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ABSTRACT

Overexpression of the HER2 receptor occurs in approximately 20% of breast 

cancer patients. HER2 positivity is associated with poor prognosis and aggressive 

tumour phenotypes, which led to rapid progress in HER2 targeted therapeutics and 

diagnostic testing. Whilst these advances have greatly increased patients’ chances of 

survival, resistance to HER2 targeted therapies, be that intrinsic or acquired, remains 

a problem.

Different forms of the HER2 protein exist within tumours in tandem and can 

display altered biological activities. Interest in HER2 variants in breast cancer 

increased when links between resistance to anti-HER2 therapies and a particular 

variant, ∆16-HER2, were identified. Moreover, the P100 variant potentially reduces 
the efficacy of the anti-HER2 therapy trastuzumab. Another variant, Herstatin, exhibits 

‘auto-inhibitory’ behaviour. More recently, new HER2 variants have been identified 
and are currently being assessed for their pro- and anti-cancer properties.

It is important when directing the care of patients to consider HER2 variants 

collectively. This review considers HER2 variants in the context of the tumour 

environment where multiple variants are co-expressed at altered ratios. This study 

also provides an up to date account of the landscape of HER2 variants and links this 

to patterns of resistance against HER2 therapies and treatment plans.

INTRODUCTION

Human epidermal growth factor receptor

Breast cancer occurs in 1 in 8 women within their 
lifetime and is the second highest cause of cancer related 
deaths in the UK [1, 2]. Breast cancer is an umbrella 
term for a highly heterogeneous group of breast tumours. 
Human Epidermal Growth Factor Receptor 2 positive 
(HER2+) breast cancer is a subgroup defined by over-
expression of the HER2 tyrosine kinase receptor, which 
transduces biochemical signals across the cell membrane 
and amplification of the HER2 gene, ErBb2 [3]. ErBb2 
is located on chromosome 17q21 and was identified in 
the 1980s due to its overexpression in a human mammary 
carcinoma [4]. HER2 positivity occurs in 20–30% of 
breast cancers [5].

HER2 is a member of the epidermal growth 
factor receptor family which includes EGFR, HER2, 

HER3 and HER4 (Figure 1). HER2 consists of a larger 
extracellular region, a transmembrane domain, and an 
intracellular region including the tyrosine kinase domain 
[6]. Receptor activation by HER proteins occurs upon 
extracellular ligand binding, excluding HER2 which has 
no known ligands and instead maintains a constitutively 
activated shape and is thus called an ‘orphan receptor’. 
Ligands include many growth factors and heregulins (also 
called neu differentiation factors) [7]. Hetero- or homo-
dimerization then occurs and shifting of the receptor 
domains allows for the auto-phosphorylation of C-terminal 
tyrosine residues. As the dimerization is asymmetrical the 
kinase domain from one receptor allosterically activates 
the other via this phosphorylation [8]. These C-terminal 
tyrosine residues act as docking sites, providing the 
location for the subsequent activation of downstream 
signalling molecules. Hetero-dimerization occurs 
between any of the EGFR family members with HER2 
being the favoured dimer partner [6, 9]. Shedding of the 
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extracellular domain (ECD) can occur through cleavage 
performed by matrix metalloproteases, leaving only the 
intracellular domain (ICD) [10, 11]. This can mediate 
signalling by altering dimer formation [12, 13].

HER2 drives tumour progression via cellular 
signalling pathways (Figure 2). The rat sarcoma/
mitogen-activated protein kinase (RAS/MAPK) pathway 
culminates in altered expression of genes related to 
proliferation, apoptosis and differentiation translating 
amplified signalling through HER2 into increased cancer 
progression [14]. ERK 1/2 (p44/p42) is a key node in 
this pathway and is activated via phosphorylation. This 
pathway also is linked to the regulation of the E2F 
activator transcription factors which control entry into the 
S phase of the cell cycle [15, 16].

The phosphatidylinositol 3-kinase (PI3K)/Akt 
pathway also triggers the phosphorylation of transcription 
factors that impact upon the regulation of apoptosis, 
metabolism, protein synthesis, angiogenesis, epithelial-
mesenchymal transition (EMT) and proliferation [17]. 
Many other pathways are known to be affected by HER2 
signalling including notch, Wnt, Src family kinases and 
various transcription factor families [18].

HER2 signalling is greatly impacted upon by its 
dimerization pattern with other EGF family members 

[19]. EGFR phosphorylation and activation is driven by 
HER2/EGFR dimerization as well as homo-dimerization. 
The HER2/HER3 dimer is responsible for most of 
the activation of the HER3 receptor as HER3 has an 
inactive kinase domain. This dimer is important for 
PI3K/Akt signalling, particularly in HER2+ tumours 
[20]. These dimerization pairings contribute greatly to 
HER2 phosphorylation levels. This is also how HER2 
overexpression can magnify the signalling abilities of these 
other receptors, by enhancing the availability of HER2 
receptors for hetero-dimerization [21]. Overexpression of 
these other family members has been noted as an escape 
mechanism during HER2 blocking, particularly HER3 
which is so closely linked to PI3K/Akt signalling [22].

The oestrogen receptors, ERα and ERβ, are key 
drivers of a subset of breast cancers linked to poor 
prognosis and rapid proliferation of tumours [23]. 
There is evidence for the modulation of ER expression 
by HER2; interestingly, expression of HER2 and ER is 
frequently inversely correlated in breast cancer tumours. 
This modulation is likely enacted via the upregulation of 
Akt and MAPK signalling pathways which lead to the 
downregulation of ER transcription by the modulation 
of transcription factors [24, 25]. Progesterone receptors 
(PR) are steriod receptors that function as transcription 

Figure 1: Protein structure of the epidermal growth factor receptor family. These structures from the N-terminus (NH2) to 
the C-terminus (COOH) includes a large extracellular ligand-binding region, a single transmembrane domain spanning the cell membrane 
and an intracellular domain. The extracellular region includes the ligand-binding domains LI and LII and the cysteine-rich domains CI and 
CII. Across the cell membrane lies the juxtamembrane domain (JMD). The intracellular region includes the tyrosine kinase domain (TK) 
and trans-phosphorylation sites/tyrosine residues and tyrosyl phosphorylation sites (Try) in the C-terminal region. Receptor specificity 
comes from variations in the kinase and the C-terminal domains. EGFR and HER4 contain the complete structure of the kinase receptor. 
HER3 lacks a functional tyrosine kinase domain and HER2 is an orphan receptor and as such has no known ligands. HER2 has an altered 
extracellular conformation and constitutively activated shape.
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factors when activated by progesterone. These receptors 
also impacts upon tumour behaviour in patients and can 
be coexpressed with HER2 and ER [26, 27].

Breast cancer diagnosis and subtyping

Core biopsies are taken for all newly diagnosed and 
recurrent patients which are screened for the presence 
of HER2 using immunohistochemistry (IHC) and in 

situ hybridisation (ISH) techniques which correlate to 
likely benefit from targeted treatments [28–30]. IHC 
provides a score based on the intensity and completeness 
of membranous staining with a HER2-specific antibody 
that either confirms or rejects HER2 overexpression. For 
those patients with an intermediate score ISH testing is 
required [31]. Protein expression and gene amplification 
frequently, but not always corresponds [32]. For ISH a 
dual probe may be used for HER2 and CEP17 which is 
specific to the centromere region of chromosome 17. This 
allows for the correcting of non-polysomy amplification 
of chromosome 17 that may occur owing to chromosomal 
instability [33–35]. During this testing overexpression of 
oestrogen receptor and progesterone receptor are identified 
and the patient receives an ER, PR and HER2 status. ER 
and PR status is sometimes grouped and denoted hormone 
receptor (HR) status [36].

HER2 amplification can occur against different 
transcriptional backdrops. Sørlie et al. [37] identified 
intrinsic molecular subtypes based on gene expression 
that correspond with the molecular changes driving 
tumorigenesis and clinical features. Amplification of the 
ErBb2 gene defines the HER2+ group with typically an 
ER-/PR- status. The luminal group exhibits an mRNA 
expression profile resembling non-cancerous luminal 
epithelial breast tissue. Luminal A typically is ER+/PR+/
HER2- whereas luminal B tends to be HER2+, although 
complete segregation is not guaranteed [38]. Basal 
tumours have a gene signature alike to basal epithelial 
and normal breast myoepithelial cells. This group mostly 
comprises of ER-/PR-/HER2- patients but patients can 
express amplified ErBb2 [39]. Normal-like tumours have 
patterns of expression like normal breast tissue and tend 
to be ER+/PR+/HER2- [40]. Gene expression deviations 
in these subtypes will impact upon HER2 signalling. 
For example, ER- and ER+ breast cancers show distinct 
transcriptional profiles and cross-talk occurs with ER 
[41] ER is able to activate HER2 signalling so HER2 
activity may differ between HER2+ basal and luminal 
tumours [42].

Chemotherapeutics, surgery, endocrine treatment 
(for ER+ tumours) and anti-HER2 therapies are 
administered based on biomarker status, metastatic 
profile, lymph node involvement and previous treatment 
response (Figure 3). HER2 targeted therapies can be 
highly successful, although resistance remains a problem, 
particularly when metastatic disease is evident.

Her2 targeting treatments

Trastuzumab (Herceptin®) is a monoclonal 
humanised antibody that binds to the extracellular region 
of HER2 and exhibits multiple modes of anti-cancer 
activities [43]. Inhibition of downstream signalling 
through RAS/MAPK and PI3K/Akt produces a ligand-
independent reduction in signalling, although whether 
this is due to a blocking of HER2 homodimerization is 
uncertain [18]. Cell cycle arrest at G

1
 occurs, likely in 

response to signalling changes. There is reduced shedding 
of the extracellular region of HER2 [44, 45]. Antibody-
dependent cellular cytotoxicity is enhanced by the 
interaction of receptor-bound trastuzumab and Fc receptors 
present on immune cells, particularly T and B cells and 
natural killer cells [46, 47]. Binding of trastuzumab 
to HER2 causes a reduction of the receptor at the cell 
membrane via up-regulation of the normal endocytosis, 
which cycles receptors to and from the cell membrane at 
varying rates [48, 49]. Trastuzumab represented a great 
improvement in the treatment of HER2+ breast cancers 
and remains a common first-line treatment option [50, 51]. 
However, the development of resistance to trastuzumab is 
not uncommon and requires advancements in treatments 
and biomarkers [52].

Pertuzumab (Perjeta™) is a second humanised 
monoclonal antibody that binds to the extracellular region 
of HER2 at a site distinct to trastuzumab, so combination 
is non-competitive [45]. This binding region encompasses 
the dimerization site with EGFR and HER3, so ligand-
dependent signalling activation is targeted. Dual use 
of pertuzumab and trastuzumab provides advanced 
progression free survival with chemotherapy [53]. 
Reduced phosphorylation of HER2, EGFR, HER3, ERK 
and Akt mediate a drop in proliferation and increase in 
apoptosis [44].

The small molecule dual inhibitor lapatinib 
(TYKERB®) targets both EGFR and HER2 by competing 
for the ATP-binding intracellular region blocking kinase 
activity and the activation of signalling pathways and 
causing cell cycle arrest [54]. Used in combination with 
trastuzumab, lapatinib can alter tumour phenotype and 
cause arrested cell cycling at G

1
 and a switch to a luminal 

phenotype. This switch may be problematic as HER2 
targeted treatments will lose efficacy but by potentially 
increasing sensitivity to luminal A treatments like CDK4/6 
inhibitors other treatment options may become viable [52]. 
Pertuzumab and lapatinib are often used in combination 
for those patients resistant to trastuzumab treatment [55, 
56].

Next generation treatments

Newer developments in anti-HER2 treatments 
attempt to widen the therapeutic index by reducing off-
target effects to allow for increasing selectivity and 
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high efficacy. T-DM1, (ado-trastuzumab emtansine or 
Kadcyla™) is an antibody-drug conjugate that combines 
trastuzumab and the cytotoxic DM1. The trastuzumab 
molecule binds to a HER2 receptor at the cell surface and 
the DM1 molecule can enter the cell via receptor-mediated 
endocytosis. Upon release from the lysosome mitosis is 
arrested, microtubules can no longer be assembled and 
apoptosis is triggered [57]. This drug was approved for 
use in HER2+ metastatic breast cancer in 2013 by the 
FDA [58].

Following from the success of T-DM1, T-DXd (fam-
trastuzumab-deruxtecan-nxki [Enhertu]) was developed 
and approved for unresectable or metastatic HER2+ breast 
cancer patients who have previously received two or more 
HER2 targeting treatments [59]. This combines a HER2 
antibody, a cleavable linker and the DNA topoisomerase 
I inhibitor, DXd [60]. Upon binding to HER2 T-DXd is 
internalised and the linker cleaved by lysosomal proteases 
to release DXd, which triggers cell death. Unlike DM1, 
DXd is cell membrane permeable and so adjacent cells 
are also targeted, which is an advantage in heterogeneous 
tumour environments where neighbouring HER2- cells 
may represent a resistance mechanism [61]. T-DXd 
does not suffer from linkage instability so the risk of off 
target effects is low and a higher antibody: drug ratio 
can be utilised. In phase two clinical trials the majority 

of patients, some who had received a great number of 
previous treatments, experienced stable antitumor activity 
[62].

Small molecule inhibitors continue to be utilised 
and developed, including neratinib [63]. This is a pan-
HER irreversible tyrosine kinase inhibitor approved for 
extended adjuvant treatment in HER2+ breast cancer 
patients. It exhibits a small but significant improvement 
in survival for patients who have previously received 
trastuzumab and does not exhibit cross-resistance [64]. 
This drug can reduce signalling and induce apoptosis [65]. 
Lower incidences of central nervous system metastases 
may indicate this inhibitor should be used for patients at 
high risk of this metastatic pattern [66]. There is some 
evidence this inhibitor may be used to target mutations in 
the tyrosine kinase domain of the HER2 receptor, even in 
HER2- tumours [67].

Toxicity can be enhanced by EGFR targeting by 
dual HER2/EGFR treatments like neratinib. A highly 
selective tyrosine kinase inhibitor, tucatinib, has been 
developed. It does not inhibit EGFR, perhaps due to 
structural differences in the ATP-binding pocket [68]. This 
inhibitor can reduce activation of HER2, HER3 (through 
the downregulation of HER2/HER3 dimerization) and Akt 
resulting in reduced cell proliferation and tumour growth 
in vivo [69]. Treatment results in anti-tumour activity 

Figure 2: HER2 associated signalling pathways. Ligand binding to an EGFR/HER2 heterodimer causes the activation of signalling 
pathways via the phosphorylation of the tyrosine kinase domain of the intracellular HER2 molecule. The HER2 homodimer is constitutively 
activated. The RAS/MAPK and PI3K/Akt pathways are activated which culminates in the activation of important downstream effectors and 
transcription factors (TF). Ultimately this signalling can alter transcription and modulate gene expression, impacting upon many important 
cellular functions. Epithelial to mesenchymal transition is denoted as EMT. PTEN is an important inhibitor of the PI3K/Akt pathway. 
Arrows indicate signalling.
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in patients who have previously received trastuzumab, 
pertuzumab, T-DM1 and lapatinib [70, 71]. Interest 
surrounds a positive response in patients with brain 
metastases [72]. Owing to the selective nature of this 
inhibitor combinations with other HER2-targetting agents 
may result in lower toxicity than other dual inhibitors [69]. 
Further advancements continue which may lead to the 
approval of further anti-HER2 treatments in breast cancer 
[68].

Variants of HER2

At the present time, we have an incomplete 
understanding of why patients with HER2+ breast cancer 
exhibit variable responses or resistance to targeted 
therapies [73, 74]. One consideration is the structure of 
the HER2 protein, which is crucial for anti-HER therapy 
binding, and whether specific changes to its protein 
structure can influence patient responses to different 
targeted therapies [75]. We know that different forms of 
HER2 proteins are present in breast tumours and influence 
how breast cancer cells grow and spread throughout the 
body, as well as influencing patients responses to targeted 
therapies [76–80]. These forms can be produced via 
different changes to transcription and translation during 

protein production. During transcription, introns are 
typically spliced out of the transcriptome before the protein 
is produced during translation [76, 81]. Splice variants 
are produced when transcription is altered, frequently 
by the differential inclusion or exclusion of introns and 
exons [81, 82]. Changes to translation and post-translation 
modifications, such as alternative initiation of translation 
and proteolytic shedding can also produce different protein 
isoforms [83]. This review aims to summarise the current 
landscape of HER2 variant research and why we should 
consider HER2 variant levels and ratios when offering the 
best treatment plan for breast cancer patients.

