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Background: Berberine inhibits PCSK9 transcription via the HNF1 binding site of the PCSK9 promoter, but the underlying
mechanism is unclear.
Results: Berberine inhibits PCSK9 expression by inducing proteasomal degradation of hepatic HNF1� protein.
Conclusion: The ubiquitin-proteasomal system is intrinsically connected to the PCSK9-LDLR pathway through regulation of
HNF1� protein stability.
Significance: We have uncovered a new aspect of PCSK9 regulation by ubiquitin-induced proteasomal degradation of HNF1�.

Our previous in vitro studies have identified hepatocyte
nuclear factor 1� (HNF1�) as an obligated trans-activator for
PCSK9 gene expression and demonstrated its functional
involvement in the suppression of PCSK9 expression by berber-
ine (BBR), a natural cholesterol-lowering compound. In this
study, we investigated the mechanism underlying the inhibitory
effect of BBR on HNF1�-mediated PCSK9 transcription.
Administration of BBR to hyperlipidemic mice and hamsters
lowered circulating PCSK9 concentrations and hepatic PCSK9
mRNA levels without affecting the gene expression of HNF1�.
However, hepatic HNF1� protein levels were markedly reduced
in BBR-treated animals as compared with the control. Using
HepG2 cells as a model system, we obtained evidence that BBR
treatment let to accelerated degradation of HNF1� protein. By
applying inhibitors to selectively block the ubiquitin protea-
some system (UPS) and autophagy-lysosomal pathway, we show
that HNF1� protein content in HepG2 cells was not affected
by bafilomycin A1 treatment, but it was dose-dependently
increased by UPS inhibitors bortezomib and MG132. Bort-
ezomib treatment elevated HNF1� and PCSK9 cellular levels
with concomitant reductions of LDL receptor protein. More-
over, HNF1� protein displayed a multiubiquitination ladder
pattern in cells treated with BBR or overexpressing ubiquitin. By
expressing GFP-HNF1� fusion protein in cells, we observed that
blocking UPS resulted in accumulation of GFP-HNF1� in cyto-
plasm. Importantly, we show that the BBR reducing effects on
HNF1� protein and PCSK9 gene transcription can be eradicated
by proteasome inhibitors. Altogether, our studies using BBR as a
probe uncovered a new aspect of PCSK9 regulation by ubiqui-
tin-induced proteasomal degradation of HNF1�.

Mounting evidence has demonstrated that proprotein con-
vertase subtilisin/kexin type 9 (PCSK9)2 is a critical player in
LDL cholesterol (LDL-C) metabolism through its interaction
with hepatic LDL receptor (LDLR) (1– 4). PCSK9 is mainly syn-
thesized in liver and is rapidly secreted into plasma after its
maturation through a self-engaged autocatalytic cleavage in the
endoplasmic reticulum (3). PCSK9 regulates plasma LDL-C
levels by diverting cell surface LDLR of hepatocytes to lyso-
somes for degradation (5, 6). Thus, PCSK9 plasma levels
directly influence the level of circulating LDL-C (7, 8). Recent
successful demonstrations of neutralizing anti-PCSK9 antibod-
ies that lowered serum LDL-C levels in dyslipidemic and hyper-
cholesterolemic patients have provided strong validation to
support the notion that lowering circulating PCSK9 levels to
up-regulate hepatic LDLR is beneficial for reducing the risk of
cardiovascular disease in humans (9).

In liver tissue, PCSK9 synthesis is largely controlled at the
gene transcriptional level by two transcription factor families,
sterol regulatory element-binding proteins (SREBPs) (10 –12)
and hepatocyte nuclear factor 1 (HNF1), a dimeric transcrip-
tional activator containing homeodomain (13). PCSK9 gene
expression is positively regulated by SREBP through an SRE
motif of the proximal promoter in response to depletion of
intracellular levels of sterols. Within the PCSK9 promoter, a
highly conserved HNF1 binding site is located between the SRE
and Sp1 site that functions as a tissue-specific cis-regulatory
sequence of the PCSK9 promoter through the binding of the
liver-enriched transcription factor HNF1� (14 –16). We have
previously reported that the interaction of HNF1� with HNF1
motif is not only requisite for the high level transcriptional
activity of the PCSK9 promoter in hepatic cells; it is also a reg-
ulatory site to mediate the suppression of PCSK9 transcription
by berberine (BBR), a natural cholesterol-lowering compound

* This work was supported, in whole or in part, by National Institutes of
Health, NCCIH, Grants 1R01 AT002543-01A1 and 1R01AT006336-01A1.
This work was also supported by the Department of Veterans Affairs (Office
of Research and Development, Medical Research Service).

1 To whom correspondence should be addressed: Veterans Affairs Palo Alto
Health Care System, 3801 Miranda Ave., Palo Alto, CA 94304. Tel.: 650-493-
5000 (ext. 64411); Fax: 650-496-2505; E-mail: Jingwen.Liu@va.gov.

2 The abbreviations used are: PCSK9, proprotein convertase subtilisin/kexin
type 9; BA1, bafilomycin A1; BBR, berberine; BTZ, bortezomib; HNF1�, hep-
atocyte nuclear factor 1�; LDLR, LDL receptor; SRE, sterol regulatory ele-
ment; SREBP, sterol regulatory element-binding protein; UPS, ubiquitin
proteasome system; LDL-C, low density lipoprotein cholesterol; CHX,
cycloheximide; IP, immunoprecipitation; qPCR and qRT-PCR, quantitative
PCR and RT-PCR, respectively; Ub, ubiquitin; DMSO, dimethyl sulfoxide.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 7, pp. 4047–4058, February 13, 2015
Published in the U.S.A.

