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Early cancer cell migration and invasion of neighbor-
ing tissues are mediated by multiple events, including
activation of focal adhesion signaling. Key regulators
include the focal adhesion kinase (FAK) and FAK-
related proline-rich tyrosine kinase 2 (Pyk2), whose
distinct functions in cancer progression remain un-
clear. Here, we compared Pyk2 and FAK expression
in breast cancer and their effects on ErbB-2-induced
tumorigenesis and the potential therapeutic utility of
targeting Pyk2 compared with FAK in preclinical
models of breast cancer. Pyk2 is overexpressed in
tissues from early and advanced breast cancers and
overexpressed with both FAK and epidermal growth
factor receptor-2 (ErbB-2) in a subset of breast cancer
cases. Down-regulation of Pyk2 in ErbB-2-positive, FAK-
proficient, and FAK-deficient cells reduced cell prolifer-
ation, which correlated with reduced mitogen-activated
protein kinase (MAPK) activity. In contrast, Pyk2 silenc-
ing had little impact on cell migration and invasion.
In vivo, Pyk2 down-regulation reduced primary tumor
growth induced by a metastatic variant of ErbB-2-posi-
tive MDA 231 breast cancer cells but had little effect on
lung metastases in contrast to FAK down-regulation.
Dual reduction of Pyk2 and FAK expression resulted in
strong inhibition of both primary tumor growth and
lung metastases. Together, these data support the coop-
erative function of Pyk2 and FAK in breast cancer pro-

gression and suggest that dual inhibition of FAK and
Pyk2 is an efficient therapeutic approach for targeting
invasive breast cancer. (Am J Pathol 2008, 173:1540–1550;

DOI: 10.2353/ajpath.2008.080292)

Malignant tumor cells invade surrounding normal tissue
and disseminate to distant organs through a multistep
and multifactorial process. In general, the acquisition of
early autonomous motile property involves cell polariza-
tion toward blood and lymphatic vessels in response to
chemotactic signals, cell cytoskeleton remodeling, and
formation of cell plasma membrane protrusions. The lat-
ter are the site of dynamic turnover of multiple focal
adhesion molecules, which allow formation of stable cell-
matrix attachments near the leading edge of the protru-
sions, forward movement of the cell body, and disassem-
bly of focal-matrix adhesions and retraction at the trailing
edge. These processes are the driving force for early
cancer cell migration and invasion.

Central to the regulation of the cell migration cycle is
the focal adhesion kinase (FAK) and its homologous FAK-
related proline-rich tyrosine kinase 2 (Pyk2).1 FAK and
Pyk2 share 45% amino acid sequence homology with a
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highly conserved central catalytic kinase domain. The
noncatalytic regions of both proteins contain proline-rich
residues with binding motifs for Src homology (SH) 3
domain-containing proteins, such as Crk-associated sub-
strate, GTPase regulator associated with FAK, and Pleck-
strin homology, and SH3 domain containing Arf-GAP pro-
teins, along with a focal adhesion-targeting domain that is
critical for FAK recruitment to focal adhesions and for its
association with paxillin and talin.2 In addition, both Pyk2
and FAK contain several tyrosine autophosphorylation
sites, including an autophosphorylation site (Y397 for
FAK and Y402 for Pyk2), which acts as a binding site for
the SH2 site of Src tyrosine kinases.

Pyk2 and FAK are activated after integrin clustering in
response to various extracellular matrix components,
such as fibronectin, and by a number of growth factor
receptors, including ErbB tyrosine kinases.3 After activa-
tion, both Pyk2 and FAK undergo multiple phosphoryla-
tions and engage in protein-protein interactions with sev-
eral cytoskeletal proteins, such as paxillin; tyrosine
kinases, such as Src and C-terminal src-kinase; serine/
threonine kinases, such as integrin-linked kinase and
p21-activated kinase; and modulators of small GTPases
of the Rho family.4 These multiple interactions have been
established as critical regulators of early cell invasion
signaling, promoting cancer cell migration, and the initi-
ation of metastasis formation.5 However, increasing evi-
dence points toward distinct and possibly antagonistic
functions for Pyk2 and FAK. For instance, FAK is reported to
be predominantly localized to focal adhesions,6 whereas
Pyk2 is largely cytosolic,6–10 and unlike FAK, its phosphor-
ylation is independent of cell adhesion.10 FAK and Pyk2
contain conserved sites within their COOH-terminal domain
for paxillin binding.11 However, FAK but not Pyk2 binds to
talin.8 Pyk2 but not FAK associates with Hic-5, Nir (Pyk2
N-terminal domain-interacting receptors), and pancreatic
associated protein (Pap) proteins.6,12,13 Similarly, Pyk2 but
not FAK binds to PSGAP, a Pleckstrin homology and SH3
domain containing Rho GTPase activating protein (RhoGAP)
protein capable of stimulating Cdc42 and RhoA, and
inhibits its effect on Cdc42.14 Moreover, expression of
Pyk2 induces apoptosis in several cell lines15,16 and
negatively regulates cell cycle progression,17,18 whereas
FAK can protect against apoptosis and promotes cell
cycle progression.17,19 These distinct mechanisms could
explain the discrepant functional assignments and bio-
logical implications reported for FAK versus Pyk2.20–25

In this study, we investigated the functional role of Pyk2
versus FAK in ErbB-2-positive breast cancer cell prolifer-
ation, migration, and invasion and its correlation to human
breast cancer progression. We report that both Pyk2 and
FAK are co-overexpressed in early-stage breast cancer
and in ErbB-2-positive human breast cancers, supporting a
function in breast cancer progression. In contrast to FAK,
we demonstrate that Pyk2 has a distinct function in the
regulation of cell proliferation of ErbB2-positive cells but little
impact on cell invasion; this mechanism involves at least in
part modulation of the mitogen-activated protein kinase
(MAPK) pathway. We demonstrate that dual down-regulation
of Pyk2 and FAK results in a potent inhibition of breast cancer
progression in a preclinical invasive breast cancer model.

