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In his early research on cancer cell metabolism, Otto Warburg made the hypothesis that 

the respiration of cancer cells has become damaged. The insult to cancer cell respiration, 

Warburg proposed, was either 1) a decrease in oxygen consumption, or 2) with undiminished 

oxygen consumption, the coupling of respiration and ATP synthesis has become broken. Herein, 

using multiple models of acute myeloid leukemia (AML) (i.e., chemosensitive and 

chemoresistant), we present evidence that supports the early hypothesis of Otto Warburg.  

Specifically, we discovered that 1) AML mitochondria present with defects in respiration that are 

masked by increases in mitochondrial content and 2) under basal conditions, AML mitochondria 

consume, rather than synthesize, ATP. The ATP consumption of AML cells confers a survival 

advantage and poises AML cells to participate in a futile cycle that mimics an alternating current 

circuit model. 

In chapter I, we provide a background on acute myeloid leukemia bioenergetics that 

establishes the groundwork for the research outlined in this dissertation. Specifically, our previous 

research discovered that relative to normal blood cells, AML cells are characterized by two 

important mitochondrial phenotypes: 1) AML cells present with deficiencies in oxidative 

phosphorylation (i.e., OxPhos) that are more pronounced in the context of chemoresistant 

disease; and, 2) AML import extramitochondrial ATP into the mitochondrial matrix space where it 

inhibits respiratory flux. In Chapter II, we discovered that, universally, the AML mitochondrion 

presents with 1) reductions in respiratory flux, driven by intrinsic lesions in the electron transport 



 
 
 
 
 

system, that were associated with 2) a utilization of ATP synthase as an F1-ATPase proton pump 

to sustain the mitochondrial membrane potential.  Sustaining polarization across the inner 

mitochondrial membrane via F1-ATPase activity conferred chemoresistance to AML. Importantly 

however, chemoresistant AML were re-sensitized to chemotherapy when F1-ATPase mediated 

polarization was disrupted using mitochondrial-targeted lipophilic small molecules. In Chapter III, 

we discovered that reactivation of AML OxPhos induces BAX-independent cytotoxicity that, based 

on unpublished data in Chapter IV, appears to involve cytotoxic ROS production. Collectively, this 

dissertation proposes a unique model of AML mitochondrial bioenergetics where ATP 

consumption, rather than ATP synthesis, supports AML survival and confers resistance to 

chemotherapy. Furthermore, this dissertation presents a novel AML-specific mitochondrial 

pathway that can be selectively targeted by 1) disrupting F1-ATPase mediated polarization of the 

mitochondrial membrane, or 2) reactivating AML OxPhos. 
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Chapter 1: A unique model of mitochondrial bioenergetics underlies acute myeloid 

leukemia oxidative metabolism 

 

BACKGROUND 

Acute myeloid leukemia (AML) is among the deadliest and most aggressive forms of 

blood cancer107,37,38. Characterized by an abnormal clonal expansion of myeloid progenitor cells 

in the peripheral blood and bone marrow, AML is a rapidly advancing hematological malignancy 

that remains difficult to treat despite advancements in chemotherapeutics50,124,125.  Some 

available treatments for AML include induction chemotherapy with cytarabine plus an 

anthracycline such as daunorubicin104 (e.g., “7 + 3” chemotherapy induction), targeted therapies 

such as midostaurin1 (i.e., a FLT3 inhibitor), and hypomethylating agents such as azacitidine35. 

Although these therapies may achieve complete remission in some patients, treatment failure 

remains to be a concern because of the propensity to develop chemoresistant disease37,38. 

Chemoresistance is caused by the ability of drug resistant AML subclones to evade current 

chemotherapeutics, clonally expand, and emerge to cause fatal relapse136,36 – an abysmal 

outcome that occurs in over 70% of patients37,38. Improving patient outcomes, therefore, 

appears contingent upon three factors: 1) elucidating key mechanisms of chemoresistance, 2) 

identifying AML-selective drug targets and 3) developing novel chemotherapeutics that thwart 

chemoresistance in AML. 

 

Prior research has established that mitochondrial metabolism is involved in AML disease 

progression120,33,128,108,13.  From leukemogenesis3 to relapsed/refractory AML19,115, alterations in 

mitochondrial metabolism has been reported to be a factor that contributes to leukemic cell 

survival12, proliferation121, and resistance to current chemotherapeutics41. Some 

chemotherapeutics designed to disrupt the mitochondrial metabolism of AML, or mitochondrial-

targeted therapies, have received FDA approval. Specifically, FDA approved mitochondrial-
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targeted therapies include inhibitors of mutated variants of IDH (i.e., isocitrate dehydrogenase) 

such as ivosidenib83 and enasidenib40. In addition to these mitochondrial-targeted therapies, the 

Bcl-2 (i.e., B-cell lymphoma 2) inhibitor venetoclax, a targeted therapy that mediates BAX/BAK-

dependent apoptosis, is emerging to be a frontline chemotherapeutic23. Although mitochondrial 

respiration is impacted by venetoclax and IDH inhibitors, they are highly selective for the 

metabolic vulnerabilities of AML20 over that of normal blood cells, thus contributing to their 

demonstrable safety and clinical efficacy.  However, their clinical efficacy remains stifled by AML 

chemoresistance.   

 

Chemoresistance is multifactorial39,18,119, thus, many current approaches have sought to 

combine monotherapies to achieve synergistic efficacy, for example, by targeting mitochondrial 

metabolism in combination with other chemotherapeutics. One such combination includes that 

of IACS-010759 (i.e., a Complex I inhibitor) with venetoclax74. Although these strategies have 

shown promising efficacy in pre-clinical experiments, global inhibition of mitochondrial 

respiration by IACS-010759 is unable to discriminate cancer from non-cancer. This results in a 

lower therapeutic window, a reduced safety profile, and hinders the translation of pre-clinical 

efficacy to clinical efficacy138.  To enhance these clinical benchmarks, it may be possible to 

discriminate cancer from non-cancer by synergistically disrupting AML mitochondrial metabolism 

using mitochondrial-targeted therapies. However, mitochondrial-targeted therapies should be 

carefully designed as to not disrupt the efficient energy transduction that supports vital organ 

physiology.  To do this, it is critical to comprehensively characterize the mitochondrial phenotype 

of normal cells compared to that of AML when selecting mitochondrial drug targets. 

 

Mitochondrial energy transduction  

The electron transport system (ETS) consists of a series of membrane-bound respiratory 

complexes (Complex I-IV) that accept electrons from redox carriers (i.e. NADH and FADH2) 



 
3 

 
 
 

derived from the oxidation of TCA cycle substrates by a network of dehydrogenases (e.g. 

pyruvate dehydrogenase).  Ultimately, those electrons are transported along a series of redox 

centers within the respiratory network where redox potential energy at Complexes I, III and IV is 

harnessed to drive proton translocation across the inner membrane87 (Fig. 1A). Proton pumping 

generates a driving force in the form of the mitochondrial membrane potential (∆Ψm).  The ∆Ψm 

can then be utilized to drive various thermodynamically unfavorable processes (e.g. ATP 

synthesis, substrate transport, etc.) within the mitochondrion (Fig. 1A). However, the 

mitochondrion’s ability to capture electrons, conserve energy during each successive electron 

transfer, and convert it into a more useable form (i.e. the ∆Ψm), is dependent upon a multitude of 

factors (e.g. efficiency of the respiratory complexes, availability of carbon substrates, activity of 

the dehydrogenases, etc.) that may vary depending on the physiology of the cell.  Importantly, 

cell physiology is supported by the mitochondrial phenotype that contributes to meeting cell-

specific metabolic or ATP synthesis demands82. 

 

ATP synthesis during OxPhos is catalyzed by the F1F0-ATP synthase (used 

interchangeably with “ATP synthase”).  The F1F0-ATP synthase is characterized by a fully 

reversible, mechanical rotary catalysis mechanism and consists of two functional domains: 1) 

the catalytic F1 sector (i.e. the site of ATP hydrolysis or synthesis) situated in the mitochondrial 

matrix, and 2) the inner membrane-bound Fo motor (i.e. the site of proton pumping or 

conductance)61.  These two domains are connected by a central “rotor” stalk, as well as a 

peripheral “stator" stalk that binds the non-rotating portions of the enzyme61. The F1F0-ATP 

synthase synthesizes ATP when the ∆Ψm is sufficient, based on thermodynamic principles, to 

drive rotation of the F1 sector. Rotation of the F1 sector, fueled by proton reentry into the 

mitochondrial matrix through the F0 motor, creates a torque force that results in ATP synthesis 

(i.e., ATP synthase activity) by ATP synthase, thereby coupling ATP synthesis to the 

consumption of the ∆Ψm
61. When the ∆Ψm is insufficient to force rotation of the F1-sector, a 
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counter-rotation of the F1 sector can be driven by the free energy of ATP hydrolysis129,22. The 

hydrolysis of ATP by the F1-ATPase fuels the pumping of protons through the F0 motor and into 

the inner membrane space, thus sustaining polarization of the ∆Ψm (i.e., F1-ATPase activity)22. 

Therefore, polarization of the ∆Ψ is a major determinant for the hydrolysis or synthesis of ATP 

by the F1F0-ATP synthase (Fig. 1B). 

 

For ATP to exit the mitochondrial matrix, it must be exported by the adenine nucleotide 

translocase (ANT). The ANT protein is situated in the inner mitochondrial membrane where it 

functions as an antiporter, catalyzing the exchange of ATP for ADP across the inner 

mitochondrial membrane85.  Across the inner membrane, the direction of this exchange is driven 

by the ∆Ψm
72 (Fig. 1C).  The reason for this being, at physiological pH, ATP carries a negative 

charge of ~3.5 while ADP carries a negative charge of ~2.5.  Because of this charge difference 

between the two ions, the antiport of ATP and ADP by ANT results in an electrogenic exchange 

(i.e., a net flow of charge)79.  Therefore, the export of matrix ATP in exchange for the import of 

cytosolic ADP results in a decrease of the ∆Ψm.  On the other hand, if the ∆Ψ is insufficient to 

drive ATP export from the mitochondrial matrix, ANT will import cytosolic ATP in exchange for 

the export of matrix ADP and thereby increase the ∆Ψm.  

 

Mitochondrial bioenergetics of acute myeloid leukemia 

Compared to normal blood cells, AML cells are characterized by increases in 

mitochondrial content118,92 and whole cell respiration92 (i.e., basal respiration and maximal 

respiration). Our data in Chapter II demonstrates that when whole cell respiration is normalized 

to account for differences in mitochondrial content however, individual mitochondria within the 

AML cell, relative to that in normal blood cells, present with a reduction in maximal respiration. 

The reduced respiration of AML mitochondria appears to be driven by downregulation of the 

proton pumping respiratory complexes (i.e., Complexes I/III/IV) that is most pronounced in that 
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of the oxygen-consuming Complex IV. Therefore, Complex IV downregulation, is described in 

Chapter II as an intrinsic lesion of the AML electron transport system. 

 

Intrinsic lesions in the AML electron transport system would be expected to reduce the 

ability of respiratory complexes to pump protons and generate a ∆Ψm, the driving force for ATP 

synthesis. In agreement with this, OxPhos-stimulated respiratory flux is consistently reduced in 

AML models relative to normal blood cells92. Furthermore, unlike normal blood cells that use the 

energy available within the ∆Ψm to synthesize ATP, Chapter II and III show that AML hydrolyze 

ATP via the F1-ATPase to contribute to polarization of the ∆Ψm.  Polarization of the ∆Ψm by the 

F1-ATPase implies that either ATP synthesized in the mitochondrial matrix is recycled, or, 

extramitochondrial ATP first gains access to the AML mitochondrial matrix. Matrix ATP import 

occurs when the ∆Ψm is insufficient to drive the ANT-mediated export of matrix ATP.  Importantly, 

our previous publication demonstrated that AML mitochondria consume extramitochondrial ATP 

where it becomes inhibitory to maximal respiratory flux from within the mitochondrial matrix92. 

Related to this, matrix ATP allosterically inhibits multiple TCA cycle enzymes including 

fumarase99, isocitrate dehydrogenase122, and citrate synthase59 as well as Complex IV10,11.  

When these enzymes are inhibited by matrix ATP it would be expected to result in a loss of AML 

respiratory flux and a reduction of the ∆Ψm. Consistent with this, it has been shown that 

allosteric regulation of Complex IV by ATP is a feature that keeps the ∆Ψm low and reduces 

respiration10,11,62.  For respiratory flux in AML to be rescued in the presence of 

extramitochondrial ATP, therefore, ATP may need to be depleted from the matrix space. Matrix 

ATP depletion by two different mechanisms has been shown to restore AML respiration: 1) an 

inhibition of ANT-mediated matrix ATP import by carboxyatractyloside92 (i.e., an inhibitor of ANT) 

(Fig. 2A) or, in Chapter II, 2) F1-ATPase mediated hydrolysis of matrix ATP that can be inhibited 

with oligomycin (i.e., an inhibitor of ATP synthase) (Fig. 2B).  Importantly, Chapter II shows that 

matrix ATP is hydrolyzed by the F1-ATPase to sustain ∆Ψm polarization in living AML cells under 
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basal conditions despite the fact that AML present with increases in intact cell basal respiration 

relative to normal blood cells. These data suggest that proton pumping by the respiratory 

complexes occurs simultaneously with F1-ATPase activity in AML. Collectively, these data inform 

a unique model of AML mitochondrial bioenergetics where the dephosphorylation of matrix ATP 

by the F1-ATPase supports the oxidation of TCA cycle substrates – a phenomenon reflected in 

the novel term dephosphorylative oxidation (DephOx) (Fig. 2C). 

 

The F1-ATPase and AML chemoresistance 

The F1-ATPase mediated polarization of the ∆Ψm in AML is a conserved feature of 

respiratory incompetent cells that opposes depolarization of the ∆Ψm
9.  Given that depolarization 

of the ∆Ψm is a known hallmark of apoptosis68, F1-ATPase activity may confer survival to cells 

under bioenergetic stress.  Related to this, cell stress is a known effect of chemotherapeutics 

such as cytarabine141 and daunorubicin135 that are known to interfere with the electron transport 

system4,56.  Because the electron transport system is affected by exposure to 

chemotherapeutics, chemoresistance in AML may be driven by adaptations that further enhance 

the utilization of F1-ATPase activity to sustain polarization of the ∆Ψm.  Consistent with this, 

Chapter II and III demonstrate that ∆Ψm polarization by the F1-ATPase is a universal phenotype 

of AML cells, however, this phenotype is much more pronounced in chemoresistant AML.  

Moreover, although some chemoresistant AML present with increases in mitochondrial content, 

Chapter II demonstrates that individual mitochondria within the chemoresistant AML cell present 

with even lower expression of Complexes I/III/IV relative to treatment naïve AML, and this 

occurs concomitantly with increased expression of Complex V and a lower expression of 

ATP5IF1, the physiological inhibitor of the F1-ATPase. Importantly, increasing F1-ATPase activity 

by knocking down ATP5IF1 in treatment naive AML was found to confer chemoresistance in our 

unpublished data.  Collectively, this research supports a model of AML chemoresistance where 

adaptations that enhance F1-ATPase mediated polarization of the ∆Ψm allow AML cells to evade 
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apoptotic induction by chemotherapeutics, placing F1-ATPase mediated polarization of the ∆Ψm 

at the nexus of AML chemoresistance. 

 

Alternative fuel sources in AML 

Chapters II and III show AML consume ATP to support F1-ATPase mediated polarization 

of the ∆Ψm. These findings suggest that AML may need to increase the utilization of other 

metabolic pathways to meet the energetic and metabolic demands that support AML physiology.  

Consistent with this, the physiology of AML cells is known to be supported by alterations in key 

bioenergetic pathways such as glycolysis84,55 and glutaminolysis46,78, both hallmarks of cancer 

cells often described as “metabolic reprogramming”97,134. Reprogramming of AML metabolism is 

understood to drive AML cell survival and proliferation by providing the metabolic precursors and 

cofactors needed to facilitate the biosynthesis of lipids, proteins, and nucleic acids26,86.  The 

biosynthesis of these molecules are, ultimately, fueled by an increased consumption of 

upstream metabolic precursors such as glutamine and glucose134,26,86. How these two key 

nutrients fit into our proposed model of AML mitochondrial bioenergetics will be discussed in this 

section. 

 

AML, like other cancers, is hallmarked by increased glucose consumption67.  The 

consumption of glucose fuels important biosynthetic pathways such as the pentose phosphate 

pathway (PPP)31, the hexosamine biosynthesis pathway34, the serine synthesis pathway6, and 

the glycine synthesis pathway6. In addition to fueling biosynthetic pathways, glycolysis, via 

substrate-level phosphorylation, is a source of non-mitochondrial ATP production142.  Although 

ATP production is necessary for all life, mitochondrial ATP production is not necessary to 

support the energetic demands of proliferating cells such as AML cells121. Consistent with this, 

Chapter II and III demonstrated that AML contribute to polarization of the ∆Ψm by hydrolyzing 

ATP via the F1-ATPase. These data suggest that AML may rely on some substrate-level 
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phosphorylation via glycolysis to sustain intracellular ATP content and contribute to polarization 

of the ∆Ψm. Given that depolarization of the ∆Ψm is a hallmark of apoptosis68, inhibition of 

glycolysis may perturb F1-ATPase mediated polarization of the ∆Ψm in AML and result in 

apoptosis. In agreement with this, apoptosis has been demonstrated in various AML cell lines 

when the glycolytic pathway is inhibited71.  

 

In addition to their increased utilization of the glycolytic pathway, AML cells are also 

understood to be heavily reliant on glutamine49.  Glutamine is known to be a source of nitrogen 

for the biosynthesis of amino acids and nucleotides114, as well as an alternative carbon source 

for the biosynthesis of fatty acids42. The biosynthesis of fatty acids from glutamine occurs 

through a process known as reductive carboxylation42. During reductive carboxylation, 

glutamine-derived alpha-ketoglutarate is reductively carboxylated into citrate, which is then 

exported to support fatty acid synthesis42,91. Fatty acid synthesis has recently been shown to 

occur via reductive carboxylation in AML cells140. AML cells were found to upregulate IDH2 

(isocitrate dehydrogenase 2) to catalyze the conversion of alpha-ketoglutarate to isocitrate 

during reductive carboxylation140. Reductive carboxylation is observed in cells with 

compromised respiratory function91, as it requires a reductive (i.e. as opposed to oxidative) TCA 

cycle. Furthermore, the TCA cycle features the succinyl-CoA synthetase enzyme which can, via 

substrate-level phosphorylation, synthesize ATP95.  Given that ATP is synthesized by succinyl-

CoA synthetase in the mitochondrial matrix space, increased glutamine consumption by AML 

cells may also contribute to supporting F1-ATPase mediated polarization of the ∆Ψm that 

sensitizes AML cells to inhibitors of glutamine metabolism.  Consistent with this, CB839 is a 

glutaminase inhibitor that is cytotoxic to AML58 and has previously been entered into clinical 

trials for the treatment of AML133. 
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Central Hypothesis 

The goal of this research was to 1) fully characterize the mitochondrial phenotypes of treatment 

naïve AML and chemoresistant AML, 2) establish a novel model of AML mitochondrial 

bioenergeHcs, 3) idenHfy AML-selecHve drug targets that confer AML resistance to 

chemotherapy, and 4) target those protein mediators to, ulHmately, thwart AML 

chemoresistance.  We hypothesized that mitochondrial ATP consumption underlies AML survival 

and resistance to chemotherapy.  In Chapter II, we demonstrate that AML cells sustain 

polarization of the ∆Ψm by hydrolyzing ATP via the F1-ATPase. F1-ATPase activity was 

discovered to oppose depolarization of the AML ∆Ψm, a hallmark of apoptosis, in response to 

the chemotherapy. Relative to treatment naïve AML, however, chemoresistant AML were found 

to present with an increase in F1-ATPase mediated polarization of the ∆Ψm that was also 

discovered to confer resistance to chemotherapy.  Chemoresistance was then thwarted by 

leveraging mitochondrial-targeted lipophilic small-molecules that disrupt polarization by F1-

ATPase activity.  In Chapter III, we demonstrate that AML OxPhos can be reactivated by BAI1, a 

small-molecule inhibitor of the BAX protein. Given that BAX mediates apoptosis by inducing 

damage to the outer mitochondrial membrane that results in the release of cytochrome C53, we 

hypothesized that OxPhos deficiency in AML is driven by elevated BAX activity.  However, when 

BAX protein expression was knocked down, we found that reactivation of AML OxPhos by BAI1 

occurred in a BAX-independent manner and resulted in BAX-independent cell death. AML cell 

cytotoxicity following OxPhos reactivation, based on data in Chapter IV, appeared to be caused 

cytotoxic increases in ROS production due to a loss of ATP-dependent allosteric inhibition of the 

respiratory complexes. Collectively, our data inform a unique model of AML mitochondrial 

bioenergetics that can be preferentially targeted over that of normal blood cells in two different 

ways: 1) disrupting F1-ATPase mediated polarization of the AML ∆Ψm, and 2) reactivating AML 

OxPhos.  



