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Abstract 

Resistance to HER2-targeted therapies remains a major obstacle in the treatment of 

HER2-overexpressing breast cancer. Understanding the molecular pathways that 

contribute to the development of drug resistance is needed to improve the clinical utility 

of novel agents, and to predict the success of targeted personalized therapy based on 

tumor-specific mutations. Little is known about the clinical significance of HER family 

mutations in breast cancer. Because mutations within HER1/EGFR are predictive of 

response to tyrosine kinase inhibitors (TKI) in lung cancer, we investigated whether 

mutations in HER family kinase domains are predictive of response to targeted therapy 

in HER2-overexpressing breast cancer. We sequenced the HER family kinase domains 

from 76 HER2-overexpressing invasive carcinomas and identified 12 missense variants. 

Patients whose tumors carried any of these mutations did not respond to HER2 directed 

therapy in the metastatic setting. We developed mutant cell lines and used structural 

analyses to determine whether changes in protein conformation could explain the lack 

of response to therapy. We also functionally studied all HER2 mutants and showed that 

they conferred an aggressive phenotype and altered effects of the TKI lapatinib. Our 

data demonstrate that mutations in the finely tuned HER kinase domains play a critical 

function in breast cancer progression and may serve as prognostic and predictive 

markers. 
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1. INTRODUCTION 

Targeting HER2 has changed the natural history of HER2 amplified breast cancer 

(Baselga et al., 2012; Geyer et al., 2006; Slamon et al., 2001). In the absence of HER2-

targeted therapy, patients whose tumors exhibit HER2 amplification have worse survival 

rates than patients with non-amplified HER2 breast cancer (Piccart-Gebhart et al., 2005; 

Romond et al., 2005; Slamon et al., 2011). Few mutations have been reported in HER2-

amplified and non-amplified ovarian and breast cancers (Bose et al., 2013; Lee et al., 

2006; Lin et al., 2011). However, little is known about the biological consequences, and 

prognostic and predictive roles of HER2 mutations in HER2-amplified breast cancer. 

 

The binding of specific growth factors to the extracellular regions of EGFR, HER3, and 

HER4 promotes an intracellular asymmetric dimerization of the kinase domains. In this 

dimer, the C-terminal lobe of the ‘activator’ kinase binds to, and stabilizes, the active 

conformation of the N-terminal lobe of the ‘receiver’ kinase (Monsey et al., 2010; Zhang 

et al., 2006). In abnormal conditions, receptor dimerization can also be induced by a 

high concentration of receptors or by kinase domain mutations, resulting in receptor 

activation by the transphosphorylation of tyrosine residues. Under HER2-

overexpressing conditions in particular, whereas the other family members usually 

dimerize upon ligand binding, HER2 exists mainly in its open conformation and can 

readily homo- or hetero-dimerize in the absence of a ligand, making HER2 the preferred 

dimerization partner for all other family members (Brennan et al., 2000; Garrett et al., 

2003; Ghosh et al., 2011; Graus-Porta et al., 1997; Hynes and Stern, 1994; Junttila et 

al., 2009; Larson et al., 2010; Olayioye, 2001). HER2-targeted therapies can block 
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receptor dimerization and inhibit signal transduction pathways driving cancer cell growth 

and proliferation (Baselga, 2006; Hynes and Lane, 2005). Cancer cells adapt by 

activation of alternative survival pathways, resulting in the development of drug 

resistance (Esteva et al., 2010a; Huang et al., 2010; Liang et al., 2010; Morrow et al., 

2011; Nagata et al., 2004; Nahta et al., 2005; Scaltriti et al., 2007; Zhang et al., 2011). 

Whether activating somatic mutations occur at the receptor level or at downstream 

molecules, no biomarker is currently available to identify those patients who are not 

likely to respond to HER2-targeted therapies (Esteva et al., 2010b). 

 

We hypothesized that the presence of a mutation in one or more HER family members 

can predict patient outcome and/or response to HER2-targeted therapy. Because of 

their ability to phosphorylate their partners and because HER2 is the preferred partner, 

the EGFR and HER4 kinase domains were included in our sequencing study, as their 

kinase activity has the potential to influence the activity of HER2, which would reflect a 

differential response to HER2-targeted therapy. For the same reason, although HER2-

HER3 is considered the most potent dimer of the family, HER3 lacks kinase activity and 

therefore was disregarded in our search for potentially functional mutations in the kinase 

domain. Here we describe the discovery of and clinical outcomes associated with 12 

HER family kinase domain mutations. We also report the molecular characterization, 

biological activity, and mechanisms of response to HER2-targeted therapy exhibited by 

the HER2 mutants.  
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2. MATERIALS AND METHODS 

2.1. Materials. Reagents were obtained from the following sources: lapatinib from 

Selleck Chemicals; Dulbecco's modified Eagle's (DMEM)/F12, McCoy’s 5A, RPMI, and 

fetal bovine serum (FBS) from Life Technologies; antibodies to phospho-T308 and 

phospho-Ser473 Akt, Akt, phospho-Erk1/2, Erk1/2, and cleaved-caspase 3 from Cell 

Signaling Technologies; laminin V from Sigma; HER2 from EMD Biosciences; c-myc 

(9E11) from Santa Cruz Biotechnology; and Alexa-conjugated antibodies from 

Invitrogen. The lentiviral expression plasmid pLVX puro and Lenti-X Bicistronic 

Expression System were purchased from Clontech. 

 

2.2. Patient selection. HER2-positive primary breast cancers were obtained from 76 

patients treated at The University of Texas MD Anderson Cancer Center for metastatic 

breast cancer between 1996 and 2006. All the patients had received trastuzumab-

based therapy for metastatic disease, and none of them had received trastuzumab in 

the adjuvant setting. HER2 positivity was defined as a score of 3+ using 

immunohistochemistry (IHC) and/or gene amplification detected by fluorescence in situ 

hybridization (FISH). The tissue collection protocol and access to clinical data were 

approved by the Institutional Review Board.  

