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Arsenicals are both environmental carcinogens as well as
therapeutic agents for the treatment of trypanosomiasis and
more recently cancer. Arsenic trioxide (ATO) has been success-
fully used for the treatment of acute promyelocytic leukemia
(APL) andhas activity inmultiplemyeloma (MM).While signal-
ing events associated with carcinogenesis have been well stud-
ied, it still remains to be determined which of these events are
involved in anti-cancer signaling. To better define this response,
gene expression profiling following ATO treatment of fourMM
cell lines was performed. The pattern was consistent with a
strong antioxidative response, particularly of genes activated by
Nrf2. While Nrf2 is expressed constitutively at the mRNA level,
the protein is not detected in untreated cells. Consistent with
inactivation of Keap1, Nrf2 protein is stabilized and present in
the nucleus within 6 h of ATO treatment. Despite the activation
of this antioxidative response, ROS may not be important in
ATO-induced death. Inhibition of ATO-induced ROS with
butylated hydroxyanisole (BHA) does not affect Nrf2 activation
or cell death. Moreover, silencing Nrf2 had no effect on ATO-
induced apoptosis. Together these data suggest that ROS is not
important in the induction of the antioxidative response or cel-
lular death by ATO.

Arsenic trioxide (ATO)2 is an effective treatment for
patients with relapsed or refractory acute promyelocytic leu-
kemia (APL) (1). ATO induces the degradation of the PML-
RAR� fusion protein through interactions with cysteines in
the PML portion, as well as activation of MAPK pathway (1).
PML-RAR� degradation can result in either terminal differ-
entiation and/or induction of apoptosis (1). ATO has also
been studied, as a single agent or in combination with other
drugs, in other hematological malignancies, including mul-
tiple myeloma (MM) (2–8). Several preclinical studies dem-

onstrated that ATO induces growth inhibition and apoptosis
in different lymphoid and myeloid malignant cells but the
exact mechanism(s) for cells that do not express the PML-
RAR� fusion protein are not known (4, 9). The in vitro sen-
sitivity of culturedMM cell lines to clinically achievable con-
centrations (1–2 �M) led to the investigation of its
mechanism in MM (10). Several studies have suggested that
induction of oxidative stress as a result of mitochondrial
dysfunction leads to cell death and consistent with this pos-
sibility GSH depletion sensitizes cells to ATO (5, 11–14).
Moreover heme oxygenase-1 (HO-1) expression was
observed in myeloma cells that survived a long term treat-
ment with a low concentration of ATO (15). HO-1 is a tran-
scriptional target of the nuclear factor erythroid-derived
2-like 2 (Nrf2) (16, 17).
Nrf2 is amember of the leucine zipper family of transcription

factors. Numerous studies have demonstrated an essential
function ofNrf2 in the transcriptional regulation of antioxidant
response element (ARE)-controlled genes (16–19). Nrf2 is not
only required for the basal expression but also for the induc-
ible expression of a number of ARE-controlled genes. Inac-
tive Nrf2 resides in the cytoplasm and it is rapidly degraded
through the ubiquitin-26S proteasome pathway. The cyto-
plasmic Nrf2-binding protein Keap1 targets the ubiquitina-
tion of Nrf2 through its association with Cullin-3 and Rbx1
(17). Activated Nrf2 translocates into the nucleus, binds to
the ARE of target genes, and induces the transcription of
these genes. The activation of Nrf2 is not completely under-
stood, but two mechanisms are supported by the available
evidence. In the first mechanism, modification of the sulfy-
dryl groups present in Keap1 by chemical inducers dissoci-
ates Nrf2 from Keap1 and the subsequent translocation into
the nucleus, thereby activating ARE (20). Alternatively, sev-
eral upstream signaling kinases, including protein kinase C
(PKC), phosphoinositol 3-kinase (PI3K), and mitogen-acti-
vated protein kinases (p38, JNK, and ERK1/2) have been
reported to regulate Nrf2/ARE activity (21–23). Together
with the ARE-regulated target genes, the Nrf2-Keap1 path-
way is a sensing/transcriptional gene regulation mechanism
critical in defense against endogenous and environmental
toxic compounds. Loss of Nrf2 transcriptional activity has
been associated with augmented sensitivity to carcinogens
and certain diseases (24–26). Consistent with this role, acti-
vation of Nrf2 is a common target of many chemopreventive
agents and is activated by antioxidants (27). In this study we
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found that ATO activates Nrf2 and induces apoptosis inMM
cell lines, through a mechanism that is independent of ROS.

