
Type 2 cGMP-dependent protein kinase regulates
homeostasis by blocking c-Jun N-terminal kinase
in the colon epithelium
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Analysis of knockout animals indicates that 30,50cyclic guanosine monophosphate (cGMP) has an important role in gut
homeostasis but the signaling mechanism is not known. The goals of this study were to test whether increasing cGMP could
affect colon homeostasis and determine the mechanism. We increased cGMP in the gut of Prkg2þ /þ and Prkg2� /� mice by
treating with the PDE5 inhibitor Vardenafil (IP). Proliferation, differentiation and apoptosis in the colon mucosa were then
quantitated. Vardenafil (Vard) treatment increased cGMP in colon mucosa of all mice, but reduced proliferation and apoptosis,
and increased differentiation only in Prkg2þ /þ mice. Vard and cGMP treatment also increased dual specificity protein
phosphatase 10 (DUSP10) expression and reduced phospho-c-Jun N-terminal kinase (JNK) levels in the colon mucosa of
Prkg2þ /þ but not Prkg2� /� mice. Treatment of Prkg2� /� mice with the JNK inhibitor SP600125 reversed the defective
homeostasis observed in these animals. Activation of protein kinase G2 (PKG2) in goblet-like LS174T cells increased DUSP10
expression and reduced JNK activity. PKG2 also increased goblet cell-specific MUC2 expression in LS174T cells, and this
process was blocked by DUSP10-specific siRNA. The ability of cGMP signaling to inhibit JNK-induced apoptosis in vivo was
demonstrated using dextran sodium sulfate (DSS) to stress the colon epithelium. Vard was a potent inhibitor of DSS-induced
epithelial apoptosis, and significantly blocked pathological endpoints in this model of experimental colitis. In conclusion, Vard
treatment activates cGMP signaling in the colon epithelium. Increased PKG2 activity alters homeostasis by suppressing
proliferation and apoptosis while promoting differentiation. The PKG2-dependent mechanism was shown to involve increased
DUSP10 and subsequent inhibition of JNK activity.
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Uroguanylin and guanylin are endogenous peptide hormones
in the intestine and colon (respectively), which trigger
intracellular 30,50cyclic guanosine monophosphate (cGMP)
production by activating epithelial guanylyl cyclase C (GCC)
receptors.1,2 Downstream targets of cGMP include phospho-
diesterases, ion channels and cGMP-dependent protein
kinases (protein kinase G (PKG)).3 Type 2 PKG is a central
cGMP effector in the gut epithelium, and regulates the Naþ /Hþ

exchanger, the Cl� /HCO3
� exchanger and the cystic fibrosis

transmembrane conductance regulator.4,5 The importance of
the uroguanylin/guanylin system in controlling electrolyte
balance is well established, but downstream cGMP signaling
is also emerging as a central regulator of intestinal
homeostasis.

Homeostasis in the gut mucosa is a highly regulated
process involving a balance between Wnt-mediated prolifera-
tion at the crypt base,6 commitment to either secretory (goblet
and enteroendocrine cells) or enterocyte lineage in the transit
amplifying region,7 followed by terminal differentiation and

apoptosis at the luminal surface. Knocking out either guanylin
or GCC in mice results in reduced cGMP levels, an increased
proliferative compartment, increased apoptosis and reduced
differentiation of secretory lineage cells in the gut.8,9 More
recently, Prkg2� /� mice were also shown to exhibit crypt
hyperplasia and defective differentiation, suggesting that
PKG2 mediates the homeostatic effects of guanylin/cGMP
in the colon.10

GCC knockout animals also show increased tumorigen-
esis when treated with the mutagen azoxymethane, or when
crossed with ApcMin/þ mice.8,11 The mechanism responsible
for the increased susceptibility of GCC knockout animals to
gut tumorigenesis is not clear. It could reflect a higher level of
proliferation in the gut, but it could also be due to basal
inflammation resulting from a compromised epithelial barrier
as recently reported in these animals.12–14 Efforts to better
understand the underlying signaling remain inconclusive,
largely because they have relied heavily on studies of colon
cancer cells.10,14,15 The intestinal phenotype of knockout
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mice deficient in various cGMP signaling components
suggests that this pathway inhibits proliferation and pro-
motes differentiation in the normal gut epithelium. Chal-
lenges associated with increasing cGMP levels in the colon
epithelium have left this hypothesis untested, and signaling
downstream of PKG2 in the normal colon epithelium remain
largely unexplored.

