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Introduction 

Lung cancer continues to be the leading cause of cancer-
related death, as estimated by the American Cancer Society, 
responsible for 26% of all female cancer deaths and 29% of 
all male cancer deaths in the U.S. in 2012 (1). Considering 
that non-small cell lung cancer (NSCLC) accounts for 
80-85% of cases of lung cancer (2) and that significant 
improvement in survival rates, approximately 17% at 5 years  
for recently diagnosed NSCLC and less than 4% if 
presenting with distant metastasis (3), has not been achieved 
in the last decade with conventional chemotherapy, novel 
therapeutic approaches are warranted in this field. As a 
result of these advances, systematic genomic testing for 

patients with NSCLC is becoming the new standard of 
care in clinical decision-making, due to the identification 
of driver mutations that have triggered the development of 
new molecules targeting these specific alterations in cancer 
cells. For example, somatic mutations in epidermal growth 
factor receptor (EGFR) confer greater response rates to 
tyrosine kinase inhibitors (TKIs) that target the catalytic 
domain of EGFR, such as erlotinib and gefitinib, compared 
to standard therapy in advanced NSCLC, 70% vs. 33.2% 
in first-line trials (4,5). In a similar manner, crizotinib, 
the anaplastic lymphoma kinase (ALK) tyrosine kinase 
inhibitor, has demonstrated response rates of approximately 
60% with progression-free survival greater than 10 months 
in those NSCLC characterized by ALK rearrangements (6). 
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These studies have enabled to conclude that both EGFR-
mutant and ALK-positive NSCLC constitute two defined 
subgroups of oncogene-driven tumors with potentially 
effective targeted therapy. Furthermore, approximately 
15-20% of NSCLC diagnosed in Europe and North 
America bear EGFR mutations or ALK rearrangements (7),  
enhancing the significance of the development of drugs 
capable of interfering with their intracellular effects.

Based on these results, the identification of other 
activating mutations has been pursued in hopes of 
improving survival in NSCLC by specifically treating 
these genomic alterations. These potential therapeutic 
targets include KRAS, BRAF, HER2 and PIK3CA, in 
addition to ROS1 fusions. KRAS mutations, in codons 
12, 13 and 61, reported in approximately 20% of cases of 
lung adenocarcinomas, predict negative outcome in terms 
of response to EGFR TKIs. No targeted therapies have 
demonstrated an increase in overall survival in KRAS-
mutant NSCLC, although selumetinib, an inhibitor of 
MAPK extracellular signal-regulated kinase (MEK) 1/2 
(downstream of KRAS), in combination with docetaxel in 
previously treated advanced NSCLC has shown promising 
results in a recent phase 2 trial (8). 

Regarding activating mutations in BRAF, HER2 and 
PIK3CA, incidence reported for each group ranges 
from 1-4%, a lower although significant frequency that 
is encouraging further investigation of these genetic 
alterations and consequent therapeutic implications. 
HER2 mutations in NSCLC constitute a clear molecular 
target, particularly in a subset of patients with distinct 
clinical features, including female non-smokers with 
adenocarcinomas, similar to those patients with EGFR-
mutant lung cancer.  Here,  we seek to review the 
characteristics of HER2 mutations that enable interaction 
with molecules that specifically target these receptors in 
lung adenocarcinomas, as well as the results of preliminary 
studies that assess the efficacy of anti-HER2 therapy applied 
to NSCLC.

