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Increased ROS levels contribute to elevated transcription factor
and MAP kinase activities in malignantly progressed mouse
keratinocyte cell lines

Ashok Gupta, Sabine F.Rosenberger and G.Tim Bowdén  ation and attenuates the malignant phenotype (5,7,8,11).
Department of Radiation Oncology, The University of Arizona Health Recently, eVId.en(.:e for a_functlonal role of m(.:reasedKEF
Sciences Center, 1501 North Campbell Avenue, Tucson, AZ 85724, Usa (14) transactivation during tumor progression has been
obtained. NikB transactivation is also elevated by agents that
increase AP-1 activity during progression, and inhibitors of
NFkB also attenuate AP-1 activity (15,16). These data suggest
that common upstream signaling cascades may be involved
that mediate elevated AP-1 as well as®¥@-transactivation
during tumor progression. While some common effectors of
NFkB and AP-1 activity are known, their role during malignant
progression of skin tumors and the molecular mechanisms
involved therein remain poorly understood.

Reactive oxygen species (ROS) are an important class of
these effector molecules. ROS such as superoxidg-)O
hydrogen peroxide (b0,) and hydroxyl radical (OH:) are
normal biproducts of intracellular metabolic processes. These
and other oxidant species are highly reactive and can produce
macromolecular damage (17). There is evidence that ROS can
act as activators of transcription factors and modulate their
activity either directly or indirectly by activating other signaling

to constitutive elevation of AP-1, NFKB and CAMP response ~ cascades. NEB transactivation has been shown to be redox-
element transactivation in the malignant phenotype. Our sensitive at two levels: (i) phosphorylation of the inhibitor

data provide evidence for a functional role of elevated ROS "KB is mediated by oxidation; and (i) a Ref/thioredoxin-
levels in tumor progression and implicate Erk-1/2 and p38 dependent binding of the p50 subunit to the DNA is governed

MAP kinase activation in the malignant progression of Py thereduction of an essential cysteine groupkBiRctivation
mouse keratinocytes. can be triggered by oxidants in the absence of any physiological
stimulus and is inhibited by a broad range of chemically
unrelated antioxidants (18). AP-1 DNA binding activity has
Introduction also been shown to be modulated by Ref/thioredoxin-dependent
. , o reduction of cysteines in c-Jun and c-Fos (19). In addition,
An accepted paradigm for neoplastic transformation is thejve oxygen has been shown to indudesexpression (20).
_mult|step_ m_oc_iel of carcinogenesis in mouse skln,_ _Whlch Mitogen-activated protein kinases (MAPKs), a group of
involves initiation, promotion and progression (1,2). Initiation geine/threonine-specific, proline-directed protein kinases (21),
involves mutational activation of a cellular proto-oncogene., e aiso known to modulate transcription factor activities. They

Tumor promotion involves the selective clonal expansion Of:re a part of kinase cascades that serve as information relays,

the initiated cell population (3), whereas the final stag€.,nnecting extracellular stimuli to specific transcription factors
(progression) involves irreversible malignant transformationy, e ey allowing these signals to regulate specific gene expres-
from pre-neoplastic lesions (4). sion. There are three subtypes of MAPKSs: the extracellular

Investigations into the molecular mechanisms of tUMOIgiy,a) veqylated kinases (Erks), the c-Jun N-terminal kinases

progression have reve_algd that this operational Step.'nVOIYG(%NKs) and the p38 MAPKSs. Current evidence indicates that
modulation of transcription factors. A causal relatlonshlpwh“e Erks are predominantly stimulated by mitogens, JNKs

has been established between neoplastic transformation agﬂd p38 MAPK are a part of the stress response pathways
transcription factor AP-1 transactivation (5-8). Over-expres- ctivated by cellular stress induced by agents like heat, UV

sion of this heterodimeric complex (9) leads to increase S P . ) "
neoplastic transformation (10). Constitutive elevation of AP-1 nd ionizing radiation and inflammatory cytokines mediating

o ; . . inhibition of cell proliferation or cell death (22,23). AP-1
activity has been correlated with malignant conversion of 0! )
papillomas to carcinomas (11). Tumor promoters like TPA ano?g;'vgzsgii \t/)greigusShs(,)t\i/rvr?ulito(Zat)a Egd;(l:%tvegﬂo?]y h'ZlSAEEZ nm
okadaic acid efficiently induce AP-1 activity (12,13). Inhibition pt dtob dulated b MEKKl i t f
of AP-1 activity by a dominant-negative c-Jun mutant (TAM- reported 1o be modulated by 8 Kinase upstream o

) : . JNKs (25) as well as p38 MAPK (26). There is evidence
67) or by AP-1 transrepressing retinoids blocks cell transform,[hat antioxidants can attenuate MAPK activation (23,27,28),

. . thereby suggesting that MAPK signaling cascades are addi-
Abbreviations: CRE, cAMP response element; Erks, extracellular signal

related kinases; JNKs, c-Jun N-terminal kinases; MAPKSs, mitogen-activateéIonal targe.ts affeCteq by ROS levels in cells. . .
protein; MNNG, N-methylN’-nitro-N-nitrosoguanidine; PDTC, pyrollidine Several lines of evidence suggest that pertubations in ROS

dithiocarbamate; ROS, reactive oxygen species. levels may play a functional role in the pathogenesis of cancer
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There is evidence that reactive oxygen species (ROS) are
important mediators of tumor promotion and progression.
The molecular mechanisms involved in ROS-mediated
signaling, however, are unclear at present. Using ioniz-
ing radiation and N-methyl-N’-nitro- N-nitrosoguanidine
(MNNG) as model physical and chemical carcinogens,
we have malignantly progressed 308 cells, a papilloma-
producing mouse keratinocyte cell line, and investigated
the molecular alterations in the progressed phenotypes. In
this study, we demonstrate that both MNNG and radiation-
progressed malignant variants showed elevated ROS levels
that contributed to their proliferative capacity in vitro as
well asin vivo. We found increased Erk-1/2 and p38 MAP
kinase activities to be important components of ROS-
mediated signaling. The pro-oxidant state also contributed
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(29,30). Tumor cells have high and persistent oxidative stresgepared and analyzed by a luciferase assay as described previously (44).
(31). Free radicals are involved in initiation (32) as well asLu0|ferase activity from a given construct for the progressed variants was

