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Abstract

Background: HCC is the most common primary liver cancer and a leading
cause of cancer-related mortality. Gut microbiota is a large collection of
microbes, predominately bacteria, that harbor the gastrointestinal tract.
Changes in gut microbiota that deviate from the native composition, that is,
“dysbiosis,” is proposed as a probable diagnostic biomarker and a risk factor
for HCC. However, whether gut microbiota dysbiosis is a cause or a
consequence of HCC is unknown.

Methods: To better understand the role of gut microbiota in HCC, mice
deficient of toll-like receptor 5 (TLR5, a receptor for bacterial flagellin) as a
model of spontaneous gut microbiota dysbiosis were crossed with farnesoid
X receptor knockout mice (FxrKO), a genetic model for spontaneous HCC.
Male FxrKO/TIr6KO double knockout (DKO), FxriKO, TIr5KO, and wild-type
(WT) mice were aged to the 16-month HCC time point.

Results: Compared with FxrKO mice, DKO mice had more severe hep-
atooncogenesis at the gross, histological, and transcript levels and this was
associated with pronounced cholestatic liver injury. The bile acid dysme-
tabolism in FxrKO mice became more aberrant in the absence of TLR5 due
in part to suppression of bile acid secretion and enhanced cholestasis. Out of
the 14 enriched taxon signatures seen in the DKO gut microbiota, 50% were
dominated by the Proteobacteria phylum with expansion of the gut patho-
biont y-Proteobacteria that is implicated in HCC.

Abbreviations: AFP, o-fetoprotein; ALP, alkaline phosphatase; ALT, alanine aminotransferase; BSEP, bile salt exporter pump; CK-19, cytokeratin 19; CYP, cytochrome
P450; DKO, double knockout; Fgfr4, FGF receptor 4; FXR, farnesoid X receptor; HNF4a, hepatocyte nuclear factor 4a; Kib, p-Klotho; KO, knockout; LEfSe, linear
discriminant analysis effect size; LPS, lipopolysaccharides MDR2, multidrug-resistant protein 2; RT-PCR, real-time PCR; SHP, small heterodimer partner; TLR, toll-like
receptor; WT, wild-type.
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Conclusions: Collectively, introducing gut microbiota dysbiosis by TLR5
deletion exacerbated hepatocarcinogenesis in the FxriKO mouse model.

INTRODUCTION

HCC accounts for 75%—-85% of primary liver cancer
cases, and its incidence and mortality rates are steadily
continuing to rise.l'! In accordance with the multiple
parallel hits theory proposed for other hepatic
diseases,? several triggers are usually required for
HCC progression, and the variety of etiological risk
factors can result in genomic and phenotypical
heterogeneity.[¥! For instance, obstructive jaundice due
to a narrowed or blocked bile duct is a consequence in
5%—44% of HCC cases and is referred to as the
“cholestatic type of HCC.™ Moreover, inherited dis-
eases like progressive familial intrahepatic cholestasis
often correlate with increased HCC risk.[%! The role of
cholestasis in promoting HCC risk is not completely
understood. It is likely due in part to bile acid-mediated
inflammation resulting in fibrosis and cirrhosis that could
lead to hepatocarcinogenesis.®

Bile acids are biomolecules generated in the liver
that function to facilitate the absorption of dietary lipids
and vitamins due to their detergent-like properties.
Recent studies have revealed that they have many
other functions, including the modulation of metabolic
diseases and cancer through interaction with cellular
receptors and immune cells. The farnesoid X receptor
(FXR) is the major bile acid sensor expressed in the
liver and small intestine that controls the enterohepatic
circulation of bile acids; about 95% of bile acids are
reabsorbed from the intestine.”l FXR deficiency
results in cholemia (ie, high serum bile acids) and
low-grade chronic inflammation at a young age
and spontaneous HCC by 16 months of age.l8-10
Decreased levels of hepatic FXR are correlated with
malignant clinicopathologic characteristics seen in
HCC patients,l'" and FXR knockout (FxrKO) mice
have spontaneous HCC that mimics human
pathology.['? Using the FxrKO mouse model, we
wanted to investigate possible risk factors that could
contribute to bile acid-dependent HCC.

The gut microbiota is a collection of trillions of
microorganisms found within the gastrointestinal tract.
A change in the composition of resident commensal
communities relative to the community found in healthy
individuals can result in gut microbiota “dysbiosis.”('?!
Generally, gut microbiota dysbiosis is denoted by either
a loss in beneficial microbes and/or an expansion in
opportunistic pathogens. Gut microbiota comparisons
made between disease and nondiseased states sug-
gest a potential panel of microbial dysbiosis changes

associated with HCC.'"Y This includes identifying a
plausible HCC signature taxon for specific genus or
species alterations in the gut microbiota. The diagnostic
and prognostic potential of fecal microbiota analysis
proposes it as a probable noninvasive biomarker for
HCC.I'S' The recent discovery of tumor-associated
microbiota in HCC tissues('®'8 has expanded the
concept of microbiota to also be a possible contributor
to HCC.

