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Cellular stress, particularly in response to toxic and metabolic insults that perturb function of the
endoplasmic reticulum (ER stress), is a powerful inducer of the transcription factor CHOP. The role of CHOP
in the response of cells to injury associated with ER stress was examined in a murine deficiency model
obtained by homologous recombination at the chop gene. Compared with the wild type, mouse embryonic
fibroblasts (MEFs) derived from chop -/- animals exhibited significantly less programmed cell death when
challenged with agents that perturb ER function. A similar deficit in programmed cells death in response to
ER stress was also observed in MEFs that lack CHOP’s major dimerization partner, C/EBP, implicating the
CHOP-C/EBP pathway in programmed cell death. An animal model for studying the effects of chop on the
response to ER stress was developed. It entailed exposing mice with defined chop genotypes to a single
sublethal intraperitoneal injection of tunicamycin and resulted in a severe illness characterized by transient
renal insufficiency. In chop +/+ and chop +/- mice this was associated with the early expression of CHOP in
the proximal tubules followed by the development of a histological picture similar to the human condition
known as acute tubular necrosis, a process that resolved by cellular regeneration. In the chop -/- animals, in
spite of the severe impairment in renal function, evidence of cellular death in the kidney was reduced
compared with the wild type. The proximal tubule epithelium of chop -/- animals exhibited fourfold lower
levels of TUNEL-positive cells (a marker for programmed cell death), and significantly less evidence for
subsequent regeneration. CHOP therefore has a role in the induction of cell death under conditions associated
with malfunction of the ER and may also have a role in cellular regeneration under such circumstances.
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The CHOP gene (encoding the C/EBP homologous pro-
tein-10, also known as GADD153) is regulated tightly by
stress in a wide variety of cells. Initially isolated based
on its inducibility by genotoxic stress (Fornace et al.
1988), subsequent studies revealed that the gene is most
responsive to perturbations that culminate in the induc-
tion of stress in the endoplasmic reticulum (ER). CHOP
expression is coordinately regulated with the ER chaper-
one BiP (Wang et al. 1996; Brewer et al. 1997; Halleck et
al. 1997) and is inducible by agents that directly (Bartlett
etal. 1992; Chen et al. 1992; Price and Calderwood 1992;
Halleck et al. 1997) or indirectly (Carlson et al. 1993;
Marten et al. 1994; Bruhat et al. 1997) lead to an impair-
ment in the folding environment of the ER (ER stress).
The mechanism by which ER stress leads to CHOP gene
expression is not known, however, the signal for CHOP
induction appears to emanate from the ER itself and is
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not simply a downstream consequence of impaired ER
function (Wang et al. 1996).

ER stress regulates CHOP not only by inducing expres-
sion of the gene. The CHOP protein undergoes stress-
inducible phosphorylation by stress-inducible members
of the p38-MAP kinase family and phosphorylation is
associated with enhanced transcriptional activation by
CHOP (Wang and Ron 1996). This result, together with
previous experiments that had shown that CHOP is a
nuclear protein that forms stable heterodimers with C/
EBP family members (Ron and Habener 1992) and that
the dimers are capable of recognizing novel DNA target
sequences (Ubeda et al. 1996), suggests that CHOP may
have arole in transducing signals from the stressed ER to
changes in gene expression. A role for CHOP in effecting
significant alterations in cellular phenotypes is sug-
gested by the observation that forced overexpression of
the protein leads to induction of growth arrest (Barone et
al. 1994; Zhan et al. 1994) and by the association be-

982 GENES & DEVELOPMENT 12:982-995 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org



tween the expression of an altered form of CHOP—that
encoded by the tumor-specific translocation-derived
TLS-CHOP fusion oncogene—and the development of
human liposarcoma (Crozat et al. 1993; Rabbitts et al.
1993).

ER stress is present in physiological and pathological
conditions. Examples include tissue ischemia and exci-
totoxicity in neurons (Lowenstein et al. 1994; Kuznetov
et al. 1996). These insults are associated with striking
alterations in cellular phenotypes that include changes
in gene expression, cell death, and in some cases, tissue
regeneration. In naturally occurring cellular injuries, ER
stress is but one component of a general perturbation in
homeostasis and it is very difficult to determine which,
if any, of the phenotypic changes observed are a response
to stimuli arising specifically from that cellular compart-
ment. Analysis of more defined cellular systems in
which ER function is perturbed, suggest a link between
ER stress and the induction of programmed cell death.
This is the case both in cells cultured in the presence of
tunicamyecin, an inhibitor of protein glycosylation (Lars-
son et al. 1993; Pérez-Sala and Mollinedo 1995; Carlberg
et al. 1996; Chang and Korolev 1996; Dricu et al. 1996)
and in cells that harbor temperature-sensitive mutations
in essential components of the ER glycosylation appara-
tus (Nakashima et al. 1993; Silberstein et al. 1995). The
aforementioned experimental systems do not distin-
guish between a possible role for the ER stress signal in
inducing cell death and the possibility that cell death is
a downstream consequence of impaired ER function; as
might occur, for example, if essential secreted or mem-
brane-bound proteins fail to fold properly. Recent stud-
ies, however, suggest that the ER stress-signal may have
a direct role in promoting cell death. BiP overexpression
in Chinese hamster ovary (CHO) cells attenuates both
the ER stress-signal and the cell death that is observed in
response to calcium ionophore (Morris et al. 1997) and
blocking the expression of BiP by means of antisense
constructs increase the lethality of agents that promote
ER stress (Little and Lee 1995; Liu et al. 1997). The me-
diators of a possible link between ER stress and cell
death, however, remain unknown.

The tight linkage between ER stress and CHOP ex-
pression and activation suggests that CHOP may have a
role in eliciting cellular responses to perturbations asso-
ciated with ER stress. To explore this possibility, we
have created mice that are nullizygous for the chop gene
and subjected the mice and cells derived from them to
insults that result in ER stress. Here we report that these
mice and cells derived from them are defective in the
development of programmed cell death in response to ER
stress. We discuss the significance of this defect in the
context of the adaptation of the organism to situations
that promote ER stress.

