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Abstract

Acute myeloid leukemia (AML) is a heterogeneous group of aggressive hematological 

malignancies commonly associated with treatment resistance, high risk of relapse, and 

mitochondrial dysregulation. We identified six mitochondria-affecting compounds (PS 

compounds) that exhibit selective cytotoxicity against AML cells in vitro. Structure-activity 

relationship studies identified six analogs from two original scaffolds that had over an order 

of magnitude difference between LD50 in AML and healthy peripheral blood mononuclear 

cells. Mechanistically, all hit compounds reduced ATP and selectively impaired both basal and 

ATP-linked oxygen consumption in leukemic cells. Compounds derived from PS127 significantly 

upregulated production of reactive oxygen species (ROS) in AML cells and triggered ferroptotic, 

necroptotic, and/or apoptotic cell death in AML cell lines and refractory/relapsed AML primary 

samples. These compounds exhibited synergy with several anti-leukemia agents in AML, acute 

lymphoblastic leukemia (ALL), or chronic myelogenous leukemia (CML). Pilot in vivo efficacy 

studies indicate anti-leukemic efficacy in a MOLM14/GFP/LUC xenograft model, including 
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extended survival in mice injected with leukemic cells pre-treated with PS127B or PS127E and 

in mice treated with PS127E at a dose of 5 mg/kg. These compounds are promising leads for 

development of future combinatorial therapeutic approaches for mitochondria-driven hematologic 

malignancies such as AML, ALL, and CML.

Introduction

The notion of the Warburg effect, while useful, has led cancer researchers to overlook 

the importance of mitochondrial metabolism in cancer. Recent reports have illuminated 

key roles for mitochondria; cancer cells show increased dependence on mitochondrial 

reactive oxygen species (ROS) and α-ketoglutarate production and demonstrate increased 

mitochondrial dependence on glucose and glutamine for survival (1, 2). Depriving tumor 

cells of these substances rapidly kills them, which led to the initial suggestions of the 

potential for targeting mitochondria for anti-cancer therapies (3, 4).

Recent studies have shown diverse mitochondrial abnormalities during AML tumorigenesis 

(reviewed in (5, 6)). Drugs targeting various aspects of mitochondrial biology, including 

ROS production, the electron transport chain (ETC), or the mitochondrial permeability 

transition pore effectively kill tumor cells (7–10). Metabolic plasticity and altered 

mitochondrial metabolism are also considered promising “druggable” targets in the 

treatment of AML, a group of hematological malignancies characterized by uncontrolled 

clonal proliferation of immature myeloid progenitor cells in the bone marrow and peripheral 

blood (11). Current induction and consolidation treatments for AML are often too toxic for 

patients who are elderly or have comorbidities and have undesirable rates of resistance and 

relapse (12), highlighting the serious unmet need for new and improved treatments.

We previously demonstrated that AML cells exhibit a particular sensitivity to 

mitochondria-targeting compounds, including rotenone, cytarabine, etoposide, and ABT-199 

(venetoclax), likely due to their low coupling efficiency. Combining these treatments 

with complementary, non-mitochondria-targeting drugs generally synergized AML-specific 

cytotoxicity, supporting this approach (13, 14).

Mitophagy (macroautophagic turnover of mitochondria) is a key mechanism for eliminating 

dysfunctional or damaged organelles and is crucial for cellular responses to physiological 

stresses (5, 15). The best-studied mechanism for mitophagic activation involves the PINK1 

(PTEN-induced kinase 1)/Parkin axis, which licenses mitochondrial turnover (16), but 

interest in manipulating mitophagy to improve cancer therapy has been building for some 

time (15, 17). Mitochondria-targeted redox agents and drug regimens that contain ceramide 

induce mitophagy in breast cancer and AML cells, respectively, are other examples (18, 19).

Previously, we screened ~45,000 small molecules in Caenorhabditis elegans for their ability 

to increase PINK-1::GFP, an ortholog of human PINK1 (20). We identified 8 compounds, 

namely PS30, PS34, PS83, PS103, PS106, PS127, and PS134, whose treatment triggered 

events associated with mitophagy. We hypothesized that treating leukemia cells with these 

compounds would trigger selective cell death in AML cells due to their sensitivity to 

mitochondrial damage.
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Here we demonstrate that most PS compounds and their chemical analogs were cytotoxic 

for MOLM-13 cells (an AML cell line containing an FTL3-ITD mutation). The five most 

effective PS leads also killed other AML, ALL, and CML cells, while displaying much 

lower toxicity for the healthy cell controls. The most effective compounds reduced ATP 

levels and selectively impaired basal and ATP-linked oxygen consumption in leukemic 

cells. Compounds from the PS127 family significantly increased ROS generation in AML 

cells, activating Nrf1 expression, and inducing ferroptotic and/or necroptotic cell death. 

PS30B moderately reduced mitochondrial mass and membrane potential in AML but not 

in healthy cells. PS127B and PS127E efficiently killed both leukemic blast and leukemic 

stem cells by inducing apoptosis. These compounds exhibited synergy when combined with 

conventional chemotherapeutics for leukemia with diverse mechanisms of action (21–23), 

or with the novel mitochondrial inhibitor IACS-010759. The combination of PS30B and 

doxorubicin also showed synergy in immortalized and primary cells. Finally, pilot in vivo 
studies conducted on mice implanted with PS compound-pretreated leukemic cells or mice 

treated with PS127E in vivo after engraftment showed an extension of overall survival. 

