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Proteins Can Independently Mediate Activation of ATF-2
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The adenovirus 12S E1A protein can stimulate the activity of the c-jun promoter through a conserved region
1 (CR1)-dependent mechanism. The effect is mediated by two AP-1/ATF-like elements, junl and jun2, that
preferentially bind c-Jun—-ATF-2 heterodimers. In this study, we show that the ATF-2 component of the
c-Jun-ATF-2 heterodimer is the primary target for 12S E1A: 12S E1A can enhance the transactivating activity
of the N terminus of ATF-2 when fused to a heterologous DNA-binding domain, whereas the transactivating
activity of the c-Jun N terminus is not significantly affected. Activation of the ATF-2 N terminus by 12S E1A
is dependent on CRI1. In the context of the 13S E1A protein, CR1 and CR3 can both contribute to activation
of ATF-2, and their relative contributions are dependent on the cell type. In contrast to activation of ATF-2 by
stress-inducing agents, CR1-dependent activation of ATF-2 was found not to depend strictly on the presence
of threonines 69 and 71 in the N terminus of ATF-2, which are targets for phosphorylation by stress-activated
protein kinases (SAPKs). In agreement with this observation, we did not observe phosphorylation of threonines
69 and 71 or constitutively enhanced SAPK activity in E1A- plus E1B-transformed cell lines. These data
suggest that CR1-dependent activation of ATF-2 by 12S E1A does not require phosphorylation of threonines

69 and 71 by SAPK.

The protein products of the early region 1A (E1A) of human
adenoviruses (Ad) play an essential role in Ad-induced trans-
formation of cells. Two E1A proteins are translated from the
differentially spliced 13 and 12S mRNAs. The E1A proteins of
Ad contain three regions, designated CR1, CR2, and CR3, that
are highly conserved and contain important functional do-
mains. CR1 and CR2 are present in both the 13S and the 12S
products, whereas CR3 is unique to the 13S product. In addi-
tion to the three conserved regions, the N termini of the pro-
teins each encode an important functional domain. The E1A
proteins are believed to induce transformation by modulating
the activity of various regulatory transcription factors. Binding
of CR1 and CR2 to the retinoblastoma gene product pRb,
p107, or p130 leads to activation of members of the E2F family
of transcription factors, which play a key role in regulation of
cell cycle control genes (5, 6, 10, 38, 43). The N terminus and
CR1 of the E1A proteins are involved in binding p300 and
cyclic AMP response element-binding protein (CREB)-bind-
ing protein (CBP), two proteins that have recently been iden-
tified as coactivators of the transcription factors CREB, c-Jun,
and c-Fos. Binding of these coactivators to E1A leads to inhi-
bition of the transactivating activities of these transcription
factors (3, 4, 7, 11, 14, 27, 33, 46).

CR3 contains a strong transactivation domain, which is es-
sential for the activation of the other adenoviral early genes. It
encompasses a region interacting with sequence-specific acti-
vator proteins (2, 31) and one interacting with the TATA-
binding protein TBP (21, 29, 53). These two types of interac-
tions may lead to activation of the transcription-initiation
complex. Many adenoviral early genes contain binding sites for
members of the activating transcription factor (ATF) family,
suggesting that E1A enhances the transactivation potential of
ATF proteins (42). Two related members of this family, ATF-2
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and ATFa, have indeed been shown to mediate CR3-depen-
dent activation of transcription (9, 15, 30, 31, 34). CR3 inter-
acts with the leucine zipper of ATF-2 and ATFa (9, 31), which
is believed to induce a conformational change resulting in
exposure of their N-terminal activation domains. These do-
mains may be masked in the full-length ATF-2 and ATFa
proteins, since these proteins have been found to be transcrip-
tionally inert in several studies (9, 15, 31). However, transcrip-
tional activity of full-length ATF-2 has also been reported (35).
The transactivation domains of ATF-2 and ATFa efficiently
stimulate transcription when fused to DNA-binding domains
of Gal4 and c-Myb (1, 9, 15, 31, 35). The transactivation do-
main of ATF-2 can also be activated by E1A via a mechanism
that is independent of the leucine zipper region, since it can
still be activated in a CR3-dependent manner when fused to
the DNA-binding domain of Gal4 (15). This zipper-indepen-
dent activation may involve phosphorylation of two threonine
residues in the N terminus of ATF-2, Thr-69 and Thr-71, since
these residues are crucial for activation (17, 32). ATF-2 can
also be activated in a phosphorylation-dependent manner by
serum, UV irradiation, interleukin 1, and genotoxic stress (17,
32, 51). These agents activate members of the family of pro-
line-directed stress-activated protein kinases (SAPKs) that
phosphorylate Thr-69 and Thr-71 of ATF-2 (12, 17, 28, 32, 51).
The ATF-2 SAPKs (p46 and p54) are highly related (but not
identical) to the Jun kinases p46 and p54, which also belong to
the family of SAPKs and phosphorylate c-Jun in response to
cellular stress (20, 28, 51). At present, it is not known whether
the SAPKs are also activated by E1A.

