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ROCK2 disturbs MKP1 expression to promote invasion
and metastasis in hepatocellular carcinoma
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Abstract: Dual-specificity phosphatase-1 (DUSP1/MKP1) plays a key role in controlling various physiological and
pathological phenomena, including tumor metastasis and invasion. However, the role of MKP1 in tumorigenesis is
controversial. We showed that the expression of MKP1 in hepatocellular carcinoma (HCC) is significantly downregu-
lated, and MKP1 is an independent predictor of poor prognosis. In in vitro and in vivo studies, we showed that MKP1
significantly inhibits the invasion and metastasis of HCC cells. Additionally, we found that low MKP1 expression is as-
sociated with the expression of ROCK2, which plays an important role in HCC. Our data suggest that MKP1 is crucial
for ROCK2-mediated metastasis and invasion. Interestingly, we demonstrated that ROCK2 has opposite effects on
protein and mRNA levels of MKP1, as it decreases the expression at the protein level and increases the expression
at the mRNA level. We also identified the mechanism responsible for this incongruency; ROCK2 activates ERK1/2-
ATF2 signaling, which leads to the increased mRNA expression of MKP1. At the same time, ROCK2 promotes the
ubiquitin-mediated degradation of MKP1 by activating ERK1/2, therefore promoting the metastasis of HCC. In con-
clusion, our data provide new evidence for the biological and clinical significance of MKP1 as a potential biomarker.
We demonstrate that ROCK2 disturbs the protein and mRNA expression of MKP1 in human HCC progression.
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Introduction

Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer, the fifth
most common cancer worldwide, and the sec-
ond leading cause of cancer death in men. HCC
accounts for 70-85% of the total cancer burden
[1]. Although some progress has been made in
its clinical detection and treatment in recent
years, the metastasis and recurrence rates of
HCC after radical resection are still high [2].
Therefore, it is urgent to find new diagnostic
markers and therapeutic targets for this dis-
ease.

Dual-specificity phosphatase-1 (DUSP1/MKP1)
is a threonine-tyrosine bispecific phosphatase
[3]. Despite recent research efforts, the role of
MKP1 in tumorigenesis is still controversial [4,
5]. Some studies have shown that MKP1 is

highly expressed in some tumours, and may
promote the occurrence of prostate cancer by
inhibiting Fas/FasL-induced apoptosis [6]. Kn-
ockout of MKP1 can reduce the incidence of
cancer [7]. Contrarily, a different study showed
that MKP1 expression is low in certain tumor
types compared to adjacent non-tumour con-
trol tissues, where MKP1 inhibits tumorigene-
sis [8, 9]. However, the expression and role of
MKP1 in HCC are largely unknown.

Rho-related coiled-coil containing protein kin-
ase 2 (ROCK?2) is one of the most studied tar-
gets for small GTPase Rho [10]. ROCK2 is a key
signaling molecule in the Rho/ROCK signalling
pathway, which regulates gene expression by
regulating the activity or phosphorylation of tar-
get proteins [11]. Several reports have suggest-
ed that the increased expression of ROCK2 is
associated with the occurrence and develop-
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ment of many human cancers, including HCC
[12, 13]. Overexpression of ROCK2 in HCC is
significantly associated with the formation of
microsatellites [14]. Recently, ROCK2 has been
reported to be critical for cancer cell migration
and invasion [15]. Specifically, it has been
shown that, in HCC, stable knockout of Rock2
significantly reduces the migration and inva-
sion of HCC cells in vitro and in vivo [16].
Interestingly, we previously found that the pro-
tein level of MPK1 is upregulated in ROCK2
knockdown HCC cells by analyzing tandem
mass tags and mass spectrometry data (Table
S1). Thus, we presumed that ROCK2 could
affect the metastasis and invasion in HCC by
modulating MPK1 expression.

In this study, we found that MKP1 could serve
as a prognostic factor and potential therapeu-
tic target for HCC. Additionally, we investigated
the mechanism of action of MPK1 in HCC and
explored how MPK1 expression is regulated by
ROCK2.

Materials and methods
Patients and samples

From December 2012 to January 2018, 132
HCC specimens were collected from 132 pa-
tients who underwent hepatectomy at the
Jiangxi Cancer Hospital (China). All specimens
obtained during the operation were frozen
immediately in liquid nitrogen and stored at
-80°C for further analysis. Pathologists con-
firmed the nature of tumours and adjacent nor-
mal tissues. Informed consent was obtained
for each patient, and the study was approved
by the Ethical Committee of the Jiangxi Cancer
Hospital.

