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INTRODUCTION

Increased permeability of the endothelial cells lining the 
blood vessels in the brain causes vascular edema, which can 
ultimately result in a stroke. Vascular permeability is regulated 
by tight junctions (TJs) comprising claudins as the main com-
ponents, along with occludin proteins. Twenty-seven claudins 
have been identified in humans to date1); they are differential-
ly expressed depending on the cell type and pathological con-
dition.2) Claudin domain containing 1 (CLDND1), also known 
as claudin25 (CLDN25), is highly expressed in the cerebellum 
and one of the target genes of the retinoic acid receptor-related 
orphan receptor α (RORα).

Staggerer (sg/sg) mutant mice carry a deletion within the 
RORα receptor gene, exhibit excessive inflammation and lipid 
metabolism abnormalities and enhanced macrophage dep-
osition in the vascular walls, and also develop severe ath-
erosclerosis.3,4) RORα regulates the target gene transcrip-
tion by binding as a monomer to a RORα response element 
(RORE), which contains a consensus motif of RGGTCA (R; 
A or G) preceded by an A/T-rich sequence.5) Many ROREs 
have been found within gene promoters, but only a few genes 
have been functionally demonstrated to transcriptional regulat-
ed by RORα. Cholesterol and its derivative oxysterol serve as 
ligands for RORα.6,7) Synthetic RORα ligands may be used as 
drug targets for the treatment of several diseases such as ather-

osclerosis8,9) and non-alcoholic steatohepatitis.10)

We previously reported that RORα is involved in the tran-
scriptional activation of CLDND1 by binding to a RORE 
present in the CLDND1 promoter region,11) and the micro-
RNA miR-124 plays a role in the post-transcriptional regula-
tion of CLDND1.12) Moreover, the mRNA expression levels of 
CLDND1 and RORα correlate with each other in rat tissues.11) 
A previous study using a mouse model of cerebellar hemor-
rhage reported that the expression of CLDND1 is downregu-
lated during cerebellar hemorrhage, and CLDND1 knockdown 
in human vascular endothelial cells resulted in an enhanced 
vascular permeability.13) Therefore, we hypothesized that 
insufficient transcriptional regulation of CLDND1 by RORα is 
associated with the pathogenesis of cerebrovascular conditions 
such as cerebral hemorrhage. However, the transcriptional reg-
ulation of CLDND1 has not been studied extensively to date, 
and the effect of cholesterol on the RORα-mediated transcrip-
tional regulation of CLDND1 remains unknown.

As cholesterol-lowering agents, statins have proven to 
be effective in preventing the onset of stroke by inhibiting 
3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reduc-
tase, the rate-limiting enzyme in the cholesterol biosynthe-
sis pathway.14,15) However, as a scarcely reported side effect 
of statins, the reduction in total cholesterol has been associ-
ated with an increased risk of hemorrhagic stroke.16,17) In this 
study, we used lovastatin to evaluate the effect of cholester-

Regular Article

Lovastatin Suppresses the Transcriptional Regulation of CLDND1 in Human 
Hepatoma Cells
Akiho Shima, Hiroshi Matsuoka*, Kaoruko Miya, and Akihiro Michihara 
 
Laboratory of Genomic Function and Pathophysiology, Faculty of Pharmacy and Pharmaceutical Sciences, Fukuyama 
University, Fukuyama, Hiroshima 729-0292, Japan
Received April 11, 2020; Accepted June 18, 2020