The aim of this study was to determine whether pharma-
cological manipulation of cGMP levels in the gut can regulate
epithelial homeostasis in wild-type (WT) mice, and to
elucidate the downstream signaling mechanism. To accom-
plish this we increased cGMP in the colon epithelium by
intraperitoneal administration of the phosphodiesterase-5
inhibitor Vardenafil (Vard). In agreement with predictions
based on the analysis of knockout mice, Vard treatment
suppressed proliferation and apoptosis, but increased
secretory cell lineage differentiation in the colon epithelium.
Vard did not affect colon homeostasis in Prkg2� /� mice,
indicating that PKG2 is a critical part of this process. We
show here that activation of PKG2 by Vard led to increased
dual specificity protein phosphatase 10 (DUSP10) expres-
sion and reduced the levels of phosphorylated c-Jun
N-terminal kinase (JNK) in the colon epithelium. Consistent
with the importance of JNK regulation in control of colon
homeostasis by cGMP, pharmacological inhibition of JNK
essentially reversed the defects in PKG2-deficient animals.
Taken together, these data support a central role for cGMP in
suppressing apoptosis in luminal colonocytes. An important
part of the mechanism is likely to involve PKG2-dependent
upregulation of DUSP10, which encodes a phosphatase that
inhibits JNK activation.

Results

Systemic Vard treatment increases cGMP and activates
PKG in the colon mucosa. To test the hypothesis that
PKG2 regulates homeostasis in the colon, it was necessary
to identify an efficient method for increasing cGMP in the
epithelial compartment. The possibility that inhibiting cGMP
hydrolysis with PDE-5 inhibitors could accomplish this was
tested by intraperitoneal injection of mice with Vard (Levitra).
A single dose of Vard significantly increased mucosal cGMP
levels in the ileum (2.1-fold, Po0.05) and colon (5.6-fold,
Po0.001) when measured at 6 h after injection (Figure 1a).
The effect of Vard on the colon was rapid, with maximal
cGMP levels observed at 3–4 h after administration, and this
slowly declined to near-basal levels after 8 h (Figure 1b).
Vasodilator-stimulated phosphoprotein (VASP) has target
phosphorylation sites for both PKA (Ser157) and PKG
(Ser239), which are widely used to measure PKG activation.
Treatment of mice with Vard led to significant increases in the
level of VASP phosphorylated on Ser239 in the colon
mucosa (Figures 1c and d). These data indicate that
systemic Vard administration in mice was able to elevate
cGMP levels high enough to activate PKG in the colon
mucosa.

PKG2 activation alters homeostasis in the colon
mucosa. We previously reported that Prkg2� /� mice
exhibit crypt hyperplasia, increased apoptosis and reduced
differentiation in the colon epithelium.10 This suggested that
PKG2 has a critical role in homeostatic regulation in adult
colon mucosa, but the contribution of adaptation artifacts

Figure 1 Vard increases cGMP levels and PKG2 activation in the colon mucosa. (a) cGMP levels in the intestinal mucosa of CD-1 mice treated with Vard for 6 h or
untreated (Ctrl). (b) cGMP levels in the proximal colon mucosa of mice over time following Vard treatment. (c) Western blot showing phospho-VASP (Ser239) in the colon
mucosa of three mice with (Vard) or without (Ctrl) Vard treatment for 4 h. (d) Relative levels of phospho-VASP(Ser239) detected from western blot were quantitated and are
expressed as a function of total b-actin as protein loading control. *Po0.05, ***Po0.001
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associated with PKG2 deficiency could not be ruled out. To
explore this possibility further, WT and PKG2-deficient mice
were treated with Vard daily, and proliferation and apoptosis
were measured in the colon epithelium using immunohisto-
chemistry (IHC; Figure 2a). Vard treatment significantly
reduced proliferation by 20–30% throughout the colon
epithelium of WT mice, but had no effect in Prkg2� /� mice
(Figure 2b). Vard treatment also inhibited basal levels of
apoptosis by 40–60% with increasing efficacy along the
rostral-caudal axis, but was similarly ineffective in the colon
of PKG2-deficient animals (Figure 2c).

