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Abstract. Human monopolar spindle-one-binder 2 (hMOB2) 
is a member of the hMOB family of proteins, and it has been 
reported to regulate the nuclear-Dbf2-related kinase (NDR) 
activation. However, the function of hMOB2 expression in 
tumor cell adhesion and motility has not been addressed. 
Herein, the lentiviral-mediated overexpression and the 
knockdown of hMOB2 in HepG2 and SMMC-7721 cells 
was established. It was demonstrated that overexpression of 
hMOB2 significantly reduced the cell motility and enhanced 
the cell-matrix adhesion, while the hMOB2 knockdown 
decreased not only the cell motility, but also the cell-matrix 
adhesion. Immunofluorescence results showed that both 
hMOB2 overexpression and knockdown altered assembly of 
the focal adhesions and the actin cytoskeleton rearrangement. 
Furthermore, the focal adhesion kinase (FAK)-Src-paxillin 
signal pathway activated by hMOB2 was confirmed to be 
involved in controlling the cell motility and the cell-matrix 
adhesion. These results demonstrated that the altered cell-
matrix adhesion and cell motility induced by hMOB2 
expression was caused by the assembly of focal adhesions 
as well as the actin cytoskeleton rearrangement through the 
activation of the FAK-Src-paxillin signal pathway, unveiling 

a novel mechanism of cell motility and cell-matrix adhesion 
regulation induced by hMOB2 expression.

Introduction

Monopolar spindle-one-binder (MOB) family proteins are 
conserved from yeasts to human and function as the regulators 
of signaling pathways involved in cell mitosis, apoptosis and 
morphogenesis (1-9). Human MOB2 (hMOB2) is a member of 
the hMOB family of proteins, which contains at least 6 distinct 
hMOBs (hMOB1A, hMOB1B, hMOB2, hMOB3A, hMOB3B 
and hMOB3C) (2,10). Among them, hMOB1A and hMOB1B 
have been characterized as the putative tumor suppressors in 
tumor cell proliferation, apoptosis and centrosome duplication 
through regulating the activation of the NDR kinase/large 
tumor suppressor kinase (2,4-7,11), while the biological roles 
of other hMOBs are less well defined. To date, hMOB2 has 
also been widely termed hepatocellular carcinoma-associated 
gene 2 (HCCA2), and it is involved in the hepatocellular carci-
noma development and progression (12). Nevertheless, data 
from the locus on the chromosome and the open reading frame 
(ORF) of mRNA of the hMOB2 gene (GenBank Accession: 
NM_053005, at position 11p15.5) and HCCA2 gene (GenBank 
Accession: AF206328, at position 1q22) revealed clear differ-
ences between them, suggesting that the biological behavior 
of hMOB2 may be different from the HCCA2. Therefore, 
it is currently unclear whether hMOB2 is involved in tumor 
development and progression.

In Drosophila, MOB2 plays a role in wing hair morpho
genesis by interacting with the related tricornered and 
warts kinases  (13,14) and is involved in the photoreceptor 
cell development and rhabdomere formation by regulating 
the actin cytoskeleton rearrangement  (15). The study also 
showed that mouse MOB2 promotes the neurite formation 
through regulating the actin cytoskeleton rearrangement (16). 
Currently, hMOB2 has been characterized to be involved in the 
regulation of hMOB1 by competing for the NDR1/2 kinases (8), 
which have already been linked to the actin cytoskeleton (17), 
although the mechanism involved is only partly understood. 
Since the dynamic remodeling of the actin cytoskeleton is 
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also fundamental for many physiological processes like cell 
adhesion and cell motility (18), which contribute to tumor cell 
migration, invasion and metastasis (19), a better understanding 
of hMOB2-induced changes in the cytoskeletal regulation, cell 
adhesion and motility may result in better insight into tumor 
metastasis.

In the present study, we evaluated the effect of hMOB2 on 
tumor cell migration, invasion and cell-matrix adhesion. We 
found that hMOB2 overexpression appeared to significantly 
inhibit cell motility and promoted cell-matrix adhesion, while 
hMOB2 knockdown decreased not only the cell motility, but 
also the cell-matrix adhesion. Furthermore, we also demon-
strated that both hMOB2 overexpression and knockdown 
altered assembly of the focal adhesions and the actin cyto-
skeleton rearrangement presumably through regulating the 
focal adhesion kinase (FAK)-Src-paxillin signaling pathway, 
unveiling a novel mechanism of cell motility and cell-matrix 
adhesion regulation induced by hMOB2.

