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Chapter 1
General Introduction

1.1 Cancer as a disease

Malignant cancers are the second leading cause of death in the United States. Projections
by the National Cancer Institute estimate that new cancer diagnoses this year will top 1.6 million,
and almost 600,000 patients are expected to eventually succumb to this disease, accounting for
almost 23% of all deaths (Figure 1-1).! Despite these grim statistics, medical treatment for cancer
has achieved remarkable progress in the last 60 years. Our understanding of cancer initiation, its
progression, and treatment with rational therapies has advanced enormously. The death rate for
children ages 0-4 years has been reduced by 80% compared to 1950, reductions of at least 50%
are seen for all Americans under 45 years of age, and 5-year survival rates have dramatically
increased for all cancer types.! Yet despite these significant improvements in outcome for
younger and middle-aged patients, an aging American population increasingly succumbs to this
disease. Increases in life expectancy (and a concomitant decrease in cardiac-related deaths) have
increased overall cancer incidence rates. As a result, diagnoses are projected to increase 45% by
the year 2030 from a 2010 baseline.? Medicine must continue to seek new therapies to maintain

pace with an ageing population that increasingly depends upon these discoveries for survival.
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Figure 1-1: The leading causes of death in the United States

Shown is the percent of all causes of death for both sexes in 1975 and 2012, the most recent year
that data was available. Malignant cancers remain the second largest contributor to mortality,
and reductions in heart disease mortality have outpaced gains made in cancer survival. Figure
adapted from Howlader 2015.1

1.2 Oncogene addiction and targeted therapeutics

Pharmacological agents for treating cancer have improved significantly in the past two
decades. Many traditional therapies achieved selectivity for cancer cells by focusing on
interfering with cellular division. These therapies, such as etoposide and taxol, can be effective
at slowing tumor growth or inducing cell death but are poorly selective for tumor cells and exert
significant toxicity against rapidly dividing non-cancerous human cells. More specific next-
generation cancer therapeutics are designed to be more selectively lethal to cancer cells by taking
advantage of specific innate differences between cancer cells and the host. The selective toxicity
of these “targeted therapeutics” could take many forms, including restricting cancer cell
proliferation, inhibiting metastasis, or activating the apoptotic mechanism. The best inhibitors

may target several pathways simultaneously.



Identification and validation of these selectively lethal targets is a grand challenge in the
field. Cancers frequently rely on particular proteins for survival and growth that are dispensable
in normal cells.? This specific dependency, termed “oncogene addiction” by Bernard Weinstein
in 2000,* provides a key new source of cancer-specific targets for inhibition. Clinical response to
specific inhibitors of these proteins can be remarkable. The discovery of Imatinib (Gleevec), an
inhibitor of the BCR-ABL tyrosine kinase fusion oncogene, was an early powerful example of a
rationally developed targeted therapeutic for the treatment of chronic myeloid leukemia (CML).>
Consider, too, the remarkable clinical outcomes seen with directed therapies against the human
epidermal growth factor receptor 2 (Her2)/ErbB2 receptors in breast cancer,® or the response to
Epidermal growth factor receptor (EGFR) blockade in EGFR-mutant non-small cell lung cancer.”
These and many other examples showcase the powerful efficacy of pharmacologic inhibition
brought to bear against an appropriate target.

Problematically, predicting oncogenic dependency is not trivial. Many proteins are
upregulated or downregulated in cancer cells, and of these, a smaller number have been vetted
for anti-proliferative activity or other detrimental effects selective for cancer cells after inhibition.
Overexpression of a protein does not necessarily correlate with dependency in any cancer, nor
are all cancers of a particular subtype dependent on frequently overexpressed oncogenes or
other proteins.? Put another way, we must carefully discriminate a “passenger” mutation that
arises by chance and does not provide any selective benefit to cancer, from the critical “driver”
mutations that provide a selective advantage to cancer cells by aiding in tumor initiation, growth,
metastasis, and other changes.® Only these driver mutations have the potential to be effective

therapeutic targets, and even these must be carefully selected for targeted therapy by following



both in vitro and in vivo experimental evidence to verify whether the protein is required for
survival at a particular stage of progression, and whether its inhibition will be detrimental to non-
cancerous cells.? Ultimately, a positive clinical response is the strongest evidence to validate a
particular rationally-selected target,° though of course the absence of a positive clinical outcome
does not guarantee that a target is invalid, but only that the tested inhibitor, method of
administration, patient population, and other considerations were insufficient to yield a

beneficial outcome.

1.3 Scope of this thesis

This thesis encompasses efforts to discover small-molecule targeted inhibitors for three
proteins: K-Ras, Pak-1 kinase, and Mcl-1. While these proteins differ significantly in structure and
function, each plays a key role in cancer progression, and each has been extensively validated
pre-clinically as objectives for targeted therapy. Despite the wealth of evidence suggesting a
positive therapeutic benefit for inhibiting these proteins in human patients, no inhibitors for
these proteins have been discovered that are in clinical trials.

In Chapter 2, | will describe a fragment-based screen of the GTP-bound form of K-Ras.
Because of its role as a key promoter of cell growth, survival, motility, and other pathways crucial
to cancer maintenance and progression, K-Ras is one of the most well-validated anti-cancer
targets but has proven to be especially challenging to chemically modulate. The GTP-bound form
directly binds and activates various effector proteins; to discover an inhibitor capable of
disrupting these interactions, | conducted an NMR fragment-based screen and identified a

number of compounds that bind to K-Ras.



In Chapter 3, | will describe the discovery of Pak-1 kinase inhibitors. This serine/threonine
kinase regulates a wide variety of pathways implicated in cancer progression, including survival,
growth, and motility. Our goal was to discover a potent Pak-1 inhibitor with selectivity over other
kinases, including other Pak isoforms. Towards this end, | conducted a first- and second-site
fragment-based NMR screen, developed robust in vitro activity assays to measure compound
affinities to guide chemical optimization, and measured the effects of in-house synthesized
compounds in cells. Our best compound had a 300nM K; and inhibited Pak-1 kinase activity in
cells.

In Chapter 4, | will discuss my contributions to the discovery of Mcl-1 inhibitors and to the
understanding of which cancers are dependent on Mcl-1 for survival. Mcl-1 is an anti-apoptotic
Bcl-2 family member that prevents apoptosis by binding and sequestering pro-apoptotic Bcl-2
family members. It is commonly upregulated in many cancer types, including breast carcinomas.
My contributions to this project are threefold: first, | enabled the understanding of compound
SAR through the development of highly sensitive biochemical assays capable of measuring
picomolar affinities; second, | developed assays to determine the on-mechanism actions of these
compounds in cells; and third, | defined and predicted the molecular mechanisms of Mcl-1
sensitivity in triple-negative breast cancer and other cancer types.

Finally, in the last chapter, | will conclude with general thoughts on the accomplishments

obtained in my studies and discuss future directions.



Chapter 2
Discovery of K-Ras Inhibitors

2.1 Introduction

Activating Ras mutations occur in up to 30% of all human cancers, and over 30 years of
research has demonstrated the oncogenic power of these key signaling molecules to endow
healthy cells with the “hallmarks of cancer."*! Numerous in vitro and in vivo models have strongly
suggested that inhibition of Ras signaling will provide therapeutic benefit in human patients.
However, discovering a Ras inhibitor has proven to be immensely challenging, and to date, no
Ras inhibitor has achieved clinical testing. In this chapter, | will review the tumorigenic role that
Ras plays in cancer biology and will detail our efforts to discover K-Ras-GTP small-molecule

inhibitors.

2.1.1 The Ras protein superfamily functions as molecular switches

The Ras superfamily comprises over 150 proteins in five distinct subfamilies (Ras, Rho,
Rab, Ran, and Arf) which regulate numerous and varied cellular processes, including cell growth,
motility, and death.!? Each subfamily contains shared structural features and regulatory
functions, and are distinguished by unique methods of activation, regulation, and transduction
of biological signals in response to extra- or intra-cellular stimuli.'> Despite wide variances in
structure, regulation, and method of activation, each Ras superfamily protein contains a highly
conserved GTPase domain that binds guanosine nucleotides and enzymatically catalyzes the
hydrolysis of guanosine triphosphate (GTP) to guanosine diphosphate (GDP). Nucleotide binding

occurs through the presence of several conserved “G box” sequences. Multiple hydrophobic,
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hydrogen bonding, and charge-charge interactions (including interactions involving an obligatory
Mg?* ion) contribute to form an extremely tight (picomolar) interaction between Ras proteins
and GTP.'* Hydrolysis of GTP to GDP is accompanied by a defined conformational shift in the
tertiary structure of the protein, altered binding kinetics to other proteins, and significant
alterations in Ras localization, activity, and function. By carefully controlling GTP/GDP binding
and the rate of GTP catalysis, cells have organized these simple “molecular switches” into
complex networks capable of regulating nearly every aspect of gene expression, cellular division,
movement, and death.?®

Ras superfamily proteins are inactive when bound to GDP, and are therefore unable to
activate downstream signaling pathways (the molecular switch is “off”). Activation requires
nucleotide exchange of the GDP molecule for GTP (Figure 2-1). However, Ras proteins lack a
mechanism to efficiently accomplish this task, and due to the lengthy off-rate (K4) for GDP, the
intrinsic exchange rate of GDP for GTP is physiologically irrelevant despite a 10-fold cytosolic
molar excess of GTP (the off-rate of GDP on H-Ras is just 3.4 x 10™* 572, for example).'* In practice,
the catalyzed exchange of GDP for GTP is the rate-limiting step in activating Ras superfamily
proteins and depends entirely on external regulation.'®'” This process is catalyzed by guanine
nucleotide exchange factors (GEFs), such as Son of Sevenless (SOS), which cause Ras proteins to
release guanine nucleotides by weakening their affinity for GDP.*® The aforementioned molar
excess of GTP over GDP in the cell ensures that a large proportion of nucleotide that binds Ras
upon GEF release is GTP.*® There are numerous GEFs, some of which act on multiple RAS
superfamily proteins,’> and this diversity enables granular control over which members are

activated in response to distinct biological stimuli.
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Figure 2-1: Ras superfamily proteins function as “molecular switches”

These small GTPases selectively bind to GTP (active state) or to GDP (inactive state) in response
to biological signals. Only the GTP-bound form of Ras interacts with effector proteins in high
affinity. Guanine-exchange factors (GEFs), such as SOS, cause dissociation of GDP, allowing
cytosolic GTP to bind. In contrast, GTPase Activating Proteins (GAPs) increase the rate of GTP
hydrolysis to deactivate signaling. Tight control of GEF and GAP activity regulates RAS activity in
the cell. Figure from Colicelli et al, 2004.*

The intrinsic rate of GTP hydrolysis is too slow to be physiologically meaningful for
regulation (the rate for H-Ras is just 4.2 x 107* s7%), thus favoring a persistently active GTP-bound
form.2° Therefore, in practice cells utilize GTPase-activating proteins (GAPs) to increase this
rate.’?? Like the GEFs described above, GAP activity is tightly regulated in a tissue and context-

specific manner to offer granular control over Ras protein activation and signalling.?32’

2.1.2 Structure and function of the p21/Ras isoforms

The p21/Ras isoforms are the founding members of the Ras superfamily. These isoforms
include three genes encoding for H-Ras, N-Ras, and two splice variants of K-Ras (4A and 4B).%8
Each is composed entirely by their GTPase domain and lack the additional regulatory domains
commonly found in other Ras superfamily proteins.* First identified as oncogenes in acutely
transforming retroviruses, these small (approximately 21-kDa) proteins are now known to play a
critical role in fundamental cellular processes, including proliferation, survival, motility, normal
cell differentiation, and organ development.?-32
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Ras isoforms are globular proteins containing a single GTPase domain of five a-helices and
six B-strands (Figure 2-2).33 First crystallized in 1989, the conserved GTPase binding domain is
now understood to contain five nucleotide-binding regions (G1-G5) surrounding a centrally
bound guanosine nucleotide.3* A well-defined conformational shift primarily involving two
“switch” regions occurs upon the conversion from the GDP to GTP bound state.® These switch
regions are highly flexible and, upon loss of hydrogen-bond interactions between conserved
threonine and glycine residues and the y-phosphate on GTP, Ras will naturally relax into a looser

conformational shape.®

B-strand

1 a-helix number
1 B-strand number

Figure 2-2: The Ras GTPase domain structure

(A) Ras proteins are composed almost entirely of a nucleotide-binding domain consisting of five
a-helices and six B-strands that is highly conserved among isoforms. In addition, Ras contains a
hypervariable C-terminal region, which is post-translationally isoprenylated to allow for plasma
membrane localization. (B) Shown is a crystal structure of K-Ras bound to the GTP-analog,
GppNHp. a-helices (cyan) and B-strands (purple) are numbered as indicated. Figure adapted from
Wittinghoffer et al, 2011.3°



Ras isoforms significantly differ only in their unstructured hypervariable C-terminal
region, which controls membrane localization®” and is absolutely required for intrinsic or
transforming Ras activity.3®3° A conserved CAAX motif is post-translationally modified by the
attachment of a farnesyl isoprenoid lipid by the enzyme farnesyl transferase (FTase).*%4!
Isoprenylation is followed by the proteolytic cleavage of the AAX sequence catalyzed by Ras-
converting enzyme-1 (RCE1) and subsequent carboxymethylation of the cysteine C-terminal
residue by isoprenylcysteine carboxymethyltransferase-1 (ICMT1) to facilitate membrane
targetting.3? H-, N-, and K-Ras-4A are also palmitoylated at an upstream Cys residue near the C-
terminus, while K-Ras-4B contains a series of positively charged lysine residues to facilitate
tighter plasma membrane attachment through charge-charge interactions.?? However,
localization of the protein can also be aided by other mechanisms. Various proteins, including
calmodulin®? and galectin-1* have been reported to bind the C-terminal region of Ras proteins,
and these interactions also play a role in a functional distinction between Ras isoforms. For
example, calmodulin is responsible for shuttling K-Ras-4B from the plasma membrane to the
Golgi apparatus in hippocampal neurons in response to calcium signaling, but has no effect on K-
Ras-4A or H-Ras localization.**

As a central signaling component to an extremely diverse set of cellular pathways, Ras
signals downstream by activating dozens of effector proteins, and Ras activation is carefully
controlled by a large assortment of diverse regulatory proteins (Figure 2-3).2° This regulation
occurs primarily (though not exclusively) through the modulation of GTP/GDP binding by

carefully controlling GEF and GAP activation and localization.
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Figure 2-3: Ras proteins are at the center of a broad interaction network

Ras proteins are regulated by several families of GEF (pink) and GAP (beige) proteins to control
GTP-binding, CAAX motif regulation to control isoprenylation and membrane localization
(purple), and ubiquitination to induce protein degradation (orange). Ras effectors (blue) number
in the dozens and are activated only through binding to active (GTP-bound) Ras. Figure from Vigil
et al, 2010.1°

Ras activation occurs through nucleotide exchange catalyzed by GEFs, including SOS,
RasGRF, and RasGRP. Two domains (CDC25 and the Ras Exchange Motif (REM) domains) are
required for GEF activity and are expressed in all three GEF families.*> Canonically and most
commonly exemplified, growth factor binding activates transmembrane Receptor Tyrosine
Kinases (RTKs), allowing Grb2 to bind and recruit a GEF, such as SOS, to the membrane, where it
can then activate the membrane-localized Ras. RasGRF and RasGRP activation are Ca®*
dependent and play more specialized roles in the brain and T-cell development, respectively.46:4

Active Ras signals downstream via protein—protein interactions with effector proteins.3248
Effectors contain one of several different Ras-binding domains, preferentially bind the GTP-
bound form of Ras, and are biologically activated by this binding interaction. Methods of
activation differ among effectors, but follow at least one of three mechanisms: (1) altered
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subcellular localization of the effector; (2) altered intrinsic catalytic activity (allosteric regulation);
or (3) altered interaction with other signaling components (complex formation).*>° The effector-
binding region was first identified on H-Ras by selective mutations between amino acids 32-40
that precluded transforming activity but did not destabilize the protein structure or membrane
localization. The first Ras effector to be identified was Rafl (now known more commonly as c-
Raf) in 1993, a discovery that directly linked Ras activation and the Mitogen Activated Protein
Kinase (MAPK) cascade, an event that ultimately leads to altered gene transcription.>?
Phosphatidylinositol 4,5 bisphosphate 3-kinase (PI3K), a lipid kinase which is activated by binding
active Ras through its Ras binding domain (RBD), was the second Ras effector to be identified.>?
Elevated kinase activity increases the rate of PIP, to PIP3 generation on the plasma membrane,
and hence elevated recruitment of PH-domain containing proteins such as AKT1 and PDK1. Ras
effectors are not restricted to kinases. For example, GEF effectors such as TIAM1 activate
downstream Ras superfamily members like Racl. Loss of TIAM1 in mice prevents carcinogen-
induced tumorigenesis, suggesting a critical role for this Ras effector (and the small GTPase Rac1)
in cell transformation.”® Other GEF effectors include RalGDS, which activates the Ral small

GTPases. To date, over thirty effectors have been identified (Figure 2-4).1>>%
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Figure 2-4: Activated Ras effects a broad range of cellular changes
RTKs activated through the binding of extracellular ligands (or induced oncogenic dimerization)
bind to and activate RTKs such as EGFR, inducing Grb2 recruitment, SOS binding, and Ras GDP-
to-GTP nucleotide exchange. Active Ras-GTP can then bind and activate various effector proteins,
which then regulate diverse cellular pathways such as cytoskeletal rearrangement, endocytosis,
motility, and apoptosis. Adapted from Karnoub et al, 2008.3?

