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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/ EBPb, 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 CHO P gene (encoding the C / EBP hom ologous pro-
tein-10, also known as GADD153) is regulated t igh t ly by
st ress in a wide variety of cells. In it ially isolated based
on it s inducibility by genotoxic st ress (Fornace et al.
1988), subsequent studies revealed that the gene is m ost
responsive to perturbat ions that cu lm inate in the induc-
t ion of st ress in the endoplasm ic ret icu lum (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 direct ly (Bart let t
et al. 1992; Chen et al. 1992; Price and Calderwood 1992;
Halleck et al. 1997) or indirect ly (Carlson et al. 1993;
Marten et al. 1994; Bruhat et al. 1997) lead to an im pair-
m ent in the folding environm ent of the ER (ER st ress).
The m echanism by which ER st ress leads to CHO P gene
expression is not known, however, the signal for CHO P

induct ion appears to em anate from the ER itself and is

not sim ply a downst ream consequence of im paired ER
funct ion (Wang et al. 1996).

ER st ress regulates CHOP not only by inducing expres-
sion of the gene. The CHOP protein undergoes st ress-
inducible phosphorylat ion by st ress-inducible m em bers
of the p38–MAP kinase fam ily and phosphorylat ion is
associated with enhanced t ranscript ional act ivat ion by
CHOP (Wang and Ron 1996). This resu lt , together with
previous experim ents that had shown that CHOP is a
nuclear protein that form s stable heterodim ers with C /
EBP fam ily m em bers (Ron and Habener 1992) and that
the dim ers are capable of recognizing novel DN A target
sequences (Ubeda et al. 1996), suggests that CHOP m ay
have a role in t ransducing signals from the st ressed ER to
changes in gene expression . A role for CHOP in effect ing
significan t alterat ions in cellu lar phenotypes is sug-
gested by the observat ion that forced overexpression of
the protein leads to induct ion of growth arrest (Barone et
al. 1994; Zhan et al. 1994) and by the associat ion be-
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tween the expression of an altered form of CHOP—that
encoded by the tum or-specific t ranslocat ion-derived
TLS–CHO P fusion oncogene—and the developm ent of
hum an liposarcom a (Crozat et al. 1993; Rabbit t s et al.
1993).

ER st ress is presen t in physiological and pathological
condit ions. Exam ples include t issue ischem ia and exci-
totoxicity in neurons (Lowenstein et al. 1994; Kuznetov
et al. 1996). These insu lt s are associated with st rik ing
alterat ions in cellu lar phenotypes that include changes
in gene expression , cell death , and in som e cases, t issue
regenerat ion . In naturally occurring cellu lar in juries, ER
st ress is but one com ponent of a general perturbat ion in
hom eostasis and it is very difficu lt to determ ine which ,
if any, of the phenotypic changes observed are a response
to st im uli arising specifically from that cellu lar com part -
m ent . Analysis of m ore defined cellu lar system s in
which ER funct ion is perturbed, suggest a link between
ER st ress and the induct ion of program m ed cell death .
This is the case both in cells cu ltured in the presence of
tun icam ycin , an inhibitor of protein glycosylat ion (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 tem perature-sensit ive m utat ions
in essen t ial com ponents of the ER glycosylat ion appara-
tus (N akashim a et al. 1993; Silberstein et al. 1995). The
aforem ent ioned experim ental system s do not dist in -
guish between a possible role for the ER st ress signal in
inducing cell death and the possibility that cell death is
a downst ream consequence of im paired ER funct ion ; as
m ight occur, for exam ple, if essen t ial secreted or m em -
brane-bound proteins fail to fold properly. Recent stud-
ies, however, suggest that the ER st ress-signal m ay have
a direct role in prom ot ing cell death . BiP overexpression
in Chinese ham ster ovary (CHO) cells at tenuates both
the ER st ress-signal and the cell death that is observed in
response to calcium ionophore (Morris et al. 1997) and
blocking the expression of BiP by m eans of an t isense
const ructs increase the lethality of agents that prom ote
ER st ress (Lit t le and Lee 1995; Liu et al. 1997). The m e-
diators of a possible link between ER st ress and cell
death , however, rem ain unknown.

The t igh t linkage between ER st ress and CHOP ex-
pression and act ivat ion suggests that CHOP m ay have a
role in elicit ing cellu lar responses to perturbat ions asso-
ciated with ER st ress. To explore th is possibility, we
have created m ice that are nullizygous for the chop gene
and subjected the m ice and cells derived from them to
insu lt s that resu lt in ER st ress. Here we report that these
m ice and cells derived from them are defect ive in the
developm ent of program m ed cell death in response to ER
st ress. We discuss the sign ificance of th is defect in the
context of the adaptat ion of the organism to situat ions
that prom ote ER st ress.

Results

Cells that lack CHO P have a norm al ER stress

response

By hom ologous recom binat ion in m urine ES cells, the

coding region of chop was replaced by a neo resistance
gene. Aggregat ion chim eras prepared with these ES cells
t ransm it ted the ES clone through the germ line, and ani-
m als heterozygous for the disrupted chop allele were
m ated to produce the nullizygous state (Fig. 1A). chop

−/ − m ice were born at the expected frequency, appeared
phenotypically norm al and had norm al fert ility and re-
product ive behavior. The m utant allele was m ain tained
in two differen t genet ic backgrounds with sim ilar resu lt s
(F2 crosses of 129SVJ;CD1 and 129SVJ;129SVEV).

chop +/ − fem ales were m ated to chop +/ − m ales and
m ouse em bryonic fibroblast s (MEFs) were prepared from
em bryonic day 13.5 (E13.5) em bryos. When t reated with
tunicam ycin , the chop gene is induced to high levels in
the chop +/ + cells but is undetectable in the chop −/ −
cells, consisten t with lack of expression of the protein in
the nullizygous cells. Induct ion of the ER chaperone BiP
is indist inguishable in the two cell populat ions, indicat -
ing that CHOP is not required for the ER st ress response

Figure 1. Delet ion of the chop gene. (A ) St ructure of wild-type
and m utant chop alleles. Exons are boxed, the coding region is
shaded. In the targeted allele the chop-coding region , between
the Pm lI and the N heI sites is replaced by a PGK.neo gene (A pa–

A paI, X -XhoI, Bgl–BglII, P–Pm lI, N he–N heI, Xba–XbaI). (Inset )
An autoradiograph of a Southern blot of BglII-digested genom ic
DN A hybridized with a 38 probe that is external to the target ing
const ruct and detects both the wild-type and m utant chop alle-
les. (B) N orthern blot analysis of CHOP, BiP, and tubulin in
tunicam ycin-t reated (1 µg/ m l for 6 hr) MEFs with the indicated
chop genotypes. N ote the absence of CHOP m RN A and the
norm al BiP induct ion in the chop −/ − cells.
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and suggest ing further that cells with both chop geno-
types are indist inguishable from the poin t of view of the
developm ent of ER st ress (Figs. 1B and 2A).

