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DUSP28 contributes to human hepatocellular carcinoma
via regulation of the p38 MAPK signaling
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Abstract. DUSP28, a member of the atypical dual-specificity
phosphatase (DUSP) family, is a candidate tumor-related gene
in hepatocellular carcinoma (HCC) selected by genome-wide
approach, but its pathological role in HCC has not been
elucidated. Here, we report for the first time that DUSP28
is involved in HCC progression. Quantitative real-time PCR
and semi-quantitative RT-PCR showed notably elevated
expression of DUSP28 in HCC specimens compared to that
in corresponding adjacent non-tumor liver. DUSP28 overex-
pression promoted HCC cell proliferation, colony formation
and soft agar colony formation in vitro while DUSP28
knockdown resulted in the opposite effects. Furthermore, the
flow cytometric analysis indicated that DUSP28 could lead
to an increased population of cancer cells in S phase, with a
concomitant decrease of cells in G1 phase. Investigation of
the mechanism revealed that DUSP28 could activate the p38
mitogen-activated protein kinase (MAPK) signaling pathway.
Taken together, these data demonstrate that DUSP28 plays
a significant role in HCC progression and may be a feasible
molecular target for anti-cancer therapy.

Introduction

Liver cancer is the sixth most common malignant disease
worldwide but the third most frequent cause of cancer-related
death. Of these cases and deaths, approximately 50% are
estimated to occur in China. As the major histological subtype,
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hepatocellular carcinoma (HCC) accounts for 70-85% of the
total liver cancer incidence worldwide. Both the morbidity and
mortality of HCC have increased during the past few decades
and long-term prognosis and survival rate of HCC patients
after surgical resection remain unsatisfactory because of the
high rate of recurrence and metastasis (1,2-6). Hepatitis B or C
viral infection, alcohol abuse and aflatoxin intake are the main
known risk factors for the development of HCC, yet prevention
and treatment of HCC require a better understanding of the
molecular mechanisms underlying the oncogenesis and cancer
progression of HCC (7-10).

Dual-specificity phosphatases (DUSPs) are a heteroge-
neous group of protein phosphatases that can regulate the
activity of mitogen-activated protein kinases (MAPKs),
which play a critical role in the control of cell growth and
survival in physiological and pathological processes, including
cancer (11,12). DUSPs can be classified into six major groups
based on the presence of specific domains and sequence simi-
larity, including the MAPK phosphatases (MKPs), as well as a
group of small-size atypical DUSPs (13). As their name indi-
cates, MKPs can dephosphorylate MAPK proteins ERK, INK
and p38 with specificity. The small-size atypical DUSPs are
structurally and functionally related to the MKPs, although
they lack the N-terminal regulatory domain. The MKPs and
their alterations in cancer have been widely investigated,
while the involvement of the small atypical DUSPs in cancer
has been less studied (14-17). In the past, atypical DUSPs have
generally been grouped together with the MKPs and charac-
terized for their role in MAPK signaling cascades, however,
growing number of investigations indicate that they can have
vastly different substrate specificities and physiological roles
from those of the typical MKPs (18-20). Some of these atypical
DUSPs are emerging as potential regulators of cell growth and
apoptosis and several small-sized atypical DUSPs have been
directly related with human disease including cancer (21-23).
The active role for atypical DUSPs in oncogenesis or resistance
to cancer therapies makes them good candidate targets for
anti-cancer drugs. To date, some atypical DUSPs are emerging
as relevant targets for anti-cancer therapy and drug-discovery
efforts are undertaking to develop specific and efficient DUSP
enzyme inhibitors (24-27).
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Despite previous studies that have been carried out in this
area, the expression of DUSP28, a member of the small-size
atypical DUSPs, is completely unknown in HCC. Our previous
genome-wide approach demonstrated that DUSP28 was
markedly upregulated in HCC clinical specimens compared to
adjacent non-cancerous livers (data not shown). In this current
study, we confirm that DUSP28 is frequently upregulated in
HCC and can significantly promote HCC cell proliferation and
colony formation in vitro. Further analysis reveals the potential
role of DUSP28 on HCC cell cycle transition. We indicate for
the first time that DUSP28 plays a critical role in HCC progres-
sion and may serve as a candidate therapeutic target for HCC.

