
Distinct Nrf1/2-independent mechanisms mediate As3+-induced
glutamate-cysteine ligase subunit gene expression in murine
hepatocytes

James A. Thompson1,7, Collin C. White2, David P. Cox2, Jefferson Y. Chan3, Terrance J.
Kavanagh2, Nelson Fausto1, and Christopher C. Franklin4,5,6
1 Department of Pathology, University of Washington, Seattle, WA 98195
2 Department of Environmental and Occupational Health Sciences, University of Washington,
Seattle, WA 98195
3 Department of Pathology and Laboratory Medicine, University of California-Irvine, Irvine, CA 92697
4 Department of Pharmaceutical Sciences, School of Pharmacy, University of Colorado Denver,
Aurora, CO 80045
5 University of Colorado Cancer Center, University of Colorado Denver, Aurora, CO 80045

Abstract
Trivalent arsenite (As3+) is a known human carcinogen that is also capable of inducing apoptotic
cell death. Increased production of reactive oxygen species is thought to contribute to both the
carcinogenic and cytotoxic effects of As3+. Glutathione (GSH) constitutes a vital cellular defense
mechanism against oxidative stress. The rate-limiting enzyme in GSH biosynthesis is glutamate-
cysteine ligase (GCL), a heterodimeric holoenzyme composed of a catalytic (GCLC) and a modifier
(GCLM) subunit. In this study, we demonstrate that As3+ coordinately upregulates Gclc and Gclm
mRNA levels in a murine hepatocyte cell line resulting in increased GCL subunit protein expression,
holoenzyme formation and activity. As3+ increased the rate of transcription of both the Gclm and
Gclc genes and induced the post-transcriptional stabilization of Gclm mRNA. The antioxidant N-
acetylcysteine abolished As3+-induced Gclc expression and attenuated induction of Gclm. As3+
induction of Gclc and Gclm was also differentially regulated by the MAPK signaling pathways and
occurred independent of the Nrf1/2 transcription factors. These findings demonstrate that distinct
transcriptional and post-transcriptional mechanisms mediate the coordinate induction of the Gclc
and Gclm subunits of GCL in response to As3+ and highlight the potential importance of the GSH
antioxidant defense system in regulating As3+-induced responses in hepatocytes.
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INTRODUCTION
Inorganic arsenic, as trivalent arsenite (As3+) or pentavalent arsenate (As5+), is a known
human carcinogen associated with the development of cancers of the skin, bladder, lung, and
kidney [1]. Chronic arsenic exposure is also associated with numerous liver pathologies,
including hepatocellular carcinoma (HCC), liver angiosarcoma, hepatomegaly, fibrosis, and
cirrhosis [2,3]. As3+ exhibits clear dose-dependent effects, with low levels promoting cell
proliferation and transformation and higher concentrations inducing apoptosis [4]. In this
regard, chronic exposure to sub-toxic doses of As3+ induces malignant transformation in
multiple in vitro cell models, including rat liver epithelial cells [5], human bladder urothelial
cells [6], human prostate cells [7], human keratinocytes [8,9], and mouse epidermal cells
[10]. In contrast, acute exposure to high concentrations of As3+ induces apoptotic cell death,
which provides the molecular basis for the therapeutic use of arsenic trioxide (ATO) in the
treatment of acute promyelocytic leukemia [11]. While the molecular mechanisms mediating
As3+-induced transformation and apoptosis have not been fully elucidated, increased
production of reactive oxygen species (ROS) and aberrant gene expression have been
implicated in both responses [11–13]. Interestingly, As3+-induced transformation in vitro is
associated with the development of cellular resistance to acute As3+ toxicity [8,14–19], which
is usually accompanied by an up-regulation of the glutathione (GSH) antioxidant defense
system [8,15,19,20]. GSH plays an important role in arsenic detoxication and intracellular GSH
levels can dictate cellular sensitivity to As3+-induced apoptosis [21]. Cells deficient in GSH
biosynthesis or depleted of cellular GSH levels exhibit dramatically increased sensitivity to
As3+-induced apoptosis [11,22,23], while enhanced cellular GSH levels promote resistance
to As3+-induced apoptosis [11,21]. Both acute and chronic As3+ exposure up-regulate various
antioxidant enzymes that likely serve a cytoprotective adaptive mechanism against As3+-
induced oxidative stress, including enzymes of the GSH antioxidant defense system.

Mammalian cells possess a number of antioxidant defense mechanisms to counteract the
deleterious effects of oxidative stress associated with exposure to environmental toxicants.
GSH is the most abundant non-protein thiol in the cell and plays an important role in cellular
defense against oxidative stress. The antioxidant and cytoprotective functions of GSH are
derivative of its ability to directly react with reactive electrophiles, act as a cofactor in the
reduction of both hydrogen peroxide (H2O2) and lipid peroxides mediated by glutathione
peroxidases (GPx), and conjugation reactions mediated by glutathione S-transferases (GST)
[24,25]. Non-enzymatic and GPx-mediated reduction reactions lead to the oxidation of GSH
and formation of glutathione disulfide (GSSG), which is readily reduced by glutathione
reductase (GR) to regenerate GSH [24]. In contrast, GST-mediated conjugation reactions
usually result in a net loss of GSH due to multidrug resistance-associated protein (MRP)- and/
or organic anion transporting polypeptide (OATP)-mediated export of the GSH-conjugate from
the cell [26]. Failure to adequately replenish these depleted cellular GSH stores quickly
compromises cellular redox homeostasis and cell viability. Most cells do not import significant
quantities of GSH, highlighting the importance of de novo GSH biosynthesis in maintaining
intracellular GSH levels during periods of GSH deficiency.

GSH is synthesized by two sequential ATP-dependent reactions catalyzed by glutamate
cysteine ligase (GCL) and glutathione synthetase [24]. GCL is the first and rate-limiting step
in GSH biosynthesis [24]. GCL is a heterodimeric holoenzyme consisting of a catalytic subunit
(GCLC, 73 kDa), which contributes all the enzymatic activity and contains all the substrate
binding sites of GCL, and a modifier subunit (GCLM, 31 kDa), which modulates GCLC
activity and affinity for substrates and inhibitors [24,27]. GCLM increases the Vmax and Kcat
of GCLC, lowers the Km for glutamate and ATP and increases the Ki for GSH feedback
regulation of GCLC [24,27]. Thus, while GCLM does not retain any catalytic activity, GCL
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holoenzyme formation is essential for optimal GCLC enzymatic activity under physiological
concentrations of glutamate and GSH.

