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Abstract  

Extracellular signal-regulated kinases (ERKs), also known as mitogen- 
activated protein (MAP) kinases, are rapidly phosphorylated and acti- 
vated in response to a number of external factors which promote growth 
and differentiation (T. G. Boulton, S. H. Nye, D. J. Robbins, N. Y. Ip, E. 
Radziejewska, S. D. Morgenbesser, IL Ao DePinho, N. Panayotatos, M. H. 
Cobb, and G. D. Yancopoulos, Cell, 65: 663-675, 1991; S. L. Pelech and S. 
S. Jasbinder, Science (Washington DC), 257: 1355-1356, 1992; G. Thomas, 
Cell, 68: 3-6, 1992). We have identified two novel stimulators of MAP 
kinase activity, ionizing radiation and H202. Both radiation and HzO2, as 
well as the known agonist 12-O-tetradecanoyiphorbol 13-acetate activate 
MAP kinase through the production of reactive oxygen intermediates. Our 
results demonstrate a direct link between the MAP kinase signal trans- 
duction pathway and reactive oxygen species and provide a unifying 
mechanism for activation of early- and late-response genes by inducers of 
oxidative stress. 

Introduction 

Both ionizing radiation and oxidative stress as well as phorbol 
esters have been shown to transcriptionally activate a number of early 
response genes including c-los, c-myc, c-jun, EGR1, 2 and NF-~B 
(1-6). Although this gene induction appears in some cases to be 

mediated through promoter-based SREs, little is known about the 
biochemical and cellular events leading to this activation (7, 8). How- 
ever, accumulating data suggest that formation of ROIs may play an 

important role in this induction process (2, 6, 8). The recently de- 
scribed family of MAP kinases have been shown to phosphorylate 
p62 "rcF, one of several factors required for SRE binding and activation 

following exposure to serum or growth factor, resulting in expression 
of c-fos (9). The purpose of this investigation was to assess the effect 
of radiation and oxidative stress on MAP kinase activity and subse- 
quent activation of the SRF:SRE p62"rCFcomplex as a possible mecha- 

nism for gene induction by these agents. The data indicate that both 
radiation and oxidative stress activate MAP kinase, resulting in phos- 
phorylation of the SRF:SRE p62"rCFcomplex, and this activation oc- 

curs through the formation of ROIs. 

Materials  and Methods  

Cell Culture, Radiation, and Oxidative Stress. NIH-3T3 cells were 
grown to confluence in Dulbecco's modified Eagle's medium containing 10% 
bovine calf serum. Confluent cultures were serum-starved in medium contain- 
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ing 0.1% bovine calf serum 24 h prior to treatments. XR treatments were 
delivered using a Philips RT250 irradiator (250 Kvp X-ray tube) at a dose rate 
of 1.2 Gy/min. TPA (Sigma Chemical Co.) was dissolved in dimethyl sulfoxide 
prior to addition to monolayers; in some experiments, cells were pretreated for 
24 h with 1 /xM TPA in order to down-regulate TPA receptors. H202 (Sigma) 
was added directly to the medium. For experiments using the antioxidant NAC 
(Sigma), cells were preincubated for 30 min prior to treatments. 

Immunoblot Analysis. Cytosolic cell extracts were prepared as described 
previously (10). Samples containing equal protein were separated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis on 15% gels, electropho- 
retically transferred to Immobilon-P membranes (Millipore), and probed with 
either: (a) a rabbit polyclonal antibody (691) raised against a peptide epitope 
corresponding to amino acids 352-367 in the C-terminal portion of the native 
rat ERK1 protein (Santa Cruz Biotech., Inc.), which reacts with both the Mr 
43,000 ERK1 and the Mr 41,000 ERK2 proteins; or (b) a monoclonal anti- 
phosphotyrosine antibody, clone 4G10. Proteins were detected using a tiered 
biotinylated second antibody/avidin-alkaline phosphatase system (Vector 
Labs). 

