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ABSTRACT
◥

Purpose: Despite the therapeutic success of existing HER2-

targeted therapies, tumors invariably relapse. This study aimed at

identifying new mechanisms responsible for HER2-targeted ther-

apy resistance.

Experimental Design: We have used a platform of HER2-

targeted therapy–resistant cell lines and primary cultures of healthy

and tumor-associated fibroblasts (TAF) to identify new potential

targets related to tumor escape from anti-HER2 therapies.

Results:We have shown that TAFs promote resistance to HER2-

targeted therapies. TAFs produce and secrete high levels of FGF5,

which induces FGFR2 activation in the surrounding breast cancer

cells. FGFR2 transactivates HER2 via c-Src, leading to resistance to

HER2-targeted therapies. In vivo, coinoculating nonresistant cell

lines with TAFs results in more aggressive and resistant tumors.

Resistant cells activate fibroblasts and secrete FGFR ligands, creat-

ing a positive feedback loop that fuels resistance. FGFR2 inhibition

not only inhibitsHER2 activation, but also induces apoptosis in cells

resistant to HER2-targeted therapies. In vivo, inhibitors of FGFR2

reverse resistance and resensitize resistant cells to HER2-targeted

therapies. In HER2 patients’ samples, a-SMA, FGF5, and FGFR2

contribute to poor outcome and correlate with c-Src activation.

Importantly, expression of FGF5 and phospho-HER2 correlated

with a reduced pathologic complete response rate in patients with

HER2-positive breast cancer treatedwith neoadjuvant trastuzumab,

which highlights the significant role of TAFs/FGF5 in HER2 breast

cancer progression and resistance.

Conclusions: We have identified the TAF/FGF5/FGFR2/c-Src/

HER2 axis as an escape pathway responsible for HER2-targeted

therapy resistance in breast cancer, which can be reversed by FGFR

inhibitors.

Introduction
Breast cancer, the most common malignancy and the leading cause

of cancer-related death among women worldwide (1), is a very

heterogeneous disease. In the past 15 years, gene expression profiling

has identified and characterized 5 intrinsic molecular subtypes of

breast cancer (Luminal A, Luminal B, HER2 enriched, basal-like and

Claudin-low) associated with distinct clinical outcomes (2–4). HER2-

positive tumors account for 15% to 20% of all breast malignancies and

have an aggressive clinical course (5). Pertuzumab, trastuzumab, and

lapatinib are themost commonly used drugs targeting HER2, and they

have demonstrated excellent therapeutic effects (6). However, the

development of resistance to these treatments has dampened their

success (7–9).

The mechanisms by which cancer cells acquire resistance to

drugs involve not only cell-autonomous processes such as genetic

and epigenetic alterations, but also the tumor microenviron-

ment (10). The tumor stromal compartment consists of an extra-

cellular matrix and different types of cells, including tumor-

associated fibroblasts (TAF), immune and inflammatory cells,

endothelial cells, and adipocytes, among others (11). Cancer cells

are in constant communication with the cells in the tumor micro-

environment, and stromal cells are actively recruited into the

tumor. Furthermore, cancer cells release stroma-modulating

factors, such as fibroblast growth factors, that act in a paracrine

manner, disrupting normal tissue homeostasis and modifying the

stroma to provide cancer cells with a supportive microenvironment

for tumor progression (12).

Under normal physiologic conditions, fibroblasts serve as an impor-

tant barrier to epithelial cell transformation and inhibit tumor

growth (13). However, TAFs in mammary carcinomas are very

different from fibroblasts from healthy stroma in several important

functional aspects (14). TAFs are cells with an activated phenotype,

identifiable by the expression of a-smooth muscle actin (a-SMA)

among other markers, that produce growth factors and extracellular

matrix proteins that promote proliferation and survival of tumor
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cells (15). Increased numbers of TAFs in the stroma of different human

cancers are associated with increased risk of invasion, metastasis, and

poor clinical prognosis (16).

Increasing evidence suggests that TAFs play an important role in

resistance to endocrine therapy, chemotherapy, and targeted thera-

pies (17). In addition, Howell and colleagues found that increased

expression of a specific stromal gene signature was a strong negative

predictive factor for response to neoadjuvant chemotherapy in patients

with ER-negative breast cancer, thus supporting the concept that

targeting the microenvironment can improve clinical response in

these patients (18). At least 80% of stromal fibroblasts in breast cancer

are thought to have an activated phenotype (19). Because TAFs are

considerablymore genetically homogeneous than cancer cells, they are

less likely to acquire resistance to drugs, making them an attractive

target for cancer therapy (20).

Cell-autonomous resistance to anti-HER2 therapies can develop

through various mechanisms, including PI3K or PTEN muta-

tions (21), overexpression of the transmembrane receptor MUC4

that allosterically affects the interaction between the antibody and

the receptor, poor immune system recognition (22), and cross-talk

with other tyrosine kinase receptors such as HER3 (23) or insulin

growth factor receptor (IGF-R1; ref. 24). However, the role of

fibroblasts in the acquisition of resistance to trastuzumab and

lapatinib in HER2-positive breast cancer has not been widely

explored. Therefore, we have used fibroblasts isolated from healthy

donors and from patients with breast cancer to study the cross-talk

between fibroblasts and breast cancer cells. We have also developed

a platform to identify new targets related to tumor escape from anti-

HER2 therapies.

Materials and Methods
Cell lines and cultures

Human breast cancer cell lines (MDA-MB-453, BT-474, and SK-

BR-3) were obtained from the ATCC (2008–2009) and validated by

single locus short tandem repeat typing (Bio-Synthesis, Inc.) before its

use. Cells were cultured under a humidified atmosphere of 5% CO2 at

37�C in DMEM-F12 (Gibco) growing medium, supplemented

with 10% FBS (Gibco), 5% Glutamax (Gibco), and 5% fungizone–

penicillin–streptomycin mixture (Invitrogen), hereafter referred to as

complete culturemedium. For theBT-474 cell line, 10mg/mLof insulin

(Sigma) was added to the media. Mycoplasma test (EZ-PCR Myco-

plasma Test Kit, Biological Industries) was performed every two weeks

to ensure culture conditions.

All cell lines were infected with a lentiviral pBabe-Puro construct

encoding a puromycin-resistant gene and also expressing mCherry-

LUC, using X-treme GENE 9 reagent (Roche), at a 1:6 ratio (DNA:

transfection reagent). After infection, cells were cultured in the

presence of puromycin to select the cells that had incorporated the

vector, and finally mCherry-LUC–positive cells were sorted by flow

cytometry.

GenerationofmCherry-LUCþbreast cancer cell lines resistant to

trastuzumab and lapatinib

MDA-MB-453, BT-474, and SK-BR-3 cell lines were initially grown

in media containing 1 mmol/L of lapatinib and 100 mg/mL of trastu-

zumab. The concentration was gradually increased over the following

5 months to 4 mmol/L of lapatinib and 200 mg/mL of trastuzumab to

establish lapatinib-resistant (SK-BR-3-LAP, BT-474-LAP, MDA-MB-

453-LAP) and trastuzumab-resistant (SK-BR-3-TZ, BT-474-TZ,

MDA-MB-453-TZ) cell lines (Supplementary Fig. S1A).

Generation of human-derived fibroblast cell lines

To establish the nontumor-associated fibroblast cell lines, we

obtained fresh healthy mammary tissue from women undergoing

reduction mammoplasty. To establish the TAF cell lines, a tumor-

ectomy specimenwas collected from 4 patients with breast cancer (two

HER2þþþ patients, and two HER2� patients). All samples were

collected under the approval of the Institutional Review Board of

Clinica Planas andHospital Clinic in Barcelona, informed consent was

obtained from all subjects. Tissue from all specimens was minced into

small pieces and digested to further isolate the fibroblast population.

Fibroblasts were seeded in 10% FBS-DMEM medium and placed in a

plastic plate to be cultured in regular conditions (37�C in a humidified

5%CO2 atmosphere). To select the fibroblasts and separate them from

all the other cell populations in the sample, we applied differential

trypsinization.

To immortalize the primary human normal mammary fibroblasts

from reduction mammoplasties (RMF) and TAFs, a retroviral

vector pMIG (MSCV-IRES-GFP; kindly provided by Kornelia

Polyak, Dana-Farber Cancer Institute, Brigham and Women's

Hospital, Boston, Massachusetts) expressing both hTERT and GFP

was introduced, using X-tremeGENE transfection reaction (Roche),

at a 1:6 ratio (DNA: transfection reagent). Fibroblasts were cultured

for 4 to 5 days and then the GFPþ cells were sorted using flow

cytometry (Supplementary Fig. S1B).

Conditioned media experiments

For the experiments with conditioned media, cells were plated in

150 cm3 until subconfluence; fresh complete culture medium was

added, and cells were incubated with 15 mL of medium for 72 hours.

The supernatant was recovered, filtered, and centrifuged (1,200 rpm

for 5 minutes) to discard unattached cells and cell debris.

Cell viability studies

To determine cell proliferation in parental and drug-resistant cell

lines, the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay

Kit (Promega) was used following the manufacturer's instructions.