 

2.3. Cell lines and culture. SKBR3, MDA-MB-175, and MCF10A cells were obtained 

from the ATCC. BT474-m1 cells were generously provided by Dr. Dihua Yu (MD 

Anderson Cancer Center). MDA-MB-175 cells were cultured in DMEM/F12 with 10% 

FBS. SKBR3 cells were cultured in McCoy’s 5A medium with 10% FBS. BT474-m1 cells 
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were cultured in RPMI medium with 10% FBS. MCF10A cells were cultured in 

DMEM/F12 supplemented with 10 µg/ml insulin, 20 ng/ml epidermal growth factor, 0.5 

µg/ml hydrocortisone, 100 ng/ml cholera toxin, 1 mM CaCl2, and 5% horse serum. All of 

the above cell lines were cultured at a density that allowed cell division throughout the 

course of the experiment. When indicated, cells were treated with lapatinib in growth 

medium for the indicated time. 

 

2.4. Sequencing. FFPE tumor tissues from the HER2-positive primary breast cancer 

patients treated at MD Anderson were obtained by macro-dissection as directed by a 

pathologist. Tumor genomic DNA was isolated using the DNA: QIAamp DNA FFPE 

Tissue Kit protocol (Qiagen), as described by the manufacturer, and PCR reactions 

were used to amplify the DNA fragments of interest from genomic DNA using the high-

fidelity polymerase Platinum Taq DNA polymerase from Invitrogen. The proteinase K 

was incubated 72 hours, with fresh enzyme added every 24 hours.  Isolated genomic 

DNA was diluted to 3 ng/µl in TE buffer (10 mM Tris-HCI, 0.1 mM EDTA, pH 8.0), and 6 

ng of DNA was used to generate sequencing data on an ABI3730 DNA analyzer using 

dye primer sequencing chemistry. Each observed mutation was confirmed by two 

independent PCR amplification and sequencing reactions. 

 

2.5. Structural analysis. EGFR kinase domain mutations were analyzed using active, 

ATP- and lapatinib-bound crystal structures Protein Data Bank (PDB) accession 

numbers 1M14, 2GS6 and 1XKK, respectively]. The lapatinib-bound structure of HER4 

(3BBT) was used for analyzing mutations of this kinase. Structural analysis of HER2 
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was based on 3PP0 (HER2 in an active-like conformation bound to the inhibitor 

SYR127063). To obtain a structural model of HER2 in either an ATP-bound active 

conformation or a lapatinib-bound inactive conformation, we have additionally used 

ATP- and lapatinib-bound structures of the ~75% identical EGFR (2GS6 and 1XKK) as 

templates to build homology models of HER2 (wild-type and mutants). Structural 

analysis of the wild-type and L726F structures based on all these models gave very 

similar results. Homology models for mutants were built and loop regions missing in the 

experimental structures were completed using SWISS-MODEL (Arnold et al., 2006). For 

computational analysis of the effects that neratinib has on Her2 mutants, the crystal 

structure of neratinib bound to the T790M/L858R EGFR (PDB 2JIV) was used as a 

template. 

 

2.6. HER2 cloning and directed mutagenesis. Directed mutagenesis was performed 

using the Quick Change II XL site-directed mutagenesis kit from Stratagene. The 

primers for mutagenesis were designed using the QuickChange Primer Design 

Program. The mutagenesis was performed on the pBabe plasmid encoding the myc-

tagged HER2 cDNA. HER2-mutated fragments were introduced into the pLVX plasmid 

encoding myc-tagged HER2-wt. Every resulting product was validated by sequencing its 

whole length. 

 

2.7. Retroviral vector, retroviral production, and infection. The Lenti-X Bicistronic 

Expression System from Clontech was used for lentivirus production according to the 

manufacturer’s instructions. Infection was performed in the presence of polybrene (8 
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mg/ml), and the cells were centrifuged at 1200 g for 60 minutes at 32°C. Infected cells 

were selected with puromycin (2.5 mg/ml). 

 

2.8. Cell survival and toxicity. Cells were plated in 96-well plates and incubated with 

different concentrations of lapatinib (1,000 cells/well for MDA-MB-175 and SBKR3; 

2,000 cells/well for BT474-m1). After 3 days, a viability experiment was performed using 

the CellTiter-Glo® Luminescent Cell Viability Assay (Promega), according to the 

manufacturer’s instructions. The toxicity experiments were performed using the ATP-

based assay Toxilight (Roche) according to the manufacturer’s instructions. 

 

2.9. Soft-agar assay. Single cells (5,000 cells/well for all cell lines) were suspended in 

2 ml of complete medium supplemented with 0.33% agar in six-well plates. For the 

lapatinib response studies, cells were incubated with 0.1 µM lapatinib 1 hour prior to 

plating. After 3 to 6 weeks, colonies were stained and counted using the GelCount 

platform from Oxford Optronix. 

 

2.10. Acini formation assay. Acini formation assays were performed in two different 

ways using MCF10A cells. The morphology studies were performed following the 

protocol described by Debnath et al. (Debnath et al., 2003). Briefly, 20,000 single cells 

were seeded on a solidified layer of growth factor-reduced Matrigel, overlayed by 

medium containing 2% Matrigel, and cultured for 10 days. 

 



9 
 

2.11. Cell invasion assay in Matrigel-coated Boyden chambers. Twenty-four-well 

inserts (8-µm pores) were coated with 30 µl of serum-free medium containing 6% 

growth factor–reduced Matrigel. Cells (1 × 105) in serum-free medium were seeded in 

each insert. In the bottom well, complete growth medium was used as a 

chemoattractant. After 24 hours of incubation, invading cells were fixed in ice-cold 

methanol, stained, and counted. 

