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c-Abl and Atm have been implicated in cell responses to DNA damage and oxidative stress. However, the
molecular mechanisms by which they regulate oxidative stress response remain unclear. In this report, we
show that deficiency of c-Abl and deficiency of ATM differentially altered cell responses to oxidative stress by
induction of antioxidant protein peroxiredoxin I (Prx I) via Nrf2 and cell death, both of which required protein
kinase C (PKC) � activation and were mediated by reactive oxygen species. c-abl−/− osteoblasts displayed
enhanced Prx I induction, elevated Nrf2 levels, and hypersusceptibility to arsenate, which were reinstated by
reconstitution of c-Abl; Atm−/− osteoblasts showed the opposite. These phenotypes correlated with increased
PKC � expression in c-abl−/− osteoblasts and decreased PKC � expression in Atm−/− cells, respectively. The
enhanced responses of c-abl−/− osteoblasts could be mimicked by overexpression of PKC � in normal cells and
impeded by inhibition of PKC �, and diminished responses of Atm−/− cells could be rescued by PKC �
overexpression, indicating that PKC � mediated the effects of c-Abl and ATM in oxidative stress response.
Hence, our results unveiled a previously unrecognized mechanism by which c-Abl and Atm participate in
oxidative stress response.
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c-Abl is a nonreceptor tyrosine kinase implicated in oxi-
dative stress response: c-Abl is phosphorylated and acti-
vated in response to oxidative stress; and oxidative
stress-induced apoptosis is attenuated in c-Abl-deficient
fibroblasts, supporting a proapoptotic role for c-Abl in
oxidative stress response (Van Etten 1999; Sun et al.
2000a). Oxidants are generated under various physiologi-
cal conditions such as mitochondrial electron transport,
peroxisomal fatty acid metabolism, phagocytosis by
macrophages, and bone resorption by osteoclasts and are
believed to contribute to the etiology of atherosclerosis,
cerebellar ischemia, and the process of aging (for reviews,
see Halliwell and Gutteridge 1990; Key et al. 1994; Beck-
man and Ames 1998). Cells are equipped with antioxi-
dant enzymes as a defense mechanism against oxidants.
One such protein is peroxiredoxin I (Prx I), originally
identified as a stress-induced mouse peritoneal macro-

phage protein (Ishii et al. 1993). Six peroxiredoxin pro-
teins have been identified in mammalian cells and they
are highly conserved from bacteria to humans. The pro-
tein sequences show similarity to thioredoxin-de-
pendent peroxide reductase, and purified rat Prx I has a
thio-specific antioxidant activity (Ishii et al. 1995). In
cultured macrophage cell lines, Prx I is dramatically up-
regulated by oxidative stress exemplified by treatment
with H2O2, diethyl maleate, and arsenate, with arsenate
being the most potent (Prosperi et al. 1998). In an osteo-
blast cell line, arsenate-induced Prx I expression requires
at least two independent signaling pathways on the basis
of studies using specific kinase inhibitors. Activation of
protein kinase C (PKC) � is required for the transactiva-
tion of prx I, and activation of p38 MAPK is required for
its posttranscriptional regulation. Inhibition of either
pathway results in attenuation of Prx I induction (Li et
al. 2002).

The Prx I gene contains an antioxidant response ele-
ment (ARE) located in its promoter region. Transactiva-
tion of Prx I and some other antioxidant enzymes is me-
diated by Nrf2, a basic leucine zipper transcription factor
(Chan and Kan 1999; Chan et al. 2001; Ishii et al. 2000).
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Keap1, an actin-binding protein, binds Nrf2 and confines
it to the cytoplasm (Itoh et al. 2003). On oxidative stress,
Nrf2 dissociates from Keap1 and translocates to the
nucleus, where it forms a dimer with Maf and binds to
ARE to initiate transcription. Oxidative stress also sta-
bilizes Nrf2 so that its protein levels are dramatically
increased (McMahon et al. 2003; Nguyen et al. 2003;
Stewart et al. 2003). It has been shown that the PKC
family plays an important role in the regulation of Nrf2/
ARE. On PMA stimulation, PKC phosphorylates Nrf2 at
Ser 40 and subsequently promotes its dissociation from
Keap1. Inhibition of PKC with inhibitors decreases Nrf2
phosphorylation (Huang et al. 2002). To date, the PKC
isoform involved in this process has not been identified.

Prx I has been implicated in signaling pathways. Its
human counterpart PAG has been identified as a c-Abl
interacting protein. It binds to the SH3 domain of c-Abl
and inhibits the kinase activity and cytostatic function
of c-Abl in fibroblasts (Wen and Van Etten 1997), al-
though the physiological significance of the interaction
is not well understood. In addition, Prx I is up-regulated
in the S phase of the cell cycle and can be phosphorylated
by cdc2 during mitosis. Phosphorylation of Prx I leads to
its inactivation and accumulation of H2O2 in the cell
(Chang et al. 2002). The function for Prx I in regulating
signaling pathways or cell cycle progression remains un-
clear.

c-Abl has been intensely studied in cell response to
DNA damage (Van Etten 1999). DNA damage induced by
ionizing radiation activates the tyrosine kinase activity
of c-Abl in an Atm-dependent manner (Baskaran et al.
1997; Shafman et al. 1997; Shiloh 1997). Atm is a Ser/Thr
kinase involved in the development of ataxia and telan-
giectasia (A-T), characterized by neuron degeneration,
immunodeficiency, cancer predisposition, radio-hyper-
sensitivity, and premature aging. Atm knockout mice
recapitulate most of these features (Shiloh 1997). Atm
constitutively interacts with c-Abl and activates c-Abl
via Ser 465 phosphorylation on irradiation (IR). In Atm-
deficient cells, the activation of c-Abl is abolished.
Mouse embryonic fibroblasts (MEFs) isolated from
c-abl−/− mice are more resistant to ionizing radiation-
induced apoptosis. Activated c-Abl may promote apopto-
sis via up-regulation of p73, a proapoptotic protein and a
p53 homolog (Gong et al. 1999). Furthermore, in re-
sponse to DNA damage, Atm interacts with p53 and
phosphorylates the latter at Ser 15 and other residues.
This modification leads to alteration of its transactiva-
tion activity or stability and therefore affects the expres-
sion of p53 target genes (Khanna et al. 1998). p53 has also
been shown to interact with c-Abl and is known to play
a crucial role in DNA damage/oxidative stress-induced
apoptosis (Goga et al. 1995). Recent evidence also sug-
gests that Atm plays an important role in the response to
oxidative stress, and Atm-deficient cells show increased
oxidative stress, but how Atm and c-Abl participate in
this response is not known (Rotman and Shiloh 1997;
Kamsler et al. 2001).