GSH biosynthesis can be rapidly regulated by increased expression of the GCL subunits via
transcriptional, post-transcriptional, and/or translational control mechanisms or post-
translational modification of pre-existing GCL protein [27,28]. Both GCL subunits are highly
inducible and the relative levels of the GCL subunits are a major determinant of cellular GCL
activity and GSH biosynthetic capacity [28]. In addition to inducing glutathione reductase and
glutathione S-transferase expression and activity, acute exposure to subtoxic concentrations of
As3+ induces Gclc gene expression and enhances GCL enzymatic activity in human
keratinocytes and rat lung epithelial cells [29–31]. However, the molecular mechanisms
mediating these responses are not known and it is not clear whether As3+ coordinately induces
Gclm expression. Analysis of the Gclc and Gclm promoters reveal the presence of multiple
regulatory elements that have been implicated in their inducible expression, including
consensus AP-1, AP-2, ARE, SP1, and NF-κB response elements [28,32,33]. Nrf1, Nrf2 and
p45-NFE2 are members of the Cap-n-collar bZIP transcription factor family that play an
important role in the expression of phase II detoxication and antioxidative enzymes [34]. Nrf1
and Nrf2 are ubiquitously expressed, while p45-NFE2 expression is restricted to hematopoietic
cells [34]. Nrf1 and Nrf2 are central mediators in the constitutive and inducible expression of
the Gcl subunits in response to oxidative stress through activation of antioxidant response
elements (ARE) [35,36]. Additional transcription factors have also been implicated in
mediating the inducible expression of Gclc and Gclm, including members of the Jun, Fos,
ATF-2, MTF-1 and CREB family of proteins [32]. Importantly, As3+ activates Nrf1/2 as well
as the MAPK pathways that activate these transcription factors and regulate Gclc and Gclm
gene expression [9,30,37–41].

In this study, we examined the molecular mechanisms and signal transduction pathways
regulating As3+-induced GCL subunit expression in the TAMH murine hepatocyte cell line.
While As3+ coordinately induced Gclc and Gclm gene expression, distinct transcriptional and
post-transcriptional regulatory mechanisms mediated these responses. Surprisingly, while Nrf1
and Nrf2 are known to regulate both constitutive and inducible Gclc and Gclm expression,
neither was required for As3+-induced Gclc or Gclm expression. Rather, our studies indicate
that the p38 MAPK and ERK pathway play a prominent role in mediating As3+-induced Gcl
subunit gene expression. These transcriptional events are also functionally relevant as As3+
increased GCLC and GCLM protein expression and GCL enzymatic activity. In aggregate,
these studies identify many of the transcriptional and post-transcriptional mechanisms and
signal transduction pathways that regulate As3+-induced Gcl subunit gene expression, GCL
activity and GSH biosynthetic capacity in murine hepatocytes.

MATERIALS AND METHODS
Reagents

NaAsO2, Na2HAsO4, N-acetylcysteine (NAC), cycloheximide (CHX), buthionine sulfoximine
(BSO), and tert-butylhydroquinone (tBHQ) were purchased from Sigma Chemical Co. (St.
Louis, MO). Actinomycin D (ActD) was purchased from Calbiochem (La Jolla, CA).
SB202190, SP600125, PD98059, and the JNK inhibitor peptide (JNKi) were purchased from
Biomol (Plymouth Meeting, PA). All reagents were prepared in either sterile phosphate-
buffered saline (PBS) or DMSO, except NAC, which was dissolved in media and the pH
adjusted to 7.4 prior to use.
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Cell culture and treatments
The murine TAMH hepatocyte cell line is an immortalized, transformed cell line derived from
hepatocytes isolated from a TGF-α transgenic mouse and retains a well-differentiated
hepatocytic phenotype [42]. TAMH cells were maintained in serum-free DMEM/F12 medium
(Life Technologies, Grand Island, NY) supplemented with 5 μg/ml insulin, 5 μg/ml transferrin,
5 ng/ml selenium (ITS premix, Collaborative Biomedical Products, Bedford, MA), 10 mM
nicotinamide, 0.1 μM dexamethasone, and 50 μg/ml gentamicin. Mouse embryo fibroblast
(MEF) cell lines derived from wild-type mice and mice lacking Nrf1 or Nrf2 have been
described elsewhere [43,44]. MEF cells were maintained in DMEM medium supplemented
with 15% fetal bovine serum, 1% penicillin/streptomycin, 2 mM glutamine, 0.1 mM non-
essential amino acids and 150 μM β-mercaptoethanol. Cells were cultured at 37°C in a
humidified 6% CO2 atmosphere and all experiments were performed at 90–100% confluency.
In some experiments, cells were preincubated with various agents for 1 h prior to treatment
with As3+. For mRNA half-life studies, cells were cotreated with 500 ng/ml ActD and 10 μM
As3+.

RNA analysis
Cells were seeded at a density of 5 × 106 in 100 mm plates. Total RNA was isolated from cells
utilizing the RNeasy Mini Kit (Qiagen Inc., Santa Clarita, CA). For Northern blot analysis,
RNA (10–20 μg) was resolved on formaldehyde gels and transferred to GeneScreen Plus
membranes (Dupont-New England Nuclear, Boston, MA). GCLC, GCLM, and GAPDH
cDNA probes were generated as previously described [45] and radiolabeled with [α-32P]dCTP
(3000 Ci/mmol; NEN) using the Random Prime Kit (Roche Molecular Biochemicals,
Indianapolis, IN). Relative levels of Gclc, Gclm, and Gapdh mRNA were determined using a
Storm Phosphoimager (Molecular Dynamics, Sunnyvale, CA). Relative Gclc and Gclm mRNA
levels were normalized to Gapdh and presented as fold increase over untreated control. For
real-time RT-PCR, total RNA (2 ug) was subjected to reverse transcription followed by real-
time quantitative PCR for Gclc and β-Actin as previously described [46]. Relative Gclc mRNA
levels were normalized to β-Actin and presented as fold increase over untreated control.

