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Abstract

Caveolin-1 (Cav-1) is a critical structural protein of caveolae and plays an oncogene-like role by participating in abnormal protein
glycosylation in hepatocellular carcinoma (HCC). However, the mechanism by which Cav-1 regulates glycosylation and gly-
cosyltransferase expression has not been completely defined. Here, we show that Cav-1 promotes the expression of Rfng, which
is a [3-1,3-N-acetylglucosaminyltransferase included in the Fringe family. In this study, we showed that the mouse HCC cell line,
Hepal—6, with low Rfng transcription and protein levels, lacked Cav-1 expression, whereas strong Rfng expression was found in
the mouse HCC cell line Hca-F, with high transcription and protein levels for Cav-1. Subsequently Cav-1 overexpression in
Hepal—6 was found to activate mitogen-activated protein kinase (MAPK) signaling and induce phosphorylation of the transcrip-
tion factors Hnf4a and Sp1, which bind to the Rfng promoter region to promote its transcription. On the contrary, when knocking
down Cav-1 expression in Hca-F, the activity of the MAPK pathway was significantly inhibited, and phosphorylation of Hnf4a,
Sp1 and the expression of Rfng were attenuated. These data reveal that Cav-1 promotes phosphorylation of transcription factors
Hnf4a and Sp1, which bind to the Rfirg promoter region, via the MAPK signaling pathway, to induce the transcription of Rfng.
Our current findings provide molecular genetic evidence that Cav-1 plays an important role in regulating glycosyltransferase
expression and may participate in the abnormal glycosylation that mediates the invasion and metastasis of HCC.
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Introduction

Caveolae are flask-shaped plasmalemmal invaginations formed
by lipids and proteins that function as trafficking vesicles and
organized signal-transduction compartments [25]. Caveolin-1
(Cav-1) is an essential caveolar component that has a variety of
biological activities, such as cholesterol transport, maintenance
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of lipid balance, the processes of malignant transformation and
metastasis of tumors [15, 19, 25]. Cav-1 contains a scaffolding
domain for binding to multiple signaling proteins, and is widely
expressed in various tissues. The middle transmembrane region
of Cav-1 forms a hairpin-like structure to allow Cav-1 to be
embedded in the membrane, making Cav-1 a key regulator of
signal transduction [15, 19, 20, 25, 28]. In addition, there is
increasing evidence that Cav-1 is associated with glycosylation
and glycosyltransferase expression. Cav-1 has been reported to
induce the glycosylation of CD147 and to up-regulate the ex-
pression of the sialyltransferase, ST6Gal-1, to promote adhesion
and invasion of hepatocellular carcinoma (HCC) cell lines [8, 13,
29], indicating that association of Cav-1 with abnormal tumor
glycosylation may be achieved by regulating the expression of
glycosyltransferases.

Protein glycosylation is an important post-translational mod-
ification of proteins, and it has been reported that more than 50%
of proteins undergo glycosylation in mammals. Glycosylation
abnormalities often occur in tumors, due mainly to disordered
metabolism of sugar donors, or abnormal expression of
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glycosyltransferases [21]. Fringe proteins are {3-1,3-N-
acetylglucosaminyltransferases that transfer N-
acetylglucosamine to O-linked fucose present at a particular con-
sensus site of EGF-like repeats in Notch [10]. Three Fringe pro-
teins in mammals have been identified, including Lunatic Fringe
(Lfng), Manic Fringe (Mfng), and Radical Fringe (Rfag) [12].
Lfng and Mfng inhibit the Notch pathway by impeding Jagged1
ligand binding, and can also trigger the Notch pathway by en-
hancing Delta-like (DLL1) ligand binding, whereas Rfng en-
hances binding of both Jaggedl and DLLI to activate the
Notch pathway [11]. Rfng is important for the glycosylation
and activation of Notch receptors and Notch ligands, thus directly
affecting the activity of the Notch signaling pathway [5, 11]. It
was reported that abnormal expression of Rfng was associated
with aberrant activation of the Notch pathway in tumors [1].
Therefore, Rfng could participate in tumorigenesis and progres-
sion through its catalytic function in Notch glycosylation.

This study aimed to investigate the mechanism by which
Cav-1 regulates the expression of the glycosyltransferase,
Rfng, and to explain the details of this regulation in mouse
HCC cells at all levels, from the initiation of gene transcription
through to protein translation. The results of the present study
provide a new theoretical basis for how Cav-1 participates in
the regulation of abnormal glycosyltransferase expression and
glycosylation, suggesting that Cav-1 may be further used as a
potential therapeutic target in HCC.

