-

Polyamine catabolism contributes to enterotoxigenic
Bacteroides fragilis-induced colon tumorigenesis

Andrew C. Goodwin?, Christina E. Destefano Shields®, Shaoguang WuP, David L. Huso®, XinQun Wu®,
Tracy R. Murray-Stewart®, Amy Hacker-Prietz?, Shervin Rabizadeh®, Patrick M. Woster®, Cynthia L. Sears®®,

and Robert A. Casero, Jr.2"

Departments of 2Oncology, "Medicine, “Molecular and Comparative Pathobiology, and ®Pediatrics and The Sidney Kimmel Comprehensive Cancer Center,
Johns Hopkins School of Medicine, Baltimore, MD 21231; and *Department of Pharmaceutical and Biomedical Sciences, Medical Univeristy of South Carolina,

Charleston, SC 29425

Edited* by Bert Vogelstein, Johns Hopkins University, Baltimore, MD, and approved August 9, 2011 (received for review July 14, 2010)

It is estimated that the etiology of 20-30% of epithelial cancers is
directly associated with inflammation, although the direct molecu-
lar events linking inflammation and carcinogenesis are poorly
defined. In the context of gastrointestinal disease, the bacterium
enterotoxigenic Bacteroides fragilis (ETBF) is a significant source
of chronic inflammation and has been implicated as a risk factor
for colorectal cancer. Spermine oxidase (SMO) is a polyamine cata-
bolic enzyme that is highly inducible by inflammatory stimuli result-
ing in increased reactive oxygen species (ROS) and DNA damage.
We now demonstrate that purified B. fragilis toxin (BFT) up-
regulates SMO in HT29/c1 and T84 colonic epithelial cells, resulting
in SMO-dependent generation of ROS and induction of y-H2A.x,
a marker of DNA damage. Further, ETBF-induced colitis in C57BL/6
mice is associated with increased SMO expression and treatment
of mice with an inhibitor of polyamine catabolism, N',N*-bis(2,3-
butandienyl)-1,4-butanediamine (MDL 72527), significantly reduces
ETBF-induced chronic inflammation and proliferation. Most impor-
tantly, in the multiple intestinal neoplasia (Min) mouse model, treat-
ment with MDL 72527 reduces ETBF-induced colon tumorigenesis by
69% (P < 0.001). The results of these studies indicate that SMO is
a source of bacteria-induced ROS directly associated with tumori-
genesis and could serve as a unique target for chemoprevention.
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t is estimated that chronic inflammation associated with mi-

crobial infection directly contributes to the etiology of about
20% of epithelial cancers. The chronic inflammatory microenvi-
ronment is characterized by immune dysregulation and elevated
levels of reactive oxygen species [ROS; including superoxide, hy-
drogen peroxide (H,0,), and singlet oxygen|. These features re-
sult in activation of stress response pathways and oncogenes,
down-regulation of tumor suppressor genes, cell and tissue dam-
age, and contribute to tumor initiation, promotion, and pro-
gression. However, the precise molecular links between inflam-
mation and carcinogenesis remain to be clarified (1, 2).

