
ORIGINAL ARTICLE

DUSP10 regulates intestinal epithelial cell growth and
colorectal tumorigenesis
CW Png1,2, M Weerasooriya1,2, J Guo3, SJ James1,2, HM Poh1,2, M Osato3, RA Flavell4, C Dong5, H Yang3 and Y Zhang1,2

Dual specificity phosphatase 10 (DUSP10), also known as MAP kinase phosphatase 5 (MKP5), negatively regulates the activation of
MAP kinases. Genetic polymorphisms and aberrant expression of this gene are associated with colorectal cancer (CRC) in humans.
However, the role of DUSP10 in intestinal epithelial tumorigenesis is not clear. Here, we showed that DUSP10 knockout (KO) mice
had increased intestinal epithelial cell (IEC) proliferation and migration and developed less severe colitis than wild-type (WT) mice in
response to dextran sodium sulphate (DSS) treatment, which is associated with increased ERK1/2 activation and Krüppel-like factor
5 (KLF5) expression in IEC. In line with increased IEC proliferation, DUSP10 KO mice developed more colon tumours with increased
severity compared with WT mice in response to administration of DSS and azoxymethane (AOM). Furthermore, survival analysis of
CRC patients demonstrated that high DUSP10 expression in tumours was associated with significant improvement in survival
probability. Overexpression of DUSP10 in Caco-2 and RCM-1 cells inhibited cell proliferation. Our study showed that DUSP10
negatively regulates IEC growth and acts as a suppressor for CRC. Therefore, it could be targeted for the development of therapies
for colitis and CRC.
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INTRODUCTION
In the gastrointestinal tract, the mucus layer and the underlying
intestinal epithelial cell (IEC) layer form a line of physical defence
against luminal contents such as toxins and bacteria. Loss of this
barrier function is characteristic of inflammatory conditions such
as inflammatory bowel diseases.1 Normally when the mucus
layer is breached resulting in epithelial injury, epithelial-derived
chemokines/cytokines are secreted resulting in the recruitment
of immune cells.2 At the same time, reconstitution of the
damaged IEC will be initiated. Such 'wound healing' requires
effective IEC proliferation and migration, which are on-going
events in the intestinal epithelium for the maintenance of gut
barrier function.3

Healing of the IEC layer involves multiple signalling pathways,4–6

among which, ERK1/2 activation in IEC was shown to positively
influence wound healing by driving IEC proliferation and
migration.6,7 Early activation of ERK1/2 is critical to healing in a
rat model of gastric ulcers.8 Additionally, in vitro wound healing
assays showed rapid activation of ERK1/2 after 'wounding' in a
monolayer of IEC.6 Although ERK1/2 activation is critical for IEC
proliferation to maintain gut homoeostasis, excessive or pro-
longed activation is deleterious and can result in tumorigenesis.9

Increased ERK1/2 activation was shown to be a key downstream
effector of the highly represented EGFR-KRAS-BRAF-MEK/ERK1/2
pathway in colorectal cancer (CRC).10 Multiple gene mutations
within this pathway that result in increased ERK1/2 activity is
characteristic of CRC, as are alterations in other genes such as
APC and p53.11 Additionally, defective intestinal IEC barrier
and chronic gut inflammation can further induce tumour

development. In fact, inflammatory bowel diseases is one of the
top three risk factors for CRC.12,13

Therefore, to ensure normal gastrointestinal function,
mechanisms are in place to provide control of MAPKs activation
(in this paper, 'MAPKs' refer to the three main MAPKs, namely
ERK1/2, p38 and JNK1/2). One such measure is provided by dual
specific phosphatases (DUSPs or MAPK phosphatases (MKPs)).14

DUSPs and their activity in dephosphorylation of ERK1/2, p38
and JNK are well documented for their regulatory function in
multiple tissues.15,16 However, only few have examined the role
of DUSPs in intestinal inflammation.17 Most of these studies
examined DUSPs in the context of immune cell regulation.
Assessment of DUSPs in the IEC barrier function has not been
clearly addressed.
In this study, we first examined the role of DUSP10 in

intestinal inflammation. Wild-type (WT) and DUSP10 knockout
(KO) mice were treated with dextran sodium sulphate (DSS)
for the development of acute intestinal inflammation.
Lower inflammation was observed in the KO mice, with
increased IEC layer integrity and IEC proliferation. ERK1/2
activation and the expression of the cell proliferation-
associated transcription factor, Krüppel-like factor 5 (KLF5),
were increased in the KO colon. In line with increased IEC
proliferation, DUSP10 KO mice developed more tumours upon
DSS/azoxymethane (AOM) treatment than WT mice. Collectively,
this study identified DUSP10 as an important regulator of
intestinal epithelial barrier function and a suppressor of colon
tumorigenesis.
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RESULTS
DUSP10 KO mice were less susceptible to DSS-induced colitis
with more intact IEC barrier
DSS treatment in WT mice resulted in reduced Dusp10 expression
in the colon (Supplementary Figure S1). DSS treatment damages
the intestine epithelium resulting in exposure of the gut immune
system to luminal contents. However, it is unclear whether
the reduction of DUSP10 is acting as a feedback to allow increase
MAPKs activation for induction of immune responses or an
intrinsic protective mechanism to help the epithelium recover.
Hence, to further examine the role of DUSP10 in gut inflammation,
WT and DUSP10 KO mice were given 2% DSS for 5 days followed
by 10 days recovery. Weight loss during DSS administration was
comparable between WT and KO mice (Figure 1a). Weight
recovery was observed in KO mice on Day 9, whereas, WT mice
continued to lose weight and recovered on Day 13. After 5 days of

