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Abstract

Background: Mesalamine, 5-aminosalicylic acid (5-ASA), is a potent antioxidant and is known
to enhance peroxisome proliferator—activated receptor -y activity in the intestine. Our previous
studies suggested reduced Phosphoinositide 3-Kinase (PI13K)/p-catenin signaling as a mechanism
for 5-ASA chemoprevention in chronic ulcerative colitis (CUC). We now hypothesize that 5-ASA
mediates changes in intestinal epithelial cell (IEC) reactive oxygen species during colitis to affect
phosphatase and tensin homolog (PTEN), PI3K, and p-catenin signaling.

Methods: Here, we examined effects of 5-ASA on oxidant-induced cell signaling pathways in
HT-29 cells, IECs from mice, and biopsy tissue from control and CUC patients. Samples were
selected to control for inflammation between untreated and 5-ASA-treated CUC patients.

Results: Direct evaluation of IEC in H,0,-stimulated whole colonic crypts indicated that 5-ASA
reduces reactive oxygen species levels in lower crypt IECs where long-lived progenitor cells
reside. Analysis of biopsies from patient samples revealed that 5-ASA increases expression

of the antioxidant catalase in CUC patients. Also, 5-ASA increased nuclear peroxisome
proliferator—activated receptor -y protein and target gene expression. Data showed 5-ASA-
induced peroxisome proliferator—activated receptor y DNA binding to the PTEN promoter
(chromatin immunoprecipitation) and reduced both phosphorylated and oxidized (inactive) PTEN
protein levels. Analysis of patient samples revealed 5-ASA that also reduced levels of active
phosphorylated Akt in inflamed colitis tissue. Reduced PI3K/Akt signaling and expression of
[-catenin target genes in 5-ASA-treated CUC patients additionally suggests enhanced PTEN
activity as well.

Conclusions: Therefore, 5-ASA reduces CUC-induced reactive oxygen species in colonic
progenitor cells and enhances PTEN activity, thus attenuating PI3K/AKkt signaling. These data
suggest that the antioxidant properties of 5-ASA may be the predominant mechanism for 5-ASA
chemoprevention.
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Chronic ulcerative colitis (CUC) is an inflammatory bowel disease characterized by
mucosal inflammation, ulceration, and bleeding. CUC can be distinguished from infectious
colitis by the presence of crypt architectural distortion with crypt branching and dropout.
These features suggest that chronic inflammation targets the intestinal epithelium. In
addition, severe chronic inflammation increases the risk for colorectal cancer in patients
with inflammatory bowel disease.1=* The primary treatment for mild to moderate
ulcerative colitis (UC) is mesalamine or 5-aminosalicylic acid (5-ASA). 5-ASA exerts
anti-inflammatory effects through reduction of cyclooxygenase 2, inducible nitric oxide
synthase,® interleukin 8, tumor necrosis factor,>’~9 and nuclear factor kB activation.10-12
Studies concur that 5-ASA reduces cancer risk in CUC.13-15 Potential mechanisms
suggested for mesalamine chemoprevention in CUC include its property as a potent oxygen
radical scavenger.16:17 Furthermore, antitumor effects are linked to its antiproliferative and
proapoptotic effects on epithelial cells as exhibited in vitro1218 and in vivo in micel® and
patients.20

Recent studies suggest that 5-ASA activation of the nuclear receptor peroxisome
proliferator—activated receptor y (PPARYy) may explain several 5-ASA effects related to
chemoprevention.21.22 PPARYy is expressed in adipocytes, colon epithelial cells, and to

a lesser extent in macrophages.23 On ligand binding, PPARy associates with retinoid

X receptor to initiate transcription at PPAR response elements in target genes. PPARy
targets include those involved in glucose and lipid metabolism and adipocyte and epithelial
differentiation.24 Target genes expressed in colon epithelial cells include kruppel-like factor
4, 3-hydroxy-3-methylglutaryl-CoA synthase (HMGCS?2), keratin 20, and phosphatase and
tensin homolog (PTEN).2526 The PPARy gene has a PPAR response element and is
therefore itself a target of PPAR-y transcriptional activity. Synthetic ligands for PPAR~y
such as rosiglitazone and pioglitazone increase insulin sensitivity in diabetes?” and provide
therapeutic benefits in UC.28:29 Studies suggest an increase in cytoplasmic PPARy and

a loss of nuclear PPARy in malignancy.3 Data also support a direct role for PPARy in
tumorigenesis by the frequent detection of loss-of-function mutations in many cancers.3!

