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Background: GSH defends against oxidative stress, which activates hepatic stellate cells (HSCs).
Results: A high GSH level keeps HSCs in a quiescent state, and this requires sumoylation of Nrf2 and MafG, which facilitates
heterodimerization and activation of the antioxidant response element (ARE).
Conclusion: GSH is an important determinant of the HSC phenotype.
Significance: This is the first report of Nrf2 and MafG sumoylation driving ARE-dependent gene expression in HSCs.

GSH is synthesized sequentially by glutamate-cysteine ligase
(GCL) and GSH synthase and defends against oxidative stress,
which promotes hepatic stellate cell (HSC) activation. Changes in
GSH synthesis during HSC activation are poorly characterized.
Here,weexamined the expressionofGSHsynthetic enzymes in rat
HSCactivationandreversion toquiescence.Expressionof theGCL
catalytic subunit (GCLC) fell duringHSC activation and increased
when activated HSCs revert back to quiescence. Blocking the
increase inGCLCexpression keptHSCs in an activated state.Acti-
vatedHSCshavehighernuclear levels andbindingactivityofMafG
to the antioxidant response element (ARE) of GCLC but lower
Nrf2/MafGheterodimerbinding to theARE.QuiescentHSCshave
a lower nuclear MafG level but higher Nrf2/MafG heterodimer
bindingtoARE.Thisoccurredbecauseofenhancedsumoylationof
Nrf2 andMafGbySUMO-1,whichpromotedNrf2binding toARE
and heterodimerization with MafG. In vivo, knockdown of GCLC
exacerbated bile duct ligation-induced liver injury and fibrosis.
Ursodeoxycholic acid and S-adenosylmethionine are anti-fibrotic
in bile duct ligation, but this effect was nearly lost if GCLC induc-
tion was blocked. In conclusion, sumoylation of Nrf2 and MafG
enhances heterodimerization and increases GCLC expression,
which keeps HSCs in a quiescent state. Antifibrotic agents require
activation of GCLC to fully exert their protective effect.

GSH is a tripeptide that is sequentially synthesized in all
mammalian cells via two enzymatic steps as follows: the forma-
tion of �-glutamylcysteine from glutamate and cysteine cata-

lyzed by glutamate-cysteine ligase (GCL)4; and the formation of
GSH from �-glutamylcysteine and glycine catalyzed by GSH
synthase (GS) (1). GCL is the rate-limiting enzyme that is made
up of two subunits, the catalytic (GCLC) and the modifier
(GCLM) subunits (1). GSHprotects against oxidative stress and
regulates many important cellular events, including fibrogen-
esis (1). Hepatic stellate cells (HSCs) play a central role in fibro-
genesis. Following chronic liver injury, HSCs proliferate, lose
their vitaminA, and undergo amajor phenotypical transforma-
tion (transdifferentiation or activation) to �-smooth muscle
actin (�-SMA)-positive activated HSCs, which produce a wide
variety of collagenous and noncollagenous extracellular matrix
proteins and components that inhibit fibrosis degradation (2).
Activation ofHSC ismediated by various cytokines and reactive
oxygen species released from damaged hepatocytes and acti-
vated Kupffer cells (3). Several reports implicated the impor-
tance ofGSH in fibrogenesis. Profibrogenic factor TGF-�1 sup-
pressed the expression of GCLC and lowered GSH levels in rat
HSCs (4). Epigallocatechin-3-gallate, the major constituent of
green tea, blocked the effect of TGF-�1 on GCLC expression
and HSC activation (4). Similarly, curcumin also blocked HSC
activation by raising GSH levels (5). Despite these reports,
changes in expression of GSH synthetic enzymes and GSH lev-
els during fibrogenesis remain poorly characterized.
We reported hepatic expression of GCL subunits, and GS

decreasedmarkedly alongwithGSH levels during later stages of
bile duct ligation (BDL) in mice, which is a model of cholestatic
liver injury and fibrosis (6). This was associated with displace-
ment of nuclear factor-erythroid 2-related factor 2 (Nrf2)
nuclear binding to the antioxidant response element (ARE),
which is present in the promoter region ofmany genes involved
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in antioxidant defense, includingGSH synthetic enzymes (1, 6).
In subsequent work, we demonstrated that Nrf2 displacement
from ARE binding was likely due to an increase in the hepatic
expression of c-Maf andMafG (7). TheseMaf proteins have the
capability to negatively regulate ARE-mediated gene expres-
sion as knocking down c-Maf and MafG protected against the
fall in Nrf2 binding to ARE and expression of GSH synthetic
enzymes (7). In the BDL model, ursodeoxycholic acid (UDCA)
and S-adenosylmethionine (AdoMet), the main cellular methyl
donor that is also a precursor for hepatic GSH (8), exerted a
protective effect against BDL-induced liver injury and fibrosis
(6). These agents were able to prevent the induction in c-Maf
and MafG expression, displacement of Nrf2 from ARE nuclear
binding, and the fall in hepatic expression of GSH enzymes (7).
Because these studies examined changes in the whole liver,
which is composed of mostly hepatocytes, whether GSH syn-
thetic enzymes are also down-regulated in HSCs during fibro-
genesis remains unknown.
The aims of the this study were to examine whether the

expression of GSH synthetic enzymes changes during HSC
activation and to assess the role of GCLC expression and GSH
level in determining HSC phenotype and treatment efficacy of
UDCA and AdoMet. Our results indicate a vital role of GCLC
expression as a determinant of HSC phenotype and as a key
target of anti-fibrotic agents to exert their full therapeutic
effect. We also uncovered a novel post-translational modifica-
tion that is required for Nrf2/MafG heterodimerization and
binding to the ARE. Interestingly, in quiescent HSCs, het-
erodimerization with Nrf2 is markedly enhanced despite much
lower nuclearMafG levels. This is due to increased sumoylation
of Nrf2 and MafG, which has not been reported previously to
facilitate Nrf2/MafG interaction and trans-activation of ARE.

EXPERIMENTAL PROCEDURES

Materials—UDCAwas obtained from Sigma. AdoMet in the
form of disulfate p-toluenesulfonate dried powder was gener-
ously provided by Gnosis SRL (Cairate, Italy). [�-32P]dCTP
(3,000 Ci/mmol) was purchased from PerkinElmer Life Sci-
ences. All other reagents were of analytical grade and obtained
from commercial sources.
Animal Use—The Institutional Animal Care and Use Com-

mittee of the University of Southern California approved all
animal usage in this study. HSCs were isolated from normal
maleWistar rats or 10-day-old BDL rats by the Non-Parenchy-
mal Liver Cell Core of the Research Center for Alcoholic Liver
and Pancreatic Diseases and Cirrhosis as described previously
(9). The purity of isolated HSCs was examined by ultraviolet-
excited fluorescence microscopy, and viability was determined
by trypan blue exclusion. BDL and sham surgery were per-
formed in 3-month-oldmaleC57BL/6mice aswe described (6).
In some experiments, under the same anesthesia for sham sur-
gery or BDL, mice also received GCLC siRNA or scrambled
control (1 � 109 transducing units in 0.1 ml injected into the
spleen) as we described (7). The shRNA pre-made lentivirus
GCLC (catalog no. RMM4532-NM_010295), empty lentivirus
(catalog no. RHS4349) vectors, packaging plasmid, Trans-Len-
tiviral pGIPZ Packaging System (catalog no. TLP4614), and
envelope plasmid were purchased from Open Biosystems

