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Abstract

Avrsenic trioxide (ATO) induces disease remission in acute promyelocytic leukemia (APL)
patients, but not in non-APL acute myeloid leukemia (AML) patients. ATO at therapeutic
concentrations (1-2 uM) induce APL NB4, but not non-APL HL-60, cells to undergo apoptosis
through the mitochondrial pathway. The role of antiapoptotic protein Mcl-1 in ATO-induced
apoptosis was determined. The levels of Mcl-1 were decreased in NB4, but not in HL-60, cells
after ATO treatment through proteasomal degradation. Both GSK3p inhibitor SB216763 and
SiRNA blocked ATO-induced Mcl-1 reduction as well as attenuated ATO-induced apoptosis in
NB4 cells. Silencing Mcl-1 sensitized HL-60 cells to ATO-induced apoptosis. Both ERK and
AKT inhibitors decreased Mcl-1 levels and enhanced ATO-induced apoptosis in HL-60 cells.
Sorafenib, a Raf inhibitor, activated GSK3p by inhibiting its phosphorylation, decreased Mcl-1
levels, and decreased intracellular glutathione levels in HL-60 cells. Sorafenib plus ATO
augmented ROS production and apoptosis induction in HL-60 cells and in primary AML cells.
These results indicate that ATO induces Mcl-1 degradation through activation of GSK3p in APL
cells and provide a rationale for utilizing ATO in combination with sorafenib for the treatment of
non-APL AML patients.
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Introduction

Arsenic trioxide (ATO) alone successfully induces remission in acute promyelocytic
leukemia (APL) patients with the PML-RARa fusion protein and is approved for relapsed
APL treatment (1). The induction of apoptosis and partial differentiation has been found to
be the mechanism of action of ATO in APL (2-4). Although ATO-induced PML-RARa
degradation occurs during therapy for APL, ATO induces APL-cell apoptosis by a process
that is independent of PML-RARa degradation (5, 6). ATO, as a single agent, has not been
successful in treatment of other types of acute myeloid leukemia (AML). Considering the
minimal toxicity of ATO in APL patients, it has been suggested that ATO could be
combined with other agents for AML treatment (7). Previously we, and other groups, have
found that ATO-induced apoptosis in APL cells is, at least in part, mediated through H,O»
accumulation (8, 9), which is followed by changes in mitochondrial transmembrane
permeability, cytochrome c release, and caspase activation (8). Moreover, our studies
showed that the remarkable sensitivity of APL cells to ATO-induced apoptosis, compared to
cells isolated from other types of myeloid leukemia such as HL-60 and U937, was correlated
with greater H,O, accumulation (8). Although it has been found that agents such as ascorbic
acid, which increase the levels of H,O5, enhanced ATO apoptosis induction of non-APL
malignant cells (7), a report noted that reactive oxygen species (ROS) seem not to be
required for ATO-induced apoptosis (10). Multiple signaling pathways appear to be
regulated by ATO in APL cells (11). We thought that signaling pathways, in addition to
ROS production, might be involved in ATO-induced apoptosis in APL cells.

The mitochondrial apoptotic pathway is controlled by three main antiapoptotic proteins,
Bcl-2, Bel-xL, and Mcl-1, which block the functions of the proapoptotic proteins Bax and
Bak (12). Recently we found that APL NB4 cells expressed Bcl-2 and Mcl-1, but not Bcl-xL
(13). Mcl-1 has been found to play a critical role in the regulation of neutrophil apoptosis
and to be essential for the survival of hematopoietic stem cells (14, 15). Therefore, Mcl-1
could play an important role in protecting cells from apoptotic death in APL cells. Activated
PI3K/AKT/mTOR signaling occurs in AML cells (16). Activated mTOR signaling was
found to promote cell survival by increasing translation of proteins, including Mcl-1 (17).
Mcl-1 is a short-lived protein due to rapid degradation after post-transcriptional
phosphorylation by ERK and AKT kinases (18). It has been found that ATO treatment
decreased AKT levels in APL cells and that inhibitors of ERK and AKT enhanced ATO-
induced apoptosis in non-APL leukemia cells (19, 20). Recently, it has been found that
activated glycogen synthase kinase-3 (GSK3) phosphorylated Mcl-1 and led to proteasomal
degradation of Mcl-1 (21). Since GSK3 is inhibited by AKT (22), we suspected that Mcl-1
levels are regulated by ATO and that Mcl-1 might have a role in ATO-induced apoptosis of
APL cells.

