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Abstract

Purpose: We examined the role of ERBB2-activating muta-

tions in endocrine therapy resistance in estrogen receptor

positive (ERþ) breast cancer.

Experimental Design: ERBB2 mutation frequency was

determined from large genomic databases. Isogenic knock-in

ERBB2mutations in ERþMCF7 cells and xenografts were used

to investigate estrogen-independent growth. Structural analy-

sis was used to determine the molecular interaction of

HERL755S with HER3. Small molecules and siRNAs were used

to inhibit PI3Ka, TORC1, and HER3.

Results: Genomic data revealed a higher rate of ERBB2

mutations in metastatic versus primary ERþ tumors. MCF7

cells with isogenically incorporated ERBB2 kinase domain

mutations exhibited resistance to estrogen deprivation and

to fulvestrant both in vitro and in vivo, despite maintaining

inhibition of ERa transcriptional activity. Addition of the

irreversible HER2 tyrosine kinase inhibitor neratinib restored

sensitivity to fulvestrant. HER2-mutant MCF7 cells expressed

higher levels of p-HER3, p-AKT, and p-S6 than cells with

wild-type HER2. Structural analysis of the HER2L755S variant

implicated a more flexible active state, potentially allowing

for enhanced dimerization with HER3. Treatment with a

PI3Ka inhibitor, a TORC1 inhibitor or HER3 siRNA, but not

a MEK inhibitor, restored sensitivity to fulvestrant and to

estrogen deprivation. Inhibition of mutant HER2 or TORC1,

when combined with fulvestrant, equipotently inhibited

growth of MCF7/ERBB2V777L xenografts, suggesting a role

for TORC1 in antiestrogen resistance induced by ERBB2

mutations.

Conclusions: ERBB2 mutations hyperactivate the HER3/

PI3K/AKT/mTOR axis, leading to antiestrogen resistance in

ERþ breast cancer. Dual blockade of the HER2 and ER path-

ways is required for the treatment of ERþ/HER2mutant breast

cancers.

Introduction

Estrogen receptor positive (ERþ) breast cancer is the most

common breast cancer subtype, representing about 80% of all

patients. Endocrine therapies, such as selective ER modulators

(SERMs; i.e., tamoxifen), selective ER downregulators (SERDs;

i.e., fulvestrant), and estrogen suppression with aromatase inhi-

bitors (AI), are standard of care treatment for patients with

advanced ERþ breast cancer. Many large randomized clinical

trials have proven the effectiveness of these therapies in prevent-

ing metastatic recurrence (1, 2). However, about 20% of patients

diagnosed with operable ERþ tumors will recur during or after

adjuvant endocrine therapy. Despite the overall efficacy of these

therapies, mortality from antiestrogen-resistant ERþ tumors still

accounts for the majority of breast cancer deaths each year. Up to

now, the only mechanisms of antiestrogen resistance that are

supported in the clinic are HER2 amplification (3, 4), mutations

in the ligand-binding domain (LBD) of ESR1 (5, 6), and dysre-

gulation of the CDK4/6 pathway (7).

Human epidermal growth factor receptor 2 (ERBB2/HER2) is

frequently altered via gene amplification in breast cancer. Some

ERþ breast cancers may gain HER2 amplification and/or over-

expression as a result of treatment pressures and/or tumor evo-

lution (4). This may allow amplified HER2 signaling to drive

tumor progression, thus reducing the dependence of a tumor on

ERwhile also inducing resistance to antiestrogen therapy (3, 8, 9).

The ERBB family of transmembrane receptor tyrosine kinases

(RTK) consists of EGFR (ERBB1), HER2 (ERBB2), HER3 (ERBB3),

and HER4 (ERBB4). Binding of ERBB ligands to the extracellular

domain of EGFR, HER3, and HER4 induces the formation of

kinase active hetero-oligomers (10). HER2 does not bind ERBB
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ligands directly, but it is in a conformation that resembles a

ligand-activated state and favors dimerization (11, 12). Activation

of HER2 induces transphosphorylation of the ERBB dimer

partner and stimulates several intracellular pathways such as

RAS/RAF/MEK/ERK, PI3K/AKT/TOR, Src kinases, and STAT tran-

scription factors (reviewed in ref. 13). Activation of these path-

ways allows for extensive crosstalkwith ER transcriptional activity,

potentially leading to endocrine resistance.

ERBB2missense mutations have been found in approximately

2% to 4% of breast cancers (14, 15), occurring with higher

frequency in metastatic tumors (cBioPortal). Activating ERBB2

mutations occur most commonly in the kinase and extracellular

domains in the absence of HER2 amplification (14–18). Among

all ERBB2 missense mutations in breast cancer, approximately

70% occur in ERþ breast cancers and close to 80% of these occur

in the kinase domain (KD; cBioPortal). Herein, we report that

ERBB2missensemutations occur at a significantly higher frequen-

cy in metastatic disease, thus suggesting these variants are

acquired as a mechanism of resistance to endocrine therapy. Our

studies also demonstrate that ERBB2 mutations hyperactivate

HER3 and the PI3K/AKT/mTOR signaling pathway. In turn, this

results in estrogen-independent growth and resistance to endo-

crine therapy. Based on these data, we posit that dual targeting

of activating ERBB2 mutations or their downstream effectors,

HER3/PI3K, and the ER pathway is necessary for optimal growth

inhibition of ERþ/HER2 mutant breast cancers.

Materials and Methods
Cell lines

The ERþ breast cancer cell line MCF-7 (ATCC HTB-22) was

previously isogenically modified using AAV-mediated gene

targeting to include 3 ERBB2 missense mutations (G309A,

L755S, V777L) andmaintained as previously described (18). Cell

lines were not carried past 20 passages.

Determination of ER status and ERBB2 mutations

ER status of ERBB2 mutants was determined using databases

from cBioPortal (cohorts include TCGA, METABRIC, GENIE, MBC

Project, France 2016) and databases from Foundation Medicine.

The frequency of ERBB2 mutations in primary and metastatic

tumors was determined using cBioPortal (cohorts listed above,

tissue-based)anddatabases fromGuardantHealth (plasma-based).