Taken together, these data support these leads’ potential for chemical optimization and 

future therapeutic development.

Methods

Cytotoxicity screen in MOLM-13 cells

Chemical analogs (n = 35) of most promising AML-toxic PS compounds (n = 6/8) 

were identified and ordered from MolPort (https://www.molport.com). A full list of tested 

compounds is available as Supplementary Table 1.

Cell culturing and primary AML samples

Cell culture, peripheral blood and bone marrow collection, and cell isolation were 

performed as previously described (13, 14). Peripheral blood samples were collected from 

29 patients with AML (n=15 for cytotoxicity (Supplementary Table 2), n=14 for flow 

cytometric evaluation of viability and apoptosis in AML bulk and AML LSC) during 

standard diagnostic procedures after informed consent was obtained in accordance with the 

Institutional Review Board regulations of MD Anderson Cancer Center.

Treatments and cytotoxicity assays

The stock solutions of all compounds were dissolved in DMSO and stored at −80 °C. A list 

of compounds can be found in Supplementary Methods 1. 3-methyladenine was prepared as 

fresh solution in test media immediately prior to use.

Cytotoxicity assays were performed with Hoechst 33342 and propidium iodide cell labeling 

as described (24). Details on cell treatment, doses, and treatment duration for all experiments 

are listed in Supplementary Methods 2.
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Mitochondrial mass, membrane potential, and ROS evaluation

Mitochondrial mass and membrane potential were measured using a FACSCanto Flow 

Cytometer (Becton Dickinson, CA) as previously described (13, 14). ROS measurement was 

performed as described (13, 14).

ATP and bioenergetic measurements

ATP levels were measured in MOLM-13 and healthy PBMCs after 16 h treatment with 

compounds using a luminescent assay (CellTiter-GloR 2.0) and performed as previously 

described (13, 14). Real-time mitochondrial function was also assessed in these cells as 

previously described (13, 14).

Viability and apoptosis evaluation in primary AML and healthy bone marrow patient 
samples

Viability and apoptosis evaluation was performed as described in Supplementary Methods 3.

Western blots

Standard western blot procedures were performed. The primary antibodies used are listed in 

Supplementary Methods 4.

Animal studies

All experimental animal procedures were approved by MD Anderson Cancer Center’s 

Institutional Animal Care and Use Committee. Experimental details are in Supplementary 

Methods 5.

Quantification and statistical analysis

Survival data were analyzed by fitting dose-response models in Bioconductor package 

‘drc’, the lethal doses 50 (LD50) for each drug with their 95%-confidence intervals were 

calculated (25). Protein bands were quantified using ImageJ (https://imagej.nih.gov/ij/). 

Drug combination landscapes were visualized using Bioconductor package ‘synergyfinder’ 

(26). Statistical analyses were performed as previously described (13, 14). Sample sizes are 

listed in figure legends.

Results

PS compounds and their chemical analogs are selectively toxic against MOLM-13 cells

MOLM-13 cells were exposed to PS compounds or the solvent-control (DMSO) at 10 μM 

for 72 h. Cytotoxicity assays showed that six compounds (PS30, PS34, PS83, PS103, PS106, 

and PS127) decreased cell viability by at least 15% (Fig. 1A). LD50 values for MOLM-13 

cells at 72 h were determined for these six compounds (Supplementary Table 3) and a 

group of commercially available analogs (Supplementary Table 1, Supplementary Table 4, 

Supplementary Fig. 1). Promisingly, five analogs from the PS127 structure family had LD50 

values between ~200 nM – 1 μM.
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For PS compounds with LD50 < 20 μM, cytotoxicity in PBMCs obtained from healthy 

donors was tested as above, except that the upper testing bound dose was increased 

to 100 μM. The selectivity ratio (LD50PBMC/LD50MOLM-13) was calculated to identify 

compounds with greater therapeutic promise. Some PS molecules, such as PS30, lacked 

apparent cytotoxicity in PBMCs even at 100 μM (>90% cells alive; Supplementary Table 4, 

Supplementary Fig. 2F, right).

To reduce the number of compounds for further testing, analogs with a selectivity index 

lower than 10 or LD50MOLM-13 > 5 μM were triaged, yielding six prioritized hits from two 

scaffolds (PS30B and PS127B, PS127B1, PS127E, PS127F, and PS127G, Supplementary 

Table 4, also see Supplementary Fig. 2). The derived LD50 dose for each compound was 

experimentally confirmed (Supplementary Table 4, Fig. 1B).

PS leads are effective in additional leukemic cell lines

Previously, we determined that leukemia cells are particularly sensitive to mitochondrial 

damage (13). To further probe the effect of the PS compounds, a panel of AML (MOLM-14, 

THP-1, MV-4;11, OCI-AML2), ALL (CCRF-CEM, MOLT-4, RS-4;11), and CML (KU812) 

cell lines was treated with a range of concentrations of the PS compounds (doxorubicin and 

cytarabine served as positive controls) for 72 h. Derivatives of the PS127 scaffold showed 

LD50 values ranging from 90 nM – 3 μM in all cell lines tested (Table 1). In contrast, 

although PS30B was generally effective against AML cells (LD50 ≤ 20 μM for 3 out of 4 

cell lines), it had little effect on ALL or CML cells (Table 1). This suggests that the two 

compounds likely function through distinct mechanisms.

