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Signaling through cGMP has therapeutic potential in the colon, where it has been implicated in the
suppression of colitis and colon cancer. In this study, we tested the ability of cGMP and type 2 cGMP-
dependent protein kinase (PKG2) to activate forkhead box O (FoxO) in colon cancer cells and in the colon
epithelium of mice. We show that activation of PKG2 in colon cancer cells inhibited cell proliferation,
inhibited AKT, and activated FoxO. Treatment of colon explants with 8Br-cGMP also activated FoxO target
gene expression at both RNA and protein levels, and reduced epithelial reduction-oxidation (redox)
stress. FoxO3a was the most prominent isoform in the distal colon epithelium, with prominent luminal
staining. FoxO3a levels were reduced in Prkg2�/� animals, and FoxO target genes were unaffected by 8Br-
cGMP challenge in vitro. Treatment of mice with the phosphodiesterase-5 inhibitor vardenafil (Levitra)
mobilized FoxO3a to the nucleus of luminal epithelial cells, which corresponded to increased FoxO target
gene expression, reduced redox stress, and increased epithelial barrier integrity. Treatment of human
colonic biopsy specimens with 8Br-cGMP also activated catalase and manganese superoxide dismutase
expression, indicating that this pathway is conserved in humans. Taken together, these results identify a
novel signaling pathway in the colon epithelium, where FoxO tumor suppressors could provide protection
from redox stress. Moreover, this pathway is regulated by endogenous cGMP/PKG2 signaling, and can be
targeted using phosphodiesterase-5 inhibitors. (Am J Pathol 2017, 187: 377e389; http://dx.doi.org/
10.1016/j.ajpath.2016.10.016)
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The epithelial lining of the intestine is an essential barrier
that separates luminal contents from the underlying tissues.1

The epithelium is continuously turned over by proliferation
at the crypt base, terminal differentiation, and apoptosis at
the luminal surface.2,3 An imbalance in this homeostatic
process can compromise the intestinal barrier, and leakage
of luminal contents into the mucosal compartment promotes
inflammation.4e6 Inflammatory cytokines and reactive ox-
ygen species (ROS) can further compromise barrier function
and set the stage for inflammatory bowel disease and
colorectal cancer.7,8 Oxidative stress arising from ingested
chemicals and endogenous microbiota is also barrier
disruptive and plays an important role in carcinogenesis in
the colon.9e12 In this stressful microenvironment, the
stigative Pathology. Published by Elsevier Inc
antioxidant machinery of the intestinal epithelium has an
important role in preserving reduction-oxidation (redox)
balance and cellular integrity.8

Uroguanylin and guanylin are endogenous peptide hor-
mones that trigger intracellular cGMP production by acti-
vating guanylyl cyclase C receptors (GC-C) in the intestinal
epithelium.13,14 This system is well established in the
. All rights reserved.
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regulation of fluid and electrolyte balance,15 but has
emerged more recently as fundamentally important for the
maintenance of epithelial homeostasis and barrier integrity.
Mice that are deficient in either guanylin or GC-C have
reduced cGMP levels, an increased proliferative compart-
ment, increased apoptosis, and reduced differentiation of
secretory lineage cells in the intestine.16,17 GC-C knockout
mice also exhibit a compromised epithelial barrier that is
more susceptible to insult by chemicals, pathogens, and
ionizing radiation.18e21 These observations suggest that
GC-C/cGMP signaling is tumor suppressive in the gut,
which has been supported by studies using mouse models of
intestinal tumorigenesis.22,23

The mechanisms and signaling responsible for the
reduced resilience of the epithelial barrier in cGMP-deficient
mice are poorly understood. Type 2 cGMP-dependent pro-
tein kinase (PKG2) is the central cGMP effector in the gut
epithelium that mediates fluid secretion by controlling ion
channels.24,25 PKG2 knockout mice also exhibit crypt hy-
perplasia and increased apoptosis of the luminal epithelium,
indicating that PKG2 mediates the homeostatic effects of
cGMP in the colon.26 We recently demonstrated that PKG2
suppresses apoptosis in the colon epithelium, in part by
increasing dual specificity protein phosphatase 10 expres-
sion, which suppresses c-Jun N-terminal kinase (JNK) ac-
tivity.27 It has also been reported that cGMP can attenuate
AKT signaling in the gut mucosa, but the role of PKG2 in
that pathway is not known. These studies demonstrated that
inhibition of AKT1 promotes mitochondrial oxidative
phosphorylation and is responsible for the differentiation-
promoting effects of cGMP in the colon epithelium.28 In
addition, suppression of AKT by cGMP was also reported to
reduce epithelial barrier permeability by increasing junc-
tional protein expression.21 Although these observations can
explain the leaky epithelial barrier in the colons of GC-C
knockout mice, it remains unclear how suppression of
AKT activity would confer increased epithelial resiliance
and reduced apoptosis.

Forkhead box O (FoxO) transcription factors have
important roles in coordinating environmental stressors with
the regulation of cell growth and tissue homeostasis.29

There are four mammalian FoxO proteins that are widely
expressed, but with differences in isoform-specific expres-
sion in various tissues. FoxO 1, 3a, and 4 are ubiquitous but
are at higher levels in adipose tissue, liver, and skeletal
muscle (respectively), whereas FoxO6 is predominantly
found in the brain.30,31 All FoxO isoforms are phosphory-
lated by AKT, which effectively inactivates them by
sequestration in the cytosol.32 FoxO proteins can be acti-
vated by growth factor deprivation, and also by oxidative
stress.33 Mobilization of FoxO to the nucleus can activate
antioxidant and damage repair genes, metabolic genes, or
genes that regulate cell cycle arrest and apoptosis. In
quiescent cells, FoxO3a protects from oxidative stress,34

suggesting a protective role in the intestinal epithelium.
However, despite a relatively robust literature on FoxO
378
proteins, there is little information about their expression or
function in the colon mucosa.
In the present study,we have tested the importance of PKG2

in the regulation of the AKT-FoxO signaling axis in the colon
epithelium and in colon cancer cells. We show that PKG2 is
necessary for AKT inhibition and activation of FoxO in colon
cancer cells. We further show that FoxO3a is the prominent
isoform in the colon epithelium, and that increasing cGMP
levels activates FoxO target gene expression in a PKG2-
dependent manner. Activating cGMP signaling using the
phosphodiesterase-5 (PDE5) inhibitor vardenafil increased
antioxidant gene expression and reduced redox stress in the
colon mucosa. Our data provide new insight into cGMP and
FoxO signaling in the colon epithelium and highlight a novel
application of this pathway to reduce redox stress.

