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S100A2 is a calmodulin-like, p53-inducible, homodi-
meric protein that is readily oxidized in keratinocytes
subjected to oxidative stress. Here we compare the re-
dox status and subcellular distribution of S100A2 in nor-
mal human keratinocytes, immortalized keratinocytes
(HaCaT), and malignant keratinocytes (A431) as a func-
tion of oxidative stress and intracellular Ca2þ levels.
Normal human keratinocytes displayed strong nuclear
and moderate cytoplasmic S100A2 immunoreactivity.
HaCaT and A431 cells, which lack normal p53, ex-
pressed S100A2 in similar patterns but in 4- to 8-fold
lower amounts. H2O2 treatment of normal human ker-
atinocytes caused a reduction of nuclear S100A2 stain-
ing accompanied by an increase in cytoplasmic S100A2
staining, with a delayed time course (0.5^1 h) relative to
S100A2 oxidative crosslinking (15 min). This phenom-
enon, consistent with translocation of S100A2 from the
nucleus to the cytoplasm, could also be induced in nor-

mal human keratinocytes by increasing intracellular
Ca2þ levels with the ionophore A23187. Sulfhydryl re-
ducing agents blocked these changes, whether induced
by H2O2 or increased intracellular Ca

2þ levels. A tem-
poral correlation was identi¢ed between S100A2 trans-
location at 1 h and loss of cell viability at 24 h after
H2O2 treatment. A431 and HaCaTcells were strongly re-
sistant to H2O2-induced S100A2 crosslinking, S100A2
translocation, and cell death. Increased intracellular
Ca2þ levels caused prominent translocation of S100A2
in normal human keratinocytes and HaCaT, but not in
A431 cells. These results identify S100A2 oxidation and
translocation as markers for early cellular responses to
oxidative stress, which are markedly attenuated in im-
mortalized and malignant keratinocytes. Key words: car-
cinogenesis/oxidative stress/p53/S100A2/skin. J Invest Dermatol
119:1196 ^1201, 2002

S
100A2 is a homodimeric calcium- and zinc-binding pro-
tein that is distantly related to calmodulin (Stradal et al,
2000). In man, S100A2 belongs to a family of at least 16
genes, encoding products whose functions remain enig-
matic despite 35 y of study (Heizmann and Cox, 1998;

Donato et al, 2001). S100A2 is the only member of the S100 gene
family whose expression is downregulated in cancer cell lines re-
lative to their normal counterparts (Donato et al, 2001).The recent
discovery of positive transcriptional regulation of S100A2 by p53
(Tan et al, 1999) may explain the downregulation of S100A2 in
cancer cells.

Many p53-inducible genes participate in the cellular response
to oxidative stress (Meplan et al, 2000). S100A2 contains four cy-
steine residues, and we found that S100A2 readily surrenders elec-
trons from at least some of these residues, leading to disul¢de
crosslinking of the S100A2 homodimer in response to oxidative
stress (Deshpande et al, 2000). We found that S100A2 mRNA is
markedly and rapidly induced when cells of normal human skin

or mammary tissue are placed into culture (Xia et al, 1997). The
concentration of oxygen increases from 4% or less in vivo to
20% in standard cell culture (Davies, 2000). Thus, the process of
cell culture itself leads to substantial oxidative stress. Our observa-
tion of culture-induced upregulation of S100A2 therefore lends
credence to the idea that S100A2 might be involved in keratino-
cyte responses to reactive oxygen species (ROS).

We previously demonstrated that a substantial fraction of the
S100A2 present in normal human keratinocytes (NHK) resides
in the cell nucleus (Deshpande et al, 2000). In this report, we com-
pare patterns of subcellular distribution, expression levels, and
oxidative crosslinking in normal, immortalized, and malignant
keratinocytes as a function of H2O2 treatment and calcium iono-
phore treatment. We demonstrate marked alterations in each of
these responses in immortalized and malignant keratinocytes, re-
lative to NHK. Our results suggest that S100A2 is involved in
keratinocyte responses to oxidative stress, and that progressive
adaptation to oxidative stress is an important factor in the devel-
opment of the malignant phenotype.

