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Poziotinib Inhibits HER2-Mutant–Driven Therapeutic
Resistance and Multiorgan Metastasis in Breast Cancer
Rashi Kalra1,2, Ching Hui Chen1,2, Junkai Wang1,3, Ahmad Bin Salam4, Lacey E. Dobrolecki1, Alaina Lewis1,
Christina Sallas1, Clayton C. Yates4, Carolina Gutierrez1, Balasubramanyam Karanam4,
Meenakshi Anurag1,2, Bora Lim1,2, Matthew J. Ellis1,2, and Shyam M. Kavuri1,2

ABSTRACT
◥

The pan-HER tyrosine kinase inhibitor (TKI) neratinib is
therapeutically active against metastatic breast cancers harboring
activating HER2 mutations, but responses are variable and often
not durable. Here we demonstrate that recurrent HER2 muta-
tions have differential effects on endocrine therapy responsive-
ness, metastasis, and pan-HER TKI therapeutic sensitivity. The
prevalence and prognostic significance may also depend on
whether the HER2 mutant has arisen in the context of lobular
versus ductal histology. The most highly recurrent HER2 mutant,
L755S, was particularly resistant to neratinib but sensitive to the
pan-HER TKI poziotinib, alone or in combination with fulves-
trant. Poziotinib reduced tumor growth, diminished multiorgan

metastasis, and inhibited mTOR activation more effectively than
neratinib. Similar therapeutic effects of poziotinib were observed
in both an engineered HER2L755S MCF7 model and a patient-
derived xenograft harboring a HER2G778_P780dup mutation.
Overall, these findings support the need for clinical evaluation of
poziotinib for the treatment of HER2-mutant metastatic breast
cancer.

Significance: Evaluation of the functional impact of HER2
mutations on therapy-induced resistance and metastasis identifies
robust antitumor activity of poziotinib and supports the clinical
evaluation of poziotinib in ERþ HER2 mutant breast cancer.

Introduction
Targeting amplification of the ErbB2 receptor tyrosine kinase gene

(ERBB2), also known as human epidermal growth factor receptor 2
(HER2), is one of the greatest successes in oncology. A wide array of
anti-HER2 agents have been developed, including monoclonal anti-
bodies and conjugates [trastuzumab (Herceptin), trastuzumab emtan-
sine (T-DM1), as well as small-molecule inhibitors (lapatinib, ner-
atinib, and afatinib; ref. 1]. A decade ago, The Cancer Genome Atlas
revealed an alternative HER2 activation mechanism in the form of
somatic mutations, which occur across multiple cancer types (2–4).
Subsequently, we and others demonstrated that HER2 somatic muta-
tions are therapeutic targets in estrogen receptor positive (ERþ) non–
HER2-amplified breast cancer and other cancers (5–16). The frequen-
cy of HER2 mutations in primary ERþ breast cancer is approximately
3%. However, the prevalence is higher inmetastatic breast cancers that
have progressed upon endocrine therapy or CDK4/6 inhibitors (up to
6%), because they may drive acquired resistance to these standard-of-

care agents (12, 17). HER2 mutations are also enriched in lobular
carcinoma, where the rate is approximately 5%–26% (14, 18, 19).
Despite the evident molecular and clinical heterogeneity, there has
been only limited work on allele-specific HER2 mutation effects.
Therefore, we hypothesized that individual mutations are associated
with distinct therapeutic responses, metastatic propensity, patient
outcome, and their association with lobular versus ductal ERþ breast
carcinoma. The importance of testing these issues is highlighted by the
variable clinical activity of the irreversible pan-HER tyrosine kinase
inhibitor (TKI) neratinib in phase II clinical trials (NCT01670877 and
NCT01953926) across multiple different cancer types (9, 11, 20).
Accumulated data show only a modest initial response to neratinib
in ERþmetastatic breast cancers, and response durations are typically
short (9, 11, 20). Currently, neratinib as a single agent is not approved
for HER2-mutant breast cancer because of limited clinical activity. In
the present study, we sought to elucidate the impact of recurrent
HER2-mutant alleles on endocrine therapy and neratinib response,
multiorgan metastasis, and patient outcomes, parsed by lobular versus
ductal histology. Additionally, we examined an alternative small-
molecule inhibitor, poziotinib, to overcome therapeutic resistance
and metastasis in HER2-mutant ERþ breast cancer. These findings
provide a rationale to investigate the clinical efficacy of poziotinib in
HER2-mutant-driven metastatic breast cancer patients.

Materials and Methods
Clinical data sets

Genomic sequencing data and clinical outcome data associatedwith
tumor samples from patients with primary or metastatic breast cancer
in METABRIC 2012 and 2016 (N ¼ 2,509), and MSK/IMPACT 2018
(N ¼ 1,918) were accessed online via cBioPortal. From these data sets,
ERþ invasive lobular carcinoma (ILC) and invasive ductal carcinoma
(IDC) were selected to examine the prevalence of HER2 missense
mutations or insertions andHER2 amplification. For survival analysis,
we used the overall survival (OS) or disease-free survival data of ERþ
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and HER2 nonamplified patients from the METABRIC cohort. HER2
amplification status was determined by copy number available in
cBioPortal. Clinical information on HER2 somatic mutation and
HER2 amplification status in ERþ ILC and IDC breast cancer patients
in both METABRIC and MSK-IMPACT studies is listed in Supple-
mentary Table S1.

Cell lines
The ERþ lobular breast cancer cell line MDA-MB-134 (MM134)

was purchased from theATCC.MM134 cells were cultured inDMEM:
Leibovitz-15 1:1media supplemented with 10%FBS and 1%penicillin/
streptomycin. MCF7 breast cancer cell line (HER2 WT or the L755S
HER2-activating mutation) were previously isogenically modified
using AAV-mediated gene targeting as previously described (16).
These MCF7 breast cancer cells were gifts from Dr. Ben Ho Park
(Vanderbilt University Medical Center, Nashville, TN). These cells
were cultured in IMEM supplemented with 10% FBS and 1% peni-
cillin/streptomycin. SUM44PE cells were purchased from BIOIVT.
SUM44PE parental or CRISPR knock in (KI) V777L and L755S cells
were cultured in Ham’s F12 media with 2% FBS and 1% penicillin/
streptomycin supplemented with all the additional components listed
in Supplementary Table S2 as per BIOIVT recommendations. For low
E2 growth conditions, the appropriate phenol-red-free medium sup-
plemented with 5% charcoal-dextran-stripped serumwas used. All cell
lines were cultured in 5% CO2 at 37�C and were examined every
6 months for Mycoplasma.