DSS treatment, WT mice had shorter colon compared with KO
(Supplementary Figure S2). Colonic histology showed less
inflammation in KO mice where there were less cellular infiltrates,
ulcers and epithelial erosions (Figures 1b and c). Colonic crypt
architecture in KO mice was better preserved with more goblet
cells after 5 days of DSS treatment. As such, it was not surprising
that the DUSP10 KO mice continued to perform better during
recovery. In line with the morphological findings, mRNA level
of pro-inflammatory cytokine/chemokine genes was lower in KO
colon (Figure 1d).
The results above suggested the presence of a protective

mechanism limiting the amount of gut inflammation after DSS
treatment in the KO mice. IEC layer acts as a barrier between the
luminal contents and the mucosal immune system, which is
critical for intestinal homeostasis. To assess IEC barrier integrity,
the amount of fluorescein isothiocyanate (FITC)-dextran that
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Figure 1. DUSP10 KO mice are resistant to DSS-induced colitis. (a) Percentage of weight change in mice during DSS treatment and recovery.
(b) Representative histological micrographs showing colonic H&E stain. '∞', '★' and 'x' highlighted area with increased submucosal oedema,
increased epithelial erosion/ulcers and better preserved crypt architecture with more goblet cells, respectively. Scale bar= 200 μm.
(c) Scattered graphs showing colonic histological scores. PC and DC denote proximal and distal colon, respectively. (d) Colonic gene
expression level relative to mean of WT. (a–d) Representative of 6–8 mice per group. (e) Level of intestinal permeability to FITC-dextran at
day 0, at the end of DSS treatment (Day 5) and at various time points during 10 days of recovery. The data shown are a representative
of 2–3 experiments. Data are presented as mean± s.d. *Po0.05, **Po0.01.
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'leaked' through the epithelium was measured in response to DSS
treatment. Serum FITC-dextran was increased after DSS treatment
in all mice (Figure 1e), however, it remained lower in DUSP10 KO
mice compared with WT at all time points. On Day 5, the amount
of serum FITC-dextran was 1.3-fold lower (P= 0.008) in KO mice.
For both strains, the amount of serum FITC-dextran peaked at
Day 9, but it was 2.6-fold lower (P=0.004) in KO mice. To note, there
was less fluctuation of serum FITC-dextran levels in KO mice from
Day 5, 7–9, where mean serum FITC-dextran was 54±13.0038 ng/ml.
On the other hand, the mean serum FITC-dextran level across the
three time points in WT was 109±54.2 ng/ml. This clearly showed
that the intestinal epithelial barrier was more intact in DUSP10 KO
mice after DSS administration.

Increased ERK1/2 activation and KLF5 expression in DUSP10
KO colon after DSS treatment
Further analysis of the changes in MAPKs activation in the
colon showed that ERK1/2 activation was increased in KO mice
compared with WT mice after 5 days of DSS treatment (Figures 2a
and b, Supplementary Figure S3). However, the amount of colonic
p-ERK1/2 was not significantly different between WT and KO after
10 days recovery (P= 0.114) (Figures 2c and d). On the other hand,
p38 and JNK1/2 activation was comparable (Supplementary
Figure S4). Interestingly, the expression of KLF5, an ERK1/2 associated
transcription factor and a key player in epithelial regeneration,18

was significantly increased in KO colon after DSS treatment and
at the end of recovery (Figure 2). We further found that the
expression of cyclin B1, a KLF5 target gene that is critical for

cell proliferation,19 was increased by 1.9-fold after recovery in KO
compared with WT colon (Supplementary Figure S5). It is known
that p-ERK1/2 is a key activator in the IEC wound healing
response.6 In the gut, KLF5 is mainly expressed by IEC.20 It is
important for the maintenance of intestinal crypt architecture and
is a positive regulator for wound healing and cell proliferation
after DSS treatment.21,22 Together, these data suggested that
deficiency of DUSP10 resulted in increased ERK1/2-KLF activation/
expression in the gut, which could provide better wound healing
and maintenance of the IEC barrier.

DUSP10 overexpression in IEC suppresses ERK1/2 activation, KLF5
expression, wound healing and cell proliferation
To further confirm that DUSP10 regulates ERK1/2-KLF5 in epithelial
cells, CMT93 (mouse intestinal epithelial cell line derived from
induced carcinoma of mouse colon) stably overexpressing
DUSP10 (Supplementary Figure S6) was generated. CMT93-
dusp10 (overexpressing DUSP10) and CMT93-pcdna cells (vector
control) were treated with 5% DSS to assess ERK1/2 activation.
We observed that ERK1/2 activation peaked at 10 min post
DSS treatment in both CMT93-dusp10 and CMT93-pcdna cells
(Figure 3a). However, the level of p-ERK1/2 in CMT93-dusp10 cells
was lower at all time points. The regulation of ERK1/2 activation
by DUSP10 was further supported by the in vitro assessment of
phosphatase activity of DUSP10 on ERK1/2. Supplementary Figure
S7 shows that DUSP10 is capable of dephosphorylating ERK1/2.
Consistent with increased KLF5 expression in DUSP10 KO colon,