Materials and methods

Tissue samples. In this study, we collected 50 pairs of clinical
tissue samples from the First Affiliated Hospital of Nanjing
Medical University between January 2004 and May 2006.
All the tissue specimens, both cancerous and non-cancerous,
were obtained from resected specimens and were then rapidly
frozen at -80°C for storage until use. The diagnosis of HCC
was validated by pathological examination. Written informed
consent was obtained from all patients and the study was
approved by the institutional ethics committee of Nanjing
Medical University.

Cell lines and culture conditions. The human HCC cell
lines (Hep3B, HepG2, Huh7, SK-Hep-1, Focus, YY-8103,
PLC/PRF/5, LM3, LM6, MHCC-97H, MHCC-97L,
SMMC-7721) used in this study were obtained from the
Chinese National Human Genome Center at Shanghai. Each
was cultured at 37°C, 95% air, 5% CO, in Dulbecco's modi-
fied Eagle's medium (DMEM) containing 10% fetal bovine
serum (FBS) (both from HyClone, Logan, UT, USA), 50 U/ml
penicillin and 50 pg/ml streptomycin.

Antibodies and reagents. Antibodies against Flag, DUSP2,
cyclin DI, cyclin E, p21, p27, and p-actin were from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies
against ERK (total), ERK (phosphorylated Thr202/Tyr204),
JNK (total), INK (phosphorylated Thr183/Tyr185), p38 (total),
p38 (phosphorylated Thr180/Tyr182) were obtained from Cell
Signaling Technology, Inc. (Danvers, MA, USA). SB203580
was purchased from Sigma (St. Louis, MO, USA).

RNA extraction, semi-quantitative and real-time PCR.
Total RNA was extracted with TRIzol® (Invitrogen Life
Technologies, Carlsbad, CA, USA), following the manufactu-
rer's protocol. Reverse transcription was performed in a 25-u1
reaction volume using M-MLYV Reverse Transcriptase (Promega
Corporation, Madison, WI, USA) with a total of 2 ug of RNA.
Semi-quantitative RT-PCR was performed and products were
separated on 1% agarose gel-containing ethidium bromide.
Quantitative real-time PCR was performed using a Thermal
Cycler Dice Detection System with the SYBR Premix Ex
Taq™ (Perfect Real-Time) (Takara Bio, Inc., Shiga, Japan).
The sequences of primers specific to DUSP28 and house-
keeping genes were designed as follows: DUSP28 forward,
5'-CCTTCCAGATGGTGAAGAGC-3' and reverse, 5'-GGT
GAATGTGGGTGACACTG-3'; B-actin forward, 5-AGAGCC
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TCGCCTTTGCCGATCC-3' and reverse, 5'-CTGGGCCTC
GTCGCCCACATA-3..

Protein extraction and western blot analysis. Total cellular
proteins were extracted using cell lysis buffer containing 50 mM
Tris-HCI (pH 6.8), 2% SDS, 10% 2-mercaptoethanol, 10% glyc-
erol, and protease inhibitor cocktail (Sigma). Then protein
concentration was determined using a BCA kit (Thermo
Fisher Scientific, Waltham, MA, USA). The protein (20 pg)
was subjected to electrophoresis by SDS-PAGE on a 10% gel
and then transferred to a polyvinylidene difluoride (PVDF)
membrane. The membrane was blocked with 5% non-fat dry
milk and 0.1% Tween-20 in PBS for 2 h at room tempera-
ture. After incubation with the appropriate primary antibody
overnight at 4°C, membranes were washed and incubated
with the IRDye 800CW or 680RD secondary antibodies
in TBST for 2 h at room temperature. The labeled protein
bands were detected using the Odyssey Infrared Imaging
System (Li-COR Biosciences, Lincoln, NE, USA). -actin
was used as a loading control.

