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Regulation of signal transducer and activator of transcription 3
activation by dual-specificity phosphatase 3
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Since cancer is the leading cause of death worldwide, there is
an urgent need to understand the mechanisms underlying cancer
progression and the development of cancer inhibitors. Signal
transducer and activator of transcription 3 (STAT3) is a major
transcription factor that regulates the proliferation and survival
of various cancer cells. Here, dual-specificity phosphatase 3
(DUSP3) was identified as a regulator of STAT3 based on an
interaction screening performed using the protein tyrosine phos-
phatase library. DUSP3 interacted with the C-terminal domain
of STAT3 and dephosphorylated p-Y705 of STAT3. In vitro
dephosphorylation assay revealed that DUSP3 directly dephos-
phorylated p-STAT3. The suppressive effects of DUSP3 on STAT3
were evaluated by a decreased STAT3-specific promoter activity,
which in tum reduced the expression of the downstream target
genes of STAT3. In summary, DUSP3 downregulated the trans-
criptional activity of STAT3 via dephosphorylation at Y705 and
also suppressed the migratory activity of cancer cells. This study
demonstrated that DUSP3 inhibits interleukin 6 (IL-6)/STAT3
signaling and is expected to regulate cancer development. Novel
functions of DUSP3 discovered in IL-6/STAT3 signaling regu-
lation would help expand the understanding of cancer develop-
ment mechanisms. [BMB Reports 2020; 53(6): 335-340]

INTRODUCTION

During cancer development, chronic inflammation reportedly
favors carcinogenesis, malignant transformation of cancer cells,
and cancer metastasis (1). Typically, pro-inflammatory cytokines
produced owing to cancer-associated inflammation not only
help cancer cell growth but also cause epithelial-mesenchymal
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transition that increases the metastatic potential of cancer cells
(2). Cancer development is associated with several signaling path-
ways. Among the signaling pathways, the Janus kinase (JAK)/
signal transducer and activator of transcription (STAT) signaling
is frequently dysregulated in various types of cancer (3). STAT3
is one of seven STAT transcription factor family members activated
by interleukin 6 (IL-6), epidermal growth factor (EGF), platelet-
derived growth factor (PDGF), growth hormone, or erythropoie-
tin, and it regulates biological responses related to inflammation,
metabolism, and carcinogenesis (4-6). Phosphorylation of STAT3
at Tyr-705 (Y705) promotes homo/heterodimer formation with
other STATs and induces nuclear translocation (4). Moreover,
the phosphorylation of STAT3 increases its transcriptional activity
(4). Upregulated STAT3 activity suppresses cancer cell apoptosis
by increasing the expression of STAT3 downstream genes,
such as Bcl-2, Bcl-XL, survivin, and Mcl-1, which function in
cell survival (7). Recently, it was reported that STAT3 is
correlated with the Warburg effect, which is reprogramming of
glucose metabolism for inducing aerobic glycolysis in cancer
cells during cancer development (8). IL-6-induced STAT3 activa-
tion increases the expression of hexokinase 2 (HK2) and pyruvate
dehydrogenase kinase 1, which promotes aerobic glycolysis
and suppresses TCA cycle (8, 9). In normal liver, STAT3 is
activated mainly by 1L-6, which further regulates glucogenesis
or liver regeneration, whereas oncogenic STAT3 induces high
proliferation and migration, and contributes to the development
of hepatocellular carcinoma (HCC) (10). Furthermore, hyperac-
tivation of STAT3 often leads to poor prognosis and even che-
moresistance in HCC (11). Therefore, inhibition of constitutively
activated STAT3 in cancer cells is an attractive anti-tumor
strategy.

