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Abstract

PIK3CA mutations are associated with resistance to HER2-
targeted therapies. We previously showed that HER2þ/
PIK3CAH1047R transgenic mammary tumors are resistant to
the HER2 antibodies trastuzumab and pertuzumab but
respond to PI3K inhibitor buparlisib (TPB). In this study, we
identified mechanisms of resistance to combined inhibition of
HER2 and PI3K. TPB-resistant tumors were generated by
treating HER2þ/PIK3CAH1047R tumor-bearing mice long term
with the drug combination. RNA sequencing of TPB-resistant
tumors revealed that extracellular matrix and cell adhesion
genes, including collagen II (Col2a1), were markedly upregu-
lated, accompanied by activation of integrin b1/Src. Cells

derived from drug-resistant tumors were sensitive to TBP
when grown in vitro, but exhibited resistance when plated on
collagen or when reintroduced into mice. Drug resistance was
partially reversed by the collagen synthesis inhibitor ethyl-3,4-
dihydroxybenzoate. Inhibition of integrin b1/Src blocked col-
lagen-induced resistance to TPB and inhibited growth of drug-
resistant tumors. High collagen II expression was associated
with significantly lower clinical response to neoadjuvant anti-
HER2 therapy in HER2þ breast cancer patients. Overall, these
data suggest that upregulation of collagen/integrin/Src signal-
ing contributes to resistance to combinatorial HER2 and PI3K
inhibition. Cancer Res; 77(12); 3280–92. �2017 AACR.

Introduction
The HER2 (ERBB2) gene is amplified in approximately 20% of

breast cancers (1). HER2-targeted therapies, such as trastuzumab,
lapatinib, pertuzumab, and trastuzumab-DM1, have changed the
natural history of HER2þ breast cancers and, as such, significantly
improved patient survival (1, 2). Dual blockade of HER2, such as
with the combinations of trastuzumab and lapatinib or trastu-
zumab and pertuzumab, has been shown to be more effective

than single-agent therapy (3–6). Despite these recent advances,
most patientswith advancedHER2þbreast cancer are not cured of
their disease, and acquired resistance to dual blockade of HER2
remains a problem in the clinic.

Activating mutations in PIK3CA, the gene encoding the p110a
catalytic subunit of PI3K, are found in approximately 30% of
HER2þ breast cancers (7, 8). We previously reported that HER2þ/
PIK3CAH1047R transgenic tumors in genetically engineered mice
are completely resistant to the combinations of trastuzumab þ
lapatinib (Tþ L) and trastuzumabþpertuzumab (TþP; ref. 9). In
agreement with these data, results from the CLEOPATRA clinical
trial showed that progression-free survival following T þ P þ
docetaxel is shorter in patients with HER2þ/PIK3CA-mutant
breast cancer compared with those with wild-type PIK3CA
(10). In addition, the pathologic complete response rate (pCR)
to T þ L is lower in patients with PIK3CA mutations (11, 12).
These data suggest that dual HER2 blockade is not sufficient to
eradicate HER2þ/PIK3CA-mutant breast tumors. Addition of a
PI3K inhibitor to trastuzumab/lapatinib or trastuzumab/pertu-
zumab reversed the resistance to the anti-HER2 combinations,
resulting in growth inhibition of HER2þ/PIK3CA-mutant trans-
genic tumors (9, 13). Therefore, this subset of HER2þ/PIK3CA-
mutant tumors will likely need to be treated with a combination
of HER2 and PI3K inhibitors; such combinations are currently
being tested in clinical trials (14, 15). However, we speculate that,
with time, patients with advanced breast cancer may also develop
resistance to this combination therapy.

To identify mechanisms of resistance to combined inhib-
ition of HER2 and PI3K, we generated transgenic HER2þ/
PIK3CAH1047R mammary tumors resistant to the combination of
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trastuzumab/pertuzumab plus the pan-PI3K inhibitor buparlisib
(BKM120; herein referred to as TPB; ref. 16). We found that
extracellular matrix (ECM) and cell adhesion genes were highly
upregulated in TPB-resistant tumors, coinciding with activation
of integrin b1 and Src. ECM components, such as collagens,
promoted resistance to TPB in vitro, and this resistance was
reversed by inhibition of either collagen secretion or integrin/Src
signaling. We further show that high expression of collagen II,
an ECM gene that was upregulated in the TPB-resistant mouse
tumors, correlated with a lower response rate to neoadjuvant
anti-HER2 therapy in patients with early HER2þ breast cancer.
These data suggest that collagen/integrin/Src signaling promotes
resistance to combined inhibition of HER2 and PI3K, which can
be overcome by integrin b1 or Src inhibitors.

Materials and Methods
Generation and treatment of drug-resistant tumors

HER2þ/PIK3CAH1047R transgenic mice were described previ-
ously (9). Beginning at 4 weeks of age, mice were administered
2mg/mLdoxycycline in5%sucrosewater; freshdoxycyclinewater
was replaced twiceweekly. For tumor allografts,mousemammary
tumors were harvested, minced, and homogenized in serum-free
DMEM þ 1� antibiotic/antimycotic (Gibco) using the Gentle-
MACS dissociator (Miltenyi Biotec). Homogenized tumor cells
were mixed 1:1 with growth factor–reduced Matrigel (BD Bios-
ciences), and 200 to 300 mL was injected into the inguinal
mammary fat pads of 5- to 7-week-old athymic female mice
(Envigo or The Jackson Laboratory) using a 25-gauge needle.
Recipient mice were maintained on 2 mg/mL doxycycline. Lucif-
erase gene expression (a reporter for the PIK3CAH1047R transgene)
in tumor allografts was monitored as described previously (9).