PS127 family compounds induce ROS

To study the effects of the selected PS compounds on mitochondria, MOLM-13 cells 

were exposed to compounds at LD50 at 72 h (150 nM rotenone was a positive control 

(27)) (Supplementary Fig. 3). ROS production was measured at 24 h to limit cell death. 

PS127 family analogs upregulated ROS, whether measured with dihydroethidium (DHE) or 

mitoSox (a mitochondria-targeted derivative of DHE) (Fig. 2A). Increased ROS production 

was specific to AML cells and was not observed in PBMCs, suggesting that this may be 

a determinant of cytotoxicity. This is consistent with our observations that ROS were not 

increased in either cell type after treatment with PS30B.

Next, we assessed changes in mitochondrial physiology after 24 h exposure to representative 

compounds (PS127B, PS127E, or PS30B) (Fig. 1C) or doxorubicin (positive control) (Fig. 

2B). Treatment with PS30B resulted in a slight, but statistically significant, decrease in 

mitochondrial mass. This effect was specific to MOLM-13 cells; PBMCs showed no change 

in mitochondrial mass, even at a tenfold-higher dose of drug (Fig. 2B, right, Supplementary 

Fig. 4A). PS127B and PS127E had no apparent effect on mitochondrial mass.

The effect on mitochondria was also assessed by staining with JC-1, a readout for 

mitochondrial membrane potential (MMP) (28). PS30B reduced MMP in MOLM-13 cells, 

but not in healthy PBMCs (Fig. 2C, Supplementary Fig. 4B). The proton gradient and MMP 

are thought to regulate ROS production through a feedback loop, where the leak of protons 

back down the gradient decreases the production of ROS (29). One possible explanation for 

Panina et al. Page 5

Leukemia. Author manuscript; available in PMC 2024 May 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the lack of ROS production by PS30B is that the slight depolarization of the mitochondrial 

membrane may be limiting ROS generation.

PS127B and PS127E also upregulated expression of Nrf1 (Fig. 2D), a key regulator 

of mitochondrial biogenesis, proteasomal activity, and ROS-scavenging enzymes (30), 

consistent with the cells attempts to mitigate mitochondrial damage caused by these 

compounds.

PS molecules impair mitochondrial respiration in leukemic cells

Nrf1 also regulates certain aspects of the ETC (31). Given our previous findings regarding 

the importance of the ETC in AML, we examined the effect of these compounds on the ETC 

in the MOLM-13 cells. Steady-state levels of ATP were measured at 72 h. Each compound 

significantly reduced ATP at ½ LD50 when normalized for cell viability (Fig. 2E). PS30B 

reduced ATP even at ¼ LD50 dose.

A Seahorse bioanalyzer was used to analyze mitochondrial function of MOLM-13 cells 

or PBMCs treated with PS127 group compounds, PS30B, or doxorubicin for 16 h (Fig. 

3A, B, Supplementary Fig. 5C). Consistent with ATP measurements, each PS molecule 

significantly decreased basal respiration (reduced by 19–79%) and ATP-linked respiration 

(reduced by 20–80%). This effect was specific to MOLM-13 cells, as only PS127F showed 

a small effect on ATP-linked OCR in PBMCs (Fig. 3C, D, Supplementary Table 5). 

Interestingly, the proton leak previously observed in MOLM-13 cells (32), was strongly 

abrogated by treatment with the PS compounds (Supplementary Fig. 6A), suggesting that 

this trait is necessary for the survival of these cancer cells.

Extracellular acidification rate (ECAR) represents the combined activity of glycolysis and 

the citric acid cycle (i.e., non-oxidative phosphorylation mechanisms of ATP production) 

(33). Four of the six PS compounds reduced ECAR by 29–50% in leukemic cells 

(Supplementary Fig. 6B), suggesting that the cells were not compensating for mitochondrial 

damage by upregulating glycolysis.

Pair-wise correlation analysis showed that ATP level, normalized to DMSO, significantly 

correlated with normalized coupling efficiency (r = 0.76, p = 0.047), corroborating the 

importance of coupling efficiency to ATP production, and ATP-linked respiration (r = 0.87, 

p = 0.011). These correlations were specific to MOLM-13 cells (Fig. 3E, F) and indicate that 

PS hit compounds selectively impair mitochondrial bioenergetics in AML cells and that the 

increase in PINK1 is likely occurring via different methods.

PS127 family compounds activate mitophagy, ferroptosis and/or necroptosis

To determine which programmed cell death pathways were involved in compound-induced 

cytotoxicity, MOLM-13 or PBMCs were exposed to PS127B, PS127E, or PS30B at LD50 

values for 72 h. Cells were also treated with specific inhibitors for apoptosis, autophagy, 

pyroptosis, ferroptosis, and necroptosis at concentrations chosen on the basis of preliminary 

assessments of cytotoxicity at 72 h (Supplementary Fig. 7A) and published studies (13, 34, 

35).
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Both ferroptotic inhibitors, Fer-1 and Lipr-1, and the necroptotic inhibitor Nec-1 

significantly attenuated MOLM-13 cell death caused by PS127B and PS127E (Fig. 4A, 

B). Nec-1 also rescued healthy PBMCs after treatment with PS127B or PS127E; ferroptotic 

inhibitors increased PBMC survival following PS127E exposure (Fig. 4A, B). In contrast, 

PS30B cytotoxicity in MOLM-13 cells was unaffected by these inhibitors (Supplementary 

Fig. 7B).

