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The preferential localization of some neoplasms, such as serrated polyps (SPs), in specific
areas of the intestine suggests that nongenetic factors may be important for their develop-
ment. To test this hypothesis, we took advantage of transgenic mice that expressed HB-EGF
throughout the intestine but developed SPs only in the cecum. Here we show that a host-
specific microbiome was associated with SPs and that alterations of the microbiota induced
by antibiotic treatment or by embryo transfer rederivation markedly inhibited the forma-
tion of SPs in the cecum. Mechanistically, development of SPs was associated with a local
decrease in epithelial barrier function, bacterial invasion, production of antimicrobials, and
increased expression of several inflammatory factors such as IL-17, Cxcl2, Tnf-«, and IL-1.
Increased numbers of neutrophils were found within the SPs, and their depletion signifi-
cantly reduced polyp growth. Together these results indicate that nongenetic factors con-
tribute to the development of SPs and suggest that the development of these intestinal
neoplasms in the cecum is driven by the interplay between genetic changes in the host, an
inflammatory response, and a host-specific microbiota.

The preferential localization of some neoplasms in
specific areas of the intestine suggests that non-
genetic factors may be important for their devel-
opment. In contrast to adenomas, which occur
throughout the large intestine, serrated polyps
(SPs) occur in specific areas of the gut in a subtype-
specific manner (Huang et al., 2004; Noflsinger,
2009). SPs encompass a heterogeneous set of le-
sions and are associated with perturbations of the
MAPK pathway through, e.g., activating muta-
tions in KRAS or BRAF (Noffsinger, 2009).
We have recently shown that EGFR activa-
tion is associated with SPs in human biopsies
and that expression of the EGFR ligand HB-
EGF in transgenic mice (HBUS mice) pro-
motes development of SPs that mostly resemble
human hyperplastic polyps (Bongers et al.,
2012). Strikingly, despite expression of the
HB-EGF transgene throughout the gut, SPs were
only observed in the cecum, suggesting that be-
side genetic alterations, environmental factors
played a pivotal role in their development.
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In the intestine, the microbiota is in close
proximity to the intestinal epithelial cells that
form a protective barrier separating commensal
bacteria from the host. Changes in the micro-
biota have been associated with inflammatory
conditions and cancer (Plottel and Blaser, 2011;
Honda and Littman, 2012; Schwabe and Jobin,
2013). For example, activation of TLR 4 by the
intestinal microbiota is important for the pro-
motion of hepatocellular carcinoma induced by
the carcinogen diethylnitrosamine/CCl, (Dapito
et al., 2012). In the gastrointestinal (GI) tract,
the presence of Helicobacter pylori is strongly as-
sociated with an increased risk for the develop-
ment of peptic ulcers, gastric mucosa—associated
lymphoid tissue tumors, and gastric adenocarci-
nomas (McColl, 2010). The colonic microbiota
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Figure 1.
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Expression changes in SPs of HBUS mice. (A) Expression of HBUS transgenes (n = 4) US28 (red) and HB-EGF (blue) in duodenum (Duo),
jejunum (Jej), lleum (lle), cecal pouch (Pou), cecal-colonic junction (CJ), and colon (Col). The experiment was performed once. R.E., relative expression.
(B) Number of SPs found in various gut segments of HBUS mice (n = 210). (C) HBUS SPs and surrounding (Surr.) cecal tissue were analyzed by RNA-
Seq/edgeR using a paired design (n = 3/group). Plot of logFC (log fold change) versus logCPM (log counts per million) of all detected transcripts.
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has also been suggested to play a role in the pathogenesis
of colorectal cancer (Cho and Blaser, 2012), either by provok-
ing an inflammatory response or alterations in metabolic pro-
cessing (Plottel and Blaser, 2011). Specifically, activation of
Th17 cells by the enterotoxigenic Bacteroides fragilis has been
shown to promote colonic tumorigenesis in the APC"™"
mouse model (Wu et al., 2009). More recently, the polyketide
synthase genotoxic island expressed by Escherichia coli NC101
was implicated in the development of carcinomas in 11107/~
mice treated with the colonic carcinogen azoxymethane
(Arthur et al., 2012).

In this study we explored the possibility that the topologi-
cal distribution of SPs was dependent on the microbiota. We
show that alterations of the microbiota induced by antibiotic
treatment or by embryo transfer rederivation attenuated the
formation of cecal SPs in HBUS mice. SP development was
associated with bacterial invasion of the lamina propria, which
was associated with production of 11-17 by innate immune
cells, neutrophil recruitment, and production of antimicro-
bials. Together these results indicate that the interplay between
genetic changes in the host, an inflammatory response, and a
host-specific microbiota accounts for the development of SPs
in HBUS mice.

RESULTS

Antimicrobial defense response genes are induced in SPs
Expression of the transgenes in HBUS mice (Bongers et al.,
2012) is highest in the small intestine (Fig. 1 A), but HBUS
mice only develop SPs at the cecal—colonic junction (Fig. 1 B).
To further elucidate potential pathways involved in the for-
mation of SPs, we compared the transcriptome of SPs in
HBUS mice with adjacent histologically normal cecal tissue
(n = 3). Whole transcriptome sequencing (RINA-Seq) re-
vealed 404 genes with increased and 272 genes with decreased
expression in SPs, respectively (Fig. 1 C and Table S1; false
discovery rate [FDR] Q < 0.05). Gene Ontology (GO) analy-
sis of all 676 differentially regulated genes using ClueGO
(Bindea et al., 2009) found significant enrichment of 59 over-
view GO terms such as “inflammatory response” and “cellular
response to chemical stimulus” that encompassed the “MAPK
cascade” GO term (Fig. 1 E and Table S2; Q < 0.05). Consis-
tent with the genetic alterations in HBUS mice and our ear-
lier observations (Bongers et al., 2012), we see significant
enrichment of the overview GO term “response to growth
factor stimulus” and induction of genes associated with HB-
EGF and EGFR signaling, including the Egfr and its ligands
Ereg, Areg, and Nig1.
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Interestingly, we found a significant enrichment of the
GO overview term associated with “response to molecule
of bacterial origin” (Fig. 1 E and Table S2). This encom-
passed the GO term for “response to bacterium” and can
be triggered in response to the presence of a bacterium and
includes genes associated with bactericidal activity such as
Arg1, Ptgs2 (also known as COX-2), Serpinel, Reg3b, and
Reg3g (Fig. 1,D and E). REG-3f3 and REG-3y have previ-
ously been shown to play an important role in bacterial
defense (Dessein et al., 2009; van Ampting et al., 2012) and
were among the genes with the largest increase in expres-
sion in SPs compared with surrounding tissue (12- and
32-fold, respectively; Fig. 1 C). Immunostaining of cecal
sections localized REG-33 and REG-3vy expression to
cells in the basal epithelium of the SPs (Fig. 1, F and G),
whereas they were mostly absent in unaffected surround-
ing cecal tissue. This localization pattern suggested that the
epithelium of the SPs was actively responding to bacteria
present in the local environment.

