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Abstract

Purpose: To explore the effects of PAK4/LIMK1/Cofilin-1 signaling pathway on the
proliferation, invasion, and migration of human osteosarcoma cells.

Methods: The expression of PAK4/LIMK1/Cofilin-1 was detected by immunohisto-
chemistry in osteosarcoma tissues. The osteosarcoma cell line MG63 was transfected
and divided into Mock, Control siRNA, si-PAK4, LIMK1, and si-PAK4+LIMK1 groups.
Then, the cellular biological features of MG63 cells were detected by CCK-8, wound-
healing, Transwell, and flow cytometry methods. The relationship of PAK4 and LIMK1
was performed by co-immunoprecipitation test, and the protein expression of PAK4/
LIMK1/Cofilin-1 was determined by Western blotting. Finally, the effect of PAK4 on
the growth of osteosarcoma was verified by subcutaneous transplantation model of
osteosarcoma in nude mice.

Results: The expression of PAK4/LIMK1/Cofilin-1 in both osteosarcoma tissues and
cells was up-regulated. Positive PAK4, LIMK1, and Cofilin-1 expressions in osteosar-
coma were associated with the clinical stage, distant metastasis, and tumor grade.
The MG63 cell viability, migration, and invasion, as well as the expression of PAK4,
p-LIMK/LIMK, and p-Cofilin-1/Cofilin-1, were restrained by the knock down of PAK4
while it promoted apoptosis. PAK4 silencing also suppressed the growth of subcu-
taneous transplanted tumor in nude mice. Co-immunocoprecipitation showed that
LIMK and PAK4 protein can form complex in osteosarcoma cells. Besides, LIMK1
overexpression reversed the inhibition effect of PAK4 siRNA on the growth of os-
teosarcoma cells.

Conclusion: The expression of PAK4/LIMK1/Cofilin-1 pathway in osteosarcoma tis-
sues was up-regulated. Thus, PAK4 inhibition may restrict the osteosarcoma cell
proliferation, invasion, and migration but promote its apoptosis via decreasing the
activity of LIMK1/Cofilin-1 pathway.
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1 | INTRODUCTION

As one of the most common primary malignant bone tumors, osteosar-
coma is originated from the mesenchymal tissue. In recent years, the
five-year survival rate of osteosarcoma surgical patients has increased
to about 70% with the use of neoadjuvant chemotherapy drugs and the
standard application of surgical system.2 However, due to the high de-
gree of malignancy of osteosarcoma, lung metastasis often occurs be-
fore the removal of the primary tumor, and a large number of patients
would die owing to its metastasis even if the tumor is under control
proportionally.>* The pathogenesis of osteosarcoma is an extremely
complex process involving many factors and many specific genes in
various cellular processes, such as tumor migration, invasion, and pro-
liferation.>” Therefore, a new therapeutic, which aims to improve the
prognosis of osteosarcoma patients, is urgently needed.®

PAK (p-21-activated protein kinase), an evolutionarily conserved
serine/threonine protein kinase, is thought to be one of the key factors
in the signaling network of tumor cells.’ As a representative member
of type Il PAK, PAK4 has been shown to be abnormally overexpression
in numerous tumors, and the overactivation of PAK4 can improve the
malignant transformation and invasion and metastasis of tumor cells
via a number of different mechanisms.'%! In terms of LIMK1 gene,
it is located on human chromosome 7q11.23, mainly participating in
tumor cell invasion and metastasis.*? Cofilin, a ubiquitous actin-binding
protein including two subtypes (Cofilin-1 and Cofilin-2), is not only es-
sential for cell viability and for actin-based motility, but also important
for the metastasis and invasion of tumor cells.*>'* As reported previ-
ously, LIMK1 is a downstream target protein of PAK4, which is involved
in the tumor angiogenesis and cell migration by phosphorylating and
inactivating Cofilin and regulating the reorganization of cytoskeleton
of activator protein.'> What coincide is that, Ahmed T et al demon-
strated a similar finding in prostate cancer cells that PAK4 binds and
phosphorylates LIMK1 in a HGF-dependent manner, thus promoting
the cell migration and proliferation.!® In the study by Chen P et al,
miR-138 was shown to regulate the LIMK1/Cofilin/p-Cofilin signaling
pathway by targeting LIMK1, thus inhibiting the invasion and migration
of ovarian cancer cells.}?> More importantly, overexpression of LIMK1
can promote the migration of multidrug resistant osteosarcoma cells
in the work from Zhang H et al.Y” However, whether LIMK1/Cofilin-1
signaling pathway in the growth of osteosarcoma can be mediated by
has not been confirmed.

