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Co-occurring gain-of-func
tion mutations in HER2
and HER3 modulate HER2/HER3 activation,
oncogenesis, and HER2 inhibitor sensitivity
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In brief

Hanker and Brown et al. demonstrate that

co-occurring HER2 and HER3 mutations

cooperatively activate HER2/HER3 and

PI3K signaling in tumor cells, leading to

enhanced growth, invasion, and

resistance to HER2 inhibitors. HER2/

HER3 double-mutant tumor models are

sensitive to the combination of a HER2

TKI and a PI3Ka inhibitor.
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SUMMARY
Activating mutations in HER2 (ERBB2) drive the growth of a subset of breast and other cancers and tend to
co-occur with HER3 (ERBB3) missense mutations. The HER2 tyrosine kinase inhibitor neratinib has shown
clinical activity against HER2-mutant tumors. To characterize the role of HER3 mutations in HER2-mutant
tumors, we integrate computational structural modeling with biochemical and cell biological analyses.
Computational modeling predicts that the frequent HER3E928G kinase domain mutation enhances the affinity
of HER2/HER3 and reduces binding of HER2 to its inhibitor neratinib. Co-expression of mutant HER2/HER3
enhances HER2/HER3 co-immunoprecipitation and ligand-independent activation of HER2/HER3 and PI3K/
AKT, resulting in enhanced growth, invasiveness, and resistance to HER2-targeted therapies, which can be
reversed by combined treatment with PI3Ka inhibitors. Our results provide a mechanistic rationale for the
evolutionary selection of co-occurring HER2/HER3 mutations and the recent clinical observations that
HER3 mutations are associated with a poor response to neratinib in HER2-mutant cancers.
INTRODUCTION

Activating mutations in HER2 (also known as ERBB2) are onco-

genic drivers in a subset of breast and other cancers (Bose et al.,

2013; Hanker et al., 2017; Hyman et al., 2018). In breast cancer,

HER2 mutations typically occur in the absence of HER2 amplifi-

cation, are more common in invasive lobular breast cancer (De-

niziaut et al., 2016; Desmedt et al., 2016; Ping et al., 2016; Ross

et al., 2013), and are associated with poor prognosis (Kurozumi

et al., 2020; Ping et al., 2016; Wang et al., 2017). RecurrentHER2

mutations promote resistance to antiestrogen therapy in estro-

gen receptor-positive (ER+) breast cancers (Croessmann et al.,

2019; Nayar et al., 2019) and are found in �5% of endocrine-

resistant metastatic breast cancers (Razavi et al., 2018). They

have also been implicated in resistance to HER2 inhibitors in
Ca
HER2-amplified breast cancers (Cocco et al., 2018; Xu et al.,

2017) and can be targeted with HER2 tyrosine kinase inhibitors

(TKIs), such as neratinib. Approximately 30% of HER2-mutant

metastatic breast cancers respond to neratinib (Hyman et al.,

2018), suggesting that co-occurring mutations may modulate

HER2 TKI response.

HER2 is a member of the ERBB receptor tyrosine kinase fam-

ily, which includes EGFR, HER3 (ERBB3), and HER4 (ERBB4).

Upon ligand-induced homo- and heterodimerization of the extra-

cellular domain (ECD), ERBB receptors undergo a conforma-

tional change that triggers asymmetric dimerization of the kinase

domains (KDs), leading to kinase activation and subsequent

signal transduction through oncogenic pathways, such as the

phosphoinositide-3-kinase (PI3K)/AKT/mTOR and RAS/RAF/

MEK/ERK pathways (Zhang et al., 2006). Although HER2 lacks
ncer Cell 39, 1099–1114, August 9, 2021 ª 2021 Elsevier Inc. 1099
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a high-affinity ligand, its natural conformation resembles a

ligand-activated state and is the preferred heterodimer of

EGFR and HER3 (Arteaga and Engelman, 2014). HER3 is catalyt-

ically impaired and its signaling depends on heterodimerization

with catalytically active partner, such as EGFR and HER2 (Wal-

lasch et al., 1995).

The most common HER2 mutations in breast cancer are

missense mutations in the KDs, such as HER2L755S and

HER2V777L. While HER2 missense mutants exhibit gain-of-func-

tion activity (Bose et al., 2013), they are not potently transforming

in the absence of amplification andmay require cooperation with

other oncogenes to confer a fully transformed phenotype. For

example, co-occurring PIK3CA mutations (encoding PI3K)

cooperate with HER2 mutations to augment pathway activation

(Zabransky et al., 2015). However, PIK3CA mutations are only

found in �1/3 of HER2-mutant breast cancers; other alterations

that cooperate with HER2 mutations are not known.

Gain-of-function mutations in HER3 are found in �2% of

breast cancers (Cancer Genome Atlas, 2012; Jaiswal et al.,

2013). HER2/HER3 heterodimers exhibit high catalytic activity,

strongly activate the PI3K/AKT/mTOR pathway, and induce

transformation more potently than any other ERBB dimers

(Choi et al., 2020; Holbro et al., 2003; Yarden and Sliwkowski,

2001). In the HER2/HER3 asymmetric dimer, the HER3 KD

serves as the ‘‘activator,’’ stimulating the kinase activity of the

HER2 ‘‘receiver’’ (Choi et al., 2020). Co-occurring HER3 muta-

tions have previously been found in HER2-mutant tumors

(Hanker et al., 2017) and are associated with lower clinical

response to neratinib in the clinic (Hyman et al., 2018; Smyth

et al., 2020). We hypothesized that the mutant HER3 receptor

cooperates with mutant HER2 to promote tumor growth via

enhanced HER2 and PI3K activation.

RESULTS

Activating mutations in HER2 and HER3 co-occur in
breast and other cancers
We interrogated 277 breast cancers (Figures 1A and S1A) and

1,561 pan-cancers harboring somatic HER2 mutations from

the Project GENIE dataset (genie.cBioPortal.org) for co-occur-

ring alterations in EGFR, ERBB3, ERBB4, PIK3CA, and PTEN

(Figures 1B and S1B). Since HER2 mutations are known to be

associated with lobular breast cancer (Desmedt et al., 2016),

we also included the CDH1 gene, which is mutated frequently

in lobular breast cancer. Mutations in HER2 and HER3 showed

a significant tendency to co-occur in breast cancer (q = 0.006)

and in all cancers (q = 1.01 3 10�26; Figures 1C and S1C).

Most co-occurrences were between known activating missense

mutations in both genes rather than variants of unknown signifi-

cance (Figures S1A and S1B). In breast cancer, neither EGFR nor

ERBB4 alterations were found to co-occur with HER2 (Fig-

ure S1C). We also noted that HER3 mutations did not co-occur

with HER2 in-frame insertion mutations or when HER2 was

both mutated and amplified (Figures 1A and 1B). Intriguingly, in

HER2-mutant breast cancers, co-occurring HER3 mutations

were mutually exclusive with co-occurring PIK3CA, suggesting

that HER3 and PIK3CA mutations are functionally redundant.

To identify the most common co-occurring HER2 and HER3

mutant allele pairs in breast cancer, we expanded our search
1100 Cancer Cell 39, 1099–1114, August 9, 2021
to include additional datasets from Foundation Medicine and

cBioPortal. We identified 67 breast cancers harboring mutations

in both genes (Table S1). The most common HER2 mutations

were L755S (n = 24), S310F/Y (n = 16), V777L (n = 14), and

L869R/Q (n = 7). The most common HER3 mutations were

E928G (n = 35), V104L/M (n = 8), T355A/I (n = 5), and K329E/I

(n = 5). These were similar to the most common single HER2

and HER3 missense mutations found in breast tumors (Figures

S1D and S1E). The most common pairs are shown in Figure 1D.

Since HER3E928G is the most common co-mutated HER3 allele,

we focused our studies on that mutation paired with HER2L755S,

HER2V777L, HER2L869R, and HER2S310F.

Co-occurring HER2/HER3 mutants enhance KD
dimerization and HER2 kinase activation
To determine the mechanisms of activation of mutant HER2

and HER3, we systematically evaluated the contributions of

each mutation to HER2 kinase activation and HER2/HER3

dimerization (Figures S2A–S2C). Previous work demonstrated

an increase in HER2WT kinase activity when bound to

HER3E928G relative to HER3WT (Collier et al., 2013). Subsequent

work showed that HER3E928G enhances EGFR/HER3 dimeriza-

tion affinity, potentially as a result of charge neutralization at the

asymmetric dimer interface. However, neutralization of a gluta-

mate interface residue in EGFR resulted in <2-fold increase in

dimerization affinity, suggesting that charge neutralization

may not be the primary contributor to HER3E928G gain of func-

tion (Littlefield et al., 2014). Therefore, we probed the effects of

HER3E928G on HER2/HER3 dimerization using a combination of

Rosetta DDG calculations and molecular dynamics (MD)

simulations.

Consistent with previous studies, our Rosetta simulations sug-

gest an enhanced dimerization affinity of HER2WT/HER3E928G

relative to HER2WT/HER3WT (Figure 2A). Per-residue decompo-

sition of Rosetta binding energy suggests that the largest contri-

butions can be attributed to HER2 L790 and HER3G927 (Figures

2B, S2D, and S2E). MD simulations displayed a reduced HER2

L790-HER3 G927 backbone hydrogen bond (H bond) distance

(Figures 2C and 2D) and a�1.3 kcal/mol increase in H bond sta-

bility in HER2WT/HER3E928G relative to HER2WT/HER3WT (Figures

S2F and S2G).We failed to observe an increase in favorable con-

tacts between charged interface residues (Figures 2B, 2D, S2D,

and S2E). Our results suggest that the increased flexibility

conferred to HER3E928G at the dimerization interface by adjacent

glycine residues (G927 and G928) increases dimerization affinity

through backbone H bond optimization.

