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The gene encoding C/EBP-homologous protein (CHOP), also known as growth arrest and DNA-damage-
inducible gene 153 (GADDI153), is activated by agents that adversely affect the function of the endoplasmic
reticulum (ER). Because of the pleiotropic effects of such agents on other cellular processes, the role of ER
stress in inducing CHOP gene expression has remained unclear. We find that cells with conditional (temper-
ature-sensitive) defects in protein glycosylation (CHO K12 and BHK tsBN7) induce CHOP when cultured at
the nonpermissive temperature. In addition, cells that are defective in initiating the ER stress response,
because of overexpression of an exogenous ER chaperone, BiP/GRP78, exhibit attenuated inducibility of
CHOP. Surprisingly, attenuated induction of CHOP was also noted in BiP-overexpressing cells treated with
methyl methanesulfonate, an agent thought to activate CHOP by causing DNA damage. The roles of DNA
damage and growth arrest in the induction of CHOP were therefore reexamined. Induction of growth arrest by
culture to confluence or treatment with the enzymatic inhibitor N-(phosphonacetyl)-L-aspartate did not induce
CHOP. Furthermore, both a DNA-damage-causing nucleoside analog (5-hydroxymethyl-2'-deoxyuridine) and
UV light alone did not induce CHOP. These results suggest that CHOP is more responsive to ER stress than
to growth arrest or DNA damage and indicate a potential role for CHOP in linking stress in the ER to

alterations in gene expression.

CHOP (C/EBP-homologous protein; also known as
GADD153) is a small nuclear protein that heterodimerizes
avidly with members of the C/EBP family of transcription fac-
tors (43). The CHOP-C/EBP heterodimer is directed away
from classic C/EBP sites, such as those found in the promoter
regions of many genes, and binds instead a subset of C/EBP
sites (49). While the target genes for CHOP-C/EBP action
have not yet been identified, expression of CHOP and the
formation of a dimer with C/EBP proteins significantly influ-
ence the pattern of gene expression and cellular phenotypes.
For example, ectopic expression to high levels of CHOP pro-
duces growth arrest in several cell types (2, 53) and the pres-
ence of CHOP is inhibitory to adipocytic differentiation (4), a
process that is dependent on the proper function of several
C/EBP isoforms (31). Additional evidence for the importance
of CHOP in cellular growth and differentiation comes from a
molecular analysis of human sarcomas. In the vast majority of
case of myxoid and round-cell liposarcoma, the CHOP gene is
structurally rearranged (1, 25, 46), giving rise to the constitu-
tive expression of an altered, oncogenic form of the protein
(12, 42, 54).

CHOP cDNA was first identified in a screen that sought to
isolate genes induced by DNA damage and was given the name
GADDI153 (15). The mRNA was noted to be absent or, at
most, expressed at very low levels under normal conditions.
However, the alkylating agent methyl methanesulfonate
(MMS) markedly induced the gene. Because MMS is capable
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of damaging DNA and because GADD153 had been isolated in
a screen that relied on subtractive hybridization between
cDNA from cells that had been irradiated with UV light and
from untreated cells, this induction was equated, at the time,
with responsiveness of the gene to DNA damage. Interestingly,
GADDI53 was also noted to be induced by culturing cells in
nutrient-depleted media, a condition that causes growth arrest.
The subset of isolated cDNAs that exhibited responsiveness to
both MMS and depleted media were labeled GADDs (for
growth arrest- and DNA damage-inducible genes [16]). Sub-
sequent work, however, raises some doubt about the relative
importance of DNA damage to the induction of the gene. UV
irradiation of isolated keratinocytes was found to be associated
with a very modest induction of the GADD153 gene (17, 18),
whereas a variety of metabolic insults were identified as pow-
erful inducers (10, 11, 41, 48, 53). The role of growth arrest in
the induction of CHOP has also been called into question by
further analysis of the conditions used to generate that re-
sponse. It was noted that the inducing activities of depleted
media could be accounted for in part by the low glucose con-
centrations in such media (10). The induction of CHOP that
occurs during adipocytic differentiation (43) can be totally ab-
rogated if the cells are fed fresh medium at frequent intervals
(4, 10). These results suggest that the association between
induction of CHOP and growth-arresting conditions may have
been a consequence of culture in depleted media rather than
the growth-arrested state itself. This notion is supported by the
observation that the nondividing cells in tissues and organs
have low levels of CHOP mRNA.