. . . \ mpared with the activity seen in 308 cells and expressed as fold activity
promoﬂon/progressmn stages of tumorigenesis (33'34)' SmagEer 308 cells. In indicated experiments, the cells were treated with antioxidants

molecule inhibitors and scavengers of ROS inhibit these stagefiring the 24 h recovery period. Results from three independent experiments
of tumor development (35,36). There is evidence that TPAyere averaged and 95% confidence intervals (Cl) were determiped (

one of the most studied tumor promoters in mouse skin, actg05). Transfection efficiencies were determined independently by parallel
through an oxygen mediated mechanism and that Oxygeﬁansfections with CMM3gal under identical conditions and calculating
%ercentage of cells staining positive fdrgalactosidasef(gal).

radicals are critical components of the tumor promotion proces _ _ o

(37). Despite this evidence, molecular mechanisms of oxidarf?NA synthesis assay and treatment with antioxidants

mediated cell growth and its targets during tumor progressioﬁ total of 2x10* cells/cnt were plated in 24-V\_/ell dishes and alloweq to grow

remain unclear and need further study. for 24 h. The cultures were then synchronized by serum starvation for the

. . . . . xt 24 h, following which the cells were re-stimulated with serum-containing

_Recem e_\/'der.‘ce 'has |_mpI|cated ROS as a . mediator edia. At this point the wells were treated in triplicate with antioxidants

mitogenic signaling in activatedas transformed fibroblasts N-acetyli-cysteine (NAC; Sigmay), Trolox (Aldrich, Milwaukee, WI) or other

(38). Since mutational activation afs gene in the mouse agents in indicated experiments for 16 h. For Mek-1 inhibitor (PD 98059;

. . ) . . p Calbiochem, La Jolla, CA) the cultures were pretreated for 1 h with the agents
in a papilloma-producing mouse keratinocyte cell line that e " igino "o serum-containing medidt[thymidine was added to the

carries an aC_tiVated?—S gene. U_S!ng ionizing radiation and cyjtyres at 1uCi/ml during the last 4 h of incubation. The cultures were then
N-methylN’-nitro-N-nitrosoguanidine  (MNNG) as model harvested and processed fdH][thymidine uptake according to published
physical and chemical carcinogens, respectively, we haverotocols (45). Average3H]thymidine uptake values were calculated as
malignantly progressed 308 cells and investigated the role dercent of untreated control samples for a cell line. Values from at least three

. . ependent experiments were averaged and 95% CI calculated. Toxicity of
ROS in the progressed phenotype. In this study, we demonstr rious agents used in the studies was determined by doing clonogenic

that the malignant variants showed elevated ROS levels thafival assays on the cell lines under identical treatment conditions.
contributed to their proliferative capacity. We identified con-, . .. o
Inhibition of in vivo tumor growth

stitutive Erk-1/2 and p38 MAPK actvities as important iells (5<10P) from the progressed variants were injected s.c. at a single site

CompP”e”tS of ROS-mediated mitogenic _S|gnallng. Thes to athymic nude mice (BALB/c, nu/nu, Harlan Sprague—Dawley). When
radiation- and MNNG-progressed tumor cell lines also showeehe tumors reached a mean size between 50 and 108, tima animals

constitutive elevations of AP-1, B and cAMP response received i.p. injections of either pyrollidine dithiocarbamate (PDTC,
element (CRE) transactivation potential. These data provide #0 mg/kg) or saline three times per week and were observed for the rate of

functional role for a pro-oxidant state, identify its potential tumor growth. PDTC has previously been shown to be non-toxic at this dose
' as an antioxidant in these mice (46). Tumor area was estimated weekly as

targets during tumor progression and, for the first time,.ccribed (47).
implicate Erk-1/2 and p38 MAPK activation in the malignant

progression of mouse keratinocytes Measurement of intracellular ROS levels

Luminol or lucigenin enhanced chemiluminescence assays were used to
. measure intracellular ROS levels (39,48). Cells were plated at confluent
Materials and methods density (2X10°cmP) on cover slips or 12 mm tissue culture inserts (Falcon)
Cell culture and generation of progressed variants and allowed to grow for 24 h. The lucigenin assay was done by placing the
cells in 0.25 mM lucigenin in HEPES-buffered PBS (HPBS) and the
uminescence recorded immediately for 1 min with a Monolight 2010
uminometer (38). The luminol assay was done by incubating cells in 1 mg/ml
luminol in HPBS and measuring luminescence using a Beckman Liquid
atmosphere containing 7.5% G@orin vitro malignant transformatior; 10 SC"?“'"”‘“O” Counter set in a single photon emission mode (48). Background
308 cells in late log-phase culture were treated withgd-Boses of either Iumlnesqence fr(_)m inserts alone was subtractec_i n bo_th assays. For th_e NAC
MNNG (2.5 uM; Sigma, St Louis, MO) ol rays (750 cGy) from #°Co attenuation studies, the cultures were treated with indicated concentrations of

source. The cultures were trypsinized immediately following treatment anothe agent for 16 hhprlor to the assay. Results from a representative of three
plated at clonal density. The survivors were pooled, grown 16 as before ~ €XPeriments are shown.