APL NB4 cells, but not non-APL HL-60 cells, respond to apoptosis induction following
ATO treatment at therapeutic concentrations (1-2 uM) (8). We compared the regulation of
Mcl-1 protein levels due to ATO treatment in NB4 and HL-60 cells and found that the
Mcl-1 protein was decreased in NB4 cells, but not in HL-60 cells. The mechanism of Mcl-1
down-regulation by ATO treatment in NB4 cells was explored by examining the signaling
pathways of ERK, mTOR, AKT and GSK3p. We found that ATO decreased Mcl-1 levels by
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activating GSK3p by inhibition of ERK and AKT in APL cells. The role of decreased Mcl-1
levels in ATO-induced apoptosis was studied in HL-60 cells by silencing Mcl-1 using
SiRNA. To improve the apoptotic effects of ATO in non-APL cells, we tested the combined
apoptotic effects of ATO with an AKT or an ERK inhibitor in HL-60 cells and investigated
the potential mechanisms of apoptosis induction of these combinations. We found that
sorafenib, a Raf inhibitor, decreased Mcl-1 levels, decreased intracellular reduced
glutathione (GSH) levels, and augmented ATO-induced ROS production and apoptosis in
HL-60 cells as well as in primary AML cells. Our data indicate that treatment with ATO
plus sorafenib should benefit non-APL AML patients.

Materials and Methods

Reagents

Cell lines

ATO solution was obtained from the pharmacy of our hospital. MEK inhibitors, U0126 and
PD184352, and the Raf inhibitor sorafenib were purchased from LC Laboratories (Woburn,
MA). The mTOR inhibitor rapamycin, the PI3K inhibitor LY290024, and the GSK-3p
inhibitor SB216763 were purchased from Sigma Chemical Co. (St. Louis, MO). Antibody to
poly-(ADP-ribose)-polymerase (PARP) was obtained from Boehringer Mannheim
(Indianapolis, IN); to pro-caspase-3 was from BD Biosciences (San Diego, CA); to Mcl-1,
ERK1, Bcl-2, p-ERK, and B-actin were from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA): to Bak, p-MEK (Ser?17/221) n-Mcl-1 (Thr163), p70S6K, p-p70S6K (Thr389), p-
p70S6K (Thr421/Ser424), p-S6 ribosomal protein (Ser235/236) n-GSK-3B, and GSK-3p (Ser®)
were from Cell Signaling Technology, Inc. (Beverly, MA).

NB4 and HL-60 cells were cultured in RPMI 1640 medium supplemented with 100
units/mL penicillin, 100 pg/mL streptomycin, 1 mmol/L L-glutamine, and 10% (v/v) heat-
inactivated fetal bovine serum (FBS) as we reported before (8). HL-60 cells were developed
from an APL patient without the t(15;17) translocation and are considered a non-APL AML
cell line (23). HP100-1 cells, a H,O,-resitant derivative of HL-60 cells (24), were obtained
from the Japanese Cell Bank.

Isolation of patient-derived leukemic blasts

Leukemic blasts were obtained from one bone marrow and three peripheral blood samples of
AML patients with AML of FAB subtypes M1 and M2. These studies have been sanctioned
by the Investigational Review Board of Mount Sinai School of Medicine and all patients
provided informed consent. Whole blood or bone marrow was collected in heparinized
tubes. The leukemia cells were isolated using Ficoll-Hypaque density gradient separation.
The blasts were washed twice with PBS, resuspended in RPMI 1640, supplemented with
20% FBS, and maintained at 1 x 107 cells/mL.

Quantitation of apoptotic cells, determination of H,O, production, Western blot analysis,
analysis of Bak conformational change, and RNA interference were performed as we
reported before (13).
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Measurement of intracellular GSH content

The levels of intracellular GSH were measured by a monochlorobimane (mBClI)
fluorometric method in which mBCl was used as a sensitive and specific probe to analyze
GSH in intact cells (25). Briefly, 3x108 cells were washed once in PBS, resuspended in 1
mL PBS containing 100 pmol/L mBCl, and maintained at 37°C in the dark for 30 min
before analysis. The formation of the fluorescent adduct (GS-mBCI) was monitored with a
Multi-mode microplate reader (Spectra Max M5e, Molecular devices, LLC) using excitation
and emission wavelengths of 395 and 482 nm, respectively. The GSH content was
calculated as nanomoles per 10° cells based on a GSH standard curve.

Statistical analysis

Results

Data were analyzed for statistical significance using the Student's t test (Microsoft Excel,
Microsoft Corp.). A p-value of less than 0.05 was considered statistically significant.

ATO decreases Mcl-1 levels in NB4 cells, but not in HL-60 cells

NB4 and HL-60 cells were treated with various concentrations of ATO for 24 h. The levels
of Mcl-1, Bcl-2, and PARP were determined and compared. In NB4 cells, ATO at the lowest
concentration tested (0.5 uM) slightly increased the level of Mcl-1 protein, but at increased
concentrations (2 uM and 3 pM) significantly decreased Mcl-1 levels (Fig. 1A). The levels
of Bcl-2 were not significantly changed, except that a small portion of cleaved fragment was
observed by treatment with higher concentrations of ATO (Fig. 1A). Unlike in NB4 cells, in
HL-60 cells ATO treatment did not change the levels of Mcl-1 protein (Fig. 1B). In NB4
cells after ATO treatment, PARP was cleaved which correlated with decreases in the Mcl-1
levels (Fig. 1A). In the time-course study of Mcl-1 levels in NB4 cells treated with 2 uM
ATO, decreases in Mcl-1 levels were detected after treatment for 16 h (Fig. 1C). Mcl-1 is
known to preferably bind to Bak to block mitochondrial apoptosis (12). We used the
antibody Bak (Ab-1), which specifically recognizes the active form of Bak, to compare the
levels of active Bak to the amount of total Bak present after treatment with 2 uyM ATO in
both NB4 and HL-60 cells. After treatment with 2 uM ATO for 16 h, the levels of active
Bak were significantly increased in NB4 cells, but not in HL-60 cells (Fig. 1D). To further
test if Mcl-1 down-regulation contributes to ATO-induced apoptosis, Mcl-1 was knocked-
down using siRNA in HL-60 cells. HL-60 cells transfected with Mcl-1 siRNA have
decreased Mcl-1 levels and enhanced response to ATO-induced apoptosis based on the
detection of PARP cleavage (Fig. 1E). These data suggest that reduction of Mcl-1 protein
contributes to ATO-induced apoptosis.