overexpression of DUSP10 in CMT93 cells greatly reduced KLF5
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Figure 2. Increased ERK1/2 activation and KLF5 expression in DUSP10 KO colon. (a, b) Representative western blot and densitometric
evaluation for ERK1/2 activation and KLF5 level in mice treated with 2% DSS for 5 days and (c, d) 2% DSS for 5 days with 10 days recovery.
Results shown are representative of 6–8 mice per group. Error bars= s.d. *Po0.05.
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expression after DSS treatment (Figure 3b and Supplementary
Figure S8). KLF5 promoter activity, which can be induced by DSS,
was also significantly repressed by overexpression of DUSP10 in
CMT93 cells (Figure 3c). Expression of KLF5 targets, epidermal
growth factor receptor (EGFR) and cyclin-B1,22 which regulates
wound healing, was also reduced in CMT93-dusp10 cells
(Supplementary Figure S8). Previous studies have shown that
KLF5 can regulate EGFR and downstream ERK1/2 activity, which in

turn regulate the level of KLF5.21,23 Hence, the regulation of KLF5-
EGFR-ERK-KLF5 form a feedback loop system and DUSP10 can be
involved in controlling ERK1/2 activation in this loop system.
Interestingly, the regulation of KLF5 by ERK1/2 may also be cell
type dependent. Previous study by Mori et al.24 showed that
KLF5 was only regulated by ERK in IEC but not in pancreatic
cells. Indeed, in line with others,19,25 ERK1/2 inhibition dampened
KLF5 expression in CMT93 epithelial cells (Figure 3d). Whereas JNK

0 10’ 30’ 1hr 0 10’ 30’ 1hr

0 10’ 30’ 1hr 0 10’ 30’ 1hr

0 30’ 3hr 9hr6hr 0 30’ 3hr 9hr6hr

0 30’ 3hr 6hr 0 30’ 3hr 6hr

p-ERK1/2

Total ERK1/2

Vector

f

DUSP10

DMSO ERK inhibitor

DMSO ERK inhibitor

Vector DUSP10

DSS treatment

KLF5

Actin

p-ERK1/2

Total ERK1/2

KLF5

Actin

0

0.4

0.8

1.2

1.6

R
el

at
iv

e 
K

L
F

5 
ex

p
re

ss
io

n

0 30’ 3hr 6hr

ERK inhibitorDMSO

Vector DUSP10

T
im

e 
0

7h
r 

la
te

r

D-p38/JNK

0

0.1

0.2

0.3

0.4

R
L

A

DUSP10Vector

**
**

Untreated DSS

%
 p

ro
lif

er
at

io
n

D-ERK

Untreated DSS +
recovery 

DSS -
recovery

Vector

D-p38/JNK

DUSP10
D-ERK

%
 w

o
u

n
d

 h
ea

le
d

***

** ** **
**

** **

**

**
**

*
*

*

***

**
**

ns

ns
ns

Day 0 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3

Untreated 5% DSS

ns ns

ns

ns

ns

ns

* *

Figure 3. Overexpression of Dusp10 in CMT93 inhibits ERK1/2-KLF signalling, proliferation and wound healing. (a, b) ERK1/2 activation and
KLF5 expression in response to 5% DSS treatment in CMT93-dusp10 and CMT93-pcdna (Vector) cells were determined by western blot
analysis. (c) Dual luciferase assay was used to examine the effect of Dusp10 overexpression on Klf5 promotor activity. The KLF5 promoter
activity was normalised to the internal control renilla activity (RLA: relative luciferase activity). (d) Representative western blot showing effect
of ERK inhibition on KLF5 expression in CMT93 cells treated with 0.2% DSS. Bar chart shows the ratio of KLF5 to actin level based on the
densitometry analysis. (e) Representative micrographs showing in vitro wound healing of untreated CMT93-vector, CMT93-DUSP10, CMT93-
DUSP10 lacking the ERK binding site (D-ERK) and CMT93-DUSP10 lacking the p38/JNK binding site (D-p38/JNK). Bar charts showing the
percentage of wound recovery. All cells were pre-treated with 5% DSS for 24 h except cells in untreated group. Normal culture medium was
used during the 7- h 'wound period' for cells with recovery as opposed to cells without recovery that were cultured in medium with 5% DSS.
(f) Bar charts showing the percentage of cell growth with or without 5% DSS treatment. DUSP10, D-ERK and D-p38/JNK denote cells
overexpressing full-length DUSP10, DUSP10 with deletion of the ERK binding site and DUSP10 with deletion of p38/JNK binding sites,
respectively. Results shown are representative of four experiments. Error bars= s.d. *Po0.05, **Po0.01.