Therefore, the purpose of this study was aimed to explore the influ-
ence of PAK4/LIMK1/Cofilin-1 signaling pathway on the proliferation,
invasion, and migration ability of human osteosarcoma cells in vitro and

in vivo, to find out an ideal therapeutic target for osteosarcoma.

2 | MATERIALS AND METHODS
2.1 | Ethical statement

All experiments in this study got permission from the Ethical

Committee of our hospital, and consent obtained from all patients

or patients’ legal guardian before the study protocol. The animal ex-
periments strictly followed the guidelines for the management and
use of laboratory animals published by the U.S. National Institutes
of Health.1®

2.2 | Tissue samples

The tumor samples were collected from 56 patients who were con-
firmed from the pathological examination with osteosarcoma during
the operation in our hospital. These tissue samples were frozen rap-
idly and stored at -80°C. In addition, 56 cases of matched adjacent
non-tumor tissues form osteosarcoma patients were selected as the
normal control. Demographic information of those patients and clin-
ical features were collected.

2.3 | Immunohistochemical staining

The 56 paired osteosarcoma tissues and adjacent non-tumor tis-
sues were embedded in paraffin, and each paraffin samples was
sectioned continuously according to 4 pum. Paraffin section was
dewaxed and dehydrated with xylene and gradient alcohol, respec-
tively. After incubation with 3% hydrogen peroxide for 15 minutes,
the activity of endogenous peroxidase was eliminated, and then, the
antigen was repaired by immersion in 0.01 M citrate buffer. Then, a
drop of 5% BSA blocking solution was added to incubate for about
20 minutes, with the appropriate diluted primary antibody (PAK4,
LIMK1, Cofilin-1, 1: 50 dilution; Abcam, Cambridge, MA, USA), fol-
lowed by putting into a wet box at 4°C overnight and washing with
PBS for 3 x 3 times/min. After that, the secondary antibody labeled
with biotin was added to incubate at 37°C for 20 minutes and then
added a drop of SABC reagent to incubate for 20 minutes. The color
reaction was developed with diaminobenzidine (DAB) and then
sealed by neutral gum for 30 seconds after hematoxylin re-dyeing.

The results were observed under the microscope.

2.4 | Cultivation of osteosarcoma cells

The human osteosarcoma cell lines (MG63, U20S, OS732, and
Saos2) and human osteoblasts (hFOB1.19) cells were purchased
from ATCC (American Type Culture Collection, Manassas, VA, USA).
Cells were cultivated in DMEM solution, which contained 10% in-
activated fetal bovine serum (FBS), streptomycin and penicillin, and
incubated in a cell cultivator, which was at 37°C and 5% CO,

2.5 | Cell grouping and transfection

MG63 cells in logarithmic growth phase were counted under a
microscope after trypsin digestion and inoculated into 24-well

cell culture plate with 1 x 10° cells/mL. Cells were transfected by
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using Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) in ac-
cordance with the manufacturer's protocols. Then, osteosarcoma
cells were grouped into Mock group (cells without transfected),
si-PAK4 group (cells were transfected with siRNA PAK4), Control
siRNA group (cells were transfected with Negative Control siRNA),
LIMK1 group (cells were transfected with LIMK1 plasmid), and si-
PAK4+LIMK1 (cells were transfected with siRNA PAK4 and LIMK1
plasmid simultaneously). Meanwhile, siRNA PAK4, Negative
Control siRNA, and LIMK1 plasmid were synthesized by Shanghai
Jima Biotechnology Co., Ltd.

2.6 | CCK-8 detection

Cells in the logarithmic phase were laid with the density of 1 x 10*
cells/well evenly, and the final volume of each well was 100 pL with
the peripheral wells filled with PBS. The 96-well plates were placed
incubator, which was at 37°C and 5% CO,,. After cells attached to the
wall, 10 pL of Cell Counting Kit-8 (CCK-8) reagent (Japan Tongren
Chemical Research Institute, Dojindo, Japan) was added into each
plate. After 2 hours of culture in the incubator, the absorbance value
at 450 nm was measured in an enzyme, which labeled instrument at
24,48, 72, and 96 hours, respectively, with the experimental results
recorded.

