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Materials and Methods 

Materials- DSF, ATO, AA, and N-Acetyl cysteine (NAC): Sigma-Aldrich Company (St. Louis, MO). 

Paclitaxel (PAC) Mayne Pharma (Paramus, NJ). DHE and DCFDA were from Molecular Probes (Eugene, OR).  

Cell Culture- The human PC cell lines PANC-1, AsPC-1, BxPC-3, MIA PaCa-2, and non-malignant cell lines 

MCF-10F (breast epithelial), and CCD-27sk (skin fibroblast) were from ATCC (Rockville, MD). Cell lines were 

passaged no more than 10 times from liquid nitrogen before being discarded. Monolayer cultures, except MCF-10F, 

were maintained in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% heat-

inactivated FBS (Atlanta Biologicals, Norcross, GA), 100 U/ml penicillin G, 100 μg/ml streptomycin and 2 mM 

glutamine (Life Technologies, Grand Island, NY). MCF 10F cells, a human breast non-malignant cell line, were 

maintained in DMEM/F12 (1:1) supplemented with 5% horse serum, 2 mM L-glutamine, 100 μg/mL 

penicillin/streptomycin, 20 mM HEPES, 10 μg/mL insulin, 0.5 μg/mL hydrocortisone, 100 ng/mL cholera toxin, 

and 20 ng/mL EGF. For all experiments, cells were trypsinized and allowed to adhere overnight and achieve 

exponential growth prior to drug treatments. 

Stem cell toxicity assay for CFU-GEMM- Normal adult volunteers, who signed consent forms approved by our 

IRB, underwent leukopheresis of peripheral blood for stem cell harvesting. Peripheral blood CD34+ stem cell 

progenitors for granulocytes, erythroid, monocytes and macrophages (CFU-GEMM) were exposed to various drug 

combinations for 48h. After exposure, the cells were washed in PBS, added to methycellulose H4434 (Stem Cell 

Technology), with the necessary growth factors for CFU-GEMM. Cells were plated at 1x105 cells/well and 

incubated for 14 days at 37°. The total number of colonies (> 50 cells) were scored by a blinded observer. 

TUNEL, Annexin V/ PI, Trypan Blue, Vybrant Cytotoxicity Assays and Microscopy - Cells were exposed to 

drug treatments as indicated, trypsinized and pooled with floating cells. TUNEL was performed as previously 

described (7). For Anx V/ PI analysis, cells were incubated with Alexa Fluor 488 (Molecular Probes, Eugene OR) 

for 15 min followed by 0.33 μg/ml PI and analyzed immediately by FACS (channels FL-1 for Anx V and FL-3 for 

PI). For trypan blue analysis, cells were resuspended in 100 mL PBS and trypan blue (final concentration 0.04%), 

incubated at room temp 5 min. and at least 200 cells scored/sample by a blinded reader. The Vybrant cytotoxicity 
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assay (In Vitrogen, Grand Island, NY) was carried out according to the manufacturer’s instructions. Confocal and 

electron microscopy was performed as described in our previous experiments (7). 

 Intracellular glutathione, LDH and ATP- After various treatments, cells were collected (including floating 

cells), and washed with PBS. Reduced GSH was analyzed using the ApoGSH Glutathione Colorimetric Kit 

(Biovision Research Products, Mountain View, CA). Intracellular ATP levels and LDH were determined as 

described (7). 

VDAC-1 shRNA adenovirus and stable cell line- shRNA constructs pAd/U6/VDAC-1-shRNA and control 

pAd/U6/shuffled-VDAC-1-shRNA were synthesized in our lab using the human VDAC-1 target sequence 157-

AAAGTGACGGGCAGTCTGGAA-177 and inserted into an E1/E3-deleted adenovirus vector 5 (18), and 

propagated in 293A cells according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). The virus 

particle titer after filtration-based concentration (Adeno-X Virus Purification Kit, Clonetech Laboratories, Inc.) was 

1 x 109 pu/ml as determined by plaque titration assay in 293A cells. PC cells in log phase were infected over a 24h 

period with pAd/U6/VDAC-1-shRNA or control pAd/U6/shuffled-VDAC-1-shRNA at 20 or 30 MOI, and exposed 

to drug combinations and assayed.  

Doxycycline-regulated expression pSingle-tTS-shRNA against hVDAC1 was stably expressed in PANC-1 cell line. 