Plasmid construction. The full-length DUSP28 open reading
frame (ORF) was amplified from the cDNA of PLC/PRF/5 cell
using PrimeStar PCR and then the product was inserted into
the expression vector pcDNA3.1B-FLAG-GFP, obtained from
the Chinese National Human Genome Centre at Shanghai. The
sequences of the cloning primers were as follows: DUSP28-Xhol
forward, 5-"TACTCGAGATGGGACCGGCAGAAGCTGGG
CGCCG-3"; DUSP28-BamHI reverse, 5-GAGGATCCAGCC
TCAGGGCCCAACCCTAAGGCTG-3.

RNA interference. Two siRNAs against DUSP28 were chemi-
cally synthesized (Shanghai GenePharma Co., Shanghai, China)
and their sequences are as follows: siRNA-294 forward,
5'-CUGCCUAGUCUACUGCAAGAACGATAT-3' and reverse,
5'-CGUUCUUGCAGUAGACUAGGCAGATAT-3"; siRNA-438
forward, 5'-CUGGUCUCAGCUCCAGA AGUAUGATAT-3' and
reverse, 5-CAUACUUCUGGAGCUGAGACCAGATAT-3'. The
non-targeting nucleotides were used as a negative control:
siRNA-NC forward, 5'-UUCUCCGAACGUGUCACGUdT
dT-3" and reverse, 5-~ACGUGACACGUUCGGAGAAJTAT-3".
The oligonucleotides encoding short hairpin RNAs (shRNAs)
for the continuous knockdown of endogenous DUSP28 were
synthesised and inserted into pSUPER (OligoEngine, Seattle,
WA, USA). Their sequences are as follows: shRNA-294
forward, 5-GATCCCCCTGCCTAGTCTACTGCAAGAACG
TTCAAGAGACGTTCTTGCAGTAGACTAGGCAGTTTTT
GGAAA-3' and reverse, 5" AGCTTTTCCAAAAACTGCCTA
GTCTACTGCAAGAACGTCTCTTGAACGTTCTTGCAGT
AGACTAGGCAGGGG-3"; shRNA-438 forward, 5-GATCCC
CCTGGTCTCAGCTCCAGAAGTATGTTCAAGAGACATA
CTTCTGGAGCTGAGACCAGTTTTTGGAAA-3' and
reverse, 5“AGCTTTTCCAAAAACTGGTCTCAGCTCCAG
AAGTATGTCTCTTGAACATACTTCTGGAGCTGAGACC
AGGGG-3"; shRNA-NC contained irrelevant nucleotides and
served as a negative control: ShRNA-NC forward, 5'-GATCCC
CTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACA
CGTTCGGAGAATTTTTGGAAA-3' and reverse, 5'-AGCTTT
TCCAAAAATTCTCGAACGTGTCACGTTCTCTTGAAAC
GTGACACGTTCGGAGAAGGG-3.
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Figure 1. DUSP28 is upregulated in hepatocellular carcinoma (HCC) tissues and cell lines. (A) Quantitative real-time RT-PCR was performed to detect the
mRNA level of DUSP28 in 50 pairs of HCC and the corresponding adjacent non-cancerous liver (non-HCC). Expression of 3-actin was used as an internal
control and P-value was calculated by paired t-test ("P<0.01). (B) Representative results of upregulation of DUSP28 in eight pairs of HCC (T) and the adjacent
non-HCC liver tissue (N) by semi-quantitative RT-PCR. (C) Paired comparison of DUSP28 expression levels between primary HCC samples and the cor-
responding non-cancerous tissue samples. (D) The expression levels of DUSP28 was determined by quantitative RT-PCR in 12 HCC cell lines and the normal

liver, with B-actin as an internal control.

Cell transfection. Cell transfection was performed with
Lipofectamine 2000 (Invitrogen Life Technologies) according
to the manufacturer's instructions. Cells were transfected with
RNAIi and plasmid at cell density of 30-50% and 80-90%,
respectively.

Cell proliferation. Transiently transfected HCC cells were
plated at a density of 2,000-5,000 cells/well into 96-well plates
and cultured for 6 days or 7 days. Cell growth was examined
using the Cell Counting kit-8 (Dojindo Laboratories,
Kumamoto, Japan) according to the manufacturer's instruc-
tions. The absorbance value at a wavelength of 450 nm was
used as an indicator of cell viability.