Since ferroptosis is characterized by the accumulation of lethal levels of ROS-damaged 

lipids (35) and both PS127B and PS127E increased ROS production (Fig. 2A), the 

observation of reduced cytotoxicity after treatment with the ferroptotic inhibitors was 

consistent. Ferrous iron was depleted from the culture medium using deferoxamine (36). 

As anticipated, deferoxamine reduced PS127E-mediated MOLM-13 cell death (Fig. 4C). 

The addition of N-acetyl-L-cysteine (NAC), a ROS scavenger, significantly decreased ROS 

and PS compound-mediated cytotoxicity in MOLM-13 cells (Fig. 4D, E).

In contrast, the addition of the pan-caspase inhibitor ZVAD did not increase cell survival, 

possibly due to mild toxicity under these conditions. There was also an attenuation of 

AML cell death when PS127B was combined with the autophagic inhibitor 3-MA (Fig. 

4A). We observed increased levels of the mitophagic markers NDP52 and BNIP3L/NIX 

(Fig. 4H) and the necroptotic markers RIP and RIP3 (Fig. 4I) after treatment with PS127E. 

Taken together, PS compounds induce different types of cell death, including ferroptosis, 

necroptosis, and autophagy.

PS compounds exhibit synergy with other anti-cancer chemotherapeutics

To assess whether PS molecules can synergize with existing anti-leukemic therapy, we 

analyzed their combination with a small panel of leukemia drugs (37). Anthracyclines 

(doxorubicin) intercalate into DNA, causing DNA damage during replication and triggering 

apoptosis (23). Cytarabine is a cytosine nucleoside analog that prevents DNA replication 

(38). IACS-010759 is a clinical-grade, small-molecule inhibitor of Complex I of the 

ETC reported to inhibit tumor growth in AML, B-ALL and T-ALL models (21, 39–41). 

6-mercaptopurine (6-MP) is an FDA-approved antimetabolite known to block nucleotide 

anabolism and purine salvage and showed good efficacy for ALL and CML (22).

For initial synergy experiments, we used PS127B and PS30B. Four treatment combinations 

exhibited strong synergistic cytotoxicity in AML cells compared to PBMCs (p<0.05, Fig. 5). 

Importantly, this led to clear differences in survival between leukemic and healthy cells (Fig. 

5A, B). Synergy was particularly evident when leukemic cells were resistant to one of the 

drugs (Fig. 5B, Supplementary Table 6).

Next, we compared efficiency and selectivity of PS compound combinations to cytarabine/

doxorubicin (Fig. 5, Table 1). Although cytarabine/doxorubicin more effectively reduced 

viability in MOLM-13 cells compared to PBMCs, the mean maximum synergy score of 

cytarabine and doxorubicin was 13.40, while synergy scores were >20 for all PS compound 

combinations. Combining PS molecules with doxorubicin led to selectivity comparable to 

the clinical standard of cytarabine and doxorubicin (Supplementary Table 6).
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To understand which cell death mechanism is associated with PS combinations’ synergistic 

cytotoxicity, we paired PS127E with complementary drugs, as this compound showed 

higher effectiveness against MOLM-13 cells and triggered ferroptosis and necroptosis. As 

expected, the addition of Nec-1 significantly reduced cytotoxicity of PS127E alone or 

in combination with IACS-010759, indicating the activation of necroptosis in MOLM-13 

(Supplementary Fig. 7C).

The combination of PS127E with IACS-010759 further increased ROS production in 

MOLM-13 (Fig. 4F). Excitingly, the addition of NAC reduced both ROS level and 

cytotoxicity (Fig. 4G). MOLM-13 cells treated with half LD50 for both PS127E 

and IACS-010759 showed similar effect, indicating that PS combinations’ synergistic 

cytotoxicity is associated with mitochondrial ROS (Supplementary Fig. 7D, E). This 

observation stayed true for the combination of PS127E/doxorubicin (Supplementary Fig. 

7F, G). Furthermore, the combination of PS127E/IACS induced mitophagy and necroptosis, 

although we did not observe an increase between single and combined treatments 

(Supplementary Fig. 8). Taken together, combinations of PS molecule with other anti-

cancer chemotherapeutics induced redox imbalance, which may explain their synergistic 

cytotoxicity.

PS hit compounds are effective against primary AML cells alone and in combination with 
other anti-leukemic agents

While these data are promising, MOLM-13 cells may inaccurately represent the efficacy of 

these agents in primary AML cells. Therefore, we tested the most promising combinations 

(based on synergy and selectivity) in freshly isolated primary cells from AML patients. 

A small number of samples (n=4) were used to determine concentration ranges for the 

drugs (Supplementary Table 7). Additional patient samples (n=13) were then used to 

test 7 combinations that showed synergy in MOLM-13 cells: PS127B or PS127E with 

doxorubicin, IACS-010759, or 6-MP and PS30B with doxorubicin (Supplementary Table 

8, Supplementary Fig. 9, Supplementary Fig. 10). Most primary samples were resistant to 

PS30B (LD50 > 20 μM) and anti-leukemia drugs at the concentrations tested, regardless of 

their mechanism. However, all patients’ samples were sensitive to PS127B and PS127E. For 

example, 39 patient sample-treatment combinations were tested for PS127B (13 patients, 

each tested with PS127B combined with one of three other drugs). 38 had synergy scores 

>10, and the last sample had a synergy score of 9.81 (10 was the synergy cutoff). This 

indicates that drug combinations may be effective at concentrations where individual 

compounds had little to no apparent effect on healthy cells (Fig. 5C). Interestingly, 

while PS127B was equally effective against samples with de novo or secondary AML, 

PS127E was significantly more effective in de novo AML setting. This difference was 

particularly profound for PS127E with doxorubicin, where the average synergy for 6 patient 

samples with secondary AML was only 7.7, compared to 19.3 for de novo AML types. 

