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Suppression of Idol expression is an additional
mechanism underlying statin-induced up-regulation
of hepatic LDL receptor expression
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Abstract. Recent studies have identified proprotein convertase
subtilisin/kexin type 9 (PCSK9) and Idol as negative regu-
lators of low density lipoprotein receptor (LDLR) protein
stability. While the induction of PCSKO9 transcription has
been recognized as a limitation to the statin cholesterol-
lowering efficacy at higher doses, it is unknown whether Idol
is involved in the statin-mediated up-regulation of the hepatic
LDLR. Here we report that statins exert opposite effects on
PCSKO9 and Idol gene expression in human hepatoma-derived
cell lines and primary hepatocytes isolated from hamsters
and rats. While PCSK9 expression was induced, the level of
Idol mRNA rapidly declined in statin-treated cells in a dose-
dependent manner. This differs from the effect of the liver X
receptor ligand, GW3965, which increased the expression
of both PCSK9 and Idol. We further show that cellular
depletion of Idol by siRNA transfection did not change
PCSK9 expression levels in control and statin-treated cells;
however, the basal level of LDLR protein increased by 60%
in Idol siRNA transfected HepG2 cells. More importantly,
the increase in LDLR protein abundance by rosuvastatin and
atorvastatin treatment was compromised by Idol siRNA
transfection. Collectively, our present findings suggest that
the suppression of Idol gene expression in liver cells is an
additional mechanism underlying the statin-induced up-
regulation of hepatic LDLR expression. This may contribute
to the hypocholesterolemic effects of statins observed in
clinical settings.
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Introduction

The concentration of low density lipoprotein-cholesterol
(LDL-C) is recognized as a critical predictor of atherosclerosis
and coronary heart disease (CHD) (1-3). There is abundant
evidence indicating that the reduction of LDL-C lowers morbi-
dity and mortality from CHD events (4). The activity of the
LDL receptor (LDLR) in the liver is a major determinant of
plasma LDL-C levels (5-7). The most successful strategy to
reduce circulation levels of LDL involves the up-regulation of
the LDLR activity, thereby enhancing LDL clearance from the
circulation, which, in turn, slows atherosclerotic development
and reduces the risk of CHD (8).

Statins are competitive inhibitors of HMG-CoA reductase,
the rate-limiting enzyme in cholesterol biosynthesis, which
converts HMG-CoA to mevalonate. Statins decrease plasma
cholesterol by inducing intracellular cholesterol depletion
and by up-regulating the hepatic LDLR through a well-
characterized transcriptional mechanism. LDLR transcription
is predominantly controlled by the sterol regulatory element
binding protein-2 (SREBP2), one of the three SREBP family
members that regulate many genes involved in cholesterol
and fatty acid synthesis (9-11). During cholesterol-depleted
conditions, SREBP2 translocates from the cytoplasm to the
nucleus where it binds to the SRE-1 element of the LDLR
promoter and activates gene transcription. This leads to an
increased number of LDLR on the surface of the hepatocytes,
resulting in an enhanced uptake of LDL particles from the
circulation. This statin-induced activation of the SREBP
pathway, however, has an attenuating effect on the LDLR
protein levels in the liver through a concomitant induction
of proprotein convertase subtilisin/kexin type 9 (PCSK9)
mediated by an SRE motif embedded in the PCSK9 promoter
(12,13). PCSKO is a liver-derived plasma protein that binds
to the extracellular EGF-A domain of LDLR and enhances
the intracellular degradation of LDLR (14,15). The discovery
of PCSK9 and its induction by statin treatment has changed
the traditional view on how statin regulates LDLR expression.
Nowadays PCSK®9 is considered a limitation to the statin LDL-
lowering clinical efficacy at higher doses (16).

Recently, another player in the regulation of LDLR protein
stability was discovered. A protein named inducible degrader
of the LDLR (Idol) was found to induce ubiquitination of the
LDLR on its cytoplasmic domain, which promotes LDLR
degradation in the lysosomal compartment (17). Distinct



104

from PCSK9, an SREBP-target gene, Idol gene expression is
largely controlled by the nuclear liver X receptors (LXRs), key
regulators of transcription in cholesterol metabolism. LXRa
and LXRA are sterol-dependent nuclear receptors activated in
response to cellular cholesterol excess (18). When bound to
their endogenous oxysterol ligands or synthetic ligands such
as GW3965 and T0901317, LXRs activate the transcription
of target genes that are primarily involved in cholesterol
efflux. Among these are the ATP binding cassette proteins
G5, G8, and ABCA1 (19). The identification of Idol as a
direct target gene of LXR revealed a new function of LXR in
cholesterol uptake through its effect on modulating LDLR
protein levels.

