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Abstract

Cancer is a heterogeneous group of diseases defined by distinct capabilities,
including resistance to programmed cell death, or apoptosis. The Bcl-2 protein family
governs the integrity of the mitochondria, which acts as a central nexus of the apoptotic
cascade and is commonly dysregulated in cancers. The Bcl-2 protein family consists of
a delicate balance of pro- and anti- apoptotic members that interact with one another via
a selective network of protein-protein interactions. In many cancers, the anti-apoptotic
proteins (Bcl-2, Bcl-xL, Mcl-1, and Bfl-1) are overexpressed and contribute to
aggressive malignancy and therapeutic resistance. Selective small molecule inhibitors
of these proteins (BH3 mimetics) are therapeutic modalities with promise in diverse
cancers. Potent inhibitors of Bcl-2, Bcl-xL, and Mcl-1 are being clinically evaluated, but
small molecule Bfl-1 inhibitors have remained elusive.

In this body of work, we utilized and developed selective chemical tools to probe
the Bcl-2 proteins in a wide spectrum of cancers. Using BH3 profiling we revealed
distinct functional pro-survival trends in various hematologic malignancies. These
findings were highlighted by the preferential survival dependence in lymphoma based
on cell of origin, where B-cell and T-cell lymphomas predominantly display sole
dependence on Bcl-2 and Mcl-1, respectively. These functional discoveries were
accompanied by selective sensitivities to the respective BH3 mimetics. The translational

relevance of these findings was substantiated by testing primary patient samples. In a

XV



genetically diverse panel of solid tumor cell lines we discovered profound sensitivity to a
combination of Bcl-xL and Mcl-1 inhibitors, with some responding to single agent BH3
mimetic treatment. Functional analysis of Bcl-2 family proteins in ovarian cancer
identified a highly Mcl-1 dependent patient derived xenograft cell line. In melanoma we
discovered that BRAF/MEK inhibitors selectively prime cells for Mcl-1 dependence and
led to increased sensitivity to Mcl-1 inhibitors, especially in the context of acquired
resistance. Additionally, we explored the role of Bfl-1 in melanoma, which is the cancer
where it is most abundantly expressed and highlight an unmet need to develop Bfl-1
inhibitors.

We undertook medicinal chemistry efforts to discover first-in-class small molecule
dual inhibitors of the Mcl-1 and Bfl-1 proteins. Building from our previous work on Mcl-1
inhibitors, we designed and developed a class of 2,5-substituted benzoic acid
compounds selective for both Mcl-1 and Bfl-1. The most potent inhibitor in this series,
compound 24, displayed equipotent binding (Ki = 100 nM) to both Mcl-1 and Bfl-1, with
200-fold selectivity over Bcl-2 and Bcl-xL. Compound 24 selectively disrupts protein-
protein interactions between endogenous Mcl-1/Bfl-1 and pro-apoptotic peptides and
selectively kills model Eu-Myc lymphoma cell lines that depend on Mcl-1 and Bfl-1 for
survival.

From optimizing functional diagnostic strategies, to the development of novel
small molecule inhibitors, we have outlined a body of work that contributes to the
therapeutic targeting of the Bcl-2 protein family. These findings highlight the use of
chemical biology to interrogate various cancers with the translational goal of improving

patient outcomes in a precision manner.
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Chapter 1

The Bcl-2 Protein Family and BH3 Mimetics in Cancer

1.1 Precision medicine in oncology

Cancer is defined by the uncontrolled growth and invasion of abnormal cells and
opposed to being classified as a single disease, cancer is a broad description of over
100 different neoplastic diseases that originate from various cell types from different
organs in the body.! Cancer cells are genetically modified normal cells that possess
aberrant protein machinery in the form of oncogenes and tumor suppressors.? Even
cancers that arise from the same originator cell type can be genetically distinct from
patient to patient and therefore respond differently to the same therapeutics.® Traditional
therapeutic approaches in oncology consisted of treating patients of the same cancer
type with the same drug, but the high heterogeneity within cancer subtypes requires a
personalized or precision medicine approach to effectively treat an individual patient.4-°
In order to determine the appropriate therapeutic, a physician must first understand the
genetic drivers of a specific patient’s tumor cells, which requires intricate diagnostic
methods.” What is becoming more important in precision medicine practice is the use of
functional diagnostics to better identify actionable biomarkers.®°® Genomic, functional,
and real world® data need to be analyzed before the appropriate drug can be
administered (Figure 1.1). The foundation of this precision strategy comes from basic

science discoveries, including those summarized into several well defined hallmarks of
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cancer that work together to promote malignancy.'! One prominent hallmark of cancer
is resistance to cell death or apoptosis, which has been a hot area for therapeutic

discovery over the past two decades.?

Same Cancer

Sub-type

Patients with
‘ Drug A

Treatmenf

assigned based

Q Q QO on personalized
@@@ el
Integrated with:

| Functional Diagnostics [

—ae OI__DOl:!. @)

Figure 1.1 Cancer precision medicine strategy

1.2 The Bcl-2 protein family regulates intrinsic apoptosis

Apoptosis is one form of programmed, or genetically determined, cell death and
is a tightly regulated physiological process that involves the self-destruction of cells
which are no longer needed by an organism.® An important feature of apoptosis is that
it is a non-inflammatory process, meaning apoptotic cells do not release their cellular
contents, they are quickly phagocytosed, and anti-inflammatory cytokines are not
produced by engulfing cells.'* Apoptosis can either be initiated by cell surface receptors
and external ligands (extrinsic) or by mitochondrial sensed signals (intrinsic). The
mitochondria acts as a central nexus of intrinsic apoptotic signaling and the fate of a cell

relies the constitution of its membrane, which is governed by the B-cell lymphoma-2



(Bcl-2) protein family (Figure 1.2).1516 Control of intrinsic apoptosis by the Bcl-2 protein
family plays a vital role in cellular development and homeostasis, specifically in early
embryogenesis, nervous system development, and hematopoiesis.'’ In addition to the
various physiological roles Bcl-2 proteins play by regulating apoptosis, they also have
many non-apoptotic functions. Briefly, these functions range from regulating the
morphology and metabolism of the mitochondria, endoplasmic reticulum related
processes such as the unfolded protein response and calcium regulation, cell cycle and

DNA damage responses within the nucleus, and whole-cell metabolism.8

A) Bcl-2 Protein Family
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Hrk, Noxa, Bmf, Bik

Figure 1.2 The Bcl-2 protein family

A) Intrinsic apoptosis pathway and binding selectivity of pro- and anti- apoptotic family members. B)
Structural homology of Bcl-2 proteins. C) Sequence homology of the BH3-only proteins, indicating the
conserved hydrophobic (h1-4) and the hydrogen bond forming Asp residues.



The Bcl-2 protein family consists of two main groups, the anti- and pro- apoptotic
proteins, which coexist in a delicate balance and interact with one another via a network
of protein-protein interactions (PPIs) (Figure 1.2A). The anti-apoptotic proteins include
Bcl-2, Bcl-xL, Mcl-1, Bfl-1/A1, and Bcl-w. The pro-apoptotic proteins are grouped by
their structure and function into the BH3-only proteins (Bim, tBid, Puma, Bad, Hrk, and
Noxa,) which contain only the alpha helical BH3 ligand domain and multidomain effector
(Bak and Bax) proteins.’® These proteins all share at least one of the four Bcl-2
homology (BH) domains, which are distinct structural motifs composed of several alpha
helices, along with a transmembrane (TM) domain that allows embedment into the
mitochondria (Figure 1.2B).2° The effector and anti-apoptotic proteins are classified as
multi-domain, as they contain BH domains 1-4. The cluster of alpha-helices that make
up the BH1-3 domains form the BH3 binding groove, which is the PPI site that allows
the binding of the alpha helical BH3 ligand domain. The PPIs between BH3-only and
anti-apoptotic proteins are supported by several conserved hydrophobic residues (h1-4)
and a hydrogen bond forming Asp (Figure 1.2C). A key feature of the PPIs between pro-
and anti- apoptotic proteins is the differential binding selectivity they have for one
another (Figure 1.2A). For instance, some BH3-only proteins act as pan inhibitors,
which bind and inhibit all the anti-apoptotic proteins, as in the case of Bim, Puma, and
tBid. Other BH3-only proteins only engage subsets of the anti-apoptotic proteins, like
Bad and Noxa, for example, that selectively bind either Bcl-2/Bcl-xL/Bcl-w or Mcl-1/Bfl-
1, respectively. In addition, Hrk is selective for Bcl-xL and does not inhibit the other anti-

apoptotic proteins.?!



Intrinsic apoptosis is initiated by cellular stress signals such as hypoxia, growth
factor withdrawal, DNA damage, drug treatments, etc., which trigger transcription
factors like p53 to induce the expression of BH3-only pro-apoptotic proteins, allowing for
the Bcl-2 protein family balance to tip towards death. This BH3-only protein increase
activates the irreversible apoptotic switch of mitochondrial outer membrane
permeabilization (MOMP) induced by the effector proteins, Bak and Bax which form
holes in the mitochondria.*® There have been two models to explain the mechanism of
Bak and Bax induced MOMP, the direct and indirect activation models.*®?223 |n the
direct activation model, certain BH3-only proteins known as activators (Bim and tBid)
are capable of directly binding to Bak and Bax and triggering the conformational change
necessary to promote pore forming oligomers that induce MOMP. The indirect model
involves the PPI disruption of anti-apoptotic proteins that have locked up and prevented
Bak and Bax from activating, once free, Bak/Bax oligomers can form and carry out
MOMP.2° The more likely scenario is that both the direct and indirect models apply and
form the unified model, which takes into account both mechanisms operating together.
After MOMP has commenced, mitochondrial proteins, such as cytochrome-c and
Smac/Diablo, are released into the cytosol and interact with the apoptogenic protein
APAF-1, which aids in the formation of the apoptosome.?* The apoptosome unit is then
able to initiate the caspase cascade, starting with the activation of caspase-9, then the
executioner caspases 3 and 7, which carry out the ultimate steps in apoptosis of DNA
fragmentation and degradation of cytoskeletal proteins.?®> Along with the important role
the Bcl-2 family plays in normal physiological apoptosis, these proteins are commonly

aberrant in a variety of diseases. Various neurodegenerative and hematologic diseases



are the result of Bcl-2 protein levels being skewed in a manner that favors an increase
in apoptotic signaling.?® On the converse, upregulated anti-apoptotic proteins impede

apoptosis and contribute to diseases such as cancer.?’

1.3 Bcl-2 proteins are therapeutic targets in cancer

Resistance to cell death is a bona fide hallmark of cancer and cells
advantageously hijack Bcl-2 family apoptotic machinery to promote malignancy and
therapeutic resistance.!! Various genetic abnormalities in cancer cells contribute to anti-
apoptotic protein overexpression, including chromosomal translocations and
constitutively activated upstream promotors.?” The founding member of the Bcl-2 protein
family, Bcl-2 itself, was first discovered in B-cell lymphoma where it was shown to
promote cancer progression.?® The homologous Bcl-xL protein also has a prominent
role in promoting aggressive malignancy, particularly in solid tumors, and has been
specifically shown to promote cancer cell stemness in RAS driven tumors.?°30
Meanwhile, Mcl-1 is one of the top 10 most common genetic aberrations across a wide
spectrum of cancers and is a notorious resistance factor to many chemo and targeted
therapies.332 Clinically relevant biological discoveries regarding the role of Bfl-1 in
cancer have further promoted its status as an additional therapeutic target, especially in
cancers like melanoma and lymphoma.3® All of these examples highlight the need to
develop a selective quiver of anti-apoptotic inhibitors that can be used clinically to
combat a variety of cancers. The therapeutic value in targeting the Bcl-2 anti-apoptotic
proteins has been long sought after as the biological data continues to support their role

as cell death suppressors in cancer.



The variable selectivity of endogenous BH3-only proteins to their anti-apoptotic
binding partners (Figure 1.2A) highlights possible benefits of inhibiting certain anti-
apoptotic proteins over the others in particular circumstances. The fact that nature has
conceived a method to selectively antagonize specific anti-apoptotic proteins highlights
the therapeutic potential of developing selective inhibitors and provides rationale for the
biological relevance of doing so.3* Additionally, the structural basis of BH3-only protein

specificity provides a template for small molecule discovery and design.

1.4 Drugging the Bcl-2 proteins with BH3 mimetics

In the past, PPIs were considered undruggable, but new advances in developing
small molecules that effectively inhibit these proteins have broken previously conceived
limits. The main challenges in developing PPI inhibitors come from the large
hydrophobic surface area without well-defined pockets on these PPI interfaces (Figure
1.3A), unlike what is faced with kinase inhibitors that have well defined ligand binding
sites.®® Structural information from nuclear magnetic resonance (NMR) and x-ray
crystallography were vital for the mapping of PPl hotspots and defining key anchoring
interactions with conserved residues (Figure 1.2C) that has helped focus drug design.3¢
Strategies utilizing in silico, peptidomimetic, and fragment-based screens and designs
have aided in the discovery of novel PPI inhibitor scaffolds. The development of small
molecule inhibitors targeting the anti-apoptotic proteins of the Bcl-2 family has been
accelerating at an exciting pace over recent years.3’ This class of inhibitors have been
appropriately coined as BH3 mimetics, named for their mimicry of BH3-only protein

binding into the BH3 binding groove of the anti-apoptotic proteins.®® Analyzing the



interactions between BH3-only and anti-apoptotic proteins provides information on
crucial interactions that drive ligand affinity. The BH3 binding groove is composed of
several hydrophobic pockets (pl1-4), that are defined by conserved interactions of the
BH3-only peptides like Bim, which also forms an anchoring hydrogen bond that occurs
between its conserved Asp residue and the Arg of the anti-apoptotic protein (Figure
1.3B).2® Mimicking these hydrophobic interactions and the Arg hydrogen bond with
chemical functionalities that span the most important areas of the BH3 binding groove
can effectively disrupt endogenous PPlIs, as seen with the Mcl-1 selective BH3 mimetic,
S63845, which represents the strategy employed by inhibitors of the other anti-apoptotic

proteins (Figure 1.3C).%’

Apo Mcl-1 Bim:Mcl-1 $63845:Mcl-1

Figure 1.3 BH3 binding site of anti-apoptotic proteins

A) Apo Mcl-1 crystal structure (PDB: 4WMS), with Arg263 in blue and the BH3 binding groove
highlighted in orange, as a representation of all the anti-apoptotic proteins. B) Crystal structure of the
Bim:Mcl-1 complex (PDB: 2NL9). Key hydrophobic interactions of Bim residues (red) that define the
pockets p1-p4. Hydrogen bond depicted between Arg263 of Mcl-1 and conserved Asp67 on Bim. C) Co-
crystal structure of Mcl-1 and the Mcl-1 selective BH3 mimetic, S63845.

1.5 Development of pan and Bcl-2/Bcl-xL dual and selective inhibitors
Natural products have historically played an important role in discovering new

therapeutics*® and the discovery of the natural gossypol molecule from cotton seed oil



was a vital step in the field of BH3 mimetics. Gossypol was identified as a pan Bcl-2
family inhibitor** and through structure activity relationship (SAR) studies was
developed into various analogues, such as AT-101 and TW-37, which displayed efficacy
in several types of cancer (Figure 1.4).24% Additionally, obatoclax (Figure 1.4) is
another pan-Bcl-2 family inhibitor that was independently discovered through high
throughput screening (HTS) and was clinically evaluated for treating various oncological
diseases, however off-target toxicities have limited its success, necessitating more

rationally designed selective Bcl-2 protein inhibitors.44—6
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Abbott Laboratories (now Abbvie) utilized the “SAR by NMR” method*’ to
discover and develop new scaffolds as potent BH3 mimetics. ABT-737 (Figure 1.4), a
Bad mimetic that selectively inhibits Bcl-2, Bcl-xL, and Bcl-w, was developed by
fragment-based design which consisted of linking two fragments that bind in the p2 and
p4 pockets of these proteins, resulting in a potent PPI inhibitor.#® This molecule
displayed potent efficacy in various cancer models, including solid tumor in vivo
xenografts. An important and challenging balance to maintain during the development of
BH3 mimetics is between retaining sufficient hydrophobicity required for high affinity and
efficient drug-like physicochemical properties. To this point, ABT-263 (Figure 1.4) was
developed which maintains potent Bad-like binding selectivity but with an improved
pharmacokinetic (PK) profile, including oral bioavailability, which made it suitable for
evaluation in clinical trials (Figure 1.4).%° Although ABT-263 displayed efficacy in many
Bcl-2 and Bcl-xL dependent cancers, it induced on-target dose-limiting
thrombocytopenia from the inhibition of Bcl-xL in platelet cells.>® To eliminate these
toxicity concerns, Abbvie focused on developing selective Bcl-2 inhibitors, leading to
ABT-199 (venetoclax) which possess a similar chemical scaffold as ABT-737 and ABT-
263 (Figure 1.4).22 ABT-199 was a first in-class orally bioavailable selective Bcl-2
inhibitor that produced outstanding clinical results in 17p deleted chronic lymphocytic
leukemia, leading to its initial FDA approval in 2016 and is currently being evaluated in
numerous clinical trials for various indications as a single agent and in combination
regimens.?* Aside from the on-target toxicity concerns of Bcl-xL, it remains an important
therapeutic target, especially in solid tumors, therefore development of selective Bcl-xL

inhibitors remains an attractive approach. An academic group from the Walter and Eliza
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Hall Institute developed a potent and selective Bcl-xL inhibitor, WEHI-539, and later
worked with Abbvie to optimize additional inhibitors of Bcl-xL, including A-1155463 and
the orally bioavailable analogue A-1331852, which displayed robust in vivo efficacy in
tumor xenograft models (Figure 1.4).53-%% Along with these marquee Bcl-2 and/or Bcl-xL
inhibitors are compounds of similar potency developed by Servier®® and the Wang
laboratory at the University of Michigan®’:%8. These early successes and lessons learned
in developing BH3 mimetics targeting Bcl-2 and Bcl-xL paved the path of drugging the

Bcl-2 family and uncovered the need for selective Mcl-1 and Bfl-1 inhibitors.

