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ABSTRACT
AML is a clonal hematopoietic malignancy characterized by the uncontrolled proliferation of
aberrantly differentiated myeloid cells in the bone marrow. This leads to the suppression of normal
hematopoiesis in the patient that, if left unchecked, can eventually be fatal. AML is the deadliest
form of leukemia in the United States, and mainstay therapy for AML has remained largely
unchanged for the past four decades. Relapse and refractory disease are major hurdles to the success
of treatment, and there is an urgent need for new targets and therapies.
Autophagy is a catabolic process where cytoplasmic contents are encapsulated by doublemembraned vesicles and delivered to the lysosome for degradation. Recent research efforts have
elucidated a possible role of autophagy in cancer malignant transformation and progression, and
have further led to the development of a number of selective autophagy modulators. It has thus
become important to specifically determine the role of autophagy in the initiation and development
of AML. Here, we employ a mouse model of AML expressing the fusion oncogene MLL-AF9 and
explore the effects of Atg5 deletion, a key autophagy protein, on the malignant transformation and
progression of AML. The in vivo deletion of Atg5 in MLL-AF9-transduced bone marrow cells
during primary transplantation prolonged the survival of recipient mice, suggesting that autophagy
plays a role in MLL-AF9-driven leukemia initiation. In contrast, deletion of Atg5 in malignant AML
cells during secondary transplantation did not influence the survival or chemotherapeutic response of
leukemic mice. Thus, Atg5-dependent autophagy may contribute to the development but not
chemotherapy sensitivity of murine AML induced by MLL-AF9.
Deregulated apoptosis is a hallmark of cancer. The anti-apoptotic group of Bcl-2 family proteins
is frequently found to be over-expressed in numerous cancers, causing both evasion of apoptosis and
resistance to treatment. Mcl-1 is an anti-apoptotic member of the Bcl-2 family that has long been
hypothesized as a promising therapeutic target. To this end, we characterized a series of small
iii

molecules based on maritoclax, a novel small molecule antagonist of Mcl-1, in the context of AML.
We determined that maritoclax caused the selective proteasome-dependent down-regulation on Mcl1 and subsequent cytotoxicity in AML cells with elevated Mcl-1. We further performed structureactivity relationship analysis and uncovered a number of pyoluteorin derivatives that demonstrated
superior potency towards Mcl-1-dependent cancers as well possessing in vivo efficacy. In order to
expand the strategies by which to antagonize Mcl-1-dependent cancers, we designed and validated a
robust high-throughput approach to uncover small molecules which post-transcriptionally modulate
Mcl-1 stability. We uncovered a number of hits which down-regulate Mcl-1, among which is
niclosamide with a hitherto unknown mechanism of action. We similarly performed structureactivity relationship studies on niclosamide and uncover a number of salicylamide derivatives based
on niclosamide that potently and selectively induce proteasome-dependent Mcl-1 down-regulation.
Overall, we present a novel high-throughput approach to discover novel post-transcriptional
modulators of Mcl-1 and were able to describe the pharmacophore of salicylamide derivatives which
selectively antagonize Mcl-1. Thus, we were able to characterize a series of small molecule Mcl-1
antagonists with the potential to be developed for the treatment of AML.
Taken together, these studies have dissected the role of autophagy and the pharmacologic
inhibition of Mcl-1 in the context of AML. While autophagy did not play a significant role in the
progression or chemotherapeutic response in a mouse model of AML, the selective inhibition of
Mcl-1 by inducing its proteasomal degradation might be a promising therapeutic strategy. We
believe that this knowledge will significantly contribute to the understanding of AML pathogenesis
and treatment, will serve as a platform for additional drug discovery efforts to elucidate novel
compounds for the treatment of AML.
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CHAPTER 1. INTRODUCTION

1.1. Hematopoiesis
The hematopoietic system is hierarchical, divergent, and highly organized. Studies in
hematopoiesis have significantly facilitated the understanding of both normal and malignant tissue
biology. Hematopoiesis is characterized by the stepwise commitment of hematopoietic cells to
specific lineages and the gradual loss of their capacity to self-renew.1
The hematopoietic stem cell (HSC) has been postulated to exist since 1909. It has since been
elucidated that a single pool of long-lived and self-renewing multipotent HSCs are at the apex of the
hematopoietic hierarchy. The divergent tree of hematopoiesis has also been mapped through a series
of functional and phenotypic assays. As studies in hematopoiesis heavily rely on functional assays to
determine the capacity of putative HSCs to reconstitute the entire hematopoietic system of an
immunodeficient recipient, early studies have primarily been conducted in mice. The study of
hematopoiesis has been greatly advanced by the development of a large number of cell surface
antigens, termed clusters of differentiation (CD), and their respective antibodies. The development
of fluorescence activated cell sorting (FACS), allowed for the immunophenotyping of multiple CDs
on a single cell, as well as for the characterization and sorting of highly rare cell populations. We
now understand that within multipotent HSCs reside cells with differing half-lives. Whereas longterm HSCs (LT-HSCs) may last the lifetime of the organism, short-term HSCs (ST-HSCs) may only
demonstrate reconstitution potential on the order of months. The current understanding of HSC cell
surface antigens allows for prospective isolation of rare cell populations resulting in highly enriched
or even pure populations of HSCs using FACS. The recent capability to xenotranplant human HSCs
to rodents marked rapid advances in the understanding of human hematopoiesis and confirmed that

1

Figure 1.1 Current models of lineage determination in the adult mouse and human
hematopoietic hierarchies.
Terminally differentiated cells are shown on the right, and inferred lineage relationships are
depicted with arrows.2

the hematopoietic hierarchy between rodents and humans are largely similar in concept (Figure
1.1).2
The site of hematopoiesis changes during mammalian development. Primitive erythrocytes are
formed in the yolk sac, where definitive HSCs are also produced. The site of hematopoiesis then
shifts to a region in the embryonic mesoderm beginning around day 9 of embryogenesis.
2

Hematopoietic colonization is then located in the fetal liver, thymus, and spleen in the embryo.
Shortly after birth, hematopoiesis migrates to the bone marrow (BM).1 How the differences in the
various hematopoietic niches contribute to hematopoiesis is not well understood, and the BM
remains the most well studied HSC microenvironment. Three types of cells in the BM are
functionally important in regulating hematopoiesis, namely osteoblasts, stromal cells, and
endothelial cells. Incidentally, HSCs have been described to reside in close proximity to all these
three cell types in the perivascular endosteal niche. Differentiated cells then occupy the central and
perisinusoidal regions of the BM.3
The hematopoietic differentiation cascade depends on various cytokines secreted by the BM
niche. HSCs are dependent on a large number of cytokines, and gradual fate restriction restricts the
number of cytokines on which the differentiating cell is dependent. Stem cell factor (SCF) plays a
significant role in the self-renewal and proliferation of both mouse and human HSCs. Its receptor ckit is also a well-studied marker of hematopoietic stem and progenitor cells (HSPCs). Deletion of
SCF from endothelial cells or perivascular stromal cells, but not from osteoblasts or HSCs, ablated
hematopoiesis, demonstrating that SCF-dependent maintenance of HSCs originates from the
perivascular niche.4 High resolution real-time imaging of HSC engraftment and differentiation to the
zebrafish equivalent of fetal liver demonstrated that endothelial cells form the HSC niche, and an
interaction between HSCs and stromal cells direct HSC differentiation and self-renewal.5 Genetic
studies on the role of osteoblasts suggest that osteoblast number regulates the number of HSCs.6,7

1.1.1. Lymphopoiesis
The hematopoietic tree can be broadly divided into two branches, lymphoid and myeloid
through the eventual commitment of HSCs to common lymphoid progenitors (CLPs) or common
myeloid progenitors (CMPs) respectively. Lymphopoiesis is responsible for generating B cells, T
3

cells, and natural killer (NK) cells. B-cells mature in the bone marrow in both rodents and humans,
and secret soluble antibodies to neutralize antigens. Invading pathogens such as viruses are often
neutralized by antibodies through opsonization.
T cells express the T-cell receptor (TCR) that can bind to the membrane protein major
histocompatibility complex (MHC) molecules presenting an antigenic peptide. T cells mature in the
thymus, where they undergo selection to ensure MHC binding and self-tolerance. Upon binding to
MHC molecules presenting an antigenic peptide, helper T (TH) lymphocytes facilitate the activation
of the immune response whereas cytotoxic T (TC) lymphocytes initiate cell killing. The presence of
MHC molecules on virtually all nucleated cells limits the success of tissue transplant, as different
individuals even among the same species present varied antigenic peptides and MHC molecules.
Thus, the activation of the host immune response against the transplanted tissue results in transplant
rejection. On the other hand, when the host’s immune system is insufficient to eliminate the immune
cells of the transplanted tissue, the activation of transplanted T cells against the host results in graft
versus host disease (GvHD).
NK cells are notable for their cytotoxicity against host tumor cells as well as certain virusinfected cells. NK cells identify stressed cells by recognizing a lack of constitutively expressed cell
surface proteins such as MHC molecules, which might be downregulated in cells undergoing stress.
Under activation, NK cells exert cytotoxicity towards target cells in a fashion akin to TC
lymphocytes.8,9

1.1.2. Myelopoiesis
CMPs further differentiate into granulocyte-macrophage progenitors (GMPs) and megakaryocyte-erythroid progenitors (MEPs). These progenitors in turn produce all of the remaining nonlymphoid blood cells. GMPs can differentiate into granulocytes and monocytes. Granulocytes play
4

important roles in pathogen immunity, inflammation, and allergic reactions. Neutrophils are a type
of granulocyte which play important roles in innate immunity, functioning as phagocytes as the first
response to inflammation. A low neutrophil count in the peripheral blood, called neutropenia, is
indicative of significant susceptibility to infection. Granulocytes also include eosinophils and
basophils that can play roles in parasite immunity and allergic reactions.
Monocytes are phagocytes that undergo further differentiation into macrophages or dendritic
cells in various tissues. Canonically, macrophages function to clear opsonized pathogens and cellular
debris, with roles in inflammation and antigen presentation. Dendritic cells are specialized for
antigen presentation to train the adaptive immune system to recognize pathogens.
MEPs differentiate into megakaryocytes and erythrocytes. Megakaryocytes mature into
platelets, which are critical for blood clotting at wounds. Thus individuals with low platelet counts,
termed thrombocytopenia, have higher risks of uncontrolled bleeding. Mature erythrocytes are not
nucleated and serve to deliver oxygen to the entire organism. Thus individuals with low erythrocyte
counts, or anemia, can suffer from symptoms including fatigue and shortness of breath.9

1.1.3. Hematopoietic malignancies
Malignancies that occur in the cells of the hematopoietic system can be classified as lymphomas, leukemias, and myelomas. Lymphomas are malignancies originating within the lymphatic
system from either immature or mature B or T cells. Lymphomas are further classified as Hodgkin
or non-Hodgkin Lymphomas with distinct prognoses and treatments. Myelomas and leukemias are
malignancies that originate from the BM. Whereas leukemias may originate from any hematopoietic
cell type, myelomas specifically arise from the aberrant proliferation of differentiated B-cells that
actively secret antibodies. Lymphomas are the most frequently diagnosed, whereas leukemias are the
deadliest among the three types of hematopoietic malignancies (Table 1.1).9,10
5

Estimated Estimated
New Cases Deaths
All Sites
1,685,210
595,690
Lymphoma
81,080
21,270
Hodgkin Lymphoma
8,500
1,120
Non-Hodgkin Lymphoma
72,580
20,150
Myeloma
30,330
12,650
Leukemia
60,140
24,400
Acute Lymphocytic Leukemia
6,590
1,430
Chronic Lymphocytic Leukemia
18,960
4,660
Acute Myeloid Leukemia
19,950
10,430
Chronic Myeloid Leukemia
8,220
1,070
Table 1.1 Estimated new cancer cases and deaths for the indicated malignancies, United States,
2016.10
Malignancy

As leukemia may theoretically arise from any hematopoietic cell in the bone marrow, leukemias
are classified as either lymphocytic or myeloid depending on the lineage that the malignancy
originates from. Leukemias are further classified as acute or chronic. Acute leukemias generally
have rapid onset of symptoms and involve less differentiated blood cells, whereas chronic leukemias
have slow onset of symptoms and typically involve more differentiated blood cells. Thus four major
types of leukemias exist, namely acute lymphocytic leukemia (ALL), chronic lymphocytic leukemia
(CLL), acute myeloid leukemia (AML), and chronic myeloid leukemia (CML). Rarely, acute
leukemias may originate in an immature stem or progenitor cell prior to lymphoid or myeloid
commitment, and may be referred to as acute leukemia without differentiation.9

1.2. Acute Myeloid Leukemia
AML is a clonal hematopoietic malignancy characterized by the uncontrolled proliferation of
aberrantly differentiated myeloid cells in the BM. This leads to large numbers of circulating myeloid
cells as well as suppression of normal hematopoiesis in the patient that, if left unchecked, can
eventually be fatal.11 AML is the deadliest form of leukemia in the United States, and it is estimated
that more than 19,000 new cases of AML and 10,430 deaths will occur due to AML in 2016 alone
(Table 1.1).10 AML primarily affects patients older than 45 years old, although it also comprises of
up to 20% of childhood leukemias.11,12
6

1.2.1. Symptoms and diagnosis of acute myeloid leukemia
Patients with AML frequently present with increased bruising, hemorrhage, or infection. Further
diagnostic information is gained from subsequent complete blood counts (CBC), where elevated
white blood cell counts and the presence of leukemic blasts in the peripheral blood may be observed.
Definitive diagnosis is based on a combination of histological, cytogenetic, molecular, and
immunophenotype data usually through analysis of BM aspirates, that may be accompanied by BM
biopsies.13,14
Prior to advances in molecular genetics and immunophenotyping of patient samples, patient
stratification was largely based on histological and histochemical data. The formal definition of
AML requires the observation of greater than 20% blasts in the BM, and histology is still the gold
standard for blast enumeration in patients. However, advances in AML patient stratification based on
molecular genetics have reduced the significance of histology. Current World Health Organization
(WHO) guidelines indicate that only 20-30% of AML patients need to be stratified using histological
and histochemical data alone, even though no prognostically meaningful information is generated.
There is active discourse on whether such cases should be collectively designated as AML, not
otherwise specified.15,16
The most common types of histological stains used for diagnosis of bone marrow aspirates and
peripheral blood smears are Giemsa-based stains, typically Wright-Giemsa or May-Grünwald
Giemsa. Features including color, size, cytoplasm to nucleus ratio and the presence of vacuoles or
granules confer additional information that facilitate the visual identification of various
hematopoietic cell populations (Figure 1.2). Whereas only mature populations are identified in the
peripheral blood of a healthy patient, often incompletely differentiated myeloid cells are found at
high frequencies in the peripheral blood and bone marrow of patients with AML. 17 While the
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presence of such blasts can be identified, the lineage and classification of these cells are sometimes
difficult to visually distinguish given the aberrant morphology of many leukemic cells.
Immunophenotyping by flow cytometry is now routine for the identification of malignant
populations in facilitating the stratification of AML patients. Hematopoietic cells are positive for
CD45, but the extent of CD45 expression varies between various cell populations. An initial
emuneration of blasts is sometimes performed using CD45 and the side scattered light (SSC), a
measure cell granularity. AML blast cells typically have low CD45 expression and low granularity,
but leukemic blasts such as those from acute promyelocytic leukemia (APL) or more differentiated
monocytic leukemias may not be found using a traditional blast gate.18 AML cells also aberrantly
express cell surface antigens. Ascertaining the myeloid lineage of blasts is frequently conducted

Figure 1.2 Histology and histochemistry of immature and mature hematopoietic cells.17
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using myeloid lineage markers. In particular, CD13 and CD33 are expressed in the blasts of more
than 80% of all AML patients, and less than 5% of cases are negative for both CD13 and CD33. 18–20
Ultimately a large array of cell surface markers directed towards various differentiation stages of
myeloid and lymphoid lineages are used to immunophenotype AML patients.

1.2.2. Recurrent cytogenetic abnormalities in acute myeloid leukemia
Recurrent cytogenetic abnormalities in AML typically involve monosomies and trisomies, as
well as translocations, deletions, or inversions of large portions of chromosomes. Roughly 41% of
patients do not present with cytogenetic abnormalities, and 31% of patients present with a single
cytogenetic abnormality. More than 14% of AML cases have three or more concurrent cytogenetic
abnormalities, and the increase in cytogenetic complexity consistently correlates with poorer
prognosis and survival (Table 1.2).21
Translocations and inversions are common cytogenetic abnormalities that typically result in
gain-of-function fusion oncoproteins. The most common cytogenetic abnormality in AML patients is
the t(15;17) translocation, which results in the fusion oncoprotein PML-RARα (Table 1.3).
Endogenous RARα suppresses the transcription of target genes, but in turn activates target genes in
the presence of retinoic acid. However, fusion of RARα to PML renders the fusion oncogene
insensitive to physiological levels of retinoic acid, and recruits the fusion oncogene to silence
additional genes that regulate differentiation and self-renewal.22 The t(8;21) translocation occurs in
7% of patients and results in the AML1-ETO fusion oncoprotein. Whereas AML1 is known to be an
Karyotype complexity Patients (%) CR Rate (%) 10-year OS (%)
0 abnormalities
41.4
90
38
1 abnormality
31.1
87
47
2 abnormalities
13.4
85
45
3 abnormalities
4.7
83
48
4 abnormalities
2.1
74
30
5+ abnormalities
7.3
62
10
Table 1.2 Karyotype complexity and the corresponding complete remission (CR) and 10-year
overall survival (OS) rate for 5876 acute myeloid leukemia patients.21

9

important player in regulating normal hematopoiesis through the transcriptional activation of various
genes required for differentiation, the fusion of ETO to AML1 results in a fusion oncoprotein which
transcriptionally silences AML1 target genes that contribute to differentiation and self-renewal, in
addition to dysregulating genes that are not targets of wild-type AML1.23
Translocations involving the mixed lineage leukemia 1 (MLL) protein on chromosome band
11q23 also occur frequently in AML, and over 50 fusion partners of MLL has been identified.24 Of
these, the most common MLL fusion partners in AML include AF6, AF9, AF10, ELL, and ENL. 25
MLL fusion oncoproteins are distinct from previously described fusion oncoproteins as they are also
present in acute lymphocytic leukemia (ALL) as well as in mixed phenotype leukemia where
patients present with both lymphocytic and myeloid leukemia. The most common MLL fusion
partners in ALL include AF4, AF9, and ENL26,27, and the overlap in fusion oncoproteins suggest the
possibility of a common pathogenesis between AML and ALL. The MLL fusion oncoproteins are
also well studied due to the intermediate to poor prognosis of patients bearing t(v;11) translocations,
and the fact that unlike transcription factors AML1 or RARα, MLL is a methyltransferase modifying
lysine 4 of histone H3 (H3K4). MLL fusion oncoproteins are gain-of-function mutations that result
in epigenetic dysregulation. The dysregulation of HOXA and MEIS1 genes is believed to play a
significant role in the leukemogenesis induced by MLL fusion oncoproteins.28 While the different
MLL fusion oncoproteins might share similarities in the set of genes which they dysregulate, each
fusion oncoprotein has also been shown to demonstrate unique target genes.29
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Karyotype abnormality
Patients (%) CR Rate (%) 10-year OS (%)
t(15;17)(q22;q21) and variants
13.4
93
81
Trisomy 8
9.3
80
37
t(8;21)(q22;q22) and variants
7.2
97
61
inv(16)(p13q22)/t(16;16)(p13;q22)
4.8
92
55
Monosomy 7
4.7
58
8
Loss of Y
3.4
89
51
Trisomy 21 (acquired)
2.5
74
21
del(5q)
2.5
58
12
del(7q)
2.5
77
26
Abnormality of 17p
2.5
68
25
Deletion of 9q, including add(9q)
2.3
86
47
Monosomy 5
2.2
57
0
Monosomy 17
2.1
56
3
Abnormality of 11q (not 11q23)
2.0
69
20
Trisomy 22
1.9
84
47
Loss of X
1.9
87
56
Other abnormality of 3q
1.8
59
11
Monosomy 18
1.7
61
4
Other abnormality of 12p, not 12p13
1.6
57
17
Trisomy 13
1.6
70
9
Abnormality of 16q, not inv(16)
1.5
78
31
Abnormality of 1p
1.5
68
20
Abnormality of 1q
1.4
63
21
Abnormality of 7p
1.4
65
22
Trisomy 11
1.4
75
13
Abnormality of 6q, not t(6;11)
1.3
63
21
Monosomy 13
1.2
60
8
Abnormality of 21q, not t(8;21)
1.2
71
17
Trisomy 4
1.2
87
16
inv(3)(q21q26)/t(3;3)(q21;q26)
1.2
36
3
add(7q)
1.2
68
30
Trisomy 6
1.1
78
21
Other 11q23
1.1
75
21
1.0
84
39
t(9;11)(p21∼22;q23)
add(5q)
1.0
53
10
Table 1.3 Recurrent karyotype abnormalities and the corresponding complete remission (CR) and
10-year overall survival (OS) rate for 5876 acute myeloid leukemia patients.21

1.2.3. Recurrent genetic mutations in acute myeloid leukemia
Recent advances in genomics have allowed the elucidation of recurrent genetic events in AML
in addition to cytogenetic abnormalities. Interestingly, mutation burden is low and genomic
instability is rare in AML, with an average of 13 mutations per patient.30–32 Of these, mutations in
the genes FLT3, NPM1, and DNMT3A are recurrent in a significant proportion of AML cases. 32,33
Mutations typically occur in the FLT3 tyrosine kinase as internal tandem duplications (ITD) or in the
tyrosine kinase domain, both resulting in the constitutive activation of Flt3 on the cell surface.
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Mutated Flt3 results in its constitutive activation, activating various survival and proliferation signals
through the PI3K/AKT, MAPK, and STAT5 pathways.34 The functional effects of mutations in
genes such as NPM1 and DNMT3A are only beginning to be understood, but may involve the
metabolic programming of HSCs to facilitate leukemogenesis.35–37
Certain mutations and cytogenetic abnormalities tend to co-occur in AML patients, whereas
others are mutually exclusive. For instance, TP53 mutations are found in two thirds of patients with
a complex karyotype, but are rarely found in other types of AML. On the other hand, FLT3
mutations are rare in complex karyotype AML.11,33

1.2.4. Current treatment strategies for acute myeloid leukemia
The treatment for APL is distinct from other types of AML. The complete remission rate for
APL is over 90% with a cure rate of over 80% due to the combination treatment of arsenic trioxide
and all-trans retinoic acid (ATRA), which specifically induces the differentiation and cell death of
cells with the PML-RARα oncogene.38,39
For other cases of AML, prognosis and treatment strategy is based on a combination of
molecular genetics and cytogenetics (Table 1.4). The current gold standard is continuous-infusion
cytarabine combined with an anthracycline such as daunorubicin. Patients who are unlikely to
achieve extended complete remission with chemotherapy alone based on prognosis are
recommended to undergo allogeneic hematopoietic stem cell transplantation. While many new
treatment options are on the horizon, new agents have not been approved for the treatment of AML
in the United States for the past several decades. As a result, improvements in patient survival have
largely been a result of improved patient stratification and optimized dosing regimens. 11,40 Prospects
remain dismal for older patients who are ineligible for intensive chemotherapy or allogeneic
hematopoietic stem cell transplantation.11,41 These older AML patients with unfavorable diagnoses
12

Risk Profile
Favorable

Subsets
t(8;21)(q22;q22); RUNX1-RUNX1T1
inv(16)(p13.1q22) or t(16;16)(p13.1;q22); CBFB-MYH11
Mutated NPM1 without FLT3-ITD (normal karyotype)
Biallelic mutated CEBPA (normal karyotype)
Intermediate-I Mutated NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 and FLT3-ITD (normal karyotype)
Wild-type NPM1 without FLT3-ITD (normal karyotype)
All other normal karyotype not included in the favorable group
Intermediate-II t(9;11)(p22;q23); MLLT3-KMT2A
Cytogenetic abnormalities not classified as favorable or adverse
inv(3)(q21q26.2) or t(3;3)(q21;q26.2); GATA2–MECOM (EVI1)
Unfavorable
t(6;9)(p23;q34); DEK-NUP214
t(v;11)(v;q23); KMT2A rearranged
−5 or del(5q); −7; abnl(17p); complex karyotype
Table 1.4 Stratification of molecular genetic and cytogenetic alterations of acute myeloid leukemia
11
according to European Leukemia Net recommendations.

are often directly referred to clinical trials or only offered palliative care. Relapse is also a significant
challenge for AML treatment, as evidenced by the large disconnect between complete remission
rates and overall survival (Table 1.2; Table 1.3). Thus, survival of patients with relapsed or
refractory AML is similarly poor at less than 10% five-year overall survival, as reinduction therapy
and allogeneic hematopoietic stem cell transplantation is often ineffective.11,39

1.2.5. Experimental models of acute myeloid leukemia
Recent progress in the treatment of AML has largely been made possible due to an expanding
number of in vitro and in vivo experimental systems. Such research has culminated in the
development of a large number of targeted molecular therapies for AML that are in various phases of
clinical trials.11 Much of the early understanding of healthy and malignant myelopoiesis came from
the use of immortalized cell lines isolated from patients. These cell lines, such as U937 or HL-60
cells, grow indefinitely in culture usually independent of cytokines. Thus these cell lines are easy to
manipulate and are still commonly used today for basic and translational studies of leukemia.
Treatment responses and molecular features of these cell lines are frequently consistent with patient
responses. However, as the majority of AML samples cannot indefinitely proliferate in vitro, those
cell lines that are suited to in vitro culture are usually highly aggressive and do not represent typical
13

AML cells in patients. Indeed, detailed cytogenetic analysis of cell lines have revealed that they
usually carry large numbers of chromosome abnormalities (Table 1.5).42–44 Additionally, there is a
selection bias during the establishment of AML cell lines towards samples with certain genomic
abnormalities that are rarely observed in patients.43
The understanding of AML in a physiological context requires model animal systems. However,
AML cell lines cannot engraft to immunocompetent animals, as host immune systems are activated
in the presence of transplanted material. Early experiments engrafted AML cell lines to athymic
nude mice, but such engraftment largely resulted in myelosarcomas without evidence of bone
marrow engraftment.45,46 In 1985, spontaneous mutation of Prkdcscid was found in Balb/c strains of
mice, which resulted in severe combined immunodeficiency (SCID) where mature T cells and B
cells were absent from the host immune system.47 This SCID mouse strain allowed for the
transplantation of human hematopoietic cells, but success was limited by the presence of NK cells
and macrophages. A strain of non-obese diabetic (NOD) mice at the same time were realized to
demonstrate defective NK cell activity, as well as defects in macrophages, the complement system,
and dendritic cells.48 Thus the two strains of mice were crossed together to generate the NOD/SCID
mouse strain that demonstrated superior hematopoietic cell engraftment.49 Importantly, however, it
was realized that many human AML cell lines, and indeed a select number of primary patient
samples, could engraft to NOD/SCID mice to recapitulate in vivo disease progression, and thus
facilitated numerous major breakthroughs in the functional understanding of AML.46,50,51
Two factors still constrained the utility of NOD/SCID mice in the study of healthy and
malignant hematopoiesis, namely residual NK cell activity which limits engraftment efficiency, and
early onset of lymphomas which limits study longevity. It was later discovered that mutated
interleukin-2Rγ (IL-2Rγ) alleles prevented NK cell differentiation. Thus backcrossing the IL2-Rγ
mutation to NOD/SCID mice generated the NOD/SCID/IL2-Rγnull (NSG), which demonstrated
14

Cell line
Kasumi-1

Primary aberration
t(8;21)(q22;q22); AML-ETO

Other karyotype abnormalities
amp(4)(q12), gain(7)(q22qter), gain(8)(q24),
del(9)(p24p21), gain(10)(q21), gain(10)(q24),
del(13)(q14), del(16)(p13p11), del(17)(p13)
Hypodiploid
del(1)(p31p13), del(5)(q21), del(7)(q34q36),
KG-1
del(8)(p22), +8(p11q11), -12, -17p, del(18)(q21)
Hypotetraploid
del(1)(p31p13), del(4)(q25), del(5)(q21),
HL-60
del(7)(q35q36), amp(8)(q24), -9p,
del(10)(p14p11), del(11)(q13), del(12)(q13),
del(12)(q14.1), del(12)(q14.3), -17p,
gain(18)(p11q21), del(18)(q21)
t(10;11)(p12;q14); MLL-AF10 gain(1)(p32), gain(2)(p16), del(2)(q11.1),
U937
gain(2)(q23q32), gain(3)(p21), del(3)(q21q26),
amp(6)(p21), gain(6)(q22), del(12)(q11),
gain(13)(q14), gain(15)(q15), del(16)(q12),
gain(20)(p)
Table 1.5 Karyotype abnormalities for selected acute myeloid leukemia cell lines. 42–44

significantly higher engraftment efficiency for HSCs and primary human AML samples. 52–54
Interestingly, NSG mice do not suffer from spontaneous lymphomas and are thus long-lived.53 The
NSG mice was further genetically engineered to express human SCF, GM-CSF, and IL-3, and
demonstrates superior engraftment efficiency for human AML cells.55 Thus the NSG mouse has
since become the de facto model for the in vivo study for primary human patient AML cells. AML
cells xenotransplanted to NSG mice can engraft to the bone marrow akin to that of human patients,
and demonstrate remarkable functional similarity to patient treatment responses.56–58
While highly robust, primary AML samples xenotransplanted to NSG mice are not amenable to
genetic manipulation. Thus early studies in the molecular basis of AML have largely been restricted
to human AML cell lines. It was soon realized, however, that the exogenous expression of fusion
oncoproteins, such as AML-ETO or MLL-AF9, through retroviral transduction could immortalize
murine HSPCs in vitro. The subsequent transplantation of such cells to syngeneic hosts results in the
malignant transformation of these cells to murine AML. Disease progression mimics that of human
patients in that a polyclonal AML progression induces morbidity through the suppression of healthy
hematopoiesis.59–61 Furthermore, the in vivo chemotherapeutic response of these leukemias roughly
correlates with the prognosis of AML patients bearing the corresponding fusion. For instance, the
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survival of animals bearing the AML-ETO oncoprotein were significantly prolonged following
chemotherapy treatment compared to mice bearing the MLL-AF9 oncoprotein.62 Thus, this model of
murine AML has become widely used due to its relative ease, reproducibility, and robustness. The
leukemogenic potential of a large number of AML related proteins have been determined based on
this model, among which are numerous MLL fusion oncoproteins.59,60,63 The exogenous expression
of MLL-AF9 is used frequently as it is well characterized, has a short disease latency and possesses
the capacity for indefinite in vitro propagation following malignant transformation.
Some shortcomings are associated with AML induced by the exogenous expression of
oncogenes. While the hematopoietic tree between the mouse and human are largely similar in
concept, phenotypic markers are generally not shared between the two species, limiting the
immunophenotypic translation of such studies. For instance, whereas mouse LT-HSCs are CD150pos,
c-kithigh, and flt3neg, human LT-HSCs are conversely CD150neg, c-kitlow, and flt3pos.2 Furthermore,
oncogene dosage is an issue that cannot be fully accounted for by the retroviral transduction model
of murine AML. In the retroviral transduction model of murine AML, oncogenes are typically driven
by viral promoters with strong expression, such as the murine stem cell virus (MSCV) promoter.
Compounded with the fact that multiple viral plasmids could integrate into the host genome, the
resultant oncogene expression is much higher than physiologic levels. It has been shown that the
retroviral transduction of MLL-AF9 results in leukemic stem cells (LSCs) that phenotypically
resemble GMPs, whereas MLL-AF9 expression at endogenous levels may actually occur at the level
of ST-HSCs.64,65 In addition, the reciprocal fusion proteins, such as AF4-MLL fusion protein from
the MLL-AF4 translocation AML, have sometimes been shown to be of functional significance in
leukemia development. However, typical studies using retroviral transduction do not co-express the
reciprocal fusion protein.66,67 To address concerns such as oncogene dosage and reciprocal
translocations, mouse hematopoietic cells have been genetically engineered to bear de novo
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chromosome translocations to model AML.68 Fusion oncoproteins have similarly been successfully
expressed in human CD34+ HSPCs to model AML initiation in xenotransplanted animals to
overcome differences in human and mouse hematopoiesis.69,70 However, the fact that these AML
models are technically more challenging to manipulate compared to the retrovirus transduction
model of murine AML may have limited their use.