Cellular glucose deprivation, a consequence of the depleted
growth media that is known to induce CHOP, interferes with
proper protein folding in the endoplasmic reticulum (ER),



4274 WANG ET AL.

presumably by inhibiting N-linked protein glycosylation (29,
40). Other inducers of CHOP, such as tunicamycin, thapsigar-
gin, the calcium ionophore A23187, and dithiothreitol (3, 11,
41), have all been linked directly to the abnormal function of
the ER. Insults that do not primarily inhibit ER function but
still induce CHOP, such as amino acid deprivation or inhibitors
of energy metabolism (reference 32 and see below), may also
be associated with abnormal protein synthesis and folding in
the ER (9). The small soluble alkylating agent MMS may
disproportionately affect ER proteins, perhaps by alkylating
cysteine residues, and thereby interfere with protein folding.
This body of circumstantial evidence led us to further explore
the possible link between altered ER function and the induc-
tion of CHOP.

MATERIAL AND METHODS

Cell culture and treatment. All parental cell lines were obtained from the
American Type Culture Collection. Chinese hamster ovary (CHO) K12 cells are
temperature-sensitive mutants that have a defect in N-linked glycosylation at the
nonpermissive temperature (34). BHK tsBN7 cells (38) harbor a point mutation
in the DAD1 gene (37), a mammalian homolog of Saccharomyces cerevisiae
OST?2, which is a component of the oligosaccharyl-transferase complex (44).
Yeast cells deficient in OST2 and tsBN7 cells exhibit a temperature-sensitive
defect in N-linked glycosylation (43a, 44). Construction of the CHO cell line
overexpressing hamster BiP (CHO-WT) will be described in detail elsewhere
(36). Cells were cultured in Dulbecco modified Eagle medium with glucose at a
high concentration (14 mM) in the presence of 10% fetal calf serum from
Intergen (Denver, Colo.). To suppress CHOP induction by nutrient depletion,
the growth medium was changed 4 h prior to the addition of the various CHOP
inducers and at least every 2 days during routine culture of cells. MMS, dinitro-
phenol, and 5-hydroxymethyl-2'-deoxyuridine (HmdUrd) were purchased from
Sigma (St. Louis, Mo.). Tunicamycin was purchased from Boehringer Mannheim
(Indianapolis, Ind.). N-(Phosphonacetyl)-L-aspartate (PALA) was a gift of Jill
Johnson from the Drug Synthesis Branch at the National Cancer Institute. Cells,
in a thin layer of phosphate-buffered saline were irradiated with UV light from
a 15-W 254-nm-wavelength bactericidal lamp bulb (Sylvania model G15-T8) at a
measured dose rate of 138 wW/cm? (1.38 J/s/m?). Proliferation assays were
performed by exposing cells on coverslips to bromodeoxyduridine (BrdU; final
concentration, 100 uM) for 12 h, fixing the cells with formaldehyde, staining with
anti-BrdU monoclonal antibody (Amersham), and counterstaining with the
karyophilic dye H33258, as described previously (45).