 

2.12. Immunoprecipitation and kinase assay. Cells were lysed and sonicated using a 

lysis buffer containing 1% NP40. Immunoprecipitation was performed on 1 mg protein 

using 3 µg of c-myc antibodies and 30 µl of G-sepharose bead 50% slurry. The 

immunoprecipitated samples were then used to perform a kinase assay using the 

Tyrosine Kinase Assay kit from Sigma. Proteins were resolved by SDS-PAGE and 

transferred to PVDF membranes. Immunoblotting was performed using the indicated 

antibodies, and protein bands were detected using the Odyssey Imaging System (Li-Cor 

Biosciences) or electrochemoluminescence. 

 

2.13. Immunofluorescence. MCF10A and MDA-MB-175 cells were plated in a four-

well Lab-Tek Permanox plastic chamber slide system and cultured for 3 days. Cells 

were then fixed and submitted to the immunofluorescence protocol previously described 

(Boulbes et al.) using anti-c-myc antibody. Slides were photographed using an Olympus 

DSU confocal microscope system coupled with an Orca II ER Camera. Images were 

analyzed by deconvolution using the software Fluoview 5.0 

(http://www.olympusfluoview.com/java/colocalization/index.html). 
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2.14. Mass spectrometric analysis of HER2 binding partners. The 

immunoprecipitated proteins were boiled in Laemmli buffer, separated using 10% SDS-

PAGE and divided into ten fractions. After in-gel trypsin digestion, the tryptic peptides of 

each fraction were injected into the linear ion trap-Fourier transform ion cyclotron 

resonance mass spectrometer (LTQ-FTICR MS). The full-scan survey mass 

spectrometry experiment (m/z 320-2,000) was performed in LTQ-FTICR MS with a 

mass resolution of 100,000 at m/z 400. The top ten most abundant multiply-charged 

ions were sequentially isolated for tandem mass spectrometry by LTQ. The following 

Mascot search parameter settings were used: peptide tolerance, 5 ppm with 2+ and 3+ 

peptide charges, and tandem mass spectrometry tolerance, 0.5 Da. The significance 

threshold for the identification was set to P < 0.01. 

 

2.15. Xenograft human tumor model in nude mice. Female, 5-week-old, nude mice 

received an estrogen pellet subcutaneously 4 days prior to cell injection. Eight million 

BT474-m1 cells expressing either HER2-wt or L726F in 50% Matrigel-PBS were 

injected into the mammary fat pads. When the xenograft tumors reached an average 

size of 150 mm3, the mice were randomly divided into two groups of ten mice each: 

group 1 was treated with vehicle and group 2 was treated with lapatinib (150 mg/kg/day 

via oral gavage). The vehicle used was 0.5% (w/w) hydroxypropylmethylcellulose with 

0.1% Tween 80 in water. The tumors were measured daily with calipers, and the tumor 

volumes were calculated as follows: volume = length × width2/2. 
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2.16. Statistical analyses. Cell survival, cell migration, colony formation, acini 

formation, and in vivo tumor formation by cells expressing pLVX or HER2 mutants were 

compared using a two-tailed Student’s t test. P < 0.05 was considered statistically 

significant. The following annotations were used: (*) p<0.05; (**) p<0.01; (***) p<0.001. 

 

3. RESULTS 

3.1. Novel HER family mutation discovered in patients correlates with outcome. 

Patient characteristics are summarized in Table 1. Using the Sanger method, we 

sequenced the kinase domains of EGFR, HER2, and HER4 in 76 invasive HER2-

positive primary breast cancers. Eleven tumors carried 12 mutations in the kinase 

domains of EGFR (6 mutations), HER2 (3 mutations), or HER4 (3 mutations) (Figure 1, 

Supplementary Figure S1). All of the tumor samples were macro-dissected to enrich for 

tumor DNA before mutation screening. Two of the HER2 variants (see Supplementary 

Figure S9) appeared to be homozygous (i.e. ~100% of the sequencing trace was 

mutant).  These variants were clearly on the amplified HER2 allele, suggesting that they 

were somatic and/or the target of selection during tumor evolution.  One tumor 

contained mutations in EGFR and HER4.  

 

Four of the six EGFR mutations identified have already been described either in the 

literature or in Cosmic (Pallis et al., 2007; Shih et al., 2006; Tsao et al., 2005; Weber et 

al., 2005). The two other EGFR mutations (E804D and N842I), all three HER2 

mutations, and all three HER4 mutations are novel mutations. In addition, the 

sequencing detected a thirteenth mutation in the HER2 transmembrane domain (I654V), 
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which has previously been described both as a polymorphism and as an oncogenic 

variant (Breyer et al., 2009; Frank et al., 2005). None of the patients carrying a mutation 

in EGFR, HER2, and/or HER4 achieved a partial response to trastuzumab-based 

chemotherapy in the metastatic setting. Twenty-one (32%) of the 65 patients with no 

mutations in HER proteins achieved a partial response to treatment (two-tailed Fisher’s 

exact test, p=0.029).   

 

3.2. Computational analysis of HER family mutants. To obtain insights about the 

mechanisms of action of these 12 mutations, we used in silico structural analysis based 

on the published crystallographic structure of wild-type EGFR, HER2, and HER4 kinase 

domains and computational homology models of the mutants. Based on the crystal 

structures, these mutations can be divided into three groups: those located in the 

ATP/tyrosine kinase inhibitor (TKI) binding site (EGFR-L792F, N842I, V843I, and 

G857E; HER2-L726F), those in the N-terminal lobe (EGFR-G735S; HER2-V794M; 

HER4-G785S), and those in the C-terminal lobe (EGFR-E804D; HER2-D808N; HER4-

R838Q, M887I) (Figure 1, Supplementary Figure S1).  