To generate TPB-resistant tumors, tumor allografts from
HER2þ/PIK3CAH1047R mouse #564 (n ¼ 11) or from HER2þ/
PIK3CAH1047R mouse #635 (n ¼ 10) were treated with trastuzu-
mab (30 mg/kg in sterile PBS) and pertuzumab (30 mg/kg in
sterile PBS; both from the Vanderbilt University Medical Center
Pharmacy) intraperitoneally twice weekly along with buparlisib
(30mg/kg; Novartis) daily by oral gavage in 0.5% hydroxypropyl
methylcellulose, 0.1% Tween-80. Tumor diameters were serially
measured with calipers, and tumor volumes were calculated by
the formula: volume ¼ width2 � length/2. Tumors that reached
>1,000 mm3 during treatment were designated TPB resistant.
For the #635 line, treatment was stopped when tumors regressed
to a volume of <50 mm3 and resumed when tumors reached
>200 mm3. TPB-resistant tumors (3 from the #564 line and 2
from the #635 line) were then retransplanted (n ¼ 4–5 allografts
per resistant tumor) and re-treated with TPB or T þ P þ the
PI3Ka inhibitor alpelisib (BYL719; 30 mg/kg; Novartis) when
tumors reached >200 mm3.

For therapeutic studies, TPB-resistant tumor #564-14-23 was
grafted into treatment-na€�ve mice following the same protocol.
Once tumors reached a volume >200 mm3, mice were random-
ized 1:1 to receive trastuzumab þ pertuzumab þ buparlisib (as
above) or TPB þ saracatinib (AstraZeneca; 50 mg/kg by oral
gavage daily). Ethyl-3,4-dihydroxybenzoate (DHB; Sigma-
Aldrich) treatment (40 mg/kg in 95% saline/5% ethanol intra-
peritoneally daily)was initiated oneday after tumor cell injection.
Tumors were harvested 24 hours after the last dose of trastuzu-
mab/pertuzumab and 1 hour after the last dose of buparlisib,
saracatinib, or DHB. Animal experiments were conducted in a

controlled and nonblindedmanner. All animal experiments were
approved by the Vanderbilt Institutional Animal Care and Use
Committee (IACUC protocol M/10/347 and M/14/107).

Generation of primary mouse tumor cells and PTC
allografts

Primary mouse tumor cells (PTC) were isolated as described in
Supplementary Materials and Methods. All experiments were
performed on cells that were maintained in culture for less than
3 months.

Approximately 5�106 PTCsderived fromparental tumor #564
or TPB-resistant tumor #564-14-23 weremixed 1:1 withMatrigel;
250 mL of the cells:Matrigel mixture was injected into the inguinal
mammary fat pads of 6- to 7-week-old athymic femalemice using
a 25-gauge needle. Recipient mice were maintained on 2 mg/mL
doxycycline. Once tumors reached >200 mm3, all mice were
treated with 30 mg/kg trastuzumab, 30 mg/kg pertuzumab, and
30 mg/kg buparlisib for 4 weeks.

Breast cancer cell lines
MDA-MB-453 (ATCC HTB-131) and HCC1954 (ATCC

CRL-2338) human breast cancer cells were obtained from the
ATCC within the past 10 years and maintained in ATCC-
recommended media supplemented with 10% FBS (Gibco)
and 1� antibiotic/antimycotic (Gibco). All experiments were
performed less than 2 months after thawing early-passage cells.
MDA-MB-453 and HCC1954 cells were authenticated by ATCC
using the STR method in January 2017. Mycoplasma testing
was conducted for each cell line before use.

Whole-exome and RNA sequencing
Whole-exome sequencing (WES) is described in Supplemen-

tary Materials andMethods. RNAwas isolated from 5 to 30mg of
snap-frozen tissue from untreated parental (n ¼ 3) and TPB-
resistant (n ¼ 6) tumors using the RNeasy Tissue Kit (Qiagen)
according to the manufacturer's instructions. Tumors were lysed
in RLT buffer containing b-mercaptoethanol using the Tissue
Lyser (Qiagen), followed by on-column DNase digestion. Library
preparation and analysis are described in Supplementary Materi-
als and Methods. P values were corrected for multiple hypothesis
testing using q-value; an FDR of <0.05 was used to define differ-
entially expressed genes. Pathway analysis on differentially
expressed genes was performed using DAVID functional annota-
tion clustering.

qRT-PCR
RNA isolation was performed using the Maxwell LEV sim-

plyRNAPurification Kit (Promega) on theMaxwell 16 Instrument
(Promega). RNA was reverse transcribed using the iScript cDNA
Synthesis Kit (Bio-Rad). Gene expression was quantified by qPCR
with RT2 qPCR primer assays for human ACTB, COL2A1, TNXB,
THBS3, and THBS4 or mouse Col2a1, Tnxb, Thbs3, Thbs4, and
Gapdh (Qiagen) and SsoAdvanced SYBR Green Supermix (Bio-
Rad) using a CFX qPCR machine (Bio-Rad).

