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Blockade of dual-specificity 
phosphatase 28 decreases chemo-
resistance and migration in human 
pancreatic cancer cells
Jungwhoi Lee1, Jeong Hun Yun1, Jungsul Lee2, Chulhee Choi2 & Jae Hoon Kim1

Pancreatic cancer remains one of the most deadly cancers, with a grave prognosis. Despite numerous 
endeavors to improve treatment of the neoplasm, limited progress has been made. In the present 
study, we investigated the role of dual specificity phosphatase 28 (DUSP28) in relation to anti-cancer 
drug sensitivity and migratory activity in human pancreatic cancer cells for the first time. Analysis 
using Universal exPress Codes (UPCs) with the GEO database showed significantly higher DUSP28 
mRNA expression in pancreatic cancers. We found that DUSP28 was highly expressed in several 
human pancreatic cancer cell lines that showed resistance to anti-cancer drugs. Overexpression 
of DUSP28 decreased anti-cancer drug-sensitivity and enhanced cellular migration via the ERK1/2 
pathway in DUSP28-negative cell lines. Knockdown of DUSP28 re-sensitized cells to anti-cancer 
drugs even at sublethal doses by inducing an apoptotic pathway and significantly reduced migration 
in DUSP28-positive human pancreatic cancer cell lines. Furthermore, DUSP28-positive cell line (Panc-
1) xenograft models were more resistant to gemcitabine treatment than DUSP28-negative cell line 
(SNU-213) xenograft models. Collectively, these results indicate that DUSP28 plays a key role in drug 
resistance and migratory activity in human pancreatic cells, and suggest that targeting DUSP28 
might have clinical relevance in eradicating malignant pancreatic cancers.

Pancreatic cancer is one of the most deadly and difficult neoplasms to diagnose1,2. Despite significant 
improvements in overall survival rates of other cancers during the past few decades, the prognosis of 
pancreatic cancers has unfortunately remained unchanged3,4. The main reason for the extremely poor 
prognosis may be that only a few patients undergo surgical operations on being diagnosed5. Another 
serious feature of pancreatic cancers is the high resistance to conventional cancer therapies, such as 
chemotherapy and radiation therapy. Moreover, metastatic activity makes pancreatic cancer therapies 
more difficult. There are no effective treatments to overcome these problems, and no alternative therapies 
exist for the treatment of refractory or recurrent pancreatic cancers6,7. Thus, the development of effective 
therapies for pancreatic cancers is urgently required.

The phosphorylation of proteins is regulated by the reciprocal and specific actions of protein kinases 
and protein phosphatases. Thus, the roles of phosphatases are important in cell signaling networks as 
are those of kinases. The members of the protein tyrosine phosphatase (PTP) family are encoded by 
approximately 100 genes in humans. They can be divided into two main groups; ‘classical’ PTPs and 
dual-specificity phosphatases (DUSPs). The classical PTPs particularly dephosphorylate proteins with 
tyrosine residues. The DUSPs can dephosphorylate proteins with serine/threonine residues and tyrosine 
residue. Both classical PTPs and DUSPs catalyze dephosphorylation by a common mechanism, based on 
an active site cysteine residue8–10.
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To date, 25 DUSP genes are listed in the Human Genome Organization database and DUSP17, 20, 
and 23 overlap with DUSP19, 18, and 25, respectively. DUSPs can be subdivided into three groups by 
subcellular localization. DUSP1, 2, 4, and 5 are localized to the nucleus (class I), while DUSP6, 7, and 
16 are found in the cytoplasm (class II). DUSP8, 9, and 10 can be localized in the nucleus or the cyto-
plasm (class III). The prevailing substrates of class I and II DUSPs are ERK, p38, and JNK, while class III 
DUSPs recognize only p38 and JNK as substrates. The strict divisions of substrate specificity and locali-
zation make DUSPs suitable targets to understand the complex MAPK signaling networks according to 
various studies11–13. DUSPs also can be classified into two particular groups: typical and atypical DUSPs 
with or without an additional MAP kinase binding (MKB) domain14. Similar to typical DUSPs, atypical 
DUSPs show specific phosphatase activity via various cellular phenotypes. Previously, DUSP13 has been 
reported as a positive regulator of apoptosis signal-regulating kinase 1 (ASK1)15. DUSP3 and DUSP23 
were positively associated in human cervix carcinoma progression and human breast cancer growth, 
respectively16–18. DUSP 1 is associated with resistance of cancer cells to anti-tumor therapies and many 
DUSPs are receiving attention as potential targets for anti-cancer therapy19,20. DUSP28 is an atypical 
DUSP, composed of a single catalytic phosphatase domain specific for phospho-tyrosine residues. DUSPs 
have a common signature motif, HCXXGXXR, but DUSP28 has a tyrosine in place of the conserved 
histidine21. Recently, atypical roles of DUSP28 have been reported as a regulator of human hepatocellular 
carcinoma progression22. However, there is no previous report about the cellular functions of DUSP28 in 
malignant pancreatic cancers features.

In the present study, we report the functional role of DUSP28 in pancreatic cancers for the first time. 
Our results demonstrate that DUSP28 plays a key role in the drug-resistance and migratory activity in 
human pancreatic cancer cells through the ERK pathway, suggesting that targeting DUSP28 might be a 
challenging strategy for patients with pancreatic cancer.

Results
Expression levels of DUSP28 in human pancreatic cancer tissue and cell lines. The DUSP28 
expression profile was obtained using the public microarray database GEO of human pancreatic cancer 
samples. As shown in Fig. 1, pancreatic cancers expressed significantly more DUSP28 mRNA than the 
normal pancreatic samples. Specifically, adenocarcinoma of the pancreas (n =  55, GSM# 967641–1053825) 
and undefined cancers (n =  76, GSM# 242823–414974) expressed higher levels of DUSP28 than normal 
pancreatic samples (n =  61, GSM# 388101–463724) and the level of DUSP28 was also slightly higher in 
the ductal-adenocarcinoma samples (n =  91, GSM# 388153–811004), although the difference was not 
statistically significant.