MBP Kinase Assays. For the in-gel kinase assay, whole cell extracts were 
separated on 15% sodium dodecyl sulfate-polyacrylamide gels containing 0.5 
mg/ml of MBP (added prior to polymerization) and analyzed for MBP kinase 
activity as previously described (11). Direct assays for MBP kinase activity 
were carried out on unffactionated cytosolic extracts as described previously 
(12). 

EMSA. Nuclear extracts were prepared from control and treated cells as 
described previously (13). Extraction and binding buffers were modified by 
supplementation with phosphatase inhibitors as described in Ref. 9. EMSAwas 
carried out using a synthetic 32p-SRE oligonucleotide corresponding to posi- 
tions -278 to -327 in the human c-fos promoter, and complexes were resolved 
on 4% acrylamide gels. 

Results and Discussion 

The ERK proteins become activated following phosphorylation on 
threonine and tyrosine residues, resulting in a reduction in electro- 
phoretic mobility as compared to ERK2 and ERK1 parent proteins 
(10). Cell lysates from murine NIH-3T3 cells exposed to serum, 

phorbol ester, and XR were subjected to immunoblot analysis using an 
anti-ERK antibody. The cells showed a marked increase in the acti- 
vated forms of ERK1 and ERK2 after exposure to the phorbol ester 
TPA, a PKC agonist known to activate MAP kinases (Fig. 1, left, Lane 
2) (14). Similar activation was seen following exposure to serum (Fig. 

1, left, Lane 3) and XR (Fig. 1, left, Lanes 4-7). 
An identical immunoblot was probed with an anti-phosphotyrosine 

antibody (Fig. 1, right). The appearance of new phosphotyrosine 
bands corresponded to the accumulation of the more slowly migrating 
forms of the ERK2 and ERK1 seen on the anti-ERK blots, confirming 
that XR as well as serum and TPA stimulation induced tyrosine 
phosphorylation of the ERK proteins (Fig. 1 right, Lanes 2-7). 

MAP kinase activity was measured directly using a MBP-based 
in-gel kinase assay. MBP kinase activity associated with proteins of 
Mr 41,000-43,000 was stimulated in cells following exposure to TPA 
and XR (Fig. 2, top, Lanes 2-4) .  MAP kinase activity was also 
assessed by an in vitro MBP kinase assay, and again cells showed 
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Fig. 1. Immunoblots of ERK proteins. ERK1 and 
ERK2 proteins were detected in cell lysates from 
treated NIH-3T3 cells by immunoblotting. Lane 1, 
control; Lane 2, TPA; Lane 3, serum; Lane 4, 1 Gy; 
Lane 5, 2 Gy; Lane 6, 6 Gy; Lane 7, 10 Gy. Con- 
fluent, serum-starved NIH-3T3 ceils were exposed 
to the following treatments: TPA (1 /~M/10 min); 
FCS (15%/5 min); and XR doses of 1, 2, 6, and 10 
Gy, followed by incubation at 37~ min. Posi- 
tions of the molecular weight markers (in kiiodal- 
tons) are shown between blots. Tick marks indicate 
the positions of the phosphorylated ERK1 and 
ERK2 proteins on the antiphosphotyrosine blot 
(right) and correspond to the accumulation of the 
slowly migrating forms of ERK1 and ERK2 seen 
just above the parent proteins on the anti-ERK blot 
(left). 
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activation by both XR and TPA (Fig. 2, bottom). Maximal XR- 
induced MAP kinase activation was seen after 10 Gy and was similar 
in magnitude to that seen after TPA exposure. In all cases, the change 
in electrophoretic mobility of the ERK1 and ERK2 proteins seen on 
immunoblot correlated directly with MAP kinase activity measured in 
both the in-gel and in vitro kinase assays. 

