The EMBO Journal Vol.17 No.13 pp.3619-3630, 1998

Identification of novel stress-induced genes

downstream of chop

Xiao-Zhong Wang, Masahiko Kuroda,
John Sok, Nikoleta Batchvarova,
Robin Kimmel, Peter Chung,

Helene Zinszner and David Ron'

Skirball Institute of Biomolecular Medicine, the Departments of
Medicine, Cell Biology and the Kaplan Cancer Center,
NYU Medical Center, New York, NY 10016, USA

Corresponding author
e-mail: ron@saturn.med.nyu.edu

CHOP (GADD153) is a small nuclear protein that
dimerizes avidly with members of the C/EBP family
of transcription factors. Normally undetectable, it is
expressed at high levels in cells exposed to conditions
that perturb protein folding in the endoplasmic reticu-
lum and induce an endoplasmic reticulum stress
response. CHOP expression in stressed cells is linked
to the development of programmed cell death and, in
some instances, cellular regeneration. In this study,
representational difference analysis was used to com-
pare the complement of genes expressed in stressed
wild-type mouse embryonic fibroblasts with those
expressed in cells nullizygous fochop. CHOP expres-
sion, in concert with a second signal, was found to be
absolutely required for the activation by stress of a set
of previously undescribed genes referred to as DOCs
(for downstream of CHOP). DOC4 is a mammalian
ortholog of a Drosophila gene, TenmYOdz implicated

in patterning of the early fly embryo, whereas DOC6
encodes a newly recognized homolog of the actin-
binding proteins villin and gelsolin. These results reveal
the existence of a novel CHOP-dependent signaling
pathway, distinct from the known endoplasmic reticu-
lum unfolded protein response, which may mediate
changes in cell phenotype in response to stress.
Keywords endoplasmic reticulum/gene targeting/
subtractive hybridization

Introduction

functional redundancy among members of transcription
factor families presumably contribute to this difficulty.
However, a detailed understanding of the cellular response
to stress requires the development of methods to determine
whether individual transcription factors have unique roles
in transducing the activation of specific downstream genes.
Here we present an analysis of the response mediated by
a specific component of the signaling pathway that is
triggered by agents that perturb the function of the
endoplasmic reticulum (ER)—the transcription factor
GADD153/CHOP.

GADD153/CHOP (growth arrest and DNA damage/C/
EBP _homology protein) has been implicated in the cellular
response to stress. Initially isolated as a gene that is
induced rapidly by alkylating agents and UV light (Fornace
et al,, 1989),gadd153/chosubsequently has been found
to be responsive to other forms of stress, including many
conditions that are known to induce an ER stress response.
The list of conditions known to trigger the ER stress
response includes treatment of cells with the glycosylation
inhibitor tunicamycin, agents that interfere with calcium
flux across the ER membrane and reducing agents, and
deprivation of nutrients such as glucose, amino acids and
oxygen. All of these perturbations also indugadd153/
chop (Bartlett et al, 1992; Cheret al, 1992; Price and
Calderwood, 1992; Carlsoat al, 1993; Martenet al.,
1994; Batchvaroveet al, 1995; Hallecket al, 1997).
Overexpression of the ER chaperone BiP/GRP78 attenu-
ates at least part of the ER stress response (Datat,
1992) and also attenuates the inductiorgafid153/chop
(Wang et al, 1996). This latter result suggests that the
induction ofchopis a direct consequence of the ER stress
response. Recently, studies of cells and animals deleted
for the chop gene have implicated the protein in pro-
grammed cell death induced by agents and conditions
associated with ER stress, and suggested a possible role
for the protein in cellular regeneration that follows toxic
insults in organs capable of mounting such a response
(Zinszneret al., 1998). These results indicate that cellular
pathways regulated by CHOP impact on important bio-
logical processes and are therefore in need of clarification.

gadd153/chopencodes a small nuclear protein that

Cellular stress activates intracellular signaling pathways dimerizes with members of the C/EBP family of transcrip-
that converge on a sizable number of transcription factors tion factors (Ron and Habener, 1992). The CHOP-C/EBP
leading to alterations in the program of gene expression. heterodimer does not bind classical C/EBP-binding sites,
Significant progress has been made in characterizing theand from the perspective of such sites CHOP is inhibitory
stress-induced changes in activity of specific transcription (Ron and Habener, 1992; Fawcettal., 1996; Friedman,
factors and in linking these changes to upstream signaling 1996). There is no evidence that CHOP homodimerizes.

pathways (for examples, see Montmirgt al, 1990;
Schrecket al., 1992; Karin and Hunter, 1995; Treisman,

However, CHOP-C/EBP heterodimers are capable of
binding specific DNA sequences selected from a random

1996). However, identification of target genes that are oligonucleotide library, and reporter genes linked to arti-

regulatedin vivo through the activity of specific stress-

ficial CHOP-C/EBP-binding sites are activated by CHOP

activated transcription factors has not been quite as rapid.in vivo (Ubedaet al., 1996). Furthermore, it appears that
Physiological redundancy between signaling pathways andin most physiological settings CHOP protein does not

© Oxford University Press

3619



X.-Z.Wang et al.

Representational Difference Analysis
MEF Geno s --
e chogrt/t chaptit chop/- DOCs
Tunicamycin: - + ' - + Cswes stress
=2l B Bl O
45 KD — — = — Iy
Western 29 kp — — -— CHOP = = . = B
Blot = |- |E = |
18 KD — E'* E A
1 2 3 4 L— 1 L e | —
Tester Driver Products

C

Genotype:  +l+ ++ - H¥ HF - HE HE - HE HE oo HE - e A - 4 -

Tunicamycin: = + + - + + - + + - + + DI I R T R T ST R
DocC1 DOC2 Doc3 DOC4 * DOC5 DOC6 BIiP Tubulin
d.- -
7.5 Kb — ‘
4.4 Kb—
. vee
2.4 Kh— - == @
14k0— BN - =)
1 2 3 4 5 3] 7 8

