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Alterations in the Wnt signaling pathway including those impacting hepatic stellate cells (HSCs) have been 
implicated in liver fibrosis. In the current study, we first examined the expression of Wnt genes in human HSC 
(HHSCs) after treatment with a profibrogenic factor TGF-b1. Next, we generated HSC-specific Wntless (Wls) 
knockout (KO) using the Lrat-cre and Wls-floxed mice. KO and littermate controls (CON) were characterized 
for any basal phenotype and subjected to two liver fibrosis protocols. In vitro, TGF-b1 induced expression of 
Wnt2, 5a and 9a while decreasing Wnt2b, 3a, 4, and 11 in HHSC. In vivo, KO and CON mice were born at nor-
mal Mendelian ratio and lacked any overt phenotype. Loss of Wnt secretion from HSCs had no effect on liver 
weight and did not impact b-catenin activation in the pericentral hepatocytes. After 7 days of bile duct ligation 
(BDL), KO and CON showed comparable levels of serum alkaline phosphatase, alanine aminotransferase, 
aspartate aminotransferase, total and direct bilirubin. Comparable histology, Sirius red staining, and immuno-
histochemistry for a-SMA, desmin, Ki-67, F4/80, and CD45 indicated similar proliferation, inflammation, and 
portal fibrosis in both groups. Biweekly administration of carbon tetrachloride for 4 or 8 weeks also led to com-
parable serum biochemistry, inflammation, and fibrosis in KO and CON. Specific Wnt genes were altered in 
HHSCs in response to TGF-b1; however, eliminating Wnt secretion from HSC did not impact basal b-catenin 
activation in normal liver nor did it alter the injury–repair response during development of liver fibrosis.
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INTRODUCTION

Hepatic fibrosis is a prolonged wound healing pro-
cess regardless of its etiology, resulting from excessive 
accumulation of extracellular matrix (ECM) proteins1,2. 
Substantial evidence exists demonstrating that hepatic 
stellate cells (HSCs) are the main source of ECM pro-
duction during hepatobiliary injury2–5. In response to liver 
injury, quiescent HSCs undergo activation into myofi-
broblasts featured by enhanced proliferation, migration, 
contraction, as well as altered, profibrotic and proinflam-
matory gene transcription2,3,6. Several signaling pathways 
are involved in the activation of HSCs; some are well 

characterized, like platelet-derived growth factor (PDGF) 
and transforming growth factor-b (TGF-b) signaling path
ways2,7–9, whereas others are not so well elucidated, includ
ing Wnt signaling7,9,10.

Wnt signaling is crucial in liver pathophysiology 
including normal liver development and adult tissue 
homeostasis. Alterations in its activity are associated 
with development of hepatocellular carcinoma and other 
diseases10,11. One major role of Wnt/b-catenin signaling 
is regulating postnatal hepatic growth, which contrib-
utes to gain in liver weight (LW). Also, at baseline, Wnt/ 
b-catenin signaling is active in pericentral hepatocytes 
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and contributes to metabolic zonation. Lack of b-catenin 
or Wnt coreceptors leads to disruption of glutamine syn-
thetase (GS) expression in zone 3 hepatocytes12–14. While 
endothelial cells lining the central vein are known to 
be a source of Wnt ligands that regulate zonation, and 
macrophages and hepatocytes have been ruled out as the 
source of Wnt ligands, the role of HSCs as source of Wnts 
for this process is unknown14–16.

Increased expression of Wnt pathway components 
was first reported in liver fibrosis by genetic analysis of 
primary biliary cirrhosis livers in 200117,18. Following 
these observations, several investigations have attempted 
to address the role of Wnt signaling pathway in HSC acti-
vation and liver fibrosis. However, a consensus on the 
role of Wnt signaling in HSC biology remains ambigu-
ous. One study demonstrated that Wnt/b-catenin pathway 
negatively regulates HSC activation19, while a growing  
body of publications support positive correlation between  
the activation of canonical Wnt signaling pathway and  
the process of HSC activation and fibrosis20–25. Simul
taneously, noncanonical Wnt signaling (b-catenin inde-
pendent) and its components have also been identified 
as contributors of HSC activation and as constituents 
of fibrotic livers26–31. A few studies have shown that in 
vitro and in vivo antagonism of the Wnt signaling path-
way with an inhibitor of interactions between the CREB-
binding protein (CBP) and b-catenin suppresses and 
even reverses the activation of HSCs to alleviate hepatic 
fibrogenesis20,22,27. These findings suggest a correlation 
between the activation of Wnt signaling pathway in acti-
vated HSCs and liver fibrosis. However, the source of 
Wnt ligands and whether they impact HSC biology in an 
autocrine or a paracrine manner, along with the role of 
HSC as source of Wnts in hepatic fibrosis, has not been 
investigated.

In order to directly address the relevance of HSC as a 
source of Wnt signaling and its impact on hepatic fibrosis, 
we generated HSC-specific Wntless (Wls) knockout (KO) 
mice by breeding previously described Wls-floxed mice 
and lecithin retinol acyl transferase (LRAT)-driven Cre 
(Lrat-cre) transgenic mice5. Wls is an obligate chaperone 
protein required for Wnt secretion in all cells; therefore, 
these KO mice are unable to secrete any Wnt proteins from 
HSCs, thereby providing an opportunity for us to exam-
ine the role of any Wnt ligand secreted from HSCs in 
the baseline liver as well as in development of injury and 
fibrosis.

