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Abstract

The current approach to treating HER2-overexpressed breast cancer is the use of monoclonal 

antibodies or a combination of antibodies with traditional chemotherapeutic agents or kinase 

inhibitors. Our approach is to target clinically validated HER2 domain IV with peptidomimetics 

and inhibit the protein-protein interactions (PPI) of HERs. Unlike antibodies, peptidomimetics 

have advantages in terms of stability, modification, and molecular size. We have designed 

peptidomimetics (compounds 5 and 9) that bind to HER2 domain IV, inhibit protein-protein 

interactions, and decrease cell viability in breast cancer cells with HER2 overexpression. We have 

shown, using enzyme fragment complementation and proximity ligation assays, that 

peptidomimetics inhibit the PPI of HER2:HER3. Compounds 5 and 9 suppressed the tumor 

growth in a xenograft mouse model. Furthermore, we have shown that these compounds inhibit 

PPI of HER2:HER3 and phosphorylation of HER2 as compared to control in tissue samples 

derived from in vivo studies. The stability of the compounds was also investigated in mouse 

serum, and the compounds exhibited stability with a half-life of up to 3 h. These results suggest 

that the novel peptidomimetics we have developed target the extracellular domain of HER2 

protein and inhibit HER2:HER3 interaction, providing a novel method to treat HER2-positive 

cancer.
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Introduction

Human epidermal growth factor receptor-2 (HER2/ErbB2) is overexpressed in 25–30% of 

human breast cancer. The overexpression of HER2 is associated with more aggressive 

tumors and a poor prognosis (1-4). Furthermore, HER2 overexpression is found in both 

primary tumor and metastatic sites, suggesting that HER2-targeted therapy is useful in 

different stages of cancer (5). HER2 is intrinsically active, and is known to undergo 

heterodimerization with other EGFR receptors such as EGFR (HER1) and HER3. Although, 

in general, EGFRs undergo conformational change upon binding to EGF ligand, leading to 

dimerization, in HER2-overexpressed breast cancer the overexpression of receptors drives 

the heterodimerization in the absence of ligand. The extracellular region (ECD) of EGFRs 

has four domains (I to IV); among these, II and IV seem to be involved in stabilizing the 

dimers and making interfacial contact (6, 7). The crystal structure of homodimers of EGFR 

has been reported, and the protein-protein interaction (PPI) surface of the ECD of EGFRs is 

defined using this structure as a template (8, 9). The PPI of the ECD of EGFRs results in 

signaling through the transmembrane domain to the cytoplasmic tail, ultimately leading to 

transphosphorylation of the kinase domain. The exact details of how the signal is passed 

from the extracellular domain to the kinase domain are not yet clear. However, it is known 

that blocking the PPI of the ECD of EGFRs leads to blocking of signaling for the kinase 

domain (Figure 1) and, hence, blocking the PPI of the ECD of EGFR is therapeutically 

useful (10).

The current approach to treating HER2-overexpressed breast cancer is the use of 

monoclonal antibodies or a combination of antibodies with traditional chemotherapeutic 

agents or with kinase inhibitors (10-14). The antibody trastuzumab is known to bind to 

domain IV of a HER2 region that is not involved in receptor dimerization. The exact 

mechanism of how trastuzumab works is not known, and different possible mechanisms 

have been proposed (15, 16). Another antibody, pertuzumab, that binds to domain II of 

HER2 and inhibits HER2:EGFR interaction is available for cancer therapy (17). Although 

antibody therapy has been successful in treating HER2-positive breast cancer, there are 

limitations because of the size of the molecule, its shelf life, cardiotoxicity, and 

immunogenicity (18). Thus, there is a need for development of novel molecules that are not 

immunogenic and do not exhibit cardiotoxicity. Our approach is to target clinically validated 

HER2 domain IV with peptidomimetics and inhibit the protein-protein interactions of 

EGFRs (Figure 1). Unlike antibodies, peptidomimetics have advantages in terms of 

stability, modification, and molecular size (19-21). In our earlier reports we have described 

the design, synthesis, and structure-activity relationships of peptidomimetics that bind to 

HER2 domain IV, inhibit protein-protein interactions, and show antiproliferative activity in 

HER2-overexpressed breast cancer cell lines (22-26). The molecules we have developed are 

novel in the sense that they inhibit HER2 heterodimerization and affect the phosphorylation 

of the kinase domain of HER2. In this work, we have extended our studies on 

peptidomimetics compounds 5 and 9 (Figure 2), to show that these molecules inhibit PPI of 