Central to homeostasis in the colon is the differentiation of
cells as they move to the luminal surface and withdraw from
the cell cycle. To determine whether Vard treatment affects

differentiation, the colon sections were also analyzed for
goblet and enteroendocrine cell content (Figure 3). The
mature goblet cells were identified in the upper half of
colonic crypts by staining for mucus with Alcian blue-
periodic acid–Schiff, and enteroendocrine cells were identi-
fied by immunostaining for chromogranin A (CgA). Vard
treatment markedly increased mature goblet cell numbers in
the colons of WT but not Prkg2� /� mice (Figure 3b).
Although goblet cell density was significantly higher in the
proximal and distal regions of the colon from treated mice
(50% increase, Po0.001), the effect was most pronounced
in the mid-colon with a two fold increase. Despite the higher
goblet cell density induced by Vard treatment, no significant
difference in the thickness of the luminal mucus layer in the

Figure 2 Vard inhibits cell proliferation and apoptosis in the colon mucosa. (a) IHC staining of Ki-67 (proliferative cells) and TUNEL (apoptotic cells, red arrows) in colon
mucosa of WT mice treated with Vard for 7 days. Control mice were injected with vehicle. Scale bars, 20 mm. (b) Quantification of Ki-67-positive cells and (c) TUNEL-positive
cells from the stained tissue sections from the proximal (prox), middle (mid) and distal colons from WT and PKG2 KO mice. Solid lines show Vard treated, and dashed lines
show Controls. Numbers are presented as nuclei per crypt. *Po0.05, **Po0.01, ***Po0.001
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colon was observed (data not shown). Vard treatment also
increased CgA-positive enteroendocrine cells in the colon
mucosa of WT but not Prkg2� /� animals (Figure 3c). The
effect of Vard on enteroendocrine cell density was less than
on goblet cells, with increases more uniform throughout the
colon and ranging from 20 to 29% (Po0.05). Despite the
relatively potent effect of Vard on cGMP levels in the
terminal ileum, this agent did not significantly affect home-
ostasis in that compartment (data not shown). Taken
together, these data demonstrate that the PDE-5 inhibitor
Vard is capable of increasing cGMP levels in the colon
mucosa, and that this regulates homeostasis in a PKG2-
dependent manner.

PKG2 regulates colon homeostasis by attenuating JNK
signaling. To better understand the mechanism(s) by which
PKG2 controls homeostasis, cDNA microarray analysis was
used to compare gene expression in the colon mucosa of WT
and Prkg2� /� mice (Supplementary Data, Table 2). The
expression analysis strongly supported the histological data
in that most of the genes showing higher expression in
knockout animals were associated with proliferation,
whereas those with reduced expression were associated
with a differentiated phenotype. The gene array study also
identified DUSP10 as strongly reduced in expression in
Prkg2� /� mice relative to WT siblings, and this was
confirmed using reverse transcriptase polymerase chain

Figure 3 Vard increases differentiation in the colon mucosa. (a) Staining of Alcian blue-periodic acid–Schiff (AB-PAS; mucus producing goblet cells) and CgA
(enteroendocrine cells) in the colon mucosa of WT mice treated with Vard for 7 days. Control mice were injected with vehicle. Scale bar 10 mm. Quantification of (b) mature
goblet cells in the upper region of crypts and (c) enteroendocrine cells (CgA) from the stained tissue sections from the colons of WT and PKG2 KO mice. Solid lines show Vard
treated, and dashed lines show Controls. Numbers presented as cell counts per crypt. *Po0.05, ***Po0.001
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reaction (RT-PCR; Figure 4a). The DUSP10 gene encodes a
MAPK phosphatase (MKP5) that inactivates JNK by depho-
sphorylating serine/threonine and tyrosine residues in the
active enzyme.16,17 We tested the possibility that PKG2
activates DUSP10 expression by incubating colon explants
from WT and Prkg2� /� mice with 8Br-cGMP for 2-h in vitro.
These experiments showed that DUSP10 mRNA levels
increased only in the colon mucosa of WT animals, and this
corresponded with reduced levels of phospho-JNK
(Figure 4b).