We investigated the DUSP28 expression levels in various human pancreatic cancer cell lines by 
Western blotting and quantitative real-time PCR. The expression patterns of DUSP28 were quite varied. 
DUSP28 was expressed in Panc-1, SNU-324, Capan-2, and AsPC-1 (Fig. 2a,b) and very weakly detectable 
in SNU-410, SNU-213, Capan-1, and human embryonic kidney 293T cells under the same conditions 
(Fig. 2a,b). Quantitative real-time PCR analysis of DUSP28 mRNA expression in the same eight cell lines 
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Figure 1. DUSP28 expression using GEO databases. (a) Transcriptional levels of DUSP28 in pancreatic 
cancers and normal pancreatic samples were analyzed by the Gene Expression Omnibus (GEO) databases. 
Cancer indicates the sum of adenocarcinoma, ductal-adenocarcinoma, and undefined samples (a.u. indicates 
arbitrary unit using the UPCs method, n.s. means non-significant).
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showed a correlation between mRNA and protein expression, except for Capan-1 cells (Fig. 2c). To exam-
ine the discordance between mRNA and protein expression levels in Capan-1 cells, we checked genetic 
mutations of DUSP28 gene and found no mutation of DUSP28 in Capan-1 cells (data not shown). A high 
level of soluble DUSP28 was detected in Capan-1 cells culture medium compared with those of SNU-
213, Panc-1, and Capan-2 cells using a sandwich ELISA (Fig.  2d). Additionally, the secreted DUSP28 
of Capan-1 cells could be detected by immunoprecipitation, compared with that of Capan-2 (Fig. 2e).

These results indicated that DUSP28 expression levels are elevated in many human pancreatic cancers 
with different levels and forms.

Differential sensitivities to anti-cancer drugs according to the expression patterns of DUSP28 
in human pancreatic cancer cells. The correlation between DUSP28 expression and various 
anti-cancer drugs was first examined using the CCLE database to investigate the role of DUSP28 in 
human pancreatic cancers. As shown Table 1, there was negative correlation between DUSP28 expression 
and anti-cancer drug sensitivity in about 80% (19/24) of human pancreatic cancer cells. However, there 
was little correlation between anti-cancer drugs sensitivity and DUSP28 expression in other cancer cells, 
such as hematopoietic tissue, large intestine, lung, prostate, esophagus, breast, bone, stomach, soft tissue, 
urinary tract, endometrium, skin, liver, central nervous system, thyroid, ovary, kidney, pleura, auto-
nomic ganglia, and upper aerodigestive tract. Furthermore, expression of the other 24 DUSPs showed 
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Figure 2. DUSP28 expression in various human pancreatic cancer cells. (a) DUSP28 protein in various 
human pancreatic cancer cells were detected by immunoblot analysis. GAPDH was measured as a control. 
(b) ROIs (regions of interest) of DUSP28 proteins were calculated with GAPDH as control in various human 
pancreatic cancer cells and 293T cells using ImageJ software (a.u. indicates arbitrary units using values of 
DUSP28/GAPDH). (c) DUSP28 mRNA expression levels of various human pancreatic cancer cells were 
measured by quantitative real-time PCR (a.u. indicates arbitrary units using values of DUSP28/GAPDH). 
(d) Soluble DUSP28 in SNU-213, Panc-1, Capan-1, and Capan-2 cell culture supernatants was detected by 
ELISA using an anti-DUSP polyclonal antibody and an anti-DUSP28 monoclonal antibody (a.u. indicates 
arbitrary units using values of soluble DUSP28/numbers of cells). (e) Soluble DUSP28 was precipitated using 
the anti-DUSP28 antibody in Capan-1 and Capan-2 cell culture supernatants, and then bound DUSP28 was 
subjected to immunoblot analysis.
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no meaningful correlation with anti-cancer drugs in pancreatic cancers (data not shown). These results 
suggested that DUSP28 played a key role in the acquisition of drug resistance in patients with pancreatic 
cancers.

Drugs currently used in clinical trials – gemcitabine and doxorubicin – were tested in a dose-dependent 
manner (0, 1, 10, 100, 1000 nM) to treat seven different human pancreatic cancer cells to assess the 
role of DUSP28 in drug resistance. Treatment with gemcitabine or doxorubicin showed dose-dependent 
cytotoxicity in all human pancreatic cancer cells, to differing degrees (data not shown). Treatment with 
1 nM gemcitabine did not affect the viability of the cells tested. However, 10 nM of gemcitabine sig-
nificantly reduced cell viability in Capan-1, SNU-213, and SNU-410 cells, compared with the control, 
while AsPC-1, Capan-2, Panc-1, and SNU-324 cells were unaffected (Fig.  3a). Similar to gemcitabine, 
doxorubicin also reduced the number of viable cells at a concentration of 10 nM (Fig.  3b). Different 
sensitivities to anti-cancer drugs were detected at relatively low concentrations in human pancreatic 
cancer cells, depending on the DUSP28 expression. Furthermore, there was a tendency for resistance in 
AsPC-1, Capan-1, Panc-1, and SNU-324 cells even at a relatively high dose (100 nM) of gemcitabine or 
doxorubicin (data not shown).

These results indicated that chemo-resistance depended on the expression levels of DUSP28 in human 
pancreatic cancer cells.

In vitro effects of DUSP28 overexpression in human pancreatic cancer cells. To investigate 
the functional role of DUSP28 in human pancreatic cancer cells, a flag-tagged DUSP28 overexpression 
system was used in Capan-1, SNU-213, and SNU-410 cells. First, we checked the efficiency of DUSP28 
overexpression in these cells. Transient transfection of flag-tagged DUSP28 constructs strongly induced 
the expression of DUSP28 protein (top) and mRNA (bottom) in SNU-213 (Fig. 4a). Next, we examined 
the acquisition of chemoresistance in DUSP28-overexpressing Capan-1, SNU-213, and SNU-410 cells at 
doses of 5 and 10 nM. Surprisingly, overexpressed DUSP28 provided drug resistance to otherwise lethal 
doses of gemcitabine and doxorubicin in these cells (Fig. 4b).