SPLICE VARIANTS OF HER2

∆16-HER2

∆16-HER2 contains an in-frame deletion of the 
small cassette exon 16 producing a HER2 variant lacking 
16 amino acids in the juxtamembrane region (Figure 4) 
[84]. ∆16-HER2 expression is common in breast cancer 
and typically represents approximately 9% of the complete 
HER2 wild-type (WT) transcript [85]. This exon deletion 
causes exposure of unpaired cysteine residues and the 
subsequent formation of cysteine bridges which triggers 

Figure 3: Treatment for HER2+ breast cancer. Targeted treatments include the humanised monoclonal antibody trastuzumab, 
which targets the CII extracellular domain of HER2. A second monoclonal antibody, Pertuzumab targets the binding domain CI that is also 
present on the extracellular region. Lapatinib is a dual inhibitor of both HER2 and EGFR and targets the intracellular region to block the 
cellular signal activating kinase activity. T-DM1 is an antibody drug conjugate which uses the trastuzumab monoclonal antibody to bind to 
the HER2 receptor then cell-receptor mediated endocytosis allows entry for the anti-microtubule DM1. Endocrine therapy is utilised for ER 
positive patients. Chemotherapy, radiotherapy and surgery are all utilised.
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dimerization [86]. These dimers are constitutively 
activated and consistently remain present on the cell 
surface owing to the stable covalent bonding, enhancing 
downstream signalling [87]. So far, the splice factors 
SRSF3 and hnRNPH1 have been associated with splicing 
regulation of ∆16-HER2 [88].

Transgenic ∆16-HER2 mice suffer very rapid 
mammary carcinogenesis compared to HER2 WT mice. 
These tumours displayed altered vascularisation with 
HER2 WT-expressing tumours exhibiting a few large 
vessels and ∆16-HER2 mice numerous small vessels [89]. 
∆16-HER2 mice also exhibit a distinct genetic profile and 
changes to the activation of various transcription factors 
[87]. A multifocal, metastatic profile with a heterogeneous 
expression of ∆16-HER2 is typical. Enhanced levels of 
pSrc in ∆16-HER2 expressing mice indicate a potential 
mechanism of action of heightened Src signalling that may 
drive this splice variants particularly oncogenic properties 
[90].

In vitro studies have associated high ∆16-HER2 
expression with heightened Wnt and notch signalling, 
which are associated with tumour aggressiveness, breast 
cancer stem cell maintenance and EMT [91]. Increased 

motility, migration and the formation of invasive 3D 
structures were evident, even with relatively low levels 
of ∆16-HER2 [84]. ∆16-HER2 expression results in the 
activation of the Src signalling pathway via promoting the 
recruitment of Src kinase to the cell membrane followed 
by direct physical interaction [92].

A higher ∆16-HER2: HER2 WT ratio has 
preliminarily been linked to ER- tumours, high grade 
tumours and lymph node involvement at diagnosis [92]. 
Based on in vitro models, ∆16-HER2 was initially thought 
to enhance resistance to trastuzumab [85]. However, 
trastuzumab appears to be more effective at targeting 
∆16-HER2 in murine models than HER2 WT [89]. 
Tilio et al. tested response to the anti-HER2 therapies; 
lapatinib, saracatinib (a Src inhibitor) and dacomitinib (an 
EGFR inhibitor) on ∆16-HER2 transgenic mice [93]. An 
intrinsic mode of resistance to lapatinib was identified via 
preferential binding to open conformation receptors, such 
as inactivated HER2 WT, suggesting the constitutively 
activated ∆16-HER2 is not effectively blocked. Acquired 
resistance to saracatinib treatment by the upregulation 
of ERK signalling has also been reported. Dacomitinib 
successfully blocked mammary tumour formation. 

Figure 4: Structure of ∆16-HER2, P100 and herstatin splice variants. Compared to HER2 wild-type, ∆16-HER2 has a deletion 
of the exon 16 which encodes a 16 amino acid portion of the extracellular region within the CII area. P100 has the intron 15 retained which 
includes a premature stop codon which causes truncation and only the extracellular region of the protein is translated. Herstatin includes 
intron 8 which also has a premature stop codon and so again only the extracellular region is translated. The C terminus is altered in this 
case. Altered regions are highlighted in red.
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Dasatinib (a Src inhibitor) has also led to a loss of function 
of ∆16-HER2 by disrupting interactions with Src kinase 
[92]. Alternatively, T-DM1 was not effective at treating cells 
transformed with ∆16-HER2, perhaps explained by the lack 
of internalisation of ∆16-HER2 dimers which is required 
for T-DM1 efficacy [87]. Analysis of primary tumours 
identified a link between heightened Src signalling, seen 
in high ∆16-HER2 expressing patients, and better response 
to trastuzumab [90]. Taken collectively it is therefore 
evident that ∆16-HER2 has important influence over 
tumour phenotype and treatment owing to its transforming 
properties and associated amplified cell signalling. Altered 
disease profile and response to treatments means the 
potential for measuring ∆16-HER2 expression to improve 
treatment choice could prove highly beneficial.

Herstatin

Retention of intron 8 of ErbB2 produces the HER2 
protein Herstatin, a secreted ‘auto-inhibitor’ [94]. Herstatin 
is a 68kDa secreted HER2 protein variant containing 
the extracellular subdomains, which are homologous to 
HER2 WT, followed by a novel 79 amino acid C-terminal 
region (Figure 4) [95]. It’s noteworthy that one study 
proposed that the presence of Herstatin transcript does not 
segregate by tumour grade or size, patient age, lymph node 
involvement or ER status and that mRNA transcripts were 
present in matched non-cancerous breast tissue and breast 
carcinomas [96].

Kolestsa et al. identified in non-cancerous samples, 
Herstatin was more prevalent in epithelial cells and mast 
cells, suggesting a paracrine mode of action [97]. In the 
breast carcinomas, the mRNA levels of Herstatin failed 
to predict for protein levels in 75% of the samples. This 
suggests a potential regulatory mechanism that blocks 
variant translation during tumorigenesis which serves to 
‘protect’ the cancer cells from the auto-inhibitor. Within 
the remaining 25%, where high Herstatin protein levels 
were found, it may be that treatments to disrupt HER2 
dimer formation may not be useful [96].

Herstatin binds to the HER2 WT cysteine-rich domain 
1 (CI) using its novel C-terminus [98]. EGFR, HER4 and 
insulin-like growth factor 1 (IGF-1) can also bind with 
Herstatin [94]. Due to this binding ability Herstatin can 
block HER2 WT dimer formation, which earned it the title of 
‘auto-inhibitor’. The ligand epidermal growth factor (EGF) 
could not induce EGFR dimerization when Herstatin was 
present [98]. Justman et al. produced a stably expressing 
Herstatin and EGFR cell line and identified a HER2 WT 
protein expression drop and that the receptor has reduced 
ability to produce homo- or hetero-dimers when Herstatin is 
expressed [99]. The phosphorylation of its tyrosine residues 
subsequently dropped. This produced a reduction in Akt 
signalling after stimulation with EGF and Transforming 
Growth Factor-α (TGF-α) which decreased proliferation. 
The MAPK pathway was unaffected in this instance [99].

In vitro studies identify a reduction in the trans-
phosphorylation of HER3 by HER2 owing to Herstatin 
expression, exemplifying that this variant can impact upon 
a wider range of receptors than it can bind directly to. This 
influences cell survival, colony formation, anchorage 
independent growth and proliferation [96, 98]. Crucially, 
cells expressing high levels of Herstatin are more sensitive 
to Tamoxifen (a treatment for ER positive patients) [7].

P100

Less is known about the truncated HER2 protein 
called P100. P100 lacks the intracellular domain of HER2 
WT owing to retention of intron 15 which includes a 
premature termination codon and poly (A) addition site 
which triggers truncation (Figure 4). This variant can be 
secreted and it is hypothesized that P100 reduces efficacy 
of monoclonal antibody HER2 treatments by binding to 
them outside of the cell and reducing antibody binding 
to and blocking of HER2 WT [100]. In vitro studies have 
identified reduced proliferative abilities, even when treated 
with the ligand heregulins. Anchorage-independent growth 
was also reduced when P100 expression was induced 
in the HER2- ER+ cell line, MCF7. In this instance, 
downstream signalling via ERK1/2 was reduced as was 
HER4 phosphorylation [101].

EXTRACELLULAR DOMAIN HER2 

PROTEINS

Carboxyl tail fragments and P95

Carboxyl tail fragments (CTFs) are a range of proteins 
90–115 kDa in length that arise from proteolytic cleavage 
or alternative initiation of translation of the full length 
HER2 protein. Alternative initiation of translation produces 
687-CTF and proteolytic cleavage produces 648-CTF and 
611-CTF [102]. Protein cleavage and shedding occurs via 
metalloproteases, specifically the matrix metalloprotease 
activator 4-aminphenylmercuric acetate (APMA), which 
causes cleavage at the cell surface. A truncated protein 
capable of phosphorylation remains embedded in the 
membrane and the cleaved ECD is released [103].

The nomenclature for CTFs varies in the literature 
and they are typically collectively referred to as P95. One 
CTF, 611-CTF, has been a research focus. 611-CTF is a 
membrane bound and correctly folded protein meaning 
kinase function is retained. This is a particularly oncogenic 
CTF owing to the formation of stable dimers produced 
by disulphide bonding of exposed cysteine residues, much 
like ∆16-HER2 [104]. 611-CTF can active both Akt and 
ERK1/2 [105]. Independently, these key signaling nodes 
were recorded as increasing then decreasing with 611-CTF 
expression and pSrc as increasing to plateau. This pattern 
persisted even with low levels of expression indicating a 
relatively large impact per receptor molecule [104]. Also, 
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advanced migratory ability and wound healing has been 
identified in 611-CTF expressing cell lines [106]. A lack of 
ER and PR expression correlates with 611-CTF positivity 
and down-regulating 611-CTF expression in vivo induced 
upregulation of ER [102].

611-CTF lacks the trastuzumab binding domain, 
indicating involvement in resistance. Molina et al. 
found in vitro trastuzumab blocked ECD shedding 
independently to the down-regulation of HER2 WT at the 
cell surface, trastuzumab was effective in this instance 
[103]. In contrast, a second study identified resistance to 
trastuzumab in a cell line stably transfected with 611-CTF 
compared to HER2 WT. Lapatinib treatment was effective, 
reducing phosphorylation and tumour volume and halting 
cells in the G

0
–G

1
 stage [105]. This difference may be 

explained by the combined natural expression of HER2 
WT and CTFs in the first study which used HER2+ cell 
lines and singular stably transfected expression of either 
HER2 WT or 611-CTF in HER2- cells in the second.

Assessment of the predictive value of P95 for 
patient response to drug treatments has given conflicting 
results. In a cohort of primary HER2+ breast cancer 
patients treated with either chemotherapy and trastuzumab 
or lapatinib (or both combined), no correlation to 611-
CTF expression was seen with neoadjuvant lapatinib or 
trastuzumab treatment. A correlation with increased ki-
67 proliferation marker staining was seen [107]. Another 
early cancer cohort of HER2+ breast cancer patients 
treated with chemotherapy and trastuzumab found those 
with high 611-CTF had lowered overall survival and 
progression free survival. These patients were also twice 
as likely to suffer lung metastases [108].

In a cohort with metastatic cancer, 60% of HER2+ 
cases had high levels of 611-CTF (measuring the primary 
tumour site only) [109]. This expression correlated with 
high grade and HR negativity. In the group with HER2+/
ER+ 611-CTF expression was predictive of lowered 
progression free survival and overall survival. In this 
cohort, 611-CTF expression did correlate with poor 
response to trastuzumab [109]. These differences may 
result from a lack of standardized assay and changes to 
cohort inclusion criteria. If multiple CTFs have been 
assessed as a P95 rather than a specific focus on 611-CTF 
a potential dilution of any effects on drug efficacy may 
have occurred. Multiple CTFs expressed in tandem may 
impact upon drug resistance in patients.

CO-EXPRESSION OF HER2 VARIANTS

Tumours are heterogeneous, containing many cell 
types and a variable microenvironment. With the added 
potential for metastatic spread and secondary tumour 
sites, large differences in cellular level genetics will 
inevitably occur within and between different areas of a 
patient’s tumour (s) which may alter over time. Alternative 
splicing allows added plasticity for modification to 

important cellular functions, in the case of HER2 giving 
the opportunity to modulate signaling pathway activation 
that impacts upon cellular functions often associated with 
cancer-related phenotypes.

Previous studies have identified ∆16-HER2 and HER2 
WT transcripts as being co-expressed at varying levels in 
breast carcinomas [85, 110]. The transcript of Herstatin 
appears to be downregulated in cancers potentially as a 
protective mechanism against its ‘auto-inhibitory’ abilities 
[96]. Multiple CTFs are also present in tumours, with 611-
CTF focused upon as having oncogenic properties [102]. 
It is clear HER2 expression is not as simple as a single 
oncogenic overexpressed protein. It is likely many variants, 
arising from splicing and other mechanisms, are present in 
tandem. The relative ratios of these are likely to fluctuate 
depending on cellular conditions, during tumorigenesis and 
breast cancer progression. Variant expression may even 
drive certain breast cancer cases. Assessment of multiple 
HER2 variants at the transcript and protein expression level 
will improve our understanding of alterations to the HER2 
status and ultimately the impacts this has on cell signaling 
and downstream effects. Studying splicing regulation and 
how this is altered in breast cancer could explain patterns of 
expression and how these link to treatment resistance [111].

IMPLICATIONS OF STRUCTURAL 

ALTERATIONS FOR DIMERIZATION 

AND SIGNALING

The protein structures of EGFR, HER2, HER3 and 
HER4 are crucial in mediating dimerization and signaling 
and therefore alterations have major implications. 
Without the correct formation and folding of the protein, 
ligand binding and subsequent activation of the tyrosine 
kinase domain cannot occur [6]. Even small alterations 
to the extracellular domain can block homo- or hetero-
dimerization and subsequently reduce the activity of 
not only HER2, but the other family members [112]. 
This will alter the activation of downstream signaling 
pathways, including those involved in cross-talk with 
other receptors [17, 18]. It is the structural differences 
of the C-terminus that gives specificity to the receptors, 
as the extracellular and kinase domains are conserved 
[113]. Ligands are specific to each receptor, with some 
cross-over, based on these structures [114]. The ligand 
binding causes a conformational shift that will favor 
a certain dimer formation with altered stability of the 
asymmetrical dimer formation depending on which 
ligand has bound [9, 115].

After HER2 is activated, adaptor proteins must be 
able to dock the newly phosphorylated tyrosine kinase 
domain to trigger the signaling pathways, including the 
RAS/MAPK and PI3K/Akt. Its structure also regulates any 
interaction with other cell surface receptors, like Mucin 
1 [116]. These proteins include growth factor receptor-
bound protein 2 which is the first step in the RAS/MAPK 
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pathway and p85, which when docked releases p100, 
which can then activate the PI3K/Akt pathway [116].

The deletion caused by the alternative splicing event 
that produces ∆16-HER2 deletes a cysteine, leaving its 
partner exposed and able to produce disulphide bonds with 
a second receptor, including the other family members. 
These bonds are sufficient to produce strongly covalently-
bound dimers that are not endocytosed with an active 
conformation and so constitutive signalling [117, 118]. It is 
these conformational alterations that mediate the oncogenic 
properties of this variant via the increased activating potential 
caused by this change in dimer bonding. In particular the 
Src, wnt and notch pathways are upregulated by expression 
of this splice variant as the kinase domain retains its open 
conformation [90]. P95 and the carboxyl tail fragments 
follow a similar pattern caused by exposed cysteine residues 
creating strong disulphide bonds increasing the activation of 
the RAS/MAPK and PI3K/Akt pathways [104].

For the truncated variant, Herstatin, disruption 
of dimerization by blocking the domains responsible 
for receptor interaction mediates the reduction in cell 
signalling [96]. A novel 79 amino acid C-terminal 
sequence binds to the CI domain of the HER2 WT 
receptor. As Herstatin does not have a kinase domain no 
phosphorylation of the HER2 WT receptor is achieved 
[94]. This inhibits docking of adaptor proteins, preventing 
all downstream signalling [98]. Currently, there is no 
direct evidence that P100 can bind to HER2 WT however, 
a reduction in ERK1/2 and HER4 phosphorylation may 
indicate a similar mechanism of signal blocking [101].

