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Hepatic stellate cells (HSCs), vitamin A-storing liver peri-
cytes, undergo myofibroblastic trans-differentiation or “activa-
tion” to participate in liver wound healing. This cellular process
involves loss of regulation by adipogenic transcription factors
such as peroxisome proliferator-activated receptor � (PPAR�).
Necdin, amelanoma antigen family protein, promotes neuronal
and myogenic differentiation while inhibiting adipogenesis.
The present study demonstrates that necdin is selectively
expressed in HSCs among different liver cell types and induced
during their activation in vitro and in vivo. Silencing of necdin
with adenovirally expressed shRNA, reverses activated HSCs to
quiescent cells in a manner dependent on PPAR� and sup-
pressed canonical Wnt signaling. Promoter analysis, site-di-
rected mutagenesis, and chromatin immunoprecipitation dem-
onstrate that Wnt10b, a canonical Wnt induced in activated
HSCs, is a direct target of necdin. Necdin silencing abrogates
three epigenetic signatures implicated in repression of PPAR�:
increased MeCP2 (methyl CpG binding protein 2) and HP-1�
co-repressor recruitments to Ppar� promoter and enhanced
H3K27 dimethylation at the exon 5 locus, again in a manner
dependent on suppressed canonical Wnt. These epigenetic
effects are reproduced by antagonism of canonical Wnt signal-
ing with Dikkopf-1. Our results demonstrate a novel necdin-
Wnt pathway, which serves to mediate antiadipogenic HSC
trans-differentiation via epigenetic repression of PPAR�.

Hepatic stellate cells (HSCs)2 are desmin-positivemesenchy-
mal cells located in the subendothelial (perisinusoidal) space of
hepatic sinusoids. They store vitamin A, function as hepatic
pericytes, communicate with hepatocytes via a gap junction
and the release of soluble factors, and produce the components
of the normal matrix milieu of the perisinusoidal space. HSCs
also actively participate in matrix remodeling and wound heal-

ing through their production of matrix metalloproteinases and
extracellular matrix proteins and are considered as one of the
principal cell types responsible for the genesis of liver fibrosis
(1). The most unique feature of the manner in which HSCs
participate in liver fibrogenesis is their myofibroblastic trans-
differentiation (activation) characterized by depletion of vita-
minA storage, cell proliferation, induction ofmatrix genes, and
acquisition of the myofibroblastic phenotype via induction of
�-smooth muscle actin. Although major classes of mediators
are identified for HSC trans-differentiation, including soluble
factors (cytokines, hormones, and lipid mediators), reactive
oxygen species, and altered extracellular matrix milieu (1), the
fundamental understanding of cell lineage and cell fate regula-
tion of HSCs is elusive. In this regard, Asahina et al. (2) has
demonstrated recently the mesenchymal origin of fetal HSCs
and “submesothelial cell” as a potential precursor for HSCs.
Intriguingly, HSCs express markers for cell types derived from
multipotent mesenchymal progenitor cells such as neural cells,
chondrocytes, osteoblasts, smoothmuscle cells, and adipocytes
(3), suggesting the HSC lineage may indeed be located some-
where within these mesenchymal lineages.
In 1999, we proposed that HSC-myofibroblastic trans-differ-

entiation may be similar to adipocyte-preadipocyte de-differ-
entiation (8). Arguments for this notion included: 1) quiescent
HSC store substantial amounts of triglycerides besides vitamin
A-like adipocytes (4); 2) both quiescent HSC and adipocytes
express type IV collagen, whereas activated HSC and preadipo-
cytes express interstitial collagens; 3) cytokines (TNF-� and
leptin) or growth factors (EGF/TGF� and TGF�), which are
known to inhibit adipocyte differentiation, also activate HSCs
(5); and 4) adipocyte-specific genes such as leptin are expressed
by HSCs (6). Indeed, the expression of PPAR�, a master regu-
lator for adipocyte differentiation (7), is reduced in activated
HSCs (8), and the ligands for this nuclear receptor inhibit HSC
activation in vitro (9, 10). Furthermore, ectopic expression of
PPAR� or SREBP-1c (sterol regulatory element binding pro-
tein-1), another adipogenic transcription factor, or treatment
with the adipocyte differentiation mixture, reverses activated
HSCs to quiescent cells with the restored capacity to store vita-
min A (9, 10). In further support of our notion, activated HSCs
show induced expression of canonical Wnt proteins such as
Wnt10b and Wnt3a (11), which are known to suppress adipo-
cyte differentiation via inhibition of the adipogenic transcrip-
tion factors C/EBP� and PPAR� (12, 13). Forced expression of
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the Wnt co-receptor antagonist Dikkopf-1 (Dkk-1) reduces
increased nuclear�-catenin, restores expression of PPAR�, and
converts culture-activatedHSCs to quiescent lipid-storing cells
(11).
Necdin is amaternally imprinted gene, which encodes a 325-