Briefly, subconfluent cultures of the different cell lines were incubated

Translational Relevance

Although the development of HER2-targeted therapies has

changed the course of treatment in patients with HER2-positive

breast cancer, tumors invariably relapse. Here, we show that

tumor-associated fibroblast secretion of FGF5 promotes HER2-

targeted therapy resistance by inducing fibroblast growth factor

receptor 2 (FGFR2) activation in breast cancer cells. FGFR2

transactivates HER2 through c-Src promoting survival. We have

demonstrated that inactivating FGFR2 reduces HER2 activity and

sensitizes resistant cells to trastuzumab and lapatinib, overcoming

HER2-targeted therapy resistance. Furthermore, in HER2-positive

patients, overexpression of a-SMA, FGF5, FGFR2, and phospho-

HER2 correlated with phospho-c-Src expression and worse

prognosis. Finally, combined elevated expression of FGF5 and

phospho-HER2 correlated with lack of pathologic complete

response and worse disease-free survival in patients treated with

trastuzumab-based neoadjuvant therapy. Therefore, we have iden-

tified a clinically relevant approach for HER2 breast cancer therapy

that can be exploited to delay the onset of resistance.

TAF and FGFR2 Activation in Breast Cancer Resistance
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for 72 hours in the presence of lapatinib (0–5 mmol/L) or trastuzumab

(0–250 mg/mL) in 96-well plates. For lapatinib assays, the correspond-

ing dose of DMSO used as drug solvent (never above 0.02% v/v) was

added to the control wells as dose 0.

Experiments in mice

All animal experiments were performed in accordance with our

institution's ethics commission's regulations, following the guidelines

established by the regional authorities (Catalonia, Spain). Themice (5-

week-old female CB17/Icr Hand-PrKdcscid or 5-week-old female

athymic nude Foxn 1nu nu/nu) were bred at the medical school's

animal facility laboratory and kept under specific pathogen-free (SPF)

conditions at constant ambient temperature (22�C–24�C) and humid-

ity (30%–50%). Themice had access to sterilized food and tap water ad

libitum. After each experiment, the animals were anesthetized and

euthanized in accordance with our institution's ethics commission's

regulations. Details of specific animal experiments are fully described

in Supplementary Materials and Methods.

In vivo chicken embryo model

For the chorioallantoic membrane (CAM) xenografts, we used

premium SPF, fertile, 11-day–incubated embryonated chicken eggs.

We coinoculated 1 � 106 MDA-MB-453 cells, alone or together with

fibroblasts from different origins (RMF-39, TAF-220; ratio 1:1, diluted

in PBS andMatrigel) and tumors were grown for 6 days. The day after

inoculation, the tumors were treated with lapatinib 1 mmol/L daily for

5 days. Onday 6 after inoculation, the tumorswere excised, weight, and

measured.

Annexin V staining

Apoptosis was determined using Annexin-V-FLUOS Staining Kit

(Biovision) according to the manufacturer's instructions. Briefly,

cells from the culture supernatants and those attached to the plate

were blocked for 30 minutes with 1% BSA and then incubated for 15

minutes at 4�C with Annexin V-FITC solution and propidium

iodide (PI). Controls (binding buffer only, PI only, and

Annexin-V only) were used to set appropriate detector gains,

compensation, and quadrant gates in the FACSCalibur flow cyt-

ometer. A total of 20,000 cells for each sample were analyzed with

the Cell Quest software.

Activated HER2 FACS

SK-BR-3, MDA-MB-453, and BT-474 parental and resistant cells

lines were detached with PBS-EDTA 2 mmol/L, washed, and pre-

incubated for 20minutes with cold PBSþ 1%BSA. Then, the cells were

incubated with the primary antibody against activated HER2 (Y1248;

Millipore) at 1:60 dilution at 4�C for 1 hour. The antibody was

conjugated with an Alexa Fluor 488. Cells were then washed twice

and incubated with PI for 15 minutes. Finally, cells were washed twice

and suspended in sorting buffer (EDTA1mmol/L,HEPES 25mmol/L,

and BSA 1%). The cells were analyzed using a BD Biosciences

FACSAria III cell sorter.

FGF2 and FGF5 ELISA

FGF2 and FGF5 levels were determined using a quantitative solid-

phase sandwich ELISA (FGF2 Thermo Fisher Scientific and FGF5

LifeSpan, Inc.) and tested in triplicate following the manufacturer's

instructions. Test sensitivity ranged from15.6 to 1,000 pg/mL for FGF2

and 24.58 to 6,000 pg/mL for FGF5. Levels were determined using the

standard sigmoidal curve to find the corresponding concentration

calculated with the GraphPad software.

Patient studies

Breast tissues were surgical resection specimens from primary

tumors from consecutive breast cancers patients diagnosed between

1998 and 2000. The study was approved by the Ethics Committees of

each of the three hospitals involved in the study through cooperative

research and conducted following institutional guidelines. All experi-

ments conformed to the principles set out in the WMADeclaration of

Helsinki and the Department of Health and Human Services Belmont

Figure 1.

Cross-talk between TAFs and breast cancer cells promotes a more aggressive phenotype and cell resistance to anti-HER2 therapies. A, Cell survival after treatment

for 48 hours with trastuzumab (100 mg/mL) or lapatinib (2 mmol/L) in cells treated with normal media (media) or conditionedmedia from healthy stroma fibroblasts

(RMF), HER2-negative TAFs (HER2� TAF) or HER2-positive TAFs (HER2þ TAF). The graphs show the percentage of survival. Data, mean � SD; n ¼ 3.

B, Representative Western blot analysis of phospho-HER2 (Y1221/1222), total HER2, and b-actin in parental MDA-MB-453 cell lines treated for 24 hours with

normal media (media) or conditioned media from healthy stroma fibroblasts (RMF CM), HER2-negative TAFs (HER2� TAF CM) or HER2-positive TAFs (HER2þ TAF

CM). The b-actin controls in Figs. 1B and 2I are the same because it is the same experiment and the antibodies were done in the same membrane. C, Heatmap

depicting densitometric quantification of theWestern blot analyses inB, expressed as the ratio of activated versus total HER2 expression relative to the expression of

b-actin. Data,mean� SD;n¼ 3.D,Representative images of activatedHER2 staining (Y1248, phosphorylated levels represented as p-, in green) in parental MDA-MB-

453 cells cultured with normal media (media) or fibroblast-derived conditioned media (CM) for 72 hours. RMF (RMF-31), TAF HER2� (TAF-173), and TAF HER2þ

(TAF-200). Scale bar, 100 mm. Magnification scale bar, 50 mm. E, Tumor volume 90 days after orthotopic coinoculation in the mammary gland of MDA-MB-453 cells

alone (control) or with the different fibroblast cell lines: healthy stroma fibroblasts (RMF31, RMF39), HER2-negative TAFs (TAF HER2� 173 and 318) or HER2-positive

TAFs (TAFHER2þ 200 and 220). Data, mean� SD; n¼ 5. F,Representative images showing HER2 staining in tumors of MDA-MB-453 cells coinjected alone (control)

or with the different fibroblast cell lines: healthy stroma fibroblasts (þ RMF), HER2-negative TAFs (þ TAF HER2�), or HER2-positive TAFs (þ TAF HER2þ). Scale bar,

50 mm. Magnification scale bar, 25 mm. G,Quantification of cell viability represented as percentage of survival in MDA-MB-453 mCherryþ cells isolated from tumors

derived from the orthotopic coinoculation of MDA-MB-453 alone (control) orwith the different fibroblast cell lines [healthy stroma fibroblasts (RMF), HER2-negative

TAFs (HER2� TAF) or HER2-positive TAFs (HER2þ TAF); E)], treated for 72 hours with trastuzumab (100 mg/mL) and lapatinib (4 mmol/L). Data, mean� SD; n¼ 3.

H,Diagram representingMDA-MB-453 72-hour coculturewithfibroblasts fromdifferent origin [healthy stroma fibroblasts (RMF), HER2-negative TAFs (HER2�TAF),

or HER2-positive TAFs (HER2þ TAF)] and consecutive cell sorting of the mCherryþ population of BC cells. Graphs below show quantification of cell viability,

represented as percentage of survival of the sorted cells treatedwith increasing doses of trastuzumab (0–100 mg/mL) and lapatinib (0–2 mmol/L) for 48 hours. Black

lines representMDA-MB-453 cells cultured alone; gray lines representMDA-MB-453 cells culturedwith healthy stromalfibroblasts (RMF-31); light pink lines represent

MDA-MB-453 cells culturedwith HER2-negative TAFs (HER2�TAF-318); dark pink lines representMDA-MB-453 cells culturedwith HER2-positive TAFs (HER2þ TAF-

200). Data, mean� SD, n¼ 3. I,Representative images showing activated HER2 levels (Y1248, phosphorylated levels represented as p-, in red) in MDA-MB-453 cells

cocultured with GFPþ fibroblast cell lines in green for 72 hours [healthy stroma fibroblasts (RMF31), HER2-negative TAFs (HER2� TAF-318) or HER2-positive TAFs

(HER2þTAF-200)]. Scale bar, 150mm.Heatmapbelow shows activatedHER2 levels quantified asmean fluorescence intensity (MFI). Data,mean�SD;n¼ 3. J,Tumor

weight 6 days after orthotopic coinoculation in the CAM of day 11 chicken embryos of MDA-MB-453 cells alone (control) or with the different fibroblast cell lines:

healthy stroma fibroblasts (RMF39) and HER2-positive TAFs (TAF HER2þ 220) treated daily for 5 days with lapatinib 1 mmol/L. Data, mean � SD; n ¼ 5. n.s.,

nonsignificant; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 by ANOVA with Sidak post hoc multiple comparison test.