Immunoblot analysis
Snap-frozen tumor fragments were homogenized using the

TissueLyser (Qiagen) and lysed in buffer containing 50 mmol/L
Tris-HCl pH 8.0, 150 mmol/L NaCl, 2 mmol/L EDTA pH 8.0,
10 mmol/L NaF, 20% glycerol, 1% Nonidet P-40 plus protease
and phosphatase inhibitors. Cells grown in culture were washed
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with ice-cold PBS and lysed on ice in buffer containing
20 mmol/L Tris pH 7.4, 150 mmol/L NaCl, 1% Nonidet P-40,
0.1 mmol/L EDTA plus protease and phosphatase inhibitors.
After centrifugation, protein concentration in supernatants was
measured using the BCA protein assay reagent (Pierce). Lysates
were mixed with b-mercaptoethanol–containing sample buffer,
heated to 95�C for 5 minutes, resolved on SDS-PAGE gels, and
then transferred to nitrocellulose membranes (Bio-Rad). Primary
antibodies included P-HER3 Y1289, P-HER2 Y1221/2, P-HER2
Y1248, HA tag, P-Akt S473, P-Akt T308, total Akt, P-Erk-T202/
Y204, total Erk, P-S6 S240/244, P-4EBP1 T37/46, P-Src Y416,
integrin b1, and b-actin (Cell Signaling Technology), active inte-
grin b1 (Millipore; sample run in nonreducing conditions
without b-mercaptoethanol in sample buffer and heated at 70�C
for 10minutes),mouse THBS4 (R&DSystems), andHER2/ERBB2
(Neomarkers). Antibody dilutions are described in Supplemen-
tary Table S1. Immunoreactive bands were detected by enhanced
chemiluminescence (Thermo Fisher Scientific) following incuba-
tion with horseradish peroxidase–conjugated secondary anti-
bodies (Promega). Membranes were cut horizontally to probe
with multiple antibodies. Immunoblot bands were quantified
from inverted images using ImageJ software.

Histochemical staining and IHC
Tumor fragmentswere harvested and immediatelyfixed in 10%

buffered neutral formalin for 24 hours at room temperature, then
dehydrated and paraffin embedded. Five-micron sections were
subjected to H&E staining and IHC using antibodies against P-Src
Y416 (Cell Signaling Technology), tenascin C (Sigma-Aldrich),
and collagen II (Abcam). Trichrome staining (Sigma-Aldrich) was
performed according to the manufacturer's instructions. Picrosir-
ius red staining was performed by the Vanderbilt Translational
Pathology SharedResource. Imageswere captured usingOlympus
DP2 software on anOlympus lightmicroscope. Quantification of
histochemistry and IHC is described in Supplementary Materials
and Methods.

Cell viability and proliferation assays
To determine cell viability in the presence of drugs, cells were

seeded in 96-well plates at a density of 2,500 to 5,000 cells per
well. The next day, media were replaced with 100 mL of EGF-free
media containing 1% charcoal-stripped serum (CSS) � inhibi-
tors. After 3 to 5 days, 10 mL of Alamar Blue reagent (Invitrogen)
was added to each well and incubated at 37�C for 3 to 4 hours.
Fluorescence was measured using the GloMax plate reader (Pro-
mega). Alternatively, cells were stained with ReadyProbes Cell
Viability Imaging Kit (Thermo Fisher Scientific), and viable cells
were quantified using the Cellavista cell imager (Synentec Bio-
services). Collagen I–coated 96-well plates were purchased from
Corning.

For proliferation assays, cells (5,000–20,000/well) were seeded
in 24-well plates (Corning). Where indicated, wells were pre-
coated with 10% growth factor–reduced Matrigel (BD Bio-
sciences) in PBS. Collagen I–coated plates were purchased from
Corning. Collagen II–coated 24-well plates were generated by
coating wells with 350 mL of 0.05 mg/mL collagen II (Sigma-
Aldrich). Wells were allowed to air dry and rinsed with 70%
ethanol and PBS prior to seeding cells. The next day, media were
replaced with 500 mL of EGF-free media containing 1% CSS and
inhibitors in triplicate. Media were replaced twice weekly. After 6
to 10 days, cells were fixed and stained with PBS containing 2%

formaldehyde, 1% methanol, and 0.05% crystal violet, rinsed
with water 3 times, allowed to air dry, and then imaged with a
flatbed scanner. Crystal violet staining was quantified using Ima-
geJ software or anOdyssey scanner. Tomeasure cell number, cells
were trypsinized after 4 to 5 days, diluted 1:40 in filtered isoton
buffer, and counted using a Coulter Counter (Beckman Coulter).

Gene expression analysis—NeoSphere trial
The results of the NeoSphere trial were published previously

(5). All tumors were centrally confirmed to be HER2þ operable or
locally advanced breast cancer and were randomized into four
different neoadjuvant therapies, including the two treatment arms
considered in this study: trastuzumab plus pertuzumab (HP arm)
and pertuzumab and trastuzumab plus docetaxel (THP arm). The
primary endpoint of the study was pCR in the breast. RNA was
extracted from formalin-fixed paraffin-embedded (FFPE) core
biopsies as reported previously (17). Gene expression analysis is
described in Supplementary Materials and Methods.

Patients' tumors
FFPE tumor sections of pretreatment biopsies from a cohort of

30 deidentified patients with operable HER2þ breast cancer
(Supplementary Table S2) at Vanderbilt University Medical Cen-
ter (Nashville, TN) were stained with collagen II. One sample was
not available for analysis. Patients hadbeen treatedwith standard-
of-care neoadjuvant chemotherapy/trastuzumab � pertuzumab.
Following neoadjuvant therapy, 13 tumors (43.3%) achieved a
pCR,whereas 17 tumors (56.7%) did not andwere still detectable
in the mastectomy specimen. All patient studies were conducted
in accordance with the Declaration of Helsinki.

Pretreatment biopsies andposttreatment surgical samples from
the 17 patients with residual disease following neoadjuvant
chemotherapy þ trastuzumab � pertuzumab were stained with
Trichrome. Informed consent was obtained from all patients. Use
of patient samples was supported by Vanderbilt-approved IRB
protocol #151068.

Statistical analysis
Unless otherwise indicated, the Student t test was used. t tests,

ANOVA, and multiple comparisons tests were conducted using
GraphPad Prism (GraphPad Software). Results are represented as
mean � SD unless noted otherwise. Power calculations were
performed using PS: Power and Sample Size Calculation software
(http://biostat.mc.vanderbilt.edu/wiki/Main/PowerSampleSize).
Animal experiments were conducted in a controlled and non-
blinded manner. In vitro experiments were performed at least
twice and at least in triplicate each time.