Drug name correlation average variation

Paclitaxel − 0.569787 0.6412 0.0257709

RAF-265 − 0.565217 0.6521 0.0279145

17-AAG − 0.518681 0.6412 0.0257709

Irinotecan − 0.384211 0.6407 0.0257226

Lapatinib − 0.363985 0.6412 0.0257709

Panobinostat − 0.358511 0.6412 0.0257709

TKI258 − 0.333881 0.6412 0.0257709

Topotecan − 0.330049 0.6412 0.0257709

L-685458 − 0.243372 0.6412 0.0257709

PD-0332991 − 0.230443 0.6431 0.0266271

PF2341066 − 0.209633 0.6412 0.0257709

Erlotinib − 0.186645 0.6412 0.0257709

AZD0530 − 0.148878 0.6412 0.0257709

LBW242 − 0.133005 0.6412 0.0257709

TAE684 − 0.115490 0.6412 0.0257709

ZD-6474 − 0.110501 0.6346 0.0250656

PHA-665752 − 0.107886 0.6412 0.0257709

AZD6244 − 0.047619 0.6412 0.0257709

PD-0325901 − 0.038314 0.6412 0.0257709

Sorafenib 0.025177 0.6412 0.0257709

Nilotinib 0.054545 0.6327 0.0245046

Nutlin-3 0.100178 0.6412 0.0257709

PLX4720 0.126374 0.6346 0.0250656

AEW541 0.221128 0.6412 0.0257709

Table 1.  Drug-sensitivities correlated with DUSP-28 expression levels in the CCLE databases. 
Correlation of sensitivities to various anti-cancer drugs with DUSP28 expression levels in 43 different 
pancreatic cancer cells.
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The migration activities were also assessed in human pancreatic cancer cells with enhanced DUSP28 
expression. Overexpression of DUSP28 markedly induced migration activity in Capan-1, SNU-213, and 
SNU-410 cells (Fig. 4c). In DUSP28 overexpressing Capan-1 cells, we could detect the increased levels 
of DUSP28 protein in both cell lysates and culture supernatants (Supplementary Figure 1).

We further examined the signal transduction events that were particularly activated by overexpression 
of DUSP28. Overexpressed DUSP28 induced ERK1/2 phosphorylation; while the same conditions had 
no effect on AKT phosphorylation (Fig. 4d). To confirm the involvement of the ERK1/2 pathway in the 
acquisition of functions by DUSP28 overexpression, DUSP28-overexpressing SNU-213 cells were incu-
bated in the absence or presence of an ERK1/2 inhibitor (U0126; 1 μ M) or an inactive structural analog 
(U0124; 1 μ M) in wound-healing assay. Treatment with U0126 significantly inhibited the migration of 
DUSP28-overexpressing SNU-213 cells. However, there was no effect of U0124 treatment under same 
conditions (Fig.  4e). Similarly, treatment with U0126 markedly inhibited DUSP28 mediated migration 
using a Transwell migration assay (Fig.  4f). Additionally, treatment with UO126 reduced the acquired 
drug-resistance, compared with U0124 treatment in DUSP28-overexpressing SNU-213 cells (Fig. 4g).