In this report, we aim to dissect the roles of c-Abl and
Atm in cell responses to oxidative stress, antioxidant

protein Prx I induction and cell susceptibility to the cy-
totoxicity of arsenate, a prooxidant reagent and a highly
potent Prx I inducer (Li et al. 2002). We first provided
evidence that these two events were regulated by PKC �.
In PKC �-deficient cells, Prx I induction was signifi-
cantly compromised, probably via the master transcrip-
tion factor Nrf2, with cell death rates lowered as well.
Conversely, cells overexpressing PKC � showed the op-
posite. We found that c-Abl-deficient cells displayed en-
hanced Prx I induction and Nrf2 accumulation, in-
creased susceptibility to ROS, and elevated levels of PKC
�, mimicking cells overexpressing PKC �. The hypersen-
sitive phenotypes observed in c-Abl-deficient cells can
be rescued by reconstitution of c-Abl and could be
blocked by inhibition of PKC � activation. On the con-
trary, Atm-deficient cells showed reduced Prx I induc-
tion and Nrf2 accumulation, reduced cell susceptibility,
and down-regulation of PKC �. These phenotypes can be
rescued by ectopic expression of PKC � in Atm-deficient
cells. Furthermore, we found that PKC � expression was
regulated at the posttranscriptional levels by c-Abl and
Atm, with c-Abl deficiency stabilizing PKC �. Taken to-
gether, these data suggest that the different roles of c-Abl
and Atm were mediated by PKC �. The compromised
accumulation of Nrf2 in Atm-deficient cells, a master
transcription factor for antioxidant gene expression, may
be the reason that these cells portray increased oxidative
stress.

Results

Genetic evidence that PKC � plays a key role
in Prx I induction

It has been shown that inhibition of PKC � activation by
inhibitors blocked Prx I induction by arsenate in osteo-
blasts (Li et al. 2002). Arsenate is a prooxidant and is
highly potent in the induction of Prx I expression. It also
activates PKC � in osteoblasts (Li et al. 2002). To confirm
the conclusion drawn from inhibitor-based studies, we
studied Prx I induction using MEFs and calvarial osteo-
blasts isolated from PKC � knockout mice. PKC �−/− and
control MEFs were serum starved in order to lower the
basal levels of Prx I and subsequently treated with in-
creasing concentrations of sodium arsenate for 6 h. Total
RNA was isolated and analyzed by Northern blot to de-
tect expression of Prx I. We found that levels of Prx I
mRNA increased in a dosage-dependent manner (Fig.
1A,B). In wild-type cells, we observed a maximal induc-
tion at 0.10 mM arsenate. In PKC �-deficient cells, the
basal level of Prx I dropped, the induction was much
weaker, and the maximal level of Prx I mRNA induction
was dramatically reduced (Fig. 1B).

We then tested Prx I induction in PKC �−/− calvarial
osteoblasts, as primary osteoblasts were used to study
the physiological functions of c-Abl and Atm in the fol-
lowing experiments. Primary osteoblasts were isolated
from newborn pups of PKC �−/− mice and control litter-
mates. To reconstitute PKC �, we infected PKC �−/− os-
teoblasts with a retrovirus expressing PKC � and selected

c-Abl and Atm in oxidative stress

GENES & DEVELOPMENT 1825



against hygromycin for 2 d. The infection rates were ob-
served to be above 80% on the basis of green fluorescent
protein (GFP) expression. These cells were then chal-
lenged with increasing concentrations of arsenate for 10
h and Prx I induction was analyzed by Northern blot.
PKC �−/− osteoblasts showed a severely compromised
Prx I induction (Fig. 1C,D), indicating that PKC � is re-
quired for the maximal induction of Prx I in osteoblasts.

Arsenate induction of Prx I was restored to levels higher
than that of wild-type cells in reconstituted PKC �−/−

osteoblasts. Western blot analysis confirmed that recon-
stituted cells expressed two- to threefold more PKC �
than wild-type cells (Fig. 1E). These data indicate that
PKC � plays a positive role in the induction of Prx I in
both MEFs and osteoblasts. The incomplete suppression
of Prx I in cells lacking PKC � suggests that redundant

Figure 1. Induction of Prx I in PKC � deficient cells is reduced. (A) PKC �-deficient and wild-type control MEFs were treated with
different concentrations of sodium arsenate for 6 h. Total RNA was isolated from these cells and was analyzed by Northern blot using
a radiolabeled Prx I probe. (B) Quantitation data from three experiments. (C) PKC �-deficient osteoblasts showed compromised
induction of Prx I, which was rescued by reconstitution of PKC �. The experiments were done as described in A. (D) Quantitation data
from three experiments. (E) Western blot shows that PKC � was expressed by a retroviral vector in PKC �-deficient osteoblasts. (F)
Up-regulation of Nrf2 is suppressed in PKC �-deficient cells. Mutant and wild-type control osteoblasts were treated with different
concentrations of arsenate for 6 h and collected. Expression of Nrf2 was analyzed by Western blot using anti-Nrf2 antibodies. Actin
is used as a loading control. Expression of PKC � was detected using a monoclonal antibody. (G) PKC �-deficient osteoblasts were
resistant to the cytotoxic effect of arsenate. Mutant and wild-type osteoblasts were treated with different concentrations of arsenate
for 20 h and cell death rates were determined by the trypan blue exclusion method.
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signaling molecules, probably other PKC members, may
also participate in the process.

Nrf2 accumulation is repressed by PKC � deficiency

Prx I and some other antioxidant proteins have ARE in
their promoters. Their induction during oxidative stress
requires Nrf2, a transcription factor that binds ARE. In
Nrf2-deficient cells, Prx I induction was abolished (Ishii
et al. 2000). Nrf2 is regulated in two ways: translocation
from the cytoplasm to the nucleus and stabilization of
the protein, both of which contribute to transactivation
of genes containing ARE (Itoh et al. 2003). Having shown
that PKC �-deficient cells were defective in Prx I induc-
tion, we wanted to test whether there were any related
defects in Nrf2 translocation or accumulation. PKC �−/−

and control osteoblasts were treated with arsenate for
different periods of time and cytosol and nuclear frac-
tions were prepared from cell lysates. Nrf2 protein levels
in the two fractions were analyzed by Western blot. No
significant translocation of Nrf2 was observed in either
mutant or wild-type cells (data not shown), suggesting
that PKC � did not significantly regulate Nrf2 transloca-
tion. However, we observed an increase in Nrf2 levels on
arsenate treatment in wild-type cells, whereas a compro-
mised increase was seen in PKC �-deficient cells (Fig.
1F), suggesting that PKC � is involved in Nrf2 accumu-
lation/stabilization. Expression of Keap1, the cytoplas-
mic partner of Nrf2, was not affected (data not shown).
Aono et al. (2003) recently reported that arsenate could
up-regulate the level of Nrf2 and elevation in Nrf2 could
activate ARE-containing antioxidant genes (Nguyen et
al. 2003). We did find that ectopic expression of Nrf2
could up-regulate the mRNA levels of Prx I in MC3T3-
E1, a murine osteoblast cell line (data not shown). The
compromised accumulation of Nrf2 may contribute to
reduced Prx I induction in PKC �-deficient cells.

