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Abstract 

Acute myeloid leukemia (AML) is an aggressive disease characterized by 

abnormal proliferation of myeloid cells that fail to differentiate. There have been 

improvements in outcomes for younger patients, however the prognosis for elderly 

patients, who account for the majority of cases, remains poor. One of the main reasons 

this outcome remains poor is due to high resistance to chemotherapy. This shows a 

great need for improved treatment options. 

In these studies we explored the role of mitochondrial metabolism in 

chemotherapy response. It was found that chemotherapy increases mitochondrial 

oxygen consumption which was found to be dependent on pyruvate dehydrogenase. 

Devimistat (CPI-613) is a novel lipoate derivative that inhibits pyruvate dehydrogenase 

(PDH) and α-ketoglutarate dehydrogenase (KGDH).  Devimistat (CPI-613) sensitized 

AML cells to chemotherapy, indicating that mitochondrial metabolism is a source of 

resistance to chemotherapy. PDH deleted cells showed significantly altered 

mitochondria, by measure of decreased mitochondrial membrane potential and aberrant 

morphology. P53 loss did not alter the response to devimistat. Phase I data of devimistat 

in combination with high dose cytarabine and mitoxantrone showed overall response 

was 50%, with 26 patients showing complete remission and 5 patients showing complete 

remission with incomplete count recovery. Patients with poor risk cytogenetics response 

rate was 46%. Overall, targeting TCA cycle activity with devimistat in addition to 

chemotherapy is a promising approach to AML in older patients. 

Datasets from phase I and II clinical trials of devimistat in combination with 

chemotherapy demonstrated a dose response in older but not younger patients. There 

was an age related decline in mitochondrial function and biogenesis based on RNA 
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sequence results from patient samples. In vitro work showed a correlation between 

mitochondrial membrane potential and the beneficial effects of devimistat. Additionally, 

we found that the electron transport chain inhibitor metformin could sensitize cells to 

devimistat. Devimistat showed increased reactive oxygen species and mitochondrial 

turnover. Inhibition of autophagy through genetic and pharmacological means sensitized 

cells to devimistat, as did inhibition of mitochondrial translation. Our results suggest that 

devimistat benefits older patients with reduced mitochondrial quality and autophagic 

capacity.  

 The means by which AML cells adapt to TCA cycle inhibition by devimistat 

treatment is unknown. In order to understand these mechanisms, we examined 

glycolytic rates. Devimistat decreased the extracellular acidification rates, glucose import 

and glucose retention. We found that AML cells were still sensitive to a glycolytic 

inhibitor even with reduced glycolytic rates. Devimistat treatment promoted an increased 

reliance on asparagine and glutamine and asparaginase, which hydrolyzes asparagine 

to aspartic acid, treatment sensitized with devimistat treated AML cells. Devimistat 

treatment prompted AML cells to increase gene expression and protein levels of 

phosphoenolpyruvate carboxylase 2 (PCK2), the rate limiting step of gluconeogenesis. 

PDH deletion showed minimal sensitivity to an inhibitor of fatty acid oxidation. However, 

we showed that PDH deleted cells increased fatty acid synthesis enzymes without an 

increase in lipid accumulation. These results show PDH inhibition in AML cells leads to 

decreased glycolysis, increased reliance on amino acid metabolism, and increased 

gluconeogenesis. 

 This study provide evidence that devimistat is a promising approach in 

combination with chemotherapy as well as in combination with amino acid deprivation, 

gluconeogenesis, or autophagy inhibitors.  
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Acute Myeloid Leukemia 

Acute myeloid leukemia (AML) is an aggressive disease characterized by 

abnormal proliferation of myeloid cells that fail to differentiate. In 2019 there were 21,450 

new patients diagnosed with AML and 10,920 deaths in the United States alone (Siegel 

et al., 2019). The median age at diagnosis is 67 years old according to SEER Cancer 

Statistics Review (Tallman et al., 2019). There have been improvements in outcomes for 

younger patients, however the prognosis for elderly patients, who account for the 

majority of cases, remains poor. Poor outcomes for elderly patients is due to patients not 

being physically fit enough to go through intensive chemotherapy and resistance to 

chemotherapy showing a need for improved treatment options.  

Diagnosis of AML is made through bone marrow biopsy and is based on patients 

having at least 20% blasts infiltrating the bone marrow or the peripheral blood, and is 

sub classified based on a combination of morphology, genetics, clinical, and 

immunophenotype features. It is divided into six main groups (Arber et al., 2016). Clinical 

risk factors include age, performance status, medical comorbidities, prior 

myelodysplastic syndrome and history of exposure to radiation therapy or cytotoxic 

agents (Döhner et al., 2010). Older patients tend to have comorbid illnesses and they 

will be less likely to undergo intensive chemotherapy that most younger patients will be 

treated with (Daver et al., 2020). Cytogenetic and molecular factors play into a patient’s 

outcome and this is subsequently divided into three categories: favorable risk, 

intermediate risk, and poor risk (Estey, 2018; Schieszer, 2019). Chromosomal 

translocations and genetic mutations have been implicated in the development of AML. 

Many new treatments have been focused on targeting these genetic mutations.  
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In medically fit AML patients, where there is no targeted therapy identified, the 

standard treatment starts with intensive induction chemotherapy that is termed “7+3” 

regimen, which consists of seven days of continuous infusion of cytarabine along with 

anthracycline on days 1 through 3 (De Kouchkovsky and Abdul-Hay, 2016). FLT3 

mutated AML patients can also be treated with midostaurin and gilteritinib (DiNardo and 

Perl, 2019). There has been another recent targeted therapy approved by the FDA in 

patients that have IDH1 or IDH2 mutation ivosidenib or enasidenib can be used 

respectively (Daver et al., 2020). Even though we have seen some recent improvements 

in targeted therapies, there is still a great need for non-toxic therapies for older patients 

that do not have these genetic mutations. 

Metabolic Resistance Pathways 

Glycolysis 

Normal, nonproliferating cells in the presence of oxygen will primarily metabolize 

glucose to carbon dioxide by oxidizing glycolytic pyruvate in the mitochondria and only in 

anaerobic conditions will the cells produce lactate in large amounts. However, highly 

proliferative cells, like cancer cells, produce large amounts of lactate regardless of 

oxygen availability, deemed the “Warburg effect” or “aerobic glycolysis” (Heiden et al., 

2009; Warburg, 1956). This creates a high demand for glucose to meet the demands of 

a high rate of proliferation. Glucose is imported into the cell through glucose 

transporters. The transporter GLUT1 is highly expressed in cancers. The imported 

glucose is then phosphorylated by hexokinase to glucose-6-phosphate, which traps 

glucose into the cell. Most glucose will be metabolized to pyruvate, but a fraction is 

shunted to other pathways that are crucial for serine and glycine synthesis, ribose 

synthesis, protein glycosylation and phosphoglycerol synthesis (DeNicola and Cantley, 
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2015). Pyruvate is primarily converted into lactate by lactate dehydrogenase (LDH), 

which regenerates NAD+ from the NADH produced in earlier steps of glycolysis thus 

allowing high rates of glycolysis.  

Amino acid utilization 

 Since glucose is primarily metabolized to lactate, the cells rely on glutamine to 

feed the TCA cycle. This makes glutamine a major source of energy in cancer cells. 

Glutamine is converted into glutamate by glutaminase and then to α-ketogluterate by 

glutamate dehydrogenase or transaminase enzymes. The resulting α-ketogluterate can 

then enter the TCA cycle. Glutamine is the most abundant nonessential amino acid in 

the bloodstream and is a nitrogen donor in the production of serine, alanine, arginine, 

aspartate, proline, and asparagine (DeBerardinis and Cheng, 2010; DeNicola and 

Cantley, 2015; Li and Le, 2018).  

 In the absence of glutamine, whether by therapeutic intervention or proliferation-

driven resource deprivation, cancer cells can become nutrient starved. Asparagine has 

been shown to rescue cancer cells from glutamine depletion cell death mainly by protein 

synthesis (Jiang et al., 2018; Pavlova et al., 2018). Asparagine (Asn) is a nonessential 

amino acid that has shown to coordinate the uptake of extracellular arginine, histidine, 

and serine (Krall et al., 2016). AML and ALL cells lack asparagine synthetase (ASNS), 

so they rely on exogenous sources of asparagine. L-asparaginase has been developed 

as an effective strategy to treat ALL in the clinic. Furthermore, asparaginase treatment 

has been shown to reduce cellular levels of glutamine (DeBerardinis et al., 2007; Tabe 

et al., 2019). 

 Additionally, serine and glycine can be taken from the extracellular environment 

or synthesized de novo via 3PG, the glycolytic intermediate. Serine contributes to 
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methylation reactions, the generation of NADPH and nucleotide synthesis. Many 

cancers have shown dependence on serine (Yang and Vousden, 2016)  

Gluconeogenesis 

 Cancer cells primarily use glycolysis to meet their bioenergetic needs in 

environments where glucose is available. However, the tumor microenvironment is often 

deprived of glucose, so the cells adapt by utilizing other ways to meet their proliferative 

needs. Gluconeogenesis generates glucose from non-carbohydrate substrates and is 

mainly preformed in the liver and kidney. The pathway consists of 11 enzymes, 7 of 

which are enzymes in the glycolysis pathway working in reverse. Three enzymes are 

exclusive to gluconeogenesis: phosphoenolpyruvate carboxykinase (PCK), which 

converts oxaloacetate (OAA) into phosphoenolpyruvate (PEP), fructose-1,6-

bisphosphatase (FBPase), which converts fructose-1,6-bisphosphate to fructose-6-

phosphate, and glucose-6-phosphatase (G6Pase), which converts glucose-6-phosphate 

to glucose. These three enzymes have been linked to roles in signaling, proliferation and 

cancer stem cell tumor phenotype. There are two isoforms of PCK: the cytosolic isoform 

PCK1 and the mitochondrial isoform PCK2. PCK1 has been shown to be overexpressed 

in colorectal cancer and melanoma whereas PCK2 has been shown to be 

overexpressed in lung, prostate, thyroid, bladder, breast, and cervix cancers (Balsa-

Martinez and Puigserver, 2015; Wang and Dong, 2019). The isoforms seem to be 

mutually exclusive since they are not overexpressed in the same cancers. Interestingly, 

PCK acts as a tumor suppressor in the gluconeogenic tissues of the liver and kidney. 

(Wang and Dong, 2019). FBPase acts as a tumor suppressor by suppressing HIF-1α 

activity, and many cancers show a loss of expression in this gene (Wang and Dong, 

2019). G6Pase has been linked to glycogen degradation to promote cell survival under 

stress. G6Pase is also involved in regulating the cell cycle, and has been shown to be 
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upregulated in ovarian and glioblastoma cancers (Abbadi et al., 2014; Guo et al., 2015; 

Wang and Dong, 2019). This highlights the importance of gluconeogenesis in survival 

pathways. 

Mitochondrial Metabolism 

 Otto Warburg originally thought that there were deficiencies in mitochondrial 

function in order to maintain “aerobic glycolysis.” This led to many therapeutics that 

targeted glycolysis like 2-deoxy-D-glucose, but the responses were unimpressive and 

showed toxicity (Raez et al., 2013). Further research showed that mitochondrial 

metabolism is still utilized in cancers and help cells to respond to different stressors. 

IDH2 gain of function mutations allowing conversion of α-ketoglutarate to D-2-

hydroxyglutarate (2HG), thereby causing hypermethylation, were discovered  in AML, 

gliomas, astrocytoma and chondromas. This shows how mitochondrial enzymes can be 

utilized for cancer cell survival. Mitochondrial metabolism has been implemented in 

resistance in AML. Cytarabine resistant AML cells showed increased mitochondrial mass 

and oxidative phosphorylation gene expression signature (Farge et al., 2017).  

Autophagy 

Autophagy, otherwise known as macroautophagy, is the process of degrading 

proteins or organelles by surrounding the components in a double-membrane vesicle 

and fusing with the lysosome where the material is degraded and recycled into the 

cytosol. Autophagy can promote cellular survival during metabolic stress and is tightly 

regulated by mTOR and AMPK pathways (Kim and Guan, 2015; Mihaylova and Shaw, 

2011). The diverse substrates that can be degraded through autophagy means that it 

can fuel many metabolic pathways, making it crucial in tumors that have limitations in 

nutrient availability (Kimmelman and White, 2017). Autophagy is crucial for mitochondrial 
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health through a process called mitophagy. Accumulated dysfunctional mitochondria are 

tagged and shuttled into autophagasomes and subsequently degraded.  

Fatty Acid Metabolism 

Fatty acids comprise cellular and organelle membranes making them critical for 

proliferation. Fatty acid synthesis needs cytosolic acetyl-CoA, which is mainly produced 

from mitochondrial citrate. Citrate can be generated from either glucose or glutamine, 

depending on the tumor or the tumor microenvironment and nutrient availability. Fatty 

acids can be oxidized in the mitochondria for sources of ATP. Fatty acid carbons 

contribute to the TCA cycle and aspartate but cannot substitute for glucose or glutamine 

since there is no net oxaloacetate from fatty acid-derived acetyl-CoA (DeNicola and 

Cantley, 2015). 

Pyruvate Dehydrogenase Complex  

Pyruvate dehydrogenase complex (PDC) converts pyruvate into acetyl-CoA in 

the mitochondria and is comprised of three enzymes: pyruvate dehydrogenase (E1), 

dihydrolipoamide transacetylase (E2), and dihydrolipoamide dehydrogenase (E3) (Behal 

et al., 1993). PDC is highly regulated by reversible phosphorylation sites on the alpha 

subunit (E1α) which inactivates the complex. Pyruvate dehydrogenase kinase (PDK) is 

responsible for phosphorylating PDH. There are four isoforms of PDK that have different 

specificities to each site on E1α (Stacpoole, 2017). HIF-1 upregulates PDK1 expression, 

thus decreasing PDC activity in times of hypoxia (Simon, 2006). This led to research into 

developing PDK inhibitors for tumors that were highly glycolytic. However, their response 

in the clinic was not impressive. Pyruvate dehydrogenase phosphatase are responsible 

for removing the inhibitory phosphorylation events on PDHE1α. There are other post-

transcriptional modifications that aren’t as well characterized like acetylation, 
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glutathionylation, succinylation and glycosylation (Stacpoole, 2017). Mitochondrial 

sirtuins have been linked to regulating PDH by hydrolysis of lipoamide cofactors in the 

E2 subunit, reducing the activity of the complex (Mathias et al., 2014). The PDH complex 

has functions outside of the mitochondria, as was shown in a study that found cells can 

translocate PDC from the mitochondria to the nucleus, where it generates acetyl-CoA 

(Sutendra et al., 2014). Nuclear acetyl-CoA levels are essential for histone acetylation, 

which is required for progression through S phase (Sutendra et al., 2014).  

Devimistat 

Devimistat (CPI-613) is a novel lipoate derivative that inhibits pyruvate 

dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (KGDH) (Figure 1). 

Devimistat mimics the lipoate substrates that activate pyruvate dehydrogenase kinase 

(PDK), leading to phosphorylation and inactivation of PDH (Zachar et al., 2011). 

Devimistat inhibits KGDH by creating a burst of reactive oxygen species (ROS) that 

activates a redox-sensing mechanism leading to glutathionylation of KGDH thus 

inhibiting its function (Stuart et al., 2014). Inhibiting these two key TCA cycle enzymes 

inhibits the two main carbon sources entry into the TCA cycle by glucose, PDH, and 

glutamine, KGDH. Early clinical trials in pancreatic cancer patients showed good 

response rates when devimistat was added to chemotherapy (Alistar et al., 2017). These 

results lead to a phase III clinical trial that is ongoing (Philip et al., 2019).  

Summary 

 Mitochondrial metabolism in chemotherapy response as well as devimistat safety 

and efficacy was assessed in this study (Chapter II). Devimistat’s response in elderly 

patients was determined and further investigated with mitochondrial maintenance 

contribution to devimistat’s response (Chapter III). Compensatory pathways for 



9 

 

devimistat were assessed in order to propose potential combinatorial therapies (Chapter 

IV). Overall, this work shows that devimistat is well tolerated and can be used in 

combination with chemotherapy and shows a dose response in elderly patients as well 

as shows insights into pathways that can be targeted in combination with devimistat for a 

chemotherapy free treatment in AML. 
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Figures 

 

Figure 1: Devimistat structure and function. A) Devimistat (CPI-613) structure, 

adapted from Stuart et al., 2014. B) Devimistat inhibits pyruvate dehydrogenase and α-

ketogluterate dehydrogenase. 
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Abstract 

Purpose 

CPI-613, a lipoate analog that inhibits pyruvate dehydrogenase (PDH) and α-

ketogluterate dehydrogenase (KGDH) has activity in patients with myeloid malignancies. 

This study explored the role of mitochondrial metabolism in chemotherapy response and 

determined the maximally tolerated dose, efficacy and safety of CPI-613 combined with 

high dose cytarabine and mitoxantrone in patients with relapsed or refractory acute 

myeloid leukemia. 

Methods 

The role of mitochondrial response to chemotherapy was assessed in cell lines and 

animal models. A phase I study of CPI-613 plus cytarabine and mitoxantrone was 

conducted in patients with relapsed or refractory AML. 

Results 

Exposure to chemotherapy induced mitochondrial oxygen consumption that depended 

on PDH. CPI-613 sensitized AML cells to chemotherapy indicating that mitochondrial 

metabolism is a source of resistance. Loss of p53 did not alter response to CPI-613. The 

phase I study enrolled 67 patients and 62 were evaluable for response. The overall 

response rate was 50% (26CR+5CRi/62). Median survival was 6.7 months. In patients 

over 60 years old, the CR/CRi rate was 47% (15/32) with a median survival of 6.9 

months. The response rate for patients with poor risk cytogenetics also was encouraging 



13 

 

with 46% (11 of 24 patients) achieving a CR or CRi. RNA sequence analysis of a subset 

of baseline bone marrow samples revealed a gene expression signature consistent with 

the presence of B cells in the pretreatment marrow of responders. 

Conclusion 

The addition of CPI-613 to chemotherapy is a promising approach in older patients and 

those with poor risk cytogenetics. 
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Introduction 

Acute myeloid leukemia (AML) is characterized by poor outcomes and resistance 

to therapy. It is the most common acute leukemia in adults affecting approximately 

20,000 people per year in the United States; despite decades of research, the overall 5-

year survival remains 30–40% (Döhner et al., 2010). Current therapy is a combination of 

cytarabine and daunorubicin, first reported in 1973 and not substantially changed since 

then (Yates et al., 1973). Therapy results in a 60 to 80% remission rate; but over 50% of 

patients will relapse, and once relapsed most will die from AML within a year (Bennett et 

al., 1997). Despite the central role of relapse and resistance to therapy, little is known 

about the mechanisms involved. 

With the discovery of the role of mutant isocitrate dehydrogenase in the 

leukemogenesis of some types of AML it has become clear that mitochondrial 

metabolism can have a profound effect (reviewed by Medeiros e. at. (Medeiros et al., 

2017)). Despite these studies it is not well understood to what degree AML cells can 

alter their mitochondrial metabolism in response to environmental stressors, including 

those induced by chemotherapy. Fatty acid oxidation may support myeloid leukemic 

stem cell persistence (Samudio et al., 2010), but the role of mitochondrial metabolism in 

resistance to chemotherapy in AML is poorly understood. A recent elegant study 

demonstrated that residual, cytarabine resistant AML cells in the marrow of treated 

animals had increased oxidative metabolism and mitochondrial mass suggesting a direct 

role of mitochondrial metabolism in resistance to therapy (Farge et al., 2017). 

CPI-613 is a novel lipoic acid analogue with anticancer activity that inhibits PDH 

and KGDH ((Stuart et al., 2014),(Zachar et al., 2011)). CPI-613 inhibits mitochondrial 
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respiration, causing hyper-phosphorylation of PDH and activation of adenosine 

monophosphate activated kinase (AMPK) in AML cell lines (Pardee et al., 2014). In a 

single-agent phase I study, CPI-613 was well tolerated. The current study sought to 

establish the role of PDH in resistance to chemotherapy in preclinical models of AML 

and conducted a phase I clinical trial to determine the safety of CPI-613 plus high-dose 

cytarabine (HiDAC) and mitoxantrone in patients with relapsed or refractory AML. The 

role of p53 in response to CPI-613 was also assessed. Finally, RNA sequence analysis 

on pretreatment bone marrow samples from a subset of responders and non-responders 

was performed to define a gene expression signature predictor of response. 

Materials and Methods 

Study Design 

The study was approved by the Wake Forest School of Medicine Institutional 

Review Board (IRB) and conducted under the supervision of the Safety and Toxicity 

Review Committee. All patients provided written informed consent. The trial design was 

an open-label, single-arm, dose escalation study using a 1-3-6 accelerated titration 

design (see supplemental figure 1 and (Le Tourneau et al., 2009)). 