Cells lack ing chop have increased resistance to the

death-prom ot ing effect s of agents that cause ER stress

CHOP is m arkedly induced by tunicam ycin , thapsigar-
gin (an ER-specific calcium ATPase inhibitor) and
A23187 (a calcium ionophore)—all agents that cause ER
st ress (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 st ress and observed the cells periodically

by phase-cont rast m icroscopy over a period of 48 hr. A
reproducible pat tern was noted. After a lag period (that
ranged from ∼ 10 hr in the case of A23187 to ∼ 16 hr in the
case of tun icam ycin), the chop +/ + cells began to round
up and becam e st rik ingly hyper-refringent , u lt im ately
the cells detached from the subst ratum and floated in the
m edia. The ent ire process was com plete in 48 hr. The
chop −/ − cells on the other hand were st rik ingly resis-
tan t to these changes. At the t im e when the chop +/ +
cells began to round up, the chop −/ − cells were for the
m ost part flat and adheren t (Fig. 2B). Eventually the chop

−/ − cells did die in response to the toxins, bu t th is was at
a considerable delay with respect to the chop +/ + cells,
and chop −/ − cells rem ained at tached to the subst ratum

Figure 2. chop-deficien t cells have enhanced survival when challenged with toxins that induce ER st ress. (A ) Western blots of CHOP
and TLS (an in ternal cont rol) proteins in lysates from MEFs with the indicated chop genotype following 6 hr of t reatm ent with
tunicam ycin (TUN , 1 µg/ m l), thapsigargin (TG, 2 µ M), and calcium ionophore (A23187, 2 µ M). (B) Phase-cont rast photom icrograph of
MEFs t reated for 24 hr with the indicated com pounds (320×). (C ) Quant ificat ion of the fract ion of dead cells as a funct ion of t im e in
tunicam ycin t reated MEFs with the indicated genotypes. (D ) Survival of cells plated at low density and t reated for 24 hr with the
indicated dose of tun icam ycin and then changed to norm al growth m edia. At each dose, the num ber of colonies at 10 days in the
t reated plates is com pared with the num ber of colonies in an unt reated plate of the sam e density. Shown are m ean and S.D . of a typical
experim ent perform ed in t riplicate and repeated three t im es using independent ly prepared pools of MEFs.

Zinszner et al

984 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


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 determ ine if the differences in cell m orphology ob-
served between the two genotypes following tunicam y-
cin t reatm ent were also reflected in differences in cell
viability, clon igenic experim ent were perform ed. In
these, cells with either genotype were plated at low den-
sity, t reated with tunicam ycin for 24 hr, and then al-
lowed to recover and form colonies. A sim ilar assay has
been used by Lee and co-workers to reveal a role for BiP
in prom ot ing survival of cells in response to ER st ress
(Lit t le and Lee 1995). For each dose of tun icam ycin used,
the chop −/ − cells form ed three- to fivefold m ore colo-
n ies than the chop +/ + ones (Fig. 2D). This indicates that
a chop −/ − genotype is associated with increased viabil-
ity in cells challenged with the toxin .

Sim ilar resu lt s to those shown above were observed
with three differen t pools of MEFs procured on separate
occasions, and were also found consisten t ly when com -
paring individual clones with chop +/ + and chop −/ −
genotypes. The MEFs in Figure 2, B–D, were derived
from em bryos that had an equal cont ribu t ion of genes
from an outbred CD1 st rain and the 129 / SVJ st rain (from
which the targeted ES cells were derived). The experi-
m ent was also repeated, with sim ilar resu lt s, in MEFs
derived from m ore inbred anim als with an equal cont ri-
bu t ion of 129 / SVJ and 129/ SVEV. To the exten t , how-
ever, that 129 / SVJ has recent ly been shown to be a ‘‘con-
tam inated inbred st rain’’ (Threadgill et al. 1997), none of
these pools of MEFs can be considered t ru ly isogenic.
The use of sibling em bryos and the pooling of MEFs from
m ult iple em bryos, however, m in im izes the effect s varia-
t ion in the genet ic com posit ion of the cells m ay have on
the phenotype in quest ion . chop +/ + cells were also com -
pared with chop −/ + cells in the aforem ent ioned assays
and no differences between these two genotypes were
detected. We conclude that the absence of CHOP pro-
m otes increased survival of cells exposed to ER st ress
and that , with in the resolu t ion lim it s of our assay, a
chop gene-dose effect is not discern ible.

Program m ed cell death in response to ER stress is

at tenuated in chop −/ − cells

Tunicam ycin has been reported previously to induce
program m ed cell death in a variety of cu ltured cells
(Larsson et al. 1993; Carlberg et al. 1996; Dricu et al.
1996). To determ ine if the increased resistance of chop

−/ − cells to the death-prom ot ing effect s of tun icam ycin
is at t ribu table to a decrease in program m ed cell death ,
we perform ed FACS analysis of DN A conten t of tun ica-
m ycin-t reated MEFs. After 24 hr of t reatm ent with 1
µg/ m l of tun icam ycin , a dist inct populat ion of cells with
sub-diploid DN A conten t , typical of cells undergoing
program m ed cell death , was evident in the chop +/ + cells
but not in the chop −/ − cells (Fig. 3A). To confirm these
resu lt s, the free 38 OH ends of the DN A from the tuni-
cam ycin-t reated cells from both genotypes were labeled

in situ by incorporat ing fluorescent -labeled nucleot ides
using term inal deoxynucleot ide t ransferase (so-called
TUN EL assay). The chop +/ + populat ion contained
m any m ore labeled cells than the chop −/ − populat ion ,
indicat ing the presence of cells with degraded DN A, a
feature of program m ed cell death . Finally, the cells were
counterstained with the fluorescent DN A-binding dye
H33258, which revealed the presence of m any m ore cells
with condensed chrom at in in the chop +/ + populat ion
than in the chop −/ − one. Quant ificat ion of these resu lt s
reveals a fourfold lower frequency of m arkers of pro-
gram m ed cell death in the chop −/ − populat ion when
com pared with the chop +/ + one (Fig. 3). Based on these
resu lt s, we conclude that the decrease in cell death in the
chop −/ − populat ion is at t ribu table to a decrease in the
proport ion of cells with m orphological and biochem ical
propert ies of program m ed cell death .

