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Abstract

Mutations in the gene encoding epidermal growth factor receptor (EGFR) family member HER2 

(ERBB2) are common in and drive the growth of “HER2-negative” (not ERBB2-amplified) solid 

tumors but are rare in primary “HER2-positive” (ERBB2-amplified) breast cancer. We analyzed 

DNA sequencing data from HER2-positive patients and used cell lines and a patient-derived 

xenograft model to test the effects of HER2 mutations on the efficacy of anti-HER2 agents such as 

trastuzumab, lapatinib, or the irreversible pan-EGFR inhibitor neratinib. HER2 mutations were 

present in ~ 7% of HER2-positive tumors, all of which were metastatic but not all were previously 

treated. Compared to HER2-amplification alone, in both patients and cultured cell lines, co-

occurrence of HER2 mutation and amplification was associated with poor response to trastuzumab 

and lapatinib, standard-of-care anti-HER2 agents. In mice, xenografts established from a patient 

whose HER2-positive tumor acquired a D769Y mutation in HER2 after progression on 

trastuzumab-based therapy were resistant to trastuzumab or lapatinib but were sensitive to 

neratinib. Clinical data revealed that six heavily pretreated patients with tumors bearing coincident 

HER2 amplification and mutation subsequently exhibited significant response to neratinib 

monotherapy. Thus, the findings indicate that coincident HER2 mutation reduces the efficacy of 

therapies commonly used to treat HER2-positive breast cancer, particularly in metastatic and 

previously HER2-inhibitor–treated patients as well as potentially in patients scheduled for first-

line treatment. We propose, therefore, that clinical studies testing the efficacy of neratinib are 

warranted selectively in breast cancer patients whose tumors carry both amplification and mutation 

of HER2/ERBB2.

Introduction

Overexpression of human epidermal growth factor receptor 2 (HER2), usually because of 

amplification of its gene ERBB2, occurs in ~20% of breast cancer patients. Before the 

development of specific HER2-targeted agents such as trastuzumab and lapatinib, and later 

pertuzumab and T-DM1 [reviewed in (1)], patients with “HER2-positive” (ERBB2-

amplified; hereafter HER2-amplified) breast cancer had an extremely poor prognosis (2, 3). 

Thanks to these therapeutic options, HER2-positive breast cancer is now considered a highly 

curable disease when diagnosed before metastatic spread. On the contrary, patients with 

advanced disease are frequently refractory to the therapy or, in patients initially sensitive to 

these agents, acquired resistance inevitably emerges over time.

Besides gene amplification, the kinase activity of HER2 can increase as a result of activating 

mutations in the extracellular, juxtamembrane, or intracellular regions (4, 5). The 

perturbation in HER2’s catalytic activity triggered by these mutations and their intrinsic 

sensitivity to small-molecule HER family kinase inhibitors has been studied in several 

preclinical models of “HER2-negative” (HER2 expressed but not amplified) cancers by 

overexpressing the mutant isoforms of the receptor (5–8). Increasing efforts in deep 

sequencing of tumors revealed several of these mutations in various HER2-negative cancers 

(9, 10). These premises were the basis for a basket trial in which the efficacy of the pan-
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HER kinase inhibitor neratinib was tested in solid tumors bearing HER2 mutations (11). In 

that study, we showed that HER2 kinase inhibition has antitumor activity in this setting, with 

breast cancer patients being the most sensitive among the enrollees.

It is generally accepted that the presence of HER2 mutations in breast cancer is mutually 

exclusive with amplification of the receptor. This notion is largely based on genome 

sequencing efforts conducted mainly in primary tumors. In the TCGA database, for 

example, only 3 cases out of 119 HER2-amplifed breast cancer patients (2.5%) show co-

occurrence of HER2 mutations (12). Similarly, in the METABRIC cohort (13), only nine out 

342 HER2-amplified patients (2.6%) also bear HER2 mutations. In this study, we 

investigated the frequency of HER2 mutation and amplification co-occurrence in breast 

cancer and assess the antitumor activity of the HER tyrosine kinase inhibitor neratinib in 

preclinical models and patients with coincident HER2-mutant/HER2-amplified breast 

cancer.