We next sought to understand the structural basis for potential

synergy of HER3E928G with the most common co-occurring

HER2 mutants in breast cancer (Figure 1D): L755S, V777L, and

L869R. Previous studies have shown that HER2 KD mutant

monomers, including HER2V777L, displayed enhanced kinase ac-

tivity compared with the HER2WT monomer; HER2 activity was

further increased by homodimerization of mutant HER2

compared with the mutant monomer (Bose et al., 2013; Collier

et al., 2013). Here, we investigated to what extent these muta-

tions increase stability of the KDactive conformation (Figure S2A)

versus the stability of the asymmetric heterodimer interface (Fig-

ure S2B). We performed Rosetta DDG calculations of HER2

missense mutations in complex with HER3WT or HER3E928G

http://genie.cBioPortal.org
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Figure 1. HER2 and HER3 mutations co-occur in breast and other cancers

(A and B) A total of (A) 277 HER2-mutant breast cancers and (B) 1,561 HER2-mutant pan-cancers in the Project GENIE database were interrogated for co-

occurring alterations in the indicated genes. HER2 variants of unknown significance were excluded.

(C) Co-occurrence with HER2 mutations was analyzed using cBioPortal.

(D) The most common co-occurring HER2/HER3mutations in breast cancer were determined using databases from Project GENIE, cBioPortal, and Foundation

Medicine.

See also Figure S1.
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(Figures S2B and S2C). The HER2 KD mutants did not increase

dimerization affinity with HER3WT (Figure 2A). In contrast,

HER2S310F/Y did increase dimerization affinity of the ECDs,

potentially because the aromatic side chain of HER2 F/Y310

canmake a stable hydrophobic contact with HER3 L272 (Figures

S3A and S3B). HER3E928G enhanced dimerization affinities over

HER3WT in all cases (Figures 2C and S3B).

We tested the hypothesis that HER2 missense mutants in-

crease the stability of the KD active conformation using steered

MD and umbrella sampling (US) simulations. We reasoned that

mutations that reduce the energetic barrier to activation increase

the propensity for dimer formation through conformational selec-

tion (Figures S2A and S2B). HER2WT ismore stable in the inactive

conformation than the active conformation in our US simulations

(Figures 2E and 2F). In contrast, both HER2L869R and HER2L755S

favor the active conformation (Figures 2E and 2F). Consistent

with previous accelerated MD simulations (Robichaux et al.,

2019), HER2V777L retained a preference for the inactive confor-

mation in our simulations; however, the barrier to activation is
reduced, suggesting that HER2V777L is more readily activated

than HER2WT. These results suggest that the tested HER2 KD

missense mutations lower the free energy barrier between the

inactive and active KD conformations, while HER3E928G en-

hances the stability of the dimerization interface, such that

HER2missense/HER3E928G co-mutations cooperatively promote

oncogenic activation.

Co-occurring HER2/HER3 mutants enhance ligand-
independent HER2/HER3 and PI3K activation
To test our computational predictions, we performed co-immu-

noprecipitation (co-IP) in HEK293 cells transiently transfected

with WT (wild type) or mutant HER2 and HER3. In agreement

with the structural predictions (Figures 2A and S3B), co-expres-

sion of HER3E928G enhanced the interaction with HER2S310F,

L755S, or V777L compared with HER3WT (Figures 3A and 3B).

The stronger association between HER2L755S and HER3E928G

compared with either mutant alone was confirmed by proximity

ligation assay (PLA) (Figures S4A and S4B).
Cancer Cell 39, 1099–1114, August 9, 2021 1101
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Figure 2. Co-occurring HER2/HER3 mutants enhance HER2/HER3 KD association and HER2 kinase activity

(A) Rosetta HER2/HER3 heterodimerization binding energy as mean ± standard error across 20 lowest interface energy models.

(B) Pairwise sums of per-residue binding energy decomposition for HER2/HER3 heterodimerization.

(C) Comparison of the computational structural models of HER2WT/HER3WT and HER2WT/HER3E928G at the asymmetric dimer interface. HER2 is purple

and HER3 is blue. The hydrogen bond distance and angle between G927-O/L790-NH and L790-N/L790-H/G927-O atoms, respectively, are depicted in

yellow.

(D) Probability density plots of HER2WT/HER3WT and HER2WT/HER3E928G HER3 G927-O-HER2 L790-N hydrogen bond distance (left), HER2 K716-NZ- HER2

E719-OE1,2 bond distance (middle), and HER2 K716-NZ-HER2 D742-OD1,2 bond distance (right).

(legend continued on next page)
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Treatment with the HER3 ligand neuregulin (NRG) triggers

HER2/HER3 heterodimerization and pathway activation. We

asked whether HER3E928G can bypass the effect of NRG

stimulation via enhanced interaction with the KD of HER2. Co-

expression of HER3E928G with HER2WT strongly enhanced

ligand-independent HER3 phosphorylation in serum-starved

HEK293 cells (Figure 3C) in agreement with previous studies

(Jaiswal et al., 2013). Similarly, HER2L755S and HER2V777L,

when co-expressed with HER3WT, increased ligand-indepen-

dent HER2 and HER3 phosphorylation. Levels of P-HER3 were

highest in the double-mutant cells. Similar results were obtained

when only the intracellular domains of WT or mutant HER2 and

HER3 were expressed (Figure S4C). Treatment with NRG was

sufficient to stimulate HER2 and HER3 phosphorylation in cells

co-expressing HER2WT and HER3WT, similar to the effects of

HER2/HER3 double mutants in unstimulated cells (Figure 3C).

These results support a model whereby the concurrent HER2/

HER3 KD mutants promote ligand-independent HER2/HER3

KD association and HER2 kinase activation.

Next, we stably transduced MCF10A breast epithelial cells

with WT and mutant HER2, each with WT or mutant HER3. In

low-serum conditions, cells expressing the double mutants

showed the highest levels of P-HER3 (Figure 3D). Unlike HER2,

P-HER3 can directly bind to the p85 subunit of PI3K, inducing

PI3K activity (Haikala and Janne, 2021). Consistent with this,

levels of P-AKT were also highest in double-mutant cells (Fig-

ure 3D). P-HER3 and P-AKT were enhanced to a similar degree

by NRG stimulation in HER2-mutant/HER3WT cells (Figure S4D).

The above experiments were performed in the context of

ectopic expression of HER2 and HER3; however, most concur-

rent HER2 and HER3 mutations occur in the absence of HER2

gene amplification (Figures 1A and 1B). Therefore, we expressed

HER3WT or HER3E928G in (1) OVCAR8 ovarian cells, which

contain an activating somatic HER2G776V mutation without

HER2 amplification (Sudhan et al., 2020), and (2) MCF7 HER2-

non-amplified breast cancer cells isogenically modified to ex-

press HER2L755S or HER2V777L at endogenous levels (Zabransky

et al., 2015). Expression of HER3E928G enhanced co-IP with

mutant HER2 in OVCAR8 cells and enhanced P-HER3 in both

models compared with HER3WT (Figures 3E and S4E). Levels

of P-AKT were also increased in OVCAR8 cells expressing

HER3E928G, but not in MCF7 double-mutant cells, perhaps

because these cells harbor an activating PIK3CA mutation.

These results suggest that concurrent HER2/HER3 mutants

enhance ligand-independent PI3K activity, providing a plausible

explanation for the mutual exclusivity of co-occurring HER3 and

PIK3CA mutations in HER2-mutant breast cancers (Figure 1A).

We noted above that HER2 insertion mutations did not co-

occur with HER3 mutations (Figures 1A and 1B). Therefore, we

asked whether the HER2Y772_A775dup (HER2YVMA) insertion

mutant could activate HER2/PI3K to a similar degree as co-

occurring HER2 and HER3 missense mutants. We modeled the

insertion mutants HER2YVMA and HER2G778_P780dup (HER2GSP)

mutations based on the HER2WT and EGFRD770_N771insNPG struc-
(E) Activation state conformational free energy landscape of HER2WT and mutan

(F) Quantification of free energy difference between active and inactive states (g

gration along the lowest free energy path(s) (green and purple).

See also Figures S2 and S3.
tures (Figure S4F). Simulations suggest that HER2GSP and

HER2YVMA have reduced free energy barriers to activation rela-

tive to HER2WT (Figures S4F and S4G). Next, we stably trans-

ducedMCF10A cells with HER2YVMA and HER3WT or HER3E928G.

Both HER2/HER3 co-IP and P-AKT levels were similar in cells

expressing HER2YVMA/HER3WT and HER2L755S/HER3E928G (Fig-

ures 3F and S4H). Co-expression of HER3E928G with HER2YVMA

did not further increase P-AKT, suggesting that HER2 insertion

mutations and HER3 mutations are stronger activators of PI3K

than HER2 missense mutations alone.

While HER3E928G is the most common HER3 mutation in

breast cancer, we noted several cases of co-occurring HER2/

HER3 ECDmutations (Figure 1D; Table S1). Thus, we expressed

eachHER3 ECDmutation together with HER2WT or HER2S310F in

HEK293 cells. HER2S310F expression with HER3WT resulted in

increased ligand-independent HER2 and HER3 phosphorylation

compared with HER2WT (Figure S4I). However, co-expression of

HER3 ECD mutants did not further enhance phospho-HER2 or

-HER3, suggesting that these HER3 mutants do not promote

ligand-independent HER2/HER3 activation.

Co-occurring HER2/HER3 mutants enhance oncogenic
growth and invasion
Next, we asked whether concurrent HER2/HER3 mutants coop-

erate to transform breast cancer cells. While most of the co-

occurring mutations enhanced growth in 2D and 3D (Figures

4A and 4B), expression of the most common pair, HER2L755S/

HER3E928G, did not further enhance monolayer 2D growth above

that of HER2L755S alone. However, when cultured in 3D Matrigel,

MCF10A HER2L755S/HER3E928G cells formed large invasive acini

in the absence of added NRG1 (Figures 4C and 4D), suggestive

of a more transformed phenotype. Similar invasive acini were

formed by cells expressing HER2S310F/HER3E928G and

HER2L869R/HER3E928G, but not by cells expressing either HER2

variant with HER3WT (Figure S5A). Notably, NRG1 treatment

phenocopied the effect of HER3E928G in cells expressing

HER3WT and HER2 mutants (Figure 4C). Ligand-independent

invasive acini were formed by cells transduced with HER2YVMA,

but this effect was not enhanced by co-transduction with mutant

HER3. Invasion through Matrigel-coated chambers was strongly

enhanced by all of the double mutants or by HER2YVMA/HER3WT

(Figures 4E, 4F, and S5B–S5E). Together, these results suggest

that concurrent HER2/HER3 mutants enhance ligand-indepen-

dent PI3K pathway activation, which is associated with

increased invasion (Samuels et al., 2005).

