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p21-activated kinase (PAK) 2, a member of the PAK family of
serine/threonine protein kinases, plays an important role in
physiological processes such as motility, survival, mitosis, and
apoptosis. However, the role of PAK2 in resistance to chemo-
therapy is unclear.Herewe report that PAK2 is highly expressed
in human breast cancer cell lines and human breast invasive
carcinoma tissue compared with a human non-tumorigenic
mammary epithelial cell line and adjacent normal breast tissue,
respectively. Interestingly, we found that PAK2 can bind with
caspase-7 and phosphorylate caspase-7 at the Ser-30, Thr-
173, and Ser-239 sites. Functionally, the phosphorylation of
caspase-7 decreases its activity, thereby inhibiting cellular
apoptosis. Our data indicate that highly expressed PAK2
mediates chemotherapeutic resistance in human breast inva-
sive ductal carcinoma by negatively regulating caspase-7
activity.

Breast cancer comprises 10.4% of all cancers diagnosed in
women and is the fifth most common cause of cancer death
worldwide (1). In 2009, 209,060 new cases of breast cancer were
diagnosed, and 40,230 deaths occurred from breast cancer in
the United States (2). One of the important problems con-
fronted during the course of breast cancer treatment is resist-
ance to chemotherapy (3). Accumulating evidence indicates
that the expression of several growth factor receptors, includ-
ing the epidermal growth factor receptor (4), human epidermal
growth factor receptor type 2 (HER2) (5), and insulin-like
growth factor-1 receptor (6), is often elevated in chemothera-
py-resistant breast tumors. The elevation of these growth fac-
tors is associatedwith increased expression and/or activation of
their downstream targets such as Akt (7), extracellular signal-
regulated kinases (ERKs), p38 (8), and p21-activated kinase

(PAK)4 1 (9). This suggests that the expression and modifica-
tion of growth factor receptors and their downstream kinases
might correspond with breast cancer chemotherapy resistance
(10).
The PAK family of serine/threonine kinases, which were ini-

tially identified as binding partners of the Rho GTPases Cdc42
and Rac1 (11), plays an important role in physiological pro-
cesses such as motility, survival, mitosis, apoptosis, and hor-
mone signaling (12). Six PAK family members have been iden-
tified in mammalian cells. PAK1–3 belong to the group I PAK
family, and PAK4–6 belong to the group II PAK family (13).
PAK1 is known to promote cell survival through its phosphor-
ylation of Bad on Ser-112 and Ser-136 (14). PAK1 also phos-
phorylates the estrogen receptor at Ser-305, leading to
increased cyclin D1 expression and hormone independence of
breast cancer cells (15, 16). Interestingly, PAK2, which has an
overall 76% homology with PAK1 and 96% homology in the
kinase domain, has a dual role in both cell survival and cell
death pathways. Full-length PAK2 is activated by phosphoino-
sitide 3-kinase (PI3K) and Akt to promote cell survival (12,
17–19). However, when cellular stresses occur, such as expo-
sure toUV irradiation or chemotherapeutic drugs, PAK2 canbe
cleaved and activated by caspase-3, -8, and -10 (17–20) to gen-
erate a proteolytic fragment, referred to as PAK2p34, which
translocates to the nucleus and leads to cellular apoptosis (17,
21, 22). Accumulating evidence indicates that PAKs, especially
PAK1 and PAK4, are either up-regulated or hyperactivated in a
variety of human cancers, including breast, ovarian, colorectal,
thyroid, and pancreatic cancers (23). Our previous study dem-
onstrated that PAK2 phosphorylated c-Jun at five threonine
sites (Thr-2, Thr-8, Thr-89, Thr-93, and Thr-286) and played
an important role in EGF-induced cell proliferation and trans-
formation (24). However, the underlyingmechanismof the role
of PAK2 in resistance to chemotherapy needs to be further
explored.
In the present study, we show that PAK2 is highly expressed

in human breast cancer cell lines and human breast invasive
ductal carcinoma tissue. PAK2 can bind with caspase-7 and
phosphorylate caspase-7 at Ser-30, Thr-173, and Ser-239 resi-
dues, resulting in an inhibition of caspase-7 activity and
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decreased cellular apoptosis. Our results suggest that PAK2 is a
novel target of chemotherapy for breast cancer.

