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ABSTRACT

There is a vital need for improved therapeutic strategies that are effective in 

both primary and metastatic triple-negative breast cancer (TNBC). Current treatment 

options for TNBC patients are restricted to chemotherapy; however tyrosine kinases are 

promising druggable targets due to their high expression in multiple TNBC subtypes. 

Since coexpression of receptor tyrosine kinases (RTKs) can promote signaling crosstalk 

and cell survival in the presence of kinase inhibitors, it is likely that multiple RTKs will 

need to be inhibited to enhance therapeutic benefit and prevent resistance. The MET and 
EGFR receptors are actionable targets due to their high expression in TNBC; however 

crosstalk between MET and EGFR has been implicated in therapeutic resistance to 

single agent use of MET or EGFR inhibitors in several cancer types. Therefore it is likely 

that dual inhibition of MET and EGFR is required to prevent crosstalk signaling and 

acquired resistance. In this study, we evaluated the heterogeneity of MET and EGFR 

expression and activation in primary and metastatic TNBC tumorgrafts and determined 

the efficacy of MET (MGCD265 or crizotinib) and/or EGFR (erlotinib) inhibition against 
TNBC progression. Here we demonstrate that combined MET and EGFR inhibition 

with either MGCD265 and erlotinib treatment or crizotinib and erlotinib treatment 
were highly effective at abrogating tumor growth and significantly decreased the 
variability in treatment response compared to monotherapy. These results advance 

our understanding of the RTK signaling architecture in TNBC and demonstrate that 

combined MET and EGFR inhibition may be a promising therapeutic strategy for TNBC 

patients.
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INTRODUCTION

Triple-negative breast cancer (TNBC) accounts for 

15–20% of breast cancers and is associated with advanced 

stage at diagnosis and poorer outcome compared to other 

breast cancer subtypes [1]. TNBC is defined by the lack 
of expression of estrogen receptor (ER), progesterone 

receptor (PR), and HER2. Characteristic clinical features 

of TNBC include a peak risk of recurrence within the 
first 3 years, a peak of cancer-related death in the first  
5 years, and a weak relationship between the tumor size 
and lymph node metastasis [2]. At the molecular level, 

TNBC has significant overlap with the basal-like subtype 
with approximately 80% of TNBCs being classified as 
basal-like [1]. Comprehensive gene expression analyses 
have revealed that TNBC is a highly heterogeneous 

disease that is composed of 4–6 molecular subtypes [3, 4]. 
This molecular heterogeneity increases the difficulty of 
developing targeted therapeutics that will be effective in 

the majority of TNBC patients.

Chemotherapy is currently the only systemic 

therapy available for TNBC patients, yet tyrosine kinases 
are potential actionable targets due to their high expression 

in multiple TNBC subtypes. The success of trastuzumab in 
HER2+ breast cancer underscores the promise of targeting 

tyrosine kinases. In spite of this promising start, tyrosine 
kinase inhibitors (TKIs) have had limited success in the 
clinic. Both innate and acquired resistance are significant 
clinical issues for TKIs, in part due to compensation 
signaling through alternative RTK pathways. Functional 
redundancies of vital signaling networks are often 
provided by activation of alternate receptor tyrosine 

kinases (RTKs) that maintain the tumorigenic growth in 
the presence of TKIs [5–7]. This signaling compensation 
can result from ligand activation, activating mutations, or 

overexpression of other RTKs that provide the cell with 
essential survival signals. Therefore, to successfully treat 

TNBC it will likely be necessary to inhibit multiple RTKs 
or critical signaling nodes downstream of oncogenic RTK 
pathways.

RTKs, in particular MET and EGFR, are promising 
therapeutic targets for TNBC due to their high expression 

in multiple molecular TNBC subtypes [3]. We and 
others have demonstrated that MET is highly expressed 
in TNBC [8–10] and its expression correlates with poor 

prognosis [11–15]. EGFR expression is elevated in up 
to 72% of basal and triple-negative breast cancers and 
correlates with poor prognosis in TNBC patients [16–19]. 

Both MET and EGFR are successful therapeutic targets 
in other cancers, yet have not been thoroughly tested in 

TNBC. Crosstalk between EGFR and MET has been 
implicated in therapeutic resistance to EGFR inhibitors in 
colon and lung cancers [20–24]. In TNBC, EGFR remains 
phosphorylated in the presence of EGFR inhibitors and 
persistent EGFR phosphorylation correlates with TKI 
resistance [25–29]. This resistance to EGFR inhibition 

may be mediated through MET-EGFR crosstalk. Therefore 
it is essential that we have a thorough understanding of the 

landscape of RTK expression in TNBC in order to develop 
effective treatment strategies.

Here we evaluated the efficacy of MET and/
or EGFR inhibition in TNBC. In order to interrogate 
RTK signaling in TNBC progression and treatment, we 
developed and characterized patient-derived tumorgraft 
models of TNBC. These TNBC tumorgrafts recapitulate 

the genetic and molecular heterogeneity of the primary 

tumor [30]. In this study, we evaluated the heterogeneity 
of MET and EGFR expression in primary and metastatic 
TNBC tumorgrafts and evaluated the efficacy of MET 
and EGFR inhibition against tumor growth. Even 
though monotherapy with MET or EGFR inhibitors was 
effective against TNBC growth, combination of MET and 
EGFR inhibitors was significantly more effective. These 
results advance our understanding of the RTK signaling 
architecture in TNBC and indicate potential therapeutic 

strategies for TNBC patients.