Cell culture

The human HCC cell lines Huh-7 (CVCL_0336),
MHCC97H (CVCL_4927) and Hep3B (CVCL_
0326) were purchased from the Shanghai Cell
Bank of the Type Culture Collection Committee
of the Chinese Academy of Sciences (Shanghai,
China). The HCCLM3 (CVCL_6832) cell line is a
derivative of the MHCC97H cell line, purchased
from the China Center for Type Culture Co-
llection (CCTCC). All cell lines had been authen-
ticated using STR profiling by the FuHeng Cell
Center (Shanghai, China) within the last three
years. All experiments were performed with my-
coplasma-free cells.
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Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from tissues and cul-
tured cells using TRIzol (Invitrogen, USA) accord-
ing to the manufacturer’s instructions. Prime-
Script RT kit (Invitrogen) was used to retro tran-
scribe the RNA. For gRT-PCR analysis, cDNA
was amplified using a SYBR green PCR kit
(Applied Biosystems, Carlsbad, CA, USA).
GAPDH was used as internal control.

Animal studies

BALB/c nude mice (4 weeks old, female) were
purchased from Shanghai SLAC Laboratory An-
imal Co., Ltd. Cells (1x107 cells in 100 ml phos-
phate buffer) were injected into the caudal vein
of anesthetized nude mice (6 mice per group).
Six weeks following tumor injection, mice were
euthanized with lung tissues collected for hae-
matoxylin-eosin staining and analyses. All ani-
mal work was approved by the Animal Ex-
perimental Ethics Committee of the lJiangxi
Cancer Hospital and carried out in accordance
with the Guidelines for the Care and Use of
Laboratory Animals (8" edition).

Cell migration and invasion assays

The migration/invasion of cancer cells was rou-
tinely examined at laboratory. For the invasion
assays, the polycarbonate membranes in the
upper chambers were precoated with manu-
facturer.

IHC staining and immunofluorescence (IF)
assays

HCC samples and adjacent non-tumour tissues
were fixed, embedded, sectioned, and deparaf-
finised. For IHC staining, non-specific antibody
binding sites in the sections were blocked using
a serum-free protein block buffer (DAKO, CA,
USA) for 30 min; sections were then incubated
with an anti-MKP1 antibody (1:200, Abcam).
For IF assays, the cells (2x103) were grown on
slides. Non-specific antibody binding sites were
blocked with 5% BSA at room temperature
20-25°C (68-77°F) and the cells were then
stained with anti-MKP1 (1:100), anti-ROCK2
(1:500), anti-ubiquitin (1:200) and anti-ATF2
(1:200) antibodies (all from Abcam) at 4°C over-
night, followed by incubation with a fluorophore-
conjugated secondary antibody (1:200, Invitro-
gen). Nuclei were stained with DAPI.
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Co-immunoprecipitation (Co-IP) and in vivo
ubiquitination assays

Co-IP analysis was performed routinely. For in
vivo ubiquitination assays, HCC cells silenced
for or overexpressing ROCK2 were exposed to
MG132 for 4 hours before harvesting. Specific
protein complexes were immunoprecipitated
from cell lysates with anti-ATF2 or anti-MKP1
antibodies. The ubiquitination levels of ATF2
and MKP1 were detected in western blot ass-
ays using an anti-ubiquitin antibody.

Statistical analysis

All data were analysed with GraphPad Prism 5
(GraphPad software, USA) and are expressed
as the mean * the standard deviation. The stu-
dent t-test (two-tailed distribution) was used to
analyse differences. In addition, the logistic
regression model was used to analyse the inva-
sion and metastasis data in univariate and mul-
tivariate ways. P < 0.05 was considered sig-
nificant.

Results

MKP1 is significantly downregulated in HCC
and correlates with the overall survival of HCC
patients

To determine the role of MKP1 in the develop-
ment and progression of HCC, we initially
detected its expression in 132 samples of HCC
and their adjacent normal tissues by immuno-
histochemistry (IHC). We found that MKP1 was
downregulated in HCC (Figure 1A and 1B).
Western blotting assays of HCC tissues (Figure
1C-E) supported these data, confirming that
the expression of MKP1 is low in HCC.

Next, we analyzed the relationship between the
expression of MKP1 and the clinicopathological
features of the HCC patients. We found that low
expression of MKP1 was significantly correlat-
ed with microsatellite formation and vascular
infiltration in advanced tumors (Table S2). Im-
portantly, Kaplan-Meier analysis showed that
the overall survival time of patients with low
MKP1 expression was significantly shorter than
that of patients with high MKP1 expression
(Figure 1F). In addition, univariate and multi-
variate logistic regression analyses showed
that MKP1 was an independent predictor of
microsatellite formation and vascular invasion
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in HCC (Table S3). These data suggest that
MKP1 is expressed at low levels in HCC and is
an indicator of poor prognosis.

