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Abstract 

Targeting Mitochondria Metabolisms for Novel 

AML Therapy Development 

by 

Jingqi Pei 

Mitochondrial dysfunction contributes to a wide variety of pathologies, including 

neurodegenerative diseases, cancer, metabolic diseases, and aging. As a 

consequence, oncogenesis and tumor progression heavily depends on the 

mitochondrial metabolism. I investigated the potential of using mitochondrial 

targeting drugs to selectively remove leukemia, a type of cancer that has been 

previously identified to be sensitive to mitochondria-targeting drugs. I optimized 

Hoeschst/PI dual-staining assay for quick, high-throughput screening of leukemia 

cell’ viability under mitochondria-targeting drugs treatments. Through combination 

of mitochondria-targeting drugs and anti-cancer chemotherapeutic agents, I 

observed high synergistic effect in the removal of leukemia in these combinations. I 
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characterized several changes in mitochondria bioenergetic parameters that are 

correlated with the sensitivity of mitochondria-targeting drug to leukemia. These 

observations also applied to primary AML samples extracted from patients. 

Mitochondria health is actively surveilled by several different systems to ensure the 

preservation of cellular viability. Mitophagy is a conservative process that removes 

superfluous or damaged mitochondria. I identified 8 compounds with mitophagy 

activation effect that can stabilize PINK-1/PINK1 in C. elegans with my colleague 

Dr. Elissa Tjahjono. I observed these compounds induced selective removal of 

leukemia alone or in combination with other anti-cancer chemotherapeutic agents. 

Furthermore, these compounds reduced paralysis level in C. elegans model of 

neurodegenerative diseases. Taken together, activation of mitophagy using these 

compounds may be a novel method to develop selective therapy for leukemia and 

neurodegenerative diseases. 
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Chapter 1 
Introduction 

1.1 Mitochondria 

The mitochondrion (mitochondria, plural) is an organelle best known for its 

capability to produce energy. This organelle was derived from an endosymbiotic 

interaction between a proteobacterium and an Archaeal-related host cell. Recent 

reports have begun to illuminate the key roles that mitochondria play. This included 

observations of mitochondrial production of reactive oxygen species (ROS), 

regulation of Ca2+ homeostasis, regulation of apoptosis, and production of α-

ketoglutarate from glutamine.  

1.2  Mitochondria bioenergetic and biosynthetic functions

Although cells require a wide variety of materials for their survival and growth, at 

the most basic level this can be reduced to the demand for two nutrients: glucose (for 

anaerobic glycolysis) and glutamine (1). A major source of glucose is food intake. 

The first step to extract energy from glucose is called glycolysis, where glucose is 

broken-down into two pyruvate molecules in the cytoplasm which are then 

Part of this chapter has been published in Panina*, Pei*, et al., 2020 
(PMID: 33883040) 
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transported to the mitochondria. Meanwhile, this process also produces two 

molecules of the electron carrier nicotinamide adenine dinucleotide (NADH) and 

two molecules of adenosine triphosphate (ATP) (2) (Figure 1.1). To further extract 

energy, pyruvate dehydrogenase complex (PDC) in the mitochondria matrix 

decarboxylates pyruvate, then convert it into acetyl, which is then transferred to CoA, 

which then enters the tricarboxylic acid (TCA) cycle. The TCA cycle (also known 

as the citric acid cycle or Krebs cycle) is a major pathway that takes place in the 

matrix of mitochondria. One full cycle of TCA produces various metabolites for 

energy extraction, including: 1 guanosine triphosphate (GTP) molecule that can be 

converted into ATP, 3 NADH molecules, and 1 FADH2 molecule. In addition to 

producing electron carriers to feed into the downstream oxidative phosphorylation 

(OxPhos) system, the TCA cycle also produces various metabolites for the 

biosynthesis of amino acids and regulation of reactive oxygen species (ROS) (3). 

Moreover, these metabolites can be exported out of the mitochondria, and participate 

in the biosynthesis of other molecules and cell signaling (4). 
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Figure 1.1 Major functions of mitochondria.  

The three major functions of mitochondria in regard to energy metabolism 

include: (i) ATP production; (ii) ROS regulation; and (iii) apoptosis. The 

NADH and FADH2, two reducing equivalents yielded from the tricarboxylic 

acid (TCA) cycle, transfer the electrons to the electron transport chain through 

Complex I and Complex II, respectively. As the electrons are transported 

through ETC, the protons are accumulated in the inter-membranous space, 

resulting the increase of electrochemical gradient. Complex V then generate 

ATP under the driving force of proton gradient. During the process of electron 

transport, some of the electrons can be leaked and transferred to O2, which 
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results in ROS generation. When the cellular ATP is depleted or in excess of 

ROS, mitochondrial proteins such as cytochrome c, caspases and apoptosis 

initiating factors are released to cytosol and initiate the process of apoptosis.  

The majority energy-producing process in mitochondria is a series of complicated 

redox reactions, which is also known as the electron transport chain (ETC) (5). ETC 

utilizes series of electron carriers which transfer electrons from one Complex to 

another, until they reach oxygen as the final electron acceptor (6). As introduced 

before, electron carriers are from glycolysis (NADH) and TCA cycle (NADH, 

FADH2) through stepwise oxidation of glucose ((6)). They donate two electrons to 

the lipid-soluble mobile electron carrier Ubiquinone/Coenzyme Q mediated by 

Complex I (NADH dehydrogenase) or Complex II (succinate dehydrogenase) 

enzymes respectively. Electrons are then shuttled to water-soluble carrier 

cytochrome c one per molecule by Complex III (Cytochrome bc1). Finally, four 

electrons are transferred to O2, reducing two oxygen atoms to produce two water 

molecules. Meanwhile, protons (from NADH and FADH2) are translocated across 

the inner mitochondrial membrane generating the difference of pH and charge 

between the outer and inner sides of the inner mitochondrial membrane, creating the 

proton motive force (PMF). Protons re-enter into the mitochondrial matrix through 
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the ATP synthase, which drives the production of ATP (6) (Figure 1.1). 

 

Mitochondria are also sites for iron-sulfur clusters (Fe-S ckuster) biosynthesis. Fe-S 

clusters are very important inorganic cofactors that play a key role in many 

biological functions. In the mitochondrial matrix, the enzyme cysteine desulfurase 

catalyzed the extraction of sulfur from cysteine. Next, 4 enzymes will catalyze the 

assembly of iron and sulfur into the Fe-S cluster, which will be then transferred to 

glutaredoxin 5. Then the Fe-S clusters will be transferred into the recipient protein 

in the cytosol (7).  

 

In addition, mitochondria are involved in the synthesis of heme and steroids. Heme 

is an iron-containing protoporphyrin ring that functions as proteins prosthetic group, 

where the last step of heme synthesis is the insertion of ferrous iron to the ring occur 

in the mitochondrial matrix (8). Steroid synthesis, on the other hand, occurs firstly 

in the inner mitochondrial membrane where cholesterol is converted into 

pregnenolone. As mitochondrial membrane holds a key role in the steroidogenesis, 

mitochondrial fusion and fission are essential for the hormone production (9).  

 

Mitochondria are also involved in regulation of cell death pathways. Proper 

regulation of cell death is a key requirement for the proliferation of cells. Generally, 
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this is achieved by the control of pro-survival and anti-apoptotic Bcl-2 family 

proteins (10). The anti-apoptotic Bcl-2 proteins are members of a larger superfamily 

of proteins named after Bcl-2, the founding member. Proteins in the family typically 

share Bcl-2-like homology domains 1–4 (BH1-BH4), and include both pro- and 

antiapoptotic members, although there is a third group, possessing only the BH3 

domain, that are also proapoptotic (11, 12). Members of this family trigger apoptosis 

by intercalating into the mitochondria outer membrane, increasing its permeability, 

releasing pro-apoptotic factors, and activating the caspases responsible for a 

commitment to cell death (13). Insertion into the membrane appears to, at least 

partially, depend on whether Bcl-2-family members have oligomerized via their 

BH3 domains.  

1.3 Mitochondria and diseases development 

1.3.1 Aging and neurodegenerative diseases 

Mitochondria are cytoplasmic organelles responsible for supplement of necessary 

metabolites and energy for life. Extensive research showed that mitochondria play a 

critical role in aging, cancer, diabetes and neurodegenerative diseases, such as 

Alzheimer's disease (AD). 
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AD is a late-onset, progressive neurodegenerative disease, which is characterized by 

the progressive decrease of memory and cognitive functions, and changes in 

behavior and personality (14, 15). AD is often associated with the loss of synaptic 

function, as well as the mitochondria dysfunction. Accumulation of β-amyloid(Aβ) 

interfere with synapse and synaptic mitochondria activities, including the release of 

neurotransmitters and the production of ATP at synapses. Another protein, tau, 

induces abnormal structure of intraneuronal neurofibrillary tangles in AD. Together 

with Aβ, these proteins drive healthy neurons into the diseased state. 

Besides, mitochondrial trafficking is also interrupted in AD neurons. In order to 

satisfy ATP needs at nerve terminals, mitochondria can travel from cell body to 

synapses in healthy neurons. Then, mitochondria can move back to the cell body 

through a retrograde mechanism. However, in AD neurons, these mechanisms are 

abnormal primarily due to mitochondria dysfunction or abnormalities (16). 

Mitochondrial abnormalities that have been characterized in AD patients include: 

mtDNA (mitochondrial DNA) mutations, mtDNA expression level changes, 

abnormal enzyme activities and increased level of mitochondrial fragmentation, and 

decreased rate of mitochondrial fusion (16). 

1.3.2 Diabetes 
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Mitochondrial dysfunction has also been reported to be associated with diabetes. 

Several mtDNA mutations had been identified to be related to the maternally 

inherited form of diabetes (17). In addition, the mtDNA copy number has been 

reported to decrease in patients with type-2 diabetes mellitus (T2DM) before the 

disease onset (18). Meanwhile, OxPhos has also been reported to be decreased in 

insulin resistant offspring of T2DM patients (19). 

 

Besides, impaired pancreatic β-cell insulin secretory function is often associated 

with mtDNA mutations in patient with diabetes. Pancreatic β-cell plasma membrane 

is depolarized when blood glucose enters, increasing ATP level and initiates Ca2+ 

influx through the opening of the voltage-sensitive calcium channel (20). Increased 

Ca2+ results in the fusion of granules with plasma membrane, which then leads to 

insulin secretion (21). Therefore, a defective mitochondrial function can result in 

impaired insulin secretion by affecting Ca2+ influx. 

 

In addition, mitochondrial dysfunction has also been reported to be associated with 

β-cell failure (22). In human islets from T2DM patients, mitochondria dysfunction 

has been reported to be associated with increased uncoupling protein 2 expression 

and decreased ATP level, suggesting a failure of β-cell metabolism (23).  Recent 
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evidence also reported the importance of mitochondria remodeling in β-cells. In 

mice, knockout of an autophagy related gene (Atg7) in β-cell resulted in impaired 

insulin secretion with mitochondrial abnormalities(24).  

 

1.3.3 Acute myeloid leukemia 

Acute myeloid leukemia (AML) is a highly lethal type of cancer, with a 5-year 

overall survival rate of only 27%(25). Many studies have reported a higher 

dependency of mitochondrial function in AML cells (26). Metabolic reprogramming 

in leukemic cells transcends the conventional Warburg effect, and includes increased 

glycolysis and elevated ROS levels that are mostly generated in mitochondria via 

electron transport, possibly regulated by PI3K/AKT and mTOR pathways(27, 28). 

Correspondingly, AML has been found with a higher level of anabolic pathway 

precursors, such as intermediates of the citric acid cycle (CAC). High biosynthetic 

pathway activity is required for the production of the materials essential for AML 

cell growth and proliferation(27). Correspondingly, inhibition of mitochondrial 

protein synthesis and electron transfer remarkably enhanced cytarabine’s anti-

leukemic effects, which provides an insight to target mitochondria for AML therapy 

development (29).   
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On the other hand, glutaminolysis, a process that converts glutamine into TCA cycle 

metabolites, is also upregulated in AML. As a consequence, increased catabolism of 

glutamine becomes an important source of carbon and nitrogen (26). In addition, 

glutaminolysis regulates Oxphos through the production of NADH in AML (26). 

Interestingly, dysregulation of antioxidants has also been found in AML, which 

potentially promotes leukemogenesis by increasing ROS level (30-32). Altered lipid 

metabolism promotes the interaction of AML with bystanding cells, such as 

adipocytes, activates their lipolysis, and transfers lipids from adipocytes to 

myeloblasts (33). Leukemic cells also tend to upregulate fatty acid oxidation via 

mitochondrial uncoupling (34). Mutations in cytosolic and mitochondrial isocitrate 

dehydrogenases (IDH1 and IDH2), resulting in the production of the oncometabolite 

2-hydroxyglutarate, are commonly seen in AML cells (35). 

 

1.4 Mitochondria and novel therapy 

Given the huge involvement of defect or dysfunctional mitochondria in aging, 

neurodegenerative disease, diabetes and cancers, targeting mitochondria metabolism 

is a promising method to develop therapy for related diseases. Here I discuss 

development of therapies targeting different mitochondrial metabolic pathways for 

three specific diseases of different characteristics.  
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1.4.1 Targeting mitochondria metabolism for AML treatment 

Mitochondria provide various targets for AML treatment development. For example, 

targeting enzymes involved in the flux of pyruvate into the mitochondrial 

metabolism or citric acid cycle (CAC) is a fruitful anti-leukemia strategy. Production 

of acetyl-CoA that involved in TCA requires the pyruvate dehydrogenase complex 

(PDC), which is comprised of three different enzymes (36). Interestingly, increased 

PDC kinases (PDKs) expression is usual observed in cancerous cells. As a result, 

CAC activity is limited, which drives pyruvate toward conversion to lactate, with 

important implications for change of energy production and modification of the 

tumor microenvironment. High expression of PDKs in AML patients (particularly 

PDK3, which is the most active isoform) is a negative prognostic factor for survival 

(37). Several synthetic inhibitors of PDKs have been identified, such as Nov3r, 

AZD7545, Pfz3, radicicol, and CPI-613 (36). The addition of CPI-613 to 

conventional chemotherapy is a promising approach for older AML patients and 

those with poor-risk cytogenetics (38).  
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Figure 1.2 Druggable mitochondrial targets in AML cell and selected 

pharmacological agents.  

A depiction of mitochondria, showing important biochemical targets (e.g., the 

citric acid cycle, mtDNA, mitophagy, etc.) and the drugs that are known to 

target each. α-TOS: (+)alpha-tocopheryl succinate; ANT: adenine nucleotide 

translocator; ATO: arsenic trioxide; CCCP: carbonyl cyanide m-chlorophenyl 

hydrazone; CPT1: carnitine O-palmitoyltransferase 1; DAP: 2,2-

dichloroacetophenone; DCA: dichloroacetate; ddC: 2′3′-dideoxycytidine; 

DHODH: dihydroorotate dehydrogenase; FAO: fatty acid oxidation; glucoso-
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6-P: glucose-6-phosphate; IDH2mut: mutant isocitrate dehydrogenase 2; 

Mcl1: myeloid cell leukemia 1; miR: miRNA; mtDNA: mitochondrial DNA; 

PDC: pyruvate dehydrogenase complex; PDK: pyruvate dehydrogenase 

kinase; ROS: reactive oxygen species; CAC: citric acid cycle; UCP2: 

uncoupling protein 2; 2-DG: 2-deoxy-D-glucose; 3-BP: 3-bromopyruvate; 3-

BrOP: 3-bromo-2-oxopropionate-1-propyl ester. 

In addition, inhibiting glutaminases has also reported to be a promising anti-cancer 

strategy (39). The most effective current candidate is Calithera’s telaglenastat, also 

known as CB-839. CB-839 increases susceptibility to redox-targeting therapies like 

arsenic trioxide and homoharrintonine and improves rates of AML apoptosis (40), 

while decreasing mTOR signaling (39). 

 

The increased dependency of leukemia on mitochondria function and OxPhos level 

also provides potential targets for AML treatment. The cytarabine-resistant 

population of AML cells show enrichment in cells with up-regulated mitochondrial 

mass, membrane potential, and OxPhos (29). Importantly, inhibiting OxPhos 

improved AML sensitivity to cytarabine (29).  

 

There is also substantial evidence that the Complexes of the ETC are viable targets 

for therapeutic intervention, including in AML. Most studies in related field focus 
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on Complex I.  Metformin and the compound IACS-010759 are two of the best 

known Complex I inhibitors. Metformin treatment increases glycolysis and fatty 

acid and anaplerotic metabolism and changes mitochondrial gene expression in 

leukemic cells (41).  Another drug,  mubritinib (also known as TAK-165), was 

shown to have a strong effect in vivo against AML (42). Mubritinib was reported to 

block the Complex I and to inhibit the transfer of electrons through the ETC (42).  

 

Some research has also been studying on other ETC Complexes. For example, the 

combination of venetoclax (ABT-199) and azacytidine synergistically inhibits 

Complex II activity and kills both myeloblasts and leukemia stem cells (LSCs) (43). 

Targeting Complex III may also be promising. For example, antimycin A, a well-

known inhibitor of mitochondrial function, effectively limits oxidative 

phosphorylation and generates increased ROS production in primary AML cells (44). 

As will be discussed in the chapter 4, AML cells are more sensitive to ROS than 

their healthy counterparts. Combination of antimycin A with a third-generation 

glycolytic inhibitor, 3-bromo-2-oxopropionoate-1-propylester, improved its efficacy 

against leukemic cells (45). This combination potentiated ATP depletion and 

promoted apoptosis in leukemic cells (45). Finally, targeting the mitochondrial ATP-

synthase (sometimes called Complex V) with oligomycin A greatly sensitized 

leukemia cells to tyrosine kinase inhibitors, both in vitro and in vivo (46). 
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Conventional chemotherapy also activates apoptosis via mitochondrial 

permeabilization using Bcl-2-family members. BH3-domain of the anti-apoptotic 

members of the Bcl-2 family is a common target for this type of chemotherapy(47). 

The best known BH3-domain targeting drugs include ABT-737 (also known as 

obatoclax) and ABT-263 (also known as navitoclax), which target Bcl-2, Blc-XL, 

and Bcl-W, and ABT-199 (also known as venetoclax), which targets Bcl-2 (43, 47-

50). Recently, venetoclax has become the most clinically effective BH3-targeting 

drug approved by the FDA for leukemia treatment and has received FDA approval 

in several different contexts (51-53).  

 

Last but not the least, activation of mitophagy can also limit cancer cells’ growth. 

For example, inhibiting the activity of Complex I in melanoma cells depolarizes the 

mitochondrial membrane, upregulating ROS, and causes mitophagy-dependent cell 

death activation (54). In addition, sodium selenite, a known activator of mitophagy, 

triggers programmed cell death in malignant glioma cells via an autophagy-

dependent manner (55). A recent study also reported that a synthetic ceramide 

analog could activate mitophagy and kill tumor cells (56). Importantly, this effect 

was specific to leukemia cells and was observed in a murine PDX AML model, 

supporting the potential of this particular therapy (29). 
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1.4.2 Targeting mitochondria for Alzheimer’s disease treatment 

Known the huge involvement of mitochondrial dysfunction in neurodegenerative 

diseases, utilizing antioxidants to treat patients with neurodegenerative diseases 

becomes a reasonable method to be investigated. Some research reported that the 

increased intake of antioxidant vitamins (e.g. vitamin C, E and ß carotene) might 

reduce the risk of developing AD or PD (15).  

 

In the past decade, extentsive studies focused on improving mitochondria selectivity 

of antioxidants and many antioxidants with improved mitochondria selectivity have 

been developed, such as the triphenylphosphonium-based antioxidants (MitoQ, 

MitoVitE, and MitoPBN), the cell-permeable, small peptide-based antioxidant (e.g. 

SS31), and mitochondrial permeability transition pore inhibitors (e.g. Dimebon)(15, 

57, 58). These compounds are currently being tested on animal models of AD, PD 

and Amyotrophic Lateral Sclerosis (ALS) at early stages, with positive outcomes 

(57-59).  Dimebon has been reported to significantly improve the clinical course of 

mild-to-moderate AD and may be well-tolerated (57). In addition, Dimebon has also 

been reported to be a voltage-gated calcium channels inhibitor in neurons from 

Huntington's diesease (HD) YAC128 transgenic mice (59). At 50 µM, Dimebon 



 43 

stabilized glutamate-induced Ca2+ signals and protected the neurons from apoptosis 

(59).  Taken together, these findings suggest that Dimebon may beneficially 

ameliorate AD and HD symptoms. 

 

1.4.3 Targeting mitochondria for diabetes treatment 

Knowing the role of mitochondrial dysfunction in diabetes, improving 

mitochondrial function seems to be a practical method to prevent or treat diabetes. 

Pioglitazone, one of the thiazolidinediones (TZDs), has been shown to increase 

OxPhos level in mitochondria and improve T2D patients’ insulin sensitivity(60). 

Another antioxidant, alpha-lipoic acid (ALA), which is also known as an essential 

cofactor of mitochondrial substrates, has also been reported with positive outcomes 

in treatment of diabetes and related metabolic disorders (61). In the diabetes prone 

obese rat model, ALA prevented the development of diabetes, vascular 

dysfunction and hepatic steatosis by increasing AMPK activity and prevented the 

development of diabetes, vascular dysfunction and hepatic steatosis (61-63). As 

increasing interest is being addressed on the role of mitochondria in diabetes, 

mitochondria function is also a target with increasing interest for the development 

of new therapeutic agents. 
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1.5 Thesis overview 

Based on observations from our previous studies that increased mitochondria 

dependency and upregulated OXPHOS level were found in AML, my thesis focuses 

on development of novel AML therapies by targeting mitochondria metabolism. To 

achieve this objective, I divided the thesis into 4 projects step-by-step: first, 

establishing a reliable viability/cytotoxicity assay for high-throughput screening of 

mitochondria-targeting drugs affected AMLs’ viability; second, studying the 

potential of utilizing mitochondria-targeting drugs to improve current chemotherapy 

for leukemia; third, identificating of drugs that affect novel targets in mitochondria; 

and fourth, validating the potential of drugs above in AML treatment. 

 

High-throughput screening assay for mitocan selection 

Cell viability and cytotoxicity assays measure cellular or metabolic changes 

associated with viable or nonviable cells. Cytotoxicity assays measure parameters 

associated with loss of membrane integrity upon cell death. A common choice of 

cytotoxicity assay for low-throughput experiments is the exclusion of trypan blue 

dye from living cells. The most significant disadvantage of the trypan blue assay is 

that it is poorly suited for high-throughput methodologies. In general, the throughput 

of this assay is insufficient for modern drug discovery. Therefore, development of 

high-throughput viability or cytotoxicity assays is of people’s desire for large-scale 
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screening of new drugs. I treated AML cell lines with multiple drugs (mitocans or 

other drugs), and compared viability measured by several commercially available 

cytotoxicity assays. I further optimized the protocol for the selected viability assay 

for mitocan activity screening. 

 

Utilizing synergistic effect of mitocans to treat leukemia 

In a previous study, my colleague Dr. Sveta Panina analyzed data of 14 

mitochondria-targeting drugs and an equal number of agents with no known effect 

to mitochondria against NCI-60 cancer cell panel, and surprisingly found that 

leukemia cell lines were significantly more sensitive to mitochondria-targeted drugs 

than other cancer types (64). In addition, the combination of mitochondria-targeting 

drugs (mitocans) with the glycolytic inhibitor 2-deoxy-D-glucose exhibited synergy 

in killing leukemia cells (64). Therefore, I aimed to explore the possibility of 

utilizing synergistic effect of mitochondria-targeting drugs for the development of 

novel leukemia treatment. I treated leukemia cell lines, primary leukemia samples, 

and healthy cell control PBMC with multiple mitocans and other chemotherapeutic 

agents combinations, and measured viability of target cells, as well as mitochondria 

metabolism changes after treatment. 

 

Identification of novel mitophagic activators 
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Mitophagy is a conservative process of autophagic degradation that regulates 

damaged or superfluous mitochondria. Recent studies revealed the molecular 

mechanisms of accumulation of PINK1 and activation of Parkin and following 

mitophagy events (65, 66). Therefore, I aimed to explore novel drugs that activate 

mitophagy via PINK1 stabilization. We used a high-throughput, high-content 

phenotypic screen using C. elegans carrying GFP-tagged, full-length PINK-

1/PINK1 (Ppink-1::PINK-1/PINK1::GFP) to identify a panel of small molecules that 

increased accumulation of PINK-1 protein (either directly, or indirectly) and verified 

their effect on the activation of mitophagy and parameters of mitochondrial function.   

 

Novel mitochondria-targeting compounds selectively kill human 

leukemic cells 

 

Based on the ability of PS compounds to trigger mitophagy, the next step was to 

validate whether these compounds can selectively affect leukemia cells’ 

mitochondria health and their living status. I treated an AML cell line and primary 

AML samples with 8 PS compounds discovered in previous chapter, monitored 

mitochondria metabolism changes and viability of target cells.  
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Chapter 2 

Materials and methods 

 

2.1 C. elegans strains and maintenance 

Worms were synchronized by hypochlorite isolation of eggs from gravid adults, 

followed by hatching of eggs in S Basal. 6,000 synchronized L1 larvae were 

transferred onto 10 cm standard nematode growth medium (NGM) plates seeded 

with Escherichia coli strain OP50 as a food source (67). After transfer, worms were 

grown at 20˚C for 50 hours prior to experiments, or for three days for the next eggs 

isolation. Young adult worms were used for all assays unless otherwise noted. 

