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Abstract

Purpose HER2 gene is a member of the epidermal growth
factor receptor (EGFR) family. Across different malig-
nancies, aberrations of HER2 gene commonly correspond
to gain-of-function alterations leading to increased receptor
signaling.

Methods We have reviewed the literature currently avail-
able on HER2 mutations in human breast cancer (BC)
evaluating type and frequency of such mutations. The
primary objective was to determine the frequency and the
number of patients with HER2-mut in the series analyzed.
The secondary objectives were to assess characteristics of
mutated cases (ER and HER2 status and stage of disease,
type of mutations, and finally the clinical outcome if
reported).

Results We retrieved 31 published papers, and the pooled
rate of HER2 mutations across 12,905 BC patients was
calculated. Overall, the frequency of HER2 mutations was
2.7% with most involving the intracellular domain. About
4% of patients were finally mutated. The predictive role
was not described. Only 30% of these patients were
simultaneously HER?2 positive and 63% were ER positive.
Conclusion We have found that the prevalence of HER2
mutations is about 3%. These genic alterations are inde-
pendently associated with HER2 amplification status,
occurring in both ER-positive/HER2-negative diseases or
HER2-enriched cancers. Ongoing trials are investigating

< Fausto Petrelli
faupe @libero.it

Oncology Unit, ASST Bergamo Ovest, Piazzale Ospedale 1,
24047 Treviglio, BG, Italy

Oncology Unit, Oncology Department, ASST Ospedale di
Cremona, Viale Concordia 1, 26100 Cremona, Italy

small molecules tyrosine kinase inhibitors in patients har-
boring these mutations.

Keywords Breast cancer - HER2-neu - Activating
mutations - Review

Introduction

The human epidermal growth factor receptor 2 (HER2) gene
encodes for a 185-KD transmembrane glycoprotein receptor
with an intracellular domain with tyrosine kinase activity.
The HER2 receptor belongs to the epidermal growth factor
receptors’ family, who are responsible for the activation of
intracellular signal transduction pathways controlling
epithelial cell growth, differentiation, and angiogenesis
[1-5]. Amplification of HER2 or overexpression of its pro-
tein product is observed in 18—-20% of human breast cancers
(BCs) and identify a subgroup of women who can benefit
from treatment with agents targeting HER2, such as trastu-
zumab, both in adjuvant and in metastatic settings [6-8].
Unfortunately, a proportion of HER2-positive BC patients
either recur after adjuvant trastuzumab or progress during
systemic therapy for advanced disease showing resistance
(primary or acquired) to anti-HER2 treatment. Different
mechanisms have been associated with reduced efficacy of
trastuzumab in vitro. These include aberrations in HER2
signaling as expression of the truncated HER2 receptor
fragment p95; activating mutations of phosphatidylinositol
3-kinase (PIK3CA) gene; loss of phosphatase and tensin
homolog (PTEN) gene; activation of other downstream
signal transducers; prevention of cell cycle arrest; increased
signaling through alternative tyrosine kinase receptors; and
resistance to antibody-dependent cellular cytotoxicity
(ADCC) [9]. In clinical practice, data of drug resistance
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derive from small case series or retrospective analysis of
randomized studies, and this represents insufficient evidence
to inform for patients’ selection.

Some rare mutations in tyrosine kinase domain of HER2
protein (e.g., exon 19 and 20) resulted in a more potent
receptor form than wild-type HER2 (HER2-wt) in acti-
vating signal transducers, phosphorylating EGFR, and
inducing survival, invasiveness, and tumorigenicity, with
reduced sensitivity to anti-EGFR agents but retained sen-
sitivity to anti HER2 agents as lapatinib [10]. These
mutated variants showed an increased tyrosine kinase
activity compared with wild-type counterpart. Furthermore,
secondary lapatinib resistance may develop due to kinase
domain mutations in preclinical models. In these cases,
irreversible HER2 inhibitors may offer alternative options
to breast cancer and other solid tumor patients harboring
lapatinib resistance mutations [11]. In addition, most of
these mutations rise in HER2-negative (nonoverexpressed
or nonamplified) samples [12]. However, few data are
currently available from prospective trials in human BCs.