Specific silencing of the endogenous hVDAC-1 was achieved by using a shRNA-expressing vector. Nucleotides 

159–177 of the hVDAC-1 coding sequence were chosen as the target for shRNA. This sequence is homologous to 

sequences of hVDAC-1. The hVDAC-1-shRNA-encoding sequence was created by using the two complimentary 

oligonucleotides indicated below, each containing the 19 nucleotide target sequence of hVDAC-1 (159–177), 

followed by a short spacer and an antisense sequence of the target: oligonucleotide 1, 

AGCTTAAAAAAGTGACGGGCAGTCTGGAATCTCTTGAATTCCAGACTGCCCGTCACTG and 

oligonucleotide 2, GATCCAGTGACGGGCAGTCTGGAATTCAAGAGATTCCAGACTGCCCGTCACTTTTTT 

A. The hVDAC-1-shRNA-encoding sequence was cloned into the XhoI and HindIII sites of the pSUPERretro 

plasmid (Oligo- Engine, Seattle, WA), containing a G418-resistance gene. Transcription of this sequence by RNA-

polymerase III produced a hairpin shRNA (hVDAC-1-shRNA). Cells were transfected, treated with G418, colonies 
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selected and tested for low expression of VDAC-1. The colony (p10), which exhibited the lowest VDAC-1 

expression was chosen for the experiment. 

 

ROS analysis- Following treatment, floating and adherent cells were harvested, and intracellular ROS assessed 

using cytofluorometry with the following 7 probes added in the final 30 min of incubation at the following final 

concentrations: 1) 2’, 7’-dichlorodihydrofluorescein diacetate (19) (DCFDA, 10 μM), 2) dihydroethidium (DHE, 10 

μM), 3) singlet oxygen sensor green (SOSG, 5 μM), 4) MitoSOX red mitochondrial superoxide indicator 

(MitoSOX, 5 μM), 5) aminophenyl fluorescein (20) (APF, 5 μM), 6) hydroxylphenyl fluorescein (HPF, 5 μM) and 

7) Amplex Red, (AMP, 200 μM) (21). For ROS dyes #1-6, cells were collected, washed, centrifuged, resuspended 

in PBS, and fluorescent intensity of 5000 cells analyzed on a FACSCalibur flow cytometer  (Becton Dickinson, San 

Jose, CA) for ROS, and for #7, according to the manufacturer’s directions (Invitrogen, Eugene OR). These probes 

mainly measured the following ROS according to the number above 1) H2O2, COO-, ONOO-; 2) O2-; 3) O-; 4) O-, 

O2-; 5) OH-, ONOO-, -OCl; 6) OH-, ONOO-; 7) H2O2. DHE detects general ROS, but especially O2
.—  (22). SOSG 

(23) and MitoSOX (24) are relatively selective for singlet oxygen radicals and superoxide radicals (O2
.—), 

respectively. The names of these ROS abbreviations are listed in the Supplementary Methods. 

Nude Mouse Xenografts- Five to six week old homozygous Nu/Nu (Crl:NU-Foxn1nu) male mice (Charles 

River Laboratories, Wilmington, MA), were injected at two sites on the dorsal flank with 1 x 106 PANC-1 cells in 

1:1 Matrigel:RPMI media (final Matrigel concentration 5 g/ml). After 7 days, visible tumors developed and 

treatment began three times per week when average tumor volume was 50 mm3 at the following doses: ATO (6.0 

μg/g, i.p.) (25), AA (0.75 mg/g/day p.o.) (26) and DSF (4.0 μg/g/day p.o.) (27). ATO was dissolved in 1.65 M 

NaOH, neutralized with HCl and diluted in PBS. Fresh AA and DSF were replenished in the drinking water at each 

ATO I.P. injection, 3 times/week. (calculated for mice weighing 25 g and drinking 5 ml water/day). An equal 

number of control mice received PBS i.p. injections and normal drinking water. Tumor size was measured weekly 

for four weeks and volume (mm3) determined by the following formula: �/6 xLxWxH. 
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RESULTS 

PC cell death induced by ATO+AA+DSF (AAA)- ATO alone at 2 μM did not induce significant death of human 

PC cell lines in vitro (< 5%). However, when 2 μM ATO was combined with 100 μM AA there was 22% apoptosis 

after 48h (Fig 1A). Since DSF (Antabuse) is a potent oxidizer of GSH and a potent caspase 3 inhibitor (IC50= 5 

μM) (16), we hypothesized that DSF would synergize with ATO+AA to induce cell death, and could preferentially 

shift early apoptotic cells to a necrotic cell death pathway. After 48h incubation of PANC-1 cells with ATO (2 

μM), AA (100 μM) and DSF (0.25 μM) (AAA), the TUNEL+ cells (fractured DNA) were: 59% in AAA, 32% in 

