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Background: There is increasing need to develop targeted therapies for triple negative breast cancer 
(TNBC) as conventional therapies are ineffective at combatting systemic disease. Triple negative breast 
tumors often have increased expression of receptor tyrosine kinases (RTKs) such as epidermal growth factor 
receptor (EGFR) and the hepatocyte growth factor receptor c-Met; presenting as potential targets for 
treatment. However, targeted anti-EGFR and anti-c-Met therapies have faced mixed results in clinical trials 
due to acquired resistance. In this study, we explore the potential of EGFR and c-Met as potential targets for 
treatment of metastatic TNBC, including assessment of potential mechanisms of response. 
Methods: To help define the clinical context, we first evaluated EGFR and c-Met expression data from 
The Cancer Genome Atlas (TCGA) and Clinical Proteomic Tumor Analysis Consortium (CPTAC). Using 
MDA-MB-468 and MDA-MB-231 TNBC cell lines, we also investigated the effects of the c-Met inhibitor 
cabozantinib and the EGFR inhibitor erlotinib on in vitro cell proliferation, migration, invasion and 
downstream signaling pathways. 
Results: TCGA and CPTAC data demonstrated increased expression of both EGFR and c-Met in patients 
with TNBC relative to other breast cancer subtypes (P<0.05). We observed that MDA-MB-468 cells were 
more sensitive to the anti-proliferative effects of erlotinib (IC50 =9.70 nM) compared to MDA-MB-231 
cells (IC50 =5.48 μM), whereas MDA-MB-231 cells were more sensitive to cabozantinib (IC50 =1.68 μM) 
than MDA-MB-468 cells (IC50 =8.89 μM). In erlotinib-treated MDA-MB-468 cells, we observed a decrease 
in both phosphorylated EGFR (Y1086) and total EGFR as well as decreased activation of ERK1/2 (T202, 
Y204) (P<0.05). Cabozantinib, although not directly affecting the activation of c-Met, attenuated activation 
of AKT1 (S473) in MDA-MB-231 cells (P<0.05). Finally, we observed a reduction in cell migration and 
invasion of erlotinib-treated MDA-MB-468 cells and cabozantinib-treated MDA-MB-231 cells compared to 
controls (P<0.05). 
Conclusions: Erlotinib and cabozantinib have varying anti-proliferative and anti-migratory effects in 
different TNBC models. Elucidation of the underlying mechanisms that define the heterogenous response to 
tyrosine kinase inhibitors (TKIs) in TNBC could help identify biomarkers to stratify patients for treatment 
and/or facilitate discovery of targets to attenuate acquired resistance.
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Introduction

Breast cancer is the most commonly diagnosed neoplasm 
in women, with over 279,000 American cases expected to 
be diagnosed in 2020 (1). Although mortality associated 
with breast cancer has declined due to advancements in 
screening and therapeutics, it remains a lethal disease 
with a projected rate of 22 deaths per 100,000 in 2020 (2). 
Breast cancer is a heterogenous disease and prognosis is 
dependent on tumor expression of the receptors estrogen 
receptor (ER), progesterone receptor (PR), and human 
epidermal growth factor receptor 2 (HER2/neu) as 
they present effective therapeutic targets. Based on this 
classification, breast cancer is largely divided into four 
clinical subtypes: Luminal A (ER/PR+, low ki67, usually 
HER2−), luminal B (ER/PR+, high ki67, HER2+/−), 
HER2-enriched (HER2+, ER/PR−) and triple negative 
breast cancer (TNBC) (ER/PR−, HER2−) (3,4). For most 
patients with breast cancer, treatment entails surgery 
with radiation therapy and/or systemic therapy, which, 
depending on subtype, includes targeting of hormone 
receptor and growth factor receptor pathways with anti-
estrogen/progesterone (tamoxifen, aromatase inhibitors) 
and/or anti-HER2 therapies (Herceptin®/trastuzumab, 
lapatinib)  (5,6) .  However,  TNBC [approximately 
15–20% of cases (7)] currently does not respond to 
these and other molecular-targeted therapies (8-10)  
and tends to have a worse prognosis and lower chance of 
survival compared to other breast cancer subtypes (11,12). 
This lack of effective systemic treatment options presents 
an opportunity to search for targetable receptors in TNBC 
in order to develop more effective therapies.

For targeted therapies, kinases—enzymes responsible 
for phosphorylation—have been successfully used as 
targets in treating cancer since development of the Bcr-Abl 
kinase inhibitor imatinib in treating chronic myelogenous 
leukemia (CML) (13). In particular, the receptor tyrosine 
kinase (RTK) subset of membrane-bound protein receptors 
is of great interest for targeting. The involvement of RTKs 
in cancer was first observed in the 1980s with the discovery 
of the v-ERBB and ERBB2/neu oncogenes (14-16). It has 
since been demonstrated that RTKs mediate signaling 
for several biological processes commonly dysregulated 
in tumorigenesis, including cell growth/proliferation, 
survival, motility and invasion (17,18). These kinases are 
critical in driving cancer development and progression to 
the point where tumors may develop a reliance on kinase-
driven signaling (19). This has been successfully exploited 

by targeted therapies such as the anti-HER2 antibody 
trastuzumab in HER2-enriched breast cancer (5), the anti-
EGFR inhibitors gefitinib and erlotinib in non-small cell 
lung cancer (NSCLC) (20,21), and imatinib in CML (13). 
Reliance on kinase signaling can be driven by mutation and/
or overexpression of the kinase and/or its ligands (19). 

