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The majority of short- and long-lived cellular pro-
eins are degraded by the activities of the 26S protea-
ome, a large multi-catalytic protease. Its unique func-
ion places it as a central regulatory activity for many
mportant physiological processes. Lactacystin is a
ery specific 26S proteasome inhibitor and represents
n excellent tool for demonstrating that a pathway
xhibits proteasome-dependent biochemical regula-
ion. Exposure of HepG2 cells to lactacystin resulted in
obust elevation of GLCLC mRNA levels, followed by
n increase in GSH concentrations. GLCLC is the gene
hat encodes the catalytic subunit for g-glutamyl-
ysteine synthetase, the rate-limiting enzyme for the
ynthesis of glutathione (GSH). Inhibition of non-
roteasome, protease activities did not induce
LCLC. Gel mobility shift assays and expression of
AT activity from heterologous reporter vectors iden-

ified Nrf2 mediation of the GLCLC antioxidant re-
ponse element, ARE4, as the mechanism by which
actacystin induced GLCLC. These studies have iden-
ified 26S proteasome activity as a central regulatory
athway for glutathione synthesis. © 2000 Academic Press

Key Words: glutathione; ARE/EpRE; transcription;
roteasome; protein degradation; Nrf2; AP-1; GLCLC;
amma glutamycysteine synthetase.

The majority of cellular proteins, both long and short
ived are degraded by the 26S proteasome (1, 2), a large

ulticatalytic protease exhibiting 3 distinct proteolytic
ctivities (reviewed in 3). The core 20S proteasome is a

1 These two individuals contributed to an equal degree.
2 To whom correspondence should be addressed at B902 TVC Ra-

iation Oncology, Vanderbilt University School of Medicine, Nash-
ille, TN 37232. Fax: 615 343-3061. E-mail: Michael.Freeman@
cmail.vanderbilt.edu.
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orm a proteolytic chamber (reviewed in 1–3). In the
hamber are chymotrypsin-like, trypsin-like, and
eptidyl-glutamyl peptide hydrolyzing activities. The
0S complex is capped at either one or both ends by
9S cap complexes. This 26S proteasome structure is
TP dependent and recognizes and degrades multi-
biquinated proteins. Access to the inner chamber of
he 20S particle is restricted to unfolded polypeptides.
nfolding of ubiquinated proteins is ATP dependent
nd mediated by the 19S cap structures. Misfolded
roteins generated by heat shock or oxidative stress
re also proteasome substrates (3, 4).
Many important physiological and pathophysiologi-

al processes are regulated by proteasome activity. Ex-
mples include cell cycle regulatory proteins (5), the
nhibitor IkB (6), human papillomavirus oncogenesis
7), and ischemic renal failure (8). The demonstration
hat a process exhibits proteasome-dependent bio-
hemical regulation has been enhanced by the devel-
pment of specific proteasome inhibitors (9). One such
nhibitor is the natural product lactacystin (10). Lac-
acystin is an inactive molecule that undergoes spon-
aneous conversion in aqueous solutions to the active
roteasome inhibitor clasto-lactacystin b-lactone.
hereas lactacystin is impermeable to cell mem-

ranes, clasto-lactacystin b-lactone is permeable. The
vailability of intracellular clasto-lactacystin b-lactone
s directly related to the intracellular concentration of
lutathione (GSH) because the b-lactone reversibly re-
cts with GSH to form a thioester adduct. Formation of
his adduct renders the b-lactone inactive.

Glutathione is a soluble antioxidant that partici-
ates in the reduction of peroxides, the detoxification
nd efflux of xenobiotics and acts as an intracellular
edox buffer. The intracellular concentration ranges
0006-291X/00 $35.00
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



from 1 to 10 mM. GSH is synthesized in two sequential,
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TP-dependent enzymatic reactions catalyzed by
-glutamylcysteine synthetase (gGCS) and glutathione
ynthetase (11). gGCS catalyzes the first and rate-
imiting step in GSH synthesis. gGCS is composed of
wo subunits; catalytic (Glclc) and regulatory (Glclr).
eports have indicated that GLCLC transcriptional

egulation can be mediated by several regulatory cis
lements: ARE4 (12), AP-1 (13), NFkB (14) and MRE
15).