Materials and methods

Cell lines and culture conditions. The human hepatocellular 
carcinoma cell lines HepG2 and SMMC-7721, and the human 
embryonic kidney (HEK) 293T cells were obtained from the 
Type Culture Collection of the Chinese Academy of Sciences 
(Shanghai, China), then cultured in Dulbecco's modified 
Eagle's medium (DMEM; Gibco) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin 
and 100 µg/ml streptomycin and maintained in a humidified 
incubator at 37˚C with 5% CO2.

Production of recombinant lentiviruses. To construct the lenti-
viral vector expressing hMOB2, the transfer vector 
pGC‑hMOB2 was constructed by cloning the full-length of 
hMOB2 cDNA, amplified by polymerase chain reaction (PCR) 
from the hMOB2 cDNA clone which was obtained from the 
GeneChem Corporation (Shanghai, China) with the primers 
5'-GAGGATCCCCGGGTACCGGTCGCCACCATGGACT 
GGCTCATGGGGAAG-3' (sense), and 5'-TCCTTGTAGTCC 
ATACCTCTCTCCTTCACGTGGTTCTG-3' (antisense), into 
the AgeI sites of pGV287 purchased from the GeneChem 
Corporation.

To construct the lentiviral vectors expressing siRNA 
targeting hMOB2, four different siRNA targeting sequences 
directed against hMOB2 were selected under the guide of 
siRNA designing software provided by GenScript. The 
sequences containing the hMOB2 siRNA targets (underlined 
sequence) were as follows: 5'-CCGGCATCACCGACTTCCA 
GTTCAACTCGAGTTGAACTGGAAGTCGGTGATGTTT 
TTG-3' (sense) and 5'-AATTCAAAAACATCACCGACTTC 
CAGTTCAACTCGAGTTGAACTGGAAGTCGGTGA-3' 
(antisense) for sihMOB2-1; 5'-CCGGCAGAGATTGACCTTA 
ACGAGTCTCGAGACTCGTTAAGGTCAATCTCTGTTTT 
TG-3' (sense), and 5'-AATTCAAAAACAGAGATTGACCTT 
AACGAGTCTCGAGACTCGTTAAGGTCAATCTC-3' (anti-
sense), for sihMOB2-2; 5'-CCGGCATGTGCAACACACA 
GTACTACTCGAGTAGTACTGTGTGTTGCACATGTTTT 
TG-3' (sense), and 5'-AATTCAAAAACATGTGCAACACAC 
AGTACTACTCGAGTAGTACTGTGTGTTGCACA-3' (anti-
sense), for sihMOB2-3; 5'-CCGGCAGCTGGTGACGGATG 

AGGACCTCGAGGTCCTCATCCGTCACCAGCTGTTTT 
TG-3' (sense), and 5'-AATTCAAAAACAGCTGGTGACGG 
ATGAGGACCTCGAGGTCCTCATCCGTCACCAGC-3' 
(antisense), for sihMOB2-4. Then, the primers were synthe-
sized and cloned into the AgeI and EcoRI sites of pGV115, 
purchased from the GeneChem Corporation.

For the lentiviral production, the lentiviruses encoding 
hMOB2 (LV-hMOB2) and siRNA against hMOB2 
(LV-sihMOB2-1, LV-sihMOB2-2, LV-sihMOB2-3 and 
LV-sihMOB2-4) were produced by co-transfection of the 
lentiviral transfer vectors together with the packaging system 
pHelper 1.0 and 2.0 vectors purchased from the GeneChem 
Corporation into the HEK293T cells using Lipofectamine 2000 
(Invitrogen, USA). The lentivirus particles were harvested 
and purified, and the infectious titers were determined by 
GeneChem Corporation. Control lentivirus (LV-CTL) and the 
non-silencing siRNA control lentivirus (LV-siCTL) were also 
generated by GeneChem Corporation and performed as the 
empty vectors for overexpression and knockdown, respectively.