Materials and Methods

Reagents

The following antibodies were used: Monoclonal anti-
ErbB-2 (Ab-3, clone 3B5), polyclonal anti-ErbB-2 (Ab-1),
and polyclonal anti-ErbB-3 (clone C-17) were from On-
cogene Science (Cambridge, MA); anti-FAK (clone 4.47)
was from Biosource International (Camarillo, CA); anti-
phosphotyrosine antibody (4G10) and anti-extracellular
signal-regulated kinase 2 (Erk2; clone B3B9) were ob-
tained from Upstate (Lake Placid, NY); anti-Pyk2 was
obtained from BD Bioscience Transduction Laboratories
(Lexington, KY); anti-phospho-MAPK was obtained from
New England Biolabs Inc. (Ipswich, MA); rhodamine con-
jugated to phalloidin was from Sigma-Aldrich (St. Louis,
MO), and anti-glyceraldehyde-3-phosphate dehydroge-
nase was from Cedarlane (Burlington, ON, Canada).
Heregulin (HRG) was from Neomarkers (Fremont, CA),
and the mitogen-activated protein kinase kinase 1 inhib-
itor UO126 was from Alexis Biochemicals (Lausen,
Switzerland).

Cell Lines and Cell Culture

Mouse embryonic fibroblast (FAK�/� or FAK�/�) cells
were kindly provided by Dr. Dusko Ilic (University of
California, San Francisco, CA). The breast adenocarci-
noma cell lines MDA 231-AP2, MDA 231-ErbB-2, and
MDA 231-M were described previously.26 FAK�/� or
FAK�/� cells were cultured in DMEM (Life Technologies,
Rockville, MD) supplemented with 10% fetal bovine se-
rum, 1 mmol/L sodium pyruvate, 1% (v/v) nonessential
amino acids, 100 �mol/L 2-mercaptoethanol, and peni-
cillin/streptomycin. Human breast adenocarcinoma cells
were maintained in RPMI 1640 (Mediatech, Washington,
DC) supplemented with 10% fetal bovine serum and
penicillin/streptomycin.

Stable Overexpression of ErbB Receptors in
FAK�/� and FAK�/� Cells

ErbB-2 and ErbB-3 receptors were expressed in poly-
clonal cell populations using bicistronic retrovectors that
express each of the receptors with the enhanced green
fluorescent protein (EGFP) as described previously.27

Generation of Cells Expressing Stable FAK
and Pyk2 siRNA

A specific 21-nucleotide sequence of mouse Pyk2 gene
(GenBank accession no. NM_172498) (5�-GACCU-
GUAAGAAAGACUGU-3�), human Pyk2 gene (5�-GTT-
GCTATAGAAGCAGACC-3�),20 and human FAK gene
(5�-GCATGTGGCCTGCTATGGA-3�)26 were cloned as
inverted repeats into pSuper-retro puro vector according
to the manufacturer’s instructions (Oligoengine, Seattle,
WA). Control retroviral vector pRetro-Super puro alone or
expressing target siRNA was transfected into Phoenix
cells using Genejuice (Novagen, Darmstadt, Germany).
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Forty-eight hours after transfection, the supernatant of
phoenix cells was filtered through 0.45-�m filter and used
to infect target cell lines twice, 24 hours apart, in the
presence of 8 �g/ml polybrene. Forty-eight hours after
infection, polyclonal populations were selected for resis-
tance to 1 �g/ml puromycin for 2 weeks to generate
stable siRNA-expressing cells and matched controls.

Cell Proliferation Assay

Exponentially growing cells were seeded in 96-well
plates at a density of 1 � 103 cells per 100 �l completed
well and left undisturbed for 96 hours. Cell proliferation
was evaluated 96 hours later using the 3-(4,5-dimethyl-
thiazo-2-yl)-2,5-diphenyltetrazolium bromide metabolic
assay as described previously.27

Cell Motility

Cell motility was examined using the phagokinetic track
assay. Briefly, sterile coverslips coated with 1% bovine
serum albumin and then a uniform carpet of gold colloidal
solution containing 150 �mol/L HAuCl4-4H2O and 10
mmol/L Na2CO3 was applied. Serum-starved cells were
plated at low density (0.5 � 103 per coverslip), allowed to
attach for 1 hour, and then placed in 35-mm tissue culture
dishes. Cells were then allowed to migrate for 8 hours in
presence of serum-free medium and in the absence and
presence of 10 ng of heregulin. Cells were then fixed by
0.1% formaldehyde, and the areas cleared of gold parti-
cles were examined under microscope and quantified by
NIH image processing; 50 cells were examined per con-
dition, and the results are presented as the average area
free of gold colloidal particles in square millimeters �SD.
After digitization, color images were processed using
specialized functions from Photoshop imaging software
(Adobe Systems, Mountain View, CA), and results are
reported as an area per square millimeter.