MKP1 suppresses migration and invasion of
HCC in vivo and in vitro

Because MKP1 expression was significantly
associated with advanced tumour microsatel-
lite formation and vascular invasion [17], we
hypothesized that MKP1 might function in HCC
cell migration and invasion. First, we investi-
gated the relationship between MKP1 protein
expression and HCC cell migration and invasion
in Transwell assays. The results showed that
the protein expression of MKP1 in HCC cells
was reduced compared to normal hepatocytes
(Figure 2A, 2B) and that overexpression of
MKP1 decreased the migration and invasion
ability of MHCC97H and HCCLM3 cells (Figure
2C-H). In addition, western blotting assays
showed that overexpression of MKP1 led to a
decrease in matrix metalloproteinase (MMP) 2
and MMP9 expression (Figure 21, 2)).

We further examined the effects of MKP1 on
HCC metastasis by injecting normal control
(NC) and Flag-MKP1 MHCC97H cells into the
caudal veins of nude mice. Histologic analysis
by H&E staining of serial lung sections revealed
that the number of HCC lung micrometastases
was significantly decreased in the Flag-MKP1
group (Figure 2K, 2L). These data demonstrate
that MKP1 suppresses HCC cell metastasis
ability both in vivo and in vitro.

ROCK2 regulates MKP1 protein expression to
induce HCC cell migration and invasion

The recent works of several groups, including
ours, have shown that ROCK2 is overexpressed
in HCC and contributes to cell migration and
invasion, while ROCK2 knockout inhibits the
growth of HCC [16, 18]. Importantly, we previ-
ously found that ROCK2 silencing resulted in an
increased MKP1 protein level (Table S1).
Therefore, we hypothesized that ROCK2 influ-
ences the progression of HCC by regulating the
expression of MKP1. To investigate whether
ROCK2 regulates MKP1 expression, we first
detected the levels of ROCK2 in various HCC
cells. Western blotting assays showed that
ROCK2 was overexpressed in HCC cells com-
pared to normal hepatocytes (Figure 3A). In
addition, the downregulation of ROCK2 in-
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Figure 1. MKP1 is significantly downregulated in HCC. A and B. The expression of MKP1 in HCC and adjacent normal
liver tissues was analysed by IHC. C-E. Representative western blot and quantitative analysis of MKP1 expression
in tissues. T: tumours, NT: non-tumours; **P < 0.01. F. Kaplan-Meier survival curve of 132 patients with HCC. *P <

0.01, logarithmic rank test.

creased MKP1 expression (Figure 3B), while
the overexpression of ROCK2 significantly de-
creased MKP1 protein expression in HCC cells
(Figure 3C). These results suggest that the low
expression of MKP1 is related to the overex-
pression of ROCK2, and MKP1 may be regulat-
ed by ROCK2.

Next, to investigate whether ROCK2 mediates
the invasion and metastasis of HCC by regulat-
ing MKP1, we reduced the expression of MKP1
in  ROCK2-knockdown HCC cells and then
assessed cell migration and invasion. Western
blot analysis showed that ROCK2 silencing
increased MKP1 expression and significantly
reduced the migration and invasion abilities of
HCC, while the downregulation of MKP1 in
ROCK2-silenced HCC cells significantly reve-
rsed this effect (Figure 3D-F). In addition, in
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vivo metastasis analysis showed that the
reduction in MKP1 levels decreased the inci-
dence of lung metastasis in the ROCK2-
silenced-HCC group (Figure 3G). In contrast,
rescue experiments indicated that enhanced
MKP1 expression could be partially reversed by
the pro-metastasis ability induced by overex-
pression of ROCK2 in HCC cells (Figure 3H-K).
Therefore, these results suggest that MKP1 is
crucial for ROCK2-mediated metastasis of
HCC.

ROCK2 and MKP1 protein levels are inversely
correlated, but their mRNA levels are positively
correlated in HCC tissues

To confirm the relationship between ROCK2

and MKP1 in HCC, we first examined the expres-
sion of the two proteins in HCC tissues and ana-

Am J Cancer Res 2020;10(3):884-896



ROCK2 promotes hepatocellular carcinoma metastasis by disturbing MKP1 expression

A B& 10
& Ao o =
P F &7 5 °
H o 2"
AN S S S 5< 6
MKPA ®8
— e — ea 4
s
2
Tubulin .‘E o
9 A ol < %3
J
S QP& o“"i\ &
¥ & X
E Migration assay F
- cqlru_l o W control
B 5 I His-MKP1
S ;ﬂh ‘% )
f = *
8 2
g E 5 400
= B ng
k=
5 & _
g i ; 200 — =
a
-1
g | 5 o
T | =

