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Phosphoproteomic Analysis Identifies Focal
Adhesion Kinase 2 (FAK2) as a Potential
Therapeutic Target for Tamoxifen Resistance

in Breast Cancer*s
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Tamoxifen, an estrogen receptor-a (ER) antagonist, is
an important agent for the treatment of breast cancer.
However, this therapy is complicated by the fact that a
substantial number of patients exhibit either de novo or
acquired resistance. To characterize the signaling mecha-
nisms underlying this resistance, we treated the MCF7
breast cancer cell line with tamoxifen for over six months
and showed that this cell line acquired resistance to tamox-
ifen in vitro and in vivo. We performed SILAC-based quan-
titative phosphoproteomic profiling on the tamoxifen resist-
ant and vehicle-treated sensitive cell lines to quantify the
phosphorylation alterations associated with tamoxifen re-
sistance. From >5600 unique phosphopeptides identified,
1529 peptides exhibited hyperphosphorylation and 409 pep-
tides showed hypophosphorylation in the tamoxifen resist-
ant cells. Gene set enrichment analysis revealed that focal
adhesion pathway was one of the most enriched signaling
pathways activated in tamoxifen resistant cells. Signifi-
cantly, we showed that the focal adhesion kinase FAK2 was
not only hyperphosphorylated but also transcriptionally up-
regulated in tamoxifen resistant cells. FAK2 suppression by
specific siRNA knockdown or a small molecule inhibitor
repressed cellular proliferation in vitro and tumor for-
mation in vivo. More importantly, our survival analysis
revealed that high expression of FAK2 is significantly
associated with shorter metastasis-free survival in es-
trogen receptor-positive breast cancer patients treated
with tamoxifen. Our studies suggest that FAK2 is a po-
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Approximately 70% of all breast tumors express estrogen
receptor (ER)' and are classified as estrogen receptor-alpha
positive (ER+) breast cancers (1). Activation of ER by its
ligand estrogen (E2), plays an essential role not only in regu-
lating normal mammary gland development but also in the
progression of hormone dependent breast cancer (2). Ta-
moxifen, a selective ER modulator (SERM), competes with
E2 binding on ER and induces conformational changes
leading to inactivation of ER (3, 4). Tamoxifen has been used
for the treatment and prevention of breast cancer for more
than three decades (5, 6). However, up to 40% of patients
receiving tamoxifen adjuvant therapy develop recurrent dis-
ease within 5 years (7, 8). This resistance to tamoxifen and
other endocrine therapy remains a major challenge in breast
cancer management.

During the past two decades, a large battery of studies has
been carried out to explore the mechanisms underlying re-
sistance to endocrine therapy. One important mechanism for
the development of resistance is a shift of tumor cells from
growth dependent on estrogenic steroids to growth driven by
growth factor signaling pathways which is independent of
estrogenic steroids (9, 10). For example, activation of receptor
tyrosine kinases, such as EGFR, HER2 and IGF-1R (11-15)
and their downstream signaling pathways including PISK/AKT
and MAPK pathways have been linked to endocrine therapy
resistance (16-18). However, early clinical trials combining

" The abbreviations used are: ER, estrogen receptor; SILAC, stable
isotope labeling by amino acids in cell culture; phosphoPSM, phos-
phopeptide-spectrum match; TPCK, L-1-tosylamido-2-phenylethyl
chloromethyl ketone; LC-MS/MS, liquid chromatography-tandem
mass spectrometry; IAP, immunoaffinity purification; E2, estrogen;
FAK, focal adhesion kinase; TKI, tyrosine kinase inhibitors; mTOR,
mammalian target of rapamycin.
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tyrosine kinase inhibitors (TKls), farnesyltransferase (RAS) in-
hibitor, or mammalian target of rapamycin (mTOR) inhibitors
with endocrine therapy have been disappointing (19, 20).
Therefore, there is an urgent need to further delineate the
molecular mechanisms of endocrine resistance to identify
novel therapeutic targets.

Recent advances in mass spectrometry have enabled re-
searchers to identify and quantify thousands of proteins and
phosphorylated peptides from in vitro and in vivo models.
However, in contrast to a large number of genomic and tran-
scriptomic studies investigating the mutational and gene ex-
pression changes involved in endocrine resistance, only a
handful of proteomic-based studies have been reported (21—
26) and only two of these studied the phosphoproteomic
alterations in endocrine resistant cells (21, 22). In the current
study, we employed stable isotope labeling by amino acids in
cell culture (SILAC)-based quantitative mass spectrometry
approaches to identify the signaling pathways activated in
tamoxifen resistant breast cancer cells derived from the ER+
MCF7 breast cancer cell line with long-term (>6 months)
tamoxifen treatment. In order to comprehensively profile the
phosphoproteome of the tamoxifen resistant cells, we em-
ployed two phosphopeptide enrichment approaches: anti-
phosphotyrosine antibody to capture tyrosine phosphorylated
peptides and TiO, beads to enrich for serine/threonine phos-
phorylated peptides prior to LC-MS/MS analysis. Our study
identified and quantified 5640 unique phosphopeptides cor-
responding to 2189 proteins, thereby generating the largest
quantitative phosphoproteomic data set to date for tamoxifen
resistant breast cancer cells. This enabled us to investigate
the signaling mechanisms of tamoxifen resistance in a much
more comprehensive manner compared with other published
studies. We identified multiple signaling pathways activated in
tamoxifen resistant cells with the focal adhesion pathway
being one of the most enriched pathways. More importantly,
we discovered the non-receptor tyrosine kinase, PTK2B
(more widely known as FAK2 or PYK2) to be hyperphospho-
rylated and up-regulated in cells with tamoxifen resistance.
Suppression of FAK2 with siRNA knockdown or a small mol-
ecule pharmacological inhibitor significantly inhibits the re-
sistant cell proliferation and tumor formation in a xenograft
mouse model. Thus our study demonstrates the potential of
FAK2 as a novel therapeutic target for the treatment of endo-
crine resistant breast cancer.