 
10 

 
 
 

Figure 1. The electron transport system and OxPhos: (A) SchemaHc depicHng the electron 

transport system and the proton circuit. (B) SchemaHc depicHng the ATP synthase and F1-ATPase 

acHviHes of the F1F0-ATP synthase. (C) SchemaHc depicHng adenylate exchange via the adenine 

nucleoHde translocase (i.e., ANT). 
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Figure 2. A unique model of AML mitochondrial bioenergeDcs: (A) SchemaHc depicHng the 

import of ATP into the AML matrix space via ANT and inhibiHon by carboxyatractyloside. (B) 

SchemaHc depicHng the hydrolysis of matrix ATP by the AML F1-ATPase and inhibiHon by 

oligomycin. (C) SchemaHc depicHng the proposed mechanism of dephosphorylaHve oxidaHon 

(i.e., DephOx) in AML. 

 

  



Chapter 2: ATP hydrolysis by the F1-ATPase confers resistance to Bcl-2 inhibition in 

acute myeloid leukemia 

ABSTRACT 

Approximately three out of four patients diagnosed with acute myeloid leukemia (AML) will 

succumb to fatal relapse caused by the development of chemoresistant disease. Chemoresistant 

AML cells present with alterations in mitochondrial metabolism. For example, relative to 

chemosensitive AML, chemoresistant AML present with deficiencies in oxidative phosphorylation 

(OxPhos).  While OxPhos deficiency is also a feature of chemosensitive AML, we discovered that 

AML cells polarize the mitochondrial membrane by hydrolyzing ATP via the F1-ATPase. F1-

ATPase activity opposes depolarization of the mitochondrial membrane potential, a hallmark of 

apoptosis. Cell death was opposed by F1-ATPase activity during AML cell respiratory inhibition. 

Given that respiratory impairments are known to occur in response to chemotherapy, we 

hypothesized that F1-ATPase activity confers resistance to chemotherapy. Related to this, 

chemoresistant AML were discovered to downregulate ATP5IF1, the physiological inhibitor of the 

F1-ATPase. Increased F1-ATPase activity following ATP5IF1 knockdown conferred resistance to 

chemotherapeutics. Chemotherapeutic exposure in combination with mitochondrial-targeted 

lipophilic small molecules that induced depolarization of the AML ΔΨm, however, resulted in 

synergistic cytotoxicity towards treatment naïve AML and resensitized chemoresistant AML to 

chemotherapy. Collectively, these data place polarization of the ΔΨm via F1-ATPase activity at the 

nexus of AML chemoresistance. 

 

INTRODUCTION 

Over 70% of patients suffering from acute myeloid leukemia (AML) will succumb to 

relapse37,38. Relapse in AML is caused by the inability of current treatments to eradicate drug 
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resistant subclones. Drug resistant subclones evade chemotherapy, fester below minimal residual 

disease cutoffs, and ultimately emerge to initiate fatal AML relapse. Therefore, improving AML 

patient outcomes depends on defining and, ultimately, thwarting the cellular mechanism(s) that 

drive chemotherapy resistance. Importantly, chemoresistance is often associated with alterations 

in mitochondrial metabolism43,41,77. In our hands, chemosensitive AML cells present with intrinsic 

limitations in oxidative phosphorylation (OxPhos)92, relative to normal blood cells, and this 

becomes even more pronounced in chemoresistant AML45. How chemoresistant AML evade 

chemotherapeutics despite an OxPhos-deficient respiratory network appears to be 

counterintuitive - OxPhos deficiencies suggest that the proton-pumping respiratory complexes 

(i.e. CI/III/IV) are unable to sufficiently polarize the mitochondrial membrane potential (ΔΨm). 

However, depolarization of the ΔΨm is a hallmark of apoptosis80,48. To evade apoptosis therefore, 

chemoresistant AML may sustain polarization via a non-canonical mitochondrial pathway. 

Inducing apoptosis of chemoresistant AML appears to be contingent upon identifying 

mechanisms that sustain polarization of the ΔΨm despite apparent limitations in the proton 

pumping respiratory complexes.  Although the respiratory complexes can pump protons and 

sustain polarization of the ΔΨm, the ΔΨm can also be sustained when ATP synthase reverts to an 

F1-ATPase139. The F1-ATPase hydrolyzes ATP to pump protons across the inner membrane (i.e., 

F1-ATPase activity), thereby sustaining a voltage potential when respiratory function is limited60. 

Importantly, reductions in respiratory function are known to occur following early apoptotic 

induction, driven by permeabilization of the outer mitochondrial membrane and the subsequent 

release of cytochrome C88. Despite the release of cytochrome C however, F1-ATPase activity can 

sustain the ΔΨm
103.  Given that depolarization of the ΔΨm is implicated in apoptosis, it is not 

currently known if sustaining the ΔΨm via F1-ATPase activity allows AML to resist apoptosis in 

response to chemotherapeutics. To answer this, we leveraged the chemotherapeutic venetoclax. 

Venetoclax, an inhibitor of the anti-apoptotic Bcl-2 protein, mediates BAX/BAK dependent 

apoptosis63. In addition to mediating apoptosis, however, prior research has established that 
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venetoclax inhibits AML mitochondrial respiration69. Although mitochondrial respiration is inhibited 

by venetoclax, chemoresistant AML subclones evade apoptotic induction. Circumvention of 

apoptotic induction by chemoresistant AML therefore, hinders the eradication of chemoresistant 

AML blasts that, ultimately, result in fatal AML relapse. Herein, a novel mitochondrial phenotyping 

platform44 was leveraged to systematically define the interplay between chemotherapy exposure, 

mitochondrial bioenergetics, and AML survival.    

Across multiple AML models (i.e. both human92 and mouse21) we consistently observe 

reductions in OxPhos flux, a phenotype that is even more pronounced in chemoresistant AML45. 

The current investigation sought to 1) elucidate the bioenergetic mechanisms that underlie 

reductions of AML OxPhos flux, 2) determine the link between reduced OxPhos flux and AML 

chemoresistance, and 3) leverage AML-specific vulnerabilities to thwart AML chemoresistance. 

Herein, the reduced OxPhos flux of AML cells was linked to intrinsic lesions in Complex IV.  

Complex IV lesions were masked by increased mitochondrial content in AML cells. When AML 

respiratory capacity was normalized to total mitochondrial protein, maximal respiration of 

individual mitochondria within the AML cell were lower relative to that of normal hematopoietic 

cells. Unlike normal hematopoietic cells that synthesize ATP, when we assessed the AML ΔΨm, it 

was discovered that ATP hydrolysis by the F1-ATPase contributes to ΔΨm polarization. Moreover, 

polarization of the AML ΔΨm following venetoclax exposure was found to be restricted to that by 

F1-ATPase activity. Given that F1-ATPase activity opposes depolarization of the ΔΨm, a hallmark 

of apoptosis, we hypothesized that polarization mediated by the F1-ATPase confers resistance to 

venetoclax. In support of this, chemoresistant AML were found to upregulate Complex V 

expression and downregulate ATP5IF1 (i.e. the specific inhibitor of ATP hydrolysis by the F1-

ATPase66,14) expression, two adaptations expected to increase F1-ATPase activity. Increasing F1-

ATPase activity in AML via knockdown of ATP5IF1 conferred venetoclax chemoresistance. Given 

that the AML ΔΨm may be actionable, we hypothesized that venetoclax would synergize with 

compounds that oppose F1-ATPase mediated polarization.  For this purpose, we leveraged 
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mitochondrial-targeted lipophilic small molecules dodecyltriphenylphosphonium (d-TPP) and 

MitoQ. These compounds depolarize the ΔΨm by nature of their charge, independent of the 

source of polarization. Via this mechanism, depolarization of the AML ΔΨm with either d-TPP or 

MitoQ, in combination with venetoclax, resulted in a loss of colony formation in treatment naïve 

AML. Importantly, this efficacy extended even to chemoresistant AML, where either d-TPP or 

MitoQ, in combination with venetoclax, restored drug sensitivity. Collectively, our findings highlight 

that targeting F1-ATPase mediated polarization of the ΔΨm is a novel strategy to thwart AML 

chemoresistance. 

 

RESULTS 

Intrinsic lesions in respiratory complex IV limit OxPhos flux in AML cells 

Relative to normal myeloid progenitor cells, AML blasts are characterized by high 

mitochondrial content92. Despite having more mitochondria per cell, we previously demonstrated 

that less than half of the AML mitochondrial network is capable of coupling respiration to the 

synthesis of ATP – a phenomenon indicative of OxPhos limitations92,45. Across a panel of AML 

cells lines (both human92,45 and mouse21), as well as AML patient samples, the ratio of maximal 

OxPhos flux to total respiratory capacity (ratio represented as ‘Fractional OxPhos’) is consistently 

below 0.5 (Fig. 3A) (Supp. Fig 1A-H). With Fractional OxPhos ratios of < 0.4, OxPhos limitations 

are even more pronounced in cells made resistant to chemotherapy45 (Fig. 3A), suggesting that 

intrinsic limitations in OxPhos flux is a conserved bioenergetic feature of AML cells with potential 

implications for combating treatment resistance.  

To explore the underlying mechanisms of OxPhos dysfunction in AML, we 

comprehensively evaluated both OxPhos complex expression, as well as OxPhos flux in distinct 

AML cell lines (e.g., MV4;11 and OCI-AML2) and compared the results to healthy myeloid 

progenitors isolated from bone marrow aspirate. As reported previously92, mitochondrial protein 

abundance was higher in AML blasts, corresponding to a ~ 40% increase in mitochondrial content 
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(Fig. 3B-C). High mitochondrial content would be expected to lead to a corresponding increase 

in cellular respiratory capacity. However, protein normalized respiratory capacity was not elevated 

in AML blasts (Fig. 3D), indicating discordance between mitochondrial network size and 

respiratory kinetics – a feature diagnostic of respiratory complex lesions. To investigate the 

intrinsic composition of the respiratory system in AML, the expression of each respiratory complex 

and ATP synthase (i.e., the components of OxPhos) were normalized to mitochondrial content. 

Upon normalization to mitochondrial content, mean scaled abundance of several respiratory 

complexes were lower in AML cells (Fig. 3E) (Supp. Fig. 1I-M). Complex specific lesions were 

most pronounced for cytochrome oxidase (i.e., Complex IV), the terminal O2 consuming enzyme 

in the electron transport system (ETS) (Fig. 3E). Consistent with impaired ETS function, cellular 

respiratory capacity per unit of mitochondrial protein was lower in AML cells (Fig. 3F). These data 

agree with recent findings in mouse AML cells where we observed AML-specific lesions in 

complexes III and IV sufficient to impair OxPhos flux21. Together, these data implicate low OxPhos 

functionality as a conserved bioenergetic feature of AML cells driven by intrinsic lesions in 

respiratory complex IV. Although complex IV lesions restrict respiration for a given AML 

mitochondrion, AML cells sustain baseline respiratory flux at levels comparable to or even higher 

than normal cells by expanding mitochondrial content (Fig. 3G). 

 

Mitochondria in AML cells consume cellular ATP to sustain mitochondrial polarization  

Despite stark deficiencies in OxPhos, AML cells have more mitochondria than normal cells 

and those mitochondria sustain a voltage potential across their inner membrane92. The ΔΨm can 

be generated in two different ways: 1) via the proton-pumping respiratory complexes – complexes 

I/III/IV; or 2) matrix ATP uptake and subsequent hydrolysis by the F1-ATPase139. Given that AML 

cells present with intrinsic lesions within the ETS that would be expected to reduce the ability of 

the respiratory complexes to pump protons, we hypothesized that AML mitochondria may polarize 

the inner membrane by hydrolyzing ATP via the F1-ATPase. To test this, we assessed 
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mitochondrial polarization (using TMRM fluorescence) in individual AML cells in the absence and 

presence of the ATP synthase inhibitor oligomycin. Operating in non-quench mode, an increase 

in TMRM fluorescence with oligomycin was taken to indicate functional OxPhos, whereas a 

decrease in TMRM fluorescence with oligomycin was assumed to indicate that the ΔΨm was being 

generated via F1-ATPase activity (Fig. 4A). To first validate our assay, the ΔΨm was assessed in 

respiration-incompetent p0 OCI-AML2 (“OCIRho0”) cells52 that present with a lack of mitochondrial 

respiration and a hyper-reduced NADH pool. (Supp. Fig. 2A-B). Despite being depleted of 

mtDNA, p0 cells are known to sustain the ΔΨm by consuming cytosolic ATP14. Consistent with this, 

inhibition of ATP synthase with oligomycin triggered depolarization in OCIRho0 cells (Fig. 4B-C). 

Importantly, in mononuclear cells isolated from healthy bone marrow, as well as PBMCs from 

healthy volunteers, the addition of oligomycin increased TMRM fluorescence, indicating functional 

OxPhos (Fig. 4D-E). However, the ΔΨm was sustained in the presence of rotenone (i.e., a 

Complex I inhibitor) and antimycin A (i.e., an inhibitor of Complex III), indicating that normal blood 

cells, and importantly the myeloid population, are able to sustain polarization of the ΔΨm by matrix 

ATP uptake when the ETS is compromised.   

Having established the validity of our approach, we next assessed ΔΨm in the absence or 

presence of oligomycin in AML cells. Across multiple AML cells lines (MV4;11, “MV411WT” and 

OCI-AML2, “OCIWT”), as well as AML patient samples, the addition of oligomycin lowered TMRM 

fluorescence (Fig. 4F-G). Remarkably, the magnitude of depolarization in AML cells upon ATP 

synthase inhibition was comparable to that seen in OCIRho0 cells, suggesting that ΔΨm is driven 

by F1-ATPase activity in AML. Importantly, the AML ΔΨm was also depolarized by oligomycin when 

OCIWT cells were assayed in a medium formulated to mimic the physiological profile of human 

plasma (i.e. Human Plasma-Like Medium, or HPLM)) (Fig. 4H). However, a limitation to our 

approach is that changes in TMRM fluorescence of whole cells reflects the average TMRM signal 

of the entire mitochondrial population within a single cell. Given that single cells contain many 

individual mitochondria, a single AML cell may contain distinct subsets of mitochondria: 1) a 
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subset of “healthy” mitochondria that couple respiration to ATP synthesis and 2) a subset of 

“damaged” mitochondria that cannot respire, thereby consuming ATP to sustain polarization.  To 

test this, we designed an assay that measures mitochondrial polarization (using TMRM 

fluorescence) of individual mitochondria within a mitochondrial population. To begin, mitochondrial 

populations isolated from either mouse heart or HL60 cells were energized with Complex I 

substrates (i.e., pyruvate and malate “P/M”) and an ATP/ADP ratio with a ΔGATP value of -61.5 

kJ/mol using our creatine-kinase clamp. Oligomycin was then added to inhibit ATP synthase and 

FCCP (“FC”) was used as a negative control.  As seen in normal healthy blood cells, oligomycin 

increased TMRM fluorescence in mouse heart, indicative of functional OxPhos (Supp. Fig. 2C-

D). However, oligomycin lowered TMRM fluorescence in HL60 cells, indicative of F1-ATPase 

activity (Supp. Fig. 2C-D).  Importantly, the TMRM fluorescence signal of individual mitochondria 

within the mouse heart or HL60 mitochondrial population were plotted before (“Vehicle”) and after 

the addition of oligomycin (“Oligomycin”), revealing that oligomycin-induced changes in TMRM 

fluorescence of each mitochondrial population shifted homogenously (Supp. Fig. 2E). These data 

suggest that AML cells contain one mitochondrial population that consumes ATP to sustain 

polarization. Collectively, our data demonstrate that unlike normal blood cells with functional 

OxPhos, AML mitochondria consume ATP to sustain polarization of the ΔΨm (Fig. 4I). 

 

Inhibition of either glycolysis or glutaminolysis does not alter polarization sustained by F1-

ATPase activity 

Given that AML hydrolyze ATP to sustain polarization of the ΔΨm, we hypothesized that 

this ATP may be derived from non-mitochondrial sources of ATP production. For example, non-

mitochondrial ATP production can be generated via substrate-level phosphorylation during 

glycolysis5 or glutaminolysis27. As proof of concept, the ΔΨm of OCIRho0 cells was measured in 

response to either rotenone and antimycin A, oligomycin, and 2-DG (i.e., an inhibitor of glycolysis), 

along with combinations thereof. In this assay, when rotenone and antimycin A inhibited the ETS, 
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the membrane potential was sustained, in part, by the matrix consumption of glycolytically derived 

ATP (Supp. Fig. 2G). In the presence of oligomycin, rotenone and antimycin A and 2-DG, the 

ΔΨm of OCIRho0 cells was almost completely depolarized (Supp. Fig. 2C). However, given that 

some polarization remained in the presence of 2-DG, antimycin A and oligomycin, some ATP may 

be generated by non-glycolytic sources (Supp. Fig. 2C). For example, reductive carboxylation 

can produce ATP in the matrix space via the succinyl-CoA synthetase enzyme and this occurs via 

the glutaminolytic pathway24.  In AML cells therefore, ATP derived from glycolysis or glutaminolysis 

may support polarization. To test this, the effects of oligomycin on the AML ΔΨm was assessed in 

the presence of 2-deoxyglucose or CB-839 (i.e., and inhibitor of glutaminase131). Despite inhibiting 

either glycolysis or glutaminolysis, oligomycin resulted in a similar magnitude of depolarization of 

the AML ΔΨm (Supp. Fig. 2H).  Collectively, these data demonstrate that inhibition of either 

glycolysis or glutaminolysis does not alter polarization sustained by F1-ATPase activity in AML 

cells. These findings suggest that ATP synthesized in the matrix space by ATP synthase may be 

recycled to fuel F1-ATPase activity, a mechanism akin to a futile cycle.  