MHCC97h HCCLM3

[

MHCC97h
His-MKP1

HCCLM3

control His-MKP1

MKPT | e S
MMP2 S S—

wEe

control
MKP1

—
MMP2 qp—
VNP S s—

Tubulin -

MHCC97h

HCCLM3

MHCC97h HCCLM3

control His-MKP1 control His-MKP1

MKP1  —— —  c— MKP1 | —

Tubulin < SE—

Tubulin | R

T

I control
I His-MKP1

Number of cells Invasion
per field
Noow

MHCC387h

HCCLM3

MHCC97h

—

o

w
2
[=]
3
cd .
o
c
3
-

Figure 2. MKP1 inhibits HCC migration and invasion in vitro and in vivo. A and B. Western blot analysis of the ex-
pression of MKP1 in HCC cell lines. C and D. Western blot analysis to detect the expression of MKP1 in MHCC97H
and HCCLM3 cells stably transfected with a control or a His-MKP1-overexpressing plasmid. E-H. Transwell migration
assays in MHCC97H and HCCLM3 cells transfected with a control or a His-MKP1-overexpressing plasmid. *P < 0.01.
| and J. Western blot analysis to detect the expression of MMP2 and MMP9 in MHCC97H and HCCLM3 cells trans-
fected with a control or a His-sMKPZ1-overexpressing plasmid. K and L. Incidence of lung metastasis in the MHCC97h-

control and MHCC97h-His-MKP1 groups. “P < 0.01.

lyzed their correlation. Western blot assays
showed that ROCK2 was overexpressed in HCC
tissue samples, while MKP1 was downregulat-
ed (Figure 4A). Consistent with the Western
blot data, IHC assays confirmed these results
(Figure 4B). In addition, scatter plot analysis
showed that the expression of ROCK2 and
MKP1 protein expression levels were negative-
ly correlated (Figure 4C). Unexpectedly, further
analysis of The Cancer Genome Atlas (TCGA)
datasets showed that the mRNA level of MKP1
was decreased in HCC tissues compared to
normal tissues, regardless of node metastasis
status or tumor grade (Figure S1). This result
prompted us to measure the mRNA levels of
ROCK2 and MKP1 in HCC tissues by qRT-PCR.
Our results indicated that the mRNA levels of
ROCK2 and MKP1 were significantly elevated
in HCC tissues compared with corresponding
non-tumor tissues (Figure 4D and 4E). More-
over, the mRNA level of ROCK2 was positively
correlated with MKP1 mRNA expression in HCC
tissues (Figure 4F). Additionally, Kaplan-Meier

888

analysis showed that the overall survival of
patients with high MKP1 mRNA expression was
significantly shorter than that of the patients
with low MKP1 mRNA expression (Figure S2).
Together, these data strongly suggest that over-
expression of ROCK2 results in discordance
between MPK1 protein and its mRNA in HCC.

ROCK2 overexpression leads to increased
MKP1 mRNA expression through activation of
ERK1/2-ATF2 signaling

To explore the mechanism by which ROCK2
overexpression leads to the incongruency bet-
ween MPK1 protein and mRNA levels, we ini-
tially analyzed the transcription regulation
mechanism of MKP1. A prior study has demon-
strated that MKP1 is a target gene of ATF2 [19].
Therefore, we speculated that ROCK2 regu-
lates MKP1 through ATF2. To test this hypothe-
sis, we first measured the expression of MKP1
in Huh7 cells with altered ATF2 levels. We found
that ATF2 knockdown significantly reduced the

Am J Cancer Res 2020;10(3):884-896



ROCK2 promotes hepatocellular carcinoma

A B HCCLM3
A& ) shNC +
S & & & snrockazm - . .
M ShROCK2#2 - -  +

ROCK2 | -

| G 3

Tubulin ' e o o P

Tubulin = — —

D E MHCC97h

MHCC97h c
k]
W g s
& S B
& L L& E

L & "?%b 23

o e
o
ROCK? s — — . 5
2
MKP1 = gy — - 5

H I Huh?
Huh7 N 5 500 * *
F FOE a0 0
o O R o
F FF Egg
O ,‘@q’-\«; oy
& < & T
o5 2
ROCK2 — — ¢ o 100
]
£
MKP1  a— s
- : & &
. o
TUBUIN | s — c— 5 *3’3'«“’
OCJ
Q_
]