VARIANT INFLUENCE ON PATTERNS OF 

DRUG RESISTANCE

Some causes of anti-HER2 treatment resistance are 
understood, such as the upregulation of other receptors to 
elevate signal blocking in HER2 addicted tumours [119, 
120]. Signalling pathways may be activated via these 
receptors or other molecules, for example the loss of 
Phosphatase and tensin homolog (PTEN) enhances PI3K/
Akt signalling despite HER2 blockage [56]. However, 
subsets of patients can have suboptimal responses to 
treatment without explanation.

HER2 variants have altered sensitivity to different 
HER2 targeted treatments owing to alterations in the protein 
structure at the sites of drug interactions. As mentioned 
above, ∆16-HER2 influences tumour aggressiveness and 
response to treatment. However, both trastuzumab and 
dasatinib are effective at treating this variant [89, 91]. 
Alternatively, as dimers containing ∆16-HER2 are not 
internalised, T-DM1 is not effective [87]. Those patients 
with high ∆16-HER2 may face a suboptimal response 
if given T-DM1 whereas use of trastuzumab could be 
highly effective. Alternatively, T-DXd contains the cell 
permeable drug DXd and cells expressing ∆16-HER2 
adjacent to HER2 WT expressing cells may be targeted by 

the chemotherapy molecules, dubbed ‘the bystander effect’ 
[121]. As the tyrosine kinase domain is not altered inhibitors 
such as lapatinib, neratinib and tucatinib should retain 
efficacy and may provide prolonged reduction in signalling, 
as these receptors will remain at the cell surface [65, 69]. 
HER2 WT and ∆16-HER2 appear to be independently 
modulated during treatment [89]. If ∆16-HER2 remains 
high, owing to a potential driving mechanism in HER2+ 
tumours, this may present an opportunity for prolonging 
treatments that would normally decrease in efficacy during 
HER2 WT downregulation.

611-CTF is also a membrane bound variant of the 
HER2 receptor that can form the extremely stable dimers 
that confer the aggressive properties to ∆16-HER2. 
In some cases, this variant has been linked with a poor 
response to trastuzumab, likely owing to the truncation 
of the extracellular region where antibodies can bind 
[107–109]. Whether these correlations are reflective of 
a resistance conferred by the variant or simply a more 
aggressive cancer phenotype caused by more stable dimers 
is yet unknown. Again, the retention of the tyrosine kinase 
domain may allow successful treatment with inhibitors 
specific to this domain [103].

Secreted HER2 variants, including P100 and 
Herstatin, interact with HER2 targeting agents outside of 
the cell after secretion. As they maintain the CI and CII 
extracellular domains common to HER2 WT, binding to 
trastuzumab, pertuzumab, T-DM1 and T-DXd may occur, 
essentially expending the treatment prior to interaction at 
the cell surface [95, 122]. This is important to take into 
account as Herstatin can also restore sensitivity to ER 
targeting by Tamoxifen, indicating that tumours with high 
Herstatin levels may benefit from ER treatment despite 
HER2 WT signalling contributing to the development of 
ER signalling independence [7].

Work in vitro and in vivo as well as analysis from 
clinical trials has identified patterns of resistance to the 
standard of care treatment options in HER2+ patients 
which are correlated to variant expression. The focus 
currently remains on individual variants and HER2 WT. 
If patterns of variant expression could be identified and 
analysed against treatment response data in large patient 
cohorts a more detailed pattern of resistance may be 
recognised to support treatment recommendations.

FREQUENT CONCURRENT MUTATIONS 

AND COMPLEMENTARY THERAPIES

Certain mutations and signalling pathway alterations 
frequently co-occur with HER2 overactivation, which 
can influence cancer phenotype and offer complimentary 
treatment options for HER2 positive patients [56]. The 
PI3K/Akt pathway is crucial for HER2 signalling and 
is driven predominantly through HER2/HER3 trans-
phosphorylation [22]. PI3K inhibitors are available and 
may provide robust downregulation of signalling in 
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combination with anti-HER2 treatments [123]. Mutations 
in the PI3KCA gene, which encodes the catalytic subunit 
of PI3K, have been linked to HER2 treatment resistance 
via upregulation of the PI3K/Akt pathway [17, 124, 125]. 
These are typically gain-of-function mutations that cause 
consistent activation of the PI3K/Akt pathway [126]. 
Where HER2 and PI3KCA mutations co-occur PI3K 
inhibitors have reinstated sensitivity to trastuzumab [127]. 
In combination with trastuzumab and TDM-1 inhibition of 
PI3K has been effective in advanced HER2+ breast cancer 
[128].

PTEN is a tumour suppressing dual phosphatase 
and an antagonist to the activation of Akt by PI3K. 
Trastuzumab treatment upregulates PTEN at the cell 
surface and increases activation via inhibition of Src 
activity [129]. PTEN loss is linked to a lack of response to 
trastuzumab and poor outcome [17, 56]. PTEN loss may 
be used to indicate a likely lack of response to treatment, 
particular trastuzumab [124, 125, 130].

Mammalian target of rapamycin (mTOR) can 
be activated by PTEN loss or PI3KCA mutations and 
is linked to trastuzumab resistance, again through the 
PI3K/Akt pathway. The mTOR inhibitor, everolimus, 
has been trialled in combination with trastuzumab and 
chemotherapy in HER2+ patients with advanced breast 
cancer which gave a moderate benefit to patients but 
increased toxicity [131]. The addition of the mTOR 
inhibitor, everolimus, can prolong progression free 
survival for patients with PI3KCA mutations, PTEN loss 
or hyperactivation of the PI3K/Akt signalling pathway 
but more specific inhibitors may need to be developed to 
reduce toxicity [130]. Biomarkers to determine the cause 
of PI3k/Akt pathway upregulation would enable clinicians 
to choose combinations of these inhibitors with anti-HER2 
therapies to enhance prolonged response in patients [131].

TP53 is one of the most frequently mutated genes 
in all cancers, including HER2+ breast cancer [126, 130, 
132]. This tumour suppressor gene is a transcription factor 
that modulates genes involved in inhibition of cell cycling, 
apoptosis regulators, DNA repair pathway and inhibitors 
of angiogenesis and metastasis [133]. Mutations are most 
frequently found in the DNA-binding domain, resulting in 
a non-functional transcription factor [134]. Patients with 
HR- disease have greater incidence of TP53 mutations 
[132, 135]. These mutations are linked to poor prognosis 
[136].

Cyclin D kinases (CDK) are a subgroup of serine/
threonine kinases that can regulate cell cycle progression 
by interaction with cyclins to promote progression from 
the G

1
 to S phase [137]. Genetic and epigenetic alterations 

are frequently identified in cancers and high activity 
may supress cancer cell senescence [134]. Cyclin D1 
mutations (of its gene CCND1) can cause hyperactivation 
of the MAPK pathway and so induce resistance to 
HER2 therapies [131]. In vitro inhibition of CDK4/6 has 
increased cell cycle arrest in synergy with trastuzumab 

and tamoxifen in HER2+ and ER+ cells respectively 
[137]. In ER+ cells, a highly selective CDK4/6 inhibitor 
(abemaciclib), was effective despite trastuzumab 
resistance [138]. A decrease in the phosphorylation of 
downstream effectors and evidence of single-agent and 
combination efficacy in HER2+/ER+ tumours has been 
identified. There was no change in response for patients 
with/without PI3KCA mutations but non-responders 
where more likely to have TP53 mutations (in the p53 
DNA binding domain) [134]. The monarcHER trial 
identified increased progression free survival for patients 
with advanced pre-treated HER2+ breast cancer with the 
addition of abemaciclib to trastuzumab in a chemotherapy-
free setting [139]. Combining anti-HER2 therapies with 
those targeting downstream pathways has the potential to 
achieved prolonged suppression of HER2 pathways.

HER2 VARIANTS AS BIOMARKERS

Variants of HER2 have been associated with key 
differences in tumorigenic potential, cancer behaviour 
and treatment response [79]. Assessing the ratios of these 
variants and establishing them as prognostic and predictive 
biomarkers would further personalise breast cancer 
treatment for HER2+ patients. Currently, upon diagnosis 
patients-derived biopsy tissue undergoes IHC staining to 
identify the expression status of ER, PR and HER2 as well 
as for the proliferation marker ki-67. HER2 positivity is 
measured on a score from 0 (HER2-) to 3+ (HER2+). For 
those intermediate tumours of a 2+ score, fluorescence 
in situ hybridisation (FISH) is employed to assess ErbB2 
gene amplification [32, 140]. Genomic testing can also 
be utilised to assess the expression of a panel of cancer-
related genes and segregate tumours into subgroups based 
on intrinsic genetic expression patterns [141]. Groups are 
typically luminal A, luminal B, basal, HER2+ and normal-
like. For example, the commercially available Mammaprint 
is used to assess HR+/HER2+ lymph node negative disease 
likelihood of benefiting from chemotherapy [142]. These 
systems are useful tools for doctors faced with deciding a 
patient’s treatment course, but they do have limits, both in 
the accuracy of the techniques and the limit of information 
gained from them [143]. Assessing both for HER2 status 
and HER2 variant expression could potentially refine 
prediction of patient response to treatment.

Domain specific IHC

Currently, commercial IHC tests to assess HER2 
protein levels target epitopes on the ECD, HercepTest™ 
being the most commonly used. HER2 status will only reflect 
the abundance of HER2 variants that include the particular 
epitope targeted. Patient samples that had previously been 
stained with a commercial IHC kit and diagnosed with a 
HER2 status were tested with anti-ICD and anti-ECD HER2 
antibodies, which identified a subset of HER2- patients 
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whose tumours exhibited phosphorylated HER2 ICD’s and 
activated Akt/MAPK pathways [144]. These patients may 
therefore have benefited from lapatinib treatment, which they 
did not receive following the initial diagnosis. A cohort of 
trastuzumab treated patients was assessed with an ICD and 
ECD antibody as well as FISH to assess gene amplification. 
Overall, gene amplification correlated more closely with 
the ICD antibody staining but labelling with the ECD 
antibody was more predictive of disease free survival after 
trastuzumab treatment [145]. Ratios of HER2 ICD to ECD 
are heterogeneous, both spatially in a tumour sample and 
because of treatment, which can cause reduction of HER2 
at the cell surface or enhance shedding of the ECD. In paired 
core needle biopsy samples taken before and after treatment 
with trastuzumab and either docetaxel or pertuzumab, or 
both, ICD: ECD ratios changed in HER2+ and HER2- 
groups. However, this was not statistically significant [146]. 
Unexpectedly, trastuzumab binding was higher in tumours 
expressing high P95 levels than those with low P95 levels. 
As P95 lacks the trastuzumab-binding epitope, Recupero et 

al. suggests the loss of some HER2 ECDs on a cell surface 
increases access to full length HER2 proteins that could be 
blocked by essentially ‘freeing up’ space [147]. HER2 IHC 
testing is exceptionally useful when assessing a patient’s 
treatment course. Enhancing this diagnostic tool by testing 
ICD and ECD HER2 expression and the alteration of this 
throughout treatment would allow more accurate prescription 
of treatments. Further identification of specific variants that 
have been linked to increased drug resistance or sensitivity 
could follow from this. Of course, validation and thorough 
clinical trials of any new biomarker is required.

mRNA assessment

mRNA assessment is already in use to segregate 
patients into subgroups that correspond to a particular 
gene expression pattern that has then been related back 
to patterns of response to available drug combinations 
[37]. This type of biomarker can be highly useful and 
recent advancements means the requirement for fresh 
frozen samples has been alleviated due to reduced cross-
linking and degradation of mRNA [143]. In the case of 
splice variants, mRNA transcripts are distinct and could 
be assessed in patients. Further evaluation of HER2 splice 
variants as prognostic markers may produce a potential 
mRNA analysis capable of segregating tumours based on 
intrinsic genetic subtype that includes analysis of splice 
variants. This would aim to further personalise diagnosis 
with measurements of the ratios of splice variants to 
provide additional information on tumour behaviour and 
prospective treatment response.

SERUM HER2 BIOMARKERS

Enzyme-Immunoassays can be used to assess levels of 
serum HER2 (sHER2) in the blood of patients. These assays 

measure the amount of secreted ECD HER2 produced by 
cleavage or splicing. It is noteworthy that patients suffering 
from comorbidities of hepatic diseases commonly have 
heightened sHER2 and are not applicable for this biomarker. 
Cohort studies have identified sHER2 testing as a useful 
complementary test to IHC owing to the correlations 
between high sHER2 and aggressive tumour phenotypes 
such as invasion and metastases. Heightened levels were 
also reported to be predictive of relapse and metastases to 
the bone, liver, and brain. A complete pathological response 
(pCR) was more likely in patients who exhibited a drop in 
sHER2 values after treatment with neoadjuvant trastuzumab 
[148]. Likewise, another cohort of HER2+ patients was 
more likely to achieve pCR when initial sHER2 levels were 
high and a drop in sHER2 was identified after neoadjuvant 
lapatinib treatment with chemotherapy. However, a portion of 
patients had increased sHER2 after lapatinib treatment [149]. 
When effective, trastuzumab can reduce cleavage of HER2 
by blocking the cleavage sites required by metalloproteases. 
In those patients that responded well to treatment this may 
have explained the decrease in sHER2 [103]. Lapatinib may 
actually increase the sHER2 when effective as it has been 
identified as increasing ECD shedding [108].

Serum HER2 testing will not replace IHC for 
diagnostic testing in breast cancer patients but may 
provide added prognostic information and be predictive 
of treatment response in the cases of neoadjuvant 
trastuzumab and lapatinib. Monitoring may be a non-
invasive indicator for relapse and the requirement of 
thorough patient screening. Further studies to identify 
correlation with response to a wider range of treatment 
options and a greater understanding of the biological 
implications of fluctuating sHER2 levels will enhance the 
potential of this biomarker.

Clinical implications of biomarker development

Current practice entails testing for the 
overexpression of HER2, which if positive, suggests the 
use of trastuzumab plus pertuzumab and a taxane with 
the addition of T-DM1 in a second line setting [62]. 
Development of biomarkers to include HER2 variants 
could enable oncologists to prescribe personalised 
treatment based on the information available surrounding 
likely sensitivity to different treatments, and structural 
alterations that would block binding to the receptors. 
Crucially, any changes to these amounts may indicate the 
development of resistance and so recommend a change in 
treatment before the patient’s disease begins to progress. 
This could help with the choice of third line treatments 
of which there is no officially recommendation, although 
the use of combinations with lapatinib is common 
[150]. If IHC biomarkers, including domain specific 
antibodies, allow for the detection of HER2 variants 
with alterations to the binding domains of antibodies and 
tyrosine kinase inhibitors, these could be chosen prior to 
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resistance developing [145]. If a patient had high levels of 
intracellular truncated variants, such a 611-CTF, lapatinib, 
neratinib or tucatinib could be chosen to compliment 
treatment with trastuzumab in a first line setting to pre-
empt resistance through continued signalling [105].

mRNA expression of variants could also support 
clinical decision making by identifying ratios of expression 
of splice variants against, a backdrop of transcriptional 
subtype, to recommend various treatment choices [102, 
110]. With the tracking of serum HER2 levels any increase 
in HER2 shedding may indicate resistance is developing 
and a tyrosine kinase inhibitor could be introduced to 
block signalling by intracellular HER2 receptors. As 
trastuzumab reduces shedding a combination can be used 
[148]. Clinical trials that integrate biomarkers into their 
designs are required [150]. Pair these developments with 
the tracking of other commonly mutated genes and a range 
of combination therapies may be chosen from to achieve 
prolong patient response to treatment [135].

SUMMARY

The production of anti-HER2 therapies have greatly 
improved survival outcomes for breast cancer patients. A 
more complete understanding of the protein products of 
the ErbB2 oncogene provides opportunities to personalise 
treatment. It is now understood HER2 variants can alter 
response to anti-HER2 treatments which may provide the 
opportunity to switch to more effective therapies. Future 
work should be focused at examining multiple variants 
of HER2 in tandem. Expanding breast cancer biomarkers 
to include changes to the HER2 protein and mRNA 
transcripts could improve patient diagnosis and provide 
more specific treatment recommendations.

Author contributions

Each author made a substantial contribution to the 
conception and writing and redrafting of the manuscript. 
All authors approved the submitted version. All authors 
have agreed both to be personally accountable for the 
author’s own contributions and to ensure that questions 
related to the accuracy or integrity of any part of the 
work, even ones in which the author was not personally 
involved, are appropriately investigated, resolved, and the 
resolution documented in the literature.