MATERIALS AND METHODS

Cell Lines—U266 and 8226/S were obtained from the Amer-
ican Type Culture Collection (ATCC, Manassas, VA). The
MM.1s cell line was obtained from Dr. Steven Rosen (North-
western University, Chicago, IL), and the KMS11 cell line was
provided by Dr. P. Leif Bergsagel (Mayo Clinic, Scottsdale, AZ).
Cells were cultured at 37 °C in a humidified atmosphere with
5% CO2, in RPMI 1640 medium, supplemented with 10% heat-
inactivated fetal bovine serum, 100 units/ml of penicillin, 100
�g/ml of streptomycin, and 2 mmol/liter of L-glutamine (all
from Cellgro, Mediatech, Herndon, VA).
Reagents—Zinc chloride (ZnCl2), hemin, propidium iodide

(PI), diphenyleneiodonium chloride (DPI), ebselen (Ebs), buty-
lated hydroxyanisole (BHA), hydrogen peroxide (H2O2), mel-
phalan, buthionine sulfoximine (BSO), 2,2,6,6-tetramethylpiperi-
dine 1-oxyl (TEMPO), 4-hydroxy-2,2,6,6-tetramethylpiperidine
1-oxyl (TEMPOL), �-lipoic acid (LA), and cycloheximide
(CHX) were purchased from Sigma-Aldrich. N-Acetylcysteine
(NAC) was purchased from Bedford Laboratories (Bedford,
OH). Mn(III)tetrakis(4-benzoic acid) porphyrin chloride
(MnTBAP) was purchase from Oxis International, Inc. (Foster
City, CA). EUK-134 was provided by Eukarion Inc. (Bedford,
MA). ATO was provided by Cell Therapeutics Inc. (Seattle,
WA). Bortezomib (PS-341, Velcade�) was provided by Millen-
nium Pharmaceuticals (Cambridge, MA). G418 was purchased
from Cellgro. Dihydroethidium (DHE) was purchased from
Invitrogen (Carlsbad, CA). Staurosporine (STS) was obtained
from EMD Biosciences (La Jolla, CA).
Antibodies—The following primary antibodies were used:

rabbit anti-HO-1 polyclonal antibody (pAb) (Santa Cruz Bio-
technology, Santa Cruz, CA); mouse anti-NQO1 monoclonal
antibody (mAb) (Cell Signaling, Danvers, MA); rabbit anti-ac-
tin pAb (Sigma-Aldrich); rabbit anti-Nrf2 pAb (SantaCruz Bio-
technology); rabbit anti-Keap1 pAb (Proteintech Group Inc.,
Chicago, IL); rabbit anti-Lamin A/C pAb (Abcam, Cambridge,
MA), and themouse anti-NoxamAb (Abcam). The ECL Rabbit
IgG, horseradish peroxidase-linked whole Ab (from donkey)
(GE HealthCare, NJ) and the anti-mouse IgG1-HRP conjugate
(RocheApplied Science, Indianapolis, IN) were used as second-
ary antibody for Western blot.
Vectors and Stable Expression of HO-1—HO-1 cDNA was

obtained from ATCC (10589047, in pExpress1 vector, ATCC)
and amplified by PCR with specific primers to introduce the
KpnI and XbaI restriction enzyme sites at the 5�- and 3�-ends,
respectively. Amplified HO-1 cDNAwas cloned into the KpnI-
XbaI sites of pcDNA3.1(�) vector (Invitrogen). HO-1 expres-
sion vector was introduced into U266 cells by nucleofection
(Amaxa, Gaithersburg, MD) following the manufacturer’s
instructions. Briefly, 5� 106 cells were electroporated in 100�l
of cell line nucleofector solution (Amaxa Reagent C) with 2 �g
of DNA, using preselected Amaxa Program X005. Electropo-
rated cells were plated with supplemented RPMI 1640medium
and 0.5 �g/ml G418 were used for selection of HO-1-express-
ing U266 cells.

Cell Viability by Annexin V-Fluorescein Isothiocyanate
(FITC) and PI Staining—Cell viability was measured by
Annexin V-FITC (Biovision, Palo Alto, CA) and PI staining,
following manufacturer’s instructions as previously described
(13). Samples were acquired on a FACScan flow cytometer
(Becton Dickinson, San Jose, CA) and analyzed with CellQuest
software (BectonDickinson). Viability or percent (%) of control
viability was determined as percent of Annexin-V-negative
cells.
Cellular Assays—All cells were incubated at 2.5 � 105

cells/ml with the indicated concentrations of ATO and/or BSO
(100 �M), NAC (10 mM), hemin, ZnCl2, or PS-341. Hemin and
ZnCl2 pretreatment: cells were pretreated with indicated con-
centrations of hemin or ZnCl2, for 24 h prior to ATO addition,
to induce HO-1 and metallothionein-1 (MT1), respectively.
Annexin-V-FITC/PI staining was used to determine ATO-in-
duced apoptosis. ATO plus Bortezomib treatment: cells were
treated with ATO (2 �M), bortezomib (40 nM), or the combina-
tion, for 6 h. Samples were analyzed by annexin-V-FITC/PI
staining for cell viability, and cell pellets were frozen for protein
analysis by Western blot. Cytosolic and nuclear fractions were
also obtained for nuclear translocation analysis byWestern blot
(see “Subcellular Fractionation”).
Affymetrix Array—Four cell lines were treated for 0, 6, 24,

and 48 h with 2 �M ATO. Total RNA was isolated using the
RNeasy�MiniKit (Qiagen, Valencia, CA) and the hybridization
and initial data analysis performed by Expression Analysis Inc.
(Durham, NC). Affymetrix Hu133 2.0 Plus Chips (Affymetrix,
Santa Clara, CA), containing over 50,000 (54,675 including
controls) probe sets were used as previously described (28).
RT-PCR for MT1—To assess mRNA expression, semiquan-

titative RT-PCR was performed using the GeneAmp RNA PCR
Kit (Applied Biosystems, Foster City, CA). Briefly, 1 �g of total
RNA was reverse-transcribed by the MuLV Reverse Tran-
scriptase in a 20-�l reaction and the generated cDNA (1�l) was
amplified by the AmpliTaq DNA Polymerase, LD, using the
following specific mixture of primers for MT1: MT1-Forward
Primer: 5�-ATG GAC CCC AAC TGC TCC TG-3� (for all the
MT1 forms), MT1XH-Reverse Primer: 5�-TCA GGC ACA