The 12S E1A product (12S E1A) can also activate transcrip-
tion, although generally to a lesser extent than the 13S product
(23, 36, 44, 48, 49, 54). One of the targets of 12S E1A is the
c-jun promoter, which is stimulated by 12S E1A in a CRI1-
dependent manner (25, 26, 48, 49). This activation is mediated
by two AP-1/ATF-like elements, called junl and jun2, which
preferentially bind c-Jun—-ATF-2 heterodimers (48, 49). Ex-
pression of c-jun is enhanced in Ad-transformed cell lines,
indicating that c-Jun—-ATF-2 heterodimers are constitutively
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FIG. 1. Activation of the N terminus of ATF-2 by 12S E1A is dependent on
CRI1. (A) F9 cells were transiently transfected with 1 g of 5X Gal4E4-luciferase
plasmid together with 1 pg of the indicated Gal4 fusion expression vectors in the
absence or presence of an expression vector (0.25 ug) encoding either wt 128
E1A or 12S E1A with a deletion in CR1 and 2.25 g of pUCIS8 carrier DNA.
Transfection efficiency was monitored by including 0.5 pg of pCMVLacZ per
transfection (Materials and Methods). TF, transcription factor. (B) The Gal4
fusion constructs. Numbers indicate amino acid positions in the wt ATF-2 and
c-Jun proteins. The relative transactivation values represent Gal4—ATF-2- or
Gal4—c-Jun-induced promoter activity in the presence of E1A relative to the
activity in the absence of E1A. The values for 12S wt and 12SdCR1 are the means
of six and three independent experiments, respectively. The results of one of
them are shown in panel A. DBD, DNA-binding domain; TAD, transactivation
domain.

activated in transformed cells. This suggests the possibility that
c-Jun—ATF-2 transcription factors may play a role in transfor-
mation. Activation of c-Jun—ATF-2 may be due to activation of
the c-Jun protein via phosphorylation of Ser-63 and Ser-73
and/or due to activation of ATF-2 (18, 48).

To examine which component of the c-Jun—-ATF-2 het-
erodimer is the main target of 12S E1A, we have analyzed the
effects of 12S E1A on the transactivating potential of Gal4—
ATF-2 and Gal4—c-Jun fusion proteins. Our results show that
12S E1A can efficiently activate Gal4—ATF-2 through a CR1-
dependent mechanism. Activation requires the intactness of
the N-terminal zinc finger structure of ATF-2 but is not strictly
dependent on the presence of Thr-69 and Thr-71. Further-
more, Thr-69 and Thr-71 do not appear to be phosphorylated
in Ad-transformed cells, nor did we measure enhanced SAPK
activity. Our data suggest that CR1-dependent activation dif-
fers from CR3-dependent activation in the requirement for
Thr-69 and Thr-71 and that CR1-dependent activation may not
involve phosphorylation of these residues by SAPKs.

MATERIALS AND METHODS

Plasmid constructs. RSVGal4-ATF-2 N, T69 + T71, and S90 constructs were
cloned by exchanging the Sall-Xbal fragment of pRSVGal4-d9-ATF-2 (51) for
the Sall-Xbal fragments of pMLVGal4-ATF-2 (codons 19 to 505) (47) and
pPMLVGal4-ATF-2 T69 + T71 and pMLVGal4-ATF-2 S90 (32), respectively. To
construct pRSVGal4-ATF-2 N, pmE, pmA, and pm27/32, the Sall-Xbal frag-
ment of pRSVGal4-d9-ATF-2 was exchanged for the Sall-Xbal fragments of
pMLVGal4-ATF-2, pMLVGal4-ATF-2pmE, pMLVGal4-ATF-2pmA, and

ACTIVATION OF ATF-2 BY 12S E1A IS CR1 DEPENDENT 5853

2500
[ &Ino E1A or MMS
r 0128
g 2000 - m125+13S
e k
= [ mMMS
£ L
s 1500
E
Q
] [
u [
2 1000 -
S [
i
3
- 500 -
0
TF added : — gal4-ATF-2 N
70 -
[ TIno E1A or MMS
60 [ (1128
g [ E12S+13S
T 50 F mMms
£
S 40
2 F
5 [
< [
o 30
4 [
o L
£ 20F
] F
3 F
10F