Invasion Assay

Cell invasion experiments were performed with 8-�m po-
rous chambers coated with Matrigel (Becton Dickinson,
Franklin Lakes, NJ) according to the manufacturer’s rec-
ommendations. Serum-starved cells were placed into the
upper compartment (30,000 cells), and the chambers
were placed into 24-well culture dishes containing 400 �l
of DMEM 0.2% BSA with or without 20 ng/ml HRG (lower
compartment). Cells were allowed to invade through the
Matrigel membrane for 48 hours. The invasive cells un-
derneath the membrane were fixed and stained. Filters
were viewed under bright-field 40X objective and the
counting was performed for three fields in each sample.
Each experiment was done at least three times, and
results are expressed as means � SEM.

Western Blot and Immunoprecipitation Assays

Cells were grown to approximately 70 to 80% confluence
after 24 hours of serum-starvation and treatment with

HRG when indicated. Total cell lysates were prepared,
blotted, detected using appropriate antibody, and visu-
alized using enhanced chemiluminescence detection.
Antibodies used are the following: ErbB-2 (antibody-3,
clone 3B5; Oncogene Science), ErbB-3 (clone C-17;
Santa Cruz Biotechnology, Santa Cruz, CA), Pyk2 (BD
Bioscience Transduction Laboratories), glyceraldehyde-
3-phosphate dehydrogenase (Cell Signaling Technology,
Danvers, MA), FAK (clone 4.47; Biosource International),
Erk1/2 (p44/42 mitogen-activated protein kinase), and
phospho-Erk1/2-Y202/204 (Cell Signaling Technology).
For immunoprecipitation, 200 �g of protein was immuno-
precipitated with anti-ErbB-2 (antibody-3) and anti-
ErbB-3 (clone C-17). Immunoprecipitated samples were
then blotted on nitrocellulose and detected with antibody
against phosphotyrosine (4G10; Upstate Biotechnology).
Blots were then stripped and immunoblotted with anti-
bodies specific for each immunoprecipitated receptor,
as described above. To determine Erk activation, pro-
tein from cells was stimulated with HRG for 10 minutes
and then immunoblotted with antibody specific for
phosphorylated Erk1/2. Blots were then stripped and
reprobed to recognize total Erk1/2. A preliminary West-
ern assay was performed at 15 seconds, 30 seconds,
5 minutes, 10 minutes, 30 minutes, 1 hour, and 2 hours
after HRG stimulation of serum-starved cells. Ten min-
utes was chosen as the optimal time point for ERK
activation (not shown).

Immunofluorescence Labeling

Cells overexpressing ErbB receptors were processed for
immunofluorescence based on similar conditions de-
scribed above.27 ErbB-2 (antibody-3, clone 3B5; Onco-
gene Science) antibody was used. After labeling, the
cells were viewed in a Zeiss Axiophot fluorescent micro-
scope (Carl Zeiss, Thornwood, NY) equipped with a 63�
Plan Apochromat objective and selective filters. Images
were acquired from a cooled CCD camera and displayed
on a high-resolution monitor. Images were analyzed by
Northern Eclipse Image analysis system (Carl Zeiss).

In Vivo Tumorigenic and Invasion Studies

In vivo studies were approved by the McGill Animal Care
Committee (protocol no. 4101) and were conducted in
accordance with institutional and Canadian federal
guidelines. Female Scid mice were obtained from
Charles River Laboratories (St. Zotique, PQ, Canada). For
primary tumors, ErbB-FAK�/� and ErbB-FAK�/� cells
(1 � 106 cells) were implanted subcutaneously in the
flank of female Scid mice. Parental cells expressing
empty retroviral particles were used as controls. MDA
231-M cells expressing siRNA against FAK, Pyk2, or both
were injected into the mammary fat pad of mice. Control
cells expressed empty pSuper-retro puro vector. These
cells maintained the same growth rate as the parental cells.
Tumor volumes were measured every 2nd or 3rd day using
a caliper, and tumor volumes were calculated as vol-
ume � �/6 (length � width2). For tumor invasion, the
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lungs were fixed in 10% Bouin’s fixative, and lung surface
metastases were counted using a stereomicroscope. In
all cases, eight mice were used per condition.

Tissue Microarray Construction and
Immunohistochemistry

Tissue microarrays (TMAs) from breast cancer patients
cohort were assembled using a manual tissue arrayer
(Beecher Instruments, Silver Spring, MD) as previously
described.28 All TMA cores were assigned a diagnosis
(ie, benign, carcinoma in situ, invasive, and lymph node
metastatic breast cancer) by the study pathologist. Tis-
sue cores from circled areas were targeted for transfer to
a recipient array paraffin block. Three to five replicate
tissue cores on average were sampled from each patient
for the tissue microarray. TMA cores (0.6 mm in diameter)
were each spaced at 0.8 mm from core center to core
center. Three TMA blocks with a total of 202 cores be-
longing to 75 patients were constructed. All blocks con-
tained benign breast tissue, ductal in situ carcinoma
(DCIS), invasive carcinoma, and lymph node metastatic
tumors. After construction, 4-�m sections were cut and
stained with H&E to verify initial diagnosis. The study was
approved by the Jewish General Hospital institutional
review board.