In light of this newly discovered role of Idol in LDLR
protein stability and the coordinated regulation of intracellular
sterols by the SREBP and LXR signaling pathways, we
examined the effects of statins and the LXR agonist GW3965
on the expression of Idol and PCSK9 in human hepatoma-
derived cell lines and primary hepatocytes isolated from
hamsters and rats. We demonstrate, for the first time, that
statin treatment produced opposite effects on PCSK9 and
Idol gene expression. Statins inhibit Idol mRNA expression,
while up-regulating PCSK9 expression. This is distinct from
the effect of the LXR ligand which increased the expression
of both PCSK9 and Idol.

Materials and methods

Cells and reagents. The human hepatoma cell line HepG2
was obtained from the American Type Culture Collection and
the human hepatoma-derived Huh7 cells were generously
provided by Dr Ting-Ting Huang (VA Palo Alto Health Care
System). HepG2 cells were cultured in Minimum Essential
Medium Eagle (MEM) supplemented with 10% fetal bovine
serum (FBS). Huh7 cells were cultured in Dulbecco's
Modified Eagle Medium (DMEM) supplemented with 10%
FBS. Rosuvastatin (RSV) calcium was obtained from
AstraZeneca (Macclesfield, UK) and atorvastatin (ATV) was
purchased from AK Scientific (Mountain View, CA).
GW3965 and the anti-B-actin monoclonal antibody were
purchased from Sigma-Aldrich. The rabbit anti-LDLR
antibody was obtained from BioVision (Mountain View, CA)
and the rabbit anti-PCSK9 antibody was obtained as
previously described (13). Lipoprotein deficient serum
(LPDS) was purchased from HyClone (Logan, UT).

Primary hepatocyte preparation. Primary hepatocytes were
prepared from male Golden Syrian hamsters and Sprague-
Dawley rats using procedures previously described (20).
Preparations with >90% cell viability were used for further
experiments. Viable hepatocytes were plated at 2x10°
cells/well in 6-well BD Falcon Primaria Tissue Culture Plates
in attaching medium [10% FBS in Williams' medium E
(Invitrogen)] and incubated at 37°C in a CO, tissue culture
incubator for 3 h. Unattached cells were washed out, the culture
medium was replaced with the HepatoZYME-SFM medium
(Invitrogen, CA) and the cells were incubated overnight
followed by the 24 h drug treatment.

SiRNA transfection. Pooled siRNAs against Idol were pur-
chased from Dharmacon (ID: L-006976-00). HepG2 cells
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were seeded in either a 6-well plate (3x103 cells/well) or a
12-well plate (1.5x105 cells/well) with MEM supplemented
with 10% FBS. After the siRNA transfection of 24 h, the
cells were switched to MEM supplemented with 10% LPDS.
The next day, the cells were treated with drugs followed by
total RNA or protein isolation.

RNA isolation and quantitative PCR. For HepG2 or Huh7
hepatoma cell lines, cells were seeded in 12-well cell culture
plate for 24 h in a medium containing 10% FBS. Cells were
switched to a medium containing 10% LPDS overnight
before the drug treatments began. Total RNA was isolated
using an RNA isolation kit from Zymo Research (Orange,
CA). Real-time (RT) PCR was conducted as previously
described (13). The results are averages of triplicate assays
normalized to GAPDH.

The human primer sequences used were: Idol forward
(cgaggactgectcaacca) and reverse (tgcagtccaaaatagtcaacttct)
(17); LDLR forward (gacgtggcgtgaacatctg), and reverse
(ctggcaggcaatgetttgg); PCSK9 forward (aggggaggacatcat
tggtg) and reverse (caggttgggggtcagtacc); GAPDH forward
(atggggaaggtgaaggtcg) and reverse (ggggtcattgatggcaacaata).