Tumorigenesis induced by HER2 mutations

HER2 [also known as epidermal growth factor receptor-2 
(EGFR2), ERBB2 or NEU] is a member of the ERBB 
receptor tyrosine kinase family, which includes 3 additional 
members; EGFR (HER1/ERBB1), HER3 (ERBB3) and 
HER4 (ERBB4). The binding of ligands to the extracellular 
domain of EGFR, HER3 and HER4 induces homo- 
and heterodimerization of these receptors, catalytically 

activating a cascade of intracellular pathways involved in 
cellular proliferation, differentiation and migration. These 
reactions are induced by cytoplasmic signal transducers such 
as PLC-γ1, Ras-Raf-MEK-MAPKs, phosphatidylinositol-3 
kinase (PI3K), Src or the signal transducers and activators 
of transcription (STATs). However, no ligand has been 
described for HER2, regardless of structural resemblance 
between ERBB receptors. In fact, HER2 has been identified 
as the preferred binding partner of the other ERBB 
receptors, in particular, of EGFR with formation of HER2/
EGFR heterodimers with increased potential for signaling 
than EGFR homodimers (9). This unique characteristic 
of HER2 has been partially attributed to its increased 
flexibility due to a glycine-rich region following the alpha-
helix C of HER2, which explains its low intrinsic catalytic 
activity and less stable conformation when activated (10). 
Consequently, HER2 overexpression potentiates EGFR 
signaling which relates to the increased response in EGFR-
positive NSCLC with HER2 overexpression to erlotinib or 
gefitinib (11), specific inhibitors of active EGFR, but not of 
HER2 or inactive EGFR.

HER2 gene, regulated by overexpression and/or gene 
amplification, has been proven important in many cancers, 
including breast and gastric cancer, in which overexpression 
of HER2 confers poor prognosis although it relates to 
possible benefit from specific anti-HER2 therapy. With the 
arrival of trastuzumab, a humanized monoclonal IgG1 that 
targets the extracellular domain of HER2, and its effect in 
combination with cytotoxic chemotherapy on survival rates 
of breast and gastric cancer with overexpression of HER2, 
a new door in molecular-targeted therapy was opened. 
However, although HER2 overexpression and amplification 
has been described in 6-35% and in 10-20%, respectively, of 
NSCLC patients, the first clinical trials including patients 
treated with trastuzumab in addition to gemcitabine-
cisplatin or to docetaxel, failed to demonstrate benefit in 
survival in HER2 IHC-positive patients (12,13).

These findings triggered investigation of activating 
mutations in the tyrosine kinase domain of HER2 gene, first 
described in 2004. HER2 mutations have been reported 
to exist in up to 4% of NSCLC and are more common in 
Asians, never smokers, women and adenocarcinomas (14), 
characteristically similar to patients with EGFR mutations. 
These mutations occur in the first four exons of the tyrosine 
kinase domain (exons 18-21), including the most frequently 
observed alteration, a 12-bp duplication/insertion of the 
amino acid sequence YVMA in exon 20 at codon 776 
(HERYVMA). The mutated region of exon 20 in the HER2 
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gene corresponds to the nine codon region in exon 20 of 
the EGFR gene, where duplications and insertions have 
also been described, resulting in conformational changes 
of the tyrosine kinase domain that lead to narrowing of 
the ATP binding cleft and, consequently, increased kinase 
activity compared to wild-type receptors (HERWT). In vitro 
studies have demonstrated that HERYVMA induces ligand-
independent transphosphorylation and stronger association 
with signal transducers that mediate cell proliferation, 
motility and survival processes than HERWT (15). In fact, 
HERYVMA activates EGFR in absence of ERBB ligands and 
EGFR kinase activity, which explains that EGFR TKIs 
erlotinib and gefitinib have no effect on EGFR and HER2 
phosphorylation in HERYVMA cells. However, when the 
effect of trastuzumab in cell proliferation was tested in 
these in vitro studies, inhibition was achieved in presence 
of HERYVMA but not cells overexpressing HERWT, findings 
consistent with the reported inability of the IgG1 to 
bind with EGF and or EGFR/HER2 heterodimers (16). 
Therefore, authors concluded that tumor cells harboring 
HER2 mutations are resistant to EGFR inhibitors although 
remain sensitive to HER2 inhibitors and dual EGFR/HER2 
inhibitors.