Materials and methods
Cell culture

The mouse HCC cell line, Hca-F, with high Cav-1 expression
levels, (established and stored by Department of Pathology,
Dalian Medical University, Dalian, China) was grown in
mouse abdominal cavities for 7 days [24]. The cells were then
cultured in 90% RPMI 1640 (Gibco, Thermo Fisher
Scientific, Waltham, MA) medium supplemented with 10%
fetal bovine serum for 24 h. The mouse HCC cell line,
Hepal—6, with no Cav-1 expression (obtained from Cell
Center of Peking Union Medical College, Beijing, China)
was maintained in DMEM supplemented with 10% fetal bo-
vine serum. All cultures were maintained in medium supple-
mented with 100 IU/mL penicillin, 100 pg/mL streptomycin
(1% antibiotic) and grown at 37 °C in a humidified incubator
with 5% COs,.

Stable clone selection and transfection
Hca-F cells were harvested by centrifugation (1000 rpm,
5 min), the supernatant discarded and the cells resuspended

in RPMI 1640 cell culture medium without serum. The resus-
pended cells were adjusted to a concentration of 10° cell/ml
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and placed in the 4-mm gap electroporation cuvettes along
with the appropriate plasmid DNA and electroporated twice
at 500 V. Cells transfected with a plasmid containing an unre-
lated sequence were used as the negative control (NC), while
those transfected with the pGPU6/shCav-1 plasmid constitut-
ed the experimental group. Both plasmids were purchased
from GenePharma (Shanghai, China). Hepal—6 cells were
plated uniformly on a 10 cm cell culture plate, and transfected
with the pcDNA3.1/Cav-1 plasmid after reaching 80% con-
fluence. Media supplemented with G418 at a concentration of
800 pg/ml were used to select cells stably transfected with the
Cav-1 expression plasmid.

Immunohistochemical staining

Paraffin-embedded liver tissue sections from wild-type or
Cav-1""" C57BL/6 J mice were dewaxed and treated with
boiling citrate buffer, pH 6.0, for 3 min. The sections were
incubated in hydrogen peroxide (3%) for 20 min at room
temperature to block endogenous peroxidase activity and then
incubated with anti-goat serum for 15 min at room tempera-
ture. The sections were incubated with primary antibodies
specific for Cav-1 (Thermo Fisher) and Rfng (Thermo
Fisher) overnight at 4 °C. Immunohistochemical analyses
were performed using a Histostain Kit (Beyotime, Nantong,
China) and the stained sections were examined using a LEICA
DMI4000 B microscope.

Quantitative real-time PCR

Mouse livers were harvested from either wild-type C57BL/6 J
mice or Cav-1"""mice C57BL/6 J (three mice each), and total
cellular RNA was isolated from the samples using TRIzol
(Invitrogen, Carlsbad, CA). qPCR procedures were carried
out as previously described [7]. The sequences of the up-
stream and downstream primers for Rfng, Mfng, Lfng, Cav-1
and Gapdh are shown in Table 1. All target gene transcripts
were normalized to Gapdh transcript levels, and the relative
fold-change in expression was calculated using the 2 24
method.

Western blot

Total protein extraction and western blotting procedures were
carried out as previously described [7]. Cav-1 and Rfng anti-
bodies were purchased from Invitrogen (Carlsbad, CA),
phospho-Erk was purchased from Bioworld (Shanghai,
China), Spl, Erk, Jnk, p38 and Gapdh were purchased from
Proteintech (Wuhan, China), Hnf4a, phospho-Hnf4a,
phospho-Sp1, phospho-Jnk, phospho-p38 were purchased
from Bioss Antibodies (Beijing, China).
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Table 1 The sequences of

primers used Gene Forward Reverse
Cav-1 5’-GGTCAATCTCCTTGGTGTGC-3" 5’-ATGTCTGGGGGCAAATACG-3'
Ling 5’-TCTGCTGTTCGAGACCTGGAT-3’ 5’-GTGAGCACCACATTGCCTGT-3'
Ming 5’-GGTCTCCAGGATCAGGCAAC-3' 5’>-TTGCAGGACAGAGCAGGATG-3'
Rfng 5'- GGCTGTGTTGCTGCTACTGC-3' 5'- CCGAGTGGTCTTGACTGCAA-3’
GAPDH 5’-AGGTCGGTGTGAACGGATTTG-3’ 5’-GGGGTCGTTGATGGCAACA-3’

Immunofluorescence staining

Cells were seeded onto 10-mm coverslips. After washing
twice with phosphate-buffered saline (PBS), cells were fixed
with 4% paraformaldehyde for 15 min and permeabilized with
0.1% Triton X-100 before being incubated with the specific
primary antibodies for Cav-1 and Rfng (identical to the anti-
bodies described in the Western blotting experiments above)
overnight at 4 °C. Nuclei were stained with 4',6-diamidino-2-
phenylindole (DAPI) and the stained cells were viewed with a
microscope system.