 

Since the mutations affect different kinase regions, it is unlikely that they all affect HER 

proteins by the same molecular mechanism. Computational structural analysis supports 

that these mutations act differently (our full computational structural analysis of all 

EGFR, HER2, and HER4 mutations can be found in the Supplementary Information and 

Supplementary Figure 1).  For example EGFR-N842I and EGFR-G857E are both 

located in the ATP/TKI binding site. However, while EGFR-N842I is predicted to affect 
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binding of ATP/TKI and substrates, EGFR-G857E is predicted to strongly promote the 

active (open) kinase conformation by sterically disfavoring the inactive conformation. 

Conversely, mutations in different positions may have similar effects. For example, 

EGFR-G735S and HER2-V794M are both likely to allosterically increase dimerization, 

and hence lateral activation of kinase activity. HER2-V794M may also enhance kinase 

activity by stabilizing the active conformation of the αC helix (Fig. 1C, left panel). 

Conversely, mutations such as HER2-D808N may influence binding of ATP and/or 

substrates (Fig. 1C, right panel), whereas HER4-R838Q may function by altering 

interactions with regulatory partners and/or protein stability.  

 

Although the tumors were not treated with the HER2-targeted TKI lapatinib, our 

structural analysis predicted that some mutations affect the interaction with this TKI, 

albeit using different mechanisms. For example, HER2-L726F is predicted to sterically 

clash with the binding of lapatinib (which binds HER2 in the inactive form) but not ATP 

(Figure 1C, central panel); HER2-V794M may affect lapatinib binding by influencing the 

position of the αC helix, and HER2-D808N by altering direct interactions between HER2 

and the methylsulfonylethylamino group of lapatinib. 

 

Our structural analysis highlights that the finely tuned structural framework of HER 

family kinases is vulnerable to deregulation in a variety of sites. Our analysis also 

suggests that some of the mutants may be predisposed to an altered interaction with 

TKIs. 
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3.3. HER2 mutations induce a more aggressive phenotype in MFC10A cells. After 

such strong correlation, and because HER2 is the family member most associated with 

human breast cancer, we decided to study further the HER2 mutations in vitro, as a 

proof of the concept presented in our hypothesis. We assessed the ability of the HER2 

mutants to induce transformation. Mutant and wt HER2 were stably expressed in 

different cell lines: MCF10A, a non-tumorigenic breast cell line, and the three HER2-

overexpressing cancer cell lines SKBR3, BT474-m1, and MDA-MB-175 (Supplementary 

Figure S2). Our results showed that expression of HER2-L726F, HER2-V794M, and 

HER2-D808N significantly increased invasion through Matrigel and growth factor-

independent and anchorage-independent growth. Indeed, the number of invading 

MCF10A cells expressing any of the mutants was between 1.5- and 2-fold higher than 

the number of invading MCF10A cells expressing HER2-wt (Figure 2A). No significant 

difference in the proliferation rate was detected during the 24-hour duration of this 

experiment (Supplementary Figure S3A).  

 

Surprisingly, HER2-L726F and HER2-V794M failed to increase the colony formation of 

MCF10A cells, in contrast to HER2-D808N (Figure 2B, upper panel). However, the 

HER2-L726F and HER2-V794M mutants increased by 70% to 80% the number of 

colonies formed when expressed in BT474-m1 cells, suggesting that these two mutants 

might not be sufficient to induce anchorage-independent growth in a non-cancerous 

background but would be sufficient in a cancerous background (Figure 2B, lower panel). 

When cultured in a serum-free medium, the HER2-D808N mutant kept proliferating 5 

times faster than cells expressing the wild type (Supplementary Figure S3B). No 
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significant differences were found in the other mutants, further corroborating that the 

mechanism of action of HER2-D808N is different from that of HER2-L726F or HER2-

V794M. 

 

We then monitored the formation of acini by MCF10A cells grown in three-dimensional 

culture, as described in Debnath et al. (Debnath et al., 2003) (Figure 2C). As expected, 

the MCF10A cells formed normal acini exhibiting a well-polarized outer layer of cells in 

contact with the formed basal membrane (laminin V in green) along with an inner subset 

of cells, centrally located, undergoing apoptosis (cleaved-caspase 3 in red), which 

coincides with the formation of a hollow lumen (blue square). Conversely, the 

expression of the oncogene HER2-wt in MFC10A cells was associated with the 

presence of multiacinar structures among the normal-looking spheroids, a typical 

marker of tumorigenicity (Wang et al., 2006) exhibiting a luminal filling. Cleaved-

caspase 3 was expressed, but disruption of the basal membrane occurred in some 

places (red square). Cells expressing HER2 mutants exhibited multiacinar structures, 

almost complete luminal filling (absence of hollow lumen), and no detectable expression 

of cleaved-caspase 3. This phenotype usually occurs when an increase in cell 

proliferation is combined with the inhibition of apoptosis. Moreover, some structures 

showed cells escaping through a breach in the basal membrane (yellow square). 

Finally, the expression of the HER2 mutants also increased the number of “grape-like” 

multiacinar structures (Figure 2C, graph). 

 



16 
 

Finally, we performed an in vitro kinase assay on all the mutant and wt HER2 (Figure 

2D). The results showed that the HER2-L726F mutant exhibited slightly lower kinase 

activity, HER2-V794M showed slightly higher activity, and HER2-D808N showed 

dramatically stronger kinase activity than HER2-wt. These results are consistent with 

the results presented in the soft-agar assay. 

 

Collectively, these data show that all HER2 mutants induced a more aggressive 

phenotype than HER2-wt in non-tumorigenic MCF10A cells. Thus, these data confirm 

our in silico prediction for HER2-L726F and HER2-V794M and demonstrate increased 

activity for HER2-D808N, in agreement with a mechanistic model in which D808N 

increases the affinity of HER2 for ATP and/or substrates. 