 

Venetoclax exposure collapses AML mitochondrial respiration and by default, polarization 

is sustained via F1-ATPase activity  

Polarization of the ΔΨm via F1-ATPase activity is a feature of cells with compromised 

respiratory function60,22. This mechanism confers survival to cells during respiratory disruption by 

preserving polarization of the ΔΨm
28. As proof of concept, respiration-deficient OCIRho0 cells 

resisted apoptosis in response to inhibition of basal respiration by IACS (i.e. a complex I inhibitor) 

and antimycin A (Fig. 5A-B). However, cytotoxicity of OCIRho0 cells was observed when F1-ATPase 

activity was inhibited by oligomycin, alone or in combination with the respiratory inhibitors IACS 

and antimycin A. (Fig. 5A-B). Because OCIRho0 cells sustain a voltage potential via F1-ATPase 

activity, we hypothesized that AML, which also sustain a voltage potential via F1-ATPase activity, 

would be inherently resistant to respiratory inhibition.  To test this, AML were treated with either 
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IACS, antimycin a, or oligomycin.  AML were found to be resistant to respiratory inhibition by IACS 

and antimycin A, however, inhibition of F1-ATPase activity by oligomycin resulted in AML 

cytotoxicity (Fig. 5C). These data suggest that survival of AML is contingent upon F1-ATPase 

activity, therefore, we hypothesized that inhibiting F1-ATPase mediated polarization of the ΔΨm 

would induce AML cytotoxicity. To test this, AML were exposed to BAM15 (i.e. a mitochondrial 

protonophore that directly depolarizes the ΔΨm).  Depolarization of the ΔΨm by BAM15 induced 

dose-dependent cytotoxicity in AML (Fig. 5D). Taken together, these data suggest that 

mitochondrial respiration is dispensable for AML survival; however, disrupting mitochondrial 

polarization is highly cytotoxic to AML cells, suggesting that ΔΨm is actionable in AML. 

Disruptions in AML cell respiration is reported to occur in response to various 

chemotherapeutics including – doxorubicin96, cytarabine54, and venetoclax69. Venetoclax, a 

specific inhibitor of the anti-apoptotic Bcl-2 protein, has been shown to directly inhibit AML 

respiratory flux69,110. In our hands, 1-hour exposure to venetoclax in treatment naïve AML cells 

(“MV411WT” and “OCIWT”) collapses respiratory capacity and OxPhos respiratory flux without 

overtly reducing cell viability (Fig. 5D-G) (Supp. Fig. 3A-B).  We hypothesized that the collapse 

of respiration in response to venetoclax would also present as a loss in polarization by the proton-

pumping respiratory complexes. To test this, we designed an assay that measures changes in the 

ΔΨm of digitonin-permeabilized cells. Operating in quench mode, shifts in TMRM fluorescence 

can be quantified under experimentally controlled buffer conditions. Using this approach, 

polarization of the ΔΨm induced by various substrates was measured following 1-hour exposure 

of treatment naïve AML cells to venetoclax. Venetoclax exposure inhibited polarization by 

Complex I (pyruvate/malate/glutamate or “P/M/G”) and Complex II (succinate/rotenone or “S/Rot) 

substrates in treatment naïve AML (Fig. 5H) (Supp. Fig. 3C-D). However, polarization by F1-

ATPase activity (“ATP”) was unaltered (Fig. 5H) (Supp. Fig. 3C-D). Therefore, we hypothesized 

that polarization of the ΔΨm in response to venetoclax exposure is sustained by F1-ATPase 

activity. To test this, treatment naïve AML were exposed to venetoclax for 1-hour and the ΔΨm 
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was measured using our “OxPhos Kinetics” assay. In this assay, venetoclax exposed cells were 

energized with pyruvate and malate, and the ΔΨm was measured across a span of physiological 

ATP free energy (ΔGATP) values. Following this oligomycin was added to inhibit ATP synthase and 

FCCP was added as a negative control. Venetoclax exposure resulted in a loss of ΔΨm by 

pyruvate and malate (Fig. 5I). In both groups, polarization induced by the titration of ΔGATP was 

inhibited by the addition of oligomycin, however, the magnitude of depolarization was greater in 

venetoclax exposed AML cells (Fig. 5I). These data indicate that the ΔΨm is sustained by F1-

ATPase activity in response to venetoclax. Given that F1-ATPase activity sustains the ΔΨm of 

treatment naïve AML during venetoclax exposure, we hypothesized that targeting F1-ATPase 

mediated polarization with oligomycin or BAM15 would synergize with venetoclax in treatment 

naïve AML.  To test this, colony formation of OCIWT cells was measured in the presence of 

venetoclax, in combination with either oligomycin or BAM15.  Exposure to BAM15 or oligomycin 

in combination with venetoclax synergistically inhibited colony formation of OCIWT cells (Supp. 

Fig. 3E). These data indicate that venetoclax collapses mitochondrial respiration in AML cells and 

by default, polarization of the AML ΔΨm is sustained by F1-ATPase activity (Fig. 5J). Given that 

polarization of the ΔΨm appears critical for AML survival, these data suggest that F1-ATPase 

activity may lay the groundwork for chemoresistant disease. 

 

Downregulation of ATP5IF1 in AML confers chemoresistance 

Depolarization of the ΔΨm is a known driver of cell death via apoptosis80,48. Herein, 

treatment naïve AML sustain polarization of the ΔΨm by the ETS as well as ATP hydrolysis by the 

F1-ATPase.  However, exposure of treatment naïve AML to venetoclax resulted in a profound 

impairment of proton pumping by the respiratory complexes that restricted polarization of the ΔΨm 

to F1-ATPase activity. Based on this, we hypothesized that sustaining polarization of the ΔΨm via 

F1-ATPase activity allows AML cells to resist venetoclax induced cell death, in turn laying the 

groundwork for venetoclax resistant disease. To test our hypothesis, we developed in-vitro models 
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of venetoclax resistance by gradually exposing treatment naïve AML cells to increasing 

concentration of venetoclax until they were refractory to venetoclax (MV411Vclax, OCIVclax, and 

MOLM-13Vclax). To validate our in-vitro models, venetoclax resistant AML were treated with 

increasing doses of venetoclax. In response to venetoclax, venetoclax resistant AML were found 

to oppose apoptosis (Fig. 6A). Having established our in-vitro models of venetoclax resistance, 

we then evaluated the impact of venetoclax resistance on mitochondrial OxPhos flux, membrane 

potential, and proteome composition. The abundance of all three of the proton-pumping 

respiratory complexes (Complex I/III/IV) were downregulated in MV411Vclax and OCIVclax (Fig. 6B). 

In MV411Vclax isolated mitochondria, downregulations in the respiratory complexes was 

accompanied by reduced expression of ATP5IF1 (Fig. 6C). Given that ATP5IF1 specifically blocks 

ATP hydrolysis66,14, downregulation of ATP5IF1 would be expected to drive increased matrix F1-

ATPase activity. Based on thermodynamic principles, we hypothesized that decreased respiratory 

complex abundance would be expected to favor matrix ATP uptake which, in combination with a 

downregulation of ATP5IF1, would manifest as low OxPhos flux, however, polarization of the ΔΨm 

would be sustained by F1-ATPase activity. To test this, OxPhos flux and ΔΨm was measured in 

venetoclax resistant AML cells. Venetoclax resistant AML were found to be profoundly OxPhos 

deficient (Fig. 6D) (Supp. Fig. 4A-C). Consistent with minimal OxPhos flux, oligomycin 

depolarized the ΔΨm of chemoresistant AML more than that in treatment naïve AML, 

demonstrating that enhanced F1-ATPase activity sustained polarization of the ΔΨm. (Fig. 6E) 

(Supp. Fig. 4D-F). To confirm F1-ATPase dependent mitochondrial polarization occurs in living 

venetoclax-resistant AML cells, we assessed ΔΨm of intact venetoclax resistant AML cultures in 

the absence and presence of oligomycin, as described previously. Indeed, oligomycin resulted in 

a depolarization of the ΔΨm in venetoclax resistant AML, indicating that venetoclax resistant AML 

sustain polarization via F1-ATPase activity (Fig. 6F). Interestingly, cytochrome C increased 

MOLM-13Vclax state IV respiratory flux (i.e., respiratory flux stimulated by only substrates in the 

absence of ADP or FCCP), indicating that venetoclax resistance cells may survive despite 
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permeabilization of the outer mitochondrial membrane (Supp. Fig. 4C). Taken together, our data 

identify F1-ATPase activity as a cell-intrinsic mechanism by which AML cells may resist Bcl-2 

targeted therapy. 

F1-ATPase activity conferred an inherent resistance to respiratory inhibition in respiration 

incompetent OCI cells and AML cells (in reference to Fig. 5B-C). Because AML cell exposed to 

venetoclax present with collapsed mitochondrial respiration, we hypothesized that F1-ATPase 

activity confers resistant to venetoclax.  To test this, we generated an ATP5IF1 knockdown model 

in treatment naive AML (“MV411shCtrl” and “MV411shIF1”. Consistent with a loss of ATP5IF1 

expression (Fig. 6G) (Supp. Fig. 4G), F1-ATPase activity was elevated in the ATP5IF1 

knockdown cells (Fig. 6H-I). Based on previous work that shows ATP5IF1 preferentially inhibits 

ATP hydrolysis by the F1-ATPase66,14, we hypothesized that ATP5IF1 was selective for inhibiting 

ATP hydrolysis in AML. To test this, we leveraged our “Oxphos Kinetics” assay to capitalize on a 

finding from our previous publication where it was discovered that matrix ATP inhibited AML 

uncoupled respiratory flux92. The purpose of this assay was two-fold: 1)  to determine if, in the 

presence of ATP, the F1-ATPase can hydrolyze matrix ATP to rescue uncoupled respiration, and 

2) to determine if knockdown of ATP5IF1 increases AML “Fractional OxPhos”. To begin, ATP5IF1 

knockdown cells were energized with multiple substrates (pyruvate, malate, glutamate, succinate, 

and octanoyl-carnitine; P/M/G/S/O) and respiration was stimulated across a physiological span of 

ΔGATP values.  Following this, each group was provided either oligomycin, or no oligomycin, to 

inhibit the activity of the F1-ATPase, and maximal respiratory flux in each group was quantified by 

titrating FCCP uncoupler (Supp. Fig. 4G).  These data were normalized by making paired 

measurements of MV411shCtrl and MV411shIF1 total respiratory capacity (Supp. Fig. 4H) using the 

same substrate conditions in an adenylate replete buffer. These experiments resulted in two 

pieces of evidence that demonstrate specificity of ATP5IF1 for ATP hydrolysis: 1) the “Fractional 

OxPhos” ratio (represented as a percentage of total respiratory flux) was unaffected by ATP5IF1 

knockdown, indicating that increased ATP synthesis was not stimulated following by a decrease 
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in ATP5IF1 expression, and 2) increased F1-ATPase activity opposed the inhibition of uncoupled 

respiratory flux by matrix ATP (Fig. 6J). To confirm that live ATP5IF1 knockdown cells sustain 

polarization via F1-ATPase, the ΔΨm of intact ATP5IF1 knockdown cells was quantified. 

Depolarization in response to oligomycin indicates that polarization of the ΔΨm still occurs via F1-

ATPase activity following ATP5IF1 downregulation (Fig. 6I). Having validated the knockdown 

model, sensitivity to venetoclax was measured in the ATP5IF1 knockdown cells. ATP5IF1 

knockdown cells resisted venetoclax-induced apoptosis (Fig. 6K).  Furthermore, loss of ATP5IF1 

opposed reductions in colony formation of venetoclax treated ATP5IF1 knockdown cells (Fig. 6L-

M).  Taken together, these data demonstrate that downregulation of ATP5IF1 in AML confers 

chemoresistance (Fig. 6N). 

 

Targeting F1-ATPase dependent polarization of the ΔΨm restores venetoclax sensitivity. 

Our preliminary data place F1-ATPase activity at the nexus of AML chemoresistance. 

Specifically, AML cells resistant to venetoclax appear to circumvent the effects of Bcl-2 inhibition 

on OxPhos flux by boosting F1-ATPase activity. Enhanced F1-ATPase activity sustains polarization 

across the inner mitochondrial membrane. Given that loss of mitochondrial polarization drives 

AML apoptosis, we hypothesized that targeting F1-ATPase dependent polarization of the ΔΨm 

would restore sensitivity to venetoclax. To test this, we leveraged mitochondrial-targeted lipophilic 

small molecules d-TPP and MitoQ because of their unique chemical properties. Driven by the 

mitochondrial voltage potential, these positively charged compounds accumulate in the negatively 

charged matrix where they directly interfere with mitochondrial polarization (Fig. 7A). Importantly, 

MitoQ is an over-the-counter supplement that has previously been shown to demonstrate anti-

cancer effects25, and the mitochondrial-targeted portion of MitoQ is similar to that of d-TPP (Fig. 

7A). To demonstrate that these compounds interfere with the AML ΔΨm, polarization by the 

respiratory complexes and that by F1-ATPase activity was measured in response to either d-TPP 

or MitoQ.  Exposure to these compounds resulted in depolarization of ΔΨm regardless of the 
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source of polarization (ETS or F1-ATPase) (Fig. 7B-C) (Supp. Fig. 5A-F). Consistent with 

depolarization of the ΔΨm, d-TPP also stimulates respiration similarly to mitochondrial uncouplers 

(Supp. Fig. 5G). However, unlike respiratory uncouplers, d-TPP also inhibits Complex I 

respiration (Supp. Fig. 5H-I). Taken together, these data demonstrate that the mitochondrial-

targeted lipophilic small molecules d-TPP and MitoQ depolarize the AML ΔΨm. 

Depolarization of the ΔΨm by BAM15 was found to be cytotoxic to AML cells (in reference 

to Fig 5C). Therefore, we hypothesized that depolarization of the ΔΨm by d-TPP would be 

cytotoxic to AML. To test this, treatment naïve AML were treated with increasing doses of d-TPP. 

Depolarization of the ΔΨm by d-TPP induced single agent toxicity in treatment naïve AML (Fig. 

7D). Having established that depolarization of the ΔΨm by d-TPP is cytotoxic to treatment naïve 

AML, we hypothesized that d-TPP would synergize with venetoclax in treatment naïve AML. 

Therefore, using Healthy BMC cells, we measured colony formation in response to increasing 

doses of d-TPP (100nM, 250nM and 500nM), as well as 100nM d-TPP in combination with 

venetoclax, such that a dose of d-TPP could be identified that is preferentially cytotoxic to AML 

as opposed to normal blood cells. Although Healthy BMC colony formation was inhibited by high 

doses of d-TPP (250nM and 500nM), 100nM d-TPP alone, and in combination with venetoclax, 

did not interfere with Healthy BMC colony formation (Fig. 7E).  Having established this, we tested 

the hypothesis that d-TPP would synergize with venetoclax in treatment naïve AML.  To test this, 

colony formation of treatment naïve AML was measured using similar doses of d-TPP as that in 

the Healthy BMC assay. Unlike Healthy BMC, treatment naïve AML were highly sensitive to 

100nM d-TPP, in combination with venetoclax, that profoundly inhibited colony formation (Fig. 7F-

G). Importantly, the magnitude of colony formation inhibition by 250nM d-TPP single agent was 

greater in treatment naïve AML, relative to normal blood cells, and 100nM d-TPP single agent 

was inhibitory to colony formation of OCIWT, specifically.  These data demonstrate that sustaining 

polarization via F1-ATPase activity during venetoclax exposure sensitizes treatment naïve AML to 

agents that depolarize the ΔΨm. Lastly, because chemoresistant AML sustain polarization via F1-
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ATPase activity, we hypothesized that d-TPP and MitoQ would restore venetoclax sensitivity. To 

test this, viability and colony formation of chemoresistant AML was measured in response to either 

d-TPP or MitoQ, and that in combination with venetoclax. Importantly, d-TPP and MitoQ restored 

venetoclax sensitivity in chemoresistant AML, thereby resulting in cytotoxicity and a profound 

impairment of colony formation (Fig. 7H-J) (Supp. Fig. 5J-K). Collectively, these data 

demonstrate that targeting F1-ATPase dependent polarization of the ΔΨm with d-TPP and MitoQ 

restores venetoclax sensitivity, thereby placing F1-ATPase mediated polarization of the ΔΨm at 

the nexus of chemoresistance (Fig. 7K). Given that chemoresistant AML cytotoxicity induced by 

d-TPP is enhanced by the presence of venetoclax, the effects of venetoclax appear to be retained 

even after the development of chemoresistant disease (Fig. 7H-I) (Supp. Fig. 5J). 

 

DISCUSSION 

Acute myeloid leukemia is often described as being overly reliant on OxPhos76,75,74,65, 

however, such interpretations are based on whole cell measurements of 1) mitochondrial 

respiration, or 2) mitochondrial protein expression.  These measurements may be reflective of an 

increased demand for ATP synthesis, or a decrease in OxPhos efficiency that triggers a 

compensatory increase in mitochondrial content. To account for differences in mitochondrial 

content, intact cell mitochondrial respiration and OxPhos protein abundance were normalized to 

mitochondrial content. By doing this, our data show that individual mitochondria within the AML 

cell, relative to that in normal blood cells, present with reduced maximal respiration. Within 

individual AML mitochondria, reductions of maximal respiration were driven, primarily, by a 

downregulation of Complex IV (i.e., the oxygen consuming respiratory complex). Importantly, 

mitochondrial ATP synthesis requires robust proton pumping by the respiratory complexes to 

highly polarize the ΔΨm. A highly polarized ΔΨm provides the thermodynamic driving force 

necessary to cause ATP synthesis to occur at the F1 sector of ATP synthase, thus inhibiting the 

hydrolysis of ATP by the F1-ATPase93. The F1-ATPase will hydrolyze ATP and pump protons 



 
27 

 
 
 

across the inner membrane if the ΔΨm falls beneath the reversal potential30 (i.e., the ΔΨm where 

ATP synthase reverts to an F1-ATPase). A less negative ΔΨm driven by lesions in Complex IV 

would be expected to limit the ability of the ETS to synthesize ATP, consistent with the reduced 

fractional OxPhos in AML. When the AML ΔΨm was assessed, we made the exciting discovery 

that AML cells hydrolyze ATP via the F1-ATPase to sustain polarization. Polarization via F1-

ATPase activity appears to be a conserved feature of the myeloid lineage that, when respiratory 

function becomes compromised, opposes depolarization of the ΔΨm. Given that mitochondrial 

polarization was highly important for AML survival, F1-ATPase mediated polarization by AML cells 

provides an inherent resistance to respiratory inhibition and a survival advantage upon 

chemotherapeutic exposure. For example, exposure to venetoclax profoundly inhibited 

respiration, however, chemoresistant AML cells survive venetoclax exposure by sustaining 

polarization via F1-ATPase activity. In support of this, ATP5IF1 knockdown in treatment naïve AML 

cells conferred resistance to venetoclax. Targeting F1-ATPase activity that sustained the ΔΨm 

during venetoclax exposure, therefore, was achieved using the mitochondrial-targeted, lipophilic 

small-molecules d-TPP and MitoQ. These compounds disrupted F1-ATPase mediated polarization 

of the AML ΔΨm that, in combination with venetoclax, resulted in profound synergistic efficacy. 

Importantly, this synergistic efficacy also extended to chemoresistant AML where drug sensitivity 

was restored. These data indicate that the effects of venetoclax remain present even after the 

development of chemoresistant disease. 