HER3E928G promotes resistance to HER2-targeting
antibodies
We next asked whether HER2- and HER3-targeting antibodies

could disrupt the association of HER3E928G with HER2 and the

enhanced oncogenicity conferred by co-occurring HER2/HER3

mutations. We used the HER2 antibodies trastuzumab and per-

tuzumab, which disrupt ligand-dependent and -independent

HER2/HER3 dimers (Agus et al., 2002; Junttila et al., 2009) and
ts (see the STAR Methods).

ray), relative free energy difference compared with HER2WT (yellow), and inte-
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Figure 3. HER3E928G enhances HER2/HER3 association and PI3K pathway activation

(A) HEK293 cells were co-transfected with the indicated transgenes. HER2 IP was performed as in the STAR Methods.

(B) Immunoblot bands from four independent HER2 IP experiments in HEK293 cells were quantified using ImageJ. Data represent the mean ± SEM (n = 4). p

values, Student’s t test.

(legend continued on next page)
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PanHER, a mixture of antibodies targeting EGFR, HER2, and

HER3 that induces ERBB receptor downregulation (Jacobsen

et al., 2015). In agreement with previous studies (Greulich

et al., 2012; Kavuri et al., 2015), MCF10A cells expressing the

extracellular HER2S310F mutation were exquisitely sensitive to

the combination of trastuzumab and pertuzumab and to PanHER

(Figures 5A–5C and S6A). However, co-expression of HER3E928G

reversed this response (Figures 5B and 5C). co-IP of cell lysates

with HER2 antibodies showed that HER2S310F/HERWT dimeriza-

tion was disrupted by trastuzumab and pertuzumab. In cells ex-

pressing HER2S310F/HER3E928G, dimerization was not affected

by antibody treatment (Figure 5D). Similarly, the antibodies

blocked P-HER3, P-AKT, and the downstream effector P-S6 in

MCF10A cells expressing HER2S310F/HER3WT, but failed to do

so in cells expressing HER2S310F/HER3E928G (Figure 5E). Flow

cytometry analysis revealed that HER3E928G did not disrupt

trastuzumab binding to cell surfaceHER2 (Figure S6B). These re-

sults suggest that HER3E928G may enable the intracellular asso-

ciation of HER2 and HER3 KD mutants, even when the ECD

interaction is disrupted by neutralizing antibodies.

HER3E928G modulates sensitivity to neratinib
The HER2 TKI neratinib has emerged as a promising treatment

forHER2-mutantmetastatic breast cancer. However, only a sub-

set of HER2-mutant patients respond to neratinib (Hyman et al.,

2018; Ma et al., 2017; Smyth et al., 2020). Therefore, we asked

whether concurrent HER3E928G mutations affect the ability of

neratinib to inhibit HER2. Neratinib is an ATP-competitive TKI,

so its efficacy is a function of ATP-binding affinity. MD simula-

tions and molecular mechanics generalized Born and surface

area binding energy calculations of the HER2WT-ATP complex

heterodimerized with HER3WT or HER3E928G suggest that

HER3E928G enhanced binding affinity to ATP (Figure 6A). Similar

results were seen in simulations of missense variants (Figures 6B

and 6C). Our simulations suggest that HER3E928G reduces

the binding affinity of neratinib to HER2WT, HER2L755S, and

HER2L869R (Figure 6D). They also suggest that HER2L755S, and

to a lesser extent HER2L869R, may have reduced sensitivity to

neratinib that is compounded by co-occurrence with HER3E928G,

consistent with previous reports that HER2L755S may be less

sensitive to HER2 TKIs (Li et al., 2019; Robichaux et al., 2019).

In contrast, HER2V777L is expected to mostly retain sensitivity

to neratinib even when co-occurring with HER3E928G (Figure 6D).

We subsequently tested the neratinib sensitivity of MCF10A

cells co-expressing WT or mutant HER2 and HER3. Co-expres-

sion of HER3E928G resulted in a �15-fold shift in neratinib half-

maximal inhibitory concentration (IC50) in MCF10A HER2S310F-

expressing cells (Figure 6E). Similar results were obtained with

other HER2 TKIs (poziotinib, afatinib, and tucatinib), suggesting

that expression of HER3E928G reduces sensitivity to most HER2

ATP-competitive inhibitors (Figure S7A). However, the shift in

IC50 varied in a HER2 allele-specific manner (Figures 6F and
(C) HEK293 cells were co-transfected with the indicated transgenes, serum-star

(D) MCF10A cells stably expressing the indicated transgenes or GFP control (�/

(E) OVCAR8 cells stably expressing pLX302-GFP (control), HER3WT, or HER3E92

(F) MCF10A cells stably expressing the indicated transgenes were incubated and

of band intensity by ImageJ; ratios were normalized to WT/WT.

See also Figure S4.
S7B), consistent with our computational predictions (Figures

6D; Table S2). For example, HER2L755S cells were less sensitive

to neratinib compared with HER2S310F, consistent with previous

reports (Li et al., 2019; Nagano et al., 2018; Robichaux et al.,

2019). This trend was similar in 3D Matrigel cultures: treatment

with neratinib blocked growth of MCF10A HER2S310F/HER3WT

and HER2V777L/HER3WT cells and partially blocked growth of

MCF10A HER2L869R/HER3WT cells, whereas cells expressing

HER2L755S were largely resistant (Figure 6G). Co-expression of

HER3E928G reduced the response to neratinib in cells expressing

most HER2 mutants. Consistent with the effects on cell growth,

neratinib treatment blocked P-HER3, P-AKT, and P-S6 in

MCF10A cells expressing HER2mutant/HER3WT, but to a lesser

degree in cells expressing HER2L755S/HER3WT, while neratinib

failed to block HER3/PI3K signaling in cells expressing

HER3E928G (Figure S7C). Furthermore, OVCAR8 cells (somatic

HER2G776V) ectopically expressing HER3E928G (Figure 3E)

exhibited reduced sensitivity to neratinib compared with cells

expressing HER3WT (Figure S7D).

Next, we established organoids from an HER2-mutant, non-

amplified breast tumor model: the SA493 patient-derived

xenograft (PDX), derived from an ER+/HER2S310F lobular

breast cancer (Eirew et al., 2015). We confirmed that the orga-

noids retained the HER2S310F mutation (Figure S7E). Next, we

stably transduced these organoids with HER3WT or HER3E928G

(Figure S7F); expression of HER3E928G in these HER2-mutant

organoids increased P-HER3, P-AKT, and P-S6 (Figure S7G).

In ligand-free media, cells expressing HER3E928G formed

larger, less-organized organoids compared with those ex-

pressing HER3WT, suggesting that HER3E928G promotes a

more aggressive phenotype of this HER2-mutant breast can-

cer model (Figure S7H). While parental organoids and those

expressing HER3WT were quite sensitive to trastuzumab +

pertuzumab, neratinib, or the combination, organoids ex-

pressing HER3E928G exhibited markedly reduced sensitivity

to these agents (Figure 6H). Together, our results suggest

that HER3E928G increases ligand-independent growth and

reduces sensitivity to HER2-targeting agents in multiple

HER2-mutant tumor models.

Cancer cells with co-occurring HER2/HER3 mutations
are sensitive to combined inhibition of HER2 and PI3Ka
Our results suggest that HER2/HER3 co-mutations hyperacti-

vate the PI3K/AKT pathway and result in relative resistance to

HER2-targeted therapies. Therefore, we tested the combination

of neratinib with a PI3K inhibitor in MCF10A cells expressing the

double mutants. The combination of neratinib with the PI3Ka in-

hibitor alpelisib or with the pan-PI3K inhibitor buparlisib blocked

P-AKT and P-S6 in MCF10A HER2L755S/HER3E928G and HER2-
YVMA cells more potently than either drug alone (Figure 7A). The

combination of neratinib and alpelisib also strongly reduced col-

ony growth and invasive acini formation in 3D Matrigel by these
ved overnight, then stimulated ±10 ng/mL NRG1 for 10 min.

�) were incubated in EGF/insulin-free media +1% CSS overnight.
8G were incubated in RPMI +1% CSS overnight, then subjected to HER2 IP.

lysed as in (D). Where indicated, numbers below bands represent quantification
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Figure 4. Co-occurring HER2/HER3 mutations enhance oncogenic growth and invasion of breast epithelial cells

(A) MCF10A cells stably expressing the indicated transgenes were grown in 2D in EGF/insulin-free medium +1%CSS. After 6 days, cell viability wasmeasured by

CellTiter-Glo. Data represent the mean ± SEM (n = 4). p values, two-way ANOVA + Bonferroni.

(B) MCF10A cells were grown in 3DMatrigel in EGF/insulin-free medium +1%CSS and stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT). The total volume of colonies per well was quantified using the GelCount instrument. Data represent the mean ± SEM (n = 3). p values, two-way ANOVA +

Bonferroni.

(C) MCF10A cells stably expressing the indicated transgenes were grown in 3D Matrigel in EGF-free medium +1% CSS ± 10 ng/mL NRG1 for 7 days. Scale

bars, 250 mm.

(D) The number of colonies showing invasive branching per field of view (FOV) from (C) was quantified. Data represent the mean ± SEM (n = 3). p values, two-way

ANOVA + Bonferroni.

(E) MCF10A cells stably expressing the indicated genes were seeded on Matrigel-coated chambers. After 22 h, invading cells were stained with crystal violet.

Scale bars, 500 mm.

(F) Relative invasion (normalized to WT/WT) from two FOVs per well was quantified in ImageJ. Data represent the mean ± SEM (n R 3). p values, two-way

ANOVA + Bonferroni.

