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Abstract

Arsenic trioxide (As2O3) exhibits potent antineoplastic effects and is used extensively in clinical 

oncology for the treatment of a subset of patients with acute myeloid leukemia (AML). Although 

As2O3 is known to regulate activation of several signaling cascades, the key events, accounting for 

its anti-leukemic properties, remain to be defined. We provide evidence that arsenic can directly 

bind to cysteine 299 in AMPKα and inhibit its activity. This inhibition of AMPK by arsenic is 

required in part for its cytotoxic effects on primitive leukemic progenitors from patients with 

AML, while concomitant treatment with an AMPK activator antagonizes in vivo the arsenic-

induced antileukemic effects in a xenograft AML mouse model. A consequence of AMPK 

inhibition is activation of the mTOR pathway as a negative regulatory feedback loop. However, 

when AMPK expression is lost, arsenic-dependent activation of the kinase RSK downstream of 

MAPK activity compensates the generation of regulatory feedback signals through 

phosphorylation of downstream mTOR targets. Thus, therapeutic regimens with arsenic trioxide 

will need to include inhibitors of both the mTOR and RSK pathways in combination to prevent 

engagement of negative feedback loops and maximize antineoplastic responses.
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Introduction

Arsenic trioxide (As2O3) has been used for centuries as a medicinal compound for the 

treatment of a variety of medical conditions (1). Currently, arsenic trioxide is approved by 

the Food and Drug Administration (FDA) for the treatment of relapsed acute promyelocytic 

leukemia (APL), a subtype of AML (2, 3). Trivalent arsenic is the species found in 

medicinal arsenic compounds including As2O3. Its major mechanism of action in cells is to 

bind to thiol groups in the cysteines of proteins, resulting in modulation of their function, 

and thus affecting cellular signaling pathways (4-6). There is also evidence for disease-

specific mechanisms of action of As2O3 in APL through binding to and degradation of the 

PML-RAR fusion protein (7). In fact, previous studies have established that As2O3 

specifically binds to the PML zinc finger domain at cysteine residues leading to a shift in 

secondary structure, that leads to increased sumolyation and degradation (8).

Treatment of malignant cells with arsenic trioxide has been shown to result in modulation of 

many other signaling pathways. Besides PML-RAR, arsenic has been also shown to cause 

degradation of fusion proteins that regulate downstream signals in different leukemias (9, 

10). As2O3 has been also shown to bind directly to IKK-beta and inhibit NFKB signaling 

(11). Multiple studies have established potent effects of arsenic on MAPK pathways. The 

treatment of different leukemia cell types with arsenic trioxide, results in activation of p38 

MAPK (12). Additionally, inhibition of p38 MAPK or its downstream effectors enhances 

the cytotoxic effects of As2O3 (13-15), suggesting that this cascade is engaged and acts as 

negative feedback regulatory pathway. ERK has also been shown to be activated by As2O3 

and may be important for the induction of autophagy, as well as lead to the degradation of 

the PML protein (16, 17). More recently, As2O3 was shown to activate RSK1 in a negative 

feedback manner in leukemia cells (18). Others studies have shown that JNK kinase 

pathway is engaged by As2O3 and such activation promotes apoptosis of leukemia cells 

(19-21). There is also evidence that arsenic affects the Hedgehog pathway, which can lead to 

either cell death or cell proliferation, depending on the GLI isoform inhibited (22-24). Thus, 

engagement of various signaling cascades by As2O3 results in opposing responses, 

depending on the context and cellular subtype.

AMPK's major cellular function is to regulate energy homeostasis (25). When cellular ATP 

levels drop, AMPK is phosphorylated by the upstream kinases LKB1 and CAMKK at 

residue Thr172, resulting in its activation (26-29). Downstream targets of AMPK include 

ACC, ULK and mTORC1, which act as mediator-effectors to metabolism and autophagy 

(30-32). AMPK can inhibit mTORC1 by directly phosphorylating TSC2 and Raptor, which 

affects mTORC1 complex formation and activation (33).

There has been a major interest for the use of As2O3 and other medicinal arsenic compounds 

in the treatment of multiple cancer types including myeloid leukemias (3, 6). However, to 

date arsenic has not shown significant clinical activity as a single agent outside of APL (3). 

A major reason for this may be the activation of negative feedback pathways during 

treatment of cells with As2O3. Previous work from our group has established that the mTOR 

pathway is activated by As2O3 in myeloid leukemia cells and acts as a negative feedback 

regulatory loop, however the mechanism is unknown (34). In the present study we sought to 
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examine the effects of As2O3 on AMPK. It has been previously shown that oxidation of 

specific cysteine residues in AMPK is important for its activation (35) and therefore we 

hypothesized that arsenic can bind to those cysteine residues and prevent activation of 

AMPK, leading to the activation of mTOR.

