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Summary

Background Intestinal barrier dysfunction is crucial in alcohol-associated liver disease (ALD). The decreased beta-
Klotho (KLB) expression caused by gene variation is associated with hyperpermeability in patients with irritable
bowel syndrome. Here we investigated the roles of intestinal KLB in maintaining the intestinal epithelial barrier in
ALD and the underlying mechanisms.
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Methods We constructed the intestine-specific overexpression KLB mice to investigate the role of KLB on alcohol-
induced intestinal barrier dysfunction and liver injury in an ALD mouse model. To investigate the molecular mecha-
nism in vitro, Caco2 cells were cultured and infected with the KLB overexpression lentivirus, or transfected with
KLB/TRPVG siRNA, or TRPV6/FXR1 overexpression plasmid, and treated with or without ethanol.

Findings The upregulation of KLB in enterocytes effectively protected mice from alcohol-induced intestinal barrier
hyperpermeability, thereby ameliorating hepatic steatosis and inflammation. KLB competitively suppressed FXR1
binding to the TRPV6 mRNA, increasing TRPV6 mRNA stability and protein abundance in intestinal epithelial
cells. Furthermore, KLB formed a complex with TRPVG6 and tight junction (T]) proteins, protecting against alcohol-
induced TJ proteins endocytosis and degradation as well as intestinal barrier impairment.

Interpretation This work suggested that KLB attenuated alcohol-induced intestinal epithelial barrier dysfunction
and liver injury through FXR1/TRPVG6/T] proteins pathway.

Funding National Natural Science Foundation of China, Chongqing Natural Science Foundation, Talent Project of
Chongqing and the Science and Technology Research Program of Chongqing Municipal Education Commission.

Copyright © 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Beta-Klotho; Intestinal barrier dysfunction; Transient receptor potential vanilloid subtype 6; Fragile X
mental retardation syndrome-related protein 1

Introduction range of liver disorders related to alcohol abuse, including

Alcohol-associated liver disease (ALD) is a major cause
of chronic liver disease worldwide. ALD comprises a
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alcoholic fatty liver (simple steatosis), alcoholic steatohepa-
titis, cirrhosis, and liver cancer in the end-stage." As the
World Health Organization (WHO) currently estimates,
three million people die annually from alcohol-associated
diseases.” Although significant progress has been made in
our understanding of the pathological process of ALD, the
mechanisms of ALD remain unclear and effective treat-
ment options for ALD are limited.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ebiom.2022.104181&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:zhaolei@cqmu.edu.cn
https://doi.org/10.1016/j.ebiom.2022.104181
https://doi.org/10.1016/j.ebiom.2022.104181

Articles

Research in context

Evidence before this study

Alcohol-associated liver disease (ALD) is a major cause
of chronic liver disease worldwide. Recent reports dem-
onstrate that intestinal barrier dysfunction plays a criti-
cal role in alcohol-induced liver injury. Beta-Klotho (KLB)
is a single-pass transmembrane protein, which is widely
expressed in multiple tissues, such as adipose tissue,
pancreas and gut. The decreased KLB expression caused
by gene variation is associated with increased intestinal
permeability in patients with irritable bowel syndrome
with diarrhea. However, the role of KLB in intestinal bar-
rier and ALD remains unclear.

Added value of this study

In present study, we reported that alcohol reduced
intestinal epithelial KLB expression in an ALD mouse
model via inhibiting transcriptional factor HNF4A, while
the upregulation of KLB in enterocytes effectively pro-
tected mice from alcohol-induced intestinal barrier
hyperpermeability, thereby ameliorating ALD. Mechani-
cally, KLB increased transient receptor potential vanil-
loid subtype 6 (TRPV6) mRNA stability and protein
abundance by competitively suppressing fragile X men-
tal retardation syndrome-related protein 1 (FXR1) bind-
ing to the TRPV6 mRNA in intestinal epithelial cells.
Furthermore, KLB formed a complex with TRPV6 and
tight junction (TJ) proteins (ZO-1 and Occludin), protect-
ing against alcohol-induced tight junction proteins
endocytosis and degradation as well as intestinal barrier
impairment.

Implications of all the available evidence

We provide fine evidence supporting that intestinal epi-
thelial KLB is a critical protective factor in alcohol-
induced intestinal barrier dysfunction and subsequent
liver injury. Our data suggest activating intestinal KLB
may be a new strategy for preventing alcohol-induced
intestinal barrier impairment and liver injury as well as
other intestinal barrier dysfunction-associated diseases.

In recent years, the importance of the gut-liver axis
in ALD pathogenesis has been well recognized. Exten-
sive evidence from ALD patients and animal models
with ALD has demonstrated that alcohol consumption
induces intestinal epithelial barrier impairment and gut
microflora dysbiosis.’ Indeed, the intestinal epithelium
fundamentally acts as a physical barrier between lumi-
nal contents, such as the intestinal microbiota, the
underlying mucosal immune system, and the remain-
der of the food.* When the intestinal epithelial barrier is
impaired, numerous microorganisms and microbial
products, such as the gram-negative bacteria cell wall
component lipopolysaccharide (LPS), enter into the liver
through the portal vein as microbiota-associated molec-
ular patterns (MAMPs). MAMPs recruit and activate

Kupffer cells and lymphocytes to induce hepatic steato-
sis, inflammation, and fibrosis, causing the develop-
ment and progression of ALD, even carcinogenesis.’
Previous studies have suggested that ameliorating gut
microbiota dysbiosis may alleviate alcohol-induced
hepatic steatosis, inflammation, and fibrosis.® However,
the regulatory mechanism(s) underlying intestinal epi-
thelial barrier function in ALD is not fully understood.

As a member of klotho gene family proteins, g Klo-
tho (KLB) is a single-pass transmembrane protein,
which is widely expressed in multiple tissues, such as
adipose tissue, pancreas and gut.” In adipose tissue and
neurons, KLB acts as a co-receptor of fibroblast growth
factor receptor (FGFR), mediating fibroblast growth fac-
tor 21 (FGF21) and fibroblast growth factor 15/19, to reg-
ulate glucose and lipid metabolism.*? It also regulates
bile acids (BA) synthesis and excretion in the liver.”
Several KLB single-nucleotide polymorphisms (SNPs)
have been linked to obesity and hepatic inflammation,
suggesting that they may play a role in metabolic associ-
ated fatty liver disease (MAFLD)." One of the SNPs,
rs17618244, which has the potential to lower KLB
expression via affecting KLB protein stability,"” is linked
to hepatic ballooning and fibrosis, inflammation, and
cirrhosis in both pediatric and obese MAFLD
patients.”"* In addition, genome-wide association stud-
ies (GWAS) data have shown that KLB SNPs
(rs1190694, 159991733 and 1513130794) Were associated
with alcohol consumption in human.’’® Brain KLB
knockout mice exhibit an increase in alcohol prefer-
ence.” In the gut, the decreased KLB expression caused
by gene variation is associated with increased intestinal
permeability in patients with irritable bowel syndrome
with diarrhea,” suggesting that the downregulated KLB
may play a role in alcohol-induced intestinal epithelial
dysfunction and liver injury.

