vitro model of NSCLC. These cells have wild 
type EGFR and KRAS mutation and are present in 
about 30% of adenocarcinoma [43-45]. Antiprolifera-
tive activity of 18 in A549 cell lines was evaluated 
using CellTiter-Glo assay, and the IC50 value was 
found to be 0.868 ± 0.032 µM (Supporting Information, 
Fig. S1). We have also evaluated the antiproliferative 
activity of 18 in different cell lines that overexpress 
HER2 or at basal level and in non-cancerous breast 
cell lines [20] (Supporting information Table S1). The 
selectivity of compound 18 is 200 times for HER2 
positive cancer cell lines (SKBR-3, BT-474) as 
compared for non-cancerous cell line MCF-10A. 
Compared to non-cancerous cells, the antiprolifera-
tive activity of compound 18 in HER2 positive lung 
cancer cell lines Calu-3 is 2000 times and A549 lung 
cancer cells nearly 50 times selective. For hormonal 
related breast cancer cells MCF-7, selectivity of 
compound 18 was more than 60 times and 2000 times 
less compared to NSCLC cell lines A549 and Calu-3 
respectively. To evaluate whether 18 inhibits the 
phosphorylation of HER2, we carried out Western 
blots of proteins extracted from A549 cells treated 
with 18- and lapatinib. After 36 h of treatment, 18 
reduces the phosphorylation by HER2 kinase 
compared to the control (Fig. 2ABC). HER2 phos-
phorylation is known to induce downstream 
signaling for cell growth and differentiation (Fig. 1C). 
To study whether 18 inhibits the further down-stream 
signaling molecules, we evaluated the phosphoryla-
tion of Akt. Compound 18 was able to inhibit the 
phosphorylation of Akt (Fig. 2C). Quantitative 
analysis of the Western blots suggested that 18 
significantly inhibited the phosphorylation of HER2 
by 41.6% and Akt by 24.7% compared to control. 
Compared to lapatinib [32], 18 showed less reduction 
in phosphorylation of HER2 and Akt (Fig. 2B, C) as 18 
is not a direct inhibitor of tyrosine kinases and 
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inhibition of kinase phosphorylation is due to 
inhibition of dimerization of EGFR receptors. 

Chemical and thermal stability of compound 
18 

Peptides can change their conformation upon 
exposure to high temperatures for a long duration. A 
rapid increase in temperature to extreme conditions 
model the accelerated stability test conditions for 
peptide-like drug substances [46]. Circular dichroism 
spectra of 18 at different temperatures did not show 
any significant change in the spectra, suggesting that 
the overall backbone conformation of 18 did not 
change when the temperature of the solution with 18 
increased from 25 to 80 °C (Supporting Information 
Fig. S2). To confirm the stability of compound 18, it 
was incubated at temperatures of 25, 50, and 80 °C for 
30 min, and samples were analyzed using reversed- 
phase HPLC. A plot of peak area corresponding to 
compound 18 at different temperatures indicated that 
the there was no significant difference between the 
peak area calculated at different temperature (Fig. S3) 
and mass spectrometry analysis showed the correct 
molecular ion (m/z = 1425.70 ± 0.01) for compound 18 
at 25, 50 and 80 °C. These results indicate that 
compound 18 was intact up to 80 °C (Supporting 
Information Fig. S4). 

Peptides have limitations for oral administration. 
If the peptide needs to be administrated via the oral 
route, the stability of the peptide at different pH 
conditions is important, as the pH of the digestive 
system varies from 2 to 7.4 [47]. To determine the 

stability of 18 at physiological gastric pH (if given 
orally) and blood pH (if given intravenously), we 
incubated 18 at 37 °C in pH 1 and pH 7.5 buffers. 
Compound 18 was evaluated for its stability for 30 
days to have an insight of accelerated stability testing 
and storage conditions if it has to be formulated in 
different pH conditions for improving solubility and 
bioavailability. HPLC analysis of compound 18 in 
buffers showed that 18 exhibited a decrease of the 
total intact peptide at pH 1.0 in 30 days (Fig. 3A), 
whereas at pH 7.5 compound was stable for 30 days 
(Fig. 3B). From our studies, it is clear that more than 
40% of compound 18 was remaining intact on the 30th 
day at pH 1. 

