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Abstract

Purpose—Resistance to anti-HER?2 therapies in HER2+ breast cancer can occur through
activation of alternative survival pathways or reactivation of the HER signaling network. Here we
employed BT474 parental and treatment-resistant cell line models to investigate a mechanism by
which HER2+ breast cancer can reactivate the HER network under potent HER2-targeted
therapies.

Experimental Design—Resistant derivatives to lapatinib (L), trastuzumab (T), or the
combination (LR/TR/LTR) were developed independently from two independent estrogen receptor
ER+/HER2+ BT474 cell lines (AZ/ATCC). Two derivatives resistant to the L-containing regimens
(BT474/AZ-LR and BT474/ATCC-LTR lines) that showed HER2 reactivation at the time of
resistance were subjected to massive parallel sequencing and compared to parental lines. Ectopic
expression and mutant-specific SiRNA interference were applied to analyze the mutation
functionally. /n vitroand /n vivo experiments were performed to test alternative therapies for
mutant HER2 inhibition.

Results—Genomic analyses revealed that the HERAL755S mutation was the only common
somatic mutation gained in the BT474/AZ-LR and BT474/ATCC-LTR lines. Ectopic expression of
HERZ2L755S induced acquired L resistance in the BT474/AZ, SK-BR-3, and AU565 parental cell
lines. HERAL755S-specific sSiIRNA knockdown reversed the resistance in BT474/AZ-LR and
BT474/ATCC-LTR lines. The HER1/2 irreversible inhibitors afatinib and neratinib substantially
inhibited both resistant cell growth and the HER2 and downstream AKT/MAPK signaling driven
by HER2L755S in vitroand in vivo.

Conclusion—HER?2 reactivation through acquisition of the #ERA_755S mutation was identified
as a mechanism of acquired resistance to L-containing HER2-targeted therapy in preclinical
HER2-amplified breast cancer models, which can be overcome by irreversible HER1/2 inhibitors.

Keywords
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Introduction

The HERZ2 gene is amplified and/or overexpressed in about 15% of breast cancers, which
clinically defines the HER2+ breast cancer subtype. HER2 overexpression has been shown
to result in activation of downstream AKT and MAPK signaling through either homo- or
hetero-dimerization with other HER family members. HER2+ breast cancers have higher
proliferation rates and have been shown to be associated with poorer prognasis prior to the
advent of HER2-targeted treatments (1). Currently, the U.S. Food and Drug Administration
(FDA)-approved HER2-targeted therapies include the monoclonal antibodies trastuzumab
(T) and pertuzumab (P), the small molecule HER1/2 tyrosine kinase inhibitor (TKI)
lapatinib (L), and the antibody-drug conjugate trastuzumab emtansine (T-DM1), all of which
have greatly improved the outcome of HER2+ breast cancer patients (2—7). Our group and
others have shown that anti-HER2 drug combinations, such as L+T, can more completely
block the HER receptor layer than each single agent alone, and, thereby, achieve tumor
regression and eradication in preclinical models (8-10). In the NeoALTTO trial, the L+T
combination therapy showed superior effect over L or T therapy alone when combined with
chemotherapy (11). In our 12-week neoadjuvant L+T trial (TBCRC006/NCT00548184) in
patients with stages Il and 11l HER2+ breast cancer, a high pathological complete response
(pCR) rate (27%) was achieved with L+T combination even without the addition of
chemotherapy (8, 9, 11, 12). Despite the benefit of HER2-targeted therapy, de novo and
acquired resistance to L, T, or the combination commonly occurs (12-15).

We and others have shown that acquired resistance to anti-HER?2 therapies is a convergent
phenotype (15). Resistance can occur through a multitude of mechanisms that result in HER
pathway reactivation (15) or activation of alternative survival pathways such as upregulation
of ER signaling (10), upregulation of the PI3K pathway via PIK3CA mutations or reduced
PTEN expression (16-18), and upregulation of p1-integrin signaling (19). Therefore,
germane to the development of fit-for-purpose biomarkers and optimal alternative therapies
for HER2+ breast cancer patients is the elucidation of resistance mechanisms predicting
resistance to L, T, and combination of anti-HER treatments.

Recent massive parallel sequencing studies have revealed that HER2 can drive breast cancer
growth not only by amplification in HER2+ breast cancer but also through HER2-activating
mutations preferentially in breast cancers lacking HER2 overexpression and/or gene
amplification (20, 21). HERZ2 mutations occur in about ~3% of breast cancer patients, among
which the HERA_755S mutation is the most common (results based on the Cancer Genome
Atlas Study (TCGA; cBioPortal) (22, 23). This mutation has been associated with L
resistance when overexpressed in HER2-negative cells (20, 24, 25). Yet it is not clear
whether it is an activating mutation (20), and little is known about its role in activating
HER2 and driving acquired resistance to HER2-targeted therapies in HER2+ breast cancer.
Here we demonstrate that the HERA755S mutation, which was detected in the BT474/AZ-
LR and BT474/ATCC-LTR lines, can induce resistance to potent anti-HER2 therapies by
reactivating HER2 signaling in HER2+ breast cancer models. This resistance can be
pharmacologically overcome by irreversible dual HER1/2 inhibitors. Treatment of HER2+
breast cancer patients harboring activating L-resistant H/£R2 mutations such as the L755S
mutation with irreversible HER1/2 inhibitors may improve their clinical outcome.
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Materials and Methods

Chemicals

Cell lines

Lapatinib and trastuzumab were purchased from LC Laboratories and Mckesson Specialty
Health, respectively. Stocks of L and T were prepared as described previously (10, 19).
Afatinib (Afa) and neratinib (Nrb) were purchased from LC Laboratories and Selleck
Chemicals, respectively. Stocks of Afa and Nrb were prepared with DMSO.