From apical-to-basal, the paracellular space between
intestinal epithelial cells is sealed with tight junction
(TJ, zonula occludens), adherens junction (zonula adhe-
rens), and desmosomes.”® TJ is the primary determi-
nant of paracellular permeability, which is essential for
maintaining intestinal epithelial barrier function.”® As
the first identified T] protein, Occludin, is a ~65kDa
transmembrane protein with two flexible extracellular
loops constructing a zipper-like structure to interdigitate
with adjacent cells.*® ZO-1 is a multidomain scaffolding
protein, the N-terminal region of which interacts with
Occludin and stabilizes the assembly of TJ.*' It has
been demonstrated that alcohol exposure reduces ZO-1
and Occludin expression in the intestinal epithelium
with unclear mechanisms.****

Transient receptor potential vanilloid subtype 6
(TRPVO) is a crucial Ca** selective ion channel in intes-
tinal epithelial tissues.** Besides its G-transmembrane
segment spanning ion channels, TRPVG possess a
C-terminal TRP domain and an N-terminal domain
with six ankyrin repeats implicated in protein-protein
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interactions.”> Indeed, Kirki et al. found that TRPV6
was colocalized with E-cadherin, and TRPV6 knock-
down not only reduced intracellular Ca** levels but also
disrupted junctional integrity in mammary epithelial
cells.*® Previous reports found that Klotho, which
shares high levels of similarity with KLB, stimulates cell
surface abundance and activity of TRPVs5 in kidney
cells.?”*® Thus, we hypothesized that intestinal KLB
might modulate T proteins expression and distribution
via TRPVG, involved in alcohol-induced intestinal bar-
rier impairment and ALD.

In the present study, we showed that alcohol
reduced intestinal epithelial KLB expression in the
ALD mouse model via inhibiting hepatocyte nuclear
factor 4-alpha (HNF4A). The upregulation of KLB in
enterocytes effectively protected mice from alcohol-
induced intestinal villus damage and barrier hyperper-
meability, thereby ameliorating hepatic steatosis and
inflammation. We further demonstrated that KLB pro-
moted the mRNA stability of TRPVG and the forma-
tion of KLB/TRPV6/Occludin/ZO-1 complex is
essential for maintaining intestinal barrier. Our data
suggest activating intestinal KLB might be a new strat-
egy for preventing alcohol-induced intestinal barrier
impairment and liver injury.

Materials and methods

Ethics statement

The Institutional Animal Care and Use Committee of
Chongging Medical University (CQMU) and Chongging
University Three Gorges Hospital approved all experi-
mental procedures and protocols used in this study
(Approval NO. 2019004, NO. 2020-10).

Animal models

Thirty-five mice were included in this study, and all ani-
mal procedures were performed in accordance with the
Guide for Care and Use of Laboratory Animals of
CQMU and Chongqing University Three Gorges Hospi-
tal. C57BL/6 female mice (8-10 weeks of age) were pro-
vided by Chongging Medical University (Chongqing,
CHN). For the establishment of ALD model in C57BL/6
mice,”® 3" ten female mice (average body weight,
16—18 g) were randomly assigned to alcohol-fed (AF)
group (n=5) or pair-fed (PF) group (n=5). The AF group
mice were fed a 5% (w/v) alcohol-containing Lie-
ber—DeCarli liquid diet (Trophic cat#TP4231, Nantong,
CHN) and the PF group mice received the isocaloric
control liquid diet containing maltose dextrin in place
of ethanol for 4 weeks. Based on the FLEX-ON system,**
the intestine-specific KLB overexpression mice and neg-
ative control mice were generated by administering
PVillin-Cre (C57BL/6 strain) female mice (Cyagen, CA,
USA) with AAV9-FLEX-KLB-3Flag (AAV-KLB) pur-
chased from GeneChem (Shanghai, CHN) or AAVg-
FLEX-negative control-3Flag (AAV-NC) at a dose of
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1oA11 viral particles per 20oul per mouse via the tail
vein. Twenty PVillin-Cre female mice (8-10 weeks of
age, 16-18g of body weight) were randomly assigned to
four groups (AAV-NC-PF, AAV-KLB-PF, AAV-NC-AF,
AAV-KLB-AF, n=5 in each group). Two weeks after AAV
injection, these mice were fed with Lieber—DeCarli liq-
uid diet with or without alcohol (5%, w/v). The PVillin-
Cre female mice received injection of equal volume
phosphate buffered saline were used as blank control
(n=5). The mice were kept in a pathogen-free, tempera-
ture-controlled environment with a 12-hour light/12 h
dark cycle. After being anesthetized, blood samples and
tissue samples were collected from mice.

Serum assay and tissue lipid

Serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) were analyzed by an automatic
biochemistry analyzer (HITACHI, Tokyo, JPN). For bio-
chemical measurement of hepatic Triglyceride (TG)
and total cholesterol (TC) content, liver tissues were col-
lected from the same location of the livers and were pre-
pared with the same weight. After the lipid was
extracted from homogenized tissue, the lipid content
was detected using commercial kits (Jiancheng Bioengi-
neering Institute cat#Arro-1-1, A1r1-1-1, Nanjing, CHN).

Histological analysis

The liver and intestine tissues were embedded in paraf-
fin and were cut into 5-micron-thick sections for Hema-
toxylin-Eosin (H&E, Beyotime cat#Co1os5S, Beijing,
CHN) staining. Intestinal goblet cells were evaluated by
Alcian Blue-Periodic Acid Schiff's staining (AB-PAS,
Solarbio cat#G1285, Beijing, CHN). Frozen liver sec-
tions were stained with Oil Red O (ORO) (Solarbio
cat#G1262) to visualize lipid droplets. Representative
images of each study were obtained from six different
fields in each sample.

Endotoxin assay

For the measurement of serum endotoxin, the portal
blood samples were collected in the endotoxin- and
pyrogen-free test tubes from the mice following eutha-
nasia. All operations were performed according to the
reagent instructions of the Porteelite™ Rapid Fluori-
metric Endotoxin Detection Kit (Lonza, BS, CHE). The
absorbance at 54onm was determined by a microplate
reader, and the LPS concentration was calculated
according to the standard curve.

Cell culture and treatments

Cacoz cells (RRID: CVCL_oo25) were purchased from
ATCC (Manassas, VA, USA) and cultured in Dulbecco's
Modification of Eagle's Medium (DMEM, Thermo Sci-
entific cat#11965092, MA, USA), supplemented with
10% fetal bovine serum (FBS, Lonsera, UY) and
50 U/ml Penicillin-G, 50 pg Streptomycin (Thermo Sci-
entific cat#15140122). All cells tested negative for
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mycoplasma, verified regularly using the Myco-Lumi
Mycoplasma Detection Kit (Beyotime, Beijing, CHN.
cat# Co297S). The cell identification report has been
provided in the supplemental data. KLB-overexpressing
lentiviruses were purchased from GeneChem (Shang-
hai, CHN) and small interfering RNA (siRNA) against
KLB or TRPVG6, FXR1 and TRPVG6 overexpression vec-
tors were purchased from GenePharma (Shanghai,
CHN). To establish KLB overexpression (KLBOE) cells,
Cacoz cells were infected with KLB-overexpressing len-
tivirus vectors and then selected with puromycin (San-
gon cat#AGo6719, Beijing, CHN). The knockdown of
KLB was achieved by transfecting the siRNA against
KLB using Lipofectamine RNAi MAX (Invitrogen,
USA). Inhibition or overexpression of TRPV6 and FXR1
were achieved by transfecting the appropriate siRNA
mixed with Lipofectamine RNAi MAX (Invitrogen,
USA) or appropriate plasmids mixed with ViaFect™.-
transfection reagent (Promega USA). Unless otherwise
indicated, the transfected cells underwent further treat-
ments 24 h after transfection and were harvested
48 hours after transfection.