In the colon, alterations in the physiological balance between the
diverse and abundant microbiota (~ 10'2 organisms per gram feces)
and the host are a common source of inflammation. Bacteroides spp
comprise a significant proportion of colonic commensal bacteria and
members of this group include symbionts and the leading human
anaerobic pathogen, Bacteroides fragilis. Enterotoxigenic B. fragilis
(ETBF) represent a molecular subtype characterized by a single
unique virulence determinant, the production and secretion of
a 20-kDa metalloprotease enterotoxin (B. fragilis toxin; BFT).
ETBF have been epidemiologically associated with acute diarrheal
diseases in humans and livestock, inflammatory bowel diseases
(IBD), and colorectal cancer (reviewed in ref. 3). Exposure of in-
testinal epithelial cell lines to BFT results in cleavage of the cell
adhesion and tumor suppressor protein E-cadherin, morphological
alterations, activation of stress response signaling pathways, in-
duction of cytokine secretion, and increased cellular proliferation
mediated by elevated expression of the c-Myc oncogene (4-11).
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Recent studies have demonstrated that ETBF infection alone
is necessary and sufficient to induce acute and persistent colitis in
wild-type C57BL/6 mice (12, 13). On the basis of these results,
Wu and colleagues (14) studied the effect of ETBF on tumor
formation in multiple intestinal neoplasia (Min) mice. Min mice
develop dozens of small intestine tumors over 3—6 mo, due to a
truncation mutation in the APC gene, a genetic defect that is also
a hallmark of human colorectal cancer (15, 16). Whereas Min
mice develop few colon polyps, ETBF infection rapidly and dra-
matically increases colon tumorigenesis. ETBF-induced tumori-
genesis is dependent on a Th17 immune response mediated by
the transcription factor signal transducer and activator of tran-
scription-3 (STAT3) and tumor burden positively correlates with
the severity of intestinal inflammation and proliferation (14).

Enteric bacteria have been shown to induce ROS production
(17), and mice lacking the Gpx-1 and Gpx-2 enzymes that protect
against these free radicals are succeptible to microflora-dependent
intestinal inflammation and tumorigenesis (18). Recent reports
suggest that a potential source of this inflammation-associated
ROS production is the polyamine catabolic enzyme spermine
oxidase (SMO), which generates H,O, as a byproduct of the back
conversion of spermine to spermidine (19, 20). SMO is rapidly
induced by the bacterial pathogen Helicobacter pylori and the
pleiotropic mediator of inflammation, tumor necrosis factor-a
(TNF-a), leading to SMO-dependent ROS production and DNA
damage (21, 22). Elevated SMO has also been observed in tissues
from human inflammatory disease patients, including H. pylori-
associated gastritis, ulcerative colitis, prostatic intraepithelial neo-
plasia, and prostate cancer (22-24).

ETBF-driven colonic tumorigenesis in the Min mouse therefore
provides an ideal model in which to test the hypothesis that SMO
induction is a fundamental molecular process directly linking
inflammatory stimuli with carcinogenesis. This report sum-
marizes experiments demonstrating that ETBF induces SMO ex-
pression in cell culture and animal models. Further, our in vitro
data show that BFT stimulates SMO-dependent generation of
ROS and leads to oxidative damage that can be prevented with
the polyamine oxidase inhibitor, N',N*-bis(2,3-butandienyl)-1,4-
butanediamine (MDL 72527). Most importantly, in ETBF-infec-
ted Min mice, MDL 72527 reduces chronic intestinal inflam-
mation, proliferation, and tumorigenesis. Our results confirm that
SMO contributes to chronic inflammation and tumor formation in
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a model of inflammation-associated colorectal cancer, and as such
may represent a target for chemopreventive strategies.

Results

Purified Recombinant BFT Induces SMO Expression and SMO-
Dependent DNA Damage in Vitro. The ability of recombinant, pu-
rified BFT (5 nM final concentration) to stimulate SMO expression
was evaluated in two human colonic epithelial cell lines, HT29/c1
and T84. As measured by qRT-PCR, BFT rapidly induced SMO
gene expression in both cell types, resulting in a two- to fourfold
increase after a 3- or 6-h exposure (Fig. 14). The magnitude and
time course of stimulation of SMO transcription by BFT closely
parallels that seen in response to H. pylori or TNF-a (21, 22).
In addition to induction of SMO at the gene expression level, BFT
also similarly increased SMO protein levels (Fig. 1B) and enzyme
activity (Fig. 1C), suggesting that increased transcription is the
primary mechanism by which BFT up-regulates SMO.