In this investigation, lactacystin was used to demon-
trate that transcriptional regulation of GLCLC is reg-
lated, in part, by proteasome function. Inhibition of
roteasome function caused an increase in GLCLC
RNA expression that was regulated by Nrf2 activa-

ion of ARE4.

ATERIALS AND METHODS

DMRIE-C was purchased from Life Technologies. pBLCAT2 was
urchased from ATCC. Lactacystin was purchased from Calbiochem.
zetidine carboxylate, and Calpain Inhibitor Peptide were pur-
hased from Sigma. Aprotinin was purchased from ICN Biomedicals.
ct-1 and AP-1 oligonucleotides, as well as antibodies to Nrf2, c-Jun,
nd JunD were purchased from Santa Cruz.
HepG2 cells were maintained in Eagle’s MEM medium supple-
ented with 10% fetal bovine serum and 1% sodium pyruvate.

Northern blot analysis. Total RNA was isolated using TRIzol
eagent. The isolated RNA (20 mg per lane) along with a RNA ladder
ere fractionated by electrophoresis in a 1.1% agarose/2.2 M form-
ldehyde gel, blotted onto nitrocellulose membranes and baked. Pre-
ybridization and hybridization were carried out at 42°C using a 265
p 32P labeled cDNA corresponding to GLCLC or 743 bp 32P labeled
DNA corresponding to cyclophilin (16).

Glutathione analysis. Cells were washed twice with ice cold PBS
nd then scraped into ice cold 10% perchloric acid containing 15
mol/ml g-glu-glu as an internal standard. Quantitation of GSH was
erformed using the HPLC method described in (17).

Gel mobility shift assays. Nuclear extracts were obtained from
erum starved HepG2 cells as described (18). Binding reactions were
erformed by adding 10 mg of nuclear extract to 0.6 ng of 32P-labeled,
ouble stranded oligonucleotide in binding buffer (20 mM Tris HCl
H 7.5, 150 mM NaCl, 1 mM DTT, 10% glycerol, 0.05% NP-40, 5 mM
gCl2, 0.05 mg poly (dI-dC)) and incubating at 20°C for 15 min.
ompetition binding reactions were performed by addition of 50 fold
xcess of unlabeled probe. In some experiments, extracts were pre-
reated for 2 h at 4°C prior to binding reactions.

Transfection. A GLCLC ARE4 oligonucleotide (described in text)
r a GLCLC AP-1 oligonucleotide (described in text) was subcloned
nto pBLCAT2 which contains a HSV thymidine kinase minimal
romoter and expresses chloramphenicol acetyl transferase. CAT
eporters were verified by DNA sequencing. Cells were transiently
o-transfected with 0.5 mg pcDNA3.1/Myc-His/LacZ and 1 mg of the
ppropriate pBLCAT2 vector using DMRIE-C. After transfection
ells were grown for 36 h, serum starved overnight, and then treated
ith lactacystin (5 mM). Cell extracts were prepared and assayed for
-galactosidase and CAT activity. Statistical analysis was performed
sing a Wilcoxon Signed Rank Test.

Construction of a Hsp27 expressing adenovirus vector. Adenovi-
us vectors for expressing Hsp27 were constructed by cloning the
uman HSP27 gene into the multiple cloning site of PCL-Neo (Pro-
ega). The expression cassette, under the control of the CMV
312
romoter-enhancer, was then excised by restriction enzymes and
ubcloned into the adenovirus shuttle plasmid pE1sp1A. This con-
truct was then co-transfected into 293 cells (calcium phosphate
ethod) along with plasmid pJM17. Homologous recombination be-

ween these two plasmids produced a DNA construct containing a
sp27 expression cassette. A plaque assay was used to isolate indi-

idual virus clones that were screened for their ability to produce
sp27 in A549 human lung carcinoma cells and concomitant inabil-

ty to replicate. A selected virus clone was amplified in 293 cells
hich were then lysed by freeze/thawing. The adenovirus was puri-
ed from the lysate by centrifugation at 60,000 3g in a cesium
hloride step gradient (1.1 g/ml, 1.3 g/ml, & 1.4 g/ml). The purified
irus was dialyzed overnight in phosphate buffered saline. Sterile
lycerol (final concentration 5 10%) was added to the dialyzed virus
reparation and aliquots were frozen at 270°C.