ACKNOWLEDGMENTS

V Hart’s PhD studentship is funded by the Susan 
Channon Foundation Trust (grant number BH173591).

CONFLICTS OF INTEREST

Authors have no conflicts of interest to declare.

FUNDING

VH is funded by a PhD studentship from the Susan 
Channon Foundation Trust.

REFERENCES

 1. Breast cancer statistics. Cancer Research UK. 2020. https://
www.cancerresearchuk.org/health-professional/cancer-
statistics/statistics-by-cancer-type/breast-cancer. 

 2. Cancer registration statistics, England. Office for National 
Statistics. (2017) https://ic9.in/9034. 

 3. King R, Kraus H, Aaronson S. Amplification of a Novel 
v-erbB-Related Gene in a Human Mammary Carcinoma. 
Science. 1985; 229:974–6. https://doi.org/10.1126/
science.2992089. [PubMed]

 4. Slamon DJ, Clark GM, Wong SG, Levin WJ, Ullrich 
A, Mcguire WL. Human Breast Cancer: Correlation of 
Relapse and Survival with Amplification of the HER2/neu 
gene. Science. 1987; 235:177–82. https://doi.org/10.1126/
science.3798106. [PubMed]

 5. Gutierrez C, Schiff R. HER 2: Biology, Detection, and 
Clinical Implications. Arch Pathol Lab Med. 2011; 135:55–
62. https://doi.org/10.1043/2010-0454-RAR.1. [PubMed]

 6. Ferguson KM. Structure-Based View of Epidermal 
Growth Factor Receptor Regulation. Annu Rev Biophys. 
2008; 37:353–373. https://doi.org/10.1146/annurev.
biophys.37.032807.125829. [PubMed]

 7. Jhabvala-Romero F, Evans A, Guo S, Denton M, Clinton 
GM. Herstatin inhibits heregulin-mediated breast cancer 
cell growth and overcomes tamoxifen resistance in breast 
cancer cells that overexpress HER-2. Oncogene. 2003; 
22:8178–8186. https://doi.org/10.1038/sj.onc.1206912. 
[PubMed]

 8. Zhang X, Gureasko J, Shen K, Cole PA, Kuriyan J. 
An Allosteric Mechanism for Activation of the Kinase 
Domain of Epidermal Growth Factor Receptor. Cell. 2006; 
125:1137–1149. https://doi.org/10.1016/j.cell.2006.05.013. 
[PubMed]

 9. Arkhipov A, Shan Y, Kim ET, Dror RO, Shaw DE. Her2 
activation mechanism reflects evolutionary preservation of 
asymmetric ectodomain dimers in the human EGFR family. 
Elife. 2013; 2:e00708. https://doi.org/10.7554/eLife.00708. 
[PubMed]

10. Miller MA, Sullivan RJ, Lauffenburger DA. Molecular 
pathways: Receptor ectodomain shedding in treatment, 
resistance, and monitoring of cancer. Clin Cancer Res. 2017; 
23:623–629. https://doi.org/10.1158/1078-0432.CCR-16-0869. 
[PubMed]

11. Fabricio ASC, Michilin S, Zancan M, Agnolon V, Peloso L, 
Dittadi R, Scapinello A, Ceccarelli C, Gion M. Shed HER2 
surrogacy evaluation in primary breast cancer patients: a 
study assessing tumor tissue HER2 expression at both 
extracellular and intracellular levels. Scand J Clin Lab 

https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://www.cancerresearchuk.org/health-professional/cancer-statistics/statistics-by-cancer-type/breast-cancer
https://ic9.in/9034
https://doi.org/10.1126/science.2992089
https://doi.org/10.1126/science.2992089
https://www.ncbi.nlm.nih.gov/pubmed/2992089
https://doi.org/10.1126/science.3798106
https://doi.org/10.1126/science.3798106
https://www.ncbi.nlm.nih.gov/pubmed/3798106
https://doi.org/10.1043/2010-0454-RAR.1
https://www.ncbi.nlm.nih.gov/pubmed/21204711
https://doi.org/10.1146/annurev.biophys.37.032807.125829
https://doi.org/10.1146/annurev.biophys.37.032807.125829
https://www.ncbi.nlm.nih.gov/pubmed/18573086
https://doi.org/10.1038/sj.onc.1206912
https://www.ncbi.nlm.nih.gov/pubmed/14603258
https://doi.org/10.1016/j.cell.2006.05.013
https://www.ncbi.nlm.nih.gov/pubmed/16777603
https://doi.org/10.7554/eLife.00708
https://www.ncbi.nlm.nih.gov/pubmed/23878723
https://doi.org/10.1158/1078-0432.CCR-16-0869
https://www.ncbi.nlm.nih.gov/pubmed/27895032


Oncotarget4350www.oncotarget.com

Invest. 2019; 79:260–7. https://doi.org/10.1080/00365513
.2019.1600200. [PubMed]

12. Ghedini GC, Ciravolo V, Tortoreto M, Giuffrè S, Bianchi F, 
Campiglio M, Mortarino M, Figini M, Coliva A, Carcangiu 
ML, Zambetti M, Piazza T, Ferrini S, et al. Shed HER2 
extracellular domain in HER2-mediated tumor growth 
and in trastuzumab susceptibility. J Cell Physiol. 2010; 
225:256–265. https://doi.org/10.1002/jcp.22257. [PubMed]

13. Miller MA, Oudin MJ, Sullivan RJ, Wang SJ, Meyer 
AS, Im H, Frederick DT, Tadros J, Griffith LG, Lee H, 
Weissleder R, Flaherty KT, Gertler FB, Lauffenburger DA. 
Reduced proteolytic shedding of receptor tyrosine kinases 
is a post-translational mechanism of kinase inhibitor 
resistance. Cancer Discov. 2016; 6:383–399. https://doi.
org/10.1158/2159-8290.CD-15-0933. [PubMed]

14. Aksamitiene E, Kiyatkin A, Kholodenko BN. Cross-talk 
between mitogenic Ras/MAPK and survival PI3K/Akt 
pathways: a fine balance. Biochem Soc Trans. 2012; 40:139–
146. https://doi.org/10.1042/BST20110609. [PubMed]

15. Andrechek ER. HER2/Neu tumorigenesis and metastasis is 
regulated by E2F activator transcription factors. Oncogene. 
2015; 34:217–25. https://doi.org/10.1038/onc.2013.540. 
[PubMed]

16. Wu L, Timmers C, Maiti B, Saavedra HI, Sang L, 
Chong GT, Nuckolls F, Giangrande P, Wright FA, 
Field SJ, Greenberg ME, Orkin S, Nevins JR, et al. The 
E2F1–3 transcription factors are essential for cellular 
proliferation. Nature. 2001; 414:457–462. https://doi.
org/10.1038/35106593. [PubMed]

17. Yang SX, Polley E, Lipkowitz S. New insights on PI3K/
AKT pathway alterations and clinical outcomes in breast 
cancer. Cancer Treat Rev. 2016; 45:87–96. https://doi.
org/10.1016/j.ctrv.2016.03.004. [PubMed]

18. Yamaguchi H, Chang SS, Hsu JL, Hung MC. Signaling 
cross-talk in the resistance to HER family receptor targeted 
therapy. Oncogene. 2014; 33:1073–1081. https://doi.
org/10.1038/onc.2013.74. [PubMed]

19. Shih AJ, Telesco SE, Choi SH, Lemmon MA, 
Radhakrishnan R. Molecular dynamics analysis of 
conserved hydrophobic and hydrophilic bond-interaction 
networks in ErbB family kinases. Biochem J. 2011; 
436:241–251. https://doi.org/10.1042/BJ20101791. 
[PubMed]

20. Dey N, Williams C, Leyland-Jones B, De P. A critical role 
for HER3 in HER2-amplified and non-amplified breast 
cancers: Function of a kinase-dead RTK. Am J Transl Res. 
2015; 7:733–750. [PubMed]

21. Shankaran H, Zhang Y, Tan Y, Resat H. Model-Based 
Analysis of HER Activation in Cells Co-Expressing EGFR, 
HER2 and HER3. PLoS Comput Biol. 2013; 9:e1003201. 
https://doi.org/10.1371/journal.pcbi.1003201. [PubMed]

22. Natalia V. Sergina, Megan Rausch, Donghui Wang, Jimmy 
Blair, Byron Hann, Kevan M. Shokat and MMM. Escape 
from HER family tyrosine kinase inhibitor therapy by the 

kinase inactive HER3. Nature. 2007; 445:437–441. https://
doi.org/10.1038/nature05474. [PubMed]

23. Guillette TC, Jackson TW, Belcher SM. Duality of 
estrogen receptor β action in cancer progression. Curr Opin 
Pharmacol. 2018; 41:66–73. https://doi.org/10.1016/j.
coph.2018.05.001. [PubMed]

24. Creighton CJ, Hilger AM, Murthy S, Rae JM, Chinnaiyan 
AM, El-Ashry D. Activation of mitogen-activated protein 
kinase in estrogen receptor α-positive breast cancer cells 
in vitro induces an in vivo molecular phenotype of estrogen 
receptor α-negative human breast tumors. Cancer Res. 
2006; 66:3903–3911. https://doi.org/10.1158/0008-5472.
CAN-05-4363. [PubMed]

25. Guo S, Sonenshein GE. Forkhead Box Transcription Factor 
FOXO3a Regulates Estrogen Receptor Alpha Expression 
and Is Repressed by the Forkhead Box Transcription Factor 
FOXO3a Regulates Estrogen Receptor Alpha Expression 
and Is Repressed by the Her-2 / neu / Phosphatidylinositol. 
Mol Cell Biol. 2004; 19:8681–8690. https://doi.
org/10.1128/MCB.24.19.8681-8690.2004. [PubMed]

26. Caldarella A, Barchielli A. Prognostic role of progesterone 
receptor expression in a population-based analysis. J 
Cancer Res Clin Oncol. 2017; 143:2505–2509. https://doi.
org/10.1007/s00432-017-2514-3. [PubMed]

27. Gao X, Nawaz Z. Progesterone receptors - animal models 
and cell signaling in breast cancer: Role of steroid receptor 
coactivators and corepressors of progesterone receptors in 
breast cancer. Breast Cancer Res. 2002; 4:182–186. https://
doi.org/10.1186/bcr449. [PubMed]

28. Kallioniemi OP, Kallioniemi A, Kurisu W, Thor A, Chen 
LC, Smith HS, Waldman FM, Pinkel D, Gray JW. ERBB2 
amplification in breast cancer analyzed by fluorescence in 

situ hybridization. Proc Natl Acad Sci U S A. 1992; 89:5321–
5325. https://doi.org/10.1073/pnas.89.12.5321. [PubMed]

29. Wolff AC, Elizabeth M, Hammond H, Allison KH, 
Harvey BE, Mangu PB, Bartlett JMS, Bilous M, Ellis 
IO, Fitzgibbons P, Hanna W, Jenkins RB, Press MF, et al. 
Human Epidermal Growth Factor Receptor 2 Testing in 
Breast Cancer: American Society of Clinical Oncology/
College of American Pathologists Clinical Practice 
Guideline Focused Update. J Clin Oncol. 2018; 36:2105–
2122. https://doi.org/10.1200/JCO.2018.77.8738. [PubMed]

30. Wolff AC, Hammond MEH, Hicks DG, Dowsett M, 
McShane LM, Allison KH, Allred DC, Bartlett JMS, Bilous 
M, Fitzgibbons P, Hanna W, Jenkins RB, Mangu PB, et al, 
and American Society of Clinical Oncology, and College of 
American Pathologists. Recommendations for human epidermal 
growth factor receptor 2 testing in breast cancer: American 
Society of Clinical Oncology/College of American Pathologists 
clinical practice guideline update. J Clin Oncol. 2013; 31:3997–
4013. https://doi.org/10.1200/JCO.2013.50.9984. [PubMed]

31. Rakha EA, Pinder SE, Bartlett JMS, Ibrahim M, Starczynski 
J, Carder PJ, Provenzano E, Hanby A, Hales S, Lee AH, 
Ellis IO, and National Coordinating Committee for 
Breast Pathology. Updated UK Recommendations for 

https://doi.org/10.1080/00365513.2019.1600200
https://doi.org/10.1080/00365513.2019.1600200
https://www.ncbi.nlm.nih.gov/pubmed/30982358
https://doi.org/10.1002/jcp.22257
https://www.ncbi.nlm.nih.gov/pubmed/20506359
https://doi.org/10.1158/2159-8290.CD-15-0933
https://doi.org/10.1158/2159-8290.CD-15-0933
https://www.ncbi.nlm.nih.gov/pubmed/26984351
https://doi.org/10.1042/BST20110609
https://www.ncbi.nlm.nih.gov/pubmed/22260680
https://doi.org/10.1038/onc.2013.540
https://www.ncbi.nlm.nih.gov/pubmed/24362522
https://doi.org/10.1038/35106593
https://doi.org/10.1038/35106593
https://www.ncbi.nlm.nih.gov/pubmed/11719808
https://doi.org/10.1016/j.ctrv.2016.03.004
https://doi.org/10.1016/j.ctrv.2016.03.004
https://www.ncbi.nlm.nih.gov/pubmed/26995633
https://doi.org/10.1038/onc.2013.74
https://doi.org/10.1038/onc.2013.74
https://www.ncbi.nlm.nih.gov/pubmed/23542173
https://doi.org/10.1042/BJ20101791
https://www.ncbi.nlm.nih.gov/pubmed/21426301
https://www.ncbi.nlm.nih.gov/pubmed/26064441
https://doi.org/10.1371/journal.pcbi.1003201
https://www.ncbi.nlm.nih.gov/pubmed/23990774
https://doi.org/10.1038/nature05474
https://doi.org/10.1038/nature05474
https://www.ncbi.nlm.nih.gov/pubmed/17206155
https://doi.org/10.1016/j.coph.2018.05.001
https://doi.org/10.1016/j.coph.2018.05.001
https://www.ncbi.nlm.nih.gov/pubmed/29772419
https://doi.org/10.1158/0008-5472.CAN-05-4363
https://doi.org/10.1158/0008-5472.CAN-05-4363
https://www.ncbi.nlm.nih.gov/pubmed/16585219
https://doi.org/10.1128/MCB.24.19.8681-8690.2004
https://doi.org/10.1128/MCB.24.19.8681-8690.2004
https://www.ncbi.nlm.nih.gov/pubmed/15367686
https://doi.org/10.1007/s00432-017-2514-3
https://doi.org/10.1007/s00432-017-2514-3
https://www.ncbi.nlm.nih.gov/pubmed/28889189
https://doi.org/10.1186/bcr449
https://doi.org/10.1186/bcr449
https://www.ncbi.nlm.nih.gov/pubmed/12223121
https://doi.org/10.1073/pnas.89.12.5321
https://www.ncbi.nlm.nih.gov/pubmed/1351679
https://doi.org/10.1200/JCO.2018.77.8738
https://www.ncbi.nlm.nih.gov/pubmed/29846122
https://doi.org/10.1200/JCO.2013.50.9984
https://www.ncbi.nlm.nih.gov/pubmed/24101045


Oncotarget4351www.oncotarget.com

HER2 assessment in breast cancer On behalf of the 
National Coordinating Committee for Breast Pathology. 
J Clin Pathol. 2015; 68:93–99. https://doi.org/10.1136/
jclinpath-2014-202571. [PubMed]

32. Tsai YF, Tseng LM, Lien PJ, Hsu CY, Lin YS, King 
KL, Wang YL, Chao TC, Liu CY, Chiu JH, Yang MH. 
HER2 immunohistochemical scores provide prognostic 
information for patients with HER2-type invasive breast 
cancer. Histopathology. 2019; 74:578–586. https://doi.
org/10.1111/his.13801. [PubMed]

33. Davies V, Voutsadakis IA. Amplification of Chromosome 
17 Centromere (CEP17) in Breast Cancer Patients with 
a Result of HER2 2± by Immunohistochemistry. Cancer 
Invest. 2020; 38:94–101. https://doi.org/10.1080/0735790
7.2020.1720223. [PubMed]

34. Lee K, Jang MH, Chung YR, Lee Y, Kang E, Kim SW, Kim 
YJ, Kim JH, Kim IA, Park SY. Prognostic significance of 
centromere 17 copy number gain in breast cancer depends 
on breast cancer subtype. Hum Pathol. 2017; 61:111–120. 
https://doi.org/10.1016/j.humpath.2016.12.004. [PubMed]