TF added 0 — gal4-wtATF-2

FIG. 2. 12S E1A, wt E1A, and MMS are equally potent activators of Gal4—
ATF-2 in F9 cells. F9 cells were transiently transfected with 1 pg of 5XGal4E4-
luciferase plasmid together with 1 g of Gal4 fusion expression vectors contain-
ing either the N terminus of ATF-2 (A) or the full-length ATF-2 protein (B) in
the absence or presence of an expression vector (0.25 ng) encoding 12S E1A or
wtE1A (12S + 13S) and 2.25 pg of pUCIS carrier DNA. In the case of MMS,
cells were treated with 1 mM MMS at 16 h after transfection for an additional
6 h. Two independent experiments gave similar results; results of one of them are
shown. Standard deviations, <20%. TF, transcription factor.

pMLVGal4-ATF-2pm27/32, respectively (15). To construct pPRSVGal4-wtATF-2
(codons 19 to 505), lacking the first 18 codons for ATF-2, the Sa/l-Xbal fragment
of pRSV-Gal4-wtATF-2 (51) was replaced by the Sall-Xbal fragment of
PMLVGal4ATF-2 (codons 19 to 505). The Gal4-cJunTAD construct has been
described previously (37). The Gal4 reporter construct 5X Gal4E4-luciferase was
kindly provided by K. Livingston and N. Jones. The E1A plasmids expressing
wild-type (wt) 12S (pJF12), 12S dCR1 (pG5/3 JF12), E1Awt (pHINDIIIG), and
E1AdCR1 (pG5/3) have been described previously (40, 49). The bacterial ex-
pression vectors pGEX-ATF-2 N and pGEX-cJun N(1-166) have also been
described previously (51).

Cell culture, transfections, and luciferase assay. Primary human embryonic
retinoblasts (HER cells) and their Ad type 5 (AdS) El-transformed derivatives
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 15% fetal calf serum, penicillin (100 pwg/ml), and streptomycin (100 wg/ml).
HeLa, primary baby rat kidney (BRK), simian virus 40 (SV40)-transformed
BRK, and El-transformed BRK cells were kept in DMEM-10% fetal calf se-
rum-penicillin (100 wg/ml)-streptomycin (100 wg/ml). F9 cells were grown in
F12-DMEM (1:1) supplemented with 10% fetal calf serum, penicillin (100 wg/
ml), streptomycin (100 wg/ml), and 0.1 mM B-mercaptoethanol. F9 cells and
HelLa cells were transfected on 3-cm-diameter dishes by the calcium phosphate
precipitation method (16). After a 6-h incubation, the cells were washed and
refed with culture medium. Sixteen hours after transfection, the cells were lysed
in 250 pl of lysis reagent (25 mM Tris-phosphate [pH 7.8], 2 mM dithiothreitol,
2 mM 1,2-diaminocyclohexane-N,N,N'N'-tetraacetic acid, 10% glycerol, 1% Tri-
ton X-100), and luciferase activity was measured according to the manufacturer’s
protocol (Promega). To correct for transfection efficiency, in some cases, 0.5 pg
of pCMVLacZ was cotransfected and B-galactosidase activity was determined as
described by Sambrook et al. (39).

Labeling and immunoprecipitation. For in vivo phosphorylation analysis, cells
were incubated in medium deficient for sodium phosphate and labeled for 3 h in
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FIG. 3. CR3-dependent activation is the dominant transactivating activity on
ATF-2 in HeLa cells and is dependent on threonines 69 and 71 of ATF-2. (A)
HeLa cells were transiently transfected with 1 pg of 5XGal4-E4-luciferase plas-
mid together with 1 wg of a Gal4-ATF-2 N expression vector in the absence or
presence of an expression vector (0.25 ng) encoding either 12S E1A, 12S E1A
with a deletion in CR1 (dCR1), wtE1A (12S + 13S), or E1A (12S + 13S) with
a deletion in CR1 and 2.25 g of pUCIS8 carrier DNA. Three independent
experiments were performed with similar outcomes. Results of one of them are
shown. Standard deviations, <25%. TF, transcription factor. (B) HeLa cells were
transiently transfected as described above. The Gal4 fusion proteins tested con-
tain either the N terminus of ATF-2 or a mutant version in which the threonines
at positions 69 and 71 were replaced by alanines (see Fig. 4A). Three indepen-
dent experiments were performed with similar outcomes. Results of one of them
are shown. Standard deviations, <25%.

the presence of 1 mCi of 3P;. Subsequently, the cells were lysed in RIPA-1 buffer
(10 mM Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% sodium dodecyl sulfate [SDS],
1% Nonidet P-40, 1% sodium deoxycholate, 200 mM phenylmethylsulfonyl flu-
oride, 1 uM leupeptin, and 0.5 mM trypsin inhibitor), and the lysates were
cleared with normal rabbit antiserum bound to protein A beads. c-Jun and
ATEF-2 proteins were immunoprecipitated with affinity-purified polyclonal anti-
bodies raised against the DNA-binding domain of c-Jun (Pep-1; Oncogene Sci-
ence) and the C terminus of ATF-2 (C19; Santa Cruz), respectively. The immu-
noprecipitates were resolved on SDS-8% (ATF-2 immunoprecipitates) or SDS—
10% (c-Jun immunoprecipitates) polyacrylamide gels.

