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The c-Jun amino-terminal kinases (JNKs) participate
in intracellular signaling in response to cytokines and
cellular stresses. JNKs are activated by phosphorylation
on two critical residues, the threonine 183 and tyrosine
185, within the TPY motif. The activated JNKs, in turn,
phosphorylate the nuclear protein c-Jun, a major com-
ponent of the transcription factor AP1. In vitro studies
have revealed a defect in ionizing radiation-induced ac-
tivation of the JNK signaling pathway in lymphoblas-
toid cells from individuals with ataxia telangiectasia
(AT). However, the biochemical basis for this signaling
defect is not clear. Here, we show that ionizing radiation
induces the phosphorylation of endogenous c-Jun in
normal fibroblasts but not in AT fibroblasts. The p46
isoforms of dually phosphorylated JNKs were detected
in the nuclei of both normal and AT fibroblasts following
exposure to ionizing radiation or sham radiation. How-
ever, c-Jun kinase activity was detected in normal cells
but not in AT cells. Furthermore, an exogenous purified
active JNK protein was able to phosphorylate endoge-
nous c-Jun in nuclear extracts only of normal cells and
only after the cells were irradiated. Electrophoretic mo-
bility shift assays also showed that the ionizing radia-
tion-induced increase in the DNA binding activity of
AP1 observed in normal cells was absent or markedly
reduced in AT cell lines. These data suggest that the
defect in ionizing radiation-induced signaling through
c-Jun in AT cells is the result of impaired function of an
unknown nuclear protein or proteins that negatively
regulate both JNK and c-Jun.

Ataxia telangiectasia (AT)! (1) is a human genetic disorder
clinically characterized by neurodegeneration, defective immu-
nological responses, and premature aging (1, 2). Cells from
affected individuals show extreme sensitivity to ionizing radi-
ation as well as defects in both oxidative stress responses and
cell cycle regulation (2—4). The gene (ATM) that is mutated in
AT patients has been isolated, and the encoded protein has
been suggested to play roles in mitogenic signal transduction,
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meiotic recombination, and cell cycle control (5-7). Defects in
intracellular signaling pathways in AT cells in response to
ionizing radiation include impaired activation of the transcrip-
tion factors NF-«B and c-Jun (8—10). The transcriptional ac-
tivity of c-Jun is enhanced by phosphorylation of two serine
residues (amino acids 63 and 73) in the NH,-terminal trans
activation domain by c-Jun NH,-terminal kinase (JNK) in re-
sponse to various stimuli including ionizing radiation, UV
light, and tumor necrosis factor (11-15).

JNKs are a family of serine-threonine kinases that are re-
lated to the mitogen-activated protein kinase family (16—20).
More than 10 isoforms of JNKs have been identified, encoded
by three genes (JNKI, JNK2, and JNK3), with additional di-
versification resulting from alternative processing of tran-
scripts (21-26). The JNK1 and JNK2 subfamilies each com-
prise four isoforms that result from the presence of alternative
sequences within subdomains IX and X of the catalytic domain
and alternative mRNA splicing at the extreme COOH terminus
resulting in 46-kDa (p46) or 55-kDa (p55) proteins. The two
members of the JNK3 subfamily (45-48 kDa and 54-57 kDa)
possess extended NH,-terminal sequences and alternatively
spliced COOH termini (21). Whereas JNK1 and JNK2 are
expressed in most cell types (26), expression of JNK3 appears
limited to neuronal cells (21).

All JNKs possess a conserved TPY tripeptide motif in the
kinase subdomain VIII (25), and their activation is mediated by
phosphorylation of the threonine and tyrosine residues within
this motif by the upstream JNK kinases MKK4 (27-29) and
MKK?7 (30). Among the known substrates of the JNKs are the
transcription factors c-Jun (31), ATF2 (32), Elk1 (33), and p53
(34). Although all JNKs are capable of phosphorylating c-Jun
on serine residues 63 and 73, isoforms exhibit different sub-
strate binding specificities (21, 26, 35). The p21 Ras protein
interacts specifically with both JNK and c-Jun (36). JNKs are
stimulated in response to Ras activation, although the most
marked physiological activation of JNK isozymes appears not
to be mediated by Ras (22, 37). Cells deficient in the tyrosine
kinase c-Abl fail to activate JNKs in response to ionizing radi-
ation or alkylating agents (7, 38, 39), and the ATM protein has
been shown to phosphorylate and activate c-Abl in response to
DNA damage (2, 3).