Northern (RNA) blotting, Western blotting (immunoblotting), and immune
precipitation to detect protein levels. Cell lysis, RNA and protein preparation,
and gel electrophoresis were performed as previously described (43). In Western
blots, CHOP was detected with the murine anti-CHOP monoclonal antibody 9C8
which recognizes an epitope common to human and mouse CHOP (4). To detect
the hamster protein in lysates of CHO cells, the previously described rabbit
anti-CHOP polyclonal serum was used at a dilution of 1:10,000 (43). p53 was
detected with the monoclonal antibody DO-1 (purchased from Santa Cruz Bio-
technology, Santa Cruz, Calif.), and heat shock protein 70 (Hsp70) was detected
with a monoclonal anti-Hsp70 antibody from Stressgen. CREB and TLS were
detected as previously described (12, 50). The murine CHOP ¢cDNA, hamster
BiP/GRP78 cDNA, and murine B-tubulin cDNA were used as probes to hybrid-
ize to Northern blots of total cellular RNA. Metabolic labeling of cells and
immunoprecipitation of BiP and associated proteins with a rat monoclonal an-
tibody and GRP94 with a rabbit polyclonal antiserum were performed as previ-
ously described (20). The control antibody used in Fig. 3C is a rat monoclonal
anti-mouse p chain antibody (Zymed Inc.).

In-gel kinase assays to detect the activity of the stress-activated protein kinases
(SAPKs) SAPKla and SAPKIB were performed as previously described (21,
23). Briefly, whole-cell extracts from untreated plates or plates 1 h after UV
irradiation were fractionated by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis in a gel that contained the bacterially expressed SAPK sub-
strate (GST-Jun 2-233). Following removal of the SDS and renaturation of the
proteins, the gel was soaked in kinase buffer with [y->?P]ATP for 1 h, the proteins
in the gel were fixed, and unincorporated ATP was removed by extensive washing
of the gel, which was then dried and exposed to autoradiography. Activated
SAPKIla and SAPKIB register as 3?P-labeled bands of 46 and 55 kDa, respec-
tively.

Analysis of DNA content of cells treated with MMS and HmdUrd. Subcon-
fluent cultures of V79 hamster cells (8) were either treated with 100 pg of MMS
per ml for 1 h, after which the inducer was removed, and then cultured in
MMS-free medium for an additional 16 h, or continuously cultured in 1 pM
HmdUrd for 16 h. The cells were trypsinized, fixed in paraformaldehyde, per-
meabilized with Triton X-100, digested with RNase A, and stained with pro-
pidium iodine. The intensity of the fluorescent signal was measured at the
single-cell level by fluorescence-activated flow cytometry analysis with a Becton
Dickinson FACScan flow cytometer.
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FIG. 1. Conditions that induce CHOP also activate an ER stress pathway.
NIH 3T3 cells were treated with the alkylating agent MMS (100 pg/ml for 4 h or
50 wg/ml for 8 h), the glycosylation inhibitor tunicamycin (25 pg/ml for 4 h),
low-concentration glucose medium (2 mM, overnight), and the inhibitor of
oxidative phosphorylation dinitrophenol (100 pM, overnight). Shown is an au-
toradiogram of a Northern blot of total cellular RNA hybridized to the labeled
CHOP, BiP/GRP7S8, and B-tubulin cDNAs. CHOP induction correlates with
induction of the ER protein chaperone BiP.

RESULTS

Defective function of the the ER triggers the induction of
CHOP. The Northern blot shown in Fig. 1 confirms that CHOP
is induced in cultured cells by physiological stress. The mode of
action of these inducers of CHOP is also consistent with the
possibility that they lead to the formation of malfolded pro-
teins and trigger stress in the ER. The latter possibility is
supported by the induction of the ER stress-induced protein
BiP/GRP78 under the same circumstances.

Because the inducers of CHOP are rather pleiotropic in
their effects, it was decided to examine a more defined system
in which stress can be localized to a discrete cellular compart-
ment. The CHO cell line K12 and the BHK cell line tsBN7
exhibit temperature-sensitive defects in N-linked glycosylation
of nascent proteins (34, 37; see also reference 44). The result-
ing accumulation of unglycosylated, malfolded proteins at the
nonpermissive temperature leads to increased synthesis of the
ER stress-induced protein BiP (28) (Fig. 2). Culturing the
parental CHO and BHK cells at nonpermissive temperatures
does not affect the glycosylation of ER proteins and only mod-
estly up-regulates the synthesis of BiP. When K12 and tsBN7
cells were cultured at a nonpermissive temperature, CHOP
was markedly induced, whereas the parental cells at the same
temperature did not express CHOP (Fig. 2, left panels). Hsp70
was induced in both K12 and parental cells at 42°C, demon-
strating that both cell types were responding to the stressful
effects of heat. In the BHK cells cultured at the lower temper-
ature of 39.5°C, Hsp70 was not induced. The decrease in the
CHOP level at the 6-h time point in K12 cells at the nonper-
missive temperature is a reproducible finding. In the tsBN7
cells, a similar drop in the CHOP level is observed between the
6- and 12-h time points (data not shown).