The hamster primer sequences used were: Idol forward
(cacccacaccagtcttctca) and reverse (acctggcatgtccagtaage);
LDLR forward (ctccactctatctccageattg) and reverse (tttcagc
caccaaattaacatc); PCSK9 forward (atcctcacaggcctggagtt) and
reverse (ctgtgatgacctctggagea); GAPDH forward (acccagaa
gactgtggatgg) and reverse (cgacatgtgagatccacgac).

The rat primer sequences used were: Idol forward (cagcga
aggacagaaactcc) and reverse (gttaccggactccttggtga); LDLR
forward (accgccatgaggtacgtaag) and reverse (cggcgcetgtagatc
tttctc); PCSK9 forward (ttagtcttcgcccagagceat) and reverse
(ctectcaggceacactgttga); GAPDH forward (agacagccgcatctt
cttgt) and reverse (cttgccgtgggtagagtcat).

Western blot analysis. LDLR and PCSK9 protein expression
in HepG2 and Huh7 cells was assessed by Western blot
analysis as previously described (21). The specific immuno-
reactive bands were visualized using an ECL Plus kit (GE
Healthcare Life Sciences, Piscataway, NJ) and quantified
with the Kodak Molecular Imaging Software (Kodak, New
Haven, CT).

Statistical analysis. All results are representative of between
two to four separate experiments. Real-time PCR data and
densitometry are expressed as mean + SEM. Statistical
analysis was performed using a two-tailed Student's t-test or
a one-way ANOVA followed by the Bonferroni post test. A
probability value of p<0.05 was considered statistically
significant.

Results

Statins exert opposite effects on mRNA expression of Idol and
PCSK9. To examine the involvement of Idol in statin-
mediated up-regulation of the LDLR, a time-dependent effect
of RSV on the mRNA expression of Idol, PCSK9, and LDLR
was examined by RT-PCR. HepG2 and Huh7 cells were
treated with RSV at a dose of 5 yM for varying lengths of
time. Fig. 1A shows that the amount of Idol mRNA in HepG2
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Figure 1. Statin inhibits Idol mRNA expression while up-regulating PCSK9 and LDLR mRNA levels. HepG2 (A) or Huh7 cells (B) were exposed to
rosuvastatin (RSV) at a concentration of 5 yM for various times. Idol, PCSK9, LDLR, and GAPDH mRNA levels were quantified by real-time PCR. The
relative levels of mRNA are presented. Triplicate assays were measured per RNA sample. “p<0.05, “p<0.01, and ““p<0.001 as compared to 0 h. The data

shown are representative of 3 separate experiments.

cells was rapidly decreased by RSV treatment. At 4 h, a 31%
reduction was detected (p<0.001) and the mRNA level of
Idol further declined in RSV treated cells down to 46% of the
untreated control by 24 h. Conversely, RSV increased PCSK9
mRNA and LDLR mRNA by 2-fold at 24 h (p<0.001). This
opposite effect of RSV on Idol and PCSK9 mRNA was
corroborated in Huh7 cells (Fig. 1B). A greater than 70%
reduction of Idol mRNA in Huh7 cells was observed after the
RSV treatment of 24 h.

To determine whether RSV regulates the gene expression
of Idol and PCSK9 with similar potency, we treated cells
with various concentrations of RSV for 24 h. RSV at a dose of
1 uM effectively suppressed Idol while up-regulating PCSK9
and LDLR mRNA expression in both HepG2 (Fig. 2A) and
Huh7 cells (Fig. 2B). We further examined the regulation of

Idol by RSV in primary hepatocyes. Idol mRNA levels in
primary hamster (Fig. 2C) and rat (Fig. 2D) hepatocytes
declined in a dose-dependent manner after a 24 h treatment,
while PCSK9 and LDLR mRNA levels were increased. The
inhibitory effect of statins on Idol gene expression in hamster
hepatocytes was further attested by using another HMG CoA
reductase inhibitor ATV (Fig. 2E). Cumulatively, these
results provided the first evidence demonstrating that statins
exert opposite effects on the mRNA expression of Idol and
PCSK9 with suppression of the former and induction of the
latter.