In vitro effect of DUSP28 blockade in pancreatic cancer cells. We next tested whether reduction 
of DUSP28 expression by siRNA transfection could re-acquire sensitivity to the anti-cancer drugs gem-
citabine and doxorubicin. Compared with the scrambled siRNA-transfected cells, cells transfected with 
two different DUSP28-specific siRNAs (DUSP28 siRNA) showed significantly decreased DUSP28 protein 
(top) and mRNA (bottom) levels (Fig.  5a and Supplementary Fig. 3a) and reduced cell viability with 
non-detrimental doses of gemcitabine and doxorubicin in AsPC-1, Panc-1, and SNU-324 cells (Fig. 5b 
and Supplementary Fig. 3b). Capan-2 cells showed strong resistance to treatment with gemcitabine and 
doxorubicin compared with AsPC-1, Panc-1, and SNU-324 cells. However, knock-down of DUSP28 
re-sensitized cells to gemcitabine and doxorubicin, even in Capan-2 cells (Supplementary Figure 2). 
Co-treatment with DUSP28 siRNA transfection and anti-cancer drugs in pancreatic cancer cells resulted 
in the typical morphology of apoptotic cell death. Thus, we further investigated the involvement of 
caspase-3. As expected, co-treatment of gemcitabine with knock-down of DUSP28 induced cleavage of 
caspase-3, while treatment of gemcitabine with scrambled siRNA transfection resulted in no cleavage of 
procaspase-3 in AsPC-1 cells (Fig.  5c). Similar results were obtained using Panc-1 and SNU-324 cells 
(data not shown). We assessed migration activities of the cells following DUSP28 siRNA transfection 
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Figure 3. Sensitivities to anti-cancer drugs according to expression patterns of DUSP28. (a) Seven 
human pancreatic cancer cells were incubated with different doses of gemcitabine and doxorubicin for 
72 h. (b) Viability was measured by the WST-1 assay (n =  3; Tukey’s post hoc test was applied to significant 
group effects in ANOVA, p <  0.0001; asterisks indicate a significant difference compared with 0% inhibition, 
*P <  0.05, **P <  0.01. n.s., non-significant).
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Figure 4. Overexpression of DUSP28 in human pancreatic cancer cells. (a) SNU-213 cells were transfected 
with a vector control or the pcDNA-DUSP28 construct. DUSP28 levels were analyzed by Western blot 
(top) and RT-PCR (bottom). GAPDH was measured as a control. (b) After 48 h of transfections, Capan-1, 
SNU-213, and SNU-410 cells were s were incubated with different doses of gemcitabine and doxorubicin 
for an additional 72 h. Viability was measured by the WST-1 assay (n =  3; Tukey’s post hoc test was applied 
to significant group effects in ANOVA, p <  0.0001; asterisks indicate a significant difference compared with 
0% inhibition, *P <  0.05, **P <  0.01, ***P <  0.001. n.s. means non-significant). (c) Capan-1, SNU-213, and 
SNU-410 cells were transfected with vector control or pcDNA-DUSP28 construct. Migration activities were 
evaluated using the Transwell migration assay (P-value valuated with Student’s t test, **P <  0.01). (d) After 48 
h of transfection with the vector control or pcDNA-DUSP28 construct, SNU-213 cell lysates were subjected 
to Western blot analysis using antibodies specific for phospho-ERK (Thr202/Tyr204), total ERK, phospho-
AKT (S473), and total AKT. GAPDH was measured as a control. (e) After 48 h transfection, SNU-213 cells 
were treated with 1 μ M U0126 or U0124. Migration activities were evaluated using the wound-healing assay 
for 12 h. The quantity of migrated cells is indicated in the graph (left) and representative images (right). 
Scale bar indicates 100 μ m. (f) Transwell migration assay for 4 h were performed using the same cells as in 
Figure 4e (the P value was evaluated with Student’s t test, *P <  0.05, **P <  0.01, ***P <  0.001. n.s. means non-
significant). The quantity of migrated cells indicated as a graph (left) and representative images (right). Scale 
bar indicates 100 μ m. (g) After 48 h transfection, SNU-213 cells were incubated with 1 μ M of U0126 and 
U0124 in the absence or presence of 10 nM of gemcitabine for an additional 72 h. Viability was measured by 
the WST-1 assay (n =  3; Tukey’s post hoc test was applied to significant group effects in ANOVA, p <  0.0001; 
asterisks indicate a significant difference compared with 0% inhibition, *P <  0.05, ***P <  0.001).
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Figure 5. Knock-down of DUSP28 in intrinsic chemo-resistant pancreatic cancer cells. (a) AsPC-1 cells 
were transfected with scrambled or DUSP28-specific siRNA (sc-94445). After 72 h of transfection, DUSP28 
levels were analyzed by Western blot (top) and RT-PCR (bottom). GAPDH was measured as a control.  
(b) AsPC-1, Panc-1, and SNU-324 cells were transfected with scrambled or DUSP28-specific siRNA. At 48 h 
post-transfection, cells were incubated with different doses of gemcitabine and doxorubicin for an additional 
72 h. Viability was measured by the WST-1 assay (n =  3; Tukey’s post hoc test was applied to significant 
group effects in ANOVA, p <  0.0001; asterisks indicate a significant difference compared to 0% inhibition, 
**P <  0.01, ***P <  0.001. n.s. means non-significant). (c) AsPC-1 cells were transfected with scrambled or 
DUSP28-specific siRNA. At 48 h post-transfection, cells were incubated with 10 μ M of gemcitabine for an 
additional 72 h. Cell lysates were subjected to Western blot analysis using antibodies specific for DUSP28, 
total caspase-3, cleaved caspase-3, and GAPDH. (d) AsPC-1, Panc-1, and SNU-324 cells were incubated 
with scrambled or DUSP28-specific siRNA for 48 h. DUSP28-mediated cell migration was measured by the 
Transwell migration assay for 6 h (P-value evaluated with Student’s t test). (e) AsPC-1 cells were transfected 
with scrambled or DUSP28-specific siRNA. After 48 h of transfection, AsPC-1 cell lysates were subjected to 
immunoblot analysis using antibodies specific for phospho-ERK (Thr202/Tyr204), total ERK, phospho-AKT 
(S473), and total AKT. GAPDH was measured as a control.
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in AsPC-1, Panc-1, and SNU-324 cells. Blockade of DUSP28 expression markedly diminished migra-
tory activity of AsPC-1, Panc-1, and SNU-324 cells (Fig.  5d and Supplementary Fig. 3c). To confirm 
the mechanism involved in drug resistance and migration activity, the signaling pathway involved was 
confirmed by immunoblot analysis. DUSP28 siRNA transfection reduced basal levels of ERK1/2 phos-
phorylation in DUSP28 siRNA-transfected AsPC-1 cells (Fig. 5e and Supplementary Fig. 3d).

In vivo effects of gemcitabine treatment on DUSP28 expression levels. To investigate the 
functional roles of DUSP28 in drug resistance in vivo, we prepared DUSP28-positive and -negative 
pancreatic cancer models using Panc-1 and SNU-213 cells, respectively. The tumor-laden mice were 
injected ip with PBS or gemcitabine when the tumors reached an average size of approximately 100 mm3. 
PBS-treated Panc-1 xenograft tumors grew to an average size of 275.01 ±  6.17 mm3 by 28 days after trans-
plantation and there was no significant difference in the gemcitabine-treated Panc-1 xenograft models 
(Fig.  6a,c), while PBS-treated SNU-213 xenograft tumors grew to an average size of 306.6 ±  68.6 mm3 
by 28 days after transplantation and gemcitabine-treated xenograft models grew to an average size of 
69.71 ±  77.13 mm3 (Fig. 6b,c). There was no significant weight loss in either the control or gemcitabine 
treatment groups in the Panc-1 and SNU-213 xenograft models (Fig. 6c,d).

Collectively, these results indicated that DUSP28 is a key molecule responsible for the chemo-resistance 
and migratory activity, through the ERK1/2 signaling pathway, and targeting DUSP28 with conventional 
chemotherapy might be an effective strategy for treatment of pancreatic cancers (Fig. 6e).

Discussion. An advanced understanding of the molecular and cellular basis of pancreatic cancers may 
facilitate potential clinical strategies. However, new attempts have not been successful in improving clin-
ical outcomes as yet23. This non-responsiveness might originate from the intrinsic or acquired resistance 
behaviors to chemotherapies via various genetic and cellular mechanisms24,25, epithelial-mesenchymal 
transition26,27, hypoxia28,29, and pancreatic cancer stem cells30,31, as reported previously.