Several selected patients from the Guardant Health database were

analyzed for allelic frequency as a function of treatment course.

Cell growth assay

Clonogenic growth assays to determine resistance to estrogen

deprivation or to fulvestrant were performed in 10-cm dishes.

Drug sensitivity assays were carried out in 12-well dishes at a

seeding density of 2,000 cells/well. Plates were stained using

crystal violet. Cell growth was quantified using both a LI-COR

Odyssey Infrared plate reader of stained monolayers and cell

numbers measured with a Coulter Counter. For experiments

with siRNAs, cells were reverse-transfected with HER3 siRNAs or

scrambled control (Cell Signaling Technology) according to the

Lipofectamine RNAiMAX protocol (Invitrogen). The next day,

2,000 cells/well were reseeded in full medium � 1 mmol/L

fulvestrant or estrogen-free medium � 1 nmol/L estradiol. Cells

were counted on days 0, 3, and 6 after plating. For assessment of

HER3 levels, cells were harvested 3 days posttransfection and cell

lysates were subjected to immunoblot analysis.

Combinatorial drug screen

Cells were seeded at a density of 3,000 cells/well into 96-well

plates in triplicate and treated with a dose range (0, 31.25, 62.5,

125, 250, 500, and 1,000 nmol/L) of fulvestrant and neratinib

each. Media was replenished every other day. At the end of 5 days,

cellswerefixed and stainedwith crystal violet. Stainedmonolayers

were lysed in 1% SDS and read at an absorbance of 560 nm

using a GloMax Plate reader. Combination Index values were

calculated for the dose combination 1mmol/L fulvestrant and 250

nmol/L neratinib using the computer program CompuSyn.

Values less than 1 indicate a synergistic interaction.

Acinar morphogenesis assay

Three-dimensional (3D) morphogenesis assays were carried

out as previously described (18). Briefly, cells were seeded in

growth factor-reduced Matrigel (BD Biosciences) in the absence

of estradiol in 8-well chamber slides at a density of 2.5� 104 cells/

mL. Chambers were supplemented with 1 nmol/L estradiol, 1

mmol/L fulvestrant, and/or 200 nmol/L neratinib. Chambers were

imaged with an Olympus DP20 microscope on day 14.

Immunoblot analysis

Cells were washed with PBS and lysed on ice in NP-40 lysis

buffer plus protease and phosphatase inhibitors. Protein concen-

tration in cell lysates was measured using BCA protein assay

reagent (Pierce). Lysates were subjected to SDS-PAGE followed

by transfer to nitrocellulose membranes (Invitrogen) as previous-

ly described (19). Primary antibodies included: p-HER2 Y1248

(Millipore 06-229), HER2 (CS2242), p-HER3 Y1197 (CS4561),

HER3 (CS12708), PathScan Multiplex Western Cocktail I (for p-

AKT S473, p-p90RSK, p-ERK, and p-S6), p-S6K (CS9205), AKT

(CS9272), ERK (CS9102), S6K (CS9202), p90RSK (CS9333), S6

(CS2217), p-ERa S167 (SC-101676), ERa (SC-73479), and

GAPDH (CSXP5174). Immunoreactive bands were detected by

enhanced chemiluminescence following incubation with horse-

radish peroxidase-conjugated secondary antibodies. The Invitro-

gen NuPage systemwas used. Nitrocellulose membranes were cut

horizontally to probe with multiple antibodies.

Transcriptional reporter assays

Cells were plated in 96-well plates at a density of 4,000 cells/

well in Improved Minimum Essential Medium, Gibco (IMEM)

media with 10% charcoal-stripped serum; 24 hours later, cells

were transfected with pERE (estrogen responsive elements)-lucif-

erase and pCMV-Renilla plasmids. Twenty-four hours posttrans-

fection, cells were treated with vehicle (control), 1 nmol/L estra-

diol, 1 mmol/L fulvestrant, and/or 200 nmol/L neratinib.

Translational Relevance

ERBB2-activatingmutations occur with increased frequency

in ERþ breast cancers after progression on antiestrogen ther-

apy. Inhibition of mutant HER2 function with neratinib

restores the efficacy of antiestrogen therapy. Thus, we propose

dual blockade of theHER2 and ERpathways is required for the

treatment of ERþ/HER2 mutant breast cancers.

Croessmann et al.
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Luciferase activity was measured 24 to 48 hours later using the

Dual Luciferase Kit (Promega) according to the manufacturer's

instructions utilizing the Promega GloMax plate reader.

Gene expression analyses

Geneexpressionanalysiswasperformedaspreviouslydescribed

(20). Briefly, cells were plated in estrogen-free media in triplicate.

Cells were harvested and RNA was purified using the RNeasy

Kit (Qiagen). cDNA was generated using High-Capacity cDNA

Reverse Transcription Kits (Applied Biosystems) and analyzed

using the Estrogen Receptor PCR Array (Qiagen; PAHS-005Z).

Xenograft studies

Mouse experiments were approved by the Vanderbilt Institu-

tional Animal Care and Use Committee. Female ovariectomized

athymic mice were implanted with a 14-day release 17b-estradiol

(E2) pellet (0.17 mg). Twenty-four hours later, 5 � 106 MCF-7

cells harboring a ERBB2 L755S or V777L mutation, as indicated,

suspended in PBS and Matrigel (BD Biosciences) at a 1:1 ratio

were injected subcutaneously into the dorsum of each mouse.

Approximately 4 weeks later, mice bearing tumors of �150 mm3

were randomized to treatment with vehicle (control), neratinib

[40mg/kg/day via orogastric gavage (o.g.)], fulvestrant (5mg/wk,

s.c.), everolimus (5mg/kg/day, o.g.), and/or alpelisib (30mg/kg/

day, o.g.), as indicated. Tumor volume in mm3 was measured 2

times a week by using the formula: volume ¼ width2 � length/2.

Portions of tumors were snap frozen or fixed in 10% neutral-

buffered formalin and embedded in paraffin for subsequent

analyses. Five millimeters of paraffinized sections were used for

IHCusing a phospho-S6 antibody (Cell Signaling 2211). Sections

were scored by an expert pathologist (PLG-E) blinded to treat-

ment arm. Fulvestrant was kindly provided by AstraZeneca

Pharmaceuticals.