MATERIALS AND METHODS

Cell culture NHK were isolated by trypsin £otation as previously
described (Elder et al, 1991) and cultured in modi¢ed MCDB 153 medium
(M154, Cascade Biologics, Portland, OR) according to the method of
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Boyce and Ham (1983). A431 carcinoma cells (Giard et al, 1973) were
obtained from the American Type Culture Collection and grown in
Dulbecco’s modi¢ed Eagle’s medium containing 10% fetal bovine serum
(FBS), penicillin, and streptomycin (DMEM/10% FBS). HaCaT keratino-
cytes (Boukamp et al, 1988) were obtained from Professor Norbert Fusenig
and grown in the same medium used for A431 cells.

Immunostaining NHK, HaCaT, or A431 cells were plated on
Superfrost Plus microscope slides (Fisher Scienti¢c, Pittsburgh, PA) at a
density of 5000 cells per cm2 and incubated in a humidi¢ed 5% CO2
incubator. Cultures were treated and used within 72 h of plating, and the
medium was changed 18 h prior to treatment. All ¢xation and staining
steps were performed at room temperature unless otherwise stated. The
slides were washed in Tris-bu¡ered saline (TBS) three times between each
step. After 4% paraformaldehyde ¢xation, the slides were permeabilized
with 0.5% Triton X-100 in ice-cold 0.1% sodium citrate for 10 min and
blocked in 10% FBS in TBS for 1 h, followed by incubation with primary
antibodies (Sigma, St. Louis, MO) inTBS/2% FBS for 2 h (or overnight at
41C). Anti-S100A2 was used at 1 mg per ml; anti-S100A6 was used at 4 mg
per ml. The slides were then incubated with £uorescein-isothiocyanate-
conjugated goat antimouse IgG (10 mg per ml, Santa Cruz Biotechnology,
Santa Cruz, CA) in TBS containing 2% FBS for 45 min, mounted in
antifade, and examined under a Zeiss Axiophot £uorescence microscope.
Controls for antibody speci¢city included equivalent molar amounts of
the isotype monoclonal antibody MOPC21 (Sigma) and omission of
primary antibody. All controls were negative.

Western blotting NHK, HaCaT, or A431 cells were seeded in 100 mm
dishes at 104 cells per cm2 in M154 and grown to approximately 50%
con£uence. All procedures prior to electrophoresis were carried out on ice
or at 41C. Cells were washed twice with ice-cold PBS and subjected to lysis
in 0.5 ml 1� lithium dodecyl sulfate bu¡er [250 mM Tris^HCl (pH 8.5),
2% lithium dodecyl sulfate, 10% glycerol]. Lysates were harvested and
DNA was sheared by passing through a 21G needle. The total protein
concentration of the lysates was measured by the DC Protein Assay (Bio-
Rad, Hercules, CA). The lysates were divided in half and one half was
treated with 37.5 mM dithiothreitol (DTT). DTT-treated and untreated
samples were loaded separately onto 4%^12% precast Nu-PAGE gradient
gels (Novex, San Diego CA) and run in MES running bu¡er (20 mM
MES [2-(N-morpholino) ethane sulfonic acid], 20 mM Tris base, 3.4 mM
sodium dodecyl sulfate (SDS)). After electrophoresis, the gels were
transferred to PVDF membranes (Bio-Rad) in 25 mM Bis-Tris, 25 mM
bicine, 20% (vol/vol) methanol for 1.5 h at 25 V in constant voltage
mode. After blocking in Blotto for 30 min (Blotto is 5% nonfat dry milk
in TBST; TBST is 25 mM Tris^HCl pH 8.0, 137 mM NaCl, 11 mM KCl,
0.1% Tween-20), membranes were incubated for 1 h at room temperature
in 0.5 mg per ml anti-S100A2 in Blotto. After two washes in TBST,
the membranes were incubated with 0.35 mg per ml goat antimouse
IgG-HRP (Santa Cruz) in Blotto for 1 h. After two further washes
in TBST, chemiluminescent detection was performed using the
enhanced chemiluminescence detection kit according to the manu-
facturer’s instructions (Amersham Pharmacia, Piscataway, NJ).