and re-treated. A total of six such generations were created. Parallel flasks @rowth curves and clonogenic survival assays

308 cells were mock treated and passaged under similar conditions as ”Eflells (5<10F) were plated in 100 mm dishes and grown for 3 days as

treated cells. . g L S
: ’ o described. These dishes were trypsinized every 12 h in triplicate and the cells
The sixth generatlon_rf_:ldlatlon- or MNNG-pr_ogressed as well as moF:k'counted on a Coulter Counter. Mean cell numbers were plotted against time
treated 308 cells were injected s.c. into athymic nude mice (Charles Rlve(rm a log-linear scale to generate growth curves for all three cell lines. Data
Labs, Wilmington, MA) at 16 cells per site and followed for tumor growth. 9 g 9 :

One randomly selected tumor from each of the MNNG and radiation group;rom a representative of three experiments are shown. For clonogenic survival
was put into culture to establish cell lines according to previously established >SS, 500 c_e'IIs were plated in 60 mm dishes and treated in triplicate under
protocols (42). These MNNG (6M90)- and radiation (6R90)-progressed tumo dentical conditions as DNA synthgsls assays. _The cultures were then grown
cell lines were maintained in culture under identical conditions as mock- " a?oéhzr t7—10tda;]ys, stained with Coomassie and the number of colonies
passaged sixth generation 308 cells. All experiments were done using cultur&§UNte (data not shown).

with passage numbers between passage five and 15. The 308 cells descriiediation of nuclear protein and western analysis

in the experiments are the mack-treated sixth generation 308 cells. Nuclear protein was isolated from subconfluent cultures using published
Transactivation analysis protocols (49). Briefly, the cells were rinsed with PBS and buffer A, pelleted
A total of 1.5<10° 308 cells as well as 6M90 and 6R90 variants were platedand then lysed with 0.1% NP-40 in buffer A. Nuclei were pelleted by
in 6-well dishes and transiently transfected in triplicate using DOTAP liposomalcentrifugation and the proteins extracted in buffer C. The extracts were stored
transfection reagent (Boehringer Mannheim, Indianapolis, IN). Luciferaseat —80°C diluted 1:6 with buffer D until used. The protein concentrations of
reporter construct, driven by either a human collagenase TPA response elemdhe extracts were determined with Bio-Rad reagent (Bio-Rad, Hercules, CA).
(TRE), NFB sites from the HIV genome (NdB) or cAMP response element  Nuclear extract (2Qug) was resolved on a 10% SDS-polyacrylamide gel and
(CRE) from the Intracisternal A-type Particle gene, was used jag/@vell. analyzed by western blot using antibodies against p6sBNE.:250 dilution;
These constructs were a kind gift from Dr Zigang Dong and have beerSanta Cruz Biotechnology, La Jolla, CA) and Threonine—71 phosphorylated
described previously (8,43). Parallel plates were transfected with the empt_TF-2 (1:100 dilution; New England Biolabs). Individual band intensities
luciferase vector as controls. The cells were recovered after 24 h poswere quantified by digitizing the radiographs on EagleEye (Stratagene, Santa
transfection with or without serum as described in Results. Cell lysates were Cruz, CA) and then analyzing the image using ONEDSCAN software.
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The mouse keratinocyte cell line 308 was kindly provided by S.H.Yuspa (41)
The cells were maintained in minimal essential medium (MEM) supplementec}
with 7.5% fetal calf serum (FCS), 2.5% calf serum (CS) and 100 U/ml
penicillin/streptomycin (Gibco BRL, Grand Island, NY) at 37°C in a humidified
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In vitro protein kinase assays A

Cells from subconfluent cultures were lysed in 20 mM Tris pH 7.5, 1 mM
EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,

1 mM B-glycerophosphate, 1 mM sodium vanadateugiml leupeptin and

1 mM phenylmethylsulfonyl fluoride. Protein (10@y) was incubated with
phospho-specific ERK-1/2 antibody, phospho-specific JNK antibody or
phospho-specific p38 MAPK antibody (New England Biolabs) with gentle
rocking overnight at 4°C. Protein A sepharose beads were added and the
mixture rotated for another 3 h, washed twice in lysis buffer and twice in
kinase buffer (25 mM Tris pH 7.5, 5 m\3-glycerophosphate, 2 mM DTT,

0.1 mM sodium vanadate and 10 mM MgCIBeads were suspended in g0
kinase buffer with 10QuM ATP and 0.5ug substrate (Erk-1/2, Elk-1; INK,
c-Jun; p38 MAPK, ATF-2; Santa Cruz Biotechnology) and incubated for
30 min at 30°C. Samples were then boiled in SDS sample buffer and resolved
on 12.5% SDS—polyacrylamide gels. Phosphorylated substrates were visualized
by western blot using phospho-specific antibodies for the different substrates
(New England Biolabs). Individual band intensities were quantified by 0.1
densitometric analysis of the radiographs as before. :
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In vitro tumor progression model

The benign papilloma-producing mouse keratinocyte cell line
308 has been shown to acquire a transformed phenotypeB
following treatment with tumor promoters (8) and physical
carcinogens (6). We used subconfluent cultures of 308 cells to
establish anin vitro model of malignant progression using
ionizing radiation and MNNG as model physical and chemical
carcinogens, respectively. After six consecutive gj reat-
ments, the survivors as well as mock-treated 308 cells were
injected s.c. into athymic nude mice and followed for tumor
development. The first tumors were seen 8 weeks post-injection
in the MNNG group and at 10 weeks in the radiation group.
By 12 weeks post-injection, more than two-thirds of the sites
injected with either MNNG- or radiation-progressed survivors
showed progressively growing tumors. In contrast, mock-
treated 308 cells remained non-tumorigenic up to 20 weeks
post-injection. Histologically, the radiation and MNNG tumors Fig. 1. The 6M90 and 6R90 malignant cell lines have a higher growth rate

showed features consistent with moderately differentiategompared with 308 cells in culture. Cells8C°) from 308 as well the
lignant variant cell lines were plated and grown for 3 days. Triplicate