The ATO-induced reduction of Mcl-1 protein levels in NB4 cells is correlated with inhibition
of ERK signaling

It has been found that Mcl-1 phosphorylation at the Thrl63 site by ERK leads to a prolonged
Mcl-1 half-life by preventing its degradation (26). We studied the levels of p-Mcl-1(Thr163)
in NB4 cells treated with ATO. ATO treatment at high concentrations reduced p-
Mcl-1(Thrl63) levels. This is associated with decreases in p-ERK levels (Fig. 2A). ERK is
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activated due to phosphorylation by MEK which itself is phosphorylated by Raf (27). ATO
treatment also reduced p-MEK levels in NB4 cells. In a time course study in NB4 cells after
treatment with 2 uM ATO, reduced p-MEK, p-ERK, and p-Mcl-1(Thr163) levels occurred at
8 h and reductions in Mcl-1 levels occurred after 16 h (Fig. 2B). So the inhibition of
MEK/ERK phosphorylation occurs earlier than the decreases in Mcl-1 levels. To confirm
the role of ERK inhibition in Mcl-1 regulation due to ATO, two ERK inhibitors, U0126 and
PD184352, and one Raf inhibitor, sorafenib, were used to test if they decrease Mcl-1 levels
and enhance ATO-induced apoptosis in NB4 cells. Pretreatment of NB4 cells with U0126,
PD184352, or sorafenib decreased Mcl-1 levels, but did not induce apoptosis. When ATO
was combined with any one of these three agents, augmented PARP cleavage and Mcl-1
decreases were obtained (Fig. 2C, 2D). Using sorafenib with ATO as a representative
combination, the enhanced apoptotic effect was confirmed by Annexin V assay. More than
58% of apoptotic cells were obtained following combination treatment while using 1 uM
ATO alone induced only 13% and using 5 uM sorafenib alone induced only 7% of the cells
to undergo apoptosis (Fig. 2E). Since further reduction in Mcl-1 levels did not correlate with
decreases in p-ERK levels, other mechanisms could also contribute to reduction in Mcl-1
levels.

Inhibition of MTOR does not contribute to ATO-induced reduction in Mcl-1 levels and
apoptosis in NB4 cells

There is accumulating evidence that Mcl-1 is translationally up-regulated by mTORC1, a
downstream target of PI3K/AKT (17). mTOR is activated by AKT and it stimulates protein
translation by phosphorylating elF4E binding protein (4E-BP1) as well as p70S6K which
phosphorylates S6. In addition, p70S6K is also activated by ERK. The phosphorylation sites
of p70S6K by mTOR and ERK differ. ERK phostorylates p70S6K at Thr421/Ser424, while
mTOR phosphorylates p70S6K at Thr38, To determine if reduction of Mcl-1 levels by ATO
treatment is due to the inhibition of mTOR signaling, the relative levels of phosphorylated
mMTOR, p70S6K, 4EBP1, and S6 were determined. Consistent with a previously report (19)
we found that AKT levels were decreased following ATO treatment at concentration higher
than 2 uM (Fig. 3A). Correlated with decreases in AKT levels, the levels of p-mTOR, p-
p70S6K, and p-4E-BP1 were also decreased after ATO treatment (Fig. 3A). It should be
pointed out that p70S6K levels were also decreased by ATO treatment at concentrations
above 2 uM for 24 h. However, the p-S6 level was decreased by ATO treatment at a
concentration of only 1 uM. A time-dependent study indicated that the level of p-

p70S6K (Thr389) was decreased at 8 h treatment without reduction in Mcl-1 levels which
suggests that inhibition of mMTOR does not mediate the reduction of Mcl-1 levels (Fig. 3B).
To study if inhibition of mTOR affected ATO-induced Mcl-1 protein reduction and
apoptosis, rapamycin, an mTOR inhibitor, was used. Rapamycin at a concentration of 40 nM
decreased p-p70S6K(Thr389) and p-S6, but not p-p70S6K (Thr#21/Ser424) and Mcl-1 levels
(Fig. 3C). Rapamycin failed to be synergistic with ATO in reducing Mcl-1 levels in NB4
cells, although it effectively led to reduction in p-p70S6K (Thr389) levels (Fig. 3C).
Moreover, rapamycin pretreatment did not enhance 1 uM ATO-induced apoptosis as
determined by both PARP cleavage (Fig. 3C) and annexin V assay (Fig. 3D). These data
suggest that translational regulation by mTOR signaling is not the key signaling pathway by
which ATO treatment leads to decreased Mcl-1 protein levels.