Fig. 1. Identification of ER stress-induced genes that are downstreashagf (A) Immunoblot of CHOP protein from lysates of untreated and
tunicamycin-treated (Rg/ml, 6 h) primary MEFs that are wild-type+(+) or nullizygous (—/-) forchop The TLS immunoblot serves as an internal
control for protein loading.K) A cartoon depicting the strategy for isolating stress-induced genes that are downstrelaop (dOCs) by
representational difference analysis. Tunicamycin-treategp+/+ fibroblasts contain the full complement of housekeeping genes (thin lines), the
non-chopdependent stress-inducible genes (light thick lines) ancthiopdependent genes (dark thick lines). From this pool (‘the tester’),
representational difference analysis subtracts theahop-dependent stress-inducible genes present in tunicamycin-trefadge-/—cells and the
housekeeping genes present in both the untregtiegt-/+ and treatecchop—/—pools (collectively referred to as ‘the driver’). What remains as a
product are the DOCs. The asterisks refershopitself that, while not a DOC, is also isolated by this schen@. Northern blot of total cellular
RNA prepared from tunicamycin-treatetiop+/+ and chop—/—fibroblasts and untreatethop+/+ fibroblasts. Identically prepared blots were
hybridized with the labeled inserts of the DOCs isolated by the RDA procedure. Tubulin serves as a control for integrity of the RNA, and BiP serves
to document that an ER stress response had been induced éhdpe/—cells.

accumulate to levels that are sufficient to impact signifi- that their activation by ER stress would also depend on

cantly on the total activity of the C/EBP factors present the presence of a suitable dimerization partner for CHOP.

in a cell (Ubedaet al,, 1996). Thus it seems likely that at The identification of such downstream genes should shed

least part of CHOR role in regulating gene expression light on the role ofgadd153/chopgene induction and

is mediated by its ability to bind as a dimer with C/ CHOP protein post-translational modification in transduc-

EBPs to certain, as yet unidentified, target genes. Othering stress signals.

observations are also consistent with this speculation.

First, CHOP protein undergoes stress-inducible phOSpho'Results

rylation by a p38-type MAP kinase and this phosphoryla-

tion event further enhances the transcriptional activation Identification of genes whose induction by ER

potential of the protein (Wang and Ron, 1996). Secondly, stress is chop dependent

an altered form of CHOP, TLS-CHOP, encoded by an Genes that arehopdependent should not be inducible in

oncogenic fusion gene that is found in virtually all cases cells that are nullizygous fochop Having produced

of human myxoid liposarcoma, requires an intact CHOP murine lines that carry a deletion allele diop (Zinszner

DNA-binding domain to transform cells (Zinsznet al., et al, 1998), we procured mouse embryonic fibroblasts

1994). Thirdly, high level expression of CHOP will lead (MEFs) from embryonic day 14.5 siblings produced by

to cell-cycle arrest (Zhaet al., 1994). In this case too, matingchop+/—animals. Western blotting confirmed that

the growth-suppressing properties of CHOP are dependentunicamycin treatment othopt+/+ MEFs leads to the

on the integrity of its putative DNA-binding basic region appearance of large amounts of CHOP protein, but identi-

(Baroneet al., 1994). cally treatedchop—/-MEFs exhibited no accumulation of
Based on these findings, we hypothesized that CHOP anti-CHOP-reactive protein (Figure 1A). Similar results

may mediate the induction of cellular genes in the context were obtained with a panel of monoclonal and polyclonal

of the ER stress response. We predicted that such geneantibodies that span the length of the protein, indicating

would not be induced in cells that lagadd153/choand that the mutanthopallele does not lead to the production
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Fig. 2. DOC induction is rapid, dependent on new protein synthesis and proceeds in response to multiple agents that trigger an ER stress response.
(A) Northern blot of NIH 3T3 cells treated with tunicamycin |@/ml) for the indicated period of time. Note that DOC1 and DOCS6 induction

follows closely the accumulation of CHOP mRNA and protein (left panel). The same cells were treated with tunicamycin with or without

anisomycin (a protein synthesis inhibitor, 1@/ml) and RNA was isolated for Northern bl6 h later. Note that CHOP induction is not blocked by
anisomycin but DOC1 induction is (right panelB)(NIH 3T3 cells were treated with agents that induce an ER stress response [tunicamycin,

2 pg/ml; the Ca? ionophore A23187, IM; thapsigargin, 2uM; all for 10 h; methyl methanesulfonate (MMS, 19@/ml), for 6 h or methionine-

deficient media (—Met), 16 h] or agents that do not induce ER stress (heat shock at 45°C for 3 h; or etopopefdi0D2 h) and RNA was

isolated. Levels of DOC1, DOC6, CHOP and BiP mRNAs were estimated by RT-PCR using specific primers. The GAPDH signal serves as an
internal control for integrity of the mRNA.

of any CHOP protein. To isolate genes that are dependentinducible by tunicamycin in wild-type cells were com-
on CHORP for their induction by ER stress, we performed pletely non-inducible inchop—/— cells. Probing the
a representational difference analysis (Lisiteyal., 1993; Northern blot with tubulin indicated that the RNA was
Hubank and Schatz, 1994) of cDNA produced from wild- intact. Comparable levels of BiP mRNA in both cell types
type cells treated with tunicamycin compared with pooled indicate that thechop—/—cells respond vigorously to ER
cDNA from chop—/—cells that had been treated identically stress (Figure 3C). The genes that satisfied these criteria
(Figure 1B). The cDNA from the treatechop—/—cells were named provisionally DOCs (downstream_of chop).
contains, in theory, all the constitutive and stress-inducible DOC2 proved to bechopitself, a predictable result in this
genes except those that are dependent on CHOP. cDNAscreen.DOC1 and 3, and DOC4 and 5 proved to be
from the untreated wild-type cells was also added to the different fragments of the same cDNAs, respectively.
subtracting pool. This was done to minimize the chance Three different genes were therefore isolated by this
that subtle differences in the non-stress-dependent genescreen DOC1, DOC4 and DOCS6). Their identity will be
expression program between the MEFs with diffeiddp discussed below.
genotypes might create false positives in the representa-
tional difference analysis (RDA). Agents that activate the ER stress response

Three cycles of RDA vyielded several distinct bands on rapidly induce DOC expression
a 2% agarose gel. Six of these were subcloned and usecchop mRNA induction proceeds in the absence of new
as targets in Southern blots that compared the intensity of protein synthesis—high dose anisomycin is an inducer of
the hybridization signal obtained with labeled cDNA CHOP. However, the induction of DOCs is dependent on

prepared from tunicamycin-treatetiop+/+ andchop—/— new protein synthesis (Figure 2A, right panel). This
cells. Most of the subcloned inserts reacted more strongly result is consistent with a requirement for CHOP protein
with labeled cDNA fromchopt+/+ than from chop—/— synthesis and accumulation for the induction of DOCs.

cells (not shown). These inserts were labeled individually The attenuated induction of BiP mRNA in anisomycin-
and used as probes on Northern blots prepared fromtreated cells is probably due to the lack of something
tunicamycin-treated and untreatathop+/+ RNA and other than CHOP because BIP induction is the same in
treatedchop—/—RNA. All six mRNAs that were strongly ~ chopt+/+ and chop—/—cells (Figure 1C, panel 7). The
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Fig. 3. Rescue otthop—/—cells. (A) Northern blot of RNA from untreated and tunicamycin-treatequg2ml, 6 h) pools ofchop—/-3T3 cells that

had been transduced with a wild-type CHOP-expressing retrovirus or an ‘empty’ retrovirus. Note that DOC expression is only partially rescued by
CHOP (lane 3) but is fully restored by a combination of CHOP expression and tunicamycin treatment (1&8)eRI)-RPCR analysis of DOC

expression in untreated and tunicamycin-treatedd2nl, 6 h) chop—/—cells expressing TLS-CHOP, CHOP and empty virus, as a control.