2.7 | Wound-healing

The cells in the logarithmic growth phase were made into a single
cell suspension and counted by a counting plate. 1 x 10° cells were
inoculated in the 6-well plate, respectively, and the cells were cul-
tured to reach about 80%-90% confluence. Next, the cells were
washed with serum-free medium for 3 times, with fresh serum-
free RPMI-1640 added into them. Then, the cells were scraped
by a 10 plL tip to generate wounds, took pictures (O hour), and
then cultured in incubator, which was at 37°C in 5% CO, Finally,
6-well plate was taken out after 48-hour incubation, and the cells,
which were washed with PBS and serum-free RPMI-1640 medium
for 3 times. Five fields were randomly selected and their images
were acquired to count the number of cells that migrated into the

wounds.

2.8 | Transwell invasion

Each Transwell cell was covered with 50 uL of Matrigel matrix pro-
tein, 5 x 10* cells were added with serum-free Matrigel to invade
cells. RPMI-1640 medium with 10% FBS was added into cells. After
48 hours of cultivation, cells, which were in the upper layer, were
wiped off with cotton swabs, and cells, which were in the lower layer,
were fixed with 4% paraformaldehyde and stained with crystal vio-
let. The results were observed in 5 fields under the microscope with

400-times magnification.

2.9 | Flow cytometry

The cells in the logarithmic growth phase were taken out and di-
gested with trypsin. The cell concentration was adjusted to about
5 x 10* cells/mL and centrifuged at 1500 rpm for 5 minutes. The su-
pernatant was discarded and 1 x binding buffer was added. Annexin
V/FITC with a volume of 5 pL was added, mixed gently, and cultured
at room temperature in dark for 10 minutes. Besides, the cells were
then incubated in 5 pL of Pl for 10 minutes. The results of apoptosis
were measured by flow cytometer (BD Biosciences, San Jose, CA,
USA).

2.10 | Co-immunoprecipitation method

Osteosarcoma cells were lysed in lysate for 10 minutes, centrifuged
at 4°C and 14 000 g for 15 minutes, and swiftly transferred to an-
other centrifuge tube. The supernatant was added with 4 pg LIMK1
antibody and cultivated at 60 pL protein A/G Plus Agarose 4°C for
3 hours. The solution was washed 3 times, each time for 10 minutes,
and the precipitated compound was added into the same volume of
2 x sodium dodecyl sulfate (SDS) buffer, and the other steps were
the same as the Western blotting test.

2.11 | Western blotting

At the logarithmic growth phase, the total protein was extracted
from cells by adding lysate, and then, the protein concentration was
detected by a bicinchoninic acid (BCA) method. The protein was
transferred to polyvinylidene fluoride (PVDF) membrane by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) electrophoresis, and the membrane was sealed with 5%
skimmed milk for 4 hours. Then, the protein was incubated at 4°C
overnight with primary antibody PAK4, LIMK1, p-LIMK1, Cofilin-1,
p-Cofilin-1, and p-actin (Abcam); washed with trisbuffered saline
tween-20 (TBST) for 4 times with 10 minutes each time. The cor-
responding secondary antibody was added for 1 to 2 hours incuba-
tion, washed with TBST for 4 times, with 10 minutes each time. The
chemiluminescence (ECL) reagent was developed with f-actin as the
internal control, and the gray value of the target protein was analyzed

by Image) software.

2.12 | Subcutaneous transplantation model of
osteosarcoma in nude mice

The MG63 cells in the logarithmic growth phase from each trans-
fection group were used to prepare the single cell suspension
with a density of 1 x 10’/mL (produced by PBS) and injected into
the right forelimb of Balb/c nude mice (purchased from Shanghai
SLAC Laboratory Animal Co., Ltd). The mice were divided into
Mock, Control siRNA, si-PAK4, LIMK1, and si-PAK4+LIMK1 groups
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FIGURE 1 Expression of PAK4/LIMK1/Cofilin-1 in osteosarcoma tissues and cells. A, The expression of PAK4/LIMK1/Cofilin-1 in
osteosarcoma tissues and adjacent non-tumor tissues detected by immunohistochemistry; B, The protein expression of PAK4, LIMK1, and
Cofilin-1 in osteosarcoma cell lines and osteoblasts cells determined by Western blotting, *, Compared with osteoblasts hFOB1.19, P < .05