RESULTS

MET and EGFR are highly expressed in human 

TNBC 

We and others have independently demonstrated 
that MET and EGFR are highly expressed in TNBC and 
correlate with poor patient prognosis [8–10] [17, 31, 32]. 
In this study, we evaluated expression patterns of both 
MET and EGFR in 13 TNBC cases. Overall we observed 
moderate to high MET expression in all of the TNBC cases; 
however we noticed variable patterns of MET localization. 
Strong membrane staining was commonly observed with 

varying levels of cytoplasmic expression (Figure 1A–1C).  
In several cases, we observed clusters of cells with 
robust MET staining at the periphery (Figure 1C). These 
variable patterns of membrane and cytoplasmic MET 
expression have been observed in other breast cancer 

studies [11, 13, 15], yet the consequences of membrane 
vs. cytoplasmic expression on MET signaling and clinical 
outcome is unclear. Previous studies have used MET 
antibodies that recognize the cytoplasmic domain of MET 
whereas the MET4 antibody used in our studies (Figure 1)  
recognizes the extracellular region of human MET (25 – 567).  
Consequently, our data indicates that full length MET is 
also present in the cytoplasm and is not just a cytoplasmic 

fragment. We also observed moderate to high EGFR 
expression in 30% of the TNBC cases evaluated. EGFR 
expression was detected primarily at the membrane using 

an EGFR antibody that recognizes the extracellular region 
(amino acids 30–198) of EGFR (Figure 1D–1F). We also 
detected MET staining in stromal cells within several 
TNBC cases. This observation is supported by a recent 

study in which MET activity and expression was analyzed 
in 18 different cancer types using quantitative digital 
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imaging [33]. The authors observed MET staining in 
stromal cells within several cancers and demonstrated that 

the MET4 antibody correlated more strongly with active 
MET (phosphorylated MET) than other MET antibodies.

At the molecular level, TNBC is highly 

heterogeneous and this molecular heterogeneity likely 
underlies the variable treatment response that is observed 

in TNBC patients. To evaluate how extensive MET and 
EGFR signaling is across the TNBC molecular subtypes, 
we analyzed gene expression profiles of MET and EGFR 
in the four molecular TNBC subtypes defined by Burstein 
et al. [4]. The results revealed that MET and EGFR are 
expressed in each of the TNBC subtypes consisting 

of the basal-like immune-activated (BLIA), basal-like 
immunosuppressed (BLIS), luminal androgen receptor 
(LAR), and mesenchymal (MES) (Figure 1G). We also 
examined expression of the MET ligand hepatocyte 
growth factor (HGF) and EGFR ligands epidermal growth 
factor (EGF) and transforming growth factor α (TGFA) 

(Figure 1H). HGF and EGF were most highly expressed 

in the MES subtype. These findings indicate that MET 
and EGFR may be therapeutic targets across the diverse 
molecular subtypes that are present in TNBC patients.

Patient-derived TNBC tumorgrafts recapitulate 

kinase diversity and have higher MET and 

EGFR expression

We developed and characterized five patient-derived 
tumorgraft models from TNBC tumors that displayed 

significant histological diversity (Figure 2). PDX lines 109, 
113, and 124 were established from primary TNBC tumors; 
whereas the 200 (also known as MC1) and 201 lines were 
established from pleural effusions [34]. We observed 
that the original pathological features were still present 

after several passages. For instance, TNBCs described as 
ductal adenocarcinomas (109 and 124) and a metaplastic 

carcinoma with spindle cell features (113) maintained these 

Figure 1: MET and EGFR are highly expressed in human TNBC subtypes. (A–C) Moderate to high MET expression was 
observed in primary TNBC tumors by immunostaining. Distinct patterns of membrane and cytoplasmic MET expression were observed in 
TNBC tumors. (D–F) Immunostaining of EGFR expression revealed moderate to high membrane expression in 30% of the TNBC cases 
evaluated. (G) Gene expression analysis of MET and EGFR expression in TNBC subtypes, including the basal-like immune-activated 
(BLIA), basal-like immunosuppressed (BLIS), luminal androgen receptor (LAR), and mesenchymal (MES). (H) Gene expression analysis 
of the MET and EGFR ligands, hepatocyte growth factor (HGF) and EGFR ligands epidermal growth factor (EGF) and transforming 

growth factor α (TGFA) in TNBC subtypes. Data was extracted for specific Affymetrix probes from the public data set GSE2163 [4].
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characteristics in the mouse xenografts. Distinct MET and 
EGFR expression patterns were observed in these TNBC 
tumorgraft lines (Figures 2 and Supplementary Table S1). 
For instance, PDX lines 113 and 201 had moderate MET 
expression compared to PDX lines 109, 124, and 200 
which expressed high levels of MET. EGFR expression 
was highest in lines 109 and 200, was moderately 

expressed in 113 and 201, and weakly expressed in 124. 
This diversity in MET and EGFR expression allowed us to 
evaluate how variable levels of MET and EGFR expression 
affect downstream signaling, response to TKI treatment 
strategies, and the development of resistance mechanisms.

To determine the levels of MET and EGFR 
activation we performed immunostaining on four 

of the TNBC models (Figures 3 and Supplementary 
Table S1). Phospho-MET (Tyr1234/1235) was found to 
be strongest at the invasive edge of the tumors (Figures 3 
and Supplementary Figure S1). This distinct pattern of 
increased MET activation near the invasive tumor front 
has been previously observed in non-small cell lung 

cancer and melanoma [35, 36]. We also observed unique 
phospho-MET (subsequently referred to as P-MET) 
expression patterns in each TNBC model. For example, 
PDX lines 109 and 124 had strong cytoplasmic and 

Figure 2: Diversity of MET and EGFR expression in patient-derived TNBC tumorgrafts. Expression of MET and EGFR was 
determined by immunostaining in five PDX lines. PDX lines 109, 113, and 124 were established from primary TNBC tumors and the 200 
and 201 lines were established from pleural effusions. Left column, hematoxylin and eosin staining; middle column, MET immunostaining; 
and right column, EGFR immunostaining.
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moderate nuclear P-MET expression, whereas P-MET 
was more predominant in the membrane in 200 and the 

nucleus in 201 (Figure 3, inset images). The phospho-
MET antibody used in these studies is targeted to the 
cytoplasmic domain (near Y1234/Y1235). Therefore, 
it is possible that this nuclear signal is a cytoplasmic 

fragment of MET which has been observed by others [37]. 
Conversely, P-EGFR (Y1068) staining (using an antibody 
targeted to the cytoplasmic region near Y1068) was 

observed predominantly in the membrane of all the PDX 
lines. We also observed enhanced P-EGFR expression at 
the tumor periphery similar to P-MET. 

