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Abstract
Background: Human epidermal growth factor receptor-4 (HER4) and yes-associated protein-1 
(YAP) are candidate therapeutic targets in oncology. YAP’s transcriptional coactivation function 
is modulated by the HER4 intracellular domain (HER4-ICD) in vitro, but the clinical relevance 
of this has not been established. This study investigated the potential for targeting the HER4-
YAP pathway in brain metastatic breast cancer.
Methods: We performed immuno-phenotypic profiling of pathway markers in a consecutive 
breast cancer series with 25 years of clinical follow up (n = 371), and patient-matched breast 
and metastatic brain tumours (n = 91; 30 pairs).
Results: Membrane localisation of phospho-HER4 [pHER4(Y1162)] was infrequent in primary 
breast cancer, but very frequent in brain metastases (5.9% versus 75% positive), where it was 
usually co-expressed with pHER3(Y1289) (p < 0.05). The presence of YAP in tumour cell nuclei 
was associated directly with nuclear pERK5(T218/Y210) (p = 0.003). However, relationships with 
disease-specific survival depended on oestrogen receptor (ER) status. Nuclear pYAP(S127) was 
associated with smaller, good prognostic ER+ breast tumours (log-rank hazard-ratio 0.53; 
p = 9.6E–03), but larger, poor prognostic triple-negative cancers (log-rank hazard-ratio 2.78; 
p = 1.7E–02), particularly when co-expressed with nuclear HER4-ICD (p = 0.02). This phenotype 
was associated with stemness and mitotic instability markers (vimentin, SOX9, ID1, SPAG5, 
TTK, geminin; p < 0.05). YAP expression in brain metastases was higher than matched primary 
tumours; specifically, nuclear pYAP(S127) in ER-negative cases (p < 0.05). Nuclear YAP was 
detected in ~70% of ER-negative, HER4-activated brain metastases.
Discussion: Our findings suggest that the canonical-mechanism where Hippo pathway-
mediated phosphorylation of YAP ostensibly excludes it from the nucleus is dysfunctional in 
breast cancer. The data are consistent with pYAP(S127) having independent transcriptional 
functions, which may include transducing neuregulin signals in brain metastases. 
Consistent with mechanistic studies implicating it as an ER co-factor, nuclear pYAP(S127) 
associations with breast cancer clinical outcomes were dependent on ER status. 
Conclusion: Preclinical studies investigating HER4 and nuclear YAP combination therapy 
strategies are warranted.
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Introduction
Relapse of breast cancer in the brain leads to sig-
nificant morbidity and premature death, gener-
ally within 2years of diagnosis.1 Epidemiological 
data indicate that symptomatic brain metastases 
are diagnosed in approximately 15% of metastatic 
breast cancer patients,2 but develop in as many as 
40% with disseminated disease.1,3–5 Patients with 
HER2-positive (HER2+) and triple-negative 
breast cancer (TNBC) are more likely to develop 
brain metastases than those with oestrogen recep-
tor-positive (ER+) breast cancer,6,7 indicating 
there are subtype-specific determinants of metas-
tasis to the brain. Treatment can include surgical 
resection, focused or whole-brain radiotherapy 
and chemotherapy.8 These interventions can 
improve quality-of-life and overall life expectancy 
but are rarely curative. Together with population 
ageing, better systemic cancer control and pro-
longed patient survival are likely to further elevate 
the incidence of brain-metastatic breast cancer in 
the future.9,10

There is a shortage of molecular-targeted therapeu-
tics for effective treatment of brain metastases. 
Resolving this requires a deeper understanding of 
their vulnerabilities. One approach is to identify 
molecular features that set them apart from their 
parent primary cancers, which potentially represent 
brain-specific adaptations required for outgrowth. 
Another is to identify targetable molecular altera-
tions that are frequent in brain metastases regard-
less of their status in the primary tumour, which 
may be more broadly applicable and amenable to 
drug repurposing. Analysis of patient-matched pri-
mary and metastatic tumours has been applied to 
identify candidates in both categories.11–14 For 
example, we and others showed that human epider-
mal growth factor receptors (HER) are pivotal to 
brain metastasis pathogenesis; particularly HER2 
and HER3.11,13,15,16 These receptors promote 
tumour progression through ligand-dependent acti-
vation. Abundant in the brain,17 neuregulin growth 
factors bind to HER3, resulting in dimerization, 
cross-phosphorylation and recruitment of relay 
proteins that bring about oncogenic cellular 
changes, notably including potent activation of 
PI3K.18,19 HER3 induction is one of many adapta-
tions that occur as metastatic cells opportunistically 
exploit the brain microenvironment.20–23

HER4 is also responsive to neuregulins, can 
dimerise with other HERs and is frequently acti-
vated in brain metastases.16,24 There are currently 
no specific inhibitors of HER4, but several agents 

with pan-HER activity are under clinical develop-
ment, including neratinib, afatinib, dacomitinib 
and poziotinib. Clinical evidence that HER4 
activity could be an important mediator of brain 
metastasis came from the randomised phase III 
NALA trial, which compared lapatinib (standard-
of-care inhibitor of EGFR and HER2) with ner-
atinib (inhibitor of EGFR, HER2 and HER4), 
both in combination with capecitabine, for treat-
ment of HER2+ metastatic breast cancer.25 The 
neratinib regimen doubled 12-month progres-
sion-free survival (PFS) and significantly delayed 
the time to intervention for symptomatic intracra-
nial disease. Based on these findings, the United 
States Food and Drug Administration (FDA) 
approved neratinib for patients with treatment-
refractory, metastatic HER2+ breast cancer.26 
The potential for delaying intracranial disease in 
clinically HER2-negative breast cancer has not 
yet been established.