Compound 18 is stable in liver microsomes 
Human liver microsomes contain a wide variety 

of drug-metabolizing enzymes and are commonly 
used to support in vitro ADME (Absorption, 
Distribution, Metabolism, and Excretion) studies and 
to examine the potential for the first-pass metabolism 
of orally administered drugs. To evaluate the 
possibility of oral administration, the stability of 18 
was assessed in liver microsomes (Corning, NY) [48]. 
This assay was done by incubating the 18 in the 
mixture containing liver microsomes in the presence 
of nicotinamide adenine dinucleotide phosphate 
(NADPH), the cofactor for cytochrome P450 (CYP) 
enzymes. Verapamil was used as a positive control. 
When verapamil was incubated for 2 h, there was a 
rapid degradation of verapamil, indicating that the 
liver microsomes were active in vitro. When 18 was 

 

 
Figure 2. Effect of 18 on phosphorylation of HER2 and Akt. A549 lung cancer cell lines were incubated with 18 and after 36 h, cells were washed and lysed. Western blot was 
performed to determine p-HER2 and p-Akt as well as total HER2 and Akt. (Blots were cropped and presented). Quantification of signal intensities were done by ImageJ). 
Lapatinib was used as positive control. A) Western blot of HER2, p-HER2, Akt, p-Akt. Equal loading of GAPDH was used for comparison. Experiments were repeated three 
times. Quantification of B) p-HER2 and C) p-Akt using densitometry. Band intensity was represented with scaling from GAPDH band intensity. *p<0.05, **p<0.01. 
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incubated with liver microsomes for 6 h, it did not 
show any significant degradation until 6 h (Fig 3C). 
Mass spectrometry analysis of the sample also 
showed a peak representing 18 at 0 and 6 h time 
points (Fig. 3D). The presence of a significant amount 
of intact peptide up to 2 hours suggests that the 
peptide is not rapidly metabolized by the liver by 
phase I metabolism. This result also suggests the 
possibility of limited first-pass metabolism for the 
peptide. 

Compound 18 is stable in simulated gastric 
fluid and degrades slowly in simulated 
intestinal fluid 

During oral drug delivery, degradation of 
peptide drugs is possible due to the highly acidic 
condition of the stomach together with gastric- 
secreted enzyme pepsin. In addition, enzymes 
secreted in the intestine, i.e., trypsin, chymotrypsin, 
elastase, and brush-border membrane-bound 
enzymes carboxypeptidases A and B can also cause 
hydrolysis of specific bonds of peptides that leads to 
peptide degradation and loss of activity. To assess the 
stability of 18, it was incubated in gastric fluid with 
pepsin for 6 h and intestinal fluid for 12 h at 37 °C. The 
result shows that when incubated with simulated 
gastric fluid, there was a slight decrease in the 

concentration of 18; however, more than 80% of the 
compound remained in the solution for 6 h 
(Supporting Information Fig. S5A). Whereas when 18 
was incubated with simulated intestinal fluid, there 
was a significant decrease in the concentration of the 
compound, but more than 40% was still present in the 
solution at 12 h (Supporting Information Fig. S5B). 

Pharmacokinetic studies 
One of the main limitations of peptides in vivo is 

their short half-life in the circulation, which is caused 
mainly by proteolytic degradation and/or fast renal 
clearance [49]. Cyclic peptides/peptidomimetics are 
more stable and have a longer half-life than its linear 
counterparts. The pharmacokinetic profile of 18 was 
evaluated in nude mice. Compound 18 was 
administered (single dose) intravenously at 4 mg/kg 
and 6 mg/kg of body weight to two groups of mice. 
Blood samples were collected at different time 
intervals, and analysis of the sample was 
accomplished using HPLC and mass spectrometry. 
The concentration-versus-time curves and the results 
of the pharmacokinetic analysis are summarized in 
Figs. 4A, B (Supporting Information Fig. S6). For 
pharmacokinetic parameter analysis, PKSolver 
software was used [50]. To select an appropriate 
model with good precision of estimated parameters, 

 

 
Figure 3. Stability of 18 at different pH. Compound 18 was incubated in 0.1 M HCl (pH 1) and phosphate-buffered saline (PBS, pH 7.5), aliquoted at different intervals, and 
analyzed by HPLC. Peak area was calculated from HPLC chromatogram. Plot percentage of compound remaining vs. time in days for A) pH 1, B) pH 7.5. Compound 18 indicated 
degradation at pH 1 but was stable for 30 days in PBS at pH 7.5. In vitro stability of 18 in the presence of human liver microsomes. C) Compound 18 was incubated with human 
liver microsomes, extracted at particular time points and analyzed by HPLC. A plot of relative concentration of 18 with respect to time is shown. For standardization of the assay 
verapamil was used. D) Mass spectra of sample at 0 (left) and 6 h (right) incubated in liver microsomes. 
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PK solver provides several statistical comparison 
criteria, among which Akaike’s information criterion 
(AIC) and Schwarz criterion (SC) are widely regarded 
as the most important ones pertinent to our 
experiments. A model is considered better when AIC 
and SC are minimum among all the other models [51]. 
Based on the AIC, SC, and curve fitting by the 
PKSolver software, intravenous bolus administra-
tion/two compartmental model was selected for 
deriving our reported pharmacokinetic parameters. 
The terminal half-life of 18 following 6 mg/kg and 
4mg/kg IV dose administration was predicted to be 
around 46 and 42 h respectively. Relatively long 
half-life of 18 in plasma is advantageous since it 
allows sufficient amount for 18 to reach cancer tissues. 
Considering that 18 is a peptide/peptidomimetic, and 
the IC50 value in the nanomolar concentration range 
for HER2 positive lung cancer cells, the half-life is 
long enough to cause pharmacological action in the 
body. 