Several protein tyrosine phosphatases (PTPs) reportedly regulate
the JAK/STAT signaling pathway: dual-specificity phosphatase
22 (DUSP22), PTP receptor-type D (PTPRD), PTPRT, PTPRK,
PTPRO, Src homology region 2 (SH2) domain-containing phos-
phatase 1 (SHP1), SHP2, PTP non-receptor type 9 (PTPN9), and
PTPN2 (12-14). Despite the importance of PTPs in regulating
STATS3 signaling for cancer development, the relationship between
STAT3 and PTPs still remains poorly understood. DUSP3, also
known as vaccinia H1-related phosphatase (VHR), is one of
the atypical PTP members. DUSP3 was initially discovered to
dephosphorylate receptor-type kinases such as EGFR and
PDGFR in vitro (15). Recently, it was reported that DUSP3 in-
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hibits non-small cell lung cancer (NSCLC) via dephospho-
rylation of EGFR and ErbB2 (16). Additionally, DUSP3 was
reported to dephosphorylate ERK and JNK, although its effects
on MAPKs were weaker than those of other DUSPs (17, 18).
Although various biological roles of DUSP3 have been iden-
tified, the functions of DUSP3 in JAK/STAT signaling are rela-
tively unknown. In this study, the regulatory roles of DUSP3 in
the IL-6/STAT3 signaling pathway as well as the changes
caused by DUSP3 in IL-6-induced STAT3 transcriptional activity
were examined.

RESULTS

Identification of DUSP3 as a phosphatase targeting STAT3

When STAT3 is phosphorylated at Y705 by kinases, such as
JAK2, Src, and EGFR, the dimerization and transcriptional activity
of STAT3 are enhanced (4). To identify the PTPs capable of
regulating Y705 phosphorylation of STAT3, the following eight
PTPs expected to interact with STAT3 were chosen using a
protein—protein interaction prediction tool: DUSP1, DUSP2,
DUSP3, DUSP4, DUSP6, DUSP10, DUSP16, and DUSP23.
When these FLAG-tagged DUSP expression plasmids were
transfected into HEK 293 cells with a HA-STAT3 expression
plasmid, all of the abovementioned DUSPs, except DUSP2
and DUSP10, were expressed. The interactions between DUSPs
and STAT3 were assayed by co-immunoprecipitating with anti-
FLAG-conjugated beads followed by conducting immunoblotting
analysis using an anti-HA specific antibody (Fig. TA). Among
all DUSP candidates, only DUSP6, DUSP16, and DUSP3 were
found to interact with STAT3. However, of those STAT3-inter-
acting candidates, only DUSP3 significantly suppressed IL-6-
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Fig. 1. Screening of STAT3-targeting phosphatases. HEK 293 cells
were co-transfected with FLAG-PTPs and HA-STAT3. (A) The inter-
actions between PTPs and STAT3 were assayed by co-immunopre-
cipitation with anti-FLAG conjugated beads, and STAT3 that interacted
with immunoprecipitated FLAG-PTPs was subjected to immunoblot-
ting analysis using an anti-HA specific antibody. (B) After transfec-
tion, cells were starved with serum-free medium for 12 h and stimu-
lated with I1L-6 (10 ng/mL) for 30 min. Phosphorylation and expres-
sion levels of STAT3 and FLAG-PTPs were analyzed by immunoblot-
ting performed using specific antibodies.
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induced Y705 phosphorylation of STAT3 (Fig. 1B). These data
suggest that DUSP3 is capable of binding to STAT3 and is
likely to suppress p-Y705 of STAT3. Therefore, DUSP3 was
chosen for further investigation.