The connection between gut microbiota and HCC is
constantly growing but it is unknown whether dysbio-
sis is a causation or correlation factor in HCC
progression. To better understand the role of gut
microbiota in HCC, gut microbiota dysbiosis was
induced in FxrKO mice by means of genetic inter-
vention (through TLR5 deletion) and the spontaneous
HCC pathogenesis characterized. Introducing gut
microbiota dysbiosis in HCC-prone FxrKO mice
potentiated cholestatic liver injury and exacerbated
liver cancer pathogenesis. An expansion in gut
pathobionts like y-Proteobacteria and further dysre-
gulation of bile acid metabolism potentially explains
the increased HCC. Collectively, this study demon-
strates that gut microbiota dysbiosis in tandem with
bile acid dysmetabolism worsens HCC.

METHODS
Mice

Toll-like receptor 5-deficient (TIr5KO) mice on a
C57BL/6J background were generated by Dr. Shizuo
Akira, Japan.'"¥ Farnesoid X receptor—deficient [FxriKO,
C57BL/6J background®!] and TIr5KO mice were bred with
C57BL/6J wild-type (WT) mice to generate their WT
litermates. Homozygous TIr5KO and FxrKO mice were
crossed to generate the heterozygous F1 generation, and
continual breeding resulted in double knockout (DKO)
mice, which was confirmed by genotyping. All mice were
bred and maintained under specific pathogen-free con-
ditions at the University of Toledo. Mice were housed in
cages (n = 5 mice/cage) containing corncob bedding
(Bed-O-Cob, The Andersons Co.) and nestlets (cat#
CABFMO00088, Ancare) at 23 °C under a 12-hour
light/dark phase cycle. Mice were fed grain-based chow
ad libitum (LabDiet 5020 for breeders and LabDiet 5001
for weaned mice) and given unrestricted access to
regular, nonacidified drinking water. All animal studies
described were conducted as per institutional animal care
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and use committee (IACUC) approval obtained from the
University of Toledo (protocol number 108790) and
followed ARRIVE guidelines (Animal Research: Reporting
In Vivo experiments).l2%!

Flagellin administration

Flagellin from Salmonella enterica subsp. enterica
serovar Typhimurium (SL3201, fljB-) was purified
through sequential cation and anion exchange HPLC,
as described.?!! Twelve-week-old male WT and FxrKO
mice were intraperitoneally injected with flagellin (10
ug/mouse), and blood collected after 2 hours was
analyzed for serum cytokine analysis.

Liver cancer study

FxiKO mice were reported to develop HCC at
15-16 months of age, and this happens spontaneously
without the introduction of a carcinogen or dietary
intervention.l8.1% Accordingly, male WT (n = 5), TIr5KO
(n = 5), FxrKO (n = 16), and DKO (n = 18) mice were
aged to 16 months (fed grain-based chow) and
assessed for liver cancer, including tumor number and
size (diameter, mm). The minimum number of mice
was >10 in the FxrKO and DKO groups, which
accounts for the known marked heterogeneity associ-
ated with experimental liver cancer.

Tissue and serum collection

At 16 months of age, WT, TIr6KO, FxrKO, and DKO
mice underwent 5-hour fasting and were euthanized by
CO, asphyxiation and blood collected by cardiac
puncture using a BD microtainer (Becton, Dickinson).
Hemolysis-free sera were obtained after centrifugation
(10,000 rpm for 10 min at 4 °C) and stored at —-80 °C
until further analysis of cholestatic injury and liver
cancer markers. Epididymal white adipose tissue and
livers were collected for organ weight. Livers were
further processed for quantitative real-time (RT)-PCR
and histological analysis (Supplemental Materials and
Methods, http://links.lww.com/HC9/A298). In a separate
experiment, 3- and 16-month-old WT and FxrKO mice
were euthanized, and livers were analyzed for TLR5
expression through RT-gPCR.

Serum total bile acid quantification

Total bile acids in hemolysis-free sera were measured
using a total bile acid assay kit (enzyme cycling method;
Diazyme Laboratories), according to the manufacturer’s
protocol.

Serum lipids and transaminases
measurement

Serum cholesterol, triglycerides, alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), and total,
conjugated, and unconjugated bilirubin were measured
by using biochemical kits from Randox Laboratories
(Kearneysville, WV).

ELISA

Serum IL-6, KC (alias chemokine ligand 1), and a-
fetoprotein (AFP) were measured using the Duoset
ELISA kit (R&D Systems; Minneapolis, MN), according
to the manufacturer’s protocol.

