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Obesity-induced gut microbial metabolite promotes
liver cancer through senescence secretome
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Obesity has become more prevalent in most developed countries
over the past few decades, and is increasingly recognized as a major
risk factor for several common types of cancer'. As the worldwide
obesity epidemic has shown no signs of abating’, better understanding
of the mechanisms underlying obesity-associated cancer is urgently
needed. Although several events were proposed to be involved in
obesity-associated cancer"’, the exact molecular mechanisms that
integrate these events have remained largely unclear. Here we show
that senescence-associated secretory phenotype (SASP)** has crucial
roles in promoting obesity-associated hepatocellular carcinoma
(HCC) development in mice. Dietary or genetic obesity induces
alterations of gut microbiota, thereby increasing the levels of deoxy-
cholic acid (DCA), a gut bacterial metabolite known to cause DNA
damage®. The enterohepatic circulation of DCA provokes SASP
phenotype in hepatic stellate cells (HSCs)’, which in turn secretes
various inflammatory and tumour-promoting factors in the liver,
thus facilitating HCC development in mice after exposure to chem-
ical carcinogen. Notably, blocking DCA production or reducing gut
bacteria efficiently prevents HCC development in obese mice.
Similar results were also observed in mice lacking an SASP inducer®
or depleted of senescent HSCs, indicating that the DCA-SASP axis
in HSCs has key roles in obesity-associated HCC development.
Moreover, signs of SASP were also observed in the HSCs in the area
of HCC arising in patients with non-alcoholic steatohepatitis’, indi-
cating that a similar pathway may contribute to at least certain
aspects of obesity-associated HCC development in humans as well.
These findings provide valuable new insights into the development
of obesity-associated cancer and open up new possibilities for its
control.

Cellular senescence is a process occurring in normal cells in response
to telomere erosion or oncogene activation, acting through checkpoint
activation and stable cell-cycle arrest as a barrier to tumorigenesis™'°.
Recent studies, however, reveal that senescent cells also develop a secret-
ory profile composed mainly of inflammatory cytokines, chemokines
and proteases, a typical signature termed the senescence-associated
secretory phenotype (SASP)* or the senescence messaging secretome
(SMS)?, hereafter referred to as SASP. Some of the SASP factors have
cell-autonomous activities that reinforce senescence cell-cycle arrest®
and/or promote clearance of senescent cells'*'?, but other SASP factors
have cell non-autonomous functions associated with inflammation and
tumorigenesis promotion*, indicating that SASP contributes positively
and negatively to cancer development, depending on the biological
context*®. Because some of the SASP factors, such as IL-6 and PAI-1*’,
are known to increase cancer risk in obesity"", we propose that SASP
may contribute to obesity-associated cancer.

To explore this possibility, we first set up a system to examine the
impact of dietary obesity on tumorigenesis, using wild-type C57BL/6

mice. However, we were unable to detect a statistically significant
difference in cancer development between obese mice fed a high-fat
diet (HFD) and lean mice fed a normal diet (data not shown), implying
that a certain level of oncogenic stimuli might be required for obesity-
associated cancer, especially in wild-type mice maintained in a spe-
cific pathogen free (SPF) environment. Because the Ras-pathway is
frequently activated in human cancers, including hepatocellular car-
cinoma (HCC)', we decided to use a treatment with DMBA (7,12-
dimethylbenz(a)anthracene, a chemical carcinogen that causes an
oncogenic Ras mutation) at the neonatal stage, a protocol known to
generate a variety of tumours throughout the body'*. In this setting, we
also took advantage of using p21-p-luc mice, in which the expression of
the p21"¥"“?! gene (a senescence inducer, also known as Cdkn1a)
can be monitored noninvasively using a bioluminescence imaging
(BLI) technique'®. The neonatal p21-p-luc mice were therefore treated
with a single application of DMBA, followed by feeding either HFD
or normal diet for 30 weeks (Fig. 1a). Interestingly, a marked increase
of the bioluminescent signal was observed in the abdomen of the
obese mice, and it originated mainly from liver cancer (Supplemen-
tary Fig. 1). Notably, all HFD-fed mice developed HCC, whereas only
5% of -mice fed normal diet developed malignant tumours in lung, but
not liver (Fig. 1b—e and Supplementary Fig. 2). Importantly, moreover,
similar HCC development was also observed when genetically obese
(ob/ob, also known as Lep”b/ °?) mice were treated with DMBA at the
neonatal stage (Supplementary Fig. 3a-d), indicating that obesity, but
not the HED, promotes HCC development.