For alcohol treatment, unless otherwise indicated,
cells were cultured with DMEM medium containing 5%
(v/v) alcohol (858.5 mM) for 24h to simulate in vitro
intestinal barrier damage. For HNF4A-specific agonist
treatment, Benfluorex (MedChemExpress cat#HY-
B1o58A, Shanghai, CHN) was added at a final concen-
tration of 2 UM in each well and incubated for two hours
at 37°C. After selection, MG-132 (MedChemExpress
cat#HY-13259) was used at 2 ng/ml for 24 h and Dyna-
sore (MedChemExpress cat#HY-15304) was used at 50
UM for 30 min.

Immunofluorescence staining

Cells or frozen tissue sections were fixed with 4% para-
formaldehyde for 10 min at room temperature and then
incubated with 0.3% Triton-X 100 for 3 min, followed
by blocking in phosphate-buffered saline (PBS, Sangon,
Shanghai, CHN) containing 3% bovine serum albumin
(BSA, Sangon) for 1 h. The primary antibodies were
diluted at the appropriate dilutions and incubated with
positive control samples and samples to be tested over-
night at 4°C. For negative controls, samples were incu-
bated with PBS overnight at 4°C. Then cells or sections
were washed three times in PBS and incubated with
fluorescence-conjugated secondary antibodies for 1 h at
room temperature. Nuclei were stained with DAPI (Bio-
sharp, Hefei, CHN) and the sections or cells were
blocked with Antifade Mounting Medium (Beyotime,
Beijing, CHN). Primary antibodies used were: F4/80
(Abcam cat#ab6640, MA, USA, RRID: AB_1140040,
dilution ratio 1:50), Escherichia coli (E. coli, Abcam
cat#ab137967, RRID:  AB_2917966.  dilution
ratior:too), MUC2  (Proteintech  cat#27675-1-AP,
Wuhan, CHN, RRID: AB_2880943. dilution
ratior:too), Occludin (Proteintech cat#27260-1-AP,

RRID: AB_2880820, dilution ratior:100), ZO-1 (Pro-
teintech cat#21773-1-AP, RRID: AB_10733242, dilution
ratior:100), TRPVG (Proteintech cat#13411-1-AP, RRID:
AB_2272390, dilution ratior:100), Flag (DYKDDDDK
Tag) (Cell Signaling Technology cat#14793, Danvers,
USA, RRID:AB_2572291 dilution ratiorizoo), KLB
(Aviva Systems cat#ARP53325_Poso, Santiago, USA,
RRID: AB_10640493, dilution ratior:100), Rabs (Santa
Cruz cat#sc-46692, CA, USA, RRID:AB_628191, dilu-
tion ratior:100). Fluorescent secondary antibodies were
goat anti-mouse fluorescein isothiocyanate (FITC)/ Tet-
ramethylrhodamine isothiocyanate (TRITC), goat anti-
rabbit FITC/TRITC and goat anti-rat FITC/TRITC
(ZSGB-BIO, Beijing, CHN dilution ratior:100). The
antibody validation was provided in the supplemental
data.

Fluorescent Images of samples were captured using
laser confocal scanning microscopy (Leica). The relative
fluorescence intensity (RFI) quantitation of images was
performed using Images J (version 1.8.0) and Excel soft-
ware, as previously described.” Firstly, the region of
interest (ROI) was automatically selected using the
“threshold” method. The mean fluorescence intensity
(MFTI) of target proteins on positive samples and nega-
tive controls was then measured. Finally, we used excel
to calculate the final RFI using the following formula:
Final RFI = MFI of ROI in images of positive samples
— MFI of ROI in images of negative controls.

Intestine permeability measurement

Mice were fasted overnight and administered fluores-
cein isothiocyanate (FITC)-dextran 4000MW (FD4,
Kaixin, Xi'an, CHN) by gavage (6o mg/ per mouse, dis-
solved in saline). After 4 h, mice were euthanized for
blood collection (200ul), and the fluorescence intensity
of FD4 was measured at excitation 485 and 528 emis-
sion. The FD4 concentration was calculated using a
standard curve.

Dual-luciferase reporter assays

The KLB promoters containing the full-length
sequence, three 5 truncated fragments, and the
TRPVG promoter were cloned into the GV238 vector
(GeneChem, Shanghai, CHN) to construct recombi-
nant luciferase reporter plasmids containing the tar-
get gene sequence. Caco2 cells were seeded onto a 24-
well plate and were transfected with a plasmid con-
taining the target gene or negative control plasmid
(500 ng/well) and Renilla luciferase plasmid (50 ng/
well) when cells reached ~70% confluency. 24 h after
transfection, the cells were subjected to the indicated
treatments. After treatment, the cells were lysed with
passive lysis buffer, and luciferase activity was deter-
mined with Dual-Luciferase Reporter Assay System
kit (Promega cat#E1910). Renilla luciferase was used
as an internal reference.
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Chromatin immunoprecipitation (ChIP)

ChIP experiments were performed according to the
Magna ChIP™ A/G Kit (Millipore cat#MAGNAoor17,
MA, USA) standard protocol. Isotype IgG was used as a
negative control. Products were finally subjected to
RT—PCR.

Transmission electron microscope (TEM) assay

Cell monolayers were washed with PBS, gently scraped,
and centrifuged at 1200 rpm. Cell pellets were fixed
with the electron microscopy fixing buffer. Transmis-
sion electron microscopy (JEOL, Tokyo, JPN) was used
to observe the tight junction ultrastructure of the ultra-
thin pellet sections.

Paracellular permeability assay

Caco2 cells were seeded onto 12-well transwell inserts
(0.4 nm pore size; Cornning cat#3460, NY, USA). The
medium was changed every 2 days until complete cell
differentiation (16 days). After differentiation, ethanol
(EtOH) or other treatments were performed in cells.
The transepithelial electrical resistance (TEER) values
were measured and recorded on alternate days. TEER =
(measured value — blank value) x surface area of the
membrane (cm?).

Cells were cultured until a monolayer was formed.
Then rinsed with Hank's Balanced Salt Solution
(HBSS, Thermo Scientific) and incubated with HBSS
containing o.1 mg/ml FITC—conjugated dextran (4
kDa) (FD-4, MedChemExpress cat#HY-128868A) for
one hour. 1ooul of liquid was taken from each of the
upper and lower Transwell chambers, and fluorescence
was measured using a multi-detection microplate reader
with excitation and emission at 480 and 520 nm. Appar-
ent permeability coefficients (Papp) were calculated
according to Papp (cm s™') = (dQ/dt) (1/ACo). dQ is the
amount of FITC-dextran transported within the dT, A is
the initial concentration of FITC-dextran and Co is the
surface area of the membrane.

RNA immunoprecipitation (RIP)

We performed the experiments according to the stan-
dard protocol of the RNA ChIP-IT Kit (Active Motif
cat#53024, Carlsbad, CA, USA), using an isotype IgG
antibody as a negative control. Finally, the enrichment
of TRPV6 mRNA (3’UTR) was evaluated using
RT-PCR.