Nuclear run-on analysis
Cells from 150 mm plates (~1 × 107 cells) were washed once with ice-cold Solution I (10 mM
Tris, pH 7.4, 150 mM KCl, 4 mM MgOAc), and then incubated in Solution I at 4°C for 5 min.
Cells were then scraped and pelleted at 300 × g. Cells were lysed by gentle vortexing in Solution
II (Solution I + 0.5% Nonidet P-40) for 10 min on ice. Nuclei were pelleted for 10 min at 500
× g through a 0.6 M sucrose gradient, resuspended in 100 mu;L of Solution III (40% glycerol,
50 mM MgCl2, 0.1 mM EDTA) and stored in liquid nitrogen. Thawed nuclei were mixed with
45 μL of reaction buffer (1 mM each of ATP, GTP, CTP, 100 μCi of [α-32P]UTP (3000 Ci/
mmol; NEN) and incubated at 30°C for 30 min with shaking. The reaction was stopped by the
addition of 800 μL of TRIzol (Life Technologies Inc., Carlsbad, CA) and RNA was isolated
according to the manufacturer’s protocol. Purified 32P-labeled RNA was hybridized to Hybond
nylon membrane (Amersham Biosciences, Piscataway, NJ) containing 5 μg of linearized
Gclm, Gclc, and β-Actin cDNA. Membranes were hybridized at 42°C for 24 h and then washed
in 2X SSC at 42°C for 30 min and in 2X SSC/0.5% SDS at 42°C for 30 min. Band densities
were quantitated using a Storm Phosphoimager and the relative levels of Gclc and Gclm were
normalized to β-Actin. The normalized levels of Gclc and Gclm transcribed in vitro, which are
proportional to relative transcriptional rates, were compared independently and presented as
fold increase over their respective untreated control values.
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Western blot analysis and JNK assay
Cells were seeded at a density of 2 × 106 in 60 mm plates. Cells were lysed by either a brief
sonication on ice in TES/SB buffer as described previously [47], or incubated on ice with TX
lysis buffer (20 mM HEPES pH 7.4, 2 mM ETDA, 50 mM β-glycerolphosphate, 1 mM sodium
orthovanadate, 10% glycerol, 1% Triton X-100, 1X protease inhibitors). Lysates were clarified
by centrifugation and equal amounts of soluble protein (20–25 μg) were resolved on 10% or
12% SDS-polyacrylamide gels and transferred to PVDF membranes (Millipore, Bedford, MA).
For analysis of GCL holoenzyme formation whole cell extracts were prepared in the absence
of reducing equivalents and were resolved on native 10% PAGE gels in the absence of SDS.
Samples for these studies were not boiled prior to gel loading and the gels were resolved in
Tris/Glycine buffer at 4°C prior to transfer to PVDF membranes. Membranes were blocked in
Tris-buffered saline/0.1% Tween-20 (TBST) containing 5% non-fat milk, prior to incubation
with primary antibody in TBST containing 0.5% milk. Membranes were probed for GCLC,
GCLM [45,47], βActin (Sigma), JNK, p38 MAPK, ERK2 (Santa Cruz Biotechnology, Santa
Cruz, CA), phospho-p38 MAPK, phospho-JNK and phospho-Erk (Cell Signaling, Beverly,
MA). Anti-mouse-HRP and anti-rabbit HRP secondary antibodies (Amersham Biosciences)
were used at 1:5000 in TBST containing 0.5% milk. The immunocomplex was visualized by
chemoluminescence (Dupont-New England Nuclear, Boston, MA) and quantitated using NIH
image 6.1 (NIH, Rockville Pike Bethesda, MD). The immunoreactive bands shown in Figures
9D and 9F were identified as monomeric GCLC and/or GCL holoenzyme based on their co-
migration with recombinant murine GCLC and GCL holoenzyme protein [48]. JNK activity
was measured as previously described [49].

Glutathione and GCL activity assays
Total glutathione content (GSH + GSSG) was determined by a modification of the Tietze assay
[47]. Cell extracts were prepared as previously described [45,47] and GSH levels were
determined against a standard curve of GSSG and levels calculated per μg of soluble protein
in the original cell extract. This value was utilized to determine the relative change in
intracellular GSH levels compared to untreated samples. GCL specific activity was determined
as described previously [45].

Statistical analysis
Data are presented as averages +/− SEM of at least three experiments. Statistical analysis was
performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA). Results were
compared by two-tailed t-test or one-way ANOVA with Tukey’s post test where appropriate.
Mean differences were considered significant when p < 0.05.

RESULTS
Coordinate induction of Gclc and Gclm gene expression following As3+ treatment in murine
TAMH hepatocyte cells

As3+ up-regulates several enzymes associated with the GSH antioxidant defense system in
various cell types [29,31]. To determine whether As3+ induced Gcl subunit expression in
hepatocytes, TAMH murine hepatocytes were treated with As3+ and steady-state mRNA levels
of Gclc and Gclm were analyzed by northern blotting. Treatment of TAMH cells with 10 μM
As3+ resulted in the time-dependent coordinate induction of both Gclc and Gclm (Fig. 1A).
As3+ caused a transient induction in Gclc gene expression with maximum expression occurring
within 4 h of treatment (~4-fold). In contrast, As3+-induced Gclm expression was more
prolonged, with maximal expression occurring within 4 h (~4-fold). Induction of Gclc and
Gclm by As3+ was also dose-dependent (Fig 1B). As3+ concentrations as low as 1–2 μM

Thompson et al. Page 5

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



resulted in a 1.5–2-fold increase in Gclc and Gclm mRNA levels, while maximal induction of
both subunits (3–4-fold) was observed at As3+ concentrations above 10 μM.

As3+ increases the rate of Gclc and Gclm transcription
Both transcriptional and post-transcriptional mechanisms have been reported to contribute to
increased steady-state levels of Gclc and Gclm mRNA [28,50–54]. Nuclear run-on analyses
were performed to determine whether As3+ increased the rate of transcription of the Gclc and/
or Gclm genes. As3+ induced a time-dependent increase in the transcription rates of both
Gclc and Gclm (Fig. 2). As3+ increased Gclm and Gclc transcription ~2-fold and ~3-fold,
respectively, suggesting that enhanced transcription contributes to the increased steady-state
Gclc and Gclm mRNA levels in As3+-treated TAMH cells.