Treatment of mice with Vard for 48 h also led to increased
DUSP10 mRNA levels in the terminal ileum and proximal
colon (Figure 4c). This suggested that increased MKP5 levels
could mediate the effects of PKG2 on homeostasis, and that
sub-threshold levels of MKP5 could contribute to the aberrant
homeostasis observed in the PKG2-deficient animals. To
further explore this possibility, histological analysis was used
to determine the effect of the JNK inhibitor SP600125 on
homeostasis in the colons of Prkg2� /� mice. In agreement
with our recent report, Prkg2� /� mice exhibited 1.5-fold
higher proliferation (Ki-67-staining cells) and apoptosis
(TUNEL-positive cells) relative to WT siblings. However,
treatment with the JNK inhibitor reduced both proliferation and
apoptosis to 80% and 60% of the WT (Figure 4d). The
Prkg2� /� mice were also deficient in differentiated goblet and
enteroendocrine cells in the colon relative to WT siblings
(approximately half). Treatment of the Prkg2� /� mice with
SP600125 significantly increased the density of differentiated

goblet cells (150%, Po0.05) and enteroendocrine cells
(110%, Po0.01) in the colon epithelium relative to WT
siblings (Figure 4e). Taken together, these findings highlight
the importance of JNK suppression in the regulation of colon
homeostasis by PKG2.

Activation of MUC2 expression by PKG2 requires
DUSP10. The significance of DUSP10 in the regulation of
differentiation by PKG2 was further tested in vitro using
LS174T cells. These cells are of a goblet lineage and can be
made to differentiate as reflected by increased CDX2 and
Muc2 expression.10,18 Activation of ectopic PKG2 in
LS174T cells increased transcription from a reporter
construct driven by the MUC2 promoter, and this was
associated with increased mRNA for both MUC2 and
DUSP10 in these cells (Figures 5a and b). In addition,
PKG2 significantly inhibited JNK activity (by 64%, Po0.05)
as measured using an ATF2-reporter (Figure 5c). Co-
transfection of the LS174T cells with a dominant-negative
JNK construct increased the MUC2 reporter activity by 40%
(Figure 5d). This indicates that MUC2 expression is
inhibited by JNK in these cells. To test whether DUSP10
regulates MUC2 expression downstream of PKG2, siRNA
was used to block the PKG2-dependent increase in
DUSP10 mRNA (Figure 5e). In these experiments,
DUSP10-specific siRNA significantly inhibited (Po0.05)
the PKG2-dependent increase in MUC2 reporter activity
(Figure 5f). These data demonstrate that DUSP10-mediated

Figure 4 DUSP10 is a PKG2 effector in the colon epithelium. (a) RT-PCR detecting mRNA levels of DUSP10 and PKG2 in colon mucosa of three WT/KO siblings.
(b) WT/KO mice colon mucosa explants were treated with (þ ) or without (� ) 8Br-cGMP. RT-PCR showing mRNA levels of DUSP10 (upper panel) and western blots
showing phospho-JNK T183/Y185 (lower panel). HPRT1 and total JNK were used as loading controls respectively. (c) RT-PCR showing expression levels of DUSP10 in
mucosa from ileum (I) and colon (C) of CD-1 mice treated with Vard or with vehicle (Ctrl). (d and e) PKG2 KO mice were treated with the JNK inhibitor SP600125 (KOþSP,
dark bars) or vehicle (KO, open bars) and the colon was processed for quantification of (d) proliferative cells (Ki-67), apoptotic cells (TUNEL) and (e) mature goblet and
enteroendocrine cells (CgA). Numbers are presented as a percentage of the respective mean in WT mice. *Po0.05
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suppression of basal JNK activity can promote the expres-
sion of the differentiated goblet cell marker MUC2.

Activation of PKG2 blocks DSS-induced apoptosis in the
colon epithelium. JNK signaling has many context-specific
functions, but it is well established that this pathway is pro-
apoptotic in most systems.19 It was shown here that Vard
treatment significantly reduced apoptosis in the luminal
epithelium of the colon in mice. Vard also increased DUSP10
expression, suggesting that the effect of this agent on
apoptosis could involve suppression of phospho-JNK levels.
This idea was explored further using immunofluorescence
(IF) to measure the phosphorylation state of JNK in the colon
mucosa (Figure 6). The majority of phospho-JNK staining
was observed in the nuclei of cells predominantly in the lower
half of the crypts with little staining at the luminal surface.