Eligibility 

Patients must have histologically or cytological documented relapsed and/or 

refractory Acute Myeloid Leukemia, be ≥18 years old, fit for intensive salvage therapy, 

Eastern Cooperative Oncology Group (ECOG) performance status of ≤3 and an 

expected survival of >3 months. Patients could not have received radiotherapy, 
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treatment with cytotoxic agents, treatment with biologic agents or any anti-cancer 

therapy within the 2 weeks prior to enrolment on study. Additionally, patients were 

required to have adequate hepatic function (aspartate aminotransferase [AST/SGOT] 

≤3x upper normal limit [UNL], alanine aminotransferase [ALT/SGPT] ≤3x UNL (≤5x ULN 

if leukemic liver infiltration was present), bilirubin ≤1.5x UNL) and renal function (serum 

creatinine ≤1.5 mg/dL or 133 μmol/L). 

Study Treatment 

CPI-613 was given over 2 hours on days 1–5. Cytarabine was given at 3 gm/m2 

for age <60 or 1.5 gm/m2 for age ≥60 in 500 mL normal saline (NS), over 3 hours every 

12 hours for 5 doses, starting on day 3. Mitoxantrone was given at 6 mg/m2 daily for 3 

doses in 50 mL NS over 15 minutes after the 1st, 3rd, and 5th doses of cytarabine. A 

treatment cycle was defined as CPI-613, cytarabine, and mitoxantrone, given on days 1–

5 of Week 1, followed by 1 week of rest (14 days total). Each patient received 1 cycle of 

treatment; residual disease was assessed on day 14. Any patient with significant 

residual disease (defined as blasts ≥5%) could, at the discretion of the treating 

physician, receive a second full course or a 3-day course with CPI-613 given on days 1–

3, cytarabine given for 3 doses starting on day 2, and mitoxantrone given after the first 

and third cytarabine doses. Any patient with significant residual disease after 2 cycles 

was considered refractory and removed from the study. Responding patients could 

receive up to two consolidation cycles of the 3-day course. 

Dose Limiting Toxicity 
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A dose limiting toxicity was defined as the occurrence of any clinically relevant, 

grade ≥ 3, non-hematologic, non-infectious toxicity attributed as probable or definitely 

related to CPI-613. The following toxicities were excluded from defining a DLT: grade 3 

nausea and vomiting responsive to anti-emetics, grade 3 diarrhea responsive to anti-

diarrheal therapy, grade 3 tumor lysis syndrome, grade 3 or 4 metabolic derangements 

attributed to tumor lysis syndrome or antimicrobial medications that correct with oral or 

IV supplementation. 

Assessments 

Bone marrow biopsies were performed on day 14 following each salvage 

induction cycle to assess residual disease. Biopsies were also performed to assess 

remission status when peripheral blood counts recovered to an absolute neutrophil count 

of >1000/mcL and a platelet count of >100,000/mcL (or at the physician’s discretion). 

Mouse Studies 

The Wake Forest University Institutional Animal Care and Use Committee 

approved all mouse experiments. Luciferase-tagged leukemia cells were transplanted 

into 6- to 8-wk-old sub-lethally irradiated recipient mice (4 Gy) by tail-vein injection. Mice 

were monitored by bioluminescent imaging performed using an IVIS100 imaging system 

(Caliper LifeSciences, Hopkinton, MA). Mice were injected with 150 mg/kg D-Luciferin 

(Gold Biotechnology, St. Louis, MO), anesthetized with isoflurane, and imaged for 2 min. 

Chemotherapy was initiated upon detection of clear signals. Mice were treated with 100 

mg/kg cytarabine and 3 mg/kg doxorubicin (both from Bedford Laboratories, Bedford, 
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OH) by intraperitoneal injection. Control animals were injected with phosphate buffered 

saline. Following completion of therapy mice were followed for survival. 

Western blots 

Cultured cells were pelleted and washed in cold PBS. Pellets were lysed in 

Laemmli buffer, separated by SDS-PAGE, and transferred to an Immobilon PVDF 

membrane (Millipore). Antibodies against PDH e1α subunit (Abcam #177461, 1:1000), 

p53 (Leica, product #NCL-p53-505), AceCS1 (Cell Signaling, #3658S, 1:1000), AMPK 

(Cell Signaling, #2532S, 1:1000), phosphorylated AMPK (Cell Signaling, #2532S, 

1:1000), SOD2 (Cell Signaling #13141, 1:1000) and actin (Abcam #AC-15, 1:5000) were 

used. 

Cell culture/Cas9 Crisper gene deletion 

MFL2 cells were grown in stem cell media at 37° C with 5% CO2 as in Pardee et. 

al. (Pardee et al., 2012). MFL2 cells were infected with the Cas9 expressing vector, 

MSCV_Cas9_puro (gift from Christopher Vakoc) (Addgene plasmid # 65655) and 

infected cells selected with puromycin. Resistant cells were then transfected with sgRNA 

expressing vector LRG (Lenti_sgRNA_EFS_GFP) also a gift from Christopher Vakoc 

(Addgene plasmid # 65656) tagged with GFP targeting the indicated gene. Gene 

deletion was confirmed by Western blot. For competition assays mixed GFP+/− cell 

populations were exposed to the indicated therapy for 72 hours and GFP+ percentage of 

the viable cell population determined as in Pardee et al (Pardee et al., 2011). Clonal 

populations of deleted cells were obtained by serial dilution. All human cell lines were 

maintained in RPMI media (Gibco) supplemented with 20% FBS, penicillin and 
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streptomycin. Cells were grown at 37°C with 5% CO2. Viability assays were done using 

the EZQuant assay (ALSTEM, Richmond, CA) according to the manufacturer’s protocol. 

Mitochondrial Respiration and Extracellular Acidification Assays 

All oxygen consumption and acidification rate assays were performed using the 

XF24 Extracellular Flux Analyzer (Seahorse Bioscience) as per the manufacturer’s 

instructions. Cells were plated at a density of 400,000 viable cells per well for oxygen 

consumption assays and 600,000 viable cells per well for the acidification rate assay. 

Data was normalized to viable cell number and viability was routinely between 96% and 

99% as determined by trypan blue exclusion assay (Countess automated cell counter, 

ThermoFisher). The media used for oxygen consumption assays was the mitochondrial 

stress test media, specifically: DMEM with 5.5mM glucose, 2.0mM Sodium Pyruvate, 

and 2mM L-glutamine – warmed to 37C and pH 7.35. The media used for the 

extracellular acidification rate assay was the glycolysis stress test media, specifically: 

DMEM with 2mM L-glutamine – warmed to 37C and pH 7.35. Cells were placed in assay 

media and incubated for 2 hours prior to being placed in the assay. For the oxygen 

consumption experiments oligomycin at a final concentration of 1 μM, FCCP at 0.5 μM, 

and Actinomycin A and Rotenone each at 1 μM were used. For the extracellular 

acidification rate experiments glucose was added at a final concentration of 10 mM, 

oligomycin at 1 μM and 2-deoxyglucose at 100 mM. All assays were done in triplicate (3 

wells per condition each measured in triplicate) and repeated in three independent 

experiments. For the extracellular acidification rate assays in order to limit variability the 

results from the single well with the highest and lowest mean rates for each condition 

were omitted. 
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Electron Microscopy 

Cultured cells were fixed with 2.5% glutaraldehyde in 0.1M Millonig’s phosphate 

buffer pH 7.3 for a minimum of one hour. Subsequently, the samples were washed 3x in 

Millonig’s buffer and post-fixed with 1% osmium tetroxide in phosphate buffer for one 

hour. After 3x washes in buffer the samples were dehydrated through a graded series of 

ethanols for 10 minutes each. The cultured cells were scraped to form a pellet once they 

were in 50% ethanol and subsequently dehydrated to 100%.The samples were prepared 

for resin infiltration by incubation in propylene oxide for two changes of 15 minutes each. 

Finally, the samples were gradually infiltrated with 1:1, 1:2 and pure solutions of Spurr’s 

resin after which they were allowed to cure in a 70 C oven overnight. 90 nm sections 

were obtained with a Reichert-Jung Ultracut E ultramicrotome, stained with lead citrate 

and uranyl acetate and viewed with a FEI Tecnai Spirit TEM operating at 80 kV. Images 

were obtained with an AMT 2Vu CCD camera. 

Metabolite Extraction 

Each cell pellet was extracted with 950 μL of ice cold methanol to which 50 μL of 

internal standard solution (0.5 ng/μL MES) was added and then mixed by vortexing. 

Extracts were incubated on ice for 1 hour before being centrifuged at 18,000 x g. The 

supernatant was removed and then stored at −20C until LC-MS/MS analysis. 

LC-MS/MS 

LC-MS/MS analysis was performed with a Shimadzu UHPLC-MS/MS equipped 

with 2 LC-30AD pumps, a SIL-30AC autosampler, a CBM-20A communications bus 
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module, a DGU-20A5R degassing unit, a CTO-30A column oven, and an 8050 triple-

quadrupole mass spectrometer operated with a DUIS source. The analytical separation 

was conducted with a Restek Ultra PFPP column (150 x 2.1 mm, 3 μm; Restek, 

Bellefonte, PA) under gradient conditions with a mobile phase A consisting of 0.1% 

formic acid in H2O and a mobile phase B consisting of 0.1% formic acid in 100% 

acetonitrile. The gradient began with 2 minutes at 0% B followed by a ramp to 25% B 

between 2 and 5 minutes, another ramp to 35% B between 5 and 11 minutes, a final 

increase from 35% to 95% B between 11 and 15 minutes, a hold at 95% B from 15 to 20 

minutes, then a decrease to 0% B between 20 and 20.10 minutes, and a final hold at 0% 

B from 20.10 to 25 minutes. A flow rate of 0.25 mL/minute was used with a sample 

injection volume of 10 μL. Ionization occurred in the DUIS source switching between the 

positive and negative ESI ion mode with the following conditions: nebulizing gas flow of 

2 L/min, heating gas flow of 5 L/min, interface temperature of 350 °C, DL temperature of 

250 °C, heat block temperature of 400 °C, and a drying gas flow of 15 L/min. Shimadzu 

LabSolutions software (version 5.72) was used to quantify the analytes of interest. 

RNA Sequencing analysis 

Patient samples: Mononuclear cells from bone marrow biopsies were isolated by 

Ficoll gradient separation and stored in liquid nitrogen. Total RNA was isolated from 

bone marrow-derived mononuclear cell samples using the Qiagen RNeasy RNA 

isolation kit per the manufacturer’s instructions. RNA integrity was verified by 

electrophoretic tracing using an Agilent Bioanalyzer. Nineteen samples (68%) yielded 

sufficient RNA quantity and integrity for further analysis. RNA-seq libraries were 

constructed from ~500 ng of total RNA using the Illumina TruSeq Stranded Total RNA 

LT kit with Ribo-Zero rRNA depletion. Indexed libraries were sequenced on an Illumina 
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NextSeq 500 DNA sequencer with 150-nt paired end reads generating, on average, >64 

million reads per sample (>45 million uniquely mapped reads) with >75% of sequences 

achieving Q30 Phred quality scores. Quality control of raw sequence reads was 

conducted using FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). 

Reads were aligned against human reference assembly GRCh37 (hg19) using the 

STAR sequence aligner (Dobin et al., 2013) version 2.4.0j, and reads per gene 

determined using feature Counts software (Liao et al., 2014). Two samples were 

excluded from further analysis on the basis of having <50% of their sequence reads 

mapping to unique genomic loci. Differential gene expression analysis among 

responders (n=10) and non-responders (n=7) was conducted using DESEQ2 software 

(Love et al., 2014). Genes differentially expressed between responders and non-

responders were identified according to the following selection criteria: 1) FDR <20% 

(Benjamini and Hochberg), 2) base-mean average expression >20 reads, and 3) 

absolute average log2 fold-change > 1.0. Significant enrichment of gene ontologies and 

biological pathways was assessed using the DAVID Bioinformatics resource (Huang et 

al., 2007) version 6.8 with updated Knowledgebase (Oct. 2016). 

Somatic mutation calling from RNA-sequencing data 

The pipeline developed by Broad institute 

(https://gatkforums.broadinstitute.org/gatk/discussion/3891/calling-variants-in-rnaseq) 

was utilized. For alignment each sample had four fastq files generated by four different 

lanes from an Illumina NextSeq. Each of the 4 fastq files was aligned to hg19 reference 

by using a two-pass method with STAR2 (Dobin et al., 2013). For adding group and 

marking duplicates, Picard (https://broadinstitute.github.io/picard/) added read group 

information of sample id and lane number into the bam and marked the duplicates in the 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://gatkforums.broadinstitute.org/gatk/discussion/3891/calling-variants-in-rnaseq
https://broadinstitute.github.io/picard/
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bam. The four bam files of one sample were merged into one bam file and be sorted by 

samtools. For Split ‘N’ Trim and reassign mapping qualities a GATK 

(https://software.broadinstitute.org/gatk/) tool called SplitNCigarReads was used to split 

reads into exon segments by getting rid of Ns but maintaining groups and hard-clip any 

sequences overhanging into the intronic regions. To rescue some indels and adjust the 

qualities that have systematic errors, another two preprocessing steps were included, 

indel realignment by GATK 3.6 (https://software.broadinstitute.org/gatk/), and base 

recalibration by GATK 3.6. Mutation calling was done utilizing the HaplotypeCaller of 

GATK to call the indels and SNVs from the cleaned bams. Two different hard filters were 

utilized for SNVs and indels, respectively. The filter of “”QD < 2.0 || FS > 60.0 || MQ < 

40.0 || MQRankSum < −12.5 || ReadPosRankSum < −8.0” was applied the VCF files of 

SNVs from the caller and “QD < 2.0 || FS > 200.0 || ReadPosRankSum < −20.0” was 

applied the VCF files of INDELs. 

SNPs in dbSNP database (https://www.ncbi.nlm.nih.gov/projects/SNP/) and 1000 

genome project (http://www.internationalgenome.org/) were excluded. Thus, the final 

somatic mutation list included 640 variants that are known to be AML somatic mutations 

in COSMIC (http://cancer.sanger.ac.uk/cosmic) and another two TP53 variants found in 

two patients who did not respond to CPI-613. 

Visualization of the somatic mutations 

The visualization was enabled by waterfalls plot in the R package of GenVisR 

(Skidmore et al. 2016). The genes shown in the figure were selected by setting a 

threshold to “percentage of samples” at y axis (>0.05). 

https://software.broadinstitute.org/gatk/
https://software.broadinstitute.org/gatk/
https://www.ncbi.nlm.nih.gov/projects/SNP/
http://www.internationalgenome.org/
http://cancer.sanger.ac.uk/cosmic
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Statistical Analysis 

All means were compared by two-tailed student’s T test. Survival curves were 

estimated by the Kaplan-Meier method and p values were determined by the log rank 

test. P values below 0.05 were considered significant. Evaluable patients (who 

completed at least one cycle of study treatment and had a bone marrow sample 

obtained at day 14) were followed and analyzed for response rate and overall survival. 

Response, overall survival, and early mortality (death within 30 and 60 days of beginning 

of treatment) were compared to rates in a previous cohort treated with an identical dose 

and schedule of HiDAC, mitoxantrone but with the addition of L-asparaginase (Ahmed et 

al., 2015). Analysis was performed using Graph Pad Prism version 6.05 (Graph Pad 

Software Inc). 

Data and materials availability 

RNA seq data will be deposited in the Gene Expression Omnibus (GEO). 

Results 

Chemotherapy induces mitochondrial oxygen consumption 

To determine the effects of chemotherapy on mitochondrial metabolism, K562 

(CML in myeloid blast crisis), MFL2 (murine AML), and OCI-AML3 (monocytic AML) cells 

were exposed to cytarabine and their mitochondrial oxygen consumption rate (OCR) 

assessed. Baseline mitochondrial OCR increased after cytarabine exposure, in a dose-

dependent fashion (Fig. 1A). Proton leakage (assessed by OCR in the presence of the 
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ATP synthase inhibitor oligomycin) was not significantly different following treatment, 

ruling out chemotherapy- induced changes in mitochondrial membrane permeability 

(data not shown). To determine the contribution of PDH and KGDH (the targets of CPI-

613) to the increased OCR, a Cas9-expressing murine AML cell line (Cas9-MFL2) was 

generated. These cells were infected with a vector expressing a sgRNA targeting the 

E1α subunit of PDH, the E2 subunit of KGDH or the ROSA26 locus as a control. No 

viable clones could be isolated that expressed the sgRNA targeting KGDH suggesting its 

activity is essential in these cells. Clones expressing the sgRNA targeting PDH were 

isolated and loss of expression of PDH was confirmed by Western blot analysis (Fig. 

1B). PDH- or ROSA-deleted cells were exposed to cytarabine and assessed for 

mitochondrial OCR. Baseline OCR and maximal respiratory capacity was severely 

compromised in PDH-deleted cells and did not increase following chemotherapy 

exposure. In contrast, ROSA-deleted cells maintained the dose-dependent increase in 

OCR (Fig. 1C). To assess the role of glycolysis, the extracellular acidification rate 

(ECAR), a surrogate for glycolysis, was determined in in ROSA- and PDH-deleted cells. 

In control cells, basal ECAR was near maximal under all conditions assayed and did not 

significantly change following exposure to chemotherapy (Fig. 1D and data not shown). 

In contrast, PDH-deleted cells had lower basal ECAR that significantly increased 

following exposure to chemotherapy (Fig. 1D). To determine whether the observed 

diminished OCR was due to loss of mitochondria, PDH-deleted cells were stained with a 

mitochondrial-specific dye and compared with controls. PDH-deleted cells displayed a 

significantly higher uptake of mitotracker dye when compared with control cells (Fig. 

2A). To corroborate this finding, electron micrographs of ROSA- and PDH-deleted cells 

were obtained. Strikingly, PDH-deleted cells contained mitochondria that were larger but 

less electron dense and with less cristae when compared with control cells suggesting 

impaired function (Fig. 2B). To further characterize these mitochondria, cells were 
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stained with the mitochondrial dye Tetramethylrhodamine (TMRM). Consistent with the 

micrographs, the mean fluorescence intensity was significantly lower for PDH-deleted 

cells when compared with controls suggesting a lower mitochondrial membrane potential 

(Fig. 2C). To further examine these steady-state levels of citrate and glutamate, a proxy 

for α-ketogluterate, in ROSA- and PDH-deleted cells were measured following exposure 

to chemotherapy. Consistent with the data above, citrate and glutamate levels were 

higher in the ROSA cells at baseline and fell following exposure to chemotherapy. In 

contrast, PDH-deleted cells had low levels of citrate and glutamate at baseline that did 

not change after treatment (Fig. 2D and E). These results suggest that PDH activity is 

necessary for the chemotherapy-induced mitochondrial OCR in this model. Consistent 

with this concept, glucose-6-phosphate levels fell in ROSA cells in response to 

chemotherapy exposure (Fig. 2F). These data suggest that AML cells require PDH 

function for optimal glycolytic rates and that following exposure to chemotherapy 

glucose-6-phosphate levels fall consistent with increased glycolysis while ECAR remains 

stable and OCR increases suggesting more pyruvate is being shunted to the 

mitochondria to enter the TCA cycle. In the absence of PDH function, glycolysis is 

increased following chemotherapy; however, the pyruvate produced is at least in part 

converted to lactate. 

Loss of PDH activity confers sensitivity to chemotherapy in vivo 

To determine whether there was a functional consequence to the loss of PDH, 

cells were assessed for sensitivity to chemotherapy. PDH-deleted cells were more 

sensitive to both doxorubicin and cytarabine compared with control cells (Fig. 3A). Thus, 

in AML cells, chemotherapy exposure leads to increased glycolysis and mitochondrial 

oxidation of pyruvate via PDH activity, which is a source of resistance. AML cells alter 
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mitochondrial metabolism when cocultured with supporting stromal cells, leading to 

resistance (Samudio et al., 2010). To determine whether AML cells in vivo still require 

PDH for optimal chemotherapy response, 1 × 106 ROSA26 or 1.5 × 106 PDH-deleted 

cells were injected into C57Bl/6 mice. Different cell numbers were injected, as PDH-

deleted cells took longer to engraft, suggesting that PDH activity is needed for optimal 

engraftment. When engraftment was confirmed to similar levels by bioluminescent 

imaging (Fig. 3B), mice were randomly assigned to saline (control) or combined 

cytarabine and doxorubicin treatment, as published previously (Abbas et al., 2005). After 

treatment, mice injected with PDH-deleted cells had a significantly longer survival 

compared with the ROSA-injected mice (P = 0.0034, Fig. 3C). In contrast, the control 

animals from each group did not have significantly different survival (P = 0.266). These 

data suggest that PDH activity is a source of resistance for AML cells, even within the 

appropriate microenvironment. 