Strains used in this study include: N2 Bristol (wild-type), NVK90 |pink-1(tm1779); 

houIs001 {byEx655 [Ppink-1::PINK-1::GFP + Pmyo-2::mCherry]}| (68), SJ4103 

{zcIs14 [Pmyo-3::GFPmt]} (69), VK1241 {vkEx1241 [Pnhx-2::mCherry::LGG-1 + 

Pmyo-2::GFP]} (70), TJ356 {zIs356 [Pdaf-16::DAF-16a/b::GFP + rol-6(su1006)]} 

(71), CL2166 {dvIs19 [Pgst-4::GFP::NLS]} (72), AY101 {acIs101 [Pirg-5::GFP + 

rol-6(su1006)]} (73),  PE255 {feIs5 [Psur-5::luciferase::GFP + rol-6(su1006)]}, 

GMC101 {dvIs100 [Punc-54::A-ß-1-42::unc-54 3'-UTR + Pmtl-2::GFP]} (74), 
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GF66 {dgEx66 [Pvha-6::Q82::YFP + rol-6(su1006)]} (75), and SS104 [glp-4(bn2)] 

(76). 

2.2 Cell culturing and primary AML samples  

Peripheral blood samples from patients with AML were collected during standard 

diagnostic procedures after informed consent was obtained in accordance with the 

Institutional Review Board (IRB) regulations of MD Anderson Cancer Center. The 

study design adhered to the tenets of the Declaration of Helsinki and was approved 

by the ethics committees of the participating institutions before its initiation.  

 

Healthy PBMC and primary AML samples were isolated from peripheral blood of 

healthy blood donors and AML patients, respectively, using Leukosep tubes (Sigma-

Aldrich, St. Louis, MO, USA) and Ficoll-PaqueTM (Sigma-Aldrich) following 

manufacturer’s instructions. For all experiments, healthy PBMCs, either just isolated 

or rested overnight after thawing, were used. AML samples were used only fresh 

isolated. All experiments with blood cells were approved by Rice University 

Institutional Review Board.  

 

Leukemia cell lines were routinely cultured in RPMI-1640 media, supplemented 

with 2 mM L-glutamine (Sigma-Aldrich) and 10% fetal bovine serum (v/v), FBS 

(Corning, Manassas, VA, USA) at 37 °C in a humidified 5% CO2 atmosphere. 
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Normal PBMC/primary AML samples were maintained in RPMI-1640 media with 

10% FBS (v/v) for 3-4 days. The solution of penicillin streptomycin (Gibco, 

Gaithersburg, MD, USA) was used at 1% (v/v) final concentration. 

2.3 Bacterial strains 

Bacterial strains used in this study included E. coli OP50, RNAi-competent OP50 

(xu363), and RNAi-competent E. coli HT115 (obtained from the Ahringer RNAi 

library). Plasmids were isolated, purified, and sequenced prior to transformation into 

RNAi-competent OP50 (xu363). Transformed bacteria were confirmed to contain 

the plasmid of interest by sequencing as well. 

2.4 RNA interference protocol 

RNAi-expressing bacteria were cultured and seeded onto NGM plates supplemented 

with 25 μg/mL carbenicillin and 1 mM IPTG. For double RNAi, bacterial cultures 

expressing either vector(RNAi) or pink-1(RNAi) were mixed with sterility-inducing 

cdc-25.1(RNAi) with a 1:1 ratio. For experiments with GMC101 strain, 2,000

synchronized L1 larvae were plated onto 6 cm RNAi plates and grown at 20˚C for 

48 hours prior to use for experiments. For experiments with GF66 strain, 50 gravid 

hermaphrodites were transferred onto 10 cm cdc-25.1(RNAi) plates and grown at 

20˚C for 3 days or until progenies have reached the L4 stage. Sterile progenies were 
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then transferred to treatment plates for the next experimental step. 

 

2.5 C. elegans library screening and compound exposure assays 

Synchronized sterile young adult worms were washed from NGM plates seeded with 

OP50 into a conical tube and rinsed three times. Worms were then sorted into a 384-

well plate (~25 worms/well) for the initial screen or a 96-well plate (~100 

worms/well, half-area) for all other assays. For the initial high-throughput screen, 

each well in the 384-well plates contained 50 µM of compounds, and the exposure 

length was 24 h. For other compound/chemical exposure assays, S Basal 

supplemented with 50 µM PS compounds, 7 mM sodium selenite (Alfa Aesar), 10 

µM CCCP (Sigma), 50 µM rotenone (Sigma), 50 µM juglone (Sigma), 100 µM 

RPW-24, or DMSO (solvent control) was added into the wells of the 96-well plate 

to a final volume of 100 µL. Worms were imaged with Cytation5 Cell Imaging 

Multi-Mode Reader (BioTek Instruments) every day for three days for the initial 

screen or every two hours for twenty four hours for the other assays. 

 

2.6 Imaging and fluorescence quantification 

For visualization of the worm reporter strains NVK90, TJ356, CL2166, AY101, and 

GF66, Cytation5 automated microscope was used. All imaging experiments were 

performed with identical settings within three biological replicates of each strain. 
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GFP quantifications were performed by using Gen5 3.10 software and CellProfiler. 

For visualization of the worm reporter strains SJ4103 and VK1241, worms were 

immobilized by using 1 mM levamisole and then transferred onto 3% agarose pad. 

Worms were imaged using fluorescence microscope (Zeiss ApoTome.2 Imager.M2, 

Carl Zeiss, Germany) with a 63x (SJ4103) or 40x (VK1241) objective magnification. 

 

2.7 Fluorescent dye staining and quantification 

Approximately 400 N2 worms (in four wells, each contain ~100 worms) were treated 

with PS compounds or corresponding controls for 15 h in 96-well plate. At 14 h of 

incubation, fluorescent dye with a final concentration of 10 µM for LysoTracker Red, 

10 µM for NAO, 4.375 µM for MitoTracker Red, or 3 µM for DHE, were added. 

For background subtraction, S Basal without any dye was added. Worms were 

washed three times to remove any remaining compounds or dye before fluorescence 

measurement was taken via flow vermimetry (COPAS Biosort, Union Biometrica). 

 

2.8 ATP production measurement 

A worm strain carrying firefly luciferase gene followed by GFP (PE255) was used 

for ATP production measurement. Worms were treated with compounds as 

described above. ATP measurement was carried out according to the published 

protocol (77). Essentially, at 18 h of incubation, worms were washed three times to 
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remove any remaining compounds. Luminescence buffer was then added, incubated 

for 3 minutes, and fluorescence (485/20 excitation and 528/20 emission) and 

luminescence were measured with Cytation5 (BioTek Instruments). 

 

 

For leukemia cells ATP level determination, cells were seeded at 500,000/mL 

(leukemia cells) or 750,000/mL (healthy PBMCs) and treated for 16 h. ATP levels 

were measured using a bioluminescence assay (Molecular ProbesTM ATP 

Determination Kit, ThermoFisher) according to manufacturer’s instructions. 

Alternatively, ATP level was measured using a luminescent assay CellTiter-GloR 2.0 

(Promega, Madison, WI, USA) according to manufacturer’s instructions.  ATP 

measurements were normalized to the total cell number. 

 

2.9 Reactive oxygen species (ROS) measurement 

Cells were double-stained with 20 mM (1:5,000) Hoechst 33342 (ThermoFisher) 

and 2.5 µg/ml dihydroethidium (Cayman Chemical) / 5 µM MitoSox dye 

(ThermoFisher) for 30 min / 10 min, respectively, at 37 °C. Cells were centrifuged 

directly in flat-bottom plates and visualized using DAPI and RFP filter sets for a 

Cytation5 Cell Imaging Multi-Mode Reader (BioTek). Cell counting pipeline was 

built using Gen5 v. 3.00 software.  
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2.10 Oxygen consumption rate measurement 

3,000 N2 worms were sorted into each well of a 6-well plate. PS compounds, vehicle 

control DMSO, or positive control rotenone, and E. coli OP50 (final OD600: 0.05) 

were then added into each well to a final concentration of 50 µM. Two wells for each 

compound were used, totaling to 6,000 worms per condition. Upon 8 h of incubation, 

worms were collected and transferred into a 15 mL conical. Worms were washed 

three times to remove residual compounds. Oxygen consumption was measured by 

using a biological oxygen monitor (YSI 5300) and a Clark-type oxygen electrode 

(YSI 5301) (Yellow Springs Instrument) at 20°C as previously described (78). 

Oxygen consumption was recorded continuously for ten minutes. 

 

2.11 Bioenergetic measurements  

Real-time mitochondrial function in MOLM-13 cells and healthy PBMC was 

assessed using the Seahorse XF Cell Mito Stress Test kits (Agilent Technologies, 

Santa Clara, CA, USA) on Seahorse XFe96 Extracellular Flux Analyzer (Agilent 

Technologies). Briefly, cells, untreated (DMSO-control) or treated with PS leads / 

doxorubicin for 16 h were plated on a Cell-Tak (ThermoFisher) coated XF96 96-

well microplate using XF base media, supplemented with 1 mM pyruvate, 2 mM L-

glutamine, and 5 mM glucose. OCR measurements were recorded after the port 
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injection starting with oligomycin (1.5 µM) followed by FCCP (1 µM), and lastly, a 

combination of antimycin A and rotenone (0.5 µM). All measurements were 

normalized to the number of viable cells. Basal respiration, ATP-coupled respiration, 

maximal and reserve capacities, ECAR values, as well as non-mitochondrial 

respiration were recorded per each condition. The results were analyzed in Seahorse 

Mito Stress Test Generator (Agilent Technology). 

 

2.12 ß-amyloid-induced paralysis and scoring 

Synchronous L1 population of C. elegans strain GMC101 (79) was reared on E. coli 

OP50 at 20°C for 48 hours to reach the L4 stage. 60 worms were then transferred 

onto each 35 mm NGM plates containing 250 µM 5-fluoro-2’-deoxyuridine (FUDR) 

and PS compounds or corresponding DMSO control. Worms were then incubated at 

25°C to induce paralysis and scored every day for five days. Paralysis was indicated 

by inability to complete a full sigmoidal body movement spontaneously or following 

stimulation with a pick. Paralyzed worms were counted and removed from the plate. 

 

2.13 Polyglutamine protein aggregation scoring 

50 gravid hermaphrodites of C. elegans strain GF66 expressing polyglutamine 

(Pvha-6::Q82::YFP) (75) were reared on E. coli OP50 expressing cdc-25.1(RNAi) 

and grown at 20˚C for 3 days or until progenies have reached the L4 stage. L4 worms 
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were then transferred onto treatment plates as for the ß-amyloid-induced paralysis 

assay, but kept at 20°C. After 24 hours, worms were transferred into a 96-well plate, 

washed three times, immobilized with 1 mM levamisole, and imaged with Cytation 

5 automated microscope with a 4x objective magnification. The number of 

aggregates were counted manually for each of the worms.  

2.14 C. elegans compound toxicity assay 

25 synchronized SS104 (glp-4) young adult worms were sorted into 384-well plate. 

Compounds (final concentration: 100 µM, 50 µM, 25 µM, and 12.5 µM) were mixed 

with E. coli OP50 as food source (final OD600: 0.05), and then added into each well. 

Plates were incubated at 25°C for 72 hours. Plates were washed three times and 

worms were stained with SYTOXTM Orange nucleic acid dye to stain dead worms. 

After 14 h of incubation with SYTOXTM, plates were washed and imaged with 

Cytation5 automated microscope. CellProfiler software was used to quantify worms’ 

death. 

2.15 Mammalian cell lines treatments and cytotoxicity assays 

The stock solutions of all PS compounds (except PS127H which is liquid), carbonyl 

cyanide m-chlorophenyl hydrazone/CCCP (Sigma-Aldrich), cytarabine/ara-C 
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(Accela, San Diego, CA, USA), etoposide/ET (Chem-Impex, Wood Dale, IL, USA), 

ABT-199 (ThermoFisher), midostaurin/MID (MedChemExpress, Monmouth 

Junction, NJ, USA), dasatinib/DAS (LC Laboratories, Woburn, MA, USA), 

vinorelbine/VIN (Biotang Inc., Lexington, MA, USA), lonidamine/LND (Tocris, 

Minneapolis, MN, USA), doxorubicin/DOX (Ark Pharm Inc., Arlington Heights, IL, 

USA), IACS-010759 (ThermoFisher, Waltham, MA, USA), rotenone/RT (Ark 

Pharm Inc.), 6-mercaptopurine/6-MP (ThermoFisher), pan-caspase inhibitor z-

VAD-fmk (Apexbio Technology, Houston, TX, USA), caspase-1 inhibitor VX-765 

(Apexbio Technology), ferroptosis inhibitors Ferrostatin-1/Fer-1 (ThermoFisher) 

and Liproxstatin-1/Lipr-1 (ThermoFisher), and necroptosis inhibitor Necrostatin-

1/Nec-1 (Apexbio Technology) were dissolved in DMSO, aliquoted, and stored at -

80 °C (long-term storage) / -20 °C (short-term storage). The glycolytic inhibitors 2-

deoxy-D-glucose/2-DG (Chem-Impex), 3-bromopyruvate/3-BP (Alfa Aesar, 

Haverhill, MA, USA), and the autophagic inhibitor 3-methyladenine/3-MA 

(AdipoGen Life Sciences, San Diego, CA, USA) were prepared as fresh solutions in 

serum-free RPMI-1640 media just prior to use. Sodium selenite (Alfa Aesar, Ward 

Hill, MA, USA) was dissolved in Milli-Q water as concentrated stock (1M), 

aliquoted, stored at -80 °C, and further dissolved in media once after thawing. 

Tempol and Mitoquinol/MitoQ (Cayman Chemical, Ann Arbor, MI, USA) were 

dissolved in ethanol and stored at -20 °C. The autophagic inhibitor 3-methyladenine, 
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3-MA (AdipoGen Life Sciences, San Diego, CA, USA) was prepared as fresh

solution in test media just prior to use. 

Fluorescent cell labeling with Hoechst 33342 (ThermoFisher) and propidium iodide 

(ThermoFisher) with subsequent automated cell counting was used as cytotoxicity 

assay described in detail (80). In comparison, commercially available cytotoxicity 

assays (MTT, LDH, alamarBlue and trypan blue) were set up according to 

manufactor’s instruction. Cytation 5 Cell Imaging Multi-Mode Reader with DAPI 

and Texas Red filter sets (BioTek, Winooski, VT, USA) and Gen5 software v. 3.00 

was used for imaging and cell counting pipeline. 

For each cytotoxicity experiment, cells were seeded in 96-well plates and 

immediately treated with a single drug or a combination in 100 µL of RPMI-1640 

media with 0%(v/v) FBS for 24 hours, or with 1%(v/v) FBS for 72 hours. The 

seeding densities were used as follows: leukemic cell lines – 6,000/well; AML 

primary samples – 15,000/well; normal PBMCs – 40,000/well. All viability rates 

were normalized to the corresponding solvent-control wells. The DMSO 

concentrations in the incubation mixtures or solvent-control wells never exceeded 

0.5% (v/v). LD50 doses, fitted using dose-response data at 72 h, were applied for all 

mechanistic experiments except Seahorse mito-stress test. 
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For protein isolation, flow cytometry experiments (MitoTracker Green, JC-1 

staining), and ROS measurements cells were treated for 24 h. ATP levels were 

measured after both 16 h and 72 h treatments. OCR (oxygen consumption rate, 

mitochondrial respiration)/ECAR (extracellular acidification rate) measurements 

were taken after treatment for 16 h. Each experiment was performed at least three 

times independently, excluding treatments of primary AML samples, which were 

conducted once (72 h treatment) due to their short-term maintenance in culture. 

2.16 Flow cytometry 

Samples were analyzed on the FACSCanto Flow Cytometer (Becton Dickinson, San 

Jose, CA, USA). Briefly, 106 total cells were stained with 200 nM of mitotracker 

green/MTG (ThermoFisher) for 30 min at 37 °C and washed once with PBS. Green 

fluorescence emissions were collected immediately after staining. Mean 

fluorescence intensity (MFI) values, corresponding to estimated mitochondrial mass, 

were determined after exclusion of doublets and debris, gating target cell population, 

and subtraction of the background fluorescence of the unstained sample. 

Additionally, MitoProbeTM JC-1 assay kit for flow cytometry (ThermoFisher) was 

used for assessing mitochondrial membrane potential according to manufacturer’s 

instructions. Briefly, 1 mln viable cells was stained with 1 μM of JC-1 dye for 30 
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min at 37 °C and washed once with PBS. CCCP treatment (50 μM) was used as 

positive control for depolarization and compensation setup. Compensation was 

performed using emission filters, appropriate for Alexa Fluor 488 (FITC) and R-

phycoerythrin (PE) dyes. All analyses were done using FlowJo v.10.5.3 software. 

2.17 Western blot 

Cells were washed with ice-cold PBS and lysed in RIPA buffer (50 mM Tris-HCl, 

pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton x-100) 

supplemented with Pierce protease inhibitor cocktail (ThermoFisher) followed by 

sonication on ice and centrifugation for 15 min at 4,000 x g. Supernatants were used 

for the Bradford measurement of protein concentration. Typically, 25 µg of proteins 

were separated by SDS-PAGE, transferred to PVDF membranes (Millipore, Bedford, 

MA), followed by blocking step at room temperature for 1 hour in 1% Tween-20-

TBS buffer containing 7% nonfat dry milk. Membranes were incubated at 4 °C 

overnight with primary mouse antibodies against either actin (ab-3280) (Abcam, 

Cambridge, MA, USA) or Nrf1 (Nuclear factor erythroid 2-related factor 1, sc-

28379) (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Membranes were 

washed and incubated with 1:20,000 diluted goat anti-mouse secondary antibody 

(Abcam) for 1 h at room temperature. Then, after washing, membranes with 
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incubated with SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher) 

for 5 minutes and exposed to the films (ThermoFisher). 

2.18 Quantification and statistical analysis 

Statistical analyses were performed using RStudio v. 1.1.453 and GraphPad Prism 

v.8. Chi-square test was used to calculate the significance between qualitative

variables. Survival data was analyzed by fitting dose-response models in 

Bioconductor package ‘drc’, the lethal doses 50 (LD50) for each drug with their 

95%-confidence intervals (95% CI) were calculated (81). Two-tailed independent 

sample t-test was used for comparing the two groups. Multiple groups were 

compared by multiple t-tests or one-way analysis of variance (ANOVA) with 

subsequent pairwise post hoc tests. To follow, Dunnett’s test (R package DescTools, 

version 0.99.34) was performed to calculate statistical significance or p values 

between each group of the statistically significant experimental results. Student’s t-

test analysis was performed to calculate the p values when comparing two groups in 

an experimental setting. Z-factor is calculated by the formula z = (x-μ)/σ, where x is 

the raw score, μ is the population mean, and σ is the population standard deviation. 

All statistical test results were indicated in graphs as follows: NS not significant, *p 

< 0.05, **p < 0.01, and ***p < 0.001. Correlations were assessed using two-tailed 

Pearson r coefficients. Protein bands were quantified using ImageJ software 
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(https://imagej.nih.gov/ij/). To assess the effectiveness of combination therapy, drug 

combination landscapes were visualized using Bioconductor package ‘synergyfinder’ 

(82).  
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Chapter 3 

High-throughput screening assay for mitocan 

selection 

Part of this chapter has been published in Pei, et al., 2020 (PMID: 

32478749) 

Dr. Sveta Panina contributed some replicates of HPI staining as independent 

verification, and the fluorescence imager parameter adjustment (Figure 3.5) 

to this chapter. 

3.1 Introduction 

3.1.1 Commercially available cytotoxicity assays 

Cell viability and cytotoxicity assays measure cellular or metabolic changes 

associated with viable or nonviable cells. These assays can detect structural changes 

such as loss of membrane integrity upon cell death or physiological and biochemical 

activities indicative of living cells (Table 3.1). Cytotoxicity assays measure 

parameters associated with loss of membrane integrity upon cell death. For example, 

cytotoxicity assays may detect cytosolic proteins that should not be released by the 

cell, unless the cell has lost membrane integrity and the proteins have leaked out of 
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the cell.  A common choice of cytotoxicity assay for low-throughput experiments is 

the exclusion of trypan blue dye from living cells. This method is favored because it 

allows a relatively unbiased method for quantifying cell survival. Trypan blue 

passively diffuses into cells whose membranes are compromised, but it is effectively 

blocked from entering healthy cells (83). The quotient of the living cells and the total 

cells represents the percent viability, which indicates the efficacy of the treatment. 

The most significant disadvantage of the trypan blue assay is that it is poorly suited 

for high-throughput methodologies. It has a relatively low signal-to-noise ratio and 

prolonged staining can result in artifacts due to the staining of viable cells. 

Consequently, trypan blue exclusion is typically, but not always (84), relegated to 

manual counting. This makes it too slow and introduces the strong possibility of bias 

due to subjective judgment of the researcher (unless blinding or independent counts 

are used, which further reduce laboratory throughput). In general, the throughput of 

this assay is insufficient for modern drug discovery. Therefore, development of high-

throughput viability or cytotoxicity assays is of people’s desire for large-scale 

screening of new drugs. 

Table 3.1 Key features comparison of commercially available cytotoxicity 

assays.  

Cytotoxicity assays, some of which were used in this study, listed along with 

the brief description of their key features. 
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Assay/dye 
Type(s) of cell 

death detected 

Necessary 

equipment 
Pros and Cons 

Trypan 

Blue (TB) 
Apoptosis/Necrosis Microscope 

Pros: inexpensive; does not 

discriminate between modes of cell 

death; more difficult to use with 

adherent cells; the standard cell 

viability measurement method (85); 

 

Cons: laborious and not suitable for 

high-throughput screening; prone to 

subjective judgment of the user. 

MTT, 

CKK-8, 

Alamar 

Blue  

(resazurin) 

Apoptosis/Necrosis  Spectrophotometer 

Pros: inexpensive, rapid; endpoint 

assay;  

 

Cons: dependent on enzymes' activity 

(exclusively mitochondrial in case of 

MTT) and does not discriminate 

between modes of cell death (83, 86). 

LDH 

release 
Necrosis Spectrophotometer 

Pros: rapid, independent of 

mitochondrial enzymes’ activity; 
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Cons: expensive for high-throughput 

tests; limit to serum-free or low serum 

condition; detects necrotic cells with 

compromized plasma membrane (87, 

88). 

Acridine 

orange 

(AO) 

Apoptosis/Necrosis/ 

Necroptosis 

Fluorescence 

microscope 

Pros: can distinguish between 

apoptosis and necrosis/necroptosis 

(89). 

Hoechst 

33342, 

DAPI  

Apoptosis 

Fluorescence 

microscope or 

flow cytometer 

Pros: cell-permeable; useful for co-

staining; can be paired with propidium 

iodide to distinguish apoptosis from 

necrosis; 

 

Cons: inappropriate on its own to 

monitor cell death; can be used to 

assess chromatin condensation and 

nuclei fragmentation in early 

apoptosis (90, 91). 

Propidium 

Iodide 

(PI) 

Late 

apoptosis/Necrosis 

Fluorescence 

microscope or 

flow cytometer 

Pros: cell-impermeant intercalator; 

detects both late apoptosis and 

necrosis modes of cell death (92);  
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Cons: toxic and permeable after long 

incubation times (93). 

 

3.1.2 Mechanisms of commercially available high-throughput 

dyes/assays for cytotoxicity screening 

Many developed commercially available cytotoxicity assays have a much higher 

throughput than trypan blue exclusion. These assays generally fall into two groups 

(Table 3.1). One group is comprised of colorimetric assays that are based on the 

function of cellular redox enzymes. Colorless or non-fluorescent substrates are 

converted into vibrant products that can be quantified using a spectrophotometer. 

Classic examples include tetrazolium salts (MTT, WST-1, XTT, etc.) and resazurin. 

This category also includes luminescent assays that utilize luciferin to evaluate ATP 

level.  

An alternative methodology leverages the chemical properties of various substances 

that allow them to either cross or not cross biological membranes. One example is 

nuclear stains such as SYTOX or propidium iodide (PI). This category also includes 

assays that are similar in concept but different in function, such as the lactate 

dehydrogenase (LDH) assay, which measures the release of LDH into the 

extracellular milieu as an indicator of cellular necrosis (Table 3.1).  
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3.1.3 Problems with current techniques for measuring cytotoxicity 

Assays depend on cellular redox enzymes have the underlying limitation that they 

are measuring cellular metabolism, which is not cellular viability per se. It is quite 

common for cells to become quiescent under adverse conditions, but still retain the 

ability to divide (94-96). For example, cancer stem cells are often relatively 

metabolically quiescent (97-100), and are likely to be difficult to assay using these 

techniques. Treatments that damage mitochondrial function, such as most 

mitochondria-targeting drugs (“mitocans”), are also likely to result in cell viability 

being mis-counted. As we recently reported (64), leukemias are very sensitive to 

mitotoxic treatments, which is consistent with these cells already having low 

coupling efficiency. On this basis, I predicted that the MTT and alamarBlue assays, 

which are based on mitochondrial enzyme activity, would inaccurately measure 

cellular viability for leukemia cells.  

On the other hand, LDH (lactate dehydrogenase) cytotoxicity assay is a colorimetric 

method of assaying cellular cytotoxicity. The assay measures the stable, cytosolic, 

lactate dehydrogenase (LDH) enzyme quantitatively. This enzyme is released from 

damaged cells. The released LDH is measured with a coupled enzymatic reaction 

that results in the conversion of a tetrazolium salt (iodonitrotetrazolium (INT)) into 

a red color formazan by diaphorase (101). The major limitation of this assay is that 
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serum and some other compounds have inherent LDH activity. For example, the 

fetal calf serum has extremely high background readings. Therefore, this assay is 

limited to serum-free or low-serum conditions, limiting the assay culture period and 

reducing the scope of the assay as it can no longer allow determination of cell death 

caused under normal growth conditions. Also, LDH-measuring assays tend to be 

expensing, precluding their high-throughput applications. 