TNBCs often have increased expression of RTKs such 
as epidermal growth factor receptor (EGFR) and the c-Met 
(hepatocyte growth factor receptor) (22-24). EGFR and 
c-Met signaling involves extensive crosstalk with each 
other and several redundant downstream pathways (25,26) 
including the PI3K/AKT (27), STAT (28), and Ras (29) 

pathways, thus studying the effects of inhibition on both 
receptors individually is of great interest. Overexpression 
of EGFR is associated with poor outcome in various 
malignancies (30-32) including breast cancer (30,33), 
and EGFR overexpression is more frequently found in 
triple negative/basal-like breast cancer compared to other 
molecular subtypes (34-36). Similarly, c-Met has been shown 
to be more highly expressed in basal-like breast cancers 
(29,30) and TNBCs (21-23) when compared to other breast 
cancer subtypes. Amplification of c-Met is prognostic for 
higher relapse rates in patients with TNBC, compared 
to patients with unamplified c-Met TNBC cases (31)  
and c-Met overexpression is a useful prognosis factor for 
recurrence and death in patients with TNBC (32,33). 
Dysregulation of either EGFR (37,38) or c-Met (34-36)  
pathways plays an important role in tumorigenesis and 
metastasis via their regulation of cell behaviors such as 
proliferation, motility, apoptotic evasion, and invasion. 
Given the reliance of cancer progression on these pathways, 
EGFR and c-Met present as potential effective targets for 
targeted therapies in TNBC. 

Erlotinib (Tarceva®, OSI-774, R1415, CP358774, 
NSC718781) is a reversible small molecule ATP-competing 
inhibitor of EGFR. Binding to the ATP-binding pocket, 
erlotinib prevents trans-autophosphorylation and activation 
of downstream cell cycle progression, proliferation, and 
angiogenesis signaling pathways (39). In the breast cancer 
setting, erlotinib has demonstrated anti-growth effects on 
breast cancer tumors with positive EGFR expression (40) 
and limited activity in unselected patients with previously 
untreated metastatic breast cancer (41). More specifically, 
erlotinib demonstrated tumor growth inhibitory effects in a 
TNBC xenograft model (42) with some encouraging results 
in phase I and phase II clinical trials to date (40,43,44). 

Cabozantinib (XL184, BMS907351) is a small molecule 
ATP-competitive inhibitor of c-Met and VEGFR2 that 
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is clinically used for treatment against medullary thyroid 
cancer and hepatocellular carcinoma. In preclinical 
studies, cabozantinib has been shown to inhibit the 
phosphorylation and activation of c-Met and downstream 
signaling molecules in vitro (45) and in vivo (46). Moreover, 
cabozantinib inhibits cell proliferation and tumor growth of 
cancer in vitro and in vivo (37,46) with results from phase II 
clinical trials in metastatic breast carcinoma demonstrating 
initial clinical activity during treatment (38,39). Although 
erlotinib and cabozantinib may have some clinical activity 
in controlling disease progression at treatment onset, 
ultimately, tumors continue to progress and develop 
resistance to treatment. Therefore, further research is need 
to elucidate and understand the underlying mechanisms of 
c-Met and EGFR inhibition by cabozantinib and erlotinib, 
respectively.

In the current study, we explored the potential of EGFR 
and c-Met as potential targets for treatment of metastatic 
TNBC, including assessment of potential mechanisms of 
response. Using clinical data from The Cancer Genome 
Atlas (TCGA) and Clinical Proteomic Tumor Analysis 
Consortium (CPTAC), we observed that expression of 
both EGFR and c-Met is elevated in patients with TNBC 
relative to other breast cancer subtypes. Using metastatic 
human MDA-MB-468 and MDA-MB-231 TNBC 
cell lines as model systems, we observed that erlotinib 
and cabozantinib significantly inhibit the proliferation, 
migration, invasion and downstream signaling of TNBC 
in a cell line-specific manner, with MDA-MB-468 cells 
demonstrating response to erlotinib and MDA-MB-231 
cells demonstrating response to cabozantinib. Elucidation 
of the underlying mechanisms that define the heterogenous 
response to tyrosine kinase inhibitors (TKIs) in TNBC 
could help identify biomarkers to stratify patients for 
treatment and/or facilitate discovery of targets to attenuate 
acquired resistance. We present the following article in 
accordance with the Materials Design Analysis Reporting 
(MDAR) Checklist (available at: http://dx.doi.org/10.21037/
pcm-20-62).

Methods

TCGA and CPTAC analysis

RNA expression data for EGFR and c-Met in clinical breast 
cancer samples were generated from RNA-seq datasets of 
the TCGA-Breast Invasive Carcinoma (TCGA-BRCA) 
project by TCGA Research Network public database 

(https://www.cancer.gov/tcga). Protein expression data for 
EGFR and c-Met in clinical breast cancer samples were 
generated from the National Cancer Institute Clinical 
Proteomic Tumor Analysis Consortium (CPTAC). 
Expression data were retrieved via the UALCAN portal (47). 
Logarithmic values of RNA and protein expression were 
normalized to all samples and expressed as Z-values. 

Cell culture and reagents

The MDA-MB-231(RRID:CVCL_0062) and MDA-MB-
468(RRID:CVCL_0419) cell lines [obtained from Dr. 
Ann Chambers (London Health Science Centre, London, 
Canada)] were cultured under standard conditions in 5% 
CO2 at 37 ℃ in Dulbecco’s modified Eagle’s medium 
(DMEM) and nutrient mixture F12 1:1 (ThermoFisher, 
Waltham, MA, USA) with 10% fetal bovine serum (FBS; 
VWR Life Science, Radnor, PA, USA), and minimum 
essential medium Eagle-alpha modifications (α-MEM; 
ThermoFisher) with 10% FBS, respectively. Cells 
were cultured with the EGFR inhibitor erlotinib (LC 
Laboratories, Woburn, MA, USA) or the c-Met inhibitor 
cabozantinib (MedChemExpress, Monmouth Junction, 
NJ, USA). When assessing EGFR and c-Met signaling, 
cells were incubated with 100 ng/mL EGF (Sigma-Aldrich, 
Mississauga, ON, Canada) and 50 ng/mL HGF (Abcam, 
Cambridge, UK), respectively. 

