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We provide evidence that arsenic trioxide
(As,0;) targets the BCR-ABL oncoprotein
via a novel mechanism involving p62/
SQSTM1-mediated localization of the on-
coprotein to the autolysosomes and sub-
sequent degradation mediated by the
protease cathepsin B. Our studies demon-
strate that inhibitors of autophagy or ca-

thepsin B activity and/or molecular target-
ing of p62/SQSTM1, Atg7, or cathepsin B
result in partial reversal of the suppres-
sive effects of AS,0; on BCR-ABL ex-
pressing leukemic progenitors, including
primitive leukemic precursors from
chronic myelogenous leukemia (CML) pa-
tients. Altogether, these findings indicate

that autophagic degradation of BCR-ABL
is critical for the induction of the antileu-
kemic effects of As,0; and raise the poten-
tial for future therapeutic approaches to
target BCR-ABL expressing cells by
modulating elements of the autophagic
machinery to promote BCR-ABL degrada-
tion. (Blood. 2012;120(17):3555-3562)

Introduction

Elements of the autophagic machinery have attracted recently
considerable attention as a potential target for the development of
novel approaches for the treatment of malignancies."? Similar to
apoptosis, autophagy is a programmed cell death mechanism, but it
is distinguished by a self-catabolic process involving lysosomal
proteolytic degradation of cellular components.? This is initiated by
the formation of a double-membrane enclosed structure, known as
the autophagosome.* On fusion with a lysosome, a cellular
organelle characterized by low pH and hydrolytic enzymes,>° such
structure eventually develops into the autophagolysosome where
degradation of organelles occurs.

Under different circumstances, autophagy can either inhibit or
promote malignant cell survival, but its precise role in tumorigen-
esis remains to be established.” The role of inducible autophagy in
BCR-ABL expressing leukemia cells is poorly understood. For
example, there is previous evidence suggesting that autophagy may
play regulatory roles in BCR-ABL leukemogenesis,’ whereas other
studies have shown that pharmacologic inhibition of autophagy
enhances the effects of imatinib mesylate and other targeted
therapies in CML.!%12 There are also opposing lines of evidence,
pointing toward tumor inhibitory effects of autophagy,'>1* although
a recent study demonstrated that BCR-ABL exerts suppressive
effects on autophagy via engagement of the PI3K/FoxO4/ATF5/
mTOR pathway.!?

Arsenic trioxide (AS,0;) exhibits potent antileukemic ef-
fects in vitro and in vivo and has major clinical activity in the
treatment of patients with acute promyelocytic leukemia
(APL).'6-18 This agent was previously shown to target and
eliminate leukemia initiating stem cells (LICs) in mouse models
in vivo via PML targeting.'” Notably, there is evidence that
AS,0;3 degrades BCR-ABL,? raising the possibility that this

agent may provide an approach to target CML LICs. However, a
major limiting factor for the incorporation of arsenic in non-
APL malignancies has been the requirement of high concentra-
tions for induction of cell death in non-APL cells and the
incomplete understanding of the mechanisms by which it
promotes antileukemic responses.

A major mechanism contributing to the antineoplastic effects of
arsenic is induction of apoptosis,'¢-18 with upstream JNK activation
being a prominent regulatory mechanism.?! In a recent study, we
provided evidence that arsenic trioxide induces autophagy in AML
leukemic progenitors and demonstrated that such autophagy is
essential for generation of the inhibitory effects of arsenic on
primitive leukemic precursors.”> However, the key downstream
cellular events by which such arsenic-dependent induction of
autophagy elicits antileukemic responses and its potential involve-
ment in the generation of inhibitory responses in other types of
leukemias have been unknown. As AS,O; is known to induce
BCR-ABL degradation,”*?3 we examined the role of autophagy in
the process and in the generation of antileukemic responses in
BCR-ABL expressing cells. Our studies provide evidence for a
novel mechanism, involving autophagic degradation of the trans-
forming BCR-ABL oncoprotein. Inhibition of autophagy, pharma-
cologically or by siRNA-targeting of key elements of the au-
tophagic machinery, reverses degradation of BCR-ABL and
abrogates generation of arsenic-induced antileukemic eftects. Our
studies also establish that the function of the lysosome-localized
protease cystein cathepsin-B exhibits regulatory effects on BCR-
ABL degradation during the autophagic process, providing evi-
dence for a novel mechanism for BCR-ABL targeting occurs in the
autolysosomes.
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Methods

