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Abstract

Background and Aims: Inflammatory response is crucial for bile acid (BA)-

induced cholestatic liver injury, but molecular mechanisms remain to be

elucidated. Solute Carrier Family 35 Member C1 (SLC35C1) can transport

Guanosine diphosphate-fucose into the Golgi to facilitate protein glycosyla-

tion. Its mutation leads to the deficiency of leukocyte adhesion and enhances

inflammation in humans. However, little is known about its role in liver

diseases.

Approach and Results: Hepatic SLC35C1 mRNA transcripts and protein
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expression were significantly increased in patients with obstructive cholestasis

and mouse models of cholestasis. Immunofluorescence revealed that the

upregulated SLC35C1 expression mainly occurred in hepatocytes. Liver-

specific ablation of Slc35c1 (Slc35c1 cKO) significantly aggravated liver injury

in mouse models of cholestasis induced by bile duct ligation and 1% cholic

acid–feeding, evidenced by increased liver necrosis, inflammation, fibrosis,

and bile ductular proliferation. The Slc35c1 cKO increased hepatic chemokine

Ccl2 and Cxcl2 expression and T cell, neutrophil, and F4/80 macrophage

infiltration but did not affect the levels of serum and liver BA in mouse models

of cholestasis. Liquid chromatography with tandem mass spectrometry

analysis revealed that hepatic Slc35c1 deficiency substantially reduced the

fucosylation of cell-cell adhesion protein CEACAM1 at N153. Mechanistically,

cholestatic levels of conjugated BAs stimulated SLC35C1 expression by

activating the STAT3 signaling to facilitate CEACAM1 fucosylation at N153,

and deficiency in the fucosylation of CEACAM1 at N135 enhanced the

BA-stimulated CCL2 and CXCL2 mRNA expression in primary mouse hepa-

tocytes and Primary Liver Carcinoma/Poliomyelitis Research Foundation/

5-ASBT cells.

Conclusions: Elevated hepatic SLC35C1 expression attenuates cholestatic

liver injury by enhancing CEACAM1 fucosylation to suppress CCL2 and

CXCL2 expression and liver inflammation.

INTRODUCTION

The accumulation of bile acids (BAs) in the liver can
induce cholestatic liver injury. When left untreated, this
injury will progress to liver fibrosis, cirrhosis, and liver
failure.[1,2] Our studies and those of others have shown
that intrahepatic BAs can trigger an inflammatory
response by stimulating the expression of chemokines
(eg, CCL2 and CXCL2), which attract inflammatory
immune cells (eg, neutrophils) that initiates hepatic cell
injury.[3–5] Meanwhile, BAs can also trigger a negative
feedback loop to repress excessive inflammation by
activating the JAK/STAT3 and P38/MAPK signaling
(eg, RUNX1 and IL32) and attenuate cholestatic liver
injury.[6,7] However, it remains to be determined
whether other mechanisms are involved in the
pathology of BA-induced liver injury.

The Solute Carrier Family 35 Member C (SLC35C)
genes, including SLC35C1 and SLC35C2, encode
nucleotide sugar transporters that transport Guanosine
diphosphate-fucose from cytosol into the lumens of the
Golgi apparatus and endoplasmic reticulum (ER) to
facilitate protein glycosylation.[8–10] Both SLC35C1 and
SLC35C2 are expressed in a broad range of organs and
tissues, including the liver.[8,9] Specifically, SLC35C1
transports Guanosine diphosphate-fucose into the Golgi
apparatus for protein N-fucosylation, whereas SLC35C2

is specifically required for protein O-fucosylation.[8,10,11]

Mutations of SLC35C1 in humans can cause leukocyte
adhesion deficiency II (LADII) and aggravate
inflammation.[12–14] Upregulated expression of SLC35C1
is also observed in HCC and intrahepatic cholangiocar-
cinoma (iCCA),[15,16] but its functional role in liver
diseases, especially in cholestasis, remains unclear.

Carcinoembryonic antigen-related cell adhesion mol-
ecule 1 (CEACAM1), also known as CD66a and biliary
glycoprotein, is a highly glycosylated cellular adhesion
molecule.[17] It is mainly expressed in epithelial cells
(eg, hepatocytes), endothelial cells, and immune
cells.[18] CEACAM1 can regulate cell differentiation,
tumorigenesis and metastasis, insulin sensitivity, and
mucosal immunity in various diseases, including HCC,
NASH, and inflammatory bowel diseases.[19–23] In
addition, Ceacam1 deficiency exacerbates liver injury
and inflammation through activating innate lymphoid
and myeloid cells in a mouse model of autoimmune
hepatitis.[20] Conversely, Ceacam1 overexpression pro-
tects the liver from injury by reducing the diet-induced
metabolic and inflammatory responses in liver-specific
transgenic mice.[24] Together, these observations sup-
port the hypothesis that CEACAM1 functions as a
negative repressor of the inflammatory response in the
liver.[25,26] Interestingly, CEACAM1 is detected in the
serum and bile of patients with obstructive jaundice, as
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well as a rat model of cholestatic liver injury induced by
bile duct ligation (BDL).[27,28] However, little is known on
the role of hepatic CEACAM1 in cholestatic liver injury
and the functional correlation between CEACAM1 and
SLC35C1.

In this study, we investigated the expression and
function of hepatic SLC35C1 in cholestasis. We found
that hepatic SLC35C1 expression was significantly
upregulated in patients with cholestasis and murine
cholestatic models. Its deficiency in the mouse liver
significantly aggravated cholestatic liver injury and
inflammation, associated with decreased CEACAM1
N153 fucosylation, indicating that SLC35C1 was a
negative regulator in cholestatic liver injury. These
findings may help in developing novel therapeutic
strategies for the treatment of cholestatic liver diseases.

