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ABSTRACT

The p70 S6 kinase (p70%%%) is a Ser/Thr kinase that plays an important
rolein cell growth, transformation, and the transition of the cell cyclein
mammalian cells. Because UV radiation has been reported to induce
activation of p70%%¢, which isbelieved to play somerolein the carcinogenic
effects of sun exposure, the present study investigated the signaling path-
ways involved in this activation induced by UV radiation in mouse epi-
dermal JB6 Cl41 cells. Exposure of cells to UV radiation led to marked
increases in p70%% activity and phosphorylation at Thr3° and Thr42Y
Ser#24, UV radiation also generated reactive oxygen species as measur ed
by electron spin resonance and by H,O, and O; fluorescence staining
assays in JB6 Cl 41 cells. The scavenging of UV-generated H,O, by
N-acety-L-cyteine (a general antioxidant) or catalase (a specific H,0,
scavenger) inhibited p705% phosphorylation at Thr38 and Thr*?/Ser 44,
whereas pretreatment of cells with sodium formate (an -OH radical scav-
enger) or superoxide dismutase (an O; radical scavenger) did not show
any inhibitory effects. Importantly, UV-induced increases in p705° phos-
phorylation at Thr®®° and Thr*?%/Ser“>* were dramatically inhibited by
pretreatment of cells with rapamycin, LY294002, or PD98059, whereas
overexpression of dominant-negative mutants of PK CA/vand Akt1 did not
inhibit p705% phosphorylation at Thr3® and Thr4?Y/Ser“?*, These results
demonstrated that H,O,, phosphatidylinositol 3-kinase, and mammalian
target of rapamycin were important players for UV-induced p70 phos-
phorylation at Thr®° and Thr*2%/Ser“?*, whereas Akt and atypical protein
kinase C were not involved in this activation. The role of H,0, in p70%«
phosphorylation at Thr38® and Thr4?Y/Ser*?* was further supported by the
findings that treatment of cells with H,0, also caused p70%* phosphoryl-
ation at Thr3® and Thr*?/Ser %4,

INTRODUCTION

There is abundant evidence from previous studies that excessive
UV exposure is a major etiological factor in the development of
human skin cancer (1). UV-induced epidermal tumors have been
studied extensively in various animal models (2-5). UV radiation is
believed to act not only as a tumor initiator at the initiation stage of
tumor development because of its direct effects on cellular DNA (4,
5) but also as a tumor promoter by eliciting aternations of gene
expressions (4, 5). Although the mechanism behind the tumor-induc-
tive ability of UV radiation is not well understood, it is believed that
signals from both the cellular membrane and the nucleus initiated by
UV radiation are involved in this process (6—9). One of the pathways
originates from the nucleus with direct or indirect DNA damage at the
primary signal, followed by a transfer of a signal to the cytoplasm,
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thereby activating specific signaling pathways leading to activation of
transcription factors, which eventualy return to the nucleus and
induce gene expression (6, 7). The second pathway in the UV re-
sponse involves the generation of ROS® near or within the cellular
membrane, which subsequently elicit the protein kinase cascades, and
in turn activate transcription factors and lead to gene expression (8, 9).
Our previous studies have demonstrated that the pathway whereby
UV activates AP-1 activity does require aPKC activation (10, 11).
Overexpression of a dominant-negative aPK C mutant impaired AP-1
activation via a suppressing activation of ERKs (12).

p705°%¢ is a Ser/Thr kinase that is stimulated by a variety of
mitogens, such as insulin, 12-O-tetradecanoylphorbol-13-acetate, and
growth factors (13-15). The activation of p705% is attributable to
phosphorylation of Ser/Thr residues on multiple sites, such as Thr32°,
Ser®?4 and Thr*?* (16—18). Upon activation, p70%°% phosphorylates
the S6 protein of the 40S ribosomal subunit (19). Phosphorylated S6
directs the trandational machinery toward increasing the production
of trandational machinery components, such as ribosomal proteins
and elongation factors (20). Thus, p70%%¢ plays an important role in
cell growth, transformation, and transition of cell cyclein mammalian
cells. For this reason, signal transduction pathways leading to activa-
tion of p70% have attracted considerable attention in the last few
years (13-20). It is believed that PI3K and its downstream effector,
the protein kinase Akt, act as signaling intermediates that link cell
surface receptors to p705° (19, 20). It has also been reported that the
PI3K structurally related enzyme, mTOR (also termed FRAP or
RAFT), is aso involved in the regulation of phosphorylation of
p70%%¢ (20). It was found recently that hydrogen peroxide could
induce activation of p705°* through a pathway upstream of the rapa-
mycin-sensitive component FRAP/RAFT and wortmannin-sensitive
PI3K (21). Very recently, Parrott and Templeton (22) reported that
UV radiation also induced activation of p705° in kidney 293 cellsand
CV1 cells. However, the molecular mechanisms and signal transduc-
tion pathways by which UV causes increased phosphorylation of
p70%%% remain unclear. In the present study, we investigated this issue
in mouse epidermal JB6 Cl41 cells and found that UV exposure
induces p70%%< phosphorylation at Thr3®® and Thr*?Y/Ser*?* through
H,0, generation by UV radiation.