See also Figure S5.
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cells (Figures 7B and 7C). Next, we examined CW2 colorectal

cancer cells, which harbor somatic HER2L755S/HER3E928G muta-

tions (Figure S8A) (Kloth et al., 2016). Small interfering RNA

(siRNA)-induced knockdown of either HER2L755S or HER3

showed that the proliferation and PI3K activity in these cells is
1106 Cancer Cell 39, 1099–1114, August 9, 2021
partially dependent on both mutant HER2 and HER3 (Figures

S8B–S8F). The combination of neratinib and alpelisib was

required to eliminate P-AKT and synergistically blocked prolifer-

ation in these cells (combination index = 0.42) (Figures 7D and

7E). While 4 h treatment with neratinib + alpelisib strongly
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Figure 5. HER3E928G promotes resistance to HER2- and HER3-targeting antibodies by retaining HER2/HER3 KD association

(A) Model of HER2/HER3E928G heterodimer bound to trastuzumab, pertuzumab, or PanHER.

(B)MCF10A cells stably expressing the indicated geneswere grown in 3DMatrigel in EGF/insulin-freemedium +1%CSSand treatedwith vehicle (PBS), 20 mg/mL

PanHER, 20 mg/mL each trastuzumab + pertuzumab for 7 days. Scale bars, 500 mm.

(C) The total volume of colonies per well was quantified using the GelCount instrument. Data represent the mean ± SEM (n = 3).

(D) MCF10A cells stably expressing the indicated transgenes were treated with vehicle (PBS) or 20 mg/mL each trastuzumab and pertuzumab for 24 h in EGF/

insulin-free medium +1%CSS. Following an acid wash to remove bound antibodies, HER2 IP was performed. Line denotes removal of irrelevant lanes; blots are

from the same gel/blot.

(E) MCF10A cells stably expressing the indicated transgenes were treated with vehicle (PBS), 20 mg/mL each trastuzumab and pertuzumab, or 20 mg/mL PanHER

for 24 h in EGF/insulin-free medium + 1% CSS. Line denotes removal of irrelevant lanes; blots are from the same gel/blot.

See also Figure S6.
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blocked P-ERK and P-S6 in CW2 and MCF10A HER2L755S/

HER3E928G cells, a rebound was seen at 24 h of treatment (Fig-

ures S8G and S8H), perhaps reflecting activation of feedback

pathways (Chakrabarty et al., 2012; Chandarlapaty et al.,

2011). In addition, the combination delayed growth of CW2 xe-

nografts more potently than each drug alone (Figures 7F and

S8I). Together, our data suggest that addition of a PI3Ka inhibitor

increases the sensitivity of tumors with HER2mut/HER3E928G to

HER2 TKIs.
DISCUSSION

Somatic HER2 mutations are increasingly being recognized as

targetable alterations in breast and other cancers (Cocco et al.,

2019; Mishra et al., 2017), prompting a number of studies testing

HER2 TKIs in HER2-mutant cancers (Hyman et al., 2018; Robi-

chaux et al., 2019; Smyth et al., 2020). Here, we investigated the

intriguing co-occurrence of mutations in HER2 and HER3, genes

that encode members of the same signaling complex. We
Cancer Cell 39, 1099–1114, August 9, 2021 1107
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Figure 6. Co-occurring HER3 mutations modulate neratinib sensitivity in HER2-mutant cells

(A) Molecular mechanics generalized Born and surface area (MM-GBSA) binding affinity estimates of ATP to HER2WT/HER3WT and HER2WT/HER3E928G.

(B and C) (B) Probability density hinge-ATP H bond distance in HER2 WT, L755S, V777L, and L869R dimerized with HER3WT or (C) HER3E928G.

(D) MM-GBSA relative binding affinity estimates of neratinib to HER2 variants heterodimerized with HER3WT or HER3E928G. Estimates are reported as mean ±

standard error across three independent trajectory samples.

(E) MCF10A HER2S310F/HER3E928G cells were grown in EGF/insulin-free medium + 1%CSS and treated with the indicated concentrations of neratinib for 6 days.

Cell viability was measured using CellTiter-Glo.

(F) Neratinib IC50 values were determined as in (E). Data represent the mean of three independent dose-response curves containing four replicates each.

(G) MCF10A cells stably expressing the indicated transgenes were grown in 3DMatrigel in EGF-free medium + 1%CSS ± 10 nM neratinib and stained with MTT.

Data represent the mean ± SEM (n = 3).

(H) SA493 (HER2S310F) breast cancer organoids stably expressing HER3WT, HER3E928G, or untransduced (parental) were treatedwith 20 mg/mL each trastuzumab

(T) and pertuzumab (P), 10 nM neratinib (N), or the combination. Viability was assessed 6 days later using the 3D CellTiter-Glo assay and normalized to vehicle-

treated controls. Bars represent the mean ± SEM (n = 4). p value, two-way ANOVA + Bonferroni.

See also Figure S7.
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Figure 7. Cancer cells harboring co-occurring mutations in HER2 and HER3 are sensitive to combined inhibition of HER2 and PI3Ka

(A) MCF10A cells stably expressing the indicated transgenes were treated with vehicle (DMSO), 500 nM alpelisib, 500 nM buparlisib, 50 nM neratinib, or the

indicated combinations for 4 h in EGF/insulin-free medium + 1% CSS.

(B) MCF10A cells stably expressing the indicated genes were grown in 3D Matrigel in EGF/insulin-free medium + 1% CSS treated with vehicle (DMSO), 20 nM

neratinib, 1 mM alpelisib, or the combination. Scale bars, 250 mm.

(C) The number of colonies showing invasive branching per field of view (FOV) from (B) was quantified. Data represent the average ±SD (n = 3).

(D) CW2 colon cancer cells were treated with vehicle (DMSO), 500 nM alpelisib, 50 nM neratinib, or the combination in serum-free medium for 4 h. Lysates were

probed with the indicated antibodies.

(E) CW2 cells were treated with increasing concentrations of neratinib (0–100 nM) or alpelisib (0–1,000 nM) alone or in combination for 72 h. Cell viability was

quantified using the CyQuant assay and combination indices were determined using the Chou-Talalay test. Numbers inside each box represent the average

percent viability relative to untreated controls from two independent experiments.

(F) Mice carrying CW2 xenografts were treated with vehicle, 40mg/kg neratinib, 40mg/kg alpelisib, or the combination for 14 days, starting when tumors reached

�200 mm3. p values (relative to vehicle), one-way ANOVA + Bonferroni.

See also Figure S8.
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Figure 8. Model of HER2/PI3K pathway activation by co-occurring HER2/HER3 mutations

(A) In the absence of ligand, WT HER3 is in the closed conformation and does not interact with WT HER2. NRG1 treatment promotes HER2/HER3

heterodimerization and a HER2 missense mutation further increases HER3 phosphorylation to recruit the p85 subunit of PI3K and activates PI3K signaling.
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HER3 KDs leading to constitutive activation of PI3K. HER2 insertion mutations alone also increase ligand-independent HER2/HER3 association and PI3K
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(B) Proposed conformational selectionmodel showing howHER2missensemutations cooperate with HER3E928G to enhance receptor heterodimerization andHER2

kinase activation.

ll
Article
reasoned that such patterns of co-occurrence indicate a selective

advantage conferred by both oncogenes during tumor evolution.

Recent studies have found that a number of oncogenes, including
1110 Cancer Cell 39, 1099–1114, August 9, 2021
HER2, HER3, and PIK3CA, often harbor more than one mutation

in the driver oncogene, termed ‘‘composite mutations’’ (Gorelick

et al., 2020; Saito et al., 2020). In particular, composite PIK3CA
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mutations have been shown to increase PI3K activity and PI3K-

dependent tumor growth (Vasan et al., 2019). We speculate that

single gain-of-function missense mutations may not fully maxi-

mize HER2/HER3 activation, such that either composite HER2

mutations, or co-occurring HER2/HER3 mutations, increase

pathway activation and provide a selective advantage.

It is well established that HER2-driven transformation, inva-

sion, and metastasis depends on HER3/PI3K signaling (Holbro

et al., 2003; Smirnova et al., 2012; Xue et al., 2006). In addition,

activating mutations PIK3CA cooperate with amplified WT

HER2, enhancing invasion and metastasis (Chakrabarty et al.,

2010; Hanker et al., 2013). In line with these data, co-mutant

HER2/HER3 hyperactivate PI3K/AKT and enhance transforma-

tion/invasion (Figures 3 and 4), potentially explaining the

observed mutual exclusivity of these alterations in HER2-mutant

breast tumors (Figure 1A). While clinical information of patients

with co-occurring HER2/HER3 mutations is scarce, future

studies should address whether this genomic subset of patients

correlates with increased metastasis.

We observed strong concordance between our computational

structural predictions and biological results (Table S2). Our simu-

lations suggest that co-occurring HER2 and HER3 mutants

enhance the coupling of the receptor KDs, such that HER2

missensemutants increase kinase conformational activation rela-

tive to HER2WT, while HER3E928G enhances heterodimerization af-

finity (Figure 8B). This model is supported by co-IP, PLA, and

immunoblot assays (Figures 3 and S4). Our simulations also pre-

dicted that HER2L755S binds neratinib with reduced affinity (Fig-

ure 6D). Indeed, HER2L755S was less sensitive to neratinib than

the other HER2mutants in our cell viability and 3DMatrigel assays

(Figures 6F, 6G, S7B, and S7C), consistent with previous reports

(Li et al., 2019; Robichaux et al., 2019). Likewise, our computa-

tional modeling predicted that neratinib binding depends on the

specific HER2 mutation within the HER2/HER3E928G heterodimer

(Figure 6D). This was confirmed in cell-based assays: while

HER3E928G strongly reduced neratinib sensitivity and neratinib

binding in the absence of HER2 KD mutations (i.e., HER2S310F/

HER3E928G), the HER2V777L/HER3E928G double mutant retained a

strong interaction with neratinib and a high degree of sensitivity

to neratinib (Figures 6F and 6G). Thus, HER3E928G reduces sensi-

tivity to neratinib in a HER2 allele-specific manner.