Compound 18 binds weakly with human serum 
albumin 

Human serum albumin (HSA), carrier protein in 
plasma, plays major roles in pharmacokinetics by 
binding to most drugs [52, 53]. Extensive plasma 

protein binding limits the amount of compound 
available to be metabolized and reduces the clearance 
of the compound. Complete characterization of the 
mechanism by which drugs bind to proteins such as 
HSA is important for the pharmacokinetics and 
pharmacodynamics profiles of drugs. Surface 
plasmon resonance (SPR)-based binding assay was 
done to investigate the interaction of 18 with the HSA 
immobilized on the CM5 sensor chip. Compound 18 
at various concentrations (25, 50, 100, and 200 µM) 
was titrated over the immobilized HSA. As the SPR- 
sensorgram depicts, the response unit values 
increased in a concentration-dependent manner, 
which shows 18 bindings to the immobilized HSA 
(Fig. 4C). The binding kinetic constants were fitted 
using the 1:1 (Langmuir) binding fitting model, and 
the equilibrium dissociation constant (Kd) was 
determined to be 190 µM indicating weak binding 
between 18 and HSA. Based on the law of mass action 
and microscopic reversibility [54], we plotted a graph 
relating Kd of 18 and percentage of drug bound to 
HSA, assuming albumin concentration in human 
serum to be 680 µM and 18 concentration to be around 
7 µM (equivalent to 10 µg/ml in the pharmacokinetic 
study). From the relation of the affinity of 18 to the 
percentage of drug binding to HSA protein, we 

 

 
Figure 4. Pharmacokinetic studies of 18 in Foxn1 nude mice. PK studies were performed at two concentrations in mice. Compound 18 in PBS was injected to mice via tail vein, 
and blood samples were collected at different intervals. Samples were lyophilized after precipitation with cold methanol and analyzed by HPLC. Leuprolide was used as an internal 
standard. AUC was calculated and concentration of 18 was calculated from a standard curve. Plot of concentration of 18 with time in h A) 4 mg/kg and B) 6 mg/kg. PKsolver was 
used to curve fit the data points considering two compartment model. Predicted and observed data points are shown in the graph. Binding of 18 to human serum albumin (HSA) 
verified by SPR and docking. C) HSA was immobilized and 18 was used as analyte. Sensorgram shows the binding of 18 to HSA. D) Proposed modes of binding of 18 to HSA using 
docking. Protein HSA is shown in secondary structure and 18 is shown as blue sticks. Different binding sites of HSA are shown in red and magenta color. 
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predicted that 78% of the drug would bind to HSA in 
serum (Supporting Information Fig. S7). 

In addition to SPR, computational modeling was 
done to study the specific binding mode and binding 
location of 18 with HSA using Autodock 4[34]. The 3D 
structure of the HSA was obtained from the Protein 
Data Bank [55]. The 3D structure of 18 generated from 
NMR data and molecular dynamics simulations from 
our previous publication was used [20]. Among the 
docked structures, the lowest docking energy 
structure was selected for further analysis. HSA has 
three domains viz., Domain I, Domain II, and Domain 
III, and each domain consists of two subdomains, 
subdomain A and subdomain B (Fig. 4D). 
Subdomains IIA and IIIA have two ligand-binding 
hydrophobic pockets referred to as site I and site II, 
respectively [55, 56]. The docking result shows that 18 
binds to subdomain IIA (site I) of HSA. Binding of 18 
to HSA involves hydrogen bonding and hydrophobic 
interactions, as shown in Fig. 4D. The lowest energy 
docked structure indicated that amino acids K195, 
R218, R222, E294, R218, A191, and P441 of HSA 
interact with 18 via hydrogen bonds and hydrophobic 
interactions. Compound 18 binds near to the warfarin 
binding site on HSA, as shown by docking studies. 
The calculated binding free energy for the docked 
structure was -7.67 Kcal/mol. 