To evaluate the specific cellular responses to BFT that are
mediated by polyamine catabolism, HT29/c1 and T84 cells were
pretreated with MDL 72527. As expected, MDL 72527 treatment
completely inhibited SMO enzyme activity at concentrations
>10 pM (Fig. 1C). T84 cells, control or pretreated with 25 pM
MDL 72527, were exposed to 5 nM BFT and cell lysates were
analyzed by immunoblotting for y-H2Ax, a phosphorylated his-
tone variant that is recognized as a marker of cellular DNA
damage (25). A 6-h exposure of T84 cells to BFT significantly
induced y-H2A X, a response that could be completely inhibited
by MDL 72527 (Fig. 24).

BFT Induces Polyamine Catabolism via SMO Rather than the
Spermidine/Spermine-N"-Acetyltransferase-N"-acetylpolyamine oxi-
dase (SSAT-APAO) Pathway. MDL 72527 is a potent inhibitor of
both APAO and SMO (26, 27). To conclusively demonstrate that
BFT exposure stimulates SMO-dependent ROS generation, T84
cell lines stably expressing nontargeting or SMO-specific short
hairpin RNA (shRNA) were created. Cells were exposed to BFT
as described above and intracellular ROS levels were measured
using the oxidation-sensitive fluorescent probe CM-H,DCFDA.
A twofold induction of ROS was observed in control cells but

was eliminated in the SMO knockdown cell line (Fig. 2B). Fur-
ther, BFT exposure did not increase SSAT or APAO expression
in either control or SMO knockdown cells and APAO enzyme
activity levels remained undetectable in BFT-treated cells (Fig. 1C
and Fig. S1). Finally, mice infected with ETBF exhibited no
change in SSAT enzyme activity (Fig. S2). Taken together, these
data indicate that, consistent with previous reports (21, 28), SMO
is the source of ROS leading to cytotoxic DNA damage in re-
sponse to BFT.

ETBF Induces SMO in Mouse Models of Colitis. On the basis of the
ability of BFT to induce SMO expression in human colon epi-
thelial cell lines, we next evaluated the effect of ETBF infection on
SMO expression in colon and cecum tissue of wild-type and Min
C57BL/6 mice. Immunohistochemical staining for SMO on Swiss-
rolled colon tissue from C57BL/6 mice revealed that colon tissues
from sham-inoculated mice were negative for SMO staining with
the exception of regions of mild-to-moderate apical staining. In
contrast, slides from ETBF-inoculated mice contained regions of
intense SMO staining that extended deeper into the colonic crypts
(Fig. 3). Cecum nuclear extracts from sham- and ETBF-infected
mice were also analyzed by Western blotting to detect differences
in SMO expression. In the small number of animals studied, nu-
clear SMO protein levels were elevated in mice killed 1 or 3 d
postinfection compared with controls (Fig. S3).

Following sham or ETBF infection for 1 wk, Smo gene ex-
pression was measured by qRT-PCR in cecum (Fig. S44) and
colon (Fig. S4B) tissues. Consistent with our in vitro data, ETBF
infection (with or without MDL 72527) significantly induced
Smo gene expression in both cecum and colon tissues. No sig-
nificant differences in Smo expression between sham vs. sham+
MDL and ETBF vs. ETBF+MDL groups were observed.

MDL 72527 Reduces Chronic Intestinal Inflammation and Proliferation
in ETBF-Infected Min Mice. H&E stained intestinal tissue was eval-
uated for gross histopathological features as described in Materials
and Methods. Scores reflecting relative inflammation (on a 0-4
scale) and proliferation (on a 0-3 scale) were assigned to each
slide and median scores were calculated for each group (sham,
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Fig. 1. BFT induces SMO in human colon epithelial cell lines. T84 and/or HT29/c1 cells were treated with 5 nM purified, recombinant BFT for the indicated