TAF and FGFR2 Activation in Breast Cancer Resistance
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Report. Representative areas of each tumor were carefully selected and

three tissue cores (1 mm diameter) were obtained using a TMA

workstation (T1000 Chemicon). An additional cohort of 64 patients

diagnosed of early HER2-positive breast cancer treated with neoadju-

vant trastuzumab-containing therapy was selected, and pretreatment

diagnostic core biopsies were assayed. Pathologic complete response

(pCR) was defined as no histologic evidence of invasive disease both in

breast and axillary lymph nodes. For further details about IHC staining

and quantification, see human samples and histologic scoring section

in Supplementary Materials and Methods section.

Results
Cross-talk between TAFs and breast cancer cells promotes a

more aggressive phenotype and cell resistance to anti-HER2

therapies

To examine the potential impact of fibroblasts on resistance to

trastuzumab and lapatinib, we developed several fibroblast cell lines

from different origins: fibroblasts from healthy breast tissue obtained

from reductionmammoplasties [reductionmammoplasties fibroblasts

(RMF-31 and RMF-39)], and fibroblasts associated with HER2-

negative and HER2-positive breast tumors obtained from tumorec-

tomies in different patients, hereafter referred to as HER2-negative

TAFs (TAF-173andTAF-318) andHER2-positive TAFs (TAF-200 and

TAF-220; Supplementary Fig. S1B). Then, we analyzed the fibro-

blasts’ activation profile by measuring their expression of fibroblasts

specific protein (FSP), a-SMA and S100 calcium binding protein A4

(S100A4; Supplementary Fig. S1C and S1D). As reported

elsewhere (25), the expression of FSP, a-SMA, and S100A4 was

higher in TAF cell lines than in healthy fibroblast cell lines

(Supplementary Fig. S1C and S1D).

We first tested the effect of fibroblast conditioned media on HER2-

positive breast cancer cells proliferation.We cultured the fibroblast cell

lines for 48 hours and collected the conditioned media and cultured

HER2-positive breast cancer cells in this fibroblast-conditioned media

for 72 hours. We found that treatment with either healthy stroma

fibroblasts or HER2-negative TAFs or HER2-positive TAFs derived

conditioned media did not affect breast cancer cells proliferation

in vitro (Supplementary Fig. S2A). To determine the contribution of

the fibroblast population to resistance to trastuzumab and lapatinib,

we treatedHER2-positive breast cancer cell lineswith trastuzumab and

lapatinib in the presence or absence of the fibroblast-conditioned

media and performed cell proliferation assays (Fig. 1A). Interestingly,

exposing cells to TAFs conditioned media promoted survival in all cell

lines in the presence of trastuzumab and lapatinib (Fig. 1A). Sensitivity

to trastuzumab and lapatinib was reduced even more in the cells

exposed to the conditioned media from cultures of HER2-positive

TAFs (Fig. 1A). On the contrary, culturing cells with normal fibroblast

conditionedmedia had little effect, except for the SK-B-R3 cells treated

with trastuzumab, or even decreased survival in the presence of

lapatinib (Fig. 1A). Interestingly, incubation of MDA-MB-453 cells

with TAFs cultures conditioned media induced HER2 activation

(Fig. 1B–D; Supplementary Fig. S2B), which was greater when the

cells were exposed to the medium derived from HER2-positive TAFs.

These results suggest that TAFs secrete soluble factors that can induced

resistance to trastuzumab and lapatinib by maintaining HER2

activated.

To investigate breast cancer cell cross-talk with TAFs in vivo, we

coinoculated MDA-MB-453 cells, alone or together with fibroblasts

from different origins into the mammary fad pads of SCID mice. The

tumors growing from the MDA-MB-453 cells injected together with

the HER2-positive TAFs grew slightly faster than those growing from

MDA-MB-453 cells injected with the other types of fibroblasts or from

MDA-MB-453 cells alone; furthermore, coinoculation with HER2-

positive TAFs gave rise to larger tumors (Fig. 1E), suggesting that these

fibroblasts promote tumor proliferation and survival. Interestingly,

coinoculation with healthy stroma fibroblasts resulted in smaller and

less aggressive tumors, suggesting these nonactivated fibroblastsmight

play a protective role against tumor growth (Fig. 1E). In agreement

with our in vitro findings, the tumors developing after the coinocula-

tion of MDA-MB-453 cells with HER2-positive TAFs showed higher

HER2 expression (Fig. 1F), whereas the tumors developing from the

coinoculation with healthy stroma fibroblasts showed lower HER2

expression (Fig. 1F). When we analyzed the stroma of the tumors, we

found that the tumors developing from the coinoculation with HER2-

positive TAFs had more a-SMA–positive infiltrating fibroblasts than

those developing from inoculation with MDA-MB-453 cells alone or

together with HER2-negative TAFs or with healthy stroma fibroblasts

(Supplementary Fig. S2C).

To test whether coevolution of breast cancer cells with the fibro-

blasts changed the phenotype of the MDA-MB-453 cells, we estab-

lished primary cultures from each tumor and tested their sensitivity to

trastuzumab and lapatinib. Proliferation assays showed that the cells

from tumors that developed from coinoculation with HER2-positive

TAFs had a phenotype that was more resistant to anti-HER2 therapies

(Fig. 1G). The analysis of HER2 expression in these primary cultures

further showed that the HER2 overexpression found in the tumors

in vivowas maintained over time in the primary cultures derived from

these tumors (Supplementary Fig. S2D and E). To determine if the

effect that we observed in vivo was mediated directly by the fibroblasts

and not by other populations recruited to the tumor, we seededMDA-

MB-453-mCherry cells with the different populations of fibroblasts for

72 hours. Then, we sorted MDA-MB-453-mCherry cells to separate

them from the fibroblasts (GFP positive) and seeded and treated them

with lapatinib or trastuzumab to assess viability (Fig. 1H; Supple-

mentary Fig. S2F).We found that coculturewith normalfibroblasts did

not affect breast cancer cells viability; however, coculture for 72 hours

in the presence of TAFs increased viability and induced resistance to

both trastuzumab and lapatinib (Fig. 1H). As in the previous experi-

ments, this protective effect was more pronounced when the cells were

cocultured with HER2-positive TAFs (Fig. 1H). Furthermore, our

results also showed that coculture with TAFs inducedHER2 activation

in breast cancer cells and this activation was greater in the cocultures

with HER2-positive TAFs (Fig. 1I).

Finally, to show that the coinoculation with HER2-positive TAFs

induces resistance to HER2-targeted therapies in vivo, we inocu-

lated MDA-MB-453 cells alone or coinoculated with either healthy

stromal fibroblasts or HER2-positive TAFs in the CAM of day 11

chicken embryos and treated the tumors for 5 days with lapatinib.

Similar to what happened when we coinoculated the cells ortho-

topically in nude mice (Fig. 1E), the tumors derived from the

coinoculation with HER2-positive TAFs were bigger (Fig. 1J).

Interestingly, MDA-MB-453 cells inoculated alone or with RMFs

were sensitive to lapatinib and the tumor weight 6 days after

inoculation was reduced (Fig. 1J). However, MDA-MB-453 cells

coinoculated with HER2-positive TAFs were resistant to lapatinib

treatment and tumor weight was not altered (Fig. 1J). These results

support our data indicating that HER2-positive fibroblasts can

induce lapatinib resistance in breast cancer cells in vivo. Therefore,

our results suggest that co-inoculation with HER2-positive TAFs

reprograms breast cancer cells into a resistant phenotype by keeping

HER2 upregulated and activated.

Fern�andez-Nogueira et al.
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HER2 oncogene addiction and alternative FGFR2 signaling in

breast cancer cell lines resistant to trastuzumab and

lapatinib

We hypothesized that soluble factors secreted by HER2-TAFs

probably promoted the survival of HER2-positive breast cancer cells

by activating alternative compensatory HER2 pathways.

Therefore, to identify new potential targets related to tumor escape

from anti-HER2 therapies, we developed a panel of several breast

cancer cell lines resistant to trastuzumab and to lapatinib. For this

purpose, we selected three cell lines that have different patterns of

HER2 overexpression or amplification reflecting the molecular het-

erogeneity in hormone receptors among patients with breast cancer:

MDA-MB-453, which shows HER2 overexpression with no amplifi-

cation of the 17q chromosome, and BT-474 and SK-BR-3, which both

show 17q12 copy number gain.