; m
Squamous cell carcinoma (data no_t S_hown)' Randomly Sele(_:tecﬁghes were trypsinized every 12 h and the cells counted on a Coulter
tumors from the MNNG and radiation groups were put incCounter. A) Representative growth curve from one of three independent
culture to establish cell lines. When re-injected into athymicexperiments. The error bars represent standard deviation from the mean cell
nude mice, these MNNG (6M90) as well as radiation (6R90)tumber. DNA synthesis in log-phase cultur@ (vas measured using a
tumor cell lines produced aggressively growing tumors 2_§rmated thymidine uptake assay (Materials and methods).

weeks post-injection.

Figure 1 shows the growth characteristics of these cell line .
in culture. After an initial lag phase, the 6M90 and 6R90§>08 cells P < 0.05). These data suggest that the 308 malignant

cultures had higher growth rates as compared with 308 celllf""r""‘r't.S have an increase in growth fraction, which accounts
and by the end of 5 days had 35-50% more cells in growt or their higher growth rate in culture.

assaysR < 0.05; Figure 1A). To determine if these differencesBoth 6M90 and 6R90 cells have elevated«BFand CRE

in growth characteristics were statistically significant, the celltransactivation as well as increased Erk-1/2 and p38 MAPK
numbers were converted into their log values and plottedcCtivity

against time on a linear scale. The slopes of the curves were  To determine the transactivation potential via d#ferent
calculated by a linear regression analysis (data not shown). Alements, cell lines were transiently transfected with luciferase
Student’s t-test was performed to determine the level of  constructs driven by APKBNFCRE dependent promoters.
significance for the differences observed in the slopes. Basetb determine if the transactivation potential through these

on these analyses the slopes of the curves for the malignant  elements was dependent on growth factors, luciferase activitie:
6M90 and 6R90 cell lines were found to be significantly higherwere measured in cultures recovered either in the absence or

as compared with the benign 308 cels< 0.05). The plating presence of serum. Figure 2 shows the results from the
efficiencies were estimated to be between 75 and 80% for alliciferase assays. In the absence of serum (Figure 2A) the

the cell lines. The cloning efficiencies for 308 cells as wellas  6M90 showed elevated AP-1 (3.3-9.4-falH)(NG—10.5-

their malignant variants were also found to be very similarfold) and CRE (2.3-3.7-fold) transactivation as compared with

and did not account for the increased proliferation seen in 308 cells. The radiation-progressed 6R90 did not show any
6M90 and 6R90 cultures (data not shown). DNA synthesisncrease in AP-1 activity over 308 cells. However, statistically
assays (Figure 1B) showed that the malignant cell lines had  significant elevationki (YF-2.8-fold) and CRE (1.8—
30-70% elevation in3H]thymidine uptake as compared with 2.9-fold) transactivation were seeR € 0.05) in these cells.
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Fig. 2. Malignant variants have constitutively elevated transcription factor activities compared with benign 308 cells. Cells were transienttedraritfec
luciferase constructs containing a TRE, ®B-or a CREcis-element. The cultures were grown either in the abseAge( in the presenceB|) of serum for

24 h after transfection and then lyzed. Total protein (&) was analyzed for luciferase activity. The results are means of three independent experiments done
in triplicate. Shown are average fold luciferase activity in the cell lines compared with 308 cells. The error bars represent 95% CI for the data.

(C) Representative western blots for p65®and phosphorylated ATF-2 in the nuclear extracts from cells 24 h following serum starvation.

In the presence of serum (Figure 2B), the progressed cell lines in parallel experiments. Rates of overall protein synthesis, as
maintained significantly elevated transcription factor activitiesmeasured by 3fS]methionine uptake were also found to be
compared with 308 cells, suggesting that elevated transactiv-  similar amongst the 308 and the malignant variants (data
ation potential from NKB and CREcis-elements was constitu- not shown).

tive in 6M90 and 6R90 malignant cells. In addition, the 6M90 To determine the potential mechanisms for constitutively
cell line also had a constitutive elevation of AP-1 activity. elevated transactivation via MB and CRE cis-elements,

In order to determine the specificity of this elevation in nuclear extracts from all cell lines were analyzedki®r NF
transactivation potential, transfections with parent luciferasg@65 and phosphorylated ATF-2 levels (Figure 2C). Significant
vector lacking theseis-elements were done. No significant  elevations in nuclear levels of p&BN¥ere seen in both
differences in luciferase activities were found amongst the celbM90 as well as 6R90 cells (2.5-3.8-fold over 308 levels).

lines (data not shown). The transcription factor specificity of ~ ATF-2 phosphorylation at Thr-69 and Thr-71 within its
the luciferase constructs is also indicated by the fact thal-terminal activation domain has been shown to stimulate its
whereas significant elevation in AP-1 transactivation was  transcriptional activity (50). The 308 nuclear extracts showed
detected in 6M90 cells, AP-1 activity in 6R90 variants wasbarely detectable levels of transcriptionally activated ATF-2,
unaltered as compared with 308 cells. Transfection efficiencies  while substantially increased levels of Thr-71 phosphorylated
in the three cell lines were determined to be very similarATF-2 were detectable in 6M90 as well as 6R90 cells. While
(between 7-9%) by transfecting a CMV-driv@rgal reporter  these findings suggested a potential mechanism of elevated
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Fig. 3. MAPK activities are elevated in both 6M90 and 6R90 cell lines.
Exponentially growing cultures were serum starved for 24 h. The cells were 0
lysed and 10Qug total cell extract were immunoprecipitated with phospho- 308 6M90 6R90