Combining PS30B with doxorubicin produced synergy in most patient samples (10 out of 

13). Interestingly, this combination was ineffective in samples with a low percentage of blast 

cells (Supplementary Table 9).
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PS hit compounds induce apoptosis in blast bulk and leukemic stem cells and extend 
survival in AML xenograft models

To investigate compounds’ ability to selectively kill bulk leukemic cells and leukemic 

stem/progenitor cells (LSC) and to evaluate the therapeutic window towards hematopoietic 

stem cells (HSC), additional patient samples (n=14) (Supplementary Table 10) and freshly 

harvested healthy bone marrow (hBM) samples (n=3) were used to test PS127B and PS127E 

via flow cytometry (Supplementary Fig. 11, Supplementary Fig. 12). 5 μM PS127B, and 5 

μM or 10 μM PS127E, significantly reduced viability of leukemia blasts, as compared to 

hBM cells (Fig. 6A). These effects were preserved for LSCs, with superior in vitro efficacy 

against AML LSC (CD34+ CD38− or if CD34−, CD38+ CD123+) than hBM HSC cells 

(CD34+ CD38− ) (Fig. 6B, Supplementary Fig. 12).

Reduction of AML viability was associated with induction of apoptosis, as measured by 

Annexin V flow cytometry. Apoptosis was induced in all three conditions, with averages of 

17% for PS127B, 22% for 5 μM PS127E and 59% for 10 μM PS127E in AML bulk cells 

(Fig. 6C). PS127E induced apoptosis in AML LSC, with averages of 23.4% at 5 μM and 

62.3% at 10 μM, while hBM HSC were apparently unaffected under all conditions (Fig. 6D).

To investigate the cytotoxicity of PS127B and PS127E in vivo, a MOLM14/GFP/LUC cell 

xenograft model was utilized in NSG mice.

Since pharmacology of these compounds requires further optimization, we first studied 

whether pre-treatment of AML cells would delay leukemic progression in NSG mice. 

MOLM14/GFP/LUC cells were treated with DMSO, 5 μM PS127B, or 0.88 μM 

PS127E for 24 h, washed, and injected at 1×106/100μl into NSG mice, followed 

by biweekly bioluminescence intensity (BLI) monitoring (Fig. 7A). Pre-treatment of 

MOLM14/GFP/LUC cells with both agents contributed to delayed progression of these 

aggressive leukemias (Fig. 7B, C) and led to significant extension of the overall survival of 

leukemia-bearing NSG mice (Fig. 7D). We next tested efficacy of an oral administration of 

PS127E at a dose of 5mg/kg (Fig. 7E), which moderately reduced leukemia burden, delayed 

AML progression (Fig. 7F, G), and extended overall survival compared to control (Fig. 7H).

Taken together, PS127B and PS127E constitute two hit compounds with evidence of anti-

leukemic activity in primary relapsed/refractory AML patient samples and show preliminary 

in vivo efficacy. Further pharmacodynamic studies of these promising compounds as 

monotherapy and combinatorial approaches are warranted.

Discussion

The dependency of leukemia cells on mitochondria has frequently been identified as an 

abnormality present in various AML subsets (42, 43). Our targeted cytotoxicity screen 

showed that several compounds that trigger PINK-1/PINK1 accumulation induced 50% 

death in MOLM-13 cells at sub-micromolar doses, including ~200 nM for PS127E, which 

was 23-fold lower than what was required to kill 50% of healthy PBMCs. Although doses 

required for eradication of patient-derived AML cells were generally higher (0.5–2.8 μM), 
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they were substantially decreased by combining PS compounds with other AML therapies, 

like doxorubicin or IACS-010759.

Testing showed that 5 of the 6 best leads were from the PS127 structural family. The 

availability of several chemotypes of PS127 made it possible to better determine which 

regions of the chemical scaffold are relevant for cytotoxicity. The use of PASS (Prediction 

of Activity Spectra for Substances) software, which estimates probability of various 

biological activities based on multilevel atomic neighborhood descriptors (44), for four 

PS127 derivatives indicated that the presence of a nitroethenyl group (e.g., in PS127B 

and PS127E) was necessary for their effects; compounds lacking this group (PS127H and 

PS127K) lacked efficacy against MOLM-13 cells (Supplementary Table 1, Supplementary 

Fig. 13). Several compounds were effective for ALL and CML as well, consistent with 

generic leukemic dependency on mitochondria.

AML-selective cytotoxicity of PS compounds resulted in ATP depletion and reduction 

in oxygen consumption rates. For PS127-family compounds, cytotoxicity was associated 

with severe oxidative stress and induction of ferroptotic, necroptotic, and/or apoptotic cell 

death pathways. Previous studies revealed that the β-nitrostyrene moiety activates caspase-

dependent apoptosis (45, 46), consistent with our structural analysis of PS127 analogs.

Synergistic drug combinations can reduce side effects and help overcome tumor 

resistance by lowering treatment dosages (reducing off-target effects) while simultaneously 

diversifying therapeutic targets (47). Our results showed that synergy scores for PS127B 

were highest in primary AML cells in vitro when combined with the conventional cytotoxic 

agent doxorubicin (Supplementary Table 8). PS127E exhibited maximal synergy scores > 

40, including in four different patient samples treated with PS127E and IACS-010759. 

