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Abstract Organic thiols are toxic to eukaryotic cells. Treatment of cells with thiols activates expression of grp78, but it
is not known if, like other forms of stress, there is a battery of stress response genes that are induced by thiols. In LLC-
PK1 renal epithelial cells, mRNAs for both grp78 and gadd153 were induced by thiols with similar time, concentration
and structure-activity dependence. Dithiothreitol (DTT) was the most potent reductant and inducer of gene expression
among the thiols tested. Nuclear run-on assays demonstrated that DTT activated both grp78 and gadd153 genes
transcriptionally. A hamster gadd153 promoter construct which contains enhancer elements necessary for gadd153
activation was stably integrated into the LLC-PK1 cell genome and was activated by DTT. Although auto-oxidation of
thiols can generate active oxygen species, transcriptional activation of the gadd153 promoter was not due to formation
of hydrogen peroxide or superoxide since neither catalase nor superoxide dismutase prevented activation of the
gadd153 promoter by DTT. The concentration dependence for activation of the gadd153 promoter correlated with
inhibition of dome formation and protein synthesis, two toxic effects of DTT in LLC-PK1 cells. Thus, both grp78 and
gaddi153 are members of a gene battery which is responsive to reductive stress. There appears to be considerable, but
not complete, overlap between the upstream signaling pathways for activation of both genes.

early genes c-jun, c-fos and c-myc (Crawford et al 1988;
Shibanuma et al 1988; Donati et al 1990; Shibanuma et al
1990; Storz et al 1990b; Cerutti and Trump 1991; Devary
et al 1991). In some cases, oxidants modulate gene

INTRODUCTION

Activation of gene expression is a universally conserved
response to stress in prokaryotic and eukaryotic cells.

Different types of stress, including oxidative stress, acti-
vate batteries of stress-response genes (Donati et al 1990;
Storz et al 1990b; Holbrook and Fornace 1991; Fornace
1992). Oxidative stress activates gene expression in
prokaryotes and eukaryotes including members of the
heat shock protein (ksp) gene family, and the immediate
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expression directly by positive or negative redox regula-
tion through oxidation of cysteinyl residues in DNA
binding proteins such as OXYR and AP-1 (Abate et al
1990; Storz et al 1990a). At low levels, oxidants may actu-
ally serve as intracellular second messengers under
either stressful or physiological conditions (Schreck et al
1992; Sundaresan et al 1995). In many cases, stress-gene
activation is a physiologically important protective
response; accordingly, expression of stress-response
genes imparts tolerance to subsequent toxicant exposure
(Laszlo 1992).
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Thiol reductants are also cytotoxic and increase
expression of glucose regulated protein (grp) genes
(Whelan and Hightower 1985; Kim et al 1987). Whelan
and Hightower (1985) proposed that grp genes are more
responsive to reductive stress while ksp genes respond to
oxidative stress. The products of the prototypical grp
genes grp94 and grp78 play important roles as chaper-
ones during protein folding and processing in the endo-
plasmic reticulum (Gething and Sambrook 1992; Welch
1992). Agents that interfere with endoplasmic reticulum
protein folding, including thiols, activate grp78 transcrip-
tion (Whelan and Hightower 1985; Kim and Lee 1987;
Kim et al 1987; Prostko et al 1991; Wooden et al 1991;
Prostko et al 1992; Li et al 1993). The high levels of oxi-
dized glutathione in the endoplasmic reticulum provide
an oxidizing redox potential that drives protein disulfide
formation (Braakman et al 1992; Gething and Sambrook
1992; Hwang et al 1992; Bardwell and Beckwith 1993).
Since thiols, like dithiothreitol (DTT), push the thiol
redox potential of the endoplasmic reticulum in the
reducing direction, protein disulfide formation and pro-
tein folding are disrupted (Kim et al 1987, Braakman et al
1992; Prostko et al 1992; Lodish and Kong 1993; Sawyer
et al 1994; Losch and Koch-Brandt 1995).

Although thiols induce reductive stress, it is not known
if a battery of reductive stress-responsive genes exists.
However, many inducers of grp78 also increase expres-
sion of the growth arrest and DNA damage gene 153
(gadd153) suggesting that induction of both genes may
be linked within their upstream signaling pathways (Price
and Calderwood 1992; Carlson et al 1993). gadd genes
were originally isolated from UV-irradiated Chinese ham-
ster ovary cells (Fornace 1992). gadd153 is a member of
the C/EBP family of leucine zipper proteins but lacks crit-
ical basic residues in the DNA binding domain (Ron and
Habener 1992). This unique feature allows GADD153 to
act as a negative regulator of C/EBP-mediated gene regu-
lation, at least in cultured cells (Ron and Habener 1992;
Sylvester et al 1994). A recent report suggests that
GADD153 may also bind to DNA in a complex with
C/EBPs, but the consequence of this interaction is not
clear (Ubeda et al 1996). gadd genes are induced by
nephrotoxic cysteine conjugates, DNA damaging agents,
and growth arrest (Fornace Jr et al 1989; Bartlett et al
1992; Chen et al 1992a; Luethy and Holbrook 1992; Price
and Calderwood 1992; Carlson et al 1993) and may be
important in regulating growth arrest (Fornace 1992,
Zhan et al 1994; Batchvarova et al 1995).

We have been using LLC-PK]1, a line of renal epithelial
cells with proximal tubule character (Hull et al 1976;
Stevens et al 1986), to investigate mechanisms of toxicity
(Chen et al 1990; Chen and Stevens 1991) and activation
of stress response genes in renal epithelium (Chen et al
1992a, 1992b; Yu et al 1994; Liu et al 1996). Recently, we
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found that gadd153 mRNA, but not other stress genes, is
induced by DTT treatment suggesting that gadd153 is a
candidate reductive-stress responsive gene. In this study,
we characterized the induction of both grp78 and
gadd153 genes by thiols. DTT caused dome collapse and
inhibition of protein synthesis in LLC-PK1 cells and acti-
vated both the grp78 and gaddi53 genes at the tran-
scriptional level. The promoter element(s) responsible for
activation of the gadd153 gene by DTT are contained in
the same region of the promoter responsive to DNA dam-
aging agents and growth arrest. Thus, gadd153 and
grp78 appear to be components of a gene battery acti-
vated by thiol-induced reductive stress.