Pharmacologic inhibition of the TCA with CPI-613 increases sensitivity to chemotherapy 

in AML cell lines 

To determine whether CPI-613 increased sensitivity of AML cells to 

chemotherapy OCI-AML3 and MFL2 AML cell lines were exposed to chemotherapy with 

and without CPI-613 at 25 or 50 μmol/L (clinically achievable doses; ref.(Pardee et al., 

2014)) and assessed viability. Cells exposed to chemotherapy and CPI-613 were 

significantly more sensitive compared with cells treated with chemotherapy alone (Fig. 

3D). These data suggest that pharmacologic inhibition of PDH and KGDH with clinically 

achievable doses of CPI-613 sensitizes AML to chemotherapy. To determine whether 

PDH or KGDH inhibition played the more prominent role in our model systems, we 

attempted to rescue the effects of CPI-613 on viability by cotreating cells with either 
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acetate (to replace lost acetyl-CoA) or methyl-succinate (to replace lost succinyl-CoA). 

Conversion of acetate to acetyl-CoA is accomplished mainly via the enzyme acetyl-CoA 

synthetase (AceCS1). Both cell lines used expressed AceCS1 as demonstrated by 

Western blot analysis (Supplementary Fig. S2) indicating an ability to convert acetate to 

acetyl-CoA. Cotreatment with acetate had a modest but significant rescue of the growth-

inhibitory effects of CPI-613. In contrast, methyl-succinate alone or in combination with 

acetate had no significant effect on reversing CPI-613 toxicity (Supplementary Fig. S3 

and data not shown). These data suggest that PDH production of acetyl-CoA may play 

more of a role in CPI-613–mediated cytotoxicity than production of succinate. However, 

the modest effects seen suggest that coordinated production of acetyl-CoA and 

consumption of pyruvate may be needed for optimal cell survival and/or that additional 

non-TCA cycle effects may play a role in response to CPI-613. 

Loss of p53 does not lead to resistance to CPI-613 

To determine the effect of loss of p53 function on response to CPI-613, a 

competition assay was utilized where a portion of MFL2-Cas9 cells have deleted p53. 

Cytarabine treatment significantly enriched p53-deleted cells, but when treated with CPI-

613, no enrichment was seen (Fig. 4A). To extend these results, pure populations were 

compared. Knockout of p53 was confirmed by Western blot analysis (Fig. 4B). As 

expected, loss of p53 resulted in significant resistance to doxorubicin (Fig. 4C) but had 

no significant effect in response to CPI-613 (Fig. 4D). Importantly, when chemotherapy 

was combined with CPI-613, p53-deleted cells had increased sensitivity (Fig. 4E). These 

data suggest that CPI-613 induces a p53-independent mode of cell death and that AML 

cells without p53 function could be sensitized to chemotherapy by CPI-613. 



29 

 

Phase I clinical trial of CPI-613 plus HiDAC and mitoxantrone in relapsed or refractory 

AML 

To determine the safety and efficacy of adding CPI-613 to HiDAC and 

mitoxantrone for patients with relapsed or refractory AML, a phase I trial was conducted 

(see treatment schema in Supplementary Fig. S4). 

Study patients 

Patient characteristics are summarized in Table 1. Briefly, 66 patients with 

relapsed or refractory AML were enrolled. One patient with advanced phase CML was 

enrolled in error. The median marrow blast involvement at time of enrolment was 43%. 

For 72% of patients, the study treatment was their first salvage. Disease status was 

relapsed in 69% of patients with a median duration of first remission of 10 months. Of 

the 21 patients with refractory AML, 2 did not respond to clofarabine induction, and 5 

showed clear resistance or recovered with disease following a single course of standard-

dose cytarabine-based induction. All others received either 2 cycles of standard dose 

cytarabine-based induction or 1 or more HiDAC-based inductions without achieving 

remission. 

Safety and dose escalation 

The starting dose of CPI-613 was 500 mg/m2. The second patient (treated at 

1,000 mg/m2) experienced a toxicity that triggered the expansion to the traditional 3+3 

dose escalation cohorts (see Supplementary Fig. S1). Once the dose reached 2,250 

mg/m2 without a DLT, an extended cohort dosing phase was initiated to ensure safety as 
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the single-agent MTD of CPI-613 was previously determined to be 2,940 mg/m2. In this 

phase, cohorts of 6 patients each were treated starting at a dose of 1,750 mg/m2 and 

escalating by 250 mg/m2 through 2,500 mg/m2. Upon completion of these cohorts 

without reaching an MTD, the dose was then escalated to 2,750 mg/m2. At this dose 

level, one patient experienced a DLT in the form of grade 3 diarrhea not responsive to 

anti-diarrheals and another experienced a second DLT in the form of grade 3 nausea not 

responsive to antiemetics. This established the MTD as 2,500 mg/m2. Once the MTD 

was determined to be 2,500 mg/m2 two additional cohorts of 6 patients each were 

treated at 1,500 and 2,000 mg/m2 to better assess dose–response relationships. 

Supplementary Table S1 shows the dose escalation and response of each patient. All 

patients who received even one dose of CPI-613 were included in the safety analysis 

(n = 67). Overall, CPI-613 given with HiDAC and mitoxantrone was well tolerated. The 

most common toxicities (defined as experienced by at least 30% of patients) are listed 

in Table 2. Thirty-day mortality was 12% (8 patients) and 60-day mortality was 19% (13 

patients). This was similar to the historical experience with a regimen of identical dose 

and schedule of HiDAC and mitoxantrone, but with the addition of asparaginase (HAMA; 

30-day and 60-day mortalities of 13% and 22%, respectively; ref.(Ahmed et al., 2015)). 

The recommended phase 2 dose was established as 2,000 mg/m2, since there was a 

similar response rate and decreased toxicity compared with 2,500 mg/m2. 

Efficacy 

Of the 67 patients enrolled, 1 did not complete the first cycle, 3 died before the 

day 14 bone marrow biopsy, and 1 with accelerated-phase CML was enrolled in error. 

Responses by dosing cohort are presented in Table 3. Median survival for all evaluable 

patients was 6.7 months (Supplementary Fig. S5A). Patients achieving a CR/CRi had a 
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median survival of 13.2 months. In patients ≥60 years of age, the CR/CRi rate was 47% 

(15/32) with a median survival of 6.9 months. Interesting, this survival was not different 

from patients under the age of 60 (Supplementary Fig. S5B). The response rate for 

patients with poor risk cytogenetics also was encouraging with 46% (11 of 24 patients) 

achieving a CR or CRi. These data suggest this approach may be especially effective in 

older patients or those with poor-risk cytogenetics. 

Potential biomarker analysis 

Transcriptomes of mononuclear cells isolated from baseline bone marrow 

biopsies taken from 10 responders and 7 nonresponders were analyzed. Using RNA 

sequencing and bioinformatics analyses, 228 and 63 gene sequences (Ensemble Gene 

IDs) significantly overexpressed in responders and nonresponders, respectively, were 

identified. Analysis for enrichment of gene ontologies revealed multiple statistically 

significant ontological terms among the genes overexpressed in responders, while none 

were identified among the genes overexpressed in nonresponders. Genes 

overexpressed in responders were highly significantly enriched in GO categories related 

to immune system activation and B-cell biology (Supplementary Table S2). CD79A, 

MS4A1 (CD20), FCRL2, TCL1A, and BANK1 were among the top 20 most differentially 

expressed genes (false discovery adjusted P values <0.01; Supplementary Fig. S6). All 

are in the upper 99th percentile of genes most significantly enriched in CD19+ B cells 

(compared with a diverse compendium of FACS-sorted immune cell types; ref.(Abbas et 

al., 2005)). Baseline blast percentage in the marrow was not significantly different 

between responders and nonresponders (50 vs. 64%, P = 0.3467). This suggests that 

the presence of certain immune cells in the marrow at baseline may influence response 

to combined CPI-613 and chemotherapy. 
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In addition to the unbiased approach taken above the expression data was also 

analyzed for genes involved in mitochondrial metabolism. No clear differences were 

seen in expression levels of the target enzymes of CPI-613 or the regulating kinases 

PDK1–4 between responders and nonresponders. SOD2 is a key enzyme that protects 

mitochondria from oxidative damage including in cancer [reviewed by Soo Kim and 

colleagues (Kim et al., 2017)]. Higher levels of SOD2 would allow for increased oxidative 

capacity of leukemia cell mitochondria and possible resistance to the combination of 

CPI-613 and chemotherapy. Consistent with this, there was a significant increase in 

SOD2 expression levels in patients who did not respond (Supplementary Fig. S7). Both 

OCI-AML3 and MFL2 cell lines expressed SOD2 (Supplementary Fig. S8A) and this may 

contribute to the micromolar IC50 seen with CPI-613 as a single agent. Consistent with 

this when SOD2 was deleted in Cas-9–expressing MFL2 AML cells, there was 

significantly increased sensitivity to CPI-613 (Supplementary Fig. S8B). In addition, 

SOD2 expression was not altered in PDH-deleted cells (Supplementary Fig. S8A), 

arguing that the sensitivity seen in these cells does not stem from a decrease in SOD2. 

Previous studies have shown that adenosine monophosphate activated kinase 

(AMPK) is activated by CPI-613 in AML cells (Pardee et al., 2014). To determine 

whether this activation could be detected in patients, blood samples taken prior to and 

following administration of CPI-613 on day 1 were subjected to Western blotting for 

phosphorylated AMPK. Blood samples from two of the five patients who had circulating 

leukemia cells and sufficient quality samples to assay demonstrated a robust 

phosphorylation of AMPK (Fig. 5A). Of note neither patient achieved a remission. While 

no conclusions can be drawn on the basis of two patients, the known role of AMPK in 

metabolic stress response (Jeon, 2016) suggests that its activation by CPI-613 may 

represent an adaptive response leading to resistance. The role of AMPK in response to 
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CPI-613 was assessed by competition assays using a mixed population of Cas-9–

expressing AML cells, some of which express a sgRNA that targets AMPK resulting in its 

deletion. Normal cells outcompeted AMPK-deleted cells when treated with CPI-613 

suggesting AMPK is a resistance factor against TCA cycle inhibition (Fig. 5B). This was 

confirmed by performing viability assays of pure populations of AMPK-deleted and 

ROSA26-targeted control cells. Knockout of AMPK was confirmed by Western blot 

analysis (Fig. 5C). Consistent with the competition assays, AMPK-deleted cells were 

more sensitive to CPI-613 (Fig. 5D). These data show that the AMPK response protects 

cells from the metabolic stress induced by CPI-613. 

Finally, the RNA sequencing data were also analyzed for mutation data with the 

following criteria: sufficient data to make a mutation call, not previously reported as a 

SNP in dbSNP or the 1,000 genome database and appeared in COSMIC in AML 

patients. Given the small dataset, there were no significant differences in the 

nonsynonymous mutation rates in the genes examined between responders and 

nonresponders. Despite this fact, several genes showed an uneven distribution. For 

example, AXSL2 was mutated in 3 of 7 nonresponders, but only 1 of 10 responders and 

conversely NSD1 was mutated in 4 of 10 responders but only 1 of 7 nonresponders 

(Supplementary Fig. S9) among others. The significance of these mutations is the 

subject of ongoing work. 

Discussion 

The contribution of mitochondrial metabolism to resistance in AML remains 

unclear. In this study, it was observed that following chemotherapy exposure, AML cells 

increase mitochondrial OCR, which was related to ATP production, as differences in 
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OCR were abrogated when the F0F1 ATP synthase inhibitor oligomycin was added. The 

increased OCR was a consequence of glucose-derived carbon entry into the TCA cycle, 

as cells that had PDH deleted by Cas9 had a minimal OCR at baseline that did not 

increase following chemotherapy exposure. In addition, citrate and glutamate levels (a 

proxy for α-ketogluterate) were higher in control cells at baseline and fell in response to 

chemotherapy, while PDH-deleted cells had low levels of citrate and glutamate that did 

not vary following chemotherapy exposure. In addition, glycolytic rates, as measured by 

ECAR, were higher in control cells and did not increase following therapy. Control cells 

also exhibited a significant decrease in glucose-6-phosphate levels following therapy. In 

contrast, PDH-deleted cells showed a significant increase ECAR following 

chemotherapy treatment. These data are consistent with a model where AML cells 

following exposure to chemotherapy increase glycolysis but shunt the additional 

pyruvate into the TCA cycle to be oxidized and increase ATP levels, presumably to drive 

costly DNA damage repair processes. This idea is further supported by the fact that 

PDH-deficient cells were significantly more sensitive to chemotherapy in vitro and in 

vivo. These results corroborate a recent study that found cytarabine-resistant AML cells 

are enriched in mitochondrial mass and have a high oxidative phosphorylation status 

(Farge et al., 2017). The importance of mitochondrial function in AML was further 

supported by a recent study that showed that inhibiting mitochondrial DNA replication 

was cytotoxic in several preclinical AML models (Liyanage et al., 2017). In addition, 

studies in chronic myeloid leukemia have revealed that TKI-resistant cells rely on 

mitochondrial oxidative phosphorylation and the addition of an antibiotic that inhibits 

mitochondrial translation improved response of a xenotransplantation model of human 

CML (Kuntz et al., 2017). Thus, the data in the current study fit into a larger, emerging 

picture of the importance of mitochondrial metabolism in resistance to therapy (reviewed 

by Bosc and colleagues; ref.(Bosc et al., 2017). 
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CPI-613 is a novel lipoate analogue that targets PDH and KGDH, blocking the 

entry of either glucose or glutamine-derived carbons into the TCA cycle (Stuart et al., 

2014; Zachar et al., 2011). CPI-613 inhibits mitochondrial respiration and stimulates 

pyruvate dehydrogenase kinases, resulting in an inhibitory phosphorylation of PDH in 

AML cell lines (Pardee et al., 2014). Consistent with the PDH knockout studies, inhibition 

of PDH/KGDH by CPI-613 sensitized AML cells to chemotherapy at clinically relevant 

concentrations. As a result, a phase I study of CPI-613 plus HiDAC and mitoxantrone in 

patients with relapsed or refractory AML was conducted. This chemotherapy 

combination is the standard salvage regimen at the Comprehensive Cancer Center of 

Wake Forest Baptist Health and historic data using a similar regimen were recently 

published (Ahmed et al., 2015). The current regimen was identical to the historic 

regimen, except that Native E. Coli L-asparaginase was not included, as it was no longer 

commercially available when the study began. Importantly, addition of CPI-613 did not 

increase 30- or 60-day mortality compared with historic data. Dose-limiting toxicities 

were nausea and diarrhea (Table 2), similar to the single-agent trial (Pardee et al., 

2014). 

Treatment with the combined regimen resulted in a CR/CRi rate of 50% of 

evaluable patients. The response rate in patients 60 years of age or older was 47%; 

historically, only 33% of older patients achieved a CR/CRi. In contrast to most studies of 

cytotoxic chemotherapy in AML, there was no difference in median survival between 

younger patients and those 60 years of age or older (Supplementary Fig. S5B). One 

possible explanation for this result is the decreased mitochondrial quality associated with 

aging (Kauppila et al., 2017), producing a mitochondrial pool with low spare respiratory 

capacity (Tyrrell et al., 2015). AML arising in an older host may lack the necessary 

reserve capacity to overcome inhibitory effects of CPI-613, resulting in increased 
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response rates. If so, CPI-613 may be the first agent that specifically targets an aging-

derived vulnerability of cancer. When compared with historical data, increased response 

rate in patients with poor risk cytogenetics was also observed. This was especially 

apparent in older patients, with a response rate of 40% versus 15% in the historic cohort 

(although there were few patients). Much of the prognostic power of poor risk karyotype 

is conveyed by loss or mutation of p53 (Rücker et al., 2012). Preclinical models of AML 

with p53 loss did not show altered responses to CPI-613, suggesting that TCA cycle 

inhibition may induce p53-independent cell death. While this data is encouraging 

historical comparisons must be interpreted with caution, and these data will need to be 

replicated in a randomized setting. 

Given the heterogeneity in AML, selecting patients most likely to respond to TCA 

cycle inhibition plus chemotherapy is critical to further develop this approach. Gene 

expression profiles of baseline marrow samples suggested a possible role of immune 

cells, particularly B lymphocytes, in response to CPI-613 and chemotherapy. While 

regulatory B cells can suppress infiltrating T-cell response to tumor, (Zhang et al., 2013) 

tumor-infiltrating B cells may also assist in that response (Haro et al., 2016). Thus, the B-

cell signature in responders may reflect a B-cell population important for generating 

humoral responses to leukemia, where CPI-613 then enabled an immune response. 

There was not a significant difference in the expression levels of several TCA cycle 

enzymes including the targets of CPI-613 between responders and nonresponders. This 

maybe because the study treated patients with the combination of chemotherapy and 

CPI-613 and the levels of TCA cycle enzymes themselves may not predict response to 

the combination. In contrast, levels of SOD2 were significantly higher in nonresponders 

and its genetic deletion in AML cells rendered them more sensitive to CPI-613 

(Supplementary Fig. S8B). SOD2 is the main reactive oxygen species scavenger in the 
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mitochondrial matrix and increased levels likely contribute to increased capacity for 

oxidative metabolism. Indeed, SOD2 suppression has been implicated in 

chemosensitivity in ovarian cancer (Cui et al., 2016) and its increased expression is 

associated with metastatic prostate, colon, and lung cancers (Miar et al., 2015). AMPK 

contributes to resistance to CPI-613 in preclinical AML models. This is consistent with 

the role of AMPK as a master metabolic regulator (Jeon, 2016). This finding suggests 

that tumors that have lost functional AMPK may be particularly susceptible to 

metabolically directed attacks like TCA cycle inhibition. Consistent with this are reports 

that non–small cell lung tumors that have deleted the AMPK-activating kinase LKB1 

showed enhanced sensitivity to electron transport chain inhibition (Shackelford et al., 

2013). Further studies will be required to fully assess the roles of SOD2 and AMPK as 

possible predictive markers for this combined approach. Finally, mutational data from the 

RNA sequence analysis did not show a statistically significant difference between 

responders and nonresponders. However, the analysis was limited but the small number 

of samples and the limited set of genes with sufficient quality data to call a mutation with 

confidence. Several genes did show an increased, although not significant, mutation rate 

in either group; however, additional study is required to determine the significance of 

these mutations. 

In summary, the novel PDH/KGDH inhibitor CPI-613 can be safely combined with 

HiDAC and mitoxantrone in relapsed or refractory AML patients. Pharmacologic 

inhibition of PDH and KGDH by CPI-613 appeared to sensitize AML cells to 

chemotherapy and response rates of CPI-613 combined with HiDAC and mitoxantrone 

compared favorably with historical cohorts of similarly treated patients. To our 

knowledge, this is the first report documenting feasibility of adding a TCA cycle inhibitor 
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to chemotherapy for AML. We believe these results justify a randomized trial to further 

explore this approach. 
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Figure and Tables: 

 

 

Figure 1. Chemotherapy induces mitochondrial oxygen consumption. A, Basal 

oxygen consumption rates (OCR) following exposure to cytarabine. AML cells were 

exposed to the indicated amount of cytarabine for 8 (MFL2) or 16 hours (OCI-AML3 and 

K562) and basal mitochondrial OCR determined. Shown are results of three 

independent experiments, each done in triplicate. P values by one-way ANOVA 

analysis. B, Cells expressing sgRNAs against either the ROSA26 locus or PDH E1α 
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were lysed and subjected to Western blotting. C, ROSA control cells or PDH-deleted 

cells were exposed to cytarabine for 16 hours and assessed for basal mitochondrial 

OCR. Shown are the results of three independent experiments, each done in 

triplicate. D, ROSA control cells or PDH-deleted cells were exposed to cytarabine for 16 

hours and assessed for basal extracellular acidification rates (ECAR). Shown are the 

results of four independent experiments, each done in triplicate. *, statistically significant 

change by Sidak multiple comparisons test. 
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Figure 2. Mitochondrial content and metabolite levels in ROSA- and PDH-deleted 

AML cells. A, ROSA- (ROSA KO) or PDH-deleted (PDH KO) cells were analyzed by 

flow cytometry with Mitotracker red staining. Median fluorescence intensity of Mitotracker 

red–stained cells from three independent experiments were quantitated and plotted. B, 

Electron micrographs of ROSA- or PDH-deleted cells. Cells were cultured in the 

absence of chemotherapy and electron micrographs were obtained. Representative 

images are shown. C, TMRM staining. ROSA- or PDH-deleted cells were stained with 

TMRM and assessed by flow cytometry. Median fluorescence intensity of TMRM-stained 

cells from three independent experiments were quantitated and plotted. D and E, Citrate 

and glutamate levels in ROSA- or PDH-deleted cells were determined following a 16-

hour exposure to the indicated amount of cytarabine (Ara). F, Glucose-6-phosphate 

levels in ROSA-deleted cells following a 16-hour exposure to the indicated amount of 

cytarabine (Ara). *, a statistically significantly different comparison by Sidak multiple 

comparison test. NS, a nonsignificant difference by Sidak's multiple comparison test. 
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Figure 3. Loss of PDH function induces sensitivity to chemotherapy. A, ROSA- 

(ROSA KO) or PDH-deleted (PDH KO) cells were exposed to the indicated 

chemotherapy for 72 hours and assessed for viability. Shown are results of three 

independent experiments, each done in triplicate. B, C57Bl/6 mice were injected with 

either ROSA- or PDH-deleted cells and imaged after 9 days for ROSA-deleted and 15 

days for PDH-deleted cells. Luminescence was quantitated and compared. C, Kaplan–

Meier curves of mice with either control or PDH-deleted leukemia. Survival was 
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assessed from completion of therapy. D, OCI or MFL2 cells were incubated with the 

indicated chemotherapy, alone, or with CPI-613 for 72 hours, and viability assessed. *, 

statistically significant change by Sidak multiple comparisons test. 