(C) RT-PCR analysis of RNA fronchop—/-3T3 cells rescued by the CHOP-expressing retrovirus. Note that three different agents that induce ER
stress can provide the necessary synergistic signal to fully activate DOC1 (lanes 2—4). Cells in lane 5 were pre-treated with anisqmjroih (10

for 30 min before and continuouslyrfé h after the administration of tunicamyciD) chop—/-3T3 cells were rescued with wild-type or the

Ala’8&81 mytant CHOP-expressing retrovirus (Wang and Ron, 1996). The upper panel is a Northern blot from the cells treated with tunicamycin
(2 pg/ml, 6 h) in the absence and presence of the p38-type MAP kinase inhibitor SB20358M)1The control panels below are of a CHOP

Western blot (left), immunocytochemical detection of CHOP in the rescued cells (middle) and Western blot detection of p38 MAP kinase activation
in 3T3 cells treated by tunicamycin and thapsigargin (right).

temporal relationship between CHOP induction and the or short-term treatment with the genotoxic topoisomerase
induction of DOC1 and DOC6 was examined in NIH 3T3 inhibitor, etoposide, does not induce CHOP or BiP and
cells. These cells were chosen because they are easier ttherefore does not induce the DOCs (Figure 2C). DOC4
grow and because their ER stress response is more vigorougand DOC5 were excluded from this analysis because of
than that of MEFs. DOC mRNA is detectable after as their high basal level of expression in NIH 3T3 cells. It
little as 3—4 h of tunicamycin treatment, which follows seems likely, however, that this high basal level is
shortly on the heels of the induction of CHOP protein, dependent on CHOP as it is not seen in immortal 3T3
which is first detectable by 2 h (Figure 2A, left panel). cells derived fromchop—/—MEFs (see Figure 3A). We
The kinetics of the response are consistent vVibtdC1 conclude that multiple inducers of the ER stress response
and DOCS6 being direct target genes of CHOP, a result will activate DOC1andDOCG6 gene expression.
supported by the identification of a functional CHOP-
binding site in the DOC1 promoter (J.Sok, unpublished Rescue of chop-/- cells by exogenously expressed
observations). CHOP reveals the need for a second signal in DOC

All perturbations known to trigger the ER stress response induction
will lead to the accumulation of CHOP protein (see The criterion used to identify the DOCs—non-inducibility
Introduction). To test if the DOCs share this property by tunicamycin inchop—/~MEFs—Ieaves open the pos-
with CHOP, NIH 3T3 cells were subjected to multiple sibility that these genes are not truly dependentchap
treatments known to induce the ER stress response, andexpression at the time of stress, but rather ttradp may
the induction of DOC mRNA was estimated by an RT— have been required at one time to effect the development
PCR assay. Tunicamycin, the calcium ionophore A23187, of a cellular phenotype that is necessary for DOC induction
thapsigargin, methionine-depleted media and the alkylat- by stress. To address this issue, immortal IF®p—/—
ing agent methyl methanesulfonate (MMS) all induced cells were transduced with a retrovirus expressing epitope-
DOC1, DOC6, CHOP and BiP. The stress of heat shock tagged CHOP. Constitutive expression of CHOP led to
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Fig. 4. C/EBRB is required for DOC expressionA] Gel-shift of a32P-labeled C/EBP-binding site-containing double-stranded oligonucleotide.
Antibodies to specific C/EBP family members were added to the fibroblast nuclear extract before the binding reactioBNGiHBE/EBIBC refer

to antisera directed against the N- and C-termini of the protein respectively; NRA is a non-related antibody (rabbit anti-CREB polyclonal antibody).
The position of the C/EBP-DNA complex is indicate) (Proteins in tunicamycin-treated fibroblasts were metabolically labeled with

[33S]methionine and immunoprecipitated with antibodies to C/EBRd CHOP (9C8). The C/EFPimmunoprecipitation (lane 1) was carried out

after boiling the lysate in 1% SDS to dissociate non-covalently bound proteins and reveal the position of the maj@r iSdEBRs referred to as

LAP and LIP and indicated by the arrows to the left of the autoradiogram (Descombes and Schibler, 1991). The NRA (the 9E10 monoclonal
antibody) and CHOP immunoprecipitations (lanes 2 and 3) were carried out under conditions that retain CHOP-associated proteins in a complex.
(C) Northern blot of RNA from tunicamycin-treated and untreated wild-tyghmp—/—and c/eb—/— fibroblasts. P) RT-PCR analysis of RNA from
tunicamycin-treated and untreatetb3—/— 3T3 cells that had been rescued by transduction with the LAP form of GBGEBP

