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Background: Tissue regeneration is a complex process involving a network of ligand-activated pathways.
Results: The sulfatase SULF2 modulates cell proliferation and organ growth through a WNT-dependent activation of the
transcription factor GLI1.
Conclusion: Together, these data define a novel cascade regulating tissue regeneration.
Significance: The knowledge derived from this study will contribute to the understanding of the molecular mechanisms
modulating regeneration and organogenesis.

Tissue regeneration requires the activation of a set of specific
growth signaling pathways. The identity of these cascades and
their biological roles are known; however, the molecular mech-
anisms regulating the interplay between these pathways remain
poorly understood. Here, we define a new role for SULFATASE
2 (SULF2) in regulating tissue regeneration and define the
WNT-GLI1 axis as a novel downstream effector for this sulfat-
ase in a liver model of tissue regeneration. SULF2 is a heparan
sulfate 6-O-endosulfatase, which releases growth factors from
extracellular storage sites turning active multiple signaling
pathways. We demonstrate that SULF2-KO mice display
delayed regeneration after partial hepatectomy (PH).Mechanis-
tic analysis of the SULF2-KO phenotype showed a decrease in
WNT signaling pathway activity in vivo. In isolated hepatocytes,
SULF2 deficiency blocked WNT-induced �-CATENIN nuclear
translocation, TCF activation, and proliferation. Furthermore,
we identified the transcription factor GLI1 as a novel target of
the SULF2-WNT cascade. WNT induces GLI1 expression in a
SULF2- and �-CATENIN-dependent manner. GLI1-KO mice
phenocopied the SULF2-KO, showing delayed regeneration and

decreased hepatocyte proliferation. Moreover, we identified
CYCLIN D1, a key mediator of cell growth during tissue regen-
eration, as aGLI1 transcriptional target.GLI1 binds to the cyclin
d1 promoter and regulates its activity and expression. Finally,
restoring GLI1 expression in the liver of SULF2-KO mice after
PH rescues CYCLIN D1 expression and hepatocyte prolifera-
tion to wild-type levels. Thus, together these findings define a
novel pathway in which SULF2 regulates tissue regeneration in
part via the activation of a novel WNT-GLI1-CYCLIN D1
pathway.

Regulation of tissue regeneration involves the ligand-depen-
dent activation of multiple growth factor pathways (1–4).
Release from extracellular storage is one of the most frequent
mechanisms modulating the activity of these ligands (5). The
SULFATASE 2 (SULF2)4 is a heparan sulfate (HS) endosulfa-
tase enzyme that removes 6-O-sulfate moieties from disaccha-
ride units in HS proteoglycans (HSPGs) (6, 7). HSPGs are pres-
ent on the cell surface and in the extracellularmatrix of virtually
all animal cells and act both as storage or sequestration sites for
growth factors and as co-receptors in growth factor-receptor
interactions (5). The storage and co-receptor activities of
HSPGs are dependent on the sulfation state of the HS polymers
(5, 8). The enzymatic removal of 6-O-sulfate by SULF2 regu-
lates binding of growth factors to HS, and therefore has signif-
icant effects on the local extracellular concentration and activ-
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ity of a number of heparan sulfate-binding growth factors
(8–12). In this study, we used liver after partial hepatectomy
(PH) as a model of tissue regeneration. This model has been
extensively characterized at the biological level, and the kinetics
of cell proliferation, and activation of ligands and pathways
involved in the process of liver regeneration post-hepatectomy
are well known (1–4, 16). However, themolecular mechanisms
regulating the interplay between these ligand-activated path-
ways and the downstream effectors remain elusive.
Here, we demonstrate that SULF2 expression is elevated dur-

ing the early stages of liver regeneration after PH, and that its
loss decreases cellular proliferation and impairs tissue regener-
ation. Analysis of themechanism identifies a novelWNT-GLI1
axis as a downstream effector for this sulfatase. SULF2-KO
mice show a decrease in WNT pathway activity in vivo and in
vitro after PH. Expression studies demonstrate that the tran-
scription factor GLI1 is a novel transcriptional target of the
SULF2-WNT cascade. GLI1 belongs to the GLI family of tran-
scription factors, which are known effectors of different devel-
opmental-regulated pathways such as the HEDGEHOG path-
way (13–14). Similar to SULF2-KO, GLI1-KO mice show
delayed liver regeneration after PH. In isolated hepatocytes,
GLI1 knockdown decreases proliferation and CYCLIN D1
expression. Further, we identified CYCLIN D1 as a transcrip-
tional target of GLI1 downstream ofWNT3a. GLI1 binds to the
cyclin d1 promoter and regulates its expression in vitro and in
vivo. Finally, using a transposase-based transfection system
combined with hydrodynamic delivery of the expression vec-
tors, we restored GLI1, and rescued CYCLIN D1 expression
and hepatocyte proliferation in the SULF2-KO liver after PH.
Together, these results demonstrate a novel role for SULF2 in
tissue regeneration and define the WNT-GLI1 pathway as an
effector of this phenomenon.