This observation supports previous work suggesting that
crypt-associated JNK activity may have a paradoxical
proliferative role by potentiating b-catenin (b-cat)/TCF
signaling.20 The absence of phospho-JNK staining at the
luminal surface precluded our ability determine the effect of
Vard in this region. To elicit a more robust activation of JNK
in the luminal epithelium we used dextran sodium sulfate
(DSS), which activates the stress response and causes
apoptosis in the colonic epithelium.21 After 5 days of DSS
treatment, a marked increase in nuclear phospho-JNK
staining was observed in the luminal epithelium but no effect
was observed deeper in the crypt (Figure 6a, upper panels).
The intense phospho-JNK staining at the luminal surface
colocalized with abundant apoptosis in the DSS-treated
mouse colon (Figure 6a, lower panels). The increase in
phospho-JNK levels and the associated apoptosis in

Figure 5 Activation of MUC2 expression by PKG2 in LS174T cells requires DUSP10. (a) The effect of PKG2 activity on transcription from the MUC2 promoter was
measured by luciferase reporter assay. (b) The ability of PKG2 to regulate MUC2 and DUSP10 mRNA levels was assessed by RT-PCR. PKG2 expression was induced by
treating cells with doxycycline (doxy) and activated by 8Br-cGMP (cGMP). (c) The effect of PKG2 on JNK-dependent ATF2 transcription was measured by luciferase assay.
(d) Effect of dominant-negative JNK (JNK-DN) on MUC2 promoter transcription was measured by luciferase assay. The effect of DUSP10-specific siRNA on (e) DUSP10
mRNA levels measured by RT-PCR, and on (f) MUC2 promoter transcription activity measured by luciferase assay. For RT-PCR studies HPRT1 was used as a loading
control. Error bars indicate S.E.M., *Po0.05
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response to DSS treatment were almost completely pre-
vented by simultaneous Vard treatment (Figures 6b and c).
Furthermore, the protective effect of Vard on DSS-mediated
epithelial apoptosis in the colon was not observed in Prkg2� /�

mice, indicating an important role for PKG2 in this process
(Figures 6d and e). Damaging the colon epithelium of mice
with DSS compromises the barrier leading to acute inflam-
mation, and is a highly regarded model for experimental
colitis.21 In this study, Vard treatment was able to significantly
block gross disease symptoms such as loss of body weight,
diarrhea and bleeding (Figure 7a). The protective effect of
Vard was also evident in physical and histological changes to
the colon in response to DSS, including edema, leukocyte

infiltration and crypt loss (Figures 7b–e). Together these data
indicate that activation of PKG2 signaling in the luminal
epithelium of the colon reduces phospho-JNK levels by
increasing DUSP10 expression, and this suppresses apop-
tosis in these cells (Figure 7f).

Discussion

There is a significant body of genetic evidence demonstrating
an important role for cGMP signaling in the control of gut
homeostasis, but the underlying mechanisms remain poorly
understood because few studies have examined the effects
of direct cGMP modulation. In this study, systemic

Figure 6 Vard treatment inhibits JNK-associated apoptosis in the colon mucosa. (a) Control mice were treated with vehicle (Ctrl), experimental groups were treated with
either DSS (DSS) or with both DSS and Vard (DSSþVard) for 5 days. Upper panels show IF staining of phospho-JNK (red) in the colon mucosa and sections were counter
stained with DAPI (blue). Lower panels show parallel sections stained for apoptotic cells using TUNEL. (b and c) Quantification of phospho-JNK and TUNEL staining,
respectively. (d) TUNEL staining (red arrows) and (e) quantitation of apoptosis in the colon mucosa of WT and PKG2 knock out (KO) mice treated with DSS. Scale bars
represent 20mm. *Po0.05
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administration of the PDE-5 inhibitor Vard was used to
increase cGMP in the colon mucosa of mice. We reasoned
that the basal cGMP levels derived from endogenous
guanylin/GCC activity in the colon epithelium might be
potentiated using PDE-5 inhibitors. Our results showed that
systemic delivery of Vard significantly increased cGMP levels
and activated PKG in the colon mucosa. Furthermore,
sustained Vard treatment suppressed proliferation and
increased differentiation in the colon epithelium of WT mice.

This clearly demonstrates the importance of cGMP signaling
in colon homeostasis, and agrees with predictions arising from
studies of knockout animals.8,9,10 It is possible that the effect
of Vard on colon homeostasis did not involve signaling in
epithelial cells directly because the drug was administered
systemically. However, this is unlikely because homeostasis
was not significantly affected by Vard treatment of Prkg2� /�

mice. This demonstrates that epithelial PKG2 has a critical
role in the regulation of colon homeostasis by cGMP.