Cells and reagents

The BCR-ABL expressing K562 human leukemia cell line was grown in
RPMI 1640 supplemented with 10% fetal bovine serum and antibiotics.
Pepstatin A, E-64d, and AS,03 were purchased from Sigma-Aldrich, and
CA-074 was obtained from Enzo Life Sciences. Antibodies against LC3B
and Atg7 were from Cell Signaling Technologies. Antibodies against beclin
1 (H-300), p62/SQSTM1 (D-3), Hsp90 o/f (H-114), ABL (24-11), BCR,
and cathepsin B (C-19), as well as normal mouse 1gG, were obtained from
Santa Cruz Biotechnology. An antibody against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was obtained from Millipore. Control
and cathepsin B shRNA lentiviral particles were obtained from Santa Cruz
Biotechnology. Ba/F3-BCR-ABL and Ba/F3-T3151-BCR-ABL transfec-
tants were provided by Dr Brian J. Druker (Howard Hughes Medical
Institute and Oregon Health & Science University, Portland, OR).

Cell lysis and immunoblotting

Cells were incubated for the indicated times with the indicated concentra-
tions of As203, and subsequently lysed in phosphorylation lysis buffer as in
our previous studies.???42¢ Immunoblotting using an enhanced chemilumi-
nescence (ECL) methodology was performed as in our previous studies.?*?’
In the experiments in which the pharmacologic inhibitors pepstatin A and
E-64d were used, the cells were pretreated for 60 minutes with the indicated
concentrations of the inhibitors before the addition of AS,05 to the cultures.
siRNA-mediated knockdown of Beclin 1 or Atg7 in human leukemic cells
was performed using Nucleofector kits from Amaxa Biosystems. Cells were
transfected with Beclin 1 or Atg7 specific siRNA pools from Dharmacon
RNAI Technologies or single target RNAi from Ambion/Life Technologies.

Assays of primary hematopoietic progenitors from CML
patients

Peripheral blood from or bone marrow samples from patients with CML
were collected after obtaining informed consent approved by the Institu-
tional Review Board of Northwestern University. This study was conducted
in accordance with the Declaration of Helsinki. The effects of AS,O3 on
leukemic progenitor colony formation were assessed by clonogenic assays
in methylcellulose, as previously described.??2425:27

Acridine orange staining and flow cytometric analysis

Formation of acidic vesicular organelles (AVOs), a morphologic character-
istic of autophagy was quantitated by acridine orange staining.?® Acridine
orange (0.5 mg/mL; Invitrogen) was added 15 minutes before collection
and after washing with phosphate buffered saline, cells were analyzed by
flow cytometry. Once in the acidic compartments in acridine orange
fluoresces red (FL3/PE-Cy5, Ex/Em 496/667 nm) and in the cytoplasm
green (FL1/FITC, Ex/Em 494/520 nm) and dim red.?’ Red fluorescence is
proportional to the levels of acidity observed.

Immunofluorescence

Human leukemic cells were incubated in DQ-BSA (20 mg/mL; Invitrogen)
for 16 hours. The cells were then collected and fixed with periodate/lysine/
paraformaldehyde solution before staining.’® Fluorescence was detected
using a Zeiss LSM 510 META, confocal microscope system and images
were analyzed with ImageJ (National Institutes of Health).

Electron microscopy

K562 cells were treated as indicated and then fixed in BD cytofix/cytoperm
fixation/permeabilization Solution (BD Bioscience) at 4°C for 30 minutes
and stained with anti-p62/SQSTM1 (Sigma-Aldrich) and anti-ABL (Santa
Cruz Biotechnology) antibodies, followed by 6 nm anti-mouse and 15 nm
ant-rabbit EM-grade IgG gold conjugates (Aurion). Samples were then
fixed in 0.1M sodium cacodylate buffer pH7.3 containing 2% paraformalde-
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hyde and 2.5% glutaraldehyde and embedded in resin mixture of embed
812 and araldite. Samples were sectioned to 70 nm thin and poststained
with 3% uranyl acetate and Reynolds lead citrate. Samples were examined
under FEI Tecnai Spirit G2 TEM and digital images were captured on an
FEI Eagle camera. Quantification of autophagic structures was performed
using the principles of point counting as previously described.’!