Leukemia. Author manuscript; available in PMC 2013 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 6

GSK-3g activation is required for Mcl-1 degradation and apoptosis induction by ATO
treatment in NB4 cells

Recently it has been found that Mcl-1 can be phosphorylated by GSK-3p at Ser'59, resulting
in Mcl-1 ubiquitination and its rapid proteasomal degradation (21, 28). Both AKT and ERK
can phosphorylate GSK-3p on the Ser? residue which leads to GSK-3 inactivation (29).
The levels of p-GSK-3p on ser®, GSK-3p and Mcl-1 protein were determined in NB4 cells
after ATO treatment. ATO treatment led to reduction in levels of p-GSK-3p on ser® and
Mcl-1 without changing GSK-3 protein levels (Fig. 4A). Since ATO inhibited AKT and
ERK in NB4 cells (Fig, 2A, 3A), it suggests that phosphorylation of GSK-3p on the Ser®
residue by AKT/ERK leads to its inactivation and that ATO decreases Mcl-1 level through
activation of GSK3p due to inhibition of its phosphorylation. To determine if GSK-3
activation is required for the reduction in Mcl-1 levels upon ATO treatment in NB4 cells, a
cell-permeable inhibitor of GSK3p, SB216763, was used (30). Pretreatment of NB4 cells
with SB216763 totally blocked reduction of Mcl-1 levels in cells treated with 2 uyM ATO.
The reductions in p-ERK and AKT levels by ATO were not blocked by SB216763 (Fig.
4B). SB 216763 alone decreased the levels of p-ERK, but not AKT (Fig. 4B). The apoptosis
induced by ATO at 2 uM was significantly attenuated, although not completely, by SB
216763 treatment as determined by PARP cleavage (Fig. 4B). To further test the
requirement of GSK3p activation for Mcl-1 degradation, GSK3p was silenced using a
SiRNA. Silencing GSK3p blocked the Mcl-1 reduction in ATO treated NB4 cells (Fig.4C).
To test if the Mcl-1 decrease is through a proteasomal pathway, NB4 cells were pretreated
with a proteasome inhibitor MG132. MG132 partially blocked the decrease in the levels of
Mcl-1 due to ATO treatment (Fig. 4D). To confirm the role of AKT in decreasing p-
GSK-3B(Ser?) and Mcl-1 levels, the AKT inhibitor, LY294002, was used. LY294002
treatment led to reduction in p-GSK-3p(Ser9) and in Mcl-1 levels and enhanced ATO-
induced apoptosis as determined by PARP cleavage (Suppl. Fig. 1A). ERK inhibitors,
U0126 and PD184352, decreased p-GSK-3p(Ser®) and Mcl-1 levels. The reduction of Mcl-1
levels was further augmented by adding ATO together with both agents (Suppl. Fig. 1B).
These data suggest that inhibition of ERK leads to reduced Mcl-1 levels not only by
decreasing Mcl-1 phosphorylation at Thrl83, but also by promoting phosphorylation at
Serl®, Based on these results, we propose that ATO treatment leads to reduction in Mcl-1
levels primarily by promoting its proteasomal degradation after phosphorylation by
activated GSK-3p due to inhibiting ERK activation and reduction of AKT levels in NB4
cells (Fig. 4E).

ERK and AKT inhibitors plus ATO augment Mcl-1 reduction and apoptosis induction in

HL-60 cells

The levels of p-ERK, AKT and p-GSK-3p were analyzed in HL-60 cells after ATO
treatment at 0.5-3 pM. The levels of these proteins were not decreased after ATO treatment
(Fig. 5A). Moreover, AKT levels were increased following ATO treatment (Fig. 5A). To
test if inhibition of ERK or AKT activity enhances ATO-induced apoptosis in HL-60 cells,
HL-60 cells were treated with 5 pM sorafenib, 1 uM PD184352, or 20 uM LY 294002 alone
or in combination with 2 uM ATO. Only less than 15% of the cells became apoptotic
following treatment with each agent alone, but more than 58% of the cells underwent
apoptosis after treatment with ATO in combination with any of the three inhibitors (Fig.
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5B). The levels of Mcl-1, GSK-3p, and p-GSK-3 were analyzed in HL-60 cells treated with
each inhibitor alone or in combination with ATO. Five uM sorafenib, 1 yM PD184352, or
20 pM LY 294002 alone led to significant reduction of p-GSK-33 and Mcl-1 levels without
influencing GSK-3p levels (Fig. 5C-E). The addition of 2 uM ATO with any of the three
inhibitors led to further reduction in p-GSK-3p and Mcl-1 levels which was associated with
increased levels of PARP cleavage (Fig. 5C, 5D, 5E).