AA+DSF, 22% in the ATO+AA and 12% in ATO+DSF-treated groups (Fig. 1A). None of the drugs alone 

produced a significant number of TUNEL+ cells (<7%). Addition of DSF to ATO+AA group synergistically 

increased cell death from 22% to 59%. Trypan blue analysis confirmed that AA+DSF substantially lowered the cell 

death IC50 of ATO in PANC-1 from 6 μM to 2 μM (Fig. 1B). At 2 μM ATO, DSF addition resulted in an increase 

in cell death from 10.0 +/- 2.25  to 59.2 +/- 4.63 , as in the TUNEL results and in MIA PaCa-2 cells from 15.1 +/- 

2.1 to 74.5 +/- 5.3%. Similar results were obtained with AsPC-1 and BxPC-3 cells lines (Supp. Fig. S1A). 

Effect of AAA on CFU-GEMM and non-malignant cell lines- The effects of all combinations of AAA drugs 

were assessed for toxicity to rapidly proliferating normal human peripheral blood CD34+ stem cell progenitors for 

CFU-GEMM. The cytotoxicity to CFU-GEMM colonies were: ATO- 48% ± 4; AA- 42%; DSF- 38.6 ± 3.3 %; 

AAA- 56 ± 3%; and Paclitaxel (PAC)- 72 ± 2.9% compared to untreated control. PAC at 50 nM, an average 

clinically relevant serum concentration in humans, was nearly 2-fold more toxic than any combination of the AAA 

drugs (Fig 1C). The cytotoxic effect of AAA on the human non-malignant breast cell line MCF-10F and the 

fibroblast line 27sk was also minimal compared to PC cell lines cytotoxicity:  (59.2 +/- 4.63 -PANC-1, 74.5 +/- 

5.3% -MIA PaCa-2, 83 +/- 3.2% -BxPC-3, and 73 +/- 5.6% -AsPC-1) (Fig. 1B and Supp. Fig. S1B). 

Morphology of AAA-treated cells- PANC-1 cells were examined using phase contrast (Supp. Fig. S1C) and 

electron microscopy (Fig. 1D). As early as 16h after AAA addition, approximately 50% of PANC-1 cells began to 

round up and detach from the plate and by 48h, >90% of PANC-1 cells were floating trypan blue positive (data not 

shown). The DNA was pyknotic on DAPI staining. Similar to TUNEL analysis (Fig. 1A), minor death (<10%) was 

noted after each single drug treatment, and there was approximately 20% death in the AA+DSF-treated group and 
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approximately 90% death from exposure to AAA as detected by phase contrast microscopy (Supp. Fig. S1C). 

AAA-treated PANC-1 cells were examined by electron microscopy (Fig. 1D). These microscopic studies suggested 

that the cells initially entered apoptosis (nuclear features of apoptosis of chromatin along the nuclear membrane; 

crescent shapes and chromatin bodies), which transformed into aponecrosis (nucleus apoptotic and cytoplasm 

necrotic) between 24 and 36 hrs. The cytoplasm has swelled and numerous breaks in the cell and nuclear membrane 

were observable, which is a characteristic of necrosis. 

Characterization of AAA induced death- AAA-induced cell death began by 4h, and similar to the death curve 

with pharmacologically high concentrations of PAC (25 μM)  (Fig. 2A), shown to induce necrosis in other cell 

types (28). After 4h, death from AAA followed a temporal course that was intermediate between apoptosis and 

necrosis. This was also confirmed in a glucose-6-phosphate dehydrogenase (G-6-PD) assay (Supp. Fig. S2A). G-6-

PD catalizes the first and rate-limiting step of the pentose phosphate pathway critical for maintaining NADPH 

levels, therefore it can be indicative of necrosis. AAA treatment resulted in a 4.25 fold decline in intracellular ATP 

at 4h in PANC-1 cells and a 50% decrease in MIA PaCa-2 (Supp. Fig. S2B). The release of LDH, indicative of 

plasma membrane perforations, was not observed at this time (4h) suggesting that the loss of ATP by 4h preceded 

the formation of membrane perforations (occurred at >24h) (Supp. Fig. S2C). Paclitaxel, at 25 μM, but not AAA, 

induced mainly necrosis at 4 and 8h. This is consistent with the electron microscopy data showing the appearance 

of necrotic cells after 24h.  

