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Cigarette smoke promotes colorectal cancer through
modulation of gut microbiota and related metabolites
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Changan Liu," Liuyang Zhao," Chuangen Li," Yunfei Zhou,' Guoping Wang,'

Wei Kang

ABSTRACT

Objective Cigarette smoking is a major risk factor

for colorectal cancer (CRC). We aimed to investigate
whether cigarette smoke promotes CRC by altering the
gut microbiota and related metabolites.

Design Azoxymethane-treated C57BL/6 mice were
exposed to cigarette smoke or clean air 2 hours per day
for 28 weeks. Shotgun metagenomic sequencing and
liquid chromatography mass spectrometry were parallelly
performed on mice stools to investigate alterations

in microbiota and metabolites. Germ-free mice were
transplanted with stools from smoke-exposed and
smoke-free control mice.

Results Mice exposed to cigarette smoke had
significantly increased tumour incidence and cellular
proliferation compared with smoke-free control mice.
Gut microbial dysbiosis was observed in smoke-exposed
mice with significant differential abundance of bacterial
species including the enrichment of Eggerthella lenta and
depletion of Parabacteroides distasonis and Lactobacillus
spp. Metabolomic analysis showed increased bile acid
metabolites, especially taurodeoxycholic acid (TDCA)

in the colon of smoke-exposed mice. We found that £.
lenta had the most positive correlation with TDCA in
smoke-exposed mice. Moreover, smoke-exposed mice
manifested enhanced oncogenic MAPK/ERK (mitogen-
activated protein kinase/extracellular signal-requlated
protein kinase 1/2) signalling (a downstream target of
TDCA) and impaired gut barrier function. Furthermore,
germ-free mice transplanted with stools from smoke-
exposed mice (GF-AOMS) had increased colonocyte
proliferation. Similarly, GF-AOMS showed increased
abundances of gut £. lenta and TDCA, activated MAPK/
ERK pathway and impaired gut barrier in colonic
epithelium.

Conclusion The gut microbiota dysbiosis induced by
cigarette smoke plays a protumourigenic role in CRC.
The smoke-induced gut microbiota dyshiosis altered gut
metabolites and impaired gut barrier function, which
could activate oncogenic MAPK/ERK signalling in colonic
epithelium.

INTRODUCTION

Colorectal cancer (CRC) is one of the most common
cancers globally. Although there are many strategies
for early CRC screening and prevention, its burden
is expected to increase further.! There are evidences
supporting the association of lifestyles such as diet,
cigarette smoking, obesity and exercise with CRC.?

 Enders Kwok-wai Ng, Jun Yu
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Significance of this study

What is already known on this subject?

= Gut microbiota and their metabolites have
critical roles in colorectal tumourigenesis.

= Cigarette smoking is a well-known risk factor
of colorectal cancer (CRC), but the mechanism
of how it promotes CRC development remains
unclear.

What are the new findings?

= Cigarette smoking increases colorectal
tumourigenesis and alters microbiota
composition in azoxymethane-treated mice
with significant enrichment of bacterial species
including Eggerthella lenta.

= Metabolomic profile is markedly changed by
cigarette smoking with increased biosynthesis
of the procarcinogenic taurodeoxycholic acid
(TDCA), which also has the most positive
correlation with E. lenta.

= Smoke-exposed mice display impaired colonic
epithelium and enhanced oncogenic MAPK/ERK
(mitogen-activated protein kinase/extracellular
signal-regulated protein kinase 1/2) and
proinflammatory (interleukin 17 and tumour
necrosis factor) signalling pathways.

= Transplanting stools from smoke-exposed mice
into germ-free mice leads to enrichments in E.
lenta and TDCA, impaired colonic epithelium
and increased activation of MAPK/ERK and
proinflammatory pathways in recipient mice.

How might it impact on clinical practice in the

foreseeable future?

= Our findings indicate that cigarette smoking
causes compositional alterations in microbiota
and their metabolites, resulting in gut barrier
dysfunction and activation of oncogenic
and proinflammatory signalling pathways,
contributing to colorectal tumourigenesis.

= Manipulation of the gut microbiota might
represent a promising prophylactic strategy
against CRC in smoking population.

Cigarette smoking increases the risk of lung
cancer with about 80% of all primary lung cancers
attributable to cigarette smoking.” Smoking can
also increase the risk of cancer in other organs that
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are not exposed to cigarette smoke directly, such as the colon,
rectum, pancreas and kidney." Studies showed that cigarette
smoking was significantly associated with CRC incidence and
mortality in humans and was also observed to increase the risk
of CRC development in animal models.’ ¢ However, the mecha-
nism through which cigarette smoking promotes CRC initiation
and progression is unknown. Increased bacterial diversity was
observed after smoking cessation in humans.” ®* Reports have
also shown that the microbiome and mucin structure alteration
is associated with cigarette smoking.” Moreover, the association
of altered gut microbiota with CRC is well established by us'®'?
and others."® Gut microbes from patients with CRC can promote
colon tumourigenesis in recipient mice.!* Nevertheless, whether
the alteration of gut microbiota represents a link between ciga-
rette smoking and CRC remains elusive.

In this study, we aimed to determine the role of cigarette
smoking in CRC development using conventional and germ-
free mouse models. We demonstrated that cigarette smoking
could promote CRC by inducing gut microbiota dysbiosis,
which influences metabolites especially taurodeoxycholic acid
(TDCA). Increased gut TDCA could activate oncogenic MAPK/
ERK (mitogen-activated protein kinase/extracellular signal-regu-
lated protein kinase 1/2) pathway in colon epithelium and then
promote colonocyte proliferation. Moreover, cigarette smoking
could impair gut barrier function which further facilitates TDCA
to activate colonic oncogenic MAPK/ERK signalling.

MATERIALS AND METHODS

Animal experiments

Male 10-week-old C57BL/6 mice were purchased from Animal
Centre, the Chinese University of Hong Kong (Hong Kong).'*
All mice were given food and water ad libitum and fed in
specific pathogen-free environments. They were intraperito-
neally injected with carcinogen azoxymethane (AOM) (10 mg/
kg; Merck, Darmstadt, Germany) once per week for 6 consec-
utive weeks to induce CRC. At the beginning of AOM injec-
tion, mice were exposed to cigarette smoke (4% of 2000 mL/
min airflow) or clean air 2 hours per day (15 mice per group,
consisting of four cages with 3—4 mice per cage) for 28 weeks.
Cigarette smoke was produced by the peristaltic tubing pump
(Masterflex, Illinois, USA). Cigarette (Marlboro; Philip Morris
International, Virginia, USA) with nicotine (1.0 mg/cigarette)
was lighted, continuously inhaled by the pump, mixed with
fresh air, then pumped into the smoking chamber. Only fresh
air was pumped into the clean chamber (figure 1A). Both ciga-
rette smoke-exposed and smoke-free mice sacrificed at the end
of week 28.

Male 10-week-old Kunming mice were purchased from the
Department of Laboratory Animal Science, the Third Military
Medical University, Chongging, China.'* All mice were given
food and water ad libitum and fed in germ-free environments.
To examine the direct effect of cigarette smoking-modulated-gut
microbiota on colonic mucosa, 16 mice were transplanted with
200 uL of stools (0.7 g stool per 1 mL of phosphate-buffered
saline) from conventional C57BL/6 mice exposed to smoke or
clean air (8 germ-free mice per group, consisting of three cages
with 2-3 mice per cage). Oral gavage of stool samples was
performed once at week 0 and stool samples of germ-free mice
were collected once a week.'' Mice were sacrificed at week 20
following the gavage. Next, to determine the direct contribution
of smoking-modulated gut microbiota on tumourigenesis, 30
mice were randomly transplanted with stools from conventional
CS57BL/6 mice exposed to smoke or clean air (15 germ-free mice

per group, consisting of three cages with 5 mice per cage). The
mice also received AOM to induce colorectal neoplasia. The
regimen of AOM was the same as described for conventional
mice. Mice were sacrificed at week 28 after gavage.