Because the induction of p21"¥“%! expression was observed
in liver, particularly in the area of liver cancer (Supplementary
Fig. 1c), we speculated that senescent cells might be present in the
vicinity of cancerous hepatocytes. Indeed, p21W*/“P! expression
was observed only in activated hepatic stellate cells (HSCs), which
express o-smooth muscle actin (0-SMA) and desmin’ (Fig. 1f).
Furthermore, a number of other senescence markers™", such as
p16™X 4 expression, signs of DNA damage (53BP1 foci and YH2AX
foci) and inhibited cell proliferation (the absence of bromodeoxyur-
idine incorporation and Ki-67 expression), were also observed in acti-
vated HSCs despite absence of oncogenic ras mutation (Fig. 1f and
Supplementary Figs 3e and 4). Interestingly, moreover, increased
expression of IL-6, Gro-o,, CXCL9 (major components of SASP)*?,
but not HGF (a differentiation marker)’, was observed in activated
HSCs, but not in other types of liver cells (Fig. 1f and Supplementary
Figs 3e and 5), indicating that these activated HSCs are senescing and
may promote obesity-associated HCC development via SASP. It
should be noted that, unlike the study using carbon tetrachloride
(CCly)", fibrosis was not apparent in HFD-fed mice (Supplementary
Fig. 6), precluding the possibility that the appearance of senescent
HSCs was a by-product of liver fibrosis.
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Figure 1 | Cellular senescence in HSCs. a, Timeline of the experimental
procedure (n = 19 per group). Eut, euthanasia; ND, normal diet.

b, Representative macroscopic photographs of livers. Arrowheads indicate
HCCs. ¢, The ratios of cancer formation. d, The average liver tumour numbers
and their relative size distribution. e, The average body weights at the age of
30 weeks. f, Immunofluorescence analysis of liver section. HSCs were visualized
by 0-SMA staining and DNA was stained by 4’,6-diamidino-2-phenylindole
(DAPI). Scale bars, 2.5 pm. Arrowheads indicate o-SMA expressing cells that
were positive for indicated markers. The histograms indicate the percentages of
o-SMA-expressing cells that were positive for indicated markers. At least 100
cells were scored per group. For all graphs, error bars indicate mean * standard
deviation (s.d.). ¥**P < 0.01.

To ascertain the role of SASP in obesity-associated HCC develop-
ment, we next sought evidence that the blockage of SASP can reduce
obesity-associated HCC development. Although we were unable to
detect the expression of IL-1a. (an upstream regulator of SASP induc-
tion)® in HSCs, significant induction of IL-1f (a functional homo-
logue of IL-1a) and its activator, caspase-1 (an essential component
of the inflammasome), was observed in senescent HSCs (Fig. 2a—c).
Moreover, the addition of recombinant IL-1f caused the dose-dependent
induction of II-6 and Gro-uo (also known as CxclI) gene expression in
cultured primary murine HSCs (Supplementary Fig. 7a), indicating that
inflammasome activation and subsequent IL-1f maturation can act as
an upstream regulator of SASP induction in HSCs. Indeed, the levels of
SASP factor expression in activated HSCs were substantially dimi-
nished in mice lacking the Il-18 gene (II-1f~'~ mice, also known as
b= (Fig. 2¢), and the numbers and sizes of the liver tumours that
developed in II-1 '~ mice were strikingly reduced, as compared with
wild-type mice (Fig. 2d, e), although the degree of steatohepatitis was
not attenuated (Supplementary Fig. 8a, b). It should be noted, however,
that other senescence markers, such as 53BP1 foci, p21"*™/“P! expres-
sion and inhibited cell proliferation, were still observed in the activated
HSCs of II-18~'~ mice (Fig. 2c and Supplementary Fig. 8c). These
results are somewhat consistent with a recent observation that the
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Figure 2 | IL-1p deficiency alleviates obesity-induced HCC development.
a, Timeline of the experimental procedure (wild type (WT), n = 19;

II-18 ', n = 9). b, The average body weights at the age of 30 weeks.