1.2.6. Leukemic stem cells in acute myeloid leukemia
The existence of LSCs in AML has long been hypothesized, but could not be functionally
defined prior to the development of immunocompromised mouse models that could support the long
term engraftment of primary human AML cells. It was unclear until then whether LSCs were
capable of differentiation: whether LSCs were a primitive cell type that incompletely differentiated,
or whether LSCs were at the same differentiation stage as observed blasts in the peripheral blood of
patients. The use of the NOD/SCID mouse model xenotransplanted with primary human AML has
allowed for the functional characterization of LSCs, indicating that leukemic transformation occurs
at a hematopoietic progenitor level. The seminal study by Bonnet and Dick in 1997 has shown that
LSCs are capable of limited differentiation and that a single LSC has the capacity to fully
recapitulate patient disease in the mouse, thus giving rise to the first model of the AML hierarchy
(Figure 1.3).71,72
The LSC model has been continually refined to reveal additional layers of complexity. While
LSCs were first thought to be exclusively enriched within the CD34+CD38- fraction akin to normal
HSCs, functional studies on primary leukemia samples have revealed that the leukemia-initiating
population could potentially reside within any population on the CD34/CD38 axis, and could in fact
reside in multiple phenotypic populations from a single patient.73 It was later confirmed that multiple
functional pools of LSCs could reside in a single AML patient, as genetically distinct subclones
17

Figure 1.3 A model proposed by Bonnet and Dick in 1997 comparing the normal and AML
human hematopoietic system.71

could engraft to NSG mice independent of each other, preserving their distinct immunophenotypes
and functional hierarchy.74 Thus LSCs are genetically, immunophenotypically, and functionally
heterogeneous both within and between patients. Further, functional study of primary AML samples
through xenotransplantation is currently the gold standard and often seen as the only reliable method
to assay LSCs at this time. It is now known that the perseverance of LSCs in spite of an apparent
clinical complete remission is a major contributor of relapse and thus a major hurdle in treating
AML patients.

1.3. Macroautophagy
The proteasome system and the lysosomal network are the two major degradative pathways
within eukaryotic cells. The proteasome system is primarily responsible for degrading intracellular
proteins. On the other hand, the lysosomal network is capable of degrading and recycling a variety of
macromolecules from both intracellular and extracellular sources. Central to the lysosomal network
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are lysosomes, ubiquitous intracellular membrane-bound organelles characterized by their acidic
interiors. A number of different hydrolases are active within lysosome’s acidic lumen and act on a
variety of substrates, such as carbohydrates, lipids, nucleic acids, and peptides. Three major
pathways by which substrates are delivered to the lysosome for degradation are endocytosis,
phagocytosis, and autophagy. Whereas both endocytosis and phagocytosis deliver extracellular
contents to the lysosome, autophagy describes the process by which intracellular contents are
delivered to the lysosome.75
There are three major pathways of autophagy, namely macroautophagy, microautophagy, and
chaperone-mediated autophagy. Macroautophagy is the process by which cytoplasmic contents are
sequestered within double-membraned organelles, termed autophagosomes. These autophagosomes
then fuse with lysosomes to result in the subsequent degradation of sequestered macromolecules.
Microautophagy is the process by which cytoplasmic contents are directly sequestered to the
lysosome through the invagination or protrusion of the lysosomal membrane. Chaperone-mediated
autophagy is a mechanistically distinct form of autophagy where certain proteins are unfolded at the
lysosome membrane and transported directly to the lysosome lumen assisted by chaperones and
transporter protein complexes.76–78
Macroautophagy, hereafter referred to simply as autophagy, can be both selective or nonselective in the sequestration of macromolecules. Autophagy is known to encapsulate random
portions of the cytoplasm for recycling, especially under stressful conditions such as nutrient
starvation. Autophagy can also selectively sequester specific proteins or organelles. For instance,
superfluous or damaged mitochondria can be selectively sequestered in autophagosomes by a
process termed mitophagy through protein-protein interactions between receptors on the
mitochondria and the autophagosomal membrane. Autophagy is similarly responsible for the
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selective sequestration and lysosomal delivery of cytoplasmic contents such as protein aggregates
(aggrephagy), microbes (xenophagy), and lipid droplets (lipophagy).79
Autophagy is often viewed as a survival mechanism to cope with cellular stressors, as it is
activated during stressful conditions and could function to sequester and remove cellular stressors
and facilitate nutrient recycling. The selective removal of damaged mitochondria through mitophagy
may attenuate cell death cascades that would otherwise be initiated at the mitochondria. Autophagy
has further been shown to selectively degrade activated caspase-8 as well as Src to attenuate cell
death signaling.80 However, pro-death roles of autophagy are emerging as critical regulators of cell
fate. For instance, the autophagosomal membrane can function as a platform of caspase-8
activation.81 Autophagy may also selectively sequester and degrade pro-survival proteins, including
oncoproteins such as PML-RARα.82 The over-activation of autophagy could also lead to the
excessive degradation of cytoplasmic contents, leading to a form of cell death termed autophagic cell
death.83

1.3.1. Machinery of autophagy
Autophagy is orchestrated by a series of highly specialized machinery organized in a stepwise
fashion. This intricate process can be broadly categorized in the following order: initiation,
nucleation, membrane elongation, fusion to lysosomes, and the subsequent degradation of
macromolecules (Figure 1.4). The initiation of autophagosome biogenesis is mediated by the Unc51-like kinase 1 or 2 (ULK1/2) complex consisting of ULK1/2, Atg13, FIP200, and Atg101. Ulk1/2
is negatively regulated by mechanistic target of rapamycin (mTOR), a master regulator of cell
growth and sensor of cellular amino acids. Under nutrient-rich conditions, mTOR phosphorylates
Ulk1 and Atg13 to displace the energy-sensor AMP-activated protein kinase (AMPK) and inhibit
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Figure 1.4 The molecular machinery of autophagy.
Autophagy can be categorized into the following major steps: a) induction of the ULK1 complex,
b) nucleation by the Class III PI3K complex, c-d) membrane elongation involving ATG9 and the
LC3 conjugation system, e) fusion of autophagosomes to lysosomes by SNARE-like proteins, and
f) degradation of sequestered macromolecules by acid hydrolases. 80

autophagy. In contrast, a lack of nutrients activates AMPK, which directly phosphorylates mTOR
and activates Ulk1/2.76
The activation of the Class III phosphoinositide 3-kinase (PI3K) complex consisting of Vps34,
p150, Atg14, and Beclin-1 leads to the formation of a cup-shaped structure at the endoplasmic
reticulum through the generation of phophatidylinositol 3-monophosphate (PI3P). PI3P acts to
recruit additional autophagy-related proteins to facilitate membrane elongation, which consists of
two ubiquitin-like conjugation systems. Atg7 is an E1-like activating enzyme that catalyzes both
conjugation systems. The first ubiquitin-like conjugation systems with an hitherto unidentified E3like enzyme results in the conjugation of Atg5 to Atg12, which then associates with Atg16 to
function as an E3-like enzyme to conjugate a proteolytically processed form of LC3 to
phosphatidylethanolamine (PE) to result in LC3-II. LC-II is integrated in the autophagosomal
membrane and facilitates its elongation to form the autophagosome. The conjugation of LC3 to PE is
known to be essential for autophagosome membrane elongation, and Atg5 and Atg7 selectively
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function in this process. Thus the genetic deletion of Atg5 or Atg7 is a robust and frequently-used
approach to genetically abrogate autophagosome formation. Furthermore, LC3-II is selectively
associated with autophagosomal membranes, and thus serves as a marker for autophagic flux. For
instance, immunofluorescent microscopy with fluorescently-tagged LC3 in a cell can be used to
identify autophagosomes as puncta.76,84
The source of the autophagosomal membrane is still under investigation, but SH3GLB1 and
Atg9 may play a role in facilitating membrane transfer.85,86 The autophagosome then fuses with the
lysosome likely mediated by SNARE-like proteins. The autophagic cargo are then degraded by acid
hydrolases in the lysosome, at which point the resulting base constituents could be recycled as
building blocks and energy sources for the cell.76

1.3.2. Autophagy in cancer
Autophagy is essential for hematopoietic homeostasis, and several have suggested an important
role for autophagy in myeloid differentiation or proliferation.87–89 Studies have revealed that both
human and mouse HSCs demonstrate high levels of autophagic flux.89,90 Indeed, the deletion of key
autophagy protein FIP200 in mouse hematopoietic cells abrogated the self-renewal of fetal HSCs,
leading to severe anemia and perinatal lethality.91 Similarly, knocking down ATG5 and ATG7
function in human CD34+CD38- HSCs also drastically reduced their frequency,90 and deletion of
Atg5 or Atg7 in murine HSCs has also been demonstrated to abrogate the capacity of HSCs to selfrenew.87,89
Autophagy is linked to cancer transformation and progression but could function as both a
tumor promoter and a tumor suppressor.92 Autophagy is traditionally implicated in therapy resistance
in leukemia, as suppressing autophagy might lead to mitochondrial dysfunction and reactive oxygen
species (ROS) production to enhance treatment response.93–95 On the other hand, several studies
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have shown that autophagy induction enhances treatment response.96,97 One proposed mechanism by
which autophagy induction could enhance therapeutic response involves the apparent ability of
autophagy to degrade key pro-tumorigenic proteins including Flt3, PML-RARA, and Bcl-Abl.82,97–99

1.4. Bcl-2 family proteins
Apoptosis is an orchestrated cellular process important for maintaining the homeostasis between
cell proliferation and cell death, and is also pivotal for the removal of diseased, damaged, and
inflamed cells. Apoptosis can be induced in two distinct pathways, both of which lead to the
activation of effector caspases. The extrinsic pathway of apoptosis is initiated at the plasma
membrane upon ligation of death receptors, leading to the subsequent activation of effector caspases.
These caspases then execute the apoptotic pathway to trigger DNA fragmentation and membrane
blebbing, two hallmarks of apoptosis. The intrinsic pathway is initiated in response to intracellular
stress, eventually leading to mitochondrial outer membrane permeabilization (MOMP), releasing
factors including cytochrome c and Smac to activate downstream caspases.100
The B-cell lymphoma-2 (Bcl-2) family of proteins is central to the intrinsic pathway of
apoptosis. The Bcl-2 proteins share one of four Bcl-2 homology (BH) domains, BH1-4, and of those,
the BH3 domain is critical for mediating interactions among the family members. The Bcl-2 family
of proteins can be grouped as either pro-apoptotic or anti-apoptotic. The pro-apoptotic group can be
further divided as either multi-BH-domain proteins, including Bax and Bak, or as BH3-only
proteins, such as Bid, Bad, Bim, Puma, and Noxa. The anti-apoptotic group of Bcl-2 proteins
consists of Bcl-2, Bcl-xL, Bcl-w, Mcl-1, and Bfl-1. The anti-apoptotic Bcl-2 family members are
sometimes viewed as two distinct groups given their respective specificities to the BH3-only
proteins. BH3 only protein Bad binds selectively to Bcl-2, Bcl-xL, and Bcl-w, and on the other hand
Noxa binds selectively to Mcl-1 and Bfl-1.
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Two models account for how the various proteins interact to induce apoptosis (Figure 1.5). In
the indirect activation model, the anti-apoptotic Bcl-2 proteins physically interact and sequester Bak
or Bax. Upon apoptotic stimuli, BH3-only proteins release Bak or Bax by binding and neutralizing
the anti-apoptotic Bcl-2 proteins. In the direct activation model, anti-apoptotic Bcl-2 proteins
function by sequestering particular BH3-only proteins called BH3 activators, including Bim, Bid,
and Puma. Upon apoptotic stimuli, BH3 sensitizers such as Noxa or Bad liberate the activators,
allowing the activation of Bak and Bax.101 Interestingly, Noxa is unique in that it selectively
destabilizes Mcl-1 as an additional mechanism to sensitize cells to apoptosis.

102,103

The two models

converge when activated Bak and Bax oligomerize, leading to MOMP and subsequent apoptosis.

Figure 1.5 Regulation of apoptosis by the Bcl-2 family.
The anti-apoptotic Bcl-2 protein family members include Bcl-2, Bcl-xL, Bcl-2, Mcl-1, and Bfl1/A1. In the indirect activation model, the anti-apoptotic proteins sequester Bax and Bak through
physical interactions. The upregulation of BH3-only proteins will disrupt this interaction, releasing
Bax and Bak to oligomerize, allowing mitochondrial outer membrane permeabilization (MOMP),
the release of key factors such as cytochrome c, and the induction of apoptosis. In the direct
activation model, anti-apoptotic Bcl-2 protein members sequester BH3 activators including Puma,
Bid, and Bim. BH3 sensitizers are able to disrupt this interaction, and the released activators
directly activate Bax and Bak to allow MOMP and apoptosis. It is most likely that these two
models happen in tandem.101
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Therefore, the carefully regulated balance between pro-apoptotic and anti-apoptotic members of the
Bcl-2 family determine the survival of the cell.100,101

1.4.1. Small molecule inhibitors of Bcl-2 family proteins
Deregulated apoptosis is a hallmark of cancer.104 The anti-apoptotic group of Bcl-2 family
proteins is frequently found to be over-expressed in numerous cancers, causing both evasion of
apoptosis and resistance to treatment.100 Furthermore, since most anti-cancer drugs induce apoptosis
through the intrinsic pathway, targeting the Bcl-2 family of proteins with small molecule inhibitors
(SMIs) is especially attractive clinically either as a single agent therapy or in combination treatment.
While numerous compounds with anti-cancer activity have been shown to antagonize Bcl-2 family
of proteins, such as epigallocatenin-3-gallate and chelerythrine, selective Bcl-2 SMIs have only
recently been identified. The first Bcl-2 selective SMI, HA14-1, was identified through a virtual
screen in 2000. Due to the recent advances in crystallizing Bcl-xL and its complex with the Bak BH3
domain peptide, a hydrophobic pocket that interacts with other BH3 domains was identified and
taken advantage of to aid drug design. The Bcl-2 protein structure was then modeled and HA14-1
was discovered through a computer-aided screen. Following this, the fluorescence polarization assay
was soon developed to allow experimental high-throughput screening for SMIs of anti-apoptotic
family proteins. This assay uses fluorescein-conjugated BH3 peptides and recombinant antiapoptotic Bcl-2 proteins. Using this method, several pan-Bcl-2 inhibitors with moderate affinity
were discovered, including BH3-1, gossypol, and obatoclax. Recently, structure-based design has
also emerged to synthesize numerous high-affinity Bcl-2 SMIs. The rational design of terphenylbased Bak-BH3 alpha-helical proteomimetics resulted in the discovery of BH3-M6, a pan-Bcl-2
inhibitor that can inhibit both Bcl-xL and Mcl-1 to induce caspase dependent apoptosis. Using the
NMR-guided fragment-based technology, low-affinity molecules that bind to distinct sites on the
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hydrophobic groove of the Bcl-xL protein were linked together to generate the high-affinity
antagonist ABT-737 and its orally bioavailable analogue ABT-263, which selectively inhibits Bcl-2,
Bcl-xL, and Bcl-w, but are not functional against Mcl-1 or Bfl-1. Clinical trials for ABT-263 was
promising for Bcl-2-dependent cancers, but dose-limiting thrombocytopenia has led to the
development of the Bcl-2-selective SMI ABT-199 (Venetoclax), which has recently been granted the
Breakthrough Therapy Designation by the Food and Drug Administration (FDA) approval for the
treatment of CLL.101

1.4.5. Small molecular antagonists of Mcl-1
There is a need for selective antagonists of Mcl-1. A number of cancers including AML have
been shown to be largely depend on Mcl-1 for survival.105–107 Furthermore, resistance to current
selective Bcl-2 BH3 mimetics occurs by upregulation of Mcl-1.108,109 Thus there has been a focused
research effort towards the development of selective Mcl-1 SMIs.
The BH3 mimetic approach for the design of selective Bcl-2 SMIs have been successful against
Bcl-2 and Bcl-xL, but limited for Mcl-1. Selective BH3 mimetics for Mcl-1 has been developed by
Abbvie and Genentech with high potency and specificity for Mcl-1 binding in vitro. However, these
BH3 mimetics demonstrated significantly decreased activity in cell-based systems despite on-target
binding such that these SMIs have very limited selectivity for Mcl-1-dependent cell killing.110–112
Current therapeutic approaches to overcome Mcl-1 dependence involve indirect Mcl-1
antagonism. For instance, bortezomib is a proteasome inhibitor active against multiple myeloma.
Noxa induction and subsequent Mcl-1 down-regulation is thought to be an important mechanism by
which bortezomib induces apoptosis.106,113 As Mcl-1 stability and expression can be enhanced by
activated MAPK signaling, tyrosine kinase inhibitors such as sorafenib have been known to
sometimes induce Mcl-1-dependent cell death.114,115 More recently, the development of CDK
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inhibitors such as flavopiridol and dinaciclib have been shown to induce Mcl-1-dependent cell death
through transcriptional down-regulation of Mcl-1.116–119 However, these compounds often exert Mcl1-dependent cytotoxicity in only a subset of cancers with oncogenic kinases as these compounds do
not directly target Mcl-1. Furthermore, these compounds might demonstrate greater toxic effects as
they antagonize not only Mcl-1, but also other survival factors. Taking into account the lack of
difficulty of generating bioactive Mcl-1 BH3 mimetics, there is thus a need for a SMI which
antagonizes Mcl-1 through allosteric modulation.
Two compounds have been described to allosterically modulate Mcl-1 to date. A pan-assay
interference compound (PAIN) has been recently described to irreversibly bind to an allosteric site
on Mcl-1 and disrupts its capacity to sequester pro-apoptotic molecules in vitro. However, the
irreversible binding to Mcl-1 is mediated by a motif that disqualifies it as drug leads.120 The second
compound, marinopyrrole A (maritoclax), was discovered in our laboratory through a natural
product screen and induces the proteasomal degradation of Mcl-1 (Figure 1.6). This compound

Figure 1.6 Maritoclax induces proteasome-dependent degradation of Mcl-1
A. The structure of marinopyrrole A (maritoclax).
B. Mcl-1-IRES-Bim K562 cells were treated with increasing concentrations of maritoclax (up to
2.5 μM) alone or a combination of 2.5 μM maritoclax and 2.5 μM MG132 for 12 h and subjected
to immunoblot analysis. C, primary LGLL cells were treated with DMSO or maritoclax (2 or 5
μM) for 12 h and analyzed by Western blotting.121
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induced the selective down-regulation of Mcl-1 independent of its phosphorylation status and
directly interacted with Mcl-1 as evidenced by structural nuclear magnetic resonance (NMR)
studies.121 As the c-terminus tail of Noxa is responsible for destabilizing Mcl-1, it is hypothesized
that maritoclax may mimic Noxa tail binding to induce proteasome-dependent down-regulation of
Mcl-1.
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CHAPTER 2. ATG5-DEPENDENT AUTOPHAGY CONTRIBUTES TO THE
DEVELOPMENT OF ACUTE MYELOID LEUKEMIA IN AN MLL-AF9-DRIVEN
MOUSE MODEL

2.1. Abstract
Acute myeloid leukemia (AML) is a hierarchical hematopoietic malignancy originating from
leukemic stem cells (LSCs). Autophagy is a lysosomal degradation pathway that is hypothesized to
be important for the maintenance of AML as well as contribute to chemotherapy response. Here, we
employ a mouse model of AML expressing the fusion oncogene MLL-AF9 and explore the effects
of Atg5 deletion, a key autophagy protein, on the malignant transformation and progression of AML.
Consistent with a transient decrease in colony forming potential in vitro, the in vivo deletion of Atg5
in MLL-AF9-transduced bone marrow cells during primary transplantation prolonged the survival of
recipient mice, suggesting that autophagy plays a role in MLL-AF9-driven leukemia initiation. In
contrast, deletion of Atg5 in malignant AML cells during secondary transplantation did not influence
the survival or chemotherapeutic response of leukemic mice. Interestingly, autophagy was found to
be involved in the survival of differentiated myeloid cells originating from MLL-AF9-driven LSCs.
Taken together, our data suggests that Atg5-dependent autophagy may contribute to the development
but not chemotherapy sensitivity of murine AML induced by MLL-AF9.

2.2. Results
Autophagy dysregulation has been implicated in AML89,122,123, suggesting that targeting
autophagy could be promising for AML treatment. As an expanding arsenal of pharmacologic
autophagy modulators are being developed124,125, it has become increasingly important to
specifically determine whether autophagy plays an important role in AML using a genetic mouse
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model. Therefore, we sought to dissect the role of autophagy through the in vivo homozygous
deletion of Atg5 in MLL-AF9-driven murine AML.

2.2.1. A dual-promoter/reporter MLL-AF9 vector enables leukemogenesis and non-invasive
bioluminescent imaging to assay Atg5-dependent autophagy
The extent of LC3-II accumulation under autophagic flux inhibition is a marker for the level of
Atg5-dependent autophagy. Bafilomycin A1 (BafA1), an inhibitor of the vacuolar H + ATPase,
blocks lysosomal degradation and eventually prevents autophagosome fusion with lysosomes.84
Autophagy has been thought to be dysregulated in AML, suggesting a potentially important role for
autophagy in AML pathogenesis.89,92,122 The level of autophagic flux under basal conditions was
therefore measured in malignant murine AML cells expressing exogenous MLL-AF9, compared to
their healthy BM counterpart in vitro. Compared to vehicle-treated conditions, BafA1 treatment
resulted in greater LC3-II accumulation in MLL-AF9 cells compared to c-kit+ BM (Figure 2.1). The
quantification of normalized LC3-II levels revealed that MLL-AF9+ leukemia cells (6.1) cells have
higher levels of autophagic flux compared to c-kit+ BM (3.1).
In order to facilitate the non-invasive monitoring of disease progression in vivo and the
fluorescent imaging of autophagy, we designed a dual-promoter/reporter MLL-AF9 retroviral vector
(hereafter referred to as dMLL-AF9) for MLL-AF9-dependent leukemogenesis and noninvasive

Figure 2.1 Malignant MLL-AF9-driven murine AML demonstrates higher basal autophagic
flux compared to healthy mouse HSPCs.
C-kit+ BM cells or malignant leukemia cells driven by exogenous pMIG-MLL-AF9 were cultured
in cytokine-supplemented medium and treated with vehicle or 100nM BafA1 for 6 hours and
subjected to immunoblotting. Quantified LC3-II levels were normalized against β-actin and its
respective vehicle-treated control. Western blot is representative of two independent experiments.
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monitoring of disease progression in mice (Figure 2.2A). The MLL-AF9 oncogene is driven by the
murine stem cell virus (MSCV) promoter, and the firefly luciferase was cloned in under the
elongation factor-1 alpha (EF1α) promoter, which has been demonstrated to express strongly in
hematopoietic cells.126 GFP in traditional leukemogenic vectors was substituted with GFP-LC3 in
order to monitor autophagy. Both cistrons were joined with a self-cleaving P2A motif, which would
result in the translational cleavage between the two reporters and enforces strict one-to-one
expression.127 We confirmed that all cistrons were functional in the dMLL-AF9 vector. Both
luciferase activity and green fluorescence were readily detected in HEK293T cells transiently
transfected with dMLL-AF9 (Figure 2.2B,C). Luciferase activity was also detected strongly in c-

Figure 2.2 Verification of the dMLL-AF9 vector expressing luciferase and GFP-LC3.
A. Schematic representing the retroviral construct containing MLL-AF9, luciferase (Luc), and
GFP-LC3 with their respective promoters.
B. The luminescence of PHOENIX/Eco cells 24 hours after calcium transfection of the pMSCVempty (Empty), pMSCV-Luc-IRES-YFP (Luc), or dMLL-AF9. Error bars represent SD of three
replicates.
C. Green fluorescence of PHOENIX/Eco cells 24 hours after calcium transfection with the
indicated vectors was detected with the Olympus CKX41 microscope using the Olympus DP20
camera and the Olympus CellSens software (original magnification 40X).
D. Luminescence of non-transduced or dMLL-AF9-transduced c-kit+ BM cells (c-kit+ BM +
dMLL-AF9) compared to MOLM13 cells stably expressing pMSCV-Luc-IRES-YFP (MOLM13 +
Luc). Error bars represent SD of three replicates.
E. Non-transduced or dMLL-AF9 transduced c-kit+ BM cells were seeded to methylcellulose for
three passages at five days each and counted for the number of colonies. Error bars represent SD of
three replicates.
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kit+ BM transduced with dMLL-AF9, compared with non-transduced c-kit+ BM or the human AML
cell line MOLM13 stably expressing luciferase (Figure 2.2D). In order to determine whether the
MLL-AF9 oncogene was functional, we confirmed that murine c-kit+ BM cells transduced with
dMLL-AF9 were immortalized for three passages of in vitro methylcellulose culture, whereas
healthy c-kit+ BM demonstrated limited colony-forming potential beyond the first passage (Figure
2.2F).

2.2.2. Atg5 deletion during primary transplantation extends the survival of mice burdened with
MLL-AF9-driven AML
In order to specifically assess the in vivo role of autophagy in the malignant transformation and
progression of AML, we took advantage of transgenic mice expressing a tamoxifen-inducible Cre
recombinase (CreERT2)128 in combination with floxed Atg5 alleles (Atg5FL/FL). Therefore, the
transplantation of cells from donor mice with the genotypes of Atg5 WT/WT;CreERT2+/- (Atg5WT) and
Atg5FL/FL;CreERT2+/- (Atg5FL) to congenic C57BL/6J recipients followed by tamoxifen treatment
induces the specific in vivo deletion of Atg5 in Atg5FL donor cells.
To determine whether Atg5 deletion affects MLL-AF9-induced transformation of hematopoietic
progenitors, we transduced c-kit+ Atg5FL BM cells with dMLL-AF9 retrovirus and subjected them to
a serial colony-forming unit assay in methylcellulose containing 4-hydroxytamoxifen (4OHT) to
delete Atg5 in vitro. When compared to vehicle control, Atg5FL cells treated with 4OHT
demonstrated a transient but significant decrease in colony formation potential during the second
passage (Figure 2.3A), suggesting that autophagy may contribute to MLL-AF9-driven
leukemogenesis. We confirmed that a five-day continuous treatment with 4OHT is sufficient to
complete Atg5 deletion (Figure 2.3B).
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Figure 2.3 Deletion of Atg5 transiently reduces the colony forming capacity of BM cells
expressing MLL-AF9.
A. One day after c-kit+ BM were transduced with dMLL-AF9, cells were seeded to methylcellulose
medium containing 100nM 4OHT for three rounds of serial replating. Black bars represent the
mean ± standard deviation. Statistics were calculated by ANOVA with multiple comparisons. **p
< 0.01.
B. Atg5FL c-kit+ BM were treated with 100nM 4OHT for the indicated days, and control Atg5 WT ckit+ BM cells were treated with 100nM 4OHT for 5 days. Genomic DNA was extracted and
analyzed by PCR.