ROCK2 e —

metastasis by disturbing MKP1 expression

C Huh? Hep3B
NC NG,
Flag-ROCK2 - o+ Flag-ROCK2 - +
ROCK2 | = ROCK2 = e
MKP1 Gl e— MKP1 | —
Tubulin | s—— Tubulin | “——
F MHCC97h G MHCCS7h
£ 400 * * 6 * *
]
$ 300 K d
£ - ER
w2 -]
B & 200 g . %
s & - gZ i
3 100 3
E 0 | .
o 9 N o % N
¥ € ¥ ¢
QQ. & Qq' 5
& ¥ P o
& &
& &
J Huh? K Huh?
c 400 * * 8
2 —— - * *
g 300 o6
3 & 200 - 2a
Qo o .
52 £
= E o
-1 -
E o ol — v
=z (<] N (<] LS
N o(;p & N o‘}} o
& & & &
& Ca & S
& x P o
o &
o 8}
& <
o &

Figure 3. ROCK2 regulates MKP1 protein expression to influence HCC migration and invasion. A. Western blot analy-
sis of ROCK2 expression in human normal hepatocytes and HCC cell lines. B. Western blot analysis of ROCK2 and
MKP1 expression in HCCLM3 cells stably transfected with shNC or shROCK2 plasmid. C. Western blot analysis of
ROCK2 and MKP1 expression in HCC cells stably transfected with a control or FLAG-ROCK2-overexpressing plasmid.
D. Western blot analysis of ROCK2 and MKP1 expression in different groups of MHCC97h cells. E and F. The metas-
tasis ability of HCC cells stably transfected with shROCK2 in the presence or absence of shMKP1 was determined
by migration and invasion assays. *P < 0.05. G. The quantification of the nodules of lung metastasis in the indicated
groups is shown. *P < 0.05. H. ROCK2 and MKP1 protein levels in HCC cells were detected by western blot, and
stably transfected with Flag-ROCK2 in the presence or absence of HissMKP1. | and J. The metastasis ability of HCC
cells stably transfected with Flag-ROCK2 in the presence or absence of His-MKP1 was determined by migration and
invasion assays. *P < 0.05. K. Quantification of the nodules of lung metastasis is shown in the indicated groups.

*P < 0.05.

expression of MKP1 in HCC cells (Figure 5A,
5B), while up-regulation of ATF2 had the oppo-
site effect (Figure 5C, 5D). These findings sug-
gested that ATF2 regulates the expression of
MKP1 in HCC cells. Next, we attempted to clar-
ify whether ROCK2 affects the expression of
MKP1 through ATF2. For this purpose, we mea-
sured the changes of ATF2 and MKP1 expres-
sion upon ROCK2 knockdown in HCC cells.
Interestingly, our results showed that ROCK2
knockdown significantly reduced the expres-
sion of ATF2 and increased the protein expres-
sion of MKP1 in HCC cells, while the mRNA
expression of MKP1 was decreased (Figure 5E,
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5F). In contrast, the overexpression of ROCK2
in HCC cells increased the expression of ATF2
expression and decreased the protein expres-
sion of MKP1, while the MKP1 mRNA level was
increased (Figure 5G, 5H).

Next, we aimed to clarify whether ROCK2
affects the mRNA expression of MKP1 through
ATF2. For this purpose, we overexpressed
ROCK2 in HCC cells stably silenced for ATF2
expression. qRT-PCR assays showed that over-
expression of ROCK2 had no effect on the
MmRNA expression of MKP1 in these cells
(Figure 5l). In contrast, overexpression of ATF2

Am J Cancer Res 2020;10(3):884-896
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was associated with an increase in MKP1
MRNA in ROCK2-silenced cells (Figure 5J).
These results confirmed that overexpression of
ROCK2 leads to increased mRNA expression of
MKP1 through ATF2.

We next examined why ROCK2 regulates the
protein expression of ATF2, but not its mRNA
expression (Figure 5E-H). Studies have con-
firmed that phosphorylation of ATF2 at Thr-71
by ERK1/2 causes increased transcriptional
activity [20], and phosphorylation of ATF2 pro-
tects it from ubiquitination and degradation
[21]. However, ROCK2 has been reported to
mediate the activation of ERK1/2 [22]. Thus,
we speculated that ROCK2 impacts the expres-
sion and activation of ATF2 through ERK1/2. To
verify this speculation, we measured the
expression of ERK1/2, p-ERK1/2, ATF2 and
p-ATF2 in HCC cells with altered ROCK2 levels.
The results showed that decreased ROCK2
expression reduced the levels of p-ERK1/2,
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P-ATF2 and ATF2, whereas ROCK2 overexpres-
sion increased the levels of these proteins
(Figure 5K). Furthermore, we found that upreg-
ulation of ROCK2 reduced the ubiquitination
levels of ATF2 and enhanced the transcriptional
activity of ATF2, while downregulation of ROCK2
increased the ubiquitination levels of ATF2 and
inhibited the transcriptional activity of ATF2
(Figure 5L, 5M). Taken together, these results
confirm that overexpression of ROCK2 affects
the expression of MKP1l by activating the
ERK1/2-ATF2 signal, leading to increased
MKP1 mRNA expression.