EXPERIMENTAL PROCEDURES
Materials

Dulbecco’s modified Eagle medium (DMEM) and G-418
sulfate were supplied by GIBCO BRL (Grand Island, NY).
Radiochemicals were obtained from New England
Nuclear (Boston, MA). Other chemicals were purchased
from Sigma Chemical Company (St Louis, MO) or Aldrich
(Milwaukee, WI) unless otherwise noted. DCVC was syn-
thesized as described (Hayden and Stevens 1990).

Cell culture and experimental treatment

LLC-PK1 cells (Hull et al 1976), obtained from American
Tissue Type Culture (Rockville, MD), were grown to con-
fluence in a humidified 37°C incubator in DMEM supple-
mented with 10% fetal bovine serum, (GIBCO BRL or
Upstate Biotechnology, Lake Placid, NY) under an atmos-
phere of 5% CO,: 95% air. For experiments in which
Northern analysis and chloramphenicol acetyltransferase
(CAT) measurements were performed, cells (1 x 109) were
plated in 100 mm dishes 5 days prior to treatment. For
cytotoxicity measurements, LLC-PK1gaddCAT cells, that
had a stably integrated gadd153 promoter-CAT construct
(Luethy and Holbrook 1992) were plated at a density of 5
x 10%cells in each well of a 24-well dish 4 days prior to
treatment. Media were routinely changed 3 days after
seeding. The confluent cultures were rinsed with phos-
phate buffered saline (PBS) and treated with DTT or DCVC
in Earle’s balanced salt solution containing 1.8 mM CacCl,,
5.4 mM KCl, 1.7 mM MgSO,, 26.2 mM NaHCO,, 1.0 mM
NaH,PO,, 5.6 mM glucose and 25 mM HEPES.

Northern hybridization analysis

Poly (A)* RNA was isolated by oligo-dt cellulose (Badley et
al 1988) and Northern blotting performed as described
(Chen et al 1992a). RNAs were separated by electro-
phoresis on a 1.4% agarose denaturing gel and capillary
transferred to nitrocellulose paper. After prehybridization,
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blots were hybridized overnight with cDNA probes for
gadd153 (Chen et al 1992a) or grp78 (Lee et al 1983) that
had been labeled with [*?P]dCTP by the random priming
method (Feinberg and Vogelstein 1984) using a kit
(Boehringer Mannheim, Indianapolis, IN). The grp78
cDNA was a generous gift of Dr Amy Lee. Blots were
allowed to decay prior to reprobing with a 200-base pair
insert for mouse f-actin cut from pMACTE4, an SK-based
plasmid provided by Dr Dominic Eisinger. The size of the
mRNA was estimated by comparison with an RNA Ladder
(GIBCO BRL). After exposing blots to Dupont Cronex film
with an intensifying screen, bands were quantitated using
a Bio Image Densitometer (Ann Arbor, MI). To correct for
differences in gel loading, integrated optical densities
were normalized to the S-actin signal.

Cell transfections and CAT expression

LLC-PK1 cells were seeded at a density of 5 x 10° cells
per 25 cm? flask and transfected using the calcium
phosphate precipitation method. Cells which had incor-
porated a CAT reporter plasmid containing the region
from -801 to +21 (relative to transcription start site) of
the gadd153 promoter (gadd-CAT) in a JymCATO vector
(Luethy et al 1990) were prepared by co-transfecting
cells with 5 pg of gadd-CAT with 5 ng of pSV2neo and
selected for resistance to G-418 sulfate (400 pg/ml). To
estimate CAT activity, cells were rinsed twice with PBS
after treatment and allowed to recover for 24 h in
DMEM supplemented with 10% FBS. Cells were har-
vested by scraping and centrifugation; the pellet was
resuspended in PBS containing 1 mM phenylmethylsul-
fonyl fluoride. After lysing the cells by repeated freezing
and thawing, CAT expression was measured with an
enzyme-linked immunosorbent assay kit (5 Prime 3
Prime Inc., Boulder, CO) according to the manufac-
turer’s protocol. Protein was measured with the BioRad
assay (BioRad, Richmond, CA) using bovine gamma
globulin as a standard.

Nuclear run-on analysis

Nuclei were prepared for run-on transcription and stored
at -70°C in 40% glycerol (Ausubel et al 1991). RNA
which had been newly transcribed in the presence of
[3?PJUTP (NEN), was purified as described (Celano et al
1989) and hybridized to plasmids which had been lin-
earized and UV-crosslinked to nylon filters. The run-on
transcripts for gadd153 and grp78 were detected using
the cDNAs described above for Northern analysis.
Controls included plasmids containing cDNAs for S-actin
and Asp70 (plasmid pAT125, ATCC) as internal controls as
well as pBluescript SK (Stratagene, La Jolla, CA) for
non-specific binding.
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Cytotoxicity measurements

Cytotoxicity was determined by monitoring release of
the cytosolic enzyme lactate dehydrogenase into the
incubation media. Lactate dehydrogenase activity was
quantitated using a microtiter plate assay previously
developed in this laboratory (Chen et al 1990). Dome col-
lapse was assessed by counting the number of domes vis-
ible in a 4X field using an inverted phase contrast
microscope. Numbers represent the mean * SD of dome
counts from four areas of a 100 mm dish of confluent
LLC-PK1 cells following a 4-h treatment. Inhibition of
protein synthesis was determined by measuring the
incorporation of [*HJleucine into trichloroacetic acid
insoluble material as before (Yu et al 1994).

