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Abstract. p21-activated kinases (PAKs) are multifunctional 
effectors of Rho GTPases, which are associated with cyto-
skeletal organization, cellular morphogenesis, migration and 
survival. PAKs are overactive in a number of tumor tissues and 
have attracted attention as a potential target for cancer therapy. 
In the present study, PAK5 levels were analyzed in primary 
osteosarcoma (OS) samples (n=65) using reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR) and 
immunohistochemistry (IHC) methods. In the primary OS 
tissue, increased PAK5 expression (IHC score >2, n=37) 
was associated with significantly decreased overall survival 
(P=0.036) compared with decreased PAK5 expression (IHC 
score ≤2, n=28). PAK5 expression was identified to be signifi-
cantly associated with metastasis (P=0.010). The lung is the 
most common metastasis site for OS. In addition, the level 
of PAK5 in lung metastasis tissue (n=13) was detected using 
RT-qPCR and IHC methods. PAK5 expression was increased in 
lung metastasis tissue compared with in primary OS samples. 
PAK5 was silenced using short hairpin RNA in OS cell lines. 
Wound healing, migration and nude mice model assay results 
consistently demonstrated that PAK5 knockdown was able to 
significantly inhibit OS migration. In PAK5‑knockdown cells, 
the alteration in the expression of a number of metastasis-asso-
ciated factors, including epithelial cadherin, vimentin, 
fibronectin and matrix metalloproteinase 2 (MMP2), was 
analyzed. Only MMP2 expression was decreased significantly 
(P<0.05). The expression level of MMP2 was analyzed in 

primary OS tissue and lung metastasis tissue using RT-qPCR 
and IHC methods. Expression of MMP2 was identified to be 
associated with expression of PAK5. The results of the present 
study suggest that PAK5 promotes OS cell migration and that 
PAK5 expression may be used to predict lung metastasis.

Introduction

Osteosarcoma (OS), the most common primary malignant 
bone tumor in children and adolescents, generally originates 
from the metaphysis of the long bone and has a high propen-
sity for local invasion and distant metastases, most commonly 
the lung (1-3). In spite of aggressive surgery, intensive chemo-
therapy and multidisciplinary treatment, the survival rate of 
OS has remained constant over the last few decades (4-6). The 
long-term survival rate of patients with metastasis or recur-
rence remains at <20% (7). The metastatic biology of OS is 
now beginning to be understood, which holds promise for the 
development of novel strategies to improve survival rates in 
patients with OS.

The p21-activated kinases (PAKs) are a family of Rac-α 
serine/threonine protein kinase (Rac)/cell division cycle 
42 (Cdc42)-associated serine/threonine protein kinases 
that are characterized by a highly-conserved N-terminal 
Cdc42/Rac-interactive binding domain and a C-terminal 
kinase domain (8). PAKs serve important roles in regu-
lating a variety of cellular functions, including cytoskeletal 
dynamics (9), morphology, cell survival (10), migration (11) 
and mitosis (12). The six human PAK isoforms are classified 
into two families on the basis of their amino acid sequence 
and function: Group I PAKs (PAK1, PAK2 and PAK3) exhibit 
between 80 and 90% sequence identity within their catalytic 
domains, whereas group II PAKs (PAK4, PAK5 and PAK6) 
exhibit between 40 and 50% sequence identity with the kinase 
domains of the group I PAKs (13).

PAK5, the most recently discovered PAK family member, 
exhibits unique characteristics that differentiate it from the 
other PAKs, and its expression was primarily identified in 
neuronal tissues (14). Unlike PAK1, PAK5 has no ability to 
complement serine/threonine protein kinase STE20 func-
tion, and its high basal activity is not regulated by GTPases, 
although it is able to bind to Cdc42 in preference to Rac (15). 
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Furthermore, PAK5 localizes to the mitochondria, protects 
cells from pro-apoptotic stimuli by phosphorylating B-cell 
lymphoma 2-associated death promoter (Bad) on Ser-112 and 
inhibits apoptosis by preventing Bad from entering the mito-
chondria (15). PAK5 is reportedly overexpressed in pancreatic 
cancer (16), colorectal cancer (17), gastric cancer (18), breast 
cancer (19) and glioma (20), and its potential ability to promote 
tumor behavior in carcinogenesis has been investigated. 
However, the underlying molecular mechanisms of PAK5 in 
OS progression remain unclear.