A time course investigation of cells treated with AAA was demonstrated at various time points: 12h- 12% 

apoptotic and 8% necrotic cells; 24h- 10% apoptotic and 29% necrotic cells; 48h- 2% apoptotic cells and 38% 

necrotic cells (Fig. 2B). Therefore, cells that had been in apoptosis may have been shifted to necrosis. There was 

also extensive necrosis in AAA-treated MIA PaCa-2 cells similar to PAC at 25 μM after 24h (Supp. Fig. S3A). PC 

cells from the above time course studies demonstrated no PARP cleavage (Fig. 3A) or no increase in caspase-3, or 

9 activity in AAA-treated cells as an explanation for the decline in ATP at the same time point (Fig. 3B). In 

addition, no increase in caspase-8 activity could be detected, and AAA did not result in cleavage of caspase-3, 8 or 

9 until 24h unlike PAC treatment, which resulted in caspase cleavage starting at 6 h (Fig. 3C). The data suggested 

that AAA-induced cell death followed some of the features of the intrinsic pathway of apoptosis in the early stages 
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such as cytochrome c release (Supp. Fig. S3B), increased Bak, decreased Bcl-2 (Fig. 3D), but lacked some of the 

critical features of classical apoptosis such as caspase 3, 8, and 9 activation (Fig. 3B,C) and later demonstrated 

signs of necrosis such as increased G-6-PD release, phase contrast and electron microscopy. These changes were 

accompanied by decreased ATP levels (>50%), which have been shown to shunt apoptosis into necrosis. Necrosis 

can occur with low levels of ATP while apoptosis requires higher levels of ATP and apoptosis is shunted into 

necrosis when > 50% of a cell’s ATP stores are lost (29). 

Mechanism of AAA-induced cell death- N-acetyl cysteine (NAC) abrogated the AAA-induced cell death as 

measured by trypan blue. NAC alone had no effect on cell death, but completely reversed AAA-induced cell death 

(Fig. 4A) and addition of NAC to AAA increased the intracellular ATP 2.9 fold over the AAA group (Fig 4B). 

Since NAC may be a ROS scavenger (O2
.—, H2O2), and a critical component in the formation of GSH, we measured 

ROS and GSH levels after AAA treatment. Intracellular ATP and GSH decline after 4h correlated with addition of 

DSF to ATO+AA in Panc-1 cells (Fig. 4C) and at 0.25 μM DSF, declined by 56% as early as 4h after exposure to 

AAA in MIA PaCa-2 cell line (Supp Fig. S3C). Cell death maximized at 0.25 μM DSF (Fig. 4D). Cell death as 

measured by trypan blue increased approximately 4 fold over this concentration range of DSF (0.01 to 0.25 μM) 

(Fig 4D). A 6.2-fold increase in the number of cells with low NADH correlated with the low mitochondrial 

membrane potential caused from AAA exposure (Supp. Fig. S4A,B). To further study the relationship between 

DSF and lowered ATP levels we assessed the drugs of AAA in various combinations. ATP concentrations fell by 

70.7% in PANC-1 and 56% in MIA PaCa-2 cells from AAA exposure, and all other single and binary combinations 

of AAA had less effect on intracellular ATP concentrations (Fig. 4E and Supp Fig. S2B). Only when DSF was 

added did ATP levels fall below 50%, a level that we showed earlier to cause apoptosis to transform into necrosis. 

ROS were analyzed by seven semi-specific probes: MitoSOX Red and DHE (superoxide, O2
.—), SOSG (singlet 

oxygen), APF (hydroxyl radical), HPF (hypochlorite anion), Amplex Red (H2O2) and DCFDA (general ROS). 

Superoxide radicals appeared as early as 2.5h after the addition of AAA in PANC-1 as determined by DHE and 

MitoSOX Red. After 6h, MitoSOX Red showed 54% O2
.— with ATO+AA treatment and it further increased to 65% 

O2
.—  levels when PANC-1 cells were treated with AAA as compared to 6% baseline (Fig 4F). NAC totally 

abrogated the AAA-induced cell death, ATP decline and ROS (O2
.—) levels (Fig. 4A,B,F). These findings were 
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similarly demonstrated in MIA PaCa-2 with some of the above ROS probes (Supp. Fig. S5). The O2
.— scavenger, 

MnTMPyP completely abrogated the AAA-induced O2
.—, which was paralleled by a nearly total block of 

subsequent cell death (Supp. Fig. S6A). Potassium Cyanide (KCN), which blocks the electron transport chain, 

reduced O2
.—  levels and cell death (Supp. Fig. S6B). The ROS forms of singlet oxygen free radical (1O2), hydroxyl 

radical (OH. —), and hydrogen peroxide (H2O2) were also generated but to a much lesser degree than O2
.— free 

radicals from AAA exposure in these 4 PC cell lines.  