Proliferation assays

To assess the effects of EGFR and c-Met inhibitors on 
growth kinetics and cell proliferation, growth curve and 
clonogenic assays were performed. For growth curve assays, 
cells were seeded in 60 mm dishes at density of 5×104 
cells/dish, allowed to attach after several hours, and then 
incubated with either the inhibitor (0.5–5 μM erlotinib; 
1–2 μM cabozantinib) or dimethyl sulfoxide (DMSO, 
Sigma-Aldrich; vehicle control). Cell were incubated at  
37 ℃, 5% CO2 for 9 days, with media containing inhibitors/
DMSO refreshed every 4 days. At days 1, 3, 5, 7, and 9 
cells were harvested by trypsinization and counted with a 
haemocytometer using trypan blue exclusion. Doubling 
time (TD) was calculated using the formula: ( )1 ln 2DT

K
= ,  

where ( )ln /t oN N
K

t
= , where Nt is number of cells after time 

period, t, and No is the initial starting number of cells. 

For clonogenic assays, cells were seeded in 6-well plates at 
density of 100–150 cells/well, allowed to attach for several 
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hours, and incubated with either inhibitor (0.01 nM–100 μM 
erlotinib; 1 nM–100 μM cabozantinib) or DMSO. Colonies 
were allowed to develop over 10–14 days at 37 ℃, 5% CO2, 
with media containing inhibitors/DMSO refreshed every 
4 days. At assay endpoint, colonies were fixed and stained 
with 6% glutaraldehyde +0.5% crystal violet solution. The 
mean number of colonies (defined as >50 cells) per well was 
calculated using FIJI ImageJ software (NIH, version 1.52p, 
Bethesda, MD, USA; RRID:SCR_002285). 

Protein analysis

For protein analysis, lysis buffer (50 mM Tris-HCl, 
150 mM NaCl, 1% NP-40, 1 mM EDTA, 1X protease 
inhibitor) was added to erlotinib-treated MDA-MB-468 
or cabozantinib-treated MDA-MB-231 cells. Protein  
(30 μg per sample), quantified by Lowry assay, was boiled for  
10 min with sodium dodecyl sulfate (SDS), subjected to SDS 
polyacrylamide gel electrophoresis (SDS-PAGE; 150 V for 
1 h) and transferred onto polyvinylidene difluoride (PVDF) 
membranes (Millipore, Sigma-Aldrich). Membranes were 
blocked using 5% bovine serum albumin (BSA) in Tris-
buffered saline (TBST) + 0.1% Tween-20. A summary 
of primary antibodies used can be found in Table S1. 
Secondary antibodies included goat anti-mouse IgG or goat 
anti-rabbit IgG secondary antibodies (Calbiochem, Billerica, 
MA, USA) conjugated to horseradish peroxidase were used 
at concentrations of 1:1,000, diluted in 5% BSA in TBST. 
Protein expression was visualized using AmershamTM ECLTM 
Prime Detection Reagent (GE Healthcare Lifesciences, 
Wauwatosa, WI, USA). When assessing erlotinib-induced 
EGFR attenuation, cells were incubated with either a 
proteasomal inhibitor, 10 μM MG-132 (Sigma-Aldrich), or 
a lysosomal inhibitor, 100 μM Chloroquine (Sigma-Aldrich). 
For the screen of cabozantinib responsive phospho-kinases, 
the Proteome Profiler Human Phospho-Kinase Array Kit 
(R&D Systems, Minneapolis, MN, USA) was used with 
lysates of MDA-MB-231 cells treated with either DMSO or 
5 μM cabozantinib for 30 min.

Cell migration and invasion assays

Differences in TN breast cancer cell migration in response 
to cabozantinib and erlotinib was assessed using wound 
closure and transwell migration assays. For wound closure 
assays, MDA-MB-468 or MDA-MB-231 cells were cultured 
in 12-well dishes to approximately 100% confluency. 
Under sterile conditions, a vertical wound in the monolayer 

was created by dragging a 200 μL pipette tip across each 
well. Cells were then incubated with respective inhibitors 
(MDA-MB-468 + erlotinib (1–10 μM), MDA-MB-231 + 
cabozantinib (1–10 μM)] or DMSO control, in combination 
with or without 10 μg/mL mitomycin C to control for 
proliferation. Images of 3 low-powered fields of view (LP-
FOVs)/well were taken every 12 hours until the wounds in 
the control wells were fully closed. The mean wound width 
per FOV was calculated using FIJI ImageJ software. For 
transwell migration assays, Falcon® transwell inserts (8 µm 
pore size) were placed in 24-well dishes, coated with gelatin 
and exposed to culture media (10% FBS) in the bottom well. 
Cells (5×104 cells/well) were seeded onto the top portion of 
each transwell chamber and treated with inhibitors, vehicle 
control (DMSO), and proliferation control (mitomycin C). 
Following a 24 h incubation at 37 ℃, 5% CO2, transwells 
were fixed with 1% glutaraldehyde and mounted and stained 
with Vectashield® Antifade Mounting Medium with DAPI 
(Vector Laboratories). Five high powered (HP)-FOVs were 
analyzed for each well, and a mean number of migrated 
cells per FOV was calculated using FIJI ImageJ software. 
Differences between TN breast cancer cell invasion in 
response to cabozantinib and erlotinib was assessed using 
transwells coated with MatrigelTM (15% v/v; BD Science, 
San Jose, CA, USA), with all other parameters consistent 
with that described for migration assays. 

Statistical analysis

All in vitro experiments were performed with a minimum of 
three biological replicates, with at least three technical replicates 
included in each experiment. Quantitative data were compiled 
from all experiments. Unless otherwise noted, data are presented 
as the mean ± SD. Statistical analysis was performed using 
GraphPad Prism 8.0 software (GraphPad Software, San Diego, 
CA, USA) using analysis of variance (ANOVA) with Tukey post-
tests (for comparison between all treated conditions) and non-
linear regression (for IC50 dose-curves). Values of P≤0.05 were 
considered statistically significant.

