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Abstract 

Current chemotherapy options for acute myeloid leukemia (AML) are still limited, despite recent 

efforts to develop novel drugs for AML with greater efficacy and acceptable toxicity. Several 

antimalarial analogs of the compound artemisinin (ARTs) possess antineoplastic activity across 

many cancer cell types, with highest potency against leukemia cells, but their detailed molecular 

mechanisms of action (MOA) are inconclusively established. This study leveraged our previous 

findings that ARTs downregulated the antiapoptotic protein, myeloid cell leukemia-1 (MCL1), 

and upregulated the transcription factor, CCATT/enhancer-binding protein homologous protein 

(CHOP), in human AML cells. We assessed the roles of these molecules in the antileukemic MOA 

of the highly potent ART analog, ART838, in the human MOLM14 AML cell line. We found that 

enforced MCL1 overexpression rescues from ART838-mediated cell death. However, neither 

CHOP overexpression nor CRISPR-Cas9-mediated CHOP knockout affected growth/survival or 

cellular levels of MCL1 protein, in the absence or presence of ART838.   
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Chapter 1- Introduction 

Acute Myeloid Leukemia 

Etiology 

Acute myeloid leukemia (AML) is a clonal hematopoietic disorder that results in 

uncontrolled growth and accumulation of immature myeloid cells (5). In normal myeloid 

cells, extensive cellular proliferation is accompanied by differentiation, which in turn 

results in loss of cell proliferative and survival capacities. Laboratory studies show that 

cooperative effects of at least two discrete types of mutations are necessary to uncouple 

differentiation from proliferation and thereby reprogram AML cells to undergo unregulated 

proliferation with sustained survival (6-8). In these models, the first type of mutation 

usually occurs in genes that stimulate signal transduction pathways, e.g., mutations leading 

to constitutive activation of the receptor tyrosine kinase (RTK) fms-like tyrosine kinase 3 

(FLT3), v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (KIT) or rat 

sarcoma virus (RAS) signaling pathway, resulting in promotion of proliferation and/or 

survival of the mutant cells. The second type of mutation typically occurs in genes 

encoding transcription factors, e.g., mutations of the transcription factors Runt-related 

transcription factor 1 (RUNX1), CCAAT/enhancer binding protein alpha (CEBPα), and 

mixed lineage leukemia (MLL), resulting in enforced arrest of differentiation of the mutant 

cells. When they occur together in one cell, these two types of somatic mutations endow a 

hematopoietic stem or progenitor cell with proliferation and survival advantages over wild-

type stem-progenitor cells and impair hematopoietic differentiation (9).  
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Activating mutations in genes encoding RTKs, such as FLT3 or c-KIT, occur in >30% of 

AML cases (10). Activating mutations in genes encoding cytoplasmic tyrosine kinases, 

such as the SRC family tyrosine kinases  are also observed in AML, (5) and they regulate 

processes important for cancer progression, including cell adhesion and migration, as well 

as proliferation and survival (11,12). Other mutations in AML patients include mutations 

in the nucleoplasmin 1 (NPM1), CEBP, Ten-Eleven-Translocation-2 (TET2), DNA 

methyltransferase 3 A (DNMT3A), isocitrate dehydrogenase (IDH) 1 and 2, and additional 

sex comb-like 1 (ASXL1) genes (9). In current clinical practice, prognostically important 

molecular subsets are based on the identification of a FLT3 mutation (30% of AML cases), 

NPM1 mutation  (40–50% of AML), (IDH1/2) mutations (20% of AML), and tumor 

protein (p53) mutations (2-20% of AML) (13). FLT3 internal tandem duplication 

(FLT3/ITD) and mixed lineage leukemia rearrangement (MLLr) mutations are among 

several mutations which confer especially poor prognosis in AML (14). AML biology and 

prognostic impact may be dependent on the complete mutational profile of the given AML 

case, i.e., mutations may cooperate or interact negatively. In addition, the prognostic 

impact of a given mutation may be modified by clinical parameters. For example, the 

prognostic impact of FLT3/ITD and NPM1 mutations was found to be age-dependent; 

FLT3/ITD marks poor survival in younger (<60 years) but not in older (60-74 years) AML 

patients, and NPM1 mutation marks better survival in older, but not younger AML patients 

(15). The prognostic impact of individual mutations may also be treatment-dependent, and 

thus may improve in the future, e.g., as mutation-specific treatment is applied. Although 

two such mutations may be sufficient for leukemogenesis in mouse models, sequencing 

studies indicate that each human AML case harbors an average of 13 genomic alterations 
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of which approximately 3 are functional oncogenic “driver” mutations and the remainder 

may be “passenger” mutation (16). However, the range of numbers of mutations per AML 

case is high, e.g., AML cases that occur in the setting of a pre-existing 

myelodysplastic/myeloproliferative disorder may harbor over 100 mutations (reviewed in 

ref. 2,17,18)(Figure 1-1). Indeed, current thinking includes a third class of typical AML 

mutations, i.e., mutations which alter epigenetic modification (19). In addition, each AML 

case has a high degree of phenotypic and genetic cellular heterogeneity, due to parallel 

subclonal cellular, genetic, and epigenetic evolution prior to diagnosis that continues with, 

and is shaped by, treatment (7,8,20).  

 

Class I mutations enhance proliferative signaling pathways and confer survival advantages. Class II 

mutations impair the processes of cell differentiation and apoptosis. Class 0/III mutations, however, can 

also be an early event before class I, promotes epigenetic modifications which finally confer malignant 

transformation to the HPCs and lead to overt leukemia. (Adapted from ref. 2). 

Figure 1-1. A schematic representation of the collaboration between at least three classes of gene 

mutations (class I, II, III), that happen in a hematopoietic progenitor cell (HPC) and are associated 

with the appearance of AML. 
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AML subtypes 

AML cases have been classified using several different systems over the years, based on 

etiology, morphology, immunophenotype, and/or genetics. In the 1970s, AML was 

classified according to the French-American-British (FAB) classification system, which 

relied on then-existing technologies; mainly microscopic morphology, cytochemistry and 

immunophenotype, to distinguish eight major AML subtypes (FAB M0 to M7) (21) (Table 

1-1). Today, the World Health Organization (WHO) classification of AML has replaced 

the FAB classification system as the crucial algorithm for AML subclassification. The 

WHO classification was updated in 2016 and defines seven AML subtypes: 1) AML with 

certain genetic abnormalities; 2) AML with myelodysplastic syndrome (MDS)-related 

changes; 3) AML related to previous chemotherapy or radiation; 4) AML not otherwise 

specified (NOS) (similar to FAB Classification M0–M7 with others such as acute 

megakaryoblastic leukemia, acute pan-myelosis with myelofibrosis, and pure 

erythroleukemia); 5) Myeloid sarcoma; 6) Myeloid proliferations related to Down 

syndrome; and 7) Undifferentiated and biphenotypic acute leukemias (leukemias that have 

both lymphocytic and myeloid features) (179, 22). Based on etiology alone, AML can also 

be subdivided into three distinct categories: 1) Secondary AML (s-AML) (associated with 

antecedent MDS or other myeloid proliferative disorder (MPD), ~20% of all AML cases); 

2) Therapy-related AML (t-AML) (associated with prior toxin/chemotherapy exposure, 

~10% of all AML cases)  and 3) De novo AML (~70% of all AML cases) (23-25).  

Several factors are associated with an increased risk of AML, including prior exposure to 

chemotherapy, ionizing radiation, chemical benzene, age (AML incidence increases with 

age), smoking, certain genetic disorders (e.g., Down syndrome, Klinefelter syndrome, 
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Fanconi anemia), and certain bone marrow disorders (e.g., aplastic anemia, myelofibrosis, 

polycythemia vera, MDS, MPD) (reviewed in ref. 26). Only a small number of AML cases 

have these known risk factors, and some of these risks are quantitative rather than absolute; 

e.g., a Los Angeles county population-based study found that the odds ratio for smoking 

risk associated with M2 FAB subtype of AML was only 1.2 (27).  

Table 1-1. FAB classification of AML. 

 

Epidemiology 

AML is relatively rare, making up only about 1% of cancers overall, but is the second most 

common type of leukemia diagnosed in adults and children (and the most common acute 

leukemia in adults and children (although acute lymphoblastic leukemia (ALL) is more 

common within children). Most cases of AML occur in adults, comprising about 31% of 

all adult leukemia cases; the majority of adult leukemias are chronic rather than acute, 

while acute leukemias predominate in children (179). The median age of AML diagnosis 

is 68 years. The American Cancer Society predicts about 20,050 new cases of AML with 

FAB subtype Name Adult AML patients (%) 

M0 Undifferentiated acute myeloblastic leukemia 5% 

M1 Acute myeloblastic leukemia with minimal maturation 15% 

M2 Acute myeloblastic leukemia with maturation 25% 

M3 Acute promyelocytic leukemia 10% 

M4 Acute myelomonocytic leukemia 20% 

M4eos Acute myelomonocytic leukemia with eosinophilia 5% 

M5 Acute monocytic leukemia 10% 

M6 Acute erythroid leukemia 5% 

M7 Acute megakaryocytic leukemia 5% 
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11,540 deaths in the US for the year 2022 (178). The 5-year survival rate for people over 

age 20 with AML is 26% and less than 5 % for those over 65 years; for people younger 

than 20 years, the survival rate is 68% (178). Overall, across all ages, AML is cured in only 

30% of patients treated in the United States (180).  

The increased incidence of AML in senior adults is suggested to be due at least in part to 

differences between older vs. younger hematopoietic stem cells (HSCs), as older HSCs 

cycle more frequently and have an inherently biased differentiation toward myeloid 

lineages. Reduced expression of genes involved in maintaining genetic integrity and 

executing the DNA damage repair response; and increased expression of leukemia-

associated genes or accumulation of leukemogenic mutations over the years in these older 

HSCs may explain the progressively increased incidence of AML with age (28). 

Therapeutics 

Over the past 2 decades, there have been significant improvements in the overall survival 

(OS) for children and adolescents with AML (5-year OS 60%-75%), due to intensification 

of standard chemotherapy, enhanced risk stratification, supportive care, and minimal 

residual disease monitoring (reviewed in ref. 29,30). However, survival rates in adults, 

especially the elderly, are not as favorable (181). 

Chemotherapy  

AML therapy still depends mainly on historic non-target-specific chemotherapy (14,31). 

Standard AML chemotherapy usually has two phases: induction and consolidation. The 

aim of induction chemotherapy is to achieve complete remission (CR, defined as the return 

to normal of bone marrow and blood cell counts). Continuous infusion of cytarabine for 7 
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days plus daily intravenous administration of an anthracycline, usually daunorubicin, for 3 

days (“7&3”) is the classic induction combination chemotherapy regimen that has been the 

world standard since the 1970s (9). For AML patients in whom CR is observed, subsequent 

consolidation chemotherapy is designed to eliminate minimal or undetectable residual 

AML cells that persist after induction. Stem cell transplantation may be the most effective 

form of consolidation therapy for most AML subtypes, but repeated cycles of combination 

therapy are used alternatively and may be preferred in some AMLs with better prognostic 

factors  (9). Elderly patients, especially those with comorbidities (cardiac, pulmonary, 

hepatic, renal, diabetes, hypertension, or frailty) or with adverse-risk AML (e.g., secondary 

AML or treatment-related AML) have poor prognosis with the 7&3 regimen, and suffer 

both high treatment-related mortality and low cure rates (reviewed in ref. 32). Hence, 

developing novel effective but lower-toxicity targeted therapy combinations, especially for 

older/frail patients is a major goal in AML therapeutics. 

Rather than a single disease, AML is considered a heterogeneous constellation of sub-

entities characterized by diverse pathophysiologic clinical, cytogenetic, and molecular 

profiles that may in the future benefit from rationally selected therapies. As current 

examples:  

(1) In acute promyelocytic leukemia (APL), “chemotherapy-free” regimens 

consisting of all trans-retinoic acid (ATRA) and arsenic trioxide have resulted in 

cure rates of 90%; but unfortunately, only in the APL subtype of AML is highly 

sensitive to these two agents.  
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(2) In core-binding factor (CBF) AML, adding gemtuzumab ozogamicin (GO; 

CD33-targeted monoclonal antibody conjugated to a calicheamicin payload) to 

high-dose cytarabine-based chemotherapy increased the long-term survival rate 

from 50% to 75% (reviewed in ref. 13). 

Targeted therapy  

At least 10 targeted inhibitors have been approved for use since 2017 (13), in AML 

treatment. Among these agents, Tyrosine kinase inhibitors (TKIs), IDH and BCL2 

inhibitors are the most successful (Table 1-2). While these targeted inhibitors have 

unfortunately induced only transient partial responses as single agents (33,34), current 

efforts are developing target agent-containing combination chemotherapy regimens that 

are effective and acceptably toxic (35-37). For certain molecular subtypes of AML, 

inhibitors that target specific molecular alterations have already been added to the standard 

7&3 chemotherapy regimen (38). The principles of combination cancer chemotherapy are 

well-established, i.e., 

(1) include drugs that have antineoplastic activity as monotherapies;  

(2) address drug resistance by combining drugs with different targets and modes of 

action to provide additive or synergistic antineoplastic efficacy;  

(3) combine drugs with non-overlapping, non-additive side effects (39-41).  

The need for extensive panels of drug combinations for ideal treatment of AML is 

highlighted by the current unacceptably low clinical cure rates and the single-cell 

sequencing evidence of extensive, dynamic subclonal heterogeneity in individual AML 

cases (7,8,20). 
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The optimal frontline therapy for fit, younger (age <60) patients with AML is evolving. 

While many AML experts adhere to 7&3 regimen as the standard of care, improved 

regimens are emerging. These include high-dose cytarabine during induction, nucleoside 

analogs, GO (in CBF and intermediate-karyotype AML), FLT3 inhibitors (e.g., gilteritinib, 

midostaurin, sorafenib in FLT3-mutated AML), IDH inhibitors in cases harboring IDH1 

or IDH2 mutations, and venetoclax (especially in non FLT3-mutated AML) (reviewed in 

ref. 13).  

Table 1-2. Recent Food and Drug Administration Drug Approvals (since 2017) for 

treatment of AML with specific indications. 

Treatment (approval date) Description Indication 

Midostaurin (April 2017) FLT3 inhibitor Newly diagnosed FLT3-mutated 

AML, in combination with 

standard cytarabine and 

daunorubicin induction and 

cytarabine consolidation 

Gemtuzumab ozogamicin (GO) 

(September 2017) 

CD33 monoclonal antibody-drug 

conjugate 

Adults with newly diagnosed 

CD33+ AML; refractory-relapsed 

CD33+ AML in patients ≥ 2 years 

of age 

CPX-351 (August 2017) Liposomal preparation of 

cytarabine and daunorubicin at a 

5:1 molar ratio 

Newly diagnosed therapy-related 

AML, secondary AML or AML 

with myelodysplasia-related 

changes 
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Table 1-2 continued. 

 

Glasdegib (November 2018) Hedgehog pathway inhibitor Newly diagnosed AML aged ≥ 75 

years or with co-morbidities that 

preclude the use of intensive 

induction chemotherapy (in 

combination with low-dose 

cytarabine) 

Venetoclax (November 2018) BCL2 inhibitor In combination with azacitidine 

or decitabine, or low-dose 

cytarabine in newly diagnosed 

AML aged ≥ 75 years or with co-

morbidities that preclude the use 

of intensive induction 

chemotherapy 

Enasidenib (August 2017) IDH2 inhibitor Relapsed or refractory IDH2- 

mutated AML (as detected by 

FDA-approved test) 

Ivosidenib (July 2018) (May 

2019) 

IDH1 inhibitor 1. Relapsed or refractory IDH1-

mutated AML. 2. First line 

treatment of IDH1-mutated 

AML, patients ≥ 75 years old or 

ineligible to receive intensive 

chemotherapy. 

Gilteritinib (November 2018) FLT3 inhibitor Patients with relapsed or 

refractory FLT3-mutated AML 
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Table 1-2 continued. 

 

Immunotherapy, despite its striking impact in some other cancers, has not yet shown 

substantial efficacy in AML (42-44). Localized treatments like surgery and radiation may 

be used in rare cases where there is an isolated tumor of leukemia cells (called myeloid 

sarcoma, granulocytic sarcoma, or chloroma), but in most AML cases, localized treatments 

are generally used only for palliative therapy, since AML is generally a disseminated 

disease. In addition, radiation may be used as part of a conditioning regimen prior to stem 

cell transplantation (182). 