Vector construction and luciferase reporter assays

Extraction of genomic DNA from Hepal—6 cells was per-
formed according to the manufacture’s instructions using
GenElute™ Mammalian Genomic DNA Miniprep Kits
(Sigma, St. Louis, MO). PCR primers were designed to
amplify the Rfng promoter region sequence: 5'-AGTG
TGGCTCCTCTTGTCATACATGA-3" and 5'-TCCT
GGCTACCTGATGCTTAGGTTAC-3" and contained
Nhel and Bgl/lI restriction sites. The PCR products were
ligated into the pGL3-control luciferase expression vector
using T4 ligase. Hepal—6 cells, Hepal—6/Cav-1 cells, Hca-
F and Hca-F cells transfected with pGPU6/shCav-1 were
then co-transfected with the reporter plasmid or the control
plasmid pRL-TK. After 48 h, luciferase activities were
measured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI).

Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) assays were carried
out as previously described [7]. Antibodies specific for
Hnf4a were purchased from Abcam (Cabridge, UK) and those
for Spl were purchased from Cell Signaling Technology
(Tokyo, Japan). Two pairs of ChIP primers listed in Table 2
were designed based on the predicted binding sites. PCR was
performed using ChIP products or input samples as the tem-
plate, and the PCR products then were analyzed by 2.0%
agarose gel electrophoresis, followed by ethidium bromide
staining.

Primer analysis of RNA-seq data and analysis
of differentially expressed genes

After filtering RNA-seq data using the HISAT and Bowtie
tools, the RNA-Seq by Expectation Maximization
(RSEM) tool was applied for quantitative gene expression
analysis; quantitative expression is calculated as frag-
ments per kilobase million (FPKM). We used the
Poisson distribution method to analyze the differentially
expressed genes (DEGs). For pathway analysis, all DEGs
were mapped to terms in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database and then scruti-
nized for significantly enriched pathway terms compared
to the background genome. KEGG pathways fulfilling the
criterion of a Bonferroni corrected P<0.05 were defined
as significantly enriched in DEGs.

Statistics

All data represent at least three experiments, and are
expressed as the mean+ S.E.M. Differences between
groups were compared using the Student’s ¢ test (when
comparing two groups), one-way ANOVA with Tukey’s
multiple comparison test (when comparing more than
two groups and considering one independent variable) or
two-way ANOVA with Bonferroni post hoc test (when
comparing differences between groups considering two
independent variables). All statistical tests were conduct-
ed using GraphPad Prism (La Jolla, CA). Differences
were considered statistically significant at *P<0.05,
*#P<0.01 and ***P<0.001.

Table 2 Chromatin immunoprecipitation (ChIP) primer sequences

Gene Sequence (5'-3")

ChIP-HNF4A-F TGGGCACGTGGGTTATATGAAA
ChIP-HNF4A-R ATGTGCCCGTGTACCCAAG
ChIP-Sp1-F TAGAAGGGTGAGGGCTGAGG
ChIP-Sp1-R TGAGCCATCTCTACAGCAGC
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Results

Cav-1 upregulates the transcription and protein levels
of Rfng

To study the function of Cav-1 in the development of HCC,
especially tumor behavior caused by the abnormal glycosyla-
tion and glycosyltransferase expression induced by Cav-1, we
first performed RNA-seq experiments in the mouse HCC cell
line, Hepal—6 (that lacks Cav-1 expression), and Cav-1 ex-
pressing stably transfected Hepal—6/Cav-1 cells. The results
showed that the expression levels for each the three members
of'the Fringe family were different in these cells. Mfng was not
substantially expressed in Hepal—6 and Hepal—6/Cav-1 cells,
while Lfng expression was not significantly different between
Hepal—6 and Hepal—6/Cav-1. Nonetheless, the expression of
Rfng was significantly increased after Cav-1 overexpression
(Fig. 1a). This result was subsequently verified by qPCR as-
say (Fig. 1b). Moreover, the immunohistochemistry experi-
ments showed that the expression of Rfng was significantly
lower in the liver tissues of Cav-1 knockout mice (Cav-1""
C57BL/6 J) compared with wild type mice liver cells (Fig.
Ic). These data demonstrate that Rfng transcription was pos-
itively correlated with Cav-1 expression.

To further analyze the relationship between Cav-1 and
Rfng in mouse HCC, we analyzed the expression of Rfng at
both the transcription and translation levels by using qPCR
and immunoblotting assays of extracts from Hca-F and
Hepal—6 cells. The results in Fig. 1d show that Rfng expres-
sion was significantly higher in Hea-F cells, which have high
levels of Cav-1, than in Hepal—6 cells, which lack Cav-1
expression. Furthermore, Cav-1 overexpression accompanied
the elevation in Rfng mRNA and protein levels in Hepal—6
(Fig. 1e). Cav-1 shRNA-transfected Hca-F cells exhibited at-
tenuated Rfng expression (Fig. 1f). Immunofluorescence as-
say data were also consistent with the results described above
(Fig. 1g). Together, these results implicate Cav-1 in mediating
upregulated Rfng expression in mouse HCC cells.