Differential post-transcriptional regulation of Gclc and Gclm mRNA stability by As3+
While As3+ increased the rate of Gclc and Gclm transcription, post-transcriptional effects on
mRNA stability can also influence steady-state Gclc and Gclm mRNA levels [50–53]. To
examine this possibility, we determined whether As3+ altered the half-life of Gclc and/or
Gclm mRNA. TAMH cells were incubated with actinomycin D (500 ng/ml) in the absence or
presence of As3+ (10 μM) and the time-dependent decay of Gclc and Gclm mRNA levels
analyzed by Northern blotting (Fig. 3). In untreated cells, the half-lifes of the murine Gclc and
Gclm mRNAs were ~4 h and ~8 h, which is consistent with previously published values [50,
52,53]. While treatment with As3+ had little effect on the half-life of Gclc mRNA, As3+
dramatically increased the half-life of Gclm mRNA (~3-fold). These findings suggest that As3
+-induced Gclc expression is the result of increased transcription, while elevated Gclm levels
are mediated by both increased gene transcription and post-transcriptional stabilization of the
Gclm mRNA transcript. Thus, while As3+ coordinately induces both Gcl subunits, these
responses are mediated by quite distinct molecular mechanisms.

de novo protein synthesis is required for As3+-induced Gclc and Gclm expression
While transcriptional and post-transcriptional mechanisms are involved in As3+-induced
Gclc and/or Gclm expression, it is unclear whether these effects are primary or secondary
responses requiring de novo protein synthesis. To determine whether As3+-induced Gcl
subunit expression was dependent on de novo protein synthesis, As3+-induced Gclc and
Gclm expression were analyzed in the presence of the protein synthesis inhibitor cycloheximide
(CHX). As shown in Figure 4, CHX abolished As3+-induced expression of both Gclc and
Gclm. In contrast to previous studies conducted in glioma cells [52], CHX alone had no effect
on steady-state Gclc or Gclm mRNA levels at any time point analyzed (up to 8 h; data not
shown). Thus, while there are contradictory reports concerning the involvement of de novo
protein synthesis in regulating the inducible expression of Gclc and Gclm [50,52,55–57], these
findings suggest that a newly synthesized protein(s) is necessary for As3+ induction of Gclc
and Gclm in the TAMH cell model.

Differential sensitivity of As3+-induced Gclc and Gclm expression to N-acetylcysteine
Many As3+-induced transcriptional responses are thought to be mediated by increased
production of ROS [12,58–60], which can activate transcription mediated by ARE, AP1 and
NF-kB promoter elements [28]. To determine whether As3+-induced Gclc and Gclm
expression was redox sensitive, we utilized the antioxidant and GSH pro-drug N-acetylcysteine
(NAC). Treatment of TAMH cells with 10 mM NAC for 1 h resulted in a ~5-fold increase in
intracellular GSH levels (data not shown). Cells were preincubated with NAC and the time-
dependent induction of Gclc and Gclm expression in response to As3+ was assessed by northern
blotting. NAC pretreatment abolished As3+-induced Gclc expression, while slightly
attenuating As3+-induced Gclm expression (~30%) (Fig. 5). These findings suggest that while
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As3+-induced Gclc expression is highly sensitive to intracellular GSH levels, induction of
Gclm is only partially regulated by alterations in cellular thiol redox homeostasis. This
differential sensitivity to intracellular GSH levels provide further evidence that distinct
molecular mechanisms mediate As3+-induced Gclc and Gclm expression.

As3+ induces Gclc and Gclm expression independent of Nrf1 or Nrf2
The Cap-n-collar bZIP transcription factors Nrf1 and Nrf2 contribute to the basal and inducible
expression of Gclc and Gclm [43,44,61–65]. Furthermore, As3+ has been shown to increase
Nrf2 expression in multiple cell types [9,30,41,66,67]. To directly assess the putative role of
Nrf1/2 in As3+-induced Gclc and Gclm expression we utilized mouse embryo fibroblasts
(MEF) isolated from wild-type (WT), Nrf1−/− and Nrf2−/− mice [43,44]. As shown in Figure
6A, As3+ treatment resulted in a similar profile of Gclc and Gclm induction in WT MEFs as
observed in TAMH cells (see Fig. 1). As3+ caused a transient 3–4-fold increase in Gclc
expression (maximal at 4 h), and a more prolonged 6–7-fold increase in Gclm expression
(maximal at 8 h) in the WT MEF cell line. Surprisingly, As3+-induced Gclc and Gclm
expression was not dramatically different in the WT, Nrf1−/−, or Nrf2−/− MEF cell lines.
There was little difference in either the time course or fold-increase in As3+-induced Gclm
expression in any of these cell lines. As3+-induced Gclc expression was also similar in the WT
and Nrf1−/− MEF cell lines. While there was an attenuation and delay in As3+-induced
Gclc expression in the Nrf2−/− MEF cell line, As3+ treatment still increased steady-state
Gclc mRNA levels ~3-fold. As a positive control for Nrf-dependent transcription, tert-
butylhydroquinone (tBHQ)-inducible expression of Gclc and Gclm was examined. tBHQ is
the major metabolite of the phenolic antioxidant butylated hydroxyanisole (BHA) and Nrf2 is
required for both BHA-induced Gclc expression in vivo [62] and tBHQ-induced Gclc and
Gclm expression in MEF cells [65]. Consistent with previous studies [65], tBHQ treatment
resulted in the time-dependent induction of both Gclc and Gclm in WT MEFs (Fig. 6B).
Importantly, while tBHQ induction of both subunits in the Nrf1−/− MEFs was attenuated,
tBHQ-induced Gclc and Gclm expression was abolished in the Nrf2−/− MEF cell line. These
findings suggest that while Nrf2 is required for tBHQ-induced Gclc/Gclm expression, As3+-
induced Gclc/Gclm expression occurs independent of Nrf1 and Nrf2.

The role of MAPKs in As3+-induced Gclc and Gclm expression
As3+ activates multiple MAPK pathways that have been implicated in the inducible expression
of Gclc and Gclm [37–40]. In light of our demonstration that As3+-induced Gclc and Gclm
expression was Nrf1/2-independent, we examined the putative role of the MAPK pathways in
As3+-induced Gclc and/or Gclm expression in the TAMH cell model. To identify the MAPK
pathways activated by As3+ in this cell model, TAMH cells were treated with various
concentrations of As3+ for 4 h and MAPK activation assessed by immunoblot analysis utilizing
phospho-specific antibodies that recognize the activated forms of JNK, p38 MAPK and ERK.
As3+ treatment resulted in the dose-dependent activation of JNK, p38 MAPK and ERK (Figure
7). In the case of JNK, As3+-induced kinase activity (data not shown) correlated well with the
appearance of phosphorylated JNK. Importantly, As3+ activated all three MAPK pathways at
an As3+ concentration (10 uM) employed for all other experiments performed in these studies.
To directly examine the involvement of these signal transduction pathways in As3+-induced
Gclc/Gclm expression, we employed pharmacological inhibitors of the JNK (SP600125), p38
MAPK (SB202190) and ERK (PD98059) pathways. Cells were pretreated with these inhibitors
and As3+-induced Gclc and Gclm expression was analyzed (Fig. 8A and 8B). Inhibition of the
ERK pathway utilizing the MEK1/2 inhibitor PD98059 slightly attenuated As3+-induced
Gclc expression (~20% reduction), but had no effect on As3+-induced Gclm expression. In
contrast, the p38 MAPK inhibitor SB202190 reduced As3+-induced Gclc and Gclm expression
by ~50% and ~30%, respectively. The JNK inhibitor SP600125 had little effect on As3+-
induced Gclm expression. Surprisingly, SP600125 dramatically enhanced As3+-induced
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Gclc gene expression, increasing steady-state Gclc levels ~2-fold over that observed in
response to As3+ alone. Given the potential for non-specific effects of SP600125 [54,68], a
more selective peptide JNK inhibitor (JNKi) was employed in conjunction with real-time RT-
PCR to confirm the role of JNK in mediating this response. Consistent with the Northern blot
findings, SP600125 was found to significantly potentiate As3+-induced Gclc expression (Fig
8C). However, JNKi had no effect on As3+-induced Gclc expression (Fig. 8C). These findings
suggest that JNK is not involved in As3+-induced Gclc expression and does not mediate the
superinduction of Gclc observed in the presence of SP600125. None of these inhibitors had a
marked effect on basal levels of Gclm mRNA (<25% reduction), while SB202190 and
PD98059 reduced basal Gclc mRNA levels by 40–50% (data not shown). Importantly,
SP600125 had little effect on basal Gclc mRNA levels (data not shown), indicating that while
SP600125 enhanced As3+-induced Gclc mRNA levels, it did not affect constitutive Gclc
expression.