Compounds 18 inhibits tumor growth in 
experimental metastasis lung tumor model 

Having shown the antiproliferative effects of 18 
on A549 cells in vitro, we next determined whether 
these in vitro effects correlate with the in vivo activity 
of 18 on pulmonary tumor colonies using an 
experimental metastasis lung cancer mouse model 
[57]. Although, we have carried out stability studies of 
compound 18 as possible oral administration, as a 
proof-of-concept, we carried out in vivo studies with 
IV injection of compound 18 for therapeutic study. 
A549-Red-FLuc Bioware® Brite Cell Line was injected 
into the tail vein of mice. The study was carried out 
with a small group of animals (N = 4/group). The 
NSCLC cell line A549-Luc is known to be KRAS 
mutant and EGFR wild-type [45, 58]. Each animal 
was injected with D-luciferin at a dose of 150 
mg/Kg intraperitoneally. Using whole-body bio-
luminescence imaging, tumor growth was monitored 
by imaging under anesthesia using an IVIS 
(PerkinElmer) instrument. After a week of cell 
injection via IV, mice bearing tumors in the lungs 
were divided into three groups and injected intra-
venously with either vehicle, lapatinib (10 mg/kg), or 
18 (6 mg/kg) in 100 µL prepared in PBS twice a week. 
This dosage was based on our previous work on 18 in 
a HER2+ breast cancer mouse model [20] as well as 

pharmacokinetic studies. The terminal half-life of 
compound 18 determined was 46 h, and we chose 
double the half-life time for dosing to maintain the 
concentration of a drug above IC50 also to avoid drug 
accumulation over time (Supporting Information Fig. 
S8). As shown in Fig. 5A, after two weeks, the rate of 
tumor growth, indicated by total flux (p/s), decreased 
in mice treated with 18 (6 mg/kg) and mice treated 
with lapatinib (10 mg/kg) compared with mice 
injected with vehicle. The total flux (p/s) values were 
log-transformed to meet the assumptions of an 
ANOVA. A two-way analysis of variance was carried 
out with days and treatment as the two factors. 
Results of the pairwise test (Tukey’s honestly 
significant difference (HSD)) showed that the 
significant interaction was between lapatinib and 18 
treatment. There was no interaction among factors for 
18 and lapatinib treatment and control suggesting that 
a clear statistical difference between 18 treatment and 
control groups for the 21, 28 and 35 days, P = 0.006, P 
= 0.004, P = 0.001, respectively (Fig. 5B). 

Compound 18 inhibits the phosphorylation of 
HER2 in vivo 

Tissue sections of lung tumors were subjected to 
Western blot to evaluate the phosphorylation of HER2 
protein. Images of Western blots indicated a reduction 
in the phosphorylation of HER2 bands compared to 
control. Compound 18 and lapatinib inhibited HER2 
phosphorylation to a significant extent compared to 
the control (Figs 6AB). Thus, 18 that binds to the 
extracellular domain inhibits HER2 phosphorylation 
and, hence, cell signaling in HER2-overexpressing 
NSCLC in vivo. 

Compound 18 inhibits EGFR dimerization in 
vivo 

Tissue sections of lung tumor samples were 
subjected to proximity ligation assay (PLA) to 
evaluate EGFR dimerization inhibition by 18 in vivo. 
In PLA assay, if the two proteins are in proximity and 
the distance between the proteins is ≤ 16 nm, those 
proteins can be targeted with primary and secondary 
antibodies that are tagged with DNA probes. The 
probes can be detected with fluorescent tags that 
specifically bind to the probes. Thus, if the two 
proteins are in proximity, PLA will indicate a red 
fluorescence. When the number of EGFR dimers 
(EGFR:HER2, HER2:HER3) decreases due to 
inhibition, the fluorescence will decrease (λem 624 
nm; Texas Red) [35, 36]. Tissue sections from lung 
cancer and control groups were treated with EGFR, 
HER2, and HER3 antibodies, and PLA was carried 
out. Tissue sections from the vehicle control group 
showed the numbers of red fluorescence dots, 
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indicating EGFR: HER2 and HER2:HER3 
dimerization. Sections of tissues that were treated 
with 18 showed a reduction in red fluorescence, 
indicating inhibition of EGFR: HER2 and HER2:HER3 
dimerization (Fig. 6C). These results clearly indicate 

that inhibition of dimerization prevents signaling for 
cell growth and, therefore, is related to the reduction 
in tumor growth rate observed in the treated mouse 
model. 

 

 
Figure 5. Therapeutic effect of 18 in NSCLC mice model. NSCLC tumors were induced in mice using luciferase transfected A549 cells. Mice were imaged using an in vivo imaging 
instrument after injection of luciferin for tumor growth was monitored. Compound 18 was injected via tail vein, and lapatinib (via intraperitoneal injection) was used as a positive 
control. A) Representative images of tumor growth in mice. Image was processed using software, and ROIs were drawn on the luciferase intensity to quantify the intensity. B) 
Plot of log transformed total flux representing the tumor volume vs. time in days using box and whisker plot. The total flux (p/s) values were log transformed to meet assumptions 
of an ANOVA. Compound 18 inhibits the tumor growth in lungs significantly compared to control. 
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Figure 6. Effect of 18 on phosphorylation of HER2 from lung tumor tissue sections of mice harvested at 35th day. Frozen tumors were processed and Western blot was carried 
out. (Blots were cropped and presented). Quantification of signal intensities were done by ImageJ). A) Western blot images of HER-2, p-HER-2 and GAPDH. B) Quantitative 
analysis of Western blot images indicating reduction in phosphorylation of p-HER2 by 18 and lapatinib (10 mg/kg) compared to the control. C) Inhibition of EGFR dimerization 
in NSCLC tissues from mice by 18 (6 mg/kg) using PLA. Representative tissue sections from lungs of mice from different group of animals were subjected to PLA. Red 
fluorescence indicates dimerization of EGFR:HER2 (top panel) and HER2:HER3(bottom panel). Expanded regions are shown as insets. Note the reduction in the number of red 
fluorescence dots in 18-treated lung tissue. Magnification 40×, size of scale bar 20 µm. Nuclei were stained with DAPI. 