amino acid protein expressed in neurons, skeletal and smooth
muscle cells, chondrocytes, adipocytes, and skin fibroblasts
(14–19). Necdin belongs to the melanoma antigen family of
proteins, which has a conserved central region termed themel-
anoma antigen homology domain. Necdin knock-out mice
exhibit a phenotype similar to the neurobehavioral disorder
Prader Willi syndrome, suggesting necdin deficiency impairs
neuronal development (20). Indeed, necdin enhances post-mi-
totic differentiation of neurons (21). Necdin also promotes dif-
ferentiation of skeletal (17) and smooth muscle (18) cells while
inhibiting adipocyte differentiation (19). Some of these cell fate
regulations are mediated at least in part via the interaction of
necdin with Wnt1 promoter through homeodomain proteins
such as Msx2 and Dlx2 (17, 21).
Based on the tissue expression pattern and antiadipogenic

action of necdin, and its cell fate regulation based on canonical
Wnt signaling, we hypothesized that necdin is expressed in
HSCs to regulate their trans-differentiation. Indeed, our study
demonstrates that necdin is expressed selectively in HSCs
among different liver cell types and induced in HSC trans-dif-
ferentiation. Its causal role in trans-differentiation is supported
by morphologic and biochemical reversal of culture-activated
HSCs to quiescent cells by necdin silencing, and this effect is
shown dependent on PPAR� and inhibition of canonical
Wnt expression. Furthermore, the necdin-Wnt pathway
causes epigenetic repression of PPAR�, which underlies
HSC trans-differentiation.

MATERIALS AND METHODS

Cell Isolation andCulture—HSCswere isolated fromnormal
male Wistar rats as described previously (22) by the Non-Pa-
renchymal Liver Cell Core of the Southern California Research
Center for Alcoholic Liver and Pancreatic Diseases and Cirrho-
sis. HSCs also were isolated from rats with liver fibrosis result-
ing from 10-day cholestasis due to ligation of the common bile
duct or with hepatotoxic liver fibrosis induced by provision of
phenobarbital in drinking water (500 mg/liter) plus subcutane-
ous injection of CCl4 (0.1 ml/100 g of body weight) given as a
2-fold dilution with mineral oil twice a week for 3 weeks. The
use of animals for this study was approved by the Institutional
Animal Care and Use Committee of the University of Southern
California and Department of Veterans Affairs Greater Los
Angeles Healthcare System. HSCs isolated from normal rats
were cultured on plastic with low glucose DMEM supple-
mented with 10% FBS and antibiotics for 1 day or 7 days for
analysis of quiescent or activated HSCs. HSCs were isolated
from the liver fibrosis models, cultured on plastic in the
medium containing 2% FBS, and analyzed immediately after
overnight culture. Cell morphology was assessed by phase con-
trast microscopy, intracellular vitamin A content by UV-ex-
cited autofluorescence, and intracellular lipid content by oil red
O staining. For promoter analysis via transient transfection, the
spontaneously immortalized cell line (BSC) established from

experimental cholestatic liver fibrosis (23) or the Huh7 hepa-
toma cell line, which does not express necdin, was used. Kupffer
cells were isolated by an essentially identical procedure except
for the use of the cells at the arabinogalactan gradient interface
of 1.043/1.058 and 1.058/1.075 and subsequent adherence
method as described previously (24). Hepatocytes were isolated
by the standard method of in situ collagenase digestion of the
liver and low speed centrifugation (50� g for 1min). Sinusoidal
endothelial cells were isolated by magnetic cell sorting using
SE-1 antibody as described previously (25). Purity of the cells
isolated exceeded 95% for all cell types.
RNA Extraction and Real-time PCR—Total RNA was