 

Figure 4. Loss of p53 does not alter response to CPI-613. A, MFL2 cells expressing 

Cas9 were partially infected with GFP-labeled vector that expressed an sgRNA targeting 

p53. The mixed population was treated with the indicated therapy for 72 hours and the 
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percentage of GFP+ cells was assessed and normalized to controls. B, Western blot 

analysis of control or p53-deleted cells. Actin was used as a loading control. C and D, 

Control ROSA26 KO cells and p53 (p53 KO) knocked out cells were incubated with the 

indicated therapy for 72 hours and viability assessed. E, Control ROSA26 KO cells and 

p53 (p53 KO) knocked out cells were incubated with the indicated amounts of CPI-613 

or doxorubicin (Dox) for 72 hours and viability assessed. Shown are the averaged 

results of at least three independent experiments, each done in triplicate. *, a statistically 

significantly different comparison by Sidak multiple comparison test. NS, a nonsignificant 

difference by Sidak multiple comparison test. 

Table 1. Patient Characteristics 

 

 

 

 

 

 

 

 

 

 

Median age (range) 60 (21–79) 

Age ≥ 60 years old (%) 36/67 (54%) 

Male (%) 37/67 (55%) 

No. Caucasian (%) 60/67 (90%) 

ECOG Performance Status 
 

     0–1 45/63 (71%) 

     2 17/63 (27%) 

     3 1/63 (2%) 

Median Duration of CR1 in months (Range) 11.2 (2–94) 

Refractory disease (%) 21/67 (31%) 

Previous Lines of Salvage 
 

     0 48 (72%) 

     1 9/67 (13%) 

     2 7/67 (10%) 

     >2 3/67 (4%) 

Therapy-related AML 6/67 (9%) 

Antecedent hematologic disorder 5/67 (7%) 

Prior Allogeneic Transplant 5/67 (7%) 

Prior HIDAC+Mitoxantrone 5/67 (7%) 

Previous HIDAC or IDAC based salvage 17/67 (25%) 

Cytogenetic Risk Score 
 

Not applicable (CML in accelerated phase) 1/67 (1%) 

Good risk 6/67 (9%) 

Intermediate risk 33/67 (49%) 

Poor risk 27/67 (40%) 

FLT3-ITD (Tested in 37) 11/37 (30%) 

FLT3-TKD (Tested in 36) 4/36 (11%) 

NPM1 (Tested in 34) 11/34 (32%) 

CEBPα (Tested in 30) 4/30 (13%) 

>1 cycle of CPI-HIDAC-Mito 41/67 (61%) 

Median %Blasts in Marrow (Range) 43% (4–97) 
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Table 2. Summary of Toxicities (N=67 participants) 

 

 

 

 

 

 
Number of Subjects, by CTC Toxicity Grade 

Toxicity Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 Total 

Hemoglobin 0 5 53 9 0 67 

Hyperglycemia 29 19 18 1 0 67 

Neutropenia 0 0 1 66 0 67 

Thrombocytopenia 0 0 1 66 0 67 

Hypomagnesemia 61 4 1 0 0 66 

Leukopenia 0 0 0 66 0 66 

Lymphopenia 0 0 0 66 0 66 

Hypoalbuminemia 17 44 4 0 0 65 

Hypokalemia 37 0 23 0 0 60 

Hypocalcemia 18 29 9 1 0 57 

Diarrhea 10 32 13 0 0 55 

Hyponatremia 38 0 8 1 0 47 

Hypophosphatemia 0 22 24 0 0 46 

DIC 0 32 13 1 0 46 

AST, SGOT elevation 28 6 7 0 0 41 

Nausea 21 16 1 0 0 38 

Hyperbilirubinemia 21 10 5 1 0 37 

ALT, SGPT elevation 23 9 4 0 0 36 

Fatigue 10 20 3 0 0 33 

Proteinuria 18 15 0 0 0 33 

PTT prolongation 25 1 5 0 0 31 

Alkaline phosphatase elevation 24 6 0 0 0 30 

Febrile neutropenia 0 0 27 1 0 28 

Cardiac troponin T 6 7 8 6 0 27 

LV systolic dysfunction 16 6 4 0 0 26 

Head/headache 16 9 1 0 0 26 

Prolonged QTc interval 9 6 9 1 0 25 

Cough 22 3 0 0 0 25 

Dyspnea 4 5 13 2 0 24 

Bicarbonate, serum-low 19 5 0 0 0 24 

Edema: limb 17 7 0 0 0 24 

Anorexia 9 10 4 0 0 23 

Vomiting 15 8 0 0 0 23 

Hypotension 3 13 3 2 1 22 

Pleural effusion 5 12 3 2 0 22 
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Table 3. Efficacy of dose level among 62 evaluable subjects 

Response 
 

1000 mg/m2 Evaluable n=5 

CR 2/5 (40%) 

CRi 1/5 (20%) 

MFLS 2/5 (40%) 

ORR (CR+CRi+MLFS) 5/5 (100%) 

1500 mg/m2 Evaluable n=9 

CR 6/9 (67%) 

CRi 0/9 (0%) 

MFLS 0/9 (0%) 

ORR (CR+CRi+MLFS) 6/9 (67%) 

1750 mg/m2 Evaluable n=9 

CR 4/9 (44%) 

CRi 0/9 (0%) 

MFLS 0/9 (0%) 

ORR (CR+CRi+MLFS) 4/9 (44%) 

2000 mg/m2 Evaluable n=15 

CR 7/15 (47%) 

CRi 1/15 (7%) 

MFLS 0 (0%) 

ORR (CR+CRi+MLFS) 8/15 (53%) 

2250 mg/m2 Evaluable n=10 

CR 2/10 (20%) 

CRi 2/10 (20%) 

MFLS 0/10 (0%) 

ORR (CR+CRi+MLFS) 4/10 (40%) 

2500 mg/m2 Evaluable n=8 

CR 2/8 (25%) 

CRi 0/8 (0%) 

MFLS 0/8 (0%) 

ORR (CR+CRi+MLFS) 2/8 (25%) 
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Figure 5. AMPK is a source of resistance to CPI-613. A, Western blot analysis of 

patient samples taken on cycle 1 day 1 at the indicated time points before and following 

infusion of CPI-613 for phosphorylation of AMPK. OCI lanes refer to the positive control, 

OCI-AML3 cells treated with CPI-613 for the indicated time. Actin was used as a loading 

control. B, Competition assay. MFL2 cells expressing Cas9 were partially infected with 

GFP-labeled vector that expressed an sgRNA targeting AMPK in conjunction with a GFP 

reporter. The mixed population was treated with the indicated therapy for 72 hours and 

the percentage of GFP+ cells was assessed and normalized to controls. C, Western blot 
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analysis of control or AMPK-deleted cells. Actin was used as a loading control. D, 

Viability assays. Control or AMPK-deleted cells were incubated with the indicated 

therapy for 72 hours and viability was assessed. 

Supplementary Figures and Tables: 

 
 

Figure S1. Dose escalation schema.     
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Figure S2. Acetyl-CoA synthetase is expressed in OCI-AML3 and MFL2 cells. The 

indicated cells were pelleted and lysates probed by Western blot for AceS1. Actin was 

blotted as a loading control.  
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Figure S3 Acetate and methyl-succinate rescue of CPI-613 cytotoxicity. OCI-AML3 

(A+C) or MFL2 (B+D) cells were incubated with the indicated amounts of CPI-613 with 

or without 2.5 mM acetate or 5 mM methyl-succinate for 72 hours and viability assessed. 

Shown are the mean values from 3 independent experiments each done in triplicate. ** 

indicates a p value <0.009, * indicates a p value <0.04 by Dunnett's multiple 

comparisons test.  
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Figure S4. Treatment schema. 
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Figure S5. Efficacy of HiDAC, mitoxantrone and CPI-613. (A) Overall survival of the 

cohort in the phase I trial. (B) Overall survival of elderly (≥60 years old) vs younger 

patients. P value calculated by log rank test. 
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Figure S6. Baseline bone marrow mononuclear cell gene expression profiles of 

responders (n=10) versus nonresponders (n=7). Shown is a heat map of the 20 most 

differentially expressed genes, as determined by RNA sequencing. 
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Figure S7. SOD2 expression levels are higher in non-responders. SOD2 mRNA 

read counts from the RNA sequence analysis of baseline bone marrow samples 

between responders and non-responders is graphed.  
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Figure S8. SOD2 confers resistance to CPI-613. (A) Whole cell lysates of the 

indicated cell line were subjected to Western blotting for SOD2. Actin was used a 

loading control. (B) Control ROSA26 (ROSA KO) cells and SOD2 (SOD2 KO) knocked 

out cells were incubated with the indicated amounts of CPI-613 for 72 hours and viability 

assessed. Shown are the averaged results of at least 3 independent experiments, each 

done in triplicate. ** indicates a p value of 0.0015, **** indicates a p value of < 0.0001 by 

Sidak’s multiple comparison test.  
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Figure S9. Mutational analysis from RNA sequence data of baseline marrow 

samples. RNA sequence data was analyzed and mutations that met the criteria listed in 

the methods section are listed.  
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Supplemental Tables 

 

Supplemental Table 1. Dose and Response by Patient 

PID Gender Response  Dose 

(mg/m2) 

Age Comment 

1 F CR 500 56 No > grade 1 toxicity, dose escalated by 

500 mg/m2  

2 M TF 1000 73 > Grade 1 toxicity, traditional 3 cohort 

stage triggered 

3 F MLFS 1000 28 
 

4 F CR 1000 55 ≥Grade 3 toxicity, 3 additional patients 

enrolled 

5 M CR 1000 54 
 

6 F MLFS 1000 27 
 

7 F CRi 1000 58 No additional ≥Grade 3 toxicity, dose 

escalated by 250 mg/m2 

8 M NA 1250 73 Patient did not complete cycle, replaced 

9 F CR 1250 46 
 

10 M TF 1250 52 
 

11 M CRi 1250 66 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

12 M CR 1500 67 
 

13 F CR 1500 28 
 

14 M CR 1500 72 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

15 F CR 1750 48 
 

16 F TF 1750 58 
 

17 M CR 1750 64 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

18 F CR 2000 60 
 

19 F NA 2000 48 Patient did not complete cycle, replaced 

20 M CR 2000 76 
 

21 F TF 2000 21 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

22 M TF 2250 60 
 

23 M TF 2250 62 
 

24 F TF 2250 70 Approaching single agent MTD (2940 

mg/m2), protocol amended to expand 

lower dosing cohorts 

25 M TF 1750 55 
 

26 M CR 1750 61 
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27 F TF 1750 64 
 

28 M TF 1750 75 
 

29 F TF 1750 58 
 

30 F CR 1750 38 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

31 M TF 2000 63 
 

32 M CR 2000 71 
 

33 M TF 2000 63 
 

34 M CR 2000 66 
 

35 M TF 2000 69 
 

36 M CR 2000 70 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

37 M NA 2250 68 Patient did not complete cycle, replaced 

38 F TF 2250 50 
 

39 M CRi 2250 34 
 

40 M CRi 2250 60 
 

41 M CR 2250 63 
 

42 M TF 2250 76 
 

43 F CR 2250 29 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

44 F TF 2500 79 
 

45 F CR 2500 53 
 

46 F TF 2500 43 
 

47 M TF 2500 64 
 

48 M TF 2500 51 
 

49 M TF 2500 54 
 

50 M TF 2500 67 
 

51 M CR 2500 63 
 

52 M NA 2500 78 No ≥Grade 3 toxicity, dose escalated by 

250 mg/m2 

53 M TF 2750 73 
 

54 M CR 2750 41 
 

55 F TF 2750 69 2 DLTs observed, grade 3 diarrhea and 

grade 3 nausea, MTD determined to be 

2500 mg/m2 

56 M TF 1500 63 Protocol amended to expand 1500 and 

2000 dosing levels 

57 F CR 1500 25 
 

58 F TF 1500 68 
 

59 M CR 1500 77 
 

60 F CR 1500 37 
 

61 F TF 1500 74 
 

62 M CRi 2000 60 
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63 F CR 2000 47 
 

64 M TF 2000 50 
 

65 F CR 2000 52 
 

66 F TF 2000 26 
 

67 F TF 2000 49 Protocol complete, closed to accrual 

M=Male, F=Female, TF=Treatment failure, CR=Complete remission, CRi=Complete 

Remission with incomplete count recovery (No morphological evidence of leukemia AND 

achievement of either ANC≥1000 or platelet count ≥100,000 but not both), 

MLFS=Morphologically leukemic free state (No evidence of leukemia in the bone marrow 

without count recovery)  

 

 

 

Supplemental Methods 

LC-MS/MS 

LC-MS/MS analysis was performed with a Shimadzu UHPLC-MS/MS equipped 

with 2 LC-30AD pumps, a SIL-30AC autosampler, a CBM-20A communications bus 

module, a DGU-20A5R degassing unit, a CTO-30A column oven, and an 8050 triple-

quadrupole mass spectrometer operated with a DUIS source. The analytical separation 

Supplementary Table 2. Gene ontology enrichment analysis of genes 

overexpressed in responding patients 

Gene Ontology Term %1 Fold 
Enrichment2 

Univariate 
P-val3 

FDR-adjusted P-
val4 

Immunoglobulin-like domain 31.5 8.5 4.6E-40 1.5E-37 

Complement activation 11.2 39.4 3.7E-28 2.5E-25 

Antigen binding 11.7 32.2 2.5E-27 6.4E-25 

Fc-gamma receptor signaling 
pathway involved in phagocytosis 

10.2 22.4 2.2E-20 5.1E-18 

Phagocytosis, recognition 4.1 34.3 2.4E-09 1.7E-07 

Phagocytosis, engulfment 4.1 27.4 1.3E-08 7.9E-07 

Positive regulation of B cell 
activation 

4.0 36.9 1.3E-09 1.0E-07 

B cell receptor signaling pathway 4.6 20.0 1.4E-08 7.8E-07 

Inflammatory response 5.6 3.4 1.3E-03 4.9E-02 
1 percentage of overexpressed genes annotated for a given ontology term; 2 ratio of 
proportions of category-annotated genes in list versus background of all human genes; 3 
modified Fisher’s Exact Test; 4 Benjamini and Hochberg false discovery rate-adjusted p value 
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was conducted with a Restek Ultra PFPP column (150 x 2.1 mm, 3 μm; Restek, 

Bellefonte, PA) under gradient conditions with a mobile phase A consisting of 0.1% 

formic acid in H2O and a mobile phase B consisting of 0.1% formic acid in 100% 

acetonitrile. The gradient began with 2 minutes at 0% B followed by a ramp to 25% B 

between 2 and 5 minutes, another ramp to 35% B between 5 and 11 minutes, a final 

increase from 35% to 95% B between 11 and 15 minutes, a hold at 95% B from 15 to 20 

minutes, then a decrease to 0% B between 20 and 20.10 minutes, and a final hold at 0% 

B from 20.10 to 25 minutes. A flow rate of 0.25 mL/minute was used with a sample 

injection volume of 10 μL. Ionization occurred in the DUIS source switching between the 

positive and negative ESI ion mode with the following conditions: nebulizing gas flow of 

2 L/min, heating gas flow of 5 L/min, interface temperature of 350 °C, DL temperature of 

250 °C, heat block temperature of 400 °C, and a drying gas flow of 15 L/min. Shimadzu 

LabSolutions software (version 5.72) was used to quantify the analytes of interest based 

on an internally calibrated standard curve. Peaks were identified based on mass 

transition and retention time. 

 

RNA Sequencing analysis  

RNA integrity was verified by electrophoretic tracing using an Agilent 

Bioanalyzer. Nineteen samples (68%) yielded sufficient RNA quantity and integrity for 

further analysis. RNA-seq libraries were constructed from ~500 ng of total RNA using the 

Illumina TruSeq Stranded Total RNA LT kit with Ribo-Zero rRNA depletion. Indexed 

libraries were sequenced on an Illumina NextSeq 500 DNA sequencer with 150-nt paired 

end reads generating, on average, >64 million reads per sample (>45 million uniquely 

mapped reads) with >75% of sequences achieving Q30 Phred quality scores. Quality 

control of raw sequence reads was conducted using FASTQC 



62 

 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were aligned against 

human reference assembly GRCh37 (hg19) using the STAR sequence aligner (Dobin et 

al., 2013) version 2.4.0j, and reads per gene determined using feature Counts software 

(Liao et al., 2014). Two samples were excluded from further analysis on the basis of 

having <50% of their sequence reads mapping to unique genomic loci. Differential gene 

expression analysis among responders (n=10) and non-responders (n=7) was 

conducted using DESEQ2 software (Love et al., 2014).  

Genes differentially expressed between responders and nonresponders were 

identified according to the following selection criteria: 1) FDR <20% (Benjamini and 

Hochberg), 2) base-mean average expression >20 reads, and 3) absolute average log2 

fold-change > 1.0. Significant enrichment of gene ontologies and biological pathways 

was assessed using the DAVID Bioinformatics resource (Huang et al., 2007) version 6.8 

with updated Knowledgebase (Oct. 2016). 
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Abstract: 

Devimistat is a novel TCA cycle inhibitor being studied in combination with 

cytarabine and mitoxantrone in patients with relapsed or refractory AML. A combined 

analysis of the phase I and II datasets was conducted to determine the optimal phase III 

dose. A dose response in older but not younger patients was observed. Gene set 

enrichment analysis of RNA sequence data from patient samples revealed an age-

related decline in mitochondrial function and biogenesis. In cell line models there was a 

strong direct correlation between the baseline mitochondrial membrane potential and the 

sensitizing effects of devimistat and metformin could render resistant cells sensitive. 

Additional mechanistic studies revealed that TCA cycle inhibition with devimistat or by 

genetic manipulation induced mitochondrial reactive oxygen species and turnover. 

Pharmacological or genetic inhibition of autophagy sensitized AML cells to devimistat as 

did inhibition of mitochondrial translation. These data support a model whereby 

devimistat preferentially benefits older patients with reduced mitochondrial quality and 

autophagic capacity.     
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Introduction: 

Acute myeloid leukemia is an aggressive malignancy with poor outcomes 

especially in patients 60 years of age or older. This is thought to be in part from 

increased resistance to chemotherapy in AML cells arising in an older host (Klepin et al., 

2014). Treatment with induction chemotherapy results in attainment of a complete 

remission (CR) rate of up to 80% in younger patients and 50-60% in older patients 

(Döhner et al., 2017). Despite these high remission rates relapse is common and once 

relapsed the attainment of a second remission is more difficult (Döhner et al., 2017). 

Once relapsed the only curative treatment modality is an allogenic stem cell transplant. 

Patients in remission at the time of transplant have the highest long-term survival rates 

(Michelis et al., 2015; Weisdorf et al., 2017). Therefore, regimens for relapsed AML that 

produce high remission rates are particularly important. Unfortunately, there is no 

standard salvage regimen for patients with relapsed or refractory AML and novel 

approaches are needed.  

 Metabolism is greatly altered in cancer cells and attempts to leverage these 

differences into therapeutic strategies have been extensively studied (reviewed in 

(Anderson et al., 2018; DeBerardinis and Chandel, 2016; Montrose and Galluzzi, 2019)). 