Apart from canonical receptor tyrosine kinase 
(RTK) activity, ligand-activated HER4 also 
undergoes juxta- and intra-membrane proteoly-
sis, releasing a C-terminal intracellular domain 
(HER4-ICD) that can translocate to the nucleus. 
In the mammary gland, HER4-ICD transcrip-
tional coactivation of STAT5A is essential for 
normal lobuloalveolar development, epithelial dif-
ferentiation and milk production.27,28 In breast 
cancer, it is reportedly an ER cofactor associated 
with poor prognosis in ER+ disease,29 but results 
have been mixed, with a literature meta-analysis 
finding no overall relationship with survival.30 A 
direct interaction between HER4-ICD and the 
oncogenic transcription coactivator, YAP (yes-
associated protein), has been identified in breast 
tumour cell line nuclei: HER4-ICD directly 
induced YAP-regulated genes and pro-metastatic 
cell behaviour in vitro,31,32 but the clinical rele-
vance of this interaction has not been established.

Recently implicated in brain metastatic out-
growth in a mouse model of metastatic lung can-
cer as well as in human lung-brain metastasis,33,34 
YAP is a transcriptional coactivator of the TEAD 
family of transcription factors. Collectively they 
regulate proliferation, cell fate and survival, with 
a large body of evidence now pointing to a role 
in microenvironment recognition.35,36 YAP-
TEAD complexes are opposed by the Salvador-
Warts-Hippo (‘Hippo’) pathway, which serves 
the evolutionarily conserved purpose of main-
taining equilibrium according to tissue growth 
and cellular density cues. Hippo pathway kinases 
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LATS1/2 phosphorylate YAP on five conserved 
HXRXXS motifs, including one at serine-127 
[pYAP(S127)] that mechanistic studies indicate 
is necessary for 14-3-3 binding and cytosolic 
retention, ultimately leading to proteolysis.37 
YAP and its close paralog TAZ are dysregulated 
in a variety of cancers, with disconnection from 
Hippo pathway control critical for bypassing 
normal growth constraints.36,38 Secondary onco-
protective actions of several agents used to treat 
congestive heart failure and inflammation may 
be partly mediated by impairing nuclear translo-
cation of YAP (e.g. dasatinib, statins, pazopanib 
and several others directly modulate YAP’s 
interaction with its primary TEAD transcription 
factors [e.g. digitoxin and the COX-inhibitor, 
flufenamic acid)].

Functional and histopathology studies mostly 
concur that YAP expression is oncogenic, and 
that its activity in the nucleus plays a major role in 
mediating resistance to a number of different 
molecular-targeted agents.39–43 But paradoxically, 
YAP expression is reportedly a favourable prog-
nostic indicator in oestrogen receptor-positive 
(ER+) breast cancers.41,44 Also still to be resolved 
is the observation that the phosphorylated YAP 
isoform typically associated with cytosolic reten-
tion [pYAP(S127)] has been detected in tumour 
cell nuclei of both primary and metastatic breast 
tumours, including brain metastases.40,45

The aim of this study was therefore to analyse the 
expression and phosphorylation status of HER4 
and YAP in human breast cancer samples, with a 
view to developing a better understanding of their 
potential as therapeutic targets in early and/or 
metastatic breast cancer. From a biological point 
of view, we also wanted to explore the idea that 
expression and activation of HER4 are linked to 
YAP activation in brain metastases.

Methods
This study involved immunohistochemistry 
(IHC) analysis of: (1) a clinically annotated, con-
secutive series of primary breast tumours with 
>20 years follow up, herein referred to as the 
‘general breast cancer cohort’ (described previ-
ously)46–52; and (2) patient-matched pairs of pri-
mary and brain-metastatic breast tumours, herein 
referred to as the ‘brain-metastatic breast cancer 
cohort’ (br.MBC) (Table 1). Both were sourced 
from the same diagnostic pathology centres in 
Queensland, Australia, and represent a similar 
patient population. Ethical approval for this study 
was obtained from human research ethics commit-
tees of the Royal Brisbane and Women’s Hospital 
(RBWH; 2005000785) and The University of 
Queensland (HREC/2005/022). Written consent 
to use tissue specimens and de-identified clinical 
data for research purposes is not a requirement 
under these approvals because the samples were 

Table 1. Cohort characteristics.

Key demographics General BC cohort Brain-metastatic BC cohort

Median age at BC dx 59.3 years 49 years

Median age at BrM dx NA 52 years

Disease-specific survival (median 
years)

13.9 (overall follow-up)
4.83 (censored deaths)

0.92 (after BrM dx)

Molecular subtypes
(% of evaluable cases)

BC Br.MBC BrM

ER+/HER2- 76% 23% 20%

HER2+ 12% 34% 35%

TNBC 17% 42% 43%

Total samples (n) 371 41* 50*

*Of informative TMA samples this represents 30 matched pairs.
BC, breast cancer; BrM, brain metastases; br.MBC, brain metastatic breast cancers; ER, oestrogen receptor; HER, human 
epidermal growth factor receptor; NA, not applicable.
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sourced from pathology archives of the 1980s, 
and most patients are now deceased. Samples 
were de-identified for all the analyses performed 
in this study.

Tumours were sampled in tissue microarrays 
(TMAs) for IHC analysis of proteins in the HER4-
YAP pathway, and other biomarkers of interest 
(Table 2). Maximum scores of duplicate cores 
were used for analysis.