Results

Cells that lack CHOP have a normal ER stress
response

By homologous recombination in murine ES cells, the

CHORP and cell death

coding region of chop was replaced by a neo resistance
gene. Aggregation chimeras prepared with these ES cells
transmitted the ES clone through the germ line, and ani-
mals heterozygous for the disrupted chop allele were
mated to produce the nullizygous state (Fig. 1A). chop
—-/- mice were born at the expected frequency, appeared
phenotypically normal and had normal fertility and re-
productive behavior. The mutant allele was maintained
in two different genetic backgrounds with similar results
(F, crosses of 129SVJ;,CD1 and 129SVJ;129SVEV).

chop +/- females were mated to chop +/- males and
mouse embryonic fibroblasts (MEFs) were prepared from
embryonic day 13.5 (E13.5) embryos. When treated with
tunicamycin, the chop gene is induced to high levels in
the chop +/+ cells but is undetectable in the chop -/-
cells, consistent with lack of expression of the protein in
the nullizygous cells. Induction of the ER chaperone BiP
is indistinguishable in the two cell populations, indicat-
ing that CHOP is not required for the ER stress response
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Figure 1. Deletion of the chop gene. (A) Structure of wild-type
and mutant chop alleles. Exons are boxed, the coding region is
shaded. In the targeted allele the chop-coding region, between
the Pmll and the Nhel sites is replaced by a PGK.neo gene (Apa—
Apal, X-Xhol, Bgl-Bglll, P-PmIl, Nhe-Nhel, Xba-Xbal). (Inset)
An autoradiograph of a Southern blot of Bglll-digested genomic
DNA hybridized with a 3’ probe that is external to the targeting
construct and detects both the wild-type and mutant chop alle-
les. (B) Northern blot analysis of CHOP, BiP, and tubulin in
tunicamycin-treated (1 pg/ml for 6 hr) MEFs with the indicated
chop genotypes. Note the absence of CHOP mRNA and the
normal BiP induction in the chop -/~ cells.
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and suggesting further that cells with both chop geno-
types are indistinguishable from the point of view of the
development of ER stress (Figs. 1B and 2A).

Cells lacking chop have increased resistance to the
death-promoting effects of agents that cause ER stress

CHORP is markedly induced by tunicamycin, thapsigar-
gin (an ER-specific calcium ATPase inhibitor) and
A23187 (a calcium ionophore)—all agents that cause ER
stress (Price and Calderwood 1992; Fig. 2A). We treated
pools of early-passage MEFs derived from sibling em-
bryos with chop +/+ or chop -/- genotypes with agents
that cause ER stress and observed the cells periodically

A

by phase-contrast microscopy over a period of 48 hr. A
reproducible pattern was noted. After a lag period (that
ranged from 110 hr in the case of A23187 to (116 hr in the
case of tunicamycin), the chop +/+ cells began to round
up and became strikingly hyper-refringent, ultimately
the cells detached from the substratum and floated in the
media. The entire process was complete in 48 hr. The
chop —/- cells on the other hand were strikingly resis-
tant to these changes. At the time when the chop +/+
cells began to round up, the chop -/~ cells were for the
most part flat and adherent (Fig. 2B). Eventually the chop
-/~ cells did die in response to the toxins, but this was at
a considerable delay with respect to the chop +/+ cells,
and chop -/- cells remained attached to the substratum
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Figure 2. chop-deficient cells have enhanced survival when challenged with toxins that induce ER stress. (A) Western blots of CHOP
and TLS (an internal control) proteins in lysates from MEFs with the indicated chop genotype following 6 hr of treatment with
tunicamycin (TUN, 1 pug/ml), thapsigargin (TG, 2 um), and calcium ionophore (A23187, 2 um). (B) Phase-contrast photomicrograph of
MEFs treated for 24 hr with the indicated compounds (320x). (C) Quantification of the fraction of dead cells as a function of time in
tunicamycin treated MEFs with the indicated genotypes. (D) Survival of cells plated at low density and treated for 24 hr with the
indicated dose of tunicamycin and then changed to normal growth media. At each dose, the humber of colonies at 10 days in the
treated plates is compared with the number of colonies in an untreated plate of the same density. Shown are mean and s.D. of a typical
experiment performed in triplicate and repeated three times using independently prepared pools of MEFs.
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long after all the chop +/+ cells had detached. The tem-
poral profile of the response of the cells with the two
genotypes is depicted in graphic form in Figure 2C.

To determine if the differences in cell morphology ob-
served between the two genotypes following tunicamy-
cin treatment were also reflected in differences in cell
viability, clonigenic experiment were performed. In
these, cells with either genotype were plated at low den-
sity, treated with tunicamycin for 24 hr, and then al-
lowed to recover and form colonies. A similar assay has
been used by Lee and co-workers to reveal a role for BiP
in promoting survival of cells in response to ER stress
(Little and Lee 1995). For each dose of tunicamycin used,
the chop -/- cells formed three- to fivefold more colo-
nies than the chop +/+ ones (Fig. 2D). This indicates that
a chop -/- genotype is associated with increased viabil-
ity in cells challenged with the toxin.

Similar results to those shown above were observed
with three different pools of MEFs procured on separate
occasions, and were also found consistently when com-
paring individual clones with chop +/+ and chop -/-
genotypes. The MEFs in Figure 2, B-D, were derived
from embryos that had an equal contribution of genes
from an outbred CD1 strain and the 129/SVJ strain (from
which the targeted ES cells were derived). The experi-
ment was also repeated, with similar results, in MEFs
derived from more inbred animals with an equal contri-
bution of 129/SVJ and 129/SVEV. To the extent, how-
ever, that 129/5V)J has recently been shown to be a ‘“‘con-
taminated inbred strain” (Threadgill et al. 1997), none of
these pools of MEFs can be considered truly isogenic.
The use of sibling embryos and the pooling of MEFs from
multiple embryos, however, minimizes the effects varia-
tion in the genetic composition of the cells may have on
the phenotype in question. chop +/+ cells were also com-
pared with chop -/+ cells in the aforementioned assays
and no differences between these two genotypes were
detected. We conclude that the absence of CHOP pro-
motes increased survival of cells exposed to ER stress
and that, within the resolution limits of our assay, a
chop gene-dose effect is not discernible.