Serum immunoreactivity to LPS and
flagellin

Serum immunoreactivity to lipopolysaccharide (LPS)
and flagellin was examined by ELISA. High-binding
ELISA plates were coated overnight with purified
flagellin (100 ng/well) or LPS (2 pg/well; from E. coli
0128: B12, Sigma) in a 9.6 pH bicarbonate buffer. Sera
were diluted 1:500 and added to wells coated with
flagellin or LPS. After incubation at 37 °C for 1 hour, the
wells were washed and then incubated with HRP-
conjugated anti-mouse IgG (1:1000). After washing, the
peroxidase substrate tetramethylbenzidine was added
to the wells, and after 5 minutes, optical density was
read at 450 nm with an ELISA plate reader. Data are
reported as optical density corrected by subtracting with
the readings in blank samples.

Quantitative reverse-transcription PCR

Liver samples from 3-month-old and 16-month-old WT
and FxKO mice were analyzed for TLR5 expression.
Liver samples from 16-month-old WT, TIr6KO, FxrKO,
and DKO mice were analyzed for inflammation, lipo-
genesis, fibrosis, and HCC markers. Liver and ileum
tissues were also examined for the relative expression
of genes encoding for bile acid metabolism, transport,
and secretion. RNA was extracted from liver and ileum
tissue using TRI reagent (Sigma) as per the manufac-
turer's protocol. The cDNA was synthesized from
800 ng of purified RNA using the qgScript cDNA
Synthesis Kit (Quanta BioSciences). Quantitative RT-
PCR was performed using the Step One Plus Real-
Time PCR System (Applied Biosystems) in a 10 pL
reaction mixture containing cDNA, SYBR Green Master
Mix (Quanta BioSciences), and mouse-specific oligo-
nucleotides (Supplemental Table S1, http:/links.lww.
com/HC9/A299). The 36b4 gene was used as an
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internal standard. The data were expressed as a
relative fold-change in comparison with the WT control.

16S rRNA gene sequencing and analysis of
microbiota composition

16S PCR Library Preparation, Clean-up,
Normalization, and Pooling

QlAamp PowerFecal Pro DNA kit (QIAGEN) was used
to extract gDNA from the fecal pellets (~40-50 mg) of
WT, TIr5KO, FxrKO, and DKO mice. The gDNA was
eluted in low TE buffer (0.1 mM EDTA, Tris-HCI buffer,
10 mM, pH 8.5) instead of the AE buffer provided in the
kit. DNA concentration was determined using Nano-
Drop, and samples were diluted to a final concentration
of 5 ng/uL in low TE buffer. The lllumina User Guide has
followed: “16S Metagenomic Sequencing Library Prep-
aration-Preparing 16S Ribosomal RNA Gene Ampli-
cons for the lllumina MiSeq System (Part # 15044223
Rev. B).” The 16S rRNA gene targeting the V3-V4
region was amplified by PCR using the Illumina
sequencing primers: 5 TCGTCGGCAGCGTCAGAT-
GTGTATAAGAGACAGCCTACGGGNGGCWGCAG

and 5 GTCTCGTGGGCTCGGAGATGTGTATAAGA-
GACAGGGACTACHVGGGTWTCTAAT. For index
PCR, the Nextera XT index kit (FC-131-1002) from
lllumina was used to attach dual indices. Each 25 uL
reaction mixture contained 2.5 pL of 10X reaction buffer
(Invitrogen, Thermo Fisher Scientific, Waltham, MA),
0.5 uL of 10 mM dNTPs, 0.75 (for target PCR)/1 uL (for
index PCR) of 50 mM MgCl,, 0.1 uL of 5 U/uL of HotTaq
polymerase (Invitrogen), 1 uL of each primer (5 uM) and
2.5 uL of 5 ng/uL DNA. All samples were reconstituted in
water for a final volume of 25 pL. Thermocycling was
performed in a BioRad T100TM thermal cycler (Her-
cules, CA), and the cycling conditions were as follows:
initial denaturation at 95 °C for 5 minutes, followed by
25 cycles of 95 °C for 30 seconds, 58 °C for 30
seconds, 72 °C for 30 seconds, and a final extension at
72 °C for 5 minutes for target PCR. Index PCR was
carried out in 8 cycles, with an initial denaturation at 95 °
C for 3 minutes, followed by 95 °C for 30 seconds, 55 °C
for 30 seconds, 72 °C for 30 seconds, and a final
extension at 72 °C for 5 minutes. Each PCR amplicon
sample was purified in 2 rounds using AMPure XP
beads (Beckman Coulter Inc. Brea, CA). Each concen-
tration of purified index PCR products was measured
using the Qubit dsDNA HS Assay kit with Qubit 3.0
fluorometer (Life Technologies, Carlsbad, CA). The
4 nM of each amplicon was pooled equally. Pooled
library was checked for quality using a 2100 Bioana-
lyzer (Agilent, Santa Clara, CA) before sequencing.
Library denaturing and MiSeq sample loading were
done according to lllumina User Guide lllumina MiSeq

System. The 10 pmol/L denatured and diluted library
with 10% PhiX was loaded on an lllumina MiSeq V3
flow cell kit with 2 x 300 cycles.