In the present study, we identified that PAK5 expression 
was upregulated in OS tissue and OS cell lines. PAK5 expres-
sion was significantly increased in OS patients with metastasis. 
Therefore, the effect and underlying molecular mechanism 
of PAK5 in OS progression was investigated. The results of 
the present study suggested that PAK5 knockdown is able to 
inhibit cell migration and invasion in human OS cell lines. 
Matrix metalloproteinase 2 (MMP2), a downstream signaling 
molecule, was identified to participate in the regulation of the 
process. Therefore, it is proposed that PAK5 may serve an 
essential role in OS development and that PAK5 is a potential 
therapeutic target.

Materials and methods

Tissue samples of patients with OS. The present study was 
a retrospective analysis. Owing to loss to follow-up, 2 years 
was selected as the survival duration. A total of 65 patients 
with OS who underwent surgery were enrolled. Among them,  
13 exhibited lung metastasis. Primary tumor tissue and pulmo-
nary metastasis tissue were collected to analyze the expression 
of PAK5 and MMP2 at the mRNA and protein levels using the 
reverse transcription-quantitative polymerase chain reaction 
(RT-qPCR) and immunohistochemistry (IHC). The samples 
were collected from Shanghai Jiao Tong University Affiliated 
Sixth People's Hospital (Shanghai, China) from January 2009 
to January 2012. The patients' clinical characteristics included 
age at diagnosis, sex, tumor size, clinical stage, pathological 
type, necrosis rate and metastasis. The present study was 
conducted following approval from the Ethics Committee 
of Shanghai Jiao Tong University Affiliated Sixth People's 
Hospital and written informed consent was provided by all 
patients.

Immunohistochemistry. Primary osteosarcoma tissue and 
pulmonary metastasis tissue, which were paraffin‑embedded, 
were sliced into 4‑µm sections. Paraffin‑embedded tissue slides 
were heated for 45 min at 60˚C, deparaffinized in xylene, rehy-
drated in alcohol gradient and then non‑specifically blocked 
using H2O2 for 10 min and non‑specific serum (Maixin‑Bio, 
Fuzhou, China) for 15 min at room temperature subsequent 
to antigens being exposed with citric acid buffer (Maixin-Bio) 
(pH 6.0; 0.1 M) and heated by microwave for 10 min. The 
paraffin sections were incubated with primary antibody 
against PAK5 (catalog no., ab110069) and MMP2 (catalog 
no., ab37150) (dilution, 1:50; Abcam, Cambridge, UK).  Rabbit 
IgG (dilution, 1:100; catalog no., ab172730, Abcam) was used 
as a negative control. Immunohistochemical scoring was 
performed without prior knowledge of the clinical response. 
Tissue sections were observed using an AX10-Imager A1 

light microscope (Zeiss GmbH, Jena, Germany), and all 
images were captured using AxioVision microscopy software 
(version 4.7; Zeiss GmbH). The tissue sections were then 
manually scored semi-quantitatively for cytoplasmic staining. 
The positive particles appeared brown in the cytoplasm. The 
dominant staining intensity in tumor cells was scored as: 0, 
0%; 1, between 1 and 25%; 2, between 26 and 50%; 3, between 
51 and 75%; and 4, between 76 and 100%.

Cell culture. The human OS cell lines Saos-2 and MG63 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). Cells were cultured in Dulbecco's 
modified Eagle's medium (DMEM; Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) supplemented with 10% 
fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, 
Inc.) and 100 units penicillin/streptomycin (Invitrogen; 
Thermo Fisher Scientific, Inc.) and maintained at 37˚C in a 
humidified atmosphere containing 5% CO2.