specific antibodies for Erk-1/2, JNK or p38 MAPk vitro kinase assays
were performed and phosphorylated substrates were detected by western
blot analysis using phospho-specific antibodies. Representative blots from Ce" Lines
three experiments are shown.
Fig. 4. Malignant variants have increased intracellular ROS levels.
NFkB and CRE transactivation potential, the fold elevationsﬁgi’g'e“ne":‘tacn“c:t%fnsin"gfreenﬁg?{'ﬁ:igg;{:ﬁﬁfﬁé‘:lg?g;'sxi5 o
in protein and_ 'gransacnvatlon dld. not appear to cqrrelate. Thigere grown to confluency for 24 h and placed in 0.25 mM lucigenin.
suggests add|t|0na| post-translational differences IRBIBNd  |uminescence was recorded immediately for 1 min in a Monolight 2010
CRE complexes in these cells. luminometer A). For the luminol assayB), cells were incubated in
Having documented a constitutive elevation of transcriptiont mg(/jmsl '_Un)lllno_' in CHPBS and the 'Um'nlescince measured on 2 Be;kmaln
FRO H H H qui cintillation Counter set in a single p oton emmision mode. Results
factor aCtIYIFI?S I.n the mallgnant phenotype, we then StUdIe(#-rom a representative experiment out of three are shown. The error bars
MAPK activities in 308 cells and the malignant variants. Total represent standard deviation of triplicates in the same experiment.
cell extracts from subconfluent cultures grown without serum
were analyzed for individual MAPK activities by an vitro
kinase assay (Figure 3). In these assays, the 308 cells sho
low levels of Erk-1/2 activity. In contrast, Erk-1/2 activity was u
found to be significantly elevated in 6M90 cells (2.5-4.0-fold).
p38 MAPK activity was barely detectable in 308 cells under
these conditions whereas both 6M90 as well as 6R90 lysat
showed elevated p38 activity. JNK activity did not appear toyyi
L . . i
be significantly different amongst the three cell lines. Take
together, these data show that, in this model, increase

tran'scription factor and MAPK activities correlate with the general, there was a trend towards a higher chemiluminescence
malignantly progressed phenotype. with lucigenin in 6R90 cells (Figure 4A), whereas the 6M90
Malignant variants have increased intracellular ROS levelscells showed elevated signals with luminol (Figure 4B),
that contribute to their proliferative capacity suggesting that there might be differences in ROS species
308 cells have an activateds gene (41). Recently, ROS have between these cell lines.

been shown to be involved ias signaling (38). We therefore Since acute exposure to active oxygen has been shown to
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Wagalyzed the ROS status of 308 cells and the malignant
Variants. Levels of intracellular ROS were measured using
cigenin and luminol enhanced chemiluminescence assays
(Figure 4A and B respectively). Lucigenin enhanced chemi-
luminescence has specificity forL,©, whereas luminol detects
drogen peroxide and singlet oxygen generation (38,48).
th both assays, the 6M90- as well as 6R90-progressed cells
owed a near 2-fold elevation in steady state ROS levels
ange 1.6-2.4-fold between experiment3; = 0.05). In
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A 20-30% attenuation in DNA synthesis was seen in the malig-
nant 6M90 and 6R90 cells, whereas>&0% attenuation was

o T_g seen in 308 cells. Treatment with 30 mM NAC appeared to
s £ 4120 be necessary to attenuate DNA synthesis in malignant cell
58 E— li Trolox, an analog of Vitamin E and a chemicall
S 5400 Ines. , ar 9 da y
28 80 €308 | unrelated antioxidant, was much less effective in attenuating
Ig 8 60 N [ 6M90 cell proliferation as compared with NAC (Figure 5B). 308
>E 40 § N6R90 | cells were more sensitive to inhibition with 2 mM Trolox as
[= g 20 § — compared with 6R90 cells. Furthermore, an ineffective (1 mM)
+ L 0 N dose of Trolox potentiated the inhibitory effects of 10 mM

NAC, suggesting that these agents predominantly exerted an
antioxidant effect in our assays. All the treatment doses were
evaluated for toxicity by clonogenic survival assays. No
significant differences in cloning efficiencies were observed
B between treated cells versus control cells (data not shown).
We further confirmed the specificity of NAC effects by
measuring ROS levels in the presence of 5 and 20 mM
NAC. A dose-dependent attenuation in lucigenin enhanced
chemiluminescence was seen (Figure 5C). More significantly,
higher residual luminescence was observed in both 6M90 and
6R90 cell lines compared with 308 cells at both the doses
tested. These data demonstrate that the malignant variants have
a higher ROS level as compared with the benign 308 cells.
Treatment with equimolar doses of antioxidant NAC attenuates
DNA synthesis more effectively in 308 cells. At doses of up
to 20 mM NAC, significantly higher residual levels of ROS
persist in both 6M90 as well as 6R90 variants that maintain
elevated DNA synthesis in these cells. A higher (30 mM) dose
c of NAC is necessary to attenuate DNA synthesis in these
malignant variants to a level similar to low-dose treatment of

5 10 20 30
NAC (mM)

3H Thymidine Uptake
(% of untreated controls)

1T 2T 5T 10N
NAC (N) or Trolox (T) (mM)

10N + 1T

308 cells. Taken together, these data functionally implicate

(2]

3 ggggg elevated ROS levels in the malignant progression of 308 cells.
2 20000 To test if the tumorigenic phenotype of the malignant
T 15000 variants was dependent on their pro-oxidant state, we studied
% 10000 the effects of another antioxidant, PDTi@, vivo by treating