¢, Immunofluorescence analysis of liver sections. HSCs were visualized by
o-SMA staining and DNA was stained by DAPI. Scale bars, 2.5 pm. The
histograms indicate the percentages of o-SMA-expressing cells that were
positive for indicated markers. At least 100 cells were scored per group.

d, Representative macroscopic photographs of livers. Arrowheads indicate
HCCs. e, The average liver tumour numbers and their relative size distribution.
For all graphs, error bars indicate mean = s.d. **P < 0.01.

expression of p21"V P! can induce senescence cell-cycle arrest with-
out SASP induction', suggesting that SASP, but not senescence cell-
cycle arrest, promotes obesity-associated HCC development.

To further verify this idea, we next attempted to deplete senescent
HSCs from obese wild-type mice treated with DMBA at the neonatal
stage. As reported previously'®, an intravenous injection of liposomes
carrying small interfering RNA (siRNA) against HSP47 substantially
reduced the abundance of activated HSCs, coinciding with a signifi-
cant reduction of HCC development (Supplementary Fig. 9a—f). Note
that this was not accompanied by an attenuation of steatohepatitis
(Supplementary Fig. 9g, h). These results, along with the data from
I-1B~"~ mice (Fig. 2), strongly indicate that senescent HSCs have
enhancing roles in HCC development via SASP, atleast in the neonatal
DMBA plus obesity-induced HCC model. It is also noteworthy that
neither the deletion of the Il-1f gene nor the depletion of senescent
HSCs caused appreciable weight loss (Fig. 2b and Supplementary Fig.
9¢), implying that there may be an indirect link between obesity and
HCC development, at least in this experimental setting. These obser-
vations then raised the question of how obesity provokes SASP in
HSCs.

Emerging evidence has indicated that alterations of intestinal
microbiota are associated with obesity". Furthermore, the activation
of toll-like receptor (TLR) 4 by lipopolysaccharide (LPS) from intest-
inal Gram-negative bacteria has been shown to promote HCC
development, in an HCC model using DEN (diethyl nitrosamine) plus
CCl, treatment™. We thus explored the possibility that intestinal bac-
teria have key roles in obesity-associated HCC development. Indeed, a
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treatment with a well-established oral antibiotic cocktail (4Abx),
which reduces the number of commensal intestinal bacteria®, caused
a marked reduction of HCC development, accompanied by a marked
decrease in senescent HSCs in the neonatal DMBA plus obesity-
induced HCC model (Fig. 3 and Supplementary Fig. 3). As reported™,
4Abx treatment resulted in not only a > 99.5% reduction of the pres-
ence of bacterial 16S ribosomal RNA gene in faeces, but also an
enlargement of caecum commonly observed in germ-free mice
(Fig. 3band data not shown). Unexpectedly, however, a slight increase,
rather than decrease, in HCC development was observed in mice
lacking the Tlr4 gene (Tlr4~'~) (Supplementary Fig. 10), indicating
that LPS from Gram-negative bacteria is unlikely to promote HCC
development in this setting. Indeed, meta 16S rRNA gene sequencing
analysis of the intestinal microbiota revealed that the percentage of
Gram-positive bacterial strains indigenous to the human and rodent
intestinal tracts® was dramatically increased with a HFD (Fig. 4a).
Moreover, a treatment with vancomycin (VCM), an antibiotic that
preferentially targets Gram-positive bacteria, alone was sufficient to
block HCC development and the appearance of senescent HSCs
(Figs 3d-f, 4a and Supplementary Fig. 3). These results lead us to
propose that the obesity-associated increase of Gram-positive bacteria
may promote HCC development, presumably through the enterohe-
patic circulation of gut bacterial metabolites or toxins.