Construction of recombinant lentivirus and lentivirus infec‑
tion. The cDNA sequence of PAK5 was obtained from 
GenBank® (www.ncbi.nlm.nih.gov/genbank; accession number 
NM_177990). The PAK5 short hairpin RNA (shRNA) 5'‑CTA 
GC CGGG ATTA CCAC CAT GAC AAT TTC AAG AGA ATT GT 
C AT GGT GGT AAT CCC GTT TTT TGG AAT TAA T‑3') that 
targets nucleotides 1,934-1,954 of the PAK5 mRNA was 
inserted into the plasmid pFH-L (Shanghai Hollybio, Shanghai, 
China). Non‑silencing shRNA (5'‑CTAGCC CGG TTC TCC 
GAAC GTGT CAC GTA TCT CG AGA TAC GTG ACA CGT TCG 
GAG AAT TTT TTT AAT ‑3') was used as a control that does not 
target any genes in humans, mice or rats as determined by 
NCBI Reference Sequence Database (www.ncbi.nlm.nih.
gov/refseq) screening. The recombinant vector was confirmed 
by digestion analysis using restriction endonucleases (NotI and 
BamHI), and all inserted sequences were verified by DNA 
sequencing by external company (Invitrogen; Thermo Fisher 
Scientific, Inc.). The lentiviruses were generated by triple trans-
fection of 80% confluent human embryonic kidney HEK‑293 
cells with PAK5 (or control) shRNA-expressing vector and the 
virion-packaging elements (pVSVG-I and pCMVΔR8.92) using 
Lipofectamine™ 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.). The lentiviruses were harvested in serum-free medium 
after 3 days and filtered through a 0.45-µm filter (EMD 
Millipore, Billerica, MA, USA).

Saos-2 and MG63 cells were plated at 5x104 cells/well in 
6-well plates with recombinant lentivirus-encoding shRNA 
against PAK5 (Lv-shPAK5) at a multiplicity of infection of 
60 in serum‑free DMEM at 37˚C. After 2 h, serum‑enriched 
DMEM was added to the cells, and the growth medium was 
replaced after 24 h. At 3 days post-transfection, reporter gene 
expression (green fluorescent protein) was examined using 
fluorescence microscopy.

RT‑qPCR. Total cellular RNA from Saos-2 and MG63 cells 
was isolated using TRIzol® reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) and amplified using an RT‑qPCR kit 
(Platinum® SYBR® Green qPCR SuperMix‑UDG; Applied 
Biosystems; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. A 1 µg sample of total RNA was 
used for first‑strand cDNA synthesis using Moloney murine 
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leukemia virus reverse transcriptase at the following tempera-
ture protocol: 5 min at 25˚C; 60 min at 42˚C; and 5 min at 
70˚C. The primer sequences used for PAK5 were 5'‑GGC 
GTC CTC TTG TGT CTT C‑3' (forward) and 5'‑GTA CTG AGT 
CCT TCT GAT TTG C‑3' (reverse). The primer sequences for 
MMP2 were: 5'‑CTT CTT CCC TCG CAA GCC‑3' (forward) 
and 5'‑ATG GAT TCG AGA AAA CCG‑3' (reverse). β-actin was 
used as the internal control and amplified with the primers 
5'‑GTG GAC ATC CGC AAA GAC‑3' (forward) and 5'‑AAA 
GGG TGT AAC GCA ACT A‑3' (reverse). qPCR was conducted 
using the CFX Connect™ Real-Time PCR Detection system 
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The qPCR 
conditions were as follows: 2 min at 50˚C; 10 min at 95˚C; 
35 cycles of 10 sec at 95˚C; and 1 min at 60˚C. All reactions 
were performed in triplicate. Relative expression levels of 
PAK5 in non-transduced and transduced Saos-2 and MG63 
cells were determined using the 2-ΔΔCq method by Microsoft 
Excel 2007 (21).