We developed the resistant phenotypes by continuously exposing

the parental wild-type cell lines to increasing concentrations of

trastuzumab or lapatinib for 5 months and selecting the resistant

population that survived each round of treatment (Supplementary

Fig. S1A). To ensure some degree of heterogeneity in the residual

population, we adjusted drug doses to avoid reductions in the cell

population of more than 80%. To confirm the resistance of the

generated cell lines, we performed cell growth assays and clonogenic

assays for the parental and resistant cell lines treated with increasing

doses of trastuzumab or lapatinib (Supplementary Fig. S3A and S3B).

FISH analysis for HER2 to identify chromosomal divergences

between the parental and resistant cell lines revealed no significant

differences in copy number gain among the different cell lines (Sup-

plementary Fig. S3C). Furthermore, the resistant cell lines showed no

changes in the expression of estrogen and progesterone receptors

(Table 1).

To determine whether the drug-resistant cell lines remained depen-

dent on the HER2 pathway, we analyzed HER2 activity under drug

pressure (Fig. 2A–C). We found that in basal conditions the levels of

HER2phosphorylation in drug-resistant cell lineswere similar to those

of the parental cell lines (Fig. 2A–C; Supplementary Fig. S4A).

Interestingly, under drug pressure, all the cell lines overactivated the

HER2 pathway (Fig. 2A–C; Supplementary Fig. S4A). Staining for

total HER2 showed a similar degree of HER2 protein expression in all

the cell lines (Fig. 2B; Supplementary Fig. S4B and S4C). These results

suggest that the trastuzumab-resistant and lapatinib-resistant pheno-

types retain HER2 oncogene addiction.

We also studied the activation of survival and proliferation path-

ways in parental and resistant cells (Supplementary Fig. S4D). Our

results showed that treatment with trastuzumab and lapatinib inhib-

ited AKT activation in parental cells (Supplementary Fig. S4D).

However, resistant cells were less sensitive to AKT inhibition (Sup-

plementary Fig. S4D). In addition, treatment with HER2-targeted

therapies reduced ERK phosphorylation in resistant cells (Supple-

mentary Fig. S4D). Nevertheless, parental cells seem to be less sensitive

to ERK inhibition by lapatinib or trastuzumab (Supplementary

Fig. S4D). Therefore, our results suggest that resistant cell lines adapt

and keep AKT activated even in the presence of HER2-targeted

therapies.

Because the HER2 pathway is still active even when the receptor

is being inhibited by specific anti-HER2 drugs, we hypothesized

that HER2 activation might be regulated through indirect trans-

activation. We performed a RTK phospho-protein array (26) to

compare phosphorylated RTKs levels in the resistant versus

parental cell lines (Fig. 2D). We found that several phosphorylated

RTKs were notably upregulated in the resistant cell lines. Some of

these RTKs [e.g., IGFR (24), HGFR (27), and some EPHRIN

receptors (28)] have been related to failure of anti-HER2 therapies,

so it seems that our system successfully identified already known

mechanisms to promote resistance to anti-HER2 therapies

(Fig. 2D).

Next, we identified potential receptors to study for each of the two

anti-HER2 drug treatments, selecting receptors that were differentially

overactivated in at least two of the three resistant cells lines in our

model. We identified 13 receptors overactivated in the trastuzumab-

resistant cell lines and 7 in the lapatinib-resistant cell lines; 4 of these

[fibroblast growth factor receptor 2 (FGFR2), insulin receptor (INSR),

Ret proto-oncogene (RET), and kinase insert domain receptor (KDR)]

were commonly overactivated in both trastuzumab-resistant and

lapatinib-resistant cell lines (Fig. 2E). The role of INSR and KDR on

trastuzumab resistance had already been described (29, 30). However,

there was little literature about the role of FGFR2 and RET in HER2

therapies resistance and because our previous results showed that

TAFs were involved in mediating HER2-targeted therapies resistance

(Fig. 1), we decided to focus on the role of FGFR2 in facilitating TAF-

mediated resistance.

To investigate the role of FGFR2 in establishing the drug-

resistant phenotype, we first analyzed FGFR2 levels and activation

in response to trastuzumab and lapatinib in the different cell lines

(Fig. 2F and G; Supplementary Fig. S4E). We found that the

resistant cell lines also expressed higher levels of FGFR2 receptor

at the transcript level (Fig. 2F). Moreover, in basal conditions

lapatinib resistant cell lines express higher levels of phosphorylated

FGFR2 than parental cells, suggesting that in the resistant cell lines

this pathway is activated even before treatment (Fig. 2G; Supple-

mentary Fig. S4E). Furthermore, after trastuzumab and lapatinib

treatments, FGFR2 was further activated in both the parental and

drug-resistant cell lines (Fig. 2G). These results suggest that the

resistant cell lines have a higher dependence on the FGFR2 pathway

than the parental cell lines.

We explored next whether the cross-talk between fibroblasts and

cancer cells was mediated by the activation of the FGFR2 pathway.

Therefore, we tested whether treatment of breast cancer cells with

fibroblast-conditioned media promotes FGFR2 activation (Fig. 2H

and I; Supplementary Fig. S4F). ExposingMDA-MB-453 parental cells

to TAF-conditioned media induced FGFR2 activation, and its activa-

tion was greater when the cells were treated with HER2-positive TAF

conditioned media (Fig. 2H and I; Supplementary Fig. S4F). In

addition, when we analyzed FGFR2 activation in primary cultures of

the tumors that developed fromMDA-MB-453 cells coinoculated with

Table 1. Modulation of breast cancer markers with the resistant

phenotype.

Cell line ER PR CK5

Parental SK-BR-3 0 0 0

Trastuzumab-resistant SK-BR-3 0 0 0

Lapatinib-resistant SK-BR-3 0 0 0

Parental BT-474 2 2 0

Trastuzumab-resistant BT-474 3 3 0

Lapatinib-resistant BT-474 3 3 0

Parental MDA-MB-453 0 0 0

Trastuzumab-resistant MDA-MB-453 0 0 0

Lapatinib-resistant MDA-MB-453 0 0 0

Abbreviations: CK5, cytokeratin 5; ER, estrogen receptor; PR, progesterone

receptor.

TAF and FGFR2 Activation in Breast Cancer Resistance
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fibroblasts (Fig. 1E), we found higher FGFR2 activation in those cells

derived from MDA-MB-453 coinjected with HER2-positive TAFs

(Fig. 2J; Supplementary Fig. S4G), which suggests that the cross-

talk between breast cancer cells and HER2-positive TAFs stimulates

FGFR2 activation in breast cancer cells.

FGF ligands regulate the survival of trastuzumab and lapatinib-

resistant cell lines through activation of FGFR2 pathway and

HER2 transactivation by c-Src

To further evaluate the role of fibroblasts in FGFR2 activation, we

analyzed the expression of FGFR2 ligands in healthy fibroblasts and

TAFs (Supplementary Fig. S5A). We found that FGF1, FGF2, FGF5,

FGF7, and FGF9 were upregulated in TAFs at the mRNA level

(Supplementary Fig. S5A). We then tested the protein expression of

these ligands in healthy stroma fibroblasts and TAFs and found that

FGF5 was upregulated in TAFs (Fig. 3A and B). Interestingly,

HER2-positive TAFs express the highest levels of FGF5 (Fig. 3A

and B). Furthermore, using ELISA, we found that HER2-positive

TAFs secrete higher levels of FGF5 (Fig. 3C) than the other

fibroblasts.

Next, we explored the roles of FGF2 and FGF5 in activating

FGFR2 and inducing HER2 transactivation and resistance to lapa-

tinib and trastuzumab. First, we treated the resistant MDA-MB-453

cells with FGF2 and FGF5, which, as expected, induced FGFR2

activation (Fig. 3D). More interestingly, both FGF2 and FGF5

promoted HER2 activation, both in parental (Fig. 3E) and princi-

pally in resistant cell lines (Fig. 3F). Next, we performed prolifer-

ation assays in parental and resistant cell lines pretreated with FGF2

or FGF5 before treatment with trastuzumab and lapatinib (Fig. 3G

andH). In the absence of trastuzumab and lapatinib, treatment with

FGF2 and FGF5 only induced proliferation in resistant cell lines

(Fig. 3G and H), suggesting the resistant cells lines are more

dependent on FGFR2 signaling for proliferation in basal conditions

than the parental cells. In addition, pretreatment with the ligands

increased resistance to trastuzumab slightly in trastuzumab resis-

tant cells, but not in parental cell lines (Fig. 3G). Interestingly,

pretreating the parental and lapatinib resistant cell lines with FGF2

and FGF5 had a protective effect against lapatinib in both parental

and resistant cell lines, but the effect was more accentuated in the

lapatinib-resistant cells (Fig. 3H). These results suggest that FGF2

and FGF5 can induce survival in the presence of anti-HER2–

targeted therapies, especially in resistant cell lines. Furthermore,

our data suggest that this protective effect is mediated via HER2

transactivation by FGFR2.