Overexpression of CHOP protein is capable of induc-
ing growth arrest in cycling cells (Barone et al. 1994;
Zhan et al. 1994). Tunicam ycin t reatm ent has also been
linked to the induct ion of growth arrest (Carlberg and
Larsson 1993). To determ ine if CHOP has a role in the
ability of tun icam ycin to block cell-cycle progression ,
cycling MEFs with chop +/ + and chop −/ − genotypes
were synchronized by serum deprivat ion and then re-fed
serum contain ing m edia in the presence or absence of
tun icam ycin (1 µg/ m l). Twelve hours later, the cells
were pulsed with BrdU for 2 hr to label newly synthe-
sized DN A, fixed and stained with a fluorescent an t i-
body to BrdU and the fluorescent DN A-binding dye prop-
idium iodide. Dual channel FACS analysis showed that
tun icam ycin t reatm ent resu lted in a sign ifican t reduc-
t ion in the fract ion of cells incorporat ing BrdU (Fig.
3C)—consisten t with the ability of tun icam ycin to in-
duce cell-cycle arrest (Carlberg and Larsson 1993). The
reduct ion in BrdU labeling, however, was not sign ifi-
can t ly differen t in cells with differen t chop genotypes. If
anyth ing, a t rend toward lower incorporat ion of BrdU in
tunicam ycin-t reated cells was apparen t in the chop −/ −
genotype when com pared with the chop +/ + one, and we
noted that the tunicam ycin-t reated chop −/ − cells had a
flat ter m orphology than the chop +/ + ones (Fig. 2B).
Therefore, CHOP does not appear to have an im portan t
role in the cell-cycle arrest in response to th is toxin .

Program m ed cell death in response to ER stress is also

at tenuated in cells lack ing CHO P’s m ajor

d im erizat ion partner C / EBPb

The predom inant dim erizat ion partner of CHOP in ro-
dent fibroblast s is C / EBPb (Barone et al. 1994; Zinszner
et al. 1994). To the exten t that CHOP does not form
hom odim ers (Ubeda et al. 1996), it s act ivity should be
dependent on the presence of a dim erizat ion partner and
therefore one would expect that MEFs deficien t in
C / EBPb would exhibit an at tenuated program m ed cell
death response when challenged with tunicam ycin .
Pools of MEFs from em bryos derived by m at ing c / ebpb

+/ − fem ales and c / ebpb −/ − m ales (a gift of Valeria Poli,
University of Dundee, UK) were t reated with tunicam y-
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cin and observed by phase m icroscopy. The c / ebpb +/ −
MEFs exhibited a norm al response to tunicam ycin as
observed for the wild-type MEFs from the chop stock .
The c / ebpb −/ − MEFs, however, experienced signifi-
can t ly delayed onset of death and detachm ent from the
plate, sim ilar to the chop −/ − cells (Fig. 4A,C). H33258
stain ing of the cells confirm ed that the differences in
survival were at t ribu table to differences in the propor-
t ion of cells exhibit ing m orphological features of pro-
gram m ed cell death (Fig. 4B). It has been suggested pre-
viously that C / EBPb m ay have a role in the induct ion of
the chop gene in response to st ress (Fawcet t et al. 1996).
We therefore exam ined the induct ion of CHOP protein
in tunicam ycin-t reated MEFs with differen t c / ebpb

genotypes. A robust induct ion of CHOP was evident in
both c / ebpb +/ − and c / ebpb −/ − MEFs, indicat ing that at
least in th is st ress-inducible system C / EBPb is not re-
quired for CHOP induct ion (Fig. 4D). This resu lt also
suggests that cells with both c / ebpb genotypes respond
to tunicam ycin with an equally vigorous ER st ress re-
sponse. The lat ter conclusion is also supported by the
observat ion that BiP m RN A induct ion is com parable in
both c / ebpb genotypes (data not shown). These resu lt s
are consisten t with a role for a CHOP–C / EBPb hetero-
dim er in the developm ent of program m ed cell death in

response to ER st ress. A role for C / EBPb overexpression
in prom ot ing cell death has been uncovered in m yeloid
cells (Muller et al. 1995); however, it is not known
whether that process proceeds by a CHOP-dependent
pathway or independent ly of CHOP.

Tunicam ycin-t reated chop −/ − m ice have decreased

program m ed cell death in the renal prox im al tubular

epithelium

A m ajor lim itat ion to the study of cells procured from
em bryos with defined genotypes is the difficu lty in dis-
crim inat ing between effects of the m utat ion on the pro-
cess in quest ion from the effect s of the m utat ion on the
adaptat ion of cells to culture condit ions, with the lat ter
influencing the process being studied. In vivo m odels
circum vent th is lim itat ion . To develop an in vivo sys-
tem for the study of the poten t ial effect s of chop on the
phenotype of in jured cells, m ice were in jected with vari-
ous doses of tun icam ycin and exam ined for the induc-
t ion of CHOP m RN A and protein . Sublethal doses of the
toxin (0.25–1 m g/ kg) induced a profound increase in
CHOP m RN A in the kidney. Levels of CHOP m RN A are
seen to rise with in a few hours of tun icam ycin in ject ion
and elevated levels persist for 2-3 days (Fig. 6C, below).

Figure 3. The enhanced survival of chop −/ − MEFs is at t ribu table to
less program m ed cell death when challenged with tunicam ycin . (A )
Analysis of DN A conten t by FACS of fixed, propidium iodide-stained
MEFs with the indicated chop genotype that had been t reated for 24
hr with tunicam ycin (1 µg/ m l). N ote the presence of a populat ion of
cells with hypo-diploid DN A conten t typical of program m ed cell
death (double arrowhead). (B) (Top panel) Fluorescent photom icro-
graphs (200×, 400×, inset ) of MEFs with the indicated chop genotype
after 24 hr of tun icam ycin t reatm ent (1 µg/ m l) whose DN A was
38-end labeled with fluorescent nucleot ides (TUN EL assay). (Bot tom