Unfortunately, the targeting of non-mutated metabolic enzymes has not yet yielded a 

clinically successful strategy. Devimistat (CPI-613) is a novel lipoate analogue that 

mimics the catalytic intermediates of both pyruvate dehydrogenase (PDH) and α-

ketoglutarate dehydrogenase (KGDH) complexes. This results in stimulation of inhibitory 

regulatory processes causing simultaneous inhibition of both complexes (Stuart et al., 

2014; Zachar et al., 2011). In early clinical trials in pancreatic cancer patients, the 

addition of devimistat resulted in impressive response rates (Alistar et al., 2017) leading 

to an ongoing phase III clinical trial (Philip et al., 2019). Mitochondrial metabolism is a 
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source of resistance in AML. Studies have shown an increased mitochondrial mass and 

an oxidative-phosphorylation gene expression signature in cytarabine resistant AML 

cells (Farge et al., 2017). Additionally, AML cells display a dose dependent increase in 

mitochondrial oxygen consumption when treated with chemotherapy and this 

mitochondrial respiration is a source of resistance (Pardee et al., 2018b). In preclinical 

models, devimistat sensitized AML cells to chemotherapy and decreased mitochondrial 

respiration leading to a phase I study in relapsed and refractory AML patients (Pardee et 

al., 2018b).   

 In the previous phase I study, the maximally tolerated dose of devimistat when 

given in combination with high dose cytarabine and mitoxantrone was 2,500 mg/m2. 

Overall the regimen was well tolerated, however, there was no clear dose response 

relationship observed. A single arm phase II study was conducted to expand several 

dose cohorts. The combined datasets from the phase I and II studies were analyzed to 

determine the recommended dose for further study and to determine patient 

characteristics associated with an increased likelihood of response.  The current report 

details the results of this analysis that found a significant dose response in older but not 

younger patients and mechanistic studies showing devimistat induced autophagy 

dependent mitochondrial turnover and a relationship between mitochondrial membrane 

potential and response to the chemotherapy sensitizing effects of devimistat.   

Results:  

Study Patients and Safety 

Data for the 67 patients (66 with AML, one enrolled in error) in the phase I study 

are published (Pardee et al., 2018b). The phase II patient characteristics are 

summarized in Supplemental Table 1. Briefly, 47 patients with relapsed or refractory 
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AML and one patient with a relapsed granulocytic sarcoma were enrolled on study. The 

median age of the cohort was 64 years old. The median marrow blast involvement at 

time of enrolment was 30%. Of the patients enrolled, 81% received study treatment as 

their first salvage, 13% received previous HiDAC based salvage, 27% prior 

hypomethylating agent and 4% of patients had received prior stem cell transplant. 

Disease status was refractory in 29% and relapsed in 71% of patients. For patients with 

a previous remission, the median duration of first remission was 11.5 months. 

Cytogenetics were poor in 38%, intermediate in 52%, good in 4% and unknown in 6%.  

  Safety data for the 67 patients in the phase I study are published (Pardee et al., 

2018b). In the phase II cohort all patients who received at least one dose of CPI-613 

were included in the safety analysis (n=48). Thirty-day mortality for the phase II cohort 

was 8% (4/48) and 60-day mortality was 25% (12/48). This was similar to the phase I 

with 12% (8/67) and 19% (13/67) respectively. Historical experience with the same 

HiDAC, mitoxantrone dose and schedule but with the addition of asparaginase (HAMA) 

had a 13% 30 day and 22% 60-day mortality (Ahmed et al., 2015). Hematological 

toxicities were the most common as expected for a HiDAC based regimen with all 

patients having Grade 3-4 hematologic toxicities. Diarrhea, mainly grade 1 and 2, was 

the next most common toxicity with 89% of patients affected. Infectious complications 

were also common as expected in this patient population with 50% of patients having at 

least one episode of neutropenic fever. The first seven patients enrolled were treated 

with 2,500 mg/m2 of devimistat. After increased rates of diarrhea were seen the protocol 

was amended to discontinue this dose and the remaining patients were treated with 

either 2,000 mg/m2 (n=20) or 1,500 mg/m2 (n=21).Toxicities by dose of devimistat are 

listed in Supplemental Table 2.   
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Dose response of devimistat in older but not younger patients  

Response rates of the phase I study are published (Pardee et al., 2018b) in the 

phase II study all of the 48 patients were evaluable for response. The response rate was 

44% with 15 complete remissions (CR) and 6 complete remissions with incomplete 

count recovery (CRi). Median survival was 5.9 months. Previous analysis of the activity 

of devimistat in combination with cytarabine and mitoxantrone suggested that older and 

younger patients had similar outcomes in contrast to essentially all previous studies 

utilizing a cytotoxic backbone in AML (Pardee et al., 2018a). To confirm this observation 

the combined data for all 114 AML patients treated in both studies was analyzed. 

Median survival in all patients treated with devimistat was assessed by age. The Kaplan-

Meier curves for both age groups completely overlap with a median OS of 6.5 months in 

younger patients compared to 5.7 months in patients 60 years of age or older (p=0.5538, 

Figure 1A). This data suggests a differential benefit of the addition of devimistat in older 

patients.  In order to assess the comparative activity of the 1,500 and 2,000 mg/m2 

regimens the median survival of all patients treated with either dose of devimistat was 

analyzed. The combined demographics of these cohorts are summarized in Table 1. 

There was a numerical advantage for the 2,000 mg/m2 dose with a median survival of 

10.4 versus 5.8 months although it was not significant (p=0.2273, Figure 1B). When 

these cohorts were analyzed by age, patients younger than 60 showed no significant 

difference in survival between doses (Figure 1C). While the number of patients over 60 

was modest, the two dose cohorts were well matched in median age, number of 

previous lines of therapy, percentage of refractory patients and those with poor risk 

cytogenetics. Despite the small numbers and similarities in multiple, important prognostic 

factors there was a significant survival advantage for patients treated with the 2,000 

mg/m2 dose with a median survival of 10.4 versus 5.4 months (p=0.0147, Figure 1D). 
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Response rates were also increased with 52% (12/23) of patients achieving a CR or CRi 

in the 2,000 mg/m2 cohort compared to 37% (7/19) in the 1,500 mg/m2 cohort. These 

data support the hypothesis that older patients have a dose response to the addition of 

devimistat to chemotherapy not seen in younger patients.  

 

RNA Sequencing Analysis 

In order to assess underlying biological differences between older and younger 

patients, an RNA sequencing analysis of all available patient samples was conducted. 

There were 17 baseline bone marrow samples from the phase I study and an additional 

8 samples from the phase II study with sufficient quality RNA for analysis. Since 

devimistat targets mitochondrial metabolism and mitochondria can be transferred from 

marrow stromal cells to AML cells when treated with chemotherapy (Marlein et al., 2017; 

Moschoi et al., 2016) RNA from all cells in the bone marrow was included in the 

analysis. Gene set enrichment analysis (GSEA) of the samples revealed a significant 

negative association between age and several gene sets involved in mitochondrial 

biology (Figure 2). These included genes involved in cellular respiration, oxidative 

phosphorylation, electron transport chain, ATP synthesis coupled to electron transport 

and mitochondrial respiratory chain complex assembly (Figure 2A-E). This data 

demonstrates a significant age related decline in the expression of genes involved in 

mitochondrial function and assembly.  

Mitochondrial Membrane Potential and Devimistat 

The RNA sequence data suggests that increased benefit from devimistat in older 

patients may be related to impaired mitochondrial function. Mitochondrial membrane 

potential (MMP) is an essential driver of mitochondrial ATP generating capacity and is 
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predicted to be impaired based on the gene expression pathways that decreased with 

age. MMP is a readout of a complex interplay between gene expression and metabolic 

status of a cell (Smith et al., 2012). In order to study the relationship between MMP and 

devimistat response in a simplified setting we utilized three genetically defined mouse 

models of AML with different baseline MMP (Figure 3A). Consistent with our hypothesis, 

the MFL2 cell line with the highest baseline MMP had the least response to the addition 

of devimistat to doxorubicin (Figure 3B). RN2 cells were in between in both measures 

(Figure 3C). RHRAS cells with the lowest MMP had the biggest effect of devimistat on 

response to doxorubicin (Figure 3D). These data demonstrate a correlation between 

MMP and effect of devimistat; however, to establish a causality, the cell line with the 

highest MMP (MFL2) was treated with the clinically available complex one inhibitor 

metformin. Cells treated with metformin demonstrated a significant decline in MMP 

(Figures 3E and F). The addition of metformin to doxorubicin and devimistat resulted in a 

significant increase in response compared to devimistat and doxorubicin alone (Figure 

3G). These data demonstrate that MMP is a source of resistance to the effects of 

devimistat. The ability of metformin to sensitize MFL2 cells to the sensitizing effect of 

devimistat led to the hypothesis that the combination maybe synergistic obviating the 

need for chemotherapy. There was significant synergy with devimistat and metformin 

with a combinatorial index value of 0.67 (Figure 3H). To determine if this mitochondrial 

directed combination would have activity in vivo, syngeneic C57Bl/6 mice were injected 

with MFL2 cells and upon engraftment treated with PBS, metformin alone or combined 

with devimistat. Combination treated mice had a modest but highly significant survival 

benefit when compared to controls or either treatment alone (Figure 3I). These data 

show that MMP is a source of resistance to the effects of devimistat in vitro and in vivo.   
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TCA cycle inhibition Leads to Increased Mitochondrial Turnover  

The GSEA revealed electron transport chain assembly as significantly negatively 

associated with age (Figure 2E) suggesting that mitochondrial turnover may contribute to 

response to devimistat. To determine if devimistat causes increased turnover of 

mitochondria, treated MFL2 cells were lysed and cytosolic and mitochondrial fractions 

were blotted for actin, and the mitochondrial proteins VDAC1 and TOM20 (Figure 4A). 

Devimistat treatment resulted in a decrease of VDAC1 and TOM20 consistent with 

increased mitochondrial turnover. To determine if this effect is specific for TCA cycle 

inhibition, MFL2 cells deleted for the E1α subunit of PDH (Pdha1) by Cas9 (Pardee et 

al., 2018b) were compared to control cells with a Rosa26 targeted sgRNA. Pdha1 

deleted cells had significantly lower levels of VDAC1 and TOM20 consistent with TCA 

cycle defects resulting in increased mitochondrial turnover (Figure 4B).  To determine if 

the decrease in mitochondrial related proteins was accompanied by an increase in 

mitochondrial biogenesis, MFL2 cells were treated with devimistat and expression of 

several genes involved in mitochondrial biogenesis assessed. Following devimistat 

treatment significant increases in expression were seen with Tfam, Erra, Errg, and Nrf1 

(Figure 4C). Consistent with this being a consequence of TCA cycle inhibition Pdha1 

deleted cells also displayed increased expression of Tfam, Erra, and Nrf1 compared to 

isogenic controls (Figure 4D). Finally, if mitochondrial biogenesis is required for 

resistance to devimistat then inhibitors of mitochondrial biosynthesis should sensitize 

AML cells to its effects. Consistent with this when human or murine AML cells were 

treated with doxycycline, a known mitochondrial biosynthesis inhibitor (Lamb et al., 

2015), they became sensitized to devimistat (Figure 4E and F). These data suggest that 

TCA cycle inhibition in AML cells results in increased mitochondrial turnover.   
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Autophagy and Devimistat 

The main mechanism of mitochondrial turnover utilizes mitochondrial fission 

followed by autophagic digestion in a pathway termed mitophagy. Mitochondrial fission 

requires Drp1 to convert larger filamentous mitochondria into smaller fragmented ones. 

To determine the importance of mitochondrial fission to TCA cycle inhibition, sensitivity 

to the Drp1inhibitor MDIVI-1 was assessed. Pdha1 deleted cells were significantly more 

sensitive to MDIVI-1 treatment compared to the Rosa26 controls (Supplemental Figure 

1A). This increased dependence on mitochondrial fission was also seen in devimistat 

treated AML cells since they were more sensitive to MDIVI-1 (Supplemental Figure 1B). 

To extend these results, primary patient derived AML cells were treated with devimistat 

and MDIVI-1 and assessed for viability. Consistent with the cell line models primary 

patient AML cells were significantly more sensitive to the combination then either agent 

alone (Supplemental Figure 1C). Having established AML cells have increased reliance 

on Drp1 meditated mitochondrial fission in response to TCA cycle inhibition, we next 

examined autophagy. To determine if devimistat induces autophagy, levels of the 

autophagic protein LC3-II, which helps to assemble the autophagasome, were monitored 

in leukemia cells treated with devimistat. Leukemia cells exposed to devimistat showed 

an accumulation of LC3-II indicative of autophagy induction (Figure 5A). In order to 

assess reliance on autophagy in response to TCA cycle inhibition, Pdha1 deleted cells 

and Rosa26 control cells were treated with the autophagy inhibitor chloroquine. Both 

mouse (Figure 5B) and human (Supplemental Figure 2A+B) Pdh1a deleted cells showed 

increased sensitivity to chloroquine treatment compared to controls. Additionally, AML 

cells treated with devimistat were more sensitivity to chloroquine (Figure 5C+D). As 

chloroquine has multiple effects beyond inhibition of autophagy (Varisli et al., 2020) a 

genetic approach was used to confirm the effect was specific to autophagy. The gene 
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ATG5 is involved in the elongation and closure of autophagic vesicles (Dikic and Elazar, 

2018). Cells lacking ATG5 are impaired in classical autophagy although independent 

autophagic mechanisms remain (Arakawa et al., 2017). AML cells lacking the autophagy 

gene Atg5 were generated and assessed for sensitivity to devimistat. Two independent 

clones deleted for Atg5 demonstrated an increased sensitivity to devimistat compared to 

control cells (Figure 5G and 5H). Additionally, when Atg5 deleted cells were treated with 

devimistat TOM20 and VDAC protein expression remained constant in contrast to 

autophagy competent cells (Figure 5I and Supplemental Figure 3). Finally, primary 

patient derived AML cells were treated with devimistat and chloroquine and assessed for 

viability. Primary patient AML cells were significantly more sensitive to the combination 

then either agent alone (Figure 5J). These data taken together demonstrate that TCA 

cycle inhibition induces autophagy dependent mitochondrial turnover and that inhibition 

of either autophagy or mitochondrial fission sensitizes cells to devimistat.    

Reactive Oxygen Species Mediate Mitochondrial Turnover in Devimistat Response  

PINK1 and Parkin mediate the main pathway of removal of damage 

mitochondria. Damaged mitochondria exhibit decreased MMP leading to PINK 

stabilization that in turn activates the E3 ubiquitin ligase Parkin resulting in ubiquitin 

chains on the outer mitochondrial membrane ultimately leading to autophagy adaptor 

mediated mitophagy (Shaid et al., 2013). To examine if PINK and Parkin were involved 

in the devimistat mediated mitochondrial turnover, AML cells expressing Parkin-mCherry 

fusion protein were treated with devimistat and stained with mitotracker-deep red. 

Confocal images revealed that devimistat treated cells did not demonstrate punctate 

Parkin that co-localized to mitochondria (Figure 6A). In contrast FCCP treated cells did 

show punctate Parkin that co-localized with mitochondria consistent with this pathway 

being active (Figure 6A). Since FCCP triggers mitophagy via loss of MMP we 
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determined the effect of devimistat on MMP. AML cells treated with devimistat showed 

no decline in MMP up to 24 hours post treatment (when mitochondrial turnover was 

detected, Figure 6B) suggesting that changes in MMP are not responsible for devimistat 

induced mitochondrial turnover. As devimistat induces mitochondrial reactive oxygen 

species in NSCLC cells (Stuart et al., 2014) and mitochondrial ROS can trigger 

mitophagy (Xiao et al., 2017) we examined mitochondrial ROS in devimistat treated AML 

cells. Devimistat treatment resulted in significantly increased mitochondrial ROS in AML 

cells. In fact, devimistat induced mitochondrial ROS was far greater than that induced by 

the protonophore FCCP (Figure 6C). To extend this result primary patient derived AML 

cells were treated with increasing amounts of devimistat and mitochondrial ROS 

assessed. As was seen in the cell line models, devimistat induced a robust increase in 

mitochondrial ROS (Figure 6D). Finally, mitochondrial turnover could be partially rescued 

by the antioxidant N-acteyl-cysteine (NAC), directly demonstrating the role of ROS 

(Figure 6E). Taken together our data support a model where TCA cycle inhibition with 

devimistat triggers mitochondrial ROS leading to mitophagy.  

Discussion: 

AML is a disease of the elderly with a median onset of 68 years of age. Age is an 

important prognostic factor in AML with patients 60 years old or older having a much 

worse prognosis (Appelbaum and Gundacker, 2004; Appelbaum et al., 2006). Response 

and cure rates are much lower for these older patients, especially when treated with 

DNA damaging agents (Vasu et al., 2018). This could be a reflection of the fact that 

normal hematopoietic stem cells (HSCs) must survive for the entire human lifespan to 

provide the 200+ billion blood cells that are produced every day (Dzierzak and Philipsen, 

2013). Over time, repeated exposures to environmental carcinogens can select for those 

HSCs that are most resistant to DNA damage. Indeed, clonal hematopoiesis increases 
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with age and is a risk factor for the development of hematological malignancies including 

AML (Genovese et al., 2014; Jaiswal and Ebert, 2019). It is not surprising that AML 

derived from such an HSC population would be poorly responsive to DNA damaging 

agents.   

The specific dose response seen in older patients with devimistat likely reflects 

the age related decline in mitochondria quality and function. One of the hallmarks of 

aging is the progressive loss of mitochondrial function (López-Otín et al., 2013a). The 

respiratory chain of the mitochondria becomes less efficient as organisms, including 

humans, age (Green et al., 2011). AML arising in a host with declining mitochondria 

would likewise be expected to have limited mitochondrial reserve and therefore be more 

responsive to the combination of devimistat and chemotherapy. The RNA sequence 

analysis of patient bone marrow samples showing a highly significant age related decline 

in genes associated with mitochondrial function and assembly supports this. Consistent 

with this, AML cell lines with lower MMP were significantly more sensitive to the 

combination of devimistat and chemotherapy. This observation is also consistent with 

several previous studies showing chemotherapy resistance is driven by mitochondrial 

function (Farge et al., 2017; Kuntz et al., 2017). It is notable that the cell line with the 

lowest MMP harbors a DNMT3a mutation (Lu et al., 2016) and patients with this 

mutation in our study had a response rate of 64%, higher than other patients, suggesting 

an association between MMP, DNMT3A and response to devimistat. Several studies 

have shown DNMT3A mutations confer increased expression of genes involved in 

control of reactive oxygen species (ROS) perhaps indicative of less efficient 

mitochondria with higher ROS generation (Bera et al., 2018; Yang et al., 2017). Further 

studies are needed to clarify these relationships.  
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The clinically available complex I inhibitor metformin lowered the MMP of a 

resistant cell line making it sensitive to devimistat and chemotherapy. Further, metformin 

and devimistat alone provided a survival advantage in an aggressive AML syngeneic 

model. Metformin has previously been shown to sensitize AML cells to chemotherapy in 

preclinical models (Asik et al., 2018; Yuan et al., 2020) however clinical benefit in AML 

patients taking metformin was not seen (Ceacareanu et al., 2017) suggesting additional 

metabolic stress maybe needed. The pairing of TCA cycle inhibition with complex I 

inhibition may represent such a strategy.  

Significant negative correlation was seen in RNA sequence data of patient bone 

marrow with genes involved in electron transport assembly implicating mitochondrial 

turnover as a possible resistance mechanism. The finding that genetic or 

pharmacological inhibition in the TCA cycle induced mitochondrial turnover and an 

increased sensitivity to autophagy inhibition supported this. Further, mitochondrial fission 

inhibition was likewise able to increase sensitivity to devimistat. Finally, cells with 

impaired TCA cycle function demonstrated a reduction in the mitochondrial membrane 

associated proteins VDAC1 and TOM20 that was dependent on the autophagy protein 

ATG5 consistent with the induction of mitophagy. Interestingly, devimistat induced 

mitophagy was the result of a massive increase in mitochondrial ROS following 

treatment and not result from a decline in MMP. This is consistent with the known 

mitochondrial ROS generation seen previously with devimistat in NSCLC cells (Stuart et 

al., 2014). The current study extends those results showing that the ROS burst triggers 

mitophagy. Previous work has demonstrated that ROS can induce mitophagy 

independently of MMP (Xiao et al., 2017) however that process involved the recruitment 

of Parkin. Devimistat mediated mitophagy appears to be a ROS dependent but Parkin 

independent process not previously described.  
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The age related decline in mitochondrial quality leading to decreased MMP and 

increased sensitivity to devimistat combined with the age related decline in autophagy 

make TCA cycle inhibition an ideal strategy to use in the treatment of older patients with 

cancer. These results suggest a chemotherapy free regimen could be translated to treat 

elderly patients. Such regimens have been tried with some success in B cell lymphomas 

(Chiche et al., 2019) and could be adapted to AML patients. Indeed, studies of elderly 

populations have shown a correlation between decreased mitochondrial respiratory 

capacity in blood cells and physical frailty (Tyrrell et al., 2015). Thus, frail elderly patients 

who have the largest unmet medical need would be the most likely to benefit from this 

approach.    