Results

Expression of EGFR is elevated in TNBC breast cancer 
patient samples and cell line models, and MDA-MB-468 
TNBC cells are responsive to the anti-EGFR inhibitor 
erlotinib

To help define the clinical context, we first evaluated 

https://cdn.amegroups.cn/static/public/PCM-2020-TNBC-02-supplementary.pdf
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EGFR expression data from TCGA and CPTAC. Analysis 
of TCGA datasets demonstrated that RNA expression of 
EGFR is significantly elevated (P<0.05) in TNBC patient 
samples (z-score: 0.85, n=123) relative to luminal patient 
samples (z-score: −0.22, n=874) (Figure 1A). Similarly, 
analysis of CPTAC datasets demonstrated that protein 
expression of EGFR is also significantly elevated (P<0.05) 
in TNBC (z-score: 0.40, n=9) relative to luminal breast 
cancer (z-score: −0.48, n=52) in patient samples (Figure 1B).  
Moving to experimental studies, we evaluated EGFR 
expression in our two human TNBC cell line models; 
MDA-MB-468 and MDA-MB-231. We observed that 
EGFR was significantly (P<0.05) more expressed in the 
MDA-MB-468 than the MDA-MB-231 cell line (Figure 1C).  
We next assessed the response of TNBC cells to the 
EGFR inhibitor erlotinib with regards to cell growth/
proliferation. We observed that the doubling time of MDA-
MB-468 cells treated with 5 μM erlotinib (89.3±29.3 h) was 
significantly increased (P<0.05) relative to DMSO control 
(36.9±1.7 h) (Figure 1D). However, MDA-MB-231 TNBC 
cells demonstrated no difference in doubling time in the 
presence versus absence of inhibitor. To determine the dose-
response of TNBC cells to erlotinib, a clonogenic assay was 
performed. Non-linear regression of the surviving fraction 
(ratio of number of colonies present: initial seeding density 
multiplied by the plating efficiency) demonstrated an IC50 
=9.705 nM (R2=0.9287) for MDA-MB-468 cells and an IC50 
=5.480 μM (R2=0.8205) for MDA-MB-231 cells (Figure 1E). 
These results suggest that erlotinib is effective at inhibiting 
growth in the MDA-MB-468 TNBC model (responsive), 
but not in the MDA-MB-231 model (resistant). 

Erlotinib treatment attenuates EGFR expression, 
phosphorylation and downstream ERK signaling in 
responsive MDA-MB-468 TNBC cells 

To investigate the mechanistic effects of erlotinib on EGFR 
signaling, expression and phosphorylation of EGFR and 
ERK were assessed by immunoblotting of cells treated with 
erlotinib. Phosphorylated EGFR (Y1086 phospho-site) was 
significantly reduced (P<0.05) in erlotinib-treated (5 μM) 
MDA-MB-468 or MDA-MB-231 cells relative to DMSO 
control (Figure S1A). Unexpectedly, total EGFR expression 
was also significantly reduced (P<0.05) in both cell line 
models (Figure S1B), resulting in no change in the ratio 
of phosphorylated: total protein (Figure 2A). This pattern 
was also observed in MDA-MB-468 cells over a time 
course (0–24 hours) of exposure to erlotinib (Figure 2B), 

with EGFR expression and phosphorylation declining as 
early as 5 minutes after initial exposure to erlotinib, but no 
significant difference in the ratio between phosphorylated: 
total protein across the timepoints. To begin to investigate 
the potential mechanisms underlying erlotinib-induced 
attenuation of EGFR expression, we probed degradation 
pathways mediated by the proteasome and lysosome. 
Previous studies have suggested that EGFR degradation in 
cancer cells may be induced by environmental stressors (e.g., 
chemotherapeutic agents, targeted agents, oxidative stress, 
etc.) and that this degradation is mediated by canonical 
recycling pathways (49). To assess the potential contribution 
of the proteasome, MG-132 (an inhibitor of the 26S 
proteasome) was incubated with MDA-MB-468 cells 
treated with either erlotinib or DMSO control. To assess 
the contribution of the lysosome, the lysosomal inhibitor 
chloroquine (CQ) was used. We observed that neither MG-
132 or CQ had any significant effect on erlotinib-induced 
attenuation of EGFR expression (Figure S1C,D), indicating 
that other pathways are likely responsible for EGFR 
attenuation/degradation. Although the effects of erlotinib 
on EGFR phosphorylation and expression were unexpected, 
examination of downstream canonical signaling pathways 
demonstrated that erlotinib does have has predictable effects 
on ERK1/2 phosphorylation in responsive MDA-MB-468 
TNBC cells. In 5 μM erlotinib-treated MDA-MB-468 cells, 
phosphorylation levels of ERK1/2 at phospho-sites T202 
and Y204 were significantly decreased (P<0.05) relative 
to DMSO control (Figure 2C). Investigation of the time 
dependency of erlotinib response revealed that ERK1/2 
phosphorylation attenuation (P<0.05) occurs within  
10 minutes of exposure to erlotinib and that phosphorylation 
levels of ERK1/2 remain attenuated, up to 24 h, as long as 
erlotinib is present (Figure 2D). No significant change in 
ERK1/2 phosphorylation was observed in non-responsive 
MDA-MB-231 cells. 

Expression of c-Met is elevated in TNBC breast cancer 
patient samples and cell line models, and MDA-MB-231 
TNBC cells are responsive to the anti-c-MET inhibitor 
cabozantinib

Similar to EGFR, analysis of TCGA datasets demonstrated 
that RNA expression of c-Met is significantly elevated 
(P<0.05) in TNBC patient samples (z-score: 0.84, n=123) 
relative to luminal (z-score: −0.18, n=874) and HER2 
(z-score: 0.48, n=68) samples (Figure 3A). Analysis of 
CPTAC datasets demonstrated that protein expression 