FIGURE 1. ATO-induced apoptosis in four human myeloma cell lines. U266,
MM.1s, 8226/S, and KMS11 were treated for 6, 24, and 48 h with 2 �M ATO. Viabil-
ity was measured by Annexin-V-FITC/PI staining. Percent (%) of control viability,
as percent of Annexin-V-negative cells, was plotted versus time (h). The data are
presented as the mean � S.D. of eight independent experiments.

ROS Is Not Required for Cell Responses to ATO

MAY 8, 2009 • VOLUME 284 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 12887



GCA GCT GCA CTT-3�(for MT1X and MT1H forms) and
MT1FG-Reverse Primer: 5�-TCA GGC GCA GCA GCT GCA
CTT-3� (for MT1F and MT1G forms).
Real-time PCR—cDNA was amplified using TaqMan� Gene

Expression Assay (Applied Biosystems) on the 7700 Sequence
Detection System following manufacturer’s protocol and the
20� human MT1H and MT2A TaqMan� assays (Applied
Biosystems). TaqMan� human actin was used as endogenous
control.MT1H andMT2AmRNAexpressionwas calculated as
relative quantification (RQ), normalized using actin mRNA
expression.
Western Blot Analysis—Western blotting was performed

using standard techniques as previously described (28).
10–30 �g of total proteins were
subjected to sodium dodecyl
sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and trans-
ferred to nitrocellulose membranes
(Amersham Biosciences, Bucking-
hamshire, UK).
Subcellular Fractionation—Nu-

clear fractions were obtained as fol-
lows. Cells were harvested, washed
twice with PBS, and centrifuged at
500 � g for 5 min at room tempera-
ture. The cell pellets were resus-
pended in lysis buffer (10 mM
HEPES, pH 7.9, 1.5 mM MgCl2, 10
mM KCl, 1 mM EDTA, 1 mM dithio-
threitol, 0.2% Nonidet P-40), plus
protease inhibitor mixture, and
incubated on ice for 15 min. After
centrifugation at 10,000 � g for 10
min at 4 °C, supernatants (cytosolic
fractions) were collected and stored
at �80 °C, whereas the pellets were
further processed to obtain nuclear
extracts. Pellets were resuspended
in radioimmune precipitation assay
buffer plus protease inhibitors and
incubated for 10 min on ice.
Nuclear extracts were isolated by
centrifugation at 10,000 � g for 10
min at 4 °C (supernatant). Protein
concentration was determined us-
ing a BCA Protein Assay kit
(Pierce Biotechnology).
Silencing Studies using Small Inter-

fering RNAs (siRNA)—siRNAs were
obtained from DHARMACON
RNA Technologies Inc. (Chicago,
IL) selecting the ON-TARGET-
plus SMARTpool duplexes as
the RNAi-specific technology
platform. siRNA against human
Nrf2 (NFE2L2, L-003755), Keap1
(KEAP1, L-012453), and the
siCONTROL non-targeting siRNA

FIGURE 2. Induction of HO-1 is not protective against ATO-induced apoptosis in MM cell lines. U266,
MM.1s, 8226/S and KMS11 were treated for 0, 6, 24, and 48 h with 2 �M ATO. Total protein lysates were obtained
and NQO1 (A) and HO-1 (B) protein expression was determined by Western blot. KMS11 treated with ATO for
24 h was used as a positive control for the U266 and MM.1s NQO1 blot. C, U266 cell line was pretreated for 24 h
with 50, 100, and 200 �M of hemin and HO-1 protein up-regulation was demonstrated by Western blot. Cells
treated with ATO for 24 h were used as a positive control. Hemin-pretreated U266 cells were treated with 2 �M

ATO for 24 h and viability was evaluated by Annexin-V-FITC/PI staining. Data are presented as mean � S.D. of
three independent experiments. D, U266 cell line was stably transfected with pcDNA3-HO-1 or an empty vector
control (Neo). Expression of HO-1 was confirmed by Western blot. U266, U266-Neo, and U266-HO-1 were
treated with 2 �M ATO for the indicated time and viability was evaluated by annexin-V-FITC/PI staining. Percent
(%) of control viability was plotted versus time (h). Data are presented as mean � S.D. of three independent
experiments.