Immunohistochemistry was performed using the
NexES immunostainer (Ventana Medical Systems, Tus-
con, AZ). Immunostaining was performed on 4-�m si-
lane-coated slides (Sigma, St. Louis, MO), dried over-
night at 37°C, and then dewaxed, rehydrated, and boiled
(microwave) in EDTA (pH 7.0) or citrate buffer (pH 6.0) for
antigen retrieval. Slides were incubated for 32 minutes at
37°C using the primary antibodies. Primary antibodies
[Pyk2 (1:25; 610548; BD Bioscience Transduction Labo-
ratories); and FAK (1:25; clone 4.47; catalog no. 05-537;
Biosource International)] were incubated for 40 minutes
at room temperature using the NexES automated immu-
nostainer (Ventana Medical Systems). Antibodies were
first titrated using test arrays of several samples repre-
senting various tissue types and various antigen retrieval
methods. The titration showing the best staining with no
background in epithelial breast tissue was used. The
automated Ventana system then uses an indirect biotin-
avidin system with a universal biotinylated immunoglob-
ulin secondary antibody. Diaminobenzidine was used as
a chromogen. Slides were subsequently counterstained
with hematoxylin before mounting. Staining procedures
were performed according to the manufacturer’s recom-
mendations. Negative controls were obtained by omitting
the specific primary antibodies. Protein expression was
assessed using a four-tiered system (0, negative; 1,
weak; 2, moderate; and 3, high expression).

Statistical Analysis

To analyze tumor growth, unpaired Student’s t-test was
used to compare significance between groups. Data
were then analyzed using analysis of variance comparing
all groups, with group as an independent variable and

volume as a repeated measure as a function of time, and
Dunnett’s and Bonferroni’s tests. All statistical tests were
two-sided and were considered to be significant at the
0.05 level. For human tissue data, analyses were per-
formed using a computer-based statistical package of
Statistical Product and Service Solution version 5.1 for
Windows (SPSS, Chicago, IL). Results are reported as
means � SE. Differences among the four groups (benign,
DCIS, invasive, and lymph node metastases) were com-
pared with one-way analysis of variance and the post hoc
Tukey honestly significantly different test for multiple
comparisons. A value of P � 0.05 was considered sig-
nificant. Only significant correlation coefficients are
reported.

Results

Pyk2 Is Overexpressed with FAK in Early-Stage
Breast Cancer

To examine the significance of Pyk2 expression com-
pared with FAK for human breast disease, we performed
immunohistochemical study on a high-density tissue mi-
croarray from a total of more than 200 breast cancer
cases of various stages of progression. The pathology of
each tissue microarray element was confirmed by an
experienced pathologist and scored for staining (scale of
1 to 4) per cell type considered (epithelial, myoepithelial,
and stromal). As shown in Figure 1, Pyk2 protein expres-
sion was significantly increased in the various stages of
breast cancer progression compared with benign (P �
0.05). The average expression was highest in in situ can-
cer and invasive cancer compared with benign tissue
(P � 0.05). Lymph node metastases showed a wider
expression range compared with invasive breast cancer
(Figure 1; see Supplemental Table S1 at http://ajp.
amjpathol.org). Protein expression for FAK showed similar
trends, with increased expression in in situ, invasive ,and
a wider expression in lymph nodes metastasis versus
benign breast tissue (Figure 1; see Supplemental Table
S2 at http://ajp.amjpathol.org). Moreover, co-expression
of Pyk2 and FAK was observed in more than 70% of
cases (Table 1). In ErbB-2-positive breast cancer tissues
(�grade 1), Pyk2/FAK co-overexpression was seen in 14
to 25% of cases (Table 1).

Overexpression of ErbB-2/3 Receptors Rescues
Tumorigenesis Defects of FAK-Deficient Cells

To investigate the role of Pyk2 versus FAK in ErbB-in-
duced cancer progression, we initially used paired FAK-
proficient and -deficient mouse embryonic fibroblasts
transformed by overexpression of the ErbB-2/3 tyrosine
kinase receptors. We have reported that co-expression of
ErbB-2 and ErbB-3 in these cells promotes potent onco-
genic transformation, tumor growth, and progression to
metastases.26 ErbB-2 is an orphan receptor that is pref-
erentially transactivated through receptor heterodimer-
ization and transphosphorylation after ligand activation
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and in particular with the kinase-deficient ErbB-3.29,30 A
polyclonal population of cells was stably transduced with
a bicistronic retrovirus, expressing ErbB-2 or ErbB-3, and
EGFP. Control cells expressed retroviral particles ex-

pressing EGFP alone. The phosphorylation status of
ErbB-2/3 receptors in FAK�/� and FAK�/� cells trans-
duced with empty retroviral particles expressing EGFP
alone (control) or particles encoding EGFP and ErbB-2/3
receptors was examined using immunoprecipitation as-
say coupled to Western blotting (Figure 2). As noted,
control cells exhibit no detectable or weak labeling for
ErbB-2/ErbB-3, whereas cells transduced with ErbB-2 or
ErbB-3 retroviral particles overexpress the receptors.
Overexpression of ErbB-2 receptor leads to receptor au-
tophosphorylation, and activation of ErbB-3 with HRG
further enhances ErbB-2 trans-phosphorylation. More-
over, enhanced basal phosphorylation was seen for the
kinase-deficient ErbB-3 receptor as a result of cross-
phosphorylation via ErbB-2 in agreement with our previ-
ous studies with these cells.26,27