In this report, we demonstrated that pancreatic cancers show relatively high expression of DUSP28 
versus normal pancreatic samples using the public microarray database GEO. Its specific expression was 
more meaningful because the comparative analyses included various types of tumors, such as brain, 
breast, colon, liver, lung, ovary, prostate, skin, and tongue. DUSP28 expression was not significant in 
almost all tumors compared with normal samples (data not shown). We also confirmed that human 
pancreatic cancer cell lines have relatively varied levels of DUSP28 mRNA and protein, compared with 
human kidney 293T cells. Also, DUSP28 was detected in Capan-1 cell culture supernatant. Recent reports 
have proposed that secreted soluble molecules can be detected as potential biomarkers in pancreatic can-
cers in vitro and in vivo32,33. However, our finding suggested that DUSP28 can be detected in GBM cell 
culture supernatant using readily accessible techniques, such as ELISA and immunoprecipitation, for the 
first time. The convenient detection of a soluble form of DUSP28 might be a potential biomarker for 
pancreatic cancers. However, more research is required to reveal the specific conditions and mechanism 
involved in the release of DUSP28 from pancreatic cancers.

There was a strong negative correlation between DUSP28 expression and various anti-cancer drugs, 
according to the CCLE data base. In contrast, there was no notable correlation between the expression of 
other DUSPs and drug sensitivities excluding DUSP16. However, DUSP16 had similar expression levels 
in both pancreatic cancers and normal pancreatic samples (data not shown). Additionally, we showed 
that drug sensitivity was demarcated by basal expression patterns of DUSP28 in human pancreatic cancer 
cell lines. These results suggested that DUSP28 might be a “messenger” molecule to anti-cancer drugs 
via operating chemo-resistance in human pancreatic cancers. Furthermore, transient overexpression of 
DUSP28 conferred chemoresistance to DUSP28-negative pancreatic cancer cells, including cell migra-
tion activity, via the ERK1/2 signaling pathway. Downregulation of DUSP28 rendered cells sensitive to 
anti-cancer drugs again, through the caspase-3 apoptotic pathway, and it also decreased the migration 
activity of pancreatic cancer cells. Together, these results indicate that DUSP28 plays specialized roles in 
chemo-resistance and migration in human pancreatic cancer cells via the ERK1/2 pathway.

Although high level expression of DUSP28 was reported to induce p38 activation, resulting in an 
increase in S phase in hepatocellualr carcinoma cells22, DUSP28-related chemo-resistance was via the 
ERK1/2 signaling pathway consistent with previous reports34,35. However, currently, gaps in understand-
ing the mechanism of ERK1/2 activation and the classical role of DUSPs as the regulators of dephospho-
rylation in the MAPK signaling network remain.

Several atypical DUSPs have been reported in various cancer phenotypes, such as apoptosis, prolif-
eration, cell cycle, and chemo-resistance36,37. A previous report showed that DUSP26 was a phosphatase 
for the p53 tumor suppressor, inhibiting p53 activity38. Another report demonstrated that enhanced 
DUSP12 induced cellular migration and protection from apoptosis through the upregulation of two val-
idated oncogenes: i.e., integrin alpha 1 and the hepatocyte growth factor receptor, c-met39. Proliferating 
cell nuclear antigen (PCNA) was upregulated or decreased in DUSP28 overexpression or knock-down, 
even though there was no viability difference with DUSP28 expression levels in our study. PCNA might 
be involved in chemo-resistance in human pancreatic cancer cells as reported previously40,41. We also 
showed that drug sensitivity was differently affected by DUSP28 expression levels in human pancre-
atic cancer in vivo. Remarkably, newly generated tumors were observed exclusively in the area remote 
from the injection site in Panc-1 xenograft models, but not in SNU-213 xenograft models (data not 
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Figure 6. In vivo effects of gemcitabine treatment on DUSP28 expression. (a) Effects of gemcitabine 
injection in Panc-1 xenograft models (control group: n =  2, gemcitabine group: n =  4) were measured 
for 28 days using the formula: V =  0.523 LW2 (L =  length, W =  width). Bold arrows indicate the time of 
gemcitabine injection (Tukey’s post hoc test was applied to significant group effects in ANOVA, p <  0.0001). 
(b) Effects of gemcitabine injection in SNU-213 xenograft models (control group: n =  3, gemcitabine group: 
n =  4) were measured for 28 days using the formula: V =  0.523 LW2 (L =  length, W =  width). Bold arrows 
indicate the time of gemcitabine injection (Tukey’s post hoc test was applied to significant group effects 
in ANOVA, p <  0.0001; asterisks indicate a significant difference between the PBS-injected group and the 
gemcitabine-injected group, *P <  0.05, **P <  0.01). (c) Representative image of each group indicated the 
effects of gemcitabine injection. White arrows indicate the newly generated tumor from the Panc-1 cell-
injected tumor. (d) The body weight in each group was measured regularly. (e) A diagram to illustrate the 
role of DUSP28 in human pancreatic cancers.
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shown). This phenotype suggested that DUSP28 might be a key molecule to regulate chemo-resistance 
and micro-metastasis in pancreatic cancers. Further study is required to reveal the mechanism involved 
in the unique role of DUSP28 not limited to phosphatase activity.

In summary, our report provides a background for the disappointing prognosis in pancreatic cancer 
patients undergoing chemotherapy. We also suggest a potentially therapeutic strategy to overcome the 
chemo-resistance and local metastasis in pancreatic cancers. Our research provides further insight to 
control the malignancy involving DUSP28 as atypical positive feedback signaling and offers the possibil-
ity of DUSP28 as a new biomarker for pancreatic cancers.

Materials and Methods
Gene expression analysis. Microarray expression profiles were obtained from the Gene Expression 
Omnibus (GEO) public microarray database. We integrated data sets independently obtained from sev-
eral research groups using the absolute normalization method SCAN.UPC42. We restricted the integra-
tion to Affymetrix Human Genome U133 Plus 2.0 Array platform (GPL570) because the normalization 
method is dependent on the total number of probes and GPL570 has more probes than GPL96 and 
GPL97. All data were normalized by the default option of SCAN.UPC. The histological type of each 
sample was assigned according to sample annotation in GEO. Samples without histological informa-
tion were assigned as ‘undefined.’ In total, eight data sets were used: GSE9599, GSE15471, GSE16515, 
GSE17891, GSE32676, GSE39409, GSE42952, and GSE46385. Correlations between various anti-cancer 
drugs and DUSP28 expression levels were analyzed with the Cancer Cell Line Encyclopedia (CCLE) 
public database.