HER2:HER3. These two compounds were chosen based on their potent antiproliferative 

activity (nanomolar IC50 values) specifically for HER2-overexpressing cancer cell lines. In 

an earlier report we have described the protein-protein interaction inhibition ability of 
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compound 5 (24, 26). We have also evaluated these compounds for antitumor activity in a 

xenograft model of breast cancer. The results suggested that compounds 5 and 9 could 

suppress tumor growth in a xenograft mouse model. In addition, we have shown that these 

compounds inhibit PPI of HER2:HER3 and phosphorylation of HER2 better than control in 

tissue samples derived from in vivo studies. The stability of the compound was also 

investigated in mouse serum. The results indicated that compound 9 was detectable in 

mouse serum for up to 24 h, whereas compound 5 was detectable up to 48 h. These results 

suggest that peptidomimetics that inhibit PPI of EGFR:HER2 and HER2:HER3 could be 

useful therapeutic agents for breast cancer treatment.

Materials and Methods

Materials

Compounds 5, 8, 9 and control were synthesized in our laboratory or obtained from custom 

synthesis (23, 25, 26). Lapatinib was from Selleckchem (Houston, TX). Cancer cell lines 

BT474, SKBR-3, Calu-3, MCF-7, SKOV-3, normal cell line MCF10A, and the media for 

cells were purchased from American Type Culture Collection (ATCC, Manassas, VA). 

Peptides were custom synthesized at LSU Agriculture Center, Biotechnology Laboratory 

(Baton Rouge, LA). Enzyme fragment complementation assay kit (PathHunter®) was from 

DiscoveRx Corp. (Fremont, CA) and PLA kit from Olink Bioscience (Uppsala, Sweden). 

Antibodies for immunoblot analysis were from Abcam, Inc. (Cambridge, MA) and Santa 

Cruz Biotechnology, Inc. (Dallas, TX). Novex® 4–20% tris-glycine gels and cell lysis 

buffer were obtained from Life Technologies (Grand Island, NY). Estrogen pellets used for 

in vivo studies were obtained from Innovative Research of America (Sarasota, FL), FITC-

HER2 antibody for flow cytometry analysis was purchased from Abcam, Inc. (Cambridge, 

MA). CellTiter-Glo® reagent and TUNEL assay kit were from Promega (Madison, WI). 

Mouse serum was procured from Sigma-Aldrich (St. Louis, MO).

Cell Titer-Glo assay

Cell Titer-Glo® Luminescent assay (27) was performed to determine antiproliferative 

activity of compounds in the presence and absence of neuregulin (DiscoveRx Corp., 

Fremont, CA). The cells were coated in a 96-well plate and incubated overnight at 37°C and 

5% CO2. Increasing concentrations of compounds made in serum-free medium were added 

to the wells with or without 0.3 μM neuregulin in triplicate. Negative and positive controls 

were cells treated with 1% sodium dodecyl sulfate (SDS) and 1% dimethyl sulfoxide 

(DMSO), respectively. After incubation for 72 h at 37°C and 5% CO2, CellTitre-Glo® 

detection reagent was added and luminescence readings were obtained from a plate reader. 

From the cell viability calculated, Prism® (GraphPad software, La Jolla, CA) was employed 

to develop a dose-response curve and IC50 values were determined.

Enzyme fragment complementation assay

U2OS cells provided with the PathHunter® assay kit were seeded in a 96-well plate at a 

density of 1 × 104 cells per well. After 24 h of incubation, compound 9 at various 

concentrations in the presence of HER3 ligand neuregulin (0.3 μM) was added to the cells 

and incubated for 3–4 h. Lapatinib and control compound (CP) (Figure 2) were used as 
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positive and negative controls, respectively. Cells were washed, the detection reagent 

provided in the kit was added, and the luminescence was read using a microplate reader 

from Biotek (Winooski, VT). A concentration versus luminescence graph was plotted using 

Graphpad Prism. Relative intensity of luminescence compared to untreated cells corresponds 

to the amount of heterodimerization of HER2:HER3. The percentage of luminescence was 

calculated for the final presentation.