DUSP10 inhibits CRC development
CW Png et al

209

© 2016 Macmillan Publishers Limited Oncogene (2016) 206 – 217



inhibition during DSS treatment did not significantly changes the
expression of KLF5 and p38 activation was not observed after DSS
treatment (Supplementary Figure S9). Taken together, it is evident
that DUSP10 negatively regulate ERK1/2, which in turn reduced
KLF5 expression in IEC.
Next, we examined the role of DUSP10 in regulating IEC wound

healing. At basal level, overexpression of DUSP10 was sufficient to
retard wound healing in CMT93-dusp10 monolayer compared
with CMT93-vector (Figure 3e 'untreated'). To mimic DSS-induced
damage, cells were pre-treated with 5% DSS for 24 h, after which a
scratch was introduced. The cells were then left to heal in medium
with or without DSS that mimic the conditions of without or with
recovery, respectively. There was less wound healing in CMT93-
dusp10 monolayer in all conditions. At the same time, we found

that CMT93 overexpressing DUSP10 had reduced growth with or
without 5% DSS (Figure 3f). To test whether DUSP10 interaction
with ERK1/2 or p38/JNK is important for its regulation on cell
growth, we generated DUSP10 mutants where the domain
required for its interaction with ERK1/2 or p38/JNK was deleted
as described previously.26,27 Reduced wound healing and cell
proliferation were also observed in CMT93 cells stably over-
expressing DUSP10 lacking the binding site for p38 and JNK
(Figures 3e and f). The level of reduction was similar to that of
CMT93 overexpressing full-length DUSP10 (P40.05). On the other
hand, deletion of ERK binding site showed no significant change
in proliferation and wound healing compared with the vector
control. Together, these results demonstrated that DUSP10/MKP5
inhibits wound healing through inhibiting ERK1/2 activation and
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KLF5 expression, in accord with earlier work where reduced
p-ERK1/2 or KLF5 expression resulted in worse wound healing
in vitro.6,28

Increased IEC proliferation and ERK1/2 activation in DUSP10 KO
mice in response to epithelial damage
Results above show that DUSP10 can negatively regulate ERK1/2
activation and KLF5 expression to suppress epithelial wound
healing. Conversely, in DUSP10 KO mice, the increased IEC healing
could explain the reduced epithelial permeability, thus limiting

gut inflammation in response to DSS. We therefore measured IEC
proliferation, a key process in intestinal wound healing. The extent
of IEC proliferation was determined by Ki67 immunohistochem-
istry staining. As shown in Figure 4a, there were increased
numbers of Ki67-positive cells, with higher staining intensity,
within the bottom and along the crypts of DSS-treated KO colon
compared with WT. In addition, staining of incorporated 5-bromo-
2-deoxyuridine (BrdU) showed more BrdU-positive cells were
found along the length towards the top of the crypts in DUSP10
KO mice as opposed to WT mice where the BrdU-positive cells
were mainly at the bottom half of the crypts (Figure 4b).
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There were 1.8-fold more (P= 0.004) BrdU-positive cells within the
top half of the intestinal crypt of KO mice. This in all suggest that
the increased IEC proliferation in DUSP10 KO provided a pool of
new epithelial cells to replace the damaged IEC so that the
epithelium maintains its continuity. In addition, p-ERK1/2 staining
was overall increased in the colon epithelial cells of KO mice after
5 days of DSS treatment (Figure 4c). This is in line with the
increased level of p-ERK1/2 found by western blot analysis shown
in Figure 2a.

Colonic IEC proliferation in DUSP10 KO mice contributes to increased
susceptibility to AOM/DSS-induced tumour development
Although increased IEC proliferation was protective in acute
inflammation, excessive IEC proliferation may lead to colon
tumour development. ERK1/2 is a key downstream activator
of the EGFR-KRAS-BRAF-MEK pathway. On the other hand, KLF5
has also been implicated in intestinal tumorigenesis.18,29 There-
fore, increased ERK1/2 activation and KLF5 expression in DUSP10
KO colon might elevate the likelihood of tumour development. To
examine whether DUSP10 has a role in intestinal tumorigenesis,
colonic tumours were induced in mice using AOM and 1% DSS
treatment. In this model, chronic administration of 1% DSS

provided the stimulant for continuous increased IEC growth,
whereas AOM allows the induction of DNA mutation within the
colonic cells.30 We found that DUSP10 KO had more colonic
tumours with larger size (average size of 2.6 mm) compared with
WT (tumour average size of 1.5 mm) within the mid- to distal-
colon (Figure 5a and Supplementary Figure S10). Histologically,
adenomatous polyps were more prominent in KO mice
(Figure 5b). There were 2.6-fold more tubular adenomatous
polyps in KO mice with an average size of 1.3 mm than in WT
mice (average adenomatous polyps size: 0.7 mm). The level of
inflammation was comparable between WT and KO tumours and
normal region in the colon based on the histological assessment
(Figure 5c). In addition, there was no significant difference in the
level of pro-inflammatory cytokine and chemokine gene expres-
sion in normal region adjacent to the tumours (Figure 5d). Cxcl1, a
monocyte chemokine was increased only in tumours of KO mice,
whereas the pan-leukocyte marker PTPRC gene was reduced by
6.7-fold (P= 0.005) in the tumours of KO mice. Increased nuclear
accumulation of β-catenin and Ki67 staining was also detected
in KO tumour tissues (Figures 5e and f). Accumulation of nuclear
β-catenin is often seen in CRC patients and is a sign of Wnt
pathway activation, which induces the expression of cell cycle-
related genes such as cyclin-D1 and c-Myc.31 AOM treatment was
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known to induce mutation in β-catenin gene leading to
accumulation for colon carcinogenesis.32,33 The excessive IEC
proliferation in the KO mice could contribute to further overall
increase in gene mutation rate leading to increased β-catenin
nuclear accumulation.
Together with the increased Ki67-positive cells shown in colitis