Protein kinase assay. Cells were washed twice with phosphate-buffered saline
(PBS) (4°C) and detached from the plate with a rubber policeman in PBS. After
centrifugation, the cells were resuspended in 1 ml of kinase buffer consisting of
1.5 mM sodium ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N’-tetraacetic
acid (Na-EGTA), 50 mM B-glycerophosphate (pH 7.3), 1 mM dithiothreitol, 1
mM Na;VO,, 200 mM phenylmethylsulfonyl fluoride, 1 uM pepstatin, and 1 uM
leupeptin and homogenized by using an ultra-turrax at maximum speed (twice
for 1 min each).

For solid-state phosphorylation assays, 200 pg of whole-cell extract was incu-
bated for 1 h at 4°C with 5 pg of glutathione S-transferase (GST), GST-ATF-2
N, or GST—c-Jun N fusion proteins coupled to glutathione-Sepharose beads.
Subsequently, the beads were washed once with 0.2 M NaCl in kinase buffer and
twice with kinase buffer and incubated for 90 min at 30°C in 50 pl of kinase buffer
containing 25 pM ATP, 100 uM MgCl,, and 5 pM [y-*P]JATP (>5,000 Ci/
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FIG. 4. Threonines 69 and 71 of ATF-2 are not strictly required for trans-
activation of ATF-2 by 12S E1A. (A) F9 cells were transiently transfected with 1
ug of 5XGal4-E4-luciferase plasmid together with 1 pg of the indicated Gal4
fusion expression vectors in the absence or presence of an expression vector (0.25
ng) encoding wt 12S E1A and 2.25 pg of pUCIS8 carrier DNA. Transfection
efficiency was monitored by including 0.5 pg of pCMVLacZ per transfection
(Materials and Methods). (B) The Gal4 fusion constructs. Numbers indicate
amino acid positions in the wt ATF-2 protein. In the ATF-2 mutants, threonines
at positions 69 and 71 and a serine at position 90 have been replaced by alanines.
Standard deviations, <20%. TF, transcription factor. Relative transactivation
figures represent Gal4—ATF-2-induced promoter activity in the presence of E1A
relative to the activity of the Gal4-luciferase in the absence of E1A. Values are
the means of three different experiments; results of one of them are shown.

mmol). The reaction was stopped by the addition of 25 pl of 3X Laemmli buffer,
after which the samples were boiled for 5 min and resolved on a 12% polyacryl-
amide gel. Preparation of the GST-ATF-2 N (amino acids 19 to 96 of ATF-2)
and GST—c-Jun N (amino acids 1 to 166) fusion proteins were performed as
described previously (45).

For total kinase assays, 200 pg of whole-cell extract was incubated with 5 pg
of GST, GST-ATF-2 N, or GST-c-Jun N in kinase buffer containing 1 uM
[y-**P]ATP (>5,000 Ci/mmol), 5 uM ATP, and 20 uM MgCl, for 90 min at 30°C.
After the phosphorylation reaction, the samples were incubated for 1 h at 4°C
with glutathione-Sepharose beads. The beads were washed three times with
kinase buffer and boiled for 5 min in 1X Laemmli buffer, and the proteins were
resolved on a 12% polyacrylamide gel.

RESULTS

128 E1A activates the N terminus of ATF-2 through the CR1
domain. We have shown previously that 12S E1A can activate
binding sites for c-Jun—ATF-2 heterodimers in a CR1-depen-
dent manner in a variety of cell types, including F9 and HeLa
cells (47-49). To determine whether the transactivation do-
main of both or one of these proteins can be activated by 12S
E1A when fused to a heterologous DNA-binding domain, we
performed transient-transfection experiments with F9 and
HeLa cells. A luciferase reporter construct containing five
Gal4 binding sites in front of a TATA box was cotransfected
with expression vectors of fusion proteins containing the Sac-
charomyces cerevisiae Gal4 DNA-binding domain and the N-
terminal domains of ATF-2 or c-Jun (Fig. 1). In F9 cells,
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FIG. 5. The zinc finger structure in the N terminus of ATF-2 is essential for
transactivation by 12S E1A. F9 cells were transiently transfected with 1 ug of
5XGal4E4-luciferase plasmid together with 1 wg of the indicated Gal4 fusion
expression vectors in the absence or presence of an expression vector (0.25 pg)
encoding wt 12S E1A and 2.25 pg of pUCI18 carrier DNA. Transfection efficiency
was monitored by including 0.5 pg of pCMVLacZ per transfection (Materials
and Methods). Three independent experiments were performed with similar
outcomes; results of one are shown. Standard deviations, <25%. TF, transcrip-
tion factor.

cotransfection of a construct expressing 12S E1A activated the
N terminus of ATF-2 sixfold, whereas the N terminus of c-Jun
was not significantly activated (Fig. 1). Also in HeLa cells, we
found that E1A preferentially activates the N terminus of
ATF-2 (data not shown). Similar differences were found when
a larger or smaller amount of the E1A plasmid was cotrans-
fected. Therefore, we conclude that ATF-2 is the primary tar-
get for 12S E1A in both F9 and HeLa cells.