 

3.2  Optimization of a differential staining assay for high-

throughput screening 

3.2.1 Selection of best assay for high-throughput screening of mitocan 

cytotoxicity 

To select the best candidate for high-throughput screening of mitocans’ cytotoxicity, 

I tested 4 commercially available cytotoxicity assays by measuring OCI-AML2 cell 

line’s viability after mitocan or non-mitocan drugs treatment and compared with 

trypan blue exclusion. As expected, viability measured by colorimetric assays 

(alamarBlue and MTT) were significantly lower compared to trypan blue exclusion 

(Table 3.2-3.3; Figure 3.1). This is consistent with the fact that doses of these 

compounds required to induce apoptosis or necrosis are higher than those needed to 

compromise mitochondrial function. 
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Table 3.2 Viability differences for a panel of assays in OCI-AML2 cells after 

CCCP treatment.  

Assessment of viability was performed after 24 h of treatment with different 

concentrations of CCCP. Median viability differences between tested assays 

(Hoechst/PI, LDH, MTT, or alamarBlue) and trypan blue staining with 

automated counting was calculated based on viability differences at each drug 

concentration. 

  Difference with Trypan blue method, % 

CCCP, µM MTT LDH assay Hoechst/PI Alamar Blue 

3.125 -19.32 26.81 2.18 -39.49 

6.25 -4.85 29.40 6.81 -36.12 

12.5 2.54 24.54 0.42 -30.98 

25 -6.51 26.88 1.36 -29.48 

50 -9.55 27.36 17.23 -32.51 

100 -35.60 10.92 16.19 -51.96 

Median -12.22 24.32 7.37 -36.76 

 

Table 3.3 Viability differences for a panel of assays in OCI-AML2 cells after 2-

DG treatment.  

Assessment of viability was performed after 24 h of treatment with different 

concentrations of 2-DG. Median viability differences between tested assays 

(Hoechst/PI, LDH, MTT, or alamarBlue) and trypan blue staining with 
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automated counting were calculated based on viability differences at each 

drug concentration. 

  Difference with Trypan blue method, % 

2-DG, mM MTT LDH assay Hoechst/PI Alamar Blue 

3.125 4.74 16.99 13.17 -16.53 

6.25 -8.92 22.94 14.91 -23.69 

12.5 -22.23 29.24 16.27 -23.54 

25 -26.09 38.48 14.35 -23.80 

50 -14.02 41.72 4.41 -23.25 

100 -7.18 55.32 7.51 -10.63 

Median -12.29 34.12 11.77 -20.24 

 

Table 3.4 Correlations of cellular viability estimated by different assays and 

trypan blue staining. 

Correlations of cellular viability estimated by assays shown in Figure 3.1 and 

trypan blue staining: coefficients represent correlation between mean viability 

(%) at different doses of drugs (2-DG or CCCP) in OCI-AML2 cells. 

Correlations were defined as Pearson r coefficients. 

r-

coefficient, 

correlation 

with TB 

method  MTT Hoechst/PI LDH 

Alamar 

Blue 

2-DG 0.86 0.98 0.93 0.91 
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CCCP 0.26 0.76 0.62 0.53 

 

 

  

 

Figure 3.1 Comparison of a panel of cytotoxicity assays with Trypan blue 

exclusion. 

Assessment of viability of OCI-AML2 cells using different methods after 

treatment with a gradient of CCCP (A) or 2-DG (B) concentrations. OCI-

AML2 were treated with CCCP or 2-DG in serum-free RPMI-1640 for 24 h 

prior to determination of cell viability (left). Shown is mean, error bars 

represent SEM. ** p < 0.01, *** p < 0.001, ns – non-significant. Group 

comparison was done via t-test with correction for multiple hypothesis testing. 

Three independent biological replicates were performed. 
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Amongst the assays that were tested, dual staining with Hoechst 33342 and PI had 

the best combination of robustness, sensitivity, and consistency with TB staining, 

with the smallest median deviation from TB exclusion method after CCCP or 2-DG 

treatment (Figure 3.1; Table 3.2-3.4). The Hoechst/PI assay was also effective at 

determining cellular viability after treatment with other mitochondria-targeting 

molecules. These included rotenone, a drug that compromises Complex I of the 

mitochondrial electron transport chain (102), and 3-bromopyruvate, a glycolytic 

inhibitor and alkylating agent that impairs mitochondrial respiration and 

mitochondrial metabolism (103) (Figure 3.2; Table 3.5-3.7). 

 

 

Table 3.5 Viability difference between Hoechst/PI and TB exclusion method in 

OCI-AML2 cells after rotenone treatment. 

Shown is viability difference measured between Hoechst/PI dual-staining 

method and TB exclusion, normalized to TB exclusion. Assessment of 

viability was performed after 24 h of treatment with different concentrations 

of rotenone. Median viability difference between Hoechst/PI and trypan blue 

staining with automated counting was calculated based on viability 

differences at each drug concentration. 
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Table 3.6 Viability difference between Hoechst/PI and TB exclusion method in 

OCI-AML2 cells after 3-bromopyruvate (3-BP) treatment. 

Shown is viability difference measured between Hoechst/PI dual-staining 

method and TB exclusion, normalized to TB exclusion. Assessment of 

viability was performed after 24 h of treatment with different concentrations 

of 3-BP. Median viability difference between Hoechst/PI and trypan blue 

staining with automated counting was calculated based on viability 

differences at each drug concentration. 
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Table 3.7 Correlations of cellular viability estimated by Hoechst/PI and trypan 

blue staining. 

Correlations of cellular viability estimated by Hoechst/PI and trypan blue 

staining: coefficients represent correlation between mean viability (%) at 

different doses of drugs (Rotenone or 3-BP) in OCI-AML2 cells. Correlations 

were defined as Pearson r coefficients. 

Treatment Correlation 

Rotenone 0.98 

3-BP 0.99 
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Figure 3.2 Validation of Hoechst/PI cytotoxicity assay in leukemia cells. 

A-B. OCI-AML2 (AML) cells were treated with different concentrations of 

rotenone (A) or 3-bromopyruvate, 3-BP (B) in serum-free RPMI-1640 media 

for 24 h, then viability was determined. Shown is mean with SEM. Stars 

indicate statistical significance vs. trypan blue staining. ** p < 0.01, *** p < 

0.001, ns – non-significant. Group comparison was done via t-test with 

correction for multiple hypothesis testing. Shown is mean with SEM. Three 

independent biological replicates were performed. 

 

The Hoechst/PI cytotoxicity assay was further validated using a panel of leukemia 

cell lines representing multiple types of leukemia, as well as primary cells. They 

included MOLM-13 (an AML cell line), primary AML cells derived from a 

representative patient sample, MOLT-4 (an acute lymphoblastic leukemia cell line, 
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ALL), and K562 (a chronic myelogenous leukemia cell line, CML) (Figure 3.2 E, 

Figure 3.3). Results of the Hoechst/PI assay showed that these cells had profound 

differences in rotenone sensitivity, ranging from very sensitive (MOLT-4) to 

resistant (K562) cells. 

Figure 3.3 Representative images of cells stained with Hoechst/PI. 
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A-B. AML: MOLM-13 cell line (A), and primary AML cells (B) derived from 

a representative patient sample; (C) ALL: MOLT-4 cell line; (D) CML: K562 

cell line treated with or without rotenone treatment at indicated concentrations 

in serum-free RPMI-1640 media for 24 h. 
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Figure 3.4 Reproducibility of Hoechst/PI staining. 

Viability of OCI-AML2 cells after 24 h of treatment with different 

concentrations of 3-bromopyruvate (3-BP). (A) Total cell number counted via 

Hoechst 33342 staining, (B) Dead cell number counted via propidium iodide 

staining. (C) Viability (%) calculated using (A, B). (D) Representative dose-

response graph. Shown is mean with SEM. Three independent biological 

replicates were performed. 

 

I optimized the protocol of Hoechst/PI dual-staining assay for fast and accurate 

determination of cytotoxicity of mitocans or their combinations with other 

compounds. Hoechst 33342 is a cell-permeant nuclear dye that will readily crosses 

cell membranes to stain DNA, allowing the total cell count to be obtained. By co-

staining with PI, which only enters the nuclei of dead cells, the proportion of living 

(Hoechst only) and dead (stained with both) cells can be accurately determined. This 

protocol refines the published assay (104) by adding a step for the optimization of 

the dye concentration (by cross-referencing results with orthogonal trypan blue 

method) and centrifugation of the plate prior to imaging. Since many cell lines are 

semi-adherent or suspended, centrifugation increases the proportion of cells that are 

imaged and strongly improves accuracy. After cells have been stained, they are 

imaged with an automated microscope. Once images have been obtained, cells can 
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be counted either manually or by using any of several software packages, including 

both free (e.g., ImageJ, CellProfiler, etc) and commercial software (e.g., Metamorph, 

Gen5, etc). Automated cell counting allows accurate and less biased on output 

compared to manual scoring. It also more effectively disregards cell debris or 

insoluble complexes.  

3.2.2 Dye concentration and fluorescence imaging optimization 

Although the assay is relatively robust, care must still be taken. Improper 

performance of the assay may compromise its accuracy. Several compromised 

outcomes are shown for troubleshooting purposes (Figure 3.5). Over-staining is one 

of the most frequently encountered problem when using the protocol. Using the dye 

at too high concentration or staining for too long may consequently result in over-

staining with PI, which is shown in (Figure 3.5 A) These errors will generate 

artificially inflated numbers of dead cells.  
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Figure 3.5 Comparison of optimal and sub-optimal assay parameters. 

Comparison of results acquired via optimized parameters (left) or sub-optimal 

parameters (right). (A) Normal PBMCs were stained with propidium iodide 

at 1 µg/mL (left) or 5 µg/mL (right) for 15 min before imaging. (B) Images of 

OCI-AML2 cells taken with (left) or without (right) plate centrifugation. (C) 
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Images of OCI-AML2 cells acquired with optimal (left) or excessive (right) 

integration time for the Hoechst channel. 

 

 

The issue also arises from neglecting centrifugation step during staining preparation 

or improper fluorescence imaging settings. On the other hand, dead cells begin to 

lose their attachment from the surface of the dish. Consequently, they will be 

underrepresented during image acquisition, which generally occurs near the bottom 

of the well (Figure 3.5 B). Similar as over-staining, using too high LED 

intensity/integration time or overexposure in the Hoechst channel artificially 

expands the size of the cells, significantly reducing the total counts per well and 

limiting the assay power (Figure 3.5 C).   

 

 

 

3.3 Discussion 

 

The Hoechst/PI dual-staining assay has several advantages, including that staining 

does not require removal of media or washing. The dye mixture is also inexpensive, 

easy to prepare, and compatible with multichannel/robotic pipetting systems. 
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Development of the automated fluorescence imaging pipelines is also 

straightforward and is simplified by the efficiency of the stains used. The output is 

quantitative since the actual number of dead cells is automatically calculated with 

respect to total cell number, and different thresholds can be applied to increase or 

decrease the stringency of detection (Figure 3.4) (104).  

 

Although the protocol for Hoechst/PI cytotoxicity assay is robust and requires 

comparatively little hands-on time, there are several experimental details that are 

very important to ensure accurate results. First, it is essential to make sure that the 

concentration of DMSO remains below 0.5% (v/v). It is generally agreed that 

exposure to even low doses of DMSO can substantially alter the morphology and 

attachment of cells and significantly delay cell cycle progression (105, 106). 

 

Second, the staining should be performed as soon as possible after treatment. Since 

there are no washing steps, the compound remains in the wells and can continue to 

inflict damage on the cells. In comparison to the earlier protocol (104), the cells were 

stained for only 15 minutes immediately after treatment. This limits the possibility 

that viable cells could be inadvertently stained with propidium iodide. For this 

reason,we suggest staggering treatments and staining if more than two plates will be 

treated. This allows for imaging time between plates and improves reproducibility.  
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Third, appropriate dye concentration is dependent on cell type. It is important to 

empirically determine the optimized propidium iodide concentration, beginning with 

untreated cells, using trypan blue staining as an orthogonal reference. 

 

Finally, the centrifugation step immediately before visualization is also critical. 

Based on this protocol, a range of 500-4,000 cells is recorded (depending on seeding 

density). This is a notable improvement over the  100-400 cells per well used 

previously (104). Considering the variation in the population of cancer cells 

(especially primary cells), having more cells for analysis is important, and may allow 

more robust data analysis. 

 

Due to the relative simplicity of the method, a wide variety of modifications can 

easily be performed. For example, many other cell-impermeant dyes are available 

from a number of vendors and can be substituted for propidium iodide. While this 

substitution has relatively little value on its own, the increased palette of colors 

means that more complex experiments can be performed. For example, the addition 

of a third color will allow differential survival to be assessed between subpopulations 

of cells, as is commonly performed with flow cytometry.  
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A more substantial modification of the protocol is foregoing cell visualization and 

using a spectrophotometer instead. This approach has the advantage of utilizing a 

nearly ubiquitous piece of equipment (a standard spectrophotometer with a 

microplate reader) and is the fastest method to acquire data. However, this method 

is far less accurate. Fluorescence intensity is representative of cell staining, but 

stochastic variations in staining intensity, combined with the relatively smaller 

sample area, introduce significant variability. While further optimization (such as 

the inclusion of a fixative, additional washing steps, or a larger number of samples) 

may address these problems, fluorescence microscopy is generally a superior 

approach. 

In conclusion, the modified Hoechst/PI protocol is a fast, accurate, inexpensive, 

high-throughput cytotoxicity assay that is independent of mitochondrial function. 

This assay has substantial utility for efficiently screening compounds or compound 

combinations that target mitochondria. 
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Chapter 4 

Utilizing synergistic effect of mitocans to treat 

leukemia 

Part of this chapter has been published in Panina*, Pei*, et al., 2020 

(PMID: 32318340) 

Dr. Sveta Panina contributed the calculation of mitocans’ LD50 in AML cell lines, 

the measurement of 18 out of 36 drug pairs’ cytotoxicity in AML cell lines (Figure 

4.2B, 4.3C-D, 4.4C-D, 4.5; Table 4.2, 4.3, 4.4, 4.5), the measurement of various 

mitochondrial bioenergetic parameters (Figure 4.6C, 4.7, 4.8, Table 4.4), and the 

measurement of cytotoxicity for patient samples (Table 4.6, 4.7) to this chapter. 

Dr. Marina Konopleva and Dr. Natalia Baran kindly provided us with AML patient 

sample. 

4.1 Introduction 

4.1.1 Leukemias show particular sensitivity to mitochondrial 

damage 

 

In a previous study, my colleague, Dr. Sveta Panina, mined the data available in the 
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NCI-60 database to analyze response of cancer cell lines to 14 mitochondria-

targeting drugs (mitocans) and equal number of agents with no known effect to 

mitochondria. She found that leukemia cell lines were significantly more sensitive 

to mitocans than other cancer types (64). Cytotoxicity assays and a variety of 

mitochondrial biology assays showed a connection between respiratory coupling 

efficiency and mitocan sensitivity (64). Mitocan sensitivity resulted in treatments 

with mitochondria-targeting drugs efficiently triggering caspase-dependent cell 

death pathways, most likely apoptosis (64).  Mitochondrial dependency of leukemia 

cells and their altered oxidative metabolism have already been noticed as frequent 

abnormalities existing in various acute myeloid leukemia (AML) subgroups (107, 

108). Moreover, several drug combinations based on mitotoxic drugs, such as 

cytarabine or cytarabine with anthracyclines (doxorubicin, etc.), have already 

demonstrated effectiveness in AML treatment, including clinical trials and standard 

of care therapy (43, 109).  In addition, a previous study from our lab showed the 

combination of mitocans with the glycolytic inhibitor 2-deoxy-D-glucose exhibited 

synergy in killing leukemia cells (64). Therefore, I aimed to explore the possibility 

of utilizing synergistic effect of mitochondria-targeting drugs for the development 

of novel leukemia treatments. 
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4.1.2 Selection of mitocans for testing sensitivity of leukemia 

cells 

 

Table 4.1 Drugs used for screening of mitocan-based combinations against 

AML cell lines. 

1Drugs being used in regiments against AML/considered as promising by 

clinical trials; 

2 Drugs having selectivity against leukemia cells compared to normal blood 

cells defined by preliminary cytotoxicity assays. 
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Figure 4.1 Drugs included in the screen based on their selectivity toward AML 

cells. 

Survival of AML cells (OCI-AML2 or MOLM-13) or healthy PBMCs 

following 24 h treatment with (A) rotenone, (B) CCCP, (C) vinorelbine, (D) 
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2-deoxy-D-glucose, (E) 3-bromopyruvate, (F) lonidamine. The average of at 

least three independent replicates ± SEM is shown. Significance of difference 

in survival (AML cells vs. PBMCs) was assessed via Student’s t-test. ***p < 

0.001; **p < 0.01; *p < 0.05; ns: p > 0.05. 

To explore the potential for mitocan-driven synergetic cell killing, we selected 6 

mitocans targeting oxidative phosphorylation, mitochondrial membrane potential, 

mtDNA replication or apoptosis, and tested their combination with six 

complementary drugs (Table 4.1). Mitocans were selected based on their presence 

in current chemotherapeutic regimens for AML, such as cytarabine (110) or ABT-

199 (47), promising clinical trials for patients with leukemia, such as IACS-010759 

(111), etoposide (112), or preliminary and published data, indicating selectivity to 

AML, such as rotenone and CCCP (64). Complementary drugs included tyrosine-

kinase inhibitors (midostaurin (113) and dasatinib (114)), glycolytic inhibitors (2-

deoxy-D-glucose, 3-bromopyruvate, and lonidamine), and a microtubule 

destabilizer (vinorelbine (115)). These drugs were chosen based on results of 

preliminary cytotoxicity experiments, showing their selectivity toward AML cells 

compared to healthy blood cells (Figure 4.1). While cytarabine was included in our 

screening efforts, the pronounced fluorescence of anthracycline compounds 

(doxorubicin, daunorubicin, etc.) precluded their inclusion in our assays.  
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4.2 Mitocan-driven cytotoxicity in leukemia cell lines 

 

4.2.1 Determination of cytotoxicity in leukemia cell lines 

 

Each of the 12 drugs was tested alone, using several concentrations, in two AML 

cell lines, MOLM-13 and OCI-AML2. A nuclear staining assay using two 

fluorescent DNA intercalators, Hoechst 33342 and propidium iodide (Hoechst/PI 

assay, described in Chapter 3), was chosen for evaluating cytotoxicity for this screen 

since it does not rely upon the mitochondrial activity (116). This nuclear staining 

assay has been shown to be robust, straightforward, reliable, and suitable for primary 

and secondary screens of compounds with potential cytotoxic activity (104). For 

each compound/cell line combination, a concentration needed to reduce cell survival 

to 30–50% was determined. This concentration will be referred to as the maximum 

testing concentration, or MTC. However, in some cases substantial differences in 

sensitivity were observed. In these cases, individual MTC values were chosen. To 

optimize synergy tests, a CCCP/2-deoxy-D-glucose combination, previously found 

to be synergistic, was tested at several time points. 24 h was chosen for the primary 

screen as it showed the best effect. 

 

4.2.2 Mitocans caused synergistic, selective cytotoxicity in AML 
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To study whether mitocans can improve efficacy of cancer treatments, I paired 6 

mitocans with 6 different anti-cancer chemotherapeutic agents. All 36 pairwise 

combinations were made by pairing compounds such that each constituent was 

present at its MTC. I also made three serial 2-fold dilutions from the MTC mixture. 

Combinations were then tested against MOLM-13 and OCI-AML2 cell lines, along 

with vehicle-only controls. The resulting 5*5matrices (4 dilutions +no drug control) 

were used to build synergy landscapes (Figure 4.2) using a Bliss model and the 

“synergyfinder” package in Bioconductor (117). Maximum synergy was determined 

for each cell line/treatment combination for at least three biological replicates, and 

the mean was calculated. Despite the differences in genotype, a significant 

correlation was observed between synergy scores in MOLM-13 and OCI-AML2 

cells (r = 0.571, p < 0.01) most times (n = 29/36), drug combinations were synergistic 

in both cell lines. This bolsters the idea that these treatments may be effective on a 

variety of AML subtypes. It is worth noting that a few differences were observed. 

For example, some combinations (n = 5/36) showed synergy in one AML line but 

antagonism in the other (Figure 4.2) and two combinations showed neutrality or 

antagonism in both cell lines (Figure 4.2). The sum of the maximum synergy scores 

for the two cell lines was calculated for each drug combination. Drug combinations 

were then ranked in decreasing order of effect (Table 4.3).  
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Figure 4.2 Synergy landscapes for mitocan-based AML drug combinations. 

Drug combination landscapes were built using Bioconductor package 

“synergyfinder.” One representative replicate (with maximal synergy closest 

to its average value) is shown. (A) Examples of drug combinations (n = 29/36), 

synergistic against AML cell lines. Shown are drug combinations having 

highest (>70) cumulative synergy against MOLM-13 (top) and OCI-AML2 
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(bottom) cells. (B) Example of drug combination with opposite profiles in 

MOLM-13 and OCI-AML2 (n = 5/36). (C) Examples of antagonistic drug 

combinations for MOLM-13 (top) and OCI-AML2 (bottom) cells (n = 2/36). 

Drug combination landscapes: z-axis, synergy score (ranges from −40, green, 

to +40, red); x/y-axes, drug1/drug2 concentration range, respectively. 

Table 4.2 Mitocan-based drug combinations ranked in order of decreasing 

combined synergy coefficient. 

aBased on at least 3 independent biological replicates. 

bDrug combinations (n = 5) with opposite profile in MOLM-13 and OCI-

AML2 cell line: maximal synergy higher than 20 in one cell line and lower 

than 10 in another one. 

cDrug combinations (n = 2), antagonistic in one or both AML cell 

lines.Combinations (n = 22) fitting in the cutoff for testing on normal blood 

cells (average value of maximal synergy is equal to or higher than 20 in at 

least one cell line and equal to or higher than 10 in both cell lines) are in bold. 
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Twenty-two of the 36 combinations tested passed our following predefined cutoff 

criteria, where the maximal synergy for each cell line had to be >10. In addition, the 

maximal synergy for at least one cell line should be >20. It is worth noting that the 

most effective combinations (those with cumulative synergy >70 due to high 
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synergy in both cell lines) had diverse molecular targets (Figure 4.2, Table 4.2). 

Toward the bottom half of the ranked list, there were several combinations that only 

demonstrated synergy in one of the cell lines, but not the other, such as 

etoposide/vinorelbine and etoposide/midostaurin (synergy in OCI-AML2), or 

cytarabine/3- bromopyruvate (synergy in MOLM-13) (Figure 4.2, Table 4.2). Still 

further down the list were combinations antagonistic in one or both of the cell lines 

(Figure 4.2). Interestingly, dasatinib and midostaurin are both tyrosine kinase 

inhibitors, but their combination with CCCP had different results: the former showed 

strong synergy while the latter was antagonistic, which suggests that while it is likely 

that the combination of anti-cancer chemotherapeutics will result in some synergy, 

predicting which compound combinations will exhibit synergy solely on the basis of 

their known mechanisms will be difficult. 

 

The twenty-two drug combinations showed promising synergy in cytotoxicity to 

AML cell lines. However, the questions whether they would have the same effect on 

healthy cells still remained. Therefore, we tested the same drug combinations at the 

same doses in peripheral blood mononuclear cells (PBMCs) isolated from blood 

donations from healthy volunteers. These data were then used to build synergy 

landscapes for each combination. Compounds that also showed strong synergy in 

PBMCs were excluded from further analysis, as they were unlikely to be selective 
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for tumor cells, and it would be difficult to find therapeutic ratios that would be 

amenable for patient treatment for these combinations. 

Table 4.3  Effective mitocan-based drug combinations ranked in order of 

decreasing selectivity. 

aMaximal difference in survival between normal PBMC and AML (average 

for MOLM-13 and OCI-AML2 cells), %. Data from all biological replicates 

(n = 3) were combined. Combinations chosen for further studies (average 

maximal difference in survival >50%) are in bold.  

NS, non-significant difference in survival between normal PBMC and AML 

(MOLM-13/OCI-AML2) cells.  

Not selective, significantly lower survival of normal PBMCs (not selective 

combination). 



 98 

 

 

 

Cytotoxicity was then ranked by determining the difference between the survival of 

PBMCs and the each of the AML cell lines. Overall, 21 of the 22 compounds showed 

some level of selectivity in at least one of the concentrations tested, supporting our 

approach. Four drug combinations showed at least a 50% reduction in survival 

between AML cells and healthy PBMCs in at least one dosage: IACS-010759 (ETC 

Complex I inhibitor) with vinorelbine (a microtubule destabilizing agent), which had 

an 80.3% difference; rotenone (ETC Complex I, poison) and 2-deoxy-D-glucose (a 

glycolytic inhibitor), which demonstrated a 56.2% difference, CCCP (an ionophore 

that disrupts the mitochondrial membrane potential) and dasatinib (a tyrosine kinase 
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inhibitor), which displayed 55.1% less killing in PBMCs, and ABT-199 (venetoclax, 

an anti-apoptotic inhibitor) and lonidamine (a glycolytic inhibitor), which showed 

50.7% reduced cytotoxicity (Table 4.3). For all of these combinations, synergy in 

healthy PBMCs was markedly lower than in AML cells (Figure 4.3). 
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Figure 4.3 Drug combinations demonstrate higher synergy in AML than in 

healthy cells. 