Statistics

Analysis of variance followed by the Student-Newman-
Keuls method for multiple comparisons was used to com-
pare means of three or more groups. The level of
significance was set at P < 0.05. Groups of means which
are not different are denoted by a common letter symbol.

RESULTS
Characterization of gadd153 mRNA induction by thiols

We tested several thiols as inducers of gadd153 and com-
pared the response to that seen with grp78, a gene that is
induced by thiols (Kim et al 1987). DTT was a strong
inducer of gaddi53 and grp78 mRNA (Fig. 1).
2-Mercaptoethanol also induced gaddi53 and grp78
mRNA, but to a lesser extent than DTT,; N-acetylcysteine
was ineffective. Since the pattern of expression for grp78
and gadd153 was similar, we further characterized the
response in LLC-PK1 cells with DTT. DIT increased
gadd153 and grp78 mRNA in a time- and concentration-
dependent fashion (Figs 2 & 3). After a 1-h exposure to
10 mM DTT, both mRNAs had increased and remained
elevated through 5 h of continued exposure at which
time cells began to detach from the dish.

Induction of gadd753 mRNA is regulated
transcriptionally by reductive stress

To determine if transcriptional events were involved in
the induction of gadd153 mRNA by reductive stress we
carried out nuclear run-on experiments. Nuclear run-on
transcription of gadd153 increased by 7-fold (7 £ 2; n=
4), relative to B-actin, in the presence of DTT (Fig. 4).
Transcription of grp78 also increased (9 + 3 fold; n = 4)
relative to B-actin as expected (Kim et al 1987). In con-
trast, transcription of sp70 RNA, which is not induced by
reductive stress (Whelan and Hightower 1985; Chen et al
1992b), was not affected appreciably. Only a modest
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increase in hsp70 and B-actin transcription, less than 2-
fold, was seen in three experiments. Thus, thiol-induced
reductive stress activates transcription of both grp78 and
gadd153. '

The hamster gadd153 promoter has been isolated and
reporter constructs have been used to investigate the
structure-activity relationship for gadd153 activation
(Luethy et al 1990; Luethy and Holbrook 1992). LLC-PK1
cells which had genomically integrated a CAT reporter
construct containing 801 bp of DNA 5’ to the start site of
the gadd153 gene (Luethy and Holbrook 1992) were iso-
lated by G418 selection (PK1gaddCAT cells). Addition of
10 mM DTT to PK1gaddCAT cells increased expression
of CAT dramatically (Fig. 5). Both 2-mercaptoethanol and
N-acetylcysteine caused only a slight induction of CAT
activity in general agreement with the Northern blot data
(Fig. 1).

DTT will oxidize in an aerobic environment producing
reactive oxygen species such as superoxide anion (Held
and Biaglow 1993). Since toxicants which cause oxidative
stress induce gadd153 mRNA (Luethy et al 1990; Chen et
al 1992a), we determined if DTT was inducing gadd153
via an indirect oxidative stress in the PK1gaddCAT cells.
Neither superoxide dismutase or catalase prevented DTT
induction of CAT activity in PK1gaddCAT cells (Table 1)
indicating that promoter activation is not due to oxida-
tion of DTT.

Induction of gadd153 mRNA is linked to toxic effects of
DTT

Although DTT did not cause an increase in lactate dehy-
drogenase release from LLC-PK1 cells up to 5 h after addi-
tion of DTT, it did appear to cause morphological changes
in the cells. In particular, the domes, structures which are
formed due to trapping of actively transported solutes
between the cell layer and the plastic culture surface
{Lever 1985), collapsed after DTT treatment (Fig. 6). When
we compared the concentration dependence of dome col-
lapse with induction of CAT activity, there was a good cor-
relation (Table 2). However, cytochalasin D, which perturbs
the actin cytoskeleton, also caused dome collapse (Fig. 6),
but did not induce gadd153 (data not shown) suggesting
that additional factors must be involved. Since DIT
inhibits protein synthesis (Prostko et al 1991; Prostko et al
1992) we also compared the concentration dependence for
inhibition of protein synthesis or CAT activation and again
there was a good correlation (Table 2). However, inhibition
of protein synthesis was not sufficient to activate gadd153
since cycloheximide did not induce gadd153 mRNA in
LLC-PK1 cells (Chen et al 1992a). Thus, the transcriptional
activation of gudd153 by DTT appeared to depend both on
thiol reducing potential and the ability of DTT to interfere
with normal cellular homeostasis at multiple levels.
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Fig. 1 Structure activity relationship for the induction of gadd153
and grp78 by thiols. LLC-PK1 cells were treated with various thiols
at a concentration of 10 mM for 5 h, and polyA+ RNA prepared for
analysis of grp78 and gadd153 mRNA expression. The data are
from a single experiment representative of four (n = 4). NAC,
N-acetylcysteine; 2-ME, 2-mercaptoethanol.

The ability of DTT to protect against cytotoxicity is not
due to induction of grp78 or gadd153

When DTT is added along with or immediately after toxi-
cant exposure, it protects LLC-PK1 cells from cytotoxicity
(Chen et al 1990; Chen and Stevens 1991; Liu et al 1996).
Because DTT induces gadd153 and grp78, it seemed pos-
sible that the ability of DTT to protect against various tox-
icants could be due to induction of gene expression

Table 1 Activation of gadd153 by DTT is not due to a secondary
oxidative stress

Treatment CAT ng/mg Relative
protein induction
none 0.05 +0.05 1
DTT *44+£1.2 88
DTT + catalase 46+ 1.3 92
DTT + superoxide dismutase *42+1.3 83

*P < 0.05 relative to no treatment.