Cells undergo apoptosis or necrosis following pro-
longed treatment with high dosages of stress-inducing
reagents. In order to test whether PKC � plays any role in
arsenate-induced cell death, PKC �−/− and control osteo-
blasts were treated with different concentrations of so-
dium arsenate for 20 h and the percentage of dead cells
was determined by the trypan blue exclusion method
and by fluorescence-activated cell sorting (FACS) analy-
sis after PI staining. Similar results were obtained from
the two methods and only the results obtained from the
trypan blue exclusion method are shown. We found that
in both wild-type and PKC �-deficient cells, cell death
rates increased in a dose-dependent manner, yet PKC �−/−

cells consistently showed a lowered number of dead cells
(Fig. 1G). Reconstitution of PKC � rendered PKC �−/−

osteoblasts more susceptible to arsenate (Fig. 1G). Simi-
larly, MEFs deficient for PKC � showed resistance to the
cytotoxicity of arsenate (data not shown). The results
indicate that cells survive better against arsenate in the
absence of PKC � and that the function of PKC � is to
promote cell death. Similar roles have been obtained
from studies on Jurkat cells and smooth muscle cells
against other proapoptotic signals (Leitges et al. 2001).

c-abl−/− osteoblasts show enhanced induction of Prx I
by sodium arsenate

The c-Abl kinase is activated by H2O2, and thus might
participate in the response to oxidative stress. We chose
osteoblasts to study the function of c-Abl from the find-
ings that it plays an important role in other cellular pro-
cesses of osteoblasts and that c-Abl-deficient mice show
osteoporosis (Li et al. 2000). Furthermore, Prx I interacts
with c-Abl and regulates its activation (Wen and Van
Etten 1997). We first tested whether c-Abl deficiency al-
ters Prx I induction using primary osteoblasts isolated
from the calvaria of the newborn c-abl−/− mice and their
control littermates. c-abl−/− and control osteoblasts were
treated with different concentrations of sodium arsenate
for 10 h and induction of Prx I was assayed by Northern
blot (Fig. 2A,B). c-abl−/− osteoblasts showed increased
Prx I induction compared with wild-type controls at
lower concentrations of arsenate. In wild-type osteoblast
cultures, the Prx I mRNA level was only minimal at 0.05
mM of arsenate, whereas c-abl−/− osteoblasts showed
strong induction at 0.025 mM of arsenate. When c-abl−/−

and normal osteoblasts were challenged with 0.04 mM of
arsenate for different periods of time, no Prx I mRNA
induction was observed in wild-type cells, whereas in-
duction was significant after 4 h of treatment in c-Abl-
deficient cells (data not shown). The c-Abl reconstituted
c-abl−/− cells behaved like control wild-type cells, show-
ing Prx I induction comparable to that of normal cells
(Fig. 2A [bottom panel], B). Figure 2C shows that retro-
viral encoded c-Abl expression is slightly higher than
that of endogenous c-Abl. These results indicate that os-
teoblasts deficient for c-Abl are more sensitive to Prx I
induction and that c-Abl normally limits or negatively
regulates Prx I induction at the level of mRNA.

We also tested whether the enhanced Prx I induction
correlated with Nrf2 up-regulation in c-Abl-deficient
cells. Mutant and control cells were treated with increas-
ing concentrations of arsenate and Nrf2 levels were ana-
lyzed by Western blot (Fig. 2D). While both cell types
showed a dosage-dependent increase in Nrf2, c-Abl-defi-
cient osteoblasts showed enhanced accumulation of
Nrf2, consistent with enhanced induction of Prx I ob-
served in c-abl−/− cells. The results suggest that lack of
c-Abl sensitized the cells to oxidative stress-induced
Nrf2 accumulation.

c-abl−/− osteoblasts are more sensitive to sodium
arsenate-induced cell death

To test whether c-Abl plays a role in arsenate-induced
cell death, we used different concentrations of sodium
arsenate to treat c-abl−/− and control osteoblasts for 20 h
and the number of dead cells was determined by the
trypan blue exclusion method. Untreated cell popula-
tions, as well as cells treated with only 0.05 mM arse-
nate, contained <10% dead cells. Under these condi-
tions, c-abl−/− and control osteoblasts did not show any
difference. At higher concentrations of sodium arsenate,
increased cell death was observed in both cell lines, with
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c-abl−/− cells consistently showing a higher percentage of
dead cells than wild-type cells (Fig. 2E). Both mutant and
control cells treated with 0.1 mM arsenate showed a dra-
matic increase in cell death rates. Whereas wild-type cul-
tures showed <30% dead cells, c-abl−/− cultures showed
>60% dead cells. Reconstitution of c-Abl rescued the hy-
persensitive phenotype of c-abl−/− osteoblasts (Fig. 2E).
These results indicate that c-abl−/− osteoblasts are more
sensitive to killing caused by sodium arsenate, implying
that c-Abl may be required for the protection of cells
from stress. These results are analogous to findings
showing that c-abl−/− pre-B cells were more sensitive to
IL-7 withdrawal and dexamethasone treatment (Dorsch
and Goff 1996).

Oxidative stress induces cell death by apoptosis and/or
necrosis in many cell types. Necrosis may be the more
likely mechanism of cell death because >80% of cultured
macrophages are killed by arsenate in the form of necro-
sis (Sakurai et al. 2000). To determine whether cell death
in osteoblasts was due to apoptosis or necrosis, we per-

formed TUNEL assays on osteoblasts treated with 0.1
mM arsenate, a concentration sufficient to kill >30% of
the normal primary osteoblasts. We observed that very
few cells were TUNEL positive under these conditions.
The osteoblasts in these cultures retained functional ap-
optotic pathways, were capable of undergoing apoptosis,
and could be scored by TUNEL: when serum-starved by
growth in 0.5% serum for 24 h, a high proportion of the
cells became TUNEL positive (data not shown). All of
these results indicate that the cell death resulting from
sodium arsenate treatment was not due to the classical
apoptosis.