In order to evaluate the frequency, the type, and the
significance of HER2 mutations (HER2-mut) in human
BC, we have performed a systematic review of the litera-
ture on this topic.

Materials and methods
Electronic search and study selection

An electronic search in Pubmed (“receptor, erbb-2”[MeSH
Terms] OR (“receptor”[All Fields] AND “erbb-2”[All
Fields]) OR “erbb-2 receptor”[All Fields] OR “her 2”[All
Fields] OR “genes, erbb-2”[MeSH Terms] OR (“genes”[All
Fields] AND “erbb-2”[All Fields]) OR “erbb-2 genes”[All
Fields]) OR (““receptor, erbb-2”[MeSH Terms] OR (“re-
ceptor”[All Fields] AND “erbb-2”[All Fields]) OR “erbb-2
receptor”’[All Fields] OR “erbb2”[All Fields] OR “genes,
erbb-2”[MeSH Terms] OR (“genes”[All Fields] AND “erbb-
2”[All Fields]) OR “erbb-2 genes”[All Fields])) AND
(“:breast neoplasms”[MeSH Terms] OR (“breast”[All Fields]
AND “neoplasms”[All Fields]) OR “breast neoplasms”[All
Fields] OR (“breast”[All Fields] AND “cancer”[All Fields])
OR “breast cancer”[All Fields]) AND (“mutation” [MeSH
Terms] OR “mutation”[All Fields]), EMBASE. and The
Cochrane Library was performed from inception up to
February 18, 2017. All the resulting studies were retrieved, and
their cited references simultaneously checked for other
potentially relevant publications. Review articles and related
articles found on Pubmed were also scanned to find additional
eligible studies. For studies on the same population of patients,
only the more updated published one was selected. The lan-
guage of publication was restricted to English.

@ Springer

Data extraction and statistical analysis

The primary objective was to determine the frequency and
number of patients with HER2-mut in the series analyzed.
The secondary objectives were to assess characteristics of
mutated cases (ER and HER2 status and stage of disease,
type of mutations, and finally the clinical outcome if
reported). Author, year, type of study, stage, and the
number of screened patients were primarily extracted.
Also, data on the number (rate) of mutated BCs, site of
mutations, and pathological characteristics of mutated BCs
were retrieved. Data were pooled and presented with
descriptive statistics using Medcalc statistical software
version 17.2 (MedCalc Software bvba, Ostend, Belgium;
http://www.medcalc.org; 2017).

Results

Based on initial search strategy, 2901 studies were
screened. Among them, 31 were deemed eligible for
inclusion in the final analysis. See Table 1 for character-
istics of included studies. Most studies were retrospective
series (n = 26; range 22-5605) o single case reports
(n = 5). Median number of patients analyzed was n = 82.

Description of studies and of mutated patients

The included studies evaluated a total of 12,905 BC
patients. Subjects included were mainly early stage BCs,
but metastatic patients were also included. Median-pooled
ER-positive and HER2-positive in HER2 mutated BCs
were 78.6 (pooled mean, 63.6%) and 0% (pooled mean,
30%), respectively.

Pooled rate of mutated breast cancer and rate
of mutations

HER?2 mutations were detected in 338 patients of the total
population (pooled proportion 3.9%; 95% CI 2.9-5%;
P = 82.36%, random-effects model) with different stages
of disease (Fig. 1). The number of mutations was 356
(prevalence 2.7%). Mutation/patient rate was 1.05.