MATERIALS AND METHODS

Plasmids, Reagents, and Antibodies. The Akt mutant plasmid, SRa-Akt-
T308A/SAT73A, has a COOH-termina influenza virus hemagglutinin epitope
tag, which is easy detected in transfected cells using a specific hemagglutinin
antigen tag antibody (23). Deferoxamine, NAC, B-NADT* (NADPH), SOD,

2 The abbreviations used are: ROS, reactive oxygen species; aPKC, atypical protein
kinase C; PKB, protein kinase B; ERK, extracellular signal-regulated kinase; p70=°%, p70
S6 kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol 3-kinase;
NAC, N-acetyl-L-cysteine; SOD, superoxide dismutase; HE, HE, dihydroethidium;
H,DCFDA, 2',7'-dichlorodihydrofluorescein diacetate; FBS, fetal bovine serum; ESR,
electron spin resonance; LDH, lactate dehydrogenase; NF-«B, nuclear factor-«xB; AP-1,
activated protein-1; PDK, 3-phosphoinositide-dependent protein kinase.
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sodium formate, and HE were purchased from Sigma Chemical Co. (St. Louis,
MO); H,DCFDA was from Molecular Probe (Eugene, OR). FBS and Eagle’s
MEM were purchased from BioWhittaker (Wakersville, MD). Phospho-
specific p70%° (Thr3®°) antibody, phospho-specific p705% (Thr42Y/Ser424)
antibody, p705% antibody phospho-specific Akt (Thr308) antibody, phospho-
specific Akt (Ser473) antibody, Akt antibody, phospho-specific ERK antibody,
and ERK antibody were purchased from New England Biolabs (Beverly, MA).
PD98059, a specific ERK pathway inhibitor, and rapamycin, a p70%% pathway
inhibitor, were purchased from Calbiochem (La Jolla, CA).

Cell Cultureand Sourcesof UV Radiation. The JB6 P* mouse epidermal
cell Cl 41 and its transfectant, Cl 41 DN-PKCA massl, were cultured in
monolayers at 37°C, 5% CO, using MEM containing 5% FBS, 2 mm L-
glutamine, and 25 ng of gentamicin/ml as described previously (10, 12, 24,
25). Both UVB and UV C lamps were purchased from UVP, Inc. (Upland, CA).
UVC lamps generate 254 nm wavelength UV light, whereas UVB lamps
generate >95% of 302-nm wavelength UVB light and some UVC light. The
UVB radiation used in this study was filtered with a Kodak Kodacel K6808
filter that eliminates al wavelengths <290 nm as indicated in our previous
studies (26).

Cellular Superoxide (O,) and H,0, Staining Assays. HE is aspecific O,
dye (27, 28), whereas H,DCFDA has been used frequently to monitor H,O,
levelsin cells (27, 28). The cellswere cultured on coverslipsin 100-mm dishes
until 90% confluent. The cells were then treated with UVB radiation (4 KJm?).
The coverslips were washed three times with PBS, and HE or H,DCFDA (both
dissolved in DM SO and diluted with PBS to final concentrations of 5 um) was
applied to the cells and incubated for another 15-20 min at 37°C. The
coverslips were washed twice with PBS and observed under a fluorescence
microscope.

ESR Measurements. ESR spin trapping was used to detect short-lived free
radical intermediates. This technique involves the addition-type reaction of a
short-lived radicals with a diamagnetic compound (spin trap) to form a rela-
tively long-lived free radical product, the so-called spin adduct, which can be
measured by conventional ESR. The intensity of the spin adduct signa
corresponds to the amount of short-lived radicals trapped, and the hyperfine
splittings of the spin adduct are generally characteristic of the trapped radical.
ESR measurements were carried out using a Varian E9 ESR spectrometer and
aflat cell assembly. Hyperfine couplings were measured (0.1 G) directly from
magnetic field separation using potassium tetraperoxochromate (K5CrOg) and
1,1-diphenyl-2-picrylhydrazyl as reference standards. Cl 41 cells were seeded
in 100-mm dishes and cultured until 90% confluent. The cells were washed
once with PBS; the PBS plus 400 mm DM PO and 100 um NADPH were added
to each dish. The cells were then exposed to UVB radiation (4 K¥m?). The
cells were harvested and transferred to a flat cell for ESR measurement as
described previously (28, 29).

Transient Transfection. Cl 41 cells were cultured in a 6-well plate until
they reached 85-90% confluence. Fifteen ul of LipofectAMINE reagent with
15 pg of Akt-T308A/S473A plasmid DNA were used to transfect cells of each
well in the absence of serum. After 10—12 h, the medium was replaced with
5% FBS MEM. Approximately 24-30 h after the beginning of the transfection,
the cells were exposed to either UVB (4 K¥m?) or UV C (60 Jm?) and culture.
Cells were then washed once with ice-cold PBS and extracted with SDS-
sample buffer. The cell extracts were used for Western blot.