Activation of the JNK signaling pathway by ionizing radia-
tion is defective in AT lymphoid cells, but JNK activation in
response to UV light or anisomycin remains intact in these cells
(6). We have now investigated the biochemical events that
underlie activation of c-Jun in response to ionizing radiation in
normal human fibroblasts and have characterized the signal-
ing defect in AT fibroblasts.

EXPERIMENTAL PROCEDURES

Materials—Antibodies specific for c-Jun phosphorylated on serines
63 or 73 were obtained from New England BioLabs; antibodies to AP1
(c-Jun) were from Transduction Laboratories; antibodies specific for
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JNK phosphorylated on the threonine and tyrosine residues within the
TPY motif were from Promega; and antibodies to JNK1 (C-17), JunD, or
JunB were from Santa Cruz. A GST-c-Jun(1-89) fusion protein was
obtained from New England BioLabs, and GST-c-Jun(1-79) was from
Stratagene. The purified active dually phosphorylated form of JNKl«
was supplied by T. Osterfield at New England BioLabs. T4 polynucle-
otide kinase and the double-stranded oligonucleotides AP1 and SP1
were from Promega. Poly(dI-dC):poly(dI-dC) was from Amersham Phar-
macia Biotech, and precast polyacrylamide minigels (10-20%) were
from Novex or Daiichi.

Cell Culture—Normal human fibroblasts (MRC5CV1) and AT fibro-
blasts (AT5BIVA, AT4BIVA, and AT3BIVA) were cultured at 37 °C
under 5% CO, in Eagle’s minimum essential medium supplemented
with 15% (normal cells) or 20% (AT cells) fetal bovine serum, 2 mm
L-glutamine, 1 mM sodium pyruvate, 0.1 mM nonessential amino acids,
penicillin (100 units/ml), and streptomycin (100 ug/ml). Hydrocortisone
(5 pg/ml) was also included for AT cells. All of the cell lines used in this
study were immortalized with simian virus 40 (40) and were checked for
mycoplasma contamination every 6 months. Before exposure of cells to
ionizing radiation or UV-C light, the culture medium was replaced with
serum-free medium for 24 h. Irradiation was performed at room tem-
perature using a JL Shepherd Mark I Radiator with a '*’Cs source
emitting at a fixed dose rate of 3.83 Gy/min. UV-C light was delivered
at a rate of 60 J/m? using the UV Stratalinker.

Subcellular Fractionation—Cells were washed three times with ice-
cold phosphate-buffered saline, harvested by scraping from the culture
dishes into ice-cold equilibrium buffer (20 mm Tris-HCI, pH 7.5, 2 mMm
EDTA, 2 mm EGTA, 2 mM dithiothreitol, and protease inhibitors) (41), and
disrupted by 100 strokes (pestle B) with a Dounce homogenizer. The
nuclear fraction was isolated by centrifugation of the total cell homoge-
nate at 800 X g for 5 min, resuspension of the resulting pellet in equilib-
rium buffer, and centrifugation of the resulting suspension at 600 X g for
15 min. The resulting nuclear pellet was washed two times and then
solubilized with 1% CHAPS detergent on ice overnight. The cytosolic
fraction was isolated by centrifugation of the 10,000 X g supernatant at
25,000 X g for 2 h. Protein concentration was determined with the Brad-
ford protein assay (42), with bovine serum albumin as a standard.

Immunoblot Analysis—Subcellular fractions were denatured by boil-
ing for 5 min in SDS sample buffer and subjected to SDS-polyacryl-
amide gel electrophoresis on 10-20% gels, after which the separated
proteins were transferred to a polyvinylidene difluoride membrane.
After transfer, the membrane was incubated with 5% nonfat dry milk in
phosphate-buffered saline for 1 h at room temperature and then with
primary antibodies overnight at 4 °C. Immune complexes were detected
by enhanced chemiluminescence (ECL, Amersham Pharmacia Biotech).