TABLE 1 Correlation of PAK4, LIMK1 and Cofilin-1 expressions with clinicopathological features of osteosarcoma

Clinicopathological No. of
features cases
Age (year)
>20 18
<20 38
Gender
Female 19
Male 37

Anatomic location

Tibia/femur 32

Elsewhere 24
Tumor size

28 cm S7

<8.cm 19

Clinical stage

I-1IA 30

11B-IlI 26
Metastasis

Yes 20

No 36

Tumor grade
Low 21
High 35

with 5 mice in each. The long axes (a) and the short axes (b) of the
tumor were measured with the vernier caliper every week to cal-

culate the volume of the transplanted tumor, and the growth curve

LIMK1 expression

PAK4 expression

Positive Negative Pvalue  Positive
494

13 5 12

31 7 27
732

16 8 11

28 9 28
744

26 6 21

18 6 18
.189

27 10 25

17 2 14
.025

20 10 17

24 2 22
.039

19 1 18

25 11 21
.040

13 10

31 4 29

Negative

11

11

12

13

15

11

photograph.

P value

.518

.224

.562

763

.040

.016

.008

Cofilin-1 expression

Positive

11
25

14
22

19
17

21
15

15
21

17
19

28

Negative

13

15

13

16

15

17

13

P value

772

.382

413

143

.025

.021

.003

of the tumor was drawn. At the end of the experiment, the nude

mice were killed, whose tumor tissues were taken out to weigh and
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2.13 | Statistical analysis

All experiments were repeatedly operated for three times. All data
were analyzed by SPSS21.0. The measurement data were expressed
by mean + SD. Comparison between two groups was tested by t test,
and among multiple groups was analyzed by one-way ANOVA. Chi-
squared test was used to make comparison among the enumeration

data. Significant differences were represented by P < .05.

3 RESULTS

|
3.1 | Expression of PAK4/LIMK1/Cofilin-1in
osteosarcoma tissues and cells

In accordance with the immunohistochemistry which was shown
in Figure 1A, the expression of PAK4, LIMK1, and Cofilin-1 were
brownish yellow or brown granules in cytoplasm, and the positive
expression rates of PAK4, LIMK1, and Cofilin-1 in osteosarcoma tis-
sues were significantly higher than that in normal tissues (all P < .05).

Table 1 showed the clinicopathological differences between positive

and negative PAK4/LIMK1/Cofilin-1 expression among groups.
Positive PAK4, LIMK1, and Cofilin-1 expressions in osteosarcoma
were found to be significantly associated with the clinical stage,
distant metastasis, and tumor grade (all P < .05). No significant dif-
ference was observed between PAK4, LIMK1, and Cofilin-1 expres-
sions and patients’ age, gender, tumor size, and anatomic location
(all P > .05). Besides, the protein expression of PAK4, p-LIMK1/
LIMK1, and p-Cofilin-1/Cofilin-1, which were obviously higher in os-
teosarcoma cell lines (MG63, U20S, OS732, and Saos2) than that
in osteoblasts (hFOB1.19) (all P < .05, Figure 1A). Among them, the
expression of MG63 cells is the most significant, so this cell line was
used for further study in the subsequent in vitro experiments.

3.2 | Proliferation and apoptosis of osteosarcoma
cells in each transfection group

According to Figure 2, the proliferation of osteosarcoma cells in si-
PAK4 group was greatly decreased, while the apoptosis rate was mark-
edly increased compared with Mock group (all P <.05). On the contrary,

the speed of cell proliferation in LIMK1 group was accelerated, but the
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FIGURE 3 Comparison of invasion and migration of MG63 cells in each transfected group. A,B, Detection of the migration ability of
MGé63 cells in each transfected group with wound-healing test; C,D, Measurement of the invasion ability of osteosarcoma cells in each
transfected group with Transwell test. *, Compared with Mock group, P < .05; #, Compared with si-PAK4 group, P < .05; %, Compared with