The direct relationship between the action of AAA and its induction of aponecrosis is positively correlated either 

casually or associatively to the mechanism(s) of ATP synthesis. Therefore, we studied the effects of specific 

inhibitors of the voltage dependent anion channel (VDAC), an integral part of the mitochondrial permeability 

transition pore complex (PTPC). We found that specific inhibitors of VDAC -1, -2, -3, such as DIDS (4,4’-

Diisothiocyanatostilbene-2,2’ disulfonic acid) and dextran sulfate (DEX), which alters the voltage dependence of 

VDAC (30) also potently inhibited cell death induced by AAA (Fig. 5A), and superoxide (O2
.—) accumulation 

(Supp. Fig. S6C). Since the VDAC inhibitors reversed cell death, we tested the involvement of VDAC-1 more 

directly by using shRNA adenovirus directed against VDAC-1 made in our lab. The VDAC-1 shRNA substantially 

decreased VDAC-1 expression on Western blots (Fig. 5B), and was directly associated with inhibition of AAA-

induced O2
.— levels, and reduced cell death in the PC cell lines MIA PaCa-2 (39% to 18%), AsPC-1 (23 to 12%) 

and BxPC-3 (73 to 46%) (Fig. 5C). In addition, a VDAC-1 shRNA, doxycycline (DOX)-inducible PANC-1 stable 

cell line expressed lowed VDAC-1 levels than the control cell line and with DOX (Fig. 5D), and showed reduced 

cell death in the presence of DOX (40-29%) (Fig. 5E). Viral constructs over expressing VDAC-1 in PANC-1 cells 

increased sensitivity to low, non-cytotoxic concentrations of AAA by 5-fold (Fig. 5F). In this experiment, low dose 

AAA was used at half the concentration (1 μM ATO, 50 μM AA and 0.125 μM DSF) so that the effect of increase 

in sensitivity could be observed more quantitatively. These results suggested that VDAC-1 was involved in AAA-

induced O2
.— release, ATP decline and aponecrotic cell death and could be a direct target of AAA in vitro. 

In vivo efficacy of AAA- AAA was tested in homozygous Nu/Nu (Crl:NU-Foxn1nu) mice, after injection with 

PANC-1 cells, and tumor size monitored in AAA-treated and control mice (Fig. 6A-B). A significant difference in 

tumor size between control and AAA-treated mice was noted within one week (3 AAA treatments) and continued 
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over the next two weeks (Fig. 6A, and Supp. Table 1). There were rapid growth rates of control tumor by weeks 1 

through 3 and potent cytotoxicity of AAA on PANC-1 tumors. By weeks 1 through 3 the control tumors had grown 

50-200% over the starting point. In the same time frame, AAA had shrunk the tumor by 50-75% in comparison to 

the original tumor size. By week 3 the tumors in the control group compared to the AAA group was nearly 3 fold 

larger in size (p=0.001). This implied that the AAA effect was cytotoxic and not just cytostatic upon the PANC-1 

tumor xenografts. AAA treatment also increased the percentage of tumor free mouse xenografts over the 3 week 

period. (Fig. 6B). By week 3, 30% of AAA-treated mice were tumor free as compared to 5% of the control group 

by physical exam (p=0.005) (n= 21 animals/group). There were no physically discernable changes or adverse 

effects from AAA treatment in the mice.  
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DISCUSSION 

 AAA induced an alternative cell death pathway with low, clinically achievable concentrations of readily 

available drugs that produced synergistic cytotoxicity in PC cells. Initial cell death displayed features of incomplete 

apoptosis, and later exhibited necrotic features, which suggested necrosis occurred within the same cell 

(aponecrosis). AAA did not demonstrate synergistic toxicity to normal human marrow CD 34+ stem cells or non-

malignant breast epithelial or fibroblast cells, and reduced or eliminated human xenograft PC tumors in nude mice 

with no discernable toxic effects.  

AAA cell death and ROS (mainly superoxide, O2
.—) were significantly decreased upon prior or concomitant 

treatment with NAC, MnTMPyP, (superoxide dismutase mimetic), Dextran and KCN, (inhibitor of mitochondrial-

produced O2
.—). The primary ROS species involved in AAA-induced cell death was O2

.— and was necessary in the 

mechanism of cell death from AAA. However, other factors contributing to cell death are possible since ROS was 

also high in the ATO+AA treated cells, which showed less cell death than AAA (O2
.— in AAA-65% vs ATO/AA-