Co-immunoprecipitation (Co-IP)

Cells were lysed using RIPA lysis buffer containing pro-
tease inhibitor (Beyotime), and the supernatant was col-
lected after centrifugation. The supernatant was
precleared for two hours with protein A/G beads (Milli-
pore) and incubated overnight with primary antibodies
or IgG control at 4°C. The isolated immunoprecipitates
were then analyzed by western blot or Mass Spectrome-
try (MS).
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Protein stability assay

Cells were treated with 200 Hg/mL cycloheximide
(CHX, MedChemExpress cat# HY-12320) and harvested
at o, 1, 2, 3, 4 h. Protein expressions were determined
by western blot analysis.

RNA stability assay

Cells were treated with 5 pig/ml actinomycin D (ActD)
(Sigma, cat#SBRooo13, MO, USA) and collected at dif-
ferent time points. TRPV6 mRNA levels were analyzed
Dby real-time quantitative PCR (RT-PCR).

Western blot

Ileal tissue or cell samples were added to RIPA lysate
buffer containing 1% protease inhibitor (Beyotime) to
extract total protein. The primary antibodies against
Occludin (Proteintech, dilution ratio 1:1000), ZO-1 (Pro-
teintech, dilution ratio 1:1000), TRPVG (Proteintech,
dilution ratio 1:1000), KLB (Aviva Systems, dilution
ratio 1:1000), FXR1 (Proteintech cat#13194-1-AP, RRID:
AB_2110702, dilution ratio r:1000), HNF4A (Abcam
cat#ab181604, RRID: AB_2890918, dilution ratio
1:1000), Actin (Proteintech, dilution ratio 1:2000) were
used. The appropriate HRP-conjugated secondary anti-
bodies (Proteintech, dilution ratio 1:4000) were utilized
after overnight incubation of the primary antibodies at
4°C. The antibody validation was provided in the sup-
plemental materials.

Real-time PCR

According to the manufacturer’s protocol, total RNA
was isolated from liver and ileum tissues or cells using
RNAiso Plus (Takara, Tokyo, JPN), and total RNA was
reverse transcribed to yield cDNA using Prime Script™
RT Reagent Kit (Takara). The cDNA was analyzed with
Real-Time System (BIO RAD, Berkeley, CA, USA). Rel-
ative mRNA levels were calculated by AACt method.
Primers used in this study are listed in Supplemental
Table 1.

Bioinformatic analysis

The transcription factors that may bind to the promoter
region (-2000 to -1000, -1000 to -350) of the KLB gene
were predicted using the transcriptional factor (TF)
-Bind online software (http://tfbind.hgc.jp/, JPN) and
transcription factors were screened out, which bind
only in the promoter region of -2000 to -1000. Screen-
ing of transcription factors that were highly expressed
in the intestinal epithelium from the above transcrip-
tion factors using Human Protein Altas software (www.
proteinaltas.org, SWE).

Calcium-free medium treatment

Cells were incubated in the DMEM medium (calcium-
free) (YuChun, Shanghai, CHN) for 24 h to eliminate
the effects of calcium in the medium.


http://tfbind.hgc.jp/
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Measurement of intracellular [Ca®*]i

The intracellular calcium levels were measured using
the ratiometric Ca®" indicator dye Furaz-AM. Cells
were seeded in 9G-well black polystyrene plates
(Corning cat#3916) and incubated with calcium-free
medium for 24 h. Then cells were treated with 2.5
UM Fura2-AM for 30 min and washed twice. These
cells were incubated with calcium-free medium for
10 min and followed by PBS (containing calcium)
treatment. Fura2-AM dual excitation and emission
was accomplished using 340- and 380-nm excitation
filters and a 510 nm emission filter. Fluorescence
was measured using a microplate reader (BioTek).
The ratio of 340—380 nm fluorescence intensity was
recorded as a relative value of intracellular calcium
concentration.

Statistical analysis

Statistical analyses were performed using the statisti-
cal package GraphPad Prism v8.o. All results are
expressed as mean + SEM. Student’s t-tests were
used to compare results between two groups, and
One-way or Two-way ANOVA were used to compare
differences among multiple groups, following with
Tukey post-hoc test. Results were considered statisti-
cally significant with P <o.05.

Role of funding source

The study was supported by grants from the National
Natural Science Foundation of China (81970510,
81873571), Chongqing Natural Science Foundation
(cstc2o21ycjh-bgzxmo146, cstczo1gjcyj-msxmXo336),
Talent Project of Chongging (CQYC201905079) and
the Science and Technology Research Program of
Chongqing  Municipal  Education = Commission
(KJQN201900438). The funders provided financial sup-
port but did not participate in the study's design, data
collection, data analysis, interpretation, or article writ-
ing.

Results

Intestinal KLB is reduced in ALD mice

The Lieber-DeCarli diet containing alcohol is widely
used to induce ALD models in mice.** Compared with
the PF mice, alcohol feeding induced hepatic steatosis
and inflammatory cell infiltration in Cs57BL/6 mice
(Figure 1a i, ii). The serum transaminases levels and
hepatic lipid contents were higher in C57-AF mice livers
(Figure 1b and Supplemental Figure 1a, b). The levels of
E. coli were also increased in the C57-AF group (Supple-
mental Figure 1c), indicating impairment of the intesti-
nal epithelium barrier. Consistently, the ileal villi of AF
mice were sparse and atrophic (Figure 1c i, ii). Immuno-
fluorescent staining also showed a decreased expression

of T] proteins, Occludin and ZO-1, in the ileal tissues of
mice after alcohol feeding (Figure 1c iii-vi), supporting
that alcohol feeding disrupted intestinal epithelial bar-
rier integrity. In addition, alcohol feeding did not affect
the morphology of the mouse colon (Supplemental
Figure 1d). The F4/80 positive cells and the mRNA lev-
els of pro-inflammatory cytokines were elevated in the
liver and the ileum of AF mice (Supplemental Figure
1e, f). Interestingly, KLB mRNA and protein levels were
downregulated in the intestine of AF mice (Figure 1d),
suggesting that the downregulation of intestinal KLB
might be involved in ALD development.

Next, we investigated whether and how alcohol regu-
lates KLB expression in Caco2 cells, a widely used intesti-
nal epithelial cell line. Previous studies have demonstrated
that 7.5% ethanol (v/v) causes the disruption of the intesti-
nal epithelial T} barrier in Caco2 cells with no cytotoxicity
effects.’> Here we also observed the effects of different con-
centrations and different times of ethanol on cell viability
and the expression of KLB, ZO-1, and Occludin protein in
Caco2 cells. In vitro, 24-hour treatment with 5% ethanol
(v/v) significantly decreased KLB and TJ protein (Occludin
and ZO-1) expression in Caco2 cells and presented minor
cytotoxicity (Figure 1e and Supplemental Figure 1 g, h).
Considering 5% ethanol is far beyond the blood alcohol
levels in patients after alcohol consumption, these data
may suggest that the epithelial cells in the intestine have
been evolutionally adapted to direct alcohol exposure
derived from exogenous alcohol absorption and endoge-
nous gut microbial production. Next, dualluciferase
reporter analysis showed that the promoter activities of
KLB were decreased after ethanol treatment, suggesting
that ethanol might reduce KLB expression via suppressing
the KLB promoter activity (Figure 1f). Then the full-length
promoter sequence and three 5’ truncated promoter frag-
ments of KLB were cloned into a luciferase GV238 vector
and transfected into Caco2 cells. Our results showed that
the promoter fragment (-2000/-1000) of KLB exhibited
the highest activity among all truncated fragments in
Caco2 cells, while the promoter fragment (-1000/-350)
showed a suppressed activity (Figure 1g).