1.6 Acquired resistance to Bcl-2/Bcl-xL inhibitors

Cancer cells eventually develop acquired resistance mechanisms in response to
prolonged treatment to targeted therapies and BH3 mimetics are no exception.>® There
are several ways cancer cells can become resistant in order to circumvent the activity of
targeted drugs, including binding site mutations, as seen in many kinases,® as well as
upregulation of compensatory proteins and pathways.®* Data of prolonged clinical
treatment with venetoclax is sparing, but a novel mutation (G101V) in Bcl-2, which
induced a conformational change in the BH3 binding site, was identified in CLL patients
receiving venetoclax treatment, which led to its reduced binding affinity and correlated
with disease progression.®? Additional Bcl-2 binding site mutations were identified in this
study using lymphoma mouse models treated with venetoclax, none of which
significantly impacted the binding affinities of the BH3-only proteins. These important
findings and structural information will be important to fuel the development of

venetoclax analogues that can be administered to patients when these mutations are
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identified, similar to the strategy used with kinase inhibitors in chronic myelogenous
leukemia.®?

There have been numerous studies that highlight the role of the uninhibited anti-
apoptotic proteins which are upregulated in response to prolonged venetoclax, ABT-
737, and ABT-263 treatment, particularly Mcl-1 and Bfl-1. Treatment of initially sensitive
B-cell lymphoma cells with ABT-737 led to a dynamic increase in both Mcl-1 and Bfl-1
protein levels, which conferred resistance to ABT-737.%4 In addition to increased Mcl-1
protein abundance, Mcl-1 phosphorylation and stabilization was identified in leukemia
cells in response to ABT-737.%5 With respect to venetoclax, Mcl-1, Bfl-1, and Bcl-xL
upregulation have all been shown to play a role in acquired resistance of non-Hodgkin
lymphoma cell lines.®%67 Both on the protein and functional levels, Mcl-1 is increased in
response to short term venetoclax treatment in AML.58 Expression of Bfl-1 was identified
as a biomarker of venetoclax resistance in a large genetic study of AML patient samples
and was shown to promote resistance.®® These reports of resistance to Bcl-2/Bcl-xL
targeting BH3 mimetics further highlight the need to develop small molecule inhibitors of
all the anti-apoptotic proteins, especially Mcl-1 and Bfl-1, to combat resistance

mechanisms.

1.7 Development of selective Mcl-1 inhibitors

The need for selective Mcl-1 inhibitors emerged from the observance of Mcl-1 as
a prominent resistance factor to other BH3 mimetics, as well as to many targeted,
chemo-, and radio- therapies.”® To address this need, numerous groups spanning

academia and industry undertook focused efforts to develop selective Mcl-1 inhibitors
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with a variety of approaches. Early fluorescence polarization (FP) based HTS
campaigns by academic groups vyielded important tool compounds such as the
hydroxynaphthalen-arylsulfonamide series, including UMI-77 (Figure 1.5) developed by
the Nikolovska-Coleska group’, and MIM1, with thiazolyl core, discovered from
Walensky group. UMI-77 selectively inhibits Mcl-1 with a binding constant (Ki) value of
490 nM, with in vitro and in vivo efficacy in pancreatic cancer models.”? Utilizing a
similar fragment-based NMR screening approach used to discover venetoclax, Abbive
was able to develop the first selective sub-nanomolar Mcl-1 inhibitor, A-1210477 (Figure
1.5).”® Possessing a 2-carboxyindole core with a tethered hydrophobic moiety from the
3-position to access the p4 pocket and a 4-piperazinylphenoxy linker to accommodate
the p4 pocket, A-1210477 inhibits Mcl-1 with a Ki of 450 pM. Although the biological
efficacy of A-1210477 was not as robust as its binding affinity would suggest, it served
as an important pharmacological tool to potently inhibit Mcl-1.7* A series of reports by
the Fesik group from Vanderbilt University culminated in the highly potent and
biologically efficacious Mcl-1 inhibitor, VU661013 (Figure 1.5).687576 Starting with a
fragment screen, two fragments were merged to form a starting compound highly similar
to the A-1210477 core 2-carboxyindole.” Through rigorous medicinal chemistry efforts,
additional fragments were screened and linked to accommodate the p4 pocket, along
with conformational restriction to form a tricyclic indole core.”® Through optimization of
hydrophobic interactions and adding another hydrogen bond with Asn260 of Mcl-1,
VU661013 became the lead compound with a highly potent Mcl-1 Ki of 97 pM and

robust biological activity in cancers such as acute myeloid leukemia.®®
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Figure 1.5 Structures of reported Mcl-1 selective inhibitors

The most noteworthy achievements in the efforts of Mcl-1 inhibitor development
have come from several compounds that have entered phase | clinical trials for
evaluation of safety, PK, pharmacodynamics, and efficacy in a variety of hematologic

malignancies (Table 1.1).
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Table 1.1 Mcl-1 inhibitors in phase | clinical trials

Mcl-1 Inhibitor Company Indications CI|n|caI_Tr_|aIs.org
sponsor(s) Identifier(s)
MM
. AML NCT02992483
56(‘;?35:2’”1*(56)65 ,\?:J;'rflrs DLBCL NCT02979366
' MDS NCT03672695
Lymphoma
NHL
Richter
Syndrome
CLL
(Qzﬂigfé) AstraZeneca | SLL NCT03218683
9 ' T-cell Lymphoma
MM
AML
ALL
MM
AMG176 Amaen AML NCT02675452
(Figure 1.5) 9 NHL NCTO03797261
DLBCL
AMG397 Xll\'\/fL
(structure not Amgen NHL NCT03465540
disclosed) DLBCL
ABBV-467
(structure not Abbvie MM NCT04178902
disclosed)

MM=multiple myeloma, AML=acute myeloid leukemia, DLBCL=diffuse large B-cell lymphoma,
MDS=myelodysplastic syndrome, NHL=non-Hodkin lymphoma, CLL=chronic lymphocytic leukemia,
SLL=small lymphocytic leukemia, ALL=acute lymphocytic leukemia

A thienopyrimidine based Mcl-1 inhibitor was discovered by fragment screening
and was developed by industry groups at Servier and Vernalis.”” The published lead
compound from this series, S63845, was the first reported selective Mcl-1 inhibitor with
robust in vivo efficacy and showed activity in a wide range of cancer types by inhibiting
Mcl-1 with a Kq of 190 pM."® Its closely related analogue S64315/MIK665 (Figure 1.5) is

currently in phase | clinical trials as a single agent and in combination with the Bcl-2
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inhibitor, venetoclax. Macrocyclic chemical compounds have also proven to produce
potent Mcl-1 inhibitors, as with AZD5991 (Figure 1.5) developed by AstraZeneca.’®
AZD5991 was developed based on the analysis of co-crystal structures of intermediate
compounds published from Abbvie’'s Mcl-1 inhibitor development program. Through
cyclizing one of these 2-carboxyindole compounds and SAR investigations, AZD5991
was developed as a clinical candidate. AZD5991 inhibits Mcl-1 with a Kad of 170 pM and
displays potent efficacy in hematologic malignancies, as well as solid tumors such as
melanoma in combination with MAPK inhibitors.8%81 Another clinical stage macrocyclic
compound is AMG176 (Figure 1.5) developed by Amgen based on an acylsulfonamide
core structure.®2 AMG176 was originally discovered through a large-scale time-resolved
fluorescence resonance energy transfer (TR-FRET) based HTS and was optimized
using structure-based design driven by conformational restriction and intricate
synthesis. AMG176 selectively inhibits Mcl-1 with a Ki of 60 pM and is capable of
inducing rapid tumor regression in hematologic cancer xenograft models with a single
oral dose. Amgen also reported activity of AMG176 in combination with MEK inhibitors
in KRas driven non-small cell lung cancer models.83 AMG176 is currently being
evaluated as a single agent by intravenous dosing (despite its oral bioavailability) and in
combination with venetoclax in phase | clinical trials. Additional compounds with
undisclosed structures and pre-clinical data that are also in phase | clinical trials are
AMG397 from Amgen and ABBV-467 sponsored by Abbvie. Initial efficacy and toxicity
data from these clinical trials are highly anticipated by those in the field of targeting the
Bcl-2 protein family, especially considering genetic studies that allude to potential

cardiotoxicity from Mcl-1 deletion. Additionally, learning about Mcl-1 inhibitor resistance
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factors will be important, especially if other anti-apoptotic proteins are up-regulated to

compensate.

1.8 Unmet need for Bfl-1 inhibitors

There is still a need to effectively target Bfl-1 with drug-like molecules, as it
continues to emerge as an important therapeutic target, especially in regard to acquired
resistance.33.6469.84-87 The most potent selective inhibitors remain peptides that were
discovered through mutational studies or hydrocarbon stapled derivatives of the natural
BH3-only peptide sequences.®8°! Bfl-1 is unique in that it is the only anti-apoptotic
protein that contains a Cys residue (C55) in its BH3 binding groove, allowing the
possibility of developing covalent inhibitors. There have been several reports of covalent
peptide inhibitors of Bfl-1 that have shown some on-target effect in cell-based
studies.®88° There is one reported small molecule N-acetyltryptophan analogue that
covalently binds Bfl-1 through disulfide tethering to C55 and induces on-target intrinsic
apoptosis.®? Our research group and others, using biochemical screening assays, have
identified hit small molecule inhibitors of Bfl-1.93%4 A recent study identified bicyclic
stapled peptides as dual Mcl-1/Bfl-1 inhibitors with cellular activity and demonstrated an
opportunity to develop Noxa-mimetic type inhibitors.®> However, there is still a need for
a small molecule with high enough affinity to elicit a robust on-target cellular response
as seen with other successful BH3 mimetics. A potent and selective Bfl-1 BH3 mimetic
is the missing piece to complete the panel of Bcl-2 family antagonists, which then raises
the next translational challenge of identifying effective means to guide the application of

these therapeutics to the right patient populations.
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1.9 BH3 profiling: a functional assay to determine survival dependence

Cell priming is a term used to define a cell's propensity to commit to apoptosis.
When a cell is primed for apoptosis, it contains high levels of both pro- and anti-
apoptotic proteins that are in a primed state in the form of PPl complexes that would
readily trigger the intrinsic apoptotic pathway if a pro-apoptotic stimulus was applied,
like chemotherapy or direct BH3 mimetic treatments.®® Cancer cells usually exist in a
highly primed state due to aberrant Bcl-2 protein family expression, while cells in normal
tissues usually contain low amounts of these proteins and are not primed for apoptosis,
with the exception of some hematopoietic cells and others with high turnover rates.®’
Additionally, cells can be primed for dependence on an individual anti-apoptotic protein,
such as Bcl-2, Bcl-xL, or Mcl-1. Identifying which anti-apoptotic protein specific cancer
cells rely on for survival dependence will help with the selection of BH3 mimetics that
would produce apoptotic response.

BH3 profiling is a functional assay designed to detect survival dependence in
individual cancer samples and is capable of effectively predicting response to selective
BH3 mimetics.?8%° Originally developed by the Letai laboratory at the Dana-Farber
Cancer Institute, BH3 profiling utilizes the natural selective binding profiles of the BH3-
only proteins (Figure 1.2A) to individually antagonize the anti-apoptotic proteins which
then elicits a functional response in the form of mitochondrial depolarization or
cytochrome-c release from the mitochondria (Figure 1.6).1%° When one of the BH3-only
peptides evokes a downstream effect, the functional survival dependence is attributed

to its anti-apoptotic binding partner. The promiscuous peptides, Bim and Pima, are
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capable of gauging overall baseline apoptotic priming of cells, which has been an
effective strategy to determine apoptotic priming and predict the response to
chemotherapy and BH3 mimetics in leukemia.'9-194 The clinical utility of BH3 profiling
has been substantiated in clinical trials to identify functional biomarkers of venetoclax
response in acute myeloid leukemia.'% It has also been a useful tool to parse the high
heterogeneity of survival dependence in solid tumors, including breast,'%¢ thryroid,%7

colon,%8 and esophageal'®® cancers.
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Figure 1.6 BH3 profiling workflow

Dynamic BH3 profiling is an adaptation of this functional technique that monitors
the modulation of survival dependence induced by drug treatments.!® Many
chemotherapeutics and molecular targeted drugs induce apoptosis in cancer cells
through the intrinsic pathway and dynamic BH3 profiling is capable of predicting which
drugs will achieve the greatest response in a specific cancer.'! This tool is extremely
valuable as it provides functional insight into the best drugs to employ before
administering to a patient and can increase the success of clinical outcomes, especially
in difficult to treat solid tumors.''? Along with identifying specific drugs with the greatest

ability to elicit apoptosis, dynamic profiling can also be used to determine if certain
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drugs induce survival dependence on individual ant-apoptotic proteins and can
therefore be used to design rational combination regimens with BH3 mimetics. Two
interesting example of this comes from studies where statins!'® and Bruton’s tyrosine
kinase inhibitors'** were found to increase Bcl-2 dependence and sensitivity to
venetoclax. Overall, the application of BH3 profiling both in the baseline and dynamic
setting serves as a valuable tool that can guide the use of BH3 mimetics along with

chemotherapy and other targeted agents in the clinic to improve cancer treatments.

1.10 Conclusions and research aims

The field of Bcl-2 protein family targeting for cancer treatment has rapidly
progressed over the past decade and continues to provide viable new treatment options
for patients with aggressive malignancies. The goal of drugging the Bcl-2 protein family
is being realized with an FDA approved Bcl-2 inhibitor and promising Bcl-xL and Mcl-1
inhibitors under clinical trial evaluation, while progress on Bfl-1 inhibitors has been slow
but progressing. The broad heterogeneity of survival dependence on the anti-apoptotic
proteins necessitated introducing functional methods and identifying biomarkers that
can guide the use of BH3 mimetics as single agents and in combination treatments and
predict the development of acquired resistance.

The overall aim of this dissertation research is to elucidate and identify trends in
cancer survival dependence on the anti-apoptotic proteins, develop novel strategies to
overcome resistance, and to develop new BH3 mimetic tools. To accomplish this goal
the BHS3 profiling assay relying on a set of selective chemical tools, was utilized to

discover novel survival trends in a wide spectrum of cancers ranging from hematologic
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malignancies to solid tumors. Furthermore, applying dynamic BH3 profiling, the role of
anti-apoptotic proteins in acquired resistance to standard-of-care therapies in melanoma
was investigated. In addition, the need for Bfl-1 inhibitors has been realized and we
undertook substantial medicinal chemistry efforts to produce dual Mcl-1/Bfl-1 small
molecule inhibitors to contribute to the advancement of BH3 mimetic development.
Taken together, these research endeavors were focused on the ultimate goal of
improving the treatment of various cancers and contributing to the alleviation of the pain

and suffering that cancer patients continually go through.
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Chapter 2
Functional Elucidation and Inhibition of the Bcl-2 Pro-Survival Proteins Unveils

Precision Medicine Strategies in a Wide Spectrum of Cancers

2.1 Abstract

Clinical outcomes in oncology have been improved by precision medicine
strategies and could be further enhanced by incorporating functional biomarkers.
Targeting the Bcl-2 pro-survival proteins holds therapeutic promise in various cancers
and has potential to play a role in precision oncology therapy. BH3 profiling
distinguishes pro-survival dependence in individual cancers and we further explored its
utility as a functional diagnostic. Our results indicate that various hematologic cancer
cell lines are sensitive to single agent treatment with Bcl-2 and/or Mcl-1 inhibitors,
highlighted by our finding that certain lymphomas subtypes of B-cell and T-cell origin
are preferentially dependent upon Bcl-2 and Mcl-1, respectively. These conclusions
were further substantiated in primary patient samples. We screened a diverse array of
solid tumor cell lines, including ovarian cancer PDX models, and were able to pinpoint
single agent BH3 mimetic sensitive cancers. Additionally, we identified that the
combination of Bcl-xL and Mcl-1 inhibitors induced robust apoptosis in most solid tumor
cell lines. This study outlines a strategy for parsing functional pro-survival culprits in
various cancers and provides translational applications for employing BH3 mimetics in

precision cancer therapy.
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2.2 Introduction

Effective practice of oncology precision medicine relies on distinguishing and
targeting unique characteristics of individual cancers.! Identifying predictive biomarkers
that incorporate functional characteristics of cancers presents a translational opportunity
to enhance clinical outcomes.?® Capabilities of cancer cells are defined by distinct
hallmarks, one of which is resistance to cell death through overexpressing Bcl-2 family
anti-apoptotic proteins.* The anti-apoptotic proteins, Bcl-2, Bcl-xL, Mcl-1, and Bfl-1,
govern mitochondrial mediated programmed cell death by sequestering opposing pro-
apoptotic proteins.® Inhibiting protein-protein interactions (PPIs) between anti- and pro-
apoptotic proteins in cancer cells leads to sensitization to cell death and apoptosis.®
Targeting PPIs is a validated therapeutic approach and development of small molecule
inhibitors of these interactions have been a hot area in drug discovery, leading to the
FDA-approval of venetoclax (selective Bcl-2 inhibitor), for treating chronic lymphocytic
leukemia and promise in various indications.”® Selective Mcl-1 and Bcl-xL inhibitors
have been developed and are being clinically evaluated in diverse cancers, setting the
stage for physicians to have selective Bcl-2 family inhibitors to employ in precision
medicine.®>*? Progress on Bfl-1 small molecule inhibitors has been reported by our
group,t31* as well as peptide based inhibitors by others,>18 with the aim of completing
the arsenal of anti-apoptotic protein antagonists.