AML cells were found to hydrolyze ATP via the F1-ATPase despite increases in whole cell 

basal respiration relative to normal blood cells.  These data are perplexing, as mitochondria are 

not currently thought to be able to both respire and hydrolyze ATP. To explain how this may occur, 

our previous study discovered that AML cell respiration was profoundly inhibited following the 

import of extramitochondrial ATP into the matrix space via ANT92 (i.e., adenine nucleotide 

translocase). ANT is known to mediate the exchange of matrix ATP for ADP across the inner 

membrane, driven by the ΔΨm
30,9. When the ΔΨm is insufficient however, based on 
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thermodynamic principles, ANT will import ATP in exchange for matrix ADP and this exchange 

polarizes the ΔΨm
9. Importantly, matrix ATP is an allosteric inhibitor of Complex IV10,11 and various 

TCA cycle enzymes (e.g., fumarase99, isocitrate dehydrogenase122, and citrate synthase59). 

Consistent with the findings in our previous study92, when these respiratory components are 

inhibited by matrix ATP, it would be expected to result in an inhibition of respiratory flux that further 

constrains polarization of the ΔΨm by the ETS. For respiration to continue unopposed, ATP must 

be depleted from the mitochondrial matrix.  Herein, matrix ATP hydrolysis by the F1-ATPase was 

sufficient to rescue the inhibition of uncoupled AML respiratory flux by ATP, however, inhibition of 

F1-ATPase activity by oligomycin resulted in inhibition of uncoupled respiratory flux.  Taken 

together, we suspect that AML mitochondrial bioenergetics can be characterized by a novel 

bioenergetic model that resembles an alternating current (AC) circuit. In an AC circuit, the peak 

voltage potential is not constantly maintained, rather, the voltage potential rapidly cycles from 

peak to baseline and back to peak. The voltage potential generated by the AML respiratory 

complexes is not sufficient to export matrix ATP via ANT92. Thus, ANT either imports matrix ATP, 

or ATP synthesized in the matrix space may 1) inhibit proton pumping by the respiratory 

complexes, thereby reducing the “peak” voltage potential or 2) be hydrolyzed by the F1-ATPase 

to sustain a “baseline” voltage potential, thereby depleting the matrix of ATP (Fig. 8A). However, 

if ATP is depleted from the matrix by the F1-ATPase, this in turn would prevent the inhibition of 

respiration by ATP and return the voltage potential back towards the “peak”. Alternatively, the 

“peak” voltage potential generated by the respiratory complexes creates a “backpressure” that 

opposes proton pumping by the F1-ATPase93,30 thereby preventing F1-ATPase activity needed to 

deplete the matrix of ATP. Accumulation of ATP in the matrix then can then inhibit respiration and 

return the voltage potential back towards “baseline” that can be sustained again by F1-ATPase 

activity. Collectively, we propose that F1-ATPase activity and respiratory flux occur simultaneously 

at submaximal voltage potentials in-between the ETS induced “peak” voltage potential and the 

F1-ATPase induced, “baseline” voltage potential of the AC circuit model, thus fueling respiration 
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that is not coupled to synthesis of ATP (Fig. 8A). Although ATP synthesis can be fueled by a highly 

polarized ΔΨm in normal blood cells, AML appear to use their membrane potential to, primarily, 

drive non-OxPhos processes such as aspartate export, for example, which is necessary for 

proliferation121.  Nonetheless, given that ATP within the matrix must be hydrolyzed by the F1-

ATPase to support substrate oxidation, we propose that AML mitochondrial bioenergetics can be 

described as dephosphorylative oxidation (i.e., DephOx), as opposed to OxPhos (Fig. 8B). 

During OxPhos, mitochondrial respiration is coupled to the synthesis of ATP. Thus, the 

intracellular ATP/ADP acts as a signal that links mitochondrial respiration to the intracellular ATP 

demand. As a demand-driven process, OxPhos opposes aberrant mitochondrial metabolism. 

Importantly, abberant mitochondrial metabolism is a known feature of AML43,118. Consistent with 

our data, AML mitochondrial respiration is not coupled to the synthesis of ATP which would be 

expected to present as abberant mitochondrial metabolism that occurs independently of a 

demand for intracellular ATP. Rather, ATP is consumed by the AML F1-ATPase to sustain the ΔΨm, 

inducing bioenergetic stress by being unable to contribute the intracellular ATP demand. To satisfy 

the intracellular ATP demand therefore, AML may rely on non-mitochondrial sources of ATP and 

are therefore hallmarked by increases in 1) glutaminolysis137,49 , that produces ATP in the matrix 

via substrate-level phosphorylation by succinate-CoA ligase24 and 2) glycolysis100, that produces 

ATP in the cytosol via substrate-level phosphorylation by phosphoglycerate kinase100 and 

pyruvate kinase57. Importantly, inhibition of glucose or glutamine metabolism is understood to be 

cytotoxic to AML70,81, therefore, CB-839 (i.e. an inhibitor of glutaminase131) has been entered into 

clinical trials for the treatment of AML133. Furthermore, AML chemoresistance is associated with 

an increased dependence on glucose116,117 and glutamine130 metabolism, and importantly, this 

coincides with our data demonstrating an increased utilization of F1-ATPase activity to sustain the 

ΔΨm in chemoresistant AML. 

At the nexus of AML chemoresistance, our data identify F1-ATPase mediated polarization 

of the ΔΨm. Polarization of the ΔΨm by F1-ATPase activity is a feature of bioenergetically stressed 
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cells. Thus, given our extensive data demonstrating that AML mitochondria are bioenergetically 

stressed, targeting F1-ATPase activity in AML cells represents an exciting opportunity to intervene 

on a unique AML-specific mitochondrial pathway. F1-ATPase mediated polarization can be 

disrupted in one of two distinct ways: 1) direct inhibition of the F1-ATPase, or 2) depolarization of 

the ΔΨm.  For example, depolarization of the ΔΨm by either d-TPP or MitoQ, in combination with 

venetoclax, synergistically disrupted polarization of the ΔΨm in chemoresistant AML and restored 

venetoclax sensitivity. Venetoclax sensitivity was also enhanced in treatment naïve AML by direct 

F1-ATPase inhibition with oligomycin. Given that inhibition of the F1-ATPase is the physiological 

role of ATP5IF166,14, our data provides a rationale for developing a mimetic of ATP5IF1. However, 

an ATP5IF1 mimetic should be carefully designed to mimic the conditionally-dependent 

mechanism of ATP5IF1 that specifically inhibits the hydrolysis of ATP when ATP synthase reverts 

to an F1-ATPase proton pump66,14. F1-ATPase proton pumping occurs in bioenergetically stressed 

AML cells to sustain the ΔΨm. When the ΔΨm is sustained by F1-ATPase activity, ATP binds to the 

F1 sector of ATP synthase and the hydrolysis of ATP induces a rotation of the F1-ATPase. During 

this process, ATP5IF1 can bind the F1-ATPase enzyme, thereby preventing further rotation of the 

motor and disrupting F1-ATPase mediated polarization of the ΔΨm
66,14. However, when the ΔΨm 

is highly polarized, proton reentry into the matrix through the F0 motor can induce a counterrotation 

of the F1-ATPase enzyme that fuels the synthesis of ATP. When ATP synthesis occurs, ATP5IF1 

has been shown to be ejected from it’s binding site on the F1-ATPase, thereby selectively inhibiting 

the hydrolysis of ATP by the F1-ATPase66. Thus, inhibition of the F1-ATPase via ATP5IF1 provides 

a way to inhibit F1-ATPase activity in AML without compromising ATP synthesis. Therefore, we 

suspect that a peptide mimetic of ATP5IF1 may be an ideal approach to target F1-ATPase 

mediated polarization of the ΔΨm given the specificity of ATP5IF1 for F1-ATPase activity. With this 

approach, it may be possible to achieve AML-selective toxicity that would ultimately, thwart 

chemoresistance. Collectively, our findings present a novel and actionable AML-specific 
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mechanism of chemoresistance, thus highlighting the utility of using mitochondrial diagnostics to 

distinguish cancer from non-cancer mitochondrial phenotypes. 

 

METHODS 

All procedures involving human subjects were approved by the Institutional Review Board 

of the Brody School of Medicine. 

Blood collection and isolation of PBMCs. 

Venous blood from the brachial region of the upper arm was collected from healthy 

volunteers, between the ages of 18-70 years. Whole blood was collected in sodium-heparinized 

Cell Preparation Tubes (CPT) (BD Biosciences, Franklin Lakes, NJ) and was then centrifuged at 

1,800 x g for 15 min. Mononuclear cells were washed in ammonium-chloride-potassium (ACK) 

lysis buffer to remove red blood cells and were either used immediately, or frozen in liquid nitrogen 

(-80°C.) prior to experimentation. 

Mononuclear cell isolation from bone marrow aspirates 

Bone marrow aspirates were collected from healthy donors, ages 26-33, supplied by 

HemaCare (Northridge, CA). For primary leukemia samples, bone marrow aspirates were 

collected from patients undergoing confirmatory diagnosis for a range of hematological 

malignancies. Patients with confirmed acute myeloid leukemia were enrolled in the study. Patient 

age ranged from 32-78 years. Bone marrow aspirates were collected in sodium-heparinized Cell 

Preparation Tubes (CPT) (BD Biosciences, Franklin Lakes, NJ) and centrifuged at 1,800 x g for 

15 min. Mononuclear cells were isolated and then washed in ACK lysis buffer to remove red blood 

cells and used immediately for experiments.   

CD34+ Stem/Progenitor cell collection and culture 
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CD34+ cells were purchased from HemaCare (Northridge, CA). These cells were isolated 

and purified from bone marrow aspirates of healthy donors, ages 20-39. A portion from each vial 

was cultured in IMDM supplemented with 15% HyClone FBS, recombinant human SCF 

(25ng/mL), TPO (50ng/mL), and FLT-3 (50ng/mL). 

Culturing of leukemic cell lines 

MV4;11, HL60, KG-1, JVM3, OCI-AML2, MM6, and U937 (ATCC, Manassas, VA) human 

leukemia cells were cultured in IMDM or RPMI-1640 (Thermo Fisher Scientific, Waltham, MA) 

supplemented with glutamax, 10% FBS, and 1% penicillin/streptomycin and incubated at 37°C in 

5% CO2. For experiments involving venetoclax resistance, MV4;11, OCI-AML2, MOLM-13, and 

HL60 cells were cultured in either IMDM or RPMI-1640, supplemented with glutamax, 10% FBS, 

and 1% penicillin/streptomycin. To model venetoclax resistance, cells were adapted in culture to 

1uM venetoclax by passaging cells in increasing doses of venetoclax beginning at 10nM. After 

reaching an average cell density of 1x106 cell per mL, maintained in 1uM venetoclax, the cells 

were harvested and used for experimentation. 

Cell viability assays 

Cell viability for mitochondrial functional assessments were quantified with viable cell 

counts using Trypan Blue (0.4%). For fluorescent measurements of cell viability, cells were 

seeded in black-wall, 96-well plates, in growth medium. After addition of agents (0.2mL final well 

volume), cells were incubated at 37o C, 5% CO2, for the indicated times. Viability was determined 

using propidium iodide (PI). Positive control cells were permeabilized by addition of 1µl of 

10.0mg/ml digitonin and incubated at 37o C, 5% CO2, for 20min.  Following this, plates were 

centrifuged at 1200 x g for 10 min.  After centrifugation, plates were dumped to remove culture 

media and 0.100mL of a 5.0µM PI solution in PBS was added. The plate was then incubated at 
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37o C, 5% CO2 for 20min, and viability was calculated as the mean fluorescence (minus 

permeabilized vehicle control) at 530nm excitation and 620nm emission. 

OxPhos kinetics assay 

OxPhos kinetics were measured using a modified version of the creatine-kinase clamp 

(CK Clamp). For experiments using the CK clamp assay, the free energy of ATP hydrolysis 

(ΔGATP) is calculated using the equilibrium constant for the CK reaction (K’CK) and is based upon 

the addition of known concentrations of creatine (CR), phosphocreatine (PCR), and ATP in the 

presence of excess amounts of CK (Fisher-Wellman et al., 2018). Calculation of ΔGATP at defined 

PCR concentrations was done using the online resource (https://dmpio.github.io/bioenergetic-

calculators/ck_clamp/) as previously described44.  

Respiratory flux in intact and permeabilized cells 

Approximately 2x106 cells were used for each intact and permeabilized cell respirometry 

experiment. Respirometry measurements were conducted using an Oroboros Oxgraph-2k (O2k; 

Oroboros Instruments, Innsbruck, Austria) in either a 0.5 or 1.0mL reaction volume at 37°C. Data 

was normalized to viable cell count unless otherwise indicated. For normalization to total protein, 

cell suspensions were removed from the O2k chamber following the completion of each assay 

and placed into microcentrifuge tubes. The cell suspension was then centrifuged at 2,000 x g for 

10min at 4°C. Assay buffer was aspirated and the cell pellet was washed with PBS. Cells were 

then lysed using low-percentage detergent buffer (CelLytic M) followed by a freeze-thaw cycle on 

dry ice. The protein concentration was then determined using a BCA protein assay. 

Respiratory flux was measured using methods described previously44.  For intact cell 

measurements, cells were resuspended in Intact Cell Respiratory Media (17.7g/L Iscove’s 

Modified Dulbecco’s Medium (IMDM), 20mM HEPES, 1% Penicillin/Streptomycin, 10% FBS, pH 

7.4). Basal respiration was measured, followed by the quantification of maximal respiration by 

https://dmpio.github.io/bioenergetic-calculators/ck_clamp/
https://dmpio.github.io/bioenergetic-calculators/ck_clamp/
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titrating FCCP uncoupler (FC; 0.5-5µM). Antimycin A (Ant; 0.5µM) was used to inhibit 

mitochondrial respiration.  

For permeabilized cell measurements, cells were resuspended in Respiratory Buffer 

supplemented with creatine (105mM MES potassium salt, 30mM KCl, 8mM NaCl, 1mM EGTA, 

10mM KH2PO4, 5mM MgCl2, 0.25% BSA, 5mM creatine monohydrate, pH 7.2). Cells were 

permeabilized with digitonin (“Digi”, 0.02mg/mL). OXPHOS respiratory kinetics were measured 

using the creatine kinase (CK) clamp, and respiratory capacity was quantified with FCCP titration.  

For all assays using the CK clamp technique, various combinations of carbon substrates 

and inhibitors were utilized. Substrates and inhibitors used in each assay are indicated in the 

figure legends: CK (20U/mL), ATP (5mM), PCr (1mM, 6mM, 15mM, 21mM), pyruvate (Pyr or P; 

5mM), malate (M; 1mM), octanoyl-carnitine (O; 0.2mM), succinate (Succ or S; 5mM), glutamate 

(Glut or G; 5mM), oligomycin (Oligo, 0.02µM), FCCP (0.5-2µM), rotenone (Rot or R, 0.5µM), 

antimycin A (Ant A, 0.5µM), venetoclax (Vclax, 0.1nM-1µM), dodecyltriphenylphosphonium (d-

TPP, 0.1µM-0.5µM), FCCP (5uM), MitoQ (MitoQ, 0.1µM-0.5µM). 

Isolation of mitochondria from leukemia cells 

Leukemia cells were harvested and centrifuged at 300 x g for 7 min, washed in ice cold 

PBS, and centrifuged again at 500 x g for 10 min. Cell pellets were then resuspended in 

Mitochondrial Isolation Buffer with BSA (100mM KCl, 50mM MOPS, 1mM EGTA, 5mM MgSO4, 

0.2% BSA, pH 7.1) and homogenized using a borosilicate glass mortar and Teflon pestle. Cell 

homogenate was centrifuged at 800 x g for 10min at 4°C. Following this, supernatant was 

collected and centrifuged at 10,000 x g for 10 min at 4°C to pellet the mitochondrial fraction. The 

mitochondrial fraction was resuspended in Mitochondrial Isolation Buffer without BSA, transferred 

to a microcentrifuge tube and centrifuged again at 10,000 x g. The mitochondrial pellet was then 

resuspended in ~200µL of Mitochondria Isolation Buffer and protein was quantified using the 

Pierce BCA assay.  
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Isolation of mitochondria from mouse heart 

Heart was dissected and placed in ice-cold Mitochondrial Isolation Buffer with BSA 

(100mM KCl, 50mM MOPS, 1mM EGTA, 5mM MgSO4, 0.2% BSA, pH 7.1). Tissue was then 

minced, resuspended in 10mL of Mitochondrial Isolation Buffer and homogenized for ~10 passes 

via a Teflon pestle and borosilicate glass vessel. The homogenate was transferred to a 15mL 

tube, the volume was brought to 12mL, and sample was centrifuged at 800 x g for 10 min at 4°C. 

The supernatant was transferred to a fresh 15mL tube and spun at 10,000 x g for 10 min at 4°C. 

Mitochondrial pellet was washed in 1.4mL of Mitochondrial Isolation Buffer without BSA (100mM 

KCl, 50mM MOPS, 1mM EGTA, 5mM MgSO4, pH 7.1) and spun at 10,000 x g for 10min at 4°C. 

The resulting pellet was resuspended in Mitochondrial Isolation Buffer without BSA. Protein 

content was determined using the Pierce BCA assay. 

 

Assessment of mitochondrial membrane potential in whole intact cells using flow 

cytometry 

Cells were harvested and resuspended in IMDM media (1x106 cell per mL). After this, cells 

were treated with FCCP (5uM), Rotenone/Antimycin A [0.5uM/0.5uM], Oligomycin [5uM] or 

DMSO (Vehicle) for 15 minutes at room temperature. The cells were stained with TMRM (10nM) 

and incubated for 30 minutes at 370C with 5% CO2. Thereafter, DAPI (1ug/mL) was added. 

Samples were then analyzed with a Cytek Aurora flow cytometer. Data analysis included gating 

and analysis of fluorescence intensity to determine mitochondrial membrane potential using 

FlowJo software v10.9.0 (Treestar, USA).  

Assessment of Isolated Mitochondrial Membrane Potential Using Flow Cytometry 

Mitochondria isolated from mouse heart or HL60 AML cells were treated with either 1) H2O 

(Vehicle), 2) pyruvate (Pyr or P; 5mM) and malate (M; 1mM), 3) P/M, CK (20U/mL), ATP (5mM), 

and PCr (21mM), 3) P/M, CK (20U/mL), ATP (5mM), PCr (21mM) and Oligo (5uM), or 4) P/M, CK 

(20U/mL), ATP (5mM), PCr (21mM), Oligo (5uM) and FCCP (5uM) for 15 minutes at room 
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temperature. The cells were stained with TMRM (10nM) and incubated for 30 minutes at 370C 

with 5% CO2.  Samples were then analyzed with a Cytek Aurora flow cytometer. Data analysis 

included gating and analysis of fluorescence intensity to determine mitochondrial membrane 

potential using FlowJo software v10.9.0 (Treestar, USA). 

Mitochondrial membrane potential (ΔΨ) in permeabilized cells 

Mitochondrial membrane potential was performed using methods described previously44 

with some adaptations. Fluorescent determination of ΔΨm using permeabilized cells was 

performed using a QuantaMaster Spectrofluorometer (QM-400; Horiba Scientific). Quantification 

of ΔΨ via TMRM (operating in quench mode) was conducted as described previously (Fisher-

Wellman et al., 2018).  Cells were harvested, centrifuged at 300 x g for 7 minutes then washed 

with PBS and centrifuged again at 300 x g.  Following this, cells were resuspended in 1mL of 

assay buffer and viable cells were counted with trypan blue.  Cells were then permeabilized with 

digitonin (Digi; 0.02mg/mL) for 10 minutes at room temperature.  From the permeabilized cell 

suspension, ~3 million cells were added to a microcentrifuge tube and centrifuged at 1,500 x g 

for 10 minutes.  Cell pellet was resuspended in fresh assay buffer and loaded with 200nM TMRM. 