Materials and Methods

Cells and Reagents

The U937 cell line was obtained from ATCC in September of 2013. The Kasumi -1 cell line 

was obtained from ATCC in September 2011. Both cell lines were frozen at low passage 

(2-3 passages after receipt) in liquid nitrogen and experiments were conducted on cells 

passaged for a total of no more than 1 month after resuscitation and therefore cells did not 

need to re-authenticated. AMPKα 1/2 WT and AMPKα1/2 −/− immortalized MEFs were as 

previously described (36) and were grown in DMEM supplemented with 10% FBS. Cells 

were verified for AMPKα knockout by western blot (see Supplemental Fig. S1A). Kasumi-1 

cells were cultured in ATCC modified RPMI 1640 supplemented with 20% FBS. U937 cells 

were cultured in RPMI 1640 supplemented with 10% fetal bovine serum (FBS). As2O3 was 

purchased from Sigma. PP242 was purchased from Chemdea (Ridgewood, NJ). A769662 

was purchased from Santa Cruz Biotechnology and Chemietek. BI-D1870 was purchased 

from Symansis.

Cell lysis and Immunoblotting

Cells were lysed in phospho-lysis buffer (50 mM HEPES, pH 7.9; 150 mM NaCl; 4 mM Na 

Pyrophosphate; 1 mM EDTA, pH 8.0; 10 mM NaF; 0.5% Triton-X 100; 10% glycerol) with 

1 mM PMSF, protease inhibitor cocktail set V (EMD Millipore) and phosphatase inhibitor 

cocktail set I (EMD Millipore) added freshly. Cells were briefly sonicated, centrifuged, and 

then snap frozen in liquid nitrogen. Upon thawing, cell lysates were subject to SDS-PAGE 

and then transferred to an Immobilon-P membrane (Millipore). Membranes were then 

subjected to blocking in 5% nonfat dry milk in 1× TTBS (20 mM Tris-HCL, pH 7.5; 150 

mM NaCl; and 0.5% Tween 20) for 1 hour. All antibodies were purchased from Cell 

Signaling Technologies except the antibodies against GAPDH (Millipore), and HSP 90α/β 

(Santa Cruz Biotechnology). Primary antibodies were added to the membrane in 1× TTBS 

for 2 hours or overnight. The membrane was then washed 3 times in 1× TTBS and HRP-

linked anti-rabbit (GE Healthcare) or anti-mouse secondary antibody (Bio-Rad) was added 

for 1 hour. Blots were washed 3 times in 1× TTBS and then developed using Amersham 

ECL western blotting detection reagent (GE Healthcare Life Sciences) or Immobilon 

western chemiluminescent HRP Substrate (Millipore), per the manufacturer's instructions. 

Chemiluminescence was detected using autoradiography film. Films were digitally scanned 

with Adobe Photoshop CS5 using a Canon CanoScan 8800F scanner.

Streptavidin pulldowns

Cells were treated with an arsenic-biotin conjugate (As-Biotin) (CAS Number: 212391-23-6, 

Toronto Research Chemicals, Inc) at a final concentration of 20 μM for 2 hrs. This 

compound has been previous used to isolated arsenic binding proteins as it will bind to thiol 

groups (6, 8, 37, 38). After lysis in phospho-lysis buffer, 500 μg of protein was diluted in 
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buffer and the arsenic-protein complexes were then isolated with streptavidin agarose beads 

by tumbling at 4°C overnight (Invitrogen Life Technologies). For recombinant protein, 

purified AMPKα1 subunit (Novus Biologicals) or the active holoenzyme containing 

AMPKα1/β1/γ1 (SignalChem) protein was incubated for 30 minutes with As-Biotin at 30°C. 

The arsenic-protein complex was then isolated with streptavidin agarose beads at 4°C for 1 

hr (Invitrogen Life Technologies, Carlsbad, CA). The beads were washed 3 times with 

phospho-lysis buffer not containing Triton-X 100. The samples were then boiled for 5 min at 

95 °C in 2x Laemmli sample buffer and subject to SDS-PAGE. Immunoblotting was 

performed as described above.

Construction of AMPKα1 mutant construct

The pECE-AMPKα1 WT construct was kindly provided by Dr. Anne Brunet and Bethany E 

Schaffer (Stanford University). The cysteine residues at 299 and 304 were both mutated to 

Alanine using the following mutagenesis primers F- 

CTATTCCAGAAGTAGTCAGGAGGCTTTTTTGGAGGAG and R-CTCCTCCAAAAAA 

GCCTCCTCACTACTTCTGGAATAG. Mutations using QuickChange Lightning Site-

Directed Mutagenesis Kit (Agilent Technologies) were performed per the manufacturer's 

protocol. All cloning products were sequenced for verification. For streptavidin pulldown 

experiments HEK293 cells were transfected with AMPK α1 using Fugene HD reagent 

(Promega) according to the manufacturer's instructions. Streptavidin pulldowns were 

performed as described above. HA expressed proteins were detected by western blot using 

an HA antibody (Covance).