Data availability
The whole-exome and RNA sequencing (RNA-seq) data are

available at the Sequence Read Archive at NCBI, BioProject ID
PRJNA380823. The authors declare that all other data supporting
the findings of this study are available within the article and its
supplementary files or from the authors upon a reasonable
request.

Results
Generation of HER2þ/PIK3CAH1047R mammary tumors
resistant to trastuzumab þ pertuzumab þ PI3K inhibitors

We previously showed that transgenic HER2þ/PIK3CA
mouse mammary tumors responded to the combination of

Hanker et al.

Cancer Res; 77(12) June 15, 2017 Cancer Research3282

on July 21, 2017. © 2017 American Association for Cancer Research. cancerres.aacrjournals.orgDownloaded from 

Published OnlineFirst April 10, 2017; DOI: 10.1158/0008-5472.CAN-16-2808 



TPB (9). To generate tumors resistant to TPB, spontaneous
mammary tumors from HER2þ/PIK3CAH1047R mice (transgenic
mouse #564 and #635) were minced, homogenized, and
transplanted into recipient nude mice. A subset of transplanted
tumors was left untreated, whereas 10 to 11 tumors were

treated with TPB for >3 weeks (Fig. 1A; Supplementary Fig.
S1A). Although the majority of #564 tumors responded, 3
tumors (#2, 7, and 14) resumed growth in the presence of
TPB. Tumors that reached >1,500 mm3 in the presence of
continuous therapy were deemed TPB resistant (Fig. 1B). The
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Figure 1.

HER2þ/PIK3CAH1047Rmammary tumors acquire resistance to trastuzumabþ pertuzumabþ BKM120. A, A spontaneous mammary tumor from HER2/PIK3CAH1047R

transgenic mouse (#564) was harvested, homogenized, and injected into the mammary fat pads of recipient nude mice. Six recipient nude mice were
left untreated, whereas the remaining 9 mice were treated with trastuzumab (30 mg/kg i.p. twice/week), pertuzumab (30 mg/kg i.p. twice/week), and
BKM120 (30 mg/kg orally daily) for 4 to 7 weeks. Resistant tumors were defined as tumors that reached a volume of >1,500 mm3 during treatment. B,
HER2/PIK3CAH1047R tumor allografts (>200 mm3) from mouse #564 were treated with trastuzumab þ pertuzumab þ BKM120 (TPB). Each line represents
an individual tumor. Untreated control tumors are shown in black (� , TPB resistant). C, Lysates from parental tumors � TPB (treated for 96 hours) and
drug-resistant tumors grown continuously in TPB were subjected to immunoblot analysis with the indicated antibodies. Tumor #2-9 refers to a transplanted
tumor derived from TPB-resistant tumor #2; tumor #7-16 is derived from resistant tumor #7, etc. D, TPB-resistant tumor #564-2 was harvested, homogenized,
and injected into the mammary fat pads of recipient nude mice. When tumors reached >200 mm3, mice were treated with trastuzumab, pertuzumab, and either
BKM120 (30 mg/kg orally daily) or BYL719 (30 mg/kg orally daily) for 2 weeks. Each data point represents the mean tumor volume in mm3 � SEM.
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Figure 2.

RNA-seq of TPB-resistant tumors reveals upregulation of ECM/cell adhesion pathways. A, RNA was isolated from snap-frozen untreated parental (n¼ 3) and TPB-
resistant tumors treated with TPB (n¼ 6) and subjected to RNA sequencing. A list of 592mouse genes that were upregulated >2.8-fold in TPB-resistant tumors was
submitted for functional annotation clustering using the DAVID bioinformatics resource. B, Normalized gene expression is shown for 86 differentially
expressed genes in the DAVID ECM/extracellular region cluster. Three untreated parental tumors and two samples from each TPB-resistant tumor line (564-2, 564-7,
and 564-14) were analyzed. C, Lysates from parental tumors (#564 model) � TPB (treated for 96 hours) and drug-resistant tumors grown continuously in TPB
were subjected to immunoblot analysis with the indicated antibodies. D, FFPE sections from untreated parental (n ¼ 4) and TPB-resistant (n ¼ 7) tumors
were subjected to histochemical staining or IHC with the indicated stains or antibodies, respectively. Representative images are shown. E, Tenascin C (TNSC)
stromal staining was quantified as described in Materials and Methods. F, Picrosirius red was quantified using ImageJ as described in Materials and Methods. Values,
mean � SEM (�, P < 0.05, Student t test).
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majority of the treated #635 tumors regressed to <50 mm3.
Treatment was stopped and then resumed when tumors
reached 200 mm3. Two of 5 retreated tumors continued to
grow in the presence of therapy (Supplementary Fig. S1B).
These TPB-resistant tumors were then harvested, transplanted
into nude mice, and retreated with TPB. All tumor transplants
maintained expression of the TetOp-PIK3CAH1047R-IRES-Lucif-
erase transgene by bioluminescent imaging. In addition, immu-
noblot analysis confirmed that HER2 and HA-p110a expres-
sion was maintained (Fig. 1C). TPB resistance was maintained
in all tumor transplants (Fig. 1D; Supplementary Fig. S1C,D).