Source, culture medium, and conditions of the BT474/AZ parental (P), SK-BR-3 and AU565
lines were described previously (10). The BT474/ATCC-P line was purchased from ATCC
and cultured in the same medium and conditions as the BT474/AZ-P line. Resistant (R)
derivatives of both BT474-P lines to HER2-targeted therapies were derived independently:
cells were treated with gradually increasing doses until they resumed growth in the presence
of 1 UM L (LR), 50 pg/ml T (TR), or the combination (LTR) as previously described (Suppl.
Table S1) (10). All cell lines were authenticated at the MD Anderson Characterized Cell
Line Core Facility within 6 months of performing the experiments. All cell lines were tested
to be mycoplasma-free by MycoAlert™ Mycoplasma Detection Kit (Lonza).

Whole-exome sequencing

Cell line genomic DNA (gDNA) was isolated using the Wizard Genomic DNA Kit
(Promega). Exome libraries of the BT474/AZ-P, BT474/AZ-LR, BT474/ATCC-P, and
BT474/ATCC-LTR cell line genomic DNA were generated using the Agilent SureSelect XT
kit and Agilent Automation Systems NGS system per the manufacturer’s instructions.
Paired-end 101 bp sequencing was performed on a lllumina HiSeq 2000 sequencer,
achieving a median coverage of 52.96x (range 21.22-91.96x) (Suppl. Table S2). Sequence
reads have been deposited to the NCBI Sequence Read Archive under the accession
SRP076305.

Paired-end whole-exome sequencing reads were aligned to the human reference genome
GRCh37 using the Burrow-Wheeler Aligner (26). Local realignment, duplicate removal, and
quality score recalibration were performed using the Genome Analysis Toolkit (GATK) (27).
Mutations in the derivative cell lines that were not detected in the BT474/ATCC parental cell
line (BT474/ATCC-P) were defined using MuTect (28) for the single nucleotide variants,
and a combination of Strelka and Varscan2 (29, 30) for insertions and deletions, with the
BT474/ATCC-P line as the reference. SNVs and indels with mutant allelic fraction of less
than 1% and/or supported by fewer than 5 reads were disregarded (31). Variants found with
>5% global minor allele frequency in dbSNP (Build 137) or that were covered by <10 reads
in the tumor or <5 reads in the BT474/ATCC-P cell line were disregarded. Variants for
which the tumor variant allele fraction was <5 times than that of the variant allele fraction
found in the BT474/ATCC-P cell line were disregarded. The cancer cell fraction (CCF) of
each mutation was inferred using ABSOLUTE (v1.0.6) (32) and mutations were classified
according to pathogenicity (details see Supplementary Methods).
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Single nucleotide polymorphism (SNP) array

SNP array analysis of the BT474/AZ-P, BT474/AZ-LR, BT474/ATCC-P, and BT474/ATCC-
LTR cell lines was performed with the Human Omni2.5-8 BeadChip Kit (Illumina)
following the manufacturer’s instructions. Log, ratios and B-allele frequencies were
exported from GenomeStudio. Allele-specific copy number alterations were estimated using
ASCAT (33) as previously described. SNP array data have been deposited to the NCBI Gene
Expression Omnibus under the accession GSE83608.

RNA sequencing

Total RNA of the BT474/AZ-P, BT474/AZ-LR, BT474/ATCC-P, and BT474/ATCC-LTR
cell lines was extracted with RNeasy Mini Kit (Qiagen). The RNA-seq libraries of these
lines were prepared using the TruSeq RNA Sample Preparation Kit (Illumina) and the
Agilent Automation NGS system per manufacturers’ instructions. Samples were sequenced
on an Illumina HiSeq platform with paired-end 100 bp reads.

For the analysis of the expression of novel mutations (i.e. found in the BT474 derivative cell
lines but not in the BT474/ATCC-P cell line), paired-end sequence reads aligned using
Tophat (34) were interrogated from pileup files generated using Samtools (35) from the
aligned RNA sequencing data. Mutations with MAF of at least 0.01% in the RNA
sequencing data were considered to be expressed. The expression of the HERA755S
mutation was visualized using the Integrative Genomics Viewer (IGV) (36). Sequence reads
have been deposited to the NCBI Sequence Read Archive under the accession number
SRP076300.

Ectopic expression of wildtype (WT) and mutant HER2

HA-tagged WT-, G572V-, L755S-, and G572V/L755S- HERZ were expressed in the
BT474/AZ-P line using a doxycycline-inducible lentiviral system (37). WT and
HERA.755S were also expressed in SK-BR-3 and AU565 lines. Mutant HERZ2 cDNA
constructs were generated through site-directed mutagenesis (Stratagene). Primers used for
the mutagenesis were:

G572V-F: GTGTCAGCCCCAGAATGTCTCAGTGACCTGTTTTG;
G572V-R: CAAAACAGGTCACTGAGACATTCTGGGGCTGACAC;
L755S-F: GTGGCCATCAAAGTGTCGAGGGAAAACACATCC;
L755S-R: GGATGTGTTTTCCCTCGACACTTTGATGGCCAC.