Kinase Assays

10 ng of the fully active holoenzyme AMPKα1/β1/γ1 (SignalChem) protein was incubated 

for 30 minutes with As2O3, compound C or As-Biotin at 30°C with the doses indicated. 150 

mM ATP, 50 mM DTT, kinase reaction buffer, and 2 μg/ml of SAMStide substrate were 

added to the drug/enzyme mixture and incubated for 1 hr at 30°C. A no enzyme control was 

used for a background measurement. Activity of AMPK was measured as the amount of 

ADP consumed during the reaction using the ADP-Glo Kinase Assay from Promega 

according to the manufacturer's instructions.

Mass Spectroscopy

The arsenic- protein complex was isolated as described above. The beads were washed three 

times with 100 mM ammonium bicarbonate and then digested with sequencing grade trypsin 

(Promega). After digestion beads were washed three times with 100 μl of 0.1% formic acid. 

All the washes were pooled and dried in vaccuo. After drying, the peptides were suspended 

in 5% acetonitrile and 0.1% formic acid. The samples were loaded directly onto a 10 cm 

long, 75 μM reversed phase capillary column (ProteoPep™ II C18, 300 Å, 5 μm size, New 

Objective) and separated with a 100 minute gradient from 5% acetonitrile to 100% 

acetonitrile on a Proxeon Easy n-LC II (Thermo Scientific). The peptides were directly 

eluted into an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) with electrospray 

ionization at 350 nl/minute flow rate. The mass spectrometer was operated in data dependent 

mode, and for each MS1 precursor ion scan the ten most intense ions were selected from 
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fragmentation by collision induced dissociation. The other parameters for mass spectrometry 

analysis were: resolution of MS1 was set at 60,000, normalized collision energy 35%, 

activation time 10 ms, isolation width 1.5, and the +1 and +4 and higher charge states were 

rejected.

The data were processed using PD 1.4 (Proteome Discoverer, version 1.4, Thermo 

Scientific) and searched using SEQUEST HT search algorithm as in PD 1.4. The data were 

searched against Homo sapiens reference proteome downloaded from uniprot.org (version 

2013_7). The other parameters were as follows: (i) enzyme specificity: trypsin; (ii) fixed 

modification: cysteine carbamidomethylation; (iv) variable modification: methionine 

oxidation and As-Biotin modification at cysteine; (v) precursor mass tolerance was ±10 

ppm; and (vi) fragment ion mass tolerance was ±0.8 Da. The spectrum of arsenic-biotin 

modified peptide was manually validated. A corresponding spectrum and table of matching 

ions are shown in Supplementary Fig. S2.

Cell Viability Assays

Cellular viability was assessed by triplicate plating at a density of 500- 2,000 cells/well, 

depending on the cell line, in a 96-well plate. As2O3, PP242, BI-D1870 or A769662 alone or 

in combination at varying concentrations or vehicle alone (PBS or DMSO) were added to 

cells in standard growth media for that cell line once the cells had attached for adherent cells 

or 2 hrs after plating for suspension cells. Viable cells were quantified using 20 μl WST-1 

Reagent (Roche) according to the manufacturer's protocol after 4 days. IC50 and CI values 

were calculated using Compusyn to determine whether drug interactions were additive, 

synergistic or antagonistic (39).

Clonogenic Leukemic Progenitor Assays in Methylcellulose

These assays were performed essentially as in our previous studies (15, 33). Peripheral 

blood or bone marrow samples were obtained from patients with acute myeloid leukemia 

after obtaining informed consent approved by the Institutional Review Board of 

Northwestern University. Mononuclear cells were isolated by Ficoll-Hypaque (Sigma 

Aldrich) sedimentation. To assess the effects of drugs on leukemic progenitor (CFU-L) 

colony formation, cells were plated in methylcellulose (MethoCult™ H4534 Classic without 

EPO, Stem Cell Technologies).

RNAi Targeting

Non-targeting control and AMPKα1 siRNA were purchased from Dharmacon RNAi 

Technologies. Amaxa™ nucleofector kits (Lonza) were used for the transfection of cell 

lines. For U937 cells, Kit C was used with program W-001 and for Kasumi-1, Kit V was 

used with program P-019 on the Nucleofector™ 2b Device. For patient samples, siRNA 

knockdowns were performed using TransIT-TKO as recommended by Mirus Bio LLC. 