LLC-PK1 cells which had stably integrated the gadd-CAT reporter
construct were treated for 2 h with 10 mM DTT in the presence or
absence of either superoxide dismutase or catalase (500 U/ml) and
allowed to recover for 24 h in DMEM containing 10% fetal bovine
serum. Chloramphenicol acetyltransferase activity was determined
as described under Procedures. The increases in CAT were
significant after DTT treatment; however, catalase and superoxide
dismutase had no significant effect on DT T-induced CAT
expression (P < 0.05; ANOVA). The data are a summary of two
experiments (n = 2).
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Fig. 2 Time dependence for induction of gadd153 and grp78 by
dithiothreitol. LLC-PK1 cells were treated with dithiothreitol at a
concentration of 10 mM, and polyA+ RNA prepared at various times
for analysis of grp78 and gadd153 mRNA expression. The data are
from a single experiment representative of three (n = 3).

rather than protection against oxidation of cellular pro-
tein and nonprotein thiols, as suggested (Chen et al 1990;
Liu et al 1996). In order to determine if transcriptional
activation of gadd153 or grp78 could contribute to cellu-
lar protection we compared the concentration depen-
dence for CAT induction by DTT and protection against
DCVC, a nephrotoxicant (Chen et al 1990) (Fig. 7). In
agreement with the Northern blot data, the hamster
8gadd153 promoter was activated at 0.5-1 mM DTT.
However, protection against lactic dehydrogenase release
caused by DCVC treatment was observed only at 10 mM
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Table 2 Correlation between activation of the gadd153 promoter
and toxicity

DTT (mM) CAT ng DOMES [3H]Leucine
mg/protein (% control)

0 <0.1 34+5 100+ 0

0.1 02+0.2 31+8 86+ 15

1.0 *5.5+0.5 <11 *34£2

10 *3.6+0.2 <1 +1 Tx7

*P < 0.05 relative to untreated.

Cells were treated with various concentrations of DTT for 4 h. At
the end of the treatment period, domes were counted using a 4X
objective. The counts represent the number of domes per field and
are the mean = the standard deviation of the data from 3
plates/group. Protein synthesis was determine by measuring
[®H]leucine incorporation as described in Procedures; the data are
a summary of three experiments (n = 3). Significant differences

(P < 0.05) from untreated cells were determined by ANOVA.

DTT. Thus, the immediate protective effect of DTT against
DCVC toxicity is not due to activation of the grp78 or
gadd153 genes during DCVC treatment.

DISCUSSION

Proteotoxicity, i.e. damage and/or denaturation of mature
or nascent polypeptides (Hightower 1991), is linked to
transcriptional activation of grp78 as well as the Asp70
gene (Wooden et al 1991; Gething and Sambrook 1992;
Morimoto 1993). However, grp78 transcription is more
responsive to reductive stress while ksp70 is more
responsive to oxidative stress suggesting that the mecha-
nisms must differ (Whelan and Hightower 1985).
Oxidative and reductive stress both damage proteins by
modifying the protein thiol/disulfide status, but by dis-
tinct mechanisms. The cytoplasm is a reducing environ-
ment (Sies 1993). Rapid loss of cytosolic GSH sensitizes
cells to oxidative stress, causes disulfide cross-linking
and allows aggregation of proteins, events which activate
hsp70 transcription (Lee and Hahn 1988; Beckman et al
1992; Freeman et al 1995; Liu et al 1996). On the other
hand, organic thiols prevent disulfide formation in the
endoplasmic reticulum by perturbing the oxidizing
thiol/disulfide redox potential causing protein aggrega-
tion (Gething and Sambrook 1992; Hwang et al 1992;
Lodish and Kong 1993; Sawyer et al 1994; Losch and
Koch-Brandt 1995). The presence of unfolded and
aggregated proteins in the endoplasmic reticulum acti-
vates grp78 transcription (Gething and Sambrook 1992).
Our results suggest that disruption of the endoplasmic
reticulum by reductive stress is a signal for activation the
gadd153 and grp78 genes. gadd153 is induced by insults
which increase grp78 mRNA including hypoxia, calcium
ionophores, glucose deprivation, agents that block glyco-
sylation, and thapsigargin, an inhibitor of calcium-
ATPases (Bartlett et al 1992; Price and Calderwood 1992,

Cell Stress & Chaperones (1997) 2 (1), 3140



36 Halleck et al
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Fig. 3 Concentration dependent induction of gadd153 and grp78 by
dithiothreitol. LLC-PK1 cells were treated with dithiothreitol at the
indicated concentrations for 5 h, and polyA+ RNA prepared for
analysis of grp78 and gadd153 mRNA expression. The data are
from a single experiment representative of two (n = 2).

B actin

Price et al 1992; Li et al 1994; Roy and Lee 1995; Wang et
al 1996). Although it is not entirely clear how events in
the endoplasmic reticulum might be linked to gudd153
activation, induction of grp78 by unfolded proteins
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Fig. 4 Transcriptional activation of gadd153 and grp78 by
dithiothreitol. RNA newly transcribed by isolated nuciei in the
presence of [2P]JUTP were extracted and hybridized with inserts
immobilized on nylon membranes. Nuclei were prepared from cells
treated for 2.5 h with Earles balanced salt solution alone or with 10
mM DTT. SK indicates the use of pBluescript SK which served as a
control for nonspecific binding. The figure is from an experiment
representative of four (n =4). The values for the fold induction are
reported in the text.
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Fig. 5 Activation of a gadd153 promoter construct by various thiols.
LLC-PK1 cells which had stably integrated the gadd-CAT reporter
construct were treated for 2 h with various thiols at a concentration
of 10 mM and allowed to recover for 24 h in DMEM containing 10%
fetal bovine serum. Chloramphenicol acetyl transferase activity was
determined as described under Procedures. The numbers above
the bars are the fold induction relative to untreated control cells.
The data are a summary of two experiments (n = 2).