In order to parse the heterogeneity of functional survival dependence on Bcl-2
anti-apoptotic proteins, the BH3 profiling assay was established by the Letai
laboratory.®-21 This assay utilizes the selective binding of endogenous PPIs between

BH3-only and anti-apoptotic Bcl-2 proteins to induce mitochondrial depolarization. By
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using BH3-only peptides which bind selectively to the anti-apoptotic proteins and
measuring the induced mitochondrial depolarization, it can be identified which anti-
apoptotic protein promotes survival dependence. This assay has been used in
numerous studies and represents an appropriate tool to probe the intrinsic apoptosis
pathway in cancer.??-28

In this study we investigated the role of Bcl-2 family proteins in a wide spectrum
of cancers from hematologic and solid tumor origins using established and patient
derived xenograft (PDX) cell lines and primary patient samples. We validated the up-to-
date chemical toolkit of anti-apoptotic protein inhibitors, including the FS2 peptide?®
which allowed us to perform novel studies probing for Bfl-1 dependence across various
cancer types in the BH3 profiling assay. BH3 profiling effectively identified dependence
on Bcl-2, Bcl-xL, Mcl-1, and/or Bfl-1 and predicted sensitivity to selective small molecule
BH3 mimetics. Distinct trends were discovered based on a particular cancer’s
preference for functional dependence on pro-survival proteins. The use of primary
patient samples solidifies the clinical utility of this approach and strengthens the
rationale for including Bcl-2 family protein targeting in precision medicine by utilizing
BH3 profiling to pinpoint potentially responsive cancers. This study builds on previous
reports evaluating Bcl-2 protein targeting across various cancer types by focusing on

functional analysis with BH3 profiling and using potent, up-to-date BH3 mimetics.30-32

2.3 In vitro binding and functional validation of chemical tools
The principle of BH3 profiling is based on exposing the mitochondria to different

BH3-only peptides obtained from pro-apoptotic proteins and measuring the resulting
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depolarization of the outer mitochondrial membrane. The selective binding profile of
these peptides to anti-apoptotic proteins is used to identify dependence on individual
members of Bcl-2 family proteins. The following BH3-only peptides were used in this
study: Bim, Puma, Bad, Hrk, Noxa, MS1,3® and FS2?°. To verify the binding affinity and
selectivity of the peptides, a fluorescence polarization (FP) based binding assay was
used (Figure 2.1). The obtained binding results confirm the selective profiles and
binding affinities (Kivalues) that have been reported in previous studies (Figure 2.1A).34
The recently developed Bfl-1 selective peptide, FS2, was further evaluated for its
binding potency by both bio-layer interferometry (BLI) and isothermal titration
calorimetry (ITC), providing novel support of the previously reported Bfl-1 affinity only
shown in the FP based assay (Figures 2.1B-C).?° These assays provided Kq values of
13.2 nM and 26 nM in the BLI and ITC assays, respectively, consistent with the Ki
values as well as reported data. It is important to note that this peptide shows the lowest
level of selectivity in comparison with other BH3-only peptides tested. FS2 binds to Mcl-
1 with Ki of 179 nM, about 20-fold decreased binding affinity, followed by Bcl-2 (Ki = 860
nM) and Bcl-xL (Ki = 1,040 nM). Understanding the binding affinity and selectivity of the
BH3-only peptides is very important for identification of the anti-apoptotic protein on
which the cells depend for survival when used in the functional assay. To validate the
results obtained from utilizing the BH3-only peptides, the following reported potent and
selective small molecule inhibitors were used: ABT-199/venetoclax targeting Bcl-2,” A-
1155463, binding to Bcl-xL,'? and S63845, selective Mcl-1 inhibitor®. The FP assay

confirmed their binding affinities (Figure 2.1A). Together, this experimental binding data
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confirms what has been previously reported, making these tools suitable to study the

Bcl-2 anti-apoptotic dependence in functional assays.
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Figure 2.1 Binding affinity and selectivity of anti-apoptotic protein inhibitors

A) Ki binding values (nM) obtained from competitive FP assays of BH3-only peptides and small molecule
BH3 mimetics binding to the anti-apoptotic proteins Bcl-2, Bcl-xL, Mcl-1, and Bfl-1. Results are presented
as the mean + SD from three independent experiments. B) Bio-layer interferometry (BLI) direct binding of
FS2 to Bfl-1, Kq values calculated by both kinetic Kon/Koft (table) and by steady state saturation curve. C)
Isothermal titration calorimetry (ITC) of FS2 binding to Bfl-1, with determined Ka.

To further validate these tools for their predictive value within a functional
context, BH3 profiling was performed on the Eu-Myc Lymphoma cell lines, which were
engineered to overexpress and depend on individual human anti-apoptotic proteins Bcl-
2, Bcl-xL, Mcl-1, and Bfl-1.3° As expected, both Bim and Puma, promiscuous BH3-only
peptides binding with similar potency to all anti-apoptotic proteins, were able to induce
high levels of depolarization in all cell lines, indicating that the cells are well primed for

apoptosis (Figure 2.2A). The naturally occurring BH3-only peptides Bad, Hrk, and Noxa,
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consistent with their binding profile, maintain a wide selectivity window up to 30 uM,
inducing mitochondrial depolarization in the Bcl-2/Bcl-xL, Bcl-xL, and Mcl-1/Bfl-1 cell
lines, respectively (Figure 2.3A-C). Importantly, the level of mitochondrial depolarization
correlated with their binding affinities. Bad is a potent inhibitor of both, Bcl-2 and Bcl-xL,
and induced high depolarization in all three tested concentrations (Fig.2.1A), while
predicting the survival dependence on both of these proteins. Hrk, a selective Bcl-xL
binder and predictor of Bcl-xL dependence, needs to be used in higher concentrations
(30 and 10 pM) to induce depolarization in similar levels because of its moderate
binding affinity. Sole Bcl-2 dependence is defined as high Bad and low Hrk
depolarization (Figure 2.2A and 2.3A-B). MS1 induces strong depolarization of the Mcl-
1 cell line as expected, but loses selectivity at 30 uM, where it begins to depolarize the
Bfl-1 cell line (Figure 2.3D). Consistent with its binding profile (Figure 2.1), FS2 exhibits
a narrower selectivity window, but maintains selective Bfl-1 inhibition at concentrations
below 10 uM, with Mcl-1 being the most prevalent off target binder (Figure 2.3E). These
BH3 profiling validation experiments demonstrated that the in vitro binding selectivity of
BH3-only peptides is recapitulated on the functional cellular level when they are used in
a proper concentrations and defined 10 uM of Bad, Hrk, and MS1 and 3 uM of FS2 as

the suitable concentrations for subsequent BH3 profiling experiments.
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Figure 2.2 Apoptotic priming in Ey-Myc cell lines and example of Bcl-2 dependence

A) Mitochondrial depolarization values of Bim and Puma across the Ep-Myc Lymphoma cell lines. B)
Kinetic BH3 profile of the Ep-Myc/Bcl-2 cell line (10 uM peptides) with the area under the curve (AUC)
shaded for Bad (blue) and Hrk (green).

To verify that BH3 profiling can predict small molecule sensitivity in the Ey-Myc
cell lines we treated intact cells with the selective BH3 mimetics and analyzed cell death
induction. As expected, the small molecules ABT-199, A-1155463, and S63845 only
induced cell death in the Bcl-2, Bcl-xL, and Mcl-1 cell lines, respectively (Figure 2.3F).
BH3 mimetics at 1 yM fully inhibit their target proteins while remaining selective, making
it a suitable concentration for ensuing apoptosis experiments. Importantly, the Bfl-1 cell
line remained unharmed by any of the inhibitors, consistent with their binding selectivity
that shows no engagement with the Bfl-1 protein at tested concentration (Figure 2.1A).
This finding highlights the need of developing drug-like molecules that target Bfl-1;
although drugging Bfl-1 has proven challenging, we have reported a class of small
molecule dual Mcl-1/Bfl-1 inhibitors that lay a promising foundation to meet this need.3
Using the most potent dual Mcl-1/Bfl-1 inhibitor we demonstrated that compound 24
was able to induce cell death only in Epy-Myc lymphoma cell lines that depend on Mcl-1

and Bfl-1 (for more details see Figure 4.8 in Chapter 4).
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Figure 2.3 Functional assessment of chemical tools in Eu-Myc Lymphoma cell lines

BH3 profiles using varying doses of the natural BH3-only peptides A) Bad, B) Hrk, and C) Noxa and
engineered peptides D) MS1 and E) FS2. F) Cell death induced by 1 uM of the selective small molecule
BH3 mimetics ABT-199, A-1155463, and S63845 (24-hour treatments). Cell death analyzed by flow
cytometry; % dead cells quantified by violet LIVE/DEAD dye positive populations. All data represented as
mean and SEM of three biological replicates.

2.4 Parsing anti-apoptotic dependence in hematologic malignancies

To investigate functional pro-survival trends in blood cancers, we performed BH3
profiling and correlative BH3 mimetic experiments on various cell lines and primary
patient samples. The obtained results in acute myeloid leukemia (AML) (Figure 2.4) and
lymphoma (Figure 2.5) illustrate distinct trends with potential clinical relevance. BH3
profiling was performed on five commonly used AML cell lines, which represent diverse
genetic and clinical backgrounds, including FLT3 and MLL rearrangements and
secondary AMLs. We identified that the Bad and MS1 peptides induced the highest
levels of depolarization, with minimal effect of Hrk, concluding that both Bcl-2 and Mcl-1
primarily contribute to the apoptotic blockade (Figure 2.4A). Only MS1 was capable of
inducing high depolarization in the SKM-1 cell line, which provides an example of a
solely Mcl-1 dependent AML sample (Figure 2.4A). On the protein level, the most

notable heterogeneity across cell lines were seen with Mcl-1, Bim, and Noxa, and no
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observed correlation to functional dependence (Figure 2.4B).3¢ Confirming our
functional assessment of Bcl-2 and Mcl-1 being the main pro-survival players, we
identified that 4/5 cell lines are sensitive to both ABT-199 and S63845, while SKM-1
shows sensitivity only to S63845 (Figure 2.4C). Cell viability experiments to determine
the effect of the individual inhibitors in Molm-13 and SKM-1, demonstrated a divergence
in sensitivity to ABT-199, as expected (Figure 2.4D). This cell viability data also
provides important insights into the dual-sensitivity to both ABT-199 and S63845, by
Molm-13 showing similar 1Cso values of 52 and 35 nM, respectively. Meanwhile in the
SKM-1, Mcl-1 dependent cell line, S63845 produced an ICso of 230 nM, while being
relatively insensitive to ABT-199 giving an ICso ~10 pM. To highlight the clinical
applicability of this approach and relevance of conclusions, we performed BH3 profiling
on three AML patient samples (Figure 2.4E). The obtained results further confirmed the
level heterogeneity of survival dependence in AML patients; one patient displayed a co-
Bcl-2/Mcl-1 dependence, similar to 4/5 of the cell lines, while one displayed
predominant Bcl-2 dependence, and other was Mcl-1 dependent. This study in AML
confirms the anti-apoptotic heterogeneity and predicts sensitivity to BH3 mimetic
inhibitors of Bcl-2 and Mcl-1, supplementing current knowledge in targeting Bcl-2

proteins in AML.36-38

39



A) B) ‘ C)

BH3 Profiling wn
Acute Myeloid Leukemia Cell Lines 25— | BC|-2 Acute Myeloid Leukemia Cell Lines

Apoptosis

-
=
o

~
@

c
S
s
=
]
2 3
g = Bad " E + DMSO
s S0 = Hrk SE—— Bax g o ABT-199
5 = MS1 zs-[—._.———— Bak Z o A-1155463
Fs2
% 25 = zﬁ-ij-- gim (EL) S * $63845
§= 0 m-[E e Noxa 0 A
& Molm13 MV4-11 ML-2 HL-60 SKM-1 10T St vt et S | Hs 3O Molm13 MV4-11 ML-2 HL-60 SKM-1
D) BH3 Molm13 SKM-1 E) BHs'PrOﬁIing:
Molm13 SKM-1 Mimetic  ICs, (M) ICs (M) AML Patient Samples
§ 100
¥ ]
100 100 =
)
£ . 75 2 m Bad
| - ABT-199 a = Hrk
> T 50
2 s 50 - A-1155463 E = MS1
3 - S63845 £ = FS2
s £
* 5 25 g
=
0+ r . + r m 0+ r r " ; £ 0
0001 001 041 1 10 100 0.01 0.1 1 10 100 AMLPL1  AMLPL2  AMLPL3

[Compound] (uM) [Compound] (uM)

Figure 2.4 Targeting Mcl-1 and Bcl-2 dual dependence in AML

A) BH3 profiling of AML cell lines (10 uM Bad, Hrk, MS1; 3 uM FS2). B) Western blot of baseline Bcl-2
family proteins in AML cell line panel. C) MTT cell viability experiments of Molm-13 and SKM-1 cell lines
following 72-hour BH3 mimetic treatments. D) Apoptosis induced by 1 uM of selective BH3 mimetics
following 24 hours of treatment. Results presented as mean and SEM of three independent experiments.
E) BH3 profiling of AML patient samples performed as n=1 due to limited sample.

BH3 profiling of a panel of lymphoma cell lines, segmented into subtypes of B-
cell or T-cell origin (Figure 2.5), revealed that B-cell mantle cell lymphoma (MCL) cell
lines have predominant dependence on Bcl-2 for survival, while T-cell anaplastic large
cell lymphomas (ALCL) rely strongly on Mcl-1, as indicated by selective Bad or MS1
induced depolarization (Figure 2.5A). The baseline Bcl-2 protein expression in the
lymphoma cell line panel supports the preferential survival mechanisms, showing that
B-cell lymphoma lines express substantially higher amounts of Bcl-2 protein and the T-
cell lymphoma lines expressed higher levels of Mcl-1, relative to one another (Figure
2.5B). Bfl-1 protein levels were only detected in T-cell lymphoma cell lines, particularly
in SU-DHL-1, which also displayed the highest level of depolarization with the FS2

peptide, likely due to a NPM-ALK driven mechanism that is present in all the ALCL cell
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lines tested.®® This trend in preferential survival dependence was supported by small
molecule sensitivities, where most B-cell lymphoma cells were sensitive to ABT-199,
while T-cell lymphomas are generally more sensitive to S63845, within our panel
(Figure 2.5C). In further support of the sensitivity to single agent BH3 mimetics, the
Granta-519 (B-cell) and DEL (T-cell) displayed potent, dose dependent caspase-3/7
activation in response to ABT-199 or S63845 treatments, respectively (Figure 2.5D).
This novel Bcl-2 family functional data provides rationale for identifying targetable
dependencies and clustering lymphoma sub-types based on anti-apoptotic protein
preference to inform precision medicine strategies.

To substantiate the translational applicability of these results in cell lines, we
performed BH3 profiling on various hematologic cancer patient samples of lymphoid
origin (Figures 2.5E-G). BH3 profiling of five chronic lymphocytic leukemia (CLL) patient
samples identified Bcl-2 as the predominant functional player (Figure 2.5E), which
supports the clinical success of venetoclax in this indication.® In the MCL patient
samples we identified a similar trend noted in cell lines, that there is a predominant
functional preference for Bcl-2 dependence (Figure 2.5F). Conversely, the T-cell
lymphoma primary specimens are majorly Mcl-1 dependent, with increased Bfl-1

involvement (Figure 2.5G).
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Figure 2.5 Survival dependence trends in B-cell and T-cell lymphoma subtypes

A) BH3 profiling of lymphoma cell line panel (10 uM Bad, Hrk, MS1; 3 uM FS2). B) Western blot of
baseline Bcl-2 family proteins in lymphoma cell lines. C) Apoptosis induced by 1 yM, 24-hour BH3
mimetic treatments. D) Caspase-3/7 activation dose response curves of individual BH3 mimetic
treatments of the Granta-519 (B-cell) and DEL (T-cell) cell lines. Table indicates average ECso values. E)
BH3 profiling performed on primary samples from Chronic Lymphocytic Leukemia (CLL), F) Mantle Cell
Lymphoma (MCL) and G) T-Cell Lymphoma patients. Patient sample BH3 profiling was performed as n=1
for each patient sample in technical triplicates, due to limited cell availability, all other data is from three
independent experiments.

Furthermore, we analyzed mRNA expression data from clinical lymphoma
specimens available through the Oncomine database,*® showing elevated Bcl-2 levels
in MCL and DLBCL samples and high Mcl-1 in the T-cell patient samples, which
provided additional support to our conclusions (Figure 2.6). Interestingly, Bfl-1 levels
were also highly expressed in many of these lymphoma sample. Taken together, this
data delineates specific B-cell and T-cell lymphoma subtypes as being predominantly

Bcl-2 and Mcl-1 dependent, respectively, which provides further support of the literature
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that suggests these trends when lymphoma sub-types have been individually studied,

while the role of Bfl-1 requires further investigation.?541:42
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Figure 2.6 mRNA expression of Bcl-2 family anti-apoptotic proteins in lymphomas

Clinical specimen data from B-cell Lymphoma Patients diagnosed with A) Mantle Cell Lymphoma (n=95)
and B) Diffuse Large B-cell Lymphoma (n=91). Data from T-cell Lymphoma patients with C) Anaplastic
Large Cell Lymphoma (n=52), D) Unspecified Peripheral T-cell Lymphoma (n=78), and E) Sezary
Syndrome (cutaneous Ilymphoma) (n=32). All data obtained via the Oncomine database
(www.oncomine.org).

2.5 Targeting the Bcl-2 proteins in ovarian cancer

Solid tumors are typically less sensitive to apoptosis and present greater
therapeutic challenges.*® Due to clinical need for effective therapies and lack of studies
of Bcl-2 proteins in ovarian cancer, we further studied the applications of BH3 profiling
in this indication with the benefit of having access to patient derived xenograft (PDX)
models. Previous reports have performed BH3 profiling in ovarian cancer to measure
overall apoptotic priming with promiscuous BH3-only peptides as a means to predict

clinical prognosis and chemosensitivity.*445 In this study, we utilize BH3 profiling to dig

43



deeper into individual anti-apoptotic protein dependencies by using selective peptides
on a panel of established and PDX ovarian cancer cell lines (OV81.246 and OV231).
The functional data from all cell lines and OV81.2 revealed low levels of depolarization
induced by the peptides, which indicates that inhibition of a single anti-apoptotic protein
is insufficient to induce apoptosis and may necessitate inhibiting multiple cellular
pathways (Figure 2.7A). The results for OV231 were of particular interest, showing high
levels of response to MS1, indicating Mcl-1 dependence. In support of the profiling data,
OV231 was the only cell line to respond to single agent BH3 mimetic treatment, by
displaying robust apoptosis response to S63845, consistent with its determined Mcl-1
dependence (Figure 2.7B). Interestingly, the rest of the cell lines whose BH3 profiles
indicated low apoptotic priming and no predominant pro-apoptotic player responded
exquisitely to the Mcl-1 and Bcl-xL inhibitor combination (Figure 2.7B). To provide
further evidence of dual Mcl-1/Bcl-xL or single agent Mcl-1 inhibitor sensitivity of the at
the PDX cell lines, we used dose dependent caspase activation experiments (Figure
2.7C). In OV81.2 a constant ratio of A-1155463 and S63845 produced a caspase
activation ECso of 200 nM, while the single agent ECso values were >10 pM. Not
surprisingly, the basal protein levels had little correlation to the functional data, but
0OV231 contained slightly lower levels of Bcl-xL compared to the rest of the panel, which
has been identified previously as a correlative predictor of Mcl-1 dependence (Figure
2.7D).47

We also evaluated a cisplatin resistant subline of OvV231 (OV231-CP30) and
revealed modulation of Bcl-2 proteins leading to suppressed apoptotic priming (Figures

2.7E-H). We identified that OV231-CP30 contained elevated protein levels of Mcl-1, as
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well as a loss of the Bim protein, which has been reported previously as a mechanism
of cisplatin resistance (Figure 2.7E).*® BH3 profiling of OV231-CP30 showed a decrease
in apoptotic priming and loss of Mcl-1 dependence that was seen in the parental line
(Figure 2.7F). This was accompanied by a lack of sensitivity to single agent S63845 and
A-1155463/S63845 combination noted by apoptosis and caspase activation (Figures
2.7G-H). To further confirm our data, we used a genetic approach to target Bcl-xL and
Mcl-1 by using siRNA knockdown studies in the PDX cell lines; knockdown efficiency by
siRNA pools was confirmed by western blot (Figure 2.11). The results corroborated our
preceding data, confirming that OV81.2 is only sensitive to dual Bcl-xL/Mcl-1
knockdown, while Mcl-1 knockdown alone was sufficient to induce significant apoptosis
in OV231 (Figure 2.71). Importantly, the cisplatin resistant OV231-CP30 shows lack of
sensitivity to both Mcl-1 and Bcl-xL/Mcl-1 knockdowns, confirming the results from the
functional BH3 profiling and cell viability experiments using this PDX cell line (Figure

2.71).
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Figure 2.7 Targeting pro-survival proteins in ovarian cancer

A) BH3 profiling (10 uM Bad, Hrk, MS1; 3 uM FS2) of established ovarian cancer cell lines (OVCAR 3,
OVCAR 8, and SKOV3) and PDX lines (OV81.2 and OV231). B). Apoptosis induced by 1 yM of BH3
mimetics (single agent or in combination) following 24 hours of treatment. C) Caspase-3/7 activation
induced by 16-hour BH3 mimetic treatments in the PDX cell lines, with ECso values summarized in the
table. D) Western blot of baseline Bcl-2 family proteins. E) Basal protein western blot of OV231 compared
to its cisplatin resistant subline (OV231-CP30), with quantification. F) BH3 profiling, G) BH3 mimetic
apoptosis, and H) Caspase-3/7 activation in OV231-CP30. I) Apoptosis induced by 48-hour siRNA (25
nM) treatments targeting Bcl-xL and Mcl-1 in PDX lines. All results presented as mean and SEM of three
independent experiments.