the induction of DOC expression when cells were stressed It has been found previously that CHOP protein
(Figure 3A). TLS-CHOP, an oncogenic version of CHOP undergoes stress-inducible phosphorylation during the ER
that contains an intact CHOP DNA-binding and dimer- stress response and that this phosphorylation event maps
ization domain, was also found to be capable of rescuingto two serine residues, 78 and 81. Phosphorylation of
DOC expression irchop—/—cells (Figure 3B). The two  these residues leads to enhanced transcriptional activation
proteins thus appear to have overlapping sets of targetof a reporter gene by the CHOP activation domain, and
genes. These results also strongly suggest that the DOCsnutation of the two residues to alanine diminishes this
are dependent on CHOP expression at the time of stressstress-inducible enhancement in transactivation (Wang and
In addition, these rescue experiments exclude the Ron, 1996). To determine if the super-induction of DOC1
possibility that variation at loci other thachop account by the ER stress response is dependent on this inducible
for the differences observed in the inducibility of the phosphorylation event, the ability of wild-type and
DOCs between the different pools of MEFs. Ala’8&81 mytant CHOP to rescue DOCL1 expression was
Interestingly, tunicamycin treatment of the rescued compared inchop—/—cells. Western blot and immuno-
chop—/—cells was required for full expression of the chemistry showed that similar levels of expression of the
DOCs, though this treatment had no effect on the CHOP two proteins had been attained in the rescued population
expression level in these cells (Figure 3A, last lane). of chop—/—cells (Figure 3D, lower left and middle panels).
The super-induction of DOCs by tunicamycin in CHOP- Expression of either protein resulted in a significant basal
expressingchop—/—cells is shared by other agents that and tunicamycin-inducible expression of DOCL1. The level
induce an ER stress response, but not by the heterologou®f tunicamycin-induced expression of DOC1 in the cells
stress of etoposide or UV light (Figure 3C). Furthermore, rescued by CHOP A4 & 81 was reproducibly 1.5- to 3-
super-induction of DOCs in response to stress in CHOP- fold lower than that observed in cells rescued with
expressinghop—/—cells was no longer dependent on new wild-type CHOP (the experiment was repeated in three
protein synthesis (Figure 3C, lane 5), indicating that independent rescued poolsafop—/—cells, with identical
the propagation of this second signal can proceed by results). Furthermore, ER stress leads to activating
modification of pre-formed factors. phosphorylation of p38 MAP kinase on Tyr82 (detected
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by a phosphopeptide-specific antibody, Figure 3D, lower Ala’® &8l (Figure 3D, compare lanes 5 and 6 with 8 and
right panel). Significantly, the p38 MAP kinase inhibitor 9). These experiments suggest that phosphorylation of
SB203580, a compound previously found to inhibit the CHOP on Ser78 and Ser81 plays a role in mediating the
stress-inducible phosphorylation of CHOP (Wang and Ron, second signal that links the ER stress response to DOC1
1996), attenuated the tunicamycin-induced expression ofinduction (the first signal being the induction ohop
DOC1 in cells rescued with wild-type CHOP but had itself), but that there are other components of the second
much less of an effect on the cells rescued by CHOP signal that are not dependent on CHOP phosphorylation.
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Genes downstream of CHOP

The requirement for c¢/ebppf in DOC induction antibodies to C/EBP, but not by antibodies to other C/
suggests an active role for CHOP-C/EBP EBP isoforms (Figure 4A). C/EBP also accounts for
heterodimers most of the material that is co-immunoprecipitated by

The induction of DOCs during the ER stress response anti-CHOP antibodies from such cells (Figure 4B, see
could reflect either a positive role for CHOP in activating also Baroneet al., 1994; Zinszneet al., 1994). Recalling
their promoter (or the promoter of an upstream mediator that CHOP does not form homodimers readily (Ubeda
gene) or, in theory, a negative role for CHOP that acts by et al, 1996), one would predict that if DOC induction
relieving a tonic inhibitory influence exerted by CHOP’s proceeded via a positive effect of CHOP, cells that have
dimerization partner. In fibroblasts, the predominant no C/EBR3 would have a significantly attenuated DOC
C/EBP protein is C/EBP. This is revealed by the fact response to ER stress. If, on the other hand, DOC
that most of the activity in fibroblast nuclear extract that expression were due to CHOP-mediated relief of repres-
can bind to a classical C/EBP site is supershifted by sion, cells lacking C/EBP would have wild-type or

C

Preimmune DOC4 immune

400X 1000X

D 358-Met Immunoprecipitation

Lysate Medium
| I |

preimmune: + +
immune: + +
DOC4 —» -
- —
212 KD —
E +/-, d10.5 +/-, d11.5 -/-, d11.5

4 2,

Fig. 5. (A) Alignment of the peptide sequence of DOC4 widhosophilaTenm/Odz. Identical residues are boxed and similar residues are shaded.
The nucleotide sequence of the cDNA has been deposited in GenBank under accession No. AFB3&ar diagram of the domain structure of

the DOC4 mRNA and encoded protein. Non-coding regions are denoted by the thin horizontal lines and the coding region by the thick bar. Both the

hydrophobic stretch at amino acid residues 411-433 (TM) and the potential furin cleavage site at residue 591 (Furin) are indicated. The eight EGF

repeats, residues 633—893, are lightly stippled, and the conserved cysteine-rich domain (CC), residues 894-1009, is darkly stippled. The position of

the DOC4 and DOCS inserts is indicated by the horizontal b&fS{rface immunostaining of non-permeabilized NIH 3T3 cells with DOC4
antiserum and pre-immune serur®) (mmunoprecipitation of metabolically labeled DOC4 from methionine-starved NIH 3T3 whole cell lysates and
culture conditioned medium. The positions of the 212 kDa marker and the DOC4 signal are indicated to the left of the autoradip§@@4 (n