Proximity ligation assay (PLA)

PLA was performed using SKBR-3 cells as described previously (25). Briefly, 104 cells/well 

were incubated in an 8-well slide for 24 h at 37°C and 5% CO2. Compound 9 at 0.4 and 0.8 

μM in serum-free medium was added to the wells and incubated for 36 h. The cells were 

fixed with cold methanol and blocked with 200 μL of 5% bovine serum albumin (BSA) for 1 

h in a humidity chamber. Primary antibodies diluted in blocking solution were added and the 

slide was incubated at 4°C in a humidity chamber overnight. Then, cells were incubated 

with PLA probes at 1:5 dilution prepared in 2% BSA. Incubation with ligation mixture 

followed by amplification solution gives red florescence. The slide was counterstained with 

4',6-diamidino-2-phenylindole (DAPI), and images at 40× were obtained using a Nikon 

Eclipse Ti-S (Melville, NY) or a confocal microscope (LSM 5 PASCAL).

Western blot analysis using SKBR-3, Calu-3, and SKOV3 cells

SKBR-3, Calu-3, and SKOV3 cells were treated with compounds (1 μM). Treatment with 

lapatinib (positive control at 0.07 μM) or control compound (negative control) was also 

performed. After 36 h, cell lysate was prepared using cell lysis buffer containing protease 

inhibitor and phosphatase inhibitor. Protein concentration was obtained using Bradford 

protein assay, and 40 μg of protein from each sample was loaded on Novex® 4–20% tris-

glycine gels. Nitrocellulose membrane (GE Healthcare, Buckinghamshire, UK) was used to 

transfer the gels. After blocking with 2% BSA in TBST (Tris-buffered saline with 0.1% 

Tween 20), the membrane was incubated with primary and secondary antibodies diluted in 

blocking solution. Primary antibodies against total HER2 (T-HER2) and phosphorylated 

HER2 (p-HER2) were used at 1:300 dilution. Unbound antibodies were washed away with 

wash buffer and the membrane was incubated with peroxide substrate and enhancer 

solutions from a Super Signal-enhanced chemiluminescence kit (Pierce, Rockford, IL). A C-

Digit Blot Scanner (LI-COR Biotechnology, Lincoln, NE) was employed to expose the 

membrane and obtain images. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was 

used as control.

TUNEL assay

Lab-Tek® slides were seeded with SKBR-3 cells at 104 cells/well and incubated overnight 

at 37°C and 5% CO2. Compound 9 was added to the wells at 10 μM concentration and 

incubated for 48 h at 37°C. Cells were fixed using 10% buffered formalin and permeabilized 

by adding 0.2% Triton X-100 in PBS at room temperature for 5 min. 100 μL of rTdT 

reaction mixture containing biotinylated nucleotide was added to each well and incubated 

for 60 min at 37°C in a humidity chamber. The SSC solution (20× provided with the kit) 

diluted to 2× was added to the slide to terminate the reaction. The unincorporated 
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biotinylated nucleotides on the slide were washed off three times with PBS. The blockade of 

endogenous peroxidases in the cells was done using 0.3% hydrogen peroxide in PBS at 

room temperature. After two PBS washes, diluted streptavidin HRP solution (1:500 in PBS) 

was added to each well and incubated for 30 min at room temperature. Diaminobenzidine 

(DAB) components of the kit were combined as specified and added to the slide at 100 μL/

well. After drying, DAPI was used to counterstain the slide for nuclei, and images were 

obtained using a Nikon Eclipse TS100. The cells that had undergone apoptosis were counted 

and quantified.

HER2 expression monitored by flow cytometry

BT-474 cells were treated with compounds 5 or 9 at 5 μM concentration as well as lapatinib 

at 0.07 μM, and were incubated for 48 h at 37°C. After trypsinization, the cells were washed 

twice with PBS and resuspended at a density of 1 × 106 cells/100 μL PBS in Eppendorf 

tubes. FITC-labeled anti-HER2 was added at 5 μg/mL and incubated for 90 min. Cells were 

washed and spun down at 400 × g for 10 min and resuspended in 2 mL PBS. The solution 

was then transferred into flow cytometry tubes on ice and analyzed using a BD FACS flow 

cytometer. The shift in the number of cells with or without FITC was observed, and the 

effect on expression of HER2 after treating with compounds was evaluated compared to that 

of cells without any treatment.

Stability of compound in mouse serum

100 μL of stock solutions (6.66 mg/mL) of compounds 5 or 9 was incubated with 900 μL of 

mouse serum (Sigma-Aldrich). A sample of 100 μL was collected for each time point and 

500 μL of chilled acetonitrile was added to each to precipitate the serum proteins (28). This 

sample was vortexed and incubated on ice, followed by centrifugation at 5000 rpm for 10 

min. The supernatant, which contained compound 5 or 9 was purified by passing through a 

SEP-PAK C18 column. The samples were injected to the mass spectrometer along with a 

freshly prepared solution of compound 8 with known concentration. Compound 8, an analog 

of compounds 5 and 9 (Figure 2), was used as an internal standard against which the sample 

peaks were compared to obtain relative intensities. Compound 8 has a molecular weight of 

569 (23), which resembles that of the sample under investigation; hence, it was logical to 

use it as an internal standard.