Programmed cell death in response to ER stress is
attenuated in chop -/- cells

Tunicamycin has been reported previously to induce
programmed cell death in a variety of cultured cells
(Larsson et al. 1993; Carlberg et al. 1996; Dricu et al.
1996). To determine if the increased resistance of chop
-/~ cells to the death-promoting effects of tunicamycin
is attributable to a decrease in programmed cell death,
we performed FACS analysis of DNA content of tunica-
mycin-treated MEFs. After 24 hr of treatment with 1
pg/ml of tunicamycin, a distinct population of cells with
sub-diploid DNA content, typical of cells undergoing
programmed cell death, was evident in the chop +/+ cells
but not in the chop -/- cells (Fig. 3A). To confirm these
results, the free 3' OH ends of the DNA from the tuni-
camycin-treated cells from both genotypes were labeled
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in situ by incorporating fluorescent-labeled nucleotides
using terminal deoxynucleotide transferase (so-called
TUNEL assay). The chop +/+ population contained
many more labeled cells than the chop -/- population,
indicating the presence of cells with degraded DNA, a
feature of programmed cell death. Finally, the cells were
counterstained with the fluorescent DNA-binding dye
H33258, which revealed the presence of many more cells
with condensed chromatin in the chop +/+ population
than in the chop -/- one. Quantification of these results
reveals a fourfold lower frequency of markers of pro-
grammed cell death in the chop -/- population when
compared with the chop +/+ one (Fig. 3). Based on these
results, we conclude that the decrease in cell death in the
chop -/- population is attributable to a decrease in the
proportion of cells with morphological and biochemical
properties of programmed cell death.

Overexpression of CHOP protein is capable of induc-
ing growth arrest in cycling cells (Barone et al. 1994,
Zhan et al. 1994). Tunicamycin treatment has also been
linked to the induction of growth arrest (Carlberg and
Larsson 1993). To determine if CHOP has a role in the
ability of tunicamycin to block cell-cycle progression,
cycling MEFs with chop +/+ and chop -/- genotypes
were synchronized by serum deprivation and then re-fed
serum containing media in the presence or absence of
tunicamycin (1 pg/ml). Twelve hours later, the cells
were pulsed with BrdU for 2 hr to label newly synthe-
sized DNA, fixed and stained with a fluorescent anti-
body to BrdU and the fluorescent DNA-binding dye prop-
idium iodide. Dual channel FACS analysis showed that
tunicamycin treatment resulted in a significant reduc-
tion in the fraction of cells incorporating BrdU (Fig.
3C)—consistent with the ability of tunicamycin to in-
duce cell-cycle arrest (Carlberg and Larsson 1993). The
reduction in BrdU labeling, however, was not signifi-
cantly different in cells with different chop genotypes. If
anything, a trend toward lower incorporation of BrdU in
tunicamycin-treated cells was apparent in the chop -/-
genotype when compared with the chop +/+ one, and we
noted that the tunicamycin-treated chop -/- cells had a
flatter morphology than the chop +/+ ones (Fig. 2B).
Therefore, CHOP does not appear to have an important
role in the cell-cycle arrest in response to this toxin.

Programmed cell death in response to ER stress is also
attenuated in cells lacking CHOP’s major
dimerization partner C/EBPg

The predominant dimerization partner of CHOP in ro-
dent fibroblasts is C/EBPB (Barone et al. 1994; Zinszner
et al. 1994). To the extent that CHOP does not form
homodimers (Ubeda et al. 1996), its activity should be
dependent on the presence of a dimerization partner and
therefore one would expect that MEFs deficient in
C/EBPB would exhibit an attenuated programmed cell
death response when challenged with tunicamycin.
Pools of MEFs from embryos derived by mating c/ebpp
+/- females and c/ebpp -/- males (a gift of Valeria Poli,
University of Dundee, UK) were treated with tunicamy-
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Figure 3. The enhanced survival of chop -/- MEFs is attributable to
less programmed cell death when challenged with tunicamycin. (A)
Analysis of DNA content by FACS of fixed, propidium iodide-stained
MEFs with the indicated chop genotype that had been treated for 24
hr with tunicamycin (1 pg/ml). Note the presence of a population of
cells with hypo-diploid DNA content typical of programmed cell
death (double arrowhead). (B) (Top panel) Fluorescent photomicro-
graphs (200x%, 400x, inset) of MEFs with the indicated chop genotype
after 24 hr of tunicamycin treatment (1 pg/ml) whose DNA was
3’-end labeled with fluorescent nucleotides (TUNEL assay). (Bottom
panel) Cells stained with the DNA-binding dye H33258 to reveal the
presence of cells with condensed chromatin (arrows). The fraction of
TUNEL-positive cells after 24 hr of tunicamycin (1 pg/ml) was com-
pared in four individual clones of chop +/+ MEFs and chop —/- MEFs
(28.2% £ 4.8% and 6.75% * 3.6 mean and s.D. respectively, p = 0.02,
two-tailed t-test). (C) MEFs with either chop genotype undergo cell
cycle arrest when exposed to tunicamycin. Shown is a dual-channel
FACS analysis of MEFs released from serum starvation in the pres-
ence of tunicamycin (1 pg/ml) and 12 hr later pulsed with BrdU for
2 hr before harvest, fixed and stained with anti-BrdU to reveal the
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fraction of cells in S-phase and propidium iodide to estimate DNA content. Note that the fraction of cells in S-phase and M2 is lower
in the treated than in the untreated cells with an even greater reduction in the chop -/- compared with the chop +/+ cells.