Antibodies and inhibitors
Antibodies used for immunoblotting were purchased from Cell

Signaling Technologies: phospho-HER2 (1248), phospho-p44/42
MAPK (Thr202/Tyr204), p44/42 MAPK, phospho-Akt (Ser473), Akt,
phospho-S6 (240-44), phospho-S6 (235-236), phospho-MTOR, phos-
pho-S6 (Thr 389), E-Cadherin (24E10); from Millipore: phospho-
HER2 (pY1248); from Sigma: monoclonal Anti-b-Actin; and from
ThermoFisher:HER2 antibody (Ab-17). Poziotinib and tucatinibwere
obtained from Selleckchem. Pyrotinib was obtained from MedChem
Express. Neratinib was provided by Puma Biotechnology, Inc., under a
Materials Transfer Agreement.

Retroviral transduction of HER2 mutants in lobular breast
cancer cell line

HER2 WT, S310F, L755S, and L869R retroviral vectors were
transfected in the �NX amphotropic packaging cell line. The HER2
WT, S310F, L755S, and L869R recombinant retroviral supernatants
were used to transduce the MM134 cell line as shown previously (21).
After 2 to 3 weeks of zeocin selection of bulk infected cultured
cells, transgene expression was verified by fluorescence-activated cell
sorting analysis for GFP expression (always >90%). Immunoblot
analysis was performed on polyclonal cell lines to confirm HER2
protein expression.

CellTiter-Glo viability assays
For cell viability assay, cells were plated in opaque 96-well plates

(costar, 3917) at 10,000 MM134 cells/well or 3,000 MCF7 cells/well
and treated with drugs at the indicated concentrations for 30 days.
After drug treatment (drug-containing media were changed twice a
week), the cell culture medium in 96-well plates was replaced with
100 mL fresh medium per well and brought to room temperature.
CellTiter-Glo (Promega, G7572) was added to each well (100 mL),
and cells were lysed for 2 minutes at �250 rpm and then equilibrated
at room temperature for 20 minutes. A plate reader was programmed

to integrate luminescence for 500 ms per well. Viable cell lumines-
cence was measured and plotted as relative luminescence units.

Immunoblot analysis
Cells were washed with cold PBS and lysed on ice in RIPA lysis

buffer (Thermo Scientific; Pierce, 89900) containing protease and
phosphatase inhibitors (Roche). Protein concentration in cell lysates
was measured using BCA protein assay reagent (Bio-Rad). Cell lysates
(25–30 mg) were subjected to SDS-PAGE followed by wet-transfer to
nitrocellulose membranes (Invitrogen). The Invitrogen NuPage gel
system was used. Nitrocellulose membranes were cut horizontally to
probe with multiple antibodies. All primary antibodies were diluted in
5% BSA and incubated with blots overnight at 4�C. Blots were washed
with 1 � TBST (3 times 8 minutes each) and incubated with horse-
radish peroxidase-conjugated secondary antibodies for 1–2 hours at
room temperature followed by detection of immunoreactive bands by
enhanced chemiluminescence (ECL, GE Healthcare, RPN2235).

Fat pad xenografts
MM134 parental, MM134-HER2 WT, MM134-HER2 S310F, and

MM134-HER2 L755S were cultured inDMEM: Leibovitz 15 1:1media
supplemented with 10% FBS. MCF7 L755S KI cells were cultured in
IMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
Cells were harvested and resuspended inmedia supplemented with 2%
FBS and injected alongwith an equal volume ofMatrigel into right side
#4 mammary fat pads of 4-week-old NOD-scid gamma mice (Jackson
Laboratory; NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ Stock No: 005557).
Tumor size was evaluated twice weekly by caliper measurements, and
the volume of the mass was calculated using the formula 4/3 � p �
(d/2)2 � (D/2), where d is the minor tumor axis and D is the major
tumor axis. All values for tumor growth curves were recorded blindly.
Established tumors (average volume, 250–400mm3) were randomized
to the indicated treatment groups. For mouse xenograft experiments,
17 b-estradiol (cat. #E2758; Sigma) was maintained in 200-proof
ethanol as a 2.7 mg/mL stock solution and added to drinking water
twice a week at a final concentration of 8 mg/mL. Fulvestrant con-
centrations of 250mg/kg bodyweight were prepared in corn oil freshly
on day of injection (once a week) and administered subcutaneously.
Neratinib 40mg/kg and poziotinib 10mg/kg were given in the form of
chow, prepared by Research Diets Inc. Animals were sacrificed when
tumors reached 1,500mm3 or at the study end time point. Tumors and
organs were harvested and frozen in liquid nitrogen for storage or fixed
in 10% neutral buffered formalin overnight at room temperature and
then held in 70% ethanol. All animal procedures were approved by the
Institutional Animal Care and Use Committee at Baylor College of
Medicine (protocol #AN-7662).

Mouse intraductal model
MM134 parental, MM134-HER2 WT, MM134-HER2 S310F, and

MM134-HER2 L755S were cultured in DMEM: Leibovitz 1:1 medium
supplemented with 10% FBS. Cells were harvested and resuspended in
2% FBS in PBS at a concentration of 20,000 cells/mL. 80,000 cells were
intraductally injected into the right #4 mammary gland of 8–10-week-
old NOD-scid gamma (NSG) mice. Upon injection, mice were ran-
domized to receive either filtered water or filtered water supplemented
with 17 b-estradiol as indicated earlier. Injected mice were imaged
using IVIS and palpated for tumors weekly. 100 mL of 15 mg/mL D-
luciferin was used per mouse for IVIS imaging. Bioluminescence was
quantified with the LivingImage software (Perkin Elmers). Tumor size
was evaluated weekly by caliper measurements, and the volume of the
mass was calculated as above. Mice were euthanized when tumors
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reached 1,500 mm3. Ex vivo imaging was also performed, and tissues
were fixed in 10% neutral buffered formalin overnight at room tem-
perature and then held in 70% ethanol. All animal procedures were
approvedby the InstitutionalAnimalCare andUseCommittee as above.

RNA sequencing
MM134 cells stably transfected with HER2 WT or HER2 L755S

were deprived of E2 by incubation in charcoal-stripped FBS-
containing media for 7 days. RNA was isolated from two replicates
each of cells using the GE Healthcare Illustra RNA spin mini kit
(cat. #25-0500-71) according to the manufacturer’s instructions.
The Genomic and RNA Profiling Core (GARP) at BCM constructed
libraries with 250 ng of total RNA using the TruSeq RNA Library
Prep Kit (Illumina). cDNA was generated from poly(A)-selected
RNA. Libraries were quantified with the KAPA Library Quantifica-
tion Kit (Kapa Biosystems) and were sequenced on the NovaSeq 6000
(Illumina). Alignments were performed against human genome
version GRCh38 using the STAR program. Differential expression
analysis was determined through edgeR. Gene set enrichment anal-
ysis (GSEA) was done with the preranked tool on the ranked gene list.
Genes were ranked based on signed P value, which was calculated as
the sign of log2-fold change � �log10 (adj P value). RNA sequencing
data of estrogen-deprived MM134WT and L755S cells shown in this
study have been submitted to Gene Expression Omnibus Accession
Number GSE197952.