Immunoprecipitation

Cell lysates were harvested using ice cold lysis buffer [1% NP-

40, 20 mmol/L Tris pH 7.4, 10% Glycerol, 150 mmol/L NaCL,

1 mmol/L EDTA, 1 mmol/L EGTA, 5 mmol/L sodium pyrophos-

phate, 50mmol/LNaF, 10mmol/L b-glycerophosphate, protease,

and phosphatase inhibitor cocktails (Sigma-Aldrich)] and rotated

at 4�C for 1 hour. Lysates were then clarified by spinning at 10,000

� g at 4�C for 15 minutes. Protein concentrations were measured

using BCA standard curves (Pierce). Lysates were precleared with

50 mL of Protein G agarose beads (Life Technologies 10003D)

at 4�C for 1 hour. Immunoprecipitation was carried out using

the Invitrogen Immunoprecipitation Kit (10004D) as directed.

Lysates were next subjected to SDS-PAGE and immunoblot anal-

ysis. Immunoblots were quantified using ImageJ software.

Structural analysis

Known EGFR-like structures were identified using either

HHPRED search of the PDB with the HER2 KD query sequence

(SwissProt sequence P04626.1, residue range 685–1,255) or

BLAST sequence search (21) of all protein kinase-like domain

sequences defined in Evolutionary Classification Of structure

Domains (ECOD; ref. 22). Kinase structure domains outlined in

ECOD were defined manually as active or inactive based on the

position of the regulatory C helix and the proximity of the K753/

E770 sidechains (numbered according to HER2), whose ion pair

interaction are a hallmark of protein kinase activation. Manually

defined active and inactive conformations were double checked

using Dali superpositions. The flexibility of residue positions

corresponding to HER2 L755 were assessed using the structure

B-factor of the Ca atom for all identified EGFR-like kinase

structures containing coordinates for that residue. B-factors were

normalized by the Z-score of the PBD, where the mean and

standard deviation are calculated from all Ca atoms in the same

chain. Accessible surface (Gerstein) of wild-type (WT) EGFR (pdb

4riw, chain B) andmutant (pdb 4riw, chain B, L723 replaced with

Ser) structures were calculated with default parameters (23).

Changes in calculated surface exposure between WT and mutant

were compared for all residues, with those surrounding the

mutation becoming increasingly exposed. The stability scores

resulting from mutating L755S in the background of WT EGFR

and HER2 crystal structures, as well as HER2 structure models

based on EGFR templates, were assessed with the site directed

mutator (SDM) server (24), which calculates a potential energy

function based on the environment-specific amino acid substi-

tution frequencies within homologous protein families.

Statistical analysis

All experiments were performed using 3 technical replicates

and at least 2 independent times. P values were calculated using

GraphPad Prism (version 6.0) by ANOVA followed by Tukey

multiple comparisons test.

Results
ERBB2 mutations commonly occur in ERþ breast cancer after

progression on endocrine therapy

Interrogation of cBioPortal and Foundation Medicine data-

bases found that approximately 70% of ERBB2 mutations are

detectable in ERþ/HER2 nonamplified breast cancers, with the

majority of them occurring in the KD (Supplementary Table S1).

Further interrogation of several genomic databases available

through the cBioPortal interface (TCGA, METABRIC, GENIE,

MBC Project, France 2016), as well as cancer patients' plasma

specimens in the Guardant Health database, showed a signifi-

cantly higher occurrence of ERBB2 mutations in patients with

metastatic disease versus primary tumors (Fig. 1A). Within the

GENIE database, the percentage of ERBB2mutations inmetastatic

biopsies (4.3%) almost doubled that in primary cancers (2.5%),

altogether suggesting they are an acquired mechanism of anties-

trogen therapy resistance. This was further supported by plasma

ctDNA analysis from a small cohort of patients with ERþ/HER2-

negative (HER2 nonamplified) breast cancer in the Guardant

Health database (Fig. 1B). Comparison between pretreatment

andpostprogression on endocrine therapy showed the emergence

and/or an increase in the allelic frequency of activating ERBB2

mutations. An in-depth mutational analysis of tumors from

patient 1, harboring the L755Smutation, and patient 2, harboring

the V777L mutation, showed the emergence of the ERBB2 muta-

tions as a dominant alteration in later samples (Fig. 1C and D).

Interrogation of online databases demonstrated that ERBB2

mutations weremutually exclusive with ESR1mutations, amech-

anism of escape from hormone dependence (Supplementary Fig.

S1). These suggest that ERBB2 mutations operate independently

of the ER pathway in the development of antiestrogen resistance.

In a case study of a postmenopausal woman with advanced

ERþ breast cancer who had progressed after multiple endocrine

therapies and was considered resistant to antiestrogens, next gene

sequencing (NGS) of DNA from a skin metastasis revealed a

ERBB2 L869R activating mutation (Fig. 1E). The patient was

Activating HER2 Mutations Lead to Anti-ER Therapy Resistance
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Figure 1.

ERBB2 mutations predominantly occur in ERþ breast cancer after progression on endocrine therapy. A, Percent of ERBB2 mutations stratified by tumor type

(primary vs. metastatic) using online databases in cBioPortal (GENIE, TCGA, METABRIC, MBC Project, and France 2016) and the Guardant Health database.

Statistical analysis was carried out comparing the frequency of ERBB2 mutations in primary vs metastatic tumors (in the case of Guardant Health in plasma from

patientswith orwithoutmetastatic disease) of all pooleddatabases (���P<0.001, Chi-square testwithYates' correction), and among theGENIE database, separately

(��P < 0.01, Chi-square test with Yate's correction). Numbers above each bar graph indicate ERBB2mutations over sample size in the denominator.B, Plasma tumor

ctDNA in theGuardant Health database frompatientswith ERþ/HER2-negative (HER2 nonamplified) breast cancer that developed ERBB2mutations after extended

periods of endocrine therapy. Red arrows indicate the start of endocrine therapy. Time point 0 represents the first analysis of plasma ctDNA.C,Mutational landscape

of Guardant patient 1 with cancer harboring ERBB2
L755S (red arrow) with corresponding treatment course. Please note that this patient's tumor was not HER2

amplifiedbut received trastuzumabafter the emergence of the L755Smutation.D,Mutational landscapeofGuardant patient 2with cancer harboringERBB2V777L (red

arrow) with corresponding treatment course. E, Clinical course of patient with ERþ lobular breast cancer with ERBB2
L869R after primary treatment with aromatase

inhibitors. Following excellent response to neratinib, patient progressedwith newbone and lymphnodemetastases. Upon addition of fulvestrant to neratinib, patient

exhibited a prolonged response to the combination.