2.1.3 K-Ras drives tumor formation and progression in human cancers

Ras was first identified in 1982 as a transduced oncogene in acutely transforming
retroviruses, and constitutively active mutant forms were subsequently isolated from human
tumor cells.!* The Ras pathway is one of the most commonly deregulated pathways in human
cancer,3? and K-Ras mutant cancers are more refractory to therapy.>® Indeed, Ras is the most
highly mutated oncogene (occurring in up to 30% of all human cancers).>® The highest incidence
of Ras mutations occur in carcinomas of the pancreas (63—90%), colon (36-50%), and lung (19—

30%), which constitute three of the four most lethal cancers in the United States.>’
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Figure 2-5: Common Ras mutations in human cancer

(A) Ras isoforms are commonly mutated only at three positions: amino acids 12, 13, and 61 (in
this figure, color-coded as purple, cyan, and green, respectively). Ras isoforms have distinct
codon preferences for mutations at each site when averaged across all human cancers. (B)
Isoform-specific mutations also depend on the cancer type in which they occur. These
preferences appear to have biological significance to Ras signaling. Adapted from Prior et al,

2012.%8

Activating Ras mutations prevent GAP-mediated GTP hydrolysis>® and significantly slow
intrinsic hydrolysis,®® thus resulting in the constitutive activation of downstream effector
pathways in the absence of extracellular stimuli. These activating mutations most commonly
occur at amino acid positions 12, 13, and 61 (just 0.8% of mutations occur outside these three
sites) (Figure 2-5A).32 Mutations at position 12 and 13 prevent insertion of the “arginine finger”
due to a steric clash between the Ras amino acid side chain and the GAP. These mutants most
commonly include G12C, G12D, G12V, and G13D. While all four exemplified mutations block GAP
activity, their occurrence is not uniformly distributed; G12D mutations occur 20-times as often

as G12C in pancreatic cancers, while G12C is 2.5-times more common than G12D in lung cancers
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(Figure 2-5B).3” These differences reflect, in part, the genotypic insults observed by each cancer.
G12C commonly occurs in response to carcinogens present in tobacco smoke. These mutations
also provide insight into the dependencies of these cancers on downstream Ras effectors. G12D
mutations, through their particular alterations on Ras conformational structure, preferentially
activate the B-Raf/MAPK and PI3K pathways, which suggests a particular dependency on these
pathways in cancers heavily dependent on this mutation (i.e. colorectal, pancreatic, and
others).3” Conversely, mutations at position 61 block glutamine-mediated stabilization of the
arginine finger and transition state stabilization. 8 Mutations at position 61 are unique because
they do not block binding of GAP proteins, merely their function, and so could theoretically
sequester otherwise active GAP proteins. Further, intrinsic hydrolysis of Q61 mutants is further
slowed when bound to Rafl kinase (but not other effectors), leading to preferential activation of
Raf1/MAPK pathway effectors — a common occurrence in melanoma, a cancer also commonly
driven by B-Raf mutations.37.69.61

Oncogenic Ras activation is not limited to Ras mutations. Amplification of upstream Ras
activators (commonly RTKs, such as Her2/neu amplification in breast cancer), or less commonly,
loss of GAP function can also lead to deregulated signaling and the potential for cancer even with
wild-type Ras expression. Loss of expression or inactivating mutations in the Ras GAP protein
neurofibromin occurs in 14% of glioblastomas, 13%—14% of melanomas, 8%—10% of lung
adenocarcinomas, and single-digit frequencies in most other cancers.3’

Activated Ras is a critical oncogene for both tumor initiation and tumor maintenance,!
including the ability to proliferate, evade programmed cell death, alter metabolism, induce

angiogenesis, increase invasion and metastasis, and evade immune destruction.>’ Induced
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expression of Ras in vitro in murine and human cells, and in vivo in various murine tissues, leads
to tumorigenesis, and has been reviewed extensively.32°762 As discussed above, K-Ras activation
is most highly correlated with cancers of the lung, pancreas, and colon, and the induced
expression of mutationally active K-Ras in these tissues is sufficient to produce neoplasia.?3®°
Aberrant activation of key Ras effector pathways, including Raf1/MAPK, PI3K, and TIAM1/Racl,
are critical for cancer transformation. Cell proliferation is rapidly increased through cell cycle
blockade evasion through transcriptional upregulation of growth factors (such as TGFa, HBEGF,
and AREG), growth factor receptors and the downregulation of growth inhibitors such as TGF
and cyclin-dependent kinase inhibitors (CDKIs). Apoptosis is suppressed by upregulation of PI3K,
by downregulation of BAK expression, and upregulation of Caspase inhibitors and the Inhibitors
of Apoptosis Proteins (IAPs). Raf activation leads to transcriptional repression of prostate
apoptosis response-4 (PAR4) and upregulation of Bcl-2, an anti-apoptotic protein, and

phosphorylation of BAD, a pro-apoptotic protein inactive in the phosphorylated state.

2.1.4 K-Ras inhibitors for the treatment of cancer

Inactivation of oncogenic Ras reverses the transformed phenotype of cells both in vitro
and in vivo, and results in the dramatic regression of tumors in murine xenograft models.%6:7
Thus, K-Ras inhibition represents an attractive therapeutic strategy for many cancers. Indeed,
discovering a clinically suitable inhibitor has been considered the “holy grail” of cancer drug
discovery. Yet despite the well-validated role that Ras isoforms play in tumor initiation,
progression, and survival, development of a small-molecule inhibitor has proven to be

challenging, and no direct inhibitor has reached the clinic. Ras activation and signaling is
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accomplished primarily through protein-protein interactions, and such interfaces typically lack
well-defined binding pockets on the protein surface for which a small molecule inhibitor could
bind.®® These challenges have led some to consider that direct targeting of Ras will be
impossible.®®

However, there have been attempts to indirectly block Ras signaling. These include three
distinct approaches: (1) blocking membrane localization by inhibiting Ras isoprenylation; (2)
indirectly inhibiting Ras by targeting downstream effectors; and (3) inhibiting other proteins that
are synthetically lethal only with mutant Ras expression.®°

Ras proteins are subject to post-translational modification by isoprenylation (attachment
of a farnesyl or geranylgeranyl group) at a C-terminal cysteine residue. This modification is critical
for determining subcellular membrane localization. In fact, loss of isoprenylation precludes Ras
trafficking to the membrane and prevents activation, effector binding, and Ras-mediated
transformation.384%70 |soprenylation inhibitors (farnesyl-transferase inibitors, or FTls) that inhibit
FTase activity initially showed significant activity in H-Ras-driven murine tumors. Two FTls
(lonafarnib and Tipifarnib) reached Phase Il clinical trials but failed due to lack of efficacy in
pancreatic and colon cancers. In these cancers, K-Ras and N-Ras isoforms play a more significant
role than H-Ras. K-Ras and H-Ras both support alternative geranylgeranylation and thereby
circumvent FTase inhibition.%%7172

Attempts to indirectly inhibit K-Ras have also been achieved by the modulating activity of
downstream effectors known to be crucial for cancer progression or maintenance, such as
kinases in the Raf/Mek/Erk MAPK or PI3K pathways. These targets, primarily encompassing

proteins that are easier to inhibit with small-molecules, have achieved significantly greater pre-
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clinical and clinical success than have inhibitors of K-Ras itself. Primary attention was initially
placed on the Raf/Mek/Erk pathway. This work has led to a number of Raf, Mek, and Erk inhibitors
have reached pre-clinical evaluation,”® and some, such as the Raf inhibitor Sorafenib and MEK
inhibitor Trametinib, are FDA-approved for human therapy. PI3K inhibitors are also under active
development, although their single-agent anti-cancer activity has been disappointing.
Understanding the therapeutic benefit of these inhibitors is complicated, as Ras mediates its
oncogenic role through the activation of multiple effector families. Separately inhibiting one
pathway may ultimately prove insufficient to strongly restrict cancer growth and survival. A
combination therapy of multiple Ras effector inhibitors may be necessary to revert the
transformed phenotype. Moreover, downstream signaling pathways are characterized by
multiple levels of feedback regulation. Inhibiting kinase activity within these pathways prevents
feedback inhibition and may further lead to pathway activation. Overcoming this process may
again require multiple inhibitors for a single pathway (such as combined Raf/Mek inhibitors, for
example). In conclusion, combination therapy of two or more inhibitors will probably be required
to achieve the same therapeutic benefit as single-agent inhibition of Ras itself.

Finally, Ras-dependent cells might be indirectly targeted through the careful identification
and inhibition of proteins that are synthetically lethal only with mutant Ras. The metabolic and
signaling changes induced by oncogenic Ras activation are enormous and might conceivably lead
to survival dependency on the continued expression and activity of other proteins that are
dispensable in healthy cells. In principle, inhibition of these protein(s) would cause cell death only
in cells which harbor activating Ras mutations. Synthetic lethality has been observed in both

lower organisms and humans and is exploited in cancer therapy. For example, poly(ADP-ribose)
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polymerase (PARP) inhibitors, which repair single-stranded DNA breaks, are highly potent in
breast cancers with mutations in DNA recombination repair protein breast cancer susceptibility
gene (BRCA).%° However, despite many screens for such proteins,’* no inhibitor has proven as
effective as Ras inhibition at reducing viability, and surprisingly, relatively few genes are found in

common among the various screens.®

2.1.5 Efforts to directly target Ras proteins with small-molecule inhibitors

Despite the inherent challenges to binding and inhibiting Ras proteins, a number of small
molecules have been reported to directly bind to Ras and block effector binding.®® The most well
characterized molecules are the non-steroidal anti-inflammatory sulindac sulfide compound and
analogues. More recently, a covalent inhibitor selective for K-Ras G12C mutants has been
reported.”> These inhibitors universally have poor binding affinities, unknown off-target
toxicities, and none have advanced into the clinic. Alternatively, a Ras inhibitor might block
activation by preventing Ras-GEF interaction. As mentioned above, GEF activity is required even
in mutant Ras cell lines to overcome intrinsic GTP hydrolysis. Two inhibitors’®”” have been
published to date that bind to an induced pocket between the switch | and switch Il region of
GDP-bound Ras and sterically occlude SOS1 GEF binding.

A technique uniquely suited to discovering small-molecule inhibitors of protein-protein
interactions is fragment-based drug discovery (FBDD).”®8° FBDD has been highly successful at
identifying inhibitors of other proteins, such as the clinically-approved B-Raf inhibitor
Vemurafenib,®! HSP90 inhibitor AT13387,82 and Bcl-2 and Bcl-xL, and Bcl-w inhibitor ABT-737.83

This approach consists of screening a small library of hundreds or thousands of small molecular
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“fragments” (less than 250Da) for direct binding to a target protein, of which binding affinities of
hundreds of micromolar are expected.®* This contrasts with conventional high-throughput
screens in which large libraries of molecules (more than 10°) with molecular weights typically
between 400 and 600Da are used. These molecules are expected to bind in the low micromolar
range or better to trigger the screen.®> Yet because fragments are much smaller than full-size
compounds, even small screens necessarily cover a larger percentage of chemical space.®>% As
a result, fragments are typically better suited with scaffold and functional groups substitutions
to bind a target,®” thus ensuring better complementarity to the receptor and higher ligand
efficiency (AGping/heavy atom count).®® Finally, small fragments may bind in the smaller and
broader binding sites present on protein-protein interaction targets.®

Due to their small size and weak binding affinity, fragment hits must be improved through
one of several approaches:®* (1) fragment growing, where an anchor fragment is iteratively
expanded by additional chemical matter; (2) merging, where two or more fragments shown by
crystallographic studies to overlap in space may be merged into a single compound
encompassing all binding sites;*° and (3) linking, where two fragments in close proximity may be
covalently linked. A linked compound binds with an affinity described as Kp = Kp(1st) * Kp(2nd) *
L, where Kp is the binding constant for each ligand, and L is a constant to account for linking.
While a primary fragment screen may identify two adjacent and non-overlapping fragments,
more commonly a second fragment screen with a saturating concentration of the first site-ligand

is used to identify second-site hits (Figure 2-6).
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Figure 2-6: Fragment optimization through a linking approach

A “first-site” fragment screen identifies a fragment that binds in an available site on the protein
surface (1). After identifying the tightest-binding fragments, SAR and chemical modification are
conducted to optimize binding affinity and modality of this first site ligand (2). A second fragment
screen is conducted in the presence of saturating concentrations of the optimized first-site ligand
to detect “second-site” binding compounds (3). Identified second-site ligands are then optimized
for binding affinity (4) and chemically linked to the first site using a flexible linker (methylene,
ether, etc) (5) with the goal of discovering a linked ligand with micromolar or better affinity.
Adapted from Shuker et al, 1996.°?

Our group previously reported on the discovery of over 140 compounds identified in a
fragment-based screen that bound to K-Ras-GDP (G12D).”® Many of these hits also bound wild-
type K-Ras, an alternative mutant form of K-Ras (G12V), and H-Ras. Crystallographic and NMR-
based studies revealed that these compounds bind in an induced pocket formed by a
conformational change whereby the a2 helix of switch Il moves away from the central § sheet of

the protein (Figure 2-7). Further, the side chain of Y71 breaks the hydrogen bond network present



in the ligand-free form by rotating to open a primarily hydrophobic pocket where the indole
moiety binds. The M67 side chain additionally rotates out of the way to form a shallow
electronegative binding cleft adjacent to the primary binding pocket. In total, these
conformational changes create a binding site for small molecules that is not present in the apo-

K-Ras “closed” form.

Figure 2-7: K-Ras (G12D) alters conformation upon binding a first-site fragment hit.
Electrostatic surface representations of GDP-K-Ras (A) in the “closed” form absent a bound
ligand, and (B) the “open” form with indole series ligand bound. Note the presence of primary
and secondary binding sites. (C) Schematic demonstration of Y71 and M67 movements in the
transition from “closed” (green) to “open” (cyan) K-Ras conformations induced by ligand binding.
Adapted from Sun et al, 2012.7°

These compounds function as activation inhibitors by blocking SOS-catalyzed nucleotide
exchange in an in vitro biochemical system by preventing SOS-K-Ras interaction through a steric

clash between compound and the aH helix of SOS.”® As of this writing, it remains unclear whether
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this effect occurs in a cellular environment, whether other Ras GEFs can bind to compensate for

loss SOS activity, or how Ras activation and downstream signaling is altered.

2.1.6 Scope of this thesis chapter

An alternative approach to inhibiting K-Ras for the treatment of cancer is to block effector
binding to the active, GTP-bound form. As discussed above, K-Ras undergoes conformational
changes in the switch | and switch Il regions when bound to GTP, which may alter compound
binding. Therefore, we reasoned that a fragment-based screen could also identify fragments that
bind to the GTP-bound form of K-Ras and directly block effector binding. Moreover, we could
counterscreen GTP-bound K-Ras against those compounds that were identified in the original
GDP-K-Ras screen in order to ascertain binding specificities between the forms. Herein | report
the discovery of small-molecule K-Ras inhibitors through a fragment screening approach that

bind to the active, GTP-bound form.

2.2 Results

2.2.1 K-Ras purification and nucleotide exchange

K-Ras is the most highly mutated Ras isoform in human cancer, and the glycine to aspartic
acid mutation at residue 12 (G12D) is commonly utilized in human cancers to activate Ras
signaling. For these reasons, we chose to conduct our fragment-based screen against this mutant
isoform. To generate the protein needed for this fragment screen, monoisotopically *°N labeled
K-Ras (G12D) was expressed in E. coli and purified using nickel-affinity and size-exclusion

chromatography (Figure 2-8A).
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Figure 2-8: Expression and purification of K-Ras (G12D)

HIS6-MBP-K-Ras was expressed in E. coli and purified on a nickel-affinity column. TEV protease
was used to cleave off the MBP tag, and K-Ras was isolated on a Superdex-100 size-exclusion
chromatography column. Elution fractions containing the most highly pure K-Ras samples were
used (labeled F1-F3, A). Due to intrinsic GTP hydrolysis, purified K-Ras uniformly binds GDP. We
exchange to a non-hydrolyzable analog of GTP (GppNHp, B) by three successive loading cycles.
EDTA destabilized GDP-binding by chelating Mg?* and the enzyme Apyrase hydrolyzed GDP to the
weaker affinity GMP molecule. GTP-PNP (1mM) was then added to competitively bind K-Ras.
Each load cycle resulted in a more uniform K-Ras-GTP population as visualized on a Tris-glycine
native gel (C), characterized here by a slower migrating band and the removal of the faster
migrating K-Ras-GDP band seen in the untreated sample.

Despite significantly reduced intrinsic GTPase activity compared to wild-type protein, K-
Ras (G12D) is fully GDP-bound after purification. Moreover, this intrinsic rate of hydrolysis
precludes screening with GTP-bound protein due to gradual hydrolysis at a non-trivial rate.
Therefore, we forcibly loaded K-Ras with the non-hydrolyzable GTP analog Guanosine 5’-[j3,y-
imido]triphosphate (GppNHp). To accomplish this, GDP-binding was destabilized by chelating
magnesium with EDTA, and the enzyme Apyrase was added to hydrolyze the a-3 phosphate on
GDP to form GMP. GppNHp (1mM) was then incubated at 30°C for 30 minutes to allow
competitive binding to K-Ras. After a buffer exchange, this process was repeated two additional

times to ensure complete loading (Figure 2-8C). Finally, Mg?* ion was added to lock K-Ras in its
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new GTP-PNP bound conformation. Subsequent measurements days or weeks later confirmed
that GppNHp remains bound to K-Ras and is not hydrolyzed by enzymatic activity.