Western Blot Analysis. JB6 C141 cells (2 X 10% were cultured in each
well of 6-well platesto 90% confluent with 5% FBS MEM. Cellswere exposed
to either UVB (4 KJm?) or UV C (60 Jm?) and cultured for the time indicated.
The cells were then washed once with ice-cold PBS and extracted with
SDS-sample buffer. The cell extracts were separated on polyacrylamide-SDS
gels, transferred, and probed with one of the antibodies at 1:500 dilution. The
antibodies used in this study included rabbit phospho-specific p705% (Thr89)
antibody, phospho-specific p70 (Thr?%/Ser%24) antibody, p70%* antibodly,
phospho-specific Akt (Thr*°®) antibody, phospho-specific Akt (Ser*™) anti-
body, Akt antibody, phospho-specific Erk antibody, and Erk antibody. The
protein bands specifically bound with primary antibodies were detected using
an antirabbit 1gG-AP-linked and ECF Western blotting system according to the
manufacturer’s recommendations (30).

p70%%K Activity Assay. JB6 C141 cells were cultured in 150-mm dishes to
80% confluent with 5% FBS MEM. Cells were exposed to either UVB or UVC
at doses as indicated and cultured for 150 min after exposure. The cells were
harvested by washing with ice-cold PBS and lysed on ice for 40 minin 1 ml

of cold immunoprecipitation assay buffer [50 mm TrissHCI (pH 7.4), 1%
NP40, 0.25% sodium deoxycholate, 150 mm NaCl, and 1 mm EGTA] supple-
mented with 1 mm phenylmethylsulfonyl fluoride, 1 wg/ml aprotinin, 1 pg/ml
leupeptin, 1 wg/ml pepstatin, 1 mv NagVVO,, and 1 mm NaF. The lysates were
cleared by centrifugation. The protein concentration in the lysates was deter-
mined using Bio-Rad protein assay reagent. The proteins (200 w.g) in 300 ul
of immunoprecipitation assay buffer were incubated with 1.5 g of anti-p705%«
antibody (Santa Cruz Biotechnology) for 1 h at 4°C. The immunocomplex was
incubated with 30 ul of protein A/G-agarose (50% slurry; Santa Cruz Bio-
technology) for 1 h at 4°C. The beads were washed two times with 300 ul of
cold PBS followed by one wash with assay dilution buffer [20 mm 4-morpho-
linepropanesulfonic acid (pH 7.2), 25 mm B-glycerol phosphate, 5 mm EGTA,
1 mm sodium orthovanadate, and 1 mm DTT]. p70%* activities were measured
by using a S6 assay kit (Upstate Biotechnology) according to the manufactur-
er’sinstructions. Briefly, the beads were resuspended in 20 ul of assay dilution
buffer, 10 ul of substrate, 10 ul of inhibitor mixture, and 10 ul of [y-**P]JATP
mixture (75 mm MgCl,, 500 um ATP, 10 uCi of [y-**P]ATP]. The reaction
mixtures were incubated for 10 min at 30°C and then centrifuged for 1 min.
Aliquots (20 wl) of the supernatants were spotted onto a P81 phosphocellulose
filter and washed three times for 15 min using 0.75% phosphoric acid,
followed by one wash in acetone. The filters were transferred to scintillation
vias and counted in a Wallace 1410 liquid scintillation counter (Perkin-
Elmer). Mean kinase activity data from three replicated experiments were
normalized to results obtained in cells without the treatment of UV light
(control). The data were presented as the mean and SE values.

LDH Assay. JB6 C1 41 cells (5 X 10% suspended in 1 ml of 5% FBS
MEM were added to each well of a 24-well plate and cultured in monolayers
at 37°C, 5% CO, incubator. Twelve h later, cellswere starved in Eagle' sMEM
supplemented with 0.1% FBS for 40 h and then exposed to UVB or UVC at
different doses as indicated in the same medium. The cells were incubated
at 37°C for another 8 h. The supernatant of the cell culture was centrifuged at
1500 rpm for 5 min. The LDH activity in the supernatant was quantified using
COBAS MIRA systems according to the protocol provided by the manufac-
turer.

RESULTS

Induction of p705% Activity and Phosphorylation at Thr3° and
Thr*2Y/Ser?* by UV Radiation. It has been reported that UV radi-
ation induced the activation of p705% in kidney 293 cells and CV1
cells (22). Because the skin is the major target organ for UV radiation,
we exposed mouse epidermal Cl 41 cells to either UVB or UVC
radiation. The results showed that both UVB and UVC markedly
induced p70%%% phasphorylation at Thr®®° and Thr**/Ser*?* in mouse
epidermal Cl41 cells at al doses used without cytotoxicity (Fig. 1, A
and C). This induction appeared to be dose dependent (Fig. 1A).
Maximum induction of p705°% phosphorylation occurred between 4
and 7 h after cells were exposed to UV radiation (Fig. 1B). Consistent
with p70%% phosphorylation, UV radiation also led to increases in
p70%° activity (Fig. 1D). These results demonstrated that UV radia-
tion is a potent stimulus for induction of p705% activation in mouse
epidermal cells.