DUSP3 interacts with the C-terminal domain of STAT3

To further investigate the interaction between DUSP3 and
STAT3, FLAG-DUSP3 wild-type (WT) or the catalytically inactive
C124S mutant (CS) was co-expressed with HA-STAT3 in HEK
293 cells. Both WT and CS DUSP3 proteins interacted with
STAT3 in these cells, regardless of the catalytic activity of
DUSP3 (Fig. 2A). Additionally, endogenous DUSP3 and STAT3
interacted with each other (Fig. 2B). To systematically analyze
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Fig. 2. Interaction between DUSP3 and STAT3. (A) HEK 293 cells
were co-transfected with FLAG-DUSP3 WT or CS and HA-STAT3.
The interaction between FLAG-DUSP3 and STAT3 was analyzed by
co-immunoprecipitation with anti-FLAG conjugated beads, and the
bound STAT3 was subjected to immunoblotting analysis using an
anti-HA specific antibody. (B) Hep3B cells were stimulated with 1L-6
(100 ng/mL) for 1 h. The interaction between DUSP3 and STAT3 was
analyzed by co-immunoprecipitation with anti-DUSP3-specific anti-
body and protein agarose A/G beads, and the bound STAT3 was
subjected to immunoblotting analysis using an anti-STAT3 specific
antibody. (O Human STAT3 consists of 6 domains: N-terminal domain,
a coiled-coil domain, DNA-binding domain, linker domain, SH2
domain, and transactivation domain. The constructs of the STAT3
truncated forms were designed to include two domains in each
construct. (D) HEK 293 cells were co-transfected with FLAG-DUSP3
and GST-tagged truncated or WT-STAT3. The interaction between
DUSP3 and GST-STAT3 constructs was observed by co-immunopre-
cipitation and immunoblotting analysis. WT, wild type; CS, C124S;
ND, N-terminal domain; CD, coiled-coil domain; DD, DNA-binding
domain; LD, linker domain; SD, SH2 domain; TD, transactivation
domain; NCD, N-terminal-coiled-coil domain; DLD, DNA-binding-linker
domain; STD, SH2-transactivation domain.
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the interaction between DUSP3 and STAT3, the truncated
constructs of STAT3 were designed based on the STAT3
domains (Fig. 2C). The interaction between DUSP3 and each
GST-tagged truncated form of STAT3 was analyzed via co-im-
munoprecipitation. Among the truncated forms of STAT3, the
SH2-transactivation domain (STD) of STAT3 interacted with
DUSP3 as strong as WT-STAT3 interacted with DUSP3 (Fig.
2D). These results indicate that DUSP3 interacts with STAT3 in
cells, and this interaction is dependent on the STD of STAT3.

DUSP3 directly dephosphorylates STAT3

To investigate the regulatory effects of DUSP3 on IL-6-induced
STAT3 phosphorylation, the phosphorylation levels of STAT3
along with the expression of either FLAG-DUSP3 WT or CS
were analyzed. The expression of DUSP3 WT dose-dependently
suppressed IL-6-induced STAT3 phosphorylation, whereas that
of DUSP3 CS did not (Fig. 3A). The expression of DUSP3 WT
reduced STAT3 Y705 phosphorylation as much as DUSP22, a
specific phosphatase for STAT3. Furthermore, STAT3 phosphory-
lation was inhibited by DUSP3 in SK-Hep1 hepatoma cells
(Fig. 3B). To evaluate whether DUSP3 directly dephosphorylates
p-Y705 of STAT3, the purified recombinant DUSP3 WT or CS
was mixed with the FLAG-STAT3 protein purified from
IL-6-stimulated HEK 293 cells. As shown in Fig. 3C, the recom-
binant DUSP3 WT directly dephosphorylated p-STAT3 in
vitro, whereas the CS mutant of DUSP3 failed to dephospho-
rylate p-STAT3. The decrease in the extent of STAT3 phospho-
rylation caused by DUSP3 WT was similar to that of STAT3
caused by non-specific calf intestinal alkaline phosphatase
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Fig. 3. Direct dephosphorylation of p-STAT3 by DUSP3 both in
cell and in vitro. (A) HEK 293 cells were co-transfected with FLAG-
PTPs and HA-STAT3. DUSP22 was used as positive control. (B)
SK-Hep1 cells were transfected with FLAG-DUSP3 WT or CS. (A,
B) After transfection, cells were starved with serum-free medium for
12 (HEK 293) or 24 h (SK-Hep1) and stimulated with IL-6 for 30
min. Phosphorylation and expression levels of STAT3 and FLAG-
PTPs were subjected to immunoblotting analysis using specific anti-
bodies. (C) Recombinant DUSP3 WT or CS was mixed with the
p-STAT3 purified from HEK 293 cells and incubated for 1 h at 30°C.
Phosphorylation and expression levels of each protein were subjected
to immunoblotting analysis using specific antibodies. Non-specific
phosphatase CIAP was used as positive control. CS, C124S; CIAP,
calf intestinal alkaline phosphatase.
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(CIAP), which was used as control (Fig. 3C). These results
suggest that STAT3 is an intracellular substrate of DUSP3, and
STAT3 dephosphorylation by DUSP3 is dependent on the
catalytic activity of DUSP3.