Next, we used TFbind software and the Human Pro-
tein Atlas online database to screen potential TF candi-
dates (Figure 1h). The expression of three TF
candidates, homeobox protein CDX-1 (CDXi), hepato-
cyte nuclear factor 1-alpha (HNF1A) and HNF4A, was
measured in ethanol-treated cells. Interestingly, ethanol
only downregulated HNF4A expression in Cacoz cells
(Figure 1h). Western blot analysis further showed that
ethanol down-regulated the expression of HNF4A pro-
tein in vivo and in vitro (Figure 1i). In addition, treat-
ment with Benfluorex, an agonist of HNF4A, elevated
the promoter luciferase activity and the protein levels of
KLB in Cacoz cells in the absence and presence of etha-
nol (Figure 1j, k). Moreover, as predicted by JASPAR
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Figure 1. Alcohol decreases intestinal KLB expression by inhibiting HNF4A. C57BL/6 mice were fed with alcohol or paired Lieber
DeCarli diet for 28 days (n=5). (a) Pathological changes of mice livers. Representative images of H&E staining (i-ii, arrows indicate
inflammatory cells infiltration). (b) Serum levels of ALT and AST. (c) Representative H&E staining (i-ii) and immunofluorescence stain-
ing of ZO-1 (iii-iv, red) and Occludin (v-vi, green) in the ileal tissues. (d) The mRNA (n=5) and protein (n=3) levels of KLB in the ileum
of mice. * P<0.05 vs. PF mice. (e) The mRNA and protein levels of KLB in Caco2 cells treated with or without EtOH for 24h (n=3). (f, g)
The activity of KLB promoter in Caco2 cells (n=3). * P<0.05 vs. (-)EtOH group, A P<0.05 vs. -2000bp group; # P<0.05 vs. -1000bp
group. (h) The candidate transcription factors in regulating KLB and the mRNA levels of the three transcription factors were mea-
sured in Caco2 cells treated with EtOH (n=3). * P<0.05 vs. (-)EtOH. (i) The protein level of HNF4A in Caco2 cells and ileum (n=3).
* P<0.05 vs. (-)EtOH; # P<0.05 vs. PF mice. (j, k) The activity of KLB promoter (j) and the protein level of KLB (k) in benfluorex-treated
cells (n=3). # P<0.05 vs. EtOH(-)/Benfluorex(-) group; * P<0.05 vs. EtOH(+)/Benfluorex(-) group. Statistical analysis was performed
using one-way ANOVA followed with Tukey post-hoc test or t-test. Data are mean =+ SEM. AF, alcohol-fed; PF, pair-fed.
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bioinformatics software, there were two HNF4A bind-
ing sites on the KLB promoter (St and S2) (Supplemen-
tal Figure 1i). ChIP assays demonstrated that S1 is the
primary site where HNF4A binds to the KLB promoter
(Supplemental Figure 1i). These data suggested that eth-
anol decreased KLB promoter activity through inhibit-
ing HNF4A, and hence down-regulated KLB expression
in enterocytes.

Intestine-specific KLB overexpression protects mice
from ALD

Next, we constructed a mouse model of enterocytes-spe-
cific KLB overexpression based on the FLEX-ON system.
Two weeks after tail vein injection, the mice were ran-
domly divided into four groups: AAV-NC-PF, AAV-NC-
AF, AAV-KLB-PF, AAV-KLB-AF, and were fed with alco-
hol or Pair diet for 4 weeks (Figure 2a).

Immunofluorescent staining confirmed that AAV-
Flag protein was upregulated in the intestinal epithe-
lium but not in the liver of AAV-KLB mice (Supplemen-
tal Figure 2a). RT-PCR and western blot analysis
further confirmed that KLB protein was upregulated in
the ileum of AAV-KLB mice with or without alcohol
(Figure 2b, c). In addition, the mRNA levels of KLB
were not increased in the liver (Supplemental Figure
2b), supporting the successful construction of an intes-
tine-specific KLB overexpression mouse model.

Notably, the liver-to-body weight ratio and serum lev-
els of ALT in the circulation and LPS levels in the portal
vein were lower in AAV-KLB-AF mice than in AAV-NC-
AF mice (Figure 2d-f). The body weight lost was allevi-
ated in the AAV-KLB-AF mice compared to AAV-NC-AF
mice (Supplemental Figure 2c). AAV-KLB-AF mice dis-
played apparently attenuated liver steatosis and inflam-
matory cell infiltration as evidenced by H&E, Oil red O
staining and the quantitative TG measurements com-
pared to AAV-NC-AF mice (Figure 2g i-viii). Hepatic
accumulation of F4/80 positive cells and the transloca-
tion of bacterial products induced by alcohol treatment
were attenuated in AAV-KLB-AF mice. (Figure 2g ix-
xvi). Consistently, the mRNA levels of lipogenesis genes
(FAS and SCD-1) and pro-inflammatory cytokines
(IL-1B, IL-6 and TNF-«) were decreased in AAV-KLB-AF
mice (Supplemental Figure 2d). Thus, our data support
that enterocyte-specific overexpression of KLB could
protect mice from alcohol-induced liver steatosis and
inflammation.

Intestine-specific KLB overexpression protects mice
from alcohol-induced intestinal epithelial barrier
impairment

We further evaluated the intestinal morphology of AAV-
KLB mice. The ileal villi of AAV-KLB-AF mice were
more densely arranged than AAV-NC-AF mice
(Figure 3a). Meanwhile, F4/80 positive cells infiltration
in the ileum of mice were attenuated in the AAV-KLB-
AF mice compared with the AAV-NC-AF mice

(Figure 3b). Goblet cells are single-cell glands whose
main function is to synthesize and secrete mucins form-
ing a mucosal barrier to protect epithelial cells. KLB
overexpression attenuated alcohol-induced decrease of
the goblet cells and the mucosal barrier (Figure 3¢, d).
The expression of Occludin and ZO-1 was also upregu-
lated in the intestine of AAV-KLB-AF mice compared to
that in AAV-NC-AF mice (Figure 3e-g). In order to eval-
uate intestinal permeability, the concentrations of
serum FD4 in AAV-KLB-AF mice was lower than in
AAV-NC-AF mice (Figure 3h). In addition, the forced
upregulation of intestinal KLB suppressed the ileal
expression of inflammatory factors (IL-18, IL-6 and
TNF-o) and promoted the ileal expression of defensin
beta 1 (DEFBI), cathelicidin-related antimicrobial pep-
tide (CRAMP) and Leucine-rich repeats and immuno-
globulin-like domains protein 1 (Lrigr) in mice with AF
treatment (Supplemental Figure 2e). These data indi-
cate that enterocyte-specific overexpression of KLB pro-
tects mice from alcohol-induced intestinal epithelial
barrier impairment.