Generation of ROS by UV Radiation. Previous studies indi-
cated that UV-induced signaling involved the ROS generation and
that exposure of cells to H,0, resulted in p705%* activation (21,
31). We proposed that UV-induced p705%* phosphorylation may be
mediated by ROS. To determine ROS generation directly in cul-
tured cells, dye staining and ESR techniques were used. Measure-
ments using HE, a specific fluorescent dye for O, or H,DCFDA,
a fluorescent dye for H,O,, demonstrated that exposure of cells to
UVB radiation led to an increase in the generation of both O; and
H,O, (Fig. 2). The increases in cellular O; or H,O, could be
dramatically scavenged by incubation of cells with SOD or cata-
lase, respectively (Fig. 2). The results from ESR studies showed
that cells without UVB radiation or UVB radiation without cells
did not generated any detectable amount of free radicals (Fig. 3, a
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Fig. 1. Induction of p705°¢ phosphorylation at Thr3° and Thr#?Y/Ser4?4 by UV radiation. Subconfluent (90%) monolayers of JB6 C1 41 cells in 100-mm dishes were subjected to
UV radiation at the doses as indicated and cultured for 4 h (A); or either UVB (4 KJm?) or UV C (60Jm?) and cultured for various times as indicated (B). The cells were then washed
once with ice-cold PBS and extracted with SDS-sample buffer. The cell extracts were separated on polyacrylamide-SDS gels, transferred, and probed with one of the antibodies,
including rabbit phospho-specific p705%¢ (Thr3®°) antibody, phospho-specific p705%¢ (Thr#2Y/Ser%24) antibody, or p705% antibody. The p70%°% protein band specific binding with
primary antibodies was detected by using an antirabbit 1gG-AP-linked and ECF Western blotting system (32). C, an LDH assay was used to test the cytotoxicity of UV radiation in
Cl41 cells. Briefly, 5 x 10* of C141 suspended in 5% FBS MEM were added to each well of a 24-well plate and cultured. Twelve h later, cells were starved in 0.1% FBS MEM for
40 h and then exposed to UVB or UV C in the same medium. The cells were incubated at 37°C for another 8 h. The supernatant of the cell culture was harvested, and the LDH activity
in the supernatant were quantified as described in “Materials and Methods.” D, JB6 C141 cells were cultured in 150-mm dishes to 80% confluent with 5% FBS MEM. Cells were
exposed to UV radiation and harvested at 150 min after exposure. p705% activities were measured by using a S6 assay kit according to the manufacturer’s instructions. The data were

presented as relative p705% activity of the means; bars, SE.

and b). However, exposure of cells to UVB radiation generated a
1:2:2:1 ESR spectrum (Fig. 3c) with hyperfine splittings of
a, = ay = 14.9 G, where a and a,, denote hyperfine splittings of
the nitroxyl nitrogens and «-hydrogen, respectively. On the basis
of these splittings and the 1:2:2:1 line shape, the spectrum was
assigned to the DMPO/-OH adduct, which is evidence of -OH
radical generation. It was noted that ESR showed high peak of -OH
and was generated at 7 min by UVB radiation, whereas fluorescent
dye staining show increases in O; and H,O, were observed at 20
min after cells were exposed to UVB radiation. The reason for this
difference is attributable to the two ROS assays used. ESR spin
trapping detects short-lived free radical intermediates. This tech-
nique involves the addition-type reaction of a short-lived radical
with a diamagnetic compound (spin trap) to form a relatively
long-lived free radical product, the so-called spin adduct. The

intensity of the spin adduct signal corresponds to the amount of
short-lived radicals trapped. Therefore, the level of -OH deter-
mined by ESR is the transient level of -OH generation in cells. In
contrast, the fluorescent dye staining to measure O; and H,O, is to
determine the accumulation of O; and H,O, from the beginning of
UV exposure in the cells. Because sensitivity of fluorescent dye
staining is not as high as ESR, it takes a longer time to accumulate
more fluorescent products to be observed. The results from this
study with UVB, together with the results in our previous studies
with UVC (32), provide direct and strong evidence that both UVB
and UVC radiation are able to induce the generation of a whole
spectrum of ROS, including superoxide (O5), hydrogen peroxide
(H,0,), and hydroxyl radical (-OH) in mouse epidermal cells,
suggesting that ROS generation by UV might be involved in the
activation of signal transduction pathways.
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Fig. 2. Determination of O3 and H,O, by HE and H,DCFDA staining. Cl41 cells were
cultured on coverslips in 100-mm dishes until 90% confluent. The cells were preincubated
in the absence or presence of SOD (250 units/ml) or catalase (5 X 10* units/ml) for 30 min
and then exposed to UVB radiation (4 KJ¥m?). The coverslips were washed three times
with PBS, and then HE or H,DCFDA (both dissolved in DMPO and diluted with PBS to
final concentrations of 5 um) was applied to the cells on the coverslips and incubated for
another 15-20 min at 37°C. The coverslips were washed twice with PBS and observed
using a fluorescence microscope.