RESULTS

As shown in Fig 1, immuno£uorescent staining revealed di¡use
cytoplasmic and strong nuclear expression of S100A2 in actively
proliferating NHK colonies, as previously reported (Deshpande
et al, 2000). Treatment with 1 mM H2O2 for 2 h caused a large
decrease in nuclear S100A2 staining, with a concomitant increase
in cytoplasmic staining (compare uppermost panels, Fig 1). This
staining pattern is consistent with nuclear-to-cytoplasmic trans-
location of S100A2, but could also be due to other mechanisms
such as epitope masking and unmasking, new synthesis of
S100A2, and/or changes in the stability of S100A2 in the nuclear
versus cytoplasmic compartments. For convenience, we will refer
to this phenomenon as S100A2 translocation. This e¡ect could be
abrogated by simultaneous treatment with either 3 mM DTT or
10 mM N-acetyl cysteine (NAC) (Fig 1, lower panels). S100A6
(calcyclin) also displayed prominent nuclear localization in
NHK, as previously reported in other cell types (Mandinova
et al, 1998). Translocation of S100A6 was not observed after
H2O2 treatment of NHK, however (Fig 1, lower panels).

NHK are known to su¡er irreversible toxicity after 4 1 h of
exposure to 0.7 mM H2O2 (Vessey et al, 1992).We con¢rmed these

results, and found that S100A2 translocation correlated well with
irreversible toxicity to keratinocytes as a function of dose and
time of H2O2 exposure. Thus, exposure of NHK to 0.2 or
0.5 mM H2O2 for up to 24 h did not result in loss of nuclear
S100A2 staining, and the treated cells appeared normal and con-
tinued to grow well for at least a week (data not shown). As illu-
strated in Fig 2, exposure to 1 mM H2O2 for 30 min also did not
result in S100A2 translocation. When the H2O2 was removed
after 30 min and replaced with fresh medium, S100A2 remained
in the nucleus and the cells remained fully viable 24 h later. By
contrast, exposure of NHK to 1 mM H2O2 for 1 h caused pro-
nounced S100A2 translocation. When the 1 mM H2O2 was re-
placed with fresh medium after 1 h, nuclear S100A2 staining was
still markedly reduced 24 h later. These cells became markedly
£attened and developed blebs and spike-like projections. These
e¡ects were even more pronounced if H2O2 treatment was con-
tinued for 2 h (Fig 2, bottom panels).

As assessed by trypan blue exclusion, the viable cell count in
the cells treated with 1 mM H2O2 for 2 h was only 4% that of
untreated controls after 24 h, and 0% of control after 48 h. This
total loss of keratinocyte viability in response to H2O2 was sig-
ni¢cantly reduced by concomitant treatment with either DTT
or NAC (Fig 3). Exposure to DTT or NAC alone for 2 h had
no signi¢cant e¡ects on viable cell counts relative to untreated
controls.

Oxidative dimerization of S100A2 was more rapid than its
translocation from the nucleus after H2O2 treatment. The level
of dimerization reached a maximum after 15 min (Fig 4), whereas
translocation required 430 min to occur (Fig 2). Interestingly,
the amount of dimer decreased over time, reaching a level only
slightly higher than the pretreatment level after 3 h of continuous
1 mM H2O2 treatment (Fig 4).

