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 Elevated plasma cholesterol, specifi cally LDL choles-
terol (LDL-C), is a signifi cant risk factor for coronary heart 
disease and associated comorbidities ( 1 ). LDL-C is cleared 
from the circulation after binding to the extracellular 
domain of the transmembrane protein, LDL receptor 
(LDLR), causing its internalization in clathrin-coated vesi-
cles ( 2, 3 ). Following processing in the endosome, where 
the lipoprotein particle dissociates in a pH-dependent 
fashion, LDLR is either recycled to the cell membrane or 
is targeted for lysosomal degradation ( 3 ). The endosomal 
sorting of LDLR is regulated by the protein, proprotein 
convertase subtilisin/kexin type 9 (PCSK9) ( 4, 5 ). PCSK9 
is a liver-derived plasma protease which is initially synthe-
sized as a  � 74 kDa   precursor protein that undergoes auto-
catalytic cleavage of the prodomain to yield a  � 60 kDa 
mature form ( 6, 7 ). Circulating PCSK9 binds to the extra-
cellular epidermal growth factor-like repeat A (EGF-A) 
domain of LDLR causing its internalization ( 8 ). The bind-
ing between PCSK9 and LDLR is enhanced at the acidic 
pH prevalent in the endosome-lysosomal compartment, 
which inhibits recycling of LDLR to the cell membrane 
and instead targets the PCSK9-LDLR complex for degra-
dation in the lysosome ( 9 ). In human subjects, both gain- 
and loss-of-function mutations of PCSK9 have been described 
that result in chronically elevated (hypercholesterolemia) 
or suppressed (hypocholesterolemia) levels of circulating 
LDL-C, respectively ( 10, 11 ). 

 Although the liver is the primary source of secreted 
PCSK9 and is the most important organ for its function, 
PCSK9 is expressed in several tissues including intestine, 
kidney, and muscle ( 6 ). Analyses of the  � 650 bp proximal 
region of the PCSK9 promoter have thus far revealed 
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we show that knockdown of HNF1 �  is associated with a 
modest reduction in circulating LDL-C in normolipidemic 
mice fed a normal chow diet. 

 MATERIALS AND METHODS 

 Animals 
 Experimental subjects were male C57BL/6J mice between 8 

and 10 weeks of age (Jackson Laboratories). All mice were housed 
in the Veterans Affairs Palo Alto Health Care System Veterinary 
Medical Unit in a 12:12 light:dark cycle (lights on at 0600 hours) 
with a regular rodent chow diet and water provided ad libitum  . 
All experimental analyses were conducted in accordance with 
animal use protocols approved by the Institutional Animal Care 
and Use Committee at the Veterans Affairs Palo Alto Health Care 
System. Starting 2 days prior to adenoviral injections, mice were 
housed three to four per cage and health parameters including 
body weight and food intake were monitored throughout the 
duration of the experiment. Food was removed from cages at 
0800 hours and blood was collected from the retroorbital plexus, 
under anesthesia, at 1200 hours before injection (pre-treatment) 
and on days 4, 7, and 10 postinjection  . On the day of the injec-
tion (day 0), all animals were retro-orbitally injected with 4–6 × 
10 9  PFUs of virus particles. Animals were euthanized on day 10, 
and blood and liver were harvested for further analysis. 

 shRNA design and adenoviral vectors 
 HNF1 �  and HNF1 �  were transiently knocked down using 

shRNA-expressing plasmids and adenoviral vectors. A sequence 
spanning nucleotides 1004 to 1024 of the mouse HNF1 �  mRNA 
was selected as the target for RNAi. This sequence is identical 
among human, mouse, and rat species. Furthermore, it translates 
to amino acid positions 261 to 268, which form part of the home-
odomain of HNF1 �  protein. For HNF1 � , a sequence spanning 
nucleotides 1424 to 1444 of the mouse HNF1 �  mRNA transcript 
variant 1 was targeted for shRNA-mediated knockdown. This se-
quence is also identical among human, mouse, and rat species 
and forms part of the C-terminal domain, corresponding to 
amino acids 414 to 420 of the HNF1 �  protein sequence. To con-
struct Ad-shHNF1 � /Ad-shHNF1 �  adenoviral vectors, a U6 promoter-
based shuttle vector (pSH-HNF1 �  or pSH-HNF1 � ) that expresses 
HNF1 �  or HNF1 �  shRNA was generated using Invitrogen’s 
BLOCK-iT™ U6 RNAi entry vector kit following the manufac-
turer’s instructions. The sequence identity and orientation of 
shRNA in the shuttle vector was confi rmed by sequencing. The 
plasmid was then recombined with pAD/BLOCK-iT DEST vector 
to generate Ad-shHNF1 �  or Ad-shHNF1 �  viral vectors and trans-
duced into HEK293A cells. The crude viral stocks were further 
amplifi ed and purifi ed according to the manufacturer’s guide-
lines. To account for effects of the RNAi expression vectors and 
adenoviral infections, Ad-shLacZ encoding a shRNA for the LacZ 
gene was used as control. Large scale virus preparation and puri-
fi cation for animal injections was performed at Vector Biolabs. 