To further explore the relationship between the induction of
CHOP and the cellular response to the accumulation of mal-
folded proteins in the ER, CHO cells that overexpress the ER
chaperone BiP (CHO-WT) were used. These cells exhibit a
drastically attenuated ER stress response when treated with
agents that disrupt protein folding in the ER (14). CHO and
CHO-WT cells were treated with either tunicamycin, known to
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FIG. 2. CHOP is induced in cells defective in N-linked glycosylation. (A)
CHO K12 cells, which have a temperature-sensitive defect in glycosylation, were
cultured at a permissive temperature, 35°C, or switched to the nonpermissive
temperature, 42°C, for the indicated periods of time. Induction of CHOP, esti-
mated by Western blotting of whole-cell extracts (upper panel), was noted only
in the defective K12 cells but not in the normal CHO parental cells. Identical
blots were reacted with antisera to the RNA-binding protein TLS (an internal
control) and antisera to Hsp70, an indicator of stress in the cytoplasmic com-
partment. The lowest panel shows enhanced synthesis of the ER stress-induced
protein BiP in K12 cells following the temperature shift as revealed by autora-
diography of immune precipitated proteins from cells metabolically labeled with
[>*S]methionine. (B) Experiment identical to that described for panel A per-
formed with parental (wild-type) BHK cells and the tsBN7 mutant cell line. BiP
was detected by immunoblotting and migrates as a doublet in tsBN7 cells (as-
terisk). Hsp70 is not induced in these cells at 39.5°C.

block N-linked glycosylation, or the alkylating agent MMS.
Both are potent inducers of CHOP (Fig. 1). The parental CHO
cells responded by up-regulating the synthesis of BiP, GRP9%,
and CHOP (Fig. 3A and B). However, the CHO-WT cells
minimally up-regulated BiP and GRP94 in response to tunica-
mycin and exhibited a markedly attenuated induction of
CHOP. Tunicamycin was effective in blocking N-linked glyco-
sylation in both cell types as evidenced by the increased mo-
bility of GRP94, a protein that normally bears a single N-
linked glycan (Fig. 3A, lower panel). Similarly, although MMS
treatment strongly induced CHOP in the CHO line, it had a
reduced ability to induce the protein in the BiP-overexpressing
cells (Fig. 3B). Overexpression of BiP is thought to inhibit the
development of an ER stress signal. This leads to attenuated
induction of the ER chaperones in response to agents that
perturb ER function. Thus, these data argue that CHOP is
induced in response to cellular stress signals originating in the
ER. Furthermore, they suggest that MMS may induce CHOP
synthesis via an ER stress signal rather than exclusively
through DNA damage.

BiP associates with unfolded or malfolded proteins. Conse-
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quently, agents that affect folding of ER proteins cause an
increased association of proteins with BiP (5, 13). To deter-
mine if MMS affects proteins in the ER, we examined the
pattern of BiP-associated proteins in untreated and MMS- and
tunicamycin-treated cells. As expected, inhibition of N-linked
glycosylation by tunicamycin resulted in an increase in the level
of BiP-associated proteins and an increase in BiP biosynthesis
(Fig. 3C). Importantly, incubation of cells with the alkylating
agent MMS also resulted in the coprecipitation of several ad-
ditional proteins with BiP. These proteins were specifically
associated with BiP, as they were not detected with an irrele-
vant antibody (Fig. 3C). In agreement with the Northern blot
data (Fig. 1), an increase in BiP biosynthesis was also observed.
The most likely explanation for this is a direct effect of MMS
on protein folding in the ER. However, an indirect mechanism
cannot be excluded. For example, the induction by MMS treat-
ment of a subset of ER proteins that associate with BiP even
when normally folded would give a similar result. Regardless
of the mechanism, this result indicates that in addition to its
well-characterized effect on DNA, MMS alters proteins in the
ER and leads to an enhanced association of a subset of pro-
teins with BiP.