MAP kinase activation can occur through both PKC-dependent and 
PKC-independent mechanisms (15, 16). PKC down-regulated cells 
were exposed to serum, TPA, and XR and were subjected to immu- 
noblot analysis. TPA-induced MAP kinase activation was significantly 
inhibited in PKC down-regulated cells (Fig. 3, top, Lanes 3 and 4), 
while serum-induced MAP kinase activation was partially inhibited 
(Fig. 3, top, Lanes 5 and 6). In contrast, XR-induced MAP kinase 
activation was largely unaffected in PKC down-regulated cells, im- 
plying that radiation-induced MAP kinase stimulation is primarily 
mediated through a PKC-independent mechanism (Fig. 3, top, Lanes 
7 and 8). 

Ionizing radiation is associated with the formation of ROIs, and 
recent evidence indicates that radiation-induced expression of the 
EGR1 transcription factor gene and the c-jun protooncogene is medi- 
ated through the formation of ROIs (2, 8, 17). In addition, the nuclear 
transcription factor NF-~B can be activated by radiation, phorbol 
esters, and HzO2, an intracellular radical producer (4, 6). Both the 
radiation-induced activation of EGR1 and c-jun as well as the activa- 
tion of the NF-~B by HzO2 and phorbol esters are inhibited by the 
antioxidant NAC, which antagonizes the effects of ROIs (2, 6, 8). 

Cells were exposed to XR and H20~ both in the presence and 
absence of NAC, and MAP kinase activity was assayed by immuno- 
blot analysis. In the absence of NAC, H20~ caused marked activation 
of MAP kinase (Fig. 3, middle, Lanes 7, 9, and 11 ). Prior exposure of 
the cells to NAC completely inhibited the activation of MAP kinase by 
both H202 and XR (Fig. 3, middle, Lanes 6, 8, 10, and 12). Similar 
experiments were performed on cells exposed to serum and TPA. 
NAC had no effect on the serum-induced activation of MAP kinase 
(Fig. 3, bottom, Lanes 2 and 3) but significantly inhibited TPA- 
stimulated activation of MAP kinase (Fig. 3, bottom, Lanes 4 and 5). 
The data indicate a central role for ROIs in the activation of 
MAP kinase by XR, H202, and TPA and demonstrate that MAP 
kinase activity can be modulated by the presence of intracellular free 
radicals. 
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Fig. 2. MAP kinase is activated by X-irradiation. Top, MBP kinase activity was assayed 

in cells exposed to TPA and XR using an in-gel kinase assay. Lane 1, control; Lane 2, 
TPA; Lane 3, 2 Gy; Lane 4, 10 Gy. NIH-3T3 cells were exposed to TPA, 2 Gy and 10 
Gy, as described in Fig. 1. Bottom, MBP kinase activity was assayed directly in extracts 
from cells exposed to TPA and XR. Experimental conditions were identical to those in 
Fig. 2, top. 

Although both TPA and radiation-induced MAP kinase activation 
was antagonized by prior treatment with NAC, TPA-induced down- 
regulation of PKC had no effect on radiation-induced MAP kinase 
activity (Fig. 3, top, Lanes 7 and 8), indicating that ROIs are a 
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Fig. 4. Increased ternary complex formation is detected following exposure of NIH- 
3T3 cells to serum, XR, and H2Oz. Ternary complex formation over a fragment from the 
c-los promoter was assayed by EMSA. I denotes the complex between SRF:SRE, and// 
denotes the ternary complex SRF:SRE:p62 TcF. Cells were exposed serum (15% FCS/5 
rain), XR (2 Gy and 10 Gy), and H202 (500 ~M/20 min) as described in Figs. 1 and 3. 

common  convergence point for these MAP kinase activators and, in 

the case of TPA stimulation, act downstream of PKC. A similar ob- 

servation was made for the activation of NF-•B by TPA, H202, and 

TNF (6). 
Oxidative stress can induce expression of  both c-los and c-mye (1). 