extracted from the cells using the RNeasy mini kit (Qiagen).
One microgram of RNA was reverse-transcribed to cDNA by
using SuperScript III First-Strand Synthesis System (Invitro-
gen) and amplified by 40 cycles using primers listed below and
the SYBR Green PCR Master mix reagent (Applied Biosys-
tems). Each Ct value was first normalized to 36B4 Ct value and
compared between the treatment and control samples. Primer
sequences used were as follows: PPAR�, 5�-CTGAAGCTCCA-
AGAATACCAAA; and 5�-AGAGTTGGGTTTTTTCAGAA-
TAATAAGG; LXR�, 5�-GGCCCTGCATGCCTATGTand 5�-
CATTAGCATCCGTGGGAACA; �1(I) collagen, 5�-TCGAT-
TCACCTACAGCACGC and 5�-GACTGTCTTGCCCCAAG-
TTCC; C/EBP�, 5�-AAGAAGTCGGTGGATAAGAACAG
and 5�-GTTGCGCTGTTTGGCTTTATCTC; ACC, 5�-CCC-
AACAGAATAAAGCTACTCTGG and 5�-TCCTTTTGTGC-
AACTAGGAACGT; fatty acid synthase, 5�-CCTGGACAGC-
ATTCCAAACCT and 5�-AGCACATCTCGAAGGCTAC-
ACA; 36B4, 5�-TTCCCACTGGCTGAAAAGGT and
5�-CGCAGCCGCAAATGC.
Immunoblot Analysis—HSCs were cultured in a 10-cm dish

for 7 days followed by infection with Ad.LacZ.shRNA or Ad.
Necdin.shRNA described below at 100 multiplicity of infection
(MOI) for an additional 3 days. The cells were thenwashedwith
PBS once, and nuclear and cytosolic proteins were isolated as
described previously (26). An equal amount of the nuclear or
cytosolic extract (20 �g) was separated by SDS-PAGE and elec-
troblotted to nitrocellulose membranes. Necdin or �-catenin
were detected by incubating with rabbit polyclonal anti-necdin
antibody (Abcam) or rabbit polyclonal anti-�-catenin antibody
(Santa Cruz Biotechnology) at a concentration of 0.2–2 �g/10
ml in TBS (100 mM Tris-HCl, 1.5 M NaCl, pH 7.4) with 5%
nonfat milk followed by incubation with a horseradish peroxi-
dase-conjugated secondary antibody (Santa Cruz Biotechnol-
ogy) at 1 �g/10 ml. Proteins were detected by a chemilumines-
centmethod using the Pierce ECL kit (AmershamBiosciences).
Construction and Use of Recombinant Adenovirus Vectors—

Replication-incompetent recombinant adenovirus expressing
necdin shRNA was constructed using BLOCK-iT Adenoviral
RNAi expression system (Invitrogen) according to the manu-
facturer’s instructions. To select the best shRNA against the rat
necdin gene, we first designed four shRNA oligonucleotides by
using the Invitrogen shRNA designer. Of these, one starting
at �916 (5�-GGCCAGAGTCTTTAAGAAGGA-3�) was
shown to be most effective. An additional sequence of CACC
was added at the 5� end, and AAAA was added to the 5� end of
the complementary sequence. These two DNA oligonucleo-
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tides were annealed to generate dsDNA, which was subse-
quently cloned into the pENTR/U6 vector using the BLOCK-iT
U6 RNAi Entry vector kit. The U6 RNAi cassette in the
pENTR/U6 necdin shRNAvectorwas transferred to the adeno-
viral expression plasmid by LR recombination reaction using
the Gateway LR Clonase II enzyme mix and pAd/BLOCK-iT-
DEST Gateway Vector kit. Isolated adenoviral expression
clones were then digested with PacI to expose the inverted ter-
minal repeats and transfected into 293A cells using Targefect
F-2 (Advanced Targeting Systems, San Diego, CA) for produc-
tion of a crude adenoviral stock. Large-scale amplification of
adenoviral vectorwas performed in 293A cells as described pre-
viously (26, 27). The titer of the purified virus was determined
by the standard plaque-forming assay with 293A cells. An ade-
novirus expressing �-galactosidase shRNA (Ad.LacZ.shRNA)
was constructed as a control shRNA vector. Necdin-silencing
efficiencywas tested in day 6 culture-activated ratHSCswith an
MOI of 50, 100, and 200. Adenovirus expressing GFP (26), a
dominant-negative mutant of PPAR� (a gift from Dr. Krishna
K. Chatterjee of the University of Cambridge) (28), or Dkk-1 (a
gift from Dr. Calvin Kao, Stanford University), were similarly
amplified and purified, and their titers were determined for the
use at an MOI of 50 or 100.
Transient Transfection and Reporter Gene Assay—To deter-