EXPERIMENTAL PROCEDURES

Cell Culture and Establishment of Tamoxifen Resistant Cells—
MCF7 was purchased from American Type Culture Collection (ATCC,
Manassas, VA). To establish the tamoxifen resistant cell line (MCF7-
TamR), MCF7 cells were grown in RPMI 1640 medium with 5% FBS
and 1 um tamoxifen (Sigma, St. Louis, MO) for more than 6 months.
MCF7 control cells (MCF7-CTRL) were cultured in RPMI 1640 me-
dium supplemented with 5% FBS and 0.1% ethanol as vehicle. In
order to label cells with stable isotopic amino acids, MCF7-CTRL and
MCF7-TamR cells were propagated in RPMI 1640 SILAC media

(Thermo Fisher Scientific, Waltham, MA) with 5% FBS supplemented
with light lysine (K) and arginine (R) for light and '3C,'®N,-K and
3C4"°N,-R for heavy state labeling (Cambridge Isotope Laboratories,
Tewksbury, MA). The labeling efficiency was confirmed by mass
spectrometry analysis.

Immunoblotting and siRNA Knockdown— Cells were harvested and
lysed in modified RIPA buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl,
1 mm EDTA, 1% Nonidet P-40, 0.25% sodium deoxycholate, and 1
mM sodium orthovanadate in the presence of protease inhibitors).
Whole-cell protein extracts were denatured and separated in Nu-
PAGE gels (Invitrogen, Grant Island, NY), transferred to nitrocellulose
membranes, and probed with primary antibody followed by horserad-
ish peroxidase-conjugated secondary antibodies. Primary antibodies
used were pFAK1-Tyr576/577 (3281), FAK1 (4332), pFAK2-Tyr402
(8291), FAK2 (3480S), pPaxillin-Tyr118 (2541S), Paxillin (2542S),
Claudin-1 (13255), E-Cadherin (3195), N-Cadherin (13116), Slug
(9585), Snail (3879), TCF8/ZEB1 (3396), Vimentin (5741), ZO-1 (8193)
and B-Catenin (8480) purchased from Cell Signaling Technology
(Danvers, MA), B-ACTIN (A5316, Sigma, St. Louis, MO) and 4G10
anti-phosphotyrosine antibody (Millipore, Belerica, MA). 50 nm siR-
NAs (AM51331 from Ambion, Austin, TX and CACCAGGAGCAUAU-
CAACAUA from Dharmacon, Lafayette, CO) targeting FAK2 were
used for transfections with RNAiMax (Invitrogen, Grant Island, NY).
Cells were harvested 48 h post transfection for assessing knockdown
efficiency or other follow-up experiments.

In-solution Trypsin Digestion—Cell lysates were prepared in urea
lysis buffer containing 20 mm HEPES pH 8.0, 9 m urea, 1 mm sodium
orthovanadate, 2.5 mm sodium pyrophosphate, 1 mm B-glycerophos-
phate and 5 mm sodium fluoride. Protein estimation was carried out
using BCA protein assays. Equal amount of protein from heavy labeled
MCF7-CTRL and light labeled MCF7-TamR cell lysates was mixed,
reduced with 5 mm dithiothreitol and alkylated with 10 mm iodoacet-
amide. Lysates were then diluted to less than 2 m urea final concentra-
tion using 20 mm HEPES (pH 8.0) and in-solution digestion was carried
out using TPCK-treated trypsin. The tryptic peptides were desalted
using C,5 reverse phase column (Waters, Milford, MA) and eluted pep-
tides were lyophilized and subjected to phosphopeptide enrichment.

Immunoaffinity Purification of Phosphotyrosine Peptides—The
phosphotyrosine peptide enrichment was performed according to the
manufacturer’s protocol (Cell Signaling Technology). Briefly, 250 ug
anti-phosphotyrosine antibody (pY100, Cell Signaling Technology)
was used to immunoprecipitate (IP) tyrosine phosphorylated peptides
in IP buffer containing 50 mm MOPS pH 7.2, 10 mm sodium phos-
phate, 50 mm NaCl. The enriched phosphopeptides were eluted using
0.1% TFA, and the eluted phosphopeptides were desalted using C,g
STAGE tips, vacuum dried and kept at —80 °C before liquid chroma-
tography-mass spectrometry (LC-MS) analysis.

TiO,-based Phosphopeptide Enrichment— Peptides were fraction-
ated by strong cation exchange (SCX) chromatography as described
earlier (27). Briefly, 10 mg of lyophilized peptides mixture was resus-
pended in 1 ml of SCX solvent A (5 mm KH,PO, pH 2.7, 30% ACN)
and separated on a PolySULPHOETHYL A column (5 um, 200 A,
200 X 9.4 mm; PolyLC Inc., Columbia, MD) with an increasing gra-
dient of SCX solvent B (6 mm KH,PO, pH 2.7, 30% ACN, 350 mm KCl)
on an Agilent 1100 HPLC system. In total, 15 fractions were collected.
Each fraction was subjected to TiO,-based phosphopeptide enrich-
ment as described earlier (28). Briefly, each fraction was resuspended
in DHB solution (80% ACN, 1% TFA, 3% 2,5-dihydroxybenzoic acid
(DHB)) and incubated with TiO, beads for 2 h. Phosphopeptide-
bound TiO, beads were sequentially washed with DHB solution fol-
lowed by 80% ACN in 1% TFA). Peptides were eluted with 40 ul of
2% ammonia into 10 wul of 2% TFA.