STAT3 transcriptional activity is regulated by DUSP3

The phosphorylation of STAT3 at Y705 regulates STAT3 trans-
criptional activity and nuclear translocation (19). To investigate
whether STAT3 dephosphorylation by DUSP3 alters the trans-
criptional activity of STAT3, a STAT3-specific reporter assay
was performed. DUSP3 overexpression significantly decreased
STAT3-specific reporter activity in IL-6-induced HEK 293 cells
(Fig. 4A). DUSP22, known as a regulator of STAT3, also
inhibited STAT3-specific reporter activity as expected. DUSP3-
mediated STAT3 transcriptional activity suppression was observed
along with a reduced expression of HK2, HIF1A, MYC, and
MMP2, which are downstream target genes of STAT3 (Fig. 4B).
Furthermore, the stable expression of DUSP3 WT reduced
wound healing ability of IL-6-treated SK-Hep1 cells compared
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Fig. 4. Regulation of STAT3 transcriptional activity by DUSP3. (A)
Luciferase reporter assay was performed using HEK 293 cells trans-
fected with STAT3-specific reporter, gWIZ-GFP, and FLAG-PTP as
indicated. The transfected cells were stimulated with IL-6 (20 ng/
mL) for 24 h before lysis, and luciferase activity was subsequently
measured using a luciferase assay system (Promega, Madison, WI,
USA). DUSP22, a known STAT3 activity inhibitor, was used as control.
STAT3-specific reporter activity was normalized by GFP expression
levels and is shown as a bar graph. The bar graph represents the
mean + SEM and was analyzed using one-way ANOVA for the
significance between the three independent experiments; P <
0.0001 vs. IL-6-untreated control groups; P < 0.001 vs. IL-6-treated
groups. (B) Total RNAs were isolated and reverse-transcribed into cDNA.
The mRNA expression levels of HK2, HIF1IA, MYC, MMP2, and
GAPDH were examined by RT-PCR. (C) SK-Hep1 cells that stably
express DUSP3 WT or CS were seeded into 6-well plates and
grown until confluent. A wound was created with SPL Scratcher,
and then cells were incubated in IL-6 (20 ng/mL)-containing 1%
FBS media. Images were taken at 0 and 36 h. The wound closure
values were quantified by measuring the percentage of wound size
compared with those at 0-h point for each sample (0%). Data are
analyzed using one-way ANOVA with Dunnett’s multiple compa-
rison test; ‘P < 0.001 vs. control and “P < 0.05 vs. DUSP3 WT
group. n.s., not significant; CS, C124S; HK2, hexokinase 2.
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with the control (Fig. 4C), which suggests that the suppression
of STAT3 by DUSP3 even affects the migration activities of
cancer cells. Altogether, these results show that STAT3 dephos-
phorylation at Y705 by DUSP3 downregulates STAT3 trans-
criptional activity and its associated cellular physiology.

DISCUSSION

STAT3 is an oncogene that is constitutively activated in most
cancer cells (3). Several factors alter STAT3 activity. An enhanced
IL-6 production by cancer cells induces STAT3 phosphory-
lation (20). Increased expression of growth factor receptors
also causes JAK/STAT activation (21). Moreover, the gain-of-func-
tion mutations or JAK amplification lead to the constitutive
activation of STAT3 in cancer cells (22). Because STAT3 plays
an essential role in cancer development, many studies have
aimed to discover molecules that can inhibit the aberrant
activation of STAT3 (8, 20, 23). In particular, dephospho-
rylation of STAT3 by phosphatases exerts an essential negative
effect on the JAK/STAT signaling pathway (12). In this study,
STAT3 dephosphorylation and the subsequent reduction in
STAT3 transcriptional activity were observed by DUSP3 expres-
sion (Fig. 1B, 3, and 4). Comparing the expression levels of
phosphatases with the levels of STAT3 bound to each phos-
phatase, DUSP16 showed a higher binding affinity for STAT3
than DUSP3 or DUSP6. However, only DUSP3, not DUSP6 or
DUSP16, induced dephosphorylation of STAT3 among phos-
phatases that interacted with STAT3. A previous study has
shown that DUSP3 inhibits STAT5a transcriptional activity via
STAT5a dephosphorylation; however, the inhibitory effect of
DUSP3 on STAT5a was selectively observed only when Y138
of DUSP3 was phosphorylated by IFNB-induced Tyk2 (24).
Based on the results of previous and present studies, the
suppression of IL-6/JAK/STAT3 signaling by DUSP3 may be
associated with the upregulation of 1L-6/Tyk2/DUSP3 activation
(25). Consequently, it might be assumed that DUSP3 functions
as a negative feedback regulator of JAK/STAT signaling via
ligand/Tyk2/DUSP3 signal transduction.