and/or calcium depletion requires serine-threonine
kinases (Price et al 1992; Cox et al 1993; Mori et al 1993;
Cao et al 1995). Likewise, both calcium depletion and
DTT activate elF2o0 kinase, a cytoplasmic serine-threo-
nine kinase activated by disruption of the endoplasmic
reticulum (Prostko et al 1992; Brostrom et al 1995). The

© Pearson Professional Ltd 1997



Thiols and gene activation 37

Control

Cytochalasin B

Fig. 6 Treatment of cells with dithiothreitol causes dome collapse in LLC-PK1 cells. Representative phase contrast micrographs of LLC-PK1
cells were taken using a 10X objective. Domes are apparent in cells treated with Earles balanced salt solution for 4 h, but not in cells which
had been treated for the same amount of time in Earles containing 10 mM DTT or cytochalasin B. The domes were apparent again within
24 h after removal of DTT or cytochalasin B when cells were maintained in DMEM with 10% fetal bovine serum.

signals that activate gadd153 are less clear, but serine-
threonine kinase inhibitors blocks activation while
okadaic acid, a phosphatase inhibitor, enhances gadd153
mRNA accumulation (Price and Calderwood 1992;
Luethy and Holbrook 1994). Thus, there is likely to be
overlap in the signaling pathways that lead to increased
gadd153 and grp78 transcription.

DNA binding proteins which interact with enhancer
elements in the promoters of both the grp78 and
gadd153 genes are the likely targets of these upstream
stress-activated signaling pathways. The hamster
gadd153 promoter is complex and contains an AP-1
binding element, seven SP-1 sites, an inverted GCCAAT
box, a C/EBP binding site, numerous IL-6 response ele-
ments and a consensus sequence for nuclear respiratory
factor-1 (Luethy et al 1990; Virbasius et al 1993; Sylvester
et al 1994). Although DNA-damaging agents increase
binding to the gadd153 AP-1 site, additional regions of
the gadd153 promoter are required for full activation
(Luethy and Holbrook, 1994). Recent DNAse I foot print-
ing data suggest that binding of C/EBPo. and C/EBPp to a
C/EBP-like element increases during the acute phase
response (Sylvester et al 1994). Thus, a combination of
protein binding to the AP-1 and C/EBP sites may partici-
pate in induction of gadd153 by various agents. Whether
or not a similar mechanism is involved in activation of
gadd153 by DNA damage and thiol reductants remains
to be determined. However, sequences outside the region
of the promoter used in this study are necessary for full
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activation by growth arrest, glucose deprivation and Ca*
ionophore treatment (Bartlett et al 1992; Carlson et al
1993), thus additional signals may well be involved.

The regions of the rat and yeast grp78 promoters that
confer basal and stress inducible activation have been
identified (Wooden et al 1991; Liu et al 1993; Li et al
1994; Roy and Lee 1995). In mammals and yeast, an
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Fig. 7 The ability of dithiothreitol to protect against S-(1, 2-
dichlorovinyl)-L-cysteine toxicity is not due to gene activation.
PK1gaddCAT cells were treated with DCVC (0.5 mM) for 5 h, in the
presence or absence of increasing concentrations of DTT and
release of lactate dehydrogenase was determined (% LDH release).
For comparison, the concentration dependence of activation of the
gadd-CAT reporter in the PK1gaddCAT cells was determined in
cells treated with DTT at various concentrations (CAT ng/mg
protein). The data are a summary of two experiments (n = 2).
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unfolded protein response element (UPR) or grp core
sequence is necessary for transcriptional activation of
the grp78 gene (Kohno et al 1993; Li et al 1994). The
binding of a 70 kDa protein, p70CORE, and CBF to the
gry core and a proximal CCAAT box, respectively, are
necessary for transcriptional activation of the rat grp78
gene by calcium stress (Li et al 1994; Roy and Lee 1995).
Although activation of these elements by thiols has not
been reported, they appear to be involved generally in
grp78 activation since the same region of the promoter
is required for grp78 activation by calcium stress,
brefeldin A and unfolded proteins (Wooden et al 1991,
Liu et al 1993; Li et al 1994; Roy and Lee 1995). There is
no evidence for participation of either C/EBP or AP-1
DNA binding proteins (Roy and Lee 1995), thus the
available information suggests that the convergence in
the signaling pathway for activation of grp78 and
gadd153 occurs upstream of protein binding to the
respective promoters.

Disruption of the endoplasmic reticulum by DTT leads
to inhibition of protein synthesis (Brostrom et al 1995),
an effect which might also be linked to the signaling
pathway for activation of the grp78 (Brostrom et al 1995)
or gaddl53 genes. However, since cycloheximide does
not induce gadd153 or grp78 in LLC-PK1 cells (Chen et al
1992a; M. M. Halleck, unpublished results), inhibition of
protein synthesis per se is not responsible for transcrip-
tional activation of either gene by thiols. On the other
hand, considerable evidence suggests that inhibition of
protein processing perturbs calcium homeostasis in
the endoplasmic reticulum and calcium ionophores are
potent activators of both grp78 and gaddi153 transcrip-
tion (Bartlett et al 1992; Brostrom et al 1995; Roy and Lee
1995). Thus disruption of protein synthesis, protein pro-
cessing and calcium homeostasis in the endoplasmic
reticulum could all be linked to transcriptional activation
of gadd153 and grp78 by DTT.

Although the data suggest that there are common sig-
nals which activate grp78 and gadd153 in response to
reductive stress, this is not to say that all conditions
which activate one of the genes will activate the other.
For example, in LLC-PK1 cells, t-butylhydroperoxide is a
potent inducer of gadd153 but not grp78 (Liu and
Stevens, unpublished results). Moreover, induction of
grp78 and gadd153 shows differential sensitivity to
cycloheximide and tyrosine kinase inhibition in NIH-3T3
cells (Price and Calderwood 1992). Thus, grp78 and
8gadd153 activation can be separated in some cells and
with some inducers. However, the data with LLC-PK1
cells suggest that gadd153 and grp78 induction are
tightly linked and constitute part of a genomic response
to reductive insults. Further work will be necessary to
elucidate the respective role of the two genes in the
physiological response to reductive stress.