54%).  The ROS formed, mostly O2
.—, is most likely involved in the rapid decline of intracellular ATP levels and 

reduced NADH levels, triggering a shift to aponecrosis. ATP levels fell rapidly (>50%) only when DSF (0.25 μM) 

was added to ATO/AA (Fig. 4E). In a mechanism not yet understood; the addition of DSF to ATO/AA decreased 

ATP levels to initiate aponecrosis. Ample levels of ATP are needed to complete apoptosis  and if the ATP levels 

fall below a critical level the cell diverts into a necrotic death pathway (29). However, although intracellular ATP 

declined early (< 4h), electron microscopic signs of aponecrosis were not observed until after 24h. First, cells 

showed an apoptotic-like nuclear chromatin condensation accompanied by TUNEL+, as well as Anx V+/ PI– cells 

(apoptotic). After 24h, membrane perforations (Anx V+/ PI+ cells) appeared, indicative of necrosis. The time 

between the initial ATP decline and development of aponecrotic features suggests that there may be a biochemical 

program leading to the development of aponecrosis. In summary, evidence for early but incomplete apoptosis 

included: 1-Annexin V+/PI- cells; 2-cytochrome C release by confocal microscopy; 3-apoptotic nuclei by electron 

microscopy; 4-increased Bak and decreased Bcl-2 expression and 5- no LDH release. However, we did not observe 

caspase 3,8, or 9 or PARP cleavage. Evidence for later necrosis included: 1-reduction of intracellular ATP by > 
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50%; 2- increased Ann+/PI+ cells; 3- massive increase in ROS; 4- markedly reduced GSH and; 5-a necrotic  

cytoplasmic morphology by electron microscopy. 

VDAC inhibitors reversed AAA-induced O2
.—  accumulation and annexin V+ cells suggesting AAA may 

disrupt the permeability transition pore complex (PTPC), which is central to both ATP/ADP exchange between the 

outer mitochondrial membrane (OMM)  and cytoplasm, as well as a key modulator of apoptotic/necrotic cell death 

(31). Other studies have observed a similar switch of apoptosis to necrosis eliciting a VDAC-dependent 

permeabilization of the OMM and release of cytochrome C (31). ATO has been shown to target VDAC possibly 

through cross-linking of transmembrane cysteine residues or homodimerization of VDAC molecules which may 

disrupt its function (32). AAA exposure may oxidize critical thiol groups involved with the PTPC (8, 33). 

Importantly, DSF can also directly lower GSH (16), reducing the ability of cells to quench O2
.— . Decreased GSH 

could lead to an increase in intracellular arsenic concentrations, since GSH is vital to the primary mechanism by 

which the cell eliminate heavy metals, including arsenic, via GSH-metal linkage by GST-pi and efflux via MRP 

(34). Consistent with this model, we found an approximate 2- fold increase in intracellular arsenic by atomic 

absorption studies after AAA treatment in PANC-1 cells (data not shown). 

AAA’s cancer cell specificity, particularly to mutant K-Ras cells, might be at least partially explained by 

three mechanisms: 1) PC cells with mutant K-Ras generate higher intracellular levels of ROS than cells without 

mutant K-Ras (4); 2) PC cells have decreased levels of ROS-reducing proteins such as SOD and glutathione 

peroxidase(5); and 3) the possible role of VDAC in the Warburg effect, that may be targeted by AAA (32). For this 

latter mechanism, we plan to do additional experiments to examine the relationship between AAA and it’s potential 

activation of the Warburg effect to produce PC cancer cell death. 

An alternative and non-exclusive explanation may be that AAA-treated cells are redirected into the 

aponecrotic pathway by blocking caspase activation and/or decreased ATP levels. Blocking activation of specific 

caspases or inducing inactivation of active caspases leads to uninhibited PARP activity, which can deplete ATP 

stores. PARP activity is modulated by caspases, specifically caspases 3 and 7. A seminal study by the lab of S. 

Snyder found that blocking caspase activity redirected apoptosis to necrosis causing a depletion of energy stores 

(ADP/ATP) through continual activation of PARP (14). However, we did not find PARP activation from AAA or 
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PARP mediated loss of ATP (data not shown), nor membrane perforations (no LDH loss) (Supp. Fig. S2C), which 

could cause loss of ATP. However, activated caspase activity could also be inhibited from the high levels of O2
.— 

generated by AAA (35). In other studies, drastic falls in ATP stores immediately preceded and perhaps initiated the 

switch to necrosis (36). 