Type and site of mutations

Mutations were all characterized and described by authors in
either full text or supplemental files except for n = 2. Type
and frequency of mutations were included in Table 2 and
Fig. 2. More than 50% (n = 189) concern two main
domains: the TKI domain (n = 163 mutations; L7558,
V777L, and D769H or D769Y), and the Furin like domain
(n = 26; S310F and S310Y). The most frequent was the
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Site of mutation (n)

Type of
mutation (n)

HER2 mut
n°(%)/mut

pts

HER2+

(%) of
mutated

R+
mutated
pts

(%) of
pts

E

Setting (n)

(n°)

pts

Type of study Total

Table 1 continued

Author
(year)

@ Springer

2 cases were ISH amp

L755S (2), V777L (1), S310F (1)

Missense

4 (9.7)/4

50

41

Retrospective

Pfarr (2017)

mutations

Lobular carcinoma that showed

L896R, T7981

Gatekeeper

1 (100)/2

0

100

Metastatic

1

Case report

Hanker

resistance to neratinib (new T7981

mutation) in a pts with neratinib-

sensitive mutation

mutation

(2017)

° 1 with unknown receptor status

A 3 luminal A or B, 1 basal-like, 1 HER2 enriched

@ Data derived from ACOSOG Z1031 trial + TCGA breast cancer sequencing project

* ] patients had 3 mutations (R678Q, L755W and L755M)

** Only 1 HER2 amplified

missense L755S (Mutation Id: CosmIl4060) mutation
(n = 86; 24%) that is associated to resistance to lapatinib
and response with neratinib in preclinical studies, but did not
produce oncogenic transformation (Bose et al.). It is located
in the exon 19 and results in an amino acid substitution at
position 755 in HER2, from a leucine (L) to a serine (S). The
second-most frequent activating mutation was the missense
V777L (n = 49; 13.7%) that is associated to response to
trastuzumab, lapatinib, and neratinib in preclinical studies
(Mutation Id: Cosm14062). It is located in the exon 20 and
results in an amino acid substitution at position 777 in HER2,
from a valine (V) to a leucine (L). Finally, the third more
frequent somatic mutations are the D769H and D769Y
missense-activating mutations (n = 28; 7.8%) that are both
associated to response to trastuzumab, lapatinib, and nera-
tinib in preclinical studies. The D769H (Mutation Id: 13170)
is located in the exon 19 and results in an amino acid sub-
stitution at position 769 in HER2, from an aspartic acid
(D) to a histidine (H). The D769Y mutation (Mutation Id:
1251412) results in an amino acid substitution at position
769 in HER2, from an aspartic acid (D) to a tyrosine (Y), and
is located in exon 19. Finally the L755_T759del in-frame
deletion mutation (Mutation Id: 029269) occurs in HER2 in
the kinase domain of exon 19 and is associated to lapatinib
resistance in preclinical models. It represents the 1.6% of our
series. It is known for increasing phosphorylation of HER2’s
heterodimerization partners: EGFR and HER3 (Bose et al.).

Correlation with outcome o response

Correlation of mutations with response to anti-HER2 agents
were seldom reported in single case reports. In two large
series (Zuo et al. and Wang et al.), correlation with outcome
was presented. In Zuo et al., BC with HER2 mutations
exhibited decreased relapse-free survival (P = 0.02) com-
pared with breast cancer bearing HER2 wild type. In Wang
et al., all subjects with a HER2 somatic mutation had a
significantly worse outcome and, in particular, those with
HER2-negative BC: reduced recurrence-free survival
(unadjusted hazard ratio [HR] 2.67; 95% confidence interval
[CI] 1.25-5.72, P = 0.002), and distant recurrence-free
survival (unadjusted HR 2.50; 95% CI 1.10-5.68,
P = 0.004) than those with wild-type HER?2 status.