CC-486 (September 2020) Oral azacitidine 

(hypomethylating agent) 

Continued treatment of adult 

patients with AML who achieved 

first complete remission or 

complete remission with 

incomplete blood count recovery 

following intensive induction 

chemotherapy and who are not 

able to complete intensive 

curative therapy 

Oral Decitabine-cedazuridine 

(July 2020) 

Oral hypomethylating agent Alternative to parenteral HMAs 

decitabine for the treatment of 

adults with MDS 

(pretreated/untreated; de 

novo/secondary) or CMML 
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Drug Repurposing and Natural Products 

Drug Repurposing 

Despite an estimated annual $50 billion spent on research and development by large 

pharmaceutical companies, only about 1 in 20 antineoplastic drugs that reaches Phase I 

clinical trials is ever FDA approved. Bringing a new drug to market requires an average 

$1.8 billion dollars and 13 years of research. Moreover, most new cancer drugs provide 

only small increases in OS, which is often gained at the cost of reduced quality of life, due 

to severe side effects (with huge financial burdens of the costly new drugs on patients) 

(45,46). Unacceptable toxicity and poor bioavailability are among several reasons for the 

failure of a new drug. Repurposing established drugs provides confirmed safety and 

pharmacokinetic parameters in humans, which can potentially expedite their transition to 

Phase II and III clinical trials. An estimated 25% of repurposed drugs that enter Phase II 

clinical trials and 65% that enter Phase III clinical trials have been approved for the new 

indication, as compared to only 10% and 50% of novel drugs, respectively (46). Since as 

mentioned above, AML is still being treated primarily with the same cytotoxic drugs that 

have been in use for five decades (47-49), our laboratory screened a large library of current 

clinical drugs for antileukemic activity. 

Natural Products as Cancer Drugs 

Several antineoplastic drugs have been sourced from plants, including the vinca alkaloids, 

epipodophyllotoxins, camptothecins, taxanes, and several kinase inhibitors (50,51). There 

has been increasing interest in development of drugs based on natural compounds from 

medicinal plants, such as those utilized in traditional Chinese medicine. Between 1981-
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2010, 34% of all new small molecule drugs approved by the FDA were either natural 

products or natural product derivatives. These small molecules offer a diverse array of 

chemical scaffolds and pharmacophores for further drug optimization and development 

(52); thus, the natural product in use for a non-malignant disease(s) may not itself be ideal 

for use as an antineoplastic, but may instead represent a “lead compound,” which stimulates 

development of analogs that are far better antineoplastics than the natural product per se. 

In addition, investigation of the antineoplastic mechanism of action of a repurposed 

compound may identify novel therapeutic targets for cancer treatment. Our laboratory 

identified antileukemic activity of artemisinin and its derivatives. The plant-derived 

artemisinin (ART) class of compounds includes highly effective clinical antimalarial drugs 

and is now being researched  for treatment of a variety of cancers, including leukemias, by 

our laboratory as well as others (53-55). 

Artemisinins (ARTs) 

Discovery and antimalarial activity 

In 1971, the compound artemisinin, a sesquiterpene trioxane lactone (1) extracted from the 

sweet wormwood plant, Artemisia annua, was discovered by Dr. Youyou Tu and her team, 

supported by a national Chinese initiative to search for novel compounds based on folklore-

derived herbal treatments for malaria. This 2015 Nobel Prize-winning Chinese scientific 

team subsequently found that dihydroartemisinin (DHA), the principal metabolite of 

artemisinin due to lactone reduction in human plasma, was more potent against malaria 

than artemisinin itself (56). Since then, many artemisinin derivatives have been developed 

to gain improved pharmacology, efficacy, and tolerability (57) (Figure 1-2 a). Two 
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artemisinin analogs, artesunate (AS) and artemether (AM), are currently in worldwide use 

as the mainstays of highly effective malaria treatment, with low or absent clinical toxicity 

(58). The entire class of artemisinin derivatives will be referred to below as 

“artemisinin(s)” and abbreviated as “ART(s).”  

In 1979, the molecule artemisinin was determined structurally to be a sesquiterpene 

trioxane lactone with the empirical formula of C15H22O5 that contains an endoperoxide 

bridge essential for its activity, three methyl groups (one tertiary and two secondary), and 

several other aliphatic carbon atoms. The lactone in artemisinin can easily be reduced, 

resulting in its rapid metabolism to DHA in human plasma, which has been used to 

synthesize many ART derivatives (59,60) (Figure 1-2 b). 

Although the mechanistic basis for the antimalarial activity of ARTs is not fully 

understood, it is widely accepted that the endoperoxide pharmacophore present in all ARTs 

plays a crucial role in their antimalarial activity (55). The principal mechanistic theory for 

the antimalarial activity of ARTs is that the oxygen atoms in the endoperoxide bridge react 

with iron (II) (Fe2+)-heme, which is prevalent in the cellular environment of Plasmodia 

during the erythrocytic stage of their lifecycle (61). This Fenton-like reaction leads to the 

formation of reactive oxygen species (ROS) and their subsequent intramolecular electronic 

rearrangement to carbon-centered free radicals, which mediate parasite death by oxidation 

of unknown critical target molecules (62,63) (Figure 1-2 b). Studies designed to identify 

the key direct target of ARTs in malaria have detected hundreds of different molecules, 

rather than one or a few critical mechanistic target molecules (64). 
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a) The endoperoxide bond is in red in the structure of the artemisinin compound. The motifs characterizing 

each derivative are in blue. b) In the presence of free heme/Fe2+ ions, ARTs undergo reductive activation 

at either O1 or O2 positions and generate ROS which further rearranges to form carbon centered free 

radicals (highlighted in green). (Adapted from ref. 1). c) Structure of the second generation ART 

derivative, artemisinin-derived trioxane diphenylphosphate dimer 838 (ART838) (Adapted from ref. 3). 

c 

 Figure 1-2. Structural comparison of ART derivatives, and proposed mechanism of activation. 
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Antineoplastic activity 

Preclinical efficacy 

Over the last two decades, ARTs have been shown to have in vitro and in vivo inhibitory 

(“cytostatic”) and/or cytotoxic effects by several cellular mechanisms against a range of 

cancer types, including cells resistant to standard cancer chemotherapy. ARTs have shown 

highest potency in leukemia cells in comparisons across multiple cancer cell types (65,66). 

When nine different antimalarial compounds were tested against a panel of ten human 

AML cell lines, DHA and AS (the only ARTs tested) were found to have the most potent 

activities of the nine compounds; AMLs harboring FLT3/ITD and MLLr mutations 

(associated with poor prognosis), were highly sensitive. The MV4;11 cell line, which 

harbors MLLr and FLT3/ITD mutations, was the most sensitive AML cell line tested. In 

addition, the highest levels of ROS were found in the MV4;11 cell line following treatment 

with ARTs (accompanied by decreased lysosomal integrity and increased caspase 

activation), compared to the other 9 AML cell lines tested (67). 

ARTs have in vivo efficacy in xenograft models of multiple cancers, including non-small 

cell lung cancer (A549 cells) (68), pancreatic cancer (Panc-1 cells) (69), gastric cancer 

(BGC-823 cells) (70), Kaposi’s sarcoma (KS-IMM cells) (71), hepatocellular carcinoma 

(HepG2 and Hep3B cells) (72,73), and osteosarcoma (HOS cells) (74). A previously 

published study from our lab showed activity against human AML in immunodeficient 

mice transplanted with MOLM14 AML cells (i.e., AML xenografts) of oral treatment with 

AS or the artemisinin-derived trioxane diphenylphosphate 838 dimeric analog (ART838) 

(53). A subsequent study from our lab showed that an oral 3-drug “SAV” regimen 

(sorafenib plus ART838 plus venetoclax) was tolerable and resulted in long deep 
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remissions with extended survival (i.e., potential cures) in MOLM14 and MV4;11 AML 

cell line xenograft models, each harboring both MLLr and FLT3/ITD mutations, and 

inhibited growth in 2 AML primagraft models that lacked MLLr and FLT3/ITD mutations 

(54). These results are consistent with the activity of AS and AM in U937 and HL60 

leukemia cell lines in vitro and in AML cell line xenograft models (75). 

Given their antileukemic effects and low clinical toxicity, ARTs appear to be strong 

candidates to be investigated for treatment of AML. However, due to their short plasma 

half-lives, ARTs generally must be administered for malaria treatment in combination with 

other antimalarial agents (76). In addition, the clinical ARTs used in malaria treatment 

likely do not provide the high, sustained plasma levels desired for antineoplastic therapy, 

due to their poor absorption and rapid metabolism (67). To overcome these pharmacologic 

drawbacks, ART monomers have been covalently tethered together at the C10 position with 

a metabolically stable short linker (3,77-79), to synthesize ART dimers that have high 

activity and are resistant to in vivo metabolism involving the C10 position; e.g., ART838 is 

one of the most potent antimalarial ART derivatives (3,77) (Figure 1-2 c). Our laboratory 

found that ART838, designed to address the poor bioavailability and rapid metabolism of 

first generation ARTs (3), was88-fold more potent (average across 23 human leukemia cell 

lines in vitro) than AS, the major clinical antimalarial ART derivative, and ART838 had a 

several-fold prolonged in vivo half-life (53). 

Clinical trials and case reports 

There have been only a few clinical trials of ART monotherapy in cancer, mostly utilizing 

AS. Recent clinical studies showed AS to be well tolerated and safe in patients with solid 

tumors and metastatic breast cancers, albeit with myelotoxicity generally the dose-limiting 
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toxicity (80-83). AS was also well-tolerated and had antineoplastic activity against 

colorectal cancers (84), non-small cell lung carcinoma (85) and cervical carcinoma (86). 

ART-based combination therapies have not yet reached clinical trials (87,88).  

ART resistance 

A DHA-resistant MOLT4 cell line called RTN was obtained by culture in progressively 

increasing concentrations of DHA (89). The resistance of RTN is suggested to be due to 

enhanced DNA repair (90),  promoted efflux of DHA mediated by cell surface transporters 

(91), or reduced DHA-mediated ROS generation due to upregulation of certain 

enzymes/co-enzymes (92).  

Antileukemic mechanism 

Though iron levels in cancer cells are not as high as in erythroid cells, cancer cells have 

higher iron content than most normal cells (93,94), and ARTs are presumed to cause cancer 

cell death via iron-catalyzed lysosomal ROS generation, as likely occurs in malaria 

parasites in their erythrocyte habitat (95,96). Although a plethora of studies have shown 

activity of ARTs against leukemia, mechanisms implicated differ widely. Most of these 

studies have evaluated the effect of the compound artemisinin or its metabolite, DHA, on 

cancer cell lines, with suggested mechanisms including induction of apoptosis or 

autophagy, cell cycle arrest, inhibition of angiogenesis and lysosomal disruption. 

One reason for disease relapse in AML may be persistence of leukemia stem cells (LSCs) 

that are resistant to conventional chemotherapy (97). Maintenance of low levels of ROS 

and overexpression of the antiapoptotic BCL2 protein have both been implicated in LSC 

survival (98). A study (99) on the effects of AS against AML cell lines documented 
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generation of ROS, decreased levels of BCL2 protein, and apoptosis, in vitro and in vivo. 

This study also found activation of the c-Jun N-terminal kinase (JNK)-mediated apoptosis 

pathway in AS-treated AML cell lines. Gao et al. (100) showed that DHA induced 

apoptosis in the HL60 AML cell line, and Zhou et al. (101) found that DHA specifically 

reduced transferrin receptor expression in HL60 cells, inducing activation of caspase-3 and 

levels of BAX while reducing expression of BCL2. In the K562 AML cell line, DHA 

inhibited cell growth through ROS-dependent autophagy, characterized by LC3-11 protein 

expression and caspase-3 activation (102). These studies indicate that ROS generation 

appears to play an important role in antileukemic activity of ARTs, though evidently via 

diverse mechanisms. However, ART-mediated cancer cell death may not be due totally to 

ROS generation and may involve several different and complex modes of action. As 

described in a recent review (103), the MOA of ART may include mechanisms that have 

not been tightly linked to ROS: 

(1) Upstream mechanisms: antioxidant response mechanisms, receptor signaling 

pathways (e.g., EGFR, WNT/b-catenin, breakpoint cluster region protein/Abelson 

tyrosine-protein kinase (BCR/ABL)). 

(2) Target site mechanisms: DNA damage and repair mechanisms, alkylation of 

target proteins (e.g., TCTP, LDH, etc.), cell cycle arrest, neoangiogenesis, invasion 

and metastasis. 

(3) Downstream mechanisms: apoptotic and non-apoptotic cell death (autophagy, 

ferroptosis). 



20 
 

Some studies have shown ROS-independent apoptosis in leukemia cells. Lu et al. found 

that DHA inhibited tumor cell proliferation and induced apoptosis in HL60 cells through 

mitochondrial disruption and caspase activation that was independent of ROS, but iron and 

p38 MAPK played important roles in DHA-induced apoptosis (66). In a study on the effect 

of AS and DHA on AML cell lines, increased ROS was seen in MV4;11 AML cells 

accompanied by lysosomal disruption, but there were no significant changes in ROS levels 

in the ML2 and MOLM13 AML cells lines, though significant lysosomal disruption was 

seen in MOLM13 (67). These studies suggest that ARTs may have antileukemic activities 

in an ROS-independent manner which may be AML subtype or AML case-specific. 

ARTs have also been shown to inhibit cancer cell proliferation through phosphorylation-

mediated suppression of various protein kinases, with consequent reduction of multiple 

signaling cascades in vitro and in vivo. For example, SRC kinases that mediate STAT 

phosphorylation and are overexpressed in LSCs, important for AML cell survival, and had 

decreased phosphorylation at Tyr416 upon ART treatment of MV4;11 and MOLM13 AML 

cell lines (99). Additionally, AS treatment of mice bearing human chronic myeloid 

leukemia (CML) xenograft models resulted in inhibition of CML growth and reduced p38, 

ERK, STAT5, and CREB activation in the CML cells with no significant side effects (104). 

Hence, ARTs may induce AML cell death through modulation of several oncogenic 

signaling cascades that may not be ROS-dependent. 

ARTs can also affect cell cycling and differentiation. Dose-dependent effects of AS have 

been shown on K562 cell cycling. At AS concentrations >200 μM, the percentage of cells 

in G2/LM phase was decreased, and the non-cycling cell proportion increased (177). In 

another study, exposure to the artemisinin compound combined with low doses of 1α, 25-
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dihydoxyvitamin D3 [1,25-(OH)2D3] or ATRA markedly increased HL60 cell 

differentiation accompanied by reduced proliferation (105). Since differentiation block is 

a characteristic of leukemia, induction of differentiation is another potential antileukemic 

mechanism of ARTs. 

ARTs may synergistically enhance the anticancer effect of various chemotherapeutic 

agents including cytarabine and anthracyclines (106). Since ARTs possess antineoplastic 

activity and have essentially no human toxicity in wide current use for malaria treatment, 

ART-based combination drug regimens for multiple cancers including AML have been 

tested in the laboratory with promising results (53,54) (Table 1-3). However, due to the 

lack of an established antineoplastic mechanism of action (MOA) for the ARTs, the basis 

for developing combinations must be empiric. Unraveling the MOA of ARTs would be 

expected to help develop novel targets and potentially novel combination regimens for 

AML treatment, as potential side effects and synergy or additive effects maybe more 

clearly anticipated and elucidated. Furthermore, understanding the MOA of ARTs may 

also identify novel target molecules and help attack AML cells that are resistant to current 

antineoplastic drugs. 

Table 1-3. Combination therapies with ARTs and anticancer compounds assessed in 

leukemia. 

Drug type Drug ARTs* Cell line Reported Effects 
Referenc

e 

BCL2 

inhibitor 

ABT-263/ 

Navitoclax 
DHA 

BCR-ABL+B-

ALL leukemic 

cells and mouse 

models 

Down-regulate 

MCL-1 expression 
(107) 

ABT-199 / 

Venetoclax 
AS 

MV4-11 and 

MOLM-13 cell 

lines 

Increased apoptosis (99) 
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Table 1-3 continued. 