Control FAK�/� and FAK�/� cells do not form colonies
in soft agar and are unable to form tumors in vivo, but
overexpression of ErbB receptors induces oncogenic
transformation that is dependent on FAK.26 Here, we
demonstrate that stimulation of serum-starved ErbB-2/3-
FAK�/� cells with HRG significantly induced cell prolifer-
ation (P � 0.01) but had a minor effect on cell migration
and cell invasion (Figure 3A). In ErbB-2/3-FAK�/� cells,
HRG significantly stimulated cell proliferation, cell migra-
tion, and cell invasion (P � 0.001). In contrast, none of
these phenotypic features was induced by HRG in ErbB-
2/3-negative FAK�/� or FAK�/� cells. In a similar manner,
when ErbB-transformed FAK�/� cells were implanted into
the mammary fat pad or subcutaneously (not shown),
tumors formed after a long latency period compared with

Figure 1. Summary of Pyk2 and FAK expression in progressive breast
cancer tissue array specimens. Pyk2 and FAK protein expression in a TMA of
benign breast tissues versus carcinoma in situ, invasive, and lymph node
metastasis, expressed in percentages. Confidence intervals (95%) show nor-
malized mean protein intensity units of Pyk2 and FAK as determined by
quantitative evaluation of immunohistochemistry; scale bars, �SE. BN, be-
nign; In situ, in situ breast carcinoma; Invasive, invasive breast cancer; Mets,
lymph node breast metastasis. Error bars are representative cores of immu-
nostaining of Pyk2 and FAK expression in various stages of breast cancer
progression using TMA. Benign breast epithelium showed negative or very
low intensity compared with different stages of breast cancer. *P � 0.05 in
situ, invasive versus benign.

Table 1. Percent Co-expression of FAK, Pyk2, and ErbB-2 in
TMA Specimens with Grade �1

Tissue type
FAK/ErbB-2

(%)
Pyk2/ErbB-2

(%)
FAK/Pyk2

(%)

Benign 0/29 (0) 0/23 (0) 0/23 (0)
In situ 6/33 (18.2) 6/42 (14.3) 24/33 (72.7)
Invasive 23/119 (19.3) 27/120 (22.5) 76/119 (63.9)
Lymph node

metastasis
4/17 (23.5) 5/20 (25) 13/17 (76.5)

Figure 2. Overexpression and activation of ErbB-2 receptors in FAK-profi-
cient and -deficient cells. Cells at 70% confluence were serum-starved for 24
hours and kept unstimulated [control (C)] or stimulated with 5 ng/ml HRG for
10 minutes. Cell lysates were immunoprecipitated with anti-ErbB, and the
blots were probed using anti-phosphotyrosine antibody and reprobed with
the corresponding ErbB-specific antibody. Note the constitutive autophos-
phorylation of ErbB-2 in ErbB-2 expressors and the enhanced ErbB-2 and
ErbB-3 phosphorylation after stimulation with HRG.
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ErbB-2/3-FAK�/� cells (eg, tumor became palpable ap-
proximately 1 month after inoculation compared with 5
days for ErbB-2/3-FAK�/�). The latter were sacrificed on
day 30 because of debilitating large tumors, whereas
tumors induced by ErbB-2/3-FAK�/� cells became mea-
surable only from day 40 and continued to grow, although
slowly compared with ErbB-2/3-FAK�/� cells (Figure 3B).
In the same animals, lung metastases were detected at a
later stage, and the incidence was significantly lower
(P � 0.005) for ErbB-2/3-FAK�/� compared with ErbB-2/
3-FAK�/� (Figure 3B). These data support both FAK-
dependent and -independent mechanisms for ErbB-in-
duced tumor growth and invasion.

Pyk2 Regulates ErbB-Induced Cell Proliferation
in Part via Modulation of MAPK Activity
but Has Minimal Impact on Cell Migration
and Cell Invasion

To establish the role of Pyk2 in ErbB-induced tumorigen-
esis versus invasiveness, we compared cell proliferation
and cell invasion in ErbB-2/3-FAK�/� cells and their
matched pairs where Pyk2 expression was down-regu-
lated by siRNA (Figure 4A). Cell proliferation assay re-
vealed that the proliferation of both serum-starved ErbB-
2/3-FAK�/� and ErbB-2/3-FAK�/� cells was increased in
the presence of HRG, whereas cell invasion was only
increased in ErbB-2/3-FAK�/� cells (Figure 4A). Reduc-
tion of Pyk2 expression inhibited cell growth in both
ErbB2/3-FAK�/� and ErbB2/3-FAK�/� cells compared
with matched control cells expressing pSUPER retro vec-
tor. Moreover, the anti-proliferative effect of Pyk2 siRNA
was stronger in ErbB-2/3-FAK�/� compared with Erb-B2/
3-FAK�/� cells (P � 0.001). In contrast, only a small
decrease in cell invasion was observed in Pyk2 siRNA-
expressing ErbB-2/3 cells compared with controls (P �
0.01). Similar results were observed in MDA 231-M inva-
sive breast cancer cells (Figure 4B), where down-regu-
lation of Pyk2 expression results in a larger inhibition of
cell proliferation than reduction of FAK expression com-
pared with matched controls. However, MDA 231-M cells
expressing Pyk2 siRNA demonstrate a very minor de-
crease in cell invasion compared with controls, whereas
those expressing FAK siRNA show significant inhibitory
effect on invasion.