We measured the 'H/**N HSQC spectra of GTP-loaded K-Ras (Figure 2-10A), which is
highly similar to the published spectrum of H-Ras-GTP.°2 We compared the spectra to K-Ras-GDP
(Figure 2-9B). As expected, a distinct shift is noted for many peaks after loading with the GTP
analog. NMR signals for the P-loop and Switch | & Il regions of K-Ras-GTP are often missing due
to conformational exchange and polysterism; indeed, we observed fewer peaks in the GTP-bound

form.%293
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Figure 2-9: NMR confirms the successful loading of K-Ras with GppNHP

(A) *H/*>N HSQC spectra for purified K-Ras-GTP-PNP. (B) A distinct peak shift is observed between
the GDP (Red) and GTP-PNP (Blue) loaded forms of K-Ras, indicating a successful analog exchange
accompanied by a general conformational change.

2.2.2 First-site Fragment Screen
Because K-Ras lacks a well-defined ligand binding pocket, and due to the success of the

K-Ras-GDP fragment screen discussed in the introduction, we sought to discover a K-Ras-GTP
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inhibitor by using a similar fragment screening approach. We conducted a first-site fragment
screen to identify compounds that bind to K-Ras-GTP. Because fragments typically bind weakly
with 100 — 1000uM affinities, the technique used to detect fragment binding must be able to
observe weak binding and tolerate high compound concentrations (on the order of 500uM or
greater) without measurement artifacts, for which NMR is ideally suited. An NMR-spectroscopy-
based screen of 11,000 fragments yielded 72 fragments that bind to GTP-bound K-Ras (hit
rate=0.65%) as determined by changes of 'H and *N chemical shifts in *H/*N HSQC spectra.
Representative examples of some of the hits that were identified in the fragment-based screen
are depicted in Figure 2-10 and Figure 2-11. All of the hits are shown in Appendix A. Fragment
hits were assigned a SCORE from 0-3, with a higher number indicating a larger magnitude ppm
peak shift which is suggestive of a higher affinity interaction. Additionally, a counterscreen was
conducted against all highly scored (SCORE=3) fragments and synthesized compounds which has
been identified to bind K-Ras-GDP.’® This counterscreen allowed us to gain insight into the SAR
behind selectivity for GTP or GDP-bound forms of K-Ras. Thirty-nine additional hits were
identified in this counterscreen, for a total of 110 fragments and synthesized compounds
identified. Fifty-four fragments were SCORE=1; thirty-four were SCORE=2; and twenty-two were

SCORE=3.
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Figure 2-10: K-Ras-GTP selective compounds
These compounds were identified in the fragment-based screen against K-Ras-GTP but were not

observed to bind to K-Ras-GDP.

-
Q /> 5
\ \ | [ I
- p— 10 11 ' 12 -
s
L

L L >
~F N 13 14 O 15 16

Figure 2-11: Compounds that non-selectively bind GDP- and GTP-bound Ras
The majority of compounds identified in the K-Ras-GTP fragment screen also bound to K-Ras-
GDP. Shown here are several examples. A complete list of hits is provided in Appendix A.

2.2.3 Hit characterization

Fragments identified in the primary screen were classified into six series based on
common structural features: indoles, catechols, halobenzenes, sulfonamides, phenols,
benzimidazoles, and singleton compounds of various chemotypes.

Commonalities in the HSQC spectra for each compound were noted to provide insight

into shared binding modes. Alterations in peak location necessarily indicate a change in the
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electronic shielding of the H and N nuclei being measured, and may occur for several reasons.
Binding of the ligand may directly perturb the chemical shifts of residues in close proximity to the
binding interface and/or the added ligand may induce structural/conformational changes in the
protein, which can also cause chemical shift changes. One cannot a priori determine the reason
for the changes in chemical shift since the directionality and intensity of these peak differences
is caused by several non-exclusive events. For example, atoms moved out the plane of an
aromatic system will be shifted upfield, as will weakening or breaking a hydrogen bond
interaction.’® Despite these differences, we could use the HSQC-NMR spectra to classify
compounds based on similar chemical structures and observed peak shifts. Because the
backbone assignments have been published for both the GDP® and GTP®® forms of K-Ras, we
were able to specify which regions were affected by ligand binding.

The indole series of compounds were the most heavily investigated after the K-Ras-GDP
fragment screen published in Sun et al, 2012, and many indole-containing fragments also bound
to the GTP-bound form of K-Ras. VU0430640-1 is representative of the many compounds in this
series that bind to K-Ras-GTP. When bound, a characteristic rightward shift is seen for G75 as

indicated in Figure 2-12. Chemical shift changes were also observed for both C80 and V81.
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Figure 2-12: HSQC-NMR spectrum of °N-K-Ras in the presence of VU0430640-1

The spectrum of K-Ras-GTP (red) when incubated with 800puM VU0430640-1 is overlaid with a
reference apo-spectrum (black). Note the rightward shift of G75 peak caused by ligand binding,
as well as shifts in both C80 and V81.

While crystal structures were not determined for the hits obtained in the screen when
bound to K-Ras-GTP, it is highly likely that these compounds bind in an analogous way to
Compound 4 exemplified in Sun et al, for which X-ray crystallographic data were published
(Figure 2-7).7®

While the peak shift pattern exemplified in Figure 2-13 is typical for the indole series of
compounds, other patterns were observed. For example, Figure 2-15 exemplifies a pattern in
which the G75 peak disappears, but C80 and V81 shift in similar magnitude and direction to that

observed in Figure 2-13.
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Figure 2-13: HSQC-NMR spectrum of °N-K-Ras in presence of VU0447313-1
The spectrum of K-Ras-GTP (red) when incubated with 800uM VU0447313-1 is overlaid with a
reference apo-spectrum (black). Note the disappearance of G75 peak caused by ligand binding.

Other compound series, such as the benzoamide compounds (Figure 2-14), show a quite
distinct shift pattern. The G75 peak shifts in an opposite direction to that seen for indole
compound exemplified above, and both the quantity and intensity of peak shifts are unparalleled
for any other series. Amino acids are affected not only near the induced pocket mentioned above,

but in helices and loops across the entire protein.
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Figure 2-14: HSQC-NMR spectrum of °N-K-Ras in the presence of VU0406331-1

The spectrum of K-Ras-GTP (red) when incubated with 800puM VU0406331-1 is overlaid with a
reference apo-spectrum (black). More peaks shifted with this series of compounds than for any
other identified in the fragment screen.

To determine the binding dissociation constants for compounds bound to K-Ras-GTP, a
saturation-binding curve was measured for four fragment hits and 36 compounds that had been
synthesized for the K-Ras-GDP inhibitor program. | used HSQC-NMR to measure the compound-
mediated, dose-dependent shift of the G75 peak (Figure 2-15). Fragment screening hits bound to
K-Ras-GTP (G12D) with affinities of 0.4-2mM, and synthesized compounds were measured to

bind with affinities as low as 178uM. These results are tabulated in Appendix B.
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Figure 2-15: Determination of compound dissociation constants by NMR

(A) Peak shifts in HSQC-NMR spectra were measured for compounds at a variety of
concentrations. The Kpis determined by plotting relative peak shift from the DMSO control vs.
the compound concentration used and fitting a nonlinear regression curve. Shown is an example
curve for VU0294685-2. The Kp was determined to be 0.4mm. (B) Four compounds with NMR-
determined affinity are shown. A complete list is provided in Appendix B.

To identify the unique chemical features for binding between the GDP- and GTP-bound
forms of K-Ras, SCORES for each compound identified in the K-Ras-GTP counterscreen were
compared to the SCORES for GDP-bound K-Ras (results tabulated in Appendix A). Overall, the
GTP-bound form generally binds fragments weaker than GDP-K-Ras, as evidenced by fewer
primary hits in the fragment screen, fewer SCORE=3 compounds, and weaker Kp values for
compounds measured against both GDP- and GTP-bound forms.

As mentioned above, the indole series of compounds identified in both the fragment
screen and elaborated by chemists in the group bind similarly in both the GDP- and GTP-bound
forms. The indole appears to occupy the same induced binding pocket in both forms, as seen by
similar peak shift patterns. Moreover, the extended binding cleft occupied by the benzimidazole
in Figure 2-7 appears to be similar between K-Ras forms, lengthy fragments with several

heterocyclic rings connected in series are tolerated. However, indole binding was not uniform.
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For example, some members of the indole series of compounds bind to GTP-K-Ras but
demonstrate little binding to the GDP-bound form, such as VU0207708 and VU0412845 in Figure

2-16.
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Figure 2-16: Examples of selective indole-containing compounds
Indole-containing compounds with SCORE=3 against K-Ras-GTP but which do not bind K-Ras-GDP.

Unlike the indole series, catechols preferentially bind to K-Ras-GTP. Several compounds,
exemplified in Figure 2-17, bind tightly to the GTP-bound form but not to the GDP-bound form.
The sulfonamide series, which showed distinct promise as a nucleus for a GDP-K-Ras inhibitor

program, were largely inactive against GTP-bound K-Ras.
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Figure 2-17: Examples of selective catechol-containing compounds
Exemplified catechol compounds that bind to K-Ras-GTP but not to K-Ras-GDP

2.3 Discussion

K-Ras is one of the most commonly mutated oncogenes in human cancer.3? Ras pathway
activations contribute to tumor initiation, maintenance,! increased proliferation, evasion of
programmed cell death, altered metabolism, induced angiogenesis, increased invasion and

metastasis, and evasion of immune destruction.®’ Moreover, K-Ras mutant cancers correlate with
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decreased response to therapy.>® In contrast, inactivation of oncogenic Ras reverses the
transformed phenotype of cells both in vitro and in vivo, and results in the dramatic regression
of tumors in murine xenograft models.?®7 Yet despite the preponderance of evidence linking Ras
to cellular transformation, and its inhibition to a reversion of that transformed phenotype, no
Ras inhibitor has yet achieved clinical testing. Ras is a technically challenging protein for which to
develop a small-molecule inhibitor, and some believed that inhibiting this “undruggable” protein
was impossible.® In light of the challenges inherently present in directly targeting Ras, alternative
strategies have been developed to inhibit Ras indirectly by modulating other proteins in the Ras
effector pathway. Several of these attempts, such as inhibitors of downstream effector proteins
Raf by Sorafenib and Mek by Trametinib, have achieved FDA approval for clinical use.
Nevertheless, direct Ras inhibition would be preferable in both the breadth of downstream
targets effected and the avoidance of feedback inhibitory mechanisms which confound
downstream inhibitor activity. Therefore, a direct Ras inhibitor remains a highly challenging but
extremely important anti-cancer target in drug discovery.®°

Despite these hurdles, a prior fragment-based screen of the inactive GDP-bound form of
K-Ras identified over one hundred fragment hits. Subsequent NMR studies, x-ray crystallography,
and dedicated compound synthesis resulted in compounds which bound in the low hundreds of
micromolar and inhibited nucleotide exchange by SOS-GEF.’® As described here, a fragment
screen was also conducted for the active, GTP-bound form of K-Ras and revealed differences in
binding preferences between the two forms. These results could potentially lead to an inhibitor
that directly blocked effector activation. | identified 72 compounds that caused distinct *H and

BN chemical shifts in *H/®N HSQC spectra when bound to K-Ras-GTP, and further
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counterscreened all high-affinity compounds from our K-Ras-GDP inhibitor project to ascertain
specificity. In total, 110 compounds were detected to bind to the GTP-bound form of K-Ras, which
corresponds to less than 1% hit rate. However, a previous analysis of fragment-based screens
suggests that protein targets with a hit rate of at least 0.1% can result in the design of high
affinity, drug-like molecules against the target.®’ Therefore, K-Ras in both the GDP and GTP bound
forms could be a druggable protein, albeit a significantly challenging one.

It remains unclear whether fragments identified in our K-Ras-GTP screen also bind to
other Ras isoforms. Given the complimentary binding profiles seen for K-Ras-GDP compounds
also binding to these other Ras isoforms, this suggests a similar complementarity for GTP-bound
forms.

The biological activity of these compounds was not investigated for this dissertation.
Mutating residues in the switch Il region of Ras, or otherwise altering the conformation of that
region, can block effector binding in a cellular context.”>*® Therefore, it is possible that the
fragments discovered in this chapter may block effector binding to K-Ras-GTP if they bind in a
similar way to the fragments identified in the K-Ras-GDP screen. Alternatively, a compound could
be extended from its anchor point in the induced pocket at tyrosine 71 to physically occlude
effector binding.

Primary fragment hits often bind weakly (hundreds to thousands of uM), as was the case
in this screen. Discovery of potent (nM) affinity compounds using fragment-based drug discovery
requires linking or merging a first-site fragment with a second fragment occupying an adjacent
site, or iteratively growing the first-site fragment to occupy additional pockets and binding

interfaces on the protein surface. These techniques are significantly aided by x-ray
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crystallography to determine the binding location and orientation of fragments and to suggest
the most appropriate ways to grow, merge, or link fragment hits. While Qi Sun and Jason Phan
solved multiple co-crystal structures of fragments bound to K-Ras-GDP, they were unable to
discover conditions suitable for K-Ras-GTP/fragment co-crystallization. This significantly impeded
the discovery effort.

Despite these challenges, these molecules represent a starting point for obtaining probe
molecules useful in elucidating new insights into Ras signaling and for discovering K-Ras inhibitors
for the treatment of cancer. The Fesik group has recently begun a collaboration with Boehringer
Ingelheim to continue the discovery of K-Ras inhibitors, primarily focused on the GTP-bound
form. Chemical optimization conducted by an active team at Boehringer Ingelheim has initially
focused on synthesizing analogs based on the fragment hits described in this chapter. Their
second key contribution is the ability to co-crystallize K-Ras-GTP with a bound ligand, thus
providing key structural information needed to fully elucidate compound SAR. Thus, it may now
be possible to discover high affinity ligands capable of inhibiting K-Ras-GTP activity. A K-Ras-GTP
inhibitor should disrupt effector binding in vitro, reduce signaling through Ras-modulated
pathways, and inhibit cancer cell growth in culture and in vivo. These predictions await

confirmation upon the discovery of high-affinity K-Ras-GTP inhibitors.

2.4 Methods
Cloning, expression, and purification
The GTPase domain (residues 1-169) of oncogenic mutant K-Ras (G12D C118S) was

cloned, expressed, and purified as previously described.”® Briefly, a pDEST construct containing
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the sequence for maltose binding protein (MBP) fused to the K-Ras expression sequence using a
tobacco etch viral protease (TEV) recognition sequence linker. This vector was transformed into
Rosetta 2 (DE3) E. coli and expressed in a BioFlow 415 fermentor (New Brunswick Scientific) in
minimal media (4g/L KH,POa, 6g/L K2HPO4, 1g/L NA2SO4, 1g/L K2S04, 1g/L Yeast Extract, 1mL/L
Glycerol, 5mL/L K12 trace metals solution, 0.2mL/L Antifoam, 20g/L glucose, 2mL/L 1M MgCl,,
0.1mL/L CaClz, 1mg/L Thiamine, 10mL/L 100x MEM vitamins, 1.0g/L *°NH4Cl, and ampicillin, at
pH 7.0 with a dissolved oxygen of 35-65% and 10% O2 after induction. Expression was induced
with 1 mM IPTG at a cell density corresponding to an absorbance of OD600=1.0. The fusion
protein was purified on a Ni-IDA (ProBond from Invitrogen) column in buffer containing 20mM
Tris-HCL, 150mM NaCl, and 1mM DTT. A 1:20 molar ratio of TEV protease was used to cleave the
MBP fusion protein, and the mixture was separated by flowing over an Ni-NTA column, and the
K-Ras protein was collected in the flow through and exchanged into a low salt buffer. Purified

proteins were concentrated with Amicon ultra centrifugal columns (Millipore).

K-Ras in vitro nucleotide exchange

Purified K-Ras-GDP at 10mg/mL is added to Exchange Buffer (5mM EDTA, 2mM CaCl,,
1mM GTP-PNP, 3U/mL Apyrase). This solution is incubated at 30°C for 30 minutes, buffer
exchanged into fresh Exchange Buffer, and repeated an additional two times. The final solution

is buffer exchanged into buffer containing 25mM Tris-HCI pH 7.0, 50mM NaCl, and 1mM MgCl,.
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Fragment library composition

A proprietary collection of small molecule “fragments” was assembled as previously
described.”® Briefly, 11,000 chemically diverse compounds representing more than 700
distinctive ring systems were purchased from major chemical supply manufacturers which fit
certain criteria (MW <300, cLogP <3.0, no more than 3 hydrogen bond donors, and no more than
4 rotatable bonds). Compounds were preferentially selected with bias towards compounds
containing rings and functional group substitutions that are known in the literature to show high
affinity for protein binding, especially at the interface for protein-protein interactions.
Compounds with functional groups known to react under physiological conditions were

excluded.

Fragment-based screen

The fragment-based screen was conducted using two-dimensional sensitivity-enhanced
1H/*N- HSQC spectra collected on a Bruker DRX500 spectrometer equipped with a cryoprobe
and a Bruker Sample Jet sample changer. Each sample contained 50uM GTP-bound K-Ras (G12D)
protein and 12 fragments at a concentration of 650 uM. Positive hits were deconvoluted by
testing samples containing a mixture of four compounds, then individually testing positive hits
from those samples. Screening data were processed using Bruker TOPSPIN and analyzed by
comparing spectra with and without compounds. Dissociation constants were obtained for
selected compounds in fast exchange by monitoring the chemical shift changes of resonances as

a function of compound concentration using standard fitting software.
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Chapter 3

Discovery of Pak-1 inhibitors

3.1 Introduction

p21-Activated Kinase-1 (Pak-1) is the founding member of the Pak family of kinases, and
regulates a wide variety of cellular processes including cell motility, actin rearrangement,
proliferation, and apoptosis. Its role in driving tumor growth, survival, and metastasis has been
demonstrated in multiple pre-clinical cell-based and animal studies, and human clinical data
suggest a link between its expression and a higher tumor grade and lower overall survival in
several cancer types. In this chapter, we will review the tumorigenic role Pak-1 plays in cancer

biology and our efforts to discover specific Pak-1 small-molecule inhibitors.