Western blot analysis. The non-transduced and transduced 
Saos-2 and MG63 cells were lysed in 50 µl lysis buffer (100 mM 
Tris-HCl, pH 6.8, 10 mM EDTA, 4% SDS and 10% glycine) 
on ice for 15 min. The lysates were clarified by centrifuga-
tion at 12,000 x g for 30 min at 4˚C. The supernatants were 
collected and protein concentrations were determined using 
the bicinchoninic acid method. Equal amounts (30 µg protein) 
of lysate were subjected to SDS-PAGE (12% gels) prior to 
being transferred onto a polyvinylidene fluoride membrane 
using an electroblotting apparatus. The membrane was 
blocked for 1 h at room temperature with 5% non-fat dried 
milk in TBS and Tween-20 (TBST) solution and incubated at 
4˚C overnight with anti‑PAK5 (catalog no., ab110069; Abcam), 
anti‑MMP2 (catalog no., ab37150; Abcam), anti‑epithelial 
(E‑)cadherin (catalog no., ab40772; Abcam), anti‑vimentin 
(catalog no., ab92547; Abcam) and anti‑fibronectin (catalog 
no., ab2413; Abcam) antibody. Following three washes 
with TBST solution, the membrane was incubated with 
anti-rabbit horseradish peroxidase-conjugated secondary 
antibody (dilution, 1:5,000; catalog no., sc‑2004; Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) at room temperature for 
2 h. The signals of the detected proteins were visualized on an 
Electrochemiluminescence Plus Western Blotting Detection 
system (GE Healthcare Life Sciences, Chalfont, UK). GAPDH 
protein levels were used as a control.

Scratch wound healing assay. Cells were grown in 6-well 
tissue culture dishes until reaching confluence. Cultures 
were incubated for 10 min with PBS buffer. A scrape was 
made through the confluent monolayer with a 1‑mm diameter 
plastic pipette tip. Subsequently, dishes were washed twice 
and incubated at 37˚C in fresh DMEM (Gibco; Thermo Fisher 
Scientific, Inc.) containing 10% FBS. At the bottom of each 
dish, two arbitrary places were marked where the width of 
the wound was measured using an IX71 inverted microscope 
(x4 objective) (Olympus Corporation, Tokyo, Japan). Wound 
healing was expressed as the mean ± standard error of the 
mean (SEM) at 0 and 24 h.

Cell migration assay. Transwell migration assays were 
performed as previously described (22). Assays were performed 

using 8-µm Transwell inserts (EMD Millipore). Migrated cells 
were fixed for 30 min with 4% paraformaldehyde and stained 
with 0.1% crystal violet for 20 min. The assays were monitored 
over a 24‑h period. Images of five random fields were captured 
using an IX71 inverted microscope. The cells were counted in 
ten random fields using high power at x200 magnification. All 
experiments were performed in triplicate.

In vivo study. Male BALB/c nude mice (n=3 per group, between 
5 and 6 weeks of age) weighing ~20 g each were purchased 
from Shanghai Rubicam Laboratory Animal Ltd. (Shanghai, 
China) and housed in a controlled environment at 22˚C with 
a relative humidity of 65% and a 12-h light/12-h dark cycle. 
All mice had free access to water and food. Non-transduced 
and transduced Saos-2 cells at ~92% viability by trypan blue 
stain assay were subcutaneously injected into the right flank 
of each mouse (2x107 cells/mouse). Solid tumor volumes 
(in mm3) were determined using digital Vernier caliper 
measurements and the formula a x b2 x0.5, where a is the 
longest diameter of the tumor and b is the shortest diameter 
of the tumor. Following tumor growth for 40 days, the mice 
were sacrificed and the tumors were excised. All animal 
procedures were approved by the Animal Ethics Committee 
of Shanghai Jiao Tong University Affiliated Sixth People's 
Hospital.

Statistical analysis. For statistical analysis, SPSS software 
(version 13.0; SPSS Inc., Chicago, IL, USA) was used. All 
results are presented as the mean ± standard deviation All 
results were analyzed using one-way analysis of variance to 
compare the measurement data with heterogeneity of variance 
or enumeration data. The Kaplan-Meier estimator method was 
used to analyze survival. P<0.05 was considered to indicate a 
statistically significant difference.

