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Stress-Induced Phosphorylation and Activation stress-inducd endogenous was 

of the Transcription Factor CHOP (GADDI 53) 
phosphorylated. 

Comparison of the w t i c  phosphopep- 

by p38 MAP Kinase 
XiaoZhong Wang and David Ron* 

CHOP, a member of the CIEBP family of transcription factors, mediates effects of cellular 
stress on growth and differentiation. It accumulates under conditions of stress and un- 
dergoes inducible phosphorylation on two adjacent serine residues (78 and 81). In vitro, 
CHOP is phosphorylated on these residues by p38 mitogen-activated protein kinase (MAP 
kinase). A specific inhibitor of p38 MAP kinase, SB203580, abolished the stress-inducible 
in vivo phosphorylation of CHOP. Phosphorylation of CHOP on these residues enhanced 
its ability to function as a transcriptional activator and was also required for the full inhibitory 
effect of CHOP on adipose cell differentiation. CHOP thus serves as a link between a 
specific stress-activated protein kinase, p38, and cellular growth and differentiation. 

CHOP, also known as growth arrest and times as much phosphorylation of tagged 
DNA damage-inducible gene 153 CHOP in response to stress with no change 
(GADD153), is expressed in response to var- in the amount of protein (Fig. 1B). The 
ious metabolic stresses in all cells tested (1  ). . , 
By forming heterodimers with members of 
the C/EBP family of transcription factors, 
CHOP influences gene expression as both a 
dominant-negative regulator of C/EBP bind- 
ing to one class of DNA targets (2) and by 
directing CHOP-C/EBP heterodimers to 
other sequences (3). Both modes of action 
are implicated in the effects of CHOP on 
cellular growth (4, 5) and differentiation 
(6). In addition to inducing CHOP expres- 
sion, stress increases the ability of CHOP to 
activate gene expression (3). Thii latter ob- 
servation prompted us to study the possible 
stress-induced posttranslational modification 
of CHOP. 

In stressed cells, CHOP is present in two 
forms, distinguishable by their migration in 
SDS-polyacrylamide gel electrophoresis 
(Fig. 1A) (7). Isoelectric focusing revealed 
the form of CHOP with decreased mobility 
to have a more acidic isoelectric point, 
suggestive of phosphorylation. To study the 
possible effects of stress on CHOP phospho- 
rylation independently of the stress-induced 
increase in protein, we used cells constitu- 
tively expressing an epitope-tagged form of 
CHOP that is distinguishable in size from 
the endogenous protein. In vivo labeling 
with [32P]orthophosphate followed by im- 
munoprecipitation revealed two to four 
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Fig. 1. Stress-induced phosphoryl- 
ation of CHOP on Ser7* and W1. 
(A) Two isoforrns of CHOP are 
present in stressed cells. NIH 3T3 
cells were cultured in a medium with 
a low concentration of glucose 
[(Glu), 2 mM, 16 hours] or treated 
with tunicarnycin (25 d m l ,  4 
hours). CHOP, detected by protein 
immunoblotting with the 9C8 mom- 
clonal antibody (@, migrates as a 
doublet with 11% SDS-polyacryl- 
amide gel electrophoresis (SDS- 
PAGE). The form with less mobility is 
more acidic on isoelectric focusing 
(IEF). (B) Endogenous CHOP and 
Mycepitoptagged CHOP [9E10 
CHOP (5)] from r2P]orthophos- 
phate-labeled NIH 3T3 cells (500 
pCiiml, 5 hours) that were treated 
with the stress-inducing alkyhting 
agent MMS (100 d m l ,  3 hours) 
were immunoprecipitated with 9C8. 
Autoradiography (top) and protein 
immumblotting with rabbit antiser- 
um to CHOP (bottom) are shown. 
(C) Wild-type (WT) and mutant 
CHOP, immunoprecipitated from 
treated or untreated NIH 3T3 cells 

- - -  
tide maps of the tagged CHOP from stressed 
and unstressed cells showed most of the 
inducible phosphorylation to occur on two 
distinct peptides (Fig. 1C). All known 
CHOP proteins contain two adjacent serine 
residues [amino acids 78 and 81 in the 
mouse sequence (2)] in a context that may 
serve as a substrate for members of the MAP 
kinase family (Fig. 1E). Members of this 
family are activated by many of the same 
insults that induce CHOP expression (8) 
and may therefore participate in the stress- 
induced phosphorylation of CHOP. Con- 
version of Ser7' or Ser8' to Ala led to the 
selective loss of inducible phosphorylation 
of one tryptic peptide (Fig. 1C). The min- 
imal residual phosphorylation of the Ala- 
substituted peptides may have resulted from 
the presence of other phosphorylated resi- 
dues. The mutant CHOP proteins exhibited 
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Electrophoresis pH 8.9 