EXPERIMENTAL PROCEDURES

Animals—SULF2-KO mice (strain name: B6;129P2-Sulf2
Gt(pGT1TMpfs)1Ucd)) created by gene trap insertionalmutagen-
esis were obtained from the Mutant Mouse Regional Resource
Center at University of California, Davis, stock number 0403-
UCD. Mice were maintained in a temperature-controlled
(22 °C), pathogen-free environment and fed a standard rodent
chowdiet andwaterad libitum. Allmicewere on amixed 129�
C57BL/6 genetic background. SULF2-KO mice were crossed
with B6.129 mice as recommended by Jackson Labs, and WT
littermates were used as controls. The care and use of the ani-
mals for the studies atMayoClinicwere reviewed and approved
by the Institutional Animal Care and Use Committee at Mayo
Clinic. For the GLI1 knock-out mouse (GLI1-KO) experiment,
C57BL/6 WT and GLI1-KO mice (15) on the B6 background
were raised and maintained in the animal facilities of the Uni-
versity of Murcia (Murcia, Spain). All experimental procedures
at the University ofMurcia were performed according to Span-
ish and European Community guidelines for the use of experi-
mental animals.
Partial Hepatectomy (PH)—For experimental procedures,

mice were anesthetized with ketamine (100 mg/kg of body
weight) plus xylazine (10 mg/kg of body weight) by intraperito-
neal injection. A standard 70% PH was performed according to

Higgins and Anderson (16). InWT, and SULF2-KO, five to ten
animals in each cohort were sacrificed at 0, 0.5, 1, 3, 6, 12, 24 (1
day), 36, 48 (2 days), 72 (3 days), 120 (5 days), 168 (7 days), and
240 h (10 days) post-PH. Animals were injected with 50 mg/kg
bromodeoxyuridine (BrdU, Roche, Indianapolis, IN) 2 h before
sacrifice at the indicated postoperative time points with the
exception of 7 and 10 days. InWTorGLI1-KOmice, PH (n� 3)
was performed andmicewere sacrificed at 24 h (1 day), and 96 h
(4 days). At the time of sacrifice, mice were anesthetized, and
the remaining liver lobes were removed. Resected liver tissue
wasweighed and frozen in liquid nitrogen for later analysis. The
liver to body weight ratio was calculated as liver weight (g)
�100/body weight (g). Part of each liver sample was also fixed
in 10% formalin, embedded in paraffin, and stained with hema-
toxylin-eosin (H&E) for histological analysis by an expert liver
pathologist. Survival rates after partial hepatectomy were 100%
for WT, SULF2-KO, and GLI1-KO mice.
Hydrodynamic Injection—In this protocol, animals received

tail vein injections containing two constructs. One construct
contains a GLI1-transposon, and the other is a sleeping beauty
transposase. Both constructs were injected in a 2:1 molar ratio
(17). Plasmids were prepared using Qiagen (Valencia, CA)
EndoFreeMaxi DNAKit and resuspended in lactated ringers at
a final volume 10% the weight of the animal and injected via tail
vein in �10 s, through a 27 gauge, 0.5 inch needle. A total of 25
�g of plasmid were used for the injections (18). The animals
were placed in a restraining device for the injections.
Primary Hepatocyte Culture, BrdU Incorporation, and Wnt3a

Treatment—Primary hepatocytes were isolated from WT and
SULF2-KO mouse livers using collagenase perfusion and Percoll
gradients, as previously described (19). Cells were cultured on col-
lagen-treated plastic plates in Williams E medium. The medium
was changed daily. Four hours after the isolation of hepatocytes,
the medium was changed, and cells were either transfected with
control siRNA, siRNA targeting �-CATENIN or vectors express-
ing either non-targeting (NT) shRNA or shRNA targeting GLI1
(11, 20). Transfection of isolated mouse hepatocytes was per-
formed using Fugene 6 transfection reagent (Roche Diagnostics
GmbH,Mannheim, Germany) following the manufacturer’s pro-
tocol. Forty-eight hours after transfection, mouseWNT3a (1324-
WN, R&D Systems, Minneapolis, MN) (5 ng/ml) was added to
serum-free media. Similar experiments were done using GLI1-
expressing plasmid DNA or control vector (pCMV-3XFlag, Sig-
ma-Aldrich). Cell proliferation was measured in cultured hepato-
cytesusing theBrdU incorporationassay at 6, 12, 24, and48hafter
addition ofWNT3a. Each experiment was performed in six repli-
cates at least three times. Total RNA and protein lysates were pre-
pared from hepatocyte cultures as described previously (11).
Chemicals, Plasmids, and Antibodies—Cyclopamine was pur-

chased from Toronto Research Chemicals (Toronto, Canada).
Mouse SHH ligand was obtained from R&D Systems. Cell Prolif-
eration Labeling Reagent (RPN201) and anti-BrdU antibody
(RPN202) were from GE Healthcare UK Limited (Buckingham-
shire, UK), VectorM.O.M. Peroxidase Kit (PK-2200, Vector labo-
ratories Inc, Burlingame, CA), and rabbit polyclonal anti-�-
CATENIN antibody (sc-1496R, Santa Cruz Biotechnology, Santa
Cruz, CA) were used for immunohistochemistry. The following
antibodies were used for immunoblotting: CYCLIN D1 (06-137,