Results

The presence of ERBB2 mutations in HER2-positive breast cancer correlates with poor 
response to standard-of-care anti-HER2 therapy

As part of our efforts to sequence HER2-positive tumors relapsing to standard-of-care HER2 

blockade, we observed that, out of a cohort of 77 patients with HER2-positive breast cancer 

(33 patients treated at START Madrid, 23 patients treated at Peter MacCallum Cancer Centre 

and 20 patients treated at Memorial Sloan Kettering Cancer Center), the tumors from four of 

these patients treated with one of several lines of standard-of-care anti-HER2 agents 

(trastuzumab, lapatinib, and/or a trastuzumab-emtansine antibody-drug conjugate known as 

T-DM1) acquired a HER2 mutation at time of disease progression (Fig. 1A and text S1). 

Specifically, one patient treated for 35 months with trastuzumab or lapatinib-based therapy 

developed a HER2 L755S mutation at progression, one patient acquired a HER2 D769Y 

mutation after 59 months of therapy with trastuzumab, lapatinib, and T-DM1, and the 

remaining two patients acquired extracellular domain HER2 L313I or R456C mutations 

after 72 and 63 months of anti-HER2 therapy, respectively. The details of the clinical 

histories of these patients are in the supplementary materials (text S1), but a common 

denominator of these four cases is the metastatic nature of their disease. The somatic HER2 

L755S mutation is the most frequent in breast cancer, and was previously described to limit 

the activity of lapatinib in cultured cells (5, 8). Likewise, the HER2 D769Y mutation is a 

well-characterized activating mutation as studied in nonmalignant mammary epithelial 

MCF10A cells (5). Mutations of the Arg456 amino acid and the Leu313 residue (close to the 

HER2 Ser310 hotspot) are less common. The R456C mutation was previously detected in a 

prostate adenocarcinoma sequenced at MSKCC, while mutations in the Leu313 residue were 

detected in a bladder carcinoma and endocervical adenocarcinoma in our MSKCC clinical 

sequencing cohort. Notably, in the bladder carcinoma, the L313V mutation was 

accompanied by the amplification of the gene.

These isolated cases prompted us to investigate the prevalence of HER2 mutations among a 

larger cohort of HER2-positive breast cancer patients sequenced by the MSK-IMPACT 

(Memorial Sloan Kettering-Integrated Mutation Profiling of Actionable Cancer Targets) 
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DNA-sequencing platform. Out of 184 patients with detected HER2 amplification by MSK-

IMPACT, 13 cases (7.1%) had concomitant mutations of the receptor (Fig. 1B). Notably, all 

of these 13 tumors were metastatic, whereas only 56.7% (97/171) of the tumors with HER2 

amplification-alone were metastatic (Fisher exact P = 0.0056; Fig. 1C). We then evaluated 

whether the enrichment of HER2-amplified/mutant tumors that we observed in the 

metastatic setting could be a consequence of therapy selection rather than the metastatic 

status of the disease. To do so, we analyzed our cohort to evaluate the rate of ERBB2 
mutation-amplification and amplification alone comparing the treatment-naïve vs post-

treatment specimens. The results showed that the mutation and amplification is indeed more 

prevalent in post-treatment samples than in treatment-naïve tumors (MUT-AMP: 11/13 

[85%] vs AMP: 74/171[43%]. However, this analysis was insufficiently powered to identify 

robust differences between the two groups possibly due to the small numbers of patients 

with concomitant mutated and amplified tumors (Exact p = 0.076; fig. S1). Coincident 

HER2 mutation and amplification was also associated with poor response to a trastuzumab/

pertuzumab/paclitaxel combination therapy compared to HER2 amplification alone [on the 

basis of progression-free survival, which was 7.3 months in the coincident group (95% 

confidence interval: 4.8, not reached) and 22.6 months in the amplification-alone group 

(95% confidence interval: 15.8, 53.7), log-rank P = 0.0136; Fig. 1D]. Notably, further 

adjustment for sample type (metastatic vs primary) or line of therapy in the metastatic 

setting did not change these results.