Broad-spectrum antibiotic treatment

prevents SP development in HBUS mice

The elevated expression of antimicrobial genes in SPs
prompted us to investigate whether the intestinal microbiota
played a role in SP pathogenesis.To this end, we treated HBUS
mice for 9 or 29 wk with a broad-spectrum antibiotic cock-
tail (metronidazole, ampicillin, neomycin, and vancomycin)
in the drinking water and assessed the presence of SPs after
15 or 35 wk (Fig. 2 A). Treatment with antibiotics led to a sig-
nificant decrease in the relative abundance of bacterial 16S
ribosomal DNA (rDNA; Fig. 2 B) and « diversity (species
richness, P < 0.001) within each sample of the cecal mucosa—
associated microbiota of HBUS mice (Fig. 2 C), indicating
that most bacteria were greatly reduced or absent altogether.
Remarkably, none of the HBUS mice treated with antibiotics
for 9 (n = 14) or 29 (n = 6) wk developed gross SPs (Fig.2 D)
or microscopic lesions (Fig. 2 E), suggesting that the micro-
biota is essential for formation of SPs.

Next we explored whether reconstitution of the original
microbiota after antibiotic treatment would restore develop-
ment of SPs. After treatment of HBUS mice with antibiotics
for 9 wk, we gavaged half of the mice with stool samples from
untreated HBUS mice in the colony, three times per week for
6 wk, while continuing antibiotic treatment for the other
HBUS mice (Fig. 2 F). At 35 wk of age, 20 wk after treatment
with antibiotics was stopped, HBUS mice were examined for
the presence of cecal SPs by gross inspection and histologically.

Points are colored according to expression status: nonsignificant genes (gray), significant genes (676 genes; Q < 0.05; black), and defense response
genes (red). The experiment was performed once. (D) Z-scored heat map of genes associated with the GO term "response to bacterium"; red indicates
increased and green decreased expression in SPs compared with surrounding tissue. (E) ClueGO analysis of significantly regulated genes shown in C.
Shown are the GO overview terms selected by %Genes/Term in color and relevant individual GO terms in black (Q < 0.05; terms > 25 genes; kappa 0.5).
(Fand G) Increased transcript levels (left, n = 3/group) and immunoreactivity (right, n = 8/group) of REG-3 (F) and REG-3+ (G) in SPs compared
with surrounding tissue (representative figure of three independent experiments). All histology sections were counterstained with DAPI (F and G) and

pan-Keratin (F) or E-cadherin (G). Bars: (F) 250 um; (G) 100 pm.
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Figure 2. Alterations in the microbiota affect formation
of SPs in HBUS mice. (A) Overview of the antibiotics (Abx)
treatment plan. At 6 wk of age, HBUS mice started receiving
broad-spectrum antibiotics or water and were examined for the
presence of SPs at 15 and 35 wk of age. (B) Bacterial content in
antibiotics-treated HBUS mice at 15 (n = 7) and 35 (n = 5) wk of
age compared with water-treated HBUS mice (n = 13). Deter-
mined by pan-bacterial 165 qPCR amplification relative to host
ubiquitin (UBI). ** P < 0.001 (pairwise Wilcoxon rank sum test
[FDRI; representative of two independent experiments).

(C) a diversity, a measure of species richness, in antibiotics-
treated HBUS mice (n = 11) and HBUS mice on regular water
(n=20).** P <0.001 (Wilcoxon rank sum test; experiment was
performed once). (D) SP incidence in antibiotics-treated HBUS
mice after 9 (n = 14) and 29 (n = 6) wk compared with HBUS
mice on regular water (75% at 15 [n = 16] and 35 wk [n = 12]).
(right) Gross picture of the cecum of antibiotics and water-
treated HBUS mice at 35 wk of age showing an SP (dashed
lines). * P < 0.05; ** P < 0.001 (Fisher's exact test; combined
data of two independent experiments). (E) Representative histo-
logical section of the cecum of 35-wk-old HBUS mice treated
with water or antibiotics as described in D. (F) HBUS mice were
treated with antibiotics for 9 wk and subsequently gavaged with
stools from unmolested HBUS mice (Abx/Stool). Control HBUS
mice were maintained on antibiotics. Ceca of HBUS mice were
analyzed by gross inspection and histological sectioning. SP
incidence in HBUS mice treated with Abx/Stool (n = 8) and HBUS
mice maintained on antibiotics (n = 9). *, P < 0.05 (Wilcoxon
rank sum test; experiment was performed once). (G) At 35 wk of

age, the drinking water of HBUS mice was supplemented with
antibiotics, whereas control mice were maintained on regular
water. After 5 wk of antibiotic treatment, HBUS mice were
checked for the presence of SPs by gross and histological analy-
sis. Graph represents SP size of HBUS mice treated with antibi-
otics for 5 wk starting at 35 wk of age (n = 10) compared with
age-matched HBUS controls on water (n = 17).*, P < 0.05
(Wilcoxon rank sum test; experiment was performed once).
Bars: (D, F, and G) 5 mm; (E) 250 pm. Error bars indicate SEM.
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As expected, none of the mice on continued antibiotic treat-
ment developed SPs. In contrast, 67% of the mice that were
first treated with antibiotics and subsequently gavaged with
stools obtained from untreated HBUS mice developed SPs
(n = 8; Fig. 2 F).

Finally, we investigated whether continued exposure to
the gut microbiota is required for maintenance of SPs. We
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treated a group of animals at 35 wk of age with antibiotics for
5 wk (Fig. 2 G). At 40 wk, the size of SPs in HBUS mice sub-
jected to antibiotic treatment (10.7 £ 4.6 mm? n = 10) was
significantly smaller compared with untreated HBUS mice
(52 + 11 mm?; n = 17). Collectively, our data suggest that the
cecal microbiota is essential for both the development and
maintenance of SPs in HBUS mice.

Microbiota and serrated polyps | Bongers et al.
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Figure 3. Biota modification through rederivation pre-
vents SP formation in HBUS mice. Two HBUS colonies were
established; one was maintained by interbreeding with C57BL/6
mice obtained from the Jackson Laboratory and developed SPs
(dashed line); the second colony was generated through embryo
transfer using Swiss Webster mothers freshly obtained from
Taconic (rederived). (A-C) HBUS mice were examined grossly (A)
and histologically (B and C) for the presence of SPs. Shown is the
SP incidence of reqular HBUS mice (n = 16, n = 10,and n= 12
at 12, 17, and 25 wk of age, respectively) and rederived HBUS
mice (n=7,n=9,and n=10at 12, 17, and 25 wk of age,
respectively) as determined by gross and histological analysis.

* P <0.05;* P <0.01 (Fisher's exact test; experiment was per-

formed once). Inset shows a higher-magnification image of the
area in Cindicated by the asterisk. (D) Weighted UniFrac analysis
of Taconic mothers (n = 8) compared with HBUS mice that de-
velop SPs (n = 20) and rederived HBUS mice (n = 13; Adonis
test; experiment was performed once). (E) a diversity of Taconic
mothers, rederived HBUS mice, and HBUS mice with SPs (pair-
wise Wilcoxon rank sum test; experiment was performed once).
Bars: (A) 5 mm; (C) 500 um. Error bars indicate SEM.
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A specific cecal microbiota is necessary

for development of SPs in HBUS mice

Treatment with broad-spectrum antibiotics leads to a marked
reduction in microbial diversity and biomass, and long-term
treatment promotes mucosal imbalance (Willing et al., 2011),
which all could affect disease susceptibility. To exclude non-
specific effects of antibiotic treatment on SP development
and to circumvent the massive changes associated with germ-
free rederivation, we transferred one-cell embryos into pseu-
dopregnant foster mothers of a different strain to promote
adoption of a different microbiota. It is well established that
the newborn gut microbiota is shaped by the maternal micro-
biota (Clemente et al., 2012). We reasoned that we could alter
the microbiota of HBUS mice by transterring HBUS em-
bryos (generated from and interbred with C57BL/6 mice
obtained from the Jackson Laboratory) into Swiss Webster
females obtained from Taconic. The results from this rederiva-
tion experiment were striking: HBUS mice rederived using
Taconic mothers and reared separately for 12 (n = 7) or 17 wk
(n = 8) did not develop SPs as determined by gross (Fig. 3 A) and
histological analysis (Fig. 3, B and C). Interestingly, by 25 wk
of age, we also observed SPs in Taconic-derived mice (n = 6),

JEM Vol. 211, No. 3

although at a significantly reduced frequency (17 vs. 63%;
Fig. 3 B) and size compared with Jackson-derived HBUS mice
(4.3 £ 4 vs.57 £ 8 mm?).