Generation of H,0, Is Required for p70%% Phosphorylation at
Thr3® and Thr**%/Ser?* by UV Radiation. To obtain direct evi-
dence for the involvement of ROS in p70¥ phosphorylation at
Thr38° and Thr*?Y/Ser*®* in UV responses, the effects of specific ROS
modifiers on UV-induced p705% phosphorylation at Thr®®°® and
Thr*?%/Ser®?* were determined. Pretreatment of cells with NAC, a
general antioxidant, or catalase, a specific H,O, scavenger, inhibited
UV -induced phosphorylation of p705°* phosphorylation at Thr3®° and
Thr*2%/Ser*?* as compared with UV B and UV C radiation, respectively
(Fig. 4). In contrast, treatment of cells with sodium formate, an -OH
radical scavenger, did not inhibit UV-induced p705%¢ phosphorylation
at Thr®® and Thr*?Y/Ser*?* (Fig. 4, A and B). These inhibitions were
further confirmed by dose-response studies (Fig. 4, C and D). It was
noted that there was some difference between UVB and UVC for
inhibitory effects by NAC or catalase. It appeared that UV B-induced
p70%%k phosphorylation at Thr®8° and Thr*?%/Ser*?* was more sensi-
tive to NAC and catalase than that induced by UVC. This might be
attributable to more ROS generation by UV C than that by UVB. This
was supported by our data recently that the ESR spectrum peak
generated by UV C is higher than that generated by UVB (Fig. 5). It
should be noted that the addition of SOD or NADPH did not sub-
stantially increase p70%%% phosphorylation at Thr3° and Thr*Y/Ser2*
induced by UV radiation (Fig. 4, A and B). A reason for this might be
that the generation of H,O, by relative high doses of UV radiation is
strong enough to induce maximum p705% phosphorylation at Thr&°
and Thr*?%/Ser®®* in Cl 41 cells. The explanation is based on the
results that SOD or NADPH did increase p705%¢ phosphorylation at
Thr38° and Thr*?Y/Ser*>* induced by low doses of UV radiation (Fig.
6). These data suggest that H,O, generation by UV radiation is
involved in UV-induced p705%¢ phosphorylation at Thr®®° and Thr*?Y/
Se|’424.

Induction of p70%¢ Phosphorylation at Thr3®° and Thr42Y
Ser??* by H,0,. The results from above the studies revealed that UV
radiation could generate ROS and that UV-generated H,O, was

required for UV-induced p70%%k phosphorylation at Thr®®° and
Thr*2%/Ser*?* in Cl41 cells. If this is the case, exposure of cells to
H,O, should also induce p70%%¢ phosphorylation a Thr*®° and
Thr*?1/Ser*?*, The results showed that treatment of cells with H,0,
indeed resulted in increased p70%%% phosphorylation at Thr®° and
Thr?Y/Ser*?# in atime- and dose-dependent manner (Fig. 7). Because
various cellular antioxidants, such as ascorbate, glutathione, and
NADPH, and pyruvate, catalase, and glutathione peroxidase will react
with H,0, (33-35), the H,O, concentration used in this study was
relative high. This may be the reason that low concentration (<50 pm)
of H,0, had no induction of p705°* phosphorylation at Thr3®° and
Thr*?Y/Ser*?* (Fig. 7B). The results supported the notion that H,O,
was the mediator for UV-induced p705%¢ phosphorylation at Thr®®
and Thr*2%/Ser?4,

H,0,-mediated p705°* Phosphorylation at Thr3® and ThrY/
Ser“?* py UV Radiation Is Through a Rapamycin-sensitive and
PI 3K -dependent Pathway. The identification of kinasesinvolved in
p70%%% phosphorylation is a crucial step in elucidating the signal
transduction pathways leading to p70%°¢ activation. The results from
previous reports indicated that mTOR, PI3K, Akt, and aPKC were
involved in p705%¢ phosphorylation induced by a variety of stimuli
(20). To study the role of mTOR and PI3K in UV-induced p705°«
phosphorylation at Thr®® and Thr?/Ser®®*, we first observed the
effects of rapamycin and a PI3K inhibitor, LY 294002, on UV-induced
p705%¢ phosphorylation at Thr®®° and Thr#?Y/Ser*?*, The results
showed that pretreatment of cells with either rapamycin or LY 294002
resulted in a dramatic inhibition of p705°% phosphorylation at Thr&°
and Thr*?/Ser*?** as compared with UVB and UVC, respectively
(Fig. 8). It was noted that UV-induced p705%¢ phosphorylation at
Thr38 and Thr?/Ser*®* was very sensitive to rapamycin, because
rapamycin could completely block this phosphorylation at concentra-
tion as low as 5 um (Fig. 8). The strong inhibitory effects of rapa-
mycin were not attributable to the cytotoxicity because it did not
affect UV-induced ERKs phosphorylation, even at 40 um (Fig. 8).
One should also note that the extent of inhibition of p705°¢ phospho-
rylation at Thr3° is greater than that at Thr*?*/Ser*?* by LY 294002
(Fig. 8, C and D). These results revealed that there might be different
PI3K downstream kinases responsible for phosphorylation of the two
sites. The above data indicate that both mTOR and PI3K were
required for p705°¢ phosphorylation at Thr®®° and Thr#2Y/Ser??4,