Up-regulation of PKC � in c-abl−/− osteoblasts

Having shown that activation of PKC � was required for
arsenate-induced Prx I up-regulation and cell death, and
that c-Abl-deficient osteoblasts showed enhanced re-
sponses in both events, we decided to test whether a link
exists between PKC � and c-Abl. It has been shown that

Figure 2. Prx I induction by arsenate is enhanced in c-Abl-deficient osteoblasts. (A) Induction of Prx I under different concentrations
of sodium arsenate in abl−/−, c-Abl reconstituted abl−/−, and control calvarial osteoblasts. Equal numbers of osteoblasts were plated and
treated with different amounts of sodium arsenate for 10 h, and Prx I mRNA levels were analyzed by Northern blot. (B) Quantitation
data from three repeated experiments. (C) Western blot analysis showing that expression of retroviral-driven c-Abl is slightly higher
than that of endogenous levels. (D) Up-regulation of Nrf2 was enhanced in c-Abl-deficient osteoblasts. Mutant and control osteoblasts
were treated with different concentrations of arsenate for 6 h and collected, and Western blot analysis was carried out to test the
expression of Nrf2. (E) c-Abl-deficient osteoblasts are hypersensitive to the cytotoxicity of arsenate. Cell death rates in abl−/−,
reconstituted abl−/−, and wild-type control osteoblasts induced by arsenate. The values are mean ± S.D. (n = 4).
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PKC � interacts with c-Abl and this interaction is pro-
moted by oxidative stress (Sun et al. 2000b). We first
tested whether c-Abl deficiency affects the activation of
PKC �. In vitro kinase assays were carried out using im-
munoprecipitated PKC � from control and c-abl−/− osteo-
blasts treated with arsenate. Activation of PKC � by ar-
senate is much weaker in primary osteoblasts than in
MC3T3-E1, an immortalized murine osteoblast line (Fig.
3A; Li et al. 2002). This could be due to the existence of
a higher basal level of PKC � kinase activity in the
former. Nevertheless, we observed that the basal level of
PKC � activity was much stronger in c-abl−/− cells than
in the control cells (Fig. 3A). Higher PKC � activity
turned out to be due to its elevated protein levels in
c-abl−/− osteoblasts. The expression levels of PKC � have
been analyzed in osteoblasts isolated from different lit-
ters, and c-abl−/− cells consistently showed increased
levels of PKC � (data not shown). Increased PKC � may
sensitize the cells to oxidative stress and thus explain why
induction of Prx I was enhanced in the absence of c-Abl.

The PKC family has at least 11 isoforms and is divided
into three groups: conventional PKCs such as PKC � and
PKC � that are sensitive to both diacylglycerol and
calcium; novel PKCs such as � and � that are only re-
sponsive to DAG; and atypical PKCs such as � that are
irresponsive to either DAG or Ca++ (for review, see Gsch-
wendt 1999). Activation of PKC � requires its transloca-
tion to the plasma membrane (Gschwendt 1999). To de-
termine whether c-Abl deficiency affects the localization
of PKC �, we separated cell lysates into cytosol and par-
ticulate fractions, and the levels of PKC �, along with
two other members, PKC � and PKC �, were determined

by Western blot. No significant translocation was ob-
served for PKC �, suggesting that the activation of PKC �
here may be mediated by mechanisms other than mem-
brane translocation. Konishi et al. (2001) has reported
that H2O2 treatment led to tyrosine phosphorylation and
subsequent activation of PKC �. The expression levels of
PKC � and PKC � did not show any significant alteration
in c-Abl deficient osteoblasts, whereas the level of PKC
� was dramatically increased, especially in the cytosolic
fraction (Fig. 3B), indicating an isoform-specific effect.
As expected, reconstitution of c-Abl reduced the protein
levels of PKC � and restored the normal Nrf2 accumula-
tion (Fig. 3C). To determine how expression of PKC �
protein is regulated by c-Abl, we first carried out
RT–PCR assays using total RNA isolated from c-Abl de-
ficient and wild-type osteoblasts with primers for PKC �.
No significant difference was observed (Fig. 3D), sug-
gesting the regulation occurs at posttranscriptional lev-
els. We then tested whether PKC � was stabilized in
c-Abl-deficient osteoblasts. Western blot analysis fol-
lowing inhibition of translation with cycloheximide re-
vealed that PKC � protein had a long lifespan that was
not significantly affected by deficiency in c-Abl (data
not shown). An alternative way to regulate PKC � stabil-
ity is mediated by its activation. It is known that PKC �
is destabilized after prolonged activation, especially with
PMA (Gschwendt 1999). Therefore, we treated c-Abl-de-
ficient and wild-type osteoblasts with 500 nM of PMA,
an agonist for classical and novel PKC members,
for varying periods of time. The levels of PKC � were
determined by Western blot using Shc and PKC � as
controls. We observed rapid degradation of PKC � in

Figure 3. PKC � expression was elevated in
c-abl−/− osteoblasts. (A) Activation of PKC � by
arsenate. Mutant and control osteoblasts were
treated with 0.10 mM arsenate for different pe-
riods of time, PKC � was immunoprecipitated
with an anti-PKC � antibody, and in vitro ki-
nase assay was performed using H1 histone as a
substrate. (B) Expression of PKC � in c-Abl-de-
ficient and normal osteoblasts. Cell lysate was
fractionated into cytosol and particulate por-
tions and equal amounts were analyzed by
Western blot using a monoclonal anti-PKC �

antibody. The blot was also probed with anti-
bodies against other isoforms of the PKC fam-
ily. (P) Particulate fraction; (C) cytosol fraction.
(C) Reconstitution of c-Abl by a retroviral vec-
tor down-regulated the level of PKC � in c-Abl-
deficient cells and restored its normal accumu-
lation of Nrf2. (D) The mRNA levels for PKC �

were normal in c-abl−/− osteoblasts. Total RNA
was isolated from mutant and control osteo-
blast cultures and was used for RT–PCR with
actin as a control. (E) Degradation of PKC � in-
duced by PMA was slower in c-abl−/− osteo-
blasts. Wild-type and c-abl−/− osteoblasts were
treated with 500-nM PMA for different period-
sof time and the protein levels of PKC � were

determined by Western blot. The blot was stripped and reprobed with anti-PKC � and Shc, respectively, which served as a loading
control. The levels of PKC � were determined by densitometry and compared with the basal levels, which were set at 1.0.
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wild-type cells, but not in c-Abl-deficient cells (Fig. 3E).
Degradation of PKC � was much slower and was not
significantly affected by c-Abl deficiency. These results
suggest that the increase in PKC � levels in c-Abl-defi-
cient osteoblasts could be attributed to protein stabili-
zation. The levels of Shc, a PKC � interacting protein,
was not affected by PMA and therefore were used as a
loading control (Leitges et al. 2001).