Exogenous expression of a HER2 mutation limits the sensitivity to trastuzumab and 
lapatinib in HER2 amplified breast cancer cells

Our results, together with both preclinical (14) and clinical (15) observations recently 

reported, suggest that the acquisition of HER2 mutation in the metastatic setting may affect 

the sensitivity to anti-HER2 therapy in HER2-positive breast cancer patients. To confirm that 

the presence of HER2 mutations is sufficient to limit the sensitivity to trastuzumab or 

lapatinib in a HER2-amplified background, we stably transduced Sk-Br-3 and BT474 cells 

with lentiviral vectors encoding for wild-type or mutant (L755S) HER2 (or an empty vector 

control). We chose the L755S mutation because is the most frequently found in breast cancer 

and was detected in one of the 4 patients treated with anti-HER2 therapy described above. 

Treatment with lapatinib markedly suppressed the phosphorylation of HER2 downstream 

signaling proteins, namely the kinases AKT and extracellular signal-regulated kinase (ERK) 

and ribosomal protein S6, in both wild-type– and empty-vector–transduced cells. The same 

concentrations of lapatinib were found to be less effective in inhibiting AKT, ERK and S6 

signaling in the HER2 L755S-transduced cells (Fig. 2, A and C). Consequently, lapatinib 

had significantly less anti-proliferative activity in Sk-Br-3 and BT474 cells expressing the 

L755S HER2 mutation compared to cells expressing wild-type HER2 (IC50= 1424 nM vs 

171.3 nM and 583.8 nM vs 44.5 nM for the Sk-Br-3 and the BT474 clones, respectively; 

P<0.05; Fig. 2, B and D).Consistently, expression of the L755S HER2 variant was sufficient 

to limit the sensitivity of these cell lines also to trastuzumab or the combination of 

trastuzumab and lapatinib, as compared with wild-type HER2–transfected or empty-vector–

transfected cells in long-term clonogenic assays (Fig. 3, A to D).
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Efficacy of neratinib in breast cancer cells with coincident amplification and mutation of 
HER2

Recent reports have shown that neratinib, an irreversible pan-HER tyrosine kinase inhibitor, 

can suppress the proliferation and tumorigenesis of HER2-negative cells engineered to 

overexpress mutant isoforms of HER2 (5). Thus, we reasoned that neratinib would inhibit 

the growth of tumors bearing both amplification and mutations of ERBB2. To test this 

hypothesis, we evaluated the effects of neratinib treatment on the phosphorylation status of 

receptor tyrosine kinases (RTKs) and HER2 downstream signaling proteins in the empty 

vector, HER2 WT and HER2 L755S-transduced Sk-Br-3 and BT474-derived cells. We 

found that neratinib was able to equally inhibit RTKs phosphorylation and HER2 

downstream signaling proteins in all the transduced cell lines (Fig. 4 A and C). Consistently, 

proliferation assays showed that neratinib was highly efficient in inhibiting the growth of the 

HER2 L755S-trasduced cells with IC50 in the low nanomolar range (IC50= 10.2nM and 

6.7nM for the HER2 L755S-transduced Sk-Br-3 and BT474 cells, respectively; Fig. 4 B and 

D). Together these data suggest that neratinib is more potent than lapatinib against breast 

cancers harboring both HER2 amplification and mutation.

In vivo efficacy of neratinib

To test the efficacy of neratinib in vivo against breast tumors with coincident amplification 

and mutation of HER2, we established sub-cutaneous patient-derived xenografts (PDXs) 

from a HER2-positive breast cancer patient whose metastatic lung lesions carried both a 

D769Y mutation and amplification of HER2. Mice were treated with vehicle, trastuzumab, 

lapatinib, or neratinib for just under 5 weeks. As expected, xenografts were refractory to 

both trastuzumab and lapatinib (Fig. 5), suggesting that the presence of this HER2 mutation 

may lead to cross-resistance to multiple anti-HER2 agents. Conversely, neratinib 

significantly inhibited tumor growth and, in enough cases to have a cohort-level effect, 

neratinib induced durable tumor shrinkage (Fig. 5).