At sacrifice, solid neoplastic lesions were carefully counted for
tumour number and measured for tumour load (sum of mean
diameters of all tumours in each mouse; mean diameter [major
diameter+minor diameter]/2)."* Animal experiments were
carried out in compliance with the regulations of the Animal
Experimentation Ethics Committee of the Chinese University of
Hong Kong and The Third Military Medical University, China.

Metagenomic sequencing and analysis
Genomic DNAs of stool samples were extracted using Quick-DNA
Fecal/Soil Microbe Miniprep Kit (Zymo Research, Irvine, Cali-
fornia, USA). DNA library preparation and shotgun metagenomic
sequencing were performed by Novogene,” Tianjin, China,
which generated 34 457 567+3 248 626 (mean=SD; min: 24
136 603, max: 43 985 236) paired end reads. Taxonomic profile
of the microbiota was obtained using Kraken2 (v2.0.8-beta)
algorithm after host DNA removal and reads quality filtering by
KneadData (v0.7.2). The standard Kraken 2 database comprising
complete NCBI RefSeq genomes of bacterial, archaeal and viral
domains, and a collection of known vectors was used as refer-
ence. The differential abundance analysis of bacterial species was
performed by multivariate statistical model MaAsLin2.'® Bacte-
rial species with (1) abundance >0.05% in at least one sample;
(2) adjusted p value <0.05 (false discovery rate (FDR) corrected)
and (3) fold change (FC) >1.5 in abundance between smoke-
exposed and smoke-free were considered statistically significant.
After rarefying to minimum library size, 9 664 368 reads, we
calculated the alpha and beta diversity using phyloseq R package.
Alpha diversity was measured by Chaol, Fisher and Shannon
statistics. Beta diversity was accessed by Arrhenius z distance,
and the principal coordinates analysis (PCoA) was used for ordi-
nation analysis. Community dissimilarities were tested by permu-
tational multivariate analyses of variance (PERMANOVA) with
1000 iterations using the Arrhenius z distance. To measure the
association of Eggerthella lenta with CRC, we analysed metag-
enomic sequencing data of human stool samples including 185
patients with CRC and 204 normal controls, from our previous
publication.'”

Additional methods are provided in online supplemental
information.

RESULTS

Cigarette smoke promotes colorectal tumourigenesis in mice

To study the effect of cigarette smoking on colorectal tumouri-
genesis, we exposed AOM-treated C57BL/6 mice to clean air
or cigarette smoke (figure 1A). Colorectal tumour number and
tumour size were both significantly larger in cigarette smoke-
exposed mice than smoke-free control mice (both p<0.01;
figure 1B). The presence of colon adenoma and adenocarcinoma
was confirmed by a pathologist with microscopic histological
examination (figure 1C). Exposure to cigarette smoke signifi-
cantly enhanced the incidence of colonic tumours (p<0.05)
(figure 1D). We observed increased proliferation of epithelial
cells in the colon of cigarette smoke-exposed mice compared
with smoke-free control mice, indicated by significantly higher
number of Ki-67-positive cells (figure 1E) and higher expres-
sion level of cell-proliferating protein marker proliferating cell
nuclear antigen (PCNA) (figure 1F).
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Figure 1

Smoking

Cigarette smoking increases colorectal tumourigenicity in mice. (A) Smoking or clean chamber designed for cigarette smoke exposure

and schematic overview of the AOM-induced cancer model. The mixed fresh air and smoke air was pumped into the smoking chamber and fresh air
was pumped into the clean chamber. Mice were placed into the chamber 2 hours daily for 28 weeks. AOM (10 mg/kg) was injected intraperitoneally
once per week for 6 consecutive weeks from day 0. Mice were sacrificed at the end of week 28 (AOM group, n=15; AOM+Smoking group, n=15).
(B) Representative images of colon at sacrifice. Tumour number and tumour size in the mice of AOM and AOM+Smoking group. (C) Representative
images of H&E staining of adenoma in the AOM group and adenocarcinoma in the AOM+Smoking group. (D) Incidence of adenoma and
adenocarcinoma in the colon of AOM-treated mice. Statistical significance was determined by Fisher's exact test. (E) Representative images of
immunohistochemistry staining of Ki67 positive cells and proportion of Ki67 positive cells in the colon. (F) Protein expression of PCNA in the colon
of AOM-treated mice by western blot. Data are expressed as mean=SD. Statistical significance was determined by unpaired Student's t-test. AOM,

azoxymethane; PCNA, proliferating cell nuclear antigen.

Cigarette smoke alters the gut microbiota composition and
microbial interplay in mice

As the mice lived together for a long time, we first evaluated
whether there was cage effect on microbial communities using
16S sequencing. We found that the cage effect did not impact on
the microbiome communities at different time points (p>0.03,
PERMANOVA) (online supplemental figure 1). However, the
significant effect of smoking on the microbiome community
occurred at the end of the experiment (end time point) (online
supplemental figure 1), indicating that long-term smoking is a
major factor influencing microbiota. Then, shotgun metage-
nomic sequencing analyses of faecal samples were performed to

determine potential alteration of gut microbiota induced by ciga-
rette smoke exposure. At baseline (initial time point), there was
no significant differences of microbiome between smoke-exposed
and smoke-free control mice in terms of alpha and beta diversity
(online supplemental figure 2A,B). After 28 weeks, we observed
that cigarette smoke-exposed mice had significantly lower alpha
diversity compared with smoke-free control mice (figure 2A and
online supplemental figure 2C). PCoA analysis (beta diversity)
showed significantly different clustering of gut microbiota in
smoke-exposed mice compared with smoke-free control mice
(p<0.01, PERMANOVA; figure 2B). Twenty bacteria (p<0.03,
FC>1.5) were altered significantly in cigarette smoke-exposed
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Figure 2 Cigarette smoke modulates the gut microbiota of mice. (A) Fisher statistic (alpha diversity) and (B) PCoA analysis (beta diversity) in
AOM-+Smoking and AOM group. Significance of alpha and beta diversity were accessed by two-tailed Mann-Whitney U test and PERMANOVA,
respectively. (C) Differentially bacteria between AOM+Smoking and AOM group. Differences in abundance were detected by using a multivariate
statistical model (p<0.05 (FDR corrected), FC >1.5, MaAsLin2). (D) The abundance of species Eggerthella lenta between AOM+Smoking and

AOM group was validated by quantitative PCR. (E) Ecological network among differentially bacteria in AOM+Smoking group and in AOM group.
Correlations were measured by SparCC method. Correlations with difference in correlation strengths between AOM+Smoking and AOM group >0.6
were selected for visualisation. AOM, azoxymethane; FC, fold change; PCoA, principal coordinates analysis; PERMANOVA, permutational multivariate

analyses of variance.

mice (figure 2C). Among these, E. lenta and Staphylococcus
capitis were enriched while gut-beneficial bacteria including
Lactobacillus reuteri,'® Parabacteroides distasonis® and Bacte-
roides dorei*® were depleted with cigarette smoke exposure. We
confirmed higher abundance of E. lenta in the cigarette smoke-
exposed mice by quantitative PCR (p<0.01; figure 2D). We
further evaluated the association of E. lenta with human CRC
using our published dataset.'” E. lenta was significantly more
abundant in patients with CRC (n=185) compared with normal
subjects (n=204). Among these patients with CRC, smokers
(n=30) had higher abundance of E. lenta compared with non-
smokers (n=87) (p<0.05) (online supplemental figure 3A,B).
The interaction among microbes may contribute towards
disease progression. We investigated ecological networks of
interaction among bacteria with differential abundance between
smoke-exposed mice and smoke-free control mice (figure 2E).
We observed that the co-occurrence and co-excluding inter-
actions among bacteria were significantly different between

smoke-exposed mice and smoke-free control mice. Co-exclusive
correlations were observed between E. lenta and two probi-
otic bacteria: Lactobacillus jensenii and Lactobacillus crispatus
(figure 2D), suggesting antagonistic associations of enriched
E. lenta with depleted protective bacteria in cigarette smoke-
exposed mice.