Cell Stress & Chaperones (1997) 2 (1), 3140

ACKNOWLEDGMENTS

These studies were supported by PHS grants DK46267 and
DK38965 to JLS and a National Research Services Award
{ES05569) to MH. The authors thank Dr Amy Lee for dis-
cussing unpublished data and for helpful comments.

REFERENCES

Abate C, Patel L, Rauscher FJ and Curran T (1990) Redox regulation
of fos and jun DNA-binding activity in vitro. Science 249,
1157-1161.

Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA
and Struhl K (1991) Nuclear runoff transcription in mammalian
cells. In: Current Protocols in Molecular Biology, John Wiley
and Sons, New York, 4.10.1-4.10.4.

Badley JE, Bishop GA, St John T and Frelinger JA (1988) A simple,
rapid method for the purification of poly A+ RNA.
Biotechniques 6, 114-116.

Bardwell JCA and Beckwith J (1993) The bonds that tie: catalyzed
disulfide bond formation. Cell 74, 769-771.

Bartlett JD, Luethy JD, Carlson SG, Sollot SJ and Holbrook NJ (1992)
Calcium ionophore A23187 induces expression of the growth
arrest and DNA damage inducible CCAAT/enhancer-binding
protein (C/EBP)-related gene, gadd153.]. Biol. Chem. 267,
20465-20470.

Batchvarova N, Wang X-Z and Ron D (1995) Inhibition of
adipogenesis by the stress-induced protein CHOP (Gadd 153).
EMBO J. 14, 4654-4661.

Beckman RP, Lovett M and Welch WJ (1992) Examining the
function and regulation of hsp 70 in cells subjected to
metabolic stress. J. Cell Biol. 117, 1137—-1150.

Braakman I, Helenius J and Helenius A (1992) Role of ATP and
disulphide bonds during protein folding in the endoplamsic
reticulum. Nature 356, 260-262.

Brostrom MA, Prostko CR, Gmitter D and Brostrom CO (1995)
Independent signaling of grp78 gene transcription and
phosphorylation of eukaryotic inititation factor 2-alpha by the
stressed endoplasmic reticulum. J. Biol. Chem. 270, 4127-4132.

Cao X, Zhou Y and Lee AS (1995) Requirement for tyrosine- and
serine/threonine kinases in the transcriptional activation of the
mammalian grp78/BiP promoter by thapsigargin. J. Biol. Chem.
270, 494-502.

Carlson SG, Fawcett TW, Bartlett JD, Bernier M and Holbrook NJ
(1993) Regulation of the CEBP-related gene gadd153 by
glucose deprivation. Mol. Cell. Biol. 13, 4736-4744.

Celano P, Berchtold C and Casero RA Jr (1989) A simplification of
the nuclear run-off transcription assay. Biotechniques 7,
942-943.

Cerutti PA and Trump BF (1991) Inflammation and oxidative stress
in carcinogenesis. Cancer Cells 3, 1-7.

Chen Q and Stevens JL (1991) Inhibition of iodoacetamide and t-
butylhydroperoxide toxicity in LLC-PK1 cells by antioxidants:
A role for lipid peroxidation in alkylation induced cytotoxicity.
Arch. Biochem. Biophys. 284, 422-430.

Chen Q, Jones TW, Brown PC and Stevens JL (1990) The mechanism
of cysteine conjugate cytotoxicity in renal epithelial cells.
Covalent binding leads to thiol depletion and lipid
peroxidation. J. Biol. Chem. 265, 21603-21611.

Chen Q, Yu K, Holbrook NJ and Stevens JL (1992a) Activation of the
growth arrest and DNA damage-inducible gene gadd153 by
nephrotoxic cysteine conjugates and dithiothreitol. J. Biol.
Chem. 267, 8207-8212.

© Pearson Professional Ltd 1997



Chen Q, Yu K and Stevens JL (1992b) Regulation of the cellular
stress response by reactive electrophiles: The role of covalent
binding and cellular thiols in transcriptional activation of the
70kD heat shock protein gene by nephrotoxic cysteine
conjugates. J. Biol. Chem. 267, 24322-24327.

Cox JS, Shamu CE and Walter P (1993) Transcriptional induction of
genes encoding endoplasmic reticulum resident proteins
requires a transmembrane protein kinase. Cell 73, 1197—-1206.

Crawford D, Zbinden I, Amstad P and Cerutti P (1988) Oxidant
stress induces the proto-oncogenes c-fos and c-myc in mouse
epidermal cells. Oncogene 3, 27-32.

Devary Y, Gottlieb RA, Lau LF and Karin M (1991) Rapid and
preferential activation of the c-jun gene during the mammalian
UV response. Mol. Cell Biol. 11, 2804-2811.

Donati YRA, Slosman DO and Polla BS (1990) Oxidative injury
and the heat shock response. Biochem. Pharmacol. 40,
2571-2577.

Feinberg AP and Vogelstein B (1984) A technique for labelling DNA
restriction endonuclease fragments to high specific activity.
Anal. Biochem. 137, 266-267.

Fornace AJ (1992) mammalian genes induced by
radiation—activation of genes associated with growth control.
Annu. Rev. Genet. 26, 507-526.

Fornace AJ Jr, Nebert DW, Hollander MC, Luethy JD, Papathanasiou
M, Fargnoli ] and Holbrook NJ (1989) Mammalian genes
coordinately regulated by growth arrest signals and DNA-
damaging agents. Mol. Cell Biol. 9, 4196-4203.