METHODS

Reagents

Biotinylated aleuria aurantia lectin (B-1395-1) was
purchased from Vector Laboratories (Newark, CA).
Other special reagents including DMSO and various
BAs, taurocholic acid (TCA), taurochenodeoxycholic
acid, glycocholic acid, glycochenodeoxycholic acid,
taurodeoxycholic acid, and cholic acid (CA), were from
Sigma-Aldrich (St Louis, MO). APTSTAT3-9R (Cat#
S8197), an inhibitor of STAT3 phosphorylation, was
from Selleck Chem (Houston, TX). 2-Fluorofucose
(2FF) (CAS# 2089647-47-0), a fucosylation inhibitor,
was from MedChemExpress (Shanghai, China).

Patients with cholestasis

This study was carried out in accordance with the
Declaration of Helsinki (2013) and the Declaration of
Istanbul (2018) of the World Medical Association. The
protocol for the human subject study was evaluated
and approved by the Institutional Ethical Review Board
at Southwest Hospital affiliated with Army Medical
University (Chongqing, China). Individual human
subjects signed a written informed consent before
enrollment. Individual human subjects were enrolled in
the Institute of Hepatobiliary Surgery and the Depart-
ment of Gastroenterology at Southwest Hospital. Liver
tissue samples were obtained at the time of surgery
from 19 patients with obstructive cholestasis (OC),
excluding primary biliary cholangitis, and 20 patients
with noncholestasis metastatic liver cancer as the
control (CTR) group. The diagnosis of these patients
was further confirmed by liver histology and other
laboratory examinations.[7] In addition, one patient with
primary biliary cholangitis was diagnosed by liver
biopsy specimens and was enrolled before any

ursodeoxycholic acid treatment.[29] Clinical character-
istics of these subjects were shown in Supplemental
Tables S1, S2, http://links.lww.com/HEP/I541.

Animal experiments

All animal experiments were conducted in accordance
with the guidelines of the Animal Care and Use
Committee at Southwest Hospital (Chongqing, China)
and approved by the Institutional Animal Care and Use
Committee (Army Medical University).

Slc35c1flox/flox C57BL/6 J mice and Alb-Cre C57BL/6 J
mice were generated by Shanghai Model Organisms
Center (Shanghai, China). Slc35c1flox/flox mice were
crossed with AlbCre/+ mice to generate Slc35c1flox/flox/
AlbCre/+ (Slc35c1 cKO) mice, which were genotyped by
PCR of tail DNA using 2 pairs of primers. The sequences
of primers were forward: 5′-GGCTGGCCTTGAATTT
TATCCTG-3′ and reverse: 5′-GCACCACCCTCGGCT
GAACT-3′ for Slc35c1; forward: 5′-TGGCAAACATACG
CAAGGG-3′ and reverse: 5′- CGGCAAACGGACAGA
AGCA-3′ forAlb-Cre. The first pair of primers were used to
distinguish wild type (WT) (826 bp) from homozygous type
(860 bp). The second pair of primers was used to detect
the Cre gene (450 bp). Male 7-week-old C57BL/6J mice
were purchased from the Center of Laboratory Animals of
Southwest Hospital (Chongqing, China). The Abcb4−/−

mice were generated as described.[6,30]

The 7-day BDL mouse model was described in a
report.[7] Briefly, male WTmice were randomized to a sham
operation (n=4) or BDL (n=5); male Slc35c1flox/flox and
Slc35c1 cKOmice at 8 weeks old were subjected to a sham
operation (n=7 and 5, respectively) and BDL procedure
(n=5 for each genotype). For the 14-day 1%CA-fedmouse
model, male WT mice were randomized into 2 groups and
fed with 1% CA (n=5) or rodent chow (n=4); male
Slc35c1flox/flox andSlc35c1 cKOmice were randomized and
fed with rodent chow (n=6 for each genotype) or 1% CA
diet (n=5 and 6, respectively). For the 3,5-diethoxycar-
bonyl-1, 4-dihydrocollidine (DDC) mouse model, male WT
mice were randomized into 2 groups and fed with 0.1%
DDC (n=5) diet or rodent chow (n=4) for 14 days. In the
Abcb4−/− mouse model, WT and Abcb4−/− male mice at 8
weeks old were used (n=6 for each genotype). All these
experimental mice were housed and euthanized, as
described.[7]

Primary hepatocyte isolation

Primary hepatocytes were isolated from 10- to 12-week-old
Slc35c1flox/flox andSlc35c1 cKOmice andweremaintained,
as described.[31] Primary hepatocytes were treated with
BAs for 12 or 24 hours. The relative levels of gene mRNA
transcripts and protein expression were quantified by real-
time quantitative PCR and western blot.[7]
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Liquid chromatography with tandem mass
spectrometry analysis

The N-linked glycans in mouse liver tissues (n= 5 for
Slc35c1flox/flox-BDL and Slc35c1 cKO-BDL, respec-
tively) were analyzed using the Liquid chromatography
with tandem mass spectrometry method by Shanghai
Applied Protein Technology (China). The detailed
procedures were described in the Supplemental Meth-
ods, http://links.lww.com/HEP/I541.

Cell culture and plasmid transfection

Human hepatoma Primary Liver Carcinoma/Poliomyelitis
Research Foundation (PLC/PRF)/5-ASBT (apical
sodium-dependent BA transporter overexpression) cells
were maintained, as described.[31] Mouse Ceacam1-WT
and Ceacam1-N153A mutant constructs were cloned
into the pcDNA3.1 expression vector and tagged with
FLAG. The DNA fragments for mouse Slc35c1 and
Slc35c2 expression were also cloned into the pcDNA3.1
expression vector and tagged with histidine and MYC
proto-oncogene tags, respectively. These constructs
were obtained from Youbio Biological Technology (Xi’
an, China). PLC/PRF/5-ASBT cells were treated with
2FF (100 µmol/L) for 2 days to determine protein
fucosylation levels.