Colony formation. HCC cells were transfected and then
plated at a density of 10,000-50,000 cells/10-cm plate. Then
G418 (Life Technologies, Grand Island, NY, USA) was added
to the medium at a final concentration of 0.8-1 mg/ml for colony
formation at 37°C in 5% CO,. After 2-3 weeks of selection, the
remaining colonies were washed twice with PBS, fixed with
paraformaldehyde and stained with Coomassie brilliant blue.

For the soft agar colony formation assay in 24-well plates,
2,000-5,000 transfected cells were plated and grown on a plate
containing 1% base agar and 0.5% top agar. After cultured for
3-4 weeks, all colonies were photographed and counted under
a dissecting microscope.

Cell cycle analysis. Flow cytometry was performed to analyse
the cell cycle. Serum starvation was used to induce cell cycle
synchronization before cells were transfected with siRNA or
plasmid and then harvested as single cell suspensions. For DNA
content detection, cells were fixed in 70% ethanol, resuspended
in PBS, incubated with RNase A (10 mg/ml) and propidium
iodide (10 pug/ml) for 30 min in the dark, followed by flow
cytometric analysis using the FACSCalibur flow cytometer,
CellQuest (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. Statistical analysis was performed by
Student's t-test using GraphPad Prism 5 software. All results
are presented as means + standard deviation (SD). P<0.05 was
considered to be statistically significant.

Results

Expression level of DUSP28 is significantly upregulated
in HCC. We first examined expression levels of DUSP28
in 50 paired HCC tissues by quantitative real-time PCR
and semi-quantitative RT-PCR. The results showed that
DUSP28 mRNA expression was significantly upregulated
in the HCC tissues in comparison with the corresponding
adjacent non-cancerous livers (Fig. 1A and B). Among these
samples, DUSP28 was shown to be elevated in 15/50 (30%)
of the HCC specimens at >2-fold higher levels (Fig. 1C).
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Figure 2. Overexpression of DUSP28 promotes hepatocellular carcinoma (HCC) cellular proliferation and colony formation in vitro. (A and B) Ectopic
DUSP28 promoted the proliferation of Hep3B and Focus cell lines. The points represent the mean values of triplicate tests [mean =+ standard deviation (SD)].
The expression of exogenous DUSP28 was detected by western blot analysis assay using anti-Flag antibody, with (3-actin as a loading control. A t-test was
used to show significant differences between groups ("P<0.05, “P<0.01). (C and D) Overexpression of DUSP28 enhanced the anchorage-dependent colony
formation of Hep3B and Focus cells, as shown by representative plates of cells transfected with the DUSP28 expression vector and empty control vector. The
histograms represent the mean numbers of colonies from triplicate tests [mean + standard deviation (SD)]. (E and F) Forced DUSP28 expression promoted
the anchorage-independent colony formation of Hep3B and Focus cells in soft agar. The histograms represent the mean numbers of colonies from triplicate

tests [mean = standard deviation (SD)].

Moreover, DUSP28 expression levels were assessed in set of
12 widely-used HCC cell lines and we found that the expres-
sion of DUSP28 was higher in a majority of HCC cell lines
when compared to normal adult liver tissue (Fig. 1D).

Overexpression of DUSP28 promotes HCC cell prolifera-
tion and colony formation in vitro. To evaluate the role of
DUSP28 in HCC, we first observed the effect of DUSP28
overexpression on HCC cells. So we transiently transfected
the recombinant plasmid pcDNA3.1-DUSP28 into Hep3B and
Focus cell lines, which lack endogenous DUSP28 expression.
The empty pcDNA3.1 vector was used as control. Western
blot analysis was performed to confirm that the transfected
DUSP28 was expressed successfully in Hep3B and Focus
cells. Our observation revealed that DUSP28 overexpression
significantly promoted cell growth (Fig. 2A and B) and colony
formation (Fig. 2C and D) when compared to that of the cells
transfected with the empty vector. Moreover, ectopic DUSP28
expression significantly enhanced the anchorage-independent
growth of Hep3B and Focus cell lines in soft agar, as well as

dramatically increased the number of larger colonies relative
to the cells transfected with the empty vector (Fig. 2E and F).
These data suggest that DUSP28 overexpression plays an impor-
tant role in promoting cell proliferation, anchorage-dependent
and -independent colony formation in vitro.