Cell culture and reagents. Human pancreatic cancer cell lines (AsPC-1, Capan-1, Capan-2, Panc-1, 
SNU-213, SNU-324, and SNU-410) were purchased from the Korean Cell Line Bank (KCLB, Seoul, Korea). 
A human kidney cell line (293T) was obtained from the American Type Culture Collection (Manassas, 
VA). The cells were grown in DMEM (Panc-1 and 293T) or RPMI 1640 (AsPC-1, Capan-1, Capan-2, 
SNU-213, SNU-324, and SNU-410) medium supplemented with 10% fetal bovine serum (Gibco-BRL, 
Gaithersburg, MD, USA), 1 ×  105 unit/L penicillin, and 100 mg/L streptomycin (Invitrogen, Carlsbad, 
CA, USA) at 37 °C in a humidified atmosphere containing 5% CO2. Polyclonal antibodies for DUSP28 
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and monoclonal antibodies for 
DUSP28 were purchased from Calbiochem (La Jolla, CA). Antibodies for caspase-3, cleaved caspase-3, 
phospho-ERK (Thr202/204), ERK, phospho-AKT (Ser473), AKT, and GAPDH were purchased from Cell 
Signaling Technology (Beverly, MA, USA). Doxorubicin and gemcitabine were from Sigma-Aldrich (St. 
Louis, MO, USA). U0126 and U0124 were purchased from Calbiochem (La Jolla, CA).

Enzyme-linked immunosorbent assay (ELISA). Soluble DUSP28 protein from cell-free culture 
supernatant was determined using a common sandwich-ELISA as described previously43.

Immunoprecipitation. Capan-1 and Capan-2 cells were seeded in a 60-mm dish. After 2 days, cul-
ture medium was substituted with fresh medium containing 0.2% serum and cells were incubated for 
an additional 24 h. Supernatant aliquots were incubated with anti-DUSP28 antibodies, followed by the 
addition of Protein G agarose (Amersham Bioscience, Little Chalfont, UK). Bound proteins were sub-
jected to SDS-PAGE and Western blotting.

Transfection of siRNA. Transfection of siRNAs was performed using the effectene reagent (Qiagen, 
Hilden, Germany) according to the manufacturer’s protocol43. Oligonucleotides specific for DUSP28 (sc-
94445 and 1120164a/b) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA) and 
Bioneer (Daejeon, Korea) respectively. Scrambled control (sc-37007) was purchased from Santa Cruz 
Biotechnology. The efficacy of siRNA transfection was confirmed by Western blot analysis of correspond-
ing proteins.

Measurement of cell viability. To evaluate cell viability with treatment of gemcitabine or doxoru-
bicin, the WST-1 reagent (Nalgene, Rochester, NY) was used as described previously43. After a 10-min 
incubation at room temperature, the absorbance was measured at 450 nm using a microplate reader 
(Bio-Rad, Richmond, CA, USA).

Transwell migration assay. Migration assays were performed using 24-well Transwells (Corning, 
MA, USA), as described previously43. Cells were applied to the upper chamber containing RPMI without 
serum, and the cells that migrated to the underside of the filter in 6 h were stained. The eluted dye was 
measured at 560 nm in an ELISA reader (Bio-Rad, Richmond, CA).

Western blot analysis. To evaluate the protein levels of DUSP28 in human pancreatic cancer cells, 
Western blot analysis was performed as described previously44. Glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) was used to ensure equal protein loading.
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RNA preparation, reverse transcript, and quantitative real-time polymerase chain reac-
tion. Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and 
converted to cDNA using a RNA PCR kit (Takara Bio Inc, Japan) according to the manufacturer’s 
protocol. RT-PCR and quantitative real-time PCR analysis were performed using a Takara RT-PCR 
kit and StepOne Real-Time PCR system (Applied Biosystems) according to the manufacturers’ pro-
tocols. Expression levels were normalized to GAPDH gene levels. Primers for human DUSP28 were 
obtained from Bioneer (Daejeon, Korea) and GAPDH gene primers were designed using Primer Express 
3.0 (Applied Biosystems). Primer sequences for RT-PCR were as follows: GAPDH (forward primer, 
5′ -TCACTGGCATGGCCTTCCGTG-3′ ; reverse primer, 5′ -GCCATGAGGTCCACCACCCTG-3′ ) and 
DUSP28 (forward primer, 5′ -GCGGGATCCATGGGACCGGCAGAAGCTGGGCG-3′ ; reverse primer, 
5′ -CCCGCTCGAGTCAAGCCTCAGGGCCCAACCCTAA-3′ ). Primer sequences for quantitative 
real-time PCR were as follows: GAPDH (forward primer, 5′ -TCACTGGCATGGCCTTCCGTG-3′ ; 
reverse primer, 5′ -GCCATGAGGTCCACCACCCTG-3′ ) and DUSP28 (forward primer, 
5′ -CCCGTGTTCGACGACCC-3′ ; reverse primer, 5′ -GCGCTCTTCACCATCTG-3′ ).

Construct for over-expression of DUSP28. For overexpression of DUSP28 in human pancre-
atic cancer cells, plasmids expressing flag-tagged DUSP28 were constructed with a sequence-specific 
forward primer and a reverse primer bearing the flag sequence, and then ligated into NheI and XhoI 
sites of pcDNA 3.1 vector (Invitrogen, Carlsbad, CA, USA). The primer sequences for DUSP28 were as 
follows: forward primer, 5′ -GCTAGCTAGCCACCATGGGACCGGCAGAAGCTGG-3′ ; reverse primer, 
5′ -GCCGCTCGAGTTACTTGTCATCGTCGTCCTTGTAGTC AGC CTC AGG GCC CAA CCC TA-3′ .

Wound-healing assay. Control vector or flag-tagged DUSP28 construct-transfected SNU-213 cells 
were maintained in medium containing 0.2% serum for 24 h before being scratched in a straight line 
with a micropipette tip. Then, 12 h later, unilateral migration was estimated by counting the number of 
cells entering the scratched region, as described previously44.