FEBRUARY 13, 2015 • VOLUME 290 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 4047



(17). In HepG2 cells, levels of PCSK9 mRNA and protein were
substantially reduced after BBR treatment (14, 18). Mutation or
deletion of the HNF1 binding site on the PCSK9 promoter
resulted in the loss of BBR-mediated inhibition of PCSK9 pro-
moter activity in HepG2 cells. Likewise, siRNA-mediated
depletion of intracellular HNF1� protein attenuated the sup-
pression of PCSK9 expression by BBR treatment (14).

Our subsequent in vivo study of dyslipidemic hamsters
showed that BBR treatment of 100 mg/kg for 1 week lowered
hepatic PCSK9 mRNA levels by 50% as compared with the
PCSK9 mRNA levels in liver samples of control hamsters (15).
However, the involvement of HNF1� in BBR-mediated reduc-
tion of PCSK9 mRNA in liver tissue was not examined in that
hamster study. Thus, the in vivo evidence for a functional role of
HNF1� in BBR-mediated inhibition of PCSK9 gene transcrip-
tion is presently lacking. Furthermore, the underlying molecu-
lar mechanisms of how BBR inhibits PCSK9 gene expression via
HNF1 site remain unclear. Because inhibition of PCSK9 tran-
scription in liver tissue will directly reduce circulating PCSK9
levels and hence lower the risk for developing cardiovascular
disease, it is important to conduct further investigations to
elucidate the regulatory pathway that is elicited by BBR to
constrain HNF1�-mediated transactivation of PCSK9 gene
expression.

In this current study, by utilizing a hyperlipidemic mouse
model, we demonstrate that BBR treatment reduced circulating
PCSK9 concentrations and hepatic PCSK9 mRNA levels with-
out affecting HNF1� gene expression. However, hepatic
HNF1� protein content was greatly reduced in BBR-treated
mice as compared with the control mice. Examination of liver
tissues of BBR-treated hamsters further confirmed that BBR
lowered HNF1� protein cellular abundance without inhibiting
its gene expression. These in vivo observations from two differ-
ent animal models suggest that BBR regulates HNF1� expres-
sion at translational levels. Through different lines of investiga-
tions conducted in cultured hepatic cells, we provide strong
evidence to demonstrate that the ubiquitin proteasome system
(UPS) is involved in BBR-mediated reduction of HNF1� pro-
tein cellular abundance, which negatively regulates PCSK9 gene
transcription.

EXPERIMENTAL PROCEDURES

Cells and Reagents—The human hepatoma cell line HepG2
was obtained from American Type Culture Collection and cul-
tured in Eagle’s minimum essential medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin, strepto-
mycin solution. HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS and 1% penicillin, streptomycin solution. FuGENE 6 trans-
fection reagent (Roche Applied Science) was used to transfect
plasmids into HepG2 cells or HEK293 cells according to the
manufacturer’s instructions. Anti-HNF1�, anti-Myc, and anti-
HDAC1 antibodies were purchased from Santa Cruz Biotech-
nology, Inc. Anti-�-actin and anti-FLAG antibodies were
purchased from Sigma-Aldrich. Anti-GAPDH antibody was
obtained from Invitrogen. Anti-LDLR antibody was obtained
from BioVision. Anti-hamster PCSK9 antibody was developed
in our laboratory and was reported previously (19). Anti-hu-

man PCSK9 antibody was described previously (14). Anti-ubiq-
uitin antibody (P4D1) was obtained from Cell Signaling. BBR,
cycloheximide (CHX), bortezomib (BTZ), MG132, and bafilo-
mycin A1 (BA1) were purchased from Sigma-Aldrich.

Animal Diet and BBR Treatment—2–3-month-old FVB mice
expressing a luciferase reporter gene (20) were used in the BBR
study. The expression of the luciferase in these mice is irrele-
vant to this study. Mice were housed (4 animals/cage) under
controlled temperature (72 °F) and lighting (12-h light/dark
cycle). Animals had free access to autoclaved water and food.
Mice were fed a rodent high cholesterol diet containing 1.25%
cholesterol (product D12108, Research Diet, Inc.) for 4 weeks.
Mice were then divided into two groups (n � 10/group) and
were given a daily dose of BBR at 200 mg/kg by oral gavage. The
control group received vehicle (0.5% methyl cellulose). The
drug treatment lasted 16 days. Serum samples were collected
after a 4-h fasting before, during, and after the drug treatment.
After the last dosing, all animals were euthanized for collection
of serum and liver tissues. Sera and liver tissues were stored at
�80 °C until analysis.

Male Syrian golden hamsters with body weights of 100 –120
g were purchased from Harlan. Hamsters were fed a high fruc-
tose diet (60% fructose; Dyets, Inc., Bethlehem, PA) for 3 weeks
to induce dyslipidemia (15). After 21 days, while continuously
on the high fructose diet, 18 hamsters were randomly divided
into vehicle control group or BBR group (n � 9/group). Ham-
sters were given a daily dose of BBR at 100 mg/kg by oral gavage.
The control group received vehicle (10% 2-hydroxypropyl-�-
cyclodextrin in autoclaved water) by oral gavage. The BBR
treatment lasted 7 days. At the experimental termination, ham-
sters were fasted overnight before euthanization for serum and
liver tissue collections. Sera and liver tissues were stored at
�80 °C until analysis. Animal use and experimental procedures
were approved by the Institutional Animal Care and Use Com-
mittee of the Veterans Affairs Palo Alto Health Care System.

Serum Isolation and Cholesterol Determination—Fasting
blood samples (0.1 ml) were collected from the retro-orbital
plexus using heparinized capillary tubes under anesthesia
(2–3% isoflurane and 1–2 liters/min oxygen), and serum was
isolated at room temperature and stored at �80 °C. Standard
enzymatic methods were used to determine TC and LDL-C
with commercially available kits purchased from Stanbio Lab-
oratory (Boerne, TX). Each sample was assayed in duplicate.