time points. (A) SMO gene expression in T84 (black bars) and HT29/c1 (gray bars) cells was quantified by qRT-PCR as described in Materials and Methods and
data from three independent experiments analyzed in triplicate are presented (mean + SEM). Statistically significant (*P < 0.05 by t test) increase in SMO
expression vs. untreated cells at the indicated time point. (B) HT29/c1 total cellular lysates were analyzed via quantitative fluorescent Western blotting as
described in Materials and Methods and SMO protein levels were normalized to p-actin (representative of two independent experiments). (C) HT29/c1 cells
were exposed to BFT for 6 h and SMO and APAO enzyme activity (pmol/min/mg protein) were determined (mean of two independent experiments analyzed
in triplicate; *P < 0.05 by t test). Pretreatment overnight with MDL 72527 at concentrations of 10, 25, 50, or 100 pM rendered SMO activity undetectable.
APAO enzyme activity was not detected in any samples.
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Fig. 2. BFT induces SMO-dependent ROS and DNA damage in T84 cells.
(A) T84 cells were pretreated with or without 25 uM MDL 72527 before
stimulation with 5 nM BFT for 6 h. Total cellular lysates were analyzed by
quantitative fluorescent Western blotting and y-H2A.x levels were normal-
ized to p-actin as described in Materials and Methods. The presented data
and fold changes in protein levels include two samples per treatment group
representative of multiple independent experiments. (B) T84 cell lines stably
expressing nontargeting (Scr) and SMO-specific (SMO) shRNA were stimu-
lated with BFT. Intracellular ROS levels were measured via CM-H,DCFDA
fluorescence.

sham+MDL 72527, ETBF, and ETBF+MDL 72527). The ETBF
group exhibited signicantly higher inflammation and proliferation
scores compared with the ETBF+MDL 72527 group. In fact,
chronic inflammation and intestinal proliferation scores for
ETBF+MDL 72527 mice were not statistically greater than the
sham or sham+MDL 72527 groups (Fig. S5).

The previous study by Wu and colleagues (16) demonstrated
that ETBF infection induces a rapid and persistent Stat3-driven
Th17 immune response that is required for colon tumorigenesis.

Fig. 3. ETBF-infected mice exhibit regions of intense SMO staining. C57BL/6
mice were sham or ETBF inoculated and killed after 1 wk (wild type) or 6 wk
(Min). Rolled colon tissues were fixed, embedded, and analyzed by immu-
nohistochemistry using specific antisera against SMO. Representative images
are displayed from (A) wild type, sham, 1 wk; (B) wild type, ETBF, 1 wk; (C)
Min, sham, 6 wk; (D) Min, ETBF, 6 wk. Sham mice had regions of mild-
to-moderate apical SMO staining. ETBF-infected mice contained regions of
intense SMO staining that extended deeper into the crypts.

15356 | www.pnas.org/cgi/doi/10.1073/pnas.1010203108

The authors demonstrated that colonic expression of the genes
encoding IL-1p, IL-17A, IL-6, and IL-23A, cytokines associated
with differentiation, expansion, and effector functions of Th17
cells (29, 30), were up-regulated in ETBF-infected mice. There-
fore, we assessed whether decreased chronic inflammation in
ETBF+MDL 72527 mice was associated with changes in gene
expression levels of these markers of the Th17 immune response.
Treatment of ETBF-infected Min mice with MDL 72527 abro-
gated the chronic induction of both IL-14 (ETBF group 3.1-fold
median increase in expression vs. sham, ETBF+MDL group 1.2-
fold, P = 0.03) and IL-17A (2.6-fold increase in ETBF group vs.
SHAM, no change in ETBF+MDL group, P = 0.01) gene ex-
pression measured 6 wk postinoculation. Taken together, these
histopathological and gene expression data indicate that phar-
macological inhibition of SMO by MDL 72527 reduces ETBF-
associated intestinal chronic inflammation and proliferation.

ETBF-Induced Colon Tumorigenesis Is Significantly Inhibited by MDL
72527. We used a model of ETBF-induced colon tumorigenesis in
Min mice (16) to directly test the hypothesis that induction of
SMO represents a molecular link between chronic inflammatory
stimuli and epithelial carcinogenesis. Mice infected with ETBF
developed significant numbers of colon tumors by 6 wk post-
inoculation (median = 16; Fig. 4). However, 69% fewer tumors
were observed in ETBF-inoculated mice treated with MDL
72527 (median = 5). Sham-inoculated animals developed very
few colon polyps whether treated with or without MDL 72527.
These results indicate that the SMO contributes to ETBF-
induced colon tumorigenesis and is therefore a potential target
for chemopreventive or chemotherapeutic drug development.