 

3.4. HER2 mutations alter response to lapatinib. We then studied the response of 

each mutant to two HER2-targeted therapies used in the clinic: the TKI lapatinib and the 

antibody trastuzumab. 

As predicted by our structural analysis, all mutants exhibited an altered response to 

lapatinib when grown in soft agar (Figure 3A). The results showed an increase in the 

response to lapatinib by the mutant HER2-V794M, which may be explained by V794M 

promoting an αC helix conformation more suitable for lapatinib binding. In agreement 

with a predicted interaction between D808N and the methylsulfonylethylamino moiety of 

lapatinib, our experiment also showed slight resistance to lapatinib of the mutant HER2-

D808N in the cell line MDA-MB-175 that does not carry HER2 gene amplification. 

HER2-D808N did not display lapatinib resistance in BT474 and SKBR3 cells, which 
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suggested that the partial resistance exhibited by HER2-D808N is most likely hidden by 

the high proportion of endogenous HER2-wt. 

 

More interestingly, HER2-L726F exhibited a strong resistance to lapatinib confirmed by 

a viability experiment (Supplementary Figure S4A). Although the effect was less 

dramatic than for lapatinib, our experimental results and computational analysis 

confirmed a delayed response to neratinib, an irreversible TKI (Supplementary 

information and Supplementary Figure S4B and C), in particular in the cell line MDA-

MB-175, suggesting that the mutation would impair the effect of any TKI. Also, the 

complete inhibition of the Akt and Erk pathways required a higher dose of lapatinib (~1/2 

log) when cells expressed the HER2-L726F mutant rather than HER2-wt (Figure 3B, 

levels of expression in Supplementary Figure S5).  

 

Finally, we used BT474-m1 cells expressing HER2-L726F to perform xenograft 

experiments.  The results showed that 1) the cells expressing the HER2-L726F mutant 

formed significantly larger tumors over a period of 3 weeks than the cells expressing 

HER2-wt (Figure 3C) and 2) the tumors formed by the cells expressing the mutant were 

more resistant to lapatinib treatment than were the tumors formed by the cells 

expressing HER2-wt (Figure 3D). 

 

Our study did not show any difference in response to trastuzumab (data not shown). 

Although this result might be explained by the fact that the mutations are not located in 



18 
 

the extracellular domain targeted by the antibody, it is most likely explained by the high 

levels of endogenous HER2-wt present in our cellular models. 

 

Taken together, these results confirmed our structural predictions and showed that 

HER2 mutations located in the kinase domain have the potential to alter response to the 

HER2-targeting TKI lapatinib. 

 

3.5. ERK pathway is overactivated despite HER2-L726F underphosphorylation. 

Because of the strong lapatinib resistance and aggressive phenotype of HER2-L726F 

demonstrated in vivo, we decided to focus on the HER2-L726F mutant and further 

investigate its downstream signaling and mechanism of action using MCF10A cells. 

Surprisingly, although expression of HER2-L726F was correlated with sustainable 

ERK1/2 activation in serum-starved conditions (Figure 4A), HER2-L726F also displayed 

underphosphorylation overall and in particular on the residue Y1248 (Figure 4B), which 

is commonly accepted to be a marker of HER2 kinase activity but has also been shown 

to be dispensable for ERK or Akt pathway activation (Deb et al., 2001; Hazan et al., 

1990; Rexer et al., 2011). This underphosphorylation was also observed in HER2-

overexpressing cancer cell lines (Supplementary Figure S6) and could be explained by 

impaired kinase activity, homodimerization, or phosphatase activity. 

 

To investigate the mechanism of HER2-L726F underphosphorylation we performed a 

series of experiments using MCF10A cells. 1) In vitro kinase activity assay showed that 

HER2-L726F kinase activity was similar to that of HER2-wt (Figure 4C, upper panel). 
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More importantly, Western blot analysis on the pulled-down HER2-L726F and HER2-wt 

used in the kinase assay showed that the autophosphorylation site Y1248 was strongly 

phosphorylated in both HER2-L726F and HER2-wt (Figure 4C, bottom panel). 2) 

Crosslinking experiments showed that HER2-L726F was able to dimerize 

(Supplementary Figure S7). It is likely that HER2-L726F dimerizes by stabilizing an 

open (active-like) conformation, in a way reminiscent of the one described for EGFR-

L858R (Shan et al., 2012). Such promotion of an open conformation is in accord with 

our structural analysis. 3) We incubated the MCF10A cells with the tyrosine 

phosphatase inhibitor sodium orthovanadate (Na3VO4; 50 µM) (Figure 4D). After 24 

hours, the phosphorylation levels of HER2-L726F and HER2-wt were comparable, 

showing that HER2-L726F underphosphorylation was due to increased activity of 

tyrosine phosphatases by a mechanism that remains to be elucidated. The lower band 

observed in the HER2 blot corresponds to a 170 Kd HER2 degradation product 

previously described in SKBR3 cells by Lehrer, et al. in 1995 (Lehrer et al., 1995). As 

seen on supplemental figures S2, S5 and S6, this band appears as well in parental 

HER2-overexpressing cancer cells. This band is usually cropped in most publications, 

although it is shown in others (Jin et al., 2010; Mahlknecht et al., 2013; Rafidi et al., 

2013; Scaltriti et al., 2011). We chose not to crop this band in our figures. Regarding the 

lack of the 170 band phosphorylation in L726F-expressing cells after incubation with the 

phosphatase inhibitor, we believe the restoration was just incomplete, hence the lack of 

phosphorylation of individual sites. However, the site-unspecific antibody PT66 (which 

targets several phosphorylated tyrosines on HER2) did show a similar level of 
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phosphorylation on the mutant and on the WT, most likely because of the signal 

accumulation of each individual site. 