(Huntsville, AL), and viral harvesting was done as described in
the protocol. Second and 3rd injections on days 6 and 10 were
performed through the tail vein. On days 3, 7, 10, and 14 post-
surgery, hepatocytes were isolated to assess transduction effi-
ciency using GFP, which is included in the lentivirus vector, as
we described (7). To assess the effect of UDCA and AdoMet in
the setting ofGCLCknockdown, BDLmice treatedwith scram-
bled siRNA or GCLC siRNA also received either UDCA (100
mg/kg/day in 0.1 ml of 2.5% sodium bicarbonate, pH 7.4),
AdoMet (100 mg/kg/day in 0.1 ml of Tris buffer, pH 7.4), both
agents, or vehicle control by gavage as we described (6). Mice
were sacrificed 14 days post-surgery, and sera and livers were
harvested for studies described below.
HSC Activation and Differentiation Models—In vitro culture

activation used normal rat HSCs cultured in low glucose
DMEM supplemented with 10% FBS and antibiotics for 1, 3, 5,
or 7 days. For in vivo activation, HSCs were isolated from
10-day-old BDL and sham-operated rats and cultured for 16 h
in low glucose DMEM with 3% FBS before analysis. Biliary
fibrosis-derived stellate cell (BSC) line is a spontaneously
immortalized activated rat HSC cell line originally isolated
from 18-day-old BDL rats (10), and cells were cultured in
DMEM plus 10% FBS. Both cultured activated primary HSCs
and BSCs can be reverted back to differentiated phenotypes by
treatment with the adipogenic mixture MDI (0.5 mM methyl-
isobutylxanthine, 1 �M dexamethasone, and 1 �M insulin) for 3
days as described (11).
To evaluate the role of GCLC, c-Maf, MafG, and SUMO-1 in

HSC activation, BSCs were treated with double-stranded
GCLC, MafG, c-Maf, small ubiquitin-related modifier-1
(SUMO-1), or scrambled siRNA. GCLC siRNA (catalog no.
SI02780498, Qiagen), MafG siRNA (catalog no. sc-38099),
c-Maf siRNA (catalog no. sc-38111), and SUMO-1 siRNA (cat-
alog no. sc-156144) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). BSCs treated with or withoutMDI for
3 days were transfected with GCLC,MafG, c-Maf, SUMO-1, or
scrambled siRNA (10 nM per 1 � 105 cells) using Lipo-
fectamineTM RNAiMAX transfection reagent (Invitrogen).
Transfection was done in 6-well plates at 30% confluency for
48 h either alone or during the last 2 days of theMDI treatment
and were then processed for Western blot analysis and GSH
level determination as described below.
Necrosis, Apoptosis, and Fibrosis Determination in Liver

Specimens—Liver tissues were formalin-fixed, cut, and stained
with H&E, and the percentage of necrosis was estimated by
counting the number of microscopic fields with necrosis com-
pared with the entire section in 15 different sections at �100
magnification. Apoptosis was determined by staining with
TUNEL according to themanufacturer’s suggested protocol (in
situ cell death detection kit, Roche Applied Science). Five ran-
dom fields containing an average of 250 nuclei were counted for
each TUNEL-stained tissue sample. The apoptotic index (per-
centage of apoptotic nuclei) of hepatocytes was calculated as
(apoptotic nuclei/total nuclei) � 100%. Samples from at least
three mice per treatment condition were scored. Fibrosis was
determined by staining with 0.1% Sirius red (Sigma), quantified
using a computer-assisted image analysis system (MetaMorph
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imaging system; Universal Imaging Corp., Downingtown, PA),
and expressed as stained area per total examined area.
RNA Isolation and Gene Expression Analysis—Total RNA

was isolated by the TRIzol reagent (Invitrogen) from liver tis-
sues or cells. Northern blot analyses for GCLC and collagen
�2(I) (Col1A2) were done as we described (6). Specific GCLC,
Col1A2, and �-actin probes were labeled with [32P]dCTP using
a random primer kit (RediPrime DNA Labeling System; Amer-
sham Biosciences), and the results of Northern blot analysis
were normalized to �-actin. Gene expression was also assessed
using real time PCR. Total RNA was subjected to RT by using
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen). Two �l of RT product was subjected to real time PCR
analysis. The primers and TaqMan probes for rat GCLC,
GCLM, GS, peroxisome proliferator-activated receptor �
(PPAR�),�-SMA, and theUniversal PCRMasterMixwere pur-
chased from ABI (Foster City, CA). Hypoxanthine phospho-
ribosyltransferase 1 (HPRT1) was used as housekeeping gene.
The thermal profile consisted of initial denaturation at 95 °C for
15 min followed by 40 cycles at 95 °C for 15 s and at 60 °C for 1
min. The cycle threshold (Ct value) of the target genes was
normalized to that of HPRT1 to obtain the �Ct. The �Ct was
used to find the relative expression of target genes according to
the following formula: relative expression � 2���Ct, where
��Ct� �Ct of target genes in experimental condition��Ct of
target gene under control conditions.
Western Blot and Immunoprecipitation Analysis—Total cel-

lular protein from primary HSCs or BSCs was extracted follow-
ing standard protocols (Amersham Biosciences) and resolved
on 12% SDS-polyacrylamide gels. Western blotting was per-
formedusing primary antibodies as follows:GCLC,GCLM, and
GS (Aviva Systems Biology, San Diego); PPAR�, Nrf2, MafG,
and c-Maf (Santa Cruz Biotechnology); �-SMA (Abcam, Cam-
bridge,MA); c-Myc, ubiquitin, and histoneH3 (SantaCruz Bio-
technology); �-actin (Sigma); and HRP-conjugated secondary
antibodies.Membranes were developed by chemiluminescence
using the ECL detection system (Amersham Biosciences).
Quantitation of blots was done using the Quantity OneTM den-
sitometry program (Bio-Rad). For immunoprecipitation,
nuclear extracts were prepared using the EpiQuik nuclear
extraction kit (Epigentek, Farmingdale, NY). Nuclear extracts
were immunoprecipitated with antibodies against Nrf2,
SUMO-1 (Abgent Inc., San Diego), or SUMO-2/3 (Santa Cruz
Biotechnology) as described previously (12). Immunoprecipi-
tated proteins were subjected to Western blotting using anti-
bodies against MafG, Nrf2, c-Myc, and ubiquitin.
ChIP and Sequential ChIP (SeqChIP) Assay—To examine

changes in protein binding to the ARE of the rat GCLC pro-
moter in an endogenous chromatin configuration, ChIP assay
was carried out following the ChampionChIPTM kit protocol
(SABioscences, Frederick, MD). This kit was also used for the
SeqChIP assay (13) to study co-localization of two proteins on
the same region of the GCLC promoter. Briefly, DNA immu-
noprecipitated by Nrf2 antibody was processed for a second
round of immunoprecipitation using anti-MafG antibody. The
purified DNA was detected by PCR analysis. Antibodies used
for SeqChIP were anti-Nrf2 andMafG (Santa Cruz Biotechnol-
ogy). PCRs of the rat GCLC promoter region across ARE