Results

Arsenic trioxide-dependent induction of autophagy in K562
leukemia cells

In initial studies we assessed the ability of As,O; to induce
autophagy in the BCR-ABL expressing K562 CML-blast crisis cell
line. As expected based on previous reports,”® we found that
As,0;-treatment of K562 cells results in significant reduction in the
levels of BCR-ABL expression (Figure 1A), consistent with
arsenic-dependent degradation of the protein.?* In addition, consis-
tent with our previous work in different leukemia cell lines,?? we
found that treatment of K562 cells with As,O5 results in induction
of autophagy, as shown by immunoblotting experiments demonstrat-
ing up-regulation of LC3II (Figure 1B). When cells were incubated
in the presence of the lysosomal specific protease inhibitors E64d
and pepstatin A, there were increasing levels of LC3II (Figure 1C),
consistent with autophagic flux. We also found that there was
time-dependent decrease of p62/SQSMT]I levels that was seen
after 72 hours of incubation (Figure 1D), whereas treatment the
autophagy inhibitor bafilomycin level increased the levels of
p62/SQSMT1 (supplemental Figure 1, available on the Blood Web
site; see the Supplemental Materials link at the top of the online
article). Arsenic trioxide-inducible autophagic structures could be
seen by electron microscopy (Figure 1E), whereas flow cytometry
studies established increased levels of acidic vesicular organelles
(AVOs) after arsenic treatment (Figure 1F).

Degradation of BCR-ABL by arsenic trioxide can be reversed
by inhibition of autophagy

As the mechanisms by which arsenic promotes degradation of the
BCR-ABL oncoprotein are largely unknown, we sought to deter-
mine whether inhibition of the autophagic process exhibits regula-
tory effects. We targeted key components of the autophagic
machinery using specific siRNAs and assessed their effects on
AS,0;-dependent down-regulation of BCR-ABL protein. Selec-
tive knockdown of either Becnl or Atg7 or p62SQSTM1 (Figure
2A) resulted in reversal of the suppressive effects of arsenic-
treatment on BCR-ABL levels (Figure 2B, supplemental Figures
2-3). Treatment with pepstatin A and E64d resulted in reversal of
BCR-ABL degradation (Figure 2C). In addition, siRNA-mediated
targeting of elements of the autophagic machinery? reversed the
suppressive effects of As;O; on K562-derived leukemic progenitor
colony formation (CFU-L; Figure 2D-E).

Interaction of BCR-ABL with p62/SQSTMH1

In subsequent studies, we sought to uncover potential mechanisms
by which autophagy mediates arsenic-dependent BCR-ABL degra-
dation. We examined whether BCR-ABL directly interacts with
key elements of the autophagic machinery. Initially, we assessed
whether BCR-ABL interacts with the ubiquitin-associated protein
p62/SQSTMI1. K562 cells were exposed to As,O; for different
times ranging from 8 to 48 hours and lysates were immunoprecipi-
tated with an anti—anti-p62/SQSTM1 antibody and immunoblotted
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Figure 1. As,03;-dependent degradation of BCR-ABL
and induction of autophagy in the BCR-ABL express- A
ing leukemia cells. (A) K562 cells were incubated with
As,03 for 24 hours, as indicated. Total cell lysates were
resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. (B) K562 cells were incubated with
As203 at the indicated final concentrations for 24 hours.
Total cell lysates were resolved by SDS-PAGE and
immunoblotted with anti-LC3 or anti-GAPDH antibodies,
as indicated. (C) K562 cells were incubated with Ag>O3
(2puM) in the presence or absence of E64d (10.M), and
pepstatin A (10pM) for 24 hours, as indicated. Total cell
lysates were resolved by SDS-PAGE and immunoblotted D
with anti-LC3 or anti-GAPDH antibodies, as indicated.