To have a better understanding for Bcl-2 anti-apoptotic proteins overexpression
in ovarian cancer, we analyzed the mRNA data available from 193 clinical samples

available through the Oncomine database. The data showed that Mcl-1 was the highest
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expressed anti-apoptotic protein, followed by Bcl-xL (Figure 2.8A). In addition, using a
separate dataset from the The Cancer Genome Atlas (TCGA) database, Mcl-1 and Bcl-
XL gene copy numbers were shown to be significantly higher in ovarian carcinoma cells
compared with non-malignant ovary cells from patients, supporting their prominent role
in solid tumors such as ovarian cancer (Figure 2.8B-C).*® These novel findings in
ovarian cancer provide strong rationale for exploring dual Mcl-1/Bcl-xL inhibition as a
therapeutic strategy, as well as utilizing BH3 profiling to identify patients whose tumors

are Mcl-1 dependent and may be candidates for Mcl-1 inhibitor treatment.
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Figure 2.8 Gene expression of Bcl-2 proteins in ovarian cancer patients

A) Clinical specimen data from ovarian cancer patients (n=193), data obtained via the Oncomine
database (www.oncomine.org). B) Comparison of Mcl-1 and C) Bcl-xL gene copy number counts in
normal ovary (n=130) and ovarian carcinoma (n=607) patient samples, from the TCGA database. ***p-
value < 0.0005.

2.6 Characterizing survival dependence in diverse solid tumors

To investigate if the identified anti-apoptotic dependence and efficacy of Bcl-
xL/Mcl-1 inhibition apply across various types of solid tumors, we selected a panel of
commonly used cell lines that represent diverse tissues of origin and genetic
backgrounds, including non-small cell lung cancer (NSCLC), pancreatic, colorectal,

thyroid, and breast cancers. Several of these cancers have been previously evaluated
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in depth for their dependence on Bcl-2 family members, including NSCLC,*° breast,>!
and thyroid cancer,?* and the studies concluded that Bcl-xL, together with Mcl-1 were
the main players in promoting cell survival. Functional BH3 profiling revealed that most
cell lines displayed low levels depolarization in response to all peptides, with no
apparent predominant anti-apoptotic protein promoting survival (Figure 2.9A). We
identified four solid tumor cell lines with BH3 profiles that indicated single anti-apoptotic
protein dependence (Figure 2.9A). MS1 induced >50% depolarization in the H23,
MiaPaCa-2, and MCF-7 cell lines, indicating strong Mcl-1 dependence, while the MDA-
MB-231 breast cancer cell line revealed predominant Bcl-xL dependence (Figure 2.9A).
To study the predictive capability of BH3 profiling, these cell lines were treated with BH3
mimetics as single agents and in their combinations and analyzed apoptosis induction
(Figure 2.9B). The cell lines that showed no predominant survival dependence were all
insensitive to single agent BH3 mimetic treatments but were exquisitely sensitive to the
combination of A-1155463 and S63845 (Figure 2.9B). An important finding was that
BH3 profiling effectively identified solid tumor cell lines that would respond to single
agent BH3 mimetic treatment, with S63845 inducing 75%, 60%, and 50% apoptosis in
the, H23, MiaPaCa-2, and MCF-7 (Figure 2.9B). Interestingly, the addition of A-
1155463, with S63845 produced an increased apoptotic response in MiaPaCa-2 and
MCF-7, but not H23, indicating that H23 survival dependence is solely from Mcl-1, while
Bcl-xL still plays a functional role in MiaPaCa-2 and MCF-7. Meanwhile, the addition of
ABT-199 in combination with S63845 or A-1155463 did not lead to increased apoptosis.
A-1155463 was capable of inducting ~75% apoptosis as a single agent in the MDA-MB-

231 cell line, with the addition of neither ABT-199 or S63845 increasing the response,
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confirming predominant Bcl-xL dependence. The baseline Bcl-2 protein levels revealed
variable expression of both pro- and anti- apoptotic family members and only the M14
melanoma cell line expressed detectable Bfl-1 (Figure 2.9C). Interestingly, the three
Mcl-1 dependent cell lines (H23, MiaPaCa-2, and MCF-7) also expressed the lowest
levels of Bcl-xL protein, with variable levels of Mcl-1, further supporting the reported
trend of low Bcl-xL correlating with Mcl-1 dependence.#’ Corresponding to the high
levels of Bfl-1 protein, M14 showed the highest FS2 induced depolarization, which
supports previous studies that highlight increased expression of Bfl-1 in melanoma.30:52
This analysis of solid tumor cell lines demonstrated a strategy for identifying cancers
with single agent BH3 mimetic sensitivity and revealed broad apoptosis response to

dual Bcl-xL/Mcl-1 inhibition.
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Figure 2.9 Targeting Bcl-2 anti-apoptotic proteins in solid tumor cell lines
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A) BHS3 profiling of solid tumor cell lines (10 uM Bad, Hrk, MS1; 3 uM FS2). B) Apoptosis induced by 1
UM of individual or combinations of BH3 mimetics following 24 hours of treatment. Results presented as
mean and SEM of three independent experiments. C) Western blot of baseline Bcl-2 family proteins in
various solid tumor derived cell lines.

2.7 Dynamic BH3 profiling in solid tumors to target resistance

As previously stated, solid tumors in general present a greater therapeutic
challenge, therefore we employed dynamic BH3 profiling to identify efficacious
combination regimens with BH3 mimetics. BRAF and MEK inhibitors are the standard
frontline therapies for melanoma patients, but resistance is inevitable and additional
strategies are typically required to prolong survival.>® We investigated the effect of both
the FDA approved BRAF and MEK inhibitors, vemurafenib and cobimetinib,
respectively, in modulating the pro-survival dependence of melanoma cells. Melanoma
cells pre-treated with vemurafenib or cobimetinib displayed a selective increase in Mcl-1
dependence, as indicated by dynamic BH3 profiling that shows heightened sensitivity to
the MS1 peptide, but not the others (Figure 2.10A). This selective increase in Mcl-1
dependence can be partially explained by the changes in baseline protein levels, which
shows that vemurafenib and cobimetinib pre-treated cells have slightly Mcl-1 protein
levels, accompanied by an increase in Bim and depletion Noxa, which would likely lead
to higher levels of Mcl-1:Bim complexes, priming cells for Mcl-1 dependence (Figure
2.10B). This identified priming shows potential for therapeutic advantage as illustrated
by vemurafenib pre-treated cells being selectively more sensitive to Mcl-1 inhibitor
treatment (Figure 2.10C). Coupling the increased Mcl-1 dependence induced by MAPK
inhibitors with an Mcl-1 BH3 mimetic may provide enhanced therapeutic efficacy. In

colorectal cancer, insufficient degradation of Mcl-1 by an inactivating mutation in the

50



ubiquitin ligase, FBW7, was identified as a resistance factor to regorafenib and was
modeled using an Mcl-1 knock-in HCT-116 cell line (HCT-116 MCL1-Ki).>*% Using
dynamic BH3 profiling,>® we further functionally characterize this model system by
demonstrating the ability of regorafenib to deplete Mcl-1 dependence in HCT-116 WT
cells, with accompanied Mcl-1 protein degradation, while having no effect on Mcl-1
protein or functional dependence in HCT-116 MCL1-Ki cells (Figures 2.10D-E). These
findings suggest that in colorectal cancer cells with FBW7 mutations, regorafenib is
unable to functionally deplete Mcl-1 that would normally promote its efficacy, therefor
the combination of regorafenib with pharmacological inhibition of Mcl-1 may provide
restore sensitivity. These dynamic BH3 profiling exercises further enhance our
functional study of solid tumor derived cell lines by providing additional avenues of
therapeutic intervention using BH3 mimetics.
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Figure 2.10 Dynamic BH3 profiling in melanoma and colon cancer

A) M14 cell line pre-treated for 48 hr with 0.5 uM vemurafenib (vem) or 0.1 uM of cobimetinib (cobi) and
analyzed by dynamic BH3 profiling, B) western blotting of Bcl-2 family proteins, and C) apoptosis induced
by BH3 mimetics (24 hr, 1 uM treatment post vem or cobi pre-treatment, n=3). D) HCT-116 parental and
MCL1-Ki cell lines pre-treated with 20 uM regorafenib for 4 hours and analyzed by dynamic BH3 profiling
E) western blot. Results presented as mean and SEM of three independent experiments.

2.8 Conclusions

This work outlines a strategy for identifying Bcl-2 family pro-survival dependence
across diverse cancer types, covering a wide array of genetic backgrounds, and
revealed important trends in functional anti-apoptotic protein preference, allowing for the
selection of rationalized BH3 mimetics. The BH3 profiling assay is at the heart of this
study and using the model Ep-Myc lymphoma cell lines allowed us to identify optimal
concentrations of the BH3-only peptides to probe different cancers. We take advantage
of an optimized quiver of BH3 mimetics that inhibit the Bcl-2, Bcl-xL, and Mcl-1 proteins
to demonstrate the ability of targeting anti-apoptotic proteins in a wide spectrum of
cancers. While a potent and selective small molecule Bfl-1 inhibitor remains elusive, our
group has contributed to the progress with hopes one will be available in the future.*314

We employed BH3 profiling in various hematologic cancer cell lines and patient
samples, identifying the predominant involvement of Bcl-2 and Mcl-1. Most AML cell
lines tested displayed dependence on both Bcl-2 and Mcl-1, with substantial sensitivity
to corresponding inhibitors. Interesting to note is that both Bad and MS1 as single
agents induced high levels of depolarization, indicating that both Bcl-2 and Mcl-1 play
major roles and inhibition of either protein is sufficient to initiate apoptosis. Across the
AML cell lines and patient samples, we provided examples of what the profile of dual
Bcl-2/Mcl-1 dependence looks like compared to single dependent cell lines. A key
finding in this study was the contrast in survival dependence between B-cell and T-cell
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lymphomas. On the protein and functional levels, we found that our panel of B-cell
lymphoma cell lines were predominantly Bcl-2 dependent, while lymphomas from T-cell
origin had preference for Mcl-1, which correlated with sensitivity to ABT-199 or S63845.
This finding was further enhanced by BH3 profiling of patient samples, showing a clear
trend of Mantle Cell Lymphoma being mainly Bcl-2 dependent and T-cell Lymphomas
relying strongly on Mcl-1. The obtained data is supported by previous literature that
demonstrates Bcl-2 overexpression in various B-cell lymphomas and driver mutation
enhanced Mcl-1 overexpression in large cohorts of T-cell lymphoma patient
samples.?>57-59 The Bfl-1 upregulation that we identified in T-cell lymphomas can be
explained by NPM-ALK rearrangements in our ALCL cell line panel, which drives Bfl-1
expression, thus presenting a promising precision approach for Bfl-1 or dual Mcl-1/Bfl-1
inhibitors.3°

We assembled a diverse panel of solid tumor derived cell lines in order to
determine the prominent pro-survival culprits, including the first known functional
dissection of individual Bcl-2 anti-apoptotic proteins in ovarian cancer. We discovered
that OV231, an ovarian cancer PDX cell line, was highly Mcl-1 dependent and sensitive
to S63845 treatment. This novel finding in ovarian cancer presents important clinical
implications and could improve the treatment of patients suffering from this disease.
From the diverse solid tumor cell panel, we identified NSCLC, pancreatic, and breast
cancer cell lines that were sensitive to single agent Bcl-xL or Mcl-1 inhibitor treatments,
which was predicted by BH3 profiling. For the rest of the solid tumor cell lines there was
no individual anti-apoptotic protein that played a predominant role and single agent BH3

mimetic treatments were insufficient to induce apoptosis. However, significant apoptosis
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was induced by a combination of Bcl-xL and Mcl-1 inhibitors across all cancer types
tested, which would require more in-depth analysis of potential toxicities to determine
clinical relevance. Of the solid tumor cell lines tested, only the M14 melanoma line
possesses detectable Bfl-1 with corresponding response to the FS2 peptide, this
warrants further studies evaluating the potential of inhibiting Bfl-1 in melanoma as a
potential therapeutic route. The applications of dynamic BH3 profiling we demonstrated
provides translationally relevant rationale for combination strategies to treat aggressive
solid tumors such as melanoma and colorectal cancer.

In conclusion, we successfully screened a wide spectrum of cancers for
functional involvement of the Bcl-2 family anti-apoptotic proteins and identified important
trends with potential clinical relevance. The results presented in both established cell
lines and patient samples highlight the importance of BH3 profiling as a diagnostic
method to be used in precision medicine decision making. This translational work
promotes the value in harnessing chemical biology to discover new trends in cancer to

potentially improve clinical outcomes.

2.9 Materials and methods

Peptide and small molecule inhibitors

BH3-only peptides (Table 2.1) were custom synthesized by GenicBio Limited
(Shanghai, China. ABT-199, A-1155463, and S63845 were purchased from ChemieTek
(Indianapolis, IN). Peptides and small molecules were dissolved in DMSO at 10 mM and

stored at -20°C.

54



Table 2.1 BH3-only peptide sequences

Peptide Sequence

hBim (141-166) DMRPEIWIAQELRRIGDEFNAYYARR

hPuma (132-154) | QWAREIGAQLRRMADDLNAQYER

hBad (102-128) PNLWAAQRYGRELRRMSDEFVDSFKKG
hHrk (27-47) SSAAQLTAARLKALGDELHQR

hNoxa (18-43) PAELEVECATQLRRFGDKLNFRQKLL

MS1 (engineered) | RPEIWMTQGLRRLGDEINAYYAR

FS2 (engineered) | QWVREIAAGLRRAADDVNAQVER

In vitro binding assays

The details for the fluorescence polarization assays, including recombinant
proteins, assay development, and protocols were previously described.'® Bio-layer
interferometry experiments were also performed as reported in our previous
publication.’® In short, the FS2 peptide was diluted from 100 to 1.56 nM and tested
against individual sensors with immobilized biotinylated-Bfl-1 protein. Kd values were
calculated from kinetic Kon/Kott parameters, along with steady state response plotting.
Isothermal titration calorimetry was measured with NanolTC (TA instruments) and
analyzed with NanoAnalyze software to calculate Kq values. FS2 peptide (300 uM) was
titrated into 50 uM protein at 25°C in buffer (25 mM HEPES pH 7.5, 300 mM NacCl, 0.5

TCEP & 5% glycerol).
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Cell culture and patient samples

The Ep-Myc lymphoma cell lines were gifted from Ricky Johnstone at the
University of Melbourne; cells were cultured and viability experiments were performed
as previously reported.'*3®> The ovarian PDX cell lines (OV81.2 and OV231) were
established by the laboratory of Analisa DiFeo.*® Cell lines that were cultured for a
cumulative time of >6 months were re-authenticated by short tandem repeat analysis
and genetic identity was confirmed. Mycoplasma testing was performed by PCR and
confirmed negative.

All patient information from primary samples was de-identified and used under
proper IRB protocols from the University of Michigan (Table 2.2). Cryopreserved AML
and CLL patient samples with high blast counts (>90%), were acquired from internal
biorepositories. MCL samples were cryopreserved from patients with circulating
disease, while T-Cell Lymphoma samples were tested fresh. All samples were

immediately analyzed by BH3 profiling without ex vivo culturing.

Table 2.2 Primary patient sample information

Sample Disease Cytogenetics/Mutations Prior Tx
AML1 Acute Myeloid Leukemia FLT3ITD, IDH1, NPM1 Untreated
AML2 Acute Myeloid Leukemia CEBPA, JAK2, TET2 Untreated
AML3 Acute Myeloid Leukemia FLT3 ITD, NPM1 Untreated
CLL1 Chronic Lymphocytic Leukemia Normal FISH Fludarabine
CLL2 Chronic Lymphocytic Leukemia 11923 Rituximab
CLL3 Chronic Lymphocytic Leukemia 13gq14 Untreated
CLL4 Chronic Lymphocytic Leukemia 13q14 ND
CLL5 Chronic Lymphocytic Leukemia 13gq14 Untreated
MCL1 Mantle Cell Lymphoma (B-cell) Normal karyotype Untreated
MCL2 Mantle Cell Lymphoma (B-cell) t(11;14;?15)(q13;932;925) Untreated
MCL3 Mantle Cell Lymphoma (B-cell) Normal karyotype Untreated
MCL4 Mantle Cell Lymphoma (B-cell) Complex karyotype Untreated
TCL1 Sezary Syndrome (T-cell Lymphoma) ND Untreated
TCL2 Sezary Syndrome (T-cell Lymphoma) ND Untreated
TCL3 Sezary Syndrome (T-cell Lymphoma) ND Untreated
TCL4 Sezary Syndrome (T-cell Lymphoma) ND Untreated
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BH3 profiling

BH3 profiling was performed using the plate-based kinetic fluorometric
procedure.?® 2x108 cells were plated the day before running the assay in 10 cm dishes,
providing the highest reproducibility. Working buffer was composed of MEB (150 mM
mannitol, 10 mM HEPES-KOH pH 7.5, 50 mM KCI, 0.02 mM EGTA, 0.02 mM EDTA,
0.1% BSA, and 5 mM succinate) with the fresh addition of the following: 20 uM
oligomycin, 0.005% (w/v) digitonin, 10 mM [3-mercaptoethanol, and 2 uM JC-1. Peptides
and controls were serially diluted in fresh working buffer and 15 pyL/well was added to
black, flat bottom 384-well plates (Corning 3573). Cells were harvested, washed once,
re-suspended in MEB, then 15 pL of cell solution was added to each well such that the
final cell count was 20x102 cells/well in technical triplicates. Plates were immediately
analyzed on a BioTek Synergy H1 plate reader at an excitation of 545 nm and emission
of 590 nm every 5 minutes for 3 hours at 30°C. The resulting relative fluorescent units
were plotted versus time and area under the curve (AUC) values were generated using
GraphPad Prism 8.3.0 software. DMSO (1%) and FCCP (10 uM) controls were used to
set 0% and 100% depolarization parameters, respectively. The following equation was

used to generate normalized values for treatment samples:

% mitochondrial depolarization = 100 — [100 x (Sample AUC—FCCP AUC)].