IHC
IHC stainingwas executedwith the help of the PathologyCore at the

Lester and Sue Smith Breast Center, Baylor College ofMedicine. Tissue
sections were incubated at 58�C overnight in a dry slide incubator and
deparaffinized in xylene and graded alcohol washes. Antigen retrieval
was performed in 0.1MTris-HCl pH 9.0 (p-HER2 and ERa), followed
by quenching in 3%H2O2. The following antibodies were used to stain
for 1 hour at room temperature: ERa (clone 6F11, Novocastra, 1:200)
and p-HER2 (Cell Signaling, 2243L, 1:50). After washing in TBS,
EnVision labeled polymer-HRP anti-mouse or anti-rabbit antibodies
(Dako) were added for 30 minutes at room temperature. Slides were
washed with TBS and then developed with DABþ solution (Dako) and
DAB sparkle enhancer (Biocare). After washing in TBS, slides were
counterstained with hematoxylin, dehydrated, and cleared before
coverslipping with Cytoseal (VWR). p-HER2 and ERþ stained cells
were quantified in lung/ovary sections of L755S fat pad (FP) xenografts
and ovary sections from HER2WT and HER2 S310F or L755S MIND
xenograft mice.

Schr€odinger methods: glide ligand docking
The ligands neratinib and poziotinib were docked intoHER2 kinase

domain L755 (PDB ID: 3PP0) by utilizing the Glide module of
Schr€odinger suite Maestro V12.3. The mutant HER2 L755S was
created in Schr€odinger suite Maestro V12.3. The docking was per-
formed utilizing Standard precision (XP) mode and OPLS-3e power
field and the above docking process was run in a flexible dockingmode,
which automatically generates conformations for each input ligand.
The best-docked ligands are chosen based on MM-GBSA score using
the Prime-MM-GBSA module of Schr€odinger Maestro Suite 2020-2.

Statistical analysis
All experiments were performed in three technical replicates and at

least two experimental repeats. P values were calculated using Graph-
Pad Prism (version 9.0) by two-way ANOVA followed by the Tukey
multiple comparisons test. ANOVA or Student t test was used for

independent samples with normal distribution. Where distribution
was not normal (assessed using Q–Q plots with the Wilk–Shapiro test
of normality), either the Kruskal–Wallis or Wilcoxon rank sum test
was used. Databases used for human data mining are from publicly
available resources: cBioPortal and METABRIC data sets were used.

Results
HER2 mutations are associated with poor prognosis in ERþ ILC

To identify recurrent HER2-activating mutations in ERþ ILC and
IDCmetastatic breast cancer patients (MSK-IMPACTdata set; ref. 13),
we searched ERþ ILC and IDC metastatic breast cancer sequencing
studies.We found that 32 patient samples out of 284 (11.27%) ERþ ILC
patients have HER2 missense mutations or insertions, while only 32
patient samples out of 1,231 (2.60%) ERþ IDC patients have HER2
missense mutations or insertions. The recurrent kinase domain (KD)
mutation L755S was the dominant mutant allele in the metastatic
breast cancer ILC subset, present in 11 patient samples, versus the
extracellular domain (ECD) mutation S310F in three patient samples
(Fig. 1A). In IDC metastatic breast cancer, recurrent kinase domain
exon 20 insertions were found in 11 patient samples, and other
activating KD mutations including L755S, V777L, and R678Q were
also observed (Fig. 1A). In addition, the METABRIC cohort (22)
showed L755S and L755 in-frame deletions in both ILC (4 patient
samples) and IDC breast cancer (8 patient samples; Supplementary
Fig. S2C).

To examine the clinical significance of recurrent HER2 mutations,
we analyzed the prognostic effects of all HER2 mutations using ERþ

HER2 nonamplified METABRIC cohort on patient outcome and
found that all HER2 mutations taken together are not associated with
reduced OS as compared with all HER2 wild-type (HER2 WT)
(Supplementary Fig. S1A). Next, we analyzed the prognostic effects
of only four selected HER2 activating mutations (S310F, V777L,
L755S, and Exon 20 ins/del) in the ERþ HER2 nonamplified subset
of the METABRIC cohort. We observed that patients with tumors
harboring selected HER2-activating mutations (L755S, S310F, V777L,
and Exon 20 ins/del) had significantly reduced OS compared with
those with HER2 wild-type (HER2WT; Fig. 1B). In order to study the
prevalence of HER2 mutations in both ERþ ILC and ERþ IDC, we
analyzed the sequencing results of METABRIC and MSK/IMPACT
studies (13, 22) and compared the prevalence of HER2 mutations and
HER2 amplification in the ERþ subset. We noticed a significantly
higher incidence of HER2 mutations in ILCs (9.65% in METABRIC
and 11.27% inMSK/IMPACT) as opposed to IDCs (2.73% inMETAB-
RIC and 2.60% in MSK-IMPACT). In contrast, HER2 amplification
was higher in IDC cases, with 5.68% (METABRIC) and 7.88% (MSK/
IMPACT) as opposed to 0.87% (METABRIC) and 4.58% (MSK/
IMPACT) in ILC patients, suggesting that HER2 mutations may be
important pathogenic drivers in a subset of ERþ ILC (Fig. 1C).

To comprehensively address the relationship between HER2 muta-
tions and outcomes in ERþ ILC as compared with ERþ IDC, we
analyzed METABRIC ERþ ILC and IDC patients and compared their
overall and breast cancer disease-specific survival probabilities. In line
with a previously published report (23), we demonstrate that all HER2
mutations (Supplementary Fig. S1B and S1C) or selected (L775S and
Exon 20 ins/del) HER2 mutations (Supplementary Fig. S1D) were
associated with significantly worse overall or breast cancer disease-
specific survival as compared with HER2 WT, but only in ERþ ILC.
Subsequently, we also investigated the prognostic significance of L755
alterations (L755S and L755_T759del) in ERþ ILC. ILC patients
harboring L755 alterations showed reduced OS compared with those
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with HER2WT, suggesting that recurrent L755 alterations are asso-
ciated with more aggressive ERþ ILC disease biology (Supplementary
Fig. S1E).We could not detect any difference in overall or breast cancer
disease-specific survival in ERþ IDC (Supplementary Fig. S2A and
S2B), suggesting that HER2 mutations induce early relapse primarily
in ERþ ILC as compared with ERþ IDC patients.