Analysis of the cecal microbiota of the rederived mice by
16S sequencing and weighted UniFrac distances showed that
the microbiota of rederived HBUS mice was significantly dif-
ferent from both the Jackson-derived HBUS mice (Adonis:
P < 0.001) and their Taconic mothers (Adonis: P < 0.001;
Fig. 3 D), suggesting that rederived HBUS mice had a biome
that contained, as expected, elements of the Taconic maternal
biota as well as the local environment. In contrast to antibiotic
treatment (Fig. 2 C), rederivation did not significantly affect
microbiome a diversity (P > 0.05; Fig. 3 E). Collectively, our
results demonstrate that the presence of a host-specific micro-
bial environment is key to the development of cecal SPs in
HBUS mice.

Identification of a subset of bacteria

enriched in cecal mucosa of SPs

Next, we sought to more narrowly define which bacteria
contributed to polyp formation. To do so, we compared the
cecal mucosa—associated microbiota of affected HBUS mice
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Figure 4. Biome analysis of SPs. (A) Relative abundance of phyla present in HBUS mice with SPs (n = 20), WT littermates (n = 7), rederived HBUS
mice (Red; n = 13), and HBUS mice treated with antibiotics (Abx; n = 11). Data shown represent the most abundant phyla, whereas low abundant and
unclassified OTUs were grouped in “Other." (B, top) Pearson hierarchical clustering of the abundance profiles of all 703 OTUs after filtering. Phyla

(P) are colored according to the legend in A. Mice were clustered (Spearman) by cage (color coded, top) and sample group (colored according to the
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with those of unaffected rederived HBUS mice, antibiotic-
treated HBUS mice, and cohoused WT control littermates.
We defined operational taxonomic units (OTUs) based on
sequence similarity of the 16S rRINA fragments with Green-
genes reference sequences (McDonald et al., 2012). This re-
sulted in the identification of 704 unique OTUs across all
samples after filtering as described in Materials and methods
(Table S3). Hierarchical clustering (Fig. 4 B) and weighted
UniFrac distances (Fig. 3 D) of OTU abundance profiles
separated the microbiota of the individual sample groups,
whereas WT mice clustered with cohoused HBUS mice
that developed SPs (Fig. 4 B). At the phylum level, we found
a distinct expansion of Verrucomicrobia and a decrease in De-
ferribacteres in SPs compared with rederived HBUS mice
(Fig. 4 A). Closer inspection revealed these differences to be
caused by the increased abundance of Akkermansia muciniph-
ila (Greengenes ID: 4306262) and a decrease of Mucispirillum
schaedleri (Greengenes 1D: 1136443). Although enriched in
SPs, A. muciniphila is one of the few species resistant to long-
term treatment of HBUS mice with broad-spectrum antibi-
otics (Fig. 4 D, arrowhead), which makes it unlikely to be
important for SP development.

To determine which OTUs were specially associated
with SPs, we compared the relative abundance of OTUs in
SPs with cohoused WT, rederived, and antibiotic-treated
HBUS mice by ANOVA (Q < 0.05) and determined difter-
ences between groups by a Tukey post-hoc test (P < 0.05,
—1.6 > fold > 1.6; Table S4). Cluster analysis led to the
identification of four distinct clusters (C1-C4; Fig. 4 D).
OTUs present in clusters C1, C3, and C4 were also present
in rederived or antibiotic-treated HBUS mice, i.e., HBUS
mice that did not develop SPs. The second cluster (C2) rep-
resented 44 OTUs that were specifically enriched in SPs
(Fig. 3 B). Of these, only 15 OTUs were found in >75% of
all SP samples (Fig. 3 C).

Bacterial infiltration SPs and decreased barrier function in SPs

Various bacteria have tissue-invasive properties (Pizarro-
Cerdd and Cossart, 2006; Sartor, 2008). To examine whether
bacteria were present within SPs, we performed in situ hy-
bridization with a eubacterial probe. As expected, probe sig-
nal was observed throughout the cecal lumen. In the lamina
propria of SPs we observed the presence of bacteria, but not
in unaffected surrounding cecal tissue. The invasive bacteria
were found in close proximity to infiltrating neutrophils
(Fig. 5 A). The majority (7/15) of OTUs enriched in HBUS
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SPs belonged to the order of Clostridiales. To test whether
the invasive bacteria corresponded to these OTUs, we per-
formed in situ hybridization with a Clostridium coccoides—
Eubacterium rectale probe (Clostridium cluster XIVa and XIVb,
pb-00963) that targets all the Clostridiales that were in-
creased in HBUS SPs compared with the rederived HBUS
mice (Fig. 5 B). Analysis of HBUS SPs and surrounding tis-
sue revealed positive signal for this probe within the lamina
propria of eight out eight tested HBUS polyps (Fig. 4 B). In
antibiotic-treated HBUS mice, as expected, no signal was
observed (Fig. 6). To examine whether Clostridiales would
be of relevance to the formation of SPs in HBUS mice, we
treated HBUS mice for 9 or 29 wk with 0.5 mg/ml vanco-
mycin in the drinking water and assessed the presence of
SPs after 15 or 35 wk. Treatment with vancomycin targets
gram-positive bacteria and shifts the composition of the
microbiota, particularly the family Clostridiales/Lachnospi-
raceae, without affecting the total number of cecal bacteria
(Sekirov et al., 2008; Ubeda et al., 2010; Willing et al.,
2011). Vancomycin-treated HBUS mice showed a signifi-
cant decrease in incidence (11%, P = 0.002, n = 9) and size
of SPs (Fig. 5 C).