DMSO AUC-FCCP AUC

Immunoblotting

Confluent plates were harvested and lysed with RIPA buffer containing protease

inhibitors. Clarified lysates were quantified using a Bradford assay; loading samples
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were normalized and prepared using 4X SDS dye. 40 yg protein was loaded into 4-20%
SDS-PAGE gels for electrophoresis. After transfer and blocking, membranes were
incubated in primary antibodies (Table 2.3) overnight. Blots were imaged using a

Thermo Fisher iBright FL1000 imager.

Table 2.3 Antibodies used for western blotting

Protein | Clone and Species | MW (kDa) | Dilution Company Catalog #
Bcl-2 (124) Mouse mAb 26 1:500 Cell Signaling Technologies 15071

Bcl-xL | (54H6) Rabbit mAb 30 1:1,000 Cell Signaling Technologies 2764
Mcl-1 | (RC13) Mouse mAb 40 1:500 Invitrogen AHO0102
Bfl-1 | (D1A1C) Rabbit mAb 18 1:500 Cell Signaling Technologies 14093
Bax (D2E11) Rabbit mAb 20 1:500 Cell Signaling Technologies 5023
Bak (D4E4) Rabbit mAb 25 1:500 Cell Signaling Technologies 12105
Bim (C34C5) Rabbit mAb | 12, 15, 23 1:500 Cell Signaling Technologies 2933
Noxa | (D8L7U) Rabbit mAb 10 1:250 Cell Signaling Technologies 14766
Hsp90 | (H90-10) Mouse mAb 90 1:10,000 Invitrogen MA1-10892

MTT cell viability assay

Cells (20,000/well) were treated with BH3 mimetics for 72 hours in 96-well plates
in duplicate. After treatment, the MTT reagent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, was added and incubated at 37°C for 4 hours before adding
SDS/HCI solution. Plates were incubated overnight and read on a BioTek Synergy H1
plate reader at 570 nM absorbance. Treated wells were normalized by subtracting
media-only control wells and DMSO treated cells as the 100% cell viability parameter.
Growth curves were plotted using GraphPad Prism 8.3.0 software and ICso values were

calculated using non-linear regression fitting.
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Apoptosis experiments

Suspension cells (200x10%/well) were plated into 24-well plates and adherent
cells (100x10%/well) were seeded in 12-well plates and left to adhere overnight. Cells
were treated with BH3 mimetics for 24 hours and stained with Annexin-V/FITC and
propidium iodide or CellEvent Caspase-3/7 Green Detection Reagent (Invitrogen,
Carlsbad, CA). Cells were run on an Accuri C6 flow cytometer and analyzed using
WinList 3.0 software. Percentage of Annexin-V or Caspase-3/7 positive populations

were used to report apoptosis induction.

siRNA knockdowns

Cells (50x103%/well) were seeded in 12-well plates and left to adhere overnight.
ON-TARGETplus siRNA SMARTpools (Dharmacon, Lafayette, CO) were prepared as
recommended by manufacturer at a concentration of 25 nM and delivered using
Lipofectamine RNAIMAX transfection reagent (Invitrogen). Combination treatments
contained 25 nM of each siRNA and scrambled controls were 50 nM. Cells incubated
with siRNA for 48 hours before analyzing apoptosis induction. Knockdown efficiency of

SsiRNA pools was evaluated by western blot (Figure 2.11).
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Figure 2.11 siRNA knockdown confirmation_in ovarian cancer PDX lines
Western blot of siRNA treatments of OV81.2 PDX cell line with all anti-apoptotic protein siRNA pools.
Only Bcl-xL and Mcl-1 protein was detectable, Bcl-2 and Bfl-1 could not be detected.
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Chapter 3

Targeting the Bcl-2 Proteins to Overcome Resistance in Melanoma

3.1 Abstract

Despite therapeutic improvements in treating metastatic melanoma, most
patients develop acquired resistance and are left with limited options. Attenuation of
intrinsic apoptosis by upregulated pro-survival Bcl-2 proteins plays a prominent role in
drug resistance and may be effective targets in melanoma. We functionally analyzed the
Bcl-2 proteins using BH3 profiling in a panel of melanoma cell lines. Most cell lines
exhibited a strong co-dependence on Mcl-1 and Bcl-xL. A few cell lines displayed sole
Mcl-1 or Bcl-xL, which was predictive of single agent Mcl-1 or Bcl-xL inhibitor and siRNA
treatment induced apoptosis, while all cell lines responded robustly to the combination
of Mcl-1/Bcl-xL inhibitors. Furthermore, we investigated the functional role of Bfl-1 as an
emerging therapeutic target and highlight the potential of dual Mcl-1/Bfl-1 inhibition. We
identified that vemurafenib acquired resistance in the SK-MEL-239 cell line was
substantially more dependent on Mcl-1 than its parent line, which led to heightened
sensitivity to Mcl-1 inhibition. Dynamic BH3 profiling revealed that short term treatment
of cell lines with BRAF and MEK inhibitors also primed cells for functional Mcl-1
dependence and sensitized to Mcl-1 inhibitor treatment. These studies guided by BH3

profiling highlight the therapeutic potential of targeting the Bcl-2 proteins in melanoma.
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3.2 Introduction

Melanoma is the deadliest form of skin cancer and new incidences have
increased at a steeper rate than any other malignancy over the last 40 years.! In the
year 2020 this invasive disease is estimated to be newly diagnosed in 100,350 men and
women, resulting in a projected 6,850 deaths, in the United States alone.? Those
diagnosed with melanoma after metastasis have dismal 5-year year survival rates as
low as 19%.2 Previous to 2011 there were only two approved drugs for the treatment of
metastatic melanoma, dacarbazine and high doses of IL2, both of which showed limited
clinical efficacy and high toxicity.* In the last decade there have been phenomenal leaps
in the treatment of metastatic melanoma advent by several new molecular targeted
drugs aimed at common oncogenic drivers and immunotherapies that commission the
immune system to attack cancer cells.®> These new advancements have come namely in
the form of BRAF/MEK inhibitors®-® and anti-PD-1/PD-L1 monoclonal antibodies®'°, and
although they have shown clinical efficacy, there is still a need to combat acquired
resistance which develops in many patients.''-*3 Cancer is a very heterogeneous
disease that is capable of utilizing many physiological avenues to ensure its survival
and evasion; melanoma is no exception and it is critical to simultaneously modulate
several pathways through combinatorial therapies to ensure efficacy.*

Previous reports have highlighted the role of the Bcl-2 proteins in melanoma and
the promise they hold as therapeutic targets in this disease.'® Identifying when to deploy
inhibitors of the anti-apoptotic proteins will be critical to guiding their use in melanoma
therapy. BH3 profiling can be used to identify functional pro-survival dependence and

predict response to small molecule Bcl-2 family inhibitors (BH3 mimetics), which will be
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a key tool in this study.®1” Additionally, Mcl-1 is suspected to play a role in promoting
resistance to MAPK inhibitors in melanoma'® and we aim to use BH3 profiling to
functionally investigate this in the context of acquired resistance to identify combination
treatments with BH3 mimetics. This study utilizes the chemical and functional tools
available in the form of selective peptides, BH3 mimetics, and BH3 profiling to dissect
and target the survival dependence in melanoma. The goal is to define novel treatment
strategies to target the Bcl-2 protein family in melanoma in order to provide translational

findings that would ultimately improve patient outcomes.

3.3 Functional evaluation of Bcl-2 family proteins in melanoma cell lines

Due to the dynamic nature of Bcl-2 protein family protein-protein interactions
(PPIs) their functional roles are difficult to define using absolute protein or mRNA levels
alone.1%2° Therefore, employing functional methods such as BH3 profiling serves as a
much better predictor of survival dependence and sensitivity to BH3 mimetics. We
assembled a panel of 11 melanoma derived cell lines, mainly driven by the more
common BRAF V600E mutation, with two being NRAS mutant driven (Table 3.1). In
addition, alongside this melanoma panel we have dermal cells that were freshly isolated

from human foreskin fibroblasts (HFF).

Table 3.1 Melanoma cell line panel

Cell Line BRAF NRAS ‘ CDKN2A | p53 PTEN
HFF WT WT WT WT WT
M14 V600E WT mut mut G266E
UACCG62 V600E WT WT WT P248
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SK-MEL-1 V600E WT WT WT WT
Malme-3M V600E WT del WT WT
UACC-257 V600E WT del WT P248
SK-MEL-239 V600E WT WT WT WT
A2058 V600E WT WT V274F del
SK-MEL-5 V600E WT del WT WT
VMM15 V600E WT WT WT WT
SK-MEL-103 WT Q61R P114L WT WT
SK-MEL-2 WT Q61R WT G245S WT

In an effort to define the survival dependence of this panel of melanoma cell lines
and therefore predict which BH3 mimetics would produce the greatest apoptotic
response, we performed BH3 profiling. We used the promiscuous Puma peptide to
gauge overall apoptotic priming and the Bad, Hrk, and MS1 peptides which selectively
target Bcl-2/Bcl-xL, Bcl-xL, and Mcl-1, respectively. All the anti-apoptotic proteins being
investigated have actionable small molecule inhibitors that can be used for correlative
apoptosis analysis. The induced mitochondrial depolarization response from these
peptide treatments revealed heterogeneous survival dependence, mainly from Bcl-xL
and Mcl-1 (Figure 3.1). The HFF cells displayed the lowest levels of apoptotic priming,
as expected from non-malignant cells, while the rest of the melanoma cell lines all
showed significant response to the Puma peptide, indicating they are equipped with the
required Bcl-2 family machinery to trigger intrinsic apoptosis (Figure 3.1A). Out of the 11
cell lines, seven of them showed very low (<50%) response to the selective peptides
with insignificant differences between them, indicating that neither Bcl-2, Bcl-xL, or Mcl-
1 alone played a predominant role in survival dependence and selective antagonization

is not sufficient to induce mitochondrial depolarization (Figure 3.1B). Knowing that these
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seven cell lines are primed for apoptosis, the likely scenario is that they rely on subsets
of the anti-apoptotic proteins for survival. In two cell lines (SK-MEL-2 and UACC-62),
the MS1 peptide induced high depolarization (250%) that was significant over Bad and
Hrk, indicating sole Mcl-1 dependence. Predominant Bcl-xL dependence was found in
two other cell lines (SK-MEL-5 and SK-MEL-103), defined by the Bad and Hrk peptides
inducing 250% depolarization, while remaining insignificant from each other, which
signifies that the effect of Bad comes from Bcl-xL binding, and being significantly higher
than MS1. This functional exercise utilizing BH3 profiling was able to pinpoint four out of
11 cell lines that displayed sole survival dependence on either Mcl-1 or Bcl-xL, which
could be further validated by additional experiments using BH3 mimetics. Additionally,
more insight into the co-dependence of the majority of cell lines would need to be

investigated before defining the main pro-survival players.
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Figure 3.1 BH3 profiling of melanoma cell line panel

A) Overall apoptotic priming gauged by BH3 profiling of a panel of melanoma cell lines and non-malignant
dermal fibroblasts (HFF) with the promiscuous Puma peptide (1 uM) and B) the selective Bad, Hrk, and
MS1 (12 pM) peptides to define subgroups of co-dependent and Bcl-xL or Mcl-1 single dependent cell
lines. Results from = 2 independent experiments. Significance (*p < 0.05) is denoted when data sets
250% mitochondrial depolarization are different from the others within a cell line, bars over Bad/Hrk
indicate difference from MS1, attributing dependence to Bcl-xL.

3.4 Genetic and pharmacological targeting of Bcl-xL and Mcl-1

Following up the functional data provided by BH3 profiling, we treated select cell
lines with anti-apoptotic protein targeting siRNAs and BH3 mimetics and monitored
apoptosis induction. We performed an siRNA screen targeting Bcl-2, Bcl-xL, Mcl-1 as
single and double knockdowns in three of the seven co-dependent cell lines (A2058,
Malme-3M, and VMM15) in order to determine the optimal apoptosis inducing
combination (Figure 3.2A). Efficient knockdown of each anti-apoptotic protein by siRNA
pools was confirmed by western blot (Figure 3.7). All three cell lines did not commit to
apoptosis in response to single protein knockdowns, as expected, but all responded
robustly to the combination of Bcl-xL and Mcl-1 dual knockdown, but not the
combinations with Bcl-2. To corroborate these findings with actionable small molecules,
we treated the same cell lines with selective BH3 mimetics and identified a similar
phenotype (Figure 3.2B). Single agent BH3 mimetics were insufficient to induce
apoptosis, but a strong response was induced by the combination of S63845 and A-
1155463, which target Mcl-1 and Bcl-xL, respectively. To verify the dose dependent
nature of this combination, we treated the A2058 and Malme-3M cell lines with a 1:1
ratio of S63845 and A-1155463 in doses ranging from 0.003 — 1 yM (Figure 3.2C-D).
The dose dependent apoptosis response generated by this combination produced

potent ECsp values ~100 nM with near complete induction of apoptosis with as low as
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300 nM in both cell lines. These results confirm the Bcl-xL/Mcl-1 co-dependence of the
majority of melanoma cell lines tested and identified the combination of S63845 and A-
1155463 as a highly potent strategy to combat melanoma. However, these results are
limited to cell line studies and the toxicity effects of dual Bcl-xL/Mcl-1 inhibition would
need to be evaluated more in depth to determine therapeutic feasibility.
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Figure 3.2 siRNA and BH3 mimetic targeting dual Bcl-xL/Mcl-1 dependent cell lines

A) siRNA screen (25 nM, 48 hours) of anti-apoptotic proteins and their combinations in Bcl-xL/Mcl-1 co-
dependent cell lines. B) The same cell lines treated with selective BH3 mimetics (1 puM, 24 hours) as
single agents and the combination of Mcl-1 and Bcl-xL inhibitors producing the same phenotype as siRNA
treatments. C) Dose dependent apoptosis induction by a 1:1 ratio of S63845 and A-1155 (24-hour
treatment) in the A2058 and D) Malme-3M cell lines. Cells analyzed by flow cytometry for apoptosis
induction (Annexin-V+). Results from =2 independent experiments, *p < 0.05 (significance between both
untreated and single agent treatments).

Similar to the previous experimental strategy, we sought to confirm the individual
Bcl-xL and Mcl-1 dependence of the remaining cell lines by siRNA and BH3 mimetic
induced apoptosis. Indeed, the BH3 profiling determined Bcl-xL dependent cell lines
SK-MEL-103 and SK-MEL-5 underwent apoptosis in response to the knockdown of Bcl-

XL, but not Bcl-2 or Mcl-1, while the Mcl-1 dependent SK-MEL-2 and UACCG62 cell lines
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expectedly responded to Mcl-1 knockdown but not the others (Figure 3.3A). Likewise,
the siRNA induced apoptotic response was recapitulated by BH3 mimetic treatments,
illustrated by A-115463 inducing apoptosis in the Bcl-xL dependent cell lines and
S63845 eliciting apoptosis in only the Mcl-1 dependent cell lines, while single agent
ABT-199 had no effect. Additionally, potent dose dependent apoptosis was induced by
A-1155463 and S63845 in SK-MEL-5 and SK-MEL-2, respectively (Figure 3.3C-D).
These experiments validate the ability of BH3 profiling to pinpoint melanoma cell lines
that are sensitive to single agent BH3 mimetic treatments, which may have future
clinical implications. This data highlights the prominent role of Bcl-xL and Mcl-1 in
melanoma either in co-operative or sole dependence and defines a strategy to use BH3

mimetics as potential therapeutics in melanoma.
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Figure 3.3 Targeting Bcl-xL and Mcl-1 in sole dependent cell lines

A) siRNA screen (25 nM, 48 hours) of anti-apoptotic proteins in Bcl-xL and Mcl-1 dependent cell lines. B)
The same cell lines treated with selective BH3 mimetics (1 uM, 24 hours) as single agents, producing the
same phenotype as siRNA treatments. C) Dose dependent apoptosis induction by A-1155 (24-hour
treatment) in the SK-MEL-5 cell line and D) S63845 in the SK-MEL-2 cell line. Cells analyzed by flow
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cytometry for apoptosis induction (Annexin-V+). Results from =2 independent experiments, *p < 0.05
(significance between both untreated and single agent treatments).