Molecular Mechanism Underlying Tissue Regeneration

21390 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 29 • JULY 19, 2013



UpstateCell Signaling, Temecula, CA),�-ACTIN (A5316, Sigma-
Aldrich), WNT3a (ab19925, Abcam, Cambridge, MA),
�-CATENIN(9582,CellSignalingTechnology Inc,Danvers,MA),
and LAMIN B (sc-6216, Santa Cruz Biotechnology). NE-PER
nuclear and cytoplasmic extraction reagents (D8835, ThermoSci-
entific, Rockford, IL), protease inhibitor mixture set III (539134,
Calbiochem,SanDiego,CA), PVDFmembrane (IPVH00010,Mil-
lipore), 4–15% Tris HCl gels (Bio-Rad), and ECL-enhanced
chemiluminescence reagents (Denville Scientific Inc., Metuchen,
NJ) were used for immunoblotting. Trizol (Invitrogen, Carlsbad,
CA), RNeasyMini Kit (Qiagen, Valencia, CA), and SuperScript III
First-StrandSynthesis System(Invitrogen)wereused for real-time
polymerase chain reaction (real-timePCR).The followingprimers
for real-time PCR were purchased from Applied Biosystems
(Foster City, CA): mouse GLI1 (Mm00494646), mouse GLI2
(Mm01293117), mouse GLI3 (Mm01165737), mouse PTCH1
(Mm01306906), mouse SULFATASE 1 (SULF1) (Mm00552283),
mouse SULF2 (Mm01248029),mouseCYCLIND1 (Mm00432359),
mouse GLUTAMINE SYNTHETASE (GS) (Mm00725701), mouse
18S (Mm03928990), humanGLI1 (Hs01110766), and human 18S
(Hs99999901). SYBRGreenPCRMasterMixwas purchased from
Bio-Rad (170-8880). Control siRNA (sc-37007) and siRNA target-
ing�-CATENIN(sc-44253)were fromSantaCruzBiotechnology.
Constructs expressing NT sequences or shRNA targeting GLI1
were previously described (20). TOPFLASH (TCF binding site
TK-luciferase reporter) plasmidswere obtained fromDr.Wanguo
Liu as previously described (11, 21). The GLI-luciferase reporter
was kindly providedbyDr.Chi-chungHui (University ofToronto,
Toronto, Ontario, Canada), and the sleeping beauty and parental
transposon vectors were provided by Dr. Karl Clark (Department
of Biochemistry and Molecular Biology, Mayo Clinic, Rochester,
MN). TheGLI1-containing transposon construct was cloned into
the pKT2C-mC vector using standard recombinant DNA meth-
odology (20). For the chromatin immunoprecipitation (ChIP)
assay, the EZ-MagnaChIPGkit (17-409,Millipore, Billerica,MA)
was used. GLI1 (2553) and TCF4 (2569) antibodies were obtained
from Cell Signaling and normal rabbit IgG from Millipore
(12-370).
Immunohistochemistry—To assess cell proliferation, BrdU

labeling was used to identify cells undergoing DNA synthesis in
the S-phase of the mitotic cycle. Immunohistochemical detec-
tion of BrdU was performed using anti-BrdU antibody as
describedpreviously (11). For�-CATENIN immunohistochemis-
try, rabbitpolyclonal anti-�-CATENINantibody (1:600)wasused.
Visualization was carried out using Rabbit on Rodent HRP-poly-
mer (50-832-78, Fisher Scientific) followed by incubation with
diaminobenzidine (Sigma-Aldrich). Sectionswere counterstained
with hematoxylin (GHS132-1L, Sigma-Aldrich). BrdU- and
�-CATENIN-positive nuclei were counted in five 400� fields on
each slide (positive nuclei/total nuclei).
Western Blot—Whole liver protein lysates were prepared in

lysis buffer as previously described (11). Nuclear proteins were
prepared using the NE-PER nuclear and cytoplasmic protein
isolation kit (Thermo Scientific) according to the manufactur-
er’s protocol. Equal amounts of protein (50 �g/lane) were sep-
arated by electrophoresis on a 4–15% Tris HCl gel and then
transferred to PVDF membrane. Blots were probed with poly-
clonal or monoclonal antibodies against CYCLIN D1 (1:1000),

WNT3a (1 �g/ml), �-ACTIN (1:2000), or �-CATENIN
(1:1000). The Western blots shown are representative samples
from at least five (maximum of ten) animals in each group. The
membranes were scanned and the density of the protein bands
was analyzed with Bio-Rad densitometry software Molecular
Analyst.
Tissue Culture—The L3.6 cell line was kindly provided byDr.

Fidler (MDAndersonCancerCenter, Houston, TX).WTMEFs
were a gift from Dr. John Hawse (Mayo Clinic, Rochester, MN)
and were cultured in DMEM supplemented with 10% FBS.
AML12 and HepG2 cell lines were obtained from American
Type Culture Collection (ATCC) (Manassas, VA) and cultured
as previously described (11, 20).
Luciferase Assay—Cell lines and isolated hepatocytes from

WT and SULF2-KO mice, plated onto 24-well plates at a den-
sity of 6 � 104 cells per well, were allowed to adhere overnight.
On the following day, the cells were transfected with the TOP-
FLASH reporter construct (0.025 �g/well) or GLI-luciferase
reporter (0.1�g/well) and then serum-starved inmediumover-
night, followed by treatment withmouseWNT3a ligand for the
indicated times. Sampleswere harvested and prepared for lucif-
erase assays following the manufacturer protocol (Promega,
Madison, WI). To control for intersample variations in trans-
fection efficiency, the total protein for the samples in each well
was quantitated using the Bio-Rad protein assay, and luciferase
readouts were normalized to protein content. Relative lucifer-
ase represents luciferase readouts/protein concentration nor-
malized to control cells within each experiment.
Chromatin Immunoprecipitation (ChIP) Assay—ChIP assay