(D) K562 cells were incubated for the indicated times with

As203 (2uM). Total cell lysates were resolved by SDS-

PAGE and immunoblotted with anti-p62/SQSMT1 or
anti-GAPDH antibodies, as indicated. (E) Electron micros-

copy analysis for autophagic compartments in untreated

K562 cells or cells treated for 24 hours with As;O3 (2.M).

Data from 5 independent measurements were quantitate

and represent autophagic compartment (AC) accumula-

tion in a 1001M? cell surface area. Paired t test analysis
showed P = .0207. (F) K562 cells were treated for E
24 hours with As;Og (2M). The cells were then stained

with acridine orange for quantitation of formation of acidic
vesicular organelles (AVOs). An increase in AVOs forma-

tion is accompanied with an increase in FL3/PE-Cy5
fluorescence, reflecting induction of autophagy. Data

from 3 independent experiments, including the one shown

in the top panel, were quantitated are expressed as
means + SE. Paired t test analysis comparing AS;03—
treated cells versus control-untreated cells, demon-

strated P = .016.
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with an anti-ABL antibody to detect BCR-ABL (Figure 3A). There
was arsenic-inducible time-dependent increase in the interaction
between BCR-ABL and p62/SQSTMI. Such arsenic-inducible
BCR-ABL-p62/SQSTMI1 interaction was also seen in confocal
imaging studies, including colocalization of this complex with
lysosome targeting conjugates (Figure 3B, supplemental Figures
4-5). The interaction of p62/SQSTM1 with BCR-ABL was also
detectable within autophagosome structures (Figure 3C) in immu-
nogold electron microscopy studies. Collectively these findings
physically linked BCR-ABL to p62/SQSTMI1 in autophagosome
structures and autolysosomes.

Requirement of Cathepsin B activity for autophagic
degradation of BCR-ABL

Lysosomes are organelles that contain enzymes, and among the
enzymes present in their structures are cathepsins.’> Cathepsin B
has been implicated in autophagic flux-facilitation of the anthrax
toxin receptor 2-mediated delivery of anthrax lethal factor into the
cytoplasm?® and in imatinib mesylate-induced CML cell death.3*
This prompted us to determine whether cathepsin B activity plays a
role in degradation BCR-ABL by arsenic. In initial studies, we
found that cathepsin activity products colocalize with BCR-ABL

and p62/SQSTM1 (Figure 4A). Interestingly in untreated samples
cathepsin activity products appeared more locally concentrated in
the cells, whereas after As,Os-treatment a more diffuse pattern of
activity was seen throughout the cell, possibly reflecting au-
tophagolysosome maturation (Figure 4A). Importantly, when cathep-
sin B activity was pharmacologically inhibited using a specific
pharmacologic inhibitor (CA-074), we found that there was no
longer colocalization of cathepsin products with BCR-ABL and the
diffuse pattern of cathepsin activity products seen after arsenic
treatment was reversed (Figure 4B).