Next, we examined whether bacterial invasion was asso-
ciated with a decreased barrier function. We observed an
apical loss of adherens junction proteins E-cadherin and
B-catenin in SPs of HBUS mice compared with unaffected
surrounding cecal tissue (Fig. 4, C and D). Besides the 54
genes associated with the GO term “biological adhesion,”
such as Claudin-4, Claudin-23, and Cadherin-1 (Fig. 1), we
also found altered expression of tight junction protein Clau-
din-2, but not Claudin-1, in SPs compared with unaffected
surrounding cecal tissue (Fig. 4 E). To examine whether
changes in junction molecules had functional consequences,
we treated ceca obtained from HBUS mice with sulfo-
NHS-biotin. Sulfo-NHS-biotin can be used to examine
permeability of tight junction proteins ex vivo (Tamura et al.,
2008; Ding et al., 2011; Lei et al., 2012). Sulfo-NHS-biotin
(molecular weight 443.43) is a membrane- and tight junc-
tion—impermeable molecule that efficiently biotinylates pri-
mary amine-containing macromolecules such as proteins.
Ceca from HBUS mice were dissected and treated with
sulfo-NHS-biotin solution. Sulfo-NHS-biotin signal was
only observed in SPs of HBUS mice and not in adjacent un-
affected cecal tissue (n = 5; Fig. 5 G). These results suggest
that bacterial invasion of SPs is facilitated by a decreased in-
testinal epithelial barrier function.

legend). (bottom) Number of OTUs above background in each sample (OTU count) and fraction of total sample reads accounted for by the set of 703
filtered OTUs (read fraction). (D) Pearson hierarchical clustering identified four major clusters (C1-C4) in the abundance profiles of 106 OTUs that
were significantly different between HBUS mice with SPs and rederived HBUS mice or WT controls (ANOVA Q < 0.05 [FDR]; Tukey P < 0.05; fold > 1.6).
OTUs significantly enriched in SPs compared with rederived (R), WT (W), or antibiotics-treated (A) mice are shaded blue (left). Phyla (P) are colored
according to the legend in A. OTU abundance is expressed as the log2-normalized read count in each sample. The OTU corresponding to A. muciniphila

is indicated (arrowhead). (E) 15 OTUs from C2 that were present in >75% of SPs. OTUs are ranked by abundance (vertical axis) and according to
abundance within each dataset (horizontal axis). 0TU are annotated with Greengenes ID, color coded phyla (P) annotations (according to A), taxo-
nomic family, and genus assignments. Each bar (A and C) or column (B, D, and E) represents a different mouse.
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Figure 5. Bacterial infiltration SPs
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The inflammatory response in SPs

is consistent with bacterial invasion

The combination of bacterial invasion and the increased ex-
pression of inflammatory and antimicrobial defense genes in
SPs prompted us to further characterize the immune response
in SPs of HBUS mice. Therefore, we enriched for CD45"
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and decreased barrier function in SPs.

(A and B) In situ hybridization with a eubacterial
probe (A) or Clostridium cluster XIVa and XIVb
(pb-00963; B) on frozen sections obtained from
HBUS mice. Shown is a representative image
obtained from two independent experiments
of surrounding cecal tissue (Surr.) and an SP
(middle; higher magnification of § on right;

n = 6). ST00A9-positive cells are indicated by
asterisks. Arrowheads indicate bacteria that

1507 _wwe invaded the lamina propria (A) or bacteria
o recognized by pb-00963 that invaded the
“ lamina propria (B). (C) At 35 wk of age, the
1001 o drinking water of HBUS mice was supple-
mented with 1 mg/ml vancomycin, whereas
50 control mice were maintained on regular
% water. After 4 wk of treatment, HBUS mice
® o were checked for the presence of SPs by gross
0\ —o0e—umm— and histological analysis. Shown is SP size of
Water Vanco . . .
HBUS mice treated with vancomycin for 4 wk
starting at 35 wk of age (n = 9) compared
with age-matched HBUS controls on water
(n=17)."* P <0001 (Wilcoxon rank sum
test; experiment was performed once).
(D and E) Immunofluorescent analysis of the
4000, Claudin2 adherens junction protein E-cadherin (D) and its
" binding partner B-catenin (E) in surrounding
3000 % cecal tissue (left) and an SP (right). Insets show
a higher-magnification image of §. Arrowheads
2000 % indicate the apical adherens junction. Repre-
° sentative images of three independent experi-
o0 % ments are shown (n = 5). (F) Expression of
| Claudin-2 and Claudin-1 mRNA in SPs of HBUS
Surr.  SP mice compared with surrounding tissue
550, Claudin 1 (n = 5/group). **, P < 0.01 (Wilcoxon rank
. sum test, experiment was performed once).
200 (G) Immunofluorescent analysis of proteins
labeled with sulfo-NHS-biotin in the ceca of
1501 » ° HBUS mice. Shown is a representative image
100 i[ of two independent experiments of biotin
_E_ signal in cecal surrounding tissue and SPs of
50 O % HBUS mice. The arrowhead indicates biotin
0 e signal in the lamina propria (inset shows
Surr. SP . e
higher-magnification image of §). Immuno-
10 . fluorescent sections were counterstained with
T8l T e DAPI and pan-Keratin (A, B, D, E, and G). Bar
o ° graphs represent combined data of two inde-
s 6 % pendent experiments (n = 5). Bars: (A [left and
% 4 middle], B [left], D, and E) 50 pm; (A, right)
g 2 um; (B, right) 10 um; (G) 100 um; (G, inset)
g 2 . 25 pm. Error bars indicate SEM.
o Surr. SP

cells from SPs and surrounding unaffected cecal tissue and
analyzed gene expression profiles using the Illumina BeadAr-
ray system. We found significant changes in expression of 153
genes in SPs compared with unaffected cecal tissue (Q <
0.05, —1.5 > fold > 1.5; Fig. 7 A and Table S5), consistent
with a signature of activated leukocytes, as well as “response to
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bacterium” (Fig. 7 B and Table S6). Analysis of cytokine and
chemokine expression by BeadArray and quantitative PCR
(@PCR) showed that the proinflammatory cytokines I/1-av,
Il11-B, and Tnf and the chemokines Ccl1, Ccl2, Ccl17, Cxcl2,
and Cxcl16 were significantly up-regulated in SPs compared
with unaffected cecal tissue (n = 5; Fig. 5 C).

Next we examined the cecal leukocyte composition of
WT and HBUS mice by FACS analysis. No differences in the
relative abundance of T cells, DCs, or macrophage subsets were
observed between SPs and unaffected surrounding tissue or
WT ceca. The most enriched GO overview term was associ-
ated with T cell activation (Fig. 7 B). Detailed analysis of the
T cell subsets showed no change in the frequency of Th17
cells, but there was an increase in the frequency of IL-17—
producing TCR-vy8 cells in SPs compared with unaffected
surrounding tissue (Fig. 5, D and E).

Among the most pronounced induced genes were S100a8,
S100a9,and Lgals2,which are expressed by neutrophils (Kehl-
Fie et al., 2011). To further evaluate this, we examined the
CD11b/c¢*/MHCII™ myeloid subsets that consist of neutro-
phils, eosinophils, and monocytes. No significant differences
were observed in the Ly6G~ subset composed of eosinophils
and monocytes (Fig. 7, F and G); however, the number of
Ly6G and Ly6C double-positive cells was increased in SPs
(Fig. 8 A). Further analysis identified these cells as Ly6C/G™
and Gr-11¢"/Siglec-F~ neutrophils (Fig. 8 B), consistent with
the increased expression of S100a9 observed in the CD45
BeadArray analysis (Fig. 7 A). To further characterize the neu-
trophil infiltrate, we stained cecal sections of HBUS mice
with an antibody against ST00A9, which stains neutrophils.
Strong staining was observed close to the lumen in SPs, but
not in unaffected cecal surrounding tissue (Fig. 8 C).To de-
termine whether neutrophils play a role in the pathology of
SPs, we subjected 35-wk-old HBUS mice to anti-Ly-6G
(1A8) treatment and examined the SP size after 30 d. Treat-
ment with Ly-6G—specific (1A8) antibodies can be used to
deplete neutrophils in mice (Daley et al., 2008). Treatment
with 1A8 antibody led to a significant decrease in the number
of ST00A9™ neutrophils in SPs (10-fold) that was accompa-
nied by a significant decrease in SP size (2.5-fold). These re-
sults suggest that neutrophils are functionally relevant for the
growth of SPs in HBUS mice.