MATERIALS AND METHODS

Reagents and Antibodies—Staurosporine, Streptomyces sp.,
was purchased from EMD Chemicals, Inc. (Gibbstown, NJ).
Doxorubicin HCl was bought from LKT Laboratories, Inc. (St.
Paul, MN). Dulbecco’s modified Eagle’s medium (DMEM) and
other supplements were from Invitrogen. The antibody to spe-
cifically detect the PAK2C terminus (�PAK-C19) was obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-
bodies to detect phosphorylated PAK2 (Ser-141), total PAK2,
total caspase-7, cleaved caspase-7 (Asp-198), cleaved PARP
(Asp-214), and phosphorylated threonines were purchased
fromCell Signaling Technology, Inc. (Danvers,MA). The small
hairpin RNA (shRNA) construct against pak2 (number 1 sense
sequence, CCCAATATTTCGGGATTTCTT; number 2 sense
sequence, CCAATCACAGTTTGAAACCTT) used in this
study was from the BioMedical Genomics Center at the Uni-
versity of Minnesota. PAK2 active kinase and the human
caspase-8 active recombinant proteins were purchased from
Millipore Corp. (Billerica, MA).
Cell Culture and Transfection—MCF-7 human breast cancer

cells were cultivated in DMEM supplemented with 10% fetal
bovine serum (FBS), 1mM sodium pyruvate, 0.01mg/ml bovine
insulin, 100 units/ml penicillin, and 100 mg/ml streptomycin
and maintained at 37 °C in a 5% CO2, humidified incubator.
SK-BR-3 breast cancer cells were maintained in McCoy’s 5A
medium (modified) supplemented with 10% FBS. MDA-MB-
468 breast cancer cells were cultured in Leibovitz’s L-15
medium supplemented with 10% FBS and maintained at 37 °C
in a 100% air, humidified incubator.MCF-10A cells weremain-
tained in DMEM/F-12 medium supplemented with 5% horse
serum, 20 ng/ml EGF, 0.5 �g/ml hydrocortisone, 100 ng/ml
cholera toxin, 5 �g/ml insulin, 100 units/ml penicillin, and 100
mg/ml streptomycin and maintained at 37 °C in a 5% CO2,
humidified incubator. HEK293T cells were cultured in DMEM
supplemented with 10% FBS. For transfection experiments, jet-
PEI (Qbiogen, Inc., Carlsbad, CA) reagent was used according
to the manufacturer’s instructions.
Western Blotting Analysis—Cellular proteins were extracted

using radioimmuneprecipitation assay lysis buffer (50mMTris-
HCl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.25% sodium
deoxycholate, 0.1% SDS, 1 mM EDTA, and protease inhibitor
mixture), separated by SDS-PAGE, and then transferred onto
polyvinylidene difluoride (PVDF)membranes (AmershamBio-
sciences). The membranes were incubated with an appropriate
specific primary antibody and a horseradish peroxidase-conju-
gated secondary antibody. Protein bands were visualized by an
enhanced chemiluminescence (ECL) reagent (Amersham
Biosciences).
Tissue Array—A human breast tissue array (U.S. Biomax,

Inc., Rockville, MD) was deparaffinized in 100% xylene and
rehydrated in different concentrations of alcohol, and the anti-
gens were retrieved by boiling in 10 mM sodium citrate buffer
for 10 min. After cooling, the tissues were blocked with 5%
normal donkey serum in 1�PBS and 0.3%TritonX-100, pH6.0
for 1 h at room temperature and then incubated with a 1:50

dilution of a PAK2 goat antibody in 1� PBS and 0.3% Triton
X-100 containing 1% donkey serum while rocking at 4 °C over-
night. After washing, the tissues were incubated in the dark
with a 1:200 dilution of Cy5-donkey anti-goat antibody for 1.5 h
at room temperature. Images were captured by laser scanning
confocal microscopy (Nikon C1si Confocal Spectral Imaging
System, Nikon Instruments Co., Melville, NY) and analyzed by
the ImageJ (v1.37v, National Institutes of Health) software pro-
gram. The average fluorescence intensity score in each case
indicated the PAK2 expression level.
Immunoprecipitation—After transfection with pc-DNA3.1-

V5-pak2 and pCMV-Myc-caspase-7 for 36 h, HEK293T cellu-
lar proteins were extracted by 1% CHAPS buffer (30 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1% CHAPS, and 1� protease
inhibitors). Cell lysates were combined with agarose-protein
A/G beads (50% slurry) by gentle rocking at 4 °C overnight. The
beads were washed three times with high salt buffer (0.1% SDS,
1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, and
500 mM NaCl) and low salt buffer (0.1% SDS, 1% Triton X-100,
2 mM EDTA, 20 mM Tris-HCl, pH 8.1, and 150 mM NaCl) and
PBS. Proteins bound to beads were boiled and resolved by 10%
SDS-PAGE followed byWestern blot analysis. For endogenous
immunoprecipitation, MCF-7 cell lysates were immunopre-
cipitated with a PAK2 antibody, and the immunoprecipitated
complex was probed to detect caspase-7.
Confocal Laser Scanning Fluorescence Microscopy—MCF-7