 

Histopathology Studies 
To gain further insight into the therapeutic effect 

of the treatments on lung tumors, hematoxylin and 
eosin (H&E)-stained cross-sections of lungs with 
tumors were studied. H&E staining of histological 
sections of lungs from mice without treatment 
(vehicle control) showed the presence of several 
well-differentiated tumors, inflammatory infiltration, 
alveolar septal hemorrhage, and congestion (Fig. 7). 
Lung tissue from mice treated with 18 (6 mg/kg) and 
lapatinib (10 mg/kg) showed remarkably fewer 

tumors and less inflammatory infiltration compared 
to those treated with vehicle. To evaluate whether 18 
exhibits any toxicity at the dosage studied, tissues of 
organs such as heart, kidney, and liver were analyzed. 
Images of H&E-stained organs slices, including heart, 
liver, lung, and kidney, revealed no significant tissue 
damage or toxic effects to these organs in either the 
control group or treated groups (Fig. 8). 

Discussion 
EGFR family proteins undergo homo- and 

heterodimerization to generate the signal for cell 
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growth. Clinical studies have shown that HER2 
overexpression varies from 3-38% in NSCLC based on 
the method used for the detection of HER2 [7]. 
However, when EGFR and HER2 are both 
overexpressed in NSCLC, the survival rate is poor. 
Thus, it could be useful to target a group of 
individuals who have both EGFR and HER2 
overexpression in NSCLC. Our strategy was to 
minimize the heterodimerization of HER2 receptor 
and inhibit the downstream signaling pathways 
(RAS-RAF-MEK-ERK MAPK and AKT-PI3K-mTOR) 
for cell proliferation, survival, and tumor growth (Fig. 
1). We have designed a novel peptidomimetic that 
targets domain IV of HER2 protein and inhibits the 
dimerization of HER2 with EGFR and HER3. We have 
shown that 18 is highly specific for HER2- positive 
cancer cell lines in exhibiting antiproliferative activity 
[20]. For developing non-small cell lung cancer, we 
used the experimental metastasis lung cancer model. 
Before going for in vivo studies, we did preliminary in 
vitro studies, including antiproliferative evaluation 
and stability assessment. Compound 18 was 
evaluated for its antiproliferative activity against 
A549, adenocarcinoma human alveolar basal 
epithelial cell line, which overexpresses HER2 and 
possesses wild type EGFR and KRAS mutation. KRAS 
mutation is present in about 30% of adenocarcinoma 
[43, 44] which makes A549 lung cancer model good 
for our experiments because we would be directly 
targeting EGFR family and as the peptidomimetic 

would be inhibiting the proliferation of A549, which 
means KRAS is also indirectly affected that comprises 
30% of adenocarcinoma. The antiproliferative activity 
showed compound 18 was potent with an IC50 value 
in lower micromolar (0.868±0.032 µM), whereas, as 
reported in our previous publication, for Calu-3 cell 
lines that overexpress HER2 IC50 was 0.018 ± 0.013 µM 
and in HER2 positive breast cancer cell lines BT-474 
and SKBR-3, IC50 was 0.197 ± 0.055 and 0.194 ± 0.046 
µM respectively. For MCF-7 cell lines that do not 
overexpress HER2, IC50 was >50 µM [20]. The 
difference observed in IC50 value for these cell lines 
that express HER2 may be due to the difference in the 
overexpression of HER2 in those cell lines, which also 
shows that compound 18 is specific towards HER2 
receptors [59]. These results suggest that the 
pharmacological action of 18 depends on the 
dimerization of HER2 with other receptors in cancer 
cell lines. 

