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When regenerative processes cannot keep pace with cell death, functional epithelia are replaced by scar. Scar-
ring is characterized by both excessive accumulation of fibrous matrix and persistent outgrowth of cell types
that accumulate transiently during successful wound healing, including myofibroblasts (MFs) and progen-
itors. This suggests that signaling that normally directs these cells to repair injured epithelia is deregulated.
To evaluate this possibility, we examined liver repair during different types of liver injury after Smoothened
(SMO), an obligate intermediate in the Hedgehog (Hh) signaling pathway, was conditionally deleted in cells
expressing the MF-associated gene, aSMA. Surprisingly, blocking canonical Hh signaling in MFs not only
inhibited liver fibrosis but also prevented accumulation of liver progenitors. Hh-sensitive, hepatic stellate cells
(HSCs) were identified as the source of both MFs and progenitors by lineage-tracing studies in 3 other strains
of mice, coupled with analysis of highly pure HSC preparations using flow cytometry, immunofluorescence
confocal microscopy, RT-PCR, and in situ hybridization. The results identify SMO as a master regulator of
hepatic epithelial regeneration based on its ability to promote mesenchymal-to-epithelial transitions in a sub-

population of HSC-derived MFs with features of multipotent progenitors.

Introduction

Cirrhosis, a lethal end point of all chronic liver diseases, is increas-
ing at an alarming rate due to recent epidemics of chronic viral
hepatitis and obesity-related liver disease (1). Cirrhosis develops
when regenerative processes fail to keep pace with liver cell death,
leading to progressive replacement of functional epithelia with
scar (2, 3). Liver fibrosis is the hallmark of cirrhosis, and fibro-
sis (i.e., scarring) is thought to drive the changes in liver function
and blood flow that cause liver-related morbidity and mortality
(3, 4). Because medical interventions targeted at reversing exces-
sive accumulation of fibrous matrix have been unsuccessful, liver
transplantation is the only curative treatment available. Trans-
plantation is precluded in the vast majority of cirrhotic individu-
als, however, due to the relative dearth of donor organs. This gap
between demand and supply is predicted to widen (1), and deaths
from cirrhosis will increase unless treatments to improve regenera-
tion of chronically injured livers are developed. Success will require
better understanding of the mechanisms that control reconstruc-
tion of functional liver epithelia during chronic injury.

Scarring is characterized by both excessive accumulation of col-
lagen matrix and persistent outgrowth of cell types that accumu-
late transiently during successful wound healing, including MFs
and progenitors (1, 5). Both cell types mediate key facets of liver
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repair. In addition to producing and resorbing matrix, MFs are an
important source of trophic factors for liver epithelial progenitors
(5, 6). The latter cells, in turn, not only differentiate to replace dead
liver epithelial cells, but also generate soluble factors that control
MF populations (7, 8). Because MFs and liver epithelial progeni-
tors accumulate together in areas of scarring, autocrine/paracrine
signaling that normally directs these cells to repair injured liver epi-
thelia may be deregulated in cirrhosis. Identifying the precise sig-
naling pathway(s) and particular cell type(s) that drive deregulated
repair has been challenging due to the plethora of injury-related
factors and resultant complexity of wound-healing responses.

Hedgehog (Hh), a pleiotropic, morphogenic-signaling pathway that
orchestrates tissue growth during fetal development, is active in adult
livers during injury of various etiologies (9, 10). Hh signaling is tightly
regulated in adulthood. Healthy livers barely express Hh ligands, and
neither mature hepatocytes nor cholangiocytes exhibit active Hh sig-
naling (11-13). Both types of mature liver epithelial cells begin to pro-
duce Hh ligands, however, when subjected to lethal stresses or certain
injury-associated cytokines (7, 14). These ligands diffuse away from
the wounded, ligand-producing epithelial cells, entering the bile cana-
liculi and liver sinusoids to activate viable Hh-responsive cells that line
these structures. The latter include resident pericytes (also known as
hepatic stellate cells [HSCs]) in the space of Disse and progenitors
along the canals of Hering. Hh pathway activation stimulates HSCs
to become proliferative, fibrogenic myofibroblasts (MFs). It also pro-
motes the growth and survival of liver progenitor populations. Both
HSC-derived MFs (MF-HSCs) and liver progenitors, in turn, also pro-
duce Hhligands, further enriching the injured hepatic microenviron-
ment with these factors (10).

Hh ligands interact with the membrane-spanning receptor,
Patched (PTC), on the surface of Hh-responsive cells, thereby
silencing PTC inhibition of the signaling competent corecep-
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tor, Smoothened (SMO). Activated SMO promotes stabilization
and nuclear localization of glioma (Gli) family transcription fac-
tors that regulate the expression of Hh target genes controlling
cell viability, growth, and differentiation (9). In addition to Hh
ligand-PTC interactions, SMO activity is modulated via multiple
pathways, including G protein-coupled receptors and TGF-f3/
TGF-B-receptor interactions (15-17). Gli factors are also con-
trolled by SMO-independent (i.e., noncanonical) mechanisms
that are initiated by other injury-related factors, including the key
profibrogenic cytokine, TGF-f (16-18).

The relative significance of canonical SMO-dependent Hh
signaling and SMO-independent mechanisms for proper regen-
eration of damaged adult livers is unknown. However, emerging
evidence supports important roles for canonical Hh signaling
in adule liver repair. Studies in mice treated systemically with
pharmacologic antagonists of SMO show that acute activation
of the canonical Hh pathway is necessary to regenerate liver
epithelia (19) but also indicate that persistent SMO activation
promotes scarring (20). The basis for these differential effects
of canonical Hh signaling on liver repair is not known. Further
study of this issue is justified because replacing injured liver
epithelia without scarring appears to depend upon appropriate
regulation of SMO activity.

Results

Conditional disruption of SMO in aSMA* cells disrupts Hb signaling in MFs.
To investigate the role of Hh-responsive MFs in adult liver repair,
we used the Cre-LoxP system to disrupt SMO function in cells
expressing the MF-associated gene a-smooth muscle actin (a.SMA).
Because resident HSCs are both Hh-responsive and a major source
of MFs during liver injury, the efficacy of Cre-mediated SMO
recombination was tested first in primary HSCs that were har-
vested from SMO-flox mice, cultured to permit their transition
into MFs, and then treated with control adenovirus expressing GFP
or adenovirus harboring Cre recombinase. Compared with freshly
isolated (day 0) HSCs, HSCs that were cultured and then treated
with AAGFP demonstrated increased expression of Smo, several
Hh-regulated genes (Glil, Gli2, and Ptc), the pro-epithelial-to-mes-
enchymal transition (pro-EMT) transcription factor, SNAIL, and
MF genes, such as aSMA and collagen 1al (Collal). In contrast,
expression of genes that antagonize EMT (Bmp7, E-cadherin [CDH],
and desmoplakin [Dsp]) and genes that mark HSC quiescence (Gfap
and Pparg) was lower than that in freshly isolated HSCs. Treating
culture-activated HSCs with AdCre significantly suppressed Smo
and reduced mRNA expression of Hh target genes, Snail, and MF
genes, while genes that antagonize EMT were induced, and mark-
ers of HSC quiescence were upregulated (Figure 1A). As expected,
knocking down SMO in MF-HSCs prevented recombinant Sonic
hedgehog ligand from inducing Hh-regulated transcription factors
or increasing expression of MF genes (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI66904DS1). The aggregate data, therefore, validate the efficacy
of this approach for inhibiting SMO and prove that SMO activa-
tion is required for MF-HSCs to accomplish canonical Hh signal-
ing and maintain a profibrogenic phenotype in culture.