cin and observed by phase microscopy. The c/ebpp +/-
MEFs exhibited a normal response to tunicamycin as
observed for the wild-type MEFs from the chop stock.
The c/ebpp -/- MEFs, however, experienced signifi-
cantly delayed onset of death and detachment from the
plate, similar to the chop -/- cells (Fig. 4A,C). H33258
staining of the cells confirmed that the differences in
survival were attributable to differences in the propor-
tion of cells exhibiting morphological features of pro-
grammed cell death (Fig. 4B). It has been suggested pre-
viously that C/EBPB may have a role in the induction of
the chop gene in response to stress (Fawcett et al. 1996).
We therefore examined the induction of CHOP protein
in tunicamycin-treated MEFs with different c/ebpp
genotypes. A robust induction of CHOP was evident in
both c/ebpp +/-and c/ebpp -/- MEFs, indicating that at
least in this stress-inducible system C/EBPR is not re-
quired for CHOP induction (Fig. 4D). This result also
suggests that cells with both c/ebpp genotypes respond
to tunicamycin with an equally vigorous ER stress re-
sponse. The latter conclusion is also supported by the
observation that BiP mRNA induction is comparable in
both c/ebppB genotypes (data not shown). These results
are consistent with a role for a CHOP-C/EBPB hetero-
dimer in the development of programmed cell death in
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response to ER stress. A role for C/EBPR overexpression
in promoting cell death has been uncovered in myeloid
cells (Muller et al. 1995); however, it is not known
whether that process proceeds by a CHOP-dependent
pathway or independently of CHOP.

Tunicamycin-treated chop —/- mice have decreased
programmed cell death in the renal proximal tubular
epithelium

A major limitation to the study of cells procured from
embryos with defined genotypes is the difficulty in dis-
criminating between effects of the mutation on the pro-
cess in question from the effects of the mutation on the
adaptation of cells to culture conditions, with the latter
influencing the process being studied. In vivo models
circumvent this limitation. To develop an in vivo sys-
tem for the study of the potential effects of chop on the
phenotype of injured cells, mice were injected with vari-
ous doses of tunicamycin and examined for the induc-
tion of CHOP mRNA and protein. Sublethal doses of the
toxin (0.25-1 mg/kg) induced a profound increase in
CHOP mRNA in the kidney. Levels of CHOP mRNA are
seen to rise within a few hours of tunicamycin injection
and elevated levels persist for 2-3 days (Fig. 6C, below).
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Figure 4. MEFs lacking CHOP’s major dimerization partner, C/EBP, are also resistant to the death-promoting effects of tunicamy-
cin. (A) Photomicrograph (300x) of MEFs with the indicated c/ebpB genotype 24 hr after treatment with tunicamycin (1 pg/ml). (B)
Nuclear morphology of the same cells fixed and stained with the DNA-binding dye H33258. Note the increased fraction of cells with
condensed chromatin in the c/ebp +/- population. (C) Quantification of the fraction of dead cells as a function of time in the two
populations, analyzed as in Fig. 2C. (D) Intact CHOP response to tunicamycin in the c/ebpp mutant cells. Shown is a Western blot
of CHOP and TLS (the internal control) in untreated and tunicamycin-treated cells with the indicated genotypes.

Tunicamycin injection also resulted in a reproducible
clinical picture consisting of lassitude, lack of grooming,
and weight loss that peaked between day 4 and 5 post-
injection and was followed by recovery on days 7-8. The
peak of weight loss also corresponded to an increase in
blood urea nitrogen (BUN) and creatinine (a reflection of
renal impairment), although these parameters proved
more variable between animals than the weight loss and
kidney histology (see below). These clinical phenomena
are similar to those described in other species following
tunicamycin injection (Koj et al. 1986; Finnie and O’Shea
1988, 1989). Frozen sections of tunicamycin-treated kid-
neys from wild-type mice were immunostained for
CHOP protein. Bright staining was evident in the proxi-
mal tubular epithelium (Fig. 5A). We therefore focused
our analysis on this CHOP-expressing cellular compart-
ment.

Tunicamycin treatment resulted in a highly reproduc-
ible histological picture in the kidneys of wild-type
mice. By 72 hr, and peaking between 96 and 120 hr after
treatment, the proximal tubular epithelial cells swell,
followed by the appearance of cell ghosts with pyknotic
nuclei and tubules with focal areas of denuded basal
lamina. In the lumen of some of the tubules, cellular
debris could be observed and this correlated with the
appearance of cellular casts in the urine of the animals.
The process was multifocal and temporally dispersed

with affected tubules directly abutting normal appearing
ones. Of note, the histological alterations were confined
to the proximal tubular epithelium—the same compart-
ment that expresses CHOP. The glomeruli, blood ves-
sels, and distal tubular cells are spared (Fig. 5B). The
appearance of pyknotic nuclei correlated with the pres-
ence of cells that stained positive for free 3’ OH DNA
ends by the TUNEL assay (Fig. 5C). Evidence for regen-
eration was offered by the appearance of tubular cells
that incorporated BrdU in animals injected with this S-
phase marker (Fig. 6A) and by the emergence of many
cells lining the tubule that stained positive for vimentin
(Fig. 6B), a known regeneration marker in the proximal
tubular epithelium (Wallin et al. 1992; Witzgall et al.
1994). By day 8 postinjection, all histological evidence of
cellular damage had subsided and the kidneys appeared
normal. This chain of events resembles that seen in
other experimental toxic or metabolic insults to the kid-
ney and is similar to the human disorder that is induced
by ischemia, infection, and multiple toxins and is re-
ferred to as acute-tubular necrosis (Nonclercq et al. 1989;
Wallin et al. 1992; Witzgall et al. 1994).