Growth arrest does not uniformly induce CHOP. K12 cells
have been shown to undergo G- and S-phase cell cycle arrest
at the nonpermissive temperature (35). We reasoned that if the
induction of CHOP is secondary to the inducible defect in cell
growth, CHOP should also be activated by other conditions
that drive cells to growth arrest. 3T3 L1 cells and primary
human foreskin fibroblasts (nonimmortalized primary cells)
were allowed to reach confluence and remained confluent
without an increase in cell number and exhibited a marked
inhibition of BrdU incorporation (Fig. 4C). As seen in Fig. 4A
(lanes 2, 5, and 6), the growth-arrested state is not sufficient to
induce CHOP. The confluent cells remained responsive to
MMS, however, excluding the possibility that prolonged cul-
ture under these conditions attenuated the ability of the cells
to activate CHOP.

Confluence represents a relatively physiological inducer of
growth arrest, mimicking the behavior of cells in nongrowing
tissues. The relationship between growth arrest and CHOP was
also tested in a more stressful system. PALA, a metabolic
inhibitor of the trifunctional enzyme CAD, is a potent inducer
of growth arrest in nontransformed cells (30, 39) (Fig. 4C). Its
mechanisms of action are thought to be depletion of nucleo-
tides and interference with DNA synthesis (47). The induction
of growth arrest by this compound requires the activation of a
signaling pathway that involves the tumor suppressor p53 and
hence is observed in nontransformed cells that have intact p53,
such as primary human foreskin fibroblasts (30, 52). Addition
of PALA to the medium of growing subconfluent cells caused
them to assume a flat morphology and inhibited incorporation
of BrdU. But PALA, in doses as high as 120 uM that clearly
arrest cell growth, did not induce CHOP (Fig. 4B and D). The
increase in the level of p53 (Fig. 4B), which may be due to cell
cycle changes induced by PALA, serves as an indication that
the cells responded to the agent. Thus, growth arrest is not
uniformly associated with the induction of CHOP.

DNA damage does not uniformly induce CHOP. The ability
of BiP overexpression to attenuate CHOP induction by MMS
(Fig. 3B) suggests the possibility that the effects of MMS are
mediated through the development of stress in the ER and not,
as has been thought, solely through the induction of DNA
damage (16). Because of the potential for MMS to alkylate
both proteins and DNA, a compound was sought that could
mimic the effects of MMS on DNA, without modifying pro-
teins. HmdUrd is incorporated into DNAs of cells and leads to
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FIG. 3. Overexpression of the ER chaperone BiP attenuates the induction of CHOP. (A) Characterization of the BiP-overexpressing cells, CHO-WT. The upper
panel is a Northern blot of whole-cell RNA hybridized with the hamster BiP cDNA. The positions of the endogenous BiP mRNA and the larger exogenous form are
indicated to the right of the autoradiogram. The lower panel shows metabolically labeled immune precipitated (IP) GRP94. Note the induction of endogenous BiP and
GRPY4 in response to tunicamycin (10 pg/ml) in the parental CHO cells and the attenuated induction in the cells overexpressing BiP. (B) Attenuated induction of
CHOP in response to tunicamycin and MMS in the BiP-overexpressing cells. A Western blot of CHOP and TLS (the internal control) in parental and CHO-WT cells
following treatment with tunicamycin (10 pg/ml) or MMS (100 pg/ml) is shown. (C) MMS treatment causes ER proteins to associate with BiP. [**S]methionine-labeled
proteins were immunoprecipitated with a monoclonal antibody (Ab) to BiP (or an unrelated antibody) from detergent lysates of cells treated for 2.5 h with MMS (100
wg/ml), tunicamycin (25 pg/ml), or untreated cells. BiP and its associated proteins are revealed by autoradiography of the SDS-polyacrylamide gel of the coimmu-

noprecipitating proteins. Molecular mass markers are noted at the left.