Previous studies with HeLa and CHO cells have demon-
strated that the transactivation potential of ATF-2 is strongly
enhanced by 13S E1A in a CR3-dependent manner. Compared
with the activation by 13S E1A, the effect of 12S E1A was
insignificant in these studies (15, 30). In addition to EI1A,
genotoxic agents such as UV and methyl methanesulfonate
(MMS) have also been found to enhance ATF-2 activity. Ac-
tivation by these agents is mediated through phosphorylation
by activated SAPKs (17, 32, 51). To compare the effects of 12S
E1A, wtE1A (12S + 13S), and MMS, we tested these agents in
parallel. Interestingly, 12S E1A, wtE1A, and MMS were found
to be equally potent activators of the ATF-2 N terminus in F9
cells (Fig. 2A). A Gal4 fusion protein containing the full-length
ATEF-2 protein was also activated to a similar extent by MMS
and 12S E1A, and activation by wtE1A was even lower (Fig.
2B). These results indicate that CR3 does not play a major role
in the activation of ATF-2 in F9 cells. To analyze the effects of
12S E1A and wtE1A on the activity of ATF-2 in another cell
type, we performed similar experiments with HeLa cells. In
agreement with results of others (15), wtE1A was a much more
potent activator of the N terminus of ATF-2 than 12S E1A in
HeLa cells (Fig. 3A). Under the experimental conditions used,
transactivation by wtE1A and 12S E1A was about 20- and
5-fold, respectively (Fig. 3A). To verify whether activation of
the N terminus of ATF-2 by E1A reflects the activation of the
c-jun promoter, which is dependent on CR1, we examined the
effect of CR1 mutants of E1A. Deletion of CR1 of 12S E1A
completely abolished transactivation of the N terminus of
ATF-2 in F9 (Fig. 1) and HeLa (Fig. 3A) cells. In addition,
wtE1A with a deletion in CR1 showed reduced activation of
the N terminus of ATF-2 in HeLa cells (Fig. 3A). Differences
in transactivation capacities of the different E1A proteins were
not due to differences in expression levels, as was verified by
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Western blot (immunoblot) analysis (data not shown). In ad-
dition, none of the different E1A proteins affected the activity
of the Rous sarcoma virus promoter that drives the expression
of the Gal4 fusion proteins, both in HeLa and in F9 cells. We
conclude that both the CR1 and the CR3 domains of E1A
contribute to activation of ATF-2. The relative contributions of
these domains to transactivation by wtE1A are apparently de-
pendent on the cell type.

CR1-dependent activation is not strictly dependent on
threonines 69 and 71 and requires an intact N-terminal zinc
finger structure of ATF-2. Previous studies performed with
CHO cells (17, 32) have shown that CR3-dependent activation
of Gal4-ATF-2 requires the presence of Thr-69 and Thr-71,
located in the N terminus of ATF-2. These residues were also
found to be essential for the transactivating activity of the
ATF-2 N terminus in the absence of E1A (32) and for the
activation of ATF-2 by genotoxic agents (51). As shown in Fig.
3B, also in HeLa cells, a Gal4 fusion protein containing the
N-terminal ATF-2 domain in which Thr-69 and Thr-71 were
replaced by alanines was unable to stimulate transcription, in
either the absence or the presence of wtE1A. We next deter-
mined whether Thr-69 and Thr-71 also play a role in transac-
tivation of ATF-2 by 12S E1A in F9 cells. As a control, we
studied the effects of MMS. As shown in Fig. 4A, the transac-
tivating activity of the fusion protein with mutations of Thr-69
and Thr-71 in the absence of E1A was lower than the activity
of the fusion protein containing the wt N terminus of ATF-2.
As expected, mutation of Thr-69 and Thr-71 led to a complete
loss of the inducibility of the N terminus of ATF-2 by MMS. In
contrast, 12S E1A could still activate the mutant, although to
a lesser extent (fourfold; Fig. 4B). We also examined the role
of Ser-90, another phosphorylation site. Mutation of Ser-90
into an alanine did not affect transactivation by 12S EI1A,
whereas the response to MMS was reduced (Fig. 4A). These
results indicate that, in contrast to their role in CR3-dependent
activation, Thr-69 and Thr-71 do not play a major role in
activation of ATF-2 via CR1 and that CR3- and CR1-depen-
dent activations of ATF-2 are thus mediated by different mech-
anisms.