 

Specific Aims and Hypotheses 

Multiple studies, including those from the Civin laboratory (53,54,95,109,110), clearly 

indicate that ARTs’ endoperoxide pharmacophores, essential for their antimalarial and 

antineoplastic activity, are protected until Fe2+ or especially iron-bound proteins like heme 

open them, to generate ROS and free radicals. These highly reactive molecules bind, not 

selectively to just a single target, but promiscuously to hundreds of cellular molecules (111-

113), and likely exert a variety of detrimental effects that promote cell death; e.g., ART 

treatment indirectly alters levels of several proapoptotic and antiapoptotic molecules in 

Kinase 

inhibitor 

Midostaurin 
AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Lestaurtinib 
AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Sorafenib 
AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Anthracycline 

Daunorubicin ART 

MV4-11 and 

MOLM-13 cell 

lines 

Enhances caspase-3 

cleavage 
(99) 

Doxorubicin  

AS 

MV4-11 and 

MOLM-13 cell 

lines 

Increased apoptosis (99) 

AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Antimetabolite 

Cytarabine 

/Cytosine 

Arabinoside 

/ara-C 

AS 

Ten acute 

myeloid leukemia 

cell lines 

Synergistic 

interaction 
(67) 

AS 

MV4-11 and 

MOLM-13 cell 

lines 

Increased apoptosis (99) 

AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Corticosteroid Dexamethasone DHA Molt-4 leukemia 
Enhanced growth 

inhibition 
(108) 

Podophyllotoxi

n derivatives 
Etoposide 

AS, 

ART838 

MOLM14 and 

KOPN8 cells 

Synergistic 

interaction 
(53) 

Iron chelator Deferasirox AS 

MV4-11 and 

MOLM-13 cell 

lines 

Increased ROS 

production 
(99) 
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multiple types of cancer cell lines (67,114,115). To unravel more of the MOA of ARTs in 

AML, our laboratory began (54) a candidate molecule approach by extending published 

findings that had been made previously (107) in acute lymphoid leukemia (ALL) cells; i.e., 

our laboratory showed that ART838 treatment of AML cells results in decreased levels of 

Myeloid cell leukemia-1 (MCL1) protein and increased RNA and protein levels of 

CCATT/enhancer-binding protein homologous protein (CHOP), a key component of the 

cellular integrated stress response (ISR) (a set of cellular pathways triggered in response to 

cellular stresses, including e.g., the unfolded protein response (UPR) pathway)(116-119).  

The purpose of this study were to assess, in human AML cells, the role of CHOP in the 

antileukemic MOA of ART838. The specific hypotheses tested were: (1) MCL1 

overexpression (OE) rescues AML cells from ART838-mediated cell death, (2) CHOP OE 

increases spontaneous and ART838-mediated cell death and MCL1 reduction, and (3) 

CHOP knockout (KO) decreases spontaneous and ART838-mediated cell death and MCL1 

reduction (all in the human MOLM14 AML cell line).  

These hypotheses were tested in the following specific aims: 

Aim 1: Determine the effects of MCL1 OE on growth/survival of MOLM14 AML 

cells in the absence/presence of ART838. 

A) Characterize a set of MCL1 OE human MOLM14 AML cloned cell lines created 

using lentiviral transduction technology. 

B) Assay MOLM14 MCL1 OE clones for growth/survival in the absence/presence of 

ART838.  
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Aim 2: Determine the effects of CHOP OE on growth/survival of MOLM14 AML 

cells and their MCL1 levels in the absence/presence of ART838. 

A) Characterize a set of CHOP OE human MOLM14 cloned cell lines created using 

lentiviral transduction technology. 

B) Assay MOLM14 CHOP OE clones for MCL1 levels in the absence/presence of 

ART838.  

C) Assay MOLM14 CHOP OE clones for growth/survival in the absence/presence of 

ART838.  

Aim 3: Determine the effects of CHOP KO on growth/survival of MOLM14 AML 

cells and their MCL1 levels in the absence/presence of ART838. 

A) Characterize a set of CHOP KO human MOLM14 cloned cell lines created using 

CRISPR-Cas9 technology. 

B) Assay MOLM14 CHOP KO clones for MCL1 levels in the absence/presence of 

ART838.  

C)  Assay CHOP KO MOLM14 clones for growth/survival in the absence/presence of 

ART838.  

The overall goal of this study was to determine if CHOP is involved in the antileukemic 

MOA of ARTs. Specifically, the role of CHOP in the antileukemic activity of ARTs was 

investigated based on the idea that ARTs trigger the ISR pathway, of which CHOP is a key 

transcription factor, in AML cells leading to cell death (Figure 1-3). This will provide 

increased mechanistic insight into the antileukemic activity of ARTs and thus expand 

clinical potential. Several proteins of the ISR pathway have been shown to be upregulated 
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upon ART treatment of hematologic cancer cells, with diverse MOAs suggested but no full 

pathway proven. My results will be supplemented with ongoing evaluation of other ISR-

related candidate molecules by other members of the Civin laboratory. Thorough 

evaluation of the antileukemic MOA of ART838 will position ARTs as better candidates 

for therapeutic use against human leukemias and may reveal novel therapeutic targets for 

AML. 

 

 

  

ARTs generate ROS or free radicals via activation of their endoperoxide pharmacophore by free heme 

(Fe2+) leading to activation of the ISR pathway. This results in apoptotic cell death by activation of CHOP. 

Figure 1-3. Proposed role of CHOP in the antileukemic activity of ARTs. 
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Chapter 2- Materials and Methods 

Reagents 

All reagents, cells and their sources are listed in Table 2-1. 

Table 2-1. Key resources 

 

Reagent name Source Location Catalog # 

Compounds 

AlamarBlueTM Cell Viability Reagent ThermoFisher Scientific Waltham, MA DAL1100 

Artemisinin-derived trioxane 

diphylphosphate dimer 838 (ART838) 
Vagdevi InnoScience Hyderabad, India N/A 

Bio-Rad Protein Assay Dye Reagent 

Concentrate 
Bio-Rad Laboratories Hercules, CA 5000006 

Blotto, non-fat dry milk Santa Cruz Biotechnology Dallas, TX SC-2325 

Bovine Serum Albumin (BSA) Sigma  A7906 

Cell Culture Tris-Buffered Saline (10X), 

Corning™ (TBS) 
Corning Corning, NY 46-012-CM 

Deionized water 
Millipore Milli-Q-UF 

filtration system 
Milford, MA ZMQP6V001 

DMSO ThermoFisher Scientific Waltham, MA D12345 

iBlot™ 2 Transfer Stacks, PVDF ThermoFisher Scientific Waltham, MA 
IB24002, 

IB24001 

NuPAGE™ 10%, Bis-Tris, 1.0 mm, 

Mini Protein Gel, 10-well 
ThermoFisher Scientific Waltham, MA NP0301BOX 

NuPAGE™ 4 to 12%, Bis-Tris, 1.0 mm, 

Mini Protein Gel, 12-well 
ThermoFisher Scientific Waltham, MA NP0322BOX 

NuPAGE™ Antioxidant ThermoFisher Scientific Waltham, MA NP0005 

NuPAGE™ LDS Sample Buffer (4X) ThermoFisher Scientific Waltham, MA NP0007 

NuPAGE™ MOPS SDS Running Buffer 

(20X) 
ThermoFisher Scientific Waltham, MA NP0001 

NuPAGE™ Sample Reducing Agent 

(10X) 
ThermoFisher Scientific Waltham, MA NP0009 

PageRuler™ Prestained Protein Ladder, 

10 to 180 Kda 
ThermoFisher Scientific Waltham, MA 26616 
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     Table 2-1 continued. 

     N/A, not applicable. 

Drugs 

ART838, Venetoclax (VEN)/ABT199, and S63845 were prepared in dimethyl sulfoxide 

(DMSO; Corning) at stock concentrations of 10mM, 50 mM and 10 mM, respectively. 

These drugs were stored at -20oC. All stock drugs were further diluted into cell culture 

Pepstatin A ThermoFisher Scientific Waltham, MA 78436 

Phosphate buffered saline (PBS) Quality Biological 
Gaithersburg, 

MD 
119-069-101 

Polybrene Sigma  H9268 

PowerSYBR Green Master Mix ThermoFisher Scientific Waltham, MA 4367659 

Protease inhibitor cocktail Sigma-Aldrich St. Louis, MO P8340 

RIPA buffer Sigma-Aldrich St. Louis, MO R0278 

S63845 ChemieTek Indianapolis, IN CT-S63845 

SuperSignal™ West Pico PLUS 

Chemiluminescent Substrate 
ThermoFisher Scientific Waltham, MA 34580 

TWEEN® 20 Sigma-Aldrich St. Louis, MO P7949 

Venetoclax (ABT199; VEN) Chemgood Glen Allen, VA A-1231 

Trypan blue dye (0.4%) ThermoFisher Scientific  T10282 

Media and Constituents 

Fetal bovine serum (FBS) Gemini Bioproducts 
West 

Sacramento, CA 
100-106 

Newborn Calf serum (NBCS) Sigma St. Louis, MO N4762 

RPMI 1640 Corning Corning, NY 10-040-CV 

RPMI 1640 
Gibco (ThermoFisher 

Scientific) 
Waltham, MA 11875093 

Molecular Biology Kits 

SF Cell Line 4D-NucleofectorTM X Kit S Lonza 
Basel, 

Switzerland 
V4XC-2032 

QIAzol lysis reagent RNA isolation 

miRNeasy kit 
QIAgen Valencia, CA 217004 

High-Capacity RNA-to-cDNA™ Kit ThermoFisher Scientific Waltham, MA 4387406 
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media for experimental use; final DMSO concentrations were the same for all samples in 

any given experiment and always <0.8%.  

Cells 

The human MOLM14 AML cell line, was purchased initially from DSMZ (German 

Collection of Microorganisms and Cell Cultures GmbH, Braunschweig, Germany), then 

expanded and cryopreserved at passage 3 in freezing media (RPMI-1640 media with L-

glutamine (Corning/Gibco), 20% fetal bovine serum (FBS; GeminiBio), and 10% DMSO 

(Corning)). Frozen MOLM14 cells were stored in a liquid nitrogen freezer, then thawed 

and subsequently cultured (37°C, 5% CO2) in culture medium (RPMI1640 containing L-

glutamine and 10% FBS) and passaged (usually twice weekly) at least twice before 

experimental use. MOLM14 cells were utilized only in exponential growth phase for 

experiments. MOLM14 cell line authenticity was confirmed using short tandem repeat 

(STR) profiling analysis by the UMB Biopolymer-Genomics Core Laboratory in May 

2021.  

Lentiviral transduction 

Early passage, recently single-cell, limiting-dilution cloned MOLM14 cells had been 

transduced previously by Blake Moses PhD (Postdoctoral Fellow, Civin lab) in 

collaboration with two prior rotating UMB GPILS (Graduate Program in Life Sciences) 

students using the lentiviral expression vector, pWCC43, a dual promoter lentivector 

generated by the Civin lab (120), including a human ubiquitin C (hUbC) promoter-driven 

green fluorescence protein (GFP) cDNA and elongation factor 1-alpha (EF1α) promoter-

driven cDNA encoding the given gene-of-interest. For our overexpression (OE) 
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experiments, we cloned PCR amplified cDNAs encoding Myeloid cell leukemia-1 (MCL1) 

or CCAAT-enhancer-binding proteins (C/EBP) homologous protein (CHOP) (Table 2-2) 

into pWCC43 lentiviral expression vector (Table 2-3). For historical reasons, the CHOP 

mRNA is sometimes referred to as DNA damage inducible transcript 3 (DDIT3). 

MOLM14 cells were transduced with lentivirus at multiplicity of infection (MOI) = 25 for 

target gene OE and MOI = 1 for empty vector (EV) for 3 days, with 1mg/ml  Kolliphor® 

P407 as a transduction enhancer (121). Transduction efficiency was ~80% (MCL1 OE and 

EV) and ~30% (CHOP OE), as determined by flow cytometric analysis of GFP+ cells. 

These transduced MOLM14 cells were plated at 0.5 cells/well in 96 well plates to generate 

single-cell clones. GFP cellular fluorescence intensity, MCL1 and CHOP mRNA 

expression levels, and MCL1 and CHOP protein expression levels of individual clones 

were quantified by flow cytometry, qRT-PCR, and Western blot, respectively. Growth 

rates and viability of the clones were measured by trypan blue dye exclusion assay and 

were similar to MOLM14 parent cells. 
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Table 2-2 PCR cloning primers. 

*All PCR cloning primers purchased from Integrated DNA Technologies, Inc. (IDT, Coralville, IA). 

**Restriction enzyme sites underlined in primer sequences. 

 

Table 2-3 Lentivirally transduced single cell clones (SCCs). 

N/A, not applicable. 

 

 

CRISPR-Cas9 knock out 

The CHOP gene was knocked out (KO) in early passage MOLM14 cells by Christian 

Eberly (Technician, Civin Lab), with the help of Nahom Michael (Technician, Civin Lab), 

and two PRISM (Program for Research Initiated by Students and Mentors) students using 

PCR primer* Forward sequence Reverse sequence 

Restriction 

enzymes** 

MCL1  

5’-

GACTGCTAGCATGTTTG

GCCTCAAAAGAAAC-3’ 

5’-

TAGTGGATCCCTATCTTAT

TAGATATGCCAAACCA-3’ 

Forward primer 

with Nhe1 site. 

Reverse primer 

with BamH1 site. 

CHOP 

5’-

CTGAGGATCCATGGCA

GCTGAGTCATTGCC-3’ 

5’-

CTGAGAATTCTCATGCTTG

GTGCAGATTCACC-3’ 

Forward primer 

with BamH1 site. 

Reverse primer 

with EcoR1 site. 

Cell name 
Number 

of SCCs 
Vector OE gene 

OE 

protein 

Color 

code 

MOLM14 

parent cell  
N/A N/A N/A N/A Red 

MOLM14 

EV 
4 

 
N/A N/A Blue 

MOLM14 

MCL1 OE 
9 

 
MCL1 MCL1 Purple 

MOLM14 

CHOP OE 
10 

 
CHOP CHOP Orange 
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CRISPR-Cas9 technology via nucleofection with an sgRNA targeting CHOP exon 3 (5′-

ATTTCCAGGAGGTGAAACAT-3’). The nucleofection was performed using the 

manufacturer’s protocol (Lonza, Basel, Switzerland, Table 2-1). The sgRNA was designed 

using the BROAD GPP Web portal and purchased from Synthego, CA. 8×105 MOLM14 

cells were transiently co-electroporated with 150 pmol guide RNA and 50 pmol Cas9-NLS 

protein (MacroLab, UC Berkeley) via nucleofection (Amaxa 4D nucleofector with an X-

unit; Lonza, Basel, Switzerland) using the SF nucleofection solution per protocol EN-138. 

GFP pmaxi control plasmid (4ug) provided with the nucleofection kit (Lonza) was used in 

parallel to monitor nucleofection percentage. Seven days post-electroporation, cells were 

plated in 96 well plates at 0.5 cells/well to generate single-cell clones from the bulk KO 

cells. Cloned cells were harvested and analyzed by Western blot for CHOP protein and 

KOs selected for clonal expansion. Amplicons from CHOP exon 3 in these CHOP KO 

clones (color coded as blue) were Sanger sequenced to further confirm CHOP KO (122) 

and analyzed by Synthego ICE (Inference of CRISPR Edits). Nine CHOP KO clones with 

% indels and KO scores between 98-100% were selected for subsequent assays and referred 

to as MOLM14 CHOP KO (color coded as green), as described in Chapter 5. sgRNA, 

amplicon, primer, and target sequences are shown in figure 5-1 in Chapter 5. 

Isolation of RNA 

Cells were washed twice centrifugally with cold phosphate buffered saline (PBS) and, 

lysed in QIAzol lysis reagent. Total RNA was extracted using the miRNeasy mini kits 

(Qiagen) according to the manufacturer’s instructions (Table 2-1), followed by 

quantification with a NanoDrop1000 spectrophotometer (ThermoFisher, Waltham, MA). 
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Quantitative Real-Time PCR (qRT-PCR) 

Reverse transcription of total RNA was performed to generate complementary DNA 

(cDNA) using High-Capacity RNA-to-cDNA™ Kit (ThermoFisher Scientific; Table 2-1). 

Each reaction contained a total of 20 µl: >800 ng RNA, 10 µl 2X RT buffer mix, 2 µl 

enzyme mix and endotoxin-free water. Samples were run in a C1000 Touch Thermal 

Cycler (Bio-Rad, Hercules, CA) using the following PCR program: 60 minutes at 37°C 

then 5 minutes at 95°C. cDNAs were stored at -20°C if not used immediately.  