Short-term treatment (96 hours) with TPB inhibited P-AKT
and P-S6 in drug-sensitive parental tumors (Fig. 1C). P-AKT
remained suppressed in drug-resistant tumors grown in the pres-
ence of TPB, suggesting that PI3K was still inhibited. A reduction
in total AKT levels was also observed in a subset of TPB-resistant
tumors. In contrast, P-S6 was partially restored in TPB-resistant
tumors, suggesting that the mTOR pathway had been reactivated
by a PI3K-independent mechanism. Finally, TPB-resistant tumors
were cross-resistant to the combination of T þ P þ alpelisib
(BYL719), a p110a-specific inhibitor (Fig. 1D; ref. 18), suggesting
that the mechanisms of resistance are not inhibitor specific but
rather confer resistance to the combination of HER2 and PI3K
inhibitors in general.

ECM/cell adhesion genes are upregulated in
TPB-resistant tumors

To identify the mechanisms of TPB resistance in the transgenic
tumors, we first performed WES on genomic DNA isolated from
untreated parental (n¼ 4) and TPB-resistant (n¼ 4) tumors from
the #564 line. DNA from an HER2þ/PIK3CAH1047R mouse liver
was used as germline control. We did not identify any alterations
in theMMTV-HER2 or TetOp-PIK3CA transgenes, nor inwild-type
mouse Erbb2 and Pik3ca alleles (data not shown). In fact, the vast
majority of alterations identified were found to be nude mouse
SNPs. No recurrent genomic alterations were found in TPB-
resistant tumors, suggesting the drug resistance was not due to
acquired mutations.

Next, we performed RNA-seq on untreated parental tumors
(n ¼ 3) and drug-resistant tumors (grown continuously in TPB;
n ¼ 6; all from the #564 line) to examine changes in gene
expression; 592 genes were upregulated >2.8-fold [Padj (q)
<0.05] in drug-resistant relative to parental drug-sensitive
tumors (Supplementary Table S3). Functional annotation clus-
tering on this list of genes using the DAVID bioinformatics
resource found highly significant upregulation of genes encod-
ing glycoproteins (280 genes; Benjamini P¼ 9.5� 10�56), ECM
proteins (56 genes; Benjamini P ¼ 5.8 � 10�22), and cell
adhesion proteins (59 genes; Benjamini P ¼ 1.8 � 10�12) in
TPB-resistant tumors (Fig. 2A). As many of the glycoproteins
overlapped with the ECM and cell adhesion genes, we narrowed
our focus to the latter two gene lists. Changes in these genes
were consistent across the majority of TPB-resistant tumors
(Fig. 2B). ECM and cell adhesion genes that were significantly
upregulated in drug-resistant tumors included 6 collagens, 4
integrins, the laminin Lama2, vitronectin (Vtn), 2 thrombos-
pondins (Thbs3 and Thbs4), and the tenascin Tnxb (Supple-
mentary Table S3). Immunoblots of tumor lysates confirmed
upregulation of the mouse Thbs4 protein in TPB-resistant grafts
(Fig. 2C), and IHC analysis revealed upregulation of stromal
Tenascin C (Fig. 2D and E) as well as a drastic increase in

fibrillar collagens by trichrome and picrosirius red staining
(Fig. 2D and F).

To determine whether these findings were consistent in the
#635 line, we also performed RNA-seq on untreated parental
tumors (n ¼ 3) and drug-resistant tumors (n ¼ 6) from this
independent cohort (Supplementary Fig. S1B). Supplementary
Table S3 lists the genes that were significantly upregulated in both
lines (q < 0.05). Of the ECM genes, Col2a1, the gene encoding
collagen II, was themost highly upregulated in both TPB-resistant
lines (upregulated 10.2-fold in #564 and 9.6-fold in #635 TPB-
resistant tumors, respectively). Increased expression of Col2a1 in
TPB-resistant tumors was confirmed by qRT-PCR (Supplementary
Fig. S1E).

The integrin family of receptors mediates the interaction
between ECM components such as collagens and the cellular
cytoskeleton (19). In particular, integrin a2b1 and a10b1 bind
to collagen II (20). Furthermore, integrin b1 is involved in
breast cancer progression and drug resistance (21, 22). We
found that the activated form of integrin b1, detected by
Western blot analysis with an antibody specific to the activated
form, is induced 96 hours after TPB treatment initiation and
remains active in TPB-resistant tumors (Fig. 2C). In addition,
phosphorylation of Src, a kinase downstream of integrin b1,
was markedly upregulated in TPB-resistant tumors (Fig. 2C
and D). Together, these data point to a stromal response and
activation of the integrin b1/Src pathway upon acquisition of
drug resistance.

The increase in ECM-related gene expression in TPB-resistant
tumors could be due to tumor cell-autonomous upregulation of
these genes and/or due to a general increase in stromal content in
TPB-resistant tumors. Thus, we examined whether TPB treatment
induced expression of the ECM genes identified by the RNA-seq
data in tumor cells in vitro. We found that a 24-hour treatment
with TPB significantly increased Col2a1, Tnxb, and Thbs3 mRNA
expression in PTCs derived from parental HER2þ/PIK3CAH1047R

tumors (Fig. 3), suggesting that, at least in part, the induced
expression of these genes is tumor cell autonomous. We extended
these findings to HER2þ, PIK3CAH1047R human breast cancer
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Figure 3.

Short-term inhibition of HER2 and PI3K induces expression of ECM genes in
HER2þ breast cancer cells. MDA-MB-453 and HCC1954 cells, and HER2/
PIK3CAH1047R PTCs were treated with 10 mg/mL trastuzumab, 10 mg/mL
pertuzumab, and 1 mmol/L BYL719 (MDA-MB-453) or 1 mmol/L BKM120
(HCC1954, PTCs) for 24 hours. RNA was isolated, reverse transcribed, and
subjected to qPCR with the indicated primers. Expression levels were
normalized to human ACTB (MDA-MB-453, HCC1954) or mouse Gapdh (PTCs).
The fold change in expression levels from TPB-treated compared with
control cells are presented as mean � SD of three technical replicates
(�� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001, Student t test).
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cell lines MDA-MB-453 and HCC1954. Treatment for 24 hours
with T þ P þ buparlisib (HCC1954) or T þ P þ alpelisib
(MDA-MB-453) also increased expression of COL2A1, TNXB,
THBS3, and THBS4 as measured by qRT-PCR.