Liquid Chromatography Tandem Mass Spectrometry—Liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) analysis of en-
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riched phosphopeptides was carried out using a reverse-phase liquid
chromatography system interfaced with an LTQ-Orbitrap Velos mass
spectrometer (Thermo Fisher Scientific). The peptides were loaded
onto an analytical column (10 cm X 75 um, Magic C18 AQ 5 um, 120
A) in 0.1% formic acid and eluted with a linear gradient from 5 to 60%
ACN. For the analysis of phosphotyrosine peptides, Fourier transform
mass spectrum (FTMS) was used for precursor scans in the range of
350-1800 m/z at 60,000 resolution on an Orbitrap analyzer. Ten most
abundant precursor ions from a survey scan were selected for CID
fragmentation (isolation width of 1.90 m/z; 30% normalized collision
energy and activation time of 10 ms were allowed). For the analysis of
TiO, enriched phosphopeptides, FTMS were acquired in the range of
350-1800 m/z at 30,000 resolution on an Orbitrap analyzer. Ten most
abundant precursor ions from a survey scan were selected for HCD
fragmentation (isolation width of 1.90 m/z; 35% normalized collision
energy and activation time of 0.1 ms were allowed) and MS2 spectra
were acquired at 15,000 resolution at 400 m/z on the Orbitrap
analyzer.

Mass Spectrometry Data Analysis—Proteome Discoverer (v 1.4;
Thermo Fisher Scientific) suite was used for quantitation and data-
base searches. The tandem mass spectrometry data were searched
using SEQUEST HT algorithms against a Human RefSeq database
(v69 containing 33,249 entries) supplemented with frequently ob-
served contaminants. Trypsin was specified as the protease and a
maximum of two missed cleavages were allowed. The search param-
eters included carbamidomethylation of cysteine as a static modifi-
cation; oxidation at methionine, phosphorylation at serine, threonine
and tyrosine and SILAC labeling '3Cg,"*N,-lysine; and '3Cg,'N,-
arginine as dynamic modifications. The MS tolerance was set at 10
ppm and MS/MS tolerance was set at 0.5 Da for the analysis using
CID fragmentation method and 0.05 Da for the analysis using HCD
fragmentation method. The relative abundance of phosphopeptides
was quantitated based on the area under the MS peaks using the
quantitation node in Proteome Discoverer. The Percolator algorithm
(29) in Proteome Discoverer was used to filter peptide spectrum
matches at a false discovery rate <1% using g-values. The proba-
bility of phosphorylation for each Ser/Thr/Tyr site on each peptide
was calculated by the phosphoRS algorithm. Phosphorylation sites
were assigned based on the phosphoRS probability =75% threshold.
In the phosphotyrosine antibody enriched experiments, if the phos-
phoRS probabilities of ambiguous sites are equal for tyrosine and
serine/threonine residues, phosphorylation was assigned onto the
tyrosine residue. We averaged the intensities of phosphopeptides
identified from the two biological replicates. We chose a twofold cut
off to consider peptides as hyperphosphorylated and a 0.5-fold for
peptides to be considered as hypophosphorylated. The relative ratio
was calculated by dividing the intensity of each phosphorylated pep-
tide over the average intensity of the corresponding peptide and used
for plot. The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository.

Matrigel Invasion Assays— Cells were washed once with PBS, de-
tached using trypsin (Life Technologies) and 5 x 10* cells were
seeded into Biocoat matrigel invasion chambers (BD Biosciences,
San Jose, CA) in RPMI 1640 media supplemented with 1% FBS.
RPMI 1640 media supplemented with 10% serum was added in the
lower wells as chemoattractant. After 24 h, matrigel and the cells
retained in the invasion chamber were removed with cotton swab and
the filter membranes were fixed with 4% formalin and stained with
DAPI (Invitrogen). The number of cells that penetrated through the
matrigel and membrane was counted for ten randomly selected view-
ing fields at 20X magnification.

MTT Cell Proliferation Assay—MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assays were performed to measure

the cell proliferation. For validation of tamoxifen resistance of MCF7-
TamR cells, both MCF7-TamR and MCF7-CTRL cells were seeded in
a 96-well plate at a density of 2000 cells/well with the treatment of
different concentrations of tamoxifen or 0.1% ethanol. For siRNA
knockdown experiments, cells were transfected with different sSiRNAs
in a 96-well plate. Cells were left to grow for 5-7 days before the MTT
assay. 1 mg/ml MTT in growth media was added into each well and
the plate was incubated for two hours in 37 °C. Media was then
removed and 100 ul of DMSO and ethanol (1:1 by volume) was added
into each well. The plate was then read for absorption at 530 nm on
a microplate reader.

Immunofiuorescence Staining—MCF7-CTRL and MCF7-TamR cells
were seeded in 8-well chamber slides with 5% RPMI 1640 medium.
After 2 days, cells were fixed with 5% formalin and permeabilized with
0.1% triton X-100. Fixed cells were blocked with 5% BSA in PBS-T
and stained with anti-pY402 FAK2 (Thermo Fisher Scientific, 44—
618A1) antibody conjugated with Alexa Fluor® 488. Nuclei were
stained with DAPI. The staining was observed using Nikon Eclipse
TE2000 microscope under 60x objective lens and images were taken
using the EZ-C1 software. Foci were counted using 5 random fields
and more than 20 cells were counted for each cell line.