Discussion

Chronic inflammation contributes to the genesis of a substantial
percentage of epithelial cancers, and it is becoming increasingly
clear that in the gastrointestinal tract, commensal and pathogenic
microbes are an important link between these processes. A
growing number of studies have identified molecular components
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Fig. 4. MDL 72527 significantly inhibits ETBF-induced colon tumorigenesis in
Min mice. Min mice were sham or ETBF inoculated with or without MDL 72527
(20 mg/kg 3 d per wk) for 6 wk and colon polyps were counted as described in
Materials and Methods. The number of tumors for each mouse analyzed is
plotted as an open square; plot whiskers indicate lower and upper limits of data;
boxes are bounded by first and third quartiles of data; and heavy lines denote
median tumor number in each treatment group. Sham-inoculated animals
developed very few colon polyps whether treated with (median = 1, range =
0-5, n = 8) or without (median = 0.5, range = 0-2, n = 7) MDL 72527. ETBF-
induced colon tumorigenesis (median = 16, range = 4-53, n = 21) was signifi-
cantly reduced by MDL 72527 treatment (median =5, range = 0-17, n = 23; ***P
< 0.001 by Mann-Whitney-Wilcoxon u test for ETBF vs. ETBF+MDL comparison).
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of the immune response to bacteria that may be involved in either
promoting or protecting against intestinal inflammation and car-
cinogenesis (31-36). The importance of bacterially-induced ROS
in inflammation-associated carcinogenesis was demonstrated in
mice lacking the H,O, detoxification enzymes gpx-I and gpx-2.
These animals have a normal phenotype when raised in germ-free
conditions, but if colonized with conventional flora, they develop
intestinal tumors (18). Although inflammation-associated ROS
has been implicated as one of the sources for the mutagens nec-
essary to produce the genetic changes required for the carcino-
genic process, the sources of the ROS have not been clearly
identified. Whereas immune cells absolutely contribute to in-
fection-associated tumorigenesis, this and other studies have
demonsrated that bacteria can stimulate ROS production, cyto-
kine secretion, DNA damage, and cellular proliferation in epi-
thelial cells independent of any immune system contribution (5, 9,
17,22, 37).

SMO, a polyamine catabolic enzyme, is one such epithelial
source of inflammation-induced ROS and DNA damage. In-
ducers of SMO include proinflammatory cytokines as well as the
gastric pathogen H. pylori, a contributor to gastritis, peptic ulcer
disease, and gastric adenocarcinoma (21, 22, 38). In addition to
H,0,, SMO produces 3-aminopropanal, a byproduct that con-
tributes to the formation of acrolein, a highly reactive aldehyde.
Acrolein associated with elevated polyamine catabolism has
been strongly implicated in the etiology of diseases including
ischemia-reperfusion injuries, renal failure, stroke, and silent
brain infarction (39-44). Further, elevated SMO expression has
been observed in inflammation-associated human diseases in-
cluding gastritis (22), ulcerative colitis (23), and prostatic intra-
epithelial neoplasia (24).

Therefore, the goal of the present study was to use a validated
murine carcinogenesis model to determine whether SMO plays a
direct role in the development of colon tumors. The data pre-
sented above implicate SMO as a molecular link between ETBF-
induced chronic inflammation and colon tumorigenesis. BFT
rapidly induces SMO expression and leads to SMO-dependent
ROS and DNA damage in intestinal epithelial cell lines and mice
infected with ETBF exhibit elevated intestinal SMO expression.
In addition, inhibition of SMO by MDL 72527 in ETBF-infected
mice was shown to (i) reduce chronic intestinal inflammation
and proliferation; (ii) decrease the chronic up-regulation of
cytokines associated with the Th17 immune response; and, most
importantly, (i) significantly inhibit colon tumorigenesis in Min
mice. The results of these studies are particularly intriguing be-
cause, in contrast to other published models of intestinal carci-
nogenesis that rely on chemical irritants, mutagens, and/or
immunocompromised mice, the ETBF model used for these
experiments incorporates a genetic defect, a bacterial pathogen,
and disease physiology that have direct importance in and
therefore should be more applicable to human intestinal in-
flammation and colorectal cancer (12, 13, 16).