model (Figure 4a) and in tumour (Figure 5f), our data suggest that
the epithelial cells and the subsequent tumours that were formed
were more proliferative in the absence of DUSP10, and hence led
to the increased tumour number and size found in the KO mice.
Similarly, evidence from in vitro multicellular spheroid aggregate
formation assay demonstrated that overexpression of DUSP10

retard the formation of spheroids. As shown in Figure 6a, CMT93
overexpressing Dusp10 had reduced capacity to develop multi-
cellular tumour spheroid aggregates than CMT93-vector cells.
After 5-day culture, the CMT93-dusp10-derived spheroids were on
average 1.5-fold smaller than those formed from CMT-vector cells.
This could result from the reduced rate of cell proliferation in CMT-
dusp10 (Figure 3f), from reduced aggregation ability of the
cells to form a spheroid structure, or both. In addition, over-
expression of DUSP10 resulted in reduced ERK1/2 activation upon
EGF stimulation (Figure 6b, left panel). In turn, key downstream
components, KLF5, c-myc and cyclin D1, involved in proliferation
were also reduced (Figure 6b, right panel).
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Figure 7. Increased DUSP10 expression is correlated with better survival in CRC patients. (a) Western blot showing the level of DUSP10 and
p-ERK1/2 at basal state in human CRC cell lines. (b) Survival data analysis using data available from Data Set 1; Marisa et al.34 and Data Set 2;
The Cancer Genome Atlas35 based on Kaplan–Meier method. In Data Set 1, left panel shows analysis of all 557 CRC patients’ tumour samples.
Right panel shows the analysis of 149 (out of total 557) CRC patients’ samples with high ERK2 expression. In Data Set 2, left panel shows
analysis of 404 CRC patients’ tumour. Right panel shows the analysis of 291 (out of total 404) CRC patients samples with high ERK2 expression.
(c) Decreased proliferation of Caco2 and RCM-1 cells overexpressing DUSP10. Bar chart shows the relative fold change in cell proliferation/
growth. (d) Representative pictures of Caco2 xenograft tumours developed in NOD/SCID mice. Bar charts show the relative size and weight of
the tumours harvested from the mice at end point. Error bars= s.d. *Po0.05, **Po0.01.
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Increased Dusp10 expression is associated with better survival rate
in CRC patients
The strong pro-tumorigenic phenotype found in our model
demonstrated that DUSP10 clearly has a functional role in the
development of intestinal tumours in vivo. To understand whether
DUSP10 may be involved in human CRC, we first assessed DUSP10
expression in human CRC cell lines. DUSP10 protein was expressed
in all six CRC cell lines examined. Consistent with experimental
studies above, the protein level of DUSP10 was inversely related to
the level of p-ERK in these cell lines (Figure 7a and Supplementary
Figure S11). To further investigate the clinical relevance of DUSP10
expression in colorectal tumours, detailed analysis of a recently
published survival data set from Marisa et al. (Data set 1)34 and
The Cancer Genome Atlas (TCGA) (Data set 2)35 was carried out.
Relapse-free survival probability trended marginally higher
(P= 0.1) for patients with tumour that had high Dusp10 expression
(Figure 7b, Data Set 1, left panel). After sample stratification for
ERK2 expression, we found that high Dusp10 in tumours was
associated with approximately 20% improvement in survival
probability of patients with high ERK2 expression (Figure 7b, Data
Set 1, right panel). Such advantage was lost in this cohort of
patients with low ERK2 expression in their tumours
(Supplementary Figure S12). Similarly, we found that increased
Dusp10 expression resulted in better survival for CRC patients from
TCGA (Figure 7b, Data Set 2). Interestingly, the benefit of Dusp10
expression was not only observed after sample stratification for
high ERK2 expression but also in all patients with high Dusp10
level (without ERK2 stratification). Approximately 20% improve-
ment in survival up to 60 months was observed in patients with
high Dusp10 from this data set. This shows that Dusp10
upregulation increases patient survival independent of ERK2 level.
Differences in the Dusp10-ERK2 relation between the two data sets
may reflect possible differences in patients’ demographics,
treatments and stage of tumour development at time of tissue
sampling. At this point, we are not able to confirm whether the
anti-tumour effect of DUSP10 is dependent on ERK2 expression.
However, it is clear that increased Dusp10 did resulted in better
overall patients survival in both sets of data that were analysed.
To further understand the role of DUSP10 in CRC cell

proliferation, we overexpressed DUSP10 in two human CRC
cell lines, Caco2 and RCM-1. Proliferation was retarded in the
cells overexpressing DUSP10 (Figure 7c). Interestingly, increased
percentage of apoptotic cells (Annexin V++Annexin V+7ADD−) in
DUSP10 overexpressing cells in response to the treatment
of sulindac sulphide and cisplatin, two drugs that could
induce apoptosis, was observed compared with control cells
(Supplementary Figure S13). Furthermore, NOD/SCID mouse
xenograft of Caco2 cells showed that overexpression of DUSP10
resulted in smaller tumours after the xenograft was allowed to
develop for 3 weeks (Figure 7d). Together, these results indicated
that higher DUSP10 expression in tumour cells could inhibit cell
proliferation, which could be one of the factors leading to a better
survival of patients compared to those having lower DUSP10 but
high ERK2 expression in their tumours.