To determine the functional role of cathepsin B activity in
arsenic-induced autophagic degradation of BCR-ABL, we stably
knocked down cathepsin B in K562 cells using specific shRNA in a
lentiviral vector (Figure 4C). Knockdown of cathepsin B stabilized
BCR-ABL protein levels and reversed arsenic-mediated degrada-
tion of the oncoprotein (Figure 4C). These results were further
verified by use of the specific and potent inhibitor of cathepsin B
activity, CA-074. As shown in Figure 4D, concomitant treatment
with CA-074 selectively blocked cathepsin B activity and reversed
arsenic-induced autophagic degradation of BCR-ABL (Figure 4D).
Inhibition of cathepsin B also partially reversed the frequency of
autophagic cells (supplemental Figure 6). To assess the role of
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Figure 2. Arsenic trioxide-induced autophagic degradation of BCR-ABL.
(A) K562 cells were transfected with control siRNA or siRNAs specifically targeting
beclin 1 (Becn1) or Atg7 or p62/SQSTM1, as indicated. Cells were lysed, and total
lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibod-
ies. (B) K562 cells were transfected with control siRNA or siRNAs specifically
targeting Becn1 or Atg7 or p62/SQSTM1, as indicated and were subsequently treated
for 24 hours with As;O3 (2uM). Total lysates were resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. (C) K562 cells were pretreated for
60 minutes with pepstatin A (10uM) and E64-d (10nM) as indicated, and were
subsequently treated for 24 hours with As,O3 (2uM) in the continuous presence or
absence of the inhibitors, as indicated. Total cell lysates were resolved by SDS-PAGE
and immunoblotted with an anti-ABL or anti-Hsp90 antibodies, as indicated. (D-E) K562
cells were transfected with control-siRNA or Atg7 siRNA or Beclin1 siRNA (D) or
p62/SQSMT1 siRNA (E) as indicated and the effects of AS,O3 (0.51M) on leukemic
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Figure 3. Lysosomal colocalization of BCR-ABL and p62/SQSTM1. (A) K562
cells were incubated in the presence of As,Oj for the indicated times. Cells were
lysed and lysates were immunoprecipitated (IP) with an anti-p62/SQSTM1 antibody
or control normal mouse IgG (mlgG), as indicated. EL indicates an empty lane.
Immunoprecipitated proteins were resolved by SDS-PAGE and immunoblotted with
anti-ABL or anti-p62/SQSTM1 antibodies, as indicate. (B) K562 cells were treated
with As;O3 (2M) for 24 hours. Before collection, cells were stained with quenched
probe DQ-BSA (red), and after collection stained with either anti-ABL (blue) or
anti-p62/SQSTM1 (green) and signals were detected by confocal microscopy.
Merged panels indicate overlapping images of the 3 fluorescing signals, and arrows
show the colocalization of p62/SQSTM1, BCR-ABL and lysosomal probe DQ-BSA.
(C) As;Oz—dependent colocalization of BCR-ABL with p62/SQSTM1, detected by
electron microscopy. K562 cells were treated for 16 hours with AS,O3 (2puM) and
were subsequently processed as described in “Electron microscopy.” Red arrows
indicate BCR-ABL (15 nm gold-conjugate) and yellow arrows indicate p62 (6 nm
gold-conjugate).

cathepsin B activity in the antileukemic properties of As,O; we
examined the effects of inhibition of cathepsin B activity on the
suppressive effects of As,O; on leukemic CFU-L progenitors.
Concomitant treatment of cells with CA-074 partially reversed the
effects of As,O; on CFU-L growth (Figure 4E), indicating a key
involvement of cathepsin B in the generation of antileukemic
responses. Similar results were seen in studies in which the effects
of stable knockdown of cathepsin B on K562-derived CFU-L
leukemic colonies were assessed (Figure 4F).