35. Dal Lago L, Durbecq V, Desmedt C, Salgado R, Verjat T, 
Lespagnard L, Ma Y, Veys I, Di Leo A, Sotiriou C, Piccart M, 
Larsimont D. Correction for chromosome-17 is critical for the 
determination of true Her-2/neu gene amplification status in 
breast cancer. Mol Cancer Ther. 2006; 5:2572–2579. https://
doi.org/10.1158/1535-7163.MCT-06-0129. [PubMed]

36. Dodson A, Parry S, Ibrahim M, Bartlett JM, Pinder 
S, Dowsett M, Miller K. Breast cancer biomarkers in 
clinical testing: analysis of a UK national external quality 
assessment scheme for immunocytochemistry and in situ 
hybridisation database containing results from 199 300 
patients. J Pathol Clin Res. 2018; 4:262–273. https://doi.
org/10.1002/cjp2.112. [PubMed]

37. Sørlie T. Gene expression profiling can distinguish tumor 
subclasses of breast carcinomas. Proc Natl Acad Sci U 
S A. 2001; 98:10869–10874. https://doi.org/10.1073/
pnas.191367098. [PubMed]

38. Dai X, Li T, Bai Z, Yang Y, Liu X, Zhan J, Shi B. Breast 
cancer intrinsic subtype classification, clinical use and 
future trends. Am J Cancer Res. 2015; 5:2929–2943. https://
doi.org/10.1016/0022-2852(61)90347-2. [PubMed]

39. Lehmann BD, Bauer JA, Chen X, Sanders ME, 
Chakravarthy AB, Shyr Y, Pietenpol JA. Identification 
of human triple-negative breast cancer subtypes and 
preclinical models for selection of targeted therapies. J 
Clin Invest. 2011; 121:2750–2767. https://doi.org/10.1172/
JCI45014. [PubMed]

40. Kwa M, Makris A, Esteva FJ. Clinical utility of gene-
expression signatures in early stage breast cancer. Nat Rev 
Clin Oncol. 2017; 14:595–610. https://doi.org/10.1038/
nrclinonc.2017.74. [PubMed]

41. Reis-Filho JS, Pusztai L. Gene expression profiling in breast 
cancer: Classification, prognostication, and prediction. 
Lancet. 2011; 378:1812–1823. https://doi.org/10.1016/
S0140-6736(11)61539-0. [PubMed]

42. Giuliano M, Trivedi MV, Schiff R. Bidirectional crosstalk 
between the estrogen receptor and human epidermal 
growth factor receptor 2 signaling pathways in breast 
cancer: Molecular basis and clinical implications. 
Breast Care (Basel). 2013; 8:256–262. https://doi.
org/10.1159/000354253. [PubMed]

43. Hennigs A, Riedel F, Marmé F, Sinn P, Lindel K, Gondos 
A, Smetanay K, Golatta M, Sohn C, Schuetz F, Heil J, 
Schneeweiss A. Changes in chemotherapy usage and 
outcome of early breast cancer patients in the last decade. 
Breast Cancer Res Treat. 2016; 160:491–499. https://doi.
org/10.1007/s10549-016-4016-4. [PubMed]

44. Yamashita-Kashima Y, Shu S, Yorozu K, Moriya Y, Harada 
N. Mode of action of pertuzumab in combination with 
trastuzumab plus docetaxel therapy in a HER2-positive 
breast cancer xenograft model. Oncol Lett. 2017; 14:4197–
4205. https://doi.org/10.3892/ol.2017.6679. [PubMed]

45. Nami B, Maadi H, Wang Z. The effects of pertuzumab 
and its combination with trastuzumab on HER2 
homodimerization and phosphorylation. Cancers (Basel). 
2019; 11:375. https://doi.org/10.3390/cancers11030375. 
[PubMed]

46. Barok M, Isola J, Pályi-Krekk Z, Nagy P, Juhász I, Vereb 
G, Kauraniemi P, Kapanen A, Tanner M, Vereb G, Szöllösi 
J. Trastuzumab causes antibody-dependent cellular 
cytotoxicity-mediated growth inhibition of submacroscopic 
JIMT-1 breast cancer xenografts despite intrinsic drug 
resistance. Mol Cancer Ther. 2007; 6:2065–2072. https://
doi.org/10.1158/1535-7163.MCT-06-0766. [PubMed]

47. Beano A, Signorino E, Evangelista A, Brusa D, Mistrangelo 
M, Polimeni MA, Spadi R, Donadio M, Ciuffreda L, 
Matera L. Correlation between NK function and response 
to trastuzumab in metastatic breast cancer patients. J Transl 
Med. 2008; 6:25. https://doi.org/10.1186/1479-5876-6-25. 
[PubMed]

48. Lion M, Harlé A, Salleron J, Ramacci C, Campone M, 
Merlin JL. Trastuzumab as a preoperative monotherapy 
does not inhibit HER2 downstream signaling in HER2-
positive breast cancer. Oncol Lett. 2016; 12:2028–2032. 
https://doi.org/10.3892/ol.2016.4891. [PubMed]

49. Hudis CA. Trastuzumab—Mechanism of Action and Use in 
Clinical Practice. N Engl J Med. 2007; 357:39–51. https://
doi.org/10.1056/NEJMra043186. [PubMed]

50. NICE. Managing advanced breast cancer. NICE Pathways. 
https://pathways.nice.org.uk/pathways/advanced-breast-
cancer#path=view%3A/pathways/advanced-breast-cancer/
managing-advanced-breast-cancer.xml&content=view-
node%3Anodes-hrneg-and-her2pos. 

51. NICE. Adjuvant therapy for early and locally advanced 
breast cancer. NICE Pathways. https://pathways.
nice.org.uk/pathways/early-and-locally-advanced-
breast-cancer#content=view-node%3Anodes-
biological-therapy&path=view%3A/pathways/
early-and-locally-advanced-breast-cancer/adjuvant-therapy-
for-early-and-locally-advanced-breast-cancer.xml. 

https://doi.org/10.1136/jclinpath-2014-202571
https://doi.org/10.1136/jclinpath-2014-202571
https://www.ncbi.nlm.nih.gov/pubmed/25488926
https://doi.org/10.1111/his.13801
https://doi.org/10.1111/his.13801
https://www.ncbi.nlm.nih.gov/pubmed/30515868
https://doi.org/10.1080/07357907.2020.1720223
https://doi.org/10.1080/07357907.2020.1720223
https://www.ncbi.nlm.nih.gov/pubmed/31977265
https://doi.org/10.1016/j.humpath.2016.12.004
https://www.ncbi.nlm.nih.gov/pubmed/27989787
https://doi.org/10.1158/1535-7163.MCT-06-0129
https://doi.org/10.1158/1535-7163.MCT-06-0129
https://www.ncbi.nlm.nih.gov/pubmed/17041102
https://doi.org/10.1002/cjp2.112
https://doi.org/10.1002/cjp2.112
https://www.ncbi.nlm.nih.gov/pubmed/30066480
https://doi.org/10.1073/pnas.191367098
https://doi.org/10.1073/pnas.191367098
https://www.ncbi.nlm.nih.gov/pubmed/11553815
https://doi.org/10.1016/0022-2852(61)90347-2
https://doi.org/10.1016/0022-2852(61)90347-2
https://www.ncbi.nlm.nih.gov/pubmed/26693050
https://doi.org/10.1172/JCI45014
https://doi.org/10.1172/JCI45014
https://www.ncbi.nlm.nih.gov/pubmed/21633166
https://doi.org/10.1038/nrclinonc.2017.74
https://doi.org/10.1038/nrclinonc.2017.74
https://www.ncbi.nlm.nih.gov/pubmed/28561071
https://doi.org/10.1016/S0140-6736(11)61539-0
https://doi.org/10.1016/S0140-6736(11)61539-0
https://www.ncbi.nlm.nih.gov/pubmed/22098854
https://doi.org/10.1159/000354253
https://doi.org/10.1159/000354253
https://www.ncbi.nlm.nih.gov/pubmed/24415978
https://doi.org/10.1007/s10549-016-4016-4
https://doi.org/10.1007/s10549-016-4016-4
https://www.ncbi.nlm.nih.gov/pubmed/27744486
https://doi.org/10.3892/ol.2017.6679
https://www.ncbi.nlm.nih.gov/pubmed/28959366
https://doi.org/10.3390/cancers11030375
https://www.ncbi.nlm.nih.gov/pubmed/30884851
https://doi.org/10.1158/1535-7163.MCT-06-0766
https://doi.org/10.1158/1535-7163.MCT-06-0766
https://www.ncbi.nlm.nih.gov/pubmed/17620435
https://doi.org/10.1186/1479-5876-6-25
https://www.ncbi.nlm.nih.gov/pubmed/18485193
https://doi.org/10.3892/ol.2016.4891
https://www.ncbi.nlm.nih.gov/pubmed/27602133
https://doi.org/10.1056/NEJMra043186
https://doi.org/10.1056/NEJMra043186
https://www.ncbi.nlm.nih.gov/pubmed/17611206
https://pathways.nice.org.uk/pathways/advanced-breast-cancer#path=view%3A/pathways/advanced-breast-cancer/managing-advanced-breast-cancer.xml&content=view-node%3Anodes-hrneg-and-her2pos
https://pathways.nice.org.uk/pathways/advanced-breast-cancer#path=view%3A/pathways/advanced-breast-cancer/managing-advanced-breast-cancer.xml&content=view-node%3Anodes-hrneg-and-her2pos
https://pathways.nice.org.uk/pathways/advanced-breast-cancer#path=view%3A/pathways/advanced-breast-cancer/managing-advanced-breast-cancer.xml&content=view-node%3Anodes-hrneg-and-her2pos
https://pathways.nice.org.uk/pathways/advanced-breast-cancer#path=view%3A/pathways/advanced-breast-cancer/managing-advanced-breast-cancer.xml&content=view-node%3Anodes-hrneg-and-her2pos
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml
https://pathways.nice.org.uk/pathways/early-and-locally-advanced-breast-cancer#content=view-node%3Anodes-biological-therapy&path=view%3A/pathways/early-and-locally-advanced-breast-cancer/adjuvant-therapy-for-early-and-locally-advanced-breast-cancer.xml


Oncotarget4352www.oncotarget.com

52. Brasó-Maristany F, Griguolo G, Pascual T, Paré L, Nuciforo 
P, Llombart-Cussac A, Bermejo B, Oliveira M, Morales 
S, Martínez N, Vidal M, Adamo B, Martínez O, et al. 
Phenotypic changes of HER2-positive breast cancer during 
and after dual HER2 blockade. Nat Commun. 2020; 11:385. 
https://doi.org/10.1038/s41467-019-14111-3. [PubMed]

53. Swain SM, Kim SB, Cortés J, Ro J, Semiglazov V, 
Campone M, Ciruelos E, Ferrero JM, Schneeweiss A, Knott 
A, Clark E, Ross G, Benyunes MC, Baselga J. Pertuzumab, 
trastuzumab, and docetaxel for HER2-positive metastatic 
breast cancer (CLEOPATRA study): overall survival results 
from a randomised, double-blind, placebo-controlled, phase 
3 study. Lancet Oncol. 2013; 14:461–471. https://doi.
org/10.1016/S1470-2045(13)70130-X. [PubMed]

54. Konecny GE, Pegram MD, Venkatesan N, Finn R, Yang G, 
Rahmeh M, Untch M, Rusnak DW, Spehar G, Mullin RJ, 
Keith BR, Gilmer TM, Berger M, et al. Activity of the Dual 
Kinase Inhibitor Lapatinib (GW572016) against HER-2-
Overexpressing and Trastuzumab-Treated Breast. Cancer 
Cells. 2006; 66:1630–1639. https://doi.org/10.1158/0008-
5472.CAN-05-1182. [PubMed]

55. Singh JC, Jhaveri K, Esteva FJ. HER2-positive advanced 
breast cancer: Optimizing patient outcomes and 
opportunities for drug development. Br J Cancer. 2014; 
111:1888–1898. https://doi.org/10.1038/bjc.2014.388. 
[PubMed]

56. Hurvitz SA, Hu Y, O’Brien N, Finn RS. Current approaches 
and future directions in the treatment of HER2-positive 
breast cancer. Cancer Treat Rev. 2013; 39:219–229. https://
doi.org/10.1016/j.ctrv.2012.04.008. [PubMed]

57. Wang L, Wang Q, Gao M, Fu L, Li Y, Quan H, Lou L. 
STAT3 activation confers trastuzumab-emtansine (T-DM1) 
resistance in HER2-positive breast cancer. Cancer Sci. 
2018; 109:3305–3315. https://doi.org/10.1111/cas.13761. 
[PubMed]

58. Nakada T, Sugihara K, Jikoh T, Abe Y, Agatsuma T. The 
Latest Research and Development into the Antibody–Drug 
Conjugate, [fam-] Trastuzumab Deruxtecan (DS-8201a), 
for HER2 Cancer Therapy. Chem Pharm Bull (Tokyo). 
2019; 67:173–185. https://doi.org/10.1248/cpb.c18-00744. 
[PubMed]

59. Keam SJ. Trastuzumab Deruxtecan: First Approval. Drugs. 
2020; 80:501–508. https://doi.org/10.1007/s40265-020-01281-
4. [PubMed]

60. Al Shaer D, Al Musaimi O, Albericio F, de la Torre 
BG. 2019 FDA TIDES (Peptides and oligonucleotides) 
harvest. Pharmaceuticals (Basel). 2020; 13:40. https://doi.
org/10.3390/ph13030040. [PubMed]

61. Okamoto H, Oitate M, Hagihara K, Shiozawa H, Furuta 
Y, Ogitani Y, Kuga H. Pharmacokinetics of trastuzumab 
deruxtecan (T-DXd), a novel anti-HER2 antibody-drug 
conjugate, in HER2-positive tumour-bearing mice. 
Xenobiotica. 2020; 50:1242–50. https://doi.org/10.1080/0
0498254.2020.1755909. [PubMed]

62. Modi S, Saura C, Yamashita T, Park YH, Kim SB, Tamura 
K, Andre F, Iwata H, Ito Y, Tsurutani J, Sohn J, Denduluri 
N, Perrin C, et al, and DESTINY-Breast01 Investigators. 
Trastuzumab Deruxtecan in Previously Treated HER2-
Positive Breast Cancer. N Engl J Med. 2020; 382:610–621. 
https://doi.org/10.1056/NEJMoa1914510. [PubMed]

63. Barcenas CH, Hurvitz SA, Di Palma JA, Bose R, Chien 
AJ, Iannotti N, Marx G, Brufsky A, Litvak A, Ibrahim 
E, Alvarez RH, Ruiz-Borrego M, Chan N, et al, and 
CONTROL Study Investigators. Improved tolerability of 
neratinib in patients with HER2-positive early-stage breast 
cancer: the CONTROL trial. Ann Oncol. 2020; 31:1223–
1230. https://doi.org/10.1016/j.annonc.2020.05.012. 
[PubMed]

64. Chan A, Delaloge S, Holmes FA, Moy B, Iwata H, Harvey 
VJ, Robert NJ, Silovski T, Gokmen E, von Minckwitz G, 
Ejlertsen B, Chia SKL, Mansi J, et al, and ExteNET Study 
Group. Neratinib after trastuzumab-based adjuvant therapy 
in patients with HER2-positive breast cancer (ExteNET): A 
multicentre, randomised, double-blind, placebo-controlled, 
phase 3 trial. Lancet Oncol. 2016; 17:367–77. https://doi.
org/10.1016/S1470-2045(15)00551-3. [PubMed]

65. Alkhezayem S, Wani TA, Wakil S, Aljuraysi A, Zargar S. 
Transcriptome analysis of neratinib treated HER2 positive 
cancer model vs untreated cancer unravels the molecular 
mechanism of action of neratinib. Saudi Pharm J. 2020; 
28:963–970. https://doi.org/10.1016/j.jsps.2020.06.017. 
[PubMed]

66. Awada A, Colomer R, Inoue K, Bondarenko I, Badwe RA, 
Demetriou G, Lee SC, Mehta AO, Kim SB, Bachelot T, 
Goswami C, Deo S, Bose R, et al. Neratinib Plus Paclitaxel 
vs Trastuzumab Plus Paclitaxel in Previously Untreated 
Metastatic ERBB2-Positive Breast Cancer: The NEfERT-T 
Randomized Clinical Trial. JAMA Oncol. 2016; 2:1557–1564. 
https://doi.org/10.1001/jamaoncol.2016.0237. [PubMed]