was performed following the EZ-Magna ChIP kit protocol.
Briefly, AML12 cells (10 � 106) were cross-linked with 1%
formaldehyde for 10 min at room temperature. The cells were
then washed and scraped with phosphate-buffered saline and
collected by centrifugation at 800 � g for 5 min at 4 °C, resus-
pended in cell lysis buffer, and incubated on ice for 15min. The
pellet was then resuspended in nuclear lysis buffer and sheared
to fragment DNA to �400 bp. Chromatin samples were either
aliquoted as genomic input DNA or immunoprecipitated using
1 �g of TCF4 or GLI1 antibodies or normal rabbit IgG, over-
night at 4 °C on a rotating wheel. Following immunoprecipita-
tion, samples were washed and eluted using the chromatin
immunoprecipitation kit. Cross-links were removed at 65 °C
for 5 h. DNA was purified using spin columns. Semi-quantita-
tive PCR of the ChIP products and genomic input DNA was
performed. PCR products were visualized in 2% agarose gel.
PCR primers were designed flanking the TCF4 consensus
sequences in the mouse gli1 promoter: gli1-F (5�-tggcct-
gagagatctgtttaag-3�) and gli1-R (5�-ctgcgtgagctcaaagaaac-3�).
For the mouse cyclin D1 ChIP the following primers were used
to amplify the area containing GLI biding sites: cyclin D1-F
(5�-taggaaggagcctatcgtgtctca-3�) and cyclin D1- R (5�-caa-
cagctcaagatggtggccatt-3�).
RNA Isolation and Real-time PCR Analysis—Total RNA was

prepared from liver tissue, and cell lines using Trizol, followed
by cleanup using the RNeasy Mini Kit. The SuperScript III
First-Strand Synthesis System was used for the production of
complementary DNA. For quantitative real-time PCR analysis,
primers for SULF1, SULF2, GLI1, 2, 3, GS, CYCLIN D1, and
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PTCH1 were used in an ABI 7900 system with the following
profile: 95 °C for 10 min followed by 40 cycles of 15 s at 95 °C
and 60 s at 60 °C. To analyze the expression levels of mouse
CD36, samples for quantitative PCR were prepare with 1X
SYBRGreen PCRMasterMix and the following primers: CD36,
5�-gatgacgtggcaaagaacag-3� (forward) and 5�-tcctcggggtcct-
gagttat-3� (reverse); 18S, 5�-aacccgttgaaccccattcgtgat-3� (for-
ward) and 5�-caggttcacctacggaaaccttgt-3� (reverse). Amplifica-
tion was performed using the C1000 Thermal Cycler (Bio-Rad)
under the following reaction conditions: 95 °C for 3 min fol-
lowed by 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 20 s at 72 °C.
Each mRNA level was normalized by comparison to 18S ribo-
somal RNA levels in the same samples. The results were calcu-
lated following the 2�Cp method.
Liver Triglyceride Content Determination—Liver triglycer-

ides were extracted andmeasured using a Triglyceride Quanti-
fication Kit (ab65336, Abcam). Briefly, frozen liver tissue sam-
ples were homogenized in a 1 ml solution containing 5%
Nonidet P-40 in water, then slowly heated to 80–100 °C in a
water bath for 5 min and subsequently cooled to room temper-
ature. This process was repeated twice. After centrifugation to
remove any insoluble material, samples were diluted 10-fold
with distilled water. Finally, samples were prepared following
themanufacturer’s protocol and quantitated using a colorimet-
ric assay.
Statistical Analysis—All data represent at least five (maxi-

mum of ten) independent mice and are expressed as the
mean � S.E. Differences between groups were compared using
a two-tailed Student’s t test. One-way ANOVA was used to
compare samples from the different time points in the same
group.

RESULTS

Loss of SULF2 Delays Liver Regeneration After PH—First, we
determined whether the physiological stimulus of PH influ-
ences SULF2 expression in WT mice. The SULF2 mRNA level
increased by 3 h and peaked at 24 h after PH compared with the
level at 0 h (supplemental Fig. S1A). Next, we performed PH on
WT and SULF2-KOmice. The ratio of liver to body weight was
used to determine the degree of liver growth after resection. At
baseline, the liver/body ratio was not significantly different in
SULF2-KO compared with WT mice. However, 7 days after
PH, the liver/body weight ratio of SULF2-KO mice was signif-
icantly decreased by 14.8% compared with that of WT mice
(data not shown). H&E-stained sections show no major abnor-
malities in the livers of SULF2-KO compared withWTmice at
baseline.Microvesicular steatosis, a well-knownhistopatholog-
ical feature present during regeneration after PH (22–27), was
seen in bothWTand SULF2-KOmouse livers beginning at 12 h
after PH. However, 48 h after PH, SULF2-KO mice showed a
decrease in microvesicular steatosis compared with WT mice.
This decrease in microvesicular formation correlated with
decreased levels of hepatic triglyceride content (supplemental
Fig. S2A) and mRNA expression levels of the lipid translocase
CD36, an established marker of lipogenesis during liver regen-
eration (26) (supplemental Fig. S2B). Furthermore, 10 days post
PH, microvesicular steatosis had resolved as expected in WT
mice, but it persisted in the livers of SULF2-KOmice (Fig. 1A).