In vivo studies

All animals were handled in strict accordance with good animal practice as defined by NIH 

guidelines, and all animal work was approved by the IACUC, University of Louisiana at 

Monroe (ULM). Athymic nude mice (Foxn1nu/Foxn1+, female, 4–5 weeks) were purchased 

from Harlan Laboratories (Indianapolis, IN) and maintained in the ULM College of 

Pharmacy vivarium. Estrogen (17β-estradiol) pellets (0.72 mg, 90-day release) were 

implanted subcutaneously in all the mice under anesthesia. BT-474 cells suspended in 

serum-free RPMI-1640 medium were injected into the second left mammary gland, 

orthotopically (nearly 2 million cells per mouse) as described by our collaborator in an 

earlier study (29). Animals were monitored daily, and body weight was measured. Fourteen 

days following the injections, visible tumors were developed. Tumor size was assessed 
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twice weekly by measuring tumor diameter with calipers; tumor volume was calculated 

using the formula V = [(length × width2)/2] (30). Once the tumors reached 3 mm in 

diameter, mice were randomly divided into four groups of six and labeled as negative 

control, positive control, treatment group 1, and treatment group 2. The treatment period for 

each group was 19 days. Treatment groups received compounds 5 or 9 dissolved in saline. 

The intratumor injections of peptidomimetics were given at a dose of 4 mg/kg twice a week. 

This dose was based on our pilot studies as well as studies reported in the literature (31, 32). 

A pilot study was conducted using small number of animals (N=3) and treating the 

xenograft tumor in mice with compound 5 at three different doses. Considering the fact that 

the compounds 5 and 9 are peptidomimetics and have N-and C-termini free, and are 

susceptible to enzymatic degradation, a dosing of 4mg/kg was proposed for the in vivo 

studies. Control groups received intratumor saline injections twice weekly, and lapatinib was 

administered at 10 mg/kg once a week by intraperitonial injection (33, 34). Mice were 

sacrificed when tumors reached 10 mm diameter in size. The marker to end the experiments 

was based on tumor doubling time rather than tumor volume. Since tumor doubling time 

was 4 times in 19 days, experiments were stopped at the 19th day (35). Tumor growth curves 

for all the groups were constructed and compared using statistical analysis. Three tumors per 

group were removed surgically and maintained at –80°C for immunoblot analysis while the 

remaining three tumors were fixed and maintained in paraffin blocks. Microsections of 

tumors (5 μm) were performed; microsections were stained with haemotoxylin and eosin (H 

& E) and analyzed for necrosis by a pathologist. All data are presented as the mean ± SE. 

Statistical differences were evaluated by Mann Whitney U test as well as one-way ANOVA 

analysis of data from different groups, and the criterion for statistical significance was p < 

0.05.

Immunoblot analysis of tumors

Frozen tumors were homogenized in lysis buffer, and the tumor lysates were collected. 

Protein concentration was analyzed using a Bradford protein assay kit. Immunoblot analysis 

was performed by loading equal amounts of protein from the tumor lysates of three groups 

in a manner similar to the immonoblot analysis performed using cell lysates of SKBR-3 

cells. Primary and secondary antibodies were used to evaluate the levels of total HER2 and 

phosphorylated HER2.

Immunohistochemistry studies on tumor tissue sections

Tumor sections were deparaffinized using xylene and rehydrated with decreasing 

concentrations of ethanol. Antigen retrieval on the microsections of the breast tumors was 

done in a steaming sodium citrate buffer (10 mM, 0.05% Tween-20, pH 6.0) for 5 min. The 

tumor sections were then used to analyze inhibition of HER2:HER3 dimerization using 

proximity ligation assay as described above.