In addition, the data support the inherent plasticity of HSCs by
demonstrating that such cells coexpress epithelial and mesenchymal
genes and showing that HSCs modulate the relative expression lev-
els of these genes in response to environmental cues, such as Hh
ligands. Expression of epithelial genes predominates when HSCs
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are quiescent, but mesenchymal gene expression becomes domi-
nant after Hh pathway activation. Indeed, freshly isolated HSCs
(marked by desmin) coexpress E-cadherin, which localizes along
the interface between closely adjacent HSCs (Supplemental Fig-
ure 2A). Although cadherin junctions between HSCs in healthy
livers had been reported previously (21-23), it is not generally
accepted that HSCs have epithelial properties. Therefore, we used
immunohistochemistry to confirm that E-cadherin colocalized
with desmin in uninjured livers of adult mice (Supplemental Figure
2B). The results prove that quiescent HSCs (Q-HSCs) are relatively
epithelial in intact tissue and when freshly isolated but transition
to become myofibroblastic when Hh signaling is activated during
culture. In cultured MF-HSCs, knocking down SMO abrogates
Hh signaling, and this apparently permits the cells to revert back
toward their more epithelial phenotype. Hence, in vitro, HSCs are
transitional cells that are capable of EMT/mesenchymal-to-epithe-
lial transition (EMT/MET). Subsequent studies aimed to determine
whether or not similar transitions might occur in vivo.

Double-transgenic (DTG) mice were generated by crossing
SMO-flox mice with aSMA-Cre-ER™2 mice, in which the aSMA
promoter drives expression of tamoxifen-dependent (TMX-de-
pendent) Cre recombinase-estrogen receptor fusion protein (24).
TMX drives Cre recombinase into the nucleus to delete the floxed
SMO exon, thereby abrogating Hh signaling selectively in aSMA-
expressing cells. To examine the effect of Hh signaling in MFs in
vivo, DTG mice were subjected to sham surgery or bile duct liga-
tion (BDL) for 14 days to promote hepatic accumulation of MFs
derived from portal fibroblasts (PFs), HSCs, and bone marrow
fibrocytes (25, 26). Between days 4 and 10, half of the mice in each
group were treated with TMX and half were treated with vehicle.
PCR analysis of whole liver DNA demonstrated the absence of
detectable transgene rearrangement in vehicle-treated mice but
substantial loss of the floxed SMO allele and accumulation of the
deleted allele in TMX-treated mice (Figure 1B). Whole liver SMO
expression fell significantly (Figure 1C and Supplemental Figure
3), showing that DTG mice can be used to determine whether Hh
signaling in MFs is important for liver repair in vivo.

Consistent with the fact that healthy livers exhibit litctle Hh
pathway activity, GLI2 (Figure 1D) and SMO (Supplemental
Figure 3) expression was negligible in sham-operated mice and
not influenced by TMX. Also as predicted by evidence that BDL
activates hepatic Hh signaling, BDL increased Smo (Figure 1C
and Supplemental Figure 3) and induced nuclear accumulation
of GLI2 in vehicle-treated DTG mice. TMX significantly inhib-
ited this (Figure 1, C and D, and Supplemental Figure 3), lead-
ing to decreased mRINA expression of the GLI2 target gene, Glil,
and suppression of various GLI1-regulated genes, including friz-
zled-related peptide 1 (FrpI) and osteopontin (Opn) (Figure 1E).
Thus, conditional disruption of SMO in aSMA-expressing cells
inhibits Hh signaling in vivo.

Unexpectedly, reduced nuclear GLI2 was observed in ductular
cells and periportal hepatocytic cells in DTG mice that were treated
with TMX after BDL (Figure 1D). Immature ductular cells and peri-
portal hepatocytes are derived from bipotent liver epithelial progen-
itors that reside along periportal canals of Hering (27). Therefore,
we evaluated livers of sham-operated and BDL mice for expression
of a-fetoprotein (AFP), a marker of hepatocytic progenitors. Livers
of sham-operated DTG controls demonstrated only rare AFP* cells
(data not shown). In contrast, BDL-treated DTG mice that received
vehicle after BDL exhibited numerous AFP-expressing cells in and
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Figure 1

Conditional disruption of SMO in aSMA* cells inhibits Hh signaling in MFs. (A) HSCs were isolated from Smo-flox mice. AAGFP or AdCre (MOI
25) were added on culture day 4, and cells were harvested 3 days later. Effects on gene expression were assessed by gRT-PCR. Results are
normalized to day 0 HSCs. *P < 0.05. Inset shows representative Western blot for expression of Cre and tubulin. (B) Oligonucleotides for the
floxed SMO allele (refs. 56, 63; Supplemental Table 3) were used to distinguish the unrearranged allele (Smo¢; 1.7 Kb) from the Cre-recombined
null allele (Smon; 0.5 Kb). Genomic DNA was isolated from livers of DTG mice treated either with vehicle (VEH, n = 3) or TMX (n = 4) from day
4-10 after BDL, and Smon and Smo° amplicons were amplified. Quantification of the amplicons was performed by densitometry to assess the
efficiency of Cre-mediated recombination. Results are expressed as Smo"/Smo" + Smo¢ x 100, shown below each lane. (C) Total RNA was
isolated from livers of vehicle- and TMX-treated DTG mice 14 days after sham surgery or BDL. SMO expression was assessed by gRT-PCR,
and results are expressed as fold over sham plus vehicle control. *P < 0.05. (D) Representative immunohistochemistry for hepatic GLI2. GLI2+
cells in vehicle-treated and TMX-treated DTG mice were quantified in sham and BDL groups and represented as number of positive cells per
field (n = 11/group; original magnification, x20 [Sham]; x63 [BDL]). *P < 0.05, **P < 0.01. (E) Total RNA was isolated from livers of vehicle- and
TMX-treated DTG mice 14 days after BDL and analyzed by qRT-PCR for expression of Hh-regulated genes. Results are expressed as fold over

vehicle-treated group. *P < 0.05.

around portal tracts (Supplemental Figure 4). Colocalization of
GLI2 was noted in many AFP* cells, including AFP-expressing hepa-
tocytic cells that emerged from canals of Hering-like structures.
Some AFP-negative hepatocytic cells and ductular cells, as well as
many stromal cells, also expressed GLI2. In contrast, DTG mice that
received TMX after BDL had reduced numbers of GLI2* cells and
failed to accumulate AFP* cells after BDL.

Blocking Hb signaling in MFs inhibits fibrosis and accumulation of MFs
and ductular cells in injured livers. BDL provokes a fibrotic response
that enlarges portal tracts relative to uninjured liver (Figure 2,
Supplemental Figures 5 and 6, and ref. 28). This occurred in vehi-
cle-treated DTG mice but was significantly attenuated in TMX
-treated DTG mice (Figure 2A and Supplemental Figure 6). Mor-
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phometry of Sirius red-stained liver sections (Figure 2B), whole
liver collagen mRNA expression (Figure 2C), and hepatic hydroxy-
proline content (Figure 2D) confirmed reduced liver fibrosis.