Optimal excitation and emission parameters for each cell type were determined using an 

excitation emission scan to determine the fluorescence ratio.  Membrane potential was then 

quantified using a fluorescence ratio of the experimentally determined excitation and emission 

parameters. 

ATP5IF1 knockdown in MV4;11 cells 

MV4;11 cells were cultured in IMDM (Thermo Fisher Scientific, Waltham, MA) 

supplemented with glutamax, 10% FBS, and 1% penicillin/streptomycin and incubated at 37°C in 

5% CO2. Human shRNA lentiviral particles cloned into pLKO.1 vector (18mer ATP5IF1-specific 

shRNA 5’ GGCTGAAGAGGAACGATA 3’), and one scramble control; 0.5mL each,>107 TU/ml) 

were purchased from Addgene (CAT#: 10878). To facilitate infection, cells and lentiviral particles 
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were co-cultured at a seeding density of 5x105 cells per mL in a retronectin dish. Following 72 

hours of infection, cultures were then subjected to puromycin selection by continuous exposure 

to 2 µg/mL puromycin in the culture media. Confirmation of ATP5IF1 knockdown was performed 

via western blotting and analyzed with densitometry using ImageJ software. 

Determination of ATP hydrolytic activity of Complex V 

Complex V activity was assessed as described previously (Fisher-Wellman et al., 2018). 

Mitochondrial lysates for the assay were prepared via dilution of the final isolated mitochondrial 

suspensions in CelLytic M (Sigma-Aldrich; C2978) at a protein concentration of 2mg/ml. Buffer 

for the assay was supplemented with lactate dehydrogenase/pyruvate kinase (10U/ml), 

phosphoenoyl-pyruvate (5mM), rotenone (0.005mM) and NADH (0.2mM). Assay buffer (200μL) 

was loaded into individual wells of a 96-well plate, followed by mitochondrial lysate (2μg/well). 

Assays were done in the absence and presence of oligomycin (0.005mM) in order to calculate 

the oligomycin-sensitive rates of ATP hydrolysis. The assay was initiated with the addition of ATP 

(5mM). In the assay, NADH oxidation and ATP hydrolysis occur at a 1:1 stoichiometry and thus 

Complex V activity (pmoles of ATP/sec/mg) was determined via tracking the degradation in the 

NADH auto-fluorescence (Ex:Em 376/450) signal upon ATP addition. Fluorescence values were 

converted to pmoles of NADH via an NADH standard curve. 

Sample prep for label-free proteomics 

Cell pellets or isolated mitochondria pellets were lysed in urea lysis buffer (8M urea in 

40mM Tris, 30mM NaCl, 1mM CaCl2, 1 x cOmplete ULTRA mini EDTA-free protease inhibitor 

tablet; pH=8.0), as described previously. The samples were subjected to two freeze-thaw cycles, 

and sonicated with a probe sonicator in three 5s bursts (Q Sonica #CL-188; amplitude of 30). 

Samples were centrifuged at 10,000 x g for 10min at 4°C. Protein concentration was determined 

by BCA. Equal amounts of protein were reduced with 5mM DTT at 37°C for 30min, and then 

alkylated with 15mM iodoacetamide for 30min in the dark. Unreacted iodoacetamide was 

quenched with DTT (15mm). Reduction and alkylation reaction were carried out at room 
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temperature. Initial digestion was performed with Lys C (1:100 w:w) for 4hr at 32°C. Following 

dilution to 1.5M urea with 40mM Tris (pH=8.0), 30mM NaCl, 1mM CaCl2, samples were digested 

overnight with sequencing grade trypsin (50:1 w/w) at 32°C. Samples were acidified to 0.5% TFA 

and then centrifuged at 4,000 x g for 10min at 4°C. Supernatant containing soluble peptides was 

desalted and then eluate was frozen and subjected to speedvac vacuum concentration. 

nLC-MS/MS for label-free proteomics 

Final peptides were resuspended in 0.1% formic acid, quantified (ThermoFisher Cat# 

23275), and diluted to a final concentration of 0.25µg/µL. Samples were subjected to nanoLC-

MS/MS analysis using an UltiMate 3000 RSLCnano system (ThermoFisher) coupled to a Q 

Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (ThermoFisher) via a 

nanoelectrospray ionization source. For each injection, 4µL (1µg) of sample was first trapped on 

an Acclaim PepMap 100 20mm x 0.075mm trapping column (ThermoFisher Cat# 164535; 

5μL/min at 98/2 v/v water/acetonitrile with 0.1% formic acid). Analytical separation was performed 

over a 95min gradient (flow rate of 250nL/min) of 4-25% acetonitrile using a 2µm EASY-Spray 

PepMap RSLC C18 75µm x 250mm column (ThermoFisher Cat# ES802A) with a column 

temperature of 45ºC. MS1 was performed at 70,000 resolution, with an AGC target of 3x106 ions 

and a maximum injection time (IT) of 100ms. MS2 spectra were collected by data-dependent 

acquisition (DDA) of the top 15 most abundant precursor ions with a charge greater than 1 per 

MS1 scan, with dynamic exclusion enabled for 20s. Precursor ions isolation window was 1.5m/z 

and normalized collision energy was 27. MS2 scans were performed at 17,500 resolution, 

maximum IT of 50ms, and AGC target of 1x105 ions. 

Data analysis for label-free proteomics 

As described previously with some modification, Proteome Discoverer 2.2 (PDv2.2) was 

used for raw data analysis, with default search parameters including oxidation (15.995 Da on M) 

as a variable modification and carbamidomethyl (57.021 Da on C) as a fixed modification. Data 

were searched against the Uniprot Homo Sapiens reference proteome (Proteome ID: 
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UP000005640), as well as the Human Mito Carta 3.0 database. PSMs were filtered to a 1% FDR 

and grouped to unique peptides while maintaining a 1% FDR at the peptide level. Peptides were 

grouped to proteins using the rules of strict parsimony and proteins were filtered to 1% FDR. 

Peptide quantification was done using the MS1 precursor intensity. Imputation was performed via 

low abundance resampling. Using only high confidence master proteins, mitochondrial 

enrichment factor (MEF) was determined as previously described by comparing mitochondrial 

protein abundance (i.e., proteins identified to be mitochondrial by cross-reference with the 

MitoCarta 3.0 database) to total protein abundance. 

Statistical evaluation of label-free proteomics 

All proteomics samples were normalized to total protein abundance, and the protein tab 

in the PDv2.2 results was exported as a tab delimited .txt. file and analyzed. Protein abundance 

was converted to the Log2 space. For pairwise comparisons, tissue mean, standard deviation, p-

value (p; two-tailed Student’s t-test, assuming equal variance), and adjusted p-value (Benjamini 

Hochberg FDR correction) were calculated35. Mitochondrial functional assay results are 

expressed as the mean ± SEM (error bars). Data were normalized to viable cell counts and then 

corrected for the group mean MEF, with the final values expressed as pmol/s/million cells/MEF18. 

Throughout the paper, differences between groups were assessed by t-test, or one-way ANOVA, 

followed by Tukey’s test where appropriate using GraphPad Prism 8 software (Version 8.4.2). 

Other statistical tests used are described in the figure legends. Statistical significance in the 

figures is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Unless otherwise 

stated, figures were generated using GraphPad Prism 8 software (Version 8.4.2) or Biorender 

Statistical analysis and software 

Statistical analysis was performed using GraphPad Prism 8.4. All data are represented as 

mean ± SEM and analysis were conducted with a significance level set at p<0.05. Details of 

statistical analysis are included within figure legends. Figures were generated using Biorender 

and GraphPad Prism 8.4.  
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Figure 3. Intrinsic lesions in respiratory complex IV limit OxPhos flux in AML cells. All 
experiments were performed using whole cells and digitonin-permeabilized cells (A) Comparison 
of fractional OXPHOS of normal blood cells, patient AML, AML cell lines, chemoresistant AML, 
and mouse AML calculated as the ratio of JH+

OXPHOS to JH+
Total (B) Volcano plot comparing 

mitochondrial and non-mitochondrial proteome of AML and Mobilized PBMC cells. (C) 
Comparison of mitochondrial content in AML and Mobilized PBMC cells. (D) Comparison of whole 
cell respiratory capacity in Mobilized PBMC, MV411WT and OCIWT cells normalized to milligrams 
of protein. (E) Comparison of the OXPHOS proteome between Mobilized PBMC and AML cells. 
(F) Comparison of whole cell respiratory capacity in Mobilized PBMC, MV411WT and OCIWT cells 
normalized to milligrams of mitochondrial protein (G) Schematic depicting complex IV lesions and 
reduced respiration of individual AML mitochondria.  Data are presented as mean ±SEM and 
analyzed by two-way ANOVA (E,F) and one-way ANOVA (A,C,D). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 4. Mitochondria in AML cells consume cellular ATP to sustain mitochondrial 
polarization. All experiments were performed using whole intact cells. (A) Schematic depicting 
strategy to determine functional OxPhos in ΔΨm assays. (B) Representative image from flow 
cytometric analysis of intact cell ΔΨm using OCIRho0. (C) Flow cytometric analysis of intact cell 
ΔΨm in OCIRho0 cells. (D) Flow cytometric analysis of intact cell ΔΨm in Healthy BMC. (E) Flow 
cytometric analysis of intact cell ΔΨm in myeloid and lymphoid populations sorted from PBMC. 
(F) Flow cytometric analysis of intact cell ΔΨm in AML cell lines. (G). Flow cytometric analysis of 
intact cell ΔΨm in patient AML. (H) Flow cytometric analysis of intact cell ΔΨm in OCI-AML2 cells 
using HPLM media. (I) Schematic depicting functional OxPhos or F1-ATPase activity in normal 
blood cells or AML, respectively.  Data are presented as mean ±SEM and analyzed by two-way 
ANOVA in (E,F) and one-way ANOVA in (C,D,G,H). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 5. Venetoclax exposure collapses AML mitochondrial respiration and by default, 
polarization is sustained via F1-ATPase activity. All experiments were performed using whole 
intact cells or digitonin permeabilized cells. (A) Schematic depicting mechanism of IACS-
010759, Antimycin A, BAM15, and oligomycin on the electron transport system. (B) Effect of 
either IACS-010759, Antimycin A, oligomycin or that in combination, on OCIRho0 cell viability.  (C) 
Effect of either IACS-010759, Antimycin A, oligomycin, or BAM15 on OCI-AML2 cell viability (D) 
Schematic depicting characterization of AML cells exposed to venetoclax for 1 hour. (E) Effect 
of 1 hour venetoclax exposure on AML cell viability. (F) Effect of 1 hour exposure to 1uM 
venetoclax on respiratory capacity in AML  (G) Effect of 1 hour exposure to 100nM venetoclax 
on OxPhos capacity in AML (H) Effect of 1 hour exposure to 100nM venetoclax on polarization 
induced by Complex I substrates (P/M/G), Complex II substrates (S/R), or Complex V 
substrates (ATP) in AML (I) Effect of 1 hour exposure to 100nM venetoclax on ΔΨm in AML.(J) 
Schematic depicting effect of venetoclax on the AML electron transport system. Data are 
presented as mean ±SEM and analyzed by two-way ANOVA (F,G,H,I) or one-way ANOVA 
(B,C,E). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 6. Downregulation of ATP5IF1 in AML confers chemoresistance. All experiments were 
performed using whole intact cells, permeabilized cells, or isolated mitochondria. (A) Effect of 
venetoclax on treatment naïve AML and chemoresistant AML cell viability. (B) Comparison of 
OxPhos proteome in permeabilized treatment naïve AML and chemoresistant AML cells.  (C) 
Comparison of ATP5IF1 expression in mitochondria isolated from MV411WT and MV411Vclax. (D) 
Comparison of OxPhos capacity in permeabilized treatment naïve AML and chemoresistant AML 
cells. (E) Effect of oligomycin on ΔΨm in permeabilized treatment naïve AML and chemoresistant 
AML cells.  (F) Flow cytometric analysis of intact cell ΔΨm in chemoresistant AML. (G)  
Comparison of ATP5IF1 expression MV411shCtrl or MV411shIF1 cells. (H) Flow cytometric analysis 
of intact cell ΔΨm in MV411shCtrl or MV411shIF1. (I) Comparison of ATP hydrolysis by the F1-ATPase 
in permeabilized MV411shCtrl or MV411shIF1 cells. (J) Comparison of OxPhos respiratory kinetics in 
permeabilized MV411shCtrl or MV411shIF1 cells. (K) Effect of venetoclax on MV411shCtrl or MV411shIF1 
cell viability. (L) Effect of venetoclax on MV411shCtrl or MV411shIF1 colony formation. (M) 
Representative image of MV411shCtrl or MV411shIF1 colony formation in response to venetoclax 
(from Fig. 4L). (N) Schematic depicting mechanism of chemoresistance conferred by ATP5IF1 
knockdown in treatment naïve AML. Data are presented as mean ±SEM and analyzed by two-
way ANOVA (A,F,H-L), one-way ANOVA (D,E) or unpaired t-tests (C,G). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 7. Targeting F1-ATPase dependent polarization of the ΔΨm restores venetoclax 
sensitivity. All experiments were performed using whole intact cells or digitonin-permeabilized 
cells. (A) Schematic depicting mechanism of action of organic cations and the structure of d-TPP 
compared to MitoQ. (B) Effect of MitoQ on ΔΨm polarization induced from Complex I substrates 
(P/M/G), Complex II substrates (S/R), or Complex V substrates (ATP) in OCIWT cells. (C) Effect of 
d-TPP on ΔΨm polarization induced from Complex I substrates (P/M/G), Complex II substrates 
(S/R), or Complex V substrates (ATP) in AML cells. (D) Effect of single agent d-TPP on OCIWT cell 
viability. Effect of venetoclax and d-TPP as single agents, or in combination, on colony formation 
of (E) Healthy BMC, (F) OCIWT , (G) HL60WT cells. (H) Effect of d-TPP on MOLM-13WT and MOLM-
13Vclax cell viability. (I) Effect of either d-TPP as a single agent, or in combination with venetoclax, 
on MV411WT and MV411Vclax cell viability (J) Effect of 100nM d-TPP in combination with 1uM Vclax 
on colony formation of chemoresistant AML. Data are presented as mean ±SEM and analyzed by 
two-way ANOVA (B,C,E-J) or one-way ANOVA (D). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 8. AML mitochondrial bioenergetics mimic an alternating current circuit model. (A) 
Schematic depicting AML mitochondrial bioenergetics as an alternating current model. (B) 
Schematic depicting the mechanism of dephosphorylative oxidation in AML. 
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Supplementary Figure 1. Respiratory capacity and OXPHOS kinetics profiling of AML and 
healthy hematopoietic cells. (Related to Figure 1). All experiments were performed using 
whole intact or digitonin-permeabilized cells. Respiratory capacity was measured using (A) 
Healthy BMC, (B) OCIWT, (C) MV411WT, (D) MM6 cells. OXPHOS respiratory kinetics were 
measured using (E) Healthy BMC, (F) OCIWT, (G) MV411WT, (H) MM6 cells. (I) Comparison of 
Complex I subunit expression in Mobilized PBMC and AML cells. (J) Comparison of Complex II 
subunit expression in Mobilized PBMC and AML cells. (K) Comparison of Complex III subunit 
expression in Mobilized PBMC and AML cells. (L) Comparison of Complex IV subunit expression 
in Mobilized PBMC and AML cells. (M) Comparison of Complex V subunit expression in Mobilized 
PBMC and AML cells.  
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Supplementary Figure 2. Validation of p0 OCI-AML2 cells. (Related to Figure 2). All 
experiments were performed using whole intact cells or isolated mitochondria. (A) Comparison of 
basal respiration of OCIRho0 or OCIWT cells. (B) Comparison of NADH autofluorescence of OCIRho0 
or OCIWT cells. (C) Comparison of membrane potential of isolated mitochondria derived from 
mouse heart or HL60 cells measured using flow cytometry (D) Comparison of oligomycin induced 
polarization of isolated mitochondria derived from mouse heart or HL60 (E) Change in TMRM 
fluorescence of individual mitochondria in whole mitochondrial populations derived from mouse 
heart or HL60 before and after oligomycin addition during flow cytometry analysis. (F) Comparison 
of intact cell basal respiration of AML and MPBMC. (G) Effect of oligomycin, 2-deoxyglucose (2-
DG), rotenone/antimycin A (R/A), or those in combination, on intact cell ΔΨm of p0 OCI-AML2 
cells. (H) Effect of CB839 or 2-DG on oligomycin induced depolarization of OCI-AML2 intact cell 
ΔΨm. Data are presented as mean ±SEM and analyzed by two-way ANOVA (C,G,H), one-way 
ANOVA (F) or unpaired t-test (A,B,D) *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Figure 3. MitochondrialΔΨ profiling of venetoclax-exposed AML cells. 
(Related to Figure 3). All experiments were performed using whole intact and digitonin-
permeabilized cells. Effect of 1 hour exposure to 100nM venetoclax on polarization induced by 
Complex I substrates (P/M/G) or Complex II substrates (S/R) in (A) MV411WT and (B) OCIWT cells. 
Effect of 1 hour exposure to 100nM venetoclax on polarization induced by Complex V substrates 
(ATP) in (C) MV411WT and (D) OCIWT cells. (E) Effect of BAM15 and oligomycin as single agents, 
or in combination with venetoclax, on colony formation of OCIWT cells.   Data are presented as mean 
±SEM and analyzed by two-way ANOVA (A-D) or one-way ANOVA (E). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Supplementary Figure 4.  OxPhos profiling of chemoresistant AML and ATP5IF1 
knockdown AML cell lines.  (Related to Figure 4). All experiments were performed using whole 
intact or digitonin-permeabilized cells. OxPhos respiratory kinetics were measured in (A) 
MV411Vclax, (B) OCIVclax and (C) MOLM-13WT or MOLM-13Vclax cells. Comparisons of the ΔΨm was 
measured in (D) MV411WT or MV411Vclax, (E) OCIWT or OCIVclax and (F) MOLM-13WT or MOLM-
13Vclax cells. (G) Western blot image of ATP5IF1 protein of MV411shCtrl and MV411shIF1 cells. (H) 
Comparison of OxPhos respiratory kinetics in MV411shCtrl and MV411shIF1 cells. (I) Comparison of 
respiratory capacity in MV411shCtrl and MV411shIF1 cells.   Data are presented as mean ±SEM and 
analyzed by two-way ANOVA (C-F, H, I). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplementary Figure 5.  MitoQ and d-TPP depolarize the AML ΔΨm. (Related to Figure 5). 
All experiments were performed using whole intact or digitonin-permeabilized cells. (A) Effect of 
increasing doses of MitoQ on polarization induced by Complex I substrates (P/M/G) or Complex 
II substrates (S/R) in OCIWT cells. (B) Effect of increasing doses of MitoQ on polarization induced 
by Complex V substrates (ATP) in OCIWT cells. (C) Effect of increasing doses of d-TPP on 
polarization induced by Complex I substrates (P/M/G) or Complex II substrates (S/R) in OCIWT 
cells. (D) Effect of increasing doses of MitoQ on polarization induced by Complex V substrates 
(ATP) in OCIWT cells. (E) Effect of increasing doses of d-TPP on polarization induced by Complex 
I substrates (P/M/G) or Complex II substrates (S/R) in MV411WT cells. (F) Effect of increasing 
doses of MitoQ on polarization induced by Complex V substrates (ATP) in MV411WT cells (G) 
Effect of increasing doses of d-TPP on respiratory capacity using OCIWT cells. (H) Respiration-
stimulating effects of d-TPP during the substrate preference assay using OCIWT cells. (I) 
Stimulation of Complex II respiration by d-TPP using OCIWT cells. (J) Effect of venetoclax and d-
TPP as single agents, or in combination, on colony formation in OCIVclax cells. (K) Effect of 
venetoclax and MitoQ as single agents, or in combination, on colony formation in OCIVclax cells.  
Data are presented as mean ±SEM and analyzed by two-way ANOVA (A-K). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Chapter 3: BAI1 reactivates AML OxPhos independently of BAX expression 

 
ABSTRACT 

BAI1 is a small-molecule inhibitor of the pro-apoptotic BAX protein. BAX mediates 

apoptosis by permeabilizing the outer mitochondrial membrane, thereby facilitating the release of 

cytochrome C.  Cytochrome C is an electron carrier that shuttles electrons from Complex III to 

Complex IV of the electron transport system (ETS). Importantly, respiratory function is known to 

become impaired following BAX activation, potentially implicating BAX in deficiencies of oxidative 

phosphorylation (OxPhos). Given that OxPhos deficiency is an intrinsic phenotype of acute 

myeloid leukemia (AML), we leveraged BAI1 to determine if BAX activity contributes to the 

intrinsic OxPhos limitations of AML. When AML were exposed to BAI1, OxPhos was reactivated.  