Knockdown of DUSP28 inhibits HCC cell proliferation and
colony formation in vitro. To further investigate the role of
DUSP28 on cell proliferation and colony formation, we used
chemically synthesised siRNAs (si-294 and si-438) to knock
down endogenous DUSP28 in PLC/PRF/5 and YY-8103
cells with relatively high expression of DUSP28. The si-NC
was used as a negative control. As expected, both siRNAs
were considered to be effective for DUSP28 knockdown and
were used subsequently. Cell proliferation assay showed that
the siRNAs-transfected cells exhibited significant growth
suppression in comparison with the si-NC-transfected
cells (Fig. 3A and B). In order to examine the effect of
DUSP28 on colony formation, we constructed the corre-
sponding shRNA plasmids (pSUPER-sh-NC, pSUPER-sh-294
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Figure 3. Knockdown of DUSP28 inhibits hepatocellular carcinoma (HCC) cellular proliferation and colony formation in vitro. (A and B) Knockdown of
endogenous DUSP28 suppresses the proliferation of PLC/PRF/5 and YY-8103 cell lines. The silencing efficiency of si-294 and si-438 was demonstrated by
quantitative real-time RT-PCR, with si-NC as a negative control. The points represent the mean values of triplicate tests [mean + standard deviation (SD)].
A t-test was used to evaluate the statistical significance of these experiments, as compared to the control ('P<0.05, “P<0.01, ““P<0.001). Plasmids con-
taining short hairpin RNAs (shRNAs) (shRNA-294 and shRNA-438) against DUSP21 were transfected into PLC/PRF/5 and YY-8103 cells, respectively.
Representative results show the inhibition of (C and D) anchorage-dependent and (E and F) anchorage-independent colony formation compared with the
pSUPER-sh-NC-transfected controls. The histograms represent the mean numbers of colonies from triplicate tests [mean + standard deviation (SD)]. Original

magnification, x40.

and pSUPER-sh-438) and transfected them to the same HCC
cell lines. Results certified that both shRNAs significantly
inhibited the colony formation of PLC/PRF/5 and YY-8103
cells compared to the control shRNA-NC-transfected
cells (Fig. 3C and D). Furthermore, the downregulation
of DUSP28 restrained the anchorage-independent colony
formation of PLC/PRF/5 and YY-8103 cell lines in soft
agar and significantly reduced the number of larger colonies
compared to the cells transfected with the negative control
shRNA (Fig. 3E and F). These collective data indicate that
endogenous DUSP28 knockdown can significantly suppress

cell growth, colony formation and soft agar colony formation
in HCC cells.

DUSP28 influences the GI/S cell cycle transition. The
fact that DUSP28 affects cell proliferation suggested that
it may influence the cell cycle. Therefore, we performed a
flow cytometric analysis and determined whether DUSP28
could affect cell cycle distribution. The results showed
that the proportion of cancer cells at the GO/G1 phase was
significantly decreased in Hep3B cells transfected with
recombinant pcDNA3.1-DUSP28 plasmid than in those
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Figure 4. DUSP28 promotes the G1/S transition of the cell cycle. (A) The cell cycle analysis was performed after Hep3B cells were transfected with
pcDNA3.1-DUSP28 plasmid. Representative cell cycle distributions are shown and the histogram columns represent the average percentages in each phase
of the cell cycle, indicating that ectopic expression of DUSP28 significantly promoted the entry of hepatocellular carcinoma (HCC) cells into S phase from
GO0/G1 phase compared to the empty vector (pcDNA3.1B) control. (B) PLC/PRF/5 cells were treated with siRNAs and the cell cycle profile was determined
by flow cytometry. Histograms show that DUSP28 silencing by siRNAs resulted in obvious cell cycle arrest at GO/G1 phase when compared with the negative

control si-NC. “P<0.01, "“P<0.001.

treated with empty pcDNA3.1 vector, while the proportion
in S phase was remarkably increased (Fig. 4A). In contrast,
the fraction of cancer cells at the GO/G1 phase was signifi-
cantly increased upon DUSP28 downregulation with si-294
or si-438 in PLC/PRF/5 cells than in those treated with the
control si-NC, while the proportion in S phase was notably
decreased (Fig. 4B). In conclusion, these results suggest that
DUSP28 plays an essential role in the growth regulation of
HCC cells by modulating the G1/S transition.