To determinewhether SULF2 is required for hepatocyte pro-
liferation in the regenerating mouse liver, we assessed cell pro-
liferation in WT and SULF2-KO mice by examining BrdU
incorporation as well as by counting mitotic figures. The levels
and kinetics of BrdU incorporation and mitosis in WT mice
were similar to previously published reports of the PH model
(1–4, 28–31) (Fig. 1,B andC). The percentage of BrdU-positive
hepatocyte nuclei in SULF2-KO mice was significantly lower
than the percentage observed inWTmice from 36 to 72 h after
PH (Fig. 1B), as was the number of hepatocyte mitoses at 48 h
(Fig. 1C). Finally, we measured the levels of the cell cycle regu-
lator CYCLIN D1, a well-established regulator of cell growth
known to be up-regulated during liver regeneration (28, 29).
The induction of CYCLIN D1 expression was significantly
decreased in SULF2-KOmice at 36 and 48 h after PH (Fig. 1D).
These results demonstrate a role for SULF2 in liver regenera-
tion and suggest an underlying mechanism in the regulation of
hepatocyte proliferation by this sulfatase.
SULF2 Deficiency Down-regulates WNT/�-CATENIN Path-

way Activity After PH—WNT signaling pathway is induced at
early stages of liver regeneration within hours after hepatec-
tomy, and it plays a key role in the regulation of this cellular
process (30, 31). Blockade of the pathway by inactivation of
�-CATENIN, a downstream effector of the cascade, delays liver
regeneration after PH inmice. Overexpression of constitutively
active mutant �-CATENIN accelerates this process (24, 25).
Immunohistochemical analysis shown in Fig. 2A (left panel)
demonstrates increased nuclear �-CATENIN after PH; how-
ever, SULF2-KOmice showed significantly lower expression of
nuclear �-CATENIN at 3 h post PH compared withWT litter-
mates (Fig. 2A, right panel). To confirm the downstream effect
of SULF2-KO onWNT signaling, we measured the expression
of the �-CATENIN target gene glutamine synthetase (gs) (34).
SULF2-KO andWTmice expressed similar levels of GSmRNA
at 0 h. However by 6 h post PH, the expression of GS was 2.2-
fold higher inWTmice, while SULF2-KOmice levels remained
the same (Fig. 2B).
To further define the role of this SULF2-WNT/�-CATENIN

signaling during liver regeneration, we determined whether
primary hepatocytes isolated from SULF2-KO mice displayed
decreased baseline orWNT-induced nuclear �-CATENIN and
cell proliferation rates when compared with hepatocytes from
WTmice. SULF2 deficiency in hepatocytes inhibits the activa-
tion ofWNT/�-CATENIN signaling byWNT3a, a ligand of the
pathway induced at early stages during PH (supplemental Fig.
S3). Measurement of nuclear �-CATENIN by immunoblotting
following densitometry showed that loss of SULF2 inhibited the
WNT3a-induced increase in nuclear �-CATENIN after WNT
treatment (Fig. 2C). The baseline incorporation of BrdU in pri-
mary mouse hepatocytes lacking SULF2 was 35% lower than in
hepatocytes from WT mice (Fig. 2D). Further, hepatocytes
from SULF2-KO mice were insensitive to WNT3a stimulation
of cell proliferation (Fig. 2D). Next, we assessed activation of
WNT3a-inducedWNT/�-CATENIN signaling by transfection
of the TOPFLASH plasmid vector that contains multiple
WNT-sensitive TCF binding sites driving luciferase expression
in primary hepatocytes isolated fromWT or SULF2-KO mice.
SULF2 deficiency decreased TCF-driven TOPFLASH lucifer-
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ase activity by 88% at 6 h after treatment (Fig. 2E). Conversely,
overexpression of SULF2 in HepG2 liver cells resulted in an
almost 10-fold increase in TOPFLASH reporter activity (Fig.
2F). Thus, SULF2 deficiency not only decreases the intrinsic
replicative capacity of hepatocytes but also makes them sub-
stantially less responsive to the proliferative effects of WNT
signaling activation.
GLI1 Is a Direct Transcriptional Target of the WNT/�-

CATENIN Pathway—Expression studies searching for target
genes regulated by theWNT/�-CATENIN pathway during PH
identified the transcription factor GLI1 as candidate mediator
of the cellular effect of this cascade. There was a statistically
significant decrease in GLI1 expression in the liver of
SULF2-KO animals compared withWTmice 6 h post PH (Fig.
3A). There were no changes in the expression of the other
members of the GLI family of transcription factors, GLI2 and
GLI3, suggesting that this is an effect specific to GLI1 (Fig. 3B).
Next, we investigated whether GLI1 expression can be regu-

lated by the SULF2-WNT axis. Wemeasured the expression of
GLI1 afterWNT3a stimulation of primary hepatocytes isolated
from WT and SULF2-KO mice. Baseline GLI1 mRNA expres-
sion was lower in hepatocytes from SULF2-KO mice than in
WT mice (Fig. 3C, 0 min). Remarkably, WNT3a treatment
increased GLI1mRNA expression in hepatocytes isolated from
WTmice at 60 and 120 min after treatment. In contrast, hepa-
tocytes isolated from SULF2-KO mice were completely unre-
sponsive toWNT3a treatment, and GLI1 mRNA levels did not
increase (Fig. 3C). Next, we examined whether the WNT3a
ligand functionally regulates GLI1-mediated transcription
using a reporter vector containing 8 consecutive GLI1 binding
sites upstream of the luciferase gene. WNT3a treatment up-
regulated GLI1-mediated luciferase activity in hepatocytes
from WT mice (Fig. 3D). Similar results were obtained using
HepG2 cells or AML12 immortalized mouse hepatocytes (sup-
plemental Fig. 4A and data not shown). However, baseline GLI-
mediated luciferase activity was almost completely inhibited in