human breast cancer cells (1 � 105) were seeded in a four-
chamber polystyrene vessel tissue culture glass slide (BD Bio-
sciences) treated or not treated with 100 nM staurosporine for
6 h in a 37 °C incubator. Cells were fixedwith 4% formalin for 15
min at room temperature in the dark. After gentle washing
twice for 10min each with 1� PBS containing Ca2� andMg2�,
cells were blocked with 1� PBS, 0.02% Tween 20, and 1% BSA
in a 37 °C incubator for 1 h. Cells were then incubated with a
1:50 dilution of a PAK2 goat antibody and a 1:50 dilution of a
caspase-7 rabbit antibody in 1� PBS and 3% BSA by gently
rocking at 4 °C overnight. After washing twice for 5 min each
with 1� PBS, 0.02% Tween 20, and 1% BSA, cells were incu-
bated with a 1:200 dilution of Cy3-donkey anti-goat and a 1:200
dilution of Cy2-donkey anti-rabbit antibodies for 1 h in the
dark. Co-localization of proteins was observed by laser scan-
ning confocal microscopy (Nikon C1si Confocal Spectral Imag-
ing System,Nikon Instruments Co.) using aCFI Plan Fluor 40�
oil objective and then analyzed using the EZ-C1 (v3.20) soft-
ware program.
Plasmid Preparation and Purification of Caspase-7 Protein—

The human PAK2 plasmid was purchased from Addgene
(Cambridge,MA) and subcloned into pcDNA3.1.Mutantswere
constructed using a caspase-7 plasmid (pcDNA3.1-caspase-7)
with 3 mutated sites (S30A, T173A S239A) and the QuikChange
Mutagenesis kit (Stratagene, Inc., La Jolla, CA). Constructs were
then subcloned into the pET-46 Ek/LIC vector and confirmed by
restriction mapping and DNA sequencing. His-wild type
caspase-7 (WT-caspase-7) and His-mutant caspase-7 (mut-
caspase-7) proteinswere induced inEscherichia coliBL21bacteria
at 25 °C for 4 h by the addition of 0.25 mM isopropyl 1-thio-�-D-
galactopyranoside. WT-caspase-7 and mut-caspase-7 proteins
were purified using nickel-nitrilotriacetic acid-agarose (Qiagen,
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Inc., Valencia, CA), eluted with 200mM imidazole, and then puri-
fied by FPLC on a HiLoad 16/60 System using Superdex 75 gel
filtration chromatography (GEHealthcare).
In Vitro Kinase Assay—PurifiedWT-caspase-7,mut-caspase-7,

and caspase-7 peptideswere incubatedwith active PAK2 (Upstate
Biotechnology, Inc., Boston, MA) with 1 mCi of [�-32P]ATP, 100
�MunlabeledATP, and1�kinasebuffer (50mMTris-HCl,pH7.5,
10 mM MgCl2, 1 mM EDTA, 1 mM DTT, and 0.01% Brij 35; Cell
SignalingTechnology, Inc.). The reactionswere run at 30 °C for 30
min and stopped by adding 6� SDS sample buffer. The proteins
were boiled, then resolved by SDS-PAGE, and visualized by
autoradiography.
In Vitro Caspase-7 Activity Assay—To detect caspase-7

activity in vitro, WT- and mut-caspase-7 proteins (3 �g each)
were individually incubated with active PAK2. Caspase-7 activ-
ity was detected using the Caspase-3 Colorimetric Assay kit
(Millipore Corp.) because caspase-3 and caspase-7 have the
same substrate. For detecting caspase-7 activity in cells,MCF-7
sh-pak2 and MCF-7 sh-mock cells were harvested after treat-
ment with staurosporine (100 nM) for 6 h, and 200�g of protein
was used to detect caspase-7 activity according to themanufac-
turer’s instructions.
Flow Cytometry Analysis—Staurosporine-induced cellular

apoptosis was determined using the annexin V-FITC apoptosis
detection kit (MBL International Corp., Woburn, MA) follow-
ing the manufacturer’s suggested protocols. After treatment
with different concentrations of staurosporine, cells were har-
vested at 24 h,washedwith phosphate-buffered saline, and then
incubated for 5min at room temperature with annexin V-FITC
plus propidium iodide. Apoptosis was analyzed by a FACSCali-
bur flow cytometer (BD Biosciences).
Statistical Analysis—Statistically significant differences were

determined using the Student’s t test, and a p value less than
0.05 was considered statistically significant.

RESULTS

PAK2 Is Highly Expressed in Human Breast Cancer Tissues
and Breast Cancer Cell Lines—A human breast invasive ductal
carcinoma tissue array was used to determine the expression
level of PAK2 in human breast cancer tissue compared with
normal tissue. The array slide contained duplicate core samples
of 100 cases of breast invasive ductal carcinoma and 10 cases of
normal breast tissues adjacent to cancer tissues. The results
revealed that the PAK2 expression level was significantly higher
in breast invasive ductal carcinoma tissues with a median
expression level of 43.67 compared with PAK2 expression in
adjacent normal tissues, which had amedian score of 17.47 (Fig.
1A).Moreover, the expression levels of PAK2 in different breast
cancer cell lines were determined, and the results indicated that
the expression level of PAK2 was higher in the MCF-7, SK-
BR-3, and MDA-MB-468 breast cancer cell lines compared
with MCF-10A, a human non-tumorigenic mammary epithe-
lial cell line (Fig. 1B). We chose MCF-7 as the major cell line in
our experiments because these cells do not express the
caspase-3 protein. This is important because caspase-7 has
some of the same downstream target substrates as caspase-3,
e.g. PARP. To avoid interference from caspase-3, we therefore
chose MCF-7 as the major cell model to study the relationship