Figure 2. (continued) progenitor (CFU-L) colony formation were assessed in
clonogenic assays in methylcellulose. Data are expressed as percent control of
CFU-L colony numbers for control siRNA-treated cells and represent means + SE of
4 independent experiments. Paired t test analysis comparing AsoOs—treated control
siRNA transfected cells versus As,Os—treated Atg7 siRNA transfected cells or versus
Ag,Os-treated Beclin1 siRNA transfected cells or versus Ag,Os—treated p62/SQSMT1
siRNA transfected cells and the corresponding paired P values are indicated.
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Figure 4. Cathepsin B activity is required for arsenic-induced autophagic degradation of BCR-ABL. (A) K562 cells were treated with AS,03 (2).M) for 24 hours. The cells
were then stained with a pan-cathepsin probe (Prosense 680; red), and aftercollection stained with either anti-ABL (blue) or anti-p62/SQSTM1 (green), and signals were
detected by confocal microscopy. Merged panels indicate overlapping images of the 3 fluorescing signals, and magnified sections indicate colocalization of p62/SQSTM1,
BCR-ABL, and cathepsins. (B) K562 cells were treated with or without As,O3 (2uM) or CA-074 (5M) for 24 hours. The cells were then stained with quenched probe DQ-BSA
(red), and after collection stained with either anti-ABL (blue), or anti-p62/SQSTM1 (red), and signals were detected by confocal microscopy. Merged panels indicate
overlapping images of the 3 fluorescing signals, and arrows show the colocalization of p62/SQSTM1, BCR-ABL, and lysosomal probe DQ-BSA. (C left panel) Lysates from
K562 cells stably expressing control (Ctrl)-shRNA or cathepsin B-shRNA where incubated with the biotinylated probe DCG-04 and, after resolution by SDS-PAGE, were
immunoblotted with anti-streptavidin or anti-Hsp90 antibodies, as indicated. (Right panel) K562 cells stably expressing Ctrl-shRNA or Cathepsin B shRNA were treated with
As,03 (2M) for 24 hours. Total lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (D left panel) K562 cells were incubated in the presence
or absence of As,O3 (2.M) and/or CA-074 (5.M) for 24 hours. Cell lysates where incubated with the biotinylated probe DCG-04, resolved by SDS-PAGE and immunoblotted
with anti-streptavidin or anti-Hsp90, as indicated. (Right panel) K562 cells were incubated in the presence or absence of As,O3 (2uM) and/or CA-074 (5.M) for 24 hours. Cell
lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. (E) K562 cells were plated in a methylcellulose assay system in the presence of either
As,03 (0.51.M) and/or CA-074 (5.M) as indicated. Data are expressed as percent control of CFU-L colony numbers for control untreated cells and represent means + SE of
4 independent experiments. Paired ttest analysis comparing the effects As,O3 in the absence or presence of CA-074 combination showed a paired Pvalue = .0013. (F) K562
cells stably expressing control (CTRL)-shRNA or cathepsin B (CTSB)-shRNA were plated in a methylcellulose assay system in the presence of either AgxO3 (0.51.M) as
indicated. Data are expressed as percent control of CFU-L colony numbers for control untreated cells and represent means = SE of 4 independent experiments. Paired ttest
analysis comparing the effects As,O3 showed a paired P value = .0249.

Autophagy and the antileukemic effects of As,0; on primitive
leukemic progenitors

and essential role of autophagic degradation of BCR-ABL in the
antileukemic properties of As,Os.

To further determine the significance of arsenic-induced autophagy
and associated BCR-ABL degradation in a more pathophysiologi-

cally relevant system, studies were performed to define its role on
primary leukemic precursors from patients with CML. Consistent
with the cell line findings, using peripheral blood mononuclear
cells isolated from a CML patient we observed colocalization of
BCR-ABL with p62/SQSTMI in an As,Os;—dependent manner
(Figure 5A). Treatment with pepstatin A and E64d (Figure 5B) or
with the cathepsin B inhibitor CA-074 (Figure 5C) partially
reversed the suppressive effects of arsenic on primary leukemic
CFU-GM progenitors from CML patients, establishing a critical

Discussion

As,03 is one of the most active agents in the treatment of APL!6-18
and it is approved by the FDA for the treatment of patients suffering
from this leukemia. There is also emerging evidence that this agent
can target and eliminate LICs,! making this metalloid derivative
attractive for other hematologic malignancies and solid tumors.
However, limitations in our overall understanding of its mecha-
nisms of action have so far not allowed development of targeting
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Figure 5. Autophagic degradation of BCR-ABL contributes to the generation of
the antileukemic effects of As,03 on primitive leukemic progenitors from CML
patients. (A) Circulating leukemia cells from a CML patient were treated with As,O3
(2uM) for 24 hours. Before collection, cells were stained with quenched probe
DQ-BSA (red), and after collection stained with either anti-ABL (blue) or anti-p62/
SQSTM1 (green) as indicated, and signals were detected by confocal microscopy.
Merged panels indicate overlapping images of the 3 fluorescing signals, and arrows
show the colocalization of p62/SQSTM1, BCR-ABL, and lysosomal probe DQ-BSA.
(B) Effects of As,Oz (0.5nM) or E64d/Pepstatin (10,.M/10uM) or the indicated
combinations on primitive leukemic progenitor (CFU-GM) colony formation from
different CML patients were examined in clonogenic assays in methylcellulose. Data
are expressed as percent control of CFU-GM colony numbers for control untreated
cells and represent means + SE of 6 independent experiments using samples from
different patients. Paired ttest analysis comparing the effects of As,O3 in the absence
or presence of E64d/pepstatin demonstrated a paired value of P = .0017. (C) Effects
of As;O3 (0.5nM) or CA-074 or the indicated combinations on primitive leukemic
progenitor (CFU-GM) colony formation from different CML patients were examined in
clonogenic assays in methylcellulose. Data are expressed as percent control of
CFU-GM colony numbers for control untreated cells and represent means =+ SE of
4 independent experiments using samples from different patients. Paired t test
analysis comparing the effects of As,O3 in the absence or presence of E64d/pepstatin
demonstrated a paired value of P = .0027.