Epidemiology of HER2 mutations in lung cancer

Up to date, few studies regarding HER2 mutations in 
NSCLC have been published, primarily in Asian patient 
populations in which never smokers constitute a greater 
percentage of lung cancer patients (approximately 30%) 
compared to North American and European populations 
(10%). Incidence of HER2 mutations has been reported 
in 2-5% of NSCLC adenocarcinomas (Table 1). In a 
retrospective study of pulmonary resection samples obtained 
at the Fudan University Shanghai Cancer Centre (17), a total 

of 202 patients, never smokers, with lung adenocarcinoma 
that had not received neoadjuvant chemotherapy, were 
included. The median age at diagnosis was 57.3 years and 
no significant differences were observed in age, stage or 
degree of tumor differentiation between males and females. 
Of these samples, 89.1% harbored known oncogenic 
driver mutations in EGFR (75.25%), HER2 (5.94%), ALK 
fusion (4.95%), KRAS (1.98%), ROS1 fusion (0.99%). 
Patients with no identified driver mutation were diagnosed 
at a younger age. 12 samples with HER2 kinase domain 
mutations were detected, including 11 exon 20 insertions 
and 1 L775P point mutation.

Recently, the Memorial Sloan Kettering Cancer Centre 
(MSKCC) group published the largest assessment to 
date of HER2 mutations in predominantly Caucasian 
population (18). Of 560 lung adenocarcinoma samples that 
resulted negative for EGFR and KRAS major mutations 
tested previously, 26 HER2 mutations in 25 cases were 
identified (5%), all mutually exclusive with point mutations 
in EGFR, KRAS, BRAF, NRAS, PI3KCA, MEK1 and 
AKT mutations as well as ALK rearrangements. No 
HER2 mutations were detected among 104 squamous 
cell carcinomas and 6 small-cell carcinomas tested. 92% 
(24/26) of these HER2 mutations were in-frame insertions 
in exon 20 (from 3 to 12 bp) between codons 775 and 
881, of which the most common (83%) was the 12-bp 
duplication/insertion of YVMA at codon 775. The other 
two cases were point mutations, L775S and G776C. 
Median follow-up after diagnosis of advanced disease was 
19 months for all patients. No significant differences in 
overall survival were described between HER2 and other 
molecular subsets. Morphologically, 92% were moderately 
or poorly differentiated adenocarcinomas. An additional 
analysis was performed to assess for HER2 gene copy 
number alterations by FISH in 11 HER2 mutated and 39 

Table 1 Frequency of HER2 mutations among lung adenocarcinoma samples in recently published studies

Study group Total (No.) HER2 mutation (No.) %

Tomizawa K et al. (Lung Cancer 2011) 504 13 2.58

Li C et al. (J Thor Oncol 2012) 224 8 3.57

Sun Y et al. (J Clin Oncol 2010) 52Ɨ 2 3.85

Arcila M et al. (Clin Cancer Res 2012) 560 25 4.46

Zhang Y et al. (Clin Cancer Res 2012) 349ǂ 16 4.58

Cardarella S et al. (J Thor Oncol 2012) 276 13 4.71

Li C et al. (PLos One 2011) 202Ɨ 12 5.94
ƗInclusion of adenocarcinoma samples of never-smokers only; ǂInclusion of adenocarcinoma samples of female never-smokers only
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WT cases. None of HER2-mutant specimens were positive 
for HER2 amplification; 18% presented high polysomy  
(>4 copies of HER2 in >40% of cells) and 73% low polysomy. 
Amplification of HER2 was detected in one case, in the WT 
group, and interestingly this case was also found to harbor 
an EGFR exon 19 deletion. Therefore, HER2 mutation was 
not associated with concurrent HER2 amplification.

In this study, the overall prevalence of HER2 mutations 
was estimated to be approximately 2%, similar to statistics 
obtained in smaller European studies (19). In addition, 
HER2 mutations were most frequent among never-smokers 
(P<0.0001) although there were no associations with gender, 
race or stage of disease. 