Luciferase reporter assays

The pcDNA3.1-STAT3 plasmid for STAT3 overexpres-
sion (STAT3 o/e) was generated by Hunan Fenghui
Biotechnology (Changsha, China). The pGL3-basic
vectors containing human SLC35C1 proximal promoter
or its truncated forms (−1806, −898, −342, −272 to +36)
were generated by PCR products with different primers
in Supplemental Table S3, http://links.lww.com/HEP/
I541. The pGL3-898/+36 was used to generate pGL3-
SLC35C1 898MUT harboring mutations in a key motif of
the potential STAT3 binding within the SLC35C1
promoter region. These constructs were co-transfected
with pGL3-STAT3 o/e or a CTR vector, together with the
plasmid for the expression of Renilla luciferase gene,
into PLC/PRF/5-ASBT cells. Twenty-four hours after
transfection, the cells were treated with DMSO or
100 μM TCA for 12 hours. The luciferase activity in
individual groups of cells was measured according to
the protocol reported as described.[32]

Chromatin immunoprecipitation-PCR assay

Chromatin immunoprecipitation (ChIP) assays were
performed using the Magna ChIP A/G Chromatin
Immunoprecipitation Kit (Cat#17-10086; Millipore)

according to the manufacturer’s instructions.[31] Soluble
chromatins were extracted from cultured PLC/PRF/5-
ASBT cells or liver specimens of human subjects or mice.
The chromatins were immunoprecipitated using STAT3-
specific antibody (Supplemental Table S4, http://links.
lww.com/HEP/I541). The resulting immunoprecipitants
containing specific DNA were subjected to PCR ampli-
fication using specific primers. The sequences of primers
and the sizes of the amplicons are listed in Supplemental
Table S5, http://links.lww.com/HEP/I541.

Real-time quantitative PCR

Total RNA was extracted from different groups of cells
or specimens and reverse transcribed into cDNA, as
described[32] using the TaqMan probes and primers
(Supplemental Table S6, http://links.lww.com/HEP/
I541). The data were analyzed by 2−ΔΔCt.

Co-immunoprecipitation and western blot

Total proteins were extracted from individual liver tissue
samples and different groups of cells, and the potential
fucosylation in specific proteins was determined by co-
immunoprecipitation using specific antibody and the
rProtein A/G Magnetic IP/Co-IP Kit (ACE, #BK0004-02)
by following the manufacturer’s instructions. The pre-
cipitated proteins in magnetic beads were denatured in
2×SDS-PAGE protein loading buffer (BOSTER Biolog-
ical Technology, AR0131-20) at 100 °C for 10 minutes.
The proteins were resolved by SDS-PAGE in 10% gels
and assayed by western blot, as described.[6,7] The pull-
down assays with aleuria aurantia lectin to detect
fucosylation levels of the protein. The specific anti-
bodies are listed in Supplemental Table S4, http://links.
lww.com/HEP/I541.

Liver histological analysis

Fresh mouse liver tissue samples were fixed in 10%
formalin and paraffin embedded. The liver tissue
sections (5 µm) were routine stained with hematoxylin
and eosin and Sirius Red, as described.[6,7] The
pathogenic degrees of liver histology were scored by
expert pathologists in a blinded fashion.

Immunofluorescent and multiplex IF
staining

The expression of SLC35C1, CK19, Na+/K+-ATPase,
hepatic nuclear factor 4 alpha, CD8a, myeloperoxidase,
and F4/80 for specific cell populations in liver tissues
was examined by multiplex immunofluorescent, as
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described.[31] CK19 and hepatic nuclear factor 4 alpha
were used as specific markers for cholangiocytes or
hepatocytes, respectively. Antibodies are shown in
Supplemental Table S4, http://links.lww.com/HEP/I541.

Statistics

Data are expressed as the Mean ± SD of each group
from at least 3 separate experiments. The difference
between 2 groups was analyzed by an independent
sample t test or Mann-Whitney U test, and comparison
among groups was performed by one-way ANOVA or
the Kruskal-Wallis test using GraphPad Prism 9.0. A p-
value of <0.05 was considered statistically significant.

RESULTS

Hepatic SLC35C1 expression is
significantly upregulated in patients with
cholestasis and mouse models of
cholestasis

The relative levels of SLC35C1 mRNA transcripts and
protein expression in liver samples from patients with
OC (n=19) were 3.5- and 4.7-fold higher than samples
from noncholestatic liver diseases controls (n=20)
(Figure 1A, B). Similarly, when compared with the
healthy CTR mice, hepatic levels of Slc35c1 mRNA
transcripts in cholestatic mouse models were also
significantly increased (Figure 1C), including 1% CA-
fed mice, 0.1% DDC-fed mice, BDL mice, as well as
Abcb4-KO mice. In contrast, there was no significant
difference in the levels of hepatic Slc35c2 mRNA
expression between these cholestatic mouse models
and their correspondent controls (Supplemental Figure
S1A, http://links.lww.com/HEP/I541). Further multiplex
immunofluorescent analysis revealed that SLC35C1
protein expression was higher in liver samples from
patients with OC (Figure 1D), primary biliary cholangitis
(Supplemental Figure S2A, http://links.lww.com/HEP/
I541) as well as BDL mice (Supplemental Figure S2B,
http://links.lww.com/HEP/I541) than that in their corre-
spondent controls. Importantly, multiplex immuno-
fluorescent also indicated that the upregulated
SLC35C1 expression was predominantly detected in
hepatocytes from both humans and mice when com-
pared to other types of liver cells (Figure 1D and
Supplemental Figure S2, http://links.lww.com/HEP/
I541). Real-time quantitative PCR analysis of primary
liver cells from adult mice revealed that the relative
levels of Slc35c1 mRNA transcripts were substantially
higher in hepatocytes than in cholangiocytes and
nonparenchymal cells (NPCs) (Supplemental Figure
S3, http://links.lww.com/HEP/I541). These data were
consistent with our preliminary observations of elevated

SLC35C1 expression in cholestasis and indicated that
upregulated SLC35C1 expression was mainly detected
in hepatocytes.