Furthermore, ionizing radiation has been shown to transcriptionally 

activate several genes including c-jun, c-los, and EGR1 (3, 5). The 
radiation-induced activation of EGR1 and the induction of  c-los by- 
oxidative stress as well as phorbol esters appear to be mediated 

through specific SREs in the promoters of these genes, which are the 

binding sites for the SRF (2, 7, 18). SRF binding to the SRE appears 

to be constitutive, and efficient activation of  transcription requires 
formation of  a ternary complex by interaction with at least one other 
accessory factor, p62 TcF, as well as posttranslation modification of  

one or both of these factors (19). 
Phosphorylation of  p62 Tcv by MAP kinase stimulates ternary com- 

plex formation at the c-los promotor and leads to subsequent c-los 
transcription (9). Both serum and growth factor-induced SRF:SRE 

interactions and ternary complex formation over the SRE have been 

demonstrated by EMSA; thus, E M S A  was used to assess complex 

formation in cells exposed to serum, XR, and H202 (9). In control 
cells, a specific complex corresponding to SRF:SRE is resolved (Fig. 

4, Lane 1 ), whereas in serum-, XR-, and H202-treated cells, a second 
higher molecular weight  complex corresponding to SRF:SRE:p62 TcF 

complex is also seen (Fig. 4, Lanes 2-5).  Furthermore, MAP kinase 

has been shown to directly phosphorylate c-jun in vitro, and through 
phosphorylation of  pp90 'sk, causes phosphorylation of  c-los, thereby 

providing a mechanism for radiation-induced stimulation of  AP-1- 

regulated late response genes encoding tumor necrosis factor-a, plate- 

let-derived growth factor, fibroblast growth factor, and interleukin 1 

Fig. 3. Effect of chronic TPA treatment and the antioxidant and radical scavenger NAC 
on MAP kinase activation. Top, Confluent, serum-starved NIH-3T3 cells were (T) or not 
(-)  pretreated for 24 h with 1 /xM TPA in order to down-regulate TPA receptors (PKC); 
then the cells were exposed to serum, TPA, and XR. Middle, cells were exposed directly 
to serum, TPA, XR (10 Gy), and HzOz (500 u~) for the times indicated or preincubated 
in 30 mM NAC for 30 min, followed by identical exposure to XR and HzOz. Bottom, 

cells were exposed directly to serum and TPA or preincubated in 30 mM NAC for 30 min, 
followed by identical exposure to serum and TPA. Cell extracts were analyzed for the 
presence of activated ERK proteins by immunoblotting. Experimental conditions and 
analysis were identical to those in Fig. 1. C, control; T, TPA (1/xM/10 min); S, FCS (15%/5 
min); R, 10 Gy XR. 
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(20). Thus, ROI- induced  stimulation of  M A P  kinase and subsequent  

phosphoryla t ion and recruitment of  p62 "rcv to the S R F : S R E  complex  

may  provide a c o m m o n  convergence  point for a number  of  disparate 

agents known to activate SRE-regulated early response genes. 

Recent  data indicate that the regulatory ne twork  controll ing M A P  

kinase activity in mammal ian  cells is complex,  consist ing of  at least 

two pa thways  which converge just  upstream of  M A P  kinase at M A P  

kinase kinase (16). One pa thway involves  the c - r a f  pro tooncogene  

product  and appears to regulate M A P  kinase activity primarily in 

response to receptors  that have an associated tyrosine kinase activity. 

The other pa thway appears to be  l inked to serpentine receptors via G 

proteins and PKC.  Stimulation o f  tyrosine specific protein kinases has 

been  shown to be  a proximal  step in radiat ion-induced signal trans- 

duction pa thways  and activation o f  c- jun  in B- lymphocy tes  (21). The 

data f rom the present  s tudy provide  evidence for radiat ion-induced 

processes  that are derived from membrane /cy toso l ic  events  rather than 

D N A  damage and indicate that radiat ion-induced M A P  kinase activa- 

tion is mediated through the c - r a f  (PKC-independent )  pathway, c - r a f  

overexpress ion has been correlated with radiation resistance, and we 

have noted amplif ied M A P  kinase activity in several  c - ra f -overex -  

pressing, radiation-resistant cell lines, 3 further emphasiz ing a central 

role for M A P  kinase in the cellular response to radiation (29). 
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