Results

PAK5 overexpression during OS progression. Aberrant PAK5 
signaling is integral for breast cancer (23), ovarian cancer (24) 
and hepatocellular carcinoma cells (25). In the present study, 
primary samples from 65 patients with OS and 13 pulmonary 
metastasis samples were analyzed for PAK5 expression using 
RT-qPCR and IHC (Fig. 1A and B). The clinicopathological 
characteristics of 65 patients are presented in Table I. PAK5 
expression was identified to be significantly associated with 
clinical stage (P=0.035), tumor cell necrosis rate (P=0.035) 
and metastasis (P=0.010). No significant differences were 
identified for other clinical features including sex, age, tumor 
location and pathological type between individuals with high 
and low PAK5 expression. Fig. 1A and B indicate that the 
greatest increase in PAK5 expression occurred in lung metas-
tasis tissue compared with the other tissues. PAK5 expression 
in tissue from patients with OS with lung metastasis was 
increased compared with those without lung metastasis. 
Furthermore, the prognostic significance of PAK5 expression 
was assessed in 65 patients with OS with clinical follow-up 
records. Kaplan-Meier estimator analysis of survival demon-
strated that the high PAK5 group tended to have significantly 
shorter overall survival times (Fig. 1C) compared with the low 
PAK5 group (P=0.036).
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Knockdown of PAK5 inhibits OS cell migration ability and 
decreases the expression of MMP2. The results of the present 
study indicated that the PAK5 expression level was associ-
ated with metastasis. In order to investigate this association 
further, PAK5 was knocked down to determine its function. 
It was identified that PAK5 shRNA effectively knocked down 
PAK5 expression at the RNA and protein level. The inhibi-
tion ratio was >75%. Furthermore, certain factors, which were 
associated with cell migration, including MMP2, E-cadherin, 
vimentin and fibronectin, were identified. Only MMP2 expres-
sion was identified to be significantly decreased at the RNA 
and protein levels (Fig. 2A and B). Migration is the most 
important metastasis-associated process. It was investigated 
whether PAK5 knockdown was able to decrease the migration 
capability of OS cells using an in vitro scratch wound healing 
assay and a Transwell migration assay. The results identified 
that the PAK5 shRNA group markedly decreased the migra-
tory ability (Fig. 2C and D), indicating that PAK5 is a potential 
migration regulator.

MMP2 overexpression in lung metastasis. The PAK5-early 
growth response protein 1 (Egr1)-MMP2 signaling pathway 
contributes to the migration ability in breast cancer and 
glioma. Therefore, it was analyzed whether MMP2 and PAK5 
exhibited the same expression tendencies in OS tissue using 
IHC, and it was identified that lung metastasis tissue exhib-
ited increased MMP2 expression compared with primary OS 
tissue (Fig. 3). A marked association was identified between 
PAK5 and MMP2 expression with a correlation coefficient of 
0.821 by Pearson's rank correlation analysis.

PAK5 silencing decreases xenograft growth. The growth rate 
of subcutaneous xenografts in the PAK5 shRNA group was 
significantly increased compared with that in the non‑trans-
duced MG63 cells. At the fourth week, tumor volume and 
weight were significantly increased in the two control groups 
compared with those in the PAK shRNA group (volume, 
315.67±69.15 and 308.67±71.43 vs. 93.33±16.1 mm3; P=0.015; 
Fig. 4A). PAK5 and MMP2 staining was more intense in the 
two control group xenografts compared with that in the treated 
group (Fig. 4B and C).