LIMK1 group, P < .05
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FIGURE 4 The protein expression of PAK4/LIMK1/Cofilin-1 in MG63 cells in each group. A, The relationship between PAK4 and LIMK1
detected by co-immunoprecipitation method; B,C, Determination of the protein expression of PAK4/LIMK1/Cofilin-1 in MG63 cells in each
group by using Western blotting, *, Compared with Mock group, P < .05; #, Compared with si-PAK4 group, P < .05; %, Compared with LIMK1

group, P < .05

rate of apoptosis was significantly reduced as compared with Mock
group (all P < .05). In addition, as compared to si-PAK4 group, the cell
proliferation in si-PAK4+LIMK1 group was also significantly acceler-
ated, with the decreased rate of apoptosis (all P < .05).

3.3 | Invasion and migration of osteosarcoma cells
in each transfected group

Compared with Mock group, the migration and invasion of osteo-

sarcoma cells were reduced in si-PAK4 group, while significantly

increased in LIMK1 group (all P < .05, Figure 3). Furthermore, migra-
tion and invasion of the cells were higher in si-PAK4+LIMK1 group
than in si-PAK4 group (all P < .05).

3.4 | LIMK1 was a downstream protein of PAK4

On the basis of co-immunoprecipitation method (Figure 4A), the pro-
tein of LIMK and PAK4 could be detected in the immunoprecipitated
with the antibody of LIMK protein, but cannot be detected with IgG
immunoprecipitation. The results showed that LIMK and PAK4 can
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FIGURE 5 Comparison of (A)
subcutaneous tumor of nude mice in each

group. A, Growth curve of nude mice in

each group; B, Representative images of

the tumor morphology in nude mice; C,

Comparison of the weight of transplanted

tumor of nude mice in each group, *,

Compared with Mock group, P < .05; #,

Compared with si-PAK4 group, P < .05; %,
Compared with LIMK1 group, P < .05
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form complex in osteosarcoma cells, demonstrating an interaction
between LIMK and PAK4 proteins in osteosarcoma cells. Besides,
the expression of PAK4 protein, p-LIMK/LIMK, and p-Cofilin-1/
Cofilin-1 in osteosarcoma cells in si-PAK4 group were significantly
decreased compared with Mock group (all P < .05), whereas the ex-
pression of p-LIMK/LIMK and p-Cofilin-1/Cofilin-1 was increased
(all P < .05) with no significant difference of PAK4 protein expres-
sion in LIMK1 group (all P > .05). In addition, compared with si-PAK4
group, p-LIMK/LIMK and p-Cofilin-1/Cofilin-1 were increased in si-
PAK4+LIMK1 group (all P < .05, Figure 4B,C).

3.5 | Subcutaneous growth of osteosarcoma in
nude mice

By comparison with Mock group, the growth and weight of subcu-
taneous tumor in si-PAK4 group were significantly decreased, but
were significantly increased in LIMK1 group (all P < .05, Figure 5).
However, compared with si-PAK4 group, the growth and weight of
subcutaneous tumor in si-PAK4+LIMK1 group were increased (all
P <.05).

4 | DISCUSSION

Firstly, it was found that the expression of PAK4, LIMK1, and Cofilin-1

in osteosarcoma tissues and cells were all up-regulated. Accordingly,

- si-PAK4+LIMK1
-+ LIMK1
-+ si-PAK4
- Control siRNA
-o- Mock
0 1 é 1:} 4
Time (weeks)
(C)
2.0+
D 1.5 i
=
=y
0,
2 1.0 #%
:
2 0.5 .-

other previous studies agree with our results in different types of
cancers. For example, the expression of PAK4 was significantly in-
creased in the breast cancer tissues, and gradually increased with
the growth of breast cancer.” In pancreatic cancer, Cofilin-1 was
up-regulated and a higher Cofilin-1 expression predicted a poorer
prognosis.?° Similarly, in osteosarcoma, Jian-Zeng Yang and his col-
leagues also noted the increased LIMK1 in both tissues and cells,?!
which suggested that PAK4, LIMK1, and Cofilin-1 may play vital
roles in the development of osteosarcoma. PAK, a protein which is
a downstream target of the Rho subfamily proteins Rac and Cdc42,
is activated by binding to the activated (GTP-bound) Cdc42, while
LIMK1 can be activated by upstream PAK4.142223 Besides, Cofilin is
the specific substrate of LIMK1, which could increase the phospho-
rylation level of Cofilin at Ser3 site.?* Therefore, the up-regulation of
PAK4, LIMK1, and Cofilin-1 in osteosarcoma tissues may be due to
the activation of Cdc42, which could further activate PAK4 and then
activate LIMK1 and Cofilin-1 considering with the above.