Concomitant induction of Idol and PCSK9 gene expression
by LXR activation. It was shown that activation of LXR by
its synthetic ligand GW3965 strongly increased Idol mRNA
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expression in primary mouse hepatocytes and HepG2 cells
(17), while the effect of GW3965 on PCSK9 expression was
not reported. Since our data showed that activation of the
SREBP pathway by statins led to the converse effects on Idol
and PCSK9, we sought to investigate the downstream effects
of activating the LXR signaling pathways on Idol and PCSK9.
We treated HepG2 and Huh7 cells with different doses of
GW3965 for 24 h and measured the Idol, PCSK9, and
LDLR mRNA levels by RT-PCR (Fig. 3A and B). At 1 uM
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Figure 2. Dose-dependent inhibition of Idol mRNA expression by RSV.
HepG2 (A) and Huh7 (B) cells were cultured in LPDS medium overnight.
RSV at indicated concentrations was added to the cells for 24 h before the
isolation of total RNA. Idol mRNA abundance was assayed by real-time
PCR along with PCSK9, LDLR, and GAPDH mRNAs. Primary hamster
hepatocytes (C and E) and primary rat hepatocytes (D) were isolated and
plated in culture plates overnight before the drug treatment. “p<0.05,
“p<0.01, and "*p<0.001 as compared to untreated control cells. The data
shown are representative of 3 separate experiments.

concentration, GW3965 increased PCSK9 mRNA levels 1.8-
and 2.4-fold (p<0.001 for both) in HepG2 and Huh7 cells,
respectively. In both cells lines, PCSK9 mRNA levels were
increased over 3-fold by the LXR ligand at a concentration
of 5 uM. In HepG2 cells, GW3965 exerted a stronger effect
on Idol than on PCSK9 mRNA, while in Huh7 cells the
GW3965-induced increase in PCSK9 mRNA level was
comparable to that in Idol mRNA. Activation of the LXR by
GW3965 moderately increased LDLR mRNA expression in
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Figure 3. Concomitant increases in Idol and PCSK9 expression by GW3965
treatment lead to a strong reduction of LDLR protein in liver cells. HepG2
(A) and Huh7 (B) cells were treated with various doses of GW3965 for 24 h
prior to the isolation of total RNA. Idol, PCSK9, LDLR mRNA levels were
analyzed by real-time PCR and were normalized to GAPDH. Primary rat
hepatocytes (C) were cultured in HepatoZYME-SFM medium overnight.
GW3965 at 1 uM concentration was added to the cells for 24 h before the
isolation of total RNA. Idol mRNA abundance was assayed by real-time
PCR along with PCSK9, LDLR, and GAPDH. HepG2 and Huh7 cells were
treated with various doses of GW3965 (C) or RSV (D) for 24 h prior to the
isolation of total cell lysate for Western blot analysis of PCSK9, LDLR, and
B-actin.
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HepG2 cells. The inducing effect of GW3965 on Idol and
PCSK9 mRNA expression was further corroborated in primary
rat hepatocytes (Fig. 3C).

Next, we compared the effects of the LXR ligand with
those of RSV on the protein expression of Idol, PCSK9, and
LDLR in HepG2 and Huh7 cells. A dose-dependent increase
in PCSK9 protein abundance was observed in GW3965-
treated cells, confirming its inductive effect on PCSK9
mRNA expression. Despite a GW3965-induced moderate
increase in LDLR mRNA levels, the LDLR protein levels
were greatly reduced even at the lowest GW3965 dose applied

(Fig. 3D). In contrast to the LXR agonist, RSV, dose-
dependently increased the amounts of LDLR and PCSK9 in
both cell lines (Fig. 3E). Unfortunately, we could not detect
Idol protein expression by Western blot in either cell line using
two different commercially obtained anti-Idol antibodies.
The opposite effects of RSV and GW3965 on Idol mRNA
expression could account, at least in part, for the opposite
effects of these two compounds, a GW3965-induced increase
vs. an RSV-induced decrease, on LDLR protein levels.
Altogether, these results demonstrate that activation of the
LXR signaling pathway strongly reduces LDLR protein
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Figure 4. Idol siRNA transfection affected LDLR protein levels in cells untreated and treated with statins or GW3965. HepG2 cells were transfected with Idol
siRNA or a control nonspecific siRNA with a scrambled sequence in a culture medium containing 10% FBS. After 1 day of transfection, cells were cultured
overnight in a medium containing 10% LPDS prior to the treatment with RSV, ATV, or GW3965 at a dose of 5 uM for 24 h. At the end of the treatment, total
RNA was isolated from transfected cells for real-time PCR analysis of target genes (A), and total cell lysates were isolated for Western blot analysis for
LDLR, PCSKO9, and B-actin (B). The LDLR and PCSK9 bands were quantified using an imaging program of Kodak Image Station 4000R. Values were
normalized to B-actin and were graphed relative to untreated cells. The data are presented as mean + SEM from results of 4 separate transfection experiments.
“p<0.05, “p<0.01 as compared to untreated cells.