 Cell culture and transfections 
 HEK293A cells were cotransfected with FLAG-tagged HNF1 �  

or HNF1 �  and pENTRY plasmids for shLacZ, shHNF1 � , or 
shHNF1 �  using Lipofectamine 2000 (Life Technologies) accord-
ing to the manufacturer’s guidelines. After 48 h posttransfection, 
cells were harvested and proteins were extracted in RIPA buffer 
[50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% 
sodium deoxycholate, 0.1% SDS (pH 7.4)] supplemented with 

three promoter elements that can modulate PCSK9 ex-
pression. Farthest upstream, a Sp1 site was implicated to 
play a modest role in PCSK9 transcription ( 12 ). A sterol-
regulatory element (SRE), which forms the target site for 
sterol-regulatory element binding proteins (SREBPs), is 
present  � 330 bp upstream of the translation start site and 
functions as an important cis-element regulating PCSK9 
transcription ( 13, 14 ). Cholesterol-lowering drugs, statins, 
inhibit hydroxymethylglutaryl-CoA, the rate-limiting en-
zyme in cholesterol biosynthesis and activate the SREBP 
pathway. Although this activation of SREBP results in in-
duction of LDLR mRNA transcription, SREBP2 also coor-
dinately induces PCSK9 via the SRE, thus diminishing the 
benefi cial effects of statin treatment ( 15–17 ). Our labora-
tory has previously described a highly conserved hepatic 
nuclear factor (HNF)1 binding site present  � 380 bp up-
stream of the translation start site to be a critical regula-
tor of PCSK9 expression. Additionally, in vitro knockdown 
of HNF1 �  represses PCSK9 protein levels in HepG2 
cells ( 18 ). 

 HNF1 �  and HNF1 �  are homeobox proteins that belong 
to the HNF1 subfamily of transcription factors ( 19 ). HNF1 �  
and HNF1 �  form homodimers that bind to GTTAATNAT-
TAAC sites on the promoter of their target genes ( 20, 21 ). 
Although initially thought to be restricted to the liver, 
HNF1 �  and HNF1 �  have been reported to be expressed 
in a variety of other tissues, like pancreas, kidney, and in-
testine, where they play important roles in tissue develop-
ment and differentiation ( 19, 22 ). While loss of HNF1 �  is 
developmentally lethal, germline deletion of HNF1 �  re-
sults in hepatic, pancreatic, and renal defects ( 22–25 ). A 
predominant phenotype of mono-allelic HNF1 �  and 
HNF1 �  mutations is the development of insulin-indepen-
dent mature onset of diabetes (MODY type 3 and type 5, 
respectively) due to defective  � -cell function ( 26, 27 ). Ad-
ditionally, loss of HNF1 �  has also been associated with in-
creased incidence of hepatocellular adenomas, as well as 
defective bile acid and cholesterol metabolism ( 28, 29 ). 

 HNF1 �  and HNF1 �  are paralogs with essentially iden-
tical in vitro binding properties ( 20 ). Although HNF1 �  
is expressed at very low levels in adult hepatocytes, a re-
cent report implicated that its expression is induced in 
HNF1 �   � / �   livers ( 30 ). In vivo binding studies further indi-
cated that loss of HNF1 �  triggers signifi cantly higher 
HNF1 �  binding at several HNF1 �  target loci, including 
the PCSK9 promoter region ( 30 ). However, there is cur-
rently limited in vivo evidence linking the binding of these 
transcription factors on the PCSK9 promoter to the indi-
vidual contributions of HNF1 �  and HNF1 �  in the regula-
tion of PCSK9 expression in liver tissue, as well as on 
circulating cholesterol levels. In this current study, we 
thus investigated the effects that transient knockdown of 
HNF1 �  and HNF1 �  in mouse livers had on secreted 
PCSK9 and on hepatic LDLR expression under normal 
diet-fed conditions. Our results demonstrate for the fi rst 
time that in vivo liver-specifi c knockdown of HNF1 � , but 
not HNF1 � , signifi cantly decreases serum PCSK9 expres-
sion. This decrease in circulating PCSK9 is accompanied 
by increased expression of hepatic LDLR protein. Finally, 
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according to the manufacturer’s guidelines. Real-time PCR was 
then performed in an ABI 7900HT sequence detection system 
using SyBr Green PCR Master Mix (Life Technologies) and PCR 
primers specifi c for each gene being amplifi ed (  Table 1  ).  With 
duplicate measurements from each cDNA sample, the data were 
analyzed using the  �  � CT method and relative expression of tar-
get mRNAs was normalized to that of GAPDH in each sample. 
For analyses from cultured HepG2 cells and mouse primary he-
patocytes, the same procedure was followed with the exception 
that total RNA was extracted using Quick-RNA miniprep kit 
(Zymo Research) and each cDNA was measured in triplicate with 
species-specifi c primers. 