Quality Filtering, amplicon sequence variant
Picking, and Data Analysis

Chimeric sequences were identified and filtered using
the Quantitative Insights in Microbial Ecology (QIIME 1)
software package (version 2021.11)22 with custom
scripts for analyzing all samples and for filtering groups
based on comparisons. All samples were rarified at
29746 sequencing reads. The amplicon sequence
variants were subsequently picked using QIIME Il, and
taxonomy assignment was performed using Silval?®! as
the reference database. LEfSe (linear discriminant
analysis effect size) (https://huttenhower.sph.harvard.
edu/galaxy/) was used to visualize the differential
enrichment of gut microbiota between groups. Raw
data are deposited into the public database GenBank
(BioProject ID: PRIJNA941305, BioSample accessions:
SAMN33601343, SAMN33601344, SAMN33601345,
and SAMN33601346).

Analysis of bacterial composition

Fecal samples were aseptically collected from WT,
TIr5KO, FxrKO, and DKO mice. Total bacterial DNA
was extracted from equal amounts of feces (~50 mg)
using the QlAamp DNA Stool Mini Kit (Qiagen Inc.,
Valencia, CA). The total bacterial load was analyzed by
quantitative PCR (Step One Plus Real-Time PCR
System, Applied Biosystems) in a reaction mixture of
fecal DNA, SYBR green master mix, and bacterial-
specific 16S primers (Supplemental Table S1, http:/
links.lww.com/HC9/A299). The data were expressed as
copy number in comparison to a generated E. coli
standard. E. coli standards were prepared in serial
dilution (10,000 pg-DNA to 0.01 pg-DNA), and the CT
values were obtained by RT-qPCR. E. coli standard
copy numbers were calculated from the CT values with
standardized formulas.’24

Statistical analysis

+ SEM. Statistical
significance between 2 groups was calculated using
unpaired, 2-tailed t test. Data from more than 2 groups were
compared using a 1-way ANOVA followed by Tukey multiple
comparison test (to compare the mean of each column with
the mean of every other column). *p < 0.05 was considered
statistically significant. All statistical analyses were performed
with the GraphPad Prism 9.0 program (GraphPad).

All data are presented as mean =+
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Data availability

The data generated in this study are available on
request from the corresponding author.

RESULTS

Tumor burden is increased in FxrKO mice
after genetic disruption of TLR5

Toll-like receptor 5 (TLR5) is a pattern recognition
receptor that recognizes bacterial flagellin from motile
bacteria. Earlier studies revealed that TLR5-deficient
(TIr5KO) mice have spontaneous gut microbiota
dysbiosis.[25261 Of note, FxrKO mice have increased
hepatic TIr5 expression at both precancer and cancer
time points (Supplemental Figure S1A, B, http:/links.
lww.com/HC9/A300) and the innate immune response
(ie, IL-6 and KC) to flagellin administration was greater
in FxrKO mice (Supplemental Figure S1C, D, http://
links.lww.com/HC9/A300). As such, we envisioned

TLRS5 as a relevant target to induce gut microbiota
dysbiosis in FxrKO mice and investigate the potential
changes in HCC severity. After crossing TIr5KO and
FxKO mice, DKO mice and their single knockout
counterparts with WT mice as healthy controls were
aged to 16 months, which is the reported time point that
tumors are found in FxrKO mice.[810

Compared with TIr56KO mice that were reported to
develop indices of metabolic syndrome,28l DKO mice
had lower body and fat pad weights comparable to WT
mice (Supplemental Figure S2A—C, http://links.lww.com/
HC9/A301). Yet, both DKO and FxrKO mice had hyper-
lipidemia as revealed by increased, but not significant,
levels of serum ftriglycerides and cholesterol (Supple-
mental Figure S2E-F, http://links.lww.com/HC9/A301).
Compared with FxrKO mice, DKO mice had more
pronounced hepatomegaly (Supplemental Figure S2D,
http://links.lww.com/HC9/A301) and greater tumor num-
ber (Figure 1A, B). Tumor size trended larger in DKO
mice, but this trend did not reach statistical significance
(Figure 1C). There were no indications of extrahepatic
metastasis in the lungs, colon, and spleen at the gross and
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FIGURE 1 HCC is aggravated in FxrKO mice on Tir5 deletion. (A—I) Male WT (n = 5), TIr5KO (n = 5), FxrKO (n = 16), and DKO (n = 18)