of PAK2 and caspase-7. Following treatment with staurospo-
rine (25 nM), phosphorylation of PAK2 at Ser-141 increased at
1 h, was maintained at 6 h, and decreased after 12 h. Phospho-
rylation of PAK2 represents its activity (25), and notably, the
decreased phosphorylation of PAK2 corresponded with a
marked increased expression level of cleaved caspase-7 (Fig.
1C), suggesting some kind of regulatory activity. Furthermore,
staurosporine (25 nM) treatment induced apoptosis of MCF-7
cells in a time-dependent manner (e.g. 13% at 12 h and up to
�34% at 48 h; Fig. 1D). Overall, these results indicated that
PAK2 is highly expressed in breast invasive ductal carcinoma
tissue and breast cancer cell lines. In addition, staurosporine
can induce MCF-7 cellular apoptosis and phosphorylation of
PAK2, whose activity might be directly in opposition to
caspase-7 activity.
PAK2 Interacts and Co-localizes with Caspase-7—To deter-

mine whether PAK2 can directly interact with caspase-7,
HEK293T cells were transiently transfected with pc-DNA3.1-
V5-pak2 and pCMV-Myc-caspase-7. Anti-V5 was used to
immunoprecipitate V5-PAK2, and anti-Myc was used to detect
Myc-caspase-7 by Western blot. The results confirmed that
PAK2 can bind with caspase-7 in vitro (Fig. 2A). To further
verify that PAK2 can bind with caspase-7 in cells, MCF-7
cells were harvested and disrupted. PAK2 was immunopre-
cipitated with anti-PAK2, and caspase-7 was detected with
anti-caspase-7. The results indicated that PAK2 can bind
with caspase-7 in cells (Fig. 2B). To determine whether
PAK2 and caspase-7 can co-localize in MCF-7 cells, immu-
nocytofluorescence analysis was performed. The results
showed that PAK2 and caspase-7 can co-localize in both the
cytoplasm and nucleus under normal conditions. However,
after stimulation with staurosporine, they co-localized in the
nucleus (Fig. 2C). PAK2 is a serine/threonine protein kinase,
which can phosphorylate a number of substrates, including
histone H4 (26), histone H2B, and myelin basic protein (27).
To determine whether PAK2 can phosphorylate caspase-7,
an in vitro kinase assay was performed in the presence of
[�-32P]ATP using histone H4 as a positive control. The data
indicated that PAK2 can strongly phosphorylate caspase-7 in
vitro (Fig. 2D). This confirms that PAK2 can bind with and
phosphorylate caspase-7 in vitro and in cells.
PAK2 Can Phosphorylate Caspase-7 at Ser-30, Thr-173, and

Ser-239—After confirming that PAK2 can phosphorylate
caspase-7, the next step was to identify the site(s) of caspase-7
that can be phosphorylated by PAK2. First, we performed an in
vitro kinase assaywith PAK2 and caspase-7 to detect phosphor-
ylated serines and threonines by Western blotting. The results
indicated that PAK2 can phosphorylate caspase-7 at both ser-
ine and threonine sites (Fig. 3A). The potential serine and thre-
onine phosphorylation sites were predicted by the NetPhos 2.0
program (28), and the data suggested 7 serine and 4 threonine
residues as potential sites of caspase-7 that might be
phosphorylated by PAK2 (Fig. 3B). Based on this analysis, 11
peptides were designed and synthesized commercially
(PEPTIDE 2.0, Houston, TX). In vitro kinase assays were
performed in the presence of [�-32P]ATP using the different
peptides as substrates for PAK2. The results indicated that Ser-
30, Thr-173, and Ser-239 of caspase-7 are likely the most
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important sites to be phosphorylated by PAK2 (Fig. 3C). To
further confirm the phosphorylation sites, all three of these
caspase-7 sites were mutated to alanine. The His-mutant
caspase-7 protein (S30A,T173A,S239A) and WT-caspase-7
protein were expressed as described under “Materials and
Methods.” In vitro kinase assays using active PAK2 and WT-
caspase-7 or mut-caspase-7 protein were performed in the
presence of [�-32P]ATP. The results showed that phosphoryla-
tion of the mut-caspase-7 protein by PAK2 decreased dramat-
ically compared with WT-caspase-7, suggesting that Ser-30,
Thr-173, and Ser-239 are the most important sites of caspase-7
to be phosphorylated by PAK2 (Fig. 3D).
PAK2 Inhibits Caspase-7 Activity in Vitro—Caspase-7 is one