The effect of the addition of devimistat to chemotherapy in older patients is being 

explored in the randomized phase III trial ARMADA 2000 currently being conducted 

(Pardee et al., 2019). This randomized data will be essential to establish the contribution 

of TCA cycle inhibition by devimistat to outcomes in older patients with relapsed or 

refractory AML. The current data support a model where decreased mitochondrial quality 

combined with reduced autophagy capacity in AML derived from an older patient results 

in increased response to devimistat combined with chemotherapy.    

Materials and Methods:  

Study Design 

Details of the phase I study were published previously (Pardee et al., 2018b). 

The single arm phase II study was approved by the Institutional Review Board (IRB) of 

Wake Forest Baptist Health. All patients who participated provided written informed 

consent on an IRB approved consent form in accordance with the declaration of 
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Helsinki. The study was conducted under the supervision of the Safety and Toxicity 

Review Committee of Wake Forest Baptist Health.  

Eligibility   

Key inclusion criteria included histologically or cytological documented relapsed 

and/or refractory AML, age ≥18 years old, ECOG performance status of ≤3 and an 

expected survival of >3 months. The eligibility criteria were identical to the phase I study 

(Pardee et al., 2018b).  

Study Treatment 

Devimistat at 2,500, 2,000 or 1,500 mg/m2 was administered via central line over 2 hours 

on days 1-5. Cytarabine was given at 3 gm/m2 for age <60 or 1.5 gm/m2 for age ≥60 

over 3 hours every 12 hours for 5 doses starting on day 3. Mitoxantrone was given at 6 

mg/m2 daily for 3 doses over 15 minutes after the 1st, 3rd and 5th doses of cytarabine. A 

treatment cycle was defined as devimistat, cytarabine and mitoxantrone, given on days 

1-5 of Week 1, followed by 1 week of rest (14 days total). Each patient was treated with 

1 cycle of induction and residual disease assessed on day 14. Any patient with 

significant residual disease (defined as blasts ≥5%) could, at the discretion of the 

treating physician, receive a second course of induction or an abbreviated 3-day course. 

The 3-day course consisted of devimistat given on days 1-3, cytarabine starting on day 2 

for a total of 3 doses and mitoxantrone given after the first and third cytarabine doses. 

Any patient with significant residual disease after 2 cycles was considered refractory and 

removed from study. Responding patients could receive up to two consolidation cycles 

of the 3-day course of therapy. Any patient who completed all planned consolidation 

therapy could receive maintenance therapy consisting of devimistat at 2,500 mg/m2 on 

days 1-5 of every 28 days until disease progression, withdrawal of consent or the 

availability of allogenic stem cell transplant. The study treatment was identical to the 

phase I except for the availability of the maintenance phase.  
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Assessments 

Bone marrow biopsies were performed within 2 weeks of enrollment and on day 

14 following each salvage induction cycle to assess for residual disease. Bone marrow 

biopsies were also performed to assess remission status when peripheral blood counts 

recovered to an absolute neutrophil count of >1000/µL and a platelet count of 

>100,000/µL or at the discretion of the treating physician. Responses were assessed as 

per ELN 2017 guidelines (Döhner et al., 2017).  

Mouse Studies 

The Wake Forest University Institutional Animal Care and Use Committee 

approved all mouse experiments. Luciferase-tagged leukemia cells were transplanted 

into 6- to 8-wk-old sublethally irradiated recipient mice (4 Gy) by tail-vein injection. Mice 

were monitored by bioluminescent imaging performed using an IVIS100 imaging system 

(Caliper LifeSciences, Hopkinton, MA). Mice were injected with 150 mg/kg D-Luciferin 

(Gold Biotechnology, St. Louis, MO), anesthetized with isoflurane, and imaged for 2 min. 

Devimistat with or without metformin was initiated upon detection of clear signals. Mice 

were treated with devimistat by oral gavage. Metformin was added to the drinking water 

at 5mg/100ml. Animals were followed for survival. 

Cell culture/TMRM Staining/MitoSOX Red Staining 

RHRAS cells were a kindly provided by Dr Gang Greg Wang, RN2 cells by Dr 

Christopher R. Vakoc. MFL2, RN2 and RHRAS cells were grown in stem cell media at 

37 C with 5% CO2 as in (Pardee et al., 2018b). Cell populations were exposed to the 

indicated therapy for 72 hours and the viable cell population determined using the Cell 

Titer Glo assay (Promega, Madison, WI) according to the manufacturer's protocol. For 

mitochondrial membrane potential assays cells were grown in stem cell media, placed at 

200,000 cells/ml the night before and the next day cells were counted, and viability 

assessed by trypan blue exclusion. Cells were then stained with TMRM according to the 
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manufacturer’s protocol (ThermoFisher, Waltham, MA) and analyzed by flow cytometry 

as in (Pardee et al., 2018b). For mitochondrial ROS assessments cells were treated as 

indicated and stained with MitoSOX Red according to the manufacturer’s protocol 

(ThermoFisher, Waltham, MA).  

Cas9 Crisper gene deletion  

MFL2 and K562 cells were infected with the Cas9 expressing vector, 

MSCV_Cas9_puro (gift from Christopher Vakoc) (Addgene plasmid # 65655) and 

infected cells selected with puromycin. Resistant cells were then transfected with sgRNA 

expressing vector LRG (Lenti_sgRNA_EFS_GFP) also a gift from Christopher Vakoc 

(Addgene plasmid # 65656) tagged with GFP targeting the indicated gene. Gene 

deletion was confirmed by Western blot. Clonal populations of deleted cells were 

obtained by serial dilution. All human cell lines were maintained in RPMI media (Gibco) 

supplemented with 20% FBS, penicillin and streptomycin. Cells were grown at 37oC with 

5% CO2. Viability assays were done using the EZQuant assay (ALSTEM, Richmond, 

CA) according to the manufacturer's protocol.    

Mitochondrial isolation and Western blotting 

Cells were plated at a cell density of 300,000 viable cells per mL in 10-cm plates 

and treated with 100µM CPI-613 (Devimistat) 24 hours and 50nM Bafilomycin A (Sigma 

#B1793) 2 hours before harvest where indicated. Mitochondrial extracts were prepared 

with Mitochondrial Isolation Kit for Cultured cells (Thermo Scientific #89874) as per 

manufacturer protocol. Pellets were lysed in Laemmli buffer, quantified by Bio-Rad 

Protein Assay (Bio-Rad), separated by SDS-PAGE, and transferred to an Immobilon 

PVDF membrane (Millipore). Antibodies against TOM20 (Cell Signaling, #42406; 

1:1000), VDAC (Abcam, ab14734; 1:1000), and β-actin (Abcam, ab8227; 1:2000) were 

used. 

Confocal Microscopy 
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 MFL2 cells were infected with pBMN-mCherry-Parkin, which was a gift from 

Richard Youle (Addgene plasmid #59419) and seeded on polylysine (Sigma Aldrich) 

covered 4-well chamber slides. Then the cells were treated with 100uM Devimistat or 

10uM FCCP for 24-hours. Cells were incubated with MitoTracker Deep Red 

(ThermoFisher, Waltham, MA) for 30 minutes at 37o C. After washing with PBS, the cells 

were fixed with 10% formalin at room temperature for 20 minutes. After washing twice 

with PBS cells were incubated with VECTASHIELD ® mounting media with DAPI to stain 

the nucleus. Confocal microscopy was performed using an Olympus FV1200 

SPECTRAL Laser scanning confocal microscope. 

Patient Samples and Annexin V and PI staining 

All patient samples were collected during routine clinical care under a protocol 

approved by the Wake Forest School of Medicine Institutional Review Board. All patients 

provided written informed consent. Mononuclear cells were isolated by Ficoll gradient 

separation and stored at −80°C until use. Patient derived AML cells were purified using 

CD34 magnetic beads (Miltenyi Biotec) and amplified by passage through NOD.SCID 

mice (Jackson Laboratories). CD34+ cells were injected into sub-lethally irradiated (2 

Gy) mice. Peripheral blood was monitored longitudinally for human CD33+ cells. Once 

substantial engraftment was recorded in the mice the spleens and bone marrow was 

harvested and the mouse cells were depleted by staining with mouse CD45.1 and 

selected with APC beads (Miltenyi Biotec), and assessed the selection by flow 

cytometry. All the cells were divided into different treatments indicated in the figures and 

cell death was assessed by Annexin V (BD Biosciences) and PI staining by flow 

cytometry at 72-hours.   

Quantitative PCR assays 

Cells were treated as indicated and total RNA harvested using RNeasy mini kits 

as per the manufacturer's protocol (Qiagen, Valencia, CA). RNA was converted to cDNA 
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using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). QPCR was carried out on 

a CFX-96 QPCR machine using SsoFast EvaGreen Mastermix as per the 

manufacturer’s protocol (Bio-Rad). Relative message levels were calculated using the 

ΛΛCt method and normalized to actin. Primer sequences are available on request. 

RNA Sequencing analysis  

Patient samples: Samples from bone marrow biopsies at the time of enrollment 

were taken when possible. Mononuclear cells were isolated by Ficoll gradient separation 

and stored in liquid nitrogen. Response data was available for all patient samples. Total 

RNA was isolated from bone marrow derived mononuclear cells using the Qiagen 

RNeasy RNA isolation kit per the manufacturer’s instructions. RNA samples were 

assessed for quality by electrophoretic tracing (Agilent Bioanalyzer). cDNA libraries were 

generated using the Illumina TruSeq Stranded Total RNA kit with Ribo-Zero rRNA 

depletion according to the manufacturer’s instructions. Library size distributions were 

inspected for quality using an Agilent 2100 Bioanalyzer. Library quantity was measured 

on a Qubit 3.0 (Thermo Fisher, USA). Indexed libraries were pooled and sequenced to a 

target read depth of 40-50M reads per library using 150 bp paired-end sequencing on an 

Illumina NextSeq 500 high-output flow cell. For each sample, approximately 80% of 

sequences achieved >Q30 Phred quality scores (FASTQC analysis, Babraham 

Bioinformatics). Adapter contamination was cleaned with Trimmomatic (Bolger et al., 

2014). Reads were aligned to the reference human genome GRCh38 using the STAR 

sequence aligner (Dobin et al., 2013), and gene counts determined using featureCounts 

software (Liao et al., 2014). Differentially expressed genes were identified by negative 

binomial modeling using DESeq2 (Love et al., 2014). This work was performed by the 

Cancer Genomics Shared Resource of the Wake Forest Baptist Comprehensive Cancer 

Center.  

Statistical Analysis 
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All means were compared by two tailed student's T test. Survival curves were 

estimated by the Kaplan-Meier method and p values were determined by the log rank 

test. P values below 0.05 were considered significant. Patients were followed and 

analyzed for response rate and overall survival.  In exploratory analysis we compared 

response and overall survival to the observed rates in a historical cohort of subjects 

treated with high dose cytarabine (HiDAC), mitoxantrone and L-Asparaginase at our 

institution as published in Ahmed et al (Ahmed et al., 2015). Analysis was performed 

using Graph Pad Prism version 6.05 (Graph Pad Software Inc). Combinatorial indices 

were calculated using Calcusyn (Biosoft, Cambridge, UK).    
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Tables  

Table 1 Demographics of 2,000 and 1,500 mg/m2 Cohorts 

Age All All ≥ 60 y/o ≥ 60 y/o 

Dose of devimistat (CPI-

613®) (mg/m2) 

2,000 

(n=35) 

1,500 

(n=30) 

2,000 

(n=23) 

1,500 

(n=19) 

Demographics     

Male 57% (20/35) 58% (15/26) 70% (16/23) 68% (13/19) 

Median Age (range) 63 (21-76) 63 (25-80) 69 (60-76) 68 (60-80) 

Line of Salvage (range) 1 (1-4) 1 (1-3) 1 (1-2) 1 (1-3) 

Refractory to Initial 

Therapy 

26% (9/35) 31% (11/30) 26% (6/23) 21% (4/19) 

Duration of CR1 

(months) 

9.5 8 10 7.5 

Cytogenetic Risk     

Poor 43% (15/35) 43% (13/30) 43% (10/23) 42% (8/19) 

Intermediate 49% (17/35) 47% (14/30) 48% (11/23) 49% (10/19) 

Good 9% (3/35) 0% (0/30) 9% (2/23) 0% (0/19) 

Unknown 0% (0/35) 7% (2/30) 0% (0/23) 5% (1/19) 

Outcomes:     

Median Survival 

(months) 

10.4 5.8 10.4 5.4 

Response (CR + CRi) 43% (15/35) 47% (14/30) 52% (12/23) 37% (7/19) 

Went to Transplant 26% (9/35) 20% (6/30) 22% (5/23) 11% (2/19) 
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Table 2 Responses 60 Years of Age and Older 

Regimen HAMA (n=66) 1,500 mg/m2 
CPI-613 
(n=19) 

 2,000 mg/m2 
CPI-613 
(n=23) 

Median Survival (months) 5.2 5.4 10.4 

Response (CR+CRi) 33% (22/66) 37% (7/19) 52% (12/23) 

Went on to Transplant 14% (9/66) 11% (2/19) 22% (5/23) 

HAMA= High dose cytarabine, mitoxantrone, L-Asparaginase 
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Figures: 

 

Figure 1: Efficacy of HiDAC, mitoxantrone and devimistat. (A) Overall survival of the 

combined Phase I and II cohorts by age. (B) Overall survival of the combined Phase I 

and II cohorts by dose of devimistat. (C) Overall survival of the combined Phase I and II 

cohorts by dose of devimistat for patients <60 years of age. (D) Overall survival of the 

combined Phase I and II cohorts by dose of devimistat for patients ≥60 years of age.  P 

value calculated by log rank test.   
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Figure 2. Genes inversely correlated with patient age are enriched for 

mitochondrial functions. (A-E) RNA sequence data for 25 baseline bone marrow 

samples from the combined Phase I+II cohorts were analyzed for gene expression 

patterns correlated with patient age. Genes were ranked on Pearson correlation 

coefficients and analyzed using the Gene Set Enrichment Analysis (GSEA) tool kit and 

Molecular Signatures Database. Shown are the top most enriched gene sets negatively 

associated with age. No significant enrichment was observed for positively correlated 

genes. Enrichment scores (green line) and their corresponding false discovery rate-

adjusted significance (q-values) are shown. Black vertical bars indicate the relative 

position of genes belonging to the gene set along the rank-ordered dataset. GO, Gene 

Ontology GO terms. 
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Figure 3: Activity of devimistat depends on baseline MMP. (A) TMRM staining. 3 

genetically defined murine AML cell lines were stained with TMRM and assessed by flow 

cytometry. Median fluorescence intensity of TMRM stained cells from 3 independent 

experiments were quantitated and plotted.  (B-D) 3 genetically defined murine AML cell 

lines were exposed to the indicated chemotherapy, devimistat (CPI-613) or both for 72 

hours and assessed for viability. (E) MFL2 cells untreated (control) or treated with 2.5 

mM metformin for 24 hours were stained with TMRM and assessed by flow cytometry. 



90 

 

(F) Median fluorescence intensity of TMRM stained cells from 3 independent 

experiments were quantitated and plotted. (G) MFL2 cells were exposed to the indicated 

chemotherapy, devimistat (CPI-613), metformin or combinations for 72 hours and 

assessed for viability. (H) MFL2 cells were exposed to the indicated doses of devimistat 

(CPI-613), metformin or the combination for 72 hours and assessed for viability. (I) 

Survival of syngeneic C57Bl/6 mice injected with 1x106 MFL2 cells and treated with PBS 

(Control), metformin or devimistat or the combination. P value calculated by log rank 

test. All viability data were derived from at least 3 independent experiments each done in 

triplicate.  
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Figure 4. Devimistat induces mitochondrial turnover. (A) Western blot for Vdac1 and 

Tom20. MFL2 cells were treated with 100 µM devimistat for 24 hours, lysed and 

cytosolic and mitochondrial fractions blotted for the indicated protein. Actin was used as 

a localization and loading control. (B) Control compared to Pdha1 deleted cells. 

Indicated cells were lysed and separated into cytosolic and mitochondrial fractions and 

blotted for Vdac1 and Tom20. Actin was used as a localization and loading control. (C) 

QPCR of mitochondrial biogenesis genes. MFL2 cells were treated with the indicated 

amount of devimistat for 24 hours and RNA isolated, converted to cDNA and QPCR 

performed. (D) QPCR of mitochondrial biogenesis genes. Pdha1 deleted and control 

Rosa26 deleted cells (Rosa) were grown and RNA isolated, converted to cDNA and 

QPCR performed. (E+F) Viability assays of human (E) or murine (F) AML cells treated 

with devimistat (dev) or doxycycline (doxy) or both for 72 hours.  ****=p value less than 

0.0001. ***=p value of 0.001 or less. **=p value of 0.01 or less. *=p value of 0.05 or less. 
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Figure 5. Devimistat and mitophagy. (A) Western blot for the autophagy protein LC3B-

II (LC3-II). K562 or MFL2 cells were incubated for 4 hours in Hank’s balanced salt 

solution (HBSS) as a positive control or in normal media with devimistat (CPI). Cells 

were lysed and blotted for LC3B-II.  3MA=3-methyladenine, BafA=Bafilomycin A. (B) 

Viability assay. Pdha1 deleted or Rosa control cells were treated with the indicated 

amount of chloroquine for 72 hours and viability assessed. (C+D) Viability assay. K562 

or MFL2 cells were incubated with devimistat (CPI), chloroquine (CHLR) or both at the 
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indicated µM concentrations for 72 hours and viability assessed. (E) Western blot. MFL2 

cells expressing Cas9 were infected with sgRNAs targeting Atg5 or the safe harbor locus 

Rosa26. Clonal isolates were obtained by serial dilution and blotted for Atg5. Actin is 

used as a loading control. (F) Viability assays. Clones from figure 5E were incubated in 

the indicated concentrations of devimistat (CPI) for 72 hours and viability assessed. (G) 

Western blot for Vdac1 and Tom20. Atg5 KO cells were treated with vehicle or 100 µM 

devimistat as indicated for 24 hours, lysed and cytosolic and mitochondrial fractions 

blotted for the indicated protein. Actin was used as a localization and loading control. (H) 

Apoptosis assay. Primary patient sample derived AML cells were placed in culture and 

treated as indicated for 72 hours. Following treatment cells were stained with annexinV 

and PI and analyzed by flow cytometry. Each treatment was done in triplicate. For all 

viability assays a mean of three independent experiments each done in triplicate are 

shown. Means compared by 2 way ANOVA and multiple comparisons corrected by 

Tukey’s posttest. ****=p value of 0.001 or less. *=p value of 0.05 or less. 