panel) Cells stained with the DN A-binding dye H33258 to reveal the
presence of cells with condensed chrom at in (arrows). The fract ion of
TUN EL-posit ive cells after 24 hr of tun icam ycin (1 µg/ m l) was com -
pared in four individual clones of chop +/ + MEFs and chop −/ − MEFs
(28.2% ± 4.8% and 6.75% ± 3.6 m ean and S.D . respect ively, r = 0.02,
two-tailed t -test ). (C ) MEFs with either chop genotype undergo cell
cycle arrest when exposed to tunicam ycin . Shown is a dual-channel
FACS analysis of MEFs released from serum starvat ion in the pres-
ence of tun icam ycin (1 µg/ m l) and 12 hr later pulsed with BrdU for
2 hr before harvest , fixed and stained with ant i-BrdU to reveal the
fract ion of cells in S-phase and propidium iodide to est im ate DN A conten t . N ote that the fract ion of cells in S-phase and M2 is lower
in the t reated than in the unt reated cells with an even greater reduct ion in the chop −/ − com pared with the chop +/ + cells.
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Tunicam ycin in ject ion also resu lted in a reproducible
clin ical picture consist ing of lassitude, lack of groom ing,
and weight loss that peaked between day 4 and 5 post -
in ject ion and was followed by recovery on days 7–8. The
peak of weight loss also corresponded to an increase in
blood urea nit rogen (BUN ) and creat in ine (a reflect ion of
renal im pairm ent ), although these param eters proved
m ore variable between anim als than the weight loss and
kidney histology (see below). These clin ical phenom ena
are sim ilar to those described in other species following
tunicam ycin in ject ion (Koj et al. 1986; Finnie and O’Shea
1988, 1989). Frozen sect ions of tun icam ycin-t reated kid-
neys from wild-type m ice were im m unostained for
CHOP protein . Brigh t stain ing was evident in the proxi-
m al tubular epithelium (Fig. 5A). We therefore focused
our analysis on th is CHOP-expressing cellu lar com part -
m ent .

Tunicam ycin t reatm ent resu lted in a highly reproduc-
ible h istological picture in the kidneys of wild-type
m ice. By 72 hr, and peaking between 96 and 120 hr after
t reatm ent , the proxim al tubular epithelial cells swell,
followed by the appearance of cell ghosts with pyknot ic
nuclei and tubules with focal areas of denuded basal
lam ina. In the lum en of som e of the tubules, cellu lar
debris could be observed and th is correlated with the
appearance of cellu lar cast s in the urine of the anim als.
The process was m ult ifocal and tem porally dispersed

with affected tubules direct ly abut t ing norm al appearing
ones. Of note, the h istological alterat ions were confined
to the proxim al tubular epithelium —the sam e com part -
m ent that expresses CHOP. The glom eruli, blood ves-
sels, and distal tubular cells are spared (Fig. 5B). The
appearance of pyknot ic nuclei correlated with the pres-
ence of cells that stained posit ive for free 38 OH DN A
ends by the TUN EL assay (Fig. 5C). Evidence for regen-
erat ion was offered by the appearance of tubular cells
that incorporated BrdU in anim als in jected with th is S-
phase m arker (Fig. 6A) and by the em ergence of m any
cells lin ing the tubule that stained posit ive for vim ent in
(Fig. 6B), a known regenerat ion m arker in the proxim al
tubular epithelium (Wallin et al. 1992; Witzgall et al.
1994). By day 8 post in ject ion , all h istological evidence of
cellu lar dam age had subsided and the kidneys appeared
norm al. This chain of events resem bles that seen in
other experim ental toxic or m etabolic insu lt s to the kid-
ney and is sim ilar to the hum an disorder that is induced
by ischem ia, in fect ion , and m ult iple toxins and is re-
ferred to as acute-tubular necrosis (N onclercq et al. 1989;
Wallin et al. 1992; Witzgall et al. 1994).

In the chop −/ − anim als the histological picture was
sign ifican t ly m ilder than that observed in the chop +/ −
anim als. Som e swelling of the proxim al tubular epithe-
lial cells was apparen t at h igher m agnificat ion and elec-
t ron m icrographs revealed that in both genotypes, tun i-

Figure 4. MEFs lacking CHOP’s m ajor dim erizat ion partner, C / EBPb, are also resistan t to the death-prom ot ing effect s of tun icam y-
cin . (A ) Photom icrograph (300×) of MEFs with the indicated c / ebpb genotype 24 hr after t reatm ent with tunicam ycin (1 µg/ m l). (B)
N uclear m orphology of the sam e cells fixed and stained with the DN A-binding dye H33258. N ote the increased fract ion of cells with
condensed chrom at in in the c / ebpb +/ − populat ion . (C ) Quant ificat ion of the fract ion of dead cells as a funct ion of t im e in the two
populat ions, analyzed as in Fig. 2C. (D ) In tact CHOP response to tunicam ycin in the c / ebpb m utant cells. Shown is a Western blot
of CHOP and TLS (the in ternal cont rol) in unt reated and tunicam ycin-t reated cells with the indicated genotypes.
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Figure 5. Attenuated t issue response to
tunicam ycin in chop −/ − m ice. (A ) CHOP
is induced in the proxim al renal tubular
epithelium in response to tunicam ycin in-
ject ion . Photom icrographs (100× and 400×,
inset ) of rabbit an t i-CHOP im m unofluo-
rescence on frozen sect ions of k idneys
from m ice with the indicated genotypes 24
hr after tun icam ycin in ject ion (1 m g/ kg,
IP). N ote the in tense CHOP nuclear stain-
ing of the tubular cells (inset ) in the cort i-
cal port ions of the kidney of the t reated
chop +/ + sam ple. (B) Histological analysis
of k idney sect ions from m ice with indi-
cated chop genotypes following tunicam y-
cin in ject ion (1 µg/ kg). The hem atoxylin
and eosin stained sam ples are shown at
m agnificat ions of 100× and 400× and the
ult rath in toludine-blue sect ion is m agni-
fied 1000×. The elect ron m icrographs (EM)
are at a m agnificat ion of 4000×, ‘‘CAP’’ in-
dicates a capillary. N ote the presence of
pyknot ic nuclei and debris in the tubules
of the +/ − anim als on days 4 and 6 and the
absence of conspicuous ligh t -m icroscopic
changes in the −/ − sam ples. At h igher
m agnificat ion (EM sam ples) dilated endo-
som es are visible in both genotypes. (C )
TUN EL stain ing of day 4 kidney sect ions
from unt reated and t reated m ice of the in-
dicated genotypes (100×). The inset s (400×)
are of ident ical fields stained for TUN EL
and with the DN A-binding dye H33258 to
reveal condensed chrom at in (arrowheads).
(D ) The num ber of TUN EL-posit ive cells
per h igh-powered field was quant ified in
two unt reated wild-type (UT), n ine tunica-
m ycin-t reated wild-type, and nine tunica-
m ycin-t reated −/ − m ice. Shown is the
m ean and S.D . of the num ber of TUN EL-
posit ive cells per h igh-powered field in
each sam ple. The m eans in each group
were com pared by a two-tailed t -test .
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cam ycin t reatm ent resu lted in typical changes consist -
ing of severe dilat ion of the ER and the form at ion of
pseudom yelin st ructures (Glassy and Ferrone 1981). Cell
death leading to denuded basal lam ina and nuclear pyk-
nosis, however, were less frequent in the −/ − kidneys
(Fig. 5B). This correlated with sign ifican t ly fewer cells
that stained posit ive by the TUN EL assay in the chop