Results

Antiproliferative activity

We reported the synthesis, analytical characterization, and antiproliferative activity of 

compounds 5 and 9 (Figure 2) in BT-474 cell lines in our earlier studies (22-24, 26). Here 
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we have extended the studies to other cancer cell lines such as SKOV-3, an ovarian cancer 

cell line, Calu-3, a lung cancer cell line that overexpresses HER2, and MCF10A, a normal 

breast cell line. In addition, we wanted to investigate whether these antiproliferative 

activities will be affected by the presence of HER2:HER3 dimerization inducer neuregulin, 

since we have used neuregulin in some of the dimerization studies. The results indicated that 

compound 9 exhibited antiproliferative activity with IC50 values in the nanomolar range in 

HER2-overxpressed cancer cell lines such as BT-474, SKBR-3, SKOV-3, and Calu-3 

(Supporting Information Table S1). However, in MCF-7 and MCF10A cell lines the 

antiproliferative activity was in the higher micromolar range. In the presence of neuregulin, 

the antiproliferative activity was not significantly changed.

Inhibition of PPI of HER2:HER3 by compounds 5 and 9

Our peptidomimetics were designed to inhibit protein-protein interactions of EGFRs, in 

particular, the interaction of HER2 with HER3. Inhibition of extracellular domain HER2 

heterodimerization inhibits the intracellular activation of signaling cascades, leading to 

controlled cell proliferation. In our previous studies, we have shown that compounds 5 and 9 
exhibit antiproliferative activities in the nanomolar range and compound 5 inhibited HER2 

heterodimerization in vitro (23, 24). The ability of compound 9 to inhibit the PPI of 

HER2:HER3 was evaluated using an enzyme fragment complementation assay (36). 

Dimerization of HER2:HER3 was induced by NRG1, a ligand for HER3. Upon treatment 

with compound 9 in the presence of NRG1, a dose-dependent decrease in the luminescence 

of U2OS cells was detected in a β-galactosidase-based assay, suggesting that HER2:HER3 

dimerization was inhibited (Figure 3A). The dose-response curve obtained was compared to 

that of a control, and the results clearly indicated that HER2:HER3 heterodimerization 

induced by NRG1 in U2OS cell lines was inhibited by compound 9. The IC50 value for 

inhibition by compound 9 was 0.3 μM. To further verify that compound 9 inhibits 

HER2:HER3 heterodimerization, a PLA was performed (37). In PLA, if two proteins are in 

proximity (≤ 16 Å), they can be detected by antibodies tagged with a DNA fragment. 

SKBR-3 cells that overexpress HER2 were incubated with specifies-specific antibodies for 

HER2 and HER3 and PLA reagents, and detection was done with a red fluorescent probe 

using a fluorescence microscope. There were number of red dots (Figure 3B), suggesting 

HER2:HER3 heterodimerization. When a control compound (Figure 3B) was incubated 

with SKBR-3 cells and PLA detection was done, red dots were still present, suggesting that 

the control compound did not inhibit HER2:HER3 heterodimerization. On the other hand, 

when compound 9 was incubated at two different concentrations (0.4 and 0.8 μM), there was 

a significant decrease in the number of red dots, clearly indicating the inhibition of 

heterodimerization of HER2:HER3.

Effect on phosphorylation of kinase domain

It is well known that heterodimerization of HER2:HER3 leads to phosphorylation of the 

kinase domain of HER2 (6) and leads to downstream signaling. To evaluate whether 

compound 9 inhibits the phosphorylation of the kinase domain by inhibiting ECD of 

HER2:HER3, immunoblot analysis was performed. SKBR-3 cells that overexpress HER2 

protein were treated with compound 9, and phosphorylation was detected using anti-
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phospho HER2. Compared to the controls, compound 9 inhibited the phosphorylation 

significantly (Figure 3C). Similar results were obtained when the compounds were 

incubated with lung cancer cell lines (Calu-3) that overexpress HER2 protein. However, in 

the case of ovarian cancer cell lines that overexpress HER2, compound 9 showed inhibition 

of phosphorylation while compound 5 did not (Supporting Information Figure S1 A&B).

Effect of compounds on the expression level of HER2 on cell surface and apoptosis

It is known that trastuzumab, which binds to domain IV of HER2, downregulates HER2 

expression on the cell surface (38). Trastuzumab is known to bind to domain IV of HER2 

(39). Since our compounds are proposed to bind to domain IV of HER2, we wanted to 

investigate whether compounds 5 and 9 would have any effect on HER2 expression on the 

cell surface. A fluorescence-labeled antibody to HER2 ECD was used to monitor the HER2 

expression on the surface. Flow cytometry data suggested that there was no shift of data to 

the left quadrant in the presence of compounds at different intervals of time. These results 

suggest that the total HER2 protein levels in treatment samples were not affected by 

compounds 5 and 9 (Figures 4A and B). Lapatinib, a well-known kinase inhibitor, was also 

used for comparison. Since the surface expression of HER2 was not affected, we wanted to 

evaluate whether the effect of compound 9 is simply inhibition of heterodimerization and 

phosphorylation or does it lead to any other downstream signaling effect such as apoptosis.