DISCUSSION
DUSP10 was shown to be an inhibitor of inflammation.36,37 In this
study, we found that deficiency of DUSP10 in mice resulted in a
better recovery from colonic damage with less inflammation
(Figures 1a and d), suggesting that a protective mechanism
limiting the amount of gut inflammation after colonic damage
must be present in the KO mice. This could be provided by the IEC
layer, which physically separates the underlying immune compart-
ment from the luminal contents. Normally, administration of DSS
will damage the mucus lining of the intestine. In turn, IEC will be
exposed to DSS as well as to luminal antigens that have

penetrated the damaged mucus layer. Activation of pro-
inflammatory responses from the underlying immune compart-
ment by the luminal contents will then occur after breaching of
IEC barrier.38 At this time, increase rate of epithelial wound healing
function will allow the IEC layer to maintain the protective barrier.
We observed better IEC barrier function in DUSP10 KO mice in
response to DSS treatment than in WT mice (Figure 1e), in line
with increased IEC proliferation in the KO colon (Figure 4). On the
other hand, overexpression of DUDSP10 in IECs inhibited cell
growth and wound healing (Figures 3e and f). Therefore, reduced
inflammation in DUSP10 KO mice in response to DSS treatment is
likely due to increased epithelial cell proliferation that resulted in
increased IEC barrier function. However, when the threshold for
IEC wound recovery is exceeded and can no longer control the
damage, an increase in the underlying immune response will
occur. This can lead to the expected excessive pro-inflammatory
response, which further damage the epithelium. In fact, such
phenotype was observed when 3% DSS was given instead of
2% DSS (Supplementary Figure S14). Of note, this study is different
from a previous MKP1/IL10− /− colitis model,17 which is an
inherent spontaneous colitis model (due to the loss of IL10) that
demonstrated a role of MKP1 (DUSP1 and not DUSP10) in Th1 and
Th17 responses. Our work demonstrates the importance of
DUSP10 in IEC function in relation to gut inflammation
independent of other predefined gene mutation or immune
deregulation.
In the intestine, two key processes of injury repair: epithelial

cell proliferation and migration,39 were increased in KO mice
(Figure 4). These two processes go hand in hand to ensure that
damaged and shed epithelial cells are replaced in time so that the
epithelium maintains its continuity and barrier function. Such
process is beneficial when is regulated as seen from our mouse
colitis model, where gut inflammation was reduced in the KO
mice. However, deregulation of IEC proliferation with excessive
cell growth may lead to the development of intestinal cancer.
Indeed, DUSP10 KO developed more tumours and of larger size
after AOM/DSS administration (Figure 5). Gut inflammation that
may contribute to the development of tumours was comparable
between KO and WT colon particularly in normal region of the
colon adjacent to the tumours, which provide indications of early
events in tumour development. Only Cxcl1mRNA was increased in
the tumours of KO mice that may be a response secondary to the
increase in tumour development since the epithelial cells express
Cxcl1 promote tumour growth.40 On the other hand, Ptprc mRNA,
a pan-leukocytes marker, was decreased in KO tumour. This in all
showed that inflammation is unlikely a key factor that leads to the
difference in tumour development between WT and KO mice.
Having shown that DUSP10 is important for regulating

tumorigensis in animal models, we attempted to identify evidence
of the role of DUSP10 in human CRC. Previous genome-wide
screens had identified gene polymorphisms within the regulatory
region of Dusp10 and altered expression of Dusp10 in CRC,41–44

while others have reported increased expression of DUSP10 and
other DUSPs in CRC.45–47 Most of these studies speculated that
DUSPs expression, particularly DUSP4/MKP2 and DUSP6/MKP3,
may merely reflect excessive ERK1/2 activation in the tumours.
Intriguingly, DUSP10 protein level was inversely correlated to the
level of p-ERK1/2 in six human CRC cell lines (Figure 7a). Although,
the number of cell lines examined was not exhaustive, it showed
that increased DUSP10 is not just an indicator of increased ERK1/2
activity. Our results so far had supported the role of DUSP10 as
potential colorectal tumour suppressor. Survival analysis
(Figure 7b) based on the data from Marisa et al.34 and TCGA35