Our results suggest thatHER2 allele-specific differences in ner-

atinib sensitivity are related to unique mechanisms of activation of

each mutant. We hypothesize that HER2L755S stabilizes the N-ter-

minal region of the aC helix (Figures S3C and S3D). In contrast, we

hypothesize that HER2V777L increaseshydrophobic contacts in the

back hydrophobic pocket, but may also function similar to KD

insertion mutants (Figures S3E and S3F). Because L755S more

rigidly pulls the aC helix inward from the N-terminal region, the

force applied perpendicularly to the aC helix by the neratinib pyr-

idine ring may be greater than in V777L, analogous to EGFRL858R

(Sogabe et al., 2012). Finally, we hypothesize that HER2L869R de-

creases the stability of the KD inactive conformation. The interme-

diate neratinib sensitivity of HER2L869R may be the result of

increased occupancy of the active conformation without direct

stabilization of the aC helix (Figures S3G and S3H). Crystallo-

graphic studies coupled with detailed structure-activity relation-

ship profiling and long-timescale MD simulations are needed to

fully elucidate the structural basis of TKI sensitivity/resistance.
In recent clinical trials of neratinib in patients with HER2-

mutant cancer, patients with concurrent HER3mutations in their

tumors exhibited a lower clinical response and shorter progres-

sion-free survival (Hyman et al., 2018; Smyth et al., 2020). Our re-

sults provide evidence that HER3E928G confers reduced sensi-

tivity to neratinib in HER2-mutant breast cancer cells. In

addition to reducing neratinib sensitivity, we found that expres-

sion of HER3E928G strongly promoted resistance to HER2- and

HER3-targeting antibodies (trastuzumab + pertuzumab or

PanHER; Figure 6B). Similarly, Jaiswal et al. (2013) found that

HER3E928G was insensitive to HER2- and HER3-targeting anti-

bodies. We predict that small molecules that block HER2/

HER3 KD association would be most likely to block the onco-

genic effects of concurrent HER2missense/HER3E928G mutations.

To the best of our knowledge, clinical compounds that disrupt

HER2/HER3 KD heterodimerization have not been reported. In

the absence of such a molecule, we hypothesized that the com-

bination of a HER2 TKI + PI3Ka inhibitor would block the

increased oncogenicity caused by co-occurring HER2 and

HER3mutations. Indeed, the combination of neratinib and alpe-

lisib strongly reduced growth and invasion of double-mutant

cells. Similarly, the combination of HER2 and PI3Ka inhibitors

has been suggested for HER2-amplified breast cancers

harboring PIK3CA mutations (Hanker et al., 2013; Rexer et al.,

2014). While initial clinical trials indicated that the combination

of a pan-PI3K inhibitor with the HER2 TKI lapatinib resulted in

significant toxicities (Guerin et al., 2017), a recent trial suggested

that the combination of the HER2 antibody-drug conjugate

T-DM1 and a more specific PI3Ka inhibitor is tolerable (Jain

et al., 2018). Our results suggest that single-agent HER2 TKIs

may not sufficiently block the growth of HER2-mutant tumors

with co-occurring HER3 mutations. Therefore, clinical trials

investigating the efficacy and safety of combining an HER2 TKI

and PI3Ka inhibitor are warranted in cancers harboring co-

occurring HER2/HER3 mutations.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

pHER2 (Y1221/2) Cell Signaling Technologies Cat# 2243; RRID: AB_490899

HER2 (western blot) Cell Signaling Technologies Cat# 2242; RRID: AB_331015

HER2 (IP) Thermo Fisher Scientific Cat# MS-730-P1-A; RRID: AB_141773

pHER3 (Y1289) Cell Signaling Technologies Cat# 4791; RRID: AB_2099709

pHER3 (Y1197) Cell Signaling Technologies Cat# 4561; RRID: AB_2099707

HER3 Cell Signaling Technologies Cat# 12708; RRID: AB_2721919

pAkt (S473) Cell Signaling Technologies Cat# 9271; RRID: AB_329825

pAkt (T308) Cell Signaling Technologies Cat# 13038; RRID: AB_2629447

pERK1/2 T202/Y204 Cell Signaling Technologies Cat# 9101; RRID: AB_331646

pS6 (240/4) Cell Signaling Technologies Cat# 2215; RRID: AB_331682

pS6 (235/6) Cell Signaling Technologies Cat# 2211; RRID: AB_331679

b-actin Cell Signaling Technologies Cat# 4970; RRID: AB_2223172

Trastuzumab UT Southwestern Pharmacy N/A

Pertuzumab Vanderbilt University

Medical Center Pharmacy

N/A

Sym013 (PanHER) Symphogen N/A

CD298 (biotin-conjugated) Miltenyi Biotec Cat# 130-101-292; RRID: AB_2657045

Goat anti-Human IgG (H+L) Cross-Adsorbed

Secondary Antibody, Alexa Fluor 647

Thermo Fisher Scientific Cat# A-21445; RRID: AB_2535862

Bacterial and Virus Strains

One Shot� MAX Efficiency� DH5a�-T1 Thermo Fisher Scientific Cat# 12297016

One Shot� Stbl3� Chemically Competent cells Thermo Fisher Scientific Cat# C737303

Biological Samples

SA493 (HER2S310F) breast cancer PDX Gift from Samuel Aparicio,

University of

British Columbia

N/A

Recombinant DNA

pDONR223_HER2_WT Addgene #81892; RRID: Addgene_81892

pDONR223_HER3_WT Addgene #82114; RRID: Addgene_82114

HER2_WT_ICD PMID: 24019492 N/A

HER3_WT_ICD PMID: 28274957 N/A

pLX302 vector Addgene #25896; RRID: Addgene_25896

pLX304 vector Addgene #25890; RRID: Addgene_25890

psPAX2 Addgene #12260; RRID: Addgene_12260

pMD2.G Addgene #12259; RRID: Addgene_12259

Chemicals, Peptides, and Recombinant Proteins

Puromycin Dihydrochloride Thermo Fisher Scientific Cat# A1113803

Blasticidin S HCl Thermo Fisher Scientific Cat# A1113903

Recombinant Human Heregulin Beta-1 PeproTech Cat# 100-03

Growth Factor-reduced Matrigel Thermo Fisher Scientific Cat# 354230

Neratinib (HKI-272) PUMA biotechnology /

Selleck Chemicals

Cat# S2150

Alpelisib (BYL719) Selleck Chemicals Cat# S2814

Buparlisib (BKM120) Selleck Chemicals Cat# S2247

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Afatinib (BIBW2992) Selleck Chemicals Cat# S7810

Poziotinib Selleck Chemicals Cat# S7358

Tucatinib (ONT-380) Selleck Chemicals Cat# S8362

Lipofectamine� 2000 Transfection Reagent Thermo Fisher Scientific Cat# 11668019

Lipofectamine� RNAiMAX Transfection Reagent Thermo Fisher Scientific Cat# 13778150

Critical Commercial Assays

Gateway LR Clonase II Enzyme Mix Thermo Fisher Scientific Cat# 11-791-020

Maxwell� RSC simplyRNA Cells Kit Promega Cat# AS1390

Iscript� cDNA Synthesis Kit Bio-Rad Cat# 1708891

Applied Biosystems PowerUp SYBR Green Master Mix Thermo Fisher Scientific Cat# A25741

CellTiterGlo� Luminescent Cell Viability Assay Promega Cat# G7571

CyQUANT� Cell Proliferation Assay Kit Thermo Fisher Scientific Cat# C7026

Corning� BioCoat� Matrigel� Invasion Chambers,

Corning�, Growth Factor Reduced Corning Matrigel�
Corning Cat# 354483

Dynabeads� Protein G Immunoprecipitation Kit Thermo Fisher Scientific Cat# 10007D

Maxwell� RSC simplyRNA Cells Kit Promega Cat# AS1390

RNeasy Micro Kit Qiagen Cat# 74004

Duolink� In Situ Red Starter Kit Mouse/Rabbit Sigma-Aldrich Cat #DUO92101

CellTiter-Glo� 3D Cell Viability Assay Promega Cat# G9683

EasySep human biotin positive selection kit II STEMCELL Technologies Cat# 17663

Deposited Data

NA

Experimental Models: Cell Lines

Invitrogen 293FT Cell Line Thermo Fisher Scientific Cat# R70007

HEK-293 cell line ATCC Cat# CRL-1573; RRID: CVCL_0045

MCF 10A cell line ATCC Cat# CRL-10317; RRID: CVCL_0598

MCF7 isogenic HER2WT, HER2L755S, HER2V777L

cell lines

Gifts from Dr. Ben Ho Park,

Vanderbilt-Ingram

Cancer Center

N/A

OVCAR8 HER2G776V cell line DCDT Tumor Repository, NCI N/A

CW-2 HER2L755S/HER3E928G cell line RIKEN Cat# RCB0778; RRID: CVCL_1151

Oligonucleotides

siHER2_2264T>C_1: 5’ AAAGUGUCGAGGGAAAACAtt Thermo Fisher Scientific N/A

siHER2_2264T>C_2: 5’ AAGUGUCGAGGGAAAACACtt Thermo Fisher Scientific N/A

siHER3_1 Cell Signaling Technologies Cat# 6504

siHER3_2 Cell Signaling Technologies Cat# 6422

AllStars Negative Control siRNA Qiagen Cat# 1027280

ERBB2_2264T>C_F: 5’CAGTGGCCATCAACGTGTC (qPCR) IDT N/A

ERBB2_2264T>C_R: 5’TACACCAGTTCAGCAGGTCCT IDT N/A

ERBB2 (WT; qPCR) Qiagen Cat# PPH00209B

ERBB3 (WT;qPCR) Qiagen Cat# PPH00463B

Software and Algorithms

GraphPad Prism 8.3 software GraphPad, SanDiego RRID: SCR_002798

Gelcount software Oxford Optronix N/A

FlowJo software BD Bioscience RRID: SCR_008520

Image Lab software Bio_rad N/A

Image J software NIH RRID: SCR_003070

CompuSyn software PMID:20068163 N/A

Rosetta 3.12 Rosetta Commons RRID: SCR_015701

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

AMBER18 University of California, San Francisco N/A

Gaussian09 D.01 Carnegie Mellon University;

Gaussian, Inc

N/A

PyMOL 2.2 Schrodinger Inc

DeLano Scientific LLC

RRID: SCR_000305

LFEP Moradi Lab, University of Arkansas N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Ariella

Hanker (ariella.hanker@utsouthwestern.edu).