Next, we assessed the role of autophagy in MLL-AF9-driven AML development and
progression in vivo. Atg5WT and Atg5FL c-kit+ BM cells were transduced with dMLL-AF9 and
expanded for three rounds of methylcellulose culture (Figure 2.4A). Cells were then intrafemorally
transplanted to sublethally irradiated C57BL/6J recipients and treated with tamoxifen after ten days
in order to assess the role of Atg5 during primary transplantation. Mice transplanted with Atg5WT or
Atg5FL BM cells expressing MLL-AF9 became moribund with a median survival of 77.5 days and
104 days respectively, demonstrating a prolonged survival for the Atg5 FL group of mice (Figure
2.4B). PCR confirmed that Atg5 was efficiently deleted in the splenocytes of mice transplanted with
Atg5FL cells (Figure 2.4C). We observed evidence of anemia and myeloid blasts in peripheral blood,
as well as significant perivascular infiltration of blasts to the liver for both groups of mice (Figure
2.4D). Splenomegaly was consistently observed and no differences were observed between the two
groups at morbidity (Figure 2.4E). Flow cytometric analysis of the peripheral blood, spleen, and
bone marrow revealed that all three hematopoietic tissues show high percentages of CD11b+
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Figure 2.4 Development of AML in mice transplanted with ATG5 WT and Atg5FL MLL-AF9BM cells transduced with dMLL-AF9 and treated with tamoxifen.
A. A schematic representing the strategy by which the role of Atg5-dependent autophagy was
assessed during primary transplantation in MLL-AF9-driven AML.
B. The Kaplan-Meier survival curve of mice transplanted with Atg5WT (n=8) and Atg5FL (n=7)
MLL-AF9 cells. The p-value for the log-rank test between the two groups is shown.
C. Genomic DNA extracted from the splenocytes of a representative Atg5 WT and six Atg5FL
moribund mice from panel B were analyzed by PCR for the status of Atg5 alleles.
D. Representative figures of peripheral blood smears stained by May-Grünwald Giemsa (top) and
liver section stained by H&E (bottom) of moribund mice from panel B.
E. The spleen weight of moribund mice from panel B for Atg5 WT (n=7) and Atg5FL (n=6) mice.
Error bars represent SEM.
F. The Annexin V-7-AAD-CD11b+ myeloid cells are shown as percentage of all Annexin V-7AAD- cells according to flow cytometry in the indicated hematopoietic tissues of moribund mice
from panel B. Error bars represent SEM of six mice.

myeloid cells (Figure 2.4F). No differences were observed in blast morphology, liver infiltration, or
myeloid cell proportions between mice transplanted with Atg5 WT and Atg5FL cells at morbidity. This
data suggests that autophagy facilitates the initiation of MLL-AF9-driven AML in our model.
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In order to overcome experimental limitations regarding stem cell heterogeneity129 and
oncogene dosage65, as well as to control for toxicities associated with Cre recombinase130 and
tamoxifen131, we performed a series of experiments where mice were transplanted with Atg5 WT or
Atg5FL donor cells transduced with dMLL-AF9, each followed by vehicle or tamoxifen treatment.
Mice transplanted with a single pool of Atg5WT cells and treated with vehicle or tamoxifen
succumbed to AML without a significant difference in median survival, suggesting that active Cre
recombinase or tamoxifen does not affect the survival of leukemic mice in the absence of Atg5
deletion (Figure 2.5A). However, mice transplanted with a single pool of Atg5FL cells expressing
dMLL-AF9 and treated with either vehicle or tamoxifen demonstrated a modest but significant
survival advantage for tamoxifen-treated mice (Figure 2.5B), consistent with our previous findings
(Figure 2.4B). Weekly in vivo bioluminescent imaging of these Atg5FL mice revealed that total
leukemia burden was decreased over time in Atg5FL mice treated with tamoxifen relative to vehicle
treated mice (Figure 2.5C,D).

Therefore, we concluded that the prolonged survival of mice

burdened with AML following primary transplantation is an effect specifically associated with Atg5
deletion.
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Figure 2.5 Vehicle and tamoxifen treatment in mice transplanted with ATG5WT and Atg5FL
BM cells transduced with dMLL-AF9.
A-B. Kaplan-Meier survival curve of mice transplanted with Atg5WT (A) or Atg5FL (B) cells
treated with vehicle or tamoxifen (n=11 for each group) . The p-values for the log-rank test
between vehicle and tamoxifen treatment are shown.
C. Quantification of in vivo bioluminescent imaging of Atg5FL mice from panel B is represented by
total flux. Error bars represent SEM of nine mice. Statistics were calculated by ANOVA with
multiple comparisons. **p < 0.01.
D. Representative animals for in vivo bioluminescence of mice from panel B. Images were
normalized to the scale bar at bottom right.
E. Flow cytometric analysis of Annexin V-7-AAD- cells in the indicated hematopoietic tissues of
moribund mice from panel B, showing the following cell populations: c-kit+Sca-1-CD16/32+CD34LSCs, c-kit+Sca-1-CD16/32-CD34+ CMPs, c-kit+Sca-1-CD16/32+CD34+ GMPs, c-kit+Sca-1CD16/32-CD34- MEPs, Lin-c-kit+Sca-1+ LSKs, and Lin-c-kit+Sca-1+CD48-CD150+ LT-HSCs.
Error bars represent SEM of eight mice. Statistics were calculated by ANOVA with multiple
comparisons. **p < 0.01.
F. Flow cytometric analysis of Annexin V-7-AAD- cells in the indicated hematopoietic tissues of
moribund mice from panel B shows the populations of CD19+ B-cells, CD3+ T-cells, F4/80+
monocytes, and cells of the indicated phenotype. Statistics were calculated by ANOVA with
multiple comparisons. n.s., not statistically significant.
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We examined various hematopoietic progenitor populations in moribund Atg5FL mice to
determine if LSCs were affected by Atg5 deletion. LSCs were previously characterized to be
exclusively within the c-kit+Sca-1- population in this model of MLL-AF9-driven AML, where
CD16/32 is highly enriched but CD34 expression is a dispensable.60,132 Data from our laboratory has
shown that the c-kit+Sca-1- population of MLL-AF9-induced AML cells is almost exclusively
CD16/32+ and CD34- (unpublished observations) and we therefore refer to these cells as phenotypic
LSCs. We observed the number of LSCs to be higher in the BM of tamoxifen-treated animals, but
not in the spleen (Figure 2.5E). Other progenitor cell populations133 were not found to be different
between the vehicle- and tamoxifen-treated mice. Atg5 deletion also had no effect on lymphocyte,
F4/80+ monocytes, or c-kit- myeloid cells in the peripheral blood, BM, or spleen at morbidity
(Figure 2.5F). Thus, while in vivo Atg5 deletion during primary transplantation resulted in
prolonged survival, leukemic mice lacking Atg5 are similar in disease presentation at morbidity
compared to mice with intact Atg5.

2.2.3. Atg5 ablation increases apoptosis of differentiated malignant myeloid cells
We sought to confirm that tamoxifen treatment to Atg5FL cells resulted in functional ablation of
autophagy in three ways, by PCR, immunoblotting, and immunofluorescence. The status of the Atg5
alleles was examined by PCR in primary splenocytes from moribund Atg5FL mice treated with
vehicle (Atg5FL) or tamoxifen (Atg5KO) (Figure 2.5B) and confirmed that tamoxifen treatment
efficiently deleted Atg5 (Figure 2.6A). In order to determine whether Atg5 deletion resulted in
functional inhibition of LC3 lipidation in vitro, we treated both Atg5FL and Atg5KO cells with BafA1
to detect LC3-II by immunoblotting. Under BafA1 treatment, an accumulation of LC3-II was
observed in Atg5FL cells but was absent in Atg5KO MLL-AF9 leukemic cells, suggesting that Atg5 is
functionally ablated (Figure 2.6B). We then examined puncta formation by the GFP-LC3 reporter in
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Atg5FL and Atg5KO MLL-AF9 leukemia cells by fluorescence microscopy. Digitonin treatment prior
to fixation facilitates the visualization of GFP-LC3 puncta by releasing cytoplasmic soluble GFPLC3.84,134 Under BafA1 treatment, a significant accumulation of GFP+ puncta was observed in
Atg5FL cells with digitonin treatment (Figure 2.6C). In contrast, digitonin-treated Atg5KO cells
demonstrated a lack of GFP signal. These three lines of evidence collectively indicate that LC3
lipidation was functionally ablated in Atg5KO cells.
Since autophagy is important for the clearance of damaged mitochondria92, we tested whether
Atg5KO cells have altered mitochondrial respiration. Surprisingly, we did not detect a difference in
basal respiration or spare respiratory capacity between Atg5FL and Atg5KO cells (Figure 2.7A). We
detected no difference in the extracellular acidification rate (ECAR) during this assay, suggesting
that lactate production might not be changed in Atg5-deficient cells (data not shown). The bone

Figure 2.6 Functional deletion of Atg5 in MLL-AF9-driven murine AML cells.
A. Genomic DNA extracted from the splenocytes of five moribund mice in each group from Figure
3B were analyzed by PCR for the status of Atg5 alleles. DNA extracted from ears of mice with the
genotype of Atg5WT/WT and Atg5FL/FL was used as controls.
B. Atg5FL and Atg5KO primary splenocytes from panel A were cultured in vitro and treated with
100nM BafA1 for 2 hours, followed by immunoblot analysis.
C. Atg5FL and Atg5KO AML cells from panel B were respectively pooled. Slides were either
immediately fixed or subjected to digitonin treatment followed by fixation. Slides were then
analyzed by immunofluorescence microscopy of GFP-LC3 (green) and DAPI (blue) on the
Olympus IX81 deconvolution microscope with 100X oil immersion objective lens and processed
on the Intelligent Imaging Solutions SlideBook 5.0 software. Ten fields of view were analyzed for
each group and representative images are shown. Scale bars in merge images represent 10μm.
White boxes in merged images are shown magnified to the right. Scale bars in magnified images
represent 2μm.
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marrow microenvironment is hypoxic135, and hypoxia is a known inducer of cytoprotective
autophagy.136 We therefore assayed whether autophagy contributes to the in vitro proliferation of
Atg5FL and Atg5KO AML cells under both normoxic and hypoxic conditions. Interestingly, both
Atg5FL and Atg5KO cells proliferated more rapidly under hypoxia through unknown mechanisms
(Figure 2.7B). We observed a marginal but statistically significant delay in the proliferation of
Atg5KO cells compared to Atg5FL cells under normoxia with a doubling time of 13.3 and 16.2 hours
respectively. However, no significant difference in proliferation was observed under hypoxia with a
doubling time of 10.2 and 11.6 hours respectively. Correspondingly, no differences were observed in
the cell cycle of in vitro cultured Atg5FL and Atg5KO cells (Figure 2.7C). We instead noted an
increase in the percentage of Sub-G0 cells in Atg5KO cells, indicating that the apoptosis program
could be altered in leukemia cells lacking autophagy. Indeed, flow cytometric analysis of cells
stained with Annexin V and 7-AAD confirmed that leukemic cells lacking autophagy demonstrated
an increased proportion of cells with ongoing apoptosis (Figure 2.7D).
AML is a hierarchical malignancy originating from LSCs, and a compromise in the viability of
LSCs could explain the mechanism by which Atg5 deletion prolongs the survival of mice burdened
with MLL-AF9-driven AML during primary transplantation. Surprisingly, only a very marginal
decrease in the viability of LSCs was detected for in vitro cultured Atg5KO cells compared to control
(Figure 2.7E). Apoptosis in both c-kit+ and c-kit- myeloid populations was compared between
Atg5FL and Atg5KO AML cells, and was observed to be enhanced in c-kit- myeloid cells, which are
differentiated cells that lack leukemia initiating potential (Figure 2.7E).60 This data collectively
suggests that autophagy-deficient AML cells demonstrate enhanced apoptosis in differentiated
malignant leukemia cells originating from LSCs in vitro.
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Figure 2.7 Proliferation, and apoptosis of in vitro cultured Atg5FL and Atg5KO cells.
A. Atg5FL and Atg5KO cells were analyzed for mitochondrial respiration and presented as oxygen
consumption rate (OCR). Error bars represent the SEM of five different clones.
B. Five clones each of Atg5FL and Atg5KO cells were seeded at 1 × 104 cells/well in 96-well plates
under normoxia and hypoxia, and cell viability was measured every 12 hours. Doubling time was
calculated according to the exponential growth equation. Statistics were calculated by Student’s ttest. *p < 0.05
C. AML cells were subjected to flow cytometric cell cycle analysis and shown as a percentage of
all cells excluding Sub-G0 cells on the left. Sub-G0 cells according to cell cycle analysis are shown
as a percentage of all cells.
D,E. The viability of AML cells in panel F, c-kit+Sca-1-CD16/32+CD34- LSCs and AML cells of
the indicated phenotypes in panel G, were analyzed by flow cytometry and categorized as viable
(Annexin V-7-AAD-), early apoptotic (Annexin V+7-AAD-), and late apoptotic (Annexin V+7AAD+) as a percentage of all cells of the indicated phenotype. Error bars represent the SD of five
clones in each group. Statistical calculations were performed using ANOVA with multiple
comparisons for panels E-G. *p < 0.05; **p < 0.01; ***p < 0.001; ****p< 0.0001.

2.2.4. Atg5 deletion after secondary transplantation does not alter the chemotherapy response of
MLL-AF9-driven AML
The potential of functional autophagy inhibition as a therapeutic strategy has not yet been
determined in MLL-AF9-driven AML. We chose to mimic autophagy inhibitor treatment by treating
animals with tamoxifen in vivo after transplantation of malignant Atg5FL cells that were not
previously exposed to tamoxifen. In this secondary transplant model, no significant difference in
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survival was observed between vehicle and tamoxifen-treated mice, with median survivals of 34.5
and 36 days respectively (Figure 2.9A). However, a significant decrease in the frequency of c-kitCD11b+ myeloid cells were observed in the peripheral blood of tamoxifen-treated mice during
progression (Figure 2.9C), consistent with changes observed during in vitro culture.
Autophagy has been postulated as a mechanism of chemotherapy resistance in AML. 137
Therefore, autophagy’s role in chemotherapy response was also determined in vivo during secondary
transplantation. Following vehicle or tamoxifen treatment, animals bearing malignant AML were
administered with either PBS or a chemotherapy regimen with cytarabine and doxorubicin,
mimicking the treatment of patients at diagnosis presenting malignant AML.62 We observed that
MLL-AF9-driven AML responded to chemotherapy, as both vehicle and tamoxifen-treated mice
receiving chemotherapy demonstrated prolonged survival compared to controls (Figure 2.9A).
Additionally, chemotherapy treatment drastically reduced the WBC counts of animals one day
following treatment termination (Figure 2.9B). However, no differences were observed between
vehicle and tamoxifen-treated animals in survival (41.5 and 42 days respectively), WBCs, or
myeloid markers during progression or at endpoint (Figure 2.9A-C, data not shown). We confirmed
that Atg5FL and Atg5KO malignant AML cells responded similarly to chemotherapy in vitro (Figure
2.9D, Table 2.1). These data indicate that autophagy may not contribute to the chemotherapy
response of MLL-AF9-driven murine AML.
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Figure 2.8 The role of Atg5 in progression and chemotherapy response of MLL-AF9-driven
murine AML.
A. The Kaplan-Meier survival curve of non-irradiated C57BL/6J recipient mice transplanted with
malignant Atg5FL AML cells. Gray boxes indicate the dates by which the indicated treatments or
vehicle controls were given once daily.
B. WBC counts as enumerated by peripheral blood flow cytometry of mice from panel A at the
indicated dates. Error bars represent the SEM of 10 mice. Statistics were calculated by ANOVA
with multiple comparisons. ****p < 0.0001; n.s., not statistically significant.
C. Peripheral blood flow cytometry analysis of mice from panel A on the indicated days shows the
Annexin V-7-AAD- cells of the indicated phenotype as a percentage of total Annexin V-7-AADCD45+ cells. Error bars represent SEM of 10 mice. Statistics were calculated by ANOVA with
multiple comparisons. ****p < 0.0001; n.s., not statistically significant.
D. Atg5FL or Atg5KO cells were treated with the indicated concentrations of cytarabine for 24 hours
and subjected to flow cytometric analysis, representing Annexin V - cells as a percent of all cells
and normalized to untreated controls. Error bars indicate SD of 5 different clones.

Several targeted therapies are being investigated for the treatment of AML and we evaluated
whether the potency of these agents could be enhanced by autophagy deletion. As autophagy is
important for the clearance of mitochondria92, we tested whether cells lacking autophagy were
sensitized to agents which activate mitochondrial apoptosis. Both Atg5FL and Atg5KO MLL-AF9driven AML cells cultured in vitro were completely resistant to Bcl-2 and Bcl-xL inhibitors ABT199 and ABT-737 (Table 2.1).138,139 On the other hand, Atg5KO leukemic cells were sensitized to
maritoclax, a small molecular antagonist of Mcl-1.119,121,140 We also observed a significant
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Figure 2.9 The role of Atg5 in progression and chemotherapy response of MLL-AF9-driven
murine AML.
A. The Kaplan-Meier survival curve of non-irradiated C57BL/6J recipient mice transplanted with
malignant Atg5FL AML cells. Gray boxes indicate the dates by which the indicated treatments or
vehicle controls were given once daily.
B. WBC counts as enumerated by peripheral blood flow cytometry of mice from panel A at the
indicated dates. Error bars represent the SEM of 10 mice. Statistics were calculated by ANOVA
with multiple comparisons. ****p < 0.0001; n.s., not statistically significant.
C. Peripheral blood flow cytometry analysis of mice from panel A on the indicated days shows the
Annexin V-7-AAD- cells of the indicated phenotype as a percentage of total Annexin V -7-AADCD45+ cells. Error bars represent SEM of 10 mice. Statistics were calculated by ANOVA with
multiple comparisons. ****p < 0.0001; n.s., not statistically significant.
D. Atg5FL or Atg5KO cells were treated with the indicated concentrations of cytarabine for 24 hours
and subjected to flow cytometric analysis, representing Annexin V - cells as a percent of all cells
and normalized to untreated controls. Error bars indicate SD of 5 different clones.

sensitization of Atg5KO leukemic cells to vorinostat, a histone deacetylase inhibitor, similar to
previous findings.95
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IC50 (nM)
ATG5FL
ATG5KO
p-value
163.8
160.0
0.8185
Cytarabine
> 1000
> 1000
NA
ABT-199
> 1000
> 1000
NA
ABT-737
9616
6248
**0.0035
Maritoclax
9031
6162
**0.0013
Vorinostat
Table 2.1 Sensitivity of Atg5FL and Atg5KO AML cells to the indicated small molecules
represented as EC50 for the induction of Annexin V + apoptosis.

2.3. Discussion
Numerous studies have now described autophagy as essential for hematopoietic homeostasis,
and several have suggested an important role for autophagy in myeloid differentiation or
proliferation.87–89 Studies have revealed that both human and mouse HSCs demonstrate high levels
of autophagic flux.89,90 Indeed, the deletion of key autophagy protein FIP200 in mouse
hematopoietic cells abrogated the self-renewal of fetal HSCs, leading to severe anemia and perinatal
lethality.91 Similarly, knocking down ATG5 and ATG7 function in human CD34+CD38- HSCs also
drastically reduced their frequency,90 and deletion of Atg5 or Atg7 in murine HSCs has also been
demonstrated to abrogate the capacity of HSCs to self-renew.87,89 The critical role of autophagy in
hematopoiesis as well as the dysregulation of autophagy genes in human AML89,122 strongly
implicate its role in AML pathogenesis. Consistent with these studies, our data supports a role for
Atg5-dependent autophagy in the initiation of MLL-AF9-driven murine AML. By deleting Atg5 in
vitro, we detected a transient decrease in the colony forming potential of BM cells immediately
following introduction of the MLL-AF9 oncogene, and observed a statistically significant survival
advantage in vivo for mice harboring leukemia cells with deleted Atg5 relative to controls during
primary transplantation.
While we clearly demonstrate the contributions of autophagy in leukemia initiation, autophagy
was not involved in the viability of LSCs or maintenance of AML during secondary transplantation.
The specific contribution of Atg5-dependent autophagy to AML initiation but not progression could
be due to several possibilities. Firstly, it is possible that autophagy pathways independent of LC3
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lipidation could play a compensatory role in this model of AML.141,142 Studies have shown that mice
lacking Atg5 or Atg7 in HSCs demonstrate temporary myelomonocytic proliferation with aberrant
maturation.87,89 In this model of MLL-AF9-driven AML, LSCs resemble immature myelomonocytes.59,60,143 A separate study has already suggested that myeloid cells might rely on Atg5independent autophagy for survival and differentiation.144 Secondly, MLL-AF9 expression might
attenuate autophagy’s role as a tumor suppressor by inactivating p53. MLL fusion oncogenes have
previously been described to functionally suppress p53.145,146 In pancreatic tumors, autophagy’s role
in suppressing malignant transformation has been linked to p53 function. Abrogating p53 resulted in
a metabolic shift within tumors, reprogramming autophagy to a pro-tumorigenic role.147
To our knowledge we are the first to describe a role of Atg5-dependent autophagy in the
initiation of MLL-AF9-driven AML. This is in some contrast to a recent study by Watson et al.
(2015), who report an important role for Atg5 in murine MLL-ENL-driven AML.89 The in vitro
homozygous deletion of Atg5 following introduction of MLL-ENL oncogene led to significant cell
death, suggesting that functional autophagy is essential to maintain MLL-ENL-driven LSCs. In
contrast, in our model using MLL-AF9 driven leukemia with homozygous Atg5 deletion, we
detected a transient decrease in colony formation potential during leukemia initiation and no
significant LSC cell death hereafter. Apoptosis was increased in differentiated myeloid cells
originating from malignant LSCs lacking Atg5. Nonetheless, this difference in differentiated
myeloid cells was not reflected at endpoint in any of our studies and did not correlate with survival.
Thus the role of autophagy in the survival of differentiated myeloid cells originating from LSCs is
unlikely related to its roles in the development of MLL-AF9-driven AML. Watson et al. (2015)
further observed that heterozygous deletion of Atg5 facilitated AML initiation and development. In
these cells, increased in vitro and in vivo proliferation of autophagy-knockdown cells was
accompanied by increased glycolysis that is likely due to reprogrammed mitochondrial function,
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evidenced by increased mitochondrial spare capacity.89 While autophagy did play a role in the
initiation of AML in our model, we did not observe a difference in the mitochondrial spare capacity
or ECAR of malignant MLL-AF9 cells with homozygously deleted Atg5. Thus, it is unlikely that
Atg5 deletion reprogrammed mitochondrial respiration in this MLL-AF9-driven model of murine
AML as it did in MLL-ENL-driven AML.
Autophagy is known to participate in treatment response of AML but its roles are controversial.148 Autophagy is traditionally implicated in therapy resistance in leukemia, as suppressing
autophagy might lead to mitochondrial dysfunction and reactive oxygen species (ROS) production to
enhance treatment response.93–95 On the other hand, several studies have shown that autophagy
induction enhances treatment response.96,97 One proposed mechanism by which autophagy induction
could enhance therapeutic response involves the apparent ability of autophagy to degrade key protumorigenic proteins including Flt3, PML-RARA, and Bcl-Abl.82,97–99 In our murine model of MLLAF9-driven AML, Atg5-dependent autophagy was dispensable for in vitro and in vivo treatment
response to the chemotherapeutics cytarabine and doxorubicin. However, AML cells lacking Atg5
were sensitized to maritoclax and vorinostat treatment in vitro. Autophagy deficiency has previously
been described to enhance vorinostat sensitivity through ROS production95. However,
cytarabine149,150 and maritoclax119 have also been described to facilitate ROS production to induce
cell death, making this an unlikely mechanism by which autophagy protects against maritoclax and
vorinostat cytotoxicity. AML cells have previously shown to be dependent on Mcl-1 for
survival107and it is possible that Atg5-deficient AML cells demonstrate increased Mcl-1 dependency,
an idea which could be further explored.
Taken together, our study provides insight as to the role of Atg5-dependent autophagy in the
development of MLL-AF9-driven murine AML. The in vitro deletion of Atg5 transiently decreased
the colony forming capacity of BM cells expressing MLL-AF9, consistent with in vivo data where
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Atg5 deletion significantly delayed MLL-AF9-induced AML initiation. Atg5 deficiency in
malignant AML cells was also observed to promote apoptosis in differentiated malignant myeloid
cells. Conversely, Atg5-mediated autophagy was not involved in the maintenance or
chemotherapeutic sensitivity of malignant AML. The role of autophagy in the pathogenesis of AML
remains for further investigation in order to determine whether and how autophagy should be
modulated in AML for therapeutic benefit.

2.4. Materials and methods
2.4.1. Animal studies
All animal studies were approved and followed the Penn State College of Medicine IACUC
guidelines. C57BL/6J and B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J151 mouse strains were purchased
from Jacksons Laboratories, and the B6.129S-Atg5tm1Myok mouse strain152 was obtained from RIKEN
Bioresources Center, Japan. All animals were bred at the Penn State College of Medicine and
genotyped as previously described151,152. Age and sex matched animals were used for all animal
studies, and all studies were done without blinding. Sample sizes were chosen by simulation to
ensure adequate power to detect a median survival difference of 5 days.
Primary transplantation studies were largely performed as previously described. 60 Briefly,
magnetically sorted (Miltenyi #130-091-224; Bergisch Gladbach, Germany) c-kit+ BM cells were
spinoculated with concentrated Ecotropic retrovirus with 8μg/mL polybrene at 1400g for 2 hours at
32°C once per day for two days. Cells were then seeded to methylcellulose medium (Stemcell
Technologies #03534; British Columbia, Canada) at 1 × 104 cells/mL for three passages of five days
each. The cells were next transplanted intrafemorally to 500cGy sublethally irradiated recipient mice
under ketamine/xylazine anesthesia at 5 × 105 cells per animal. When applicable, animals were
randomized to groups based on transplantation time. Animals suffering from labored breathing,
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lethargy, or any other signs of morbidity were defined as endpoint and euthanized by CO 2
asphyxiation followed by cervical dislocation and necropsy.
For secondary transplantation, primary splenocytes from primary transplanted leukemic mice
were incubated with red blood cell (RBC) lysis buffer (15.5mM NH4Cl, 1.2mM NaHCO3, 10μM
Na2EDTA, pH 7.2) for 15 minutes at 4°C. Splenocytes were then washed twice and cryopreserved in
90% FBS and 10% DMSO in liquid nitrogen. Splenocytes from at least three different mice were
thawed and pooled. Live cells were isolated by centrifugation with Histopaque-1119 (Sigma-Aldrich
T5648; St. Louis, MO USA) at 400g × 30 minutes at 24°C. 200,000 cells were then intrafemorally
transplanted to non-irradiated recipient mice.
In vivo luminescence imaging was performed using the IVIS Lumina Series III (PerkinElmer;
Waltham, MA). Animals were intraperitoneally injected with 150 mg/kg of D-luciferin in PBS and
imaged under isoflurane anesthesia. Images were normalized with Living Image V4.1
(PerkinElmer), and the total flux (p/s) of the whole animal was used for quantification.

2.4.2. Drug Treatment
Free-base tamoxifen (Sigma-Aldrich T5648) was prepared at 20mg/mL and administered by
oral gavage at 200mg/kg as previously described.153 Cytarabine (LKT Laboratories C9778; St Paul,
MN USA) was dissolved in PBS at 20mg/mL, and doxorubicin (Selleck Chemicals S1208; Houston,
TX USA) was dissolved in PBS and 1% DMSO at 600μg/mL. Cytarabine and doxorubicin were
administered to animals intraperitoneally as previously described.62 Cells treated with 100nM BafA1
(LCL Labs B-1080; Woburn, MA USA) were analyzed by immunoblotting as previously
described.81 Cells were treated with 100nM of the Z isomer of 4OHT (LKT Laboratories H9711) to
delete Atg5. Cells were treated with ABT-199 (LKT Laboratories A0776), ABT-737 (LKT
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Laboratories A0778), maritoclax121, and vorinostat (LKT Laboratories V5734) in 0.5% DMSO for
48 hours and subjected to flow cytometric analysis.

2.4.3. Plasmids and Cell Culture
The pMSCV-luc-IRES-YFP plasmid was received from Dr. Gerard Grosveld (St. Jude
Children’s Research Hospital). The construction of the pMSCV-MLL-AF9-EF1α-luc-P2A-GFPLC3 plasmid was carried out by replacing the luc-IRES-YFP open reading frame in the pMSCV-lucIRES-YFP vector with the following components: MLL-AF9 from pMIG-MLL-AF9 (Dr. Robert
Paulson, Penn State University Park); EF1α from pCDH1-MCS-EF1-Puro (System Biosciences
CD510B; Palo Alto, CA USA); Luciferase from pMSCV-luc-IRES-YFP; P2A from pULTRA154
(Dr. Malcolm Moore, Memorial Sloan Kettering, Addgene #24129); GFP-LC3 from pMXs-IPEGFP-LC3155 (Dr. Noboru Mizushima, University of Tokyo).
The Atg5WT/WT and Atg5-/- mouse embryonic fibroblasts were kindly provided by Dr. Noboru
Mizushima (Tokyo Medical and Dental University, Tokyo, Japan) and cultured in DMEM medium
with 20% FBS and 1% antibiotic-antimycotic solution (Mediatech, Manassas, VA). Primary murine
leukemia and hematopoietic cells were cultured in IMDM supplemented with 20% FBS, 1%
antibiotic-antimycotic solution (Mediatech), 50ng/mL SCF (PeproTech 250-03; Rocky Hill, NJ),
20ng/mL IL-3 (PeproTech 213-13), and 10ng/mL IL-6 (PeproTech 216-16) and maintained between
0.2 – 1.0 × 106 cells/mL unless otherwise stated. For luminescence studies, luminescence was
measured immediately after adding 75μg/mL D-luciferin to cell culture on the BMG ClarioStar
(BMG Labtech; Ortenberg, Germany).

2.4.3. Colony Formation Assay
Cells were seeded at 500 viable cells/mL, according to the trypan blue exclusion assay, to
methylcellulose medium (Stemcell Technologies #03534) and cultured for 6 days before manual
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counting of colonies under light microscopy. For serial plating, cells were washed twice before reseeding at 500 viable cells/mL to fresh methylcellulose medium. For 4OHT treatment, 100nM
4OHT or 0.1% ethanol (vehicle) was added to methylcellulose medium before cells were seeded.

2.4.4. Polymerase Chain Reaction
Genomic DNA was extracted from primary splenocytes using the DNeasy Blood and Tissue kit
(Qiagen #69504; Hilden, Germany) according to the manufacturer’s recommendations. Polymerase
chain reaction (PCR) was then performed with 10ng of genomic DNA, Perfect Taq Plus MasterMix
(5PRIME #2200095; Gaithersburg, MD USA), and previously published primers152 to detect wildtype, floxed, and deleted Atg5 alleles.