Claudin family proteins play an important role in the formation of tight junctions in several tissues. Individ-
ual claudins display organ- and tissue-specific expression. Claudin domain containing 1 (CLDND1), also known 
as claudin 25 (CLDN25), is a homolog of the claudin family, and its expression was reported to be downregu-
lated in a mouse model of cerebellar hemorrhage. We have also reported that the retinoic acid receptor-relat-
ed orphan receptor α (RORα) is involved in the transcriptional activation of CLDND1 by binding to the RORα 
responsive element (RORE) in the CLDND1 promoter region. Cholesterol and its derivative oxysterol report-
edly serve as ligands for the nuclear receptor RORα. However, the effect of cholesterols on CLDND1 expres-
sion is unclear. The present study aimed to evaluate the effect of inhibiting steroid synthesis via lovastatin on 
RORα-mediated CLDND1 transcriptional regulation. Chromatin immunoprecipitation and luciferase report-
er assays revealed that RORα-mediated transcriptional regulation of CLDND1 was suppressed upon lovasta-
tin treatment of HepG2 cells; however, this inhibitory effect was attenuated by supplementation with cholesterol. 
Furthermore, quantitative reverse transcription-PCR and immunoblotting analyses revealed the downregulat-
ed expression of CLDND1 mRNA and protein in HepG2 cells upon lovastatin treatment with no parallel chang-
es in RORα mRNA and protein levels. These results confirm that cholesterol serve as ligands for RORα and are, 
therefore, involved in the activation of CLDND1 transcriptional regulation by RORα.

Key words   lovastatin, claudin, retinoic acid receptor-related orphan receptor α, tight junctions, cholesterol

113Vol. 3, No. 4 BPB Reports 3, 113-118 (2020)



ol on RORα-mediated CLDND1 transcriptional regulation in  
vitro in the human liver carcinoma cell line HepG2.

MATERIALS AND METHODS

Cell Culture   Immortalized HepG2 cells were obtained 
from the American Type Culture Collection (Manassas, VA, 
USA) and cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 100 μg/mL penicillin-streptomy-
cin and 10% fetal bovine serum (FBS) at 5% CO2 and 37°C.

Chromatin Immunoprecipitation Assay (ChIP)   HepG2 
cells were seeded in 90 mm dishes and grown to 90% conflu-
ence (24 h) in DMEM containing 10% FBS before lovastatin 
treatment. The cells were grown for another 72 h in fresh media. 
At that time, 10 μM lovastatin or DMSO was added to the 
cells. For cells to which lovastatin treated, a medium without 
FBS was used. ChIP assay was conducted following the man-
ufacturer’s instructions for the OneDay ChIP kit (Diagenode,  
Liege, Belgium). The reactions were carried out overnight 
at 4°C, with mixing, using 1 μg of either anti-RORα (C-16) 
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
or normal nonimmunized IgG as a negative control. Sam-
ple DNA was purified and amplified by PCR using designed 
primer specific (hCLDND1-RORE_FW: 5’-GGATACT-
GTCTGCCAGGTCAC-3’, hCLDND1-RORE_RV: 5’-CGGT-
CATCTCGAGTCAATGAC-3’) to RORα promoter region. 
PCR products were separated in a 3% agarose gel and visual-
ized using ethidium bromide and a CS Analyzer (Atto, Tokyo, 
Japan).

Luciferase Reporter Constructs   The luciferase report-
er plasmid pRORE×3 was constructed as follows. Synthet-
ic oligonucleotides corresponding to CLDND1-RORE-sense 
(5’-GGAAATAAAATGGGTCAACGTT-3’) and CLDND1-
RORE-antisense (5’-AACGTTGACCCATTTTATTTCC-3’) 
containing a RORE of CLDND1 genes were phosphorylated 
with the T4 DNA polynucleotide kinase (Takara Bio, Shiga,  
Japan), then mixed and annealed. The resulting double-strand-
ed oligonucleotide was cloned into the SmaI site of the lucif-
erase expression reporter vector PGVP2 (Nippon Gene, 
Tokyo, Japan) containing an SV40 promoter. Then, the plas-
mid clone containing the three sense-oriented tandem cop-
ies of RORE (pRORE×3) was selected by sequencing of the 
resulting recombinant DNA clones.