We have previously shown that HER2 transactivation by

G-protein–coupled receptors can be mediated by c-Src activa-

tion (31); hence, we studied whether treatment with FGF ligands

or with the fibroblast conditioned media induced c-Src activation

in our cells (Fig. 3I and J).Treatment with FGF2 and FGF5 lead to

c-Src activation in resistant cells (Fig. 3I). Furthermore, c-Src

activation was higher when the cells were treated with FGF5

(Fig. 3I). In addition, culturing parental cells with HER2-positive

TAFs conditioned media, induced a slight c-Src activation as well

(Fig. 3J).

To test whether c-Src activation by FGF5 or TAFs conditioned

media was responsible for HER2 activation, we pretreated resistant

cells with a c-Src inhibitor (4-(40-phenoxyanilino)-6,7-dimethoxyqui-

nazoline) and then treated them with FGF5 or HER2–positive TAFs

conditioned media (Fig. 3K; Supplementary Fig. S5B). We found that

both FGF5 andHER2-postive TAFs conditionedmedia inducedHER2

and FGFR2 activation (Fig. 3K; Supplementary Fig. S5B). However,

treatment with a c-Src inhibitor reversed HER2 activation, without

affecting FGFR2 activation (Fig. 3K; Supplementary Fig. S5B), which

suggests that c-Src activation by FGFR2 is partially responsible of

HER2 transactivation.

Finally, to assess whether HER2 phosphorylation was dependent on

FGFR2 activation, we treated resistant cell lines with two FGFR2

inhibitors, infigratinib and ponatinib. In the resistant cell lines, both

Figure 2.

HER2 oncogene addiction and alternative FGFR2 signaling in breast cancer cell lines resistant to trastuzumab and lapatinib. A, Representative images of phospho-

HER2 staining (Y1248, phosphorylated levels represented as p-, in red) in SK-BR-3, BT-474, and MDA-MB-453 parental and drug-resistant cells lines (trastuzumab

resistant, Tz-resistant, and lapatinib resistant, Lap-resistant) treated with trastuzumab (100 mg/mL) and lapatinib (4 mmol/L) for 72 hours. Scale bar, 50 mm. Bottom,

graphs showing activated HER2 (Y1248, phosphorylated) levels quantified as mean fluorescence intensity (MFI). Trastuzumab resistant (Tz-res) and lapatinib

resistant (Lap-res). Data, mean� SD; n¼ 3. B, RepresentativeWestern blot analysis of phospho-HER2 (Y-1221/22) and total levels of HER2 in SK-BR-3, BT-474, and

MDA-MB-453 parental and trastuzumab-resistant cells lines (Tz-res.) treated with trastuzumab (Tz; 100 mg/mL) for 2 hours. Heatmap below shows densitometric

quantification of theWestern blot analyses, expressed as the ratio of activated versus total HER2 expression relative to the expression of b-actin or a-tubulin. Data,

mean� SD; n¼ 3. C, Flow cytometry quantification of the percentage of phospho-HER2–positive cells (Y1248) in SK-BR-3, BT-474, and MDA-MB-453 parental and

lapatinib-resistant cell lines treated with lapatinib 1 mmol/L for 72 hours. Data, mean� SD for all three cell lines, n¼ 2.D,Heatmap depicting the relative active status

for the 42RTKs in the study. For each receptor, themeanvalue of the densitometric quantification in the resistant cell lineswas comparedwith that of the parental cell

line. n¼ 3. E, Venn diagram representing the RTKs that were overactivated in at least two of the three resistant cell lines to trastuzumab in purple and to lapatinib in

green. Intersection shows common RTKs overactivated in both HER2-targeted therapy–resistant models. F, FGFR2 qPCR in parental, trastuzumab-resistant, and

lapatinib-resistant SK-BR-3, BT-474, and MDA-MB-453 cells. Data, mean � SD, n ¼ 3. G, Representative images showing phospho-FGFR2 (Y653-654,

phosphorylated levels represented as p-, in red) staining in SK-BR-3, BT-474, and MDA-MB-453 parental and drug-resistant cell lines (trastuzumab resistant,

Tz-resistant, and lapatinib resistant, Lap-resistant) treated with trastuzumab (100 mg/mL) and lapatinib (4 mmol/L) for 72 hours. Scale bar, 50 mm. Bottom, graphs

showing phosphorylated (Y653-654) FGFR2 level quantification (MFI) of the images in G. Trastuzumab resistant (Tz-res) and lapatinib resistant (Lap-res). Data,

mean� SD, n¼ 3.H,Representative images showing phospho-FGFR2 (Y653-654, phosphorylated levels represented as p-, in red) staining in parental MDA-MB-453

cell lines cultured for 72 hourswith normalmedia (media) or conditionedmedia fromhealthy stroma fibroblasts (RMFCM, RMF-31), HER2-negative TAFs (HER2�TAF

CM, TAF-318), or HER2-positive TAFs (HER2þ TAF CM, TAF-200). Scale bar, 100 mm. Magnification scale bar, 25 mm. I,Western blot of phosphorylated (Y769) and

total levels of FGFR2 and b-actin in parental MDA-MB-453 cell lines treated for 24 hours with normal media (media) or conditioned media from healthy stroma

fibroblasts (RMFCM), HER2-negative TAFs (HER2�TAFCM), or HER2-positive TAFs (HER2þTAFCM). Heatmap showsdensitometric quantification expressed as the

ratio of activated versus total FGFR2 expression relative to the expression of b-actin. The b-actin controls in Figs. 1B and 2I are the same because it is the same

experiment and the antibodies were done in the same membrane. Data, mean � SD, n ¼ 2. J, Representative images showing phospho-FGFR2 (Y653-654,

phosphorylated levels represented as p-, in red) staining in the MDA-MB-453 mCherryþ primary cultures isolated from the tumors derived from the coinoculation

of MDA-MB-453 cells alone (control) or with the different fibroblast cell lines: healthy stroma fibroblasts (þRMF31), HER2-negative TAFs (þTAF HER2� 173), or

HER2-positive TAFs (þTAF HER2þ 220; Fig. 1E). Scale bar, 50 mm. Magnification scale bar, 25 mm. For FGFR2-activated level quantification, see Supplementary

Fig. S4G. � , P < 0.05; �� , P < 0.01. ��� , P < 0.001; ���� , P < 0.0001 by ANOVA with Sidak post hoc multiple comparison test.

TAF and FGFR2 Activation in Breast Cancer Resistance
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drugs inhibited FGFR2 activation (Supplementary Fig. S5C). We

found that FGFR2 inhibition decreased HER2 phosphorylation

(Fig. 3L; Supplementary Fig. S5D).

The secretome of cells resistant to trastuzumab and lapatinib

activates fibroblasts and induces a resistant phenotype in

parental cell lines

We next analyzed whether the drug-resistant cell lines also

secreted soluble factors able to enhance breast cancer cells’ resis-

tance. We found that resistant cells expressed higher levels of FGF5

(Fig. 4A and B). This suggested that the resistant cell lines might

also be able to activate FGFR2 and induce resistance. To test this

hypothesis, we treated the parental cell lines with the conditioned

media collected from cultures of drug-resistant cell lines and

performed proliferation assays in the presence or absence of

trastuzumab and lapatinib. Interestingly, exposure to the soluble

factors secreted by the drug-resistant cells induced resistance to

trastuzumab and lapatinib in parental cells lines (Fig. 4C) and

induced FGFR2 and HER2 activation (Fig. 4D and E; Supplemen-

tary Fig. S5E and S5F), further suggesting that the resistant cell

lines can fuel resistance in a paracrine manner by secreting FGFR2

ligands. We next tested whether the secretome of cell lines resistant

to HER2-targeted therapies can affect the phenotype of the fibro-

blasts. Exposure to the resistant cells conditioned media increased

a-SMA and S100A4 expression; the increase was more evident

with exposure to conditioned medium from lapatinib-resistant

cells (Fig. 4F; Supplementary Fig. S5G). Furthermore, treatment

of parental cells with the conditioned media of these activated

healthy stroma fibroblasts induces resistance to lapatinib and

trastuzumab (Fig. 4G; Supplementary Fig. S5H), although the

effect was more pronounced in the case of lapatinib (Fig. 4G).

These results suggest that resistant tumor cells can modify their

surrounding microenvironment to make it more favorable for their

survival and proliferation.

FGFR2 inhibitors reduce tumor progression and reverse

resistance to HER2-targeted therapies in trastuzumab-resistant

and lapatinib-resistant cells

To further evaluate the role of FGFR2 in resistance, we treated

parental and resistant cells with FGFR2 inhibitors and analyzed

their effect on survival and apoptosis. We found that as we

expected resistant cell lines were more dependent on FGFR2 for

survival than parental cell lines and therefore had lower IC50s for

FGFR2 inhibitors than parental cell lines (Fig. 5A). In addition,

trastuzumab- and lapatinib-resistant cell lines were more sensitive

to apoptosis induction upon FGFR2 inhibition than parental cells

(Fig. 5B). These results suggested that the survival of cell lines

resistant to trastuzumab and lapatinib depends on FGFR2 pathway

activation. Consequently, we tested whether FGFR2 inhibitors

could reprogram trastuzumab-resistant and lapatinib-resistant

cells to make them sensitive to these treatments. Combination of

FGFR2 inhibitors and trastuzumab or lapatinib decreased even

more the IC50s, for FGFR2 inhibitors suggesting that inhibition of

FGFR2 and HER2 has a synergistic effect (Fig. 5A). Furthermore,

combination of FGFR2 inhibitors with either lapatinib or trastu-

zumab potentiated apoptosis in drug-resistant cell lines (Fig. 5B).