To substantiate this idea, the serum metabolites of HFD- and normal-
diet-fed mice were analysed by liquid chromatography mass spectro-
metry (LC-MS). Interestingly, the level of deoxycholic acid (DCA), a
secondary bile acid produced solely by the 7a-dehydroxylation of
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Figure 3 | Antibiotics treatments alleviate obesity-induced HCC
development. a, Timeline of the experimental procedure (HFD, n = 19;
HFD+4Abx, n = 12; HFD+VCM, n = 6). b, The copy number of intestinal
bacteria in faeces of indicated mice. ¢, The average body weights at the age of
30 weeks. d, Representative macroscopic photograph of livers. Arrowheads
indicate HCCs. e, The average tumour numbers and their relative size
distribution. f, Immunofluorescence analysis of liver sections. HSCs were
visualized by o-SMA staining and DNA was stained by DAPI. Scale bars,

2.5 um. The histograms indicate the percentages of a-SMA expressing cells that
were positive for indicated markers. At least 200 cells were scored per group.
For all graphs, error bars indicate mean * s.d. **P < 0.01.
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Figure 4 | Bacterial metabolite promotes obesity-induced HCC
development. a, The relative abundance of OTUs (%) in the faecal bacterial
community. Data are representative of five mice per group. b, Serum DCA
concentration (ND, n = 4; HFD, n = 6; HFD+VCM, n = 3; HFD+DFAIII,
n=3; HFD+UDCA, n = 3; ob/ob, n = 3; ob/ob+4Abx, n = 3). Error bars
indicate mean = s.e.m. ¢, Timeline of the experimental procedure (n = 3 per
group). d, Representative macroscopic photographs of livers. Arrowheads
indicate HCCs. e, The average tumour numbers and their relative size
distribution. f, The average body weight and serum DCA concentration.

g, Immunofluorescence analysis of liver sections. Scale bars, 2.5 um. The
histograms indicate the percentages of a-SMA-expressing cells that were
positive for indicated markers. At least 100 cells were scored per group. h, The
quantitative real time PCR (qPCR) analysis of bai] gene in the faeces (180 mg)
of indicated mice used in a. For all graphs except b, error bars indicate

mean * s.d. *P < 0.05, **P < 0.01.

primary bile acids carried out by gut bacteria such as strains belonging
to Clostridium cluster XI and XIVa® (VCM-sensitive Gram-positive bac-
teria), was substantially increased by the HFD feeding, and was reduced
by antibiotic treatments (Figs 3a and 4b). Note that DCA is known to
cause DNA damage through reactive oxygen species production” and
DNA damage is a critical inducer of SASP*??, Moreover, in addition
to colon carcinogenesis®, DCA has been shown to enhance liver
carcinogenesis*. These notions prompted us to examine if DCA has
key roles in obesity-associated HCC development. To this end, we
attempted to lower the levels of DCA, by either decreasing the 7a-
dehydroxylation activity with difructose anhydride III (DFA III)** or
stimulating bile acid secretion with ursodeoxycholic acid (UDCA)?®.
Notably, lowering the DCA concentration substantially reduced HCC
development, accompanied by a marked decrease in senescent HSCs in
obese mice treated with DMBA at the neonatal stage (Fig. 4b and
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Supplementary Figs 11 and 12). In a reciprocal set of experiments, we
also assessed whether DCA-feeding enhances HCC development in
mice treated with DMBA at the neonatal stage (Fig. 4¢). Intriguingly,
although DCA feeding alone was insufficient to enhance HCC
development in lean mice fed a normal diet at 30 weeks (data not
shown), a significant enhancement of HCC development (Fig. 4c-f),
accompanied by the appearance of senescence cell-cycle arrest and
SASP in HSCs (Fig. 4g), was observed when HFD-fed mice treated
with 4Abx were fed DCA for 17 weeks.