In addition to Thr-69, Thr-71, and Ser-90, the N terminus of
ATF-2 contains a serine residue at position 100, which is a
potential phosphorylation site for protein kinase A or casein
kinase II. Furthermore, the N terminus contains two cysteines
(Cys-27 and Cys-32) and two histidines (His-41 and His-45)
that have the potential to form a single metal-binding finger,
which has been found to be essential for CR3-dependent ac-
tivation of ATF-2 (15, 35). To test whether these motifs are
important for 12S El1A-dependent transactivation, we used
Gal4 fusion constructs in which Cys-27 and Cys-32 were re-
placed by alanines (pm27/32) or in which Ser-100 was replaced
by alanine (pml100A) or glutamic acid (pml00E) (15). As
shown in Fig. 5, mutation of the serine residue at position 100
did not affect 12S E1A-dependent transactivation. In contrast,
disruption of the zinc finger motif reduced the basal activity of
the ATF-2 N terminus and completely abolished the enhance-
ment of ATF-2 activity by 12S E1A. In fact, the activity of the
zinc finger mutant was even inhibited by 12S E1A. Thus, in
contrast to Thr-69 and Thr-71, the zinc finger structure is
essential for transactivation by both 12§ and 13S E1A.

Hyperphosphorylated forms of ATF-2 are not detected in
E1A plus E1B-transformed cells. Activation of SAPKSs leads to
phosphorylation of ATF-2 on Thr-69 and Thr-71, which can be
detected by a mobility shift in SDS-PAGE. ATF-2 proteins
with mutations in Thr-69 and Thr-71 do not show this mobility
shift (17). As these threonine residues are essential for the full
transactivation activity of ATF-2, also in the presence of E1A
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FIG. 6. c-Jun and ATF-2 are both hyperphosphorylated upon cycloheximide treatment, whereas only c-Jun is hyperphosphorylated in E1A plus E1B-transformed
HER cells. Untransformed HER cells (lanes 1 to 4), SV40-transformed HER cells (lanes 5 to 8), and E1A plus E1B-transformed HER cells (lanes 9 to 12) were labeled
for 3 h with [**P]phosphate. Cycloheximide (200 uM) was added for the last 90 min (lanes 3, 4, 7, 8, 11, and 12). Lysates were incubated with nonimmune serum or
a c-Jun-specific antiserum (A) and with nonimmune serum or an ATF-2-specific antiserum (B). Immunocomplexes were resolved by SDS-PAGE and visualized by
autoradiography. The leftmost four lanes in panel A are a longer exposure of lanes 1 to 4 of the right lanes in panel A.

(Fig. 4), it is possible that E1A stimulates the activity of SAPK
or other kinases acting on ATF-2. Induction of SAPK activity
also leads to a mobility shift of c-Jun via phosphorylation of
Ser-63 and Ser-73 (12, 13, 20, 28, 37). E1A plus E1B-trans-
formed cell lines contain the same modified forms of c-Jun in
which Ser-63 and Ser-73 are hyperphosphorylated. These hy-
perphosphorylated forms of c-Jun were not detected in cells
transformed by other DNA tumor viruses, such as SV40 (18,
19) (Fig. 6A). To examine whether the phosphorylation pat-
tern of ATF-2 is also altered in E1A plus E1B-transformed
cells, we compared the electrophoretic mobilities of ATF-2
isolated from primary, SV40- and El-transformed HER cells.
As a control, we also analyzed ATF-2 isolated from cells in
which SAPK activity was induced by cycloheximide treatment.
In all cell lines, both ATF-2 and c-Jun migrate with decreased
electrophoretic mobility upon cycloheximide treatment (Fig.
6A, lanes 4, 8, and 12; Fig. 6B, lanes 4, 8, and 12). Although
hyperphosphorylated forms of c-Jun can clearly be detected in
the untreated E1A plus E1B-transformed HER cells (Fig. 6A,
lane 10), the mobility of ATF-2 in these cells is essentially the
same as that in primary HER cells and in the SV40-trans-
formed HER cells (Fig. 6B, lanes 2, 6, and 10). The increased
phosphorylation signal of ATF-2 in SV40- and E1-transformed
HER cells is most likely due to the elevated ATF-2 protein
levels in these cells (data not shown). Similar results are ob-
tained with E1A plus E1B-transformed cells derived from pri-

mary BRK cells (data not shown). Thus, although Thr-69 and
Thr-71 are required for complete activation of ATF-2 by E1A
in transient-transfection assays, these sites do not appear to be
differently phosphorylated in E1A plus E1B-transformed cell
lines.