Therefore, combining both FGFR2 inhibitors with trastuzumab

and lapatinib resulted in additive cytotoxicity in in vitro models in

parental and resistant cell lines (Fig. 5A and B). Nevertheless, the

additive effect was always more dramatic in drug-resistant cells

(Fig. 5B).

To further evaluate the effect of the FGFR2 inhibitors in vivo, we

inoculated resistant MDA-MB-453 cell lines into the mammary fad

pad of athymic nude Foxn 1nu nu/nu mice. Once the tumors reached

100 mm3, we administered a HER2-targeting agent (trastuzumab or

lapatinib) alone, a FGFR2 inhibitor (ponatinib or infigratinib) alone, or

a combination of a HER2-targeting agent and a FGFR2

inhibitor. Figure 5C shows the growth curves of the tumors derived

from drug-resistant cell lines. All treatments reduced tumor growth

Figure 3.

FGF ligands regulate the survival of trastuzumab and lapatinib-resistant cell lines through activation of FGFR2 pathways and HER2 transactivation by c-Src.

A, Representative Western blot analysis of FGF2 and FGF5 levels in fibroblasts from healthy stroma (RMF31, RMF39) and TAFs derived from HER2-negative breast

cancer tumors (TAF HER2� 173) or HER2-positive tumors (TAF HER2þ 200 and 220). B, Heatmap depicting densitometric quantification of FGF5 and FGF2

expression relative to the expression of a-tubulin of the Western blot analysis in A. Data, mean � SD, n ¼ 2. C, FGF5 levels measured by ELISA in healthy stroma

fibroblast (RMF) and TAFs derived from HER2-negative breast cancer tumors (TAF HER2�) or HER2-positive tumors (TAF HER2þ). Data, mean � SD, n ¼ 3.

D,Western blot analysis of phosphorylated (Y769) and total levels of FGFR2 in trastuzumab (Tz-) and lapatinib (Lap-) resistant MDA-MB-453 cell lines treated with

FGF2 and FGF5 (100 ng/mL) for 5 minutes. Heatmap below shows densitometric quantification of the ratio of activated versus total FGFR2 expression normalized

with b-actin ora-tubulin. Data, mean� SD. E, Representative images showing activated HER2 (Y1248, phosphorylated levels represented as p-, in green) staining in

parental MDA-MB-453 cells treated with FGF2 and FGF5 (100 ng/mL) for 10 minutes. Scale bar, 200 mm. Magnification scale bar, 50 mm. F,Western blot analysis of

phosphorylated (Y-1221/22) and total levels of HER2 in trastuzumab (Tz-) and lapatinib (Lap-) resistant MDA-MB-453 cell lines treated with FGF2 and FGF5 for 5

minutes. Heatmap below shows densitometric quantification of the ratio of activated versus total HER2 expression normalized with b-actin ora-tubulin. Data, mean

� SD, n¼ 2.G,Quantification of cell viability represented as percentage of survival ofMDA-MB-453 parental and trastuzumab (Tz-)-resistant cells after pretreatment

with FGF2 and FGF5 ligands (100 ng/mL) for 24 hours and consecutive treatment with trastuzumab (100 mg/mL) for 48 hours. Data, mean � SD, n ¼ 3.

H,Quantification of cell viability represented as percentage of survival ofMDA-MB-453 parental and lapatinib (Lap-)-resistant cells after pretreatmentwith FGF2 and

FGF5 ligands (100 ng/mL) for 24 hours and consecutive treatment with lapatinib (1 mmol/L) for 48 hours. Data, mean � SD, n ¼ 3. I, Western blot analysis of

phosphorylated (Y-416) and total levels of c-Src in trastuzumab (Tz-) and lapatinib (Lap-)-resistant MDA-MB-453 cell lines treatedwith FGF2 and FGF5 ligands (100

ng/mL) for 5minutes. Heatmap below shows densitometric quantification of the ratio of activated versus total c-Src expression normalizedwith b-actin ora-tubulin.

Data,mean� SD. J,Western blot analysis of phosphorylated (Y-416) and total levels of c-Src in parentalMDA-MB-453 cell lines treatedwith normalmedia (media) or

conditioned media from healthy stroma fibroblasts (RMF 39 CM), HER2-negative TAFs (HER2� TAF 173 CM), or HER2-positive TAFs (HER2þ TAF 200 CM) for

24 hours. Heatmap below shows densitometric quantification of the ratio of activated versus total c-Src normalized with of a-tubulin. Data, mean � SD, n ¼ 2.

K,Western blot analysis of phosphorylated and total levels of HER2 (Y1221/1222) and FGFR2 (Y769) inMDA-MB-453 trastuzumab (Tz-) and lapatinib (Lap-)-resistant

cell lines pretreated with a c-Src inhibitor (1 mmol/L) for 2 hours and then treated with FGF5 (100 ng/mL) for 6 hours (trastuzumab resistant) or with the conditioned

media fromHER2þ TAFs for 24 hours (lapatinib resistant). Heatmap below shows densitometric quantification of the ratio of activated versus total HER2 and FGFR2

expression normalized with b-actin or a-tubulin. Data, mean � SD, n ¼ 3. L, Western blot analysis of the phosphorylated and total levels of HER2 (Y1221/1222)

in trastuzumab (Tz-) and lapatinib (Lap-)-resistant MDA-MB-453 cell lines treated with FGFR2 inhibitors (ponatinib and infigratinib, 2 mmol/L for 24 hours).

Heatmap below shows densitometric quantification of the ratio of activated to total HER2 expression normalized with a-tubulin. Data represent, � SD, n ¼ 3.
� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001 by ANOVA with Sidak post hoc multiple comparison test.
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significantly (Fig. 5C). Interestingly, in the tumors derived from

resistant cell lines, both FGFR2 inhibitors administered alone

decreased cell survival and tumor size more than the anti-HER2 drugs

administered alone, suggesting that FGFR2 is a significant driver of

proliferation and survival in resistant cells (Fig. 5C; Supplementary

Fig. S5I).

Furthermore, we found that adding FGFR2 inhibitorsmakesHER2-

targeting therapies more effective. In both drug-resistant models,

combined treatments were the most effective (Fig. 5C; Supplementary

Fig. S5I). Moreover, although treatment with FGFR2 inhibitors had

little effect on HER2 expression, administration of trastuzumab or

lapatinib together with FGFR2 inhibitors consistently resulted in

greater inhibition of HER2 expression (Fig. 5D). In addition, admin-

istering FGFR2 inhibitors reduced infiltration by fibroblasts, and the

reduction was greater when FGFR2 inhibitors were combined with

trastuzumab or lapatinib (Fig. 5E).

Moreover, treatment with FGFR2 inhibitors reversed the resistance

to trastuzumab and lapatinib that was induced by the fibroblast-

conditioned media (Fig. 5F). These results are further evidence of

the important role of fibroblasts in maintaining resistance to HER2-

targeting therapies. Altogether, our results indicate thatHER2-positive

TAFs produce higher levels of FGFR2 ligands, which activate FGFR2

and mediate breast cancer cells’ resistance to trastuzumab and lapa-

tinib through HER2 transactivation.

Prevalence of TAFs, FGF5, FGFR2, c-Src, and activated

HER2 and c-Src expression in human HER2-positive breast

cancer

To determine the clinical relevance of the TAFs/ FGFs/ FGFR2/

c-Src triggered resistance mechanism described, we first analyzed the

levels of FGFR2 by IHC in a cohort of breast cancer specimens

(Supplementary Fig. S6A). We found that 83% of the HER2-positive

tumors expressed elevated levels of FGFR2, while among the HER2-

negative tumors only 50% of the samples had high FGFR2 expression;

hence, HER2-positive tumors expressed higher levels of FGFR2 when

compared with HER2-negative tumors (Supplementary Fig. S6B),

suggesting that HER2 overexpression in breast cancer might be linked

to higher FGFR2 expression.

To further confirm our previous results showing the important role

of TAFs/FGF5/FGFR2–mediated HER2 transactivation in breast can-

cer resistance to trastuzumab and lapatinib, we also investigated the

expression and clinical significance of TAF infiltration (a-SMA),

FGF5, FGFR2, and phospho-HER2 expression in a cohort of 456

patients. IHC detections of FGF5, a-SMA, FGFR2, and phospho-

HER2 are shown in Fig. 6A. The analysis of aSMA and FGF5 showed

TAFs infiltrating throughout the tumor and FGF5 expression pre-

dominantly in the tumor stroma, as expected (Fig. 6A). Meanwhile,

FGFR2 and phospho-HER2 expression were mainly restricted to

tumor cells (Fig. 6A). The expression of all the markers was hetero-

geneous and varied among the samples (Fig. 6A). We selected the

HER2-positive patients and quantified the percentage of tumor area

infiltrated with fibroblasts and the expression of FGF5, FGFR2, and

phospho-HER2 and correlated this with the clinical information.