FIGURE 1. Liver regeneration is delayed in SULFATASE 2 (SULF2)-KO mice after PH. A, formalin-fixed paraffin-embedded sections were stained using
hematoxylin-eosin. Photomicrographs were taken at �400 magnification. The scale bar is a 100 �m in length. SULF2-KO mice show less steatosis (arrows) than
WT mice at 48 h after PH, but steatosis (arrows) persists longer in the SULF2-KO compared with the WT mice, in which steatosis has almost completely resolved
by 10 days after PH. B, decreased percentage of BrdU-positive nuclei in livers of SULF2-KO mice compared with WT mice 36, 48, and 72 h after PH (*, p � 0.05).
C, decreased mitotic index in the livers of SULF2-KO mice compared with WT mice at 48 h after PH (*, p � 0.05). All data shown are representative of five to ten
mice per genotype per time point and are presented as mean � S.E. D, CYCLIN D1 expression after PH is significantly suppressed and delayed in SULF2-KO mice,
as shown by Western blot analysis (left panel). �-ACTIN was used as the loading control for the densitometry analysis (right panel) (*, p � 0.05).
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hepatocytes isolated from SULF2-KO mice, and the cells were
resistant to WNT3a-stimulation (Fig. 3D). Finally, we demon-
strate that overexpression of SULF2 increases GLI-mediated
transcription in AML12 cells (Fig. 3E).
To determine whether the effect of WNT on GLI1 mRNA

expression was mediated through the canonical WNT/�-
CATENIN pathway, we examined the effect of siRNA-mediated
knockdown of �-CATENIN expression on GLI1 mRNA levels in
isolated hepatocytes. Transfection of hepatocytes with siRNA tar-
geting �-CATENIN resulted in a substantial reduction in total
cellular�-CATENINinhepatocytes fromWTmice (Fig. 4A, inset)
and significantly decreased GLI1 mRNA levels (Fig. 4A). In silico
analysis of the mouse gli1 promoter showed the presence of two
canonical TCF binding sequences near the transcriptional initia-
tion sites (data not shown). To confirmwhetherWNT3a-induced

transcriptional activity regulates the gli1 promoter through the
WNT/�-CATENIN pathway transcription factor TCF4, we per-
formed a ChIP assay using sheared chromatin fromAML12 cells.
As shown inFig. 4B, endogenousTCF4binds toa region�4,295 to
�4,078 bp upstream of the transcriptional start site in the gli1
promoter.
Next, we examined whether this WNT regulatory effect was

independent of HEDGEHOG, the most well characterized
modulator of GLI transcription factor expression and activity
during cell proliferation (13, 14). Isolated hepatocytes fromWT
mice did not show differences in cell proliferation (supplemen-
tal Fig. S4B) or expression ofGLI1 (Fig. 4C) after treatmentwith
the HEDGEHOG inhibitor, Cyclopamine. Treatment with this
inhibitor did not affect the induction of GLI transcriptional
activity by SULF2 (Fig. 4D). In addition, SONIC HEDGEHOG

FIGURE 2. Loss of SULF2 impairs WNT pathway activity in vitro and in vivo. A, immunohistochemical detection of �-CATENIN show decreased nuclear levels
in liver from SULF2-KO mice compared with WT mice after PH. The graph shows the quantitation of nuclei positive for �-CATENIN at baseline and 3 h post PH
(see black arrows) (*, p � 0.01). The scale bar is a 100 �m in length. B, decreased expression of the mRNA for the WNT/�-CATENIN target gene glutamine
synthetase (gs) in the livers of SULF2-KO mice compared with WT mice after PH as assessed by real-time PCR (*, p � 0.05). Each mRNA level was normalized to
18S levels in the same samples. Data shown in panels A and B are representative of five to ten mice per genotype per time point and are presented as mean �
S.E. C, substantially decreased WNT3a-induced nuclear �-CATENIN in isolated hepatocytes from SULF2-KO mice compared with WT mice as measured by
Western blot analysis (left panel). LAMIN B was used as the loading control for the densitometry analysis (right panel). D, BrdU incorporation analysis shows
decreased baseline and WNT3a-induced proliferation of hepatocytes isolated from SULF2-KO mice compared with WT mice (*, p � 0.01). E, decreased
WNT3a-induced TCF-mediated TOPFLASH luciferase activity in isolated hepatocytes from SULF2-KO mice compared with WT mice. The experiments were
repeated at least three times with similar results. F, reporter luciferase assay shows that similar to WNT3a treatment the overexpression of SULF2 significantly
(*, p � 0.01) increases TOPFLASH reporter activity in HepG2 liver cells.
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(SHH), a ligand of the HEDGEHOG pathway, did not induce
GLI1 expression in AML12 cells (supplemental Fig. S4C, left
panel). As a control for the SHH activation of the pathway, we
used mouse embryonic fibroblast (MEF), cells known to be
SHH responsive. In these cells, the ligand increases the expres-
sion of GLI1 (supplemental Fig. S4C, right panel) to a level sim-
ilar to ones already reported (35). Finally, we demonstrate that
the activity of the HEDGEHOG pathway was not significantly
affected at the early stages of liver regeneration in SULF2-KO
mice.As shown inFig. 4E, themRNAlevels ofPTCH1, amarkerof
the activity of this cascade (14), did not change post PH.Together,
these results support a HEDGEHOG-independent regulation of
GLI1 by the canonicalWNT/�-CATENIN/TCF4 pathway.
GLI1 Regulates Hepatocyte Proliferation, and Its Loss Results

in Delayed Liver Regeneration after PH—To further determine
whether the effects of the SULF2-WNTaxis on hepatocyte pro-
liferation are mediated through GLI1, we investigated the
effects of changes in GLI1 levels with respect to hepatocyte
proliferation. WT hepatocytes that were transfected with an
shRNA construct targeting GLI1 showed a decrease in BrdU
incorporation (Fig. 5A). Conversely, GLI1 overexpression
increased BrdU incorporation in WT hepatocytes compared
with vector-transfected cells (Fig. 5B). Expression controls for
the efficiency of GLI1 overexpression and shRNA targeting are
shown in supplemental Fig. S4D.
Next, we reasoned that if the effect of SULF2-WNT activa-