For lentiviral infection, the HepG2 and SMMC-7721 cells 
were plated at a concentration of 1x105 cells in the 6-well culture 
plates, and were then infected with indicated lentiviruses at 
a MOI of 20 and 30 in the presence of Polybrene (8 µg/ml), 
respectively. The infected cells continued to be cultured for 
over 96 h in DMEM supplemented with 10% FBS. The green 
fluorescence protein (GFP), which was co-expressed in all the 
lentivirus-infected cells, served as a selection marker to indicate 
the successfully infected HepG2 or SMMC-7721 cells. To enrich 
the GFP-positive cells, the cells were sorted in the FACSCalibur 
(Becton-Dickinson), and the GFP-positive cells were returned 
to culture immediately, and were considered for the successful 
lentivirus-transduction in following experiments.

Cell migration and invasion assays. For the Transwell migra-
tion assay, the 24-well Transwell chambers with 8.0-µm pore 
size of the porous membrane (Costar, USA) were performed. 
Briefly, the lentivirus-transduced cells were serum-starved for 
24 h and then 3x104 cells in a volume of 200 µl suspended 
in serum-free DMEM were seeded onto the upper chamber, 
which was placed into the lower chamber containing 600 µl of 
DMEM supplemented with 10% FBS. After incubation for 24 h 
at 37˚C, the cells on the upper surface of the chambers were 
removed, and the cells that migrated to the lower surface of the 
filter were washed with phosphate-buffered saline (PBS), fixed 
with methanol for 15 min and stained with 0.1% crystal violet 
for 20 min. The migrated cells in at least five randomly selected 
fields at x200 magnification were quantified, and images were 
captured using a phase contrast microscope equipped with a 
digital image capturing system. A cell invasion assay was also 
performed in the Transwell chambers as previously described 
with the minor modification that the upper chambers were 
precoated with 100 µg/ml Matrigel (BD Biosciences), and 
200 µl of 5x104 cells suspended in a serum‑free DMEM were 
added to the upper chamber. The assays were performed in 
triplicate for each experiment and repeated three times.

Cell-matrix adhesion assay. For the cell-matrix adhe-
sion assay, wells of 96-well culture plates were coated with 
10 µg/ml collagen type I (BD Biosciences) overnight at 4˚C, 
blocked with 1% heat-denatured bovine serum albumin (BSA) 
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in PBS at 37˚C for 1 h, and were then washed with PBS. The 
lentivirus‑transduced HepG2 and SMMC-7721 cells were 
harvested, suspended at 5x105  cells/ml in DMEM supple-
mented with 0.1% BSA and 100 µl of the cell suspension were 
added to the coated well. After incubation at 37˚C for 45 min, 
non-adherent cells were gently removed by being washed four 
times with PBS. The numbers of the adherent cells were quan-
tified by the Cell Counting Kit-8 (CCK-8; Obio Technology, 
Shanghai, China) assay according to the manufacturer's 
instruction followed by absorbance measurement at 450 nm 
using a multifunctional microplate reader (Bio-Tek, USA). The 
assays were performed in 6-wells and repeated five times.

RNA preparation and real-time reverse transcription quanti-
tative PCR (RT-qPCR). Total RNA was isolated from the 
lentivirus-transduced cells using the TRIzol reagent 
(Invitrogen), and reverse transcribed using the HiScript First 
Strand cDNA Synthesis kit (Vazyme, Nanjing, China) 
according to the manufacturer's instruction. RT-qPCR was 
used to determine the hMOB2 mRNA levels on an ABI 7500 
Real-Time PCR System (Applied Biosystems, Carlsbad, CA, 
USA) using the AceQ® qPCR SYBR®-Green Master Mix kit 
(Vazyme) according to the manufacturer's instruction. The 
primers for hMOB2 were: 5'-TTCCACCACATCAACCTGCA 
GTA-3' (sense), and 5'-GGAGCTCATGACGAAGTCAACG 
TA-3' (antisense); for GAPDH, 5'-GCACCGTCAAGGCTGA 
GAAC-3' (sense), and 5'-TGGTGAAGACGCCAGTGGA-3' 
(antisense), were used to run the RT-qPCR. The relative levels 
of the hMOB2 mRNA normalized to GAPDH mRNA were 
evaluated by 2-ΔΔCt.