Croessmann et al.

Clin Cancer Res; 25(1) January 1, 2019 Clinical Cancer Research280
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placed on neratinib monotherapy and, after exhibiting an excel-

lent clinical response, progressed with bone and lymph node

metastases (16). Addition of the ER antagonist fulvestrant to

neratinib resulted to in significant and prolonged tumor regres-

sion suggesting that ERþ breast cancers with ERBB2-activating

mutations may require this therapeutic combination.

Activating ERBB2 mutations generate resistance to anti-ER

therapies

To determine if ERBB2 missense mutations are causally asso-

ciated with endocrine therapy resistance, we used ERþ MCF7

breast cancer cells that had been isogenically modified to contain

3 relatively common ERBB2 missense mutations in the cell's

genome; G309A in the extracellular domain (ECD), and L755S

and V777L, both in the KD (18). Isogenic cell lines were previ-

ously developed using AAV-mediated gene targeting, which incor-

porates the desired point mutation into the host cell's genome

through homologous recombination. Mutations were incorpo-

rated into a single allele and expressed under the cell's endoge-

nous promoter. This provides a biologically relevant model that

best mimics mutations in primary tumors. MCF7s require estro-

gen in order to propagate exponentially. MCF7L755S and

MCF7V777L cells but not cells with the ECDmutation,MCF7G309A,

or cells with WT HER2 exhibited robust growth in the absence of

estradiol (Fig. 2A), a scenario akin to that of a postmenopausal

patient treated with aromatase inhibitors. Establishment of long-

term estrogen-deprived (LTED) stable cell lines showed similar

trendswithMCF7 cells harboring bothKDmutations propagating

early in the absence of estradiol. Conversely, MCF7WT and

MCF7G309A cells exhibited near-complete growth arrest and

required 20þ days before achieving confluence (Fig. 2B and C).

Similarly, MCF7L755S and MCF7V777L cells were resistant to the

selective estrogen receptor degrader (SERD) fulvestrant, whereas

MCF7WT and MCF7G309A cells were growth inhibited >90%

compared with untreated controls (Fig. 2D). Development of

fulvestrant-resistant lines exhibited trends nearly identical to the

development of the LTED lines (Supplementary Fig. S2). Fulves-

trant was still able to downregulate ER protein levels as well as

inhibit ligand-independent and estradiol-induced ER reporter

activity in all 4 cell types (Fig. 2E and F), suggesting the resistance

associated with the ERBB2 KD mutations was not explained by

loss of fulvestrant's action on ER.

Dual blockade of ER and HER2 is required to inhibit growth of

ERþ/HER2-negative mutant breast cancer cells

We next investigated the effect of the pan-HER irreversible

tyrosine kinase inhibitor (TKI) neratinib alone or in combination

with fulvestrant on cells with WT or mutant HER2. MCF7 cells

with WT HER2 and with the ECD mutation showed a near

complete response to fulvestrant alone, whereas cells harboring

the 2 KD mutations responded only partially. Treatment with

neratinib partially inhibited proliferation of all 3 cells harboring

knock-in ERBB2 mutations. Because low levels of WT HER2 play

no oncogenic role in MCF7 cells, neratinib was inactive against

MCF7WT cells (Fig. 3A). Complete growth inhibition of the HER2

mutant cells was only observed upon treatment with both ner-

atinib and fulvestrant, further suggesting that in ERþ tumors

harboring activating ERBB2 mutations, both ER and HER2 sig-

naling drive cell viability. To determine if neratinib and fulves-

trant were synergistic, a dose range (0, 31.25, 62.5, 125, 250, 500,

and 1,000 nmol/L) of each drug alone and in combination was

analyzed to calculate the combination index. For the combination

of 250 nmol/L of neratinib and 1 mmol/L of fulvestrant,

MCF7V777L cells (Fig. 3B) and MCF7L755S cells (Supplementary

Fig. S3) exhibited a combination index of 0.22 and 0.49, respec-

tively, both of which are considered synergistic. Similar results to

the 2D in vitro assays were observed in 3D-matrigel. MCF7L755S

and MCF7V777L cells formed large invasive irregular acini in the

absence of estrogen, which were ablated by the addition of

neratinib, consistent with a transformed phenotype driven by

aberrant HER2 signaling (Fig. 3C, top 2 rows). Picomolar con-

centrations of estradiol rescued MCF7L755S and MCF7V777L from

the effect of the HER2 TKI; addition of fulvestrant to estradiol and

neratinib restored acinar growth inhibition, further supporting

dual ER and HER2 blockade are required to ablate their invasive

phenotype (Fig. 3C, last 2 rows).

In ERþbreast cancer cellswith amplification ofWTHER2, there

is clear evidence of crosstalk between the HER2 and ER signaling

pathways (8, 25). Thus,wenext examined if nonamplifiedmutant

HER2 was stimulating estradiol-independent ER transcriptional

activity. Using an ERE luciferase reporter, baseline and estradiol-

stimulated ER transcriptional reporter activity was overall no

different in HER2 mutant versus WT cells. Moreover, treatment

with fulvestrant but not with neratinib abrogated basal and/or

estradiol-induced transcriptional activity in all HER2mutant cells

(Fig. 3D), further suggesting no interdependence ofmutant HER2

and ER signaling in MCF7L755S and MCF7V777L cells. We next

examined a real-time (RT) Profiler array of 84 ER-regulated genes

in MCF7L755S and MCF7V777L cells under estrogen-deprived con-

ditions. When compared with MCF7WT cells, cells harboring the

ERBB2 KD mutations showed modest changes in expression

(�2-fold) in only a small number of ER regulated genes.