Tumour tissue cohorts, histopathology and 
clinico-pathologic characterisation
A breast cancer-brain metastasis resource 
cohort was assembled from formalin-fixed par-
affin-embedded (FFPE) primary breast cancer 
and patient-matched BrM samples of patients 
who had treatment in Queensland, Australia, 
between 2000 and 2018. Cases were identified on 
the basis of BrM tissue availability, then filtered 
based on availability of corresponding primary 
breast tumour tissue. Clinical diagnostic informa-
tion and survival data were obtained from 
Pathology Queensland, Queensland Health and 
the Queensland Cancer Registry. Tumours were 

sampled in TMAs for IHC analysis (1 mm cores), 
with hematoxylin and eosin staining used to 
locate the tumour component of surgical speci-
mens. A comprehensive histopathological review 
of all cases was conducted by experienced molec-
ular pathologists (SRL, JMS). Clinico-pathologic 
information (e.g. histological type, grade and 
stage) and survival data were assembled in a data-
base linked by the TMA position of each case. We 
assessed clinical biomarkers by IHC (see in the 
following) according to diagnostic reporting 
standards, as described previously46: (i) oestrogen 
and progesterone receptors (hormone receptors, 
HR); (ii) human epidermal growth factor recep-
tor 2 (HER2).

Immunohistochemistry
IHC antibodies and staining conditions are detailed 
in Table 3. Primary antibodies were selected on 
basis of prior use in published reports (preferably 
for IHC applications) and a manufacturer specific-
ity guarantee. Before applying the antibodies to test 
sample cohorts, we also validated their specificity 
experimentally, first by confirming substantially 
reduced IHC signal in cell lines depleted of their 

Table 2. Biomarkers analysed by IHC.

Target Scoring criteria

HER4 Cytoplasmic intensity: negative/low or moderate/strong
Nuclear positive if any staining detected

pHER4(Y1162) Cytoplasmic intensity: negative or positive
Membrane-positive if continuous staining in ⩾10% tumour cells

YAP Cytoplasmic intensity: negative/low or moderate/strong
Nuclear positive if any staining detected

pYAP(S127) Cytoplasmic intensity: negative or positive
Membrane-positive if continuous staining in ⩾10% tumour cells

pEGFR(Y1068) Membrane-positive if continuous staining in ⩾10% tumour cells

pHER2(Y1221/1222) Membrane-positive if continuous staining in ⩾10% tumour cells

pHER3(Y1289) Membrane-positive if continuous staining in ⩾10% tumour cells

pERK5(T218/Y210) Nuclear positive if any staining detected

ID1 Nuclear positive if any staining detected

SPAG5 Negative or positive (cut-off used: h-score ⩾100)

SOX9 Nuclear positive if any staining detected

EGFR, epidermal growth factor receptor; HER, human epidermal growth factor receptor; IHC, immunohistochemistry;  
YAP, yes-associated protein-1.
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targets by siRNA (section siRNA-mediated depletion 
of IHC antibody targets and antibody validation stud-
ies, Supplemental Figure S1A/B); and second, by 
reviewing a range of normal human tissue types 
stained using the intended IHC protocol, cross-
referencing the literature and Human Protein 
Atlas.53 Finally, IHC conditions were specifically 
optimised for the test samples, which are several 
decades old and often require different antigen 
retrieval conditions compared with cell line pellets 
or newer tissue samples.

IHC was performed on 4 µm FFPE TMA sec-
tions using the Mach1 Universal HRP-Polymer 
Detection Kit (BioCare Medical, Pacheco, CA, 
USA). Briefly, sections were deparaffinized with 
xylene and hydrated in a graded ethanol series 
(95–70%). Heat-induced antigen retrieval was 
performed using a decloaking chamber (BioCare 
Medical) with sodium citrate buffer (0.01 M, pH 
6.0) for 5 min at 125°C, or EDTA buffer 
(0.001 M, pH 8.8) for 30 min at 95°C. Antigen 
retrieval was performed using α-chymotrypsin 
(Sigma-Aldrich, St. Louis, MO, USA) for 10 min 
at 37°C. Sections were rinsed with tris-buffered 
saline (TBS), then treated with 0.3% hydrogen 
peroxide for 10 min. Non-specific staining was 
blocked with MACH1 Sniper blocking reagent 
(BioCare Medical). Primary antibody in TBS was 

applied to the slide for 1 h at room temperature or 
overnight at 4°C in a humidified slide chamber. 
For rabbit primary antibodies, MACH1 anti- 
rabbit secondary antibody conjugated to horse-
radish peroxidase was applied for 30 min at room 
temperature. Diaminobenzidine chromogen sub-
strate was applied for 1–5 min. Lastly, slides were 
counterstained with hematoxylin for 30 s and 
cover-slipped with DPX mountant (Sigma-
Aldrich). For analysis, stained slides were scanned 
at 40× magnification using an Aperio AT Turbo 
(Leica Biosystems, Wetzlar, Germany).

IHC scoring and analysis
High resolution digital IHC light microscopic 
images were used to assess IHC staining. Scoring 
of the tumour compartment of TMA cores was 
performed by at least two independent observers, 
according to criteria determined during a com-
bined preliminary review. Individual TMA core 
images were linked to a database containing other 
clinicopathologic data by a TMA position code, 
then reviewed in a blinded manner. Statistical 
testing was done using GraphPad PRISM 
Software (v8.2; GraphPad Software, San Diego, 
CA, USA), with specific tests indicated accord-
ingly in the main text and figure legends. p values 
<0.05 were considered significant.

Table 3. Antibodies and conditions used for IHC analysis.