Notably, operational taxonomic unit (OTU)-based bacterial diver-
sity analysis (Fig. 4a), in conjunction with a quantitative PCR analysis
(Supplementary Fig. 13), revealed that the population of cluster XI of
the genus Clostridium was strikingly increased in HFD-fed mice.
Interestingly, phylogenetic analysis of the bacterial OTUs revealed
that the population of Clostridium cluster XI is composed of a single
bacterial taxon (OTU-1105) close to the DCA-producing strain
Clostridium sordellii, and represents more than 12% of the faecal bac-
teria in HFD-fed mice (Supplementary Fig. 14). Concordantly, more-
over, the abundance of the bai gene, a gene involved in bile acid
70-dehydroxylation”’, was remarkably increased in faeces of mice
fed HFD and was reduced by VCM treatment (Fig. 4h). On the other
hand, a bacterial taxon (OTU-154) close to other DCA producing
strains belonging to Clostridium cluster XIVa (Clostridium hylemonae
and Clostridium scindens) represents only 0.5% of the total faecal bac-
teria in HFD-fed mice (Supplementary Fig. 14). Thus, although other
bacteria may also be involved here, the simplest explanation for our
data is that OTU-1105 belonging to Clostridium cluster XI contribute
toan increase in the DCA level at least to some extent in HFD-fed mice.

Finally, to further support and extend our murine data to human
biology, we tested whether IL-1f treatment can induce SASP in cul-
tured primary human HSCs. As in murine HSCs, the addition of
recombinant IL-1f caused the induction of II-6 and II-8 (a functional
homologue of murine Gro-o) gene expression in cultured primary
human HSCs (Supplementary Fig. 7b). Importantly, moreover, signs
of cellular senescence and SASP were also observed in the HSCs with-
out serious fibrosis in the area of HCC arising in patients with non-
alcoholic steatohepatitis (NASH)® (8 out of 26) (Supplementary Fig.
15). This is somewhat consistent with previous observations that repli-
cative senescence of cultured human HSCs is accompanied by a pro-
nounced inflammatory but less fibrogenic phenotype and a certain
percentage of NASH- associated HCC arose from the non-cirrhotic
liver®. Unlike rodents, the human liver cannot 7a-hydroxylate DCA,
forming cholic acid®. Hence, DCA can accumulate to very high levels
(>50%) in the bile acid pool of humans®. These data, together with
the previous observation that high fat consumption resulted in higher
faecal DCA concentrations in healthy male volunteers (ages 20-60)°,
suggest that DCA-induced senescent HSCs may contribute to at least
certain aspects of obesity-associated HCC development via SASP in
humans as well.

It should be noted that although many of the perturbations, for
example, the II-1f knockout, antibiotics treatment and lower DCA
levels, significantly prevent HCC development, residual HCCs were
still observed with these perturbations (Figs 2e and 3e and
Supplementary Figs 11c and 12¢). These results, in conjunction with
the observation that DCA-feeding alone was insufficient to enhance
HCC development in lean mice fed a normal diet until at least 30 weeks
(data not shown), imply that an additional factor associated with
obesity may exist to promote obesity-associated HCC development.
Nevertheless, combining published data'*'**"**** with our findings, it
is clear that the increased levels of DCA produced by gut bacteria play
key roles in the promotion of obesity-associated HCC development via
provoking SASP in HSCs, at least in the neonatal DMBA plus obesity-
induced HCC model (Supplementary Fig. 16). A greater understand-
ing of the molecular mechanisms linking gut microbial metabolite to
SASP will therefore provide valuable new insights into how to bypass
this undesirable side effect of cellular senescence.