Transfection and Luciferase Activity Assay   HepG2 cells 
were transfected using Lipofectamine 2000 (Thermo Fisher  
Scientific, Waltham, MA, USA) according to the manufac-
turer’s protocol. Cells were seeded at 0.5×105 cells/well in 
DMEM. After 9 h at 37°C and 5% CO2, the cells in each well 
were transfected for 12 h-16 h with a mixture of 100 ng of the 
luciferase reporter plasmid (pRORE×3), 100 ng of the RORα 
expression plasmid (pRORα) or empty plasmid (pSG5), and 
100 ng of the β-galactosidase reporter plasmid, which was 
used to normalize the luciferase activity. The cells were grown 
for another 24 h-32 h in fresh media. At that time, 20 μM lov-
astatin (Merck, Tokyo, Japan) or DMSO was added to the 
cells. In some cases, 50 nM cholesterol was added with lov-
astatin. Luciferase activity was determined using the Picagene 
luciferase assay kit (Toyo Ink, Tokyo, Japan) according to the 
manufacturer’s protocol, and measured with a Luminescencer-
PSN AB-2200 (Atto).

Quantitative Reverse Transcription-PCR (qRT-PCR)   
HepG2 cells were seeded at 1×105cells/well in DMEM. After 
24 h at 37°C and 5% CO2, 20 μM lovastatin or DMSO were 
added to the cells, which were cultured in DMEM supplement-
ed 10% fetal bovine serum. After 24 h at 37°C and 5% CO2, 
the cells were harvested by using ISOGEN reagents (Nippon 
Gene). Total RNA was prepared using ISOGEN according to 
the manufacturer’s protocol and reverse-transcribed for 90 
min at 37°C in a reaction using 200 U Moloney murine leu-
kemia virus reverse transcriptase (Thermo Fisher Scientific). 
The cDNA was directly amplified using a Roche Light Cycler 
in a 12 μL reaction containing SYBR Green Real-Time PCR 
master mix (Toyobo, Osaka, Japan) and 1 μM primers. The 
primers used to amplify the selected gene have been shown 
in Table 1. Gene expression was quantified using the Light 
Cycler software (Roche, Basel, Switzerland) as the second 
derivative maximum of the curve.

Immunoblotting   HepG2 cells were seeded at 5×105cells/
well in DMEM. After an incubation of 24 h at 37°C and 5% 
CO2, 20 μM lovastatin or DMSO was added to the cells. The 
cells were grown for another 72 h in fresh media. The cells 
were homogenized in chilled lysis buffer containing 50 mM 
Tris-HCl (pH 7.0), 200 mM sucrose, 1 mM ethylenediami-
netetraacetic acid, 1 mg/mL leupeptin, 1 mg/mL pepstatin,  
0.5 mM phenylmethylsulfonyl fluoride, and 1% sodium dode-
cyl sulfate (SDS).The samples were subjected to 12% SDS 
polyacrylamide gel electrophoresis (PAGE), and followed 
by transfer to an Immobilon-P membrane (Merck Millipore,  
Billerica, MA). The membranes were incubated overnight 
at 4°C with anti-CLDND1 (a custom antibody against the 
epitope in the first loop peptide region, produced by Eurofins 
Genomics [13054V;Tokyo,Japan]) or with anti-RORα H-65 
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) or with 
anti-β-actin (Proteintech Group, Chicago, USA) antibodies. 
Subsequently, the membranes were incubated with ECL anti-
rabbit or mouse IgG, horseradish peroxidase-linked whole 
antibody (GE Healthcare, Buckinghamshire, UK). The mem-
branes were detected with the ECL Western blotting detec-
tion reagents (GE Healthcare) according to the manufactur-
er’s instructions. The band intensities were analyzed with a CS 
Analyzer (Atto).

Statistical Analysis   All experiments were performed at 
least three times. Data have been expressed as the mean ± SD 
unless otherwise specified. Error bars represent the mean ± 
S.E. Comparisons of two were performed with the Student’s 
t-test. Differences between groups were evaluated by one-way 
ANOVA. When the F value was significant (p < 0.05), the 
Tukey-Kramer test was performed for post-hoc comparison. 
Values were considered to be statistically significant when p 
<0.05.