In Vivo Tumor Xenograft Assays — Xenograft assays in NCr-nu/nu or
NOD scid gamma (NSG) mouse were performed as previously de-
scribed (30). Briefly, four to 6 week old female mice were embedded
under the skin with either one estrogen pellet alone or one estrogen
pellet along with one tamoxifen pellet 3 days prior to the cancer cell
transplantation. MCF7-CTRL or MCF7-TamR cells were resuspended
in matrigel:PBS (1:1 volume). 1 X 10° cells of each type of cell lines
were injected onto the mammary gland fat pads of mice at two sites
per mouse. To test the small molecule inhibitor, PF562271 (Selleck-
chem, Houston, TX), 1 X 10° of MCF7-CTRL or MCF7-TamR cells
were transplanted onto the mammary gland fat pads of each NSG
mice previously embedded with one tamoxifen pellet. When the tumor
became palpable, 10 ul of 0.25 um PF562271 or DMSO was admin-
istrated intratumorally at each tumor site. Tumor growth was meas-
ured two times a week. At the end of the experiment, mice were
sacrificed for tissue analysis. All procedures were approved by Johns
Hopkins University institutional Animal Care and Use Committee and
were performed in accordance with the Animal Welfare Act
regulations.

RESULTS

Establishment and Characterization of Tamoxifen-resistant
MCF7 Breast Cancer Cells—In order to identify phosphoryla-
tion regulated signaling changes in tamoxifen resistant breast
cancers, we first generated tamoxifen resistant MCF7 breast
cancer cells (MCF7-TamR) with long-term treatment of 1 um
tamoxifen for more than 6 months. In parallel, another set of
MCF7 cells were treated with 0.1% ethanol as vehicle control
cells (MCF7-CTRL). To assess the tamoxifen resistance de-
veloped in MCF7-TamR cells, we performed proliferation as-
says using the MCF7-TamR and MCF7-CTRL cells with treat-
ment of different concentrations of tamoxifen. We found that
MCF7-TamR cells grew ~25% slower than MCF7-CTRL cells
in the absence of tamoxifen treatment (Fig. 1A). However,
inhibition induced by tamoxifen was dramatically attenuated
in MCF7-TamR cells compared with MCF7-CTRL cells (Fig.
1A). We then subcutaneously transplanted MCF7-TamR cells
and MCF7-CTRL cells into immunocompromised mice with
the supplement of E2 pellets or E2 with tamoxifen pellets. We
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Fic. 1. Tamoxifen-resistant MCF7 cell line exhibits resistance to tamoxifen and increase in global phosphotyrosine levels. A,
Inhibitory effect of different concentrations of tamoxifen on the proliferation of MCF7 tamoxifen-resistant (MCF7-TamR) cell line and MCF7
sensitive control (MCF7-CTRL) cell line. Cell proliferation was assessed using MTT assay after 7 days of treatment. Quantification was done
relative to vehicle-treated MCF7-CTRL. Student’s t test was performed for statistical analysis. B, Tumor size of xenograft on mice grown with
either MCF7-TamR or MCF7-CTRL cell lines with estrogen (E2) supplementation and treated with or without tamoxifen (TAM). Two-way Anova
test was performed for statistical analysis. C, Immunoblot of tyrosine phosphorylated proteins using the anti-phosphotyrosine antibody (pTyr)
on the cell lysates or after immunoprecipitation (IP) with pTyr antibody. B-actin, heavy (H) chain and light (L) chain serve as loading control.

demonstrated that MCF7-TamR cells exhibited resistance to
tamoxifen in vivo and formed significantly larger tumors than
MCF7-CTRL control cells (Fig. 1B). Thus we show that we
have established a tamoxifen-resistant cell line that appears
to reflect hormone resistance acquired by tumors in patients
treated with tamoxifen.

Phosphoproteomic Analysis of Tamoxifen Resistant MCF7
Cells—Deregulation of kinase-mediated protein phosphoryla-
tion signaling pathways has been demonstrated to be in-
volved in tumor progression and resistance to therapy (31).
Given the central role of protein kinases in cell signaling
networks, phosphoproteomic profiling is an ideal approach to
identify activated kinase pathways and to discover therapeu-
tic candidates for tamoxifen resistant breast cancers. To sur-
vey the phosphoproteome alterations in tamoxifen resistant

cells, we first compared protein tyrosine phosphorylation lev-
els of MCF7-CTRL with MCF7-TamR cells using anti-phos-
photyrosine (anti-pTyr) antibody. As shown in Fig. 1C, the
phosphotyrosine level of MCF7-TamR cells is significantly
elevated compared with MCF7-CTRL cells. This suggests that
activation of tyrosine kinases and their downstream signaling
pathways is important for developing resistance to tamoxifen
treatment.