Target Manufacturer Clone Host Antigen retrieval Dilution Incubation

HER4 Santa Cruz C-18 Rabbit EDTA-pH 8.8 1/2500 Overnight

pHER4(Y1162) Abcam EP2270Y Rabbit EDTA pH 8.8 1/100 Overnight

pEGFR (Y1068) Cell signaling D7A5 Rabbit EDTA pH 8.8 1/25 1 h

pHER2(Y1221/1222) Cell signaling 6B12 Rabbit EDTA pH 8.8 1/200 1 h

pHER3 (Y1289) Cell signaling 21D3 Rabbit EDTA pH 8.8 1/50 1 h

YAP Cell signaling D8H1X Rabbit Citrate pH 6.0 1/100 Overnight

pYAP(S127) Cell signaling poly Rabbit Citrate pH 6.0 1/250 Overnight

pERK5(T218/Y210) Cell signaling poly Rabbit Citrate pH 6.0 1/175 Overnight

ID1 Santa Cruz Biotech. sc-133104 Mouse EDTA pH 8.8 1/100 Overnight

SPAG5 Sigma Aldrich Poly Rabbit Citrate pH 6.0 1/50 Overnight

SOX9 Merck Millipore Poly Rabbit Citrate pH 6.0 1/5000 Overnight

EGFR, epidermal growth factor receptor; HER, human epidermal growth factor receptor; IHC, immunohistochemistry; YAP, yes-associated protein-1.
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siRNA-mediated depletion of IHC antibody 
targets and antibody validation studies
Cell lines (T47D and MDA-MB-468) were pur-
chased from the American Type Culture 
Collection (Manassas, VA, USA), maintained in 
recommended culture conditions and regularly 
screened for Mycoplasma. For transient knock-
down studies, cells were transfected with 100 nM 
siRNAs comprising of a mixture of three different 
sequences for each gene (Gene Pharma, Shanghai, 
China) using FugeneHD (Promega, Madison, 
WI, USA): YAP-homo-1858, CUGCCACCAA 
GCUAGAUAATT; YAP-homo-1517, GACGA 
CCAAUAGCUCAGAUTT; YAP-homo-862, 
GCAUCUUCGACAGUCUUCUTT; ERBB4-
homo-1815, GGUCCUGACAACUGUACA 
ATT; ERBB4-homo-2474, CCAGCUGGUU 
ACUCAACUUTT; ERBB4-homo-3213, ACU 
GAGCUCUCUCUCUGACTT; negative con-
trol, UUCUCCGAACGUGUCACGUTT. 
After 24 h, cells were fixed in 10% neutral buff-
ered formalin (Sigma) and paraffin embedded. 
Cell pellet sections (6 μm) were heat-retrieved in 
antigen retrieval buffers as indicated in Table 3 
using a Decloaking Chamber in Background 
Sniper blocking solution (Biocare Medical). 
Slides were incubated with primary antibodies as 
indicated in Table 3. Detection was performed 
using the Mach1 kit (Biocare Medical). Slides 
were then scanned and imaged on an Aperio AT 
Turbo slide scanner (Leica Biosystems).

Datasets and statistics
The following datasets were analysed in this 
study: TCGA breast cancer RNASeq (V2 RSEM) 
dataset (mRNA expression z-scores); GISTIC 
2.0 putative copy-number calls (provisional 
TCGA breast tumour dataset)54; and METABRIC 
invasive breast cancer dataset (mutation calls, 
accessed via cBioPortal).55 TCGA breast cancer 
clinical data was linked from the pan-cancer clini-
cal data resource (CDR).56 Preparation of graphs 
and statistical analyses were performed using 
GraphPad Prism software (v8.2). Unless specific 
p-values are indicated: *p = 0.05–0.01; **p < 0.01.

Results

Expression and activation of HER4 in major 
breast cancer subtypes
We used a HER4 antibody that recognises a 
C-terminal epitope in all known isoforms to  

perform IHC analysis in the general breast can-
cer series. This antibody was validated for speci-
ficity using siRNA mediated gene knockdown 
(Supplemental Figure S1A). In line with pub-
lished data,57–59 we considered nuclear staining to 
represent nuclear HER4-ICD, and cytoplasmic 
staining as a mixture of isoforms, including mito-
chondrial HER4-ICD and a range of trafficking 
intermediates. IHC analysis revealed expression 
of HER4 in tumour cell nuclei as well as cyto-
plasm (Figure 1A) and approximately half of all 
cases were positive (Supplemental Table S1). 
There was a direct relationship between nuclear 
and cytoplasmic expression, particularly in 
TNBC (Figure 1B; p = 1.1E–07), indicating that in 
most breast tumours within this cohort, HER4 is 
either absent or present in both compartments at 
the same time. However, there were exceptions 
that presented an opportunity to investigate com-
partment-specific biology. Amongst HER4+ 
cases, we considered that nuclear-predominant 
(no/low cytoplasmic HER4) and cytoplasmic-
predominant (no nuclear HER4-ICD) may 
exemplify distinct biology. There were no differ-
ences in these patterns between ER+, HER2+ 
and TNBC cases (Figure 1C). Nuclear-4ICD 
was weakly associated with shorter survival, 
though these differences were not statistically sig-
nificant (Figure 1D).

Phospho-HER4 (pHER4) functions at the plasma 
membrane and has separate functions to HER4-
ICD. We performed IHC analysis of the general 
breast cancer cohort using an antibody against 
phospho-tyrosine 1162 [pHER4(Y1162)]. Tumour 
cell membrane staining was detected in 5.9% of 
cases (n = 16/371). Membranes were stained 
strongly and continuously, and regions with com-
pact architecture tended to express pHER4(Y1162) 
at the edges (Figure 1E). This spatial heterogene-
ity is consistent with receptor activation requiring 
access to stromal ligands. We also assessed Ki67, 
EGFR, CK14 and CK5/6 as surrogate markers of 
breast cancer molecular subtypes,46 and con-
firmed that membrane-pHER4 positivity is asso-
ciated with HER2+ breast cancer (Figure 1Fi; 
p = 2.0E-05). Amongst HER2+ cases, membrane-
pHER4 positivity was associated directly with 
Ki67 expression (Figure 1Fii; p = 0.03), suggest-
ing a relationship with proliferation in HER2-
amplified tumours. There was no association with 
survival (Figure 1G), but it should be noted that 
this archival cohort pre-dates the introduction of 
Herceptin in Australia.
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HER4 is induced and activated in breast cancer 
brain metastases
We next analysed HER4 and pHER4 in patient-
matched primary breast cancers and brain metas-
tases. Compared with the general breast cancer 
cohort, where the incidence of brain metastases is 
estimated to be 5–10%,2,60 there were no signifi-
cant differences in HER4 or pHER4 in brain 
metastatic breast cancers (Figure 2A; BC versus 
br.MBC). However, brain metastases exhibited 

clear induction and activation of HER4 in 75% of 
cases (Figure 2A; BC/br.MBC versus BrM). 
Paired analyses highlighted that this phenotype 
is particularly prominent in HER2+ and TNBC 
cases (Figure 2B; 4.0E–06). In order to investi-
gate whether this was associated with other HER 
family members, we also analysed levels of mem-
brane-associated expression of HER4’s dimeri-
zation partners pEGFR, pHER2 and pHER3. 
Most primary breast tumours exhibited very low 