A major ErbB mitogenic mechanism occurs via activa-
tion of the MAPK-Erk pathway, and both FAK and Pyk2
are coupled to MAPK-Erk in part via interaction with Grb2
through Grb2 SH3-binding site.31 We therefore examined
the impact of Pyk2 on ErbB-induced Erk activation. As
shown in Figure 5A, overexpression of ErbB in FAK�/�

cells slightly increased the basal Erk activity compared
with parental control cells, as determined by phospho-
Erk blotting; this is in agreement with our previous stud-
ies.26 Down-regulation of Pyk2 in ErbB-2/3 FAK�/� cells
reduced the basal Erk activation (P � 0.005). This reduc-

Figure 3. ErbB-2/3 receptor overexpression partially rescues tumorigenesis
defects of FAK�/� cells. A: Cell proliferation was measured using 3-(4,5-
dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide metabolic assay on
exponentially growing cells after 48 hours of HRG stimulation and nonstimu-
lated controls. Cell migration was determined by the phagokinetic track
assay, where cells were allowed to migrate on gold colloidal particle-covered
coverslips in the presence or absence of HRG. Total cell motility was quan-
tified by processing the average area free of gold colloidal particles in square
millimeters � SD. Cell invasion was evaluated by culturing cells on Boyden
chambers coated with matrigel and stimulating them for 48 hours using HRG
as chemotactic agent in the lower chamber as described in Materials and
Methods. The number of invading and hematoxylin stained cells were
counted, and the percentage of invading cells was determined. Values are
means � SD from three independent experiments (P � 0.05, ErbB-2/3 versus
control). *P � 0.01, ErbB-2/3 FAK�/� versus control FAK�/�; P � 0.001,
ErbB-2/3 FAK�/� versus control FAK�/� B: Exponentially growing cells
(1.0 � 106) were injected subcutaneously into the flank of SCID mice (left).
Tumor growth was monitored over time as indicated in Materials and Meth-
ods. Each point represents the average of 8 animals � SEM. Tumor volumes
are not applicable for FAK�/� at day 60 because animals were sacrificed on
day 29 because of debilitating large tumors. Exponentially growing cells
(1.0 � 106) were inoculated intravenously to SCID mice (right). Mice were
sacrificed on day 42 after inoculation, and lungs were fixed in 10% Bouin’s

fixative. Lung surface metastases were counted using a stereomicroscope.
Each bar represents the average lung metastases (n � 8) � SEM. *P � 0.005,
ErbB-2/3 FAK�/� versus ErbB-2/3 FAK�/�.

Tumorigenesis and Cancer Progression 1545
AJP November 2008, Vol. 173, No. 5



tion was dependent on Pyk2 siRNA concentration and
was not seen with cells expressing the empty siRNA
plasmid (PSR) control (Figure 5B) (P � 0.01, for siRNA
Pyk2 25 and 50 nmol/L compared with PSR-FAK�/� con-

Figure 4. Impact of Pyk2 on ErbB-induced cell proliferation and cell inva-
sion. A: A representative Western blot analysis on cells stably expressing
Pyk2 siRNA showing more than 80% inhibition compared with control cells.
Relative FAK expression is also shown. Shown are parental FAK�/� cells,
ErbB-2/3 FAK�/� cells, ErbB-2/3 FAK�/� cells expressing PSR, and ErbB-2/3