Interestingly, when we analyzed the prognosis of HER2-positive

patients, we found that high TAF infiltration, high FGF5 stromal

expression, high FGFR2 expression, and high HER2 phosphorylation

correlated with worse overall survival (Fig. 6B) and disease-free

survival (DFS; Supplementary Fig. S6C), suggesting that in HER2

breast cancer TAF infiltration, and the overexpression of FGF5 in

tumor stroma, as well as expression of FGFR2 in tumor cells together

with HER2 activation contribute to poor outcome. Moreover, these

findings support our previous results showing that TAFs produce

FGF5, which in turn activates FGFR2, leading toHER2 transactivation

and a more aggressive behavior. To test our hypothesis that FGFR2

transactivation of HER2 was mediated by c-Src, we also analyzed the

expression of c-Src and phospho-c-Src in our cohort of patients with

breast cancer (Supplementary Fig. S6D). The expression of c-Src and

phospho-c-Src were mainly restricted to tumor cells as expected

(Supplementary Fig. S6D). Their expression was heterogeneous and

varied among the samples (Supplementary Fig. S6D). When we

analyzed HER2 positive and HER2 negative patients, we found almost

all HER2-negative patients express low levels of c-Src and phospho-Src

(Supplementary Fig. S6E). Interestingly, in HER2-positive patients

there is a correlation between c-Src activation andHER2 activation but

only when FGF5 and FGFR2 are also upregulated (c-Src, P ¼ 0.061;

p-Src: P¼ 0.001; Fig. 6C). These results confirm our in vitro data and

supports our hypothesis that in HER2-positive patients, production of

FGF5 by fibroblasts induces FGFR2 activation, which phosphorylates

c-Src, which itself transactivates HER2, inducing resistance to HER2-

targeted therapies.

FGF5 stromal expression and HER2 activation in tumor cells

determine response to adjuvant trastuzumab in patients with

HER2-positive breast cancer

To test in patients if the transactivation of HER2 by c-Src/FGFR2/

FGF5 leads to resistance to HER2 targeted therapies, we next analyzed

Figure 4.

The secretome of cells resistant to trastuzumab and lapatinib activates fibroblasts and induces a resistant phenotype in parental cell lines. A,Western blot analysis

showing FGF5 levels in parental, trastuzumab-resistant (Tz-res), and lapatinib-resistant (Lap-res) SK-BR-3, BT-474, andMDA-MB-453 cells.B, FGF5 levelsmeasured

by ELISA in parental, trastuzumab (Tz-), and lapatinib (Lap)-resistant MDA-MB-453 cells. Data, mean� SD; n¼ 3.C,Cell viability after treating parental SK-BR-3, BT-

474, andMDA-MB-453 cells for 72 hourswith increasing doses of trastuzumab (0–200 mg/mL, top) and lapatinib (0–5mmol/L, bottom), in the presence (green lines)

or absence (black lines) of conditioned media (CM) derived from resistant cell lines (conditionedmedia collected after 72 hours of culture). Data, mean� SD, n¼ 3.

D,Representative images showingphospho-FGFR2 (Y653-654 phosphorylated levels represented asp-, in red) staining, in parental SK-BR-3 (top), BT-474 (middle),

andMDA-MB-453 (bottom), after incubationwith the conditionedmedia (CM) from parental, trastuzumab (Tz-), and lapatinib (Lap-)-resistant cell lines for 72 hours.

Scale bar, 200 mm. For FGFR2-activated level quantification, see Supplementary Fig. S5E. E,Representative images showing phospho-HER2 (Y1248, phosphorylated

levels represented as p-, in green) staining, in parental SK-BR-3 (top), BT-474 (middle), andMDA-MB-453 (bottom) treated as described inD. Scale bar, 200 mm. For

HER2-activated level quantification, see Supplementary Fig. S5F. F, Representative images showing a-SMA (right) and S100A4 (left) staining, in healthy stroma

fibroblasts, RMF-31, cultured for 72 hours with conditioned media (CM) from parental, trastuzumab- (Tz), and lapatinib (Lap)-resistant cell lines. Scale bar, 50 mm.

G, Conditioned media from drug-resistant cell lines were collected after 72 hours and used to treat healthy stroma fibroblast RMF-31. Twenty-four hours later, the

conditionedmedia from these fibroblastswere collected and used to treat parental cells for 72 hours in the presence or absence of increasing doses of lapatinib (0–5

mmol/L). The graphs below show thepercentageof survival of SK-BR-3 (left graph), BT-474 (middle graph), andMDA-MB-453 (right graph) cells treatedwith control

media (black line), conditioned media from healthy stroma fibroblasts (gray line), or conditioned media from healthy stroma fibroblasts pretreated with lapatinib-

resistant cell line conditionedmedia (light pink line). Data,mean� SD, n¼ 3. � ,P <0.05; �� , P <0.01; ��� , P <0.001; and ���� , P <0.0001 byANOVAwith Sidak post hoc

multiple comparison test.
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the stromal overexpression of FGF5 and its relationship with HER2

activation. For this, we calculated the prediction of pathologic

complete response (pCR) in a cohort of HER2 early breast cancer

treated with trastuzumab-containing neoadjuvant therapy. We

found that 70% of the patients with pCR expressed low levels of

FGF5 (P ¼ 0.04; Supplementary Fig. S6F), suggesting that its

expression could be used as a biomarker to predict which patients

will response poorly to trastuzumab. Interestingly, the levels of

phospho-HER2 alone could not predict the pCR (P ¼ 0.069;

Supplementary Fig. S6G). These observations prompted us to

analyze the predictive value of combined, FGF5 and phopho-HER2,

using a “CPscore” in which score 0 was defined by those patients

with breast cancer with low levels of both FGF5 and phospho-HER2

and score 1 for those with high FGF5 and high phospho-HER2 and

correlated it with the clinical data. Interestingly, high CPscore was

found in those patients who relapsed (P ¼ 0.004; Fig. 6D). In

addition, the subgroup of patients with high CPscore showed a

substantially shorter DFS (P ¼ 0.001; Fig. 6E). Therefore, patients

with HER2-positive early breast cancer with low FGF5 and phos-

pho-HER2 expression in their tumors benefited from trastuzumab

treatment, whereas patients with high FGF5 and high phospho-

HER2 expression did not.

These results further corroborate our in vitro and in vivo results

and highlight the importance of TAFs/ FGF5/ FGFR2/c-Src in

HER2 breast cancer progression and resistance to trastuzumab

(Fig. 6F). Furthermore, these data suggest that FGF5 and phos-

pho-HER2 expression could be used as biomarkers in the clinic to

predict resistance to HER2-targeted therapies. The clinical data

further validate our model that TAFs contribute to HER2-targeted

therapies resistance in HER2 breast cancer through FGF5-mediated

FGFR2 activation (Fig. 6F). These findings may help to optimize the

adjuvant treatment of patients with HER2-positive breast cancer in

the future.

Discussion
We have demonstrated that HER2-positive TAFs secrete soluble

factors, such as FGF5, that are able to switch the phenotype of

HER2-positive breast cancer cells from sensitive to resistant to

trastuzumab and lapatinib. Our results about TAFs contributing to

lapatinib resistance in breast cancer, are in agreement with a recent

report from Marusyk and colleagues, where they found that 3D

coculture of fibroblasts and breast cancer cells strongly protects

carcinoma cells from lapatinib (32), as well as with another study

where the authors found that fibroblasts promote lapatinib resis-

tance in esophageal cancer (33), reinforcing the idea that fibroblasts

are important contributors to the establishment of the lapatinib-

resistant phenotype in different cancer types. FGFR2 activation was

mediated by fibroblasts’ production of FGF1, FGF7, and FGF10 in

their study and by FGF2 and FGF5 in ours, possibly because

fibroblasts in different cancers might produce different ligands.

Our results also agree with those recently reported by Mao and

colleagues, who reported that TAFs can induce trastuzumab resis-

tance in HER2-positive breast cancer cells by expanding the cancer

stem cell population and activating several signaling pathways such

as NFkB, JAK/STAT3, and PI3K/AKT (34).

Moreover, we have also shown that the clinical effects of HER2-

targeting therapies can be attenuated by TAFs activating HER2. In

agreement with this, some preclinical models found that HER2 gene

amplification is maintained in trastuzumab-resistant clones (35).

Furthermore, current clinical data supports that trastuzumab-

resistant tumors remain dependent on HER2 pathways to survive,

even in advanced stages (36). We propose that in these resistant

tumors, selective pressure leads to compensations in alternative

RTK signaling that enable them to continue growing. Our phospho-

proteomic assays, cell line assays, and xenografts showed that

FGFR2 was overactivated in cell lines resistant to trastuzumab and

lapatinib and induced HER2 transactivation. This is in agreement

with several studies that have shown that there is a correlation

between HER2 amplification and FGFR2 activation (37–40). Fur-

thermore, Wei et al has previously described that FGFR2 activates

the metalloprotease ADAM10 that promotes intracellular accumu-

lation of the truncated p95HER2 protein, which leads to enhanced

HER2 signaling and diminished sensitivity to trastuzumab in breast

cancer (41), which is in agreement with our results. In our system,

we did not observe an upregulation of p95HER2, but we did not use

specific antibodies for it and the cell lines and conditions for FGFR2

activation were different, so we cannot rule out that metallopro-

teases might also be playing a role in HER2 transactivation. More

experiments will be necessary to test whether ADAM10 is involve in

HER2 transactivation by FGFR2 in our model. Nevertheless, we

have described an alternative mechanism for FGFR2-mediated

transactivation of HER2. In our model, HER2 transactivation by

FGFR2 was mediated by c-Src kinase activation. c-Src is a non-

receptor tyrosine kinase involved in signaling and cross-talk

between growth-promoting pathways (42). It has previously been

Figure 5.