Neratinib has clinical activity in breast cancer patients with tumors bearing ERBB2 
amplification and mutations

Our findings indicate that the acquisition of HER2 mutations confer resistance to current 

standard anti-HER2 therapies but not to neratinib. Moreover, we have recently shown that 

neratinib has clinical activity in breast cancer patients with HER2-negative tumors bearing 

HER2 mutations (11). Thus, we posited that neratinib would be effective in tumors with co-

existing HER2 amplification and mutation. We tested this hypothesis in six breast cancer 

patients with these characteristics (Table 1). Patients A-C (clinical details in text S1) were 

enrolled as part of the breast cancer cohort of the SUMMIT “basket” trial that was recently 

published (9); these patients received 240 mg/day neratinib monotherapy. Patients 2–4 

(described in Fig. 1A and text S1) received neratinib as compassionate use. Notably, four 

patients achieved stabilization of the disease (from 4 up to 7 months), and two patients 

experienced significant reduction of tumor volume, in one case lasting up to 10 months. 

Together, these results show that neratinib has clinical activity in breast tumors carrying both 

amplification and mutations of HER2/ERBB2.

Cocco et al. Page 5

Sci Signal. Author manuscript; available in PMC 2019 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

In this study, we identified somatic mutations of HER2 in tumors from four metastatic 

HER2-positive patients who had progressed on standard-of-care anti-HER2 therapy. 

Reviewing 184 HER2-positive patients sequenced at MSKCC, we found a 7.1% prevalence 

of concomitant amplification and mutation of the HER2 gene (ERBB2); all these patients 

had metastatic disease that responded poorly to trastuzumab/pertuzumab/paclitaxel 

combination.

It is known that the presence of HER2 mutations may impair the binding and the activity of 

lapatinib (5). The catalytic activity, the transforming potential and the sensitivity to kinase 

inhibitors of HER2 mutations has been traditionally studied expressing the mutant forms of 

the receptor in ERBB2 non-amplified cells (5, 16). These models, however, do not strictly 

depend on the exogenous HER2 for proliferation and survival. In order to corroborate our 

clinical findings and test whether the presence of a HER2 mutation can play a causative role 

in limiting the sensitivity to anti-HER2 therapy, we strictly utilized ERBB2-amplified 

models intrinsically sensitive to trastuzumab/lapatinib for our studies. Using a different 

approach, Xu et al. recently confirmed that the only common somatic mutation gained in 

BT474 cells chronically exposed to trastuzumab or lapatinib was the HER2 L755S 

substitution (17), the same encountered in one of our patient at the time of therapy 

progression. Also in this case, the ectopic expression of this mutation was sufficient to 

induce resistance to the anti-HER2 agents that were tested. These laboratory findings are in 

accordance with recent reports showing lack of significant response to trastuzumab-based 

therapy in HER2-positive metastatic breast cancer patients whose tumors harbor different 

HER2 mutations (18, 19). Notably, a similar phenomenon has been independently observed 

by another group that reported an enrichment of HER2 mutations in metastatic lesions from 

patients undergoing adjuvant trastuzumab (15).

The acquisition of a HER2 activating mutation in the context of HER2 amplification/

overexpression may not preclude a response to certain irreversible small molecule HER 

kinase inhibitors (7, 17). This hypothesis was tested in a clinically relevant animal model 

where we observed very little control of tumor growth upon trastuzumab or lapatinib 

treatments, but durable tumor shrinkage following neratinib. More importantly, when we 

translated these findings into the clinical setting, we observed antitumor activity of neratinib 

monotherapy (in some cases durable) in breast cancer patients that progressed from anti-

HER2 therapies. In the preclinical setting, our studies were limited by the intrinsic difficulty 

of establishing breast cancer PDXs bearing both ERBB2 genomic alterations. Nevertheless, 

our in vivo results translated to the clinical setting, showing clinical activity of neratinib in 

tumors with both amplification and mutations of ERBB2. More patients with similar 

characteristics will be needed to demonstrate the generalizability of our findings.