ESULTS

nhibition of Proteasome Function Induces GLCLC

Exposure to 5 mM lactacystin produced a rapid and
obust increase in GLCLC mRNA levels (Fig. 1A). Sim-
lar results were observed in NIH 3T3 cells (data not
hown). To ensure that cells treated with lactacystin
ere viable, HepG2 cells were exposed for 16 h to 5 mM

actacystin and then stained with trypan blue dye. Two
undred cells were counted. The examination revealed
hat 97% of cells were viable in that they excluded dye
data not shown).

The expression of GLCLC in cells exposed to lacta-
ystin was compared to that produced by exposure to
protinin, an inhibitor of serine proteases, or calpain
nhibitor peptide. GLCLC and cyclophilin expression
as determined by Northern blotting and quantitated
y laser scanning densitometry (Table 1). Neither

FIG. 1. Expression of GLCLC as assessed by Northern blotting.
A) Serum-starved HepG2 cells were exposed to 5 mM lactacystin for
he indicated times. (B) Serum-starved HepG2 cells were exposed to
(lane 2) or 50 mg/ml of cycloheximide (lane 3) for 30 min prior to an
h exposure to 5 mM lactacystin (lanes 2 and 3). Lane 1 represents

ontrol.
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protinin nor calpain inhibitor peptide affected expres-
ion of GLCLC.
To examine whether protein synthesis was required

or lactacystin-dependent regulation of GLCLC mRNA
xpression, HepG2 cells were exposed to the protein
ynthesis inhibitor cycloheximide for 30 min prior and
uring an 8 h lactacystin treatment. As presented in
ig. 1B cycloheximide completely abolished the induc-
ion of GLCLC by lactacystin (compare lanes 2 and 3).

Next, GSH levels were measured in HepG2 cells
xposed to 5 mM lactacystin for 8 h. Untreated cells
ontained 95 (610) nmoles GSH/mg protein while cells
xposed to 5 mM lactacystin contained 185 (617),
moles GSH/mg protein, an increase of approximately
fold.

he Increase in GSH and GLCLC Is Not Related
to Expression of Hsp27

Proteasome function has been shown to regulate the
tress-protein kinase p38 (19) and induce the synthesis
f Hsp27 (20). Mehlen et al. (21) reported that overex-
ression of Hsp27 increased GSH levels in L929 cells
nd in NIH 3T3 cells. To investigate whether
actacystin-regulated expression of GLCLC could be a
onsequence of Hsp27 overexpression, HepG2 cells
ere mock infected, infected with an insertless adeno-
irus vector, with a human Hsp27 adenovirus expres-
ion vector, or with an adenovirus vector that ex-
ressed b-galactosidase. The MOI was adjusted so that
0% or more of the cells exhibited b-gal activity (data
ot shown). The data presented in Fig. 2A demonstrate
hat over expression of Hsp27 was achieved in HepG2
ells infected with the adenovirus expression vector.
he data presented in Fig. 2B indicate that expression
f GLCLC was not significantly affected in cells that
verexpressed Hsp27. Specifically, quantitation by
canning densitometry indicated a #30% increase in
LCLC message compared to vector alone. This exper-

ment also demonstrated that lactacystin-regulated ex-
ression of GLCLC remained unaltered under these
onditions.