mine whether necdin silencing affectsWnt10b promoter activ-
ity, the rat HSC cell line BSC was transiently transfected with
the Wnt10b promoter (�705/�33)-luciferase construct (a gift
from Dr. Dwight J. Klemm, University of Michigan) by using
Targefect F-2 (Advanced Targeting Systems) followed 6 h later
by infection with Ad.LacZ.shRNA or Ad.Necdin.shRNA at 100
MOI for 3 days. The cell lysate was collected for determination
of both firefly and Renilla luciferase activities using the Dual-
Luciferase reporter assay system (Promega), and the results
were normalized by Renilla luciferase activity. Site-directed
mutagenesis was performed at the most proximal GN box at
�108/�96 within the Wnt10b proximal promoter using the
QuikChange site-directedmutagenesis kit (Strategene, La Jolla,
CA), and these mutants were tested for necdin-induced pro-
moter activity in Huh7 cells, which do not express necdin.
ChIP—For assessing necdin recruitment to Wnt10b pro-

moter, carrier ChIP was performed using Raj cells as the source
of carrier chromatin. For this analysis, Raji cells (1.4� 107)were
added to culturedHSCs (0.2� 106 cells) with orwithout necdin
silencing or Wnt3 treatment and were fixed briefly with 1%
formaldehyde on the rotating platform for 5–10 min at room
temperature followed by addition of glycine to a final concen-
tration of 0.125 M. Scraped HSCs and Raji cells in the media
were spundown andwashedwith cold PBSwith protease inhib-
itors. After lysis of the cells with SDS buffer (1% SDS, 10 mM

EDTA, 50 mM Tris-HCl, pH 8.1) with protease inhibitors, the
lysatewas sonicated and snap-frozen in aliquots. For chromatin
IP, diluted sampleswere first preclearedwith proteinG-agarose
and then incubated with antibody against necdin, MeCP2,
HP-1�, or H3K27me2 (Abcam) at 1 �g/�l at 4 °C for overnight
followed by precipitation with protein G-agarose. After elution
of immunoprecipitated complex, cross-linking was reversed
with 5 N NaCl, and proteins were digested with protease K.
Extracted chromatin was subjected to real-time PCR using the

primers flanking a segment within Ppar� promoter or Ppar�
exon 5 as described recently (29), or five overlapping segments
of the proximal Wnt10b promoter (�143/�42, �268/�119,
�402/�248, �597/�383, �703/�574). Ct values of the sam-
pleswith non-immune IgGwere subtracted and comparedwith
their respective input Ct values.

RESULTS

Necdin Is Selectively Expressed in HSCs—We first examined
the expression of necdin in four liver cell types isolated from the
rat, HSCs, Kupffer cells, sinusoidal endothelial cells, and hepa-
tocytes, which collectively constitute 90�95% of cells in the
liver. Real-time PCR analysis revealed necdin mRNA was
expressed at the highest level in HSCs among these cell types.
The levels in Kupffer cells, sinusoidal endothelial cells, and
hepatocytes were 3�12% of that detected in HSCs (Fig. 1A).
This selective expression is confirmed by immunoblot analysis,
which detected a strong �38 kD band in HSCs but a very faint
band in Kupffer and sinusoidal endothelial cells (Fig. 1B).
Necdin Is Induced in Activated HSCs—Next, we examined