Role of the ERK s cascade in UV-induced p705% Phosphoryla-
tion at Thr3° and Thr4?Y/Ser“?*, Because p705* and ERKs path-
ways are associated with cell growth, it is reasonable to ask whether
there is any cross-talk between the two pathways. PD98059 is a
chemical-specific inhibitor of mitogen-activated protein kinase kinase
1/2, which is a direct upstream kinase specifically responsible for
activating ERKs. To test whether there was any cross-talk between the
ERK pathways and the p70%%% pathways, we used PD98059 and
rapamycin. Pretreatment of cells with PD98059 showed a partia

Cell UVB
a i i A SV Y S + —
b AN NN A — +
c + +

Fig. 3. Measurement of UV-induced ROS generation by ESR. ESR spectra were
recorded 7 min after cells were exposed to UVB (4 KJm?) in a 100-mm dish with 90%
confluent Cl41 cells, in PBS plus 400 mv DMSO and 100 um NADPH.
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Fig. 4. Effects of ROS modifiers on UV-induced p705% phosphorylation at Thr38° and Thr#2%/Ser24, JB6, C1 41, suspended in 5% FBS MEM, were added to each well of 6-well
plates and cultured overnight. The cells were pretreated with different ROS modifiers as indicated for 30 min. The cells were then exposed to UVB (4 KJm?; Aand C) or UVC (60J/m?,
B and D) and cultured for 120 min. The cells were harvested, and Western blot analysis was carried out as described in Fig. 1. Cata, catalase.

inhibitory effect on UV-induced p705°* phosphorylation at Thr®° and
Thr*?%/Ser*?* as compared with UVB and UV C, respectively (Fig. 8,
A and B). However, rapamycin did not affect UV-induced ERKsS
phosphorylation (Fig. 8, A and B). These data reveal that ERKs might
play some role in UV-induced p705% phosphorylation at Thr®®° and
Thr421/Sa'424.

aPK C and Akt AreNot Required for p705% Phosphorylation at
Thr38 and Thr*?%/Ser?* by UV Radiation. To investigate the role
of aPKC in UV-induced p705*¢ phosphorylation at Thr*®° and Thr*?Y/
Ser??4 we compared the p705%< phosphorylation at Thr®® and Thr**/
Ser??4 hetween the stable transfectants of dominant-negative mutant
PKCA (C141 DN-PKCA massl) and vector control (Cl41 AP-1
massl; Refs. 10-12). C141 DN-PKCA massl is a well-characterized
stable transfected cell line (10-12), which was established with Xe-
nopus dominant-negative mutant PKCA plasmid, pRcCMVA™" (36).
pRCCMVA ™" is a kinase-defective mutant of PKC\, which was
shown to block tumor necrosis factor-a-induced NF-kB activation
(35). Our previous studies have demonstrated that an overexpression
of DN-PKCA in C141 DN-PKCA massl cells impairs UV-induced
AP-1 activity (10, 11). The impairment of UV-induced AP-1 activa-
tion by an overexpression of DN-PKCA was mediated by specific
inhibition of UV-induced ERK activation (12). As shown in Fig. 7,
there is no difference for UV-induced p70%%% phosphorylations at
Thr38 and Thr?/Ser*?* petween C141 DN-PKCA massl and Cl41
AP-1 massl (Fig. 9, A-D). In contrast, UV-induced Akt phosphoryl-
ation at Ser*”® and Thr3°8 was impaired in C141 DN-PKC\ massl as

compared with Cl41 AP-1 massl (Fig. 9, C and D). These data
suggest that aPKC did not play a role in UV-induced p70%°% phos-
phorylation at Thr® and Thr*?Y/Ser*?*, To study the role of Akt in
UV-induced p70%% phosphorylation at Thr®®° and Thr*Y/Ser*?4, we
used an Akt mutant, Akt-T308A/S473A, in which these two amino
acids were replaced with alanines, and could not be activated by
phosphoinositide-dependent kinases, PDK-1 and PDK-2 (36). The
results showed that overexpression of the dominant-negative mutant
Aktl, Akt-T308A/S473A, blocked UV-induced Akt phosphorylation
at Ser*”® and Thr3°® as compared with vector control, Cl41 SR« (Fig.
9E), wheress it did not show any inhibitory effects on UV-induced