Aside from its role as a transcription factor, PPARy also performs nongenomic functions

in the cytosol such as binding to p-catenin to regulate the ubiquitination and enhance

the degradation of B-catenin.32:33 Wnt signaling stabilizes p-catenin, allowing its nuclear
translocation.®* Nuclear B-catenin associates with T-cell factor 4 (TCF4)3° and induces
transcription of genes linked to cellular processes such as proliferation (c-myc36),
differentiation (G-protein coupled receptor 4937) and adhesion (matrix metalloproteinase
738). Using a site-specific antibody for B-catenin phosphorylated at serine 552 by Akt (P-p-
catenin552), we reported that P-B-cateninS552 levels increased in UC patients and were
attenuated in 5-ASA-treated patients.3? These findings indicate that 5-ASA impairs Wnt/p-
catenin activation in colitis, a key signaling pathway in normal, inflamed, and dysplastic
epithelial function.
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PTEN is the primary negative regulator of Phosphoinositide 3-Kinase (PI13K) signaling as

it prevents activation of the downstream effector Akt.*0 PTEN is inactivated by oxidation
by H,0, and through phosphorylation in the PDZ domain.#142 Schwab et al*3 reported

that 5-ASA-mediated PTEN upregulation is abolished in dominant-negative PPARy mutant
cells. In the present study, we investigated the relationship between PPARYy, B-catenin,

and PIBK/PTEN pathways, which potentially converge to impact the dysregulation of
epithelial intestinal stem cells (ISC) and progenitor cells (PCs) during the development

of inflammation-associated colon cancer. Investigation of the mechanism of 5-ASA
chemoprevention not only inform therapeutic strategies for the treatment of UC patients

but also help define the relationship between inflammation and cancer.

MATERIALS AND METHODS

Human Colonic Specimens and Colitis Scores

Animals

Cell Culture

Human biopsies were obtained from patients 18 years or older undergoing diagnostic or
surveillance colonoscopy in the Gastrointestinal Clinic at Northwestern Memorial Hospital.
No patients were pregnant, had a history of small or large bowel surgery, bleeding diathesis,
or coagulopathy. No control or CUC patients were on corticosteroids, immunomodulators,
or biologic agents and were only on mesalamine agents when indicated. Ulcerative Colotis
Disease Activity Index (UCDALI), or Sutherland index, is determined by stool frequency,
rectal bleeding, mucosal appearance, and the physician’s rating of disease activity.*4
Untreated (active) CUC patients underwent diagnostic colonoscopy for increased symptoms
(mean UCDAI score of 7.8 £ 1.6). All patient materials were approved by Northwestern
University Office for the Protection of Human Subjects. Hematoxylin and eosin staining
was performed to determine inflammatory scores by 2 independent investigators in a blinded
fashion as previously described.*® Inflammatory scores in human biopsies were determined
from 0 to 3 based on increasing severity of mononuclear infiltration, active cryptitis, and
epithelial ulceration with immunohistochemistry analysis performed on chronically inflamed
adjacent mucosa.

C57BL/6J (B6) were purchased from Jackson Laboratory (Bar Harbor, ME). Mice were
maintained in the barrier facility at Northwestern University Center for Comparative
Medicine, and all animal experiments were approved by the Animal Care and Usage
Committee of Northwestern University. Mice were between 6 and 12 weeks old for all
experiments.

and Activation

HT-29 cells were purchased from American Type Culture Collection and cultured in
Dulbecco’s modified Eagle’s medium (Cellgro, Manassas, VA) supplemented with 10%
fetal bovine serum (Life Technologies, Grand Island, NY) and 1% Pen/Strep solution
(Cellgro). Preceding each experiment, cells were grown to 80% confluence and then serum
starved overnight. The following day the cell culture supernatant was removed and saved
(referred to as conditioned media). Before stimulation, cells were pretreated with 30 mM
5-ASA (pH of 7.4) for 1 hour. Cells were then stimulated with 50:50 serum replete media
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and conditioned media with or without 30 mM 5-ASA (pH 7.4). Cells were harvested at 3
hours for chromatin immunoprecipitation (ChlP), 4 hours for RNA, and 24 hours for flow
cytometry.