These data highlight that PS127 analogs are highly active in drug combinations.

PS127B and PS30B drug combinations exhibited strong synergy in primary AML samples, 

in primary and secondary leukemias. Unlike primary de novo leukemia, secondary AML 

has evolved from previous myelodysplasia or developed after exposure to environmental 

or therapeutic toxins, and often presents resistance to multiple traditional chemotherapies 

used for treating primary AML (48, 49) (Supplementary Table 10 lists primary AML 

samples). The combination of PS30B with doxorubicin showed significantly greater synergy 

in AML samples with more than 30% leukemic blast cells (Fig. 5, Supplementary Table 2, 

Supplementary Table 9).

Targeting mitophagy as a therapeutic approach for AML is still exploratory; reports 

describing both inhibition and activation of mitophagy as potential therapeutic strategies 

have been published (50, 51). One possible explanation for these differing outcomes may 

reflect differences in baseline susceptibility of specific cancer cell types due to experimental 

conditions or specific somatic mutations contributing to tumor growth. For example, 

under hypoxic conditions that reflect the bone marrow microenvironment, AML blasts and 

LSCs rely heavily on mitophagy, particularly FIS1-mediated mitophagy, for survival (52). 

Chemically blocking autophagy can enhance apoptosis and decrease in vivo tumor burden in 
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this context (53). In line with this, high gene and protein expression levels of FIS1 in AML 

patient samples predict reduced chances of complete remission after induction therapy (54).

The opposite approach – activating mitophagy – has been shown to eradicate AML blasts 

in vitro and in vivo (55). FLT3-ITD mutations, commonly observed in AML, suppress 

ceramide production, which is necessary for mitophagy-dependent cell death. Inhibiting 

FLT3 using tyrosine kinase inhibitors (56) or LCL-461, a ceramide analog targeted to 

mitochondria, induced lethal mitophagy in AML blasts (55). Interestingly, although PS 

compounds activate mitophagy by different mechanisms, cell lines bearing the FLT3-ITD 

mutation (such as MOLM-13, MOLM-14, or MV-4;11) were generally more sensitive to the 

PS leads (Table 1).

We are not the first group to report a positive effect for PINK1 accumulation on cancer 

cell growth. B5G1, a derivative of the mitophagy-stimulating compound betulinic acid, 

also triggers PINK1 upregulation, mitophagy, and cancer cell death (57). Similarly, a folate-

modified version of methyl-β-cyclodextran increases PINK1 expression, LC3-II conversion, 

and anti-tumor activity (58). Finally, BAY87–2243, an extensively modified piperazine that 

inhibits Complex I of the ETC, increased ROS production and induced PINK1-dependent 

mitophagy, which was then followed by necroptosis and ferroptosis, similar to what we 

observed in PS127-treated AML cells (59). Although each showed a benefit from increased 

PINK1, none of these leads were identified via high-throughput and/or targeted screens, but 

were serendipitous discoveries. This suggests that further exploration of PINK1 as potential 

therapeutic target is likely warranted.

Lead Contact and Materials Availability

Further information and requests for resources and reagents should be directed to and will 

be fulfilled by the Lead Contact, Natalia V. Kirienko (kirienko@rice.edu). This study did not 

generate new unique reagents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Parental PINK-1 stabilizing (PS) compounds and their analogs as potential anti-AML 
agents.
A Cytotoxicity of parental PS compounds (n = 10, dose = 10 μM, 72 h treatment) against 

MOLM-13 cells. Cut-off survival (15%) is shown as a dotted line. B Experimental validation 

of fitted LD50 values for top leads. C Chemical structures of some leads. Bar graphs 

represent results (mean ± SEM) from at least three biological replicates (A, B). Statistical 

testing was performed by multiple t-tests with independent samples: MOLM-13 vs PBMCs; 

***p < 0.001.
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Fig. 2. Mitochondria-related mechanistic effects of PS hit compounds on cancer and normal 
blood cells.
A PS127 analogs, but not PS30B, increase cytosolic (left) and mitochondrial (right) 
ROS levels in leukemic cells (24 h). B PS30B compound decreases mitochondrial mass 

selectively in leukemic cells (24 h). Shown are mean fluorescence intensity (MFI) of 

Mitotracker Green (MTG) staining. C PS30B compound decreases mitochondrial membrane 

potential assayed by JC-1 staining in leukemic cells (24 h). Shown are % cells inside 

Q3 quadrant (representing cells with depolarized mitochondria). D Representative replicate 

(top) and quantification (bottom) of Nrf1 western blots. MOLM-13 cells were treated with 

LD50 of CCCP (2.5 μM), PS127B (510 nM), PS127E (220 nM), and PS30B (5 μM) 

for 24 h. Statistical testing vs DMSO (A-D) was performed by ANOVA with subsequent 

Dunnett’s tests. E Changes of normalized ATP levels (in blue) and viability (in pink) of 
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MOLM-13 cells under treatment with PS leads (72 h). Statistical testing (ATP level & 

viability vs. control) was performed by ANOVA with subsequent Dunnett’s tests. All bar 

graphs represent results (mean ± SEM) from at least three biological replicates. ***p < 

0.001, **p < 0.01, *p < 0.05, ns – not significant.
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Fig. 3. Mitochondrial respiration in leukemic cells is selectively inhibited by PS leads.
A, B Representative OCR (oxygen consumption rate) curves of untreated cells (in red) 

and cells treated with PS compounds and doxorubicin (16 h) – MOLM-13 (A) and normal 

PBMCs (B). C, D Changes in basal and ATP-linked respiration under PS compounds 

treatment in MOLM-13 cells (in red) and PBMCs (in grey) measured by Seahorse test. 