MATERIALS AND METHODS

Generation of HSC-Specific Wntless Knockout Mice

Lrat-cre mice (C57BL/6 strain), described previously, 
were kindly provided by Dr. Robert Schwabe5. To gener-
ate HSC-specific Wls-knockout mice (KO), homozygous 

floxed Wls mice (Wlsloxp/loxp ) were bred to the Lrat-cre 
mice (Lrat-cre+/−), and offspring carrying one floxed Wls 
allele and Lrat-cre allele were then crossed to Wlsloxp/loxp  
mice. The resulting mice with genotype Wlsloxp/loxp;  
Lrat-cre+/− are referred henceforth as KO, and littermates 
with genotypes Wlsloxp/loxp; Lrat-cre−/− or Wlsloxp/WT; Lrat-
cre−/− as controls (CON). To validate efficacy of Lrat-cre 
in conditionally deleting floxed genes in HSCs, we bred 
the ROSA26-Stopflox/flox-EYFP mice with Wlsloxp/loxp; Lrat-
cre+/− KO mice.

Liver Fibrosis and Injury Models

Liver fibrosis was induced by intraperitoneal (IP) 
injections of 0.5 ml CCl4 per gram body weight (BW), dis-
solved in corn oil at a ratio of 1:3, twice a week for 4 or  
8 weeks. Cholestatic liver fibrosis was induced by com-
mon bile duct ligation for 7 days.

Isolation of Hepatic Stellate Cells

Primary HSCs were isolated via in situ collagenase per-
fusion of the liver, removal of hepatocytes and debris by 
low speed centrifugation, followed by Nycodenz (Accurate 
Chemical) density gradient centrifugation as described pre-
viously32. HSCs were then extracted with TRIzol (Thermo 
Fisher Scientific, Waltham, MA, USA) as per manufac
turer’s instructions for RNA, DNA, and protein analyses.

Cell Culture

Cell culture and TGF-b1 treatment of human HSCs 
(HHSCs) were described previously33. Briefly, HHSCs 
(Cat. No. 5300) were purchased twice from ScienCell 
Research Laboratories (Carlsbad, CA, USA) and cul-
tured according to the protocol provided by the company. 
Cells were used prior to 6th passage and serum starved 
12 h prior to treatment by washing cells twice with ster-
ile, cold PBS followed by addition of serum-free Stellate 
Cell Medium (ScienCell) containing recombinant TGF-b 
(2 ng/ml; R&D Systems) for 24 h before harvesting the 
cells for RNA and qPCR analysis.

Histology, Immunohistochemistry,  
and Immunofluorescence

Liver specimens were fixed in 10% buffered forma-
lin and embedded in paraffin. Hematoxylin and eosin 
(H&E) staining on 4-mm liver sections was performed. 
Immunohistochemistry was performed on these sections 
as described below. Briefly, deparaffinized sections were 
incubated in 3% H2O2 dissolved in 1× phosphate-buffered 
saline (PBS) for 10 min to quench the endogenous peroxi-
dase. Slides were pressure cooked in antigen retrieval buf-
fer for 20 min. Subsequently, slides were incubated with 
primary antibodies overnight at 4°C. Primary antibodies 
used in the study include Ki-67 (NM-sP6; Thermo Fisher 
Scientific), GS (SC-74430; Santa Cruz Biotechnology), 
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desmin (NB120-15200, Novus Biologicals), b-catenin 
(610514, BD), PCNA (sc-56, Santa Cruz Biotechnology), 
CD45 (sc-53665, Santa Cruz Biotechnology), F4/80 
(MCA497GA, Bio-Rad), and a-smooth muscle actin 
(a-SMA) (ab5694, Abcam). After washes, the sections 
were incubated in the appropriate biotin-conjugated 
secondary antibody (Chemicon, Temecula, CA, USA) 
for 30 min at room temperature. Signal was detected 
using the Vectastain ABC Elite kit (Vector Laboratories, 
Inc., Burlingame, CA, USA) and developed using DAB 
(Vector Laboratories, Inc.). Sections were counterstained 
with Shandon hematoxylin solution (Thermo Fisher 
Scientific, Pittsburgh, PA, USA), subjected to dehydra-
tion process and coverslipped. For negative control, sec-
tions were incubated with secondary antibodies only or 
with control IgG.

Immunofluorescence Staining

Samples were fixed in 10% buffered formalin over-
night, transferred to 30% sucrose in PBS and incubated 
at 4°C overnight, then frozen in OCT compound (4583; 
Sakura) at −80°C. Livers were cut into 5-µm sections and 
allowed to air dry. Next, sections were washed in PBS 
and microwaved in preheated sodium citrate buffer (pH 6)  
for 6 min twice (12 min total, evaporated buffer was 

replaced after 6 min in the microwave). After cooling, 
slides were washed in PBS, permeabilized in 0.1% Triton 
X-100 in PBS for 20 min, and washed with PBS three 
times. Sections were then blocked with 2% goat serum  
in PBS with 0.1% Tween®-20 (antibody diluent) for 
30 min at room temperature (RT). Primary antibodies 
for desmin (Novus, NB120-15200) and GFP (Abcam, 
ab13970) were diluted 1:200 in antibody diluent and 
applied to the samples overnight at 4°C. Sections were 
next washed in PBS for 5 min three times. Secondary 
antibodies Alexa Fluor® 488 goat anti-rabbit (A11008; 
Life Technologies, Carlsbad, CA, USA) and 555 goat 
anti-chicken (A21437; Life Technologies) were diluted 
1:400 in antibody diluent and incubated at RT for 3 h. 
Samples were washed in PBS for 5 min three times, 
treated with 1 mg/100 ml DAPI (B2883; Sigma-Aldrich) 
in distilled water for 1 min, and washed with PBS three 
times. Coverslips were applied with ProLong™ Gold 
antifade reagent (P10144; Invitrogen), and samples 
were imaged on a Nikon Eclipse Ti epifluorescence  
microscope.