As As3+ activated all three MAPK pathways, the potential additive effects of these protein
kinase pathways on As3+-induced Gclc and Gclm expression was examined by assessing the
combinatorial effects of the inhibitors described above (Fig. 8A and 8B). Various combinations
of inhibitors had no greater effect on As3+-induced Gclm expression than the p38 MAPK
inhibitor SB202190 alone (~30% inhibition). Analysis of Gclc mRNA levels indicated that the
inhibitory effects of PD98059 and SB202190 on As3+-induced Gclc expression were additive,
reducing Gclc levels to that observed in untreated cells. Interestingly, cotreatment with
SB202190 abolished SP600125-induced potentiation of As3+-induced Gclc expression,
resulting in reduced Gclc levels similar to that observed in cells pretreated with SB202190
alone. In contrast, cotreatment with PD98059 had no effect on the ability of SP600125 to
enhance As3+-induced Gclc expression. In aggregate, these findings suggest that As3+
induction of Gclm is partially mediated by the p38 MAPK pathway, while both the p38 MAPK
and ERK pathways contribute to As3+-induced Gclc expression.

As3+ increases GCLC and GCLM protein expression and GCL holoenzyme formation and
enzymatic activity

While As3+ increased the steady-state mRNA levels of both Gcl subunits in TAMH cells, it
was of interest to determine whether these transcriptional responses were functionally relevant.
To determine whether As3+ treatment increased GCL subunit protein expression, GCLC and
GCLM protein levels were examined by immunoblotting (Fig. 9A). As3+ treatment resulted
in a time-dependent increase in the expression of both GCLC and GCLM. GCLC levels were
increased ~2-fold after 16–24 h of As3+ treatment when normalized to βActin levels (Fig. 9B,
open circles). As3+ caused an even greater increase in GCLM protein expression with a 3–4-
fold induction observed after 16–24 h of treatment (Fig. 9A and 9B, closed circles). These
increases in GCLC and GCLM protein levels correlated with increased GSH biosynthetic
capacity as exposure to As3+ for 16 h resulted in a 2-fold increase in GCL activity (Fig. 9C).
To determine whether As3+ treatment increased GCL activity by enhancing GCL holoenzyme
formation, whole cell extracts were resolved by native gel electrophoresis and GCL
holoenzyme detected by immunoblotting for GCLC and GCLM (Fig. 9D). Immunoblotting
for GCLC revealed two immunoreactive bands of differing electrophoretic mobility (Fig. 9D,
upper panel). The identity of these bands was established by their comigration with purified
recombinant GCLC protein and GCL holoenzyme ([48], data now shown). The identity of the
GCL holoenzyme band was also confirmed by the presence of GCLM (Fig. 9D, lower panel).
Importantly, treatment with As3+ resulted in an increase in GCL holoenzyme formation
detected with either α-GCLC or α-GCLM antisera, which was associated with a concomitant
decrease in monomeric GCLC. Increased GCL holoenzyme formation and activity could result
from either de novo synthesis of the GCL subunits or post-translational control of pre-existing
GCL protein [27,28]. To determine whether increased GCL subunit protein expression per
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se was required for As3+-induced GCL holoenzyme formation and activity, cells were
pretreated with the protein synthesis inhibitor cycloheximide (CHX). As shown in Fig. 9E and
9F, pretreatment with CHX abolished As3+-induced GCL activity and GCL holoenzyme
formation, respectively. CHX alone had no effect on basal GCL activity (data not shown). In
aggregate, these findings are consistent with a model in which As3+-induced GCL activity is
mediated by the induction of Gclc and Gclm gene expression, increased GCL subunit protein
expression and increased GCL holoenzyme formation.

Discussion
Chronic exposure to low levels of As3+ induces transformation in vitro, while acute exposure
to high concentrations induces apoptotic cell death [21]. Interestingly, As3+-transformed cells
often exhibit increased resistance to As3+-induced apoptosis and the GSH antioxidant defense
system may play a central role in the development of this resistant phenotype. While both acute
and chronic As3+ exposure induce an adaptive up-regulation of the GSH antioxidant system,
the molecular mechanism(s) mediating these responses are not known. In this study, we have
identified distinct transcriptional and post-transcriptional mechanisms and signal transduction
pathways that mediate As3+-induced expression of the subunits of GCL, the rate-limiting
enzyme in GSH biosynthesis.