Figure 7 Vard treatment inhibits DSS-induced colitis in mice. CD-1 mice were either untreated (Ctrl), exposed to 5% DSS (DSS) or treated with Vard and exposed to 5%
DSS (DSSþVard). DSS was removed on day 6 and replaced by water. (a) Disease activity index (DAI); including body weight loss, rectal bleeding and stool consistency, was
measured over time. (b and c) On day 10, the colons were harvested and the length and density were measured and presented as percentage of control mice. (d and e)
Colons were then processed for histological staining with H&E and subjected to pathological scoring for leukocyte infiltration, crypt loss and edema. Scale bar represents
100mm. *Po0.05. (f) Model depicting regulation of homeostasis by PKG2 signaling in the colon epithelium
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PKG2 activation led to increased DUSP10 expression and
reduced phospho-JNK levels in the colon epithelium of mice,
indicating that this phosphatase is a novel downstream
effector. An important role for DUSP10 in the regulation of
gut homeostasis was suggested by the ability of the JNK
inhibitor SP600125 to reverse the growth and differentiation
defects in the colon epithelium of PKG2-deficient mice. These
results strongly suggest that the defects in colon homeostasis
in PKG2-deficient mice10 results from aberrant JNK activity
arising from insufficient DUSP10 expression. Although this
experiment did not definitively prove the specific involvement
of DUSP10 in promoting differentiation in the mouse colon,
DUSP10 expression was clearly shown to be essential for the
cGMP/PKG2-dependent activation of the goblet cell marker
MUC2 in LS174T cells. It has been reported that JNK can
inhibit MUC2 expression via a repressive site in the
promoter.10,22,23 It is therefore plausible that the increased
MUC2 expression in LS174T cells is the result of derepression
of the MUC2 gene rather than a true indicator of differentia-
tion. Similarly, the increased numbers of MUC2-positive cells
in the luminal epithelium after Vard treatment might reflect
increased mucus production in existing goblet cells instead of
an effect on differentiation. However, PKG2 was also able to
induce enterocyte differentiation marker expression in Caco-2
cells, which are not related to goblet cell lineage (see
Supplementary Figure 1). In addition, Vard treatment also
increased CgA-positive enteroendocrine cells in the colon
epithelium. Taken together, these data strongly support the
idea that cGMP/PKG2 signaling more generally promotes
differentiation in the colon mucosa.

Vard treatment reduced basal levels of both apoptosis and
proliferation by activating PKG2 in the colon epithelium of
mice. The JNK inhibitor had a similar effect on proliferation
and apoptosis in Prkg2� /� mice as Vard did on the WT mice.
This suggests that elevated JNK activity is a central driver of
the phenotype resulting from PKG2 deficiency, and that
inhibition of JNK by the PKG2-induced DUSP10 expression is
likely to mediate these homeostatic effects of Vard treatment.
Previous reports have shown that JNK enhances proliferation
in the colonic crypt through interactions with the b-cat/TCF
pathway.20,24 Although it is possible that JNK inhibition by
PKG2/DUSP10 could have directly affected proliferation in
our studies, this is unlikely because PKG2 is predominantly
expressed in the differentiated luminal epithelium rather than
in the proliferative compartment.4,25 In contrast to its role in
the mitotic compartment, in the luminal epithelium JNK
becomes activated in inflammatory bowel disease (IBD),
where it promotes inflammatory cytokine production, apopto-
sis and barrier breakdown.26–29 Proliferation and apoptosis in
the colon epithelium are coordinated in order to maintain
barrier integrity.30 It is therefore plausible that the suppression
of proliferation by Vard treatment is indirectly because of a
PKG2-mediated inhibition of spontaneous apoptosis at the
luminal surface. Indeed, the increased numbers of apoptotic
cells previously observed in the colons of PKG2 knockout
mice were localized to the luminal surface.10 This idea is
supported by a report that cGMP protects the epithelial barrier
against radiation-induced damage,12 and another showing
that GCC-deficient mice have a dysfunctional intestinal
barrier.13 Although this model explains the effects of Vard in

the mouse colon, we did not observe significantly increased
numbers of phospho-JNK-staining cells in the colon mucosa
of PKG2-deficient mice (unpublished results). A likely
explanation is that JNK activity is tightly linked to apoptosis
in the luminal epithelium, and the phospho-JNK-staining cells
are rapidly shed into the luminal space. More conclusive
evidence for the ability of Vard/PKG2 to inhibit phospho-JNK
in vivo came from experiments using oral DSS, which is widely
known to induce epithelial apoptosis in the distal colon. Our
results showed that DSS caused massive JNK activation
specifically in the luminal epithelium in association with
equally profound apoptosis. The near complete blockade of
both JNK-P activation and apoptosis by Vard treatment in WT
but not PKG2-deficient animals strongly supports the idea that
cGMP/PKG2 signaling inhibits colonocyte apoptosis by
suppressing JNK.