The fibrotic reaction to biliary obstruction involves peripor-
tal accumulation of various types of MFs and ductular cells (4).
Therefore, we compared numbers of cells expressing aSMA, a gen-
eral marker for MFs (6), or keratin 19 (Krt19), a marker for duc-
tular cells (29), in the 2 groups. Vehicle-treated DTG mice accu-
mulated large numbers of aSMA- and Krt19-positive cells after
BDL. Accumulation of both cells types was significantly inhib-
ited in TMX-treated DTG mice. Decreases in oSMA and Krt19
by immunohistochemistry were paralleled by reduced aSMA and
Krt19 mRNAs (Figure 3).
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Blocking Hh signaling inhibits portal tract expansion and fibrosis in injured livers. (A) H&E staining of liver sections from representative vehicle- and
TMX-treated DTG mice 14 days after sham surgery or BDL (original magnification, x4). Portal tract size was evaluated by morphometric analysis of
H&E-stained sections from all mice (n = 4 mice in sham vehicle; n = 4 mice in sham TMX; n = 11 mice in BDL vehicle; n = 11 mice BDL TMX), expressed
as mean + SEM of portal tract size, and graphed relative to vehicle-treated sham-operated mice. *P < 0.05 vs. vehicle-treated sham group. (B) Other
sections were stained with Sirius red/fast green to demonstrate fibrosis (original magnification, x4). Morphometric data are displayed as mean + SEM.
*P < 0.05 vs. vehicle-treated DTG mice after BDL. (C) Total liver RNA was isolated, and Col7a7 mRNA levels were analyzed by gRT-PCR. Results are
expressed as fold over vehicle-treated sham-operated DTG group. *P < 0.05 vs. vehicle-treated BDL group. (D) Quantification of hepatic hydroxypro-
line in the respective groups. Results are expressed relative to vehicle-treated sham-operated DTG group. *P < 0.05 vs. vehicle-treated BDL group.

MFs in BDL livers derive from 2 main sources, HSCs and PFs (4, 28).
Therefore, liver sections were stained for desmin, a marker of MF-H-
SCs (30), or elastin, a marker of PFs (31). Vehicle-treated mice accu-
mulated large numbers of both desmin* and elastin* cells after BDL
(Figure 3). Accumulation of both cell types was significantly reduced
in TMX-treated DTG mice and was paralleled by similar repression
of the respective mRNAs (Figure 3). As we observed when Smo was
conditionally deleted in cultured MF-HSCs (Figure 1A), deleting
SMO in aSMA" cells after BDL increased expression of various EMT
inhibitors and upregulated Q-HSC genes (Supplemental Figure 7)
and E-cadherin (Supplemental Figure 2B), suggesting that the fate
of MF-HSCs in intact tissue was altered by disrupting Hh signaling.

Blocking Hb signaling in MFs inhibits accumulation of liver epithelial
progenitors in injured livers and causes liver atrophy. Ductular cells are
derived from multipotent progenitors that express the transcrip-
tion factor SOX9 (32-35). BDL induced significant accumulation
of SOX9* cells in vehicle-treated DTG mice but not in TMX-treated
DTG mice (Figure 4A and Supplemental Figure 8). As shown ear-
lier (Supplemental Figure 4), TMX blocked accumulation of cells
that expressed AFP (Figure 4B), a marker of hepatocyte precursors,
and decreased mRNA expression of Sox9, Afp, and various stem cell
markers, such as CD133 and Nanog (Figure 4C).

4 The Journal of Clinical Investigation

The liver/body weight ratios of TMX-treated DTG mice were also
somewhat reduced after BDL (Figure 4D). SMO deletion might have
promoted relative liver atrophy by exacerbating liver injury after
BDL, but BDL-related increases in serum alanine aminotransferase
and numbers of TUNEL" cells were not exacerbated in the TMX
-treated group (Figure 4D). Also, TMX did not increase infarction or
congestion in the liver (Figure 2A and Supplemental Figures 5 and
6) or extrahepatic organs (e.g, lung or kidney; Supplemental Figures
9 and 10), as might have been expected if aSMA" vascular smooth
muscle cells were altered. Therefore, it is not likely that failure to
restore liver mass resulted from altered blood flow or increased liver
cell death. Rather, we noted significantly fewer hepatocytes and duc-
tular cells with nuclear staining for Ki67, a marker of proliferation
(Figure 4E). Hh pathway activation stimulates expression of cyclin
D1 and FOXM1, factors that facilitate cell cycle progression and
that are required for liver regeneration after partial hepatectomy (36,
37). Compared with vehicle-treated DTG mice, numbers of cyclin
D1-expressing cells and whole liver expression of cyclin D1 (Cendl)
and FoxmI mRNAs (Figure 4, F and G) were significantly reduced in
TMX-treated DTG mice after BDL. Therefore, abrogating SMO-de-
pendent signaling in aSMA" cells mainly seemed to inhibit regener-
ative responses to cholestatic liver injury.
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Blocking Hh signaling in MFs inhibits injury-induced accumulation of MFs and ductular cells. DTG mice were treated with either vehicle or TMX
following sham surgery or BDL, as described in Methods. Representative immunohistochemistry, whole liver morphometry, and whole liver mMRNA
expression for aSMA, Krt19, desmin, and elastin are shown. Results are expressed either as fold over vehicle-treated sham-operated controls
(computer-assisted morphometry) or total numbers of positively stained cells per field (n = 11/group; original magnification, x20). *P < 0.05;
**P < 0.001. gRT-PCR analysis of gene expression in whole liver total RNA isolated from vehicle- (white bars) or TMX-treated (black bars) BDL
groups is shown. Results are expressed as fold over vehicle-treated BDL group. *P < 0.05; ***P < 0.01.

To further investigate the significance of Hh-responsive MFs
in progenitor-mediated liver repair, we fed DTG mice methion-
ine choline-deficient, ethionine-supplemented (MCDE) diets for
1 week to stimulate hepatic lipid accumulation, injure hepatic
parenchymal cells, inhibit hepatocyte replication, and trigger
compensatory outgrowth of MFs and immature liver epithelial
cells (8). As expected, this provoked hepatic steatosis (Supplemen-
tal Figure 11) and triggered significant hepatic accumulation of
aSMA-expressing cells (Figure 5A), desmin® cells (Figure 5B), and
progenitor cells (Figure 5, C and D) in vehicle-treated DTG mice.
Although TMX had no effect on any of these markers in DTG mice
fed control diets (data not shown) and did not attenuate MCDE
diet-induced steatosis in DTG mice (Supplemental Figure 11),
it significantly blocked accumulation of cells expressing aSMA,
desmin, AFP, and SOX9 and reduced mRNA expression of these
markers in MCDE diet-fed DTG mice (Figure 5, A-D). As in BDL
mice (Figure 4D), inhibiting MF and progenitor accumulation in
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MCDE diet-fed mice reduced liver/body weight ratios (Figure SE).
Also consistent with findings in BDL mice, loss of SMO resulted in
decreased expression of the Hh-regulated gene Gli2, as well as vari-
ous other MF genes (Collal, elastin, and vimentin) and progenitor
markers (Krt7 and Krt19; Supplemental Figure 12). Therefore, in
mouse models of chronic biliary injury (BDL) and chronic hepa-
tocyte injury (MCDE diets), failure to expand liver MF populations
correlated with restricted outgrowth of liver epithelial progenitors
and caused liver atrophy. This might have resulted from lack of
MF-derived trophic factors or depletion of a pool of MFs that
function as liver epithelial precursors.