Protein Extraction and Western Blot

Liver tissues were homogenized in lysis buffer  
[30 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% 

Table 1.  Real-Time PCR Primers Used in This Study

Gene Forward Primer Reverse Primer

cDNA primers
Human Wnt2 TAGTCGGGAATCTGCCTTTG TTCCTTTCCTTTGCATCCAC
Human Wnt2b TGCCAAGGAGAAGAGGCTTAAG GTGCGACCACAGCGGTTATT
Human Wnt3 GGAGAAGCGGAAGGAAAAATG GCACGTCGTAGATGCGAATACA
Human Wnt3a CCTGCACTCCATCCAGCTACA GACCTCTCTTCCTACCTTTCCCTTA
Human Wnt4 GATGTGCGGGAGAGAAGCAA ATTCCACCCGCATGTGTGT
Human Wnt5a GAAATGCGTGTTGGGTTGAA ATGCCCTCTCCACAAAGTGAA
Human Wnt5b CTGCCTTTCCAGCGAGAATT AGGTCAAATGGCCCCCTTT
Human Wnt6 GGTTATGGACCCTACCAGCA AATGTCCTGTTGCAGGATGC
Human Wnt7a AGTACAACGAGGCCGTTCAC GCACGTGTTGCACTTGACAT
Human Wnt7b CCCGGCAAGTTCTCTTTCTTC GGCGTAGCTTTTCTGTGTCCAT
Human Wnt8a TGGGGAACCTGTTTATGCTC CCCTCGGCTTGGTTGTAGTA
Human Wnt8b GACAATGTGGGCTTCGGAGA GAGTGCTGCGTGGTACTTCT
Human Wnt9a CTTAAGTACAGCAGCAAGTTCGTCAA CCACGAGGTTGTTGTGGAAGT
Human Wnt9b CAGGTGCTGAAACTGCGCTAT GCCCAAGGCCTCATTGGT
Human Wnt10a GGCAACCCGTCAGTCTGTCT CATTCCCCACCTCCCATCT
Human Wnt10b CTTTTCAGCCCTTTGCTCTGAT CCCCTAAAGCTGTTTCCAGGTA
Human Wnt11 TTGCTTGACCTGGAGAGAGG GACGAGTTCCGAGTCCTTCA
Human Wnt16 TGCTCCGATGATGTCCAGTA ACCTCCTGCAACGGACATAG
Human Wls TATCTGGACTACAGACATTGG CTTCCGTTACCTGACTAACG
m-PCDH7 TCCACTCCCAGAGGACAACT GGCTGGCTCTTCTTCCTCTC
m-Desmin GTGAAGATGGCCTTGGATGT CGGGTCTCAATGGTCTTGAT
m-Lrat CTCTCGGATCAGTCCACAGG ATCCCAAGACAGCCGAAGC
m-Wls TTGTATGCACCATCCCATAAGA GCTGTGGACACCCAGGTC
m-Cyclophillin A CCCCACCGTGTTCTTCGACA TCCAGTGCTCAGAGCTCGAAA

gDNA primer
WLS-FLOX DEL CTTCCCTGCTTCTTTAAGCGTC CTCAGAACTCCCTTCTTGAAGC
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Na deoxycholate, 0.1% SDS] containing the Complete 
Protease and Phosphatase Inhibitor Cocktail (Roche 
Molecular Biochemicals). Protein concentration was 
determined with the Bio-Rad Protein Assay Kit (Bio-
Rad, Hercules, CA, USA) using bovine serum albumin 
as a standard. Aliquots of 30-mg proteins were denatured 
by boiling in Tris-Glycine SDS Sample Buffer (Life 
Technologies), resolved by SDS PAGE, and transferred 
to nitrocellulose membranes (Bio-Rad, Hercules, CA, 
USA) using the Bio-Rad transfer apparatus. Membranes 
were blocked in 5% BSA in Tris-buffered saline con-
taining 0.1% Tween 20 for 1 h and probed with primary 
antibodies. Primary antibodies used in the study include 
PDGFRa (cs3174; Cell Signaling Technology), PDGFRb 
(cs3169; Cell Signaling Technology), a-SMA (a2547; 
Sigma-Aldrich), and desmin (NB120-15200; Novus Bio
logicals). Each primary antibody was followed by incu-
bation with horseradish peroxidase secondary antibody 
diluted 1:10,000 for 1 h. After appropriate washing, the 
signal was developed with the Super Signal West Pico 
or Super Signal West Femto (Thermo Fisher Scientific, 
Waltham, MA, USA).

Real-Time PCR

RNA was extracted from adherent cell cultures using 
Direct-zol RNA MiniPrep Plus kit (Zymo Research, 
Irvine, CA, USA) following the manufacturer’s proto-
col. RNA (1 mg) from each sample was used to make 
individual cDNA with SuperScript III First-Strand Syn
thesis System for RT-PCR (Invitrogen). cDNA along 
with 1× Power SYBR-Green PCR Master Mix (Applied 
Biosystems) and the appropriate primers (Table 1) were 
used for each real-time PCR reaction with Applied 
Biosystems StepOnePlus Real-Time PCR System. The 
comparative DDCT method was used for analysis of data.