3.5 Functional analysis and targeting of Bfl-1

Up to this point we have focused our efforts on functionally defining and targeting
the actionable Bcl-2, Bcl-xL, and Mcl-1 anti-apoptotic proteins in melanoma, which have
potent and selective small molecule inhibitors. However, the homologous Bfl-1 protein
has been shown to play an important role in contributing to the survival of melanoma
cells and is the disease where Bfl-1 is most prevalent.?1?2 Using the Bfl-1 selective
peptide, FS2, we performed BH3 profiling and ranked the cell lines based on their
mitochondrial depolarization response (Figure 3.4A). The M14 cell line stood out as
displaying the greatest functional dependence on Bfl-1 and was selected for further
follow-up studies to investigate the targeting of Bfl-1. In addition to Bfl-1, M14 showed
some dependence on Mcl-1 as well, indicated by dose dependent depolarization
induced by both MS1 and FS2 (Figure 3.4B). When Mcl-1 and Bfl-1 were individually
knocked down by siRNA in the M14 cell line the apoptotic response was minimal, but
was further enhanced by their double knockdown (% Annexin-V+ = ~50%), indicating an
efficacious strategy for dual inhibition of these two proteins (Figure 3.4C). Since there
are no potent and biologically active Bfl-1 inhibitors available, the combination of Bfl-1
siRNA and the Mcl-1 inhibitor, S63845, was tested. Knocking down the Bfl-1 protein
potentiated the apoptotic response induced by S63845 in a dose dependent manner,
revealing a strategy to combat melanomas with high functional dependence on Bfl-1.
This dual Mcl-1/Bfl-1 inhibition approach defined in the M14 cell line highlights the need

for Bfl-1 selective or dual inhibitors with Mcl-1 to combat certain subsets of malignant
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melanomas. Although we have identified certain cell lines that respond well to single or
combination anti-apoptotic protein inhibition, the more relevant therapeutic strategy may
be to combine these approaches with standard-of-care treatments in melanoma to

combat resistance.
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Figure 3.4 Targeting Bfl-1 in the M14 cell line

A) BH3 profiling of melanoma cell line panel with the Bfl-1 selective FS2 peptide (12 uM). B) Dose
dependent mitochondrial depolarization from BH3 profiling of the M14 cell line with MS1 and FS2. C)
Apoptosis induction (Annexin-V+) induced by Mcl-1 and/or Bfl-1 siRNA treatments (25 nM, 48 hours). D)
Apoptosis induced by treatment of M14 with S63845 (24 hours) after 48 hours of scrambled or Bfl-1
siRNA treatment. Results from =2 independent experiments. * p < 0.05; ** p < 0.005.

3.6 Vemurafenib resistance selectively increases Mcl-1 dependence
To effectively treat most solid tumors, several oncogenic cellular signaling
pathways usually need to be attenuated simultaneously.?®> BRAF and MEK inhibitors are
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routinely used to treat metastatic melanoma, but acquired resistance inevitably
develops in the vast majority of patients.® To investigate the functional role of the Bcl-2
family of proteins in response to acquired resistance to the BRAF inhibitor, vemurafenib,
we utilized the SK-MEL-239 cell line and its vemurafenib resistant sub-line that was
developed through chronic vemurafenib treatment. Cell viability curves using a dose
range of vemurafenib identified high sensitivity in the parental SK-MEL-239 cell line
(ICs0 = 324 nM) and confirmed resistance in the resistant subline that was no longer
sensitive to vemurafenib treatment (ICso > 10 pM) (Figure 3.5A). Additionally, the
western blot of baseline level proteins in the parental and resistant sublines shows
hyperactivated Erk (pErk), confirming that vemurafenib is no longer capable of inhibiting
the MAPK pathway (Figure 3.5B). Regarding the Bcl-2 protein family, there are slight
decreases in Bcl-2 and Bcl-xL levels and a depletion of the Noxa protein, with no
changes in Mcl-1 in the resistant subline. The comparison of BH3 profiles also identified
a distinct difference in pro-survival dependence, where the vemurafenib resistant
subline displayed a significantly higher level of Mcl-1 dependence compared to the
parental cell line, illustrated by increased MS1 depolarization and no significant
differences in the effect of the other peptides (Figure 3.5C). This increased Mcl-1
dependence also translated to heightened sensitivity to Mcl-1 inhibition by both siRNA
and S63845 treatments, which were both able to elicit robust apoptosis (Figure 3.5C-D).
A mechanistic explanation for the increased Mcl-1 dependence can come from the
Noxa depletion (Figure 3.5B) which would free up endogenous Mcl-1 and allow it to bind
to Bim or other pro-apoptotic activators, priming the cells for Mcl-1 dependence.

Additionally, there may be a post translational stabilizing effect of Mcl-1, reducing its
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turnover rate. To investigate this, we performed cycloheximide (CHX) half-life
experiments in the parental and vemurafenib resistant cell lines. CHX inhibits protein
synthesis and the short half-life of Mcl-1 was confirmed by treating the parental cell line
with CHX and monitoring its degradation over time, giving an Mcl-1 half-life of 1.2 hours,
similar to what has been reported (Figure 3.5F-G).?* Interestingly, the half-life of Mcl-1
was prolonged in the vemurafenib resistant cell line to a half-life > 4 hours, indicating
that Mcl-1 is in fact being stabilized in the cell. The PEST domain on Mcl-1 contains
several phosphorylation sites that allow for post-translational modification®® and it is
possible that an isomerase such as Pinl, which is regulated by the MAPK pathway,
contributes to a stabilized state of Mcl-1, increasing its functional activity.?®6 These
important findings highlight the functional role of Mcl-1 in contributing to vemurafenib
resistance in melanoma and define a strategy for using Mcl-1 inhibitors to overcome

vemurafenib resistance.
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Figure 3.5 Vemurafenib acquired resistance increases Mcl-1 dependence

A) Cell viability curves measuring sensitivity to vemurafenib in the parental and vemurafenib resistant
sublines. B) Western blot of baseline Bcl-2 family proteins. C) BH3 profiling of the parental and
vemurafenib resistant lines (12 uM peptides). D) Apoptosis elicited by siRNA (25 nM, 48 hours) and E)
BH3 mimetic (1 uM, 24 hours) treatments. F) Half-life curves measuring degradation of Mcl-1 protein after
CHX treatments in both sublines, G) with accompanied representative western blot of Mcl-1.

*p < 0.05; * p <0.005.

3.7 Short term BRAF/MEK inhibitor treatment primes for Mcl-1 dependence

We utilized dynamic BH3 profiling to determine whether melanoma cells need to
develop long term resistance in order to increase Mcl-1 dependence, in order to develop
combination treatment strategies to kil melanoma cells more effectively before
resistance sets in. The A2058 melanoma cell line was treated for 48 hours with
vemurafenib or the MEK inhibitor, PD-0325901 (PD-901) before performing BH3

profiling and comparing with the baseline profile. The results from this dynamic BH3
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profiling experiment reveals that Mcl-1 functional dependence is indeed increased after
a short-term treatment with BRAF or MEK inhibitors (Figure 3.6A). By examining the
Bcl-2 protein changes in response to these treatments, we can identify a mechanistic
explanation for the increased Mcl-1 dependence. Both MAPK inhibitors slightly
increased Mcl-1 levels, dramatically increased Bim, and depleted Noxa, with no
apparent change in Bcl-xL, which would favor an increase in Mcl-1:Bim complexes that
prime cells for Mcl-1 dependence (Figure 3.6B). As expected, the vemurafenib pre-
treatment of A2058 cells selectively potentiated the cells to S63845 treatment, inducing
a robust apoptosis response (Figure 3.6C). This combination approach resulted in a
dose dependent increase in S63845 sensitivity with a significantly improved apoptotic
response with as low as 100 nM of S63845 (Figure 3.6D). These results suggest that a
more effective strategy is to treat melanomas with Mcl-1 inhibitors early in the process
of MAPK inhibitor administration, before acquired resistance develops, which may

further enhance patient outcomes.
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Figure 3.6 MAPK inhibitors selectively prime for Mcl-1 dependence

A) Dynamic BH3 profiling (12 pM peptides) after 48-hour pre-treatment with the BRAF inhibitor
vemurafenib (0.5 uM) and the MEK inhibitor PD-901 (0.1 uM). B) Western blot of Bcl-2 family proteins
before and after treatment with vemurafenib and PD-901. C) Apoptosis induced by BH3 mimetics (1 puM,
24 hours) before and after vemurafenib treatment. D) Dose dependent apoptosis induction by S63845
depicted by flow cytometry plots of Pl and Annexin-V quadrants before and after vemurafenib treatment. *
p < 0.05; ** p < 0.005; *** p < 0.0005.

3.8 Conclusions

Guided by BH3 profiling we were able to dissect the functional survival
dependence of a panel of melanoma cell lines that represent the most common genetic
drivers of the disease. We determined that Bcl-xL and Mcl-1 were the most prevalent
pro-survival supporters, either working in co-dependence or individually. Additionally,
we investigated the functional role of Bfl-1 and identified co-inhibition strategies with
Mcl-1 in the M14 cell line. The majority of cell lines were insensitive to single agent
inhibition of the anti-apoptotic proteins and the intrinsic apoptosis pathway was only

activated by a combination of Bcl-xL and Mcl-1 inhibition, either by SIRNA or A-1155463
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and S63845 BH3 mimetic treatments. BH3 profiling effectively identified a small subset
of cell lines that displayed sole dependence on Bcl-xL or Mcl-1, which correspondingly
exhibited sensitivity to single agent siRNA or BH3 mimetic inhibition of their respective
dependent proteins. This approach utilizing BH3 profiling highlights the advantage of
elucidating survival dependence in order to identify efficacious BH3 mimetic treatments.

In the setting of acquired resistance in melanoma, we identified the increased
pro-survival role of Mcl-1 which promoted therapeutic resistance to the BRAF inhibitor,
vemurafenib. The functional increase in Mcl-1 dependence was determined by BH3
profiling and provided an opportunity of heightened Mcl-1 inhibitor sensitivity, which
induced robust apoptosis response in the vemurafenib resistant subline, but not the SK-
MEL-239 parental cell line. We demonstrated that vemurafenib and the MEK inhibitor,
PD-0325901, are capable of increasing Mcl-1 dependence after short term treatments
and identified an efficacious combination treatment approach with S63845 before
resistance develops.

These studies, functionally guided by BH3 profiling, offer several strategies to
target the Bcl-2 protein family in melanoma. Identifying single agent responsive Bcl-xL
and Mcl-1 dependent melanomas provide an attractive approach to use BH3 mimetics
in a personalized medicine setting. The robust apoptosis activation induced by
combination of Bcl-xL and Mcl-1 inhibitors warrants further in vivo efficacy and toxicity
studies to validate its potential as a therapeutic approach. Furthermore, we highlight the
important need of selective Bfl-1 or dual Mcl-1/Bfl-1 inhibitors that may be efficacious in

cancers such as melanoma.
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3.9 Materials and methods

Peptide and small molecule inhibitors

BH3-only peptides were custom synthesized by GenicBio Limited (Shanghali,
China. ABT-199, A-1155463, and S63845 were purchased from ChemieTek
(Indianapolis, IN). Peptides and small molecules were dissolved in DMSO at 10 mM and

stored at -20°C.

BH3 profiling

BH3 profiling was performed using the plate-based kinetic fluorometric
procedure.'® 2x108 cells were plated the day before running the assay in 10 cm dishes,
providing the highest reproducibility. Working buffer was composed of DTEB (135 mM
Trehalose, 10 mM HEPES-KOH pH 7.5, 50 mM KCI, 0.02 mM EGTA, 0.02 mM EDTA,
0.1% BSA, and 5 mM succinate) with the fresh addition of the following: 20 uM
oligomycin, 0.005% (w/v) digitonin, 10 mM [3-mercaptoethanol, and 2 yM JC-1. Peptides
and controls were serially diluted in fresh working buffer and 15 pyL/well was added to
black, flat bottom 384-well plates (Corning 3573). Cells were harvested, washed once,
re-suspended in MEB, then 15 pL of cell solution was added to each well such that the
final cell count was 20x102 cells/well in technical triplicates. Plates were immediately
analyzed on a BioTek Synergy H1 plate reader at an excitation of 545 nm and emission
of 590 nm every 5 minutes for 3 hours at 30°C. The resulting relative fluorescent units
were plotted versus time and area under the curve (AUC) values were generated using
GraphPad Prism 8.3.0 software. DMSO (1%) and FCCP (10 uM) controls were used to

set 0% and 100% depolarization parameters, respectively. The following equation was
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used to generate normalized values for treatment samples:

Sample AUC—-FCCP AUC)]

% mitochondrial depolarization = 100 — [100 x (DMSO A UC_FCCP AUC

siRNA knockdowns

Cells (50x103%/well) were seeded in 12-well plates and left to adhere overnight.
ON-TARGETplus siRNA SMARTpools (Dharmacon, Lafayette, CO) were prepared as
recommended by manufacturer at a concentration of 25 nM and delivered using
Lipofectamine RNAIMAX transfection reagent (Invitrogen). Combination treatments
contained 25 nM of each siRNA and scrambled controls were 50 nM. Cells incubated
with siRNA for 48 hours before analyzing apoptosis induction. Knockdown efficiency of

siRNA pools was evaluated by western blot in the M14 cell line (Figure 3.7).
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Figure 3.7 siRNA knockdown validation in melanoma
M14 melanoma cell line treated with siRNA pools (25 nM) targeted at individual anti-apoptotic proteins for
48 hours before knockdown efficiency evaluated by western blot.
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Apoptosis experiments

Cells (100x103%/well) were seeded in 12-well plates and left to adhere overnight.
Cells were treated with BH3 mimetics for 24 hours and stained with Annexin-V/FITC
and propidium iodide. Cells were run on an Accuri C6 flow cytometer and analyzed
using WinList 3.0 software. Percentage of Annexin-V positive populations were used to

report apoptosis induction.

MTT cell viability assay

Cells (10,000/well) were treated with BH3 mimetics for 72 hours in 96-well plates
in duplicate. After treatment, the MTT reagent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, was added and incubated at 37°C for 4 hours before adding
SDS/HCI solution. Plates were incubated overnight and read on a BioTek Synergy H1
plate reader at 570 nM absorbance. Treated wells were normalized by subtracting
media-only control wells and DMSO treated cells as the 100% cell viability parameter.
Growth curves were plotted using GraphPad Prism 8.3.0 software and ICso values were

calculated using non-linear regression fitting.

Cyclohexamide (CHX) experiment

SK-MEL-239 parental and vemurafenib resistant cells (1x106) were plated in 6-
well plates and left to adhere overnight. Cycloheximide (CHX) was added at a
concentration of 100 yg/mL and wells were harvested at respective time points. Cells

were lysed and subjected to western blot analysis, probing for Mcl-1.
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Chapter 4

Discovery and Characterization of Mcl-1 and Bfl-1 Dual Inhibitors

4.1 Abstract

Anti-apoptotic Bcl-2 family proteins are overexpressed in a wide spectrum of
cancers and have become well validated therapeutic targets. Cancer cells display
survival dependence on individual or subsets of anti-apoptotic proteins that could be
effectively targeted by multimodal inhibitors. We designed a 2,5-substituted benzoic
acid scaffold that displayed equipotent binding to Mcl-1 and Bfl-1. Structure based
design was guided by several solved co-crystal structures with Mcl-1, leading to the
development of compound 24, which binds both Mcl-1 and Bfl-1 with Ki values of 100
nM and shows appreciable selectivity over Bcl-2/Bcl-xL. The selective binding profile of
24 was translated to on-target cellular activity in model lymphoma cell lines. These
studies lay a foundation for developing more advanced dual Mcl-1/Bfl-1 inhibitors that
have potential to provide greater single agent efficacy and broader coverage to combat

resistance in several types of cancer than selective Mcl-1 inhibitors alone.

4.2 Introduction
Development of small molecule inhibitors of the Bcl-2 family of proteins has
become a well validated therapeutic approach over recent years, highlighted by the

2016 FDA-approval of the Bcl-2 selective inhibitor, venetoclax.>? Potent and selective
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inhibitors of Bcl-xL and Mcl-1 have also reached clinical evaluation and hold promise of
improved clinical outcomes in various cancers.>® Of the validated therapeutic anti-
apoptotic targets in the Bcl-2 family, Bfl-1 remains without a potent drug-like inhibitor
and represents an important unmet need.

Bfl-1 is considered an “underdog” in the Bcl-2 family, being one of the less
studied anti-apoptotic proteins, but there is a growing body of evidence suggesting its
value as a therapeutic target, particularly in cancers such as leukemia, lymphoma, and
melanoma.’”® Mcl-1 target validation is well established in a wider spectrum of cancers?®
and shares structural and functional features with Bfl-1, along with the shared selective
binding partner, Noxa.'%'? The close relationship between Mcl-1 and Bfl-1 has been
evaluated by phylogenetic analysis, separating the two from the other anti-apoptotic
proteins.t®* The concurrent genetic silencing of Mcl-1 and Bfl-1 led to enhanced
apoptosis of melanoma cell lines, while leaving non-malignant skin cells unharmed.*
Mcl-1 and Bfl-1 have both been identified as resistant factors to other BH3 mimetics in
lymphoma?®16 and to MAPK inhibitors in melanoma,’:'® which was circumvented by
genetic modulation in each case. Additionally, concurrent overexpression of Mcl-1 and
Bfl-1 in poorly differentiated thyroid cancers was identified to be responsible for de novo
therapeutic resistance and was overcome with the pan Bcl-2 inhibitor, obatoclax.!®
Thus, compounds that selectively target both Mcl-1 and Bfl-1 hold clinical promise in
treating several types of hematological and solid cancers.

Our recent work utilizing an integrated high throughput and virtual screening
approach yielded several scaffolds that showed binding to Mcl-1 and Bfl-1, including

compound 19 (here referred to as 19SR).?%2 Our screening strategy using the Noxa
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pharmacophore to funnel high throughput hits likely selected for molecular scaffolds that
display a dual Mcl-1/Bfl-1 binding profile.?! In this manuscript, we describe the further
development of this hit molecule, 19SR, by re-designing the chemical core structure
(Figure 4.1A). The difuryl-triazine core was replaced with a 2,5-substituted aromatic
benzoic acid core, allowing variable chemical functionalization possibilities. The
resulting molecule 1 displayed equipotent binding to Mcl-1 and Bfl-1, with selectivity
over Bcl-2 and Bcl-xL (Figure 4.1A). Guided by structural information obtained via
HSQC-NMR and crystallography, the 2,5-substituded benzoic acid class of inhibitors
was developed and led to compound 24 with 15-fold improved binding to both Mcl-1 and
Bfl-1, while maintaining a selective profile against other anti-apoptotic proteins. The
obtained biological data suggests that both Mcl-1 and Bfl-1 are selectively targeted by
24, by binding to the endogenous proteins and inducing cell death in engineered
lymphoma cells that depend on these two proteins for their survival. This class of
molecules displays a Noxa-like, dual selective binding profile that provides key
structural information which could lead to the development of more advanced dual Mcl-

1/Bfl-1 inhibitors.