MCF7V777L exhibited modest upregulation in L1CAM, JUNB, and

BCAR1, and downregulation in PGR1 (Fig. 3E), whereas

MCF7L755S exhibited upregulation in WISP2 and modest down-

regulation in FOXA1, CTSD1, and GPER1 (Supplementary Fig.

S4). The absence of common genes between the 2 KD mutants

suggests ER transcriptional activity does not play a role in the

estrogen independent growth observed in both.

ERBB2 mutations hyperactivate and rely on PI3K/AKT/mTOR

signaling

HER2-dependent transformation andmetastatic progression of

breast cancer cells with WT HER2 gene amplification are mainly

attributed to hyperactivation of the PI3K/AKT/mTOR survival

pathway, with HER2/HER3 heterodimers being the most trans-

forming of this receptor network (26, 27). HER3, which lacks

intrinsic kinase activity, is able to potently activate PI3K via its 6

docking sites for the p85 adaptor subunit of the PI3K dimer (28).

Moreover, several approved HER2 antagonists exert their antitu-

mor effect, at least in part, by inhibiting phosphorylation ofHER3

and disabling PI3K/AKT/mTOR signaling (9, 29). Further, phos-

phorylated HER3 was reported to be elevated in cells endoge-

nously expressing the ERBB2V777L mutation compared with cells

with WT HER2 (18). Thus, we next examined the role of HER3 in

transformation induced by nonamplified mutant HER2. Immu-

noblot analysis showed detectable Y1197 p-HER3 in MCF7V777L

cells; treatment with fulvestrant resulted in a clear increase in

p-HER3 inMCF7L755S andMCF7V777L cells (Fig. 4A). This increase

was abrogatedbyneratinib, suggesting it is due toHER2-mediated

trans-activation of HER3. To determine whether HER3 function

is causally associated with endocrine therapy resistance, we
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knocked down HER3 with 2 independent siRNAs. siRNA-medi-

ated knockdown of HER3 was confirmed by immunoblot

analysis of lysates from transfected MCF7V777L cells (Fig. 4B).

Monolayer growth analysis showed that transfection of HER3

siRNA resensitized MCF7V777L cells to fulvestrant (Fig. 4C).

HER3 activation requires heterodimerization with other ERBB

family receptors. Immunoprecipitation of HER3 followed by

HER2 immunoblot of HER3 antibody pulldowns revealed that

both HER2 KD mutants exhibit higher levels of HER3:HER2

complexes (Fig. 4D and E), further implying that ERþ/HER2

mutant cells gain ER independent growth through enhanced

activation of HER3.

Structural analysis of the HER2V777L by Bose and colleagues

previously determined that the V777L mutation mirrored altera-

tions observed in the EGFR regulatory DFG motif with altered

kinase activity. These authors also proposed that HER2L755S

adopts a confirmation that may sterically inhibit small molecule

binding and in return could produce resistance to lapatinib (14).

Thus, we next inquired a structural explanation for the apparent

enhanced association of HER2L755S with HER3 using known

HER2 and EGFR structures. While numerous crystal structures

are available for EGFR, both in active and inactive states as well as

bound to HER3, relatively few are available for HER2. Given the

homologies in amino acid sequence (Supplementary Fig. S5), the

Figure 2.

Activating ERBB2 mutations generate resistance to anti-ER therapies. A, Isogenically modified MCF7 cells with incorporated HER2WT (targeted WT),

ERBB2
G309A,ERBB2L755S, andERBB2V777L into the host genome,were grown in estrogen-deprivedmedium [5%charcoal-stripped serum (CSS), phenol-red free]. Cell

counts were taken on day 8. Data represent the average � SD of 3 replicate wells. Statistical comparisons were between HER2 mutant and HER WT cells

(����P < 0.0001, ANOVA). Experiment was repeated 3 times. B, Growth in estrogen-deprived medium (60 days) was carried out in 100-mm dishes.

Passage numberwas recorded for each cell line.C,Representative crystal violet-stainedmonolayers of cells grown for 28 days in estrogen-deprivedmedium.D,Cells

were treatedwith 1mmol/L fulvestrant inmediumcontaining 10%FBS. Cell countswere takenonday8 andare shownas%of vehicle-treated controls for each cell line.

Data represent the average � SD of 3 replicate wells. Statistical comparisons were between HER2 mutant and HER WT cells (����P < 0.0001, ANOVA).

Experiment was repeated 3 times. E, Cells were plated in estrogen-deprived medium and transfected with pERE-luciferase and pCMV-Renilla plasmids; 24-hour

posttransfection, cells were treated � 1 nmol/L estradiol � 1 mmol/L fulvestrant. Luciferase activity was measured 24 hours later using the Dual Luciferase

Kit (Promega) as described in Methods. Data represent the average � SD of 4 replicate wells. The experiment was repeated 3 times. F, Cells were grown

in full medium � 1 mmol/L fulvestrant for 24 hours. Cell lysates were prepared and subjected to immunoblot analyses with the indicated antibodies.
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Figure 3.

Dual blockade of ER and HER2 in ERþ/HER2-mutant cells. A, The indicated cells were grown in complete medium � 1 mmol/L fulvestrant � 200 nmol/L neratinib.

Cell counts were taken on day 12. Data represent the average � SD of 3 replicate wells. Statistical comparison between HER2 mutant cells treated with single

drugs and DMSO-treated controls are shown as percent reduction (��P < 0.01, ����P < 0.0001, ANOVA with Tukey's multiple comparison). For the combination of

neratinib/fulvestrant (red), statistical comparisons were to fulvestrant (green; �P < 0.05, ��P < 0.01, ANOVA with Tukey's multiple comparison). Experiment

was repeated 3 times. B, Synergistic growth assay. MCF7V777L were treated with a dose range (0, 31.25, 62.5, 125, 250, 500, and 1,000 nmol/L) of fulvestrant

and neratinib alone and in combination. Data represent the average of 3 replicate plates. The combination Index value 1 mmol/L fulvestrant and 250 nmol/L

neratinib (indicatedby theboldbox)was0.22 and considered tobe synergistic.C,The indicated cellswereplated in 3Dmatrigel. Estrogen-deprivedmedia� 1 nmol/L

estradiol � 1 mmol/L fulvestrant � 200 nmol/L neratinib, was used as indicated. Media and growth factors were changed every 3 days. Colonies were imaged

on day 12. Representative images shown. Assay was carried out in duplicate wells in 3 separate experiments. D, Cells were plated in estrogen-deprived medium

and transfected with pERE-luciferase and pCMV-Renilla plasmids; 24-hour posttransfection, cells were treated � 1 nmol/L estradiol � 1 mmol/L fulvestrant