Cigarette smoke alters gut microbiota-related metabolites in
stool

We determined alterations in faecal metabolites after smoke
exposure by liquid chromatography with mass spectrometry
(MS)/MS analysis of mice stool. Orthogonal partial least squares
discriminant analysis showed that faecal metabolic profile in
smoke-exposed mice was significantly different from smoke-free
mice (figure 3A). Forty-one metabolites (adjusted p<0.05) were
altered in stool of cigarette smoke-exposed mice compared with
smoke-free control mice (figure 3B). The altered metabolites
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Figure 3  Cigarette smoke alters gut microbiota-related metabolites in stool. (A) Stool metabolic profile was significantly different between
AOM-+Smoking and AOM group by OPLS-DA method which is a supervised multiple regression analysis for identifying discernible patterns among
different groups. The x-axis captures the variation between the groups, while the y-axis captures the variation within the groups. (B) Differentially
metabolites between AOM-+Smoking and AOM groups, p<0.05, two-tailed Mann-Whitney U test. (C) Enrichment analysis of differentially metabolites
between AOM+Smoking and AOM group. Enrichment score >1 were included. (D) The concentration of TDCA in the stool in AOM+Smoking and AOM
groups was measured by targeted mass spectrometry assay, p<0.05, two-tailed Student's t-test. (E) Association analysis of bacteria with differentially
metabolites by partial’s Spearman correlation. (F) Linear association between TDCA and Eggerthella lenta by linear model with and without correction
(smoke exposed/smoke free). AOM, azoxymethane; OPLS-DA, orthogonal partial least squares discriminant analysis; TDCA, taurodeoxycholic acid.

were enriched or depleted in different metabolomic signalling
pathways (figure 3C). Bile acid biosynthesis was the top enriched
pathway in cigarette smoke-exposed mice compared with
smoke-free mice. In the gut, bacteria convert primary bile acids
to secondary bile acids which are in part absorbed by terminal
ileum and colon. Among these secondary bile acids, TDCA is
known to be procarcinogenic.”! #* The abundance of TDCA
was increased significantly in smoke-exposed mice (figure 3B).
The elevated stool TDCA in cigarette smoke mice was further
confirmed by targeted MS (p=0.0094) (figure 3D).

To determine potential association of microbiota with metab-
olites, we performed correlation analysis between bacteria and
metabolites by partial Spearman correlation. We observed that
E. lenta had the most positive correlation with TDCA, while
two probiotic bacteria; L. jensenii and L. crispatus which were
depleted in smoke-exposed mice, were negatively correlated
with TDCA (figure 3E). E. lenta possesses the ability to decon-
jugate primary bile acids and expresses bile acid epimerising
enzymes 3B-hydroxysteroid dehydrogenase (33-HSDH); hence,
it participates in secondary bile acids synthesis and influences
the level of TDCA in stool.”* We therefore measured the
abundance of genes encoding 3B-HSDH enzymes and observed
significantly higher abundance of the genes in smoke-exposed
compared with smoke-free mice (online supplemental figure
3C). In keeping with this, we further confirmed that the abun-
dance of E. lenta was positively correlated with the concentra-
tion of TDCA in stool (figure 3F). Thus, gut microbial dysbiosis

and altered metabolites may work together to contribute to
colon tumourigenesis.

Cigarette smoke impairs gut barrier function

To investigate the impact of cigarette smoking on gut barrier
function, we analysed the expression levels of colon tight junc-
tion proteins, claudin-3 and Zonula occludens-1 (ZO-1), and
levels of serum lipopolysaccharide (LPS). Cigarette smoke mark-
edly decreased the levels of claudin-3 and ZO-1 as determined
by western blot (figure 4A) and immunofluorescence staining
(figure 4B). The impaired tight junction was further confirmed
under electron microscopy (EM) examination by a pathologist
(figure 4C). Meanwhile, we found that the levels of serum LPS
were increased significantly in smoke-exposed compared with
smoke-free mice (figure 4D). These results together indicate that
cigarette smoke causes impaired gut barrier function.

Cigarette smoke enhances oncogenic MAPK/ERK signalling in
colonic epithelium

To gain molecular insights into the protumourigenic effect
of cigarette smoking, we profiled the expressions of cancer-
associated genes in colonic epithelium using Mouse Cancer
Pathway Finder PCR Array. We observed 19 upregulated genes
and 7 downregulated genes in smoke-exposed mice compared
with smoke-free control mice (figure 5A, online supplemental
table 2). Enrichment analysis indicated that mitogen-activated
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Figure 4 Cigarette smoke impairs the gut barrier function. (A) Protein expression of claudin-3 and ZO-1 in the colon of the AOM-treated mice
by western blot. (B) Protein expression of claudin-3 and ZO-1 in the colon of the AOM-treated model by immunofluorescence staining. (C) The

representative images of the structure of the colorectal gut barrier of AOM-treated mice. Arrows point to cell-cell junction under electron microscope.

(a) Tight junction; (b) adherens junction; (c) desmosome; (d) gap junction. An asterisk indicates a disrupted cell junction. (D) LPS concentration in the
serum of mice in the AOM and AOM-+Smoking group. Data are expressed as mean+SD. Statistical significance was determined by unpaired Student’s

t-test. AOM, azoxymethane; DAPI, 4,6-diamidino-2-phenylindole; LPS, lipopolysaccharide.

protein kinases (MAPK) signalling pathway was the top acti-
vated pathway by cigarette smoke (figure 5B). Previous studies
reported that TDCA could activate the ERK subfamily of MAPK
pathway,?® ¥’ thus we evaluated MAPK/ERK activation in colonic
epithelium of mice exposed to cigarette smoke compared with
control mice. Activation of MAPK/ERK signalling by smoking
was confirmed by the elevated level of phospho-ERK1/2, a key
mediator protein in MAPK/ERK pathway (figure SC). Moreover,
we observed positive correlation between ERK phosphorylation
level and TDCA level (online supplemental figure 4A). These
findings suggest that cigarette smoke induces ERK1/2 phosphor-
ylation and activates MAPK/ERK signalling pathway to promote
colon tumourigenesis.

Cigarette smoke enhances expressions of proinflammatory
signalling genes

Gut bacteria dysbiosis is closely associated with inflammation
which links oncogenic factors and tumourigenesis. We there-
fore profiled expressions of proinflammatory genes using the
Mouse Inflammatory Response and the Autoimmunity PCR
Array. We observed 27 upregulated genes and 5 downregu-
lated genes in cigarette smoke-exposed mice compared with
smoke-free control mice (figure 5D, online supplemental table

3). Altered pathways including proinflammatory interleukin 17
(IL-17) signalling and tumour necrosis factor (TNF) signalling
pathways were induced by cigarette smoke (figure SE). Quanti-
tative reverse transcription PCR (RT-PCR) confirmed increased
expressions of proinflammatory Il-17a, Cxcl2 and decreased
expression of anti-inflammatory II-10 in smoke-exposed mice
compared with smoke-free control mice (figure SF). Moreover,
the relative mRNA expression of Il-17a was positively correlated
with the abundance of E. lenta in the colon (online supplemental
figure 5). These findings suggest that cigarette smoke promotes
inflammation in colon tumourigenesis.