 

 

 

 

 

 

 



95 

 

 

 

Figure 6. Devimistat induces mitophagy via mitochondrial ROS. (A) 

Immunofluorescence. MFL2 cells expressing mCherry-Parkin were treated as indicated 
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for 24 hours and imaged. (B) MMP assessments. MFL2 cells were treated with FCCP for 

6 hours or 100 µM devimistat for the indicated time and stained with TMRM. Means of 

three independent experiments are shown. (C) Mitochondrial ROS. MFL2 cells were 

treated as indicated for 24 hours and stained with MitoSOX red to assess mitochondrial 

ROS. Means of three independent experiments are shown. (D) Mitochondrial ROS in 

primary patient derived AML cells. Primary patient sample derived AML cells were 

placed in culture and treated as indicated for 24 hours. Cells were then stained with 

MitoSOX red to assess mitochondrial ROS. Shown are the means of triplicates. (E) 

Western blot for Vdac1 and Tom20. MFL2 cells were treated with vehicle, 100 µM 

devimistat with or without n-acetyl-cysteine (NAC) as indicated for 24 hours, lysed and 

cytosolic and mitochondrial fractions blotted for the indicated protein. Actin was used as 

a localization and loading control. 
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Supplemental Tables 

 
Supplemental Table 1. Phase II Cohort Demographics 

Median Age (range) 64 (21-80) 

Male 58% 

Performance Status (range) 1 (0-3) 

Line of Salvage (range) 1 (1-4) 

Refractory Disease 29% 

Therapy-related AML 4% 

Antecedent hematologic 
disorder 

13% 

Prior Allogeneic Transplant 4% 

Prior HDAC Based Salvage 13% 

Prior HMA  27% 

Median Duration of CR1 
(months) 

11.5 

Cytogenetic Risk  

Poor 38% 

Intermediate 52% 

Good 4% 

Unknown  6% 

 

 

Supplemental Table 2. Phase II Summary of Toxicities by Dose of Devimistat 

(N=48 participants)  

 Dose (per m2) 2,500 mg (n=7) 

  CTC Toxicity Grade   

Body System 1 2 3 4 5 Total % Patients 

Blood and lymphatic system 

disorders 

0 7 10 1 0 18 100 

Cardiac disorders 7 2 0 0 0 9 85.7 

Constitutional Symptoms 0 0 0 0 0 0 0 

Ear and labyrinth disorders 1 0 0 0 0 1 14.3 
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Eye disorders 3 0 0 0 0 3 42.9 

Gastrointestinal disorders 13 23 11 0 0 47 100 

General disorders and administration 

site conditions 

15 10 9 0 0 34 100 

Hepatobiliary disorders 0 0 0 0 0 0 0 

Immune system disorders 0 0 0 0 0 0 0 

Infections and infestations 0 1 7 0 0 8 57.1 

Injury, poisoning and procedural 

complications 

1 0 0 0 0 1 14.3 

Metabolism and nutrition disorders 27 15 18 1 0 61 100 

Musculoskeletal and connective 

tissue disorders 

3 12 5 0 0 20 85.7 

Neoplasms benign, malignant and 

unspecified (incl cysts and polyps) 

0 0 0 0 0 0 0 

Nervous system disorders 12 4 4 0 0 20 100 

Psychiatric disorders 2 10 0 0 0 12 71.4 

Renal and urinary disorders 6 4 1 1 0 12 71.4 

Reproductive system and breast 

disorders 

1 0 0 0 0 1 14.3 

Respiratory, thoracic and mediastinal 

disorders 

18 0 4 0 0 22 100 

Skin and subcutaneous tissue 

disorders 

11 1 0 0 0 12 85.7 

Surgical and medical procedures 0 0 0 0 0 0 0 

Vascular disorders 0 7 0 0 0 7 85.7 

Total 147 111 74 31 0 363 100 

  Dose (per m2) 2,000 mg (n=20) 

  CTC Toxicity Grade   
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Body System 1 2 3 4 5 Total % 

Patients 

Blood and lymphatic system 

disorders 

0 19 32 1 0 52 100 

Cardiac disorders 27 10 0 0 2 39 75 

Constitutional Symptoms 0 1 0 0 0 1 5 

Ear and labyrinth disorders 2 0 0 0 0 2 10 

Eye disorders 6 1 0 0 0 7 25 

Gastrointestinal disorders 62 38 22 1 0 123 100 

General disorders and administration 

site conditions 

39 26 11 0 0 76 95 

Hepatobiliary disorders 0 0 0 0 0 0 0 

Immune system disorders 0 0 0 0 0 0 0 

Infections and infestations 1 12 23 3 0 39 85 

Injury, poisoning and procedural 

complications 

7 0 0 0 0 7 30 

Metabolism and nutrition disorders 76 52 33 5 0 166 100 

Musculoskeletal and connective 

tissue disorders 

14 10 8 0 0 32 75 

Neoplasms benign, malignant and 

unspecified (incl cysts and polyps) 

1 0 0 0 0 1 5 

Nervous system disorders 32 12 5 0 0 49 90 

Psychiatric disorders 14 19 0 0 0 33 80 

Renal and urinary disorders 15 15 2 0 0 32 60 

Reproductive system and breast 

disorders 

0 0 0 0 0 0 0 

Respiratory, thoracic and mediastinal 

disorders 

47 14 13 5 0 79 90 
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Skin and subcutaneous tissue 

disorders 

39 5 1 0 0 45 90 

Surgical and medical procedures 0 0 0 0 0 0 0 

Vascular disorders 0 5 5 0 0 10 50 

Total 446 271 166 92 2 977 100 

  Dose (per m2) 1,500 mg (n=21) 

  CTC Toxicity Grade   

Body System 1 2 3 4 5 Total % 

Patients 

Blood and lymphatic system 

disorders 

1 19 26 1 0 47 100 

Cardiac disorders 8 7 5 2 1 23 57.1 

Constitutional Symptoms 1 1 0 0 0 2 9.5 

Ear and labyrinth disorders 4 0 1 0 0 5 23.8 

Eye disorders 9 3 0 0 0 12 28.6 

Gastrointestinal disorders 68 27 9 0 0 104 100 

General disorders and administration 

site conditions 

45 39 8 0 2 94 100 

Hepatobiliary disorders 0 0 2 0 0 2 9.5 

Immune system disorders 0 1 0 0 0 1 4.8 

Infections and infestations 7 11 10 7 1 36 90.5 

Injury, poisoning and procedural 

complications 

5 1 0 0 0 6 23.8 

Metabolism and nutrition disorders 67 48 30 9 0 154 100 

Musculoskeletal and connective 

tissue disorders 

18 19 7 0 0 44 76.2 

Neoplasms benign, malignant and 

unspecified (incl cysts and polyps) 

2 0 0 0 0 2 9.5 
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Nervous system disorders 34 19 5 0 1 59 76.2 

Psychiatric disorders 14 22 5 0 0 41 76.2 

Renal and urinary disorders 17 11 4 6 0 38 52.4 

Reproductive system and breast 

disorders 

2 2 0 0 0 4 14.3 

Respiratory, thoracic and mediastinal 

disorders 

33 19 8 8 0 68 81 

Skin and subcutaneous tissue 

disorders 

18 4 3 0 0 25 47.6 

Surgical and medical procedures 0 1 0 0 0 1 4.8 

Vascular disorders 7 8 8 0 0 23 76.2 

Total 414 284 149 117 5 969 100 
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Supplemental Figures: 

 

Supplemental Figure 1. AML cells are dependent on Drp1 during TCA cycle 

inhibition. (A) Viability assay. Pdha1 deleted (PDH KO) or control (ROSA KO) cells 

were incubated with the indicated concentration of MDIVI-1 for 72 hours and assessed 

for viability. (B) Viability assay. MFL2 cells were incubated with devimistat (CPI), MDIVI-

1 (MDIVI) or both at the indicated µM concentrations for 72 hours and viability assessed. 

(C) Primary patient sample derived AML cells were placed in culture and treated as 

indicated for 48 hours. Following treatment cells were stained with annexinV and PI and 

analyzed by flow cytometry. Each treatment was done in triplicate. For all viability assays 

a mean of three independent experiments each done in triplicate are shown. Means 

compared by 2 way ANOVA and multiple comparisons corrected by Tukey’s posttest. 

****=p value of 0.001 or less. 
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Supplemental Figure 2. PDH knockout cells are sensitive to chloroquine. (A) 

Western blot. K562 cells expressing Cas9 were infected with sgRNAs targeting the E1α 

subunit of PDH (PDHA1) or a non-targeting control. Clonal isolates were obtained by 

serial dilution and blotted for PDHA1. Tubulin is used as a loading control. (B) Viability 

assays. Clones from figure S1A were incubated in the indicated concentrations of 

chloroquine for 72 hours and viability assessed. Mean of three independent experiments 

each done in triplicate are shown. Means compared by 2 way ANOVA and multiple 

comparisons corrected by Tukey’s post test. ****=p value of 0.001 or less. 
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Supplemental Figure 3. Atg5 KO cells have impaired mitophagy. Western blot for 

Vdac1 and Tom20. Atg5 KO cells were treated with 50 µM devimistat for 24 hours, lysed 

and cytosolic and mitochondrial fractions blotted for the indicated protein. Actin was 

used as a localization and loading control. 
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Abstract: 

Acute myeloid leukemia is an aggressive disease characterized by poor 

outcomes and chemotherapy resistance. Devimistat (CPI-613) is a novel agent that 

inhibits two key TCA cycle enzyme complexes, pyruvate dehydrogenase and α-

ketogluterate dehydrogenase, limiting the two main entry points of carbon into the TCA 

cycle. Previous research from our lab has shown that pharmacological and genetic PDH 

inhibition sensitizes cells to chemotherapy and clinical trials with combination devimistat 

and chemotherapy have been promising. However, the means by which AML cells adapt 

to TCA cycle inhibition by devimistat treatment is unknown. AML cell lines showed a 

decrease in glycolytic rates corresponding with decreased glucose uptake due to a 

reduction of GLUT1 levels, and reduced glucose retention due to decreased hexokinase 

II. However, increased sensitivity to a glycolytic inhibitor in both devimistat treated cells 

and PDH knockout cells indicate that the treated cells remain reliant on the reduced 

glycolysis. A series of amino acid addback assays indicated that PDH inhibited cells are 

reliant on asparagine and glutamate. This was further supported by PDH knockout and 

devimistat treated cells being highly sensitive to asparaginase. This led us to investigate 

gluconeogenesis enzymes, specifically phosphoenolpyruvate carboxykinase (PCK) 

levels and found PCK2, the mitochondrial isoform, was significantly upregulated in 

devimistat treated cells. PDH inhibition showed minimal sensitivity to a fatty acid 

oxidation inhibitor but showed increased activity of fatty acid synthesis enzymes without 

an increase in lipid accumulation. Taken together, the data shows that in AML cells, 

pharmacologic and genetic inhibition of PDH leads to decreased glycolysis, increased 

reliance on amino acid metabolism, and increased gluconeogenesis. 
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Introduction: 

 Acute myeloid leukemia (AML) is an aggressive disease that is characterized by 

abnormal proliferation of immature myeloid cells that fail to differentiate. AML is the most 

common acute leukemia in adults and is a disease of the elderly, with a median age of 

diagnosis of 67 years old (Daver et al., 2020). A study found that the 5-year overall 

survival (OS) for AML patients was not only dramatically different between young and 

old patients, but also that recent improvements in standard therapies have impacted the 

OS of two age groups differently (Daver et al., 2020). In a 16-year period, the OS 

improved from 19% to 35% in patients younger than 60 years old, while OS of patients 

over the age of 60 did not go past 11% (Daver et al., 2020). This is due to a combination 

of frail patients and resistance to chemotherapy.  

 Resistant leukemia cells have shown an increased oxidative phosphorylation 

signature (Farge et al., 2017). Research over the years has noted the critical role of 

mitochondria in cancer cell metabolism and response to therapeutics. As a result, there 

are many therapeutics that target different parts of the mitochondria in clinical trials with 

varying degrees of success (Anderson et al., 2018). One such drug is devimistat (CPI-

613), a novel therapeutic that targets two key enzyme complexes in the TCA cycle, 

pyruvate dehydrogenase (PDH) and α-ketogluterate dehydrogenase (Stuart et al., 2014; 

Zachar et al., 2011). This activity severely limits the primary sources of carbon into the 

TCA cycle, first by blocking PDH-mediated entry of glucose, and second by blocking 

KGDH-mediated entry of glutamine derived carbons.  AML cells  increase oxygen 

consumption in response to chemotherapy treatment whereas devimistat decreased 

oxygen consumption (Pardee et al., 2018). AML cells treated with devimistat and PDH 

deleted cells had increased sensitivity to chemotherapeutics (Pardee et al., 2018). PDH 
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deleted cells showed significant alterations in mitochondrial function and structure, 

highlighting the importance of functional PDH.  

 Mitochondrial enzyme mutations are common in tumors. SDH mutant tumors 

have shown increased glycolysis in response to defects in their mitochondrial function 

(Cardaci et al., 2015). Fumarate hydratase mutate tumors rely on heme oxygenase in 

order to partially run the TCA cycle (Frezza et al., 2011). This indicated that cells can 

compensate for mitochondrial dysfunction by different salvage pathways. 

 Here we identify mechanisms of AML survival in response to TCA cycle 

inhibition, specifically through PDH inhibition. Glucose uptake and retention go down in 

response to devimistat treatment as well as PDH deletion, indicating that the cells are 

surviving through glucose-independent pathways. Here we describe the role for amino 

acid metabolism and gluconeogenesis in response to PDH inhibition. 

 

Materials and Methods: 

Cell culture, glucose uptake, and viabilities 

 MFL2 cells were grown in stem cell media at 37°C wit 5% CO2
 as previously 

described (Pardee et al., 2018). K562 and OCI cells were grown in RPMI media 

supplemented with FBS, L-glutamine, and Pen-Strep. Glucose uptake was measured by 

Glucose Uptake-GloTM (Promega) according to the manufactures instructions. For 

viability assays, cells were exposed to the indicated therapy for 72 hours and the viable 

cell population was determined using the Cell Titer Glo assay (Promega, Madison, WI) 

according to the manufacturer’s protocol. 

Cas9 Crisper gene deletion 
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 MFL2 cells were infected with Cas9 expressing vector, MSCV_Cas9_puro (gift 

from Christopher Vakoc; Addgene plasmid # 65655) and infected cells were selected 

with puromycin. Resistant cells were then transfected with sgRNA expressing vector 

LRG, :Lenti_sgRNA_EFS_GFP (gift from Christopher Vakoc; Addgene # 65656) tagged 

with GFP targeting the indicated gene. Gene deletions were confirmed by western blot. 

Clonal populations of deleted cells were obtained by serial dilutions.  

Quantitative PCR assays 

 Total RNA was  extracted using RNeasy mini kits as per the manufacturer's 

protocol (Qiagen, Valencia, CA) and RNA was converted to cDNA using the iScript 

cDNA synthesis kit (Bio-Rad, Hercules, CA).Finally, qPCR was performed using the 

CFX96 thermal cycler using SYBR green Mastermix as per the manufacturer’s protocol 

(Bio-Rad). Relative mRNA levels were calculated using the ΛΛCt method and 

normalized to actin. Primer sequences are available on request. 

Western Blot 

 Cell pellets were lysed in Laemmli buffer and quantified by Bio-Rad Protein 

Assay (Bio-Rad). Then separated by SDS-PAGE and transferred to an Immobilon 

PVDFmembrane (Millipore). Antibodies against PCK (Cell Signaling), FASN (BD 

Biosciences), ACC (Cell Signaling), P-ACC (Ser79) (Cell Signaling) and β-actin (Abcam) 

were used. Images of the blots were taken on the Amersham Imager 600. Protein 

quantification was done using ImageJ software. 

Addback Assay 
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 MFL2 cells were incubated in HBSS with either asparagine or glutamine and 

treated with devimistat for 4 hours. The cells were then spun down and resuspended in 

complete media and monitored the cells viability after 72-hours. 

Extracellular Acidification Assays 

All acidification rate assays were performed using the XF24 Extracellular Flux Analyzer 

(Seahorse Bioscience) as per the manufacturer’s instructions. Cells were plated at a 

density of 600,000 viable cells per well for the acidification rate assay. Data was 

normalized to viable cell number and viability was routinely between 96% and 99% as 

determined by trypan blue exclusion assay (Countess automated cell counter, 

ThermoFisher). The media used for the extracellular acidification rate assay was the 

glycolysis stress test media, specifically: DMEM with 2mM L-glutamine – warmed to 37C 

and pH 7.35. Cells were placed in assay media and incubated for 2 hours prior to being 

placed in the assay. For the extracellular acidification rate experiments glucose was 

added at a final concentration of 10 mM, oligomycin at 1 μM and 2-deoxyglucose at 100 

mM. All assays were done in triplicate (3 wells per condition, each measured in triplicate) 

and repeated in three independent experiments.  

Fatty Acid and Lipid Analysis 

 Fatty acid synthesis activity was determined by incorporation of 14C-acetate as 

described by Bowlby et. al (Bowlby et al., 2012). Lipid accumulation was measured by 

Oil Red-O staining. MFL2 cells were plated in 6-well plates and fixed with formalin then 

stained with Oil Red-O and let sit for 30 minutes then subsequently washed with PBS 

twice. The cells were then coated with methanol to solubilize the Oil Red-O into the 

supernatant to be read on an absorbance plate reader. 
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Results: 

PDH inhibition leads to decreased glycolysis but increased reliance 

 Our lab has previously shown that genetic PDH loss also decreases ECAR 

levels, consistent with devimistat treatment (Pardee et al., 2018). In order to further 

assess glycolytic rates, we measured ECAR and saw that devimistat decreases ECAR 

levels in K562 (Figure 1A) and OCI (Figure 1B) cells in a dose dependent manner. 

Decreased ECAR is consistent with decreased glycolysis. To further interrogate this 

mechanism, we measured glucose uptake in MFL2 cells that had PDH depleted by 

CRISPR-Cas9. These cells had significantly decreased glucose uptake (Figure 2A). This 

could be due to reduced glucose import or glucose retention. In order to look at glucose 

import, we assessed the gene expression of GLUT1 and found that genetic (Figure 2B) 

or pharmacologic inhibition (Figure 2C) of PDH both showed significantly decreased 

expression of GLUT1. Glucose retention by phosphorylation we measured hexokinase II 

levels by western blot analysis. Hexokinase II is known to dock at the mitochondrial 

membrane and can be dislodged and subsequently degraded during a state of 

mitochondrial stress(Galluzzi et al., 2008).  In order to test this, devimistat treated cells 

and PDH deleted cells were treated with the proteasome inhibitor bortezomib. We found 

that devimistat treated cells (Figure 2D) and PDH deleted cells (Figure 2E) showed 

decreased amounts of hexokinase II, which was rescued with bortezomib treatment. 

When assessed by qPCR, hexokinase II gene expression was reduced in devimistat 

treated cells (Figure 2F) but not in the PDH deleted cells (Figure 2G). We also recorded 

a decrease in LDHA gene expression in PDH deleted cells (Figure 2H) and devimistat 

treated cells (Figure 2I), which helps explain the ECAR decrease. All together this shows 

that genetic or pharmacologic inhibition of PDH decreases glycolysis by decreasing 

glucose import and glucose retention. In order to assess if the diminished glycolytic 
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activity is essential to cell survival, we treated PDH deleted (Figure 3A) and devimistat 

treated (Figure 3B) cells with a glycolytic inhibitor 2-DG, and found that these cells are 

sensitive to glycolytic inhibition. These results show PDH inhibition leads to decreased 

glycolysis but the cells are still reliant on the levels that they retain. 

Glutamine and asparagine can negate the effects of devimistat 

Cancer cells can switch their fuel sources based on the nutrient availability 

(DeNicola and Cantley, 2015). Having established that glycolysis was diminished, but 

essential, we next considered amino acid metabolism during TCA cycle impairment. We 

looked at two key amino acids, glutamate and asparagine. We incubated mouse AML 

cells in HBSS with either asparagine or glutamine and treated the cells with devimistat 

for 4 hours then returned the cells to complete media and monitored the cells viability 

after 72-hours. Previous studies have shown that cancer cells are reliant on glutamine 

and can use it as a source of TCA cycle intermediates (DeBerardinis and Cheng, 2010). 

Our results showed that both asparagine and glutamine can rescue mouse AML cells 

from devimistat treatment (Figure 4A). AML and ALL cells show a deficiency in 

asparagine synthetase, ASNS, which is responsible for the intracellular synthesis of 

asparagine, making the cancer cells reliant on circulating asparagine (Tabe et al., 2019). 

Asparaginase, which catalyzes the conversion of asparagine to aspartic acid, thus 

limiting the amount asparagine in the cells, is used in the clinic to treat acute 

lymphoblastic leukemia. Asparaginase was used to treat our cells to evaluate the 

dependence on asparagine.  Both genetic (Figure 4B) and pharmacologic (Figure 4C) 

PDH inhibition showed sensitivity to asparagine treatment.  
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PDH inhibition leads to increased gluconeogenesis 

Since we know that PDH inhibition leads to decreased glucose uptake, our next 

hypothesis of how the cells are surviving TCA cycle inhibition was gluconeogenesis. 

During glucose deprivation, cancer cells can exhibit an abbreviated form of 

gluconeogenesis (Wang and Dong, 2019). The rate limiting step of gluconeogenesis is 

phosphoenolpyruvate carboxykinase, PCK, which converts oxaloacetate to 

phosphoenolpyruvate. We looked at the mitochondrial isoform, PCK2, and found that 

gene expression was increased in a dose dependent manor when treated with 

devimistat (Figure 5A). This was correlated with an increase in protein levels (Figure B-

C). The increased protein expression of PCK2 indicates that the cells are increasing 

their rates of gluconeogenesis to compensate for decreased glucose uptake in response 

to PDH inhibition. 

PDH loss ramps up fatty acid oxidation enzymes but does not result in lipid accumulation 

Fatty acids are broken down in the mitochondria through fatty acid oxidation and 

can supplement the TCA cycle with acetyl-CoA that is not being supplied by PDH 

activity.  Therefore, we examined the contribution of fatty acids to AML’s response to 

TCA cycle inhibition. Etomoxir inhibits CPT1, which is responsible for transport of fatty 

acyl chains from the cytosol into the mitochondria, so we treated PDH deleted cells with 

etomoxir and they showed minimal sensitivity compared to ROSA controls (Figure 6A). 

Fatty acid synthesis was looked at next, specifically acetyl-CoA, ACC1, and fatty acid 

synthase, FASN. Interestingly FASN activity, which was monitored by C14 acetate 

incorporation, was higher in PDH deleted cells compared to ROSA controls (Figure 6B), 

which corresponded to the increased protein levels seen in the western blot analysis 

(Figure 6D). ACC protein expression was also increased (Figure 6E), however we did 
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not see an increase in the inhibitory phosphorylation (Ser79) state of ACC. (Figure 6F). 