Inflammation can affect the expression of MMP-3, a ma-
trix metalloproteinase shown to cleave HB-EGF and thereby
promote autocrine/paracrine EGFR signaling (Suzuki et al.,
1997).We therefore examined MMP-3 mRNA expression in
SPs and compared it with the nonaffected surrounding tissue.
We observed an increased mRINA expression of MMP-3 in
SPs. Immunostaining of SPs with an anti-MMP-3 antibody
showed an increased number of MMP-3—positive cells in the
lamina propria (>50 per 10X field) compared with unaffected
cecal tissue where MMP-3—positive cells were only found in
the submucosa (<5 per 10X field; Fig. 8 E).

In summary, the presence of bacteria in the lamina pro-
pria of SPs triggered an inflammatory response that included
expression of several cytokines, chemokines, and expression
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DAPI/Pan-Ker/eubacterial probe  DAPI/Pan-Ker/pB-00963

Figure 6. Clostridial probe signal in antibiotic-treated HBUS mice.
Representative image of an experiment performed once showing in situ
hybridization with a eubacterial probe (left) or Clostridium cluster XIVa
and XIVo (pb-00963) on frozen sections obtained from HBUS mice treated
with antibiotics (n = 3). Bars, 50 pm.

of an HB-EGF—processing metalloproteinase. These find-
ings mechanistically link microbe-induced inflammation,
HB-EGF/EGFR signaling, and development of SPs in
HBUS mice.

DISCUSSION

Intestinal SPs occur at specific locations in the gut in a sub-
type-specific manner (Huang et al., 2004; Noffsinger, 2009).
In this study, we show that the development of SPs in the
cecum of HBUS mice (Bongers et al., 2012) depends on the
presence of a host-specific microbiota. Alteration of the cecal
microbiota through antibiotic treatment or embryo transfer—
mediated rederivation significantly attenuated the formation
of SPs in HBUS mice.To our knowledge, this study shows for
the first time that relatively minor changes in the microbiota
can dramatically affect the formation of neoplasms.

The GI tract is home to a complex set of microbial com-
munities that differ between the various regions (Sartor,
2008). Longitudinal sampling of the GI tract has shown clear
differences in the bacterial composition of samples from the
mouth, stomach, duodenum, colon, and stool (Stearns et al.,
2011). Proximal and distal colon samples differ both in their
microbiota composition as well as in abundance of OTUs
(Wang et al., 2010). Overall, nutrient availability, pH, bile salts,
or other host factors can regulate the composition of the
microbiota in different regions of the GI tract (Merritt and
Donaldson, 2009; von Rosenvinge et al., 2013). Here, we
show that the exclusive penetrance of the polyp phenotype in
the cecum is related to bacteria living at this particular loca-
tion. Antibiotic treatment completely prevents development
of SPs, and conversely, reconstitution of the flora using stools
from mice with SPs promoted SP development. Furthermore,
treatment of animals with well-developed SPs with antibiot-
ics reduced polyp size, indicating that the presence of cecum
bacterial communities was important for SP maintenance and
growth. Importantly, our results indicate that there is a re-
quirement for a host-specific cecum flora for development of
SPs.We show here that a relatively minor change in the cecal
microbiome markedly affected the incidence of SPs. Transfer
of HBUS embryos into Taconic foster mothers promoted
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Figure 7. Marked inflammatory changes in SPs. (A) Leukocytes (CD45* cells) isolated from HBUS SPs and surrounding (Surr.) tissue were analyzed by
lllumina BeadArray/limma. Quantile-normalized expression values were analyzed using a paired design (n = 3/group) and filtered for Q < 0.05 and —1.5 >
fold change > 1.5. Z score-normalized data were subjected to hierarchical clustering (left): red indicates increased and green indicates decreased expres-
sion in SPs compared with surrounding tissue. Plot of logFC (log fold change) versus mean expression (right) of all detected transcripts (gray) and signifi-
cant genes (153 genes; black). (B) ClueGO analysis of significantly regulated genes in an lllumina BeadArray analysis of SPs of HBUS mice compared with
unaffected surrounding cecal tissue. Shown are GO overview terms selected by %Genes/Term in color (Q < 0.05; terms > 15 genes; kappa 0.5). (C) Cyto-
kine and chemokine mRNA expression in tissue obtained from SPs compared with unaffected surrounding proximal cecal tissue (n = 5/group). *, P < 0.05;
* P <0.01 (Wilcoxon rank sum test; experiment was performed twice). R.E,, relative expression. (D) 11-17 production by TCR-v3 cells in SPs (n = 6) from
HBUS mice compared with WT (n = 4) and unaffected surrounding HBUS cecal tissue (n = 6); cells were gated on CD45+/CD4~[TCR-y3*. *, P < 0.05 (Wil-
coxon rank sum test; experiment was performed once). Shown are representative FACS plots and a summary scatter dot plot. (E-G) FACS analysis in SPs
from HBUS mice (P; n = 3) compared with unaffected surrounding HBUS cecal tissue (S; n = 4) and WT cecal tissue (W; n = 4). For production of IL-17
and IL-22 by CD4/TCR-«3, cells were gated on CD45+/CD4+/TCR-a3* (E). For DC subsets, cells were gated on CD45+/CD11b*/MHC-II+/Ly6C~ (F). For
monocytes and eosinophils as defined by Ly6C and CD24 expression, cells were gated on CD45+/CD110*/MHC-11-/Ly6G~ (G). Shown are representative
summary scatter dot plots. *, P < 0.05 (Wilcoxon rank sum test; experiment was performed once). Error bars indicate SEM.

partial adoption of a Taconic cecal microbiome by the off- age we observed SPs in rederived HBUS mice, likely reflect-
spring, as verified by weighted UniFrac and OTU analysis.  ing a progressive drift from the maternal microbiota to the
These effects were not dominant because after 25 wk of  local environment.
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Detailed analysis of the SP-associated microbiome indi-
cated that 15 OTUys, from the four orders Clostridiales, Bac-
teroidales, RF32, and Desulfovibrionales, were consistently
different between SPs and unaffected rederived and antibiotic
HBUS mice. While association does not prove that these
OTUs are causative of SP formation, members of the order of
Clostridiales have been known to predominantly colonize the
cecum and proximal colon and promote the production of
MMPs (Honda and Littman, 2012). Similarly, toxin B pro-
duced by Clostridium difficile has been show to promote
EGFR-mediated activation of ERK1/2 in human colono-
cytes in an MMP- and TGF-a—dependent manner (Na et al.,
2005). In the lamina propria of SPs in HBUS mice, we ob-
served increased MMP-3 expression, which has been shown
to cleave HB-EGF (Suzuki et al., 1997). This raises the possi-
bility that Lachnospiraceae promotes expression of MMP-3
in the SPs that facilitates the cleavage of HB-EGF and sub-
sequent activation of the EGFR-MAPK pathway. Previously,
we have shown that this pathway plays a key role in the devel-
opment of SPs in HBUS mice (Bongers et al., 2012). Alterna-
tively, MMP-3 production and release could also be increased
as part of a general inflammatory response (Louis et al., 2000).