Figure 1. Expression and activation of HER4 in early breast cancer. (A) Representative breast tumour cores stained for HER4. 
(B) Chi-square analysis of the proportions of nuclear and cytoplasmic HER4 staining in major breast cancer subtypes. (C) Chi-
square analysis of the proportions of cases exhibiting compartment specific HER4 staining. (D) KM analysis of the relationships 
between HER4 compartment categories (blue and green) and BCSS. Pie charts indicate proportion of cohort in each category. (E) 
Representative tumour cores stained for pHER4(Y1162). (F) Chi-square analysis of the proportions of cases with pHER4(M+) across 
molecular subtypes (i) and proliferative status of HER2+ cases (ii). (G) Kaplan–Meier analysis of relationships between pHER4(M) 
staining and BCSS.
BCSS, breast cancer-specific survival; BLBC, basal-like breast cancer; HER4, human epidermal growth factor receptor-4; LumA/B, luminal A/B;  
Ki67 %TC+, percentage of tumour cells positive for proliferation marker Ki67; KM, Kaplan–Meier; pHER4(M+), pHER4 membrane positivity.
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levels of activated HER isoforms, but there was 
substantial induction of membrane-associated 
pHER3 concomitant with pHER4 (Figure 2C/D; 

p < 0.05) in brain metastases. Altogether, 69% of 
pHER4+ brain metastases also expressed pHER3 
(Figure 2C). Taken together, these findings suggest 

Figure 2. Expression and activation of HER4 in brain-metastatic breast cancers and brain metastases. (A) Chi-square analysis of 
cyto.HER4, nu.4ICD and m.pHER4 in major breast cancer subtypes. *p < 0.05; ***p < 0.001; ****p < 0.0001. (B) Changes in cyto.HER4, 
nu.4ICD and m.pHER4 in individual matched cases, separated according to major breast cancer subtypes. Chi-square p-values 
indicate significant differences before and after metastasis to the brain. (C) Tile plot showing overall numbers of br.MBC and BrM 
co-expressing pHER receptors (columns are individual tumours). (D) Representative IHC analysis of samples from a patient whose 
HER2+ breast cancer recurred in the brain 7 years after diagnosis and treatment with HER2-targeted therapy. This case exemplifies 
concomitant induction of pHER2, pHER3 and pHER4.
BrM, brain metastases; br.MBC, brain metastatic breast cancers; cyto.HER4, cytoplasmic HER4; HER4, human epidermal growth factor receptor-4; IC-
NST, invasive carcinoma, no special type; IHC, immunohistochemistry; LumA/B, luminal A/B; m.pHER4, membrane-pHER4; nu.4ICD, nuclear HER4-ICD.
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that tumour cell HER3 and HER4 transduce 
exogenous neuregulin growth signals from the 
brain tumour microenvironment.

Nuclear pYAP(S127) is an ER-dependent 
prognostic indicator in breast cancer
Previous studies have demonstrated that nucleo-
cytoplasmic shuttling and phosphorylation are 
important modulators of YAP’s transcriptional 
activity,35,36,61 but the clinical relevance in breast 
cancer has not been clearly established. We ana-
lysed the expression of YAP and pYAP(S127) in 
the general breast cancer cohort using validated 
IHC antibodies (Supplemental Figure S1B). 
Staining was homogeneous in breast tumour cell 
cytoplasm and/or nuclei (Figure 3A), and nei-
ther YAP nor pYAP(S127) was associated with 
histological type, grade, HER2 or ER status 
(Supplemental Tables S2 and S3). There was a 
direct association between nuclear and cytoplas-
mic YAP (Figure 3Bi; p < 1.0E–06), and the cyto-
plasmic pool was phosphorylated in the majority 
of cases (average 74%; Figure 3Bii; p < 1.0E–06). 
But this was also the case for the nuclear com-
partment, with YAP phosphorylation evident in 
66% of nuclear YAPhigh cases overall (Figure 3Biii; 
p < 1.0E–06). Conversely, around one-third of cases 
with low cytoplasmic pYAP(S127) exhibited strong 
nuclear pYAP(S127) (Figure 3Biv; p < 1.0E–06).

We explored the clinical significance of pYAP(S127) 
being localised to tumour cell cytoplasm or nuclei 
by performing Kaplan–Meier analysis. Cytoplasmic 
pYAP(S127) was generally protective in this cohort, 
but phosphorylation of the nuclear pool stratified 
survival oppositely depending on ER status 
(Figure 3C). Strikingly, nuclear pYAP(S127) was a 
favourable prognostic indicator in ER+ cases but 
marked poor prognosis in TNBC (Figure 3C). In 
the ER+ cases (Figure 3Ciii) the hazard-ratio asso-
ciated with nuclear pYAP(S127) was 0.53 (log-rank 
test; 95% CI: 0.35–0.81; p = 9.6E–03) whereas, in 
TNBC the hazard-ratio associated with was 2.78 
(Figure 3Civ) (log-rank test; 95% CI: 1.31–5.92; 
p = 1.7E–02). To account for the fact that pYAP(S127) 
is often present in cytoplasmic and nuclear com-
partments at the same time (Figure 3Biv), we per-
formed the analysis after categorising cases into 
subgroups with: (1) negative/low pYAP expression 
(light grey); (2) cytoplasm-predominant pYAP(S127) 
(cyto>>nucleus; orange); (3) nuclear-predominant 
pYAP(S127) (nucleus>>cyto; purple); or (4) high 
levels of pYAP(S127) in both compartments, (uni-
formly high; dark grey) (Figure 3Cv/vi). The results 

were consistent, with pYAP(S127) associated with 
good prognosis in ER+ cases (Figure 3Cv; p = 7.5E–

04) regardless of localisation, but poor prognosis 
when present in nuclei of ER-negative breast can-
cer (Figure 3Cvi; p = 2.0E–02).