https://cdn.amegroups.cn/static/public/PCM-2020-TNBC-02-supplementary.pdf
https://cdn.amegroups.cn/static/public/PCM-2020-TNBC-02-supplementary.pdf
https://cdn.amegroups.cn/static/public/PCM-2020-TNBC-02-supplementary.pdf
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Figure 1 Expression of EGFR is elevated in TNBC breast cancer patient samples and cell line models, and MDA-MB-468 TNBC cells are 
responsive to the anti-EGFR inhibitor erlotinib. (A) RNA expression (z-score) of EGFR from clinical breast cancer samples (either luminal, 
HER2-enriched or TNBC) was analyzed using TCGA RNA-seq datasets retrieved via the UALCAN portal (48). (B) Protein expression 
(z-score) of EGFR from clinical breast cancer samples (either luminal, HER2-enriched or TNBC) was analyzed using CPTAC proteomic 
datasets retrieved via the UALCAN portal (48). Z-values represent the standard deviations from the median generated from the normalized 
log2 spectral count ratio values. Statistics were calculated by UALCAN portal. The results shown here are based upon data generated by the 
TCGA Research Network and the National Cancer Institute Clinical Proteomic Tumor Analysis Consortium (CPTAC). α = significantly 
different than luminal subtypes (P<0.05). (C) Protein expression of EGFR by immunoblot analysis in TNBC cell lines MDA-MB-231 
and MDA-MB-468, with representative immunoblot. Total protein, assessed by Amido black staining, was used as a loading control. α = 
significantly different than DMSO control (P<0.05; n=3) (D) Doubling times (h) were calculated from the growth curves of MDA-MB-468 
and MDA-MB-231 incubated with erlotinib (5 μM) or DMSO vehicle control. α = significantly different than DMSO control (P<0.05; 
n=3). (E) Colony forming assays were conducted to determine the dose response of MDA-MB-468 and MDA-MB-231 cells treated with 
increasing doses of erlotinib [0.01 nM–100 μM] over 14-day period. Non-linear regression analysis was applied to the curves to calculate the 
IC50 and R2 values.
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Figure 2 Erlotinib treatment attenuates EGFR expression, phosphorylation and downstream ERK signaling in responsive MDA-MB-468 
TNBC cells. (A,B,C,D) MDA-MB-468 or MDA-MB-231 cells were cultured for 24 h in 37 ℃, 5% CO2 with 100 ng/mL EGF in serum 
media and exposed to 5 μM erlotinib (ERL) or DMSO vehicle control for 24 h. (A,C) MDA-MB-468 and MDA-MB-231 cell lysates were 
collected at 24 h and subsequent immunoblots were quantified by densitometry, normalized to Actin loading controls, and the ratio of 
phosphorylated: total EGFR (A) or ERK1/2 (C) was calculated. (B,D) MDA-MB-468 cell lysates were isolated at 0, 5, 10, 30, 45, 60 min, or 
24 h after exposure to 5 μM erlotinib (ERL). Subsequent immunoblots were quantified and normalized to total protein as assessed by Amido 
Black staining, and the ratio of phosphorylated: total EGFR (B) or ERK1/2 (D) was calculated. α = significantly different than DMSO 
control (P<0.05; n=3).
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of c-Met is also significantly elevated (P<0.05) in TNBC 
(z-score: 0.71, n=8) patient samples relative to luminal 
samples (z-score: −0.48, n=52) (Figure 3B). Examination of 
c-Met expression in our two human TNBC cell line models 
demonstrated elevated expression (P<0.05) in MDA-
MB-231 cells relative to MDA-MB-468 cells (Figure 3C).  
We next assessed the response of TNBC cells to the 
c-Met inhibitor cabozantinib with regards to cell growth/
proliferation. We observed that the doubling time of MDA-
MB-231 cells treated with 2 μM cabozantinib (63.0±1.17 h)  
was significantly increased (P<0.05) relative to control 
(36.2±2.9 h) (Figure 3D). However, MDA-MB-468 TNBC 
cells demonstrated no difference in doubling time in the 
presence versus absence of inhibitor. To determine the 
dose-response of TNBC cells to cabozantinib, a clonogenic 
assay was performed. Non-linear regression of the surviving 
fraction (ratio of number of colonies present: initial seeding 
density multiplied by the plating efficiency) demonstrated 
an IC50 =1.682 μM (R2=0.9039) for MDA-MB-231 cells 
and an IC50 =8.886 µM (R2=0.8464) for MDA-MB-468 
cells (Figure 3E). These results suggest that cabozantinib is 
effective at inhibiting growth in the MDA-MB-231 TNBC 
model (responsive), but not in the MDA-MB-468 model 
(resistant). 

AKT1 phosphorylation is attenuated in cabozantinib-
treated MDA-MB-231 cells 

To investigate the mechanistic effects of cabozantinib on 
c-Met signaling, expression and phosphorylation of c-Met 
was first assessed by immunoblotting of cells treated with 
cabozantinib. We did not observe a significant change in 
phosphorylation of c-Met at Y1230/Y1234/Y1235 (Figure 4A)  
or canonical ERK1/2 at T202, Y204 (Figure 4B) in either 
TNBC model. Based on the responsiveness of MDA-
MB-231 cells to cabozantinib in the growth/proliferation 
assays, we wanted to further characterize potential 
downstream pathways that may be activated. Using a 
phospho-kinase array, we identified five candidate pathways 
with significant differences (P<0.05) in phosphorylation 
between cabozantinib-treated and DMSO-treated controls, 
including TOR (1.78±0.18), HSP60 (1.33±0.12), Chk-
2 (1.20±0.06), AKT1/2/3-S473 (0.72±0.11), and WNK1 
(0.59±0.16) (Figure 4C, Figure S2). Given that AKT1 is a 
canonical downstream effector of Met, we further validated 
the AKT1 response to cabozantinib using immunoblotting. 
We observed that phosphorylation of AKT1 at S473 (defined 
as ratio of phosphorylated: total AKT1 expression) was 

significantly decreased (P<0.05) in cabozantinib-treated 
MDA-MB-231 cells relative to DMSO controls (Figure 4D). 
There were no significant differences in phosphorylation 
levels of AKT1 T308 between cabozantinib-treated cells 
and controls (Figure 4D). When investigating the effects 
over time, we observed that, similar to erlotinib effects 
in MDA-MB-468 cells, significant decreases (P<0.05) in 
phosphorylation of Akt1-S473 in cabozantinib-responsive 
MDA-MB-231 cells occurred after 10 minutes of exposure 
to inhibitor, and that as long as cabozantinib is present, 
phosphorylation levels remain significantly (P<0.05) 
attenuated (Figure 4E). 