of the important executioner caspases, which regulate mito-
chondrial events in the apoptotic pathway (29) and inflamma-
tory ailments (30). Accumulating evidence suggests that cell
death pathways are finely regulated by multiple signaling
events, including direct phosphorylation of caspases by
kinases, which can promote or inhibit caspase activity. For
example, DNA-dependent protein kinase phosphorylates
and activates caspase-2, whereas Akt phosphorylates and

inhibits human caspase-9 activity (31). Therefore, we deter-
mined whether the phosphorylation of caspase-7 by PAK2
has an effect on caspase-7 activity. First, an in vitro kinase
assay using PAK2 and caspase-7 was performed, and
caspase-7 activity was analyzed using the Caspase-3 Colori-
metric Assay kit as described under “Materials and Meth-
ods.” The results indicated that after phosphorylation by
PAK2 WT-caspase-7 activity decreased almost 4-fold com-
pared with WT-caspase-7 alone (Fig. 4A, left panel). In con-
trast, mut-caspase-7 activity was not decreased dramatically
(Fig. 4A, right). Caspase-7 is proteolytically activated and
cleaved by the initiator caspase-8 during death receptor- and
DNA damage-induced apoptosis (30). The N-peptide of
caspase-7 must be removed first to generate a �N-caspase-7,
and then a full maturation occurs by a cut between the large
and small subunits (32). Next, we determined whether phos-
phorylation of caspase-7 by PAK2 can inhibit caspase-7
cleavage by caspase-8. Active caspase-8 was added after an in
vitro kinase assay of PAK2 with WT-caspase-7 or mut-
caspase-7. The results showed that cleavage of �N-WT-
caspase-7 and the large subunit of WT-caspase-7 by

FIGURE 1. PAK2 is overexpressed in breast invasive ductal carcinoma tissue and various breast cancer cell lines. A, immunofluorescence staining and
confocal microscopy were used to detect the expression of PAK2 in 100 cases of human breast invasive ductal carcinoma tissue and in 10 cases of normal breast
tissue adjacent to breast cancer tissue. PAK2 was detected by immunofluorescence staining with a PAK2 primary antibody and a Cy3-conjugated donkey
anti-goat secondary antibody. The intensity score of fluorescence from each sample was determined. Data are shown as means � S.D. from triplicate
experiments; the asterisk (*) indicates a significantly (p � 0.0001) higher level (top) of PAK2 in breast cancer compared with normal tissue. Representative cases
are shown (bottom). B, endogenous PAK2, caspase-3, and caspase-7 protein levels were detected in three different breast cancer cell lines compared with a
human non-tumorigenic mammary epithelial cell line. Cellular proteins (40 �g) were resolved by SDS-PAGE and visualized by Western blotting. C, staurospo-
rine (25 nM) was incubated with MCF-7 cells for various times. Cells were harvested, and total PAK2, phosphorylated PAK2, total caspase-7, and cleaved
caspase-7 protein levels were detected by Western blotting using specific antibodies. D, staurosporine (25 nM) can induce apoptosis of MCF-7 cells in a
time-dependent manner. Cells were harvested, and apoptosis was determined by flow cytometry. Data are shown as means � S.D. from triplicate experiments;
the asterisks indicate a significant increase in apoptosis (*, p � 0.01; **, p � 0.001) as determined by the Student’s t test. For B and C, representative blots from
three independent experiments are shown.
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caspase-8 decreased after phosphorylation by PAK2. In con-
trast, the cleavage of �N-mut-caspase-7 and the large sub-
unit of mut-caspase-7 by caspase-8 did not decrease dramat-

ically (Fig. 4B). Overall, these results indicated that PAK2
can inhibit caspase-7 activity and suppress the cleavage of
caspase-7 by caspase-8 in vitro.

FIGURE 2. PAK2 interacts and co-localizes with caspase-7. A, PAK2 binds with caspase-7 in vitro. The pcDNA3.1-pak2 and pCMV-caspase-7 plasmids were
transiently transfected into 293T cells, V5-PAK2 was immunoprecipitated by anti-V5, and co-immunoprecipitated Myc-caspase-7 was detected by Western
blotting. B, PAK2 interacts with endogenous caspase-7. MCF-7 cell lysates were immunoprecipitated with anti-PAK2, and the immunoprecipitated complex
was probed to detect caspase-7. C, PAK2 and caspase-7 can co-localize in MCF-7 cells. PAK2 and caspase-7 were detected by immunofluorescence staining with
PAK2 and caspase-7 primary antibodies, a Cy3-conjugated donkey anti-goat secondary antibody for PAK2 and a Cy2-conjugated donkey anti-rabbit antibody
for detection of caspase-7. D, PAK2 phosphorylates caspase-7 in vitro. Results of an in vitro kinase assay in the presence of [�-32P]ATP were visualized by
autoradiography. Histone H4 was used as a positive control. Data shown are representative of results from triplicate independent experiments. IP, immuno-
precipitation; IB, immunoblot.