2.4.5. Histology
Tissues were fixed in 10% neutral-buffered formalin for 24 hours, and then stored in 70%
ethanol. Soft tissues were mounted in paraffin, sectioned, and stained by hematoxylin & eosin
(H&E). Peripheral blood smears were fixed with methanol for 1 minute. May Grünwald-Giemsa
stain was performed using the May Grünwald solution (Sigma-Aldrich 32856) and the modified
Giemsa stain (Sigma-Aldrich GS1L) according to the manufacturer’s recommendations.

2.4.6. Flow Cytometry
Peripheral blood was collected by cardiac puncture from moribund mice during necropsy. Bone
marrow was flushed from the femur and tibia with a 27-gauge needle, and the spleen was dissociated
through 40μm nylon mesh. For live animals, peripheral blood was collected by saphenous vein
puncture into the Safe-T-Fill EDTA capillary blood collection system (RAM Scientific #077051;
Yonkers, NY). RBCs were lysed in RBC lysis buffer for 15 minutes on ice for spleen and BM or at
room temperature for 20 minutes for peripheral blood. Cells were washed and blocked with either
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2% unlabeled mouse CD16/32 (BioLegend #101302; San Diego, California) or 0.5% of BV711CD16/32 (BioLegend #101337) in flow cytometry buffer (PBS, 2% FBS, 100μM EDTA, 0.1%
sodium azide) for 10 minutes on ice. Cells were then labeled with fluorochrome-conjugated
antibodies listed below for 15 minutes on ice. Cells were washed twice with flow cytometry buffer
and fixed with Fixation Buffer (BioLegend #420801) on ice for 20 minutes. Cells were washed twice
and analyzed immediately on the BD Fortessa flow cytometer or stored in 90% FBS and 10%
DMSO at -80°C for later analysis.
The following antibodies were used at the indicated concentrations in this study: Annexin
V/FITC, 1:50 (BD #556420, Franklin Lakes, NJ, USA); 7-AAD, 1:20 (BD #559925);
CD11b/BV711, 1:200 (BioLegend #101241, San Diego, CA, USA); Ly-71/BV605, 1:200
(BioLegend #101241); CD19/BV650, 1:100 (BioLegend #115541); Gr-1/AF700, 1:200 (BioLegend
#108422); TER-119/APC-Cy7, 1:200 (BD #560509); CD3/BV785, 1:200 (BioLegend #100231); ckit/PE, 1:200 (BioLegend #105807); CD45/BV421, 1:50 (BioLegend 103133); Lineage
Cocktail/V450, 1:20 (BD #561301); CD48/PE-Cy7, 1:200 (BD #560731); Sca-1/APC, 1:200
(BioLegend #108111); CD150/BV605, 1:200 (BioLegend); CD34-AF700, 1:50 (BD #560518).
For cell cycle analysis, cells were fixed with 70% ethanol overnight at 4°C. Cells were then
washed twice in flow cytometry buffer and resuspended in flow cytometry buffer with 50μg/mL
propidium iodide (BioLegend #421301) and 20μg/mL RNase A (Qiagen #19101) for flow
cytometric analysis.

2.4.7. Immunofluorescence Microscopy
Exponentially growing cells were prepared on microscope slides through the Cytospin 4
Cytocentrifuge (Thermo Scientific) at 100,000 cells/well. Slides with digitonin treatment were
incubated with 250μg/mL digitonin for 2 minutes and washed with PBS. Slides were fixed in 4%
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paraformaldehyde in PBS at room temperature for 20 minutes and washed three times with PBS.
Slides were then mounted in Prolong Gold mounting medium with DAPI (Thermo Scientific
#P36941) and immunofluorescence microscopy performed as previously described.81

2.4.8. Mitochondrial Stress Test
100,000 cells were seeded in XF medium supplemented with 4.5g/L glucose and 2mM Lglutamine to the XF96 cell culture plate coated with Cell-Tak (Corning #354240) according to the
manufacturer’s recommendations. The assay was run on the XF96e Flux Analyzer (Seahorse) with
1μM of the indicated compounds added to the cells from the XF Cell Mito Stress Test Kit (Seahorse)
according to the manufacturer’s recommendations.

2.4.9. Cell Proliferation Assay
10,000 cells were seeded per well to 96-well plates in 100μL of IMDM supplemented with 20%
FBS, 1% antibiotic-antimycotic solution, 50ng/mL SCF, 20ng/mL IL-3, and 10ng/mL IL-6. Cells
under hypoxia treatment were incubated in the humidified InvivO2 300 Hypoxia Workstation (Baker
Ruskinn, Pencoed, United Kingdom) at 1.8% O2, 5% CO2, and 37°C. At the indicated time points,
10μL of PrestoBlue reagent (Thermo Scientific #A13262) was added and incubated for 1 hour at
37°C. Fluorescence was measured according to the manufacturer’s recommendations on the BMG
ClarioStar.

2.4.10. Statistical Analysis
Sample sizes were estimated with power calculations. All statistics were performed as indicated
by GraphPad Prism (version 6.00 for Windows, GraphPad Software, La Jolla California USA)
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CHAPTER 3. MARITOCLAX INDUCES APOPTOSIS IN ACUTE MYELOID LEUKEMIA
CELLS WITH ELEVATED MCL-1 EXPRESSION.

3.1. Abstract
Acute myeloid leukemia (AML) is one of the deadliest leukemias for which there is an urgent
and unmet need for the development of novel treatment strategies. Multiple drug resistance
mechanisms mediate poor drug response and relapse in patients, and a selective Mcl-1 inhibitor has
long been speculated to be a promising agent in the treatment of AML. Here, we describe that
maritoclax, a small molecule Mcl-1 inhibitor, induced Mcl-1 proteasomal degradation without
transcriptional down-regulation. Maritoclax killed AML cell lines and primary cells with elevated
Mcl-1 levels through selective Mcl-1 down-regulation, and synergized with ABT-737 to overcome
Mcl-1-mediated ABT-737 resistance. Maritoclax was more effective than daunorubicin at inducing
leukemic cell death when co-cultured with HS-5 bone marrow stroma cells, while being less toxic
than daunorubicin against HS-5 stroma cells, primary mouse bone marrow cells, as well as
hematopoietic progenitor cells. Moreover, maritoclax administration at 20 mg/kg/d intraperitoneally
caused significant U937 tumor shrinkage, as well as 36% tumors remission rate in athymic nude
mice, without apparent toxicity to healthy tissue or circulating blood. In summary, our studies
suggest that maritoclax belongs to a novel class of Mcl-1 inhibitors that has the potential to be
developed for the treatment of AML.

3.2. Results
A body of evidence suggests that Mcl-1 inhibition may impair physiological function. Genetic
Mcl-1 knockout caused peri-implantation embryonic lethality in mice156, and the organ-specific
knockout of Mcl-1 resulted in acute failure of hematopoietic stem cells and the heart.157–159
Nonetheless, a number of anti-cancer agents approved for use or in clinical trials to treat cancer can
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down-regulate Mcl-1, such as sorafenib, PKC412, and flavopiridol.160–162 Given that genetic and
pharmacologic modulations of a protein are fundamentally different, it is possible that there exists a
margin of safety between the anti-cancer and toxic effects of Mcl-1 small molecule inhibitors in the
treatment of AML. Thus, we endeavored to evaluate the therapeutic potential of maritoclax in
models of AML.

3.2.1. Maritoclax down-regulates Mcl-1 expression through proteasomal degradation without
transcriptional repression
Maritoclax is found naturally in a marine-derived strain of Streptomyces as the (-) enantiomer163, but the racemic compound was used in previous biological assays testing maritoclax as a
Mcl-1 inhibitor.164,165 We confirmed that the (+)-, (-)-, and racemic maritoclax demonstrate similar
biological activity in viability assays against U937 cells (Figure 3.1).
Maritoclax induced endogenous Mcl-1 down-regulation in U937 cells that can be completely
reversed by MG132 treatment in a concentration-dependent manner (Figure 3.2A). As prolonged
proteasome inhibition may disrupt transcription and synthesis, MG132 was added to U937 cells in
the last 3 hours of a 12-hour incubation with maritoclax. U937 cells treated with vehicle control
demonstrated a 4-fold increase in Mcl-1 protein levels under MG132 treatment, and maritoclax-

Figure 3.1 Potency of maritoclax stereoisomers.
U937 cells were treated with the indicated stereoisomers of maritoclax for 48 hours prior to
measuring viability.
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Figure 3.2 Maritoclax induces Mcl-1 proteasomal degradation but not transcriptional
repression.
A. U937 cells were treated with DMSO or 2.5μM maritoclax with the indicated concentrations of
MG132 for 12 hours, and protein expression was analyzed by immunoblotting.
B. U937 cells were treated with DMSO or 2.5μM maritoclax for 9 hours before adding 10µM
MG132 for 3 hours, and protein expression was analyzed by immunoblotting.
C. U937 cells were treated with 2.5µM maritoclax for the indicated times, and MCL1 mRNA
expression was analyzed by qRT-PCR. Error bars represent the SD of three replicates.

treated cells demonstrated a 6.5-fold increase in Mcl-1 protein levels when incubated with MG132
(Figure 3.2B). We then analyzed Mcl-1 mRNA expression in the presence of maritoclax over 24
hours by qRT-PCR (Figure 3.2C), and determined that Mcl-1 mRNA levels following treatment did
not significantly differ from basal levels (ANOVA, p > 0.05).

3.2.2. Maritoclax kills primary human AML cells overexpressing Mcl-1 through Mcl-1 downregulation
We therefore surveyed the potency of maritoclax treatment in four primary human AML patient
samples with varying prognoses (Figure 3.3A, Table 3.1). AML samples 555 and 477 were
sensitive to maritoclax treatment (EC50 = 7.2 µM, 8.8 µM respectively), while samples 559 and 574
were resistant at EC50’s above 40µM. Interestingly, when we probed for Bcl-2 family expression in
the primary patient samples, maritoclax-sensitive samples 555 and 477 expressed elevated Mcl-1
levels while samples 559 and 574 contained markedly lower Mcl-1 protein levels (Figure 3.3B).
Sensitivity to maritoclax in primary patient samples correlated with the protein levels of Mcl-1, but
not with the levels of Bcl-2 or Bcl-xL. We further observed that maritoclax caused the down55

Figure 3.3 Maritoclax potency correlates with Mcl-1 expression in primary human AML
A. The EC50 of maritoclax in 4 primary human AML samples were assayed by treating samples
with maritoclax over 24 hours. Error bars represent the SD of three replicates.
B. The expression of Bcl-2 family proteins were detected for the same 4 primary human AML
samples through immunoblotting, with the Raji Burkitt’s Lymphoma cell line as positive control.
C. Primary human AML case #555 was treated with the indicated concentrations of maritoclax for
24 hours, and protein expression was analyzed by immunoblotting.

regulation of Mcl-1, but not that of Bcl-2 or Bim, in a concentration-dependent manner in patient
sample 555 leading to induction of caspase-3 cleavage (Figure 3.3C).

3.2.3. Maritoclax overcomes Mcl-1-mediated drug resistance in AML cells
Given that maritoclax potency correlated with Mcl-1 protein levels in primary AML patient
cells, we surveyed the potency of maritoclax at 48 hours in a panel of AML cell lines (Figure 3.4AB). We further observed that parental AML cell lines HL60 and Kasumi-1, which express elevated
Mcl-1, were sensitive to maritoclax (EC50 = 2.0 µM, 1.7 µM respectively). On the other hand,
parental KG-1 and KG-1a cell lines expressing lower Mcl-1 protein levels were more resistant to
maritoclax treatment (EC50 = 6.1 µM, 5.5 µM respectively). The U937 cell line expressed the
highest levels of Mcl-1 among tested cell lines, and demonstrated the highest sensitivity to
maritoclax treatment (EC50 = 1.4 µM).

Patient Case # WBC (× 1000/μL) Blast (%) NPM1 FLT3-ITD
Cytogenetics
15.78
70
ND
ND
t(9;11)
555
66.6
66
Complex
559
122.3
78
del(15)(q13q15)
477
107.7
58
+
+
Normal
474
Table 3.1 Characteristics of primary human AML samples used in this study.
ND: not determined.
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Previous studies indicated that Mcl-1 up-regulation is a major mechanism of resistance to
selective Bcl-2 inhibitor ABT-737 in cancer cells166. Therefore, we generated a panel of ABT-737resistant (ABTR) cell lines through prolonged culture with ABT-737. While parental AML cell lines
were very sensitive to ABT-737 treatment, ABTR cell lines demonstrated markedly increased
resistance to ABT-737 (Figure 3.4B). Remarkably, all ABTR phenotypes in the tested AML cell

Figure 3.4 Maritoclax induces apoptosis through Mcl-1 degradation in Mcl-1-dependent
AML cell lines.
A. The Bcl-2 family protein expression for a number of parental and drug-resistant AML cell lines.
B. The effective concentration for 50% viability (EC50) of parental and drug-resistant AML cell
lines in response to ABT-737 and maritoclax treatment.
C. The expression of Bcl-2 family proteins through Immunoblotting in the HL60/ABTR cell line
with 2µM maritoclax over the indicated time. D) HL60/ABTR (top) and KG1a/ABTR (bottom)
cell lines were treated with a single concentration of maritoclax (2 and 1µM, respectively) and the
indicated concentrations of ABT-737 to measure viability. Error bars represent the SD of 3
replicates.

57

lines demonstrated elevated Mcl-1 levels (Figure 3A). Both HL60/ABTR and Kasumi-1/ABTR cell
lines remained sensitive to maritoclax treatment (EC50 = 1.7 µM, 1.8 µM respectively). The KG1/ABTR and KG-1a/ABTR cell lines demonstrated an increase in resistance to maritoclax (EC50 =
7.7 µM, 7.3 µM respectively), where we also observed Bcl-xL up-regulation compared to parental
cell lines. The multi-drug resistant HL60/VCR cell line, expressing high levels of p-gp, was resistant
to ABT-737 treatment (EC50 > 50 µM), but was sensitive to maritoclax treatment (EC50 = 1.8 µM).
We confirmed that maritoclax caused a time-dependent down-regulation of Mcl-1 in the
HL60/ABTR cells, leading to caspase-3 activation and PARP cleavage, a marker for the activation
of caspase-dependent apoptosis (Figure 3.4C). A number of approaches demonstrated that the
inhibition of Mcl-1, both pharmacologically by kinase inhibitors and genetically by siRNA
approaches, synergizes with ABT-737 to sensitize ABTR cells167,168. Combining escalating
concentrations of ABT-737 with a sub-optimal concentration of maritoclax resulted in significant
synergistic interactions, sensitizing both HL60/ABTR and KG1a/ABTR cell lines to cell death
(Figure 3.4D). At higher ABT-737 concentrations in the HL60/ABTR cell line, the addition of
maritoclax tended to be additive, which was likely a result of off-target effects.

3.2.4. Maritoclax overcomes stroma-mediated drug resistance in AML cells
The culture of AML cells with bone marrow stroma mimics the tumor microenvironment,
resulting in decreased leukemic proliferation and drug resistance169. A study has suggested Mcl-1
up-regulation as a mechanism of resistance in AML cells cultured with stroma170. We therefore
assayed the effects of maritoclax on leukemic cells co-cultured with bone marrow stroma in a novel
system. After allowing U937 cells expressing luciferase (U937-luc) to attach to cultured human
stroma cell line HS-5, we treated the cells with maritoclax or daunorubicin. After treatment, we
measured luciferase activity to specifically assay the viability of the leukemic cells. While the
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single-cultured U937-luc cells were sensitive to maritoclax at the EC50 of 0.75µM, co-cultured cells
were slightly more susceptible at the EC50 of 0.56µM (Figure 3.5A). On the other hand, co-cultured
U937-luc cells were two-fold more resistant to daunorubicin at the EC50 of 1.01µM, compared to
single-cultured cells at the EC50 of 0.52µM (Figure 3.5B). We confirmed that the susceptibility of
co-cultured U937-luc cells was not due to toxicity to HS-5 cells, as maritoclax was in fact less toxic
for the HS-5 cells compared to daunorubicin at all concentrations tested (Figure 3.5C).

3.2.5. Maritoclax kills mouse AML cell line C1498 while being less toxic than daunorubicin to
primary mouse bone marrow cells
We examined the potency of maritoclax compared to ABT-737 and daunorubicin in the mouse
AML cell line C1498. The C1498 cell line was sensitive to daunorubicin and maritoclax treatment at
the respective EC50 of 1.86µM and 2.26µM, while being more resistant to ABT-737 with an EC50 of
4.66µM (Figure 3.6A). We further confirmed that maritoclax induced cell death in C1498 mouse
AML cell line through Mcl-1 degradation (Figure 3.6B). Maritoclax was able to induce a
concentration-dependent Mcl-1 degradation in C1498 cells to induce caspase-3 cleavage and
subsequent PARP cleavage (Figure 3.6B).
As Mcl-1 has been reported to be necessary for hematopoietic stem and progenitor cell

Figure 3.5 Maritoclax induces leukemic cell death in co-culture with HS-5 stroma while
sparing stroma cells.
A-B. U937-luc cells were cultured with or without HS-5 stroma cells and treated with
daunorubicin (A) or maritoclax (B) for 48 hours, and luciferase activity was measured.
C. HS-5 cells were treated with daunorubicin or maritoclax for 48 hours, and viability was
assayed. Error bars represent the SD of three replicates.
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Figure 3.6 Maritoclax spares bone marrow cells while inducing apoptosis in mouse AML
C1498 through Mcl-1 degradation.
A. Mouse AML cell line C1498 was treated with the indicated concentrations of maritoclax, ABT737, or daunorubicin to measure cell viability. Error bars represent the SD of three replicates.
B. C1498 cells were treated with the indicated concentrations for maritoclax or ABT-737 for 24
hours, and protein expression was analyzed by immunoblot.
C. An in vitro culture of primary mouse bone marrow was treated with the indicated
concentrations of maritoclax, ABT-737, or daunorubicin for 48 hours to measure cell viability.
Error bars represent the SD of three replicates.

survival157, we tested whether maritoclax was toxic to mouse bone marrow cells. After treating
freshly isolated mouse bone marrow cells with maritoclax, ABT-737, and daunorubicin, we
observed that maritoclax was the least toxic to the bone marrow cells in the panel of 3 drugs (Figure
3.6C). Maritoclax demonstrated more than 10-fold higher EC50 against the primary bone marrow
cells at 3.70µM, compared to ABT-737 and daunorubicin’s EC50 at 0.24µM and 0.11µM
respectively.
Next, we specifically assayed the relative toxicity of maritoclax and daunorubicin to mouse
hematopoietic progenitor cells by seeding mouse primary bone marrow cells to methycellulose
medium supplemented with growth factors and cytokines. In vehicle-treated plates, we could detect
the multipotential CFU-GEMM colonies, the more differentiated monocytic/granulocytic CFU-GM
colonies, as well as erythroid CFU-E and BFU-E colonies (Figure 3.7A). After incubating the bone
marrow cells with daunorubicin for 7 days, we could not detect any colonies at any of the tested
concentrations (Figure 3.7B). On the other hand, maritoclax was significantly less toxic to these
progenitor colonies than daunorubicin. Maritoclax was the least toxic to CFU-GM colonies.
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Figure 3.7 Maritoclax is less toxic to bone marrow colony forming units than daunorubicin.
A. Representative colonies in vehicle-treated colony formation assays of primary mouse bone
marrow, taken with the Olympus DP20 and the cellSens Standard software at 10X magnification.
B. Primary mouse bone marrow were seeded in methylcellulose medium to allow for progenitor
cell growth, and treated with the indicated concentrations of maritoclax or daunorubicin for 7 days,
and the CFU-GEMM, CFU-GM, BFU-E, and CFU-E colonies were counted. Error bars represent
the SD of three replicates.

3.2.6. Maritoclax significantly reduces U937 xenograft tumor burden in female athymic nude mice
As maritoclax was less toxic than daunorubicin to primary bone marrow and hematopoietic
progenitor cells in vitro, we next determined the toxicity of maritoclax in mice. The maximum
tolerated dose (MTD) and median lethal dose (LD50) of maritoclax in female athymic nude mice
were 20mg/kg and 25mg/kg respectively as once-daily intraperitoneal (IP) injections. At MTD, we

Maritoclax (i.p.) Maritoclax (i.v.)
10mg/kg
1mg/kg
3.47
2.36
T1/2 (hours)
2.0
0
Tmax (hours)
1536.16
7527.34
Cmax (ng/mL)
5408.65
800.28
AUClast (hr*ng/mL)
5418.96
820.94
AUCINF_OBS (hr*ng/mL)
9239.86
4139.26
VD (mL/kg)
1845.37
1218.12
CL (mL/hour/kg)
Fabs
66.0%
100%
Table 3.2 The pharmacokinetic parameters of maritoclax by intraperitoneal and intravenous
injection in female BALB/c mice
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occasionally observed temporary somnolence in treated mice lasting 1-2 hours. We further
determined the pharmacokinetics of maritoclax and observed that it demonstrated 66%
bioavailability by IP injection and a half-life (T1/2) of 3.47 hours (Table 3.2).
We engrafted U937 tumors to female athymic nude mice, and treated the animals daily with a
single IP injection of vehicle or 20mg/kg maritoclax following tumor staging (Figure 3.8A). A
statistically significant decrease in tumor volumes for maritoclax-treated animals was observed
starting one day after treatment initiation (Student’s t-test, p < 0.05). Maritoclax significantly
decreased the U937 xenograft tumor size for the duration of treatment (ANOVA, p < 0.0001). We
observed a significant decrease in the weights of the nude mice treated with maritoclax (ANOVA, p
< 0.001), which however was not more than 5% of the initial weights of the animals (Figure 3.8B).
We speculate that the decrease in weights of maritoclax-treated animals compared to vehicle control

Figure 3.8 Maritoclax is effective in vivo against U937 xenografts.
A. The tumor volumes of nude mice bearing U937 xenograft through daily treatment with vehicle
or 20mg/kg maritoclax. Error bars represent the SEM of 10 animals.
B. The body weight of the same nude mice throughout the course of treatment, expressed as
percent change relative to initial treatment.
C. Histological analyses of the heart sections by H&E and Masson’s Trichrome from a
representative nude mouse from each treatment arm 16 days after initial treatment.
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CR
PR
SD
PD
0%
0%
20.0%
80.0%
Vehicle
36.4%
22.7%
0%
40.9%
Maritoclax
Table 3.3 Classification of tumor response to maritoclax 17 days following treatment termination.
Tumors in athymic nude mice were observed 17 days following treatment termination and
classified as follows: complete response (CR) where tumors were not palpable, partial response
(PR) where tumor volume was less than 50% of that at initial staging, progressive disease (PD)
where tumor volume was greater than 50% of that at initial staging, and stable disease (SD) where
tumor sizes were between those at PR and PD.

is a result of the corresponding decrease in tumor volumes.
We continued to observe the tumor burden for 17 days after terminating treatment, allowing the
classification of the responses as complete response (CR), partial response (PR), stable disease (SD),
or progressive disease (PD). In vehicle-treated mice, 80% of mice were classified as PD, as tumor
volumes increased more than 50% compared to tumor volume at staging, and 20% as SD. On the
other hand, we observed a 36.4% CR rate with non-palpable tumors and a 22.7% PR rate,
demonstrating more than 50% decrease in tumor volume compared to that at staging, for maritoclaxtreated animals. Cumulatively, 59.1% of treated tumors were responsive to maritoclax and continued
to demonstrate diminished tumor size at 45 days following initial treatment (Table 3.3).
We assayed the effects of maritoclax treatment on peripheral blood counts in the same athymic
nude mice bearing U937 xenografts at day 16 of treatment to confirm if maritoclax was toxic to the
hematopoietic system. Maritoclax treated animals did not demonstrate significantly depleted blood
cell populations as detected through CBC (Table 3.4). We observed a non-significant decrease of
lymphocytes in maritoclax-treated animals and significant increases in the hematocrit (HCT), red
blood cells (RBC), hemoglobin (Hgb), and neutrophils as compared to vehicle-treated mice
(Student’s t-test, p < 0.05). Two recent reports showed that Mcl-1 depletion leads to rapid and acute
cardiac failure.158,159 We examined the heart sections from both treatment arms with Masson’s
trichrome staining in addition to H&E. We could not observe any histopathological abnormalities in
hearts of maritoclax-treated animals to suggest heart dysfunction (Figure 3.8C). We further did a
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WBC (103/mm3)
RBC (106/mm3)
Hgb (gms/dl)
HCT (% vol.)
Platelets (×103/mm3)
MCV (fl)
MCH (pg)
MCHC (g/dl)
Neutrophils (%)
Bands (%)
Lymphocytes (%)
Monocytes (%)
Eosinophils (%)

Vehicle
1.8 ± 0.7
7.32 ± 0.4
11.8 ± 0.8
32.6 ± 2.1
550 ± 242
44.5 ± 0.7
16.1 ± 0.3
36.4 ± 0.4
63.7 ± 7.8
0.3 ± 0.3
33 ± 9
2.3 ± 0.9
0.7 ± 0.3

Maritoclax
2.3 ± 0.9
7.71 ± 0.2
12.6 ± 0.5
35.7 ± 1.3
653 ± 241
46.3 ± 0.3†
16.3 ± 0.1
35.4 ± 0.1†
84.7 ± 7.4†
0.0 ± 0.0
15 ± 7.2
0.3 ± 0.3
0.3 ± 0.3

Table 3.4 The complete blood count (CBC) from mice treated with the indicated compounds at the
treatment termination.
The CBC for 3 athymic nude mice bearing xenograft tumors from each treatment was done at
treatment termination (average ± SD). †indicates statistical significance between the maritoclax and
vehicle values (Student’s t-test, p < 0.05).

complete toxicological assessment of other major organs of the tumor-bearing athymic nude mice
from both maritoclax and vehicle treatments at 16 days. We did not detect any histopathological
abnormalities in the liver, kidneys, brain, or spleen.

3.3. Discussion
The Bcl-2 family proteins are central to the regulation of apoptosis, the dysregulation of which
is a hallmark of cancer. ABT-737 and its analogues are extremely potent against Bcl-2-dependent
cancers, but lack efficacy towards Mcl-1-overexpressing cancer cells.171 As studies indicate that
Mcl-1 can be necessary for the survival of AML cell populations, it became likely that the small
molecule inhibition of Mcl-1 would be a promising strategy for the treatment of AML.172,173
Maritoclax was identified in a natural compound library screen as a novel class of Bcl-2 family
inhibitors that selectively induces the proteasomal degradation of Mcl-1.164,165 In this report, we
demonstrated that maritoclax induces the proteasomal degradation of Mcl-1 without interfering with
its transcription (Figure 3.2), unlike previously identified Mcl-1 inhibitors such as flavopiridol or
sorafenib160,162. Maritoclax potency highly correlated with Mcl-1 protein levels in both AML cell
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lines and primary patient samples, where we observed time- and concentration-dependent Mcl-1
down-regulation (Figure 3.3, Figure 3.4). Caspase-3 and PARP cleavage occurred subsequent to
apparent Mcl-1 down-regulation, suggesting that caspase-dependent apoptosis was activated in
response to Mcl-1 degradation (Figure 3.4C). Indeed, inhibition of maritoclax-induced Mcl-1
degradation by proteasome inhibitor MG132 suppressed caspase activation and apoptosis164.
Therefore, the mechanism of action of maritoclax is distinct from canonical BH3 mimetics or kinase
inhibitors. Instead, maritoclax appears to cause the proteasomal degradation of Mcl-1, which in turn
may release previously sequestered BH3-only and multi-domain pro-apoptotic Bcl-2 family proteins
to activate intrinsic apoptotic pathways.
Eichhorn JM et al recently questioned maritoclax as a selective Mcl-1 inhibitor, as the
compound did not apparently demonstrate selectivity between HeLa and RS4;11 cells.174 We also
observed that maritoclax was not effective in HeLa, HEK293, or MEF cells (Table 3.5), suggesting
that maritoclax sensitivity is cell type specific. Proteasomal Mcl-1 degradation through maritoclax
might be mediated by other factors, such as the recruitment of specific E3 ubiquitin ligases. While
the over-expression of Mcl-1 in HeLa cells might not have altered sensitivity to maritoclax 174, the
co-expression of Mcl-1 and Bim sensitized K562 cells to maritoclax164, suggesting that Mcl-1 in
complex with BH3-only proteins such as Bim might facilitate maritoclax to induce Mcl-1
degradation. Therefore, cells lacking such factors required for maritoclax-mediated proteasomal
degradation of Mcl-1 could be resistant to maritoclax treatment. As we have previously determined
that maritoclax does not modify the Ser159 phosphorylation status of Mcl-1, phosphorylation-

MEF
HEK293
HeLa*

Maritoclax
18.1
> 50
> 50

EC50 (µM)
ABT-737 Daunorubicin
> 50
1.75
> 50
41.2
49.4
0.33

Table 3.5 The EC50 of MEF, HEK293, and HeLa cells to the indicated compounds in viability
assays over 24 hours. *Cells were treated with the indicated compounds for 48 hours.
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dependent E3 ubiquitin ligases of Mcl-1 such as β-TRCP or FBW7 may not be involved in
maritoclax-induced Mcl-1 degradation.175,176 However, the precise mechanism by which maritoclax
recruits Mcl-1 to the proteasome remains to be elucidated.
The feasibility of selective Mcl-1 inhibition has been challenged by genetic Mcl-1 knockout
models, which demonstrated that Mcl-1 is necessary for hematopoietic stem cell survival and cardiac
muscle function.157–159 However, our data indicate that a margin of safety can potentially exist for
Mcl-1 inhibition through maritoclax between leukemic cell death and hematopoietic cell toxicity.
We observed that maritoclax and daunorubicin were similarly efficacious against the mouse AML
cell line C1498 in vitro, but maritoclax was less toxic to an in vitro culture of bone marrow (Figure
3.7A,B). Furthermore, maritoclax was significantly less toxic to hematopoietic progenitor cells
compared to daunorubicin in the colony formation assay for hematopoietic stem cells (Figure 3.7C).
Given that daunorubicin was approved by the FDA for the treatment of AML, this in vitro evidence
suggests that a therapeutic window for maritoclax might exist. Interestingly, maritoclax was the least
toxic to CFU-GM, the lineage from which AML originates. As maritoclax may be more selective
towards AML than bone marrow cells, AML may indeed become Mcl-1-dependent as they
transform172. In our study in nude mice with U937 xenografts, 20mg/kg/d maritoclax can reduce
leukemic tumor volume without apparent depletion of peripheral blood counts or toxicity to the heart
in histopathological analyses (Figure 3.8, Table 3.4). We did not detect depletion in erythroid
populations in the CBC, suggesting that maritoclax concentrations in the bone marrow did not reach
the toxic dose that would affect hematopoietic progenitor cell survival. Therefore, a margin of safety
could exist for Mcl-1 inhibition through maritoclax, at least in athymic nude mice.
We demonstrated that maritoclax can overcome drug resistance in AML cells. All ABTR AML
cell lines express markedly elevated Mcl-1 protein levels compared to their respective parental cell
lines (Figure 3.4). Maritoclax sensitized these ABTR cells to ABT-737 treatment, synergistically
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killing resistant AML cell lines. We also observed that maritoclax potency is not affected by p-gp
expression, suggesting that maritoclax is not a substrate for p-gp mediated drug efflux. Furthermore,
we demonstrated that while U937-luc cells cultured with HS-5 stroma are more resistant to
daunorubicin, they nonetheless remained sensitive to maritoclax treatment (Figure 3.6). U937-luc
cells cultured with stroma demonstrated decreased proliferation, which may have caused increased
resistance to the chemotherapeutic daunorubicin. However, maritoclax induces Mcl-1 downregulation to activate apoptosis, and may not depend on cell-cycle entry. As a subset of leukemic
stem cells are quiescent and resistant to chemotherapy177, Mcl-1 inhibitors may better target these
leukemic stem cells than current chemotherapeutic drugs.
In summary, we showed that maritoclax belongs to a novel class of Bcl-2 family inhibitors that
induces the selective degradation of Mcl-1 through the proteasome to kill AML cells that express
elevated levels of Mcl-1. We found that maritoclax can overcome stroma-mediated drug resistance
and ABT-737 resistance while sparing bone marrow and hematopoietic progenitor cells. We also
showed that maritoclax can significantly shrink U937 xenograft tumors without causing apparent
toxicity to normal blood cells and the heart. Our studies collectively demonstrated that maritoclax
has the potential to be developed as an exciting and promising new therapeutic for the treatment of
AML.