ROCK2 regulates MKP1 expression by induc-
ing its ubiquitination in HCC cells

To explore the mechanisms through which
ROCK2 overexpression leads to decreased in
MKP1 protein levels, we first studied the ubiqui-
tin-mediated degradation of MKP1 in HCC cells.
Immunoprecipitation (IP) assays showed that

Am J Cancer Res 2020;10(3):884-896
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nal. A and B. The mRNA expression of MKP1 in Huh7 cells transfected with shNC or shATF2 plasmids was detected
by qRT-PCR and western blot analysis. C and D. gRT-PCR and western blot assays were used to detect the expression
of MKP1 in Huh7 cells transfected with a control or HA-ATF2 overexpressing plasmid. *P < 0.05. E-H. The expression
of ROCK2, ATF2 and MKP1 was detected by transfecting Huh7 cells with the shROCK2 plasmid. | and J. The mRNA
expression levels of ROCK2, ATF2 and MKP1 in Huh7 cells transfected with the different plasmids. "P < 0.05. K.
The expression of ROCK2, p-ERK1/2, ERK1/2, p-ATF2 (T71) and ATF2 were detected by transfecting Huh7 cells with
ROCK2 upregulation or downregulation. L. The ubiquitylation levels of ATF2 was detected by western bolt. M. The
transcription activity of ATF2 was measured by luciferase reporting system. "P < 0.05; ""P < 0.01.

MKP1 is ubiquitinated in MHCCO7H cells
(Figure 6A), and confocal microscopy further
confirmed this result (Figure 6B). In addition,

results suggest that MKP1 is degraded by UPS
in HCC cells.

treatment of HCC cells with the proteasome
inhibitor MG132 resulted in significant accumu-
lation of endogenous MKP1 (Figure 6C). These
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A study previously demonstrated that activated
ERK1/2 can trigger MKP-1 degradation via the
ubiquitin-proteasome pathway [23], which led
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Figure 6. ROCK2 induces the ubiquitination of MKP1 and inhibits MKP1 protein einducxpression by activating ERK1/2. A. Co-IP was performed to investigate the
interaction between endogenous MKP1 and ubiquitin (Ub) in MHCC97h cells. B. MHCC97h cells were co-stained with DAPI indicates the nuclel (blue); an anti-UB
antibody (green); and an anti-MKP1 antibody (red). C. MHCC97h cells were treated with MG132 (15 pmol/l) and MKP1 levels were measured. D. MHCC97h cells
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indicated proteins. E. MHCCO7h-ATF27 cells transduced with Flag-ROCK2 and shROCK2 plasmid and treated with MG132 (15 umol/I). Western blot was performed
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points. *P < 0.05.
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us to determine whether the ROCK2-ERK1/2
signal is involved in regulation of MKP1 degra-
dation. We initially silenced or overexpressed
ROCK2 in MHCCO7h-ATF2” cells in which ATF2
had been knockout by the CRISPR/Cas9 sys-
tem and analyzed MKP1 expression. We found
that the downregulation or overexpression of
ROCK2 had no significant effect on the expres-
sion of MKP1 in MHCCO7h-ATF2”- cells treated
with MG132 (Figure 6D). Furthermore, ROCK2
knockdown significantly reduced ubiquitination
of MKP1, while ectopic expression of ROCK2
increased the ubiquitination of MKP1 in MHC-
C97h-ATF27 cells (Figure 6E). In addition, an
analysis of degradation kinetics showed that
decreased the ROCK2 expression significantly
prolonged the half-life of MKP1 in MHCC97h-
ATF27 cells (Figure 6F, 6G). Thus, these find-
ings demonstrate that ROCK2 activates the
ERK1/2 signal, which enhances ubiquitination
and degradation of the MKP1 protein.