4.3 Design of a 2,5-substituted benzoic acid scaffold that inhibits Mcl-1/Bfl-1

We have recently reported a class of small molecule Mcl-1 inhibitors with a
difuryl-triazine core scaffold, based on the validated hit molecule 19SR identified by
integrated high throughput and virtual screening strategy.? The structure-activity
relationship (SAR) studies of this series of compounds provided two important findings

for their binding to the Mcl-1 protein: the conserved hydrogen bond with Arg263 formed
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with one of the furan rings and substituting the amide with a flexible carbon linker. In
addition to our own findings, we analyzed reported promising Mcl-1 lead compounds, in
particular two distinct structural classes derived from biphenyl sulfonamide and salicylic
acid cores discovered in an NMR-based fragment screen.?> Comparing these scaffolds
to our difuryl-triazine core provided us with additional insights in redesigning the hit
molecule 19SR?! to increase the functionalization of this core and synthesize a more
diverse molecule library (Figure 4.1A). These biphenyl sulfonamide and salicylic acid
fragments, as well as most of the reported classes of Mcl-1 inhibitors,#23-2¢ have a
carboxylic group in their core structures which anchor them into the BH3 binding groove
through the conserved hydrogen bond with the Mcl-1 Arg263 residue. Based on this
well-known interaction, the triazine core was replaced with a 2,5- substituted benzoic
acid and one of the furan rings was replaced with a carboxyl group to preserve and
increase the strength of the essential hydrogen bond with Arg263. The 2,5- substituents
were inspired from our SAR data for the difuryl-triazine analogues?! and the available
structural information for the aryl sulfonamide and salicylic acid based inhibitors.?? Thus,
the second furan ring at the position 2 of 19SR was replaced with a phenylsulfonamide
group, while the 5- thiol substituent was preserved, where the amide was replaced with
a methylene linker to increase the flexibility of the substituent at this position, resulting in
compound 1 (Figure 4.1A). We were pleased to determine that the new compound 1
shows equipotent binding to both Mcl-1 and Bfl-1 proteins with 2- and 3-fold
improvement, respectively, in comparison with 19SR (Figure 4.1A and Table 4.1).
Importantly, compound 1 has >20-fold selectivity to Bcl-2 and Bcl-xL, with no binding

observed in the tested concentrations.
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The direct binding of 1 to the Mcl-1 and Bfl-1 proteins was confirmed by HSQC-
NMR spectroscopy and the obtained spectra showed concentration-dependent
perturbations of the backbone amide residues (Figures 4.1B and 4.1D). The analysis of
the HSQC chemical shift changes of 1 in complex with Mcl-1 showed that the residues
forming the Mcl-1 BH3-binding groove were primarily affected and provided strong
evidence that it binds at the same site where the conserved BH3-only proteins interact
with the Mcl-1 protein. To gain structural understanding of the ligand-protein
interactions, we predicted the binding model of 1 in complex with Mcl-1 by molecular
docking. The predicted model revealed that the phenethylthio moiety occupies the p2
pocket and participates in hydrophobic interactions with the Leu267, Val253, Val243
and Leu235 residues (Figure 4.1C), which showed significant chemical shift
perturbations (Figure 4.1B). The carboxyl group forms a hydrogen bond with the
Arg263, mimicking the conserved aspartate in the pro-apoptotic BH3 only proteins,
confirmed by the HSQC-NMR spectrum of the Mcl-1:1 complex where Arg263 showed a
significant chemical shift perturbation. The predicted model showed that the
phenylsulfonamide is placed above the p3 pocket, making weak interactions with
Thr266, Ala277, and Phe228 (Figure 4.1C). In a similar way, the HSQC-NMR studies
with the Bfl-1 protein showed that compound 1 binds to Bfl-1 through several key
residue perturbations (Figure 4.1D). Along with a noticeable shift of Arg88, which
corresponds to Arg263 of Mcl-1, the residues from the hydrophobic p2 pocket displayed
significant perturbations, including Ala94, Phe95, and 1198, as well as additional
identified shifts by Val44 and Lys46 on the a3 helix. The docking model of compound 1

to Bfl-1 (Figure 4.1E) predicts similar binding as to Mcl-1, with the 5-phenethylthio
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moiety occupying the p2 pocket and interaction with Arg88 through the acid group. The
phenylsulfonamide substituent appears to be pointed toward the a4 helix and solvent
exposed. Taken together, biophysical HSQC-NMR experiments in combination within
silico docking studies strongly suggest that compound 1 binds to the BH3-binding
groove of both the Mcl-1 and Bfl-1 proteins.

This dual selective binding profile of compound 1 matches that of the
endogenous pro-apoptotic Noxa protein, which also selectively binds only Mcl-1 and Bfl-
1. Importantly, the hit molecule 19SR, based on which the compound 1 was designed,
was identified in our integrated screening approach using the Noxa BH3 labeled
peptide,?*demonstrating that using the Noxa pharmacophore contributed in selecting
compounds with molecular scaffolds that display a dual Mcl-1/Bfl-1 binding profile.

Since Bfl-1 is an emerging therapeutic target and there is an unmet need for small
molecules that inhibit this protein, we sought to further explore the SAR of its inhibition

together with Mcl-1.
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Figure 4.1 Compound 1 design and HSQC-NMR guided binding mode to Mcl-1/Bfl-1

A) Chemical structures and binding affinity of compounds 19SR2! and 1, against Bcl-2 family anti-
apoptotic proteins (distinct structural features color coded). B) HSQC-NMR chemical shift perturbations of
Mcl-1 residues in the presence of 1. C) Predicted binding pose of 1 in the BH3 binding site of Mcl-1 (PDB
ID: 4HW2 was used for docking); key residue shifts highlighted corresponding to shift intensity noted in
HSQC-NMR experiments. D) Superimposed ’N-HSQC spectra of Bfl-1 in the absence (blue) and
presence (red) of compound 1 with close up view of select residue shifts. E) Predicted binding pose of 1
to Bfl-1 (PDB ID: 3MQP used for docking) with highlighted residues shifted in HSQC-NMR spectra.

4.4 SAR of novel Mcl-1/Bfl-1 dual inhibitors

The first series of compounds was synthesized to explore the importance and
binding affinity contribution of the 5-phenethylthio (R') and 2-phenylsulfonamide (R?)
substituents to the Mcl-1 and Bfl-1 proteins (Table 4.1). Deletion of the phenethylthio
substituent in compound 2 resulted in an over 30- and 60-fold decrease in binding

affinity to Mcl-1 and Bfl-1, respectively, demonstrating that this group significantly
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contributes to the Mcl-1/Bfl-1 binding potency. These findings are consistent with the
predicted binding model showing that the phenethylthio substituent is accommodated
into the p2 pockets of both Mcl-1 and Bfl-1, maintaining a network of hydrophobic
interactions (Figures 4.1C and 4.1E). One carbon reduction of the aliphatic chain at the
R! position to a phenyl methylthio substituent resulted in compound 3 with similar
binding affinities to Mcl-1 and Bfl-1. Several compounds were synthesized to investigate
the importance of the ethylthio linker, its length and nature. Reducing the flexibility of the
ethyl chain by introducing an amide group in compound 4, resulted in 10-fold decreased
binding to both, Mcl-1 and Bfl-1, consistent with the SAR studies of the difuryl-triazine
series, based on the 19SR hit molecule.?! Extending the carbon chain in compound 5
resulted in further significant decreases in binding to both Mcl-1 and Bfl-1. Replacement
of the sulfur with an amine linker, as in 6, resulted in a 6-fold loss in binding to Mcl-1.
Replacing the sulfur with an amide linker having different carbon chain lengths, as in 7
and 8, resulted in a substantial loss of binding affinity to Mcl-1 and an even greater loss
in Bfl-1 binding. Furthermore, a 5- ether analogue was synthesized to compare against
the sulfur and amine linked compounds to find that compound 9 displayed a 4- and 6-
fold affinity decrease for Mcl-1 and Bfl-1, respectively. Importantly, deletion of the R?
phenylsulfonamide substituent in compound 10 or changing the sulfonamide to an
amide linker in compound 11 did not have significant effect on binding (Table 4.1).
These results together with the predicted binding model demonstrate the importance of
the phenethylthio substituent in preserving the carbon chain length and its flexibility, as

well as keeping the sulfur linker at the 5- substitution site of the core benzoic acid. In
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addition, it seems that the sulfur linker is necessary to preserve equipotent binding to

Mcl-1/Bfl-1, as the affinities deviate when a direct amide linker is used (7 and 8).

Table 4.1 SAR of 2-,5-substituents of benzoic acid core
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Based on these results, we synthesized a series of inhibitors where the R!
phenethylthio group was fixed at the 5- position and proceeded to probe the SAR of the
substituents at the R? position (Table 4.2). Extending the phenyl group away from the
sulfonamide linker by two carbons (compound 12) resulted in no changes in binding
affinity. Bioisosteric replacement of the phenyl group with the thiophene moiety, as in
13, gave a similar Mcl-1 binding affinity with a 2-fold decrease in Bfl-1 binding.
Introducing a small hydrophobic substituent at the para position of the phenyl ring, such
as bromine in compound 14, led to a 2-fold improvement over 1, alluding to the
possibility of introducing more hydrophobicity at this site. Indeed, substituting the phenyl
for a bulkier naphthalene ring resulted in compound 15, with 6- and 3- fold increases in
binding potency to Mcl-1 and Bfl-1, respectively. Introducing a biphenyl substituent in

compound 16, which was beneficial in our previously reported series of Mcl-1
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inhibitors,?® proved again to be a favorable moiety for targeting these protein-protein
interactions (PPIs) and led to 15-fold improvements in binding affinity to Mcl-1 (Ki = 0.09
+ 0.02 pM), as well as to Bfl-1 (Ki = 0.15 = 0.02 uM). Replacing the distal phenyl ring
with a saturated cyclohexyl group in compound 17 resulted in similar potent binding to

both Mcl-1 and Bfl-1 (Ki = 0.087 + 0.03 uM and Ki = 0.15 = 0.03 uM, respectively).

Table 4.2 SAR of 5-(phenethylthio)-2-(arylsulfonamido)benzoic acid compounds

0=S=0
R2
Mcl-1 K Bfl-1 K|
Compound R2
P (uM) (M)
%,
12 @N 1.7+05 17+03
13 @ﬁ 20+0.2 3.4+0.3
S

14 D}‘ 0.81£0.2 | 08102
Br
15 0224003 | 057201

16 0.090 +0.02 | 0.15+0.02
17 O/O/\ 0.087 +0.03 | 0.17 +0.04
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18 % 0.20+0.04 | 0.28 +0.05

N
19 O)Q 0.33+0.06 | 0.39+0.1

20 @NJ 057+0.1 | 0.76+0.1

2
F Y
22 @ (N 0.77+02 | 0.90+0.2
N

0.84+0.1 1.0+£0.2

It is well known that anti-apoptotic proteins, including Mcl-1 and Bfl-1, have a
prominent hydrophobic groove, thus it is required for ligands to have high lipophilicity to
achieve potent affinity to the BH3 binding site. However, compounds with high binding
affinity that is primarily driven by lipophilic interactions are likely to be less selective,
with potential off-target effects and toxicity. Replacing flat aromatic rings with 3D
heteroatom containing rings has been shown to improve many qualities of small
molecules, including increasing solubility and decreasing promiscuity.?”-?8 In an effort to
balance the lipophilic properties of the newly designed dual inhibitors, and improve
physicochemical properties, the R? proximal phenyl ring in 16 was replaced with the
heterocyclic pyridine (18), piperidine (19), and piperazine (20) moieties. Compounds 18
and 19 both displayed slightly decreased binding affinities, but improved aqueous

solubility compared to 16 (Figure 4.2). Compound 20 showed a 5- to 6-fold decrease in
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binding to Mcl-1 and Bfl-1, compared to 16, which can be explained by the presence of

hydrophilic piperazine in the predominantly hydrophobic environment of the Mcl-1

binding pocket. Introducing a methylene spacer between the piperazine moiety and the

phenyl substituent in compound 21 and a para-fluoro-phenyl derivative, 22, showed

similar binding affinities to Mcl-1 and Bfl-1 as the parent compound 20. Importantly, as

expected,

compounds 20 and 22 showed

improved solubility and calculated

physicochemical properties in comparison with 16 and 17 (Figure 4.2). This improved

solubility allowed us to successfully obtain complex structures with the Mcl-1 protein,

discussed below.

A)
Compound cLogP cLogP cLogS EX‘IPuerrtI)riTc]i?tr;/tal
(ChemDraw) | (DataWarrior) | (DataWarrior) Range (uM)
1 5.82 3.85 -5.17 >400
16 7.74 5.51 -7.26 100-125
17 8.47 5.99 -6.94 75-100
18 7.38 4.60 -6.16 >400
19 7.14 5.19 -6.15 >400
20 6.26 3.89 -5.37 >400
21 4.28 2.89 -4.86 >400
22 4.42 2.99 -5.17 >400
B) Solubility (5% DMSO) © Solubility (5% DMSO)
0.5+ 0.2+
x- DMSO
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Figure 4.2 Physicochemical evaluation of dual inhibitors

A) Select compounds from Table 2 and their associated cLogP (ChemDraw and DataWarrior), cLogS
(DataWarrior), and experimentally determined turbidity ranges. B) Curves from turbidity assay to identify
maximum aqueous solubility of compounds. C) Zoomed in section from box shown in B) to identify more
accurate loss of solubility. Turbidity range determined by identifying the inflection point where absorbance

significantly deviates from DMSOQO control.

To verify the importance of the carboxyl acid interaction with the conserved
Arg263 and Arg88 residues on Mcl-1 and Bfl-1, respectively, we tested several

esterified analogues of compounds in Table 4.2 and as expected no binding was

observed to both Mcl-1 and Bfl-1 at the tested concentrations (Table 4.3).

Table 4.3 Mcl-1 and Bfl-1 binding of methyl ester analogues

O
HN
0=8=0
R2
Compound R? Mcl-1 Ki (uM) | Bfl-1 Ki (M)
30a O)‘ >80 70
30g Cﬁ >80 >70
S
30h Q}‘ >80 >70
Br
30 >80 >70
a8
30n NJ >80 >70
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Py
30 N >80 >70
MEesUs

4.5 Co-crystallography and structure-based design of optimized inhibitors

To drive further development of these inhibitors and provide structural insight into
their binding modes, co-crystal structures of 20 and 22 bound to Mcl-1 were solved to
2.55 A and 2.10 A resolution, respectively (Figure 4.3). The plasticity of the Mcl-1 BH3
binding site has been noted in previous studies which illustrate its ability to change
conformation upon ligand binding, forming a deeper p2 pocket.?2242° Mcl-1
conformational changes induced by binding of compounds 20 and 22 were compared to
the apo-MBP-Mcl-1 (PDB ID: 4WMS) protein (Figure 4.3A). The structures were aligned
to 22 by the SSM algorithm in Coot,3° providing root mean square deviations (RMSD) of
1.193 A for apo and 0.775 A for 20. The most notable difference between the aligned
structures is the position of the a4 helix (Figure 4.3A). The displacement of this helix
widens the canonical BH3 binding groove to accommodate the ligand in the
hydrophobic p2 pocket.?* Both compounds 20 and 22 have an anchoring hydrogen
bond between their carboxyl group and the Arg263 side chain of Mcl-1, mimicking the
interaction observed between Arg263 and the conserved aspartic acid in pro-apoptotic
proteins (Figure 4.3B).

The aromatic 2,5-substituted benzoic acid core is oriented perpendicular in the
junction between the p2 and p3 pockets within the BH3 binding groove. The R?
piperazine-containing substituents in compounds 20 and 22 occupy the p2 hydrophobic

binding pocket, while the phenethylthio moiety is directed towards the pl pocket. The
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phenylpiperazine-sulfonamido substituent in 20 interacts with the side chains of Leu267
and Val253 from the p2 pocket and Leu235 from the pl pocket through hydrophobic
interactions with the distal phenyl group. The addition of the CH2 linker in the R2
substituent of 22 provides additional length and flexibility of the terminal 4-fluoro phenyl
moiety, placing it deeper in the p2 binding site in comparison with 20, and forming
hydrophobic interactions with the side chains of Phe270, Met250, and Leu290. The R?!
phenethylthio moiety in both complexes is found near the a3 helix and has hydrophobic
interactions with Met231, Leu235, and Val253 (Figure 4.3B). -1 stacking of the two
distal phenyl groups in 20 help stabilize its folded conformation. These structural
findings validate the vital Mcl-1 binding features of hydrogen bonding with Arg263 and
occupancy of the p2 hydrophobic pocket, which provide insights into further

optimization.

Figure 4.3 Co-crystal structures of compounds 20 and 22 with Mcl-1

A) Overlay of the Ca traces of Mcl-1 in complex with 20 (PDB ID: 6U64) (cyan), 22 (PDB ID: 6U65) (pink),
and apo-MBP-Mcl-1 (PDB ID: 4WMS) (gray) depicting movement in the a4-helix (circled in red) upon
ligand binding. X-ray crystallography complex of Mcl-1 with compounds B) 20 (cyan) and 22 (pink). The
side chains of selected interacting Mcl-1 residues are labeled and dashed lines represent hydrogen
bonds.
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Based on the experimentally determined binding modes of these inhibitors and
knowing that optimal occupancy of the p2 hydrophobic pocket is essential for improved
binding affinity to Mcl-1 protein,>* compounds 23 and 24 were synthesized by
introducing a bulky tert-butyl group in the para position on the distal phenyl group of the
R? substituent (Table 4.4). Indeed, both compounds, 23 and 24, displayed an 8-fold
increase in the binding affinity to Mcl-1 with Ki values of 73 nM and 94 nM, respectively,
compared to their counterparts 20 and 21, which lack the tert-butyl. Importantly, tighter
binding affinities of 23 and 24 were also determined for Bfl-1 protein with Ki values of 84
nM and 100 nM, respectively. Similar improvement was also identified in comparison
with 22 which has a fluorine at the same position. This finding confirmed the importance

of the hydrophobic interactions in the p2 pocket and optimizing its occupancy.