However, reactivation of OxPhos by BAI1 was cytotoxic to AML, and this is not an effect that 

would be expected to result from BAI1-mediated inhibition of the pro-apoptotic BAX protein. When 

BAX protein expression was knocked down in AML, however, it was discovered that OxPhos 

reactivation and cytotoxicity induced by BAI1 occurred independently of BAX. Although BAX 

activity was not found to contribute to intrinsic OxPhos deficiency in AML, BAX activity was found 

to inhibit respiration independently of cytochrome C release in the presence of venetoclax, a Bcl-

2 inhibitor and a mediator of BAX/BAK-dependent apoptosis. 

 

INTRODUCTION 

Classified as the deadliest blood cancer in adults, acute myeloid leukemia (AML) is 

characterized by rapidly expanding abnormal blood cells109,37,38. Relative to normal blood cells, 

AML cells present with intrinsic limitations in their respiratory network that hinders the ability of 

AML cells to perform OxPhos92. Importantly, oxidative ATP synthesis requires an efficient 

respiratory network that can generates a mitochondrial membrane potential (ΔΨm). The ΔΨm 

provides the thermodynamic driving force that fuels ATP synthesis as well as the export of ATP 
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from the mitochondrial matrix via the adenine nucleotide translocase (ANT)30. In our previous 

publication, ANT was found to import extramitochondrial ATP into the AML matrix space where it 

inhibited maximal uncoupled respiratory flux92.  Those findings suggest that the AML mitochondrial 

phenotype is reflective of an “ATP consumer” as opposed to an “ATP producer”. Intrinsic OxPhos 

deficiency of AML cells may be multifactorial - the mitochondrial proteome consists of ~1100-1400 

proteins89 and many of those proteins are known to influence energy transduction of the electron 

transport system (ETS) such as UCP2126 (i.e., uncoupling protein 2), Bcl-229 (i.e., an anti-apoptotic 

protein), the mtDNA encoded proteins, and the pro-apoptotic, pore-forming BAX51,8 protein.   

The BAX protein has previously been shown to inhibit components of the ETS8,15, in 

addition to it’s understood role in mediating the intrinsic pathway of apoptosis98.  During apoptotic 

induction, the BAX protein is known to permeabilize the outer mitochondrial membrane, thereby 

promoting mitochondrial permeability transition and the release of cytochrome C. Cytochrome C 

functions at the inner mitochondrial membrane where it functions as an electron carrier, shuttling 

electrons from Complex III to Complex IV at the terminal end of the (ETS). Because respiratory 

function is known to become impaired following the activation of BAX8, BAX activity is a potential 

culprit for the intrinsic deficiencies of AML OxPhos. We hypothesized that intrinsic reductions in 

respiratory function of AML mitochondria may be a result of BAX activity, either as a result of 

cytochrome C release, or as a result of BAX-mediated inhibition of respiratory chain components. 

To this end, we made use of the small molecule allosteric inhibitor of the BAX protein, BAI1. BAI1 

has previously been shown to be a selective inhibitor of the BAX protein, thereby inhibiting BAX 

activity to mitigate doxorubicin-induced cardiomyopathy7. Herein, we leveraged a novel 

mitochondrial phenotyping and diagnostics assay platform44 to investigate the effects of BAI1-

mediated inhibition of the BAX protein on the intrinsic OxPhos deficiency of AML. 

The current investigation sought to 1) determine the effects of BAI1 on AML mitochondrial 

respiratory function and 2) determine if the effects of BAI1 in AML are dependent on BAX protein 

expression. In our preliminary investigation, we discovered that the presence of BAI1 prevented 
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the collapse of uncoupled respiration in intact AML cells.  When AML cells were permeabilized so 

that OxPhos function could be directly assessed under experimentally controlled buffer 

conditions, the presence of BAI1 increased OxPhos respiratory kinetics. Improvements of 

respiratory function induced by BAI1 corresponded to a shift in the AML mitochondrial phenotype 

from an ATP “consumer” to an ATP “producer” when the mitochondrial membrane potential (ΔΨm) 

was assessed – indicative of OxPhos “reactivation”.  However, reactivation of OxPhos by BAI1 

resulted in cytotoxicity towards AML cells, suggesting that the effects of BAI1 in AML cells 

occurred independently of BAX protein expression. Related to this, our previous publication 

discovered that 17-AAG (i.e., an inhibitor of TRAP1) reactivated AML OxPhos and induced 

cytotoxicity, however these effects occurred independently of TRAP1 expression92. Similarly, 

when expression of the BAX protein was knocked down in AML cells, we discovered that OxPhos 

reactivation and the underlying cytotoxicity induced by BAI1 occurred independently of the BAX 

protein.  When BAX protein activity was stimulated using venetoclax, an inhibitor of the anti-

apoptotic Bcl-2 protein and a mediator of BAX/BAK-dependent apoptosis105, we discovered that 

BAX activity inhibited AML respiration independently of cytochrome C release.  Collectively, these 

findings demonstrate that BAX activity is not causal to intrinsic OxPhos deficiency in AML and 

implicate BAI1 as a novel drug that exerts AML cell cytotoxicity by reactivating AML OxPhos 

independently of BAX protein expression. 

 

RESULTS 

BAI1 stabilizes uncoupled respiration of intact AML cells 

The pro-apoptotic, pore-forming BAX protein has been suggested to impair mitochondrial 

respiration in two different ways: 1) release of cytochrome C following BAX-mediated 

permeabilization of the outer mitochondrial membrane8,98, or 2) BAX-mediated inhibition of 

respiratory components8,15. Either of these BAX-mediated effects may reduce the efficiency of 

energy transduction by the respiratory complexes, thereby interfering with polarization of the ΔΨm 
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that drives ATP synthesis. Furthermore, prior research has demonstrated that, compared to 

normal blood cells, expression of the BAX protein is frequently elevated in AML94. As proof of 

concept, BAX expression in two distinct AML cell lines, OCI-AML2 (“OCI”) and MV4;11 (“MV411”) 

was elevated relative to mobilized peripheral blood mononuclear cells (MPBMC) isolated from 

bone marrow (Supp. Fig. 6A). Given that BAX protein expression is elevated in AML, we 

hypothesized that BAX activity contributes to intrinsic OxPhos deficiency in AML, a phenotype 

that we have consistently observed in prior studies92,45. 

To begin to determine if there is a role for the BAX protein in intrinsic OxPhos deficiency 

of AML cells, we leveraged the small molecule allosteric inhibitor of the BAX protein, BAI1. Taking 

a discovery-based approach, we first sought to determine the effects of BAI1 on intact cell 

respiration using MV4;11 (MV411), OCI-AML2 (OCI) and HL60 (HL60) AML cells (Fig. 9A).  In 

this assay, basal respiration was quantified followed by the addition of BAI1.  After BAI1 addition, 

ATP synthase was inhibited by oligomycin (“Oligo”) and then respiratory capacity (i.e. maximal 

respiration) was quantified by titrating FCCP (i.e., “FC”, a mitochondrial uncoupler). Although BAI1 

did not impact basal respiration or respiratory capacity in AML cell lines, BAI1 opposed the 

collapse of uncoupled respiration at the end of the FCCP titration (Fig. 9B-D). Collectively, these 

data demonstrate that BAI1 stabilizes uncoupled respiration of intact AML cells. 

 

BAI1 reactivates OxPhos in AML 

Stabilization of AML uncoupled respiration by BAI1 is reminiscent of findings in our 

previous investigation that showed extramitochondrial ATP/ADP (i.e., ΔGATP; the free energy of 

ATP hydrolysis) inhibits AML respiration following the import of ATP into the mitochondrial matrix92.  

The mechanism by which this occurs involves ANT-mediated (i.e., adenine nucleotide 

translocase) import of ATP in exchange for ADP, a reversal of the canonical ANT-mediated 

adenylate exchange (i.e., matrix ATP export in exchange for ADP) that is indicative of matrix ATP 

consumption. Although our previous findings were observed in permeabilized AML cells and 
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isolated mitochondria derived from AML, intact cells sustain an intracellular ΔGATP that must be 

sufficient to drive thermodynamically unfavorable intracellular processes required for cell 

survival132. Because of this, we hypothesized that BAI1 stabilization of intact cell uncoupled 

respiration indicates that BAI1 opposes the inhibition of uncoupled respiration by ΔGATP in AML.  

To test this, we conducted paired measurements of respiratory capacity and OxPhos respiratory 

kinetics using permeabilized AML cells in the presence or absence of BAI1 (Fig. 10A).  To 

measure OxPhos respiratory kinetics, permeabilized AML cells were first provided Complex I-

linked carbon substrates (i.e., pyruvate, malate, and glutamate “P/M/G/”) and respiration was 

stimulated by clamping the ΔGATP value at -54.2 kJ/mol, a free energy of ATP hydrolysis expected 

to stimulate maximal OxPhos respiratory flux (i.e. OxPhos capacity).  Following this, Complex II-

linked carbon substrates (i.e., succinate and octanoyl-carnitine; “S/O”) were added to saturate the 

carbon pool, followed by a titration of the ΔGATP across a physiologically relevant span of ATP free 

energy values ending at -61.5 kJ/mol. At the end of the ΔGATP titration, oligomycin was added to 

inhibit ATP synthase and FCCP was titrated to measure maximal uncoupled respiration in the 

presence of ΔGATP. Simultaneous measurements of respiratory capacity in permeabilized AML 

cells was assessed using a buffer containing identical carbon substrates in the absence of ΔGATP, 

and OxPhos respiratory kinetics were then normalized to a percentage of total respiratory 

capacity. Normalization of the OxPhos respiratory kinetics assay to the total respiratory capacity 

was performed to reflect the maximal uncoupled respiration in the presence of ΔGATP as a 

percentage of the total respiratory capacity.  By doing this, losses of maximal uncoupled 

respiration caused by an ATP-dependent inhibition of total respiratory flux can easily be quantified. 

In these assays, BAI1 did not affect the total respiratory capacity of AML cells (Fig. 10B) (Supp. 

Fig. 7A-C), however, BAI1 dose-dependently increased respiratory flux across a span of ΔGATP 

and rescued the inhibition of uncoupled respiratory flux by ΔGATP. (Fig. 10C-E) (Supp. Fig. 7D-

F). Because OxPhos deficiency is an intrinsic feature of AML relative to normal blood cells92, we 

hypothesized that increases in OxPhos respiratory kinetics by BAI1 is specific to AML.  To test 
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this, we measured OxPhos respiratory kinetics in permeabilized peripheral blood mononuclear 

cells (PBMC).  In PBMC, BAI1 did not increase OxPhos respiratory kinetics, however, BAI1 did 

increase maximal uncoupled respiration in the presence of ΔGATP albeit at a lower magnitude than 

that in AML (Supp. Fig. 7G).  Because respiratory capacity of AML cells in the adenylate-replete 

buffer was unaffected by BAI1, we hypothesized that the effects of BAI1 on AML OxPhos kinetics 

were dependent upon ΔGATP. To test this, an OxPhos kinetics assay was repeated in MV411 cells 

using ADP, rather than ΔGATP, to stimulate OxPhos respiratory flux. In this assay, BAI1 did not 

affect OxPhos respiratory kinetics nor maximal uncoupled respiration, demonstrating that the 

effects of BAI1 on AML respiration are dependent upon ΔGATP. 

The increase in OxPhos respiratory kinetics and the rescue of maximal uncoupled 

respiration by BAI1 suggests that BAI1 reactivates AML OxPhos by reversing limitations of AML 

energy transduction. Efficient energy transduction supports ATP synthesis by polarizing the ΔΨm 

(indicative of an “ATP producer”). When the ΔΨm is insufficient to cause ATP synthesis to occur 

however, ATP synthase will revert into an F1-ATPase that hydrolyzes ATP to pump protons across 

the inner membrane to sustain polarization5 (indicative of an ”ATP consumer”). Therefore, we 

hypothesized that BAI1 shifts AML mitochondrial phenotype from being an “ATP consumer” to an 

“ATP producer”.  To test this, we designed an assay that measures the ΔΨm of permeabilized AML 

cells by quantifying changes in TMRM fluorescence operating in quench mode44. The ΔΨm was 

measured during the OxPhos kinetics assay described previously, with the exception that 

pyruvate and malate were used as carbon fuel sources (Fig. 10G). Following the titration of ΔGATP, 

oligomycin was added to inhibit the activity of ATP synthase.  The change in TMRM fluorescence 

following the addition of oligomycin was used to determine if ATP synthase was consuming the 

ΔΨm to synthesize ATP (indicative of an “ATP producer”) or if ATP synthase was operating as an 

F1-ATPase (indicative of an “ATP consumer”) (Fig. 10G).  In AML cells, BAI1 dose-dependently 

shifted the oligomycin induced changes in TMRM fluorescence away from depolarization, in favor 

of hyperpolarization (Fig. 10H) (Supp. Fig. 7H-J). Collectively, these data indicate that BAI1 
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reactivates AML OxPhos, thereby shifting the AML mitochondrial phenotype from favoring an “ATP 

consumer” to favoring an “ATP producer” (Fig. 10I). 

 

BAI1-mediated reactivation of AML OxPhos and the underlying AML cell cytotoxicity occur 

independently of BAX expression  

The BAX inhibitor BAI1 reactivates AML OxPhos, a finding that is consistent with our 

overarching hypothesis that BAX activity contributes to intrinsic OxPhos deficiency in AML. Given 

that BAI1 has been shown to inhibit BAX-dependent apoptosis7, we hypothesized that reactivation 

of OxPhos by BAI1 would not be cytotoxic to AML.  To test this, AML cell viability was assessed 

in response to increasing doses of BAI1 that correspond with doses required to reactivate AML 

OxPhos. Surprisingly however, BAI1 was profoundly cytotoxic to AML at doses that reactivate 

OxPhos (Fig. 11A).  These data are perplexing, as BAI1-mediated inhibition of the BAX protein 

would not be anticipated to result in AML cytotoxicity. Prior to testing our hypothesis that BAX 

activity contributes to AML OxPhos deficiency therefore, we first wanted to determine specificity 

of BAI1 for BAX expression. To begin to test this, BAX knockdown OCI cells (“OCIshBAX”) were 

generated in addition to a scramble control (“OCIshScramble”). To validate the BAX knockdown 

model, we first measured BAX expression which was found to be reduced in OCIshBAX cells (Fig. 

11B) (Supp. Fig. 8A). For additional validation, we leveraged venetoclax, an inhibitor of the pro-

apoptotic Bcl-2 protein and a mediator of BAX/BAK dependent apoptosis105. Given that BAX/BAK-

dependent apoptosis of AML cells is induced by venetoclax, loss of BAX is known to confer 

resistance to venetoclax90. As proof of concept, viability and colony formation of BAX knockdown 

AML cells was quantified in response to increasing doses of venetoclax.  In response to 

venetoclax, OCIshBAX were highly resistant to apoptosis and losses of colony formation induced 

by venetoclax relative to OCshScramble (Fig. 11C-D). 

Having validated our BAX knockdown model, we used the BAX knockdown AML cells to: 

1) test our overarching hypothesis that BAX activity contributes to intrinsic AML OxPhos deficiency 



 
58 

 
 
 

and 2) determine specificity of BAI1 for the BAX protein. To do this, we leveraged our OxPhos 

kinetics assay, respiratory capacity assay, and intact cell respiration assays, conducted previously 

herein, using BAX knockdown cells. To begin, intact cell respiration in response to BAI1 was 

measured in BAX knockdown AML cells. Despite a reduction of BAX expression, however, 

stabilization of uncoupled respiration in response to BAI1 was similar in both OCIshBAX and 

OCIshScramble cells (Fig. 11E). Furthermore, loss of BAX did not result in any differences of intact 

cell respiration even in the vehicle control groups, suggesting that BAX knockdown does not 

impact intact cell respiration (Fig. 11E). Following this, OxPhos respiratory kinetics, measured in 

the presence or absence of BAI1, and respiratory capacity were quantified in permeabilized BAX 

knockdown cells. As described previously, respiratory capacity was used for normalization of 

OxPhos respiratory kinetics (i.e., as a percentage of total respiratory capacity). Although reduction 

of BAX expression resulted in an increase in respiratory capacity (Fig. 11F) (Supp. Fig. 8B), 

OxPhos respiratory kinetics in the presence and absence of BAI1 were both unchanged between 

both OCIshBAX and OCIshScramble cells (Fig. 11G) (Supp. Fig. 8C). These data suggest that 

reactivation of OxPhos by BAI1 is not dependent on BAX expression, and that BAX activity does 

contribute to intrinsic OxPhos deficiency in AML cells. To confirm this, the ΔΨm was measured in 

BAX knockdown cells during our OxPhos kinetics assay in the presence or absence of BAI1.  A 

reduction of BAX expression did not affect the magnitude of oligomycin-induced changes in 

polarization in the presence or absence of BAI1 (Fig. 11H) (Supp. Fig. 8D-E). Thus, OCIshBAX and 

OCIshScramble cells were both characterized by a mitochondrial phenotype indicative of an “ATP 

consumer” that, in the presence of BAI1, was shifted towards a mitochondrial phenotype reflective 

of an “ATP producer”.  Because BAI1 reactivation of AML OxPhos was independent of BAX protein 

expression, we hypothesized that reactivation of AML OxPhos by BAI1 is cytotoxic to AML cells 

in a BAX-independent manner. To test this, viability of BAX knockdown cells was measured in 

response to increasing doses of BAI1. This experiment revealed that, despite a reduction in BAX 

expression, cytotoxicity of BAI1 towards BAX knockdown AML cells was unaltered (Fig. 11I). 
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Collectively, these data suggest that reactivation of AML OxPhos by BAI1 and the underlying 

cytotoxicity are independent of BAX expression (Fig. 11J).  Therefore, these data argue against 

our hypothesis that BAX activity contributes to intrinsic OxPhos deficiency of AML. 