Materials and Methods

Cell Lines and Animals

Colon cancer cell lines were obtained fromATCC (Manassas,
VA) and maintained in 5% CO2 in RPMI 1640 medium
containing 10% fetal bovine serum, and supplemented with 2
mmol/L L-glutamine, 10 IU/mL penicillin, and 10 mg/mL
streptomycin. Cells with inducible PKG2 expression have
been described previously.26 The doxycycline and 8Br-cGMP
were from Calbiochem (San Diego, CA). NP-40, Tween-20,
and puromycin were from Sigma (St. Louis, MO). G418 was
fromHyclone (Logan, UT), and all other chemicals were from
Fisher Scientific (Pittsburgh, PA). Most studies were done
with age-matched CD-1 mice purchased from Harlan (Pratt-
ville, AL). The type 2 PKG knockout (Prkg2�/�) mouse was
provided by Dr. Franz Hofmann (Technical University of
Munich, Munich, Germany), with 129S1/Sv � 129X1/SvJ
genetic background,25 and was bred and genotyped as pre-
viously described.26,27 All mouse procedures were approved
by the Augusta University (Augusta, GA) Institutional Ani-
mal Care and Use Committee.

Constructs, Antibodies, and Reagents

The FoxO expression constructs and the FHRE-Luc reporter
construct were purchased from Addgene (Cambridge, MA).
The phosphatase and tensin homolog (PTEN) and Negative
Control siRNAs were purchased from Invitrogen (Grand
Island, NY). The former is a Validated Stealth RNA inter-
ference composed of a mixture of three different oligonu-
cleotides. Antibodies used for immunoblotting recognized
PKG2 (Santa Cruz, CA), b-actin (Sigma), and catalase
(R&D Systems, Minneapolis, MN). For histology, anti-
FoxO4 was from LSBio (Seattle, WA), and all other anti-
bodies were purchased from Cell Signaling (Danvers, MA).
The 8Br-cGMP and the PTEN inhibitor bpV(phen) were
from EMD Millipore (Billerica, MA). The carboxy-20,70-di-
chlorofluorescein was from Invitrogen, and the pyocyanin
was from Enzo Life Sciences (Farmingdale, NY).
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Phosphodiesterase Inhibitor Treatment

Pharmaceutical-grade PDE5 inhibitor vardenafil (Levitra,
Whippany, NJ) was pulverized with mortar and pestle and
stored as a colloidal suspension in phosphate-buffered saline
at�80�C. Animals were injected (i.p.) with a vehicle or with
a vardenafil dose of 0.6 mg/kg at 12-hour intervals. For
in vitro studies, the gut was removed, rinsed with phosphate-
buffered saline, and divided into sections, and the explants
were incubated under tissue culture conditions. For all
studies, the mucosa was harvested from underlying tissue by
scraping.

Biopsy Acquisition and Processing

The human mucosal biopsy specimens were collected from
patients undergoing routine colonoscopy and were deemed
normal by a board-certified pathologist. Freshly obtained tis-
sues were immediately placed in RPMI 1640 medium on ice
and transported to the laboratory within 10 minutes of accrual.
Specimens were then treated with or without 8Br-cGMP and
placed in an incubator at 37�C, 5% CO2, for 2 hours before
RNA extraction. The Institutional Review Board of Augusta
University approved the study protocol, and all patients con-
sented to participate with the understanding that the results
were to be published for research purposes.

Reverse Transcriptase PCR

Steady-state RNA levels were measured by semiquantitative
reverse transcriptase PCR using GeneAmp PCR kits (Applied
Biosystems, Foster City, CA) and primers designed using
Primer Blast Software (National Center for Biotechnology
Table 1 Oligonucleotide Sequences Used for Reverse Transcriptase PC

Species Gene Forward sequence

Human CAT 50-CGTGCTGAATGAGGAACAG
qPCR human CAT 50-ACGGGGCCCTACTGTAATA
Human GPX1 50-CTTACAGTGCTTGTTCGGG
Human GADD45 50-AAAGGATGGATAAGGTGGG
Human SOD2 50-AATCAGGATCCACTGCAAG
qPCR human SOD2 50-TAGGGCTGAGGTTTGTCCA
Human CDKN1B 50-TCACTCCAGGTAGTTTGGG
Human PRKG2 50-GAGCGAACTGGAGGAAGAC
qPCR human PRDX3 50-GACGCTCAAATGCTTGATG
Human HPRT1 50-GATGAAGAGCAAGGTTATG
qPCR human ACTB 50-TGAAGGTGACAGCAGTCGG
Mouse Cat 50-GGACGCTCAGCTTTTCATT
Mouse Gpx1 50-GTGGCGGGTTCGAGCCCAA
Mouse Gadd45 50-TTCTGCTGCGAGAACGACA
Mouse Sod2 50-AAGGAGCAAGGTCGCTTAC
Mouse Cdkn1b 50-AGATACGAGTGGCAGGAGG
Mouse Prkg2 50-GTGGCGGAGGACGCCAAGA
Mouse Prdx3 50-TCGTCAAGCACCTGAGTGT
Mouse Gsr 50-GCTCTGGGCCATTCGACGG
Mouse Actb 50-CTGAGAGGGAAATCGTGCG

qPCR, real-time quantitative PCR.