WT and mutant HERZ cDNA were shuffled into doxycycline (Dox)-inducible pHAGE-Ubc-
DEST-HA expression plasmids (from Dr. Thomas Westbrook, BCM, Houston, TX) (37).
Lentiviral supernatants were generated by transient transfection of 293T cells using TransIT
293 transfection reagent (Mirus Bio LLC) and harvested 48 hours post transfection.
BT474/AZ-P cells were infected with lentiviral supernatant and selected with 800ug/ml
Geneticin (Invitrogen) 48 hours after infection. Transduced cell lines (BT474/AZ-P-WT,
BT474/AZ-P-G572V, BT474/AZ-P-L755S, and BT474/AZ-P-G572V/L755S) as well as the
transduced SK-BR-3 and AU565 lines were further selected with 1ug/ml Dox + 1uM L for
3-5 weeks (or, where indicated, continuously) as previously described (38).
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Mutant-specific RNA interference

Small interfering RNAs (siRNAs) were designed to selectively knock down the HERA755S
mutation (C>T mismatch was placed at position 16 (Seql) or position 17 (Seq2) of the
19mer siRNA (39)): Seql: 5’-UGGCCAUCAAAGUGUCGAGITAT-3’, Seq2: 5’-
GUGGCCAUCAAAGUGUCGAITAT-3’ (Sigma). The non-targeting control (Ctrl) sSiRNA
sequence was: 5’-UUCUCCGAACGUGUCACGUdTdT-3" (40). 5000 cells/well of the
BT474 parental or resistant lines were plated in 96-well plates in six replicates for SIRNA
transfection (zero day). Cells were transfected with transfection reagent alone (mock), Ctrl
SIRNA, or HERA_755S-specific SiRNAs by reverse transfection using RNAIMAX
Lipofectamine per manufacturer’s instructions (Invitrogen). Medium was replaced the next
day with original treatments of each line. Cell growth was assessed 7 days after transfection
by cell growth assay (10).

Cell growth assay

5000 cells/well of the BT474/AZ-P, BT474/AZ-LR, BT474/AZ-LTR, BT474/ATCC-P,
BT474/ATCC-LTR cells were plated in 96-well plates in quadruplicate to measure the drug
response or siRNA interference effect (zero days). Medium was replaced the next day with
regular medium or drug-containing medium, and replaced again at 4 days. Cell growth was
assessed at six days by methylene blue assay as described previously (10). Relative growth
percentage was determined by ((O.D. 655 nm at six days — O.D. 655 nm at zero days)
Treatment)/((O.D. 655 nm at six days — O.D. 655 nm at zero days) Control), as previously
described (10).

Immunoblotting assay

Protein lysates were extracted as described previously (10). Twenty g of each protein
sample were separated by electrophoresis on NUPAGE Novex 4-12% Bis-Tris Gels
(Invitrogen) and transferred by electroblotting onto nitrocellulose membranes using the
iBlot® 2 Dry Blotting System (Invitrogen). Blots were blocked with 5% milk for 1h and
then reacted at 4°C overnight with respective primary antibodies (see Supplementary
Methods) diluted in 5% bovine serum albumin (BSA)+0.05% Tween-20 at dilutions as per
manufacturer’s directions. Blots were washed 3 times in PBS with 0.05% Tween-20 (PBST)
and then incubated with matching HRP-linked secondary antibody (Cell Signaling) diluted
in 5% BSA+0.05% Tween-20 at 1:2000 dilutions for one hour. The blots were then washed
3 times with PBST, visualized by chemiluminescence on a ChemiDoc™ Touch Imaging
System, and analyzed using the Image Lab Software Version 5.2.1 (BioRad). Experiments
were repeated at least twice. Details of immunoblotting see Supplementary Methods.

Xenograft studies

BT474/AZ-LR cells were maintained as described previously (10). Animal care was in
accordance with institutional guidelines. Ovariectomized 5-6-week-old athymic mice
(Harlan Sprague Dawley) supplemented with estrogen pellets (E2) (41) received
subcutaneous injection of 5x108 BT474/AZ-LR cells (ER+/HER2+) as described previously
(8). Starting next day, mice were treated with 100mg/kg L once daily orally, 7d/week. After
two weeks, 16 mice bearing xenografts that reached ~150mm?3 were randomized to 2
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treatment groups (8 mice/group): continued L (E2+L, 100mg/kg once daily orally, 7d/week)
or switched to Afa (E2+Afa, 20mg/kg once daily orally, 7d/week). The rest of the mice
remained on E2+L treatment until tumors reached ~350mm3 and were then randomized to 3
groups (12 mice/group): estrogen deprivation by removal of estrogen pellets (ED) plus
vehicle (0.5% hydroxypropyl-methylcellulose, 0.1% Tween 80) (ED+Veh), ED+L, or ED
+Afa. Tumor volumes were measured twice per week as described previously (8, 10, 42).
Mice were sacrificed and tumors were harvested when the tumors reached 1000mm3 or at
completion of the experiment (Day 16 for E2 arms and Day 85 for ED arms except for mice
which reached complete tumor eradication). Each tumor analyzed was from a different
mouse; tumor tissue was harvested from each individual mouse and preserved in liquid
nitrogen or formalin-fixed and paraffin embedded (FFPE) for later analyses.

Immunohistochemistry (IHC)

BT474 tumor xenografts were excised and tumor slices were immediately placed into
formalin and fixed overnight. The next day, fixed tissue slices were washed with 70%
ethanol before processing and paraffin embedding. IHC was performed as described
previously (10) using the same primary antibodies against phospho proteins as in the
western blots.

Statistical analyses

For the L755S mutant silencing experiment, data analyses were performed for BT474/AZ
and BT474/ATCC models separately. Cell growth was compared using a general linear
model with cell lines (parental/resistant derivative), treatment (SiRNA transfected/mock,
drug treatments/DMSQ), and their interaction. Results from two independent experiments
were combined for analysis and each experiment was considered a categorical blocking
factor. For purposes of plotting, model—estimated group means and 95% confidence limits
were used. Plots show data from two experiments combined. For the drug response
experiments, 1C50 values were generated through GraphPad Prism (version 6.05) using the
Log (inhibitor) vs. response-variable slope model (GraphPad).