Cav-1 activates transcription factors Hnf4a and Sp1
by phosphorylation

To explore the mechanism by which Cav-1 modulates Rfng
mRNA levels in mouse HCC cell lines, a dual-luciferase re-
porter gene assay was performed. The results revealed a sig-
nificant increase in the luciferase signal from the Rfng pro-
moter in Hepal—6/Cav-1 cells compared with that in Hepal—6
control cells. In contrast, an attenuation luciferase signal from
the Rfng promoter was observed in Hca-F cells transfected
with Cav-1 shRNA (**P<0.01, Fig. 2a). We then used online
software JASPAR [14] to analyze the sequence 2500 bp up-
stream of the Rfing promoter region, and which predicted bind-
ing sites for transcription factors Hnf4a and Sp1 (Fig. 2b).
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Region I in the Rfng promoter region (from —790 to
=900 bp) include one predicted Hnf4a binding site and
Region II (from —251 to —351 bp) includes two predicted
Sp1 binding sites (Fig. 2b). Based on these JASPAR predic-
tions, we designed primers to amplify Regions I and Il in a
ChIP-PCR assay (Table 2). ChIP experiments confirmed that
Hnf4a and Sp1 could indeed bind to the Rfing promoter region
in Hepal—6 cells (Fig. 2c). We then examined the effect of
Cav-1 in the activation and phosphorylation of transcription
factors Hnf4a and Sp1. The results showed that the phosphor-
ylation levels of Hnf4a and Sp1 were enhanced after overex-
pression of Cav-1 in Hepal—6 cells. Knocking down the ex-
pression of Cav-1 decreased the phosphorylation levels of
Hnf4a and Spl in Hca-F, indicated that Cav-1 was able to
activate Hnf4a and Sp1 via phosphorylation. Taken together,
these results suggested that Cav-1 upregulates Rfig transcrip-
tion by increasing the phosphorylation levels of Spl and
Hnf4a, which were then able to bind to the Rfing promoter
region (Fig. 2d and e).

Cav-1 triggers the Erk-Jnk-p38 signaling pathway

To further investigate the signaling pathway by which Cav-
1 regulates Rfing expression, we performed RNA-seq ex-
periments on Hepal—6 and Hepal—6/Cav-1 cells in order
to integrate differential signaling pathways in these two
cell lines. RSEM [17] tools were used for quantification
of gene expression, and quantitative expression is
expressed in FPKM (Supplementary Table 1). To find the
specific enrichment functional terms for the Cav-1 modu-
lated signaling pathway, KEGG analysis were performed.

Fig. Ta-g Overexpression of caveolin-1 (Cav-1) enhances expression of P
Rfng. a RNAseq results expressed as Fragments per kilobase million
(FPKM). b Expression levels of Mfng, Lfng and Rfng as defined by
qRT-PCR normalized to Gapdh levels that served as a loading control.
*#P<0.01. ¢ Translation levels of Rfng protein were examined by immu-
nohistochemical staining. 4',6-Diamidino-2-phenylindole (DAPI) blue
staining represents the nucleus, and brown staining represents Cav-1
and Rfng [the secondary antibody was labeled with horseradish peroxi-
dase, which produces a brown color with the substrate 3,3'-diaminoben-
zidine (DAB)]. Representative sections of liver tissues from wild-type
and Cav-1""" C57BL/6 mice. Original magnification, 100 x. d
Endogenous Cav-1 and Rfng mRNA and protein levels in Hepal—6 and
Hca-F cell lines were determined by qRT-PCR and Western blotting.
Gapdh served as a loading control. **P<0.01. e qRT-PCR and Western
blotting assays were used to detect the mRNA and protein expression
levels of Rfng after overexpression of Cav-1 in Hepal—6 cells. Gapdh
served as a loading control. **P<0.01. f qRT-PCR and Western blotting
assays were used to detect the mRNA and protein expression levels of
Ring after knockdown of Cav-1 expression in Hca-F cells. Gapdh served
as a loading control. **P<0.01. g Immunofluorescence staining was per-
formed to further detect protein expression of Rfng after overexpression
of Cav-1 in Hepal-6 cells and after knockdown of Cav-1 expression in
Hca-F cells. Nuclei were counterstained with DAPI (40 x). Data (mean +
SEM) from three separate experiments are presented as the median with
error bars (*P<0.05, *#P<0.01 and ***P<0.001)
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Fig. 2 Cav-1 activates transcription factors Hnf4a and Spl by
phosphorylation. a Luciferase activity in Hepal—6, Hepal—6/Cav-1,
Hca-F and Cav-1-knockout Hca-F cells was assayed at 48 h after trans-
fection. Experiments were performed in triplicate, and the statistical sig-
nificance of the difference was determined using the t-test (**P<0.01 vs.
control). b Schematic representation of predicted binding sites for Hnf4a
and Spl. ¢ Chromatin immunoprecipitation (ChIP) assays showing the
binding of Hnf4a and Sp1 to the following regions: region 1 (from —790