PKC � mediated the hypersensitivity phenotypes
of c-abl−/− osteoblasts

Having shown that c-abl−/− osteoblasts were hypersen-
sitive to arsenate-induced Prx I expression and cell
death, correlated with elevated levels of PKC �, a signal-
ing molecule required in these two cellular events, we
wanted to test whether elevated expression of PKC �
mediated the enhanced response of c-abl−/− cells. We
first tested whether enforced expression of PKC � could
make wild-type cells behave like c-abl−/− cells with re-
gard to Prx I induction and cell death. We made use of
primary wild-type osteoblasts and infected them with
retroviruses expressing either GFP or PKC � and selected
against hygromycin for 1 wk. Expression of PKC � was
increased five- to sixfold by the retroviral infection, as
confirmed by Western blot analysis (data not shown).
These cells were challenged with increasing concentra-
tions of arsenate for 10 h. Induction of Prx I was assessed
by Northern blot. We observed that cells overexpressing
PKC � showed enhanced induction of Prx I, with a strong
induction even at 0.025 mM of arsenate, whereas cells
infected with a control virus required 0.075 mM of arse-
nate to achieve a similar level of induction (Fig. 4A,B).
Also, overexpression of PKC � rendered the cells more
susceptible to the cytotoxicity of arsenate (Fig. 4C).
Therefore, normal cells overexpressing PKC � would
mimic c-abl−/− osteoblasts in these responses, suggesting
that elevation in PKC � levels in c-abl−/− cells could con-
tribute to improved Prx I induction and increased cell
death.

We next tested whether elevated PKC � levels were
required for enhanced oxidative stress response of
c-abl−/− cells. We used rottlerin, a widely used inhibitor
for PKC �, to inhibit PKC � activation. When wild-type
and c-abl−/− osteoblasts were pretreated with 5 µM rott-
lerin, a concentration shown to inhibit PKC � activation
in primary osteoblasts and in osteoblast cell line
MC3T3-E1 (data not shown; Li et al. 2002), induction of
Prx I, as well as accumulation of Nrf2, was severely hin-
dered in both wild-type and mutant cells (Fig. 4D,E).
Inhibition of PKC � activation also protected c-abl−/−

cells from arsenate-induced cell death (Fig. 4F). Taken
together, these results suggest that elevated PKC �
levels mediated the hypersensitive phenotypes of
c-abl−/− cells.

Atm, but not p53, is involved in Prx I up-regulation
and cell death

p53 plays important roles in apoptosis induction and in
cell cycle control on a variety of stress including oxida-

tive stress (Gudkov and Komarova 2003; Sharpless and
DePinho 2002). p53 was also found to interact with c-Abl
and can be directly phosphorylated by ATM, an up-
stream kinase and an interacting protein for c-Abl (Goga
et al. 1995). To determine whether p53 plays a role in the
response to arsenate treatment, we studied p53-deficient
and control cells for both Prx I induction and cell death.
Primary osteoblasts isolated from p53−/− mice and their
control littermates were cultured in the presence of dif-
ferent concentrations of sodium arsenate for 10 h. Total
RNA was isolated from these cells and Northern blot
analysis was used to test the induction of Prx I (Fig. 5A).
We found that at all concentrations, there was no sig-
nificant difference between p53−/− and wild-type cells.
Western blot analysis of Prx I induction did not reveal
any significant difference either (data not shown). These
results suggest that p53 is not involved in the induction
of Prx I.

We next tested whether p53 deficiency affects cell
death caused by arsenate. Primary osteoblasts were
treated with 0.05, 0.10, and 015 mM of arsenate for 20 h
and the cell death rates were determined (Fig. 5B). We did
not detect any significant difference between p53−/− and
wild-type cells, implying that p53 is not involved in ar-
senate-induced cell death.

Atm interacts with c-Abl and is required for c-Abl ac-
tivation in response to ionizing radiation (Shafman et al.
1997). It has been suggested that Atm is a sensor for
oxidative stress (Rotman and Shiloh 1997). To determine
whether Atm plays similar roles as c-Abl in Prx I induc-
tion and cell death in response to arsenate treatment, we
isolated primary osteoblasts from Atm knockout mice
and their control littermates. These cells (only up to pas-
sage 2), having a similar doubling time and similar cell
cycle profiles, were treated with different concentrations
of arsenate for 10 h and Northern blot analysis was car-
ried out to detect the levels of Prx I mRNA (Fig. 6A,B).
We found that induction of Prx I was severely reduced in
Atm−/− osteoblasts. Osteoblasts deficient for Atm
showed lower basal levels of Prx I and the induction was
much weaker, hinting that Atm played a positive role in
Prx I induction. As expected, we found that Nrf2 induc-
tion was reduced in Atm−/− cells (Fig. 6C). These data,
taken together, indicate that cells do not respond to ar-
senate as well in the absence of Atm.

In order to determine whether expression of PKC � was
affected by the deficiency of Atm, the blot used for Nrf2
analysis (Fig. 6C) was probed with anti-PKC � antibody
and Atm−/− osteoblasts were found to express much less
PKC � than were wild-type cells (Fig. 6D). Expression of
PKC � and PKC � was not altered. These results suggest
that down-regulated PKC � may contribute to the differ-
ence observed between Atm−/− and control osteoblasts.
To prove this hypothesis, PKC � was ectopically ex-
pressed by a retroviral vector in Atm−/− osteoblasts, as
described in Figure 4. These cells were challenged with
arsenate at 0.04 and 0.08 µM for 10 h and the induction
of Prx I was determined by Northern blot analysis. We
observed a drastic induction in Atm−/− osteoblasts ex-
pressing PKC �, whereas Atm−/− osteoblasts expressing

Li et al.

1830 GENES & DEVELOPMENT



GFP did not show much induction (Fig. 6E, cf. 6A). These
data suggest that down-regulation of PKC � contributes
to the compromised Prx I induction of Atm−/− osteo-
blasts. To determine whether the reduction of PKC �
occurred at the levels of mRNA, we carried out RT–PCR
assays and no significant difference was observed be-
tween Atm−/− and wild-type osteoblasts (data not
shown), suggesting that Atm deficiency, like c-Abl defi-
ciency, modulated PKC � expression posttranscription-
ally.

We next tested the cell death rates on arsenate treat-
ment in Atm−/− and control osteoblasts. We found that
Atm−/− cells were resistant to the cytotoxic effect of ar-
senate (Fig. 6F). At a concentration of 0.10 mM, whereas
∼38% wild-type cells were dead, only ∼12% of mutant
cells were dead, suggesting that Atm is required for this
stress-induced cell death. This is consistent with the
findings showing that murine central nervous sys-
tems and thymocytes are resistant to IR-induced cell

death (Xu et al. 1996; Westphal et al. 1997; Herzog et
al. 1998). Furthermore, overexpression of PKC � rendered
Atm−/− osteoblasts more sensitive to the cytotoxic ef-
fect of arsenate (Fig. 6F). Taken together, the results in-
dicate that reduced expression of PKC � mediated the
compromised response of Atm−/− osteoblasts to oxida-
tive stress.