 HER2 is known to be a dimerization partner for 
other EGFR receptors, and HER2 activation is also 
known in EGFR overexpressed, or EGFR mutated 
NSCLC. Thus, 18 could be useful to target a group of 
individuals who have both EGFR and HER2 
overexpression in NSCLC. A549 cells have HER2 
overexpression, EGFR wild type, and KRAS mutation. 
Studies have suggested that NSCLC cells with KRAS 
mutation can be EGFR/HER dependent and 
EGFR/HER independent pathways. Umelo et al. [60] 
suggested that upstream inhibition of the EGFR/HER 

 

 
Figure 7. H&E stained tissue sections of lung harvested at 35th day from 18 (6 mg/kg) treated and untreated mice along with control lapatinib-treated. A, B and C represent 
different sections of lung and tumors. a,b, and c are expanded regions shown in the box. 
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receptors may be effective in treating a subset of 
KRAS mutant lung cancers. In clinical trials of 
patients with NSCLC and KRAS mutations, data are 
conflicting regarding the effect of KRAS mutations 
and treatment outcomes. It was reported that 
different KRAS mutations could activate distinct 
signaling pathways. NSCLC cell lines with 
mutant KRAS have activated phosphatidylinositol 
3-kinase (PI3K) and mitogen-activated protein/extra-
cellular signal-regulated kinase (MEK) signaling [61]. 
Compound 18 inhibits EGFR:HER2 and HER2: 
HER3 dimers, and hence both PI3K and MAPK 
pathway may be inhibited. Thus, even if KRAS 
mutation is there, compound 18 could block both 
pathways activated by a particular type of mutation of 
KRAS and hence reduce the signaling for cell growth. 
This might explain why compound 18 is effective in 
the cancer model of A549 cells. 

HER2 is a major proliferative driver that 
activates downstream signaling of EGFR, such as 
phosphatidylinositol-3 kinase (PI3K/Akt) and 
MEK-ERK. To investigate the effect of 18 on 
downstream signaling, HER2 and Akt phosphoryla-
tion were evaluated. Compound 18 is known to target 
the extracellular domain of HER2 (Fig. 1BC). Binding 
to the extracellular domain of HER2 will also affect 
the intracellular signaling as 18 inhibits the 
dimerization of the extracellular domain (ECD) of 
EGFRs and, in turn, inhibits phosphorylation of 
intracellular domains. Indeed 18 reduces the phos-
phorylation of HER2 and Akt, as shown by Western 
blot (Fig. 2ABC). Compared to lapatinib, treatment 

with 18 showed less reduction in phosphorylation of 
HER2 and Akt. Lapatinib is a direct inhibitor of HER2 
kinase [32, 62], whereas treatment with 18 inhibits 
dimerization of the extracellular domain that leads to 
inhibition of phosphorylation of downstream 
signaling proteins (Fig. 1C). In addition, the use of 
peptidomimetic targeting the extracellular domain 
can be beneficial over tyrosine kinase inhibitors (TKIs) 
since the clinical benefits of TKI is limited as TKI 
develops resistance within few years because of the 
inevitable activating mutations in the kinase domain 
of HER2 [63, 64]. 

Stability assessment of compound 18 was 
performed under different conditions. Compound 18 
is a cyclic peptidomimetic, and hence less susceptible 
to enzymatic degradation by protease [65]. HPLC and 
mass spectrometry analysis showed that compound 
18 is stable when incubated from 25°C to 80 °C. 
Circular dichroism analysis further proved that there 
was no change in the backbone conformation of 
compound 18 up to 80°C. Accelerated stability of 
compound under harsh conditions such as extreme 
pH and high temperature provides information about 
long term stability, so pH-dependent stability 
assessment was done for 30 days. pH stability study 
showed that compound 18 is stable at pH 7.5, but it 
slowly degrades at pH 1. There is a significant 
decrease in the concentration of compound 18 only 
after 4 days at pH 1, which means it is stable in the 
stomach if given orally since the residence time of 
orally active drugs. 

 

 
Figure 8. H&E staining of sections of different organs from mice. Tissue section analysis indicated that there was no toxicity to organs in mice at 6 mg/kg dose. 
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To evaluate the possibility of oral administra-
tion, the stability of compound 18 was assessed in 
vitro in pooled human liver microsomes, simulated 
gastric, and simulated intestinal fluid. Human liver 
microsomes contain a wide variety of drug- 
metabolizing enzymes and are commonly used to 
support in vitro ADME studies and to examine the 
potential for the first-pass metabolism of orally 
administered drugs. When compound 18 was 
incubated with pooled human liver microsomes in the 
presence of cofactor NADPH, analysis by HPLC and 
mass spectrometry revealed no significant 
degradation up to 6 h. This shows the possibility of 
limited first-pass metabolism for compound 18. As 
the majority of liver xenobiotic metabolic enzymes are 
cytochromes and carryout oxidation-reduction and 
hydroxylation mechanisms, we do not expect peptide 
bond metabolism in liver microsomes but oxidation 
and reduction of side chains only [66, 67]. However, 
the amino acids in 18 might not be a suitable substrate 
for the enzymes in liver microsomes for metabolism; 
therefore, 18 is stable in liver microsomes. During oral 
drug delivery, degradation of peptide drugs is 
common due to the highly acidic condition of the 
stomach together with gastric-secreted enzyme 
pepsin. When compound 18 was incubated with 
simulated gastric fluid with pepsin, there was no 
significant degradation until 6 h. Enzymes secreted in 
the intestine, i.e., trypsin, chymotrypsin, elastase, and 
brush-border membrane-bound enzymes 
carboxypeptidases A and B can also cause hydrolysis 
of peptide and lead to its degradation and loss of 
activity. To evaluate the stability of compound 18 in 
intestinal fluid, it was incubated with simulated 
intestinal fluid for 12 hours. HPLC analysis showed 
that compound 18 slowly degrades in simulated 
intestinal fluid. We evaluated pharmacokinetics 
properties of 18 in nude mice. The terminal half-life of 
compound 18 following 6 mg/kg and 4 mg/kg IV 
dose administration was predicted to be around 46 
and 42 hours, respectively. 