“3 5°°g athymic nude mice bearing 6M90 or 6R90 tumor xenografts.
o The choice of this antioxidant was based on the fact that

in vitro treatment with 100uM PDTC resulted in>50%
attenuation of DNA synthesis in these cell lines as was seen
Fig. 5. Increased ROS levels contribute to the proliferative capacity of with 30 mM NAC treatment (data not shown) and that the
g0 g5 ) Ca G0 ol s 6, ficacy and safty of he POTC dose rogimen has afeady
serum—containixrgg media and grown for 16 h in the presence of increasing been .eStab“Shed in the athymic nude mice (46). After the
doses of different agents as indicatetH]fhymidine (1uCi/mi) was added  €Stablishment of palpable tumors (mean tumor area 50—
to the wells for the las4 h of incubation. The cells were washed with PBS 100 mn¥), animals received either PDTC or saline three times/
and processed foPffiJthymidine incorporation. &) Effects of combination week, i.p. As shown in Figure 6, PDTC treatment significantly
veamerts wih NAC and Tolox on DA synness i these celines s lowed tumor growth in both 6MOO (panel 4) a5 wellas 6R90
ClI of the means. To determine the specificity of antioxidant treatment, (p_anel B) xenografts over 5 weeks of treatment in comparlson
intracellular ROS levels in the presence of increasing doses of NAC were With saline treated controls. However, complete cessation of
measured by a lucigenin-enhanced chemiluminescence a@pair(or bars ~ growth or tumor regression was not seen with this treatment.
represent standard deviation amongst triplicates. Gross analysis of the cut sections of the tumors at the end of
the experiment showed evidence of residual solid, potentially
be mitogenic (51), we hypothesized that elevated steady statéable, tumor mass in PDTC-treated animals. While these
ROS levels could mediate the observed increases in celesults demonstrate that elevated ROS levels in these malignant
proliferation in the malignant variants. To test this hypothesisYariants are important for tumor growin vivo as well as
we analyzed the effects of antioxidant treatments on DNAN Vitro, & lack of complete abrogation of the tumorigenic
synthesis in the 308 cells as well as the malignant variant®?h€notype points towards additional, ROS-independent
NAC treatment attenuated DNA synthesis in all cell lines inMechanisms being involved in the maintenance of the
a dose-dependent manner (Figure 5A). 308 cells were founehenotype.
to be significantly more sensitive to inhibition at equimolar Pro-oxidant state of 6M90 and 6R90 cell lines mediates
doses of NAC than the progressed cell lines. Treatment witktlevated Erk-1/2 and p38 MAPK activities and, in part,
as low as 5 mM NAC resulted in a 38% (range 25-45%)elevated transcription factor activities
inhibition in DNA synthesis in 308 cells whereas the progresseddaving shown that the elevated ROS levels functionally
cell lines remained largely unaffected. With 20 mM NAC a contribute to the proliferative capacity of the progressed
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Fig. 6. Antioxidant PDTC attenuates vivo tumor growth from 6M90 and 100

6R90 cell lines. Cells (510°) from late log-phase cultures were injected
s.c. into athymic nude mice. When the tumors from 6MB8Q &nd 6R90

(B) cells reached a mean size of 50-100 Mmthe mice were given thrice
weekly injections of either PDTC (100 mg/kg) or saline and followed for
tumor growth. Error bars represent standard deviation of the means. The
data represent means from eight mice in each treatment group.

Luciferase Activity
(% of untreated controls)

. . . . . . NA M
variants, we proceeded to investigate the potential S|gnal|n% C (mM)

cascades involved in this process. It has been shown previous
that ROS can act as signaling molecules and can modulate
transcription factor and MAPK activities (17-20,27,28). In
order to determine whether elevated ROS levels signaled via
these effector targets in our model, we performed attenuation
studies with NAC. Figure 7 shows the effects of NAC treatment
on AP-1 (graph A), NkKB (graph B) and CRE (graph C)
luciferase reporter activities. NAC treatments (20 mM) resulted
in a 50% inhibition of NiB and AP-1 transactivation in 308
cells (Figure 7A and B), which correlates with the extent of
inhibition of DNA synthesis with NAC in these cells. However,

a majority (nearly 75%) of the AP-1 as well as RE  Fig. 7. NAC treatment partially attenuates transcription factor activities in
transactivation in 6M90 and 6R90 cells was still detectable a#!l cells. Log-phase cultures were transfected with luciferase reporter
this dose. This could be a reflection of higher residual ROSOnstructs containing either a TRE), NF«B (B) or a CRE €) cis

. o .. element as before. During recovery from transfection, they were treated
levels at this dose of NAC treatment. Altemately' itis pOSS|bIe\Nith indicated doses of NAC. Luciferase activity was analyzed in the cell

that _AP'l a!"d NKB activities in the ngressed phenotype lysates and was expressed as a percent of untreated controls in a given cell
are, in part, independent of the pro-oxidant state of these cell§ne. Data shown represent means from three independent experiments.

and their constitutive elevation involves other mechanisms.