approaches and the therapeutic combinations that would broaden
its impact in non-APL malignancies. Extensive work has estab-
lished that As,O;—dependent apoptosis occurs, in part, via induc-
tion of reactive oxygen species (ROS), which initiate downstream
proapoptotic pathways.!¢17-35-37 However, there is also evidence
that ROS-independent apoptosis plays important roles’® and that
arsenic can promote cell death in a caspase-independent manner.>
Cell-type specific targets of AS,0; exist, including the PML-RAR
fusion protein in APL cells**#!; the AML1/MDS1/EVI1 oncopro-
tein, which is present in the malignant cells of some patients with
MDS, AML, or CML blast crisis*?; and the BCR-ABL oncoprotein,
which is the hallmark of CML.?° Targeting and degradation of such
transforming oncoproteins by As,Oj; is highly relevant and may be
critical for the ability of arsenic to generate antileukemic responses,
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but the mechanisms by which such cellular events are initiated and
regulated remain to be precisely defined.

We have recently shown that As,Os induces autophagy of AML
cells and demonstrated that such autophagy plays essential roles in
the induction of its suppressive effects on primitive leukemic
precursors from AML patients.??> Our previous studies have also
raised the potential of modulating the autophagic machinery to
promote arsenic-induced antileukemic effects, but the role of
autophagy in specific arsenic-dependent targeting mechanisms in
malignant cells remain to be defined. Notably, autophagy-
modulating agents have become recently the focus of clinical-
translational efforts,** but the underlying mechanisms connecting
autophagy and cancer remain unclear.

In this study, we demonstrate that degradation of the transform-
ing oncoprotein BCR-ABL by arsenic trioxide occurs in autolyso-
somes in a cathepsin B-dependent manner. The localization of
BCR-ABL to the autolysosome appears to occur via an As,Os;—
dependent interaction of BCR-ABL with p62/SQSTMI1, ultimately
resulting in proteolytic degradation of BCR-ABL. p62/SQSTM1, a
ubiquitin binding protein, has been previously implicated in
shuttling of ubiquitinated proteins and functions as a ‘“cargo
receptor” for autophagic degradation of targeted proteins.*-4¢ In
fact, there is evidence that p62/SQSTM!1 binds directly to LC3 to
facilitate degradation of ubiquitinated protein targets,*® underscor-
ing the importance of this protein in the process. Previous work has
also shown that BCR-ABL can be ubiquitinated under certain
circumstances*’*8 suggesting a mechanism by which the p62/
SQSTM1-BCR-ABL interaction occurs to target the oncoprotein
to the autolysosomes. Our data firmly establish that the autophagic
process is essential for selective targeting of BCR-ABL by arsenic,
as demonstrated in studies in which selective knockdown of key
elements of the autophagic machinery, such Atg7, Beclinl, or
p62/SQSTMI results in reversal of BCR-ABL degradation. Atg7
and Beclinl play crucial roles in the early stages of autophagy and
particularly during the formation of the autophagosome membrane
structures. Importantly, our data demonstrate that inhibition of
autophagic machinery also results in reversal of the suppressive
properties of As;O; on leukemic progenitors from patients with
CML, indicating a critical and essential role for autophagy in the
induction of arsenic responses in BCR-ABL-transformed leukemic
precursors. Beyond reversal by targeting the autophagic machinery,
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Figure 6. BCR-ABL degradation via the autophagic pathway. Proposed model for
As,Og—dependent interaction of p62/SQSMT1 with BCR-ABL and subsequent
autophagic degradation of BCR-ABL.
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such inhibitory effects on CML precursors are also reversible by
pharmacologic inhibition of cathepsin B establishing that autolyso-
somal degradation the BCR-ABL oncoprotein is essential for this
process, A proposed model for the sequence of events leading to
autophagic degradation of the BCR-ABL oncoprotein in leukemia
cells is shown in Figure 6.