Therapeutic implications: HER2-targeted therapy 
in NSCLC

HER2 overexpression and gene amplification has been 
observed in breast, gastric and ovarian malignancies, 
inducing sensitivity to HER2-targeted drugs including 
trastuzumab, pertuzumab, lapatinib and T-DM1. Both 
amplification and high copy number gains have also been 
identified in NSCLC, although first clinical trials with anti-
HER2 therapies in unselected patients failed to demonstrate 
survival benefit in HER2 positive NSCLC (defined by 
immunohistochemistry) (12,20). However, there is new 
hope that HER2 mutations may be more relevant in lung 
carcinogenesis than HER2 amplification or overexpression. 
Based on previous in vitro and in vivo studies, Cappuzzo 
et al. showed that lung cancer harboring the HER2 
Gly776Leu mutation responded to treatment with 
trastuzumab and paclitaxel in a patient with chemotherapy-
refractory lung adenocarcinoma (21).

Considering that HER2-mutant NSCLC may benefit 
from HER2 inhibition or dual EGFR/HER2 inhibition, but 
not single blockage of EGFR, novel TKIs simultaneously 
targeting EGFR/HER2 have been investigated. Transgenic 
mice models with induced expression in lung epithelium of 
the most common HER2 mutant, HER2YVMA, developed 
lung adenosquamous carcinomas in distal and proximal 
bronchioles (22). In these models, treatment with 
erlotinib, trastuzumab, BIBW2992 and/or rapamycin 
revealed that the combination of BIBW2992 (afatinib), an 
irreversible dual TKI targeting both EGFR and HER2, 
and rapamycin, an inhibitor of the downstream effector 
protein mTOR, produced the most significant shrinkage 
(50.1±27.4% tumor regression measured by MRI) of tumor 
specimens. In addition, immunohistochemical analysis 

of these tumors treated with BIBW2992 and rapamycin 
proved this combination to be the most effective regimen 
for inhibition of upstream and downstream signaling of 
both the ERBB/PI3K/mTOR and the MAPK signaling 
pathways. Surprisingly, a relatively low effect was observed 
in HER2YVMA models treated with trastuzumab, with an 
average tumor regression of 13.59% (±10.89%), which was 
theoretically explained by postulating that trastuzumab 
is capable of inhibiting phosphorylation of membranous 
HER2 but unable to inhibit intracellular HER2 signaling 
associated with Golgi, endoplasmic reticulum, and other 
transport vesicles. Interestingly, continuous expression of 
HER2YVMA was proven necessary for tumor maintenance, 
indicating that HER2 is of great importance in lung 
adenosquamous tumorigenesis. 

Case reports of afatinib in patients with HER2 mutant 
NSCLC have revealed promising results (23). Of patients 
who were included in an exploratory Phase II study of 
afatinib, five patients with non-smoking history and 
metastatic lung adenocarcinomas were identified to harbor 
HER2 mutations in cancer specimens. Three of these were 
evaluated, observing objective response to afatinib in all cases.

Neratinib, an irreversible pan ERBB-receptor family 
inhibitor, has been studied in a phase II trial in patients 
with advanced NSCLC who progressed following erlotinib 
or gefitinib (24). Three subgroups, EGFR mutant, wild-
type EGFR and EGFR TKI naive- adenocarcinoma with 
light smoking history, were compared obtaining objective 
response rates of 3.4%, 0% and 0%, respectively. Only a 
small subgroup of patients with G719X mutation at exon 
18 of EGFR-positive tumors, refractory to reversible 
TKIs, benefited from neratinib. Based on these results, 
neratinib is no longer in development for NSCLC although 
investigation in HER2-positive breast cancer continues.