In the KEGG pathway analysis, the dysregulated mRNAs
were found to be enriched in 306 pathways. Among the top
six enriched signal pathways, the most enriched pathway
was mitogen-activated protein kinase (MAPK) signaling.
The expression of 36 genes in MAPK signaling pathway
were altered, with 30 of them being up-regulated, suggest-
ing that Cav-1 overexpression activates the MAPK path-
way (Fig. 3a). To verify this result, we selected the Erk,
Jnk, and p38 classical transduction pathways in the MAPK
family for analysis by an immunoblotting assay. The re-
sults showed that the phosphorylation levels of Erk, Jnk
and p38 were significantly increased in Hepal—6/Cav-1
cells compared with Hepal—6 cells, confirming that the
MAPK pathway is significantly activated by Cav-1 expres-
sion. Conversely, the phosphorylation levels of Erk, Jnk
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to —900 bp) and region 2 (from —251 to —351 bp). d A Western blot assay
was used to detect the phosphorylation levels of Hnf4a and Sp1 after
overexpression of Cav-1 in Hepal—6 cells. Gapdh served as a loading
control. **P < 0.01. e A Western blot assay was used to detect the phos-
phorylation levels of Hnf4a and Spl after knockdown of Cav-1 expres-
sion in Hea-F cells. Gapdh served as a loading control. **P < 0.01. Data
(mean + SEM) from three separate experiments are presented as the me-
dian with error bars (*P<0.05, **P<0.01 and ***P < 0.001)

and p38 were found to be significantly decreased in Hca-
F cells that were transfected with Cav-1 shRNA, indicating
that the MAPK pathway was inhibited by Cav-1 downreg-
ulation (Fig. 3b and c). These results demonstrated that
Cav-1 activates MAPK signaling pathway in HCC cells.

Cav-1-mediated MAPK activation contributes to Rfng
transcription

In the results described above, Cav-1 was demonstrated to up-
regulate the phosphorylation and activation of Hnf4a and Spl,
which bind to the Rfing promoter region in mouse HCC cells. To
further verify the participation of MAPK signaling and transcrip-
tion factors Hnf4a and Sp1 in Cav-1-mediated increases in Rfirg
expression, Hepal—6 and Hepal—6/Cav-1 cells were treated with
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specific MAPK signaling inhibitors (Erk inhibitor, SCH772984,
20 nM for 6 h; Jnk inhibitor, SP600125, 30 nM for 6 h; p38
inhibitor, SB203580, 20 nM for 6 h). Immunoblotting was used
to detect the phosphorylation levels of Hnf4a and Spl. The re-
sults showed that the phosphorylation levels of Hnf4a and Spl
decreased significantly after the addition of Erk inhibitors, while
Cav-1 was overexpressed, indicating that Cav-1 regulates the
phosphorylation of Hnf4a and Sp1 through MAPK/Erk signaling
pathways (Fig. 4a). After the addition of Jnk inhibitor, Hnf4a and
Sp! phosphorylation were significantly decreased in both
Hepal—6 and Hepal—6/Cav-1 cells, and Rfng expression was
significantly decreased (Fig. 4b). Similar to the results of these
MAPK inhibitors, we also found that the p38 inhibitor decreased
the activation of transcription factors and attenuated Rfng expres-
sion (Fig. 4c). These results suggested that Cav-1 promoted the
expression of Rfag by regulating the phosphorylation of Hnf4a
and Sp1 via Erk-Jnk-p38 MAPK signaling pathways.

Discussion

Cav-1, the structural protein of caveolae in the plasma mem-
brane, modulates several molecular pathways leading to the
regulation of hepatic lipid accumulation, lipid and glucose
metabolism, mitochondrial biology, and hepatocyte prolifera-
tion [3]. Cav-1 participates in a variety of life processes, such
as ocular neovascularization, and promotes atherosclerosis
and tumor invasion and metastasis through regulation of the
Ink signaling pathway [9, 25, 26]. It was reported that Cav-1
reverse-regulates gastric tumor cell growth by negative feed-
back regulation of Raf-Erk [22]. In embryonic stem (ES) cells,
a high glucose environment causes high expression of Cav-1,
which activates the p38 signaling pathway and promotes the
proliferation of ES cells [16]. In this research, we demonstrat-
ed that Cav-1 up-regulates the expression of the glycosyltrans-
ferase, Rfng, by activating the Erk-Jnk-p38 MAPK pathways
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Fig. 4 Cav-1 regulates transcription factors Hnf4a and Spl via Erk-Jnk-
p38 to moderate Rfng expression. a Western blot analysis of Hepal—6/
Cav-1 or control Hepal—6 cells treated for 6 h with 20 nM Erk inhibitor
(SCH772984). Gapdh served as a loading control. *#P<0.01. b Western
blot analysis of Hepal—6/Cav-1 or control Hepal—6 cells treated for 6 h
with 30 nM Jnk inhibitor (SP600125). Gapdh served as a loading control.
##P<0.01. ¢ Western blot analysis of Hepal—6/Cav-1 or control Hepal—6
cells treated for 6 h with 20 nM p38 inhibitor (SB203580). Gapdh served
as a loading control. **#P<0.01. Data (mean + SEM) from three separate
experiments are presented as the median with error bars (*P<0.05,
*#P<0.01 and ***P<0.001)