The American Journal of Pathology - ajp.amjpathol.org
Information, Bethesda, MD; https://www.ncbi.nlm.nih.gov/
tools/primer-blast) (Table 1) and purchased from Integrated
DNA Technologies (Coralville, IA). Semiquantitative reverse
transcriptase PCR was used to determine the relative steady-
state levels of mRNA. Total RNA was isolated using
TRIzol reagent, according to manufacturer’s instructions
(Invitrogen), and cDNA was generated using the GeneAmp
reverse transcriptase system (ThermoFisher Scientific, Wal-
tham, MA). PCR was performed using 1 mL cDNA in re-
actions with 0.2 U Taq (TaKara Bio Inc., Mountain View,
CA), 30 cycles at 60�C annealing temperature.

For real-time quantitative PCR analysis of human colonic
biopsy specimens, the specimens were incubated in vitro
with or without 8Br-cGMP, and the RNA was then
extracted from the scraped mucosa using TRIzol reagent
and PureLink RNA Mini Kit (ThermoFisher Scientific). The
RNA was subsequently converted to cDNA using M-MLV
reverse transcriptase (ThermoFisher Scientific). Quantitative
reverse transcriptase PCR analysis of the cDNA was per-
formed using SYBR Green PCR Master Mix (Applied
Biosystems). Relative expression levels were calculated
using the 2�DDCT method, with b-actin (ACTB) as a refer-
ence. Biopsy specimen amplifications were performed in
duplicate or in triplicate wells, and melt curve analysis was
done to confirm the specificity of the primers used.

FoxO Reporter Assay

The experimental design and analysis for the luciferase re-
porter assay has been described previously.35 Briefly, cells
were cultured in 12-well plates, and at 80% confluence the
assays were performed by transfecting triplicate wells
with luciferase reporter plasmids using Lipofectamine
R

Reverse sequence

A-30 50-TCTTCATCCAGTGATGAGCG-30

A-30 50-AGATGCAGCACTGGAAGGAG-30

G-30 50-GTTCTTGGCGTTCTCCTGAT-30

G-30 50-TCCCGGCAAAAACAAATAAG-30

G-30 50-AAGGCATCCCTACAAGTCCC-30

G-30 50-GGAGAAGTACCAGGAGGCGT-30

G-30 50-CACAAAACATGCCACTTTGG-30

-30 50-GGTACACAACTTCACACCTTCT-30

A-30 50-GATTTCCCGAGACTACGGTG-30

AC-30 50-ACACAGAGCAACGATATGG-30

TTG-30 50-GGCTTTTAGGATGGCAAGGGAC-30

C-30 50-AGAAGCCCGGATTATCGTTT-30

TT-30 50-GCCAGGGCCGCCTTAGGAGT-30

T-30 50-AGTCATCTCTGAGCCCTCGT-30

A-30 50-CAAAGTAGTTGGCCTAAGAATAGATTT-30

T-30 50-TGTTTACGTCTGGCGTCGAA-30

C-30 50-AGGCCTGCAGTGGGCTTCCT-30

C-30 50-CACTCGGGGAGAATTGGTTA-30

G-30 50-GAAGTCGGCCTTGGTGGCCC-30

T-30 50-AGCTCAGTAACAGTCCGCCT-30
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2000 reagent (ThermoFisher Scientific). FoxO activation
was measured using FHRE-luciferase reporter plasmid that
has been described previously.36 Cells were cotransfected
with 0.6 mg luciferase reporter per well and 0.2 mg human
cytomegalovirus immediate early gene promotereb-galac-
tosidase to control for cell number and transfection effi-
ciency. After 16 hours, the medium was changed and cells
were stimulated with 100 mmol/L 8-BrecGMP for an
additional 6 to 8 hours before enzyme assay.

Immunohistochemistry and Western Blotting

Cell and tissue lysates were prepared and separated on
PAGE gels, as described previously.26 Quantitation of
Western blots was performed on low-exposure scans using
ImageJ software version 1.48 (NIH, Bethesda, MD; http://
imagej.nih.gov/ij).37 Data from different experiments were
normalized to control (untreated) lanes. Animal tissues were
processed for histological analysis, as described previ-
ously,26 and probed using antibodies to FoxO isoforms
using the same antibodies as for immunoblotting. Histo-
logical interpretation and analysis was done independently
by two individuals who were blinded to treatments (A.B.
and R.W.). The intensity of FoxO staining was measured
using ImageJ software relative to background, for at least 10
fields containing at least 10 crypts per field for each animal.

Cell Proliferation Assays

Cell growth was measured by seeding 12-well plates with
104 cells per well in triplicate, and after 24 hours (day 0) the
medium was changed. Viable cell numbers were measured
on days 1 and 3 by mixing equal volumes of trypan blue
with cell suspension, and counting in a TC20 cell counter
(Biorad, Hercules, CA). For siRNA knockdown experi-
ments, the cells were transfected with siRNA in the 12-well
plates on day 0.

cGMP and ROS Measurements

The cGMP level in mouse colon mucosa was quantitated, as
previously described,27 using a cGMP EIA Kit (Cayman, Ann
Arbor, MI) and standardized to protein measured by the Brad-
ford assay (BioRad). ROS in colon explants were measured by
incubating freshly dissected mouse colons in tissue-culture
conditions. After various treatments, carboxy-20,70-di-chloro-
fluorescein (5 mmol/L) was added, and after 30 minutes, the
tissue was rinsed briefly in phosphate-buffered saline, and the
epithelium was removed by scraping and transferred to a black
96-well dish for measuring fluorescein fluorescence in a Tecan
Ultra plate reader (Tecan US Inc., Morrisville, NC).