To systematically and quantitatively interrogate the phos-
phorylation signaling alterations that occur in the develop-
ment of tamoxifen resistance, we used stable isotope labeling
by amino acids in cell culture (SILAC) (32) based quantitative
phosphoproteomic approach that combined two different
phosphopeptide enrichment methods with high-resolution
mass spectrometry (Fig. 2). Heavy-labeled MCF7-CTRL cells
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Fic. 2. Workflow of phosphoproteomic profiling of tamoxifen-resistant and sensitive cell line. MCF7 tamoxifen-resistant (MCF7-TamR)
cell line was labeled with light amino acids and MCF7 tamoxifen-sensitive control (MCF7-CTRL) cell line was labeled with heavy amino acids,
mixed in equal amounts, digested with trypsin and subjected to either anti-phosphotyrosine antibody enrichment or strong cation exchange
(SCX) fractionation prior to TiO,-based phosphopeptide enrichment. The enriched phosphopeptides were then subjected to LC-MS/MS

analysis.

and light-labeled MCF7-TamR cells were lysed, mixed and di-
gested with trypsin. In order to interrogate the observed eleva-
tion in tyrosine phosphorylation in MCF7-TamR cells, we per-
formed antibody-based phosphotyrosine peptide enrichment.
In addition, we also employed the TiO,-beads enrichment
method to enrich for phosphoserine/threonine peptides in order
to obtain the global phosphorylation profiles for both the resist-
ant and sensitive cell lines. We performed biological replicate
experiments to increase the reliability of our phosphopro-
teomic analyses. The mass spectrometry data were pro-
cessed and searched against databases using SEQUEST-HT
algorithms through the Proteome Discoverer platform. Using

a false discovery rate (FDR) cutoff of 1%, the Percolator
algorithm generated 23,798 phosphopeptide spectrum-
matches. The probability of phosphorylation for each Ser/Thr/
Tyr site on each peptide was calculated by the phosphoRS
algorithm. Overall, we identified 5640 unique phosphopep-
tides derived from 2189 proteins. 477 of these were tyrosine
phosphorylated peptides derived from 329 proteins, and
~90% (427) of them were identified through the antibody
based phosphotyrosine peptide enrichment. In addition, we
identified 4723 peptides with serine phosphorylation and 599
with threonine phosphorylation (Fig. 3A). Most of the phos-
phopeptides were singly or doubly phosphorylated (supple-
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phosphopeptide enrichments from all biological replicate samples. B, Density scatter plot of log,-transformed phosphopeptide ratios
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peptides (>twofold), green dots: hypophosphorylated peptides (<0.5-fold). D, Top signaling pathways identified from pathway enrichment
analysis of the hyperphosphorylated proteins (>twofold) in the MCF7-TamR cells. E, Cell morphology of MCF7-CTRL and MCF7-TamR viewed
under phase contrast microscopy. F, Matrigel invasion assay of MCF7-CTRL and MCF7-TamR. Student’s t test was performed for statistical

analysis.

mental Tables S1-S3). The SILAC ratios (MCF7-TamR cells
versus MCF7-CTRL cells) of phosphopeptides obtained from
the two replicate experiments showed a strong positive cor-
relation (r = 0.80) for two independent biological replicates
(Fig. 3B).

The relative abundance of phosphopeptides was quanti-
tated based on the area under the MS peaks using the quan-
titation node in Proteome Discoverer. We found phosphory-
lation levels of 1529 peptides were increased (>twofold) in
MCF7-TamR cells compared with MCF7-CTRL cells (Fig. 3C).
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Among them, 187 up-regulated phosphopeptides were iden-
tified in phosphotyrosine antibody based enrichment and
1342 were identified in TiO, based enrichment. 409 peptides
exhibited decrease in phosphorylation (<0.5-fold) in MCF7-
TamR cells compared with MCF7-CTRL cells. Of these, 76
were identified from phosphotyrosine antibody enrichment
and 333 were identified from TiO, based enrichment. These
differentially phosphorylated peptides correspond to 1050
proteins. Of these, 850 proteins showed up-regulation in
phosphorylation levels in MCF7-TamR cells, and 233 proteins
showed down-regulation in phosphorylation levels in MCF7-
TamR cells. 33 proteins contained both up- and down-regu-
lated phosphorylation sites. These results are consistent with
our phosphotyrosine immunoblot observation, where we saw
substantial and global elevation of protein phosphorylation in
MCF7-TamR cells (Fig. 1C). This suggests that there is a
robust activation of kinases in the MCF7-TamR cells which
could contribute to the development of resistance.

Pathway Analysis to Identify Activated Pathways Involved in
Tamoxifen Resistance—To better understand the signaling
pathways involved in tamoxifen resistance, we performed a
KEGG pathway analysis using an integrated online functional
annotation tool, DAVID, for the proteins with increased phos-
phorylation in MCF7-TamR cells. This analysis revealed that
several tyrosine kinase-mediated signaling pathways, such as
focal adhesion kinase, ERBB, neurotrophin and insulin signal-
ing pathways, are highly enriched in MCF7-TamR cells (Fig.
3D). Some of these signaling pathways such as focal adhe-
sion (33, 34), MAPK (35, 36), ERBB (15, 37, 38) and insulin
signaling pathways (39) have been reported to be activated
and contribute to the development of resistance to tamoxifen.
Significantly, multiple pathways regulating cell migration/inva-
sion including actin cytoskeleton regulation, focal adhesion
and tight junction signaling pathways, were also found to be
enriched in MCF7-TamR cells (Fig. 3D). This suggests that, in
addition to developing resistance to tamoxifen, MCF7-TamR
cells also acquired a migration/invasion advantage. In support
of this, we observed that the MCF7-TamR cells form more
invadopodia-like structures compared with the MCF7-CTRL
cells (Fig. 3E). We then performed matrigel invasion assay and
found that MCF7-TamR cells are significantly more invasive
than MCF7-CTRL cells (Fig. 3F). These observations thus
support our phosphoproteomic data reflecting changes con-
sistent with increased motility in tamoxifen resistant cells. The
increase of invasiveness and morphological changes imply
that the MCF7-TamR cells might have undergone epithelial-
mesenchymal transition (EMT) during the development of re-
sistance to tamoxifen. However, when we examined the key
regulators and markers of EMT, we did not observe significant
expression changes of most EMT markers between the two
cell lines, including TCF8, vimentin, B-catenin, E-cadherin,
Z0-1 and N-cadherin. We did however observe up-regulation
of SLUG and CLAUDIN1 and down-regulation of SNAIL (sup-
plemental Fig. S1). These results suggest that development of

tamoxifen resistance in MCF7 cells could be accompanied by
EMT-like changes but the transition was not complete.