DUSP28 regulates the p38 MAPK signaling pathway. To
further clarify the mechanism by which DUSP28 affects
the G1/S transition, western blot analysis was used to
assay several key molecules including p27, p21, cyclin D1
and cyclin E, which are known to be involved in G1/S
transition. Interestingly, our data showed that DUSP28 over-
expression led to an increase of cyclin D1 and cyclin E in
pcDNA3.1-DUSP28-infected Hep3B cells when compared
with that of the cells transfected the empty vector, although
no obvious changes were seen on p21 and p27 expression. In
contrast, the opposite results were obtained when PLC/PRF/5

cells were infected with si-294 or si-438, supporting the obser-
vation of DUSP28 knockdown-mediated G1 arrest. Previous
studies demonstrated that p38 MAPK activation could reduce
the levels of cyclin D1, thus contributing to the induction of
the G1/S checkpoint. Moreover, increasing evidence suggest
that p38 MAPK can function as a suppressor of cell prolif-
eration and tumorigenesis (28,29). Therefore, we proposed
that DUSP28 might also be involved in the p38 MAPK
signaling pathway. As confirmation, we assessed the levels
of phosphorylated p38, as well as ERK1/2 and JNK, which
are the classical MAPKs. Expectedly, the phosphorylation
level of p38 was decreased in Hep3B cells transfected with
pcDNA3.1-DUSP28 and increased in PLC/PRF/5 cells treated
with si-294 or si-438. However, the phosphorylation level of
ERK1/2 and JNK, was not observably changed (Fig. 5A). To
further confirm the association between DUSP28 and p38, we
used SB203580, a known p38 MAPK inhibitor, to determine
whether p38 MAPK contributes to the phenotypic changes of
DUSP28 knockdown in HCC cells. The result showed that
p38 inhibitor SB203580 almost completely abolished the
inhibitory the role of DUSP28 knockdown in PLC/PRF/5
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Figure 5. DUSP28 is involved in the activation of p38 mitogen-activated protein kinase (MAPK) signaling. (A) After overexpression and knockdown of
DUSP28, western blot analysis was used to assayed several important molecules, including p21, p27, cyclin D1 and cyclin E, which are known to be involved
in G1/S transition, as well as the phosphorylation levels of p38, JNK and ERK. (B and C) The inhibitory effects of RNAi against DUSP28 on (B) cell viability
and (C) colony formation in YY-8103 and PLC/PRF/5 cells were largely rescued by the specific p38 inhibitor SB203580. Statistical significance was calculated

using a two-tailed t-test. “P<0.05, “P<0.01, “*P<0.001.

and YY-8103 cells (Fig. 5B and C). Therefore, we infer that
DUSP28 is involved in the activation of p38 MAPK signaling.

Discussion

HCC is one of the most prevalent malignancies, ranking as
the sixth most common cancer worldwide and the third most
common cause of cancer mortality. The prognosis of HCC
patients remains very poor, so novel therapeutic approaches
against drug targets are urgently needed (1,30).

The DUSPs constitute a heterogeneous group of
cysteine-based protein tyrosine phosphatases. As a subgroup
of DUSPs, the small-size atypical DUSPs are generally
smaller and lack the CH2 domain in the N-terminus that is
common to the typical MKPs (13). A number of studies on
small atypical DUSPs in the past few decades has enhanced
our understanding of their function in cancer and indicated