Barrier Permeability Assay

C57/BL6 mice (The Jackson Laboratory, Bar Harbor, ME)
were randomized into three groups: untreated, dextran
380
sulfate sodium (DSS)evehicle, and DSS-vardenafil. The
latter two groups were treated with 2% DSS in the drinking
water for 5 days. Administration of vardenafil or vehicle to
the DSS-treated mice was done by i.p. injection the night
before and repeated 1 hour before fluorescein iso-
thiocyanateedextran administration. To measure barrier
permeability, mice were gavaged with 100 mL of fluorescein
isothiocyanateedextran (100 mg/mL; 4 kD; Sigma-Aldrich,
St. Louis, MO) after an overnight fast. Blood was collected
from the submandibular vein after 90 minutes, and serum
was analyzed by fluorimetry to determine the fluorescein
isothiocyanateedextran concentration.

Statistical Analysis

All quantitative data were reproduced in at least three inde-
pendent experiments with multiple measures in each repli-
cate. The resulting data were expressed as means, with error
bars indicating SEM, and analyzed using a two-tailed t-test.
The real-time quantitative PCR data were analyzed using the
U-test (one sided). Each untreated biopsy specimen served as
its own internal control for the treated specimen. Two means
were considered to be statistically significant if P < 0.05.
Statistical analyses were completed in GraphPad Prism soft-
ware version 7.01 (GraphPad Software, La Jolla, CA).

Results

PKG2 Inhibits AKT Signaling and Proliferation in Colon
Cancer Cells

A large body of evidence supports the idea that increasing
cGMP levels has antiproliferative effects in colon cancer
cell lines. Several of these studies have suggested that in-
hibition of b-catenin/T-cell factor by type 1 PKG (PKG1) is
a possible growth-inhibitory mechanism in colon cancer
cells.38 More recently, type 2 PKG (PKG2) has also been
reported to inhibit proliferation in gastric cancer cells lines
by a mechanism involving inhibition of extracellular signal
regulated kinase (ERK) and AKT signaling path-
ways.29,39,40 To determine whether PKG2 can also inhibit
these pathways in colon cancer cells, we made use of cell
lines made inducible for PKG2 expression that have been
characterized previously.26 Activation of PKG2 in LS174T
colon cancer cells inhibited growth without affecting
apoptosis (Figure 1, A and B). Surprisingly, in the absence
of PKG2 expression, treatment of the LS174T cells with
membrane-permeable 8Br-cGMP increased phosphorylation
of both ERK44/42 and mitogen activated protein kinase,
ERK kinase (MEK)1/2 (Figure 1, C and D) but did not
affect the phosphorylation status of AKT (Ser473) or its
substrate FoxO1 (Ser256) (Figure 1, E and F). In cells that
were induced to express PKG2, the 8Br-cGMP did not
affect the MEK/ERK pathway, but dramatically reduced
phospho-AKT and phospho-FoxO1 levels relative to un-
treated controls. PKG2 expression by itself slightly
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Inhibition of colon cancer cell growth by PKG2 is associated with reduced AKT activity. A: The proliferation of LS174T cells with inducible
expression of PKG2 was measured. Cells were either untreated (�) or treated with inducer doxycycline and PKG2-activator 8Br-cGMP (þ) for 3 days. B: The
effect of cGMP/PKG2 on death of LS174T cells was measured as above using trypan blue exclusion. C and E: The effect of cGMP and PKG2 on MEK/extracellular
signal regulated kinase (ERK) activity (C) and AKT/FoxO signaling pathways (E) was measured by Western blotting. Untreated control cells (�), those treated
with 8Br-cGMP alone (cG), and those treated with doxycycline (Dox) to induce PKG2 expression, or both cG and Dox (þ) were harvested after 24 hours. b-Actin
is shown as a loading control. Western blot data were quantitated to show relative phosphorylation of MEK/ERK (D) and AKT/FoxO1 (F). Data are expressed as
means � SD (A, B, D, and F). n Z 3 (A and B); n Z 4 (D and F). *P < 0.05 versus untreated. MEK, mitogen activated protein kinase, ERK kinase.

PKG2 Activates FoxO3a in the Colon
increased phospho-ERK levels, but blocked the increase
resulting from 8Br-cGMP. Similar results were observed
using HT29 colon cancer cells (Supplemental Figure S1).
To better understand the mechanism underlying inhibition
of the AKT pathway by PKG2, the levels of upstream
signaling components were also examined. Activation of
PKG2 led to a small reduction in phospho-3-
phosphoinositideedependent protein kinase-1 (Ser241)
levels, suggesting that the effect of PKG2 is further up-
stream in the AKT pathway (Figure 2A). Interestingly, in-
duction of PKG2 expression caused an increase in the total
level of PTEN protein, but treatment of the cells with 8Br-
cGMP reduced PTEN levels. However, the phosphorylation
status of PTEN was not notably changed. Reducing the level
or activity of PTEN using siRNA knockdown or treatment
with the PTEN inhibitor bpV (respectively) blocked the
ability of PKG2 to suppress AKT (Figure 2, B and C). To
determine the significance of AKT inhibition by PKG2, we
tested the effect of PTEN knockdown on cell growth.
Knockdown of PTEN was found to reduce cell proliferation
compared to nontargeting siRNA (Figure 2D). However,
PTEN knockdown completely blocked the inhibitory effects
The American Journal of Pathology - ajp.amjpathol.org
of PKG2 activation of cell proliferation in these cells. Taken
together, these results suggest that PKG2 inhibits AKT
signaling and that this might contribute to the inhibition on
cell proliferation downstream of cGMP in colon cancer
cells.