with the antibody to 9E10 (1 7), were digested with trypsin and the phosphopeptides separated by electro- 
phoresis and thin-layer chromatography and visualized by autoradiography (18). The circles mark the origin 
of the run. The arrows mark the position of the two peptides that underwent inducible phosphorylation upon 
MMS treatment. The peptide marked "X" was constitutively phosphorylated. The predicted sequence of the 
tryptic phosphopeptides, with small arrows denoting the tryptic cleavage sites, is shown above the 
autoradiirarns (19). (D) Comparison of the in vivo phosphorylation of wild-type and Ala substitution 
mutants of CHOP from untreated cells and cells treated with MMS. Autoradiography (top) and CHOP 
immunoblot (bottom) are shown. (E) Schematic diagram of the CHOP protein. The region containing the 
stress-inducible phosphorylation sites is stippled, and the peptide sequence of this area, from four rnarn- 
malian species, shows the conselvatin of context of Ser7* and SePi (19). 
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substantially less total phosphorylation in 
both the basal and induced state, with 
marked attenuation in the case of the Alael 
substitution. Replacing both Ser7' and 
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Fig. 2. Phosphorylation of CHOP by p38 MAP 
kinase. (A) Tryptic phosphopeptide maps of bacte- 
rially expressed CHOP phosphorylated in vitro with 
purified MAP kinases. Tagged forms of p38 (13), 
SAPK-1 p 0, and ERK2 (21) were expressed in 
COS-1 cells. Activated kinases, purified by the tag, 
were used to phosphorylate bacterially expressed 
wild-type or Ala78.81 CHOP with [Y-~~PIATP (22). 
The labeled proteins were evaluated as in Fig. 1 C. 
The asterisk marks the position of an unidentified 
tryptic phosphopeptide that is a result of a cellular 
kinase activity contaminating the purified enzyme 
preparations (this phosphopeptide was also 
present when inactive forms of the recombinant 
kinases were used). The inserts show phosphoryl- 
ation of previously established substrates by our 
purified kinase preparations [GST-Jun for SAPK- 
1 p (12, 20) and myelin basic protein (MBP) for 
ERK2 (21)]. (B) A p38-specific inhibitor, SB203580 
(SB), blocks MMS-inducible phosphorylation of 
CHOP. NIH 3T3 cells expressing 9E10 CHOP were 
labeled with P2P]orthophosphate as in Fig. 16. The 
indicated concentration of SB203580 was added 
30 min before MMS treatment. SB203580 inhibits 
MMS-induced phosphorylation -of CHOP in a 
dose-dependent manner (top, autoradiogram) 
with no effect on 9E10 CHOP expression or on the 
induction by MMS of the endogenous CHOP (mid- 
dle, CHOP protein immunoblot). In-gel kinase as- 
say of SAPK-1 s with GST-Jun as a substrate (23) 
shows that the actiwty of SAPK-1s is increased 
(bottom). (C) Tryptic phosphopeptide mapping of 
CHOP from cells treated with MMS in the absence 
or presence of SB203580 (10 pM) shows that 
inhibition of CHOP phosphorylation occurs at 
Ser78 and SeP1. The peptide marked 'X" was con- 
stitutively phosphorylated. 

Sere' with Ala abolished nearly all phos- 
phorylation of CHOP (Fig. ID). 

The above results indicate that the stress- 
inducible phosphorylation of CHOP is  de- 
pendent on two serines present in a context 
favorable for phosphorylation by MAP ki- 
nases (9, 10). Members of this family can be 
divided into three groups: (i) extracellular 
signal-regulated kinases (ERKs), which are 
predominantly responsive to extracellular 
growth signals (9, 11); (ii) stress-activated 
protein kinases (SAPK-1 or Jun kinase) (8, 
12); and (iii) p38 MAP kinase, also called 
Mpk2 and SAPK-2 (13, 14). The last two 
groups respond to overlapping sets of stress 
signals, which include many that induce 
transcription of CHOP. p38 purified from 
stressed COS-1 cells phosphorylated bacteri- 
ally expressed CHOP in vitro. Mutant 
CHOP, bearing the Ala7'9" substitution, 
was not a substrate for p38 (Fig. 2A). CHOP 
was not a substrate for SAPK-IS and was 
only weakly phosphorylated on Ser7' by 
ERK2. To  explore further the relation be- 
tween p38 and CHOP, we made use of a 
recently described, highly specific inhibitor 
of the enzyme, SB203580 (15). The inhibi- 
tor led to attenuation of the stress-inducible 
phosphorylation of CHOP on Ser78 and 
Sere', whereas the activity of the related 
SAPK-1s was increased (Fig. 2, B and C). 
Collectively, these findings implicate p38 in 