For the xenograft experiment, Kaplan-Meier survival plots were generated from survival
analysis performed for progression (tumor size tripling/doubling from day of randomization
in the E2/ED treatment groups, respectively), and regression (tumor size halving from day of
randomization). Time to doubling/tripling was estimated by linear interpolation. Complete
response was defined as complete tumor disappearance for at least 3 consecutive weeks and
complete response rates were calculated based on the total number of animals treated in each
group. Tumor size halving required two consecutive observations of the regression; time to
regression was defined by the 2nd observation time. If the tumor size had not reached an
event threshold by the last observation, then it was considered as censored at the last time
point. Difference of time to tumor progression/regression between groups was analyzed by
generalized Wilcoxon test and pairwise comparison with p-value adjustment using simulated
method. Differences of IHC H-score, relative expression of HERA 755S and total HER2
RNA, and relative cell growth and colony formation upon drug treatments were compared
using one-way ANOVA.
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Results

The HER2L755S mutation is associated with acquired resistance to L-containing regimens
and reactivates HER2 signaling in BT474 models

As previously described by our group, the BT474/AZ cell line is a subline of the BT474/
ATCC cell line that can be effectively grown /in vivo as xenografts (10). Both BT474 models
are ER+/HER2+ and harbor HERZ gene amplification. We have previously shown that in the
BT474/AZ cell model, during the development of L resistance, HER2 signaling was
inhibited at the early stage and then reactivated after prolonged L treatment (BT474/AZ-late
LR as described previously (10), hereafter termed the BT474/AZ-LR line, Fig. 1A, Suppl.
Fig. S1A). HER2 signaling was not reactivated in the BT474/AZ-LTR derivative (Suppl.
Fig. S1A), or in derivatives resistant to L-containing regimens of five additional HER2+
breast cancer cell models (HCC202, AU565, MDA-MB-361, UACC812 and HCC1954) we
have previously described (10, 19). Here we focused on the phenomenon of HER2
reactivation in the L-containing regimen since it has been previously shown that L has a
stronger inhibitory effect on HER2 kinase activity than T (43, 44). To understand whether
HER2 reactivation during L resistance is found only in the specific BT474/AZ subline of the
BT474 cell model, we next investigated its parental line BT474/ATCC. Importantly, in the
BT474/ATCC model, we also found HER2 and its downstream signaling to be reactivated in
its LT-resistant derivative (BT474/ATCC-LTR line) (Fig. 1A, Suppl. Fig. S1A) but not in the
LR derivative. Therefore, we observed HER? reactivation in certain derivatives resistant to
L-containing regimens in both the BT474/AZ (LR) and BT474/ATCC (LTR) models.

Previously we have shown that HER2 knockdown can significantly inhibit growth of the
BT474/AZ-LR line, suggesting that the resistant growth of this line is dependent on the
reactivated HER2 signaling in the presence of HER2-targeted therapy (10). HER2 activating
mutations have been shown to be associated with resistance to L in HER2-negative breast
cancer (20). Therefore, we hypothesized that HER2 reactivation in the two HER2+ BT474
resistant lines could result from HERZ activating mutations. To test this, we subjected both
BT474 parental lines (BT474/AZ-P and BT474/ATCC-P) and their two HER2-reactivated L-
resistant derivatives (BT474/AZ-LR and BT474/ATCC-LTR) to whole exome sequencing
and RNA sequencing (Suppl. Table S3). Using the BT474/ATCC-P line as reference for
mutation calling (i.e. the sequencing results of the BT474/ATCC-P cells were used as the
‘germline’ reference for the analysis of the resistant models), we identified a HERZ2 mutation
(L755S) that was present in both L-resistant cell line derivatives but was absent in the
BT474/ATCC-P line (Fig. 1B, Suppl. Fig. S1B). Importantly, the HERA_755S mutation was
identified as the only pathogenic mutation shared by the two resistant lines, but not present
in the BT474/AZ-P line (Fig. 1C, Suppl. Fig. S1B). Furthermore, analysis of the CCF of the
mutations using ABSOLUTE (32) revealed that the HER2L7 55S mutation was clonally
present in the two BT474 resistant lines (i.e. bioinformatically inferred to be present in
virtually all cells, Fig. 1C). Using digital PCR, we could confirm the presence of this
mutation in BT474/AZ-LR and BT474/ATCC-LTR, but not in the BT474/AZ-P and BT474/
ATCC-P cells at the sensitivity of 1/10000 (Suppl. Fig. S1H). In addition, cDNA Sanger
sequencing also confirmed that the HERA_755S mutation was clonally expressed only in the
two HER-reactivated LR/LTR lines (BT474/AZ-LR and BT474/ATCC-LTR, Suppl. Table
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S3) but not in the BT474 parental lines, BT474/AZ-LTR and TR, BT474/ATCC-LR and TR
derivative lines (Suppl. Figs. S1B, S1C, S1D, S1F, S1G). Additional sequencing also
confirmed that the HERA.755S mutation was present only in the two HER-reactivated
LR/LTR lines of BT474 model but not in any of the derivatives resistant to L-containing
regimens of five additional HER2+ breast cancer cell models mentioned above (10, 19).

Apart from the L755S mutation, whole exome and RNA sequencing of BT474 and its
derivative cell line models identified a second HERZ mutation (G572V), which was in the
BT474/AZ-LR but not in the BT474/AZ-P, BT474/ATCC-P, BT474/ATCC-LTR,
BT474/AZ-LTR, BT474/ATCC-LR, BT474/AZ-TR, or BT474/ATCC-TR derivative lines
(Suppl. Table S3, Suppl. Figs. S1B, S1E). There have been no reports of the HERZG572V
mutation in cell line or clinical sequencing data. Given that the L755S but not the G572V
mutation was found to be shared by the two resistant lines, we hypothesized that the
HERA.755S mutation but not the G572V mutation may reactivate HER?2 signaling and drive
resistance to HER2-targeted therapies in the BT474/AZ-LR and BT474/ATCC-LTR lines.