Discussion

PAKs are key effectors of the Rho family GTPases that are 
divided into group I PAKs (PAK1, PAK2 and PAK3) and 
group II PAKs (PAK4, PAK5 and PAK6). PAK5 exhibits 
sequence identity with other PAKs in the p21 GTPase-binding 
and kinase domains. However, it is completely distinct in 
other regions compared with other PAKs (26). It has been 
demonstrated that PAK5 functions as a dynamic signaling 
node in cancer and is central to a variety of cellular func-
tions, including proliferation, apoptosis and migration. 
PAK5 overexpression has been observed in a number of 
tumors (9-12,16-20). Metastasis due to tumor progression is 
the primary cause of the majority of cancer-related mortality, 
particularly in patients with OS (27). In total, <80% of 
patients with OS exhibit lung metastasis. OS has increased 
local aggressiveness, and occasionally migrates to the lung 
and other bone sites with uncommon lymphoid metas-
tasis (28-31). The 5-year overall survival rate in patients with 
OS and metastases is between 10 and 30% (32,33). However, 
the underlying molecular mechanisms of metastasis in 
OS remain to be further elucidated. Previous research has 
focused on what facilitates OS cell metastasis (34-36). The 
focus of the present study was on PAK5, which decreases cell 
adhesion by promoting cytoskeletal reorganization including 
filopodia formation and neurite outgrowth (37). The associa-
tion between PAK5 expression and the outcomes of 65 cases 
of primary OS tissues was analyzed using RT-qPCR and 
IHC. A total of 13 lung metastasis tissues were also exam-
ined. PAK5 levels were increased in lung metastasis tissues 
compared with in primary OS tissue. Almost all of the 
samples exhibited intense positive tan particles with large 
amounts of cytoplasm. The primary OS tissues were divided 
into two groups: Low PAK5 and high PAK5. Kaplan-Meier 
estimator analysis of survival indicated that increased PAK5 
expression was associated with a shorter survival time of 
the patients. No significant differences were identified in 
certain clinical features including sex, age, tumor location 

Table I. Analysis of PAK5 expression and the clinical charac-
teristics of patients with osteosarcoma.

 Low level  High level
Characteristics of PAK5 of PAK5 P-value

Age, years   0.235
  <15 15 24
  ≥15 13 13
Sex   0.590
  Male 14 27
  Female 14 10
Anatomical location   0.460
  Tibia/femur 17 19
  Elsewhere 11 18
Tumor size, cm   0.095
  ≤8 18 16
  >8 10 21
Clinical stage   0.035
  IIA 18 14
  IIB/III 10 23
Necrosis rate, %   0.035
  ≤25   9 19
  >25 19 18
Pathological type   0.863
  Conventional 18 23
  Non-conventional 10 14
Metastasis   0.010
  Negative 23 19
  Positive   5 18
PAK5 score 34 130 <0.001

PAK5, p21-activated kinase 5. The staining intensity was scored as 
follows: 0, staining <10%; 1, 10‑25%; 2, 26‑50%; 3, 51‑75%; and 
4, >75%.
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Figure 1. Overexpression of PAK5 in OS lung metastasis tissue. (A) Reverse transcription-quantitative polymerase chain reaction analysis of the PAK5 mRNA 
transcript levels in 65 primary OS tissue samples and 13 lung metastasis tissues. (B) PAK5 expression levels detected using immunohistochemistry. Upper row, 
x200 magnification. Lower row, x400 magnification. (C) Kaplan‑Meier estimator analysis of survival of 65 patients with OS comparing high and low PAK5 
expression (P=0.036). PAK5, p21‑activated kinase 5; OS, osteosarcoma.
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and pathological type between individuals with high and 
low PAK5 expression. PAK5 expression is associated with 
clinical stage, necrosis rate and metastasis. In order to 
investigate the function of PAK5, shRNA was used as an 
effective way to silence gene expression. The shRNA was 
able to inhibit PAK5 expression by >75% at the mRNA and 
protein levels. The downstream factors of PAK5 were also 
examined. A previous study identified that PAK5 was able to 

promote metastasis by regulating the Egr1-MMP2 signaling 
pathway (38). The results of the present study also clarified 
that, following PAK5 silencing, MMP2, but not E-cadherin, 
vimentin or fibronectin, was downregulated. MMP2 has been 
identified as a key extracellular matrix factor that partici-
pates in cell migration associated with tumor metastasis (39). 
PAK5 shRNA decreases the migration ability of OS cells 
associated with decreased MMP2. The results of the present 