Elevated MET and EGFR are able to activate 
numerous diverse signaling pathways that promote cell 

growth, invasion, angiogenesis, and cell survival [38, 39]. 
Two of the predominant signaling pathways activated 

by MET and EGFR are Ras/ERK and PI3K/AKT. The 
Ras/ERK and PI3K/AKT pathways are considered to 
be essential for tumor progression and both pathways 

are frequently associated with therapeutic resistance to 

TKIs [40]. To evaluate the baseline Ras/ERK signaling 
in our TNBC PDX models, we evaluated phospho-
ERK1/2 (T202/Y204). ERK activation was significantly 
higher in PDX lines 109 and 124 compared to 200 and 
201 (Figure 3). ERK is highly expressed in endothelial 

cells; therefore some of the staining observed can be 
attributed to the tumor vasculature, which is particularly 

evident in 201. ERK activation was also localized near 
the tumor periphery (Supplementary Figure S1) but 
this pattern was much less restricted than P-MET and 
P-EGFR. Activation of the PI3K pathway was confirmed 
using immunohistochemical analysis for the downstream 

target S6 ribosomal protein. Strong P-S6 staining was 

observed in all of the TNBC lines, however P-S6 activity 

was observed throughout the viable tumors. This pattern 

of S6 phosphorylation differed from P-ERK, P-EGFR, 
and P-MET which intensified near tumor periphery 
(Supplementary Figure S1). These results demonstrate 
that the ability of PDX models to recapitulate the RTK 
heterogeneity and downstream signaling that we observe 

in human TNBC tissue.

Response to MET inhibition is associated with 

MET gene copy number gain 

Since MET expression and its downstream signaling 
are strongly present in TNBC and our PDX models, we 
evaluated the effect of monotherapy with the MET 
inhibitor MGCD265. MGCD265 is an oral, multi-targeted, 
receptor tyrosine kinase inhibitor that targets MET, AXL, 

Figure 3: MET and EGFR signaling is highly activated in TNBC. MET and EGFR activation was determined by immunostaining 
of P-MET (Y1234/1235), P-EGFR (Y1068), P-ERK1/2 (T202/Y204), and P-S6 (S240/244). All images were taken at 200× magnification. 
Inset images of phospho-MET were amplified to show subcellular localization.
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and PDGFR and is in clinical trials for non-small cell lung 
cancer (NSCLC), head and neck cancers, and advanced 
malignancies. Tumors were transplanted into NSG-SCID 
animals and when the tumors reached 150 mm3, animals 

were treated for 3 weeks. We observed significant tumor 
growth inhibition in all four TNBC PDX models (109 
PDX, p = 0.038; 124, 200, and 201 PDX, p = 0.001, 0.005, 

and 0.002 respectively) (95% CIs for estimated difference 
between MGCD265 and vehicle 109: [−35.817, −1.044], 
124: [−0.06, −0.015] log transformed, 200:  
[−20.988, −3.657], 201: [−41.547, −9202]). Interestingly, 
treatment response positivity correlated MET gene copy 

number (Figure 4). For example, treatment response to 
MGCD265 was statistically significant in primary breast 
cancer tumorgrafts 109 and 124, yet there was a strong 

upward growth trend even after 3 weeks of treatment. 
Both 109 and 124 tumorgrafts have high MET expression 
(Figure 2) yet are not amplified at the MET locus 

(Figure 4B). In contrast, tumorgrafts 200 and 201 were 
derived from metastatic TNBCs, have 4–5 copies of MET 

(Figure 4B), and have a complete tumor growth inhibition 
to MET monotherapy with MGCD265 (Figure 4A). These 
results indicate that even though MET monotherapy is 
effective in high expressing TNBC tumorgrafts, TNBCs 

with MET gene copy number gain are more likely to have 
a complete response to MET inhibition possibly due to 
an ‘addiction’ to amplified MET. Therefore, combinations 

of targeted therapies may be necessary in TNBCs that do 

not involve MET gene copy number gains and coexpress 

alternate RTKs.

Combined MET and EGFR inhibition eliminates 

variable treatment response in TNBC PDX 

models

Because of the partial responses to MET 
monotherapy observed (Figure 4A) and previous studies 
indicating MET-EGFR crosstalk in therapeutic resistance, 
we evaluated combined MET and EGFR inhibition in a 
primary TNBC tumorgraft (109) with the MET inhibitors 
MGCD265 or crizotinib (Xalkori) and the EGFR inhibitor 
erlotinib (Tarceva). We observed a significant response to 
monotherapy with MET or EGFR inhibitors in the 109 
TNBC line; tumors in the crizotinib treated mice grew an 
average of 0.044 log (mm3) per day less than the vehicle, 

0.016 less in the erlotinib treated mice, and 0.061 less 

in the MGCD265 treated mice (crizotinib: p < 0.001, 

95% CI [−0.059, −0.027]; erlotinib p = 0.052, 95% CI 
[−0.033, 0.000], MGCD265: p < 0.001, 95% CI [−0.061, 
−0.027]). In the 109 TNBC tumors, MET inhibition with 
MGCD265 or crizotinib was significantly more effective 
than erlotinib treatment alone (p = 0.001 and 0.005; 95% 
CI [−0.044, −0.011] and [−0.043, −0.008] respectively)) 
(Figure 5A–5B). Overall, combined treatment of 
MGCD265 plus erlotinib was the most effective treatment 
in the 109 TNBC line (p = 0.017, 95% CI difference 

between the combo therapies [−0.042, −0.004]).  
If we examine the individual growth curves for each tumor 
in the treatment compared to vehicle control groups, we 

can assess the variability in response to each treatment. 