Allele-specific effect of HER2 mutations on endocrine therapy
resistance, tumor growth, andmultiorganmetastasis in ERþ ILC
cells

We analyzed the endogenous expression of total HER2 and E-
cadherin in ERþ lobular [MDA-MB-134 (MM134) and SUM44PE]
and ERþ ductal (MCF7, T47D, and ZR-75) cell lines and observed low
endogenous total HER2 expression in MM134 lobular as compared
with SUM44PE lobular and other ductal cell lines. As expected, we

noticed the loss of E-cadherin in lobular cell lines as compared with
ductal cell lines (Supplementary Fig. S3A; refs. 24, 25). We next
validated the HER2 ectopic expression of HER2 WT or mutant
(S310F and L755S) MM134 cells and compared it with the HER2-
amplified BT474 cell line (Supplementary Fig. S3B). To study the effect
of endocrine therapy response on cell growth, MM134 ILC parental
cells or cells expressing HER2WT or HER2mutants (S310F or L755S)
were grown under low-estrogen conditions (in charcoal-stripped
serum phenol-red-free media) and treated in the presence or absence
of estradiol (E2) or the selective ER degrader fulvestrant. Estrogen-
independent growthwas increased in cells expressing S310F andL755S
as compared with HER2 WT cells. Upon treatment with E2, cell
growth was further increased in L755S-expressing cells, but fulvestrant
was not inhibitory, suggesting that L755S can induce fulvestrant
resistance in ERþ ILC (Supplementary Fig. S3C). Further, to study

Figure 1.

HER2mutations are significantly enriched in ILC as compared with IDC, in ERþ primary andmetastatic breast cancer.A, Lolliplot showing HER2mutations identified
from the MSK/IMPACT data set in ERþ/ILC and IDC. Three HER2-mutant patient samples (T297I, L755S, and L869R) harbor co-occurring HER2 amplification in ILC.
Five HER2-mutant patient samples (E770_A771insGIRD, R678Q, V777L, V777L, and A37T) harbor co-occurring HER2 amplification in IDC. Two patient samples in ILC
have more than one co-occurring mutation. One patient sample in IDC has more than one co-occurring mutation. B, Kaplan–Meier curves showing OS analysis of
recurrent selected HER2 mutations (L755S, S310F, V777L, and Exon 20ins/del) in the ERþ and HER2 nonamplified subsets of the METABRIC cohort. P value
determined by theWald test. HR, hazard ratio. C, The prevalence of HER2 mutations was examined in ILC and IDC using primary (METABRIC) and metastatic (MSK-
IMPACT) ERþ sequencing studies. The ILC subset shows 9.65% (METABRIC) and 11.27% (MSK/IMPACT) prevalence as opposed to 2.73% (METABRIC) and 2.60%
(MSK/IMPACT) in the IDC subset. In addition, the prevalence of HER2 amplification was examined in ERþ ILC and IDC cohorts. The ILC subset shows 0.87%
(METABRIC) and 4.58% (MSK/IMPACT) prevalence as opposed to 5.68% (METABRIC) and 7.88% (MSK/IMPACT) in the IDC subset.
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the functional impact of HER2 mutations S310F and L755S on
downstream kinase signaling,MM134 parental cells or cells expressing
HER2 WT, S310F, or L755S were grown under low-estrogen condi-
tions and treated in the presence or absence of fulvestrant for 24 hours.
Cells were harvested, protein lysates were prepared, and expression of
HER2 downstream signaling proteins was analyzed. The cells expres-
sing HER2 S310F and L755S showed increased levels of phospho-Akt
and phospho-p44/42 MAPK. As expected, we observed decreased
ERa upon fulvestrant treatment. Further, we also observed moderate
downregulation of ERa in HER2 WT cells, in line with previous
reports (Fig. 2A; ref. 26). These results suggest that L755S may cause
fulvestrant resistance by increasing constitutive HER2 downstream
kinase signaling.

The ability of parental, HER2 WT, or HER2 mutants S310F and
L755S to induce E2-independent growth was further tested in vivo by

injecting these MM134 cell lines into the mammary fat pads of NSG
mice. Mice were supplemented with E2 in water until the tumor size
reached 250–400mm3. E2was thenwithdrawn, and tumor growthwas
further monitored in the absence of E2. L755S-expressing cells con-
tinued to grow and form tumors even upon E2 withdrawal, whereas
S310F-induced tumor growth remained stable upon E2 removal.
Parental and WT tumors were relatively slow-growing even in the
presence of E2 (Fig. 2B). Subsequently, we performed survival sur-
geries of L755S-bearing mice when tumors reached 800–1,000 mm3

and monitored metastatic spread to secondary sites. These mice were
euthanized�6 weeks following survival surgery, and lungs and ovaries
were harvested. Hematoxylin and eosin and immunohistochemical
(IHC) stainingwas carried out for phosphorylatedHER2 (pHER2) and
total ERa expression in the lungs and ovaries, revealing metastasis in
L755S tumor-bearing mice upon E2 deprivation. Additionally, the

Figure 2.

Allele-specific estrogen-independent
tumor growth and metastasis of HER2
mutations in ERþ ILC.A,MM134 lobular
parental cells or cells expressing HER2
WT or S310F or L755S were grown in
low-estrogen conditions. The cells
were treated in the presence or
absence of fulvestrant or estradiol
(E2) for 24 hours at the indicated con-
centrations and protein lysates were
harvested. HER2 downstream signal-
ing proteins were assessed by immu-
noblot analysis.B,MM134parental cells
or cells expressing HER2 WT or S310F
or L755S were engrafted into mouse
mammary fat pads in the presence
of E2 until tumor size reached
250–400 mm3. Subsequently, E2 was
withdrawn and tumor growth was
monitored. Each data point represents
themean tumor volume inmm3� SEM,
n ¼ 7–8. C, L755S tumor-bearing mice
from Fig. 2Bwere subjected to survival
surgeries when the tumor volume
reached 800–1,000 mm3, the mice
were euthanized, lungs and ovaries
were harvested, and IHC was per-
formed for p-HER2 and ERa. Scale
bar, 20 mm. p-HER2 and ER staining
was scored in these sections. Ovary
p-HER2 (score: 3þ), ER: positive 88%
positive cells, lungs p-HER2 (score:
þ3), ER: negative 0% positive cells.
H&E, hematoxylin and eosin. D, Sche-
matic representation of MM134 HER2
L755S luciferase coexpressing cells
used in the MIND xenograft model.
E, MM134 parental cells or cells expres-
sing HER2 WT or S310F or L755S were
engrafted intraductally in the presence
or absence of E2, and tumor growthwas
monitored. Thedata are plotted asmean
of tumor volume in mm3 � SEM, n ¼ 5.
� , P ¼ 0.04; �� , P ¼ 0.004; ��� , P <
0.0001. F, Bioluminescence images of
E on day 95. G, Representative biolumi-
nescence ex vivo images of WT (þE2),
S310F (þE2), L755S (þE2), and L755S
(�E2). H, Quantification of the biolu-
minescence signal from G. � , P ¼ 0.01;
�� , P ≤ 0.005; ns, nonsignificant.

Kalra et al.