to induce phosphorylation of transcription factors Hnf4a and
Spl (Fig. 5). This suggests that the Erk-Jnk-p38 pathway is
involved in modulating glycosyltransferase expression and
may even contribute to glycosylation abnormalities. In our
RNA-seq transcriptome assay results, many genes in other
signaling pathways have also undergone expression changes
after overexpression of Cav-1 in Hepal—6 cells (Fig. 3a), sug-
gesting that other pathways might also affect the expression of
Rfng and further exploration is needed.

It has been reported that the transcription factors Hnf4a and
Spl are downstream of the MAPK signaling pathway and are
also regulated by this pathway [6, 23]. In this investigation, we
also confirmed that Hnf4a and Sp! are transcription factors that
bind to the transcriptional promoter region of many genes (Fig.

extracellular

acelue

cytoplasm

AN

/\ Cav-1

Erk

sp1 [P [Hnfaa [P

Rfng transcription

Fig. 5 Schematic showing how Cav-1 promotes Rfng expression via the
Erk-Jnk-p38 signaling pathway in mouse hepatocellular carcinoma
(HCC) cells. Cav-1 up-regulates Rfng by increasing the phosphorylation
of Hnf4a and Sp1 via the MAPK pathway in mouse HCC cells

4), and a large number of other transcription factor binding sites
are also present in the Rfnig promoter region to regulate Rfng
transcription. However, Hnf4a and Sp1 may play important roles
in the regulation of Rfng transcription. We proved that MAPK
inhibition mediated Hnf4a and Sp1 inactivation and drastically
decreased Rfng expression in cells overexpressing Cav-1.
Nevertheless, whether Hnf4a and Spl play a decisive role in
the transcription of Rfig needs further investigation.

Abnormal protein glycosylation is closely related to the oc-
currence and development of many diseases, including cancer
[18]. Fucosylation is a cancer-related glycosylation, and abnor-
mal levels of fucose modifications are found in various tumors
[2]. In recent years, an increasing number of reports have indi-
cated that Cav-1 is associated with abnormal glycosylation in
tumors. Cell surface &2, 6-sialylation was required for integrin
«5, 31-dependent cell adhesion to fibronectin, Cav-1 promoted
the expression of the key enzyme, ST6Gall, that catalyzes &2, 6-
sialylation and fibronectin-mediated adhesion of mouse HCC
cell [21]. CD147 is a regulator of matrix metalloproteinase
(MMP) production on the surface of many malignant tumor cells
and exists in both highly glycosylated form and a low-
glycosylated form. Cav-1 expression leads to an increased pro-
portion of the highly glycosylated form of CD147 (HG-CD147)
relative to the sparsely glycosylated form of CD147 (LG-
CD147), increased production of MMP-11 and promoted a
higher invasive capability in mouse HCC cells [29]. Although
the studies described above have shown that Cav-1 is indeed
associated with abnormal glycosylation in tumors, the specific
mechanism by which Cav-1 regulates the level of glycosylation
modification is not clear. This study demonstrates that Cav-1
affects expression of the glycosyltransferase, Rfng, by regulating
the Erk-Jnk-p38 signaling pathways, providing a new theoretical
basis and support for explaining the involvement of Cav-1 in the
abnormal glycosylation observed in tumor cells.

In this study, we showed a positive correlation between Cav-1
and Rfng expression. ChIP experiments confirmed that the tran-
scription factors Hnf4a and Sp1 can bind to the promoter region
of Rfng and initiate transcription of Rfng. Cav-1 up-regulates the
phosphorylation levels of Hnf4a and Spl, thereby increasing
Rfng expression at the transcriptional level. The results of
RNA-seq and immunoblotting assays showed that Cav-1 could
activate the Erk-Jnk-p38 signaling pathways, and, after adding
specific inhibitors of these three signaling pathways, Hnf4a and
Spl phosphorylation levels, along with Rfng expression, were
markedly decreased. These data indicate that activation of Hnf4a
and Sp1 by Cav-1 is achieved through the Erk-Jnk-p38 pathway,
mediating upregulation of Rfng expression at both the mRNA
and protein levels.