FAK�/� cells expressing Pyk2 siRNA. Control and ErbB-2/3 FAK�/� cells are
shown as positive controls. Glyceraldehyde-3-phosphate dehydrogenase was
used as internal control. Cell proliferation of control and ErbB-expressing
FAK�/� cells and their matched pairs where Pyk2 was inhibited by siRNA (top).
Cells were seeded on 96 wells, serum-starved for 24 hours and then stimulated
with 5 ng/ml HRG. Cell proliferation was examined on day 5 using the 3-(4,5-
dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide assay as described in Ma-
terials and Methods (*P � 0.001, ErbB-2/3 FAK�/� siRNA Pyk2 versus ErbB-2/3
FAK�/� siRNA Pyk2). Cell invasion was determined on the Boyden chamber of
control and ErbB-expressing FAK�/� cells and their matched pair where Pyk2
was inhibited by siRNA (bottom). Cells were seeded on Boyden chambers
coated with matrigel and stimulated for 48 hours using heregulin as chemotactic
agent in the lower chamber as described in Materials and Methods. Values
reported are means � SD from at least three independent experiments (*P �
0.01, ErbB-2/3 FAK�/� PSR versus ErbB-2/3 FAK�/� siRNA Pyk2). B: Immuno-
fluorescence staining showing effective overexpression of ErbB-2 in control and
ErbB-2-transformed MDA 231 cells (top). Green fluorescent protein (GFP) and
4,6-diamidino-2-phenylindole (Dapi) staining are used as cellular controls.
Knockdown of Pyk2 and FAK expression in MDA 231 ErbB-2 cells demonstrated
in a representative Western blot analysis (middle). Cells stably expressed spe-
cific Pyk2 siRNA and FAK siRNA resulting in effective down-regulation of Pyk2
and FAK expression, respectively, compared with control cells and cells express-
ing PSR empty vector. Glyceraldehyde-3-phosphate dehydrogenase was used as
internal control. Cell proliferation and cell invasion experiments were performed
on control cells, cells expressing PSR, cells expressing FAK siRNA, and cells
expressing Pyk2 siRNA (bottom). Cell proliferation was evaluated after 5 days
using the 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide meta-
bolic assay. Cell invasion was determined using the Boyden chamber invasion
assay and HRG as a chemoattractant for 48 hours as described in Materials and
Methods. *P � 0.005, compared with PSR controls.

Figure 5. Pyk2 regulates ErbB-induced activation of MAPKs in FAK-deficient
cells. A: Cell extracts from parental FAK�/� cells, ErbB-2/3-FAK�/� cells, and
their matched pairs expressing PSR or siRNA Pyk2. ErbB-2/3 FAK�/� cells are
shown as a control. Cells were serum-starved for 24 hours and then stimulated
with HRG for 10 minutes. Total cell extracts were then collected and used for
Western blot analysis to monitor the levels of phospho-Erk1/2. *P � 0.005,
compared with control FAK�/�. Total Erk1/2 was used as internal control. Pyk2
expression is also shown to demonstrate efficiency of siRNA knockdown. B: Cell
extracts from cells transiently transfected with increasing amount of siRNA Pyk2
were used to examine the levels of phospho-Erk following the same conditions as
in A. Western blot analysis for Pyk2 expression shows efficiency of dose-dependent
knockdown. Each experiment was repeated at least in triplicate. Error bars represent
the average phosphor-Erk/Erk � SD. *P � 0.01, siRNA Pyk2 25 nmol/L/50 nmol/L
FAK�/� compared with PSR control; **P � 0.005, siRNA Pyk2 100 nmol/L FAK�/�

compared with PSR control.
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trol cells; P � 0.005, siRNA Pyk2 100 nmol/L compared
with PSR-FAK�/� control cells).

Dual Down-Regulation of Pyk2 and FAK Is
Required for Prevention of Her2�-Induced
Tumor Growth and Metastasis Formation

To examine the preclinical impact of Pyk2 down-regula-
tion compared with FAK on breast cancer growth and
metastasis formation, we investigated tumor growth and
the incidence of lung metastases induced by the MDA
231-M breast cancer cells expressing siRNA against
Pyk2, FAK (previously shown in Figure 4B), or Pyk2 and
FAK (Figure 6A). Control cells expressed empty retroviral
particles (PSR). All cells were implanted into the mouse
mammary fat pad. Efficiency of FAK and Pyk2 down-
regulation in tumor tissues was confirmed by immunohis-
tochemical staining for FAK and Pyk2 proteins (Figure
6D). As shown in Figure 6, B, C, E, and F, down-regula-

tion of Pyk2 has a great impact on tumor growth inhibition
(P � 0.01) compared with lung metastasis formation. In
contrast, FAK down-regulation was more potent in inhib-
iting lung metastasis (P � 0.001). Dual reduction of Pyk2
and FAK expression drastically inhibited tumor growth
and lung metastases (P � 0.001). These data support
dual inhibition of Pyk2 and FAK as a potential therapeutic
approach for targeting invasive breast cancer.

Discussion

The homologous focal adhesion tyrosine kinases FAK
and Pyk2 have been implicated in integrin signaling, cell
survival, and cell migration and invasion, and both pro-
teins are emerging as potential therapeutic targets for
cancer. Elevated FAK levels were reported previously to
occur in a subset of early-stage cancers such as DCIS of
breast32,33 and advanced breast cancer and metastatic
nodules.34–37 However, other studies failed to observe