Detection of Mouse PCSK9 in Serum—Secreted PCSK9 in
mouse serum samples were measured using a mouse PCSK9
ELISA kit obtained from R&D Systems according to the man-
ufacturer’s instructions.

Detection of Hamster PCSK9 in Serum—Hamster serum
PCSK9 was directly measured using the mouse PCSK9 ELISA
kit to obtain relative PCSK9 levels. Additionally, PCSK9 in
hamster serum samples was detected by immunoprecipitation
(IP), followed by Western blotting using anti-hamster PCSK9
antibody as we described previously (19, 22).

RNA Isolation, cDNA Generation, and Real-time Quantita-
tive PCR (qPCR)—Total RNA isolation, generation of cDNA,
and real-time PCR were conducted as previously reported (23).
Each cDNA sample was run in duplicate for liver samples and
triplicate for HepG2 cells. Target mRNA expression in each
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sample was normalized to the housekeeping gene GAPDH. The
2���Ct method was used to calculate relative mRNA expres-
sion levels. Primer sequences of mouse, hamster, and human
genes used in real-time PCR are listed in Table 1.

Western Blot Detection of HNF1� Protein in Liver Tissues of
Mouse and Hamster and in HepG2 Cells—For tissue samples,
�50 mg of frozen liver tissue was homogenized in radioim-
mune precipitation assay buffer containing 1 mM PMSF and
protease inhibitor mixture (Roche Applied Science). For
HepG2 cells, total cell lysates and cytoplasmic and nuclear frac-
tions were isolated as described previously (24, 25). Protein
concentration was determined using BCA protein assay rea-
gent (Pierce). Protein samples were resolved by SDS-PAGE and
transferred onto a nitrocellulose membrane. Immunoreactive
bands were visualized using Super Signal West Substrate
(Thermo Scientific) and quantified with the Alpha View
Software.

Plasmid Constructions—For construction of FLAG-tagged
HNF1� expression vector, human HNF1� coding sequence
was amplified with the following primers containing an SgfI site
(underlined) at the 5�-end and MluI site (boldface type) at the
3�-end: 5�-gccgcgatcgccatggtttctaaactgagccagc-3� and 5�-gtac-
gcgtctgggaggaagaggccatc-3�. The PCR product was then
inserted into pCMV6-entry vector (Origen), at the SgfI and
MluI sites of the cut vector to express HNF1� with a FLAG tag
at the C terminus. The final sequence of the vector pCMV6-
HNF1� and the gene product HNF1�-FLAG were validated by
sequencing and Western blotting, respectively.

For construction of GFP-HNF1� fusion protein expression
vector, human HNF1� coding sequence was amplified with the
following primers containing BglII site (underlined) at the
5�-end and EcoRI site (boldface type) at the 3�-end: 5�-CTCA-
GATCTATGGTTTCTAAACTGAGCCA-3� and 5�-GCAGA-
ATTCTTACTGGGAGGAAGAGGCCA-3�. The PCR product
was then inserted into pAcGFP1-C vector (Clontech) at the
BglII and EcoRI sites of the cut vector to express GFP-HNF1�.
The final sequence of the vector pAcGFP-HNF1� and the gene
product GFP-HNF1� were validated by sequencing and West-
ern blotting, respectively.

Transient Transfection of PCSK9 Promoter Reporter Construct—
PCSK9 promoter reporter pGL3-PCSK9-D4 (14) was cotrans-

fected with pCMV-�-galactosidase control vector. One day
post-transfection, the medium was changed to 0.5% FBS in
Eagle’s minimum essential medium overnight, and BBR at a
dose of 40 �M was added for 24 h in the absence or presence of
increasing concentrations of UPS inhibitors. Cells were lysed in
100 �l of reporter lysis buffer per well, of which 50 �l of cell
lysate were used to measure �-galactosidase activity by using
the �-galactosidase enzyme assay system (Promega). The
remaining 50 �l of lysate were used to measure the firefly lucif-
erase activity by using the luciferase assay system (Promega).
Absolute luciferase activity was normalized against �-galacto-
sidase activity to correct for transfection efficiency. Triplicate
wells were assayed for each transfection condition.

Detection of Ubiquitinated HNF1� by IP—HEK293 cells
were cotransfected with plasmid pCMV6-HNF1� and plasmid
pCW7 expressing an N-terminal Myc-tagged ubiquitin (Myc-
Ub). Mock transfections with empty vectors (pCMV6-entry or
pCMV-Myc) were performed in parallel as a control. At 48 h
post-transfection, cells were lysed in lysis buffer containing 250
mM NaCl, 25 mM Tris/HCl, pH 7.4, 1 mM EDTA, 1% Nonidet
P-40, and protease inhibitors. Anti-FLAG M2-agarose (Sigma-
Aldrich) or Protein A-agarose (Millipore) and anti-Myc anti-
body were individually mixed with 200 �g of cell lysates at 4 °C
overnight. After incubation, the agarose beads were washed
three times with lysis buffer. All proteins were released from
agarose beads by boiling in 20 �l of 1� Laemmli sample buffer
and then subjected to SDS-PAGE and Western blotting with
the indicated antibodies.