67. Kurozumi S, Alsaleem M, Monteiro CJ, Bhardwaj K, 
Joosten SEP, Fujii T, Shirabe K, Green AR, Ellis IO, Rakha 
EA, Mongan NP, Heery DM, Zwart W, et al. Targetable 
ERBB2 mutation status is an independent marker of adverse 
prognosis in estrogen receptor positive, ERBB2 non-
amplified primary lobular breast carcinoma: A retrospective 
in silico analysis of public datasets. Breast Cancer Res. 
2020; 22:85. https://doi.org/10.1186/s13058-020-01324-4. 
[PubMed]

68. Marti JLG, Hyder T, Nasrazadani A, Brufsky AM. The 
Evolving Landscape of HER2-Directed Breast Cancer 
Therapy. Curr Treat Options Oncol. Curr Treat Options 
Oncol. 2020; 21:82. https://doi.org/10.1007/s11864-020-
00780-6. [PubMed]

69. Kulukian A, Lee P, Taylor J, Rosler R, De Vries P, Watson D, 
Forero-Torres A, Peterson S. Preclinical activity of HER2-
selective tyrosine kinase inhibitor tucatinib as a single agent 
or in combination with trastuzumab or docetaxel in solid 
tumor models. Mol Cancer Ther. 2020; 19:976–987. https://
doi.org/10.1158/1535-7163.MCT-19-0873. [PubMed]

https://doi.org/10.1038/s41467-019-14111-3
https://www.ncbi.nlm.nih.gov/pubmed/31959756
https://doi.org/10.1016/S1470-2045(13)70130-X
https://doi.org/10.1016/S1470-2045(13)70130-X
https://www.ncbi.nlm.nih.gov/pubmed/23602601
https://doi.org/10.1158/0008-5472.CAN-05-1182
https://doi.org/10.1158/0008-5472.CAN-05-1182
https://www.ncbi.nlm.nih.gov/pubmed/16452222
https://doi.org/10.1038/bjc.2014.388
https://www.ncbi.nlm.nih.gov/pubmed/25025958
https://doi.org/10.1016/j.ctrv.2012.04.008
https://doi.org/10.1016/j.ctrv.2012.04.008
https://www.ncbi.nlm.nih.gov/pubmed/22658319
https://doi.org/10.1111/cas.13761
https://www.ncbi.nlm.nih.gov/pubmed/30076657
https://doi.org/10.1248/cpb.c18-00744
https://www.ncbi.nlm.nih.gov/pubmed/30827997
https://doi.org/10.1007/s40265-020-01281-4
https://doi.org/10.1007/s40265-020-01281-4
https://www.ncbi.nlm.nih.gov/pubmed/32144719
https://doi.org/10.3390/ph13030040
https://doi.org/10.3390/ph13030040
https://www.ncbi.nlm.nih.gov/pubmed/32151051
https://doi.org/10.1080/00498254.2020.1755909
https://doi.org/10.1080/00498254.2020.1755909
https://www.ncbi.nlm.nih.gov/pubmed/32306807
https://doi.org/10.1056/NEJMoa1914510
https://www.ncbi.nlm.nih.gov/pubmed/31825192
https://doi.org/10.1016/j.annonc.2020.05.012
https://www.ncbi.nlm.nih.gov/pubmed/32464281
https://doi.org/10.1016/S1470-2045(15)00551-3
https://doi.org/10.1016/S1470-2045(15)00551-3
https://www.ncbi.nlm.nih.gov/pubmed/26874901
https://doi.org/10.1016/j.jsps.2020.06.017
https://www.ncbi.nlm.nih.gov/pubmed/32792841
https://doi.org/10.1001/jamaoncol.2016.0237
https://www.ncbi.nlm.nih.gov/pubmed/27078022
https://doi.org/10.1186/s13058-020-01324-4
https://www.ncbi.nlm.nih.gov/pubmed/32782013
https://doi.org/10.1007/s11864-020-00780-6
https://doi.org/10.1007/s11864-020-00780-6
https://www.ncbi.nlm.nih.gov/pubmed/32767149
https://doi.org/10.1158/1535-7163.MCT-19-0873
https://doi.org/10.1158/1535-7163.MCT-19-0873
https://www.ncbi.nlm.nih.gov/pubmed/32241871


Oncotarget4353www.oncotarget.com

70. Moulder SL, Borges VF, Baetz T, Mcspadden T, Fernetich 
G, Murthy RK, Chavira R, Guthrie K, Barrett E, Chia 
SK. Phase I study of ONT-380, a HER2 inhibitor, in 
patients with HER2+-advanced solid tumors, with an 
expansion cohort in HER2+ Metastatic Breast Cancer 
(MBC). Clin Cancer Res. 2017; 23:3529–3536. https://doi.
org/10.1158/1078-0432.CCR-16-1496. [PubMed]

71. Murthy RK, Loi S, Okines A, Paplomata E, Hamilton 
E, Hurvitz SA, Lin NU, Borges V, Abramson V, Anders 
C, Bedard PL, Oliveira M, Jakobsen E, et al. Tucatinib, 
trastuzumab, and capecitabine for HER2-positive metastatic 
breast cancer. N Engl J Med. 2020; 382:597–609. https://
doi.org/10.1056/NEJMoa1914609. [PubMed]

72. Borges VF, Ferrario C, Aucoin N, Falkson C, Khan Q, Krop 
I, Welch S, Conlin A, Chaves J, Bedard PL, Chamberlain 
M, Gray T, Vo A, Hamilton E. Tucatinib combined with 
ado-Trastuzumab emtansine in advanced ERBB2/HER2-
positive metastatic breast cancer: A Phase 1b Clinical Trial. 
JAMA Oncol. 2018; 4:1214–1220. https://doi.org/10.1001/
jamaoncol.2018.1812. [PubMed]

73. Goldhirsch A, Gelber RD, Piccart-Gebhart MJ, De 
Azambuja E, Procter M, Suter TM, Jackisch C, Cameron 
D, Weber HA, Heinzmann D, Dal Lago L, McFadden E, 
Dowsett M, et al, and Herceptin Adjuvant (HERA) Trial 
Study Team. 2 years versus 1 year of adjuvant trastuzumab 
for HER2-positive breast cancer (HERA): An open-label, 
randomised controlled trial. Lancet. 2013; 382:1021–1028. 
https://doi.org/10.1016/S0140-6736(13)61094-6. [PubMed]

74. Murthy RK, Chavez-MacGregor M, Hortobagyi GN. 
Adjuvant HER2-Targeted Therapy Update in Breast 
Cancer: Escalation and De-escalation of Therapy in 2018. 
Curr Breast Cancer Rep. Curr Breast Cancer Rep. 2018; 
10:296–306. https://doi.org/10.1007/s12609-018-0290-y. 

75. Aertgeerts K, Skene R, Yano J, Sang BC, Zou H, Snell 
G, Jennings A, Iwamoto K, Habuka N, Hirokawa A, 
Ishikawa T, Tanaka T, Miki H, et al. Structural Analysis 
of the Mechanism of Inhibition and Allosteric Activation 
of the Kinase Domain of HER2 Protein. J Biol Chem. 
2011; 286:18756–18765. https://doi.org/10.1074/jbc.
M110.206193. [PubMed]

76. Zhao W, Hoadley KA, Parker JS, Perou CM. Identification 
of mRNA isoform switching in breast cancer. BMC 
Genomics. 2016; 17:181. https://doi.org/10.1186/s12864-
016-2521-9. [PubMed]

77. Silipo M, Gautrey H, Tyson-Capper A. Deregulation of 
splicing factors and breast cancer development. J Mol Cell 
Biol. 2015; 7:388–401. https://doi.org/10.1093/jmcb/mjv027. 
[PubMed]

78. Dvinge H, Bradley RK. Widespread intron retention 
diversifies most cancer transcriptomes. Genome Med. 2015; 
7:45. https://doi.org/10.1186/s13073-015-0168-9. [PubMed]

79. Jackson C, Browell D, Gautrey H, Tyson-Capper A. Clinical 
significance of HER-2 splice variants in breast cancer 
progression and drug resistance. Int J Cell Biol. 2013; 
2013:973584. https://doi.org/10.1155/2013/973584. [PubMed]

80. Sasso M, Bianchi F, Ciravolo V, Tagliabue E, Campiglio M. 
HER2 spilce variants and their relevance in breast cancer. J 
Nucleic Acids Investig. 2011; 2:e9. https://doi.org/10.4081/
jnai.2011.2454. 

81. Sveen A, Kilpinen S, Ruusulehto A, Lothe RA, Skotheim 
RI. Aberrant RNA splicing in cancer; expression changes 
and driver mutations of splicing factor genes. Oncogene. 
2016; 35:2413–2427. https://doi.org/10.1038/onc.2015.318. 
[PubMed]

82. Nilsen TW, Graveley BR. Expansion of the eukaryotic 
proteome by alternative splicing. Nature. 2010; 463:457–
463. https://doi.org/10.1038/nature08909. [PubMed]

83. Anido J, Scaltriti M, Bech Serra JJ, Santiago Josefat B, 
Todo FR, Baselga J, Arribas J. Biosynthesis of tumorigenic 
HER2 C-terminal fragments by alternative initiation of 
translation. EMBO J. 2006; 25:3234–3244. https://doi.
org/10.1038/sj.emboj.7601191. [PubMed]

84. Alajati A, Sausgruber N, Aceto N, Duss S, Sarret S, 
Voshol H, Bonenfant D, Bentires-Alj M. Mammary Tumor 
Formation and Metastasis Evoked by a HER2 Splice 
Variant. Cancer Res. 2013; 73:5320–5327. https://doi.
org/10.1158/0008-5472.CAN-12-3186. [PubMed]

85. Castiglioni F, Tagliabue E, Campiglio M, Pupa SM, Balsari 
A, Ménard S. Role of exon-16-deleted HER2 in breast 
carcinomas. Endocr Relat Cancer. 2006; 13:221–232. 
https://doi.org/10.1677/erc.1.01047. [PubMed]

86. Marchini C, Gabrielli F, Iezzi M, Zenobi S, Montani M, 
Pietrella L, Kalogris C, Rossini A, Ciravolo V, Castagnoli 
L, Tagliabue E, Pupa SM, Musiani P, et al. The Human 
Splice Variant Δ 16HER2 Induces Rapid Tumor Onset in 
a Reporter Transgenic Mouse. PLoS One. 2011; 6:e18727. 
https://doi.org/10.1371/journal.pone.0018727. [PubMed]

87. Turpin J, Ling C, Crosby EJ, Hartman ZC, Simond AM, 
Chodosh LA, Rennhack JP, Andrechek ER, Ozcelik J, 
Hallett M, Mills GB, Cardiff RD, Gray JW, et al. The 
ErbB2ΔEx16 splice variant is a major oncogenic driver 
in breast cancer that promotes a pro-metastatic tumor 
microenvironment. Oncogene. 2016; 35:6053–6064. https://
doi.org/10.1038/onc.2016.129. [PubMed]

88. Gautrey H, Jackson C, Dittrich AL, Browell D, Lennard T, 
Tyson-Capper A. SRSF3 and hnRNP H1 regulate a splicing 
hotspot of HER2 in breast cancer cells. RNA Biol. 2015; 
12:1139–1151. https://doi.org/10.1080/15476286.2015.107
6610. [PubMed]

89. Palladini A, Nicoletti G, Lamolinara A, Ora D, Balboni T, 
Ianzano ML, Laranga R, Landuzzi L, Giusti V, Ceccarelli 
C, Santini D, Taffurelli M, Oto D, et al. HER2 isoforms 
co-expression differently tunes mammary tumor phenotypes 
affecting onset, vasculature and therapeutic response. 
Oncotarget. 2017; 8:54444–58. https://doi.org/10.18632/
oncotarget.17088. [PubMed]

90. Castagnoli L, Iezzi M, Ghedini GC, Ciravolo V, Marzano 
G, Lamolinara A, Zappasodi R, Gasparini P, Campiglio 
M, Amici A, Chiodoni C, Palladini A, Lollini PL, et al. 
Activated d16HER2 homodimers and src kinase mediate 

https://doi.org/10.1158/1078-0432.CCR-16-1496
https://doi.org/10.1158/1078-0432.CCR-16-1496
https://www.ncbi.nlm.nih.gov/pubmed/28053022
https://doi.org/10.1056/NEJMoa1914609
https://doi.org/10.1056/NEJMoa1914609
https://www.ncbi.nlm.nih.gov/pubmed/31825569
https://doi.org/10.1001/jamaoncol.2018.1812
https://doi.org/10.1001/jamaoncol.2018.1812
https://www.ncbi.nlm.nih.gov/pubmed/29955792
https://doi.org/10.1016/S0140-6736(13)61094-6
https://www.ncbi.nlm.nih.gov/pubmed/23871490
https://doi.org/10.1007/s12609-018-0290-y
https://doi.org/10.1074/jbc.M110.206193
https://doi.org/10.1074/jbc.M110.206193
https://www.ncbi.nlm.nih.gov/pubmed/21454582
https://doi.org/10.1186/s12864-016-2521-9
https://doi.org/10.1186/s12864-016-2521-9
https://www.ncbi.nlm.nih.gov/pubmed/26939613
https://doi.org/10.1093/jmcb/mjv027
https://www.ncbi.nlm.nih.gov/pubmed/25948865
https://doi.org/10.1186/s13073-015-0168-9
https://www.ncbi.nlm.nih.gov/pubmed/26113877
https://doi.org/10.1155/2013/973584
https://www.ncbi.nlm.nih.gov/pubmed/23935627
https://doi.org/10.4081/jnai.2011.2454
https://doi.org/10.4081/jnai.2011.2454
https://doi.org/10.1038/onc.2015.318
https://www.ncbi.nlm.nih.gov/pubmed/26300000
https://doi.org/10.1038/nature08909
https://www.ncbi.nlm.nih.gov/pubmed/20110989
https://doi.org/10.1038/sj.emboj.7601191
https://doi.org/10.1038/sj.emboj.7601191
https://www.ncbi.nlm.nih.gov/pubmed/16794579
https://doi.org/10.1158/0008-5472.CAN-12-3186
https://doi.org/10.1158/0008-5472.CAN-12-3186
https://www.ncbi.nlm.nih.gov/pubmed/23867476
https://doi.org/10.1677/erc.1.01047
https://www.ncbi.nlm.nih.gov/pubmed/16601290
https://doi.org/10.1371/journal.pone.0018727
https://www.ncbi.nlm.nih.gov/pubmed/21559085
https://doi.org/10.1038/onc.2016.129
https://doi.org/10.1038/onc.2016.129
https://www.ncbi.nlm.nih.gov/pubmed/27157621
https://doi.org/10.1080/15476286.2015.1076610
https://doi.org/10.1080/15476286.2015.1076610
https://www.ncbi.nlm.nih.gov/pubmed/26367347
https://doi.org/10.18632/oncotarget.17088
https://doi.org/10.18632/oncotarget.17088
https://www.ncbi.nlm.nih.gov/pubmed/28903354


Oncotarget4354www.oncotarget.com

optimal efficacy for trastuzumab. Cancer Res. 2014; 
74:6248–6259. https://doi.org/10.1158/0008-5472.CAN-
14-0983. [PubMed]

 91. Castagnoli L, Ghedini GC, Koschorke A, Triulzi T, Dugo 
M, Gasparini P, Casalini P, Palladini A, Iezzi M, Lamolinara 
A, Lollini PL, Nanni P, Chiodoni C, et al. Pathobiological 
implications of the d16HER2 splice variant for stemness 
and aggressiveness of HER2-positive breast cancer. 
Oncogene. 2017; 36:1721–1732. https://doi.org/10.1038/
onc.2016.338. [PubMed]

 92. Mitra D, Brumlik MJ, Okamgba SU, Zhu Y, Duplessis TT, 
Parvani JG, Lesko SM, Brogi E, Jones FE. An oncogenic 
isoform of HER2 associated with locally disseminated breast 
cancer and trastuzumab resistance. Mol Cancer Ther. 2009; 
8:2152–62. https://doi.org/10.1158/1535-7163.MCT-09-
0295. [PubMed]

 93. Tilio M, Gambini V, Wang J, Garulli C, Kalogris C, 
Andreani C, Bartolacci C, Elexpuru Zabaleta M, Pietrella 
L, Hysi A, Iezzi M, Belletti B, Orlando F, et al. Irreversible 
inhibition of ∆16HER2 is necessary to suppress ∆16HER2-
positive breast carcinomas resistant to Lapatinib. 
Cancer Lett. 2016; 381:76–84. https://doi.org/10.1016/j.
canlet.2016.07.028. [PubMed]

 94. Shamieh LS, Evans AJ, Denton MC, Clinton GM. Receptor 
binding specificities of Herstatin and its intron 8-encoded 
domain. FEBS Lett. 2004; 568:163–166. https://doi.
org/10.1016/j.febslet.2004.05.027. [PubMed]

 95. Doherty JK, Bond C, Jardim A, Adelman JP, Clinton GM. 
The HER-2neu receptor tyrosine kinase gene encodes a 
secreted autoinhibitor. Proc Natl Acad Sci U S A. 1999; 
96:10869–74. https://doi.org/10.1073/pnas.96.19.10869.