mice were aged for 16 months, and liver cancer parameters were analyzed. (A) Gross liver, (B) tumor number, (C) tumor size (diameter, mm), (D)
H&E staining at scale bars of i. 2 mm and ii. 50 um, (E) liver histology score, (F) cytokeratin 19 immunohistochemistry (CK19; scale bar, 50 pm),
(G) serum o-fetoprotein (AFP), and quantitative RT-PCR of hepatic (H) Gpc3 and (I) Myc. 36b4 was used as internal control for RT-gPCR. Results
are expressed as means + SEM. *p < 0.05, **p < 0.01, *p < 0.001, and ****p < 0.0001. Abbreviations: DKO, double knockout; RT-PCR, real-

time PCR; WT, wild type.
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histological level, which accord with previous findings that
the FxrKO mouse model exhibits only primary liver
tumors. Histologic analysis and scoring confirmed that
DKO mice have the most robust liver tumors and other
prominent features, including multiple lymphocyte
clusters, focal inflammation, anoxic vacuolation, bile duct
hyperplasia, and more pigment-laden cells that exceeded
the pathology seen in FxrKO mice (Figure 1D, E). The
substantially elevated CK-19 immunohistochemical
staining (Figure 1F), serum AFP levels (Figure 1G), and
Gpc3 and Myc mRNAs (Figure 1H, 1) further indicated that
DKO mice had worsened tumor burden when compared
with FxrKO mice.

Inflammation, steatosis, and fibrosis are
comparable between DKO and FxrKO mice

TIr5KO mice are known to have steatosis and
inflammation,28! which we believed could be driving the
increased HCC in DKO mice. As such, well-established
markers for inflammation, steatosis, and fibrosis were
analyzed. mRNA transcript levels of inflammatory
markers (ie, Mcp-1 and Ylk-40) were higher in the DKO
and FxrKO groups, but the levels did not differ between
them (Supplemental Figure S3Ai, ii, http:/links.lww.com/
HC9/A302). In a similar manner, quantitative RT-PCR

showed that the expression of lipogenic gene mRNAs (ie,
Fas and Hmgcr) and fibrosis gene mRNAs (ie, Timp-1
and aSmc) remained unchanged between the DKO and
FxrKO mice (Supplemental Figures S3Bi, ii, http://links.
Iww.com/HC9/A302 and S3Ci, ii, http://links.lww.com/
HC9/A302). Histochemical staining further solidified the
nonsignificant differences in inflammation, lipogenesis,
and fibrosis when comparing DKO and FxiKO mice
(Supplemental Figure S3Di, ii, http://links.lww.com/HC9/
A302). Qil red O staining revealed that both DKO and
FxrKO mice had macro and microsteatosis, but DKO
mice were unique to exhibit fat deposits infiltrating the
tumor region (Supplemental Figure S3Di, http://links.lww.
com/HC9/A302). These data suggest that common HCC
risk factors could not explain the exacerbated liver
cancer in DKO mice.

DKO mice have more severe cholestatic
liver injury

As FxrKO mice are known to exhibit bile acid-dependent
cholestasis,'® we next measured the clinical parameters
of cholestatic liver injury to determine whether this could
explain the greater HCC severity in DKO mice. Notably,
the liver injury marker ALT was significantly increased in
DKO mice when compared with the modest elevation
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FIGURE 2 Cholestatic liver injury is aggravated in Fxr/Tir5 DKO mice. (A-G) Male WT (n = 5), TIr56KO (n = 5), FxrKO (n = 16), and DKO

(n = 18) mice were aged for 16 months, and cholestatic liver injury parameters in the serum were analyzed. (A) Alanine aminotransferase (ALT), (B)
alkaline phosphatase (ALP), (C) total bilirubin, (D) gross serum depicting hyperbilirubinemia (ie, jaundice, yellowing of the serum), (E) conjugated bilirubin,
(F) unconjugated bilirubin, and (G) total bile acids. Results are expressed as means + SEM. *p < 0.05, **p < 0.01, *p < 0.001, and ****p < 0.0001.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; DKO, double knockout; WT, wild type.
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seen in FxrKO mice (Figure 2A). A similar observation
between DKO and FxrKO mice was found with the
cholestatic liver injury marker ALP (Figure 2B).
Correspondingly, DKO mice had the most severe
jaundice (ie, hyperbilirubinemia), whereas FxrKO mice
had only a mild jaundice phenotype (Figure 2C, D). The
abnormal systemic bilirubin accumulation in both DKO
and FxrKO mice was marked by a predominance of
conjugated bilirubin with minimal unconjugated bilirubin
levels (Figure 2E, F). As expected, total serum bile acids
were increased in FxriKO mice when compared to WT
mice, but the levels in DKO mice were further increased
by 27% (Figure 2G). Collectively, it appears that the
exacerbated cholestatic liver injury in DKO mice may be
associated with their greater HCC pathology.