ECM/integrin/Src signaling promotes resistance to
HER2 and PI3K inhibitors

We isolated PTCs from parental and TPB-resistant mouse
tumors. All cells retained luciferase (Supplementary Fig. S2A),
HER2, andHA-p110a expression (Fig. 4A). P-SrcY416was elevated
in tumor cells fromTPB-resistant tumors.Of note, cells fromdrug-
resistant tumors were inhibited by TPB to the same degree as cells
from parental tumors in an in vitro Alamar Blue assay (Fig. 4B).
Similar results were obtainedwhen cells were grown in low serum
and viable nuclei were quantified (Supplementary Fig. S2B).
These data suggest that a component of the in vivo tumor micro-
environment that is absent in vitro contributes to drug resistance.
Finally, we maintained these same cells in culture for >1 month
and then injected them into nude mice. Tumors resulting from
parental cancer cells retained sensitivity to TPB, whereas tumors
from cells derived from the TPB-resistant tumors were once again
highly resistant to therapy (Fig. 4C).

To determine whether components of the ECM are causal to
TPB resistance, we seeded tumor cells on either uncoated 24-well
tissue culture plates or on plates coated with growth factor–
reduced Matrigel, a basement membrane matrix primarily com-
posed of laminin and collagen IV. We treated cells � TPB for
6 days and then stained the monolayers with crystal violet. Cells
grown on Matrigel were significantly less sensitive to TPB com-
pared with cells grown in the absence of Matrigel (Fig. 5A and B).
Furthermore, P-SrcY416 was increased in tumor cells grown on
Matrigel (Fig. 5C). Likewise, we found that cells grown on Col-
lagen I or II were less sensitive to trastuzumab þ pertuzumab þ
buparlisib or alpelisib (Fig. 5D and E). Collagen I increased
phosphorylation of the FAK and paxillin, downstream targets of
Src (Fig. 5F). In addition, plating MDA-MB-453 HER2þ breast
cancer cells on a collagen I–coated surface reduced their sensi-
tivity to trastuzumab þ pertuzumab þ buparlisib or alpelisib
(Supplementary Fig. S3). Taken together, these data suggest that
ECM components, such as collagens, can activate downstream
targets of Src and induce resistance to combined inhibition of
HER2 and PI3K.

Given that collagens, in particular collagen II, were upregu-
lated in TPB-resistant tumors and promoted resistance to TPB
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in vitro, we asked whether collagen secretion is required for TPB
resistance in vivo. We used the prolyl hydroxylase inhibitor
DHB, known to compromise collagen processing and thus
prevent collagen I and II secretion in vivo (23, 24). DHB
treatment had no effect on parental HER2þ/PIK3CAH1047R

tumor growth (Fig. 6A). In contrast, DHB significantly atten-
uated growth and reduced collagen II and pSrcY416 levels of
TPB-resistant tumors (Fig. 6B–D). These results suggest that
collagens are a key ECM component responsible for mediating
TPB resistance.
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We next tested whether the integrin b1/Src pathway mediates
collagen-induced TPB resistance. We plated cells from parental
drug-sensitive tumors on collagen-coated plates and treated them
with TPB � the mouse integrin b1 blocking antibody Ha2/5 or
each of the Src inhibitors saracatinib and dasatinib. Treatment
with Ha2/5 modestly sensitized to TPB, whereas treatment with
each Src inhibitor markedly increased TPB sensitivity, suggesting
that collagen-induced activation of the integrin b1/Src pathway
can induce resistance to TBP (Fig. 6E). Consistent with the cell
proliferationdata, treatmentwithdasatinib and saracatinib inhib-
ited phosphorylated Src, FAK, paxillin, and HER2Y877, a putative
Src substrate, more potently than Ha2/5 (Fig. 6F). Finally, treat-
ment with TPBþ saracatinib delayed TPB-resistant tumor growth
in vivo (Fig. 6G). Together, these results suggest that the Src
pathway mediates collagen-induced resistance to combined inhi-
bition of HER2 and PI3K.

We have reported that TGFb induces integrin/HER2 clustering
through Src and FAK (25). To determine whether the TGFb
pathway is involved in collagen-induced Src activation and TPB
resistance, we plated cells from parental drug-sensitive tumors on
collagen-coated plates and treated them with TPB � the TbR1
inhibitor LY2157299 (LY99; ref. 26). Treatmentwith LY99didnot
affect collagen-induced TPB resistance in this assay (Supplemen-
tary Fig. S4A), nor did it affect collagen-induced Src activation
(Supplementary Fig. S4B), suggesting that TGFb is not involved in
collagen-induced TPB resistance.