Western blot assay. The lentivirus-transduced cells were lysed 
in RIPA buffer (Beyotime, China) containing 1 µmol phenyl-
methylsulfonyl fluoride and a protease and phosphatase inhibitor 
cocktail (Roche). After determination of the protein concen-
tration with the Bradford method, the protein samples were 
electrophoresed by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE), and were then transferred onto the polyvinylidene 
fluoride membrane (PVDF, Millipore), which was subsequently 
blocked with 5% non-fat dried milk or 3% BSA for tyrosine 
phosphorylation blots in TBS for 1 h at room temperature, and 
incubated with the indicated primary antibodies at 4˚C overnight. 
The primary antibodies used in the present study were: poly-
clonal rabbit anti-hMOB2 (1:800; Abcam); monoclonal rabbit 
anti-FAK, polyclonal rabbit anti‑pY397FAK, polyclonal rabbit 
anti-PY925FAK, monoclonal rabbit anti-Src, polyclonal rabbit 
anti-pY527Src (1:1,000; Cell Signaling Technology); monoclonal 
mouse anti-paxillin, polyclonal goat anti‑pY118paxillin, mono-
clonal mouse anti-GAPDH (1:200; Santa Cruz Biotechnology). 
The PVDF membrane was then washed three times with TBS 
with 0.1% Tween-20 (TBST) followed by incubation for 2 h at 
room temperature with horseradish peroxidase-conjugated goat 
anti-rabbit IgG, goat anti-mouse IgG or donkey anti-goat IgG 
antibodies (1:2,000; KangChen Bio-tech, Shanghai, China). The 
protein bands were detected by enhanced chemiluminescence 
using the Pierce ECL Plus Western Blotting Substrate kit 
(Thermo Scientific).

Immunofluorescence analysis. The lentivirus-transduced cells 
were plated onto glass coverslips in 24-well culture plates 

and maintained in DMEM supplemented with 10% FBS for 
24 h. The cells were washed with PBS, fixed with 4% para-
formaldehyde diluted in PBS for 30 min, permeabilized with 
0.5% Triton X-100 in PBS for 10 min, and then blocked with 
3% BSA in PBS for 1 h at room temperature. After incuba-
tion overnight at 4˚C with monoclonal mouse anti-paxillin 
antibody diluted 1:100 in blocking solution, the cells were 
washed three times with PBS and subsequently incubated with 
the Rhodamine-conjugated goat anti-mouse IgG (1:1,000; 
Biosource International) for 2 h at room temperature in the 
dark. Actin was visualized using Rhodamine-conjugated phal-
loidin (Sigma) at 37˚C for 1 h at room temperature and then 
gently washed in PBS. All the cells were counterstained with 
DAPI (Sigma) for nucleus. After being washed thoroughly with 
PBS, the images were captured using a fluorescent microscope 
equipped with a digital image capturing system.

Statistical analysis. Data are expressed as the means ± stan
dard deviation (SD). Statistical significance was determined by 
the Student's t-test, and the p-values <0.05 were considered to 
indicate a statistically significant result.

Results

Expression of hMOB2 after lentiviral transduction. The 
overexpression and knockdown of hMOB2 in the lenti-
virus‑transduced cells were initially examined. The levels 
of hMOB2 mRNA from the total RNA extracts were quan-
tified using RT-qPCR, normalized to GAPDH mRNA and 
the hMOB2 protein levels from the whole cell extracts were 
determined by western blot assay. As shown in Figs. 1 and 2, 
overexpression of hMOB2 was observed in LV-hMOB2 trans-
duced HepG2 and SMMC-772 cells both in mRNA (Fig. 1A) 
and protein levels  (Fig.  1B  and  C), while knockdown of 
hMOB2 expression by LV-sihMOB2-4 was achieved with the 
most efficient inhibition at the mRNA (Fig. 2A) and the protein 
levels (Fig. 2B and C) both in HepG2 and SMMC-772 cells. 
These results demonstrated that the indicated lentiviruses were 
successfully transduced into the HepG2 and SMMC-772 cells, 
and hMOB2 was overexpressed in LV-hMOB2-transduced, 
and the most efficient knockdown of hMOB2 was shown in 
the LV-sihMOB2-4-transduced cells. Therefore, LV-hMOB2 
and LV-sihMOB2-4 (following named LV-sihMOB2) could be 
used in the following experiments.