tion on liver regeneration is mediated through GLI1, then loss

of GLI1 should phenocopy the SULF2-KO. To determine
whether GLI1 is required for liver regeneration, a PH was per-
formed on GLI1-KO mice. Starting at 24 h post PH, the liver/
bodyweight ratio ofGLI1-KOmicewas significantly lower than
that of WT mice. At 96 h, the GLI1-KO mice present with
�20% reduction in the liver/body ratio compared with theWT
mice (data not shown). This result suggests that similar to the
effect of SULF2 deficiency, GLI1 deficiency significantly delays
liver regeneration post PH supporting the role of these mole-
cules as part of the same signaling axis.
Further analysis of the mechanism identified CYCLIN D1 as a

direct target of GLI1 in hepatocytes. Similar to the SULF2-KO
mice, the induction of CYCLIN D1 was impaired in GLI1-KO
mice after PH (Fig. 5C). Bioinformatics analysis demonstrates the
presence of three candidate GLI binding sites (G) in the mouse
cyclin d1promoter (Fig. 5D). In Fig. 5Ewe show the direct binding
of endogenous GLI1 to a region located �812 and �612 bp
upstreamof the transcription start site in themouse cyclin d1pro-
moter. Further, transfection of mouse GLI1 increased cyclin d1
promoter activity and expression in AML12 cells (Fig. 5F).
Finally, to define the role of GLI1 as an effector of SULF2-

WNT axis, we rescued the expression of GLI1 in SULF2-KO
mice using hydrodynamic delivery of GLI1 and control vectors.
These constructs were stably transfected in the liver using a
transposase-based system (17). Data included in Fig. 6 show
that restoring GLI1 expression to WT levels rescues the levels
of CYCLIN D1 in SULF2-KO mice after PH (Fig. 6A). In addi-

FIGURE 3. SULF2 is required by WNT3a to induce GLI1 expression. A, mRNA expression of GLI1 in SULF2-KO mice was decreased compared with WT mice at
baseline and also at 6 h after PH (*, p � 0.01). B, qPCR analysis shows no changes in the expression of GLI2 and GLI3 after PH. C, expression of GLI1 mRNA
increased after WNT3a treatment in WT hepatocytes, but GLI1 mRNA did not increase its expression in SULF2-deficient hepatocytes treated WNT3a (*, p � 0.01
at all the indicated timepoints). B-C, data were normalized to 18S RNA expression. D, GLI1 transcriptional activity was measured by transfecting a luciferase-
expressing construct regulated by a promoter containing 8 consecutive GLI1 binding sites and measuring luciferase activity in lysates from hepatocytes
treated with WNT3a at concentration of 5 ng/ml for 24 h. WNT3a induces the activity of this reporter in WT hepatocytes, this effect was substantially blunted
in hepatocytes from SULF2-KO mice (*, p � 0.001). Data shown are representative of three samples per genotype per time point and are presented as mean �
S.E. E, similar to WNT3a treatment, SULF2 overexpression induces GLI1 activity in mouse immortalize hepatocyte line AML12 (*, p � 0.05).
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tion, the proliferative capacity of the regenerating liver meas-
ured by BrDU incorporation shows similar levels in WT and
SULF2-KO livers transfected with GLI1 (Fig. 6B-C). Together
these findings define a novel role for GLI1 in the regulation of
cell proliferation and tissue regeneration, and identify the
SULF2-WNTpathway as a regulator of this transcription factor
and its target gene, cyclin d1.

DISCUSSION

This study identified a novel SULF2-WNT-GLI1 pathway
involved in the regulation of early stages of liver regeneration
(Fig. 6D). We made the following key observations: 1) knock-
out of SULF2 delays liver regeneration after PH; 2) knock-out of
SULF2 down-regulates WNT pathway signaling during liver
regeneration after PH; 3) the WNT3a proliferative response in
hepatocytes involves the up-regulation ofGLI1; 4) knock-out of
GLI1 also delays liver regeneration after PHand acts as an effec-

tor of this SULF2-WNT axis; and 5) CYCLIN D1 is a direct
transcriptional target of the SULF2-WNT-GLI1 pathway.
SULF1 and SULF2 are the known members of the heparan

sulfate endosulfatase family. Although SULF1 and SULF2 both
desulfate HSPGs by removing 6-O-sulfates from mature HS
chains and appear to show redundancy in certain effects, they
do not have completely overlapping effects. In vivo experiments
using the double SULF1/SULF2-KO demonstrate a functional
cooperation at the level of 6-O-sulfation where HS is signifi-
cantly higher than in mice with knock-out of either SULF1 or
SULF2 (7, 36). We have observed that liver regeneration is
delayed in the absence of SULF2, but it eventually recovers
without an apparent contribution of SULF1. We measured the
SULF1mRNA levels in bothWTand SULF2-KOmice after PH.
The level of SULF1 in bothWT and SULF2-KOmice increased
1.5 fold after PH, peaking at 24 h; however, no significant dif-
ference was noted in SULF1 mRNA between WT and
SULF2-KO mice at any individual time point (supplemental
Fig. 1B). Thus, SULF2 deficiency is not accompanied by amajor
compensatory increase in SULF1 expression during liver regen-
eration. The factors determining the selective role of SULF2 in
this cellular process will require further exploration.
The accumulation of hepatocellular fat (“transient steatosis”)

occurring in the liver after PH is known to play a role in the
regenerative response (22–24). This accumulation is concomi-
tant with hepatocyte proliferation, and it can contribute to the
regulation cell growth (23). Blockade of hepatic fat accumula-
tion after PH using pharmacological and genetic means causes
inhibition of liver regeneration (24, 27). Lipids are used as an