The HER2L755S mutation is the driver of acquired resistance in the two BT474 L/LT-
resistant derivatives with HER2 reactivation

To investigate whether the HERA.755S mutation can induce L resistance in the HER2+
breast cancer preclinical models and test if the HERZG572V mutation has any function in
inducing L resistance, we ectopically expressed HA-tagged WT-, G572V-, L755S-, and
G572V/L755S-HERZin the BT474/AZ-P cells. Expression of the Dox-inducible HA-tagged
HERZ constructs was verified by western blot analysis (Fig. 2A). To avoid the effect of the
overexpressed endogenous WT HERZ, we selected the exogenous- HERZ expressing cells
with Dox+L for 5 weeks. After 5 weeks of selection, only the L755S HERZ- and G572/
L755S HERZ2-expressing cells, but not the WT HERZ- and G572V- HERZ2 expressing cells,
survived the selection (Fig. 2B). No additive survival benefit was observed comparing the
G572/L755S HER2-expressing cells versus the L755S HERZ2-expressing cells. In these
surviving L-resistant L755S HERZ- and G572/L755S HERZ-transduced cells, HER2 and
downstream signaling was reactivated in the presence of L (Fig. 2C). This suggests that the
HERA.755S mutation can induce L resistance in BT474/AZ-P cells and that the
HER2G572V mutation can neither induce resistance nor enhance resistance driven by the
HERZ2L755S mutation in this model system. Exogenous overexpression of the HERAL755S
but not WT HER2 also conferred L resistance in two additional HER2+ breast cancer
models, SK-BR-3 and AU565 (Suppl. Fig. S2). This suggests that the HERAL755S mutation
can confer L resistance in HER2+ breast cancer models irrespective of their genetic
background.

To confirm that the HERA_755S mutation is the driver of acquired resistance in the
BT474/AZ-LR and BT474/ATCC-LTR cells, several siRNAs specifically targeting the
HERZ2.755S mutation were designed (Supplementary Methods) and applied to the resistant
derivatives and their parental lines with two siRNAs tested effective and specific. Mutant-
specific Q-PCR assays (Suppl. Fig. S3A) confirmed effective and selective knockdown of
the mutation in the two resistant lines (Suppl. Fig. S3B). The mutant-specific siRNA seql
significantly inhibited growth of the two resistant lines (Fig. 2D). Modest growth inhibition
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was observed in the BT474 parental cells by mutant-specific siRNA, which could be
attributed to the partial target effect of mutant-specific siRNA on total HER2 (Fig. 2D,
Suppl. Fig. S3B). Growth inhibition of the two resistant lines by mutant-specific sSiRNA,
however, was markedly greater than that of their parental lines (Fig. 2D). To further confirm,
we tested a second HERZL755S mutant-specific SIRNA, seg2 (Suppl. Fig. S3C), which
showed similar substantially higher growth inhibition in the BT474/AZ-LR cells over
BT474/AZ-P cells (Suppl. Fig. S4A). Furthermore, western blot analysis following
HERZ2.755S knockdown using siRNA seq2 showed a selective inhibition of phospho-HER2
as well as phospho-AKT levels in BT474/AZ-LR cells as opposed to BT474/AZ-P cells
(Suppl. Fig. S4B). This suggests that the HER2 signaling reactivation observed in the LR
derivatives is indeed driven by HERA_755S. Collectively, the results suggest that the
HERA.755S mutation is the driver of acquired L and LT resistance in BT474/AZ-LR and
BT474/ATCC-LTR lines respectively, with HER2 reactivation.

Next, we asked whether the HERA_755S mutation can also confer resistance to more potent
and commonly used anti-HER2 drug regimens. As shown in Suppl. Fig. S5, we found that
the HERA_755S mutation conferred complete resistance not only to the dual regimen L+T
but also T+P and partial resistance to the antibody-drug conjugate trastuzumab emtansine
(T-DM1), both when expressed endogenously in the BT474/AZ-LR cell line (Suppl. Fig.
S5A) as well as when expressed exogenously by Dox induction in the BT474/AZ-P cells
(Suppl. Fig. S5B).

Irreversible HER1/2 inhibitors overcome acquired resistance to L-containing HER2-
targeted therapy conferred by the HER2L755S mutation in the BT474 models in vitro

It has been suggested by structural modeling that the HERA_755S mutation disrupts the
inactive conformation of the kinase domain, which is required for L binding (24, 25). The
HER1/2 irreversible TKIs such as Afa and Nrb were designed to covalently bind and
irreversibly block enzymatically active HER1/2 receptors (45). Afatinib has been shown to
effectively inhibit Ba/F3 cells ectopically expressing HERAL755S (24, 25), and Nrb has
shown great efficacy in inhibiting growth of MCF10A cells ectopically expressing
HERA.755S (20). Therefore, we hypothesized that the irreversible HER1/2 inhibitors can
overcome acquired resistance to L-containing HER2-targeted therapy in our HER2-
amplified BT474 resistant lines endogenously harboring the HERA_755S mutation. Cell
growth assays showed that the BT474/AZ-LR and BT474/ATCC-LTR cells, which are
highly resistant to L treatment (IC50=3uM), can be effectively inhibited by Afa and Nrb in a
dose-dependent manner (IC50<25nM) (Fig. 3A). Furthermore, Western blot analyses
confirmed that reactivated HER2 signaling in the two resistant lines was significantly
inhibited by 6h of 50nM Afa or Nrb treatment, which is lower than the clinically relevant
concentrations of these agents (100nM) (Fig. 3B). Importantly, in the BT474/AZ model, the
activity of Afa was observed only in the LR cells that were dependent on active HER2
signaling for resistant growth, and not in the LTR cells where HER signaling remained
inhibited under anti-HER2 treatment (Suppl. Fig. S6) (10).
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Afatinib overcomes acquired resistance to HER2-targeted therapy in the BT474/AZ-LR
xenografts in vivo