Following reverse transcription, cDNA was quantified by SYBR Green quantitative 

polymerase chain reaction to assess the mRNA expression levels of MCL1, CHOP, B-cell 

lymphoma 2 (BCL2) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 

endogenous control). Each sample contained: 5 µl cDNA (from the appropriate reverse 

transcription reaction), 10 µl 2X PowerSYBR Green Master Mix (ThermoFisher 

Scientific), 5 µl water, and 1 µl of 5M of the selected qRT-PCR primers (Table 2-4). 

Preliminary primer efficiency checks were done using the same experimental setup but 

with 2-fold dilutions of cDNA. qRT-PCR was performed for all targets in triplicate using 

Applied Biosystems QuantStudio 6 Flex and Real-Time PCR software (ThermoFisher 

Scientific, Waltham, MA). Cycle threshold (Ct) values were normalized to GAPDH, then 

to the average normalized expression of the target of interest in MOLM14 parent (control) 

cells (ΔΔCt) (54). Fold change in mRNA expression was calculated as 2^(-ΔΔCt) (54). 
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Table 2-4 SYBR green qRT-PCR primers    

*All SYBR green qPCR primers were purchased from Integrated DNA Technologies, Inc. (IDT, Coralville, 

IA). 

 

Isolation of Protein 

Cells were washed twice centrifugally with cold PBS, then lysed in 

radioimmunoprecipitation (RIPA) buffer (Sigma) containing 2X protease inhibitor cocktail 

(Sigma) and 20uM Pepstatin A (ThermoFisher Scientific) for 10 minutes on ice, followed 

by freezing at -80°C for 15 minutes or overnight, to obtain whole cell lysates (WCL). To 

measure the protein concentration of WCL using Bio-Rad protein assay reagent (Bio-Rad), 

cell lysates were diluted 1:10 in sterile water and added to a 96 well-plate in triplicates to 

make a final dilution of 0.5uL or 1uL (5uL or 10uL of dilution added to each well). Bovine 

serum albumin (BSA (Gemini); 1mg/mL stock) was diluted to a range of standard 

concentrations to construct a standard curve. 200uL 1X protein assay dye was added to 

SYBR green qRT-PCR 

primer* 
Forward sequence Reverse sequence 

Human GAPDH 

5’- 

GGTGTGAACCATGAGAAGT

ATGA -3’ 

5’- 

GAGTCCTTCCACGATACCAA

AG -3’ 

Human CHOP 

5’- 

CAGAACCAGCAGAGGTCAC

A -3’ 

5’- 

AGCTGTGCCACTTTCCTTTC 

-3’ 

Human MCL1 

5’- 

GAGGCTGGGATGGGTTTGT

G -3’ 

5’- 

ACTCCAGCAACACCTGCAA

A -3’ 

Human BCL2 

5’- 

GATAACGGAGGCTGGGATG

C -3’ 

5’- 

TCACTTGTGGCCCAGATAGG 

-3’ 
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each well, then plates were agitated, incubated in the dark for 5-10 min, and absorbance 

read at 595 nm using a VICTOR X3 multilabel plate reader (PerkinElmer, Waltham, MA). 

Western blotting 

WCLs containing 16-20 ug protein were reduced using 4X LDS sample buffer 

(ThermoFisher Scientific) and 10X reducing agent (ThermoFisher Scientific), boiled for 5 

minutes, then separated using a 4-12% gradient or 10% NuPage Bis-Tris running gel 

(ThermoFisher Scientific). The gel was run in MOPS buffer at 80V for 15 minutes and 

then at 105V for 90-120 minutes and transferred onto PVDF membrane (ThermoFisher 

Scientific; Table 2-1) using an iBlot2 (ThermoFisher Scientific, Waltham, MA) following 

manufacturer’s instructions. 

After transfer, the membrane was blocked for 1 hour with blocking buffer (5% non-fat dry 

milk (Blotto; SantaCruz) dissolved in 1X TBST buffer (Tris Buffered Saline (TBS; 

Corning) containing 0.1% Tween20 (Sigma)). The membrane was then incubated with a 

primary monoclonal antibody (Mab), or a cocktail of Mabs, specific for the target(s) of 

interest, diluted in blocking buffer for 1-18 hours with rocking (Table 2-5). The membrane 

was then washed three times with TBST for 5 minutes at room temperature (RT) with 

rocking, then probed with secondary antibody (Table 2-5), diluted in blocking buffer, for 

1 hour at RT. The membrane was then washed with TBST, three times with rocking. Signal 

was detected using an enhanced chemiluminescence (ECL) detection kit (ThermoFisher 

Scientific, Waltham, MA) with a ChemiDOCTM XRS+ System (Bio-Rad, Hercules, CA) 

and quantified by densitometry using Image Lab software (Bio-Rad, Hercules, CA). 

Protein levels were normalized to alpha-tubulin or beta-actin controls.  
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Table 2-5. Primary and secondary antibodies for Western blots. 

*All antibodies were purchased from Cell Signaling Technology (Danvers, MA). 

AlamarBlue assays  

MOLM14 cells were seeded at 2x104 cells per well in 96-well tissue culture plates in 

culture medium, followed immediately by addition of drugs at the indicated concentrations. 

In each plate, medium-only wells (6 wells/plate) were included for background subtraction. 

Peripheral wells of plates were filled with sterile water to minimize evaporation. Cells were 

incubated (37°C with 5% CO2
 ,~48 hours) with ART838 or S63845, and for ~72 hours with 

Antigen 
Catalog 

#* 

 

Type 
Antibody 

Species 

Antibody 

name 

Dilution from 

commercial 

vial 

Incubation 

time 

(hours) 

MCL1 

(human) 
94296 

 Monoclonal 

IgG 
Rabbit 

Rabbit anti-

hMCL1 Mab 
1:5000 16-18 

CHOP 

(human) 
5554 

 Monoclonal 

IgG 
Rabbit 

Rabbit anti-

hCHOP Mab 
1:2000 16-18 

BCL2 

(human) 
4223S 

 Monoclonal 

IgG 
Rabbit 

Rabbit anti-

hBCL2 Mab 
1:10,000 1 

β-Actin 

(human) 
8457 

 Monoclonal 

IgG 
Rabbit 

Rabbit anti-h 

β-Actin Mab 
1:5000 1 

α-tubulin 

(human) 
3873 

 Monoclonal 

IgG 
Mouse 

Mouse anti-h 

α-tubulin 
1:2000 1 

IgG 

(rabbit) 
7074 

 

Affinity-

purified 

polyclonal 

IgG 

Goat 

Goat anti-

rabbit IgG 

antibody 

(Horseradish 

Peroxidase-

linked (HRP)) 

1:5000 1 

IgG 

(mouse) 
7076 

 Affinity-

purified 

polyclonal 

IgG 

Horse 

Horse anti-

mouse IgG 

antibody (HRP 

linked) 

1:5000 1 
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VEN (conditions determined to be optimal, in pilot experiments). Then, 10 µl (10% of total 

volume) alamarBlue dye substrate (ThermoFisher Scientific) was added per well and 

incubated (37°C, 5% CO2) for an additional 1-6 hours. Absorbance at 530/580 was 

measured using a VICTOR X3 multilabel plate reader (PerkinElmer, Waltham, MA). 

Average background absorbance (from medium-only wells) was subtracted from 

absorbance of all experimental wells. Then, the effect of each drug concentration on 

alamarBlue substrate uptake-based absorbance was calculated as the fraction of the result 

for vehicle (DMSO)-treated cells (control). For all cell viability determinations, each cell 

line was tested in triplicate and in at least two independent experiments unless otherwise 

specified. 

Trypan Blue dye exclusion assays  

Viable cell counts were obtained using Trypan Blue dye (ThermoFisher Scientific) 

exclusion assay (53). 10 uL of cells in culture were mixed with equal volume of trypan 

blue dye. 10 uL of the mixture were then observed under light microscope (10X) to count 

viable cells (white or clear); blue cells were taken as dead cells. 

Data analysis  

The single cell clones overexpressing different target genes are color-coded consistently 

across all figures (Table 2-2). Statistical analyses (one-way ANOVA (Dunnett’s method) 

and Spearman correlation) were performed using Prism 8.4 GraphPad software (San Diego, 

CA). Data are presented either as arithmetic mean +/- standard error of the mean (SEM) 

from ≥2 independent experiments or +/- standard deviation (SD) from one experiment 
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unless otherwise indicated. Half-maximal inhibitory concentration (IC50) calculations were 

done using Prism 8.4 GraphPad software (San Diego, CA).   
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Chapter 3- MCL1 overexpression reduces ART838-mediated cell death 

in MOLM14 cells. 

Introduction 

MCL1 (myeloid cell leukemia 1), an anti-apoptotic protein of the B-cell lymphoma-2  (Bcl-

2) protein family (123), is a key survival factor for many important normal cell types, such 

as hematopoietic stem cells, T/B lymphocytes (124), neural cells (125), and 

cardiomyocytes (126). MCL1 antagonizes the proapoptotic effectors, Bcl-2 homologous 

antagonist/killer (BAK) and BCL2 Associated X (BAX), and sequesters the Bcl-2 

Homology 3 (BH3)-only activators, (Bcl-2-like protein 11) BIM, BCL2 associated agonist 

of cell death (BAD) and p53 upregulated modulator of apoptosis (PUMA), thus inhibiting 

release of cytochrome C, mitochondrial outer membrane permeabilization, and apoptosis 

of cells in response to death stimuli (123). 

MCL1 was discovered in the AML cell line, ML1, (127) and is upregulated in a range of 

hematological malignancies and solid cancers (128). Indeed, MCL1 gene is one of the most 

copy-number-upregulated genes in human cancers (129), and MCL1 OE predicts poor 

prognosis in AML (130). Since most chemotherapeutic drugs act via increasing apoptosis, 

MCL1 overexpression results in decreased cancer cell sensitivity to chemotherapy, 

including but not restricted to BH3 mimetic agents (131) (Figure 3-11). MCL1 is a major 

player in the mechanisms of both cancer cell development/progression and antineoplastic 

drug resistance and is thus a highly important target for cancer drug development. 

Several recently developed competitive inhibitors of MCL1 cause apoptotic cell death of 

cancer cells and synergize with multiple established antineoplastic drugs, including the 
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blockbuster BCL2-targeting BH3-mimetic, venetoclax (VEN). Several competitive MCL1 

inhibitors entered phase 1 clinical cancer trials, but cardiotoxic side effects have blocked 

their further clinical use (132).  Since several other cancer drugs have been found to reduce 

MCL1 levels without cardiotoxicity, their use to “indirectly” inhibit MCL1 is an alternative 

cancer treatment strategy that is currently being investigated (133,134). 

ARTs, a class of derivatives of the naturally occurring sesquiterpene lactone, artemisinin, 

are currently in worldwide clinical use as highly effective, low toxicity anti-malarial drugs. 

ARTs have also been shown to have anticancer activity (135,136). Despite their activity 

and low toxicity, the MOA of ARTs has not yet been fully elucidated, in either malaria or 

cancer. Several studies in leukemia cells have shown ARTs to cause ROS-dependent 

apoptosis and downregulation of cellular MCL1 protein levels (53,54,107). Their indirect 

downregulation of MCL1, potentially without cardiotoxicity as suggested by the extensive 

clinical experience in malaria, make ARTs potentially valuable for cancer treatment. 

Determination of the molecular mechanism of the antineoplastic activity of ARTs would 

fill a knowledge gap toward a major need (i.e., MCL1 reduction). Many publications 

document that pharmacologic or molecular inhibition/reduction of MCL1 causes apoptotic 

death of MOLM14 and other AML cell lines, indicating that AML cells require 

endogenous MCL1 for survival (137,138). We observed downregulation of MCL1 upon 

ART treatment of several leukemia cell lines, and we hypothesized that MCL1 reduction 

might be part of the MOA of ART-mediated AML cell death (54). To complement loss of 

function (LOF) analyses of MCL1 which had already been performed in leukemias 

(137,138), in the study herein we performed gain-of-function (GOF) analyses of whether 

enforced OE of MCL1 rescues human MOLM14 AML cells from ART-mediated cell 
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death. MOLM14 AML cells were transduced with a lentiviral expression vector PWCC43 

(120) that includes human ubiquitin C (hUbC) promoter-driven green fluorescence protein 

(GFP) cDNA and elongation factor 1-alpha (EF1α) promoter-driven MCL1 cDNA. 

Although bulk transduction efficiency was ~80%, limiting dilution was used to obtain 

multiple single-cell clones that were referred to as MOLM14 MCL1 OE clones. The same 

lentiviral vector backbone, but without a cDNA after the EF1α promoter, was used to 

produce single-cell clones to serve as negative controls, referred to as MOLM14 EV 

(empty vector) clones. The ART-derived dimer, ART838, a highly potent ART analog, 

(3,53,54,139) was used for all ART sensitivity assays in this project.  

Results 

Characterization of MOLM14 MCL1 OE cloned cell lines 

GFP levels in MOLM14 MCL1 OE clones 

Nine MOLM14 MCL1 OE cloned cell lines were selected for use in this project. Each of 

these MOLM14 MCL1 OE clones had a single tight GFP positive peak by flow cytometry, 

suggesting that they were indeed derived from one successfully transduced cell (Figure 3-

1). 
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MCL1 mRNA levels in MOLM14 MCL1 OE clones 

Total RNA was extracted from each of these nine MOLM14 MCL1 OE clones during their 

exponential growth, to avoid cell-cycle stage-dependent differences in MCL1 levels (140).  

MCL1 mRNA levels were measured by qRT-PCR using SYBR green (54). All nine 

MOLM14 MCL1 OE clones express increased levels of MCL1 mRNA, ranging from 2-

fold to 12-fold increase as compared to MOLM14 parent cells. In contrast, MOLM14 EV 

clones have MCL1 mRNA levels similar to those of MOLM14 parent cells. mRNA levels 

of  the C/EBP homologous protein (CHOP) transcription factor and of BCL2 (B-cell 

leukemia/lymphoma-2), a distinct anti-apoptotic molecule commonly expressed in 

Figure 3-1. GFP expression of the nine MOLM14 MCL1 OE clones studied in this project. 

MOLM14 cells transduced with an MCL1 overexpressing lentiviral vector construct were single cell 

cloned with limiting dilution and selected for assay based on a single tight GFP positive peak around 

varying fluorescence levels by flow cytometric analysis. 
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hematologic malignancies (141), were assessed as controls to ensure that levels of other 

proteins involved in apoptosis were not affected by lentiviral transduced expression of 

MCL1. In all nine of the MOLM14 MCL1 OE clones, levels of CHOP and BCL2 mRNA 

were not substantially changed from levels in MOLM14 parent cells (Figure 3-2). 

 

 

MCL1 protein levels in MOLM14 MCL1 OE clones 

Next, protein extracts from exponentially growing clones were subjected to Western blot 

analysis using either beta actin or alpha-tubulin levels as controls. All nine MOLM14 

MCL1 OE clones express increased levels of MCL1 protein, ranging from 2-fold to 12-

fold increase compared MOLM14 parent cells (Figure 3-3 a). In contrast, MOLM14 EV 

Figure 3-2. MOLM14 MCL1 OE clones expressed a range of increased levels of MCL1 mRNA, 

compared to controls, with no substantial changes in CHOP mRNA or BCL2 mRNA levels. 

Total RNA was extracted from MOLM14 MCL1 OE clones in exponential growth and analyzed for 

levels of MCL1, CHOP and BCL2 mRNA by SYBR Green quantitative reverse transcription PCR. 

Cycle threshold values were normalized to the constitutively expressed gene, GAPDH, and fold-

change (2–∆∆Ct) relative to parent cells (represented by dotted line) was graphed; means of 2 

experimental repeats with the same RNA samples in triplicate +/- SD. The mean cycle number for 

qRT-PCR detection in MOLM14 parent cells was 13.9 +/- 0.01 for GAPDH, 18.8 +/- 0.18 for MCL1, 

20.8 +/- 0.24 for CHOP, and 19.4 +/- 0.00 for BCL2.  
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clones have MCL1 protein levels similar to MOLM14 parent cells (Figure 3-3 b). 

Spearman correlation was performed, and the expected strong correlation was found 

between levels of MCL1 protein and MCL1 mRNA (Figure 3-3 c).  
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Effect of a selective MCL1 competitive inhibitor on MOLM14 MCL1 OE clones 

To determine the functionality of enforced MCL1, the MOLM14 MCL1 OE clones were 

assessed for sensitivity to the established selective MCL1 inhibitor, S63845 (142). In the 

first experiment, three of the MOLM14 MCL1 OE clones were cultured with a range of 

concentrations (0 nM-250 nM) of S63845 for 24, 48 and 72 hours. By alamarBlue 
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Figure 3-3. MOLM14 MCL1 OE clones expressed a range of increased levels of MCL1 protein 

compared to controls. 