There may be a therapeutic window for the clinical application of AAA therapy. First, the concentrations of 

all three drugs are clinically achievable as in the use of ATO/AA for APL and myeloma. In addition, there was only 

a minor additional cytotoxic effect of AAA to human pluripotent CD 34+ stem cells as compared to ATO alone 

(8% increase) or to AA alone (14% increase), yet a large increase of cytotoxicity to PC lines (>83% increase). Our 

studies in nude mice has shown a promising reduction in tumor size with no observable toxic side effects. However, 

we plan to use an orthotopic imageable model of pancreatic cancer and a PC GEMM model to further strengthen 

support for the effect of AAA in pancreatic cancer (37-40). 

The complete abrogation of AAA’s aponecrotic effect by NAC suggests a fail-safe to the clinical 

translation of this therapy where amelioration of AAA-induced clinical toxicity could be mediated by NAC, as it is 

used for acetaminophen overdose.  

Conceptually, the AAA model represents a shift in therapeutic and mechanistic paradigms where alternate 

death pathways such as aponecrosis, could be utilized to selectively kill mutant ras cancer cells resistant to 

apoptosis by classical chemotherapeutic agents. Targeted aponecrosis by AAA has an advantage over necrosis 

because it retains the specificity of apoptosis for mutant Ras PC cells but allows completion of cell death through 

the necrotic pathway while relatively sparing normal cells. We have previously termed this “targeted necrosis”(7). 

The AAA therapy exploits in PC cells their intrinsically high levels of ROS generated by mutant Ras and their 

intrinsically low levels of detoxification enzymes in PC and overwhelms the PC cell with O2
.— radicals along with 

inhibiting the VDAC machinery which lowers ATP levels, thereby forcing the PC cell into a completed aponecrotic 

cell death.  
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FIGURE LEGENDS 

 

FIGURE 1. Effect of AAA on pancreatic cancer cell lines and normal cells. A. Cells were treated +/- ATO (2 

μM), AA (100 μM) or DSF (0.25 μM) and DNA fragmentation determined by TUNEL after 48h. %TdT+ cells 

are indicated by Cell Quest software. Veh =vehicle. B. % Trypan-blue (TPB)+ cells determined after 48h in 

PANC-1 or MIA PaCa-2 cells with increasing concentrations of ATO, +/-AA, DSF, or (AA+DSF). For all 

experiments, the concentration of ATO, AA, and DSF were 2 μM, 100 μM and 0.25 μM, respectively, unless 

otherwise indicated (See Fig 4D for determination of minimal effective DSF concentration). AAA= 

ATO+AA+DSF. For TPB analysis, at least 200 cells were scored/sample and performed in triplicate. All 

controls contained vehicle additions: DMSO <0.1% and NaOH <66 μM. Veh= vehicle control. p < .0124 for 

PANC-1 and p< 0.0002 for MIA PaCa-2 over all ATO concentrations with addition of AA/DSF compared to all 

other drug combinations. Similar cytotoxicity results were obtained in human PC cell lines MIA PaCa-2 (73.0 

±5.6%), BxPC-3 (83 ± 3.2%) and AsPC-1 (73 ± 5.6%). C. Effect of AAA on normal human peripheral blood 

CD34+ stem cell progenitors for CFU-GEMM +/- ATO, AA or DSF for 48h. PAC=paclitaxel at 50 nM, a 

common clinical concentration. Results represents percentage of control colonies +/- SD, n=3. *, **, ***, ****, 

= p values <0.05, <0.01, <0.001, <0.0001, respectively, compared  to AAA treatment group. D, Electron 

microscopy of PANC-1 cell +/- AAA. After 24h incubation with AAA, the cell morphology was primarily 

apoptotic with apoptotic bodies, condensed DNA, and a dense cytoplasm. By 36h, cells with perforated plasma 

membranes, dispersed hypodense cytoplasm (consistent with necrosis) appeared. By 48h, cells displayed a 

condensed apoptotic-like nucleus and a dispersed necrotic hypodense cytoplasm. Representative 

photomicrographs are shown for the indicated times, and the nuclei of each cell are circled. Bars  = 2.5 microns. 

All experiments done 3 times in triplicate. 

FIGURE 2. Necrotic markers in AAA-treated PANC-1 cells. A. Temporal course of cell death determined by 

trypan blue (TB). Cells were treated +/- AAA or Paclitaxel (PAC) (25 μM or 50 nM). PAC at 50 nM induces 

apoptosis and at 25 μM induces necrosis. PAC at 25 μM induced the maximal number of TB+ cells (necrotic), 
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while PAC at 50 nM induced the least number of TB cells (apoptotic). AAA induced an increasing percentage 

of necrotic cells (TB+) over time, while at earlier time points, TB+ cells were less, which is consistent with 

apoptosis. See Fig. 1C for values. B. Flow cytometric analysis for apoptosis/necrosis. PANC-1 cells +/- AAA, 

or PAC (25 μM or 50 nM) for the indicated times, and stained with Anx V/ PI, and analyzed by flow cytometry. 