Liver-specific ablation of Slc35c1
significantly aggravates cholestatic liver
injury and inflammation without enhancing
BA accumulation in the liver of mice

To investigate whether elevated SLC35C1 expression in
cholestatic hepatocytes could contribute to the patho-
genesis of liver injury, liver-specific knockout of Slc35c1
(Slc35c1 cKO) mice was generated (Supplemental Figure
S4, http://links.lww.com/HEP/I541) and subjected to BDL
or 1% CA feeding. Liver function tests revealed that the
levels of serum alanine aminotransferase, aspartate
aminotransferase, and alkaline phosphatase were signif-
icantly higher in Slc35c1 cKO-BDL mice than that in the
BDL-CTR mice (Supplemental Table S7, http://links.lww.
com/HEP/I541). In contrast, there was no significant
difference in the levels of serum total BAs (TBA) and liver
tissue BAs between Slc35c1 cKO-BDL and BDL-CTR
mice (Supplemental Table S7, http://links.lww.com/HEP/
I541 and Figure 2C). Assessment of liver histology
revealed that the degrees of liver necrosis and
inflammation were significantly higher in Slc35c1
cKO-BDL mice than in BDL-CTR mice (Slc35c1flox/flox),
along with the increased scores of liver fibrosis and bile
ductular proliferation (Figure 2A, B). Deficiency of liver-
specific Slc35c1 increased infiltrates of inflammatory
Cd8a(+) T cell, myeloperoxidase(+) neutrophil, and F4/
80(+) macrophage, as well as Ck19(+) bile ductular cells in
the liver of mice after BDL (Figure 2A, D and Supplemental
Figure S5, http://links.lww.com/HEP/I541). Aggravated
liver injury was also detected in the 1% CA-fed Slc35c1
cKO mice (Supplemental Table S8, http://links.lww.com/
HEP/I541). Of note, there was no significant difference in
the levels of hepatic Slc35c2 mRNA transcripts between
Slc35c1 cKOmice and their controls, neither in 1%CA-fed
or BDL models (Supplemental Figure S1C, D, http://links.
lww.com/HEP/I541). Collectively, these data emphasized
that hepatic Slc35c1 deficiency exacerbated cholestatic
liver injury and inflammation but did not significantly alter
hepatic levels of BAs in mice.

Hepatic Slc35c1 deficiency markedly
increases Ccl2 and Cxcl2 expression in
cholestatic mouse livers and BA-treated
primary mouse hepatocytes

To gain insights into the worsened liver injury and
inflammation in theSlc35c1 cKO-BDLmice, the expression
levels of genes involved in inflammation, fibrogenesis, and
BA metabolism in the liver of mice were examined. There
was no significant change in the relative levels of hepatic
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mRNA transcripts for the rate-limiting enzymes of BA
synthesis (Cyp7a1 and Cyp8b1), metabolic enzymes
(Cyp27a1, Cyp2b10, Cyp3a11, Cyp7b1, and Ugt1a1),
and the key BA transporters (Bsep, Ntcp, Mrp2, Mrp4,
Oatp3a1, and Ostβ) between Slc35c1 cKO-BDL group and
BDL-CTR group (Figure 3A and Supplemental Figure S6A,
http://links.lww.com/HEP/I541). Meanwhile, immuno-
histochemical staining with Ki67 in liver tissues, a marker
of cell proliferation, did not show a significant difference
between Slc35c1 cKO-BDL and BDL-CTR mice (Supple-
mental Figure S6B, http://links.lww.com/HEP/I541). In
contrast, significantly higher levels of inflammatory cyto-
kines, Tnfα and Il-6, chemokines, Ccl2 and Cxcl2, and their
receptors, Ccr2 and Cxcr2 were detected in Slc35c1
cKO-BDL livers, when compared with that in the BDL-CTR
livers (Figure 3B–DandSupplemental Figure S7A, B, http://
links.lww.com/HEP/I541).We also detected higher levels of
other inflammatory genes in the BDL livers, including Ccl4,
Ccl7, Ccl20, Cxcl1, Cxcl15, Cxcl10, Cxcl11, Cxcl13, and
Cxcl16, but the difference between Slc35c1 cKO-BDL
livers and BDL-CTR livers did not reach statistical
significance (Supplemental Figure S7C–K, http://links.lww.
com/HEP/I541).

To examine whether the upregulated Ccl2 and Cxcl2
expression occurred in hepatocytes of cholestatic
Slc35c1 cKO mice, primary hepatocytes were isolated
from these animals and treated with TCA. As shown in
Figure 3E and Supplemental Figure S8A, B, http://links.
lww.com/HEP/I541, the relative levels of Ccl2 and Cxcl2
mRNA transcripts were significantly higher in the TCA-
treated primary hepatocytes from Slc35c1 cKO mice
than that in the TCA-treated primary hepatocytes from
WT CTR mice. Conversely, Slc35c1 overexpression
blocked the TCA induction of Ccl2 and Cxcl2 mRNA
expression in primary hepatocytes from WT mice
(Figure 3E). Together, these data indicated that
hepatic SLC35C1 inhibited the BA-induced Ccl2 and
Cxcl2 expression in cholestastic hepatocytes.

Hepatic SLC35C1 induces the fucosylation
of CEACAM1 at N153 to attenuate the BA-
upregulated CCL2 and CXCL2 expression
in hepatocytes during the process of
cholestasis