Sorafenib decreased the levels of GSH and enhanced H,O, production in ATO-treated

HL-60 cells

Previously we found that ROS is required for ATO-induced apoptosis in APL cells and that
APL cells have low levels of GSH (5, 8). It has been found that LY 294002 enhanced ATO-
induced apoptosis by both increasing production of ROS and decreasing GSH levels (20).
We measured the effects of sorafenib with ATO on ROS production and GSH depletion.
Sorafenib, but not ATO, decreased the level of GSH in HL-60 cells (Fig. 6A). The level of
ROS was increased by treatment with either sorafenib or ATO alone and further augmented
by the combination (Fig. 6B). To test the effect of ROS in apoptosis induction by ATO plus
sorafenib, an H,O,-resistant HL-60 subclone, HP100-1, was used. There was less apoptosis
following treatment with sorafenib plus ATO (Fig. 6C), although Mcl-1 level was reduced
(Fig. 6D). These data suggest that sorafenib enhances the apoptotic effects of ATO not only
by decreasing Mcl-1 levels, but also by decreasing GSH levels which augment the ROS
production by ATO.

ATO plus sorafenib augment apoptosis induction in primary non-APL AML cells

The combined apoptotic effects of ATO plus sorafenib were tested in primary leukemia cells
isolated from one FAB M1 AML patient and three FAB M2 AML patients. After 24 h of
culture, 16.7% apoptotic cells was detected without any treatment. Treatment with 2 uM
ATO and 5 uM sorafenib induced 25.3% and 28.3% apoptotic cells, respectively. Apoptosis
significantly increased to 65.9% when ATO was added together with sorafenib (Fig. 7A).
Sorafenib by itself decreased the levels of p-GSK3p and Mcl-1, and when added together
with ATO and enhanced the leavage of PARP (Fig. 7B).

Discussion

Although several parameters, including lower levels of GSH, glutathione S-transferase  and
catalase (5, 8, 31, 32), have been found to mediate different responses to ATO in APL cells
compared to other types of AML cells, the roles of antiapoptotic proteins in the action of
ATO in APL cells have rarely been studied. Bcl-2, Bcl-xL, and Mcl-1 are three principle
antiapoptotic proteins which block the functions of the proapoptotic proteins Bax and Bak
and control the mitochondrial membrane potential (12). We found that APL NB4 cells do
not express Bel-xL (13), suggesting that either Bcl-2 and/or Mcl-1 might play an important
role in protecting against ATO-induced apoptosis. Previously it was found that ATO
treatment decreased the levels of Bcl-2 in NB4 cells (33), but that was not consistent with
later studies (5, 34-37). The difference may be due to concentration and time of treatment. It
was found that ATO at 1 uM did not decrease the level of Bcl-2 in NB4 cells after 24 h
treatment, but the Bcl-2 level could be decreased at increased concentrations of ATO or
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longer exposure to ATO (34-37). We found here that Bcl-2 level was not decreased after 1
UM ATO treatment, but a cleaved fragment of Bcl-2 was detected in NB4 cells treated with
higher concentrations of ATO (Fig. 1A). Bcl-2 cleavage was also found in HL-60 cells
treated with ATO plus PD184352 or sorafenib (Fig. 5D, 5E). The cleavage of Bcl-2 is
correlated with PARP cleavage. These data suggest that Bcl-2 decrease by ATO at higher
concentration might follow apoptosis since Bcl-2 is cleaved by caspase-3 (38). After ATO
treatment Mcl-1 levels were decreased starting at 2 pM in NB4 cells (Fig. 1A). Neither
Bcl-2 nor Mcl-1 protein levels were decreased after ATO treatment in HL-60 cells (Fig. 1B).
Since Mcl-1 blocks mitochondrial apoptosis by binding to Bak, the reduction in Mcl-1 levels
should lead to Bak activation in NB4 cells. The active form of Bak was significantly
increased in NB4 cells, but not in HL-60 cells, which correlated with the cleavage of PARP
(Fig. 1C, 1D). Silencing Mcl-1 with siRNA significantly enhanced ATO-induced apoptosis
in HL-60 cells (Fig. 1E) which suggests that reduction of Mcl-1 levels plays an important
role in ATO-induced apoptosis.

It was found that the Mcl-1 synthesis is regulated by mTOR signaling which promotes cell
survival (17). mTOR signaling is regulated by AKT and it has been found that AKT is
down-regulated by ATO treatment in NB4 cells (19, 39). We determined the levels of up-
and down-stream factors of mTOR signaling, AKT, p-mTOR, p-4E-BP1, p-p70S6K, and p-
S6 in NB4 cells. The levels of AKT, p-mTOR, p-4E-BP1, and p-p70S6K were decreased by
ATO treatment at a concentration of 2 UM, but not by ATO at a concentration of 1 uM (Fig.
3A). Rapamycin neither enhanced ATO-induced reduction of Mcl-1 levels (Fig. 3C) nor
ATO-induced apoptosis (Fig. 3D). These data suggest that the reduction of Mcl-1 levels by
ATO treatment is not due to inhibition of Mcl-1 protein synthesis through mTOR signaling.