� 200nmol/L neratinib. Luciferase activitywasmeasured 24 hours later using theDual LuciferaseKit (Promega) as described inMethods. Data represent the average

� SD of 4 replicate wells. The experiment was repeated 3 times. E, Gene expression analysis using reverse transcription (RT) Profiler of genes regulated by

ERa in MCFWT and MCF7V777L cells as described in Methods. Bar graphs are an average of 3 separate wells. Fold change in gene expression between MCF7V777L and

MCFWT cells is plotted in the Y axis. Genes with a change in expression �2 are labeled.
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Figure 4.

HER3 activation and endocrine resistance in HER2 mutant cells. A, Cells were grown in full medium � 1 mmol/L fulvestrant (F) � 200 nmol/L neratinib (N) for

24 hours. Cell lysates were prepared and subjected to immunoblot analyses with the indicated antibodies. B, ERBB2V777L cells were plated in 100-mm

dishes and transfected with 2 different HER3 (I, II) or control (c) siRNAs as described in Methods. Cell lysates were harvested 3 days posttransfection. Immunoblot

analysis (IB) of HER3 confirmed knockdown in HER3. C, Quantification of of MCF7V777L cells � 1 mmol/L fulvestrant (F) � HER3 siRNAs. Six days after plating,

monolayers were harvested and cell counts determined using a Coulter Counter. Each bar represents the mean cell number � SD of triplicate wells (���P < 0.001,
����

P < 0.0001, ANOVA). D, HER3/HER2 co-immunoprecipitation in lysates from the indicated cells. Protein (1 mg) was isolated and immunoprecipitated (IP)

with 1 mg of a C-terminal HER3 antibody. Antibody pulldowns were separated by SDS-PAGE, transferred to nitrocellulose, and subjected to IB with the indicated

antibodies. E, HER2:HER3 ratio of immunoreactive bands quantified using ImageJ (Y axis). F, Superposition of HER1 in the active (green) and inactive (cyan)

confirmations. L755 residue shown as the active (magenta) and inactive (orange) residues. Oxygen (O, red) andNitrogen (N, blue) sites are indicatedwith respective

colors. G, Quantification of the flexibility (B-factor) of the L755S mutant in the active state (magenta) vs. inactive state (orange). Flexibility is directly correlated

to the ability to bind to HER3.
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proposed mechanism of activation of the HER2 KD (30), and

previously described structural analysis methods by Bose and

colleagues (14), we compared both EGFR and HER2 structures

(Fig. 4F). HER2 residue L755 resides at the C-terminus of the

b-strand prior to the regulatory aC helix in the kinase N-lobe.

L755 is adjacent to the characteristic ion pair (K753/E770) whose

formation of a salt bridge marks the active kinase conformation

(31). HER3 binds the active EGFR kinase, forming an asymmetric

heterodimer similar to activating homodimers of either EGFR or

HER2 (30, 32). Superposition of inactive EGFR and HER2 kinase

structures with active EGFR structures alone or bound to HER3

highlighted the relative positions of the ion pair, aC helix and

L755. Notably, L755 forms a stable hydrophobic core in the

inactive conformations (Fig. 4F, orange sidechains), whereas it

appearsmoreflexible in the active conformations (Fig. 4F,magen-

ta sidechains). This flexibility extends to the following loop,

which helps form the HER3 binding site in the activating hetero-

dimer. To examine if this observed flexibility is a general feature of

active EGFR conformations, we compared the B-factors of side-

chains corresponding to L755 in 122 available EGFR-like kinase

structures (includingmainly EGFR, 2HER2, and4HER4) in either

active or inactive conformations (Fig. 4G). Indeed, the distribu-

tion of normalized B-factors for L755 shifted from average flex-

ibility in inactive conformations to increased flexibility in active

conformations, suggesting the HER2L755S conformation pro-

motes increased binding with HER3.

Inhibition of TORC1 in vivo restores sensitivity of MCF7V777L

tumors to fulvestrant

To identify differential intracellular signaling between cells

with mutant versus WT HER2, we used an array of 43 phosphor-

ylated human kinases in estrogen-deprived MCF7 cells. The main

difference betweenboth cell typeswas persistent phosphorylation

of p70S6K (S6K) in MCF7L755S and MCF7V777L cells versus

MCF7G309A and MCF7WT cells (Fig. 5A). Immunoblot analysis

of S6, the downstream target of S6K,was also clearly higher in cells

with ERBB2 KDmutations in the presence or absence of estrogen

(Fig. 5B). Further interrogation of signal transducingmolecules by

immunoblot analysis revealed elevated levels of T308 p-AKT,

S473 p-AKT, and p-S6 in cells with ERBB2mutations, particularly

in cells with ERBB2 KD mutations (Fig. 5C). In MCF7G309A and

MCF7WT cells but not in MCF7L755S and MCF7V777L cells, treat-

ment with fulvestrant completely inhibited p-S6 levels. In

MCF7V777L cells, treatment with neratinib did not affect p-S6

levels except in combination with fulvestrant (Fig. 5C).

We next examined whether inhibition of signaling molecules

altered in cells harboring ERBB2 KD mutations would restore

sensitivity to fulvestrant. For this purpose we used the PI3Ka

inhibitor alpelisib, the TORC1 inhibitor everolimus, and the

MEK1/2 inhibitor selumetinib. Clonogenic growth assays showed

treatment with alpelisib and everolimus, but not with selumeti-

nib, restored the growth inhibitory action of fulvestrant (Figs. 5D;

Supplementary Fig. S6). Quantification revealed there was no

statistically significant difference between alpelisib, everolimus,

or neratinibwhen combinedwith fulvestrant (Supplementary Fig.