(GCGCTGAGTCAC, �3708/�3697 bp relative to ATG start
site) (GenBankTM accession number AY382195) used forward
primer 5�-TCCTTGGAGGCCCGAAACCCATC-3� (bp �3853
to �3831) and reverse primer 5�-ACCGCCTCCCCGTGACTC-
AGC-3� (bp �3706 to �3686). All PCR products were run on 8%
acrylamidegels andstainedwithethidiumbromide for15–30min.
Site-directed Mutagenesis of Nrf2 and MafG SUMO-1-bind-

ing Sites and Expression in BSC Cells—Rat Nrf2 and MafG
expression vectors containing the full-length cDNA were pur-
chased from Open Biosystems (Lafayette, CO). SUMO-1 con-
sensus site mutants for Nrf2 and MafG were generated by
Mutagenex Inc. (Hillsborough, NJ), and mutants were verified
by sequencing. Mutated peptides are shown in supplemental
Fig. 1. BSC cells were plated in 10-cm dishes (0.3� 106 cells per
dish) and transfected for 72 h with Nrf2 and MafG constructs
using the Superfect transfection reagent (Qiagen).
GSHLevels—GSH levels in liver tissues andHSCsweremeas-

ured as described previously (14).
Serum Alkaline Phosphatase, Bilirubin, and Alanine Trans-

aminase (ALT) Levels—Serum alkaline phosphatase, bilirubin
(Thermo Electron Corp., Waltham, MA), and ALT
(RAICHEM, San Marcos, CA) levels were measured follow-
ing the manufacturers’ instructions.
Statistical Analysis—Data are given as means � S.E. Statisti-

cal analysis was performed using analysis of variance followed
by Fisher’s test formultiple comparisons. For changes inmRNA
and protein levels, ratios of the densitometric values of genes or
proteins to respective housekeeping genes or proteins were
compared. Significance was defined by p � 0.05.

RESULTS

Changes in the Expression of GSH Synthetic Enzymes during
in Vitro and in Vivo HSC Activation—We first examined
expression of GSH synthetic enzymes in primary HSCs acti-
vated during in vitro culture. Fig. 1A shows that bothGCLCand
GCLM mRNA levels decreased by day 3 and remained 60%
reduced up to day 7. GS mRNA level was unchanged at day 3,
but by day 5 it also fell by 50% and remained reduced at day 7.
GSH levels fell significantly by day 5 and continued to fall to
30% of base line by day 7 (Fig. 1B). In HSCs isolated from
10-day-old BDL rats, the mRNA levels of GCLC and GCLM
were also reduced by 50–60%, but the mRNA level of GS was
unchanged (Fig. 1C). GSH levels in HSCs from BDL rats were
36% of sham HSC controls (Fig. 1D). Reduced GCLC expres-
sion was confirmed at the protein level by a comparable amount,
whereas the GCLM protein level was not significantly changed
(Fig. 1E). Note that GCLC is present as both 73-kDa and cleaved
60-kDa bands in HSCs from sham operated rats, and in vivo acti-
vation led to a fall in only the 73-kDa band.
GCLC Expression and GSH Level in a Model of Reversible

HSC Activation—Activated HSCs revert back to quiescence
following treatment with the adipogenicmixtureMDI (11). Fig.
2 (A and B) shows that following MDI treatment in BSCs,
�-SMA expression fell while PPAR� expression increased,
and these are changes known to be associated with HSC
differentiation. MDI treatment increased GCLC expression
at both the mRNA and protein levels. Interestingly, MDI
treatment lowered the 60-kDa cleaved GCLC band by 47%,
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and it more than doubled the 73-kDa band (Fig. 2B). How-
ever, we have observed inconsistencies in the appearance of
the 60-kDa band in different preparations of MDI-treated
BSC cells. The reason for this inconsistency is not known.
Similar changes were also observed following treatment of
culture-activated primary HSCs with MDI (Fig. 2, C and D).
Intracellular GSH levels increased to 317 � 22 and 192 � 5%
of control in BSCs and primary rat HSCs, respectively, fol-
lowing MDI treatment (p � 0.005 versus control from seven
experiments in duplicate for BSCs and two primary HSC
preparations in duplicate).
Effect of GCLC Knockdown on HSC Phenotype—To evaluate

the importance of GCLC expression as a determinant of the
HSC phenotype, BSCs were treated with GCLC siRNA or

scrambled siRNA during the last 48 h of MDI treatment. Fig. 3
shows that whenGCLCmRNA level is reduced by 50%, there is
a significant increase in the expression of �-SMA (Fig. 3, A and
C). Preventing GCLC induction during MDI treatment kept
�-SMA expression elevated and blunted the PPAR� response
(Fig. 3, B and C).
Nuclear Nrf2, c-Maf, and MafG Levels and Binding to GCLC

ARE during HSC Activation and Reversion to Quiescent State—
Nuclear Nrf2 levels in HSCs were not significantly altered after
10 days of BDL (Fig. 4A) or byMDI treatment in BSCs (Fig. 4B).
However, both c-Maf andMafGnuclear levels increased during
in vivo activation (Fig. 4A) and decreased following MDI treat-
ment (Fig. 4B). Nuclear binding activity to ARE of rat GCLC pro-
moter was evaluated by ChIP, and although nuclear Nrf2 levels

FIGURE 1. Changes in expression of GSH synthetic enzymes and GSH levels during HSC activation. A shows changes in the mRNA levels of GCLC, GCLM,
and GS during in vitro HSC activation measured by real time PCR. Results are expressed as mean � S.E. from six primary HSC preparations. *, p � 0.05; **, p �
0.005 versus day 1. B shows changes in GSH levels during in vitro HSC activation. Results from two HSC preparations in duplicate for each time point are
expressed as nanomoles of total GSH per mg of protein, *, p � 0.05 versus day 1. C shows changes in the mRNA levels of GCL subunits and GS during in vivo HSC
activation measured by real time PCR from 10-day-old BDL or sham control HSCs. Results are from five preparations. *, p � 0.05 versus sham control. D shows
changes in GSH levels during BDL-mediated HSC activation. Results are from two preparations in triplicate expressed as nanomoles of total GSH per mg of
protein. **, p � 0.005 versus sham. E shows changes in the protein levels of GCL subunits and GS during in vivo HSC activation measured by Western blotting
from 10-day-old BDL or sham control HSCs. Results are from two HSC preparations in duplicate. The table in E summarizes densitometric changes in the
Western blots. *, p � 0.05 versus sham control.
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were unchanged inHSCs isolated fromBDL rats, nuclear binding
activity fell slightly (Fig. 4C). Both c-Maf and MafG exhibited
increased nuclear binding activity to ARE (Fig. 4C). Conversely,
following MDI treatment, both c-Maf andMafG nuclear binding
activity to ARE fell more than 50%, but Nrf2 binding was
unchanged (Fig. 4D).
Effects of Maf Knockdown on BSC Activation Status and