Activation of FoxO by cGMP Signaling

It is well established that AKT regulates a plethora of
signaling pathways that collectively promote cell survival and
proliferation. An important target of AKT is the FoxO tran-
scription factors, which are inactivated on phosphorylation by
AKT.32 In the absence of AKT activity, FoxO proteins move
to the nucleus, where they can activate the expression of
antioxidant, cell-cycle inhibitory, and proapoptotic genes.28

The diversity of FoxO target genes indicates the importance
of these proteins as tumor suppressors, and for protection
against ROS. Because the present studies demonstrated that
cGMP/PKG2 can inhibit AKT signaling in colon cancer cells,
we sought to determine whether FoxO might be activated.
Initial studies used a luciferase reporter construct driven by
consensus FoxO binding sites, which could be activated
381
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Figure 2 Phosphatase and tensin homolog
(PTEN) is essential for the inhibition of AKT and cell
proliferation by PKG2. A: LS174T colon cancer cells
were either untreated (�) or treated with the PKG2-
activator 8Br-cGMP (cG), the PKG2-inducer doxycy-
cline (Dox), or both cG and Dox (þ). After 24 hours,
cell extracts were analyzed for immunoblotting for
phospho-3-phosphoinositideedependent protein
kinase-1 (PDK1) and phospho-PTEN. Total PDK1 and
PTEN are also shown. B: Cells were either untreated
(�) or treated with doxycycline and 8Br-cGMP (þ)
in the presence (bpV) or absence [control (Ctrl)] of
the PTEN inhibitor bpV(phen). After 15 hours, the
phospho-AKT levels were measured by immuno-
blotting. C: Cells were untransfected (Ctrl) or
transfected with nontargeting (si-ctrl) or PTEN-
specific (si-PTEN) siRNAs. After 24 hours, cells
were treated overnight with cGMP and doxycycline,
and phospho-AKT and PTEN levels were measured by
immunoblotting. D: The effect of nontargeting
(si-ctrl) or PTEN-specific (si-PTEN) siRNAs on the
ability of PKG2 to inhibit cell proliferation was
measured by cell counting. All Western blots were
reprobed for b-actin as loading control and PKG2 to
confirm expression. Growth data are expressed as
means � SEM (D). n Z 3 (AeD). *P < 0.05 versus
ctrl.
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threefold by overexpression of FoxO1, FoxO3a, or FoxO4 in
LS174T cells (Figure 3A). Treatment of cells with 8Br-cGMP
alone did not affect FoxO reporter activity, but in cells
expressing PKG2 it caused a twofold increase relative to
untreated controls (Figure 3B). Consistent with the idea that
PKG2 can activate endogenous FoxO activity in LS174T
cells, treatment of PKG2-expressing cells with 8Br-cGMP
increased the steady-state levels of several established FoxO
target genes (Figure 3C). Similar results were observed using
HT29 colon cancer cells (Supplemental Figure S1).

The potential protective and tumor-suppressive effects of
FoxO signaling prompted us to determine whether cGMP
could also activate this pathway in the normal colon epithe-
lium of mice. This was tested by treating mouse colon ex-
plants with 8Br-cGMP in vitro and measuring FoxO target
gene expression in the mucosa. These experiments showed
that 8Br-cGMP exposure increased the expression of several
classic FoxO-dependent antioxidant genes at both the mRNA
and protein levels in mucosa from both proximal and distal
regions of the colon (Figure 4, A and B). Antioxidant gene
expression typically increases in response to ROS, which can
activate several defensive signaling pathways, including
FoxO and nuclear factor erythroid 2 related factor 2.33,41 To
determine whether increasing cGMP affects redox stress in
the colon mucosa, the effect of 8Br-cGMP on carboxy-20,70-
di-chlorofluorescein fluorescence in colon explants was
measured. These studies showed that the redox stress in the
mucosa of untreated colon explants was higher than in those
treated with 8Br-cGMP (Figure 4C), which indicates that
382
cGMP activates antioxidant gene expression in the colon
mucosa in an ROS-independent manner. In support of this,
treatment with pyocyanin, which is an intracellular ROS
inducer, caused a significant increase in redox stress in the
colon explants that was blocked by cotreatment with 8Br-
cGMP (Figure 4C).

FoxO Expression in the Colon Mucosa

Despite the established protective role of FoxO proteins and
their targets genes in many tissues, they have not previously
been examined in the gastrointestinal tract. The data
presented above demonstrate FoxO activation by cGMP-
dependent signaling pathways in the colon mucosa, but it is
not clear which of the FoxO proteins is affected by cGMP.
To determine which FoxO isoforms are present in the colon
epithelium, freshly isolated mucosa from the mouse prox-
imal and distal colon was examined by immunoblotting for
the most prevalent isoforms. It was found that FoxO1, 3,
and 4 were all present in the proximal colon, but, although
FoxO1 and 4 levels decreased in the distal colon, FoxO3a
expression increased dramatically (Figure 5A). Immuno-
histochemical analysis showed that the different FoxO iso-
forms localized to different compartments, although all of
them were expressed in the muscular plexus (Figure 5B).
Staining the colon tissues with isotype-matched antibody
(Vector Laboratories, Burlingame, CA) produced little to no
staining when used at similar concentrations. FoxO1 pre-
dominantly stained lymphocytes and lymphoid aggregates
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 PKG2 activates FoxO in colon cancer cells. LS174T colon cancer cells were transiently cotransfected with a Forkhead-responsive element (FHRE)e
driven luciferase reporter construct and either empty vector (Vector) or expression vectors encoding FoxO1, 3, and 4 (as indicated). A: Cells were harvested,
and the relative luciferase activity was determined. B: The effect of cGMP and PKG2 on FHRE-luciferase activity was determined by comparing activity in
untreated cells (�) to those incubated with 8Br-cGMP (cG), doxycycline inducer (Dox), or both (þ). C: The effect of PKG2 on endogenous FoxO target gene
expression in LS174T cells was determined by reverse transcriptase PCR. Gels are representative of at least three experiments. Quantitative data are expressed
as means � SEM (A and B). n Z 3 (AeC). *P < 0.05 versus vector; yP < 0.05 versus untreated cells. GADD, growth arrest and DNA damage; HPRT, hy-
poxanthine phosphoribosyltranferase; MnSOD, manganese superoxide dismutase; PRDX, peroxiredoxin.