In summary, the co-existence of ERBB2 mutations and gene amplification in the metastatic 

setting may be more frequent than in primary tumors. At this stage, it is still debatable 

whether this phenomenon is mainly due to the natural evolution of the tumors during the 

acquisition of metastatic potential or is triggered by anti-HER2 therapy pharmacological 
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pressure. In both cases, these tumors would still depend on the HER2 pathway and may be 

sensitive to neratinib, which could become a plausible treatment strategy in this setting.

Material and Methods

Patient samples

All patients provided written informed consent for tumor sequencing and review of patient 

medical records for detailed demographic, pathologic, and previous treatment received. 

Research protocols for tumor collection and analysis were approved by the ethical 

committees of Memorial Sloan Kettering Cancer Center, Hospital Universitario Madrid, 

Candiolo Cancer Institute-FPO and Peter MacCallum Cancer Centre (see text S1). The 

molecular analysis on archival material was conducted in the context of Institutional 

Protocol approved by the Internal Review Boards of the Institutions listed in this work. 

HER2 status was assessed using the HercepTest™ according to the manufacturer’s 

instructions. HER2 positivity was defined as a 3+ score by immunohistochemistry (IHC) in 

>10% of invasive tumor cells. Equivocal IHC cases (2 score or 3 score in <10% of invasive 

tumor cells) were submitted for FISH analysis. A HER2:CEP17 ratio of ≥2.0 was used to 

define HER2 amplification. The assessment of hormonal receptor status was carried out 

using IHC with the mAbs against the estrogen receptor (ER) (1/100 dilution; Dako, 

Glostrup, Denmark) and the progesterone receptor (PgR). The Mib-1 monoclonal antibody 

(1:200 dilution; Dako) was used to assess Ki-67, which was reported as a percentage of 

immunoreactive cells among 2,000 tumor cells in randomly selected, high-power fields at 

the periphery of the tumor. The 184 metastatic breast cancer patients with ERBB2 

amplification from MSKCC were identified through prospective clinical genomic profiling 

between April 2014 and March 2017. Detailed treatment history data were obtained for each 

patient and included all lines of systemic therapy from time of diagnosis of invasive 

carcinoma to the study data lock in April 30th, 2017. The exact regimen as well as the dates 

of start and stop of therapy was recorded for each treatment line.

Capture-based exome sequencing

Unless indicated, multi-gene next generation sequencing was performed using the MSK-

IMPACT (Integrated Mutation Profiling of Actionable Cancer Targets) assay which involves 

hybridization of barcoded libraries to custom oligonucleotides (Nimblegen SeqCap) 

designed to capture all protein-coding exons and select introns of 341 to 468 cancer-

associated genes, tumor suppressor genes, and members of pathways deemed actionable by 

targeted therapies (20, 21). For all the patients, tumor and patient-matched normal DNA 

samples were extracted from either representative formalin-fixed paraffin embedded (FFPE) 

tumor biopsy samples or mononuclear cells from peripheral blood. The captured pool was 

subsequently sequenced on an Illumina HiSeq 2500 as paired-end 100-base pair reads, 

producing an average of 233-fold coverage per tumor (range = 132x - 453x). Sequence data 

were analyzed to identify three classes of somatic alterations: single–nucleotide variants, 

small insertions/deletions (indels), and copy number alterations. Barcoded sequence libraries 

were prepared using 38 – 250 ng genomic DNA (Kapa Biosystems) and combined in a 

single equimolar pool. Sequence data were demutliplexed using CASAVA, and reads were 

aligned to the reference human genome (hg19) using BWA and postprocessed using the 
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Genome Analysis Toolkit (GATK) according to GATK best practices (22, 23). MuTect and 

GATK were used to call single-nucleotide variants and small indels, respectively (24). Exon-

level copy number gains and losses were inferred from the ratio in Tumor:Normal sequence 

coverage for each target region, following a loess-normalization to adjust for the dependency 

of coverage on GC content (25).