3.4. Materials and methods
3.4.1. Antibodies and compounds
Antibodies were obtained from the following sources: hMcl-1178; mMcl-1 (Rockland 600-401394S); Bcl-2178; Bcl-xL (Sigma B9429); Bim (Sigma B7929); β-actin (Sigma A5441); PARP (Cell
Signaling #9542); cleaved caspase-3 (Cell Signaling #9661); GAPDH (Imgenex IMG5019A); pglycoprotein (Millipore MAB4120). Maritoclax was synthesized as enantiomers or racemic mixture
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as previously described (maritoclax refers to racemic mixture unless otherwise indicated)179. ABT737 and daunorubicin hydrochloride were obtained from Abbott Laboratories and Sigma (D8809)
respectively.

3.4.2. Cell culture and transfection
All cell lines were obtained from ATCC and maintained per the manufacturer’s recommendations in complete medium with 1% antibiotic/antimycotic solution (Cellgro #30-004-CI) at 37 °C
and 5% CO2 unless otherwise specified. Kasumi-1 cells were cultured in RPMI 1640 with 10% FBS
for treatment studies. Indicated compounds were added to cells with <1% DMSO. The HL60/ABTR,
KG-1/ABTR, KG-1a/ABTR, and Kasumi-1/ABTR cell lines were created through prolonged
incubation of the parental cell lines in maintenance medium with escalating concentrations of ABT737, up to 50µM. The Mcl-1-IRES-Bim K562 cell line was generated as previously described164.
The MSCV-luciferase-IRES-YFP vector was obtained from Dr. Gerard Grosveld (St. Jude
Children’s Research Hospital) and transduced to U937 cells as described previously180 to generate
U937-luc clones. Immunoblotting was done as previously described after cells were lysed in 1%
CHAPS or RIPA lysis buffer164.

3.4.3. Real-time reverse transcription polymerase chain reaction (qRT-PCR)
Total mRNA was extracted from 1-5×106 U937 cells with TRIzol reagent (Ambion), and a
cDNA library was created using the SuperScript III First-Strand Synthesis System (Life
Technologies) with Oligo(dT)20 per manufacturers’ recommendations. Real-time polymerase chain
reaction (qPCR) was then performed on the Bio-Rad CFX96 Real-time PCR Detection System with
the Quantitect SYBR Green PCR Kit (Qiagen #204141) according to the manufacturer’s
recommendations in triplicate with specific human MCL1, GAPDH, and ACTB primers, and
relative MCL1 mRNA expression was normalized to the geometric mean of GAPDH and ACTB
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expression. The following specific primers were used: sense 5’-AGA AAG CTG CAT CGA ACC
AT-3’ and antisense 5’-CCA GCT CCT ACT CCA GCA AC-3’ for human MCL1, sense 5’-GAC
CCC TTC ATT GAC CTC AAC TAC ATG and antisense 5’-GTC CAC CAC CCT GTT GCT GTA
GCC-3’ for human GAPDH, and sense 5’-CCA CCA TGT ACC CAG GCA TT-3’ and antisense 5’AGG GTG TAA AAC GCA GCT CA-3’ for human ACTB.

3.4.4. Cell viability assay
Cell viability was determined following 48 hours of treatment unless otherwise specified by the
indicated compounds by measuring intracellular ATP levels with the CellTiter Glo Luminescent Cell
Viability Assay kit (Promega G7571) according to the manufacturer’s recommendations, unless
otherwise specified.

3.4.5. Primary Human AML
Peripheral blood from AML patients with >60% circulating malignant cells were separated on
ficoll-hypaque (specific gravity 1.077). After centrifugation, mononuclear cells were collected from
the interface and washed twice by resuspension in PBS. Cells were frozen in 10% DMSO in
aliquots of 1-4×107 cells/ml for periods of 1 month to 12 years. Rapid thawing at 37°C was
followed by resuspension in IMDM media with 10% FBS prior to pelleting, washing, and seeding at
1×106 cells/mL in the same media.

3.4.6. in vitro culture of U937 with stroma cells
HS-5 cells were seeded at 4×105 cells/mL in maintenance media. After 8 hours, U937-luc cells
were seeded at 5×105 cells/mL, and the medium was changed to 45% DMEM, 45% RPMI 1640, and
10% FBS. After 8 hours, cells were treated with the indicated compounds for 48 hours. To measure
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viability, D-luciferin (Gold Biotechnology, LUCK-100) was added, and luminescence was measured
according to the manufacturer’s recommendations.

3.4.7. in vitro culture of primary mouse bone marrow
The bone marrow was collected from the femur and tibia of female C57BL6/J mice, and washed
twice in IMDM medium. Viable cells by trypan blue staining were seeded at 1×106 cells/mL in
IMDM medium with 10% FBS, and treated immediately for cell viability assay.

3.4.8. Primary mouse bone marrow colony formation assay
The bone marrow was collected from the femur and tibia of female C57BL6/J mice, washed
twice in IMDM medium, and viable cells by trypan blue staining were seeded at 2×105 cells/mL in
methylcellulose medium with recombinant cytokines and EPO (MethoCult GF M3434, StemCell
Technologies) according to the manufacturer’s recommendations in the presence of DMSO,
maritoclax, or daunorubicin (<0.25% DMSO) for 7 days before counting and classifying colony
forming

unit

(CFU)

and

blast

forming

unit

(BFU)

lineages

as

granulo-

cyte/erythroid/megakaryocyte/macrophage (CFU-GEMM); granulocyte/macrophage (CFU-GM),
blast-forming erythroid (BFU-E) and colony-forming erythroid (CFU-E).

3.4.9. Animal models
Female athymic nude (NCI Athymic NCr-nu/nu #01B74) mice were obtained from Jackson
Laboratories. Four 6 weeks old mice were injected with PTD181 with <3% DMSO with or without
maritoclax intraperitoneally (IP) to determine the maximum tolerated dose (MTD), defined as the
maximum dose of maritoclax that the animals received without causing mortality or greater than
10% loss in body weight.
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For the U937 xenograft model, 6 weeks old female athymic nude mice were used. In total, 31
mice were subcutaneously transplanted with 5×106 U937 cells in a 200µL solution of PBS with 50%
BD Matrigel (BD Biosciences) on both flanks. Tumor volumes were measured by electronic caliper
and calculated by the formula: volume = (length × width)2 / 2. Mice bearing tumors at 150-200mm3
volume were randomly assigned to control (100µL PTD) or maritoclax (20mg/kg in 100µL PTD)
treatment, with treatment beginning the same day of staging. The weight and tumor sizes were
measured each day immediately prior to treatment. Sixteen days following initial treatment, 7 tumorbearing mice were sacrificed for whole blood collection under CO2 anesthesia for complete blood
count (CBC) analysis, and major organs (brain, heart, lungs, liver, kidneys, spleen) were fixed in
10% formalin for 24 hours and transferred to 70% ethanol. Assessment of mice toxicology was
performed in hematoxylin and eosin (HE) and Masson’s trichrome-stained sections of these organs
by an experienced animal pathologist, and pictures of histological sections were taken with the
Olympus BX51 microscope and DP71 digital camera using cellSens Standard 1.6 imaging software
(Olympus America, Center Valley, PA). Treatment continued for the remaining 6 control and 11
maritoclax-treated mice until 28 days after initial treatment, when treatment stopped and tumor
volumes were observed until 45 days after initial treatment. Tumors were then classified: complete
remission (CR) as not palpable, partial remission (PR) as more than 50% decrease in tumor size
from initial volume, stable disease (SD) as tumor sizes between PR and progressive disease (PD),
and PD as greater than 50% increase in tumor size from initial volume.

3.4.10. Pharmacokinetics
All animals and procedures were completed at the In Vivo Pharmacology Department of
GenScript Inc. Ltd and approved by the IACUC of GenScript. Thirty Balb/c mice (Shanghai SLAC
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Experimental Animal Center), and a 27-28 gauge needle was used for i.p. injection. Maritoclax at
>95% purity were dissolved in PTD at 1mg/mL and 10mL/kg was injected into each mouse.
Three were sacrificed at each time point for blood collection after drug dosing at a total of 10
time points: 0, 5, 15, 30 minutes, and at 1, 2, 4, 6, 8, and 24 hours after administration. The
compound concentration in plasma samples were then analyzed by LC-MS/MS.
Instrument: An Agilent Technologies 1290 infinity liquid chromatographic system was used.
Detection was performed on an Agilent Technologies 6460 mass spectrometer equipped with
TurboIonSpray (ESI) Interface (Agilent Technologies, California, US).Agilent Mass Hunter
workstation data Acquisition (B.04.31) software packages (Agilent Technologies) were used to
control the LC‐MS/MS system, as well as for data acquisition and processing.
Sample Preparation: 60µl (maritoclax) aliquot of plasma samples were spiked into a 96‐well
plate, and 200 uL of acetonitrile containing internal standard with 5% MeOH were added for protein
precipitation. The plate was vortexed and centrifuged at 4000 rpm for 10 min. Supernatant were
transferred into a new 96‐well plate and mixed with 2:1 volume of H2O (maritoclax) or ACN (KS18)
and the final solution were injected for LC‐MS/MS analysis.
Chromatography Condition: Chromatographic separation was achieved on the Agilent
ZORBAX SB C8 (100×2.1 mm, 3.5mm) column. The column temperature was maintained at
ambient temperature (30°C). The flow rate was maintained at 0.4 mL/min and the following mobile
phases were used:
Maritoclax
A: 5mM NH4FA in Water
B: Methanol

Time
0
2
2.4
2.8

A (%)
60
10
20
60

B (%)
40
90
80
40
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Mass Transitions
Compound
Maritoclax
IS(Warfarin)
IS(Dexamethasone)

Ionization Mode
Negative
Negative
Negative

Transition
509 > 352.9
307.1 > 161.1
391.3 > 361.3

Data Analysis: Peak areas of analyte and internal standard were calculated using Quantitative
Analysis by B.05.00/build 5.0.291.0 for QQQ software (Agilent Technologies). Regression analysis
was performed in this software and standardize on linear curve fit will 1/x or 1/x2 in the first
instance. Acceptance criteria should be ±20% of target value for standards and QC’s.
A minimum of five calibration points must be used in the quantification. At least two out of the
three QC standards must be within the ±20% target value. If the sample concentrations are
significantly above the lowest QC point (2ng/ml), then this QC maybe disregarded and the run
accepted. At least one of the high QC’s must be within the target acceptance.
Maritoclax pharmacokinetic parameters were calculated using WinNonlin 5.2 software.

3.4.11. Statistics
All statistical analyses were performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego California USA, www.graphpad.com). EC50 calculations for
viability were calculated through non-linear regression with normalized data assuming variable
slope. The Bliss model of independence was used for the determination of synergy, where the
expected additive effect at a given concentrations of drug A and B (EAB) was the sum of the
individual effects minus the product of their effect (EAB = EA + EB - EAEB)182.
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CHAPTER 4. PYOLUTEORIN DERIVATIVES INDUCE MCL-1 DEGRADATION AND
APOPTOSIS IN HEMATOLOGICAL CANCER CELLS.

4.1. Abstract
Mcl-1, a pro-survival member of the Bcl-2 protein family, is an attractive target for cancer
therapy. We have recently identified the natural product marinopyrrole A (maritoclax) as a novel
small molecule Mcl-1 inhibitor. Here, we describe the structure-activity relationship study of
pyoluteorin derivatives based on maritoclax. To date, we synthesized over 30 derivatives of
maritoclax and evaluated their inhibitory actions and cytotoxicity toward Mcl-1-dependent cell lines.
As a result, several pharmacophore sites were identified in the pyoluteorin motif that significantly
potentiate biological activity. A number of such derivatives, KS04 and KS18, interacted with Mcl-1
in a conserved fashion according to NMR spectroscopy and molecular modelling. KS04 and KS18
induced apoptosis selectively in Mcl-1-dependent but not Bcl-2-dependent K562 cells through
selective Mcl-1 down-regulation, and synergistically enhanced apoptosis in combination with ABT737. Moreover, the intraperitoneal administration of KS18 (10mg/kg/d) and ABT-737 (20mg/kg/d)
significantly suppressed the growth of ABT-737-resistant HL-60 xenografts in nude mice without
apparent toxicity. Overall, we identified the pharmacophore of pyoluteorin derivatives that act as
potent and promising Mcl-1 antagonists against Mcl-1-dependent hematological cancers.

4.2. Results
4.2.1. Pyoluteorin derivatives antagonize Mcl-1
Maritoclax is a chimeric compound belonging to a distinct class of bispyrrole compounds.
However, the cytotoxic activities of the (+) and (-) enantiomers did not differ significantly between
each other or the racemic mixture.140 Thus, a single pyrrole moiety may be sufficient for Mcl-1
antagonism. We therefore synthesized a series of compounds, KS01-KS31, bearing a single pyrrole
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moiety. Interestingly, compounds which mimicked the single pyrrole moiety of maritoclax were
structural analogues of pyoluteorin. Pyoluteorin is a natural occurring antibiotic, antiherbicibal, and
antifungal agent for which anti-cancer activities have not been described.183 One such pyoluteorin
derivative, KS04, demonstrated potency comparable to that of maritoclax towards the U937 AML
cell line (Table 4.1). KS17 was a pro-drug of KS04 through the esterification of the hydroxyl group
at the Y position on the pyoluteorin motif, and therefore similar to KS04 in potency to U937 cells.
Compared to the parental compound maritoclax, KS04 contained a halogen substitution at the X
position, while KS02, which completely mimics the single pyrrole moiety of maritoclax, displayed
very weak potency. Therefore, while a single pyrrole moiety was sufficient for Mcl-1 antagonism,
substitutions at additional sites on the pyoluteorin motif could enhance Mcl-1-dependent
cytotoxicity. We therefore performed additional substitutions on the KS04 motif. A bromo
substitution at the Z group in KS06 or a methyl substitution at the X group in KS13 yielded

Pyoluteorin Motif

Compound
X
Y
Z
R1
R2
R3
EC50 (µM)
-H
-OCH3
-H
-H
-H
-H
> 50
KS01
-H
-OH
-H
-H
-H
-H
19
KS02
-Br
-OCH3
-H
-H
-H
-H
> 50
KS03
-Br
-OH
-H
-H
-H
-H
1.7
KS04
-Br
-OCH3
-Br
-H
-H
-H
13
KS05
-Br
-OH
-Br
-H
-H
-H
11
KS06
-H
-OCH3
-H -OCH3 -OCH3
-H
> 50
KS07
-H
-OH
-H -OCH3 -OCH3
-H
30
KS08
-H
-OH
-H
-OH
-OH
-H
33
KS09
Br
-OCH3
-H -OCH3 -OCH3
-H
22
KS11
Br
-OH
-H
-OH
-OCH3
-H
5.0
KS12
-CH3
-OH
-H
-H
-H
-H
13
KS13
-Br
-OH
-H
-H
-OH
-H
30
KS14
-Br -OCOCH3 -H
-H
-H
-H
1.8
KS17
-Br
-OH
-H
-H
-H
-Cl
0.5
KS18
-Br
-OPO3H2 -H
-H
-H
-Cl
3.3
KS18a
-Br -OCOCH3 -H
-H
-H
-Cl
0.5
KS19
-Br
-OH
-H
-H
-H
-F
0.7
KS20
-Br
-OH
-H
-H
-H
-OH
13
KS21
-Br
-OH
-H
-H
-H
-CH3
3.1
KS22
-Br
-OH
-H
-H
-H
-CH2CH3
2.5
KS23
-Br
-OH
-H
-H
-H
-p-PhCl
0.6
KS24
-Br
-OH
-H
-H
-H
-Br
0.8
KS27
Table 4.1 Chemical structures of maritoclax derivatives bearing a pyoluteorin motif. Viability of
U937 cells treated with the indicated compounds over 48 hours were used to calculate the EC 50
values.
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decreased potency. The addition of hydroxyl or methoxy groups at R1, R2, and R3 sites in KS07KS12 and KS14 all reduced the potency of pyoluteorin derivatives. A halogen or p-PhCl substitution
at the R3 site in KS18-20, KS24, and KS27, on the other hand, generated an activity cliff of
pyoluteorin derivatives against U937 cells with sub-micromolar EC50.
As KS18 was a highly potent compound against the U937 cell line, pro-drugs were generated in
order to improve in vivo distribution and solubility by esterification or phosphorylation of the
hydroxyl group at the Y site in compounds KS19 and KS18a respectively. KS19 and KS18 were
similarly potent against U937 cells, whereas KS18a was less potent. The substitution of the R 3 site
with a large hydrophobic group in KS31 instead decreased its potency towards U937 cells (Table
4.2).
We screened a number of promising pyoluteorin derivatives against a panel of hematological
cancer cell lines, controlled with maritoclax, ABT-737, and daunorubicin (Table 4.3). The potencies
of KS04 and its pro-drug KS17 against the panel of cell lines were highly similar to that of
maritoclax, overcoming both multi-drug resistance and ABT-737 resistance (ABTR). Compounds
KS18 and its pro-drug KS19, KS20, and KS24 were more potent than maritoclax in sensitive cell

Table 4.2 Structure of additional pyoluteorin derivatives and their EC50 in U937 cells at 48 hours.
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EC50 (µM)
K562/Mcl-1
K562/Bcl-2
Jurkat
JurkatΔBak
HL60/VCR
HL60/ABTR
Kasumi-1
Kasumi-1/ABT
THP-1
U937
C1498
RPMI 8226
MM.1S
NCI-H929
U266

Maritoclax
0.99
>20
2.53
>15
1.67
2.15
1.80
2.15
6.31
1.23
1.66
2.68
3.72
1.47
2.15

KS04
1.41
>25
2.97
>20
1.35
3.03
6.70
2.91
3.74
1.66
1.12
1.87
1.92
1.00
2.04

KS17
1.13
>20

1.17
1.63

1.77
0.94
1.71
1.30

KS18
0.60*
>50*
1.15
>25
0.69
0.73
1.47
0.70
1.96
0.54
0.70
0.72
0.79
0.72
0.90

KS19
0.41

KS20
0.55

KS24
0.58

1.21
>25
0.66
0.80

1.68
>25
0.71
0.83

1.83

0.50
0.85
0.58
0.68
0.74

0.67
0.68
0.57
0.69
0.73

0.57

ABT-737
9.3**
0.35**
0.66
>50
>50
>100
0.01
0.51
1.27
5.29
6.13
0.25
0.40
15.21
0.68

Daunorubicin

30.41
12.17
0.46
0.065
0.86
1.92
0.23
0.12
0.24

Table 4.3 The EC50 values of the indicated cell lines treated with the indicated compounds over 48
hours, *28 hours, **24 hours.

lines. Furthermore, pyoluteorin derivatives were potent against multiple myeloma cell lines such as
the NCI-H929 cell line which was resistant to ABT-737 treatment. Importantly, Bcl-2-dependent
K562 (K562/Bcl-2) and Bax/Bak-deficient Jurkat (JurkatΔBak) cells were resistant to pyoluteorin
derivatives (Table 4.3).

4.2.2. Pyoluteorin derivatives interact with Mcl-1
Four BH3 binding pockets p1, p2, p3, and p4 on anti-apoptotic Bcl-2 family proteins have been
identified, corresponding to positions of E74, L78, I81, and V85 of mouse NoxaB (mNoxaB) BH3
domain, respectively. Noxa binding to Mcl-1 induces Mcl-1 degradation, and the amino acid
sequence LRQKLL in the tail region of mNoxaB BH3 helix is considered being required for
inducing the degradation. NMR structures show amino acid residues K84, R88, and N93 of mNoxaB
can form hydrogen bonds with Mcl-1 residues G308, E306, and E298 and F299 backbone carbonyl
groups. These hydrogen bonds make the C-terminus of mNoxaB BH3 helix attached to the unfolded
tail of Mcl-1 helix 8. However, the NMR structures contain different conformations of helix 8 tail
region, and these specific hydrogen bonds may not hold in some of the conformations.184,185
Maritoclax was previously shown to physically interact with Mcl-1 by NMR spectroscopy.164 In
order to determine whether pyoluteorin derivatives bearing a single pyrrole moiety similarly interact
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with Mcl-1, we titrated

15

N-labeled Mcl-1 with KS04 and KS18 for analysis through NMR

spectroscopy. Both KS04 and KS18 appeared to interact with Mcl-1 due to average chemical shift
differences on the Mcl-1 spectra (Figure 4.1). The average chemical shift changes greater than 0.05
were observed for residues E161, K175, G198, T207, R214, L216, K219, E221, V224, S228, R229,
V234, G243, I245, V246, T247, S250, F251, V255, N263, L279, R281, K289, H301, V302, L305,
and E306. Among those, residues S228, G243, I245, S250, F251, V246, V255, L279, and E306 were
also found to have significant changes when titrated with maritoclax, suggesting that maritoclax,
KS04, and KS18 could interact with a conserved site on Mcl-1. Indeed, the mapping of residues
which demonstrated significant average chemical shift differences on the NMR structure of Mcl-1
indicates that maritoclax and its derivatives could mimic Noxa in its interaction with Mcl-1 (Figure
4.2A). The conserved residues undergoing chemical shift differences upon addition of maritoclax,
KS04, and KS18 reside almost exactly at BH3 binding pockets p2 and p4. Additional residues which
demonstrate significant chemical shift differences for both KS04 and KS18 reside along the BH3
binding groove at pockets p1 and p3, as well as outside the BH3 binding pockets which might be due

Figure 4.1 Pyoluteorin derivatives causes conformational change of Mcl-1 according to NMR.
Plot of average chemical shift differences in the spectra of 15N-labeled Mcl-1 upon titration with
KS04 (top) and KS18 (bottom).
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Figure 4.2 Pyoluteorin derivatives bind to Mcl-1 and induce Mcl-1 degradation.
A. Pockets p2 (left, light blue) and p4 (left, dark red) are indicated on the NMR structure of Mcl-1
complexed with Noxa. The same NMR structure of Mcl-1 is also indicated with residues which
demonstrate significant average chemical shift differences according to NMR spectroscopy for all
of maritoclax, KS04, and KS18 (right, blue), both KS04 and KS18 (right, red), KS04 alone (right,
light green), and KS18 alone (right, dark green).
B. The structure of KS04 and KS18 computationally docked to Mcl-1 by GLIDE. Blue and red
colors of the molecular surface represent positive and negative potentials respectively. The carbon
atoms of KS04 are colored gray and those of KS18 green. Chlorine atoms are colored dark green,
bromine atom purple, oxygen atoms red, nitrogen blue, and polar hydrogen white. Non-polar
hydrogen atoms are not shown. Left: The pyrrole group of the KS compounds docked in the p4
pocket of the molecular surface of Mcl-1 with their phenol group extended to the tail region of
Mcl-1 helix 8. Right: Hydrogen bonding and amino acid residues near the predicated binding site
of KS compounds. Mcl-1 backbone is represented by red to purple ribbons from N-terminus to Cterminus. Two hydrogen bonds between KS compounds and Mcl-1 are shown as yellow dotted
lines.
C. U937 cells were treated with vehicle, 2.5 µM KS04 or 2 µM KS18 for 1 hour before adding 10
µg/ml CHX and collecting cells at the indicated times. Protein levels were detected by
immunoblotting and quantified by densitometry.

to conformational changes upon ligand binding. NMR spectroscopy data collectively suggest that
maritoclax, KS04, and KS18 interact with Mcl-1 in a similar manner.
KS04 and KS18 also demonstrated binding differences. KS04 selectively caused significant
average chemical shift changes greater than 0.05 on residues A171, A208, F235, F254, H258, V262,
V288, V297, and G307, and KS18 caused significant chemical shift changes on residues D154,
E182, G211, K225, W293, and E298. Interestingly, residue K225 on Mcl-1 was significantly shifted
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following titration with KS18, but the same spectral peak for this residue was not changed at all
following titration with KS04 (Figure 4.1).
The experimental observation that KS04 and KS18 might interact with Mcl-1 at BH3 binding
pockets p2 and p4 in NMR studies led to computational studies for structural insights in their
putative binding pocket. When KS04 and KS18 were docked to Mcl-1, their docking poses were
very similar (Figure 4.2B). Two possible binding regions were observed for both compounds, one is
centered at p2 pocket between helices 4 and 5 in contact with helix 3, and the other centered at p4
pocket between helices 5 and 8 in contact with helix 2, similar to observations from NMR
spectroscopy. The binding pocket p2 is more hydrophobic, binding with L78 of mNoxaB BH3
domain. The binding site of maritoclax is located near pocket p4, as proposed previously.121
According to the docking results, the pyrrole group of KS compounds is located in p4 pocket. Its
connecting phenol group has its hydroxyl oxygen forming a hydrogen bond with N204 at the end of
helix 2 and the hydroxyl hydrogen forming a hydrogen bond with G308 of the Mcl-1 helix 8 tail
region. Among residues with chemical shifts greater than 0.05 ppm with KS04, F235 is near the end
of helix 4, H258 is near the end of helix 5, and V297 is located within helix 8. G307 is located near
the C-terminus flexible region. Among residues with chemical shifts greater than 0.05 ppm with
KS18, both W293 and E298 are on helix 8, supporting KS18 binding near the end of the helix 8.
D154 is at the beginning of helix 1 and its chemical shift could be the result of the N-terminal
flexibility upon ligand binding. K225 is located on helix 4, and G211 is located on helix 5. However,
these residues which specifically interact with either compound face away from the BH3 binding
pockets, suggesting a difference in conformational change resulting from a conserved interaction site
on Mcl-1. As mentioned previously, KS compounds binding site near pocket p4 may not be the only
possible site, but the close interaction of KS compounds with the tail region of Mcl-1 helix 8, similar
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to that of mNoxaB BH3 C-terminus, suggests that binding to Mcl-1 helix 8 tail region may be related
to Mcl-1 degradation in cells.
Accordingly, KS04 and KS18 decreased Mcl-1 protein half-life from 178 minutes to 21 and 20
minutes respectively in U937 cells treated with CHX (Figure 4.1C). Our data cumulatively suggest
that pyoluteorin derivatives KS04 and KS18 interact with Mcl-1 in a similar mechanism compared to
maritoclax, by destabilizing Mcl-1 protein levels through physical interaction with Mcl-1.

4.2.3. Pyoluteorin derivatives cause Mcl-1-dependent cytotoxicity in hematological cancer cell lines
We determined whether pyoluteorin derivatives could induce Mcl-1-dependent apoptosis in
hematological cancer cell lines. KS04 and KS18 were at least 10-fold more selective against
K562/Mcl-1-IRES-Bim compared to K562/Bcl-2-IRES-Bim cell lines (Figure 4.3A, B). Correspond
ingly, KS04 induced selective Mcl-1 down-regulation in the K562/Mcl-1-IRES-Bim cell line over
72 hours, leading to apoptosis induction (Figure 4.4A). However, other Bcl-2 family proteins
remained largely unchanged in both K562/Mcl-1-IRES-Bim and K562/Bcl-2-IRES-Bim cell lines,
suggesting that KS04 induces Mcl-1-dependent apoptosis. Similarly, KS18 and KS24 induced
concentration-dependent degradation of Mcl-1 followed by caspase-3 and PARP cleavage (Figure
4.4B,C).

Figure 4.3 Pyoluteorin derivatives induce Mcl-1-dependent cell death through Bax and Bak
in hematological cancer cell lines.
A-B. Viabilities of K562/Mcl-1-IRES-Bim and K562/Bcl-2-IRES-Bim cells were measured after
treatment with the indicated concentrations of KS04 (A) and KS18 (B) for 48 hours. Error bars
represent the SD of 3 replicates.
C. Parental and ΔBak Jurkat cells were treated with the indicated concentrations of KS18 for 48
hours.
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Figure 4.4 Pyoluteorin derivatives induce Mcl-1-dependent cell death through Bax and Bak
in hematological cancer cell lines.
A. K562/Mcl-1-IRES-Bim and K562/Bcl-2-IRES-Bim cells were treated with 2μM KS04 over the
indicated times be analyzed through immunoblotting.
B-C. K562/Mcl-1-IRES-Bim cells were treated with the indicated concentrations of KS18 (B) and
KS24 (C) for 18 and 24 hours respectively and analyzed by immunoblotting.