the expression of necdin in culture-activated HSCs. When pri-
mary HSCs are cultured on plastic, the cells undergo spontane-
ous activation on days 3 and 7 after plating as characterized by
induction of the bona fide HSC activation markers, �1(I) pro-
collagen and down-regulation of Ppar�, the gene that confers
HSC quiescence (Fig. 2A) (26, 27). The necdin mRNA level is
induced as rat primary HSCs become activated on days 3 and 7.
Necdin protein level also is conspicuously up-regulated in day 7
culture-activated HSCs as compared with day 1 quiescent
HSCs (Fig. 2B). This pattern of expression is merely identical to
that in preadipocytic fibroblasts (3T3L1 cells treated with the
vehicle DMSO) versus 3T3L1 cells that fully differentiated to
adipocytes by the adipocyte differentiation mixture containing
(isobutylmethyl xanthine, dexamethasone, insulin) (Fig. 2B).
We then examined whether necdin induction also can be dem-
onstrated in activatedHSCs isolated from experimentalmodels
of liver fibrosis. For this analysis, HSCs were isolated from rats
with cholestatic liver fibrosis induced by bile duct ligation
(BDL) or those with hepatotoxic liver fibrosis resulting from
repetitive injections of carbon tetrachloride (CCl4), as well as
their controls: rats with sham-operation and those injected
with oil, the vehicle for CCl4. Real-time PCR analysis of RNA
extracted from these cells showed a 2.5-fold increase in necdin
mRNA in HSCs from BDL or CCl4 rats as compared with the

FIGURE 1. Necdin mRNA (A) and protein (B) are selectively expressed in
HSCs among different liver cell types. KC, Kupffer cells; SEC, sinusoidal
endothelial cells; Hep, hepatocytes.
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respective controls (Fig. 2C). Concomitantly, the �1(I) procol-
lagen mRNA level was increased and PPAR� mRNA decreased
much like what we observed in culture-activated HSCs (Fig.
2C). The necdin protein level was also increased in BDL and
CCl4 HSCs (Fig. 2D). These results demonstrate that HSC acti-
vation in vitro or in vivo is associated with induction of necdin.
Necdin Silencing Reverses Activated HSCs to Quiescent Cells

in a Manner Dependent on PPAR�—To test the role of necdin
in HSC trans-differentiation, necdin expression was silenced
with shRNA expressed by adenovirus (Ad.Necdin.shRNA).
Adenovirus expressing shRNA against LacZ (Ad.LacZ.shRNA)
was used as a control. As shown in Fig. 3A, infection of culture-
activated HSCs with Ad.Necdin.shRNA at an MOI of 100 or
200 for 3 days, clearly reduced nuclear and cytosolic levels of
necdin. This silencing resulted in a drastic morphologic rever-
sal of HSCs to quiescent cells (Fig. 3B, upper panel), increased
intracellular vitamin A content as assessed by UV-excited
autofluorescence (middle panel), and increased lipid content
stained by oil red O (lower panel). The reversal also was con-
firmedby reduced expression of�1(I) procollagen (Fig. 3C).We
next determined the effects of necdin silencing on the expres-
sion of neuronal, myogenic, and adipogenic marker genes to
gain insights into the mechanisms of the cell phenotype rever-

sal. Necdin silencing did not regulate either neuronal or myo-
genic genes (Fig. 3D) but consistently up-regulated adipogenic
transcription factors (Ppar�, C/ebp�, and Lxr�) and their tar-
get genes (acetyl-CoA carboxylase and fatty acid synthase) (Fig.
3E, left graph). As these genes are all down-regulated in day 7
culture-activated HSCs as compared with day 1 quiescent cells
(Fig. 3E, right graph), the observed induction with necdin
silencing should be interpreted as restoration of normal expres-
sion of the genes in quiescent HSCs.
As our previous study showed the pivotal importance of