For this analysis we used the last time point with a high 
number of observations (> 3 tumors) to evaluate the 
standard deviation in response. In the 109 TNBC tumors, 
erlotinib or MGCD265 treatment alone was significantly 
effective at inhibiting tumor growth (Figure 5A); however 
the variation in response was 521 mm3 with erlotinib 

treatment compared to 295 mm3 with MGCD265 treatment 
(Figure 5C). The variation decreases to 280 mm3 when a 

combined treatment of MGCD265 + erlotinib is given. 
A similar decrease in treatment variability is seen with 

crizotinib + erlotinib (217 mm3). To ensure this response 

to combined MET and EGFR inhibition was not limited 
to the 109 TNBC model, we examine the efficacy of 
MGCD265 and/or erlotinib treatment in the 124 TNBC 
tumorgrafts (Supplementary Figure S2). Here we show a 
similar result in which MGCD265 plus erlotinib was the 
most effective treatment strategy. Even though erlotinib or 

MGCD265 monotherapy mediated tumor growth inhibition 
were statistically significant, the growth curves of tumors in 
each monotherapy group had an upward growth trend at the 

end of the study. These results underscore the potential for 

combined RTK inhibition to eliminate treatment variability 
and resistance potential in patients.

To understand the effect of combined MET and 
EGFR treatment versus monotherapy on downstream 
signaling, we assessed ERK and AKT/mTOR activity 
in the 109 and 124 tumorgraft lines (Figure 6). Elevated 
levels of P-ERK and P-S6 were observed throughout 
the vehicle-treated tumors and were still present after 

3 days of MGCD265 or erlotinib treatment. In contrast, 
a significant decrease in P-ERK and P-S6 levels were 
observed in tumors treated for 3 days with both MGCD265 
and erlotinib. Ki67 and H&E staining reveal the significant 
decrease in proliferation and increase in necrosis in tumors 

treated with the MGCD265 and erlotinib combination 
(Figure 6, right panel). These findings support our tumor 
growth results shown in Figure 5 and indicate the efficacy 
of combined MET and EGFR inhibition on deterring 
crosstalk signaling through the ERK and AKT pathways. 
Overall, these results demonstrate the substantial efficacy 
of combined MET and EGFR inhibition in abrogating 
downstream RTK signaling, reducing tumor progression, 
and reducing tumor response variability. 

DISCUSSION

The fact that distant recurrence occurs in 34% 
of TNBC patients within 2 to 5 years from diagnosis 

underscores the urgent need for effective therapeutic 

strategies in both primary and metastatic TNBC [2]. The 

MET and EGFR tyrosine kinases are actionable therapeutic 
targets due to their high expression in TNBC and availability 
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of several selective kinase inhibitors that are either FDA 
approved for other cancers or are in clinical trials. The 

success of trastuzumab in HER2+ breast cancer and EGFR 
inhibition with gefitinib or erlotinib in NSCLC demonstrate 
the promise of TKI treatment. Nevertheless, these responses 
are often not durable and acquired resistance to kinase 
inhibition drives tumor progression. These failures reveal 

our limited understanding of the plasticity of the kinome 
and the compensatory signaling mechanisms that cells use 

to support survival during targeted kinase inhibition. For 
example in NSCLC, MET amplification drives resistance 
to the EGFR inhibitor gefitinib; whereas in ALK-positive 
NSCLC, ALK inhibition can be overcome by EGFR or KIT  
activation [23, 41]. These studies and others in glioblastoma, 

Figure 4: Monotherapy with MGCD265 inhibits TNBC tumor growth in vivo. (A) Growth of TNBC PDX tumors were 
significantly inhibited by 40 mg/kg MGCD265 treatment (109 PDX, p < 0.05; 124, 200, and 201 p < 0.005). Linear mixed-effects modeling 
was used to test for significant differences in tumor growth. (B) A copy number variation assay was run on the TNBC lines to determine 

the MET copy number variation. H596 lung cells were used as a MET diploid control and SNU-5 gastric carcinoma cells which have high 

MET amplification were used as a positive control.
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melanoma, colon, and several other cancers indicate that 

it is essential that we understand the landscape of RTK 
expression in order to predict effective therapeutic strategies 

and prevent acquired resistance. 

Two critical signaling pathways that are maintained 

by RTK crosstalk and activation are the Ras/ERK and 
PI3K/AKT pathway. Several recent studies have revealed 
how coexpression of RTKs can promote signaling crosstalk 

Figure 5: Combined MET and EGFR inhibition is more effective than monotherapy in TNBC PDX models. (A) Growth 
of TNBC 109 PDX tumors were significantly inhibited by monotherapy of MGCD265 (40 mg/kg), erlotinib (50 mg/kg), or crizotinib 
(50 mg/kg) and combination therapy of MGCD265 plus erlotinib or crizotinib plus erlotinib. Plot displays LOESS interpolated mean 
tumor volume and SE. (B) Pairwise comparisons reveal that combined MET and EGFR inhibition is more effective than monotherapy. 
Plot shows 95% confidence intervals for each pairwise difference between the growth rates of the five treatments (tumor volumes were log 
transformed). If the interval is to the left of the vertical line, then the treatment on the right-hand side of the “v” had a significantly slower 
growth rate. (C) Individual growth curves of treatment compared to vehicle reveal an increased variability in response to monotherapy of 
a MET or EGFR TKI. Linear mixed-effects modeling was used test for significant differences in tumor growth. All multiple comparisons 
were adjusted for multiple testing using a false discovery rate correction.
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and maintain active Ras/ERK and PI3K/AKT signaling in 
the presence of kinase inhibitors to ensure cell survival. To 
understand how ligand expression can promote resistance 

to kinase inhibitors, Wilson et al. performed a matrix 
analysis of six different RTK ligands in 41 cancer cell lines 
[7]. This study demonstrated that RTKs are frequently 
coexpressed in cancer cell lines even in “kinase-addicted” 
cells, such as those with HER2 amplification or BRAF 
mutation. Moreover, drug sensitivity could be overcome 
in “kinase-addicted” cancer cells by expression of one 
or more RTK ligands. For example, HGF expression 
was able to overcome lapatinib-sensitivity in several 

HER2-dependent breast cancer cell lines. These findings 
support our previous study in HER2+ breast cancers in 

which we observed that the majority of HER2+ breast 

cancers coexpress MET and HER2 and a subset of the 
cells within these tumors are MET+/HER2+ [42]. We also 
demonstrated that increased activation of MET or HER2 
compensated for loss of HER2 or MET respectively. 
Overall these studies indicate the “kinase-addicted” 
cancers still have significant signaling redundancy and the 
potential to become resistant to kinase inhibitors through 
the coexpression of other RTKs or their ligands.