 

Since an alteration in the phosphorylation status of HER2 may be associated with 

altered intracellular localization of HER2 (Ouyang et al., 1998), we evaluated the 

localization of HER2 using immunofluorescence (Supplementary Figure S8). The result 

showed that HER2-L726F cells exhibited perinuclear cytoplasmic localization of HER2 

in both cell lines and the primary tumor from the patient who was carrying the HER2-

L726F mutation. This observation confirms the atypical behavior of the 

underphosphorylated HER2-L726F mutant. 

 

Together our results describe a mechanism whereby HER2-L726F, by allosterically 

promoting an open conformation, promotes lateral signal propagation through kinase-

kinase interactions and thus amplification of downstream signaling, explaining its 

aggressive behavior. 

 

3.6. HER2-L726F is associated with various heat shock proteins (HSPs). Finally, 

with the goal of finding new therapeutic options for patients carrying the HER2-L726F 

mutation, and by extension other mutations driving resistance to lapatinib, we searched 

for molecular partners of this mutant. Mass spectrometry experiments showed that 

HER2-L726F was associated with several chaperone and co-chaperone molecules in 

significantly larger amounts than HER2-wt (Table 2). In particular, HSP90A was shown 

to bind preferentially to the mutant, as confirmed by immunoprecipitation (Figure 5A). 
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This partnership is interesting because 1) HSP90 is known to stabilize and potentiate 

HER2 activity (Solit et al., 2002), 2) the new HSP90 inhibitor 17-

demethoxygeldanamycin (17AAG) is undergoing clinical testing in combination with 

trastuzumab (Pacey et al., 2012), and 3) HSP90 has been shown to regulate the ERK 

pathway (Babchia et al., 2008). We also detected an association with macrophage 

migration inhibitory factor (MIF), which has recently been shown to be a novel HSP90 

client and to correlate with clinical aggressiveness in HER2-overexpressing breast 

cancer (Schulz et al.). 

 

Interestingly, incubation of MCF10A cells with 17AAG showed that both Akt and ERK 

pathways lost their phosphorylation faster in the cells expressing HER2-L726F (Figure 

5B). These data also suggest that the high ERK activity observed in serum-starved cells 

in Figure 4A may be due to the HSP90A potentiation of HER2-L726F kinase activity. 

Moreover, a 48-hour incubation showed that the HER2-L726F mutant is less stable than 

HER2-wt and that HSP90A protects it from being degraded (Supplementary Figure 

S10). Finally, a toxicity assay performed after 3 days of incubation showed higher 

toxicity in HER2-L726F-expressing MCF10A cells (Figure 5C), suggesting that HSP90A 

appears important for stabilizing the survival-promoting activity of HER-L726F. 

 

Taken together, these data confirmed the preferential partnership between HSP90A and 

HER2-L726F on a functional level and suggested an alternative treatment for patients 

carrying a mutation that would be structurally predicted to confer resistance to lapatinib. 
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4. DISCUSSION 

Breast cancer is a heterogeneous disease. The most common genetic alterations in 

invasive breast carcinomas are HER2 gene amplification and mutations in p53, 

PIK3CA, and GATA3 (Koboldt et al., 2012; Santarpia et al., 2012). In this study, we 

identified 12 HER family kinase domain mutations in human primary invasive HER2-

overexpressing breast cancer. Although these mutations localize to different regions of 

the kinase domain and function through different mechanisms, all the mutations 

correlated with aggressiveness in vitro and lack of response to therapy in the metastatic 

setting. 

 

Only a few mutations have been reported in HER2-amplified and HER2 non-amplified 

ovarian and breast cancers (Bose et al., 2013; Lee et al., 2006; Lin et al., 2011). We 

believe that this lack of data underlines the importance of our results and supports 

further the novelty of our discovery. Although we do not believe these are germline 

variants, matched patient blood was not available to definitively rule out this possibility.  

However, the evidence that these are somatic variants is as follows: 1) there is no 

record of any of these variants in publically available SNP databases, 2) among the 

mutations we identified, four of six EGFR mutations have been detected by others and 

are annotated as tumor-specific variants in the COSMIC database (Pallis et al., 2007; 

Shih et al., 2006; Tsao et al., 2005; Weber et al., 2005), and 3) others have reported 

somatic variants in the kinase domains of EGFR, HER2, and HER4, so although many 

of the variants reported here are unique, the overall observation that we identified 

potential activating variants in this gene family is not novel (for review, see (Herter-Sprie 
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et al., 2013)). Moreover, these variants were clearly on the amplified HER2 allele 

suggesting that they are somatic and/or the target of selection during tumor evolution.  

In either case, the evidence supports the hypothesis that they are activating variants. 

Finally, our structure-function analysis highlights the importance of a finely tuned and 

highly interconnected structural and dynamic framework of the kinase domain that 

allows each HER family member to operate normally and to bind to targeted drugs. 

However, this strong structure-function relationship makes these kinase domains 

particularly vulnerable to mutations of any kind. Our analysis therefore cautions that if 

mutations are detected in the kinase domains of HER family proteins, then an abnormal 

phenotype may result and standard HER2-targeted therapy is likely to fail. 