Others have reported that YAP1 is a target of 
11q22 amplification in a range of human cancer 
types, and that this can underpin over-expression 
and correspondingly higher levels of serine-127 
phosphorylation in cell lines.62 We therefore 
investigated the frequency of YAP1 copy-number 
alterations (CNAs) to see whether this could be 
related to the pYAP(S127) phenotype. Analysis of 
TCGA breast cancer RNAseq and CNA datasets 
showed there is a direct relationship between 
YAP1 copy number and RNA expression (Figure 
3Di; p < 1.0E–15), with significantly more YAP1 
gain or amplification in TNBCs (Figure 3Dii; 
p = 8.6E–11). There was a modest difference in 
TNBC-specific survival amongst cases with YAP1 
gain versus loss in TNBCs (Figure 3Diii; p = 0.07), 
though this did not approach the degree of strati-
fication associated with protein level expression, 
phosphorylation and subcellular localisation.

Nuclear pYAP(S127) has ER-dependent 
relationships with breast tumour size, ERK5 
and HER4
Since YAP promotes the phosphorylation and 
nuclear translocation of ERK5 in myogenesis,63 
we performed IHC analysis of nuclear pERK5 as 
candidate marker of YAP activity in breast can-
cer. There were no marked changes in the fre-
quency of unphosphorylated YAP expression 
according to nuclear pERK5 status, but pYAP(S127), 
particularly the nuclear pool, was directly associated 
with nuclear pERK5 (Figure  4A). The working 
model of YAP function denotes that LATS-
mediated phosphorylation at serine-127 limits its 
activity, reflecting Hippo pathway-mediated neg-
ative feedback on growth,64,65 and yet this result, 
together with the analysis of breast cancer-spe-
cific survival (Figure  3), suggest that nuclear 
pYAP(S127) might be an active isoform in breast 
cancer.

In normal tissues, hippo pathway-mediated phos-
phorylation and cytoplasmic sequestration of 
YAP limit tissue growth. We found associations 
between nuclear pYAP(S127) and breast tumour 
size that were consistent with survival data, with 
nuclear pYAP(S127) inversely associated with ER+ 
tumour size, but directly associated with ER-negative 
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tumour size. Subcellular distribution analysis con-
firmed that not only is the phosphorylated isoform 
more frequent overall, but pYAP(S127) is preferen-
tially localised to the nucleus in larger ER-negative 
tumours (Figure 4B).

As YAP activity is regulated by HER4-ICD 
in  vitro,32,66 we next looked for relationships 
between these proteins in the breast tumour 
cohort. Nuclear pYAP(S127) was slightly more 
frequent in HER4-ICD+ ER+ tumours but, 
overall, nuclear pYAP(S127) and HER4-ICD phe-
notypes were largely independent (Figure 4C). In 
contrast, their co-expression did have an effect in 
survival analysis, stratifying survival to a greater 
degree than the status of nuclear pYAP(S127) 
alone, particularly in TNBC and particularly 
within the first 10 years of diagnosis (Figure 4D). 

YAP activity has been linked to stem cell attrib-
utes in a range of cancers, including chromosomal 
instability, E-cadherin loss, mesenchymal fea-
tures and the induction of SOX9.36,39,40,67–69 
Consistent with this, meta-analysis of previously 
published data from this cohort49,70,71 showed 
there are direct associations between pYAP(S127) 
and basal cytokeratins, the mesenchymal marker 
vimentin, stem cell factors (SOX9, ID1), and 
markers of chromosomal and mitotic instability 
(SPAG5, TTK, geminin) (Figure 4E).

Taken together, these data suggest that ER is a 
key determinant of YAP function, that nuclear 
pYAP(S127) may be an active isoform in TNBC 
and that the previously identified transcriptional 
interaction with nuclear HER4-ICD32,66 could be 
relevant in human disease.