Faecal microbiota transplantation in germ-free mice
recapitulate the alteration of gut microbiota in smoke-
exposed conventional mice

To confirm the direct role of altered gut microbiota by ciga-
rette smoke on colorectal tumourigenesis, we performed faecal
microbiota transplantation in germ-free mice. Germ-free mice
were gavaged with stools either from cigarette smoke-exposed
or smoke-free conventional mice. Mice were harvested and
examined after 20 weeks (figure 6A). We performed shotgun
metagenomic sequencing analyses to explore the colonisation of
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Figure 5 Cigarette smoke enhances the expression of oncogenic MAPK/ERK pathway and proinflammatory pathway in colonic epithelium.
(A) Differential expressed genes of colonic epithelium in the AOM+Smoking group compared with the AOM group by Mouse Cancer Pathway
Finder PCR Array analysis (FC=AOM+Smoking/AOM, positive log,(FC)=higher expression in AOM+Smoking group and negative log,(FC)=higher

expression in AOM group). FC between AOM+Smoking and AOM >2 was included. (B) The altered cancer signalling pathways in the AOM+Smoking
group compared with AOM group by enrichment analysis. Enrichment scores >1 were included. The arrows represent the direction of enrichment,
calculated by comparing the upregulated and downregulated genes in the pathway. The differentially expressed genes in MAPK signalling pathway
were shown in network. (C) Protein expression of p-ERK1/2 in the colon of the AOM-treated mice by western blot. (D) Differential expressed genes of
colonic epithelium in the AOM+Smoking mice compared with AOM mice by Mouse Inflammatory Response and Autoimmunity Array analysis. (E) The
altered inflammatory signalling pathways in the AOM+Smoking group compared with AOM group by enrichment analysis. Enrichment score >1 were
included. The differentially expressed genes in TNF and IL-17 signalling pathways were shown in network. (F) Gene expression of Cxcl2, //-17a and
1I-10 by quantitative RT-PCR. Data are expressed as mean=SD. **p<0.01, *p<0.05; statistical significance was determined by two-sided unpaired
Student’s t-test. p values were adjusted by FDR (online supplemental tables 2,3). AOM, azoxymethane; ERK, extracellular signal-regulated protein

kinase; FC, fold change; II, interleukin; MAPK, mitogen-activated protein kinase; RT-PCR, reverse transcription PCR; TNF, tumour necrosis factor.

cigarette smoke-altered microbiota. Similar to the conventional
AOM mice model, alpha diversity was significantly decreased
in germ-free mice gavaged with stools from cigarette smoke-
exposed mice (GF-AOMS) compared with those gavaged with
stools from cigarette smoke-free mice (GF-AOM) (figure 6B
and online supplemental figure 2C). Beta diversity analysis
again showed significant segregation of gut microbiota between
these two groups of germ-free mice (GF-AOMS vs GF-AOM,
p<0.01, PERMANOVA) (figure 6C). Further analysis revealed
34 differentially abundant bacteria (figure 6D). Consistently, the
abundance of E. lenta was significantly increased and P. dista-
sonis was significantly decreased in GF-AOMS mice (p<0.05,
FC>1.5). We confirmed significantly higher abundance of E.
lenta in GF-AOMS group than GF-AOM group by quantitative
PCR (p<0.001, figure 6E).

We further tested consistence of microbiota alterations between
the two mice models (germ-free mice and conventional AOM
mice). We found that bacteria with increased abundance in smoke-
exposed AOM mice compared with smoke-free AOM mice were
consistently increased in GF-AOMS mice compared with GF-AOM
mice, whereas bacteria with decreased abundance in smoke-
exposed AOM mice were consistently reduced in GF-AOMS
mice compared with GF-AOM mice (figure 6F). Importantly, we
observed that the abundance of E. lenta was increased while probi-
otic P. distasonis had lower abundance in both smoke-exposed
AOM mice and GF-AOMS mice. Correlation analysis revealed
that ecological network modules were conserved after faecal
transplant in germ-free mice when compared with the donor mice
(figure 6G). Moreover, stool TDCA level also increased signifi-
cantly in GF-AOMS compared with GF-AOM mice (figure 6H).
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Figure 6 Alteration of gut microbiota in germ-free mice with faecal microbiota transplantation from smoke-exposed conventional mice.

(A) Schematic overview of the germ-free mice model. Germ-free mice were orally gavaged with stool from AOM+Smoking and AOM groups
(n=8/group). Mice were sacrificed at the end of week 20. (B) Fisher statistic (alpha diversity) and (C) PCoA analysis (beta diversity) in GF-AOMS

and GF-AOM group. Significance of alpha and beta diversity was accessed by two-tailed Mann-Whitney U test and PERMANOVA, respectively.

(D) Differentially bacteria between GF-AOMS and GF-AOM groups. Differences in abundance were detected by using a multivariate statistical model
(p<0.05 (FDR corrected), FC >1.5, MaAsLin2). (E) The abundance of species Eggerthella lenta between GF-AOMS and GF-AOM group was validated
by quantitative PCR. (F) Consistent alteration in bacteria abundance (p<0.05, smoke-exposed mice vs smoke-free mice; GF-AOMS mice vs GF-AOM
mice) in two mice model (germ-free mice and AOM mice). The FC in abundance between smoking and non-smoking was calculated. Red points
represent germ-free mice model and yellow points represent conventional mice model. (G) Network modules were conserved after gavage feeding
in the germ-free mice when comparing with the donor. Correlations were measured by SparCC method and network modules were extracted based
on first-order neighbourhoods of bacteria. (H) The concentration of TDCA in the stool between GF-AOMS and GF-AOM groups measured by targeted
mass spectrometry assay, p<0.05, two-tailed Mann-Whitney U test. AOM, azoxymethane; FC, fold change; GF-AOM, germ-free mice gavaged with
stool from AOM donor mice; GF-AOMS, germ-free mice gavaged with stool from AOM+Smoking donor mice; PCoA, principal coordinates analysis;
PERMANOVA, permutational multivariate analyses of variance; TDCA, taurodeoxycholic acid.
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Cigarette smoke-altered microbiota increases colonocyte
proliferation and tumourigenesis in germ-free mice
GF-AOMS mice had increased proliferation of colonic epithe-
lial cells compared with GF-AOM mice, which was indicated by
higher proportion of Ki-67 positive cells (figure 7A) and higher
expression level of PCNA (figure 7B). In addition, we performed
the AOM treatment in germ-free mice and gavaged with stools
either from cigarette smoke-exposed (GFAOM-AOMS) or
smoke-free mice (GFAOM-AOM) (online supplemental figure
6A). Consistently, GFAOM-AOMS mice exhibited increased
colon tumour number (p<0.05) and tumour size (p<0.05)
compared with GFAOM-AOM mice (online supplemental figure
6B). These results in germ-free mice are consistent with obser-
vations in conventional mice, thus suggesting that the altered
microbiota and metabolome by cigarette smoke could directly
promote colonocyte proliferation and tumourigenesis.

Altered microbiota by cigarette smoke impairs gut barrier
function in germ-free mice

We next investigated whether altered microbiota by cigarette
smoke could affect the gut barrier function in germ-free mice.
We observed decreased expressions of claudin-3 and ZO-1 and
increased levels of serum LPS in GF-AOMS mice (figure 7C,D).
Impaired gut barrier function in GF-AOMS mice was also
confirmed by EM which showed widening of intercellular junc-
tions in apical junctional complex and paracellular gap in colon
(figure 7E). These results in germ-free mice were in line with
conventional mice, thus indicating that alteration in microbiota
and metabolome by cigarette smoke could impair gut barrier
function which might further contribute to tumourigenesis.