Protein Kinase Assays—For immune complex kinase assays, nuclear
or cytosolic proteins were incubated at 4 °C overnight with antibodies to
JNKI1 (C-17) and then for an additional 2 h in the presence of UltraLink
Protein A/G Plus (Pierce). Immune complexes were washed four times
with IgG binding buffer (Pierce), twice with equilibrium buffer, and
once with kinase buffer (20 mm Tris-HCI, pH 7.5, 10 mm MgCl,, 1 mm
MnCl,, 2 mM dithiothreitol, and 0.1 mM sodium orthovanadate). The
complexes were then incubated for 15 min at 30 °C in 20 ul of kinase
buffer containing 5 uCi of [y-*2P]ATP (3000 Ci/mmol; NEN Life Science
Products), 50 um ATP, and 2 pg of GST-c-Jun(1-79). The reaction was
terminated by the addition of 5 X SDS sample buffer and boiling for 5
min, and proteins were resolved by SDS-polyacrylamide gel electro-
phoresis on 10-20% gels. The gels were stained with Coomassie Blue to
confirm equal loading, dried, and analyzed by autoradiography. Alter-
natively, JNK activity was determined by incubation of nuclear pro-
teins for 20 min at 30 °C with 4 ug of GST-c-Jun(1-89) in 20 ul of kinase
buffer containing 20 uM ATP. Phosphorylated GST-c-Jun or endogenous
c-Jun was detected by immunoblot analysis with antibodies specific for
c-Jun phosphorylated on serine 73.

Electrophoretic Mobility Shift Assay—A double-stranded oligonucleo-
tide (5'-CGCTTGATGAGTCAGCCGGAA-3') specific for AP1 binding
was end-labeled with [y-*2P]ATP and T4 polynucleotide kinase at 37 °C
for 30 min. The reaction was terminated by the addition of EDTA.
Nuclear extracts (5 ug) were incubated for 10 min at room temperature
with binding buffer (10 mm Tris-HCl, pH 7.5, poly(dI-dC):poly(dI-dC)
(0.025 mg/ml), 5 mm dithiothreitol, 1 mm MgCl,, 0.5 mm EDTA, 50 mMm
NaCl, and 4% glycerol) in a final volume of 11.5 ul and then for an
additional 10 min at 4 °C to allow AP1 dimerization. After the addition
of 1 ul of *P-labeled AP1 oligonucleotide (~35,000 cpm, 0.035 pmol),
the reaction mixture was incubated for an additional 30 min at room
temperature and then subjected to polyacrylamide gel electrophoresis
on a 5% gel in 0.5 X Tris borate-EDTA buffer. Electrophoresis was
continued until the dye front had migrated over 75% of the gel. A 50-fold
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Fic. 1. Effects of ionizing radiation on c-Jun expression in
normal human fibroblasts (MRC5CV1) and AT cells (AT5BIVA).
Cells were exposed to the indicated doses of ionizing radiation (/R) and
harvested 2 h later. Nuclear (V) and cytosolic (C) proteins were isolated
and subjected to immunoblot analysis with antibodies to c-Jun.

excess of either unlabeled AP1 oligonucleotide or a control nonspecific
oligonucleotide (SP1, 5'-ATTCGATCGGGGCGGGGCGAGC-3') or anti-
bodies to c-Jun, to JunD, or to JunB were added to the dimerization
reaction for determination of specific binding or “supershift” analysis,
respectively.

RESULTS

Effects of Ionizing Radiation on c-Jun Expression and Phos-
phorylation—Regulation of the transcription factor AP1 is
achieved by changes in the expression of members of the Jun
and Fos families of proteins (43, 44) and by their post-transla-
tional modifications by phosphorylation (45). We first investi-
gated the effects of ionizing radiation on c-Jun expression.
MRC5CV1 (control), and AT5BIVA fibroblasts were exposed to
various doses of ionizing radiation and harvested 2 h later.
Nuclear and cytosolic proteins were then isolated and subjected
to immunoblot analysis with antibodies to c-Jun. Expression of
c-Jun was detected predominantly in the nuclear fractions of
both cell types (Fig. 1). However, whereas ionizing radiation
increased the amount of nuclear c-Jun in MRC5CV1 cells in a
dose-dependent manner, with the maximal effect apparent at
20 Gy, it had no such effect on AT5BIVA cells (Fig. 1). The time
course of the effect of ionizing radiation on c-Jun expression
was then examined in MRC5CV1 cells and in AT fibroblasts
(AT5BIVA, AT4BIVA, and AT3BIVA) derived from different
patients (Fig. 2). The amount of c-Jun in the nucleus was
increased within 30 min and reached a maximum within 2—4 h
in MRC5CV1 cells, whereas no induction was observed in
AT5BIVA or AT3BIVA cells. The amount of nuclear c-Jun in
ATA4BIVA cells was increased at 30 min and further increased
at 1-2 h, although the extent of induction was much less than
that apparent in MRC5CV1 cells.