provided new insights about the involvement of DUSP10 in
human CRC. There is overall increase in patients’ relapse-free
survival when Dusp10 expression is upregulated. Furthermore,
analysis of TCGA data showed that Dusp10mRNA was increased in
the tumour compared with normal tissue adjacent to the tumours
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(Supplementary Figure S15), which is in line with that found by
Nomura et al.45 This implies that increase in Dusp10 expression
occurs as the tumours develop. On the basis of the findings from
our study, we propose that increase in Dusp10may be required for
the control of tumour growth. In the absence of severe
abnormalities, overexpression of Dusp10 at the level found in
the tumours is not needed. Particularly if the level of MAPKs
activation is low (hence there is no need for feedback control) or
when normal level of MAPKs activation is required (at state of
homeostasis). Although the human CRC results may be prelimin-
ary, it showed a clear improvement in survival probability of
patients who had high DUSP10 expression among all tumours with
high ERK2 expression. This implied that DUSP10 has a more
complex role in CRC other than a feedback mechanism of
increased ERK1/2. Nevertheless, due to the heterogeneity of CRC,
further investigation of DUSP10 in various CRC subtypes needs to
be done to fully understand the contribution of DUSP10 in CRC
pathogenesis. Examination in different cohort of CRC patients and
assessment of the effect of DUSP10 in a larger range of CRC cells
with comprehensive genetic profiling will be valuable to under-
stand the role of DUSP10 in cancer development. This will be
particularly important for the identification of possible subgroup
effect of DUSP10 as a tumour suppressor.
In summary, our data support an inhibitory role of DUSP10 in

intestinal IEC barrier function via inhibition of ERK1/2 activation
and KLF5 expression. This subsequently reduced IEC proliferation
required for intestinal healing and barrier function after injury. Our
work demonstrates the importance of DUSP10 in IEC function in
relation to gut inflammation, and shows that DUSP10 has a role in
CRC development. The loss of DUSP10 resulted in increased
epithelial cell proliferation and wound healing, which are key
protective factors to reduce intestinal inflammation. However,
deleterious effect will occur when such proliferation is not kept in
check or when the intestine is subjected to insults (such as
carcinogen) leading to the development of cancer-associated
mutation. As seen in the DUSP10 mice, when subjected to AOM
carcinogen and chronic DSS treatment, the increase in epithelial
cell proliferation potential became a key cause for more tumours
in the colon.
Currently, cetuximab is an anti-EGFR mAb that is used clinically

for CRC treatment. This therapy targets the upstream EGFR in the
hope of providing a broad effect to limit ERK1/2 activity. However,
success of this monotherapy is limited, particularly in CRC with
KRAS-BRAF mutation where ERK activation was not sufficiently
downregulated by anti-EGFR mAb treatment.48 This suggested
that a more ERK directed therapy might be useful in these
patients, together with other CRC pathway targeting drugs (that is,
targeting PI3K/AKT). Our study showed that DUSP10 inhibits IEC
proliferation via ERK, which suggests an inherent host response to
limit colorectal tumour growth. Both our DUSP10 KO mice model
and analysis of human CRC survival data are concordant for
DUSP10 as a potential colorectal tumour suppressor. Hence, the
regulation of DUSP10 may be targeted as part of CRC therapy in a
well-defined patient cohort with low Dusp10 expression and high
ERK1/2 activity. DUSPs, including DUSP10, are active once
expressed. However, their activities could be regulated at multiple
levels.49 It has been shown that the transcription of several DUSPs,
including DUSP10, could be induced by extracellular stimuli.36,50

For instance, the expression of DUSP10 in macrophages can be
induced by lipopolysaccharide. This could potentially reflect a
natural feedback mechanism for the suppression of MAPKs activity
that regulates the inflammatory response, which can be quickly
terminated once it is not required to prevent deleterious excessive
inflammation. On the other hand, posttranslational modification
such as acetylation and phosphorylation regulates their stability
and/or activity. For example, acetylation of DUSP1 has been
shown to increase its activity.51 Inhibition of deacetylases
increases DUSP1 acetylation thereby increases its activity, which

resulted in reduced inflammation and mortality in mice treated
with lipopolysaccharide. In addition, phosphorylation and depho-
sphorylation of DUSPs could change their half-life and/or
activities. Understanding the mechanisms regulating the expres-
sion and activity of DUSP10 will be beneficial for targeting this
protein for CRC treatment. Moreover, continue efforts to
investigate IEC interactions with gut immune cells in our mouse
model will also provide valuable insights to the complex role of
DUSPs/MKPs in intestinal inflammation and gut IEC functions.

MATERIALS AND METHODS
Animal studies
Animal studies were approved by the National University of Singapore
Institutional Animal Care and Use Committee. The MKP5-deficient mice
generated previously36 were crossed with C57BL/6 mice for 12 genera-
tions. WT and KO pups from the same heterozygous breeders (MKP5+/−

×MKP5+/− ) were used to establish the MKP5 WT and KO colonies and the
two colonies were maintained separately. NOD/SCID mice were purchased
from Invivos Pte Ltd, Singapore. For induction of acute colitis, 8-week-old
male mice were given 2% DSS (molecular weight, 35 000–50 000; MP
Biomedicals Solon, OH, USA) in sterile drinking water for 5 days. During
recovery, mice were given sterile drinking water. Colon specimens were
prepared as Swiss rolls for fixation in 10% neutral buffered formalin before
embedding in paraffin for section and standard haematoxylin and eosin
(H&E) staining. Blinded histological assessments were conducted as
described (Supplementary Table 1).52 Details for immunohistochemical
staining of tissues were summarised in Supplementary Methods.
For induction of colon tumours, 10-week-old mice (9–12 mice per group)

were given a single intra-peritoneal injection of 10mg/kg AOM (Sigma-
Aldrich, St Louis, MO, USA) and allowed to rest for 1 week before initiation
of 3 cycles of 1% DSS administration for 5 days with 2 weeks rest. Mice
were killed on Week 15 for the assessment of tumour incidence,
multiplicity and size under an observation microscope. Histological
assessment of intestinal neoplasm was as described previously53 and the
size of each tumour was measured along the widest length of the tumour
mass. Tumour inflammation was scored based on criteria described in
Supplementary Table 2.
CRC xenograft was established by injection of 5 × 106 Caco2 cells

subcutaneously into the flanks of 6-week-old female NOD/SCID mice.
Tumours were allowed to develop for 3 weeks before harvest for analysis.
The relative size of tumours was calculated using the formula; (L×W)/2,
where L and W are longest and shortest diameter of the tumour,
respectively.