Synergy landscapes for MOLM-13, OCI-AML2, or healthy PBMCs after 
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treatment with (A) IACS-010759/vinorelbine, (B) rotenone/2-deoxy-D-

glucose, (C) CCCP/dasatinib, and (D) ABT-199/lonidamine. Drug 

combination landscapes: z-axis, synergy score (ranges from −40 in green to 

+40 in red); x/y-axes, drug1/drug2 concentration range, respectively. Drug 

combination landscapes were built using Bioconductor package 

“synergyfinder.” One representative replicate (with maximal synergy closest 

to the average value of three biological replicates) is shown. 

 

For most treatments, tumor cell survival was significantly reduced after treatment 

with a combination of drugs, compared to treatment with them individually. This 

was particularly evident when one or both cell lines were resistant to one of the drugs. 

For example, OCI-AML2 was resistant to IACS-010759 used alone, showing 

essentially no effect from treatment at 25 μM (Figure 4.4). When combined with 

10μM vinorelbine, the synergistic effect dropped survival to around 15%. 

Lonidamine was ineffective at 50 μM against either AML cell line, but showed a 

synergistic effect when combined with ABT-199 at 1.3 μM. Similarly, 50mM 2-

deoxy-D-glucose had essentially the same effect on MOLM-13 cells and PBMCs 

(Figure 4.4), but the addition of 50μM rotenone strongly increased cell death in the 

former, but left the latter intact. 
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Figure 4.4 Effect of top selective drug combinations and corresponding single 

drugs. 

Survival of MOLM-13, OCI-AML2, or healthy PBMCs following single and 

combinatorial treatments with dosages corresponding to the maximal average 

difference in survival of AML vs. PBMCs. (A) IACS-010759/vinorelbine, (B) 

rotenone/2-deoxy-D-glucose, (C) CCCP/dasatinib, (D) ABT-199/lonidamine. 

Shown are the mean from at least three independent biological replicates 

(mean ± SEM). Significance of changes in survival was assessed via Student’s 

t-test. ***p < 0.001; **p < 0.01; ns: p > 0.05. Black stars or ns indicate 

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

condition; purple stars indicate significantly lower survival under 
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combinatorial treatment compared to single mitocan for each cell line; orange 

stars indicate significantly lower survival under combinatorial treatment 

compared to single complementary drug for each cell line. 

 

on AML cell lines and healthy PBMCs. All but one of the remaining 18 

combinations were synergistic and selective, but had a difference <50%, ranging 

from 10.1 to 45.9% (Table 4.3). Interestingly, the combination of IACS-010759 and 

2-deoxy-D-glucose, which targets complex I and glycolysis much like rotenone and 

2-deoxy-D-glucose, fell just short of our cutoff for selectivity, with the difference in 

death between AML cells and PBMCs of 45.9%, suggesting that targeting these two 

pathways may prove to be a particularly effective strategy. 
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Figure 4.5 Comparison of cytotoxic effect and selectivity of IACS-

010759/vinorelbine and rotenone/2-deoxy-D-glucose drug pairs with 

cytarabine/doxorubicin by trypan blue exclusion. 

(A,B) Drug combination landscapes for AML cell lines or PBMCs were built 

using Bioconductor package “synergyfinder.” One representative replicate 

(with maximal synergy closest to its average value) is shown: (A) 
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cytarabine/doxorubicin, (B) IACS-010759/vinorelbine. (C–E) Survival of 

MOLM-13, OCI-AML2, or healthy PBMCs following single or combinatorial 

treatments with doses of maximal selectivity: (C) cytarabine/doxorubicin, (D) 

IACS-010759/vinorelbine, (E) rotenone/2-deoxy-D-glucose. Shown are 

mean ± SEM from three independent biological replicates. Significance of 

changes in survival was assessed via Student’s t-test. ***p < 0.001; **p < 

0.01; *p < 0.05; ns: p > 0.05. Black stars or ns indicate comparison of AML 

cells vs. healthy PBMCs under the same treatment condition; purple stars 

indicate significantly lower survival under combinatorial treatment compared 

to single mitocan for each cell line; orange stars indicate significantly lower 

survival under combinatorial treatment compared to single complementary 

drug for each cell line. 

 

Finally, I compared efficiency and selectivity of IACS-010759/vinorelbine and 

rotenone/2-deoxy-D-glucose, the two treatments with the greatest synergy and 

efficacy, with those of the compounds from induction and consolidation therapy, 

cytarabine (ara-C)/doxorubicin (DOX). Cytotoxicity was evaluated using trypan 

blue exclusion. MTC doses were determined for cytarabine and doxorubicin as 

described above for the screening compounds and were used to build combination 

landscapes (Figure 4.5). The result revealed conditions where ara-C/DOX, 
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IACS/VIN or RT/2-DG combinations resulted in significantly lower viability in both 

AML cell lines compared to healthy PBMCs (Figure 4.5). The maximum difference 

in survival between AML and PBMCs was 17.4% for ara-C/DOX, 40% for IACS-

010759/vinorelbine, and 31% for RT/2-DG. Thus, the difference in survival between 

healthy and AML cells for IACS/VIN or RT/2-DG, as determined via trypan blue 

exclusion, was lower than observed via Hoechst/PI staining. One possible 

explanation for this difference is that propidium iodide is more accurate at 

determining cell viability than trypan blue exclusion. This has previously been 

demonstrated for human hematopoietic stem cells. 

 

4.3 Mitocans disrupt mitochondrial function and activate 

autophagy 

 

 

4.3.1 Mitocans disrupted ATP production in AMLs 
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Figure 4.6 Treatment-induced changes in ATP level and activation of cell death. 

Absolute (A) or relative (B) ATP levels following 16 h treatment with DMSO 

or four selected drug combinations (IACS-010759/vinorelbine, rotenone/2-

deoxy-D-glucose, ABT-199/lonidamine, or CCCP/dasatinib). Shown are 

mean ± SEM from at least three independent biological replicates. 

Significance of changes in ATP in treated vs. untreated cells for each cell line 

or PBMCs was assessed via Student’s t-test. ***p < 0.001. (C) ATP levels, 

obtained with CellTiter-GloR assay and normalized to DMSO control (shown 
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as y = 100), following treatment for 2 h with 1/1,000 doses corresponding to 

maximal selectivity of drug combinations in AML cells (MOLM-13 or 

primary AML samples), or healthy PBMCs. Shown are the means from 1 to 

3 independent biological replicates (mean ± SEM). Significance of difference 

in AML vs. PBMCs was assessed via Student’s t-test. Shown are the means 

from three independent biological replicates (mean ± SEM). Significance of 

difference in survival with and without inhibitor was assessed via Student’s t-

test. ***p < 0.001; **p < 0.01; *p < 0.05; ns: p > 0.05. 

 

Since all the combinations included a mitochondria-targeting drug, I tested whether 

these drug combinations’ function was mediated by disrupting intracellular ATP 

production. Each cell line was treated with the drug combination that induced the 

highest difference in survival between AML cells and healthy PBMCs for 16 h. ATP 

levels were then measured and normalized to the total cell number. A significant 

decrease in ATP level in all cell lines tested was observed (Figure 4.6). The amount 

of the decrease did not differ between leukemia and normal cells, preventing 

differentiation on this basis (Figure 4.6). After 16 h treatment, we observed 

profound ATP depletion, ranging from 1.2 to 4-fold decrease after treatment with 

IACS-010759/vinorelbine in OCI-AML2 cells and PBMCs up to 100-fold decrease 

after CCCP/dasatinib treatment in all cell lines tested (Figure 4.6). 
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Figure 4.7 Changes in ATP level under single drug and combinatorial 

treatmens for 16 h. 

(A) IACS-010759/vinorelbine, (B) rotenone/2-DG, (C) CCCP/dasatinib, or 

(D) ABT-199/lonidamine at specified concentrations. Black stars or ns 

indicate comparison with untreated condition for every cell line; purple stars 

indicate significantly lower ATP level under combinatorial treatment 



 110 

compared to single mitocan for each cell line; orange stars indicate 

significantly lower ATP level under combinatorial treatment compared to 

single complementary drug for each cell line. ***: p < 0.001; **: p < 0.01; *: 

p < 0.05; ns: p > 0.05. 

Next, we measured the metabolic effect of each compound from those drug 

combinations. For these experiments, each cell line was treated with single 

compounds and ATP measurements were collected. Similar changes in AML cells 

and PBMCs were observed: significant decrease under most of combinational 

treatments compared to single drugs (Figure 4.7). Interestingly, neither IACS-

010759 nor vinorelbine alone reduced ATP levels in leukemia cell lines compared 

to untreated condition (Figure 4.7). 

 

I also treated AML cells (MOLM-13 and six primary AML samples) and healthy 

PBMCs with a highly sensitive ATP detection reagent (Cell-Titer GloR, CTG). Cells 

were treated for a shorter period of time (2 h instead of 16) and at a lower 

concentration (0.001 MTC), and then ATP levels were measured (Figure 4.6). 

Contrary to the results observed after a longer period of time and with more 

compound, these assays illustrated a difference between AML cells (MOLM-13, 4 

primary AML samples out of 6) compared to PBMCs after treatment with the 

combination of IACS-010759 and vinorelbine. For the other three selected 
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combinations, we observed different responses in primary AML cells: either 

significant decrease/increase, or no changes in normalized ATP level compared to 

PBMCs. Surprisingly, treatment with CCCP/dasatinib combination for 2 h enhanced 

ATP production in MOLM-13 cells and several patient samples (n = 2/6). The 

diverse response to treatment suggests that the drug combinations may have 

disparate mechanisms for cytotoxicity, depending on cancer genotype and/or 

metabolic state. 

4.3.2 Mitocans reduced oxygen consumption in acute myeloid 

leukemias 

We used a Seahorse metabolic flux analyzer to evaluate mitochondrial function in 

AML cell lines and primary AML cells (n = 6) that were treated with the four 

selective drug combinations. Cells were treated drug combinations at 1/1,000 dose 

of their maximal selectivity to minimize cell death: IACS-010759 25 nM/vinorelbine 

10 nM, rotenone 50 nM/2-DG 50μM, CCCP 200 nM/dasatinib 50 nM, or ABT-199 

1.3 nM/lonidamine 50 nM, for 2 h (Figure 4.8). 
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Figure 4.8 Bioenergetic profiling of immortalized and primary AML cells and 

healthy PBMCs after treatment with selected drug combinations. 

(A) Oxygen consumption rate (OCR) was measured using a Seahorse flux 
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analyzer. OCR measured in cells either untreated (blue) or treated with IACS-

010759 25 nM/vinorelbine 10 nM (red), rotenone 50 nM/2-deoxy-D-glucose 

50μM (green), CCCP 200 nM/dasatinib 50 nM (purple), or ABT-199 1.3 

nM/lonidamine 50 nM (orange) for 2 h. One representative replicate of time-

course OCR measurements (mean ± SD) in MOLM-13 cells, representative 

primary AML sample (AML 13), and healthy PBMCs is shown. (B) 

Treatment-induced changes in basal mitochondrial respiration in AML cells 

(MOLM-13, representative AML sample) or healthy PBMCs. Shown is mean 

± SEM. Significance of difference between treated and untreated cells was 

assessed via ANOVA with subsequent pairwise comparisons. (C) Coupling 

efficiency of untreated AML cells or healthy PBMCs. Shown is mean ± SEM. 

Significance of difference vs. PBMCs was assessed via ANOVA with 

subsequent pairwise comparisons. (D) ATP-linked respiration after 

IACS/VIN treatment in a panel of AML cells or PBMCs, normalized to 

DMSO control. Significance of difference vs. PBMCs was assessed via 

ANOVA with subsequent pairwise comparisons. (E) Significant negative 

correlation between normalized levels of ATP, %, and ECAR, %, across all 

studied samples under four selected treatments. (F) Significant positive 

correlation between normalized coupling efficiency, %, and normalized ATP-

linked respiration, %, across all studied samples under four selected 
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treatments. Mito-stress test was repeated three times independently for 

MOLM-13 cells and PBMCs, and once for each primary AML sample. ***p 

< 0.001; **p < 0.01; *p < 0.05; ns: p > 0.05. Correlations were assessed using 

Pearson r coefficient, line of best fit represents linear regression line. 

 

We observed disparate outcomes when cells were treated with compounds prior to 

the measurement of mitochondrial bioenergetics (Table 4.4). The combination of 

ABT-199 and lonidamine increased maximal OCR (oxygen consumption rate) and 

spare capacity by 29–35% in patient sample AML 16. However, neither MOLM-13 

cells nor other primary AML samples demonstrated significant changes in 

mitochondrial respiration after ABT-199/LND treatment, indicating the changes 

may be case-sensitive. 

Table 4.4 Changes in mitochondrial bioenergetic parameters after treatment 

with selected mitocan-based drug combinations (IACS-010759/vinorelbine, 

rotenone/2-DG, CCCP/dasatinib, ABT-199/lonidamine) in a panel of AML cells 

and normal PBMCs.  

ANOVA with subsequent pairwise Fisher LSD test was used for group 

comparisons. Significant changes (p < 0.05) are in bold. ***: p < 0.001; **: p 

< 0.01; *: p < 0.05; NS: p > 0.05. 

  Bioenergetic parameter MOLM-13 AML 13 AML 14 AML 15 AML 16 AML 17 AML 18 PBMC 
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IACS/VIN 

Basal OCR 

*** 

-64% 

* 

-35% NS NS 

*** 

-58% 

*** 

-77% NS NS 

Maximal OCR 

*** 

-64% 

** 

-58% NS 

** 

-40% 

*** 

-71% 

*** 

-82% NS 

*** 

-71% 

ATP-linked OCR 

*** 

-70% 

* 

-82% NS NS 

*** 

-56% 

*** 

-93% 

*** 

-122% 

*** 

-49% 

Proton leak NS NSNS NS NS 

* 

29% NS NS NS 

Spare capacity 

* 

-63% 

* 

-40% NS NS 

*** 

-73% 

* 

-88% NS 

*** 

-79% 

Coupling efficiency 

p= ** 

-21% 

** 

-38% NS NS NS 

*** 

-73% 

* 

-175% 

* 

-41% 

ECAR 

p= ** 

+33% 

p= *** 

+234% 

*** 

+138% 

*** 

+61% 

*** 

+75% 

*** 

+97% NS 

* 

+42% 

RT/2-DG 

Basal OCR 

*** 

-40% NS NS NS NS NS NS NS 

Maximal OCR 

** 

-36% 

* 

-35% NS NS NS 

* 

-34% NS NS 

ATP-linked OCR 

* 

-41% NS NS NS NS NS 

* 

-88% NS 

Proton leak NS NS NS NS NS NS NS NS 

Spare capacity NS 

* 

-22% NS NS NS NS NS NS 

Coupling efficiency NS NS NS NS NS NS NS NS 

ECAR 

*** 

+47% 

** 

+217% 

* 

+113% 

*** 

+64% 

*** 

+57% 

* 

+27% NS NS 

CCCP/DAS 

Basal OCR NS NS NS NS NS 

* 

+22% NS NS 

Maximal OCR NS 

* 

+37% NS NS NS NS NS NS 

ATP-linked OCR NS NS NS NS NS NS NS NS 

Proton leak NS NS NS NS NS NS NS 

* 

+169% 

Spare capacity NS NS NS NS NS NS NS NS 
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Coupling efficiency NS NS NS NS NS NS NS 

* 

-28% 

ECAR NS 

** 

+229% NS NS NS NS 

** 

-21% 

* 

+40% 

ABT-199/ LND 

Basal OCR NS NS NS NS NS NS NS NS 

Maximal OCR NS NS NS 

* 

-39% 

* 

+29% NS NS NS 

ATP-linked OCR NS NS NS NS NS NS NS NS 

Proton leak NS NS NS NS NS NS NS NS 

Spare capacity NS NS NS 

* 

-39% 

* 

+35% NS NS NS 

Coupling efficiency NS NS NS NS NS NS NS 

* 

-28% 

ECAR NS NS NS 

*** 

-43% NS NS NS NS 

 

 

The most active combination in terms of inhibition of mitochondrial function was 

IACS-010759 and vinorelbine. It decreased basal, maximal, and ATP-linked OCR 

by 35–100%, as well as reduced spare capacity by 40–88% and coupling efficiency 

by 21–175% in MOLM-13 cells and the majority of patient AML samples. However, 

most of these mitochondrial parameters were also decreased after treatment with 

IACS/VIN in healthy PBMCs. The most significant exception was basal respiration, 

which was more dramatically affected in MOLM-13 cells (Figure 4.8, Table 4.4). 

Interestingly, untreated PBMCs were estimated to have significantly better coupling 

efficiency than most untreated AML samples (n = 4/6), which is in line with our 
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previously published work (Figure 4.8, Table 4.4)(64). This fact likely contributes 

to the selectivity of the drugs and drug combinations that reduce coupling efficiency, 

such as IACS/VIN or RT/VIN. In support of this hypothesis, the average ratio of 

coupling efficiency (IACS+VIN/untreated cells) between all studied AML cells was 

0.38, but the same ratio in PBMCs was 0.6. Similarly, the average ratio of ATP-

linked respiration was 0.2 in AML cells vs. 0.5 in healthy PBMCs (Figure 4.8, Table 

4.4). Another combination, rotenone/2-deoxy-D-glucose, did not significantly affect 

healthy PBMCs, but reduced basal OCR (MOLM-13 cells), maximal OCR (MOLM-

13 cells, primary AML, n = 2/6), ATP-linked OCR (MOLM-13, primary AML, n = 

1/6), and spare capacity (primary AML, n = 1/6) in some of the cases. Interestingly, 

both IACS/VIN and RT/2-DG combinations significantly enhanced ECAR 

(extracellular acidification rate) by 27–234% in MOLM-13 cells and studied patient 

samples (n = 5/6), as well as in PBMCs in case of IACS/VIN. Previous reports have 

shown that inhibiting Complex I of the ETC with IACS-010759 or rotenone 

upregulates glucose consumption and glycolysis (42, 43). This is also consistent with 

our observations that normalized ATP level inversely correlated with normalized 

ECAR values (r = −0.562, p = 0.001) suggesting that ATP depletion might play a 

signaling role in activating glycolysis (Figure 4.8, Table 4.4). As expected, 

normalized coupling efficiency was also significantly associated (r = 0.786, p < 

0.001) with ATP-linked OCR (Figure 4.8, Table 4.4). 
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4.3.3 Apoptosis inhibition rescued leukemia cells treated with 

mitocans 

 

Figure 4.9 Effect of cell death inhibitors on cytotoxic effect of IACS-

010759/vinorelbine in MOLM-13 v.s. PBMC 

Changes in cellular viability after IACS-010759/vinorelbine or corresponding 

single drugs treatment with or without addition of cell death inhibitors: Z-

VAD, 40μM, left; 3-MA, 5mM, right. Shown are the means from three 

independent biological replicates (mean ± SEM). Significance of difference 

in survival with and without inhibitor was assessed via Student’s t-test. ***p 

< 0.001; **p < 0.01; *p < 0.05; ns: p > 0.05. 

 

To gain additional insight into the cell death phenomenon, we tested the ability of 

two compounds that compromise cell death pathways—the pan-caspase inhibitor Z-
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VAD to inhibit apotosis and 3-methyladenine (3-MA) to limit autophagy. MOLM-

13 AML cells and PBMCs were each treated with 25μM IACS-010759 and 10μM 

vinorelbine (the combination showing the highest specificity) as well as 40μM Z-

VAD, 5mM 3-MA, or water (Figure 4.9). Cells were also treated with individual 

compounds. After treatment, cell viability was assayed using the Hoechst/PI 

costaining method. Z-VAD, the pan-caspase inhibitor, significantly reduced the 

cytotoxicity seen in MOLM-13 cells exposed to IACS-010759 or the combination 

of drugs. In contrast, treatment with 3-MA did not result in significant viability 

differences between MOLM-13 treated with IACS-010759 and combinations. This 

suggests that IACS-010759 activates a mitochondria-dependent apoptotic cell death 

pathway in leukemia cells. This is consistent with reports that rotenone, which also 

inhibits ETC Complex I, also induces apoptosis (41). 

 

4.4 Mitocans effectively kill leukemia cells 
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Figure 4.10 Effect of selected mitocan-based drug combinations on other types 

of leukemia. 

(A,B) Synergy landscapes for ALL, (A) (CCRF-CEM cells, left, or MOLT-4 

cells, right) or CML, (B) (K-562 cells, left, or KU812 cells, right) treated with 
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IACS-010759/vinorelbine, rotenone/2-deoxy-D-glucose, CCCP/dasatinib, or 

ABT-199/lonidamine. Drug combination landscapes: z-axis, synergy score 

(ranges from −40, green, to +40, red); x/y-axes, drug1/drug2 concentration 

range, respectively. Drug combination landscapes were built using 

Bioconductor package “synergyfinder.” One representative replicate (with 

maximal synergy closest to the average value of three biological replicates) is 

shown. 

Table 4.5 Effect of selected mitocan combinations on acute lymphoblastic 

leukemia (ALL) and chronic myelogenous leukemia (CML) cell lines. 

aBased on three independent biological replicates. 

*Combinations that have been tested for toxicity against normal blood cells at 

doses corresponding to CML treatment (maximal synergy cutoff >10 in bothe 

CML cell lines).  

**Combinations that have been tested for toxicity against normal blood cells 

at doses corresponding to both ALL and CML treatment (maximal synergy 

cutoff >10 in both ALL/CML cell lines). 
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To determine whether the four best combinations have broader activity against other 

leukemias, we tested their effects against additional hematological malignancies. 

Acute lymphoblastic leukemia (ALL, CCRF-CEM and MOLT-4 cell lines) and 

chronic myeloid leukemia (CML, K-562 and KU812 cell lines) cells were treated 

using the same strategy as AML cell lines (i.e., MTCs were determined for each 

compound/cell line combination, and then synergy testing was performed). 

Promisingly, all of the combinations demonstrated synergistic interactions, although 

to different extents. Rotenone/2-deoxy-D-glucose displayed the highest sum of 

maximum synergies for the ALL and CML cells (Figure 4.10, Table 4.5). 
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Figure 4.11 Effect of selected drug combinations and corresponding single 

drugs on ALL/CML cell lines or healthy PBMCs. 

Survival of CCRF-CEM or MOLT-4 cells (ALL), K-562 and KU812 cells 

(CML), or healthy PBMCs following single and combinatorial treatments. (A) 

ABT-199/lonidamine against ALL cells vs. PBMCs; (B) rotenone/2-deoxy-
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D-glucose against ALL/CML cells vs. PBMCs. (C,D) IACS-

010759/vinorelbine or CCCP/dasatinib against CML cells vs. PBMCs. Shown 

are mean ± SEM from at least three independent biological replicates. 

Significance of changes in survival was assessed via Student’s t-test. ***p < 

0.001; **p < 0.01; ns: p > 0.05. Black stars or ns indicate comparison of 

ALL/CML cells vs. healthy PBMCs under the same treatment condition; 

purple stars indicate significantly lower survival under combinatorial 

treatment compared to single mitocan for each cell line; orange stars indicate 

significantly lower survival under combinatorial treatment compared to single 

complementary drug for each cell line. 

Similar as in AML, we chose those combinations from the four tested that had 

synergy >10 in both cell lines of the same leukemia type, and >20 in one of them 

(Table 4.5) and treated healthy PBMCs with the same doses of drugs. This allowed 

us to successfully identify conditions under which normal blood cells survived 

significantly better than leukemia cells. It is worth noting that, while only two 

combinations out of four met these selection criteria for ALL (RT/2-DG and ABT-

199/LND), the difference in survival between cancerous cells and healthy PBMCs 

was more profound for ALL than CML (Figure 4.11). Four drug combinations 

demonstrated 33.7–86.2% lower killing of PBMCs than ALL and CML cells. Only 

one combination, ABT-199/lonidamine, did not appear to be selective for CML 
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treatment. These observations highlight the potential for these drug combinations to 

be effective against multiple leukemia types. 

 

4.1.1 Mitocans caused synergistic,  selective killing in primary AML cells 

 

Table 4.6. Effect of selected mitocan combinations on primary AML samples. 

aBased on 1-3 independent biological replicates. 

 

  

 

Table 4.7. Comparison of the effect of selected mitocan combinations on AML 

cell lines, primary AML samples, and healthy PBMCs. 

aShown is the mean of maximal synergy between MOLM-13 and OCI-AML2 

cell lines.  
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bShown is the mean of maimal synergy between all analyzed primary AML 

samples (n=12). 

cShown is the mean synergy in PBMCs corresponding to the dose resulting in 

maximal difference in survival AML vs. PBMC. 

 

 

 

To determine whether these four combinations (IACS-010759/vinorelbine, 

rotenone/2-deoxy-D-glucose, CCCP/dasatinib, and ABT-199/lonidamine) have 

therapeutic lead potential, they were tested in a tertiary screen against primary AML 

cells derived from patients (n = 12) using the process described above. Two of the 

four drug combinations (IACS-010759/vinorelbine and rotenone/2-deoxy-D-

glucose), exhibited synergy scores higher than 10 in every patient tested (except the 

case of IACS/VIN in sample AML 11, Table 4.6), with average maximum synergy 

across all patients reaching 31.4 and 66.1, respectively. Thus, they met our original 

criteria for the identification of synergistic combinations in cell lines. The 

combination of CCCP and dasatinib displayed synergy in 10 of 12 patients (83.3%), 
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ABT-199/lonidamine was synergistic in 8 of 12 patients (66.7%). Given the data 

available, it is difficult to explain these variations. One possibility is that subtle 

differences in genotype or metabolism are affecting the level of sensitivity. 