 

BAX inhibits AML respiration independently of cytochrome C release in response to 

venetoclax 

Reactivation of AML OxPhos by BAI1 was found to be cytotoxic and occurred 

independently of BAX expression. Although BAX activity does not appear to play a role in intrinsic 

OxPhos deficiency of AML, BAX has previously been shown to inhibit components of the ETS8,15 

in addition to it’s known role in permeabilizing the outer mitochondrial membrane to facilitate the 

release of cytochrome C8,98.  Cytochrome C release is known to occur following inhibition of pro-

apoptotic Bcl-2 by venetoclax that mediates BAX/BAK dependent apoptosis101. In addition to 

these effects, venetoclax is also known to inhibit respiration in AML69.  As proof of concept, we 

measured OxPhos capacity of permeabilized AML cells or peripheral blood mononuclear (PBMC) 

cells in the presence or absence of venetoclax.  Venetoclax inhibited OxPhos capacity in AML 

cells and PBMC, however, the magnitude of inhibition was more pronounced in AML cells relative 

to PBMC (Fig. 12A) (Supp. Fig. 9A-D).  Given that venetoclax mediates BAX/BAK dependent 

apoptosis, losses in respiration may be multifactorial, thus 1) Bcl-2 inhibition, 2) BAX/BAK activity, 

and 3) other apoptotic events may play a role in venetoclax-mediated inhibition of respiration 

during apoptosis. Although the precise mechanism of the intrinsic apoptotic pathway remains 

relatively controversial, prior research has suggested that BAX induces apoptosis, specifically, by 

permeabilizing the outer mitochondrial membrane and facilitating the induction of mitochondrial 

permeability transition64. Mitochondrial permeability transition occurs when the inner 

mitochondrial membrane becomes permeable to solutes with a molecular mass under 1.5kDa 

and this process is mediated by cyclophilin D17. Inhibition of cyclophilin D by cyclosporin A (CSA), 

therefore, is known to prevent mitochondrial permeability transition and block apoptosis73.  We 
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hypothesized that induction of mitochondrial permeability transition may be a potential mechanism 

whereby venetoclax inhibits AML respiration.  To test this, we leveraged our OxPhos kinetics 

assay to measure permeabilized AML cell respiration in the presence or absence of venetoclax 

and CSA.  In this assay, CSA did not rescue venetoclax-induced losses of respiratory flux, 

suggesting that mitochondrial permeability transition is not necessary for inhibition of AML 

respiratory flux in response to venetoclax (Fig. 12B). 

Venetoclax is known to promote apoptosis in AML cells by inducing BAX-mediated release 

of cytochrome C101. Because cytochrome C shuttles electrons from Complex III to Complex IV at 

the terminal end of the electron transport system (ETS), we hypothesized that inhibition of AML 

respiration by venetoclax may be driven by the release of cytochrome C following BAX-mediated 

permeabilization of the outer mitochondrial membrane.  To test this, we leveraged our respiratory 

capacity assay to measure maximal respiratory flux of permeabilized OCIshScramble in the presence 

or absence of venetoclax and cytochrome C.  Adding cytochrome C directly to the assay buffer 

was intended to test the integrity of the outer mitochondrial membrane. When the outer 

mitochondrial membrane becomes damaged, by BAX activity for example, supplying cytochrome 

C will increase respiratory flux8,127.  In this assay, inhibition of maximal respiratory flux of 

OCIshScramble by venetoclax was not rescued by the presence of cytochrome C (Fig. 12C). These 

data indicate that venetoclax inhibits respiratory flux independently of cytochrome C release. 

Interestingly, neither cytochrome C nor CSA rescued the inhibition of AML cell respiration by 

venetoclax, suggesting that losses of respiration by venetoclax may be driven by either 1) 

inhibition of Bcl-2 or 2) activation of pro-apoptotic proteins such as BAX/BAK.  Given that BAX 

knockdown confers resistance to venetoclax, but not BAK alone90 (Fig. 3C-D), we hypothesized 

that BAX also inhibits respiration in response to venetoclax.  To test this, we measured the 

OxPhos capacity and respiratory capacity of BAX knockdown cells in the presence or absence of 

venetoclax. In these assays, OCIshBAX were more resistant to venetoclax-mediated inhibition of 

respiratory capacity and OxPhos capacity relative to OCIshScramble (Fig. 12D) (Supp. Fig. 9E-H).  
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Importantly, cytochrome C addition at the end of the respiratory capacity assay did not result in 

an increase in respiration of either OCIshScramble or OCIshBAX (Supp. Fig. 9G-H).  Collectively, these 

data indicate that BAX inhibits AML respiration in response to venetoclax, and this loss of 

respiration is independent of cytochrome C release.  

 

DISCUSSION 

AML cells present with intrinsic deficiencies in OxPhos that reduce the ability of AML to 

synthesize ATP92.  Reduction of ATP synthesis in AML appears to involve intrinsic limitations in 

the ability of the electron transport system to polarize the ΔΨm. The ΔΨm provides the 

thermodynamic driving force to cause ATP synthesis to occur at the F1 sector of ATP synthase. 

However, the ATP synthase will revert to an F1-ATPase proton pump when the ΔΨm falls beneath 

the reversal potential30.  Below the reversal potential, the F1-ATPase will hydrolyze ATP to pump 

protons across the inner membrane to sustain polarization.  In addition to this, the ΔΨm also fuels 

the export of matrix ATP via ANT30.  In our previous publication, ANT was found to import 

extramitochondrial ATP into the matrix space where it inhibited AML uncoupled respiratory flux92, 

a mitochondrial phenotype indicative of an “ATP consumer”.  We hypothesized, therefore, that 

BAX activity may contribute to OxPhos deficiency in AML by compromising efficient energy 

transduction via 1) BAX-induced outer membrane permeabilization and subsequent cytochrome 

C release or 2) BAX-dependent inhibition of respiratory components. Herein, OxPhos was 

reactivated in AML in the presence of the BAX inhibitor, BAI1.  Specifically, BAI1 was found to 

stabilize uncoupled respiration in intact AML cells.  When AML cells were permeabilized, it was 

discovered that BAI1 stabilization of intact cell uncoupled respiration was related to BAI1-

mediated restoration of OxPhos respiratory flux that prevented ATP-dependent inhibition of AML 

uncoupled respiration. These effects of BAI1 were also reflected in measurements of the AML 

ΔΨm. Although the ΔΨm of AML was sustained via F1-ATPase activity, indicated by a 

depolarization in response to oligomycin, the presence of BAI1 altered the AML mitochondrial 
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phenotype to favor ATP production, indicated by a shift towards hyperpolarization in response to 

the addition of oligomycin.  These data demonstrate that BAI1 reactivates OxPhos in AML, 

thereby shifting the AML mitochondrial phenotype from an “ATP consumer”, to a mitochondrial 

phenotype indicative of an “ATP producer”.  This phenotypic shift induced by BAI1 was found to 

be cytotoxic to AML, which is counterintuitive to BAI1 inhibition of the BAX protein.  When BAX 

protein expression was knocked down in AML, it was discovered that reactivation of AML OxPhos 

and the underlying cytotoxicity of BAI1 in AML cells occurred independently of BAX activity.  

Although BAX activity was not found to be causal to the intrinsic OxPhos deficiency of AML, BAX 

activity has been previously suggested to inhibit respiration independently of cytochrome C 

release.  To this end, we stimulated BAX activity in BAX knockdown cells by leveraging the 

chemotherapeutic venetoclax, an inhibitor of the Bcl-2 protein and a mediator of BAX/BAK-

dependent apoptosis105,90. By doing this, we discovered that BAX activity inhibits AML respiration 

independently of cytochrome C release. Collectively, these data demonstrate that although BAX 

activity is not causal to intrinsic OxPhos deficiency in AML, BAI1 appears to be a novel agent that 

induces cytotoxicity via BAX-independent reactivation of AML OxPhos. 

OxPhos deficiency in AML appears to result from intrinsic limitations in the ETS that 

hinders the ability to polarize the ΔΨm, therefore, the ΔΨm of AML cells is sustained by hydrolyzing 

ATP via the F1-ATPase. Before the F1-ATPase hydrolyzes ATP, however, ATP synthesized in the 

matrix space, or imported via ANT, can allosterically regulate respiratory components92. 

Importantly, respiration in AML is inhibited following the matrix import of ATP92. Given that ATP-

dependent inhibition is rescued by BAI1, resulting in cytotoxicity, AML appear to be dependent 

upon ATP-dependent allosteric regulation of the ETS. We suspect that allosteric regulation of the 

ETS by matrix ATP is a cytoprotective mechanism in AML that mitigates the production of cytotoxic 

reactive oxygen species (ROS). Consistent with this, ROS production is known to be reduced by 

ATP-dependent allosteric regulation of Complex IV102. The allosteric regulation of Complex IV 

maintains a low ΔΨm, thereby reducing the “backpressure” placed on proton-pumping by the 
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respiratory complexes during electron transport102. When electron transport is slowed by a highly 

polarized ΔΨm, electrons tend to “leak” from the respiratory complexes onto molecular oxygen 

and this results in the production of superoxide (i.e., a reactive oxygen species). Therefore, ROS 

production is reduced when the ΔΨm is sustained at low voltage potentials by the ATP-dependent 

allosteric regulation of Complex IV. Allosteric regulation of Complex IV seems to be important for 

AML cells that present with abberant mitochondrial metabolism43 and increases in mitochondrial 

content91, potentially sensitizing AML cells to cytotoxic ROS production when OxPhos is 

reactivated. Related to this, a cytotoxic reactivation of AML OxPhos was first observed in our 

previous study in response to either 17-AAG (i.e., an inhibitor of TRAP1) or curcumin92 (i.e., a 

plant polyphenolic compound). Importantly, curcumin is known to induce apoptosis of AML cells 

by stimulating the production of ROS123, which we would expect to result following the reactivation 

of OxPhos in AML. However, more work is needed to fully elucidate the underlying mechanism(s) 

that underlie AML cell cytotixicity following the reactivation of OxPhos in AML.  

Herein, AML present with increases in expression of the pro-apoptotic BAX protein relative 

to MPBMC, suggesting a link between BAX-mediated mitochondrial damage and intrinsic OxPhos 

deficiency.  Although the intrinsic OxPhos deficiency of AML was not found to be related to 

increases in BAX protein expression, BAX activity was found to play a role in venetoclax-induced 

losses of respiration. Losses of respiration by BAX activity in the presence of venetoclax however, 

were found to be independent of cytochrome C.  These data are intriguing, but it is not currently 

clear how BAX mediates respiration in this context.  Previous research has implicated the adenine 

nucleotide translocase15 as a protein directly inhibited by BAX, however, inhibition of ANT does 

not appear to explain the BAX-mediated inhibition of uncoupled respiration in AML herein. Other 

research has reported that the voltage-dependent anion channel (i.e., VDAC) is involved in BAX-

mediated apoptosis, by direct interactions with the BAX protein113,2,112. These studies suggest that 

BAX mediates the conformation of VDAC, a gatekeeper of the mitochondrion, to facilitate the 

release of cytochrome C. Given that cytochrome C release was unrelated to BAX-mediated 
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respiratory inhibition herein, it may be that modulating the conformation of VDAC by BAX alters 

substrate uptake, thereby reducing respiration. Unsurprisingly however, respiratory inhibition of 

AML cells in response to venetoclax was not fully rescued by the knockdown of BAX protein. 

These data suggest that, notwithstanding residual BAX expression, other pro-apoptotic proteins 

(e.g. BAK) may inhibit mitochondrial respiration in response to venetoclax, as well as inhibition of 

Bcl-2 itself. Importantly Bcl-2 is also known to interact with the VDAC111 and Complex IV32 of the 

electron transport system to support either polarization of the ΔΨm or mitochondrial respiration, 

respectively. These studies implicate Bcl-2 inhibition as a potential driver of respiratory inhibition 

in response to venetoclax. Ultimately however, more work is needed to delineate the 

mechanism(s) by which venetoclax and BAX activity inhibits AML cell respiration independently 

of cytochrome C release. Collectively, our data provide novel insight into the mechanism of action 

of venetoclax and highlight the impacts of BAI1 on AML mitochondrial bioenergetics. 

 

METHODS 

All procedures involving human subjects were approved by the Institutional Review Board 

of the Brody School of Medicine. 

 

Blood collection and isolation of PBMCs. 

Venous blood from the brachial region of the upper arm was collected from healthy 

volunteers, between the ages of 18-70 years. Whole blood was collected in sodium-heparinized 

Cell Preparation Tubes (CPT) (BD Biosciences, Franklin Lakes, NJ) and was then centrifuged at 

1,800 x g for 15 min. Mononuclear cells were washed in ammonium-chloride-potassium (ACK) 

lysis buffer to remove red blood cells and were either used immediately, or frozen in liquid nitrogen 

(-80°C.) prior to experimentation. 
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Culturing of leukemic cell lines 

MV4;11, HL60, KG-1, JVM3, OCI-AML2, MM6, and U937 (ATCC, Manassas, VA) human 

leukemia cells were cultured in IMDM or RPMI-1640 (Thermo Fisher Scientific, Waltham, MA) 

supplemented with glutamax, 10% FBS, and 1% penicillin/streptomycin and incubated at 37°C in 

5% CO2. For experiments involving venetoclax resistance, MV4;11, OCI-AML2, MOLM-13, and 

HL60 cells were cultured in either IMDM or RPMI-1640, supplemented with glutamax, 10% FBS, 

and 1% penicillin/streptomycin. To model venetoclax resistance, cells were adapted in culture to 

1uM venetoclax by passaging cells in increasing doses of venetoclax beginning at 10nM. After 

reaching an average cell density of 1x106 cell per mL, maintained in 1uM venetoclax, the cells 

were harvested and used for experimentation. 

Cell viability assays 

Cell viability for mitochondrial functional assessments were quantified with viable cell 

counts using Trypan Blue (0.4%). For fluorescent measurements of cell viability, cells were 

seeded in black-wall, 96-well plates, in growth medium. After addition of agents (0.2mL final well 

volume), cells were incubated at 37o C, 5% CO2, for the indicated times. Viability was determined 

using propidium iodide (PI). Positive control cells were permeabilized by addition of 1µl of 

10.0mg/ml digitonin and incubated at 37o C, 5% CO2, for 20min.  Following this, plates were 

centrifuged at 1200 x g for 10 min.  After centrifugation, plates were dumped to remove culture 

media and 0.100mL of a 5.0µM PI solution in PBS was added. The plate was then incubated at 

37o C, 5% CO2 for 20min, and viability was calculated as the mean fluorescence (minus 

permeabilized vehicle control) at 530nm excitation and 620nm emission. 

OxPhos kinetics assay 

OxPhos kinetics were measured using a modified version of the creatine-kinase clamp 

(CK Clamp). For experiments using the CK clamp assay, the free energy of ATP hydrolysis 

(ΔGATP) is calculated using the equilibrium constant for the CK reaction (K’CK) and is based upon 
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the addition of known concentrations of creatine (CR), phosphocreatine (PCR), and ATP in the 

presence of excess amounts of CK44. Calculation of ΔGATP at defined PCR concentrations was 

done using the online resource (https://dmpio.github.io/bioenergetic-calculators/ck_clamp/) as 

previously described44.  

Respiratory flux in intact and permeabilized cells 

Approximately 2 x 106 cells were used for each intact and permeabilized cell respirometry 

experiment. Respirometry measurements were conducted using an Oroboros Oxgraph-2k (O2k; 

Oroboros Instruments, Innsbruck, Austria) in either a 0.5 or 1.0mL reaction volume at 37°C. Data 

was normalized to viable cell count unless otherwise indicated. For normalization to total protein, 

cell suspensions were removed from the O2k chamber following the completion of each assay 

and placed into microcentrifuge tubes. The cell suspension was then centrifuged at 2,000 x g for 

10min at 4°C. Assay buffer was aspirated and the cell pellet was washed with PBS. Cells were 

then lysed using low-percentage detergent buffer (CelLytic M) followed by a freeze-thaw cycle on 

dry ice. The protein concentration was then determined using a BCA protein assay. 

Respiratory flux was measured using methods described previously44 (Fisher-Wellman et 

al., 2018).  For intact cell measurements, cells were resuspended in Intact Cell Respiratory Media 

(17.7g/L Iscove’s Modified Dulbecco’s Medium (IMDM), 20mM HEPES, 1% 

Penicillin/Streptomycin, 10% FBS, pH 7.4). Basal respiration was measured, followed by the 

quantification of maximal respiration by titrating FCCP uncoupler (FC; 0.5-5µM). Antimycin A (Ant; 

0.5µM) was used to inhibit mitochondrial respiration.  

For permeabilized cell measurements, cells were resuspended in Respiratory Buffer 

supplemented with creatine (105mM MES potassium salt, 30mM KCl, 8mM NaCl, 1mM EGTA, 

10mM KH2PO4, 5mM MgCl2, 0.25% BSA, 5mM creatine monohydrate, pH 7.2). Cells were 

https://dmpio.github.io/bioenergetic-calculators/ck_clamp/
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permeabilized with digitonin (“Digi”, 0.02mg/mL). OXPHOS respiratory kinetics were measured 

using the creatine kinase (CK) clamp, and respiratory capacity was quantified with FCCP titration.  

For all assays using the CK clamp technique (respiration assays and measurements of 

permeabilized cell ΔΨm), various combinations of carbon substrates and inhibitors were utilized. 

Substrates and inhibitors used in each assay are indicated in the figure legends: CK (20U/mL), 

ATP (5mM), PCr (1mM, 6mM, 15mM, 21mM), pyruvate (Pyr or P; 5mM), malate (M; 1mM), 

octanoyl-carnitine (O; 0.2mM), succinate (Succ or S; 5mM), glutamate (Glut or G; 5mM), 

oligomycin (Oligo, 0.02µM), FCCP (0.5-2µM), rotenone (Rot or R, 0.5µM), antimycin A (Ant A, 

0.5µM), venetoclax (Vclax, 0.1nM-1µM), BAI1 (BAI1, 1µM-30µM), FCCP (5uM). 

Mitochondrial membrane potential (ΔΨ) in permeabilized cells 

Fluorescent determination of ΔΨm using permeabilized cells was performed using a 

QuantaMaster Spectrofluorometer (QM-400; Horiba Scientific). Quantification of ΔΨm via TMRM 

(operating in quench mode) was conducted as described previously44.  Cells were harvested, 

centrifuged at 300 x g for 7 minutes then washed with PBS and centrifuged again at 300 x g.  

Following this, cells were resuspended in 1mL of assay buffer and viable cells were counted with 

trypan blue.  Cells were then permeabilized with digitonin (Digi; 0.02mg/mL) for 10 minutes at 

room temperature.  From the permeabilized cell suspension, ~3 million cells were added to a 

microcentrifuge tube and centrifuged at 1,500 x g for 10 minutes.  Cell pellet was resuspended in 

fresh assay buffer and loaded with 200nM TMRM. Optimal excitation and emission parameters 

for each cell type were determined using an excitation emission scan to determine the 

fluorescence ratio.  Membrane potential was then quantified using a fluorescence ratio of the 

experimentally determined excitation and emission parameters. The buffer for used for this assay 

was Respiratory Buffer supplemented with creatine (105mM MES potassium salt, 30mM KCl, 

8mM NaCl, 1mM EGTA, 10mM KH2PO4, 5mM MgCl2, 0.25% BSA, 5mM creatine monohydrate, 

pH 7.2).  
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For all assays using the CK clamp technique, various combinations of carbon substrates 

and inhibitors were utilized. Substrates and inhibitors used in each assay are indicated in the 

figure legends: CK (20U/mL), ATP (5mM), PCr (1mM, 6mM, 15mM, 21mM), pyruvate (Pyr or P; 

5mM), malate (M; 1mM), octanoyl-carnitine (O; 0.2mM), succinate (Succ or S; 5mM), glutamate 

(Glut or G; 5mM), oligomycin (Oligo, 0.02µM), FCCP (0.5-2µM), rotenone (Rot or R, 0.5µM), 

antimycin A (Ant A, 0.5µM), venetoclax (Vclax, 0.1nM-1µM), BAI1 (BAI1, 1µM-30µM), FCCP 

(5uM). 