MEK/ERK/S6K signaling also plays a critical role in protein translational regulation (40).
ERK phosphorylates S6K at Thr42L, The levels of p-p70S6K(Thr421/Ser424) were decreased
by ATO treatment, but not by rapamycin treatment (Fig. 3C) which suggests that ERK
activity is inhibited by ATO treatment. Recently it was found that ERK phosphorylates
Mecl-1 at Thr163 which stabilizes it (26). The levels of p-ERK were decreased by ATO
treatment at a concentration of 1 uM (Fig. 2A). Since the levels of Mcl-1 were not decreased
by ATO at 1 uM (Fig. 2A), the inhibition of ERK activity seems to be an early event leading
to Mcl-1 reduction by decreasing its phosphorylation. Treatment with ERK inhibitors,
U0126 and PD184352, decreased p-Mcl-1 and Mcl-1 levels (Fig. 2C). Sorafenib, a Raf
inhibitor, decreased the levels of p-MEK and Mcl-1 and acted synergistically with ATO to
induce apoptosis in NB4 cells (Fig. 2D). Treatment with sorafenib alone did not
significantly decrease p-ERK levels which could be due to feedback activation by inhibiting
p-MEK. It has been found that sorafenib decreases the levels of Mcl-1 through inhibition of
translation (41, 42). It also has been found that sorafenib can decrease Mcl-1
phosphorylation levels by inhibiting ERK activity (43). Therefore, it seems that inhibition of
both new protein synthesis and Mcl-1 phosphorylation may contribute to the combined
effects of sorafenib plus ATO in decreasing Mcl-1 levels in NB4 cells (Fig. 2D).

Recently it was found that GSK-33 modulated Mcl-1 degradation by phosphorylating Mcl-1
at sites differing from those phosphorylated by ERK (21, 22). The activity of GSK-3 is
controlled by phosphorylation which maintains it in an inactive form. Both ERK and AKT
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phosphorylate GSK-3f (44). The level of p-GSK-3f was reduced in NB4 cells after ATO
treatment (Fig. 4A). Since an antibody to test the levels of phosphorylated Mcl-1 at Ser15°
due to GSK-3p activation is not available, we used a GSK-3p inhibitor and GSK-3 siRNA
to determine the effect on ATO-induced Mcl-1 reduction. Both the GSK-3p inhibitor
SB216763 and GSK-3p siRNA blocked Mcl-1 reduction by ATO (2 uM) (Fig. 4B, 4C). It is
known that GSK-3 phosphorylates Mcl-1 which leads to its proteasomal degradation (45).
We found that the proteasome inhibitor, MG132, blocked ATO-induced Mcl-1 reduction in
NB4 cells (Fig. 4D). These data suggest that the decrease in Mcl-1 levels following ATO
treatment is due to two pathways: 1) activation of GSK3p by reducing p-ERK and AKT
levels which promotes Mcl-1 phosphorylation at Ser159 and degradation and 2) direct
inhibition of ERK-induced phosphorylation of Mcl-1 at Thr163 which destabilizes Mcl-1
(Fig. 4E).

Since silencing Mcl-1 sensitizes ATO-induced apoptosis in HL-60 cells (Fig. 1E), it seems
that Mcl-1 plays an important role in protecting cells from ATO-induced apoptosis. ERK
and AKT inhibitors, sorafenib, PD184352, and LY 294002, all decreased the levels of p-
GSK-3p and Mcl-1 protein and augmented ATO-induced apoptosis (Fig. 5). Since
treatments with sorafenib, PD184352, or LY 294002 significantly decreased Mcl-1 levels
and by themselves did not induce apoptosis, the apoptotic effects of combinations of these
inhibitors with ATO seem not to be induced due only to decreases in Mcl-1 levels. The
GSK-3p inhibitor SB216763 completely blocked ATO-induced Mcl-1 reduction, but only
partly inhibited ATO-induced apoptosis (Fig. 4B). Previously we have found that ROS are
required for ATO apoptosis induction in NB4 cells (8). GSH levels determine the ability of
ATO to produce ROS and it has been found that LY294002 and another ERK inhibitor,
PD98059, decrease GSH levels (20, 46). In addition, sorafenib has been found to decrease
GSH levels in hepatocellular carcinoma cells (47). We found that sorafenib alone decreased
GSH level (Fig. 6A) and enhanced ROS production by ATO treatment in HL-60 cells (Fig.
6B). These results support our previous report that decreased intracellular GSH levels
enhance the ability of ATO to produce ROS (5). HP100-1 cells, a H,O,-resistant HL-60
subclone, have a decreased response to ATO plus sorafenib-induced apoptosis compared to
parental HL-60 cells (Fig. 6C). Since treatment with ATO plus sorafenib decreased Mcl-1
and p-GSK-3p levels in HP100-1 cells (Fig. 6D), it indicates that both ROS production and
reduction of Mcl-1 levels are required for ATO apoptosis induction. Previously, we, and
other groups, have found that buthionine sulfoximine (BSO), which completely depletes
GSH levels by inhibiting the activity of glutathione synthase, enhanced ATO-induced
apoptosis in cancer cells without selectivity (48, 49). It has been shown that ERK and AKT
activation increases GSH levels by increasing the transcription of glutamate cysteine ligase
(GCL), the initial enzyme in glutathione synthesis (50-52). ERK and AKT inhibitors
decrease GSH levels by inhibiting GCL transcription. This decrease in GSH levels depends
on the activities of ERK and AKT. Therefore, inhibitors of ERK and AKT have an
advantage over BSO in ATO combination therapy. The question, unanswered thus far, is the
mechanism by which silenced Mcl-1, using siRNA, enhances ATO-induced apoptosis (Fig.
1E). It has been found that Bcl-2 increases GSH levels (53) and functions as an antioxidant
(54). It is possible that Mcl-1 works in a pathway similar to that of Bcl-2 to maintain GSH
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levels. By testing GSH and ROS levels, we found that silencing Mcl-1by using siRNA
decreased GSH levels and enhanced ATO production of ROS in HL-60 cells (Suppl. Fig 2.).