As antagonism of Mcl-1 leads to the activation and oligomerization of Bax and Bak to initiate
apoptosis, the cytotoxic effects of selective Mcl-1 inhibitors should require Bax and Bak. We
confirmed that the Jurkat/ΔBak cell line that constitutively lacks Bax and Bak186 was highly resistant
to KS18 treatment at an EC50 above 25μM, unlike parental Jurkat cells with an EC50 of 1.15μM
(Figure 4.3C).

4.2.4. KS04 and KS18 can overcome Mcl-1-mediated ABT-737 resistance in hematologic cancer
cell lines
Mcl-1 up-regulation is a major mechanism by which cancer cells gain resistance to selective
Bcl-2 inhibitors.166 We previously generated a number of ABT-737 resistant (ABTR) leukemic cell
lines through prolonged culture with sub-optimal concentrations of ABT-737, including the
HL60/ABTR, Kasumi-1/ABTR, and the KG1a/ABTR cell lines. All of these ABTR cell lines
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demonstrated significant Mcl-1 up-regulation.140 Expectedly, pyoluteorin derivatives demonstrated
equal or greater potency towards HL60/ABTR and Kasumi-1/ABTR cells compared to maritoclax,
which was previously shown to overcome Mcl-1-mediated drug resistance (Table 4.3). The Kasumi1/ABTR cell line was twice as sensitive to KS04 and KS18 compared to the parental Kasumi-1 cell
line. The mechanism of cell death was confirmed through immunoblotting, where KS04 and KS18

Figure 4.5 KS04 and KS18 overcome Mcl-1-mediated ABT-737 resistance in hematological
cancer cell lines.
A. HL60/ABTR cells were treated with 2μM KS04 and 1.5μM KS18 over the indicated times and
collected for analysis through immunoblotting.
B. Viability (top) of KG1a/ABTR cells was measured after treatment with the indicated
concentrations ABT-737 with vehicle or a sub-optimal concentration of 1.6μM KS04 for 48 hours.
Error bars = SD of 3 replicates. Combination index between ABT-737 and KS04 was calculated
based on viability data (bottom). Combination index < 1 signifies synergy.
C. HL60/ABTR cells were treated with the indicated concentrations of ABT-737, KS18, or cotreatment at 1:1 ratio to the final indicated concentration over 48 hours to measure viability (top).
Error bars = SD of 3 replicates. Combination index between ABT-737 and KS18 was calculated
based on the viability data (bottom).
D. HL60/ABTR cells were treated with the indicated concentrations of KS18, ABT-737, or cotreatment at 1:1 ratio to the final indicated concentration for 48 hours and subjected to
immunoblotting.
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were able to induce the selective down-regulation of Mcl-1 in the HL60/ABTR cell line (Figure
4.5A). While down-regulated Mcl-1 was apparent at 12 hours in both cases, caspases-3 and PARP
cleavage only occurred between 24 and 48 hours, suggesting that apoptosis induction is a
downstream event of Mcl-1 down-regulation.
The addition of a sub-optimal concentration of KS04 with ABT-737 to the KG1a/ABTR cell
line synergistically induced cell death (Figure 4.5B). Similarly, the combinatorial treatment of KS18
and ABT-737 also synergistically killed HL60/ABTR cells (Figure 4.5C). Although KS18 alone
induced Mcl-1 protein down-regulation in HL60/ABTR cells, combination with ABT-737 enhanced
caspase-3 and PARP cleavage at lower concentrations of either compound (Figure 4.5D). These
data collectively suggest that pyoluteorin derivatives could overcome ABT-737 resistance through
selective Mcl-1 down-regulation.

4.2.5. KS04 and KS18 overcome stroma-mediated drug resistance and are less toxic than
daunorubicin to stroma cells
For hematological malignancies which originate from the bone marrow, the in vitro culture of
these cancer cells with bone marrow stroma can mimic the bone marrow microenvironment,
resulting in decreased proliferation and resistance to chemotherapy.169,187 Mcl-1 up-regulation has
been implicated in this process.170 Therefore, we cultured U937 cells constitutively expressing
luciferase (U937-luc) alone or with the human bone marrow stroma cell line HS-5 under the
treatment of KS04, KS18, or daunorubicin (Figure 4.6A). Expectedly, U937-luc cells cultured with
stroma gained resistance to daunorubicin, but remained sensitive to KS04 and KS18 treatment.
However, HS-5 stroma cells were more resistant to KS04 and KS18 compared to U937 leukemia
cells, suggesting the existence of a putative therapeutic window.
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A previous study demonstrated that Mcl-1 is essential for hematopoiesis in the bone marrow,
raising the concern that pharmacologic inhibitors of Mcl-1 could be too toxic for the treatment of
hematological malignancies.157 We therefore evaluated the toxicity of pyoluteorin derivatives to
primary bone marrow cells from healthy C57BL/6J mice. In a series of independent 24-hour
viability studies, both ABT-737 and daunorubicin killed significantly more primary mouse bone
marrow cells compared to maritoclax, KS04, or KS18 (Figure 4.6B). KS18 appeared to be more
toxic to the primary bone marrow cells compared to KS04. However, the increased toxicity
correlated the increased potency of KS18. Whereas KS18 demonstrated 3.4-fold lower EC50
compared to KS04 in U937 cells (Table 1), KS18 was only 2.5-fold more toxic to bone marrow

Figure 4.6 KS04 and KS18 are less toxic to healthy bone marrow cells compared to
daunorubicin.
A. U937-luc cells alone or co-cultured with HS-5 stromal cells, or HS-5 stroma cells alone, were
treated with the indicated concentrations of daunorubicin (left), KS04 (middle), and KS18 (right)
over 48 hours. Viability of single culture cells and the viability of U937-luc cells in the co-culture
were determined. Error bars = SD of 3 replicates.
B. Primary mouse bone marrow was treated with maritoclax, KS04, KS18, ABT-737, and
daunorubicin over 24 hours to measure viability (Errors = SEM of 5 independent experiments).
C. Primary mouse bone marrow seeded to methylcellulose medium supplemented with growth
factors were treated with the indicated concentrations of KS18 and daunorubicin for 7 days, and
the number of hematopoietic cell colonies were counted.
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cells. Although bone marrow cells were more sensitive to KS18 treatment based on the EC 50 value
alone, the margin of safety may have instead increased compared to KS04.
We evaluated the toxicity of KS18 and daunorubicin against primary mouse bone marrow
hematopoietic progenitor cells by incubating bone marrow cells in methylcellulose medium
supplemented with stem cell factor, IL-3, IL-6, and erythropoietin (Figure 4.6C). Daunorubicin was
acutely toxic to bone marrow hematopoietic progenitor cells, as no colonies were observed at any of
the concentrations tested. KS18, however, was markedly less toxic. Even after 7 days of continuous
incubation with the compound, more than 60% of colonies remained at 1μM. KS18 demonstrated an
apparent 7-day EC50 of 1.62μM towards hematopoietic colonies.

4.2.6. KS18 synergizes with ABT-737 to reduce HL60/ABTR xenograft tumor growth in female
athymic nude mice
Given promising in vitro results suggesting that the existence of a therapeutic window for KS18,
the in vivo toxicity of the compound was evaluated. We administered the different doses of KS18 to
female athymic nude mice both intraperitoneally (i.p.) and orally (p.o.) to female athymic nude mice.
The maximum tolerated dose (MTD) of once daily i.p. administration was 10mg/kg and a median
lethal dose (LD50) was 15mg/kg. The compound demonstrated a p.o. MTD of 20mg/kg and LD50 of
greater than 30mg/kg.
One of the major goals for synthesizing maritoclax derivatives was to improve its solubility and
concentration in peripheral blood. We therefore determined the pharmacokinetics of KS18 (5mg/kg)
by i.p. administration in Balb/c mice (Table 4.4). KS18 indeed demonstrated a markedly lower VD
and a 10-fold higher Cmax at 37.2µM. KS18 was able to reach well above its therapeutic
concentration, suggesting that KS18 would exert its effects at this dose in vivo. However, the
compound demonstrated a lower T1/2 at 2.78 hours, suggesting that the more hydrophilic KS18 could
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KS18 (i.p.)
5 mg/kg
2.78
T1/2 (hours)
0.50
Tmax (hours)
14268.36
Cmax (ng/mL)
14311.68
AUClast (hr*ng/mL)
AUCINF_OBS (hr*ng/mL) 14321.47
1401.30
VD (mL/kg)
349.13
CL (mL/hour/kg)
Table 4.4 The pharmacokinetic parameters of KS18 by intraperitoneal injection in female BALB/c
mice.

undergo renal clearance more rapidly.
The in vivo efficacy of KS18 was then evaluated in athymic nude mice xenografted with
HL60/ABTR tumors. After tumor staging, animals were treated with vehicle, ABT-737, KS18, or
their combination by daily i.p. administration for 14 consecutive days. As the cells were ABT-737

Figure 4.7 KS18 and ABT-737 synergize to reduce HL60/ABTR xenograft tumor growth in
athymic nude mice.
A. Female athymic nude mice bearing HL60/ABTR xenograft tumors were treated with vehicle,
ABT-737 (20mg/kg), KS18 (10mg/kg), or both ABT-737 and KS18 at 20mg/kg and 10mg/kg
respectively, for 14 consecutive days after tumor staging. Tumor volumes were measured every 2
days, and combination index was calculated between ABT-737 and KS18 based on tumor volume
data. Error bars = SEM of 10-20 xenograft tumors. n.s. not statistically significant, **p < 0.005,
***p < 0.0005 by Student’s T-test of tumor volumes at day 14. Combination index between ABT737 and KS18 was calculated based on % tumor size of vehicle control at each day (right).
Combination index < 1 signifies synergy.
B. The weights of mice bearing HL60/ABTR xenograft tumors expressed as a percentage of day 0.
Error bars represent SEM of 10-20 xenograft tumors.
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resistant, the tumors were not responsive to ABT-737 treatment (Figure 5A). On the other hand,
KS18 alone caused a significant reduction in HL60/ABTR tumor volumes. The combination
treatment of ABT-737 and KS18 synergistically reduced xenograft tumor sizes as calculated by their
combination index (Figure 5A). However, weight loss in treated mice did not extend beyond 10% of
their initial weights (Figure 5B). We also subjected 5 mice from the co-treatment group to
histopathological examination after 17 days of continuous drug administration. We were not able to
detect any signs of acute toxicity due to drug treatment in the brain, heart, lungs, liver, kidneys, or
spleen.

4.3. Discussion
Up-regulated Mcl-1 contributes to survival and chemo-resistance in a large number of
hematological cancers.105,166,172,188 We previously identified a small molecule inhibitor of Mcl-1,
maritoclax, which demonstrated in vitro and in vivo efficacy towards melanoma and AML.140,164,165
However, maritoclax was lipophilic and may be sequestered into fatty compartments in vivo, as
evidenced by its large volume of distribution (Table 3.2). We therefore sought to optimize
maritoclax with improved solubility and potency towards Mcl-1-dependent cancer cells, as well as to
optimize pharmacokinetic parameters to improve the in vivo therapeutic effect. To this purpose, we
synthesized a library of small molecules, KS01-KS31, in order to identify the pharmacophores
responsible for Mcl-1 inhibition and cytotoxicity (Table 4.1; Table 4.2). Based on structure-activity
guided synthesis of small molecule derivatives, several compounds bearing a single pyoluteorin
motif with nearly half the molecular weight of maritoclax were identified to be selective Mcl-1
antagonists.
Pyoluteorin is a naturally-occurring small molecule synthesized by fluorescent Pseudomonas.
This compound is currently under investigation for its antibiotic, antifungal, and antiherbicidal
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activities.183 We identified a number of pyoluteorin analogues that behaved as selective Mcl-1
inhibitors possessing sub-micromolar potency towards Mcl-1 dependent hematological cancer cells.
Based on SAR studies, our data indicates that a bromo substitution at position X, a hydroxyl
functional group at Y, as well as a halogen functional group at R3 of the phenol group were
necessary for potent Mcl-1 antagonism (Table 4.1). Substitutions at the Z, R1, and R2 sites
consistently reduced or abrogated pyoluteorin derivative potency, suggesting that larger functional
groups could result in steric hindrance, weakening the interaction between Mcl-1 and pyoluteorin
derivatives.
A series of pyoluteorin derivatives were eventually identified to have enhanced solubility,
potency, and selectivity towards Mcl-1-dependent hematological cancer cells. The first group of
compounds KS04 and KS17 were identified to demonstrate similar potency and mechanism of
action compared to maritoclax. Further studies led to the synthesis of KS18-20, KS24, and KS27
with enhanced potency. Among these, we chose the lead molecules KS04 and KS18 for detailed
analysis as Mcl-1 inhibitors. NMR spectroscopy and molecular modelling collectively suggest that
KS04 and KS18 may interact with BH3 binding pockets p2 or p4, mimicking Noxa binding to Mcl1. As selective Bcl-2 family inhibitors should depend on Bax/Bak oligomerization of apoptosis
induction, we confirmed that Jurkat/ΔBak cells were highly resistant to both KS04 and KS18
treatment compared to parental Jurkat cells (Figure 4.3C). Our data collectively indicate that
pyoluteorin derivatives such as KS04 and KS18 interact with Mcl-1 to induce Mcl-1-dependent
apoptosis.
Selective Bcl-2 inhibitors are promising for the treatment of Bcl-2 dependent hematological
cancers. However, Mcl-1 up-regulation is a major mechanism of resistance and remains a major
hurdle in selective Bcl-2 inhibitor therapy.166 However, these resistant cells could be sensitized to
selective Bcl-2 inhibition through genetic and pharmacologic Mcl-1 down-regulation.140,164,165,167
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Accordingly, KS04 and KS18 synergized with ABT-737 to induce apoptosis in hematological cancer
cells through Mcl-1 down-regulation (Figure 4.5). KS04 and KS18 overcame Mcl-1-dependent
drug-resistance and sensitized these cells to selective Bcl-2 inhibitor treatment.
Mcl-1 was reported to be necessary for the survival of hematopoietic stem cells157, yet a
therapeutic window was suggested to exist in another genetic Mcl-1 knock-out mouse model.172 In
our studies with pyoluteorin derivatives, KS04 and KS18 were less toxic than daunorubicin or ABT737 to healthy bone marrow cells (Figure 4.6). Additionally, the i.p. administration of KS18 alone to
female athymic nude mice significantly reduced tumor sizes compared to vehicle treated controls,
but did not cause apparent toxicity upon histopathological examination (Figure 4.7). Our studies
affirm that a therapeutic window could potentially exist for the in vivo treatment of small molecule
inhibitors of Mcl-1.
In conclusion, a number of pyoluteorin derivatives based on maritoclax were synthesized for
SAR studies as Mcl-1 inhibitors. We identified several compounds which demonstrated submicromolar potency against Mcl-1-dependent hematological cancer cell lines. Among these, KS04
and KS18 induced selective Mcl-1 down-regulation and subsequent Bax/Bak-dependent apoptosis
alone or synergistically with ABT-737. KS18 was significantly less toxic than daunorubicin against
primary mouse bone marrow and hematopoietic progenitor cells. KS18 is bioavailable in mice, and
its i.p. administration in female athymic nude mice significantly reduced HL60/ABTR xenograft
tumor volumes both as a single agent, and in combination with ABT-737 through synergy. We were
able to describe pharmacophore sites for which a –OH group and a halogen group generate activity
cliffs for Mcl-1 antagonism. Our data collectively suggest that pyoluteorin derivatives such as KS04
and KS18 are Mcl-1 inhibitors, possessing potent anti-cancer activity against Mcl-1-dependent
cancers both in vitro and in vivo.
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4.4. Materials and methods
4.4.1. Synthesis of pyoluteorin derivatives
General Procedures: All other chemicals and solvents were purchased from the major vendors.
Anhydrous solvents were used as received. Reactions were carried out using dried glassware and
under an atmosphere of nitrogen. Reaction progress was monitored with analytical thin-layer
chromatography (TLC) on aluminum backed precoated silica gel 60 F254 plates (E. Merck). Column
chromatography was carried out using silica gel 60 (230–400 mesh, E. Merck) with the solvent
system indicated in the individual procedures. All solvent ratios are quoted as vol/vol. NMR spectra
were recorded using a Bruker Avance 500 MHz spectrometer. Chemical shifts (δ) were reported in
parts per million downfield from the internal standard. The signals are quoted as s (singlet), d
(doublet), t (triplet), m (multiplet), dd (doublet of doublet). Spectra are referenced to the residual
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CH2Cl2, 0 ºC; j) 2,4-dimethoxyphenylmagnesium bromide, THF, 0 ºC; k) BBr3(4 equiv), CH2Cl2, 0 ºC; l) 2-methoxy-4-fluorophenylmagnesium bromide, THF, 0 ºC.
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solvent peak of the solvent mentioned in the individual procedure. High-resolution mass spectra
(HRMS) were determined on Thermo Electron MAT 95XL magnetic sector mass spectrometer
operating at 70eV for EI with a source temperature at 180 °C and were referenced with PFK.
Melting points were determined on a Fischer-Johns melting point apparatus and are uncorrected.
Synthesis of Pyoluteorin Derivatives (KS01 – KS27): Pyoluteorin derivatives (KS01–KS27)
were synthesized by using previously described methods (Petruso, S., etal. J. Heterocycl. Chem.
1994, 31, 941) with minor modifications as shown in Schemes (1-7). Compounds KS03, KS04,
KS05, KS06, KS11, KS12, KS14, KS17, KS18, KS19 and KS20 were synthesized as shown in the
Scheme 1. Briefly, to a solution of ethyl pyrrole-2-carboxylate (500 mg, 3.59 mmol) 1 in anhydrous
THF (25 ml), N,O-dimethylhydroxylamine hydrochloride (420 mg, 4.3 mmol) was added, cooled to
-78 ºC and then lithium bis(trimethylsilyl)amide solution (12 mmol) was added slowly and stirred
for 1h. The reaction was quenched by addition of NH4Cl solution, extracted with ethyl acetate,
concentrated and purified by silica gel column chromatography using 25% ethyl acetate in hexane to
yield 2 (450 mg, 81%). To a solution of 2 (400 mg, 2.59 mmol) in dichloromethane, SO2Cl2 (5.43
mmol)) was added slowly at 0 ºC and stirred for 2h to obtain dichloro pyrrole derivative 3 (420 mg,
72%). To a solution of 3 (380 mg, 1.70 mmol) in dichloroethane, NBS (1.70 mmol) was added and
refluxed for 3h, concentrated and purified by silica gel column chromatography using 20% ethyl
acetate in hexane to get 3-Bromo-4,5-dichloro-1H-pyrrole-2-carboxylic acid methoxy methyl amide
4 (460 mg, 89%) as a white solid. Compound 4 is one of the key intermediate for the synthesis of
our pyoluteorin derivatives. To a solution of 4 (100 mg, 0.33 mmol) in anhydrous THF (10 ml), 2methoxyphenylmagnesium bromide (0.66 mmol) was added at 0 ºC. The reaction was stirred for 1h,
quenched with saturated aqueous solution of NH4Cl, concentrated and purified by silica gel column
chromatography using 10% ethyl acetate in hexane to afford (3-Bromo-4,5-dichloro-1H-pyrrol-2yl)(2-methoxyphenyl)methanone 5 (KS03) (90 mg, 78%, mp 160-162 ºC) as an off white solid. To a
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solution of 5 (60 mg, 0.17 mmol) in CH2Cl2 at 0 °C, a solution of BBr3 (0.34 mmol, 2 eq.) was added
and the mixture was allowed to stir at 0 ºC for 3 h. The reaction was quenched by saturated aqueous
NaHCO3 and extracted with CH2Cl2. The combined organics were dried, filtered, and concentrated.
The residue was purified by silica gel column chromatography using 10% ethyl acetate in hexane to
afford (3-Bromo-4,5-dichloro-1H-pyrrol-2-yl)(2-hydroxyphenyl)methanone 6 (KS04) (40 mg, 70%,
mp 142-144 ºC) as a brown solid. To a solution of 6 (30 mg, 0.08 mmol) in CH2Cl2, Ac2O (0.1
mmol), NEt3 (0.2 mmol) and catalytic amount of DMAP were added, and the resulting solution was
stirred at 25 °C for 12 h followed by column chromatography using 10% ethyl acetate in hexane to
yield 2-(3-bromo-4,5-dichloro-1H-pyrrole-2-carbonyl)phenyl acetate 7 (KS17) (28 mg, 84%, mp
123-125 ºC). Compound 8 (KS05) (55 mg, 75%, mp 117-119 ºC) (1,3-Dibromo-4,5-dichloro-1Hpyrrol-2-yl)(2-methoxyphenyl)methanone was obtained from 5 (60 mg, 0.17 mmol)

using 2

equivalents of NBS under similar experimental conditions used for 4. Cleavage of the methyl ether
of 8, was achieved by treatment with BBr3 (2eq.) in CH2Cl2, and the residue was purified by silica
gel column chromatography using 10% ethyl acetate in hexane to afford phenolic derivative (1,3dibromo-4,5-dichloro-1H-pyrrol-2-yl)(2-hydroxyphenyl)methanone 9 (KS06) (44 mg, 83%, mp 9698 ºC) as a brown solid. Compound 11(KS18) (85 mg, 69%, mp 175-177 ºC) (3-Bromo-4,5dichloro-1H-pyrrol-2-yl)(5-chloro-2-hydroxyphenyl)methanone

was

obtained

using

similar

experimental conditions used for 6, by treating 4 (100 mg, 0.33 mmol) in anhydrous THF (10 ml)
with 2-methoxy-4-chloro-phenylmagnesium bromide (0.7 mmol) and followed by BBr3 treatment in
CH2Cl2, and the residue was purified by silica gel column chromatography using 10% ethyl acetate
in hexane. To a solution of 11 (40 mg, 0.1 mmol) in CH2Cl2, Ac2O (0.11 mmol), NEt3 (0.2 mmol)
and DMAP were added, and the resulting solution was stirred at 25 °C for 12 h followed by column
chromatography using 10% ethyl acetate in hexane to get 2-(3-bromo-4,5-dichloro-1H-pyrrole-2carbonyl)-4-chlorophenyl acetate 12 (KS19) (38 mg, 84%, mp 138-140 ºC). To a solution of 4 (70
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Reagents and Conditions: a) 2,3,4-trimethoxybenzoyl chloride,
AlCl3 (1 equiv),CH2Cl2, 0 ºC; b) SO2Cl2 (2 equiv), CH2Cl2, 0 ºC.

with saturated aqueous solution of NH4Cl, concentrated and purified by silica gel column
chromatography using 10% ethyl acetate in hexane to afford (3-Bromo-4,5-dichloro-1H-pyrrol-2yl)(2,3,4-trimethoxyphenyl)methanone 13 (KS11) (0.55 mg, 58%, mp 130-132 ºC) as an off white
solid. Cleavage of the methyl ether of 13 (30 mg, 0.073 mmol) was achieved by treatment with BBr3
(6 eq.) in CH2Cl2, and the residue was purified by silica gel column chromatography using 10%
ethyl acetate in methylene chloride to afford 14 (KS12) (22 mg, 88%, mp 218-220 ºC) as a brown
solid.

Compound

15

(65

mg,

67%)

and

(3-Bromo-4,5-dichloro-1H-pyrrol-2-yl)-(2,4-

dihydroxyphenyl)methanone 16 (KS14) (42 mg, 82%, mp 188-190 ºC) were obtained by treating
2,4-dimethoxy phenylmagnesium bromide with 4 (80 mg, 0.26 mmol) in anhydrous THF, followed
by BBr3 treatment in CH2Cl2, and the residue was purified by silica gel column chromatography
using 10% ethyl acetate in methylene chloride. Compounds 17 (72 mg, 74%) and 18 (3-Bromo-4,5dichloro-1H-pyrrol-2-yl)(5-fluoro-2-hydroxyphenyl)methanone (KS20) (36 mg, 75%, mp 153-155
ºC) were obtained using similar experimental conditions used for 6, by treating 4 (80 mg, 0.26
mmol) in anhydrous THF with 2-methoxy-4-fluoro-phenylmagnesium bromide (0.6 mmol) and
followed by BBr3(2eq.) treatment in CH2Cl2, and the residue was purified by silica gel column
chromatography using 10% ethyl acetate in hexane.
Compounds KS01, KS02, KS07 and
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upon treatment with 2,3,4-

trimethoxyphenylmagnesium bromide (0.9

mmol) in anhydrous THF was converted into (4,5-dichloro-1H-pyrrol-2-yl)(2,3,4-trimethoxyphenyl)methanone 19 (KS07) (86 mg, 58%, mp 133-135 ºC) as a white solid. Cleavage of the
methyl ether of 19 was achieved by treatment with BBr3 (6 eq.) in CH2Cl2, and the residue was
purified by silica gel column chromatography using 10% ethyl acetate in hexane to afford phenolic
derivative (4,5-dichloro-1H-pyrrol-2-yl)(2,3,4-trihydroxyphenyl)methanone 20 (KS09) ( 53 mg,
86%, mp 273-275 ºC) as a white solid. Compound 21 (4,5-Dichloro-1H-pyrrol-2-yl)(2methoxyphenyl)methanone (KS01) (65 mg, 67%, mp 156-158 ºC) was obtained using similar
experimental conditions used for 6, by treating 3 (80 mg, 0.35 mmol) in anhydrous THF with 2Scheme 4
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by BBr3 (0.3 mmol) treatment of 21

to afford (4,5-Dichloro-1H-pyrrol-2-yl)(2-hydroxyphenyl)methanone 22 (KS02) (35 mg 74%, mp
173-175 ºC).
(4,5-Dichloro-1H-pyrrol-2-yl)(2-hydroxy-3,4-dimethoxyphenyl)methanone 25 (KS08)

was

synthesized as shown in the Scheme 3. 2,3,4-trimethoxybenzoyl chloride (300 mg, 1.3 mmol) was
stirred with AlCl3 (208 mg, 1.56 mmol) in methylene chloride and pyrrole (100 mg, 1.3 mmol) was
added at 0 ºC. The reaction mixture was stirred overnight at room temperature and the reaction was
quenched by saturated NaHCO3 solution, filtered through Celite, and concentrated. The residue was
chromatographed on silica gel using 10% ethyl acetate in hexane to get yellow solid (2-Hydroxy3,4-dimethoxy-phenyl)(1H-pyrrol-2Scheme 5
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mg, 67%, mp 166-168 ºC) as a yellow solid and the residue was purified by silica gel column
chromatography using 10% ethyl acetate in hexane.
Compound (4,5-dichloro-3-methyl-1H-pyrrol-2-yl)(2-hydroxyphenyl)methanone 30 (KS13)
was synthesized as shown in the Scheme 4. Briefly, to a solution of 3-Methyl-ethyl pyrrole-2carboxylate 26 (500 mg, 3.26 mmol) in anhydrous THF, N,O-dimethylhydroxylamine hydrochloride
(382 mg, 3.92 mmol) was added, cooled to -78 ºC and then lithium bis(trimethylsilyl)amide (6
mmol) solution was added slowly and stirred for 1h. The reaction was quenched by addition of
NH4Cl solution, extracted with ethyl acetate, concentrated and purified by silica gel column
chromatography using 20% ethyl acetate in hexane to yield (3-Methyl-1H-pyrrole-2-carboxylic acid
methoxy-methyl-amide) 27 (440 mg 80%). To a solution of 27 (100 mg, 0.59 mmol) in
dichloromethane, SO2Cl2 (2 eq.) was added slowly at 0 ºC to obtain (4,5-Dichloro-3-methyl-1Hpyrrole-2-carboxylic acid methoxy-methyl-amide) 28 (82 mg, 58%) as a white solid. Compounds 29
and (4,5-Dichloro-3-methyl-1H-pyrrol-2-yl)(2-hydroxyphenyl)methanone 30 (KS13) (45 mg, 68%,
mp 132-134 ºC) was obtained using similar experimental conditions used for 6, by treating 28 (70
mg, 0.29 mmol) in anhydrous THF with 2-methoxyphenylmagnesium bromide (0.7 mmol) and
followed by BBr3 (2 eq.) treatment in CH2Cl2, and the residue was purified by silica gel column
chromatography using 10% ethyl acetate in hexane. Compounds KS21, KS22 and KS23 were
synthesized as shown in the Scheme 5. Briefly, to a solution of 1-bromo-2,5-dimethoxybenzene (200
mg, 0.92 mmol) in anhydrous THF, n-BuLi (1 mmol) in hexanes was added at -78 ºC and stirred for
30 min. The compound 4 (100 mg, 0.33 mmol) was dissolved in anhydrous THF and added slowly
to the reaction mixture and stirred for another 3-4 h. The reaction was quenched by addition of
NH4Cl solution, extracted with ethyl acetate, concentrated and purified by silica gel column
chromatography using 10% ethyl acetate in hexane to yield (3-Bromo-4,5-dichloro-1H-pyrrol-2yl)(2,5-dimethoxy-phenyl)methanone 31 (85 mg, 68%). To a solution of 31 (60 mg, 0.15 mmol) in
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CH2Cl2 at 0 °C, a solution of BBr3 (2 eq.) was added and the mixture was allowed to stir at 0 ºC for 3
h. The reaction was quenched by saturated aqueous NaHCO3 and extracted with CH2Cl2. The
combined organics were dried, filtered, and concentrated. The residue was purified by silica gel
column chromatography using 10% ethyl acetate in hexane to afford (3-bromo-4,5-dichloro-1Hpyrrol-2-yl)(2,5-dihydroxyphenyl)methanone 34 (KS21) (38 mg, 69%, mp 166-168 ºC) as a yellow
solid. As described for 31, 2-bromo-4-methylanisole (200 mg, 0.99 mmol) and 2-bromo-4ethylanisole (215 mg, 1 mmol) treated with n-BuLi (1.2 mmol) in anhydrous THF at -78 ºC and
added compound 4 (100 mg, 0.33 mmol) to each obtain intermediates (3-Bromo-4,5-dichloro-1Hpyrrol-2-yl)(2-methoxy-5-methyl-phenyl)methanone 32 and (3-Bromo-4,5-dichloro-1H-pyrrol-2yl)(5-ethyl-2-methoxy-phenyl)methanone 33 respectively as white solids. Cleavage of the methyl
ether of 32 and 33, was achieved by treatment with BBr3 (2eq.) in CH2Cl2, and the residue was
purified by silica gel column chromatography using 10% ethyl acetate in hexane to afford (3-bromo4,5-dichloro-1H-pyrrol-2-yl)(2-hydroxy-5-methylphenyl)methanone 35 (KS22) (110 mg, 72%, mp
173-175 ºC) and (3-bromo-4,5-dichloro-1H-pyrrol-2-yl)(2-hydroxy-5-ethylphenyl)methanone 36
(KS23) (125 mg, 76%, mp 110-112 ºC) as yellow solids.
Compounds KS24, KS27 were synthesized as shown in the Scheme 6. Compound 39 (4'Chloro-4-methoxybiphenyl-3-carboxylic acid) was synthesized from 4-chloro-phenylboronic acid
and 5-Bromo-2-methoxybenzoic acid by Suzuki coupling reaction conditions. Compound 39 (500
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methoxybiphenyl-3-carbonyl
chloride)

and

concentrated

to

remove the excess thionyl chloride.