Figure 6. Inhibition of Pyk2 and FAK in the MDA 231-M
breast cancer model leads to distinct inhibition of tumor
growth versus lung metastases. A: A representative Western
blot analysis of cells demonstrating dual inhibition of both
FAK and Pyk2 through stable expression of FAK and Pyk2
siRNA. Cells expressing siRNA show more than 90% inhibi-
tion compared with control cells. B: Representative appear-
ance of primary tumors after implantation of cells into the
mammary fat pad of Scid mice. C: Tumor growth kinetics
monitored over time as indicated in Materials and Methods.
Each point represents the mean of eight mice � SD. D:
Immunohistochemistry on primary tumor tissue from con-
trol, siRNA FAK, siRNA Pyk2, and siRNA FAK/Pyk2. Control
represents tumors induced by cells expressing PSR plasmid.
Tumors were fixed in formalin, embedded in paraffin, and
used for immunohistochemical analysis for FAK and Pyk2 or
stained with H&E as described in Materials and Methods. �,
negative control where primary antibodies were omitted. E:
Incidence of lung metastases from the same group of ani-
mals. Representative lungs from mice inoculated with the
various cell types. F: Quantification of lung surface metasta-
ses was determined after tissue fixation with Bouin. Results
are mean surface lung metastases (n � 8) � SD. *P � 0.001,
compared with control.
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such a correlation between FAK levels and the invasive
phenotype in breast cancer.38 In a similar manner, ele-
vated Pyk2 expression was found to correlate with the
progression of hepatocellular carcinoma,39 gastric carci-
noma,40 and astrocytomas.41 In contrast, other studies
reported rather decreased Pyk2 expression in advanced
osteosacroma42 and in high-grade prostate cancer com-
pared with normal epithelial prostate tissue and benign
prostatic hyperplasia.23 These reports used small num-
bers of tissue cases and did not address the context of
overexpression of the prognostic marker ErbB-2.

In the present study, both Pyk2 and FAK protein ex-
pression was found to be significantly increased in early
and advanced breast cancer, including DCIS, compared
with benign and normal breast tissues. Equally important,
co-overexpression of Pyk2 with ErbB-2 was seen in early-
stage DCIS and invasive breast cancer, whereas co-
overexpression of FAK with ErbB2 was high in early-
stage and invasive breast carcinomas. Therefore, the
TMA data indicate that both FAK and Pyk2 are potential
markers of aggressiveness, which, based on in vitro data,
can function in a concerted manner during progression of
primary breast cancer to invasive forms.

We demonstrate that down-regulation of Pyk2 in ErbB-
transformed FAK-deficient cells using the siRNA ap-
proach prevented ErbB-induced cell proliferation but had
a little impact on cell migration and invasion. In contrast,
we reported earlier that restoration of FAK in ErbB-FAK-
deficient cells can restore cell migration, cell invasion,
and both tumorigenesis and invasiveness in vivo.26 This
finding contrasts with a previous study in which overex-
pression of Pyk2 in MDA MB435 was observed,43 al-
though the ErbB overexpression and signaling in relation
to cancer cell invasion was not addressed. However, our
results are in agreement with a study by Lim et al44

demonstrating a compensatory increase of Pyk2 expres-
sion on FAK inactivation and the ability of Pyk2 to rescue
cell proliferation of FAK�/� mouse fibroblastic cells; this
was found to occur via activation of distinct Rho signaling
molecules. Moreover, in FAK-deficient bone marrow
macrophage cells, the residual invasive capacity was
reported to be independent from Pyk2.45

Inhibition of cell proliferation by Pyk2 siRNA in ErbB-
expressing cells correlated with a reduction in MAPK
activation after ErbB activation by heregulin. ErbB-medi-
ated MAPK activation is a major oncogenic event that
regulates cancer cell proliferation in ErbB-transformed
cells.46–53 As well, MAPK-Erk signaling after FAK/Pyk2
activation has been reported to be necessary for cell
proliferation.7,18,26,54–59 In FAK�/� cells overexpressing
ErbB-2/3, we demonstrated that down-regulation of Pyk2
prevented MAPK-Erk activation. These data substantiate
the hypothesis that Pyk2 can compensate for ErbB-in-
duced cell proliferation and tumorigenesis in FAK�/�

cells, at least in part, via enhanced activation of MAPK-
Erk, a major signaling pathway required for the function of
the Pyk2 homolog FAK in mitogenesis.7,26,60,61

Numerous studies demonstrate FAK overexpression in
several types of carcinomas in vitro; and a recent study
by Lahlou et al62 shows direct in vivo evidence of FAK
implication in mammary tumor progression; targeted ab-

lation of FAK resulted in decreased mammary tumor cell
proliferation and blocked progression of hyperplasia to
advanced carcinoma. These findings further stress the
potential importance of targeting FAK to prevent primary
breast cancer progression. A number of selective inhib-
itors of FAK have been identified and show promising
results in preclinical models.63,64 At least one molecule
that targets both FAK and Pyk2 is undergoing early clin-
ical trials.65,66 To examine the relevance of cooperative
signaling between Pyk2 and FAK for breast cancer pro-
gression, we compared therapeutic efficacy after down-
regulation of Pyk2, FAK, and both Pyk-2 and FAK, using
an orthotopic ErbB-2� MDA 231 metastatic breast car-
cinoma model grown into the mammary fat pad. Our
results indicate a strong impact of Pyk2 down-regulation
on the growth of primary tumors but little impact on lung
metastasis compared with FAK down-regulation. Dual
reduction of both Pyk2 and FAK expression resulted in a
strong therapeutic effect on preventing both tumor
growth and lung metastases, highlighting the therapeutic
potential of FAK and Pyk2 dual inhibitors.

In summary, this study supports distinct biological and
therapeutic implications of FAK/Pyk2 in ErbB-2-positive
breast cancer. Because ErbB-2 is a significant player in
breast cancer progression, targeting ErbB downstream
FAK/Pyk2 pathway is a promising therapeutic alternative
and could have significant clinical implication for the
management of ErbB-2-positive metastatic breast can-
cer, possibly Herceptin-refractory breast cancer.
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