In summary, we found that ATO treatment leads to reduction in Mcl-1 levels in APL cells
primarily through activation of GSK3p by inhibiting p-ERK and AKT (Fig. 4E). ERK and
AKT inhibitors enhance ATO-induced apoptosis in non-APL AML cells by 1) decreasing
Mcl-1 levels and 2) by depleting GSH levels which then enhances ATO-induced ROS
production (Fig. 8). Sorafenib is being tested in AML patients with limited efficacy (55).
ATO plus sorafenib enhance apoptosis induction in non-APL HL-60 (Fig. 6) and primary
AML cells (Fig. 7). Sorafenib plus ATO should be more effective than either agent alone.
This combination treatment could possibly be developed as a novel combination therapy in
non-APL AML patients, therefore, is worthy of clinical trials.
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(A) Down-regulation of Mcl-1 levels by ATO treatment in NB4 cells. (B) Down-regulation
of Mcl-1 levels by ATO treatment in HL-60 cells. (C) Time-dependent down-regulation of
Mcl-1 by ATO treatment in NB4 cells. NB4 and HL-60 cells were treated with ATO at the
indicated concentrations for 24 h or with 2 uM ATO for the indicated times. The relative
levels of PARP, Mcl-1, Bcl-2, and B-actin were determined using specific antibodies with
Western blot analysis. -actin was used as a loading control. (D) Bak activation by ATO
treatment in both NB4 and HL-60 cells. NB4 and HL-60 cells were treated with ATO at 2
UM for the indicated times and lysed in CHAPS lysis buffer. Total Bak protein was
immunoprecipitated with anti-Bak (AB-1) antibody and conformationally changed Bak was
probed using poly anti-Bak antibody. (E) Silencing Mcl-1 enhances ATO-induced apoptosis
in HL-60 cells. HL-60 cells transfected with Mcl-1 siRNA or control siRNA were treated

with 2 UM ATO for 24 h. The relative levels of PARP, Mcl-1, Bcl-2, and p-actin were

determined using specific antibodies with Western blot analysis.
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Fig. 2. ATO reduces Mcl-1 and phosphorylated ERK levelsin NB4 cells
(A, B) Reduction of phosphorylated ERK and MEK following ATO treatment in NB4 cells.

NB4 cells were treated with ATO at the indicated concentrations for 24 h or treated with 2
UM ATO for the indicated times. The levels of Mcl-1, p-MER, ERK, p-ERK, p-
Mecl-1(Thr83) and p-actin were determined using specific antibodies with Western blot
analysis. (C, D, E) The combined effects of ATO with MEK/ERK inhibitors on Mcl-1
levels. NB4 cells were pretreated with 5 uM U0126 (C), 1 pM PD184352 (C), or 5 pM
sorafenib (D) for 2 h and then treated with 1 uM ATO for another 24 h. The levels of PARP,
Mcl-1, p-Mcl-1(Thr83) p-MEK, p-ERK, and p-actin were determined using specific
antibodies with Western blot analysis. (E) The effect of ATO plus sorafenib on inducing
apoptosis. NB4 were treated with 5 UM sorafenib, 1 pM ATO, or their combination and
apoptotic cells were analyzed with annexin V-FITC using flow cytometry.
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Fig. 3. Inhibition of the AKT/mTOR pathway does not enhance AT O-induced apoptosis
(A, B) Inhibition of the AKT/mTOR signaling pathway by ATO in a dose- and time-

dependent manner. NB4 cells were treated with ATO at the indicated concentrations for 24 h
or treated with 2 uM ATO for the indicated times. The levels of Mcl-1, AKT, p-mTOR, p-

p70S6K(Thr389), p-4E-BP1, p-S6(Ser235/236) and -actin were determined using specific
antibodies with Western blot analysis. (C, D) The combined effects of rapamycin plus ATO
on both Mcl-1 levels and apoptosis. NB4 cells were pretreated with 40 nM rapamycin for 2
h and then treated with 1 uM ATO for another 24 h. The levels of PARP, Mcl-1, p-ERK, p-
p70S6K (Thr421/Ser424), p-p70S6K (Thr38%), p-S6 (Ser235/236) and p-actin were determined
using specific antibodies with Western blot analysis (C). Apoptotic cells were detected with