TABLE 1
Number of up- and down-regulated probes during ATO-induced
apoptosis in U266, MM.1s, 8226/S, and KMS11 cell lines at 6, 24, and
48 h

Changes U266 MM.1s 8226/S KMS11 ALL

Up
6 h 1471 (245)a 3120 (730) 1646 (262) 3263 (961) 343 (55)
24 h 2644 (396) 2763 (641) 722 (81) 2514 (602) 176 (35)
48 h 2824 (606) 3201 (823) 1333 (204) 3002 (1076) 272 (46)

Down
6 h 2048 (243) 3001 (648) 1798 (143) 2933 (544) 282 (10)
24 h 2740 (555) 2893 (648) 1217 (92) 3093 (601) 286 (6)
48 h 3059 (791) 3228 (1120) 1817 (186) 3263 (1145) 318 (7)

a Thenumbers of probe sets thatwere increased or decreased by 2-fold or greater are
shown in parentheses.
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[siRNA(-)] were used. siRNAs were introduced into cells by
nucleofection (Amaxa) following the manufacturer’s in-
structions as previously described (28). Then, cells were treated
with ATO, and samples were harvested at 24 and 48 h,
for ATO-induced apoptosis determination by Annexin-V-
FITC/PI staining and at 6 and 24 h, for protein expression anal-
ysis by Western blot.
Intracellular ROS Detection—DHE was used as fluorescent

probe to detect intracellular ROS as superoxide. Briefly, 2� 105
cells (control or treated cells) were washed twice with PBS and
stained for 30 min at 37 °C with 10 �M DHE in PBS. Samples
were washed once with PBS and then were acquired on a
FACScan flow cytometer (Becton Dickinson) and analyzed
with CellQuest software (Becton Dickinson).

RESULTS

Gene Expression Profiling of the Response to ATO Treatment
in MM Cell Lines—We and others have been studying the
induction of apoptosis by ATO in MM cell lines and while
most studies clearly point to induction of caspase activation,
it is not clear what the initiating events that ultimately result
in caspase activation are or what factors may regulate this
signaling (5, 13, 29, 30–32). To this end, we performed an
analysis of the gene expression profile in response to ATO.
We elected to do this analysis in four MM cell lines that
display two different sensitivities to ATO. All four cell lines
were sensitive to ATO in a time (Fig. 1) and dose-dependent
manner (28). However, two cell lines (U266 and 8226/S)
were less sensitive than the other two cell lines. This is exem-
plified at 48 h where the percent of control viability for U266,
MM.1s, 8226/S and KMS11 were 61.9 � 5.1, 26.9 � 6.0,
57.5 � 6.4 and 21.9 � 3.7%, respectively.

To study the ATO response, cells were treated with 2 �M
ATO for 0, 6, 24, and 48 h, and total RNA was obtained for
probing Affymetrix Hu133 2.0 Plus Arrays. Ratios at 6, 24,
and 48 h versus baseline gene expression were calculated and
up- and down-regulation was initially considered as a 2-fold
change from the baseline expression. Interestingly, MM.1s
and KMS11, the more sensitive cell lines, displayed a larger
number of genes up- or down-regulated compared with
U266 and 8226/S. However, given the number of changes
observed in 3 of 4 individual cell lines, the data sets were too
complex to determine if a pattern of expression consistent
with an ATO myeloma response exists (Table 1). Therefore,
to develop a more manageable data set, we elected to initially
focus on genes that were regulated in a similar fashion in all
four cell lines. However, this number appeared to be
restricted by the relatively low number of genes that changed
in 8226/S cells. Therefore, we expanded this data set to
include all genes that changed (I or D call) regardless of the
magnitude of the change. This resulted in a data set that
contained no more than 343 up-regulated genes and 318
down-regulated genes (Table 1). The complete list of these
up- and down-regulated genes can be found in the supple-
mental Table S1 and S2. Interestingly, the peak of up-regu-
lated genes occurred early. This was in part due to a subset of
genes that were up-regulated at 6 h and then returned to
baseline expression. This group consisted primarily of heat

shock proteins (HSPs, see supplemental Table S1). Many of
the other genes that were up-regulated were consistent with
an antioxidant response, including NAD(P)H dehydrogen-
ase, quinone 1 and 2 (NQO1 and NQO2), HO-1, and metal-
lothionein-1 and 2A (MT1 and MT2A).
NQO1 was up-regulated at the mRNA level in all four cell

lines as early as in 6 h (supplemental Table S1). Interestingly, in
U266 and MM.1s, NQO1 protein was not present or up-regu-
lated after ATO treatment and in 8226/S and KMS11 was up-
regulated only after 24 h ATO treatment (Fig. 2A). These
results suggest that NQO1 is unlikely to be related with any
protection from this antioxidant response. Therefore, we ini-
tially focused on the two most up-regulated genes HO-1 and
metallothioneins (MTs).
ATO-induced Up-regulation of HO-1 Is Not Protective

against Cell Death—HO-1was strongly up-regulated in all four
cell lines, not only at the mRNA level (Table S1) but also at
protein level (Fig. 2B). A second band of �25 kDa was obtained
at 24 and 48 h, coinciding with caspase activation. Inhibition of
caspases with BocD-Fmk, prevented the appearance of this
band and suggests that it is a result of caspase-dependent cleav-
age of HO-1 (not shown). Interestingly, the HO-1 baseline
expression was higher in U266 and 8226/S than in MM.1s and
KMS11, suggesting that HO-1 could be protective against
ATO. This is consistent with a previous report demonstrating
HO-1 expression in the surviving fraction of cells treated for 7
days with ATO (15). We tested this possibility by determining
the effect of pretreating cells with hemin to induce HO-1 pro-
tein expression. Pretreatment of U266 (Fig. 2C) and MM.1s
(not shown) cell lines, with hemin at 50, 100, and 200 �M for
24 h, induced up-regulation of HO-1 at the protein level, in a
dose-dependent manner. Regardless, hemin-pretreated U266
cell line remained sensitive to ATO (Fig. 2C). Similar findings
were observed with MM.1s (not shown). We next directly