3.1.1 Structure and function of the Pak family kinases

The Pak family of Sterile 20 (Ste20) serine/threonine kinases contains six isoforms divided
into two groups: Pak 1-3 comprise Group | and Pak 4-6 comprise Group 11.%° Structure, function,
and expression profiles differ substantially for Pak family members, especially between Group |
and Il Paks. Pak-2 and Pak-4 are ubiquitously expressed in adult human tissues, while Pak-1 is
highly expressed in the brain, muscle, and spleen.% Indeed, Pak-1, 3, 5, and 6 all play an
important role in neuronal tissues where deregulation may contribute to mental retardation,
Alzheimer’s, and Huntington’s disease.!?! Pak-2 and Pak-4 are ubiquitously expressed and their
loss is embryonically lethal in mice due to defects in vascularization and heart development,

respectively. Pak-1 null mice are viable'%? but manifest various defects in the central nervous
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system, immunity, metabolism,1%31%4 and most severely, alterations in cardiac ion regulation and
actinomyosin function.!® These defects cause Pak-1-deficient mice to become more vulnerable
to cardiac hypertrophy and failure under sustained load.4

All six Pak proteins contain a catalytic kinase domain of traditional structure. Protein
sequence homology is extremely high within members of a group; sequence similarity exceeds
90 percent among the Group | Paks, and is 79 percent or more homologous among the Group |l
Paks. Sequence homology between group members is lower (between 50 and 60 percent).1% The
key distinctive feature that separates Pak proteins from other kinases is their N-terminal
regulatory region, which contains multiple domains contributing to Pak auto-regulation,
localization, scaffolding, and effector activation. This region also forms the key differentiator
between Group | & Il Paks, with groups differing substantially in domains expressed, their method

of auto-regulation, and scaffolding functionality (Figure 3-1).

Basic PBD AID PIX Catalytic
PAK1
(Group )
Basic PBD AID Catalytic
PAK4
(Group Il)

Figure 3-1: Pak kinases are classified into two groups

Pak groups | & Il are differentiated by the composition and arrangement of domains within the
N-terminal regulatory region. These differences have profound effects on protein localization,
activation, and scaffolding of other signaling components. However, all Pak kinase isoforms
contain a conserved catalytic subunit at the C-terminal end of the protein. Figure from Rudolph
et al, 2015.100

Group | Paks are constitutively auto-inhibited by trans-dimerization, a distinguishing
feature among serine/threonine kinases.1%” Activation of Group | Paks occurs due to three N-

terminal regulatory regions: a proline-rich SH3-binding domain, GTPase protein binding domain
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(PBD), and a regulatory auto-inhibitory domain (AID).1%8 In cells, Pak-1 forms an auto-inhibited
homodimer via the AID (in contrast to tyrosine kinase family receptors, which are activated by
dimerization). Group | Paks in healthy or cancerous cells require activation via binding of the p21-
proteins Racl or Cdc42 to the PBD.0%1%° This in turn causes dissociation of Pak dimers, auto-
phosphorylation of T402 and T423,107.110.111 and constitutive kinase activation. Activator proteins
can then dissociate without impeding activity, although may remain bound to be localized to the
cellular leading edge.'® Grb2 or Nck SH3-mediated binding to Pak proline rich regions induces
activation in a p21-independent process. These proteins localize Group | Paks to the plasma
membrane near active receptor tyrosine kinases (RTKs) such as EGFR. These RTKs can then in
turn directly phosphorylate Pak to activate it.}'? Alternatively, Nck mediates localization to focal
adhesions and the co-recruitment of Pak-1-interacting exchange factor (PIX) to Pak-1 through an
SH3/proline-rich region interaction. PIX activates Pak-1 indirectly through its GEF activity for Racl
and CDC42.113114 Nck-mediated recruitment to the plasma membrane also enables Pak activation
via sphingolipid-mediated disruption of the Pak homodimer,*> though Rac1/CDC42-mediated
activation is by far the most commonly employed method to control Group | Pak activity.

In contrast to the well-studied activation functions of the Group | Pak N-terminal region,
this region of the Group Il Paks has only recently been elucidated. While Rac1/CDC42 binding via
the PBD has long been observed, initial reports indicated that binding did not alter Group Il Pak
activity. In fact, they appeared to be constitutively active.’® However, recently it has been
suggested that Pak-4 does contain an auto-inhibitory domain, though no consensus has been
reached on the mechanism by which Rac1/CDC42 binding activates the protein.!'”!18 These

studies suggest that Pak-4 catalytic activity (and, possibly, the group Il Paks in general) is
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regulated by conformational changes in the N-terminal region rather than phosphorylation in the
kinase domain activation loop (Ser474), as is seen for Group | Paks.*® Regardless of the specific
mechanisms, all Pak isoforms require activation by one of these processes (Rac1/CDC42 binding,
RTK-mediated phosphorylation, or membrane recruitment).

Pak kinases function to transduce signaling from cell-cycle regulators (via CDC42), cell-
surface receptors (via Racl), and cellular damage sensors (via Caspase-3) to downstream
effectors controlling cellular motility, proliferation, cell cycle, and survival (Figure 3-2).19°
Substrates for Pak kinases number in the dozens; some substrates are phosphorylated by
multiple Pak isoforms, while others (such as MEK1 at serine 298) are phosphorylated solely by a
single Pak isoform.1%° Pak proteins also rely on extensive protein scaffolding functionality in their
N-terminal region to control the activity of cellular processes independent of catalytic kinase

120

activity, such as by co-localizing MEK and Rafl to increase downstream ERK activation'?® or by

enabling PI3K-mediated signaling by co-localizing PDK-1 to Akt.??
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Figure 3-2: Pak kinases regulate cellular motility, proliferation, and survival

Pak-1 interaction partners are shown with indicated phosphorylation sites. Pak-1 requires
upstream activation by one of several processes, though most commonly by Racl and CDC42
binding. Once active, Pak-1 directly phosphorylates a wide range of substrates regulating motility,
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survival, and proliferation. Shown here are the most notable substrates regulated by Pak-1
including MLCK, Merlin, MEK, c-Raf, and Bad. Adapted from Ong et al, 2011.%22

3.1.2 Pak kinases promote cancer progression and metastasis

All Pak isoforms have been implicated in cancer progression.!® Pak-1 and Pak-4 are the
most commonly overexpressed isoforms, while the other isoforms are more rarely
overexpressed. Cancers for which Pak-1 in particular is commonly overexpressed include breast,
colon, brain, prostate, and ovarian, and recent literature indicates an important role in lung
cancer as well.199122 |n preast cancer, PAK1 is amplified in 9% and overexpressed in 55% of
patients and correlates with HER2+, ER+ breast cancer, and a poor prognosis.'?* Higher Pak-1
expression also correlates with increased lymph node invasion, and is more frequently observed
in nodal metastases than in primary tumor samples.'% Pak-4 is also commonly overexpressed in

various cancers including pancreatic, breast, and colon cancers.''®'23 Increased expression

correlates with higher tumor grade, invasiveness, and a worse overall prognosis.?*
Cancer type Pak isoform Type of alteration References
Breast PAK1 55% protein overexpression 18
Breast PAK1 Protein overexpression and tamoxifen 33
resistance
Caolon PAK1 Protein overexpression 117
Ovarian PAK1 30% gene amplification; 85% protein 118
overexpression
Bladder PAK1 Gene amplification H. Nishiyama and O. Ogawa,
personal communication
Pancreas FPAK4 Gene amplification; protein overexpression 12
Brain PAK1 Protein overexpression Y. Kondo and K. D. Aldape,
personal communication
Neurofibromatosis PAK1 Protein stabilization 24
T-cell ymphoma PAK1 Cene amplification 119

Table 3-1: Cancers in which Pak-1 and Pak-4 are most commonly overexpressed or amplified
Figure from Kumar, et al. 23
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Despite their immutable requirement for external activation to overcome constitutive
homodimerization, activating mutations are rare in Pak kinases. Mutations of any sort for Pak-1
occur in just 100 of 22,000 cases in the COSMIC database.!?® Activating point mutations have only
been reported in Pak-4 and Pak-5 in colon and lung cancers, though whether these contribute to
tumor formation is currently unknown.?6127 |n the absence of activating mutations, Paks still
require external activation to overcome intrinsic inhibition: this may occur through simultaneous
increases in Rac1/CDC42 activity (such as for Ras-mutant cancers discussed in Chapter Il), or by
relying on basal p21 activity to activate a larger molar quantity of Pak kinase.?®

These clinical observations linking Pak expression to invasive carcinomas and a worse
prognosis have a solid molecular underpinning. Pak-1 plays three key roles in cancer progression.
First, Pak promotes cell proliferation12312% through direct phosphorylation and activation of
Mek1 and Raf1,13%131 py activating the Akt and Wnt pathways,?® through regulation of Aurora
Kinase A and Polo-like kinase 1 (PLK1), and regulation of the nuclear hormone estrogen receptor
that promotes its activation and signaling through Cyclin D1.13? Loss of Pak-1 expression through
RNAi-based approaches reverses these phenotypes.!®

Second, Pak-1 drives cancer invasion and metastasis in late-stage tumors. Metastasis is
an invasion-driven process whereby cells must attach to a matrix, enzymatically degrade it using
matrix metalloproteinases (MMPs), and move across.3? Pak-1 is known to drive cell motility and
control filopodia at the leading edge and promote invadopodia.'3* The literature reports a host
of cell-motility substrates that are phosphorylated by Pak-1 including LIM kinase, myosin light
chain kinase, merlin, filamin A, p41-ARC, and Op18/stathmin,*3> and these pathways are likely

utilized in cancer for metastasis. Furthermore, Pak-1 is recruited to cortical actin structures upon

44



cellular exposure to PDGF, insulin, and several other stimuli, 3¢

and Pak-1 activity is essential for
invadopodia formation in the A375MM melanoma cell line.*3* Pak-1 regulates MMP expression
and activity!?® to such an extent that mouse embryonic fibroblasts altered to prevent CDC42-
mediated Pak activation were unable to remodel extracellular matrix.'3’ These data indicate Pak-
1 plays an important role in regulating and/or promoting cell motility and cancer metastasis.

Third, Pak-1 increases survival by blocking apoptosis through several mechanisms. Rafl is
phosphorylated at S338 to induce translocation to the mitochondria, where it binds Bcl-2 and
phosphorylates BAD, thus preventing BAD-mediated induction of apoptosis.®® Pak-1 can also
phosphorylate BAD directly to prevent its antagonism of pro-death Bcl-2 family members.'38 Pak-
1 also increases NFkB pathway activation through an unknown mechanism,?® and inhibits pro-
apoptotic FKHR transcription.1%®

Pak-1 activation drives human breast cancer progression. Synthetic Pak-1 activation in
vitro increases cell growth and proliferation,'® leads to anchorage-independent growth, and
radically alters signaling throughout the cell.3° Synthetic overactivation in vivo causes malignant
mammary tumor development.t23140.141 Most significantly, inhibition of Pak-1 restricts cancer cell
growth and metastasis but has no effect in non-cancerous tissue, thus supporting the hypothesis
that Pak-1-amplified cells can become “addicted” to expression and would be susceptible to
small-molecule Pak-1 inhibition.3%122 Moreover, several commonly activated oncogenes require
Pak-1 to transform cells. Inhibition of Pak-1 can effectively silence Ras-induced -cell
transformation.142143

Finally, an inhibitor of Pak-1 would augment current therapies. For example, 70% of

breast cancers express Estrogen Receptor alpha (Era) and are susceptible to estrogen receptor
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antagonism by tamoxifen. Yet Pak-1 expression is predictive of tamixofen resistance: active Pak-
1 causes constitutive estrogen receptor activity and resistance to antagonism by phosphorylating
Era at S305. Inhibition of this phosphorylation could restore tamoxifen resistance and improve
patient outcome.'*% Further, a screen conducted in NSCLC revealed potent drug-drug
synergism with Pak-1 knockdown with several targeted therapeutics including BV6 (IAP
antagonist), Erlotanib, and Gefititinib (demonstrating a 57-, 15-, and 13-fold change in ECso
coincident with Pak-1 knockdown).!?2 These pre-clinical and clinical data strongly suggest that a
Pak-1 inhibitor would positively benefit patient survival in breast and other cancers. Importantly,
a Pak-1 inhibitor should be selectively toxic for at least a subset of cancer patients. Knocking
down Pak-1 expression in non-cancerous adult tissues gives no observable phenotype and the
pan-Pak inhibitor PF-3758309 (discussed below) is not toxic to healthy tissues.

While the above discussion has focused exclusively on Pak-1, Group Il Paks do contribute

100 and RNAi-based inhibition restricts cell growth and

to tumorigenesis and cancer proliferation,
survival.119126 Of the Group Il Paks, Pak-4 is the most widely studied, overexpressed, and
important for tumorigenic signaling. Pak-4 is neither overexpressed as widely as Pak-1,%'° nor
relied upon as heavily for cancer cell transformation and progression.®>1% For example, motility
and proliferation in prostate cancer cells is substantially reduced after Pak-1 knockout and is not
rescued by the Group |l Paks 4 and 6 despite high overexpression.'#® In summary, Pak-1 and Pak-

4 each contribute to tumorigenesis in particular cancers, but Pak-1 inhibition will be more broadly

applicable than inhibition of Pak-4.
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3.1.3 Serine/Threonine kinase domain structure and common inhibitor features
Serine/threonine kinases share a conserved tertiary structure divided into an N-terminal
and C-terminal lobe that is connected by an unstructured, flexible “hinge” loop region. ATP binds
within the cleft formed between these two lobes, and the substrate protein receiving the
transferred phosphate moiety binds adjacent to the ATP molecule (Figure 3-3). This structure is
conserved in the Pak kinases, though they are distinguished by a larger-than-average ATP-cleft

and a highly flexible N-terminal domain.%614

Figure 3-3: Crystal structure of the Pak-1 kinase domain
Notations indicate conserved features of serine/threonine kinase domains (PDB 1YHW).14®

Published kinase inhibitors are most commonly ATP-competitive, or more rarely,
allosteric in action.'*® ATP-competitive inhibitors directly occlude ATP binding to prevent activity.
A “hinge binding” motif is universally present on ATP-competitive kinase inhibitors and serves a
key role in providing affinity through multiple hydrogen bond interactions with the “hinge region”

of the kinase amide and carboxy protein backbone, and as a central core from which additional
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substitutions may be added to improve pharmacokinetic and pharmacodynamic properties.*°

Many structures which satisfy this hinge-binding criteria have been identified and published.>!-
153 These generally contain a flat heterocycle such as an aminopyridine or pyrimidine, a
heteroatom in the meta or para position of a ring (i.e. morpholine), or contain a heteroatom at
the end of a long alkyl chain (i.e. cyano group) unless a large substitution or bulky ring adjacent
to hinge-binding moiety could sterically occlude the hydrogen-bonding interaction.

Because hundreds of serine/threonine and tyrosine kinases also bind ATP, engineering
selectivity for a particular kinase is challenging. ATP-competitive inhibitors gain kinase selectivity
using several mechanisms. First, an inhibitor may occupy regions of the ATP cleft that are not
bound by ATP itself and where inter-kinase amino acid differences are more pronounced. One
possibility is to push through a “gatekeeper residue” deep within the cleft to gain access into a
“selectivity pocket.”'>415> Other regions commonly accessed by ATP-competitive inhibitors
include the “P loop” and a hydrophobic pocket adjacent to the C-helix typically occupied by a
conserved phenylalanine. The size, shape, and binding electronics of these pockets differ among
kinase families and, quite often, within isoforms of kinase families themselves (as will be
discussed below for the Pak kinases).1>3

A second method to gain selectivity is to force a conformational change that is preferred
by a particular kinase/inhibitor pairing but inaccessible to other kinases bound to the same
inhibitor. In practice, this most commonly means transition into the inactive “DFG out”
conformation. The DFG triad is a series of conserved catalytic residues in a loop near the ATP cleft
that contribute to Mg?* complexation. For example, the Gleevec-analog STI-571 potently inhibits

Abl but not the closely related Src despite nearly identical binding sites. This selectivity is partially
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explained by conformational changes in Abl that are unfavorable in Src.'>®> Whether a kinase is
favored to alter its conformation is likely influenced by overall protein dynamics and amino acid
differences in disparate regions of the kinase and not just the ATP-binding site.'>® Predicting a
priori what chemical structures will achieve this is not simple.

Finally, an allosteric inhibitor would bind to an alternative site on the kinase and somehow
prevent its enzymatic activity. For example, the MEK1/2 noncompetitive inhibitor CI-1040 binds
to a site adjacent to the ATP cleft and locks the kinase in an inactive conformation.'>” Allosteric
inhibitors are typically more selective because sequence homology is reduced outside of the ATP

cleft. 158

3.1.4 Publicly disclosed Pak inhibitors

No potent Pak-1-specific small molecule inhibitor had been publicly disclosed prior to the
start of this project in 2011. Several compounds were known to inhibit Pak-1 quite effectively,
such as the pan-kinase inhibitor staurosporine and its derivatives (with sub-nanomolar binding
affinity),>%1€0 including ruthenium complexes based on a staurosporine-derived scaffold (such
as (R)-DW-12, 83nM affinity).1%° For obvious toxicity and safety concerns, neither inhibitor was
ever publicly considered for clinical development, nor is either compound selective against the
Group Il Paks.