situ histohybridization of whole-mount mouse embryos with the indicateap genotypes. The position of the sharp band of DOC4 staining at the
midbrain—hindbrain junction is indicated by the arrows.
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DOC6 1 -MSLSSAFRAVSND--PGIITWRIEKMELALVPLSAHGNFYEGDCYIVLSTRRVGS -LLSQNIHFWIGKDSSQD m
Villin 1 MTKLNAQVKGSLNITTPGIQIWRIEAMOMVPVPSSTFGSFFDGDCYVVLAIHKTSS-TLSYDIHYWIGQDSSQAD =
Gelsolin 1+ MVVEHPEFLKAGKE--PGLQIWRVEKFDLVPVPPNLYGDFFTGDAYVILKTVOLRNGNLOQYDLHYWLGNECSQD =
DOCE 77 EQSCAAIYTTQLDDYLGGSPVQHREVQYHESDTFRGYFKQG!| | YKKGGVASGMKHVETNTYDVKRALLHVKGKRAN 144
Villin 7+ EQGAAAIYTTQMDDYLKGRAVQHREVQGNESETFASYFKQGLY I RKGGVASGMKHVETNSCDVQRLLHVKGKRAN w7
Galsolin 72 ESGAAAIFTVQLDDYLNGRAVOHREVAQGFESSTFSGYFKSGLKYKKGGVASGFKHVVPNEVVVAQRLFQVKGRRY s
DOCE 145 |QATEVEMSWDS FNRGDVFLLDLGMV I IQWNGPESNSGERLKAMLLAKD I RDRERGGRAE IGVIEGDKEAASPG 218
Viliin 14 VLAGEVEMSWKS FNRGDVFLLDLGKL | IQWNGPESNRMERL RGMPLAKE | RDOERGGRT YVGVVDGEKEGDSPQ 221
Gelsolin 147 VARATEVPVSWDS FNNGDCF ILDLGNNI| YQWCGSGSNKFERLKATQVSKG|I RDNERSGRAQVHVSE- - -EETEP - =28
DOGC6 zs LMTVLQDTLGRASMIKPAVSDEIMDQQQ-KSS IMLYHVSDTAGQLSVTEVATR-PLYVQDLLNHODCY ILDQS -G 20
Villin z LMAIMNHVLGPRKELKAAISDSVVEPAA-KAALKLYHVSDSEGKLVVREVATR-PLTQDLLKHEDCY |ILDQG -G 22
Gelsolin 27 - -EAMLOQVLGPKPALPEGTEDTAKEDAANRKLAKLYKVSNGAGSMSVSLVADENPFAQGPLASEDCFILDHGRD =88
DOC& w0 TKIYVWKGKGATKVEKQAAMSKALDFIKMKGYPSSTNVETVNDGAESAMFKQLFQKWSVKDAQTTGBLEBK|IFSTGK a8
Villin 23 LKIFVWKGKNANAQERSGAMSQALNFIKAKQYPPSTQVEVQONDGAESP IFOQLFQKWTVPNRTSGLEGKTHTVGS oo
Gelsolin 208 GKIFVWKGKQOANMEERKAALKTASDFISKMAQYPRQTAQVSVLPEGGETPLFKQFFKNWRDPDQTDGPEGLGYLSSH a2
DOCE 4 |AKIFQDKFDVSLLHTKPEVAAQEAMVDDGKGQVEVWRIENLELVPVEYQWHGFFYGGDCYLVLYTYDVNGKPH 7
Villin w7 VAKVEQVKFDALTMHVOPQVAAQOKMVDDEGSGEVAQVWRIEDLELVPVESKWLGHFYGGDCYLLLYTYL IGEKQH a0
Gelsoln w3 | ANVERVPFDAGTLHTSTAMAAQHGMDDDGTGAKQ IWRIEGSNKVPVDPATYGQFYGGD3Y | ILYNYRHGARAG a3
DOC6E @ YILYIWQGRHASRDELAASAYRAVEVDQQFDGAPVQVRAVSMGKEPRHFMAIFKGK-LVIYEGGTS RKGNEEPDP s
Villin 41 YLLYIWOQGSOASQDEIAASAYQAVLLDQKYNDEPVQIRVTMGKEPPHLMS IFKGR-MVVYQGGTS AKNNLEP VP s
Gelsolln 47 Q1 | YNWQGAQSTAQDEVAASAILTAQLDEELGETPVASAVVQGKEPAHLMS LFGEGKPMIIYKEGBTS ADGBGATAPA s10
DOCs st1 PVALFQIHEBNDKSNTKAVEVSASASSLNSNDVFLLATOAEHYLWYGKGSSGDERAMAKELVDLLCDGNADTVAE sas
Villin 514 STRLFQVRARGTNADNTKAFEVTARATSLNSNDVFILKTPSCCYLWCGKGCSGDEREMAKMVADT ISRTEKQVVVYE ser
Gelsolin 511 S IALFAOVRAASSSGATRAVEVMPKSGALNSNDAFVLKTPSAAYLWVGAGASEAEKTAAQELLKVLARSQHVQVEE - sa
DOCE ss5 GAQEPPEFWDLLGGKTAYANDKRLQ-QETLDVQVALFECSNKTGRFLVTEVT -DFTQEDLSPGDVMLLDTWDQVF 656

Villin s GQAEPANFWMALGGKAPYANTKRLQ-EENQVITPRLFECSNQTGRFLATEI|F-DFNQDDLEEEDVFLLDVWDQWVF eso

Gelsolin 84 GSEPDGFWEALGGKTSYRTSPRALKDKKMDAHPPRALFACSNRIGRAFVIEEVPGELMQEDLATDODVMLLDTWDQVFE es7
DOCce 57 LWIGAEANATEKKGALSTAQEYLVTHPSGRADPDTPIL I I KQGFEPPTFTGWFLAWDPH IWSEGKS YEQLKNELG 7o
Villin 0 FWIGKHANEEEKKAAATTVAQEYLKTHPGNRDLETPI| |IVVKQGHEPPTFTGWFLAWDPFKWSNTKS YODLKAELG 733
Gelsolin 8 VWVGKDSQEEEKTEALTSAKRYIETDOPANRDRRARTPITVVRQGFEPPSFVGWFLGWDNNYWS - - - - - - - - 220w 718
DOCE ™ -DATAIVRAITADMKNATLYLNPSD - -GEPKYYPVEVLLKGONQELPEDVDPAKKENYLSEQDFVSVFGITRG 79
vilin T34 NSGD'NSGIﬁDEVMSPKVDVFTANTSLSSGPLPTFPLEQLVNKSVEDLPEGVDPS RKEEHLSTEDFTRALGMTFPA sor
GOIBONIM 748 = = = = = = wom o me e e s esa i eees st VDP -« ----mm-- LDRALAELAA 7
DOC8 so0 QOFTALPGWKQLOLKKERGLF 819
Villin a8 AFSALPRWKQQN | KKEKGLF a7
Gelsolin { PR T X e R, N LR G B BB T 7

Fig. 6. Alignment of the peptide sequence of DOC6 with that of mouse villin and gelsolin. Identical residues are shaded. Note the similar location of
the DXXD motif (underlined) in DOCS6 (residues 370-373) and gelsolin (residues 349-352). The nucleotide sequence of the cDNA has been
deposited in GenBank under accession No. AF059486.

enhanced DOC inducibility. MEFs produced frooi (Baumgartneret al., 1994; Levineet al, 1994, 1997).
eb3—/— mice were compared for DOC inducibility by Examination of the full-length mammalian cDNA reveals
tunicamycin with wild-type andchop—/— MEFs. Cells it to encode a protein with a single internal hydrophobic
lacking C/EBBB, like their chop—/—counterparts, were stretch (residues 411-433) followed by a domain with a
deficient in DOC inducibility (Figure 4C). Introducing C/  series of eight epidermal growth factor (EGF) repeats
EBPB back into these/ebf3—/- cells rescued the defect (residues 633—-893), a unique cysteine-rich domain
in DOC expression (Figure 4D). This result is most (residues 894-1009) and a long C-terminus conserved
consistent with CHOP-C/EBPdimers playing an active  between invertebrates and mammals (Figure 5B). The

role in DOC induction. presence of EGF repeats suggests that the C-terminus is
exposed to the extracellular environment. This prediction is
Identity of the DOCs borne out experimentally by the observation that antibodies