Chromatin Immunoprecipitation Assay

Cells were grown and stimulated as described above followed by fixation to a final
concentration of 1% formaldehyde for 10 minutes. ChlIP was then performed using a
modified protocol from Millipore (Billerica, MA). Briefly, after fixation, 10% glycine was
added for 5 minutes to stop the cross-linking, cells were washed twice with phosphate
buffer solution (PBS), and scraped in ice-cold PBS plus 0.5 mM phenylmethylsulfonyl
fluoride. Cells were pelleted and resuspended in lysis buffer (1% sodium dodecy! sulfate
(SDS), 10 mM EDTA, 50 mM Tris-HCL; pH 8.1) for 10 minutes and sonicated to produce
DNA fragments approximately 500 base pair. Debris was cleared by centrifugation, and

the supernatant was diluted in ChIP dilution buffer (0.01% SDS. 1.1% Triton X-100, 1.2
mM EDTA, 16.7 mM Tris-HCL, 167 mM NaCl, and a Roche [Indianapolis, IN] complete
protease inhibitor tablet; pH 8.1). The sample was precleared using a salmon sperm

(Life Technologies)/Protein A/G agarose (Santa Cruz, Santa Cruz, CA) slurry. Beads were
removed by centrifugation. Input sample was removed, saved, and remaining supernatant
was incubated with 2 pg antibodies to PPAR~y (Santa Cruz) or Polll (transcription control,
Santa Cruz) plus 1gG (control) for 12 hours. Salmon sperm (Life Technologies)/Protein A/G
agarose slurry was added for 2 hours to precipitate the immune complexes. Samples were
centrifuged to collect the beads, washed once in low salt buffer, once in high salt buffer,
once in LiCl buffer, and twice in 1X TE. Complexes were eluted in 1% SDS/0.1M NaHCO3
and treated with RNaseA. Cross-linking (including for the input sample) was reversed using
5 M NaCl at 65 degrees (overnight) followed by treatment with proteinase K. DNA was
extracted with phenol/chloroform and precipitated with ethanol. PCR was then performed
using primers for glyceraldehyde-3-phosphate dehydrogenase and PTEN.

Laser Capture Microdissection and Real-Time Quantitative RT-PCR

Epithelial cells were captured from formalin-fixed paraffin-embedded tissues by laser
capture microdissection (LCM) using the VERITAS system (Arcturus Bioscience, Mount
View, CA). RNA was isolated and reverse transcribed using the paradise whole transcript
reverse-transcribed reagent system (Arcturus). Quality of each sample was determined with
the paradise sample quality assessment kit (Arcturus).

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Germantown, MD) from
RNAlater preserved biopsy specimens or HT-29 cell lines. Total RNA was also purified
from Allprotect preserved human samples using the AllPrep DNA/RNA/Protein mini kit
(Qiagen). Complementary DNA was synthesized using the high capacity complementary
DNA reverse transcription kit (Applied Biosystems, Foster City, CA). gRT-PCR was
performed using the Power SYBR green PCR master mix (Applied Biosystems) on the ABI
7500 real-time PCR system. Primers were designed to span exon junctions using Primer
Express software 3.0 (Applied Biosystems) based on nucleotide sequences from the NCBI
data bank (see Table, Supplemental Digital Content 1, http://links.lww.com/IBD/A187). For
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each sample, the Ct value for target genes and glyceraldehyde-3-phosphate dehydrogenase
(internal reference) was determined. Fold increases were calculated using the ddCt method.

Protein Extraction and Western Blot Analysis

Nuclear fractions were obtained from frozen biopsies by passing cells in 50 mM Tris-HCI
pH 7.4, 100 mM NacCl, 0.01% digitonin, plus protease and phosphatase inhibitors through
a 27-gauge needle followed by 5 minutes on ice and 5-minute centrifugation at 16,000g

at 4°C. Next, the resulting pellet was resuspended in 50 mM Tris-HCI pH 7.4, 100

mM NacCl, 0.2% Triton X-100, plus protease, and phosphatase inhibitors followed by 30
minutes on ice and 5-minute centrifugation at 16,000g at 4°C. This time the resulting pellet
was resuspended in 50 mM Tris-HCI pH 7.4, 100 mM NaCl, 0.5% DDM (n-dodecyl p-D-
maltoside; Life Technologies), 0.1% benzonase, plus protease, and phosphatase inhibitors
followed by 30 minutes at room temperature and 5-minute centrifugation at 16,000g at 4°C.
The final pellet consists of the nuclear and cytoskeletal subcellular fractions.