100 | NATURE | VOL 499 | 4 JULY 2013

METHODS SUMMARY

Chemically-induced carcinogenesis. DMBA treatments' consisted of a single
application of 50 pl of a solution 0.5% DMBA (7,12-dimethylbenz [a]anthracene,
Sigma) in acetone to the dorsal surface on postnatal day 4-5. Mother mice with
pups were then fed either normal diet or HFD until weaning. At the age of 4 weeks
old, pups were weaned and continuously fed either normal diet or HFD until
euthanized.

Bacterial 16S rRNA amplicon sequencing and analysis. Bacterial genomic DNA
was isolated from mice faeces, amplified for V1-V4 hypervariable regions of the
16S rRNA gene, and used for pyrosequencing analysis.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Mice and diet. The p21-p-luc mice (CD1)'® were backcrossed with C57BL/6 mice
for eight generations. The leptin-deficient (0b/ob) mice (C57BL/6) were purchased
from Charles River Laboratories Japan, Inc. Tlr4~'~ mice (C57BL/6) were pur-
chased from Oriental Bioservices. II-1~/~ mice (C57BL/6) were provided by Y.
Iwakura®. Male mice were used for all the experiments in this study. The mice
were maintained under specific pathogen-free (SPF) conditions, on a 12-h light-
dark cycle, and fed normal diet (CE-2 from CLEA Japan Inc., composed of
12 kcal% fat, 29 kcal% protein, 59 kcal% carbohydrates) or high-fat diet (HFD,
D12492 from Research Diets Inc., composed of 60 kcal% fat, 20 kcal% protein,
20 kcal% carbohydrates) ad libitum. Mice with more than 45 g weight at the age of
30 weeks old were used as obese mice for all the experiments. We measured the
amount of food our mice eat and found that a 50 g HFD mouse eats 3.44 g food a
day. This equates to 1.2 g of fat per day or 24 g per kg. According to the Reagan-
Shaw equation® (human equivalent dose (mgkg_l) = mouse dose (mg kg_l) X
mouse K, factor = human K, factor; where the mouse and human K,,, factors are
3 and 37, respectively), this is equivalent to a 70 kg human eating 136 g of fat a day.
The sample size used in this study was determined based on the expense of data
collection, and the need to have sufficient statistical power. Randomization and
blinding were not used in this study. All animal experiments were cared for by
protocols approved by the Committee for the Use and Care of Experimental
Animals of the Japanese Foundation for Cancer Research (JFCR).

Chemically induced carcinogenesis. DMBA treatments'® consisted of a single
application of 50 pl of a solution 0.5% DMBA (7,12-dimethylbenz(a)anthracene,
Sigma) in acetone to the dorsal surface on postnatal day 4-5. After this application,
mother mice with pups were fed normal diet or HFD. At the age of 4 weeks old,
pups were weaned and continuously fed either normal diet or HFD until eutha-
nized. Evaluation of tumour number and size was determined by counting the
number of visible tumours and measuring the size of the tumour.
Bioluminescence imaging. Bioluminescence imaging was performed as previ-
ously described'***. In brief, for the detection of luciferase expression, mice were
anesthetized, injected intraperitoneally with p-luciferin sodium salt (75 mgkg ")
5min before beginning photon recording. Mice were placed in the light-tight
chamber and a grey-scale image of the mice was first recorded with dimmed light
followed by acquisition of luminescence image using a cooled charged-coupled
device (CCD) camera (PIXIS 1024B; Princeton Instruments). The signal-to-noise
ratio was increased by 2 X 2 binning and 5 min exposure. For colocalization of the
luminescent photon emission on the animal body, grey scale and pseudo-colour
images were merged by using IMAGE-PRO PLUS (Media Cybernetics).
Antibiotics treatment. Antibiotics treatment was performed as previously
described® using a combination of four antibiotics (4Abx) of ampicillin (1 gl_l),
neomycin (1 gl_l), metronidazole (1 gl_l) and vancomycin (500 mgl_l), or van-
comycin (500 mgl™") alone (VCM) in drinking water at the age of 13 weeks old
until killed.