Activation of Focal Adhesion Kinases in Tamoxifen Resist-
ant MCF7 Cells—One of the top most enriched signaling
pathways as revealed by our analysis is the focal adhesion
pathway. 31 proteins in this pathway showed regulation of
phosphorylation levels in the MCF7-TamR cells. Twenty-
seven of these proteins were hyperphosphorylated and four
were hypophosphorylated (Table I). The hyperphosphorylated
proteins include both of the focal adhesion kinases, PTK2
(FAK1) and PTK2B (FAK2), their upstream kinase, SRC and
multiple downstream substrates and interaction partners in-
cluding Shc, p130Cas, Paxillin and Talin (Fig. 4A). The repre-
sentative MS spectra of up-regulated phosphopeptides be-
longing to key proteins in focal adhesion pathway are
depicted in Fig. 4B-4E. Our phosphoproteomic data are con-
sistent with studies reported by different groups showing that
SRC and FAK1 kinases were activated in tamoxifen resistant
breast cancer cells and inhibition of these kinases could sup-
press the proliferation and migratory ability of tamoxifen re-
sistant cells (33, 34). Another member of the focal adhesion
complex, p130Cas, encoded by the BCAR1T gene, has been
shown to be up-regulated in breast cancer with tamoxifen
resistance and is associated with increased relapse and ag-
gressiveness of the disease (40, 41). As a scaffolding protein,
p130Cas can be phosphorylated by multiple kinases including
SRC, FAK1 and FAK2. Phosphorylation of p130Cas regulates
its interaction with many of its downstream partners (42). For
instance, p130Cas can be tyrosine phosphorylated by SRC
and reciprocally, p130Cas can elevate SRC kinase activity
(43, 44). Tyrosine phosphorylation of p130Cas by SRC can
also be enhanced by the docking of both p130Cas and SRC
to focal adhesion kinases (45). Further, the interaction be-
tween p130Cas, SRC and focal adhesion kinases can pro-
mote survival and migration of breast cancer cells with tamox-
ifen resistance (46, 47).

In order to confirm the activation of SRC-FAK signaling
pathway in the MCF7-TamR cells, we performed Western blot
analyses to examine the phosphorylation levels of the key
kinases SRC, FAK1, and FAK2, and downstream protein Pax-
illin. We observed significant elevation of phosphorylation of
SRC Y416, FAK1 Y576/Y577, FAK2 Y402, and Paxillin Y118 in
tamoxifen resistant cells (Fig. 5A). Notably, short-term treat-
ment with tamoxifen did not affect the phosphorylation levels
of these signaling proteins in either MCF7-CTRL or MCF7-
TamR cells, and these proteins retained hyperphosphoryla-
tion in MCF7-TamR cells even without tamoxifen treatment.
This suggests that the increase in phosphorylation is stable
and developed during the long-term exposure to tamoxifen.
Interestingly, FAK2 also had a concomitant increase in protein
expression levels in the MCF7-TamR cells compared with
MCF7-CTRL cells (Fig. 5A). When we examined FAK2 expres-
sion in cells with different exposure time to tamoxifen, we
observed that FAK2 expression level gradually increased dur-
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TABLE |
A list of representative regulated proteins involved in focal adhesion pathway