the creation of an apurinic site (8) similar to the one remaining
after excision repair of bases methylated by MMS (27). Either
because of reduced incorporation of the agent into DNA (7) or
because of failure to excise the modified base once incorpora-
tion has occurred (6), not all cells are responsive to the DNA-
damaging effects of HmdUrd. We chose therefore to examine
a clone of Chinese hamster lung fibroblasts (V79) that is
known to be responsive to HmdUrd (8). In these cells, Hm-
dUrd in doses of up to 4 uM failed to induce CHOP, whereas
MMS was fully active (Fig. SA). Both compounds led to an
induction of G, cell cycle arrest, as revealed by FACS analysis
of cellular DNA content (Fig. 5B). This indicates that Hm-
dUrd was active in this experiment. We also note that HmdUrd
did not lead to induction of BiP, whereas MMS did (Fig. 5C),
further strengthening the correlation between ER stress and
the induction of CHOP.

To analyze further the relationship between DNA damage
and the induction of CHOP, a physical agent that induces
DNA damage by a mechanism different from that of MMS was
used. UV light leads to the formation of pyrimidine dimers and
induces growth arrest by activating a p53-dependent pathway
(22, 24). CHOP expression in response to UV light was exam-
ined in several cellular systems. In primary cultures of human

foreskin fibroblasts that have wild-type p53 protein, the protein
is induced by UV light, serving as an indicator that DNA
damage has occurred (Fig. 6A, lower panel), but CHOP is not
induced (upper panel). Since in HeLa and 3T3 cells changes in
p53 levels are a poor reflection of the response to UV light, we
relied on the ability of UV light to activate members of the
stress-activated protein kinase family as an indication of the
cellular response to the agent. UV light led to a dramatic
increase in levels of SAPKla and SAPK1B enzymatic activity,
but not to induction of CHOP (Fig. 6B). Both MMS and UV
light induce the SAPKSs, indicating that their activation is not
sufficient to induce CHOP.

These results differ from those of other experiments in which
CHOP or GADD153 has been found to be modestly responsive
to UV light (15-18). Close examination of the published re-
ports revealed that CHOP induction by UV light was associ-
ated with high baseline levels of the mRNA in the untreated
cells (reference 15, Fig. 2A therein, and reference 18, Fig. 6
therein; contrast these figures with reference 16, Fig. 1 and the
untreated lane therein, and Fig. 5 here). This finding suggests
that culture conditions of the cells in those specific experiments
may have favored the induction of CHOP by mechanisms in-
dependent of (or possibly even synergistic with) UV light. To
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FIG. 4. Growth arrest does not uniformly induce CHOP. (A) 3T3 L1 cells and human foreskin fibroblast cells (HFF) were kept at confluence for the indicated time
periods to reach contact inhibition and growth arrest. Whole-cell lysates were prepared and probed for the presence of CHOP by Western blot analysis. Induction of
CHOP by MMS controls for the inducibility of CHOP under these culture conditions (lanes 3 and 7) is shown. (B) The enzymatic inhibitor PALA, which interferes
with nucleotide metabolism and induces growth arrest, does not induce CHOP. Human foreskin fibroblasts were cultured in the presence of PALA (120 uM). At the
indicated time points whole-cell lysates were analyzed for CHOP and p53 content by Western blotting (upper and lower panels). (C) Incorporation of BrdU as revealed
by staining of subconfluent (growing) human foreskin fibroblasts, subconfluent cells exposed to PALA (120 uM for 24 h), and cells maintained at confluence for 3 days.
The lower panel shows the nuclei of the same cells stained with the karyophilic dye H33258. (D) Northern blot analysis of CHOP and B-tubulin performed with cells

in parallel with the experiment shown in panel C.