KLB regulates the intestinal epithelial barrier and the
expression of Z0-1/Occludin on plasma membranes in
Caco2 cells
We firstly established an in vitro model of polarized
monolayer intestinal epithelial barrier using Cacoz cell
(Supplemental Figure 3a, b), as previously described.>®
The paracellular permeability assay showed that 5%
(v/v) of ethanol reduced the TEER values and increased
Papp values in the polarized monolayer intestinal epi-
thelial barrier (Supplemental Figure 3c). In accordance
with this, ethanol treatment decreased the expression of
Occludin and ZO-1 and severely disrupted their mem-
brane distribution in the Caco2 cells (Supplemental
Figure 3d, e). Importantly, KLB overexpression remark-
ably reversed the ethanol-changed TEER and Papp val-
ues in Caco2 transwell inserts (Figure 4a). Tight
junctions were also more compacted in KLBOE cells as
observed via TEM (Figure 4b). The expression and
membrane distribution of Occludin and ZO-1 in KLBOE
cells were also increased with or without ethanol treat-
ment (Figure 4c, d). In addition, overexpression of KLB
did not increase the mRNA levels of Occludin and ZO-1
in Caco2 cells (Supplemental Figure 3f). Then protein
stability analysis demonstrated that KLB overexpression
increased the protein stability of Occludin and ZO-1,
suggesting KLB regulated the levels of Occludin and
Z0-1 via enhancing their protein stability (Figure 4e).
Then siRNA against KLB was transfected into Cacoz
cells and the KLB expression was stably inhibited until
48h after transfection (Figure 4f and Supplemental
Figure 3g). Inhibition of KLB (KLBi) elevated the perme-
ability of the epithelial barrier as indicated by the
decreased TEER values and increased Papp values
(Figure 4f). KLBi also remarkably decreased the expres-
sion of Occludin and ZO-1 and weakened their
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Figure 2. Intestine-specific KLB overexpression protects mice from ALD. (a) AAV9-FLEX-KLB-3Flag or AAV9-FLEX-NC-3Flag vec-
tors were injected into Pvillin-cre mice to construct the enterocytes-specific KLB overexpression (AAV-KLB) or negative control (AAV-
NC) mice, and then these mice were randomly assigned to receiving alcohol or paired diet for 4 weeks (n=5). (b, ) The mRNA (n=5)
(b) and protein (n=3) (c) levels of KLB in mice ileum. (d) The ratio of liver-to-body-weight. (e, f) The levels of serum ALT (e) and portal
vein serum LPS (f). (g) Pathological changes of mice livers. Representative images of H&E staining of the livers (i-iv, arrows indicate
inflammatory cells infiltration). Representative images of Oil red O staining of neutral lipid in the livers (v-viii) and quantification of
hepatic triglyceride content of mice. Representative images of F4/80 staining (ix-xii, green) and E. coli immunofluorescence staining
(xiii-xvi, green, arrows indicate E. coli infiltration). # P<0.05 vs. AAV-NC-PF; * P<0.05 vs. AAV-NC-AF. Statistical analysis was performed
using one-way ANOVA followed with Tukey post-hoc test. Data are mean £+ SEM. AAV-NC, adeno-associated virus-negative control;
AAV-KLB, adeno-associated virus-KLB overexpression; AF, alcohol-fed; PF, pair-fed.
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Figure 3. Intestine-specific KLB overexpression protects mice from alcohol-induced intestinal epithelial barrier impairment.
(a) Representative images of H&E staining of the ileal tissues and the quantification of villi height (n=5). (b) Representative images
of F4/80 staining (red) of the ileal tissues and the quantification of F4/80 positive cells. (c) Representative images of AB-PAS staining
(blue) and quantification of goblet cells. (d) Representative images of MUC2 immunofluorescence staining (red) and the quantitative
RFI of MUC2. (e, f) Representative images of the Occludin (e, green) and ZO-1 (f, red) immunofluorescence staining in the ileal tis-
sues. (g) The protein level of Occludin and ZO-1 in the ileal tissues (n=3). (h) The serum levels of FD4 (n=5). # P<0.05 vs. AAV-NC-PF;
* P<0.05 vs. AAV-NC-AF. Statistical analysis was performed using one-way ANOVA followed with Tukey post-hoc test. Data are mean
+ SEM. AAV-NC, adeno-associated virus-negative control; AAV-KLB, adeno-associated virus-KLB overexpression; AF, alcohol-fed; PF,
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Figure 4. The protective effects of KLB on the intestinal barrier. (a) TEER and Papp values of KLBOE and NC cells treated with
EtOH for 24h (n=6). (b) Representative images of transmission electron microscope images of the tight junction structures (indicated
by red star) in KLBOE and NC cells (n=4). (c) Representative images of immunofluorescence staining of Occludin (i-iv, red) and ZO-1
(v-viii, red) in KLBOE and NC cells treated with EtOH for 24 h (n=3). (d) The protein levels of Occludin and ZO-1 in KLBOE and NC cells
were measured by western blot (n=6). # P<0.05 vs. KLBOE(-)/EtOH(-); * P<0.05 vs. KLBOE(-)/EtOH(+). (e) The NC or KLBOE cells were
harvested at the indicated time points after CHX treatment, and protein levels were analyzed by western blot (n=6). * P<0.05 vs. NC
cells. (f) The protein level of KLB (n=3), TEER values (n=3) and Papp (n=>5) values of NCi and KLBi cells. * P<0.05 vs. NCi cells. (g) Repre-
sentative images of immunofluorescence staining of Occludin (i-ii, green) and ZO-1 (iii-iv, red) in NCi and KLBi cells (n=3). (h) The
expression of Occludin and ZO-1 in MG-132 or Dynasore treated NCi and KLBi cell (n=3). * P<0.05 vs. (-)KLBi; # P<0.05 vs. (+)KLBi/(-)
dynasore. Statistical analysis was performed using one-way/two-way ANOVA followed with Tukey post-hoc test or t-test. Data are
mean + SEM. TEER, transepithelial electrical resistance; Papp, apparent permeability coefficient; NC, negative control; NCi, negative
control for RNA interference; KLBOE, KLB overexpression; KLBi. inhibition of KLB.
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membrane distribution (Figure 4g). To determine the
mechanism by which KLBi reduces the expression lev-
els of Occludin and ZO-1, different concentrations of
Dynasore, an inhibitor of endocytosis, and MG132 (pro-
teasome inhibitor) were used to treat Caco2 cells trans-
fected with KLB siRNA, respectively (Supplemental
Figure 4a, b). Dynasore reversed the KLBi-induced
decrease in TJ proteins, while there was no difference
between cells with or without MGi132 treatment
(Figure 4h and Supplemental Figure 4a, b), indicating
that KLB regulated Occludin and ZO-1 degradation via
endocytosis rather than ubiquitin-proteasome pathway.
These data suggest that KLB regulates the intestinal epi-
thelial barrier by regulating the endocytosis and degra-
dation of TJ proteins.

TRPV6 is necessary for KLB regulating the endocytosis
of T) proteins

TRPVG interacts with endocytosis-related proteins such
as Numbr and clathrin, and colocalizes with early endo-
somal antigen, suggesting that it may play a role in
endocytosis.””*® As shown in Figure s5a, TRPVG expres-
sion was decreased after ethanol treatment, and KLBOE
promoted TRPVG expression while KLBi inhibited its
expression in Caco2 cells. Immunofluorescence stain-
ing of TRPVG on the plasma membrane of Caco2 cells
showed the same changes (Figure 5b). Likewise, the
ileal TRPVG expression was decreased in AF mice, and
the forced upregulation of KLB upregulated TRPVG
expression in vivo (Supplemental Figure 4c). Next, the
TRPVG siRNA or TRPVG6 overexpression plasmid was
transfected into KLBOE cells or KLBi Cacoz cells. Inhi-
bition of TRPVG (TRPVGi) decreased the protein levels
and plasma membrane distributions of Occludin and
Z0-1 in KLBOE cells, while overexpression of TRPVG
(TRPVGOE) restored the decreased expression and
weakened plasma membrane distributions of Occludin
and ZO-1 caused by KLBi (Figure s5¢, d). The measure-
ments of TEER values and Papp values further indicated
that inhibition of TRPVG6 disrupts the epithelial barrier
in KLBOE cells and overexpression of TRPVG6 enhances
the epithelial barrier in KLBi cells (Figure se, f). These
results clearly demonstrate that KLB regulates intestinal
TJ proteins via TRPVG.