 

Because HER2 is the family member most associated with human malignancies, we 

decided to study further the HER2 mutations in vitro, as a proof of the concept 

presented in our hypothesis. We confirmed experimentally that each of the HER2 

mutations caused an aggressive phenotype, albeit with distinct characteristics. We also 

observed that the HER2 mutations altered the interactions of the HER2 kinase domain 

with the TKI lapatinib, even though the tumors were never exposed to TKIs. Its 

pronounced lapatinib resistance makes HER2-L726F a particularly adverse mutation for 

breast cancer treatment. Moreover, we observed a number of significant changes in 

interactions and signalling for HER2-L726F, which together explain the aggressive 

phenotype of this mutant. HER2-L726F also enhanced the kinase’s interaction with the 

molecular chaperones HSP90, HSP70, and HSP27, which are increased in diverse 

human cancers and correlated with resistance to chemotherapy (Modi et al., 2007). 
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HSP90 is indispensable for maintained activity and stabilization of the fragile structures 

of many proteins (Babchia et al., 2008; Tikhomirov and Carpenter, 2003). As HER2-

L726F is not close to the αC-β4 loop that was reported to be important for HSP90 

interaction (Citri et al., 2004), the increased HER2:HSP90 interaction may therefore 

result from allosteric conformational changes introduced by HER2-L726F, or be 

triggered by a decrease in the stability of this mutant. Although the interaction with 

HSP90 and HER2 kinase dimerization were reported to be mutually exclusive (Citri et 

al., 2004), HSP90 may help stabilize a sufficient number of correctly folded HER2 

molecules and thus enhance kinase signaling. Clinical trials are ongoing to determine 

the safety and efficacy of HSP90 inhibitors in HER2-positive metastatic breast cancer 

(Modi et al., 2007), with the hope that these inhibitors could be used to replace lapatinib 

in patients whose tumors carry the HER2-L726F mutation. Our results confirm that 

HER2, like EGFR, does not require tyrosine phosphorylation in its activation loop to be 

active (Gotoh et al., 1992) and that HER2 can induce ERK and Akt activation in the 

absence of phosphorylation of the C terminal tail (Deb et al., 2001; Rexer et al., 2011). 

 

5. CONCLUSIONS 

Our clinical analysis shows that mutations in HER kinase domains correlate with tumor 

aggressiveness and success of therapy in breast cancer. Taken together, our functional 

and structural analyses investigate underlying mechanisms and explain this correlation 

by showing that these kinase domains are finely tuned allosteric enzymes that can be 

deregulated in a large variety of mutations in almost any part of the structure. These 

detailed analyses will help improve our understanding of the function of similar 
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mutations that are likely to be discovered in the future. As next-generation sequencing 

studies uncover novel somatic mutations in breast cancer, understanding their functions 

and predictive role in breast cancer response to targeted therapies will be critical for 

successful implementation of personalized cancer treatment. Our study suggests that 

sequencing of the HER family kinase domains alone may provide a quick and affordable 

method for a rapid prognosis and selection of therapy for patients with HER2-positive 

breast cancers. Also, it is important to note that, even if HER2 status differs between 

primary tumors and metastases, HER gene mutations will most likely still exist in the 

DNA of metastases and circulating tumor cells. Circulating tumor cells are considered to 

be the origin of metastasis and are of significant prognostic relevance in metastatic 

breast cancer. Therefore, this study could be applicable to the sequencing of HER 

family [“genes”?] in circulating tumor cells. Indeed, the detection of a mutation in those 

cells could provide a non-invasive diagnostic tool to select patients who would need 

closer monitoring during their treatment. 
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Table 1. HER2-positive tumors - Patient Characteristics 
 

Characteristic N (%) 

Menopausal status 

   Premenopausal 

   Postmenopausal 

Race/Ethnicity 

  White 

  Asian 

  Hispanic 

  African American 

ER 

  Negative 

  Positive 

PR  

  Negative 

  Positive 

Response to trastuzumab-based chemotherapy 

   Stable disease 

   Partial response 

   Progressive disease 

 

34 (44.7) 

42 (55.3) 

 

65 (85.5) 

1 (1.3) 

7 (9.2) 

3 (4) 

 

39 (51.3) 

37 (48.7) 

 

40 (52.6) 

36 (47.4) 

 

29 (38.2) 

21 (27.6) 

26 (34.2) 
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Table 2. Major interacting proteins with increased binding to the HER2 mutants 
compared to HER2 wt.a 

 

 
Protein identified Name Function 

HSP90A 

HSP70 ½ 

HSP27 

HSP40 

CDC37 

BAG2 

MIF 

Heat Shock 90 kDa Protein alpha 

Heat Shock 70 kDa Protein 1/2 

Heat Shock 27 kDa Protein 

DnaJ (Hsp40) homolog, subfamily C, member10 

HSP90-cochaperone CDC37 

BAG family molecular chaperone regulator 2 

Macrophage migration inhibitory factor 

Chaperone 

Chaperone 

Chaperone 

Co-chaperone 

Co-chaperone 

Co-chaperone 

Cytokine 

 

a Exogenous c-myc-tagged HER2 over-expressed in MCF10A cells was pulled down 

with a c-myc antibody and then analyzed using mass spectrometry.  
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Legends 

Table 1. Characteristics of HER2-positive breast tumors used for sequencing. 
 
 
Table 2. Major interacting proteins with increased binding to the HER2 mutants 
compared to HER2 wt.a 
 

Figure 1. Structural analysis of the HER family mutants. A) Position of the 12 

mutations on the kinase domain. All EGFR (red), HER2 (cyan), and HER4 (yellow) 

mutations were projected on the structure of the kinase domain (shown as the receiver 

kinase domain;the activator kinase domain is shown in gray). The kinase domain 

structure was taken from HER2 (PDB 3PP0) and missing residues were completed 

using homology modeling. The position of lapatinib (stick model with carbon atoms in 

beige) has been transferred from lapatinib-bound EGFR (PDB 1XKK). The N-terminal 

kinase lobe (light green), the C-terminal lobe (dark green), the activation loop 

(magenta), and the C-terminal extension (orange) are color coded. The αC helix is 

labelled. B) Structural models of HER2-L726F. Zoom onto the lapatinib/ATP binding 

pocket.  HER2 is shown as surface representation (color coded by atom type: C=light 

blue; N=dark blue; O=red; S=yellow). L726 or F726 is shown in light gray. Lapatinib 

(cyan carbons) and ATP (magenta carbons) are shown as stick models. In HER2 wt, 

L726 forms part of the lapatinib-binding pocket (left panel). F726 blocks binding of 

lapatinib to the closed kinase conformation (central panel). However, in the open, active 

kinase conformation, ATP can still bind (right panel). L726F may additionally stabilize 

the active state through interactions with a C-terminal α helix (shown in gold in panel A). 