Arsenate-induced Prx I up-regulation and cell death
were mediated by reactive oxygen species

We have shown that c-Abl and Atm play distinct roles in
arsenate-induced Prx I up-regulation and cell death. Ar-
senate has been demonstrated to increase levels of reac-
tive oxygen species (ROS) in both yeast and mammalian
cells. To ascertain whether the effect of arsenate is me-
diated by oxygen-free radical production, we pretreated
osteoblasts with a ROS blocker, N� acetylcysteine (NAC)
prior to addition of arsenate. We found that 5 mM NAC

Figure 4. PKC � mediated the enhanced response of c-abl−/− osteoblasts. (A) Enforced expression of PKC � in normal osteoblasts made
the cells more sensitive to arsenate-induced Prx I expression. Normal osteoblasts were infected with retroviruses expressing GFP or
PKC �, selected against hygromycin for 7 d with medium changed every 2 d, and challenged with arsenate, and Prx I induction was
analyzed with Northern blot. (B) Quantitation data from three experiments. (C) Overexpression of PKC � led to increased cell death
following arsenate treatment. The experiment was carried out as described in Figure 1G. (D) Induction of Prx I in both abl−/− and
wild-type control osteoblasts could be inhibited by Rottlerin treatment. Cells were pretreated with rottlerin for 1 h before the addition
of arsenate. Prx I mRNA levels were determined by Northern blot. Fold induction was calculated by comparing to the basal level of
Prx I in untreated cells. (E) Arsenate-induced Nrf2 accumulation was blocked by inhibition of PKC � with rottlerin. (F) Arsenate-
induced cell death in abl−/− osteoblasts was rescued by rottlerin. abl−/− osteoblasts were pretreated with 5 µM rottlerin for 1 h before
arsenate was added to the final concentrations of 0.10 or 0.125 mM. Cell death rates were determined after 20-h treatments.
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did not affect arsenate-induced Prx I up-regulation (data
not shown), but NAC at 10 mM significantly suppressed
the induction (Fig. 7A). Similarly, 10 mM of NAC dra-
matically blocked the cytotoxic effect of arsenate (Fig.
7B). These results indicate that the effect of arsenate on
Prx I induction and cell death is dependent on ROS pro-
duction. Therefore c-Abl and Atm are involved in the
response to oxidative stress caused by arsenate treatment.

Discussion

We demonstrated that both c-Abl and Atm play im-
portant roles in response to arsenate-induced oxida-
tive stress. In all aspects analyzed, from Prx I induction,
Nrf2 accumulation, and cell death, to expression levels
of PKC �, c-abl−/− osteoblasts and Atm−/− osteoblasts
showed opposite results, providing genetic evidence to
suggest that Atm and c-Abl may play different roles in
cell response to oxidative stress in mammalian cells.
This conclusion is not in agreement with the hypothesis
that Atm and c-Abl are in the linear pathway in response
to ionizing irradiation (Baskaran et al. 1997), but was
supported by our findings that DNA damage-induced
nuclear foci formation was differentially regulated by
Atm and c-Abl in murine MEFs (L. Zeng, Y. Hu, and B.
Li, unpubl.). Our conclusion is further supported by stud-
ies using chicken B-cell lines. DT40 cells deficient for
Atm show hypersensitivity to ionizing radiation and in-
creased radiation-induced chromosomal aberrations,
whereas DT40 cells deficient for c-Abl showed resis-

tance to radiation (Takao et al. 2000). Therefore, it is
possible that c-Abl and Atm, two kinases that physically
interact, regulate cell responses to oxidative stress and
DNA damage in different ways.

The results are also consistent with the notion that
Atm may function as a sensor for oxidative stress (Rot-
man and Shiloh 1997). Without Atm, osteoblasts were
not able to detect the damage caused by arsenate and do
not respond as well as wild-type cells. Compromised up-
regulation of Nrf2 in Atm-deficient cells may be why
Atm-deficient cells and Atm-deficient mice display
more damage caused by ROS (Barlow et al. 1999; Kam-
sler et al. 2001). Furthermore, cancer chemopreventive
agents have been reported to up-regulate Nrf2, and mice
deficient for Nrf2 were hypersensitive to carcinogenesis.
We speculate that deregulation of Nrf2 may be one of the
reasons that ATM patients and Atm-deficient mice are
highly predisposed to cancer development (Ramos-
Gomez et al. 2001).

The results presented here also confirmed that c-Abl
has cell type-specific effects. In fibroblasts, c-Abl func-
tions to promote cell death in response to stress. Thus,
c-Abl deficient MEFs were resistant to the cytotoxic ef-
fects of both H2O2 and ionizing radiation (Van Etten
1999; Wang 2000). We found that c-abl−/− MEFs were
slightly resistant to arsenate compared with control
MEFs and that they did not show altered expression of
PKC � (data not shown). In contrast, osteoblasts deficient
for c-Abl were more susceptible to the cytotoxic effect of
arsenate, which was shown to be mediated by elevated
expression of PKC �. Similarly, Atm appears to have cell
type-specific effects. Atm is required for ionizing radia-
tion-induced cell death (mainly apoptosis) in mouse
CNS and thymocytes, consistent with our observation
that Atm is required for oxidative stress-induced cell
death in osteoblasts. In these cell types, the function of
Atm is to promote cell death on stress or IR. On the
other hand, Atm has been reported to possess antiapo-
ptotic function. Cultured A-T fibroblasts and lympho-
blasts, as well as Atm-deficient DT-40 cells, were more
sensitive to IR-induced apoptosis (Takao et al. 2000). The
underlying molecular mechanisms whereby c-Abl and
Atm exert different functions in different cell types re-
main unclear.

We also provided genetic evidence to support the in-
volvement for PKC � in the signaling pathway that regu-
lates expression of Prx I, a gene containing antioxidant
responsive element, and a role for PKC � in the signaling
pathway that controls cell death in response to arsenate
treatment. We also provided evidence that altered PKC �
levels in c-abl and Atm knockout osteoblasts contribute
to their abnormal behavior in response to oxidative
stress. In the absence of PKC �, the two cellular events
were greatly compromised. Furthermore, cells overex-
pressing PKC � showed enhanced Prx I induction and
more sensitivity to the cytotoxic effect of arsenate.
These data indicate that PKC � plays a positive role in
cell response to oxidative stress (Fig. 7C). This conclu-
sion is further supported by studies on c-abl and Atm
knockout osteoblasts. c-Abl deficiency leads to en-

Figure 5. Osteoblasts deficient for p53 showed a normal re-
sponse to arsenate treatment. (A) Induction of Prx I by arsenate
in p53−/− and control osteoblasts. Osteoblasts isolated from p53
knockout mice and their control littermates were stimulated
with different concentrations of arsenate for 10 h. Total RNA
was isolated from these cells and analyzed by Northern blot to
compare the expression levels of Prx I. (B) Cell death rates under
arsenate treatment. Osteoblasts deficient for p53 and their con-
trol cells were treated with 0.10 or 0.15 mM of arsenate for 16
h and the percentage of dead cells was determined by the trypan
blue exclusion method.
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hanced expression of Prx I and hypersensitivity to the
cytotoxic effect of arsenate, which were mediated by el-
evated levels of PKC �. Atm deficiency leads to reduced
Prx I expression and resistance to the toxic effect of ar-
senate, which were mediated by decreased levels of PKC
� (Fig. 7C). Because PKC � deficiency, as well as inhibi-
tion of PKC � activation, compromised the stabilization
of Nrf2, a master transcription factor for genes contain-
ing ARE in their promoter regions, we believe that PKC
� may play a general role in cell responses to oxidative
stress, as proposed by Gopalakrishna and Jaken (2000).
Further experiments will be needed to study how PKC �
controls cell death and Nrf2 accumulation in response to
oxidative stress.