As3+ has been reported to induce Gclc gene expression in human keratinocytes [9,29,30] and
rat lung epithelial cells [31]. Our findings confirm and extend these studies by demonstrating
that As3+ coordinately induces both Gclc and Gclm gene expression in the TAMH murine
hepatocyte cell line, albeit by quite distinct mechanisms. Transcriptional and post-
transcriptional mechanisms contribute to the steady-state levels of Gclc and Gclm mRNA in
response to various oxidative stressors [24,28,32,54]. While As3+ increased the rate of
transcription of both Gclc and Gclm, As3+ only enhanced the post-transcriptional stabilization
of Gclm mRNA in TAMH cells. These findings are in contrast to the post-transcriptional
stabilization of both Gclc and Gclm mRNA in response to 4-hydroxynonenal (4-HNE) or
diethylmaleate (DEM) [50,53]. As3+-induced Gclm gene transcription and enhanced Gclm
mRNA stability, together with the longer t1/2 of Gclm mRNA compared to Gclc mRNA, likely
contribute to the more prolonged increase in steady-state levels of Gclm mRNA relative to
Gclc mRNA. While the relative translational efficiency of the Gclc and Gclm mRNAs is not
known, this may provide the molecular basis for the greater increase in GCLM protein (4-fold)
versus GCLC protein (2-fold) in response to As3+ treatment. As3+ also induced Gcl subunit
gene expression in a similar dose-dependent manner. Importantly, while maximal induction
occurred at slightly toxic concentrations of As3+ (>10 uM), both subunits were induced at
toxicologically and physiologically relevant As3+ concentrations (1–2 uM) in the TAMH cell
model.

As3+-induced Gclc and Gclm expression were both dependent on de novo protein synthesis.
In contrast, inhibition of de novo protein synthesis selectively prevents 4-HNE-induced
Gclm expression and menadione-induced Gclc expression, in rat [50] and human [56] lung
epithelial cells, respectively, while having no effect on Gclc or Gclm gene induction in response
to ACNU or cigarette smoke condensate [52,55]. There are also conflicting reports of the
involvement of de novo protein synthesis in constitutive Gclc and Gclm expression.
Cycloheximide alone had no effect on basal Gclc expression in our cell model, which is
consistent with previous reports in HepG2 cells [69] and human bronchial epithelial cells
[56], but in contrast to findings in human glioma cells [52]. These findings highlight the
differential involvement of de novo protein synthesis in mediating the constitutive and
inducible expression of the Gcl subunits in response to As3+ and other types of oxidative stress
in various cell types.
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Similar to the human Gclc and Gclm gene promoters [33], the proximal region of the murine
Gclc and Gclm promoters contain numerous cis-elements that could potentially mediate As3
+-inducibility, including ARE, AP1, MTF-1 and NF-kB sites [70–72]. Nrf1 and Nrf2 play
important roles in ARE-mediated gene transcription and the constitutive and inducible
expression of multiple phase II enzymes, including Gclm and Gclc [28,32–34,73,74]. However,
Nrf1 and Nrf2 are distinct in their ability to modulate Gcl subunit gene expression [43,44,
63]. While paraquat- and DEM-inducible Gclm expression is suppressed in Nrf1-deficient
MEFs [43,63], deletion of Nrf1 had no effect on As3+- or tBHQ-induced Gclc and Gclm mRNA
expression. In contrast, tBHQ-induced Gclc and Gclm mRNA expression was abolished in
Nrf2-deficient MEFs, which is consistent with previous studies [65]. Surprisingly, deletion of
Nrf2 had little effect on As3+-induced Gclm and Gclc expression. The only notable effect was
an attenuation and delay in As3+-induced Gclc expression in Nrf2-deficient MEFs. In vitro
studies indicate that Nrf1/2-dependent Gcl subunit expression is at least partially mediated by
antioxidant response elements (ARE) in the Gclc and Gclm promoters [28,33,54]. However,
while the murine Gclc and Gclm promoters contain functional ARE sites [70–72] and As3+
increases Nrf2 protein expression and ARE-mediated gene transcription [22,30,66,67,75], Nrf2
is not required for As3+-induced Gclc and Gclm gene transcription. In contrast, Nrf2 is required
for Gclc induction in response to tBHQ ([65] and Fig. 6), DEM [63], and indomethacin [76,
77]. Such findings do not exclude the possibility that Nrf1 and Nrf2 exhibit stimulus-dependent
functional redundancy and can compensate for each other in As3+-induced, but not tBHQ-
induced Gcl subunit expression. Interestingly, while Nrf1/2 mediate tBHQ-induced rat Gclc
expression this occurs via AP-1 and NF-kB binding sites and not ARE sites, which are not
present in the rat promoter [65,78,79]. Nrf2 also plays an essential role in mediating As3+-
induced transcription of certain target genes. For instance, As3+-induced NAD(P)H:quinone
oxidoreductase I (NQO1), and heme oxygenase-1 (HO-1) and MSP23 (peroxiredoxin 1)
expression is attenuated or abolished in Nrf2-deficient MEFs [66,80] and macrophages [81],
respectively. A dominant-negative Nrf2 mutant also inhibited As3+-induced ARE-mediated
transcriptional activity [75] and HO-1 expression in L929 fibroblasts [82] and HepG2
hepatoma cells [83]. Cell type-specific differences have also been reported in the constitutive
and inducible expression of Gclc and Gclm [84]. In aggregate, these findings suggest that while
As3+-induced expression of some phase II enzymes are Nrf2-dependent in certain cell types,
Nrf2 is not required for As3+-induced Gclc or Gclm gene expression in murine hepatocytes
even though the murine promoters of both subunits contain functional ARE binding sites
[70–72].

Multiple MAP kinase pathways have also been implicated in oxidative stress-induced Gcl
subunit expression [37–40]. In TAMH cells, As3+ treatment induced the dose-dependent
activation of JNK, p38 MAPK, and ERK and pharmacological inhibitors of these pathways
were employed to determine their involvement in As3+-induced Gclc and Gclm gene
expression. While inhibition of the p38 MAPK or ERK pathway alone partially suppressed
As3+-induced Gclc expression, inhibition of both pathways was required to abolish Gclc
induction. These findings are analogous to the involvement of both p38 MAPK and ERK in
PDTC-induced Gclc expression in HepG2 cells [40,85], while ERK activation alone appears
to be required for 4-HNE-induced Gclc expression in rat L2 alveolar epithelial cells [37,39,
54]. Interestingly, the JNK inhibitor SP600125 dramatically potentiated As3+-induced Gclc
expression. However, SP600125 is known to inhibit a number of protein kinases with similar
efficacies that could potentially mediate this response [68]. Importantly, the inability of the
highly specific peptide JNK inhibitor JNKi to elicit a similar superinduction of Gclc expression
indicates that the SP600125 effects are not mediated by JNK inhibition. These findings also
suggest that JNK is not involved in As3+-induced Gclc gene expression, which contrasts with
previous reports that JNK activation is required for 4-HNE- and glucose-deprivation-induced
Gclc expression in HBE1 human bronchial epithelial cells [37] and MCF7 cells [38],
respectively. While the cellular and molecular basis for these disparities are not known, there
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appear to be distinct stimuli-, cell type-, concentration-, and species-dependent differences in
the mechanisms regulating both the constitutive and inducible expression of the Gclc and
Gclm genes [37,39,40,54,84].