Table 1.   Real-Time PCR Primers Sequences

Primer Sequence
rtCLDND1-FW 5’- TAACTGAGCAGTTCATGGAG -3’
rtCLDND1-RV 5’- TAAGCTTCGGCAAATGCAAG -3’
rtRORA-FW 5’- TCCATGCAAGATCTGTGGAG -3’
rtRORA-RV 5’- ACAGCATCTCGAGACATCCC -3’
rtMPD-FW 5’- CTCTTACCTCAATGCCATCTC -3’
rtMPD-RV 5’- CACAAACTCAGCCACAGTGTC -3’
rt18SrRNA-FW 5’- CGATAACGAACGAGACTCTGG -3’
rt18SrRNA-RV 5’- TAGGGTAGGCACACGCTGAGC -3’
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RESULTS

Binding of RORα to RORE Present in the CLDND1 
Promoter Region is Suppressed by Lovastatin   ChIP-PCR 
assay was performed to investigate the effect of lovastatin on 
the binding of RORα to RORE present in the CLDND1 pro-
moter region. The chromatin fragments of the CLDND1 pro-
moter region, including RORE, without lovastatin treatment, 
were immunoprecipitated by the anti-RORα antibody. As a 
control, the addition of a non-immune IgG antibody immuno-
precipitated a small amount of the chromatin fragment of the 
CLDND1 promoter. In contrast, the amount of immunoprecip-
itation of the CLDND1 promoter chromatin region contain-
ing RORE after lovastatin treatment was lower than that of 
the vehicle. The amount of immunoprecipitation with the anti-
RORα antibody after lovastatin treatment was lower than that 
with the non-immune IgG antibody (Fig. 1).

Cholesterol Restores the RORα-Mediated CLDND1 
Transcription Reduced by Lovastatin   We conducted a 
luciferase reporter assay to assess the effect of lovastatin on 
the RORα-mediated CLDND1 transcription. For this reason, 
HepG2 cells were co-transfected with an empty expression 
plasmid (pSG5) and the luciferase reporter plasmid contain-
ing three copies of the RORE (pROREx3) or with the RORα 
expression plasmid (pRORα) and pROREx3; each group was 
treated or untreated with lovastatin. Additionally, we evaluat-
ed the effect of lovastatin with and without cholesterol. The 
results showed enhanced luciferase activity after co-transfec-
tion with the pRORα and pROREx3 plasmids; however, upon 
the addition of lovastatin, the luciferase activity was signifi-
cantly suppressed. We observed similar results following the 
transfection of HepG2 cells with the pROREx3 plasmid alone. 
The luciferase activity was significantly increased upon the 
addition of cholesterol with lovastatin. Moreover, the addi-
tion of cholesterol restored the increased luciferase activity 
induced by endogenous RORα (i.e., with pROREx3 alone) and 
RORα expression (i.e., with the pROREx3 and RORα expres-
sion plasmids) (Fig. 2).

Reduction of Cholesterol Levels by Lovastatin Changes 
the CLDND1 mRNA and Protein Expression Levels   We 
performed qRT-PCR to evaluate the effect of lovastatin treat-
ment on CLDND1 mRNA expression levels. RNA was pre-
pared 24 h after adding lovastatin to the HepG2 cells, and we 

evaluated the mRNA expression levels of mevalonate pyroph-
osphate decarboxylase (MPD), RORα, and CLDND1. As statin 
treatment is known to enhance the expression of MPD in the 
liver,18) the expression level of MPD was evaluated to confirm 
the action of lovastatin as a positive control. Following lovas-
tatin treatment, the expression level of MPD was about 6-fold 
higher than that in the vehicle group, confirming the action of 
lovastatin on HepG2 cells. The results also showed that lovas-
tatin treatment reduced the CLDND1 mRNA expression lev-
el by 27.6% compared to that in the vehicle group. In contrast, 
there was no significant difference in RORα mRNA expression 
between lovastatin- and vehicle-treated cells (Fig. 3).