MDL 72527, an inhibitor of both SMO and APAO (26, 27),
has been demonstrated to increase survival in a model of pros-
tate carcinogenesis (45), in addition to decreasing ETBF-
induced colon tumorigenesis. The data presented in this study,
combined with additional published and preliminary results, ar-
gue strongly that it is SMO that plays an important role in the
production of inflammation-associated ROS and DNA damage
and therefore represents a potential chemopreventive or che-
motherapeutic target (21, 28). Although SMO expression is
highly inducible and active isoforms have been documented in
both the nucleus and cytosol (46-49), the second polyamine
oxidase, APAO, is confined to the peroxisome and therefore its
activity seems less likely to yield pathological consequences (50).
Further, APAO activity is dependent on acetylated polyamine
substrates generated by SSAT, which is not induced by ETBF.

Goodwin et al.

Our data clearly suggest that, whereas MDL 72527 inhibits
both SMO and APAO, the possibility that the SSAT/APAO
pathway contributes to tumorigenesis is remote. However, this
possibility cannot be excluded until specific inhibitors or knock-
out mice for each polyamine oxidase are developed. Despite this
limitation, the current study has validated polyamine catabolism
as a therapeutic target for chemoprevention by demonstrating
that MDL 72527 significantly decreased intestinal inflammation,
proliferation, and tumorigenesis in response to ETBF. Taken
together, our body of work suggests that up-regulation of SMO in
response to inflammatory stimuli is widespread in human epi-
thelial cells and leads to the production of ROS and DNA dam-
age, two features of the chronic inflammatory microenvironment
that have been linked to subsequent carcinogenesis. We have now
demonstrated that inhibition of SMO activity by MDL 72527
dramatically reduces colon tumorigenesis in ETBF-infected Min
mice. These results merit further research into chemopreventive
therapies targeting SMO.

Materials and Methods

ETBF Techniques and Mouse Infections. The ETBF strain 86-5443-2-2 (51) was
propagated and prepared for inoculation as described (12). C57BL/6 mice
heterozygous for the Min”P“47'® mutation (referred to as Min mice) and wild-
type littermates were maintained, treated with antibiotics, sham or ETBF in-
oculated, and monitored for colonization as described previously (16). Min
mice were studied in four independent 6-wk experiments (n = 12-23 each).
Wild-type C57BL/6 littermates were used for two independent 1-wk experi-
ments (n = 24-26 each). As described, some groups were administered
the polyamine oxidase inhibitor MDL 72527 (52-54). Two doses of MDL 72527
(20 mg/kg in sterile 1x PBS by i.p. injection) were administered before in-
oculation and then the mice received the drug 3 d per week until being killed.

Tissue Preparation and Colon Polyp Analysis. Mice were killed by CO, as-
phyxiation and cecum and colon tissues were placed in TRIzol (Invitrogen; for
RNA purification, see below) or 10% buffered formalin (for histopathology).
After fixation, tissues were paraffin-embedded and 5-um sections were pre-
pared for hematoxylin and eosin (H&E, for histopathological analysis) or SMO
immunohistochemical staining. Min mouse colons were prepared and stained
as described (16) and polyps were counted for each mouse with a Leica ES2
dissecting microscope by two independent investigators (S.W. and C.L.S.) who
were blinded to treatment group assignments. Following these analyses,
colons were Swiss-rolled into cryomolds, placed in cassettes with fixed cecum
tissue, and processed as described above.