FIGURE 3. PAK2 phosphorylates caspase-7 at Ser-30, Thr-173, and Ser-239 sites. A, PAK2 phosphorylates caspase-7 at both serine and threonine residues as
determined by Western blotting following an in vitro kinase assay. B, potential serine and threonine phosphorylation sites on caspase-7 were predicted by the NetPhos
2.0 program. Scores indicate possible sites that might be phosphorylated in cells. Pos, phosphorylation site, Pred, predicted site. C, peptide mapping of 11 synthesized
peptides containing potential sites predicted to be phosphorylated by PAK2. Sites were examined using an in vitro kinase assay with PAK2 in the presence of [�-32P]ATP
and visualized by autoradiography. D, confirmation of the peptide mapping results using an in vitro kinase assay with PAK2 and His-WT-caspase-7 or His-mut-
caspase-7. Results were visualized by autoradiography. For A, C, and D, representative blots from three independent experiments are shown.
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Knockdown of PAK2 Induces Increased Apoptosis in MCF-7
Breast Cancer Cells—Based on our in vitro results, PAK2 can
phosphorylate caspase-7 at Ser-30, Thr-173, and Ser-239 and
suppress caspase-7 activity. To determine whether PAK2 can
inhibit caspase-7 activity in cells, we designed shRNA (1 and 2)
against PAK2 and introduced the construct into MCF-7 cells.
PAK2 knockdown stable cells were establishedwith puromycin
selection. The knockdown efficiency was assessed by Western
blotting, and the results indicated that the PAK2 expression
level was suppressed in MCF-7 cells expressing sh-pak2-1 or
sh-pak2-2 compared with control MCF-7 cells that expressed
GFP-shRNA (sh-mock; Fig. 5A). Using these cells, we investi-
gated staurosporine-induced apoptosis. After treatment with
staurosporine (50 nM) for 24 h, 27% of MCF-7 sh-pak2-2 cells
exhibited apoptosis compared with 14% of control cells (Fig.
5B). MCF-7 sh-pak2-1 cells (supplemental Fig. 1A) exhibited
similar effects (supplemental Fig. 1B). Thus, knockdown of
PAK2 causes a greater degree of apoptosis in MCF-7 cells. Fur-
thermore, to determine whether knockdown of PAK2 can
induce more caspase-7 cleavage by caspase-8 in MCF-7 cells,
we assessed the level of cleaved caspase-7 as well as the level of
cleaved PARP, which is a downstream target of caspase-7 (33).
TheWestern blotting results showed that knockdown of PAK2
induced more cleaved caspase-7 and cleaved PARP than that
seen in control MCF-7 cells (Fig. 5C). Moreover, to investigate
whether knockdown of PAK2 can affect caspase-7 activity,
MCF-7 sh-pak2 and MCF-7 sh-mock cells were treated with
staurosporine and harvested after 4 h, and cell lysates were used

to detect caspase-7 activity. Data indicated that staurosporine-
induced caspase-7 activity in MCF-7 sh-pak2 cells was much
higher than that observed in MCF-7 sh-mock cells (Fig. 5D).
Overall, these results indicated that knockdown of PAK2 can
enhance caspase-7 activity and induce more apoptosis in
MCF-7 breast cancer cells expressing PAK2.
Knockdown of PAK2 Induces Increased Apoptosis in SK-BR-3

and MDA-MB-468 Breast Cancer Cells—Based on previous
data, knockdown of PAK2 can restore caspase-7 activity and
induce increased apoptosis in MCF-7 cells, which do not
express caspase-3.We next determined whether knockdown of
PAK2 has a similar effect in SK-BR-3 andMDA-MB-468 breast
cancer cells, which express both caspase-3 and caspase-7 pro-
teins. The shRNA (1 or 2) construct was introduced into SK-
BR-3 and MDA-MB-468 cells. Knockdown PAK2 stable cells
were established with puromycin selection. The knockdown
efficiency was assessed by Western blotting, and the results
indicated that knockdown of PAK2 suppressed the endogenous
PAK2protein expression level comparedwith control cells (Fig.
6A). Staurosporine could induce much more apoptosis in sh-
pak2 cells compared with control cells (Fig. 6B) and also caused
more cleavage of caspase-7 and PARP in sh-pak2 cells com-
pared with control cells (Fig. 6C). In addition to staurosporine,
doxorubicin HCl, a chemotherapeutic drug in clinical use for
treatment of breast cancer, had similar effects on MCF-7, SK-
BR-3, and MDA-MB-468 cells (Fig. 6D and supplemental Fig.
2). These data indicated that knockdown of PAK2 expression