The acid chloride was stirred with anhydrous AlCl3 (305 mg, 2.29 mmol) in methylene chloride and
pyrrole (23) (130 mg, 2.0 mmol) was added at 0 ºC. The reaction mixture was stirred overnight at
room temperature and quenched by saturated NaHCO3 solution, filtered through Celite, and
concentrated. The residue was chromatographed on silica gel using 10% ethyl acetate in hexane to
get white solid (4'-Chloro-4-methoxy-biphenyl-3-yl)(1H-pyrrol-2-yl)methanone 40 (380 mg, 63%).
Compound 40 (250 mg, 0.80 mmol) was treated with SO2Cl2 (2 eq.) in dichloromethane at 0 ºC to
get (4'-Chloro-4-methoxy-biphenyl-3-yl)(4,5-dichloro-1H-pyrrol-2-yl)methanone 41 (220 mg, 72%)
as a white solid. To a solution of 41 (200 mg, 0.52 mmol) in dichloroethane, N-bromosuccinimide (1
eq.) was added and the mixture was heated at 90 ºC for 3h to afford (3-Bromo-4,5-dichloro-1Hpyrrol-2-yl)(4'-chloro-4-methoxybiphenyl-3-yl)methanone 42 (190 mg, 79%) as an off white solid.
The

phenol

derivative

(3-Bromo-4,5-dichloro-1H-pyrrol-2-yl)(4'-chloro-4-hydroxy-biphenyl-3-

yl)methanone 43 (KS24) (140 mg, 82%, mp 198-200 ºC) was obtained by BBr3 (2eq.) treatment in
CH2Cl2, and the residue was purified by silica gel column chromatography using 10% ethyl acetate
in hexane. As described for 40, 5-bromo-2-methoxybenzoic acid (500 mg, 2.17 mmol) was
converted into acid chloride by refluxing with thionyl chloride and treated with pyrrole (150 mg, 2.2
mmol) in methylene chloride in the presence of anhydrous AlCl3 (375 mg, 1.3 eq) to get
intermediate 44 (410 mg, 65%). To a solution of 44 (230 mg, 0.82 mmol) in dichloromethane,
SO2Cl2 (2 eq.) at 0 ºC was added slowly to obtain the intermediate dichloro pyrrole derivatives 45
(190 mg, 66%). To a solution of 45 (150 mg, 0.42 mmol) in dichloroethane NBS was added and
refluxed for 3h, concentrated and purified by silica gel column chromatography to get (3-Bromo-4,5dichloro-1H-pyrrol-2-yl)(5-bromo-2-methoxy-phenyl)methanone 46 (165 mg, 90%) . To a solution
of 46 (120 mg, 0.28 mmol) in CH2Cl2 at 0 °C, a solution of BBr3 (2 eq) was added and the mixture
was allowed to stir at 0 ºC for 3 h. The reaction was quenched by saturated aqueous NaHCO3 and
extracted with CH2Cl2. The combined organics were dried, filtered, and concentrated. The residue
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was purified by silica gel column chromatography using 10% ethyl acetate in hexane to afford (3Bromo-4,5-dichloro-1H-pyrrol-2-yl)(5-bromo-2-hydroxyphenyl)methanone 47 (KS27) ( 85 mg,
73%, mp 190-192 ºC).
Compounds KS18a was synthesized as shown in the Scheme 7. CCl4 (261 µL, 2.7 mmol, 5
eq.) was added to a solution of KS18 (200 mg, 0.54 mmol) in 2.5 mL of anhydrous CH3CN cooled
to -25 °C. After approximately 10 min, 200 µL (1.14 mmol, 2.1 eq.) of diisopropylethylamine, 10
mg (0.1 mmol, 0.1 eq.) of (dimethylamino)pyridine, and 180 µL (0.78 mmol, 1.45 eq.) of dibenzyl
phosphite were added to the solution. After 2 h at -10°C, when the reaction was completed, 20 mL of
KH2PO4 (0.5 M) was added and the aqueous phase was extracted with ethyl acetate (3x10 mL). The
organic phases were dried over anhydrous Na2SO4, and the crude intermediate product was purified
by silica gel column chromatography using 5% ethyl acetate in methylene chloride to yield an oily
product of phosphoric acid dibenzyl ester

Scheme 7

2(3-bromo-4,5-dichloro-1H-pyrrole-2-
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carbonyl)4-chloro-phenyl ester 48 (250 mg,

Cl

74%). NaI (8 mg, 0.48 mmol, 2 eq.) and 60

Reagents and conditions: a) (BnO)2P(O)H, DIEA, CH3CN, CCl4, -25 °C;
b) TMSCl, NaI, CH3CN;

Cl

KS18

48

49 (KS18a)

µL (0.48 mmol, 2 eq.) of Me3SiCl dissolved in 1 mL of anhydrous CH3CN were added at room
temperature to a solution of 0.24 mmol of dibenzyl ester 48 dissolved in 4 mL of anhydrous CH3CN.
After 2 h, when the reaction was completed, a small amount of water was added to dissolve the salts.
A solution of 10% Na2S2O3 was added until decolorization of the reaction mixture. The solution thus
obtained was extracted with ethyl acetate, the organic phases were dried over Na2SO4, and solvent
was removed in vacuo to afford phosphoric acid mono-[2-(3-bromo-4,5-dichloro-1H-pyrrole-2carbonyl)-4-chloro-phenyl] ester 49(KS18a) (85 mg, 79%, mp 182-184 ºC).

Compound
Number
3

1

H NMR and Mass Spectral data

1

H NMR (500 MHz, CDCl3) δ 3.38 (s, 3H), 3.8 (s, 3H), 6.85 (d, 1H, J = 3 Hz), 10.18 (s, 1H).
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4
5(KS03)

6(KS04)
7(KS17)
8(KS05)

HRMS (EI) M+ calcd for C7H8Cl2N2O2, 221.9963; found, 221.9961.
1
H NMR (500 MHz, CDCl3) δ 3.35 (s, 3H), 3.74 (s, 3H), 9.77 (s, 1H). HRMS (EI) M + calcd for
C7H7BrCl2N2O2, 299.9068; found, 299.9065.
1
H NMR (500 MHz, CDCl3) δ 3.8 (s, 3H), 6.95 (d, 1H, J = 8.5 Hz), 7.03 (m 1H), 7.29 (d, 1H, J =
6 Hz), 7.45 (m, 1H), 9.25 (s, 1H). HRMS (EI) M + calcd for C12H8BrCl2NO2, 346.9115; found,
346.9111.
1
H NMR (500 MHz, CDCl3) δ 6.96-6.99 (m, 1H), 7.07 (d, 1H, J = 8.5 Hz), 7.54-7.57 (m, 1H),
7.83 (d, 1H, J = 8 Hz), 9.45 (s, 1H), 10.85 (s, 1H). HRMS (EI) M + calcd for C11H6BrCl2NO2,
332.8959; found, 332.8963.
1
H NMR (500 MHz, CDCl3) δ 2.17 (s, 3H), 7.22 (d, 1H, J = 8 Hz), 7.33 (d, 1H, J = 8.5 Hz), 7.507.57 (m, 2H), 9.15 (s, 1H). HRMS (EI) M + calcd for C13H8BrCl2NO3, 374.9065; found, 374.9059.
1
H NMR (500 MHz, CDCl3) δ 3.81 (s, 3H), 6.99 (d, 1H, J = 8.5 Hz), 7.10 (t, 1H, J = 7.5 Hz),
7.62-7.65 (m, 2H). HRMS (EI) M+ calcd for C12H7Br2Cl2NO2, 424.8221; found, 424.8221.
1

9(KS06)

10

11(KS18)
12(KS19)
13 (KS11)

14(KS12)

15

16(KS14)

17

18(KS20)

19(KS07)

20(KS09)

21(KS01)

22(KS02)
24

H NMR (500 MHz, CDCl3) δ 6.97-7.01 (m, 1H), 7.15 (d, 1H, J = 8.5 Hz), 7.23 (d, 1H, J = 8.5
Hz), 7.65-7.68 (m, 1H), 10.38 (s, 1H). HRMS (EI) M + calcd for C11H5Br2Cl2NO2, 410.8064;
found, 410.8067.
1
H NMR (500 MHz, CDCl3) δ 3.78 (s, 3H), 6.88 (d, 1H, J = 8.5 Hz), 7.25-7.28 (m, 1H), 7.40 (dd,
1H, J = 9, J = 2.5 Hz), 9.75 (s, 1H). HRMS (EI) M+ calcd for C12H7BrCl3NO2, 380.8726; found,
380.8723.
1
H NMR (500 MHz, CDCl3) δ 6.97 (d, 1H, J = 9 Hz), 7.44 (dd, 1H, J = 6.5, J = 2.5 Hz), 7.77 (d,
1H, J = 7 Hz), 9.40 (s, 1H), 10.61(s, 1H). HRMS (EI) M + calcd for C11H5BrCl3NO2, 366.8569;
found, 366.8562.
1
H NMR (500 MHz, CDCl3) δ 2.16 (s, 3H), 7.17 (dd, 1H, J = 8.5, J = 4 Hz), 7.47-7.51 (m, 2H),
9.60 (s, 1H). HRMS (EI) M+ calcd for C13H7BrCl3NO3, 408.8675; found, 408.8679.
1
H NMR (500 MHz, CDCl3) δ 3.87 (s, 3H), 3.91 (s, 3H), 3.93 (s, 3H), 6.73 (d, 1H, J = 9 Hz), 7.06
(d, 1H, J = 8.5 Hz), 9.61 (s, 1H). HRMS (EI) M+ calcd for C14H12BrCl2NO4, 406.9327; found,
406.9321.
1
H NMR (500 MHz, DMSO-d6) δ 3.84 (s, 3H), 6.61 (d, 1H, J = 8.5 Hz), 6.93 (d, 1H, J = 9 Hz),
8.76 (s, 1H), 9.85 (s, 1H), 13.4 (s, 1H). HRMS (EI) M + calcd for C12H8BrCl2NO4, 378.9014;
found, 378.9013.
1
H NMR (500 MHz, CDCl3) δ 3.79 (s, 3H), 3.88 (s, 3H), 6.49 (d, 1H, J = 2 Hz), 6.56 (dd, 1H, J =
8.5, J = 2.5 Hz), 7.33 (d, 1H, J = 8 Hz), 9.81 (s, 1H). HRMS (EI) M+ calcd for C13H10BrCl2NO3,
376.9221; found, 376.9223.
1
H NMR (500 MHz, CDCl3) δ 6.39 (d, 1H, J = 2.5 Hz), 6.47 (dd, 1H, J = 8.5, J = 2.5 Hz), 7.68 (d,
1H, J = 8.5 Hz), 9.60 (s, 1H), 11.82(s, 1H), 12.1(s, 1H). HRMS (EI) M + calcd for C11H6BrCl2NO3,
348.8908; found, 348.8905.
1
H NMR (500 MHz, CDCl3) δ 3.80 (s, 3H), 6.92 (dd, 1H, J = 9, J = 4 Hz), 7.03 (dd, 1H, J = 8, J =
3 Hz), 7.16 (m, 1H), 9.72 (s, 1H). HRMS (EI) M + calcd for C12H7BrCl2NO2, 364.9021; found,
364.9019.
1
H NMR (500 MHz, CDCl3) δ 7.02 (dd, 1H, J = 9, J = 4.5 Hz), 7.26 (dd, 1H, J = 17, J = 3 Hz),
7.52 (dd, 1H, J = 8.5, J = 3 Hz), 9.46 (s, 1H), 10.45 (s, 1H). HRMS (EI) M + calcd for
C11H5BrCl2FNO2, 350.8865; found, 350.8869.
1
H NMR (500 MHz, CDCl3) δ 3.91 (s, 3H), 3.94 (s, 3H), 3.95 (s, 3H), 6.66 (d, 1H, J = 2.5 Hz),
6.73 (d, 1H, J = 9 Hz), 7.23 (d, 1H, J = 8.5 Hz), 9.85 (s, 1H). HRMS (EI) M+ calcd for
C14H13Cl2NO4, 329.0222; found, 329.0225.
1
H NMR (500 MHz, DMSO-d6) δ 6.44 (d, 1H, J = 9.0 Hz), 7.02 (d, 1H, J = 3 Hz), 7.34 (d, 1H, J =
8.5 Hz), 8.61 (s, 1H), 10.09 (s, 1H), 11.82 (s, 1H), 13.18 (s, 1H). HRMS (EI) M + calcd for
C11H7Cl2NO4, 286.9752; found, 286.9748.
1
H NMR (500 MHz, CDCl3) δ 3.86 (s, 3H), 6.58 (d, 1H, J = 2 Hz), 7.03 (m, 2H), 7.42 (dd, 1H, J =
7.5, J = 2 Hz), 7.48-7.51 (m, 1H), 9.52 (s, 1H). HRMS (EI) M + calcd for C12H9Cl2NO2,
269.0010; found, 269.0014.
1
H NMR (500 MHz, CDCl3) δ 6.97-7.02 (m, 2H), 7.07 (d, 1H, J = 10 Hz), 7.52-7.56 (m, 1H), 7.95
(d, 1H, J = 8 Hz), 9.72 (s, 1H), 11.45 (s, 1H). HRMS (EI) M+ calcd for C11H7Cl2NO2, 254.9854;
found, 254.9849.
1
H NMR (500 MHz, CDCl3) δ 3.95 (s, 3H), 3.98 (s, 3H), 6.40-6.42 (m, 1H, J = 9 Hz), 6.56 (d,
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25(KS08)

27
28
29

30(KS13)

31

32

33

34(KS21)

35(KS22)

36(KS23)

39

40

41

42

43(KS24)

44

45
46

1H, J = 9 Hz), 7.04 (m, 1H), 7.17 (m, 1H), 7.87 (d, 1H, J = 9 Hz), 9.72 (s, 1H), 12.30 (s, 1H).
HRMS (EI) M+ calcd for C13H13NO4, 247.0845; found, 247.0839.
1
H NMR (500 MHz, CDCl3) δ 3.95 (s, 3H), 3.99 (s, 3H), 6.57 (d, 1H, J = 9 Hz), 6.94 (d, 1H, J =
3 Hz), 7.73 (d, 1H, J = 9 Hz), 9.63 (s, 1H), 11.86 (s, 1H). HRMS (EI) M + calcd for C13H11Cl2NO4,
315.0065; found, 315.0067.
1
H NMR (500 MHz, CDCl3) δ 2.35 (s, 3H), 3.34 (s, 3H), 3.74 (s, 3H), 6.08 (d, 1H, J = 2.5 Hz),
6.81 (d, 1H, J = 2.5 Hz), 9.40 (s, 1H). HRMS (EI) M+ calcd for C8H12N2O2, 247.0845; found,
247.0841.
1
H NMR (500 MHz, CDCl3) δ 2.35 (s, 3H), 3.34 (s, 3H), 3.74 (s, 3H), 9.40 (s, 1H). HRMS (EI)
M+ calcd for C8H10Cl2N2O2, 236.0119; found, 236.0123.
1
H NMR (500 MHz, CDCl3) δ 1.80 (s, 3H), 3.81 (s, 3H), 6.95 (d, 1H, J = 8 Hz), 7.04 (t, 1H, J =
7.5 Hz), 7.26 (d, 1H, J = 6 Hz), 7.45 (t, 1H, J = 7.5 Hz), 9.27 (s, 1H). HRMS (EI) M+ calcd for
C13H11Cl2NO2, 283.0167; found, 283.0161.
1
H NMR (500 MHz, CDCl3) δ 2.18 (s, 3H), 6.93 (t, 1H, J = 7.5 Hz), 7.05 (d, 1H, J = 8 Hz), 7.49
(t, 1H, J = 7 Hz), 7.61 (d, 1H, J = 8 Hz), 9.15 (s, 1H), 10.97 (s, 1H). HRMS (EI) M + calcd for
C12H9Cl2NO2, 269.0010; found, 269.0010.
1
H NMR (500 MHz, CDCl3) δ 3.78 (s, 3H), 3.81 (s, 3H), 6.88 (d, 1H, J = 3 Hz), 6.91 (d, 1H, J = 9
Hz), 7.02 (dd, 1H, J = 9, J = 3 Hz), 9.64 (s, 1H). HRMS (EI) M+ calcd for C13H10BrCl2NO3,
376.9221; found, 376.9219.
1
H NMR (500 MHz, CDCl3) δ 2.33 (s, 3H), 3.78 (s, 3H), 6.85 (d, 1H, J = 8.5 Hz), 7.13 (s, 1H),
7.36 (dd, 1H, J = 8, J = 2.5 Hz), 9.71 (s, 1H). HRMS (EI) M+ calcd for C13H10BrCl2NO2,
360.9272; found, 360.9277.
1
H NMR (500 MHz, CDCl3) δ 1.23 (t, 3H, J = 7.5 Hz), 2.62 (q, 2H, J = 7.5 Hz), 3.80 (s, 3H), 6.89
(d, 1H, J = 8.5 Hz), 7.16 (s, 1H), 7.30 (dd, 1H, J = 8.5, J = 2.5 Hz), 9.85 (s, 1H). HRMS (EI) M+
calcd for C14H12BrCl2NO2, 374.9428; found, 374.9428.
1
H NMR (500 MHz, Acetone-d6) δ 6.86 (d, 1H, J = 9 Hz), 7.34 (dd, 1H, J = 9, J = 3 Hz), 7.12 (d,
1H, J = 3 Hz), 8.15 (s, 1H), 9.98 (s, 1H), 12.2 (s, 1H). HRMS (EI) M + calcd for C11H6BrCl2NO3,
348.8908; found, 348.8903.
1
H NMR (500 MHz, CDCl3) δ 2.33 (s, 3H), 6.95 (d, 1H, J = 8.5 Hz), 7.34 (dd, 1H, J = 8.5, J = 2
Hz), 7.62 (s, 1H), 9.45 (s, 1H), 10.68 (s, 1H). HRMS (EI) M + calcd for C12H8BrCl2NO2, 346.9115;
found, 346.9119.
1
H NMR (500 MHz, CDCl3) δ 1.24 (t, 3H, J = 8Hz), 2.61-2.66 (q, 2H, J = 7.5 Hz), 6.97 (d, 1H, J
= 8 Hz), 7.36 (dd, 1H, J = 8.5, J = 2.5 Hz), 7.63 (s, 1H), 9.48 (s, 1H), 10.64 (s, 1H). HRMS (EI)
M+ calcd for C13H10BrCl2NO2, 360.9272; found, 360.9276.
1
H NMR (500 MHz,DMSO-d6) δ 3.80 (s, 3H), 6.97 (t, 1H, J = 7.5 Hz), 7.10 (d, 1H, J = 8.5 Hz),
7.38 (d, 1H, J = 8.5 Hz), 7.47 (d, 1H, J = 8.5 Hz ), 7.61 (d, 2H, J = 8.5 Hz), 7.77 (d, 1H, J = 8.5
Hz), 8.1 (s, 1H). HRMS (EI) M+ calcd for C14H11ClO3, 262.0397; found, 262.0391.
1
H NMR (500 MHz, CDCl3) δ 3.88 (s, 3H), 6.30 (m, 1H), 6.69 (s, 1H), 7.07 (d, 1H, J = 9 Hz),
7.11 (s, 1H), 7.40 (d, 2H, J = 8.5 Hz), 7.48 (d, 2H, J = 8.5 Hz), 7.63 (m, 2H) 9.60 (s, 1H). HRMS
(EI) M+ calcd for C18H14ClNO2, 311.0713; found, 311.0717.
1
H NMR (500 MHz, CDCl3) δ 3.84 (s, 3H), 6.60 (s, 1H), 7.07 (d, 1H, J = 8.5 Hz), 7.40 (d, 2H, J =
6.5 Hz), 7.48 (d, 2H, J = 6.5 Hz), 7.58 (d, 1H, J = 2.5 Hz), 7.65 (dd, 1H, J = 9, J = 2.5 Hz), 9.50
(s, 1H). HRMS (EI) M+ calcd for C18H12Cl3NO2, 378.9934; found, 378.9929.
1
H NMR (500 MHz, CDCl3) δ 3.86 (s, 3H), 7.04 (d, 1H, J = 8.5 Hz), 7.38 (d, 2H, J = 9 Hz), 7.49
(d, 2H, J = 8.5 Hz), 7.53 (d, 1H, J = 2 Hz), 7.66 (dd, 1H, J = 8.5, J = 2.5 Hz), 9.46 (s, 1H). HRMS
(EI) M+ calcd for C18H11BrCl3NO2, 456.9039; found, 456.9035.
1
H NMR (500 MHz, CDCl3) δ 7.13 (d, 1H, J = 8.5 Hz), 7.40 (d, 2H, J = 8.5 Hz), 7.53 (d, 2H, J =
8.5 Hz), 7.74 (dd, 1H, J = 8.5, J = 2.5 Hz), 8.01 (d, 1H, J = 2.5 Hz), 9.50 (s, 1H), 11.86 (s, 1H).
HRMS (EI) M+ calcd for C17H9BrCl3NO2, 442.8882; found, 442.8889.
1
H NMR (500 MHz, CDCl3) δ 3.82 (s, 3H), 6.30 (m, 1H), 6.66 (m, 1H), 6.89 (dd, 1H, J = 7, J =
2.5 Hz), 7.15 (m, 1H) 7.53 (m, 2H), 9.87 (s, 1H). HRMS (EI) M + calcd for C12H10BrNO2,
278.9895; found, 278.9891.
1
H NMR (500 MHz, CDCl3) δ 3.82 (s, 3H), 6.56 (s, 1H), 6.89 (d, 1H, J = 9 Hz), 7.50 (d, 1H, J =
2.5 Hz), 7.56 (dd, 1H, J = 9, J = 2.5 Hz), 9.62 (s, 1H). HRMS (EI) M+ calcd for C12H8BrCl2NO2,
346.9115; found, 346.9117.
1
H NMR (500 MHz, CDCl3) δ 3.80 (s, 3H), 6.85 (d, 1H, J = 8.5 Hz), 7.41 (s, 1H), 7.56 (d, 1H, J
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= 9 Hz), 9.66 (s, 1H). HRMS (EI) M+ calcd for C12H7Br2Cl2NO2, 424.8221; found, 424.8217.
1
H NMR (500 MHz, CDCl3) δ 6.95 (d, 1H, J = 9.0 Hz), 7.60 (dd, 1H, J = 9.0 Hz), 7.95 (d, 1H, J =
2.5 Hz), 9.42 (s, 1H), 10.65 (s, 1H). HRMS (EI) M + calcd for C11H5Br2Cl2NO2, 410.8064; found,
410.8071.
1
H NMR (500 MHz, CDCl3) δ 4.94-5.03 (m, 4H), 7.21-7.38 (m, 13H), 10.04 (s, 1H). HRMS (EI)
M+ calcd for C25H18BrCl3NO5P, 626.9172; found, 626.9161.
1
H NMR (500 MHz, Acetone-d6) δ 7.49-7.58 (m, 3H), 9.62 (s, 1H). HRMS (EI) M + calcd for
C11H6BrCl3NO5P, 446.8233; found, 446.8241.

4.4.2. Nuclear magnetic resonance (NMR) spectroscopy
NMR spectroscopy with

15

N-labeled sample of Mcl-1ΔNC23 (20) titrated with KS04 or KS18

were completed as described (16). Briefly, 5µL or 12.5μL of 10mM KS04 in DMSO, or 5μL of
10mM KS18 in DMSO, was added to the 15N-labeled Mcl-1 sample. A 15N-1H HSQC spectrum was
collected on this sample with standard Bruker pulse program and parameters. NMR data was
collected after each addition of either compound. Mcl-1 residues were assigned based on previously
published peak-lists (21). Residues which experienced an average chemical shift difference greater
than 0.08 were colored on the NMR structure of Mcl-1ΔNC23 complexed with NoxaA (2ROD.pdb,
NoxaA hidden). Average chemical shift differences were calculated according to the following
formula:
2
√𝐷𝐻 ×

2

𝐷𝑁 2
5

4.4.3. Molecular modeling
KS04 and KS18 docking was carried out using the GLIDE (Grid-based Ligand Docking from
Energetics) program189 from Schrödinger, L.L.C. OPLS-2005 force field190 was applied in the
GLIDE program. The optimal binding geometry for each model was obtained by utilization of
Monte Carlo sampling techniques coupled with energy minimization. GLIDE uses a scoring method
based on ChemScore191 but with additional terms added for greater accuracy. The NMR solution
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structures of mouse Mcl-1 in complex with mouse NoxaB (2JM6.pdb)192 were used for docking KS
compounds to Mcl-1.

4.4.4. Antibodies and compounds
Antibodies were obtained from the following sources: human polyclonal Mcl-1178; human
polyclonal Bcl-2178; monoclonal Bcl-xL (Sigma B9429); polyclonal Bim (Sigma B7929);
monoclonal β-actin (Sigma A5441); polyclonal PARP (Cell Signaling #9542); polyclonal Cleaved
Caspase-3 (Cell Signaling #9661); polyclonal Bax (Santa Cruz sc-493); polyclonal Bak (Millipore
06-536). Racemic maritoclax was synthesized as previously described164. Cycloheximide (CHX) and
daunorubicin were obtained from Sigma (C6798 and D8809 respectively). ABT-737 was obtained
from Abott Laboratories.

4.4.5. Cell culture and transfection
The HL60/ABTR, Kasumi-1/ABTR, and KG1a/ABTR cell lines were generated by incubation
with sub-optimal concentrations of ABT-737 as previously described.140 The K562/Mcl-1-IRES-Bim
and K562/Bcl-2-IRES-Bim cell lines were generated by retroviral transduction as previously
described.164 Jurkat, JurkatΔBak, HL60, HL60/ABTR, HL60/VCR, THP-1, U937, C1498, RPMI
8226, and MM.1S cell lines were maintained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS). The U266 cell line was maintained in RPMI-1640 medium with 15% FBS. The
Kasumi-1, Kasumi-1/ABTR, KG-1, KG1a, and KG1a/ABTR cell lines were maintained in RPMI1640 medium with 20% FBS. The NCI-H929 cell line was maintained in RPMI-1640 medium with
10% FBS, 2mM glutamine, and 0.05mM 2-mercaptoethanol. All cell lines were maintained with 100
units/ml penicillin, 100μg/ml streptomycin, 0.25μg/ml amphotericin B (Cellgro) and cultured at
37˚C with 5% CO2 unless otherwise stated. The U937-luc cell line in co-culture studies with the HS5 cell line were previously described140, and the specific viability of leukemic cells were measured
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through luminescence immediately following the addition of 150μg/mL D-luciferin. Immunoblotting
was done as previously described after cells were lysed in 1% CHAPS or RIPA lysis buffer.164

4.4.6. Cell viability assay
Cell viability was determined following 48 hours of treatment unless otherwise specified by the
indicated compounds in medium supplemented with 10% FBS by measuring intracellular ATP levels
with the CellTiter Glo Luminescent Cell Viability Assay kit (Promega G7571) according to the
manufacturer’s recommendations.

4.4.7. In vitro Culture of Primary Mouse Bone Marrow
The bone marrow was collected from femur and tibia of C57BL/6J mice, and washed twice in
IMDM medium. 1×106 viable cells/mL were seeded in IMDM medium with 10% FBS, and treated
immediately for cell viability assay over 24 hours.

4.4.8. Primary mouse bone marrow colony formation assay
The bone marrow was collected from the femur and tibia of female C57BL/6J mice, washed
twice in IMDM medium, and viable cells by trypan blue staining were seeded at 2×105 cells/mL in
methylcellulose medium with recombinant cytokines (MethoCult GF M3434, StemCell
Technologies) according to the manufacturer’s recommendations with the indicated compounds
(0.25% DMSO) or 0.25% DMSO control for 7 days before counting colonies.