Discussion

In some tumor types (e.g., breast and gastroesophageal),
aberrant proliferation signaling is caused by HER2 receptor
overexpression and/or gene amplification, or by elevated
levels of the ligands. More recently, the activating mutations
resulting in constitutive functioning of the tyrosine kinase
activity domain have been described. The HER2 receptor is a
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Fig. 1 Pooled proportion of HER2-mutated breast cancers in all included patients

potential site of mutations that are clustered mainly in two
different spots: the extracellular domain at exon 8 and the
kinase domain at exons 19 and 20. However, mutations can
also occur in other regions of the receptor. At present, the
real frequency in clinical practice, the therapeutic options
and the clinical meaning of these rare mutations are
unknown. Hence, we have performed a systematic search of
the literature to address this issue focusing on human BC.
Across 31 retrospective series or case reports, we eval-
uated the prevalence of HER2 mutations among 12,905 BC
patients. We identified 356 mutations in 338 patients
(prevalence of patients with HER2 mutations 2.7%). The
most represented mutations were L755S (24%), V777L
(13.7%), and DF769H or Y (7.8%) that collectively com-
prised 151 mutations (53% of the total amount). All these
three types of mutations are activating mutations, and,
except the first, the other two are associated with sensitivity

to trastuzumab, lapatinib, and neratinib. Expressions of
estrogen receptor and HER2 status were variable (most
were ER positive, only 30% were HER2 positive). Data on
the correlation of HER2 mutations with outcome were
scarce, with some reports showing an association with
other mutations (e.g., p 53) and others reporting associa-
tions with lobular invasive carcinoma. In general, the
prognosis was poor compared with HER2-w.t counterpart.

Preclinical evidence demonstrated that a subset of
somatic HER2 mutations are activating (gain-of-function)
mutations that retain sensitivity or resistance to selective
HER?2 tyrosine kinase inhibitors, but data in clinical prac-
tice are formally lacking. In particular, the activity of the
available agents used upfront (e.g., trastuzumab or per-
tuzumab) in the presence of these mutations is not well
established. In a next-generation sequencing (NGS) anal-
ysis of 7300 tissue samples from 403 different tumors,
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Table 2 Type and frequence of HER2 mutations (n = 356)

Table 2 continued

Mutation type N° frequence Mutation type N° frequence
L7558 86 Q692X 1

V777L 49 p562s 1

D769H or Y 28 L768S 1

S310F 20 V77TM 1

S429R 18 V770L 1
P780_Y781insGSP 14 E975fs*85 1
A775_G776insYVMA 10 L1131fs*7 1

E928G 8 L1075fs*48 1

L869R 8 S779F 1

del 755-759 6 Q680R 1

S310Y 6 K676R 1

K753E 6 R814C 1

R678Q 5 T8751 1

V8421 5 D88OH 1

S429H 5 P1170A 1

1767M 4 Slice site 1647-2A>G 1

R647K 3 Slice site 1899-1G>C 1

G776V 3 G776_VTTT>VAGV 1

T862A 3 E1021K 1

L755W 2 R978C 1

V773L 2 V697L 1

1655V 2 G678A 1

D769N 2 p-420fs 1
V777_GT778insGSP 2 L12R 1

T7911 2 E139D 1

splice site 1 E139G 1
pro489leu 1 A466V 1
argl111GIn 1 C515R 1

G309A 1 T526A 1

L726F 1 G776R 1

V794M 1 R897G 1

D808M 1 P885S 1

H559A 1 F1030C 1

Q1206K 1 P1074S 1

Q809R 1

S8461 1

L869Q 1 Chmielecki et al. found oncogenic HER2 mutations in
R896C 1 about 32% of these tumors [12]. Some mutations, such as
A775V 1 V7TIL, are clearly activating mutations because they are
ATV 1 strongly associated with the increased phosphorylation of
T2264C 1 signaling proteins. The HER2 mutation L755S has been
C2313T 1 associated with resistance to lapatinib, but also sensitivity
2.36830_3 1 to neratinib as demonstrated by Bose et al. and Kancha
L755M 1 et al. [11, 13]. Specifically, leucines at L755 participate in
$305C 1 hydrophobic interactions of the activation loop, and the
ST2A 1 substitution of leucine with serine at this point is expected
S413L 1 to destabilize to an inactive form, being the conformation
p.420fs 1 required for lapatinib binding. Xu and colleagues demon-
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Fig. 2 Rates of mutations recorded with >1% of frequence

the L755S mutation was a mechanism of acquired resis-
tance to lapatinib-based therapy in preclinical HER2-am-
plified BC cell lines, which can be overcome by
irreversible HER1/2 inhibitors [14].