Cancer Res; 82(16) August 15, 2022 CANCER RESEARCH2932



lung and ovary lesions stained positive for pHER2 and total ERa
(Fig. 2C).

Next, to examine the effect of HER2mutations S310F and L755S on
tumor growth and metastatic spread within the epithelial microenvi-
ronment, we generated mammary intraductal (MIND) xenograft
models (schematic, Fig. 2D; ref. 27). MM134 parental and HER2
WT, S310F, and L755S luciferase-expressing cells were injected into
the mammary ducts of NSG mice in the presence or absence of
E2 supplementation. L755S-expressing cells formed tumors in the
absence or presence of E2 supplementation, similar to FP xenografts.
However, HER2WT andHER2 S310F cells formed tumors only in the
presence of E2 supplementation and they never formed palpable
tumors in the absence of E2 until 219 days, revealing that HER2 WT
and HER2 S310F-induced tumor growth is E2 dependent (Fig. 2E
and F). Mice were euthanized when the tumor volume reached
1,500 mm3 and lungs and ovaries were harvested for ex vivo analysis
using bioluminescence (BL) imaging. In the absence of E2, HER2
L755S bearing mice showed significant ovary metastasis as compared
with HER2WT and HER2 S310F. In the presence of E2, HER2 L755S
and HER2 S310F mice exhibited metastasis in both lungs and ovaries,
but this was not significant as compared with HER2 WT (Fig. 2G
and H; Table 1). Additionally, IHC staining of ovary lesions from
L755S mice was positive for pHER2 and total ERa (Supplementary
Fig. S3D). Together, these findings reveal thatHER2 L755S is sufficient
to drive E2-independent mammary tumor growth and multiorgan
metastasis in ERþ ILC FP and MIND xenografts.

HER2 L755S-expressing tumors are resistant to neratinib and
fulvestrant in vivo

To investigate the effect of HER2 mutations on in vivo tumor
responses to fulvestrant and the HER2 TKI neratinib, we engrafted
HER2WT, S310F, and L755SMM134 cell lines into mouse mammary
fat pads ofNSGmice.Micewere supplementedwith E2 until the tumor
volume reached 300–400 mm3. The HER2WT and HER2 S310F mice
were then randomized into six groups: vehicle, fulvestrant, or ner-
atinib, with E2 withdrawal or continuation. We observed that tumor
growth in mice bearing HER2 WT or S310F was highly sensitive to
neratinib or fulvestrant in the presence or absence of E2 (Supplemen-
tary Fig. S4A and S4B). For L755S cells, E2 was withdrawn, and mice
were randomized to receive vehicle, neratinib, or fulvestrant. Fulves-
trant and neratinib as single agents did not affect tumor growth
(Supplementary Fig. S4C). To complement our mouse xenograft data,
we analyzed neratinib responses in clinical trials of ERþHER2-mutant
breast cancers (9, 11, 20, 28) and found that patients harboring HER2
L755S had a higher incidence of progressive disease and lower
incidence of complete response compared with patients harboring
other HER2 mutations (S310F, exon 20 insertions, and other action-
able KD mutations), thereby suggesting “allele-specific” neratinib
responses in ERþ breast cancer (Table 2).

The pan-HER drug poziotinib durably inhibits HER2 L755S-
expressing cell viability in vitro and tumor growth in vivo

To compare the effects of pan-HER small-molecule inhibitors
(neratinib, pyrotinib, and poziotinib) on cell growth, MM134 parental
and HER2 WT, S310F, or L755S cells were treated with each drug
under long-term low-estrogen conditions and monitored for cell
viability using the CellTiter-Glo assay. Cell growth inhibition by all
pan-HER small-molecule inhibitors was similar in parental, HER2
WT, and HER2 S310F cells, but poziotinib even at lower concentra-
tions, 1 nmol/L, significantly reduced viability of HER2 L755S expres-
sing cells (Supplementary Fig. S5A). To better understand this, we
determined IC50 values for neratinib versus poziotinib. Neratinib
reduced L755S cell viability with an IC50 value of 1.3 nmol/L, whereas
poziotinib was more potent with an IC50 of 0.3 nmol/L (Fig. 3A). We
also determined the IC50 values for tucatinib in both MM134 HER2
WT and HER2 L755S cells and observed that tucatinib reduced the
viability of these cells with IC50 values of 117 nmol/L and 103 nmol/L,
respectively (Supplementary Fig. S5B). We next tested the effect of
neratinib or poziotinib on HER2 downstream kinase signaling.
Neratinib and poziotinib at 10 nmol/L had a similar inhibitory effect
on L755S induced pHER2 and the associated downstream signaling
protein p-Akt, whereas in contrast 10 nmol/L neratinib was more
effective than poziotinib in strongly inhibiting the p-p44/42 MAPK
signaling (Supplementary Fig. S5C). A similar immunoblot analysis
was done inHER2 L869R cells as well, and we observed that 10 nmol/L
poziotinib was effective in inhibiting the pHER2 expression and its
downstream signaling protein p-Akt; however, we observed no change
in p-p44/42 MAPK signaling (Supplementary Fig. S5D). We also
determined the IC50 values for both neratinib and poziotinib in
MM134 HER2 L869R cells—neratinib and poziotinib reduced the
viability of these cells with IC50 values of 107 nmol/L and 257 nmol/L,
respectively (Supplementary Fig. S5E). Further, we also confirmed the
constitutive phosphorylation of HER2 in CRISPR KI SUM44PE
V777L (homozygous) and L755S (heterozygous) cells. Upon treatment
with neratinib or poziotinib, poziotinib was effective in inhibiting
the pHER2 expression at 10 nmol/L concentration in both V777L and
L755S cells (Supplementary Fig. S6A). The CRISPR KI SUM44PE

Table 1. Lung and ovary positivity by IVIS, shown as a table
from Fig. 2G.

Experimental
Group

Lung positive
by IVIS

Ovary positive
by IVIS

WTþE2 5/7 2/7
S310þE2 2/5 2/5
L755SþE2 3/5 4/5
L755S-E2 1/4 4/4

Table 2. Allele-specific HER2-mutant responses to neratinib
using ERþ HER2-mutant breast cancer clinical trials data.

HER2 mutations PD SD PR CR

L755S/P 18 11 3 2
L755 alterations 1 1 2
Exon 20 Ins 1 10 7 3
D769H/Y 2 6 1 1
L869R 1 4
S310F 5 4 1 2
V8421 1
V777L 9 2

Abbreviations: CR, complete response; PD, progressive disease; PR, partial
response; SD, stable disease.
(1) Total number of HER2-mutant breast cancer cases in Hyman et al. (ref. 9;
neratinib as a monotherapy), 25 patients (20 ERþ and 5 ER�).
(2) Total number of HER2-mutant breast cancer cases in Smyth et al. (ref. 20;
neratinib as a monotherapy), 34 patients (23 ERþ and 11 ER�).
(3) Total number of HER2-mutant breast cancer cases in Ma et al. (ref. 11;
neratinib as a monotherapy), 22 patients (21 ERþ and 1 ER�).
(4) Total number of HER2-mutant breast cancer cases in Ma et al. [ref. 28; neratinib
alone or neratinib þ fulvestrant treated mixed cohort, 40 patients (including
neratinib þ fulvestrant ¼ 24 patients; neratinib alone ¼ 11 patients; ERþ patients
¼ 35; ER� patients ¼ 5].
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Figure 3.