Freeman ML, Borrelli MJ, Syed K, Senisterra G, Stafford DM and
Lepcock JR (1995) Characterization of a signal generated by
oxidation of protein thiols that activates the heat shock
transcription factor. J. Cell. Physiol. 16, 356-366.

Gething M-] and Sambrook J (1992) Protein folding in the cell.
Nature 355, 33-45.

Hayden PJ and Stevens JL (1990) Cysteine conjugate toxicity,
metabolism, and binding to macromolecules in isolated rat
kidney mitochondria. Mol. Pharmacol. 37, 468-476.

Held KD and Biaglow JE (1993) Role of copper in the oxygen
radical-mediated toxicity of the thiol-containing
radioprotector dithiothreitol in mammalian cells. Radiat. Res.
134, 375-382.

Hightower LE (1991) Heat shock, stress proteins, chaperones and
proteotoxicity. Cell 66, 191-197.

Holbrook NJ and Fornace AJ (1991) Response to adversity:
Molecular control of gene activation following genotoxic stress.
New Biologist 3, 825-833.

Hull RN, Cherry WR and Weaver GW (1976) The origin and
characteristics of a pig kidney cell strain, LLC-PK1. In Vitro 12,
670-677.

Hwang C, Sinskey AJ and Lodish HF (1992) Oxidized redox state
of glutathione in the endoplasmic reticulum. Science 257,
1496-1502.

Kim YK and Lee AS (1987) Transcriptional activation of the glucose-
regulated protein genes and their heterologous fusion genes by
B-mercaptoethanol. Mol. Cell. Biol. 7, 2974-2976.

Kim YK, Kim KS and Lee AS (1987) Regulation of the glucose-
regulated protein genes by B-mercaptoethanol requires de novo
protein synthesis and correlates with inhibition of protein
glycosylation. J. Cell. Physiol. 133, 553-559.

Kohno K, Normington K, Sambrook J, Gething MJ and Mori K
(1993) The promoter region of the yeast KAR2 (BiP) gene
contains a regulatory domain that responds to the presence of
unfolded proteins in the endoplasmic reticulum. Mol. Cell. Biol.
13, 877-890.

Laszlo A (1992) The thermoresistant state: Protection from initial
damage or better repair? Exp. Cell Res. 104, 11-17.

© Pearson Professional Ltd 1997

Thiols and gene activation 39

Lee AS, Delegeane AM, Baker V and Chow PC (1983)
Transcriptional regulation of two genes specifically induced by
glucose starvation in a hamster mutant fibroblast cell line.

. Biol. Chem. 258, 597-603.

Lee K-J and Hahn GM (1988) Abnormal proteins as the trigger for
the induction of stress responses: Heat, diamide and sodium
arsenite. J. Cell. Physiol. 136, 411-420.

Lever JE (1985) Inducers of dome formation in epithelial cell cultures
including agents that cause differentiation. In: Tissue Culture of
Epithelial Cells, M Taub, ed. Plenum Press, New York, 3-22.

Li WWF, Alexandre S, Cao XJ and Lee AS (1993) Transactivation of
the grp78 promoter by Ca2+ depletion—-A comparative analysis
with A23187 and the endoplasmic reticulum Ca2+-ATPase
inhibitor thapsigargin. J. Biol. Chem. 268, 12003-12009.

Li WW, Sistonen L, Morimoto RI and Lee AS (1994) Stress induction
of the mammalian GRP78/BiP protein gene: In vivo genomic
footprinting and identification of p70CORE from human
nuclear extract as a DNA-binding component specific to the
stress regulatory element. Mol. Cell. Biol. 14, 5533-5546.

Liu ES, Ou JH and Lee AS (1993) Brefeldin A as a regulator of grp78
gene expression in mammalian cells. J. Biol. Chem. 267,
7128-7133.

Liu H, Lightfoot DL and Stevens JL (1996) Activation of heat shock
factor (HSF) by alkylating agents is triggered by glutathione
depletion and oxidation of protein thiols. J. Biol. Chem. 271,
4805-4812.

Lodish HF and Kong N (1993) The secretory pathway is normal in
dithiothreitol-treated cells, but disulfide-bonded proteins are
reduced and reversibly retained in the endoplasmic reticulum.
J. Biol. Chem. 268, 20589-20605.

Losch A and Koch-Brandt C (1995) Dithiothreitol treatment of
Madin-Darby canine kidney cells reversibly blocks export from
the endoplasmic reticulum but does not affect vectorial
targeting of secretory protein. J. Biol. Chem. 270, 11543-11548.

Luethy JD and Holbrook NJ (1992) Activation of the gadd153
promoter by genotoxic agents: A rapid and specific response to
DNA damage. Cancer Res. 52, 5-10.

Luethy JD and Holbrook NJ (1994) The pathway regulating
GADD153 induction in response to DNA damage is
independent of protein kinase C and tyrosine kinases. Cancer
Res. 54, 19025-1906S.

Luethy JD, Fargnoli J, Park S], Fornace AJ Jr and Holbrook NJ (1990)
Isolation and characterization of the hamster gadd153 gene.
Activation of promoter activity by agents that damage DNA.

J. Biol. Chem. 265, 16521-16526.

Mori K, Ma W, Gething MJ and Sambrook J (1993) A
transmembrane protein with a cdc2+/CDC28-related kinase
activity is required for signaling from the ER to the nucleus.
Cell 74, 743-756.

Morimoto RI (1993) Cells in stress: Transcriptional activation of
heat shock genes. Science 259, 1409-1410.

Price BD and Calderwood SK (1992) gadd45 and gadd153
messenger RNA levels are increased during hypoxia and after
exposure of cells to agents which elevate the levels of the
glucose-regulated proteins. Cancer Res. 52, 3814-3817.