Fate mapping demonstrates that both epithelial and stromal cells are prog-
eny of cells that express HSC markers. To differentiate between these
possibilities, we crossed aSMA-Cre-ERT? mice with ROSA-Stop-
flox-YFP mice (38) to generate another DTG line in which TMX
could be used to mark aSMA-expressing cells and their progeny
with YFP. Immunohistochemistry demonstrated that expression
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Blocking Hh signaling in MFs inhibits accumulation of liver epithelial progenitors, causes liver atrophy, and blocks liver cell proliferation after BDL
injury. (A) SOX9 protein expression in representative immunostained liver sections from vehicle-treated or TMX-treated DTG mice 14 days after
BDL (original magnification, x20). (B) Representative liver sections immunostained for AFP (original magnification, x20). (C) gRT-PCR analysis
of Sox9, Afp, CD133, and Nanog in whole liver RNA of DTG animals. Results are expressed as mean + SEM relative to vehicle-treated BDL
group. **P < 0.01; *P < 0.05. (D) Liver/body weight (LW/BW) ratios, serum levels of alanine aminotransferase (ALT), and TUNEL-positive cells in
intact liver tissue 14 days after BDL in DTG mice treated with vehicle or TMX. Results are graphed as mean + SEM. *P < 0.05. (E) Ki67 staining
in representative vehicle-treated and TMX-treated mice 14 days after BDL. Ki67-positive cells were quantified and graphed as mean + SEM rela-
tive to the vehicle-treated sham-operated group. *P < 0.05 vs. vehicle-treated BDL group (original magnification, x20). (F) Representative cyclin
D1 (CycD1) staining is similarly shown, with cyclin D1—positive cells graphed as mean + SEM relative the vehicle-treated sham-operated group
(original magnification, x20). *P < 0.05 vs. vehicle-treated BDL group. (G) gRT-PCR analysis of cyclin D1 (Ccnd1) and Foxm1 expression in whole
liver mRNA. Results in TMX-treated BDL group are shown relative to results in vehicle-treated BDL group (mean + SEM). *P < 0.05.

of aSMA in the new DTG strain mirrored that of WT mice, both
following sham surgery and BDL (Supplemental Figure 13). YFP
staining was not demonstrated in WT mice or in DTG mice that
were treated with vehicle (Figure 6A and Supplemental Figure 13).
However, YFP-marked cells were demonstrated when DTG mice
were treated with TMX to activate Cre recombinase (Figure 6A and
Supplemental Figure 13). Critically, many more YFP* cells accumu-
lated in such mice after BDL than after sham surgery. YFP-marked
cells localized within 3 different tissue compartments in injured
livers: ductular structures, stroma, and hepatocyte plates (Figure
6A and Supplemental Figure 13). To assess whether these findings
might have resulted from misregulation of Cre recombinase and/or
faulty antibody specificity, hepatocytes were isolated from the vari-

6 The Journal of Clinical Investigation

ous groups and further analyzed by flow cytometry and direct fluo-
rescence (Figure 6B). Gene rearrangement in hepatocytes was also
evaluated by PCR analysis (Figure 6C). Both approaches confirmed
the immunohistochemistry data, with all assays showing that at
least one-quarter of hepatocytes were derived from aSMA-express-
ing cells (range 24%-34%, Figure 6, B and C, and Supplemental
Figure 14), thus supporting the hypothesis that Hh-responsive MF
populations include precursors of adult hepatocytes.

aSMA is a general marker of MFs and as such is expressed by
MFs derived from bone marrow fibrocytes, PFs, and HSCs (31,
39). To differentiate which of these myofibroblastic cell types
might have given rise to liver epithelial cells during liver injury, we
generated a third DTG line in which TMX could be used to condi-
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Figure 5

Blocking Hh signaling in MFs inhibits accumulation of liver epithelial progenitors, causes liver atrophy, and blocks liver cell proliferation after
MCDE diet—induced injury. (A—D) Representative immunohistochemistry, liver morphometry data, and whole liver mRNA expression for (A)
aSMA, (B) desmin, (C) AFP, and (D) SOX9 in DTG mice following MCDE diet—induced injury. Mice were fed MCDE diets for 1 week, with each
group receiving injections of either vehicle or TMX on days 0, 2, 4, and 6, and livers were harvested on day 7. Results are expressed either as
fold over vehicle-treated sham-operated controls (computer-assisted morphometry) or total numbers of positively stained cells per field (original
magnification, x20). NL, normal. *P < 0.05; **P < 0.01. Results of gRT-PCR analysis of gene expression in the MCDE groups are shown, with
results expressed as fold over vehicle-treated MCDE group. *P < 0.05; **P < 0.01. (E) Representative liver/body weight ratios, 7 days after MCDE
in DTG mice treated with vehicle or TMX. Results are graphed as mean + SEM. *P < 0.05.

tionally mark GFAP-expressing cells and their progeny with YFP.
Because GFAP is expressed by HSCs, but not bone marrow fibro-
cytes or PFs (31), GFAP-Cre-ERTM/ROSA-Stop-flox-YFP DTG
mice will differentiate liver epithelial cells that arise from HSCs
(YFP positive) from those that might have been derived from PFs
or fibrocytes (YFP negative). When the GFAP-Cre-ERTM/ROSA-
Stop-flox-YFP DTG mice were subjected to BDL to provoke
expansion of both HSC-derived and non-MF-HSCs (Figure 3),
we observed striking accumulation of YFP-marked hepatocytes
and ductular cells (Figure 6D and Supplemental Figure 15), prov-
ing that GFAP-expressing cells were precursors of at least some
liver epithelial cells. These findings mirrored the results of the
lineage-tracing studies in aSMA-Cre-ERT2/ROSA-Stop-flox-YFP
mice (Figure 6A and Supplemental Figure 13) and extended the
findings in cultured HSCs (Figure 1 and Supplemental Figure 2),
together supporting a role for HSCs as precursors of liver epithe-
lial cells in BDL-injured livers, because HSCs are the only type of
adult liver cell that is known to express both GFAP and aSMA.

The Journal of Clinical Investigation

FACS and fate-mapping evidence that HSCs and MF-HSCs are repro-
grammable. The concept that HSCs are capable of differentiating
into hepatocytes and ductular cells is contrary to current dogma
but not entirely novel. Some other groups have reported that
HSCs can express various progenitor markers, including SOX9, in
vitro (40, 41). We showed that Hh signaling differentially modu-
lates HSC expression of epithelial and mesenchymal markers, and
our prior lineage-tracing studies of constitutive GFAP-Cre/ROSA-
Stop-flox-YFP and GFAP-Cre/ROSA-Stop-flox-LacZ mice during
MCDE-induced liver injury demonstrated that hepatocytes and
cholangiocytes derive from cells that expressed GFAP (8). How-
ever, other workers have been unable to demonstrate the occur-
rence of epithelial-mesenchymal transitions during adult liver
injury (42, 43). Therefore, to further investigate the possibility
that some MF-HSCs in injured livers might become liver epithe-
lial cells, we used FACS analysis (Figure 7, A-E, and Supplemental
Figure 16, A and B), RT-PCR (Figure 8A and Supplemental Figure
17), and immunofluorescence plus confocal microscopy (Figure
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Figure 6