Relationship among ROCK2, ATF2 and MKP1
in HCC tissues

Finally, to determine whether the relationship
among ROCK2, ATF2 and MKP1 is clinically rel-
evant, we measured the expression of ROCK2
protein, ATF2 protein, and MKP1 mRNA and
protein in HCC tissues. The scatter plot analysis
indicated that ROCK2 and ATF2 protein expres-
sion were positively correlated (Figure 7A);
ROCK2 protein expression and MKP1 mRNA
expression were positively correlated (Figure
7B); ATF2 protein expression and MKP1 mRNA
expression were positively correlated (Figure
7C); and the expression of MKP1 protein and
MRNA were negatively correlated in HCC tis-
sues (Figure 7D). In summary, these results
verify that overexpression of ROCK2 leads to
different effects on the expression of MKP1 at
the protein and mRNA levels; ROCK2 activates
the ERK1/2-ATF2 signaling, which leads to an
increase in MKP1 mRNA expression. At the
same time, ROCK2 activates ERK1/2 to pro-
mote the ubiquitin-mediated degradation of
MKP1 and therefore metastasis of HCC (Figure
7E).

Discussion

HCC is one of the most common malignant
tumours worldwide and has the highest mortal-
ity [24]. Although some progress has been
made in HCC clinical detection and treatment
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of HCC in recent years, the metastasis and
recurrence rates after radical resection are still
high [25]. Here, we found a new tumor suppres-
sor gene, MKP1, which is associated with the
invasion and metastasis of HCC. MKP1 is a
threonine-tyrosine bispecific phosphatase [26].
Studies conducted to investigate the expres-
sion and function of MKP1 in tumous have
reached contradictory results. Knockout of
MKP1 in pancreatic cancer cells reduces the
incidence of cancer [4, 27]. A different study,
however, showed that MKP1 expression is low
in HCC, which indicates that MKP1 plays a role
as a tumour suppressor [28]. In this study, we
found that MKP1 expression is low in HCC tis-
sues and cells, and MKP1 acts as a tumour
suppressor. Our results indicate that the overall
survival of patients with low MKP1 expression
is significantly decreased. In addition, univari-
ate and multivariate analyses showed that low
MKP1 protein expression is an independent
predictor of poor prognosis in HCC patients.
Furthermore, we have provided in vivo and in
vitro evidence that MKP1 can inhibit HCC cells
metastasis. Moreover, our data suggest that
the mechanism of through which MKP1 inhibits
metastasis formation may be related to the
decreased expression of MMP2 and MMP9.

We also explored the causes of low expression
of MKP1 in HCC and identified a new mecha-
nism that regulates this expression. Our data
suggest that low MKP1 expression in HCC is
closely related to ROCK2 overexpression.
ROCK2 is upregulated in many malignant
tumors, including HCC, and the overexpression
of ROCK2 is related to a poor prognosis [29].
Additionally, studies from several groups, in-
cluding ours, have shown that increased
ROCK2 expression promotes metastasis of
HCC cells. Here, we report that downregulation
of ROCK2 increases the expression of MKP1,
and this effect is counteracted by the downreg-
ulation of MKP1 in ROCK2-silenced cells. We
also found that knockdown of ROCK2 signifi-
cantly reduces the migration and invasion
abilities of HCCLM3 cells in a partly MKP1-
dependent manner. In addition, our results
showed that ROCK2 induces the ubiquitination
and degradation of MKP1 in HCC cells.

Studies have shown that DUSP1 dephosphory-
lates and inactivates ERK, blocking the activa-
tion of ERK signaling [30, 31]. However, sus-
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tome and the proteome have
highlighted that mRNA and
protein expression is not con-
sistent in some genes, and it
has been speculated that post-
translational modifications (PT-
Ms) might be involved in this
phenomenon [32, 33]. Rece-

ntly, Yan et al. showed that
l FAT10 overexpression promo-
tes WISP1 mRNA expression
by stabilizing B-catenin and
directly degrades the WISP1

protein in HCC [34]. Here, we

Figure 7. The relation of expression among ROCK2, ATF2 and MKP1. A. Scat-
ter plots showing the correlation between ROCK2 protein and ATF2 protein
expression. B. Scatter plots showing the correlation between ROCK2 pro-
tein and MKP1 mRNA expression. C. Scatter plots showing the correlation
between ATF2 protein and MKP1 mRNA expression. D. Scatter plots show-
ing the correlation between MKP1 protein and MKP1 mRNA expression. E.
Model summarizing the mechanism that ROCK2 disturbs the protein and

mRNA level of MKP1 in human HCC progression.