Price BD, Mannheim-Rodman LA and Calderwood SK (1992)
Brefeldin A, thapsigargin and AlF4- stimulate the accumulation
of GRP78 mRNA in a cycloheximide dependent manner, whilst
induction by hypoxia is independent of protein synthesis.

J. Cell. Physiol. 152, 545-552.

Prostko CR, Brostrom MA, Galuska-Malara EM and Brostrom CO
(1991) Stimulation of GRP78 gene transcription by phorbol
ester and cCAMP in GH3 pituitary cells. The accommodation of
protein synthesis to chronic deprivation of intracellular
sequestered calcium. J. Biol. Chem. 266, 19790-19795.

Cell Stress & Chaperones (1997) 2 (1), 31-40



40 Halleck et al

Prostko CR, Brostrom MA, Malara EM and Brostrom CO (1992)
Phosphorylation of eukaryotic initiation factor (eIF)2 alpha and
inhibition of elF-2B in GH3 pituitary cells by perturbants of
early protein processing that induce GRP78. J. Biol. Chem. 267,
16751-16754.

Ron D and Habener JF (1992) CHOP, a novel developmentally
regulated nuclear protein that dimerizes with transcription
factors C/EBP and LAP and functions as a dominant-negative
inhibitor of gene transcription. Genes Dev. 6, 439-453.

Roy B and Lee AS (1995) Transduction of calcium stress through
interaction of the human transcription factor CBF with the
proximal CCAAT regulatory element of the grp78/BiP promoter.
Mol. Cell. Biol. 15, 2263-2274.

Sawyer JT, Lukarczyk T and Yilla M (1994) Dithiothreitol treatment
induces heterotypic aggregation of newly synthesized secretory
proteins in HepG2 cells. J. Biol. Chem. 269, 27344-27350.

Schreck R, Albermann K and Baeuerle PA (1992) Nuclear factor
kappaB-an oxidative stress-responsive transcription factor of
eukaryotic cells (A Review). Free Radical. Res. Commun. 17,
221-237.

Shibanuma M, Kuroki T and Nose K (1988) Induction of DNA
replication and expression of proto-oncogene c-myc and c-fos
in quiescent Balb/3T3 cells by xanthine/xanthine oxidase.
Oncogene 3, 17-21.

Shibanuma M, Kuroki T and Nose K (1990) Stimulation by
hydrogen peroxide of DNA synthesis, competence family gene
expression and phosphorylation of a specific protein in
quiescent Balb/3T3 cells. Oncogene 5, 1025-1032.

Sies H (1993) Strategies of antioxidant defense. Eur. J. Biochem. 215,
213-219.

Stevens ], Hayden P and Taylor G (1986) The role of glutathione
conjugate metabolism and cysteine conjugate beta-lyase in the
mechanism of S-cysteine conjugate toxicity in LLC-PK1 cells.

J. Biol. Chem. 261, 3325-3332.

Storz G, Tartaglia LA and Ames BN (1990a) Transcriptional
regulator of oxidative stress-inducible genes: direct activation
by oxidation. Science 248, 189-194.

Storz G, Tartaglia LA, Farr SB and Ames BN (1990b) Bacterial
defenses against oxidative stress. Trends. Genet. 6, 363-368.

Cell Stress & Chaperones (1997) 2 (1), 31-40

Sundaresan M, Yu Z-X, Ferrans VJ, Irani K and Finkel T (1995)
Requirement for generation of H202 for platelet-derived
growth factor signal transduction. Science 270, 296-299.

Sylvester S, Rhys CM]J, Leuthy-Martindale JD and Holbrook NJ
(1994) Induction of GADD153, a CCAAT/enhancer-binding
protein (C/EBP)-related gene, during the acute phase response
in rats. J. Biol. Chem. 269, 20119-20125.

Ubeda M, Wang X-Z, Zinszner H, Wu I, Habener JF and Ron D
(1996) Stress-induced binding of the transcription factor CHOP
to a novel DNA control element. Mol. Cell. Biol. 16, 1479-14889.

Virbasius CS, Virbasius JV and Scarpulla RC (1993) NRF-1, an
activator involved in nuclear mitochondrial interactions,
utilizes a new DNA-binding domain conserved in a family of
developmental regulators. Genes Dev. 7, 2431-2445.

Wang X-Z, Lawson B, Brewer JW, Zinszner H, Sanjay A, Mi L],
Boorstein R, Kreibich G, Hendershot L and Ron D (1996) Signals
from the stress endoplasmic reticulum induce C/EBP-homologous
protein (CHOP/GADD153). Mol. Cell. Biol. 16, 4273—4280.

Welch WJ (1992) Mammalian stress response: cell physiology,
structure/function of stress proteins, and implications for
medicine and disease. Physiol. Rev. 72, 1063-1081.

Whelan SA and Hightower LE (1985) Differential induction of
glucose-regulated and heat shock proteins: Effects of pH and
sulfhydryl-reducing agents on chicken embryo cells. J. Cell.
Physiol. 125, 251-258.

Wooden SK, Li 1], Navarro D, Qadri [, Pereira L and Lee AS (1991)
Transactivation of the grp78 promoter by malfolded proteins,
glycosylation block, and calcium ionophore is mediated
through a proximal region containing a CCAAT motif which
interacts with CTF/NF-I1. Mol. Cell. Biol. 11, 5612-5623.

Yu K, Chen Q, Liu H, Zhan Y and Stevens JL (1994) Signalling the
molecular stress response to nephrotoxic and mutagenic
cysteine conjugates: differential roles for protein synthesis and
calcium in the induction of c-fos and c-myc mRNA in LLC-PK1
cells. J. Cell. Physiol. 161, 303-311.

Zhan Q, Lord KA, Alamo IJ et al (1994) The gadd and MyD genes
define a novel set of mammalian genes encoding acidic
proteins that synergistically suppress cell growth. Mol. Cell.
Biol. 14, 2361-2371.

© Pearson Professional Ltd 1997