In the chop —/- animals the histological picture was
significantly milder than that observed in the chop +/-
animals. Some swelling of the proximal tubular epithe-
lial cells was apparent at higher magnification and elec-
tron micrographs revealed that in both genotypes, tuni-
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Figure 5. Attenuated tissue response to
tunicamycin in chop -/- mice. (A) CHOP
is induced in the proximal renal tubular
epithelium in response to tunicamycin in-
jection. Photomicrographs (100x and 400x,
inset) of rabbit anti-CHOP immunofluo-
rescence on frozen sections of kidneys
from mice with the indicated genotypes 24
hr after tunicamycin injection (1 mg/kg,
IP). Note the intense CHOP nuclear stain-
ing of the tubular cells (inset) in the corti-
cal portions of the kidney of the treated
chop +/+ sample. (B) Histological analysis
of kidney sections from mice with indi-
cated chop genotypes following tunicamy-
cin injection (1 pg/kg). The hematoxylin
and eosin stained samples are shown at
magnifications of 100x and 400x and the
ultrathin toludine-blue section is magni-
fied 1000x. The electron micrographs (EM)
are at a magnification of 4000x, “CAP” in-
dicates a capillary. Note the presence of
pyknotic nuclei and debris in the tubules
of the +/- animals on days 4 and 6 and the
absence of conspicuous light-microscopic
changes in the -/- samples. At higher
magnification (EM samples) dilated endo-
somes are visible in both genotypes. (C)
TUNEL staining of day 4 kidney sections
from untreated and treated mice of the in-
dicated genotypes (100x). The insets (400x)
are of identical fields stained for TUNEL
and with the DNA-binding dye H33258 to
reveal condensed chromatin (arrowheads).
(D) The number of TUNEL-positive cells
per high-powered field was quantified in
two untreated wild-type (UT), nine tunica-
mycin-treated wild-type, and nine tunica-
mycin-treated -/- mice. Shown is the
mean and s.p. of the number of TUNEL-
positive cells per high-powered field in
each sample. The means in each group
were compared by a two-tailed t-test.

TUNEL
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Figure 6. Regeneration is attenuated in the chop
-/- mice. (A) In vivo BrdU labeling of proximal
tubular epithelial cells 5 days after tunicamycin
injection. The BrdU-positive nuclei stain darkly
(top panels, 100x%; bottom panel, 400x). (B) Vimen-
tin staining of frozen kidney sections following tu-
nicamycin treatment. Note the increase in the

number of vimentin-positive cells that line the tu-
l bules of the treated chop +/- samples (arrow-
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camycin treatment resulted in typical changes consist-
ing of severe dilation of the ER and the formation of
pseudomyelin structures (Glassy and Ferrone 1981). Cell
death leading to denuded basal lamina and nuclear pyk-
nosis, however, were less frequent in the -/- kidneys
(Fig. 5B). This correlated with significantly fewer cells
that stained positive by the TUNEL assay in the chop
-/- animals when compared with their chop +/+ litter-
mates. Staining of the tunicamycin-treated chop +/+ kid-
neys with the DNA-binding dye H33258 revealed a chro-
matin condensation pattern typical of programmed cell
death (Fig. 5C). The TUNEL staining in the tunicamy-

tin-positive mesenchymal cells. (C) Analysis of
LRF/ATF3 expression (a regeneration marker) in
kidneys of animals with the indicated chop geno-
type following tunicamycin injection (1 mg/kg,
IP). (D) Plot of the relative intensity of the LRF/
ATF3 signal as a function of time in animals with
either genotype. Note the lack of sustained expres-
sion of the marker in the chop -/- samples when
compared with the chop +/+ samples. Shown is a
typical experiment that was repeated three times
with similar results.

cin-treated chop -/- animals was still eightfold higher
than the ““background” in untreated animals, indicating
that in the absence of chop, tunicamycin is still capable
of leading to programmed cell death (Fig. 5D). The re-
duced cell death also correlated with less evidence for
cellular regeneration as reflected in fewer vimentin-posi-
tive tubules and BrdU-positive cells in the kidneys of
tunicamycin-injected chop -/- mice compared with
their chop+ littermates (Fig. 6A,B). The effect of the chop
genotype on regeneration is also reflected in nonsus-
tained expression of the regeneration marker LRF1/
ATF3 in kidneys of chop —/-animals (Hsu et al. 1991)—a
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reproducible finding in all three experiments performed
(Fig. 6C).

These genotype-related differences in response to tu-
nicamycin were observed at doses of the toxin ranging
from 0.25 mg/kg to 1 mg/kg (lower doses were without
effect and higher doses were associated with early lethal-
ity by 36-48 hr). The uniformity of the clinical and his-
topathological response to tunicamycin injection in the
chop +/- and chop +/+ animals, suggests that genetic
variation in the outbred stock (in which both the wild-
type and mutant chop alleles are maintained) has a mini-
mal effect on the response to tunicamycin toxicity. Fur-
thermore, to minimize any effect random variation in
the gene pool may have on the parameters we studied,
each animal was matched with a same sex sibling of a
different chop genotype. Like the experiments on the
MEFs described in the previous section, we used lines of
mutant mice maintained in two different (albeit not
completely inbred) genetic backgrounds—129SVJ;,CD1
and 129SVJ;129SVEV. The effect of the chop genotype on
the renal syndrome induced by tunicamycin was evident
in both genetic backgrounds.

In spite of the attenuated histological response to tu-
nicamycin injection in chop -/- Kkidneys, the clinical
disorder induced by the toxin is no less severe in these
animals than in their chop+ counterparts. Weight loss,
lassitude, and impaired renal function, as reflected in
elevated blood urea nitrogen and creatinine, were similar
in the two groups of animals. These clinical observations
correlate with the electron micrographs that shows se-
vere ultra-structural changes in both genotypes (Fig. 5B).
These results therefore support the conclusion that
CHORP has a role in the induction of programmed cell
death in response to ER stress not only in cultured cells
but also in animals.

Discussion

The studies described herein, comparing cells and ani-
mals that do and do not express CHOP, point to a role for
this transcription factor in controlling the development
of programmed cell death in response to toxins that in-
duce ER stress. This interpretation must be qualified by
certain considerations. It is formally possible, that the
targeted mutation that replaces the CHOP-coding region
with a PGK-neo cassette is affecting the expression of a
linked gene and it is the altered expression of the latter
that gives rise to the observed phenotype. This is a ge-
neric concern in interpreting gene targeting experiments
in mice and can only be definitively laid to rest by rescue
of the phenotype through complementation in trans.
The fact that c/ebpp —-/- MEFs that lack CHOP’s major
dimerization partner, however, also exhibit a similar
phenotype suggests that a defect in the chop-c/ebpp
pathway and not the inactivation of a chop-linked gene
is responsible for the phenotype observed in the chop -/-
cells. It is also formally possible that chop exerts its ef-
fect during ontogeny, by affecting developmental pro-
cesses that have an impact on the manner in which cells
are programmed to respond later to ER stress. We do not,
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however, favor this latter explanation. First, because
CHORP is not normally expressed in cells and the chop
-/-animals do not have other detectable developmental
defects. Secondly, CHOP is strongly induced by ER
stress and this induction precedes the development of
the manifestations of programmed cell death by hours in
the case of the cultured MEFs and by days in the case of
the kidneys in vivo, making it likely that the phenotype
observed in the chop -/~ cells and animals is attributable
to defective signaling downstream of chop. Finally, over-
expression of CHOP has been linked to the induction of
programmed cell death in growth-factor dependent 32D
myeloid precursor cells, providing additional evidence
for a causal link between CHOP expression and apopto-
sis (Friedman 1996).