While the transcriptional effects of SP600125 appear to be JNK-independent, SP600125
clearly potentiated As3+-induced Gclc expression in the TAMH murine hepatocyte cell line.
This response was subunit specific as SP600125 had no effect on As3+-induced Gclm
expression. SP600125 also had no effect on basal Gclc gene expression, suggesting that this
superinduction resulted from inhibition of an As3+-activated signal transduction pathway.
While the molecular target mediating this SP600125 response is not known, these findings
imply that As3+ is activating an SP600125-sensitive protein kinase that is suppressing Gclc
expression in the TAMH cell model. This is reminiscent of p38 MAPK-mediated suppression
of ARE-mediated gene transcription and induction of phase II enzymes in human HepG2 and
murine Hepa1C1C7 hepatoma cell lines [86]. However, the ability of the p38 MAPK inhibitor
SB203580 to abolish SP600125-mediated potentiation of As3+-induced Gclc expression
suggests that this response is mediated by activation of the p38 MAPK pathway, which we
have shown contributes to As3+-induced Gclc expression (Fig. 8). Interestingly, SP600125
rapidly stimulates p38 MAPK phosphorylation and activity in the MIN6 mouse pancreatic cell
line [87]. Additional studies are required to reveal the molecular mechanisms and putative
involvement of p38 MAPK in SP600125-mediated potentiation of As3+-induced Gclc
expression.

In contrast to As3+-induced Gclc expression, p38 MAPK is the only MAPK involved in As3
+-induced Gclm expression and it only accounts for ~30% of steady-state Gclm mRNA levels,
suggesting the involvement of additional signaling pathways. Furthermore, the effects of p38
MAPK could result from either enhanced Gclm mRNA stabilization or activation of Gclm gene
transcription, both of which contribute to steady-state Gclm mRNA levels. In fact, p38 MAPK
has been implicated in both As3+-induced gene transcription and post-transcriptional
stabilization of various mRNA species [88]. While our findings indicate that As3+ did not
increase steady-state murine Gclc mRNA levels via mRNA stabilization, Song et al. have
shown that p38 MAPK activation enhances human Gclc mRNA stability in response to several
prooxidants, including tBHQ and menadione [51]. An AUUUA HuR recognition sequence in
the 3′-UTR of human Gclc was found to be responsible for HuR-mediated regulation of
Gclc mRNA stability [51]. It remains to be determined whether the 3′-UTR of murine Gclc
and/or human or murine Gclm contain functional AU-rich sequences capable of binding mRNA
stabilizing factors such as HuR.

NAC-mediated inhibition of As3+-induced Gclc induction and attenuation of Gclm induction
suggests that redox-sensitive mechanisms are involved in the induction of both subunits.
Furthermore, the ability of NAC to only partially suppress As3+-induced Gclm expression
(~30–50%) is consistent with the selective inhibition of either gene transcription or post-
transcriptional Gclm mRNA stabilization. Interestingly, the relative level of NAC-mediated
inhibition of As3+-induced Gclm expression correlated quantitatively with the inhibition by
the p38 MAPK inhibitor SB203580 (Fig. 7; 30–40%). Given that NAC abolished As3+-
induced p38 MAPK, JNK, and ERK in TAMH cells (data not shown) it is intriguing to speculate
that the partial suppression of As3+-induced Gclm expression is due to NAC-mediated
inhibition of p38 MAPK activity. Correspondingly, NAC-mediated inhibition of As3+-induced
Gclc expression could result from inhibition of As3+-induced activation of p38 MAPK and
ERK.

While transcriptional induction of the Gcl subunit mRNAs invariably leads to increased GCL
protein translation, it was important to demonstrate functionality with regard to GCL enzymatic
activity. As expected, As3+-induced Gcl subunit gene expression correlated with increased
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GCL subunit protein expression and GCL enzymatic activity. Direct quantitation and
functional studies indicate that GCLM is limiting for GCL holoenzyme formation and GCL
activity both in vivo and in cultured cell systems [48,89–91]. While we did not directly measure
the molar amounts and ratios of the GCL subunits, analysis of GCL holoenzyme composition
by native gel electrophoresis confirmed that GCLM was limiting in TAMH cells. This was
based on the presence of both monomeric GCLC and heterodimeric holo-GCL bands upon
immunoblotting with α-GCLC antisera and the detection of only a single band comigrating
with holo-GCL when immunoblotting with α-GCLM antisera. Importantly, As3+ treatment
enhanced GCL holoenzyme formation as judged by the shift of monomeric GCLC protein to
heterodimeric GCL holoenzyme and the increased amount of GCLM protein present in the
holo-GCL complex (Fig. 8D). The greater relative induction of the GCLM subunit (~4 fold
for GCLM vs. ~2-fold for GCLC) and the fact that GCLM is limiting suggest that increased
expression of GCLM likely contributes more to As3+-induced GCL enzymatic activity via
increased GCL holoenzyme formation than increased GCLC expression per se. Preferential
induction of the GCLM subunit is also observed in response to 4-HNE in rat lung epithelial
cells [39], cysteine deprivation in HepG2 cells and the rat liver in vivo [91], oxidized LDL in
murine macrophages [71], and thyroid hormone in rat astrocytes [92]. Irrespective of the
relative contribution of GCLC or GCLM protein, the inhibitory effects of cycloheximide
suggest that As3+-induced GCL holoenzyme formation and activity result from increased de
novo synthesis of the GCL subunits and not post-translational modification of pre-existing
GCL protein.

In aggregate, this study identified multiple molecular mechanisms that contribute to increased
GCL subunit expression and activity in response to acute As3+ exposure. While As3+
coordinately induced Gclc and Gclm gene expression, distinct signal transduction pathways
and transcriptional and post-transcriptional regulatory mechanisms mediated these responses.
Importantly, these transcriptional events were functionally relevant, leading to increased GCL
subunit protein expression, GCL holoenzyme formation, and GCL activity. In light of the
importance of intracellular GSH levels in dictating cellular sensitivity to As3+-induced
apoptosis, induction of GCL expression and activity is likely a cytoprotective adaptive response
to As3+ exposure. In this regard, increased GSH biosynthetic capacity may play a fundamental
role in As3+ adaptation and apoptosis evasion during As3+-induced hepatocarcinogenesis and
could also have clinical implications with regard to the use of arsenic trioxide as a
chemotherapeutic in the treatment of acute promyelocytic leukemia. However, it remains to
be determined whether up-regulation of cellular GSH biosynthetic capacity per se affects As3
+-induced apoptosis and/or transformation.
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Figure 1. Time- and dose-dependent induction of Gclc and Gclm expression by As3+
(A) TAMH cells were treated with As3+ (10 μM) for the time periods indicated. (B) TAMH
cells were treated for 4 h with the indicated concentrations of As3+. Total RNA was isolated
and relative mRNA levels were analyzed by Northern blotting as described in the Methods
section. Gclc (closed circles) and Gclm (open circles) expression was normalized to Gapdh
mRNA levels and the graphical data presented are averages +/− SEM of at least three
experiments. +p < 0.05 and *p < 0.001, indicates a significant difference compared to untreated
control.