Some mutations in individual domains that may have
direct effects on downstream signaling may also have
therapeutic implications, as anticipated above. In some
cases, in fact, actionable alterations on drug targets can
affect drug efficacy. For example, S310F/Y mutations
sensitize cancer cell lines to the tyrosine kinase inhibitors
neratinib, afatinib, and lapatinib [15]. A mutation in tyr-
osine kinase domain named T798I, is functionally similar
to T790M mutation of EGFR, which is known to be
associated with resistance to erlotinib and gefitinib in non—
small cell lung cancers (NSCLCs). In fact, ErbB2 T798I-
expressing cells survive and grow in the presence of high
lapatinib concentrations [16]. Among mutations associated
with resistance to lapatinib, the only other mutation found
(n = 1; 0.3% of all mutations analyzed) was the L726F. In
such a mutation, the aliphatic side chain of leucine is
replaced with the rigid, bulkier phenylalanine side chain.

Other authors have found that HER2 missense mutations
are functionally distinct and require additional genetic
alterations like PIK3CA mutation in V777L, to promote
features of malignant transformation [17]. Therefore, mis-
sense mutations by themselves may not be reliable negative
predictors of response to HER2-targeted therapies. A
recent meta-analysis showed that PIK3CA mutations are
not associated with inferior benefit in early and metastatic
BC patients treated with trastuzumab [18]. Only in the
neoadjuvant setting, patients harboring wild-type PIK3CA
tumors attained a statistically significant higher pathologic
complete response (pCR) rate.

HER2 mutations have been reported in lung, gastroin-
testinal, gynecological, and genitourinary cancers [12]. In
HER2-mutated lung adenocarcinoma, a similar frequency

of HER2 amplification and mutations (3%) was found, but
none of the HER2-mutant cases was amplified, thus sug-
gesting diseases with a distinct molecular profile and pos-
sibly therapeutic target [19]. Wen et al. analyzed 7497
specimens from a variety of solid tumors and found HER2
kinase domain mutations in approximately 1% of all cases,
ranging from absent in sarcomas to 4% in urothelial can-
cers [20]. Most of these were activating mutations, and
about 20% of cases had coexisting HER2 amplification
and/or overexpression. Interestingly, the clinical charac-
teristics of 65 out of 3800 patients (1.7%) discovered as
carriers of HER2 in-frame insertion in exon 20 were
recently described [21]. All tumors were adenocarcinomas,
and most of them affected women who did not have a
smoking history. Half of the patients were metastatic.
Among these stage IV cases, 16 were treated with anti-
HER?2 therapies, and reported a disease control rate ranging
from 93% with trastuzumab to 100% with afatinib. Indu-
cible tissue-specific overexpression of the most common
mutant HER2 (HER2(YVMA)) in mouse models was
found to result in rapid development of NSCLC, confirm-
ing the oncogenicity of this driver mutation [22]. A phase I
study evaluated the combination of neratinib and tem-
sirolimus in patients with advanced solid tumors, and some
level of clinical activity was reported in HER2-mutant
NSCLC [23]. Furthermore, in bladder cancer, HER2-acti-
vating mutations were recently found to be associated with
an excellent rate of pCR (approximately 24%) after
neoadjuvant chemotherapy [24].