Whole cell lysates were made from cells in exponential growth, and Western blotting was performed for 

MCL1 (purple) and housekeeping genes, beta-actin or alpha-tubulin. Bar graphs show the relative fold-

change for MCL1 protein by densitometry in a) MOLM14 MCL1 OE clones vs. MOLM14 parent cells 

and b) MOLM14 EV clones vs. MOLM14 parent cells. c) Levels of MCL1 mRNA correlated with levels 

of MCL1 protein in MOLM14 MCL1 OE clones; Spearman r = 0.7552, p value = 0.0025. 
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metabolism/viability assays, all three MOLM14 MCL1 OE clones had decreased 

sensitivity (i.e., increased resistance) to the S63845 at all time points, as compared to 

MOLM14 parent cells (Figure 3-4 a-c). Differences were largest at the 48-hour time point 

(Figure 3-4 d). 
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Figure 3-4. Preliminary experiment showed MCL1 OE clones to be less sensitive to the MCL1 

inhibitor, S63845, compared to control cells and 48 hours of treatment selected for subsequent 

assays. 

MCL1 OE and controls (MOLM14 parent and EV2) were cultured with indicated doses of S63845 for a) 

24, b) 48 and c) 72 hours. Growth inhibition relative to DMSO (alamarBlue absorbance (fraction of 

control) where, 0 = 100% growth inhibition and 1 = no growth inhibition), by alamarBlue assays, was 

graphed; means of one experiment with triplicate samples +/- SD. d) Growth inhibition with 50 nM 

S63845 treatment at 24, 48 and 72 hours from same experiment as a) ,b) and c) graphed to show 

pronounced decrease in sensitivities to S63845 with all three durations of treatment in all three MOLM14 

MCL1 OE clones tested compared to control cells.   
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In similar subsequent experiments (N=2 for each clone), all nine of the MOLM14 MCL1 

OE clones were tested after 48 hours in 0 nM - 600 nM S63845 (an established preclinical 

anti-MCL1 drug). Eight of nine of the MOLM14 MCL1 OE clones had decreased 

sensitivity (i.e., increased resistance) to S63845, as compared to MOLM14 parent cells 

(Figure 3-5 a-c), at 200 nM S63845 (Figure 3-5 d). One-way ANOVA was performed and 

showed significant differences in S63845 sensitivity of eight of the nine MOLM14 MCL1 

OE clones vs. MOLM14 parent or MOLM14 EV (Figure 3-5 d). MCL1 OE10, which had 

the lowest levels of MCL1 protein, was the exception which did not have significantly 

reduced S63845 sensitivity (Figure 3-5 d). Spearman correlation showed that resistance to 

S63845 correlated directly with levels of MCL1 mRNA and protein (Figure 3-6).   
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Figure 3-5. Eight of nine of the MOLM14 MCL1 OE clones tested are significantly less sensitive 

(i.e., more resistant) to the selective MCL1 competitive inhibitor, S63845, compared to control 

cells. 

MOLM14 MCL1 OE clones and controls (MOLM14 parent and MOLM14 EV clones) were cultured 

with indicated doses of S63845 for 48 hours. Growth inhibition relative to DMSO (alamarBlue 

absorbance (fraction of control) where, 0 = 100% growth inhibition and 1 = no growth inhibition) by 

alamarBlue assays, was graphed; means of one experiment with triplicate samples +/- SD. a) 

Experiment 1, with all nine MOLM14 MCL1 OE clones. b) Experiment 2, a repeat of experiment 1 

with all nine MOLM14 MCL1 OEs. c) Data shown in a) and b) were combined and the average of all 

experiments were graphed for each cell line +/- SEM. d) Growth inhibition with 200 nM S63845 from 

a) and b) were also graphed. Statistical comparisons were performed with one-way ANOVA for 

MOLM14 parent vs MOLM14 MCL1 OE clones. *P<.05; **P, .01; ***P<.001; ****P<.0001; no 

asterisk if P>.05. 
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Enforced MCL1 overexpression decreased ART838-mediated cell death.  

From the above characterization, each of the nine MOLM14 MCL1OE clones selected for 

this project expressed homogeneous levels of the GFP transduction marker protein, a range 

of elevated levels of MCL1 mRNA, and a correlated range of elevated levels of MCL1 

protein. In addition, the enforced MCL1 OE was functional, in that MOLM14 MCL1 OE 

clones were less sensitive (i.e., more resistant) to the established selective competitive 

MCL1 inhibitor, SS63845. These MOLM14 MCL1 OE clones were prepared in order to 

determine if MCL1 OE conferred decreased sensitivity (increased resistance) to ART838. 

To test this hypothesis, MOLM14 MCL1 OE clones were cultured with a range of 

concentrations of ART838 and assessed for viability/growth using alamarBlue assays. 

First, three of the MOLM14 MCL1 OE clones were tested with a range of concentrations 

(0 nM-640 nM) of ART838 for 24, 48 and 72 hours. By alamarBlue viability/growth 
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Figure 3-6. S63845 sensitivity (resistance) of MOLM14 MCL1 OE clones directly correlated with 

both MCL1 mRNA and MCL1 protein levels. 

Growth inhibition data from (Figure 3-5 d) versus a) MCL1 mRNA fold change in MOLM14 MCL1 

OE clones and MOLM14 EV clones relative to MOLM14 parent cells by qRT-PCR. Spearman r = 

0.6674, p value= 0.0110 b) MCL1 protein fold-change in MOLM14 MCL1 OE clones and EV clones 

relative to MOLM14 parent cells by Western blots. Spearman r = 0.5569, p value = 0.0411. 
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assays, all three of the MOLM14 MCL1 OE clones had decreased sensitivity (i.e., 

increased resistance) to higher concentrations of ART838 (40-640 nM) at all time points, 

as compared to MOLM14 parent cells (Figure 3-7 a-c). Differences were largest at the 48-

hour time point (Figure 3-7 d).  
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Figure 3-7. Preliminary experiment showed MCL1 OE clones to be less sensitive to high 

concentrations of ART838, compared to control cells and 48 hours of treatment selected for 

subsequent assays. 

MCL1 OE and controls (MOLM14 parent and EV2) were cultured with indicated doses of ART838 for a) 

24, b) 48 and c) 72 hours. Growth inhibition relative to DMSO (alamarBlue absorbance (fraction of 

control) where, 0 = 100% growth inhibition and 1 = no growth inhibition), by alamarBlue assays, was 

graphed; means of one experiment with triplicate samples plus or minus SD. d) Growth inhibition with 

160 nM ART838 treatment at 24, 48 and 72 hours from same experiment as a) ,b) and c) graphed to show 

pronounced decrease in sensitivities to ART838 at 48 hours of treatment in all three MOLM14 MCL1 OE 

clones tested compared to control cells. 
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In similar subsequent experiments (N=2 for each clone), all of the nine MOLM14 MCL1 

OE clones were tested after 48 hours in 0 nM-640 nM ART838. All nine MOLM14 MCL1 

OE clones had decreased sensitivity (i.e., increased resistance) to higher concentrations of 

ART838 (40 nM - 640 nM), as compared to MOLM14 parent cells (Figure 3-8 a-e), at 160 

nM ART838 (Figure 3-8 f-g). One-way ANOVA analysis showed significant differences 

in ART838 sensitivity of five of the nine MOLM14 MCL1 OE clones vs. MOLM14 parent 

or MOLM14 EV (Figure 3-8 g). Of the four MOLM14 MCL1 OE clones that did not have 

significant decreased sensitivity (i.e., increased resistance) to ART838, one of them, MCL1 

OE10, also did not show reduced sensitivity to S63845 and had the lowest levels of both 

MCL1 mRNA and protein. Spearman correlation showed that resistance to ART838 

directly correlated with levels of both MCL1 mRNA and protein (Figure 3-9). Spearman 

correlation also showed that ART838 sensitivity/resistance correlated with S63845 

sensitivity/resistance of MOLM14 MCL1 OE clones (Figure 3-10).  

 

 

 

Figure 3-8. Five of nine of MCL1 OE clones tested were significantly less sensitive (i.e., more 

resistant) to high concentrations of ART838, compared to control cells. 

MOLM14 MCL1 OE and control cells (MOLM14 parent and MOLM14 EV clones) were cultured with 

indicated doses of ART838 for 48 hours. Growth inhibition relative to DMSO (alamarBlue absorbance 

(fraction of control) where, 0 = 100% growth inhibition and 1 = no growth inhibition), by alamarBlue 

assays, was graphed; means of one experiment with triplicate samples +/- SD. a) Experiment 1 with four 

MOLM14 MCL1 OE clones. b) Experiment 1’, a repeat of experiment 1 with four MOLM14 MCL1 OE 

clones. c) Experiment 2 with remaining five MOLM14 MCL1 OE clones. d) Experiment 2’, a repeat of 

experiment 2 with remaining five MOLM14 MCL1 OE clones. e) Data shown in a) to d) were combined 

and the average of all experiments were graphed for each cell line plus or minus SEM. f), g) Growth 

inhibition with 160 nM of ART838 treatments from e) were also graphed. Statistical comparisons are 

shown from one-way ANOVA analysis f) collectively and g) individually, for MOLM14 parent vs. 

MOLM14  MCL1 OE and EV clones. *P<.05; **P, .01; ***P<.001; ****P<.0001; no asterisk if P>.05. 
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Figure 3-11. MCL1 OE in MOLM14 cells increases resistance to the BCL2 inhibitor, venetoclax 

(VEN). 

Figure 3-10. MCL1 ART838 sensitivity/resistance of MOLM14 MCL1 OE clones correlated with 

their S63845 sensitivity (resistance). 

Figure 3-9. ART838 sensitivity/resistance of MOLM14 MCL1 OE clones directly correlated with 

both MCL1 mRNA and protein levels. 
Growth inhibition data from figure 3-9(g) versus a) MCL1 mRNA fold change in MOLM14 MCL1 

OE clones and EV clones relative to MOLM14 parent cells by qRT-PCR. Spearman r = 0.7486, p value 

= 0.0028 b) MCL1 protein fold change in MOLM14 MCL1 OE clones and MOLM14 EV clones 

relative to MOLM14 parent by Western blots. Spearman r =0.7070, p value = 0.0060.  

Growth inhibition data from (Figure 3-5 d) versus growth inhibition data from (Figure 3-8 g). Spearman 

r = 0.9065, p value = <0.0001. 

MOLM14 MCL1 OE clones and MOLM14 parent cells were cultured with VEN (62.5 nM) for 72 hours. 

Growth inhibition relative to DMSO (alamarBlue absorbance (fraction of control) where, 0 = 100% 

growth inhibition and 1 = no growth inhibition), by alamarBlue assays, was graphed; means of two 

independent experiments, each with triplicate samples +/- SEM. 
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Discussion 

MCL1 is a key survival factor in leukemias and multiple other types of hematologic 

malignancies and solid cancers (128). Previous studies showed that ART treatment 

downregulated MCL1 protein levels in AML and ALL cells, and that competitive 

antagonism or downregulation of MCL1 led to apoptosis of leukemia cells, indicating that 

MCL1 downregulation plays a role in the antileukemic MOA of ART (33,53,107). Herein, 

we confirmed that MCL1 OE “rescues” (i.e., decreases sensitivity, increases resistance of) 

human MOLM14 AML cells from ART838-mediated cell death. A total of five of the nine 

MOLM14 MCL1 OE clones used in the study, had significant decreases in sensitivity (i.e., 

increased resistance) to ART838 compared to MOLM14 parent cells. Of the remaining 

four MCL1 OE clones that showed no significant decreases in ART838 sensitivity 

compared to MOLM14 parent cells, two of them had low levels of OE of the MCL1 protein. 

One of these two also showed no significant decreases in sensitivity to the established 

MCL1 inhibitor, S63845; this could be attributed to its MCL1 mRNA and protein levels 

that were comparable to the MOLM14 parent cells. Taking this into consideration, five of 

the seven MOLM14 MCL1 OE clones that had substantial MCL1 OE, showed decreased 

ART838 sensitivity (i.e., increased resistance). To further strengthen this data, additional 

clones and other AML cell lines should be tested similarly in parallel to determine if 

MOLM14 is representative of AML in general. 

In our lab’s previous study (54), ART838 (or AS) treatment of MOLM14 AML cells 

resulted in downregulation of MCL1 protein (but not MCL1 mRNA) prior to apoptotic cell 

death, as had been reported in ALL cells treated with a different ART analog, 
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dihydroartemisinin (DHA) (107). Since this indirect inhibition of MCL1 is a potential 

strategy for cancer treatment, further understanding of the MOA of ART838 is important.  

The set of MCL1 OE clones used in this study expressed a wide range of levels of MCL1 

mRNA and protein, below and above (patho)physiological levels observed in untransduced 

MOLM14 AML cells parent cells. Decreased ART838 sensitivity (i.e., increased 

resistance) directly correlated with levels of MCL1 mRNA, protein, and ART838 

sensitivity/resistance correlated directly with S63485 sensitivity/resistance. The utility of 

these assays of MOLM14 MCL1 OE cell lines to define the ability of MCL1 to rescue 

MOLM14 cells from ART838 suggested our subsequent use of similar GOF and LOF 

assays to assess other candidate molecules, in particular CHOP, for participation in the 

MOA of ARTs. 
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Chapter 4- CHOP overexpression does not increase ART838-mediated 

cell death or MCL1 protein reduction in MOLM14 cells. 

Introduction 

C/EBP homologous protein (CHOP), also known as growth arrest and DNA damage-

inducible gene 153 (GADD153) (143), belongs to the CCAAT/enhancer-binding protein 

(C/EBP) family of transcription factors that have been implicated in the regulation of 

processes relevant to cellular proliferation, differentiation, and expression, as well as 

energy metabolism of cell type-specific genes (144). The mRNA encoding for CHOP 

protein has historically been referred to as DNA-damage inducible transcript 3 (DDIT3). 

CHOP is a multifunctional transcription factor of the integrated stress response (ISR) that 

is induced characteristically by endoplasmic reticulum (ER) stress, can contribute to 

cellular functions including apoptosis, autophagy, inflammation, cell differentiation, 

proliferation, (145) and can promote cell cycle arrest (146).  

Normally localized in the cytoplasm, CHOP is generally expressed at only extremely low 

levels under basal conditions (147). Indeed, the CHOP gene was initially identified in a 

search for genes induced by genotoxic stress (148) and was later found to be upregulated 

by a wide variety of cellular stresses that perturb ER function, such as growth arrest, DNA 

damage, amino acid and glucose deprivation, and hypoxia. Perturbed ER function can lead 

to accumulation of unfolded proteins, which are detected by transmembrane sensors that 

initiate the unfolded protein response (UPR) to restore ER proteostasis. Failure to restore 

proteostasis leads to apoptotic cell death. Activation of the UPR leads to overexpression 

and nuclear accumulation of CHOP (149). CHOP plays a dual role, as it may act either as 
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an inhibitor of C/EBP function or as an activator of other genes involved in cell survival 

or death. For example, CHOP either promotes cell survival via activation of cytoprotective 

genes or induces apoptosis by activation of pro-apoptotic genes (BAX, BAK1, Bok) or 

suppression of anti-apoptotic BCL2 family anti-apoptotic genes (usually BCL-2, BCL-X, 

BCL-W) (145,150). 

CHOP also can play a key role in ER stress-induced apoptosis, which is implicated in the 

pathophysiology of several diseases, including cancer (145). CHOP regulates numerous 

genes, many of which are involved in hallmark properties of cancer, such as cell migration, 

proliferation, and survival (151,152). Cancer cells may undergo microenvironmental 

stress, such as hypoxia and nutrient depletion, which can lead to activation of several stress 

response pathways including the UPR pathway. As a result, protein synthesis may be 

attenuated, as an adaptive cellular response prolonging cell survival, or alternatively, 

apoptosis may be promoted during prolonged stress. In either case, CHOP is a key 

transcription factor and is a transcriptional target for all three of the UPR sensors; protein 

kinase RNA-like endoplasmic reticulum kinase (PERK), activating transcription factor 6 

(ATF6), and Inositol Requiring Enzyme 1 (IRE1), although PERK is generally the major 

sensor for CHOP induction (153). Studies have shown evidence of ER stress-induced UPR 

activation (154), as well as CHOP activation (155,156), in several human cancer cell types. 