SLC35C1 is a Guanosine diphosphate-fucose trans-
porter that facilitates protein glycosylation. To investigate

how SLC35C1 inhibited the BA-upregulated CCL2 and
CXCL2 expression in hepatocytes, we performed glyco-
proteomic analyses in liver samples of Slc35c1 cKO-BDL
and BDL-CTR mice. As demonstrated in Figure 4A,
the levels of N-glycosylation in Ceacam1 (N153), Npc1
(N1063), and Sun1 (N834) proteins were significan-
tly decreased in Slc35c1 cKO-BDL livers when com-
pared with BDL-CTR livers, whereas the levels of
N-glycosylation in Pld4 (N415), C4b (N1324), Clu (N327
and N353), Serpind1 (N167), Plod1 (N126), and Ubr5
(N2254 and N2255) were significantly increased.
Because studies have shown that CEACAM1 functions
as a repressor of inflammatory response in the liver,[25,26]

and Ceacam1 was expressed in primary mouse
hepatocytes (Supplemental Figure S9A, http://links.lww.
com/HEP/I541), we assayed hepatic CEACAM1 expres-
sion in patients with OC and mouse models of
cholestasis. We found that the relative levels of hepatic
CEACAM1 mRNA transcripts and protein expression
were significantly lower in patients with OC and chole-
static mice than in their respective controls (Supplemen-
tal Figure S9B, E, http://links.lww.com/HEP/I541). In
contrast, the fucosylation of CEACAM1 was dramatically
increased in liver tissues of patients with OC when
compared with patients with CTR (Supplemental Figure
S9F, http://links.lww.com/HEP/I541). Notably, genetic
ablation of hepatic Slc35c1 did not affect hepatic
Ceacam1 mRNA and protein expression in mice (Sup-
plemental Figure S9C, D, http://links.lww.com/HEP/I541).
These data suggest that SLC35C1 may mediate CEA-
CAM1 fucosylation at N153 to modulate liver inflamma-
tion in cholestasis.

To further examine this possibility, we constructed the
plasmids for the expression of CEACAM1-WT and
mutant (replacing Asparagine 153 with an Alanine,
N153A) and transfected them into PLC/PRF/5-ASBT
cells. Strikingly, WT CEACAM1 overexpression, but not
the CEACAM1-N153A mutant, completely abolished the
TCA-upregulated CCL2 and CXCL2 mRNA expression
in PLC/PRF/5-ASBT cells (Figure 4B and Supplemental
Figure S10A, http://links.lww.com/HEP/I541). Similar to
the results with the CEACAM1-N153A mutation, treat-
ment with 2FF, a fucosylation inhibitor,[33,34] also did not
repress the TCA-upregulated CCL2 and CXCL2 mRNA
expression in PLC/PRF/5-ASBT cells (Figure 4C).
Studies have reported that hepatic EGR1 expres-
sion is upregulated in patients with OC and
cholestatic mice; conjugated BAs also stimulate EGR1

F IGURE 2 Liver-specific Slc35c1 deficiency aggravates cholestatic liver injury and inflammation in BDL mice. (A) H&E staining, Sirius Red
staining, and analysis of CK19 expression in the livers of control and Slc35c1 cKO mice following a Sham or BDL procedure. (B) The levels of
inflammation, necrosis, fibrosis, and bile ductular proliferation were histologically assessed and scored by 2 expert pathologists in a blinded
manner. N=7 in the Slc35c1flox/flox-sham group; N= 5 in the other 3 groups. (C) The levels of intrahepatic bile acids in control and Slc35c1 cKO
mice following a sham or BDL procedure. (D) IF of Cd8a (red), Mpo (green), and F4/80 (red) expression, and nucleus (DAPI, blue) in the
liver tissue sections. IF-positive areas were calculated using Image J (right). *p<0.05 vs. the Slc35c1flox/flox-sham mice; #p<0.05 versus the
Slc35c1 cKO-sham mice; $p<0.05 vs. the Slc35c1flox/flox-BDL mice. Abbreviations: BDL, bile duct ligation; H&E, hematoxylin and eosin; IHC,
immunohistochemistry; Mpo, myeloperoxidase; SLC35C1, Solute Carrier Family 35 Member C1; TBA, total bile acid.
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expression and the EGR1 functions to induce CCL2
and CXCL2 expression in hepatocytes.[32,35,36] It is
notable that overexpression of WT CEACAM1
significantly abolished the TCA-upregulated EGR1
mRNA expression in PLC/PRF/5-ASBT cells. In
contrast, CEACAM1-N153A mutant overexpression or
treatment with 2FF failed to inhibit the TCA-induced
expression and activation of EGR1 in these cells