Network modeling approaches have also identified 
specific groups of RTKs that are functionally redundant 
and compensate to maintain RTK signaling network 
activation. Using an RNAi perturbation strategy in 

isogenic cell lines, Wagner et al. evaluated the common 
and unique features of RTK signaling networks. Their 
results revealed that specific groups of RTKs exhibited 
functional redundancy by their ability to activate similar 

downstream signaling networks [5]. By evaluating 
the conserved sets of signaling pathways, RTKs can 
be grouped into three distinct classes: (i) an EGFR/
FGFR1/MET class constituting EGFR, fibroblast growth 
factor receptor 1, and MET; (ii) an IGF-1R/NTRK2 
class constituting insulin-like growth factor 1 receptor 
and neurotrophic tyrosine receptor kinase 2; and (iii) a 

PDGFRβ class constituting platelet-derived growth factor 
receptor β. In agreement with the findings of Wilson et al., 
this network analysis determined that RTK coexpression 
frequently correlated with resistance to a drug targeting 

another RTK of the same class. For example, EGFR, 
MET, and FGFR1 were highly expressed in 196 cell lines 
of carcinoma, melanoma, and glioma origin and high 

expression of EGFR correlated with decreased sensitivity 
to the MET inhibitor PHA665752. These findings were 
substantiated in a high-throughput secretome screen 

in which EGF and FGF were able to rescue MET 
inhibition in MET-dependent gastric carcinoma cells [43]. 
Conversely, HGF was able to rescue FGFR3 inhibition in 
bladder cancer cells. Importantly, in each of these cases, 
ligand mediated rescue could be prevented by combination 

treatment with RTK inhibitors. These studies indicate the 
significance of MET/EGFR coexpression in cancer and the 
potential efficacy of rational combination therapy.

In this study, we demonstrate the enhanced efficacy 
of targeting both MET and EGFR in TNBC. We used 
both primary and metastatic PDX TNBC models that 
have variable levels of MET and EGFR expression. Not 
only do these PDX models recapitulate the complex 
signaling networks present in TNBC, they also maintain 
the histological and molecular features present in 

human TNBC [30]. The fact that PDX models retain the 
characteristics of the primary tumor with high fidelity is 
an advantage over human cell line xenografts which only 

partially recapitulate breast tumor biology, metastatic 

progression, and response to therapy [44]. Using these 

preclinical TNBC models, we evaluated the efficacy of 
monotherapy with the MET inhibitor MGCD265. Even 
though MGCD265 treatment significantly impaired 
tumor growth in all of the TNBC lines, complete growth 

inhibition after 3 weeks of treatment was only observed in 
the TNBC lines that had 4–5 MET copies and a positive 

growth trend can be observed in tumors without MET gene 

copy gain (Figure 4A). These results agree with studies 

Figure 6: Decreased ERK and AKT/mTOR signaling only observed with combined MET and EGFR inhibition. 
Downstream MET and EGFR signaling was evaluated by immunostaining of pERK1/2 (T202/Y204) and pS6 (S240/244) in 124 tumorgrafts 
treated with vehicle, MGCD265, erlotinib, or MGCD265 + erlotinib for 3 days. Ki67 and H&E images for the dual MGCD265 + erlotinib 
treatment are shown in the right panel. All images were taken at 100× magnification. 
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showing that TKI inhibition is often more effective in 
tumors harboring genomic amplified kinases, such as 
HER2-amplified breast cancers and MET-amplified lung 
cancers [45, 46]. Even though amplified RTKs can be 
exquisitely sensitive to kinase inhibition, recent studies 
in esophagogastric carcinomas have demonstrated that  

40–50% of MET-amplified tumors coharbor amplified 
HER2 or EGFR [47]. The coexpression of MET with 
HER2 or EGFR maintains redundant kinome signaling by 
which ERK and AKT signaling activity is sustained. Here 
we demonstrate that combined MET and EGFR inhibition 
with MGCD265+erlotinib or crizotinib+erlotinib were 
the most effective treatments and significantly decreased 
the variability in treatment response compared to 

monotherapy. Overall these results present a therapeutic 
treatment strategy that may be effective in a high 

percentage of TNBC patients. Furthermore, these studies 
support the findings of targeting multiple RTKs to prevent 
signaling crosstalk and resistance to kinase inhibitors.

MATERIALS AND METHODS

Primary human breast tumors

Primary breast cancer specimens were collected 

at Spectrum Health from 2010–2015 under a protocol 

approved by the Institutional Review Boards of both 
Spectrum Health and the Van Andel Research Institute. 
Histopathology and ER, PR, and ERBB2 status were 

determined by a clinical pathologist at Spectrum Health.

Development of patient-derived tumorgrafts and 

in vivo testing of TKIs

Tumor tissue was obtained during standard surgical 

procedures and fresh clinical breast cancer tissue was 

placed into the 4th mammary fat pad of NSG-SCID female 
mice via trocar. Bulk tumor pieces (1–3 mm) were placed 
into the mammary fat pad using a 10 g trochar. For tumors 
that successfully transplanted, these were serially passaged 

into NSG-SCID and/or athymic nude female mice for 
tumor studies. For testing of efficacy of TKIs, bulk tumor 
pieces were transplanted and tumor growth was evaluated 

twice weekly. When tumor volume reached approximately 
150 mm3, the mice were randomized into the following 
treatment groups: 1) vehicle; 2) MGCD265 [40 mg/kg], 3) 
erlotinib [75 mg/kg, QD], 4) crizotinib [50 mg/kg, BID], 5) 
MGCD + erlotinib, or 6) crizotinib + erlotinib. MGCD265 
was obtained from Mirati Therapeutics. Crizotinib and 
erlotinib were purchased from LC Labs. The tumors were 
measured twice weekly using a caliper and the tumor 
volumes (length × width × depth) were calculated. Animal 
studies were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Van Andel Research 
Institute (VARI). 