Quantification of Immunohistochemistry (IHC) Images

Bright-field images of IHC staining were split into 
hematoxylin and DAB channels by Color Deconvolution 
using ImageJ Fiji (https://imagej.net/Welcome). The 
DAB staining in DAB channel of each antibody was 
highlighted with appropriate threshold; then the percent-
age of area of the DAB staining to the total image was 
measured.

Statistical Analysis

All experiments were performed with four to five 
animals in each group. Where applicable all data are 
presented as mean ± standard deviation (SD). Statistical 
differences among the various groups were assessed with 
Welch’s t-test, and p values (p < 0.05, p < 0.01, p < 0.005, 
and p < 0.0001) were considered statistically significant. 
All statistics were performed with Prism 6, version 7.0 
(GraphPad Software Inc., La Jolla, CA, USA).

RESULTS

Characterization of Expression of WNT Ligands  
in Primary HHSCs

Changes in mRNA expression of several Wnt genes 
were examined in primary HHSCs after exposure to 
TGF-b1 as described in Materials and Methods. Wnt2b, 
Wnt3, Wnt3a, Wnt4, Wnt5b, Wnt9b, Wnt10a, Wnt10b, 
and Wnt11 were significantly downregulated in the HHSCs 
after 24 h of TGF-b1 treatment compared to controls (Fig. 
1A). A significant increase in the expression of Wnt2, 
Wnt5a, and Wnt9a was observed after TGF-b1 treatment 
of HHSCs (Fig. 1B). Finally, Wls mRNA was assessed 
and found to be significantly decreased with TGF-b1 
treatment (Fig. 1C). Thus, a known profibrogenic factor 
altered the expression of several Wnts in HHSCs.

Conditional Deletion of Wls From HSC Does Not 
Impact Pericentral b-Catenin Activation or Lead  
to Any Other Overt Phenotype

Although the efficacy of Lrat-cre to target HSCs has 
been unequivocally demonstrated elsewhere, we vali-
dated its effectiveness in our own laboratory by cross-
ing ROSA26-Stopflox/flox-EYFP mice with Lrat-cre mice5.  

Figure 1.  Effect of profibrogenic factor on Wnt gene expression 
in human hepatic stellate cells (HHSCs). HHSCs (ScienCell) 
were treated with TGF-b in triplicates, and the experiment was 
repeated with two different batches of cells. A representative 
analysis is shown. (A) Significant downregulation of several 
Wnt genes in transforming growth factor-b1 (TGF-b1)-treated 
HHSCs compared to nontreated (NT) cells in basal media for 
24 h. (B) Significant increase in Wnt2, Wnt5a, and Wnt9a after 
TGF-b1 treatment. (C) Significant decrease in Wls expres-
sion was observed after TGF-b1 treatment. ns, not significant. 
*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.0001; Welch’s  
t-test.
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Figure 2.  Lecithin retinol acyl transferase (LRAT)-driven Cre (Lrat-cre) induces successful recombination of floxed genes in 
the stellate cells at baseline and in activated myofibroblasts after bile duct ligation (BDL) and CCl4 exposure. Male Rosa26- 
Stopflox/flox-EYFP:Wlsflox/flox mice were bred to female Lrat-cre mice, and mice carrying Lrat-cre allele (n = 3) was assessed at baseline. 
HSCs isolated from these mice (n = 2) were also isolated from these mice to perform genomic DNA PCR and qRT-PCR analysis com-
pared to HSCs from the littermate wild-type (WT) control mice. Further, as a proof of concept, Rosa26-Stopflox/flox-EYFP:PDGFRflox/flox 
mice were bred to female Lrat-cre mice, and mice carrying Lrat-cre allele in the progeny were subjected to BDL for 7 days (n = 3) or 
biweekly injections of CCl4 for 4 weeks (n = 3) at which time mice were euthanized and livers processed by confocal immunofluores-
cence for any colocalization of desmin (marker of HSC) and EYFP (marker of cellular Lrat-cre activation). (A) Predominant desmin+ 
cells coexpress EYFP at baseline in 2-month-old mice, indicating Lrat-cre activation in HSC at this time (200×). (B) Predominant 
desmin+ cells coexpress EYFP at 7 days after BDL indicating Lrat-cre activation in HSC at this time (200×). (C) Predominant desmin+ 
cells also coexpress EYFP at 4 weeks after CCl4 demonstrating activation of Lrat-cre in HSC at this time in this model (200×). 
(D) Graphical representation of relative mRNA expression in isolated primary HSCs from KO and wild-type mice. Desmin, Lrat, and 
Pcdh7 are equally expressed in KO and wild-type cells indicating equivocal HSC enrichment. Wls mRNA is greatly diminished in the 
male (KO-1) and female (KO-2) cells relative to wild type. Remnant Wls expression can be attributed to contaminating cells in the 
HSC prep. Cre mRNA expression was detected only in the KO HSC samples. (E) Agarose gel electrophoresis of genomic DNA PCR 
products from purified primary HSCs using primers to detect Wls-flox deletion. Endogenous WLS allele (1,625 bp) is evident only 
in WT HSCs. Floxed Wls allele (1,850 bp) is evident in the KO1 (male) and KO2 (female) purified cells, which indicates nondeleted 
alleles from other non-HSC-contaminating liver cells. Flox-deleted allele (410 bp) is evident in only the KO HSCs, indicating success-
ful genomic deletion by Lrat-cre.
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At baseline in 8-week-old mice, or after 7days of BDL  
or 4 weeks of CCl4 administration, there was a clear colo-
calization of EYFP with desmin, validating the efficiency 
of Lrat-cre in eliminating floxed genes in HSCs in these 
KO mice and in two models of fibrosis (Fig.  2A–C). 
Furthermore, we isolated primary HSCs from KO and 
wild-type mice and examined mRNA expression of HSC 
marker genes as well as Cre recombinase. Cre mRNA 
expression was evident in the HSCs from KO mice at 