ERþ ILC L755S is resistant to neratinib but sensitive to poziotinib.A,Dose-response curves for HER2WT andHER2 L755S cells grown in E2-deprivedmedia, to which
increasing concentrations of neratinib and poziotinib were added twice aweek for 4 weeks. B,MM134 L755S cells were engrafted into mousemammary ducts in the
absence of E2 until tumor size reached 4.5� 108 radiance. Bioluminescence images onday 81 (pre-randomization).C, Subsequently, themicewere randomized in the
presence of vehicle or fulvestrant (250 mg/kg body weight of mice) or neratinib chow (40mg/kg) or poziotinib chow (10 mg/kg). Tumor volume was measured by
calipers, and tumor growthwas monitored. The data are plotted as mean tumor volume in mm3� SEM, n¼ 7–8. The significance (P value) was calculated on day 56
post drug treatment or day 137 post injection, vehicle vs. poziotinib <0.0001, vehicle vs. poziotinibþ fulvestrant <0.0001, neratinib vs. poziotinib <0.0001, neratinib
vs. poziotinib þ fulvestrant <0.0001, neratinib þ fulvestrant vs. poziotinib < 0.0001, vehicle vs. neratinib N.S, and vehicle vs. neratinib þ fulvestrant N.S. (N.S., no
significance).D,Bioluminescence images on day 137 (endpoint). E,Representative bioluminescence ex vivo images of lung and ovaries of L755Smice in the presence
or absence of indicated drugs. F, Bioluminescence radiance quantification of lungs and ovaries from E. � , P ¼ 0.01; ��� , P ¼ 0.0003.
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V777L and L755S clones were sequence verified (Supplementary
Fig. S6B)

To study the in vivo effect of neratinib, poziotinib, or fulvestrant,
alone or in combination, on tumor growth and multiorgan metastasis,
we generated luciferase-expressing MM134 HER2 L755S MIND
xenografts in the absence of E2 supplementation and subjected the
mice to the indicated drug treatments until tumor radiance reached
4.5�108 by BL imaging (Fig. 3B). The mice were monitored for
intraductal primary tumor growth by BL imaging, and tumor volume
was measured at the orthotopic site of injection (Fig. 3C). Upon
treatment with neratinib or fulvestrant or neratinib þ fulvestrant, the
primary tumors continued to grow, and the tumor growth was similar
to vehicle-treatedmice. In contrast, poziotinib alone or in combination
with fulvestrant durably inhibited tumor growth throughout the
course of 7 weeks (long term) of drug treatment (Fig. 3D; Supple-
mentary Fig. S7A). Collectively, these data indicate that poziotinib as a
single agent or in combination with fulvestrant may be efficacious in
reducing ERþ L755S-driven tumorigenesis in the ILC mouse model.

Poziotinib abolishes lung and ovary metastasis, whereas
neratinib is inefficient in reducing metastatic burden

To further assess the efficacy of poziotinib in the metastatic setting,
we analyzed by ex vivo BL imaging the lungs and ovaries from L755S-
bearing mice that had been treated for 7 weeks (Fig. 3E). Surprisingly,
in our experimental model, neratinib was ineffective in reducing ovary
metastasis. However, mice treated with poziotinib alone or in com-
bination with fulvestrant had no evidence of lung or ovary metastasis
(Fig. 3F; Table 3). We also monitored total body weight of the mice
bearing tumors during the course of drug treatment and observed no
significant loss of body weight with the drug treatment (Supplemen-
tary Fig. S8A).

To analyze the short term in vivo efficacy of poziotinib, we generated
HER2 L755S MIND xenografts (MM134) and monitored primary
tumors until radiance reached 1 � 109 by BL imaging. Then we
randomized the mice and treated with vehicle or poziotinib. Following
only 3 weeks of treatment (short term), we observed a significant
reduction of primary tumor and ovary metastasis burden in pozioti-
nib-treated mice, although we did not observe a significant reduction
in lung metastasis burden in these mice (Supplementary Fig. S7B–
S7D). We analyzed signaling of these tumors by immunoblotting and
found that poziotinib reduced the levels of phospho-HER2, phospho-
Akt, phospho-p44/42 MAPK, phospho-mTOR, and phospho-S6,
suggesting that poziotinib can inhibit L755S-induced orthotopic
tumor growth, oncogenic signaling, and ovary metastasis even with
a short duration of treatment (Supplementary Fig. S7E). Taken
together, these data clearly suggest that poziotinib may be useful for
the treatment of HER2-mutant metastatic ILC.

Poziotinib durably inhibits tumor growth of the MCF7 L755S
xenografts as well as the ERþ IDC HCI-003 PDX model
(harboring activating exon 20 HER2G778_P780 dup insertion)

To analyze the effect of pan-HER inhibitors in ERþ IDC in vitro
models, we performed dose-response studies inMCF7 L755S cells and
observed cell growth inhibition with IC50 values of 65.4 nmol/L for
neratinib, 2.1 nmol/L for poziotinib, 72 nmol/L for tucatinib, and
12.6 nmol/L for pyrotinib (Fig. 4A; Supplementary Fig. S10A). We
next tested the effect of neratinib or poziotinib on HER2 downstream
kinase signaling. Neratinib and poziotinib at 10 nmol/L had a similar
inhibitory effect on L755S-induced pHER2 and the associated down-
stream signaling protein p-Akt, while in contrast 10 nmol/L neratinib
was more effective than poziotinib in strongly inhibiting p-p44/42
MAPK signaling (Supplementary Fig. S10B). Also, in MCF-L755S
KI (16) cells we observed higher total HER2 expression upon estrogen
deprivation. This may be due to theHER2 receptor stabilization on the
membrane upon estrogen deprivation.