Pfizer pioneered the discovery of clinically suitable pan-Pak inhibitors based on two
scaffolds identified in a high-throughput screen,®! and had published multiple patents on further
modified compounds. PF-3758309, a derivative of their earlier work based on the pyrrolopyrazole

structure but with improved affinity and pharmacokinetic properties, entered Phase | clinical
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trials for advanced/metastatic solid tumors. It blocks Pak-mediated signaling in an in vitro context
and prevents tumor growth in xenografts derived from multiple cancer types including colon,
breast, lung, melanoma, and stomach cancers.'®2 However, this inhibitor is equipotent for Pak-1,
and its cellular activity is potentially also mediated through inhibition of multiple cell-cycle
control kinases such as CDK7 (ICso = 7nM).1% Therefore, ascribing its cellular efficacy to a
particular Pak kinase or to the Pak family in general is premature. PF-3758309 failed in Phase |
studies due to low bioavailability and several adverse events, including grade 4 neutropenia and
gastrointestinal issues.1%

In 2013, the biotechnology company Afraxis disclosed the first highly potent Pak-1-
selective inhibitor FRAX597.1%3 This inhibitor, based on a prior disclosed and patented pyrimidine-
7-one series and now licensed by Genentech,® binds to Pak-1 with an affinity of 7.7nM and Pak-
4 at >10uM, and demonstrates clear cellular effects on Pak-1-substrate phosphorylation and cell
proliferation. However, this compound substantially inhibits many receptor tyrosine kinases and,
intriguingly, causes a reduction in Pak-1 expression through a proteasome-mediated process.!?®
This compound series has been further refined in subsequent publications to improve DMPK
properties and kinome selectivity, and the most recently published example (FRAX-1036)
addresses some of the selectivity concerns of FRAX-597 while retaining exquisite Pak-1/Pak-4
selectivity.1®>1%¢ Prior publicly available patent applications filed by Afraxis did not exemplify

these selective compounds and, indeed, those structures listed in these patents are non-selective

for Group | or Il Paks.16”
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Figure 3-4: Chemical structures of key reported Pak inhibitors discussed in this chapter

Genentech also reported in 2013 a highly ligand-efficient Pak-1 inhibitor with 1.6nM
affinity but no reported specificity for Pak-1 over Pak-4.%8 An azaindole-containing compound
published in 2014 by AstraZenica is both potent and specific for Pak-1 (ICso 20nM, 30-fold Pak-

1/Pak-4 specific), though it inhibited a wide range of other kinases.®® Pak-4-specific inhibitors

have also recently been published, and are reviewed elsewhere.®

Allosteric kinase inhibitors are highly attractive because they impart immediate selectivity
over other kinases by avoiding the conserved ATP-binding sites.'®® In particular, extensive N-
terminal regulatory and activation regions represent appealing targets for which to develop an
allosteric inhibitor. The first non-competitive allosteric inhibitor disclosed for the Group | Paks
was IPA-3, a disulfide containing compound which covalently binds the regulatory domain of

inactive Pak-1 and prevents subsequent Racl/CDC42-mediated activation.!’® These disulfide
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bonds are obligatory for function and would be a significant liability in the chemically reducing
cellular environment (and completely inappropriate for a clinical setting). A 2013 oral
presentation by Novartis disclosed their discovery of a Pak-1-specific inhibitor in a fragment-
based screen. Their initial hit was subsequently improved to 100nM potency and greater than
100-fold selectivity against other Pak isoforms, including highly similar the Group | Paks.% X-ray
crystallography revealed that the inhibitor binds to the “back pocket” of Pak-1, where more

selectivity can be obtained, and forced the kinase into the inactive “DFG-out” conformation.

3.1.5 Suitability of FBDD to kinase inhibitor development

Introducing kinase selectivity is a primary challenge of any kinase drug discovery program.
We reasoned that a fragment-based approach offered unique benefits to gain novel selectivity
that other kinase inhibitors known to us at the time had failed to include (notably, PF-3758309).
Firstly, because fragment hits can bind to smaller pockets that larger compounds would miss, a
fragment screen might identify allosteric Pak modulators. Second, the large chemical space
covered in a fragment screen might identify unique binding opportunities within the ATP-cleft to
provide kinase selectivity. Third, a fragment screen might identify a novel mechanism of binding
within the ATP cleft, either by avoiding hinge-binding, or using novel chemical structures that are
more easily patentable. Finally, a fragment-based approach is demonstrably successful. BRAF
kinase inhibitor Vemurafenib was the first clinically approved drug to be started from a fragment-
based screen.!’!

In summary, Pak-1 serves a critical role in tumorigenesis, metastasis, and survival in breast

and other cancer types. No Pak-1-specific inhibitor had been published at the genesis of this
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project in 2011, but Pak protein knockout and pan-Pak inhibitor PF-309 powerfully reduced cell
growth, motility, and survival in an in vitro or in vivo setting. Finally, while cancers seemingly
depend more commonly on Pak-1 than Pak-4 for transformation, no tool compound existed to
fully elucidate the individual contributions of each family member to tumorigenesis and cancer
progression. Therefore, we sought to discover Pak-1-selective small molecule inhibitors using a
fragment-based approach, test their efficacy in breast cancer cell lines, and to investigate the

contributions of individual Pak family members to normal and cancer biology.

3.2 Results

3.2.1 Expression and purification of the Pak-1 kinase domain

Enzymatic Pak-1 kinase functionality promotes cell survival, proliferation, and motility,
and both pre-clinical and clinical observations suggest that Pak-1 kinase contributes to
tumorigenesis and cancer progression. Therefore, we sought to discover Pak-1-specific small-
molecule inhibitors using a fragment-based approach to further validate this cancer target in a
pre-clinical setting. To obtain the protein required for this screen, the kinase domain of Pak-1
(Pak-1-KD) comprising residues 249-545 was cloned, expressed, and purified in an E. coli
expression system using glutathione-affinity and size-exclusion chromatography (Figure 3-5).
Two mutations were introduced: K299R to make the kinase catalytically inactive and so prevent
cytotoxicity to E. coli during expression, and a phospho-mimetic mutation on the activation loop
(T423E) to mimic the Pak-1 active state whereby the activation loop transitions into a loose (free)

conformation.1%”
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Figure 3-5: Purification of the human Pak-1 kinase domain (Pak-1-KD)

Pak-1-KD protein was expressed in E. coli cells and lysed with a homogenizer (whole-cell paste,
WC). The paste was spun at 10,000 RPM to pellet unlysed cells and membrane, and the
supernatant (clear lysate, CL), and was loaded onto a nickel-affinity purification column. Flow-
through (FT), wash (W), and the early elution fractions (E1) were discarded. Later elution fractions
(E2-E4) were retained. Precission Protease was then used to cleave the GST tag, and the protein
was then purified again on the glutathione column and a sephacryl size-exclusion
chromatography column.

3.2.2 Attempted optimization of HSQC-NMR spectra for Pak-1-KD

The protein-observed 2D HSQC-NMR technique is commonly used in fragment-based
screens due to the wealth of information it provides on ligand-protein interactions, including
affinity and predictions on binding mode or location. Indeed, this technique was used successfully
in Chapter 2 to discover inhibitors of K-Ras-GTP. However, as a protein-observed technique,
HSQC-NMR requires a high protein concentration (25-50uM is typical) in order to generate
enough signal, and the protein must be monoisotopically labeled with *°N. Moreover, the protein
must be small enough in size to allow adequate peak resolution (typically less than 30-40kDa).?*
The Pak-1 kinase domain is 32kDa but in solution dimerizes to form a 64kDa molecule, and the
N-lobe of the kinase domain is highly dynamic.1°® HSQC spectra generated from this molecule

were of insufficient quality to conduct a fragment screen due to the very low percentage of amide
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backbone residues that could be observed as individual peaks (Figure 3-6A). A screen conducted
under these conditions would result in a large percentage of false-negatives because chemical
shifts induced by ligand binding would not be detected.

The Pak-1 homodimer forms due to spontaneous interactions between the aG and aE
helix (Figure 3-6B). To improve the HSQC spectra, we introduced a mutation (L449Q) on the aG
helix to disrupt dimerization in solution by sterically occluding the dimer interface between aG
and aE.'”2 However, this change failed to substantially improve the spectra, as seen in Figure
3-6C, and only a few indistinct peak shifts are noted when bound to the known interacting ligand
VU0466177 (red) when compared to apo-Pak-1 (blue, Figure 3-6D). In summary, despite
optimization of the HSQC protocol and mutagenesis of Pak-1 protein, this technique was

unsuitable for a fragment-based screen.
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Figure 3-6: Attempted optimization of HSQC-NMR for Pak-1-KD
(A) HSQC-NMR spectrum for Pak-1-KD. Resolution was insufficient to screen using this
methodology. Pak-1 dimerizes in solution through an a-helical interface (B, adapted from
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Pirruccello, et al. 172). To reduce the size of Pak-1 in solution (and therefore, hopefully improve
the HSQC spectra), we blocked this interaction by introducing an L449Q mutation. (C) HSQC
spectra of the mutated protein. While more peaks are visible, the quality is still not sufficient to
conduct a fragment screen. (D) An overlay spectra of apo-Pak-1 (blue) with a known Pak-1 binding
compound (VU0466177, 50uM, red) shows that, while some peaks do shift position, the quality
is insufficient for a fragment-based screen.

3.2.3 Saturation Transfer Difference (STD)-NMR First-site Fragment screen

In contrast to HSQC-NMR, Saturation Transfer Difference (STD) NMR is a ligand-observed
technique whereby an NMR spectrum is generated for the ligand rather than the protein.’3 Two
spectra are measured in an STD-NMR experiment (Figure 3-7A). The first requires selectively
saturating a resonance contained only by the protein and not overlapping with ligand whatsoever
(typically, from Oppm to -1ppm). Saturation will propagate from the irradiated receptor protons
at that resonance frequency to other protons on the receptor via spin diffusion and, if ligand is
bound, will then transfer to the ligand by cross relaxation at the ligand-receptor interface, which
results in peak broadening. A reference spectrum is separately measured by saturating a region
that does not contain signal for either protein or ligand. The difference spectrum of these two
measurements will show only those resonances that have experienced saturation (i.e. the
receptor and compound that bind to the receptor). Since the protein concentration is generally
negligible compared to ligand concentration, its resonances are typically not visible in the
difference spectrum.®

As a ligand-observed NMR technique, STD-NMR requires only a small amount of non-
isotopically labeled protein, and the technique is relatively unaffected by protein size or

dynamics.'’* As with other NMR techniques, STD-NMR is insensitive to high ligand
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concentrations, compound precipitation, or fluorescence. However, unlike HSQC, STD-NMR
spectra cannot provide information on the ligand binding site and affinity.

To verify that this assay could detect ligand-protein interactions, | performed an STD-NMR
experiment and obtained the on-resonance, off-resonance, and difference spectrum for a
fragment that binds Pak-1, VU0456757 (Figure 3-7B). To further validate that STD-NMR can
detect weakly interacting ligands, | measured the STD-NMR spectrum for adenosine. The

resulting difference spectrum clearly demonstrated both expected *H peaks (Figure 3-8).
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Figure 3-7: Two NMR *H spectra are measured for an STD-NMR experiment

(A) In an STD-NMR experiment, the protein is selectively pulsed at a resonance where ligand does
not respond (on-resonance). This energy may transfer to bound ligand protons through cross-
relaxation, thus causing peak broadening. A reference spectrum is generated by selectively
pulsing where neither ligand nor protein respond (off-resonance). The difference of these spectra
reveals only those peaks which were broadened and, therefore, those that are bound to the
receptor. (B) Example on-resonance, off-resonance, and differences STD-NMR spectra for a
fragment (VU0456757) bound to Pak-1-KD. Because of the large background water peak visible
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around 4-5ppm, the easiest determination of ligand binding occurs for protons surrounding an
aromatic ring (7-9ppm).
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Figure 3-8: STD-NMR difference spectrum for adenosine binding to Pak-1-KD
Adenosine (inset, 500uM) is confirmed to bind Pak-1-KD in this difference STD-NMR spectrum.
Both predicted H protein peaks in the purine base are observed (designated here by red dots).

Pak-1-KD was then screened for binding to 14,000 fragments. Hits showing a detectible
STD-NMR signal were validated in triplicate. In total, 193 compounds were identified (a 1.4% hit
rate). Some of these compounds are exemplified in Figure 3-9, while the full list is found in

Appendix C.
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Figure 3-9: Example fragments identified in the Pak-1-KD first-site fragment screen
Results were verified in triplicate. The full list of fragments is included in Appendix C.

We additionally conducted a focused screen using rationally designed compounds built
around three scaffolds (2-Aminopyrimidines, 3-Aminopyrazoles, and 5-Methyl-3-
Aminopyrazoles) which utilize the generic hinge-binding motif commonly found in many
published kinase structures. These structural features include a planar structure with multiple
hydrogen bond donors/acceptors to amino- or carbonyl-groups on the protein backbone, most
commonly provided by nitrogen-containing rings or NH groups.**° These compounds, synthesized
in the group by Alex Waterson and Jason Burke, were designed to provide rapid identification of
generic and relatively high-affinity first-site fragment hits. While these structures are by
definition not selective, they offer a powerful starting point for ATP-competitive inhibitors by
providing a core scaffold to enable expansion into the distal portions of the ATP cleft, including
the DFG loop and selectivity pocket.’® Further, a potent hinge-binding motif from this library
would also provide rapid identification of a first-site hit at a known binding location for

progression to a second-site screen. In total, 81 compounds were synthesized for this library, of
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which 59 were confirmed to bind Pak-1-KD (a 73% hit rate). Examples of these hits are shown in

Figure 3-10, and the full list is included in Appendix C.
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Figure 3-10: Example fragment hits from the designed hinge library
Note the generic hinge-binding motif present in each: a planar structure with multiple hydrogen
bond donors/acceptors available for amino- or carbonyl-groups on the protein backbone.

3.2.4 Development of a biochemical assay to measure compound activity

Understanding compound SAR is challenging without measuring ligand affinity. Because
STD-NMR is unable to directly measure binding affinities, | developed biochemical assays to
measure inhibition constants against Pak-1 kinase. | first considered using a fluorescence
polarization anisotropy (FPA) assay whereby binding of a fluorescently-labeled probe to a protein
will slow rotational tumbling in solution and, therefore, raise its anisotropy.’> Our probe,
BODIPY-ATP, consisted of a BODIPY fluorophore covalently attached via a flexible linker to the 2’
position on the ATP ribose ring. A saturation-binding curve consisting of varying concentrations
of Pak-1-KD was titrated into buffer containing a fixed concentration of 100nM BODIPY-ATP
probe, and the increase in anisotropy was measured. Based on these data, the binding constant

(Kp) for this interaction is 122.8uM (Figure 3-11A). As a control, a high concentration (100 uM)
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of unlabeled ATP was able to displace BODIPY-ATP (Figure 3-11B). However, because the binding
constant for BODIPY-ATP is so weak, this was found to be is inappropriate for routinely measuring

all but the weakest compounds.
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Figure 3-11: Validation of a fluorescence anisotropy assay to detect Pak-1 inhibition

(A) The affinity for ATP tagged with fluorescent molecule BODIPY was measured using a
saturation binding experiment whereby Pak-1-KD was titrated into a fixed concentration of
BODIPY-ATP (100nM). The affinity is measured at 122.8uM. (B) Unlabeled ATP is able to compete
with BODIPY-ATP for Pak-1 binding, here shown as a decrease on anisotropy (middle column).
Shown is the average of three independent experiments (error bars SD).

Alternatively, compound activity could be measured with an enzymatic assay; in theory,
higher-affinity compounds are better able to displace unlabeled ATP and thus prevent phosphate
transfer to a substrate in an in vitro setting. Phosphate group transfers may be detected
guantitatively using the FRET-based LANCE Ultra kinase activity assay (Perkin-Elmer, Figure 3-12).
In short, a FRET signal is generated only when a proprietary dye (ULight) and a europium-tagged
antibody are brought into close proximity. Full-length Pak-1 will constitutively phosphorylate a
short peptide in the presence of excess ATP, thus allowing a phospho-specific antibody to bind.

A compound-mediated decrease in signal after pre-incubation demonstrates compound activity.
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Figure 3-12: LANCE Ultra TR-FRET schematic
Figure provided by Perkin-Elmer.