PPAR� in the maintenance of HSC quiescence (8, 26, 27) and
the current study demonstrates necdin silencing restored
PPAR� and HSC quiescence, we wondered whether the cell
phenotype reversal by necdin silencing is mediated by PPAR�.
To test this notion, culture-activated HSCs were co-infected
with Ad.Necdin.shRNA and adenovirus that expresses a dom-
inant-negative mutant of PPAR� (Ad.dnPPAR�) or GFP
(Ad.GFP) as a control. This dnPPAR� carries the mutations at
leucine and glutamic acid residues in the conserved AF-2
region, inhibiting co-activator recruitment and ligand-depen-
dent release of co-repressors while promoting basal recruit-
ment of co-repressors (28). Coexpression of thismutant indeed
prevented the morphologic reversal achieved by necdin silenc-
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FIGURE 2. Necdin expression is induced in activated HSCs. A, note that a time-dependent increase in necdin mRNA in cultured HSCs on plastic concomitant
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FIGURE 3. Necdin silencing reverses activated HSCs to quiescent cells in a manner dependent on PPAR�. A, nuclear and cytosolic necdin levels were
effectively reduced by adenovirally expressed shRNA against necdin (Ad.Necdin.shRNA) in culture-activated HSCs as compared with the cells infected with
adenovirus expressing shRNA against LacZ (Ad.LacZ.shRNA). B, necdin silencing with Ad.Necdin.shRNA at 100 MOI reverts activated HSCs to the cells with
morphology of quiescent HSCs (Phase) and increases intracellular vitamin A content as assessed by UV-excited autofluorescence (UV) and intracellular lipid
content as stained with oil red O (Oil Red). C, these effects are accompanied by reduced expression of �1(I) procollagen (�1(I)Coll). D, necdin silencing does not
affect the expression of neuronal (left) or muscle cell (right) markers. E, necdin silencing in culture-activated HSC increases the expression of adipogenic
transcription factors (Ppar�, C/ebp�, and Lxr�) and their target lipogenic genes, Acc and Fas (left). As these genes are all down-regulated in culture-activated
cells (Day 7 HSC) compared with quiescent day 1 cells (right), the inductions seen after necdin silencing is considered as restoration of normal expressions.
F, morphologic reversal of activated HSCs with Ad.Necdin.shRNA is completely abrogated by concomitant expression of dominant-negative PPAR� (�Ad.dnP-
PAR�) as assessed by phase contrast microscopy and UV-excited autofluorescence. Sma, smooth muscle actin. *, p � 0.05; **, p � 0.01; ***, p � 0.005 as
compared to respective controls. Error bars are standard deviations.
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ing: note the activated cell morphology by phase contrast
microscopy and diminished vitamin A storage by UV-excited
autofluorescence (Fig. 3F, bottom panel). Co-infection of
Ad.dnPPAR� and Ad.LacZ.shRNA did not affect the cell mor-
phology or UV-autofluorescence (Fig. 3F, second row).
Effects of Necdin Silencing Is Dependent on Inhibition of

CanonicalWnt—CanonicalWnt signaling contributes to antia-
dipogenic effects (12, 13) and HSC activation (11) via suppres-
sion of PPAR�. Thus, we tested next the effects of necdin on
Wnt expression. The expression of canonical (Wnt10b and
Wnt3) and noncanonical (Wnt4) Wnt proteins by activated
HSCs (11) were suppressed by necdin silencing (Fig. 4A).
Nuclear level of�-catenin alsowas reduced (Fig. 4B), indicating
a positive link between necdin and canonical Wnt. In fact, the
phenotypic reversal of activated HSCs achieved by necdin
silencing,was abrogated by concomitant treatmentwithWnt3a
(Fig. 4C, bottom panel) which also prevented restoration of
PPAR� mRNA expression (Fig. 4D). Addition of Wnt3a to
Ad.LacZ.shRNA-infected cells did not alter the activated cell
morphology or minimal UV-autofluorescence (Fig. 4C, second
panel). Here, we usedWnt3a as a representative canonicalWnt

as it but not Wnt10b was readily
available from a commercial source.
NecdinBindsandActivatesProximal

Wnt10b Promoter—Regulation of
canonicalWnts by necdin was dem-
onstrated previously in neuronal
and muscle cells (17, 21) and sug-
gested by our results in HSCs. To
address this link in HSCs, we have
analyzed the activity ofWnt10bpro-
moter (�705/�30) in the HSC line
infected with Ad.Necdin.shRNA or
Ad.LacZ.shRNA. As shown in Fig.
5A, necdin silencing at an MOI of
50�200, suppressed the activity by
70%�90%. We then examined nec-
din binding to the promoter by
ChIP assay. We analyzed five over-
lapping 100�150-bp segments cov-
ering the potential necdin sites, so-
calledGNboxes:multipleG clusters
intervened with mono- or dinucle-
otides of A, T, and C (30), or poten-
tial Dlx3 or Mx2 sites to which
necdin may bind via these home-
odomain proteins (17, 21). Analysis
was performed in day 1 quiescent
HSCs, or day 7 culture-activated
HSCs infected with Ad.Necdin.
shRNA or Ad.LacZ.shRNA (MOI,
200). Necdin binding was detected
in two most proximal segments
(�143/�42 and �268/�119) but
not in other regions ofWnt10b pro-
moter in day 7 HSCs transduced
with LacZ.shRNA. These bindings
were abrogated by Ad.Necdin.