Materials availability
Plasmids generated in this study will be deposited to Addgene upon request. There are restrictions to the availability of the SA493-

derived organoids due to the terms of our MTA with British Columbia Cancer Agency. There are restrictions to the availability of the

HER2-mutant isogenic MCF7 cell lines stably expressing HER3 due to the terms of our MTA with Dr. Ben Ho Park.

Data and code availability
The cBioPortal and Project GENIE datasets are available at www.cBioPortal.org and www.cBioPortal.org/GENIE, respectively. The

published article includes the dataset analyzed from Foundation Medicine. Table S1 includes the list of co-occurring HER2/HER3

mutations found in breast cancers. Structural 3D coordinate data from PDB and PubChem were downloaded from https://www.

rcsb.org/ and https://pubchem.ncbi.nlm.nih.gov/, respectively. Our predicted all-atom computational structural models of the

HER2/HER3 near-full-length heterodimer are available for free at https://github.com/meilerlab/computational_models.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines
MCF10A andHEK293 cells were purchased fromATCC. Cell lines were authenticated by ATCCprior to purchase by the short tandem

repeat method. 293FT cells were purchased from Invitrogen. MCF-7 cells were previously isogenically modified using AAV-mediated

gene targeting to include HER2L755S, HER2V777L, or targeted HER2WT (Zabransky et al., 2015). OVCAR8 cells were purchased from

DCDT tumor repository, NCI. CW2 cells were purchased from Riken Bioresource Research Center. ERBB2L755S and ERBB3E928G

heterozygous mutations were confirmed by Sanger sequencing of cDNA derived from CW2 cells.

MCF7, 293FT, and HEK293 cells were maintained in DMEM supplemented with 10% FBS and 1x antibiotic-antimycotic.

OVCAR8 and CW2 cells were maintained in RPMI1640 supplemented with 10% FBS and 1x antibiotic-antimycotic. MCF10A cells

were maintained in MCF10A complete media (DMEM/F12 supplemented with 5% horse serum, 20 ng/mL EGF, 10 mg/ml insulin,

0.5 mg/ml hydrocortisone, 0.1 mg/ml cholera toxin, and 1X antibiotic/antimycotic). For experiments under growth factor-depleted

conditions, MCF10A cells were grown in DMEM/F12 supplemented with 1% charcoal/dextran-stripped serum (CSS), 0.5 mg/ml

hydrocortisone, 0.1 mg/ml cholera toxin, and 1X Antibiotic-Antimycotic. Cell lines were routinely evaluated for Mycoplasma

contamination. All experiments were completed less than 2 months after establishing stable cell lines or thawing early-pas-

sage cells.

Mouse models
All animal experiments were approved by the UTSW Institutional Animal Care and Use Committee (IACUC protocol 2018-102535).

SA493 breast cancer PDXs (ER+/HER2S310F) were obtained from Samuel Aparicio (Eirew et al., 2015).

METHOD DETAILS

Database searches
The Foundation Medicine database was queried for breast cancers harboring co-occurring mutations in ERBB2 and ERBB3 in

January 2019. Breast cancers from METABRIC (n=2509), Broad (n=103), Sanger (n=100), TCGA (n=1108), INSERM Metastatic

Breast Cancer (n=216), and the Metastatic Breast Cancer Project (n=237) were queried in April 2019 using www.cBioPortal.org

(Cerami et al., 2012). Breast cancers from Project GENIE fromCenters reporting alterations in ERBB2 and ERBB3 (n=8545; Centers =

COLU, CRUK, DFCI, DUKE, MSK, PHS, UCSF, VHIO, VICC, and YALE) were queried in June 2019 using www.cBioPortal.org/GENIE
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(Consortium, 2017). All breast cancers with co-occurring ERBB2 and ERBB3 mutations were cross-referenced using at least two

additional mutations in other genes to ensure that individual patients were not counted more than once.

Computational modeling
Structural modeling of proteins was carried out using the Rosetta 3.12 macromolecular modeling software package (Bender et al.,

2016; Leman et al., 2020). The RosettaLigand application was used for molecular docking (Combs et al., 2013; Meiler and Baker,

2005). Molecular dynamics simulations were carried out using AMBER 18 (Case et al., 2018). Protein-protein interaction energy

was obtained using the InterfaceAnalyzer mover in Rosetta. Protein-ligand interaction energy was estimated using MMPBSA.py

(Miller et al., 2012). RMSD, atom-atom distances, and dihedrals angles were obtained using various applications: AmberTools18,

CPPTRAJ (Roe and Cheatham, 2013), and Rosetta. We used the following forcefields / score functions for molecular modeling

and simulation: AMBER ff14SB for proteins (Maier et al., 2015), generalized AMBER force field 2 (GAFF2) for ligands (neratinib),

REF2015 for Rosetta kinase domain modeling, and Franklin 2019 for Rosetta HER2/HER3 near-full-length heterodimer modeling.

Neratinib geometry optimization was performed with Gaussian 09 at the B3LYP/6-31G* level of theory. The electrostatic surface

potential (ESP) was estimated with HF/6-31G* calculation. Partial charges generated with Gaussian 09 were fit to neratinib for MD

simulations with the RESP procedure in AmberTools18 (Cornell et al., 1993). All structures were rendered with PyMOL 2.2. Graphs

were generated with Matplotlib.

Structural modeling of the HER2-HER3 heterodimer
Modeling of the HER2/HER3 heterodimer was carried out in the Rosetta package (Song et al., 2013) utilizing multi-template compar-

ative modeling (RosettaCM) with PDB structures 4RIW and 3PP0 as templates (Aertgeerts et al., 2011; Littlefield et al., 2014). HER3

was retained from 4RIW. The HER2 sequence was threaded on the receiver kinase EGFR structure from 4RIW during templated

modeling, or was templated on the HER2 structure from 3PP0 superimposed on EGFR from 4RIW. In both instances, fragments

from either structure were incorporated during RosettaCM refinement. Following the comparative modeling step, each structure un-

derwent a single repeat of constrained FastRelax in the REF2015 score function. A total of 5000 structures were generated, and the

top 20 best scoring structures were subjected to FastRelax with five repeats and constraints on starting coordinates. Constraints

were ramped down during FastRelax. The best scoring complex was taken for subsequent analysis.

The near-full-length HER2/HER3 heterodimer was constructed with RosettaCM multi-template modeling. The HER2/HER3 KD

heterodimer generated in the previous step, which included the juxtamembrane B (JMB) region, was used for the most of the intra-

cellular component. C-terminal tails were excluded from modeling because they are primarily disordered. The transmembrane

domain (TMD) and juxtamembrane A (JMA) regions were modeled based on the EGFR homodimer NMR structural ensemble in

PDB ID 2M20. The HER2 extracellular domain (ECD) domains I – III were modeled from the HER2 crystallographic structure PDB

ID 1N8Z. The HER3 ECD domains I – II were modeled from the EGFR crystallographic structure PDB ID 3NJP with fragments

from the HER3 tethered structure PDB ID 1M6B. The PDB ID 1HAE NMR ensemble of Neuregulin 1 (NRG1) was superimposed

with EGF from 3NJP prior to incorporation into the model of HER3 ECD. The ECD domain IV was modeled from 3NJP for both

HER2 and HER3. Initial threaded models of each of these structures were combined with the Rosetta Domain Assembly application

(Koehler Leman and Bonneau, 2018). Subsequently, the assembled structure underwent iterative rounds of all-atom minimization in

the Franklin2019 score function with POPC implicit membrane and ramped constraints to start coordinates (weights successively

lowered: 1.0, 0.5, 0.1, 0.0). The minimized structure was relaxed with constraints to start coordinates. Each domain (KD, JM, TM,

and ECD) were separately and successively relaxed to produce 100 structures in each round, after which the best scoring structure

was moved to the next round. The final structure was relaxed with constraints ramped down before being used in subsequent

Rosetta mutational studies.

The fully inactivated HER2WT monomeric KD were generated with RosettaCM utilizing a structure of EGFR in the inactive state

(PDB ID 3GT8) and refined with three independent 2.0 ms MD simulations. Structure snapshots were nominally collected every

20 ns from each trajectory and relaxed without constraints. The best scoring relaxed structure was taken to be the inactive HER2

conformation for steered MD and umbrella sampling simulations.