We next determined the phosphorylation status of these
serine residues after exposure of cells to ionizing radiation by
performing immunoblot analysis with antibodies specific for
c-Jun phosphorylated on either serine 63 or serine 73 (Fig. 2).
In MRC5CV1 cells, ionizing radiation induced the phosphoryl-
ation of nuclear c-Jun on both serines 63 and 73 in a time-de-
pendent manner. The phosphorylation of c-Jun on each of the
two serine residues was apparent within 30 min and maximal
within 2—-4 h. In contrast, ionizing radiation did not induce
phosphorylation of c-Jun in any of the AT cell lines. UV-C
irradiation induced phosphorylation of c-Jun on both serine
residues in both normal and AT cells (Fig. 2C), consistent with
previous reports (6).

Effect of Ionizing Radiation on JNK Expression—To investi-
gate whether the impaired c-Jun phosphorylation in AT cells
was due to a defect in JNK expression, we examined the effect
of ionizing radiation on JNK abundance in nuclei and cytosol
by immunoblot analysis with polyclonal antibodies that recog-
nize the COOH terminus of the p46 isoform of JNK1 (Fig. 3).
Substantial amounts of p46 JNK isoforms were present in both
nuclei and cytosol of both MRC5CV1 and AT cells, and ionizing
radiation did not further increase JNK expression. Similar
results were obtained by immunoblot analysis with antibody
(New England Biolabs) to the full-length p55 isoform of JNK1
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Fic. 2. Effects of ionizing radiation and UV-C light on the
expression and phosphorylation of c-Jun in normal human fi-
broblasts and AT cells. MRC5CV1 and AT5BIVA cells (A) and
AT4BIVA and AT3BIVA cells (B) were exposed to 20 Gy of ionizing
radiation (IR) and harvested at the indicated times thereafter. Nuclear
proteins were subjected to immunoblot analysis with antibodies specific
for total c-Jun (both phosphorylated and nonphosphorylated forms;
designated as c-Jun), for c-Jun phosphorylated on serine 63, and for c-Jun
phosphorylated on serine 73. C, MRC5CV1 and AT5BIVA cells were
exposed to 60 J/m? of UV-C light and harvested 1 h later, after which
nuclear proteins were isolated and subjected to immunoblot analysis with
antibodies specific for c-Jun phosphorylated on serine 73 or antibodies
specific for JNKs phosphorylated on threonine 183 and tyrosine 185.
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Fic. 3. Effect of ionizing radiation on JNK expression.
MRC5CV1 and AT5BIVA cells (A) and AT4BIVA and AT3BIVA cells (B)
were exposed to 20 Gy of ionizing radiation (IR) and harvested at the
indicated times thereafter. Nuclear and cytosolic proteins were then sub-
jected to immunoblot analysis with antibodies to the p46 isoform of JNK1.

(data not shown). The sequence of the peptide used for gener-
ation of the antibodies to the p46 isoform of JNK1 is 70, 59, 41,
82, and 53% identical to the corresponding sequences of p55
JNK1, p46 JNK2, p55 JNK2, p46 JNK3, and p55 JNKS3, re-
spectively (46); therefore, it is likely that p46 JNK1, which is a
major JNK1 isoform (31), was preferentially detected in our
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Fic. 4. Effect of ionizing radiation on JNK phosphorylation.
MRC5CV1 and AT5BIVA cells were exposed to 20 Gy of ionizing radi-
ation (IR) and harvested at the indicated times thereafter. Nuclear (A)
and cytosloic (B) proteins were then subjected to immunoblot analysis
with antibodies that recognize JNKs phosphorylated on threonine 183
and tyrosine 185. The dually phosphorylated p46 isoform of JNKs is
indicated with a solid arrow. The broken arrow (NS) indicates an
unknown immunoreactive protein of higher mobility than p46. The
position of the phosphorylated JNK band for cytosolic proteins was
clarified by electrophoresis of nuclear proteins from MRC5CV1 cells
(lane N) on the same gel.