Epithelial and stromal cells are progeny of cells that express markers of HSCs. (A) «SMA-Cre-ER™ x ROSA-Stop-flox-YFP mice were subjected
to sham surgery or 14-day BDL and treated with either vehicle or TMX. Immunohistochemistry for YFP was performed, and representative images
are shown (original magnification, x40 [i—iv]). Boxed regions show increased magnification of representative YFP staining of ductular cells in peri-
portal areas (v; arrows) and hepatocytic and stromal cells in midzonal areas (vi; black and red arrows, respectively; original magnification, x100 [v
and vi]). Vehicle-treated controls are also shown (ii and iii, respectively). (B) Wild-type, ROSA-Stop-flox-YFP (no Cre), and aSMA-Cre-ERT2/ROSA-
Stop-flox-YFP (DTG-YFP) mice were subjected to sham surgery or BDL and treated with vehicle or TMX. Primary hepatocytes were isolated
14 days after BDL and analyzed for direct YFP fluorescence by flow cytometry. The percentages of YFP-positive cells relative to WT control are
indicated. (C) Hepatocytes were isolated from ROSA-Stop-flox-YFP and DTG-YFP mice; DNA was analyzed by PCR to examine rearrangement
of the ROSA26 locus (gray triangles depict LoxP sites). A common forward primer was used with 2 downstream primers specific for the indicated
regions (PGK Neo, EYFP; Supplemental Table 3). Cre-mediated recombination was quantified as described in Figure 1 and shown below each
lane. (D) Lineage tracing was also performed in GFAP-Cre-ERTM x ROSA-Stop-flox-YFP mice subjected to 14-day BDL injury and treated with
vehicle or TMX. Immunohistochemistry for hepatic YFP was performed, and representative images are shown of YFP+ cells in ductular (arrow-
head), stromal (red arrow), and hepatocytic (black arrows) regions (original magnification, x40 [top]; x100 [bottom]).

8B) to profile primary HSCs that were isolated from healthy adult
WT mice and analyzed immediately (day 0) or after culture for 7
days. HSC isolates were stained with BODIPY to demonstrate lipid
globules and analyzed by violet laser to identify vitamin A* cells
according to the protocol of Kisseleva and Brenner (44). 98% of
our freshly isolated HSCs were positive for BODIPY and vitamin
A (Supplemental Figure 16C). 97%-98% of the cells also expressed
the HSC marker, desmin, further assuring that both fresh isolates

8 The Journal of Clinical Investigation

and cultured cells were highly pure (Figure 7A). As expected, we
found that certain proteins were differentially expressed in the
day 0 HSCs and the culture-activated (day 7) HSCs. Most notably,
98% of day 7 HSCs expressed the MF-HSC marker, aSMA, whereas
fewer than 7% of day 0 HSCs expressed this protein (Figure 7A).
FACS analysis for PTC and GLI2 also confirmed that Hh signaling
was much more active in MF-HSCs than in freshly isolated HSCs
(Figure 7B). Surprisingly, SOX9 was consistently demonstrated
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Figure 7

FACS evidence that HSCs and MF-HSCs are reprogrammable. (A)
Intracellular staining of stellate cell markers desmin, GFAP, PPARYy,
aSMA, collagen, vimentin, and Ki67 on freshly isolated murine HSCs
(day 0 mouse HSCs) and MF-HSCs after 7 days of culture (day 7
mouse HSCs). Shaded areas indicate isotype controls. Costaining of
desmin, GFAP, or aSMA on day 0 or day 7 mouse HSCs with (B) Hh
signaling factors (PTC1, GLI2), (C) markers of hepatocytes and/or their
progenitors (HNF4a, CCAAT/enhancer-binding protein o [CEBPa],
AFP, Krt8/18, albumin, fibroblast growth factor—inducible molecule 14
[FN14]), (D) ductular cell markers (Krt7, Krt19, HNF6), and (E) pro-
genitor markers (SOX9, OCT4, Nanog, CD133, CD44, CD24). (A—E)
Percentages of cells positive for respective markers relative to isotype
control are indicated. (F) Double immunohistochemistry for desmin
(brown) and SOX9 (green) in WT (C57BL/6) livers demonstrates colo-
calization of these markers (arrowheads) (original magnification, x100).

in over 80% of HSCs regardless of culture (Figure 7E). Colocal-
ization of this multipotent progenitor marker and a well-estab-
lished HSC marker (desmin) was confirmed by immunostaining
of both freshly isolated HSCs (Figure 8B) and intact liver sections
(Figure 7F). Based on expression of other stem/progenitor-asso-
ciated markers, such as OCT4 and Nanog, MF-HSCs were more
enriched with primitive progenitor-type cells than freshly isolated
HSCs (Figure 7, C-E, and Supplemental Figure 17). In contrast,
cells expressing liver epithelial markers, such as HNF4a and Krt19,
were relatively enriched in fresh HSC isolates (Figure 7, C and D,
and Supplemental Figure 17).

To determine whether the epithelioid cells in the freshly iso-
lated HSC preparations were quiescent HSCs, we evaluated the
cells for coexpression of albumin and quiescent HSC markers
(desmin or GFAP), reasoning that albumin is a relatively spe-
cific marker for hepatocytes and their immediate precursors
(45, 46). Flow cytometry demonstrated coexpression of albumin
and desmin in over 90% of the freshly isolated HSCs (Figure 7C).
qRT-PCR analysis of freshly isolated HSCs also demonstrated
albumin mRNA (Figure 8A), and in situ hybridization verified
coexpression of albumin and GFAP transcripts (Figure 8B). This
direct evidence for albumin expression in freshly isolated HSCs
complements data that desmin® cells coexpress E-cadherin (Sup-
plemental Figure 2) and, together with the other flow cytometry
and PCR data (Figures 7 and 8 and Supplemental Figures 16 and
17), confirm that Q-HSCs are epithelioid cells with characteris-
tics of hepatocyte progenitors.

It is well accepted that Q-HSCs become MFs in injured livers
and during culture. Therefore, we examined day 7 culture-acti-
vated HSCs for evidence of albumin expression. We were unable
to demonstrate albumin transcripts in day 7 HSCs using FISH
(Supplemental Figure 18). Consistent with this, qRT-PCR con-
firmed that albumin mRNA levels were downregulated markedly
in MF-HSC:s relative to those in freshly isolated HSCs (Figure 8A).
However, over 90% of the MF-HSCs coexpressed albumin and
aSMA by flow cytometry (Figure 7C). While it is possible that
cell-adherent albumin from the culture medium explains the dis-
cordant flow cytometry and mRNA data, it is also conceivable that
MF-HSCs retain albumin that they generated at an earlier time
point given the long half-life of albumin protein.

The latter possibility implies that MF-HSCs would exhibit other
independent proof of previous albumin gene expression. There-
fore, we examined HSCs that were harvested from IKKBAHeP mice,

10 The Journal of Clinical Investigation

a strain in which regulatory elements of the albumin gene drive
expression of Cre-recombinase, disrupting the inhibitor k f§ kinase
B (IKKB) gene in hepatocytes (47). Mutant IKKf and Cre recom-
binase were evident in both RNA and DNA from freshly isolated
HSCs and culture-activated primary MF-HSCs from IKKpAHep
mice, whereas neither the mutant allele, nor Cre, could be demon-
strated in HSCs that were harvested from IKKB%/f control mice
(Supplemental Figure 19). These findings were replicated using
HSCs from mice that had been subjected to BDL to stimulate in
vivo reprogramming of HSCs into MFs. While it is conceivable
that freshly isolated HSC preparations might harbor contaminat-
ing hepatocytes, hepatocytes do not survive 7-day culture under
conditions that are routinely used to induce HSC transdifferenti-
ation into MFs. Thus, the results prove that murine MF-HSCs are
derived from cells with sufficient endogenous albumin transcrip-
tional activity to drive expression of Cre recombinase and affect
IKKp gene rearrangement.