Sequence analysis revealed DOC1 and DOCS3 to bedirected against the C-terminal portion of DOC4 stain
fragments of a mouse homolog of human and sheepnon-permeabilized DOC4-expressing cells (Figure 5C).
carbonic anhydrase VI (CA-VI). The CA-VI gene encodes Metabolic labeling followed by immunoprecipitation indi-
a secreted form of an enzyme that catalyzes the reversiblecates that the protein is not present in soluble form in the
hydration of CQ and has been known to be expressed at media. Instead, it remains in the cell-associated pellet
high levels in the salivary gland (Fernlet al., 1989). (Figure 5D), suggesting that it has either a type Il
The significance of its expression in response to stress intransmembrane topology, or that it is secreted and associ-
cells is not known at present. It is tempting to speculate, ates with the membrane or matrix in an insoluble complex.
however, that DOC1 may play a role in controlling A database search reveals that the 632 N-terminal amino
hydrogen ion concentration in the extracellular environ- acids of the human homolog of DOC#490% identity)
ment in response to stress. are found as part of a novel secreted protein referred to
DOC4 and DOCS5 are two fragments of the same large asy-heregulin (Schaefegt al., 1997). In the latter entity,
MRNA (=14 kb) that encodes a novel protein of 2825 the C-terminus of DOC4 is replaced by the immuno-
amino acids. The protein is highly similar throughout its globulin and EGF domains of human heregulin-1. Pres-
length to the product of @rosophila gene known as  ently, it is not known ify-heregulin is the product of a
TenniOdz (Figure 5A, 31% identity, 50% similarity). The  single locus that would harbor both the known human
Drosophila protein has been found in both secreted and HRG1 gene and the newOC4 gene, or if it represents
membrane-bound forms and is expressed in the developinga translocation product between the two genes that is
fy embryo at several compartment boundaries unique to the breast cancer line (or tumor cell line) in
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a stress-responsive and CHOP-dependent component in
the adaptation of cells to stress.

DOC6encodes a previously undescribed protein of 819
amino acids that is most similar to the actin filament-
binding and severing proteins villin (60% identity) and

IT° Signal l I’ Signal IT° Signal gelsolin (48% identity). Figure 6 shows an alignment of

DOC6 with the murine proteins. Of particular interest is
the occurrence of a similarly situated DXXD motif in
DOCS6 (residues 370-373) and in gelsolin (residues 349—
352). In the latter protein, this motif is implicated in a
cleavage reaction mediated by caspases and occurring
during programmed cell death. The N-terminal fragment
of gelsolin, generated by this cleavage event, mediates
changes in the actin cytoskeleton during apoptosis
(Kothakotaet al., 1997). The conservation of the potential
C/EBPB caspase cleavage site in DOC6 suggests that it may
mediate some of the changes in the cytoskeleton observed
during programmed cell death induced by ER stress.

aseury JvIN ged

Discussion

DOCs Before this study, it was not known whether CHOP, other
than serving as an inhibitor of C/EBPs, had a role in
regulating gene expression. The experiments described

Fig. 7. A cartoon depicting components of the signaling pathway above establish the protein as a stress-inducible transcrip-
hypothesized to play a role in DOC expression in response to ER tion factor that activates a novel set of target genes in
stress. ER stress leads to the induction ofthepgene (the I~ yagponse to stress. CH@Pability to activate these target
signal). A second signal consists of the post-translational modification . . .
of CHOP protein by a p38-type MAP kinase on Ser78 and Ser81, ge.nes IS dependent Qn the pres?nc_e of a C/EBP dimeriz-
enhancing CHOP transactivation potential (II° signal, left arrow). An  ation partner, suggesting that activation takes place by the
additional component of this second signal is propagated binding of a CHOP-C/EBP heterodimer, as predicted by

independently of the phosphorylation of CHOP on these two residues i vitro site selection experiments (Ubeda al., 1996).

and is depicted here as a path that converges on DOC in parallel with - e . . i 2o
the CHOP-mediated signal (II° signal, right arrow). It remains The identification of such a CHOP—C/EBP-binding site in

possible, however, that CHOP is also modified by mechanisms distinct the promoter of one of the target genésQC1, lends
from the previously described p38-type MAP kinase phosphorylation  further support to this concept (J.Sok, unpublished obser-