 96. Koletsa T, Kostopoulos I, Charalambous E, Christoforidou 
B, Nenopoulou E, Kotoula V. A Splice Variant of 
HER2 Corresponding to Herstatin Is Expressed in the 
Noncancerous Breast and in Breast Carcinomas. Neoplasia. 
2008; 10:687–696. https://doi.org/10.1593/neo.08314. 
[PubMed]

 97. Hu P, Feng J, Zhou T, Wang J, Jing B, Yu M, Hu M, Zhang 
X, Shen B, Guo N. In vivo identification of the interaction 
site of ErbB2 extracellular domain with its autoinhibitor. 
J Cell Physiol. 2005; 205:335–43. https://doi.org/10.1002/
jcp.20409. [PubMed]

 98. Azios NG, Romero FJ, Denton MC, Doherty JK, Clinton 
GM. Expression of herstatin, an autoinhibitor of HER-2/neu, 
inhibits transactivation of HER-3 by HER-2 and blocks EGF 
activation of the EGF receptor. Oncogene. 2001; 20:5199–
5209. https://doi.org/10.1038/sj.onc.1204555. [PubMed]

 99. Justman QA, Clinton GM. Herstatin, an autoinhibitor of the 
human epidermal growth factor receptor 2 tyrosine kinase, 
modulates epidermal growth factor signaling pathways 
resulting in growth arrest. J Biol Chem. 2002; 227:20618–
20624. https://doi.org/10.1074/jbc.M111359200. [PubMed]

100. Scott GK, Robles R, Park JW, Montgomery PA, Daniel J, 
Holmes WE, Lee J, Keller GA, Li WL, Fendly BM, Wood 
WI, Shepard HM. A Truncated Intracellular HER2/neu 

Receptor Produced by Alternative RNA Processing Affects 
Growth of Human Carcinoma Cells. Mol Cell Biol. 1993; 
13:2247–57. [PubMed]

101. Aigner A, Juhl H, Malerczyk C, Tkybusch A, Benz CC, 
Czubayko F. Expression of a truncated 100 kDa HER2 
splice variant acts as an endogenous inhibitor of tumour 
cell proliferation. Oncogene. 2001; 20:2101–11. https://doi.
org/10.1038/sj.onc.1204305. [PubMed]

102. Parra-Palau JL, Pedersen K, Peg V, Scaltriti M, Angelini 
PD, Escorihuela M, Mancilla S, Sánchez Pla A, Ramón 
Y. Cajal S, Baselga J, Arribas J. A major role of p95/611-
CTF, a carboxy-terminal fragment of HER2, in the down-
modulation of the estrogen receptor in HER2-positive 
breast cancers. Cancer Res. 2010; 70:8537–8546. https://
doi.org/10.1158/0008-5472.CAN-10-1701. [PubMed]

103. Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas 
J, Baselga J. Trastuzumab (Herceptin), a humanized anti-
HER2 receptor monoclonal antibody, inhibits basal and 
activated HER2 ectodomain cleavage in breast cancer cells. 
Cancer Res. 2001; 61:4744–4749. [PubMed]

104. Pedersen K, Angelini PD, Laos S, Bach-Faig A, 
Cunningham MP, Ferrer-Ramon C, Luque-Garcia A, 
Garcia-Castillo J, Parra-Palau JL, Scaltriti M, Cajal SR, 
Baselga J, Arribas J. A Naturally Occurring HER2 Carboxy-
Terminal Fragment Promotes Mammary Tumor Growth and 
Metastasis. Mol Cell Biol. 2009; 29:3319–3331. https://doi.
org/10.1128/mcb.01803-08. [PubMed]

105. Scaltriti M, Rojo F, Ocaña A, Anido J, Guzman M, Cortes 
J, Di Cosimo S, Matias-Guiu X, Ramon y Cajal S, Arribas 
J, Baselga J. Expression of p95HER2, a truncated form of 
the HER2 receptor, and response to anti-HER2 therapies in 
breast cancer. J Natl Cancer Inst. 2007; 99:628–38. https://
doi.org/10.1093/jnci/djk134. [PubMed]

106. García-Castillo J, Pedersen K, Angelini PD, Bech-Serra 
JJ, Colomé N, Cunningham MP, Parra-Palau JL, Canals F, 
Baselga J, Arribas J. HER2 carboxyl-terminal fragments 
regulate cell migration and cortactin phosphorylation. J Biol 
Chem. 2009; 284:25302–25313. https://doi.org/10.1074/jbc.
M109.001982. [PubMed]

107. Guarneri V, Dieci MV, Frassoldati A, Maiorana A, Ficarra G, 
Bettelli S, Tagliafico E, Bicciato S, Generali DG, Cagossi K, 
Bisagni G, Sarti S, Musolino A, et al. Prospective Biomarker 
Analysis of the Randomized CHER-LOB Study Evaluating the 
Dual Anti-HER2 Treatment With Trastuzumab and Lapatinib 
Plus Chemotherapy as Neoadjuvant Therapy for HER2-
Positive Breast Cancer. Oncologist. 2015; 20:1001–1010. 
https://doi.org/10.1634/theoncologist.2015-0138. [PubMed]

108. Sperinde J, Jin X, Banerjee J, Penuel E, Saha A, Diedrich 
G, Huang W, Leitzel K, Weidler J, Ali SM, Fuchs EM, 
Singer CF, Köstler WJ, et al. Quantitation of p95HER2 
in paraffin sections by using a p95-specific antibody and 
correlation with outcome in a cohort of trastuzumab-treated 
breast cancer patients. Clin Cancer Res. 2010; 16:4226–
4235. https://doi.org/10.1158/1078-0432.CCR-10-0410. 
[PubMed]

https://doi.org/10.1158/0008-5472.CAN-14-0983
https://doi.org/10.1158/0008-5472.CAN-14-0983
https://www.ncbi.nlm.nih.gov/pubmed/25164009
https://doi.org/10.1038/onc.2016.338
https://doi.org/10.1038/onc.2016.338
https://www.ncbi.nlm.nih.gov/pubmed/27641338
https://doi.org/10.1158/1535-7163.MCT-09-0295
https://doi.org/10.1158/1535-7163.MCT-09-0295
https://www.ncbi.nlm.nih.gov/pubmed/19671734
https://doi.org/10.1016/j.canlet.2016.07.028
https://doi.org/10.1016/j.canlet.2016.07.028
https://www.ncbi.nlm.nih.gov/pubmed/27475932
https://doi.org/10.1016/j.febslet.2004.05.027
https://doi.org/10.1016/j.febslet.2004.05.027
https://www.ncbi.nlm.nih.gov/pubmed/15196940
https://doi.org/10.1073/pnas.96.19.10869
https://doi.org/10.1593/neo.08314
https://www.ncbi.nlm.nih.gov/pubmed/18592003
https://doi.org/10.1002/jcp.20409
https://doi.org/10.1002/jcp.20409
https://www.ncbi.nlm.nih.gov/pubmed/15920761
https://doi.org/10.1038/sj.onc.1204555
https://www.ncbi.nlm.nih.gov/pubmed/11526509
https://doi.org/10.1074/jbc.M111359200
https://www.ncbi.nlm.nih.gov/pubmed/11934884
https://www.ncbi.nlm.nih.gov/pubmed/8096058
https://doi.org/10.1038/sj.onc.1204305
https://doi.org/10.1038/sj.onc.1204305
https://www.ncbi.nlm.nih.gov/pubmed/11360194
https://doi.org/10.1158/0008-5472.CAN-10-1701
https://doi.org/10.1158/0008-5472.CAN-10-1701
https://www.ncbi.nlm.nih.gov/pubmed/20978202
https://www.ncbi.nlm.nih.gov/pubmed/11406546
https://doi.org/10.1128/mcb.01803-08
https://doi.org/10.1128/mcb.01803-08
https://www.ncbi.nlm.nih.gov/pubmed/19364815
https://doi.org/10.1093/jnci/djk134
https://doi.org/10.1093/jnci/djk134
https://www.ncbi.nlm.nih.gov/pubmed/17440164
https://doi.org/10.1074/jbc.M109.001982
https://doi.org/10.1074/jbc.M109.001982
https://www.ncbi.nlm.nih.gov/pubmed/19589785
https://doi.org/10.1634/theoncologist.2015-0138
https://www.ncbi.nlm.nih.gov/pubmed/26245675
https://doi.org/10.1158/1078-0432.CCR-10-0410
https://www.ncbi.nlm.nih.gov/pubmed/20664024


Oncotarget4355www.oncotarget.com

109. Duchnowska R, Sperinde J, Chenna A, Haddad M, Paquet 
A, Lie Y, Weidler JM, Huang W, Winslow J, Jankowski 
T, Czartoryska-Arlukowicz B, Wysocki PJ, Foszczynska-
Ktoda M, et al. Quantitative measurements of tumoral 
p95HER2 protein expression in metastatic breast cancer 
patients treated with trastuzumab: Independent validation 
of the p95HER2 clinical cutoff. Clin Cancer Res. 2014; 
20:2805–2813. https://doi.org/10.1158/1078-0432.CCR-
13-2782. [PubMed]

110. Volpi CC, Pietrantonio F, Gloghini A, Fucà G, Giordano 
S, Corso S, Pruneri G, Antista M, Cremolini C, Fasano E, 
Saggio S, Faraci S, Di Bartolomeo M, et al. The landscape 
of d16HER2 splice variant expression across HER2-positive 
cancers. Sci Rep. 2019; 9:3545. https://doi.org/10.1038/
s41598-019-40310-5. [PubMed]

111. Silipo M, Gautrey H, Satam S, Lennard T, Tyson-Capper A. 
How is Herstatin, a tumor suppressor splice variant of the 
oncogene HER2, regulated? RNA Biol. 2017; 14:536–543. 
https://doi.org/10.1080/15476286.2016.1267074. [PubMed]

112. Menendez JA, Schroeder B, Peirce SK, Vellon L, 
Papadimitropoulou A, Espinoza I, Lupu R. Blockade of 
a key region in the extracellular domain inhibits HER2 
dimerization and signaling. J Natl Cancer Inst. 2015; 
107:djv090. https://doi.org/10.1093/jnci/djv090. [PubMed]

113. Ruiz-Saenz A, Dreyer C, Campbell MR, Steri V, Gulizia 
N, Moasser MM. HER2 amplification in tumors activates 
PI3K/Akt signaling independent of HER3. Cancer Res. 
2018; 78:3645–3658. https://doi.org/10.1158/0008-5472.
CAN-18-0430. [PubMed]

114. Singh B, Carpenter G, Coffey RJ. EGF receptor ligands: 
recent advances. F1000Res. 2016; 5:F1000 Faculty Rev-
2270. https://doi.org/10.12688/f1000research.9025.1. 
[PubMed]

115. Muthuswamy SK, Gilman M, Brugge JS. Controlled 
Dimerization of ErbB Receptors Provides Evidence for 
Differential Signaling by Homo- and Heterodimers. Mol 
Cell Biol. 1999; 19:6845–6857. https://doi.org/10.1128/
mcb.19.10.6845. [PubMed]

116. Dittrich A, Gautrey H, Browell D, Tyson-Capper A. The 
HER2 Signaling Network in Breast Cancer—Like a Spider 
in its Web. J Mammary Gland Biol Neoplasia. 2014; 19:253–
70. https://doi.org/10.1007/s10911-014-9329-5. [PubMed]

117. Burke CL, Stern DF. Activation of Neu (ErbB-2) Mediated 
by Disulfide Bond-Induced Dimerization Reveals a 
Receptor Tyrosine Kinase Dimer Interface. Mol Cell 
Biol. 1998; 18:5371–5379. https://doi.org/10.1128/
MCB.18.9.5371. [PubMed]

118. Maruyama I. Mechanisms of Activation of Receptor 
Tyrosine Kinases: Monomers or Dimers. Cells. 2014; 
3:304–330. https://doi.org/10.3390/cells3020304. [PubMed]

119. Ocana A, Gil-Martin M, Martín M, Rojo F, Antolín S, 
Guerrero Á, Trigo JM, Muñoz M, Pandiella A, Diego NG, 
Bezares S, Caballero R, Carrasco E, et al. A phase I study 
of the SRC kinase inhibitor dasatinib with trastuzumab 
and paclitaxel as first line therapy for patients with HER2-

overexpressing advanced breast cancer. GEICAM/2010-04 
study. Oncotarget. 2017; 8:73144–73153. https://doi.
org/10.18632/oncotarget.17113. [PubMed]

120. Rexer BN, Ham AJ, Rinehart C, Hill S, Granja-Ingram NM, 
González-Angulo AM, Mills GB, Dave B, Chang JC, Liebler 
DC, Arteaga CL. Phosphoproteomic mass spectrometry 
profiling links Src family kinases to escape from HER2 
tyrosine kinase inhibition. Oncogene. 2011; 30:4163–73. 
https://doi.org/10.1038/onc.2011.130. [PubMed]

121. Ogitani Y, Aida T, Hagihara K, Yamaguchi J, Ishii C, 
Harada N, Soma M, Okamoto H, Oitate M, Arakawa S, 
Hirai T, Atsumi R, Nakada T, et al. DS-8201a, a novel 
HER2-targeting ADC with a novel DNA topoisomerase 
I inhibitor, demonstrates a promising antitumor efficacy 
with differentiation from T-DM1. Clin Cancer Res. 2016; 
22:5097–5108. https://doi.org/10.1158/1078-0432.CCR-15-
2822. [PubMed]

122. Cossetti RJD, Tyldesley SK, Speers CH, Zheng Y, Gelmon 
KA. Comparison of breast cancer recurrence and outcome 
patterns between patients treated from 1986 to 1992 and 
from 2004 to 2008. J Clin Oncol. 2015; 33:65–73 . https://
doi.org/10.1200/jco.2014.32.15_suppl.521. [PubMed]

123. Sato Y, Yashiro M, Takakura N. Heregulin induces 
resistance to lapatinib-mediated growth inhibition of HER2-
amplified cancer cells. Cancer Sci. 2013; 104:1618–1625. 
https://doi.org/10.1111/cas.12290. [PubMed]

124. André F, O’Regan R, Ozguroglu M, Toi M, Xu B, 
Jerusalem G, Masuda N, Wilks S, Arena F, Isaacs C, Yap 
YS, Papai Z, Lang I, et al. Everolimus for women with 
trastuzumab-resistant, HER2-positive, advanced breast 
cancer (BOLERO-3): A randomised, double-blind, placebo-
controlled phase 3 trial. Lancet Oncol. 2014; 15:580–591. 
https://doi.org/10.1016/S1470-2045(14)70138-X. [PubMed]

125. Berns K, Horlings HM, Hennessy BT, Madiredjo M, 
Hijmans EM, Beelen K, Linn SC, Gonzalez-Angulo 
AM, Stemke-Hale K, Hauptmann M, Beijersbergen RL, 
Mills GB, van de Vijver MJ, Bernards R. A Functional 
Genetic Approach Identifies the PI3K Pathway as a Major 
Determinant of Trastuzumab Resistance in Breast Cancer. 
Cancer Cell. 2007; 12:395–402. https://doi.org/10.1016/j.
ccr.2007.08.030. [PubMed]

126. Pang B, Cheng S, Sun SP, An C, Liu ZY, Feng X, Liu GJ. 
Prognostic role of PIK3CA mutations and their association 
with hormone receptor expression in breast cancer: A meta-
analysis. Sci Rep. 2014; 4:6255. https://doi.org/10.1038/
srep06255. [PubMed]

127. Hanker AB, Pfefferle AD, Balko JM, Kuba MG, Young 
CD, Sánchez V, Sutton CR, Cheng H, Perou CM, Zhao JJ, 
Cook RS, Arteaga CL. Mutant PIK3CA accelerates HER2-
driven transgenic mammary tumors and induces resistance 
to combinations of anti-HER2 therapies. Proc Natl Acad Sci 
U S A. 2013; 110:14372–14377. https://doi.org/10.1073/
pnas.1303204110. [PubMed]