GCLC Expression—In BDL livers and Huh-7 cells treated with
the toxic bile acid lithocholic acid, knockdown of c-Maf and
MafG prevented displacement of Nrf2 fromARE and the fall in
GCLC expression (7). To see if the same is true in HSCs, acti-
vated BSCs were treated with MafG or c-Maf siRNAs, but in
contrast to whole liver or lithocholic acid-treated Huh-7 cells,
knockdown of MafG in activated BSCs lowered GCLC expres-

sion (Fig. 5,A and B), although c-Maf knockdown had no influ-
ence on GCLC expression (data not shown). Knockdown of
MafG in activated BSCs resulted in lower Nrf2 binding to the
distal GCLC ARE, and SeqChIP assay showed reduced MafG
co-occupancy of the same region (Fig. 5C), supporting an acti-
vator role ofNrf2/MafGheterodimer inARE-dependentGCLC
expression in activated BSCs.
Nrf2/MafG Heterodimerization and Co-occupancy of ARE

Region Increased in Quiescent HSCs and Fell in Activated HSCs—
FollowingMDI treatment, interaction between Nrf2 and MafG
is markedly enhanced (77-fold) despite 90% reduction in
nuclearMafG levels (Fig. 6A). Co-occupancy of Nrf2 andMafG
to the GCLC distal ARE is increased after MDI treatment (Fig.
6B) and falls by 50% in activated HSCs (Fig. 6C).

FIGURE 2. GCLC expression is increased when activated HSCs revert back to quiescence. A and B show changes in mRNA (A) and protein (B) levels of GCLC,
�-SMA, and PPAR� following MDI treatment of BSCs, which are activated at base line. The table in B summarizes densitometric changes in the Western blots.
Results are from six experiments for mRNA, and three experiments were done in duplicate for protein levels. *, p � 0.05, and **, p � 0.005 versus control. C and
D show similar changes in mRNA (C) and protein (D) levels after treatment of in vitro activated primary HSCs with MDI. The table in D summarizes densitometric
changes in the Western blots. Results are from two HSC preparations done in duplicate. *, p � 0.05, and **, p � 0.005 versus control.
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Role of SUMO-1 Sumoylation of Nrf2 and MafG in Nrf2/
MafG Heterodimerization and GCLC Expression—Protein
sumoylation is known to enhance protein/protein interactions
(15). Both Nrf2 and MafG contain potential sumoylation sites
(supplemental Fig. 1). Fig. 7, A and C, shows that both MafG
and Nrf2 are sumoylated by SUMO-1 in activated BSCs, and
this is increased following MDI treatment but only in the
nuclear fraction. Although both Nrf2 and MafG are also
sumoylated by SUMO-2/3, MDI treatment had no effect on
their levels (Fig. 7B). Conversely, during HSC activation,
sumoylation of Nrf2 and MafG by SUMO-1 falls despite
increased nuclear MafG levels (Nrf2 nuclear level was
unchanged) (Fig. 7D). To evaluate whether this sumoylation is
important for Nrf2/MafG interaction and activation of ARE-
dependent genes, quiescent BSCs (after 3 days of MDI treat-
ment) were treated with scrambled siRNA or SUMO-1 siRNA
for 24 h. SUMO-1 knockdown reduced GCLC expression by
about 40–45% (Fig. 8A) and interaction between Nrf2 and

MafG (Fig. 8B) and co-occupancy of the distal ARE region of
GCLC (Fig. 8C). SUMO-1 knockdown also reduced Nrf2 bind-
ing to the ARE, but MafG binding was unaffected (Fig. 8C).
Following SUMO-1 knockdown, GSH levels fell from 53.98 �
0.29 to 22.29 � 2.42 nmol/mg protein (results are mean � S.E.
from three independent experiments, p � 0.05).
Identifying Sites of Sumoylation on Nrf2 and MafG—To

examine the effect of sumoylation site mutations on the het-
erodimerization between Nrf2 and MafG, Nrf2 sumoylation
site mutant and wild type proteins were overexpressed in BSC
cells and tested for their ability to immunoprecipitateMafG. As
shown in Fig. 9A, control BSC cells expressing an empty vector
had low levels of Nrf2-MafG complexes. Overexpression of
wild type Nrf2 significantly raised the level of immunoprecipi-
tated MafG, whereas mutant Nrf2 immunoprecipitated even
lessMafG than empty vector control. Although overexpression
of wild type and mutant MafG raised MafG protein levels (Fig.
9B), we were not able to see anyNrf2 onWestern blot following

FIGURE 3. Reducing GCLC expression keeps HSCs in activated state. BSCs (control and MDI-treated) were treated with GCLC siRNA or scrambled siRNA to
lower the mRNA level by 50%, and the effects on �-SMA and PPAR� at the mRNA (A and B) and protein (C) levels were examined by real time PCR and Western
blotting, respectively. The table in C summarizes densitometric changes in the Western blots. Results are from four experiments done in duplicate for both
mRNA and protein levels. *, p � 0.05. and **, p � 0.005 versus control with scrambled siRNA.
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immunoprecipitation of MafG (data not shown). The func-
tional effect of these mutants on the expression of GCLC was
evaluated in BSC cells. As shown in Fig. 9B, overexpression of
wild type MafG and Nrf2 up to 3-fold raised GCLC protein
levels by 2-fold compared with an empty vector control. Over-
expression of the sumoylation site mutant of MafG did not
affect GCLC expression compared with empty vector control,
and overexpression of the Nrf2 mutant lowered GCLC expres-
sion compared with empty vector (Fig. 9B, right panel).
Sumoylation Does Not Affect Nrf2/c-Myc Interaction or Nrf2

Ubiquitination—c-Myc has been reported to interact with
Nrf2 and inhibits its signaling (16). In addition, sumoylation has
been reported to interfere with ubiquitination of certain target
proteins, and Nrf2 is degraded via the ubiquitin-proteasomal
pathway (17). To see if the effect of sumoylation may be due to
antagonizing c-Myc interaction with Nrf2 or Nrf2 ubiquitina-
tion, BSC cells treated with MDI and SUMO-1 or scrambled
siRNA were subjected to immunoprecipitation with anti-Nrf2

and blotted for c-Myc and ubiquitin. Fig. 9,C andD, shows that
SUMO-1 knockdown had no effect on Nrf2/c-Myc interaction
or the level of ubiquitinated Nrf2.
Effects of GCLCKnockdown onBDL-induced Liver Injury and