Prx I is a member of the peroxiredoxin family. These
proteins have antioxidant activities, and elevated expres-
sion of Prx I is believed to protect the cells (Wood et al.
2003). Similarly, Nrf2 activation (stabilization and trans-
location to the nucleus) would up-regulate proteins that
have antioxidant properties and this is thought to aid cell
survival. Thus, it is predicted that cells with higher ex-
pression of Prx I and other antioxidant proteins would
survive better against oxidative stress. In contrast, we
found that PKC �-deficient cells are resistant to oxida-
tive stress even though they express less Prx I. Atm-
deficient osteoblasts express less Prx I but are resistant

to cell death, whereas c-Abl deficient osteoblasts express
more Prx I but are more sensitive to cell death. Hence, it
appears that activation of Nrf2 and up-regulation of Prx
I was not able to protect these cells. One possible expla-
nation could be that PKC � is acting upstream of the two
pathways controlling Prx I induction and cell death, for
example, a sensor for ROS, as suggested by Gopala-
krishna and Jaken (2000), or a very early signaling mol-
ecule in the pathway. Without it, the signals to trigger
cellular responses such as Prx I induction or cell death
may not be passed on to the downstream signaling mol-
ecules. It is also quite likely that ROS-activated signals
other than PKC � may be participating in decision mak-
ing about whether to survive or die. Defined coordination
among different pathways is crucial for normal cell func-
tion in vivo.

How does c-Abl or Atm regulate the protein level of
PKC �? c-Abl or Atm may affect the transcription of PKC
� gene, the stability of PKC � mRNA or protein, or the
translation efficiency of PKC � mRNA. RT–PCR assays
did not reveal any significant difference in the levels of
PKC � mRNA among wild-type and c-Abl-deficient os-
teoblasts, suggesting that c-Abl regulates PKC � expres-
sion posttranscriptionally. We did find that c-Abl defi-
ciency inhibited activation-induced degradation of PKC
�, but the molecular mechanism behind this warrants

Figure 6. Osteoblasts deficient for Atm showed a diminished response to arsenate treatment. (A) Induction of Prx I by arsenate in
Atm−/− and control osteoblasts. Osteoblasts isolated from Atm knockout mice and their control littermates were stimulated with
different concentrations of arsenate for 10 h. Total RNA was isolated from these cells and analyzed by Northern blot to compare Prx
I levels. (B) Quantitation data from repeated experiments. (C) Up-regulation of Nrf2 is diminished in Atm−/− osteoblasts. (D) Expression
of PKC � is down-regulated in the absence of Atm at the protein level. The blot of Figure 3C was reprobed with anti-PKC �, anti-PKC
�, and anti-PKC � antibodies, respectively. (E) Ectopic expression of PKC � in Atm−/− osteoblasts rescued defective Prx I induction. (F)
Atm−/− osteoblasts were resistant to the cytotoxic effects of arsenate. Osteoblasts deficient for Atm and their control cells were treated
with 0.10 or 0.15 mM of arsenate for 20 h and the percentage of dead cells was determined by the trypan blue exclusion method.
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further investigation. Studies have indicated that in cells
expressing activated Src (Y527F), PKC � was down-regu-
lated (Blake et al. 1999). This down-regulation is a result
of phosphorylation-mediated degradation. We speculate
that c-Abl, a member of the Src family, may have a simi-
lar function in regulating the level of PKC �. It has also
been shown that c-Abl interacts with PKC � in response
to oxidative stress. c-Abl was able to phosphorylate PKC
� in fibroblasts. Unfortunately, PKC � immunoprecipi-
tated from c-Abl-deficient and control osteoblasts did
not show significant difference in phosphorylation at ty-
rosine residues (data not shown). One possible explana-
tion is that PKC � might have multiple sites for tyrosine
phosphorylation that are carried out by several kinases.
Hence, c-Abl deficiency would not make a detectable
difference. The role for Atm in the regulation of PKC �
expression is even less clear. RT–PCR analysis revealed

no significant difference in the levels of PKC � mRNA,
suggesting that the regulation, like that of c-Abl, oc-
curred at posttranscriptional levels. To our surprise, deg-
radation of PKC � was similar in Atm−/− osteoblasts and
wild-type cells. One likely explanation is that the por-
tion of degraded PKC � molecules in Atm−/− osteoblasts
may have a shortened lifespan, whereas the rest have a
normal lifespan. We did find that treatment of Atm−/−

osteoblasts with MG132, a proteosome inhibitor, ap-
peared to increase the PKC � levels to that of control
osteoblasts (data not shown). The molecular mecha-
nisms by which Atm regulates PKC � protein levels need
further investigation. Because Atm interacts with c-Abl
and can activate it, it is possible that there exists a ter-
tiary complex composed of PKC �, c-Abl, and Atm in the
cells, and that c-Abl may mediate the function of Atm in
controlling PKC � expression.

Another layer of complexity is that Prx I/PAG is also a
c-Abl interacting protein (Wen and Van Etten 1997). We
demonstrated here that c-Abl, a nonreceptor tyrosine ki-
nase, plays a negative role in Prx I induction. Without
c-Abl, osteoblasts showed an enhanced induction of Prx
I. On the basis of these facts, we propose that in normal
osteoblasts, the induction of Prx I is suppressed, facili-
tating the activation of c-Abl. When c-Abl is deficient,
the suppression is lifted and more Prx I is expressed.
Therefore, a feedback circuit may exist that controls the
activity of c-Abl in response to stress. Alternatively, in-
teraction between c-Abl and Prx I may be involved in
regulating the antioxidant activity of Prx I, for example,
phosphorylation of Prx I by c-Abl. One such example is
that Prx I could be phosphorylated by cdc2 and this phos-
phorylation reduces the activity of Prx I (Chang et al.
2002).