Some phase II studies are currently ongoing, recruiting
patients with HER2-mutated BC. One study is evaluating
neratinib alone or in combination with fulvestrant in ER-
positive BC with overall response rate as primary endpoint
(NCTO01670877). Another study is investigating poziotinib
(a panHER tyrosine kinase inhibitor) in patients with
HER2- or EGFR-mutated BC (NCT02544997). Finally, the
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PUMA-NER study (NCT01953926) is evaluating response
rates at week 8 in patients with EGFR/HER2- or HER3-
mutated solid tumors. Notably, in a preliminary analysis of
the basket SUMMIT phase II trial testing neratinib in
nonamplified HER2 tumors harboring activating HER2
mutations, an interesting 32% objective response rate with
a 3.5 months median PFS was reported in 25 patients with
HER2-mutated BC [25]. The interim safety results of the
study showed that the most frequently observed adverse
event was diarrhea (22% grade 3 in the overall population),
and thanks to the prophylactic use of loperamide, its
duration was short (median 2 days) and did not represent a
treatment-limiting side effect.

This work portends some intrinsic limitations. First, this is
a retrospective analysis of HER2 mutations in a series of
different patient populations (initial stages and advanced
disease, HER2-negative and -positive BCs, different meth-
ods for searching mutations); hence, results cannot be gen-
eralized to current clinical practice. In particular, the clinical
characteristics of HER2 mutation carriers cannot be defined.
Second, details on the treatment received by these subjects
are lacking; therefore, eventual benefit with specific thera-
pies is unknown. Finally, the outcome was generally not
reported, so whether HER2 mutations were associated with
poorer prognosis compared with the wild-type counterpart is
presently uncertain. To the best of our knowledge, these data
represent, however, the first systematic analysis on fre-
quency and type of HER2 mutations in about 13,000 BCs
across diseases in different stages. Results of our research
reveal that HER2 mutations are relatively rare in human BCs
(2.7%) and in large part not related to HER2-neu gene
amplification. Among 356 mutations recorded from 231
publications or case reports, we found that the most frequent
mutations occur in the tyrosine kinase intracellular domain
and are either associated with constitutive kinase activity
with consequent oncogenic transformation of normal cells
(i.e., VI77L) but still sensitivity to anti-HER2 agents, or not
associated with transforming potential (i.e., L755S), but
showing resistance to lapatinib. Although rare, we believe
that the eventual presence of these mutations should always
be considered when treating advanced refractory BCs, and a
specific search for such mutations should be offered to
patients for possible treatment with available targeted drugs.
Screening for HER2 mutations could be hypothesized in
HER2-positive BC patients progressing during lapatinib
treatment, but could be searched even in luminal BC, after
exposure to all labeled agents and when no more active
options are available at best. Otherwise, two-thirds of
patients carrying HER2 mutations are HER?2 negative (70%)
or ER+ (80%); therefore, given the worst outcome of HER2-
negative BC patients who carry a HER2 somatic mutation,
they are potential candidates for receiving HER2-targeted
therapy plus chemo- or endocrine therapy, or for recruitment
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into ongoing clinical trials. It is well known that metastatic
BC if re-biopsed, could show a shift of HER2 expression
from initially positive into negative, and therefore it is rea-
sonable to perform HER2 testing in those metastatic sites
accessible for biopsy. Bearing in mind the HER2 mutations
data here presented, it could be also advisable to verify if any
HER2-mutated variants, in distant metastases, occurred. In
addition, a crosstalk between ER and HER2 has been
described as a mechanism of resistance to endocrine therapy.
The presence of hyperactive growth factor receptor signal-
ing, as occurs in HER2 overexpressed (or amplified) BC,
possibly leads to an excessive phosphorylation of ER and its
coregulators, reducing the inhibitory effects of hormonal
therapies. Similarly, HER2 mutations are oncogenic drivers
in HER2-negative BC and represent the rationale for the dual
blockade of ER and HER?2 signaling to enhance their anti-
tumor activity in HER2-negative but mutated metastatic BC.

In conclusion, our data indicate that in BCs, the preva-
lence of HER2 mutations is about 3%. These genic alter-
ations are independently associated with HER2-
amplification status, occurring in both ER-positive/HER2-
negative diseases or HER2-enriched cancers. These find-
ings may have important clinical implications thanks to the
possibility to avoid potential ineffective therapies in sal-
vage setting and to screen for potential new therapeutic
targets and alternative treatment options.
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