S7). Further, immunoblot analysis of cell lysates showed that

alpelisib and everolimus but not selumetinib, each in combina-

tion with fulvestrant completely abrogated p-S6 levels (Supple-

mentary Fig. S8), supporting a role for PI3K/AKT/mTOR but not

RAS/RAF/MEK/ERK signaling on mutant ERBB2-induced endo-

crine resistance. In each of these studies, we used doses of small

molecules that effectively inhibited their molecular target, S473

p-AKT for alpelisib, p-S6 for everolimus, and p-ERK for selu-

metinib (Supplementary Figs. S9–S11).

Finally, we extended these findings to studies in mice bearing

HER2 mutant xenografts. Athymic ovariectomized mice with

established MCF7V777L tumors were first treated with fulvestrant,

which arrested tumor growth but did not induce tumor regres-

sions (Fig. 6A). In a second study, neratinib and fulvestrant, each

alone, prevented tumor growth but only the combination

induced regression of both MCF7V777L andMCF7L755S xenografts

(Fig. 6B; Supplementary Fig. S12). In a third experiment, mice

with established MCF7V777L tumors were treated with fulvestrant

alone or in combination with neratinib, alpelisib, or everolimus.

As observed in the in vitro growth experiments, there was no

significant difference in tumor growth among any of the combi-

nations with fulvestrant (Fig. 6C). Finally, establishedMCF7V777L

tumors were treated with everolimus, neratinib/everolimus,

fulvestrant/everolimus, or the triple combination of neratinib/

fulvestrant/everolimus to determine the role of p-S6 in tumor

progression. Similar to neratinib and fulvestrant, everolimus

was modestly effective as a single agent. The combinations of

neratinib/everolimus and neratinib/fulvestrant equally sup-

pressed tumor progression and to a higher degree than single

agent everolimus. Interestingly, treatment with the triple combi-

nation of neratinib, fulvestrant, and everolimus induced close to

complete tumor regression (Fig. 6D). We speculate the incom-

plete inhibition of p-S6 by everolimus may be due to mTOR

independent activation of S6K through mutant HER2-induced

activation of RSK (33, 34). IHC analysis of tumor sections

revealed that treatment with the triple combination induced a

significant decrease in p-S6 levels when compared with single-

agent or any double combination, thus correlating with the near

complete tumor responses observed (Supplementary Fig. S13).

Discussion

Although somemechanisms of endocrine therapy resistance in

ERþ breast cancer have been well studied, several of these remain

to be discovered and characterized. Here we report that ERBB2

mutations are predominantly acquired in late-stage ERþ breast

cancer and may play an important role in the progression of

estrogen independent ERþ tumors. It is generally accepted that in

ERþ breast cancers with overexpression of WT HER2, there is

molecular crosstalk between HER2 and ER signaling pathways,

resulting in endocrine therapy resistance (35–38). Whether sim-

ilar transactivation between these 2 pathways is operative in

ERþ/HER2 nonamplified mutant breast cancer cells is unclear.

Our data suggested that ERBB2 mutations are acquired in met-

astatic ERþ disease after exposure to endocrine therapy (Fig. 1).

Hence, we examined herein the role of ERBB2 mutations in

endocrine resistance. Analysis of the cBioPortal and Genie data-

bases revealed the ERBB2mutations have nearly completemutual

exclusivity from activating ESR1 mutations (Supplementary Fig.

S1; refs. 5, 6), suggesting that HER2 variants use may use an

ERa-independent mechanism to mediate escape from estrogen

suppression. Our studies withMCF7 cells with isogenically incor-

porated ERBB2mutations revealed that variants L755S andV777L

in the KD, but not G309A in the extracellular domain, generate

estrogen independent growth and resistance to fulvestrant (Fig.

2). Combined with the clinical data, this result strongly supports

Activating HER2 Mutations Lead to Anti-ER Therapy Resistance
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ERBB2-activating KD mutations are an acquired mechanism of

endocrine therapy resistance.

Previous studies have demonstrated that patients with HER2-

nonamplified breast cancer do not benefit from HER2-directed

therapies (39).However, the identification ofERBB2mutations in

breast cancers withoutHER2 gene amplification has led to clinical

trials showing activity of HER2-directed therapies against these

"low HER2" tumors (40, 41). The ongoing SUMMIT ERBB2

Mutation Trial (ClinicalTrial identifier NCT01953926) identified

neratinib as an effective drug against HER2 mutant breast and is

currently assessing the efficacy of neratinib in combination with

fulvestrant and trastuzumab (40, 42). In this study, using inMCF7

cells harboring activating ERBB2 KD mutations, we determined

dual blockade of ER and HER2 signaling was required to achieve

complete growth arrest and cell death (Fig. 3A and 5D). Very low

levels of estrogen are observed in postmenopausal women. To

recapitulate these conditions, we used picomolar levels of estra-

diol. These low levels of estradiol rescued cells with ERBB2 KD

mutations from neratinib action (Fig. 3C), further suggesting the

need of simultaneously disabling ER and mutant HER2 function

to achieve an optimal antitumor effect. Crosstalk between ER and

HER2 signaling and the ability of HER2 to downregulate ER have

been well characterized in ERþ/HER2 amplified cells and tumors

(43). The heterozygous, low copy incorporation of ERBB2

Figure 5.

ERBB2 KD mutations hyperactivate

the PI3K/AKT/m TOR pathway.

A, Phospho-kinase array of lysates

from MCF7/HER2 mutant cells grown

in IMEM phenol-red free medium, 5%

CSS FBS � 1 nmol/L estradiol (E2).

Lysates and blots were processed

following the manufacturer's

instructions. S6K site T389 shown next

to positive control reference (Ref)

spots. B, Immunoblot to confirm array

results. The indicated cells were

grown in IMEM phenol-red free

medium � 1 nmol/L estradiol

overnight. Cell lysates were prepared

and subjected to immunoblot analyses

with the indicated antibodies. C, The

indicatedMCF7 cellswere grown in full

medium � 1 mmol/L fulvestrant (F) �

200 nmol/L neratinib (N). Cell lysates

were subjected to immunoblot

analyseswith the indicated antibodies.