Immunohistochemical staining and analysis

For immunohistochemical staining, heat-induced 
epitope retrieval with an EDTA/borate/Tris buffer 
(Ventana Medical Systems) was used and detection was 

performed with a Ventana Discovery XT or Ventana 
Discovery Ultra immunostainer (Ventana Medical 

Systems). Primary antibodies were revealed using an 

UltraMap anti-Rabbit DAB (brown) detection kit (Ventana 
Medical Systems); hematoxylin was employed as a nuclear 
counterstain. Primary antibodies for staining were Met-4  
[48], EGFR (DAK-H1-WT, Dako), and the following 
antibodies from Cell Signaling Technology (Beverly, 

Massachusetts): P-MET (Y1234/Y1235; D26), P-EGFR 
(Y1068; D7A5), P-MAPK (Thr202/Tyr204; #9101), and 
P-S6 (Ser240/244).

Copy number variation assay

MET gene copy number was determined using 
genomic DNA from purified organoids (PureLink 
Genomic DNA mini kit; Life Technologies) according to 
manufacturer’s instructions. H596 lung adenocarcinoma 

cells which have two known copies of MET and SNU-5  
gastric carcinoma cells with known MET amplification 
were used as controls. For each sample, 20 ng gDNA 
was used in a duplex, real-time PCR reaction with a 

set of commercially available TaqMan Copy Number 
Assay primers specific for MET (Hs04945184_cn or 
Hs04959714_cn; Life Technologies) along with the 
TaqMan Copy Number Reference Assay, RNase P, 
in a 96-well reaction plate. PCR plates were run on 

the StepOnePlus Real-Time PCR machine (Applied 
Biosystems) and copy number was determined using 

CopyCaller Software (Life Technologies).

Statistical analysis

Linear mixed-effects models, with the appropriate 
linear contrasts were used to test for significant differences 
in drug response across treatment arms. A false discovery 

rate correction was used to adjust tests for multiple testing. 

If a given PDX model had residuals that greatly deviated 
from normality (determined visually via QQ-plots), tumor 
was natural log transformed. All outliers were examined 

for potential experimental issues.

ACKNOWLEDGMENTS

We would like to thank Bryn Eagleson, Sylvia 
Timmer, and the VARI Vivarium for their continuous 
dedication. 



Oncotarget69913www.impactjournals.com/oncotarget

CONFLICTS OF INTEREST

CR Graveel receives research support from Mirati 
Therapeutics. No potential conflicts of interest were 
disclosed by the other authors.

GRANT SUPPORT

This study was supported by The Breast Cancer 

Research Foundation, Muskegon Tempting Tables, and 
the Van Andel Foundation.

REFERENCES

 1. Foulkes WD, Smith IE, Reis-Filho JS. Triple-negative 
breast cancer. N Engl J Med. 2010; 363:1938–1948.

 2. Dent R, Trudeau M, Pritchard KI, Hanna WM, Kahn HK, 
Sawka CA, Lickley LA, Rawlinson E, Sun P, Narod SA. 
Triple-negative breast cancer: clinical features and patterns 
of recurrence. Clin Cancer Res. 2007; 13:4429–4434.

 3. Lehmann BD, Bauer JA, Chen X, Sanders ME, 
Chakravarthy AB, Shyr Y, Pietenpol JA. Identification 
of human triple-negative breast cancer subtypes and 

preclinical models for selection of targeted therapies. J Clin 
Invest. 2011; 121:2750–2767.

 4. Burstein MD, Tsimelzon A, Poage GM, Covington KR, 
Contreras A, Fuqua SA, Savage MI, Osborne CK, 
Hilsenbeck SG, Chang JC, Mills GB, Lau CC, Brown PH. 
Comprehensive genomic analysis identifies novel subtypes 
and targets of triple-negative breast cancer. Clin Cancer 

Res. 2015; 21:1688–1698.
 5. Wagner JP, Wolf-Yadlin A, Sevecka M, Grenier JK, 

Root DE, Lauffenburger DA, MacBeath G. Receptor 
tyrosine kinases fall into distinct classes based on their 
inferred signaling networks. Sci Signal. 2013; 6:ra58.

 6. Chong CR, Janne PA. The quest to overcome resistance 
to EGFR-targeted therapies in cancer. Nat Med. 2013; 
19:1389–1400.

 7. Wilson TR, Fridlyand J, Yan Y, Penuel E, Burton L, Chan E, 
Peng J, Lin E, Wang Y, Sosman J, Ribas A, Li J, Moffat J, 
et al. Widespread potential for growth-factor-driven 
resistance to anticancer kinase inhibitors. Nature. 2012; 
487:505–509.

 8. Graveel CR, DeGroot JD, Su Y, Koeman J, Dykema K, 
Leung S, Snider J, Davies SR, Swiatek PJ, Cottingham S, 
Watson MA, Ellis MJ, Sigler RE, et al. Met induces diverse 
mammary carcinomas in mice and is associated with 

human basal breast cancer. Proc Natl Acad Sci USA. 2009; 
106:12909–12914.

 9. Ponzo MG, Lesurf R, Petkiewicz S, O’Malley FP, 
Pinnaduwage D, Andrulis IL, Bull SB, Chughtai N, 
Germain D, Omeroglu A, Cardiff RD, Hallett M, Park M. 
Met induces mammary tumors with multiple pathologies and 
is associated with both poor outcome and basal-type breast 

cancers. Proc Natl Acad Sci U S A. 2009; 106:12903–12908.

10. Hsu YH, Yao J, Chan LC, Wu TJ, Hsu JL, Fang YF, Wei Y, 
Wu Y, Huang WC, Liu CL, Chang YC, Wang MY, Li CW, 
et al. Definition of PKC-alpha, CDK6 and MET as therapeutic 
targets in triple-negative breast cancer. Cancer Res. 2014.

11. Ghoussoub RA, Dillon DA, D’Aquila T, Rimm EB, 
Fearon ER, Rimm DL. Expression of c-met is a strong 
independent prognostic factor in breast carcinoma. Cancer. 