Interestingly, there was a strong correlation (R = 0.909, Table 4.7) between synergy 

scores in AML cell lines and primary AML cells. Although this correlation was not 

statistically significant (p-value = 0.091), that is most likely because the number of 

combinations tested was small. Regardless, the strength of this correlation between 

immortalized and primary AML cells is promising and suggests that this approach 

may prove useful for identifying promising treatment options. 

 

4.5 Optimization of treatment conditions 

It is important to limit drug concentration to therapeutic achievable dosages. To this 

end, we noticed doses of mitocans and complementary drugs applied in previous 

studies were beyond therapeutic limit. Treatment time period should also be 

carefully considered to effectively remove cancer cells in patients. To this end, I 

optimized treatment condition by lowering drug concentration to at least 1/100 of 

the previously applied doses, and by increasing treatment period from 24 hours to 

72 hours. Meanwhile, to ensure the growth of AML cell lines in long term, 1%(v/v) 

FBS was included in the culture media when testing the cytotoxicity of selected 

mitocan combinations. 
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Figure 4.12 Selected drug combinations demonstrate high synergy in AML cell 

lines under optimized treatment conditions. 

Synergy landscapes for MOLM-13 after treatment with (A) rotenone/2-

deoxy-D-glucose, (B) ABT-199/lonidamine, (C) IACS-010759/vinorelbine, 

and (D) CCCP/dasatinib. Drug combination landscapes: z-axis, synergy score 

(ranges from −40 in green to +40 in red); x/y-axes, drug1/drug2 concentration 

range, respectively. Drug combination landscapes were built using 
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Bioconductor package “synergyfinder.” One representative replicate (with 

maximal synergy closest to the average value of three biological replicates) is 

shown. 

 

All four selected combinations passed selection criteria in synergy score against 

MOLM-13 cell lines under optimized condition (Figure 4.12). Compared to 

previous treatment condition, rotenone/2-deoxy-D-glucose, IACS-

10759/vinorelbine and CCCP/dasatinib combinations also resulted in higher 

maximal synergy score in optimized treatment condition (Figure 4.12, Table 4.7). 

This observation addressed the potential of utilizing synergistic effect of mitocans 

for the development of leukemia therapy. Further optimization on treatment doses 

and period may improve mitocans combinations treatment efficacy on leukemia.  

 

 

4.6 Discussion 

Most cancers have long been considered to be almost entirely dependent on 

glycolysis for their energy needs (118). Consequently, glycolytic inhibitors have 

been tested as monotherapies in these cells, and have often worked, although not 

always with great efficiency (119). Contrasting this conventional wisdom, a growing 

role for mitochondrial OxPhos in these cells is beginning to be recognized (120, 121). 
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In a previous study, we discovered that leukemia cells are particularly sensitive to 

treatments that target mitochondria, likely due to poor mitochondrial coupling (64). 

We have noted that this effect was exacerbated by combining the mitochondrial 

uncoupler CCCP with 2-deoxy-D-glucose, a glycolytic inhibitor. In this study, we 

tested whether a wider variety of mitocans and other classes of chemotherapeutics 

also exhibit synergistic cytotoxicity. We identified four drug combinations, IACS-

010759/vinorelbine, rotenone/2-deoxy-D-glucose, CCCP/dasatinib, and ABT-

199/lonidamine, that had synergetic and selective cytotoxicity in AML cells. 

Importantly, all of the combinations also exhibited synergistic killing of either ALL, 

CML, or both, suggesting a wider utility than previously anticipated. 

 

Consistent with our previous report, two out of the four combinations (ABT-

199/lonidamine and rotenone/2-deoxy-D-glucose) included glycolytic inhibitors 

with mitocans. Interestingly, ABT-199 is a Bcl-2 inhibitor, and rotenone is a toxicant 

that inactivates Complex I of the electron transport chain. Similarly, the Zweidler-

McKay lab reported that sub-therapeutic doses of the electron transport chain 

Complex III inhibitor antimycin A combined with propyl 3-bromo-2-oxopropanoate, 

a third-generation glycolytic inhibitor, effectively killed leukemia cells through 

severe ATP depletion (45). These data argue that a broad cross-section of 

mitochondrial function can effectively be targeted in this way, and raises the 
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question of which combinations will be most effective in which types of cancer. 

 

To the best of our knowledge, the combination of IACS-010759 and microtubule 

inhibitor vinorelbine has not yet been studied in relation to leukemia treatment. 

However, vinorelbine-based chemotherapy has been reported as effective against 

aggressive therapy-refractory leukemias, including AML and CML (122, 123). 

IACS-010759, which is currently in clinical development, is a novel OxPhos 

inhibitor that targets mitochondrial Complex I (111). This compound caused only 

minor cell death of chronic lymphocytic leukemia at 24 h of treatment, but the 

addition of 2-deoxy-D-glucose significantly increased cytotoxicity (124). 

Correspondingly, the combination of IACS-010759 and vinorelbine impairs several 

mitochondrial functions, such as oxygen consumption and coupling efficiency. The 

treatment also significantly inhibited basal mitochondrial respiration. This 

phenomenon was observed to be specific for AML cells. The already low coupling 

efficiency of AML cells may be contributing to the selectivity of the cytotoxicity 

observed for the IACS-010759/vinorelbine combination and the loss of ATP induced 

by this treatment.  Rotenone, which also compromises Complex I, was one of the 

more effective mitocans. All rotenone-containing combinations had strong 

synergetic effects on leukemia cells. Unfortunately, rotenone also demonstrated high 

cytotoxicity to PBMCs. It is also well-known to have strong acute neuronal toxicity 
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and induce parkinsonism (125). It also causes bone marrow depletion, hematopoietic 

suppression, and bone atrophy (102). These facts may ultimately preclude its use as 

a safe anti-cancer compound, but further investigation is necessary to test this. 

 

It is worth noting that this screen was carried out with the intention of finding 

treatments that were effective against a variety of AML types. For this reason, we 

used two genomically-distinct AML cell lines: MOLM-13 (FLT3-ITD, CBL1Exon8, 

MLL-AF9 fusion) and OCI-AML2 (DNMT3A R882C), and successful 

combinations needed to exhibit substantial synergy in both cell lines and increased 

efficacy against these lines compared to PBMCs. This is the likeliest explanation for 

why IACS-010759 and rotenone, which share the same target, were not functionally 

interchangeable. For example, while the combination of IACS-010759 and 

vinorelbine appeared on our final list of specific and effective treatments, the 

combination of rotenone and vinorelbine did not. This absence is easily explained, 

however, by the preselected cutoff criteria. The combination of rotenone and 

vinorelbine was very effective against MOLM-13 cells but had little effect against 

OCI-AML2 cells. It also likely explains why CCCP, which uncouples the electron 

transport chain from ATP synthesis, only appears in one of our hits. Our previous 

data suggested a correlation between mitochondrial coupling efficiency and 

treatment efficacy (64). Based on the observation, we expected CCCP to effectively 
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combine with other treatments. However, the combination of CCCP and 2-deoxy-

D-glucose was less effective against OCI-AML2 cells than against MOLM-13, and 

its combination with either lonidamine or with 3-bromopyruvate lacked selectivity 

for tumor cells. Since AML can be caused by a variety of genetic lesions, cancers 

may have significant differences in drug sensitivity. This was one of the key reasons 

drug combinations were screened against more than one cell line and validated in 

primary AML cells, to identify combinations with the greatest likelihood of efficacy 

across different AML subtypes. This screening method necessarily carried a risk of 

false negatives, but we accepted this possibility, since it is simple to rescreen 

individual combinations on particular cell lines of interest. 

 

Tumor resistance is a major problem associated with chemotherapy (126). One 

method to fight against tumor resistance is to use two or more drugs in combination. 

Combination therapy is rapidly becoming the standard of care in a variety of cancers 

because it has several advantages, including limiting the development of resistance 

and potential drug synergies that may allow reduced drug concentrations to be used 

(127, 128). Repurposing existing drugs in new combinations could provide new 

possibilities with reduced cost and time for development, while potentially 

minimizing side effects by lowering drug dosages (129). Several drug combinations 

based on mitotoxic drugs have already demonstrated effectiveness in AML treatment 
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(43, 109). AML resistance is frequently linked to the existence of a subpopulation 

of transformed pluripotent hematopoietic stem cells that divide very slowly 

(generally known as leukemia stem cells, or LSCs) (130). The slow division rate of 

these cells makes them relatively resistant to anti-cancer chemotherapeutics that 

interfere with cell division. A wide variety of drugs used to treat cancers target 

actively proliferating cells (e.g., taxanes like paclitaxel or docetaxel, or cyclin-

dependent kinase inhibitors like abemaciclib or palbociclib), making them less 

effective against LSCs. Importantly, LSCs, like other leukemia cells appear to be 

more dependent upon mitochondria for energy production than most cancer cells 

(131-133), and thus may be more sensitive to the drug cocktails identified here. This 

hypothesis is currently under active investigation. 
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Chapter 5 

Identification of novel mitophagic activators 

Part of this chapter has been published in Tjahjono*, Pei*, et al., 

2021 (PMID: 34489512) 

Dr. Elissa Tajahono contributed the identification of PS compounds (Figure 5.1; 

Table 5.1, 5.2) and the screening of PS compounds’ activity (Figure 5.3, 5.4, 5.5; 

Table 5.3) in C. elegans to this chapter. 

Alexey V. Revtovich contributed flow vermimetry technology support and 

measurement of to this chapter. 

Joe G. Tolar contributed with the pre-screening of PS compounds candidates (data 

not shown) to this chapter. 

 

5.1 Introduction 

 

5.1.1 The PINK1/Parkin axis regulates mitophagy 

 

Mitochondria have a wide range of cellular functions beyond role of powerhouse, 

including amino acid metabolism, regulation of iron and calcium homeostasis, 
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production of reactive oxygen species (ROS), stress surveillance, and control of 

apoptosis and other programmed cell death pathways (134-137). Mitophagy is a 

conservative process of autophagic degradation that regulates damaged or 

superfluous mitochondria. PINK1-Parkin pathway plays a key role in mitophagy 

activation and is currently the most well-studied pathway (138-140). Activation of 

this pathway begins with the PTEN-induced kinase 1 (PINK1), a serine/threonine 

kinase that is constitutively expressed and targeted to mitochondria (138). Upon 

arrival, healthy mitochondria import the kinase, leading to its prompt destruction by 

matrix-resident proteases. If mitochondria are damaged, PINK1 accumulates on the 

outer membrane instead, allowing it to autophosphorlate itself, activating its ability 

to phosphorylate other substrates, including the E3 ubiquitin ligase Parkin (141, 142). 

Once phosphorylated, Parkin ubiquitinates its targets, including outer mitochondrial 

membrane proteins, which allows their recognition by the machinery that recruits 

the isolation membrane and begins the process of engulfing mitochondria into an 

autophagosome. Once the autophagosome has closed, it will fuse with lysosomes 

and begin degrading the contents of the autophagolysosome. Therefore, these 

observations led to an intriguing model, where PINK1 senses mitochondrial 

disfunction via impaired protein trafficking, then subsequent recruitment of Parkin 

results in ubiquitination of damaged mitochondria and activation of organelle-

specific autophagy. Taken together, PINK1 and Parkin control mitochondrial quality 
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in cells. Recent studies have also revealed the molecular mechanisms of 

accumulation of PINK1 and activation of Parkin (65, 66). 

 

5.1.2 High-throughput, phenotypic screening assay for compounds 

that increase PINK-1 accumulation (PS compounds) 

 

Enhancing the accumulation or preventing the degradation of PINK1 have potential 

to lead to activation of mitophagy (143-145) (Fig. 5.1 A). To identify small 

molecules that promote PINK1 stability, we leveraged a C. elegans strain carrying a 

GFP-tagged, full-length PINK-1/PINK1 translational fusion driven by its native 

promoter (68, 146). This reporter provides a simple method to track PINK-1/PINK1 

stabilization by visualizing GFP. To develop a high-throughput, high-content 

phenotypic screen in C. elegans, we optimized parameters by identifying efficient 

conditions for the mitophagy activation by sodium selenite (Na2SeO3), which 

triggers the production of mitochondrial superoxide (55, 147, 148), resulting in the 

increase of PINK-1/PINK1 protein level (Figure. 5.1 B). 
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Figure 5.1 High-throughput, high-content PINK-1/PINK1 stabilization screen 

yielded eight hit compounds.  

(A) The accumulation of PINK-1/PINK1 in the outer mitochondrial 
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membrane of damaged mitochondria initiates mitophagy. 45,000 compounds 

were screened in C. elegans resulting in eight PINK-1/PINK1 stabilizers. (B) 

Fluorescent (Raw) and Cell Profiler-processed (Processed) images of C. 

elegans carrying Ppink-1::PINK-1/PINK1::GFP or N2 wild-type upon 24 h of 

treatment with Na2SeO3, PS135, or DMSO control. Representative images are 

shown. (C) Quantification of GFP fluorescence of C. elegans carrying Ppink-

1::PINK-1/PINK1::GFP after 72 h treatment with 7 mM Na2SeO3 or DMSO 

control.  Three biological replicates for (B, C) were performed and analyzed. 

 

Worms were exposed to the negative control or to sodium selenite for 24 h and then 

GFP was visualized using a Cytation5 multimode plate reader with automated 

process. GFP was quantified using an automated pipeline (to eliminate researcher 

bias) by using Cell Profiler software (149, 150) (Raw vs. Processed, respectively, 

Fig. 5.1 B). We determined the Z’-factor of the assay to be 0.52 (Fig. 5.1 C). Z’-

factors range from -∞ to 1, with the indicating the degree of separation of the means 

and variability of the positive and negative controls, which indicates the ability of 

the assay to discriminate between signal and noise. A Z’-factor > 0.5 indicates a 

strong ability to detect even moderately weak hits. 
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5.2 Characterization of PINK-1 stabilizing molecules (PS 

molecules) in C. elegans 

 

5.2.1 Identification of eight PS molecules via the high-throughput, 

phenotypic screening assay 

 

Using assay in 5.1.2, we tested approximately 45,000 wells from various small 

molecule diversity and targeted libraries for the accumulation of PINK-1/PINK1.  

Primary hit compounds were counter-screened in wild-type worms (which do not 

express GFP) to eliminate the possibility that the compounds themselves were 

fluorescent in worms. Eight compounds passed these selection criteria. The 

compounds identified in this way were given the PS (for PINK-1/PINK1 Stabilizer) 

designations: PS30, PS34, PS83, PS103 (triclosan), PS106 (sertraline), PS127, 

PS135, and PS143 (Figure 5.2, Table 5.1). The final hit rate was 0.018%, which is 

somewhat lower than is commonly found from high-content screening in C. elegans 

(151, 152). To compare compound similarities between the eight compounds, we 

calculated Tanimoto coefficients of each compound. In brief, the Tanimoto 

coefficient uses the ratio of the intersecting set to the union set as the measure of 

similarity, and is one of the best metrics for similarity calculation (153). Compound 
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similarity analysis provided Tanimoto coefficients that suggested substantial 

structural differences amongst the eight compounds (Table 5.2). This outcome was 

not surprising, as the hits primarily came from diversity libraries that were intended 

to explore broad amounts of chemical space. 
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Figure 5.2 Chemical structures of the eight PS compounds. 
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Table 5.1. Chemical information of the eight PS compounds. 

Table 5.2. Tanimoto coefficient of the eight PS compounds as compared to each 

other.
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5.2.2 PS compounds trigger mitophagy in C. elegans 

 

As the first step of characterizing the activity of the PS compounds on mitochondria, 

their impact on mitochondrial morphology was tested using a strain of C. elegans 

that expresses a mitochondrially-targeted GFP in body wall muscles (Pmyo-

3::GFPmt). Under normal circumstances, these mitochondria take on a long, 

branched tubular network architecture that lies along muscle fibers. Worms treated 

with DMSO mostly showed this state (>85%, Figure. 5.3 A) 
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Figure 5.3 PS compounds induced mitochondrial fragmentation and mitophagy.  

(A, B) Fluorescent images and quantification of fluorescence of C. elegans 
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carrying (A) Pmyo-3::GFPmt or (B) mCherry::LGG-1/LC3 upon 15 h of 

treatment with PS compounds. (C) Quantification of LysoTracker Red 

fluorescence upon 15 h of treatment with DMSO, PS compounds, CCCP, or 

rotenone. (D) Quantification of luminescence (normalized to GFP) of C. 

elegans carrying Psur-5::luciferase::GFP upon 19 h of treatment with DMSO, 

PS compounds, CCCP, or rotenone. For (A, B), percent distribution for each 

category was calculated and plotted, Chi-square statistic tests were performed, 

and representative images are shown. Three biological replicates with ~30 

worms/replicate were analyzed. For (C, D), at least four biological replicates 

with ~400 worms/replicate were analyzed. p values were determined from 

one-way ANOVA, followed by Dunnett’s test. All fold changes were 

normalized to DMSO control (at 100%). NS not significant, *p < 0.05, ** p < 

0.01, *** p < 0.001. 

 

Table 5.3. Summary of PS compounds’ effects on various mitochondrial 

parameters and other cellular pathways. 

NS not significant. 
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Qualitative analysis of mitochondrial network structure showed that treatment with 

the PS compounds significantly increased the tendency towards partially 

(intermediate) or strongly fragmented (punctate) mitochondrial network (Table 5.3). 

Four of the compounds, PS30, PS34, PS127, and PS143, induced substantial 

fragmentation, as shown by the dissolution of the tubular network into discrete 

punctate. PS83, PS103, PS106, and PS135 induced a milder disruption of the 

mitochondrial network, although each was statistically significant. Disruption of 

mitochondria fission-fusion homeostasis is consistent with existing evidence that 

mitochondrial fragmentation is necessary for mitophagy to occur (154, 155). 
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To confirm that compound exposure triggers autophagosome formation, we exposed 

a worm strain expressing mCherry::LGG-1  to the PS compounds. Under normal 

conditions, LGG-1, and its mammalian ortholog MAP1LC3, exhibits a diffuse 

cytoplasmic localization (156). During the formation of the isolation membrane 

(which later becomes the autophagosome), MAP1LC3 is crosslinked to the lipids 

that will comprise this membrane, converting the localization from a diffuse pattern 

into bright punctum (156, 157). Punctae were qualitatively assessed as few, medium, 

or many, with representative images shown (Figure. 5.3 B). Compared to the DMSO 

control, several of the PS compounds increased punctum localization of 

mCherry::LGG-1/LC3, including two strong hits (PS30 and PS106) and three weak 

hits (PS83, PS103, and PS135), indicating increased autophagosomal formation. 

Intriguingly, three compounds (PS34, PS127, and PS143) reduced the production of 

autophagosomes, an unexpected outcome from a treatment that stimulating the 

accumulation of PINK-1/PINK1. Two mitochondrial disruptors, rotenone (which 

blocks Complex I of the electron transport chain (ETC)) and carbonyl cyanide m-

chlorophenyl hydrazine (CCCP, a proton uncoupler that dissipates the 

electrochemical gradient on the mitochondrial membrane), were used to validate the 

assay.  
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After formation of the autophagosome is completed, the next step in mitophagy is 

the fusion of autophagosome with lysosomes to form autophagolysosomes (158). To 

observe this process, worms were treated with PS compounds, CCCP, rotenone, or 

vehicle control for 15 h. Worms were then stained with LysoTracker Red DND-99, 

a dye that specifically labels acidic cellular compartments. This dye is routinely used 

to label lysosomes and autophagolysosomes (159, 160). Uptake was quantitatively 

measured by using flow vermimetry (161). Increased LysoTracker Red fluorescence 

was seen after treatment with PS34, PS127, PS143, and CCCP, but not with the rest 

of the PS compounds (Figure. 5.3 C) (162). In contrast, treatment with PS30, PS103, 

PS106, or PS135 fragmented mitochondria but did not result in substantial formation 

of acidified organelles. This outcome was also seen for rotenone, which triggered 

the early stages of mitophagy (i.e., PINK-1/PINK1 stabilization, formation of the 

isolation membrane and autophagosome) but precluded acidification of the 

autophagosomes, preventing increased fluorescence from LysoTracker Red. This is 

consistent with reports elsewhere regarding the accumulation of autophagosomes 

and decreased autophagic completion after rotenone exposure (163, 164). This 

failure has been attributed to ATP depletion, which prevents the lysosomal vacuolar 

ATPase from consuming ATP to acidify the autophagolysosome (163).  

 

5.2.3 PS compounds treatment reduced ATP and OCR level in C. 
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elegans 

 

To monitor ATP changes, worms carrying a ubiquitously expressed firefly luciferase 

to provide real-time readout of ATP (165, 166) were treated with each of the eight 

PS compounds. Compounds that greatly induced mitochondrial fragmentation (PS30, 

PS34, PS127, and PS143, Figure. 5.3 A) also caused significant drop in ATP 

production (Figure. 5.3 D). Unexpectedly, there was no apparent correlation 

between ATP depletion and failure to acidify autophagolysosomes. 

 

To investigate whether ATP production failure was due to the inhibition of the ETC, 

we monitored the last stage of the chain by measuring oxygen consumption rate 

(OCR) (78). Only PS34, PS127, or rotenone significantly lowered oxygen 

consumption rate (with PS127 completely abolishing respiration) (Figure. 5.4 A).  
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Figure 5.4 PS compounds differently affected multiple mitochondrial 

parameters.  

(A) Oxygen consumption rate (pmol/min/worm) measurement of wild-

type worms upon 8 h of treatment with PS compounds or rotenone. (B) 

Point plot of nonyl-acridine orange fluorescence (mitochondrial mass, x-

axis) and MitoTracker Red (mitochondrial membrane potential, y-axis) 

fluorescence of wild-type worms upon 15 h of treatment with PS 
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compounds or CCCP. (c) Quantification of DHE fluorescence upon 15 h 

of treatment with PS compounds or CCCP. At least three biological 

replicates with (A) 6,000 worms/replicate or (B, C) ~400 worms/replicate 

were analyzed. p values were determined from one-way ANOVA, 

followed by Dunnett’s test. For (B, C), fold changes were normalized to 

DMSO control (at 100%). NS not significant, *p < 0.05, ** p < 0.01, *** 

p < 0.001. Blue color indicates significance of changes in mitochondrial 

membrane potential; red indicates significance of change in mitochondrial 

mass. 

 

5.2.4 Investigation of potential mechanisms for mitophagy activation 

after PS compounds treatment 

 

To identify the mechanisms giving rise to mitophagy after compound treatment, 

several mitochondrial phenotypes were assayed. First, mitochondria were stained 

with MitoTracker Red, which accumulates in mitochondria proportionally to their 

membrane potential. Nonyl-acridine orange, a dye that binds to cardiolipin and is 

comparatively insensitive to mitochondrial membrane potential (167, 168), was used 

as a proxy to measure mitochondrial mass. CCCP, which dissipates mitochondrial 

membrane potential (141), was used as a control (Figure. 5.4 B). As expected, 
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CCCP dramatically reduced mitochondrial membrane potential, which is consistent 

with uncoupler treatment (Figure. 5.4 B).  However, mildly loss of mitochondria 

mass was also observed in CCCP treated worms, which could be potentially resulted 

from the rapid degradation of mitochondria that loss their membrane potential, or 

that NAO accumulation also partially depends on the mitochondria membrane 

potential. 

 

We observed significant reduction of mitochondrial membrane potential in worms 

treated with PS30, PS103, PS106, and PS135 (Figure. 5.4 B). This reduction did not 

appear to be accompanied by corresponding decrease in mitochondrial mass, may 

be indicative of weak uncoupling activity. The observation suggests that for at least 

four compounds, the loss of mitochondrial membrane potential might be the trigger 

for mitophagy activation. On the other hand, treatment with PS34 or PS127 reduced 

apparent mitochondrial mass, but not mitochondrial membrane potential, which may 

indicate that there are fewer mitochondria with increased membrane potential. We 

previously observed similar changes when worms’ diet was supplemented with 

vitamin B12, which improved mitochondrial health (169). Neither PS83 nor PS143 

significantly affected mitochondrial membrane potential or mass (Figure. 5.4 B). 

Combined, these results suggest that the loss of ATP content in PS30 and PS135 was 

not due to failure of the mitochondrial ETC, as in the case for PS34 and PS127. 
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Instead, PS30, PS013, and PS135, and PS106 to a lesser extent, may have mild 

uncoupling activity. 

 

Another common reason for the induction of mitophagy is the accumulation of ROS 

(170, 171). To test whether the PS compounds induced ROS production, worms 

were treated with compounds for 15 h, and then were stained with dihydroethidium, 

a non-fluorescent, redox-sensitive dye that is converted to fluorescent 2-

hydroxyethidium by reaction with superoxide (172). Surprisingly, none of the 

compounds appeared to significantly increase ROS production (Figure. 5.4 C). The 

positive control, CCCP, validated that the assay was being performed correctly 

(Figure. 5.4 C). 