PKG2 Activates FoxO3a in the Colon
(data not shown) in both proximal and distal regions, but did
not significantly stain the epithelium. In contrast, FoxO3a
was present in the luminal epithelium in both proximal and
distal colon, but was variable, with patches of low expres-
sion. The subcellular expression of FoxO3a was also
nonuniform across the colon epithelium, because it was
Figure 4 cGMP activates antioxidant gene expression in the colon mucosa.
in vitro with 8Br-cGMP for 2 hours. The mucosa was harvested and processed for
loading control (A) and immunoblotting using b-actin as loading control (B). C:
diacetate (DCF) fluorescence in mucosa from colons treated in vitro with vehicle [c
(Py), or both (cG þ Py). Experiments were performed in triplicate. Results expr
peroxidase; HPRT, hypoxanthine phosphoribosyltranferase; MnSOD, manganese su

The American Journal of Pathology - ajp.amjpathol.org
mostly cytosolic but exhibited patches of nuclear staining.
FoxO4 was present in both luminal epithelium and further
down in the crypt in the proximal colon, but in the distal
colon, nuclear staining was more prominent in the crypts.

To determine whether PKG2 has a role in FoxO
expression or activity in the colon mucosa, FoxO target
Mouse colons were dissected into proximal and distal regions and treated
analysis of antioxidant genes by reverse transcriptase PCR using HPRT1 as
Relative oxidative stress was measured by 20,70-dichlorodihydrofluorescein
ontrol (Ctrl)], 8Br-cGMP (cG), the reactive oxygen species inducer pyocyanin
essed are means � SEM (C). n Z 3 (AeC). *P < 0.05. GPX, glutathione
peroxide dismutase; PRDX, peroxiredoxin.
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Figure 5 Expression of FoxO isoforms in the colon. The expression of different FoxO protein isoforms was measured in the proximal and distal colons by
Western blotting (A) and immunohistochemistry (B). The black arrows in the bottom panel for FoxO1 show leukocytes in the lamina propria. The black arrows
in the top and bottom panels for FoxO3a indicate intense staining of luminal epithelia. The black arrows in the bottom panel for FoxO4 indicate staining in
the crypts. The red arrows indicate FoxO staining in the muscular plexus. n � 3 animals (A and B). Scale bars Z 50 mm (B).
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gene expression was measured in Prkg2�/� and compared
to that of wild-type siblings. The mRNA levels of many
FoxO target genes were reduced in the colons of Prkg2�/�

(Figure 6A), and were unresponsive to treatment with
8Br-cGMP (Figure 6B). This deficiency in FoxO target gene
expression was associated with reduced levels of FoxO3a
protein expression (Figure 6C), whereas FoxO4 was similar
to wild-type animals (data not shown).

Activation of FoxO3a by cGMP in the Colon Epithelium

The ability of 8Br-cGMP to activate FoxO in the colon
epithelium in vitro prompted us to determine whether cGMP
has a similar effect in vivo. To test this idea, mice were treated
with the PDE5 inhibitor, vardenafil, by i.p. injection, which
384
increased mucosal cGMP levels (Figure 7A). Between 8 and
24 hours after administration of vardenafil, there was an in-
crease in both staining intensity and in nuclear localization of
FoxO3a at the epithelial border in the colon (Figure 7, B and
C). This effect was not observed for either FoxO1 or FoxO4
(data not shown). In association with the altered staining
pattern of FoxO3a after vardenafil treatment, there was
increased expression of several FoxO target genes in the
colon mucosa (Figure 7D). To determine the effect of the
increased antioxidant gene expression, redox stress was
measured by incubating freshly isolated colons from
vardenafil-treated mice with carboxy-20,70-di-chloro-
fluorescein. Fluorescence of the scraped mucosa showed that
mice treated with vardenafil had significantly lower redox
stress relative to untreated controls (Figure 7E). Redox stress
Figure 6 PKG2-deficient mice exhibit reduced
FoxO activity in the colon mucosa. FoxO target
gene expression in the colon mucosa of wild-type
(Prkg2þ/þ) and PKG2 knockout (Prkg2�/�) mice
was measured by reverse transcriptase PCR in
freshly isolated colon (A) and in explants treated
with 8Br-cGMP for 2 hours in vitro (B). C: HPRT1 is
a loading control. The expression of FoxO3a in the
colons of wild-type and PKG2 knockout mice was
assessed by immunohistochemistry. The arrows
indicate FoxO3a staining of the luminal epithe-
lium. n � 3 animals (AeC). Scale bar Z 100 mm
(C). GADD, growth arrest and DNA damage; GPX,
glutathione peroxidase; GSR, glutathione disulfide
reductase; HPRT, hypoxanthine phosphoribosyl-
tranferase; PRDX, peroxiredoxin.
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Figure 7 Vardenafil treatment activates FoxO3a and reduces reduction-oxidation (redox) stress in the colon mucosa. Mice were either untreated [control
(Ctrl)] or treated with the phosphodiesterase-5 inhibitor vardenafil by i.p. injection (Vard). A: After 5 hours, the cGMP levels in the colon mucosa were
measured by enzyme-linked immunosorbent assay. B: After 15 hours, colons were processed for FoxO3a staining by immunohistochemistry. The right column
shows higher magnification of representative luminal epithelium shown to be intensely stained in the left column (arrows). The arrows in the bottom right
panel indicate prominent nuclear staining for FoxO3a. C: FoxO3a-positive nuclei per crypt were quantitated. D: The expression of FoxO target genes in the
colons 24 hours after vardenafil treatment was assessed by reverse transcriptase PCR. E: Redox stress in the scraped colon mucosa was measured using carboxy-
20,70-di-chlorofluorescein (DCF) fluorescence. F: The effect of acute vardenafil treatment on intestinal barrier function was assessed by permeability of
fluorescein isothiocyanate (FITC)edextran in untreated (Ctrl) and dextran sulfate sodium (DSS)etreated mice. Error bars indicate SEM (A, C, B, and F). n > 3
(A and DeF); n Z 3 (B and C). *P < 0.05 versus ctrl. Scale bars: 100 mm (B, left column); 20 mm (B, right column). ACTB, beta actin; GSR, glutathione
disulfide reductase; PRDX, peroxiredoxin.