Effect of hMOB2 on cell migration and invasion. To evaluate 
the role of hMOB2 in cell migration and invasion, we first 
performed a Transwell migration assay. As shown in Fig. 3, 
both HepG2 and SMMC-772 cells infected with LV-hMOB2 
showed dramatic inhibition of the cell migratory ability, 
when compared with those transduced with the empty 
vectors (LV-CTL and LV-siCTL) and the mock. Notably, 
knockdown of the hMOB2 expression by LV-sihMOB2 
also decreased the motile cells either in the HepG2 or the 
SMMC‑772 cells (Fig. 3A-C). No significant differences in 
the cell migration were found among the mock and the empty 
vector‑transduced cells. Similar effects of the hMOB2 over-
expression and knockdown on cell invasion were also found 
in the Transwell cell invasion assay (Fig. 3D-F). Together, the 
results demonstrated that both overexpression and knockdown 
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of hMOB2 attenuated the general capacity of cell migration 
and invasion.

Effect of hMOB2 on the cell-matrix adhesion. Since cell 
migration and invasion require cell-extracellular matrix 
(ECM) adhesion and then detachment from ECM (19,20), 
we next investigated the effect of hMOB2 on the cell-matrix 
adhesion. As shown in Fig.  4, hMOB2 overexpression 
obviously promoted both the HepG2 and SMMC-772 cell  
adhesion onto the collagen type  I matrix, while hMOB2 
knockdown decreased the adhesive behavior either in HepG2 
or SMMC-772 cells, when compared with those in the 
empty vector-transduced cells and the mock. No significant 
difference in the cell-matrix adhesion was observed among 
the mock and the empty vector-transduced cells. Given the 

results of the cell motility and the cell-matrix adhesion assays, 
reduction of the cell motility by hMOB2 overexpression may 
be the consequence of the strong or excessive cell-matrix 
adhesion, while the decrease in the cell motility caused by 
hMOB2 knockdown is most likely attributed to the decrease 
of the cell-matrix adhesion.

Effect of hMOB2 on the focal adhesion and the actin cyto-
skeleton rearrangement. The focal adhesions are cellular loci 
through which the actin filaments establish adhesive links 
between cell and ECM, and the dynamic assembly and disas-
sembly of focal adhesion is essential for cell-matrix adhesion 
and cell motility (21-23). To further verify the implication of 
the hMOB2 expression in the cell-matrix adhesion and cell 
motility, we examined the focal adhesion formation by staining 
with paxillin (a marker of mature and nascent focal adhesion) 
and the remodeling of the actin cytoskeleton by staining with 
phalloidin in the lentivirus-transduced cells. In Fig. 5, hMOB2 
overexpression significantly increased both the number and 

Figure 2. Knockdown of hMOB2 in the lentivirus-transduced cells. 
(A)  hMOB2 mRNA levels were quantified from the indicated lenti-
virus‑transduced HepG2 and SMMC-7721 cells using RT-qPCR normalized 
against GAPDH. The values are the mean ± SD (n=5). *p<0.05 vs. the mock. 
(B and C) The hMOB2 protein levels were determined by SDS-PAGE immu-
noblotting with antibodies to hMOB2 and GAPDH, normalized against 
GAPDH. The values are the mean ± SD (n=3). *p<0.05 vs. the mock. hMOB2, 
human monopolar spindle-one-binder 2.

Figure 1. Overexpression of hMOB2 in the lentivirus-transduced cells. 
(A) hMOB2 mRNA levels were quantified in RNA extracts from the indi-
cated lentivirus-transduced HepG2 and SMMC-7721 cells using RT-qPCR 
normalized against GAPDH. The values are the mean ± SD (n=5). *p<0.05 
vs. the mock. (B and C) The hMOB2 protein levels were determined by SDS-
PAGE immunoblotting with antibodies to hMOB2 and GAPDH, which was 
used as a loading control. The values are the mean ± SD (n=3). *p<0.05 vs. the 
mock. hMOB 2, human monopolar spindle-one-binder 2.
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Figure 3. Effects of hMOB2 on cell migration and invasion. (A and B) The lentivirus-transduced (A) HepG2 and (B) SMMC-7721 cells were plated on the 
Transwell inserts and cell migration towards the low chambers containing DMEM supplemented with 10% FBS and were recorded from at least five random 
images per insert from triplicate wells (magnification, x200). (C) Quantification of the migration of the lentivirus-transduced HepG2 and SMMC-7721 cells is 
shown. Assays were performed in triplicate from three independent experiments. The values are the mean ± SD. *p<0.05, **p<0.01 vs. the mock. (D and E) The 
lentivirus-transduced HepG2 and SMMC-7721 cells were plated on the Transwell inserts precoated with Matrigel and cell invasion was recorded from five 
random microscopic fields (magnification, x200) per insert from triplicate wells. (F) Quantification of the invasion of the lentivirus-transduced HepG2 and 
SMMC-7721 cells is shown. Assays were performed in triplicate from three independent experiments. The values are the mean ± SD. *p<0.05, **p<0.01 vs. the 
mock. hMOB2, human monopolar spindle-one-binder 2.