FIGURE 4. PAK2 inhibits caspase-7 activity in vitro. A, His-WT-caspase-7 and His-mut-caspase-7 proteins were expressed as described under “Materials and
Methods.” An in vitro kinase assay was performed using PAK2 and WT-caspase-7 (3 �g) or mut-caspase-7 (3 �g) protein. Caspase-7 activity was detected at
different time points using the Caspase-3 Colorimetric Assay kit. Data are shown as means � S.D. from triplicate experiments. The asterisks indicate a significant
inhibition (*, p � 0.01; **, p � 0.001). B, PAK2 suppresses the cleavage of caspase-7 by caspase-8. An in vitro kinase assay was performed using PAK2 and
WT-caspase-7 or mut-caspase-7 protein. The proteins were then incubated with active caspase-8 for 1 h. The cleavage of caspase-7, �N-caspase-7 (caspase-7
with the N-peptide removed), and the large subunit of caspase-7 by caspase-8 was visualized by Western blotting. Data shown are representative of results
from triplicate independent experiments.
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can enhance caspase-7 activity and induce more apoptosis in
breast cancer cells with or without caspase-3.

DISCUSSION

Caspases, a family of cysteine proteases, are central compo-
nents of cellular apoptosis (33, 34). Based on their different
functions and structures, caspases are classified into two
groups. Caspase-1, -2, -8, -9, and -10 belong to the first group,
called initiator caspases, which can autocleave, and activate the
second group of caspases, referred to as executioner caspases,
which include caspase-3, -6, and -7 (34). Accumulating evi-
dence reveals that inhibition of the apoptosis cascades plays an
important role in tumor therapy resistance. For example, up-
regulation of caspase-8 inhibitors like Flice-like inhibitory pro-
tein or inhibition of caspase-8 by Bcl-2 can induce tumor resis-
tance to chemotherapy drugs by decreasing cellular apoptosis
(35). Suppressing the activation of caspase-9 downstream can
cause chemotherapy resistance in diffuse large B-cell lym-
phoma (36). Overexpression of the inhibitor of caspase-3 can
activate deoxyribonuclease in human renal carcinoma cells,
therefore enhancing their resistance to cytotoxic chemother-
apy (37). These studies strongly suggest that regulating the
activity of caspasesmight be beneficial in tumor chemotherapy.

Recently, research results suggest that caspases can be regu-
lated by kinases through phosphorylation. Conversely, kinases
can be regulated by caspase cleavage, which provides a balance
of cell survival and death through cross-talk between the two
enzyme families (38). For instance, caspase-8 can be phosphor-
ylated at Tyr-465 by Lyn, which inhibits caspase-8 activity (39).
Caspase-3 can be phosphorylated by protein kinase C (PKC) to
enhance caspase-3 activity, whereas PKC can be downstreamof
caspase-3 and activated by caspase-3 cleavage, providing a pos-
itive feedback to amplify caspase-3 activity and enhance apo-
ptotic signals (40). However, the modification or regulation of
caspase-7, the other executioner caspase, remains unclear.
Caspase-7 was long assumed to be redundant with caspase-3
function because of their similar structure and common pro-
tein substrates (30). Recent studies indicate that caspase-7 has
some distinct functions in apoptosis and inflammation. For
example, caspase-7�/� murine embryonic fibroblasts are more
resistant to ultraviolet light-induced apoptosis compared with
caspase-3�/� murine embryonic fibroblasts. In addition, acti-
vation of caspase-7, but not caspase-3, requires caspase-1 com-
plexes during cell inflammation (29). Furthermore, caspase-7
knock-out, but not caspase-3-deficient, mice are also resistant
to lethality triggered by intraperitoneal injections of lipopoly-

FIGURE 5. Knockdown of PAK2 increases staurosporine-induced apoptosis of MCF-7 cells. A, MCF-7 sh-pak2-1, sh-pak2-2, and sh-mock cells were gener-
ated by stable infection of sh-pak2-1, sh-pak2-2, or sh-mock plasmids into MCF-7 cells. Lysates (40 �g) prepared from MCF-7 sh-pak2-1, sh-pak2-2, and sh-mock
cells were used to detect PAK2 by Western blotting. B, staurosporine induced more apoptosis in MCF-7 sh-pak2-2 cells compared with sh-mock cells. MCF-7
sh-pak2-1 had the same effect (supplemental Fig. 1C). Using different concentrations of staurosporine to stimulate MCF-7 sh-pak2-2 and sh-mock cells,
apoptosis was determined by flow cytometry. Data are shown as means � S.D. from triplicate experiments. The asterisks indicate a significant increase in
apoptosis (*, p � 0.01; **, p � 0.001) as determined by the Student’s t test. C, staurosporine induced more cleaved caspase-7 and cleaved PARP in MCF-7
sh-pak2-2 cells compared with sh-mock cells. MCF-7 sh-pak2-1 had the same effect (supplemental Fig. 1B). Staurosporine (100 nM) was used to simulate MCF-7
sh-pak2-2 and sh-mock cells. Cells were harvested at various time points, and PAK2, cleaved caspase-7, and cleaved PARP were detected by Western blotting
using specific antibodies. Data shown are representative of results from triplicate independent experiments. D, caspase-7 activity is higher in MCF-7 sh-pak2-2
cells compared with sh-mock cells. Staurosporine (100 nM) was used to stimulate MCF-7 sh-pak2-2 and sh-mock cells. After 4 h, cells were harvested, and
caspase-7 activity was detected as described under “Materials and Methods.” Data are shown as means � S.D. from triplicate experiments. The asterisk
indicates a significant increase in apoptosis (*, p � 0.01) as determined by the Student’s t test.
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saccharide (41). These distinct roles of caspase-7 suggest that
regulating caspase-7 activity might be beneficial in preventing
cell inflammation and suppressing tumorigenesis.
Here we found that PAK2 phosphorylated caspase-7 (Fig.