We then investigated whether TRPVG directly inter-
acts with TJ proteins and KLB. As evidenced by the data
from Co-IP and confocal microscope, TRPV6 could
form a protein complex with Occludin, ZO-1 and KLB
(Figure 6a, b). Inhibition of KLB suppressed the interac-
tion between TRPVG6 and TJ proteins, and KLB overex-
pression promoted this interaction (Figure G6c),
indicating that KLB regulates the formation of TPRVG/
T] proteins complex. Next, the TRPVG overexpression
plasmid or TRPVG siRNA was transfected into Caco2
cells and the expression of TRPV6 was stably modulated
without concomitant modulation of KLB (Supplemental
Figure 5a, b). While the overexpression of TRPVG alone

promoted protein stability of Occludin and ZO-1, the
inhibition of TRPVG alone reduced stability of these
proteins, compared with their respective controls
(Figure 6d). Consequently, the protein levels were upre-
gulated in TRPVGOE cells and downregulated in
TRPVOGi cells (Supplemental Figure s5¢, d). These results
suggest that TRPVG directly modulates the protein sta-
bility of T proteins (Occludin and ZO-1).

Then Dynasore was added to CHX-treated TRPVGi
cells, and the results showed that the blockade of endo-
cytosis increased protein stability of Occludin and ZO-1
in TRPVGi cells (Figure Ge). Consistently, the expres-
sion of Occludin and ZO-1 were increased in Dynasore-
treated TRPVGi cells (Supplemental Figure se). In addi-
tion, to directly observe the effect of TRPVG on the
endocytosis of T] proteins, Rabs, a master regulator of
endocytic processes, was co-stained with Occludin and
Z0-1. The confocal images showed that inhibition of
TRPVG6 promoted Occludin and ZO-1 endocytosis, and
the ethanol-induced endocytosis of TJ] proteins was
restored by TRPVG overexpression (Figure 6f). These
data further support that TRPVG6 regulates endocytosis
and degradation of T] proteins in the enterocytes.

Since TRPVG was previously identified to be associated
with Ca*" homeostasis in the gut,** we also examined
whether TRPVG regulates TJ proteins in a calcium-depen-
dent manner in Cacoz cells. However, in the present
study, TRPVG6 overexpression did not change intracellular
calcium levels (Supplemental Figure Ga). Culturing cells
with Ca**-free medium also did not affect ZO-1 and Occlu-
din expression in TRPVGOE cells (Supplemental Figure
Gb). These data suggest that the regulation of TRPV6 on
T] proteins expression is independent of its calcium ion
channel activity.

KLB interacts with FXR1 to regulate TRPV6 mRNA
stability

To further explore the mechanism by which KLB regu-
lates TRPVG, we tested the mRNA levels of TRPVG6 in
the ethanol treatment, KLBi and KLBOE groups. The
results showed that ethanol or KLBi decreased TRPVG
mRNA, and KLBOE increased TRPV6 mRNA
(Figure 77a). However, the dual-luciferase reporter assay
showed no difference in promoter activity between the
KLBOE and NC groups (Figure 7b). RNA stability assay
showed that the mRNA stability of TRPV6 in the KLBOE
group was higher than that in the NC group, indicating
that KLB regulates the mRNA stability of TRPVG
(Figure 77c).

Since RNA-binding proteins are important regula-
tors of mRNA stability, RNA-binding proteins bound to
KLB were then screened by MS, and FXR1, an mRNA
stability regulator, was verified to interact with KLB by
RIP (Figure 7d). As our data showed, the relative enrich-
ment of TRPV6 mRNA (3’UTR) in FXR1 protein was
decreased in KLBOE cells, compared with the NC group
(Figure 7e). We then established a FXR1 protein
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Figure 6. TRPV6 regulates the protein stability of Occludin and ZO-1 via the endocytic pathway. (a) The interactions between
KLB, TRPV6 and Occludin/ZO-1 were detected by Co-IP (n=3). (b) Representative confocal images of co-localization (yellow point,
indicated with white arrow) between KLB (red) and Occludin/ZO-1 (green), (i, ii) or the co-localization between TRPV6 (red) and
Occludin/ZO-1 (green), (iii, iv), n=4. (c) The interaction between TRPV6 and Occludin/ZO-1 was detected by Co-IP in KLBOE or KLBi
cells (n=3). # P<0.05 vs. KLB NGC; * P<0.05 vs. KLB NCi. (d) The protein stabilities of Occludin and ZO-1 in the TRPV6OE cells or TRPV6i
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control; NCi, negative control for RNA interference; KLBOE, KLB overexpression; KLBi. inhibition of KLB; TRPV60OE, TRPV6 overexpres-
sion; TRPV6i, inhibition of TRPV6.
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overexpressing (FXR1OE) cell line in the background of
KLBOE or NC. The RNA stability analysis showed that
FXRIOE decreased the stability of TRPV6 mRNA in
both KLB NC and KLBOE cells (Figure 7f). In addition,
the elevated TRPV6 mRNA stability in KLBOE cells can
be reversed by FXR1 overexpression (Figure 7f). Our
results also verified that FXR1OE downregulated the
mRNA level and protein expression of TRPV6 in both
NC and KLBOE cells (Figure 7g, h).

Discussion
Growing evidence indicates that compromised intesti-
nal barrier function is closely related to the development
and progression of ALD.*? Unfortunately, most clinical
data are correlative, making it difficult to separate the
cause from effect in interpreting the importance of bar-
rier loss. In the present study, using experimental ani-
mal models, we present new insights into the
significance of the intestinal epithelial barrier in ALD.
While alcohol consumption decreases intestinal KLB
expression, enterocyte-specific overexpression of KLB
could protect mice from alcohol-induced intestinal epi-
thelial barrier impairment, thereby ameliorating ALD.
HNF4A is an essential TF in the development of the
colon as well as the maintenance of adult gut physiol-
ogy.*° Intestinal epithelial cell-specific HNF4A-null
mice showed lower expression of several genes includ-
ing mucins and aquaporins, as well as an elevated histo-
logical inflammatory state, resulting in increased
intestinal permeability and susceptibility to DSS-
induced IBD.*" The alcohol—induced intestinal dysbio-
sis may also contributes to the decrease of HNF4A
expression in the intestine.’*** Studies demonstrated
that alcohol causes intestinal dysbiosis, which also con-
tributes to the decrease of HNF4A expression in the
intestine.**** In vivo and in vitro, we found that the
mRNA and protein levels of intestinal KLB were
decreased by alcohol. Next, we screened and validated
HNF4A as a TF which can bind to KLB promoter, regu-
lating its expression. We further demonstrated that alco-
hol decreased intestinal HNF4A expression both in vivo
and in vitro. Benfluorex, an agonist of HNF4A,
increased the expression of KLB in the presence or
absence of alcohol. These data suggest that the inhibi-
tion of HNF4A is a key regulatory mechanism for alco-
hol-induced downregulation of KLB expression in
intestinal epithelial cells.