Xenograft tumor model. BALB/c nude mice were obtained from Orient (Seongnam, Korea) at 6–8 
weeks old. SNU-213 (1 ×  107) and Panc-1 cells (1 ×  107) were injected subcutaneously into both sides 
of the flank. Once the tumors achieved a size of approximately 100 mm3, mice were randomized to two 
experimental groups to receive PBS or gemcitabine (10 mg/kg). Tumor volume was calculated using the 
following formula: V =  0.523 LW2 (L =  length, W =  width). Body weight was recorded regularly. Animal 
care and experiments were carried out in accordance with guidelines approved by the animal bioethics 
committee of Jeju National University.

Statistical analysis. All data are presented as means ±  standard deviation. Levels of significance for 
comparisons between two independent samples were determined by Student’s t-test. Groups were com-
pared by one-way ANOVA with Tukey’s post hoc test applied to significant main effects (SPSS 12.0 K for 
Windows; SPSS Inc., Chicago, IL).

References
1. Jemal, A. et al. Cancer statistics, 2009. CA Cancer J Clin 59, 225–249 (2009).
2. Onishi, H. & Katano, M. Hedgehog signaling pathway as a new therapeutic target in pancreatic cancer. World J Gastroenterol 20, 

2335–2342 (2014).
3. Li, D., Xie, K., Wolff, R. & Abbruzzese, J. L. Pancreatic cancer. Lancet 363, 1049–1057 (2004).
4. Koay, E. J. et al. Transport properties of pancreatic cancer describe gemcitabine delivery and response. J Clin Invest 124, 

1525–1536 (2014).
5. Stathis, A. & Moore, M. J. Advanced pancreatic carcinoma: current treatment and future challenges. Nat Rev Clin Oncol 7, 

163–172 (2010).
6. Bardeesy, N. & DePinho, R. A. Pancreatic cancer biology and genetics. Nat Rev Cancer 2, 897–909 (2002).
7. Cano, C. E., Motoo, Y. & Iovanna, J. L. Epithelial-to-mesenchymal transition in pancreatic adenocarcinoma. Scientific World 

Journal 10, 1947–1957 (2010).
8. Motiwala, T. & Jacob, S. T. Role of protein tyrosine phosphatases in cancer. Prog Nucleic Acid Res Mol Biol 81, 297–329 (2006).
9. Tonks, N. K. Protein tyrosine phosphatases: from genes, to function, to disease. Nat Rev Mol Cell Biol 7, 833–846 (2006).

10. Kim, S. J. et al. Crystal structure of human TMDP, a testis-specific dual specificity protein phosphatase: implications for substrate 
specificity. Proteins 66, 239–245 (2007).

11. Owens, D. M. & Keyse, S. M. Differential regulation of MAP kinase signalling by dual-specificity protein phosphatases. Oncogene 
26, 3203–3213 (2007).

12. Theodosiou, A. & Ashworth, A. MAP kinase phosphatases. Genome biology 3, REVIEWS3009 (2002).
13. Huang, C. Y. & Tan, T. H. DUSPs, to MAP kinases and beyond. Cell & bioscience 2, 24 (2012).
14. Farooq, A. & Zhou, M. M. Structure and regulation of MAPK phosphatases. Cell Signal 16, 769–779 (2004).
15. Patterson, K. I., Brummer, T., O’Brien, P. M. & Daly, R. J. Dual-specificity phosphatases: critical regulators with diverse cellular 

targets. Biochem J 418, 475–489 (2009).
16. Park, J. E. et al. Positive regulation of apoptosis signal-regulating kinase 1 by dual-specificity phosphatase 13A. Cell Mol Life Sci 

67, 2619–2629 (2010).
17. Henkens, R. et al. Cervix carcinoma is associated with an up-regulation and nuclear localization of the dual-specificity protein 

phosphatase VHR. BMC Cancer 8, 147 (2008).
18. Tang, J. P. et al. VHZ is a novel centrosomal phosphatase associated with cell growth and human primary cancers. Mol Cancer 

9, 128 (2010).
19. Prabhakar, S. et al. Targeting DUSPs in glioblastomas - wielding a double-edged sword? Cell biology international 38, 145–153 

(2014).



www.nature.com/scientificreports/

1 2Scientific RepoRts | 5:12296 | DOi: 10.1038/srep12296

20. Rios, P., Nunes-Xavier, C. E., Tabernero, L., Kohn, M. & Pulido, R. Dual-specificity phosphatases as molecular targets for 
inhibition in human disease. Antioxidants & redox signaling 20, 2251–2273 (2014).

21. Jeong, D. G., Kim, S. Y., Yun, J. H. & Kim, J. H. Characterization of a Dual-Specificity Protein Phosphatase, Human DUSP28. 
Journal of life science. 21, 21:31–35 (2011).

22. Wang, D. et al. DUSP28 contributes to human hepatocellular carcinoma via regulation of the p38 MAPK signaling. International 
journal of oncology 45, 2596–2604 (2014).

23. Schmidt, J. et al. Open-label, multicenter, randomized phase III trial of adjuvant chemoradiation plus interferon Alfa-2b versus 
fluorouracil and folinic acid for patients with resected pancreatic adenocarcinoma. J Clin Oncol 30, 4077–4083 (2012).

24. Higgins, C. F. ABC transporters: from microorganisms to man. Annu Rev Cell Biol 8, 67–113 (1992).
25. Edwards, S. L. et al. Resistance to therapy caused by intragenic deletion in BRCA2. Nature 451, 1111–1115 (2008).
26. Wang, Z. et al. Acquisition of epithelial-mesenchymal transition phenotype of gemcitabine-resistant pancreatic cancer cells is 

linked with activation of the notch signaling pathway. Cancer Res 69, 2400–2407 (2009).
27. Plentz, R. et al. Inhibition of gamma-secretase activity inhibits tumor progression in a mouse model of pancreatic ductal 

adenocarcinoma. Gastroenterology 136, 1741–1749 e1746 (2009).
28. Vonlaufen, A. et al. Pancreatic stellate cells and pancreatic cancer cells: an unholy alliance. Cancer Res 68, 7707–7710 (2008).
29. Hwang, R. F. et al. Cancer-associated stromal fibroblasts promote pancreatic tumor progression. Cancer Res 68, 918–926 (2008).
30. Simeone, D. M. Pancreatic cancer stem cells: implications for the treatment of pancreatic cancer. Clin Cancer Res 14, 5646–5648 

(2008).
31. Dembinski, J. L. & Krauss, S. Characterization and functional analysis of a slow cycling stem cell-like subpopulation in pancreas 

adenocarcinoma. Clin Exp Metastasis 26, 611–623 (2009).
32. Johnston, F. M. et al. Circulating mesothelin protein and cellular antimesothelin immunity in patients with pancreatic cancer. 