PF00299804 (dacomitinib), another irreversible TKI 
targeting ERBB family members EGFR, HER2 and HER4, 
is being evaluated in patients with NSCLC. Preliminary 
data of dacomitinib in the HER2-mutant cohort reveal 
a 14% (3 of 22) partial response rate and 27% of these 
patients (6 of 22) have maintained stable disease to date (25).

In addition to TKIs, other molecules targeting EGFR 
and HER2 receptors have been developed. Considering 
that the heat shock protein 90 (Hsp90) chaperone 
stabilizes various oncogenic kinases necessarily involved 
in signal transduction and proliferation of lung carcinoma 
cells, when Hsp90 was demonstrated to interact with 
mutant EGFR, inhibition of these chaperones became a 
new potential therapeutic approach (26). NSCLC with 
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activating EGFR mutations that develop acquired resistance 
to EGFR TKI after treatment with erlotinib or gefitinib, 
have been proven sensitive to Hsp90 inhibitors both in 
NSCLC cell lines in vitro and in vivo (27). Other targets of 
Hsp90 include mutant HER2, mutant BRAF or mutant or 
overexpressed MET; therefore, adenocarcinomas harboring 
HER2 mutations may benefit from disruption of chaperone 
function. In fact, ganetespib, a novel non-geldanamycin 
potent Hsp90 inhibitor that impedes binding of Hsp90 to 
its co-chaperone, p23, has been proven effective in NSCLC 
cell lines in mice models driven by mutations in both EGFR 
and HER2YVMA (28). These promising data support further 
investigation in clinical trials.

Conclusions

The discovery of oncogenic driver mutations in NSCLC 
is leading to the development of new therapies targeting 
specific molecular alterations. Detection of EGFR mutations 
and ALK rearrangements in tumor specimens of recently 
diagnosed NSCLC is currently standard of care, in order to 
identify subsets of patients that may respond to TKIs, such as 
erlotinib or gefitinib and crizotinib, respectively. Considering 
the prevalence of lung adenocarcinoma and clinical relevance 
of other mutations in NSCLC, including HER2, at diagnosis 
of this subgroup of lung cancer patients, we suggest 
expanding systematic genotype testing to include detection of 
these molecular alterations. In comparison with other types 
of cancer (i.e. breast, gastric) in which HER2 overexpression 
and gene amplification is associated to greater response to 
anti-HER2 drugs such as trastuzumab, first clinical trials 
in HER2 IHC-positive NSCLC failed to demonstrate 
benefit in the addition of trastuzumab to chemotherapy. 
However, HER2 mutations are thought to play a more 
significant role in lung cancerogenesis than overexpression 
or gene amplification, achieving promising results with 
trastuzumab in advanced HER2-mutant NSCLC. Therefore, 
identification of HER2 mutations, rather than HER2 IHQ-
positive cancer specimens, should be studied in recently 
diagnosed stage IV NSCLC patients. 

In addition, considering that cancer cells harboring 
HER2 mutations may respond to both HER2 inhibitors 
and dual EGFR/HER2 inhibitors, newer agents, including 
dacomitinib and afatinib, are currently under investigation 
in clinical trials specifically for this indication. Phase 
II studies have demonstrated promising initial results, 
although further investigation is necessary. Inhibition of 
chaperones to oncogenic kinases has revealed favorable 

results in preclinical models, constituting a new therapeutic 
strategy to be explored in both EGFR- and HER2-mutant 
NSCLC. 

In summary, mutations in the tyrosine kinase domain 
of HER2 identify a subset of NSCLC adenocarcinomas, 
with a greater prevalence among never-smokers, which 
may respond to novel agents that specifically target this 
alteration. HER2 mutations are mutually exclusive with 
other driver mutations and are independent of HER2 
gene amplification. Considering the prevalence of lung 
adenocarcinomas and given the availability of standard 
and investigational therapies targeting HER2, clinical 
genotyping of these tumors should include HER2. 
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