Fig. 3. Functional consequences of 
CHOP phosphorylation by p38. (A) 
Phosphorylation at Ser78 and SeP1 
does not affect the dimerization of 
CHOP with C/EBPp. Complexes of 
9ElO-tagged wild-type and Ala78.81 
CHOP from NIH 3T3 cells were im- 
munoprecipitated with 9E10 or 
nonimmune mouse immunoglobu- 
lin G (IgG) and immunoblotted with 
rabbi antisera to CHOP (top) or 
C/EBPp (bottom). (B) Phosphoryl- 
ation at Ser78 and SeP1 does not 
affect the ability of CHOP to bind 
DNA. Nuclear extracts from cells 
expressing wild-type or Ala78.81 
9 ~ 1 0  CHOP were used in a gel shii 
of a labeled CHOP-binding DNA 
fragment (3). Both proteins form in- 
distinguishable complexes that 

the phosphorylation of CHOP in vivo. The 
ability of methyl methanesulfonate (MMS) 
to transcriptionally induce CHOP (1,2) was 
not inhibited by SB203580. Thus, different 
stress-induced pathways regulate the tran- 
scription of CHOP and its phosphorylation. 

CHOP does not homodimerize. When 
present in cells, it forms stable heterodimers, 
predominantly with C/EBPP (3). Indistin- 
guishable quantities of C/EBPP were found 
to be associated with wild-type and Ala7'." 
CHOP in both stressed and unstressed cells 
(Fig. 3A). The DNA binding activity of 

.CHOP, measured through use of a gel mo- 
bility-shift assay on a site that binds CHOP- 
C/EBP heterodimers, was also not affected by 
the Ala7e.e1 substitution (Fig. 3B). Phospho- 
rylation therefore does not appear to alter 
the dimerization or DNA-binding properties 
of CHOP, although stress increases the abil- 
ity of CHOP to activate transcription (3). 
Known CHOP target sequences also bind 
C/EBP dimers (3), and MAP kinases can 
phosphorylate the major dimerization part- 
ner of CHOP, C/EBPP (1 6). Therefore, to 
evaluate possible effects of CHOP phospho- 
rylation on its ability to activate transcrip- 
tion, we used a modified form of CHOP in 
which the leucine zipper was deleted and the 
protein fused to the DNA-binding domain of 
the yeast transactivator Ga14. Because such 
proteins lack a CHOP dimerization domain 

A 
7 .- 20 - O Untreated z. z. CI1 MMS 

l P38 
0 SAPK-I$ 

ERKP 
~ p :  S I O  PEID l p ~  w .? 15- .- 

CHOP- - ti z m - 
CIEBPP- * 

were disrupted by antibodies to Llp~d ---/ - 
CHOP (3H8) and to the taa (9E10) content: 25 5 1.5 
but not'by control I ~ G .  ( ~ j  CHOP 
has a stress and @-inducible transactivation domain. Wild-type or Ala78.81 CHOP was fused to the 
yeast Gal4 DNA-binding domain (24). NIH 3T3 cells were transfected with the indicated combinations of 
a reporter plasmid driven by two Gal4 binding sites (UASp59-luciferase, 5 pg per plate), CHOP-Gal4 
expression vectors (5 ng per plate), and kinase expression vector (5 ng per plate). Where indicated, the 
cells were treated with MMS (100 pg/ml) for 1.5 hours, 12 hours before harvest for luciferase assay. 
Shown are the mean and range values of a typical experiment performed in duplicate and reproduced 
fourtimes. Wild-type and mutant CHOP-Gal4 were expressed in indistinguishable amounts in transfected 
cells. The inset shows a gel shii of a labeled Gal4 binding-site oligonucleotide by extracts from cells 
transfected with wild-type and mutant CHOP-Gal4 proteins. The arrow points to the complex super- 
shifted with the 9C8 antibody to CHOP. (D) Ala78,81 CHOP is attenuated in its ability to inhibit adipocytic 
differentiation of 3T3-L1 cells. Pools of cells stably transfected with empty SRa retrovirus [Y- (2511 or virus 
expressing either wild-type or mutant CHOP were induced to differentiate in vitro to adipocytes (26). The 
differentiation process was monitored by staining the fixed plates with the lipophilic dye Oil Red (27). 
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and bind DNA through the heterologous 
Gal4 peptide, the confounding effects of the 
stress-induced lnodification of the dimeriza- 
tion partners of C H O P  is avoided. MMS 
treatment or overexpression of p38 markedly 
activated a reporter gene driven by Gal4 
binding sites only when the CHOP-Gal4 
chi~neric protein was present (7.9 and 10 
times as much, respectively); overexpression 
of SAPK-1P or ERK2 was without effect. 
The effect of MMS and p38 appeared to be 
dependent on  C H O P  phosphorylation be- 
cause in cells expressing CHOP-Gal4 with 
an Ala7"."l substitution, reporter gene ex- 
pression was not enhanced by these stimuli 
(Fig. 3C).  