Molecular docking of HER2 protein and ligand (neratinib)
The initial structure of the inhibitor neratinib was downloaded from the PubChem database. The structures were then optimized using

Gaussian 09 D.01 version at b3lyp/6-31G(d)* level. Electrostatic potential charges were calculated using Gaussian 09 and assigned

using AmberTools18. Small molecule conformers were generated with the BioChemical Library (BCL) conformer generator using

default settings to create a maximum of 100 conformers (Mendenhall et al., 2020). Ligand (neratinib) docking was carried out using

the RosettaLigand application in Rosetta 3.12 (Combs et al., 2013; DeLuca et al., 2015; Meiler and Baker, 2005; Smith and Meiler,

2020). The docking of ligands into proteins is divided into two phases: low resolution docking and high resolution docking. During the

low-resolution docking phase, each ligand is allowed to explore the binding site in a 6.0 Å radius. Rigid body transformation is com-

bined with ligand conformation swaps for 500 cycles of Monte Carlo Metropolis optimization. During the high-resolution docking

phase, 6 cycles of side-chain rotamer and ligand conformer sampling were coupled with 0.2 Å in a Monte Carlo simulated annealing

algorithm. 5000 docked protein-ligand complexes were generated. The interface score of the protein-ligand complex was calculated

using the InterfaceAnalyzer mover in Rosetta 3.12 and the ‘‘ligand.wts’’ score weights. The root-mean-square deviation was

computed using the lowest interface scored structure as the reference pose.
e4 Cancer Cell 39, 1099–1114.e1–e8, August 9, 2021



ll
Article
Classical MD simulations
Structures from the above modeling methods were used as an initial structure for further studies. The active and inactive reference

frames of HER2were set using previous studies and allowed to equilibrate based in our classical MD simulations. Each structure was

solvated in a rectangular TIP3P box (12 Å buffer) neutralized withmonovalent ions Cl- and Na+ ions (Vega and Abascal, 2011). Solvent

molecules were minimized with 2,000 steps of steepest gradient descent followed by 5,000 steps of conjugate gradient descent,

while the protein/protein-ligand complex was restrained. The protein/protein-ligand complex was minimized in 2,000 steps of steep-

est gradient descent followed by 5,000 steps of conjugate gradient descent. Restraints were subsequently removed and the whole

system underwent 2,000 steps of steepest gradient descent followed by 5,000 steps of conjugate gradient descentminimization. The

systemwas slowly heated in NVT ensemble to 100K over 100 ps. The systemwas then heated in NPT ensemble at 1 bar from 100K to

physiologic temperature (310K) over 500 ps. Equilibration was performed in NPT ensemble at 310K for 100 ns with a Monte Carlo

barostat. The temperature was controlled using Langevin dynamics and a unique random seedwas used for each simulation. SHAKE

was implemented to constrain bonds involving hydrogen atoms. Periodic boundary conditions were applied and the particle mesh

Ewald (PME) algorithm was adopted for the calculation of long-range electrostatic interactions with a cutoff distance of 10 Å.

Hydrogen mass repartitioning was employed to allow an integration time step of 4 fs.

Conformational free energy calculations
Potential of mean force (PMF) profiles for the active – inactive conformational transition in HER2 monomeric KD were obtained by

performing constant velocity steered MD (SMD) and Umbrella sampling (US) simulations prior to free energy determination with

theweighted histogram analysis method (WHAM) as implemented by Alan Grossfield (Grossfield, ). SMD simulations were performed

over 100 ns with a harmonic bias potential and spring constant of 500 kcal/mol/Å2. SMD simulations were performed in both direc-

tions (from the active to the inactive state and vice versa) using the CaRMSD to the reference coordinates as the collective variable. A

minimum of 250 windows were selected from each forward and backward simulation with which to seed US simulations, such that

eachUS simulation contained at least 500windows to ensure overlap. A 2D harmonic restraining potential was applied to twoCVs for

the US simulations. CV1 (y-axis) was defined as the difference in the distance between R868(NE, CZ, NH1, NH2) – E770(OE1, OE2)

and K753(NZ) – E770(OE1, OE2). CV2 (x-axis) was defined as the dihedral angle formed by the Ca atoms of the following residues:

D863, F864, G865, and L866. A 2.0 kcal/mol/Å2 spring constant was used for CV1, and a 10.0 kcal/mol/rad2 spring constant was

used for CV2. At each umbrella center a 5 ns simulation was performed. The first 1 ns was used for equilibration, and the following

4 ns were used for analysis inWHAM. Lowest free energy pathway (LFEP) analysis completed with the LFEP package freely available

from the Moradi Laboratory at the University of Arkansas.

Protein-ligand free energy calculations
Protein-ligand binding free energy calculations were performed with MM/GBSA implemented in the AmberTools18 MMPBSA.py

(Miller et al., 2012). Trajectories were stripped of water and ions. Energies were computed with a surface tension of 0.0072 kcal/

mol/Å2 and salt concentration of 0.15 M. The non-polar contribution to the solvation free energy was approximated using the

LCPO method (Weiser et al., 1999). Default radii assigned with Leap were kept for GBSA calculations. The enthalpic and solvation

free energy contributions were computed every 100 ps. All calculations were completed from three independent trajectories and

averaged.

Protein-protein interface energy
The protein-protein interface energy, or DGdimerization, was determined using a modified version of the CartesianDDG protocol from

Frenz et al. (Frenz et al., 2020). The best scoring HER2WT/HER3WT KD heterodimer comparative model was transferred to the

REF2015_Cartesian score function to an additional 20 rounds of FastRelax. The best scoring model from this subset was passed

to the CartesianDDG application in Rosetta with interfacemode enabled in order to generate optimizedmodels for HER2WT/HER3WT,

HER2L755S/HER3WT, HER2V777L/HER3WT, HER2L869R/HER3WT, HER2WT/HER3E928G, HER2L755S/HER3E928G, HER2V777L/HER3E928G,

and HER2L869R/HER3E928G. The backbone degrees of freedom were set to i ± 1 from the mutation site and 5 iterations were per-

formed for eachmutation. The all-atom attractive energy and solvation implicit energy score termswere given cutoffs of 9.0 Å. Finally,

an additional 100 structures were generated for each heterodimer KD complex by performing unrestrained Cartesian FastRelax

beginning with the best scoring model by the ‘‘dG_separated’’ score term from the InterfaceAnalyzer mover (repacking both mono-

mers after separation). Final binding affinity estimates for each complex are obtained by averaging the top 20 best structures by

‘‘dG_separated’’ from the final round of relax. Results are reported as mean ± standard error over those 20 models.

Plasmids
The Gateway Cloning system (Thermo Fisher Scientific) was used to generate pLX302-HER2 and pLX304-HER3 plasmids. The

pDONR-223 vector encoding either HER2WT or HER3WT was subjected to site-directed mutagenesis (Genewiz) to generate HER2

or HER3 mutants. HER2WT and mutant plasmids were recombined into the lentiviral expression vector pLX-302 containing a C-ter-

minal V5 epitope tag and puromycin resistance marker. HER3WT and mutant plasmids were recombined into pLX-304, also contain-

ing a C-terminal V5 tag, and blasticidin resistance marker. pFlag-CMV5.1 HER2 WT and HER3 WT ICDs were described previously

(Hanker et al., 2017) and were subjected to site-directed mutagenesis (Genewiz) to generate mutants.
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Transient transfections
Transient transfectionswere performed using Lipofectamine 2000 (Thermo Fisher Scientific) according to themanufacturer’s instruc-

tions. Co-transfection of pFlag-CMV5.1HER2 andHER3WT andmutant ICDswas performed as described (Red Brewer et al., 2013).

siRNA transfectionswere performed using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific) according to the

manufacturer’s instructions.

Lentiviral infections
Lentiviral supernatant was produced in early-passage 293FT cells by transfection with psPAX2 and pMD2.G packaging plasmids

along with the appropriate pLX302-HER2 or pLX304-HER3 plasmid. Target cells or organoids were spin-infected the next day

with viral supernatant in the presence of 8 mg/ml polybrene. Two d later, target cells/organoids were selected with puromycin

(MCF10A: 2 mg/ml; OVCAR8: 0.7 mg/ml; MCF7: 0.5 mg/ml; SA493 organoids: 1 mg/ml) and/or 10 mg/ml blasticidin for at least 4 d. Sta-

ble cell lines were maintained in media containing puromycin and/or blasticidin.

Immunoprecipitation
If cells were pre-treated with antibodies (trastuzumab/pertuzumab), prior to lysis, cells were incubated with cold acid wash buffer

(0.5 mol/L NaCl, 0.2 mol/L Na acetate, pH 3.0) for 6 min to remove bound antibodies. Monolayers were then washed 3 times with

ice-cold PBS. Cell lysates were harvested using ice ND lysis buffer [1% Triton X100, 20 mM Tris HCl, 150 mM NaCl, supplemented

with 1X protease inhibitor (Roche) and phosphatase inhibitor (Roche) cocktails] and rotated at 4�C for 1 h. Lysates were then clar-

ified by spinning at 10,000 3 g at 4�C for 15 min. Protein concentrations were measured using BCA standard curves (Pierce).

Four-eight mL of HER2 Ab-17 antibody (Thermo Fisher Scientific) was added to 500-1000 mg protein lysate and rotated at 4�C
overnight. IP was carried out using the Invitrogen Dynabeads Protein G Immunoprecipitation Kit (10007D) as directed. Lysates

were next subjected to SDS-PAGE and immunoblot analysis. Each immunoprecipitation experiment was performed a minimum

of two times.

Proximity ligation assay
MCF10A cells (5 x 104 cells/well) were seeded in 8-well chamber slides (Lab-Tek, 177445) in triplicate and incubated in EGF/insulin-

free media + 1% CSS overnight. PLA was performed with Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma) using mouse anti-

HER2 (Thermo Fisher Scientific; Cat# MS-730-P1-A) and rabbit anti-HER3 (Cell Signaling Technologies; Cat# 12708) antibodies

according to the manufacturer’s protocol and then imaged with a DMi8 inverted microscope (Leica). The number of PLA foci per

cell was quantified using ImageJ as described (Prado Martins et al., 2018). A minimum of 7 images per sample were analyzed.

Western blot analysis
Prior to lysing, organoids were dissociated into single cell suspension bymechanical shearing and enzymatic digestion using TrypLE

express (Gibco, #12604021). Adherent cells or organoid cell pellets were washed with ice-cold PBS and lysed with RIPA buffer

(Sigma) supplemented with 1X protease inhibitor (Roche) and phosphatase inhibitor (Roche) cocktails. Lysates were centrifuged

at 13,500 rpm for 15 min. Protein concentrations in supernatants were quantified using BCA protein assay kit (Pierce). 20-40 mg

of total protein was fractionated on bis-tris 4-12% gradient gels (NuPAGE) and transferred to nitrocellulose membranes (BioRad).