PKG2 Activates FoxO3a in the Colon
can destabilize tight junctions and promote apoptosis, ulti-
mately compromising barrier function and setting the stage
for inflammatory bowel disease.7,8 We tested the ability of
the cGMP/FoxO pathway to augment the epithelial barrier
that had been compromised by treatment with DSS
(Figure 7F). An acute dose of vardenafil (15 hours) was able
to reduce the barrier permeability in this model to the level of
control animals that had not received any DSS.

To determine the relevance of our observations in mice to
humans, biopsy specimens of normal descending colon
epitheliumwere obtained from routine colonoscopies. Similar
to the mouse, FoxO3a was similarly expressed in the luminal
epithelium with patches of nuclear staining, but in addition,
leukocytes in the lamina propria also stained (Figure 8A). In
The American Journal of Pathology - ajp.amjpathol.org
addition, treatment of the biopsy specimens with 8Br-cGMP
for 2 hours led to activation of FoxO-dependent antioxidant
genes (P < 0.05 for catalase and manganese superoxide
dismutase) relative to untreated specimens (Figure 8B).
Discussion

There is a large body of evidence from independent labo-
ratories demonstrating that the cGMP signaling axis has a
barrier-protective role in the gastrointestinal tract, but the
underlying mechanism(s) are poorly understood. In this
study, we found that increasing cGMP in the colon epithe-
lium activated FoxO3a and up-regulated antioxidant gene
385
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Figure 8 Activation of FoxO target genes by
cGMP in human colon epithelium. A: Biopsy
specimens from human descending colon were
processed for hematoxylin and eosin (H&E) and
immunostaining for FoxO3a. The arrow in the top
panel highlights the intact inner mucus layer in
the biopsy specimens. The arrow in the bottom
panel indicates intense staining of the luminal
epithelium with some nuclear localization. B:
Human colonic biopsy specimens were treated with
8Br-cGMP or vehicle for 2 hours in vitro and sub-
jected to real-time quantitative PCR analysis of
FoxO-regulated antioxidant genes. n Z specimens
examined (A). Data are expressed as means � SD
(B). **P < 0.01, ***P < 0.001 versus untreated.
Scale bar Z 50 mm (A). MnSOD, manganese
superoxide dismutase; PRDX, peroxiredoxin.
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expression to protect against redox stress and barrier
dysfunction. We further showed that this pathway is
mediated by PKG2, which can be activated by systemic
treatment with PDE5 inhibitors.

Inhibition of AKT activity by cGMP has previously been
reported to occur in the colon epithelium and in colon
cancer cell lines.29 The results shown herein extend our
understanding of this phenomenon by demonstrating that
PKG2 mediates AKT inhibition downstream of cGMP in
this pathway. Independent work has shown that PKG2 also
suppresses AKT in gastric cancer cell lines, where the
mechanism was suggested to occur at the level of receptor-
tyrosine kinases because ERK was also inhibited.42e44 Our
results show that in colon cancer cells that do not express
PKG2, cGMP actually increased the MEK/ERK pathway
but did not affect AKT signaling. However, in PKG2-
expressing colon cancer cells, the cGMP did not signifi-
cantly affect phospho-ERK levels but dramatically reduced
phospho-AKT. These results indicate that the ERK and
AKT pathways are regulated differently by cGMP in colon
cancer cells, and the mechanism is likely to be more com-
plex than inhibition at the receptor level. We show herein
that suppression of AKT signaling by cGMP/PKG2 occurs
upstream, because phospho-3-phosphoinositideedependent
protein kinase-1 levels were reduced. Regulation of PTEN
by cGMP/PKG2 signaling is likely because the total PTEN
levels were affected by PKG2 expression and activation.
These results are consistent with a previous study in
HCT116 colon cancer cells,29 but the precise relationship
between PKG2 and PTEN has yet to be elucidated. PTEN
activity plays an important role downstream of PKG2
because knockdown of PTEN expression blocked the
inhibitory effect of PKG2 on phospho-AKT in colon cancer
cells. Knockdown of PTEN with specific siRNA also
blocked the ability of PKG2 to inhibit colon cancer cell
growth. This is the first evidence for the importance of AKT
in the suppression of colon cancer cell growth by PKG2 and
lends mechanistic support to the tumor-suppressor effects of
386
cGMP signaling in the gastrointestinal tract. The activity of
AKT increases during progression of colorectal tumors,
where it has the important role of keeping the proapoptotic
and antiproliferative effects of FoxO in check.45 Aberrant
FoxO activation can inhibit colon cancer cell proliferation
by up-regulating cell-cycle inhibitory genes and by titrating
b-catenin from T-cell factor.46 Indeed, we have previously
reported that ectopic PKG1 can inhibit colon cancer cell
growth by activating FoxO4.36 FoxO4 activation by PKG1
is mediated by JNK, which paradoxically was recently re-
ported to be inhibited by PKG2.27 Herein, we demonstrate,
for the first time, that PKG2 can also activate FoxO in colon
cancer cells, and by an alternative mechanism involving
inhibition of AKT. The inhibition of JNK by PKG2
signaling would be expected to inhibit FoxO4 activation in
the colon epithelium, and might explain the apparent
selectivity of cGMP for FoxO3a in vivo.
The ability of cGMP to suppress AKT activity is not

limited to cancer cells, because previous studies have shown
that the regulation of AKT by the guanylin/GC-C signaling
axis promotes barrier function and suppresses tumorigenesis
in the mouse colon.21,29 Knockout mice that are deficient in
cGMP signaling exhibit aberrant AKT activity in the colon
mucosa that coincides with elevated epithelial proliferation
within crypts.21,22 Because AKT is an established promoter
of proliferation and survival, this pathway may directly
contribute to crypt hyperplasia in these knockout mice.
However, it is not clear how aberrant AKT activity would
increase the epithelial apoptosis and barrier dysfunction that
are also observed in these animals.17,19,26 Extrinsic and
intrinsic ROS are prominent in the colon epithelium, and can
destabilize tight junctions to promote barrier dysfunction.47