We next sought to assess the efficacy of poziotinib in in vivomodels
of ERþ HER2-mutant IDC. We generated an MCF7-L755S KI xeno-
graft mouse model as previously reported (29). The ERþ IDC PDX
HCI-003 (30) naturally harbors an activating HER2G778_P780 dup and a
concurrent PIK3CA H1074R mutation, known to potently activate
PI3K signaling (31–33). We treated mice bearing MCF7 L755SMIND
xenografts (in the absence of E2 supplementation) or orthotopic HCI-
003 tumors (in the presence of E2 supplementation) with pan-HER
inhibitors neratinib or poziotinib alone or in combination with
fulvestrant. As we observed earlier in our MM134 HER2 L755S
expressing MIND xenografts, neratinib, fulvestrant, and the combi-
nation had no effect on HCI-003 PDX tumor growth. However,
poziotinib alone or combinedwith fulvestrant durably inhibited tumor
growth in both the MCF7-L755S KI and HCI-003 PDX models
(Fig. 4B and C). The total body weight of the mice was monitored
during the course of drug treatment, and we observed no significant
loss of body weight with the drug treatment (Supplementary Fig. S8B
and S8C). Collectively, these results provide a strong preclinical
rationale for poziotinib as a new treatment strategy for ERþ HER2-
mutant IDC.

Structuralmodeling ofHER2L755S explains preferential affinity
for poziotinib

We conducted protein structure modeling of human HER2 L755 or
S755 bound to neratinib and poziotinib, using the X-ray crystal
structure of the KD of HER2 (PDB#3PP0; ref. 34). The HER2 kinase
is predicted to adopt different conformations when bound by neratinib
or poziotinib, which both have covalent binding modes that project
deeply into the substrate-binding pocket of the HER2. The L755S
(S775)mutation reduces the volume of the drug-binding pocket, which
is predicted to limit the binding of drugs such as neratinib with larger
terminal groups oriented toward the a-C helix. In contrast, due to the
terminal halogenated benzene group of poziotinib, it can bind deeply
within the hydrophobic cleft created by the L755S mutation. This
interaction of the terminal benzene group with the hydrophobic cleft
results in the alignment of the quinazoline core with residues at the
back of the drug-binding pocket, maintaining receptor binding. S755
has enhanced poziotinib binding compared with L755 due to its
binding with the neighboring R756. The lower binding energy score
for L755S binding to poziotinib showed higher proximity and tighter
binding as compared with WT (Supplementary Fig. S9A–S9F). Based
on these studies, HER2 S755 is predicted to facilitate poziotinib
binding at 2.7 Å distance as opposed to 10.2 Å for L755. The glide
docking was also performed using the putative active site of HER2

Table 3. Lung and ovary positivity by IVIS shown as a table
from Fig. 3E.

Experimental group
Lung positive
by IVIS

Ovary positive
by IVIS

Vehicle 5/8 6/8
Fulvestrant 6/8 0/8
Neratinib 5/8 5/8
Neratinib þ fulvestrant 7/7 2/7
Poziotinib 0/3 0/3
Poziotinib þ fulvestrant 0/7 0/7
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(3PP0); in this case, it was the ligand 03Q (IC50 ¼ 11 nmol/L). The
MM-GBSA binding energy again correlates with the initial trend,
where it shows tighter binding with S755 when compared with L755,
indicating that the point mutation of S755 led to more affinity toward
poziotinib (Supplementary Fig. S9G and S9H). Together, these data
suggest that the increased antitumor activity of poziotinib may be due
to its closer binding proximity to S755.

Poziotinib inhibits Akt–mTOR signaling
We conducted RNA sequencing of MM134 cells expressing HER2

WT or L755S grown in low-estrogen conditions, followed by GSEA to
identify altered gene-expression pathways in L755S cells. mTOR (also
called MTORC1) signaling was the top significantly upregulated
pathway in HER2 L755S cells (Fig. 5A and B). We then assessed
mTOR activation in HER2 WT and L755S-expressing cells treated
with neratinib or poziotinib. Poziotinib (10 nmol/L) but not neratinib
(10 nmol/L) potently inhibited phospho-HER2, phospho-Akt, phos-
pho-mTOR, and its substrate phospho-S6 in HER2 L755S-expressing
cells (Fig. 5C; Supplementary Fig. S5C). We confirmed the inhibition

of phospho-HER2, phospho-Akt, phospho-p44/42 MAPK, phospho-
mTOR, and phospho-S6 in MCF7 L755S KI xenograft tumors
obtained from Fig. 4B (Fig. 5D). Collectively, these data show that
poziotinib potently inhibits primary tumor growth,multiorganmetas-
tasis, and mTOR pathway activation. A schematic representation of
the mechanism describing the efficacy of poziotinib in inhibiting
HER2 L755S-induced tumor growth and metastasis is shown
in Fig. 5E.

Discussion
Our observation of HER2 activating mutations as a therapeutic

target in ERþ breast and colorectal cancers (6, 10) led to ERþ breast
cancer clinical trials (NCT01670877; ref. 11) and SUMMIT basket
trials across 21 different cancer types (NCT01953926; refs. 9, 20). In
both of these trials, the response to the pan-HER inhibitor neratinib as
a single agent was highly varied across different cancer types, with
frequent early progression. Further, neratinib in combination with
fulvestrant and trastuzumabwas shown to be highly effective inHER2-

Figure 4.

ERþ IDC HCI-003 PDX and ERþ IDC MCF7-L755S KI in vivo
models display resistance to neratinib but are sensitive
to poziotinib alone or in combination with fulvestrant.
A, Dose-response curves for MCF7-L755S KI cells grown
in E2-deprived media, to which increasing concentrations
of neratinib and poziotinib were added twice a week for
4 weeks. B and C, MCF7-L755S KI cells (B) or HCI-003
tumors (C) were engrafted into mouse mammary fat
pads in the presence of E2 until tumor size reached
300–400 mm3. Subsequently, the E2 supplementation
was withdrawn in B, but was continued in C. The mice
were randomized in the presence of vehicle or fulvestrant
(250 mg/kg/body weight of mice) or neratinib chow
(40mg/kg) or poziotinib chow (10mg/kg). Tumor volume
was measured. The data are plotted as mean tumor
volume in mm3� SEM, n¼ 5–8. The significance (P value)
of MCF7-L755S KI (B) was calculated on day 51, vehicle vs.
poziotinib, <0.0001; vehicle vs. poziotinib þ fulvestrant,
<0.0001; poziotinib vs. neratinib, <0.0001; vehicle vs.
neratinib, no significance; vehicle vs. neratinib þ fulves-
trant, 0.007; vehicle vs. fulvestrant, <0.0001. The signif-
icance (P value) of HCI-003 (C) was calculated on day 72,
vehicle vs. poziotinib, <0.0001; vehicle vs. poziotinib þ
fulvestrant, <0.0001; poziotinib vs. neratinib, <0.0001;
vehicle vs. neratinib, 0.002; and vehicle vs. neratinib þ
fulvestrant, <0.0001.
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mutant ERþ metastatic breast cancer (28). Thus, identifying HER2-
mutant-specific effects on endocrine resistance, neratinib resistance,
and multiorgan metastasis, in distinct histologic subtypes of ERþ

breast cancer, is of paramount importance if therapy directed against
HER2 mutations is to advance.