shRNA (Fig. 5B). Day 1 HSCs showed minimal necdin binding
in any areas within this promoter. Next, we mutated the most
proximal necdin binding site by disrupting the three consecu-
tive G clusters with T: �108/�96: GG(T)GTGG(T)GGTG-
G(T)GG; and compared the promoter activity between thewild
type and the mutant with or without overexpression of necdin.
As the BSC line overexpresses necdin and the Wnt10b pro-
moter cannot be further stimulated with exogenous necdin, we
used Huh7 cells that do not express necdin. Indeed, in this cell
line, necdin expression increases WTWnt10b promoter activ-
ity 6-fold but not with the mutation in the GN box (Fig. 5C),
confirming positive regulation of Wnt10b promoter with nec-
dinwhich requires themost proximal intact necdin bindingGN
box.
Necdin Silencing Rescues HSCs from Epigenetic PPAR�

Repression via Suppressed Canonical Wnt—We next examined
the mechanisms by which necdin suppresses PPAR� expres-
sion. Epigenetic repression mediated by the methyl-CpG bind-
ing protein MeCP2, has been shown recently to underlie
PPAR� silencing in activatedHSCs (29). According to this find-
ing, induced expression of MeCP2 in HSC activation, results in

FIGURE 4. Necdin silencing reduces the expression of canonical (Wnt10b and Wnt3a) and noncanonical (Wnt4)
Wnts (A) and nuclear level of �-catenin (B) in culture-activated HSCs. C, morphologic reversal to the quiescent
state achieved by necdin silencing is prevented by addition of recombinant Wnt3a (100 ng/ml). D, restored
PPAR� mRNA expression by necdin silencing is abrogated by Wnt3a. *, p � 0.05 compared to LacZ.shRNA; †,
p � 0.05 compared to Necdin.shRNA without Wnt3a.
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increased MeCP2 binding to the 5� end of Ppar�, and conse-
quent recruitment of the transcriptional repressor HP-1�.
MeCP2 also positively regulates EZH2, causing H3K27methyl-
ation for the formation of repressive chromatin in the exon 5 of
Ppar� in activated HSCs (29). Thus, we tested the effects of
necdin silencingwithAd.Necdin.shRNAonMeCP2 andHP-1�
binding to Ppar� and H3K27 dimethylation (H3K27me2). As
canonical Wnt is shown to be downstream of necdin and to
negatively regulate PPAR� expression, we also have tested the
effects of concomitantWnt3a treatment of HSCs infected with
Ad.Necdin.shRNA. Indeed, necdin silencing largely abrogated
the increases in both MeCP2 and HP-1� binding to the Ppar�

promoter andH3K27me2 (histone 3 lysine 27 dimethylation) at
the 3� Ppar� exon locus in culture-activated HSCs as the cells
were reverted to quiescent cells, and these effects were pre-
vented completely by addition of Wnt3a (Fig. 6, A–C). These
results suggest necdin achieves epigenetic repression of Ppar�
transcription via canonicalWnt signaling. This notion was fur-
ther tested by determining the effect of adenovirally expressed
Dkk-1, the Wnt co-receptor antagonist, on the identical epi-
genetic signatures shown for PPAR� repression. As shown in Fig.
6D,MeCP2 binding to thePpar� promoter andH3K27me2 at the
3�Ppar� exon locus,were attenuated significantly byDkk-1 trans-
duction. Furthermore, Dkk-1 restored PPAR� mRNA expression
in culture-activated HSCs (Fig. 6D, right panel).

DISCUSSION

Our present findings on HSC-specific expression of necdin
and its anti-adipogenic role in HSC activation provide addi-
tional evidence in support of the concept that HSC-myofibro-
blastic trans-differentiation involves similar mechanisms to
those responsible for adipocyte-preadipocyte dedifferentiation.
Besides the role of necdin in neuronal and muscle cell differen-
tiation, this melanoma antigen family protein is expressed at a
high level in preadipocytes and suggested to inhibit adipogen-
esis via induction of Wnt (30). Indeed, we show Wnt10b, a
canonical Wnt typically induced in HSC activation (11), is a
direct target of necdin. Our ChIP analysis reveals the region
containing the typical necdin binding GN boxes (�143/�42)
has the highest level of necdin recruitment in activated HSCs,
which is completely abrogated by necdin silencing. Further-
more, necdin silencing reduces the activity of this Wnt10b
proximal promoter, Wnt10b mRNA expression, and the
nuclear �-catenin level. Moreover, our site-directed mutagen-
esis analysis reveals that the GN box located at �108/�96:
(GGGTGGGGTGGG) is largely responsible for necdin-in-
ducedWnt10bproximal promoter activity.Aspredicted fromour
earlier observation of a reversal of culture-activated HSCs to qui-
escent cells by antagonism of canonicalWnt signalingwithDkk-1
(11), a similar phenotypic reversal is demonstrated by necdin
silencing.This reversal is dependenton restoredactivity ofPPAR�
as suggested by complete prevention of the reversalwith the dom-
inant-negative mutant of PPAR�.