It remains to be determined whether cathepsin B-mediated
autophagic degradation of other oncoproteins, such as PML-
RAR,** AMLI/MDS1/EVI1,*? accounts for arsenic-induced
antileukemic responses in different types of neoplastic cells. A
recent study demonstrated that the autophagic process is involved
in degradation of PML-RARw in response to all-trans retinoic acid
(ATRA) or AS,03 in the NB4 APL cell line and that induction of
autophagy correlates with differentiation of APL cells.*® This raises
the possibility that cathepsin B-mediated autolysosomal degrada-
tion of PML-RARa and potentially other targets may occur via a
similar mechanism to the one we observed here in the case of
BCR-ABL. Interestingly, there is also recent evidence that ATRA-
induced myeloid differentiation is mediated by p62/SQSTMI1-
mediated degradation of PML-RARq,> although the elements of
the enzymatic process were not identified in that study.

The exact role of lysosomal enzymes in the autophagic process
has been relatively unknown. Because cysteine cathepsins are
broadly up-regulated in cancer, there has been an interest to
pharmacologically target them for the treatment of malignancies.!
A notable target among these proteases is cathepsin B, a protease
implicated in apoptosis via its cleavage-activating capacity aimed
at Bcl-2 family members, resulting in disruption of the mitochon-
drial membrane and cytochrome ¢ release.’?> Before our study no
equivalent downstream substrate for cathepsin B in the autophagy
process had been identified. However, the Bcl-2 protein family is
known to facilitate crosstalk between apoptosis and autophagy,’>
raising the possibility for a role for cathepsins in cellular au-
tophagy. In fact, cathepsin B is necessary for autophagic flux that
promotes delivery of anthrax lethal factor into the cytoplasm3? and
our data further implicate cathepsin B in autophagy-mediated
destruction of targeted proteins.

Beyond providing a model by which As,0; promotes elimina-
tion of BCR-ABL via autophagic degradation, the results of this
work may ultimately prove to have important clinical-translational
therapeutic implications. It remains to be determined whether
rational targeting of other nonoverlapping cellular cascades may
allow further potentiation of arsenic-induced autophagic degrada-
tion of BCR-ABL and other oncogenes that may be targeted by
arsenic. For instance, it has been recently shown that pharmaco-
logic inhibition of the PTP1B phosphatase promotes ubiquitination
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of BCR-ABL.*® Taken together with our studies, this raises the
possibility that combinations of PTP1B inhibitors with AS,03; may
further promote formation of p62/SQSTM1-BCR-ABL complexes
and their localization to autolysosomes. Other studies have shown
that the flavonoid resveratrol up-regulates p62/SQSTMI1 expres-
sion in a JNK-dependent manner and promotes autophagic cell
death in BCR-ABL cells,® suggesting that AS,Os.resveratrol
combinations may result in enhancing effects and provide a novel
therapeutic approach for the treatment of BCR-ABL malignancies.
Such approaches may be particularly relevant and important in
attempts to eliminate LICs, as there is already evidence that arsenic
can target and eliminate leukemic stem cells in CML.!" On the
other hand, the major BCR-ABL kinase inhibitor currently used in
the treatment of CML, imatinib mesylate, does not eliminate LICs
despite inhibition of BCR-ABL kinase activity.>® Thus, efforts to
enhance arsenic-induced autophagic degradation of BCR-ABL in
LICs may ultimately complement the use of kinase inhibitors in the
treatment of CML and decrease the number of relapses seen after
long-term responses. Similar translational approaches may be
applicable in other leukemias with different molecular abnormali-
ties and studies in that direction are warranted.
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