Fig. 5. Comparison of ESR signas generated by UVB and UVC. ESR spectra were
recorded 2 min after cells exposed to either UVB (4 KI¥m?) or UV C (60J/m?) in a 100-mm
dish with 90% confluent Cl41 cells, in PBS plus 400 mv DMPO and 100 um NADPH.
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Fig. 6. Effects of SOD and NADPH on low doses of UV-induced p70%*¢ phospho-
rylation at Thr38° and Thr#2Y/Ser*24, C1 41 cells, suspended in 5% FBS MEM, were added
to each well of 6-well plates and cultured overnight. The cells were treated with either
SOD (250 units/ml) or NADPH (100 um). The cells were then exposed to UVB (1 KJm?)
or UVC (15 ¥m?) and cultured for 120 min. The cells were harvested, and Western blot
analysis was carried out as described in Fig. 1. P-, phosphorylated.

p70%% phosphorylation at Thr®®® and Thr*?Y/Ser*?* (Fig. 9E). The
result suggests that Akt activation was not involved in UV-induced
p705% phosphorylation at Thr3®® and Thr?Y/Ser*?*.

DISCUSSION

p705° is activated upon UV exposure. The activation of p705° by
UV radiation is attributable to phosphorylation of p705%% at multiple
sites, presumably by multiple kinases. However, the signal transduc-
tion pathways leading to activation of p705° in UV responses are not
well understood. The results presented in the present study demon-
strate that UV radiation leads to the generation of awhole spectrum of
ROS, including O, H,0,, and -OH. Among these ROS, H,O,, appears
responsible for UV-induced p70% phosphorylation at Thr®° and
Thr*?Y/Ser*?* in mouse epidermal Cl 41 cells. This conclusion is
based on the following observations. (a) UV radiation lead to gener-
ation of H,O,; (b) catalase, a specific scavenger of H,O, inhibited
UV-induced p70%%¢ phosphorylation at Thr®® and Thr#Y/Ser??4;
(c) pretreatment of cells with SOD or sodium formate did not inhibit
UV -induced p70%% phosphorylation at Thr3®® and Thr?/Ser?*, re-
vealing that the O; and -OH radicals are not involved in this process;
(d) H,0, aone was able to induce p705°* phosphorylation at Thr32°
and Thr?/Ser*?*, Furthermore, we found that mTOR, PI3K, and
ERK, but not Akt or aPKC, play a role in UV-induced p70%°
phosphorylation at Thr3®® and Thr4?/Ser?4,

ROS are one of the important determinants in the regulation of
cell functional pathways involved in proliferation, apoptosis, and
transformation (37—42). Intercellular levels of ROS are influenced
by a number of endogenous and exogenous processes and are
regulated by several radical scavenger enzymes (40). Exogenous
agents that induce ROS generation include chemical and physical
carcinogens and various cytokines (28, 40). It is well accepted that
extracellular stimuli trigger signals through a cascade of protein-
protein interactions (28, 29, 30, 43). It is generally believed that
these extracellular stimuli generate and/or require reactive free
radicals or derived oxidant species to successfully transmit their
signals to the nucleus (41, 42). Therefore, ROS also function as
intracellular messengers (40, 41). The cells overexpressing cata-
lase were unable to activate NF-«B in response to tumor necrosis
factor-a and okadaic acid (44). The catalase inhibitor aminotria-
zole restored the NF-«B response (44). In contrast, overexpressing
cytosolic SOD, which causes cytosolic hydrogen peroxide accu-
mulation, potentiated the NF-«xB response (44). The results pre-
sented here demonstrate that increased levels of intracellular H,O,
and p705% phosphorylation at Thr¥®® and Thr*?Y/Ser*?* were de-
tected upon exposure of cellsto UV radiation. Pretreatment of cells
with catalase prevented the increase in H,O, and resulted in

inhibition of p70S¢ phosphorylation at Thr3®° and Thr2Y/Ser4?4,
These data suggest that UV -generated H,O, plays an essential role
in UV-induced p70%%¢ phosphorylation at Thr®° and Thr*?Y/
Ser®?4, |t was observed that there is a differential p70S°% phospho-
rylation between sites of Thr3®° and Thr*2%/Ser*>* after cells were
exposed to H,O,. The maximum induction of p705® phosphoryl-
ation at Thr®®® occurred at 120 min after cells were exposed to
H,0,, whereas the maximum p705%% phosphorylation at Thr#Y/
Ser??* was observed at 60 min of exposure (Fig. 5a), suggesting
that there might be differential kinases involved in p705°¢ phos-
phorylation at Thr3®° and Thr*?*/Ser*?*. This hypothesis was sup-
ported by the data that phosphorylation at Thre&° and Thr#2%/Ser#?*
shows differential sensitivities to NAC and PI3K inhibitor.