Assessment of intestinal permeability, colonic IEC migration/
proliferation
Mice were orally gavaged with 0.5 mg/g body weight of FITC-dextran
(molecular weight, 3000–5000; Sigma-Aldrich). Serum FITC-dextran con-
centrations were assessed after 4 h by measuring fluorescence at 520 nm
(excitation at 490 nm) using Biotek Synergy H1 Hybrid Multi-Mode
Microplate Reader versus a FITC-dextran standard curve and normalised
to total serum protein. To assess IEC migration, mice were injected
intraperitoneally with 100 μg/g body weight of 5-bromo-2-deoxyuridine
(BrdU; Sigma, St Louis, MO, USA) 24 h before killing. Cells incorporated with
BrdU were stained using the BrdU staining kit (Invitrogen, Carlsbad, CA,
USA). Proliferating cells were determined by immunohistochemical
staining using anti-Ki67 antibody (eBioscience, San Diego, CA, USA) (see
Supplementary Methods).

In vitro wound healing
Post-confluent CMT93 cells stably overexpressing Dusp10/Mkp5 or control
pCDNA (vector) were treated with 5% DSS for 24 h (except for untreated
group) before wounding using scratch assay. Each wound was photo-
graphed and measured at six pre-marked positions at Time 0 and Time 7 h
post wounding. Wound size was measured using Adobe Photoshop
software (Adobe, San Jose, CA, USA). Wound recovery is expressed as
percentage wound closure after 7 h post scratch.
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Cell proliferation assay
In all, 0.2 × 106 CMT93 cells were seeded and serum starved for 24 h (Day 0)
before DMEM containing 10% FBS was added for cells to grow for another
24 h in standard culture medium with or without 5% DSS (Day 1). Total cell
proliferation is expressed as percentage relative to the number of cells at
Day 0. Cell number was determined using crystal violet staining (see
Supplementary Methods). Experiment was repeated three times with six
replicates/time point.

Hang-drop cancer cell spheroid culture
Hang-drop culture was performed as described (see Supplementary
Methods).54 Spheroids were harvested on Day 5 and measured according
to '(a+b)/2', where a= long half axis and b= short half axis of the
spheroid.55 This was further normalised to the initial seeding density to
account for possible slight differences in initial cell count and expressed as
relative spheroid size.

Nucleic acid isolation and analysis
Total RNA was extracted in TRIzol (Invitrogen) based on the manufacturer’s
instructions. RNA extracted from specimen exposed to DSS was purified to
isolate DSS-free mRNA using Dynabeads mRNA DIRECT Kit (Invitrogen).
Complementary DNA (cDNA) was synthesised using GoScript Reverse
Transcription System (Promega, Madison, WI, USA). Real-time qPCR was
performed using Bio-rad CFX Connect real-time PCR system and reagents
(Bio-Rad Laboratories, Hercules, CA, USA). Relative fold change of target
genes was calculated using the Pfaffl method.56 Primers used for qPCR are
detailed in Supplementary Table 3.

Western blot
Cells and tissues were homogneised in lysis buffer (1M Tris-Cl, 5M NaCl,
10% NP-40) containing Halt Protease and Phosphatase Inhibitor Cocktail
and 5mM EDTA (Thermo Scientific, Waltham, MA, USA). Total proteins
were resolved in Tris/Glycine gel (10 or 12% acrylamide, 1.5M Tris (pH 8.8),
10% SDS, 10% APS, TEMED) before transferred onto PVDF membrane for
detection of proteins (see Supplementary Methods). The antibodies used
are summarised in Supplementary Table 4. ImageJ software was used for
densitometry analysis.57

Colorectal patient survival data analysis
For survival data analysis of colorectal tumours, we applied two data sets:
(1) microarray gene expression data downloaded from GEO database with
accession number GSE3958234 and (2) Level-3 RNA-seq data from TCGA
data portal (colon adenocarcinoma).35 Normalisation of gene expression
was performed across all samples based on the cross correlation method,58

while normalisation of RNA-seq data was carried out using the total
numbers of mappable reads across all samples. When using normalised
ERK2/DUSP10 expression data to classify ERK2/DUSP10 high and low
samples, we first used the ERK2/DUSP10 median expression to separate
high and low expression samples. Then, we removed those middle
samples with expression levels 87% higher but 115% lower than the
median expression value to minimize the false discovery in classification.
The survival analysis was based on the Kaplan–Meier method for two
group samples of low and high DUSP10 expression.

Statistics
All statistical analyses were performed using Graphpad Prism v4.03
software (GraphPad, La Jolla, CA, USA). Non-parametric, Mann–Whitney
test was used in all comparisons unless otherwise stated.
Additional information is available in Supplementary Methods.
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