−/ − anim als when com pared with their chop +/ + lit t er-
m ates. Stain ing of the tunicam ycin-t reated chop +/ + kid-
neys with the DN A-binding dye H33258 revealed a chro-
m at in condensat ion pat tern typical of program m ed cell
death (Fig. 5C). The TUN EL stain ing in the tunicam y-

cin-t reated chop −/ − anim als was st ill eigh t fold higher
than the ‘‘background’’ in unt reated anim als, indicat ing
that in the absence of chop, tun icam ycin is st ill capable
of leading to program m ed cell death (Fig. 5D). The re-
duced cell death also correlated with less evidence for
cellu lar regenerat ion as reflected in fewer vim ent in-posi-
t ive tubules and BrdU-posit ive cells in the kidneys of
tun icam ycin-in jected chop −/ − m ice com pared with
their chop+ lit t erm ates (Fig. 6A,B). The effect of the chop

genotype on regenerat ion is also reflected in nonsus-
tained expression of the regenerat ion m arker LRF1/
ATF3 in kidneys of chop −/ − anim als (Hsu et al. 1991)—a

Figure 6. Regenerat ion is at tenuated in the chop

−/ − m ice. (A ) In vivo BrdU labeling of proxim al
tubular epithelial cells 5 days after tun icam ycin
in ject ion . The BrdU-posit ive nuclei stain dark ly
(top panels, 100×; bot tom panel, 400×). (B) Vim en-
t in stain ing of frozen kidney sect ions following tu-
n icam ycin t reatm ent . N ote the increase in the
num ber of vim ent in-posit ive cells that line the tu-
bules of the t reated chop +/ − sam ples (arrow-
heads). The ligh t asterisks indicate the posit ion of
glom eruli and the dark asterisks poin t to vascular
st ructures, both of which norm ally contain vim en-
t in -posit ive m esenchym al cells. (C ) Analysis of
LRF/ ATF3 expression (a regenerat ion m arker) in
k idneys of an im als with the indicated chop geno-
type following tunicam ycin in ject ion (1 m g/ kg,
IP). (D ) Plot of the relat ive in tensity of the LRF/
ATF3 signal as a funct ion of t im e in anim als with
either genotype. N ote the lack of sustained expres-
sion of the m arker in the chop −/ − sam ples when
com pared with the chop +/ + sam ples. Shown is a
typical experim ent that was repeated three t im es
with sim ilar resu lt s.
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reproducible finding in all th ree experim ents perform ed
(Fig. 6C).

These genotype-related differences in response to tu-
n icam ycin were observed at doses of the toxin ranging
from 0.25 m g/ kg to 1 m g/ kg (lower doses were without
effect and higher doses were associated with early lethal-
ity by 36–48 hr). The uniform ity of the clin ical and his-
topathological response to tunicam ycin in ject ion in the
chop +/ − and chop +/ + anim als, suggests that genet ic
variat ion in the outbred stock (in which both the wild-
type and m utant chop alleles are m ain tained) has a m ini-
m al effect on the response to tunicam ycin toxicity. Fur-
therm ore, to m inim ize any effect random variat ion in
the gene pool m ay have on the param eters we studied,
each anim al was m atched with a sam e sex sibling of a
differen t chop genotype. Like the experim ents on the
MEFs described in the previous sect ion , we used lines of
m utant m ice m ain tained in two differen t (albeit not
com pletely inbred) genet ic backgrounds—129SVJ;CD1
and 129SVJ;129SVEV. The effect of the chop genotype on
the renal syndrom e induced by tunicam ycin was evident
in both genet ic backgrounds.

In spite of the at tenuated histological response to tu-
n icam ycin in ject ion in chop −/ − kidneys, the clin ical
disorder induced by the toxin is no less severe in these
anim als than in their chop+ counterpart s. Weight loss,
lassitude, and im paired renal funct ion , as reflected in
elevated blood urea nit rogen and creat in ine, were sim ilar
in the two groups of an im als. These clin ical observat ions
correlate with the elect ron m icrographs that shows se-
vere u lt ra-st ructural changes in both genotypes (Fig. 5B).
These resu lt s therefore support the conclusion that
CHOP has a role in the induct ion of program m ed cell
death in response to ER st ress not only in cultured cells
but also in anim als.

Discussion

The studies described herein , com paring cells and ani-
m als that do and do not express CHOP, poin t to a role for
th is t ranscript ion factor in cont rolling the developm ent
of program m ed cell death in response to toxins that in-
duce ER st ress. This in terpretat ion m ust be qualified by
certain considerat ions. It is form ally possible, that the
targeted m utat ion that replaces the CHOP-coding region
with a PGK–neo casset te is affect ing the expression of a
linked gene and it is the altered expression of the lat ter
that gives rise to the observed phenotype. This is a ge-
neric concern in in terpret ing gene target ing experim ents
in m ice and can only be defin it ively laid to rest by rescue
of the phenotype through com plem entat ion in t rans.
The fact that c / ebpb −/ − MEFs that lack CHOP’s m ajor
dim erizat ion partner, however, also exhibit a sim ilar
phenotype suggests that a defect in the chop–c / ebpb

pathway and not the inact ivat ion of a chop-linked gene
is responsible for the phenotype observed in the chop −/ −
cells. It is also form ally possible that chop exert s it s ef-
fect during ontogeny, by affect ing developm ental pro-
cesses that have an im pact on the m anner in which cells
are program m ed to respond later to ER st ress. We do not ,

however, favor th is lat ter explanat ion . First , because
CHOP is not norm ally expressed in cells and the chop

−/ − anim als do not have other detectable developm ental
defects. Secondly, CHOP is st rongly induced by ER
st ress and th is induct ion precedes the developm ent of
the m anifestat ions of program m ed cell death by hours in
the case of the cultured MEFs and by days in the case of
the kidneys in vivo, m aking it likely that the phenotype
observed in the chop −/ − cells and anim als is at t ribu table
to defect ive signaling downst ream of chop. Finally, over-
expression of CHOP has been linked to the induct ion of
program m ed cell death in growth-factor dependent 32D
m yeloid precursor cells, providing addit ional evidence
for a causal link between CHOP expression and apopto-
sis (Friedm an 1996).