To evaluate the effect of compound 9 on apoptosis, compound 9 was incubated with 

SKBR-3 cells for 36 h, after which the cells were evaluated for death by apoptosis. 

Compound 9 was able to induce apoptosis in cancer cell line SKBR-3 compared to positive 

and negative controls (Supporting Information Figures S2 & S3). It is known that lapatinib 

is a dual kinase inhibitor of EGFR and HER2 and does not bind to the extracellular domain. 

However, we used lapatinib as a control for enzyme fragment complementation assays and 

in vivo studies.

Effect of compounds on tumor growth in a xenograft model of breast cancer

To evaluate whether the designed peptidomimetic compounds 5 and 9 could inhibit breast 

tumor growth, xenograft breast tumors induced by injecting BT-474 cells were treated with 

compounds 5 or 9 at 4 mg/kg twice a week via intratumor injection just below the breasts. 

Based on our hypothesis, compounds 5 and 9 were expected to inhibit HER2 

heterodimerization in vivo, thus leading to delayed tumor growth. During the course of the 

experiment, the tumor size in the control xenograft group without any treatment continued to 

increase, reaching a diameter of 10 mm in 19 days. On the other hand, compounds 5 and 9 
produced a delay in tumor growth, which was significant compared to that of control 

(Figure 5). Using one-way ANOVA analysis, the statistical difference between control and 

treatment groups was found to have a significance of p=0.03 (p<0.05). By using Mann 

Whitney U test, the Z-score is calculated to be 2.3 (U=1) and the treatment group was 

significantly different from vehicle control with a p-value less than 0.05.

Tumors were removed at the end of the experiment period, fixed in formalin, and cut into 5 

μ slices for slides. H&E staining of the tumor microsections revealed tumor necrosis caused 

by compounds 5 and 9 (Figures 6A–C).
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In addition, previous findings suggested that inhibition of HER2 heterodimerization with 

either EGFR or HER3 should inhibit intracellular transphosphorylation of HER2. To 

evaluate the effect of phosphorylation, proteins were extracted from tumor sections and 

phosphorylation of HER2 protein was analyzed. Results from Western blot analysis of the 

tumor samples showed a significant inhibition of HER2 phosphorylation by peptidomimetic 

compounds 5 and 9 (Figure 7).

Fixed tumor sections were evaluated by PLA for heterodimerization of HER2:HER3 and its 

inhibition by compounds 5 and 9. Slides from PLA were viewed using a confocal 

microscope for detection of HER2:HER3 dimerization. Samples of untreated tumor sections 

of mice exhibited red color, suggesting heterodimerization of proteins. Samples from tumors 

treated with compounds 5 and 9 exhibited markedly diminished signals from dimerization as 

indicated by a significant decrease in red color compared to untreated samples, indicating a 

decrease in the heterodimerization of HER2:HER3 in vivo (Figure 8). Tumor sections were 

also evaluated for HER2 expression using FITC-labeled HER2 antibody. Figure 9 shows 

the expression of HER2 in tumor sections treated with compounds 5 and 9 and lapatinib, as 

well as tumor sections from the control group. From this figure it is clear that treatment with 

compound 9 did not decrease the HER2 expression on the cell surface in tumors.

Stability of compounds 5 and 9 in mouse serum

Compounds 5 and 9 are peptidomimetics with N- and C-termini susceptible to enzymatic 

degradation in vivo. To prevent enzymatic peptide degradation, several strategies are 

available (40-42). Before we proceed with intravenous administration of the compound in 

future studies, understanding the stability of the compound in serum is important. The 

stability of the compounds was evaluated by incubating in mouse serum. It is more relevant 

to perform this study in mouse serum as the in vivo effect of the compound was assessed in a 

mouse model. Compound 8 (Figure 2) was used as control compound to calculate relative 

intensity using mass spectrometry. The serum stability study showed that the compound is 

detectable in serum even after 24 h (Figure 10). The half-life obtained from the relative 

intensities is about 1 h for compound 9 and 3 h for compound 5.