Expression of GLCLC Relative to Cyclophilin
in HepG2 Cells

Treatment GLCLC expression1

None 1.0
Lactacystin 4.5
Aprotinin 1.3
Calpain inhibitor 1.0

1 HepG2 cells were exposed to the indicated inhibitor for 5 h and
hen RNA isolated. Laser scanning densitometry was used to quan-
itate GLCLC expression relative to cyclophilin in Northern blots.
313
Proteasome Can Increase GLCLC Expression

The proteasome-degradation process can be stressed
y exposing cells to amino acid analogs. Incorporation
f analogs into polypeptides results in formation of
on-native conformations that are ubiquitinated and
ndergo proteasome-dependent degradation (4, 22, 23).
hus, when cells are exposed to analogs, the number of
roteins processed by the proteasome increases signif-
cantly.

HepG2 cells were exposed to the amino acid analog
zetidine carboxylate, which is incorporated into pro-
eins in the place of proline. After an overnight expo-
ure, RNA was isolated and analyzed by Northern blot-
ing (Fig. 3A). The data presented in this figure
emonstrate that exposure to azetidine produced a
ose dependent increase in GLCLC.
The transcription factor c-Jun is degraded by the 26S

roteasome (24) and thus is a useful marker to deter-

FIG. 2. Overexpression of Hsp27 does not affect expression of
LCLC. (A) Western blot illustrating Hsp27 expression in cells in-

ected with vector alone (lane C) or in cells infected with the Hsp27
denovirus expression vector (lane Adv Hsp-27). In addition, 25, 50,
nd 100 ng of purified Hsp27 was loaded into the gel for comparison
lanes Hsp-27 standards). (B) Northern blot illustrating GLCLC and
yclophilin expression. HepG2 cells were mock infected, infected
ith virus alone or with a Hsp27 adenovirus expression vector. After
6 h the cells were serum starved, and then exposed to 0 (lanes 1, 3,
) or 5 mM lactacystin (lanes 2, 4, 6) for 8 h.
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ine whether azetidine affected proteasome depen-
ent degradation rates. The half life of c-Jun was ex-
mined in 35S methionine pulse labeled HepG2 cells
xposed to azetidine for 1 h. c-Jun was immunoprecipi-
ated and quantitated by SDS-PAGE/autoradiography
Fig. 3B). Laser scanning densitometer analysis re-
ealed that in control cells 56% of 35S methionine la-
eled c-Jun had been degraded in 1 h (lane 2) compared
o only 12% in cells treated with azetidine (lane 3).

actacystin and Azetidine Induce ARE4 Activity

HepG2 cells were treated with 5 mM lactacystin for
p to 6 h and then nuclear lysates obtained. Gel shift
obility shift assays were performed using oligonucle-

tides encompassing the ARE4 element (12) or the
P-1 element located between bp -263 and -269 (13).
he GLCLC regulatory sequences are as follows:

ARE4wildtype 59-CCCCGTGACTCAGCGCTTTGT-39

ARE4m2 59-CCCCGTGACTtgGCGCTTTGT-39

ARE4m3 59-CCCCGTGACTCAttGCTTTGT-39

ARE4 is located on the noncoding strand of promoter

AP-1(-269 to -263) 59-GAGTTCGTCATTGATTCAAATAAT-39

located on the coding strand of promoter

or comparison a consensus AP-1 site is also shown.

AP-1consensus 59-CGCTTGATGACTCAGCCGGAA-39

FIG. 3. Expression of GLCLC (A) and c-Jun (B) in HepG2 cells
xposed to azetidine. (A) Northern blot illustrating expression of
LCLC in cells exposed overnight to the indicated azetidine concen-

rations. (B) Immunoprecipitation of c-Jun from cells labeled with 35S
ethionine and immediately lysed (lane 1) or exposed to 0 (lane 2) or
mM azetidine (lane 3) for 1 h prior to lysis.
314
RE4 DNA binding activity and this could be abro-
ated with unlabeled oligonucleotide or oliognucleotide
ontaining the m2 mutation (sequence shown above)
ut not the m3 mutation.
Nuclear extracts from cells treated with 5 mM lacta-