 Western blotting from mouse liver tissue 
 Total protein was extracted from fl ash-frozen mouse liver sam-

ples by homogenizing  � 50 mg of tissue in RIPA buffer sup-
plemented with 1 mM PMSF and protease inhibitor cocktail 
(Roche). Protein content was quantifi ed using BCA protein assay 
reagent (Pierce) and  � 75–100  � g of protein from individual 
samples was resolved by SDS-PAGE. Following transfer onto ni-
trocellulose membranes, LDLR, PCSK9, HNF1 � , and  � -actin pro-
teins were detected by immunoblotting using rabbit anti-LDLR 
(Biovision), anti-PCSK9 (R&D Systems), goat anti-HNF1 �  (sc-
6547, Santa Cruz Biotechnology), and monoclonal anti- � -actin 
(Clone AC-15, Sigma) antibodies. Immunoreactive bands of pre-
dicted molecular mass were visualized using SuperSignal West 
Femto chemiluminescent substrate (Pierce) and FluorChem E 

1 mM PMSF and protease inhibitor cocktail (Roche). The ex-
pression of HNF1 �  and HNF1 �  was estimated by immunoblot-
ting with an anti-FLAG antibody (Sigma-Aldrich) as described 
later below. HepG2 cells were cultured in MEM supplemented 
with 10% FBS. The cells were seeded in 24- or 6-well plates at a 
density of 0.5 × 10 6  cells/ml and transduced with Ad-shLacZ, Ad-
shHNF1 � , or Ad-shHNF1 �  adenovirus particles at a multiplicity 
of infection (MOI) of 30 or 60  . Following overnight incubation 
after adenoviral transduction, cells were washed and fresh growth 
medium was replaced. Cells were harvested in RIPA buffer or 
RNA lysis buffer 72 h later and stored at  � 80°C until further pro-
cessing. Mouse primary hepatocytes were purchased from the 
University of California, San Francisco, Liver Center   where the 
hepatocytes were isolated by perfusion from 6- to 8-week-old 
male C57BL/6J mice. The primary hepatocytes were initially cul-
tured in plating medium (Williams E supplemented with hepato-
cyte plating supplement pack, Invitrogen) for 4 h, and later 
transferred to incubation medium (William E supplemented 
with hepatocyte maintenance supplement pack, Invitrogen) for 
the duration of the experiment. 

 Luciferase reporter assay 
 pLightSwitch_Promo vector containing the 1,192 bp promoter 

region of human LDLR was purchased from Switchgear Genom-
ics. The 1,192 bp fragment was then sub-cloned into pGL3 basic 
promoter (Promega) and denoted pLDLR1192. The PCSK9-D4 
promoter has been previously described ( 12, 18 ). HepG2 cells 
were cotransfected with pGL3-basic, pLDLR1192, or pPCSK9-
D4 promoters and pENTR vectors for shLacZ, shHNF1 � , or 
shHNF1 �  using FuGene 6 transfection reagent (Promega) ac-
cording to manufacturer’s guidelines. To control for differences 
in transfection effi ciency or effi cacy across samples, pTK plasmid 
encoding  Renilla  luciferase gene was also transfected and was 
used to normalize fi refl y luciferase signal across all samples. 
Forty-eight hours after transfection, cells were harvested in 1× 
passive lysis buffer (Promega) and dual-luminescence signal was 
measured in all samples using the dual-luciferase reporter assay 
system (Promega). 

 Serum collection, PCSK9 ELISA, total cholesterol, and 
LDL-C estimation 

 Following collection using heparinized capillaries, blood sam-
ples (100 ul per animal) were allowed to coagulate at room tem-
perature. The samples were centrifuged for 10 min at room 
temperature and separated serum was transferred to fresh tubes 
and frozen at  � 80°C. Levels of serum PCSK9 were measured us-
ing the Mouse Proprotein Convertase 9/PCSK9 Quantikine 
ELISA kit (R&D Systems) according to manufacturer’s guide-
lines. Briefl y, serum samples were diluted 1:200 in Calibrator di-
luent and allowed to bind for 2 h onto microplate wells that were 
precoated with the capture antibody. Samples were then sequen-
tially incubated with PCSK9 conjugate followed by the PCSK9 
substrate solution with extensive intermittent washes between 
each step. The amount of PCSK9 in serum was estimated colori-
metrically using a standard microplate reader (MDS Analytical 
Technologies). Total cholesterol and LDL-C were measured 
from serum samples using respective kits from StanBio Laborato-
ries according to the manufacturer’s guidelines. 

 RNA isolation and real-time PCR 
 Total RNA was isolated from 20 mg of fl ash-frozen mouse liver 

tissue samples using the RNeasy PLUS mini kit (Qiagen). After 
RNA integrity was confi rmed by gel electrophoresis, 1.5  � g of 
total RNA was reverse transcribed by random priming using the 
high-capacity cDNA reverse transcription kit (Life Technologies) 