(Figure 4D, E and Supplemental Figure S10B, http://
links.lww.com/HEP/I541). Interestingly, the CEACAM1-
N153A mutant overexpression or treatment with 2FF
significantly reduced the fucosylation of CEACAM1 in
PLC/PRF/5-ASBT cells (Figure 4F, G). Furthermore,
pull-down assays revealed that induction of both
SLC35C1 and CEACAM1 overexpression dramatically
increased the CEACAM1 fucosylation in PLC/PRF/5-
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F IGURE 3 Liver-specific Slc35c1 deficiency aggravates inflammation but does not alter bile acid metabolism in mouse liver. (A) The levels of
hepatic mRNA transcripts for the rate-limiting enzymes of bile acid synthesis (Cyp7a1 and Cyp8b1) and the key bile acid transporters (Bsep, Ntcp,
Mrp2, Mrp4, Oatp3a1, and Ostβ). (B) The relative levels of hepatic mRNA transcripts for proinflammatory cytokines, Tnfα and Il-6. (C) The relative
levels of hepatic Ccl2 and Cxcl2 mRNA transcripts. (D) The relative levels of hepatic Ccr2 and Cxcr2 mRNA transcripts. *p<0.05 vs. the
Slc35c1flox/flox-sham mice; #p<0.05 vs. the Slc35c1 cKO-sham mice; &p<0.05 vs. the Slc35c1flox/flox-BDL mice. (E) The relative levels of Ccl2 and
Cxcl2 mRNA transcripts in Slc35c1flox/flox and/or Slc35c1 cKO primary hepatocytes with, or without, Slc35c1 overexpression, following treatment
with 100 µM TCA. *p< 0.05 vs. Slc35c1flox/flox hepatocytes with 100 µM TCA; #p< 0.05 versus the Slc35c1 cKO hepatocytes with 100 µM TCA.
Abbreviations: BDL, bile duct ligation; OE, over-expression; SLC35C1, Solute Carrier Family 35 Member C1; TCA, taurocholic acid.
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F IGURE 4 Defucosylated CEACAM1 enhances chemokine expressions, whereas SLC35C1 induces the fucosylation of CEACAM1. (A)
Volcano plot displayed the quantified N-glycosylated proteins from Slc35c1flox/flox and Slc35c1 cKO-BDL mouse livers (n=5 for each group). (B)
Induction of Ceacam1-WT, but not Ceacam1-N153A mutant, overexpression significantly mitigated the 100 µM TCA-upregulated CCL2 and
CXCL2 mRNA transcripts in PLC/PRF/5-ASBT cells. (C) Treatment with 2FF rescued the 100 µM TCA-upregulated CCL2 and CXCL2 mRNA
transcripts in the Ceacam1-WT overexpressing PLC/PRF/5-ASBT cells. (D) Induction of Ceacam1-WT, but not Ceacam1-N153A mutant, over-
expression significantly mitigated the 100 µM TCA-upregulated EGR1 mRNA transcripts in PLC/PRF/5-ASBT cells. (E) Treatment with 2FF
rescued the 100 µM TCA-upregulated EGR1 mRNA transcripts in the Ceacam1-WT overexpressing PLC/PRF/5-ASBT cells. *p<0.05 vs. the cells
that had been transfected with Ceacam1-WT plasmid and treated with TCA, which was designated as 1 (n=3). (F) The levels of fucosylated
Ceacam1 in PLC/PRF/5-ASBT cells transfected with Ceacam1-WT or Ceacam1-N153A plasmid. *p<0.05 vs. the cells transfected with Ceacam1-
WT plasmid (n=3). (G) The levels of fucosylated CEACAM1 in PLC/PRF/5-ASBT cells that had been co-transfected with the plasmids for
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ASBT cells (Figure 4H). In contrast, overexpression of
SLC35C1 did not enhance the fucosylation of
exogenously expressed CEACAM1-N153A mutant in
PLC/PRF/5-ASBT cells (Figure 4I). To further examine
whether SLC35C2 can facilitate the fucosylation of
CEACAM1, we constructed the plasmids for the
expression of Ceacam1-WT and Slc35c2, and
transfected them into PLC/PRF/5-ASBT cells. Pull-
down assays revealed that SLC35C2 overexpression
did not enhance the CEACAM1 fucosylation in PLC/PRF/
5-ASBT cells (Supplemental Figure S1E, http://links.lww.
com/HEP/I541). Together, these data indicated that
SLC35C1 promoted the fucosylation of CEACAM1 at
N153, which may repress the BA-upregulated CCL2 and
CXCL2 expression through EGR1 in hepatocytes.

Conjugated BAs significantly stimulate the
expression of SLC35C1 in primary mouse
hepatocytes and PLC/PRF/5-ASBT cells

To further reveal the regulatory mechanism of SLC35C1
expression during the process of cholestasis, we tested
whether conjugated BAs could stimulate SLC35C1
expression in hepatocytes. As shown in Figure 5A, B,
treatment with conjugated BAs, including TCA, tauro-
chenodeoxycholic acid, glycocholic acid, glycocheno-
deoxycholic acid, and taurodeoxycholic acid, significantly
increased Slc35c1 mRNA and protein expression in
primary mouse hepatocytes. Similar results were
obtained in human PLC/PRF/5-ASBT cells (Figure 5C,
D). Furthermore, real-time quantitative PCR and western
blotting analyses showed that TCA treatment induced
SLC35C1 mRNA and protein expression in a dose-
dependent manner in human PLC/PRF/5-ASBT cells
(Figure 5E, F). These data demonstrated that conjugated
BAs effectively stimulated SLC35C1 expression in
hepatocytes.

Transcriptional factor STAT3 binding to the
SLC35C1 promoter directly induces
SLC35C1 expression in cholestatic
hepatocytes and mouse livers

To investigate how conjugated BAs stimulated SLC35C1
expression in cholestatic hepatocytes, we performed in
silico analysis of human SLC35C1 promoter region and
identified 4 putative STAT3 response elements using

JASPAR (http://jaspar.genereg.net) (Figure 6A). To
explore whether activated STAT3 could regulate
SLC35C1 expression, PLC/PRF/5-ASBT cells were
stimulated with conjugated BAs in the presence or
absence of APTSTAT3-9R, a STAT3 inhibitor. As
shown in Figure 6B, TCA treatment increased STAT3
phosphorylation, indicating its activation, and treatment
with APTSTAT3-9R, an inhibitor of STAT3 diminished
the BA-enhanced SLC35C1 protein expression. These
observations indicated that activated STAT3 stimulated
SLC35C1 expression in cholestatic hepatocytes. Our
studies and those of others have shown that ER stress
can activate STAT3,[37,38] and BAs cause ER stress in
mouse hepatocytes.[5] Next, we explored whether BAs
could induce ER stress in human hepatoma cells. We
found that treatment with 100 µMTCA ledGRP78 leaking
from the ER to the cytosol in PLC/PRF/5-ASBT cells
(Figure 6C). Together, these findings indicate that BAs
stimulated ER stress and activation of STAT3, which
associated with the upregulation of SLC35C1 in PLC/
PRF/5-ASBT cells.

To validate whether the putative STAT3 response
elements are functional, 4 reporter constructs were
generated and contained different regions of the
SLC35C1 promoter (−1806, −898, −342, −272 to +36,
respectively). Dual-luciferase reporter analysis indicated
that the response element located at −898 to −342 was
crucial for the TCA-induced SLC35C1 promoter activity in
PLC/PRF/5-ASBT cells (Figure 6D). Co-transfection of a
STAT3 expression construct significantly increased the
SLC35C1 promoter-controlled luciferase activity in PLC/
PRF/5-ASBT cells, which was further enhanced by
treatment with TCA (Figure 6E). However, these
inductions were abolished when the putative STAT3
response element in theSLC35C1 promoter (pGL3: −898/
+36) was mutated (Figure 6F). ChIP assays exhibited that
TCA enhanced the binding of STAT3 to the SLC35C1
promoter (region: −827 to −817), which was abrogated by
treatment with APTSTAT3-9R in PLC/PRF/5-ASBT cells
(Figure 6G). Similar results were observed in liver
samples of patients with OC and cholestatic mouse
models. As shown in Figure 6H–J, the binding of hepatic
STAT3 to the SLC35C1 promoter (human region: −827 to
−817; mouse region: −693 to −684) was significantly
higher in patients with OC, BDL mice, and 1% CA-fed
mice, when compared with their corresponding controls.
Altogether, these data demonstrated that conjugated BAs
activated the STAT3 signaling and stimulated SLC35C1
expression in cholestatic livers.