examine this possibility directly and thereby to try to reproduce
the published results, we exposed CHO cells that had been
cultured overnight in a low concentration of glucose to UV
light. As expected, when compared with cells cultured in stan-
dard medium, the cells in low-concentration glucose had ele-
vated basal levels of CHOP. Interestingly, when they were
irradiated with UV light, CHOP was further induced (Fig. 6C).
This induction of CHOP by UV light was also associated with
a superinduction of BiP, suggesting that UV light is capable of
inducing CHOP by a mechanism that is synergistic with the ER
stress pathway.

DISCUSSION

This study suggests a key role for signals elicited by the
stressed ER in the induction of CHOP. Correlative pharma-
cological data indicate that the inducers of CHOP also inter-
fere with proper protein folding in the ER and result in the
induction of BiP (3, 10, 11, 41). More direct evidence is pro-
vided by the induction of CHOP in cells with a conditional
defect in N-linked glycosylation of ER proteins. The fact that
this defect is specific for proteins entering the ER supports the
conclusion that a stress signal emanating from that site is a
major inducer of CHOP. The relatively short latency period
between the induction of the ER defect by switching to culture
at a nonpermissive temperature and the appearance of CHOP
protein suggests that CHOP is responding to an early ER stress
signal.

The primary molecular defect in K12 is not known. The
possibility that these cells harbor a temperature-sensitive mu-
tation in a different gene that is responsible for CHOP induc-
tion, though formally possible, is rendered unlikely by our
observation of CHOP induction in a different, independently

derived hamster cell line, BHK tsBN7, with a temperature-
sensitive mutation in a known component of the protein gly-
cosylation apparatus. The experiments with the two cell lines
do not permit us to distinguish between a situation in which
CHOP responds directly to an ER signal and one in which
CHOP responds to a perturbation in a downstream cellular
process that is itself dependent on the integrity of ER function.
Examples of such a downstream cellular process might include
essential transport functions or signaling processes that require
proper expression of cell surface or secreted molecules.

The experiments in cells overexpressing BiP, however,
strongly support a model in which CHOP responds directly to
an ER stress signal. Overexpression of exogenous BiP inhibits
the induction of genes encoding the glucose-regulated proteins
in response to agents that affect protein folding in the ER (14)
(Fig. 3A). This occurs by attenuation of the ER stress signal,
not by abrogation of the folding defect or its downstream
consequences that persist unabated (14). Therefore, the ability
of BiP overexpression to attenuate CHOP inducibility means
that CHOP is not responding to a distant consequence of ER
malfunction but rather to a proximal stress signal generated in
the ER.

The surprising observation that BiP overexpression attenu-
ates the induction of CHOP in response to MMS led us to
examine both the effects of MMS on ER proteins and the role
of DNA damage in CHOP induction. We find that treatments
that cause DNA damage (such as UV light and HmdUrd) do
not induce CHOP and do not induce an ER stress signal.
Furthermore, treating cells with MMS has a profound effect on
proteins in the ER compartment, which is reflected in an
enhanced association of proteins with BiP and an induction of
BiP and other GRPs. These data, taken together with the
attenuated induction of CHOP in response to MMS in BiP-
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FIG. 5. Treatment of cells with HmdUrd, a compound that mimics the effect
of MMS on DNA but that does not modify other macromolecules and does not
induce CHOP. (A) V79 hamster cells were treated with HmdUrd for the indi-
cated periods of time. Whole-cell lysates were evaluated for CHOP content by
Western blot analysis with a rabbit polyclonal serum to CHOP (upper panel).
Induction of CHOP by MMS (lane 8) serves as a control for the inducibility of
CHOP in these cells. The same blot was probed with an antiserum to CREB to
serve as an internal control. (B) Histograms of the distribution of DNA contents
of untreated cells and cells treated with MMS (100 pg/ml for 1 h, 16 h before
analysis) and HmdUrd (1 wM, continuous treatment for 16 h). Both compounds
induce similar accumulations of cells in the G, and S phases of the cell cycle. (C)
Northern blot of RNA from V79 cells either treated continuously with HmdUrd
(16 h at the indicated dose) or pulsed for 1 h with MMS (100 pg/ml, and
harvested 4 h later) and hybridized with CHOP, BiP, and B-tubulin probes.