baseline but not in wild-type HSCs (Fig. 2D). HSC 
marker genes, desmin, Lrat, and Pcdh7, were equiva-
lently expressed in both WT and KO HSCs; however, 
Wls mRNA expression was markedly reduced in the KO 
HSCs. In addition, we analyzed genomic DNA from iso-
lated HSCs of WT and KO mice using primers to detect 
the null allele. DNA PCR analysis reveals that the genetic 
deletion of the floxed exon-1 sequence is evident in KO 
HSCs at baseline (Fig. 2E).

Figure 3.  Baseline characterization of KO (n = 6) that lack Wls in HSCs and hence Wnt-secreting ability from HSC compared to 
littermate CON (n = 7). (A) Serum biochemistry from baseline KO and CON mice showing lack of any basal alterations in ALP, 
ALT, and AST. (B) No significant difference in liver weight-to-body weight ratio (LW/BW) was observed between the two groups. 
(C) Hematoxylin and eosin (H&E) staining on liver sections from representative CON and KO showed normal and comparable his-
tology. Scale bar: 100 mm. (D) Lack of differences in the number of HSCs as shown by staining for desmin or activation of HSCs as 
shown by lack of staining for a-SMA or presence of fibrosis, as assessed by Sirius red staining in representative sections from KO and 
CON. Also, comparable membranous staining for b-catenin and lack of any alteration in its pericentral hepatocyte target glutamine 
synthetase (GS) in KO and CON demonstrates no discernible difference in Wnt signaling at baseline. Only occasional PCNA+ hepato-
cytes were evident in representative staining of KO and CON livers. Scale bar: 100 mm.
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To determine the role of HSCs as a source of Wnt 
secretion in normal liver pathophysiology, we further 
analyzed the Lrat-cre:Wls KO mice. The CON and KO 
mice were born at normal Mendelian ratios and without 
any overt phenotypes. Examination of serum biochem-
istry for ALP, ALT, and AST did not show significant 
differences between the KO and CON (Fig. 3A). No 
difference in the LW/BW was evident between the two 
groups (Fig. 3B). H&E staining on liver sections from 
both the CON and KO showed normal and compara-
ble histology without any evidence of basal fibrosis or 
inflammation (Fig. 3C). To identify the existence of any 
differences in the number of HSCs, activation of HSCs, 
or presence of fibrosis, we assessed KO and CON liver 
sections for desmin, a-SMA, and Sirius red staining for 
collagen. Comparable immunohistochemical staining 
for both desmin and a-SMA as well as minimal normal 
staining with Sirius red restricted to areas of the cen-
tral vein or portal triad was observed in CON and KO 
(Fig. 3D).

As b-catenin activation is known to occur in pericen-
tral hepatocytes at baseline as part of metabolic zonation, 

we wanted to next address if HSCs could be the source 
of Wnts dictating this process. We did not observe any 
change in basal b-catenin activation in hepatocytes as 
seen by predominantly membranous b-catenin in both 
CON and KO livers as well as normal GS staining in the 
pericentral hepatocytes in both groups (Fig. 3D).

Although there was no difference in LW/BW, we 
wanted to directly address if there was any difference in 
hepatocyte proliferation because of lack of Wnt secretion 
from HSCs at baseline. Occasional but comparable num-
bers of PCNA+ hepatocytes were evident in both groups 
at baseline (Fig. 3D).

Based on all the above analyses, we conclude that 
removal of Wls from HSCs results in no overt phenotype 
in these mice at baseline.

KO Mice Respond to BDL Akin to CON

To determine the role of HSCs in secreting Wnts dur-
ing portal fibrosis, we subjected CON and KO mice to 
BDL for 7 days (Fig. 4A). Serum biochemistry analysis 
of CON and KO mice showed similar results for ALP, 
ALT, AST, direct BR, and total BR (Fig. 4B). H&E 

Figure 4.  KO and CON mice subjected to BDL for 7 days show comparable biochemical injury and histology. (A) Schematic showing 
age- and sex-matched 2.5- to 3-month old KO (n = 5) and CON (n = 6) subjected to 7 days of BDL at which time they were euthanized 
for serum and liver analysis. (B) Serum biochemistry shows expected abnormally high values of ALP, ALT, AST, direct BR, and total 
BR at 7 days after BDL, although differences between KO and CON were insignificant. (C) H&E staining showed remarkable ductular 
reaction and periportal immune cell infiltration in both CON and KO at 7 days after BDL. Scale bar: 100 mm.
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staining showed remarkable ductular reaction and peri-
portal immune cell infiltration in both CON and KO. 
Immunohistochemistry for Ki-67 to identify cells in the 
S phase as a marker of proliferation showed clusters of 
proliferating cells especially in the periportal regions in 
both CON and KO (Fig. 5). IHC for CD45, a leukocyte 
marker, manifested a common pattern of periportal distri-
bution in both KO and CON (Fig. 5). Likewise, staining 
for the macrophage marker F4/80 was also comparable 
between the KO and CON (Fig. 5).