Compound 18 is a peptidomimetic with the 
modified backbone as well as a side with 3-amino-3- 
(1-napthyl propionic acid) (Anapa) functional group. 
Since there are two Anapa functional groups in 18 and 
is cyclized via a peptide bond, we anticipated that 18 
is stable in vivo for its pharmacological action. The 
measurement of plasma drug concentrations doesn’t 
provide clear insight into the relationship between the 
free and the plasma-protein-bound fractions of 
drugs. To understand how compound 18 binds to the 
Human serum albumin, SPR analysis, and molecular 
docking was performed. The equilibrium dissociation 
constant (Kd) calculated was 190 µM indicating 78% of 
compound 18 bound to HSA (nearly 22% of 

compound 18 in free form). Studies related to serum 
protein binding of drugs suggests that drugs that 
exhibit 11 to 20% of the free drug are favorable 
property of the drugs, particularly for peptide-based 
drugs to have relatively long in vivo half-life [68, 69]. 
Here we considered only human serum albumin, and 
not other proteins that bind to drugs such as α-acid 
glycoprotein, since human serum albumin is the most 
abundant protein in blood plasma. It has been 
reported in the literature that site I ligands appear to 
be dicarboxylic acids and/or bulky heterocyclic 
molecules with a negative charge localized in the 
middle of the molecule. Molecular docking showed 
compound 18 binds to drug binding site 1. Binding of 
compound 18 to site I might be attributable to Anapa 
and Aspartic acid residues of compound 18 [70]. 
Molecular modeling also revealed the binding energy 
of compound 18 with HSA to be -7.67 Kcal/mol. From 
SPR and molecular docking analysis, we can predict 
that compound 18 binds weakly to serum albumin. 

The longer half-life in vivo might be due to rapid 
distribution and accumulation of compound 18 in the 
tissue compartment, but further experiments are 
needed to be done. Results from pharmacokinetic 
studies indicated longer half-life of compound 18 via 
iv dosing, the anti-tumor activity of compound 18 was 
evaluated in experimental metastasis lung cancer 
mice model via iv dosing as a proof-of-concept. The 
terminal half-life of compound 18 following 6 mg/kg 
and 4 mg/kg IV single-dose administration was 
estimated to be around 46 hours and 42 hours, 
respectively (Fig. 4AB). Distribution half-life, Vd central, 
Vd peripheral, AUC (0-∞), and clearance were estimated at 
around 0.8 h, 11 ml, 17 ml, 459 μg/ml∙h, and 
0.26ml/hr respectively. Generally, acceptable PK 
parameters for drugs are described by Motty [71], and 
PK studies of peptides are reported by others [72]. The 
relatively long half-life of compound 18 in plasma is 
advantageous, because longer half-lives normally 
translate to less-frequent dosing requirements (and of 
course, the half-life must be long enough in the first 
place to allow efficacious concentrations to be 
achieved in target tissues at steady state, even more 
essential with routes of dosing other than IV). 
Considering that compound 18 is a peptidomimetic, 
and that the IC50 value was seen to be in the nano-
molar concentration range for HER2-positive lung 
cancer cells, the estimated pharmacokinetic half-life 
should be long enough to enable efficacious exposure 
levels in tissues provided a suitable dosing regimen 
were designed. Based on the molecular mechanism, 
we would want the trough levels (lowest level before 
each following dose) to be well above the IC50 
observed for the corresponding cells, at least most of 
the time. We have calculated the trough levels of the 
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drug in vivo in plasma and plotted a graph. We have 
also calculated the fraction of drug unbound to the 
serum. Steady-state trough levels remain above the 
IC50 value for cell proliferation observed in cultured 
cells (Supporting Information Figs. S6-S8). 