Figure 3. Expression and activation of YAP in early breast cancer, and relationship with patient survival.
(A) Representative images of breast cancer cores stained with antibodies specific for YAP and pYAP(S127). (B) Contingency analysis in ER+ and TNBCs 
showing: (i) cyto.YAP intensity relative to nu.YAP intensity; (ii) cyto.pYAP(S127) status relative to total cyto.YAP; (iii/iv) nu.pYAP(S127) status relative to 
overall nuclear YAP levels or cyto.pYAP(S127). Chi-square p-values shown. (C) KM analysis of relationships between YAP phosphorylation and BCSS in 
ER+ (left panel) and TNBC (right panel) cases. Analyses were designed to examine the effect of phosphorylation of the cytoplasmic or nuclear protein 
pools, and the relationships between pYAP(S127) subcellular distribution and BCSS. Pie charts show relative proportions of cases in each category. 
Statistical significance determined using log rank tests. TNBC subgroups ‘nucleus>>cyto’ and ‘uniformly high’ were combined for statistical testing 
(bottom right). (D) (i) Relationship between YAP1 gene copy number and RNA expression. Kruskal–Wallis p-value shown. (ii) Proportions of TN and 
non-TN TCGA breast cancers with copy-number alterations. Chi-square p-value shown. (iii) KM analysis comparing survival of TNBCs (TCGA) with 
loss versus gain/amplification (amp) of the YAP1 gene.
BCSS, breast cancer-specific survival; cyto.YAP, cytoplasmic YAP; ER+, oestrogen receptor positive; KM, Kaplan–Meier; nu.YAP, nuclear YAP;  
TCGA, The Cancer Genome Atlas; TN, triple negative; TNBC, triple negative breast cancer; YAP, yes-associated protein-1.
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Shifts in YAP expression and phosphorylation 
during brain metastatic progression are 
dependent on ER status and linked to activation 
of HER4’s tyrosine kinase activity
Next, we compared YAP expression and phos-
phorylation in the general breast cancer cohort, 
brain-metastatic breast cancers and matched 
brain metastases, and found significant changes 
across this progression series. YAP phosphoryla-
tion was significantly less frequent in brain meta-
static, ER+ breast cancers than unselected ER+ 
cases (Figure 5A). The frequency of pYAP(S127) 
increased slightly in matching brain metastases, 
typically in both nuclei and cytoplasm, but overall 
the most prominent phenotype was unphospho-
rylated nuclear YAP (Figure 5A). Conversely, in 

ER-negative disease, brain metastatic primary 
breast cancers had less cytoplasmic pYAP(S127), 
and the nuclear pYAP(S127) phenotype was 
unchanged. Comparison of brain metastases with 
matching ER-negative primary cancers indicated 
that YAP is more frequently expressed and phos-
phorylated overall (Figure 5A; top/middle panel). 
To account for the fact that pYAP(S127) is often 
present in cytoplasmic and nuclear compartments 
at the same time, we performed the analysis after 
categorising cases into subgroups with: (1) nega-
tive/low pYAP expression (light grey); (2) cyto-
plasm-predominant pYAP(S127) (cyto>>nucleus; 
orange); (3) nuclear-predominant pYAP(S127) 
(nucleus>>cyto; purple); or (4) high levels of 
pYAP(S127) in both compartments, (uniformly 

Figure 4. Clinico-pathologic correlates of cytoplasmic- or nuclear-localised pYAP(S127).
Bar graphs show YAP phosphorylation status in the cytoplasm (i) or nucleus (ii) in ER+ and ER-negative cases; (iii) shows the overall distribution of 
pYAP(S127). (A,B) Relationships between subcellular YAP phosphorylation and nu.pERK5. (C) Relationships between YAP and nu.4ICD in ER+ and ER-
negative cases. Chi-square tests were used to determine statistical significance. (D) KM analysis (with log-rank tests) of the relationships between 
nu.pYAP(S127), nu.4ICD and BCSS in ER+ and TNBC cases. (E) Proportions of TNBCs positive and negative for stemness and CIN markers according 
to nuclear YAP expression and phosphorylation. Chi-square p-value shown (*p = 0.05–0.01; **p < 0.01; p < 0.001).
BCSS, breast cancer-specific survival; CIN, chromosomal instability; CK, cytokeratin; ER, oestrogen receptor; Gem, geminin; KM, Kaplan–Meier; 
nu.4ICD, nuclear HER4-ICD; nu.pERK5, nuclear pERK5; TNBC, triple negative breast cancer; Vim, vimentin; YAP, yes-associated protein-1.
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high; dark grey). We observed that the pYAP(S127) 
pool shifts to the nucleus during brain metastatic 
progression (Figure 5A).

Finally, we assessed the proportions of brain- 
metastatic breast cancers and matched brain 
metastases that could be amenable to therapeu-
tics that target HER4’s RTK activity or reduce 
nuclear translocation of YAP. The proportion of 
cases exhibiting membrane-associated pHER4 or 
nuclear YAP/pYAP(S127) was similar for ER+ 
and -negative breast tumours (55–60%; Figure 
5B). The proportion exhibiting both phenotypes 
(potentially amenable to combination therapy) 

was very high for ER-negative brain metastases 
(~70%; Figure 5B), due mostly to very frequent 
induction of pHER4 (Figure 2). In addition to 
highlighting possible therapeutic opportunities, 
these findings suggest that nuclear pYAP(S127) 
may be involved in transducing neuregulin signals 
in brain metastases, particularly those with an 
ER-negative phenotype.

Discussion
We previously found a high frequency of HER4 
phosphorylation in brain metastases from various 
cancers.16 Given that nuclear HER4-ICD activity 

Figure 5. Expression and phosphorylation of YAP in breast cancers and matching brain metastases.
(A) Levels and phosphorylation of the cytoplasmic and nuclear YAP pools (i/ii), and pYAP(S127) distribution (iii) in a brain 
metastasis progression series comprised of the general breast cancer series (BC) plus matched br.MBC and BrM. 
(B) Changes in the proportions of BC, br.MBC and BrM expressing membrane-associated pHER4 and/or nuclear YAP 
(phosphorylated or unphosphorylated forms). Chi-square tests used to determine statistical significance (*p = 0.05–0.01; 
**p < 0.01; ***p < 0.001; ****p < 0.0001).
BC, breast cancer series; BrM, brain metastases; br.MBC, brain-metastatic breast cancers; HER4, human epidermal growth 
factor receptor-4; YAP, yes-associated protein-1.
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has been linked to YAP signalling31,32 and YAP is 
an important player in metastatic breast cancer,45 
we undertook this study to investigate whether 
HER4 activation could be linked to YAP signal-
ling in breast cancer brain metastases. We inte-
grated subcellular localisation, phosphorylation 
and ER status in our analyses, and found that all 
three variables were essential to tease out specific 
clinicopathologic and biological correlates of 
HER4 and YAP, uncovering relationships that 
would not have been identified in analyses based 
on expression alone. For example, Cao and col-
leagues found that nuclear YAP is a favourable 
prognostic indicator in ER+ breast cancer,41 while 
our approach clarified that the subgroup of ER+ 
cases with better outcome is specifically those 
where the nuclear YAP pool is phosphorylated.