Discussion

HER2 protein is deregulated in ~20% of primary breast carcinomas and is associated with a 

poor survival rate (10). HER2 is a preferred dimerization partner for other EGFRs for 

signaling since it is known to be in an open conformation state (12). Antibodies targeted to 

the HER2 extracellular domain inhibit the signaling for cancer cell growth have been 

therapeutically useful (43, 44). Here, we used peptidomimetics 5 and 9 that target the HER2 

extracellular domain, in particular domain IV, to inhibit the interaction between HER2 and 

other EGFRs. In HER2-positive breast cancer, HER2:HER3 heterodimerization seems to be 

important compared to that of other EGFR heterodimers (12). Using PLA and PathHunter 

assays, we have shown that compound 9 inhibits HER2:HER3 dimerization (Figure 3). 

Thus, the designed compounds inhibit protein-protein interactions of HER2 and HER3 

extracellular domains. Flow cytometry analysis indicated that the expression of HER2 in 

cells treated with these compounds was unaltered. Tumor sections from in vivo samples 
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were analyzed for HER2 expression. Tumor sections that were untreated or treated with 

these compounds exhibited HER2 expression, suggesting that there was no decrease in 

HER2 expression following this treatment (Figures 9). This ruled out the possibility that the 

activity of our compounds was due to a change in total protein levels. Moreover, the 

compounds inhibited heterodimerization of HER2 with other EGFRs and, thereby, 

phosphorylation of HER2, which is evident from the immunoblot analysis of SKBR3 cells 

(Figure 3C). This clearly suggests that, although the compounds bind to the HER2 

extracellular domain, in particular to domain IV, the mechanism of action of these 

compounds is different than that of the antibody trastuzumab.

In the xenograft model of breast cancer, compounds 5 and 9 clearly produced a significant 

reduction in tumor growth compared to the negative control and a positive control, lapatinib. 

Consistent with the in vitro results, immunoblots obtained with in vivo samples showed a 

decrease in phosphorylated HER2 levels in the compound treatment groups compared to 

control (Figure 7). PLA carried out on tumor sections clearly suggested that compounds 5 
and 9 inhibit the HER2:HER3 heterodimerization under in vivo conditions. Taken together, 

these studies suggest that inhibition of HER2 heterodimerization with other EGFRs by 

compounds 5 and 9 hinders intracellular trans-phosphorylation, leading to controlled cell 

proliferation and tumor growth.

The involvement of extracellular domains of EGFR proteins in dimerization and signaling 

has been studied. However, at present, no crystal structures of heterodimers have been 

reported. Domains II and IV of ECD of EGFR and HER2 are known to be important in PPI 

(45, 46). Domain II interactions have been studied in EGFR (HER1) and are known to be 

involved in heterodimerization with other EGFRs. The domain IV C-terminal is near the 

transmembrane domain, and the details of its participation in dimerization have not been 

elucidated. While blocking of domain IV by the antibody trastuzumab is known to be 

clinically significant in breast cancer (4), the exact mechanism by which the binding of 

antibodies and a small molecule designed to bind to the HER2 domain IV alters HER2-

mediated signaling is not well understood. Mutation in domain IV of EGFR is known to 

impair phosphorylation (46). It is also known that alteration or truncation of domain IV 

changes the heteromeric signaling of EGFR (47). Domain IV is very flexible, and the nature 

of the interaction of domain IV in EGFR-HER2/HER3-HER2 proteins is dynamic (8). There 

are controversial reports about the involvement of the C-terminal portion of domain IV in 

the dimerization process (48-50). Although the kinase domains of EGFRs are targeted for 

therapeutic effects in cancer, they develop resistance because of mutation. Our approach 

provides a new way of targeting HER2-overexpressed cancer cells. In the present study, the 

compounds were administered directly near the tumor and, thus, the stability of these 

compounds in circulation is not known. However, the studies described here will provide 

information for design of targeted therapeutic agents using PPI inhibition strategy. The 

compounds we have designed are targeted to domain IV of HER2 to inhibit HER2:HER3 

interaction. In HER2-positive breast cancer, HER2:HER3 heterodimerization has proven to 

be more significant than EGFR:HER2 heterodimerization and, hence, these compounds have 

significance in HER2-positive cancer therapy.
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Conclusion

Based on the in vitro and in vivo data presented here, we can conclude that peptidomimetics 

can be targeted to domain IV of HER2 and that this can result in inhibition of dimerization, 

hindered phosphorylation and, ultimately, inhibition of signaling for cell growth. Overall, 

our findings suggest that our designed peptidomimetic compounds 5 and 9 are efficient in 

inhibiting extracellular domain heterodimerization of EGFR, in particular, HER2:HER3. 