We hypothesized that the protective effects of cGMP in the
colon epithelium might be mediated by the activation of
FoxO, because these transcription factors are important reg-
ulators of antioxidant gene expression. The present study is
the first to characterize FoxO expression in the gut, and our
results show that FoxO3a is the most prominent isoform, with
ajp.amjpathol.org - The American Journal of Pathology
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a striking localization in the luminal border epithelium.
FoxO4 was also present at the luminal border, but in contrast
to FoxO3a, it also extended down into the crypts. This pattern
of FoxO isoform expression is likely because of the specific
targeting of FoxO3a for proteasomal degradation in prolif-
erating cells, such as those residing deeper in the colonic
crypts.48 Because JNK is a specific activator of FoxO4, the
nuclear localization of FoxO4 in the crypts is likely because
of higher levels of active JNK in that compartment.27,49 The
function of FoxO4 in the crypt epithelium is not known, but it
may have a role in restitution because knockout animals are
more sensitive to epithelial damage.50 However, specific
conclusions about the function of epithelial FoxO4 are
complicated by the increased inflammatory activities of
FoxO4-deficient leukocytes in these animals. Our results also
showed that FoxO1 is undetectable in colonocytes, but was
prominent in leukocytes in the lamina propria, and in
neuronal tissue in the submucosa. These observations are
consistent with a large body of evidence supporting impor-
tant roles for FoxO1 in the regulation of leukocyte and
neuronal development and function.51,52

FoxO transcription factors are associated with several
classes of targets, including cell cycle regulatory, proapo-
ptotic, metabolic, and antioxidant genes. Because PDE5
inhibition reduces apoptosis at the luminal border and
augments barrier function, it is unlikely that these genes
serve an important role.27 We did observe increased p27kip

and GADD (growth arrest and DNA damage) 45 expres-
sion, suggesting the possibility that FoxO activation might
promote cell cycle withdrawal and differentiation, which
occurs downstream of cGMP/PKG2 signaling.26,27 The
increased expression of these two antiproliferation FoxO
targets could also contribute to antineoplastic and anti-
genotoxic effects of cGMP signaling, which have been re-
ported previously.21,53,54 FoxO3a could therefore serve
many functions in the differentiated colon epithelium, but
we demonstrated herein that it can protect these cells from
oxidative stress, as has been described recently for quiescent
cells.33 FoxO expression at the luminal border would
therefore augment epithelial barrier resiliance to the
destructive effects of ROS that are known to be generated
by commensal bacteria.9e11 Although FoxO4 might also
serve a protective role in the colon epithelium, only FoxO3a
was activated in response to increasing cGMP with varde-
nafil. It has been suggested that by suppressing AKT in the
colon epithelium, cGMP shifts metabolism away from
glycolysis in favor of increased mitochondrial biogenesis
and oxidative phosphorylation.38 This would be expected to
facilitate the utilization of short chain fatty acids generated
by commensal bacteria, which are the primary energy
source of colonocytes.55 However, this would also increase
redox stress, particularly at the luminal border, where oxy-
gen levels are limited.56 It was shown herein that increasing
cGMP in the colon epithelium caused activation of FoxO3a-
dependent antioxidant gene expression, and protected
against pyocyanin-induced intrinsic superoxide generation.
The American Journal of Pathology - ajp.amjpathol.org
The protection from redox stress conferred by FoxO3a is not
only because of activation of antioxidant gene expression,
but also because of the control of mitochondrial function by
antagonizing cMyc.57,58 It is possible that short-term FoxO
activation favors protective antioxidant gene expression, but
more prolonged ROS challenge might lead to reduced
mitochondrial function as a feedback mechanism at the cost
of butyrate utilization. The contention that cGMP promotes
mitochondrial biogenesis, as reported previously,38 is
ostensibly at odds with FoxO suppressing cMyc function.
However, it is possible that the increased mitochondrial
biogenesis observed previously in response to cGMP could
be indirect, and associated with increased differentiation
rather than a direct effect on the mitochondria. It is well
established that PKG2 controls electrolyte and fluid in the
small intestine, but this function is not present in the colon,
where its role is not understood.59 Results shown herein
indicate that protecting the epithelial barrier from redox
stress could be the main function of PKG2 in the colon,
which is subjected to more oxidative damage arising from
the anaerobic environment and a more robust microbiota.
The inhibition of cGMP degradation by vardenafil treatment
presumably amplifies the guanylin response through GC-C.
Guanylin secretion is stimulated by the ingestion of a salty
meal, which prepares the gut for the osmotic imbalance.60,61

The present study suggests that guanylin might also serve to
prepare the mucosal epithelium for an increase in redox
stress arising from the metabolic stimulation of commensal
bacteria by incoming nutrients.

Taken together, our results have identified FoxO3a as part
of a novel endogenous antioxidant protection pathway in the
luminal epithelium of the colon in both mice and humans.
Activation of FoxO3a by PKG2 indicates that the cGMP
signaling axis may have the important role of coupling
antioxidant protection to diet-induced guanylin secretion in
the colon. The association of ROS with colitis and colorectal
cancer further suggests that FoxO3a activation by cGMP
contributes to the protective effects of this pathway that are
well documented in preclinical models for these diseases.
Moreover, our demonstration that we can activate this
pathway to reduce redox stress in the colon mucosa using
PDE inhibitors further highlights the therapeutic potential of
this class of drugs for treating intestinal disease.
Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2016.10.016.
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