at Ser78 and Ser81. In such a case, both II° signal arrows should be vations). Based on the results presented here, we propose
seen as converging on CHOP. that an early stressful event in the ER leads to the induction
of chop gene expression. Subsequently, a second signal
. . . e that is mediated in part by the phosphorylation of two
which y—lhereg.ulm was |dent|f|gd. To the extent that the adjacent serines oanHO)F/’ (Serp78 a?]d ger81) leads to
processing signals that specify a secreted fateyto  frther augmentation of the transcriptional activation of
heregulin (these include the hydrophobic stretch at residuespocs. This hypothetical chain of events is depicted in
411-433 and the furin-type cleavage site at amino acid cartoon form in Figure 7. It appears, however, that part
591) are also present in DOC4, it is likely that the latter of this second signal can also proceed via path(s) that are
is also a secreted protein whose processed N-terminus is,qt dependent on phosphorylation of CHOP at these
identical to that ofy-heregulin and begins at GlyS91 o known residues. This conclusion is based on two
(Schaeferet al., 1997). _ _ observations. First, a mutant form of CHOP, that has
The expression pattern of DOC4 in developing mouse glanines substituting for Ser78 and Ser81 still retains
embryos has features that suggest conservation of functionsignificant ability to activate DOC1 in response to ER
with Tenm/Odz. The mRNA is found to be localized to a stress (compare lanes 7 and 8 in Figure 3C). Secondly,
fine stripe at the midbrain—hindbrain junction of day 9.5~ sB203580, an inhibitor of p38 MAP kinase that is known
11.5 mouse embryos (Figure 5E). This ‘organizing center’ to plock the stress-induced phosphorylation of CHOP at
in the mouse has functional similarity to the posterior ser78 and Ser81 (Wang and Ron, 1996), attenuates but
portion of the body segments in the fly embryo and the does not abolish the induction of DOCs. The additional
morphogenetic furrow in the fly eye imaginal discs—areas component of the second signal also appears to be depend-
in which developmental boundaries are being establishedent on phosphorylation events, as it is sensitive to the
(Joyner, 1996). In the fly, this process is associated with broad spectrum kinase inhibitors H7 and genistein (data
and dependent on expression of Tenm/Odz (Baumgartnernot shown), but at this point in time we have no further
et al, 1994; Levineet al, 1994, 1997)chop appears to clues as to its nature.
play no role in the developmental expression of DOC4, The presence of two components in this CHOP-
as chop—/—mouse embryos are indistinguishable from dependent signaling pathway has interesting parallels with
their wild-type counterparts in terms of DOC4 expression the propagation of stress signals via the c-JUN constituent
(Figure 5E). The results further indicate that whatever of the AP-1 complex. There too a synergism is found
role DOC4 may have in development, it is ‘recycled’ as between transcriptional activation of jua and post-
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transcriptional activation of JUN protein through its collapse of the actin cytoskeleton, a feature of apoptosis
phosphorylation by a MAP kinase (reviewed in Karin and (Kothakotaet al., 1997). DOC6 shares a potential, DXXD
Hunter, 1995). In the latter system, it appears that the caspase cleavage site with gelsolin. It is tempting, there-
transcriptional component is less important than the rapid fore, to speculate that an N-terminal cleavage fragment of
post-transcriptional one, whereas in the CHOP-dependentDOC6 may have similar effects on the actin cytoskeleton
pathway, described here, transcriptional inductiocladp in cells exposed to ER stress.
is a requirement. Perhaps the fact that the AP-1 complex DOC4 is a mammalian homolog of an intriguiBgoso-
evolved to respond to physical agents that immediately phila protein, Tenm/Odz. Though there is some disagree-
modify pre-existing macromolecules (e.g. UV light) ment on the topology of Tenm/Odz (Baumgartetral,
imposed a requirement that new protein synthesis should1994; Levineet al., 1994), all the experimental data are
not play such an important role in the propagation of that in agreement that the protein has potent signaling func-
signal. ER stress, on the other hand, is thought to developtions. In the early fly embryo, Tenm/Odz is expressed by
predominantly in the context of interference with synthesis the posterior cells of the odd-pair segment. In its absence,
and folding of new proteins. Therefore, pathways respon- the adjacent even-pair segment fails to develop, giving
sive to that perturbation can be endowed with greater rise to a pair-rule defect (Baumgartredral., 1994; Levine
latency and hence may be dependent on synthesis ofet al, 1994). This suggests that Tenm/Odz affects the fate
mediators such as CHOP. of cells adjacent to those that produce the protein, a result
Cells modify their gene expression pattern in response consistent with evidence that DrosophilaSchneider S2
to altered function of the ER. This response is best cells the protein is secreted (Baumgarteeal., 1994). A
characterized in yeast where it has been referred to as thesecreted fate for DOC4 is suggested by the fact that the
unfolded protein response (UPR) and consists of the N-terminus of the protein is identical to that of a novel
transcriptional activation of a set of genes encoding ER- secreted form of the paracrine hormone heregulin, known
resident proteins. The UPR, therefore, represents a positiveas y-heregulin (Schaeferet al., 1997). DOC4 shares
feedback loop by which unfolded proteins in the ER extensive sequence identity with Tenm/Odz, and its pattern
trigger the enhanced expression of components of theof expression in mouse embryos is also consistent with a
machinery that affects proper folding in that environment role in signaling at compartment boundaries (Figure 5E).
(Shamuet al, 1994). In yeast, the signaling pathway Our experiments indicate that the DOC4 protein remains
linking events in the ER to changes in gene expressionin close association with the cells that make it (Figure
has been worked out in great detail. However, much less 5D). We therefore propose a model whereby expression
is known about the response of mammalian cells to ER of DOC4 by stressed cells serves to propagate a signal to
stress. At least part of the response appears to be shareddjacent cells. We further speculate that this signal may
with yeast in so much as ER stress triggers the induction be important to the phenotypic alteration in cell fate that
of a homologous set of ER-resident proteins in both phyla accompanies the regeneration process that occurs when
(Lee, 1992). However, the diversity of the response may tissues are subjected to circumstances associated with ER
be greater in mammalian cells. For example, ®B-- stress. According to this speculation, products of some
activity is induced by ER stress in mammalian cells (Pahl genes downstream of CHOP, such as DOCS6, have cell-
and Baeuerle, 1995, 1997). Because of the pleotrophicautonomous effects that contribute to the development of
nature of NFkB, this finding suggests that perturbations programmed cell death, whereas others, like DOC4, have
in the ER may activate a broad stress response rather tharsignaling properties that effect the process of regeneration.
one limited to genes encoding ER-resident proteins. The
description here of a CHOP-dependent ER stress pathway ]
that activates a set of genes that are clearly not ER- Materials and methods
resident proteins lends further support to this concept. cey culture and treatment
Cells lackingchop are not globally deficient in the ER  chop—/-mice were generated by homologous recombination in embryonic
stress response; BiP, for example, is normally induced in stem gells. Ip the targeted aIIeIe“| theo ger_le_replaces all bu_t the last
these cells (Zinszneet al, 1998; Figure 1C, panel 6). 34 amino acids of CHOP._A dgtalled description o_fthe targeting strategy
The ER stress response of mammalian cells, therefore and phenotype observed in mice has been described elsewhere (Zinszner

. . ‘et al, 1998).c/ebf—/—mice have been described previously (Screpanti
has at least one bifurcation at the level of CHOP and et al, 1995). MEFs with wild-type or mutant genotypes were generated

contains a novel branch that is dependent on CHOP. from day 14.5 mouse embryos (Joyner, 1998)op—/—or c/eb—/—
ER stress modifies the proliferation and survival of 3T3 fibroblasts were produced from the MEFs by serial passage as
cells (Carlberg and Larsson. 1993: Larssdral. 1993 described (Todaro and Green, 1963), and were studied here between

. . . . passages 20 and 25. All cells were cultured in Dulbecco’s modified
Nakashimaet al, 1993; Peez-Sala and Mollinedo, 1995;  Egie's medium (DMEM) in the presence of 10% fetal calf serum