1998; 82:1513–1520.
12. Camp RL, Rimm EB, Rimm DL. Met expression is 

associated with poor outcome in patients with axillary 

lymph node negative breast carcinoma. Cancer. 1999; 
86:2259–2265.

13. Ocal IT, Dollard-Filhart M, D’Aquila T, Camp RL, 
Rimm DL. Tissue microarray-based studies of patients 
with lymph node negative breast carcinoma show that met 

expression is associated with worse outcome but is not 

correlated with epidermal growth factor family receptors. 

Cancer. 2003; 97:1841–1848.

14. Edakuni G, Sasatomi E, Satoh T, Tokunaga O, Miyazaki K. 
Expression of the hepatocyte growth factor/c-Met pathway 
is increased at the cancer front in breast carcinoma. Pathol 

Int. 2001; 51:172–178.

15. Lengyel E, Prechtel D, Resau JH, Gauger K, Welk A, 
Lindemann K, Salanti G, Richter T, Knudsen B, Vande 
Woude GF, Harbeck N. C-Met overexpression in node-
positive breast cancer identifies patients with poor clinical 
outcome independent of Her2/neu. Int. J. Cancer. 2005; 
113:678–682.

16. Carey L, Winer E, Viale G, Cameron D, Gianni L. 
Triple-negative breast cancer: disease entity or title of 
convenience? Nat Rev Clin Oncol. 2010; 7:683–692.

17. Viale G, Rotmensz N, Maisonneuve P, Bottiglieri L, 
Montagna E, Luini A, Veronesi P, Intra M, Torrisi R, Cardillo 
A, Campagnoli E, Goldhirsch A, Colleoni M. Invasive ductal 
carcinoma of the breast with the “triple-negative” phenotype: 
prognostic implications of EGFR immunoreactivity. Breast 
Cancer Res Treat. 2009; 116:317–328.

18. Sainsbury JR, Farndon JR, Needham GK, Malcolm AJ, 
Harris AL. Epidermal-growth-factor receptor status as 
predictor of early recurrence of and death from breast 

cancer. Lancet. 1987; 1:1398–1402.
19. Cheang MC, Voduc D, Bajdik C, Leung S, McKinney S, 

Chia SK, Perou CM, Nielsen TO. Basal-like breast cancer 
defined by five biomarkers has superior prognostic value 
than triple-negative phenotype. Clin Cancer Res. 2008; 
14:1368–1376.

20. Corso S, Ghiso E, Cepero V, Sierra JR, Migliore C, 
Bertotti A, Trusolino L, Comoglio PM, Giordano S. 
Activation of HER family members in gastric carcinoma 

cells mediates resistance to MET inhibition. Mol Cancer. 
2010; 9:121.

21. Chen CT, Kim H, Liska D, Gao S, Christensen JG, 
Weiser MR. MET activation mediates resistance to lapatinib 
inhibition of HER2-amplified gastric cancer cells. Mol 
Cancer Ther. 2012; 11:660–669.



Oncotarget69914www.impactjournals.com/oncotarget

22. Turke AB, Zejnullahu K, Wu YL, Song Y, Dias-
Santagata D, Lifshits E, Toschi L, Rogers A, Mok T, 
Sequist L, Lindeman NI, Murphy C, Akhavanfard S, et al. 
Preexistence and Clonal Selection of MET Amplification in 
EGFR Mutant NSCLC. Cancer Cell. 17:77–88.

23. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, 
Hyland C, Park JO, Lindeman N, Gale CM, Zhao X, 
Christensen J, Kosaka T, Holmes AJ, Rogers AM, et al. 
MET amplification leads to gefitinib resistance in lung 
cancer by activating ERBB3 signaling. Science. 2007; 
316:1039–1043.

24. Bachleitner-Hofmann T, Sun MY, Chen CT, Tang L, SongL, 
Zeng Z, Shah M, Christensen JG, Rosen N, Solit DB, 
Weiser MR. HER kinase activation confers resistance to 
MET tyrosine kinase inhibition in MET oncogene-addicted 
gastric cancer cells. Mol Cancer Ther. 2008; 7:3499–3508.

25. Amos S, Martin PM, Polar GA, Parsons SJ, Hussaini IM. 
Phorbol 12-myristate 13-acetate induces epidermal growth 
factor receptor transactivation via protein kinase Cdelta/c-
Src pathways in glioblastoma cells. J Biol Chem. 2005; 
280:7729–7738.

26. Mueller KL, Hunter LA, Ethier SP, Boerner JL. Met and 
c-Src cooperate to compensate for loss of epidermal growth 

factor receptor kinase activity in breast cancer cells. Cancer 
Res. 2008; 68:3314–3322.

27. Wheeler DL, Huang S, Kruser TJ, Nechrebecki MM, 
Armstrong EA, Benavente S, Gondi V, Hsu KT, Harari PM. 
Mechanisms of acquired resistance to cetuximab: role of HER 
(ErbB) family members. Oncogene. 2008; 27:3944–3956.

28. Guo A, Villen J, Kornhauser J, Lee KA, Stokes MP, 
Rikova K, Possemato A, Nardone J, Innocenti G, Wetzel R, 
Wang Y, MacNeill J, Mitchell J, et al. Signaling networks 
assembled by oncogenic EGFR and c-Met. Proc Natl Acad 
Sci USA. 2008; 105:692–697.

29. Thelemann A, Petti F, Griffin G, Iwata K, Hunt T, 
Settinari T, Fenyo D, Gibson N, Haley JD. Phosphotyrosine 
signaling networks in epidermal growth factor receptor 
overexpressing squamous carcinoma cells. Mol Cell 
Proteomics. 2005; 4:356–376.

30. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, 
Ebbert MT, Factor R, Matsen C, Milash BA, Nelson E, 
Neumayer L, Randall RL, Stijleman IJ, et al. Tumor grafts 
derived from women with breast cancer authentically reflect 
tumor pathology, growth, metastasis and disease outcomes. 