Fibrosis and Its Treatments—To see if GCLC expression influ-
ences fibrosis in vivo, we employed lentiviral expression vector
to knock down GCLC at the same time as BDL and then
repeated it on days 6 and 10. This regimen achieved transduc-
tion efficiency of about 89% at day 14 (7). The efficacy of UDCA
and AdoMet was then examined in the setting of GCLC knock-
downduringBDL for 14 days. Fig. 10A shows thatGCLC siRNA
(GCLCi) was able to further reduce the mRNA level of GCLC
(50% lower than BDL � SC). UDCA or AdoMet, which com-
pletely prevented BDL-induced lowering of GCLCmRNA level
(6), was unable to rescue in the presence ofGCLCi, although the
combined UDCA and AdoMet had 40% higher GCLC mRNA
level than BDL�GCLCi alone. Livers from the BDL�GCLCi-
treated mice appear more fibrotic, and consistently, Col1A2

FIGURE 4. Nuclear levels and ARE binding activity of Nrf2, c-Maf, and MafG in activated and quiescent HSCs. A shows nuclear levels of these transcription
factors in in vivo activated HSCs isolated from 10-day-old BDL livers. The table adjacent to blots summarizes densitometric changes from 2 to 3 preparations
done in duplicate. *, p � 0.05 versus sham control. B shows nuclear levels of the same transcription factors following MDI treatment of BSCs, and densitometric
changes are summarized in the table next to the blots. Results are from two experiments done in duplicate. *, p � 0.005; **, p � 0.05 versus control. C and D show
Nrf2, c-Maf, and MafG binding to the GCLC ARE region using ChIP assay in in vivo activated HSCs (C) and quiescent HSCs (D). The tables below summarize
densitometric changes from 2 to 3 preparations done in duplicate for C and three experiments for D. *, p � 0.05; **, p � 0.005 versus respective controls.
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mRNA levels were markedly elevated (5-fold of sham � SC) in
the BDL � GCLCi group as compared with the BDL � SC
group (2-fold higher than Sham� SC).AdoMet andUDCAhad
a minimal protective effect against the increase in Col1A2
mRNA levels in the presence of GCLCi, but the levels were still
higher than the BDL � SC group. This is also consistent with
the quantitative Sirus Red scoring (Table 1). Fig. 10B shows
marked increase in necrosis, apoptosis, and fibrosis in the
GCLCi livers, regardless of whether they received UDCA
and/or AdoMet. Table 1 summarizes histological changes and
biochemical parameters and liver GSH levels. Consistent with
more necrotic foci, ALT levels were significantly higher in
BDL � GCLCi group and UDCA and AdoMet failed to exert
any protective effect. This is different from the effect of UDCA
and AdoMet when they are able to induce GCLC. UDCA and
AdoMet lowered ALT levels significantly in BDL mice treated
with scrambled siRNA. GCLC knockdown did not alter either
the alkaline phosphatase or bilirubin levels, but UDCA and
AdoMet failed to exert any protective effect, although theywere
protective against the rise in bilirubin level when treated with

scrambled siRNA (Table 1). Hepatic GSH levels fell by 50% in
the BDL group, but this was prevented by either UDCA or
AdoMet (and more with both) in scrambled siRNA groups.
GSH levels fell by 80% in BDL mice that received GCLCi, and
although UDCA and AdoMet were able to protect partially
against this fall, the level remainedmuch lower than the respec-
tive scrambled siRNA groups (Table 1). Finally, UDCA and
AdoMet were able to protect against necrosis, apoptosis, and
fibrosis much more effectively in the scrambled siRNA groups
as compared with GCLCi groups.

DISCUSSION

GSH is a key antioxidant that is synthesized in allmammalian
cells (1). A key factor that regulates the biosynthesis of GSH is
the activity of the rate-limiting enzyme GCL, which in turn is
regulated dominantly at the transcriptional level (1). Recently,
we reported that during prolonged BDL-induced cholestatic
liver injury in mice, the expression of GSH synthetic enzymes
fell, and this was associated with reduced Nrf2 binding to the
ARE and a nearly 4-fold induction of c-Maf and MafG expres-

FIGURE 5. Effect of MafG knockdown on GCLC expression, Nrf2 nuclear binding to ARE, and Nrf2-MafG co-occupancy of the GCLC ARE region in
activated BSCs. BSCs were treated with MafG siRNA, and the effects on GCLC mRNA (A) and protein (B) levels were measured using real time PCR and Western
blotting, respectively. The table in B summarizes densitometric changes of the Western blots. Results are from two (protein) and three (mRNA) experiments
done in duplicate. *, p � 0.005; **, p � 0.05 versus scrambled siRNA. C shows nuclear binding activity to the GCLC ARE region of Nrf2, Nrf2-MafG co-occupancy,
and MafG following MafG siRNA treatment in BSCs using ChIP and SeqChIP. Densitometric changes are shown in the graph from two experiments done in
duplicate. *, p � 0.005; **, p � 0.05 versus scrambled siRNA.
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sion and binding to theARE (6, 7). ARE is a cis-acting regulatory
element found in the 5�-regulatory region of almost all of the
enzymes involved in phase II metabolism of xenobiotics that
includeGCL, quinone reductase, glutathione S-transferase, and
epoxide hydrolase, which play important roles in defense
against oxidative stress and toxins (18, 19). Nrf2 is a member of
the cap ’n’ collar-basic leucine zipper proteins that trans-acti-
vates ARE (19). Under nonstressful conditions, Nrf2 is kept in
the cytosol by Keap1 and undergoes proteasomal degradation
(20). Upon recognition of stressful signals, Nrf2 is released from
Keap1, escapes proteasomal degradation, and translocates to
the nucleus to induce genes involved in defense and survival
(20). Nrf2 forms heterodimers with small Maf (MafG, MafK,
andMafF) and Jun (c-Jun, Jun-D, and Jun-B) proteins to bind to
ARE (19). Nrf2/MafG heterodimer generally activates ARE-de-
pendent gene transcription and has also been reported to
enhance Nrf2 nuclear retention (19, 21). However, the small
Mafs can form homodimers or heterodimerize with c-Maf to

repress ARE-mediated gene expression (22, 23).We speculated
that in the setting of prolonged BDL, displacement of Nrf2
from ARE may have resulted from enhanced MafG/MafG
homodimer and/or c-Maf/MafG heterodimer binding to the
ARE to result in lowerGCL expression. This is supported by the
observation that blocking c-Maf and MafG induction during
BDL prevented the fall in GCL expression and BDL-induced
liver injury, including fibrosis (7).
Accumulating evidence show the importance of GSH as a

regulator of the fibrogenic response inHSCs.Oxidative stress is
known to activate HSCs, and several agents that exert anti-
fibrotic effects all elevate GSH levels (3–5). Our work in BDL
mice also showed prevention of the fall in GSH ameliorated
against liver injury and fibrosis (7). Despite these reports,
changes in GSH synthesis during fibrogenesis is poorly charac-
terized, and whether they play a causative role or are secondary
effects are not known. This study was aimed at improving our
understanding of the role of GSH in HSC phenotypes. To this