We have at tem pted to rescue the CHOP-dependent
death phenotype in chop −/ − cell lines derived from
MEFs by const itu t ive overexpression of CHOP and did
not observe a reproducible effect of the t ransgene on cell
death in response to ER st ress. In terpretat ion of that ex-
perim ent , however, is m ade difficu lt by the in t rinsic
variat ion in the death response exhibited by subclones of
im m ortal rodent fibroblast s and by the fact that const i-
tu t ive expression is also likely to be a poor subst itu te for
the norm ally t igh t ly regulated inducible expression of
the endogenous gene. Const itu t ive expression of CHOP
m ay be associated with down-regulat ion of com ponents
of the pathway needed for CHOP signaling. For exam ple,
we have noted that C / EBPb protein levels are lowered by
CHOP expression in N IH-3T3 cells (Zinszner et al.
1994). Furtherm ore, the very process of select ion of
CHOP-expressing cells for study m ay be biased against
clones with an enhanced proclivity to undergo cell
death . The ideal rescue experim ent would be to in t ro-
duce back in to the cells or the anim al a chop t ransgene
that com pletely m im ics the endogenous one. We are cur-
ren t ly in the process of defin ing the sequences required
for such a t ransgene.

Toxins that perturb ER funct ion m ight be im plicated
in prom ot ing cell death through m ult iple overlapping
pathways. For exam ple, failu re to express essen t ial cell
surface receptors m ight resu lt in t riggering a death signal
through growth factor deprivat ion (Dricu et al. 1996) and
the changes that occur in in t racellu lar Ca2+ dynam ics
during ER st ress m ay also cont ribu te to the process (Lam
et al. 1994; Distelhorst et al. 1996; Liu et al. 1997).
Therefore, in cells undergoing ER st ress, it seem s likely
that chop carries out it s role in prom ot ing the m anifes-
tat ions of program m ed cell death against a h ighly propi-
t ious background. Clearly signals other than CHOP ex-
pression are absolu tely required, as overexpression of
CHOP in MEFs does not induce program m ed cell death
(data not shown). This in terdependence between m ul-
t iple factors in prom ot ing cell death seem s to be the ru le
rather than the except ion (White 1996). As a conse-
quence perhaps, gain-of-funct ion or loss-of-funct ion m u-
tat ions in single genes that have an im pact on death
pathways tend to have rather m odest quant itat ive effect s
(for exam ples, see Bissonnet te et al. 1992; Lowe et al.
1993; Graeber et al. 1996). When viewed against th is
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background, the approxim ate fourfold difference in the
m anifestat ions of program m ed cell death at t ribu ted to
the effect of chop are ent irely com pat ible with a sign ifi-
can t biological role.

This study does not address the m echanism by which
chop in teract s with the death-prom ot ing m achinery. We
note, however, that chop does not seem to have a role in
the program m ed cell death that occurs in response to
DN A-dam aging agents, such as the topoisom erase in-
h ibitor etoposide (H. Zinszner, unpubl.), indicat ing that
chop act ion m ay be specific to circum stances associated
with ER st ress. The param eters m easured here—cell
m orphology, TUN EL stain ing, and cell survival, reflect
the late m anifestat ions of the process. Therefore, we do
not know if chop regulates som e aspect of cellu lar m e-
tabolism that m odifies ER st ress signals, if it part icipates
in the decision to com m it to the death pathway direct ly
or if it has an im pact on the m anifestat ion of the death
process once the pathway has been act ivated. BiP levels
are sim ilar in tun icam ycin-t reated MEFs with wild-type
and m utant chop genotypes, suggest ing that at least the
upst ream com ponents of the ER st ress pathway are in-
tact in chop −/ − cells. The fact that chop −/ − cells are
m ore sensit ive to the growth-arrest ing propert ies of tu-
n icam ycin than chop+ cells (Fig. 3C) m ay also indirect ly
have an im pact on their relat ive sensit ivity to the toxin .
These studies have not addressed possible chop act ion at
the in it iat ion versus execut ion of the death program , but
we note with in terest that one of the genes ident ified
recent ly as being downst ream of chop encodes a st ress-
inducible cytosolic protein with 49% sequence ident ity
to gelsolin (X.Z. Wang et al., unpubl.), the lat ter has re-
cent ly been im plicated in the developm ent of cytoskel-
etal changes in cells undergoing program m ed cell death
(Kothakota et al. 1997). Although we have not yet linked
the product of th is chop-inducible gene to the phenotype
described here, it is tem pt ing to speculate on the possi-
bility that CHOP directs the expression of genes that
part icipate in defin ing the m anifestat ions of pro-
gram m ed cell death .

What m ight be the sign ificance of chop’s role in pro-
m ot ing the m anifestat ions of program m ed cell death? As
poin ted out in the in t roduct ion , ER st ress and CHOP
induct ion are features of t issue ischem ia (Price and Cal-
derwood 1992; H. Zinszner, unpubl.) and occur in re-
sponse to im portan t nephrotoxins such as cisplat in
(Gately et al. 1996). These condit ions are also associated
with t issue dam age and program m ed cell death (Lieber-
thal and Levine 1996; Zager 1997). Therefore, a role for
chop in the response of t issues to these insu lt s could
have broad clin ical relevance. This study focuses on in
vivo experim ents using tunicam ycin because it is a rela-
t ively pure system (the in t racellu lar target of tun icam y-
cin is defined) and because it is the least toxic and m ost
powerfu l inducer of CHOP we know. Prelim inary stud-
ies indicate that k idneys from chop −/ − m ice also exhibit
less evidence of cell death when challenged with the
nephrotoxin cisplat in or when subjected to tem porary
circu latory occlusion (H. Zinszner and D. Ron, unpubl.).
The resu lt s reported here using tunicam ycin appear,

therefore, generalizable to other, m ore physiological
form s of renal in jury that are also associated with ER
st ress such as ischem ia and chem otherapy-induced
nephrotoxicity. The fact that CHOP induct ion by tuni-
cam ycin is also observed in the liver and in cultured
prim ary cerebellar neurons (H. Zinszner and X.Z. Wang,
unpubl.) suggests that the gene m ay be im plicated in
program m ed cell death in response to perturbat ions that
induce ER st ress in those cell types as well. An im por-
tan t caveat is that we do not know the relat ive cont ri-
bu t ion of necrosis and apoptosis to the renal picture in-
duced by tunicam ycin—TUN EL posit ivity can be ob-
served in both cellu lar processes. The presence of
chrom at in condensat ion in the nuclei of the proxim al
tubular cells (Fig. 5C) and the paucity of evidence for
inflam m at ion , however, suggest to us that program m ed
cell death is occurring and that the cellu lar changes that
take place in the kidney are sim ilar to those observed in
the cultured em bryonic fibroblast s. This in terpretat ion
does not conflict with the fact that the histological pic-
ture induced by tunicam ycin in m ice resem bles the hu-
m an disorder referred to historically as ‘‘acu te tubular
necrosis.’’ Recent work suggests the occurrence of pro-
gram m ed cell death in that disorder as well (Lieberthal
and Levine 1996; Zager 1997).