The modulation of CRE-dependent transactivation with NAC . .
was interesting in that the transactivation in 6R90 cells appearest‘ntUdles show that elevation of Erk-1/2 and p38 MAPK correlate

to be attenuated to a greater extent than the 308 cells (Figu}’&'tr_l the malignant progression of 308 cells. Studies with the
7C), suggesting that ROS levels may significantly modulat:fm'ox".jant NAC suggest that elevation of steady state ROS
CRE-dependent transactivation in 6R90 cells. These studi SV?'S n these cells may be responsible for the constitutive
suggested that both ROS-dependent as well as ROS-indeper‘i"l:f:-t'.vat'On of these MAPK in the 6M30 and 6R90 malignant
ent mechanisms influenced signaling via these transcriptioﬁa”ams' _ )
factors. This prompted us to study the effects of NAC treatmenBoth Erk-1/2 as well as p38 MAPK signaling pathways are
on MAPK activities important in maintaining cell proliferation

Figure 8 shows the effects of increasing doses of NAC on  To investigate the role for ROS-mediated elevated Erk-1/2
Erk-1/2 and p38 MAPK activities. As was seen in serum-and p38 MAPK in proliferative capacity of the malignant
starved cells (Figure 3), Erk-1/2 activity in 6M90 cells was  phenotype, we used pharmacological inhibitors to attenuate
found to be elevated (1.8-2.5-fold) in cycling cells, indicatingsignaling via these kinases. We inhibited Erk-1/2 activity with
a constitutively elevated Erk-1/2 signaling cascade in these PD 98059, which is a specific inhibitor of Erk-1/2 activating
cells (Figure 8A). Furthermore, a dose-dependent attenuatickinases MEK-1/2 (52). We have shown previously thap/b0
of Erk-1/2 activity was seen with NAC in this MNNG- PD 98059 completely abrogates Erk-1/2 activity in 308 cells
progressed malignant variant. Treatment with a 5 mM dos¢44). We also found this to be true for both 6M90 as well as
appeared to bring the activity level down to that seen in 6R90 cells (data not shown). Inhibition of Erk-1/2 activity in
untreated 308 cells. p38 MAPK activity showed a dose-all cell lines resulted in a significant (35—-45%) attenuation of
dependent attenuation in all three cell lines (Figure 8B). 6R90  DNA synthesis (Figure 9) suggesting that in this model system,
cells showed a significant elevation of p38 activity (2.3—3.5-the Erk-1/2 cascade transduces a mitogenic signal. SB 203580,
fold) as compared with 308 cells. Taken together, the MAPK a pyridinyl-imidazole compound that inhibits p38 MAPK (53)
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Fig. 9. Treatment with MEK-1 or p38 MAPK inhibitor reduces DNA
- synthesis in all cell lines. DNA synthesis was measured as before in the
. presence of 5M MEK-1 inhibitor (PD 98059) or 2QuM p38 MAPK
s <—pElk-1 inhibitor (SB 203580). The cells were treated with either the inhibitor or
b . . - - - - DMSO for 1 h prior to serum stimulation3ffiJthymidine incorporation was
measured after 16 h of treatment (Materials and methods) and expressed as
percent of DMSO controls. AveragéH]thymidine uptake from three
independent experiments is shown. The error bars represent 95% CI of the
means.
B

which resulted in a>50% attenuation of DNA synthesis in
these cells. The MNNG-progressed 6M90 cells as well as 308
cells were also inhibited but to a lesser extent.

Discussion
308 BM90 B6R90 Deregulated gene expression due to perturbations in signal
- transduction pathways can lead to abnormal cellular responses
0 5 20 0 5 20 0 5§ 20 NAC(mM) including malignant conversion. Our finding that AP-1 activity