Detection of Endogenously Ubiquitinated HNF1� in HepG2
Cells—HepG2 cells were treated for 24 h with BBR or control.
During the last 8 h of BBR treatment, proteasome inhibitor
MG132 (20 �M) or DMSO was added to cells, and cells were
lysed by the addition of modified radioimmune precipitation
assay buffer (50 mM Tris, pH 7.4, 1% Nonidet P-40, 0.25%
sodium deoxycholate, 150 mM NaCl, 1 mM EDTA). Protein
A-agarose (Millipore) beads were mixed with 1 �g of anti-
HNF1� antibody or a control antibody (goat IgG) at 4 °C for 1 h.
0.5 ml of cell lysates containing 500 �g of protein was then
added to the mixture and incubated at 4 °C overnight under
agitation. The beads were collected by centrifugation and
washed three times by modified radioimmune precipitation

TABLE 1
Real-time PCR primer sequences

Forward Reverse

Mouse
Gapdh AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
Hmgcr CTTTCAGAAACGAACTGTAGCTCAC CTAGTGGAAGATGAATGGACATGAT
Hnf1� GCACCAGAGACCCACGTGCC GGCTTCCCCTCAGCTCCCGA
Ldlr ACCTGCCGACCTGATGAATTC GCAGTCATGTTCACGGTCACA
Pcsk9 TTGCAGCAGCTGGGAACTT CCGACTGTGATGACCTCTGGA
Srebp1 CAAGGCCATCGACTACATCCG CACCACTTCGGGTTTCATGC
Srebp2 CCAAAGAAGGAGAGAGGCGG CGCCAGACTTGTGCATCTTG

Hamster
Gapdh AACTTTGGCATTGTGGAAGG GGATGCAGGGATGATGTTCT
Hnf1� GAGGTGGCTCAGCAATTCAC CACTCCTCCACCAAGGTCTC
Pcsk9 TGCTCCAGAGGTCATCACAG GTCCCACTCTGTGACATGAAG
Srebp1 GCACTTTTTGACACGTTTCTTC CTGTACAGGCTCTCCTGTGG
Srebp2 GAGAGCTGTGAATTTTCCAGTG CTACAGATGATATCCGGACCAA

Human
GAPDH ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA
HNF1� TGGCGCAGCAGTTCACCCAT TGAAACGGTTCCTCCGCCCC
PCSK9 AGGGGAGGACATCATTGGTG CAGGTTGGGGGTCAGTACC
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assay buffer. All proteins were released from agarose beads by
boiling in 20 �l of 1� Laemmli sample buffer and then sub-
jected to SDS-PAGE and Western blotting using anti-Ub or
anti-HNF1� antibodies.

Transient Transfection of GFP-HNF1� Construct and Fluo-
rescence Microscopy—HEK293 or HepG2 cells seeded in 6-well
plates were transiently transfected with plasmid pAc-GFP-
HNF1� or the control vector pAc-GFP. At 48 h after transfec-
tion, cells were treated with BTZ for 24 h. Three wells were used
in each condition. The cellular localizations of GFP and GFP-
HNF1� fusion protein were examined with a fluorescence
microscope. To obtain the percentage of cells with GFP-
HNF1� localization in cytoplasm, pictures were taken for
10 –15 fields of view in each well, and the number of GFP-
positive cells with nuclear localization or with cytoplasmic and
nuclear localization were separately counted and recorded.

Proteasome Activity Assays—HepG2 cells cultured in Eagle’s
minimum essential medium containing 0.5% FBS were treated
with BBR (40 �M), BTZ (100 nM), or MG132 (1 �M) for 4 or 24 h.
At the indicated treatment time, cells were incubated for 10
min with the Promega Proteasome-Glo cell-based assay rea-
gent (Proteasome-GloTM 3-substrate cell-based assay system).
The chymotrypsin-like, trypsin-like activity or caspase-like
proteasome activities were detected as the relative light units
generated from the cleaved substrate in the reaction mixture.
Luminescence generated from each reaction condition was
measured by a 96-well plate reader (SpectraMax� L microplate
luminometer, Molecular Devices).

Statistical Analysis—Values are presented as means � S.E.
Significant differences between treatment groups were assessed by
two-tailed Student’s t test (nonparametric Mann-Whitney
test). Statistical significance is displayed as p 	 0.05 (*), p 	 0.01
(**), or p 	 0.001 (***).

RESULTS

Reduction of Circulating PCSK9 and Hepatic HNF1� Protein
Levels in Hyperlipidemic Mice and Hamsters Treated with
BBR—To obtain in vivo evidence for BBR-mediated suppres-
sion of Pcsk9 gene expression via HNF1�, we employed a dys-
lipidemic mouse model. Mice fed a high cholesterol diet for 4
weeks were given BBR at a daily dose of 200 mg/kg (n � 10) or
the vehicle (n � 10) for 16 days. BBR treatment led to a time-
dependent reduction of serum TC (Fig. 1A) and LDL-C (Fig.
1B), whereas TC and LDL-C levels in control mice remained
stable during the dosing period. At the end of treatment, serum
PCSK9 levels were measured that showed a �50% reduction in
BBR-treated mice as compared with that in the control mice
(Fig. 1C). qRT-PCR measurement of mRNA levels of PCSK9,
HNF1�, and four other SREBP target genes including LDLR in
all liver samples revealed that mRNA levels of PCSK9 were
reduced 46% (p 	 0.05) by BBR treatment, whereas mRNA
levels of LDLR and other SREBP2 target genes were unchanged
(Fig. 1D). Importantly, HNF1� mRNA levels were not reduced
by BBR treatment.

We analyzed protein levels of HNF1� and LDLR in individ-
ual mouse liver homogenates by Western blotting, and the sig-
nals were quantified (Fig. 1E). In contrast to the steady HNF1�
mRNA levels, amounts of HNF1� protein were 42% lower (p 	

0.05), and LDLR protein levels were �67% higher (p 	 0.05),
respectively, in the BBR-treated group as compared with the
vehicle group. Taken together, these results demonstrate that
BBR treatment reduced HNF1� protein levels that attenuated
Pcsk9 gene expression. As a consequence, serum PCSK9 levels
were decreased in BBR-treated mice that led to an up-regula-
tion of hepatic LDLR protein and an increased removal of cir-
culating LDL-C.