immunoblot analysis with these antibodies. The p55 isoform of
JNK2 has been shown to exhibit a higher kinase activity and
binding affinity for c-Jun than does p46 JNK1 (26). However,
JNK2 protein expression was not detected in the cells used in
the present study (data not shown).

Constitutive Expression of Dually Phosphorylated JNKs in
Nuclei of MRC5CV1 and AT Cells—The activation of JNKs is
mediated by phosphorylation of the threonine and tyrosine
residues within the TPY motif (27-30). Therefore, we compared
the phosphorylation patterns of JNKs in MRC5CV1 and
AT5BIVA cells after exposure to ionizing radiation. Nuclear
and cytosolic proteins were subjected to immunoblot analysis
with antibodies specific for the active form of dually phospho-
rylated JNKs (Fig. 4). The p46 isoforms of dually phosphoryl-
ated JNKs were constitutively expressed in the nuclei but not
in the cytosol of both MRC5CV1 and AT5BIVA cells. The levels
of constitutively phosphorylated nuclear JNKs in the AT cells
were greater than that in the control cells. Ionizing radiation
did not change the abundance of dually phosphorylated JNKs
in either cell type. Phosphorylated p55 JNK isoforms were not
detected in control or AT cells exposed to ionizing radiation.
The fact that they were detected in cells stimulated by CdCl,
(data not shown) suggests that this observation was not the
result of preferential selectivity of the antibodies for phospho-
rylated p46 isoforms. The subcellular localization and phospho-
rylation states of JNKs appear normal in AT cells.

Effect of Ionizing Radiation on JNK Activity—To examine
directly the effect of ionizing radiation on JNK activity, we
performed immune complex kinase assays using antibodies to
JNKI1 and GST-c-Jun(1-79) as the substrate. A 3-fold increase
in nuclear JNK activity was observed 1 h following irradiation
in MRC5CV1 cells but not in AT5BIVA cells (Fig. 5A). Whereas
immune complexes derived from 10 ug of nuclear proteins from
control cells were sufficient to demonstrate this increase in
JNK activity, kinase activity was not detectable in immune
complexes prepared from up to 100 ug of cytosolic proteins from
irradiated MRC5CV1 cells (Fig. 5A). To exclude the possibility
that the increase in nuclear JNK activity was due to the trans-
location of activated JNKSs from the cytosol to the nucleus, we
also measured kinase activities in extracts of cells prepared 30
min after irradiation. Again, no increases in cytosolic JNK
activity were detected (data not shown).

The phosphorylation of c-Jun on serines 63 and 73 in vitro is
catalyzed by all known JNK isoforms. However, different sub-
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Fic. 5. Effects of ionizing radiation on JNK activity in the
nucleus and cytosol of normal human fibroblasts and AT cells.
Cells were exposed to 20 Gy of ionizing radiation (IR) and harvested at
the indicated times thereafter. Nuclear and cytosolic proteins were
isolated. A, immune complex kinase assay. Nuclear proteins (10 ug) or
the indicated amounts of cytosolic proteins were subjected to immuno-
precipitation (IP) with antibodies to JNK1, and the resulting precipi-
tates were assayed for kinase activity with GST-c-Jun(1-79) as sub-
strate. As a control (lane C), nuclear proteins from nonirradiated
MRC5CV1 cells were subjected to immunoprecipitation with preim-
mune rabbit IgG. B, in vitro phosphorylation of GST-c-Jun by nuclear
proteins. Nuclear proteins (10 ug) were incubated with GST-c-Jun(1—
89) in a kinase reaction, and the phosphorylated substrate was detected
by immunoblot analysis with antibodies specific for c-Jun phosphoryl-
ated on serine 73.

sets of JNKs are thought to be selectively activated in cells
depending on the signaling pathways triggered by a given
stimulus (21). Because of the sequence homologies among JNK
isoforms, antibodies are not strictly specific to a particular
isoform. JNK activity following ionizing radiation in intact cells
may represent isoform overlap. Furthermore, demonstration of
phosphorylation of c-Jun on serines 63 and 73 by a phorbol
12-myristate 13-acetate-inducible 67-kDa protein indicates the
existence of kinases other than JNKs that phosphorylate the
NH,-terminal region of c-Jun (47, 48).