Statistical testing vs. DMSO was performed by ANOVA with subsequent Dunnet’s tests; 

***p < 0.001, *p < 0.05, ns – not significant. Bar graphs represent results (mean ± SEM) 

from at least three biological replicates. E, F Correlations between normalized ATP level 
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and Seahorse parameters (ATP-linked respiration, coupling efficiency) in MOLM-13 cells 

(E) and normal PBMCs (F). Correlations were assessed between parameter averages from at 

least three biological replicates using Pierson’s two-tailed correlation coefficient.
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Fig. 4. PS molecules induce different cell death pathways.
A, B Survival rates of MOLM-13 cells (in red) and normal blood cells (in grey) under 

treatment with corresponding LD50 of PS127B (510 nM, 5.2 μM in MOLM-13, PBMCs, 

respectively); LD50 of PS127E (220 nM, 6 μM in MOLM-13, PBMCs, respectively) alone 

or in combination with cell death inhibitors (pan-caspase inhibitor Z-VAD-FMK (40 μM), 

3-methyladenine (3-MA, 0.5 mM) as an inhibitor of autophagic cell death, the caspase-1 

inhibitor VX-765 (10 μM), two ferroptotic inhibitors ferrostatin-1 (Fer-1, 0.5 μM) and 

liproxstatin-1 (Lipr-1, 0.5 μM), and the necroptotic inhibitor necrostatin-1 (Nec-1, 10 μM). 
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C Survival rate of MOLM-13 cells under treatment with PS127E (200 nM) alone or in 

combination with deferoxamine/DFX (40 μM). D Fold change of mitochondrial ROS level 

of MOLM-13 cells under treatment with PS127B or PS127E alone at LD50. E Normalized 

viability of MOLM-13 cells under treatment with PS127B or PS127E alone at LD50. F 
Fold change of mitochondrial ROS level of MOLM-13 cells under treatment with PS127E 

alone or in combination with IACS-010759 at LD50. G Normalized viability of MOLM-13 

cells under treatment with PS127E alone or in combination with IACS-010759 at LD50. H-I 
Western blot of MOLM-13 cells treated with PS127E at LD50 for 24 h with (H) mitophagy 

markers NDP52 and BNIP3L/NIX or (I) necroptosis markers RIP and RIP3. Blots and 

quantifications were shown. Statistical testing vs corresponding LD50 value was performed 

by ANOVA with subsequent Dunnett’s tests. All bar graphs represent results (mean ± SEM) 

from at least three biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not 

significant.
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Fig. 5. PS compounds induced synergistic cytotoxicity when combined with other anti-cancer 
drugs in AML cell lines and primary AML samples.
A Representative synergy landscape and B cell survival rate under treatment with PS127B/

PS30B along or in combinations with anti-cancer drugs (IACS-010759, DOX - doxorubicin) 

in MOLM-13 cells or PBMCs. C Comparison of viability under combinatorial treatment 

with PS compounds in a representative patient sample vs. PBMCs. Bar graphs represent 

results (mean ± SEM) from at least one biological replicate of a representative patient 

sample and three biological replicates of PBMCs. Significance of changes in survival was 

assessed via Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not significant. 

Black stars indicate comparison of AML cells vs. healthy PBMCs under the same treatment 

condition; purple stars indicate significantly lower survival under combinatorial treatment 

compared to single PS compounds; orange stars indicate significantly lower survival under 

combinatorial treatment compared to single complementary drug.
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Fig. 6. Flow cytometry evaluation of viable cell number and apoptosis induction in primary 
AML samples and healthy bone marrow cells.
A Summary of viable cell number collected from CD45+ gate (Annexin V-/DAPI-), 

normalized to control, comparing response of AML (n=14) to that of hBM samples 

(n=3). B Summary of flow cytometric analysis of viable hematopoietic/leukemic stem cells 

gated by CD45+/CD34+/CD38− for HSC and CD45+/CD34+/CD38+ or CD38− for LSC 

(adjusted to clinical flow cytometry panel (Supplementary Table 10)). C Flow cytometric 

analysis of apoptotic cells collected from CD45+ gate (Annexin V+), normalized to control, 

comparing response to treatment in hBM samples (n=3) and leukemia patient samples 

(n=14). D Flow cytometric analysis of apoptotic hematopoietic/leukemic stem cells as gated 

by CD45+/CD34+/CD38− for HSC and CD45+/CD34+/CD38− or CD38+ or if negative 

for CD34+, then CD45+/CD38+/CD123+ for LSC (adjusted to clinical flow cytometry 

panel (Supplementary Table 10, Supplementary Fig. 12), normalized to control, comparing 

response to treatment in vitro of hBM samples (n=3) and leukemia patient samples (n=12). 

For panels (A-D) Data are shown as the mean ± SD; ns-p>0.5, *p < 0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001.
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Fig. 7. Preclinical in vivo efficacy of PS127B and PS127E in MOLM14/GFP/LUC xenograft 
model.
A Schematics of the study addressing the efficacy of PS127B or PS127E pretreatment of 

MOLM14/GFP/LUC cells in NSG mice. MOLM14/GFP/LUC cells were pretreated with 

DMSO control, 5 μM PS127B, or 0.88 μM PS127E for 24 h. Cells were harvested and 1 

million viable cells/100 μl was subjected to injection (n=5 mice per treatment condition). 