Total protein was extracted from Allprotect Tissue Reagent (Qiagen)—preserved biopsies
according to the manufacturer’s instructions. For oxidized protein determination, frozen
biopsies were homogenized in radio-immunoprecipitation assay buffer. The addition of
iodoacetamide (Sigma, St Louis, MO) prevents proteins already in reduced conformation
from forming disulfide bonds, therefore allowing discrimination of oxidized from reduced
proteins run under non-reduced conditions. Proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred to polyvinylidene difluoride membrane (Millipore). The
membranes were blocked with protein-free T20 blocking buffer (Pierce, Rockford, IL)

and incubated with primary antibodies specific for PPARy, PTEN, P-PTEN, and P-Akt
(Cell Signaling); P-PPARYy (Santa Cruz); and p-actin (Sigma); and TATA box binding
protein (Abcam, Cambridge, MA) as a loading control followed by the corresponding
anti-mouse or anti-rabbit secondary antibody (Thermo Scientific, Rockford, IL) at room
temperature. Proteins were detected by chemiluminescence (West Pico or West Dura Kits;
Pierce). Densitometry was measured in Photoshop, and fold increases were calculated by
normalizing to actin and determining the relative increase compared with control samples.

Mouse Colon Crypt Isolation and Detection of Reactive Oxygen Species

The peritoneum of anesthetized mice was opened so that nicks could be cut in the rectum
and near the cecum. The colons were flushed with 20 mL of Hanks’ Balanced Salt Solution
(37°C, pH 7.5, Ca+ and Mg+ free). The thoracic cavity was next opened, and 30 mL of

30 mM EDTA+ in Hanks’ Balanced Salt Solution was perfused via the left ventricle in 3
minutes and the vena cava was cut. The colon was next dissected from the mouse, inside
out, and placed in a tube with 1 mM EDTA+ in Hanks’ Balanced Salt Solution (wash buffer)
with 10 mM dithiothreitol and vortexed for 10 seconds followed by a 10-minute incubation
at room temperature. Next, the tissue was moved into new wash buffer and incubated

for 10 minutes at 37°C. The tissue was transferred into mini bead-beater tubes (Biospec,
Bartlesville, OK) with new wash buffer, shaken with a mini bead-beater (2500 revolutions
per minute, 20 seconds), and crypts settled to the bottom of the tubes set on ice.
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Whole crypts were resuspended in RPMI plus reactive oxygen species (ROS) detection
Reagent (Enzo) with or without 20 mM 5-ASA (pH 7.4) for 1 hour at 37°C. H,O»-treated
samples were given 50 mM H,0, for 5 minutes before washing. Crypts were overlayed
with Cygel (Biostatus) plus DRAQ5 (Cell Signaling) according to the manufacturer’s
instructions and imaged on a Zeiss LSM 510 confocal microscope (Northwestern University
Cell Imaging Facility). One mouse was used for each ex vivo experiment, and 5-6 crypts
were analyzed per condition. The experiment was repeated 3 times.

Flow Cytometry

HT-29 cells were cultured and stimulated as described above. Single cell suspensions

were fixed immediately after trypsin detachment from petri dishes with an equal volume
of prewarmed Phosflow Fix Buffer | (BD, Franklin Lakes, NJ) and incubated at 37°C

for 10 minutes. Cells were washed with PBS, pelleted, and permeabilized with Phosflow
Perm Buffer 111 and then incubated for 30 minutes at 4°C. Cells were then washed twice
followed by staining with p-Akt PE (BD) and Ki-67 FITC (BD). For ROS detection, mouse
colon epithelial cell crypts were isolated as described above followed by incubation in

1.2 U dispase (BD) and 25 pg DNase (Sigma) plus MgCl for 3 minutes, 37°C. Single

cell suspensions were incubated with mouse Fc Block (Miltenyi, Auburn, CA) followed

by CD45 and CD44 surface staining for 30 minutes on ice. After washing, samples were
resuspended in PBS plus ROS Detection Reagent (Enzo, Farmingdale, NY) for 1 hour

at 37°C. After 30 minutes, some samples received 20 mM 5-ASA for the remaining

time. H,0, was added to the indicated samples in the final 5 minutes. As a control for
5-ASA quenching, 5-ASA was also added to H,O,-treated tubes immediately before flow
cytometry. There was no significant difference in fluorescence between H,O, alone and
H,0, plus 5-ASA-added post-ROS detection reagent staining (data not shown). All other
samples were washed and resuspended in PBS plus Dapi for dead cell exclusion. For

each experiment, cells were collected on an FACSCantoll (BD) and analyzed using Flowjo
(Treestar, Ashland, OR).

Statistical Analysis

RESULTS

Pvalues were calculated by Graphpad Prism software using analysis of variance followed
by a Tukey posttest for comparison of more than 2 data sets. Significance (*) refers to P
values <0.05 between CUC and 5-ASA. A Student’s ftest was performed when 2 groups
were compared.