Cell lines and reagents

BT-474 and Sk-Br-3 HER2-amplified breast cancer cell lines were purchased from ATCC 

and maintained on DMEM/F12 supplemented with 10% FBS. Wild-type HER2 and HER2 

L755S cDNAs were cloned in the pLX302 destination lentiviral vector (ADDGENE 

#25896). Antibodies against HER2 (#2165), phospho-AKT Ser473 (#4058L), total AKT 

(#C67E7), phospho-p44/42 MAPK Thr202/Tyr204 (#D13.14.4E), total ERK 1/2 (#9102BC), 

phospho S6 Ser235/236 (#2211L), total S6 (#2217S) and beta-actin (#4970L) were purchased 

from Cell Signaling Technology. The phospho-Tyrosine (#05–1050X) antibody was 

purchased from Millipore. BT-474 and Sk-Br-3 cells were treated with 20 μg/ml of 

trastuzumab, 500 nM of lapatinib, or the combination of both compounds in the culture 

media for the times indicated in the figures and/or legends.

Proliferation assays

Clonogenic tumor growth and Cell Titer Glo (CTG) assays were used to assess the in vitro 

activity of anti-HER2 therapy. For clonogenic tests, 5×104 cells were seeded on 6 cm plates 

and treated as indicated in the figures and/or legends. Crystal violet staining was performed 

and experimental replicates were quantified by measuring absorbance at 570 nm on a plate 

reader. For CTG assays, 5×103 cells/well were seeded in 96-well plates. Twenty-four hours 

after plating, cells were treated with dimethyl sulfoxide (DMSO) or inhibitors. After 5 days 

of treatment, CTG assays were conducted according to the manufacturer’s protocol, and 

dose inhibition curves were produced using the Graphpad Prism software. Comparisons 

between groups were made using two-tailed Student’s t-test. **P<0.01.

Xenograft models and in vivo studies

PDXs were established from a lung metastasis collected from a breast cancer patient. 

Preclinical studies were carried out at START (San Antonio, TX) and conducted under 

International Animal Care and Use Committee (IACUC)-approved protocols. Briefly, tumor 

fragments were harvested and implanted subcutaneously into the flank of athymic nude mice 

(Charles River Laboratories). Animals were matched by tumor volume (TV) and 

randomized to control and treatment groups. TV and animal weight data were collected 

electronically using a digital calliper and scale; tumor dimensions were converted to volume 

using the formula TV (mm3) = width2 (mm2) × length (mm) × 0.52. Study endpoint was a 

mean control TV of approximately 1 cm3; change in TV of each group was compared with 

the control.

Statistical analysis

We used univariate Cox proportional hazard models to determine the association between 

HER2 co-mutation/amplification and progression-free survival with disease progression on 
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trastuzumab/pertuzumab/paclitaxel combination therapy or patient death. For patients with 

multiple lines of therapy, only the first treatment line from that class that was started after 

the MSK-IMPACT biopsy was included in the analysis. We tested the proportionality 

assumption of the Cox regression model through time-dependency analysis of selected 

genetic alterations (cox.zph function of the R package survival). We rejected the null 

hypotheses with a two-sided α = 0.05. Statistical significance was determined by log-rank 

test stratified by the treatment.

All the in vivo experiments were run with at least n=8 for each treatment arm. Two-way t-

test was performed using GraphPad Prism (GraphPad Software). Error bars represent the 

SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1: Co-existence of ERBB2 amplification and mutations in metastatic breast cancer.
(A) Schematic representation of the detection of HER2 mutations in HER2-positive breast 

cancer patients treated with anti-HER2 therapy for the indicated time. “HER2 3+” refers to 

tumors that were highly positive for HER2 staining by IHC. (B) OncoPrint software-

generated genomic alterations heatmap of the ERBB2-amplified patients available in the 

MSK database. (C) Graph indicating the proportion of primary or metastatic patients with 

tumors bearing concomitant mutation and amplification of ERBB2. (D) Kaplen-Meyer 

curves showing the progression-free survival of the MSK cohort of HER2-positive patients 

treated with the standard-of-care trastuzumab/pertuzumab/paclitaxel combination (THP). 