128. Jain S, Shah AN, Santa-Maria CA, Siziopikou K, 
Rademaker A, Helenowski I, Cristofanilli M, Gradishar 

https://doi.org/10.1158/1078-0432.CCR-13-2782
https://doi.org/10.1158/1078-0432.CCR-13-2782
https://www.ncbi.nlm.nih.gov/pubmed/24668646
https://doi.org/10.1038/s41598-019-40310-5
https://doi.org/10.1038/s41598-019-40310-5
https://www.ncbi.nlm.nih.gov/pubmed/30837627
https://doi.org/10.1080/15476286.2016.1267074
https://www.ncbi.nlm.nih.gov/pubmed/27935425
https://doi.org/10.1093/jnci/djv090
https://www.ncbi.nlm.nih.gov/pubmed/25888715
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://doi.org/10.1158/0008-5472.CAN-18-0430
https://www.ncbi.nlm.nih.gov/pubmed/29760043
https://doi.org/10.12688/f1000research.9025.1
https://www.ncbi.nlm.nih.gov/pubmed/27635238
https://doi.org/10.1128/mcb.19.10.6845
https://doi.org/10.1128/mcb.19.10.6845
https://www.ncbi.nlm.nih.gov/pubmed/10490623
https://doi.org/10.1007/s10911-014-9329-5
https://www.ncbi.nlm.nih.gov/pubmed/25544707
https://doi.org/10.1128/MCB.18.9.5371
https://doi.org/10.1128/MCB.18.9.5371
https://www.ncbi.nlm.nih.gov/pubmed/9710621
https://doi.org/10.3390/cells3020304
https://www.ncbi.nlm.nih.gov/pubmed/24758840
https://doi.org/10.18632/oncotarget.17113
https://doi.org/10.18632/oncotarget.17113
https://www.ncbi.nlm.nih.gov/pubmed/29069857
https://doi.org/10.1038/onc.2011.130
https://www.ncbi.nlm.nih.gov/pubmed/21499296
https://doi.org/10.1158/1078-0432.CCR-15-2822
https://doi.org/10.1158/1078-0432.CCR-15-2822
https://www.ncbi.nlm.nih.gov/pubmed/27026201
https://doi.org/10.1200/jco.2014.32.15_suppl.521
https://doi.org/10.1200/jco.2014.32.15_suppl.521
https://www.ncbi.nlm.nih.gov/pubmed/25422485
https://doi.org/10.1111/cas.12290
https://www.ncbi.nlm.nih.gov/pubmed/24112719
https://doi.org/10.1016/S1470-2045(14)70138-X
https://www.ncbi.nlm.nih.gov/pubmed/24742739
https://doi.org/10.1016/j.ccr.2007.08.030
https://doi.org/10.1016/j.ccr.2007.08.030
https://www.ncbi.nlm.nih.gov/pubmed/17936563
https://doi.org/10.1038/srep06255
https://doi.org/10.1038/srep06255
https://www.ncbi.nlm.nih.gov/pubmed/25176561
https://doi.org/10.1073/pnas.1303204110
https://doi.org/10.1073/pnas.1303204110
https://www.ncbi.nlm.nih.gov/pubmed/23940356


Oncotarget4356www.oncotarget.com

WJ. Phase I study of alpelisib (BYL-719) and trastuzumab 
emtansine (T-DM1) in HER2-positive metastatic breast 
cancer (MBC) after trastuzumab and taxane therapy. 
Breast Cancer Res Treat. 2018; 171:371–81. https://doi.
org/10.1007/s10549-018-4792-0. [PubMed]

129. Nagata Y, Lan KH, Zhou X, Tan M, Esteva FJ, Sahin AA, 
Klos KS, Li P, Monia BP, Nguyen NT, Hortobagyi GN, 
Hung MC, Yu D. PTEN activation contributes to tumor 
inhibition by trastuzumab, and loss of PTEN predicts 
trastuzumab resistance in patients. Cancer Cell. 2004; 
6:117–127. https://doi.org/10.1016/j.ccr.2004.06.022. 
[PubMed]

130. André F, Hurvitz S, Fasolo A, Tseng LM, Jerusalem G, 
Wilks S, O’Regan R, Isaacs C, Toi M, Burris H, He W, 
Robinson D, Riester M, et al. Molecular alterations and 
everolimus efficacy in human epidermal growth factor 
receptor 2-overexpressing metastatic breast cancers: 
Combined exploratory biomarker analysis from BOLERO-1 
and BOLERO-3. J Clin Oncol. 2016; 34:2115–2124. https://
doi.org/10.1200/JCO.2015.63.9161. [PubMed]

131. Mezni E, Vicier C, Guerin M, Sabatier R, Bertucci F, 
Gonçalves A. New therapeutics in HER2-positive advanced 
breast cancer: Towards a change in clinical practices?pi. 
Cancers (Basel). 2020; 12:1573. https://doi.org/10.3390/
cancers12061573. [PubMed]

132. Freitag CE, Mei P, Wei L, Parwani AV, Li Z. Genetic 
alterations and their association with clinicopathologic 
characteristics in advanced breast carcinomas: focusing 
on clinically actionable genetic alterations. Hum 
Pathol. 2020; 102:94–103. https://doi.org/10.1016/j.
humpath.2020.05.005. [PubMed]

133. Gasco M, Shami S, Crook T. The p53 pathway in breast 
cancer. Breast Cancer Res. 2002; 4:70–76. https://doi.
org/10.1186/bcr426. [PubMed]

134. Patnaik A, Rosen LS, Tolaney SM, Tolcher AW, Goldman 
JW, Gandhi L, Papadopoulos KP, Beeram M, Rasco DW, 
Hilton JF, Nasir A, Beckmann RP, Schade AE, et al. 
Efficacy and safety of Abemaciclib, an inhibitor of CDK4 
and CDK6, for patients with breast cancer, non–small cell 
lung cancer, and other solid tumors. Cancer Discov. 2016; 
6:740–753. https://doi.org/10.1158/2159-8290.CD-16-0095. 
[PubMed]

135. Omarini C, Bettelli S, Manfredini S, Barbolini M, Isca C, 
Cortesi G, Maiorana A, Tazzioli G, Dominici M, Piacentini 
F. Modulation of Mutational Landscape in HER2-Positive 
Breast Cancer after Neoadjuvant Chemotherapy. Transl 
Oncol. 2020; 13:100794. https://doi.org/10.1016/j.
tranon.2020.100794. [PubMed]

136. Gyorffy B, Bottai G, Lehmann-Che J, Kéri G, Orfi L, 
Iwamoto T, Desmedt C, Bianchini G, Turner NC, de Thè H, 
André F, Sotiriou C, Hortobagyi GN, et al. TP53 mutation-
correlated genes predict the risk of tumor relapse and 
identify MPS1 as a potential therapeutic kinase in TP53-
mutated breast cancers. Mol Oncol. 2014; 8:508–519. 
https://doi.org/10.1016/j.molonc.2013.12.018. [PubMed]

137. Finn RS, Dering J, Conklin D, Kalous O, Cohen DJ, Desai 
AJ, Ginther C, Atefi M, Chen I, Fowst C, Los G, Slamon 
DJ. PD 0332991, a selective cyclin D kinase 4/6 inhibitor, 
preferentially inhibits proliferation of luminal estrogen 
receptor-positive human breast cancer cell lines in vitro. 
Breast Cancer Res. 2009; 11:R77. https://doi.org/10.1186/
bcr2419. [PubMed]

138. O’Brien N, Conklin D, Beckmann R, Luo T, Chau K, 
Thomas J, Mc Nulty A, Marchal C, Kalous O, Von Euw E, 
Hurvitz S, Mockbee C, Slamon DJ. Preclinical activity of 
abemaciclib alone or in combination with antimitotic and 
targeted therapies in breast cancer. Mol Cancer Ther. 2018; 
17:897–907. https://doi.org/10.1158/1535-7163.MCT-17-
0290. [PubMed]

139. Tolaney SM, Wardley AM, Zambelli S, Hilton JF, Troso-
Sandoval TA, Ricci F, Im SA, Kim SB, Johnston SR, Chan 
A, Goel S, Catron K, Chapman SC, et al. Abemaciclib 
plus trastuzumab with or without fulvestrant versus 
trastuzumab plus standard-of-care chemotherapy in women 
with hormone receptor-positive, HER2-positive advanced 
breast cancer (monarcHER): a randomised, open-label, 
phase 2 trial. Lancet Oncol. 2020; 21:763–775. https://doi.
org/10.1016/S1470-2045(20)30112-1. [PubMed]

140. Kenn M, Schlangen K, Castillo-Tong DC, Singer CF, 
Cibena M, Koelbl H, Schreiner W. Gene expression 
information improves reliability of receptor status in breast 
cancer patients. Oncotarget. 2017; 8:77341–77359. https://
doi.org/10.18632/oncotarget.20474. [PubMed]

141. Duffy MJ, O’Donovan N, McDermott E, Crown J. Validated 
biomarkers: The key to precision treatment in patients 
with breast cancer. Breast. 2016; 29:192–201. https://doi.
org/10.1016/j.breast.2016.07.009. [PubMed]

142. Krop I, Ismaila N, Andre F, Bast RC, Barlow W, Collyar 
DE, Hammond ME, Kuderer NM, Liu MC, Mennel RG, 
Van Poznak C, Wolff AC, Stearns V. Use of Biomarkers to 
Guide Decisions on Adjuvant Systemic Therapy for Women 
With Early-Stage Invasive Breast Cancer: American Society 
of Clinical Oncology Clinical Practice Guideline Focused 
Update Ian. J Clin Oncol. 2017; 35:2838–2847. https://doi.
org/10.1200/JCO.2017.74.0472. [PubMed]

143. Stewart JP, Richman S, Maughan T, Lawler M, Dunne 
PD, Salto-Tellez M. Standardising RNA profiling based 
biomarker application in cancer—The need for robust 
control of technical variables. Biochim Biophys Acta Rev 
Cancer. 2017; 1868:258–272. https://doi.org/10.1016/j.
bbcan.2017.05.005. [PubMed]

144. Panis C, Pizzatti L, Corrêa S, Binato R, Lemos GF, da Silva 
do Amaral Herrera AC, Seixas TF, Cecchini R, Abdelhay E. 
The positive is inside the negative: HER2-negative tumors 
can express the HER2 intracellular domain and present a 
HER2-positive phenotype. Cancer Lett. 2015; 357:186–
195. https://doi.org/10.1016/j.canlet.2014.11.029. [PubMed]

145. Carvajal-Hausdorf DE, Schalper KA, Pusztai L, Psyrri 
A, Kalogeras KT, Kotoula V, Fountzilas G, Rimm DL. 
Measurement of Domain-Specific HER2 (ERBB2) 

https://doi.org/10.1007/s10549-018-4792-0
https://doi.org/10.1007/s10549-018-4792-0
https://www.ncbi.nlm.nih.gov/pubmed/29850984
https://doi.org/10.1016/j.ccr.2004.06.022
https://www.ncbi.nlm.nih.gov/pubmed/15324695
https://doi.org/10.1200/JCO.2015.63.9161
https://doi.org/10.1200/JCO.2015.63.9161
https://www.ncbi.nlm.nih.gov/pubmed/27091708
https://doi.org/10.3390/cancers12061573
https://doi.org/10.3390/cancers12061573
https://www.ncbi.nlm.nih.gov/pubmed/32545895
https://doi.org/10.1016/j.humpath.2020.05.005
https://doi.org/10.1016/j.humpath.2020.05.005
https://www.ncbi.nlm.nih.gov/pubmed/32445652
https://doi.org/10.1186/bcr426
https://doi.org/10.1186/bcr426
https://www.ncbi.nlm.nih.gov/pubmed/11879567
https://doi.org/10.1158/2159-8290.CD-16-0095
https://www.ncbi.nlm.nih.gov/pubmed/27217383
https://doi.org/10.1016/j.tranon.2020.100794
https://doi.org/10.1016/j.tranon.2020.100794
https://www.ncbi.nlm.nih.gov/pubmed/32485588
https://doi.org/10.1016/j.molonc.2013.12.018
https://www.ncbi.nlm.nih.gov/pubmed/24462521
https://doi.org/10.1186/bcr2419
https://doi.org/10.1186/bcr2419
https://www.ncbi.nlm.nih.gov/pubmed/19874578
https://doi.org/10.1158/1535-7163.MCT-17-0290
https://doi.org/10.1158/1535-7163.MCT-17-0290
https://www.ncbi.nlm.nih.gov/pubmed/29483214
https://doi.org/10.1016/S1470-2045(20)30112-1
https://doi.org/10.1016/S1470-2045(20)30112-1
https://www.ncbi.nlm.nih.gov/pubmed/32353342
https://doi.org/10.18632/oncotarget.20474
https://doi.org/10.18632/oncotarget.20474
https://www.ncbi.nlm.nih.gov/pubmed/29100391
https://doi.org/10.1016/j.breast.2016.07.009
https://doi.org/10.1016/j.breast.2016.07.009
https://www.ncbi.nlm.nih.gov/pubmed/27521224
https://doi.org/10.1200/JCO.2017.74.0472
https://doi.org/10.1200/JCO.2017.74.0472
https://www.ncbi.nlm.nih.gov/pubmed/28692382
https://doi.org/10.1016/j.bbcan.2017.05.005
https://doi.org/10.1016/j.bbcan.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28549623
https://doi.org/10.1016/j.canlet.2014.11.029
https://www.ncbi.nlm.nih.gov/pubmed/25434795


Oncotarget4357www.oncotarget.com

Expression May Classify Benefit From Trastuzumab in 
Breast Cancer. J Natl Cancer Inst. 2015; 107:djv136. https://
doi.org/10.1093/jnci/djv136. [PubMed]

146. Krüger JM, Thomas M, Korn R, Dietmann G, Rutz 
C, Brockhoff G, Specht K, Hasmann M, Feuerhake 
F. Detection of truncated HER2 forms in formalin-
fixed, paraffin-embedded breast cancer tissue captures 
heterogeneity and is not affected by HER2-targeted therapy. 
Am J Pathol. 2013; 183:336–343. https://doi.org/10.1016/j.
ajpath.2013.04.010. [PubMed]

147. Recupero D, Daniele L, Marchiò C, Molinaro L, Castellano 
I, Cassoni P, Righi A, Montemurro F, Sismondi P, Biglia 
N, Viale G, Risio M, Sapino A. Spontaneous and pronase-
induced HER2 truncation increases the trastuzumab binding 
capacity of breast cancer tissues and cell lines. J Pathol. 
2013; 229:390–399. https://doi.org/10.1002/path.4074. 
[PubMed]

148. Reix N, Malina C, Chenard MP, Bellocq JP, Delpous S, 
Molière S, Sevrin A, Neuberger K, Tomasetto C, Mathelin 
C. A prospective study to assess the clinical utility of serum 
HER2 extracellular domain in breast cancer with HER2 
overexpression. Breast Cancer Res Treat. 2016; 160:249–
259. https://doi.org/10.1007/s10549-016-4000-z. [PubMed]

149. Witzel I, Loibl S, Von Minckwitz G, Eidtmann H, Fehm 
T, Khandan F, Schmatloch S, Hauschild M, Bischoff J, 
Fasching PA, Mau C, Schem C, Rack B, et al. Predictive 
value of HER2 serum levels in patients treated with 
lapatinib or trastuzumab-a translational project in the 
neoadjuvant GeparQuinto trial. Br J Cancer. 2012; 107:956–
960. https://doi.org/10.1038/bjc.2012.353. [PubMed]

150. Cesca MG, Vian L, Cristóvão-Ferreira S, Pondé N, de 
Azambuja E. HER2-positive advanced breast cancer 
treatment in 2020. Cancer Treat Rev. 2020; 88:102033. 
https://doi.org/10.1016/j.ctrv.2020.102033. [PubMed]

https://doi.org/10.1093/jnci/djv136
https://doi.org/10.1093/jnci/djv136
https://www.ncbi.nlm.nih.gov/pubmed/25991002
https://doi.org/10.1016/j.ajpath.2013.04.010
https://doi.org/10.1016/j.ajpath.2013.04.010
https://www.ncbi.nlm.nih.gov/pubmed/23727348
https://doi.org/10.1002/path.4074
https://www.ncbi.nlm.nih.gov/pubmed/22806884
https://doi.org/10.1007/s10549-016-4000-z
https://www.ncbi.nlm.nih.gov/pubmed/27709352
https://doi.org/10.1038/bjc.2012.353
https://www.ncbi.nlm.nih.gov/pubmed/22892393
https://doi.org/10.1016/j.ctrv.2020.102033
https://www.ncbi.nlm.nih.gov/pubmed/32534233