We have attempted to rescue the CHOP-dependent
death phenotype in chop -/- cell lines derived from
MEFs by constitutive overexpression of CHOP and did
not observe a reproducible effect of the transgene on cell
death in response to ER stress. Interpretation of that ex-
periment, however, is made difficult by the intrinsic
variation in the death response exhibited by subclones of
immortal rodent fibroblasts and by the fact that consti-
tutive expression is also likely to be a poor substitute for
the normally tightly regulated inducible expression of
the endogenous gene. Constitutive expression of CHOP
may be associated with down-regulation of components
of the pathway needed for CHOP signaling. For example,
we have noted that C/EBPf protein levels are lowered by
CHOP expression in NIH-3T3 cells (Zinszner et al.
1994). Furthermore, the very process of selection of
CHOP-expressing cells for study may be biased against
clones with an enhanced proclivity to undergo cell
death. The ideal rescue experiment would be to intro-
duce back into the cells or the animal a chop transgene
that completely mimics the endogenous one. We are cur-
rently in the process of defining the sequences required
for such a transgene.

Toxins that perturb ER function might be implicated
in promoting cell death through multiple overlapping
pathways. For example, failure to express essential cell
surface receptors might result in triggering a death signal
through growth factor deprivation (Dricu et al. 1996) and
the changes that occur in intracellular Ca** dynamics
during ER stress may also contribute to the process (Lam
et al. 1994; Distelhorst et al. 1996; Liu et al. 1997).
Therefore, in cells undergoing ER stress, it seems likely
that chop carries out its role in promoting the manifes-
tations of programmed cell death against a highly propi-
tious background. Clearly signals other than CHOP ex-
pression are absolutely required, as overexpression of
CHOP in MEFs does not induce programmed cell death
(data not shown). This interdependence between mul-
tiple factors in promoting cell death seems to be the rule
rather than the exception (White 1996). As a conse-
guence perhaps, gain-of-function or loss-of-function mu-
tations in single genes that have an impact on death
pathways tend to have rather modest quantitative effects
(for examples, see Bissonnette et al. 1992; Lowe et al.
1993; Graeber et al. 1996). When viewed against this



background, the approximate fourfold difference in the
manifestations of programmed cell death attributed to
the effect of chop are entirely compatible with a signifi-
cant biological role.

This study does not address the mechanism by which
chop interacts with the death-promoting machinery. We
note, however, that chop does not seem to have a role in
the programmed cell death that occurs in response to
DNA-damaging agents, such as the topoisomerase in-
hibitor etoposide (H. Zinszner, unpubl.), indicating that
chop action may be specific to circumstances associated
with ER stress. The parameters measured here—cell
morphology, TUNEL staining, and cell survival, reflect
the late manifestations of the process. Therefore, we do
not know if chop regulates some aspect of cellular me-
tabolism that modifies ER stress signals, if it participates
in the decision to commit to the death pathway directly
or if it has an impact on the manifestation of the death
process once the pathway has been activated. BiP levels
are similar in tunicamycin-treated MEFs with wild-type
and mutant chop genotypes, suggesting that at least the
upstream components of the ER stress pathway are in-
tact in chop -/- cells. The fact that chop -/- cells are
more sensitive to the growth-arresting properties of tu-
nicamycin than chop+ cells (Fig. 3C) may also indirectly
have an impact on their relative sensitivity to the toxin.
These studies have not addressed possible chop action at
the initiation versus execution of the death program, but
we note with interest that one of the genes identified
recently as being downstream of chop encodes a stress-
inducible cytosolic protein with 49% sequence identity
to gelsolin (X.Z. Wang et al., unpubl.), the latter has re-
cently been implicated in the development of cytoskel-
etal changes in cells undergoing programmed cell death
(Kothakota et al. 1997). Although we have not yet linked
the product of this chop-inducible gene to the phenotype
described here, it is tempting to speculate on the possi-
bility that CHOP directs the expression of genes that
participate in defining the manifestations of pro-
grammed cell death.

What might be the significance of chop’s role in pro-
moting the manifestations of programmed cell death? As
pointed out in the introduction, ER stress and CHOP
induction are features of tissue ischemia (Price and Cal-
derwood 1992; H. Zinszner, unpubl.) and occur in re-
sponse to important nephrotoxins such as cisplatin
(Gately et al. 1996). These conditions are also associated
with tissue damage and programmed cell death (Lieber-
thal and Levine 1996; Zager 1997). Therefore, a role for
chop in the response of tissues to these insults could
have broad clinical relevance. This study focuses on in
Vvivo experiments using tunicamycin because it is a rela-
tively pure system (the intracellular target of tunicamy-
cin is defined) and because it is the least toxic and most
powerful inducer of CHOP we know. Preliminary stud-
ies indicate that kidneys from chop -/- mice also exhibit
less evidence of cell death when challenged with the
nephrotoxin cisplatin or when subjected to temporary
circulatory occlusion (H. Zinszner and D. Ron, unpubl.).
The results reported here using tunicamycin appear,
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therefore, generalizable to other, more physiological
forms of renal injury that are also associated with ER
stress such as ischemia and chemotherapy-induced
nephrotoxicity. The fact that CHOP induction by tuni-
camycin is also observed in the liver and in cultured
primary cerebellar neurons (H. Zinszner and X.Z. Wang,
unpubl.) suggests that the gene may be implicated in
programmed cell death in response to perturbations that
induce ER stress in those cell types as well. An impor-
tant caveat is that we do not know the relative contri-
bution of necrosis and apoptosis to the renal picture in-
duced by tunicamycin—TUNEL positivity can be ob-
served in both cellular processes. The presence of
chromatin condensation in the nuclei of the proximal
tubular cells (Fig. 5C) and the paucity of evidence for
inflammation, however, suggest to us that programmed
cell death is occurring and that the cellular changes that
take place in the kidney are similar to those observed in
the cultured embryonic fibroblasts. This interpretation
does not conflict with the fact that the histological pic-
ture induced by tunicamycin in mice resembles the hu-
man disorder referred to historically as “acute tubular
necrosis.” Recent work suggests the occurrence of pro-
grammed cell death in that disorder as well (Lieberthal
and Levine 1996; Zager 1997).