Next, we directly assessed the wound healing response 
in the KO versus CON following BDL. In response to 
BDL-induced injury and inflammation, liver accumu-
lates activated collagen-producing myofibroblasts. KO 
and CON displayed comparable desmin and a-SMA 
staining after 7days of BDL both by IHC and by Western 
blot (Fig. 6A and B). This implies comparable activation 
of myofibroblasts in KO and CON and was further veri-
fied by comparable Sirius red staining (Fig. 6A). Both 
PDGFRa34,35 and PDGFRb7,8 are expressed in activated 
myofibroblasts and are critical mediators of liver fibro-
sis. Western blot results showed that both PDGFRa and 
PDGFRb were modestly decreased in KO compared to 
CON at 7 days after BDL (Fig. 6B). Thus, taken together, 
our data suggest that Wls loss from HSC, which prevents 
secretion of any Wnt ligand from these cells, does not 

alter the process of hepatobiliary injury and fibrosis after 
BDL in any profound manner.

KO and CON Mice Show Similar Injury and Fibrosis 
After 4 or 8 Weeks of CCl4 Administration

Next, we subjected CON and KO mice to another 
fibrosis model induced by biweekly injections of CCl4 for 
4 or 8 weeks (Fig. 7A). The LW/BW in KO was compa-
rable to the CON at both 4 and 8 weeks after CCl4 treat-
ment (Fig. 7B and C). Serum ALP, AST, and ALT levels 
in animals 4 days after the last CCl4 injection revealed 
insignificant differences between KO and CON at both 4 
and 8 weeks (Fig. 7D and E). A more detailed histological 
characterization was then performed on tissue sections 
from KO and CON at both time points.

H&E staining at 4 weeks after CCl4 showed some 
inflammation, fibrosis, and necrosis, which was compa-
rable in KO and CON (Fig. 8). IHC for PCNA exhibited 
comparable numbers of proliferating hepatocyte cells 
in both groups (Fig. 8). IHC for CD45 and F4/80 also 
showed notable but comparable inflammation and mac-
rophage infiltration in both groups at this time (Fig. 8). 
Quantification of all these immunohistochemical stains 
verified insignificant differences between the two groups 
(Fig. 8). We next investigated the extent of fibrosis, num-
bers of HSCs, and activated myofibroblasts by Sirius red 

Figure 5.  KO and CON mice subjected to BDL for 7 days show comparable histological repair, injury, and inflammation. Representative 
sections from KO and CON after 7 days of BDL show comparable immunostaining for Ki-67, CD45, and F4/80 showing comparable 
hepatocytes in the S phase of the cell cycle, comparable periportal immune response, and similar numbers and distribution of mac-
rophages, respectively. Quantification of each of these stains verified lack of significant differences between the two groups for any of 
these markers. Scale bar: 100 mm.
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staining, and immunostaining for desmin and a-SMA, 
respectively. KO livers displayed Sirius red staining 
comparable to the CON livers at 4 weeks of CCl4 treat-
ment (Fig. 9A). Likewise, IHC staining for desmin and 
a-SMA was similarly high between KO and CON livers 
after 4 weeks of CCl4 (Fig. 9A). Western blot analysis 
for desmin, a-SMA, as well as other markers of hepatic 
fibrosis including PDGFRa and PDGFRb were similarly 

increased over their respective baseline in both CON 
and KO at 4 weeks of CCl4 treatment (Fig. 9B). Taken 
together, these data imply that loss of all Wnt secretion 
from HSCs does not affect the process of injury recovery 
and fibrosis after 4-week CCl4 administration.

We then assessed the histology, proliferation, inflam-
mation, and fibrosis in KO and CON mice challenged 
with CCl4 injection for 8 weeks. IHC analysis of PCNA, 

Figure 6.  KO and CON mice subjected to BDL for 7 days show comparable activation of myofibroblasts and extent of periportal 
fibrosis. (A) Representative sections from KO and CON after 7 days of BDL show comparable Sirius red staining as well as immu-
nostaining for desmin and a-SMA indicating equivalent fibrosis, number of HSCs, and activated myofibroblasts. Quantification of 
each of these stains verified lack of significant differences between the two groups for any of these markers. Scale bar: 100 mm. 
(B) Representative Western blot for markers of fibrosis showed comparably higher albeit somewhat variable desmin and a-SMA levels 
in KO and CON after 7 days of BDL compared to their respective baseline controls. Interestingly, a modest decrease in PDGFRa and 
PDGFRb levels was observed in KO after 7 days of BDL compared to those of controls, despite lack of notable changes in overall 
fibrosis. GAPDH was used as loading control.
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CD45, and F4/80 did not reveal any notable differences 
in KO compared to CON (Fig. 10). Quantification of 
these stains confirmed the lack of significant differ-
ences between the two groups (Fig. 10). To determine 
the extent of fibrosis, we stained these tissues with Sirius 

red, a marker of collagen deposition. Quantification of 
this stain also showed insignificant differences between 
KO and CON (Fig. 11A). IHC staining for desmin and 
a-SMA was also comparable in KO and CON livers 
after 8 weeks of CCl4 treatment, which was verified 