Thompson et al. Page 19

Free Radic Biol Med. Author manuscript; available in PMC 2010 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. As3+ increases the rate of transcription of Gclc and Gclm
TAMH cells were treated with 10 μM As3+ for the time periods indicated. Nuclei were isolated
and nuclear run-on analysis was performed as described in the Methods section. Relative rates
of transcription of Gclm (open bars) and Gclc (closed bars) were quantitated and normalized
to β-Actin. The data presented are averages +/− SEM of three experiments. *p < 0.05, indicates
a significant difference compared to untreated control.
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Figure 3. As3+ induces the post-transcriptional stabilization of Gclm mRNA
TAMH cells were treated with actinomycin D (ActD; 500 ng/ml) in the absence (open symbols)
or presence (closed symbols) of As3+ (10 μM) for the time periods indicated. Relative mRNA
levels were analyzed by Northern blotting. Gclc (circles; upper panel) and Gclm (triangles;
lower panel) expression was normalized to Gapdh mRNA levels and the graphical data
presented are averages +/− SEM of seven experiments. *p < 0.01, indicates a significant
difference compared to ActD alone at that time point.
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Figure 4. de novo protein synthesis is required for As3+-induced Gclc and Gclm expression
TAMH cells were preincubated in the absence (open bars) or presence (closed bars) of
cycloheximide (CHX; 1.0 μg/ml) for 1 h prior to treatment with As3+ (10 μM) for the time
periods indicated. Relative mRNA levels were analyzed by Northern blotting. Gclc (upper
panel) and Gclm (lower panel) expression was normalized to Gapdh mRNA levels and the
graphical data presented are averages +/− SEM of three experiments. *p < 0.05 and **p <
0.001, indicates a significant difference compared to As3+ alone at that time point.
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Figure 5. Differential regulation of As3+-induced Gclc and Gclm expression by N-acetylcysteine
TAMH cells were preincubated in the absence (open bars) or presence (closed bars) of N-
acetylcysteine (NAC; 10 mM) for 1 h prior to treatment with As3+ (10 μM) for the time periods
indicated. Relative mRNA levels were analyzed by Northern blotting. Gclc (upper panel) and
Gclm (lower panel) expression was normalized to Gapdh mRNA levels and the graphical data
presented are averages +/− SEM of three experiments. *p < 0.05 and **p < 0.001, indicates a
significant difference compared to As3+ alone at that time point.
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Figure 6. As3+ induces Gclc and Gclm expression independent of Nrf1 or Nrf2
MEFs from WT, Nrf1(−/−), or Nrf2(−/−) mice were treated with (A) As3+ (10 μM) or (B)
tert-butylhydroquinone (tBHQ; 30 μM) for the time periods indicated. Relative mRNA levels
were analyzed by Northern blotting. Gclc (open bars) and Gclm (closed bars) expression was
normalized to Gapdh mRNA levels and the graphical data presented are averages +/− SEM of
at least three experiments. *p < 0.05, indicates a significant difference compared to As3+-
induced gene expression in WT MEFs at that time point.
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Figure 7. Dose-dependent As3+-induced MAPK activation in TAMH cells
TAMH cells were treated for 4 h with the indicated concentrations of As3+ and JNK, p38 and
ERK phosphorylation analyzed by immunoblotting using phospho-specific antibodies as
described in the Methods section. The two bands recognized by the p-JNK and p-ERK
antibodies are the p46 and p54 JNK family isoforms and p44 ERK1 and p42 ERK2,
respectively. Total MAPK protein expression was assessed by immunoblotting using
antibodies against JNK, p38 MAPK, and p42 ERK2. The p42 ERK2 antibody does not readily
detect p44 ERK1 resulting in a single immunoreactive band.
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Figure 8. Role of MAPKs in As3+-induced Gclc and Gclm expression
TAMH cells were preincubated with SP600125 (SP; 25 μM), SB202190 (SB; 5 μM), and/or
PD98059 (PD; 25 μM), or JNKi (20 uM) for 1 h prior to treatment with As3+ (10 μM) for 4 h
as indicated. (A) Relative mRNA levels were analyzed by Northern blotting. (B) Gclc (upper
panel) and Gclm (lower panel) expression was normalized to Gapdh mRNA levels and the
graphical data presented are averages +/− SEM of at least four experiments. (C) Gclc and β-
Actin mRNA levels were determined by real-time RT-PCR. Gclc mRNA levels were
normalized to β-Actin and presented as fold increase over untreated control. *p < 0.001 and ̂ p
< 0.05, indicates a significant difference compared to untreated control. #p < 0.05, indicates a
significant difference compared to As3+ alone. ##p < 0.05, indicates a significant difference
in the presence of SP600125.
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Figure 9. As3+ increases GCL subunit protein levels, GCL activity and holoenzyme formation
(A and B) TAMH cells were treated with As3+ (10 μM) for the time periods indicated. (A)
GCLC, GCLM, and βActin protein expression were analyzed by denaturing SDS-PAGE and
immunoblotting as described in the Methods section. (B) Graphical presentation of the studies
described in (A). GCLC and GCLM protein expression were normalized to βActin protein
levels and the data presented are averages +/− SEM of at least four experiments. (C–F) TAMH
cells were preincubated in the absence or presence of cycloheximide (CHX; 1.0 μg/ml) for 1
h prior to treatment with As3+ (10 μM) for 16 h as indicated. (C and E) Cells were harvested
and extracts assayed for GCL enzymatic activity as described in the Methods section. The
graphical data presented are averages +/− SEM of 3–7 experiments. (D and F) GCL
holoenzyme formation was analyzed by native gel electrophoresis and immunoblotting for
GCLC or GCLM as described in the Methods section. *p < 0.05 and **p < 0.01, indicates a
significant difference in protein expression or activity compared to untreated control. #p <
0.01, indicates a significant difference in GCL activity compared to As3+ alone.
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