levels in liver cells through a concomitant up-regulation of  Suppression of Idol expression is one underling mechanism
Idol and PCSK®9, which is in contrast to the activation of the  for statin-induced up-regulation of LDLR protein expression.
SREBP-signaling pathway that leads to increased LDLR  Having established that statins inhibit Idol gene expression,
protein expression in liver cells. we examined the direct impact of Idol depletion on LDLR

protein abundance in untreated and statin-treated cells by
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transfecting HepG2 cells with a pool of 4 siRNAs targeting
different coding regions of Idol. In untreated control cells,
the mRNA level of Idol was reduced by 61% (p<0.01) in Idol
siRNA transfectants as compared to cells transfected with a
scrambled control siRNA (Fig. 4A, upper panel). The
expression of Idol mRNA in the specific siRNA transfected
cells still responded to LXR ligand or statin treatment
although to a lesser extent as compared to cells transfected
with the control siRNA. The Idol siRNA transfection had no
effect on PCSK9 mRNA (Fig. 4A, middle panel) or LDLR
mRNA expression (Fig. 4A, lower panel), demonstrating a
gene-targeting specificity of the Idol siRNA. Fig. 4B shows
that depletion of Idol did not change PCSK9 protein levels
in control or treated cells. However, the basal level of LDLR
protein was increased by 60% (p<0.01) in Idol siRNA
transfected cells compared to that of nonspecific siRNA.
Furthermore, increases in LDLR protein abundance by RSV
and ATV treatments were tempered by Idol siRNA trans-
fection. The summarized results of densitometry analysis of
protein abundances of LDLR and PCSK9 from 4 separate
transfection experiments are presented in the middle and
lower panels of Fig. 4B. RSV treatment increased LDLR
protein levels by 3-fold in control siRNA-transfected cells.
This induction was reduced to 2-fold in Idol siRNA transfected
cells. The decrease in RSV enhancing activity on the LDLR
protein abundance by Idol depletion was statistically
significant (p<0.01). Idol siRNA transfection caused a similar
compromising effect on the ATV-induced up-regulation of
the LDLR protein expression (2.6-fold in control siRNA vs.
1.8-fold in Idol siRNA, p<0.01). As expected, the inhibitory
effect of GW3965 on LDLR protein was partially reversed
by the gene-specific siRNA transfection. In contrast to
changes in LDLR, depletion of Idol did not affect PCSK9
expression induced by statins or GW3965, suggesting that
regulation of LDLR protein stability by Idol is independent
of the action of PCSKO9.

Discussion

Idol is a newly identified regulator of the LDLR protein (17).
As a ubiquitin ligase, Idol triggers ubiquitination of the
LDLR on its cytoplasmic domain, leading to an enhanced
degradation of the receptor in the lysosome. Thus, along with
the previously characterized PCSK9, LDLR protein stability
is modulated by two distinct proteins that are downstream
effectors of two major signaling pathways in cholesterol
homeostasis, namely the SREBP pathway and the LXR
pathway. While it is well documented that the activation of
SREBP pathway by statins leads to an increased transcription
of PCSK9 concomitant with LDLR, it was unknown until
this study that Idol gene expression is also regulated by
statins. In this report we have demonstrated that statins
reduce Idol mRNA levels while increasing the cellular
abundance of PCSK9, a member of the proprotein convertase
family.

The inhibitory effect of statins on Idol mRNA expression
was consistently observed in all tested liver cells including
two hepatoma-derived cell lines and primary hepatocytes
isolated from two different rodent species. The statin effect
on Idol expression occurred more rapidly than the induction
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of PCSKO9. A significant reduction of Idol mRNA level was
detected at 4 h when PCSK9 mRNA level had not changed.
Different mRNA half-lives of Idol and PCSK9 could explain
the dissimilar kinetics in response to statin treatment. Our
dose-dependent study showed that statins regulate Idol and
PCSK9 with comparable potencies. At 1 M concentration,
RSV effectively lowered Idol mRNA abundance and raised
PCSK9 mRNA levels.