Erlotinib and cabozantinib attenuate migration and 
invasion of TNBC cells 

Finally, given that erlotinib and cabozantinib are used as 
systemic therapies, we were interested in determining the 
effects of these inhibitors on biological functions related 
to metastasis, including migration and invasion. Using 
scratch wound and transwell migration/invasion assays, 
we observed that erlotinib (Figure 5A,B,C) significantly 
inhibited (P<0.05) the migration and invasion of MDA-
MB-468 TNBC cells and cabozantinib significantly 
inhibited (P<0.05) the migration and invasion of MDA-
MB-231 TNBC cells (Figure 5D,E,F). Notably, in both 
cell line models these inhibitory effects were proliferation-
independent, suggesting that erlotinib and cabozantinib 
may be effective at inhibiting multiple functional aspects of 
disease progression. 

Discussion

In this study we explored the potential of EGFR and c-Met 
as potential targets for treatment of metastatic TNBC, 
including assessing potential response mechanisms, as there 
is a lack of effective systemic therapies for TNBC. The 
anti-EGFR inhibitor erlotinib and anti-c-Met inhibitor 
cabozantinib may have some clinical activity in controlling 
disease progression at treatment onset, ultimately, tumors 
continue to progress and develop resistance to treatment. 
Thus, studying the underlying mechanisms of c-Met and 
EGFR inhibition by cabozantinib and erlotinib in TNBC, 
respectively, may provide understanding to the development 
of TKI resistance.

We report here that TKIs in select TNBC cell lines 
have inhibitory effects on cell proliferation, downstream 
signaling, migration, and invasion. There is evidence 

https://cdn.amegroups.cn/static/public/PCM-2020-TNBC-02-supplementary.pdf
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Figure 3 Expression of c-Met is elevated in triple negative breast cancer clinical samples and the triple negative breast cancer cell line 
MDA-MB-231 is responsive to anti-c-Met inhibitor cabozantinib (A) RNA expression (z-score) of c-Met from clinical breast cancer samples 
(either luminal, HER2-enriched or TNBC) was analyzed using TCGA RNA-seq datasets retrieved via the UALCAN portal (48). (B) 
Protein expression (z-score) of c-Met from clinical breast cancer samples (either luminal, HER2-enriched or TNBC) was analyzed using 
CPTAC proteomic datasets retrieved via the UALCAN portal (48). Z-values represent the standard deviations from the median generated 
from the normalized log2 spectral count ratio values. Statistics were calculated by UALCAN portal. The results shown here are based upon 
data generated by the TCGA Research Network and the National Cancer Institute Clinical Proteomic Tumor Analysis Consortium (CPTAC). 
α = significantly different than luminal subtypes; β = significantly different than HER2 subtype (P<0.05). (C) Protein expression of c-Met 
by immunoblot analysis in TNBC cell lines MDA-MB-231 and MDA-MB-468, with representative immunoblot. Total protein, assessed 
by Amido black staining, was used as a loading control. α = significantly different than DMSO control (P<0.05; n=3) (D) Doubling times 
(h) were calculated from the growth curves of MDA-MB-468 and MDA-MB-231 incubated with cabozantinib (2 μM) or DMSO vehicle 
control. α = significantly different than DMSO control (P<0.05; n=3). (E) Colony forming assays were conducted to determine the dose 
response of MDA-MB-468 and MDA-MB-231 cells treated with increasing doses of cabozantinib (1 nM–100 μM) over a 14-day period. 
Non-linear regression analysis was applied to the curves to calculate the IC50 and R2 values.
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Figure 4 AKT1 phosphorylation is attenuated in cabozantinib-treated MDA-MB-231 cells. MDA-MB-231 or MDA-MB-468 TNBC cells 
were stimulated with 50ng/mL of HGF in serum media and exposed to DMSO or cabozantinib (CABO). (A,B) Cell lysates were collected at 
24 h and subsequent immunoblots were quantified by densitometry, normalized to Actin loading controls, and the ratio of phosphorylated: 
total MET (A) or ERK1/2 (B) was calculated. (C) Signaling pathways influenced by cabozantinib in MDA-MB-231 cells were identified 
using the Proteome Profiler Human Phospho-Kinase Array Kit (R&D Systems ARY003B). (D) MDA-MB-231 and MDA-MB-468 cell 
lysates were collected at 24 h and subsequent immunoblots were quantified by densitometry, normalized to Actin loading controls, and the 
ratio of phosphorylated: total AKT1 was calculated. (E) MDA-MB-231 cell lysates were isolated at 0, 5, 10, 30, 45, 60 min, or 24 h after 
exposure to cabozantinib. Subsequent immunoblots were quantified and normalized to total protein as assessed by Amido Black staining and 
the ratio of phosphorylated: total AKT1 was calculated. α = significantly different than DMSO control (P<0.05; n=3).
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Figure 5 Erlotinib and cabozantinib attenuate migration and invasion in TNBC cells. The effects of erlotinib (A,B,C) and cabozantinib 
(D,E,F) were examine in MDA-MB-468 and MDA-MB-231 TNBC cells respectively. Wound closure assays of MDA-MB-468 cells treated 
with erlotinib (A) and MDA-MB-231 cells treated with cabozantinib (D) were performed to assess the effects on cell migration. Cultures 
were imaged every 12 hours until wound closure of DMSO vehicle control was achieved (MDA-MB-468 = 24 hours; MDA-MB-231 = 48 
hours). Wound closure was calculated as the average difference of wound width from the final to initial timepoints normalized to the width 
at the initial timepoint. Changes in migration were also assessed using a transwell migration assay (gelatin-coated transwells) for MDA-
MB-468 cells treated with erlotinib (B) and MDA-MB-231 cells treated with cabozantinib (E) for 24 hours. Changes in cell invasion were 
assessed using a transwell invasion assay (Matrigel-coated transwells) for MDA-MB-468 cells treated with erlotinib (C) and MDA-MB-231 
cells treated with cabozantinib (F). Mitomycin C was used to control for the contribution of cell proliferation to wound closure and transwell 
migration/invasion. α = significantly different than DMSO control; β = significantly different that respective DMSO + mitomycin C (MC) 
control. γ = significantly different than 1 μM condition; δ = significantly different than 1 μM + mitomycin C condition; ε = significantly different 
than 5 μM condition; χ = significantly different than 5 μM + mitomycin C condition).
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supporting that inhibitor effects are mediated by EGFR 
and c-Met signaling axes, but perhaps not by inactivation of 
EGFR, due to unexplained loss of expression, nor c-Met, 
where phosphorylation was not changed in response to 
TKIs, but through down-regulation of AKT1 activation. 
We report here potential non-canonical effects of erlotinib 
and cabozantinib on EGFR and c-Met signaling axes 
through which these inhibitors inhibit cell proliferation, 
migration, and invasion.