4.4.9. Pharmacokinetics
All animals and procedures were completed at the In Vivo Pharmacology Department of
GenScript Inc. Ltd and approved by the IACUC of GenScript. Thirty Balb/c mice (Shanghai SLAC
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Experimental Animal Center), and a 27-28 gauge needle was used for i.p. injection. KS18 at >95%
purity were dissolved in PTD at 5mg/mL was injected into each mouse.
Three were sacrificed at each time point for blood collection after drug dosing at a total of 10
time points: 0, 5, 15, 30 minutes, and at 1, 2, 4, 6, 8, and 24 hours after administration. The
compound concentration in plasma samples were then analyzed by LC-MS/MS.
Instrument: An Agilent Technologies 1290 infinity liquid chromatographic system was used.
Detection was performed on an Agilent Technologies 6460 mass spectrometer equipped with
TurboIonSpray (ESI) Interface (Agilent Technologies, California, US).Agilent Mass Hunter
workstation data Acquisition (B.04.31) software packages (Agilent Technologies) were used to
control the LC‐MS/MS system, as well as for data acquisition and processing.
Sample Preparation: 60µl (maritoclax) aliquot of plasma samples were spiked into a 96‐well
plate, and 200 uL of acetonitrile containing internal standard with 5% MeOH were added for protein
precipitation. The plate was vortexed and centrifuged at 4000 rpm for 10 min. Supernatant were
transferred into a new 96‐well plate and mixed with 2:1 volume of H2O (maritoclax) or ACN (KS18)
and the final solution were injected for LC‐MS/MS analysis.
Chromatography Condition: Chromatographic separation was achieved on the Agilent
ZORBAX SB C8 (100×2.1 mm, 3.5mm) column. The column temperature was maintained at
ambient temperature (30°C). The flow rate was maintained at 0.4 mL/min and the following mobile
phases were used:
KS18
A: 5mM NH4FA in Water
B: Acetonitrile

Time
0
2
2.4
2.8

A (%)
60
10
10
60

B (%)
40
90
90
40
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Mass Transitions
Compound
IS(Warfarin)
KS18
IS(Dexamethasone)

Ionization Mode
Negative
Negative
Negative

Transition
307.1 > 161.1
367.8 > 80.9
391.3 > 361.3

Data Analysis: Peak areas of analyte and internal standard were calculated using Quantitative
Analysis by B.05.00/build 5.0.291.0 for QQQ software (Agilent Technologies). Regression analysis
was performed in this software and standardize on linear curve fit will 1/x or 1/x2 in the first
instance. Acceptance criteria should be ±20% of target value for standards and QC’s.
A minimum of five calibration points must be used in the quantification. At least two out of the
three QC standards must be within the ±20% target value. If the sample concentrations are
significantly above the lowest QC point (2ng/ml), then this QC maybe disregarded and the run
accepted. At least one of the high QC’s must be within the target acceptance.
KS18 pharmacokinetic parameters were calculated using WinNonlin 5.2 software.

4.4.10. Toxicity of KS18 to female athymic nude mice
Animal studies were conducted in accordance with the guidelines approved by the Institutional
Animal Care and Use Committees at the Penn State University College of Medicine. Female
athymic nude (NCI Athymic NCr-nu/nu #01B74) mice were obtained from Jackson Laboratories.
Four 6 weeks old mice were injected with KS18 dissolved in PTD solvent with <3% DMSO i.p. or
orally with oral gavage to determine the maximum tolerated dose (MTD), defined as the maximum
dose of KS18 that the animals received without causing mortality or greater than 10% loss in body
weight, as well as the median lethal dose (LD50), defined as the dose for which 50% of treated
animals were moribund.
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4.4.11. HL60/ABTR xenograft tumor model in female athymic nude mice
Sixty female athymic nude mice were subcutaneously transplanted with 5 × 106 of HL60/ABTR
cells in 200µL PBS with 50% Matrigel (BD Biosciences) on either or both flanks at 6 weeks of age.
Tumor volumes were measured by electronic caliper and calculated with the following formula:
𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ2
𝑣𝑜𝑙𝑢𝑚𝑒 =
2
Xenografted mice bearing tumors at ~150 mm3 were randomly assigned to the following
treatment groups: vehicle control (100µL PTD); ABT-737 (20mg/kg body weight); KS18
(10mg/kg); and ABT-737 (20mg/kg) + KS18 (10mg/kg). ABT-737 and KS18 were formulated in
PTD solvent with <3% DMSO and administered i.p. daily to animals for up to 17 consecutive days.
Tumor volumes and body weights were monitored every 2 days until 14 days following after initial
tumor staging. A total of 83 xenografted tumors were analyzed (n = 29, 10, 27, 17 corresponding to
the control, ABT-737, KS18 and ABT-737 + KS18, respectively). Animals bearing tumors larger
than 1500mm3 or over 20mm in diameter were immediately euthanized. 17 days following initial
tumor staging, 5 mice treated with ABT-737 + KS18 were subjected to histopathological
examination of major organs including the brain, heart, lung, liver, kidneys, and spleen.

4.4.12. Statistical analyses
All statistical analyses were performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego California USA, www.graphpad.com). EC50 calculations for
viability were calculated through non-linear regression with normalized data assuming variable
slope. Synergy was calculated by the CompuSyn software (ComboSyn Inc., Paramus, NJ).
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CHAPTER 5. SALICYLAMIDE DERIVATIVES INDUCE PROTEASOME-DEPENDENT
MCL-1 DOWN-REGULATION

5.1. Abstract
Mcl-1, a pro-survival member of the Bcl-2 protein family, is an attractive target for cancer
therapy. Current therapeutic strategies to antagonize Mcl-1 involve the mimicry of its Bcl-2
homology 3 (BH3) domain or non-selective transcriptional down-regulation of Mcl-1. In order to
expand the strategies by which to antagonize Mcl-1-dependent cancers, we designed and validated a
robust high-throughput approach to uncover small molecules which post-transcriptionally modulate
Mcl-1 stability. We uncovered a number of hits which down-regulate Mcl-1, among which is
niclosamide with a hitherto unknown mechanism of action. We performed structure-activity
relationship (SAR) studies and elucidated a number of salicylamide derivatives based on
niclosamide that potently and selectively induce proteasome-dependent Mcl-1 down-regulation.
Overall, we present a novel high-throughput approach to discover novel post-transcriptional
modulators of Mcl-1 and were able to describe the pharmacophore of salicylamide derivatives which
selectively antagonize Mcl-1.

5.2. Results
5.2.1. Establishing a novel high through-put assay for post-transcriptional Mcl-1 modulators
There is an urgent need for selective antagonists of Mcl-1. While the success for BH3 mimetics
of Mcl-1 have been limited, maritoclax and pyoluteorin derivatives such as KS04 and KS18 belong
to a unique class of Mcl-1 antagonists to induce proteasome-dependent Mcl-1 down-regulation. As
these compounds demonstrate cytotoxicity in cells with elevated Mcl-1, as well as synergize with
ABT-737, this unique mode of action demonstrated promise in preclinical settings.119,121,165,193
Therefore, we aimed to elucidate additional bioactive molecules that demonstrate a similar
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mechanism of action for the post-translational modulation of Mcl-1 in order to expand upon the
chemical space that is currently explored, as well as to uncover bioactive molecules that may
demonstrate Mcl-1-dependent cytotoxicity. In order to accomplish this, we generated cell lines
stably expressing Mcl-1 or Bcl-xL fused to luciferase on the N-terminus (Luc-Mcl-1 and Luc-Bcl-xL
respectively). Luciferase is a sensitive and robust reporter, and its short endogenous half-life of three
to four hours194 suggests that it should not adversely affect the protein stability of the fused Mcl-1 or
Bcl-xL. Indeed, the stable expression of Luc-Mcl-1 and Luc-Bcl-xL in K562 under cycloheximide
treatment revealed that Luc-Mcl-1 demonstrated similar protein half-lives compared to endogenous
Mcl-1, whereas Luc-Bcl-xL may be less stable compared to endogenous Luc-Bcl-xL due to the
shorter half-life of luciferase (Figure 5.1). Nonetheless, the protein half-life of Luc-Mcl-1 was still
shorter than that of Luc-Bcl-xL, suggesting that these reporter constructs could be used to mimic
endogenous protein stabilities for the discovery of post-transcriptional Mcl-1 modulators.
We confirmed that the luciferase activity K562 cells expressing the reporter constructs
mimicked the response of endogenous Mcl-1 through treatment with several pharmacologic agents.
Indeed, cycloheximide treatment result in a rapid down-regulation of Luc-Mcl-1 signal compared to
that of Luc-Bcl-xL corresponding to immunoblot results (Figure 5.2A). Daunorubicin is an

Figure 5.1 The protein half-life of Luc-Mcl-1 does not significantly differ from its endogenous
counterpart.
K562 cells stably expressing Luc-Mcl-1 or Luc-Bcl-xL were treated with 10μg/mL cycloheximide
(CHX) for the indicated times and then subjected to immunoblotting.
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anthracycline that has not been reported to modulate Mcl-1 stability and was used in this case as
negative control to confirm that Luc-Mcl-1 and Luc-Bcl-xL only responded to agents which
modulate their stability (Figure 5.2B). WP1130 is an inhibitor of USP9X, a deubiquitinase of Mcl-1,
and WP1130 treatment has been reported to down-regulate Mcl-1 protein levels.195,196 We observed
a slight selectivity of WP1130 for Mcl-1 at 5μM and a complete lack of selectivity for Mcl-1 at
10μM, where both Mcl-1 and Bcl-xL are rapidly down-regulated (Figure 5.2C). It was observed that
a two hour treatment with cycloheximide is sufficient to allow significant Mcl-1 down-regulation
and the elucidation of possible selectivity between Bcl-xL and Mcl-1.
We next determined the FBS and DMSO tolerance for the cell lines to establish the specific
conditions of the high throughput screen. We determined that K562 cells stably expressing LucMcl-1 and Luc-Bcl-xL can tolerate up to 2% DMSO (Figure 5.3A). The reduction of serum levels
from 10% to 2% did not affect signal, but potentiated the selectivity of WP1130, suggesting that 2%

Figure 5.2 Luc-Mcl-1 and Luc-Bcl-xL respond to pharmacologic treatments.
A-C. K562 cells stably expressing Luc-Mcl-1 or Luc-Bcl-xL were treated with 10μg/mL
cycloheximide (A), or the indicated concentrations of daunorubicin (B) or WP1130 (C).
Luminescence was measured at the indicated time points.
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FBS might better avoid serum protein-related effects such as albumin-binding (Figure 5.3B,C).
Finally, as two luciferase substrates were available for high throughput screening of luciferase
activity, we compared both substrates and determined that the Promega One-Glo demonstrated
greater dynamic range and signal linearity over time, and thus more suitable for high throughput
screening.

5.2.2. High throughput screening to elucidate modulators of Mcl-1 protein stability
We tested a chemical library consisting of roughly 2000 bioactive molecules in K562 cells
overexpressing Luc-Mcl-1, and discovered 64 compounds which decreased the Luc-Mcl-1 signal by
more than 2.5 standard deviations from the median (Figure 5.4A). We then cherry-picked these 64
hits from the parent library and confirmed that 19 of these compounds demonstrated some degree of
selectivity and dose-dependence in decreasing Luc-Mcl-1 over Luc-Bcl-xL. Among the 19 hits we
managed to recover WP1130 from the screen, and this compound was not tested further. In order to

Figure 5.3 Luc-Mcl-1 and Luc-Bcl-xL tolerate various levels of DMSO and FBS.
A. K562 cells stably expressing Luc-Mcl-1 (top) or Luc-Bcl-xL (bottom) were incubated with the
indicated concentrations of DMSO over 2 hours and luciferase activity was measured.
B-C. K562 cells stably expressing Luc-Mcl-1 or Luc-Bcl-xL were cultured at the indicated FBS
concentrations with 10μg/mL cycloheximide (B, top), 2.5μM maritoclax (B, bottom), or the
indicated concentrations of WP1130 (C) at the indicated concentrations of DMSO for 2 hours.
Data represents normalized Luc-Mcl-1 signal divided by normalized Luc-Bcl-xL signal.
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Figure 5.4 Bioactive molecules that selectively antagonize Luc-Mcl-1.
A. K562 cells stably expressing Luc-Mcl-1 were screened with roughly 2000 bioactive molecules
for their activity on Luc-Mcl-1 after two hours. Dashed line represents 2.5SD away from the
median.
B. Re-sourced hits from primary screen were tested against K562 cells stably expressing Luc-Mcl1 and Luc-Bcl-xL over 2 hours at the indicated concentrations and luciferase activity was
measured. Maritoclax was used as a control.

confirm these compounds, we re-sourced the 18 hits from independent vendors and then confirmed
that seven of these compounds demonstrated meaningful selectivity to selectively down-regulate
Luc-Mcl-1 (Figure 5.4B).
Of these compounds, quizartinib, geldanamycin, niclosamide, and PP121 demonstrated
significant potency and selectivity towards antagonizing Mcl-1. Quizartinib is a FLT3 inhibitor that
demonstrated significant selectivity in antagonizing Luc-Mcl-1. The IC50 of quizartinib towards
FLT3 is 1.6nM and demonstrates cytotoxicity towards FLT3-dependent cancer cells at subnanomolar concentrations.197 However, the IC50 of quizartinib for the antagonism of Luc-Mcl-1 in
this assay was at 17.65μM, suggesting that this selective Mcl-1 down-regulation might be occurring
due to off-target effects. Geldanamycin is an HSP90 inhibitor that also induced selective antagonism
of Luc-Mcl-1, which is in line with previously published results suggesting that Hsp90 inhibition
results in Mcl-1 suppression.198 PP121 is a non-selective receptor tyrosine kinase inhibitor, and
might modulate the post-translational modification of Mcl-1 similar to sorafenib.114,115 Niclosamide
is an oral anthelminthic, and although cytotoxicity towards cancer cells has been reported, its
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Figure 5.5 Chemical structures of pyoluteorin and niclosamide.

mechanism of action is not clear.199 Furthermore, the chemical structure of niclosamide demonstrates
significant similarity to the pharmacophore of pyoluteorin derivatives necessary to antagonize Mcl1, possibly implicating a similar mechanism of action (Figure 5.5).

5.2.3. Structure-activity relationship of salicylamide derivatives
Niclosamide is a salicylamide and in order to determine whether salicylamide-based compounds
are in fact similar to pyoluteorin derivatives such as KS18 in the antagonism of Mcl-1, as well as in
an effort to discover additional selective Mcl-1 antagonists, we performed SAR studies with 21
structural analogues of niclosamide. We observed that a number compounds demonstrated
significantly improved selectivity towards Luc-Mcl-1 antagonism. Notably, N007 and N009
demonstrated significant potency at IC50 of 4.77μM and 6.55μM

for Luc-Mcl-1 respectively,

whereas they were significantly less active against Luc-Bcl-xL (Figure 5.6). Interestingly, these
compounds also demonstrated the greatest structural similarity to KS18, the most potent compound
of the pyoluteorin derivatives in antagonizing Mcl-1 (Figure 5.5).
In order to confirm that these salicylamide derivatives down-regulate endogenous Mcl-1 protein
levels, Raji cells were treated with all of the compounds being studied for SAR. Indeed, we observed
that endogenous Mcl-1 down-regulation correlated with compounds that demonstrated the greatest
selectivity in the luciferase assay (Figure 5.7). Furthermore, none of the compounds were observed
to significantly modulate Bcl-xL expression, further confirming that salicylamide derivatives
selectively down-regulate Mcl-1 protein levels. This data also confirms the robustness of the high
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Figure 5.6 Salicylamide derivatives selectively antagonize Luc-Mcl-1.
K562 cells stably expressing Luc-Mcl-1 or Luc-Bcl-xL were treated with the indicated
concentrations of niclosamide (left), N007 (middle), and N009 (right) for 2 hours prior to
measuring luciferase activity.

throughput reporter assay for elucidating compounds that post-translationally modulate the protein
stability of Mcl-1.
As pyoluteorin derivatives induce the proteasome-dependent degradation of Mcl-1, we also
tested whether salicylamide derivatives, specifically N007, demonstrated a similar mechanism of
action. Indeed, we confirmed that MG132 treatment suppressed the down-regulation of Mcl-1
induced by salicylamide derivatives (Figure 5.8). Furthermore, as Mcl-1 is a substrate of activated
caspases200, we confirmed that the treatment of the pan-caspase inhibitor Z-VAD-FMK did not have
an effect on Mcl-1 down-regulation induced by KS18 or salicylamide derivatives.

5.3. Discussion
Up-regulated Mcl-1 contributes to survival and chemo-resistance in numerous cancers.105,166,172,188 There is an urgent need for selective Mcl-1 antagonists but success has been limited.

Figure 5.7 Salicylamide derivatives down-regulate endogenous Mcl-1 protein levels.
Raji cells were treated with DMSO or the indicated compounds at 5μM for 8 hours prior to
subjecting cells to immunoblot analysis.
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Figure 5.8 Salicylamide derivatives induce proteasome-dependent Mcl-1 down-regulation.
Raji cells were treated with DMSO, 100nM Dinaciclib, or 5μM of the other indicated compounds
and co-treated with vehicle, 10μM MG132, or 20μM Z-VAD-FMK for 8 hours prior to
immunoblot analysis.

Current research efforts into the design of Mcl-1 antagonists have largely focused on BH3 mimicry,
but the translation of in vitro selectivity to Mcl-1-dependent cytotoxicity has been limited.110 This
prompted the investigation of additional therapeutic approaches to antagonize Mcl-1 function. A
number of kinase inhibitors have been described to transcriptionally down-regulate, such as
sorafenib and dinaciclib, but these compounds sometimes demonstrate greater off-target effects or
context-dependent antagonism of Mcl-1.114,115,118,119,201 An allosteric inhibitor of Mcl-1 has been
described, but much remains to be explored about the allosteric inhibition of Mcl-1 for drug
discovery and development.120 Thus the post-transcriptional modulation of Mcl-1 stability presents a
promising but relatively unexplored therapeutic approach in antagonizing Mcl-1, due to its
inherently short protein half-life. Our lab has previously characterized a series of pyrrole compounds
such as maritoclax and KS18 which bind to Mcl-1 and induces its proteasomal degradation.
Thus to uncover additional bioactive molecules which destabilized Mcl-1 post-transcriptionally,
we designed and validated a novel high-throughput assay by fusing luciferase to Mcl-1 or Bcl-xL
(Figure 5.1; Figure 5.2). This assay was robust, as hits from the assay were confirmed to modulate
endogenous Mcl-1 stability (Figure 5.7). The high-throughput screen of roughly 2,000 bioactive
compounds allowed for the identification of several post-transcriptional modulators of Mcl-1, many
of which have been described to modulate Mcl-1 (Figure 5.4). We chose to focus our efforts on the
hit molecule niclosamide, as there was not yet any published observations for selective modulation
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of Mcl-1, as well as due to its structural similarity to pyoluteorin derivatives such as KS18 (Figure
5.5). We thus generated a series of salicylamide derivatives based on niclosamide and characterized
the SAR for Mcl-1 antagonism. We were able to confirm that salicylamide derivatives induced Mcl1 down-regulation in a proteasome-dependent but caspase-independent fashion similar to KS18
(Figure 5.8). Thus, all current data suggest that salicylamide derivatives might behave similarly to
pyoluteorin derivatives, which is in line with the observation that the pharmacophore for Mcl-1
antagonism is highly similar between the two classes of compounds. However, it remains to be
elucidated whether these salicylamide derivatives directly interact with Mcl-1, and whether they
modulate the transcription of Mcl-1. Furthermore, it is highly important to assay whether these
compounds induce Mcl-1-dependent cytotoxicity in order to evaluate their therapeutic potential.
Overall, this study describes the validation of a highly robust high-throughput platform to uncover
post-transcriptional modulators of Mcl-1, and further determined that salicylamide derivatives could
induce the proteasomal degradation of Mcl-1.

5.4. Materials and methods
5.4.1. Compounds, reagents, and plasmids
The following compounds were used in this study: the bioactive compound library (Selleck
#L1700); Niclosamide (Sigma #N3510); Parthenolide (Sigma #P0667); PP121 (Selleck #S2622);
Quizartinib (LKT Labs #Q8139); Geldanamycin (LKT Labs #G1646); Oridonin (LKT Labs
#O6932); Bisacodyl (Sigma #B1390); MG132 (Selleck #S2619); Cycloheximide (Sigma #C7698).
The following antibodies were used: Mcl-1178; Bcl-xL178; β-Actin (Sigma #A5441). All salicylamide
derivatives were ordered from Mcules by structure.
The MSCV-Luc-Mcl-1-Puro and the MSCV-Luc-Bcl-xL-Puro plasmids were constructed by
subcloning Mcl-1 from the pMSCV-Mcl-1-IRES-Bim vector164 or Bcl-xL from the pMSCV-Bcl-xL116

IRES-Bim vector164 into the MSCV-luciferase-IRES-YFP vector (Dr. Gerard Grosveld (St. Jude
Children’s Research Hospital).

5.4.2. Cell lines and transfection
K562 cells (ATCC CCL-243) and Raji cells (ATCC CCL-86) were cultured in IMDM medium
with 10% FBS and 100 units/ml penicillin, 100μg/ml streptomycin, 0.25μg/ml amphotericin B
(Cellgro). To generate K562 cells stably expressing with Luc-Mcl-1 or Luc-Bcl-xL, the plasmids
were calcium transfected to Phoenix-AMPHO (ATCC CRL-3213) cells to generate amphotropic
retroviruses, and then transduced to parental K562 cells by spinoculation. Stable cultures were
obtained by puromycin selection at 2μg/mL. Immunoblotting was done as previously described.164

5.4.3. Luciferase reporter assay for screening
Luciferase assays using K562 Luc-Mcl-1 or K562 Luc-Bcl-xL cell lines were completed as
follows unless otherwise specified: Compounds were seeded at up to 1% DMSO to 384-well white
opaque plates (Corning). K562 cells stably expressing reporters were then seeded in IMDM medium,
2% FBS, and antibiotics (Cellgro) at 10,000 cells/well and incubated at 37°C for 2 hours. Luciferase
substrate (Promega ONE-Glo) was then added to cells and luciferase activity was measured
according to manufacturer recommendations on the BMG ClarioStar.
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CHAPTER 6. SUMMARY AND FUTURE DIRECTIONS

6.1. The role of autophagy in acute myeloid leukemia
6.1.1. Summary
There is an urgent need for new therapeutics and targets in the treatment of AML. The roles of
autophagy in quiescence, metabolism, drug resistance, as well as its contributions to other
malignancies prompted the study of autophagy in AML progression and therapeutic response. To
this end, we used temporally controlled deletion of key autophagy gene Atg5 in a murine model of
MLL-AF9-driven AML to study the role of Atg5-dependent autophagy in AML initiation,
progression, and therapeutic response. Our studies demonstrate that autophagy facilitates the
initiation of AML, but does not significantly contribute to its progression or chemotherapeutic
response. However, autophagy did contribute to the response of certain targeted small molecule
inhibitors such as maritoclax and vorinostat, illustrating the context-dependent role of autophagy in
therapeutic response. During in vitro culture of malignant AML cells, we discover that autophagy
also contributes to the survival of non-progenitor myeloid cells. Overall, these studies uncovered a
role of autophagy in the initiation of murine MLL-AF9-driven AML.

6.1.2. Future directions
AML is a heterogeneous disorder characterized by a number of recurrent genetic aberrations.
Other recent studies have shown that the autophagy might play a significant role in the maintenance
of leukemic stem cells or chemotherapeutic response in murine MLL-ENL-driven AML.89,202 These
studies illustrate that the degree of autophagy addiction in AML is linked to its pathogenesis. As a
growing number of oncogenes have been characterized to facilitate leukemogenesis in this murine
model of AML, it is important to dissect the relationship between autophagy and different
leukemogenic oncogenes. Furthermore, we observed that autophagy demonstrated a protective role
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in the treatment response of vorinostat and maritoclax, but not in response to conventional
chemotherapy. Thus the elucidation of the mechanisms by which autophagy serves a cytoprotective
role against certain targeted agents should facilitate the design of combinatorial treatments against
AML with the currently expanding arsenal of small molecule autophagy modulators.
Numerous experimental models of AML exist, and currently it is hypothesized that the primary
patient AML xenograft model to NSG mice might best represent patient biology and outcomes.
However, currently there is no robust method to genetically manipulate these patient samples, and a
large number of patient samples are required to draw conclusions. However, there might be better
mouse models of AML that are amenable to genetic manipulation. It has been shown that oncogene
dosage in MLL-AF9 driven AML affects its pathogenesis, and the same study suggested that
endogenous levels of MLL-AF9 oncogene expression might better represent human AML
pathogenesis.65 Currently, mouse models of AML exist which express MLL-AF9 closer to
endogenous levels, and even mouse models where a chromosome translocation has been engineered
to express MLL-AF9.65,68,143 Thus, it would be advantageous to cross these animals with mice
expressing CreERT2 and with floxed Atg5 alleles to genetically evaluate the role of autophagy.

6.2. Maritoclax and pyoluteorin derivatives as selective Mcl-1 antagonists
6.2.1. Summary
In an effort to elucidate selective inhibitors of Mcl-1, we characterized a novel bispyrrole
compound marinopyrrole A (maritoclax) as an Mcl-1 antagonist. Maritoclax physically interacts
with Mcl-1 and selectively targets Mcl-1 for proteasome degradation, demonstrating a novel
mechanism of action among Bcl-2 family inhibitors. Furthermore, maritoclax demonstrated selective
cytotoxicity and in vivo efficacy towards Mcl-1-dependent cancer cells. In order to characterize the
SAR for this compound to generate more potent Mcl-1 antagonists, we characterized over 30
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compounds to date and elucidated the key pyoluteorin pharmacophore that is necessary for Mcl-1
down-regulation. These compounds similarly demonstrate selective cytotoxicity and in vivo efficacy
towards Mcl-1-dependent cancers. Overall, we have characterized a series of compounds with a
pyoluteorin motif that antagonize Mcl-1 to induce cytotoxicity in Mcl-1-dependent cancers with
potential for treatment in AML.

6.2.2. Future directions
While NMR studies have clearly shown that maritoclax and pyoluteorin derivatives such as
KS18 directly interact with the Mcl-1 protein, there is currently a lack of information about the
nature and specificity of this reaction. Thus the full elucidation on the interaction between Mcl-1 and
maritoclax would greatly facilitate the future drug design of this compound. However, whereas BH3
mimetics stabilize Mcl-1110, the fact that maritoclax induces the proteasomal degradation of Mcl-1
suggests that it is interacting in an allosteric manner. Fortunately, numerous techniques now exist to
confirm the drug-protein interaction. X-ray crystallography and isothermal titration calorimetry
(ITC) directly assess the binding parameters between Mcl-1 and maritoclax. The generation of
soluble recombinant Mcl-1 for X-ray crystallography or ITC requires the removal of large portions
of both the n-terminal and c-terminal domains, and thus these two assays may not be able to assess
maritoclax binding if it interacts either of these domains not present on recombinant Mcl-1. Thus, to
assess the binding of maritoclax to full-length Mcl-1, it might be important to generate recombinant
Mcl-1 from eukaryotic systems such as through insect or mammalian cultures. Another approach
might be to use drug-protein binding assay such as pulse proteolysis or thermal stability, with the
advantage that they can be performed in complex cell lysates.203,204
The therapeutic window for maritoclax and pyoluteorin derivatives is narrow. For instance,
where the LD50 of maritoclax by IP injection is 25mg/kg, the dose treated to demonstrate in vivo
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efficacy is 20mg/kg.140 A similar case is observed for KS18.193 Thus the toxic effects of these Mcl-1
antagonists limits the potential of these compounds in development as therapeutics for Mcl-1dependent cancers. It is important to determine if certain toxic effects are on-target due to Mcl-1
down-regulation. We have generated preliminary data suggesting that maritoclax or pyoluteorin
derivatives do not significantly suppress hematopoiesis or affect cardiac histology. A more
comprehensive study on the effects of Mcl-1 down-regulation in a physiological context might be
needed. Maritoclax has also been reported to demonstrate Mcl-1-independent cytotoxicity linked to
antagonizing mitochondrial respiration.119 Thus it would be highly desirable to circumvent these
toxic effects through chemistry by gaining additional information on the non-Mcl-1 targets of
maritoclax. The previously mentioned unbiased protein-ligand interaction assay through pulse
proteolysis203 should facilitate the identification of direct binding partners of maritoclax. The
additional characterization on the toxic effects of maritoclax should further confirm its potential for
development as a therapeutic, and should provide additional insight towards the design of safer and
more efficacious compounds.

6.3. Salicylamide derivatives
6.3.1. Summary
The post-transcriptional control of Mcl-1 stability is a promising venue for targeting Mcl-1dependent cancers that remains relatively unexplored. To discover novel antagonists of Mcl-1 that
modulate its post-transcriptional stability, we designed and validated a high-throughput assay based
on the stable expression Mcl-1 or Bcl-xL fused with luciferase in K562 cells. In a bioactive library
screen, we discovered a number of molecular hits that demonstrate selectivity towards downregulating Mcl-1, among which is niclosamide, a compound for which a mechanism of action
towards Mcl-1 down-regulation is unknown. We performed detailed SAR studies and confirmed that
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a number of salicylamide derivatives based on niclosamide selectively potently antagonize Mcl-1
protein stability. Thus salicylamide derivatives demonstrate the potential to be developed as a
selective Mcl-1 small molecule inhibitor.

6.3.2. Future directions
We have confirmed that salicylamide derivatives induced the proteasome-dependent and
caspase-independent down-regulation of Mcl-1. Current efforts are underway to determine whether
salicylamide derivatives modulate the transcription of key Bcl-2 family proteins such as Mcl-1 and
Noxa, as the up-regulation of Noxa might lead to Mcl-1 down-regulation.102 It is still necessary
confirm whether salicylamide derivatives induce the down-regulation of Mcl-1 protein selectively.
To accomplish this, it would be necessary to determine whether salicylamide derivatives nonspecifically modulate the ubiquitin-proteasome degradation pathway, by looking at the half-lives of
other short-lived proteins. Additionally, whether these salicylamide derivatives modulate the activity
of known deubiquitinases and ubiquitin ligases of Mcl-1 should be determined. As maritoclax has
previously been shown to demonstrate off-target effects119, it might be worthwhile to characterize
the off-target effects of salicylamide derivatives, given that they bear structural similarities to
pyoluteorin derivatives.
Mitochondrial priming is a circumstance where cells up-regulate both pro- and anti-apoptotic
members of Bcl-2 family proteins so that they are “primed” for death. As such, any stimulus that
shifts the homeostasis of the Bcl-2 family to the pro-apoptotic side commits the cell to apoptosis. A
number of cell lines have now been engineered to be primed on specific Bcl-2 family proteins to test
the selectivity of Bcl-2 family small molecule antagonists.111,112 Previously, maritoclax and
pyoluteorin derivatives such as KS18 have been shown to potently induce apoptosis in cells primed
for Mcl-1.164,193 It is thus important to confirm that salicylamide derivatives induce Mcl-1-dependent
122

apoptosis in mitochondrial primed models in order to validate its mechanism as a selective Mcl-1
antagonist.
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