Altered microbiota by cigarette smoke enhances oncogenic
MAPK/ERK pathway in the colonic epithelium of germ-free
mice

To confirm the molecular mechanism of cigarette smoke-altered
microbiota in promoting colonocyte proliferation, we performed
Cancer Pathway Finder Array on the colonic epithelium of stool-
gavaged germ-free mice. We identified nine upregulated genes
and three downregulated genes in GF-AOMS mice compared
with GF-AOM mice (figure 7F, online supplemental table 4).
These differential expression genes were mainly enriched in
MAPK/ERK signalling pathway. The activation of MAPK/ERK
signalling was confirmed by the elevated protein expression of
phospho-ERK1/2 in GF-AOMS mice compared with GF-AOM
mice (figure 7G and H). Moreover, we observed positive
correlation between ERK phosphorylation level and TDCA level
(online supplemental figure 4B). Similarly, using Inflammatory
Response and Autoimmunity PCR Array, we found that 16 proin-
flammatory genes were upregulated in GF-AOMS compared
with GF-AOM mice (figure 71, online supplemental table 5),
and these genes were also mainly enriched in TNF and IL-17
signalling pathways (figure 7]). Upregulation of the key proin-
flammatory genes in TNF and IL-17 pathways including II-17a
and C-X-C motif chemokine ligand 2 (Cxcl2), and C-X-C motif
chemokine receptor 2 (Cxcr2) were confirmed in GF-AOMS
mice compared with GF-AOM mice by quantitative RT-PCR
(figure 7K). The consistent findings from both conventional and
germ-free mice models indicate that altered-microbiota by ciga-
rette smoke directly induced colonic proinflammatory TNF and
IL-17 signalling and oncogenic MAPK/ERK signalling. Thus,
altered gut microbiota contributes to the protumourigenic role
of cigarette smoke in colorectal carcinogenesis.

DISCUSSION

Here we establish for the first time, a novel gut microbiota-
mediated mechanism of cigarette smoke-induced colorectal
tumourigenesis. Cigarette smoking is a risk factor for CRC.
However, the mechanistic understanding of cigarette smoking-
induced CRC is limited. Despite several studies showing associ-
ation between gut microbiota and cigarette smoking, it remains
unclear whether the altered microbiota by exposure to cigarette
smoking plays an important role in the initiation and progres-
sion of CRC. To fill this critical gap, we performed experiments
involving long-term exposure of mice to cigarette smoke using
AOM-induced CRC mouse model and germ-free mice trans-
planted with cigarette smoke-altered microbiota.

In this study, we demonstrated that cigarette smoking could
promote colon tumourigenesis by modulating the composi-
tion of gut microbiota and induce gut microbiota dysbiosis. In
particular, E. lenta that has been reported to be associated with
CRC* # was significantly enriched in mice exposed to ciga-
rette smoke. On the other hand, P. distasonis that was depleted
in mice exposed to cigarette smoke had been demonstrated to
increase colonic expression of tight junction proteins and atten-
uate colorectal tumourigenesis.”” Lactobacillus (L. reuteri, L.
jensenii and L. crispatus), known for its capability of suppressing
infection or proliferation of pathogenic bacteria, had lower
abundance in mice exposed to cigarette smoke. We further
demonstrated the antagonistic relationship between enriched
E. lenta and depleted Lactobacillus species in mice exposed to
cigarette smoke. Taken together, gain of pathobionts and loss
of protective bacteria together at least in part contribute to the
CRC tumourigenesis induced by cigarette smoking.

We also identified that bile acid biosynthesis pathway was
the top significantly enriched metabolic pathway in the stool of
smoke-exposed mice. Primary bile acids are synthesised in liver
and secreted into gut via bile duct. Gut commensal microbiota
transforms primary bile acids to secondary bile acids which
are then mostly absorbed by terminal ileum and colon with a
few being excreted in stool.*® Due to their tumour-promoting
properties, bile acids are receiving increased attention.*™?
Among the secondary bile acids derived from gut microbiota, we
confirmed that TDCA was significantly increased in the stool of
smoke-exposed mice. Previous studies have demonstrated that
TDCA could promote colorectal and oesophageal adenocarci-
noma.*' 2 TDCA instillation into the lumen of colon increased the
frequency of N-Methyl-N"-nitro-N-nitrosoguanidine (MNNG)-
induced colorectal neoplasm.”?> We further found that changes
in stool metabolites were significantly correlated with alteration
in abundance of gut microbes, in which TDCA had the most
positively correlation with E. lenta. This result was supported by
previous studies which showed that E. lenta possesses the ability
to deconjugate primary bile acids and expresses bile acid epime-
rising enzymes 33-HSDH. These features allow it to participate
in the synthesis of secondary bile acids, thus influencing TDCA
concentration in stool.>***

We further evaluated gut barrier function in mice and iden-
tified that it was impaired in mice exposed to cigarette smoke.
Expressions of claudin-3 and ZO-1, two important tight junc-
tion proteins, were reduced in cigarette smoke-exposed mice.
Impaired intestinal tight junctions could increase colon perme-
ability, thereby allowing more gut noxious metabolites such as
TDCA to get into the intercellular space of colonic epithelial
cells,* 3* activating the MAPK/ERK signalling pathway.

We next investigated the molecular mechanism through
which cigarette smoke could promote colon tumourigenesis
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Figure 7  Altered microbiota by cigarette smoke increases colonocyte proliferation, impaired gut barrier function and enhances oncogenic MAPK/
ERK and proinflammatory genes expression in germ-free mice. (A) Representative images of immunohistochemistry staining of Ki67 positive cells
and proportion of Ki67 positive cells in the colon of germ-free mice. (B) Protein expression of PCNA in the colon of germ-free mice by western

blot. (C) Protein expression of claudin-3 and ZO-1 in the colon of germ-free mice by western blot. (D) LPS concentration in the serum of mice in

the GF-AOM and GF-AOMS group. (E) Electron microscope showing the structure of the colorectal gut barrier of germ-free mice. Arrows point

to cell-cell junction. (F) Differential expressed genes of colonic epithelium in the GF-AOMS group compared with the GF-AOM group by Mouse
Cancer Pathway Finder PCR Array analysis. (G) The altered cancer signalling pathways in the GF-AOMS group compared with the GF-AOM group by
enrichment analysis. Enrichment scores >1 were included. The arrows represent the direction of enrichment, calculated by comparing the upregulated
and downregulated genes in the pathway. The differentially expressed genes in MAPK signalling pathway were shown in network. (H) Protein
expressions of ERK1/2 in the colon of mice in the GF-AOM and GF-AOMS group by western blot. (I) Differential expressed genes of colonic epithelium
in the GF-AOMS group compared with the GF-AOM group by Mouse Inflammatory Response and Autoimmunity Array analysis. (J) The altered
inflammatory signalling pathways in the GF-AOMS group compared with the GF-AOM by enrichment analysis. Enrichment scores >1 were included.
The differentially expressed genes in TNF and IL-17 signalling pathways were shown in network. (K) Gene expression of /-17a, Cxcl2 and Cxcr2 by
quantitative RT-PCR. (a) Tight junction; (b) adherens junction; (c) desmosome; (d) gap junction. An asterisk indicates a disrupted cell junction. Data
are expressed as mean+SD. *p<0.05; statistical significance was determined by two-tailed unpaired Student's t-test. p values were adjusted by FDR
(online supplemental tables 4,5). AOM, azoxymethane; ERK, extracellular signal-regulated protein kinase; GF-AOM, germ-free mice gavaged with
stool from AOM donor mice; GF-AOMS, germ-free mice gavaged with stool from AOM+Smoking donor mice; Il, interleukin; LPS, lipopolysaccharide;
MAPK, mitogen-activated protein kinase; PCNA, proliferating cell nuclear antigen; RT-PCR, reverse transcription PCR; TNF, tumour necrosis factor
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and revealed significant enrichment and activation of MAPK/
ERK pathway induced by cigarette smoke. This result is consis-
tent with the function of TDCA which has been reported as a
ligand to activate MAPK/ERK pathway.”® %" The activation of
MAPK/ERK pathway is important for cell proliferation® and
was proved to be involved in the pathogenesis, progression and
oncogenesis of human CRC.** Moreover, we found that proin-
flammatory IL-17 and TNF pathways were induced by cigarette
smoke. IL-17 has been shown to promote the development of
colon cancer.”” Previous study showed that E. lenta was enriched
in patients with IBD and it could induce IL-17a, by the cardiac
glycoside reductase 2 enzyme,*® supporting our finding that E.
lenta may activate the proinflammatory cytokine IL-17 pathways
to induce tumourigenesis. Activation of TNF-o. pathway induces
colitis and colorectal carcinogenesis.”’ These findings collec-
tively indicated that activation of oncogenic MAPK signalling
and proinflammatory IL-17 and TNF signalling pathways trig-
gered by smoke-associated gut dysbiosis and altered metabolites
contribute to cigarette smoke-associated colon tumourigenesis.