Rfng is a fucose-specific 31, 3-N-acetylcosaminyltransferase,
and has been reported to catalyze the extension of O-fucosylation
on Notch [27]. Analysis of the amino acid sequences of Ling,
Mifng and Rfng, predicts that Lfng is a pre-pro-protein precursor,
while Mfng and Rfng are pre-protein precursors [4]. The
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expression of Lfng, Mfng and Rfng is tissue specific and their
functions are different. This is likely to be because of the differ-
ences in the amino acid sequences of Mfng, Lfng and Rfng and
their localization, since the results were so different when we
tested their expression in Hepal—6 and Hepal—6/Cav-1 cells.
Ming expression was extremely low in Hepal—6 and Hepal—6/
Cav-1 cells, while Lfng was expressed in both Hepal—6 and
Hepal—6/Cav-1 cells, but there was no significant difference in
expression (Fig. la). Rfng expression in Hepal—6/Cav-1 cells
was significantly higher than in Hepal—6 cells (Fig. 1a). These
data indicated that Rfng is the only member of the Fringe family
that is regulated by Cav-1 in mouse HCC cells. The substrates of
Rfng are glycol-peptides that have O-fucose modified sugar
chains. The most widely studied O-fucose modified proteins
are the Notch receptors and ligands. However, the study of
Rfng is currently limited. Almost all reports on Rfng function
are based on its glycosylation modification of Notch. In this
study, the question of whether Cav-1 mediated Rfng expression
also affects the activity of the Notch pathway remains to be
solved.

In summary, our results reveal the specific mechanism by
which Cav-1 participates in the regulation of glycosyltransfer-
ase and glycosylation abnormalities in HCC cells, suggesting
that Cav-1 may further function as a potential therapeutic tar-
get in HCC.

References

1. Aster JC, Pear WS, Blacklow SC (2017) The Varied Roles of Notch
in Cancer. Annu Rev Pathol 12:245-275

2. Dennis JW, Granovsky M, Warren CE (1999) Protein glycosylation
in development and disease. Bioessays 21:412-421

3. Fernandez-Rojo MA, Ramm GA (2016) Caveolin-1 function in
liver physiology and disease. Trends Mol Med 22:889-904

4. Haines N, Irvine KD (2003) Glycosylation regulates Notch signal-
ling. Nat Rev Mol Cell Biol 4:786-797

5. Hoseth EZ, Krull F, Dieset I, Morch RH, Hope S, Gardsjord
ES, Steen NE, Melle I, Brattbakk HR, Steen VM, Aukrust P,
Djurovic S, Andreassen OA, Ueland T (2018) Attenuated
Notch signaling in schizophrenia and bipolar disorder. Sci
Rep 8:5349

6. HuH, Han T, Zhuo M, Wu LL, Yuan C, Wu L, Lei W, Jiao F, Wang
LW (2017) Elevated COX-2 expression promotes angiogenesis
through EGFR/p38-MAPK/Sp1-dependent signalling in pancreatic
cancer. Sci Rep 7:470

7. HuangH,LiuY, YuP, QuJ, GuoY, Li W, Wang S, Zhang J (2018)
MiR-23a transcriptional activated by Runx2 increases metastatic
potential of mouse hepatoma cell via directly targeting Mgat3. Sci
Rep 8:7366

8. JiaL, Wang S, Zhou H, Cao J, Hu Y, Zhang J (2006) Caveolin-1 up-
regulates CD147 glycosylation and the invasive capability of

@ Springer

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

murine hepatocarcinoma cell lines. Int J Biochem Cell Biol 38:
1584-1593

Jiang Y, Lin X, Tang Z, Lee C, Tian G, Du Y, Yin X, Ren X, Huang
L, Ye Z, Chen W, Zhang F, Mi J, Gao Z, Wang S, Chen Q, Xing L,
Wang B, Cao Y, Sessa WC, JuR, Liu Y, Li X (2017) Critical role of
caveolin-1 in ocular neovascularization and multitargeted
antiangiogenic effects of cavtratin via JNK. Proc Natl Acad Sci
USA 114:10737-10742

Johnston SH, Rauskolb C, Wilson R, Prabhakaran B, Irvine KD,
Vogt TF (1997) A family of mammalian Fringe genes implicated in
boundary determination and the Notch pathway. Development 124:
2245-2254

Kadur Lakshminarasimha Murthy P, Srinivasan T, Bochter MS, Xi
R, Varanko AK, Tung KL, Semerci F, Xu K, Maletic-Savatic M,
Cole SE, Shen X (2018) Radical and lunatic fringes modulate notch
ligands to support mammalian intestinal homeostasis. Elife 7:
e35710

Kakuda S, Haltiwanger RS (2017) Deciphering the Fringe-
mediated Notch code: identification of activating and inhibiting
sites allowing discrimination between ligands. Dev Cell 40:193—
201