Cells were then plated in methylcellulose and assessed for their ability to form CFU-L as 

described above.
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IHC

Tumor samples from mice were formalin-fixed and embedded in paraffin. The Robert H 

Lurie Comprehensive Cancer Center Pathology Core Facility performed the slide 

preparation and staining. Slides were stained with hematoxylin and blued in 1% ammonium 

hydroxide, dehydrated, and mounted for histological analysis. TUNEL assay was performed 

using the Apoptag Plus Peroxidase In Situ Apoptotic Detection Kit (Millipore) according to 

the manufacturer's instructions. Images were taken using a Leica DM 2000 LED microscope 

equipped with a Leica DFC450 C camera. All images were processed using Image J.

Animal Studies

6-10 week old athymic nu/nu nude mice (Charles River) were injected into the left flank 

with 2 million U937 cells. Once tumors reached a measurable size mice were injected by IP 

daily with control (PBS with 5% DMSO), A769662 (Chemietek) at 30mg/kg, As2O3 

(pharmaceutical grade TRISENOX®, Teva Pharmaceutical Industries Ltd) at 5mg/kg or the 

combination of A769662 with As2O3. We measured tumor length and width every 2 days 

and calculated volume with the formula (D × d2) /2, where D is the longest diameter and d is 

the shorter diameter Survival was measured as time to euthanasia. The criterion used for 

euthanasia was weight loss greater than 20%, tumor size exceeding 1.5 cm3 or bleeding/

eruption at the tumor site. All animal studies were approved by the Northwestern University 

Institutional Animal Care and Use Committee.

Statistics

All statistics were performed using Prism Graphpad 6.0 for PC.

Results

AMPK activity is inhibited by Arsenic Trioxide

It has been previously shown that the mTOR pathway is activated in response to treatment 

of AML cells with As2O3 and plays a negative regulatory role in the generation of anti-

leukemic effects (34). Since AMPK is a negative regulator of mTOR, we sought to 

determine if the engagement of the mTOR pathway by As2O3 involves could be 

mechanistically regulated by inhibition of AMPK activation, leading to activation of mTOR. 

Treatment of AML cells with As2O3 inhibited phosphorylation of the AMPKα subunit at 

Thr172, which is required for activation of the kinase (Fig. 1A). At the same time, 

phosphorylation at the inhibitory site Ser 485/491 (40) increased (Fig. 1A). Consistent with 

this, the phosphorylation of the AMPK substrate ACC decreased with time, when cells were 

treated with As2O3, reflecting a decrease in AMPK kinase activity (Fig. 1B).

In subsequent studies we determined the mechanisms by which As2O3 blocks AMPK 

activity. It is well established that LKB1 is one of the main kinases responsible for 

activating AMPK (26). We hypothesized that this is possibly a direct effect of arsenic on 

AMPK, as the phosphorylation/activation of the upstream kinase LKB1 did not decrease 

prior to or at the time of suppression of AMPK activation, as reflected by the 

phosphorylation of LKB1 at site Thr189 (Fig. 1C). As AMPK phosphorylation/activation 

was inhibited in cells we next examined whether arsenic can inhibit AMPK kinase activity 
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directly in an in vitro kinase assay (Fig. 2A). We pre-treated active AMPK kinase with 

As2O3, the AMPK inhibitor compound C (41) or Asbiotin, prior to performing a kinase 

assay. Both As2O3 and As-Biotin significantly inhibited AMPK kinase activity in vitro (Fig. 

2A), suggesting inhibitory effects via direct binding of arsenic to AMPK.

Arsenic Binds Directly to AMPK

To assess whether there is direct binding of arsenic to AMPK, we used an arsenic compound 

that is tagged with a biotin label, allowing its pull down with streptavidin-agarose beads. 

AMPK recombinant protein was able to bind to the As-Biotin in vitro (Fig. 2B). In addition, 

we were able to show direct binding of AMPKα to As-Biotin in U937 cells, suggesting that 

arsenic modulates AMPK activity by direct binding (Fig. 2B). We then took advantage of 

the streptavidin pulldown to determine by mass spectroscopy where in the AMPKα 

sequence arsenic may bind. We chose to focus on the alpha subunit of AMPK because 

previously published data showed that two cysteines at residues 299 and 304 were important 

for activation of AMPK by oxidation (35). We treated AMPKα subunit alone or the 

AMPKα1/β1/γ1 holoenzyme with the As-Biotin compound and determined by mass 

spectroscopy that the biotin moiety was detected bound to cysteine 299 in AMPKα in both 

recombinant protein sources (Fig. 2C). It should be noted that this does not rule out the 

possibility that arsenic may be able to bind to other residues as they may have a lower 

binding affinity that cannot be detected by mass spectroscopy. To confirm these findings 

using a different approach, we overexpressed in HEK293 cells AMPKα wild-type (WT) or a 

mutant AMPKα in which both cysteines 299 and 304 were mutated to alanines. We were 

able to show that the mutant AMPKα does not bind as well to As-Biotin as the WT protein 

(Fig. 2D). Notably, binding was not completely abrogated by the mutation of cysteines 299 

and 304, suggesting the existence of additional binding sites that might not have been 

detectable by mass spectroscopy.