Furthermore, our data showed that intestine-specific
KLB upregulation protected mice from alcohol-induced
intestinal epithelial barrier impairment, thereby alleviat-
ing liver steatosis and inflammation. KLB was previ-
ously considered as an essential reservoir for FGF21
binding to the extracellular matrix and as a co-receptor
of FGFRar signaling.** FGF2r plays an important role
in regulating energy balance and alcohol metabolism.
While FGF21 deficiency exacerbates alcohol-induced
intestinal permeability and liver injury,***> the exoge-
nous FGF21 administration could protect the liver from
chronic alcohol-induced injury.*® Interestingly, in the
present study, we found that KLB overexpression
improves intestinal epithelial hyperpermeability in alco-
hol-treated Caco2 cells without FGF21 treatment, sug-
gesting the role played by KLB extends far beyond a co-
receptor of FGF2r1 pathway.

It is well-known that alcohol-induced intestinal epi-
thelial barrier impairment is strongly correlated with a
decrease in TJ proteins and hence disruption of TJ
structures.*” Occludin and ZO-1 are the two major com-
ponents of tight junctions in intestinal epithelial cells.
Gastric  epithelium hyperplasia was found in
Occludin™/~ mice, with the loss of chief and parietal
cells, and with increased aberrant mucoid-containing
cells, thickened gastric mucosa and severe inflamma-
tory infiltrates.*® In humans, mutations in the OCLN
gene encode an unfunctional Occludin protein in neu-
rovascular and cerebral endothelial, causing an increase
in blood-brain barrier permeability.*® Some in vitro
experiments confirmed that ZO-1 depletion delayed TJ
formation.’®>" In the present study, we observed that
intestinal-specific overexpression of KLB negatively reg-
ulates intestinal epithelial barrier permeability and it
has no significant effect on alcohol consumption. Con-
sistently, KLB inhibition decreased the expression of T
proteins (Occludin and ZO-1) on the plasma mem-
branes of Caco2 cells, while KLB overexpression
increased their expression on plasma membranes even
in the presence of alcohol.

Interestingly, KLB seems to regulate the endocytosis
and degradation of Occludin and ZO-1, rather than reg-
ulating their mRNA levels or ubiquitin-proteasome deg-
radation. Endocytosis of T] proteins from the plasma
membrane is a key mechanism regulating TJ plasticity
and function in epithelial barrier tissues.”” Previous
studies have shown that alcohol could enhance intesti-
nal Occludin endocytosis and degradation causing

in NC and KLBOE cells. (c) The TRPV6 mRNA stability in NC and KLBOE cells in the presence of ActD. n=3, * P<0.05 vs. KLB NC. (d) The
Co-IP of KLB and FXR1 (n=3). (e) Relative enrichment of TRPV6 mRNA 3'UTR in FXR1 protein of NC and KLBOE cells. n=3, * P<0.05 vs.
KLB NC. The KLBOE or KLBNC cells were transfected with FXR1 overexpression (FXR10E) or control plasmid (FXR1NC), respectively.
(f) The mRNA stability of TRPV6, the mRNA levels (g) and protein levels of TRPV6 (h) in these cells. n=3, # P<0.05 vs. KLBNC(FXRTNC);
* P<0.05 vs. KLBOE(FXRTNC). Statistical analysis was performed using one-way/two-way ANOVA followed with Tukey post-hoc test
or t-test. Data are mean £ SEM. (i) The Schematic diagram for the mechanisms of alcohol reduces intestinal KLB expression via
HNF4A, resulting in intestinal barrier disruption and subsequent liver injury. The intestinal KLB could interacts with FXR1 to enhance
TRPV6 mRNA stability, inhibiting the endocytosis and degradation of tight junction proteins. NC, negative control; NCi, negative con-
trol for RNA interference; KLBOE, KLB overexpression; KLBi. inhibition of KLB; ActD, actinomycin D.
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diarrhea.”> ZO-1 endocytosis is also involved in TJ
decomposition in kidney epithelial cells.>*

TRPVG belongs to the transient receptor potential
vanilloid (TRPV) family, which consists of six members:
TRPV1-6. Structurally, TRPVs contain six transmem-
brane spanning ion channels characterized by N-termi-
nal ankyrin repeats and a C-terminal TRP domain. A
recent study suggested that transient receptor potential
vanilloid subtype 1 (TRPV1), the most studied member
of the TRPV channel family, plays a role in binding
SARS-CoV-2 through the interaction between these
ankyrin repeats domain of TRPVI and the ankyrin bind-
ing motifs of SARS-CoV-2 S protein.” In leukemia cells,
TRPV6 combined with lymphocyte-specific protein
tyrosine kinase (Lck) located at cell membranes and
uncoupled the combination would allow Lck to depart
from the plasma membrane into the cytosol.*® These
data suggest that TRPV6 may play a role in regulating
protein-protein interactions.

Consistently, our data showed that there was a com-
plex comprising TRPVG, Occludin, ZO-1 and KLB in
intestinal epithelial cells and KLB positively modulated
the interaction between TRPVG and TJ proteins. Fur-
thermore, the inhibition of TRPVG6 reduced the expres-
sion of Occludin and ZO-1 in KLBOE cell plasma
membranes, and the overexpression of TRPV6 restored
the decreased expression in KLBi cells, supporting
TRPVG is necessary for KLB regulating T] proteins
expression. In addition, TRPVG alone regulated the
endocytic degradation of Occludin and ZO-1 in Caco2
cells. Thus, these data support that KLB positively regu-
lates TJ protein expression via TRPVG-mediated endo-
cytic degradation pathway. Further studies are needed
to confirm the role of TRPVG in vivo.

Moreover, our data showed that KLB regulated
TRPVG expression by modulating mRNA stability.
Using IP-MS and Co-IP approaches, we found that KLB
could interact with FXR1. FXR1 is an important RNA-
binding protein that plays a critical role in RNA metabo-
lism.” In prostate cancer cells, FXR1 binds to the
3’UTR of F-box protein 4 to induce its mRNA degrada-
tion.”® FXR1 also negatively regulates growth differenti-
ation factor 15 mRNA stability in trophoblast.’® Our
data showed that KLB upregulation decreased the bind-
ing of FXR1 to the 3’UTR region of TRPV6 mRNA,
enhancing the abundance and mRNA stability of
TRPVG6. Moreover, overexpression of FXR1 decreased
the abundance and mRNA stability of TRPVG6 in KLBOE
cells, supporting that KLB positively regulated TRPVG
mRNA stability by competitively binding to FXR1.

Taken together, we provide fine evidence supporting
that intestinal epithelial KLB is a critical protective fac-
tor in alcohol-induced intestinal barrier dysfunction and
subsequent liver injury. As shown in Figure 7i, alcohol
decreases intestinal KLB expression by inhibiting
HNF4A, inducing the endocytosis and degradation of
Occludin and ZO-1 protein and hence intestinal

www.thelancet.com Vol 82 Month , 2022

epithelial hyperpermeability as well as ALD. When KLB
was upregulated in the intestine, the binding of FXR1 to
the 3’UTR region of TRPVG was competitively
decreased, promoting TRPV6 mRNA stabilization and
its expression. Then KLB formed a complex with
TRPVG6, Occludin and ZO-1, preventing T] proteins
from degradation via endocytosis pathway, which facili-
tates the maintenance of intestinal epithelial integrity in
the presence of alcohol (Figure 7i). Thus, our study sug-
gests that dietary approaches and pharmacological
agents that specifically activate intestinal KLB could be
developed to prevent/treat ALD and other intestinal bar-
rier dysfunction-associated diseases.
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