In a subset of AML patient samples, UPR activation was shown to be present, based on 

expression of spliced variant of X-box binding protein 1 (XBP1) and increased expression 

of CHOP; and UPR activation correlated with favorable prognosis (157). Current cancer 

research seeks to develop a method to pharmacologically switch the UPR signal from pro-
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survival to pro-apoptotic in tumor cells (158), as a potential strategy for cancer treatment 

(145). 

Exposure of leukemia cells to ART analogs, low toxicity clinical antimalarial drugs which 

also have anticancer activity (115), causes ROS-dependent OE of CHOP and 

downregulation of the anti-apoptotic protein MCL1, leading to apoptotic cell death 

(53,54,107). This ART-induced CHOP upregulation and MCL1 reduction may offer 

promise for cancer treatment. However, the mechanism of the antileukemic activity of 

ARTs is still incompletely understood, and determination of the MOA of ARTs is 

important to drive clinical translation. 

Several preclinical models have been studied for CHOP-mediated cell death of cancer cells, 

including that human L-type amino acid transporter 1 (LAT1) inhibition in T-cell acute 

lymphoblastic leukemia (T-ALL) triggers CHOP-dependent apoptosis (145,159). Since 

both UPR activation and CHOP overexpression have been documented in AML patient 

samples, and since ART exposure caused overexpression of CHOP leading to apoptotic 

cell death, we hypothesized that CHOP overexpression may be a downstream component 

of the mechanism of ART-mediated AML cell death. A study in B-ALL cells showed that 

the downregulation of the antiapoptotic MCL1 protein observed with exposure to the ART 

analog, DHA, is CHOP-dependent (107). Therefore, we also hypothesized that CHOP OE 

would cause decreased levels of MCL1.  

Since CHOP OE single cell clones of human MOLM14 AML cells had already been 

generated in the Civin lab before the beginning of this study, we used these MOLM14 

CHOP OE clones to test whether they had increased sensitivity to ART-mediated cell 

death, as compared to MOLM14 parent cells. We also assessed MCL1 levels in these 
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MOLM14 CHOP OE clones to test our second hypothesis, i.e., that CHOP OE results in 

decreased MCL1 levels.  

To produce MOLM14 CHOP OE cells, MOLM14 AML cells had been transduced with 

the Civin lab’s standard lentiviral expression vector PWCC43 backbone (120), as had been 

done to produce MOLM14 MCL1 OE cells. This lentiviral vector included a hUbC 

promoter-driven GFP cDNA and EF1α promoter-driven cDNA encoding CHOP. Single-

cell clones were made by limiting dilution, because transduction efficiency of the bulk-

transduced cells was only ~30%, and referred to as MOLM14 CHOP OE clones. As in the 

GOF analysis of MCL1 performed in Chapter 3, the same lentiviral vector but without a 

cDNA after EF1α was used to produce negative control single-cell clones, referred to as 

MOLM14 EV. We assessed both multiple alternatively spliced transcript variants of the 

CHOP mRNA encoding two isoforms (differing in length by 23 amino acids) with different 

lentiviral constructs: isoform 1 (the canonical sequence; 169 amino acids) and isoform 2 

(192 amino acids) (183). Though both isoforms’ mRNA were confirmed to be OE by qRT-

PCR assays in resulting lentivirally-transduced MOLM14 CHOP OE clones, only isoform 

1 protein was confirmed to be OE in the clones by Western blot analysis. Hence, only those 

MOLM14 CHOP OE clones established with the isoform 1 construct were used for 

subsequent studies. As in Chapter 3, the highly potent ART838 analog (77), was used for 

ART sensitivity assays.  

Although CHOP upregulation is implicated to play a role in cellular apoptosis (160), the 

MOLM14 CHOP OE clones had high viability and growth rates similar to MOLM14 parent 

cells and MOLM14 EV clone controls when assessed by trypan blue dye exclusion assays. 

Chronic transgenic CHOP OE did not stimulate spontaneous apoptosis in either mouse 
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myelinating cells or in human non-small cell lung carcinoma cells (161,162). However, 

conditional expression of CHOP using an inducible expression system where CHOP 

protein can be induced by adding isopropyl β-D-thiogalactoside (IPTG) in murine M1 

myeloblastic leukemia cells resulted in increased apoptosis (163). Thus, the literature is 

mixed as to whether CHOP is sufficient to stimulate apoptosis, and this may depend on 

cellular context or technical experimental details. 

Results 

Characterization of MOLM14 CHOP OE cloned cell lines  

GFP levels in MOLM14 CHOP OE clones 

Ten MOLM14 CHOP OE clones were selected for use in this project. Each of these 

MOLM14 CHOP OE clones had a single tight GFP positive peak by flow cytometry, 

suggesting that they were indeed derived from one successfully transduced cell (Figure 4-

1). 
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CHOP mRNA levels in MOLM14 CHOP OE clones 

Total RNA was extracted from each of these ten MOLM14 CHOP OE clones during their 

exponential growth. CHOP mRNA levels were measured by qRT-PCR using SYBR green 

(54). All ten MOLM14 CHOP OE clones expressed increased levels of CHOP mRNA, 

ranging from 2-fold to 9-fold increases, as compared to MOLM14 parent cells and in 

contrast to MOLM14 EV clones whose CHOP mRNA levels were similar to MOLM14 

parent cells (Figure 4-2 a). These CHOP mRNA levels were within the range induced by 

200 nM ART838 exposure of parent MOLM14 cells for 24 hours (2-19-fold increases) 

(Figure 4-2 b). mRNA levels of the antiapoptotic proteins, MCL1 and BCL2, were assessed 

Figure 4-1. GFP expression of the ten MOLM14 CHOP OE clones studied in this project. 

MOLM14 cells transduced with a CHOP overexpressing lentiviral vector construct were single cell 

cloned with limiting dilution and selected for assay based on a single tight GFP positive peak around 

varying fluorescence levels by flow cytometric analysis. 
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as controls to ensure that levels of other proteins involved in apoptosis were not affected 

by the lentiviral vector-transduced expression of CHOP. In all ten of the MOLM14 CHOP 

OE clones, the levels of MCL1 and BCL2 mRNA were not substantially changed from 

levels in MOLM14 parent cells (Figure 4-2 a). 

 

  

a) Total RNA was extracted from MOLM14 CHOP OE clones in exponential growth and analyzed for 

levels of MCL1, CHOP and BCL2 mRNA by SYBR Green quantitative reverse transcription PCR. Cycle 

threshold values were normalized to constitutively expressed gene, GAPDH and fold-change (2–∆∆Ct) 

relative to parent cells (represented by dotted line) was graphed; means of 2 experimental repeats with 

same RNA and with triplicate samples in each experiment +/- SD. The mean cycle number for qRT-PCR 

detection in MOLM14 parent cells was 13.9 +/- 0.01 for GAPDH, 18.8 +/- 0.18 for MCL1, 20.8 +/- 0.24 

for CHOP, and 19.4 +/- 0.00 for BCL2. b) Total RNA was extracted from MOLM14 parent cells cultured 

with 200 nM ART838 or vehicle (DMSO) for indicated time durations and analyzed for levels of CHOP 

mRNA in the same way as in a). 

a) 

b) 

Figure 4-2.  MOLM14 CHOP OE clones expressed a range of increased levels of CHOP mRNA, 

compared to controls, with no substantial changes in MCL1 or BCL2 mRNA levels. 
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CHOP protein levels in MOLM14 CHOP OE clones 

Next, protein extracts from exponentially growing clones were subjected to Western blot 

analysis using alpha-tubulin levels as controls. All ten MOLM14 CHOP OE clones 

expressed increased levels of CHOP protein, compared to parent MOLM14 and MOLM14 

EV clones, where CHOP protein levels were not detected (Figure 4-3 a, b). As previously 

reported (54), CHOP levels are low/absent in parent MOLM14, but are upregulated and 

easily detected in ART838-treated parent MOLM14 cells.  

Two independent Western blot experiments were conducted to assess levels of CHOP 

protein in MOLM14 CHOP OE clones. In the first experiment, eight of nine of the 

MOLM14 CHOP OE clones tested had increased levels of CHOP protein compared to 

MOLM14 parent cells, where CHOP protein was undetectable. CHOP protein was also 

undetectable in all four of the MOLM14 EV clones used as controls. ART838-treated 

MOLM14 parent cells were used as positive controls where slight levels of CHOP protein 

were detected, to test for CHOP protein in the MOLM14 EV clones, as CHOP is 

undetectable under basal conditions (4-3 e). In the repeat experiment, CHOP protein was 

increased in all nine of the MOLM14 CHOP OE clones (Figure 4-3 a). Mean normalized 

CHOP protein levels were determined from both experiments to range from 2-17-fold 

increases (Figure 4-3 b). This is within the range of CHOP protein levels induced by 200 

nM ART838 exposure in MOLM14 parent cells (Figure 4-3 d). Spearman correlation 

analysis was performed, and a strong correlation was found between CHOP protein and 

CHOP mRNA levels (Figure 4-3 c).  
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CHOP OE did not decrease MCL1 protein  

We hypothesized that these MOLM14 CHOP OE clones with documented increased levels 

of CHOP mRNA and its encoded CHOP protein would have decreased levels of MCL1 

Whole cell lysates were made from cells in exponential growth, and Western blotting was performed for 

CHOP (orange) and housekeeping gene, alpha-tubulin. a) Blot images from 2 independent experiments. 

b) Bar graphs show the mean normalized levels for CHOP protein by densitometry in MOLM14 CHOP 

OE clones versus MOLM14 parent cells +/- SEM. c) Levels of CHOP mRNA correlated with levels of 

its encoded CHOP protein in MOLM14 CHOP OE clones, Spearman r = 0.96, p value = <0.001. d) Blot 

image and bar graph for levels of normalized CHOP protein analyzed in 200 nM ART838 treated vs. 

untreated (DMSO) MOLM14 parent cells at indicated time points from one experiment. e) Blot image 

for control (EV) cells. 

a) 

Experiment 1 

Experiment 2 

b) 

c) 

d) 

e) 

Figure 4-3. MOLM14 CHOP OE clones expressed a range of increased levels of CHOP protein 

compared to controls. 
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protein in the absence of ART838. To test this hypothesis, protein extracts from MOLM14 

CHOP OE clones were subjected to Western blot analysis using alpha-tubulin levels as 

controls. The levels of MCL1 protein were similar to those in control cells (MOLM14 

parent and MOLM14 EV clones) in all ten of the MOLM14 CHOP OE clones (Figure 4-4 

a). Mean normalized MCL1 protein levels determined from two independent experiments 

(Figure 4-4 b) did not correlate with CHOP protein levels via Spearman correlation analysis 

(Figure 4-4 c). 

 

 

Whole cell lysates were made from cells in exponential growth, and Western blotting was performed for 

MCL1 (purple) and housekeeping gene, alpha-tubulin. a) Blot images from 2 independent experiments. 

b) Bar graphs show the mean normalized levels for MCL1 protein relative to MOLM14 parent cells by 

densitometry in CHOP OE cells +/- SEM. c) Levels of CHOP protein did not correlate with levels MCL1 

protein in MOLM14 CHOP OE clones, Spearman r = 0.1825, p value = 0.587. 

a) b) 

c) 

Experiment 2 

Experiment 1 

Figure 4-4. CHOP OE did not decrease MCL1 protein in MOLM14 cells. 
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Having confirmed that CHOP OE does not spontaneously (without ART838 exposure) 

reduce MCL1 protein levels in MOLM14 cells, we next tested the hypothesis that CHOP 

OE increases ART838-mediated MCL1 reduction in MOLM14 cells. Total RNA and 

protein extracts from two MOLM14 CHOP OE clones (OE7 and OE4) and MOLM14 

parent cells, subjected to 8 hours of treatment with 200 nM ART838 or vehicle (DMSO), 

were analyzed for levels of CHOP and MCL1 mRNA and protein, respectively (Figure 4-

5). By qRT-PCR assay, levels of CHOP mRNA were found to increase by 30-40-fold in 

ART838-treated CHOP OE clones compared to an 8-fold increase in ART838-treated 

MOLM14 parent cells, but MCL1 mRNA levels showed no substantial changes (Figure 4-

5 a). By Western blot assay, normalized levels of CHOP protein ranged from 0.2 fold- 

change in MOLM14 parent cells to 1.5 fold-change in the MOLM14 CHOP OE clones. 

With ART838 treatment, though MOLM14 parent cells did not show much decrease in 

MCL1 protein in this experiment, both the CHOP OE clones had somewhat reduced MCL1 

levels (Figure 4-5 b, c).  
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a) 

b) 

c) 

MOLM14 CHOP OE clones and MOLM14 parent cells were treated with 200 nM ART838 or vehicle 

(DMSO) for 8 hours. a) Total RNA was extracted from treated cells and analyzed for levels of MCL1 

and CHOP mRNA by SYBR Green quantitative reverse transcription PCR. Cycle threshold values were 

normalized to constitutively expressed gene, GAPDH and fold-change (2–∆∆Ct) relative to untreated 

parent cells was graphed; means of 1 experiment with triplicate samples +/- SD. b) Whole cell lysates 

were made from treated cells and Western blotting was performed for CHOP (orange), MCL1 (purple) 

and housekeeping gene, alpha-tubulin. c) Bar graphs show the mean normalized levels for CHOP and 

MCL1 protein relative to vehicle-treated MOLM14 parent cells by densitometry. 

Figure 4-5. CHOP OE did not increase ART838-mediated MCL1 protein reduction in MOLM14 

cells 



67 
 

Enforced CHOP overexpression did not increase ART838-mediated cell death. 

Next, we hypothesized that MOLM14 CHOP OE clones would have increased sensitivity 

(i.e., decreased resistance) to ART838. To test this hypothesis, the ten MOLM14 CHOP 

OE clones were cultured with a range of concentrations of ART838 and tested for 

viability/growth using alamarBlue assays (Figure 4-6 a-d). Treatment with a range of 

concentrations of ART838 (0-80 nM) for 48 hours, revealed that all ten of the MOLM14 

CHOP OE clones have ART838 sensitivity similar to that of the MOLM14 parent cells and 

MOLM14 EV clones (Figure 4-6 e, f).  

Three independent experiments were conducted to assess the effect of CHOP OE on 

ART838 sensitivity (Figure 4-6 a-c). In all three experiments, the MOLM14 CHOP OE 

clones had similar mean ART838 IC50 values, ranging from 17 nM-29 nM, compared to 

MOLM14 parent cells (ART838 IC50 = 22 nM) and EV clones (IC50 = 15nM-21 nM). One-

way ANOVA analysis indicated no significant differences in ART838 sensitivity of any of 

the MOLM14 CHOP OE clones vs. MOLM14 parent or MOLM14 EV clones (Figure 4-6 

e, f). 
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MOLM14 CHOP OE clones and control cells (MOLM14 parent and EV) were cultured with indicated 

doses of ART838 for 48 hours. Growth inhibition relative to DMSO (alamarBlue absorbance (fraction 

of control) where, 0 = 100% growth inhibition and 1 = no growth inhibition), by alamarBlue assays, was 

graphed; means of one experiment with triplicate samples +/- SD. a) Experiment 1 with all ten CHOP 

OE clones. b) Experiment 2 is repeat of experiment 1. c) Experiment 3 as second repeat of experiment 1. 

d) Data shown in a), b) and c) were combined and the average of all experiments were graphed for each 

cell line +/- SE. e) and f) Mean IC50 values calculated from data shown in a), b) and c), were graphed and 

dotted line represents IC50 for MOLM14 parent cells. e) individual IC50 graphed f) IC50 graphed 

collectively for each set of clones. Statistical comparisons (one-way ANOVA) were performed for parent 

vs. CHOP OE and EV clones. *P<.05; **P<.01; ***P<.001; ****P<.0001; no asterisk if P>.05. 

a) b) 

c) d) 

e) 

f) 

Figure 4-6. CHOP OE did not increase ART838 mediated death of MOLM14 cells. 
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Discussion 

CHOP is a key transcription factor in the ER-mediated stress response (145) and is found 

to be upregulated in levels in several types of cancer cells (155,156), including human 

AML cells (157). Previously published studies showed that ART treatment upregulated 

CHOP levels in AML and ALL cells, suggesting a role for CHOP in the antileukemic MOA 

of ARTs (53,54,107). However, in this project, we found that all ten of the MOLM14 

CHOP OE clones evaluated in the study had no significant change in sensitivity/resistance 

to ART838, as compared to MOLM14 parent cells, indicating that CHOP is not sufficient 

to boost ART838-mediated cell death of MOLM14.  