Modulation of AMPK activity is important for the cytotoxic effects of As2O3

To examine the functional relevance of AMPK as a regulator of arsenic-dependent mTOR 

activation, we used embryonic fibroblasts from knockout mice for the AMPKα 1 and 2 

isoforms (36) (Supplemental Fig. S1A). In the absence of AMPK, treatment of the cells with 

As2O3 failed to induce activation/phosphorylation of the mTORC1 substrate S6K at Thr389 

(Fig. 3A). However, the downstream effector of S6K, S6 ribosomal protein (rpS6) was still 

phosphorylated at Ser235/236 (Fig. 3B), suggesting the engagement of an alternative 

pathway that compensates for rpS6 phosphorylation. It has been previously shown that 

As2O3 activates the kinase RSK1(18) (Figure 3B) and since RSK1 can phosphorylate rpS6 

at this residue (42), we examined the possibility that RSK1 engagement is a mechanism for 

circumventing the loss of activation of mTOR signaling in the absence of AMPK. As 

expected, loss of AMPK did not eliminate the ability of As2O3 to activate mTORC2, as 

AKT phosphorylation at Ser473 was still detectable in AMPKa knockout cells 

(Supplemental Fig. S1B). Notably, the loss of AMPK led to reduced sensitivity to As2O3 as 

measured by a WST-1 viability assay (Figs. 3C and 3D). The IC50 for AMPK wild-type 

cells was 1.8 μM versus 3.3 μM for the AMPK knockout cells (Figs. 3C and 3D). We also 

calculated CI values to determine whether there were synergistic cytotoxic effects in 

combinations of As2O3 with either the catalytic mTOR inhibitor PP242 or the RSK inhibitor 
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BI-D1870 (39). Co-treatment with PP242 only slightly enhanced As2O3-induced 

cytotoxicity in AMPKa knockout cells (CI value 0.99, consistent with additive effects) (Fig. 

3C). On the other hand, there was synergism between As2O3 and PP242 in AMPK wild-type 

cells (CI value 0.42) (Fig. 3C). The presence of additive effects, but not synergy in the 

knockout cells is probably due to the fact that As2O3 is still able to activate mTORC2 

activity that is not affected by the knockdown of AMPK. However, the opposite was seen 

when the RSK inhibitor BID1870 was used the CI value for the wild-type cells is 1.00 

indicating additive effects and the CI value for the knockout cells are 0.84 indicating 

synergistic effects (Fig. 3D).

We next sought to determine the effects of AMPK knockdown on the induction of the anti-

leukemic properties of arsenic, as assessed by its ability to suppress the growth of primitive 

AML leukemic precursors (CFU-L). Knockdown of AMPKα1 resulted in a statistically 

significant antagonism of the anti-leukemic effects of arsenic on both U937- and Kasumi-1- 

derived leukemic progenitors, indicating that AMPK is required for generation of the 

suppressive effects of arsenic on leukemic precursors (Figs. 4A and 4B). Importantly, when 

the effects of siRNA-mediated knockdown of AMPKα1 in the generation of the effects of 

As2O3 on primary primitive leukemic precursors from patients with AML was examined, 

we found that the anti-leukemic effects of As2O3 were also reversed by targeting AMPKα1 

(Fig. 4C), establishing a key role for AMPK modulation in the induction of As2O3-

generated antileukemic effects.

The AMPK activator A769662 antagonizes the effects of ATO in vitro and in vivo

Since we present data that arsenic can inhibit AMPK and that this is required in part for its 

anti-leukemic effects, we pursued further studies aimed to examine the effects of combining 

an AMPK activator with arsenic. We used the direct AMPK activator A769662 (43) since 

other activators such as metformin may have effects in cells independent of AMPK(44-46). 

In a cell viability assay, A769662 antagonized the effects of As2O3 (Fig. 5A). The IC50 for 

As2O3 alone was 1.64 μM versus 2.33 μM for the As2O3 + A769662 combination. The CI 

value was 1.66 indicating antagonism. In methylcellulose colony forming assays, A769662 

also antagonized the anti-leukemic effects of As2O3 on U937-derived leukemic progenitors 

(CFU-L) (Fig. 5B) and on primary leukemic progenitors from AML patients (Fig. 5C). We 

also examined whether A769662 was able to antagonize the effects of As2O3 on AMPK 

inhibition (Figs. 5D and 5E). The As2O3-dependent suppression of AMPKα 

phosphorylation at Thr172 (Fig. 5D) as well as the phosphorylation of the AMPK substrate 

ULK at Ser555 in U937 cells (Fig. 5E) were partially reversed by co-treatment with 

A769662, suggesting a mechanism for the reversal of the anti-leukemic effects of As2O3 by 

A769662.