2C), resulting in decreased caspase-7 activity (Fig. 4). PAK2 also
suppressed the effect of chemotherapeutic drugs on apoptosis
of MCF-7, SK-BR-3, and MDA-MB468 breast cancer cells.
Moreover, knockdown of PAK2 in MCF-7 cells restored
caspase-7 activity and increased apoptosis of MCF-7 cells (Fig.
5). Knockdown of PAK2 expression in SK-BR-3 and MDA-
MB468 cells also enhanced the level of cleaved caspase-7 and
increased the ability of chemotherapeutic drugs to induce apo-
ptosis. This suggests that highly expressed PAK2 can inhibit
cellular apoptosis by phosphorylating caspase-7. PAK2 has
both pro- and antiapoptosis functions, making it unique in the
PAK family of proteins. Full-length PAK2 can induce cell sur-
vival, and caspase-mediated cleaved PAK2p34 can induce apo-

ptosis. A recent study indicates that full-length PAK2 can neg-
atively regulate caspase-3-activated proteolytic PAK2p34,
activation of caspase-3, and apoptotic histoneH2Bphosphoryl-
ation (42). This suggests that full-length PAK2 can negatively
regulate proteolytic PAK2p34 to promote cell proliferation.
Accumulating evidence indicates that PAK2 is among a

panel of “invasiveness-associated” genes that correspond
with cancer proliferation and survival (43). Our data
revealed that PAK2 is highly expressed in breast cancer cell
lines and breast invasive ductal carcinoma tissue (Fig. 1).
These results suggest that highly expressed PAK2might pro-
mote breast cancer progression and restrain the cell death
response induced by chemotherapeutic drugs. In conclu-
sion, our results suggest a mechanism by which breast chem-
otherapy resistance might be associated with a high expres-
sion of functional PAK2, which results in decreased cellular
apoptosis mediated by low caspase-7 activity. Overall, our

FIGURE 6. Knockdown of PAK2 increases apoptosis in SK-BR-3 and MDA-MB-468 cells. A, SK-BR-3 and MDA-MB-468 sh-pak2 (1 and 2) and sh-mock cells
were generated by stable infection with sh-pak2 (1 and 2) or sh-mock plasmids into SK-BR-3 and MDA-MB-468 cells, respectively. Lysates (40 �g) prepared from
SK-BR-3 and MDA-MB-468 sh-pak2 and sh-mock cells were used to detect PAK2 expression by Western blotting. B, staurosporine induces more apoptosis in
SK-BR-3 and MDA-MB-468 sh-pak2-2 cells compared with sh-mock cells. SK-BR-3 and MDA-MB-468 sh-pak2-2 and sh-mock cells were treated with different
concentrations of staurosporine, and apoptosis was determined by flow cytometry. Data are shown as means � S.D. from triplicate experiments, and the
asterisks indicate a significant increase in apoptosis (*, p � 0.01; **, p � 0.001) as determined by the Student’s t test. C, staurosporine induces more cleaved
caspase-7 and cleaved PARP in SK-BR-3 and MDA-MB-468 sh-pak2-2 cells compared with sh-mock cells. Staurosporine (100 nM) was used to treat SK-BR-3 and
MDA-MB-468 sh-pak2-2 and sh-mock cells, and cells were harvested at various time points. PAK2, cleaved caspase-7, and cleaved PARP were detected by
Western blotting using specific antibodies. Data shown are representative of results from triplicate independent experiments. D, doxorubicin HCl induces more
cleaved caspase-7 and cleaved PARP in MCF-7, SK-BR-3, and MDA-MB-468 sh-pak2-2 cells compared with sh-mock cells. MCF-7, SK-BR-3, and MDA-MB-468
sh-pak2-1 had the same effect (supplemental Fig. 2). Doxorubicin HCl (5 �M) was used to treat MCF-7, SK-BR-3, and MDA-MB-468 sh-pak2-2 and sh-mock cells.
Cells were harvested at 24 h, and cleaved caspase-7 and PAK2 were detected by Western blotting using specific antibodies. Data shown are representative of
results from triplicate experiments.
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data suggest that PAK2 might be a novel target for breast
cancer chemotherapy.
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