SS:’]?)?N Phosphopeptide sequence Protein name Site Tca%l?_/
PTK2B YIEDEDYyKASVTRLPIK focal adhesion kinase 2 (FAK2) Y580 25.74
RHsMREEDFIQPSSR S778 8.91
PTK2 YMEDSTYyYKASK focal adhesion kinase 1 (FAK1) Y662 2.20
GSIDREDGSLQGPIGNQHIyQPVGKPDPAAPPK Y946 2.74
SRC Y439
FYN WTAPEAALYGR v-src viral oncogene Y440 4.21
YES Y446
BRAF sPQKPIVR v-raf oncogene homolog B S151 0.45
BCAR1 RPGPGTLYDVPR breast cancer anti-estrogen resistance 1 Y433 7.41
AQQGLYyQVPGPSPQFQSPPAK Y174 8.35
PXN VGEEEHVYSFPNK paxillin Y124 3.42
FIHQQPQSSsPVyGSSAK Y94, S91 3.64
TLN1 STVLQQQyNR talin 1 Y436 4.61
TMQFEPSTMVyDACR Y26 5.94
FYN KLDNGGyYITTR FYN oncogene Y213 2.80
GAySLSIR Y185 4.14
CRK YRPAsSASVSALIGGR v-crk avian sarcoma virus CT10 S194 5.89
oncogene
JUN LAsPELER jun proto-oncogene S73 3.68
MAPK8 MAPK10  TAGTSFMMTPYVVTR mitogen-activated protein kinase 8, 10 Y185 0.37
Y226
ACTG1 EITALAPSTMK actin, gamma 1 S323 3.18
ACTB actin, beta
ACTN1 HRPELIDYyGK actinin, alpha 1 Y193 4.81
ARHGAPS GGIDNPAITsDQELDDKK Rho GTPase activating protein 5 S1218 4.41
RTHsDAsSDDEAFTTSK S1173, S1176 3.91
BAD RMsDEFVDSFKK BCL2-associated agonist of cell death S118 4.99
FLNA CSGPGLsPGMVR filamin A, alpha S1459 5.06
APsVANVGSHCDLSLK S2152 4.92
ILK NGtLNKHSGIDFK integrin-linked kinase T181 2.25
PAK2 FYDsNTVK p21 protein (Cdc42/Rac)-activated S132 2.79
kinase 2
DGFPsGTPALNAK S152 2.04
PARVA SPSVPKsPTPKSPPSR parvin, alpha S54 12.72
PPP1CA yGQFSGLNPGGRPITPPR protein phosphatase 1, catalytic subunit, Y317 3.53
alpha isozyme
PPP1CB YQYGGLNSGRPVtPPR protein phosphatase 1, catalytic subunit, = T316 2.49
beta isozyme
PPP1R12A LAsTSDIEEK protein phosphatase 1, regulatory S507 5.55
subunit 12A
FPTTATKIsPK S422 6.37
VASP VQIYHNPtANSFR vasodilator-stimulated phosphoprotein T43 2.13
VAV2 ASsRsPVFTPR va]y 2tguanine nucleotide exchange S769, S771 0.50
actor
VCL ILLRNPGNQAAYEHFETMK vinculin Y693 3.48
DPSAsPGDAGEQAIR S291 28.40
zyYX FsPGAPGGSGSQPNQK zyxin S341 4.23
sPGAPGPLTLK S404 7.30

ing the development of tamoxifen resistance (Fig. 5B). We
sought to investigate whether the up-regulation of FAK2 ex-
pression was at the transcriptional or post-transcriptional
level. Our quantitative real-time RT-PCR result showed that
FAK2 mRNA level increased by more than 10-fold in MCF7-
TamR cells compared with MCF7-CTRL cells (Fig. 5C).

As a member of the focal adhesion kinase family, FAK2 has
been reported to be mainly localized at the focal adhesions
and nuclei of cells (48). Autophosphorylation at tyrosine res-

idue Y402 activates FAK2, which then functions as a docking
site for the SH2 domain of Src (49). In order to further inter-
rogate the activation status of FAK2 in MCF7-TamR cells, we
performed immunofluorescence staining of the active form of
FAK2 (pY402 FAK2). As demonstrated in Fig. 5D, we ob-
served similar cytoplasmic staining patterns of pY402 FAK2 in
both MCF7-CTRL and MCF7-TamR cells. However, there was
a substantial increase in the staining of foci on the periphery
of MCF7-TamR cells compared with MCF7-CTRL cells. Quan-
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Fic. 4. Activation of focal adhesion pathways in tamoxifen resistance. A, Hyperphosphorylated and hypophosphorylated (MCF7-TamR
versus MCF7-CTRL) proteins identified in the MCF7-TamR cells that are involved in the focal adhesion pathways. Protein phosphorylation sites
and phospho-regulation patterns were specified with color-coded circles. Diagram adapted from Pathvisio, a pathway analysis tool. B-E,
Representative MS spectra of hyperphosphorylated peptides of FAK2, FAK1, PXN and BCAR1.
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Fic. 5. FAK2 is overexpressed and hyperphosphorylated in tamoxifen resistant cells. A, Western blot validation of phosphorylation sites
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expression of FAK2 in MCF7 cells treated with tamoxifen short term or long term. C, Real-time RT-PCR analysis of FAK2 mRNA expression
in MCF7-TamR and MCF7-CTRL cells. Student’s t test was used for statistical analysis. D, Immunofluorescence staining of pY402 FAK2 in
MCF7-CTRL and MCF7-TamR cells. Green: FAK2 pY402; Blue: DAPI staining of nuclei. E, Focal adhesions of each cell were counted and

Student’s t test was used for statistical analysis.

tification of these focal adhesions revealed an increase of
~fivefold in MCF7-TamR cells than in MCF7-CTRL cells (p >
0.001) (Fig. 5E). Taken together, this suggests that transcrip-
tional up-regulation and overexpression of FAK2 could play a
critical role in the development of tamoxifen resistance, and
suppression of FAK2 could potentially reverse the resistance
to tamoxifen.

Targeting FAK2 to Suppress Proliferation of Cells with Ta-
moxifen Resistance—In order to evaluate the role of FAK2 in
the development of tamoxifen resistance, we performed
siRNA-mediated knockdown to specifically suppress FAK2
expression. Fig. 6A shows that FAK2 knockdown effectively
inhibited FAK2 expression in both MCF7-CTRL and MCF7-
TamR cells. We found that knockdown of FAK2 significantly
reduced the proliferation of MCF7-TamR cells (Fig. 6B). Inter-
estingly, knockdown of FAK2 also suppressed the growth of
MCF7-CTRL cells and sensitized these cells to tamoxifen

even further. We next examined the effect of suppressing
FAK2 on signaling molecules downstream of the focal adhe-
sion pathway. Remarkably, knockdown of FAK2 with two
different sets of siRNAs reduced the phosphorylation of FAK1
and Paxillin but not SRC (Fig. 6C), suggesting that overex-
pression of FAK2 is pivotal in the activation of focal adhesion
signaling pathway in MCF7-TamR cells.