To investigate whether Afa can serve as an effective treatment to overcome resistance to
HER2-targeted therapy induced by the HERA 755S mutation in HERZ-amplified breast
cancer, we tested its effect /n vivo using the BT474/AZ-LR line grown as xenografts. Mice
bearing BT474/AZ-LR xenografts at ~150mm3 that were developed in the presence of E2-
supplemented L treatment were randomized to E2+L and E2+Afa treatment groups (Fig.
4A). Tumor progression was completely inhibited in the E2+Afa arm compared to E2+L
arm (p=0.0038) (Fig. 4B). Harvested on Day 16 post randomization, the E2+Afa tumors
were markedly smaller compared to the E2+L tumors (Fig. 4B, Suppl. Fig. S7).

We have previously shown that in both preclinical and clinical HER2+/ER+ tumors,
blockade of both HER2 and ER signaling is required for long-term tumor regression to be
achieved (10, 12). Therefore, endocrine deprivation (ED) treatment was added to the
experiment to mimic the clinical scenario of treating ER+/HER2+ breast cancer patients.
Mice bearing the BT474/AZ-LR xenografts at an average size of ~350mm3 that had
developed in the presence of E2+L were randomized to ED+Veh, ED+L, and ED+Afa arms.
The tumors continued to grow in both ED and ED+L groups but regressed in the ED+Afa
group (Suppl. Fig. S8A), except one mouse in the ED+Afa group that showed de novo
resistance (Suppl. Fig. S8B) and so has been excluded from the analysis of the growth
curves. With ED treatment, median time to tumor progression (TTP) was numerically,
though not significantly, increased in the ED+L group compared to the ED+Veh group (33.7
and 8.5 days, respectively, p= 0.0928), and not yet achieved in the ED+Afa group at Day 85
(p=0.0014) (Fig. 4C, Suppl. Table S4). Only two mice of the ED+Afa group progressed with
the treatment (Suppl. Fig. S8B and S8C). Conversely, median time to tumor regression
(TTR) was not achieved in the ED+Veh and ED+L groups at Day 85 (Suppl. Table S4).
Compared to ED+Veh group, response (regression) rate was significantly improved in the
ED+Afa group (p=0.0094) but not the ED+L group (Suppl. Table S4). Importantly, complete
regression (CR) was achieved in 5/12 of the mice in the ED+Afa arm after 71 days of
treatment, and no tumor regrowth was observed after removal of Afa and resupplementing
E2 pellets for >100 days (Suppl. Fig. S8D). We next examined the effect of Afa on HER2
and key downstream signaling in the HER2-reactivated BT474/AZ-LR xenografts. Levels of
p-HER2/p-AKT/p-MAPK were immunohistochemically assessed, and p-HER2/p-AKT/p-
MAPK levels were significantly reduced in tumors which switched to Afa treatment
compared to those continued with L treatment in both E2 and ED settings (Fig. 4D). In the
ED+Afa arm, we focused on analyzing signaling changes within the 10/12 mice that were
not resistant to the therapy.

Discussion

Acquired resistance to HER2-targeted therapies in HER2+ breast cancer can occur through
reactivating the HER pathway or switching to alternative survival pathways (10, 15). In this
study, we identified HER2 reactivation by acquisition of the HERZL755S mutation as a
mechanism of acquired resistance to HER2-targeted therapy in our two HER2+ BT474 cell
line models. In previous pre-clinical studies, forced expression of this mutation in HER2-
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negative cells was found to result in L resistance (20, 24, 25), and HERZ activating
mutations were reported as a mechanism other than HERZ2 amplification to drive breast
tumor growth (20). Here we report on the novel observation that in HERZ-amplified breast
cancer cells the HERZ mutation (L755S) can be gained during HER2-targeted therapy, and
that this mutation may result in reactivation of the HER signaling network and induction of
resistance to potent L-containing anti-HER2 therapy models. Interestingly, Zabransky et al.
(46) reported in preclinical /n vitro and mouse models that HER2 missense mutations as
single copies may require additional oncogenic input to induce tumorigenesis and may not
by themselves predict response to HER2-targeted therapies. Our study, however,
demonstrates that the HER2+ BT474/AZ-LR xenografts endogenously expressing the
HERZ2.755S mutation are tumorigenic even under L treatment, and that this mutation can
restore HER?2 activity and cause resistance to therapy in HER2+ breast cancer.

Since we have identified the HERA.755S mutation as the mechanism of acquired resistance
in two of the BT474 derivatives resistant to L-containing regimens, we postulated that the
resistant clone could have originated from clonal selection of a preexisting subclone present
prior to HER2-targeted therapy, or it could have appeared de novo during the course of
treatment. Although direct evidence of the presence of the HERAL755S mutation in the
BT474/AZ-P and BT474/ATCC-P cells could not be obtained through digital droplet PCR
analysis, we cannot rule out the possibility that the methods employed here lacked the
sensitivity to detect a minor resistant subclone (<0.01%) in the parental lines.

It is worth mentioning that in the BT474/AZ-LR line, we found the HERZ L755S mutation
was clonally present in all cells of the resistant line based on bioinformatics inferences made
using ABSOLUTE and on single cell cloning. Importantly, however, this mutation was
expressed at approximately ~30% of the alleles at the transcriptomic level and displayed a
variant allelic fraction of approximately 30%. Thus, in the case of simultaneous HER2
amplification and L755S mutation, the most parsimonious explanation for these findings is
that the HERAL755S mutation likely developed later in the evolution of the cell line.