 

 

5.2.5 Four PS compounds activate host defense pathways 

 

Autophagic activation integrates a large number of signals, including stress and 

nutrient status. For this reason, we tested whether two master stress response 

pathways, the DAF-16/FOXO pathway and the SKN-1/Nrf pathway, are activated 

by exposure to the PINK-1 stabilizing compounds. For DAF-16, a worm strain 

carrying a Pdaf-16::DAF-16a/b::GFP translational reporter (71) was treated with 
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each of the compounds. Four compounds (PS34, PS83, PS127, and PS143) triggered 

DAF-16 translocation into the nucleus, demonstrating that it has been activated 

(Figure. 5.5 A). The same four compounds also activated the conserved SKN-1/Nrf2 

pathway, as shown by a transcriptional reporter (Pgst-4::GFP (173)) that is 

commonly used to confirm SKN-1 activation, albeit to a lower level than DAF-16 

(Figure. 5.5 B). Intriguingly, SKN-1 has been linked to mitophagy directly; when 

mitochondrial turnover pathways are compromised, SKN-1 is activated(174). The 

consequences of this activation include increased mitochondrial biogenesis, which 

may be an attempt of the organism to resolve the mitochondrial stress by ‘diluting’ 

the damaged components. 
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Figure 5.5 Four of the eight PS compounds activated DAF-16/FOXO and SKN-

1/Nrf2 pathways.  

(A) Fluorescent images and quantification of nuclear localization (%) of C. 

elegans carrying Pdaf-16::DAF-16a/b::GFP upon 4.5 h of treatment with PS 

compounds. (B, C) Quantification of fluorescence of C. elegans carrying (B) 

Pgst-4::GFP or (c) Pirg-5::GFP upon 8 h of treatment with PS compounds. 

Representative images are shown in (A). Three biological replicates with 

~400 worms/replicate were analyzed. Error bars represent SEM. p values were 

determined from one-way ANOVA, followed by Dunnett’s test. All fold 
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changes in (B, C) were normalized to DMSO control. NS not significant, *p 

< 0.05, ** p < 0.01, *** p < 0.001. 

 

Mitochondrial dysfunction that is sufficient to trigger mitophagy has also been 

shown to activate innate immune pathways (175-177). To test whether this occurred 

after treatment with these compounds, we exposed a worm strain carrying Pirg-

5::GFP, a transcriptional reporter for the PMK-1 innate immune pathway (178), to 

the PS compounds or to RPW-24, a positive control. Only three of the compounds, 

PS30, PS135, and PS143, induced PMK-1 pathway activity (Figure. 5.5 C).  

 

5.3 Discussion 

Stimulation of mitophagy has proven to be a promising therapeutic target for 

neurodegenerative diseases (179) and may be beneficial for healthy aging. Using a 

high-throughput, high-content phenotypic screen, we obtained and characterized 

eight compounds that lead to increased accumulation of PINK-1/PINK1. We are 

careful to note that we have not yet identified molecular mechanism(s) for these 

eight compounds; it remains possible that their effect is not direct, and that the 

prevention of PINK-1 degradation occurs as a consequence of mitochondrial damage. 

However, given cells’ ability to fuse, sort, and separate mitochondria into healthy 

and diseased organelles, it is not clear that such a mechanism would be an 
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insurmountable obstacle. Previous research in our lab has shown that healthy cells 

can withstand a certain amount of mitochondrial damage without apparent ill effect, 

and that this form of treatment can be beneficial (180). 

 

Interestingly, two of the compounds, PS103 and PS106, had previously been 

associated with alterations in mitochondrial function. Both also induced 

considerable mitochondrial fragmentation and loss of membrane potential in worms 

(Table 5.3). PS103, commonly known as triclosan or irgasan, has been linked to a 

variety of mitochondrial dysfunctions, including uncoupling of the mitochondrial 

membrane potential by reversible protonation of the compound’s phenoxy group 

(181-183) and inhibition of Complex II of the ETC (184). Triclosan has also been 

associated with increased mitochondrial ROS, reduced mitochondrial mass, and 

disruptions in mitochondrial morphology (185). The ability of triclosan to cause 

several types of mitochondrial damage, apparently with different proximal factors 

(184), somewhat reduces its value as a therapeutic agent.  

 

Despite its common appearance in a wide variety of consumer products, questions 

about the safety of triclosan remain, even if used externally. For example, in addition 

to its role in mitochondrial disruption, triclosan also has the potential to disrupt 

endocrine function, affect immunity, disrupt calcium and zinc homeostasis, and alter 
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lipid metabolism (186). Triclosan also has a strong potential for bioaccumulation 

(187), which is undesirable in a maintenance medicine. Given these caveats, the 

potential for triclosan to be developed into a treatment for NDD seems small. 

 

The potential for PS106, more commonly known as sertraline, is substantially 

greater. Sertraline is thought to bind to the serotonin transporter (SERT) in the 

presynaptic neuron, preventing reabsorption of serotonin and prolonging synaptic 

signaling. Sertraline is a well-known compound with carefully studied 

pharmacological effects and is one of the most commonly prescribed psychiatric 

medications in the US.  

 

Probably the earliest hint that sertraline may have some unexpected effect on 

mitochondria came in a report attempting to identify ‘hidden’ drug targets, where 

the authors determined that sertraline had several characteristics similar to the well-

known mitochondrial toxin rotenone (188). Not long after, Kumar and colleagues 

demonstrated that sertraline treatment could ameliorate damage caused by the 

mitotoxic agent 3-nitropropionic acid (189). Recently, it was demonstrated that 

sertraline prevents the function of the mitochondrial VDAC1, reducing cellular ATP, 

increasing the ADP/ATP ratio, and activating autophagy through mTOR (190). 

Interestingly, low doses of sertraline has been reported to rescue yeast model with 
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an oxidative growth defect in AAC2, an ANT homolog (191). Our observations 

indicate that low doses of sertraline can also reduce the phenotype of 

neurodegenerative disease, likely by inducing low-level mitochondrial damage. This 

damage may trigger PINK-1 stabilization and mitochondrial recycling.  

 

Sertraline increases survival and neurogenesis at pharmacologically relevant 

concentrations in several murine models of Huntington’s (192, 193) and 

physiological outcomes (e.g., grip strength, coordination, locomotor activity, etc.) in 

rat models of Huntington’s and Parkinson’s diseases (194, 195). Given the frequent 

co-occurrence of depression with NDDs, it is not surprising that sertraline is often 

prescribed to patients suffering from both. And promisingly, some Parkinson’s 

patients receiving sertraline have shown improvement in their Parkinson’s 

symptoms (196, 197). Given these findings, it is clear that a more systematic study 

of the potential for sertraline for the treatment of neurodegenerative diseases is 

warranted. 

 

The remaining six compounds have received considerably less characterization. In 

the absence of other clues, we turned toward chemical profiling approaches to 

attempt to predict the function of the molecules. Molinspiration, a Bayesian model 

that uses pharmacologically verified training sets to predict activity against a panel 



 161 

of important drug targets (i.e., G-protein coupled receptors, ion channels, kinases, 

nuclear hormone receptors, and proteases) predicted no activity against any of these 

targets for any of these six compounds. It did indicate a much higher probability that 

sertraline would have activity against G-protein coupled receptors or ion channels. 

A second cheminformatics algorithm, Prediction of Activity Spectra for Substances 

(PASS) that uses Bayesian analysis to predict compound function based on a training 

set of over 30,000 compounds was also consulted (198). This algorithm indicated 

that the compounds are similar to treatments for muscular dystrophy (PS30), anti-

inflammatories (PS83, PS143), Complex III inhibitors (PS127, PS135), protease 

inhibitors (PS127), cytochrome P450 targets (PS127), and antiseborrheic treatments 

(PS34). With the exception of the prediction that PS127 and PS135 disrupt the 

function of Complex III, it is difficult to unambiguously assign a molecular 

prediction to these functions. 

 

PS83, formally known as [4-[N-[(E)-2-cyano-3-oxo-3-thiophen-2-ylprop-1-enyl]-S-

methylsulfonimidoyl]phenyl]4-chlorobenzoate, has several similarities in treatment 

outcome to sertraline and triclosan. For example, all three compounds caused 

relatively minor mitochondrial fragmentation, but little other effect was detected 

here. PS103 and PS106 caused greater depolarization, while PS83 apparently did 

not. Searching the literature for other reports of PS83 failed to provide additional 
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information, but the PASS characterization of PS83 as having an anti-inflammatory-

like structure may provide a clue. Several anti-inflammatories have been linked with 

disruptions to mitochondrial function (199, 200), and the well-known 

cyclooxygenase-2 inhibitor celecoxib has been shown to trigger apoptosis via 

mitochondria-mediated pathways (201). It is tempting to speculate that PS83 is 

damaging mitochondria, perhaps in some way that has not been captured here. 

 

Two of the compounds, PS30 and PS135, appear likely to be mitochondrial 

uncouplers. They reduced mitochondrial membrane potential and decreased ATP 

content, but oxygen respiration continued unabated. Like PS83, relatively little is 

known about PS30 or PS135. Biological activity analyzation via PASS showed PS30 

and PS135 potentially target Complex III and IV and inhibit proton pump activity 

(Pa>0.3). Besides, the activity prediction also indicated that PS30 has high potential 

to be active like multiple oxidoreductases inhibitor (Pa>0.7). However, an analog of 

PS30, known as SMTC1100, has been shown to be helpful in Duchenne muscular 

dystrophy (202). This fatal, progressive disorder is characterized by wasting muscle 

loss due to disruption of the dystrophin protein, which leads to mitochondrial 

dysfunction (203, 204). This suggests that a larger portion of the scaffold may have 

a positive effect on mitochondrial recycling in chronic degenerative disorders. In 

support of this hypothesis, PASS analyzation also illustrated potential of utilizing 
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PS30 and PS135 in treatment of neurodegenerative disease (Pa>0.3). 

 

The final group of three compounds, PS34, PS127, and PS143 share a number of 

characteristics that indicate that they may be acting the same way. They show 

substantial mitochondrial fragmentation, autophagolysosomal acidification, they 

reduced ATP and oxygen consumption, and considerably reduced average 

mitochondrial mass. The compounds did not, however, reduce mitochondrial 

membrane potential, suggesting that they disrupt degradation of PINK-1/PINK1 in 

a different fashion. Biological activity analyzation via PASS showed that PS127 has 

high potential to inhibit multiple oxidoreductases activities in Complex I, II and III 

(Pa>0.7). PS34 demonstrated high potential to be cyclooxygenase I/II inhibitors 

(Pa>0.7), which could potentially inhibit ATP synthase activity (205). These 

predictions agree with our observation in Table 1. On the other hand, PS143 is also 

suspected to inhibit Complex III activity but with lower potential of activity (Pa>0.3) 

and electron-transferring-flavoprotein dehydrogenase (Pa>0.5). Further analysis of 

the detailed drug mechanisms is needed for these compounds. Interestingly, they 

were also amongst the strongest activators of GST-4/Nrf and DAF-16/FOXO, which 

may indicate that they are causing other damage to the cells. 

 

The accumulation of mitochondrial damage, and concomitant degradation of 
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function, is associated with both aging and neurodegenerative disease. Mitophagy 

also appears to be inherently limited in mature neurons (reviewed in (179)), which 

may explain why this tissue is more sensitive to mitochondrial damage in the first 

place. Increasingly, it has been hypothesized and demonstrated that increasing 

mitophagy in these cells may promote better cellular health and aging (reviewed in 

(179)).  

 

Unfortunately, a relative dearth of compounds appropriate for this purpose is 

currently available, and identification of new compounds requires a relatively 

Complex screening process, like the whole-organism phenotypic approach 

demonstrated herein. Although the eight compounds we identified and studied have 

considerable promise (especially sertraline), substantial additional study is needed 

to further understand their effects. 
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Chapter 6  

Selective sensitivity of PS molecules in AML 

Dr. Sveta Panina contributed the measurement and calculation of 18 out of 35 PS 

analogs’ LD50 in MOLM-13 cell line (Figure 6.1-6.4; Table 6.2), the measurement 

of various mitochondrial bioenergetic parameters (Figure 6.5-6.8; Table 6.3), 

several independent replicates of the validation of cell death mechanisms 

(Figure6.9A-C), and the measurement of cytotoxicity for 4 out of 15 patient samples 

(Figure 6.11; Table 6.4) to this chapter. 

Dr. Marina Konopleva and Dr. Natalia Baran kindly provided us with AML patient 

sample and opportunity to study PS compounds’ effect in AML mouse model and 

leukemia stem cells. 

6.1 Introduction 

6.1.1 Activation of mitophagy for AML treatment 

As was discussed previously (pp 33-38), mitochondrial metabolism is a promising 

target for treating AML cancers. However, current remission induction and 

consolidation treatments for AML are often too physically taxing for patients who 

are elderly or have comorbidities, limiting their use, and often have unacceptably 
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high rates of resistance and relapse highlighting a serious unmet need for new and 

improved treatment options (206). 

 

Also as was discussed in chapter 5, mitophagy is a key mechanism for eliminating 

dysfunctional or damaged mitochondria and PINK1 (PTEN-induced kinase 1)/ 

Parkin axis is the most well studied pathway of mitophagy activation (206-208). 

Therefore, activation of mitophagy may be a fruitful method for the AML therapy 

development, which is of my interest to study. 

 

 6.1.2 Rationale of PS molecules to target AML 

In chapter 5, I described a screening of ~45,000 small molecules in Caenorhabditis 

elegans (C.elegans) for the ability to cause accumulation of the C. elegans PINK-1, 

ortholog of human PINK1. We identified 8 compounds, which we named PS30, 

PS34, PS83, PS103, PS106, PS127, and PS134 (short for PINK1-Stabilizing 

compounds) that induced PINK-1/PINK1 accumulation (209). Consistent with 

models of the PINK1/Parkin mitophagy axis, increased levels of PINK-1 lead to 

several events associated with mitophagy, including mitochondrial fragmentation 

and autophagolysosomal engulfment (209). As these pathways are evolutionarily 

conserved, we considered similar effects to occur in mitochondria of the mammalian 

cells upon treatment with PINK1-stabilizers. Our previous work showed that 
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mitochondria in AML cells have low coupling efficiency, making them particularly 

sensitive to mitochondrial damage (64, 180). Thus, we predicted that treatment with 

these compounds would result in selective cytotoxicity in leukemic cells. 

 

6.2 PS compounds’ toxicity in leukemia 

6.2.1 PS compounds and their chemical analogs are selectively toxic 

against MOLM-13 cells 

MOLM-13 cells, an AML cell line with an FTL3-ITD mutation, were exposed to the 

previously identified PS compounds (n=8, PS30, PS34, PS83, PS103, PS106, PS127, 

PS135, and PS143) or solvent-control (DMSO) at 10 μM for 72 h. Cytotoxicity was 

then determined using a differential staining assay that is relatively insensitive to 

mitochondrial dysfunction (80). Six of the compounds (PS30, PS34, PS83, PS103, 

PS106, and PS127) decreased cell viability by at least 15% (Figure 6.1 A, Table 

6.1) and were selected for further experiments. 

 

First, LD50 values for MOLM-13 cells at 72 h were determined for these six 

compounds (Figure 6.1-6.2) and a group of commercially available analogs (Figure 

6.3, Table 6.1). To determine the LD50, cells were treated with serial 2-fold 

dilutions of drugs (Figure 6.2-6.3). Dose-response data for each drug were analyzed 
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by fitting dose-response models in the Bioconductor package ‘drc’. LD50 values, 

and 95%-confidence intervals (95% CI), were calculated using the same package. 

To limit follow-up on leads with little to no potential, 20 μM was chosen as the upper 

bound for testing. Promisingly, five analogs from the PS127 structure family had 

LD50 values between ~200 nM – 1 μM. 

 

Table 6.1. List of parental PS compounds and their chemical analogs tested for 

cytotoxicity against AML cells in this study. 

N PS compound MolPort ID Structure LD50, μM, 

MOLM-13 cells 

Parental PS compounds 

1. PS30 MolPort-000-998-

569 

 

 

> 20 μM 

2. PS34 MolPort-001-929-

070 

 

 

 

> 20 μM 
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3. PS83 MolPort-002-907-

557 

 

 

 

11.44 

4. PS103 MolPort-003-666-

702 

 

 

 

8.23 

5. PS106 MolPort-003-666-

622 

 

 

3.89 

6. PS126 MolPort-001-620-

621 

 

 

 

did not affect at 10 μM 
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7. PS127 MolPort-002-112-

046 

 

 

 

2.04 

8. PS131 MolPort-001-897-

249 

 

 

did not affect at 10 μM 

9. PS135 MolPort-000-147-

482 

 

 

 

did not affect at 10 μM 

10. PS143 MolPort-002-920-

824 

 

 

did not affect at 10 μM 

Analogs 
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1. PS30A MolPort-001-494-

223 

 

 

> 20 μM 

2. PS30B MolPort-000-163-

733 

 

4.96 

3. PS30B1 MolPort-001-934-

357 

 

 

> 20 μM 

4. PS30B2 MolPort-000-998-

579 

 

> 20 μM 

5. PS30B3 MolPort-000-158-

197 

 

 

> 20 μM 
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6. PS30B4 MolPort-000-998-

635 

 

 

8.09 

7. PS30B5 MolPort-000-154-

736 

 

7.24 

8. PS30B6 MolPort-001-919-

573 

 

> 20 μM 

9. PS30B7 MolPort-000-163-

725 

 

> 20 μM 

10. PS30B8 MolPort-001-991-

864 

 

 

> 20 μM 
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11. PS30B9 MolPort-001-919-

586 

 

 

> 20 μM 

12. PS30C MolPort-002-823-

707 

 

 

> 20 μM 

13. PS34A MolPort-002-146-

280 

 

 

> 20 μM 

14. PS34B MolPort-001-842-

905 

 

 

> 20 μM 

15. PS34C MolPort-002-095-

315 

 > 20 μM 
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16. PS34D MolPort-002-146-

530 

 

 

> 20 μM 

17. PS34F MolPort-000-740-

582 

 

 

> 20 μM 

18. PS83B MolPort-002-907-

555 

 

 

13.75 

19. PS83C MolPort-002-907-

563 

 

16.88 
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20. PS103C MolPort-046-002-

693 

 

 

> 20 μM 

21. PS106A  MolPort-046-683-

404 

 

 

> 20 μM 

22. PS106F MolPort-035-676-

407 

 

 

15.87 

23. PS127A MolPort-000-156-

858 

 

 

2.25 

24. PS127B MolPort-002-712-

149 

 0.51 
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25. PS127B1 MolPort-002-244-

334 

 

 

0.92 

26. PS127B2 MolPort-001-019-

465 

 

1.27 

27. PS127C MolPort-000-145-

838 

 

 

 

 

15.00 

28. PS127D MolPort-002-113-

501 

 2.30 
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29. PS127E MolPort-000-156-

857 

 

 

 

0.22 

30. PS127F MolPort-018-180-

086 

 

1.11 

31. PS127G MolPort-002-244-

578 

 

 

0.24 

32. PS127H MolPort-000-219-

451 

 

 

> 20 μM 
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33. PS127I MolPort-000-156-

858 

 

 

2.31 

34. PS127J MolPort-001-779-

754 

 

 

 

> 20 μM 

35. PS127K MolPort-001-004-

175 

 

 

> 20 μM 
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Figure 6.1. Parental PINK-1 stabilizing (PS) compounds and their analogs as 

potential anti-AML agents.  

(A) Cytotoxicity of parental PS compounds (n = 10, dose = 10 µM, 72 h 

treatment) against MOLM-13 cells. Cut-off survival (15%) is shown as a 

dotted line. (B) Sensitivity of MOLM-13 cells to parental PS compounds 
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determined by LD50 fitting. (C) Most effective PS compounds and analogs 

(n = 20) ranked in the order of increasing their LD50 dose in MOLM-13 cells. 

Top leads with selectivity ratio ≥ 10 and LD50 (MOLM-13) ≤ 5 μM are 

highlighted in bold. (D) Experimental validation of fitted LD50 values for top 

leads. (E) Chemical structures of some leads. Bar graphs represent results 

(mean ± SEM) from at least three biological replicates (A, D). Statistical 

testing was performed by multiple t-tests with independent samples: MOLM-

13 vs PBMCs; ***p < 0.001. 
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Figure 6.2. Parental PS compounds (6/10) exhibit cytotoxic effect in MOLM-13 

cells.  

Survival rates of cells (MOLM-13 in red, normal PBMCs in grey) treated with 

PS30 (A), PS34 (B), PS83 (C), PS103 (D), PS106 (E), PS127 (F) with 20 μM 

as maximal dose for 72 h. Results show the mean ± SEM from at least three 

A B

Suppl. Figure S1

C D

E F

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100
Vi

ab
ili

ty
, %

PS30
MOLM-13

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100

Vi
ab

ili
ty

, %

PS34

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100

Vi
ab

ili
ty

, %

PS83

MOLM-13
PBMC

ns ns ns

***

***

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100

Vi
ab

ili
ty

, %

PS106

*
***

***

***
***

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100

Vi
ab

ili
ty

, %

PS103
ns ns

**

***
***

0.4
 µM

0.6
5 µ

M

1.2
5 µ

M
2.5

 µM
5 µ

M
10

 µM
20

 µM
0

25

50

75

100

Vi
ab

ili
ty

, %

PS127

******

***

***

***

ns ns



 182 

biological replicates. Statistical testing was performed by multiple t-tests with 

independent samples: MOLM-13 vs PBMCs; ***p < 0.001; **p < 0.01; *p 

< 0.05; ns: p > 0.05. 

 

 

For PS compounds with LD50 < 20 μM, cytotoxicity in peripheral blood 

mononuclear cells (PBMCs) obtained from healthy donors was tested as above, 

except that the upper testing bound was increased to 100 μM to reflect the reduced 

likelihood of cytotoxicity in these cells. The selectivity ratio (LD50PBMC/LD50MOLM-

13) can then be calculated, which is useful to identify compounds with greater 

therapeutic promise (i.e., a higher number indicates greater selectivity for AML 

cells). Interestingly, some PS molecules, such as PS30B and its derivatives, lacked 

apparent cytotoxicity in PBMCs even at 100 μM (>90% cells alive; Figure 6.1 C, 

Figure 6.3 F, right). 
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Figure 6.3. Top effective PS127/PS30 analogs ranked in the order of increasing 

their LD50 in leukemic cells (n = 6).  
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Survival rates of cells (MOLM-13 in red, normal PBMCs in grey) treated with 

PS127E (A), PS127G (B), PS127B (C), PS127B1 (D), PS127F (E), PS30B 

(F, left) with 20 μM as maximal dose for 72 h. PS30B compound was lacking 

toxicity in normal blood cells even at 100 μM (F, right). Results show the 

mean ± SEM from at least three biological replicates. Statistical testing was 

performed by multiple t-tests with independent samples: MOLM-13 vs 

PBMCs; ***p < 0.001; ns: p > 0.05. 

 

To reduce the number of compounds for further testing, we triaged all hits and 

analogs with a selectivity index (LD50s ratio) lower than 10 or LD50MOLM-13 > 5 μM, 

which left six molecules from two scaffold groups (PS30B and PS127B, PS127B1, 

PS127E, PS127F, and PS127G, highlighted in bold in Figure 6.1, 6.3). The derived 

LD50 dose for each compound was experimentally confirmed (Figure 6.1 D).  

 

6.2.2 PS leads are effective in additional leukemic cell lines 

In a previous study, Dr.Sveta Panina used publicly available data from the NCI-60 

data set to determine that AML cells are particularly sensitive to mitochondrial 

damage(64). However, additional types of leukemia also appeared sensitive to these 

compounds in this analysis. To fuether probe the effect of PS compounds, a panel of 

AML (MOLM-14, THP-1, MV-4;11, OCI-AML2), ALL (CCRF-CEM, MOLT-4, 
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RS-4;11) and CML (KU812) cell lines were treated with a range of concentrations 

of the PS compounds, doxorubicin or cytarabine (as positive controls), or DMSO as 

a negative control. To approximate clinical treatment schedules, cells were exposed 

to compounds for 72 h. Cytotoxicity was subsequently measured using the 

differential staining assay. PS127 derivatives showed LD50 values at doses ranging 

from 90 nM – 3 μM in all cell lines tested (Table 6.2). In contrast, PS30B compound 

was generally effective against AML cells (LD50 ≤ 20 μM for 3 out of 4 cell lines), 

but was ineffective against other leukemia types (Table 6.2). This suggests that the 

two compounds likely function through distinct mechanisms of action. 

 

Table 6.2. PS leads exhibit cytotoxicity against broad panel of AML, ALL, and 

CML cell lines. 

*ND, not defined. Doxorubicin (DOX) and cytarabine (ara-C) were included 

as controls. Cytotoxicity assay based on fluorescent Hoechst 33342-

Propidium iodide double-staining, does not allow the use of high doses of 

fluorescent compounds, like doxorubicin > 3 µM, when Hoechst signal is 

interfered with by fluorescent compounds. 