C) Structural models of HER2-V794M and HER2-D808M. Structural models for HER2 

wt (magenta) and mutants (cyan) are shown. V794M is predicted to influence kinase 
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activity through altering asymmetric activation by the activator molecule (shown in gray) 

and the positioning of the αC helix (labelled). Left panel: Model based on activated 

EGFR kinase (2GS6). V794M may stabilize αC helix in an active conformation and 

increase contacts between the activator molecule (gray) and the receiver molecule 

(green). Central panel: model built on HER2 in active-like conformation (open 

conformation, but with the αC helix in an inactive conformation). Right panel: D808N is 

interacting with the methylsulfonylethylamino group of lapatinib (beige carbon atoms). 

For additional details, see Supplementary Material and Supplementary Figure S1. 

 

Figure 2. HER2 mutants induce a more aggressive phenotype. A) HER2 mutants 

increase MCF10A cell invasion. The graph (right panel) shows the proportion of HER2 

wt and L726F cells compared with control (mean value of 3 separate experiments) (***, 

p<0.001). B) HER2 mutants increase anchorage independence. MCF10A (upper 

panel) or BT474-m1 (lower panel) cells grown in soft agar were stained and counted 

(graphs) (***, p<0.001). C) HER2 mutants impair formation of normal acini by 

MCF10A. The immunofluorescence experiment was performed on fixed acini using 

DAPI (blue), anti-laminin V (green), and anti-cleaved-caspase 3 (red), and photos were 

taken using confocal microscopy (lower panel). Graph: Expression of the mutants 

correlates with an increase in the number of abnormal “grape-like” multicentric acini 

formed by MCF10A cells. D) HER2 mutants have a similar or stronger kinase 

activity then HER2-wt. Kinase assay was performed in vitro using c-myc pulled-down 

HER2 wt and mutants (from MCF10A cells) on a non-specific peptide. The resulting 

product was dot blotted onto a nitrocellulose membrane and labelled with PT66 
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phosphotyrosine targeting antibody. Gray levels were analysed using NIH Image J 

software and normalized to 1 arbitrarily given the HER2-wt.  

 

Figure 3. HER2 mutants alter response to lapatinib in vitro and in vivo. A) 

Response to lapatinib is altered in breast cancer cells expressing HER2 mutants. 

MDA-MB-175, SKBR3, and BT474-m1 cells were incubated with 0.1 µM lapatinib, 

plated in 0.3% soft agar, and left growing for 2 to 4 weeks. Colonies were stained and 

counted using the GelCount platform (***, p<0.001). B) ERK inhibition requires higher 

doses of lapatinib when cells express HER2 L726F. SKBR3 and MDA-MB-175 cells 

were incubated with lapatinib at the indicated concentrations, lysed, and the protein 

submitted for Western blot analysis. C) HER2 L726F forms larger tumors than HER2 

wt. BT474-m1 cells expressing HER2 wt or L726F were injected into nude mice, and 

the tumors formed were measured every day for 3 weeks. Each value represents the 

mean of tumors formed in at least 8 mice (**, p<0.01). D) Tumors formed by cells 

expressing HER2 L726F are resistant to lapatinib treatment. Mice were treated with 

vehicle or vehicle plus lapatinib at 150 mg/kg/day via oral gavage for 3 weeks. Each 

value represents the mean of tumors formed in at least 8 mice (***, p<0.001). 

Representative tumors were photographed after 3 weeks of lapatinib treatment. 

 

Figure 4. HER2 L726F conserves its kinase activity despite dramatic 

dephosphorylation. A) Cells expressing HER2 L726F sustain ERK activation after 

24 hours of starvation. Western blot analysis showed that expression of HER2 L726F 

was correlated with sustainable ERK1/2 activation in MCF10A cells. B) HER2 L726F 
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mutant is dramatically underphosphorylated. Western blot analysis using antibodies 

targeting HER2 phosphorylated sites shows phosphorylation of HER2 wt but not L726F 

in MCF10A cells. C) HER2 L726F displays kinase activity similar to that of HER2 

wt. Kinase assay was performed in vitro using c-myc pulled-down HER2 wt and 

mutants (from MCF10A cells) on a non-specific peptide. The product was dot blotted 

onto a nitrocellulose membrane and labelled with PT66 phosphotyrosine targeting 

antibody (upper panel). After the kinase assay, c-myc pulled-down HER2 was analyzed 

by Western blotting using a phospho-Y1248 HER2-specific antibody (lower panel). 

WCL: whole cell lysate. D) HER2 L726F dephosphorylation is due to increased 

phosphatase activity. MCF10A cells were incubated with 50 µM Na3Vo4 for 24 hours, 

lysed, and analyzed by Western blotting. 

 

Figure 5. HER2 L726F associates with HSP90A. A) HER2 L726F associates with 

heat shock protein 90A and 70. MCF10A cells were lysed and proteins subjected to 

co-immunoprecipitation using the indicated antibodies. Pulled-down proteins were then 

analyzed by Western blotting. WCL: whole cell lysate. B) ERK activation in HER2 

L726F is dependent on its association with HSP90. MCF10A cells were incubated 

with the indicated concentrations of the HSP90 inhibitor 17AAG for 24 hours. Cells were 

lysed and proteins submitted for Western blot analysis. C) Cells expressing HER2 

L726F are more sensitive to the cytotoxic effect of the HSP90 inhibitor 17AAG. 

MCF10A cells were incubated with the indicated concentrations of the HSP90 inhibitor 

17AAG for 3 days and a cytotoxicity assay was performed. Values were reported to the 

maximum of cell toxicity in each well, which corresponds to total cell lysis (***, p<0.001). 