The clinical relevance of the HER2Z mutations stems from their presence in intrinsic/post-
treatment clinical HER2+ breast cancers. To date, HER2 missense mutations have been
reported by TCGA in ~3% of breast cancer patients with primary HER2+ tumors (results
based on cBioPortal) (22, 23). A similar rate of HER2 mutations (2.3%) was also recently
reported in the study by Zuo et al. in a large cohort of 910 HER2+ primary breast tumors
(47). The role of HER2 mutations in acquired resistance to HER2-targeted therapies in
HER2+ breast cancer, however, still remains unclear. Importantly, the HERA_755S
mutation, which is the most common HERZ2 mutation in breast cancer, has been reported in
3/40 (7.59%) metastatic patients who had received prior T treatment in the adjuvant setting
(48). Additionally, the study by Zuo et al. analyzed 18 pairs of primary and metastatic
lesions, 16 of which had received 1 year of adjuvant T treatment, and observed that the drug-
resistant HERA_755S mutation was present in 3/18 metastatic lesions but not in any of the
paired primary tumors. Interestingly, a second close mutation, HERZK753E, which also
confers preclinical resistance to L and T, also emerged in 2 of these 18 metastatic lesions
(47). This suggests that these two HER2 mutations are associated with clinically acquired
resistance to T. Through targeted sequencing of 76 HER2+ primary invasive carcinomas,

Clin Cancer Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xu et al.

Page 13

Boulbes et al. (49) identified 12 missense mutations in the HER family kinase domain,
including 3 in the HERZkinase domain (but excluding the L755S variant) that are associated
with aggressiveness of the tumor and resistance to T-based therapy in the metastatic setting.
Overall, these studies suggest the occurrence and role of the HERAL755S mutation, amongst
other mutations, in intrinsic and acquired HER2 therapy resistance in breast cancer.

Importantly, we have demonstrated that dual HER1/2 irreversible kinase inhibitors such as
Afa and Nrb can effectively overcome acquired resistance to HER2-targeted therapy in
breast cancer cells harboring simultaneous HERZ amplification and L755S somatic
mutation. In our ER+/HER2+ BT474 models, we have shown that reactivated HER2 and
downstream signaling (such as AKT and MAPK) by the HER2.755S mutation can be
significantly inhibited by low and clinically relevant concentrations of these inhibitors /n
vitroand in vivo. These cells, /n vitro, were resistant not only to the dual regimen L+T but
also T+P and were less sensitive to T-DM1. We have further shown that Afa combined with
endocrine therapy can achieve stable complete tumor regression in the ER+/HER2+
BT474/AZ-LR xenografts harboring the L755S mutation. This suggests that treating ER+/
HER2+ breast cancer patients harboring the HERA_755S mutation with irreversible HER1/2
inhibitors such as Afa or Nrb instead of L might improve clinical outcome. The ExteNet trial
has demonstrated a small additional benefit from one year of Nrb after completion of
adjuvant T in high risk HER2+ breast cancers (50). Whether this added benefit is related to
the presence of HERZ2 mutations remains to be determined. The therapeutic potential of the
HER1/2 irreversible TKIs in HER2-negative breast cancer patients where HER2 signaling is
activated by HERZ mutations is being investigated by Ma et a/. (NCT01670877) (51). The
results of that study so far indicate that in 16 heavily-pretreated HER2-negative metastatic
breast cancer patients (14/16 with known activating HER2 mutations, 2/16 with HERZ2
mutations of unknown significance), single-agent Nrb treatment resulted in a 36% clinical
benefit rate in the patients whose tumors harbored known activating HERZ mutations. Yet
the majority of the patients with those #ERZ mutations did not benefit from Nrb treatment
alone. A recent preclinical study in ER+ MCF7 cells expressing HER2 kinase domain
mutations (52), as well as early results from an additional clinical trial investigating the
efficacy of Nrb + fulvestrant in ER+ metastatic breast cancer patients with HER2 mutations
(SUMMIT, NCT01953926) (53), further support the notion that a simultaneous inhibition of
ER (fulvestrant) and the mutant HER2 by irreversible TKIs is needed. However, a significant
portion of patients did not benefit even with the combination of Nrb+fulvestrant while other
patients developed acquired resistance. Interestingly, we observed acquired resistance to ED
+Afa treatment in our BT474/AZ-LR xenografts (Suppl. Fig. S8C). It is important to
understand the mechanism of intrinsic and acquired resistance to Afa and Nrb in breast
tumors expressing wildtype or mutant HERZ. More Afa/Nrb-resistant models are currently
under development through in vitroand in vivo approaches to understand the involvement of
additional acquired HER2 mutations, as has been recently suggested (54), as well as the role
of additional pathways.