5-ASA Impairs ROS Levels in PCs

Given that 5-ASA is a potent oxygen radical scavenger, we tested its effect on mouse

crypt intestinal epithelial cell (IEC) exposed to hydrogen peroxide. Intracellular ROS stress
was measured using an ROS detection reagent (see Materials and Methods). Examination
of crypts treated with H,0, indicates that ROS levels increased in regions corresponding
to proliferating progenitor transit amplifying cells immediately above the crypt base.
Quantification of intact crypt images suggested 5-ASA treatment-attenuated ROS levels
(Fig. 1B, C). To quantify the effects of 5-ASA on intracellular ROS, IECs were analyzed
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by flow cytometry using CD44 as a marker of lower ISC/PC.#6 Data in Figure 1D indicate
that ROS levels were highest in CD44+ cells. Furthermore, data show that 5-ASA reduced
ROS levels by over 40% compared with H,O,-treated control IEC (Fig. 1E). Together, the
findings suggest that 5-ASA reduces oxidant stress in populations of lower crypt PC.

5-ASA Increases Antioxidant Gene Expression in Ulcerative Colitis

To examine the effect of 5-ASA on genes involved in oxidant stress, biopsies were collected
from untreated and 5-ASA-treated CUC patients. To control for tissue inflammation,
samples from untreated patients were compared with those refractory to mesalamine
treatment. This approach permits interrogation of mesalamine-induced changes independent
of anti-inflammatory effects.39 We assessed inflammatory scores by hematoxylin and eosin
and disease activity by the UCDAI index (see Materials and Methods and Fig. A and

B, Supplemental Digital Content 2, http://links.lww.com/IBD/A188). Only patients with
scores greater than 2 for inflammation and 7 for UCDAI were included in this study.
Catalase is an enzyme responsible for the breakdown of H,0,. Catalase is also a well-
known PPARY target gene.4” We therefore investigated catalase gene regulation in colitis
patients by gRT-PCR. Of note, catalase messenger RNA (mMRNA) levels were 50% higher
in 5-ASA-treated colitis patients compared with untreated CUC-positive controls (Fig. 2A).
Conversely, expressions of GPX1 and GPX2, 2 other key enzymes responsible for the
decomposition of H,0O, in the intestine, were not affected by 5-ASA (Fig. 2B). Expressions
of ROS-enhancing enzymes, NOX1 and Duoxa2, were elevated in CUC with no apparent
effect of 5-ASA (Fig. 2B). Notably, Duoxa2 averaged nearly 100-fold higher in both groups
of colitis patients. Together, these data suggest that 5-ASA enhances expression of catalase,
a major antioxidant gene, while not directly affecting expression of genes involved in
mediating IEC oxidant stress in CUC.

5-ASA Increases PPARy Transcriptional Activity

Given that 5-ASA is a known PPARy agonist, we determined whether 5-ASA altered levels
of PPARYy inactivated by mitogen-activated protein kinase phosphorylation at Serine 82/112
(P-PPAR-y). Analysis of protein extracts from patient biopsies shows that 5-ASA reduced P-
PPARy levels an d increased nuclear accumulation of PPARYy in colitis patients (Fig. 3A and
see Fig. A, Supplemental Digital Content 3, http://links.lww.com/IBD/A189). These data led
us to interrogate expression of PPARy target genes in patient biopsies (Fig. 3B). Data show
that 5-ASA increased mRNA levels for PPARYy targets, kruppel-like factor 4, HMGCS2,
and keratin 20 by over 25% compared with levels detected in patients with untreated active
colitis. Results also revealed that 5-ASA induced expression of PPARy mRNA. Significant
changes in PTEN mRNA expression were not detected (see Fig. B, Supplemental Digital
Content 3, http://links.lww.com/IBD/A189). Together, these data indicate that mesalamine
promotes PPARYy transcriptional activity independent of its anti-inflammatory properties in
human inflammatory bowel disease.

5-ASA-Induced PPARY Increases PTEN Transcription and Function

To further examine regulation of PPARy target genes by 5-ASA, mRNA levels were
analyzed in HT-29 cells after serum repletion. Data in Figure 4A show that 5-ASA
treatment of cells enhanced transcription of kruppel-like factor 4 and keratin 20 mMRNA

Inflamm Bowel Dis. Author manuscript; available in PMC 2022 January 12.


http://links.lww.com/IBD/A188
http://links.lww.com/IBD/A189
http://links.lww.com/IBD/A189

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Managlia et al.