Cell 

line 

LD50 (95% CI), µM 

PS127E PS127G PS127B PS127B1 PS127F PS30B DOX ara-C 

Normal blood cells  
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PBMCs 5.15 

(4.01-

6.29) 

6.45 

(4.57-

8.32) 

6.02 

(5.23-

6.80) 

11.08 

(9.73-

12.43) 

11.77 

(8.82-

14.71) 

> 100 

µM 

ND* 

(> 2.5 

µM) 

> 100 

µM 

AML (acute myeloid leukemia) 

MOLM-

13 

0.22 

(0.20-

0.24) 

0.24 

(0.22-

0.26) 

0.51 

(0.44-

0.58) 

0.92 

(0.83-

1.02) 

1.11 

(1.03-

1.19) 

4.96 

(4.55-

5.37) 

0.12 

(0.09-

0.14) 

0.015 

(0.011-

0.018) 

MOLM-

14 

0.21 

(0.16-

0.27) 

0.40 

(0.35-

0.46) 

0.60 

(0.58-

0.62) 

1.37 

(1.21-

1.53) 

0.96 

(0.93-

0.99) 

9.25 

(8.16-

10.33) 

0.14 

(0.12-

0.16) 

0.25 

(0.23-

0.28) 

THP-1 0.36 

(0.33-

0.39) 

0.51 

(0.46-

0.56) 

1.10 

(1.06-

1.14) 

1.25 

(1.12-

1.38) 

2.68 

(2.42-

2.95) 

20.04 

(14.05-

26.02) 

0.41 

(0.34-

0.49) 

0.82 

(0.63-

1.01) 

MV-

4;11 

0.13 

(0.12-

0.14) 

0.36 

(0.30-

0.42) 

0.45 

(0.42-

0.48) 

0.10 

(0.89-

1.11) 

1.07 

(0.90-

1.24) 

4.77 

(4.10-

5.43) 

0.08 

(0.07-

0.10) 

0.11 

(0.10-

0.13) 

OCI-

AML2 

0.26 

(0.21-

0.31) 

0.56 

(0.46-

0.65) 

1.20 

(1.02-

1.39) 

2.01 

(1.61-

2.42) 

2.83 

(2.35-

3.31) 

> 20 

µM 

 

0.30 

(0.24-

0.37) 

0.10 

(0.08-

0.12) 

ALL (acute lymphoblastic leukemia) 

CCRF-

CEM 

0.20 

(0.18-

0.22) 

0.11 

(0.08-

0.14) 

0.24 

(0.21-

0.26) 

1.19 

(1.13-

1.25) 

1.09 

(1.02-

1.15) 

> 20 

µM 

3.66 

(2.76-

4.56) 

2.48 

(1.12-

3.84) 
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MOLT-

4 

0.50 

(0.47-

0.52) 

0.43 

(0.39-

0.46) 

0.83 

(0.78-

0.86) 

0.61 

(0.57-

0.65) 

0.006 

(0.004-

0.008) 

> 20 

µM 

0.018 

(0.016-

0.02) 

0.0023 

(0.0014-

0.0032) 

RS-4;11 0.09 

(0.07-

0.012) 

0.47 

(0.39-

0.54) 

1.07 

(1.01-

1.12) 

1.93 

(1.83-

2.03) 

3.01 

(2.84-

3.17) 

> 20 

µM 

0.0073 

(0.0060-

0.086) 

0.195 

(0.12-

0.27) 

CML (chronic myelogenous leukemia) 

KU812 0.35 

(0.30-

0.40) 

0.66 

(0.62-

0.71) 

0.98 

(0.88-

1.07) 

1.89 

(1.74-

2.05) 

1.72 

(1.65-

1.79) 

> 20 

µM 

0.096 

(0.064-

0.12) 

> 20 

µM 

 

 

 

 

6.3 PS127 compounds affects mitochondria metabolism and 

activates specific cell death pathways 

 

6.3.1 PS127 family compounds induce ROS, but do not affect 

mitochondrial mass or membrane potential 
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Figure 6.4. Mitochondria-targeted agents and estimation of their toxicity 

against MOLM-13 cells.  

Survival rates of MOLM-13 cells treated with doxorubicin (A), cytarabine (B), 

rotenone (C), CCCP (D), sodium selenite (E) for 72 h. Results show the mean 

± SEM from at least three biological replicates.  

 

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

were exposed to compounds at a concentration corresponding to the LD50 at 72 h 

(Figure 6.4). First, the production of reactive oxygen species (ROS) was measured 

in cells treated with the PS compounds or with rotenone at 150 nM (as a positive 
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control (210)) at 24 h. This timepoint was selected to allow compounds to begin to 

have effect, but before cell death has become extensive. PS127 family analogs 

upregulated ROS compared to DMSO control, whether measured with 

dihydroethidium (DHE) or with mitoSox (a mitochondria-targeted derivative of 

DHE) (Figure 6.5 A). Interestingly, the increased level of ROS after treatment was 

specific to AML cells, and was not observed in PBMCs. This correlation suggests 

that the ROS may be a determinant in the cytotoxicity. In contrast, ROS were not 

increased in either cell type after treatment with PS30B. 
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Figure 6.5. Mitochondria-related mechanistic effects of PS hit compounds on 

cancer and normal blood cells.  

(A) PS127 analogs, but not PS30B, increase cytosolic (upper) and 

mitochondrial (lower) ROS levels in leukemic cells (24 h). (B) PS30B 

compound decreases mitochondrial mass selectively in leukemic cells (24 h). 

Shown are mean fluorescence intensity (MFI) of Mitotracker Green (MTG) 

staining. One representative flow cytometry histogram is shown (untreated 

cells in blue, PS30B-treated cells in green). (C) PS30B compound decreases 

mitochondrial membrane potential assayed by JC-1 staining in leukemic cells 

(24 h). Shown are % cells inside Q3 quadrant (representing cells with 

depolarized mitochondria). One representative flow cytometry scatter plot is 

shown (untreated cells in blue, CCCP-treated cells in orange, PS30B-treated 

cells in green). (D) Representative replicate (left) and quantification (right) 

of Nrf1 western blots. MOLM-13 cells were treated with LD50 of CCCP 

(2.5 µM), PS127B (510 nM), PS127E (220 nM), and PS30B (5 µM) for 24 h. 

Statistical testing vs DMSO (A, B, D-F) was performed by ANOVA with 

subsequent Dunnett’s tests. (E) Changes of ATP levels (in blue) vs viability 

(in pink) of MOLM-13 cells under treatment with PS leads (72 h). Statistical 

testing (ATP level & viability v.s. control) was performed by multiple t-tests 

with independent samples. All bar graphs represent results (mean ± SEM) 
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from at least three biological replicates. ***p < 0.001, **p < 0.01, *p < 0.05, 

ns – not significant. 

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

several representative compounds (PS127B, PS127E, or PS30B) or doxorubicin as 

a positive control (Figure 6.5 B). First, mitochondrial mass was assessed by staining 

cells with Mitotracker Green (MTG). Treatment with PS30B resulted in a slight, but 

statistically significant decrease in staining. This effect was specific to MOLM-13 

cells; PBMCs showed no change in mitochondrial mass, even at a tenfold higher 

drug dose (Figure 6.5 B, right). PS127B and PS127E had no apparent effect on 

mitochondrial mass. As anticipated from our previous study (64), treatment with 

doxorubicin at its LD50 dose (120 nM) reduced MTG fluorescence. 

 

The effect on mitochondria was also assessed by staining with another mitochondrial 

marker, JC-1. Briefly, JC-1 is a sensitive fluorescent probe commonly used to 

measure mitochondrial membrane potential (MMP). As membrane potential drops, 

red fluorescence decreases and green fluorescence increases (211, 212). PS30B, 

doxorubicin, and CCCP (the latter two being positive controls), reduced MMP in 

MOLM-13 cells, but not in healthy PBMCs (Figure 6.5 C). Flow cytometry scatter 

plots (Figure 6.5 C, right) were used to visualize cells with reduced MMP, 

indicating occurred depolarization. Interestingly, the proton gradient and MMP are 



 193 

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

protons back down the gradient decreases the production of ROS (213). One possible 

explanation for the lack of ROS production by PS30B is that the slight depolarization 

of the mitochondrial membrane may be limiting the generation of ROS. 

 

Derivative compounds from the PS127 scaffold (PS127B and PS127E) also 

upregulated expression of Nrf1 (Figure 6.5 D), a bZIP transcription factor that is a 

key regulator of mitochondrial biogenesis, proteasomal activity, and ROS-

scavenging enzymes (214). Upregulation of Nrf1 indicates that the cells are 

attempting to mitigate the increased ROS production caused by these compounds.   

 

6.3.2 PS molecules impair mitochondrial respiration in leukemic cells 

 

Another key function of Nrf1 is the regulation of certain aspects of the ETC (215). 

Given our previous findings regarding the importance of the ETC in AML, we next 

turned to testing the impacts of these compounds on the ETC. One of the most 

straightforward methods of determining whether the ETC has been altered is to 

measure steady-state levels of ATP, which largely derive from this pathway. 

MOLM-13 cells were treated with the same LD50 values as above, and ATP was 

measured at 72 h. Each of the compounds significantly reduced ATP at ½ LD50 
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when normalized for cell viability (Figure 6.5 E). PS30B had a particularly strong 

effect in this assay, as it reduced ATP even at one-quarter of the LD50 dose.  

 
Figure 6.6. ATP level in MOLM-13 cells and PBMCs after treatment with 

optimal doses of PS compounds or doxorubicin as positive control.  

Absolute (A, B) or DMSO-normalized (C) ATP levels at 16 h treatment. 

Results show the mean ± SEM from at least three biological replicates. 

Statistical testing was performed using ANOVA with Dunnett’s tests (A, B – 

vs. DMSO) or multiple t-tests with independent samples (C MOLM-13 vs 

PBMCs): ***p < 0.001; **p < 0.01; ns: p > 0.05. 
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Oligomycin FCCP Antimycin A
+ Rotenone

Oligomycin FCCP Antimycin A
+ Rotenone



 196 

Figure 6.7. Mitochondrial respiration in leukemic cells is selectively inhibited 

by PS leads.  

(A, B) Representative OCR (oxygen consumption rate) curves of untreated 

cells (in red) and cells treated with PS compounds and doxorubicin (16 h) – 

MOLM-13 (A) and normal PBMCs (B). (C, D) Changes in basal and ATP-

linked respiration under PS compounds treatment in MOLM-13 cells (in red) 

and PBMCs (in grey) measured by Seahorse test. Statistical testing vs. DMSO 

was performed by ANOVA with subsequent Dunnet’s tests; ***p < 0.001, *p 

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

at least three biological replicates. (E, F) Correlations between normalized 

ATP level and Seahorse parameters (ATP-linked respiration, coupling 

efficiency) in MOLM-13 cells (E) and normal PBMCs (F). Correlations 

were assessed between parameter averages from at least three biological 

replicates using Pierson’s two-tailed correlation coefficient. 

 

To obtain a finer understanding of the consequences of treatment, a Seahorse 

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

PBMCs treated with PS127 group compounds or PS30B for 16 h at concentrations 

that depleted ATP by ~ 50%-70% (Figure 6.6, 6.7). Cells were also treated with 

doxorubicin, which inhibits mitochondrial OCR, as a positive control (64). 
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Figure 6.8. Additional mito-stress test parameters in MOLM-13 and normal 

PBMCs.  

Proton leak (A) and basal extracellular acidification rate, ECAR (B) after 

treatment with PS compounds and doxorubicin (16 h). Results show the mean 

± SEM from three biological replicates. Statistical testing vs. DMSO was 

performed using ANOVA with Dunnett’s tests: ***p < 0.001; **p < 0.01; *p 

< 0.05; ns: p > 0.05. 

 

Consistent with ATP measurements, each of the PS molecules significantly 

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

(reduced by 20-80%). Changes of these bioenergetic parameters were specific to 

MOLM-13 cells, as only PS127F showed any effect (albeit a small one) on ATP-

linked OCR in PBMCs (Figure 6.7 C, D, Table 6.3). Interestingly, the proton leak 
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previously observed in MOLM-13 cells (216), was strongly abrogated by treatment 

with the PS compounds (Figure 6.8 A), suggesting that this trait is necessary for the 

survival of these cancer cells, and giving insight into the cellular target for these 

compounds. 

 

Table 6.3. Changes in mitochondrial bioenergetic parameters after treatment 

with PS compounds or doxorubicin (16 h) in MOLM-13 cells and healthy 

PBMCs*.  

Drug Bioenergetic 

parameter 

MOLM-13 PBMC 

PS127B, 1.5 μM 

Basal OCR 
p < 0.0001 

-66% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-68% 
NS 

Proton leak 
p < 0.0001 

-57% 
NS 

Spare capacity 
p < 0.0001 

+229% 
NS 

Coupling efficiency NS NS 
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ECAR 
p = 0.019 

-29% 
NS 

PS127B1, 2.5 

μM 

Basal OCR 
p < 0.0001 

-68% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-71% 
NS 

Proton leak 
p < 0.0001 

-57% 
NS 

Spare capacity 
p < 0.0001 

+240% 
NS 

Coupling efficiency NS NS 

ECAR 
p = 0.010 

-31% 
NS 

PS127E, 0.5 μM 

Basal OCR 
p < 0.0001 

-79% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-80% 
NS 

Proton leak 
p < 0.0001 

-75% 
NS 

Spare capacity 
p < 0.0001 

+300% 
NS 



 200 

Coupling efficiency NS NS 

ECAR 
p = 0.0001 

-44% 
NS 

PS127F, 3 μM 

Basal OCR 
p < 0.0001 

-59% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-60% 

p = 0.036 

-50% 

Proton leak 
p < 0.0001 

-54% 
NS 

Spare capacity 
p < 0.0001 

+202% 
NS 

Coupling efficiency NS NS 

ECAR NS NS 

PS127G, 0.5 μM 

Basal OCR 
p < 0.0001 

-19% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-20% 
NS 

Proton leak 
p = 0.039 

-16% 
NS 

Spare capacity NS NS 

Coupling efficiency NS NS 



 201 

ECAR NS NS 

PS30B, 25 μM 

Basal OCR 
p < 0.0001 

-71% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-73% 
NS 

Proton leak 
p < 0.0001 

-63% 
NS 

Spare capacity 
p < 0.0001 

+380% 
NS 

Coupling efficiency NS NS 

ECAR 
p < 0.0001 

-50% 
NS 

DOX, 0.5 μM 

Basal OCR 
p < 0.0001 

-78% 
NS 

Maximal OCR NS NS 

ATP-linked OCR 
p < 0.0001 

-84% 
NS 

Proton leak 
p < 0.0001 

-58% 
NS 

Spare capacity 
p < 0.0001 

+230% 
NS 

Coupling efficiency p < 0.0001 NS 
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Another parameter assessed by the Seahorse bioanalyzer is the extracellular 

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

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

production) (217). Notably, 4 of the 6 PS compounds tested also reduced ECAR by 

29-50% in leukemic cells (Figure 6.8 B). This suggests that the cells are not reacting 

to mitochondrial damage by upregulating glycolysis as a compensatory mechanism.  

 

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

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

corroborating the importance of coupling efficiency to ATP production, and ATP-

linked respiration (r = 0.87, p = 0.011). These correlations were specific to MOLM-

13 cells and were not observed in PBMCs (Figure 6.7 E, F). This data indicate that 

PS hit compounds directly or indirectly selectively impair mitochondrial 

bioenergetics in AML cells. Additionally, our data indicate that the two compound 

groups are likely using different methods to affect PINK1. 

 

-28% 

ECAR 
p = 0.004 

-34% 
NS 
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6.3.3 PS127 family compounds activate ferroptosis and/or necroptosis  

A number of programmed cell death pathways have been identified in mammalian 

cells. To determine which were relevant for compound-induced cell death, MOLM-

13 or PBMC cells were exposed to PS127B, PS127E, or PS30B at LD50 values for 

72 h. Cells were also treated with the following specific cell death inhibitors: the 

pan-caspase inhibitor Z-VAD-FMK (40 μM), 3-methyladenine (3-MA, 0.5 mM) as 

an inhibitor of autophagic cell death, the caspase-1 inhibitor VX-765 (10 μM), two 

ferroptosis inhibitors ferrostatin-1 (Fer-1, 0.5 μM) and liproxstatin-1 (Lipr-1, 0.5 

μM), and the necroptosis inhibitor necrostatin-1 (Nec-1, 10 μM). Concentrations of 

cell death inhibitors were chosen based on preliminary assessment of their 

cytotoxicity (Figure 6.9A) at 72 h, as well as published studies (64, 218-220). 
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Figure 6.9. PS molecules induce different cell death pathways. 

(A) Effect of specific cell death inhibitors alone (pan-caspase inhibitor 

ZVAD-fmk, autophagy inhibitor 3-MA, caspase-1 inhibitor VX-765, 

ferroptosis inhibitors Fer-1 and Lipr-1, necroptosis inhibitor Nec-1) on 

survival of MOLM-13 cells and PBMCs (72 h). Statistical testing vs DMSO 

was performed by ANOVA with subsequent Dunnett’s tests. (B, C) Survival 

rates of MOLM-13 cells (in red) and normal blood cells (in grey) under 
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treatment with corresponding LD50 of PS127B (510 nM, 5.2 µM in MOLM-

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

PBMCs, respectively) alone or in combination with cell death inhibitors. (D) 

Survival rate of MOLM-13 cells under treatment with PS127E (200 nM) 

alone or in combination with deferoxamine/DFX (40 µM).  (E) Survival rate 

of MOLM-13 cells under treatment with PS30B (5 µM) alone or in 

combination with cell death inhibitors.  Statistical testing vs corresponding 

LD50 value (B-E) was performed by ANOVA with subsequent Dunnett’s 

tests. All bar graphs represent results (mean ± SEM) from at least three 

biological replicates. *p < 0.05, **p < 0.01, ***p < 0.001, ns – not 

significant. 

 

Cytotoxicity assays showed that both ferroptotic inhibitors, Fer-1 and Lipr-1, and 

the necroptotic inhibitor Nec-1 significantly attenuated MOLM-13 cell death caused 

by PS127B and PS127E (Figure 6.9 B, C). Nec-1 also rescued healthy PBMCs after 

treatment with PS127B or PS127E; ferroptotic inhibitors also increased PBMC 

survival following PS127E exposure (Figure 6.9 B, C). Since ferroptosis is 

characterized by the accumulation of lethal levels of ROS-damaged lipids (219) and 

both PS127B and PS127E increased ROS production (Figure 6.5 A), observations 

of reduced cytotoxicity after treatment with the ferroptotic inhibitors was consistent. 
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To bolster this conclusion, ferrous iron was depleted from the culture medium using 

deferoxamine, an established approach for validating ferroptosis as a cytotoxic 

mechanism (221-223). As anticipated, deferoxamine also reduced PS127E-mediated 

MOLM-13 cell death (Figure 6.9 D). The addition of the pan-caspase inhibitor 

ZVAD did not increase cell survival. This may be due to mild toxicity of ZVAD 

under these conditions. 

 

In contrast, PS30B cytotoxicity was unaffected under intervention of Fer-1, Lipr-1, 

and Nec-1 in MOLM-13 cells (Figure 6.9 E). I did not test the effect of cell death 

inhibitors on PBMCs treated with PS30B, because >90% PBMCs were alive after 

treatment with concentrations as high as 100 μM. Additionally, there was a slight, 

but significant, attenuation of AML cell death when PS127B was combined with the 

autophagic inhibitor 3-MA. Taken together, PS compounds induce different types 

of cell death, including ferroptosis, necroptosis, and possibly autophagy.  

6.4 PS compounds demonstrate high potential as AML 
treatments 

 

6.4.1 PS compounds exhibit synergy with other anti-cancer 

chemotherapeutics 
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Figure 6.10. PS compounds induced synergistic cytotoxicity when combined 

with other anti-cancer drugs in AML cell lines and primary AML samples.  

(A) Representative synergy landscape and (B) cell survival rate under 

treatment with PS127B/PS30B along or in combinations with anti-cancer 

drugs (IACS-010759, DOX - doxorubicin) in MOLM-13 cells or PBMCs. 

(C) Summary of synergy scores and viability under combinatorial treatment 

with PS compounds in MOLM-13 cells vs. PBMCs. (D) Comparison of 

viability under combinatorial treatment with PS compounds in patient 

samples vs. PBMCs. Bar graphs represent results (mean ± SEM) from at 

least one biological replicate of patient samples and three biological 

replicates of PBMCs. (E) Summary of synergy scores of drug combinations 

based on PS compounds in AML samples with various characteristics. 

Significance of changes in survival was assessed via Student’s t-test. *p < 

0.05, **p < 0.01, ***p < 0.001, ns – not significant. Black stars indicate 

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

condition; purple stars indicate significantly lower survival under 

combinatorial treatment compared to single PS compounds; orange stars 

indicate significantly lower survival under combinatorial treatment 

compared to single complementary drug; blue stars indicate significantly 

lower synergy score for secondary leukemia compared to de novo leukemia; 
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grey stars indicate significantly lower synergy score for primary patient 

samples with <30% leukemic blast cells compared to patient samples 

with >30% leukemic blast cells. 

  

For initial synergy experiments, I used PS127B (as it is cheaper and easier to 

commercially obtain) and PS30B. Synergy of drug pairs against MOLM-13 

leukemia cells was determined using multiple-ray design (5∗5 matrices); drug 

combination landscapes for each drug pair were built with the Bioconductor package 

“synergyfinder” using a Bliss model. Maximum testing concentration (MTC) for 

each drug was defined as either the LD50MOLM-13 (when possible), the dose 

corresponding to the cells’ maximum tolerance for DMSO (0.5% final volume), or 

the limit of drug solubility, which was established by preliminary single drug 

treatments (Table 6.1). Since overt side effects were observed when IACS-010759 

was used at high doses, the maximum concentration used was 2 μM. Healthy 

PBMCs were tested under identical conditions in parallel to ensure that synergy is 

specific to AML cells. 

 

Strong synergistic cytotoxicity in AML cells compared to PBMCs was observed in 

four treatments (Figure 6.10). Importantly, this leads to a clear difference in survival 

between leukemic and healthy cells (Figure 6.10 A, B). AML cell survival was 
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significantly reduced after exposure to selected combinations, compared to single 

drugs (Figure 6.10 B). This was particularly evident when leukemic cells were 

resistant to one of the drugs. For example, MOLM-13 was resistant to IACS-010759 

used alone at 0.25 μM (Figure 6.10 B). When combined with 0.05 μM of PS127B, 

the synergistic effect dropped survival of AML cells to ∼40%. Similarly, 0.25 μM 

DOX had no significant effect on MOLM-13 cells or PBMCs survival, but the 

addition of 5 μM PS30B strongly increased cell death to 65% specifically in the 

MOLM-13 cells (Figure 6.10 B, C). 

 

Then I compared efficiency and selectivity of PS compounds’ combinations with 

standard induction and consolidation therapy, cytarabine (ara-C)/doxorubicin 

(DOX). MTC doses were determined for cytarabine and doxorubicin as described 

above for the screening compounds (Figure 6.10, Table 6.2). Although the 

combination of cytarabine and doxorubicin, like PS compound combinations, more 

effectively reduced viability in MOLM-13 cells compared to PBMCs, the mean 

maximum synergy score of cytarabine and doxorubicin was 13.40, while synergy 

scores were >20 for all PS compound combinations. Interestingly, combining PS 

molecules with doxorubicin led to comparable selectivity in MOLM-13 to the 

combination of cytarabine with doxorubicin; the highest selectivity for cytarabine 
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and doxorubicin was 43.52%, while it was 53.71% and 59.21% for PS127B and 

PS30B with doxorubicin, respectively. 

 

6.4.2 PS hit compounds are effective against primary AML cells alone 

and in combinations with other anti-leukemic agents 

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

effect of the treatment in vivo. Therefore I tested the most promising combinations 

(based on synergy and selectivity) in freshly-isolated, primary cells from AML 

patients. Cells were treated with drugs either alone or in combination to test for 

synergetic effect. To prevent artifacts, only primary samples with solvent-control 

viability > 70% (72 h) were included in the final statistical analysis. The limited 

replicative capacity and small sample sizes limited our ability to formally determine 

patient-specific LD50s. As such, a small batch of samples (n = 4) was used to 

determine working concentration ranges for each of the six drugs tested (PS30B, 

PS127B, PS127E, doxorubicin, IACS-010759, and 6-mercaptopurine). LD50 values 

for each compound were fitted using survival data under single drug treatments from 

combination matrices (Table 6.4).   

 

Table 6.4. PS molecules are effective against primary AML cells and have 

synergy with other anti-cancer agents. 
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*Cell viability is above 50% under treatment with maximal dose of the single 

drug: PS30B (20 µM), DOX (2.5 µM), IACS-010759 (2 µM), 6-MP (80 µM). 