Inhibition of ECD of HER2:HER3 resulted in inhibition of phosphorylation of the kinase 

domain of HER2, thereby abrogating the downstream signaling in breast cancer cells. 

Compounds 5 and 9 delayed tumor growth in a xenograft model of breast cancer; this serves 

as preliminary evidence for the activity of these compounds in vivo.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proposed mechanism of inhibition of EGFR heterodimerization by peptidomimetic 

compounds 5/9.
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Figure 2. 
Structures of compounds 9, 5, 8 and control (CP).
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Figure 3. 
A) Inhibition of heterodimerization of HER2:HER3 in HER2, HER3 transfected U2OS cells 

by compound 9 at different concentrations using enzyme fragment complementation assay 

(DiscoveRx). Dose-response curve for inhibition of HER2:HER3 heterodimerization by 9 in 

the presence of 0.3 μM NRG1 (triangles). Control compound (CP) in the presence of 0.3 μM 

NRG-1 (filled squares).

B) HER2:HER3 heterodimerization and its inhibition by compound 9 observed by PLA. 

Concentration-dependent inhibition of HER2:HER3 heterodimers was observed. SKBR-3 
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cells showing only HER2:HER3 heterodimerization as red spots. A control compound (CP) 

did not inhibit HER2:HER3 heterodimerization. At a sub-optimum dose of compound 9 (0.4 

μM), HER2:HER3 heterodimerization was inhibited to a lesser extent. At optimum dose of 

compound 9 (0.8 μM), HER2:HER3 heterodimerization was significantly inhibited.

C) Effect of compound 9 on phosphorylation of HER2 kinase domain. SKBR-3 cells that 

overexpress HER2 protein upon treatment with compound 9 (1 μM). Compound 5 and 

lapatinib (L) (0.07 μM) and control compound (CP) are shown for comparison. The 

visualization of GAPDH was used to ensure equal sample loading in each lane. 

Phosphorylation was detected using p-HER2 antibody. Total HER2 protein is also shown.
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Figure 4. 
A) Effect of compounds on HER2 expression studied by flow cytometry. BT-474 cells 

without any FITC-labeled antibody to HER2, BT474 cells with FITC-antiHER2, cells 

treated with lapatinib and labeled with FITC-anti-HER2, cells treated with compound 9 with 

FITC-anti-HER2. B) Cell treated with compound 5.
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Figure 5. 
Antitumorigenic activity of compounds 9 (diamonds) and 5 (crosses). Compounds 5 and 9 
(4 mg/Kg) delayed the tumor growth in athymic nude mice significantly compared to the 

control group (filled triangles) without any treatment (standard error plotted). For 

comparison, tumor suppression by lapatinib is also shown (squares). It is very clear that 

there is a significant difference between the control and treatment groups.
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Figure 6. 
H and E staining of tumor sections of mouse with and without compound treatments. A) 

Tumor tissue without any compound treatment, B) compound 5 treatment, C) compound 9 
treatment. Sections from treated tumors (B, C) showed areas of necrosis that presented as 

eosinophilic debris with no cellular structures and nuclei.
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Figure 7. 
Western blot analysis of the HER2 phosphorylation level of treatment and control groups. 

Compounds 5 and 9 significantly inhibited HER2 phosphorylation compared to the 

untreated control group.
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Figure 8. 
Confocal images of PLA on breast tumor sections. A) PLA on control mouse without any 

treatment. Red color fluorescence indicate HER2:HER3 heterodimerization. PLA on mouse 

treated with 4 mg/kg of B) compounds 9 and C) 5. Compounds specifically inhibited 

HER2:HER3 heterodimerization significantly compared to the control without any treatment 

as indicated by the small number of red dots.
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Figure 9. 
HER2 expression in tumor sections of mice evaluated by fluorescently labeled anti-HER2 

antibody (green fluorescence). Tissue section without any antibody treatment and labeled 

with nuclear stain DAPI. Tissue section without any compound treatment, compounds 9, 5, 

and lapatinib treatment are shown. Notice the HER2 expression in all the tumors suggesting 

that compounds do not affect the expression of HER2 protein.
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Figure 10. 
Stability of compounds 9 and 5 incubated in mouse serum and analyzed at different intervals 

of time. The amount of remaining intact peptide was detected by mass spectrometry using 

freshly prepared compound 8 an analog of compounds 9 and 5 as internal standard. A) 
compound 9, B) compound 5. Compound 5 was more stable compared to compound 9 in 

serum as seen from the graph.
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