We questioned next whether BBR could reduce the expres-
sion of HNF1� protein in liver tissue of other animal models.
To this end, we examined the hepatic expression of HNF1�
protein and mRNA levels from dyslipidemic hamsters (15) that
were treated with BBR at a daily dose of 100 mg/kg (n � 9) or
the vehicle (n � 9) for 7 days. Similar to the mice study results,
BBR treatment reduced hepatic PCSK9 mRNA and HNF1�
protein levels without any effect on HNF1� and SREBP2
mRNA expression (Fig. 2, A and B). Because an ELISA kit for
hamster PCSK9 is not available, we used the mouse ELISA kit to
estimate serum PCSK9 levels in all hamster serum samples (Fig.
2C). Serum PCSK9 concentration was 30% (p 	 0.01) lower in
the BBR group as compared with the control group. To validate
the ELISA results, utilizing a highly specific anti-hamster
PCSK9 antibody, we performed IP of pooled serum samples
obtained from BBR and vehicle groups, and the presence of
PCSK9 in immunoprecipitates was detected by Western blot-
ting. Fig. 2D shows that serum PCSK9 levels in the BBR group
were significantly lower as compared with the vehicle, which
agreed with the ELISA results. Taken together, these in vivo
data showed that BBR inhibited HNF1�-mediated Pcsk9 tran-
scription by reducing hepatic HNF1� protein content without
affecting its mRNA levels.

BBR Down-regulates Hepatic HNF1� Expression by Acceler-
ating Its Protein Degradation in Cultured Hepatic Cells—We
examined the time-dependent effects of BBR on the mRNA and
protein expressions of PCSK9 and HNF1� in HepG2 cells.
Reductions of both PCSK9 and HNF1� protein levels in total
cell lysates were clearly observed after 16 and 24 h of BBR treat-
ment (Fig. 3A). In contrast to the concomitant reductions of
both proteins, qRT-PCR analysis showed that HNF1� mRNA
levels remained constant during the 24-h treatment course,
whereas PCSK9 mRNA levels decreased with similar kinetics as
PCSK9 protein in BBR-treated cells (Fig. 3B). These results are
consistent with the in vivo results described above and suggest
that HepG2 cells are a suitable in vitro model system to further
decipher the molecular mechanism by which BBR down-regu-
lates HNF1� protein cellular abundance.

The effect of BBR on HNF1� protein could be a result of
accelerated protein degradation or the reduction of new pro-
tein synthesis. Because the protein half-life of HNF1� has not
been reported previously, initially we decided to use CHX to
block new protein synthesis and assess the HNF1� protein
turnover rate in control and BBR-treated cells. HepG2 cells
were treated for 0, 1, 2, 4, and 8 h with CHX in the absence or
the presence of BBR, and total lysates were isolated for analyz-
ing HNF1� protein levels by Western blotting. Two separate
experiments with identical conditions were performed. Fig. 3C
is a representative Western blot analysis. Fig. 3D shows the
protein decay curves of both experiments. BBR treatment
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caused an accelerated degradation of HNF1� protein with
approximate t1⁄2 � 8.3 h as compared with t1⁄2 � 16.2 h calculated
from DMSO-treated control cells (Fig. 3D, left). A similar 1.8-
fold reduction of HNF1� t1⁄2 by BBR was obtained from the
second assay (t1⁄2 � 7.3 h in BBR versus t1⁄2 � 12.9 h in DMSO
control).

Evaluation of Autophagy-Lysosomal Pathway and Ubiquitin
Proteasome System in HNF1� Protein Degradation in Hepatic
Cells—The reduction in HNF1� protein half-life in BBR-
treated cells suggested that HNF1� is subject to an enhanced
degradation process upon BBR treatment. The autophagy-lys-
osomal pathway and the UPS are the two major cellular proteo-

lytic systems for intracellular protein degradation in eukaryotic
cells. It was recently reported that HCV infection of human
hepatoma-derived Huh-7.5 cells resulted in HNF1� protein
degradation in lysosomes (26). Matsui et al. (26) further dem-
onstrated that the HCV NS5A protein is responsible for the
HCV-induced degradation of HNF1� protein. Thus, we first
assessed whether lysosomes are involved in the normal clear-
ance of HNF1� in HepG2 cells without HCV infection. We
treated HepG2 cells with autophagy/lysosome inhibitor BA1 at
an effective dose of 50 nM or DMSO as the vehicle control for
24 h, and total cell lysates were isolated for Western blotting.
Fig. 4A shows that cellular levels of LDLR and PCSK9 were
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FIGURE 1. BBR treatment lowered serum PCSK9 and cholesterol levels with reduced HNF1� protein content in liver of mice fed a high cholesterol diet. Male
mice fed a high cholesterol diet for 4 weeks were orally dosed with 200 mg/kg/day BBR (n � 10) or an equal volume of vehicle (0.5% methyl cellulose) as the control
group (n�10) for 16 days. Mouse serum TC (A) and LDL-C (B) were measured before, during, and after BBR treatment. C, mouse serum PCSK9 levels after BBR treatment
were quantified by ELISA. D, real-time PCR analysis of mouse liver mRNA levels of the indicated genes after BBR treatment. E, two mouse liver samples of the same
treatment group were pooled together. For each group, 50 �g of homogenate proteins of five pooled samples were resolved by SDS-PAGE. HNF1�, LDLR, and �-actin
were detected by immunoblotting. The protein abundance of HNF1� and LDLR was quantified with the Alpha View software with normalization by signals of �-actin.
The values are presented as mean � S.E. (error bars). *, p 	 0.05; **, p 	 0.01; ***, p 	 0.001 as compared with the vehicle group.
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markedly increased by BA1 treatment, which was in line with
literature reports for lysosome-mediated degradations of
PCSK9 and LDLR (5, 6). In contrast, the cellular abundance of
HNF1� was not affected by the lysosomal inhibitor, suggesting
that HNF1� is not degraded by the autophagy-lysosomal path-
way in HepG2 cells.