The increased expression of EGFR and c-Met observed 
in TNBC patient samples within the TCGA and CPTAC 
datasets is supported by previous studies, which reported 
that ~30–50% of TNBC patients overexpressing EGFR 
or c-Met (22,23,34-36,50,51). The MDA-MB-468 cells 
are significantly more sensitive to erlotinib than MDA-
MB-231 cells as EGFR expression is significantly elevated 
in the MDA-MB-468 cell line. This is different than what 
has been reported previously in literature (52) and this is 
likely due the large difference in EGFR expression between 
the two cell lines. Additionally, MDA-MB-231 cells have 
a known KRAS point mutation [COSMIC database (53)] 
which may also contribute to the observed lack of sensitivity 
to erlotinib, as KRAS lies within the downstream signaling 
pathway of EGFR (29,54). In contrast, MDA-MB-231 
TNBC cells were sensitive to cabozantinib while MDA-
MB-468 were not. This may be due to the increased 
expression of c-Met in MDA-MB-231 cells compared to 
MDA-MB-468 cells. Taken together, this highlights the 
heterogeneity of drug sensitivity and the need to further 
understand the underlying molecular basis for response 
versus resistance beyond just RTK expression.

To better understand this heterogeneity, we investigated 
the effects of the inhibitors on the downstream EGFR and 
c-Met signaling axis. Based in the anti-proliferative effects of 
erlotinib in MDA-MB-468 cells, we expected that the ratio 
of EGFR phosphorylation at Y1086 to be decreased with 
increasing erlotinib concentration as a reflection of EGFR 
activation. However, it was difficult to definitively conclude 
a decrease in EGFR activation in this model due to the 
corresponding and unexpected loss of EGFR total protein 
expression induced by erlotinib. This occurred in both 
cell lines, suggesting that this is not an artifact nor unique 
to one cell line. This is unusual but not unprecedented, 
as a previous study by Tsien et al. reported an erlotinib-
induced degradation of EGFR in head and neck squamous 
carcinoma patients (55) also noting an attenuation of 
activated downstream effectors ERK, AKT, STAT3 and Src 
in cell lines and patient tumor samples. However, to the best 

of our knowledge this is the first report of erlotinib-induced 
EGFR expression loss in TNBC models. Regardless of 
the mechanism through which erlotinib affects EGFR 
signaling, the MDA-MB-468 cells remain sensitive to 
the attenuation of proliferation by erlotinib. ERK1/2 are 
downstream effectors of EGFR signaling, thus, as might 
be expected, activation of ERK1/2 via phosphorylation of 
T202 and Y204 phospho-sites was significantly decreased 
in response to erlotinib in MDA-MB-468 cells (responsive), 
but not in MDA-MB-231 cells (resistant). This difference 
in signaling pathway activation is consistent with the 
difference in sensitivity observed between the two cell lines. 
The known activating KRAS mutation in MDA-MB-231 
cells could be the cause of the conserved ERK1/2 signaling 
and lack of sensitivity to erlotinib treatment. Therefore, 
in responsive MDA-MB-468 cells, erlotinib is likely 
attenuating ERK1/2 signaling either through inhibition 
of EGFR activity [the well-studied mechanism of action 
for erlotinib (56)], loss of EGFR itself as reported here, or 
a combination of the two. In particular, erlotinib-induced 
modulation of EGFR expression remains unexplored as a 
non-canonical mechanism of anti-tumor activity in TNBC. 
It has been hypothesized that stress-induced cancer cells, 
including those treated with EGFR-targeting TKIs such 
as erlotinib and gefitinib, may increase recycling and/or 
degradation of EGFR (49) via lysosomal or proteasomal 
mechanisms. Although this was not found to be the case 
in the current study, other potential mechanisms may be 
at play including elevated ROS (reactive oxygen species)  
levels (57), HSP90 inhibition (58,59), HDAC6 (60) and 
annexin A6 involvement (61). Future studies are aimed 
at elucidating the underlying reasons for the observed 
reduction in EGFR expression in response to erlotinib.

We also investigated the downstream effects of 
cabozantinib on c-Met signaling. We observed a significant 
attenuation in activation of AKT1, part of the PI3K/AKT 
signaling pathway, which falls within the c-Met signaling 
axis (27). Surprisingly, we did not observe significant 
decreases in phosphorylation of c-Met at Y1234/Y1235 
nor in phosphorylation of ERK1/2 at T202/Y204 in 
cabozantinib-treated MDA-MB-468 and MDA-MB-231 
cells, which prompted us to further investigate the 
underlying reasons for discrepancy between the sensitivity 
to cabozantinib between the two cell lines. With the 
phospho-kinase array, we identified downstream effectors 
that were responsive to cabozantinib treatment in MDA-
MB-231 cells and identified several components (TOR, 
AKT1/2/3) or interactors [HSP60 (62), WNK (63)] of 
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the PI3K/AKT signaling pathway as well as CHK2 which 
is involved with cell cycle checkpoints and DNA damage 
repair (64). Given that the involvement of the PI3K/
AKT pathway falls within the c-Met signaling axis, we 
focused on the effects of cabozantinib on AKT1 activation 
in MDA-MB-231 cells and observed that exposure to 
cabozantinib to MDA-MB-231 cells led to the attenuation 
of phosphorylation at S473 phospho-site, but not the T308 
phospho-site, which are the two regulatory phospho-sites 
for AKT1 activation (65). The lack of c-Met inhibition by 
cabozantinib is not surprising as cabozantinib is known 
to be a non-specific inhibitor of c-Met and targets several 
other RTKs involved in cancer signaling (46), through 
which cabozantinib may be affecting the MDA-MB-231 
cells. Therefore, although cabozantinib does not appear 
to inhibit c-Met activation in MDA-MB-231 cells, it still 
attenuates activity of a downstream pathway that is involved 
in cell proliferation, migration and invasion. 