Figure 7.  KO and CON mice exposed to CCl4 twice weekly for 4 or 8 weeks assessed for biochemical injury. (A) Schematic showing 
age- and sex-matched 2.5- to 3-month old KO (n = 4) and CON (n = 4) mice exposed biweekly to IP injections of CCl4 for 4 weeks or 
age- and sex-matched 2.5- to 3-month old KO (n = 4) and CON (n = 5) mice exposed biweekly to IP injections of CCl4 for 8 weeks, at 
which time they were euthanized for serum and liver analysis. (B) No significant difference in liver weight-to-body weight ratio (LW/
BW) between KO and WT after 4 weeks of biweekly CCl4 treatment. (C) No significant difference in LW/BW between KO and WT 
after 8 weeks of biweekly CCl4 treatment. (D) Four days after the last IP injection of CCl4 in the 4-week group, KO and CON showed 
normal and comparable levels of ALP, ALT, and AST, with insignificant differences between the two groups. (E) Four days after the 
last IP injection of CCl4 in the 8-week group, KO and CON also showed normal and comparable levels of ALP, ALT, and AST, with 
insignificant differences between the two groups.
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by quantification as well (Fig. 11A). Likewise, protein  
levels of PDGFRa, PDGFRb, desmin, and a-SMA were 
comparable in KO and CON, by Western blot analysis 
(Fig. 11B). Thus, elimination of Wls, which prevents all 
Wnt secretion from HSCs, appears to be inconsequential 
in overall hepatic injury or fibrosis after 8 weeks of CCl4 
treatment as well.

DISCUSSION

The role of Wnt signaling in hepatic fibrosis has gained 
importance over the last decade10,36. It has been reported 
that the expression of Wnt, Fzd receptors, and corecep-
tors increases in culture-activated HSCs. For example, 
the Wnt ligands that have been reported to be upregu-
lated in cultured rat HSC include Wnt3a36, Wnt10b36, 
Wnt419,28,29,36, Wnt5a19,28,29,36 and Wnt628. Intriguingly,  

in our current study, using primary HHSCs, treated with a 
known profibrogenic factor TGF-b1, we show increased 
mRNA expression of Wnt2, Wnt5a, and Wnt9a, but 
decreased mRNA of Wnt4, Wnt3a, and Wnt10b. The dif-
ferences could be attributed to species and/or the varied 
strategies used to activate HSCs. Our study and others 
show that, during activation, HSCs do exhibit altered Wnt  
gene expression and hence may differentially secrete or 
respond to Wnt ligands in either an autocrine or para-
crine manner. Interestingly, WLS, the gene encoding Wls 
protein, essential for all Wnts to be secreted from a cell, 
showed reduced expression following TGF-b1 treatment 
of HHSCs. This could imply an autocrine feedback loop 
in response to active Wnt signaling following TGF-b1 
treatment, although more studies would be required to 
address the significance.

Figure 8.  KO and CON mice exposed biweekly to CCl4 for 4 weeks showed comparable histological injury, repair, and inflammation. 
Representative sections from KO and CON after 4 weeks of CCl4 treatment show comparable histology by H&E of some inflamma-
tion, fibrosis, and necrosis. Also, representative staining on KO and CON at the same time for PCNA, CD45, and F4/80 show compa-
rable numbers of hepatocytes in the S phase of the cell cycle, comparable immune cell infiltration, and similar numbers and distribution 
of macrophages, respectively. Quantification of each of these stains verified lack of significant differences between the two groups for 
any of these markers. Scale bar: 100 mm.
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Several additional studies have shown that abolish-
ing Wnt signaling either in vitro or in vivo inhibits HSC 
activation to attenuate liver fibrosis20,22,27,36. We wanted to 
investigate if impeding all Wnt release from HSCs in vivo 
in two models of hepatic fibrosis would alter the course 
of the disease progression. To test this hypothesis, we 
employed conditional knockouts of Wls, which is specific 
and essential for Wnt secretion from a cell37,38. Previously 

generated conditional KO using Wls-floxed mice have 
shown no compensation that allows Wnt secretion using 
any alternate molecule39–43. We have also used these mice 
to eliminate Wnt secretion from hepatocytes and mac-
rophages in our previous study14,15,44. Knockout of Wls 
in HSCs was performed using Lrat-cre, a transgenic line 
shown to conditionally delete floxed genes from stellate 
cells at baseline as well as activated myofibroblasts in 

Figure 9.  KO and CON mice exposed biweekly to CCl4 for 4 weeks showed comparable HSC numbers, activated myofibroblasts, 
and extent of fibrosis. (A) Representative sections from KO and CON after 4 weeks of CCl4 treatment show comparable Sirius red 
staining as well as immunostaining for desmin and a-SMA indicating similar fibrosis, number of HSCs, and activated myofibroblasts, 
respectively. Quantification of each of these stains verified lack of significant differences between the two groups for any of these 
markers. Scale bar: 100 mm. (B) Representative Western blot for markers of fibrosis showed comparably higher albeit somewhat vari-
able desmin, a-SMA, PDGFRa, and PDGFRb levels in KO and CON after 4 weeks of CCl4 treatment compared to their respective 
baseline controls. GAPDH was used as loading control.
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both BDL and CCl4 models5. Indeed, we observed simi-
lar efficacy and hence validated the previous observation 
using fate tracing. In addition, we observed genetic dele-
tion of Wls, loss of Wls mRNA expression, and EYFP+ 
HSCs at baseline in KO mice; therefore, we posit that 
Wnt secretion is also abolished at baseline in KO mice. 
Nevertheless, mice that lacked Wls and hence Wnt secre-
tion from HSCs did not exhibit any gross or microscopic 
liver phenotype. There was no decrease in basal LW/BW 
or baseline hepatocyte proliferation, which was reported 
in liver-specific b-catenin knockout mice as well as in 
liver-specific Wnt coreceptor, LRP5-6-double knockout 
mice13,14,45. Thus, Wnts that regulate postnatal hepatic 
growth, eventual liver weight, and hepatocyte prolifera
tion through b-catenin activation are not likely origi-
nating from HSCs. Likewise, there was no disruption 
of metabolic zonation in the baseline KO mice seen as 

continued expression of normal GS in pericentral hepa-
tocytes, unlike the disruption observed in liver-specific 
b-catenin knockout and liver-specific LRP5-6-double 
knockout mice13,14. Therefore, it is likely that HSCs are 
not the primary cellular source of Wnts responsible for 
b-catenin activation in pericentral hepatocytes. However, 
as there is the possibility of a compensatory increase in 
secretion of Wnt ligands from other cells in the KO 
livers, we can only conclude that Wnt secretion by HSCs 
is dispensable for this process.