Figure 4. Effect of hMOB2 on cell-matrix adhesion. The lentivirus‑transduced HepG2 and SMMC-7721 cells were seeded onto the collagen I precoated 
96-well culture plates and incubated at 37˚C for 45 min. The number of the adhesive cells was quantified using the CCK-8 assay by absorbance at 450 nm. 
Assays were performed in 6-wells and repeated five times. The reported values are the mean ± SD. *p<0.05, **p<0.01 vs. the mock. hMOB2, human monopolar 
spindle-one-binder 2.



wu et al:  REGULATION OF hMOB2 EXPRESSION TO TUMOR CELL MOTILITY AND CELL-MATRIX ADHESION2500

the size of the focal adhesions and exhibited diffuse distribu-
tion of the focal adhesion throughout the HepG2 cells, while 
the hMOB2 knockdown reduced the number of the focal 
adhesions producing a prominent peripheral distribution of 
the HepG2 cells, when compared with those in the empty 
vector-transduced cells and the mock. In parallel, more stress 
fibers and less filopodia and lamellipodia at the leading edge 
were observed in the hMOB2-overexpressing HepG2 cells 
than those in the empty vector-transduced cells and the mock, 
whereas the hMOB2 knockdown resulted in the dissociation 

of the centrally located stress fibers and exhibited a periph-
eral distribution of the actin filaments (Fig. 6). No significant 
differences in the focal adhesion formation and the actin 
cytoskeleton rearrangement were observed among the mock 
and the empty vector-transduced cells. Similar results were 
also found in the SMMC-772 cells (data not shown). These 
data suggested that the altered assembly of the focal adhesions 
and the actin cytoskeleton rearrangement caused by hMOB2 
overexpression and knockdown are possibly involved in the 
regulation of cell-matrix adhesion and cell motility.

Figure 6. Effect of hMOB2 on the actin cytoskeleton rearrangement. The cells were fixed, permeabilized and stained with Rhodamine-conjugated phalloidin 
for F-actin (upper panel) and with DAPI for the nucleus (lower panel). Scale bars, 20 µm. The images represented the cells from three independent experiments. 
hMOB2, human monopolar spindle-one-binder 2.

Figure 5. hMOB2 regulates the formation of focal adhesions. (A) Images show the immunofluorescence staining of paxillin (upper) accompanied by the 
nucleus (down) stained by DAPI in the HepG2 cells and represent the cells from three independent experiments. Scale bars, 20 µm. (B) Quantification of 
the number of focal adhesions per HepG2 and SMMC-7721 cells from at least 10 cells in each group is shown. The values are the mean ± SD from three 
independent experiments. *p<0.05, **p<0.01 vs. the HepG2 cell mock, and #p<0.05, ##p<0.01, vs. the SMMC-7721 cell mock. (C) Quantification of the size of 
focal adhesions in HepG2 and SMMC-7721 cells from at least 80 focal adhesions in each group is shown, and three independent experiments were performed. 
The values are the mean ± SD. *p<0.05, #p<0.05 vs. the indicated mock. hMOB2, human monopolar spindle-one-binder 2.
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Effect of hMOB2 on the FAK-Src-paxillin signaling pathway. 
Since cell-matrix adhesion and cell motility are dependent on 
the dynamic assembly and disassembly of focal adhesions and 
the remodeling of the actin cytoskeleton, which are regulated 
by a variety of signaling molecules, including FAK, Src and 
paxillin  (24-26), we further performed western blot assay 
to evaluate the effects of hMOB2 on the expression of these 
signaling molecules. As shown in Fig. 7, hMOB2 overexpres-
sion upregulated the expression of phosporylation of FAK at 
Y397 (pY397FAK) and Y925 (pY925FAK), and phosporyla-
tion of paxillin at Y118 (pY118paxillin), and downregulated 
the phosphorylation of Src at Y527 (pY527Src) while hMOB2 
knockdown obviously downregulated the expression of 
pY397FAK, pY925FAK and pY118paxillin, and resulted in 
only a slight but a non-significant reduction of the expression 
of the pY527Src, and no significant difference was found either 
in the LV-CTL-transduced or the LV-siCTL-transduced cells 
(data not shown). Neither hMOB2 overexpression nor hMOB2 
knockdown had significant effects on the expression of the 
total FAK, Src and paxillin. Similar results were also found 