In addition to the anti-proliferative effects of the 
inhibitors, we also observed that MDA-MB-468 cells 
treated with erlotinib and MDA-MB-231 cells treated with 
cabozantinib demonstrated reduced cell migration and 
invasion compared to controls. These findings are supported 
by previous observations that EGFR and c-Met signaling are 
involved in cell migration and invasion, where inhibition by 
erlotinib and cabozantinib attenuate cell migration/invasion 
(46,48,66,67). Given that these cell lines were originally 
established from metastatic lesions (68,69), our findings 
suggest that EGFR and c-Met inhibitors have the potential 
to have inhibitory effects not only on proliferation, but also 
on metastatic behavior of TNBC. Future studies using in 
vivo models are warranted in order to assess if these observed 
effects on cell migration and invasion translate to metastasis. 

In summary, in the current study we demonstrate that 
erlotinib and cabozantinib have varying anti-proliferative 
and anti-migratory effects in different TNBC models. 
Our findings also suggest that the functional effects of 
cabozantinib and erlotinib occur via inhibition of ERK and 
PI3K/AKT signaling pathways and suggest that TNBC 
cells may develop compensatory signaling mechanisms 
in order to circumvent the anti-cancer effects of these 
TKIs. Ongoing studies in our laboratory are aimed at 
investigating these alternative pathways using unbiased 
phosphoproteomic and kinomic approaches. Elucidation of 
the underlying mechanisms that define the heterogenous 
response to TKIs in TNBC could help identify biomarkers 
to stratify patients for treatment and/or facilitate discovery 

of targets to attenuate acquired resistance. 
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Supplementary

Table S1 Antibodies used for immunoblotting

Antigen Phosphosites Clone1 Dilution2 Source

Anti-Human AKT1 – Mono (9Q7) 1/1000 Thermo Fisher Scientific Cat# AHO1112, RRID: 
AB_2536322

Anti-Human Phospho-
AKT1

Ser473 Mono (14-6) 1/1000 Thermo Fisher Scientific Cat# 44-621G, RRID: 
AB_2533699

Anti-Human Phospho-
AKT1

Thr308 Poly 1/1000 Thermo Fisher Scientific Cat# 44-602G, RRID: 
AB_2533690

Anti-Human c-Met – Mono (22H22L13) 1/1000 Thermo Fisher Scientific Cat# 700261, RRID: 
AB_2532310

Anti-Human Phospho-c-
Met

Tyr1234, Tyr 1235 Poly 1/1000 Thermo Fisher Scientific Cat# 44-888G, RRID: 
AB_2533787

Anti-Human EGFR – Mono (1F4) 1/1000 Cell Signaling Technology Cat# 2239, RRID: 
AB_331373

Anti-Human Phospho-
EGFR

Tyr1086 Mono (1240C) 1/1000 R&D Systems Cat# MAB8967

Anti-Human ERK1/2 – Mono (K.913.4) 1/1000 Thermo Fisher Scientific Cat# MA5-15134, RRID: 
AB_10982335

Anti-Human Phospho-
ERK1/2

Thr202, Tyr204 Mono (S.812.9) 1/1000 Thermo Fisher Scientific Cat# MA5-15173, RRID: 
AB_11009630

Anti-Human LC3B – Poly 1/1000 Cell Signaling Technology Cat# 2775, RRID: 
AB_915950

Anti-Human β-actin – Mono (SP124) 1/2000 Sigma-Aldrich Cat# SAB5500001
1 Clonality of the antibody (Mono – monoclonal, Poly – polyclonal) with specified clone in parentheses for monoclonal antibodies. 2 Primary 
antibodies diluted at specified ratio in 5% BSA (Bovine Serum Albumin) in 1X TBS-T (Tris-buffered saline + 0.1% Tween-20).
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Figure S1 Neither lysosomal nor proteasomal inhibition rescues EGFR expression in erlotinib treated MDA-MB-468 TNBC cells. (A,B) 
MDA-MB-468 or MDA-MB-231 cells were cultured for 24 h in 37 ℃, 5% CO2 with 100ng/mL EGF in serum media and exposed to 
5μM erlotinib (ERL) or DMSO vehicle control for 24 h. Cell lysates were collected at 24 h and subsequent immunoblots were quantified 
by densitometry, normalized to Actin loading controls for (A) EGFR and (B) phospo-EGFR (Y1086) expression. α = significantly different 
than DMSO control (P<0.05; n=3). (C,D,E) MDA-MB-468 cells were cultured for 24 h in 37 ℃, 5% CO2 with 100ng/mL EGF in serum 
media and exposed to 5μM erlotinib (ERL) or DMSO vehicle control for 24 h. (C) MDA-MB-468, exposed to ERL or DMSO, were 
simultaneously treated with 10μM MG-132 or water vehicle control in the 24-hour period and assessed for EGFR expression. (D-E) 
MDA-MB-468, exposed to ERL or DMSO, were simultaneously treated with 100μM chloroquine or water vehicle control and assessed 
for (D) EGFR and (E) LC3 expression. Cell lysates were collected at 24 h and subsequent immunoblots were quantified by densitometry, 
normalized to total protein as assessed by Amido Black staining. α = significantly different than DMSO + H2O control; β = significantly 
different than DMSO + MG-132 or Chloroquine control; γ= significantly different than erlotinib + H2O control (P<0.05; n=3).

A B

C D

E
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Figure S2 Representative proteome profiler immunoblots of cabozantinib-treated MDA-MB-231 cells. The Proteome Profiler Human 
Phospho-Kinase Array Kit was used with cell lysates of MDA-MB-231 cells treated with either DMSO (Top) or 5μM cabozantinib (Bottom) 
for 30 minutes. From the immunoblots, five phosphoproteins were identified (A-TOR, B-HSP60, C-Chk-2, D-Akt1/2/3(S473), E-WNK1) 
with differential phosphorylation after treatment. 