The amount of S100A2 was markedly reduced in A431 and
HaCaT cells relative to NHK. As determined by densitometry of

Figure1. H2O2 causes redox-dependent translocation of S100A2 in
NHK. NHKwere seeded on glass slides at 5000 cells per cm2. Forty hours
later, the cultures were subjected to the indicated treatments for 2 h, fol-
lowed by ¢xation and immunostaining for S100A2 or S100A6. The con-
centration of H2O2 was 1 mM, the concentration of NAC was 10 mM,
and the concentration of DTT was 3 mM. Note retention of nuclear stain-
ing when DTT or NAC are added together with H2O2. Also note persis-
tence of S100A6 nuclear staining after H2O2 treatment. Results are
representative of at least three experiments for each condition shown.
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the Western blots, S100A2 protein was approximately four times
lower in A431 cells, and eight times lower in HaCaT cells, com-
pared to NHK (gels not shown). This reduction was also visible
by immuno£uorescent staining of each cell type (images not
shown).

A431 and HaCaT cells were markedly refractory to H2O2-in-
duced oxidative crosslinking of S100A2 (Fig 5a) and to S100A2
translocation after 1 mM H2O2 treatment (data not shown). Both
cell lines also survived treatment with much higher concentra-
tions of H2O2 than did NHK (Fig 5b).

S100A2 nuclear staining was markedly reduced, and cytoplas-
mic S100A2 staining was markedly increased, after treating NHK
with 3 mM A23187 in conjunction with 1.5 mM CaCl2. This phe-
nomenon was not observed when A23187 or 1.5 mM CaCl2 alone
was added to the growth medium (Fig 6). Translocation of
S100A2 by A23187/1.5 mM CaCl2 could be blocked by treatment
with DTT or NAC (Fig 6).

A431 and HaCaT cells displayed a pronounced di¡erence in
S100A2 translocation after challenge with A23187 in the presence
of 1.5 mM CaCl2. This treatment caused no detectable loss of nu-
clear S100A2 in A431 cells, whereas it caused prominent loss of
nuclear S100A2 in HaCaT cells and NHK (Fig 7).

Figure 3. Disul¢de reducing agents reduce the toxic e¡ects of H2O2
on NHK survival. NHK survival was determined by trypan blue exclu-
sion 24 and 48 h after H2O2 treatment, in the presence or absence of NAC
(10 mM) or DTT (3 mM). Three independent experiments were available
and analyzed for all points. Statistical analysis was by ANOVA, with Bon-
ferroni correction applied for two individual tests. The corrected p-values
for H2O2 versus DTT + H2O2 were 0.003 at 24 h and 0.008 at 48 h. The
corrected p-values for H2O2 versus NAC + H2O2 were 0.049 at 24 h and
0.009 at 48 h. The corresponding p-values for either DTT or NAC versus
no treatment were not signi¢cant.

Figure 4. H2O2-induced oxidative dimerization of S100A2 is rapid
and largely reversible.Western blots of Nu-PAGE gels decorated with
anti-S100A2 are shown. Note that oxidative dimerization of S100A2 (open
arrowhead) is maximal after 15 min, whereas loss of S100A2 nuclear staining
(Fig 2) requires more than 30 min. Also note the reduction of the disul-
¢de-linked dimer at 180 and 240 min, by which time S100A2 nuclear stain-
ing has already been lost and keratinocytes are already destined for cell
death.

Figure 2. Time-dependent loss of nuclear S100A2 staining after
H2O2 treatment correlates with eventual lethality of NHK. Forty
hours after seeding NHK on glass slides, cultures were subjected to a
change of medium containing no additives or 1 mM H2O2. After 0, 0.5, 1,
or 2 h, the cultures were either ¢xed (left panels) or the medium was chan-
ged and the cells were incubated for an additional 24 h in fresh medium
without H2O2 (right panels), followed by immuno£uorescent staining for
S100A2. Note apparent translocation of S100A2 between 0.5 and 1 h of
H2O2 treatment. Translocation was always complete by 2 h of H2O2 treat-
ment. Results are representative of at least three experiments for each time
point.
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DISCUSSION

As a result of exposure to in£ammation, ultraviolet light, and
oxidizing chemicals, the skin is exposed to substantial levels of
ROS. ROS in turn produce DNA damage that leads to mutations
or programmed cell death, if the damage is not repaired prior to
DNA replication (Marnett, 2000). ROS also generate protein and
lipid peroxides, which compromise cellular integrity by a variety
of additional mechanisms (Halliwell, 1999). Organisms have
evolved a variety of mechanisms to cope with ROS. This work
was undertaken to further explore our hypothesis that S100A2
may have evolved to participate in the oxidative stress response.
In the course of our studies we uncovered pronounced di¡erences
in the oxidative stress and calcium responses of normal versus im-
mortalized and malignant keratinocytes, which were re£ected in
the behavior of S100A2.