We also have obtained novel insights into how necdin via
Wnt suppresses PPAR� expression. Necdin silencing abrogates
two key epigenetic signatures, which recently have been dem-
onstrated for repression of PPAR� in activated HSC: namely,
MeCP2 recruitment to the promoter and H3K27me2 in the 3�
exon 5 (29). These rescue effects also are prevented by concom-
itant Wnt3a treatment, suggesting canonical Wnt signaling
mediates these epigenetic modifications. Indeed, this notion is
supported by our result that both MeCP2 recruitment and
PPAR� repression are reversed by Dkk-1 transduction.
A recent study demonstrates that chicken ovalbumin

upstream promoter-transcription factor II (COUP-TFII) is a
direct target of �-catenin and mediates Wnt-induced
recruitment of the COUP-TFII-SMRT (silencing mediator for
retinoid and thyroid hormone receptors) corepressor com-
plexes to the first introns of Ppar�1 and Ppar�2, resulting in
hypoacetylation of the local chromatin and repression of Ppar�

FIGURE 5. A, necdin silencing with Ad.Necdin.shRNA at 50 � 200 MOI inhibits
Wnt10b proximal promoter (�705/�30) activity in the hepatic stellate cell
line (BSC). B, ChIP analysis detects recruitment of necdin to two most proximal
ChIP sites (�143/�42 and �268/�119) labeled 1 and 2 within the Wnt10b
promoter in day 7 culture-activated HSC infected with Ad.LacZ.shRNA. These
binding are abrogated by necdin silencing with Ad.Necdin.shRNA. Day 1 qui-
escent HSCs show minimal necdin binding to these sites. ChIP data are
expressed as relative to maximal recruitment at the most proximal site seen in
day 7 HSC tansduced with LacZ.shRNA. C, mutations of a potential necdin
binding GN box at �108/�96: GG(T)GTGG(T)GGTGG(T)GG within the Wnt10b
proximal promoter, abrogate necdin-inducible promoter activity in Huh7
cells. *, p � 0.05 compared to Ad.LacZ.shRNA.
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(31). Conversely, another study reportsWnt10b is a direct tar-
get of COUP-TFII-mediated negative regulation, and this reg-
ulationmay participate in adipogenesis (32). In activatedHSCs,
COUP-TFII is induced.3 How necdin andWnt10b cross-inter-

act with COUP-TFII for PPAR�
regulation in HSC trans-differentia-
tion, is yet to be determined. More
specifically, whether COUP-TFII/
SMRT-mediated epigenetic regula-
tion occurs inWnt-induced PPAR�
repression in HSCs, needs to be
addressed. Another remaining
question is how necdin is induced in
HSC activation. Activated cAMP
response element binding protein is
a critical initiator of adipogenesis
(33) partly via suppression of anti-
adipogenic genes Wnt and Pref-1
(34). Activated cAMP response ele-
ment binding protein also is
required for HSC quiescence (35)
and may be a negative regulator of
the necdin-Wnt pathway identified
by the present study. Although we
identified necdin to be upstream of
Wnt, howother preadipocyte-selec-
tive or anti-adipogenic genes regu-
late necdin expression in HSCs, is
unknown at the present time. Of
equal importance is epigenetic reg-
ulation of necdin via paternal allele-
specific histone acetylation, which
appears to contribute to tissue-spe-
cific activity (36).

In summary, our study has identified necdin as a new regu-
lator for the cell fate of HSCs. Induced necdin favors myofibro-
blastic transdifferentiation of HSCs via transcriptional activa-
tion of Wnt10b and Wnt-mediated epigenetic repression of
PPAR� involving MeCP2 and H3K27me2 as schematically
summarized in Fig. 7. The identified pathway may serve as a
new therapeutic target for liver fibrosis.
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