FIGURE 3. MT induction does not protect cells from ATO-induced cell
death. A, U266, MM.1s, and 8226/S were treated for 0, 6, 24, and 48 h with 2
�M ATO, and total RNA was obtained. RT-PCR for MT1 and GAPDH was per-
formed as described under “Materials and Methods.” B, U266 was treated with
25, 50, and 100 �M of ZnCl2, and MT1H and MT2A gene expression was meas-
ured by real-time PCR. C, untreated and ZnCl2-pretreated U266 cells were
treated with 2 �M ATO for 24 h, and viability was evaluated by annexin-V-
FITC/PI staining. Data are presented as mean � S.D. of three independent
experiments.
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tested the effect of HO-1 on ATO-induced death by stably
transfecting cellswith anHO-1 expression vector.Western blot
analysis demonstrated overexpression of HO-1 protein (Fig.
2D) in the U266-HO-1 cell line compared with the U266-Neo
cell line. Consistent with induction of HO-1 by hemin, overex-
pression of HO-1 was not protective against ATO-induced cell
death (Fig. 2D).
ATO-induced Up-regulation of MTs Is Also Not Protective—

MT1 gene expression was measured by RT-PCR at 0, 6, 24, and
48 h after ATO treatment, for U266, MM.1s, and 8226/S. Up-
regulation of theMT1 gene was observed in the three cell lines
tested, as early as 6 h (Fig. 3A), confirming the microarray data
obtained for all four cell lines (supplemental Table S1). To test
if MT1 and/or MT2A are protective, the mRNA was up-regu-
lated using ZnCl2 pretreatment for 24 h, and gene expression
was determined by real-time PCR. As seen in Fig. 3B both

MT1H and MT2A are induced by ATO and ZnCl2. Similar
results were obtained for MM.1s (not shown). However, when
ZnCl2-pretreated cells were tested for ATO-induced apoptosis
and no differenceswere found comparedwith untreated cells as
control (Fig. 3C and not shown).
ATO Induces an Antioxidant Response Related to the Activa-

tion of Nrf2—A closer analysis of the array data results revealed
the common up- and down-regulation of a subset of genes
related to the Nrf2-Keap1 pathway. A supervised clustering of
known target and related genes indicated activation of this
pathway (Fig. 4). Down-regulated genes are consistent with
transcriptional repression of genes involved in the cholesterol
and lipid biosynthetic pathways. Up-regulated genes included:
MTs,HO-1, and related enzymes (biliverdin reductase B, ferri-
tin, and pirin iron-binding nuclear protein),NQO1, andNQO2,
NADPH-generating enzymes (malic enzyme), and genes

FIGURE 4. ATO induced activation of the Nrf2-Keap1 pathway. Genes related to the Nrf2-Keap1 signaling pathway, included in the array, were clustered
using Cluster and TreeView. The clustering of these genes was supervised to maintain the time course of the arrays. Ratios versus baseline expression at 6, 24,
and 48 h were included in the analysis for U266, MM.1s, 8226/S, and KMS11. The scale represents the magnitude of indicated changes. A black square indicates
no change in expression at that time point compared with control, while a gray box indicates that no expression was observed in that cell line.
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related to the GSH de novo synthesis and salvage pathways as
well as enzymes and carriers that would facilitate synthesis and
transport of GSH building block amino acids (solute carrier
family 7, glutamate-cysteine ligase, serine hydroxylmethyl-
transferase-1 soluble, �-glutamyl- transferase-1, cystathionase,
and glutathione reductase).
Activation of Nrf2 by ATO—Nrf2 is regulated primarily at the

protein level through stabilization and nuclear translocation.
The protein is targeted for degradation by a cullin ring ligase
complex containing Cul3, Rbx1, and Keap1 (21–23). Oxidative
stress stabilizes Nrf2 by either inhibiting the ubiquitination of
Nrf2 or causing its dissociation from Keap1 (17). Consistent
with these possibilities, Nrf2 mRNA is present in all cells and is
not up-regulated in response to ATO (supplemental Table S1).
In contrast, the protein is absent and rapidly up-regulated in
response to ATO (Fig. 5A).We also tested the effect of melpha-
lan and staurosporine on Nrf2 protein, in U266 and MM.1s.
These two drugs have been reported to induce caspase activa-
tion and downstream ROS production (33–36). Both drugs
induced apoptosis in myeloma cells however Nrf2 up-regula-
tion was not observed (not shown). The rapid up-regulation of
Nrf2 protein expression by ATO is not associated with loss of
Keap1 protein which suggests that inhibition of Cul3-Rbx1-
Keap1 complex by ATO is not due to Keap1 degradation. To
confirm that protein stabilization of Nrf2 occurs following
ATO treatment, cells were treated with ATO, the proteasome
inhibitor Bortezomib or the combination of both for 6 h, and
accumulation of Nrf2 monitored. As seen in Fig. 5B, both ATO