Next, the osteosarcoma cells were selected for transfection
experiments, and consequently, PAK4 gene knockout can inhibit
the proliferation, invasion and migration of osteosarcoma cells,
whereas overexpression of LIMK1 can promote its growth. In
agreement with our findings, the proliferation and migration of
gastric cancer cells was promoted by miR-224 via targeting PAK4.2°
The overexpression of LIMK1 was involved in osteosarcoma cell
proliferation through regulation of insulin/PI3K/LIMK1 path-
way,2® which could also induce the proliferation and metastasis of

gastric cancer cells.?’ In the present study, PAK4 was confirmed
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to specifically interact with LIMK1 by co-immunocoprecipitation
experiment. Mechanistically, inhibition of PAK4 can significantly
reduce the level of p-LIMK/LIMK and p-Cofilin-1/Cofilin-1, and
overexpression of LIMK can significantly reverse the inhibitory
effect of PAK4 siRNA on the progress of osteosarcoma cells. In
other cancers, like colorectal cancer, the phosphorylation expres-
sion levels of LIMK1 and Cofilin were down-regulated owing to the
deficiency of PAK4, with the inhibited migration and invasion.?® In
prostate cancer cells, PAK4 was found to bind and phosphorylate
LIMK1, which directly influenced the expression level of LIMK1 to
promote the migration rate of cancer cells.’® The evidence, which
was mentioned above, suggested that PAK4 siRNA may suppress
the growth and metastasis of osteosarcoma by restraining LIMK1/
Cofilin-1 pathway.

Moreover, LMK1 was identified to be crucial in cell cycle, since it
could regulate the recombination of actin, which was a key factor in
cell mitosis.?? Cofilin was the only known enzyme substrate of LMK1
and was phosphorylated by regulating actin recombination with
LMK1 to accelerate the cell cycle progress and promote cell prolifer-
ation.>%3! As indicated by Guo B et al, after inhibition of PAK4, the
proliferation of lung adenocarcinoma cells was restricted, with the
arrested cell cycle at the G1 phase and the promoted early apoptosis
of lung adenocarcinoma cells. 32 Also, the inhibited PAK4/LIMK1/
Cofilin pathway resulted in the cell cycle arrest at the G1 phase and
the declined cell proliferation in accordance with the study of Jian
Zhang et al.®® Additionally, LIMK1/Cofilin pathway modulates cy-
toskeletal dynamics to affect the formation of microfilament actin
stress fibers and adhesion plaque, eventually influencing the metas-
tasis behavior of tumor cells.>* Dan C et al indeed confirmed that
PAK4 can act on LIMK1 and promote the phosphorylation of LIMK1
to further phosphorylate cofilin; however, the absence of LIMK1
and cofilin can affect the regulation of PAK4 on cytoskeletal and
cell shape changes.’® The inhibited phosphorylation of LIMK1 and
Cofilin-1 affect the reorganization of cytoskeleton, thus suppress-
ing the invasion and migration of tumor cells, such as in colorectal
cancer.® In this regard, PAK4 can influence cell mitosis, and indi-
rectly affect the cytoskeleton shaping, ultimately regulating the cell
proliferation, invasion, and migration of colorectal cancer by regu-
lating LIMK1/Cofilin-1 signaling pathway. Last but not least, PAK4
inhibition was further verified in vivo in our work that it may inhibit
the progress of osteosarcoma via the subcutaneous transplantation
model of osteosarcoma in nude mice.

Inaword, our research found that the expression of PAK4, LIMK1,
and Cofilin-1 was up-regulated in osteosarcoma tissues. Moreover,
PAK4 gene knockout can inhibit the proliferation, invasion and mi-
gration of osteosarcoma cells by inhibiting LIMK1/Cofilin-1 signaling
pathway, and promote cell apoptosis, which would be a new insight

for the targeted treatment of osteosarcoma.
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