Bile acid metabolism is further
dysregulated in FxrKO mice following TLRS
deletion

FXR deficiency results in altered bile acid metabolism
marked with an overproduction of bile acids in the liver
and their diminished transport into the gallbladder.
Evidence of bile acids as a potential hepatic
carcinogenl® supported the next step to measure a large
panel of bile acid biosynthesis, feedback regulators, and
transporters at both major sites of FXR signaling, the liver
and ileum. We first analyzed the expression of genes
associated with the classical and alternative pathways of
bile acid biosynthesis in the liver. Hepatic Cyp7a7, mRNA
encoding the rate-limiting enzyme in the classical path-
way, was increased in DKO mice compared with FxrKO
mice (Figure 3Ai). Cyp8b1 mRNA was significantly lower
in the DKO mice (Figure 3Aii), suggesting that the
classical pathway was directed toward producing more
chenodeoxycholate rather than the main bile acid
metabolite cholate. If this postulation was true, then it
could explain why the 2 major alternative pathway
enzymes (encoded by Cyp27a1 and Cyp7b1) for
chenodeoxycholate synthesis were severely repressed
in DKO mice (Figure 3Aiii, iv). Irrespective, the significant
increase in hepatic Cyp7a7 expression emphasized that
the DKO mice may have a greater aberrancy in the
negative feedback loops from both liver and ileal FXR
signaling. Indeed, the DKO mice had the most repression
of hepatocyte nuclear factor 4o (Hnf4a) and small
heterodimer partner (Shp) (Figure 3Bi, ii), which are the
2 main bile acid regulators that normally function to inhibit
Cyp7al expression.’l  Similarly, 3 downstream
components of ileal FXR signaling, that is, ileal FGF 15
(Fgf15), hepatic FGF receptor 4 (Fgfr4) and hepatic -
Klotho (KIb) were either nearly undetectable or further
suppressed in the DKO mice compared with FxrKO mice
(Figure 3Biii, iv, and 3E). Collectively, DKO mice have a
greater deficiency (ie, increased synthesis but decreased
secretion) in bile acid regulation.

When analyzing mRNAs associated with enterohe-
patic circulation of bile acids, DKO mice had lower
expression of MRNAs encoding sodium-dependent and
independent transporters for basolateral uptake of bile
acids into hepatocytes (Figure 3Ci, ii). Of note, we also
determined bile acid excretion to be impaired as the bile
salt exporter pump (BSEP, encoded by Abcb17) and the
multidrug-resistant protein 2 (MDR2, encoded by
Abcb4) were further significantly decreased in the
DKO mice compared with FxrKO mice (Figure 3Di-ii).
Compared with the observed changes in hepatic bile
acid transporters, mRNAs for apical uptake into
enterocytes and basolateral export from enterocytes
were similarly suppressed between DKO and FxrKO
mice (Figure 3Fi, ii and 3Gi, ii). This could be an
adaptation to minimize the recirculation of bile acids
from the intestine to the liver. Overall, it seems that the
DKO mice have a more aberrant bile acid metabolism,
and this could contribute to their exacerbated
cholestatic and HCC pathologies.

HCC severity in DKO mice is associated
with a bloom of opportunistic pathobionts

Plausible gut microbiota alterations in our study groups
were profiled by 16S rRNA gene sequencing. The gut
microbiota between WT and FxrKO mice were first
compared to establish any possible link with liver cancer
progression. There were no changes in o- or p-diversity
between WT and FxKO mice (Supplemental Figure
S4A, B, http://links.lww.com/HC9/A304), but LEfSe
determined a differential abundance of Verrucomicrobia,
Tenericutes, and Cyanobacteria for the FxriKO mice
(Supplemental Figure S4C, http://links.lww.com/HC9/
A304). Analysis of the DKO microbiota identified an
increase in total bacterial load (Figure 4A) and
substantial p-diversity (Figure 4B). Of note, there was
no enrichment in Bacteroidetes, whereas the Firmicutes
phylum was an enriched taxon with a bloom in
Lactobacillus spp. in the DKO mice (Figure 4C). When
conducting LEfSe analysis, we hypothesized that DKO
mice might exhibit 2 major microbiota shifts, that is,
expansion in gut pathobionts like Proteobacteria and
secondary bile acid producers like Clostridia spp. The
rationale for our hypothesis was based on our prior report
of y-Proteobacteria and Clostridium cluster XIVa blooms
in TIr5KO mice with HCC induced by a purified diet.25 As
expected, DKO mice had enrichment of the
Proteobacteria phylum with an augmentation of y-
Proteobacteria species (Figure 4C). This is remarkable
because most liver tumor microbiota are dominated by
the Proteobacteria phylum.['6-'8  Unexpectedly, our
findings demonstrated an expansion of Clostridia spp.
in the FxrKO mice but not in DKO mice (Figure 4C). As
such, it appears that microbiota-mediated bile acid
synthesis might be a predominant factor for tumor
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progression in FxrKO mice but may not the reason for
tumor aggravation in DKO mice. We also explored the
possibility that differences in gut permeability between
FxrKO and DKO mice might contribute to exacerbated
HCC. However, the similar levels of immunoreactivity to
lipopolysaccharide and flagellin, which can be used as a
surrogate marker of permeability, in FxrKO and DKO
mice argued against this notion (Supplemental Figure
S5A, B, http://links.lww.com/HC9/A303). Overall, the
worsened HCC severity in the DKO mice is associated
with a bloom in gut pathobionts like y-Proteobacteria and
a reduction in beneficial microbes like Bacteroidetes.