Nat Med. 2011; 17:1514–1520.
31. Nielsen TO, Hsu FD, Jensen K, Cheang M, Karaca G, 

Hu Z, Hernandez-Boussard T, Livasy C, Cowan D, 
Dressler L, Akslen LA, Ragaz J, Gown AM, et al. 
Immunohistochemical and clinical characterization of 
the basal-like subtype of invasive breast carcinoma. Clin 
Cancer Res. 2004; 10:5367–5374.

32. Hoadley KA, Weigman VJ, Fan C, Sawyer LR, He X, 
Troester MA, Sartor CI, Rieger-House T, Bernard PS, 

Carey LA, Perou CM. EGFR associated expression profiles 
vary with breast tumor subtype. BMC Genomics. 2007; 8:258.

33. Huang F, Ma Z, Pollan S, Yuan X, Swartwood S, Gertych A,  
Rodriguez M, Mallick J, Bhele S, Guindi M, Dhall D, 
Walts AE, Bose S, et al. Quantitative imaging for development 
of companion diagnostics to drugs targeting HGF/MET. 
J Pathol Clin Res. 2016:n/a-n/a.

34. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, 
Clarke MF. Prospective identification of tumorigenic breast 
cancer cells. Proc Natl Acad Sci USA. 2003; 100:3983–3988.

35. Puri N, Ahmed S, Janamanchi V, Tretiakova M, Zumba O, 
Krausz T, Jagadeeswaran R, Salgia R. c-Met is a potentially 
new therapeutic target for treatment of human melanoma. 

Clin Cancer Res. 2007; 13:2246–2253.
36. Ma PC, Jagadeeswaran R, Jagadeesh S, Tretiakova MS, 

Nallasura V, Fox EA, Hansen M, Schaefer E, Naoki K, 
Lader A, Richards W, Sugarbaker D, Husain AN, et al. 
Functional expression and mutations of c-Met and its 
therapeutic inhibition with SU11274 and small interfering 
RNA in non-small cell lung cancer. Cancer Res. 2005; 
65:1479–1488.

37. Pozner-Moulis S, Pappas DJ, Rimm DL. Met, the hepatocyte 
growth factor receptor, localizes to the nucleus in cells at 
low density. Cancer Res. 2006; 66:7976–7982.

38. Gherardi E, Birchmeier W, Birchmeier C, Vande Woude G. 
Targeting MET in cancer: rationale and progress. Nature 
reviews. 2012; 12:89–103.

39. Citri A, Yarden Y. EGF-ERBB signalling: towards the 
systems level. Nat Rev Mol Cell Biol. 2006; 7:505–516.

40. De Luca A, Maiello MR, D’Alessio A, Pergameno M, 
Normanno N. The RAS/RAF/MEK/ERK and the PI3K/
AKT signalling pathways: role in cancer pathogenesis and 
implications for therapeutic approaches. Expert Opin Ther 
Targets. 2012; 16 Suppl 2:S17–27.

41. Katayama R, Shaw AT, Khan TM, Mino-Kenudson M, 
Solomon BJ, Halmos B, Jessop NA, Wain JC, Yeo AT, 
Benes C, Drew L, Saeh JC, Crosby K, et al. Mechanisms 
of acquired crizotinib resistance in ALK-rearranged lung 
Cancers. Sci Transl Med. 2012; 4:120ra117.

42. Paulson AK, Linklater ES, Berghuis BD, App CA, 
Oostendorp LD, Paulson JE, Pettinga JE, Melnik MK, 
Woude GFV, Graveel CR. MET and ERBB2 Are 
Coexpressed in ERBB2(+) Breast Cancer and Contribute to 

Innate Resistance. Mol Cancer Res. 2013; 11:1112–1121.
43. Harbinski F, Craig VJ, Sanghavi S, Jeffery D, Liu L, 

Sheppard KA, Wagner S, Stamm C, Buness A, Chatenay-
Rivauday C, Yao Y, He F, Lu CX, et al. Rescue screens with 
secreted proteins reveal compensatory potential of receptor 

tyrosine kinases in driving cancer growth. Cancer Discov. 
2012; 2:948–959.

44. Bieniasz M, Radhakrishnan P, Faham N, De La OJ, 
Welm AL. Preclinical Efficacy of Ron Kinase Inhibitors 



Oncotarget69915www.impactjournals.com/oncotarget

Alone and in Combination with PI3K Inhibitors for 
Treatment of sfRon-Expressing Breast Cancer Patient-

Derived Xenografts. Clin Cancer Res. 2015; 21:5588–5600.
45. Lennerz JK, Kwak EL, Ackerman A, Michael M, Fox SB, 

Bergethon K, Lauwers GY, Christensen JG, Wilner KD, 
Haber DA, Salgia R, Bang YJ, Clark JW, et al. MET 
amplification identifies a small and aggressive subgroup 
of esophagogastric adenocarcinoma with evidence of 

responsiveness to crizotinib. J Clin Oncol. 2011; 29:4803–4810.
46. Camidge DR, Ou SHI, Shapiro G, Otterson GA, Villaruz LC, 

Villalona-Calero MA, Iafrate AJ, Varella-Garcia M, Dacic S, 
Cardarella S, Zhao WQ, Tye L, Stephenson P, et al. Efficacy 
and safety of crizotinib in patients with advanced c-MET-
amplified non-small cell lung cancer (NSCLC). J Clin 
Oncol. 2014; 32.

47. Kwak EL, Ahronian LG, Siravegna G, Mussolin B, 
Godfrey JT, Clark JW, Blaszkowsky LS, Ryan DP, 
Lennerz JK, Iafrate AJ, Bardelli A, Hong TS, Corcoran RB. 
Molecular Heterogeneity and Receptor Coamplification 
Drive Resistance to Targeted Therapy in MET-Amplified 
Esophagogastric Cancer. Cancer Discov. 2015; 5:1271–1281.

48. Knudsen BS, Zhao P, Resau J, Cottingham S, Gherardi E, 
Xu E, Berghuis B, Daugherty J, Grabinski T, Toro J, 
Giambernardi T, Skinner RS, Gross M, et al. A novel 
multipurpose monoclonal antibody for evaluating human 

c-Met expression in preclinical and clinical settings. Appl 
Immunohistochem Mol Morphol. 2009; 17:57–67.