Among the OTUs that were enriched in SPs was the
genus Bilophila whose members have been associated with
bile resistance and are often recovered from appendicitis spec-
imens (Finegold and Jousimies-Somer, 1997). Bilophila wad-
sworthia has recently been shown to flourish on diet-induced
taurine-conjugated bile acid and promote colitis in IL10™/~
mice. The mechanism by which B. wadsworthia induces colitis
is unknown but was proposed to involve an immune response
to tissue damage induced by the bacterial byproducts, such
as H,S or secondary bile acids (Devkota et al., 2012). Interest-
ingly, most bile acids secreted by the host are absorbed in
the terminal ileum, whereas secondary bile acids produced
by bacteria increase in more distal sections of the intestine
(Ridlon et al., 2006; Hamilton et al., 2007). Therefore, a spe-
cific niche of cecal bile acid—transforming bacteria could ex-
plain the specific cecal localization of SPs.

The bacterial invasion we observed in SPs could be caused
by properties encoded by the bacteria or specific interactions
with the genetic alterations in the host; e.g., EGFR signaling
can be used by infectious agents to increase their survival and
promote invasion (Galin et al., 1992; Fiske et al., 2009). HB-
EGF signaling has also been associated with changes in ex-
pression of tight junction proteins such as Claudin-2 (Singh
et al., 2007), which we also found in this study. Currently, it is
unclear whether apical loss of the adherens junction—associated
proteins B-catenin and E-cadherin we observed in SPs are

functionally related to the changes in Claudin-2 expression, as
shown for Claudin-7 (Lioni et al., 2007), or brought about by
changes in inflammation-associated cytokine expression
(Bruewer et al., 2003).

Previous studies have shown that bacteria can regulate cy-
tokine production by specific leukocyte subsets. For example,
segmented filamentous bacteria and Clostridium species have
been shown to induce IL-17 production by Th17 and regula-
tory T cells, respectively (Ivanov et al., 2009; Nagano et al.,
2012). In SPs of HBUS mice, we identified TCR-y3 T cells
as the main source of the increased IL-17 production. IL-17
production by resident TCR-yd cells is critical for the
recruitment of neutrophils and for the clearance of E. coli
(Shibata et al., 2007).

Development of SPs in HBUS mice was associated with a
distinct neutrophilic infiltrate, potentially as a result of in-
creased levels of CXCL2, e.g., induced by the TNF or IL-17
produced by TCR-v8 cells. Neutrophils are the final effectors
of an inflammatory response with an important role in the
clearance of pathogens. There is mounting evidence that
tumor-associated neutrophils (TANs) play an important role
in tumor initiation and progression (Mantovani et al., 2011).
Depletion experiments indicate that neutrophils play a role in
the growth of SPs in HBUS mice.

It is clear that the pathway to formation of SPs at specific
locations in the gut is complex and involves both bacterial
and host factors, given that prevention of EGFR signaling
(Bongers et al., 2012) or alterations of the microbiota are suf-
ficient to decrease the incidence of SPs. Based on our obser-
vations, we propose that SPs in HBUS mice are likely initiated
by increased basal HB-EGF/EGFR signaling, leading to a de-
creased barrier function by altering tight/adherens-associated
proteins. This in turn would facilitate the invasion of specific
bacterial species that trigger a host antibacterial response
characterized by the production of antimicrobial molecules
and an innate immune response. Subsequently, bacterial or in-
flammatory signals promote an expression of MMP-3 that in
turn further facilitates HB-EGF/EGFR signaling, resulting in a
positive feedback loop that ultimately promotes growth of SPs.

In summary, we have identified a requirement for inter-
action between host genetic alterations and host-specific micro-
biota for development of SPs. The discovery of this mechanism
may help to explain the preferential localization of SPs in spe-
cific locations in the human intestine (Noffsinger, 2009).

MATERIALS AND METHODS

Mice. 17§28, HBGF, and HBUS mice were described previously (Bongers
et al., 2010, 2012). No statistical method was used to determine sample size,
and when applicable, mice were assigned to a treatment group using a simple

S100A9-positive cells in SPs and unaffected surrounding cecal tissue (n = 6). (D and E) At 35 wk of age, HBUS mice were treated with 0.4 mg anti-1A8 i.p.
every other day for 30 d. Shown are representative immunofluorescent images (left) and quantification (right) of the number of S100A9-positive cells in
SPs (D) and the size of SPs (E) in control (n = 11) and 1A8-treated (n = 9) HBUS mice. *, P < 0.05 (Wilcoxon rank sum test; experiment was performed
once). (F) Expression of Mmp3 mRNA by gPCR analysis and immunofluorescent staining (MMP-3) in SPs and surrounding tissue (n = 4/group). Inset
shows higher-magnification image of the area indicated by §. *, P < 0.05 (Wilcoxon rank sum test; experiment was performed twice). Sections were coun-
terstained with DAPI and pan-Keratin. Bars: (C [left and middle] and F) 100 um; (C, right) 10 um; (D) 250 um. Error bars indicate SEM.
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randomization (coin flip). Histological analysis was performed blinded to the
treatment. All experiments involving mice were performed in accordance
with the guidelines of the Animal Care and Use Committee of Mount Sinai
School of Medicine.

Antibiotic treatment. Mice were treated for the indicated time with
1 g/liter ampicillin, 1 g/liter neomycin, 1 g/liter metronidazole (all Sigma-
Aldrich),and 0.5 g/liter vancomycin (Western Medical Supply) ad libitum in
the drinking water for the indicated time.

In vivo cell depletion. For depletion of Ly6G*-expressing neutrophils, anti-
Ly6G mAb clone 1A8 (Bio X Cell) was injected at 0.4 mg i.p. every other day
for 30 d, as previously described (Daley et al., 2008; Garcia et al., 2010).

Pan-bacterial PCR amplification. Total genomic DNA was isolated from
tissue using the DNeasy Blood and Tissue kit (QIAGEN). qPCR analysis and
primer sequences were described previously (Hartman et al., 2009). Relative
quantity was calculated by the ACt method and normalized by the presence
of mouse ubiquitin.

RNA extraction and qPCR. Total RNA was extracted using the RNeasy
Mini kit (QIAGEN) according to the manufacturer’s protocol. RT was per-
formed using 3 pg total RNA. RT-PCR was conducted in triplicates using
SYBR green (Fermentas). Relative expression levels were calculated by the
ACt method and normalized by the presence of mouse ubiquitin. Primers
were designed using Primer Express 2.0 software (Applied Biosystems) or
Primer3Plus (Untergasser et al., 2007).

Rederivation. Specific pathogen—free mice were produced by in vitro fer-
tilization using standard procedures. In brief, sperm from I’S28 males and
oocytes from HBGF females were implanted into naturally ovulating pseu-
dopregnant Swiss Webster female mice freshly obtained from Taconic.

Isolation of leukocytes. Intestines were cut into 2-cm pieces and washed
in ice-cold PBS.To release the intestinal epithelial cells, the pieces were incu-
bated in PBS containing 1.3 mM EDTA for 30 min at 4°C. After vigorous
shaking, intestinal epithelial cells were collected in the supernatant and used
to prepare RNA extracts using the RNeasy Mini kit (QIAGEN). The re-
maining tissue was digested in DMEM containing 1 mg/ml Dispase II (Roche)
for 20 min at 37°C, incubated with CD45 microbeads (Miltenyi Biotec), and
purified using MACS columns (Miltenyi Biotec) according to manufacturer’s
protocol. RNA was extracted from the CD45-enriched purified cells using
the RNeasy Mini kit.