SAPKs are not constitutively activated in E1A plus E1B-
transformed BRK cells. To further investigate the role of ki-
nases in the activation of c-Jun and/or ATF-2 by E1A, we
examined whether c-Jun- and/or ATF-2-associated kinase ac-
tivity is increased in E1A plus E1B-transformed cell lines. Cell
extracts of primary BRK cells and SV40- and E1-transformed
BRK cells were incubated with GST proteins containing the
transactivation domains of ATF-2 (amino acids 1 to 109) and
c-Jun (amino acids 1 to 166) bound to glutathione-agarose
beads. After extensive washing, a solid-state kinase assay was
performed. As a control, SAPK activity was induced in these
cell lines by cycloheximide treatment. Figure 7A shows that a
cycloheximide-inducible kinase could be purified with GST-
ATF-2 and GST—c-Jun proteins in all cell lines (lanes 5, 6, 11,
12, 17, and 18). The phosphorylation signal was specific for
c-Jun and ATF-2, since no signal could be detected when the
GST protein was used. E1A plus E1B-transformed cells did
not contain a constitutively enhanced c-Jun- and ATF-2-asso-
ciated kinase activity compared with those of the other two cell
types, although we could detect a basal kinase activity in all
three cell types. In fact, this basal kinase activity was even
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FIG. 7. Constitutively activated c-Jun and/or ATF-2 protein kinase cannot be
detected in E1A plus E1B-transformed BRK cells. (A) Samples (200 pg) of
whole-cell extracts of untreated and cycloheximide-treated primary BRK cells
and BRK cells transformed by SV40 or by E1A plus E1B were incubated with
GST (G), GST-ATF-2 N (A), or GST—c-Jun N (J) proteins coupled to gluta-
thione-Sepharose beads for 1 h. The beads were washed extensively, and a
solid-state phosphorylation assay was performed. After 90 min, the proteins were
resolved by SDS-PAGE. The migration positions of GST, GST-ATF-2 N, and
GST-c-Jun N proteins are indicated. (B) Samples (200 wg) of whole-cell extract
of untreated and cycloheximide-treated primary BRK cells and BRK cells trans-
formed by SV40 or E1A plus E1B were incubated with 5 ug of GST, GST-ATF-2
N, and GST-c-Jun N in kinase buffer containing [y->*P]ATP at 30°C for 90 min.
After the phosphorylation reaction, the extracts were incubated with glutathione-
Sepharose beads for 1 h at 4°C. The beads were washed, and the proteins were
resolved by SDS-PAGE. The migratory positions of GST, GST-ATF-2 N, and
GST-c-Jun N proteins are indicated.

somewhat higher in the primary BRK cells. However, it is
possible that activated c-Jun- and ATF-2-directed kinases are
present in E1A plus E1B-transformed cells but bind only very
weakly to the N termini of c-Jun and ATF-2 and hence could
not be purified and detected in the experiment whose results
are shown in Fig. 7A. To test this possibility, we incubated
soluble GST-ATF-2 and GST—c-Jun proteins with whole-cell
extracts in kinase buffer containing [**P]ATP. After the phos-
phorylation reaction, the GST proteins were isolated by the
addition of glutathione-agarose beads. As can be seen in Fig.
7B, increased phosphorylation of ATF-2 and c-Jun is observed
only after cycloheximide treatment. These data strongly sug-
gest that the SAPKs and/or other kinases acting on the c-Jun
and ATF-2 N termini are not activated to a significant extent in
E1A plus E1B-transformed cells. Combined with the observa-
tions that 12S E1A-induced enhancement of the transactivat-
ing activity of ATF-2 is partially independent of Thr-69 and
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Thr-71 in the transient-transfection experiments and the ab-
sence of hyperphosphorylated forms of ATF-2 in E1A plus
E1B-transformed cell lines, these results indicate that stimu-
lation of ATF-2 activity by 12S E1A does not involve phos-
phorylation but employs a different mechanism.

DISCUSSION

It has been well documented that E1A can stimulate c-Jun—
ATF-2 binding sites in a CR1-dependent manner in HeLLa and
F9 cells (25, 26, 47-49). Ad-transformed cells contain hyper-
phosphorylated forms of c-Jun, which are caused by enhanced
phosphorylation of Ser-63 and Ser-73, located in the transac-
tivation domain (18). This suggests that activation of c-Jun—
ATF-2 heterodimers may be mediated by phosphorylation of
the c-Jun N terminus. However, c-Jun is not expressed in F9
cells, which do contain ATF-2. The experiments in this study
were performed to determine whether both c-Jun and ATF-2
are targets of 12S E1A. It was found that in F9 cells, the 12S
E1A protein enhances the activity of the N terminus of ATF-2
fused to Gal4 about sixfold, whereas the activity of the N
terminus of c-Jun fused to Gal4 was not significantly enhanced.
It should be noted, however, that in experiments showing a
relatively high level of induction of the N terminus of ATF-2,
the N terminus of c-Jun was induced about twofold. Previous
studies had already shown that activation of the N terminus of
c-Jun fused to GHF1 by 12S E1A is weak in F9 cells (18). In
HeLa cells, we found that 12S E1A also preferentially activates
ATF-2. Thus, ATF-2 and not c-Jun is the primary target of 12S
E1A in both F9 and HeLa cells.