Nuclear localization of S100A2 has been noted by others
(Mandinova et al, 1998); however, this is the ¢rst report of the dis-
appearance of S100A2 from the nucleus in response to cellular

stimuli.We believe that the loss of nuclear S100A2 immunostain-
ing observed in NHK challenged with 1 mM H2O2 (Figs 1, 2)
re£ects translocation of S100A2 from the nucleus to the cyto-
plasm, because increased amounts of cytosolic S100A2 are readily
observed as S100A2 disappears from the nuclei of H2O2-treated
NHK (Figs 1, 2). As mentioned above, our data are consistent
with, but do not prove, translocation; additional experiments will
be required to clarify this point. For instance, our data cannot
exclude the possibility that oxidative stress leads to degradation
of nuclear S100A2 coupled with new synthesis of cytoplasmic
S100A2. The fact that H2O2 promotes translocation of S100A2
but not S100A6 (Fig 1) indicates that this apparent translocation
of S100A2 is a speci¢c response of this protein to oxidant stress.

Translocation of S100A2 was an excellent predictor of ultimate
cellular demise after H2O2 treatment (Fig 2). The morphology of
H2O2-treated cells was not typical of apoptosis: the cells were
£attened, and membrane blebbing, although present, was not
prominent. Moreover, we were unable to block H2O2-mediated
cell death with the broad-spectrum caspase inhibitor ZVAD (data

Figure 5. A431 and HaCaTcells are resistant to
oxidative dimerization of S100A2 (A) and to
H2O2 toxicity (B). (A) Western blots. Subcon£u-
ent cells were fed 18^24 h before treatment with the
indicated concentrations of H2O2 for 90 min, and
then lyzed as described in Materials and Methods.
1% of a 100 mm dish was loaded in each lane. Sam-
ples were run with or without 37.5 mM DTT in the
loading bu¡er, as indicated to the right of each pa-
nel. Exposure times were longer for A431 and Ha-
CaT cells, due to their lower levels of S100A2
expression. Two strains of NHK are shown to illus-
trate the reproducibility of the result. Note that
both strains are much more sensitive to H2O2-in-
duced S100A2 crosslinking than are either HaCaT
or A431. (B) A431 and HaCaT cells are more resis-
tant to H2O2 toxicity than NHK. Cell counts were
performed 48 h after H2O2 treatment. Error bars
indicate SEM (n¼ 4 for HaCaT and A431, n¼ 3
for NHK).
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not shown).We suspect that lipid peroxidation may be the major
cause of cell death after H2O2 treatment (Halliwell, 1999). Con-
sistent with this speculation, cell-permeant disul¢de reducing
agents (which reduce lipid peroxidation) promoted NHK survi-
val after H2O2 treatment (Fig 3) and prevented loss of nuclear
S100A2.

S100A2 also was lost from the nucleus to the cytoplasm after
treating NHK with 3 mM A23187 in the presence of 1.5 mM ex-
tracellular Ca2þ ([Ca2þ

o]), but not in the presence of 0.15 mM
[Ca2þ

o] (Fig 6). In cultured NHK, ionophore treatment is
known to induce a sustained (415 min) increase of intracellular
free Ca2þ ([Ca2þ

i]) to approximately 1 mM in the presence of
elevated (2 mM) [Ca2þ

o] (Pillai et al, 1993). A Ca2þ concentra-
tion of at least 200 mM, however, is required to provoke confor-
mational changes in S100A2 (Franz et al, 1998). Therefore, Ca2þ -
stimulated alterations in S100A2 conformation cannot readily be
invoked to explain Ca2þ -mediated nuclear exit of S100A2. Iono-
phore treatment also increases [Ca2þ

i], to approximately 0.8 mM,
in the presence of low (0.1 mM) [Ca2þ

o]. The elevation is transi-
ent (o2 min), however (Pillai et al, 1993). Thus, we would suggest
that a prolonged elevation of [Ca2þ

i] is required to provoke loss
of S100A2 from the nucleus.