and Bortezomib resulted in the accumulation of Nrf2, while
having little effect on Keap1 expression. Additionally, cells
treated with 100 nM of Bortezomib for 2 h, washed and then
treated with 10 �g/ml of CHX or the combination of CHX plus
ATO (2�M), demonstrated that ATOcouldmaintainNrf2 pro-
tein in the absence of de novo protein synthesis (supplemental
Fig. S1). Taken together, these data demonstrate that ATO
induces Nrf2 by stabilizing the protein presumably through
inhibition of the Cul3�Rbx1�Keap1 complex. Surprisingly, while
proteasome inhibition is sufficient to induce Nrf2 accumula-
tion, it does not result in the activation of a target gene (Fig. 5B).
HO-1 expression is not induced by Bortezomib in either cell
line tested despite the accumulation of Nrf2 protein, similar
to that observed with ATO. This is not due to differences in
localization as Bortezomib-induced Nrf2 accumulates in the
nucleus in a similar fashion as Nrf2 induced by ATO (Fig. 5C).
Together these data suggest that Nrf2 accumulation and
nuclear localization are not necessarily sufficient for target gene
expression, and that ATO addition likely results in other
changes that allow for HO-1 expression.
Activation of the Nrf2-Keap1 Pathway Is Not Mediated by

ATO-induced ROS—We next determined the role of ROS in
Nrf2 activation andATO-induced cell death. KMS11 cells were
treated with 1 �M ATO for 6 h and DHE staining revealed an
increased superoxide production in ATO-treated cells com-
pared with control (Fig. 6A). We next pretreated cells for 16 h
with several different antioxidants and/or ROS scavengers
(includingNAC,DPI, ebselen, BHA,MnTBAP, TEMPO,TEM-

FIGURE 5. ATO induces up-regulation of Nrf2 protein, translocation to the nucleus and target gene expression. A, Western blot analysis of Nrf2 and
Keap1 protein expression at 0, 6, 24, and 48 h after 2 �M ATO treatment, for U266 and MM.1s cell lines. B, cells were treated with 40 nM of Bortezomib
and/or 2 �M ATO for 6 h, lysed, and subjected to Western blot analysis for HO-1, Nrf2, Keap1, and actin protein expression. C, U266 and D, MM.1s cells
were treated as in B and fractionated into cytosolic and nuclear protein fractions. Nrf2 and Keap1 protein expression was analyzed by Western blot. Actin
and Lamin A/C were used as cytosolic and nuclear loading controls, respectively.
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POL, �-lipoic acid, and EUK-134) to block superoxide produc-
tion induced by ATO. Interestingly, of all the antioxidant com-
pounds tested, only NAC, �-lipoic acid, and BHA were able to
inhibit ATO-induced ROSproduction (Fig. 6A and not shown).
We and others (5, 13, 15, 37) have reported that NAC can pro-
tect cells from ATO-induced apoptosis due to an increase in
intracellular glutathione, which in addition to its antioxidant
properties, is the primarymeans of arsenic inactivation via con-
jugation (38). Similar to NAC, �-lipoic acid was able to block
ROS production and protect cells from ATO-induced apopto-
sis (not shown). However for both NAC and �-lipoic acid, the
protective effects were dependent on GSH synthesis (not
shown). These data are consistent with reports demonstrating
that �-lipoic acid can increase GSH synthesis (39). BHA treat-
ment was able to lower endogenous ROS production as well as
inhibits ATO-induced ROS (Fig. 6A). These changes in ROS
were associated with BHA-induced increases in Nrf2 expres-
sion (Fig. 6B). However, the mechanism and consequences of
this induction appear to be different than that observed with
ATO. 16-h treatment of cells with BHA resulted in a decrease in
Keap1 expression, no HO-1 expression and only a modest

change in NQO1 expression. This
resembles the effect of stabilizing
Nrf2 with Bortezomib rather than
activation with ATO. More impor-
tantly, the induction of Nrf2 (Fig.
6B) and inhibition of ROS (Fig. 6A)
had no effect on ATO-induced
changes in HO-1, Noxa (Fig. 6B), or
cell death (Fig. 6C). Together these
data bring into question the role of
ROS in ATO apoptotic signaling as
well as whether the Nrf2 response
confers any protection against
ATO-induced apoptosis.
Inhibition of Nrf2 Does Not

Affect Sensitivity to ATO-induced
Apoptosis—To test the role of
Nrf2 signaling in ATO-induced
apoptosis we determined the
effect of silencing Nrf2 and Keap1.
Knockdown of Nrf2 and Keap1
proteins was confirmed by West-
ern blot analysis in MM.1s and
KMS11 cell lines (Fig. 7A).
Up-regulation of Nrf2 protein by
ATO was almost completely
inhibited by siNrf2 in both cell
lines. HO-1 up-regulation, as a
target of this pathway, was only
partially inhibited after Nrf2
silencing. Residual Nrf2 activation
or up-regulation of HO-1 by ATO
through a different mechanism
cannot be excluded. Keap1 silenc-
ing did not induce any change on
HO-1 up-regulation by ATO (Fig.
7A). Consistent with the ROS data,

Nrf2 silencing had a statistically significant albeit biologi-
cally modest effect at 24 h in KMS11 cells. However this
effect was not observed at 48 h and no effect on ATO-in-
duced apoptosis was seen in MM.1s cells (Fig. 7B). Surpris-
ingly Keap1 silencing sensitized cells to ATO-induced death
(Fig. 7B).