BAX knockdown in OCI-AML2 cells 

OCI-AML2 cells were cultured in IMDM (Thermo Fisher Scientific, Waltham, MA) 

supplemented with glutamax, 10% FBS, and 1% penicillin/streptomycin and incubated at 37°C in 

5% CO2. Human shRNA lentiviral particles cloned into pLKO.1 vector (18mer BAX-specific shRNA 

5’ GACGAACTGGACAGTAACATG 3’), and one scramble control; 0.5mL each,>107 TU/ml) were 

purchased from Addgene (CAT#: 10878). To facilitate infection, cells and lentiviral particles were 

co-cultured at a seeding density of 5x105 cells per mL in a retronectin dish. Following 72 hours of 

infection, cultures were then subjected to puromycin selection by continuous exposure to 2 µg/mL 

puromycin in the culture media. Confirmation of BAX knockdown was performed via western 

blotting (standard protocol) and analyzed with densitometry using ImageJ software. 

Sample prep for label-free proteomics 

Cell pellets or isolated mitochondria pellets were lysed in urea lysis buffer (8M urea in 

40mM Tris, 30mM NaCl, 1mM CaCl2, 1 x cOmplete ULTRA mini EDTA-free protease inhibitor 

tablet; pH=8.0), as described previously. The samples were subjected to two freeze-thaw cycles, 

and sonicated with a probe sonicator in three 5s bursts (Q Sonica #CL-188; amplitude of 30). 

Samples were centrifuged at 10,000 x g for 10min at 4°C. Protein concentration was determined 

by BCA. Equal amounts of protein were reduced with 5mM DTT at 37°C for 30min, and then 

alkylated with 15mM iodoacetamide for 30min in the dark. Unreacted iodoacetamide was 
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quenched with DTT (15mm). Reduction and alkylation reaction were carried out at room 

temperature. Initial digestion was performed with Lys C (1:100 w:w) for 4hr at 32°C. Following 

dilution to 1.5M urea with 40mM Tris (pH=8.0), 30mM NaCl, 1mM CaCl2, samples were digested 

overnight with sequencing grade trypsin (50:1 w/w) at 32°C. Samples were acidified to 0.5% TFA 

and then centrifuged at 4,000 x g for 10min at 4°C. Supernatant containing soluble peptides was 

desalted and then eluate was frozen and subjected to speedvac vacuum concentration. 

nLC-MS/MS for label-free proteomics 

Final peptides were resuspended in 0.1% formic acid, quantified (ThermoFisher Cat# 

23275), and diluted to a final concentration of 0.25µg/µL. Samples were subjected to nanoLC-

MS/MS analysis using an UltiMate 3000 RSLCnano system (ThermoFisher) coupled to a Q 

Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer (ThermoFisher) via a 

nanoelectrospray ionization source. For each injection, 4µL (1µg) of sample was first trapped on 

an Acclaim PepMap 100 20mm x 0.075mm trapping column (ThermoFisher Cat# 164535; 

5μL/min at 98/2 v/v water/acetonitrile with 0.1% formic acid). Analytical separation was performed 

over a 95min gradient (flow rate of 250nL/min) of 4-25% acetonitrile using a 2µm EASY-Spray 

PepMap RSLC C18 75µm x 250mm column (ThermoFisher Cat# ES802A) with a column 

temperature of 45ºC. MS1 was performed at 70,000 resolution, with an AGC target of 3x106 ions 

and a maximum injection time (IT) of 100ms. MS2 spectra were collected by data-dependent 

acquisition (DDA) of the top 15 most abundant precursor ions with a charge greater than 1 per 

MS1 scan, with dynamic exclusion enabled for 20s. Precursor ions isolation window was 1.5m/z 

and normalized collision energy was 27. MS2 scans were performed at 17,500 resolution, 

maximum IT of 50ms, and AGC target of 1x105 ions. 

Data analysis for label-free proteomics 

As described previously with some modification, Proteome Discoverer 2.2 (PDv2.2) was 

used for raw data analysis, with default search parameters including oxidation (15.995 Da on M) 

as a variable modification and carbamidomethyl (57.021 Da on C) as a fixed modification. Data 
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were searched against the Uniprot Homo Sapiens reference proteome (Proteome ID: 

UP000005640), as well as the Human Mito Carta 3.0 database. PSMs were filtered to a 1% FDR 

and grouped to unique peptides while maintaining a 1% FDR at the peptide level. Peptides were 

grouped to proteins using the rules of strict parsimony and proteins were filtered to 1% FDR. 

Peptide quantification was done using the MS1 precursor intensity. Imputation was performed via 

low abundance resampling. Using only high confidence master proteins, mitochondrial 

enrichment factor (MEF) was determined as previously described by comparing mitochondrial 

protein abundance (i.e., proteins identified to be mitochondrial by cross-reference with the 

MitoCarta 3.0 database) to total protein abundance. 

Statistical evaluation of label-free proteomics 

All proteomics samples were normalized to total protein abundance, and the protein tab 

in the PDv2.2 results was exported as a tab delimited .txt. file and analyzed. Protein abundance 

was converted to the Log2 space. For pairwise comparisons, tissue mean, standard deviation, p-

value (p; two-tailed Student’s t-test, assuming equal variance), and adjusted p-value (Benjamini 

Hochberg FDR correction) were calculated35. Mitochondrial functional assay results are 

expressed as the mean ± SEM (error bars). Data were normalized to viable cell counts and then 

corrected for the group mean MEF, with the final values expressed as pmol/s/million cells/MEF18. 

Throughout the paper, differences between groups were assessed by t-test, or one-way ANOVA, 

followed by Tukey’s test where appropriate using GraphPad Prism 8 software (Version 8.4.2). 

Other statistical tests used are described in the figure legends. Statistical significance in the 

figures is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Unless otherwise 

stated, figures were generated using GraphPad Prism 8 software (Version 8.4.2) or Biorender 

Statistical analysis and software 

Statistical analysis was performed using GraphPad Prism 8.4. All data are represented as 

mean ± SEM and analysis were conducted with a significance level set at p<0.05. Details of 
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statistical analysis are included within figure legends. Figures were generated using Biorender 

and GraphPad Prism 8.4.  
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Figure 9. BAI1 stabilizes uncoupled respiration of intact AML cells. All experiments were 
performed using intact cells. (A) Schematic depicting mitochondrial phenotyping of intact AML 
cells in the presence of BAI1. Intact cell respiratory capacity was measured in the presence of 
absence of 30uM BAI1 using (A) MV4;11, (B), OCI-AML2, or (C) HL60 cells. Data are presented 
as mean ±SEM and analyzed by two-way ANOVA (B-D). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Figure 10. BAI1 reactivates OxPhos in AML. All experiments were performed using digitonin-
permeabilized cells. (A) Schematic depicting mitochondrial phenotyping of permeabilized AML 
cells in the presence of BAI1. (B) Permeabilized cell respiratory capacity was measured in the 
presence of absence of 30uM BAI1 in AML cells. Permeabilized cell OxPhos respiratory kinetics 
were measured in the presence or absence of increasing doses of BAI1 in (C) MV4;11, (D) OCI-
AML2, or (E) HL60 AML cells. (F) Comparison of permeabilized cell ADP-stimulated respiration 
in the presence or absence of 30uM BAI1 using MV411 cells. (G) Representative trace of 
permeabilized OCI-AML2 mitochondrial membrane potential during the OxPhos kinetics assay in 
the presence or absence of increasing doses of BAI1. (H) Oligomycin induced changes in 
polarization of the mitochondrial membrane potential was measured using either MV4;11, OCI-
AML2 or HL60 cells in the presence or absence of increasing doses of BAI1. (I) Schematic 
depicting mechanism of BAI1 on AML cell mitochondrial membrane potential. Data are presented 
as mean ±SEM and analyzed by two-way ANOVA (C-F) or one-way ANOVA (B,H). *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 11. BAI1-mediated reactivation of AML OxPhos and the underlying cytotoxicity 
occur independently of BAX expression. All experiments were performed using whole intact 
cells or digitonin-permeabilized cells. (A) Viability of AML cells in the presence or absence of 
increasing doses of BAI1 was measured using propidium iodide after 48 hours. (B) Comparison 
of BAX expression in BAX knockdown cells using western blot. (C) Viability of BAX knockdown 
cells in the presence or absence of increasing doses of venetoclax was measured using 
propidium iodide after 48 hours. (D) Colony formation of BAX knockdown cells was measured in 
the presence or absence of increasing doses of venetoclax. (E) Comparison of intact cell 
respiration using BAX knockdown cells in the presence or absence of 30uM BAI1. (F) Comparison 
of permeabilized cell respiratory capacity using BAX knockdown cells. (G) Comparison of 
permeabilized cell OxPhos respiratory kinetics using BAX knockdown cells in the presence or 
absence of 30uM. BAI1. (H) Comparison of oligomycin induced changes in polarization of the 
mitochondrial membrane potential using BAX knockdown cells in the presence or absence of 
increasing doses of BAI1. (I) Comparison of viability of BAX knockdown cells in the presence or 
absence of increasing doses of BAI1 was measured using propidium iodide after 48 hours. (J) 
Schematic depicting BAX-independent reactivation of OxPhos by BAI1. Data are presented as 
mean ±SEM and analyzed by two-way ANOVA (A,C-E,G,I), one-way ANOVA (H), or unpaired t-
test (B,F). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 12. BAX inhibits AML respiration independently of cytochrome C release in 
response to venetoclax. All experiments were performed using digitonin-permeabilized cells. 
(A) Comparison of permeabilized cell OxPhos capacity using AML and PBMC cells in the 
presence of 1uM venetoclax. (B) Comparison of permeabilized cell OxPhos respiratory kinetics 
using MV411 cells in the presence or absence of 1uM CSA or 100nM venetoclax. (C) 
Comparison of permeabilized cell respiratory capacity using OCIshScramble cells in the presence or 
absence of cytochrome C or 1uM venetoclax. (D) Comparison of permeabilized cell respiratory 
capacity and OxPhos capacity using BAX knockdown cells in the presence or absence of 
increasing doses of BAI1. Data are presented as mean ±SEM and analyzed by two-way ANOVA 
(A-D). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplemental Figure 6. AML present with elevations of BAX expression relative to 
mobilized PBMC cells (Related to Figure 9). (A) Comparison of BAX expression in AML and 
mobilized PBMC cells. Data are presented as mean ±SEM and analyzed by one-way ANOVA (A). 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Supplemental Figure 7. OxPhos profiling of AML and PBMC cells in the presence or 
absence of BAI1 (Related to Figure 10). Permeabilized cell respiratory capacity was measured 
using (A) MV4;11, (B) OCI-AML2, or (C) HL60 cells in the presence or absence of increasing 
doses of BAI1. Permeabilized cell OxPhos respiratory kinetics were measured using (D) MV4;11, 
(E) OCI-AML2, (F) HL60, or (G) PBMC cells in the presence or absence of increasing doses of 
BAI1. Permeabilized cell membrane potential was measured using (H) MV4;11, (I) OCI-AML2, or 
(J) HL60 cells in the presence or absence of increasing doses of BAI1.  Data are presented as 
mean ±SEM and analyzed by two-way ANOVA (A-J). *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. 
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Supplemental Figure 8. OxPhos profiling of BAX knockdown cells in the presence or 
absence of BAI1 (Related to Figure 11) 

(A) Representative western blot image of BAX expression in OCIshScramble or OCIshBAX cells. (B) 
Comparison of permeabilized cell respiratory capacity using BAX knockdown cells. (C) 
Comparison of permeabilized cell OxPhos respiratory kinetics using BAX knockdown cells in the 
presence or absence of 30uM BAI1. Permeabilized cell membrane potential was measured using 
(D) OCIshScramble or (E) OCIshBAX cells in the presence or absence of increasing doses of BAI1. Data 
are presented as mean ±SEM and analyzed by two-way ANOVA (B-E). *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Supplemental Figure 9. OxPhos profiling of BAX knockdown cells in the presence or 
absence of venetoclax (Related to Figure 12). Permeabilized cell OxPhos respiratory kinetics 
was measured using (A) PBMC, (B) MV4;11, (C) OCI-AML2, or (D) HL60 cells in the presence or 
absence of 1uM venetoclax. Permeabilized cell OxPhos respiratory kinetics was measured using 
(E) OCIshScramble or (F) OCIshBAX cells in the presence or absence of increasing doses of venetoclax. 
Permeabilized cell respiratory capacity was measured using (G) OCIshScramble or (H) OCIshBAX cells 
in the presence or absence of increasing doses of venetoclax.  Data are presented as mean 
±SEM and analyzed by two-way ANOVA (A-H). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Chapter 4: Integrated Discussion 

Major Findings  

The AML mitochondrion presents with a unique model of mitochondrial bioenergetics 

relative to normal blood cells that we propose may be best described as “dephosphorylative 

oxidation” (i.e., DephOx), where the dephosphorylation of ATP supports the oxidation of carbon 

substrates.  The reason DephOx occurs appears to be that AML cells are unable to polarize the 

ΔΨm sufficiently to export ATP from the matrix space92. For ATP to exit the mitochondrial matrix, 

the free energy available in the AML ΔΨm must be great enough to force ATP out of the 

mitochondrial matrix, via ANT (adenine nucleotide translocase), against the cytoplasmic ΔGATP 

(i.e., the ATP/ADP ratio in the cytoplasm). Instead, AML cells either recycle synthesized matrix 

ATP, or import cytosolic ATP into the matrix space where it is either 1) hydrolyzed by the F1-

ATPase, or 2) becomes inhibitory to AML respiratory flux.  Respiratory flux was found to be much 

less important for AML survival when compared to polarization of the ΔΨm, which was found to be 

necessary for the survival of AML. Thus, AML, and even more so chemoresistant AML, appear to 

have acquired two particularly important cytoprotective mechanisms: 1) intrinsic lesions in the 

electron transport system that promote ATP consumption, and 2) a downregulation of ATP5IF1, 

the physiological inhibitor of the F1-ATPase47. Together, these adaptations provide AML cells a 

survival advantage against respiratory insults while opposing depolarization of the ΔΨm, a 

hallmark of apoptosis, by consuming ATP.  

The consumption of ATP by AML mitochondria appears to be important for AML survival 

for two distinct reasons: 1) F1-ATPase activity sustains polarization of the ΔΨm, and 2) ATP-

dependent inhibition of AML respiration from within the matrix limits the extent of ΔΨm polarization 

(Fig. 13A).  A low voltage potential may prevent cytotoxic ROS production62, while appearing to 

keep AML respiratory flux uncoupled from the synthesis of ATP (Fig. 13A). Additionally, ATP 

hydrolysis by the F1-ATPase 1) opposes a high matrix ΔGATP that would overtly inhibit respiratory 

flux, while 2) also sustaining a submaximal voltage potential (Fig. 13A). Nonetheless, AML 
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mitochondria bioenergetics are characterized by an ATP-dependent futile cycle that mimics an 

alternating current circuit model where the voltage potential is predominantly sustained at 

submaximal polarization. Although sustaining a voltage potential via the F1-ATPase confers 

chemoresistance, this AML-specific mitochondrial bioenergetic pathway, termed 

“dephosphorylative oxidation”, is actionable by compounds that either disrupt F1-ATPase 

mediated ΔΨm, or reactivate OxPhos. Reactivation of OxPhos, as we suggest in Chapter III, 

appears to be cytotoxic due to a loss of ATP-dependent allosteric regulation of Complex IV that 

then results in cytotoxic ROS production of AML (Fig. 13B).   

We suspect that AML are susceptible to cytotoxic ROS production due to increases in 

mitochondrial content92, thereby amplifying ROS production upon reactivation of the entire 

respiratory network. For example, 17AAG (i.e., a reported inhibitor of TRAP1) was found to 

reactivate AML OxPhos in our previous work, and this was cytotoxic to AML cells92.  As proof of 

concept in unpublished data, we measured maximal ROS production in isolated MV411 

mitochondria energized with multiple substrates (i.e., pyruvate, malate, glutamate, octanoyl-

carnitine, and succinate) and ΔGATP (i.e., a free energy of ATP hydrolysis value of -61.5 kJ/mol) in 

the presence or absence of 17-AAG. 17AAG was found to increase maximal ROS production of 

isolated MV411 mitochondria in the presence of ΔGATP (Fig. 13C). These data provide supporting 

evidence that reactivation of OxPhos induces cytotoxic ROS production in AML.  Collectively, the 

research in this dissertation highlights a novel, AML-specific mitochondrial bioenergetic pathway, 

described as “dephosphorylative oxidation”, that can be targeted by disrupting either F1-ATPase 

mediated polarization of the ΔΨm, or reactivating AML OxPhos. 

 

Future Directions 

We proposed that AML can be selectively targeted by either reactivating OxPhos, or 

disrupting F1-ATPase mediated polarization of the ΔΨm. Polarization by the F1-ATPase can be 

disrupted using small molecule mitochondrial-targeted lipophilic compounds.  However, other 
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compounds should be developed that target F1-ATPase directly using a mechanism that mimics 

the conditionally-dependent mechanism66 (i.e., selective inhibition of the F1-ATPase, as opposed 

to the ATP synthase) of ATP5IF1, the physiological inhibitor of the F1-ATPase. Inhibiting F1-

ATPase activity could be accomplished by the development of either small-molecule mimetics of 

ATP5IF1, or ATP5IF1 peptide therapies. Alternatively, to develop novel therapies intended to 

specifically reactivate OxPhos, however, it would be beneficial to first determine the protein target 

of drugs that reactivate AML OxPhos (e.g., BAI1 and 17AAG). These OxPhos reactivating 

compounds may act by altering the conformation of VDAC (i.e., voltage dependent anion 

channel), the gatekeeper of the mitochondrion, as we suggest in our previous study92.  However, 

VDAC has yet to be validated as the drug target of OxPhos reactivating compounds.  As an 

alternative explanation, OxPhos reactivating compounds may act on a matrix effector (e.g., by 

inhibiting or activating an effector) that mediates ATP-dependent allostery of Complex IV, such as 

protein kinase A or protein phosphatase 1, based on a previous work16. Further investigations 

seeking to identify the precise drug target of AML OxPhos reactivators may be highly beneficial 

for developing a novel drug that can selectively target AML cells by reactivating OxPhos. 
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Figure 13. Proposed mechanism of death during reactivation of AML OxPhos. (A) Schematic 
depicting mechanism of ATP-dependent inhibition during AML dephosphorylative oxidation. (B) 
Schematic depicting mechanism of AML cell death when OxPhos is reactivated. (C) Comparison 
of maximal ROS production in the presence of ATP (a ΔGATP value of -61.5 kJ/mol) and in the 
presence or absence of 17AAG using isolated MV411 mitochondria. Data are presented as mean 
±SEM and analyzed by an unpaired t-test (C). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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