 TABLE 1. List of primers used for real-time   PCR   

5 ′ –3 ′ 

Human
 HNF1 � -forward TGGCGCAGCAGTTCACCCAT
 HNF1 � -reverse TGAAACGGTTCCTCCGCCCC
 HNF1 � -forward GGCATTCCGGCAAAAGCTGGC
 HNF1 � -reverse GGCTGTAGCGCACTCCTGACA
 PCSK9-forward AGGGGAGGACATCATTGGTG
 PCSK9-reverse CAGGTTGGGGGTCAGTACC
 APOC3-forward GAAGCACGCCACCAAGACCG
 APOC3-reverse AAGCCATCGGTCACCCAGCCC
 PCK1-forward GAGCTCAGAGGATGGGGAACC
 PCK1-reverse GGGAACACCTTCCGGAGACT
 LIPC-forward TGTGCAACTCTCTCGAAGCC
 LIPC-reverse ATCCAGCCCTGTGATTCTCC
 NR1D1-forward GGCGATCGCAACCTCTAGTT
 NR1D1-reverse ATGACGCCACCTGTGTTGTT
 GAPDH-forward ATGGGGAAGGTGAAGGTCG
 GAPDH-reverse GGGGTCATTGATGGCAACAATA
Mouse
 HNF1 � -forward CGCTCTGTACACCTGGTACG
 HNF1 � -reverse CTTAGTTGGCAGCTCATCGC
 HNF1 � -forward AGAGAGGGAGGCCTTAGTGG
 HNF1 � -reverse CCTCCGTGACCAAGTTGGAG
 PCSK9-forward TTGCAGCAGCTGGGAACTT
 PCSK9-reverse CCGACTGTGATGACCTCTGGA
 LDLR-forward TCGTAGTGGACCCTGTGCAT
 LDLR-reverse GGAAAGATCTAGTGTGATGCCATT
 APOC3-forward TACAGGGCTACATGGAACAAGC
 APOC3-reverse CAGGGATCTGAAGTGATTGTCC
 PCK1-forward TCTTTGGTGGCCGTAGACCT
 PCK1-reverse GATGATCTTGCCCTTGTGTTCTG
 HNF4 � -forward GCCTTCTGCGAACTCCTTCT
 HNF4 � -reverse TCATTGCCTAGGAGCAGCAC
 FABP1-forward ACCATGAACTTCTCCGGCAA
 FABP1-reverse GACACCCCCTTGATGTCCTT
 FABP5-forward ACGGCTTTGAGGAGTACATGA
 FABP5-reverse GTTCATGACACACTCCACGATCA
 GAPDH-forward ATGGTGAAGGTCGGTGTGAA
 GAPDH-reverse ACTGGAACATGTAGACCATGTAGT
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 Knockdown of HNF1 � , but not HNF1 � , results 
in elevated LDLR protein expression in cultured 
hepatic cells 

 After subcloning into destination vectors and packaging 
in adenovirus particles, HepG2 cells were transduced 
with either control (Ad-shLacZ), shHNF1 �  (Ad-shHNF1 � ), 
or shHNF1 �  (Ad-shHNF1 � ) expressing virions. We fi rst 
investigated the effects that HNF1 �  knockdown had on 
protein expression of candidate genes in HepG2 cells. 

Western blot imaging system (Protein Simple). Background 
subtracted band densities were quantifi ed using Alpha View SA 
imaging software (Protein Simple). Signal intensities for  � -actin 
were used as normalization to control for protein loading differ-
ences between individual samples  . 

 Statistical analysis 
 All values are expressed as mean ± SEM. For multiple group 

comparisons, one-way ANOVA with Student’s-Keuls pairwise post 
hoc test was performed using GraphPad Prism 5 software. For 
two group data analysis, unpaired two-tailed Student’s  t -test was 
applied. A  P  value of <0.05 was considered statistically signifi cant 
for all analyses. 

 RESULTS 

 HNF1 � , but not HNF1 � , regulates PCSK9 expression 
 To better delineate the liver-specifi c roles of the HNF1 

sub-family of transcription factors, we designed shRNAs 
against HNF1 �  and HNF1 �  and fi rst tested them in cul-
tured cells. For validation of knockdown and specifi city, 
shRNA shuttle vectors were cotransfected into HEK293 
cells with FLAG-tagged HNF1 �  or HNF1 �  expression plas-
mids. Western blot analysis with anti-FLAG antibody con-
fi rmed that, compared with cells cotransfected with a 
control (shLacZ) shuttle vector, both HNF1 shRNA con-
structs specifi cally reduced their target protein abundance 
by  � 70% and  � 90% for HNF1 �  and HNF1 � , respectively 
(  Fig. 1A  ).  

 The PCSK9 promoter contains a HNF1 binding site and 
is thus considered a target of HNF1 � /1 �  regulated activa-
tion. To confi rm whether knockdown of HNF1 �  or HNF1 �  
affected PCSK9 promoter activity, we utilized the D4 pro-
moter construct which contains the proximal PCSK9 pro-
moter region ( � 440 to  � 94) including the Sp1, HNF1, 
and SRE sites ( 12, 18 ). We cotransfected HepG2 cells with 
the D4 plasmid along with shuttle vectors for shHNF1 �  or 
shHNF1 �  and monitored luciferase reported promoter 
activity. Compared with the control (shLacZ), knockdown 
of HNF1 �  signifi cantly ( P  < 0.01) reduced PCSK9 pro-
moter activity by  � 55% ( Fig. 1B ). However, knockdown 
of HNF1 �  did not produce any reduction in the PCSK9 
D4 promoter activity ( Fig. 1B ). In addition to PCSK9, we 
also tested whether knockdown of HNF1 �  or HNF1 �  had 
any effects on LDLR transcription. We cotransfected 
HepG2 cells with either the control (shLacZ), shHNF1 � , 
or shHNF1 �  shuttle vectors along with the LDLR1192 
promoter plasmid containing the proximal  � 1192 bp re-
gion of the LDLR promoter. Contrary to the effects 
observed on PCSK9 D4 plasmid, knockdown of either 
HNF1 �  or HNF1 �  did not produce any signifi cant change 
in LDLR1192 activity, confi rming that LDLR transcrip-
tion is not regulated by HNF1 � /1 �  ( Fig. 1B ). Western 
blotting analysis of HNF1 �  and PCSK9 in HepG2 cells 
transfected with either the shLacZ or shHNF1 �  shuttle 
vectors was next used to further validate the luciferase re-
porter assay results and confi rmed that knockdown of 
HNF1 �  resulted in dose-dependent decrease in PCSK9 
protein levels ( Fig. 1C ). 