We next examined the effect of ionizing radiation on total
c-Jun NH,-terminal kinase activity using kinase reactions con-
taining nuclear proteins and GST-c-Jun(1-89). The phospho-
rylated GST-c-Jun was detected by immunoblot analysis with
antibodies specific for c-Jun phosphorylated on serine 73 (Fig.
5B). Induction of nuclear c-Jun kinase activity was apparent
within 30 min of irradiation of MRC5CV1 cells, reached a
maximum within 1 h, and remained increased after 2 and 4 h. In
contrast, ionizing radiation had no effect on nuclear c-Jun kinase
activity in any of the three AT cell lines. Similar results were
obtained with a solid phase kinase assay in which GST-c-Jun(1—
89) was immobilized on GSH-Sepharose beads (data not shown).

JNK activity following ionizing radiation was not observed in
cytosolic fractions from MRC5CV1 or AT5BIVA cells using in
vitro kinase assays with GST-c-Jun(1-89) (data not shown).
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Fic. 6. Effects of purified active JNKla on the phosphoryla-
tion state of endogenous c-Jun and GST-c-Jun. Either GST-c-
Jun(1-89) or nuclear proteins isolated from MRC5CV1 cells (A) or
AT5BIVA cells (B) at the indicated times after exposure to ionizing
radiation (IR) were subjected to an in vitro phosphorylation reaction in
the absence or presence of purified active JNK1a. C, in vitro phospho-
rylation of GST-c-Jun by purified active JNK1a was analyzed in the
absence or presence of nuclear extracts prepared from cells at the
indicated times after irradiation. Phosphorylated endogenous c-Jun (A
and B) and GST-c-Jun (C) were detected by immunoblot analysis with
antibodies specific for c-Jun phosphorylated on serine 73.

Cytosolic JNK kinase activity was also measured using the
maltose binding protein-JNK fusion protein (New England Bio-
labs) as a substrate, and no activity was observed following
ionizing radiation of MRC5CV1 or AT5BIVA cells (data not
shown). We interpret these data to support a c-Jun phospho-
rylating ionizing radiation-induced signaling pathway to be
localized in the nucleus.

A Nuclear Signal Required for Ionizing Radiation-induced
c-Jun Phosphorylation—To further investigate the mechanism
by which phosphorylated JNK isoforms are regulated, we per-
formed in vitro kinase assays using a purified active form of
dually phosphorylated JNK1a and c-Jun in AT and normal cell
nuclear extracts at various intervals after irradiation. Phos-
phorylated endogenous c-Jun was detected by immunoblot
analysis with antibodies specific for c-Jun phosphorylated on
serine 73 (Fig. 6). The dual phosphorylation of purified JNKl«a
was confirmed by immunoblot analysis with antibodies that
recognize only dually phosphorylated JNKs (data not shown).

Purified active JNK1a potentiated phosphorylation of endog-
enous c-Jun in nuclear extracts prepared from MRC5CV1 cells
30 min or 1 h after irradiation. However, phosphorylation of
endogenous c-Jun was not observed in nuclear extracts pre-
pared from MRC5CV1 cells at time 0 (Fig. 6A). In AT cells, the
active JNK1la did not phosphorylate endogenous c-Jun in nu-
clear extracts prepared from either irradiated or nonirradiated
cells (Fig. 6B). The marked phosphorylation of GST c-Jun by
purified active JNKla was not inhibited by nuclear extracts
prepared from either control (MRC5CV1) or AT cells
(AT5BIVA, AT4BIVA, and AT3BIVA) immediately and 2 h
following irradiation (Fig. 6C), indicating that a nonspecific
inhibitor is not present in the nuclear extracts.
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Fic. 7. Effects of ionizing radiation on the DNA binding activ-
ity of AP1 in normal human fibroblasts and AT cells. A, cells were
harvested at the indicated times after exposure to ionizing radiation (20
Gy), and nuclear proteins (5 ug) were subjected to an electrophoretic
mobility shift assay with a *?P-labeled oligonucleotide containing the
AP1 binding site. The specificity of binding was demonstrated with the
use of nuclear proteins isolated from MRC5CV1 cells 4 h after irradia-
tion and an excess of either unlabeled (cold) AP1 oligonucleotide or
unlabeled SP1 (nonspecific) oligonucleotide. B, nuclear proteins isolated
from nonirradiated (Control) or irradiated (IR) cells at the indicated
times were subjected to supershift analysis with antibodies to c-Jun, to
JunD, or to JunB.