ystin for 6 h were incubated with antibodies to c-Jun,
unD, or Nrf2 and then analyzed by GMSA. The data
n Fig. 4B indicate that ARE4 DNA binding activity
as disrupted by the Nrf-2 antibody but not antibodies

o c-Jun or JunD.
In contrast to the results obtained using the ARE4

lionucleotide, proteasome inhibition did not affect the
NA binding activity of AP-1-269 to -263 (Fig. 5A). A single
and that was not removed by cold competitor was
bserved, indicative of non-specific binding. In the
ame experiment, untreated nuclear lysate was mixed
ith an OCT-1 oligonucleotide as a positive control.
ere OCT-1 specific DNA binding activity was ob-

FIG. 4. (A) Gel mobility shift assay using wild-type or mutated
RE4 oligonucleotide. Serum-starved cells were exposed to 5 mM

actacystin for the indicated times. Nuclear lysates were then ob-
ained and analyzed by gel mobility shift assay (10 mg/lane). The m2
nd m3 mutations are described in the text. A 50 fold excess of cold
ompetitor was added to extracts in lane marked with a (1). (B) Nrf2
ntibodies disrupt ARE4 DNA binding activity. Serum-starved cells
ere exposed to 5 mM lactacystin for 6 h and nuclear lysates were
btained. The lysate (10 mg/lane) was incubated with antibodies to
-Jun, JunD, or Nrf2 for 2 h at 4°C prior to analysis by mobility shift
ssay.
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erved. These results are in contrast with those ob-
ained when a true consensus AP-1 element was used
Fig. 5B). Rapid and robust DNA binding activity was
bserved and this could be competed away with cold
ompetitor or with Jun antibodies (Fig. 5C).

ARE4 and the GLCLC AP-1 site were also compared
o each other using heterologous reporter vectors (Ta-
le 2). HepG2 cells were transiently transfected with
he reporter plasmid, pBLCAT2, containing a minimal

FIG. 5. Gel mobility shift assay using a GLCLC AP-1 oligonucle-
tide described in text, Oct 1 (Santa Cruz) or a consensus AP-1
ligonucleotide (Santa Cruz). Serum-starved cells were exposed to 5
M lactacystin for the indicated times. Nuclear lysates were then
btained and analyzed by gel mobility shift assay (10 mg/lane). A
0-fold excess of cold competitor was added to extracts as indicated.
ntreated cell lysate was used for the Oct 1 analysis. Nuclear ex-

racts from HepG2 cells treated with lactacystin for 0 or 1.5 h were
ncubated with a Jun polyclonal antibody prior to EMSA. The anti-
ody disrupts dimer formation.
315
acterial chloramphenicol acetyltransferase and either
single GLCLC ARE4 site, the GLCLC AP-1 site or no

nsert at all. In addition, cells were also transiently
ransfected with pcDNA3.1/LacZ which constitutively
xpresses b-gal. CAT activity (n 5 3) was determined
rom cell lysates and normalized for protein content of
he lysate. Transfection efficiency was based on b-gal
xpression.
The results indicated that CAT expression was

reatest in cells that had been transfected with plas-
id pBLCAT2/ARE4. The GLCLC AP-1 sequences did

ot result robust CAT expression, agreeing with the
MSA experiments. Furthermore, treatment with ei-

her lactacystin or azetidine significantly increased
RE4-dependent gene expression but did not affect
xpression from the pBLCAT2/AP-1-269 to -263 vector.
These experiments illustrate two points. First, both

eporter and GMSA experiments demonstrate ARE4
xhibited significant activity, in contrast to GLCLC
P-1 sequences. Second, ARE4 dependent activity
ould be enhanced by conditions which inhibited pro-
easome function.