The magnitude of the impairment in renal function
and the clinical responses to tunicamycin are similar in
animals with both chop genotypes; this is found to be the
case in spite of the fact that the kidneys of tunicamycin-
treated chop -/- mice are almost normal by light mi-
croscopy. Therefore, it appears that the injured cells in
the chop -/- animals are incapable of performing their
normal function—a finding that correlates with the pres-
ence of severe ultra-structural abnormalities in proximal
tubular cells of the tunicamycin-treated mutant mice.
At first glance, chop’s role in the response to ER stress
appears counter-adaptive, leading to more, not less, cell
death. The observation that with or without chop, renal
cellular dysfunction is prominent in tunicamycin-
treated mice, however, suggests an alternative explana-
tion by which removal of the injured and dysfunctional
cells by an active chop-dependent process of pro-
grammed cell death promotes regeneration and effects a
more complete restoration of organ function. Regenera-
tion presumably leads to the replacement of the damaged
tubular cells with a new epithelium and is reflected in
the increase in both vimentin positive and S-phase cells
in the proximal tubules. The chop+ mice exhibit sub-
stantially more expression of these markers than their
chop -/- siblings, although we do not know if the chop
gene has an effect on regeneration that is independent of
its effects on cell death.

In situations of cellular injury associated with DNA
damage, failure to undergo programmed cell death has
been linked to the subsequent development of cancer
(Hartwell 1992). It is possible to imagine that even in the
case of insults that do not primarily cause DNA damage,
persistence of injured cells, or lack of vigorous regenera-
tion signals may, in the long run, have adverse effects on
tissue homeostasis. We also note that, whereas the C/
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EBP dimerization partners of CHOP have their homologs
in flies and worms, the chop gene appears to be a rela-
tively late addition in the genome of metazoans [the se-
quenced portion of the Caenorhabditis elegans genome
has no obvious chop homolog and Drosophila cells do
not have a detectable CHOP-like tunicamycin-inducible
protein that dimerizes with C/EBPs (D. Ron, unpubl.)].
To the extent that tissue regeneration is part of the sur-
vival strategy of species with longer-lived and more com-
plex individual organisms and is infrequently used by
less complex metazoans, we propose that only the
former had cause to evolve a gene such as chop. Admit-
tedly, by day 8 post-injury, the kidneys of both chop -/-
and chop +/- animals appear histologically indistin-
guishable and animals from both genotypes have recov-
ered clinically. Therefore, at least in this acute model of
toxicity and by the relatively crude histological param-
eters at our disposal for tracking the process, a regenera-
tion defect in the chop -/- animals is not readily detect-
able. It remains possible, however, that longer follow-up
and repeated exposure to toxin will reveal a lasting defi-
cit in tissue integrity in chop —/- mice.

Materials and methods
Gene targeting

A targeted mutation was introduced into the murine chop gene
by homologous recombination in embryonic stem cells, follow-
ing an established protocol (Joyner 1993). The 5" homology arm,
in the targeting vector (pPNT; Tybulewicz et al. 1991), was the
3.5-kb Xhol-PmlI (partial) mouse genomic fragment, whose 3’
end is in chop exon 3 immediately upstream of the initiating
methionine. The 3' homology fragment was a 3-kb Nhel-Xbal
genomic fragment whose 5’ end is in chop exon 4. Homologous
recombination results in the replacement of virtually all the
chop-coding region with a PGK.neo cassette (Fig. 1). G418-re-
sistant ES clones (3/150) in the R1 line (Nagy et al. 1993) were
targeted successfully. Aggregation chimeras between targeted
ES cells and CD1 morula were performed and founders bred to
CD1 mice, transmission of targeted ES clone was ascertained by
coat-color analysis and genotyping of the offspring. The targeted
mutation was propagated in two different genetic back-
grounds—intercrossing chop +/- F;s in a 129SVJ;CD1 outbred
background and in a 129SVJ;129SVEV background. Some of the
mice have been studied after >10 generations of chop +/- inter-
crossing with similar results. This level of intercrossing should
permit all but the most tightly linked loci to segregate away
from the mutant chop allele.

The c/ebpp mutant mice from the colony at IRBM (Screpanti
et al. 1995) were backcrossed for five generations into the inbred
FVB/n strain and maintained by mating c/ebpp -/- males to
c/ebpp -/+ females.

Cell culture and treatment

Mouse embryonic fibroblasts (MEFs) with defined genotypes
were produced essentially as described (Wurst and Joyner 1993).
Briefly, females were sacrificed at day 13.5 of gestation. Em-
bryos were decapitated and eviscerated and carcasses were di-
gested in trypsin for 30 min at 37°C. The digested and titurated
cells were plated on gelatin-coated tissue-culture plates, two
100-mm plates per embryo. The cells were split 1:3 every 2-3
days and studied at passage 3-4. Cells from individual embryos
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were either pooled with sibling cells of identical genotype or
analyzed as single embryo-derived pools. Comparisons were
performed between sibling MEFs of identical passage.