FGFR2 inhibitors reduce tumor progression and reverse resistance to HER2-targeted therapies in trastuzumab-resistant and lapatinib-resistant cells. A, Parental,

trastuzumab-resistant (Tz-res), and lapatinib-resistant (Lap-res) MDA-MB-453 cells IC50 (95% confidence interval for each treatment) for ponatinib (top) and

infigratinib (bottom), in the presence or absence of different doses of trastuzumab (100 and 200 mg/mL) or lapatinib (2.5 and 5 mmol/L). n ¼ 3. B, Percentage of

apoptotic Annexin V–positive cells in parental and drug-resistant MDA-MB-453 cells [top, trastuzumab (Tz-) resistant and bottom, lapatinib (Lap-) resistant] treated

for 72 hours with trastuzumab (100 mg/mL), lapatinib (1 mmol/L), ponatinib (0.05 mmol/L), and infigratinib (0.5 mmol/L) alone or in a combination of an anti-HER2

drug with a FGFR2 inhibitor. Data, mean � SD, n ¼ 3. C, Tumor growth of orthotopically implanted MDA-MB-453 [trastuzumab-resistant (Tz-resistant) cells (left

graph) and lapatinib-resistant (Lap-resistant) cells (right graph) treated with trastuzumab (10 mg/kg), lapatinib (10 mg/kg), infigratinib (10 mg/kg), or ponatinib

(10mg/kg)], or a combination of an anti-HER2drugandanFGFR2 inhibitor for 21 days. Thedata are expressed asdecrease in tumor volume reductionusing treatment

day 0 as a reference. Data, mean � SD, n ¼ 5. D, Representative images showing HER2 staining in tumors from MDA-MB-453 trastuzumab-resistant (Tz-resistant)

cells and lapatinib-resistant (Lap-resistant) cells treatedwith trastuzumab (Tz; 10mg/kg), lapatinib (Lap; 10mg/kg), ponatinib (10mg/kg), or infigratinib (10mg/kg),

or a combination of an anti-HER2 drug and an FGFR2 inhibitor for 21 days. Scale bar, 50 mm. E, Representative images showing a-SMA staining in tumors fromMDA-

MB-453 trastuzumab-resistant (Tz-resistant) cells and lapatinib-resistant (Lap-resistant) cells treated as described in D. Scale bar, 50 mm. F, HER2-positive TAFs

were cultured for 48 hours, and the conditioned media were collected and used to treat parental MDA-MB-453 cells for 72 hours in the presence of infigratinib (2

mmol/L) alone or in combination with trastuzumab (200 mg/mL) or lapatinib (6.25 mmol/L). The graphs show percentage of survival in the cells treated with either

HER2-positive TAF conditionedmedia (HER2þTAFCM), infigratinib, or both in the presence of trastuzumab (top) or lapatinib (bottom). Data,mean� SD, n¼ 3. � ,P<

0.05; ��, P < 0.01; ���, P < 0.001; and ���� , P < 0.0001 by ANOVA with Sidak post hoc multiple comparison test.
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Figure 6.

Prevalence of TAFs, FGF5, FGFR2, c-Src, and activated HER2 and c-Src expression in humanHER2-positive breast cancer.A,Representative images showing low and

high levels of stromalaSMA (first row) and FGF5 (second row) expression and activated levels of HER2 (Y1221/22; third row) and total FGFR2 (fourth row) expression

in tumor cells from patient samples. Scale bar, 100 mm.B,Kaplan–Meier analyses of overall survival (OS) in a cohort of patientswith HER2þ breast cancer stratified by

aSMA (first graph), FGF5 (second graph), phospho-HER2 (third graph), or FGFR2 (fourth graph) expression. C, Association of c-Src and phospho-c-Src (Y416)

expressionwith FGF5/ FGFR2 and phospho-HER2 expression inHER2-positive patients.D,Association of FGF5 and phospho-HER2 (Tyr 1221/22; p-HER2) expression

with clinical data in a cohort of 64 HER2þ patients treatedwith trastuzumab in neoadjuvance. E, Kaplan–Meier analyses of DFS in a cohort of 64 patients with HER2þ

breast cancer stratified by high or low coexpression of FGF5 and phospho-HER2 (Tyr 1221/22; p-HER2). F, Scheme of the proposed role of TAFs in inducing breast

cancer resistance to anti-HER2–targeted therapies. HER2þ breast cancer cells recruit healthy stroma fibroblasts and activate them. Those TAFs produce FGF5 that

will activate FGFR2 in breast cancer cells, whichwill transactivate HER2 trough c-Src activation, promoting cell survival and proliferation, leading to breast cancer cell

resistance to HER2-targeted therapies.
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shown that FGFR2 can induce c-Src activation (43). Although direct

binding between FGFR2 and c-Src has not been demonstrated,

recent evidence has shown that FRS2 activation by FGFR2 bridges

this interaction (44, 45). Moreover, we have previously shown that

HER2 transactivation by G-coupled protein receptors was partially

dependent on c-Src activation (31). In our resistant cell lines FGF5

and HER2-positive TAFs conditioned media induction of HER2

was dependent on c-Src activation. Interestingly, our clinical data

shows that phospho-c-Src expression correlates with FGF5, FGFR2

and p-HER2 expression in HER2-positive patients. Therefore, c-Src

mediates TAFs-FGF5 pro-survival functions by bridging FGFR2-

HER2 cross-talk in trastuzumab- and lapatinib-resistant breast

cancer cells.

Furthermore, our in vivo and in vitro data show that pharma-

cologic inhibition of FGFR2 reverses HER2 activation in all cell

lines and induces apoptosis in the trastuzumab-resistant and lapa-

tinib-resistant cell lines. Moreover, we have shown that combining

trastuzumab or lapatinib with FGFR2 inhibitors is effective in

overcoming resistance to HER2-targeting therapies in in vitro and

in vivo models. This suggests that FGFR2 is a plausible molecular

target for overcoming trastuzumab and lapatinib resistance. These

results are in agreement with previous reports that have shown that

FGFR inhibitors can revert HER2-targeted therapies resistance in

different cancers (33, 38, 46, 47). Yu and colleagues have recently

described that miR-494 downregulates the protein expression of

FGFR2 and reverts lapatinib resistance by inhibiting the formation

of cancer initiating cells (38). Piro and colleagues have shown that

in gastric cancer, activation of FGFR3 drives AKT pathway acti-

vation and is responsible for trastuzumab resistance (48). Hanker

and colleagues have shown that amplification of FGFR signaling

promotes resistance to HER2 inhibition (47). In their study, they

showed that FGF4/FGFR signaling can bypass HER2 inhibition and

activate the ERK pathway (47). All these studies further support our

conclusion that TAFs secretion of FGF5 can drive resistance to

HER2 inhibitors through activation of FGFR2 signaling. Our find-

ings agree also with those reported by Azuma and colleagues, who

found that FGFR2 was involved in resistance to lapatinib in

UACC812 cells, although in their study the FGFR2 gene was highly

amplified and correlated with reduced expression of HER2 (46). In

contrast, in our study, resistant cell lines continued to depend on

HER2 signaling, and FGFR2 activation by FGF5 induced HER2

transactivation via c-Src activation.

In addition, our clinical results revealed that in patients with

HER2-positive breast cancer, TAF infiltration, stromal expression

of FGF5 as well as tumor cell FGFR2 overexpression and HER2

activation correlate with c-Src activation and worse prognosis and

can predict clinical outcome. Furthermore, we found that in a

cohort of trastuzumab-treated patients, those patients with high

FGF5 stromal expression and high levels of HER2 phosphorylation

would not benefit from trastuzumab neoadjuvant treatment. There-

fore, our findings indicating that FGF5 activation of HER2 via

FGFR2 can promote resistance to HER2 inhibitors are potentially

applicable to a significant cohort of patients with HER2-positive

breast cancer and could directly impact the clinical management of

these patients. Furthermore, FGF5 and phospho-HER2 have the

potential to be used as biomarkers to predict resistance to HER2-

targeted therapies.

Finally, our results highlight the essential contribution of the stroma

in resistance to HER2-targeted therapies and the potential utility

of focusing on the FGFR2 pathway in breast cancers resistant to

HER2-targeting drugs; this strategy might overcome resistance by

targeting both resistant clones that overexpress FGFR2 to maintain

HER2-driven survival and genetically stable fibroblasts inducing and

maintaining the resistant phenotype.
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