  Fig.   1.  HNF1 � , but not HNF1 � , regulates PCSK9 expression. A: 
HEK293 cells were transfected with shLacZ, shHNF1 � , or shHNF1 �  
shuttle vector along with FLAG-tagged HNF1 �  or HNF1 �  expression 
vector and 48 h later extracted protein was probed with anti-FLAG 
and anti- � -actin antibodies. B: Relative luciferase activities from 
HepG2 cells cotransfected with shLacZ, shHNF1 � , or shHNF1 �  
shuttle vector along with either pGL3-basic, pPCSK9-D4, or 
pLDLR-1192 promoter luciferase plasmids. Data represent summa-
rized results (mean ± SEM) of four to six replicates per treatment 
and are expressed as the ratio of fi refl y/Renilla activity from each 
sample where the relative luciferase activity for shLacZ transfected 
cells is set to 1. ** P  < 0.01 compared with shLacZ cotransfected 
samples. C: HepG2 cells were transfected with shLacZ or shHNF1 �  
shuttle vectors at the indicated DNA amounts. Total protein from 
transfected cells was extracted in RIPA buffer supplemented with 
PMSF, protease inhibitor cocktail, and phosphatase inhibitor and 
was separated by SDS-PAGE. Western blotting was performed for 
detection of HNF1 � , PCSK9 and  � -actin.   
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knockdown of HNF1 �  resulted in a signifi cant ( P  < 0.01) 
 � 90% reduction in PCSK9 mRNA expression compared 
with that observed in the control-transduced HepG2 cells 
( Fig. 2C ). Profi ling of some canonical HNF1 �  target 
genes, APOC3, PCK1, and LIPC, further validated func-
tional knockdown of HNF1 �  ( Fig. 2D ). 

 We also determined protein and mRNA expression of 
several genes from Ad-shHNF1 � -transduced cells. While 
the Ad-shHNF1 �  adenovirus signifi cantly knocked down 
HNF1 �  mRNA expression by  � 50% ( P  < 0.05), we did not 
observe any reduction in either PCSK9 mRNA or protein 
expression in these cells ( Fig. 2E, F ). We did observe a 
slight increase in steady-state PCSK9 mRNA expression in 
Ad-shHNF1 � -transduced cells ( Fig. 2F ). Importantly, a ca-
nonical HNF1 �  target gene, NR1D1 did exhibit modest but 
signifi cant reduction of  � 25% ( P  < 0.05) in Ad-shHNF1 � -
transduced cells compared with Ad-shLacZ-transduced 
controls ( Fig. 2F ). Additionally, LDLR protein expression 
in Ad-shHNF1 � -transduced cells was comparable to the 

Compared with Ad-shLacZ-transduced controls, we ob-
served a robust knockdown of  � 80% ( P  < 0.001) in HNF1 �  
protein expression from HepG2 cells transduced with the 
Ad-shHNF1 �  adenovirus (  Fig. 2A, B  ).  Western blot analy-
sis confi rmed that knockdown of HNF1 �  signifi cantly re-
duced PCSK9 protein expression by  � 63% ( P  < 0.001) in 
the transduced cells ( Fig. 2A, B ). Because PCSK9 is re-
sponsible for LDLR protein degradation without affecting 
its steady state mRNA levels, we also assessed the effects of 
HNF1 �  knockdown on LDLR and observed a substantial 
 � 30% ( P  < 0.01) increase in LDLR protein expression in 
Ad-shHNF1 � -transduced cells ( Fig. 2A, B ). To further 
confi rm that the reduction in PCSK9 protein was a direct 
outcome of the shRNA, we profi led mRNA expression of 
HNF1 �  and corresponding target genes. Real-time PCR 
from cells collected 72 h posttransduction revealed signifi -
cant ( P  < 0.01) knockdown of HNF1 �  mRNA by  � 80% in 
cells transduced with Ad-shHNF1 �  virus compared with 
those transduced with the control ( Fig. 2C ). Importantly, 

  Fig.   2.  Knockdown of HNF1 �  results in elevated 
LDLR protein levels. HepG2 or mouse primary he-
patocyte cells were seeded in 6-well or 24-well cell 
culture plates. After 24 h, cells were transduced with 
Ad-shLacZ (30 or 60 MOI), Ad-shHNF1 �  (30 MOI), 
or Ad-shHNF1 �  (60 MOI) adenoviruses. Fresh cell 
culture medium was replaced 6–8 h later and cells 
were incubated for a further 60–66 h. Total RNA 
and protein were collected from transduced cells 
for real-time PCR and Western blotting analyses. 
A, E: Western blotting with antibodies to LDLR, 
HNF1 � , PCSK9, and  � -actin was conducted by ana-
lyzing individual homogenates from Ad-shHNF1 � - 
(A) or Ad-shHNF1 � -transduced (E) HepG2 cells. B: 
Quantifi cation of LDLR, PCSK9, and HNF1 �  from 
Ad-shLacZ- and Ad-shHNF1 � -transduced HeG2 cells. 
C, D, F, G: Quantitative real-time PCR was con-
ducted to determine the relative expression levels of 
mRNAs of interest from cultured HepG2 cells (C, D, 
F) or mouse primary hepatocytes (G). Data repre-
sent summarized result (mean ± SEM) of three inde-
pendent replicates per treatment after normalization 
with GAPDH. * P  < 0.05, ** P  < 0.01, and *** P  < 0.001 
compared with Ad-shLacZ transduced control cells 
which was set at 1.   
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 Decrease in circulating PCSK9 after liver-specifi c 
knockdown of HNF1 �  