annexin V-FITC using flow cytometry (D).
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Fig. 4. Inhibition of GSK-3f phosphorylation contributesto reduction in Mcl-1 levelsin NB4

cells

(A) ATO treatment decreases p-GSK-3p(Ser?) levels. NB4 cells were treated with ATO at
the indicated concentrations for 24 h. (B) The GSK-3p inhibitor, SB216763, blocks ATO-
induced decreases in Mcl-1 levels. NB4 cells were pretreated with 5 pM SB216763 for 2 h
and then treated with 2 uM ATO for another 24 h. (C) Silencing GSK-3p blocks ATO-
induced reduction of Mcl-1 levels. NB4 cells transfected with GSK-3f siRNA or control
SiIRNA were treated with 2 uM ATO for 24 h. (D) Proteasome inhibitor MG132 blocks
ATO-induced reduction of Mcl-1 levels. NB4 cells were pretreated with 0.5 yM MG132 for
2 h and then treated with 2 pM ATO for another 24 h. The relative levels of Mcl-1, PARP,
GSK-3p, p-ERK, AKT and B-actin were determined with Western blot analyses using
specific antibodies. (E) The potential mechanisms of ATO-induced reduction of Mcl-1
levels in NB4 cells.
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Fig. 5. ERK and AKT inhibitors enhance AT O-induced apoptosisin HL-60 cells
(A) The regulation by ATO treatment on the levels of AKT, p-ERK, and p-GSK-3f in

HL-60 cells. HL-60 cells were treated with ATO at the indicated concentrations for 24 h and
the levels of Mcl-1, p-ERK, AKT, GSK-3p, p-GSK-3p(Ser?), and B-actin were determined
with Western blot analysis using specific antibodies. (B) The combined effects of an ERK
inhibitor or an AKT inhibitor with ATO on apoptosis induction. HL-60 cells were pretreated
with 20 uM LY294002, 1 uM PD184352, or 5 uM sorafenib for 2 h and then treated with or

without 2 uM ATO for another 24 h. Apoptotic cells were detected with annexin V-FITC

using flow cytometry. (C, D, E) The combined effects of either ERK inhibitors or an AKT
inhibitor with ATO on the regulation of Mcl-1 levels and PARP cleavage. HL-60 cells were
pretreated with 20 UM LY294002 (C), 1 uM PD184352 (D), or 5 uM sorafenib (E) for 2 h

and then treated with or without 2 uM ATO for another 24 h. The levels of PARP, Mcl-1,
GSK-3B, GSK-3B(Ser?), and p-actin were determined with Western blot analysis using

specific antibodies.
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Annexin V

Fig. 6. Sorafenib decreasesintracellular GSH levels and enhances ROS production dueto ATO
treatment

(A) Sorafenib decreases GSH levels in HL-60 cells. HL-60 cells were pretreated with 5 uM
sorafenib for 2 h and then treated with or without 2 pM ATO for 12 h. Then the intracellular
GSH levels were determined as described in Material and Methods. (B) ROS levels of
HL-60 cells treated with ATO plus sorafenib. HL-60 cells were pretreated with 5 pM
sorafenib for 2 h and then treated with or without 2 uM ATO for another 16 h. The
intracellular H,O, content was determined by DCFH-DA staining with FACS. (C) The
combined effects of sorafenib plus ATO on apoptosis induction. HL-60 and HP100-1 cells
were treated with 5 UM sorafenib with or without 2 pM ATO for 24 h. Apoptotic cells were
detected with annexin V-FITC using flow cytometry. (D) The combined effects of sorafenib
plus ATO on Mcl-1 levels. HL-60 and HP100-1 cells were treated by 5 uM sorafenib with or
without 2 pM ATO for 24 h. Then the levels of PARP, Mcl-1, p-GSK-3B(Ser®), and p-actin
were determined with Western blot analysis using specific antibodies.
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Fig. 7. Sorafenib plus ATO augment apoptosisinduction in primary AML cells
Primary AML cells were isolated as described in Material and Methods from four AML

patients and treated with 5 uM sorafenib, 2 pM ATO and their combination for 24 h.
Apoptotic cells were detected with annexin V-FITC using flow cytometry (A). The number
listed are average and ** p < 0.01 compared to cells treated with either ATO or sorafenib
alone (A). The levels of PARP, Mcl-1, p-GSK-3B(Ser?), and p-actin were determined with
Western blot analysis using specific antibodies in cells isolated from AML#2 patient (B).
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Fig. 8. The mechanisms of augmented apoptosisinduction by ATO in combination with
inhibitorsof ERK or AKT in AML cells

Inhibitors of ERK and AKT activate GSK3 by inhibiting phosphorylation due to ERK/
AKT. Inhibitors of ERK and AKT also decrease intracellular GSH levels which enhances
ATO production of ROS as well as ATO inhibition of ERK/AKT. Activated GSK3p
phosphorylates Mcl-1 and leads to its proteasomal degradation. Enhanced ROS production
plus decreased Mcl-1 levels by these combination treatment result in synergistic induction of
apoptosis via activation of Bak.
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