Carlberget al, 1996; Chang and Korolev, 1996). It iS from Intergen (Denver, CO). MMS, tunicamycin, thapsigargin, calcium
encountered under physiological conditions such as renalionophore A23187 and etoposide were purchased from Sigma (St Louis,
ischemia (Kuznetoet al 1996) in which it is associated MO). The concentration and time of treatment are indicated in the figure
with CHOP induction and cell death (Zinsznet al., lcfgsecr:%se‘du(\\,/\,;g;?'aaf'Ofgééfg mJidnwas performed as previously
1998; H.Zinszner, unpublished observations). CHOP has

an |mportan'g role in programmed cell d_eath and may also ¢DNA synthesis, representational difference analysis and

play a role in renal tubular regeneration in response to full-length cDNA cloning

ER stress (Zinsznest al. 1998). DOCS6 is a close homolog All procedures were performed essentially as described by Hubank and

. Schatz (1994)chopt/+ andchop—/-MEFs at ~75% confluence were
of gelsolin. The latter has been found to undergo cleavagetreated with tunicamycin (Rg/ml, 10 h). Poly(A} RNA was prepared.

by caspase 3 during prOQrammedlce” death, and the N-pouble-stranded cDNA synthesis was based on Stratagene’s ZAP-cCDNA
terminal fragment generated by this cleavage causes thesynthesis kit with the modification that the incorporation of 5-methyl-
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dCTP into first-strand synthesis was omitted. The cDNAs were restricted RIPA and immunoprecipitated with rabbit anti-C/EBP C-terminal antibody
with Dpnll, ligated into R-linkers, amplified with R-24 primer, and  (Santa Cruz). Gel shift assays of C/EBP proteins were performed exactly
restricted again to generate a tester pool consisting of cDNA from as described using the C/EBP site from the angiotensinogen promoter,
tunicamycin-treatedhop+/+ cells and a driver pool consisting of cDNA APRE M6 as a probe (Brasiet al., 1990). Rabbit anti-C/EB#®Por anti-

from untreatechop+/+ and treateathop—/-MEFs. In the first round of C/EBMB N-terminal polyclonal antibodies were described previously (Ron
subtractive hybridization, a tester:driver ratio of 1:100 was used, in the et al, 1992). Rabbit anti-C/EB¥and anti-C/EBP polyclonal antibodies
second, 1:800 and in the third, 1: 40 000. After three cycles of subtraction were purchased from Santa Cruz. Antiserum to active p38 MAP kinase
and amplification, th®pnll-digested differential products were fraction-  was from New England Biolabs.

ated on a 2% NuSieve agarose gel and individual identifiable bands were  Rabbit antiserum to DOC4 was developed to a soluie-8s-tagged
subcloned into theBanHI site of pGEM3 vector. The cloned cDNA peptide encoded by axcd fragment (nucleotides 7791-8237) from the
fragments were then used for Northern blot analysis and cDNA cloning. 3" end of the cDNA. The antisera was used at a dilution of 1:200 for
To isolate full-length clones of the DOCs, both oligo(dT)- and random- immunochemistry on paraformaldehyde-fixed, non-permeabilized NIH
primed cDNA libraries made from tunicamycin-treated (12 lugZml) 3T3 cells grown on coverslips. The pre-immune serum served as a negative
NIH 3T3 cell RNA were constructed ik-Zap phage vector (Stratagene).  control. Immunoprecipitation of DOC4 was performed from RIPA lysates
Overlapping clones were assembled to ‘walk’ along the cDNA. The entire  of [32S]methioninet cysteine-labeled NIH 3T3 cells thathad been cultured
coding region was sequenced and the position of the predicted initiator for 12 h in methionine minus media (methionine depletion is known
methionine was assigned based on the presence of in-framesteam to induce CHOP gene expression, see Figure 2C, lane 5). In parallel,
stop codons. The nucleotide sequences have been deposited in DDBJtonditioned media from the labeled cells were collected and immunopre-
EMBL/GenBank under the following accession numbers DOC 4, cipitated.

AF059485; DOC 6, AF059486. In situ histohybridization of whole-mount fixed mouse embryos was
performed exactly as described (Wilkinson, 1992). The digoxigenin-
RNA isolation Northern blot and RT-PCR analysis labeled antisense cRNAs corresponding to the cloned DOC4 and DOC5

Total RNA for cDNA synthesis was prepared by GTC lysis and CsCl fragments were used as probes. Hybridization was performed at 65°C in
ultracentrifugation. Poly(A) RNA was isolated by passes over an  50%formamide-containing buffer and was followed by extensive digestion
oligo(dT) cellulose column (Molecular Research Center, Inc.). For North- with RNase A to degrade unhybridized probe. Staining was revealed by
ern blots, total RNA (2Qug/lane) was fractionated on a formaldehyde an alkaline phosphatase-coupled anti-digoxigenin sheep antibody and a
agarose gel and transferred onto HyBond-N nylon membrane (Amersham). ‘BM purple’ chromogenic substrate (both from Boehringer Mannheim).
The murine CHOP, murine BiP, murimetubulin and isolated individual
DOC cDNA fragments were labeled withP by a random primer labeling Retroviral production and infection
technique and hybridized at 65°C in a buffer containing 7% SDS, 1 mM  Wild-type BanHI-Xhd) or Ala’8&8! (BanHI-Sal)-substituted 9E10-
EDTA and 0.5 M sodium phosphate pH 7.4. tagged CHOP (Wang and Ron, 1996) or TLS-CH®RrtHI/Munl) cDNA
To analyze the expression of DOCs by RT-PCRuglof total RNA (Zinsznerktal., 1994) were ligated into pBabe-puromycin retroviral vector
from each sample was primed with oligo(dT) to synthesize first-strand (Morgenstern and Land, 1990) digested wiganHI-Sal or BanHI-
cDNA by reverse transcriptase. After reverse transcription, the reaction EcoRl. The LAP form of human C/EBPcDNA was cloned into pBabe-
mixture was diluted to a volume of 1Q0in TE; 5% of the reaction mixture puromycin as aBanHI-Sal fragment. Replication-defective retroviral
was used for PCR. particles carrying a vesicular stomatitis virus G-envelope protein
The primers and conditions for PCR analysis were: CHOP primer 1, pseudotype were produced as previously described (Landau and Littman,
GCAGCCATGGCAGCTGAGTCCCTGCCTTCC; primer 2, CAGACT- 1992). Cells were transduced with the retrovirus and selected with puromy-
CGAGGTGATGCCCACTGTTCATGC; BiP primer 1, GAAAGG- cin (1pg/ml) for stable CHOP-expressing cell lines. TLS-CHOP could not
ATGGTTAATGATGCTGAG; primer 2: GTCTTCAATGTCCGCA- be stably expressed ichop—/—3T3 cells; therefore, these cells were
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