DISCUSSION

Arsenic has been extensively studied as an environmental
carcinogen, however in the last 15 years it has re-emerged as
an anti-cancer agent (7, 12). While many studies have exam-
ined how arsenic kills cells under these conditions, few have
examined the role of the response observed during carcino-
genesis. In this study we examined the gene expression pro-
file using clinically relevant concentrations of arsenic triox-
ide in a cell model of a disease, where therapeutic responses
have been reported (5, 10, 13). Despite the fact that the con-
centration of ATO used kills 40–60% of cells in 48 h, the
primary response observed appeared to be protective in
nature. Therefore, we determined the nature and role of this
response.

FIGURE 6. Activation of Nrf2 and Noxa up-regulation by ATO are not mediated by ATO-induced ROS.
A, KMS11 was incubated with 100 �M BHA for 16 h. Control and BHA-treated cells were then treated with 1 �M

ATO for 6 h. DHE was used for ROS determination. The shaded histogram represents untreated cells while the
bold-lined open histograms represent the indicated treatment. B, KMS11 was treated as in A and protein lysates
were subjected to Western blot analysis of HO-1, NQO1, Nrf2, Keap1, Noxa, and actin. C, KMS11 was treated as
in A, and cell viability was measured by Annexin-V-FITC/PI staining after 48 h of ATO treatment. Percent (%) of
control viability was calculated, and data are presented as mean � S.D. of four independent experiments.
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Sensitivity to ATO inversely correlated with the number of up-
or down-regulated genes. In U266 and 8226/S, only one-third of
the total number of genes displayed a 2-fold up- or down-regula-
tion compared with the more sensitive MM.1s and KMS11 cell
lines at 6 h (Table 1). This indicates that the difference in sen-
sitivity is most likely to be early in the process of detecting the
presence of ATO and implies that the less sensitive lines are
effectively exposed to less ATO. This could reflect differences
in uptake or metabolism and experiments are in progress to
determine if such differences exist. Regardless, when we ana-
lyzed the data in a fashion that excluded these differences by not
taking into account the magnitude of the changes, most of the
up-regulated genes observed were associated with antioxida-
tive stress response signaling. HSPs, MT1, HO-1, and NQO1
were the most up-regulated genes in all cell lines.
HSPs are a conserved family of stress response proteins with

chaperone functions playing a key role in the correct folding of
cellular proteins (40). They are overexpressed in numerous
cancers and are implicated in cell proliferation, differentiation,
and metastasis with inhibitory effects on apoptosis (40). Inter-
estingly, they have been found as target genes of the Nrf2-
Keap1 pathway (41); however, the transient nature of the HSP
gene signature suggests that their regulation by ATO is distinct
from the other genes that we observed. Indeed we have found
that ATO can activate transcription from heat shock elements

(HSE) as well as AREs.3 Regardless,
because HSPs expression peaks at
6 h and return to baseline within
24 h, it is unlikely to play a signifi-
cant protective role in response to
ATO.MT1 andHO-1 were particu-
larly interesting because a previous
report has suggested that these two
proteins could be related with ATO
resistance after 7 days exposure to
arsenic (15).
HO-1, a microsomal enzyme,

has been shown to protect cells in
different stress models (42–44).
HO-1 is induced by heme, but also
by cytokines, heat shock, metals,
and other cellular stress agents that
generate ROS. The precise mecha-
nism, by which HO-1 protects cells,
is unclear. HO-1 catalyzes the deg-
radation of heme to produce biliver-
din, carbonmonoxide (CO) and free
iron (45–47). Biliverdin is rapidly
converted to bilirubin by biliverdin
reductase, another gene that is up-
regulated in all the cell lines by
ATO. Both biliverdin and bilirubin
possess antioxidant activity (48, 49).
Additionally it has been shown that
CO may also initiate intracellular
signaling cascades related to cell
survival (50, 51). However our
results did not demonstrate any

protection to the cells by HO-1 up-regulation. While HO-1
expression is higher in the two less sensitive cells, HO-1 was
strongly up-regulated within 6 h for all cell lines and cells were
still sensitive to ATO-induced apoptosis. Moreover, HO-1 up-
regulation was actually higher for the more sensitive MM.1s
and KMS11 cell lines; therefore there was no correlation with
ATO-sensitivity and HO-1 induction. Furthermore, pretreat-
mentwith hemin, a well documented inducer and a substrate of
HO-1, did not protected cell lines from ATO-induced apopto-
sis. Finally, stable overexpression of HO-1 did not protect U266
from ATO-induced cell death.
MTs are cysteine-rich, low molecular weight proteins with a

high affinity for metals including arsenicals (52–54). MTs not
only bind metals but also scavenge ROS and may play a role in
drug resistance (55).MT gene expression levels are increased in
MMcells exposed toATO (15), suggesting a possible role in the
ATO resistance phenotype. Consistent with that possibility,
MT2A can chelate ATO and possibly sequester ATO intracel-
lularly (53). Both MT1 and MT2A were up-regulated in all cell
lines within 6 h, displaying the strongest overall up-regulation
during ATO-induced apoptosis. However, pretreatment with
ZnCl2 to increase MT1/MT2A expression in U266 andMM.1s
did not confer protection against ATO-induced cell death.