overexpressing cells, lead us to conclude that CHOP induction
occurs primarily in response to unfolded proteins in the ER
and not, as previously suggested, through a DNA-damage-
mediated pathway or through growth arrest.

How can one reconcile our finding that two well-established
DNA-damaging stimuli, UV light and HmdUrd, do not induce
CHOP with previous work suggesting that CHOP is a GADD
gene? The results of the original experiments showing that
CHOP is inducible by UV irradiation must be interpreted in
light of the observation that CHOP mRNA levels were un-
physiologically elevated in the untreated cells in those experi-
ments. We were able to reproduce these observations by treat-
ing glucose-starved cells with UV light. We interpret the
observed synergism of UV light with low-concentration glucose
in the induction of CHOP to indicate that in such a setting UV
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light could be working synergistically with an ER stress signal.
The superinduction of BiP in response to UV light in the
glucose-starved cells and its absence in the cells growing in rich
medium (Fig. 6C, compare the BiP signals in lanes 1 and 2 with
those in lanes 3 and 4) lends further support to this interpre-
tation.

What might be the physiological significance of the induc-
tion of CHOP by an ER stress signal? In adipogenic cell lines,
culture in low-concentration glucose, a physiological inducer of
CHOP known to cause ER stress, markedly inhibits the differ-
entiation process (4, 10). Forced expression of CHOP can fully
account for this inhibition of differentiation, which is depen-
dent on the ability of CHOP to antagonize the activities of
C/EBP proteins at several levels (4). Taken together with the
findings presented here, this supports a model, originally al-
luded to by Carlson et al. (10), in which CHOP is an effector of
the response of cells to ER overload. In the adipogenic lineage,
this translates to inhibiting differentiation, a process known to
be associated with increased levels of protein secretion (26).
To the extent that C/EBP transcription factors positively reg-
ulate the expression of secreted proteins in a variety of organs
(33), induction of CHOP may broadly mitigate ER stress by
attenuating the expression of genes that encode secreted pro-
teins. The induction of GRP genes is a late event compared
with the induction of CHOP (Fig. 3) and, in contrast to the
induction of CHOP, is dependent on new protein synthesis
(reference 41 and our unpublished observations). It is possible
therefore that CHOP participates in the induction of the
GRPs. Our recent finding that CHOP has a stress-regulated
positive transcriptional activation function (49, 51) fits well
with such a speculation.

In addition to its effects on differentiated gene expression,
CHOP may also play a role in regulating cell growth. Forced
expression of CHOP to a high level can, under some condi-
tions, lead to cell cycle arrest (2, 53). It is thus possible that
CHOP participates in a signaling pathway that modifies cellu-
lar proliferation in response to stress in the ER. The need to
modify growth in response to stress is shared by organisms
from bacteria to mammals and presumably reflects the impor-
tant role this process has in adaptation to a hostile environ-
ment (19). One attractive hypothesis is that the cell has distinct
pathways for transducing growth-arrest signals in response to
specific forms of stress. K12 cells undergo cell cycle arrest at
the nonpermissive temperature, suggesting a direct link be-
tween ER stress and cell cycle control (35). We speculate that
CHOP occupies a niche in a pathway linking the ER to this
response, whereas p53, for example, serves a functionally sim-
ilar role in response to various forms of DNA damage. A
naturally occurring altered form of CHOP that is incapable of
eliciting growth arrest (2) has been identified as the myxoid
liposarcoma oncogene (12, 54). This suggests that derange-
ment in the pathway linking ER stress to growth arrest may
predispose cells to the development of neoplastic transforma-
tion.
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