In subsequent studies we utilized a xenograft AML model to examine the effects of the 

combination of the AMPK activator with As2O3 in vivo (Fig. 6). A769662 alone did not 

significantly increase survival more than the control group. As expected, As2O3 was able to 

significantly increase survival with a p-value of 0.0026 (Fig. 6A). However, such an As2O3 

effect on survival was reversible by the combination of As2O3 with A769662, indicating that 

AMPK activation antagonizes the antineoplastic properties of As2O3 in vivo. Xenograft 
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tumors from mice treated with control, A769662, As2O3, and A769662 + As2O3 were 

compared by histology and immunohistochemistry (IHC) for TUNEL staining as a measure 

of apoptosis (Fig. 6B). We compared the amount of necrosis between the tumors as As2O3 

has been previously shown to induce marked necrosis in other xenograft models (22). The 

tumors of mice treated with As2O3 showed a statistically significant increase in necrosis 

compared with control mice whereas none of the other treatment groups were statistically 

different than the control group (Fig. 6 B and C). There was no significant difference in the 

morphology of the tumors in viable tumor areas, and the As2O3-treated tumors showed a 

trend toward increased apoptosis by TUNEL staining compared with the control tumors; 

however, this was not statistically significant (Fig. 6 B).

Discussion

There has been extensive evidence documenting the potent antineoplastic properties of 

arsenic trioxide and other arsenicals in vitro and in vivo (3), but the mechanisms accounting 

for these antineoplastic activities remain to be precisely established. In the present study we 

provide evidence for a unique mechanism by which As2O3 modulates activation of mTOR, 

involving inhibition of AMPK kinase activity via direct binding to cysteine 299 in the 

kinase. Cysteine 299 was one of the residues shown to be important for activation of AMPK 

activation by oxidation (35). Therefore, we propose that arsenic inhibits activation of AMPK 

by preventing oxidation of this cysteine residue.

It has been previously proposed that AMPK activation by oxidation is secondary to 

phosphorylation at Thr172, based on findings demonstrating no effects on AMPK 

phosphorylation at the T-loop in response to hydrogen peroxide, by mutation of cysteines 

299 and 304 (35). However, in our study which involved assessment of responses after 

As2O3 treatment, we found that there is clearly an As2O3-dependent decrease in 

phosphorylation at Thr172 and this was accompanied by an increase in phosphorylation at 

the inhibitory site Ser485/489. This site has been proposed to be both an 

autophosphorylation site as well as directly targeted by AKT and PKA and leads to 

inhibition of AMPK activity by preventing phosphorylation of Thr172 (40, 47, 48). Binding 

of arsenic to cysteines in proteins was previously shown to alter protein confirmation and 

secondary structure (8, 49). Thus, it is possible that in addition to preventing oxidation, 

binding of arsenic to AMPK causes a structural conformation change that promotes binding 

of PKA or AKT, allowing phosphorylation of Ser495/489 and inhibition of Thr172 

phosphorylation. Another report has shown that arsenic can inhibit the LKB1-AMPK 

pathway leading to a reduction in neurite outgrowth (50). The authors attributed that to an 

effect of arsenic on LKB1 activation as they saw simultaneous inhibition of LKB1 and 

AMPK. We, however, did not see simultaneous effects and instead found inhibition of 

AMPK prior to effects on LKB1 phosphorylation, indicating that arsenic's effects reflect 

direct binding to AMPK. The difference between the previous study and ours may be due to 

differences in cell types studied, but likely reflect the delayed assessment of effects in that 

study, done after 24 or 48 hours after treatment.

AMPK is historically thought of as a tumor suppressor, but recent evidence has suggested 

that, depending on context, it may function as an oncogene (51). Specifically, AMPK was 
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recently shown to regulate NADPH and ROS levels in tumor cells to promote survival 

during energy stress (52). Our findings that AMPK inhibition by arsenic is required in part 

for its cytotoxic effects on both AML lines and primary leukemic progenitors from AML 

patients are consistent with a potential oncogenic role for AMPK. The production of ROS by 

arsenic is very important for its cytotoxic effects (3) and it is possible that part of its ability 

to increase ROS in the cell may be through inhibition of AMPK, leading to suppression of 

proliferation and inhibitory effects on leukemic progenitor colony formation. Activation of 

AMPK by A769662 may antagonize the production of ROS by arsenic and lead to decreased 

cytotoxic effects when the two agents are combined.