We next utilized the proteasome inhibitors BTZ and MG132
to examine the role of UPS in HNF1� degradation in HepG2

cells. Cells were treated with different concentrations of BTZ or
MG132 for 24 h, and total cell lysates were analyzed for HNF1�
protein abundance. Fig. 4B shows that proteasome inhibitors
dose-dependently increased the protein level of HNF1� in
HepG2 cells. In parallel experiments, we examined the cell via-
bility in control and treated cells, and we did not detect signif-
icant changes induced by BBR or by the proteasome inhibitors.

To assess the impact of blocking proteasome-mediated
HNF1� degradation on cellular levels of PCSK9 and LDLR,
HepG2 cells seeded in triplicate dishes were treated with either
100 nM BTZ or DMSO for 24 h, and cell lysates were harvested.
Fig. 4C shows the results of Western blotting of HNF1�,
PCSK9, and LDLR. The signal intensity of each protein was
quantified and normalized to �-actin. The quantitative data are
presented in Fig. 4D. BTZ treatment increased HNF1� abun-
dance 60% (p 	 0.05) over control, which was accompanied by
a 40% increase in PCSK9 protein amount (p 	 0.05) and a 30%
reduction of LDLR protein (p 	 0.01). These results demon-
strate that inhibition of proteasome inversely affected PCSK9
and LDLR protein levels through HNF1� protein stabilization.

Blocking UPS Abolished Reducing Effects of BBR on HNF1�
Protein and PCSK9 mRNA and Protein Expressions—We uti-
lized BTZ to examine the involvement of UPS in BBR-mediated
down-regulation of HNF1� and PCSK9 protein levels in
HepG2 cells. Cells in triplicate wells were treated with vehicle
control DMSO, BBR, BTZ, and a combination of BBR and BTZ.
Fig. 5A shows results of Western blotting of HNF1�, PCSK9,
and LDLR. The signal intensity of each protein was quantified
and normalized to �-actin. The quantitative data are presented
in Fig. 5B. In the absence of proteasome inhibitor BTZ, BBR
treatment significantly lowered HNF1� and PCSK9 while
increasing LDLR protein levels. In the presence of BTZ, how-
ever, these effects of BBR were largely lost. BTZ treatment led to
a marked elevation of cellular abundances of HNF1� and
PCSK9 and reversals of BBR-induced decrease in HNF1� and
PCSK9 protein contents (Fig. 5B).

In parallel experiments, we examined the effects of BTZ on
mRNA expressions of HNF1�, PCSK9, and LDLR (Fig. 5C) by
qPCR. As we expected, whereas HNF1� mRNA levels were
barely changed by any of the treatments, PCSK9 mRNA expres-
sion levels were reduced by BBR and increased by BTZ without
or with BBR, which was consistent with the results of Western
blot analysis. It is worthy to note that our previous studies have
demonstrated that BBR increases LDLR mRNA levels by
mRNA stabilization mediated through the LDLR mRNA 3�-un-
translated region (17, 20), and this BBR effect was not affected
by the proteasome inhibitor. BTZ treatment did not alter LDLR
mRNA levels in uninduced control cells or in BBR-stimulated
cells.

To provide a direct link between proteasome blockage and
BBR-mediated suppression of PCSK9 transcription, we ana-
lyzed PCSK9 promoter activity in HepG2 cells that were treated
with BBR in the absence or the presence of BTZ at concentra-
tions of 50 and 100 nM. A reporter assay confirmed that the
inhibitory effect of BBR on PCSK9 promoter activity was largely
attenuated by co-treatment with BTZ (Fig. 5D).

The UPS recognizes cellular proteins that are tagged by ubiq-
intin (27–29). Thus, it is important to obtain direct evidence
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linking the UPS to BBR-regulated HNF1� degradation. To this
end, first, we overexpressed a C-terminal FLAG-tagged HNF1�
and Myc-Ub in HEK293 cells. In parallel, cells were transfected
with respective empty vectors as negative controls. Whole cell
lysates were subjected to IP with either anti-FLAG- or anti-
Myc-conjugated agarose beads. We blotted anti-Myc precipi-
tates with anti-HNF1� antibody. A multiubiquitination ladder
pattern was readily observed in cells expressing HNF1� (Fig.
5E, lane 1) but not in cells transfected with the empty vector
(Fig. 5E, lane 2). Likewise, blotting anti-FLAG precipitates with
anti-ubiquitin antibody detected the polyubiquitinated HNF1�
in cells that were cotransfected with FLAG-HNF1� and

Myc-Ub (Fig. 5E, lane 3). Without overexpression of Myc-Ub, a
single band possibly representing the monoubiquitinated
HNF1� was detected by anti-ubiquitin antibody in cells trans-
fected with FLAG-HNF1� (Fig. 5E, lane 4).

Next, we examined the ubiquitination status of endogenous
HNF1� in HepG2 cells without and with BBR treatment.
HepG2 cells were treated for 24 h with BBR or DMSO as a
control. During the last 8 h of BBR treatment, proteasome
inhibitor MG132 (20 �M) or DMSO was added to cells. Equal
amounts of whole cell lysates were subjected to IP with anti-
HNF1� antibody or a control antibody (goat IgG), followed by
Western blotting using anti-HNF1� or anti-ubiquitin antibody.