ISCUSSION

Glutathione (L-g-glutamyl-L-cysteinylglycine) is a
ripeptide involved in numerous cellular functions (for
eview see 25). Mammalian cells contain between 1 to
0 mM of glutathione located in subcellular pools. The
ajority of glutathione resides in the cytosol and nu-

leus in a reduced form (GSH) with only a small
mount oxidized to GSSG. The ratio of GSH to oxidized
SSG is $10:1 (11). Approximately 10% of the gluta-

hione is located in the mitochondria. In the endoplas-
ic reticulum the ratio of reduced to oxidized glutathi-

ne is 3:1 (26). Until recently, it was thought that ER
ool of GSSG was a source of oxidizing equivalents
hich participated in disulfide bond generation. Now,
owever, the work of Cuozzo and Kaiser (27) has dem-
nstrated protein thiol oxidation and GSSG formation

TABLE 2

Lactacystin Induces ARE4-Mediated Gene Expression

Vector Treatment

CAT activity
(6SD) relative
to pBLCAT2

BLCAT2/AP-1-269 to -263 None 1.7 (60.2)
5 mM lactacystin/5 h 1.7 (60.2)

BLCAT2/ARE4 None 5.5 (60.6)
5 mM lactacystin/5 h 13.3 (60.3)*
2.5 mM Azetidine/16 h 12 (60.1)*

* Indicates that there is a statistically significant difference be-
ween untreated and treated samples ( p # 0.05), as determined
sing a Wilcoxon Signed Rank Test.



in the ER is a consequence of Ero1 (endoplasmic retic-
u

p
a
n
A
t
p
K
d
u

g
l
c
r
a
h
a
x
o
c
g
G

e
s
p
(
m
a
m

d
t
M
n
v
p
f
t
e

-
t
p
o
T
G
u
i
i
G
w
(
5

and is consistent with the data provided in Fig. 5 and
T
e
n
l
b
a
G
s
(
h
p

s
(
(
w
s
f
r
T
t
t
e
p
a
i

s
c
l
t
i
t
w
o
t
d
t
e
t
a
J
m
r
e
i
f
m
i
6
a

t
r
d
b

Vol. 270, No. 1, 2000 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
lum oxidation 1) activity.
Disruption of glutathione metabolism can play a

rominent role in the cascade of events leading to
poptosis (21–23), the progression of HIV (28), and in
eurodegenerative diseases such as Parkinson’s (29).
lterations in glutathione metabolism can contribute

o the expression of resistance to certain chemothera-
eutic drugs (reviewed in 26–28). Mulcahy et al. (30),
urokawa et al. (31), and Ishida et al. (32) have directly
emonstrated that over-expression of GSH can contrib-
te to expression of drug resistance.
These pleiotropic effects produced by alterations in

lutathione metabolism reflect the numerous physio-
ogical functions that involve glutathione. These in-
lude acting as a storage form of cysteine, providing
educing equivalents for many cellular reactions such
s formation of deoxyribonucleotides, reduction of de-
ydroascorbate, leukotrienes, and detoxification of re-
ctive oxygen species. GSH is also conjugated to many
enobiotics in Phase II detoxification reactions. An-
ther important function for glutathione is to provide
ellular redox buffering. This is a governed by the total
lutathione concentration and the ratio of GSH to
SSG (33).
g-Glutamylcysteine synthetase is the rate limiting

nzyme in the synthesis of glutathione. The catalytic
ubunit of gGCS is GLCLC. Exposure to lactacystin
roduced a robust increase in GLCLC mRNA levels
Fig. 1) and in intracellular GSH levels. The increase in

RNA was not a consequence of message stabilization,
s determined by measuring the half life of GLCLC
RNA (data not shown).
Recent investigations have provided data which in-

icate that several cis regulatory elements may con-
ribute to the trancriptional regulation of GLCLC:
RE (15), NFkB (14), AP-1-269 to -263 (13), and ARE4 (also

amed EpRE4; 34). This current investigation has pro-
ided data demonstrating that ARE4 dependent ex-
ression of GLCLC can be regulated by proteasome
unction. Inhibition of proteasome activity, by defini-
ion, indicates that the NFkB site does not regulate
xpression under these conditions.
The GLCLC AP-1 site located between bp -269 and