Histology and immunofluorescence. Organs were dissected, fixed in
10% formalin, and processed for paraffin sectioning. 4-pm sections were
dewaxed by immersion in xylene and hydrated by serial immersion in etha-
nol and PBS. Antigen retrieval was performed by incubating sections in a
pressure cooker for 15 min in Target Retrieval Solution (DAKO). Sections
were washed with PBS (twice for 10 min), and blocking buffer (TBS con-
taining 10% BSA and 0.3% Triton X-100) was added for 1 h. Sections were
incubated with primary antibody in blocking buffer overnight at 4°C and
then incubated with Alexa Fluor 488—, Alexa Fluor 594—, or Alexa Fluor
647-labeled secondary antibodies for 1 h. Sections were mounted with
Fluoromount-G (Beckman Coulter). Antibodies were obtained from R&D
Systems (REG-38),Abcam (pan-keratin, S10029, and MMP-3), Santa Cruz
Biotechnology, Inc. (REG-37), or Cell Signaling Technology (B-catenin
and E-cadherin).

Fluorescent in situ hybridization. Whole ceca were dissected and di-
rectly incubated overnight in fixing solution (PBS containing 1.6% parafor-
maldehyde and 20% sucrose), embedded in O.C.T. (Tissue-Tek), and snap
frozen in 2-methylbutylene on dry-ice. 10-um sections were washed with
ice-cold PBS (twice for 10 min), and blocking buffer (TBS containing 10%
BSA) was added for 30 min. Sections were incubated with 0.45 pmol/pl
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eubacterial oligonucleotide probe ([AminoC6 + Alexa Fluor 594] 5'-GCT-
GCCTCCCGTAGGAGT-3"; Operon) in prechilled hybridization buffer
(Sigma-Aldrich) overnight at 4°C (Bates et al., 2006). Sections were counter-
stained with 30 nM DAPI (Invitrogen) in PBS for 10 min, washed for 10 min
in ice-cold PBS, and mounted with Fluoromount-G. Immunofluorescent
imaging was performed on the same day.

Intraepithelial cellular barrier assay. The barrier function assay based on
sulfo-NHS-biotin was performed as described previously (Tamura et al.,
2008). In brief, sulfo-NHS-biotin (1 mg/ml PBS; Sigma-Aldrich) was ap-
plied to dissected ceca of HBUS mice. After 30 min of incubation in a hu-
midified chamber at room temperature, the ceca were washed three times
with PBS for 5 min, fixed overnight with 4% paraformaldehyde/20% sucrose
in PBS, and frozen in OCT. Sections were stained with Alexa Fluor 594—
labeled streptavidin (Invitrogen) for 30 min and counterstained with 30 nM
DAPI (Invitrogen) in PBS for 10 min, washed for 10 min in ice-cold PBS,
and mounted with Fluoromount-G.

Fluorescent imaging. Immunofluorescent imaging was performed using
Cy3 HYQ, FITC HYQ, and a fluorescence microscope (E600; Nikon) with
Plan Apochromat objective lenses. Images were acquired using a digital cam-
era (DXM1200F; Nikon) and Act-1 software version 2.63 (Nikon). Images
were composed in Photoshop CS6 (Adobe).

FACS analysis on cecal tissue. The cecum was cut into small pieces (<1 mm),
digested with 2.5 mg/ml Collagenase D and 1 mg/ml Dispase II for 1 h, and
purified using a Percoll gradient (44 and 66%). For cytokine analysis, the cells
were cultured for 3 h with 10 ng/ml PMA and 1 pg/ml ionomycin and for
1.5 h with 10 ug/ml Monensin. Otherwise, the cells were immediately resus-
pended in Fe-Block (BD) for 20-min RT and subsequently stained with
surface markers for 30 min at 4°C. For intracellular staining, cells were per-
meabilized in permeabilization buffer (BD) and stained with intercellular anti-
bodies diluted in permeabilization buffer for 45 min at 4°C. DC and
macrophage subsets in SPs were analyzed by FACS analysis using the markers
CD45, CD11c, CD11b, MHCII, Ly6C, and CD103. FACS antibodies were
obtained from BD or eBioscience.

BeadArray analysis. BeadArray analyses were performed with 500 ng total
RNA using the TotalPrep RNA Amplification kit (Illumina) and Mouse-
Ref-8 BeadChip kit 430 2.0 Expression BeadChip arrays (Illumina) with
n =3 per group. All arrays in this study were subjected to variance-stabilizing
transformation (Lin et al., 2008), quantile normalization, and quality control
using lumi version 2.14.0 Bioconductor/R (Du et al., 2008). Fold changes
and statistical significance were determined using a paired sample analysis in
limma version 3.18.7 Bioconductor/R (Smyth,2004) and corrected for mul-
tiple testing (FDR /Benjamini and Hochberg). Probe sets were selected based
on —1.5 > fold change > 1.5, Q < 0.05.The expression values were plotted
with heatmap.2 (gplots version 2.11.0, CRAN/R).

DNA extraction, 16S rDNA amplification, and multiplex sequencing.
All mice used for 16S rDNA sequencing were housed in specific pathogen—
free conditions that were free of Helicobacter hepaticus and H. bilis. Rederived
(n = 13) and antibiotic-treated HBUS mice (n = 11) were house in separate
cages, whereas WT control littermates (n = 7) were cohoused with HBUS
mice that developed SPs (n = 20). Each sample was obtained from a different
mouse. HBUS mice never developed more than one SP and were only found
at the cecal—colonic junction. Before resection, surface stool was removed
and SPs from HBUS mice or 4-mm? piece of the cecal—colonic junction was
processed directly using the DNeasy Blood and Tissue kit (QIAGEN). Bacte-
rial 16S rRINA genes were amplified using the primers as described in
Caporaso et al. (2012). Each sample was amplified in quadruplicate, combined,
and cleaned using the Agencourt AMPure XP beads (Beckman Coulter).
PCR reactions contained 0.5 uM for each primer, 100 ng genomic DNA,
and Phusion High-Fidelity PCR Master Mix (New England Biolabs, Inc.).
Reactions were held at 98°C for 30 s, proceeding to 35 cycles at 98°C for 10 s,
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50°C for 30 s, and 72°C for 30 s and a final extension of 10 min at 72°C.
Cleaned amplicons were quantified using Picogreen dsDNA, and a compos-
ite sample for sequencing was created by combining equimolar ratios of am-
plicons from the individual samples, agarose gel purifying (QIAquick Gel
Extraction; QIAGEN), and mixing with 50% PhiX (Illumina). The sample
concentration was verified by qPCR and loaded on Illumina MiSeq or
HiSeq sequencer (members of all groups were run on both machines) for se-
quencing as previously described (Caporaso et al., 2012).