High collagen II expression correlates with a lesser clinical
response to neoadjuvant anti-HER2 therapy in patients

We next investigated whether any of the ECM/cell adhesion
genes that were upregulated in the TPB-resistant tumors are
associated with response to neoadjuvant anti-HER2 therapy. To
this end, we interrogated gene expression data from patients in
the NeoSphere trial (5, 17), a randomized phase II trial in which
417 patients with operable or locally advanced HER2þ breast
cancer were treated with neoadjuvant docetaxel/trastuzumab
(TH), docetaxel/pertuzumab (TP), docetaxel/trastuzumab/pertu-
zumab (THP), or trastuzumab/pertuzumab (HP). For this anal-
ysis and in linewith thework shown above,we focused on the two
treatment arms containing bothHER2 antibodies, THP (n¼ 107)
andHP (n¼ 107). The rate of pCRwas 45.8% in the THP arm and
16.8% in the HP arm. We asked whether the 98 ECM or cell
adhesion genes (the colored genes in Supplementary Table S3)
that were upregulated in the TPB-resistant mouse tumors were
associatedwith a reduced rate of pCR in these datasets.Of these 98
genes, 93 had corresponding probe sets in the gene expression
arrays. Only 2 of these genes in the THP arm (COL2A1 and
PODXL2,which encodes a CD34 family transmembrane protein)

and 1 gene (the cadherin CELSR1) in the HP arm were signifi-
cantly higher in tumors that did not achieve a pCR comparedwith
those that did (parametric P values <0.05; Supplementary Table
S4). In particular, COL2A1 was the most highly upregulated gene
in tumors without a pCR in the THP arm (fold change in no pCR/
pCR ¼ 1.61, P ¼ 0.0055), also exhibiting a trend in the HP arm
(fold change ¼ 1.58, P ¼ 0.12; Fig. 7A).

We next extended these findings to a second clinical cohort.
Col2a1, the gene encoding collagen II, was strongly induced
in TPB-resistant tumors (increased �10-fold in TPB-resistant tu-
mors from #564 and #635 lines; Supplementary Table S3).
Furthermore, plating cells on collagen II decreased sensitivity to
TPB (Supplementary Fig. S3A). Thus, we performed IHC for
collagen II on 29 available pretreatment biopsies from a cohort
of 30 patients withHER2þ breast cancer treated with neoadjuvant
anti-HER2 therapy þ chemotherapy at Vanderbilt University
Medical Center, where the pCR rate was 43.3% or 13 of 30 pati-
ents (Supplementary Table S2). Pretreatment collagen II staining
was significantly higher (P¼ 0.0011) in the 16 available pretreat-
ment biopsies (one sample was not available) from tumors that
did not have a pCR to neoadjuvant therapy (Fig. 7B and C).

Finally, we asked whether treatment with neoadjuvant anti-
HER2 therapy increased collagen deposition in the 17 drug-
resistant HER2þ breast cancers that remained after treatment. We
stained pre- and post- chemotherapy/trastuzumab� pertuzumab
sections of tumors with trichrome. The degree of fibrosis mea-
sured by trichrome staining was significantly increased in the
posttreatment residual tumor sections (Supplementary Fig. S5A–
S5C). Consistent with these data, trichrome staining was also
increased in primary HER2/PIK3CAH1047R transgenic mouse
tumors, reported as intrinsically resistant to anti-HER2 therapy
(9), treated with trastuzumab/pertuzumab without chemothera-
py (Supplementary Fig. S5D).

Discussion
Activating mutations in the PI3K pathway are associated with

resistance to therapies targeted to the HER2 oncogene (9–11, 27).
In addition, the catalytic subunit of PI3K, p110a, is required for
HER2/Neu-induced mammary tumorigenesis, and mutational
activation of p110a enhances HER2-driven cancer progression
(9, 28). Therefore, combinations of HER2 and PI3K inhibitors are
in early clinical trials in patients with HER2þ breast cancer. In this
study, we generated a mouse model of acquired resistance to
combined HER2 and PI3K inhibition in HER2þ, PIK3CA-mutant
mammary tumors by prolonged treatment with HER2 and PI3K
inhibitors. We found that expression of ECM and cell adhesion
genes were highly upregulated in TPB-resistant tumors, accom-
panied by increased trichrome staining and activation of integrin

Figure 6.
Enhanced collagen secretion promotes TPB resistance through integrin b1 and Src. A, #564 parental tumor transplants were treated� 40mg/kg DHB daily beginning
the day after tumor cell injection (arrow). Each data point represents mean tumor volume in mm3 � SEM (n ¼ 10/arm). B, #564-14 TPB-resistant tumor transplants
were treated 40 mg/kg DHB daily beginning the day after tumor cell injection (arrow). All mice received trastuzumab þ pertuzumab þ buparlisib beginning
13 days after tumor cell injection. Each data point represents mean tumor volume in mm3 � SEM (n ¼ 10 and 7, respectively; � , P < 0.05; �� , P < 0.01, Student t test).
C, FFPE sections of TPB-resistant tumors in B were subjected to collagen II IHC. Representative images are shown. D, Lysates from the TPB-resistant tumors in
B were subjected to immunoblot analysis with the indicated antibodies (n ¼ 4/arm). E, Tumor cells derived from parental tumors were seeded on collagen I–coated
plates and treated with 10 mg/mLHa2/5 (integrin b1 inhibitor), 1 mmol/L saracatinib (Src inhibitor), or 1 mmol/L dasatinib (Src inhibitor)� TPB (10 mg/mL trastuzumabþ
10 mg/mL pertuzumabþ 1 mmol/L BKM120) for 4 days. Cells were trypsinized and counted using a Coulter counter. Each bar represents the mean cell number� SD of
at least three replicates (�� , P < 0.01, two-way ANOVA followed by Bonferroni test). F, Tumor cells were treated as in A for 24 hours. Lysates were subjected
to immunoblot analysis with the indicated antibodies. G, #564-14 TPB-resistant tumor allografts were treated with trastuzumab, pertuzumab, and BKM120 �
saracatinib (50 mg/kg daily) for 2 weeks. Each data point represents mean tumor volume in mm3 � SEM (n ¼ 11 and 13, respectively; � , P < 0.05, Student t test).
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b1/Src signaling. PTCs derived from resistant tumors required
collagens to maintain resistance in vitro, and TPB resistance was
abrogated by integrin b1/Src inhibition, suggesting that enhanced
ECM/integrin b1/Src signaling is causal to the resistance to the
combination of HER2 and PI3K inhibitors.