Table 4.4 Optimized dual inhibitors with terminal R? tert-butyl moiety

o
pel
HO
HN
0=5=0
RZ
Mcl-1 K; Bfl-1 K
Compound R R2
P (HM) (HM)
i{s
23 0.073+0.02 | 0.084 £0.04

Y
QO
S
24 LY >k<jV QN}“ 0.094 +0.01 | 0.10+0.02
N
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‘1{8
25 V\Q 0.29+0.01 | 0.25+0.05
OH
S
kY
26 0.074+0.01 | 0.10£0.04
O\
s N
27 SN © ﬁ 0.95+0.08 | 1.1+0.4
(0]

To further validate the direct binding of compounds 23 and 24 to the Mcl-1 and
Bfl-1 proteins, we employed the biophysical method of bio-layer interferometry (BLI).
Using immobilized biotin-labeled anti-apoptotic proteins, 23 and 24 were tested and
demonstrated dose dependent binding against Mcl-1 with Kq values of 490 nM and 670
nM, respectively, calculated by using steady state analysis (Figures 4.4A and 4.4B).
Compounds 23 and 24 gave similar Kq values for Bfl-1, 920 nM and 1,270 nM,
respectively (Figures 4.4C and 4.4D). To support the FP obtained SAR data, compound

22, with about 9-fold weaker binding affinity to both proteins (Table 4.2), showed similar

decrease in the Kq values determined by BLI (Figures 4.4E and 4.4F).
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Figure 4.4 Binding affinity determination by BLI

Sensorgrams and steady state plots for Mcl-1 binding with compounds A) 23 (2.5, 1.25, 0.625, 0.3125,
and 0.156 pM) and B) 24 (2.5, 1.25, 0.625, 0.3125, and 0.156 pM). Corresponding sensorgrams and
steady state plots for Bfl-1 binding with compounds C) 23 (2.5, 1.25, 0.625, 0.3125, and 0.156 uM) and D)
24 (3, 1.5, 0.75, 0.375, and 0.1875 uM). Steady state plots of compound 22 (20, 10, 5, 2.5, and 1.25 uM)
binding to E) Mcl-1 and F) Bfl-1. Kq values were calculated from steady state analysis. Figures are
representative of = 3 independent experiments.
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We successfully obtained the crystal structure of compound 24 in complex with
Mcl-1 (Figure 4.5A), showing a similar binding pose as 22, with the Arg263-carboxyl
group interaction acting as the main anchoring point and aromatic scaffold interacting
with Met231. The tert-butyl phenyl moiety is deeply accommodated into the p2 pocket,
which becomes larger and more opened in complex with 24. The tert-butyl group forms
hydrophobic interactions with the side chains of Met250, 1237, Val243 and Leu290,
while the phenyl group interacts with the Phe270 which constitutes the bottom of the p2
pocket. Overall the tert-butyl phenyl group shifts towards the a4 helix and distorts it
between residues 245-247. The R! phenethylthio substituent is directed towards the p1
pocket and the distal phenyl ring makes hydrophobic interactions with Leu235, leading
to opening and merging of the p1 and p2 pockets.

To investigate the contribution and interactions of the R! substituent, several
compounds were synthesized by modifying the distal phenyl ring as well as the flexibility
of the methylene linker. Adding a polar hydroxyl group on the R! phenethylthio
substituent illustrates the necessity to preserve hydrophobicity at this site, as compound
25 gives a 3- to 4- fold decrease in binding affinity. Methylation of the phenolic hydroxyl
group in 26 restored the binding, confirming the unfavorable interactions of the polar
hydroxyl group. Furthermore, we tested the importance of the linker geometry of the R?
substituent. Introducing an amide linker in compound 27 resulted in more than a 10-fold
decrease in the binding affinity against both Mcl-1 and Bfl-1. We successfully solved the
complex structure of 27 with the Mcl-1 protein (Figure 4.5B). This binding pose is very
similar to the Mcl-1:24 co-crystal structure, showing the Arg263-carboxyl group

interaction and the tert-butyl phenyl piperazine moiety deeply accommodated in the p2
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pocket, forming the hydrophobic interactions with Val243, Leu246 and Leu290 residues.
However, the thioethylamide phenyl substituent is solvent exposed and lacks
interactions with the pl pocket. These results confirm the contribution of the R?
substituent by directly interacting with the Mcl-1 protein, as well as partially stabilizing of
the folded conformation of these inhibitors by the 1-11 stacking between the two distal

phenyl groups in the R! and R? substituents.

Figure 4.5 Co-crystal structures of compounds 24 and 27 bound to Mcl-1

A) Mcl-1:24 x-ray complex structure (PDB ID: 6U6F). B) Mcl-1:27 x-ray complex structure (PDB ID:
6U67), water molecule involved in hydrogen binding appears as a red sphere. Key residues on protein
are labeled and hydrogen bonds depicted as black dashed lines.

4.6 Elucidation of dual inhibitors binding to Bfl-1 by HSQC-NMR and docking
Recently, the apo-Bfl-1 structure, as well as complex structures of Bfl-1 and BH3
peptides have been reported.®32 The alignment of the Bfl-1 structures bound to
peptides available in the PDB database shows a predominantly uniform conformation of
the targeted binding site (Figure 4.6A). As members of the Bcl-2 protein family, Mcl-1
and Bfl-1 contain four BH domains with conserved tertiary structure forming the

canonical hydrophobic BH3 binding site where the pro-apoptotic proteins bind.*® The
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structures of apo Bfl-1 and Mcl-1 are largely similar, although Mcl-1 and Bfl-1 display
marginal overall sequence identities of approximately 20%. The alignment of the Mcl-1
structure with the Bfl-1 protein showed that the highest degree of sequence similarity is
found in their BH3 binding pocket, with several corresponding Mcl-1/ Bfl-1 residue pairs
involved in interactions with BH3 domain and inhibitors, including Arg263/Arg88,
Met250/Met75, Val274/Leu99 and Phe270/Phe95, indicated comparable overall
topology of both binding sites (Figure 4.6B). The most conserved region identified in the
loop between a4 and a5 (residues 81-84 in Bfl-1 and 256-259 in Mcl-1) and the N-
terminus of helix o5 (residues 85-91 in Bfl-1 and 260-266 in Mcl-1). In addition, the size
of the BH3-binding pocket is very similar in apo structures of Mcl-1 and Bfl-1. However,
as it was established from numerous Mcl-1 protein crystallography studies, including
experiments presented in this work, the amino acid conformations in Mcl-1 binding
pocket can be greatly affected by the ligand binding, in particular the a4 helix adjusted
its side chain conformations in response to different binding partners (Figure 4.3A).
Thus, a similar conformational change of the Bfl-1 BH3 binding site can also be
predicted upon ligand binding. Indeed, a recently reported complex structure of a
stapled peptide inhibitor displayed a conformational change upon binding in comparison
with the apo-structure by opening the binding groove by displacement of a2, a3 and a4
helices.3! Thus, it was not surprising when in our first docking attempts using the
complex structure of Noxa BH3 peptide bound to Bfl-1 (PDB ID: 3MQP), we were not
able to obtain reasonable binding modes. In order to take the conformational change of
the protein into consideration, we used our co-crystal structure of the Mcl-1 in complex

with compound 24 and aligned it with the Noxa-bound Bfl-1 protein (PDB ID: 3MQP). In
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this way we determined the initial coordinates and conformation of compound 24 bound
to the Bfl-1 protein, followed by energy minimization of the produced complex. After the
minimization, the most notable conformational change observed was the side chain
movements of the Phe71, Met75, and Phe95 residues, which enabled a wider opening
of the Bfl-1 p2 pocket to accommodate the compound (Figure 4.6C). Subsequent re-
docking of compounds 23 and 24 into the resulted Bfl-1 structure, followed by
minimization, provided the predicted binding mode, displayed in Figure 4.7A. The
predicted binding of compounds 23 and 24 resembles poses observed in the Mcl-1 co-
crystal complex structures with other inhibitors from this series. As expected, Arg88
served as the main anchoring residue. In a similar way, the R? substituent was
predicted to be buried deep into the Bfl-1 p2 pocket through a network of hydrophobic
interactions. The tert-butyl group makes contacts with Vall122, Ala67, lle118, Phel21,
and Leu99, and the distal phenyl group with Phe71, [le92 and Phe95. Interestingly the
R?! phenethylthio moiety was oriented towards the a4 helix of the BH3 binding groove for
both compounds 23 and 24, making hydrophobic interactions between the side chain
methylene groups of Lys77 and the distal aromatic ring. The predicted models of Bfl-1 in
complex with compounds 23 and 24 suggest that the ligands can accommodate the
BH3 pocket by rotating certain binding-site side-chains leading to the opening of a

hydrophobic cavity in particular the p2 pocket (Figure 4.7A).

110



Phe270

Figure 4.6 Bfl-1 protein alignments and minimization

A) Alignment of several available Bfl-1 crystal structures with outlined residues (PDB IDs: 3MQP, 6MBB,
5UUK, 5WHH). B) Alignment of Bfl-1 crystal structure conformation bound with Noxa (PDB ID: 3MQP),
protein shown in green and residues in red, and Mcl-1 crystal structure also bound to Noxa (PDB: 2NLA)
with protein shown in orange and residues in yellow. C) Observed movement of the sidechains in the Bfl-
1 crystal structure (PDB ID: 3MQP) after minimization with the placed initial conformation of compound 24
in the BH3 binding site. The original positions of the marked amino acid residues are shown in orange
and the new positions after minimization are shown in red.

Currently there are no reported co-crystal structures of the Bfl-1 protein with
small molecules in the literature. Our attempts to determine the complex structure
between our inhibitors and Bfl-1 were unsuccessful. Thus, we proceeded with Bfl-1
HSQC-NMR studies to provide further evidence to support the molecular docking and
predicted binding mode of the analogues in this series. We were successful in obtaining
HSQC-NMR data demonstrating that compound 23 binds and interacts with Bfl-1

protein (Figure 4.7B). By performing a titration of different concentration ratios between
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compound 23 and the Bfl-1 protein, we identified key residue perturbations that
substantiate our evidence of Bfl-1 binding. The important anchoring hydrogen bond
interaction with Arg88 was confirmed by chemical shifts with this residue, along with
Phe95 and Ala94 in the p2 pocket. Future structural studies of Bfl-1 in complex with
these compounds are needed in order to provide in-depth and empirical insights into

how this class of inhibitors bind Bfl-1.
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Figure 4.7 HSQC-NMR and docking of optimized compounds with Bfl-1

A) Docking model of compounds 23 and 24 to Bfl-1 (PBD ID: 3MQP was used for docking); residues with
chemical-shift perturbations upon 23 binding are highlighted in red. B) Superposition of N HSQC
spectra of labeled Bfl-1, free and in complex with compound 23 in different ratio (DMSO = blue; 1:1 =
green; 1:2 = red). Close up view of select residues with noticeable chemical shifts.

4.7 Binding selectivity to anti-apoptotic Bcl-2 family proteins
The overall goal of the design and development of these inhibitors was to have

molecules that bind to Mcl-1 and Bfl-1 with selectivity over Bcl-2 and Bcl-xL. Several key

112



inhibitors were tested for binding against the homologous Bcl-2 and Bcl-xL anti-
apoptotic proteins (Table 4.5). The initially designed molecule 1 displayed substantial
selectivity with Ki values for Bcl-2/Bcl-xL greater than 25 uyM. Optimized compounds 15,
20, and 27 maintained at least 10-fold selectivity, while 22 gave Ki values for Bcl-2/Bcl-
xL greater than 25 yM. Along with the increase in potency for Mcl-1/Bfl-1, compounds
23 and 26 maintained at least a 15-fold selectivity over Bcl-2/Bcl-xL. Compound 24
displayed the greatest selectivity window with Ki values against Bcl-2 and Bcl-xL both

being greater than 25 yM and was selected for further biological evaluation.

Table 4.5 Binding selectivity to anti-apoptotic proteins

Mcl-1 Bfl-1 Bcl-2 Bcl-xL
Compound Ki (uM) Ki (M) Ki (M) Ki (M)
1 15+0.3 1.6+0.2 >25 >25
15 0.22+0.03 | 057+£0.1 5.6+0.7 52+1.1
20 0.57+0.1 0.76 £ 0.1 11.7+£ 3.1 6.6t1.1
22 0.77+£0.2 0.90+0.2 >25 >25
23 0.073+£0.02 | 0.084+£0.04| 1.2+0.4 35+0.5
24 0.094 £0.01 | 0.10+0.02 >25 >25
26 0.074+£0.01 | 0.10+£0.04 1.2+0.5 6.7+1.6
27 0.95 +0.08 1.1+04 16.1+£0.9 >25

4.8 Biological evaluation of dual inhibitors

The data presented thus far was focused on binding to recombinant proteins and
in order to validate the engagement of Mcl-1 and Bfl-1 in more biologically relevant
systems, we moved into cell-based studies. To confirm the endogenous target
engagement and PPI disruption capabilities of this class of inhibitors, we employed a

biotin-streptavidin pull down assay using a biotin-labeled Bim peptide (BL-Bim) and
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whole cell lysate from the M14 melanoma cell line. The M14 cell line was used as it
contains high endogenous levels of all anti-apoptotic proteins, particularly Bfl-1, and
melanoma cell lines in general are known to display functional dependence on Mcl-1
and Bfl-1.143* As shown in Figure 4.8A, Mcl-1 and Bfl-1 were pulled down by BL-Bim
and the unlabeled Bim peptide served as a positive control to disrupt interactions of BL-
Bim and the anti-apoptotic proteins. Incubation with 100 uM of compound 24 resulted in
complete disruption of Mcl-1 and Bfl-1 complexes with BL-Bim, while incubation with
100 uM of its methyl ester analogue, 30r, didn’t show any effect, consistent with the FP
binding data (Figure 4.8A and Table 4.3). The dose dependent and selective PPI
disruption capabilities of compound 24 were also evaluated by the pulldown assay
(Figure 4.8B). Compound 24 induced dose-dependent disruption of BL-Bim:Mcl-1 and
BL-Bim:Bfl-1 interactions, while leaving BL-Bim complexes with Bcl-2 and Bcl-xL
unaffected. Compound 23 was also evaluated under these same pulldown assay
conditions and demonstrated equivalent potency and selectivity by binding to
endogenous Mcl-1 and Bfl-1 and disrupting interactions with BL-Bim BH3 peptide
(Figure 4.8C). These results validate the ability of this class of inhibitors to bind
endogenous Mcl-1 and Bfl-1 and selectively disrupt PPIs.

The target selectivity of compound 24 was further confirmed using the reported
Ep-Myc lymphoma cell lines, which were engineered to overexpress individual anti-
apoptotic Bcl-2 proteins with a strong survival dependence on these targets, which
makes them excellent tools for testing and characterizing inhibitors of Bcl-2 family
proteins.®> Lymphoma cells overexpressing Mcl-1, Bfl-1, Bcl-2, or Bcl-xL were treated

with 24 at various concentrations and analyzed for cell death by flow cytometry. Ep-Myc
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cells overexpressing Mcl-1 and Bfl-1 showed dose-dependent increase in cell death in
response to compound 24 treatment, with significant effect starting from 50 uM (Figure
4.8D). Importantly, at this concentration, 24 is disrupting about 50% of the PPIs
between the pro-apoptotic BH3-only BL-Bim peptide and endogenous Mcl-1 and Bfl-1,
but not with other anti-apoptotic proteins. Consistent with these results, cells
overexpressing Bcl-2 and Bcl-xL were minimally affected even at the highest tested
concentration, 100 uM, further demonstrating the selective targeting of Mcl-1 and Bfl-1.
It is important to note the difference between binding affinity and cellular potency of 24,
which can be attributed to several different factors. For example, it is known that the
endogenous BH3-only proteins bind to anti-apoptotic proteins with high affinity, which
requires a sub-nanomolar binding affinity of small molecules in order to disrupt these
interactions and produce relevant biological activity.?®3¢ Another possible limiting factor
is the potential binding to serum proteins, which has been reported as an issue for BH3
mimetics.?>37:38 To further evaluate on-target cellular activity of 24, the negative control,
compound 30r, was tested and did not affect cell viability up to 100 pM (Figure 4.8D).
Furthermore, compound 23, which has similar binding affinity against Mcl-1 and Bfl-1 as
24, and only 10- to 15-fold selectivity over Bcl-2 and Bcl-xL, displayed significant cell
killing of Mcl-1 and Bfl-1 lymphoma cell lines as expected, but also shows effect on Bcl-
2 and Bcl-xL cell lines at the highest doses, consistent with its binding profile (Figure
4.8E and Table 4.4).

To demonstrate that compounds can disrupt PPIs with different pro-apoptotic
proteins, we also used biotin labeled Noxa BH3 peptide. As expected, all tested

compounds, 15, 20, 22, and 23, disrupted the interactions between BL-Noxa and
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endogenous Mcl-1 with compound 23 being the most potent, corresponding with their
binding affinities (Figure 4.8F). In addition, compounds 15, 20, and 22 didn’'t show
significant cellular activity at 100 uM (Figure 4.8G), supporting that the increased
potency of 23 and 24 contributes to cellular activity. Overall, this biological data confirms
that the selective binding profiles of 23 and 24 translate to cellular activity by selectively

targeting endogenous Mcl-1 and Bfl-1 in an equipotent manner.
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Figure 4.8 Biological evaluation of dual inhibitors

A) Biotin-streptavidin pulldown assay using lysate from the M14 melanoma cell line and biotinylated Bim
peptide (BL-Bim) after treatment with 100 uM of compound 24 and its methyl ester analogue, 30r. Dose
dependent and selective disruption of BL-Bim and Mcl-1/Bfl-1 interactions by compounds B) 24 and C)
23. Complexes of BL-Bim and endogenous anti-apoptotic proteins were analyzed by western blot. D) Ep-
Myc lymphoma cell lines (Mcl-1, Bfl-1, Bcl-2, and Bcl-xL) treated for 24 hours with compounds 24 and 30r
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and E) 23, cell death analyzed by flow cytometry. Significance determined by two-tailed t-test compared
with DMSO (0 uM) controls of respective cell lines (*, p < 0.05; **, p < 0.005). F) Pulldown assay using
BL-Noxa and 2LMP cell lysate after treatment with compounds 23, 15, 20, and 22. G) Lack of cell death
induction by 100 uM of compounds 15, 20, and 22. Data represents mean and SEM from 3 independent
experiments.

4.9 Conclusions

Antagonizing the function of anti-apoptotic proteins constitutes a validated and
attractive new paradigm in anticancer therapy and this work contributes to the progress
of drugging the Bcl-2 protein family. It is known that cancer cells depend on individual
and subsets of Bcl-2 family anti-apoptotic proteins, therefore, development of selective
and multimodal inhibitors have therapeutic relevance. Building from our previous
reports, we designed a new 2,5-subsitiuted benzoic acid scaffold that enabled further
SAR exploration of dual Mcl-1/Bfl-1 inhibition. The binding mode of the designed
compound 1 was validated by HSQC-NMR and was shown to have several hydrophobic
contacts with key pockets in the BH3 binding groove of Mcl-1 and Bfl-1, anchored by a
hydrogen bond between the carboxyl group and Arg263/Mcl-1 or Arg88/Bfl-1.

A series of inhibitors was developed by 2,5-substitutions of the benzoic acid core
to explore the binding optimization. Designed compounds comprise the first discovered
class of small molecules showing selective inhibition of Mcl-1/Bfl-1 over the remaining
anti-apoptotic proteins. While balancing hydrophobic driven increases in potency and
hydrophilicity that favored physicochemical properties, several improved molecules
were co-