DISCUSSION

Perturbation in FXR signaling is a prominent feature of
cholestasis and HCC progression in rodents and
humans.[810.12] |n detail, mutations in the NR1H4 gene
(encoding FXR) cause familial intrahepatic cholestasis,
and this results in liver dysfunction denoted by impeded
bile acid secretion, neonatal jaundice, and a high
potential for hepatobiliary cancers.[?”281 High bile acid
levels from impaired FXR signaling are strongly
suggestive to be a major risk factor for HCC because
they can generate an inflammatory milieu, abnormal cell
death, stimulate cellular proliferation, promote resist-
ance to apoptosis, and activate oncogenic pathways.2
Although bile acids contribute to HCC pathogenesis,
several other triggers are required for liver cancer
progression. Herein, we investigated the tandem
influence of the gut microbiota because studies have
identified a potential panel of microbial dysbiosis
changes associated with HCC,['* and microbiota are
implicated in HCC pathogenesis.['6-"8] |n this study, we
found that gut microbiota dysbiosis worsens bile acid
dysmetabolism, cholestatic liver disease, and HCC
severity.

To explore this concept, we introduced gut micro-
biota dysbiosis in a murine HCC model (ie, FxrKO mice)
by means of TLR5 deletion. On this intervention, we
observed that gut microbiota dysbiosis worsened
cholestatic liver injury as marked by the hyperbilirubi-
nemia phenotype in DKO mice. Quantitative PCR
demonstrated several attributes that could have con-
tributed to the exacerbated cholestasis, which, in the
future, should be supplemented with unbiased gene
expression analysis like RNA sequencing. When
compared with FxrKO mice, we found the mRNA
expression levels of bile acid transporters (ie, BSEP
and MDR2) to be significantly suppressed by an
additional 45%—60% in DKO mice. Moreover, DKO
mice had a 12% upregulation of the gene (ie, CYP7A1)
that encodes the rate-limiting enzyme for bile acid
biosynthesis. These findings relate to a recent study
demonstrating that gut microbiota depletion conse-
quently suppressed FXR-mediated inhibition of bile

acid biosynthesis, resulting in fatal liver injury in a
mouse model of primary sclerosing cholangitis.[3%

Tissue-specific FXR signaling differentially regulates
bile acid metabolism and HCC risk. For instance, the
intestinal FXR-FGF15-FGFR4 pathway can strongly
suppress both CYP7A1 and CYP8B1, whereas liver
FXR-SHP signaling predominately inhibits CYP8B1 and
has a minor role in CYP7A1 repression.2"l Alongside,
hepatocyte-specific FxiKO mice have much lower HCC
incidence, while intestinal-specific FxrKO mice still have
robust liver cancer-like global knockouts.’2 In our
study, we found intestinal Fgf15 and hepatic Fgfr4
mRNA expressions to be further significantly sup-
pressed by 90% and 25%, respectively, in DKO mice
compared with FxrKO mice. Opposingly, FxrKO and
DKO groups had a similar decrease in hepatic Shp
levels. These results raise the possibility that microbiota
changes in DKO mice affected intestinal FXR signaling
more so than the hepatic FXR counterpart. To better
determine whether gut microbiota-dependent HCC is
mediated through dysregulation of hepatic and/or
intestinal FXR signaling, HCC should be monitored in
DKO mice with tissue-specific FXR deficiency.

The potent influence of the gut microbiota on FXR
signaling is derived from certain bacterial species
modifying the bile acid composition. One action involves
the biotransformation of primary (ie, cholate vs. cheno-
deoxycholate) to secondary bile acids (ie, deoxycholate
vs. lithocholate), where this gut microbiota effect can
introduce a strong hydrophobic FXR antagonist (lith-
ocholate) and lower levels of a less hydrophobic FXR
agonist (chenodeoxycholate).33! Importantly, gut micro-
biota-derived bile acids are generally more hydrophobic
and hepatotoxic, which may explain why HCC severity
is more pronounced in DKO mice. Although this
hypothesis requires further investigation, it is notable
that our previous study demonstrated secondary bile
acids to have a direct role in HCC progression for a
subset of TIr5KO mice fed a purified, inulin-containing
diet.®* Moreover, we found vancomycin intervention
lowered secondary bile acid production and abated
tumor progression in these mice.?¥ It is possible that
antibiotics could serve as a treatment for the DKO mice.
It would also be important to experiment with fecal
microbiota transplantation from DKO to germ-free mice
to further establish that gut microbiota dysbiosis is
pathological in HCC.