Clinical cancer research: an official journal of the American Association for Cancer Research 15, 6511–6518 (2009).
33. Wojtalewicz, N. et al. A soluble form of the giant cadherin Fat1 is released from pancreatic cancer cells by ADAM10 mediated 

ectodomain shedding. PloS one 9, e90461 (2014).
34. Zheng, C., Jiao, X., Jiang, Y. & Sun, S. ERK1/2 activity contributes to gemcitabine resistance in pancreatic cancer cells. J Int Med 

Res 41, 300–306 (2013).
35. Wey, J. S. et al. Overexpression of neuropilin-1 promotes constitutive MAPK signalling and chemoresistance in pancreatic cancer 

cells. Br J Cancer 93, 233–241 (2005).
36. MacKeigan, J. P., Murphy, L. O. & Blenis, J. Sensitized RNAi screen of human kinases and phosphatases identifies new regulators 

of apoptosis and chemoresistance. Nat Cell Biol 7, 591–600 (2005).
37. Kozarova, A., Hudson, J. W. & Vacratsis, P. O. The dual-specificity phosphatase hYVH1 (DUSP12) is a novel modulator of cellular 

DNA content. Cell Cycle 10, 1669–1678 (2011).
38. Shang, X. et al. Dual-specificity phosphatase 26 is a novel p53 phosphatase and inhibits p53 tumor suppressor functions in 

human neuroblastoma. Oncogene 29, 4938–4946 (2010).
39. Cain, E. L., Braun, S. E. & Beeser, A. Characterization of a human cell line stably over-expressing the candidate oncogene, dual 

specificity phosphatase 12. PLoS One 6, e18677 (2011).
40. Kurki, P., Vanderlaan, M., Dolbeare, F., Gray, J. & Tan, E. M. Expression of proliferating cell nuclear antigen (PCNA)/cyclin 

during the cell cycle. Experimental cell research 166, 209–219 (1986).
41. Maga, G. & Hubscher, U. Proliferating cell nuclear antigen (PCNA): a dancer with many partners. Journal of cell science 116, 

3051–3060 (2003).
42. Piccolo, S. R., Withers, M. R., Francis, O. E., Bild, A. H. & Johnson, W. E. Multiplatform single-sample estimates of transcriptional 

activation. Proc Natl Acad Sci USA 110, 17778–17783 (2013).
43. Lee, J. et al. Blockade of VEGF-A suppresses tumor growth via inhibition of autocrine signaling through FAK and AKT. Cancer 

letters 318, 221–225 (2012).
44. Lee, J., Yu, H., Choi, K. & Choi, C. Differential dependency of human cancer cells on vascular endothelial growth factor-mediated 

autocrine growth and survival. Cancer letters 309, 145–150 (2011).

Acknowledgments
This work was supported by the research grant of Jeju National University in 2011.

Author Contributions
J.W.L. planned the research, performed the experiments, and drafted the main manuscript. J.Y. helped in 
preparing Figures 2–5. J.S.L. prepared Figure 1 and Table 1. C.C. supervised the project. J.H.K. supervised 
the entire project, discussed the results, edited, and proofread the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Lee, J. et al. Blockade of dual-specificity phosphatase 28 decreases chemo-
resistance and migration in human pancreatic cancer cells. Sci. Rep. 5, 12296; doi: 10.1038/srep12296 
(2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-

mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Blockade of dual-specificity phosphatase 28 decreases chemo-resistance and migration in human pancreatic cancer cells
	Results
	Expression levels of DUSP28 in human pancreatic cancer tissue and cell lines. 
	Differential sensitivities to anti-cancer drugs according to the expression patterns of DUSP28 in human pancreatic cancer c ...
	In vitro effects of DUSP28 overexpression in human pancreatic cancer cells. 
	In vitro effect of DUSP28 blockade in pancreatic cancer cells. 
	In vivo effects of gemcitabine treatment on DUSP28 expression levels. 
	Discussion. 

	Materials and Methods
	Gene expression analysis. 
	Cell culture and reagents. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Immunoprecipitation. 
	Transfection of siRNA. 
	Measurement of cell viability. 
	Transwell migration assay. 
	Western blot analysis. 
	RNA preparation, reverse transcript, and quantitative real-time polymerase chain reaction. 
	Construct for over-expression of DUSP28. 
	Wound-healing assay. 
	Xenograft tumor model. 
	Statistical analysis. 

	Acknowledgments
	Author Contributions
	Figure 1.  DUSP28 expression using GEO databases.
	Figure 2.  DUSP28 expression in various human pancreatic cancer cells.
	Figure 3.  Sensitivities to anti-cancer drugs according to expression patterns of DUSP28.
	Figure 4.  Overexpression of DUSP28 in human pancreatic cancer cells.
	Figure 5.  Knock-down of DUSP28 in intrinsic chemo-resistant pancreatic cancer cells.
	Figure 6.  In vivo effects of gemcitabine treatment on DUSP28 expression.
	Table 1.   Drug-sensitivities correlated with DUSP-28 expression levels in the CCLE databases.



 
    
       
          application/pdf
          
             
                Blockade of dual-specificity phosphatase 28 decreases chemo-resistance and migration in human pancreatic cancer cells
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12296
            
         
          
             
                Jungwhoi Lee
                Jeong Hun Yun
                Jungsul Lee
                Chulhee Choi
                Jae Hoon Kim
            
         
          doi:10.1038/srep12296
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep12296
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep12296
            
         
      
       
          
          
          
             
                doi:10.1038/srep12296
            
         
          
             
                srep ,  (2015). doi:10.1038/srep12296
            
         
          
          
      
       
       
          True
      
   