tained ERK1/2 activation has been shown to
be correlated with proteolysis of MKP1, and
forced expression of constitutively active
MKK1/2 in several cells types has resulted in
MKP1 ubiquitination and proteolysis, thus facil-
itating sustained kinase activation for long peri-
ods [23]. Consistently, we also found that
ERK1/2 signaling activated by ROCK2 can trig-
ger degradation of MKP-1 via the ubiquitin-pro-
teasome pathway. One possible explanation is
that activated ERK1/2 increases MKP1 expres-
sion and phosphorylates the extreme MKP1
C-terminus, thereby elevating phosphatase
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demonstrated that ROCK2,
which plays an important role
in PTM, is involved in the incon-
sistent expression of MKP1
protein and mRNA. Our results
showed that the overexpres-
sion of ROCK2 resulted in a
decrease in MKP1 protein and
an increase in MKP1 mRNA in
HCC cells, while knockout of
ROCK2 resulted in an increase in MKP1 protein
and a decrease in MKP1 mRNA. Our data
showed that ATF2 activates the expression of
MKP1 mRNA in HCC cells. Notably, our results
revealed that the overexpression of ROCK2
increases the expression of MKP1 mRNA by
activating the ERK1/2-ATF2 pathway. At the
same time, ROCK2 activates ERK1/2 to down-
regulate the expression of MKP1 protein and
promote metastasis of HCC by promoting the
ubiquitination and degradation of MKP1.
Although the underlying molecular mechanism
remains unclear and further studies in this
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regard are required, the regulation of MKP1 by
ROCK2 may provide new insights into the
mechanism of tumorigenesis in several types
of cancer including HCC.

In summary, to our knowledge, our study is the
first to demonstrate that ROCK2 disturbs the
expression of the MKP1 protein to promote
metastasis and invasion of HCC. Thus, our data
provide new evidence for the biological and
clinical significance of MKP1 as a potential
biomarker.
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Table S1. Summary of significantly differentially
expressed genes in Huh7-shROCK2 compared
with Huh7-shNC cells

Gene name Fold change P value

Increased expression
MKP1 3.512 <0.001
SHP-1 2,777 0.012
SCARA5 2.521 0.013
PBX1 2.031 0.036
CEBP« 2.012 0.003
GNE 1.983 0.007
C12orf45 1.888 0.012
ALS2CL 1.783 0.018
TLE3 1.566 0.032
ANKRD9 1.508 0.015

Decreased expression
ATF4 2.212 0.021
MMP2 2.089 0.002
B-catenin 2.043 0.021
MMP9 1.923 0.023
MAFK 1.821 0.013
HOXB9 1.791 0.023
Survivin 1.784 0.012
FAM109A 1.744 0.017
Cyclin D1 1.696 0.022

ERa 1.682 0.017
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Table S2. Relationship between MKP1 expression and clinicopathological features in 132 HCC pa-

tients
Parameters Total case - - MKP1 - P value
132 High expression (N=50)  Low expression (N=82)

Age (years) P=0.903
<60 77 30 47
>60 55 20 35

Gender P=0.796
Female 56 20 36
Male 76 30 46

Tumor size (cm) P=0.858
<5 66 25 41
>5 66 25 41

HBsAg P=0.422
Negative 60 20 40
Positive 72 30 42

AFP (ng/ml) P=0.969
<400 20 8 12
>400 112 42 70

TNM P=0.942
I/ 80 30 50
/v 52 20 32

Venous invasion P <0.001
Absent 70 10 60
Present 62 40 22

Tumor microsatellite formation P=0.017
Absent 69 19 50
Present 63 31 32

HR, hazard ratio; Cl, confidence interval.

Table S3. Univariate and multivariate analyses of overall survival in HCC patients

Parameters

Univariate analysis

Multivariate analysis

HR

95% CI P value

HR

95% CI

P value

Age (=60/< 60)

Gender (Male/Female)
Tumor size (< 5/25)
HBsAg (Negative/Positive)
AFP (ng/ml) (< 400/>400)

TNM (I, 11/111, V)

Venous invasion (Absent/Present)
Tumor microsatellite formation (Absent/Present)
MKP1 expression (Low/High)

0.671
1.543
1.231
0.769
1.621
0.975
1.565
2.334
2.642

0.422-1.784 0.554
0.734-2.356 0.843
0.652-2.131 0.732
0.521-1.853 0.698
0.745-2.891 0.864
0.731-2.758 0.688
1.626-4.533 0.017
1.664-5.612 0.014
1.734-6.113 0.005

1136 1.076-2.652 0.037
1.363 1.274-3.621 0.026
1.890 1.343-4.791 0.025
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A Expression of MKP1 in HCC based on sample types B Expression of MKP1 in HCC based on nodal metastasis status
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Figure S1. The expression of MKP1 was decreased in HCC tissues. A. Expression of MKP1 was decreased in HCC
tissues based on sample type. B. Expression of MKP1 was decreased in HCC tissues based on nodal metastasis
statues. C. Expression of MKP1 was decreased in HCC tissues based on tumor grade.
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Figure S2. The high mRNA expression of MKP1 was associated with poor outcome of HCC patients. Kaplan-Meier
survival curve of 132 patients with HCC (*P < 0.01, logarithmic rank test).