IBD (Crohn’s disease and ulcerative colitis) is a significant
health issue that is characterized by bouts of inflammation
affecting the mucosal lining of the gut. It is not fully understood
whether a compromised epithelial barrier leads to mucosal
inflammation, or whether aberrant inflammation precedes
barrier breakdown. In either case, suppressing JNK signaling
would be expected to increase the threshold for stress-induced
barrier breakdown. This idea was demonstrated here using the
PDE5 inhibitor Vard to suppress JNK signaling in the gut
mucosa, which markedly reduced disease in the DSS model of
experimental colitis. This exciting translational finding under-
scores the potential therapeutic value of PDE5 inhibitors in the
gut, but further study with other disease models is indicated.

Taken together, our results show a novel function of cGMP
in the colon epithelium and identify at least part of the
mechanism. The cGMP/PKG2 signaling pathway is well
established in the small intestine where it regulates solute
balance, but its role in the colon is less clear.5,31 We show
here that PKG2 regulates homeostasis in the colon mucosa at
least in part by inhibiting colonocyte apoptosis. Furthermore,
suppression of JNK signaling by a PKG2-mediated increase in
MKP5 expression was shown to be a critical part of the
underlying mechanism. A growing body of evidence indicates
that cGMP signaling could be barrier protective13,14 and tumor
suppressive11,32 in the colon. The ability of the PDE-5 inhibitor
Vard to increase cGMP levels and activate protective PKG2-
mediated signaling in the colon epithelium therefore has
significant translational potential. As several PDE-5 inhibitors
are already used in the clinic to treat erectile dysfunction and
pulmonary hypertension,33 the present results highlight
additional therapeutic potential for these drugs in gastro-
intestinal diseases.

Materials and Methods
Animals. The type 2 PKG knockout (Prkg2� /� ) mouse was provided by
Dr. Franz Hofmann (Technische Universität München, Munich, Germany) with
129S1/Sv� 129� 1/SvJ genetic background.5 Genotyping PCR was performed
using genomic DNA isolated from tail-clip tissue using primer sets described
previously.10 Age-matched CD-1 mice were purchased from Harlan (Prattville, AL,
USA). All mouse procedures were approved by the GRU Institutional Animal Care
and Use Committee.

Drug administration in vivo and in vitro. Pharmaceutical grade PDE5
inhibitors Vard (Levitra) was dissolved in DMSO and diluted 1/10 with PBS
immediately before use. Animals were injected (IP) with vehicle or with a Vard
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dose of 0.6 mg/kg at 12-h intervals for up to 7 days. For time course studies, CD-1
mice were treated with a single dose of Vard and tissues were harvested at
different time points. The JNK inhibitor SP600125 (Sigma, St. Louis, MO, USA)
was similarly dissolved in DMSO and diluted 1/10 with PBS immediately before
use, and injected IP (30 mg/kg body weight) twice a day for 3 days. For in vitro
studies, the gut was removed, rinsed with PBS, divided into sections and the
explants were incubated under tissue culture conditions. For all studies, the
mucosa was harvested from underlying tissue by scraping.

Tissue culture and reagents. LS174T and Caco-2 cells were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA) and
maintained in 5% CO2 in RPMI-1640 medium containing 10% FBS, and
supplemented with 2 mM L-glutamine, 10 IU/ml penicillin and 10 mg/ml strepto-
mycin. Cell lines made inducible for PKG2 expression were described
previously.10 The doxycycline (doxy) and 8Br-cGMP were from Calbiochem
(San Diego, CA, USA). NP-40, Tween-20 and puromycin were from Sigma. G418
was from Hyclone (Logan, UT, USA), and all other chemicals were from Fisher
Scientific (Pittsburgh, PA, USA). The cGMP level in 0.1 M HCL extracts of gut
mucosa were quantitated using a cyclic GMP EIA Kit according to the
manufacturer instructions (Cayman, Ann Arbor, MI, USA) and standardized to
protein measured by the Bradford assay (Bio-Rad, Hercules, CA, USA).