 Expanding on our in vitro fi nding that knockdown of 
HNF1 �  resulted in decreased PCSK9 expression in cul-
tured HepG2 cells and in mouse primary hepatocytes, in 
vivo functions of HNF1 �  were tested by injecting C57BL/6J 
mice with either Ad-shHNF1 �  or with Ad-shLacZ as con-
trol. Animals were fasted for 4 h and blood was drawn be-
fore injection, as well as on days 4, 7, and 10 after injection 
with the shRNA adenovirus. Using ELISA, we analyzed 
PCSK9 levels in serum collected at various time points 
from groups of mice. As shown in   Fig. 3A  ,  in Ad-shLacZ-
injected mice, serum PCSK9 levels fl uctuated during the 
10 day course of study and a small but nonsignifi cant in-
crease was observed at day 10 as compared with pre-
treatment values. In contrast, serum PCSK9 levels in 
Ad-shHNF1 � -infected mice gradually decreased during 

levels observed in Ad-shLacZ-transduced controls ( Fig. 2E ). 
These data confi rmed that reducing HNF1 �  expression 
via shHNF1 �  transduction had no effect in PCSK9 tran-
scription in HepG2 cells. 

 Although our shRNA sequences were designed to knock-
down both human and mouse HNF1 �  and HNF1 � , before 
proceeding with in vivo analyses, we validated their effects 
in the murine system in vitro by transducing mouse pri-
mary hepatocytes with Ad-shLacZ, Ad-shHNF1 � , and Ad-
shHNF1 �  adenoviruses. Whereas knockdown of HNF1 �  
did not affect PCSK9 mRNA expression, real-time PCR anal-
yses confi rmed reduced HNF1 �  and a concurrent reduc-
tion in PCSK9 mRNA expression in cells transduced with 
the Ad-shHNF1 �  virus compared with controls ( Fig. 2G ), 
thus confi rming that HNF1 �  and HNF1 �  shRNA vectors 
were able to target endogenous mouse HNF1 � / �  tran-
scripts, respectively. 

  Fig.   3.  Decrease in circulating PCSK9 and in-
creased hepatic LDLR after liver-specifi c knock-
down of HNF1 � . Wild-type 8–10-week-old male 
C57BL/6J mice (N = 6 animals per treatment) were 
retro-orbitally injected with 6 × 10 9  pfu/mouse 
of Ad-shLacZ or Ad-shHNF1 �  adenovirus particles. 
Four hour-fasted serum samples were collected 
prior to injection and on days 4, 7, and 10 after in-
fection. A: Serum PCSK9 was measured using ELISA 
from all serum samples. Data represent (mean ± 
SEM) PCSK9 concentrations at each time point. * P  
< 0.05, *** P  < 0.001 compared with pretreatment 
expression levels, and  ###  P  < 0.001 compared with 
PCSK9 expression in Ad-shLacZ-infected animals at 
the same time point. B: Western blotting with anti-
bodies to LDLR, HNF1 � , and  � -actin was conducted. 
Values are the mean ± SEM of six samples per group. 
** P  < 0.01, *** P  < 0.001 compared with the Ad-
shLacZ group. C, D: Quantitative real-time PCR was 
used to determine the relative expression levels 
(mean ± SEM) of mRNAs of interest. Data represent 
hepatic mRNA levels of indicated genes after nor-
malization with GAPDH mRNA levels. ** P  < 0.01, 
*** P  < 0.001 compared with the Ad-shLacZ group 
which was set at 1. E: Total cholesterol and LDL-C 
estimations (mean ± SEM) from serum samples. *  P  
< 0.05 compared with the pretreatment levels or Ad-
shLacZ group at same time points.   
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animals compared with Ad-shLacZ controls ( Fig. 4B, C ). 
Western blot analysis revealed that knockdown of HNF1 �  
did not result in a signifi cant reduction in hepatic LDLR 
protein ( Fig. 4D ). Furthermore, measurements of total 
cholesterol and LDL-C levels also indicated that there 
was no difference in serum cholesterol levels in Ad-
shHNF1 �  mice compared with Ad-shLacZ-infected con-
trols at the time of termination of the experiment (day 

the course of the entire study with signifi cant reductions 
of  � 20 and  � 50% compared with pretreatment levels ob-
served at days 7 ( P  < 0.05) and 10 ( P  < 0.001) postinjec-
tion, respectively. 

 We next quantifi ed the hepatic expression of LDLR and 
HNF1 �  protein in control and Ad-shHNF1 � -injected mice. 
Western blot analysis indicated that HNF1 �  protein levels 
were reduced by  � 67% ( P  < 0.001), while LDLR protein 
levels were signifi cantly ( P  < 0.01) increased by  � 1.9-fold in 
Ad-shHNF1 � -infected mouse liver tissues compared with 
control animals ( Fig. 3B ). Levels of PCSK9 protein in liver 
homogenates were not different (supplementary Fig. 1). 