Loss of nuclear S100A2 after A23187/Ca2þ treatment could be
blocked by disul¢de reducing agents (Fig 6). A23187 is known to
promote formation of H2O2 in HaCaT keratinocytes (Goldman
et al, 1998), suggesting that A23187 and H2O2 might promote
S100A2 translocation via a common mechanism. The amount of
ROS generated byA23187 is quite low, however, being equivalent
to that produced by micromolar quantities of exogenous H2O2
(Goldman et al, 1998). In contrast, millimolar quantities of H2O2
are required to provoke nuclear exit of S100A2 (Fig 1). Also,
treatment with 1 mM H2O2 causes both oxidative crosslinking
and loss of nuclear S100A2, whereas A23187/Ca2þ treatment
causes loss of nuclear S100A2 (Fig 6) but does not lead to oxida-
tive crosslinking of S100A2 (Deshpande et al, 2000). Thus, the

mechanisms of S100A2 nuclear loss appear to di¡er in some re-
spects after H2O2 versus A23187/Ca2þ treatment. It will be inter-
esting to explore the relative e¡ects of these two agents on lipid
peroxidation in keratinocytes.

ROS are known to be a very signi¢cant driving force in carci-
nogenesis (Kovacic et al, 2001). Tumor cells would be expected to
gain an important advantage by elimination of mechanisms that
normally trigger cycle withdrawal in response to oxidative stress.
We found that S100A2 is expressed at 4 - to 8-fold lower levels in
immortalized HaCaT and malignant A431 keratinocytes, relative
to NHK (data not shown). These ¢ndings are in good agreement
with our earlier studies of S100A2 mRNA levels in A431, HaCaT,
and NHK (Xia et al, 1997), and are probably explained by the fact
that both A431 and HaCaT cells lack normal p53 (Lehman et al,
1993; Kwok et al, 1994). Several genes involved in oxidative stress
responses are p53-inducible (Meplan et al, 2000). The fact that the
S100A2 gene is also strongly induced by p53 (Tan et al, 1999)
would be consistent with a role for S100A2 in oxidative stress
responses.

We found that HaCaT and A431 cells were markedly resistant
to H2O2-induced cellular toxicity, relative to NHK (Fig 5b). To
our knowledge, this is the ¢rst report of resistance of immorta-
lized and malignant keratinocytes to H2O2, relative to NHK.We
also observed that immortalized HaCaTand malignant A431 cells
are highly resistant to H2O2-induced crosslinking and transloca-
tion of S100A2 (Fig 5a and data not shown). Recalling that
H2O2-induced S100A2 crosslinking is very rapid (Fig 3), the

Figure 7. S100A2 is translocated in NHK and HaCaT but not A431
cells after A23187 + 1.5 mM CaCl2 treatment. NHK, A431, or HaCaT
cells were plated in parallel on glass slides as described in Materials and
Methods. NHK were grown in low Ca2+ M154 medium, whereas HaCaT
and A431 cells were grown in high Ca2+ DMEM (1.5 mM CaCl2). After
40 h, NHKwere treated with 3 mM A23187 + 1.35 mM CaCl2 to bring the
total [Ca2+] to 1.5 mM, whereas A431 and HaCaTcells, which were already
growing in 1.4 mM Ca2+ DMEM/10% FBS, were treated with 3 mM
A23187 only. After 1 h, cells were ¢xed and stained for S100A2 as described
in Materials and Methods. Note persistence of S100A2 nuclear staining after
A23187 + CaCl2 treatment in A431 cells, but not in HaCaT or NHK.