Histology and immunofluorescence analysis. Haematoxylin and eosin staining
and immunofluorescence analysis were performed as previously described'®. The
primary antibodies used for mouse samples were as follows: a-SMA (Sigma
A5228), desmin (abcam abl15200), p21 (abcam ab2961), pl6 (Santa Cruz
sc1207), 53BP1 (Santa Cruz sc22760), y-H2AX (CST 9718), IL-6 (abcam
ab6672), Gro-o (abcam ab17882), Ki-67 (Thermo RM9106), bromodeoxyuridine
(abcam ab6326), caspase-1 (Millipore 06-503), IL-1 (R&D systems AF-401-NA),
HSP47 (Santa Cruz sc8352), CXCL9 (abcam ab137792), F4/80 (Invitrogen BM8)
and CD45(Millipore 05-1416). The primary antibodies used for human samples
were as follows: a-SMA (Dako M0851), y-H2AX (CST 9718), p16 (Santa Cruz
$¢56330), p21 (CST #2947), IL-6 (abcam ab6672), IL-8 (abcam ab18672), 53BP1
(Santa Cruz sc22760) and caspase-1 (Millipore 06-503).

Quantitative PCR. Total RNA was extracted from mouse tissues using TRIzol
reagent (Life technologies) and reverse transcription and quantitative PCR were
performed as previously described””. Primers used were as follows: human GAPDH,
5'-CAACTACATGGTTTACATGTTC-3" (forward) and 5'-GCCAGTGGACT
CCACGAC-3’ (reverse), mouse Gapdh, 5'-CAACTACATGGTCTACATGTTC-
3’ (forward) and 5'-CACCAGTAGACTCCACGAC-3' (reverse), human IL-6, 5'-
CTCGACGGCATCTCAGCCCTGA-3" (forward) and 5'-CTGCCAGTGCCTC
TTTGCTGCTTT-3' (reverse), mouse II-6, 5'-TGATTGTATGAACAACGATG
ATGC-3' (forward) and 5'-GGACTCTGGCTTTGTCTTTCTTGT-3" (reverse),
human IL-8, 5'-AAGGAAAACTGGGTGCAGAG-3' (forward) and 5'-ATTGC
ATCTGGCAACCCTAC-3" (reverse), mouse Gro-o, 5'-GCTGGGATTCACC
TCAAGAA-3' (forward) and 5'-AGGTGCCATCAGAGCAGTCT-3’ (reverse),
bacterial bai] 5-TCAGGACGTGGAGGCGATCCA-3" (forward) and 5'-
TACRTGATACTGGTAGCTCCA-3" (reverse), Clostridium cluster XI 16S
rRNA gene 5'-TGACGGTACYYNRKGAGGAAGCC-3' (forward) and 5'-ACT
ACGGTTRAGCCGTAGCCTTT-3' (reverse).

In vivo RNAi experiment. 250 pl of siRNA solution (3 mgml™") against HSP47
or control siRNA were mixed with 250 pl of complexation buffer and 500 pul of
Invivofectamine (Life Technologies), incubated for 30 min at 50 °C, and dialysed
at room temperature for 2h in 11 of PBS (pH7.4). Dialysed siRNA-
Invivofectamine complex was collected and 3 pug per g (weight) was injected
through mice’s tail vein twice a week for 15 weeks until killed. The sequences of
HSP47 targeting oligo are as follows. 5'-GCACUGCUUGUGAACGCCAU
GUUCU-3’ (sense), 5'-AGAACAUGGCGUUCACAAGCAGUGC-3’ (antisense).
As a negative control, Ambion In vivo Negative Control #1 siRNA(4457289) was
used.