their potential as anti-cancer therapy targets. For example,
upregulation of DUSP3 is detected in some human carcinomas,
including prostate and cervix carcinomas and it may act as a
positive regulator of cell growth in cancer cells. Thus, inhibi-
tors of the activity of DUSP3 could be putative anti-cancer
drugs (31,32); DUSP23 is upregulated in several human
cancers, and it promotes cell proliferation of human breast
cancer cells by regulating the G1/S transition, suggesting a
carcinogenic role for DUSP23, which makes it a promising
drug target for anti-cancer therapy (33). Moreover, a recent
study demonstrates that DUSP21 is upregulated in HCC speci-
mens and the DUSP21 expression in HCC cells is essential for
maintaining cell proliferation and survival, making DUSP21
a potential therapeutic target for HCC treatment (34). Besides,
several other small atypical DUSPs, including DUSP14 and
DUSP26, are also involved in cancer, raising the possibility
of them as targets for drug discovery (35,36). Nevertheless,
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functional studies on some other small atypical DUSPs, such
as DUSP13b, DUSPI18 and DUSP28, are limited, and their
relation with cancer especially HCC has not been confirmed.
Due to their similarity in structure with the small atypical
DUSPs mentioned above, it is possible that they may also play
a role in cancer progression.

In this study, we pay particular attention to DUSP28,
a member of the atypical DUSP family. Our previous
gene-expression profiles using the genome-wide method indi-
cated that DUSP28 was upregulated in HCC tissues compared
with the matched non-tumorous tissues (unpublished data).
Therefore, we suppose that DUSP28 may act as a possible
oncogene in HCC. To confirm this assumption, we evaluate
the expression levels of DUSP28 in additional 50 paired
HCC samples and 12 HCC cell lines. Our data indicated that
DUSP28 was frequently upregulated in human HCC tissues
relative to matched non-tumorous samples. Besides, high
expression of DUSP28 was also found in HCC cell lines. These
data implied that DUSP28 might play a specific functional
role in HCC carcinogenesis. Then we further investigated the
function of DUSP28 in HCC cell proliferation in vitro. As
expected, in vitro experiments revealed that DUSP28 over-
expression accelerated the proliferation and colony formation
of HCC cells, while DUSP28 knockdown led to a suppression
of cell growth. Flow cytometric analysis indicated that over-
expression of DUSP28 facilitated the G1/S transition in Hep3B
cells. Likewise, knockdown of DUSP28 in PLC/PRF/5 cells
led to an arrest in GO/GI phase.

In an attempt to explore the molecular mechanisms
involved in the functions of DUSP28, western blot analysis
was performed to detect several important molecules which
are known to be involved in G1/S transition. We observed
a significant increase of cyclin DI and cyclin E in cells
transfected with pcDNA3.1-DUSP28 plasmids, as well as
an evident decrease of cyclin D1 and cyclin E in cells with
DUSP28 knockdown. Accumulated evidence suggests
that cyclin DI and cyclin E are responsible for cell cycle
progression from G1 to S phase (37), and that p38 activity
can downregulate cyclin D1 expression, thus acting on cell
cycle checkpoints (28). The role of the p38 MAPK pathway
in the cell differentiation, growth inhibition and apoptosis is
well documented and p38 MAPK has been defined as a tumor
suppressor (38,39). Therefore, we subsequently detected the
phosphorylation level of p38 in HCC cells. As expected, forced
DUSP28 expression resulted in a decreased phosphorylation
level of p38 in HCC cells, while DUSP28 knockdown led to
an increased phosphorylation level of p38. Intriguingly, we
did not observe obvious change on the phosphorylation level
of ERK and JNK, although they are also possible substrates of
DUSPs, indicating that DUSP28 might have a high substrate
specificity for p38. In addition, to further confirm our observa-
tion, we used a known p38 MAPK inhibitor SB203580 in the
cell proliferation assay. As expected, the anti-proliferative
effect of DUSP28 knockdown in PLC/PRF/5 cells was signifi-
cantly rescued by the p38 inhibitor SB203580.

To sum up, our study shows significant upregulation of
DUSP28 in HCC tissues and cell lines. Ectopic expression
of DUSP28 promotes cell proliferation, colony formation,
soft agar colony formation of Hep3B and Focus cells, while
knockdown of DUSP28 has the anti-proliferative effect in
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PLC/PRF/5 and Y Y-8103 cells. Further molecular-mechanism
investigations clarified that DUSP28 was involved in the G1/S
transition through the activation of p38 MAPK signaling.
These data suggest that DUSP28 plays a significant role
in HCC progression and targeting this molecule may be a
potential novel therapeutic strategy for HCC treatment.
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