D, Cells were seeded in full medium

with 200 nmol/L neratinib, 1 mmol/L

alpelisib, 25 nmol/L everolimus, or

1 mmol/L selumetinib, as indicated, � 1

mmol/L fulvestrant. Cells were seeded

in triplicate in 12-well plates and

stained on day 10 with crystal violet

and imaging intensity of stained

monolayers quantitated as described

in Methods.
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mutations into the MCF7 genome used herein is biologically

relevant toHER2mutant tumors, as theoverwhelmingmajority of

these variants are not amplified in primary human tumors. In our

studies, we found no evidence to suggest HER2 mutant signaling

activates ER function and/or limits the effect of fulvestrant or

estrogen deprivation on ER transcriptional activity (Figs.

2E, 2F, 3C, and 3D; Supplementary Fig. S4). These suggest that

unlike endocrine resistance drive by HER2 amplification (44),

HER2 mutant tumors develop anti-ER therapy resistance inde-

pendently of ER activity.

Induction of HER3 was previously identified as a mechanism

for promoting re-expression of genes mediating endocrine-resis-

tant breast cancer cell growth (45). In line with this report, we

found constitutively activated HER3 levels in MCF7L755S and

MCF7V777L cells, particularly upon treatment with fulvestrant

(Fig. 4A). HER3 is catalytically inactive and requires hetero-

dimerization with other ERBB (HER) receptors. Upon dimeriza-

tion, ERBB co-receptors phosphorylate HER3 which, in turn, can

couple to signal transducers mainly the PI3K/AKT/mTOR path-

way (44). Structural analysis of L755SHER2 suggested an increase

in flexibility in the active state, thus allowing for an increased

propensity for heterodimerization and activation of HER3. Muta-

tion of L755 to serine replaces a hydrophobic sidechain that helps

stabilize the N-lobe core in inactive EGFR-like kinases with a

smaller hydrophilic side chain (Fig. 4F). The serine mutation

increases solvent exposure of the sidechain in both EGFR and

HER2 structures according to SDM (24) and allows the surround-

ing residues to become more solvent exposed, thus increasing

flexibility (46). We propose this increased flexibility mimics that

observed in activated states of EGFR-like kinase structures, thus

shifting HER2 towards the activated state and enhancing its

binding to HER3 (Fig. 4G). This would be consistent with

the observed hyperactivity of the HER3/PI3K/AKT/mTOR axis in

in MCF7L755S and MCF7V777L cells and its potential central role

on the transformed phenotype induced by ERBB2-activating

mutations.

Inhibition of HER2 (with neratinib), TORC1 (with everoli-

mus), or PI3Ka (with alpelisib) in combination with fulvestrant

were equipotent in vitro (Fig. 5D) and in vivo (Fig. 6C); however,

complete tumor regressions in vivo were only achieved with the

triple combination of fulvestrant/neratinib/everolimus (Fig. 6D).

IHC analysis revealed that inhibition of both TORC1 and

mutant HER2 were required in order to achieve an optimal

reduction in p-S6 levels (Supplementary Fig. S13). Previous

studies have shown that MCF7V777L cells exhibit increased PI3K

signaling and cell migration (18). Further, online databases

(cBioPortal, Genie) revealed that ERBB2 mutations have a ten-

dency to co-occur (log odds ratio ¼ 0.323) with PIK3CA muta-

tions (Supplementary Fig. S1), suggesting a natural selection

geared towards amplification of PI3K signaling. Combined with

our data, these data also suggest that combinations of endocrine

therapywith PI3K pathway inhibitors would be a rational strategy

worthy of clinical investigation in cancers with activating ERBB2

mutations.

Figure 6.

MCF7 xenografts harboring ERBB2
V777L

respond to dual blockade of HER2 and ER.

A, MCF7V777L xenografts were established

subcutaneously in ovariectomized athymicmice

supplemented with a 28-day release, 0.25-mg

17b-estradiol pellet. Once tumors reached

approximately 200 mm3, mice were

randomized to treatment with vehicle or

fulvestrant (5 mg/kg/week). Each data point

represents the mean tumor volume in mm3
�

SD.B,MCF7V777L xenograftswere established as

in A following implantation of a subcutaneous

14-day release, 0.25-mg 17b-estradiol pellet.

Once tumors reached approximately 200 mm3,

mice were randomized to treatment with

vehicle, fulvestrant (5 mg/kg/week), neratinib

(40 mg/kg/day), or both drugs for 5 weeks.

Each data point represents the mean tumor

volume in mm3
� SD. C, MCF7V777L xenografts

were established in mice as in B; once tumors

reached �100 mm3, mice were randomized to

treatment with vehicle, fulvestrant (5 mg/kg/

week), alpelisib (30 mg/kg/day) þ fulvestrant,

everolimus (5 mg/kg/day) þ fulvestrant, or

neratinib (40 mg/kg/day) þ fulvestrant for 5

weeks. Each data point represents the mean

tumor volume in mm3
� SD. D, MCF7V777L

xenograftswere established inmice as inB; once

tumors reached �100 mm3, mice were

randomized to treatment with vehicle,

everolimus (5 mg/kg/day), everolimus þ

fulvestrant (5 mg/kg/week), everolimus þ

neratinib (40 mg/kg/day), or all 3 drugs for 5

weeks. Each data point represents the mean

tumor volume in mm3
� SD. Number in mice per

treatment are shown in parentheses.
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In conclusion, we report herein that ERBB2-activating muta-

tions predominate in late stages of ERþ breast cancer after long-

term ER suppression. These mutations led to estrogen indepen-

dent growth and fulvestrant resistance with no significant changes

in ER transcriptional activity. Dual blockade of HER2 and the ER

pathways was necessary to effectively inhibit growth of ERþ/

HER2mutant tumors. In addition, HER2mutant signaling hyper-

activated HER3/PI3K/AKT/mTOR, thus suggesting a causal asso-

ciation of aberrant activity of this pathway to endocrine resistance

in patients with ERþ/HER2mutant breast cancer. Taken together,

these studies suggest that patients with ERþ/HER2 nonamplified

breast cancer-harboring ERBB2 mutations would benefit from

HER2 targeted therapies in combination with hormonal therapy.
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