Kaushik DK, Hahn JN, Yong VW (2015) EMMPRIN, an upstream
regulator of MMPs, in CNS biology. Matrix Biol 44-46:138-146
Khan A, Fornes O, Stigliani A, Gheorghe M, Castro-Mondragon
JA, van der Lee R, Bessy A, Cheneby J, Kulkarni SR, Tan G,
Baranasic D, Arenillas DJ, Sandelin A, Vandepoele K, Lenhard
B, Ballester B, Wasserman WW, Parcy F, Mathelier A (2018)
JASPAR 2018: update of the open-access database of transcription
factor binding profiles and its web framework. Nucleic Acids Res
46:D260-d266

Lamaze C, Tardif N, Dewulf M, Vassilopoulos S, Blouin CM
(2017) The caveolae dress code: structure and signaling. Curr
Opin Cell Biol 47:117-125

Lee SH, Lee YJ, Park SW, Kim HS, Han HJ (2011)
Caveolin-1 and integrin betal regulate embryonic stem cell
proliferation via p38 MAPK and FAK in high glucose. J
Cell Physiol 226:1850-1859

Li B, Dewey CN (2011) RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC
Bioinformatics 12:323

Luo Y, Nita-Lazar A, Haltiwanger RS (2006) Two distinct path-
ways for O-fucosylation of epidermal growth factor-like or
thrombospondin type 1 repeats. J Biol Chem 281:9385-9392
Martinez-Outschoorn UE, Sotgia F, Lisanti MP (2015)
Caveolae and signalling in cancer. Nat Rev Cancer 15:
225-237

Parton RG, del Pozo MA (2013) Caveolae as plasma membrane
sensors, protectors and organizers. Nat Rev Mol Cell Biol 14:98—
112

Pinho SS, Reis CA (2015) Glycosylation in cancer: mechanisms
and clinical implications. Nat Rev Cancer 15:540-555

Ryu BK, Lee MG, Kim NH, Lee KY, Oh SJ, Moon JR, Kim
HJ, Chi SG (2017) Bidirectional alteration of Cav-1 expres-
sion is associated with mitogenic conversion of its function
in gastric tumor progression. BMC Cancer 17:766

Simo R, Barbosa-Desongles A, Hernandez C, Selva DM
(2012) IL1beta down-regulation of sex hormone-binding
globulin production by decreasing HNF-4alpha via MEK-1/
2 and JNK MAPK pathways. Mol Endocrinol 26:1917-1927
Song B, Tang JW, Wang B, Cui XN, Zhou CH, Hou L
(2005) Screening for lymphatic metastasis-associated genes



Caveolin-1 promotes Rfng expression via Erk-Jnk-p38 signaling pathway in mouse hepatocarcinoma cells 559

25.

26.

27.

in mouse hepatocarcinoma cell lines Hca-F and Hca-P using
gene chip (in Chinese). Ai Zheng 24:774-780

Sotgia F, Martinez-Outschoorn UE, Howell A, Pestell RG, Pavlides
S, Lisanti MP (2012) Caveolin-1 and cancer metabolism in the
tumor microenvironment: markers, models, and mechanisms.
Annu Rev Pathol 7:423-467

Wang DX, Pan YQ, Liu B, Dai L (2018) Cav-1 promotes athero-
sclerosis by activating JNK-associated signaling. Biochem Biophys
Res Commun 503:513-520

Yang LT, Nichols JT, Yao C, Manilay JO, Robey EA, Weinmaster G
(2005) Fringe glycosyltransferases differentially modulate Notchl

proteolysis induced by Deltal and Jagged1. Mol Biol Cell 16:927—
942

28. Yin H, Liu T, Zhang Y, Yang B (2016) Caveolin proteins: a molec-
ular insight into disease. Front Med 10:397-404

29. YuS, FanJ, Liu L, Zhang L, Wang S, Zhang J (2013) Caveolin-1
up-regulates integrin alpha2,6-sialylation to promote integrin
alpha5betal-dependent hepatocarcinoma cell adhesion. FEBS Lett
587:782-787

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Caveolin-1 promotes Rfng expression via Erk-Jnk-p38 signaling pathway in mouse hepatocarcinoma cells
	Abstract
	Introduction
	Materials and methods
	Cell culture
	Stable clone selection and transfection
	Immunohistochemical staining
	Quantitative real-time PCR
	Western blot
	Immunofluorescence staining
	Vector construction and luciferase reporter assays
	Chromatin immunoprecipitation
	Primer analysis of RNA-seq data and analysis of differentially expressed genes
	Statistics

	Results
	Cav-1 upregulates the transcription and protein levels of Rfng
	Cav-1 activates transcription factors Hnf4a and Sp1 by phosphorylation
	Cav-1 triggers the Erk-Jnk-p38 signaling pathway
	Cav-1-mediated MAPK activation contributes to Rfng transcription

	Discussion
	References