Western blotting and IHC. Cell and tissue lysates were prepared and
separated on PAGE gels as described previously.10 Antibodies used for
immunoblotting recognized PKG2 (1 : 200, Santa Cruz Biotechnology, Santa
Cruz, CA, USA), b-actin (1 : 2000, Sigma) and all others were from Cell Signaling
(1 : 1000, Danvers, MA, USA). Animal tissues were processed for histological
analysis as described previously10 and probed using antibodies to Ki-67 (1 : 100
dilution; Dako Cytomation, Carpinteria, CA, USA), Phospho-JNK (1 : 100, Cell
Signaling), and CgA (1 : 200, Immunostar, Hudson, WI, USA). Apoptotic cells were
stained with a TUNEL kit (Millipore, Billerica, MA, USA). Histological analysis was
done independently by two individuals who were blinded to treatments and mouse
genotypes. To quantify immunoreactivity for western blotting, Licor IRDye Infrared
Dye-conjugated secondary antibodies were used and images were captured and
quantified by Odyssey Infrared imaging system version 3.0 (Lincoln, NB, USA).
Quantitation of phospho-JNK staining in the colon was done from images captured
from two animals per group. The intensity of red fluorescence was measured using
ImageJ software (National Institutes of Health, Bethesda, MD, USA; http://
imagej.nih.gov/ij/) relative to background, for at least 10-fields containing at least
10 crypts per each field for each animal.

Analysis of gene expression. Steady-state RNA levels were measured by
semiquantitative RT-PCR using GeneAmp PCR kits (Applied Biosystems, Foster
City, CA, USA) and primers designed using Primer Blast Software (National
Center for Biotechnology Information, National Library of Medicine, Bethesda, MD,
USA; see Supplementary Data Table 1). SiRNAs for DUSP10 were designed and
purchased from BLOCK-iT RNAi Designer (Invitrogen, Carlsbad, CA, USA).
The MUC2-luciferase reporter assay was described previously.18,34 c-Jun- and
ATF2-luciferase reporter assays were performed using PathDetect c-JUN trans-
Reporting System (Agilent Technologies, Santa Clara, CA, USA) according to the
manufacturer’s protocols. Dominant-negative JNK was a generous gift from
Dr. Shuang Huang (Georgia Regents University, Augusta, GA, USA). Active MEK7
(MKK7D) construct was obtained from Dr. Jiahui Han (Scripps Research Institute,
La Jolla, CA, USA).

DSS-induced colonic injury. Six- to 8-week-old male mice were treated
with DSS (m.w. 36 000–50 000; MP Biomedicals, Santa Ana, CA, USA) by
dissolving in drinking water ad libitum. (3.5% w/v for strain 129, and 5% for
CD-1). Vard or vehicle was administered IP starting 2 days before DSS
treatment and continued for the duration of the experiment. For histological
analysis of JNK and apoptosis, mice were treated with DSS for 5 days before
harvesting and processing of colon tissues. For assessment of subsequent
colitis symptoms, mice were treated with DSS for 6 days and switched to normal
drinking water for an additional 4 days of recovery. Scoring of colitis endpoints
was performed essentially as described previously.21,35 Disease activity index
included three components: weight loss (0¼ 0%, 1¼ 1–5%, 2¼ 5–10%,
3¼ 10–20%, 4¼420%), diarrhea (0¼ normal stool, 1¼ soft stool, 2¼ very
soft stool, 3¼ diarrhea, 4¼ dysenteric diarrhea) and rectal bleeding (0¼ none,
1¼ occult bleeding, 2¼ blood on anus, 3¼ blood on fur/tail, 4¼ gross

bleeding). After 10 days, the colons were removed and both weight and length
were recorded. Colon tissue was then processed as Swiss Rolls for
histopathological analysis of edema, leukocyte infiltration and crypt loss.

Statistical analysis. All quantitative experiments were reproduced in at least
three independent experiments with multiple measures in each replicate. The
resulting data were expressed as means with error bars indicating S.E.M. Two
means were considered to be statistically significant when two-tailed Student’s
T-test had P-value o0.05.
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