Several studies suggest that the tumor microenvironment con-
tributes to drug resistance in part through ECM and integrin
signaling. Increased ECM deposition may impede drug delivery
by restricting blood flow through the tumor (19).However, in our
model, TPB treatment continued to block pAKT in resistant
tumors (Fig. 1C), suggesting that ECM components promote
resistance through alternative mechanisms. Microenvironment
rigidity was shown to promote lapatinib resistance via YAP and
TAZ transcription factors (29).Whether YAP and TAZ are involved
in TPB resistance in our model has not been addressed. We
showed that collagen I and II directly promote resistance to TPB
treatment in vitro at least in part through integrin b1/Src signaling.
Similarly, ECM/integrin b1/Src/FAK signaling was shown to
maintain a drug-tolerant microenvironment supporting ERK
reactivation and resistance to BRAF inhibition in BRAF-mutant
melanoma (30). In this study, treatment with saracatinib blocked
pERK in TPB-resistant PTCs (Fig. 6F), suggesting that integrin
b1/Src signaling promotes activation of the MEK/ERK pathway in
these cells. In addition, ALK inhibition was shown to increase
ECM gene expression and phospho-paxillin in ALK-mutant lung

cancer, with Src inhibition restoring sensitivity to ALK inhibitors
(31). In breast cancer, integrin b1 was shown to promote resis-
tance to chemotherapy and tamoxifen via activation of PI3K/Akt
(32, 33). Integrin b1 was also shown to promote resistance to
trastuzumabþ lapatinib bymaintaining PI3K and ERK signaling;
resistance was abrogated by an integrin b1-blocking antibody
(22). Finally, Brugge and colleagues found that matrix-attached
cells in ovarian cancer spheroids grown in Matrigel were resistant
to apoptosis induced by the PI3K/mTOR inhibitor BEZ235,
whereasmatrix-deprived inner cells were sensitive (34). However,
ours is the first study to show that ECM/collagen/integrin signal-
ing promotes resistance to inhibition of HER2/PI3K in HER2þ

breast cancer. Although collagens are known to be involved in
tumor progression (35), the role of collagen II in particular has
been less studied. Recently, secretion of collagen II was shown to
drive tumor growth and angiogenesis, which was blocked by an
inhibitor of collagen synthesis (23). We further found that high
collagen II expression correlated with a poor response to neoad-
juvant anti-HER2 therapy in patients with early HER2þ breast
cancer (Fig. 7). We recognize that treatment of the patient cohort
analyzed did not include PI3K inhibitors, which are part of the
combination studied herein. However, at this time and to the best
of our knowledge, tumor collections from patients treated with
the combination ofHER2 andPI3K inhibitors are not available, as
these trials are in early phases of development.
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Although stromal ECM secretion is traditionally thought to
be driven by fibroblasts, we found that short-term TPB treat-
ment also increased autocrine production of several ECM genes
in tumor cells (Fig. 3). The mechanism by which HER2/PI3K
inhibition promotes expression of these genes is currently not
known. Future studies will investigate whether these genes are
targets of FOXO transcription factors, which are upregulated
following PI3K inhibition (36). It is unclear whether the
increase in collagen and other ECM genes in TPB-resistant
tumors originated primarily from the tumor stroma or the
tumor cells themselves. Although we observed an increase in
autocrine expression of Col2a1 and other ECM genes, we cannot
rule out a role for stromal cells in the increased expression of
ECM components and ultimate drug resistance. We found that
inhibition of collagen secretion in vivo reduces, but does not
completely reverse, drug resistance (Fig. 6), suggesting that
either (i) DHB treatment did not sufficiently block TPB-induced
collagen II secretion; or (ii) other factors, potentially other
components of the ECM, contribute to this resistance.

Our laboratory previously reported that Src activation pro-
motes resistance to the HER2/EGFR tyrosine kinase inhibitor
lapatinib (37), but whether Src activation was due to enhanced
ECM/integrin signaling was not investigated. Recently, knock-
down of Src was found to sensitize ERþ breast cancer cells to the
PI3Ka inhibitor alpelisib in a large-scale screen (38). However,
the role of Src in resistance to PI3K inhibitors was not pursued
further. Our data further show that activation of the Src path-
way promotes resistance to combined inhibition of HER2 and
PI3K. Increased expression of soluble factors, such as HGF and
IGF1, has also been shown to contribute to resistance to PI3K
inhibitors (39). We note that the Igf1 and Hgf genes were also
significantly increased (7.3- and 4.1-fold, respectively) in the
TPB-resistant tumors (Supplementary Table S3) and may con-
tribute to the observed maintenance of pS6 (Fig. 1C). Finally,
we found marked upregulation of Fgf10 and Fgf9 in resistant
tumors. Notably, FGF10 knockdown was shown to sensitize
breast cancer cells to alpelisib (38). Future studies will deter-
mine whether upregulation of these growth factors further
contributes to resistance to HER2 and PI3K inhibitors in
primary tumors.

In conclusion, we show that HER2þ/PIK3CA-mutant mamma-
ry tumors with acquired resistance to HER2/PI3K inhibitors
significantly upregulate ECM genes such as collagens, integrins,
laminin, vitronectin, thrombospondins, and tenascin. PTCs
derived from resistant tumors required collagens to maintain
resistance in vitro. In addition, inhibition of integrin b1/Src

reversed ECM-induced TPB resistance in vitro and in vivo. Finally,
elevated collagen II expression correlated with a diminished
response to neoadjuvant anti-HER2 therapy in patients with
operable HER2þ breast cancer. These data support the clinical
investigation of HER2 and PI3K inhibitors in combination with
integrinb1or Src inhibitors inHER2þ, PI3K-mutant breast cancer.
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