IR (20Gy)

Control

Taken together, these data suggest that a nuclear signal
induced by ionizing radiation is required to activate dually
phosphorylated JNKs for c-Jun phosphorylation. However, ion-
izing radiation-induced activation of this nuclear signal is de-
fective in AT fibroblasts.

Effect of Ionizing Radiation on DNA Binding Activity of
API—The transcription factor AP1 is comprised of homo- or
heterodimeric complexes formed by Fos and Jun families of
proteins (49, 50). AP1 mediates transcriptional activation by
interacting with its DNA target sequence, TGA(C/G)TCA,
which is known as the TPA response element (51-56). Subse-
quently, many other promoter and enhancer regions of genes
have been shown to contain AP1 binding sites.

We measured the DNA binding activity of AP1 in nuclear
extracts of irradiated cells by electrophoretic mobility shift
assay with a 32P-end-labeled oligonucleotide containing the
AP1 target sequence (Fig. 7A). Ionizing radiation induced an
increase in the DNA binding activity of AP1 that was apparent
for up to 4 h in MRC5CV1 cells. AT5BIVA and AT3BIVA cells
showed no such increase in AP1 binding activity, whereas
AT4BIVA cells showed a substantial increase that was apparent
within 1 h of irradiation, consistent with the radiation-induced
increase in c-Jun expression observed in these cells (Fig. 2B).

To determine the components of the AP1 binding complexes,
we performed supershift assays with nuclear proteins isolated
at the time of maximal binding activity for each cell line using
antibodies to c-Jun, JunD, and JunB (Fig. 7B). Dimeric com-
plexes containing c-Jun and JunD were induced within 4 h as
compared with the control (sham irradiation) in MRC5CV1
cells. c-Jun did not appear to be a major component of AP1 in
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any of the AT cell lines; however, JunD was constitutively
present in the binding complexes of all three lines. Complexes
containing JunB were not detected either in MRC5CV1 or in AT
fibroblasts. Immunoblot analysis of JunD and JunB supported
these observations (data not shown). In addition, AP1 complexes
containing c-Fos were not detected, apparently because of the low
level of c-Fos expression in both normal and AT fibroblasts as
determined by immunoblot analysis (data not shown).

DISCUSSION

Previous studies have shown that ionizing radiation-induced
activation of the JNK signaling pathway is defective in lym-
phoblastoid cells derived from individuals with ataxia telangi-
ectasia (6). Although ATM is believed to play a role in activa-
tion of this signaling pathway in response to ionizing radiation
(2, 3, 57), the biochemical mechanism is not known. We have
now characterized the biochemical events leading to the phos-
phorylation of c-Jun in response to ionizing radiation in normal
human fibroblasts and have identified defects in this pathway
in AT fibroblasts.

We have confirmed previous reports that ionizing radiation
induces nuclear c-Jun kinase activity in normal human fibro-
blasts but not in AT cells (6). However, in vitro kinase activity
does not always reflect kinase activity in cells. Our data dem-
onstrate that ionizing radiation increases the phosphorylation
of c-Jun on serines 63 and 73 in intact normal human fibro-
blasts but not in AT fibroblasts, whereas UV light radiation-
induced phosphorylation on these residues of c-Jun is present
in both cells. Interestingly, Devary et al. (13, 58) have shown,
with the use of enucleated cells, that the UV light response does
not require a signal generated in the nucleus and is likely to be
initiated at or near the plasma membrane. These studies have
also shown that UV light-mediated JNK activity occurs in cyto-
plasts. Taken together, these observations suggest that the ion-
izing radiation-mediated JNK signaling pathway through AP1
activation is independent of that mediated by UV radiation.