MEFs at passage 3-4 were plated at 250,000 cells per 60-mm
dish, in Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal calf serum (Atlanta Biologicals) and studied 24 hr later at
[075% confluence. Treatment of cells with tunicamycin, thap-
sigargin, and A23187 (all from Sigma) was performed essentially
as described (Price and Calderwood 1992). Cells were photo-
graphed under phase-contrast with a Zeiss Axiovert 25 micro-
scope. To quantify cell death, at the indicated time points, all
the cells in the plate (adherent and floating) were combined,
pelleted by slowspeed spin, resuspended in a small volume of
phosphate-buffered saline (PBS, pH 7.4), and applied to an alcian
blue (Sigma)-coated glass coverslip; virtually all the cells (alive
and dead) adhere to the cover slip under these conditions and
nuclear morphology is well preserved. The cells were fixed in
PBS-buffered 4% formaldehyde and stained with the karyophilic
dye H33258 and photographed through a fluorescent micro-
scope. The live cells and cells undergoing programmed cell
death were distinguished by the nuclear morphology and quan-
tified. On parallel coverslips, the fixed cells were stained by the
TUNEL procedure using a kit (Promega, apoptosis detection
system) following the manufacturer’s instructions.

Analysis of clonal survival following exposure to different
doses of tunicamycin was performed essentially as described
(Little and Lee 1995). Briefly, early passage MEFs were plated at
low dilution (2000 cells per 100-mm dish) in triplicate and
treated 24 hr later for 24 hr with the indicated concentrations of
tunicamycin. Ten days later the plates were fixed and stained
with crystal violet and the number of colonies containing >50
cells were counted. Survival was calculated as the ratio between
the number of colonies in the treated plates and the number of
colonies in the untreated plate.

For cell cycle analysis, MEFs were plated at low density
(5% confluence) and arrested in low serum (0.25%) for 48 hr.
Serum-containing media with tunicamycin (1 pg/ml) was added
for 12 hr. For the last 2 hr BrdU (Boehringer Mannheim) was
added to the media at 10 um final concentration. Cells were
trypsinized and fixed in 70% EtOH for 30 min, resuspended in
2N HCI, 0.5% Triton X-100, for 30 min followed by neutraliza-
tion in 0.1 m sodium borate. Cells were then staining with an
anti-BrdU monoclonal antibody (Boehringer Mannheim) and an
FITC-coupled secondary antibody. Before FACS analysis, cells
were incubated for 30 min in a solution containing 50 pg/ml
each of RNase A and propidium iodide at 37°C. Dual-channel
flow cytometric analysis was performed on Becton Dickenson
FACScan flow cytometer.

Western blot analysis of CHOP and TLS and Northern blot
analysis of CHOP, BiP, Tubulin, and B-actin were all performed
as described previously (Wang et al. 1996). The LRF/ATF3
Northern blot was hybridized to a murine cDNA fragment ob-
tained by representational difference analysis of genes expressed
in tunicamycin-treated chop +/- and chop -/- mouse kidneys
(X.Z. Wang, unpubl.). This fragment lies between two Dpnll
sites in the 3" UTR of the murine ATF3/LRF cDNA (nucleo-
tides 1305-1718).

Animal experiments and tissue sample analysis

All animal experiments were pre-approved by NYU’s institu-
tional animal care and utilization committee. Sibling mice (6-
to 10-week-old), matched for sex and discordant at the chop
locus, were given a single 1 pg/gram body weight intraperito-
neal injection of a 0.05 mg/ml suspension of tunicamycin in
150 mm dextrose. At various times thereafter, the mice were



killed by CO, narcosis. Kidneys were removed and fixed in ei-
ther Carnoy’s solution (6:3:1 vol/vol ratio of ethanol, chloro-
form and acetic acid, for hematoxylin and eosin staining), 4%
PBS buffered formalin (for TUNEL assay and BrdU labeling), or
snap-frozen in liquid nitrogen and stored at —80°C until analysis
(for vimentin and CHOP immunohistochemistry). Fixed
samples were paraffin embedded and 5 pm sections mounted on
glass slides. Both histological analysis of stained slides and
TUNEL staining were performed by a party unaware the ani-
mals genotype or treatment group (R.T. Lightfoot and J.L.
Stevens).

CHOP immunostaining was performed on 5-um cryosections
fixed in 4% buffered formalin, after blocking with 1% donkey
serum in PBS, the sections were incubated with rabbit anti-
CHORP polyclonal serum (Ron and Habener 1992) at 1:1000 for 1
hr at room temperature and staining was revealed by a second-
ary FITC coupled donkey anti-rabbit serum at a dilution of 1:
100 (Jackson ImmunoResearch labs).

BrdU immunostaining was performed on tissues from ani-
mals injected intraperitoneally with BrdU 100 pg/gram body
weight (as a 5 mg/ml solution in 0.007 m NaOH) 2 hr before
sacrifice. Paraffin sections of formalin-fixed kidneys from BrdU-
injected animals were deparaffinized, treated with proteinase K
(Boehringer Mannheim) in 0.1N HCI for 1 hr at 37°C, and
bleached in a solution of 10% H,O, in methanol for 10 min.
After blocking with 1% normal rabbit serum, sections were
incubated overnight with a rat anti-BrdU monoclonal antibody
(Harlan Sera-lab Ltd.) and revealed by a rabbit anti-Rat IgG poly-
clonal antibodies coupled to horseradish peroxidase (Jackson
ImmunoResearch labs). Enzyme activity was detected using a
peroxidase substrate-DAB kit from Vector Lab Inc.

Vimentin immunostaining was performed on 5 pm cryosec-
tions of kidneys fixed in 100% EtOH for 15 min, air-dried, and
rehydrated. After blocking, sections were incubated with a goat
anti-vimentin antiserum (Medina et al. 1983) 1:100 overnight at
4°C. FITC-conjugated rabbit anti-goat immunoglobulin at 1:200
were used to reveal the staining (Jackson ImmunoResearch
Labs). Electron micrographs and ultrathin (1 pm, toludine-blue-
stained sections) were prepared from tissue fixed in 2.5% glu-
teraldehyde 0.1 m Na cacodylate (pH 7.4). For EM, the sample
was embedded in epon resin EMbed-812 (EM Sciences, Fort
Washington, Pennsylvania), polymerized, thin sectioned, and
stained with uranyl acetate and lead citrate. The specimens
were viewed with JEOL 100XII electron microscope.
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