**Maximal synergy score < 10 units. 

Patient 

sample 

 Single drugs, LD50 (95% CI), µM 

PS127B PS127E PS30B DOX IACS-010759 6-MP 

AML 1 6.90  

(5.93-7.88) 

2.75  

(1.75-3.74) resistant* resistant resistant resistant 

AML 2 2.65  

(2.05-3.25) 

0.54  

(0.46-0.62) 

resistant 1.00  

(0.85-1.17) 

resistant resistant 

AML 3 3.03  

(2.29-3.78) 

1.16 

(0.95-1.37) 

resistant resistant resistant resistant 

AML 4 5.22  

(3.39-7.06)  

1.87  

(1.34-2.39) 

resistant 

 

resistant resistant resistant 

  Combinations, maximal synergy score, relative units (corresponding drug doses) 

Patient 

sample 

PS127B + 

IACS-

010759 

PS127B + 

DOX 

PS127B + 

 6-MP 

PS127E + 

IACS-

010759 

PS127E + 

DOX 

PS127E 

+  

6-MP 

PS30B + 

DOX 

AML 3 25.2  

(2 µM + 2 

µM) 

29.8  

(1 µM + 

1.25 µM) 

24.4 

(4 µM + 10 

µM) 

20.8  

(1 µM + 2 

µM) 

18.2 

(0.5 µM + 

0.625 µM) 

21.8 

(1 µM + 

40 µM) 

6.4** 

(2.5 µM + 

1.25 µM) 
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AML 4 24.8  

(2 µM + 

0.5 µM) 

36.2  

(1 µM + 

0.625 µM) 

20.7  

(1 µM + 10 

µM) 

20.7  

(2 µM + 

0.25 µM) 

7.0**  

(2 µM + 

0.313 µM) 

18.5  

(2 µM + 

10 µM) 

0.4**  

(20 µM + 

0.625 µM) 

AML5  11.92 

(4 µM + 

0.25 µM) 

31.35 

(1 µM + 

1.25 µM) 

11.05 

(8 µM + 20 

µM) 

7.16 ** 

(1 µM + 2 

µM) 

2.45** 

(2 µM + 

0.313 µM) 

11.61 

(2 µM + 

80 µM) 

20.27 

(2.5 µM + 

1.25 µM) 

AML6 20.32 

(2 µM + 

0.25 µM) 

16.70 

(2 µM + 

0.3125 

µM) 

20.67 

(4 µM + 20 

µM) 

31.37 

(1 µM + 

0.25 µM) 

20.08 

(2 µM + 

0.313 µM) 

20.53 

(2 µM + 

80 µM) 

33.6 

(2.5 µM + 

2.5 µM) 

AML7 18.50 

(2 µM + 

0.5 µM) 

16.90 

(1 µM + 

1.25 µM) 

17.88 

(4 µM + 10 

µM) 

42.08 

(4 µM + 

0.5 µM) 

18.05 

(0.5 µM + 

0.313 µM) 

12.37 

(1 µM + 

10 µM) 

14.78 

(2.5 µM + 

1.25 µM) 

AML8 23.20 

(4 µM + 

0.25 µM) 

20.12 

(1 µM + 

0.625 µM) 

20.04 

(8 µM + 40 

µM) 

33.86 

(0.5 µM + 

0.25 µM) 

17.59 

(0.5 µM + 

0.313 µM) 

22.69 

(2 µM + 

10 µM) 

39.16 

(20 µM + 

1.25 µM) 

AML9 24.19 

(4 µM + 2 

µM) 

23.91 

(1 µM + 

1.25 µM) 

25.70 

(4 µM + 40 

µM) 

33.88 

(2 µM + 

0.25 µM) 

3.32** 

(0.5 µM + 

0.313 µM) 

24.85 

(2 µM + 

20 µM) 

42.33 

(10 µM + 

1.25 µM) 

AML10 35.03 

(4 µM + 

0.5 µM) 

14.52 

(4 µM + 

0.3125 

µM) 

23.99 

(1 µM + 80 

µM) 

46.39 

(4 µM + 

0.5 µM) 

37.20 

(4 µM + 

0.313 µM) 

38.98 

(2 µM + 

10 µM) 

20.80 

(5 µM + 2.5 

µM) 
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AML11 15.02 

(2 µM + 2 

µM) 

24.34 

(1 µM + 

2.5 µM) 

12.64 

(2 µM + 40 

µM) 

41.99 

(2 µM + 

0.25 µM) 

13.69 

(2 µM + 

2.5 µM) 

42.47 

(2 µM + 

20 µM) 

25.33 

(10 µM + 

2.5 µM) 

AML12 12.52 

(8 µM + 2 

µM) 

21.43 

(1 µM + 

1.25 µM) 

12.53 

(2 µM + 20 

µM) 

40.04 

(2 µM + 

0.25 µM) 

10.60 

(2 µM + 

1.25 µM) 

37.15 

(2 µM + 

40 µM) 

24.10 

(20 µM + 

2.5 µM) 

AML13 28.78 

(4 µM + 

0.25 µM) 

10.08 

(4 µM + 

0.3125 

µM) 

26.44 

(4 µM + 10 

µM) 

27.57 

(4 µM + 

0.25 µM) 

8.35** 

(4 µM + 

0.313 µM) 

18.52 

(1 µM + 

80 µM) 

23.78 

(20 µM + 

1.25 µM) 

AML14 14.58 

(8 µM + 

0.25 µM) 

29.70 

(1 µM + 

0.625 µM) 

21.44 

(1 µM + 40 

µM) 

15.16 

(0.5 µM + 

0.25 µM) 

10.99 

(0.5 µM + 

0.313 µM) 

19.15 

(0.5 µM 

+ 40 µM) 

10.66 

(5 µM + 2.5 

µM) 

AML15 9.81** 

(8 µM + 

0.25 µM) 

20.58 

(2 µM + 

2.5 µM) 

48.19 

(8 µM + 10 

µM) 

39.09 

(1 µM + 

0.25 µM) 

14.30 

(1 µM + 

2.5 µM) 

12.83 

(1 µM + 

80 µM) 

33.66 

(5 µM + 

1.25 µM) 

 

 

 

Additional patient samples (n=13) were used to test 7 synergistic combinations, 

(PS127B or PS127E with doxorubicin, IACS-010759, or 6-MP; PS30B with 

doxorubicin). The majority of primary cell samples were resistant to PS30B 
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compound (LD50 > 20 μM) and anti-leukemia drugs at the concentrations tested, 

regardless their mechanism of action (IACS-010759, doxorubicin, 6-mercapropurin). 

However, all patients’ samples were sensitive to PS127B (LD50 < 10 μM) and 

PS127E (LD50 < 5 μM).  

 
Suppl. Figure S6

Average synergy: 13.513 (Bliss)
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Figure 6.11. Most promising combinations of PS127B/E compounds with anti-

tumoral agents retain effectiveness in primary AML cells.  

Drug pairs including PS127B (A-C), PS127E (D-F) and complementary anti-

cancer agents IACS-010759, doxorubicin/DOX, 6-mercaptopurine/6-MP 

exhibit synergy in primary AML cells. One representative replicate (sample 

AML 3) is shown. Combination landscapes were built using Bioconductor 

package ‘synergyfinder’. Viability plots (A-C, lower) represent cell viability 

under treatment with single drug/combination doses corresponding to 

maximal synergy score (Table 6.4). Statistical testing vs. single drug (vs 

PS127B in orange; vs complementary drug in purple) was performed using 

ANOVA with Dunnett’s tests: ***p < 0.001; **p < 0.01; *p < 0.05. 

 

For example, 39 patient sample-treatment combinations were tested (13 patients, 3 

combinations of PS127B with other drugs) for PS127B (overall, 13x7 patient sample 

/ drug combinations were tested). Of these treatments, 38 had synergy scores >10, 

and the last sample had a synergy score of 9.81, very close to the cutoff of 10 (Table 

6.4, Figure 6.11). This synergy resulted in high selectivity of such combinations 

(Figure 6.10D). Interestingly, while PS127B was equally effective against samples 

with de novo or secondary AML (i.e. disease evolved from a prior hematological 

disorder, such as myelodysplasia or a myeloproliferative disorder), PS127E was 
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significantly more effective in de novo AML setting. This difference was particularly 

profound in PS127E/doxorubicin combination, where average synergy for 6 patient 

samples of secondary AML cohort was only 7.7, compared to 19.3 for de novo AML 

types. This is below the customary cutoff for synergy, which is 10. The combination 

of PS127E and IACS-010759 demonstrated synergy in both de novo and secondary 

AML, with the synergy scores being significantly higher for de novo AML cases. 

For PS30B, patient samples were insensitive to a single drug treatment. However, 

combination of PS30B with doxorubicin had synergy in most of the patient samples 

(10 out of 13). Interestingly, while there was no difference in synergy between de 

novo and secondary AML, this combination was ineffective in samples with a low 

percentage of blast cells (Figure 6.10E). 

 

6.5 Discussion 

The dependency of leukemia cells on mitochondria has been identified as a frequent 

abnormality that presents in various AML subsets (107, 108). In the present study, 

we took advantage of a set of novel small molecules we identified cause 

accumulation of PINK-1/PINK1, leading to autophagic mitochondrial degradation 

in C. elegans. We aimed to test our hypothesis that this effect would cause specific 

cytotoxicity in leukemia cells, especially since we had shown that they are 

particularly sensitive to mitochondrial damage (64). Our results bore this out, as a 
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targeted cytotoxicity screen using the AML cell line MOLM-13 and PBMCs isolated 

from healthy subjects showed that some of these compounds induced 50% death in 

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

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

required for eradication of patient-derived AML cells were generally higher (0.5-2.8 

μM), they could be substantially decreased by combining PS compounds with other 

therapies used for AML targeting, like doxorubicin, or the experimental compound 

IACS-010759.  

 

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

availability of several chemotypes derived from PS127 made it possible to more 

finely determine which regions of the chemical scaffold are relevant for cytotoxicity. 

For example, both the methoxy- and nitroethenyl- groups are required for cytotoxic 

effect; compounds lacking either of them (e.g., PS127H and PS127J) lost efficacy 

against MOLM-13 cells (Table 6.2). As might be expected from our previous results, 

AML-selective cytotoxicity of PS compounds was associated with ATP depletion 

and reduction in mitochondrial oxygen consumption rates. For PS127 and its 

derivatives, cytotoxicity was associated with severe oxidative stress and subsequent 

Nrf1 activation, as well as induction of ferroptotic and/or necroptotic cell death 

pathways. For PS30B, cell death was associated with decreased mitochondrial mass 
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and membrane potential. Several of the compounds were also effective for other 

leukemia types as well (ALL, CML), which is consistent with the generic leukemic 

dependency on mitochondria. Taken together, PS leads selectively eradicate 

leukemic cells in vitro, providing a rationale for future optimization of the most 

promising compounds, followed by in vivo pre-clinical studies. 

 

These compounds’ selective toxicity to MOLM-13 cell line may suggest a method 

to circumvent tumor resistance, which is a common problem encountered in 

chemotherapy (126). It has been demonstrated that synergistic drug combinations 

can reduce side effects by lowering the dosages and may also help to overcome 

resistance to cancer therapy (129). Our results showed that PS127B had highest 

synergy scores in primary AML cells in vitro when combined with the conventional 

cytotoxic agent doxorubicin (Table 6.2). Although PS127B was effective at 3-7 μM 

on its own, maximal synergies of combination landscapes were achieved at doses as 

low as 1-2 μM. The combination of PS127E with doxorubicin was less effective, 

which was similar to what was seen for PS127E with IACS-010759 or 6-

mercaptopurine. PS127E exhibited maximal synergy scores of > 40, including in 

four different patient samples for PS127E/IACS-010759 combination. These data 

highlight that PS127 analogs are highly active in drug combinations that include 

mitochondria-targeting drugs, like IACS-010759 or doxorubicin.  
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Interestingly, PS127B and PS30B drug combinations exhibited strong synergy in 

primary AML samples regardless of primary or secondary leukemia (Figure 6.10, 

Table 6.3). Unlike primary leukemia, secondary AML has evolved from previous 

myelodysplasia or developed after exposure to environmental or therapeutic toxins, 

and often presents resistance to multiple traditional chemotherapies used for treating 

primary AML (224-226). Moreover, the combination of PS30B with doxorubicin 

showed significantly greater synergy in primary AML samples with more than 30% 

leukemic blast cells (Figure 6.10, Table 6.3). These findings may predict selective 

anti-AML effect of combinations based on PS compounds in vivo.  

 

Targeting mitophagy as a multi-faceted therapeutic approach for AML is still in its 

beginnings, and reports describing both inhibition and activation of mitophagy as 

potential therapeutic strategies have been published (55, 227). One possible 

explanation for these differing outcomes could be the differences in baseline 

susceptibility of specific cancer cell types due to experimental conditions or specific 

somatic mutations contributing to the tumor growth. For example, under hypoxic 

conditions that reflect bone marrow microenvironment, AML blasts and leukemia 

stem cells (LSCs) rely heavily on mitophagy (specifically, FIS1-mediated 

mitophagy) (30). Chemically blocking autophagy enhanced apoptosis in AML cell 
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lines and decreased in vivo tumor burden (228). In line with this, high gene and 

protein expression levels of FIS1 in AML patient samples were shown to predict 

reduced probability of complete remission after induction therapy (229). 

 

At the same time, the opposite approach – activating mitophagy – has been shown 

to eradicate AML blasts in vitro and in vivo (56). The FLT3-ITD mutation, 

commonly observed in AML, suppresses production of ceramide, which is necessary 

for mitophagy-dependent cell death. Inhibition of FLT3-ITD using tyrosine kinase 

inhibitors (230) or LCL-461, a ceramide analog that is targeted to mitochondria, 

induced lethal mitophagy in AML blasts (56). Interestingly, although PS compounds 

activate mitophagy by different mechanisms, we noted that AML cell lines with a 

FLT3-ITD mutation (such as MOLM-13, MOLM-14, or MV-4;11) were generally 

more sensitive to PS leads than cells without this mutation, such as THP-1 or OCI-

AML2 (Table 1). Another example of a ceramide-based therapeutic that induces 

mitophagy in AML cells is a combination therapy comprised of C6-ceramide and 

tamoxifen (231). This drug combination upregulated LC3-II conversion, inhibited 

mTOR signaling, and synergistically induced mitophagy and AML cell death in vitro 

(231). 
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We are not the first group to report that PINK1 accumulation could have a positive 

effect on cancer cell growth. For example, B5G1, a derivative of the mitophagy-

stimulating compound betulinic acid, also triggers PINK1 upregulation, mitophagy, 

and cancer cell death (232). Similarly, a folic acid-modified version of methyl-β-

cyclodextran was shown to increase PINK1 expression, LC3-II conversion, and anti-

tumor activity (233) Finally, BAY87-2243, an extensively modified piperazine that 

inhibits Complex I of the ETC, also increased ROS level and induced PINK1-

dependent mitophagy followed by necroptosis and ferroptosis in melanoma cells, 

similar to what we observed in PS127 derivative-treated AML cells (54). Notably, 

although each these studies showed a benefit from increased PINK1, none of them 

performed high-throughput and/or targeted screen to find compounds with this 

function, to the best of our knowledge. Rather, this outcome was serendipitous. 

Combined, these studies strongly demonstrate that further exploration of PINK1 as 

potential therapeutic target is warranted. 

 

 

  

 

 

 



 223 

Chapter 7 

Conclusions and future directions 

Part of this chapter has been published in Tjahjono*, Pei*, et al., 

2021 (PMID: 34489512) 

A team of undergraduate students, Terri-Jeanne E. Liu, Alisha Swadi and Maria C. 

Hancu contributed the measurement of PS compounds’ activity in amelioration of 

symptoms of polyglutamine expression C.elegans (Figure 7.3). 

 

7.1 Conclusions 

Increasing evidence has shown the importance of mitochondria regulation of cellular 

metabolisms, including homeostasis of redox level, Ca2+ level, and regulation of cell 

death mechanisms. In the current study, higher number of mitochondria was 

observed in leukemic cells. Corresponding to the observation, ATP level as well as 

OCR were observed to be higher in leukemic cells. These observations indicated that 

leukemic cells have a higher dependency of mitochondria metabolism, which could 

be potentially the new target for these cancerous cells. 
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Given higher dependency of mitochondria metabolisms in the leukemic cells, I 

treated leukemia cell lines and primary AML samples, with mitochondria targeting 

drugs alone or in combination with other anti-cancer chemotherapies. Mitocans 

selected in this study include ETC Complex inhibitors, pro-apoptosis inducers, 

mtDNA intercalators and uncouplers. Utilizing optimized Hoechst/PI dual-staining 

method in chapter 3, I observed the mitocans alone or in combination with other 

anti-cancer chemotherapies can specifically inhibit leukemic cells growth. The wide 

range of mitocan selection also provide an insight of developing drugs that target 

different mitochondria metabolisms for the design of personalized treatment for 

AML patients. 

 

Meanwhile, I measured several mitochondria bioenergetic parameters after mitocan 

treatments, and found that mitocans alone or in combination inhibited ATP 

production and oxygen consumption rate in leukemic cells. Correspondingly, 

mitochondria deficiency was also observed in leukemia cell lines and primary AML 

samples. The inferior uncoupling efficiency, indicated by the lower H+ gradient in 

the intermembrane space, indicated inferior ability in leukemic cells to generate ATP 

from cellular respiration.  
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Mitophagy is a conservative process to maintain mitochondria healthy. Therefore, I 

explored the potential of activation of mitophagy for leukemia treatment. Together 

with Dr. Tjahjono, we identified 8 molecules with PINK-1 stability (PS molecules) 

that can activate mitophagy in a C. elegans reporter strain. I treated MOLM-13 and 

primary AML cells with found PS molecules alone or in combination with other 

anti-leukemia chemotherapies and found leukemic cells are sensitive to these 

treatments. Furthermore, PS molecules ameliorates paralysis of C. elegans that has 

human beta-amyloids aggregation, which is the major characteristic of Alzheimer’s 

disease.  In addition, PS molecules also relief the symptom of Huntington’s disease 

in another C. elegans strain. Taken together, these observations suggest the 

promising potential of mitophagy activation for leukemia treatment and reveal a 

wide application of novel mitophagy activators via PINK1 stabilization in various 

types of diseases related with mitochondria deficiency. 

 

7.2 Future directions 

7.2.1 How do(es) selectivity and synergy of PS compound(s) leukemia 

come(s) from? 

So far, I observed PS compounds selectively affect leukemic cells’ survival and 

identified several mitochondrial bioenergetic parameters affected by PS compounds. 

The question remains about PINK1 stability as a root of the mitophagy activation 
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and selectivity. I plan to use a pink1 knockdown assay in leukemia cell lines to study 

whether PINK1 stability is the cause of the selectivity in leukemic cell death (30). If 

pink1 knockdown rescued PS molecules treated leukemia cells, then this observation 

will be a more solid evidence of targeting pink1 for selective treatment of leukemia. 

 

Meanwhile, molecular mechanisms of synergistic effect of PS molecules and other 

chemotherapies is another question to be answered in the future. With the knowledge 

of metabolic roots of the synergy effect, people may target specific metabolism for 

better development of precise treatment for leukemia and other diseases. As a first 

step of this objective, I plan to examine the mitophagy activation level before and 

after PS compounds treatment and compare mitophagy events between leukemia 

treated with PS compounds alone and in combination that demonstrated synergistic 

effect in leukemia removal. An easy way to visualize mitophagy events is using 

confocal imaging.  By staining of mitochondria and autophagosome via proper 

antibodies, mitophagy events can be quantifying the overlapping of mitochondria 

and autophagosome (231). If the mitophagy events increases as synergistic effect 

occurs in PS combinations, then targeting mitophagy activation could be a fruitful 

method for selective treatment of leukemia. 

 

7.2.2 How do(es) PS compound(s) induce(s) ferroptosis in leukemia? 
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As a subtype of apoptosis, detailed mechanism of ferroptosis activation has not been 

fully resolved. However, the observation of ferroptosis in PS compounds treated 

leukemia raises a question about the relation between PINK1 stabilization, 

mitophagy activation and ferroptosis in leukemic cells. To answer the question, I 

plan to transduce a plasmid encoding chimeric PINK1 proteins fused with FKBP or 

FRB (and then GFP and mCherry correspondingly) in leukemia cell lines, and 

observe the viability of normal or transduced leukemia cell lines with or without 

ferroptosis inhibitors (234, 235). Similar as PINK1/Parkin pathway, chimeric 

PINK1 can dimerize upon the addition of proper inducers (rapamycin in the 

condition of fusion with FKBP-FRB). The viability difference between cells with or 

without ferroptosis inhibitors will represent the level of ferroptosis activation, where 

the difference of ferroptosis activation level between normal and transduced 

leukemia cells indicated the participation of PINK1 in ferroptosis activation. 

 

In case of the above experiment does not work, I plan to prepare a pink1 knockout 

(pink1 -/-) MOLM-13 cell line via CRISPR/Cas, and observe cytotoxicity of PS 

molecules in this cell line with or without ferroptosis inhibitors. Participation of 

PINK1 in ferroptosis would be addressed if ferroptosis inhibitors wouldn't rescue 

pink1 knockout MOLM-13 cell line. 
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7.2.3 Is leukemia sensitive to mitocans treament in vivo? 

Utilizing immortalized cell lines many merits for research design, including easy 

accessibility of genetic information and low cost in culturing and maintenance(236). 

However, this in vitro culturing method also limits research by the mutation in 

immortalized cell lines from non-immortal origins. Therefore, I plan to use mice 

xenograft model of AML to test my observation of mitocans effect in the inhibition 

of tumor growth(237, 238). Survival of mice over days with and without mitocans 

treatment will be measured to study PS compounds’ effect on leukemia removal. In 

addition, with the help of Crispr-Cas technology, knockout of pink1 in xenograft 

leukemia can be utilized as a control to exam PS compounds’ mitophagy activation 

effect and selectivity in leukemia in mice model.  

7.2.4 Examing the therapeutic potential of PS compound(s) in other 

mitochondria defect related diseases.  

7.2.4.1 PS83 and PS106 ameliorated ß-amyloid-induced paralysis in 

C. elegans  

 

Defects in mitochondrial clearance have long been linked to declined physiological 

function and neurodegenerative diseases (as reviewed in (239)). On this basis, it is 

reasonable to hypothesize that the impacts of the compounds on mitochondria may 
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stimulate protective effects in C. elegans models of neurodegenerative diseases.  

 

An important character of Alzheimer’s disease was the accumulation of β-amyloid. 

Therefore, I used a strain of GMC101 that produces full-length human β-amyloid in 

body wall muscles, to test PS molecules’ effect (74). Once the peptide has been 

expressed, shifting the strain to a higher temperature leads to β-amyloid aggregation 

and paralysis. Each compound was tested at 2-4 different concentrations (Figure. 

7.1, 7.2). Two compounds, PS83 and PS106, substantially reduced paralysis at 5 μM 

and 25 μM, respectively, and were comparable to the positive control metformin 

(Figure. 7.1 A-C and Figure. 7.2). Another compound, PS103, provided a more 

modest, but still significant decrease in paralysis at 25 µM (Figure. 7.1).  

 

Alternatively, it is possible that PS83- and PS106-mediated rescue was an artifact 

and was independent of PINK-1 stabilization. To test this, I used RNAi to 

knockdown pink-1 expression in the β-amyloid-expressing strain prior to compound 

exposure. Consistent with my interpretation, pink-1(RNAi) completely removed the 

ability of PS83 or PS106 to delay paralysis, and made worms treated with PS83 or 

PS106 indistinguishable from vehicle controls (Figure. 7.1 D, E). 
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Figure 7.1 PS83 and PS106 reduced the rate of paralysis in C. elegans strain 

expressing human ß-amyloid.  

(A-E) Rate of paralysis curve of C. elegans Alzheimer’s model (GMC101) 

expressing full-length human ß-amyloid upon treatment with (A, D) 5 µM 

PS83, (B, E) 25 µM PS106, or (C) 100 mM metformin control. In (D, E), 

worms were reared on E. coli expressing cdc-25.1(RNAi)/vector(RNAi) or cdc-

25.1(RNAi)/pink-1(RNAi). At least three biological replicates with ~180 

worms/replicate were analyzed. p values were determined from Student’s t-test. 
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*p < 0.05, ** p < 0.01, *** p < 0.001. Black stars indicate significance 

compared to DMSO control. Red stars in (D, E) indicated statistical 

significance between PS compound on vector vs pink-1(RNAi)-reared animals. 

 

Figure 7.2 Three PS compounds reduced the rate of paralysis in C. elegans 
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Alzheimer’s model.  

Percent paralysis of C. elegans GMC101 that expresses full-length human ß-

amyloid upon treatment with (A-H) DMSO control compared to (A) PS30, (B) 

PS34, (C) PS83, (D) PS103, (E) PS106, (F) PS127, (G) PS135, and (H) PS143. 

Concentrations of PS compounds were indicated on the graphs. At least three 

biological replicates with ~180 worms/replicate were analyzed. p values were 

determined from Student’s t-test. NS not significant, *p < 0.05, ** p < 0.01, 

*** p < 0.001. 

 

 

7.2.4.2 PS83 and PS106 ameliorated polyglutamine expression 

related symptoms in C. elegans  

 

To test whether the compounds had a broad protective effect on aberrant protestasis, 

we obtained a worm strain, GF66, that expresses a YFP-tagged protein with an 

engineered polyglutamine (polyQ) repeat of 82 consecutive glutamine residues 

(Q82::YFP) (75). PolyQ repeats are causative for at least ten different 

neurodegenerative diseases, with the best-known being Huntington’s chorea (240). 

Expression of the chimeric Q82::YFP product under the control of a tissue-specific 

promoter (e.g., unc-54 or vha-6) causes Q82::YFP aggregation in the target tissue 
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(75).  

 

Figure 7.3 106 reduced aggregate formation in C. elegans strain expressing 

polyglutamine.  
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(A, B) Percent distribution of the number of polyglutamine aggregates in C. 

elegans strain expressing polyglutamine (Q82) (GF66) upon treatment with 

(A) 5 μM PS83 or (B) 25 μM PS106. Three biological replicates with ~30 

worms/replicate were scored and analyzed. p values were determined from 

Chi-square test. NS not significant, *** p < 0.001. 

 

Young adult worms expressing the Q82::YFP construct under the intestinal promoter 

vha-6 were treated with PS83 (5 μM) or PS106 (25 μM) for 24 h, and then aggregates 

were manually counted under low magnification (Figure. 7.3). We found that PS83 

showed no clear difference from vehicle alone (Figure. 7.3), while PS106 treatment 

significantly reduced the number of aggregates (Figure. 7.3). Previously, the 

Morimoto lab implicated activated DAF-16/FOXO in limiting Q82 aggregation and 

paralysis when aggregates form in body wall muscles (75). Since PS106 did not 

induce DAF-16 nuclear localization, the precise regulatory pathway induced by 

PS106 and its role in providing neuroprotection will need to be further elucidated. 

 

In summary, low doses of sertraline can reduce the phenotype of neurodegenerative 

disease (in both AD and HD models), likely by triggering PINK-1 stabilization and 

mitochondrial recycling. These data highlight the potential for utilizing sertraline 

and other PS compounds as a treatment for more NDDs. My findings also emphasize 
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the promise of modulating mitochondrial function in treatment of multiple types of 

diseases. 
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