Members of the JNK kinase family are activated by dual
phosphorylation on the threonine and tyrosine residues within
the TPY motif catalyzed by cytosolic kinases MKK?7 (30) or
MKK4 (27-29). The dually phosphorylated JNKs translocate
from the cytosol to the nucleus, where they phosphorylate the
effector protein c-Jun. However, our results indicate that JNK
activation by ionizing radiation takes place exclusively in the
nucleus, independently of upstream cytosolic signaling path-
ways. This conclusion is based on our observations that: (i) an
immune complex kinase assay with cytosolic extracts prepared
from normal human fibroblasts did not show increase in JNK
activity in response to ionizing radiation; (ii) phosphorylations
of GST-c-Jun(1-89) or maltose binding protein-JNK fusion pro-
teins in vitro by cytosolic proteins isolated from MRC5CV1 cells
were unaffected by cell irradiation (data not shown); and (iii)
dually phosphorylated JNKs were not detected in the cytosol of
untreated or irradiated MRC5CV1 cells. Our data are consist-
ent with recent reports indicating the existence of a mechanism
for JNK activation that is independent of MKK4 (59—61).

We have shown that both normal and AT fibroblasts consti-
tutively express dually phosphorylated JNKs in the nucleus.
Indeed, the levels of nuclear phosphorylated JNKs were con-
sistently greater for AT cells than for normal cells. Further-
more, ionizing radiation did not induce changes in the concen-
trations of dually phosphorylated JNKs in the nuclei of normal
or AT fibroblasts. To address the apparent discrepancy be-
tween these observations and the fact that ionizing radiation
induced phosphorylation on serines 63 and 73 of c-Jun in nor-
mal fibroblasts but not in AT cells, we investigated the effect of
purified active JNK1a to nuclear extracts isolated from normal
and AT fibroblasts at various times after irradiation. The ex-
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ogenously active JNK1a was able to phosphorylate endogenous
c-Jun only in nuclear extracts isolated from irradiated normal
fibroblasts. These data show that both dually phosphorylated
JNKSs and c-Jun that are present in the nuclei of normal fibro-
blasts are subject to negative regulation that is relieved by
exposure of cells to ionizing radiation.

In further support of this hypothesis, inhibition of radiation-
induced signaling through AP1 activation has been previously
demonstrated (62). Possible roles for p21 Wafl (Cipl) (10),
Hsp70 (63, 64), mitogen-activated protein kinase phosphatase
(65), and IP1 (66) as inhibitors of JNK activity have also been
suggested. In this model, the ATM protein is functionally as-
sociated with nuclear c-Abl, which is activated in response to
ionizing radiation (2, 3), and overexpression of full-length ATM
can normalize the radiosensitivity and impaired in vitro JNK
activity in AT cells (57). On the basis of our data, we propose
that ionizing radiation activates a nuclear signal that acts
through ATM and c-Abl and enables dually phosphorylated
JNKs to phosphorylate c-Jun by inducing the dissociation of a
negative regulator such as p21 Wafl. Although increased total
c-Jun was observed in AT4BIVA cells, DNA binding activities
of AP1 are attributable mainly to JunD. However, JunD is
known to be a poor substrate for JNKs (67).

A possible role for protein kinase C in c-Jun activation has
also been suggested. Dephosphorylation of one or more serine
residues in the C-cluster of c-Jun induced by the protein kinase
C activator phorbol 12-myristate 13-acetate results in an in-
crease in the DNA binding and trans-activation activity of
c-Jun (68). Ionizing radiation induced protein kinase C expres-
sion in both MRC5CV1 and AT4BIVA cells (data not shown).
Therefore, the ionizing radiation induced increases in total
c-Jun expression and in the DNA binding activity of AP1 in
ATA4BIVA cells may be mediated by an increase in expression of
protein kinase C.

In conclusion, ionizing radiation appears to activate a nu-
clear signal that relieves negative regulation of both JNKs and
c-Jun in normal fibroblasts. Activation of this nuclear signal by
ionizing radiation appears defective in AT cells.
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