FIGURE 4. WNT regulates GLI1 expression through the canonical pathway
in a HEDGEHOG-independent manner. A, siRNA mediated knockdown of
�-CATENIN significantly decreased GLI1 mRNA expression in hepatocytes iso-
lated from WT mice (*, p � 0.05). Efficiency of the knockdown was determined
by Western blot (see inset). B, ChIP assay shows binding of endogenous TCF4
to the gli1 promoter in AML12 cells. C, relative GLI1 expression in isolated
hepatocytes form WT mice show that the treatment with HEDGEHOG inhibi-
tor, Cyclopamine, did not affect the levels of this transcription factor. GLI1
mRNA level was normalized to 18S levels in the same samples. D, similarly,
induction of GLI1 transcriptional activity by SULF2 in L3.6 cells was not
affected by the treatment with the Cyclopamine. Overexpression of SULF2
induces GLI1 transcriptional activity even in the presence of this inhibitor (*,
p � 0.05). E, HEDGEHOG pathway was not significantly affected in SULF2-KO
mice as shown by the mRNA expression of PTCH1, a marker for the activity of
the pathway.

FIGURE 5. GLI1 regulates liver regeneration and hepatocyte prolifera-
tion. A, BrdU incorporation was measured in isolated mouse hepatocytes
after transfection of the NT control or shRNA targeting GLI1. Knockdown of
GLI1 decreased proliferation as shown by the decrease in BrdU levels (*, p �
0.05). B, conversely, overexpression of GLI1 increased the incorporation of
BrdU in hepatocytes from WT mice (*, p � 0.05). C, CYCLIN D1 mRNA levels
were increased after 24 h after PH, this effect was impaired in GLI1-KO mice.
mRNA levels were assessed by qPCR and normalized to mouse 18S levels. D,
in-silico analysis show the presence of 3 GLI binding site (G) in the mouse
cyclin d1 promoter upstream of the transcription start site (TSS). E, endoge-
nous GLI1 binds to the mouse promoter in AML12 cells. Positive amplicon for
the ChIP assay is marked between arrows (�812/�612 bp). F, reporter assay
and qPCR analysis show increase activity of the mouse cyclin d1 promoter and
expression in AML12 cells overexpressing GLI1 (*, p � 0.05).
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energy source by the hepatocyte for DNA replication and phos-
pholipids synthesis. The most important source of lipids that
accumulates in the regenerating liver is mainly free fatty acids
supplied from adipose tissue. However, de novo hepatic fatty
acid synthesis has also been reported (26). According to these
observations, our study shows a delay in fat accumulation that
is accompanied by a delay in cell proliferation. These data sug-
gest that SULF2 may play additional roles in the regulation of
cell growth independent of the regulation of CYCLIN D1, and
may involve the modulation of lipid accumulation in the liver.
Previous studies show that mice with conditional knock-out

of �-CATENIN in hepatocytes display suboptimal regenera-
tion or delayed onset of regeneration. Additionally, they exhibit
a biphasic trend in proliferation that peaked at day 3 and
increased slightly again at day 14 (32, 33). We found that
SULF2-KO significantly delayed liver regeneration post PH.
The delay in liver regeneration correlates with decreased trans-
location of�-CATENIN to the hepatocyte nuclei, thus suggest-

ing that SULF2 regulates liver regeneration in part through
effects on theWNT/�-CATENIN signaling pathway (Fig. 2). In
addition, we have identified a novel regulatory mechanism for
CYCLIND1 in this cellular process. Thismechanism involves the
transcription factor GLI1 acting downstream of �-CATENIN,
thus expanding the repertoire of transcriptional regulators con-
trolled by this pathway.
The WNT/�-CATENIN and HEDGEHOG signaling path-

ways are important in the coordination of developmental tran-
sitions and have been postulated to interact at multiple levels
(37–39). However, these interactions have not been completely
elucidated. We found that SULF2 deficiency substantially
inhibits the WNT/�-CATENIN signaling pathway post PH,
resulting in lower expression of GLI1. Interestingly, hepato-
cytes isolated from WT mice treated with WNT3a show an
increase in GLI1 expression, and SULF2 is necessary for WNT
induction of GLI1 in a HEDGEHOG-independent manner.
Similar to the SULF2-KO, GLI1-KO also delayed liver regener-
ation after PH suggesting that WNT/�-CATENIN signaling
regulates GLI1, andGLI1 plays an important role in liver regen-
eration. Finally, we demonstrate that this axis acts on the cell
cycle regulator CYCLIN D1. In SULF2-KO and GLI1-KOmice
the levels of CYCLIN D1 are lower compared with WT con-
trols. GLI1 binds to the promoter of cyclin d1 and regulates the
expression of this cyclin and the activity of its promoter. Addi-
tional experiments beyond the scope of this study are needed to
investigate the epigenetics mechanism regulated by GLI1 and
define the possible interplay between HEDGEHOG signaling
and SULF2/GLI1 in cells having both pathways active.
In summary, our results show that SULF2-WNT3a-GLI1

regulates liver regeneration after PH through activation of the
WNT/�-CATENIN signaling pathway, and consequent down-
stream activation of GLI1 by regulating CYCLIN D1 (Fig. 6D).
Together these findings provide new insight into the mecha-
nisms controlling liver regeneration and could serve as a foun-
dation for the development of novel therapeutic regimens
aimed at improving tissue regeneration.
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