Therapies that restore the gut microbiota toward
“eubiosis” or a balanced state could be of value in
HCC prevention. Recent evidence supports this
notion, as probiotic treatment was found to reduce
HCC growth in mice inoculated with tumor cells and in
hepatocyte-specific PTEN knockout mice.[35:361 Sim-
ilarly, treatment with antibiotics significantly attenuated
tumor development in the streptozotocin and high-fat
diet-induced NASH-HCC mouse model.’”l These
studies suggested gut microbiota dysbiosis as a
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FIGURE 4 Gut microbiota for the DKO mice is enriched in HCC-associated Proteobacteria. (A—C) Male WT (n = 5 or 15), TIr5KO (n = 5),
FxrKO (n = 16), and DKO (n = 18) mice were aged for 16 months, fecal samples were snap frozen and bacterial DNA was extracted for RT-
gPCR and 16S microbiota analysis. (A) Total bacterial load (copy number), (B) p-diversity through Bray-Curtis, and (C) Linear discriminant
analysis Effect Size (LEfSe) comparing FxrKO and DKO groups. Results are expressed as means + SEM. *p < 0.05. Raw data are deposited into
the public database GenBank (BioProject ID: PRIJNA941305, BioSample accessions: SAMN33601343, SAMN33601344, SAMN33601345,
SAMN33601346). Abbreviations: DKO, double knockout; LDA, linear discriminant analysis; WT, wild type.

contributor to HCC, and our results with the DKO mice
further support this notion. Accordingly, we propose
TLR5 as a potential target for HCC prevention. Of
note, the TLR5 agonist entolimod (ie, CBLB502, a
pharmacologically optimized flagellin derivative) was
recently found to serve as an adjuvant by stimulating
antitumor immunity®® and reducing side effects of
anti-TNF cancer therapy®® in mouse hepatocellular
and colorectal tumor models. Future studies are
warranted to determine whether entolimod or recombi-
nant flagellin can alleviate HCC by reversing gut
microbiota dysbiosis to eubiosis.

Our study herein indicates that gut microbiota
dysbiosis can be a causative factor in HCC progression,
as seen in the DKO mice. It is impressive that out of the
14 enriched taxon signatures seen in the LEfSe plot for
DKO mice, there were 3 dominant phyla that is, 50% by
the Proteobacteria, 42.9% from Firmicutes, and 7.1% by
Actinobacteria, whereas Bacteroidetes were not an
enriched phylum. These results support the prior notion
that the presence of TLR5 is essential for limiting the
bloom of Proteobacteria.l*! On the species level, the
DKO microbiota was overwhelmed with the gut patho-
biont y-Proteobacteria that is known to be disease-
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promoting, including HCC.['6-18] Comparatively, FxrKO
microbiota was predominant in Firmicutes but had a
minor proportion of Bacteroidetes and minimal Proteo-
bacteria. FxrKO, but not DKO, mice also had an
expansion of Clostridia spp., where these microbes
are generally responsible for producing bile salt hydro-
lase and 7a-dehydroxylase in the 2-step process for
hydrophobic secondary bile acid generation.*! As the
DKO mice did not appear to have gut microbiota
changes that would alter secondary bile acid produc-
tion, it could be posited that the enhanced HCC severity
is mediated by changes in primary bile acid biosyn-
thesis and/or were instigated by the gut pathobiont
y-Proteobacteria. 1t would be important for future
investigation to use fecal metatranscriptomics for
identifying potential flagellin-positive bacteria that could
also be potential opportunistic pathogens.

Collectively, this study highlights gut microbiota dys-
biosis as an instigator of HCC pathogenesis primarily
through bile acid dysmetabolism. Our findings comple-
ment prior studies that have found gut microbial metab-
olites such as LPS, lipoteichoic acid, and deoxycholate to
be oncogenic in the liver, especially in the case of obesity-
mediated HCC.“244 However, our study suggests that
flagellin-mediated activation of TLR5 may be tumor
suppressive, similar to accounts of TLR2 signaling?546]
when compared with the many studies that demonstrate
LPS-TLR4 signaling to promote HCC.#24748l Notably, a
single-nucleotide polymorphism of the TLR5 gene in
humans was recently uncovered that affected immune
responses to flagellin and was associated with steatohe-
patitis-dependent HCC.# Considering that regulation of
the gut microbiota is predominately mediated by baso-
lateral expression of TLR5 on intestinal epithelia,[26:50]
future studies should explore how tissue-specific disrup-
tion of TIr5 (ie, liver vs. intestine) impacts the gut
microbiota and HCC progression in FxrKO mice. Alto-
gether, the current and prior reports support the concept of
targeting TLRS for stimulating immune responses, main-
taining gut microbiota eubiosis, and better regulating bile
acid metabolism to abate HCC.
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