The inhibitory effect of statins on Idol protein expression
was not presented in this current study, because we could not
detect Idol protein by Western blot analysis after trying all
commercially obtainable anti-Idol antibodies. The trouble in
detecting endogenous Idol protein has been reported by
another study (22). The labile nature of Idol protein was
assumed to be responsible for this difficulty. To circumvent
this problem and to seek further evidence to support the
involvement of Idol in statin-mediated up-regulation of
LDLR protein expression we utilized small RNA interference
technology to examine the relationship between Idol and
LDLR. In untreated cells, transfection of Idol siRNA into
HepG2 cells resulted in a 60% increase (p<0.001) in LDLR
protein levels in the absence of changes in the expression of
LDLR mRNA, PCSK9 mRNA, and PCSK9 protein. While
LDLR protein abundance was further increased by statin
treatment in Idol siRNA transfected cells, there was a
statistically significant (p<0.01) decrease induced by RSV
(3-fold control vs. 2-fold specific) or ATV (2.6-fold control
vs. 1.8-fold specific). This finding suggests that inhibition of
Idol-mediated degradation of the LDLR protein is an integral
part of the statin action on LDLR protein expression in
addition to its transcriptional effects on LDLR and PCSKO.

The mechanism of statin-induced inhibition of Idol gene
expression was not investigated in the current study. Statins
inhibit the HMG CoA reductase that leads to the deficiency
in oxysterols, the endogenous ligands of LXR. The reduction
of the intracellular ligand pool diminishes the transactivating
activity of LXRs, thereby impairing the LXR signaling
transduction (23,24). Since an LXR response element has
been identified in the mouse Idol promoter and this regulatory
sequence is required for the induction of Idol promoter activity
by GW3965 and LXRa in HEK293 cells (17), it is plausible
that the attenuation of LXR transactivating activity by statin
treatment led to the reduced expression of Idol in liver cells.
Further studies are needed to fully elucidate the underlying
mechanism of statin-mediated suppression of Idol gene
expression.

In this study, we have also examined the downstream
effect of LXR activation on the expression of Idol and PCSK9
in liver cells. Previous studies conducted in cell culture and
animal models have produced conflicting results on PCSK9
regulation by the LXR agonists. One study reported that
PCSKO transcription was insensitive to LXR activation in
HepG2 cells (12). On the contrary, another study of gene
expression profiling detected an inducing effect of the LXR
agonist TO901317 on PCSK9 mRNA expression in the
mouse liver (19). In the current study, by utilizing the LXR
agonist GW3965 we show that LXR activation led to a dose-
dependent increase of PCSK9 mRNA and protein and Idol
mRNA levels (Fig. 3A-C). Furthermore, we detected a strong
reduction in LDLR protein levels in GW3965-treated cells,
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which was only partially reversed by the knockdown of Idol.
Thus, we speculate that the concomitant increase of Idol and
PCSKO led to an accelerated degradation of the LDLR
protein by LXR activation. This inhibitory effect of the
ligand on LDLR protein expression observed in HepG2 and
Huh7 was different from its in vivo effect. Administration of
GW3965 in mice reduced LDLR protein abundance in
peritoneal macrophages, the small intestine, but not in the
liver (17). The discrepancy between our results and those of
the previous report could reflect the differences in the in vitro
vs. in vivo study systems. Alternatively, it could be that the
liver concentration of GW3965 was not high enough to elicit
a response.

In conclusion, we have demonstrated that statins exert
opposite effects on the expression of PCSK9 and Idol, the
two degraders of the LDLR protein. While PCSK9 induction
is a limitation to the clinical efficacy of statins in further
lowering cholesterol, inhibition of Idol expression in the liver
may contribute to the hypocholesterolemic effects of statins
observed in clinical settings. Our new findings suggest that
the regulation of hepatic LDLR expression by statins is
multifactorial including transcriptional activation through
SREBP?2 and post-transcriptional modulations by PCSK9 and
Idol.
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