In addition, we showed that in the ten MOLM14 CHOP OE clones used in the study, there 

was no correlation between CHOP and MCL1 protein levels, in the absence of ART838 

exposure. With ART838 exposure, MOLM14 CHOP OE clones did not show substantial 

reduction in MCL1 levels, indicating that CHOP OE does not increase MCL1 reduction in 

the absence/presence of ART838.  

In our previous study, ART838 treatment of human MOLM14 AML cells resulted in 

upregulation of  CHOP mRNA and protein prior to apoptotic cell death (54), as had been 

reported in ALL cells treated with the ART analog, DHA (107). As previously reported 

(54), CHOP levels are low/absent in parent MOLM14, but are upregulated and easily 

detected in ART838-treated parent MOLM14. The set of MOLM14 CHOP OE clones used 

in the study herein expressed a wide range of upregulated levels of CHOP, but all were 

within the (patho)physiological range of levels induced by ART838 exposure in MOLM14 

parent cells. ART838 sensitivity did not increase with levels of CHOP mRNA and protein. 

Our study’s results in MOLM14 AML cells differed from published results in ALL cells 
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(107) which reported ART-mediated MCL1 reduction to be CHOP-dependent. MCL1 

levels in our AML cells did not correlate with increased CHOP levels achieved by lentiviral 

CHOP OE, either in the absence or presence of ART838.  

It may be relevant that the ATF4 transcription factor can regulate CHOP transcription and 

also physically cooperates with CHOP as a major UPR transcriptional regulator. This 

suggests that, in a cellular context of limiting amounts of ATF4, CHOP OE alone may not 

be sufficient to increase ART-mediated cell death.  Thus, upregulation of ATF4, or 

possibly other dimerization partners, might be required, along with CHOP to stimulate 

apoptosis (116,153,164,165).  

Identifying the involvement of a molecule in a drug’s MOA requires LOF assays 

(performed in Chapter 5) (166). This study started chronologically with GOF assays, since 

MOLM14 CHOP OE (and MOLM14 MCL1 OE) clones had recently been produced in the 

Civin lab. Our analyses of these clones indicate that CHOP OE does not increase either 

spontaneous or ART838-mediated cell death or MCL1 reduction, and thus does not 

phenocopy ART838’s antileukemic activity in MOLM14 cells. Future studies should 

address this question in other AML cell lines and primary patient AML cell samples, to 

assure that these findings hold beyond the MOLM14 AML cell line. In addition, similar 

studies should be done in ALL cells in parallel, to support or dispute the contrary findings 

in a published report (107). Subsequent studies using LOF assays to assess the role of 

CHOP in ART838-mediated MOLM14 cell death, pursued with the help of other members 

of the Civin lab, are discussed in Chapter 5. 
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Chapter 5- CHOP KO does not decrease either ART838-mediated cell 

death or ART-mediated MCL1 protein reduction in MOLM14 cells 

Introduction 

As discussed in Chapter 4, CHOP is a key transcription factor in the ISR, especially in ER 

stress-induced apoptosis (145). In previously published studies, it was argued that exposure 

of leukemia cells to ART analogs, low toxicity clinical antimalarial drugs which also have 

anticancer activity (115), causes a ROS-dependent increase in expression of CHOP, which 

by an indirect and not fully-explained mechanism, results in downregulated anti-apoptotic 

MCL1 protein levels, leading to apoptotic cell death (53,54,107). MCL1 is a major target 

in oncology, and ART-induced reduction of cellular levels of anti-apoptotic MCL1 offers 

potential for treatment of many cancers including leukemias, especially since competitive 

inhibition of MCL1 function has been limited by clinical cardiotoxicity (132). Thus, 

determination of the MOA of ART action in leukemias, as well as other cancers, is 

important to drive clinical trials. 

In Chapter 4, we showed that CHOP OE does not increase either spontaneous or ART838-

mediated MOLM14 AML cell death and hence does not phenocopy ART838’s 

antileukemic activity in MOLM14 cells. Contrary to published findings in ALL cells, 

results shown in Chapter 4 indicate that CHOP OE does not reduce MCL1 levels in 

MOLM14 cells in the presence or absence of ART838. To complement the Chapter 4 

CHOP GOF analyses, we conducted LOF assays to test if CHOP is necessary for ART-

mediated cell death or MCL1 reduction in MOLM14. Specifically, we hypothesized that 
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CRISPR-mediated CHOP KO in MOLM14 cells would decrease MOLM14 spontaneous 

cell death, ART838-mediated cell death and ART838-mediated MCL1 protein reduction.  

MOLM14 cells were nucleofected with an sgRNA targeting a site in exon 3 (present in all 

alternatively spliced variants of the CHOP gene) of the human genomic region (located on 

chromosome 12q13.3) encoding CHOP (184). The resulting bulk CRISPR-treated 

MOLM14 cells were single-cell cloned by limiting dilution to improve the knockout 

efficiency. Those MOLM14 CHOP KO clones, suggested by DNA sequencing to harbor a 

disrupting insertion and/or deletion (indel) and found to lack targeted CHOP protein by 

Western blot, were expanded and further evaluated. Parent MOLM14 cells (wild-type) 

were used as controls, and as in Chapters 3 and 4, the highly potent ART838 analog, was 

used for ART sensitivity assays. 

Since the loss of a given molecule might affect cell proliferation/survival even in the 

absence of ART838, we assessed MOM14 CHOP KO growth vs. MOLM14 parent in both 

the absence and the presence of ART838. We selected nine MOLM14 CHOP KO clones 

for these studies (see below); all had high viability and growth rates similar to MOLM14 

parent cells when assessed by trypan blue dye exclusion assays. This result was in 

agreement with findings that, although CHOP has a pro-apoptotic role during cellular stress 

(reviewed in ref. 145), CHOP expression alone is not sufficient to induce apoptosis in the 

absence of stress; nor does CHOP deficiency produce a substantial cellular phenotype in 

the absence of stress, as also seen here and in other studies (167,168). 

Results 

MOLM14 CHOP KO clones 
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Indels in MOLM14 CHOP KO clones 

The “% indels’ is the percentage of sites in the targeted amplicon with insertions and/or 

deletions. The “KO score” counts only those sequences that are frameshift-inducing indels 

or indels that that likely result in lack of the functional targeted protein (185). Nine 

MOLM14 CHOP KO clones were selected for use in this project. Each of these nine 

MOLM14 CHOP KO clones had % indels and KO score of 98-100% (the bulk KO 

population had a KO score of 89%) that remained consistent with in multiply passaged 

cells (Table 5-1, Figure 5-1 and Figure 5-2).  

Table 5-1. %Indels and KO Scores MOLM14 CHOP KO clones. 

MOLM14 CHOP KO 

clone  

First read Second read 

% Indel KO score % Indel KO score 

KO1 98 98 99 99 

KO2 99 99 99 99 

KO3 99 99 99 99 

KO4 99 99 99 99 

KO7 99 99 99 99 

KO12 99 99 99 99 

KO13 99 99 100 100 

KO14 99 99 99 99 

KO20 99 99 99 99 

Data from Sanger sequencing of an amplicon surrounding the CRISPR-targeted site in exon 3 of the CHOP 

genomic DNA. 
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Genomic DNA were isolated from MOLM14 CHOP KO clones and a region of exon 3 containing the 

target knockout sequence was amplified by PCR. Amplicons were sequenced and % indels and KO scores 

of each MOLM14 CHOP KO clone are shown. First read is from tissue culture passage 1 of each 

MOLM14 CHOP KO clone, and second read is from passage 11. Vertical dotted lines show cut site and 

horizontal dotted lines denote deleted base pairs. N denotes inserted base pair. Figure continued from 

pages 74-76. 

a) Schematic of CHOP exonic structure denoting 4 exons (top) and their sizes in base pairs (below). Red 

arrow denotes start codon. b) CHOP exon3 genomic sequence from chromosome location 12q13.3 

showing amplified region for sequencing encased by forward primer (orange) and reverse primer (blue) 

sequences, sgRNA target region (yellow highlight), region encoding amino acids identified by Mab 

epitope (blue highlight) and the primer sequences used for amplification. (184) 

Figure 5-1. Genomic sequence in CHOP exon 3. 

Figure 5-2. MOLM14 CHOP KO clones had % Indels and KO scores of 98-100%. 

a) 

b) 
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Figure 5-2 continued.  
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Figure 5-2 continued. 

 

 



78 
 

CHOP protein levels in MOLM14 CHOP KO clones 

Protein extracts were made from these nine exponentially growing MOLM14 CHOP KO 

clones that had been cultured with/without 200nM ART838 for 18 hours. The extracts were 

then subjected to Western blot analysis using alpha-tubulin or beta-actin as controls, to 

assess levels of the monoclonal antibody (Mab)-detected CHOP protein in MOLM14 

CHOP KO clones compared to MOLM14 parent. The epitope of the CHOP Mab (same as 

used in previous chapters) includes Leucine 159 in the CHOP protein, which is encoded 

by a sequence transcribed after the sgRNA target region in exon 3. As previously reported 

(54), CHOP levels are low/absent in MOLM14 parent, but are elevated and easily detected 

in ART838-treated MOLM14 parent. All nine selected MOLM14 CHOP KO clones had 

substantially reduced CHOP protein compared to parent MOLM14. (Figure 5-3 a, b).  

We conducted two independent experiments to assess levels of CHOP protein in ART838- 

or vehicle (DMSO)-treated MOLM14 CHOP KO clones. In the first experiment, which 

used early passage cells (passage 16), six of the nine tested ART838-treated MOLM14 

CHOP KO clones (KO1, KO2, KO3, KO13, KO14, and KO20) had undetectable CHOP 

protein. Two of the remaining ART838-treated MOLM14 CHOP KO clones had 

substantially lower levels of CHOP protein, as compared to ART838-treated MOLM14 

parent cells, with the exception of MOLM14 CHOP KO7 (Figure 5-3 a). In a repeat 

experiment which used later passage cells (passage 21-22), three of the nine ART838-

treated MOLM14 CHOP KO clones (KO1, KO3, and KO20) had undetectable CHOP 

protein, similar to the first experiment, while the remaining clones had substantially lower 

levels of CHOP protein, as compared to ART838-treated MOLM14 parent (Figure 5-3 b).  
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Whole cell lysates were made from cells treated for 18 hours with 200 nM ART838 or vehicle (DMSO). 

Western blotting was performed for CHOP (green) and house-keeping proteins, alpha-tubulin and beta-

actin. Bar graphs show normalized levels of CHOP protein by densitometry from 2 independent repeat 

experiments in CHOP KO vs. MOLM14 parent cells. a) Experiment 1 b) Experiment 2.  

a) 

b) 

Experiment 1 

Experiment 2 

Figure 5-3. MOLM14 CHOP KO clones had absent/barely detectable levels of Mab-binding 

CHOP protein, after ART838 treatment. 
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CHOP KO did not decrease ART838-mediated reduction of MCL1 protein 

We hypothesized that these MOLM14 CHOP KO clones, with documented disruptive 

indels and absence/reduction of CHOP protein, would have decreased ART838-mediated 

reduction of MCL1 protein levels. To test this hypothesis, protein extracts from ART838-

treated or vehicle (DMSO)-treated cells (prepared in the same experiments shown in Figure 

5-3) were tested for MCL1 protein levels (Figure 5-4 a, b). Contrary to our hypothesis, 

ART838 treatment resulted in substantial MCL1 protein reduction in the MOLM14 CHOP 

KO clones, and the amount of ART838-mediated MCL1 protein reduction was not 

significantly different from that of MOLM14 parent (Figure 5-4 c). 

Two experiments were conducted to assess levels of MCL1 protein in ART838-treated vs. 

vehicle (DMSO)-treated cells. In both experiments two blots were used to accommodate 

all the CHOP KO clones, and each blot had its own MOLM14 parent control. In the first 

experiment, even though the MOLM14 parent control in one blot did not have reduced 

MCL1 protein with ART838 treatment, all the CHOP KO clones had reduced levels of 

MCL1 protein with ART838 treatment (Figure 5-4 a). In the second (repeat) experiment, 

ART838 treatment reduced MCL1 protein levels in both MOLM14 parent and all 

MOLM14 CHOP KO clones (Figure 5-4 b). To test the significance of these results, mean 

MCL1 protein fold-changes in ART838-treated vs. vehicle (DMSO)-treated cells from 

both experiments were determined and one-way ANOVA analysis was performed. There 

were no significant differences in ART838-mediated MCL1 protein reduction in MOLM14 

CHOP KO clones vs. MOLM14 parent (Figure 5-4 c). 
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Whole cell lysates made in figure 5-3 were analyzed by Western blotting for MCL1 protein (purple) and 

house-keeping genes, alpha-tubulin and beta-actin. Normalization blots are the same blots as in figure 5-

3. Bar graphs show normalized levels of MCL1 protein by densitometry from 2 independent repeat 

experiments in MOLM14 CHOP KO vs. MOLM14 parent cells. a) Experiment 1 b) Experiment 2. c) Bar 

graphs plot mean fold-change of MCL1 protein in ART838-treated vs-untreated cells. Mean of two 

independent experiments +/- SEM. Purple triangle symbols show values from each experiment. Statistical 

comparisons (one-way ANOVA) were performed for MOLM14 CHOP KO vs MOLM14 parent. *P<.05; 

**P, .01; ***P<.001; ****P<.0001; no asterisk if P>.05.  

Figure 5-4. CHOP KO did not decrease ART838-mediated MCL1 protein reduction in MOLM14 

cells. 
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b) 

a) 

Experiment 1 

Experiment 2 c) 
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CHOP KO did not decrease ART838-mediated cell death 

To test the hypothesis that MOLM14 CHOP KO clones would have decreased sensitivity 

(i.e., increased resistance) to ART838, the nine MOLM14 CHOP KO clones were cultured 

with a range of concentrations of ART838 and tested for viability/growth using alamarBlue 

assays. Treatment with a range of concentrations of ART838 (0-80 nM (Figure 5-5 a) or 

0-1280 nM (Figure 5-5 b) for 48 hours, showed that all nine of the MOLM14 CHOP KO 

clones have ART838 sensitivity similar to that of MOLM14 parent (Figure 5-5 c).  

Two experiments were conducted to assess the effect of CHOP KO on ART838 sensitivity. 

In the first experiment, the nine MOLM14 CHOP KO clones were assessed independently, 

each with its own parent cell control, as depicted in the graph, and ART838 IC50 values 

ranged from 10 nM-44 nM. All the MOLM14 CHOP KO clones had similar sensitivity to 

ART838 as MOLM14 parent cells, with the exception that CHOP KO12 (ART838 IC50 = 

44 nM) had slightly decreased sensitivity compared to MOLM14 parent (ART838 IC50 = 

14 nM) (Figure 5-5 a). In the second (repeat) experiment, all the MOLM14 CHOP KO 

clones were assessed together with MOLM14 parent cells as a control, and bulk (uncloned) 

MOLM14 CHOP KO cells were also assessed. All nine of the MOLM14 CHOP KO clones, 

as well as the bulk MOLM14 CHOP KO cells, showed similar sensitivity to ART838 as 

MOLM14 parent cells (Figure 5-5 b). Technical drug dilution differences might underlie 

the IC50 differences between these two experiments, but this should not affect our 

comparisons of MOLM14 CHOP KO clones vs. MOLM14 parent, since ART838 

sensitivity of MOLM14 CHOP KO clones vs. MOLM14 parent was determined in each 

experiment. One-way ANOVA analysis revealed no significant differences in ART838 

sensitivity of MOLM14 CHOP KO clones vs. MOLM14 parent (Figure 5-5 c, d). 
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MOLM14 CHOP KO clones and MOLM14 parent were cultured with indicated doses of ART838 for 48 

hours. Growth inhibition relative to DMSO (alamarBlue absorbance (fraction of control) where, 0 = 

100% growth inhibition and 1 = no growth inhibition), by alamarBlue assays, was graphed; means of one 

experiment with triplicate samples plus or minus SD. a) Experiment 1 with all nine MOLM14 CHOP 

KO clones. b) Experiment 2 is repeat of experiment 1. c) and d) Mean IC50 values relative to MOLM14 

parent calculated from data shown in a) and b), were graphed and dotted line represents relative IC50 for 

MOLM14 parent. c) Individual relative IC50 graphed d) Relative IC50 graphed collectively for each set 

of MOLM14 CHOP KO clones. Statistical comparisons (one-way ANOVA) were performed for 

MOLM14 CHOP KO clones vs. MOLM14 parent. *P<.05; **P<.01; ***P<.001; ****P<.0001; no 

asterisk if P>.05.  