3 L. H. Boise, submitted manuscript.

FIGURE 7. Nrf2 signaling is not protective during ATO-induced apoptosis. A, MM.1s and KMS11 were electro-
porated with si(�) (negative control), siNrf2, and siKeap1. After 16 h, cells were treated with 2 �M ATO. Silencing of
Nrf2 and Keap1 proteins was determined by Western blot at 6 and 24 h after ATO treatment. B, viability was evalu-
ated by Annexin-V-FITC/PI staining. Percent (%) of control (untreated, transfected, UT) viability was plotted versus
time (h). Student’s t test was used to compare differences between samples, si(-) and experimental samples unless
otherwise indicated, with confidence intervals of 95%. ND, no difference; *, p � 0.05.

ROS Is Not Required for Cell Responses to ATO

MAY 8, 2009 • VOLUME 284 • NUMBER 19 JOURNAL OF BIOLOGICAL CHEMISTRY 12893



HO-1 and MT1 up-regulation, as individual elements, were
not enough to protect cells from ATO-induced apoptosis.
However, the antioxidative stress response after ATO treat-
ment is not limited to these twoproteins.Myeloma cells elicited
a complex protective response driven by the Nrf2-Keap1 path-
way that also induced up-regulation of the NQO1 and the GSH
synthesis pathway as well as down-regulation of the lipid/cho-
lesterol pathways. Nrf2 protein was strongly up-regulated by
ATO as early as 6 h in all the cell lines, while gene expression
was only slightly up-regulated in two of the four cell lines. Con-
sistentwith reported post-translational regulation (20, 56), pro-
teasome inhibition with Bortezomib resulted in protein accu-
mulation; however, this did not enhance ATO-induced Nrf2,
suggesting that ATO also inhibits the degradation of Nrf2.
ATO stabilized Nrf2 accumulated in the nucleus and could
activate HO-1 expression. Interestingly, Bortezomib induced
only accumulation but not the activation of Nrf2 (as measured
by HO-1 up-regulation). Together these data suggest that
nuclear accumulation of Nrf2 is not sufficient for HO-1 induc-
tion. Therefore, ATO is likely to also influence Nrf2 function
independent of stability. Several studies suggest that phospho-
rylation could also be important in Nrf2 activation (57, 58).
ATO also activates members of the MAPK pathway, some of
which have protective roles (59–61). These could also play a
role in HO-1 induction.
These data are consistent with the idea that arsenic induces

ROS and that ROS could be a mediator of ATO-induced cell
death. Indeed, as we and others have previously demonstrated,
ATO induces superoxide production in myeloma cells (13, 29,
62, 63). However, ATO-induced ROS does not play a key role in
either activation of Nrf2 or the induction of cell death by ATO.
BHA was able to block ATO-induced ROS, but did not inhibit
activation of Nrf2 or the up-regulation of Noxa, a BH3-only
protein required for ATO-induced cell death (28). This is con-
sistent with our previous findings that in some myeloma cell
lines, ROSproduction occurs downstreamof caspase activation
and is therefore a late event (29). Thus, much of the antioxidant
response induced by ATO may not be useful as it functions
primarily to protect the cells from a component of the arsenic
response that is not required for cell death.
To directly determine the role of this antioxidative stress

response, the effect of Nrf2-Keap1 silencing onATO sensitivity
was measured. Keap1 silencing has been reported to up-regu-
lateARE-containing genes. Transfection of humanHaCaTcells
with Keap1 siRNA markedly enhanced endogenous levels of
Nrf2 protein and increased transcription of an ARE-driven
reporter gene by 2.3-fold (64). Consistent with our findings
with Bortezomib, Keap1 silencing experiments did not induce
any additional accumulation or activation of Nrf2 protein or
HO-1 up-regulation. Contrary to expected results, Keap1
silencing sensitized the cells to ATO-induced apoptosis (Fig.
6B) and even inducedmore death in untreated transfected cells
compare with si(-) transfected cells (data not shown). These
data suggest that Keap1 may regulate cell survival independent
of Nrf2. Interestingly the only other reported substrate recog-
nized by Keap1 is a Bcl-xL-binding protein (65).
Nrf2 silencing was able to inhibit Nrf2 protein accumulation

after ATO treatment and partially inhibited the HO-1 up-reg-

ulation in myeloma cell lines. However, little effect on ATO
sensitivity was observed. This lack of effect of a diminished
antioxidant response is consistent with ROS not being an
important mediator of ATO-induced cell death. However, the
silencing of Nrf2 and its effect on HO-1 induction were not
complete therefore it is possible that the protective function of
this pathway remained intact. At least three transcription fac-
tors have been reported to target theHO-1 gene (66–68): Nrf2,
activator protein-1 (AP-1), and nuclear factor-�B (NF�B). Nrf2
and AP-1 can have independent roles in the up-regulation of
HO-1 by arsenite in murine embryonic fibroblasts (67). Alter-
natively, it is also possible that the apoptotic signaling induced
by ATO is dominant to the protective pathway. This is the
favorable scenario with all chemotherapeutic agents.
Finally in thinking about arsenic as a therapeutic agent, the

data suggest that combinations with ATO should be carefully
considered. It may not be advisable to combine ATO with
agents that function primarily through the induction of oxida-
tive stress. The protective response induced by ATO may pre-
vent the desired synergistic effects in a combination therapy.
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