Monitoring of tumor burden was conducted by BLI. BLI measurement was obtained on 

day 1 and continued twice per week to monitor disease progression and overall survival. B. 
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Summary of leukemia burden progression in mice injected with cells treated with control, 

5 μM PS127B, or 0.88 μM PS127E (dots represent separate mice). C Summary of BLI 

changes over time of mice in the study described in (A). D Kaplan-Meyer survival curve 

of mice injected with MOLM14/GFP/LUC cells pretreated with vehicle, 5 μM PS127B, or 

0.88 μM PS127E. *p < 0.05; ****p < 0.0001. E Schematics of study addressing efficacy 

of PS127E in mice injected with MOLM14/GFP/LUC cells treated with DMSO or 5 mg/kg 

PS127E for 14 days (oral gavage, 5 days on, 2 days off). Mice’ tumor burden was monitored 

by BLI; on day 14, mice were randomized and subjected to treatment with vehicle or 

5mg/kg PS127E. Treatment timeframe is labeled with yellow window. For monitoring 

disease progression, BLI measurements were conducted on day 1 and then twice per week. 

F Summary of BLI changes over time in study described in (E). G Summary of leukemia 

burden progression in mice injected with MOLM14/GFP/LUC cells treated with vehicle or 5 

mg/kg PS127E. H Kaplan-Meyer survival curve of mice injected with MOLM14/GFP/LUC 

cells, treated with vehicle or 5mg/kg PS127E, *p < 0.05.
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Table 1.

PS leads exhibit cytotoxicity against broad panel of AML, ALL, and CML cell lines.

Cell line
LD50 (95% CI), μM

PS127E PS127G PS127B PS127B1 PS127F PS30B DOX ara-C

Normal blood cells

PBMCs 5.15 (4.01–
6.29)

6.45 (4.57–
8.32)

6.02 (5.23–
6.80)

11.08 (9.73–
12.43)

11.77 
(8.82–
14.71)

> 100 ND* (> 2.5 
μM)

> 100

AML (acute myeloid leukemia)

MOLM-13 0.22 (0.20–
0.24)

0.24 (0.22–
0.26)

0.51 (0.44–
0.58)

0.92 (0.83–
1.02)

1.11 (1.03–
1.19)

4.96 
(4.55–
5.37)

0.12 (0.09–
0.14)

0.015 
(0.011–
0.018)

MOLM-14 0.21 (0.16–
0.27)

0.4 (0.35–
0.46)

0.6 (0.58–
0.62)

1.37 (1.21–
1.53)

0.96 (0.93–
0.99)

9.25 
(8.16–
10.33)

0.14 (0.12–
0.16)

0.25 (0.23–
0.28)

THP-1 0.36 (0.33–
0.39)

0.51 (0.46–
0.56)

1.1 (1.06–
1.14)

1.25 (1.12–
1.38)

2.68 (2.42–
2.95)

20.04 
(14.05–
26.02)

0.41 (0.34–
0.49)

0.82 (0.63–
1.01)

MV-4;11 0.13 (0.12–
0.14)

0.36 (0.30–
0.42)

0.45 (0.42–
0.48)

0.1 (0.89–
1.11)

1.07 (0.90–
1.24)

4.77 
(4.10–
5.43)

0.08 (0.07–
0.10)

0.11 (0.10–
0.13)

OCI-AML2 0.26 (0.21–
0.31)

0.56 (0.46–
0.65)

1.2 (1.02–
1.39)

2.01 (1.61–
2.42)

2.83 (2.35–
3.31) >20 0.3 (0.24–

0.37)
0.1 (0.08–

0.12)

ALL (acute lymphoblastic leukemia)

CCRF-CEM 0.2 (0.18–
0.22)

0.11 (0.08–
0.14)

0.24 (0.21–
0.26)

1.19 (1.13–
1.25)

1.09 (1.02–
1.15) >20 3.66 (2.76–

4.56)
2.48 (1.12–

3.84)

MOLT-4 0.5 (0.47–
0.52)

0.43 (0.39–
0.46)

0.83 (0.78–
0.86)

0.61 (0.57–
0.65)

0.006 
(0.004–
0.008)

>20 0.018 
(0.016–0.02)

0.0023 
(0.0014–
0.0032)

RS-4;11 0.09 (0.07–
0.012)

0.47 (0.39–
0.54)

1.07 (1.01–
1.12)

1.93 (1.83–
2.03)

3.01 (2.84–
3.17) >20

0.0073 
(0.0060–
0.086)

0.195 (0.12–
0.27)

CML (chronic myelogenous leukemia)

KU812 0.35 (0.30–
0.40)

0.66 (0.62–
0.71)

0.98 (0.88–
1.07)

1.89 (1.74–
2.05)

1.72 (1.65–
1.79) >20 0.096 

(0.064–0.12) >20

*
ND, not defined. Doxorubicin (DOX) and cytarabine (ara-C) were included as controls. Cytotoxicity assay based on fluorescent Hoechst 

33342-Propidium iodide double-staining does not allow the use of high doses of fluorescent compounds, like doxorubicin > 3 μM, as Hoechst 
signal is interfered by the fluorescent compounds.
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