In order to determine the therapeutic potential of targeting
focal adhesion pathway in tamoxifen resistant breast cancer,
we employed a potent pan-FAK selective pharmacological
inhibitor, PF562271. PF562271 has been selected for clinical
trials in patients with pancreatic, head and neck, and prostatic
neoplasms (50). We performed proliferation assays to assess
the IC4, of PF562271 in MCF7-CTRL or MCF7-TamR cells and
found that MCF7-TamR cells were four times more sensitive to
PF562271 than MCF7-CTRL cells (Fig. 6D). This suggests that
activation of focal adhesion pathway significantly contributes to
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Fic. 6. FAK2 is a novel therapeutic target in tamoxifen-resistant breast cancer. A, Western blot analysis of siRNA knockdown of FAK2
(siFAK2) or control (siCTRL). B-actin serves as a loading control. B, Proliferation assay following siRNA knockdown of FAK2 (siFAK2) or control
siRNA (siCTRL) with tamoxifen or vehicle. Student’s t test was performed for statistical analysis. C, Western blot analysis of MCF7-CTRL and
MCF7-TamR cells treated with two different siRNA against FAK2. Protein expression and phosphorylation levels of the proteins involved in the
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the resistance to tamoxifen treatment. We further validated the into the mammary gland fat pad of immunocompromised mice
therapeutic potential of PF562271 in suppression of tamoxifen and treated with DMSO or PF562271. As demonstrated in Fig.
resistant tumor growth in a xenograft tumor model. MCF7- 6E, the treatment with PF562271 significantly reduced the tu-
CTRL or MCF7-TamR cells were orthotopically transplanted mor formation of MCF7-TamR cells.
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Finally, we sought to examine whether FAK2 expression
correlated with clinical outcomes in patients with ER+ breast
cancers. A publicly available gene expression database (51) of
tumors from breast cancer patients was used for this survival
analysis. We focused our analysis on 657 ER+ tumors treated
with tamoxifen-based therapy. We found that high expression
level of FAK2 is significantly associated (p = 0.021) with
poorer outcomes of these patients (Fig. 6F). These clinical
data suggest that FAK2 is a potential target of relevance to
aggressive clinical behavior and hormone resistance in breast
cancer.

DISCUSSION

Tamoxifen resistance remains a major challenge in current
breast cancer management. Unveiling druggable protein tar-
gets that are critical for ER+ breast cancer cells to evade the
inhibitory effects of endocrine therapy is an urgent and unmet
need for developing novel therapeutic options to benefit pa-
tients with hormone refractory breast cancer. In this study, we
employed SILAC labeling based LC-MS/MS proteomic ap-
proaches to comprehensively profile the phosphoproteome of
MCF7 cells with tamoxifen resistance. We applied two phos-
phopeptide enrichment methods to identify and quantify al-
terations in serine, threonine and tyrosine phosphorylated
peptides. This strategy allowed us to decipher signaling path-
way changes at a much greater depth compared with other
published studies (21, 22). With this comprehensive phospho-
proteome profiling, we discovered for the first time, substan-
tial and global elevation of protein phosphorylation in MCF7
tamoxifen resistant cells, strongly implicating that a number of
kinases are activated in these cells. Our pathway analysis
identified multiple crucial kinase-mediated signaling path-
ways to be hyperactive in tamoxifen resistant cells, including
MAPK, ERBB, insulin and FAK signaling pathways. Our find-
ings support previous reports and offer a more global and
complete view of these activated pathways. For instance, in
addition to BRAF and multiple MAP kinases, we also found 29
additional important signaling molecules in the MAPK signal-
ing network to be regulated in tamoxifen resistant cells.

Previous studies have shown that the SRC and FAK signal-
ing pathway were activated during the progression of hor-
mone dependent breast cancer (33, 34). However, the mech-
anism of activation of SRC and FAK signaling has not been
fully elucidated. In our study, both SRC and FAK1 were iden-
tified to be hyperphosphorylated in tamoxifen resistant cells.
Moreover, several SRC and FAK substrates including SHC,
Paxillin and BCAR1 and many downstream proteins were also
found to be hyperphosphorylated in these cells. Most impor-
tantly, for the first time, we showed that FAK2 was transcrip-
tionally overexpressed and hyperphosphorylated in tamoxifen
resistant cells. Inhibition of FAK2 with small molecule inhibitor
or specific siRNA significantly suppressed cell growth and
tumor formation of resistant cells. We also demonstrated that
specific siRNA targeting FAK2 substantially reduced the pro-

tein phosphorylation level of FAK1 and Paxillin, suggesting
that FAK2 is a key kinase modulating the focal adhesion
pathway. Our patient survival analysis using breast cancer
expression database showed that high expression of FAK2 is
associated with a significant decrease in the survival of ER+
patients on tamoxifen treatment, suggesting the clinical im-
portance of FAK2 in this disease.

In summary, we show through our phosphoproteomic ap-
proaches that multiple kinase-mediated signaling pathways
are activated in tamoxifen resistant cells. Our in vitro and in
vivo functional studies demonstrated that the tyrosine kinase
FAK2 plays a pivotal role in the development of resistance to
tamoxifen and could potentially be a novel therapeutic target
for this disease. However, given the complexity of signaling
pathways and tumor heterogeneity, these discoveries require
further testing and validation in larger cohorts of patients.
Because our study was performed on one cell line, further
investigation is needed to support the broader applicability of
our findings. In particular, the exact mechanisms underlying
FAK2 up-regulation and activation in tamoxifen resistant tu-
mors and the efficacy of inhibition of FAK2 in pre-clinical and
clinical settings need to be further investigated.
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