Figure 6. S100A2 translocates from nucleus to cytoplasm in re-
sponse to increased intracellular Ca2+ after A23187 treatment. NHK
were plated on glass slides in growth medium containing 0.15 mM Ca2+ as
described in Materials and Methods. After 40 h, cells were treated for 1 h with
various combinations of A23187 (3 mM), CaCl2 (1.35 mM, for a total [Ca2+]
of 1.5 mM), NAC (10 mM), and/or DTT (3 mM). The experiment shown
was repeated with identical results. Note reversal of Ca2+-mediated S100A2
translocation by NAC and DTT.
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refractoriness of A431 and HaCaT cells to oxidative crosslinking
of S100A2 indicates that their resistance to H2O2 is exerted at an
early point in the cellular response. Additional studies will be re-
quired to determine whether S100A2 is functionally involved in
H2O2-mediated cellular toxicity.

Although A431 and HaCaT cells were both refractory to
H2O2-induced translocation of S100A2 (Fig 5), they di¡ered
markedly in their translocation responses to A23187/Ca2þ (Fig 7).
HaCaT cells demonstrated S100A2 translocation very similar to
that manifested by NHK, whereas no translocation could be
observed in A431 cells. This di¡erence provides further evidence
that the mechanisms of S100A2 translocation may not be identi-
cal for H2O2 and A23187/Ca2þ treatments. HaCaT cells, when
immortalized, are not malignant, and will not form tumors in
immunosuppressed mice unless other transforming oncogenes
are added and/or tumor suppressor genes are inactivated (Fusenig
and Boukamp, 1998). By contrast, A431 cells readily form invasive
tumors without any additional modi¢cations (Giard et al, 1973).
How these di¡erences in biologic aggressiveness relate to the be-
havior of S100A2 remains to be determined.

Our laboratory was the ¢rst to study the expression of S100A2
in actual human tumors, rather than in cell lines derived from
them (Xia et al, 1997). By means of in situ hybridization, we
showed that S100A2 mRNA was indeed markedly downregu-
lated in most basal cell carcinomas. Squamous cell carcinomas of
the skin and oral cavity yielded a more complex picture, how-
ever, with several examples of strong S100A2 expression in pri-
mary and locally invasive tumors. More recently, increased
(rather than decreased) expression of S100A2 has also been re-
ported in ovarian carcinomas (Hough et al, 2001). These ¢ndings
suggest that downregulation of S100A2 is not a universal feature
of epithelial cell tumor. Based on our ¢ndings in this work and
in previous work (Deshpande et al, 2000), we would suggest that
the primary role played by S100A2 could lie in the realm of oxi-
dant defense, rather than suppression of tumor cell proliferation.

We thank DrsTimothy M. Johnson,TimWang, and Cynthia Marcelo for assistance
in obtaining skin samples, and Dr. Stefan Stoll for advice and assistance.This work
was supported by a Merit Review award (321) from the Department of Veterans
A¡airs, and by a training grant (T32 AM07197) from the National Institutes of
Arthritis, Musculoskeletal, and Skin Diseases (TLW). Dr. Elder is supported by
the Ann ArborVeterans A¡airs Hospital.

REFERENCES

Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, Fusenig NE:
Normal keratinization in a spontaneously immortalized aneuploid human ker-
atinocyte cell line. J Cell Biol 106:761^771, 1988

Boyce S, Ham R: Normal human epidermal keratinocytes. In: Webber M, Sekely L,
eds. In Vitro Models for Cancer Research. Boca Raton, FL: CRC Press, 1983:
pp 245^274

Davies KJ: Oxidative stress, antioxidant defenses, and damage removal, repair, and
replacement systems. IUBMB Life 50:279^289, 2000

Deshpande R,Woods TL, Fu J, Zhang T, Stoll SW, Elder JT: Biochemical character-
ization of S100A2 in human keratinocytes: subcellular localization, dimeriza-
tion, and oxidative cross-linking. J Invest Dermatol 115:477^485, 2000

Donato R, Krieg P, Schuppler M, Koesters R, Mincheva A, Lichter P, Marks F:
S100: a multigenic family of calcium-modulated proteins of the EF-hand type
with intracellular and extracellular functional roles. Int J Biochem Cell Biol
33:637^668, 2001