Analysis of 16S rDNA sequences. The raw reads obtained from 150-bp
paired-end MiSeq or HiSeq runs were preprocessed through the QIIME
version 1.7.0 pipeline (Caporaso et al., 2010). After demultiplexing and base
quality trimming (q20), a reference-based OTU picking protocol was applied
and 97% OTUs were picked against the May 2013 Greengenes database
(McDonald et al., 2012; prefiltered at 97% identity) using UCLUST (Edgar,
2010). Reads were assigned to OTUs based on their best match to a Green-
genes sequence (89% of the reads), and reads that did not match a Green-
genes sequence at 97% or greater sequence identity were discarded. The
Greengenes taxonomy associated with the best match in Greengenes was as-
signed to each OTU, and the Greengenes tree was used for phylogenetic
diversity calculations. The resulting OTU table was normalized by down-
sampling to the sample with the lowest counts (35,000) and then quality fil-
tered, discarding OTUs with less than five counts across all samples or present
in less than nine samples (Bokulich et al., 2013). Filtering did not significantly
affect the read fraction for each group (Fig. 4 C). Finally, filtered OTU counts
were used to calculate Jackknifed Weighted UniFrac B-diversity indices
(Lozupone et al., 2011) and « diversity (Faith and Baker, 2006) at an even
depth of 35,000 sequences/sample and generate taxonomic plots. To evaluate
differences between groups, one-way ANOVA (CRAN/R version 3.0.2)
was performed on log2-transformed count data (all zeroes were set to 0.5 of
the smallest nonzero entry) assuming equal variance, OTUs with Q < 0.05
(FDR/Benjamini and Hochberg) were subjected to Tukey HSD post hoc test
(CRAN/R version 3.0.2), and significant differences among groups were
defined as P < 0.05 and —1.6 > fold change > 1.6. Abundance profiles were
hierarchically clustered using Spearman correlation as the distance metric,
and heat maps were generated using R.

RNA extraction from tissues. Approximately 200 mg of tissue sample was
placed in 1.5 ml RNAlater buffer (Ambion) and snap-frozen in liquid nitro-
gen. RNA extraction was performed as described previously (Giannoukos
et al., 2012). In brief, at time of extraction, samples were centrifuged for
10 min at 16,000 ¢ at room temperature. Pellets were resuspended in 150 pl
lysis buffer (Tris/HCI, pH 8, 1 mM EDTA, 15 mg/ml Lysozyme [Sigma-
Aldrich], and 15 pl of 20 mg/ml proteinase K) and incubated at room tem-
perature for 10 min with brief mixing every 2 min. After addition of 1.2 ml
QIAGEN RLT buffer containing 1% vol/vol B-mercaptoethanol, 1 ml of
0.1-mm glass beads (BioSpec) was added, and samples were homogenized in
a FastPrep at setting 5 (four pulses of 20 s). Samples were kept on ice for
1 min between pulses. Lysates were then homogenized with a QIAshredder
spin column, and RNA was isolated using the AllPrep mini kit (QIAGEN),
according to the manufacturer’s protocols, which included an on-column di-
gestion with DNase 1. 25 ug RNA from each tissue sample was processed
with the MICROBE rich kit (Ambion), and 5 pg of processed RNA was
further depleted of rRNAs using the Meta-Bacteria RiboZero rRNA re-
moval kit (Epicentre). The final samples consisted of a mix of host and micro-
bial mRNAs in a 2:1 ratio.

cDNA library construction and sequencing. rRNA-depleted RNA
was prepared for Illumina paired-end sequencing using the Next mRINA Li-
brary Prep Master Mix Set for Illumina (New England Biolabs, Inc.); manu-
facturers’ protocols were followed with the following modifications. RINA
was fragmented for 10 min and then purified with RNeasy MinElute spin
columns (QIAGEN). RT was performed with SuperScript III (Invitrogen).
Library preparation reactions were cleaned up using Agencourt AMPure XP
beads. Size selection was performed before ligation-mediated PCR using
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Invitrogen E-Gel 2% with SYBR Safe staining. Excised gel fragments were
purified with the QIAQuick Gel Extraction kit (QIAGEN). Adapters and
primers were synthesized by IDT according to published Illumina sequences.
Enrichment PCR was performed with Kapa HiFi HotStart R eadMix. Prim-
ers were used at a final concentration of 500 nM; cycling parameters were
as follows: 94°C for 5 min, 15 cycles of 94°C for 1 min, 62°C for 30 s, 72°C
for 45 s, and then 72°C for 10 min. Libraries were quantified using the Bio-
Analyzer DNA 1000 chips (Agilent Technologies), diluted to 12 pM, and
sequenced for 100 cycles (paired-end) on the HiSeq 2000 (Illumina) using
standard methods.

Mouse transcriptome analysis. RNA-Seq data from HBUS tissue sam-
ples were mapped to the mouse reference genome and transcriptome
(GRCm38 and the Jul 2012 ENSEMBL gene build, respectively) using
Tophat (Trapnell et al., 2009). Gene-level sequence counts were extracted for
all annotated protein-coding genes using htseq-count by taking the strict in-
tersection between reads and the transcript models associated with each gene.
Raw count data were filtered to remove low expressed genes with less than
five counts in any sample. Remaining data (12,697 genes) were normalized
with trimmed mean of M (TMM) normalization and analyzed for differen-
tially expressed genes using the Bioconductor EdgeR package version 2.11
Bioconductor/R. (Robinson et al., 2010). To take into account the experi-
mental design where paired unaffected cecal tissue and polyp tissue samples
were isolated for each mouse, we fitted an additive generalized linear model
that incorporated mouse + tissue effects to adjust for any baseline differences
between the mice. Statistically significant differentially expressed genes be-
tween polyp and surrounding cecal (normal) tissues (Q < 0.05) were selected
in gene-wise log-likelihood ratio tests that were corrected for multiple test-
ing by Benjamini and Hochberg FDR. GO analysis on significantly regulated
genes was performed using ClueGO (Bindea et al., 2009) for GO terms
containing at least 25 genes, redundancy was reduced using GO term fusion,
connections were based on kappa 0.5, the leading overview GO term was
selected based on %Genes/Term, and GO terms with Q < 0.05 (FDR) were
considered significantly enriched.

Accession numbers. Accession numbers for all primary array and se-
quencing data are available from the NCBI under BioProject accession no.
PRJNA207540 and GEO accession no. GSE47736.

Statistical analysis. Statistical analysis for BeadArray, Microbiome, and
RNA-Seq was performed as described above. For all other experiments, dif-
ferences among means were evaluated by a 2 X 2 contingency table using
Fishers exact test (Prism version 5; GraphPad Software), a two-tailed Wil-
coxon rank sum test, or pairwise Wilcoxon rank sum test (CRAN/R version
3.0.2); P < 0.05 was considered significant. For multiple comparisons, p-values
were adjusted using Benjamini and Hochberg (FDR). No samples were ex-
cluded from analysis. All results shown represent mean + SEM.

Online supplemental material. Table S1, included as a separate PDF
file, shows differentially regulated genes by RNA-Seq analysis in tissue
isolated from HBUS polyps compared with unaffected proximal cecum,
as show in the heat map. Table S2, included as a separate PDF file, shows
ClueGO analysis of the RNA-Seq analysis in tissue isolated from HBUS
polyps compared with unaffected proximal cecum. Table S3, included as a
separate PDF file, shows a subsampled and filtered OTU table of Taconic
moms, rederived HBUS mice, and HBUS and WT mice obtained through
interbreeding with mice obtained from the Jackson Laboratory. Table S4,
included as a separate PDF file, shows statistical analysis of OTUs in Table S3.
Table S5, included as a separate PDF file, shows differentially regulated
genes by BeadArray in CD45" cells isolated from HBUS polyps compared
with unaffected proximal cecum, as show in the heat map. Table S6, in-
cluded as a separate PDF file, shows ClueGO analysis of the BeadArray
analysis in CD457 cells isolated from HBUS polyps compared with unaf-
fected proximal cecum. Online supplemental material is available at http://
www.,jem.org/cgi/content/full/jem.20131587/DC1.
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