To evaluate the generalizability of these data, we performed
FACS analysis of 2 clonal myofibroblastic HSC lines. The major-
ity of clonal human MF-HSCs (LX2 cells) and clonal rat MF-H-
SCs (8B cells) were Hh-responsive and coexpressed albumin and
aSMA. Highly prevalent coexpression of AFP and aSMA, as well
as coexpression aSMA and various other stem/progenitor mark-
ers, was likewise demonstrated (Supplemental Figures 20 and 21).

Although our FACS findings supported results generated by our
fate-mapping studies in intact aSMA-Cre-ERT2/ROSA-Stop-flox-
YFP DTG mice and GFAP-Cre-ERTM/ROSA-Stop-flox-YFP DTG
mice (Figure 6, A and D), evidence that HSCs can become both MFs
and liver epithelial cells seems to refute reports that mesoderm
gives rise to HSCs during embryogenesis (48) as well as claims that
epithelial-mesenchymal transitions do not occur in adulr livers
(42, 43, 49). Therefore, it was critical to determine whether our
findings could be confirmed by an alternative approach. To do
this, we performed lineage tracing in a fourth DTG line (GFAP-
Cre/ROSA-Stop-flox-LacZ mice), in which constitutive GFAP
expression in healthy adult mice is used to mark GFAP-expressing
cells and their progeny. HSCs and cells lining canals of Hering (an
acknowledged reservoir of SOX9* bipotent liver epithelial progen-
itors) are LacZ" in these mice (8). LacZ staining was also demon-
strated throughout the extrahepatic biliary tree, gall bladder, and
pancreatic ducts (Supplemental Figure 22). All of the latter struc-
tures are also known to derive from SOX9-positive multipotent
progenitors (32). SOX9 interacts with the Hh pathway to control
progenitor fate decisions (50, 51), suggesting that some level of
basal Hh signaling might be evident in the healthy adult pancre-
atobiliary tree. To address this issue, we stained tissues from PTC-
LacZ mice in which expression of 3-galactosidase is controlled
by promoter elements of the Hh target gene, Ptc (7). Faint LacZ
staining was evident in the gall bladder, extrahepatic bile duct, and
pancreatic ducts (Supplemental Figure 22).

Discussion

This study proves that SMO, an obligate intermediate in the
canonical Hh signaling pathway, controls the injury-related accu-
mulation of MFs and liver progenitors in adult liver. Moreover,
the results uncover what we believe to be a novel mechanism for
replacing injured hepatic epithelia that depends upon SMO-
directed modulation of epithelial-mesenchymal transitions in
HSCs, the resident liver pericyte that is a major source of MFs dur-
ing many types of liver injury.
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Figure 8

HSCs differentially coexpress markers of hepatocytes, progenitors, and MFs. (A) HSCs were isolated from WT mice. Total RNA was purified from
either freshly isolated cells or cells cultured for 7 days and analyzed by RT-PCR. Amplicons were visualized by agarose gel electrophoresis. Band
intensity was quantified and expressed relative to day 0 mRNA level. (B) FISH for GFAP (red) and albumin (blue) mRNAs in freshly isolated Q-H-
SCs (original magnification, x100) (top). Immunofluorescence (IF) staining demonstrates colocalization of desmin (green) and albumin proteins in
day 0 HSCs visualized by confocal microscopy. Nuclei are demonstrated by DAPI staining (original magnification, x100) (bottom). (C) Expression
of representative hepatocytic and progenitor markers (AFP, SOX9, Nanog) in day 0 HSCs (desmin-positive) and day 7 culture-activated mouse
HSCs (aSMA-positive) visualized by confocal microscopy. Nuclei are demonstrated by DAPI staining (original magnification, x100 [day O mouse

HSCs]; x40 [day 7 mouse HSCs]).

These discoveries have several important implications. First,
they show that a single molecule, SMO, ultimately coordinates
fibrogenic and regenerative signals initiated when various inju-
ry-related factors interact with their receptors, because simply
deleting SMO in MFs is sufficient to prevent hepatic accumu-
lation of both MFs and liver epithelial progenitors. Albeit unex-
pected, this result is consistent with evidence that SMO inte-
grates at least 3 major morphogenic signaling pathways, Hh,
Wnt, and TGF-f (16, 52), and indicates that SMO is a central
regulator of both liver fibrosis and regeneration. This insight,
in turn, identifies SMO as a therapeutic target to prevent cir-
rhosis and optimize recovery from liver damage. Second, proof
of SMO’s importance in adult liver repair validates the puta-
tive pathobiological significance of injury-related induction of
Hh ligand production by liver epithelia and resultant hepatic
accumulation of Hh-responsive MFs and progenitors (10). This

The Journal of Clinical Investigation

justifies strategies that aim to prevent liver fibrosis by reducing
hepatic epithelial injury, since success aborts production of Hh
ligands that would otherwise provide a major paracrine stimu-
lus for SMO activation in MFs and consequent MF accumula-
tion and liver fibrosis. Third, evidence that hepatic accumula-
tion of liver epithelial progenitors is blocked (and liver atrophy
enhanced) by conditional deletion of SMO in MFs provides an
explanation for previous observations that MF depletion impairs
liver regeneration in adults (53, 54) and implies that progenitors
play a more important role in adult liver regeneration than gen-
erally believed. Fourth, proof that SMO-dependent signals are
required for resident HSCs to become proliferative MFs, coupled
with evidence that MF-HSCs express markers of multipotent
progenitor cells, supports complementary lineage-tracing evi-
dence that HSCs function as facultative progenitors to replace
damaged liver epithelial cells in injured livers.

http://www.jci.org 1
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Together, the data suggest a novel, and admittedly controver-
sial, model whereby SMO dictates the outcome of liver injury by
modulating the differentiation of a subpopulation of resident liver
cells that retain multipotency. Recently, a subpopulation of tran-
sitional cells that coexpressed epithelial and mesenchymal mark-
ers was demonstrated in adult mammary glands. The epithelioid
breast cells were capable of upregulating their expression of mul-
tipotency factors to acquire a more mesenchymal, stem cell-like
phenotype. Transitional breast cells were particularly sensitive to
reprogramming by virally delivered oncogenes. Spontaneous repro-
gramming also occurred, although the signals driving that process
were not elucidated (55, 56). Our results support the concept that
HSCs are the liver equivalent of the transitional breast cells and
identify SMO activation as a key event in the reprogramming pro-
cess. In healthy livers, which lack Hh ligands and other signals that
activate SMO, HSCs are nonfibrogenic and nonproliferative (i.e.,
quiescent) pericytes. Like the transitional breast cells and pericytes
in other tissues, these quiescent HSCs express some mesenchymal
genes (55, 57-59). HSCs also express many markers of hepatocyte
and cholangiocyte precursors, suggesting that they are poised to
undergo MET if the need to replace mature liver epithelial cells
arises acutely. Conversely, during chronic liver injury, the HSC
microenvironment becomes progressively and persistently enriched
with Hh ligands and other profibrogenic factors that activate SMO
(7,20). SMO activation in HSCs initiates signaling that downregu-
lates epithelial genes but upregulates expression of genes that drive
HSCs to become proliferative, myofibroblastic, and fibrogenic.
Expression of pluripotency factors, such as Nanog and OCT4 (60),
also emerges in some MF-HSCs. Thus, by generating sustained
paracrine signals that persistently activate SMO in HSCs, chronic
hepatic epithelial injury favors accumulation of both MFs and mul-
tipotent progenitors, while suppressing the differentiation of these
multipotent progenitors into quiescent HSCs and more mature
liver epithelial cells. Although these responses might be viewed as
an appropriate adaptation that assures eventual replacement of
hepatic epithelia once hepatotoxic threats dissipate, fibrosis ensues
as the liver becomes progressively repopulated by relatively undif-
ferentiated and myofibroblastic multipotent progenitors and their
immediate progeny.