Having validated the efficacy of the HSC-specific 
Lrat-Cre:Wls mouse model at baseline, we next examined 
the role of Wnt secretion from HSCs in two independent 
fibrosis models. Lrat-cre has been previously shown to be 
effective in eliminating floxed genes in activated myofi-
broblasts in both BDL as well as CCl4 models of fibrosis 
since HSCs are a predominant contributor to the fibrosis 

Figure 10.  KO and CON mice exposed biweekly to CCl4 for 8 weeks showed comparable histological injury, repair, and inflam-
mation. Representative sections from KO and CON after 8 weeks of CCl4 treatment show comparable histology by H&E of some 
inflammation, fibrosis, and necrosis. Also, representative staining on KO and CON at the same time for PCNA, CD45, and F4/80 
show comparable numbers of hepatocytes in the S phase of the cell cycle, comparable immune cell infiltration, and similar numbers 
and distribution of macrophages, respectively. Quantification of each of these stains verified lack of significant differences between 
the two groups for any of these markers. Scale bar: 100 mm.
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process in both models5,46. To our surprise, KO mice 
showed the same levels of HSC activation and extent of 
liver fibrosis as CON following 7 days of BDL as well 
as 4 or 8 weeks of biweekly CCl4 injection. One obvious 
explanation of these negative results is that Wnt secretion 
from HSCs does not play any significant role in develop-
ment or progression of hepatic fibrosis, especially since 

we did not find appreciable differences in fibrosis his-
tologically or via limited protein analysis of whole liver 
lysates. Only in BDL model did we observe a modest but 
consistent decrease in PDGFRa and PDGFRb levels in 
KO, both of which are critical for HSC activation, prolif-
eration, and migration in various forms of hepatobiliary 
injury33,47,48. This decrease may be attributable to the lack 

Figure 11.  KO and CON mice exposed biweekly to CCl4 for 8 weeks showed comparable HSC numbers, activated myofibroblasts, 
and extent of fibrosis. (A) Representative sections from KO and CON after 8 weeks of CCl4 treatment show comparable Sirius red 
staining as well as immunostaining for desmin and a-SMA indicating similar fibrosis, number of HSCs, and activated myofibroblasts, 
respectively. Quantification of each of these stains verified lack of significant differences between the two groups for any of these 
markers. Scale bar: 100 mm. (B) Representative Western blot for markers of fibrosis showed comparably higher albeit somewhat vari-
able desmin, a-SMA, PDGFRa, and PDGFRb levels in KO and CON after 8 weeks of CCl4 treatment compared to their respective 
baseline controls. GAPDH was used as loading control.



STELLATE CELL Wnt SECRETION AND HEPATIC FIBROSIS	 135

of an autocrine Wnt signal that maintains PDGFR expres-
sion in HSCs, which is effected by the HSC-specific 
Wls KO.

As Wnt signaling is required for HSC activation and 
fibrosis, and the HSC-specific Wls KO affects the ability 
of HSCs to secrete Wnt ligands, but does not alter their 
ability to respond to Wnts, it is possible that other cellu-
lar sources of Wnts are responsible for HSC activation in 
our model. It has been reported that hepatocytes, biliary 
epithelial cells, sinusoidal epithelial cells, Kupffer cells 
in addition to HSCs all express Wnt genes in a normal 
liver49. Also, overexpression of Wnt ligands, including 
Wnt10b17, Wnt1217, Wnt217 Wnt1317,18, and Wnt5a17,26, 
has been reported in diseased liver. It is possible that Wnt 
ligands from any of these cell populations could activate 
Wnt signaling in HSCs. Nevertheless, as stated above 
for baseline liver biology, we can definitively say that 
secretion of Wnt ligands by HSCs is expendable for HSC 
activation, hepatic fibrosis, and injury–repair processes. 
Further studies that require cell separation and analysis of 
Wnt expression may be essential to address compensation 
of Wls loss from HSCs both at baseline and after injury.

An alternative explanation for the lack of differences 
in the extent of fibrosis and comparable myofibroblast 
activation could be that deletion of Wls from HSCs elimi-
nated secretion of both profibrotic and antifibrotic Wnt 
ligands to negate any overall effect. The predominant 
point of view from a substantial amount of literature is 
that canonical Wnt signaling along with Wnt5a signal-
ing are mostly profibrotic20–31,36. However, one study also 
showed that activation of canonical Wnt signaling by 
TWS119 exhibited an antifibrotic phenotype in HSCs19. 
Thus, a possibility exists that blocking all Wnt release 
from HSCs neutralizes the profibrotic and antifibrotic 
effect of Wnt signaling thus leading to an equivocal 
fibrotic response between the KO and CON. Thus, selec-
tive conditional deletion of specific Wnt genes especially 
the ones notably upregulated in HSCs after profibrogenic 
signals, such as Wnt2, Wnt5a, and Wnt9a, may be impor-
tant to address their overall impact on HSC biology and 
development of fibrosis.
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