In line with previous observations (23), we show that HER2
mutations are highly enriched in ERþ primary and metastatic ILC
but not IDC. The ERþ HER2 nonamplified ILC patients harboring
HER2mutations have significantly shorter overall and disease-specific
survival than patients harboring HER2WT, as shown previously (35).
In this study, ERþ ILC patients harboring the L755 alterations (L755S
and L755_T759del) showed significantly worse OS than HER2 WT
ILC patients, suggesting that L755 alterations are unique pathogenic
drivers in ERþ ILC. These findings are consistent with other recent
reports and suggest that the frequency of HER2 mutations is approx-
imately 5%–26% and that L755S is a recurrent mutation in

ILC (14, 18, 19). However, the HER2-mutant patient numbers are
low in the primaryMETABRIC breast cancer data set, where we have a
clinical follow-up, and the future studies will investigate the impact of
ERþ ILC and IDC HER2-mutant alleles on patient outcomes using
larger ERþ metastatic breast cancer cohorts. Existing literature has
shown L755S to be a lapatinib-resistant mutation (36). In fact, recent
phase II Mut HER2 neratinib trial data support our conclusions that
neratinib as a single agent was effective in patients with lobular
histology, though lobular patients harboring recurrent L755 altera-
tions were associated with less clinical efficacy (28).

The functional impact of HER2 mutations on therapy-induced
resistance and metastasis has not yet been evaluated. Our in vivo
studies revealed that L755S promotes E2-independent tumor growth
and resistance to fulvestrant and neratinib. In contrast, S310F-
expressing cells remain E2-dependent and sensitive to fulvestrant and
neratinib treatment. Using clinically relevant MIND xenografts, we

Figure 5.

HER2 mutations activate the HER2–
mTOR signaling axis and may be asso-
ciated with neratinib or fulvestrant
resistance, yet poziotinib treatment
alone inhibits the HER2–mTOR signal-
ing axis. A, MM134 HER2 WT or L755S
cells were grown in low-estrogen
conditions and subjected to RNA
sequencing analysis. GSEA of the top
upregulated and downregulated genes
in L755S cells as compared with HER2
WT cells identified themTOR signaling
pathway as the most significantly en-
riched pathway in L755S cells. B, Gene
enrichment pathway analysis of RNA
sequencing data from A was per-
formed. Normalized enrichment score
(NES) for the mTOR pathway is 1.59
and false discovery rate q value is
0.009. C, MM134 HER2 WT or L755S
cells grown in low-estrogen conditions
were treated with neratinib or pozio-
tinib for 4 hours at the indicated con-
centrations. The cells were harvested
and protein lysates were subjected to
immunoblotting analysis for phospho-
mTOR and its downstream substrate
phospho-S6; protein expression. D,
MCF7-L755S KI tumors were harves-
ted from Fig. 4B, and protein lysates
were subjected to immunoblot analy-
sis for phospho-HER2, phospho-Akt,
phospho-mTOR, andphospho-S6 pro-
tein expression. E, Schematic repre-
sentation of mechanistic link describ-
ing poziotinib efficacy in inhibiting
tumor growth and metastasis.
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observed that HER2 L755S-expressing tumors displayed increased
ovary metastasis in an E2-independent manner. These findings sup-
port other existing reports that, among metastatic breast cancer
patients with ovarian metastasis, ILC patients have earlier relapses
than IDC patients (37). The spread of ILC tumors to distant sites
including ovaries, the gastrointestinal (GI) tract, and lungs makes this
disease difficult to detect during initial and subsequent relapse diag-
nosis (37, 38). These findings are similar to the effect of allele-specific
ESR1mutations on endocrine therapy response andmetastasis in ERþ

IDC (39, 40).
We compared the effects of pan-HER inhibitors on HER2-mutant

cell growth and found that poziotinib was more effective in inhibiting
L755S-induced growth than neratinib or pyrotinib even at lower
concentrations (1 nmol/L). Although both neratinib and poziotinib
were highly effective against S310F and HER2 WT-expressing cells,
only poziotinib potently inhibited L755S-induced cell growth in vitro
and in vivo. We confirmed these findings in a total of three indepen-
dent in vivomodels of ERþ HER2-mutant breast cancer, including an
ERþ PDX (HCI-003) naturally harboring an exon 20 activating
HER2G778_P780dup mutation. Furthermore, poziotinib potently inhib-
ited multiorgan metastasis in mice bearing HER2 L755S-expressing
tumors. These results are in line with previous reports suggesting that
poziotinib has higher antitumor activity than neratinib in CW-2
colorectal cancer cell xenografts harboring the L755S mutation. In
addition, in this same study, MCF-10A breast epithelial cells ectop-
ically expressingHER2mutationswere also shown to bemore sensitive
to poziotinib than to neratinib (41). The preclinical and clinical activity
of poziotinib has already been evaluated in patients harboring recur-
rent HER2 exon 20 insertions inmetastatic non–small cell lung cancer
(NSCLC; refs. 41, 42). We also observed cell growth inhibition with
tucatinib in our MM134 L755S model at a relatively higher concen-
tration, with IC50 values of 103 and 0.3 nmol/L for tucatinib and
poziotinib, respectively. The data presented in our study suggest that
poziotinib has broader therapeutic implications beyond metastatic
NSCLC (41) and refractory HER2-positive breast cancer (43). Pozio-
tinib-associated clinical toxicity in NSCLC patients has already been
documented (44).

In line with our poziotinib antitumor activity data, we speculate by
structural modeling that poziotinib binds to HER2 with closer prox-
imity to S755 as compared with L755. Therefore, differential drug-
binding proximity on HER2 mutants is a possible explanation for
different allele-specific therapeutic responses. The rigid docking stud-
ies performed here do not consider conformational changes of HER2
L755S or distribution in the active conformation. To our understand-
ing, the Molecular Dynamics (MD) simulations need to be performed
further to gain a better understanding of poziotinib–L755S proximity.

Indeed, recent reports suggest that the smaller drug-binding pocket
of the recurrentHER2 exon 20 insertion and L755Pmutantsmay be an
important contributor to the higher potency of the smaller quinazo-
line-based TKIs poziotinib and afatinib (41). Poziotinib caused dura-
ble tumor and multiorgan metastasis inhibition and reduced mTOR
activation potently. These data are consistent with other reports of the
mTOR axis as a therapeutic vulnerability in ERþHER2-mutant breast
cancer (45, 46).

In addition, the HCI-003 PDX model harboring a co-occurring
pathogenic PIK3CAH1047Rmutation showed tumor regression upon
treatment with poziotinib alone or in combination with fulvestrant,
suggesting that poziotinib may have antitumor activity in patients
harboring co-occurring HER2 and PIK3CA mutations. Based on our
preclinical findings described above, we propose that poziotinib is
worthy of clinical investigation in a subset of ERþ metastatic breast

cancer harboring HER2 mutations. Further studies are warranted to
evaluate poziotinib as a therapeutic agent in additional tumor types.
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