The m agnitude of the im pairm ent in renal funct ion
and the clin ical responses to tunicam ycin are sim ilar in
anim als with both chop genotypes; th is is found to be the
case in spite of the fact that the kidneys of tun icam ycin-
t reated chop −/ − m ice are alm ost norm al by ligh t m i-
croscopy. Therefore, it appears that the in jured cells in
the chop −/ − anim als are incapable of perform ing their
norm al funct ion—a finding that correlates with the pres-
ence of severe u lt ra-st ructural abnorm alit ies in proxim al
tubular cells of the tunicam ycin-t reated m utant m ice.
At first glance, chop’s role in the response to ER st ress
appears counter-adapt ive, leading to m ore, not less, cell
death . The observat ion that with or without chop, renal
cellu lar dysfunct ion is prom inent in tun icam ycin-
t reated m ice, however, suggests an alternat ive explana-
t ion by which rem oval of the in jured and dysfunct ional
cells by an act ive chop-dependent process of pro-
gram m ed cell death prom otes regenerat ion and effects a
m ore com plete restorat ion of organ funct ion . Regenera-
t ion presum ably leads to the replacem ent of the dam aged
tubular cells with a new epithelium and is reflected in
the increase in both vim ent in posit ive and S-phase cells
in the proxim al tubules. The chop+ m ice exhibit sub-
stan t ially m ore expression of these m arkers than their
chop −/ − siblings, although we do not know if the chop

gene has an effect on regenerat ion that is independent of
it s effect s on cell death .

In situat ions of cellu lar in jury associated with DN A
dam age, failu re to undergo program m ed cell death has
been linked to the subsequent developm ent of cancer
(Hartwell 1992). It is possible to im agine that even in the
case of insu lt s that do not prim arily cause DN A dam age,
persistence of in jured cells, or lack of vigorous regenera-
t ion signals m ay, in the long run , have adverse effect s on
t issue hom eostasis. We also note that , whereas the C /
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EBP dim erizat ion partners of CHOP have their hom ologs
in flies and worm s, the chop gene appears to be a rela-
t ively late addit ion in the genom e of m etazoans [the se-
quenced port ion of the Caenorhabdit is elegans genom e
has no obvious chop hom olog and Drosophila cells do
not have a detectable CHOP-like tunicam ycin-inducible
protein that dim erizes with C / EBPs (D. Ron, unpubl.)].
To the exten t that t issue regenerat ion is part of the sur-
vival st rategy of species with longer-lived and m ore com -
plex individual organism s and is infrequent ly used by
less com plex m etazoans, we propose that only the
form er had cause to evolve a gene such as chop. Adm it -
tedly, by day 8 post -in jury, the kidneys of both chop −/ −
and chop +/ − anim als appear h istologically indist in -
guishable and anim als from both genotypes have recov-
ered clin ically. Therefore, at least in th is acute m odel of
toxicity and by the relat ively crude histological param -
eters at our disposal for t rack ing the process, a regenera-
t ion defect in the chop −/ − anim als is not readily detect -
able. It rem ains possible, however, that longer follow-up
and repeated exposure to toxin will reveal a last ing defi-
cit in t issue in tegrity in chop −/ − m ice.

Materials and methods

Gene target ing

A targeted m utat ion was in t roduced in to the m urine chop gene
by hom ologous recom binat ion in em bryonic stem cells, follow-
ing an established protocol (Joyner 1993). The 58 hom ology arm ,
in the target ing vector (pPN T; Tybulewicz et al. 1991), was the
3.5-kb XhoI–Pm lI (part ial) m ouse genom ic fragm ent , whose 38

end is in chop exon 3 im m ediately upst ream of the in it iat ing
m eth ionine. The 38 hom ology fragm ent was a 3-kb N heI–XbaI
genom ic fragm ent whose 58 end is in chop exon 4. Hom ologous
recom binat ion resu lt s in the replacem ent of virtually all the
chop-coding region with a PGK.neo casset te (Fig. 1). G418-re-
sistan t ES clones (3 / 150) in the R1 line (N agy et al. 1993) were
targeted successfu lly. Aggregat ion chim eras between targeted
ES cells and CD1 m orula were perform ed and founders bred to
CD1 m ice, t ransm ission of targeted ES clone was ascertained by
coat -color analysis and genotyping of the offspring. The targeted
m utat ion was propagated in two differen t genet ic back-
grounds—intercrossing chop +/ − F1s in a 129SVJ;CD1 outbred
background and in a 129SVJ;129SVEV background. Som e of the
m ice have been studied after >10 generat ions of chop +/ − in ter-
crossing with sim ilar resu lt s. This level of in tercrossing should
perm it all bu t the m ost t igh t ly linked loci to segregate away
from the m utant chop allele.

The c / ebpb m utant m ice from the colony at IRBM (Screpant i
et al. 1995) were backcrossed for five generat ions in to the inbred
FVB/ n st rain and m ain tained by m at ing c / ebpb −/ − m ales to
c / ebpb −/ + fem ales.

Cell cu lture and treatm ent

Mouse em bryonic fibroblast s (MEFs) with defined genotypes
were produced essent ially as described (Wurst and Joyner 1993).
Briefly, fem ales were sacrificed at day 13.5 of gestat ion . Em -
bryos were decapitated and eviscerated and carcasses were di-
gested in t rypsin for 30 m in at 37°C. The digested and t itu rated
cells were plated on gelat in -coated t issue-cu lture plates, two
100-m m plates per em bryo. The cells were split 1:3 every 2–3
days and studied at passage 3–4. Cells from individual em bryos

were either pooled with sibling cells of ident ical genotype or
analyzed as single em bryo-derived pools. Com parisons were
perform ed between sibling MEFs of ident ical passage.