This assay requires full-length Pak-1 because the active kinase domain alone
cannot be purified in an E.coli system due to toxicity. Thus, full-length Pak-1 was commercially
acquired (ProQinase). Full-length Pak-1 is activated only after auto-phosphorylation of T423 on
the activation loop. In a cellular context this process is stimulated by CDC42 or Racl binding to
the N-terminal protein-binding domain. To stimulate this process in an in vitro context, we pre-
incubated Pak-1 with ATP to allow for gradual self-activation. Indeed, Pak-1 activity did increase
in a time-dependent manner following pre-incubation with ATP, which stabilized at a maximal
signal after 60 minutes of pre-incubation (Figure 3-13A). Pre-incubating Pak-4 with ATP did not
similarly increase its activity, which is consistent with the known constitutive activity of the Pak-
4 kinase domain.7®

Next, | optimized the protein concentration to ensure that subsequent experiments were
conducted in the linear range of detection. Pak-1 titrated into a fixed concentration of 2nM ATP

revealed an ECso point of 9nM. Next, the Michaelis-Menten constant (Km) was calculated by
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titrating in ATP to a fixed concentration (9nM) of Pak-1, and was found to be 4.3uM. This number

is critical for converting from the inhibitory concentration-50 (ICs0) measured in dose-response

I{%‘ = IC50

curves to the K; by the Cheng-Prusoff equation: L+ %= where [S] is the ATP concentration

used and Kr, is the Michaelis-Menten constant measured in Figure 3-13C.**8 Finally, an inhibitory
dose-response curve for pan-kinase inhibitor Staurosporine gives a K; of 0.51nM, which is in

agreement with published values.’7178
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Figure 3-13: Optimization of the Pak-1 TR-FRET assay

(A) Pak-1 requires pre-incubation with ATP to allow activation by auto-phosphorylation.
Activation is time-dependent and peaks after 60 minutes. (bg: assay background with no peptide
added). (B) Saturation binding curve for Pak-1. Pak-1 was titrated in with a fixed concentration
of ATP (2nM). (C) The Michaelis-Menten constant (Km) was determined by titrating ATP into the
assay buffer. (D) Inhibition dose-response curve for staurosporine, a pan-kinase inhibitor. The
measured ICsg is 0.51nM, which agrees favorably with literature values in the 1nM range.

To further validate that compound activities are correctly measured in this assay, we sent

a select group of designed hinge binders for external measurement (at DiscoveRx and Reaction
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Biology). In both cases the Kp or Ki compared extremely well with the numbers measured in our

assay (Figure 3-14).
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Figure 3-14: Pak-1-KD activity assay validated with external measurements

A select group of designed hinge-binding compounds were sent to two external contract
companies for measurement against Pak-1. Results from both DiscoveRx and Reaction Biology
compare favorably (linear correlation) with Vanderbilt results, with the notable exception of one
compound that was consistently measured weaker than either external company.

3.2.5 Development of a selectivity counterscreen against Pak-4

One of the primary challenges in developing ATP-competitive kinase inhibitors is
engineering selectivity over other kinases due to similarities in the ATP binding cleft. Therefore,
introducing selectivity at an early stage of the drug discovery process is vital. Pak-4 is the most
well characterized member of the Group Il Paks, and sequence and structural similarities
between Pak-1 and Pak-4 suggest that developing a selective inhibitor would be challenging.
However, we hoped that subtle amino acid differences between Pak-1 and Pak-4 would allow a

selective inhibitor to be engineered. We reasoned that obtaining selectivity between these nearly
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identical kinases would correlate with increased selectivity against other kinases as well.
Additionally, selectivity for Pak-1 over Pak-4 would allow us to ascertain the individual
contributions of the Pak-1 isoform to cancer progression. By counter-screening these hits against
Pak-4 using the LANCE TR-FRET assay, we could rank compounds by their selectivity for Pak-1.
These data, combined with co-crystallization studies, might reveal the molecular differentiators
for Pak-1 specificity over Pak-4.

The kinase domain of Pak-4 (Pak-4-KD) was purified as described for Pak-1-KD, and the
Lance Ultra TR-FRET assay was re-optimized for this kinase (Figure 3-15). We chose to use a Pak-
4 concentration of 15nM, and the Kw, atp was a highly potent 41nM. The measured Staurosporine

Ki of 21.6nM agrees within 3-fold of literature values.'’®
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Figure 3-15: Development and optimization of the Pak-4 activity assay

(A) Pak-4 was titrated into the assay buffer with a fixed ATP concentration under standard assay
conditions defined in methods. (B) To determine the enzymatic Michaelis-Menten constant Ky,
ATp Was titrated into the assay buffer at a fixed concentration of Pak-4. Km,ate = 0.041uM. (C) Pak-
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4 inhibition by staurosporine was measured in triplicate for a Kj of 21.6nM. (D) Example inhibition
curve for designed fragment VU171 (Error bars SD).

3.2.6 X-ray crystallography revealed fragment binding orientations on Pak-1-KD

Discovery of a potent inhibitor could be significantly aided by accurate knowledge of
compound binding location and orientation. A priori, a compound could bind Pak-1 in one of
three locations. It could bind outside the ATP-cleft (that is, allosterically), or within the cleft in a
hinge-binding or non-hinge-binding orientation. To identify the compound binding location and
orientation, Bin Zhao co-crystallized Pak-1-KD with many fragment hits and based on these

structures, designed compounds with the chemists (exemplary structures in Figure 3-16).
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" VU0431162

Figure 3-16: Example x-ray crystal structures for Pak-1-KD fragment hits

This subset of co-crystal structures solved by Bin Zhao illustrates the diverse binding modes of
fragment hits. Blue background: compounds that bind to the hinge region in a traditional
orientation. Green background: a compound that binds farther into the ATP cleft and only
partially overlaps with the hinge-binding region. Orange background: compounds that bind
outside the ATP cleft.

A large number of fragments identified in the screen have the characteristics typically
seen in hinge-region binders (for example, compounds 1 and 6 in Figure 3-9). Many of these were
co-crystallized with Pak-1-KD (Figure 3-16, blue background). In each case, the compounds bind
to the “hinge” region of the kinase between the N- and C-terminal lobes. Each compound makes
hydrogen bond interactions with the amide backbone of the hinge loop in a bidentate or
tridentate fashion. For VU0463835, bidentate interactions occur between amine hydrogens in

the linker amine and pyrazole ring and the amide oxygen on residues E345 and L347 on the
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protein backbone. Tridentate hinge-binding compounds include an additional hydrogen-bond
interaction pair. VU0463180 exhibits this type of binding arrangement, and includes interactions
with the amide backbone at residue A348 and the carbonyl moiety. Hinge-binding compounds
were forced to orient along the hinge loop such that one end of the molecule points into the ATP
cleft and selectivity pocket, while the opposite end of the compound points out toward solvent.
These fragments were of insufficient length to take advantage of potentially favorable
interactions deep within the ATP cleft. A hydrophobic pocket proximally adjacent to the hinge
was the most easily accessible location to expand the compound and gain affinity. None of these
crystallized fragments fully utilized this binding site, though the cyclobutyl group on VU0467151
partially accessed this region.

Not all fragment hits crystallized in this hinge-binding orientation. Some, such as
VU0431162 (green background), co-crystallized in a distinct binding mode deeper in the ATP cleft.
In contrast to the hinge-binding fragments discussed above, this fragment occupies the
hydrophobic pocket and expands partially beyond it towards the selectivity pocket and pushes
aside the gatekeeper residues M319, though the methyl substituent does not extend far enough
to pick up significant interactions in that region. This fragment partially overlaps with the hinge-
binding compounds described above: for example, the ketone carbonyl on VU0431162 occupies
a similar position to the amide carbonyl in VU693 and VU721.

Several fragments were co-crystallized outside of the ATP cleft entirely. For example,
VU0432638 binds to the opposite side of the hinge region. It does not occupy a “pocket” in the
traditional sense —the interaction surface is a shallow depression on the protein surface. A water-

mediated hydrogen-bonding interaction is predicted for an oxygen in the 1,4-dioxane with Q294.
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Expanding to replace the water molecule is an immediately available optimization strategy.
Because this fragment does not occlude the ATP-cleft or block known Pak-1 protein-interaction
surfaces, allosteric inhibition of kinase activity would require a global conformational change that
is not seen with this fragment.

VU0432717 (and related fragment VU0430234, not shown) crystallized between helices
H and | in Pak-1-KD in the C-terminal lobe. As with VU0432638, these compounds bind in a
shallow surface depression (Figure 3-16, orange background). The terminal amine moiety is
within hydrogen-bonding distance with several residues, but the fragments do not appear to be
highly suited for this binding site: each is relatively hydrophobic yet this interaction interface is
relatively hydrophilic in nature. No general conformational change was noted for either

compound.

3.2.7 AnILNOE-NMR screen identified fragments bound to a second site

Fragments identified in a fragment-based screen are expected to only weakly bind to the
protein because of their small size. One way to improve the binding affinity of fragments is to
chemically link or merge them with a second fragment that binds in close proximity. A second-
site fragment screen can be used to identify these proximal fragments. We chose to conduct this
screen using Inter-Ligand Nuclear Overhauser Effect (ILNOE-NMR). The Nuclear Overhauser
Effect (NOE) is the transfer of nuclear spin polarization from one nuclear spin population to
another via cross-relaxation during the mixing period, with the spectrum containing diagonal
peaks and cross peaks connecting resonances from nuclei that are spatially in close proximity. A

saturating concentration of a carefully selected first-site ligand is used to occlude the first-site
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binding pocket. ILNOE can discriminate between closely bound coincident ligands because signal
can only transfer between ligands bound at the same time and within close proximity (around

five angstroms).t”®
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Figure 3-17: Optlmlzatlon of an ILNOE NMR second S|te fragment screen

(A) A 3-aminopyrazole hinge-binding compound was chosen as a first-site ligand. A methyl group
verified by x-ray crystallography to point into the ATP-cleft serves as a probe. (B) ILNOE will detect
NOEs between ligands only if they are bound simultaneously and in close proximity (within
roughly 5A). (C) Reference NOESY spectra for the first-site ligand bound to Pak-1. (D) The ILNOE
NOESY spectra for a second-site hit (red) bound to Pak-1, overlaid with the reference spectrum
(blue).

The first-site ligand (VU0463835, Figure 3-17A) was chosen because it obstructs the hinge
region but does not protrude down the ATP cleft towards the selectivity pocket or G-loop of the
kinase. Therefore, no additional hinge-binding compounds would be identified — only compounds
that bound farther down the ATP cleft could become “hits.” In addition, the first-site ligand has
a relatively high affinity (40uM), high solubility, and contains a methyl substituent angled directly
towards the selectivity pocket. A methyl group was important because second-site “hits” would

be chosen based on an ILNOE to the methyl protons on the first-site ligand (Figure 3-17B). A
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reference NOESY spectrum for VU0463835 bound to Pak-1-KD confirmed that the intra-ligand
NOE for the methyl group extending from the pyrazole moiety is clearly resolved.

Some fragments are simply too bulky to occupy the back pockets of the ATP cleft. To
enrich our library for smaller fragments that might bind with higher affinity, we conducted a
virtual screen of the fragment library using GLIDE and selected the top 800 hits by GLIDE score.
In addition, | also screened the 193 STD-NMR hits to determine whether any “second-site” hits
had already been identified. Of these two screens, thirty-eight compounds (4.4% hit rate) were
identified that gave a discernible inter-ligand NOE in comparison to the VU0463835 reference
spectrum (Figure 3-17B), of which three had previously been identified in the STD-NMR screen.

These structures were classified into three general categories: Sulfonamides, N-Acyl Indoles, and

Aryl Lactams (Figure 3-18).
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Figure 3-18: Representative fragment hits from a second-site screen
In total, thirty-eight fragments were identified to bind Pak-1-KD in close proximity to the first site
ligand VU0463835. These hits classified into three distinct chemical series.

3.2.8 Fragments and designed compounds bind Pak-1-KD with low micromolar affinities

We measured the activity of each fragment in our biochemical kinase assay. Roughly one-
fourth of STD-NMR hits showed statistically significant (4 SD, or at least 15.8%) inhibition of
kinase activity compared to DMSO control at ImM. Full dose-response curves were measured

for each compound that had statistically significant inhibition at 1ImM (example curve shown in
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Figure 3-19A). Of these, only twenty-two had an ICso below 1.5mM. The best fragment gives a K;

value for Pak-1 of 90.5uM.
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Figure 3-19: Example dose-response inhibition curves in the kinase activity assay
Example dose-response inhibition curves for a fragment (A) or designed compound (B) are shown
for full-length Pak-1 in the TR-FRET assay.

In contrast, the designed hinge compounds bound with significantly tighter affinity
(example dose-response curve in Figure 3-19B) and, somewhat surprisingly given their generic
pattern, followed a clear SAR pattern (Table 3-2). While not exemplifying every compound, Table
3-2 clearly demonstrates the SAR trends evident in the 3-Aminopyrazoles designed series. First,
larger or bulkier hydrophobic groups oriented inwards toward the ATP cleft were not tolerated.
Second, a methylene or sulfate linker on the connected ring substituent virtually abrogates all
binding. Third, the most favorable compounds contain a cyclobenzyl substituent that extends
into the ATP cleft or a thiophene that extends towards solvent. The most potent compound in

this series combines these features and inhibits Pak-1 with an ICsp of 1.7uM.
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Table 3-2: SAR table for the 3-Aminopyrazole designed series

In general, Pak-1 does not tolerate bulky substituents leading into the ATP site, nor methylene or
sulfate linkers on the connected ring substituents. The most favorable substitutions (cyclobutyl
groups extending into ATP site, and thiophene extending towards solvent) give a 1.7uM K; when
combined.

3.2.9 Discovery of inhibitors with selectivity for Pak-1 over Pak-4

It is possible that selective compounds were already discovered in our first-site fragment
screen. Therefore, all first-site hits from the fragment and designed hinge-binding libraries that
gave measurable inhibition of Pak-1 at 1mM were counter-screened against Pak-4 in the

biochemical kinase assay. In general, STD fragment hits were found to be nonselective, although
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a handful of compounds were moderately selective (2-3 fold) for Pak-1 or Pak-4 (Figure 3-20A).
In contrast, the designed hinge-binding library was found to be selective for Pak-4 almost
exclusively; many compounds were at least 2-fold selective for Pak-4, and two compounds were

100-fold selective for Pak-4 (Figure 3-20B).
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Figure 3-20: Investigating fragment selectivity for specific Pak kinase isoforms
(A) Scatter-plot of Pak-4 vs. Pak-1 K; for first-site fragment hits that measurably inhibited Pak-1
at ImM; the vast majority non-selectively bind either kinase. Linear trendline indicates a slope of
1. (B) In contrast, the designed fragment library was in general selective for Pak-4 by at least two
fold, whereas several compounds exceeded a 10 or 100-fold binding preference for Pak-4. Linear
trendline indicates a slope of 1. (C) Fold selectivity for Pak-4 is plotted on a log-scale. Note the
large number of compounds 2-fold or more potent for Pak-4 (equal to 0.3 log units) above the
red line. (D) Example dose-response curves for VU0465671 inhibiting Pak-1 (black) or Pak-4
activity (blue). No measurable Pak-1 inhibition is observed even at 400uM.

Selectivity for Pak-4 follows a clear SAR pattern. In Table 3-3, the 3-aminopyrazole SAR

table has been amended to instead show fold-selectivity for Pak-1 (green) or Pak-4 (red). In

74



general, weaker binding for Pak-1 translates to weaker Pak-4 binding as well (the methylene and
sulfate linkers on solvent-extending piece, for example). However, the general selectivity for Pak-
4 over Pak-1is clearly evident, and Pak-4 follows unique SAR trends. Bulky substituents extending
back into the ATP cleft, such as phenyl or cyclohexyl groups, abrogated Pak-1 binding but are
easily tolerated by Pak-4. Moreover, substitutions providing the highest Pak-1 activity, such as

thiophene or cyclobutyl containing compounds, are the least selective.
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Table 3-3: Pak selectivity for the 3-aminopyrazole series

Fold-selectivity for Pak-1 (green) or Pak-4 (orange) is displayed for each compound. In general,
Pak-4 binds these designed fragments tighter than Pak-1, and more readily tolerates bulky
substituents extending into the ATP cleft.

Many published kinase inhibitors inhibit the Pak kinases accidentally due to poor kinase

selectivity. We reasoned that some of these inhibitors may be selective for particular Pak
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isoforms, and may provide hints for engineering selectivity into these series. Indeed, DiscoveRx
reported in 2011 on a screen of 72 kinase inhibitors against 442 separate kinases to
comprehensively detail inhibitor selectivity.!’® All six Pak isoforms were included in this survey,
and the dual HER2/EGFR receptor tyrosine kinase inhibitor HKI-272 “Neratinib” (Figure 3-21A) is
highly Pak-1 selective. Reported Pak-1 inhibition is 210nM but no detectible Pak-4 inhibition was
detected up to 10uM. These numbers were confirmed in the TR-FRET assay for both kinases
(Figure 3-21B).
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Figure 3-21: X-ray structure explains the exquisite Pak-1 selectivity of Neratinib
The dual EGFR/HER2 inhibitor HKI-272 “Neratinib” (A) inhibits Pak-1 with an ICso of 210nM in the
kinase activity assay, but the 1Cso against Pak-4 is greater than 10uM K; (B). (C) HKI-272 pushes
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through the Met344 “gatekeeper” residue and causes Arg299 and Met319 side chains to swing
away.

We sought to explain the selectivity between Pak-1 and Pak-4 using x-ray crystallography,
and to use this knowledge to increase selectivity of our own compounds. Bin Zhao crystallized
HKI-272 with Pak-1 (Figure 3-21C), which revealed several key binding contacts. HKI-272 occupies
the hinge region as expected, but the extended functionalization from the quinoline 4-position
and terminating in a pyridine ring extends deeply into the ATP-cleft past the gatekeeper Met344
residue to gain access to the selectivity pocket. As discussed in the introduction, extension into
this pocket is commonly employed by kinase inhibitors to gain affinity and selectivity. Both
Arg299 and Met319 rotated out of the way to provide room for the pyridine ring. Pak-4 possesses
the same Met344 residue as in Pak-1 (in Pak-4, Met395); however, it is in a different
conformation than that observed for Pak-1. Moreover, the back pocket of Pak-4 is distinctly
smaller than that of Pak-1, possibly due to the presence of Y331 in Pak-1 that is rotated away
from the pocket, while in Pak-4, Met381 is fully occupying the site. Other amino acid changes
that may account for differences in binding specificity are 1312 and 1316 in Pak-1 that correspond
to L363 and V367 in Pak-4. To summarize, multiple amino acid changes and differences in side
chain position within the selectivity pocket suggest steric issues with bulky side chains in Pak-4
but not Pak-1, while an altered conformation of the gatekeeper residue between Pak-1 and Pak-
4 could alter accessibility to this pocket by an inhibitor. That Pak-4 does not tolerate bulky ligands
in the selectivity pocket stands in contrast to its preference for bulky substituents towards the
hinge-binding region, as noted earlier.