This model does not preclude roles for other types of liver epi-
thelial progenitor cells in maintaining hepatic epithelial homeo-
stasis. Indeed, the latter is likely given strong evidence that hepatic
progenitor populations are heterogeneous and diverse situations
evoke a demand for replacement of hepatic epithelial cells (61).
Nor does the model define the ultimate source of HSCs. It is fully
consistent with the possibility that adult HSCs derive from puta-
tive precursors in either the adult biliary tree (33, 61, 62) or ves-
tigial mesothelium (48, 63). There is also room for MFs derived
from cells other than HSCs in the new model. Unlike MF-HSCs,
which are capable of transitioning back into nonfibrogenic cells,
PFs and bone marrow-derived fibrocytes appear to provide a con-
sistent source of collagen matrix (26). The relative significance of
different MF populations is already believed to vary according to
the type and duration of liver injury (26, 31). Further research is
needed to clarify which types of MFs persist and continue to pro-
duce collagen matrix after epithelial injury subsides. Finally, the
model has potential relevance for regeneration of other epithelial
tissues with resident stellate cell/pericyte populations, such as
adult pancreas and kidney (64). Our studies suggested that con-
ditional deletion of SMO in aSMA-expressing cells reduced num-
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bers of renal aSMA* cells (Supplemental Figure 10). If stellate
cells/pericytes in those tissues also retain sufficient plasticity to
transition into replacement epithelial cells, then SMO might be a
master regulator of epithelial repair in adults. Moreover, because
SMO activation is modulated by a number of different cell surface
molecules that influence cell fate decisions (15), it may be a novel
“druggable” target to prevent fibrosis and assure regeneration of
healthy epithelia during many types of tissue damage.

Methods

Animals and experimental design. Smo™?4m</] (SMO-flox) mice (65) and ROSA-
Stop-flox-YFP mice (38) were obtained from The Jackson Laboratory and
were crossed with aSMA-Cre-ER™? transgenic mice (24), which express TMX
-regulated Cre recombinase under control of the aSMA promoter. DTG
aSMA-Cre x SMO/flox homozygote control mice were bred by crossing
SMO/flox homozygote, aSMA-Cre-ER™ hemizygous mice with SMO/flox
homozygote mice. Additionally, aSMA-Cre-ER"? x ROSA-Stop-flox-YFP
mice were bred by crossing ROSA-Stop-flox-YFP homozygote, aSMA-Cre-
ERT2 hemizygous mice with ROSA-Stop-flox-YFP homozygote mice. Adult
(aged 8-12 weeks) mice were subjected to either BDL or sham surgery, as
described previously (66) (» = 11 mice per group). Animals were killed 14
days after surgery; blood and liver samples were obtained.

To induce oxidative liver injury and activate HSC and liver progenitor
populations, aSMA-Cre-ER™ x SMO/flox DTG mice were fed a methion-
ine/choline-deficient diet supplemented with 0.15% ethionine (MCDE),
as described previously (7). Animals were divided into groups that received
either vehicle (n = 5) or TMX (n = 6), and surviving mice were sacrificed
after being fed MCDE diets for 1 week. Chow-fed aSMA-Cre-ER™ x SMO/
flox DTG mice treated either with vehicle (n = 6) or TMX (n = 6) were also
sacrificed at the same time point.

IKKBYM and IKKBAHeP mice were gifts from Michael Karin (UCSD, San
Diego, California, USA). IKKB%/ mice were bred with albumin-Cre mice to
generate animals in which albumin-expressing cells and their progeny are
IKKp deficient (i.e., IKKBAHeP) (67). All mice were housed in a facility with
a 12-hour-light/dark cycle and allowed free access to food and water. Both
single-transgenic IKKB/f and DTG IKKBAHe animals were subjected to
BDL, as described above (n = 4 mice per group).

ROSA-Stop-flox-LacZ mice were obtained from The Jackson Laboratory
(http://www.jax.org). Mice expressing Cre recombinase under the control
of the constitutive GFAP regulatory element (GFAP-Cre-ER mice) were
crossed with ROSA-Stop-flox-LacZ transgenic mice, which have been pre-
viously described (8). Adult male PTC-LacZ reporter mice have been previ-
ously described (18).

TMX injection. To initiate Cre-mediated gene rearrangement of floxed
alleles, DTG mice subjected to either sham operation or BDL (approxi-
mately 25 g in body weight) were injected intraperitoneally with TMX
(Sigma-Aldrich) at 10 mg per kg body weight. Injections for BDL injuries
were initiated at day O for GFAP mice and day 4 for aSMA mice. Injections
were delivered every other day until tissues were harvested at day 14 after
surgery. For MCDE diet-induced injury, TMX was injected beginning at
day 0 of MCDE diet administration and delivered every other day until
tissue was harvested at day 7.

B-Galactosidase staining. Staining of f-galactosidase in whole-mount tissue
and in paraffin-embedded tissue was performed as previously described
using the B-Galactosidase Detection Kit (Promega) (68).

Hydroxyproline assay. Hepatic hydroxyproline content was quantified
colorimetrically in flash frozen liver samples, as described previously
(7). Concentrations were calculated from a standard curve prepared
with high-purity hydroxyproline (Sigma-Aldrich) and expressed as mg
hydroxyproline per g liver.
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Immunohistochemistry. Liver tissue was fixed in formalin and embedded
in paraffin. Immunohistochemical staining to detect GLI2, SMO, aSMA,
elastin, Krt19, SOX9, AFP, desmin, Ki67, and cyclin D1 was performed
using the DAKO Envision System (DAKO Corporation) according to the
manufacturer’s protocol. Immunostaining were performed as described
previously (69). Briefly, formalin-fixed paraffin-embedded liver tissues
were cut into 5-um sections and placed on glass slides. Sections were dep-
arafinized with xylene, dehydrated with ethanol, and then incubated with
3% hydrogen peroxide to block endogenous peroxidase. Antigen retrieval
was performed by heating in 10 mM sodium citrate buffer (pH 6.0) or
incubating with pepsin (00-3009; Invitrogen). Sections were blocked
in DAKO protein block (X9090; DAKO), followed by incubation with
primary antibodies. The following primary antibodies were used: GLI2
(GWB-EB3B44; 1:4,500; GenWay Biotech), desmin (ab6322; 1:1,000;
Abcam), elastin (BA-4; 1:2,000; Santa Cruz Biotechnology Inc.), Krt19
(Troma III, 1:400; Hydroma Bank), AFP (A0008, 1:400; DAKO), aSMA
(M0851; 1:500; DAKO), SOX9 (AB5535; 1:1,000; Millipore), Ki67 (NCL-
L-Ki67-MM1; 1:1,000; Novocast), cyclin D1 (ab16663; 1:1,000; Abcam);
SMO (sc-6366; 1:150; Santa Cruz Biotechnology Inc.); YFP (GFP-1020;
1:600; Aves Labs); and GFAP (DAKO; 1:1,000; Novus). HRP-conjugated
anti-rabbit (K4003; DAKO), anti-mouse (K4001; DAKO) secondary anti-
bodies were used to visualize target proteins. DAB reagent (K3466; DAKO)
was applied in the detection procedure. Tissue sections were counter-
stained with Aqua Hematoxylin-INNOVEX (Innovex Biosciences). Dou-
ble immunohistochemistry was performed using Vina Green, according
to the manufacturer’s recommendation (BioCare Medical). Negative
controls included liver specimens exposed to 1% bovine serum albumin
instead of the respective primary antibodies.