Page 8

with minimal changes detected for PTEN (Fig. 4A). We therefore examined whether 5-ASA
affected PPARy regulation of PTEN transcription by ChIP assay. ChIP revealed that 5-ASA
increased binding of PPARy to the PTEN promoter (Fig. 4B). The failure to detect a clear
increase in PTEN mRNA (Fig. 4A) suggests that beyond 5-ASA-induced PPARy binding to
the PTEN promoter, other pathways regulate PTEN mRNA levels in HT-29 cells.

Because PTEN is the major negative regulator of PI3K/AKkt signaling and Akt activity is a
critical factor in cell proliferation and survival in IECs,*8 we examined active P-Akt levels
in HT-29 cells. Following 24 hours of 5-ASA treatment of HT-29 cells, cells were stained
with antibodies directed against P-Akt (active) and the proliferation marker Ki-67. Flow
cytometry revealed that 5-ASA reduced proliferation (93%-9.42%) and the proportion of
cells with active Akt signaling by >50% (Fig. 4C). Together, the data were consistent with
the notion that 5-ASA increases PPAR-y-mediated PTEN and reduces Akt signaling and
ultimately cell proliferation in HT-29 cells.

5-ASA Reduces PTEN Oxidation and Increases Activity

To further examine the possibility that 5-ASA affected PTEN signaling, patient biopsies
were examined for total and phosphorylated (inactive) PTEN. Human biopsies examined by
Western blot revealed an average 28% reduction in P-PTEN in tissue from 5-ASA-treated
CUC compared with untreated active CUC (Fig. 5A). Additionally, we found a significant
amount of PTEN protein in untreated patients in the inactive oxidized conformation,
whereas PTEN in 5-ASA patients favored the active reduced conformation (Fig. 5B).
Further analysis indicates that 5-ASA increased the relative levels (ratio) of activated
(reduced) compared with inactivated (oxidized) PTEN (Fig. 5B). These data correlated

with an increase in nuclear PPARy levels (see Fig. A, Supplemental Digital Content 3,
http://links.lww.com/IBD/A189). To determine whether posttranslational changes in PTEN
regulation affected Akt signaling, human tissue was investigated for Akt activity by Western
blot. P-Akt levels were 45% lower in biopsies from 5-ASA-treated patients compared with
untreated CUC (Fig. 5C). To address the possibility that the decreased Akt was simply

due to decreased PI13K receptor activation. We measured mRNA for several representative
growth factors implicated in the enhanced PI3K signaling seen in UC (Insulin-like growth
factor-1, connective tissue growth factor, and amphiregulin) and determined that there was
no significant difference between the treated and untreated patients (see Fig., Supplemental
Digital Content 4, http://links.lww.com/IBD/A190). Together, these data indicate that 5-ASA
affects PTEN by increasing the relative amounts of active/inactive PTEN. Thus, the data are
consistent with the conclusion that 5-ASA decreases Akt activation through alterations in
PTEN protein conformation.

5-ASA Inhibits p-catenin Signaling in CUC Specimens From Patients

We previously reported that 5-ASA reduces epithelial P-B-catenin552 levels in colitis
patients.3% Additionally, we found that PI3K was a key upstream component to the increased
Wht/B-catenin signaling seen in colitis.*® Thus, effects detected here on PTEN and Akt
activation (Fig. 5) suggest that 5-ASA may reduce p-catenin—induced gene transcription by
virtue of its effect on PI3K signaling. To determine if 5-ASA reduces WNT/p-catenin target
gene expression in epithelial cells, mMRNA expression was analyzed in whole biopsies and
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by LCM. Analysis revealed that 5-ASA treatment significantly decreased c-myc, G-protein
coupled receptor 49 and matrix metalloproteinase 7 transcription compared with untreated
CUC patients (Fig. 6A). gRT-PCR results from epithelial-enriched LCM mRNA preparation
paralleled results from whole tissue experiments (Fig. 6B). Purity of our dissections is
represented in Fig., Supplemental Digital Content 5, http://links.lww.com/IBD/A191. These
data extend prior findings3® and support the conclusion that patients on 5-ASA have
decreased epithelial B-catenin signaling.