Materials and methods

Isolation and culture of calvarial osteoblasts

In all experiments, gene targeted mice and their control litter-
mates were used to isolate calvarial osteoblasts. c-abl−/− mice
(abl2) were used for the experiments. The PKC �-deficient mice
were generated in the laboratory K.I. Nakayama (Miyamoto et
al. 2002). Atm and p53 knockout mice were obtained from the
Jackson Labs. To make osteoblasts, we followed a protocol de-
scribed in Li et al. (2000). Briefly, calvaria from newborn mice or
20-d fetus were cut from the skull, washed in PBS, and digested
in � medium containing 0.1% collagenase (Type IV, Sigma) and
0.2% dispase (Roche) for 10 min at 37°C four times. The super-
natant of the first digestion was discarded and the supernatant
from the last three digestions were pooled. These cells were
washed and plated onto 60-mm plates and grown until conflu-
ency. The osteoblast cultures were passaged three times and
frozen. Cells within passage five were used in these experi-
ments. MEFs were isolated from 13-d embryos as described
(Cong et al. 2000), and were used after no more than five pas-
sages. The primary osteoblasts and the osteoblast line MC3T3-
E1 were cultured in � DMEM (Gibco) containing 10% fetal calf
serum (Research Sera).

Osteoblasts were subcultured the day before and then treated
with sodium arsenate for various durations of time. For the
analysis of mRNA, cells were treated for10 h. Total RNA was
isolated and analyzed by Northern blot. For cell death, cells

Figure 7. Effects of NAC on Prx I induction (A) and cell death
(B) in response to arsenate. Primary osteoblasts isolated from
wild-type mice were pretreated with 5 or 10 mM NAC for 1 h
and then arsenate was added to the cultures to a final concen-
tration of 0.05, 0.10, or 0.15 mM. Some cell cultures were col-
lected after 10 h of treatment for total RNA isolation and the
rest were collected after 20 h of treatment for cell death mea-
surement. (C) Regulation of Prx I induction and cell death by
c-Abl and Atm via PKC �.
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were treated for 20 h. To test the effects of kinase inhibitors and
NAC on cell death rates, we added various concentrations of the
compounds to the cell cultures 1 h prior to the addition of
sodium arsenate. Cells were further treated in � DMEM con-
taining sodium arsenate and rottlerin for 20 more hours. The
cells were then harvested for Western blot analysis or cell death
measurement.

Western blot analysis

Cells were washed with PBS and lysed in a buffer containing 50
mM Tris (pH 7.5), 100 mM KCl, 1 mM EDTA, 0.5% NP-40, 1
mM PMSF, 1 mM sodium orthorvanadate, 10 mM sodium fluo-
ride, 1 mM ß-glycerolphosphate, and 10 µg/mL each of aproto-
nin, pepstatin, and leupeptin. Protein concentrations were de-
termined by the Bio-Rad protein quantitation assay. The same
amounts of protein (20 µg) were fractionated by electrophoresis
on a 10% SDS-PAGE gel, transferred to a nitrocellulose mem-
brane (Immobilon-p), probed with polyclonal anti-Prx I antibod-
ies (developed by Dr. T. Ishii), and visualized using an ECL kit
(Amersham). Anti-PKC �, �, and � antibodies and anti-Abl an-
tibodies were purchased from BD Transduction Labs; anti-Nrf2
and anti-Keap1 were purchased from Santa Cruz Biotechnology.

Northern blot analysis

Calvarial osteoblasts (1 × 106) were plated onto 100-mm plates
and were treated the next day with sodium arsenate at various
concentrations. After 10 h, cells were collected and total RNA
was isolated using RNAzol (TelTest), fractionated on a 1.5%
formaldehyde agarose gel, transferred to Nytran membrane
(S&S), and probed with a random primer labeled Prx I cDNA
(the open reading frame).

Cell death measurement

Cells were treated with sodium arsenate for various durations of
time and then collected by pooling cells from the culture me-
dium as well as the trypsinized adherent cells. Dead cells were
counted by the trypan blue exclusion method and by FACS
analysis of propidium iodide-positive cells (Gong et al. 1999).

Kinase Assay for PKC � and cell fractionation

Cells were challenged with arsenate for various durations of
time and then lysed with phosphorylation lysis buffer (50 mM
HEPES, 150 mM NaCl, 200 µM sodium orthovanadate, 10 mM
sodium pyrophosphate, 100 mM sodium fluoride, 1 mM EDTA,
1.5 mM magnesium chloride, 10% glycerol, 0.5% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, and 10 µg of aprotonin/
mL). Cell lysates were immunoprecipitated with an antibody
against PKC � using protein G-Sepharose beads (Amersham
Pharmacia Biotech). The immune complexes were washed three
times with phosphorylation lysis buffer and two times with
kinase buffer (25 mM Tris-HCl at pH 7.4, 5 mM MgCl2, 0.5 mM
EGTA, 1 mM DTT, 20 µg of phosphatidylserine, and 20 µM
ATP) and were resuspended in 30 µL of kinase buffer containing
5 µg of histone H1, after which 20 µCi of 32P-ATP was added.
The reaction was incubated for 30 min at room temperature and
was terminated by the addition of SDS-sample buffer. Proteins
were analyzed by SDS-PAGE, and the phosphorylated form of
histone H1 was detected by autoradiography.

For cell fractionation, cells were lysed with phosphorylation
lysis buffer (50 mM HEPES, 150 mM NaCl, 200 µM sodium
orthovanadate, 10 mM sodium pyrophosphate, 100 mM sodium
fluoride, 1 mM EDTA, 1.5 mM magnesium chloride, 10% glyc-

erol, 1 mM phenylmethylsulfonyl fluoride, and 10 µg of apro-
tonin/mL). The cell lysate was separated to cytosolic and par-
ticulate fractions by centrifugation for 30 min at 100,000g and
the particulate fractions were dissolved in the same buffer with
Triton X-100 added to it.

RT–PCR

Total RNA (1.5 µg) was used to synthesize the cDNA using the
Retroscript kit (Ambion, Inc.) and oligo(dT) primers. One mi-
croliter of this reaction mixture (20 µL in total) was used for the
PCR using PKC � primers: forward, 5�-GAAGACTATCAAC
TGGTCC-3�; reverse, 5�-AATGTCCAGGAATTGCTC-3�. The
primers for �-actin are forward, 5�-AGATGTGGATCAGCA
AGCAG-3�; reverse, 5�-GCGCAAGTTAGGTTTTGTCA-3�.
Standard protocol was followed for these PCR reactions.

Retrovirus infection

Retroviral constructs encoding PKC �, c-Abl, or GFP were used
to transfect Plat E packaging cell line using FUGENE (Roche;
Morita et al. 2000). After 2 d, media containing the transfected
cells were collected and directly used for infection of primary
osteoblasts at early passages. Osteoblasts were then selected
against hygromycin (PKC � and GFP) or puromycin (c-Abl) for 2
or 7 d. Expression of the virus-encoded proteins was confirmed
by Western blot analysis. These cells were then challenged with
arsenate to test Prx I induction, cell death, or Nrf2 accumula-
tion.
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