MEFs at passage 3–4 were plated at 250,000 cells per 60-m m
dish , in Dulbecco’s m odified Eagle m edium (DMEM) with 10%
fetal calf serum (At lan ta Biologicals) and studied 24 hr later at
∼ 75% confluence. Treatm ent of cells with tunicam ycin , thap-
sigargin , and A23187 (all from Sigm a) was perform ed essent ially
as described (Price and Calderwood 1992). Cells were photo-
graphed under phase-cont rast with a Zeiss Axiovert 25 m icro-
scope. To quant ify cell death , at the indicated t im e poin ts, all
the cells in the plate (adheren t and float ing) were com bined,
pelleted by slowspeed spin , resuspended in a sm all volum e of
phosphate-buffered saline (PBS, pH 7.4), and applied to an alcian
blue (Sigm a)-coated glass coverslip; virtually all the cells (alive
and dead) adhere to the cover slip under these condit ions and
nuclear m orphology is well preserved. The cells were fixed in
PBS-buffered 4% form aldehyde and stained with the karyophilic
dye H33258 and photographed through a fluorescent m icro-
scope. The live cells and cells undergoing program m ed cell
death were dist inguished by the nuclear m orphology and quan-
t ified. On parallel coverslips, the fixed cells were stained by the
TUN EL procedure using a kit (Prom ega, apoptosis detect ion
system ) following the m anufacturer’s inst ruct ions.

Analysis of clonal survival following exposure to differen t
doses of tun icam ycin was perform ed essent ially as described
(Lit t le and Lee 1995). Briefly, early passage MEFs were plated at
low dilu t ion (∼ 2000 cells per 100-m m dish) in t riplicate and
t reated 24 hr later for 24 hr with the indicated concent rat ions of
tun icam ycin . Ten days later the plates were fixed and stained
with crystal violet and the num ber of colonies contain ing >50
cells were counted. Survival was calcu lated as the rat io between
the num ber of colonies in the t reated plates and the num ber of
colonies in the unt reated plate.

For cell cycle analysis, MEFs were plated at low density
(∼ 25% confluence) and arrested in low serum (0.25% ) for 48 hr.
Serum -contain ing m edia with tunicam ycin (1 µg/ m l) was added
for 12 hr. For the last 2 hr BrdU (Boehringer Mannheim ) was
added to the m edia at 10 µ M final concent rat ion . Cells were
t rypsin ized and fixed in 70% EtOH for 30 m in , resuspended in
2N HCl, 0.5% Triton X-100, for 30 m in followed by neut raliza-
t ion in 0.1 M sodium borate. Cells were then stain ing with an
ant i-BrdU m onoclonal an t ibody (Boehringer Mannheim ) and an
FITC-coupled secondary ant ibody. Before FACS analysis, cells
were incubated for 30 m in in a solu t ion contain ing 50 µg/ m l
each of RN ase A and propidium iodide at 37°C. Dual-channel
flow cytom et ric analysis was perform ed on Becton Dickenson
FACScan flow cytom eter.

Western blot analysis of CHOP and TLS and N orthern blot
analysis of CHOP, BiP, Tubulin , and b-act in were all perform ed
as described previously (Wang et al. 1996). The LRF/ ATF3
N orthern blot was hybridized to a m urine cDN A fragm ent ob-
tained by representat ional difference analysis of genes expressed
in tunicam ycin-t reated chop +/ − and chop −/ − m ouse kidneys
(X.Z. Wang, unpubl.). This fragm ent lies between two Dpn II
sites in the 38 UTR of the m urine ATF3/ LRF cDN A (nucleo-
t ides 1305–1718).

A nim al experim ents and t issue sam ple analysis

All an im al experim ents were pre-approved by N YU’s inst itu -
t ional an im al care and ut ilizat ion com m it tee. Sibling m ice (6-
to 10-week-old), m atched for sex and discordant at the chop

locus, were given a single 1 µg/ gram body weight in t raperito-
neal in ject ion of a 0.05 m g/ m l suspension of tun icam ycin in
150 m M dext rose. At various t im es thereafter, the m ice were
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killed by CO 2 narcosis. Kidneys were rem oved and fixed in ei-
ther Carnoy’s solu t ion (6:3:1 vol / vol rat io of ethanol, ch loro-
form and acet ic acid, for hem atoxylin and eosin stain ing), 4%
PBS buffered form alin (for TUN EL assay and BrdU labeling), or
snap-frozen in liqu id nit rogen and stored at −80°C unt il analysis
(for vim ent in and CHOP im m unohistochem ist ry). Fixed
sam ples were paraffin em bedded and 5 µm sect ions m ounted on
glass slides. Both histological analysis of stained slides and
TUN EL stain ing were perform ed by a party unaware the ani-
m als genotype or t reatm ent group (R.T. Light foot and J.L.
Stevens).

CHOP im m unostain ing was perform ed on 5-µm cryosect ions
fixed in 4% buffered form alin , after blocking with 1% donkey
serum in PBS, the sect ions were incubated with rabbit an t i-
CHOP polyclonal serum (Ron and Habener 1992) at 1:1000 for 1
hr at room tem perature and stain ing was revealed by a second-
ary FITC coupled donkey ant i-rabbit serum at a dilu t ion of 1:
100 (Jackson Im m unoResearch labs).

BrdU im m unostain ing was perform ed on t issues from ani-
m als in jected in t raperitoneally with BrdU 100 µg/ gram body
weight (as a 5 m g/ m l solu t ion in 0.007 M N aOH) 2 hr before
sacrifice. Paraffin sect ions of form alin-fixed kidneys from BrdU-
in jected anim als were deparaffin ized, t reated with proteinase K
(Boehringer Mannheim ) in 0.1N HCl for 1 hr at 37°C, and
bleached in a solu t ion of 10% H 2O 2 in m ethanol for 10 m in .
After blocking with 1% norm al rabbit serum , sect ions were
incubated overn ight with a rat an t i-BrdU m onoclonal an t ibody
(Harlan Sera-lab Ltd.) and revealed by a rabbit an t i-Rat IgG poly-
clonal an t ibodies coupled to horseradish peroxidase (Jackson
Im m unoResearch labs). Enzym e act ivity was detected using a
peroxidase subst rate-DAB kit from Vector Lab Inc.

Vim ent in im m unostain ing was perform ed on 5 µm cryosec-
t ions of k idneys fixed in 100% EtOH for 15 m in , air-dried, and
rehydrated. After blocking, sect ions were incubated with a goat
an t i-vim ent in ant iserum (Medina et al. 1983) 1:100 overn ight at
4°C. FITC-conjugated rabbit an t i-goat im m unoglobulin at 1:200
were used to reveal the stain ing (Jackson Im m unoResearch
Labs). Elect ron m icrographs and ult rath in (1 µm , toludine-blue-
stained sect ions) were prepared from t issue fixed in 2.5% glu-
teraldehyde 0.1 M N a cacodylate (pH 7.4). For EM, the sam ple
was em bedded in epon resin EMbed-812 (EM Sciences, Fort
Washington , Pennsylvania), polym erized, th in sect ioned, and
stained with uranyl acetate and lead cit rate. The specim ens
were viewed with JEOL 100XII elect ron m icroscope.
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