Figure 5-5. CHOP KO did not decrease ART838 mediated death of MOLM14 cells. 
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Discussion 

Previously published studies had reported that treatment with ART analogs upregulated 

CHOP levels in AML and ALL cells prior to apoptosis, suggesting a role for CHOP in the 

antileukemic MOA of ARTs (53,54,107). In this chapter, we showed that CHOP is not 

necessary for ART838-mediated or spontaneous death of MOLM14 AML cells. All nine 

tested MOLM14 CHOP KO clones had similar growth rates and viability as MOLM14 

parent cells, and there were no substantial or significant differences in their ART838 

sensitivities compared to MOLM14 parent cells. Thus, CHOP is not necessary for 

ART838-mediated MOLM14 AML cell death. 

In addition, we showed that CHOP KO does not significantly decrease ART838-mediated 

MCL1 protein reduction in MOLM14 cells. In the nine MOLM14 CHOP KO clones 

evaluated in the study, there were no significant differences in the amount of MCL1 protein 

reduction that occurred with ART838 treatment, as compared to MOLM14 parent, 

indicating that ART838-mediated MCL1 protein reduction is not CHOP-dependent in 

MOLM14. This finding contradicted published results in ALL cells, which had reported 

DHA-mediated MCL1 reduction to be CHOP-dependent (107). This difference might be 

due to the cell lines and the ART analog used, i.e., DHA-mediated MCL1 protein reduction 

in mouse embryonic fibroblasts (MEFs) and BCR-ABL+ B-ALL cells might be CHOP-

dependent, whereas ART838-mediated MCL1 protein reduction in MOLM14 AML cells 

might be CHOP-independent. Multiple ALL and AML cell lines should be compared in 

future studies conducted in parallel to determine if the cellular context of ALL vs. AML 

affects the role of CHOP in ART-mediated MCL1 reduction. Similarly, other ART analogs 

could also be assessed in parallel. 
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Our results are robust, with evaluation of multiple MOLM14 CHOP KO clones. All nine 

of the ART838-treated MOLM14 CHOP KO clones used in the study had substantially 

reduced CHOP protein levels compared to ART838-treated MOLM14 parent, and at least 

three of the nine CHOP KO clones had consistent complete loss of detectable CHOP in 

Western blot assays. Thus, absence/reduction of CHOP in bulk KO and KO clones did not 

decrease ART838-mediated cell death or MCL1 protein reduction in MOLM14, and 

neither did CHOP loss affect their spontaneous cell death.  

Our results indicate that, although cellular CHOP levels increase substantially during 

ART838-containing culture of MOLM14 and other human AML cell lines (54,107), CHOP 

does not play a major role in the viability/growth, ART838-sensitivity or MCL1 reduction 

of MOLM14 AML cells. Future studies should address this question in other AML cell 

lines and primary patient AML cell samples, to assure that the MOLM14 AML cell line is 

not the only AML where CHOP is not mechanistically involved in ART-mediated cell 

death and MCL1 protein reduction. In addition, future studies should include evaluation of 

other ARTs, in addition to ART838. CHOP is a key transcription factor in the UPR limb 

of the ISR pathway that can have both antiapoptic or proapoptotic effects depending on the 

stress signal (116). The ISR is one of the proposed components of ART838’s MOA, and it 

might be that other ISR-related molecules (but not CHOP) are involved in ART838 MOA. 

Our lab’s ongoing experiments involve assessing the roles of other ISR-related molecules 

that are upregulated with ART838 exposure in AML cells, using similar LOF/GOF assays. 

Alternatively, the lab might find that non-ISR molecules are the major causes of ART838-

mediated cell death. 
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Chapter 6- Discussion and future directions 

The antimalarial ARTs have been studied as anticancer agents for over two decades, as 

Nobel Prize winning antimalarial drugs, yet their MOA is still incompletely elucidated 

(65). Our laboratory began to assess the antileukemic MOA of ARTs in order to better 

understand how to evaluate for the treatment of acute leukemias, especially AMLs. 

Expanding on previously published data in MEFs and mouse BCR-ABL+ B-ALL cells 

(107), we noted upregulation of CHOP and downregulation of the MCL1 protein in human 

AML cells cultured with AS and ART838 (54). This led us to hypothesize that CHOP and 

MCL1 may play a role in the MOA of a potent and pharmacologically advantageous ART, 

ART838 (54), in leukemia cell death. We aimed to assess the effects of MCL1 OE on 

ART838 sensitivity, and effects of CHOP OE and KO on spontaneous or ART-mediated 

cell death and MCL1 reduction in the human MOLM14 AML cell line, which is highly 

sensitive to ARTs. The results from the study herein indicate that MCL1 OE protects 

MOLM14 from ART838-mediated death, but that neither CHOP OE nor CHOP KO, 

affects spontaneous or ART838-mediated cell death or MCL1 levels in MOLM14 cells. 

The antiapoptotic protein MCL1 is frequently upregulated in cancer cells, where it 

contributes to the development, progression, and drug resistance of multiple types of 

cancer, especially AML, the cell type in which MCL1 was initially discovered (128,131). 

Several published studies have shown that pharmacologic or molecular 

inhibition/reduction of MCL1 causes apoptotic death of MOLM14 and other AML cell 

lines, conclusively establishing that AML cells require endogenous MCL1 for survival 

(137,138). To combat MCL1, several drugs that competitively inhibit MCL1 have been 

developed that indeed cause apoptotic death of cancer cells and synergize with many other 
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antineoplastic drugs, most of which act by stimulating apoptosis, especially the blockbuster 

BCL2 inhibitor, venetoclax. However, competitive inhibitors of MCL1 appear to cause 

cardiotoxicity, which has blocked their clinical use (132). Therefore, drugs that 

downregulate cellular MCL1 levels have become attractive alternatives.  

CHOP is a key transcription factor in the UPR branch of the ER-stress mediated apoptotic 

pathway, which is implicated in the etiology of several diseases, including AML (145). 

Both the UPR and CHOP have been reported to be activated in AML patient samples, 

interestingly those with favorable prognosis (157), and there are ongoing investigations to 

develop ways to pharmacologically switch the ER stress response in cancer cells from 

prosurvival to proapoptotic (158). Thus, ART-mediated CHOP upregulation makes ARTs 

potentially attractive antineoplastics, which in turn prompts further elucidation of MOAs. 

Prior data from our lab as well as others revealed MCL1 protein downregulation in ART-

treated cells. To complement existing knowledge that downregulation or competitive 

antagonism of MCL1 led to apoptotic death of AML cells (54,107), we started this project 

by assessing the effect of enforced MCL1 OE on the sensitivity of the human MOLM14 

AML cell line to ART838, using MOLM14 cell lines cloned after lentiviral transduction 

to OE MCL1. We found MOLM14 MCL1 OE clones expressing high MCL1 levels to be 

less sensitive (i.e. more resistant) to ART838, as compared to the MOLM14 parent cells 

and EV clones, indicating that MCL1 OE ‘rescues’ MOLM14 cells from ART838-

mediated cell death (i.e, decreases their ART838 sensitivity, increases resistance). There 

were strong and statistically significant correlations between levels of MCL1 

mRNA/protein and ART838 resistance. Furthermore, ART838 resistance also significantly 

correlated with resistance of the MOLM14 MCL1 OE clones to the established MCL1 
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competitive inhibitor, S63845 (142), associating MCL1 functionality and ART838-

mediated MOLM14 cell death. These results agree with those previously published for 

ALL cells that found that MCL1 OE mouse BCR-ABL+ B-ALL cells to be more resistant 

to DHA (107). 

Our successful GOF assays with MOLM14 MCL1 OE clones used for assessing the effect 

of MCL1 OE on ART838 resistance, motivated our subsequent use of similar GOF and 

LOF assays to assess genetic sufficiency/necessity of other candidate molecules in the 

antileukemic MOA of ART838, starting with this project’s evaluation of CHOP (54,107). 

Previous studies showed that CHOP is upregulated in ART-treated AML and ALL cells, 

suggesting potential involvement of CHOP in the antileukemic MOA of ARTs (54,107). 

We assessed the effect of enforced CHOP OE on spontaneous cell death and on ART838 

sensitivity/resistance of MOLM14 cells using single cell clones of MOLM14, made after 

lentiviral transduction to OE CHOP. Trypan blue dye exclusion assays showed growth 

rates and viability of MOLM14 CHOP OE clones to be similar to MOLM14 parent cells, 

denoting that CHOP OE did not affect spontaneous cell death in MOLM14 cells. Moreover, 

contrary to our hypothesis, CHOP OE does not increase ART838 sensitivity (i.e., decrease 

resistance) of MOLM14 cells. Thus, CHOP OE does not contribute to either spontaneous 

or ART838-mediated MOLM14 AML cell death. Then, we assessed the effect of CHOP 

KO on spontaneous cell death and on ART838 sensitivity in MOLM14. Growth rates and 

viability of MOLM14 CHOP KO clones and MOLM14 parent cells were similar, 

indicating no effect of CHOP KO on spontaneous cell death. Further, we found that 

MOLM14 CHOP KO clones do not have decreased ART838 sensitivity (i.e., increased 

resistance) to ART838. Taken together, our GOF and LOF analyses indicate that CHOP is 
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neither sufficient nor necessary for spontaneous or ART838-mediated cell death in 

MOLM14 cells. 

A prior published report in ALL cells found ART-mediated MCL1 protein reduction to be 

CHOP-dependent (107). They reported that DHA treatment of CHOP KO (SV40-

transformed MEFs) and mouse BCR-ABL+ B-ALL cells resulted in much less MCL1 

protein reduction (i.e., downregulation at the protein level), as compared to DHA-treated 

parent (SV40-transformed MEFs). Based on this paper, we hypothesized that CHOP OE 

in MOLM14 would decrease levels of MCL1 protein. However, lentiviral transduced 

MOLM14 CHOP OE clones had similar levels of MCL1 protein to levels in control cells 

(MOLM14 parent cells and EV clones) in the absence of ART838; and there was no 

significant correlation between CHOP and MCL1 protein levels. Moreover, MCL1 protein 

reduction in ART838-treated MOLM14 CHOP OE clones was not substantially different 

from that of MOLM14 parent. Our results are robust and rigorous, including evaluation of 

multiple MOLM14 CHOP KO clones. This difference between our results and the prior 

paper might be due to the cell lines or the ART analog used, i.e., DHA-mediated MCL1 

protein reduction in MEFs and BCR-ABL+ B-ALL cells might be CHOP-dependent, 

whereas ART838-mediated MCL1 protein reduction in MOLM14 AML cells might be 

CHOP-independent. Future studies should compare multiple AML and ALL cell lines and 

patient samples, side-by-side, to determine if the context of AML vs. ALL affects the role 

of CHOP in ART-mediated MCL1 reduction and cell death. At the same time, other ART 

analogs should also be tested in parallel.  

Multiple studies (95,109,110), including those from our lab (53,54), have convincingly 

indicated the need for bioactivation of ARTs’ pharmacophores, dependent on Fe2+ catalysis 
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and leading to generation of ROS and free radicals. It is postulated widely that ROS and 

free radicals in turn exert several detrimental effects that induce cell death by binding to 

several target molecules. Previous studies from our lab have specifically documented the 

requirement for the endoperoxide groups and for ROS in the cytotoxicity of AS and 

ART838 (53) in MOLM14 as well as other leukemias. Since FLT3/ITD has been 

demonstrated to increase endogenous ROS levels (169), MOLM14 and other AMLs that 

harbor FLT3/ITD may be especially sensitive to ART838 due to their already-elevated 

ROS levels. Our lab also documented strong synergies among ART838, SOR and VEN in 

the 3-drug regimen called SAV in vitro, plus impressive efficacy and tolerability in AML 

xenograft and primagraft models (54). This suggested to us that ART838, SOR and VEN 

might combine to target MCL1 and BCL2 via discrete mechanisms. However, this SAV 

combination was empirically-based, developed without complete knowledge of the MOA 

of ARTs. Our study probing the involvement of MCL1 and CHOP in the MOA of ART838 

unravels part of the antileukemic MOA of ARTs, which eventually might provide a 

rationale for enhanced drug combinations.  

Molecular biomarkers are valuable in correlating pharmacodynamics (PD) in cells and 

tissues with pharmacokinetics (PK) and efficacy/toxicity of ART-based treatment. Our 

findings suggest that cellular MCL1 protein levels and CHOP mRNA/protein levels might 

be good biomarkers for the functional delivery of ART838 to cells. Preferably for PD, such 

molecules would also mark ARTs’ antileukemic MOA, which appears to be the case for 

MCL1 protein reduction though not for CHOP elevation.  

Our previous results (54) showed that MCL1 protein, but not MCL1 mRNA, is 

downregulated with ART-treatment of AML cells. Other studies showed that DHA does 
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not induce enhanced degradation of MCL1 protein (107). These data suggest that protein 

translation of MCL1 is inhibited by ART-treatment. Future studies need to be directed 

toward deciphering exactly how MCL1 protein is reduced/downregulated in AML by 

ART838 treatment. MCL1 protein translation might be downregulated via the ISR pathway 

by two mechanisms: 1) global protein attenuation resulting from translation initiation factor 

eIF2α phosphorylation (note that the in vivo half-life of MCL1 protein is very short (54)) 

or 2) altered levels of molecules that regulate MCL1 protein levels. In our prior 

experiments, inhibition of mRNA translation did not substantially alter MCL1 protein 

abundance in the presence of ART838 in KOPN8 ALL or ML2 AML cells (54). 

Additionally, levels of several known MCL1-regulatory proteins, including eIF4B (170), 

ubiquitin-associated protein FBXW7 (171), and deubiquitinase USP13 (172), were not 

altered by culture of KOPN8 ALL and ML2 AML cells in ARTs (54). The BH3-only 

proteins, NOXA (173,174) and PUMA (175) were reported to be important in induction of 

apoptosis in response to DHA, but not to be essential for the reduction of MCL1 expression 

(107). In MOLM14 cells, GSK3β, another known regulator of MCL1 (176), was not altered 

by ART838 or AS (54). These published findings need to be expanded in MOLM14 and 

other AML cells to pinpoint the mechanism of ART838-mediated MCL1 protein reduction. 

Beyond MCL1 and CHOP, ongoing studies in our lab have found elevation of protein and 

mRNA levels of important ISR-related molecules; ATF4, CHAC1, ATF6, and p-EIF2a, in 

MOLM14 AML cells. Currently, our lab is testing additional AML cell lines and utilizing 

similar LOF/GOF genetic methods piloted with MCL1 and CHOP in MOLM14 to assess 

the role of each of these ISR molecules in the antileukemic MOA of ART838. ART-

mediated MCL1 reduction and death of AML cells might require only certain ISR 
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molecules or might proceed via a non-canonical pathway rather than the classic UPR 

pathway. Alternatively, upregulation/activation of an ART-mediated ISR molecule might 

result in balanced pro- and anti-apoptotic effects (as the ISR may mediate both effects, 

dependent on the stress (116), or perhaps non-ISR molecules are the major causes of 

ART838-mediated AML death. 

Overall, this study, first, provides further indication that ART838-cause apoptotic cell 

death of human MOLM14 AML cells that proceeds via a mechanism(s) that involve MCL1 

protein reduction/downregulation. We found, second, that CHOP, though upregulated 5-

10-fold at both mRNA and protein levels, is neither necessary nor sufficient for ART838-

mediated cell death or MCL1 reduction/downregulation. Future studies should address this 

question in other AML cell lines and primary patient AML cell samples and with other 

ART analogs, to assure that the MOLM14 AML cell line is not the only AML case where 

CHOP is not mechanistically involved in ART-mediated cell death and MCL1 protein 

reduction and that ART838 is representative of ARTs overall. Our lab is proceeding to 

assess the role of other candidate molecules which we show to be upregulated in multiple 

AML cell lines early after ART838 exposure (i.e. within <24 hours, prior to detectable 

apoptosis/cell death), using the genetic LOF/GOF analytic approach established herein. We 

hope that knowledge of the antileukemic MOA of ARTs can guide drug exposure treatment 

(i.e., optimal scheduling based on PK/PD and drug combination based on MOAs) and 

enable drug resistance monitoring/inhibition in clinical trials (potentially in malaria as well 

as cancer), including ours. In addition, these studies may identify new molecules involved 

in AML cell death and drug resistance, and drugs developed against these new targets 

might enhance or replace ARTs in AML treatment. 
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