Recent data has suggested that activation of AMPK by metformin is a potential therapeutic 

target in AML (53). Interestingly, the direct AMPK activator A769662 alone had no effect 

alone in the xenograft model of AML and did not inhibit proliferation in vitro until high 

doses (Figs. 5 and 6). Others have shown that direct AMPK activation by A769662 did not 

inhibit proliferation of glioma cells, whereas AICAR and metformin were able to do so, and 

attributed this to the AMPK-independent effects of both drugs (46). In addition, a recent 

study showed that phenformin (a metformin analog) was most effective in LKB1 inactivated 

lung tumors (54). In this setting the drug failed to activate AMPK since the cells lacked the 

upstream kinase LKB1 but was more effective in its cytotoxic effects through AMPK-

independent pathways such as eIF2α, CHOP and mitochondrial membrane potential (54). 

Therefore, it is possible that the anti-tumorigenic effects of metformin occur to a large extent 

via AMPK-independent mechanisms. Future clinical-translational efforts should also take 

into consideration the fact that direct activation of AMPK may not have significant effects 

therapeutically in AML, and, in fact, AMPK activation may be oncogenic and/or antagonize 

the anti-leukemic effects of other agents such as arsenic trioxide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of As2O3 on AMPK phosphorylation in AML cells. U937 cells were treated with 

As2O3 (2 μM) for the indicated times. Equal amounts of total cell lysates were subjected to 

SDS-PAGE followed by transfer to PVDF membranes. Immunoblotting with the indicated 

antibodies against AMPKα (A), ACC (B) and LKB1 (C) and anti-HSP90 are shown. The 

immunoblots with antibodies against the phosphorylated forms of the proteins or against the 

total proteins were from lysates from the same experiments analyzed in parallel by SDS-

PAGE.
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Figure 2. 
Arsenic binds directly to AMPK and inhibits its kinase activity. A, An AMPK kinase assay 

was performed with AMPKα1/β1/γ1 recombinant protein using an ADP-Glo Kinase Assay. 

Drugs were used at a final concentration of 3 μM. * p <0.05, **** p<0.0001 using an 

unpaired t-test. B, Recombinant AMPK protein was treated for 30 min at 30° C with As-

Biotin (20 μM) to assess in vitro binding of arsenic to AMPK. For in cell binding 

experiments U937 cells were treated with As-Biotin(20 μM) for 2 hrs and subsequently 

lysed. Arsenic-biotin complexes were incubated with streptavidin beads overnight and then 
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washed and eluted from the beads with 2 x Laemelli sample buffer. Samples were then 

subjected to SDS-PAGE, followed by immunoblotting for AMPKα. C, Mass spectroscopy 

was performed on recombinant AMPK protein and As-Biotin complexes. Shown is the 

AMPKα protein sequence annotated with the modifications found. C = cysteine unmodified 

O= oxidation and A= cysteine with As-Biotin. Highlighted in gray is the peptide coverage. 

D, HA tagged AMPKα WT and AMPKα C299,304A mutant proteins were over-expressed 

in HEK293 cells. Cells were treated with 20 μM As-Biotin for 2 hrs and subsequently lysed. 

Arsenic-protein complexes were isolated by incubation with streptavidin beads overnight 

and then washed and eluted from the beads with 2 x Laemelli sample buffer. Samples were 

then subjected to SDS-page, followed by western blotting for HA tag.
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Figure 3. 
Loss of AMPK affects arsenic - dependent signals and induction of cytotoxicity. A, AMPK 

1/2 WT and knockout MEFs were serum starved overnight and then treated with As2O3 (5 

μM) for the indicated times. Total cell lysates were then resolved by SDS-PAGE and 

immunoblotted with the indicated antibodies. The immunoblots with antibodies against the 

phosphorylated forms of the proteins or against the total proteins were from lysates from the 

same experiments analyzed in parallel by SDS-PAGE. B, AMPK 1/2 WT and knockout 

MEFs were serum starved overnight and then treated with As2O3 (5 μM) for the indicated 
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times. Total cell lysates were then resolved by SDS-PAGE and immunoblotted with the 

indicated antibodies. The immunoblots with antibodies against the phosphorylated forms of 

the proteins or against the total proteins were from lysates from the same experiments 

analyzed in parallel by SDS-PAGE. The blots shown are the same lysates shown in panel A 

but were run in a different gel. C, AMPKα 1/2 WT and knockout MEFs were plated in 96 

well plates and treated with varying concentrations of As2O3, the mTOR inhibitor PP242 

and As2O3+PP242 for 4 days. Viability was assessed using a WST-1 assay. Data are 

expressed as a percentage of vehicle control treated cells. Shown are means and standard 

errors of three independent experiments. D, AMPKα 1/2 WT and knockout MEFs were 

treated with varying concentrations of As2O3, or the RSK inhibitor BI-D1870 or the 

combination of As2O3+BI-D1870 for 4 days and viability was measured by a WST-1 assay. 