FIGURE 6. Nrf2/MafG interaction and co-occupancy of GCLC ARE region in activated and quiescent HSCs. A shows interaction of Nrf2 with MafG using
anti-Nrf2 antibody in co-immunoprecipitation (IP) experiment followed by Western blotting (WB) for MafG is enhanced following MDI treatment of BSCs
despite marked reduction in nuclear MafG levels (nuclear Nrf2 level is unchanged). Densitometric changes are summarized in the adjacent box, and results are
from two experiments done in duplicate. *, p � 0.005 versus control. B shows Nrf2-MafG co-occupancy of the GCLC ARE region using SeqChIP is enhanced
following MDI treatment of BSCs but falls by nearly 50% in in vivo activated HSCs (C). Densitometric changes are summarized in adjacent graphs, and results are
from three experiments each for B and C done in duplicate. *, p � 0.005 versus respective controls.
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end, we studied both HSC activation and reversion back to qui-
escence using MDI, a well described treatment regimen (11).
We found that during in vitro activation of HSCs, the expres-
sion of both GCL subunits and GS fell at the mRNA level, but
only GCLCwas suppressed at bothmRNA and protein levels in
in vivo activatedHSCs (Fig. 1). Differences in in vitro and in vivo
activation of HSCs are well described (24). Despite the well
documented importance of GCLM in GCL activity, we found
no change in GCLM protein level during HSC activation. This
has also been reported by other investigators, specifically treat-
ment of HSCs by TGF-�1 lowered GCLC expression without
affectingGCLM (4) and treatment with epigallocatechin-3-gal-
late, which inhibits HSC activation, also inducedGCLC expres-
sion without changing GCLM (4). GSH levels fell in parallel to
the GCLC protein levels. Taken together, these results suggest
GCLC is limiting in HSCs.
Because GCLC was down-regulated in both models and at

the protein level in in vivo activatedHSCs, we focused our effort
on elucidating the mechanism and significance. Consistent

with an important role of GCLC expression in determining the
HSC phenotype, reversion of activated HSCs (both BSCs and in
vitro activated primaryHSCs) back to quiescence required activa-
tionofGCLCexpression as blocking its inductionkeptHSCs in an
activated state (Figs. 2 and 3). Interestingly, HSCs obtained from
sham-operated rats contain both 73-kDa bands and the cleaved
60-kDa GCLC bands (Fig. 1E). The 60-kDa band is known to be
induced during apoptosis in HeLa and Jurkat cells (25). Its pres-
ence in HSCs has not been shown previously. During isolation of
HSCs, cells are treated with detergents and enzymes, which may
have triggered cleavage of GCLC. Because HSCs from BDL rats
have a nearly 60% fall in the 73-kDa band, although the 60-kDa
band isunchanged, the ratioof the73:60-kDabands fell suggesting
that increased cleavage may have also contributed to the fall in
active GCLC during HSC activation.
Similar to what we observed in BDL livers, activated HSCs

have increased nuclear levels of c-Maf andMafG and binding to
ARE, whereas the opposite occurred in quiescent HSCs (Fig. 4).
However, Nrf2 binding toAREwasminimally affected, which is

FIGURE 7. Changes in MafG and Nrf2 sumoylation in quiescent and activated HSCs. A, MDI treatment of BSCs increased SUMO-1 sumoylation of MafG and
Nrf2 in the nuclear fraction despite marked reduction in nuclear MafG level. Results are from 3 to 4 experiments done in duplicate. *, p � 0.005 versus control.
B, MDI treatment of BSC cells does not change SUMO-2/3-mediated sumoylation of MafG or Nrf2 in the nuclear fraction. C, same experiment as in A showing
MDI treatment of BSCs did not alter cytoplasmic sumoylated and total MafG or Nrf2 levels. D, activation of primary HSCs in culture decreased nuclear level of
SUMO-1 sumoylation of Nrf2 and MafG. Results are from two HSC preparations in duplicate. *, p � 0.05; **, p � 0.005 versus day 1 HSCs. Densitometric changes
are summarized in adjacent tables. IP, immunoprecipitation; WB, Western blot.
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different from BDL livers (6, 7). In addition, GCLC expression
increased when MafG or c-Maf induction was prevented in
BDL livers (7), but in activatedHSCs, knocking down c-Maf had
no effect on GCLC expression, and knocking downMafG low-
ered GCLC expression further (Fig. 5). ReducingMafG expres-
sion in activated HSCs reduced Nrf2 binding to the ARE and
heterodimerization of Nrf2 with MafG (Fig. 5), whereas
enhanced heterodimerization of Nrf2 with MafG occurred in
quiescent HSCs (Fig. 6). The most perplexing part was that in
quiescent HSCs, enhanced heterodimerization of Nrf2 and
MafG occurred despite 90% reduction in nuclear MafG levels,
whereas in activated HSCs, reduced heterodimerization
occurred despite amarked increase in nuclearMafG levels. The
most likely explanation was that either critical post-transla-
tional modification was altering their interaction or
unknown co-factor(s) were involved that affected their
heterodimerization.
Nrf2 is regulated post-translationally (26). For instance, PKC

phosphorylates Nrf2 at serine 40 to result in the escape of Nrf2
fromKeap1 for translocation to the nucleus, andFynphosphor-

ylates Nrf2 at tyrosine 568 to result in nuclear export of Nrf2
(26). However, there is no report of post-translational modifi-
cation of Nrf2 that affects its interaction with MafG or DNA
binding. Sumoylation is known to affect protein/protein inter-
actions, and interestingly, MafG has been reported to be
sumoylated by SUMO-2 and -3 (27). In bone marrow cells,
sumoylated MafG exerts a repressive effect (27). Of the three
potential sumoylation sites in MafG, two are in the bZIP
domain, which heterodimerizes with Nrf2, and one is in the
N-terminal domain outside of the bZIP region (supplemental
Fig. 1). Nrf2 also has two potential sumoylation sites in the bZIP
domain, which is essential for heterodimerization with MafG
(supplemental Fig. 1) (21), but whether Nrf2 is sumoylated and
how sumoylation affects Nrf2 function have not been reported.
We investigated whether Nrf2 and MafG might be sumoylated
by SUMO-1 as a PPAR� has been reported to be sumoylated by
SUMO-1 (28). We found that both Nrf2 and MafG are indeed
sumoylated by SUMO-1 in HSCs and sumoylated Nrf2 and
MafG nuclear levels are higher in quiescent HSCs as compared
with activated HSCs (Fig. 7). Interestingly, in quiescent HSCs,