Figure 2. Association between PAK5 and osteosarcoma cell migratory ability. (A) The PAK5 gene was knocked down using Lv-shPAK5 in Saos2 and MG63 
cells. The mRNA level of PAK5 and MMP2 was decreased significantly (>75%) in the two cell lines (*P<0.05). No statistically significant difference was 
identified for E‑cadherin, vimentin or fibronectin levels. (B) Western blotting results indicated a marked difference for PAK5 and MMP2 protein expression 
among these groups. No significant differences were identified for E‑cadherin, vimentin and fibronectin. (C) A scratch wound healing assay identified that 
Lv‑shPAK5‑transfected Saos2 and MG63 cells exhibited a significantly decreased wound healing rate compared with untreated and Lv‑shCon cells. Results 
are expressed as the mean ± standard deviation. *P<0.05. (D) An in vitro Transwell migration assay identified that PAK5 knockdown attenuated cell migration. 
The untreated, Lv-shCon and Lv-shPAK5 cells were seeded in the upper Transwell chambers and incubated for 24 h. Images were captured using a light 
microscope at x200 magnification of the cells that had migrated into the lower chamber. PAK5, p21‑associated kinase 5; Lv‑shPAK5, lentivirus‑transduced 
short hairpin RNA targeting PAK5; MMP2, matrix metalloproteinase 2; E‑cadherin, epithelial cadherin; Lv‑shCon/NC, lentivirus‑transduced negative control 
short hairpin RNA; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; Con, control.
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Figure 3. Overexpression of MMP2 in OS lung metastasis tissue. MMP2 expression in 65 primary OS tissue and 13 lung metastasis tissue samples was 
detected using immunohistochemistry. (A) Primary OS tissue from patients with no metastasis at x200 magnification. (B) Primary OS tissue from patients 
with lung metastasis at x200 magnification. (C) Lung metastasis tissue at x200 magnification. (D) Primary OS tissue from patients with no metastasis at x400 
magnification. (E) Primary OS tissue from patients with lung metastasis at x400 magnification. (F) Lung metastasis tissue at x400 magnification. MMP2, 
matrix metalloproteinase 2; OS, osteosarcoma.

Figure 4. Inhibition of PAK5 inhibits osteosarcoma growth in vitro and decreases MMP2 levels. (A) The Lv-shPAK5 group produced markedly smaller tumors 
in mice, whereas the untreated and Lv-shCon groups led to the largest tumors in mice (P<0.05). Tumor volumes are presented in the growth curve. Using 
immunohistochemistry, it was identified that (B) PAK5 and (C) MMP2 expression were decreased in the Lv‑shPAK5 group. PAK5, p21‑activated kinase 5; 
MMP2, matrix metalloproteinase 2; Lv‑shPAK5, lentivirus‑transduced short hairpin RNA targeting PAK5; Lv‑shCon, lentivirus‑transduced negative control 
short hairpin RNA; Con, control.
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study also identified that PAK5 serves an important role in 
the migration capacity of OS cells via MMP2.

The effects of PAK5 were also investigated in vivo. 
Following subcutaneous injection of MG63 cells with or 
without PAK5 shRNA transduction in nude mice bearing OS 
xenografts, the PAK5 shRNA exhibited superior antitumor 
efficacy in vivo compared with the two control groups. It is 
noteworthy that the in vivo PAK5 shRNA treatment led to a 
significant decrease in tumor growth. Additionally, ex vivo 
histological analysis revealed that the PAK5 shRNA group 
exhibited decreased expression of PAK5 and MMP2 compared 
with the control groups.

The results of the present study indicate that PAK5 and 
MMP2 overexpression are directly associated with metastasis 
and lead to poor prognosis. This retarded PAK5 shRNA-asso-
ciated OS cell growth in vitro and in vivo in a nude mouse 
model indicated that PAK5 regulates MMP2 expression and 
inhibits tumor metastasis. Therefore, the results of the present 
study indicate that PAK5 is a potential prognostic indicator for 
human OS.
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