in the SMMC-772 cells (data not shown). Thus, these results 
suggest that FAK-Src-paxillin signaling pathway regulated by 
hMOB2 expression is likely involved in the regulation to the 
cell-matrix adhesion and cell motility.

Discussion

The findings presented here revealed a currently unknown role 
for hMOB2 in regulation of the cell-matrix adhesion and cell 
motility. The present study demonstrated that overexpression 
of hMOB2 significantly decreased the cell migration and inva-
sion, but promoted the cell-matrix adhesion, while hMOB2 
knockdown decreased not only the cell motility, but also the 
cell-matrix adhesion, revealing a novel regulatory mechanism 
of cell motility and cell-matrix adhesion induced by hMOB2 
expression. Functional studies further disclosed an impor-
tant role of hMOB2 in the modulation of the focal adhesion 
formation, the remodeling of the actin cytoskeleton and the 
FAK-Src-paxillin signaling. We demonstrated that the altered 
cell motility and cell-matrix adhesion induced by hMOB2 

Figure 7. Effect of hMOB2 on the FAK-Src-paxillin signal pathway. (A) Whole HepG2 cell lysates were analyzed by SDS-PAGE immunoblotting with the 
indicated antibodies. GAPDH was used as a loading control (n=3). (B-D) Quantification of the band intensity was performed with ImageJ software, and 
expressed as fold-change of the mock after being normalized with the GAPDH. The values are the mean ± SD of three independent experiments. *p<0.05, 
**p<0.01 vs. the mock. hMOB2, human monopolar spindle-one-binder 2.



wu et al:  REGULATION OF hMOB2 EXPRESSION TO TUMOR CELL MOTILITY AND CELL-MATRIX ADHESION2502

expression was likely caused by its regulation to the assembly 
of focal adhesions and the actin cytoskeleton rearrangement 
through the activation of the FAK-Src-paxillin signal pathway.

Although hMOB2 has been reported to function as 
an inhibitor of NDR1/2 kinases in a binding-dependent 
manner (8), which has already been linked to the actin cyto-
skeleton (17), the function of hMOB2 expression in tumor 
cell migration and adhesion has not been addressed. Previous 
studies have demonstrated that mouse Mob2 and NDR activa-
tion in neuronal function have already been linked to the actin 
cytoskeleton rearrangement (16,17), which is intimately asso-
ciated with cell motility and adhesion. Therefore, our initial 
experiments were performed to investigate whether hMOB2 
affects tumor cell migration and invasion. Our findings that 
hMOB2 overexpression obviously suppressed the cell migra-
tion and invasion and that hMOB2 knockdown also decreased 
the cell motility either in HepG2 or SMMC-772 cells suggests 
a mechanism by which overexpression and knockdown of 
hMOB2 attenuated the general capacity of cell motility. Since 
cell migration and invasion require cell-ECM adhesion and 
then release from ECM, decreased and strong or excessive 
cell-ECM adhesion will inhibit cell motility (20,27). Next, it 
was evaluated whether hMOB2 overexpression and knock-
down inhibited the cell motility through its regulation for the 
cell-matrix adhesion. Our findings that hMOB2 overexpression 
significantly promoted cell-matrix adhesion and that hMOB2 
knockdown decreased cell-matrix adhesion raised the exciting 
possibility that the decrease in the cell motility by hMOB2 
overexpression may be attributed to the strong or excessive 
cell-matrix adhesion, while the reduction in the cell motility 
caused by hMOB2 knockdown is most likely the consequence 
of the decrease of the cell-matrix adhesion.