Membranes were blocked with 5% non-fat dry milk/TBST at room-temperature for 1 h, followed by overnight incubation with primary

antibodies of interest at 4�C in 5% BSA/TBST. All antibodies were purchased from Cell Signaling – P-HER2 Y1221/2 (#2243; 1:500),

HER2 (#2242; 1:1000), P-HER3 Y1197 (#4561; 1:500), P-HER3 Y1289 (#4791; 1:500), P-HER3 Y1197, HER3 (#12708; 1:1000), P-AKT

S473 (#9271; 1:500), P-AKT T308 (#13038; 1:500), P-S6 S235/6 (#2211; 1:1000), PS6 S240/4 (#2215; 1:1000), P-ERK T202/Y204

(#9101; 1:1000), and b-actin (#4970; 1:1000). Membranes were cut horizontally to probe with multiple antibodies. In some cases,

P-Akt S473, P-Erk, and P-S6 S240/244 antibodies were combined during primary incubation. Nitrocellulose membranes were

washed and incubated with HRP-conjugated a-rabbit or a-mouse secondary antibodies for 1 h at room temperature. Protein bands

were detected with an enhanced chemiluminescence substrate (Perkin Elmer) using the ChemiDoc Imaging System (Bio-Rad).

Immunoblots were quantified using ImageJ.

Flow cytometry
HER-2 cell surface staining was performed with the trastuzumab antibody. MCF10A stable cells (8 x 105) were incubated with

0.2 mg/ml trastuzumab for 30 min at 4�C. Cells were washed in FACS buffer (Thermo Scientific) then incubated with an Alexa Fluor

647-conjugated goat anti-human IgG secondary antibody (Thermo Scientific; 1 mg/ml) for 30 min at 4�C. After 2 additional washes,

the cells were analyzed on an LSR Fortessa flow cytometer (BD Biosciences). Ten thousand cellular events were analyzed per sam-

ple. Data were analyzed using FlowJo software (BD Biosciences).

Organoid establishment and culture
Fresh/frozen tumor chunks from SA493 (HER2S310F) PDXs were rinsed twice with 10ml AdDF+++media (advanced DMEM/F12 con-

taining 1X Glutamax, 10 mM HEPES and antibiotics) and minced into 1-2 mm pieces. 10 ml dissociation media (1:1 vol/vol F12,

DMEM supplemented with 2% w/v bovine serum albumin, 300 U/ml collagenase, 100 U/ml hyaluronidase, 10 ng/ml epidermal

growth factor (EGF), 1 mg/ml insulin, and 0.5 mg/ml hydrocortisone) was added to tumor fragments and incubated for 2 hr at
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37�C with constant shaking at 275 rpm. Dissociated tumor fragments were centrifuged at 1200 rpm for 5 min and subjected to RBC

lysis as per manufacturer’s protocol (BD Biosciences), if the cell pellet was visibly red. Tumor fragments were further dissociated by

adding 3 ml pre-warmed trypsin and incubating in a 37�C bead bath for 5-7 min. 6 ml neutralization solution (2% FBS in PBS) was

added and centrifuged at 1200 rpm for 5 min. Tumor pellets were then treated with the Dispase/DNAse cocktail for 5-7 min at 37�C,
and neutralized and centrifuged as above. Tumor cell suspension was subjected to magnetic separation of CD298+ human cells

(biotin-conjugated a-CD298 antibody, Miltenyi Biotec, #130-101-292) to eliminate potential mouse cell contamination, using

EasySep human biotin positive selection kit II (STEMCELL technologies #17663). The cell pellet was resuspended in appropriate

volume of cold BME and 40 ml of cell suspension was added to the center of each well of a 24-well plate and allowed to solidify

by placing in a 37�C incubator for 20 min. 500 ml organoid medium (DMEM/F12 containing 250 ng/ml R-Spondin 3, 5 nM Neuregulin

1, 5 ng/ml FGF7, 20 ng/ml FGF10, 5ng/ml EGF, 100 ng/ml Noggin, 500 nM A83-01, 5 mM Y-27632, 500 nM SB202190, 1X B27

supplement, 1.25 mM N-Acetylcysteine, 5 mM Nicotinamide, 1X GlutaMax, 10 mM Hepes, 50 mg/ml primocin, and 100 U/ml

penicillin/100 mg/ml streptomycin) was added to each well and the plate was returned to a 37�C incubator maintained at 2%O2 level.

For viability assays, established organoids were dissociated into single cell suspension by mechanical shearing and enzymatic

digestion using TrypLE express (Gibco, #12604021). Dissociated cells were resuspended in 100 ml of cold organoid media contain-

ing 5% BME and 1000 cells/well were seeded into BME-coated 96-well plate in organoid media lacking EGF and NRG1. The next

day, organoid cultures were treated with drugs and the effect on viability was assessed 6 d later using CellTiter-Glo 3D viability assay

kit (Promega # G9681). Organoids were photographed using a Leica DMi1 inverted microscope.

Sanger sequencing of ERBB2 and ERBB3

RNAwas isolated from CW2 cells using the Maxwell RSC simplyRNA Cells Kit (Promega) on the Maxwell RSC Instrument (Promega).

RNA was isolated from SA493 organoids using the Qiagen RNeasy Micro Kit. Reverse transcription was performed using the iScript

cDNA Synthesis Kit (Bio-Rad). The appropriate regions of ERBB2 and ERBB3 were PCR-amplified using the following primers: 5’

GCCTGCCTCCACTTCAACCA (ERBB2_foward; S310F), 5’ GTAACTGCCCTCACCTCTCG (ERBB2_reverse; S310F), 5’ GTGAA

GGTGCTTGGATCTGG (ERBB2_foward; L755S), 5’ ATCTGCATGGTACTCTGTCT (ERBB2_reverse; L755S), 5’ TGAGGCGATACT

TGGAACGG (ERBB3_forward), and 5’ AGGTTGGGCGAATGTTCTCA (ERBB3 reverse). Sanger sequencing for ERBB2S310F,

ERBB2L755S, and ERBB3 was performed using the 5’ CATCTGTGAGCTGCACTGCC, 5’ GTTGGGACTCTTGACCAGCA, and 5’

GTGCATAGAAACCTGGCTGC sequencing primers, respectively.

Quantitative RT-PCR
Total RNAwas isolated using theMaxwell RSC simplyRNACells Kit (Promega) on theMaxwell RSC Instrument (Promega). cDNAwas

synthesized using the iScript cDNA synthesis Kit (Bio-Rad) and then subjected to qPCR using PowerUp SYBR Green Master Mix

(Thermo Fisher Scientific) and Qiagen RT2 qPCR primer assays for human ERBB2, ERBB3, and YWHAZ (housekeeping control).

To specifically detect ERBB22264T>C (L755S), the following qPCR primers were used: 5’CAGTGGCCATCAACGTGTC (forward)

and 5’TACACCAGTTCAGCAGGTCCT (reverse). qPCR was performed using the QuantStudio3 Real-Time PCR System (Thermo

Fisher Scientific).

Cell viability assay and IC50 estimation
Cell viability was determined using the Cell Titer Glo assay (Promega) according to themanufacturer’s instructions. Briefly, singe-cell

suspensions were generated by straining trypsinized cells through a 40mm cell strainer (Fisher Scientific). 500-1000 cells per well

were plated in 96-well white clear-bottom plates in quadruplicate. Cells were treated with 10 concentrations of inhibitor or vehicle

alone at a final volume of 150 mL per well. After 6 d of treatment, 25 mL of Cell Titer Glo was added to each well. Plates were shaken

for 15 min, and bioluminescence was determined using the GloMax Discover Microplate Reader (Promega). Blank-corrected biolu-

minescence values were normalized to DMSO-treated wells and normalized values were plotted in GraphPad Prism using non-linear

regression fit to normalized data with a variable slope (four parameters). IC50 values were calculated by GraphPad Prism at 50%

inhibition.

Cell proliferation assay
CW2 cells were transfected with Control or HER3 siRNA in triplicate. Four d after transfection, cells were trypsinized and countedwith

a Z2 Coulter Counter Analyzer (Beckman coulter).

Three-dimensional morphogenesis assay
Cells were seeded on growth factor–reduced Matrigel (BD Biosciences) in 48-well plates following published protocols (Debnath

et al., 2003). Inhibitors were added to the medium at the time of cell seeding. Fresh media and inhibitors were replenished every 3

d. Following 7-10 d, colonies were stained with 5 mg/ml MTT for 20 min. Plates were scanned and colonies measuring R100 mm

were counted using GelCount software (Oxford Optronix). Colonies were photographed using a Leica DMi1 inverted microscope.

Cell invasion assay
Transwell invasion assays were performed using BioCoat Growth Factor Reduced Matrigel Invasion Chambers (Corning)

according to the manufacturer’s instructions. Briefly, MCF10A cells were seeded at 100,000 cells/well in serum-free DMEM/F12
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media. DMEM/F12 media containing 5% FBS was added to the bottom chamber as a chemoattractant. The cells were incubated

under the desired conditions and 22 h later, cells that invaded to the underside of themembranewere stainedwith 0.5%crystal violet.

Transwells were photographed using a Leica DMi1 inverted microscope. Brightfield images were quantified using ImageJ software.

Images were converted to RGB stack. The green channel was thresholded and filtered (3 pixels) to remove the pores. The total

thresholded area was measured.

Xenograft Studies
CW2 cells were re-suspended in serum-free RPMI and Growth Factor-Reduced Matrigel (1:1 ratio) and injected subcutaneously into

the right flank of 4-6 week old female athymic nu/nu mice (Envigo). When the average tumor volume reached �200 mm3, mice

received daily doses of vehicle (0.5%Methylcellulose + 0.4% Tween 80, orogastric gavage), neratinib (40mg/kg; orogastric gavage),

alpelisib (30 mg/kg; orogastric gavage), or neratinib + alpelisib. In our previous studies, we have found neratinib to cause anorexia

and moderate body weight loss. To avoid these toxicities, all mice were prophylactically supplemented with DietGel 76A (Clear H2O)

in addition to regular chow. Tumor diameters were measured twice weekly using calipers and tumor volumes were calculated using

the formula: volume = width2 x length/2.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism 8.1.2. For analyses involving multiple comparisons, one-way or two-way

(for grouped bar graphs) ANOVA with Bonferroni posthoc test was used. Otherwise student’s t-test was used. Bar graphs show

mean ± S.E.M. The neratinib/alpelisib combination index was calculated using the Chou-Talalay test (Chou, 2010).
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