DISCUSSION

Others and we have observed that inflammation in human and rodent models of colitis
expands populations of proliferating ISC/PC in intestinal crypts.3%49-51 Given that data

in the central nervous system indicate that ROS modulates the balance of self-renewal

and differentiation,>2:53 we considered the possibility that 5-ASA may impact signaling
pathways that regulate these events. We found that ROS levels were higher in epithelial
cells in the lower third of colonic crypts, which are also high in levels of CD44. Treatment
of crypts with 5-ASA reduced levels of PC ROS. The overall reduction in oxidant stress
by 5-ASA was supported by reduced oxidized PTEN (as discussed below). In addition, we
detected increased levels of the antioxidant catalase in biopsies from 5-ASA-treated CUC
patient. Previous reports had found that 5-ASA preferentially provided antioxidant activity
within the membrane.>* Data presented here suggest that the antioxidant properties extend to
sources of ROS within the cytosol. It is at this level that we propose that 5-ASA influences
critical cell signaling events.

Data here indicate that 5-ASA impacts the function of PPAR~y by multiple mechanisms.
Previous results show that 5-ASA specifically binds to the PPARy receptor, thus

providing an agonist effect.5® Studies here help elucidate the downstream effects of

this interaction. 5-ASA enhanced nuclear PPARy protein levels in CUC patient samples
and diminished mitogen-activated protein kinase phosphorylation—phosphorylated PPARYy.
As phosphorylation by mitogen-activated protein kinase phosphorylation interferes with
PPARYy trancriptional activity,? these data provide an additional mechanism for how
5-ASA may increase the transcriptional activity of PPARy. The enhanced transcriptional
activity of PPARy was supported by detection of increased mRNA for PPARYy target
genes in 5-ASA-treated patients (Fig. 2B). ChIP assay confirmed that 5-ASA induced
PPARy transactivation of the PTEN promoter. The PPAR-y-independent transcription
detected in untreated HT-29 cells was likely due to other transcription factors such as p53,
which also plays a role in PTEN regulation. It is possible that 5-ASA-induced PPAR~y
transcriptional activity enhanced PPAR-y protein levels, given that PPARy mRNA was also
elevated in 5-ASA-treated CUC patients. Thus, we propose that 5-ASA treatment leads to
modification of epithelial PPAR~y expression, protein phosphorylation, and DNA binding
that in combination increases target gene expression.

Absorption of active 5-ASA beyond the intestinal mucosa is limited and has potent
antioxidant properties,>’ making 5-ASA an ideal agent for chemoprevention of epithelial
cancers. Our prior data3? indicated that 5-ASA reduced levels of Akt-phosphorylated -
catenin. We interpreted these results as 5-ASA attenuates ISC activation in CUC. Data
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here provide additional mechanistic explanation for 5-ASA-mediated reduction in PI3K
signaling. Given that PTEN is a major negative regulator of PI3K, and a target of PPARYy,
we consider that 5-ASA-mediated changes in PTEN activity are a potential link between
PPAR-y and PI3K signaling pathways. Our data demonstrate that 5-ASA-induced PPARy
directly binds to the PTEN promoter. Analysis of patient samples indicates that that 5-ASA
decreased inactive PTEN. In addition, the antioxidant properties of 5-ASA increased relative
levels of active PTEN by reducing the amount of oxidized PTEN (Figs. 4A, B). We provide
further evidence of increased PTEN activity as determined by a substantial decrease in
P-Akt in 5-ASA-treated patient samples and HT-29 cells. Together, these data support the
notion that PTEN is a central mediator of 5-ASA effects on cell signaling.

Data presented here help explain the usefulness of mesalamine in chemoprevention of colitis
associated cancer. Barker et al®® indicate that colorectal cancer begins in stem and PCs

that reside in the crypt base. Examinations here reveal that cells just above the base of

the crypt are susceptible to oxidant stress (Fig. 1). Although not formally tested here, we
believe these cells to be long-lived progenitor populations derived from crypt base ISC.
This view fits with the paradigm proposed by Clarke and colleagues that stem cells are
protected by high levels of antioxidant enzymes whereas PC display more ROS.%° Data here
indicate mesalamine reduces ROS levels in PC of the lower crypt. In prior publications, we
reported that acute and chronic forms of inflammation induce p-catenin activation within
PC populations.324° Our findings, together with data in this article, support the model that
5-ASA decreases PTEN oxidation, thereby attenuating PI3K and B-catenin signaling in

PC. In several models of carcinogenesis, cancer stem cells are thought to be derived from
activated (and mutated) PC.5% We conclude that effects described here allow mesalamine

to attenuate PC activation and crypt IEC responses in chronic colitis. Given that colitis
associated cancer likely originates in ISC and PC populations, these observations provide an
attractive explanation for how mesalamine reduces neoplastic transformation in colitis.
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FIGURE 1.