Treatment with DCA, UDCA and DFAIIIL Deoxycholic acid (DCA) was dis-
solved in absolute ethanol and diluted in 66% propylene glycol to reduce the
concentration of alcohol to 5%. HED-fed mice treated with DMBA at neonatal
stage were fed a combination of four antibiotics (4Abx) with 40 pig per g (weight) of
DCA or vehicle (control) three times per week using a plastic feeding tube at the
age of 13 weeks old until killed. Ursodeoxycholic acid (UDCA) tablets (Tanabe-
Mitsubishi Pharma) were powdered and dissolved in 66% propylene glycol. HFD-
fed mice treated with DMBA at neonatal stage were fed 60 ug per g (weight) of
UDCA or vehicle (control) using a plastic feeding tube every day at the age of
15 weeks old until killed. Difructose anhydride IIT (DFAIII)was dissolved in saline.
HEFD-fed mice treated with DMBA at neonatal stage were fed 0.1 mg per g (weight)
of DFAIII or vehicle (control) using a plastic feeding tube every day at the age of
17 weeks old until killed.

Bacterial 16S rRNA amplicon sequencing and analysis. Bacterial genomic DNA
was isolated from faeces using a QIAamp DNA Stool mini kit (QIAGEN), and
100 ng of DNA was used for PCR for V1-V4 hyper variable regions of the 16S
rRNA gene. Twenty five cycles of amplification was performed with universal 165
rRNA primers 27F 5'-AGAGTTTGATCCTGGCTCAG-3" and 519R 5'-
GWATTACCGCGGCKGCTG-3" with 10-bp barcode tags using KOD Fx plus
DNA polymerase (TOYOBO). All amplicons were sequenced on a 454 Genome
Sequencer FLX Titanium platform (Roche Diagnostics and Beckman Coulter
Genomics). Quality filter-passed sequence reads were obtained by removing reads
that had no both primer sequences, had less than 500 bp in length, had the average
quality value (QV) <25, or were possible chimaeric. Of the filter-passed reads,
more than 2,500 sequence reads trimming off both primer sequences for each
sample were used and subjected to OT'U analysis with the cutoff similarity of 97%
identity using QIIME software. Representative sequences from each OTU were
blasted to the database in Ribosomal Database Project (RDP) and aligned. The
obtained OTU sequences were grouped at class level** and were subjected to
phylogenetic analysis using MEGA software as described previously™.
Determination of the copy number of faecal bacteria. The copy number of
faecal bacteria was calculated from the standard curve of known bacterial copy
number by quantitative real-time PCR of 16S rRNA gene using 341f, 5'-
CCTACGGGAGGC AGCAG-3' and 534r 5'-ATTACCGCGGCTGCTGG-3'
primers as described previously®.

Measurement of serum ALT and AST. The levels of serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) were measured using kits from
WAKO Pure Chemical Industries, Ltd.

Measurement of serum deoxycholic acid. The metabolomic analysis of mice
serum were performed by liquid chromatograph mass spectrometry(LC-MS) in
Human Metabolome Technologies Inc. Japan as previously described”. The
amount of serum DCA was measured by gas chromatograph mass spectrometry
(GC-MS) in the Bile Acid Institute of Junshin Clinic, Japan as described™.
Human subjects. Informed consent was obtained from all patients according to
the protocol approved by the ethics committee of the Japanese Foundation for
Cancer Research (JFCR).

Statistical analysis. Data were analysed by unpaired ¢-test with Welch correction
(two-side) or Mann-Whitney test (two-side). P- values less than 0.05 were con-
sidered significant.

Cell culture. Murine primary HSCs were isolated as previously described'®*, and
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum in 3% O, and 5% CO, condition. Human primary HSCs were
purchased from Health Science Research Resources Bank and were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
in 3% O, and 5% CO, condition.

H-ras sequencing. Total RNA was prepared from HCCs and HSCs isolated from
tumour regions using TRIzol reagent (Invitrogen). RNA was converted to cDNA
by using oligo (dT) primer and a 330-bp PCR fragment containing exon 2 of H-ras
gene was amplified with 5'-TGGGGCAGGAGCTCCTGGAT-3" and 5'-GAA
GGACTTGGTGTTGTTGA-3" primers. PCR fragments were sub-cloned using
Target Clone Plus system (TOYOBO) and were sequenced by using Dye-
Terminator and Big-Dye cycle sequencing system (Applied Biosystems) as
described previously™.
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