Displayed inset is the hazard ratio (HR) with 95% confidence interval (95%CI) of patients 

with ERBB2-mutant/amplified (coincident) tumors versus ERBB2-amplified–only tumors.
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Fig. 2. HER2 L755S mutation confers resistance to lapatinib.
(A and C) Western blot analyses of total HER2, AKT, ERK and S6 as well as phospho-

Tyrosine, phospho AKT (Ser473), phospho ERK (Thr202/Tyr204 and phospho S6 

(Ser235/236) in whole-cell extracts from Sk-Br-3 (A) and BT-474 (C) cells expressing 

empty-vector, wild-type (WT) HER2, or HER2 L755S and cultured in various 

concentrations of lapatinib for 4 hours. (p, phosphorylated). (B and D). Cell viability by 

CTG assay of the cells described in (A) and (C), respectively after incubation with 

increasing concentrations of lapatinib (ranging from 4 to 2000nM). Data are means ± SD 

from three independent experiments. P value obtained by two-tailed Student’s t-test.
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Fig. 3. HER2 L755S mutation induces resistance to HER2-targeted therapy.
Clonogenic growth assays performed by crystal violet staining on Sk-Br-3 (A) and BT-474 

(B) cells expressing empty-vector, wild-type or mutant (L755S) HER2 constructs and 

cultured with trastuzumab (20 μg/ml), lapatinib (500 nM) or the combination, as indicated, 

for ten days. Results from treated cultures were quantified relative to non-treated cells. Data 

are means ± SEM from three independent experiments. *P<0.05 by two-tailed Student’s t-

test.
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Fig. 4. Activity of neratinib against breast cancer cells carrying both the amplification and 
mutation of HER2.
(A and C) Western blot analyses of total HER2, AKT, ERK and S6 as well as phospho-

Tyrosine, phospho AKT (Ser473), phospho ERK (Thr202/Tyr204) and phospho S6 (Ser235/236) 

in whole-cell extracts from Sk-Br-3 (A) and BT-474 (C) cells expressing empty-vector, wild-

type (WT) HER2, or HER2 L755S and cultured in various concentrations of neratinib for 4 

hours. (p, phosphorylated). (B and D) Cell viability by CTG assay of the cells described in 

(A) and (C), respectively after incubation with increasing concentrations of lapatinib 

(ranging from 0.05 to 25nM). Data are means ± SD from three independent experiments. P 
value obtained by two-tailed Student’s t-test.
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Fig. 5. In vivo efficacy of neratinib against HER2-amplified and mutant PDXs.
Antitumor effects of neratinib in xenografts bearing in ERBB2. Growth of patient-derived 

xenografts containing coincident ERBB2 amplification and HER2 D769Y mutation, in mice 

treated with vehicle (control), trastuzumab (10 mg/kg; ip; 2xwkly), lapatinib (100mg/kg 

daily) or neratinib (40mg/kg daily). Data are k means ± SEM from 8 mice each condition. 

P<0.001 by two-tailed Student’s t-test
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Table 1.
Clinical benefit of neratinib treatment in HER2-amplified/mutant breast cancer patients.

SD, stable disease (tumor volume changing within the +20% or −30% range compared to baseline pre-

treatment); PR, partial response (tumor volume decreasing more than 30% compared to baseline pre-

treatment).

Patient HER2
mutation

ERBB2
gene copies

Best response
to neratinib

Time on
treatment (days)

A L755S 9* SD 141

B Y772_A775dup 6* SD 122

C V777L 11* PR 166

2 L313I
25

† PR 300

3 R456C
22

† SD 270

4 D769Y
6
† SD 180

*
Response of a small cohort of patient with HER2-amplified/mutant tumors from the MSK-IMPACT database performed at the respective hospital 

as part of routine diagnosis and monitoring.

†
Response of a small cohort of patient with HER2-amplified/mutant tumors by fluorescence in situ hybridization (FISH) performed at the 

respective hospital as part of routine diagnosis and monitoring.
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