Immunoblotting was performed to evaluate the effect of 
lovastatin treatment on the CLDND1 protein expression. Pro-
teins were prepared 72 h after the addition of lovastatin to 
the HepG2 cells, and the protein expression levels of RORα 
and CLDND1 were measured. As with the expression of 
CLDND1 mRNA, lovastatin treatment significantly reduced 
the CLDND1 protein expression, and the protein level was 
24.4% lower than that in the vehicle group. However, the pro-
tein expression of RORα (like RORα mRNA expression) was 
not significantly altered by lovastatin treatment (Fig. 4).

DISCUSSION

RORα has been reported to activate CLDND1 transcrip-
tion by binding to the RORE present in the CLDND1 pro-
moter region.11) The present study demonstrates that lovasta-
tin inhibits this RORα-mediated CLDND1 transcription. ChIP 
assay showed that the binding of RORα to the RORE present 
in the promoter region of CLDND1 was suppressed in HepG2 
cells by lovastatin treatment. Furthermore, luciferase report-
er assays revealed that lovastatin affected RORα-mediated 
CLDND1 transcription. These results suggest that the inhibi-
tion of the synthesis of steroid analogs by lovastatin treatment 
reduces the binding between RORE and RORα, thereby sup-
pressing RORα-activated CLDND1 transcription. The inhi-

Fig. 1.   Binding of RORα and RORα Response Element in CLDND1 Pro-
moter Region Suppressed by Lovastatin

Binding between RORα and the RORα response element in the CLDND1 promoter 
by lovastatin using ChIP-PCR. HepG2 cells were treated with lovastatin or vehicle for 
72 h. Cross-linked chromatin was isolated. Non-immune IgG or anti-RORα antibodies 
were used for immunoprecipitation.

Fig. 2.   RORα Responsiveness to RORα Responsive Elements by Choles-
terol Level

HepG2 cells were co-transfected with an empty vector (pSG5) or RORα expression 
plasmids (pRORα) and the luciferase reporter plasmid containing three copies of the 
RORE (pROREx3). The results show the relative luciferase activity of each condition, 
with and without lovastatin or cholesterol treatment. Results also compare luciferase 
activity after lovastatin treatment with and without cholesterol. Data are mean ± S.E. 
(n = 4). * p<0.05.
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bition of RORα responsiveness by lovastatin treatment was 
abrogated by cholesterol supplementation, indicating the direct 
involvement of cholesterol in the RORα-mediated transcrip-
tion regulation. However, RORα responsiveness was not com-
pletely restored and still reduced relative to that of the untreat-
ed control group. Therefore, intermediate metabolites other 
than cholesterol and cholesterol metabolites inhibited by lov-
astatin may also be involved in the activation of transcription 
by RORα.

RORα has been considered an orphan receptor with no 
known ligand; however, recent studies identified cholesterol as 
a ligand for RORα.6,7) Although cholesterol derivatives (e.g., 
7-oxygenated sterols and 24S-hydroxycholesterol) reported-
ly function as RORα inverse agonists and regulate RORα tar-
get genes,19,20) their effects on the RORα target gene CLDND1 
remained unknown. Some studies have suggested that modula-
tion of the RORα target by synthetic ligands may warrant cho-
lesterol supplementation.8,21)

Furthermore, we observed significant decreases in the 
mRNA and protein expression of CLDND1 upon lovastatin 

treatment without any corresponding change in the protein and 
mRNA expression of RORα. Thus, it is suggested that steroid 
analogs do not regulate CLDND1 transcription by regulating 
RORα expression but rather by improving the binding affin-
ity between RORα and the RORE in the CLDND1 promoter 
region.