To summarize, here we have identified HER2 reactivation through acquisition of the
HERZ2.755S mutation as a mechanism of acquired resistance to L-containing HER2-
targeted therapy in preclinical HER2+ breast cancer models. This resistance can be
overcome by treating the tumors harboring the L755S mutation with irreversible HER1/2
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inhibitors. Our findings warrant further studies investigating the role of this mutation and
other HERZ2 mutations in acquired resistance in HER2+ breast cancer through sequencing
analyses of larger numbers of tumor pairs pre- and post HER2-targeted treatment in the
clinical setting. Likewise, additional clinical trials are needed to identify the subset of breast
cancer patients whose tumors harbor HER2 mutations who might benefit from irreversible
HER1/2 TKIs such as Nrb and Afa.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational relevance

Despite the efficacy of first-generation HER2-targeted therapy such as trastuzumab and
lapatinib in HER2-positive breast cancer, acquired resistance to these drugs, alone or in
combination, frequently occurs in patients. HER2 pathway reactivation by the
HER2.755S mutation was found to constitute a mechanism of acquired resistance to
lapatinib-containing HER2-targeted therapies in HER2+ breast cancer models. This
mutation also conferred resistance to the dual HER2 blockade trastuzumab+pertuzumab
and less sensitivity to the antibody-drug conjugate trastuzumab emtansine (T-DM1). Our
findings support the contention that second-generation irreversible HER1/2 inhibitors,
such as afatinib and neratinib, may offer therapeutic approaches for HER2+ breast cancer
patients whose tumors harbor the HERA_755S mutation.
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Fig. 1. The HER2L 755S mutation reactivates HER2 signaling in BT474 models and is associated
with acquired resistance to L-containing regimens

A, Western blot analyses of L/LT-treated BT474 parental and resistant cells. BT474/AZ-P
were treated 6h with DMSO or 1uM L. BT474/ATCC-P cells were treated with DMSO or
1uM L + 10pg/ml T. BT474/AZ-LR cells were cultured in the presence of 1uM L and
BT474/ATCC-LTR cells were cultured in the presence of 1uM L+ 10ug/ml T. B, Number of
mutations detected using whole exome sequencing identified in single samples or multiple
samples in the BT474/AZ-P, BT474/AZ-LR, and BT474/ATCC-LTR lines using the BT474/
ATCC-P line as reference. C, Pathogenic mutations identified by whole-exome sequencing
(supplementary methods) in the BT474/AZ-P, BT474/AZ-LR, and BT474/ATCC-LTR lines
using the BT474/ATCC-P line as reference are shown. The shade of blue in each block
represents the cancer cell fraction (CCF) of each mutation in each line. Orange squares
represent mutations that were found to be expressed using RNA sequencing. Mutations
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associated with the loss of the wild-type allele are indicated by a diagonal bar. The HERZ
(encoded by the gene ERBB2) L755S mutation is highlighted in red.
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Fig. 2. The HER2L755S mutation but not the G572V mutation is the driver of acquired
resistance in the two BT474 LR/LTR derivatives with HER2 reactivation

A, Dox-inducible ectopic expression of C-terminal HA-tagged WT and mutant HER2
constructs were validated by western blot. B, WT-, G572V-, L755S- and G572V/L755S-
HER2-expressing BT474/AZ-P cells were selected with Dox+L for 5 weeks. Pictures were
taken at 4X magnification using an Olympus 1X70 microscope with a RETIGA 1300R Fast
1394 camera and analyzed with Image-pro plus software (version 5.0). Scale Bar: 50. C,
WT-, G572V-, L755S-, and G572V/L755S-HER2-expressing BT474/AZ-P cells were
treated with or without 1uM L for 6h followed by western blot. L755S- and G572V/L755S-
HER2-expressing BT474/AZ-P cells which survived the Dox+L selection for >5 weeks
(L755S-LR and G572V/L755S-LR) were analyzed by western blot for HER2 and
downstream signaling. D, BT474 parental and HER2-reactivated LR/LTR cells were
transfected with siRNA (seql) targeting the HERA_755S mutant. Culture medium was
replaced the next day with regular medium or drug-containing medium, and replaced again
at 4 days. Cell growth was assessed at six days by methylene blue assay. Relative percent
(%) growth was normalized to mock transfection. Statistical analyses were performed for
AZ and ATCC separately. Model-estimated group means and 95% confidence limits were
plotted combining two independent experiments.
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Fig. 3. The irreversible HER1/2 inhibitors overcome acquired resistance to HER2-targeted
therapy conferred by the HER2L 755S mutation in BT474 models in vitro

A, Responses of BT474/AZ-LR and BT474/ATCC-LTR lines and their relative parental lines
(BT474/AZ-P and BT474/ATCC-P) to lapatinib (L), afatinib (Afa), and neratinib (Nrb) were
measured by cell growth assay. Data was analyzed by GraphPad Prism (version 6.05) to
generate drug response curves and relative 1C50 values using the Log (inhibitor) vs.
response-variable slope model (Bars=SEM) with normalization of data defining the biggest
number in each dataset as 100% and the smallest number in the same dataset as 0%. B,
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BT474/AZ-P, BT474/AZ-LR, BT474/ATCC-P, and BT474/ATCC-LTR lines were treated
with or without 6h of 50nM Afa or Nrb followed by Western blot.
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Fig. 4. Afatinib effectively overcomes acquired resistance in the BT474/AZ-LR xenografts
A, Mice prepped with estrogen (E2) pellets were injected with 5x108 BT474/AZ-LR cells

and treated with L until randomization to 5 groups: E2+L, E2+Afa, ED+Veh, ED+L, and ED
+Afa (for details see Materials and Methods). B, Kaplan-Meier analyses of progression-free
survival within 16 days of treatment of E2+Afa or E2+L. Tumor progression was defined as
tumor size tripling since randomization. TTP: time to tumor progression. C, Kaplan-Meier
analyses of progression-free survival and tumor regression (graph showing change of
proportion of non-regressing tumors) within 85 days of ED+Veh, ED+L, or ED+Afa
treatment. Tumor regression was defined as tumor size halving since the day of
randomization. TTR: time to tumor regression. D, p-HER2 (Y1221), p-AKT (S473), and p-
p44/42 MAPK (T202/Y204) levels of xenografts in each treatment arm was assessed by IHC
and scored as H-score by a pathologist. Two tumors (Suppl. Fig. S8B and S8C) that were
resistant to the ED+Afa regimen were not included in the analysis. *: p<0.05, **: p<0.01,
***: p<0.001.
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