Activation of ATF-2 via CR3 of E1A has been well estab-
lished. Our data demonstrate that activation of ATF-2 can also
be obtained by a CR1-dependent mechanism. Deletion of CR1
completely abolished activation by 12S E1A in F9 cells. Under
our conditions, the CR3 domain does not seem to contribute
significantly to activation in F9 cells, since the transactivation
capacities of 12S E1A and wtE1A were approximately equal.
This might be due to the presence of an E1A-like activity that
has been found to be present in these cells and which has a
function similar to that of 13S E1A (22). In normal, non-
embryonal-carcinoma cells, 13S E1A has been shown to func-
tion as a bridging factor between transcription factors and
components of the transcription-initiation complex (8, 41). In
agreement with the idea of a 13S E1A-like activity acting on
ATF-2 in F9 cells, we found that the full-length ATF-2 fusion
protein, which is transcriptionally inactive in HeLa cells, is
active in F9 cells (Fig. 2B and data not shown). Also in agree-
ment with other studies is our finding that wtE1A is a much
more potent activator than 12S E1A in HeLa and CHO cells.
Deletion of CR1 in the context of the 12S E1A protein com-
pletely abolished activation of the ATF-2 N terminus in HeLa
cells but only reduced activation of ATF-2 in the context of the
12S plus 13S E1A protein. Thus, CR1- and CR3-dependent
effects can act independently of each other on ATF-2 and may
even act synergistically. In this respect, it is interesting that
synergistic cooperation between CR1 and CR3 has also been
observed in transactivation of viral early genes (53).

Recent studies have shown that CR3-dependent activation
of the N terminus of ATF-2 requires the presence of two
threonine residues, Thr-69 and Thr-71, which are potential
targets for phosphorylation by SAPKs (17, 32). Genotoxic
agents, such as MMS, which activate SAPK, also induce ATF-2
via Thr-69 and Thr-71 (32, 51). In our transient-transfection
assays, we found that activation of ATF-2 by MMS was strictly
dependent on Thr-69 and Thr-71, whereas E1A-dependent
activation via CR1 was still significant if these amino acid
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residues were mutated. This suggests that different mecha-
nisms are involved. So far, it is not clear whether the SAPKs
play a role in the E1A-dependent activation of ATF-2. Our
findings that Ad-transformed cell lines do not contain in-
creased SAPK activity and that ATF-2 is not hyperphosphory-
lated in these cells argue against the involvement of SAPKs in
activation of either ATF-2 or c-Jun. This implies that a differ-
ent kinase or inhibition of a phosphatase must be responsible
for hyperphosphorylation of the transactivation domain of c-
Jun in these cell lines.

The CR1-dependent activation of ATF-2 may involve one or
more of the cellular proteins that bind to E1A. The proteins
binding to the CR1 and CR2 domains of E1A do not appear to
be involved, since deletion of the CR2 domain had no effect on
transactivation of ATF-2 by wtE1A (data not shown). This
excludes a role in CR1-dependent activation of the direct in-
teraction between E1A and pRb, a known activator of ATF-2
(24). This renders p300 and CBP the most likely candidates for
mediating CR1-dependent activation of ATF-2, because bind-
ing of these proteins to E1A does not require CR2 but only
CR1 and the N terminus. Moreover, these proteins act as
coactivators and are known to bind and stimulate the activity of
the transcription factors c-Jun, c-Fos, and CREB (3, 4, 7, 33,
46). One can envision a model in which 12S E1A is present in
a complex with ATF-2, a p300-like coactivator, and possibly
proteins of the basal transcription machinery. This is supported
by the observation that 12S E1A has been found to interact
with ATFa and TBP, although not as strongly as 13S E1A (9,
21). Since we found the zinc finger structure of ATF-2 to be
essential for E1A-dependent activation, this postulated com-
plex may require the intactness of the metal-binding structure.
In addition to its participation in a protein complex, 12S E1A
may induce or target a kinase to phosphorylate a coactivator,
which may then become activated. E1A-dependent phosphor-
ylation of p300 has been observed in two independent studies
(26, 52). In fact, certain experiments suggest that differently
phosphorylated forms of p300 are present in complexes that
bind to the jun2 element of the c-jun promoter (26). This
observation suggests that 12S E1A activates the c-jun promoter
by phosphorylation of p300. We are currently investigating
whether CR1-dependent activation of ATF-2 involves p300,
CBP, or similar coactivators.
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