Tail vein injection of A549 cells is known to 
colonize in the lungs of the mice and is a very good 
model to study NSCLC tumors in mice [73, 74]. The 
growth of tumors in the lung can be measured by 
imaging of luminescence from luciferin without 
sacrificing the animal. It has been reported that the 
photon flux from tumors is directly proportional to 
the number of light-emitting cells that express 
luciferase, and the signal can be measured to monitor 
tumor growth and development [75]. Biolumine-
scence intensity in the result indicated that the 
treatment of 18 via intravenous administration help to 
reduce the NSCLC tumor growth in the lungs in a 
mice model. Analysis of tissue sections from animals 
that were treated with compound at 6 mg/kg 
suggests that 18 did not exhibit any toxic effect on 
organs such as heart, kidney, and liver in the model 
animal. Although we have not carried detailed 
toxicity studies to determine the maximum tolerated 
dose (MTD) of compound 18 in an animal model, 
based on our therapeutic dose and histopathology 
analysis of organs, the relatively long half-life of 18 
and three weeks of treatments did not cause any toxic 
effect on animals. 

Dimerization of EGFR in lung tumor suggested 
that these lung tumor tissues exhibit EGFR: HER2 and 
HER2:HER3 dimers and 18 were able to inhibit both 
the dimers as shown by PLA (Fig. 6C) on lung tumor 
tissue. Thus, 18 is a dual inhibitor of EGFR dimers in 
lung tissue. Compound 18 can also be used in HER2 
overexpression, mutation, and amplification since 
these processes ultimately result in HER2 homo and 
heterodimerization, and our peptidomimetic are 
designed to disrupt HER2 dimerization by binding to 
ECD. Although, HER2 overexpression in clinical 
studies is only 3-38%, overexpression is not the only 
criteria for targeting with 18. The dimerization of 
HER2 with other EGFR receptors is an important 
criterion. Compound 18 also inhibits the dimerization 
of HER2 with its dimerization partner that further 
inhibits cell proliferation. HER2 does not have any 
known ligand and is activated by dimerization with 
other receptors such as EGFR and HER3 [76]. 
Spontaneous dimerization of HER2 occurs via gene 
amplification or kinase activation by EGFR or HER3 
[77]. HER2 amplification is considered an alternative 
mechanism for the development of resistance to 
EGFR-targeted TKI therapy [78]. Published data 
indicate that the HER2/HER3 signaling pathways 
play an important role both in NSCLC tumors 

resistant to inhibitors of EGFR (cetuximab and 
erlotinib) [78-81] and in NSCLC cancers driven by 
activating mutations in HER2 (4% of NCSLC patients) 
[82]. Spontaneous dimerization of HER2 occurs via 
gene amplification or kinase activation by EGFR or 
HER3. Furthermore, HER2 dimerization with other 
EGFRs is known to be a driver for NSCLC. HER2 
dimerization with EGFR and HER3 is known to be 
persistent in EGFR kinase mutated NSCLC [76, 77, 83, 
84]. Thus, inhibition of both EGFR:HER2 and 
HER2:HER3 is known to be advantageous in the 
treatment of NSCLC. Dimerization of EGFRs occur 
via extracellular domain II and IV. Compound 18 is 
known to bind to ECD of domain IV of HER2 and 
inhibit the dimerization of HER2 with EGFR and 
HER3. This inhibition is known to inhibit 
phosphorylation of the kinase domain and 
downstream signaling such as PI3K and Akt and 
MAPK pathway and hence signaling for cell growth. 
Using SPR, PLA and Western blot assay as well as cell 
proliferation activity, we have shown that compound 
18 binds to domain IV of HER2, inhibits dimerization, 
HER2 kinase phosphorylation, downstream signaling 
Akt and hence cell proliferation in lung cancer cell 
lines. In mice model, the tissue sections from lung 
tumors were evaluated for HER2 expression 
(Supporting Information Fig. S9). These tissue 
samples exhibit HER2 overexpression compared to 
normal lung tissue. Our previous experiments have 
shown that compound 18 does not affect the HER2 
expression in tumor tissue, rather inhibit the HER2 
dimerization [20] (Supporting Information Fig. S10). 
Thus, 18 that inhibits the dimerization might be useful 
for NSCLC that have EGFR resistance but express 
EGFR dimers. 

Conclusions 
In summary, HER2 overexpression and 

mutations are present in a subset of lung 
adenocarcinomas. Patients with HER2 alterations 
have worse survival outcomes as compared to 
patients without these alterations. Research into 
targeted therapies that target HER2 in lung cancers 
has the potential to improve outcomes in a subset of 
patients with HER2 alterations. In this study, a 
peptidomimetic, compound 18, is designed that binds 
to domain IV of the HER2 receptor, disrupts the 
homo/heterodimerization of HER2, and inhibits 
downstream signaling for cellular proliferation and 
growth, hence, can be used as a potential therapeutic 
agent for the treatment of NSCLC. 
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phatidylinositol 3-kinase; ROI: regions of interest; SC: 
Schwarz criterion; SEM: standard error of the mean; 
SCLC: small cell lung cancer; SPR: Surface plasmon 
resonance; TFA: trifluoroacetic acid; TKI: tyrosine 
kinase inhibitor; VEGFR: vascular endothelial growth 
factor receptor. 
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