The selectivity details described above were independently discovered by Afraxis for

FRAX-597.163 That group similarly proposed that Pak-4 is restricted from binding bulky side chains
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in its back pocket, and further that Lys-350 is a key residue in Pak-4 that prevents binding. To test
this hypothesis, they mutated Pak-1 Val-342 in the back pocket into the bulky amino acids
phenylalanine (V342F) and tyrosine (V342Y), and indeed observed a sharp loss in FRAX-597

binding.

3.2.10 A fragment growing strategy successfully increased compound activity

Three strategies can be commonly used to improve fragment affinity from first or second-
site screens: fragment linking, merging, and growing.8* In a fragment linking approach, first- and
second-site fragments are covalent joined using a flexible linker, such as several methylene units
or ethers. If linked properly, the linked compound has affinity equal to the product of affinities
for individual fragments. This technique requires accurate knowledge of the binding pose for
each fragment. In our studies, the second-site fragment VU0053155 (the sulfonamide in Figure
3-18) was successfully crystallized in a ternary arrangement with Pak-1 and the first-site ligand
(Figure 3-22). The phenyl substituent was found to be tucked under the kinase P-loop and the
sulfonamide moiety on the second-site fragment was within linking distance from the pyrazole
scaffold on VU0463835. Intriguingly, the Pak-1/4 inhibitor PF-3578309 contains a phenyl ring in
precisely the same orientation under the P-loop.*° That each group independently discovered

this possibility further confirms the utility and accuracy of this second-site screening approach.
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Figure 3-22: Ternary crystal structure showing two fragments bound to Pak-1-KD
Shown is Pak-1-KD, the first-site fragment VU0463835, and the second-site fragment VU0053155.

Fragment merging is another strategy to improve affinity that is highly supported by
crystallography. For example, Bin Zhao co-crystallized two fragments (VU0417721 and
VU0431162) with Pak-1-KD which both bind in non-traditional hinge-binding orientations (Figure
3-23). These compounds overlap only on the pyridine ring of VU0417721, and one could easily
imagine removing that ring and directly linking the fragment into the central scaffold of

Vu0431162.
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Figure 3-23: An example of structure-guided fragment merging opportunities

Here, crystal structures for VU0417721 and VU0431162 in non-traditional hinge-binding
orientations are overlaid to show opportunities for merging these structures. Specifically, the
pyridine ring on VU0417721 might be replaced by the central scaffold on VU0431162.

A third strategy to improve compound affinity is a fragment growing approach whereby
x-ray crystallography drives iterative compound modifications to reach adjacent binding sites.
This approach was readily adaptable to Pak-1 because of the large number of first-site fragment
hits with co-crystal structures demonstrating binding orientation. Studies with HKI-272 proved
that the selectivity pocket of Pak-1 was readily accessible by extended ATP-competitive inhibitors
and would provide selectivity for Pak-1 over Pak-4. Based on that concept, Alex Waterson and
Jason Burke iteratively extended VU0466177 (Ki=1.7uM) from the cyclobutyl moiety. Initial
modifications to convert the cyclobutyl group to an azetidine was very unfavorable (100-fold
drop in potency), but was necessary for subsequent chemical modifications. Addition of a
carbonyl rescued the affinity by 10-fold, but the final addition of groups that could access the
back pocket (here represented by a chloro-substituted indole linked on the 3-position) improved

affinity by 100-fold. The final compound, VU0476647, inhibited Pak-1 with a K; of 210nM.
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Figure 3-24: Fragment growing approach to reach the selectivity pocket of Pak-1 kinase
Starting from VU0466177 (Ki=1.7uM), a series of modifications were made to engineer an
extended molecule that could occupy the Pak-1 selectivity pocket. One compound to achieve this
goal (VU0476647-1) is shown here and binds with a Ki of 210nM. Not shown is VU0477448, a
close analog with similar activity.

These compounds reached the selectivity pocket and bound with sub-micromolar affinity.
VU0476647 was successfully co-crystallized with Pak-1-KD by Bin Zhao (Figure 3-25A). This
compound extends past the gatekeeper residue Met344 to access the selectivity pocket, which
explains its selectivity for Pak-1 over Pak-4. Similarly to HKI-272, VU0476647 also intriguingly

binds to both the open “DFG-in” and closed “DFG-out” form of Pak-1.
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Figure 3-25: X-ray structure confirms orientation of extended fragment

(A) Crystal structure of elaborated molecule VU0476647 extending through back pocket
gatekeeper Met344 to access the selectivity pocket. (B) Binding is similar to HKI-272 (cyan
overlay).

3.2.11 Pak-1 inhibitors active in breast cancer cell lines

We next tested whether the Pak-1 inhibitors that we discovered would exhibit on-target
mechanistic activity in breast cancer cell lines through inhibition of Pak-1-mediated
phosphorylation. To test this hypothesis, we first analyzed a panel of ten breast cancer cell lines
for Pak-1 activity. These cell lines comprise examples of luminal and basal-derived cell lines, and
include ER+, Her2+, and triple-negative breast cancer (TNBC) subtypes. Pak-1 is only active when
phosphorylated on T423; therefore, higher ratios of phospho-Pak-1(T423) to total Pak-1 indicates
higher overall activity. HCC-1954 and MDA-MB-468 cell lines contained the highest amount of

active Pak-1, while MDA-MB-453, MDA-MB-157, and SKBR-3 contain very low percentage of
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active Pak-1. High Pak-1 activity did not correlate with basal or luminal subtype, nor with HER2+
or ER+ expression (Figure 3-26A).

| next assayed whether compounds could prevent Pak-1 phosphorylation. Pak-1 uniquely
phosphorylates several proteins on specific residues, including MEK1 at $298%81-183 gnd MERLIN
at $518.18%18 The rate at which pre-existing phosphate groups is lost is dependent on several
factors, including the rate of at which compound inhibits Pak-1 (dependent on compound entry
into the cell and binding kinetics), the level of phosphatase activity, and speed of target protein
turnover. To preliminarily measure the time it takes to reduce MEK S298 phosphorylation, | dosed
MDA-MB-468 cells with a Pak kinase inhibitor discovered by Astex Pharmaceuticals (Ki reported
to be less than 500nM and measured in-house to be 310nM).*¥” This compound dose-
dependently decreases MEK S298 phosphorylation just 5 minutes post-dosing, with sustained
inhibition to 300 minutes (Figure 3-26B). The designed fragment VU0466177 (Ki=1.7uM) weakly
reduces Pak-1-mediated phosphorylation with an ICso of >100uM, while VU0476647 and
VUO0477448 inhibited with 1Csos of 4.3 and 14.7uM, respectively (Figure 3-26C-D). These
compounds were also tested to reduce Pak-1-mediated phosphorylation of MERLIN at S518 in a

dose-dependent fashion (data not shown).
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Figure 3-26: Pak-1 inhibitors demonstrate mechanistic activity in breast cancer cells

(A) Screening a panel of breast cancer cell lines for active Pak-1 (phospho-Pak-1 to total Pak-1
ratio). HCC1954 and MDA-MB-468 cells contain the most active Pak-1 kinase (B) Time-course of
inhibition in cells at Pak-1-specific site MEK pS298 after treatment with a Pak-1 kinase inhibitor.
Maximum inhibition is at 30 minutes post-dosing. Dose-response curves for VU0466177 (C) and
VU0477448 and VU0476647 (D) to reduce phosphorylation at MEK phosphor-S298 in MDA-MB-
468 cells are shown. The ICso for VU0466177 is greater than 100uM, while the ICsois 4.3 and
14.7uM for VU0476647 and VU0477448, respectively.

ATP-competitive kinase inhibitors must compete with endogenous ATP (which ranges
between 1-5mM)!8 in a cellular environment; kinase activity is also dependent on the Ky for ATP
(Km, atp), which for most kinases is in the low-to-mid micromolar range. Therefore, there is
typically a 10-100 fold decrease in activity when progressing from K; to ICso in cells.’® As
expected, Pak-1 inhibitors with Ki values of 200-300nM show in-cell mechanistic activity of 5-
15uM (a 20-50 fold loss in activity). However, even single-digit micromolar ICso in cells is
inappropriate to accurately measure Pak-1’s role in proliferation, motility, and survival due to

confounding off-target effects produced by high compound concentrations.
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3.3 Discussion
All Pak isoforms have been implicated in cancer progression in a wide range of cancer

106 3nd a poor clinical

types.1'?In particular, Pak-1 expression correlates with increased metastasis
prognosis in breast cancer,?31%4 though other cancers for which Pak-1 plays a significant role
include colon cancer, ovarian cancer, and in neurofibromatosis.'?*> Synthetic Pak-1 activation in
vitro increases cell growth, proliferation,’® and anchorage-independence,’*® while in vivo
activation induces malignant mammary tumor development.1?3149.141 |nhibition of Pak-1 reverses
these phenotypes.’?213° Moreover, because Pak-1 is a common resistance factor for estrogen
receptor therapies, inhibition of Pak-1 may restore sensitivity to ERa-targeted therapies. Yet no
specific Pak-1 inhibitor had been published prior to the start of this project in 2011.

In light of the strongly suggestive pre-clinical and clinical validation for Pak-1 as an
effective therapeutic target in the treatment of human cancer, we proposed to discover a Pak-1-
selective tool molecule to further validate this kinase as a target for multiple cancer types, and
to elucidate the individual contributions of Pak-1 to tumorigenesis and cancer progression.
Towards this end, we identified over two hundred chemically diverse compounds from multiple
series in two fragment-based NMR screens. Using biochemical assays to measure the inhibition
of Pak-1 and Pak-4, we improved the activity and selectivity of our compounds through a
fragment growing approach, and synthesized an inhibitor with in vitro K; of 200nM. Our inhibitors
blocked Pak-1-mediated phosphorylation of MEK1 at S298 and MERLIN at S518 in breast cancer
cell lines. The reduction in activity between K; and cellular ICsq (here 25-50 fold) is consistent with

previously published kinase inhibitors, and moreover, demonstrates that our inhibitors are

soluble, chemically and metabolically stable in culture up to 300 minutes, and cell-permeable.
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Although great progress was made on this project, our compounds require significant
improvement to meet the objectives laid out in the introduction to this chapter. First, affinity
would have to be improved by 10 to 100-fold such that cellular inhibition of Pak-mediated
phosphorylation could be achieved using sub-micromolar concentrations. Secondly, these
inhibitors must be tested in vitro for efficacy at reducing cancer cell growth, motility, and survival
in breast cancer cell lines, and these effects must be in agreement with cellular sensitivity
following Pak-1 RNAi silencing. Only when these compound validation steps have been
accomplished can this inhibitor be used to answer the basic science issues raised in the
Introduction.

VU0476647 and VU0477448 were the most potent and fully elaborated molecules
synthesized for this program, but they failed to fully occupy available the space in the ATP cleft.
For example, the Pak-1 back pocket extends further beyond the chloro-indole headpiece on
VU0476647. In principle, filling these sites would result in further affinity improvements. Due to
time and resource constraints, opportunities for compound linking or merging were not
implemented.

We initiated this drug discovery program because of a severe deficit in the field of highly
potent and selective Pak-1 inhibitors that could be used as tool molecules to validate inhibition
of Pak-1 kinase activity as a therapeutic target.'® However, after this project was initiated a
number of Group I-selective inhibitors were published.1% Several of these inhibitors were
suitable as pre-clinical tool molecules, and the more advanced FRAX-series retains troubling
kinome selectivity and DMPK issues that must be addressed before proceeding to the clinic.

Nevertheless, because these groups maintained active discovery efforts with compounds more
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potent than those we had discovered, our effort was not competitive, and we chose to
discontinue this project.

Despite this setback, newly available Pak-1 inhibitors are beginning to answer basic
guestions about Pak-1 biology and to validate its role as an anti-cancer target. Consistent with
the available pre-clinical evidence, a Pak-1-selective molecule can inhibit cancer cell proliferation
in vitro and in vivo. FRAX597 reduced proliferation in transformed (Nf2-null) Schwann cells in
culture, and in a model of schwannomas whereby Nf2-null schwann cells are implanted into a
myelinated nerve, inhibitor significantly reduced the growth rate and burden compared to
control animals. These phenotypes were recapitulated by treatment with pan-Pak inhibitor
PF3758309, suggesting that this activity is mediated by the Group | Paks.1®3 In breast cancer,
single-agent Group | Pak inhibition by FRAX-1036 increased apoptosis and elevated Bim
expression and powerfully synergized with the microtubule-destabilizing agent Docetaxel to
induce apoptosis in luminal MDA-MB-175 and HCC2911 cells.'®> These early studies clearly
demonstrate that inhibiting the kinase activity (but not scaffolding functionality) of Group | Paks
is a valid therapeutic strategy in certain cancer types, that simultaneous inhibition of Group Il
Paks is not always necessary, and that these agents can synergize with other chemotherapeutics
to reduce growth and induce apoptosis both in vitro and in vivo.

Many questions regarding Pak-1 inhibition remain unanswered. What are the genetic or
molecular determinants of Group | Pak sensitivity, and what drives a cell to depend on Pak-1 for
growth, survival, and motility? In breast cancer in particular, no study has investigated
correlations between Pak-1 activation or dependency and HER2 or EGFR status, nor with

activating mutations in the PI3K/Akt or Raf/Mek/Erk pathways. Can we predict a response rate
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among breast cancer patients to Pak-1 inhibition? Are other cancers with Pak-1 overexpression
susceptible to Pak inhibitor treatment? Thus far, only schwannomas and luminal breast cancers
have been examined. Does therapeutically relevant Pak-1-inhibition require a combination
approach in breast cancer, such as with Docetaxel? What other combination therapies are
possible? Pak-1 has roles in promoting survival (suggesting co-dosing apoptotic activators such
as ABT-263), proliferation (MEK, RAF inhibitors), and tamoxifen resistance in ER+ breast cancers
(which simultaneous Pak-1-inhibitor dosing may reverse). Answering these and many other
guestions may soon be possible by using the newly-discovered Pak-1 selective inhibitors

described above.

3.4 Methods
Protein Purification

An oligonucleotide containing the amino acid sequence of human PAK1 kinase domain
(residues 249-545), with K299R and T423E mutations and codon-optimized for E. coli expression,
was cloned into a pGEX6p-1 expression plasmid. This plasmid contains the coding sequence for
Glutathione S-Transferase (GST) and a short linker sequence specific for Precision Protease
downstream of the start codon and amino-terminal to the inserted Pak-1 expression sequence.
This expression plasmid was transformed into E-coli BL21-Rosetta 2 cells. Growth conditions were
optimized to maximize protein solubility by varying the IPTG concentration, growth temperature,
and induction length of time. Protein was induced at 30°C with 1mM IPTG overnight. Cells were
harvested, lysed, and lysate was resuspended in a previously published buffer,*4” bound to a

glutathione column (GSTTrap, GE Healthcare), washed repeatedly, and eluted with 10mM
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glutathione. The protein was then cleaved by Precision Protease, washed through the GST
column to separate kinase from GST, and finally purified by Sephacryl S-100 (GE Healthcare) size-
exclusion chromatography.

Wild-type Pak-4 (residues 291-591) oligonucleotide was similarly cloned and expressed in
E. coli cells. Induction occurred at with 1mM IPTG at 37°C for 3 hours. Purification was conducted

as described for Pak-1.

NMR measurements

All NMR measurements were collected on a Bruker DRX500 or 600 spectrometer
equipped with a cryoprobe and a Bruker Sample Jet sample changer. Two-dimensional
sensitivity-enhanced H/*>N- HSQC spectra were measured at 60uM protein concentration for
256 scans, while STD-NMR measurements were conducted at 10uM protein concentration with

8 scans.

Fluorescence Anisotropy Assay

FPA measurements were carried out in 384-well, black, flat-bottom plates (Greiner Bio-
One) using the EnVision plate reader (PerkinElmer) with a G-factor of 0.81. All assays were
conducted in assay buffer containing 20 mM TRIS pH 7.5, 50 mM NaCl, 3 mM DTT, and 2.5% final
DMSO concentration. To measure the affinity of BODIPY-labeled ATP (Sigma) for Pak-1-KD,
protein was titrated into a fixed concentration of 100nM BODIPY-ATP and incubated for 1 hour

at room temperature. Anisotropy values were plotted in prism and fit by a one-site (Total) non-
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linear binding model. Competition experiments were conducted by adding a saturating

concentration of unlabeled ATP to pre-incubated 100nM BODIPY-ATP and 50uM Pak-1.

Kinase Activity Assay

To measure direct compound inhibition of kinase activity, we use the LANCE Ultra Time
Resolved (TR)-FRET assay kit (Perkin EImer). Total reaction volume is 10ulL with all reactions taking
place in a buffer of 25mM Tris, 120mM NacCl, 10mM MgCL,, pH 8.0. Full-length GST-Pak-1 kinase
(ProQinase) is first activated by incubating with 4uM ATP for three hours at 4°C. A master mix of
pre-activated Pak-1 and ATP is prepared in buffer such that the final Pak-1 and ATP
concentrations are 9nM and 0.09uM, respectively (care being taken to account for the ATP
already present due to Pak-1 activation). This master mix is aliquoted into a white Optiplate-384
(Perkin ElImer). Compounds are three-fold serially diluted in 10% DMSO at four-times the desired
final concentration and added to the appropriate well (2.5% DMSO final concentration). Lastly,
peptide substrate is added such that the final concentration is 50nM. Control reactions receive
vehicle (DMSO); negative control reactions lack ATP and Pak-1. Indicated concentrations of Pak-
1, ATP, and peptide substrate concentration were optimized to keep each component within the
linear portion of their own dose-response curve.