263 was identified by Rahman et al. (13). They found
hat mutation of this site in the context of a 1050 bp
romoter fragment inhibited transcriptional induction
f heterologous CAT reporter vector induced by TNFa.
hey also compared the DNA binding activity of the
LCLC AP-1 sequence to a consensus AP-1 sequence
sing gel mobility shift assays. The two produced sim-

lar DNA binding activities. However, for this compar-
son, 25 mg of nuclear extract was reacted with the
LCLC AP-1 oligonucleotide while only 5 mg of extract
as reacted with the consensus AP-1 oligonucleotide

13). This suggests that the GLCLC AP-1 element has
times less affinity than a consensus AP-1 element
316
able 2. The GLCLC AP-1 sequence does not appear to
xhibit significant heterologous DNA binding activity
or gene-dependent transcriptional activity. Whereas

actacystin treatment induced Jun-dependent DNA
inding activity when a consensus AP-1 sequence was
ssayed (Fig. 5C), no induction was observed by the
LCLC AP-1 sequence. One interpretation of the re-

ults presented in Fig. 5, Table 2, and in Rahman et al.
13) is that the GLCLC AP-1 sequence can not act as a
eterologous regulatory element in and of itself, but is
art of an unidentified regulatory sequence.
Lactacystin-mediated induction of GLCLC was

hown to be a consequence of Nrf2 binding to ARE4
Fig. 4). This is consistent with the work of Wild et al.
34) who demonstrated that ARE4-mediated activity
as regulated by Nrf2 in association with a Jun tran-

cription factor, most likely JunD. Although not the
ocus of this investigation, expression of GLCLR, the
egulatory subunit, is also regulated by Nrf2 (35).
herefore, it may be expected that treatment with lac-
acystin would induce both GLCLC and GLCLR and
his account for the increase in GSH observed. How-
ver, even if GLCLR was not induced, increased ex-
ression of GLCLC by itself should be sufficient to
ccount for the increase in GSH in HepG2 cells because
n these cells Glclr synthesis exceeds that of Glclc (36).

Preliminary unpublished data from our laboratory
uggests Nrf2 is a 26S proteasome substrate. HepG2
ells were exposed for 6 h to 0 or 5 mM lactacystin. Cell
ysates were obtained and subjected to Western blot-
ing with an Nrf2 antibody. The antibody recognized a
mmunoreactive 100 kDa band that was increased by
he lactacystin treatment. No immunoreactive band
as observed at 68 kDa. This is consistent with the
bservations of Mio et al. (37) who found that in vitro
rancription/translation of human Nrf2 cDNA pro-
uced a immuno reactive band of 96 kDa rather than
he predicted weight of 68 kDa, as measured by West-
rn blotting. Mio et al. (37) attributed the discrepancy
o an abundance of acidic residues that produced
nomalous migration in SDS/PAGE. Venugopal and
aiswal (38) transiently transfected HepG2 cells with a
urine Nrf2 cDNA. Immunoprecipitation experiments

evealed the presence of immuno reactive protein that
xhibited sizes of 66 and 110 kDa. One interpretation
s that the 66 kDa polypeptide represented the trans-
ected murine Nrf2 while the 110 kDa polypeptides

ay have represented endogenous human Nrf2. This
s based on the observation that murine cells exhibit a
6 kDa polypeptide that is immunoreactive with Nrf2
ntibody (unpublished observations).
In summary, this investigation has demonstrated

hat ARE4 dependent expression of GLCLC can be
egulated by proteasome activity. 26S proteasome-
ependent degradation activity is central to a num-
er of physiological processes (3, 9). These include
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uced trancription factors such as NFkB (6), and
tress activated protein kinases JNK and p38 (19). It
s important to note that the proteasome pathway is
hysiologically regulated, it is not a static system (3).
he implication of proteasome regulation is that it
rovides a central mechanism for regulation of mul-
iple pathways, including that for induction of glu-
athione synthesis.
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