is constitutively elevated in 6M90 cells agrees with the
evidence for a causal relationship between elevated AP-1
. transactivation and malignant progression of murine skin
tumors and human keratinocytes (6,11,16). We did not see a
similar increase in 6R90 cells, suggesting the involvement of
AP-1 independent mechanisms in the progression of this
variant. Recently, elevated KB activity has also been implic-
ated in this process (8,16). Our analysis of the 6M90 and
6R90 malignant variants extends these observations to include
-~ <— pATF-2 elevated nuclear levels of p65 subunit as a potential mediator
< of increased NKB transactivation. This subunit has been
shown to be necessary for optimal transactivation and induction
of NFkB-dependent genes (54-56). In addition, ‘cross-talk’
between AP-1 and N&B transcription factors can also occur
] o via p65 NRKB subunit interaction with AP-1 proteins (57).
Fig. 8. NAC attenuates elevated Erk-1/2 and p38 MAPK activities in the - Thege findings indicate the essential role of p65 subunit in
malignant cell lines. Exponentially growing cultures were treated with s . .
increasing doses of NAC. After 16 h of treatment, cells were lysed and NFkB activity an_d prowde _Squort. for its elevated nl“!dear
100 pg of total protein were immunoprecipitated with phospho-specific levels as a potential mechanism for increasea BIfansactiv-
antibodies for Erk-1/24) or p38 MAPK @B). In vitro kinase assays were ation observed in the 6M90 and 6R90 malignant variants. This
performed and phosphorylated substrates were detected by western blot  jncreased nuclear localization could be a result of either a
?—?12'@Zﬁ?é?gn?wassp?&ifgg'?h?Qé'?i?ﬁ'e?.' Representative blots are Shc’W”transcripti(_)nal induction of p65 or decreased levels of its
cytoplasmic inhibitor IKRx (58). Additional post-translational
modifications of p65, such as phosphorylation, have been
was used to study the effects of p38 MAPK inhibition on cell shown to increase its DNA binding (59) and transactivation
proliferation. SB 203580 (2Q1M) inhibited 85-90% MAPK-2 (60) potential. The contributions of these mechanisms to
phosphorylation and did not decrease Erk-1/2 or JNK phoselevated NkB transactivation in this model system is an area
phorylation (data not shown) in these cells substantiating its  of further study.
specificity as a p38 MAPK inhibitor. The 6R90 cells were We have made a novel observation of elevated CRE trans-
found to be extremely sensitive to p83 MAPK inhibition, activation in the malignant phenotype. CRE is found in the
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promoters of genes such as those responsive to protein kinase mediated responses may be quite different. The p38 MAPK
A activation (61). This octameric site preferentially binds inhibitor SB 23580, which we used in our studies, inhibits
c-Jun/ATF-2 heterodimers (62) and appears to be constitutively  only 83 isoforms of p38 MAPK (53,71). It is possible
occupied in non-stimulated cells (63). Phosphorylation ofthat both 6M90 as well as 6R90 cells have elevatedfp38
threonine residues in the transactivation domain of ATF-2 by activity as a dominant component of p38 MAPK activity that
stress-activated protein kinases, such as p38 MAPKSs, ammediates a cell survival response. Further studies are needed to
required for transcriptional activation of this prebound complex  characterize the p38 subtypes in modulating cellular responses.
(50). The CREcis-element has been shown to play an important In this study we show that both MNNG-progressed 6M90
role in the transcriptional activation of c-Jun (63) and proteases  as well as ionizing radiation-progressed 6R90 cells show
such as uPA (64), genes that may play a functional role duringlevated ROS levels that contribute to their increased prolifer-
tumor progression. We hypothesize that alterations in CRE ative capacity. Attenuation studies with the antioxidant NAC
activity plays a functional role in malignant progression byhave identified Erk-1/2 and p38 MAPK as well as potential
effecting expression of such genes. targets mediating the mitogenic response of elevated ROS
In our transient transfection studies, we used a CMV-evels. These results are consistent with the observations that
driven -gal expression vector to normalize for transfection acute exposure to X-rays or MNNG can induce MAPKSs in a
efficiencies. Initially, we cotransfected this expression plasmidedox-sensitive manner (74,75). We speculate that elevated
with the luciferase reporter constructs and attempted to normal- ROS levels can increase MAPK signaling during malignant
ize the data based on thHggal activity measured in each progression that provides the necessary growth advantage for
transfection. However, we found that tlfiegal activity, as the emergence of the transformed phenotype. Our results
measured by an enzymatic assay, was always 2—4-fold higheuggest that elevation of transcription factor activities via
in the malignant variants as compared with 308 cells (data not ~ MAPK activation and/or redox modulation is also a part of
shown). We suspected that this could be due to differences IROS-mediated mitogenic signaling. The mechanism by which
CMV promoter activity in the cell lines, rather than a difference ROS modulate the activity of MAPK is unknown at present.
in transfection efficiencies. Therefore, we employed an alternRecently, Iraniet al. (38) have shown that oncogenias
ative approach and stained the cells under identical transfection  increases the production of superoxide anion that contributes tc
conditions forp-gal expression. In these experiments betweernncreased cell proliferation. However, our data are significantly
7-9% cells stained positive fds-gal. These results suggest  different from the results of their study. ROS-induced mitogenic
that the transfection efficiencies between the cell lines wersignaling was found to be independent of MAPKSs in the NIH
indeed similar and that the difference f#gal activity was 3T3 fibroblast clone A6 analyzed by Iratil. (38), whereas
perhaps due to CMV promoter related differences. Our contemsur results show that elevated Erk-1/2 and p38 MAPK activities
tion is supported by a recent observation that activation of  are important components of ROS-mediated mitogenic signal-
MAPK up-regulates expression of CMV driven transgeneing in the malignantly progressed variants. Whereasrése
expression in cells (65). mutation in 308 keratinocytes involves codon 61, the A6 clone
MAPKSs are important upstream regulators of transcriptioncaries a valine-12 mutant (38,41). We speculate that different
factor activities. In this study we demonstrate that the malignantas mutants may activate different signaling cascades. Our
variants have elevated Erk-1/2 and p38 MAPK activitiescontention is supported by studies with anottasrtransformed
that are important in maintaining optimal cell proliferation. ~ 3T3 clone that carries a V12-S35 mutant and has a constitu-
Increased AP-1 and/or MB transactivation, as seen in the tively activated MAPK pathway (76). Our preliminary analysis
6M90 cells, could be among some of the downstream effects rasdafivolvement in our model suggests that cell proliferation
of elevated Erk-1/2 activity. Erk-1/2 signaling has been showrin the malignant variants isas dependent (data not shown).
to play an functional role in malignant transformation in other In summary, our results provide evidence that emergence
cell types (66,67). De-regulation of this signaling cascade mayf a pro-oxidant state plays a functional role in the malignant
therefore, be a critical determinant of malignant progression. progression of mouse keratinocytes. We have made a novel
AP-1 and/or NKB transcription factors are potential down- observation of increased CRE transactivation in the tumori-
stream mediators of Erk-1/2 activation. genic phenotype. Our data suggest that transcription factors
In our model system, we demonstrate that the 6R90 celland MAPKs are potential targets involved in ROS-mediated
have a constitutively elevated p38 MAP kinase activity thatis ~ mitogenic signaling and, for the first time, implicate elevated
critical for its proliferative capacity. The role of p38 signaling Erk-1/2 and p38 MAPK signaling in tumor progression.
in cellular responses to various stimuli remains poorly under-
stood and is controversial at present. Both apoptotic (22,68,6
as well as proliferative (70) responses have been correlate
with activation of p38 MAPK in various cell types. Our data We would like to thank Dr Stuart H.Yuspa for providing the 308 cell line,

i ; ; ; and Dr Zigang Dong for the luciferase reporter constructs. This work was
indicate that p38 MAPK 5|gnallng transduces a cell SurVlvallsupported in part by the National Cancer Institute Grant, CA 40584, awarded

prollferat_lon S'gnal in the ma_“gnant variants. .A . potentlal to G.T.B. In addition, this work was supported in part by a Cancer Center
explanation for these contrasting results may lie in the p3&ore Grant, CA 23074, a Toxicology Center NIEHS Grant, ES 06694 and
MAPK subtypes. The p38 subfamily of MAPKs consists of the Belinda ‘Lynn’ Shick Memorial Fund.
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