SLC35C1-WT and Ceacam1-WT overexpression or treated with 2FF. *p<0.05 vs. the cells transfected with Ceacam1-WT plasmid. #p<0.05 vs.
the cells co-transfected with Ceacam1-WT and Slc35c1-WT (n=3). (H) The levels of fucosylated Ceacam1 in PLC/PRF/5-ASBT cells that had
been transfected with Ceacam1-WT plasmid or co-transfected with Ceacam1-WT and Slc35c1-WT plasmids. *p<0.05 vs. the cells that had been
co-transfected with Ceacam1-WT and Slc35c1-WT plasmids (n= 3). (I) The levels of fucosylated Ceacam1 in PLC/PRF/5-ASBT cells that had
been co-transfected with Slc35c1-WT and Ceacam1-WT plasmids or Ceacam1-N153A mutant plasmid. *p<0.05 vs. the cells co-transfected with
Ceacam1-WT and Slc35c1-WT (n=3). Abbreviations: AAL, aleuria aurantia lectin; ASBT, apical sodium-dependent; BA transporter; BDL, bile
duct ligation; HIS, histidine; IB, immunoblots; IP, immunoprecipitation; 2FF, 2-fluorofucose; PLC, primary liver carcinoma; PRF, Poliomyelitis
Research Foundation; TCA, taurocholic acid; WT, wild type.
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DISCUSSION

In this study, we studied the functional role of SLC35C1
and the regulation of its expression in the liver with
cholestasis. We found that (1) SLC35C1 expression
was upregulated in hepatocytes from both cholestatic
and murine models of cholestasis (Figure 1 and
Supplemental Figure S2, http://links.lww.com/HEP/
I541); (2) liver-specific ablation of Slc35c1 aggravated
liver injury in mouse cholestatic models by increasing
hepatic inflammation and reducing Ceacam1 N153
fucosylation (Supplemental Tables S7, S8, http://links.
lww.com/HEP/I541, Figure 2, Figure 3B–D and
Figure 4A); (3) Slc35c1 deficiency enhanced the

BA-stimulated Ccl2 and Cxcl2 expression in primary
mouse hepatocytes (Figure 3E); (4) SLC35C1 (but not
SLC35C2) overexpression increased CEACAM1
glycosylation and decreased the BA-stimulated EGR1,
CCL2, and CXCL2 expression in PLC/PRF/5-ASBT
cells; these outcomes were reversed by CEACAM1
N153A mutation or inhibition of fucosylation (Figure 4B–
I, Supplemental Figures S1, S10, http://links.lww.com/
HEP/I541); (5) gene reporter assay revealed a STAT3
response element in the human SLC35C1 promoter
(Figure 6). (6) blocking STAT3 activation diminished the
BA-stimulated SLC35C1 promoter-controlled luciferase
activity and endogenous SLC35C1 mRNA expression
(Figures 5, 6). Therefore, upregulated SLC35C1
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expression in cholestasis represents a novel
mechanism to protect liver from cholestatic injury by
fucosylating CEACAM1 to repress BA-induced CCL2
and CXCL2 expression and inflammation (Figure 7).

Studies have revealed that a mutation in SLC35C1
results in LADII due to deficiency of leukocyte adhesion,
but the mechanism remains unclear.[14] In this study, we
found that loss of Slc35c1 significantly reduced the
N-glycosylation levels of Ceacam1, Npc1, and Sun1 in
the livers of Slc35c1-deficient mice following BDL-
induced cholestasis, suggesting that Slc35c1 may
directly facilitate the N-glycosylation of these proteins in
the liver. Among these 3 proteins, CEACAM1 is the only
cell surface membrane protein involved in cell
adhesion.[25] Therefore, we propose that the deficiency
of leukocyte adhesion in patients with LADII may be due
to the compromised function of CEACAM1 in these
patients. Because CEACAM1 acts as a cell surface co-
inhibitory receptor and is expressed on a variety of
immune and parenchymal cells, CEACAM1 can modu-
late immune responses and repress inflammation by
inhibiting natural killer cell-mediated cytotoxicity and

neutrophil and macrophage functions.[39,40] CEACAM1
can also regulate T-cell activation and repress inflam-
mation during the process of inflammatory bowel disease
and chronic viral infection.[41,42] We found that hepatic
Slc35c1 deficiency decreased the fucosylation of Cea-
cam1 at N153, which was associated with stronger
inflammation (evidenced by increased infiltrates of
neutrophils, macrophages, T cells, and elevated expres-
sion of inflammatory genes) in the livers of mice
following BDL-induced cholestasis (Figures 2–4 and
Supplemental Figure S5, http://links.lww.com/HEP/I541);
also the lack of CEACAM1 N153 glycosylation or
inhibition of Ceacam1 fucosylation by 2FF significantly
increased the BA-stimulated EGR1, CCL2, and CXCL2
expression in PLC/PRF/5-ASBT cells. Therefore, we
conclude that the enhanced cholestatic liver injury in
Slc35c1-deficient mice is most likely due to the lack of
Ceacam1 N153 fucosylation, leading to stronger inflam-
mation in the mice. This conclusion agrees with other
reports,[25,26] supporting the notion that CEACAM1
protects tissues from inflammatory injury. Although
CEACAM1 mRNA and protein expression were