Histopathology and Immunohistochemistry. Immunohistochemical staining for
SMO expression was performed on sham- and ETBF-infected mouse cecum and
colon tissues as previously reported (24). H&E stained slides were assigned
composite colon and cecum inflammation and proliferation scores by a com-
parative pathologist (D.L.H.) as previously published (12, 13, 16).

gRT-PCR: Mouse Tissues. RNA was purified using the Invitrogen PureLink kit,
DNase-treated, quantified, and cDNA synthesized (gScript; Quanta Bio-
sciences). Gene expression was measured via TagMan probe-based qRT-PCR
with FAM-labeled gene of interest probe sets, VIC-labeled 78s rRNA control
probe set, Gene Expression master mix solution, and the ABI 7500 thermo-
cycler and companion software all obtained from Applied Biosystems.

Cell Culture and Reagents. The HT29/c1 colon carcinoma cell line was main-
tained as previously reported (7). The T84 colon carcinoma cell line was main-
tained in DMEM: F-12K medium supplemented with 5% FBS. The shRNAmir
lentiviral system (Open Biosystems) was used to generate stable puromycin-
resistant T84 cell lines expressing nontargeting or SMO-specific ShRNA.

Recombinant BFT was purified as described (55). For experimental studies,
HT29/c1 or T84 cells were rinsed with 1x PBS before addition of BFT for the
indicated time points at a concentration of 100 ng/mL (5 nM) in serum-free
media supplemented with 10 pg/mL apo-transferrin. When indicated, cells
were pretreated with MDL 72527 for 16 h before addition of BFT.

Quantitative Real-Time PCR: Cell Culture Experiments. RNA was isolated from
BFT-treated cells using the PureLink Micro-to-Midi system (Invitrogen), treated
with DNase |, and purified over RNEasy spin columns (Qiagen) before cDNA
synthesis with Oligo-dT;,_1g primers and M-MLV reverse transcriptase (Invi-

PNAS | September 13,2011 | vol. 108 | no.37 | 15357

MEDICAL SCIENCES



trogen). Gene expression was measured by qRT-PCR (iQ SYBR Green reagents
and MyiQ detection system; Bio-Rad) and differences among treatment
groups were calculated using the AACt method (56). A region of cDNA com-
mon to all active SMO isoforms was amplified with the primers (5’
GATCCCGGCGGACCATGTGATTGTG) and (5° CTCAGGCGGGTAGAGGACAT-
CAAA). Glyceraldehyde 3-phosphate dehydrogenase (GapDH; normalization
gene) was amplified with the primers (5° GAAGGTGAAGGTCGGAGTC) and
(5" GAAGATGGTGATGGGATTTCQ).

Western Blotting and Enzyme Activity Assays. To obtain total cellular lysates,
HT29/c1 or T84 cell pellets were resuspended in 1x PBS with 1% (vol/vol) Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% (vol/vol) SDS, 30 pg/mL aprotinin, 100 uM
sodium orthovanadate, 10 pg/mL PMSF and 1x protease inhibitor mixture
(Roche). Extracts were incubated on ice for 20 min, and insoluble material was
pelleted by centrifugation at 13,500 x g and 4 °C for 15 min. Mouse cecum
nuclear protein extracts from sham- or ETBF-infected mice were prepared as
previously described (16). Quantitative fluorescent Western blotting was per-
formed as previously described (46). To detect SMO, a rabbit polyclonal anti-
body (21) was used at a 1:1,000 dilution in combination with a mouse
monoclonal antibody against -actin (1:2,000; Sigma-Aldrich) for 1-2 h at room
temperature. To detect y-H2A.x, a mouse monoclonal antibody (1:2,000;
Abcam) was used in combination with a rabbit polyclonal antibody against
B-actin (1:2,000; Sigma-Aldrich) overnight at 4 °C. Dye-conjugated secondary
antirabbit (IRDye800; Rockland Immunochemicals) and antimouse (Alexa Fluor
680; Invitrogen) IgG antibodies were used at a final concentration of 0.1 pg/mL.
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