FIGURE 8. SUMO-1-mediated sumoylation is required for Nrf2/MafG interaction, ARE binding, and GCLC expression. A shows effect of SUMO-1 knock-
down on GCLC mRNA and protein levels in MDI-treated BSCs. Densitometric changes are summarized in the box below the Western blots (WB). Results are from
three experiments done in duplicate. *, p � 0.005 versus scrambled siRNA. B shows SUMO-1 knockdown reduced interaction between Nrf2 and MafG in
co-immunoprecipitation (IP) experiments. Densitometric changes are shown in adjacent box, and results are from three experiments done in duplicate. *, p �
0.005 versus scrambled siRNA. C shows SUMO-1 knockdown lowered Nrf2 binding and Nrf2-MafG co-occupancy to the GCLC ARE region. Densitometric
changes are summarized in the adjacent graph, and results are from three experiments done in duplicate. *, p � 0.005 versus scrambled siRNA.
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despite a nearly 90% reduction in nuclear MafG, the ratio of
sumoylated MafG to total MafG increased 20-fold. The oppo-
site was true in activated HSCs. A critical role of SUMO-1 in
facilitating theNrf2/MafG interaction andAREbinding is dem-
onstrated by knocking down SUMO-1 in quiescent HSCs,
which resulted in reduced Nrf2 binding to the ARE and het-
erodimerization with MafG. Sumoylation did not alter MafG
binding to theARE, but asNrf2/MafGheterodimer bindingwas
reduced, GCLC expression fell by 50%, and GSH levels fell
nearly 60%.We were not able to evaluate SUMO-1 knockdown
in activated HSCs as SUMO-1 siRNA treatment in activated

HSCs resulted in significant cell death in less than 24 h (results
not shown), but this did not occur if they were treated with
MDI. We also found that Nrf2 and MafG are sumoylated by
SUMO-2/3 inHSC, but their levels were unaffected by a change
in the HSC phenotype. It has been shown that treatment of
RAW cells with low doses of hydrogen peroxide inhibited
SUMO-1 conjugating activity, and this can be reversed by treat-
ment with reduced GSH (29). This together with our findings
suggest an interesting scenario where oxidative stress that
occurs during HSC activation could inhibit SUMO-1 conjuga-
tion of Nrf2 and MafG to impair their interaction leading to

FIGURE 9. SUMO-1 sumoylation of Nrf2 and MafG at specific sites affect their interaction and GCLC expression but not Nrf2/c-Myc interaction or Nrf2
ubiquitination. A, effect of mutating the SUMO-1 sites on Nrf2 and MafG (see supplemental Fig. 1) on Nrf2/MafG interaction in HSCs. Sumoylation site mutants
of Nrf2 and MafG were overexpressed in BSC cells along with their corresponding normal constructs. Nuclear extracts of these cells were immunoprecipitated
(IP) with Nrf2 and checked for MafG expression by Western blotting (WB). Results are from two experiments in duplicate. *, p � 0.05; **, p � 0.005 versus empty
vector control. B, mutant and wild type constructs were expressed as in A, and the expression of GCLC was examined by Western blotting. Results are from three
experiments in duplicate. *, p � 0.05; **, p � 0.005 versus empty vector control. C and D, effect of SUMO-1 knockdown on interaction of Nrf2 with c-Myc protein
and ubiquitin. Nuclei from MDI BSC cells were treated with scrambled (SC) or SUMO-1 siRNA, and nuclear extracts were processed for immunoprecipitation of
Nrf2 followed by Western blotting for c-Myc (C) or ubiquitin (D). Results are from two experiments in duplicate. E, effect of SUMO-1 knockdown on total
ubiquitinated proteins in MDI-treated BSC cells. Total protein extracts from scrambled (SC) or SUMO-1 siRNA cells were subjected to Western blotting using
anti-ubiquitin antibody. Results are from two experiments in duplicate.
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down-regulation of GCLC expression and lowering of the GSH
level, which can further perpetuate the fibrogenic process. We
have identified site(s) of sumoylation on both Nrf2 and MafG.
Mutation analysis of these sites shows that intact Nrf2 sumoy-
lation sites are required for its interaction with MafG in BSC
cells. Mutations of the MafG or Nrf2 sumoylation sites abro-
gated their positive regulatory effect on GCLC expression. The
effect of sumoylation is not due to inhibiting the Nrf2/cMyc
interaction or Nrf2 ubiquitination. Overexpression of the Nrf2

mutant lowered GCLC expression compared with the empty
vector, indicating that theNrf2 sumoylationmutantmay have a
dominant negative effect onGCLC expression. Taken together,
these results show that the critical factor that determinedNrf2/
MafG heterodimerization and subsequent ARE binding and
GCLC expression in HSCs is SUMO-1-mediated sumoylation
of these transcription factors.
The results in HSCs appear to differ from that of the BDL

livers (7). There aremultiple possible explanations. Themodels

FIGURE 10. Effects of GCLC siRNA on hepatic GCLC and Col1A2 mRNA levels and histopathology in BDL mice treated with UDCA and/or AdoMet. Mice
were treated with BDL or sham surgery, with or without scrambled or GCLC siRNA (GCLCi) delivered at days 0, 6, and 10, and UDCA � AdoMet (both 100
mg/kg/day by gavage) for 14 days. A shows mRNA levels determined in the livers at day 14 using Northern blot analysis. Representative from n � 4 mice per
group is shown. B shows H&E, TUNEL, and Sirus Red stains from representative livers. Quantitative scores are shown in Table 1.

TABLE 1
Effect of GCLC knockdown on BDL liver injury and treatment efficacy after 14 days
Results are mean � S.E. from four to eight mice for each group. Mice were treated with GCLC or scrambled siRNA and BDL or sham surgery. UDCA and AdoMet were
administered by gavage at 100 mg/kg/day in a 0.1-ml volume.

ALT
Alkaline

phosphatase Bilirubin Liver GSH Necrosis Apoptosis Sirius Red

units/liter units/liter �mol/liter nmol/mg protein % total % total % total
Scrambled siRNA �
Sham 37 � 2 96 � 5 16 � 5 44.0 � 1.8 0 � 0 0.8 � 0.1 0.6 � 0.1
BDL 728 � 41a 568 � 52a 302 � 18aa 22.4 � 3.7a 26 � 2a 20.7 � 2.0a 6.8 � 0.7a
BDL � UDCA 326 � 65a,b 462 � 83a 217 � 31a,b 51.8 � 1.1a,b 20 � 2a 13.2 � 2.1a,b 4.6 � 0.5a
BDL � AdoMet 348 � 52a,b 551 � 86a 202 � 30a,b 49.8 � 3.6b 21 � 2a 16.9 � 1.6a,b 5.2 � 0.2a
BDL � UDCA, AdoMet 356 � 16a,b 641 � 36a 196 � 24a,b 58.8 � 2.9a,b 18 � 3a,b 11.8 � 1.6a,b 3.8 � 0.4a,b