STAT3-regulating PTPs suppress STAT3 activation via
different processes. For example, DUSP22, SHP1, and SHP2
are present in the cytoplasm of cells, and they dephosphorylate
STAT3 as STAT3 expression is increased by stimulators such as
IL-6 and leukemia inhibitory factor (13, 26, 27). Similarly,
PTPN9 is also present in the cytoplasm and induces STAT3
dephosphorylation (28). Because the receptor-type PTPs, such
as PTPRD, PTPRT, PTPRK, and PTPRO, are attached to the
plasma membrane, they dephosphorylate STAT3 close to the
membrane (29-31). Given that PTPN2 harbors a nuclear
localization sequence, it shuttles between the cytoplasm and
nucleus in response to various growth factors or cytokines (32,
33). Therefore, PTPN2 has the potential to translocate to the
nucleus and dephosphorylate STAT3 in the nucleus (34).
Unlike these PTPs, DUSP3, which has been identified to
interact with STAT3 in this study (Fig. 1A and 2), is ubiquitously
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expressed and present mainly in the nucleus (35). Furthermore,
based on a previous report regarding DUSP3-mediated regu-
lation of IFNB-induced STAT5a activation, DUSP3 is also likely
to selectively regulate STAT3 (24). Altogether, it can be assumed
that the mechanism underlying the regulation of [L-6-activated
STAT3 by DUSP3 is different from the mechanism previously
reported for STAT3-targeting PTPs.

In this study, the regulatory role of DUSP3 was identified in
IL-6/JAK/STAT3 signaling. According to recent studies, DUSP3
deficiency can promote metastatic growth through Lewis lung
carcinoma (LLC)-bearing lungs toward the recruitment of
macrophages in an LLC experimental model (36). In addition,
DUSP3 deficiency confers tolerance to LPS-induced septic shock
by increasing M2 macrophages in DUSP3 "~ mice (37). On
the other hand, constitutive activation of STAT3 has been
known to induce metastatic growth in various cancer cells
(23). Furthermore, STAT3 activation is reportedly associated
with M2 polarization of macrophages (38, 39). Taken together,
DUSP3 may be an essential regulator of STAT3-mediated meta-
static growth and cancer cell survival, which is also shown in
Fig. 4C with reduced migration activities of cancer cells
caused by DUSP3 WT expression.

In conclusion, our study demonstrated that DUSP3 directly
dephosphorylated p-STAT3 at Y705 and downregulated STAT3
activity. Moreover, the function of DUSP3 in STAT3 activity
regulation is expected to contribute to the understanding of
STAT3-mediated cancer development.

MATERIALS AND METHODS

Detailed information is provided in the Supplementary Informa-
tion.

Cell culture

HEK 293, HEK 293T, Hep3B, and SK-Hep1 cells were ob-
tained from ATCC (Manassas, VA, USA). Cells were main-
tained in Dulbecco’s Modified Eagle’s Medium (DMEM; Wel-
gene, Seoul, Korea) supplemented with 10% fetal bovine
serum (FBS; Welgene), 50 units/mL penicillin, and 50 pg/mL
streptomycin (Gibco-BRL, Grand Island, NY, USA) at 37°C
under a 5% CO, atmosphere.

Prediction of the interaction between STAT3 and PTPs

The online transcriptional regulation interactions (TRI) tool
was used to predict the interaction between STAT3 and PTPs
based on protein sequences (https://www.vin.bg.ac.rs/180/tools/
tfpred.php) (40). Among the 107 human PTPs, 99 PTPs except
for the PTPs already reported to regulate STAT3 signaling
(namely DUSP22, PTPRD, PTPRT, PTPRK, PTPRO, SHP1, SHP2,
PTPN9, and PTPN2) were used to analyze whether PTPs could
interact with STAT3 (12, 13).

Statistical analysis
All data were obtained from three independent experiments
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and were expressed as mean + standard error of the mean (SEM).
Statistical analyses were conducted using one-way ANOVA
with Dunnett’s multiple comparison test by employing Prism
3.0 (GraphPad Software, San Diego, CA, USA).
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