The direct role of the smoke-altered gut microbiota in
tumourigenesis was further investigated in germ-free mice
with faecal microbiota transplantation. Cigarette smoke-
altered gut microbiota alone could increase proliferation of
colonic epithelial cells in germ-free mice. The gut microbial
composition in recipient germ-free mice was similar to the
gut microbiota composition in donor smoke-exposed conven-
tional mice. In particular, E. lenta was significantly enriched
in both smoke-exposed AOM mice and in GF-AOMS mice.
Cigarette smoke-altered gut microbiota also increased stool
TDCA level and induced activation of MAPK/ERK, IL-17
and TNF signalling pathways in colonic epithelium of
GF-AOM mice. These findings collectively suggest that ciga-
rette smoke alter the gut microbiota, which promotes colon
tumourigenesis through increasing TDCA level in colon and
further activating oncogenic MAPK/ERK, IL-17 and TNF
signalling pathways in colonic epithelium. Moreover, the
cigarette smoke-altered gut microbiota impaired colonic
epithelium as evidenced by decreased expressions of tight
junction proteins claudin-3 and ZO-1. Gut barrier dysfunc-
tion may facilitate the carcinogenic TDCA to enter the inter-
cellular space of colonic epithelium and further activate the
oncogenic MAPK/ERK signalling pathway.

This study demonstrated the promoting effect on CRC
by cigarette smoking though modulating the composition
of gut microbiota. Smoking cessation was associated with
improved CRC-specific survival compared with continued
smokers.*® Thus, smoking cessation is one of the practical
approaches for preventing CRC by rebuilding a healthy gut
microbiome at least.

In conclusion, this study for the first time, demonstrated
that cigarette smoke promotes colon tumourigenesis by
inducing gut microbiota dysbiosis (online supplemental
figure 7). The smoke-induced gut microbiota dysbiosis could
increase TDCA level in colon, which then activates oncogenic
MAPK/ERK, IL-17 and TNF signalling pathways in colonic
epithelium. Moreover, gut barrier dysfunction caused by gut
microbiota dysbiosis may further facilitate TDCA to activate
MAPK/ERK signalling pathway.
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Supplementary Methods

Tissue collection

Colon tissues were then collected and either fixed by formalin or snap-frozen in liquid
nitrogen, followed by storage at -80°C. Stool samples were snap-frozen in liquid nitrogen,

followed by storage at -80°C for metagenomic sequencing and metabolomics analyses.

Histological examination
Colon tissues fixed by formalin were embedded in paraffin, sectioned and stained with
hematoxylin and eosin. Microscopic examination of the sections was performed by

pathologist blind to the groups.

Western blot

Total protein of colonic epithelium was extracted by tissue extraction reagent Il (Thermo
Fisher Scientific) followed by SDS-PAGE gel and transfer to nitrocellulose membrane.
After blocking with 5% BSA, membranes were incubated by primary antibodies zo-1
(Thermo Fisher Scientific), claudin-3 (Thermo Fisher Scientific), f-actin (Thermo Fisher
Scientific), p-ERK1/2 (Cell Signaling Technology, Waltham, MA), t-ERK1/2 (Cell Signaling
Technology), and Proliferating cell nuclear antigen (PCNA) (Cell Signaling Technology)
separately. The membranes were then incubated with secondary antibody and ECL Plus
Western Blotting Detection Reagents (GE Healthcare, Chicago, IL). The protein band
intensities were calculated by Image Lab software. Zo-1, claudin-3 and PCNA were
normalized by the intensity of B-actin while p-ERK1/2 was normalized with intensity of t-

ERK1/2.
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Quantitative reverse-transcription PCR (qRT-PCR)

Total RNA in colon tissue was extracted using Trizol Reagent (Thermo Fisher Scientific),
then reverse-transcribed to complementary DNA using PrimeScript RT Reagent Kit with
gDNA Eraser (Takara, Shiga, Japan). The relative expression level of gene was detected
by QuantStudio™ 7 Flex Real-Time PCR System (Thermo Fisher Scientific) and

normalized to the expression level of B-actin separately.

Quantitative polymerase chain reaction (QPCR) was performed to detect the Eggerthella
lenta level by using 20 ng genomic DNA in 20 pL universal SYBR Green PCR Master Mix
(Takara) on the QuantStudio 7 Flex Real-Time PCR System. Specific bacteria quantitation

was measured relative to the universal 16s gene.

Primers used are listed in Supplementary Table 1. RT2 Profiler PCR Array Mouse
Inflammatory Response and Autoimmunity (PAMM-077Z; QIAGEN, Hilden, Germany)
and RT2 Profiler PCR Array Mouse Cancer Pathway Finder (PAMM-033Z; QIAGEN) were
used to detect the changes in expression levels of inflammation-related and cancer-

related genes.

Serum LPS Quantification
The serum LPS level was measured with an ELISA kit (Cusabio Technology Co., Ltd.,
Wuhan, China). All testing procedures were performed according to the manufacturer’s

instructions.
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16S ribosomal RNA gene sequencing and sequence curation and annotation

We extracted the DNAs of mice stools at three time points (initial time point, week8 and
end time point). DNA library preparation and 16S ribosomal RNA gene sequencing were
performed by NovoGene', Tianjin, China. The V3-V4 regions of 16S rRNA genes were
amplified using specific primer (341F [CCTAYGGGRBGCASCAG] and 806R
[GGACTACNNGGGTATCTAAT]) together with the barcode. The 16S rRNA gene
sequence data were quality-filtered and analyzed using QIIME2 (version 2019.4.0)
software?. The sequencing errors and replicated sequences were detected by Deblur
algorithm. Before dereplicating sequences that encoded the amplicon sequence variants
(ASV), paired reads were joined and trimmed to 404 base pairs. After filtering chimera
sequences, the dereplicated sequences were classified taxonomically using Greengenes
16S rRNA gene reference database at a 99% identity cut-off by VSEARCH software. Beta
diversity was measured by Arrhenius z distance, and Principal Coordinates Analysis
(PCoA) was used for ordination analysis. Community dissimilarities were tested by

permutational multivariate analyses of variance (PERMANOVA) with 1,000 iterations.

Detection of 3-HSDH enzymes in metagenomic sequencing samples

We first extracted the gene sequences encoding 33-HSDH enzymes from the Eggerthella
lenta genome using samtools (version 1.9). The genome position of the genes was
retrieved from MetaCyc or UniProt database and the corresponding Eggerthella lenta
genome was downloaded from ENA database. Upon aligning the sequence reads to

genes by bowtie2 (version 2.3.4.3), we extracted read count of genes and normalized the
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gene count by the library size.

Immunohistochemistry assay

Paraffin-embedded colon slides were deparaffinized, antigen-retrieved, blocked and
incubated with anti-Ki67 antibody (Abcam, Cambridge, UK). The slides were
counterstained with hematoxylin after secondary antibody incubation, enzyme
conjugation, and DAB chromogen staining. The proliferation index was determined by the
proportion of Ki-67 positive cells divided by total cells under the microscopic field. Five

random fields were selected and examined for each sample.

Immunofluorescence assay

Paraffin-embedded colon sections were deparaffinized, antigen-retrieved, blocked and
incubated with antibody zo-1 (Thermo Fisher Scientific, Waltham, MA) and claudin-3
(Thermo Fisher Scientific, Waltham, MA). The slides were then incubated with DAPI and
examined under laser scanning confocal microscope (LEICA TCS SP8, Wetzlar,

Germany).