FIGURE 3. BBR down-regulates HNF1� expression by accelerating its protein degradation in HepG2 cells. A, HepG2 cells were treated with 40 �M BBR for
the indicated times. Total cell lysates were isolated from cells and analyzed for PCSK9 and HNF1� protein levels by Western blotting. The results shown are
representative of three separate experiments with similar results. B, HepG2 cells were treated with 40 �M BBR for the indicated times. Total RNA was isolated,
and PCSK9 and HNF1� mRNA levels were assessed by qRT-PCR using human-specific PCR primers, and triplicate measurements were conducted for each cDNA
sample. The results shown are representative of three separate experiments with similar results. C, HepG2 cells were treated with CHX at a 5 �g/ml concen-
tration at the indicated times in the absence or the presence of 40 �M BBR. Total cell lysates were subjected to Western blotting, and bands were visualized with
antibody against HNF1� or �-actin. The data shown are representative of two separate experiments with similar results. D, after normalization to �-actin, the
HNF1� signal intensity was plotted against the CHX treatment time to calculate the t1⁄2 of HNF1� protein. Half-life was calculated from each of the two separate
experiments. Error bars, S.E.
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Detection of HNF1� and ubiquitin in IP samples showed that
the amount of pulled down unubiquitinated HNF1�, as shown
by an anti-HNF1� Western blot, was lower in the precipitates
of the BBR-treated sample than in those of the control sample
(Fig. 5F, compare lane 8 with lane 7); however, the BBR-treated
sample clearly had a higher amount of polyubiquitinated
HNF1� than untreated control. In contrast with anti-HNF1�
IP, Western blotting with anti-HNF1� or anti-ubiquitin anti-
bodies did not detect specific bands in control IgG immunopre-
cipitates (Fig. 5F, lanes 1– 4). These data provide direct evidence
that BBR exposure led to enhanced HNF1� ubiquitination and its
proteasomal degradation.

Blocking the Ubiquitin Proteasome System Affects HNF1�
Subcellular Localization—We were interested in learning
whether HNF1� subcellular localization could be affected by
BBR or proteasome inhibitor. We isolated cytosol and nuclear
fractions of HepG2 cells that were treated with BBR without or
with BTZ. Detections of HNF1� by Western blotting were con-
ducted using different exposure times with a 10-s exposure for
nuclear fraction and 60 s for cytosolic fraction (Fig. 6A). HNF1�
was largely present in the nuclear fraction. The reduction of
HNF1� by BBR was observed in both nuclear and cytosol frac-
tions. Interestingly, blocking proteasome by BTZ nearly abol-
ished the BBR reducing effect on HNF1� level in the cytosolic
fraction, but it only partially blunted the BBR effect on nuclear
HNF1�.

To further examine the impact of blocking the activity of UPS
on HNF1� subcellular localization, we constructed a plasmid,
pAc-GFP-HNF1�, to express a GFP-tagged HNF1� fusion pro-

tein (Fig. 6B). HEK293 cells were transfected with pAc-GFP-
HNF1� or the GFP control vector, and the transfected cells
were subjected to BTZ treatment. Fluorescent microscopy
revealed that GFP was present in both the cytoplasm and
nucleus (Fig. 6C, left) which was in contrast to the GFP-HNF1�
that was primarily localized in the nucleus (Fig. 6C, middle).
Interestingly, upon BTZ treatment, GFP-HNF1� displayed
both a nuclear and cytoplasmic localization pattern in some
transfected cells (Fig. 6C, right).

We repeated this transfection experiment in HepG2 cells and
consistently observed the enhanced cytoplasmic localization of
GFP-HNF1� protein upon BTZ treatment (Fig. 6D). As shown
in Fig. 6, E and F, there was a significant increase in GFP detec-
tion in the cytoplasm upon BTZ treatment.

We could not apply fluorescent microscopy to detect BBR-
induced cytoplasmic accumulation of GFP-HNF1� due to the
autofluorescent property of BBR, which caused a high fluores-
cent background in BBR-treated cells and confounded the GFP
signal detection. Thus, we examined the effect of BBR on the
protein stability of GFP-HNF1� after transient transfection of
pAc-GFP-HNF1� plasmid into HepG2 cells. Fig. 6G is a repre-
sentative Western blot analysis. Fig. 6H shows the GFP-HNF1�
protein decay curves of untreated and BBR-treated samples.
Similar to the endogenous HNF1�, BBR treatment caused an
accelerated degradation of GFP-HNF1� protein.

BBR Treatment Did Not Globally Affect Proteasome Activities
in HepG2 Cells—The 26 S proteasome is a 2.5-MDa multipro-
tein complex found in both the nucleus and cytosol of all
eukaryotic cells and is composed of a single 20 S core particle
and 19 S regulatory particles (30). Three major proteolytic
activities described as chymotrypsin-like, trypsin-like, and
caspase-like are contained within the 20 S core. Together, these
three activities are responsible for much of the protein degra-
dation mediated by proteasomes. We considered the possibility
that BBR treatment might directly activate the proteasome
activity in HepG2 cells, which could be a causal factor for the
enhanced turnover rate of HNF1� in BBR-treated cells. To
examine this possibility, we treated HepG2 cells with BBR for 4
and 24 h, and the proteasome activities in untreated and BBR-
treated cells were assessed by employing cell-based proteasome
assays that individually measure the chymotrypsin-like, tryp-
sin-like, or caspase-like protease activity. In parallel, we treated
HepG2 cells with proteasome inhibitors BTZ and MG132 as
the assay control. Fig. 7 shows that BBR treatments of 4 and 24 h
did not affect any of the protease activities. In contrast, the
proteasome inhibitors effectively blocked all protease activities.
These data suggest that BBR might trigger some signal trans-
duction pathways that lead to the selective degradation of
HNF1� protein by proteasome. This possibility requires fur-
ther investigation.