 To confi rm that the observed reduction in serum PCSK9 
and corresponding increase in LDLR protein was an out-
come of diminished hepatic HNF1 � -mediated PCSK9 gene 
transcription, we quantifi ed mRNA expression of PCSK9, 
HNF1 � , and LDLR mRNA from mouse liver tissues. Real-
time PCR analysis revealed that compared with Ad-shLacZ-
infected control animals, HNF1 �  mRNA expression was 
reduced by  � 80% ( P  < 0.001) in mice infected with the Ad-
shHNF1 �  adenovirus ( Fig. 3C ). Similar to results observed 
in cultured cells, this reduction in HNF1 �  was accompanied 
by a  � 50% reduction in PCSK9 mRNA expression ( P  < 
0.001) in Ad-HNF1 � -infected mice ( Fig. 3C ). While LDLR 
mRNA expression remained unchanged, the mRNA level 
of HNF1 �  target genes APOC3, HNF4 � , and FABP5 was 
signifi cantly ( P  < 0.05) reduced in Ad-shHNF1 � -infected 
animals compared with controls ( Fig. 3D ). 

 We analyzed total cholesterol and LDL-C in pretreat-
ment and day 10 posttreatment samples ( Fig. 3E ). We ob-
served a slight, albeit nonsignifi cant, reduction of  � 8% in 
serum total cholesterol levels of Ad-shHNF1 � -infected sam-
ples at 10 days posttreatment  . Importantly, serum LDL-C 
levels were signifi cantly ( � 14%,  P  < 0.05) lower in the Ad-
shHNF1 � -infected animals at the time of termination of 
the experiment (day 10) ( Fig. 3E ). 

 Hepatic HNF1 �  knockdown increased serum PCSK9 
levels in mice 

 Our in vitro results demonstrated that HNF1 �  was the 
primary regulator of PCSK9 and HNF1 �  knockdown had 
no effect on PCSK9 expression. To verify whether the in 
vivo effects of HNF1 �  were similar to those observed in 
cultured cells, normal diet-fed mice were injected either 
with Ad-shLacZ or Ad-shHNF1 �  adenovirus. ELISA of se-
rum samples collected at various time points revealed that 
circulating PCSK9 expression in Ad-shHNF1 � -infected 
animals was comparable to that observed in Ad-shLacZ 
controls (  Fig. 4A  ).  There was no statistical difference in 
PCSK9 serum concentrations between the Ad-shHNF1 � -
treated and control animals in the pretreatment, day 4, or 
day 7 samples, while a slight increase in the serum PCSK9 
level of the Ad-shHNF1 �  group as compared with the con-
trol group was observed at day 10 of postinfection ( Fig. 
4A ). Gene expression analysis of liver tissue by real-time 
PCR showed that LDLR, PCSK9, and HNF1 �  mRNA 
expression remained unchanged between the treatment 
groups, whereas mRNA levels of HNF1 �  and its target gene 
FABP1 were markedly reduced in the Ad-sHNF1 � -infected 

  Fig.   4.  Knockdown of hepatic HNF1 �  did not reduce circulating 
PCSK9. Wild-type 8–10-week-old male C57BL/6J mice (N = 5 ani-
mals per treatment) were retro-orbitally injected with 4 × 10 9  pfu/
mouse of Ad-shLacZ or Ad-shHNF1 �  adenovirus particles. Four 
hour-fasted serum samples were collected prior to injection and on 
days 4, 7, and 10 after infection. A: Serum PCSK9 was measured 
using ELISA from all serum samples. Data represent (mean ± SEM) 
PCSK9 concentrations at each time point. * P  < 0.05 compared with 
PCSK9 expression in Ad-shLacZ infected animals at the same time 
point. B, C: Quantitative real-time PCR was used to determine the 
relative expression levels (mean ± SEM) of mRNAs of interest. Data 
represent hepatic mRNA levels of indicated genes after normaliza-
tion with GAPDH mRNA levels. ** P  < 0.01, *** P  < 0.001 compared 
with the Ad-shLacZ group which was set at 1. D: Western blotting 
with antibodies to LDLR and  � -actin was conducted. Values are the 
mean ± SEM of six samples per group.   
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20-fold ( 30 ). These studies pointed to the possibility that, 
like some other HNF1 �  target genes, the in vivo regula-
tion of PCSK9 may exhibit redundancy in the ability of 
HNF1 �  to complement absence of HNF1 � . We thus tested 
the effects of knockdown of not only HNF1 �  but also of 
HNF1 �  in mouse liver tissues. We observed >80% reduc-
tion in mRNA levels of hepatic HNF1 �  and HNF1 �  after 
10 days postinfection. However, signifi cant reductions in 
hepatic PCSK9 mRNA expression and serum PCSK9 con-
centrations were only observed in the Ad-shHNF1 �  virus-
infected animals. Of note is that the infection dose of 4–6 
× 10 9  PFU/animal and timeline (7–10 days postinfection) 
of analysis is consistent with other reports using adenovi-
ral delivery vectors to knockdown gene expression in mu-
rine livers ( 33–35 ). Consistent with in vitro results, in vivo 
knockdown of HNF1 �  did not result in repression of he-
patic PCSK9 mRNA levels. Thus, although both HNF1 
transcription factors are capable of binding to the PCSK9 
promoter with similar affi nities, our results suggest that 
HNF1 �  and HNF1 �  play distinct roles in vivo. Whereas 
HNF1 �  is ineffective in modulating PCSK9 expression, 
loss of HNF1 �  results in a marked inhibition of PCSK9 
mRNA transcription. 