CCL2
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Inflammatory
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STAT3
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SLC35C1
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F IGURE 7 A schematic diagram illustrates a novel negative feedback loop against cholestatic liver injury and inflammation. Initially, the
accumulated BAs in the liver trigger inflammatory responses and cause liver injury during the process of cholestasis.[5] Meanwhile, BAs also
activate the STAT3 signaling and enhance the binding of activated STAT3 to the SLC35C1 promoter to upregulate SLC35C1 expression in
hepatocytes. Finally, elevated SLC35C1 expression facilitates CEACAM1 fucosylation, which in turn suppresses CCL2 and CXCL2 expression to
inhibit liver inflammation during the process of cholestasis. Abbreviation: SLC35C1, Solute Carrier Family 35 Member C1.

treatment with APTSTAT3-9R in PLC/PRF/5-ASBT cells. *p<0.05 vs. the cells treated without TCA; #p<0.05 vs the cells treated with 100 μM
TCA. (H) ChIP assays displayed the binding of activated STAT3 to the SLC35C1-827 in liver tissues of patient with OC. (I, J) ChIP assays
exhibited the binding of activated Stat3 to the Slc35c1-693 in the livers of BDL mouse model and 1% CA-fed mouse model. Abbreviations: BDL,
bile duct ligation; ChIP, chromatin immunoprecipitation; CTR, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PLC, primary liver
carcinoma; PRF, Poliomyelitis Research Foundation; SLC35C1, Solute Carrier Family 35 Member C1; RPF, Poliomyelitis Research Foundation;
TCA, taurocholic acid; qPCR, quantitative polymerase chain reaction; WT, wild type.
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decreased in cholestatic livers from both patients and
mouse models (Supplemental Figure S9B, E, http://links.
lww.com/HEP/I541), its fucosylation was significantly
increased (Supplemental Figure S9F, http://links.lww.
com/HEP/I541), suggesting that there are multiple
mechanisms involved in regulating CEACAM1 function,
one by transcription, another by post-translation modifi-
cation (eg, glycosylation). Since overexpression of
Ceacam1 in mice protects the liver from high-fat–induced
injury,[24] and we also found that CEACAM1 over-
expression significantly abolished the TCA-induced
CCL2 and CXCL2 mRNA expression in PLC/PRF/5-
ASBT cells (Supplemental Figure S10A, http://links.lww.
com/HEP/I541), we propose that CEACAM1 mediates
inflammatory response in cholestasis, and its N153
fucosylation reduces liver inflammation and injury. Since
CEACAM1 has multiple glycosylation sites, it is possible
that the functional significances of these glycosylation
sites and or the composition of the saccharide moieties
are different. Specifically, we hypothesize that fucosyla-
tion of N153 in CEACAM1may try to stabilize CEACAM1
or affect its homophilic and/or heterophilic binding and
mitigate inflammatory response. However, because
Slc35c1 deficiency also decreased the fucosylation of
Npc1 and Sun1 in the cholestatic livers, and these genes
are also potentially involved in immune responses and
inflammation,[43,44] we cannot exclude a similar role of
these proteins in regulating the process of cholestatic
liver injury in these animal models. It would be interesting
to know whether the fucosylation and function of
CEACAM1, NPC1, and SUN1 are altered in patients
with LADII. Future studies may address these questions.

Upregulated SLC35C1 expression has been observed
in liver cancers, such as HCC and iCCA, but the functional
role of SLC35C1 and what causes their upregulated
expression remain unknown. In this study, we found that
hepatic SLC35C1 (but not SLC35C2) expression was
significantly upregulated in patients with cholestasis and
mouse models of cholestasis (Figure 1 and Supplemental
Figures S1, S2, http://links.lww.com/HEP/I541). Further
in vitro studies indicated that treatment with BA signifi-
cantly upregulated SLC35C1 (but not SLC35C2 or
CEACAM1) expression in both primary mouse hepato-
cytes and human PLC/PRF/5-ASBT cells (Figure 5,
Supplemental Figure S1B, http://links.lww.com/HEP/I541
and Supplemental Figure S9A, http://links.lww.com/HEP/
I541). Luciferase reporter assay revealed that BA-
activated STAT3 during cholestasis was responsible for
the upregulation of SLC35C1 expression in hepatocytes
by binding to its response element at −898 to −342 in the
SLC35C1 promoter (Figure 6). The role of STAT3 in
regulating SLC35C1 expression in cholestasis was further
confirmed in vitro in PLC/PRF/5-ASBT cells as blocking
STAT3 activation reduced the BA-stimulated SLC35C1
expression (Figure 6B), and in vivo in liver tissues from
patients with OC and BDL mice using ChIP assay
(Figure 6H–J). However, how BAs trigger STAT3

activation remains to be elucidated, although we found
that this activation is associated with BA-induced ER
stress[5] (Figure 6C). Studies also indicate that ER stress
activates STAT3.[37,38] Our study has also shown that
hepatic STAT3 signaling is activated in patients with
cholestasis, reducing chemokine expression.[7] Therefore,
it is reasonable to believe that the upregulated SLC35C1
expression in cholestatic liver stemmed from the activation
of STAT3 signaling in hepatocytes. This may also explain
why increased SLC35C1 expression is detected in HCC
and iCCA as activated STAT3 signaling has been found in
these diseases.[15,16] Therefore, we also speculate that the
upregulated SLC35C1 expression in HCC and iCCA may
modulate immune and inflammatory responses during their
progression. Finally, we found that SLC35C1 expression
was upregulated in the livers of patients with cholestasis
and all 4 cholestatic mouse models (BDL mice, 1% CA-
fed mice, 0.1% DDC-fed mice, as well as Abcb4-KO
mice), suggesting that this upregulation is likely an
adaptive response to reduce cholestatic liver injury.
However, because the severities of liver injury in these
animal models are different, it is possible that the
functional significance of Slc35c1 in these models may
be varying.

In conclusion, our data indicate that upregulated
hepatic SLC35C1 expression protects the liver from
cholestatic injury by enhancing CEACAM1 fucosylation
to suppress the BA-stimulated chemokine CCL2 and
CXCL2 expression and inflammation. The upregulated
SLC35C1 expression is mediated through the activation
of hepatic STAT3 signaling during the process of
cholestasis. These findings suggest that stimulation of
hepatic SLC35C1 expression might be a novel strategy
to treat cholestasis.
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