The high frequency of nuclear pYAP(S127) in pri-
mary and metastatic breast tumours was some-
what surprising, since this isoform apparently 
represents Hippo pathway-mediated negative 
feedback once YAP is marked for sequestration in 
the cytoplasm. We found significant differences 
in the frequency of nuclear pYAP(S127) in good 
versus poor prognostic tumours, but negligible 
differences for cytoplasmic pYAP(S127). The dif-
ferences were ER-dependent, with nuclear 
pYAP(S127) associated with small ER+ tumours, 
but larger, clinically aggressive TNBCs. These 
findings suggest there is major Hippo-YAP path-
way dysfunction in breast cancer.

Mechanistically, it remains to be determined why 
pYAP(S127) would be present in the nucleus, but 
this has been observed previously.40,45,72 It is pos-
sible that YAP is expressed at a level that over-
whelms 14-3-3-mediated sequestration and/or 
ubiquitin-mediated proteolysis, particularly for 
metabolically active tumours that have a high 
endoplasmic reticulum stress burden.73 Assuming 
that serine-127 phosphorylation marks negative 
feedback on YAP and that its presence in the 
nucleus is due to ‘overflow’, this implies that 
YAP inactivation is linked to less aggressive 
forms of ER+ breast cancer. TNBC aside, our 
findings in ER+ breast cancer (Figure 3C) are 
consistent with this, and with a recent report 
identifying YAP as a novel ERα co-factor 
required for oestrogen-mediated transcriptional 
regulation of the enhancer landscape in MCF7 
cells.74 Zhu and colleagues found that, in addi-
tion to its canonical Hippo pathway target ele-
ments, YAP co-occupies ERα-active enhancers, 
recruits enhancer activation machinery and may 

be critical for the modulation of genome archi-
tecture by ERα.

The identification of genome-wide enhancer 
reprogramming as a novel mechanism of oestrogen 
action adds to the rationale backing efforts to 
develop YAP inhibitors in molecular oncology.36 
But the fact that we found high levels of nuclear 
pYAP(S127) were related to large tumour size and 
poor prognosis in TNBC indicates that identifying 
appropriate patient populations for treatment will 
require consideration of context-specific activity. If 
nuclear pYAP(S127) is solely the pool in excess of 
sequestration capabilities, these findings would 
suggest that YAP activity is somehow protective in 
ER-negative tumours, which is at odds with a body 
of literature suggesting otherwise,38,75,76 and with 
the contrasting survival curves for cytoplasmic and 
nuclear pYAP(S127) pools in our TNBC cohort 
(Figure 3C). Alternative possibilities are that nuclear 
pYAP(S127) has undescribed function(s), or that 
Hippo pathway feedback is simply not a dominant 
influence on YAP activity in TNBC. Chen and 
colleagues mutated the equivalent phosphoryla-
tion site [YAP(S112)] in the mouse, and found that 
despite major defects in cytoplasmic translocation, 
there were no visible developmental consequences 
because of a compensatory decrease in YAP pro-
tein levels.61 The authors cautioned against extrap-
olating results from early mechanistic experiments 
(largely, in vitro models of contact inhibition), and 
against the assumption that YAP localization can 
be used as a surrogate for functional activity. YAP- 
and pYAP-specific chromatin occupancy analysis 
in TNBC and ER+ clinical samples should shed 
light on the context of its distinct functions in these 
settings, and ultimately help to understand why it 
is associated with disparate clinical outcomes.

Concerning HER4, we found that phosphoryl-
ated, membrane-associated protein is infrequent 
in primary breast cancers, though enriched in 
HER2+ cases, with Ki67 data suggesting it pro-
motes proliferation in this context. Conversely, 
membrane-associated pHER4 was abundant in 
brain metastases. The fact that pHER4 was 
induced concomitantly with pHER3 indicates 
this is likely an adaptation to the neuregulin-
rich brain microenvironment, which may lead to 
increased phosphorylation of YAP (Figure 5). 
To our knowledge, this is the first study to 
report these changes in a matched series of 
breast tumours and brain metastases. Nuclear 
HER4-ICD was not associated with nuclear 
YAP levels in any of the cohorts we analysed, 
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but disease-specific survival of HER4-ICD sub-
groups was further stratified by nuclear 
pYAP(S127) status (Figure 4D), and the overall 
frequency of nuclear co-expression increased to 
~50% in brain metastases (Figure 5). In princi-
ple, these findings provide support for pan-HER 
inhibitor clinical trials in metastatic breast can-
cer, with inclusion of intracranial response 
assessment criteria that measure clinically 
meaningful endpoints for patients with brain 
involvement.25,77 In addition, building site-
specific relapse assessment into early breast 
cancer trial protocols would enable assessment 
of any reduction in the risk of brain relapse. 
Combining pan-HER inhibitors with agents 
known to oppose YAP activity (e.g. Verteporfin, 
Pazopanib) would also be worthwhile exploring 
in a preclinical setting.

In summary, this study finds that in ER+ breast 
cancer, pYAP(S127) is a favourable prognostic 
indicator. Nuclear translocation of un-phospho-
rylated YAP is common in brain-metastatic pri-
mary breast cancers and brain metastases with 
ER+ phenotypes. Conversely in ER-negative 
breast cancer, nuclear-localised pYAP(S127) is 
associated with markers of aggressive clinical 
behaviour and relatively short survival. Nuclear 
pYAP(S127) levels increase further when disease 
relapses in the brain. This co-occurs with HER4 
activation in as many as 70% of ER-negative 
brain metastases, suggesting that combination 
targeting strategies could be effective.
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