Transmission electron microscope (EM)

Colon tissues from AOM/smoking mice and germ-free mice were collected and fixed in
2.0% glutaraldehyde. Ultrathin sections were prepared by ultramicrotome. The
ultrastructure of tissues was examined using a transmission EM Philips CM100 (Philips,

Amsterdam, Holland) at an acceleration voltage of 100 kV.
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Metabolomics analyses and metabolites profiling

Metabolite extraction from stool, non-targeted LC-MS/MS analysis and data
preprocessing and annotation were performed by BIOTREE, Shanghai, China. Briefly,
100mg of stool sample was used for the UHPLC-QTOF-MS analysis. Non-targeted LC-
MS/MS analyses were performed using UHPLC system (1290, Agilent Technologies,
Santa Clara, CA) with a UPLC BEH Amide column (1.7pym 2.1*100mm, Waters
Corporation, Milford, MA) coupled to TripleTOF 6600 (Q-TOF, AB Sciex, Redwood City,
CA). The Triple TOF mass spectrometer was used to acquire MS/MS spectra on an
information-dependent basis (IDA) during LC/MS experiment. MS raw data files were
converted to mzXML format using ProteoWizard and processed by R package XCMS
(version 3.2). The preprocessing results generated a data matrix that consisted of
retention time (RT), mass-to-charge ratio (m/z) values, and peak intensity. R package
CAMERA was used for peak annotation after XCMS data processing. MS2 database was
applied in metabolites identification. The metabolomic data was analyzed using
MetaboAnalystR R package. Significantly altered metabolites were determined by 2-
tailed Mann-Whitney U test, and adjusted P (FDR) values < 0.05 were considered
statistically significant. The association of differentially bacteria with metabolites were
computed using Partial's Spearman correlation and heat maps were generated using

ComplexHeatmap R package.

PCR array Enrichment analysis

The enrichment analysis was performed by hyper geometric test as follow:
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(WG Zr)
)

where, N is the number of molecules (genes or metabolites) in the background, Kis the

P(X=k) =

number of molecules of a pathway, n is the number of significantly altered molecules and
k is the number of shared molecules between the altered molecules (n) and the pathway
(K). In particular, the background of PCR array is the detectable genes. The enrichment
score was calculated by k/(K x n/N). P value of the hypergeometric distribution were

calculated by the cumulative probability P(X > k).

Targeted mass spectrometry assay for TDCA

Stock solution was prepared by diluting standard substance, TDCA, to give a final
concentration of 10 mmol/L. A series of calibration standard solutions was then prepared
by stepwise dilution of this standard solution (containing isotopically-labelled internal
standard mixture in identical concentrations with the samples). A 25 mg aliquot of each
individual stool sample was precisely weighed and transferred to an Eppendorf tube. After
addition of 1000 pL of extract solution (acetonitrile-methanol-water, 2:2:1, containing 0.1%
formic acid and isotopically-labelled internal standard mixture), the samples were
vortexed, homogenized at 35 Hz, and sonicated in ice-water bath, followed by incubation
and centrifugation. The resulting supernatants were transferred to LC-MS vials for

UHPLC-MS/MS analysis (BIOTREE, Shanghai, China).

Data availability

The datasets generated in the current study are available in the Genome Sequence
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Archive (GSA) at the National Genomics Data Center, Beijing Institute of Gemonics,
Chinese Academy of Sciences / China National Center for Bioinformation (GSA:

CRA006099)2 and are publicly accessible at https://bigd.big.ac.cn/gsal.

Statistical analysis

Data are shown as meanztstandard deviation (SD) and compared using unpaired

Student’s t test or Mann-Whitney U test between two groups as appropriate. Fisher’s
exact test was used to evaluate the incidence of tumor variables between groups.
Network analysis was performed by SparCC# which is commonly used to estimate
correlations from compositional data. All differences were considered statistically
significant if P values < 0.05. To account for multiple-testing, P values were adjusted using
Benjamini-Hochberg false discovery (FDR) rate correction. GraphPad Prism 8.0 and

open-source R software (version 3.5.2) was used to perform statistical analyses.
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Supplementary Figure 1
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Supplementary Figure 1. To test the impact of the cage parameter on the gut microbiome, we collected stool samples
at three time points and performed analysis for each group (AOM and AOM+Smoking (AOMS)). Both AOM and AOMS
groups were housed in four cages with 3-4 mice per cage (n = 15 mice). We found that the cage parameter has no
significant impact on the microbiome at all time points in the AOM or AOMS group. The impact of different parameters
on microbial communities was measured by PERMANOVA with 1,000 iterations using the Arrhenius z distance.
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Supplementary Figure 2. (A) Alpha and beta (B) diversity of baseline microbiota in smoking
and non-smoking group, before any treatment. (C) Alpha diversity (Chao1 and Shannon) of gut

microbiota

at end time point.
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Supplementary Figure 3. (A) Our in-house cohort confirmed that Eggerthella. lenta is significantly abundant in CRC patients
(n = 185) compared to normal subjects (n = 204). (B) The smokers had higher abundance of E. lenta compared to non-
smokers in CRC patients (P < 0.05). The abundance of E. lenta was normalized by arcsine square root. (C) The abundance of
genes encoding 3B3-HSDH enzymes was measured in each group (Supplementary Methods), and we observed significantly
higher abundance in smoking group compared to non-smoking group. The symbol “+” represent the mean abundance.
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Supplementary Table 1. Primer sequences used in this study

Gene Forward 5’-3’ Reverse 5’-3’

IL17a CAGACTACCTCAACCGTTCCAC TCCAGCTTTCCCTCCGCATTGA
Cxcl2 CATCCAGAGCTTGAGTGTGACG GGCTTCAGGGTCAAGGCAAACT
Cxcr2 CTCTATTCTGCCAGATGCTGTCC ACAAGGCTCAGCAGAGTCACCA
IL10 CGGGAAGACAATAACTGCACCC CGGTTAGCAGTATGTTGTCCAGC
B-actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG
E. lenta’ CTTGCTCCGGACAACCTTGGGA CTTCTTCTGCAGGTACCGTCGAATT
16S ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC
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Supplementary Table 2. Detail information of the dysregulated genes of Cancer Pathway in AOM model

(AOM+Smoking vs AOM)

Gene Full name P value FDR Fold Change
Tbx2 T-box transcription factor 2 0.02 0.14 3.58
Pof Placental growth factor 0.11 0.19 3.50
Flt1 FMS-like tyrosine kinase 1 0.13 0.20 3.12
Mki67 Marker of proliferation Ki-67 0.07 0.18 2.90
Stmn1 Stathmin 1 0.05 0.18 2.88
Cdc20 Cell division cycle 20 0.09 0.18 2.84
Skp2 S-phase kinase-associated protein 2 0.08 0.18 2.77
Angpt2 Angiopoietin 2 0.08 0.18 2.63
Aurka Aurora kinase A 0.07 0.18 2.61
Acly ATP citrate lyase 0.06 0.18 2.57
Igfbp3 Insulin-like growth factor binding protein 3 0.08 0.18 2.53
Tnks Tankyrase 0.01 0.09 2.49
Ccl2 Chemokine (C-C motif) ligand 2 0.29 0.35 2.34
Cdh2 Cadherin 2 0.48 0.55 2.22
Ercch Excision repair cross-complementation group 5 0.08 0.18 217
Xrccd X-ray repair cross-complementing 4 0.02 0.14 2.15
Dkc1 Dyskeratosis congenita 1 0.12 0.20 2.09
Mcm2 Minichromosome maintenance deficient 2 0.12 0.20 2.09
Snait Snail family zinc finger 1 0.47 0.54 2.01
Atrx Alpha thalassemia/mental retardation syndrome X-linked homolog 0.09 0.18 0.47
Snai3 Snail family zinc finger 3 0.30 0.36 0.44
Tek Tyrosine kinase 0.15 0.23 0.41
Apafi Apoptotic peptidase activating factor 1 0.17 0.24 0.41
Tinf2 Terf1 (TRF1)-interacting nuclear factor 2 0.07 0.18 0.41
Terf2ip Telomeric repeat binding factor 2 0.13 0.20 0.40
Gadd45g  Growth arrest and DNA-damage-inducible 45y 0.07 0.18 0.28
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Supplementary Table 3. Detail information of the dysregulated genes of Inflammatory Response
and Autoimmunity in AOM model (AOM+Smoking vs AOM)