Together, these data indicates that the cells are upregulating fatty acid synthesis in 

response to PDH inhibition. However, Oil Red-O staining showed that the PDH deleted 

cells accumulated less total lipids (Figure 6C). This shows that fatty acid enzymes are 

being overexpressed but showed no increase in lipids. 

Discussion: 

 Cancer cells have to adapt to a variety of nutrient availability and the ones that 

do gain a survival advantage. Tumors that have defective mitochondrial function 

upregulate glycolysis in order to meet their energetic needs (Cardaci et al., 2015). 

However, our results suggest that AML cells do the opposite in response to PDH 

inhibition. The cells have reduced glucose uptake and retention, thereby decreasing 

glycolytic activity. In order to further understand the mechanism behind the decreased 

glycolysis that is seen, transcription factors related to GLUT1, HKII, and LDHA will need 

to be explored, for example HIF1α. Our results show that in response to devimistat 

treatment, AML cells rely on the alternative substrates of asparagine and glutamine to 

meet their metabolic needs. Glutamine dependence is not that surprising since it has 

been shown to supplement the needed glycolytic intermediates through a truncated 

version of gluconeogenesis (DeNicola and Cantley, 2015) However, our result that 

devimistat treated AML cells are as dependent on asparagine as glutamine is 

unexpected. Asparagine has been shown to rescue glutamine-deprived cells but mainly 

via  protein synthesis and not as building blocks for new amino acids or biosynthetic 

intermediates since mammalian cells do not express asparaginase (Jiang et al., 2018; 

Lane et al., 2020; Pavlova et al., 2018).  In order to elucidate the mechanisms behind 

this dependence, carbon labeled experiments will need to be done for asparagine in 

comparison to glucose and glutamine. 
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Another method cancer cells utilize to meet their increased energetic needs is to 

perform an abbreviated form of gluconeogenesis. Gluconeogenesis is the reverse 

pathway of glycolysis and comprises three key enzymes different than glycolysis: PCK, 

fructose-1,6-bisphosphatase (FBPase), and glucose-6-phosphatase (G6Pase). PCK is 

the rate limiting step of gluconeogenesis. PCK has been shown to be upregulated in 

multiple cancers and used to adapt to glucose deprivation (Leithner et al., 2015; Vincent 

et al., 2015; Wang and Dong, 2019). Further experiments need to be done to understand 

AML cells’ dependence on PCK2, specifically CRISPR-Cas9 knockout experiments as 

well as utilization of the pharmacological inhibitor of PCK, 3-mercaptopicolinic acid. 

Glutamine can be converted to PEP and replenishes glucose metabolic intermediates as 

well as other branching pathways like the pentose phosphate pathway (Montal et al., 

2015; Wang and Dong, 2019). Other key enzymes still need to be investigated to clarify 

the alterations in gluconeogenesis activity in response to PDH inhibition.  FBPase is the 

second rate limiting step of gluconeogenesis and acts as a tumor suppressor to enhance 

oxidative phosphorylation and reactive oxygen species and has been downregulated in 

multiple cancers (Wang and Dong, 2019). G6Pase is the terminal step of 

gluconeogenesis and has been shown to be overexpressed in ovarian cancer and 

glioblastoma (Abbadi et al., 2014; Guo et al., 2015; Wang and Dong, 2019). 

Here we present data to show that PDH inhibition in AML cells results in 

decreased glycolysis, mimicking tumor cells that are glucose deprived by becoming 

reliant on glutamine and asparagine while upregulating PCK2.  Therefore, we argue that 

investigating combinatorial therapies for devimistat and amino acid deprivation as well 

as inhibition of gluconeogenesis could result in effective targeting of resistant-AML.  
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Figures: 

 

Figure 1: PDH inhibition leads to decreased glycolysis. A-B) Extracellular 

acidification rates (ECAR) following the indicated concentrations of devimistat on K662 

(A) and OCI-AML3 (B) cells. Results are shown of three independent experiments, each 

done in triplicate.  



117 

 

 

Figure 2: PDH inhibition leads to decreased glucose uptake and glucose retention. 

A) Glucose uptake was assessed in ROSA control and PDH deleted cells. The resulting 

data were normalized to ROSA control. B-C) QPCR of GLUT1 in PDH deleted and 
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control ROSA26 deleted cells (B) and MFL2 cells treated with the indicated amount of 

devimistat for 24-hours (C). D) Western blot of MFL2 cells treated with devimistat at 

100uM and/or bortezomib at 1nM for 24-hours. F-G) QPCR analysis of Hexokinase II in 

MFL2 cells treated with the indicated amount of devimistat for 24-hours (F) and ROSA 

control and PDH deleted cells (G).  I-H) QPCR analysis of LDHA in ROSA control and 

PDH deleted cells (H) and MFL2 cells treated with the indicated amount of devimistat for 

24-hours (I). **** = p-value less than or equal to 0.0001; *** = p-value less than or equal 

to 0.001; ** = p-value less than or equal to 0.05; NS = nonsignificant. 

 

Figure 3: PDH inhibition is reliant on glycolysis. A) ROSA control or PDH deleted 

cells were treated with the indicated amount of 2-deoxy-D-glucose (2DG) for 72-hours 

and viability was assessed. B) MFL2 cells were exposed to the indicated doses of 

devimistat (CPI), 2DG or the combination for 72-hours and assessed for viability 
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Figure 4: Asparagine and glutamine rescues devimistat treatment. A) MFL2 cells 

were incubated for 4 hours in HBSS with either asparagine or glutamine with the 

indicated doses of devimistat. The cells were then returned to complete media for 72 

hours and viability was assessed. B) ROSA and PDH deleted MFL2 cells were 

incubated with the indicated concentration of asparaginase for 72-hours and assessed 

for viability. C) MFL2 cells were incubated with the indicated concentrations of devimistat 

and asparaginase for 72-hours and assessed for viability. **** = p-value less than or 

equal to 0.0001; *** = p-value less than or equal to 0.001; ** = p-value less than or equal 

to 0.01; * = p-value less than or equal to 0.05. 
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Figure 5: Devimistat increases PCK2 expression. A) QPCR analysis of PCK2 in 

MFL2 cells treated with the indicated doses of devimistat for 24-hours. B) Western blot 

analysis of MFL2 cells treated with devimistat at the indicated doses for 24-hours. C) 

Protein quantification of (B) based on actin expression using ImageJ software. **** = p-

value less than or equal to 0.0001; *** = p-value less than or equal to 0.001; * = p-value 

less than or equal to 0.05. 
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Figure 6: Pyruvate dehydrogenase shows increased FASN and ACC activity but 

not increased lipids. A) ROSA and PDH deleted MFL2 cells were treated with the 

indicated dose of etomoxir for 72-hours and viability was assessed. B) C14 Acetate 

incorporation was measured for both ROSA and PDH deleted MFL2 cells. C) Oil Red-O 

Staining was assessed for ROSA and PDH deleted MFL2 cells. D-F) Western blots were 
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done for FASN (D), ACC (E), and p-ACC (ser79) (F) as well as the loading control actin 

on ROSA and PDH deleted MFL2 cell lysates. ** = p-value less than or equal to 0.01; * = 

p-value less than or equal to 0.05. 
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Discussion 

 There have been improvements to outcomes of younger patients with acute 

myeloid leukemia as well as with patients that have specific mutations by targeted 

therapies in recent years. However, the outcomes for patients older than 65 is still dismal 

and the median age of onset for AML is 67 years old (Tallman et al., 2019). Dismal 

outcomes are due to a combination of patients that are not physically fit to go through 

the standard treatment and patients that can go through chemotherapy see a high rate 

of resistance and relapse. This shows that the majority of patients with AML desperately 

need treatments that will overcome chemotherapy resistance as well as approaches that 

are less toxic. The work contained in this dissertation represents a promising avenue to 

targeting resistant acute myeloid leukemia by TCA cycle inhibition as well as proposing 

potential metabolic pathways that can be combined with TCA cycle inhibition.  

 Our primary means of TCA cycle inhibition is the novel lipoate derivative 

devimistat.  This drug inhibits the TCA cycle by inhibiting two key enzymes pyruvate 

dehydrogenase (PDH) and α-ketogluterate dehydrogenase (Stuart et al., 2014; Zachar 

et al., 2011). We focused on PDH inhibition due to its link between glycolysis and 

mitochondrial metabolism.  AML cells increase oxygen consumption following 

chemotherapy exposure indicating the TCA cycle and the electron transport chain are 

increased when treated with chemotherapy.  As a direct result of the inability to use 

glucose in the TCA cycle, AML cells lacking PDH treated with chemotherapy are unable 

to increase oxygen consumption during chemotherapy-induced cell stress further 

indicating that the oxygen consumption increase is due to the TCA cycle activity 

(Chapter II). The critical nature of this finding was  highlighted in a recent publication 

that found that cytarabine resistant AML cells showed increased mitochondrial mass and 

an increased oxidative phosphorylation gene signature suggesting increased 
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mitochondrial metabolism in response to chemotherapy (Farge et al., 2017). 

Mitochondrial function in AML was shown to be important in a separate study where they 

inhibited mitochondrial DNA replication and saw cytotoxicity in AML models (Liyanage et 

al., 2017). In additional experiments throughout this thesis work, we demonstrated that 

the combinatorial effects of chemotherapy induced cell-stress and metabolic inhibition by 

pharmacological and genetic inhibition of PDH greatly sensitized the cells to 

chemotherapy in vitro.  

Another key finding was that AML cells with decreased mitochondrial membrane 

potential were more sensitive to devimistat treatment. With regard to patient applications 

of this finding, we know that mitochondria progressively lose quality and function with 

increased age (López-Otín et al., 2013b).  Therefore, we can expect that older patients 

will consistently have a reduced mitochondrial reserve, which would make them more 

responsive to the combination of chemotherapy and devimistat. We explored this 

hypothesis by performing RNA sequence analysis of samples derived from older AML 

patients, the results of which described the age related decline in mitochondria quality 

and function (Chapter III). Most importantly, clinical trials reported a dose response in 

older patients to devimistat.  

 Chemotherapy free regiments used in clinic now are mainly based on specific 

mutations that can be targeted. However this is not ideal for patients that do not have 

these mutations, meaning that the applications are severely limited. Developing 

treatments that target common pathways utilized in AML without the use of 

chemotherapy is needed for patients that are not physically fit enough. Since we have 

already shown the benefits of devimistat with chemotherapy, we wanted to investigate 

the compensatory mechanisms that occur in response to the inhibition of the TCA cycle. 
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Ideally, this characterization will allow us to find non-chemotherapeutic candidates for 

therapy with devimistat. 

 We have shown that PDH deleted cells have altered mitochondria morphology 

and decreased mitochondrial membrane potential indicative of mitochondrial 

dysfunction. This led us to investigate mitochondrial turnover by fission and mitophagy 

(Chapter III), which is illustrated in Figure 1. Decreases in mitochondrial proteins 

TOMM20 and VDAC indicated increased mitochondrial turnover in PDH deleted and 

devimistat treated AML cells. We also found that inhibition of mitochondrial fission with 

MDIVI-1 sensitized PDH deleted and devimistat treated AML cells, thus showing that 

AML cells are reliant on mitochondrial fission following TCA cycle inhibition. Next, we 

determined that the devimistat induced mitophagy was due to reactive oxygen species 

(ROS) induction and not a result of MMP decline. Devimistat has already been shown to 

induce ROS generation with NSCLC cells (Stuart et al., 2014). However, devimistat 

mediated mitophagy was independent of Parkin, which has been shown to be recruited 

in ROS induced mitophagy (Xiao et al., 2017). Further investigation needs to be done to 

elucidate the mechanism behind this. PINK/Parkin independent mitophagy needs to be 

looked at in this system to figure out how the mitochondria are being recruited to the 

autophagasome. Other proteins of interest are any that can directly interact with LC3 

receptors on the autophagasome, other E3 ubiquitin ligases that can tag mitochondrial 

proteins to be degraded, and cardiolipin signaling (von Stockum et al., 2018). These 

targets, and the demonstrated synergistic effect between devimistat and MDIVI-1, 

provide a promising avenue of research for developing chemotherapy independent 

treatment regiments for AML patients.  

  Metabolic plasticity is common in cancers so we set out to figure out how the 

cells are compensating for TCA cycle inhibition outside of mitochondrial quality control. 
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Glycolysis has been shown to be upregulated to compensate for mitochondrial 

dysfunction (Cardaci et al., 2015). Shockingly this was not what we observed. We saw a 

decrease in glycolytic rates due to decreased glucose uptake by GLUT1 and glucose 

retention by hexokinase II as well as lactate production by LDHA (Chapter IV). This 

indicates that the cells are utilizing other fuel sources. In order to further understand the 

mechanism behind the decreased glycolysis, transcription factors related to glycolytic 

enzymes need to be looked at, for example HIF-1α, Akt signaling, Myc and p53 status 

(Hsu and Sabatini, 2008). Other fuel sources that cells can utilize are amino acids. We 

show that in response to devimistat treatment AML cells rely on asparagine and 

glutamine, two non-essential amino acids. Glutamine dependence is not surprising, 

because cancer cells have been shown to heavily rely on glutamine in glucose 

deprivation (DeNicola and Cantley, 2015).Glutamine is metabolized to glutamate via 

glutaminase and subsequently α-ketogluterate by glutamate dehydrogenase and that 

can be feed into the TCA cycle. However, devimistat inhibits KGDH so AML cells would 

have to increase the reductive carboxylation of α-ketogluterate to citrate which can be 

transported from the mitochondrial and converted into oxaloacetate and acetyl-CoA by 

ATP citrate lyase (ACLY). Oxaloacetate can then feed gluconeogenesis in the absence 

of higher glycolytic rates (Figure 2). The fact that AML cells relied on asparagine as 

much as glutamine was surprising. Asparagine can rescue glutamine-deprived cells but 

mainly via protein synthesis and not as building blocks for new amino acids or 

biosynthetic intermediates (Jiang et al., 2018; Lane et al., 2020; Pavlova et al., 2018). 

However there are ways that asparagine can be converted into oxaloacetate, the 

canonical pathway is by converting asparagine into aspartate by asparaginase. Our cells 

do not express asparaginase so they presuming are using a non-canonical pathway to 

convert asparagine to oxaloacetate potentially by utilizing asparagine transaminase in 

combination with NIT2, an omega-amidase (Cooper et al., 2016). Carbon and nitrogen 
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labeling experiments of asparagine, glucose and glutamine need to be done to 

understand how the cells metabolize these fuel sources differently and how they use 

them to meet their energetic needs. This data shows the potential for combinatorial 

therapies with devimistat and asparaginase, which is already being used in the clinic for 

ALL. In vitro results showed sensitivity to asparaginase with devimistat and PDH 

deletion. Further in vivo and patient sample experiments need to be done to recapitulate 

this finding.  

 Cancer cells have been shown to utilize a truncated form of gluconeogenesis to 

generate glycolytic intermediates when glucose is limiting (Leithner et al., 2015; Vincent 

et al., 2015). The rate limiting step of gluconeogenesis is phosphoenolpyruvate 

carboxykinase (PCK). We saw a dose dependent increase in PCK2, the mitochondrial 

isoform, with devimistat treatment. Taken with the increased reliance on glutamine and 

asparagine, this indicated that AML cells are upregulating gluconeogenesis when treated 

with devimistat (Figure 2). However, more experiments need to be done in order to 

determine the degree of AML cells reliance on PCK2 with devimistat treatment. PCK2 

deletion with CRISPR-Cas9 needs to be looked at in response to devimistat treatment 

as well as a PCK2 inhibitor that is commercially available, 3-mercaptopicolinic acid 

(MPA). Other steps of gluconeogenesis should also be investigated to understand what 

nodes are being utilized by AML cells in response to devimistat. The two enzymes 

specific to gluconeogenesis that we are most interested in investigating now are 

fructose-1,6-bisphosphatase (FBPase), and glucose-6-phosphatase (G6Pase). FBPase 

converts fructose-1,6-bisphosphate to fructose-6-phosphate which can then be 

converted to glucose-6-phosphate by phosphoglucose isomerase. Glucose-6-phosphate 

can be converted to ribose-3-phosphate through the oxidative branch of the pentose 

phosphate pathway whereas fructose-6-phosphate and glucose-3-phosphate can be 
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converted to ribose-3-phosphate through the non-oxidative pentose phosphate pathway 

(Figure 2). Both of these pathways fuel nucleotide biosynthesis and sustain proliferation 

of the cells. These experiments will expand on how the AML cells are utilizing 

gluconeogenesis. 

 In summary, our results highlight the TCA cycle as a promising target for 

effective combination therapy in older AML patients. Most promising is the possibility of 

chemotherapy independent combination therapies. We explored this possibility by 

characterizing the dysregulation in AML cells undergoing therapy-induced metabolic 

stress (Figure 3). We found increased levels of mitochondrial turnover that was linked to 

increased mitochondrial ROS generation that triggered mitophagy in a PARKIN 

independent pathway. In direct contrast to how many other cancers respond to 

mitochondrial dysfunction, we did not see a compensatory increase in glycolysis in AML 

cells. Instead, we recorded a reliance on glutamine and asparagine linking 

gluconeogenesis to TCA cycle inhibition.  We have identified gluconeogenesis and 

mitophagy factors as promising candidates for further study. Through, effective targeting 

of the cancer metabolism, we aim to not only find alternative treatments for those not fit 

for chemotherapy, but to also improve the standard of care for all patients.  
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Figures: 

Figure 1: 

 

Figure 1: Devimistat induces mitophagy based on ROS generation.  Devimistat 

leads to increased mitochondrial reactive oxygen species as well as increased 

mitochondrial turnover. These leads to increased mitochondrial fission and subsequently 

increased mitophagy. Abbreviations: α-KG, α-ketogluterate; KGDH, α-ketogluterate 

dehydrogenase; PDH, Pyruvate Dehydrogenase; PEP, phosphoenolpyruvate; 3-PG, 3-

phosphoglycerate; PPP, pentose phosphate pathway, TCA cycle, tricarboxylic acid 

cycle. Created with BioRender.com 
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Figure 2: 

 

Figure 2: Devimistat decreases glycolysis and increases reliance on asparagine 

and glutamine for gluconeogenesis.   Devimistat treatment leads to decreased 

glycolytic rates leading to an increased reliance on asparagine and glutamine. Both 

asparagine and glutamine can be metabolized to oxaloacetate. Oxaloacetate is 

converted to phosphoenolpyruvate by the first rate limiting step of gluconeogenesis 

PCK, which has been shown to be upregulated in devimistat treatment. Glycolytic 

enzymes are shown in blue and gluconeogenesis enzymes are shown in green. AML 

cells can then utilize PEP to go backwards through glycolysis to fuel serine synthesis, 

PPP and eventually nucleotide synthesis to help sustain proliferation. Abbreviations: 
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ACLY, ATP citrate lyase; FBPase, Fructose-1,6-bisphosphatase; G6Pase, Glucose-6-

phosphatase; HK, Hexokinase; α-KG, α-ketogluterate; KGDH, α-ketogluterate 

dehydrogenase; PC, Pyruvate Carboxylase; PCK, Phosphoenolpyruvate Carboxykinase; 

PDH, Pyruvate Dehydrogenase; PEP, phosphoenolpyruvate; PFK, 

Phosphofructokinase; 3-PG, 3-phosphoglycerate; PPP, pentose phosphate pathway, 

TCA cycle, tricarboxylic acid cycle. Created with BioRender.com 

Figure 3: 

 

Figure 3: Fuel Choices in AML cells based on TCA cycle inhibition. This schematic 

shows our current understanding of how AML cells adapt to TCA cycle inhibition. 
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Devimistat inhibits pyruvate dehydrogenase (PDH) and α-ketogluterate dehydrogenase 

(KGDH) which leads to increased reliance on other metabolic pathways to compensate 

for TCA cycle inhibition. Devimistat treatment leads to increased reliance on mitophagy, 

decreased glycolysis, and increased reliance on glutamine and asparagine. Glutamine 

and asparagine can be converted into oxaloacetate to feed gluconeogenesis and then 

feed serine synthesis as well as the pentose phosphate pathway in order to help 

generate nucleotides to help support proliferation. Abbreviations: α-KG, α-ketogluterate; 

KGDH, α-ketogluterate dehydrogenase; PDH, Pyruvate Dehydrogenase; PEP, 

phosphoenolpyruvate; 3-PG, 3-phosphoglycerate; PPP, pentose phosphate pathway, 

TCA cycle, tricarboxylic acid cycle.  Created with BioRender.com 
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