Overexpression of C H O P  leads to atten- 
~ ~ a t e d  adipocytic differentiation of 3T3-L1 
cells (6) .  This effect 1s dependent on the 
ability of the protein to dilnerize and bind 
DNA. W e  compared the ability of wild-type 
and of Ala'"'' C H O P  to lnhiblt adipocytic 
differentiation in 3T3-L1 cells. Both pro- 
teins inhibited differentiation; however, cells 
expressing wild-type C H O P  showed less lip- 
id acc~l~n~l la t ion than cells expressing the 
~ 1 ~ 7 ~ 8 1  substitution mutant (Fig. 3D). Thus, 

we conclude that Ser7' and Ser" are eneces- 
sary for the full biological actlvity of CHOP. 

Under favorable conditions, C H O P  is 
not present in cells. Stress leads to accumu- 
lation of C H O P  In the nucleus. Our results 
indicate that stress also leads to phosphoryl- 
ation of the protein and that this modifica- 
tion results in enhanced transcriptional ac- 
tivatloll by CHOP.  The  C H O P  accumula- 
tion in response to stress is apparently de- 
pendent on the activlty of cellular kinases 
because it can be inhibited by the broad- 
spectrum kinase inhibitors 2-aminop~~rine 
and H7 ( 1  ). However, the signaling pathway 
that activates C H O P  phosphorylation is dis- 
tinct from the one that leads to C H O P  
expression; an inhibitor of p38 does not 
block C H O P  expression (Fig. 26).  Perhaps 
the potent ability of C H O P  to modify cell 
growth and differentiation requires careful 
~nodulation beyond that provided by the 
lnechanis~ns that control expression of the 
protein. T h e  stress-activated p38 appears to 
serve a specific role in this fine-tuning of 
C H O P  activltv. 
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G Protein-Mediated Neuronal DNA 
Fragmentation Induced by Familial Alzheimer's 

Disease-Associated Mutants of APP 
Tomoki Yamatsuji," Takashi Matsui, Takashi Okamoto,? 

Katsumi Komatsuzaki, Shizu Takeda,$ Hiroaki Fukumoto, 
Takeshi Iwatsubo, Nobuhiro Suzuki, Asano Asami-Odaka, 

Scott Ireland, T. Bernard Kinane, Ugo Giambarella, 
lkuo NishimotoQ 

Missense mutations in the 695-amino acid form of the amyloid precursor protein (APP,,,) 
cosegregate with disease phenotype in families with dominantly inherited Alzheimer's 
disease. These mutations convert valine at position 642 to isoleucine, phenylalanine, or 
glycine. Expression of these mutant proteins, but not of normal APP,,,, was shown to 
induce nucleosomal DNAfragmentation in neuronal cells. Induction of DNAfragmentation 
required the cytoplasmic domain of the mutants and appeared to be mediated by het- 
erotrimeric guanosine triphosphate-binding proteins (G proteins). 

Alzheirnerls disease ( A D )  is characterized , , 

pathologically by the presence of senile 
plaques and ne~lrofibrillary tangles as well as 
extensive neuronal loss 111 the brain ( 1 ) .  
Senile plaques are extracellular deposits 
whose major constituent, P-amylold ( A P ) ,  
is cleaved from the t rans~ne~nbrane precur- 
sor APP (2) .  Alternative splicing of tran- 
scripts from a single gene results in at least 
10 isoforms of APP ( 3 ) ,  of w h ~ c h  APP,,, is 
preferentially expressed In neuronal tlssues. 
V6421, V642F, and V642G-three mis- 
sense mutations in which Val"' in the 
translne~nbrane dolnain of APP,,, is re- 
placed by Ile, Phe, or Gly, respectively- 

have been associated with dolninantly in- 
herited familial A D  (FAD) (4) .  These mu- 
tatlons cosegregate with the A D  phenotype 
(5) and account for most, if not all, of the 
evidence for linkage of A D  to chrolnoso~ne 
21 (4). Overexpression of such APP mu- 
tants mimics the neuropathology of A D  111 

transgenic lnlce (6) .  
Recent studies of mice in which the APP 

gene has been disrupted (7) have suggested 
an essential role for nor~nal  APP in neuro- 
nal developlnent and f ~ ~ n c t i o n .  T o  elucidate 
the function of APP,,, and ~ t s  mutants, we 
used F11 cells ( B ) ,  hybrids of a primary rat 
dorsal root ganglion neuron and a mouse 
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