 The experimental paradigm in our study used normal 
diet-fed adult wild-type mice. These mice are normolipid-
emic and yet, knockdown of HNF1 �  resulted in a signifi -
cant ( � 14%) reduction in circulating LDL-C levels at day 10 
postinfection with the Ad-shHNF1 �  adenovirus. It is known 
that HNF1 �  is a critical transcription factor regulating vari-
ous gene networks, including those involved in glucose and 
lipid metabolism ( 30, 36 ). The current experiments build 
upon recent studies elucidating the central role of HNF1 �  
in regulation of PCSK9. Studies from our laboratory have 
indicated that the lipid lowering drug, berberine, partially 
exerts its effects in repressing PCSK9 transcription via re-
duction in HNF1 �  ( 18 ). Conversely we have also shown that 
in hamsters treated with rosuvastatin, in addition to the 
well-established pathway involving induction of PCSK9 by 
SREBP2, rosuvastatin also caused induction of HNF1 � , 
which partially contributed to the increase in PCSK9 after 
treatment with the drug ( 37 ). Although it is yet unclear 
whether the statin-mediated induction of HNF1 �  occurs in 
vivo in humans, our studies suggest that liver-specifi c knock-
down of HNF1 �  or utilizing agents that downregulate he-
patic HNF1 �  expression may be an ancillary consideration 
when validating or exploring therapeutic regimens targeted 
toward lowering of LDL-C. 

 In summary, utilizing adenovirus-mediated transient 
expression of shRNAs that target HNF1 �  and HNF1 � , 
we demonstrate for the fi rst time that downregulation of 
HNF1 �  in liver tissue led to signifi cant reduction of serum 
PCSK9 and LDL-C levels through upregulation of liver 
LDLR protein. While HNF1 �  is a coregulator of HNF1 �  in 
transactivating several genes containing HNF1 binding 
sites in their promoters, it is expendable for PCSK9 tran-
scription in liver tissue. This work underscores the impor-
tance of HNF1 �  in the control of hepatic PCSK9 expression 
and as a potential therapeutic target for lowering plasma 
cholesterol.  

10, data not shown). Altogether, these data suggest that 
HNF1 �  knockdown did not affect PCSK9 gene expression 
in murine liver tissue. 

 DISCUSSION 

 In the present study, we analyzed the effects of liver-
specifi c knockdown of HNF1 �  and its paralog HNF1 �  in 
adult wild-type mice. We show that HNF1 � , but not 
HNF1 � , is the primary positive regulator of PCSK9 tran-
scription in liver tissue in vivo. Our in vitro studies fi rst 
confi rmed that loss of HNF1 �  reduced the promoter ac-
tivity and mRNA expression of PCSK9, as well as resulted 
in increased expression of LDLR protein. Using adenovi-
ral delivery of shRNA targeted against HNF1 �  or HNF1 � , 
we show that knockdown of HNF1 �  caused signifi cant 
reduction in hepatic mRNA expression and serum con-
centrations of PCSK9. While the expression of LDLR 
mRNA remains unchanged in the liver, LDLR protein 
levels were signifi cantly increased after knockdown of 
HNF1 � . In contrast to HNF1 � , HNF1 �  knockdown did 
not affect PCSK9 expression either in HepG2 cells, 
mouse primary hepatocytes, or mouse liver tissue. To our 
knowledge, this is the fi rst study addressing the in vivo 
liver-specifi c function of HNF1 �  and its paralog HNF1 �  
in the regulation of PCSK9, LDLR, and serum choles-
terol in adult animals. 

 Although a recent report indicated that HNF1 �  acts 
downstream of the insulin receptor (InsR) such that 
shRNA knockdown of InsR leads to increased expression 
of HNF1 � , increased HNF1 �  binding on PCSK9 promoter, 
and increased PCSK9 expression ( 31 ), current in vivo un-
derstanding of the role of HNF1 �  in regulating plasma 
lipid metabolism is based primarily on studies involving 
HNF1 �  knockout transgenic animals. Because HNF1 �  is 
an important transcription factor controlling gene expres-
sion programs in multiple tissues, developmental loss of 
HNF1 �  is associated with various pleiotropic effects and 
abnormalities associated with lipid metabolism that may 
be potentially independent of its role in regulation of 
PCSK9 ( 29 ). For example, HNF1 �  plays a crucial role in 
regulation of  � -cell transcriptional networks involved in 
glucose homeostasis and is responsible for a sub-type of 
maturity-onset diabetes (MODY3), as well as other defi -
ciencies in  � -cell proliferation and function ( 26, 32 ). Thus, 
in order to address the specifi c function of HNF1 factors 
in regulating plasma cholesterol metabolism through the 
hepatic PCSK9-LDLR axis, we employed a shRNA-based 
transient knockdown model and adenovirus delivery sys-
tem for studying the in vivo effects of HNF1 � /HNF1 �  
knockdown on PCSK9 expression. Previous in vitro data 
from our laboratory indicate that both HNF1 �  and HNF1 �  
bind to the PCSK9 promoter in HepG2 cells that overex-
pressed HNF1 �  or HNF1 �  ( 18 ). A recent study investigating 
in vivo promoter occupancy supported this observation 
and further indicated that in liver and islet tissues from 
HNF1 �   � / �   transgenic animals the occupancy of PCSK9 
promoter by HNF1 �  is dramatically increased by up to 
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