Sirius red staining and aSMA, desmin, and elastin immunohistochemical
staining were assessed by morphometry (MetaView software, Universal Imag-
ing Corp.). For morphometric quantification, 10 randomly chosen fields at
x20 magnification per section were evaluated for each mouse. GLI2, SOX9,
Ki67, and cyclin D1 staining was quantified using similar approaches: for
each of these parameters, numbers of cells with stained nuclei were counted
in 10 randomly chosen x20 fields per section per mouse.

In situ hybridization. To detect specific transcripts within isolated HSCs
and hepatocytes, FISH was carried out using validated probes specific
for mouse albumin (VB6-12839, Panomics), collagen 1al (VB1-13595,
Panomics), and GFAP (VB1-10623, Panomics) mRNAs, according to the
manufacturer’s protocol. Briefly, freshly isolated HSCs and hepatocytes,
or day 7 culture activated HSCs, were fixed on cover slips using 4% form-
aldehyde. Cells were permeabilized and hybridized with probes indicated
in Figure 8B. Q-HSC multiplex hybridizations were GFAP (Cy3) and
albumin (CyS). MF-HSC multiplex hybridizations were COL1A1 (Cy3)
and albumin (CyS5), and hepatocytes were probed with COL1A1 (Cy3)
and albumin (CyS5). Slides were then mounted in Vectashield Aqueous
Mounting Media with DAPI (Vector Laboratories). Slides were viewed
with a Zeiss 710 inverted confocal microscope through the Duke Confocal
Microscopy Core Facility.

Immunocytochemistry. HSCs were cytospun or grown on coverslips for 7 days.
Cells were washed, fixed in 4% paraformaldehyde and permeabilized with cold
methanol, and incubated with primary antibodies for 2 hours at room tem-
perature. Cells were washed in PBS and incubated with Alexa Fluor 594 goat
anti-mouse IgG or Alexa Fluor 488 goat anti-rabbit IgG (H+L) for 45 min-
utes at room temperature. Slides were mounted on slides with Prolong Gold
Antifade Reagent (Invitrogen) and viewed with a Zeiss 710 inverted confocal
microscope (Carl Zeiss).

HSC isolation and culture. Primary HSCs were isolated from DTG mice as
well as IKKBf and IKKBAHP mice. Isolated HSCs were assessed for purity
and viability (Supplemental Figure 16C) and seeded at a density of 3 x 102
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cells per mm? in DMEM supplemented with 10% fetal bovine serum and
penicillin/streptomycin, as described previously (11).

Adenoviral transduction of HSCs. Adenoviruses, harboring either the GFP gene
(AdGFP) or Cre recombinase gene (AdCre), were added to primary murine
HSCs at culture day 4 at a MOI of 50, as described previously (11). After
24 hours, virus-containing medium was aspirated and replaced with fresh
medium. Viral efficiency of AAGFP infection was assessed by confocal micros-
copy, with >95% of infected cells found to be GFP positive. Cre expression of
infected cells was confirmed by Western analysis of cellular whole cell extracts.

Measures of injury. Serum alanine aminotransferase and triglycerides
were measured using commercially available kits from Biotron Diagnos-
tics (66-D) and Cayman Chemicals (10010303), respectively, according to
the manufacturer’s instructions. TUNEL assays were performed on par-
affin-embedded tissue using a commercially available assay from Roche
Applied Science (In Situ Cell Death Detection Assay, 11-684-817-910)

Cell line maintenance. Human MF-HSC line LX2 (provided by Scott Fried-
man, Mount Sinai School of Medicine, New York, New York, USA) (70)
was cultured in Dulbecco’s modified Eagle’s medium, supplemented with
10% fetal calf serum, 1 mM L-glutamine, and 100 IU/ml penicillin/strep-
tomycin.

Clonally derived rat MF-HSC line 8B (71) was cultured in RPMI 1640
medium and supplemented with 10% fetal calf serum and 100 IU/ml peni-
cillin/streptomycin. All cells were harvested by trypsinization and used for
flow cytometry analysis. Phenotypic characterization of all HSC lines is
provided in Supplemental Table 1

Two-step real-time RT-PCR and conventional RT-PCR. Total RNA was
extracted from cells, livers, or brains using TRIzoL (Invitrogen), followed
by RNase-free DNase I treatment (Qiagen). RNA was reverse transcribed to
cDNA templates using random primer and SuperScript RNase H-Reverse
Transcriptase (Invitrogen) and amplified.

For semiquantitative qRT-PCR, 1.5% of the first-strand reaction was
amplified using StepOne Plus Real-Time PCR Platform (ABI/Life Tech-
nologies) and specific oligonucleotide primers for target sequences as
well as the ribosomal S9 housekeeping gene. qRT-PCR parameters were
as follows: denaturating at 95°C for 3 minutes, followed by 40 cycles
of denaturing at 95°C for 10 seconds and annealing/extension at the
optimal primers temperatures for 60 seconds. Threshold cycles (Cy)
were automatically calculated by the StepOne Plus Real-Time Detec-
tion System. Target gene levels in the cells are presented as a ratio to
levels detected in the corresponding control cells according to the 2-44¢¢
method. Primer sequences are listed in Supplemental Table 3.

Flow cytometry. All the staining steps were performed in the dark at
4°C and blocked with BD Fc Block. For surface staining, cells were incu-
bated for 30 minutes with antibody in flow cytometry staining buffer
(eBioscience) and were washed 3 times with flow cytometry buffer. For
intracellular staining, cells were fixed and permeabilized for 20 minutes
with Cytofix/Cytoperm buffer (BD PharMingen) and were washed twice
with Perm/Wash buffer (BD PharMingen), followed by incubation with
antibody in Perm/Wash buffer for 30 minutes. LSRII (BD) and FACSDiva
software (BD) were used for the acquisition of flow cytometry data, and
FlowJo software (TreeStar) was used for analysis. BODIPY staining for lipid
content was performed by incubating mouse HSCs with BODIPY 493/503
(4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene) (20 ug/
ml; Invitrogen) for 30 minutes and was analyzed using FITC channel. YFP
expression in hepatocytes was analyzed using FITC channel. Antibodies
and conjugates are listed in Supplemental Table 2.

Statistics. All data were expressed as mean = SEM. Statistical analysis was
performed using Student’s ¢ test. All analysis was conducted using Graph-
Pad Prism 4 software (GraphPad Software Inc.). Differences with P < 0.05
were considered to be statistically significant.
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Study approval. Animal care and surgical procedures were approved by
the Duke University Medical Center Institutional Animal Care and Use

Committee as set forth in the Guide for the Care and Use of Laboratory Animals

published by the NTH.
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