Thereis evidence indicating that activation of PI3K and subsequent
activation of the PKB pathway is involved in the activation of p705%<,
p70%° s activated by expression of constitutively active PI3K (45,
46), and p705% activation is blocked by dominant-negative forms of
PI3K or by PI3K inhibitors (46, 47). Therole of PKB in the activation
of p705% is suggested by the findings that expression of constitutively
active PKB led to p70%° activation (48). However, there is some
indication of difference between Akt and p705°% pathways, because
no direct p705% phosphorylation has yet been demonstrated in cells
that express constitutively active PKB (49), and dominant-negative
Akt failed to inhibit p705° activation (48). The present study shows
that mTOR, ERKs, and PI3K play a role in UV-induced p705%¢
phosphorylation at Thr3®° and Thr*?Y/Ser®®*, whereas Akt is not
required for this process.

The observation that the p705% activation is dependent on PI3K,
but not Akt, has raised the question of whether aPKC is involved in
the pathway leading to p705°¢ activation. It has been reported that
dominant-negative aPK C antagonized p705% activation by epidermal
growth factor (50), whereas a myristoylated, constitutively active
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Fig. 7. Induction of p705%¢ phosphorylation at Thr3®® and Thr4?/Ser*?* by H,O,.
Subconfluent (90%) monolayers of JB6 C1 41 cells in 100-mm dishes were subjected to
200 um of H,0, for various times as indicated (A) or different doses of H,O, for 120 min
(B). Cells were then washed once with ice-cold PBS and extracted with SDS-sample
buffer. The Western blot was carried out as described in Fig. 1. P-, phosphorylated.
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aPKC induced a modest activation of p705%¢ (50). Because our
previous studies demonstrated that UV radiation caused marked acti-
vation of aPK C and this activation was required for UV-induced AP-1
activation in JB6 cells (10, 11), we investigated the role of aPKC in
UV -induced p705%¢ phosphorylation at Thr®®° and Thr*?'/Ser*?4. The
results show that overexpression of dominant-negative mutant PKCA
does not exhibit any inhibitory effects on UV-induced p70%%< phos-
phorylation at Thr¥®° and Thr*?Y/Ser*®*, whereas it blocks UV-
induced Akt phosphorylation and activation of AP-1 and ERKs

(10-12). These data suggest that aPK C is not involved in the pathway
leading to p705° phosphorylation at Thr¥®° and Thr#2%/Ser*2* by UV
radiation.

In conclusion, UV radiation generates ROS and induces p705%«
phosphorylation at Thr8® and Thr*?Y/Ser*?*, Among ROS gener-
ated by UV radiation, H,O, is the mediator for p705%* phospho-
rylation at Thr®®° and Thr*?/Ser*?*. Considering the important
role of p705% in the regulation of cell growth and the cell cycle,
the present study suggests that H,O,-mediated p705%% phosphory!-
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ation at Thr®° and Thr*?Y/Ser*?* in “UV responses’ may play a
role in UV-induced carcinogenesis. Although the details of the
molecular mechanisms by which H,O, initiates the signal trans-
duction pathways leading to p705%% phosphorylation at Thr3®° and
Thr*?%/Ser®?* are not yet clear, it appears that H,O,-mediated
p705°k phosphorylation at Thr3®° and Thr*?Y/Ser*?* by UV radia-
tion is through a rapamycin-sensitive, PI3K-dependent, Akt- and
aPK C-independent pathway. It has been reported that PDK1 and
NEK®6/7 are involved in regulation of p705°% phosphorylation in
cell response to insulin (51, 52). It has also been reported that
osmotic stress inhibits p705%* through activation of a calyculin-
sensitive protein phosphatase (22). Thus, we will test whether
these enzymes are involved in UV-induced p70%%* phosphorylation
at Thre8® and Thr*?Y/Ser*®* in our future studies. Further study of
the precise mechanism by which UV radiation and H,O, triggers
signal transduction cascades leading to p705%* phosphorylation at
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Fig. 9. Role of aPKC and Akt in UV-mediated p705%< phosphorylation at Thr38° and
Thr*?Y/Ser%?4, A-D, C141 AP-1 massl and Cl 41 DN-PKCA massl cells, suspended in
5% FBS MEM, were added to each well of 6-well plates and cultured overnight. The
cells were exposed to UVB (4 KIm?; A) or UVC (60J/m?; B) and cultured for the time
indicated. The cells were exposed to different doses of UVB (C) or UVC (D) for 4 h. The
cells were extracted with SDS-sample buffer, and Cl41 cells were cultured in a 6-well
plate until they reached 85-90% confluence (E). LipofectAMINE reagent with Akt-
T308A/S473A plasmid DNA was used to transfect each well as described in “Materials
and Methods.” Cells were exposed to either UVB (4 KI¥m?) or UVC (60 Jm?) and
cultured for 2 h and then extracted with SDS-sample buffer. The cell extracts were used
for Western blot with specific antibodies as indicated. P-, phosphorylated.

Thr®° and Thr*?*/Ser*?* should help us in understanding the basis
of UV-induced skin diseases, such as cancer and aging.
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