Percentages of apoptosis and necrosis were determined by Cell Quest software and expressed as a time course 

plot. Apoptosis = Anx+/PI- (Lower right panel); Necrosis= Anx+/PI+ cells (upper right panel). All experiments 

done 3 times in triplicate. 

 

FIGURE 3: Apoptotic Markers in AAA-treated PANC-1 cells. A, PARP cleavage. PANC-1 cells were untreated 

or exposed to AAA for 48h. Fifty μg total cell lysate was analyzed on Westerns by anti-PARP antibody. 

Paclitaxel treatment (50 nM, 48h) represents a positive control for apoptosis to show the PARP 85kDa cleavage 

product, as indicated by an arrow. B, Caspase-3 activity. PANC-1 cells were untreated, or treated with AAA for 

indicated times. Caspase-3 protease activity in cell lysates was assayed by spectrophotometric detection of the 

chromophore pNA after cleavage from the labeled substrate DEVD-pNA. Results represent mean absorbance ± 

SD, n = 3. Paclitaxel treatment (50 nM, 48h) represents a positive control for caspase-3 and 9 protease activity. 

**** = p values <0.0001. C, Westerns of caspase-3, 8 and 9. Time course of cells treated with AAA or PAC (50 

nM) for 6, 12, 18 or 24h. D, Westerns of Bcl-2, Bak and Bax. Time course of cells treated with AAA or PAC 

(50 nM) for 2, 4, 8 12, or 24h. All Westerns were done in triplicate. 

 

FIGURE 4. Relationship between ATP, GSH and cell death in AAA-treated PANC-1. A.  Effect of 3.5 mM 

NAC on AAA-induced death after 48h. **** = p values < 0.0001. B. Effect of 3.5 mM NAC on AAA-induced 

ATP decline after 4h. Intracellular ATP levels were determined by  luminometer at 560nm. Results expressed as 

% of untreated controls and represent mean luminosity +/- SD, n=3. *** = p values < 0.001.  C Intracellular 

ATP and GSH after 4h with ATP/AA and increasing concentrations of DSF. For ATP and GSH, p= < 0.006 for 

all points with DSF compared to 0 μM DSF. D. Cell death with 2 μM ATO and 100 μM AA after 48h with 
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increasing concentrations of DSF. E. Intracellular ATP concentrations in PANC-1 exposed to ATO/ AA/ DSF/ 

ATO+AA/ ATP+DSF/ AA+DSF or AAA for 4h (details Fig 4B). All experiments done 3 times in triplicate. p 

values relative to AAA are indicated. See Fig. 1C for values. F. Intracellular accumulation of O2
.— radical in 

PANC-1 cell lines +/-ATO, AA, or DSF, or AAA +/- NAC. Cells were analyzed by flow cytometry using 

Mitosox Red dye. All experiments done 3 times in triplicate. 

 

FIGURE 5. Effect of VDAC inhibitors and VDAC-1 shRNA on cell death by AAA. A. Effect of 300 mM DEX or 

300 μM DIDS on cell death as measured by Annexin V. Experiment done 3 times in triplicate. B. Western blot 

of VDAC-1 in shRNA adenovirus-treated MIA PaCa-2 cells. C. Effect of VDAC-1 shRNA- expressing 

adenovirus on AAA-induced cell death as assessed by Annexin V. D. Western blot of VDAC-1 in a control 

PANC-1 cell line containing vector only, and a doxycycline (DOX)-inducible VDAC-1 shRNA-expressing, 

PANC-1 stable cell line +/- 2 μg/ml DOX. E. Cell death as assessed by annexin V in PANC-1 control vector 

cells or in VDAC-1 shRNA-expressing PANC-1 stable cell line +/- 2 μg/ml DOX (See Fig. 5D). F. Effect of 

VDAC-1 over-expression by CMV promoter-VDAC-1 adenovirus on AAA-induced cell death (AAA assessed 

at non-toxic, half of standard concentrations of AAA to maximize effect of VDAC-1 over-expression). 

Experiment was repeated three times.  

 

FIGURE 6. Effect of AAA on PANC-1 tumor xenografts in nude mice. A. Mean tumor volume over time +/- 

SEM (n= 42 total with 21 animals/group).  B. The percentage of tumors that became undetectable by 

visualization and palpation over time (n= 21 animals/group). *, **, *** = p values are less than < 0.05, <0.01,  

<0.001 respectively. 
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