DISCUSSION

One important aspect of the PCSK9-LDLR pathway in medi-
ating LDL clearance is that their transcription is coordinately
regulated by sterols through a common SRE motif embedded in
their gene promoters and is co-induced by current cholesterol
lowering drugs, such as statins, through activation of SREBPs
(10 –12). Statin treatment increases the transcription of both
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LDLR and PCSK9. The undesirable inducing effect of statins on
PCSK9 transcription is increasingly recognized as a major limi-
tation to statin therapeutic efficacy in further lowering plasma
LDL-C (31–33). Because the HNF1 binding site is unique to the

PCSK9 promoter and is not present in the LDLR promoter,
modulations of PCSK9 transcriptions through HNF1 sequence
will not affect LDLR gene expression. Thus, the HNF1 binding
site represents a divergent point to disconnect the coregulation
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of PCSK9 with LDLR and other SREBP target genes. Indeed, in
this study, we have shown that the natural cholesterol-lowering
compound BBR suppressed hepatic Pcsk9 gene expression and
reduced serum PCSK9 concentrations in mice without affect-
ing mRNA levels of LDLR and other SREBP target genes.
Importantly, in the absence of an increase in gene expression,
liver LDLR protein levels in BBR-treated mice were signifi-
cantly higher than that of control mice, which was convoyed by
a 30% reduction of serum LDL-C levels. Analysis of HNF1�
mRNA and protein levels in all liver samples clearly demon-
strated that BBR attenuated Pcsk9 transcription by reducing the
liver content of HNF1� protein without lowering its mRNA
expression. These results provided the first in vivo example of
down-regulation of HNF1� alone by a lipid-lowering com-
pound and the beneficial impact on plasma LDL-C metabolism
through the PCSK9-LDLR pathway. By analyzing liver samples
of control and BBR-treated hamsters, we observed essentially
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the same phenomenon, that BBR lowered Pcsk9 expression by
reducing HNF1� protein levels. We further confirmed these in
vivo findings by experiments conducted in HepG2 cells, a
model human hepatic cell line. Hence, it is likely that a similar
cellular mechanism is utilized by BBR to suppress PCSK9 gene
expression in liver tissue in vivo and in cultured hepatic cells.

HNF1� is a homeodomain-containing transcription factor
(13, 34) that is important for diverse metabolic functions of
liver, pancreatic islets, kidney, and intestine (35–37). Although
the regulatory network that controls HNF1� gene expression
has been well studied (38 – 40), less is known about the regula-
tion of HNF1� at the protein level. Searching the literature, we
found two reports that described the regulation of HNF1� pro-
tein. An early study conducted by Park et al. (41) reported that
ceramide treatment of H4IIE, a rat hepatocyte-derived cell line,
repressed HNF1� protein via the ubiquitin proteasome system,
whereas a recent study reported that HCV infection of human
hepatoma-derived Huh-7.5 cells resulted in HNF1� protein
degradation in lysosomes (26). To determine which protein
degradation pathway might be operated by BBR to induce
HNF1� protein degradation in HepG2 cells, initially we applied
BA1 and BTZ to separately shut down the cellular protein clear-
ance machineries. The cellular content of HNF1� was not
affected by BA1 but was markedly elevated by proteasome
inhibitors BTZ and MG132. It is noteworthy that the elevated
HNF1� protein levels were accompanied by increased PCSK9
and reduced LDLR abundance in BTZ-treated cells. Our results
provided the first evidence that the UPS-mediated degradation
of HNF1� is directly linked to the PCSK9-LDLR pathway.

BBR treatment consistently lowered HNF1� protein and
PCSK9 mRNA and protein levels in HepG2 cells; however, this
effect was not observed in the presence of UPS inhibitors. Both
MG132 and BTZ showed antagonism to BBR-mediated repres-
sion of HNF1� protein. Utilizing BTZ, we further showed that
BBR-mediated suppression of PCSK9 promoter activity was
largely abolished. By co-transfection of FLAG-tagged HNF1�
and Myc-tagged ubiquitin in HEK293 cells, we detected a mul-
tiubiquitination ladder pattern of HNF1�, which provided
additional evidence suggesting that HNF1� is targeted by the
ubiquitin-induced proteasomal degradation for its intracellular
clearance. Importantly, by detection of ubiquitinated endoge-
nous HNF1� in HepG2 cells, our study provides strong evi-
dence showing that BBR treatment resulted in an enhanced
HNF1� ubiquitination and its proteasomal degradation, which
negatively impacted PCSK9 gene transcription and protein
abundance in hepatic cells. Possibly, these BBR effects, at least
in part, account for the LDL-C-lowering effect of BBR in hyper-
cholesterolemic patients.

The precise mechanism by which BBR induces HNF1� deg-
radation via the UPS is presently unknown. Assessment of pro-
teasome activities in HepG2 cells indicated that BBR treatment
did not affect any of the three major proteolytic activities that
are contained within the proteasome 20 S core. By analysis of
HNF1� subcellular localization, we observed that HNF1� is
accumulated in the cytoplasm upon BTZ treatment. Addition-
ally, BTZ treatment totally reversed the reducing effect of BBR
on HNF1� in the cytoplasmic fraction, but it only partially
reversed the BBR effect on nuclear HNF1�. It is tempting to

speculate that BBR might increase HNF1� nuclear export activ-
ity, resulting in enhanced degradation in cytoplasm. Verifica-
tion of this point awaits further experimental examination.

In summary, we have demonstrated that BBR inhibits
HNF1�-mediated transactivation of PCSK9 gene expression by
down-regulation of hepatic HNF1� protein content in animal
models and in cultured cells where BBR treatment accelerated
HNF1� protein degradation. This effect can be blocked by pro-
teasome inhibitors that increase intracellular content of
HNF1� in untreated cells. Importantly, we demonstrate that
blocking the ubiquitin-proteasome pathway in HepG2 cells
unfavorably affected the PCSK9-LDLR pathway by increasing
PCSK9 and lowering LDLR. Considering that BTZ is currently
used in the clinic as an anticancer drug (21, 42) and new pro-
teasome inhibitors are under development for treating patients
with certain types of cancer, our findings in this study warrant
further investigations in animal models to determine whether
proteasome inhibitors would increase HNF1� protein levels in
liver tissue and elevate circulating PCSK9 and LDL-C levels.
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