Stroke accounts for the majority of cerebrovascular diseas-
es. Hypertension directly contributes to the development of 
strokes,22) and the degeneration of small arteries, necrosis, and 
formation of small aneurysms in the brain are known to be the 
major causes of vascular rupture and thrombus formation.23) 
Therefore, increased vascular permeability is an important fac-
tor in the development of stroke. TJs control the vascular per-
meability, a risk factor for cerebral hemorrhage.24) CLDND1 
is one of the main constituent molecules of TJs and high-
ly expressed in the cerebellum. The expression of CLDND1 
and RORα is positively correlated in rat tissues and robust in 
the cerebellum and liver.11) CLDND1 expression was reduced 
in a mouse model of cerebellar hemorrhage, and knockdown 
of CLDND1 in human brain endothelial cells resulted in an 

Fig. 3.   Expression Level of CLDND1 mRNA with Lovastatin Addition in 
HepG2

HepG2 cells were treated with lovastatin or vehicle for 24 h. mRNA expression of 
MPD, RORα and CLDND1 were analyzed by qRT-PCR and normalized to 18S rRNA. 
Data are mean ± S.E. (n = 3). * P < 0.05.

Fig. 4.   Expression Level of CLDND1 Protein with Lovastatin Addition in 
HepG2

(A) Representative blots of RORα and CLDND1 protein expression in the HepG2 
cells. (B) HepG2 cells were treated with lovastatin or vehicle for 72 h. Protein ex-
pression of RORα and CLDND1 was analyzed by immunoblotting and normalized 
to β-actin. Protein expression was quantified using the Intelligent Quantifier. Data are 
mean ±S.E. (n = 3). * P <0.05.
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enhanced vascular permeability.13) These results suggest that 
decreased expression of CLDND1 causes cerebral hemorrhage 
in the cerebellum. As most of the cholesterol is synthesized in 
the liver in vivo, liver cells are considered to be less affect-
ed by lovastatin than other cell types. However, the inhibition 
of cholesterol synthesis in HepG2 cells by lovastatin treatment 
significantly reduced the expression level of CLDND1. Sim-
ilarly, lower cholesterol levels may reduce RORα-mediated 
CLDND1 expression in other cells.

Epidemiological data indicate that stroke-related risk fac-
tors include changes in cholesterol levels.25,26) Furthermore, a 
reduction in the total cholesterol level was associated with an 
increased risk of hemorrhagic stroke.27) Hence, lowering cho-
lesterol levels with a statin may cause cerebral hemorrhage. 
Cholesterol reduction may weaken cell membranes and lead to 
the collapse of TJs owing to the suppression of the transcrip-
tion of cell adhesion molecules.

Stroke-prone spontaneously hypertensive rats (SHRSP) 
are used as a stroke model because they exhibit severe hyper-
tension and frequently suffer strokes.28) SHRSP exhibit hem-
orrhage in the cerebrum but rarely in the cerebellum.29) The 
serum cholesterol level of SHRSP is lower than that of nor-
motensive Wistar Kyoto rats (WKY).30) Furthermore, it has 
been reported that the cholesterol content is decreased in most 
parts of the brain; however, it is increased in the cerebellum 
of SHRSP compared to that of WKY.31) It was also reported 
that the expression level of CLDND1 was not changed in the 
cerebrum but increased in the cerebellum of SHRSP as com-
pared with that in WKY.12) These results show that in SHR-
SP, cholesterol might promote RORα-mediated expression of 
CLDND1 and forms TJs to suppress cerebellar hemorrhage.

In conclusion, we found that cholesterol enhances CLDND1 
transcription regulation by improving the binding affinity 
between RORα and RORE in the CLDND1 promoter region. 
Thus, the administration of lovastatin to lower cholesterol lev-
els should be used with caution in clinical settings as the sta-
tin may also increase the risk of a cerebral hemorrhage in the 
cerebellum.
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