Data are expressed as a percentage of vehicle control treated cells. Shown are the means and 

standard errors of three independent experiments.
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Figure 4. 
Knockdown of AMPKα1 antagonizes the anti-leukemic effects of arsenic. A, (Left) U937 

cells were transfected with AMPKα1 siRNA and then plated in methylcellulose in the 

presence or absence of As2O3 (1μM) and leukemic progenitor colony formation (CFU-L) 

was assessed in clonogenic assays in methylcellulose. Data are expressed as a percentage of 

the untreated control siRNA transfected cells. Shown are the means + SE of six independent 

experiments. ** p < 0.01 using a paired t-test. (Right) Immunblotting for AMPKa1 

expression in total cell lysates from U937 cells transfected with control siRNA or AMPKa1 

Beauchamp et al. Page 19

Mol Cancer Ther. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



siRNA is shown. B, (Left) Kasumi-1 cells were transfected with AMPKα1 siRNA and then 

plated in methylcellulose in the presence or absence of As2O3 (1μM) and leukemic 

progenitor colony formation (CFU-L) was assessed in clonogenic assays in methylcellulose. 

Data are expressed as a percentage of the untreated control siRNA transfected cells. Shown 

are the means+ SE of six independent experiments. ** p < 0.01 using a paired t-test. (Right) 

Immunblotting for AMPKa1 expression in total cell lysates from Kasumi-1 cells transfected 

with control siRNA or AMPKa1 siRNA is shown. C, Mononuclear cells isolated from AML 

patients were plated in clonogenic assays in methylcellulose to assess the effects of siRNA-

mediated AMPKα1 knockdown in the generation of the suppressive effects of As2O3 

(0.5μM) on primary leukemic progenitor colony formation (CFU-L). Data are expressed as a 

percentage of the untreated control siRNA transfected cells. Shown are the means+ SE of 

nine experiments performed with samples from different AML patients. ** p < 0.01 using a 

paired t-test.
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Figure 5. 
Co-treatment with the direct AMPK activator A769662 antagonizes the cytotoxic effects of 

As2O3 in vitro. A, U937 cells were treated with varying concentrations of As2O3, A769662 

or As2O3 + A769662 for 4 days and viability was assessed by a WST-1 assay. Data are 

expressed as a percentage of vehicle control treated cells. Shown are means + SE of three 

independent experiments. B, U937 cells were plated in clonogenic assays in methylcellulose 

in the presence of As2O3 (1μM), A769662 (200 μM) or As2O3 +A769662, as indicated and 

CFU-L leukemic colony formation was assessed. Shown are means + SE of six independent 
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experiments. * p < 0.05 using a paired t-test. C, Mononuclear cells isolated from AML 

patients were plated in clonogenic assays in methylcellulose in the presence of As2O3 

(1μM), A769662 (200 μM) or As2O3 +A769662, as indicated and primary leukemic 

progenitor colony formation (CFU-L) was assessed. Shown are the means+ SE of eight 

experiments performed with samples from different AML patients. * p < 0.05 using a paired 

t-test. D, U937 cells were treated with As2O3 (2μM), A769662 (300 μM), or As2O3 

+A769662 for 2 hours. Total cell lysates were resolved by SDS-PAGE and immunoblotted 

with the indicated antibodies. The immunoblots with antibodies against the phosphorylated 

forms of the proteins or against the total proteins were from lysates from the same 

experiments analyzed in parallel by SDS-PAGE. E, U937 cells were treated with As2O3 

(2μM), A769662 (300 μM) or As2O3 +A769662 for 2 hours. Total cell lysates were resolved 

by SDS-PAGE and immunoblotted with the indicated antibodies. The immunoblots with 

antibodies against the phosphorylated forms of the proteins or against the total proteins were 

from lysates from the same experiments analyzed in parallel by SDS-PAGE.
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Figure 6. 
A769662 antagonizes the effects of As2O3 in vivo. A, U937 cells were injected into the left 

flank of athymic nude mice. The indicated numbers of animals were treated with control, 

A769662, As2O3 and the combination of As2O3+A769662. Survival was determined as the 

time to euthanasia. ** p < 0.01, using a Log-rank (Mantel-Cox) test. B, Tumors from the 

mice in A were analyzed by H&E and IHC for TUNEL as a marker of apoptosis. Boxed 

regions show viable cells presented at higher magnification in the images below. Top panel 

images are at ×25 and the lower panel images are at ×200 magnification. C, The percentage 
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area of necrosis was measured from 5 different fields covering a majority of the tumor 

sample at x25 magnification. Area was measured using Image J. *p< 0.05 using a one-way 

ANOVA analysis with a Bonferroni correction.

Beauchamp et al. Page 24

Mol Cancer Ther. Author manuscript; available in PMC 2016 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