Basal ROS is elevated in intestinal PC. A, Cartoon of colon crypt showing the orientation

of the intact crypts that were isolated from mice and imaged by live-cell fluorescent and
light microscopy where CD44~ differentiated IECs are at the top and CD44+ ISC/PC are

at the bottom. B, Images of intact colonic crypts treated with H,O, with or without 5-ASA
stained with the ROS detection reagent (green) and DRAQ5 (blue pseudocolor) to stain all
nuclei. Some crypts were not stained with the ROS detection reagent or treated with H,0,
as controls. C, Percent change in the relative fluorescent intensity of ROS detection reagent
staining between H,0, with or without 5-ASA. Crypt images were analyzed in ImageJ,

and calculations were performed using peak values in the lower crypt. Average value of 3
independent experiments is shown (*P < 0.05). D, Flow cytometry data showing the number
of ROS detection reagent-stained mouse colon IEC. Live, CD45~, CD44+ cells were gated
on to determine the mean fluorescent intensity of each cell population, as shown in E of
ROS detection reagent—stained cells untreated or treated with H,O5, with or without 5-ASA.
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FIGURE 2.

5-ASA alters ROS gene expression in CUC patients. Colon biopsies were taken during
endoscopy from normal patients (N) or active CUC patients with (5-ASA) or without
(CUC) 5-ASA. Only CUC patients with comparative UCDAI and H&E inflammatory
scores were used in these experiments (see Fig., Supplemental Digital Content 2, http://
links.lww.com/IBD/A188). gRT-PCR was performed on mRNA from whole biopsy tissue
for the ROS gene catalase (A) and several ROS depleting and enhancing genes (B). *
indicate where a significant change was seen with 5-ASA treatment. n = 10 in each group.

H&E, hematoxylin and eosin.
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PPAR-y activity is impaired in CUC and improved with 5-ASA. A, WB analysis of total
PPARY and transcriptionally inactive P-PPARy from whole cell extracts from biopsies
obtained from normal, active CUC, and 5-ASA-treated CUC patients (top). Densitometry
of western blots performed on 5 individual patients per group indicates the decrease in
P-PPARYy detection in CUC with 5-ASA compared to untreated patients (normalized to
[B-actin) is statistically significant. B, gRT-PCR of PPARy target genes comparing normal
and 5-ASA-untreated versus 5-ASA-treated CUC patients. * indicate significant changes in
mMRNA levels in the CUC patient groups. WB, Western blot.
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FIGURE 4.
PTEN transcription and function is induced by 5-ASA-mediated PPARy transcriptional

activation in vitro. Serum-starved HT-29 cells were stimulated by the reintroduction of
serum plus Conditioned Media before lysing cells untreated or treated with 5-ASA. A, gRT-
PCR quantifying mRNA expression of the PPAR-y target genes shown. B, Images of agarose
gels showing results from ChlIP assays performed on lysates from the cells stimulated

with complete media alone or with 5-ASA using the antibody indicated at the top of each
lane followed by PCR amplification of either glyceraldehyde-3-phosphate dehydrogenase or
PTEN-specific primers. C, Results from flow cytometry analysis of cells to determine the
number of proliferating (Ki-67 positive) HT-29 cells with active phosphorylated Akt (P-Akt)
after release from serum starvation by media alone or with 5-ASA treatment.
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FIGURE 5.

5-ASA-treated patients display reduced levels of PTEN inactivation. A, Protein extracts
from N, CUC, and 5-ASA-treated human biopsy specimens were analyzed by WB for total
and phosphorylated (inactivated) PTEN. Relative fold changes and statistical significance

(*) were determined by densitometry from 6 patients per group relative to total actin. B,

The oxidative status of PTEN was analyzed under nonreducing conditions by electrophoresis
of lysates from CUC and 5-ASA-—treated patients followed by WB. The bar graph (right)
indicates mean ratios of active (reduced)/inactive (oxidized) PTEN in untreated CUC and
5-ASA-treated CUC. C, Akt activation was assessed by WB for P-Akt and densitometry of
results from 7 patients per group relative to total actin. Actin serves as a loading control for
all experiments. WB, Western blot. * indicate statistical significance.
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FIGURE 6.
[B-catenin signaling is decreased in 5-ASA-treated CUC patients independent of

inflammation. gRT-PCR was performed to examine relative fold increases in mMRNA
expression of B-catenin target genes in normal, CUC, and 5-ASA colon biopsy specimens
collected from human patients. mMRNA was examined from whole biopsy tissue specimens
(A) or LCM-extracted epithelial cells (B). * indicate where a significant decrease was seen
with 5-ASA treatment. n > 7 in each group.
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