Elder JT, Fisher GJ, Zhang QY, et al: Retinoic acid receptor gene expression in
human skin. J Invest Dermatol 96:425^433, 1991

Franz C, Durussel I, Cox JA, Schafer BW, Heizmann CW: Binding of Ca2þ and
Zn2þ to human nuclear S100A2 and mutant proteins. J Biol Chem 273:
18826^18834, 1998

Fusenig NE, Boukamp P: Multiple stages and genetic alterations in immortalization,
malignant transformation, and tumor progression of human skin keratino-
cytes. Mol Carcinog 23:144^158, 1998

Giard DJ, Aaronson SA, Todaro GJ, Arnstein P, Kersey JH, Dosik H, Parks WP:
In vitro cultivation of human tumors: establishment of cell lines derived from
a series of solid tumors. J Natl Cancer Inst 51:1417^1423, 1973

Goldman R, Moshonov S, Zor U: Generation of reactive oxygen species in a human
keratinocyte cell line: role of calcium. Arch Biochem Biophys 350:10^18, 1998

Halliwell B: Antioxidant defence mechanisms: from the beginning to the end (of the
beginning). Free Radic Res 31:261^272, 1999

Heizmann CW, Cox JA: New perspectives on S100 proteins: a multi-functional
Ca2þ -, Zn2þ - and Cu2þ -binding protein family. Biometals 11:383^397, 1998

Hough CD, Cho KR, Zonderman AB, Schwartz DR, Morin PJ: Coordinately up-
regulated genes in ovarian cancer. Cancer Res 61:3869^3876, 2001

Kovacic P, Jacintho JD, Davies KJ: Mechanisms of carcinogenesis: focus on oxidative
stress and electron transfer. Curr Med Chem 8:773^796, 2001

KwokTT, Mok CH, Menton-Brennan L: Up-regulation of a mutant form of p53 by
doxorubicin in human squamous carcinoma cells. Cancer Res 54:2834^2836,
1994

Lehman TA, Modali R, Boukamp P, et al: p53 mutations in human immortalized
epithelial cell lines [erratum appears in Carcinogenesis 14 (7):1491, 1993]. Carcino-
genesis 14:833^839, 1993

Mandinova A, Atar D, Schafer BW, Spiess M, Aebi U, Heizmann CW: Distinct sub-
cellular localization of calcium binding S100 proteins in human smooth mus-
cle cells and their relocation in response to rises in intracellular calcium. J Cell
Sci 111:2043^2054, 1998

Marnett LJ: Oxyradicals and DNA damage. Carcinogenesis 21:361^370, 2000
Meplan C, Richard MJ, Hainaut P: Redox signalling and transition metals in the

control of the p53 pathway. Biochem Pharmacol 59:25^33, 2000
Pillai S, Menon GK, Bikle DD, Elias PM: Localization and quantitation of calcium

pools and calcium binding sites in cultured human keratinocytes. J Cell Physiol
154:101^112, 1993

Stradal TB, Troxler H, Heizmann CW, Gimona M: Mapping the zinc ligands of
S100A2 by site-directed mutagenesis. J Biol Chem 275:13219^13227, 2000

Tan M, Heizmann CW, Guan K, Schafer BW, SunY:Transcriptional activation of the
human S100A2 promoter by wild-type p53. FEBS Lett 445:265^268, 1999

Vessey DA, Lee KH, Blacker KL: Characterization of the oxidative stress initiated in
cultured human keratinocytes by treatment with peroxides. J Invest Dermatol
99:859^863, 1992

Xia L, Stoll SW, Liebert M, et al: CaN19 expression in benign and malignant hyper-
plasias of the skin and oral mucosa: evidence for a role in regenerative di¡er-
entiation. Cancer Res 57:3055^3062, 1997

S100A2 AND OXIDATIVE STRESS 1201VOL. 119, NO. 5 NOVEMBER 2002