GCLC siRNA �
BDL 933 � 67a,b 678 � 48a 330 � 47a 8.4 � 2.6a,b 36 � 2a,b 36.5 � 2.6a,b 15.0 � 1.6a,b
BDL � UDCA 983 � 41a,b,c 711 � 39a,c 261 � 52a 18.0 � 2.2a,c,d 29 � 2a,c 31.9 � 0.9a,b,c 13.7 � 2.1a,b,c
BDL � AdoMet 970 � 20a,b,c 661 � 51a 250 � 49a 15.4 � 1.9a,c,d 30 � 3a 32.3 � 2.4a,b,c 14.2 � 1.3a,b,c
BDL � UDCA, AdoMet 827 � 77a,c 616 � 39a 241 � 54a 28.1 � 2.3a,c,d 27 � 2a,d 23.0 � 2.4a,c,d 10.6 � 1.1a,b,c

a p � 0.001 versus sham � scrambled siRNA.
b p � 0.05 versus BDL � scrambled siRNA.
c p � 0.05 versus BDL � scrambled siRNA and UDCA, AdoMet, or both.
d p � 0.05 versus BDL � GCLC siRNA.
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and cell types are different. In the BDL study, preventing the
induction of MafG and c-Maf largely in hepatocytes protected
against the BDL-induced fall in GCLC expression, liver injury,
and fibrosis. In this study, knocking down MafG (but not
c-Maf) expression in activated HSCs lowered the already
reducedNrf2/MafGheterodimerization andGCLCexpression.
Thiswould suggest that there is a cell type-specific regulation of
these transcription factors and/or their post-translationalmod-
ifications in how they affect ARE-mediated gene expression. In
the BDL situation, protecting hepatocyte cell death likely was
the main factor that ameliorated against liver fibrosis.
Finally, we addressed the question of whether GCLC is an

important determinant in BDL-induced liver injury, fibrosis,
and a target of therapeutic agents like UDCA andAdoMet. Our
results show that lower GCLC expression sensitizes the liver to
cholestatic liver injury and accelerates the fibrotic process.
They also support the notion that GCLC expression (and GSH
level) is a critical element in the cytoprotective action of UDCA
and/or AdoMet. This has important clinical implication as
hepatic GCLC expression is lower in several human conditions,
including diabetes mellitus, alcoholic liver disease, and aging
(3). This result contrasts with the report from Haque et al. (30)
that mice deficient in Gclm (with low liver GSH levels) exhib-
ited attenuated progression of diet-induced steatohepatitis and
progression to fibrosis. However, the investigators found that
genetic deletion of Gclm in mice resulted in compensatory
adaptation to low GSH with heightened antioxidant capacity
and handling of endogenous and exogenous compounds (30).
Because we employed acute knockdown with siRNA, compen-
satory mechanisms are not involved, and under these circum-
stances an important role ofGCLC andGSHwas clearly shown.
In conclusion, we have demonstrated an important role of

GCLC expression as a determinant of theHSC phenotype. GCLC
expression andGSH levels are higher in quiescent HSCs and they
fall duringactivation.Themechanisminvolveschanges inSUMO-
1-mediated sumoylation ofNrf2 andMafG,which is an important
factor thatmodulates their interaction andbinding toARE to acti-
vate ARE-dependent genes such as GCLC. This has not been pre-
viously reported to our knowledge. In addition, we have shown an
important role of GCLC expression in BDL-induced liver injury
and fibrosis and that its induction is required for UDCA and
AdoMet to exert their full therapeutic effects.
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SUPPLEMENTAL FIGURE LEGEND 
 
Supplemental Figure 1. Part A) shows the predicted sumoylation sites in the rat MafG protein sequence 
using SUMOsp 2.0 software (reference below). Two of these predicted sites are in the bZIP1 domain and 
one is in the N-terminal domain. Sites with a threshold cutoff value lower than the predicted score 
matched the consensus for a SUMO site (KXE) where  is a hydrophobic residue, K is the sumoylation 
site, X is any amino acid and E is glutamic acid. Mutants of the MafG sumoylation sites were generated 
by mutating codons corresponding to lysine (K) to valine (V) residues. Part B) shows the predicted 
sumoylation sites in the rat Nrf2 protein sequence using SUMOsp 2.0 software. Both the predicted sites 
are in the bZIP1 domain. Sites with a threshold cutoff value lower than the predicted score matched the 
consensus for a SUMO site (KXE) where  is a hydrophobic residue, K is the sumoylation site, X is 
any amino acid and E is glutamic acid. Mutants of the Nrf2 sumoylation sites were generated by mutating 
codons corresponding to lysine (K) to tryptophan (W) residues. 
 
Reference: Ren, J., Gao, X., Jin, C., Zhu, M., Wang, X., Shaw, A., Wen, L., Yao, X., and Xue, Y. (2009) 
Systematic study of protein sumoylation: Development of a site-specific predictor of SUMOsp 2.0. 
Proteomics 9, 3409-3412 
 



MTTPNKGNKALKVKREPGENGTSLTDEELVTMSVRELNQHLRGLSK
EEIIQLKQRRRTLKNRGYAASCRVKRVTQKEELEKQKAELQQEVEK
LASENASMKLELDALRSKYEALQNFARTVARSPVAPARGPLAAGLG
PL VPGKVAATSVITIVKSKTDARS 

Sumoylation prediction of MafG (Accession no. NP_071781.1) by SUMOsp 2.0 
software

Position Protein domain  Peptide       Score     Cutoff         Type               Mutated peptide             
14           N-terminal         lkvKrep 4.91 0.17 TypeI: ?-K-X-E              lvvVrep
76               bZIP1             vtqKeel 3.441 3.33 TypeII: Non-consensus vtqVeel
101             bZIP1 asmKlel 1.199      0.17 TypeI: ?-K-X-E        asmVlel

Sumoylation prediction of Nrf2 (Accession no. NP_113977.1) by SUMOsp 2.0 
software

Position  Protein domain    Peptide       Score       Cutoff    Type                       Mutated peptide                 
525              bZIP1               ghlKder 1.161         0.17       TypeI: ?-K-X-E               ghlWder
595              bZIP1               pdtKKn       3.485         3.33       TypeII: Non-consensus   pdtWKn

MMDLELPPPGLQSQQDMDLIDILWRQDIDLGVSREVFDFSQRQKDYELEKQKK
LEKERQEQLQKEQEKAFAQLQLDEETGEFLPIQPAQHIQTDTSGSVSYSQVAHIP
KQDALYFEDCMQLLAETFPFVDDHESLALDIPSHVESSVFTTPDQAQSLDSSLET
AMTDLSSIQQDMEQVWQELFSIPELQCLNTENKQQAETTTVPSPEATLTEMDSN
YHFYSSIPSLEKEVDSCSPHFLHGFEDSFSSILSTDDASQLNSLDSNPTLNTDFGD
EFYSAFLAEPSGGGSMPSSAAISQSLSELLGGPIEGCDLSLCKAFNQKHTEGTVE
FNDSDSGISLNTSPSRASPEHSVESSIYGDPPPGFSDSEMEELDSAPGSVKQNGPK
AQPTHSSGDTVQPLSPAQGHSAAVHESQCENTTKKEVPVSPGHQKVPFTKDKH
SSRLEAHLTRDELRAKALHIPFPVEKIINLPVDDFNEMMSKEQFNEAQLALIRDI
RRRGKNKVAAQNCRKRKLENIVELEQDLGHLKDEREKLLREKGENDRNLHLL
KRKLSTLYLEVFSMLRDEDGKPYSPSEYSLQQTRDGNVFLVPKSK KPDTKKN

Supplemental Figure 1

A.

B.
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