Gene Full name P value FDR Fold Change
Cxcl5 Chemokine (C-X-C motif) ligand 5 0.03 0.26 14.61
Ifng Interferon gamma 0.01 0.24 5.40
Cxcl1 Chemokine (C-X-C motif) ligand 1 0.21 0.45 4.09
Ccl19 Chemokine (C-C moitif) ligand 19 0.28 0.51 3.81
Tnfsf14 Tumor necrosis factor (ligand) superfamily, member 14 0.11 0.34 3.79
Cxcr1 Chemokine (C-X-C motif) receptor 1 0.05 0.27 3.69
Sele Selectin, endothelial cell 0.07 0.27 3.65
lI6ra Interleukin 6 receptor, alpha 0.07 0.27 3.62
17a Interleukin 17A 0.07 0.27 3.58
16 Interleukin 6 0.12 0.34 3.45
Cxcré4 Chemokine (C-X-C motif) receptor 4 0.92 0.96 3.21
Ccl3 Chemokine (C-C moitif) ligand 3 0.08 0.27 3.19
Cxcl2 Chemokine (C-X-C motif) ligand 2 0.09 0.29 2.98
Cd40lg CD40 ligand 0.21 0.45 2.80
TIr9 Toll-like receptor 9 0.88 0.96 2.70
Ccl7 Chemokine (C-C motif) ligand 7 0.04 0.27 2.67
Ltb Lymphotoxin B 0.96 0.98 2.66
I1b Interleukin 1 beta 0.03 0.26 2.63
1122 Interleukin 22 0.27 0.51 2.62
[123a Interleukin-23 subunit alpha 0.08 0.27 2.62
Cxcl9 Chemokine (C-X-C motif) ligand 9 0.30 0.51 2.39
Ccr3 Chemokine (C-C motif) receptor 3 0.05 0.27 2.38
Ccrd Chemokine (C-C motif) receptor 4 0.20 0.45 2.33
Lta Lymphotoxin A 0.89 0.96 2.32
Ccl2 Chemokine (C-C motif) ligand 2 0.03 0.26 2.09
Itgh2 Integrin beta 2 0.30 0.51 2.06
15 Interleukin 5 0.28 0.51 2.00
Ccr2 Chemokine (C-C moitif) receptor 2 0.24 0.49 0.40
Ccer7 Chemokine (C-C motif) receptor 7 0.39 0.57 0.36
1110 Interleukin 10 0.12 0.34 0.29
Ccl22 Chemokine (C-C motif) ligand 22 0.12 0.34 0.26
Ccl24 Chemokine (C-C motif) ligand 24 0.00 0.24 0.20

Bai X, et al. Gut 2022;0:1-12. doi: 10.1136/gutjnl-2021-325021



Supplemental material

B Publishing, g il GAd el e st D aed Leppaneit ek frgm an reliance Gut

Supplementary Table 4. Detail information of the dysregulated genes of Cancer

Pathway in germ-free model (GF-AOMS vs GF-AOM)

Gene Full name P value FDR Fold Change
Map2k1 Mitogen-activated protein kinase kinase 1 0.40 0.90 2.10
Casp2 Caspase 2 0.57 0.90 1.90
Mki67 Marker of proliferation Ki-67 0.66 0.90 1.89
Pgf Placental growth factor 0.96 0.98 1.70
Gsc Goosecoid 0.52 0.90 1.69
Igfbp5 Insulin-like growth factor binding protein 5 0.12 0.90 1.68
Fasl Fas ligand (TNF superfamily, member 6) 0.47 0.90 1.57
Car9 Carbonic anhydrase 9 0.64 0.90 1.56
Angpt2 Angiopoietin 2 0.72 0.90 1.53
Cpt2 Carnitine palmitoyltransferase 2 0.10 0.90 0.53
Apafi Apoptotic peptidase activating factor 1 0.39 0.90 0.48
Gadd45g  Growth arrest and DNA-damage-inducible 45y 0.49 0.90 0.37
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Supplementary Table 5. Detail information of the dysregulated genes of
Inflammatory Response and Autoimmunity in germ-free model (GF-AOMS vs GF-

AOM)
Gene Full name P value FDR Fold Change
Cxcl2 Chemokine (C-X-C motif) ligand 2 0.01 0.43 6.20
Nos2 Nitric oxide synthase 2 0.22 0.81 4.92
Cxcl3 Chemokine (C-X-C motif) ligand 3 0.10 0.81 4.66
Cxcr2 Chemokine (C-X-C motif) receptor 2 0.29 0.81 4.05
Cd40lg CD40 ligand 0.13 0.81 3.71
l117a Interleukin 17A 0.20 0.81 3.57
Sele Selectin, endothelial cell 0.33 0.81 3.46
Ccl5 Chemokine (C-C motif) ligand 5 0.16 0.81 3.24
Ifng Interferon gamma 0.38 0.81 2.80
Ccr4 Chemokine (C-C motif) receptor 4 0.22 0.81 2.74
Cxcl11 Chemokine (C-X-C motif) ligand 11 0.43 0.81 2.63
Crp C-reactive protein 0.23 0.81 2.59
Cd14 CD14 molecule 0.01 0.43 2.38
C3 Complement component 3 0.32 0.81 2.31
Ccl19 Chemokine (C-C moitif) ligand 19 0.03 0.74 2.26
Cdb Complement component 4B 0.25 0.81 2.00
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Supplementary Figure 4. Correlation analysis between ERK phosphorylation and
TDCA. The result showed positive correlation between ERK phosphorylation level
and TDCA level in both SPF mice (AOM plus AOM+smoking group) (A) and germ-
free mice (GF-AOM plus GF-AOMS group) (B). Pearson correlation was used to
calculate the non-adjusted correlation. Partial’s Spearman correlation was used to
adjust the correlation by controlling the smoking parameter.
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Supplementary Figure 6. Altered microbiota by cigarette-smoke increases colonocyte
tumorigenesis in germ-free AOM mice model. (A) Schematic overview of the AOM model in the germ-
free environment. Germ-free mice with 6 times AOM injection were orally gavaged with stool from
AOM+Smoking and AOM groups (n=15/group). Mice were sacrificed at the end of week 28. GFAOM-AOM:
Germ-free mice gavaged with AOM model stool and injected with azoxymethane 6 times; GFAOM-AOMS:
Germ-free mice gavaged with AOM+Smoking model stool and injected with azoxymethane 6 times. (B)
Representative images of colon at sacrifice. Tumor number and tumor size in GFAOM-AOM and GFAOM-
AOMS mice groups. Data are expressed as mean + SD. Statistical significance was determined by
unpaired Student’s t test.
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Supplementary figure 7. Cigarette smoke promotes colon tumorigenesis by inducing gut microbiota dysbiosis and
changed metabolites. Cigarette smoke induced gut microbiota dysbiosis and altered metabolites (eg. induced taurodeoxycholic
acid (TDCA)), which activated oncogenic MAPK/ERK signaling and pro-inflammatory (IL-17 and TNF) signalling pathways in colonic
epithelium. Moreover, gut barrier dysfunction caused by gut microbiota dysbiosis might facilitate the TDCA to activate the
MAPK/ERK signaling pathway. (Created with BioRender.com.)
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