Cell motility and cell-ECM adhesion depend on the 
dynamic assembly and disassembly of the focal adhe-
sions (20,22,23,28‑30), which connect the bundles of actin 
filaments from cell to ECM and are often influenced by the 
formation of stress fibers, and the dynamic assembly of the 
actin cytoskeleton plays an essential role in cell migration 
and adhesion (18,31). It has also been well characterized that 
the strong stress fibers provide large focal adhesions, while 
weak stress fibers show small focal adhesions (31). Thus, we 
further performed in immunofluorescence assay to examine 
the effects of hMOB2 on the focal adhesions and the actin 
cytoskeleton rearrangement. We found that the increased 
number and size of focal adhesions which are diffusively 
distributed throughout the cell, and the robust stress fibers 
assembly as well as the decreased formation of filopodia and 
lamellipodia at the leading edge were exhibited in the hMOB2 
overexpressing cells, suggesting that hMOB2 overexpression 
led to the induction of the number and the enlargement of the 
focal adhesions. This is consistent with the enhanced stress 
fiber formation and the reduction of the formation of filopodia 
and lamellipodia and exhibits the characteristics of the adhe-
sive cells and makes sense with respect to the promoted the 
cell-matrix adhesion and subsequently suppressed the cell 
motility as mentioned above. The decreased number of the 
focal adhesions and the reduction of centrally located stress 
fiber assembly were observed in the hMOB2 knockdown cells 
in which a prominent peripheral distribution of the focal adhe-
sions and the actin filaments was shown, which is consistent 

with the decrease of the cell-matrix adhesion and subsequently 
suppressed the cell motility. Therefore, our observations clearly 
supported the notion that the stress fiber formation is directly 
associated with the cell-matrix adhesion via the focal adhe-
sions, while the formation of the filopodia and lamellipodia 
at the leading edge is associated with cell motility (32-34). 
Collectively, these results suggest that the modulation of cell 
motility and cell-matrix adhesion by hMOB2 overexpression 
and knockdown is possibly mediated through regulating the 
assembly of focal adhesions and the actin cytoskeleton reorga-
nization, providing new insight into the function of hMOB2 in 
cell-matrix adhesion and cell motility.

It is generally understood for most cell types that the 
dynamic assembly and disassembly of the focal adhesion 
and the actin cytoskeleton are regulated by the FAK-Src 
signaling molecules  (21-23), and the FAK-mediated focal 
adhesions linkage to the actin cytoskeleton were partially 
via binding to paxillin (22,23,28,29). Upon activation of the 
FAK-Src signaling, autophosphorylation of FAK at Y397 
creates a high‑affinity binding site for Src and causes Src 
recruitment and activation, which thereafter phosphorylates 
other sites of FAK including Y925 resulting in the further 
activation of FAK, and other cellular scaffolding molecules 
including paxillin, thereby acting to modulate the focal 
adhesion dynamics and the actin cytoskeleton rearrangement 
during cell-matrix adhesion and motility (23,24,31,35-40). 
Based on our findings that hMOB2 overexpression and 
knockdown regulated the cell motility and cell-matrix adhe-
sion, we further evaluated the expression of some molecules 
involved in the FAK-Src signaling. We found that hMOB2 
overexpression promoted autophosporylation of the FAK 
at Y397, downregulated the expression of pY527Src [the 
phosphorylation of Y527 inhibits Src activities  (41)], and 
subsequently upregulated the expression of pY925FAK and 
pY118paxillin, whereas hMOB2 knockdown resulted in the 
downregulation of the expression of pY397FAK, pY925FAK 
and pY118paxillin, and a slight but non-significant reduc-
tion of the pY527Src. These data suggest that the altered 
cell-matrix adhesion and cell motility induced by hMOB2 
overexpression and knockdown probably requires functional 
FAK-Src-paxillin signaling molecules to regulate the focal 
adhesion formation and the actin cytoskeleton rearrange-
ment, although details need further study.

In summary, the data presented here demonstrated that 
hMOB2 modulated the cell motility and the cell-matrix 
adhesion as the result of the regulation of the focal adhesion  
formation as well as the actin cytoskeleton rearrangement 
through the activation of the FAK-Src-paxillin signal pathway. 
Although further study is required to address the underlying 
mechanisms as to how hMOB2 expression coordinates the 
FAK-Src-paxillin signal pathway, it is likely that hMOB2 
modulates cell-matrix adhesion and motility, which will likely 
contribute to our insight into tumor metastasis and progres-
sion. These findings may reinforce a role for hMOB2 as a new 
molecular target for metastatic carcinoma.
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