Reaction proceeds for 20 minutes at room temperate. Quenching occurs with the addition
of 10uL EDTA and anti-phosphate antibody solution such that the final concentrations are 10uM
and 2nM, respectively. The plate equilibrates for one hour at room temperature and is then read

on an Envision spectrometer (Perkin Elmer) with the following filters: Excitation UV320/340nm,
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Emission Europium at 615nm and 205-APC at 665nm. Data is analyzed in Excel using Xcel Fit
analysis software. ICsp values are reported as K;s by the Cheng-Prusoff equation.
This assay is similarly run for Pak-4 as described above using 2.5nM Pak-4 and 0.25uM

total ATP. Pre-activation with ATP is not required.

Cellular Mechanistic Assay

This assay quantifies direct inhibition of Pak-1 kinase activity in cells by measuring
changes in phosphorylation at Pak-1-specific residues MEK site S298 or MERLIN S518. Cells are
plated into 6-well dishes and grown to 80% confluency in medium containing 10% serum. To
determine the time of maximal inhibition, compound was added to MDA-MB-468 cells at 80%
confluency for 5, 15, 30, 60, or 300 minutes. Cells were lysed in denaturing SDS loading buffer
with 10mM DTT and boiled at 90°C for 3 minutes. Samples were run on an SDS-PAGE gel and
transferred to Immobilon-FL PVDF membrane (Millipore). Membrane was blotted in primary
antibody against total Pak-1 kinase, total MEK (Cell Signaling), and phosphor-$298 MEK (Abcam),
or to total MERLIN and posphoS518 MERLIN. Western blots are visualized on the Odyssey system
(Licor). The ratio of phosphor-protein to total protein for compound-treated cells compared to
control DMSO-treated cells indicates whether compound inhibited Pak-1 kinase activity. To
determine compound dose-response curves, inhibitor or vehicle (DMSO) control was added for
30 minutes 37°C. Cell lysates were collected and analyzed as above. The percentage of phospho-

protein to total protein is quantified and plotted in Prism (GraphPad) to determine ICso.
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Chapter 4
Discovery of Mcl-1 inhibitors and identification

of sensitive cancer types

4.1 Introduction

One of the hallmarks of cancer is the evasion of programmed cell death, termed
‘apoptosis’. The Bcl-2 family of proteins are important regulators of apoptosis. Clinical and pre-
clinical evidence suggest that upregulation of one of these family members, Myeloid cell
leukemia-1 (Mcl-1), is a common survival mechanism in response to oncogenic activation. Small-
molecule inhibitors of other pro-survival Bcl-2 family members, such as ABT-263 and ABT-199,
have achieved pre-clinical and clinical success at reducing tumor burden, but no Mcl-1 inhibitor
has been clinically tested. In this chapter, | describe the discovery of specific small-molecule
inhibitors of Mcl-1 for the treatment of cancer, and molecularly profile and predict which cancer

types may respond to targeted Mcl-1 inhibition.

4.1.1 Mechanisms of cell death

Mammalian cells are constantly exposed to diverse extracellular and intracellular
stressors, including growth factor and oxygen deprivation, DNA damage, oncogenic signaling,
metabolic changes, and the addition of cytotoxic molecules. Each cell contains repair pathways
to correct aberrant states arising from these events.'°%19! Ultimately, a cell may be unable to fully

repair the sustained damage and may proactively commit to death through a controlled and
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active process. Alternatively, cells may instead passively die through an uncontrolled process.
This choice — passive or active — has profound effects on both the cell and the surrounding tissue
microenvironment.

The passive, uncontrolled process by which a cell dies is termed ‘necrosis.’'*? Cells
undergo necrosis after gross injury to the cell membrane or by the loss of intracellular ATP,%3
and this process is distinguished by morphological alterations that include plasma membrane
swelling, disruption of mitochondria and organelle membranes, distended endoplasmic
reticulum, and cytoplasmic blebs. Eventually this process culminates in the loss of membrane
integrity, the release of cellular contents into the surrounding tissue, and finally cytokine-
mediated inflammatory signaling to macrophages to stimulate the removal of necrotic cellular
components.1®2194 Necrosis is a passive process: no cellular mechanism controls the progression
of death or the manner in which the cell is disposed. As such, necrosis does not require energy
or operative cellular machinery, and therefore is most commonly employed by a patch of cells in
response to a mechanical or toxic event, such as the loss of membrane integrity.

In contrast, an energy-rich cell with an intact membrane may choose to undergo a
controlled cell death program. This process, coined “apoptosis” in 1972 (from the Greek words
apo, ‘of, by, from’ and ptosis, ‘fall,” pronounced ‘a-po-toe-sis’), is distinguished from necrosis by
a cytological morphology of nuclear and cytoplasmic condensation, the disruption of the cell into
distinct membrane-bound fractions, and the eventual phagocytosis of cellular constituents by
macrophages, parenchymal cells, or neoplastic cells.!®1% This process requires active cellular
machinery to regulate and execute discrete steps, and requires available energy to affect the

response.’®? Cells carefully audit for cellular damage and, in response to crossing a pre-
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determined threshold, transition away from a pro-survival balance.®®1%7 The decision to execute
apoptosis or necrosis is not always pre-determined: cells in a given population may undergo
either apoptosis or necrosis despite receiving the same damaging stimuli.1% These processes are
not mutually exclusive; rather, they lie on a continuum where a cell may transition from a
controlled apoptotic response to a necrotic response when the ATP concentration drops, cellular
machinery is grossly inhibited, or the plasma membrane is disrupted by further damaging
events.!¥?

Nevertheless, undergoing apoptosis rather than necrosis is usually advantageous to the
organism. First, apoptosis reduces damage to the surrounding tissue. By carefully packaging up
cellular components for phagocytosis, apoptosis prevents the release of inflammatory cytokines
that might damage nearby cells through an inflammatory response.'? Second, apoptosis allows
an organism to carefully control the cell population through selective weeding of unneeded cells.
This process is highly utilized during development and in epithelial cell shedding. Third, apoptosis
enables a cell to die in response to internal damage that is not severe enough to prevent cellular
survival. For example, cancer-promoting events such as oncogene activation or DNA damage can
be mitigated by pre-emptively removing the damaged cell from the population.11:192:198.199 | oss
of the apoptotic response is one of the hallmarks of cancer.!?

Apoptosis is classified into three distinct pathways: intrinsic, extrinsic, and the granzyme
pathway (Figure 4-1). The intrinsic pathway is activated in response to intra-cellular stimuli such
as DNA damage, oncogenic overstimulation, viral infection, and other activities. While these

signals may arise because of extra-cellular events (such as UV irradiation inducing DNA damage

or AKT activation through aberrant cytokine stimulation), the direct activating stimuli for
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apoptosis occur within the cell. In contrast, the extrinsic pathway is externally activated through
direct binding of extracellular ligands to death receptors on the cell surface (such as Fas ligand
binding to Fas cell-surface death receptor).1?2%° The third mechanism, the granzyme pathway,
is activated by cytotoxic T cell-mediated release and insertion of intracellular pore-forming
perforin proteins, and the trafficking of serine proteases through these pores into the target
cell.?01.202 Al apoptotic pathways converge to activate members of the caspase family of cysteine
proteases, which terminates in activation of the cellular ‘execution pathway’ through the
protealytic cleavage of caspase-3. This results in DNA fragmentation, cleavage of cellular
proteins, ligand expression for phagocytic bodies, and the formation of apoptotic bodies

containing condensed organelles and chromatin, as described above. 196203

Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc. P athway

* Cytotoxic T cells

death ligand —u_ +

death receptor
1 perforin

A /\
adaptors mitochondrial changes (MPT)

granzyme B granzyme A

disc formation apoptosome forms l
caspase 8 activation caspase 9 activation caspase 10  SET complex
\\ * / activation
caspase 3 activation
(Execution Pathway) DNA cleavage

endonuclease activation — degradation of chromosomal DNA
protease activation — degradation of nuclear and cytoskeletal proteins — cytoskeletal reorganization

cytomorphological changes:
chromatin and cytoplasmic condensation, nuclear fragmentation, etc.

formation of apoptotic bodies
Figure 4-1: Apoptosis consists of the extrinsic, intrinsic, and perforin/granzyme pathways
Apoptotic pathways all converge on the caspase-based execution pathway and activation of the
serine protease caspase-3, which is responsible for most of the phenotypic traits exhibited by
apoptotic cells, such as cellular blebbing, loss of adhesion, and packaging of cellular components.
Figure from Elmore %2
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4.1.2 The Bcl-2 family of proteins regulate the intrinsic apoptotic pathway

The intrinsic apoptotic pathway is controlled by a balance of pro-apoptotic and anti-apoptotic
proteins in the B-cell CLL/lymphoma 2 (Bcl-2) family.2%* Bcl-2 was originally discovered in 1984 in
a chromosomal translocation in B cell follicular lympohoma.?%> Over 20 mammalian genes with
homology to this founding member were subsequently discovered, and all contain at least one
of the four conserved a-helical Bcl-2 Homology (BH) domains present in Bcl-2 itself.2% This
diverse protein family contains members that promote as well as those that inhibit apoptosis,
and the interplay between pro- and anti-apoptotic members act as controls to determine
whether apoptosis will occur. Briefly, activation of the intrinsic apoptotic cascade induces the
expression or translocation of pro-apoptotic Bcl-2 family members to the mitochondria (termed
“BH3-only proteins” by virtue of expressing only the third Bcl-2 homology domain).2%” The BH3-
only proteins subsequently trigger pore formation in the mitochondrial outer membrane via
induced multimerization of the executioner proteins Bak or Bax by a process that leads to
cytochrome c release and caspase-dependent apoptosis.2®® Anti-apoptotic Bcl-2 family proteins,
including Bcl-2, Bcl-xL, and Mcl-1, sequester pro-apoptotic members of the same family to inhibit

apoptosis (Figure 4-2).1%°
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Figure 4-2: The Bcl-2 family of proteins regulates the intrinsic apoptotic cascade
Stimulating events activate BH3-only proteins, which then antagonize anti-apoptotic Bcl-2 family
members such as Mcl-1 and Bcl-2. Pro-death executioner proteins Bax and Bak are thereby
released from an inhibitory complex with these anti-apoptotic proteins, and thereby organize
into pore-forming multimers in the mitochondrial outer membrane. This allows cytochrome ¢
release, caspase activation, and an irreversible commitment to cell death. Adapted from Youle,
et al 2008.207

4.1.3 BH3-only proteins activate apoptosis in response to diverse stimuli

Pro-apoptotic BH3-only proteins are essential initiators of apoptosis conserved from C.
elegans to humans.?% Over ten distinct members have been characterized in mammalian cells.?%°
These ‘BH3-only proteins’ are far more complex than their simplistic nomenclature would
suggest, though each is distinguished by the expression of the third Bcl-2 homology (BH) domain

near the carboxy-terminal end of the protein. This domain is short — it forms a single a-helical

secondary structure when folded — and is comprised of four key conserved hydrophobic residues
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(@1—A4, Figure 4-3).'1 The size and organization of BH3-only proteins outside the BH3 domain is
widely variable. Most, but not all, express a transmembrane-spanning helix at the carboxy-
terminus that is used for membrane insertion into the mitochondrial outer membrane.?'2213 Loss
of this helix prevents mitochondrial localization and abrogates activity for some BH3-only
proteins, such as Noxa.?'* These proteins are intrinsically unstructured until bound to multi-

domain Bcl-2 family members.?1>

heptad AbcdefgAbcdefgAbcdefgAbcde fgaAa
hsBim EPADMRPEIWITAQELRRIGDEFNAYYARR
hsBid SESQEDIIRNITARHLAQVMGDSMDRSIPPG
hsPuma RGEEEQWARE|ITIGAQLRRMADDLNAQYERR
hsBad APPNLWAAQR|YGRELRRMSDEFVIDSFKKG
hsgmf GQWQHQAEVQElARKLQCIADQEFHRLHVQQ
hsHrk LGLRSSAAQL|ITAARLKALGDE ELHQRTMWR
hsNoxa ARAPAELEVECATQLRR‘;F"‘GDKL;NFRQKLL
hsBik SLECMEGSDAILALRLACIGDEMD|VSLRAP
CeEGL-1 DSEISSIGYE|IGSKLAAMCDDEDAQMMSY
ceCEDI3 ACNSNTVEYNIGRKLTVMCDEFD|ISELMSY
b b, bs s

Figure 4-3: Sequences of the BH3-motif of BH3-only proteins.
They key BH3-motif conserved sequences are boxed, and key binding hydrophobic residues is
indicated by @1-@4. Adapted from Kvansakul, et al 2014.

These proteins utilize two distinct mechanisms to activate apoptosis.?'® First, all BH3-only
proteins are capable of binding to a subset of pro-survival Bcl-2 family members (Bcl-2, Bcl-xL,
Mcl-1, and others). BH3 binding preferences of these grooves vary widely among Bcl-2 family
members and have been extensively characterized (Figure 4-4).217-21° The BH3-only proteins Bim,
Bid, and Puma are promiscuous — they bind to all known multi-domain Bcl-2 family members.
Bad binds to Bcl-2, Bcl-xL, and Bcl-w, but not to the executioner proteins Bak and Bax, nor to Mcl-

1 or A1/Bfl-1. Noxa uniquely binds to Mcl-1 and A1/Bfl-1, while Hrk uniquely binds to Bcl-xL.
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Figure 4-4: BH3-domain interactions among Bcl-2 family proteins
A surprising degree of BH3-binding specificity is present among Bcl-2 family members. Adapted
from Moldoveanu et al, 2014.%1°

As mentioned above, BH3-only proteins are activated in response to internal stressors
such as oncogenic signaling, DNA damage, or viral infection. Each form of damage activates a
different subset of BH3-only proteins. Mechanisms of activation involve at least threefold:
increased expression, induced translocation to the mitochondria, and reduced degradation.??°
For example, Noxa is a primary response element to P53 sensing of DNA damage, and its mRNA
is highly upregulated after P53 activation.??! Bim expression increases as well, such as by
oncogenic myc activation,??? but a common post-translational mechanism is translocation to the
mitochondria from a cytosolic complex with dynein light chain DLC-1.?23 Finally, the rate of
protein degradation can be altered. Noxa activity in particular is heavily regulated by the rate of

its degradation.??*
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4.1.4 Pro-survival Bcl-2 family members sequester pro-apoptotic proteins

In contrast to the BH3-only proteins, multi-domain Bcl-2 family members are
characterized by a central, globular structure consisting of eight a-helixes (Figure 4-5).29¢ N-
terminal regulatory domains and a C-terminal membrane-tethering helix are not shown in Figure
4-5 but are crucial for their proper biological activity, as discussed below. The BH3 a-helical
domain binds in a hydrophobic groove formed on top by the BH1, 2, and 3 helixes, and on the
bottom by the a3 and a4 helices.?°® These BH3-domain interactions form the basis of antagonism

between pro-survival and pro-death Bcl-2 family members.

Bcl-x.:Bim-BH3
Figure 4-5: Structure of BH3 interactions with anti-apoptotic Bcl-2 proteins
The pro-survival Bcl-2 family members (exemplified here by Bcl-xL) contain eight a-helixes
(numbered a1-8) and four “Bcl-2 homology” (BH) domains. Three of these domains form the
binding pocket for antagonizing “BH3-only” proteins to bind: BH1, colored yellow; BH2, colored
red; and BH3; colored green. BH4/a1 helix is colored purple and is located latitudinally across the
structure behind the green BH3 and yellow BH1 helixes.?!! Adapted from Kvansakul 2014.

Multi-domain Bcl-2 family members are not functionally redundant: each possess distinct
and highly specific binding preferences (Figure 4-4), tissue distribution, and post-translational

modifications.??> For example, Mcl-1 is highly expressed in a variety of tissues, including prostate,
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breast, endometrium, epidermis, stomach, intestine, colon, and the respiratory tract, but is
notably absent from neuronal tissues in the brain or spinal cord.??®%?7 Expression of a particular
pro-survival family members, such as Mcl-1, is commonly inversely correlated to the expression
of another, such as Bcl-2. For example, Bcl-2 is highly expressed in brain neuronal tissues but not
in cardiac or skeletal muscle, where Mcl-1 is highly utilized.??®

Mcl-1 expression, degradation, and localization is uniquely regulated among the pro-survival
Bcl-2 family members (Figure 4-6), and has been extensively reviewed elsewhere.?'2 Most control
occurs due to numerous regulatory elements in the N-terminal region, which is significantly larger
than other proteins in this family (350 residues compared to 239 residues in Bcl-2, for example).
Efficient trafficking to the mitochondria from cytosolic reserves is highly dependent on
localization signals present in the Mcl-1 N-terminal sequences, including internal EELD sequence
and a mitochondrial import receptor TOM70 binding domain.?!?>2%2 |n addition, Mcl-1
degradation is highly regulated. Mcl-1 is much more rapidly degraded in vivo than other pro-
survival Bcl-2 family members (with a half-life of just 30-60 minutes, on average). Degradation is
primarily mediated by the proteasome pathway using E3 ubiquitin ligases HUWE/MULE and b-
TrCP/FBXW?7. Their recruitment to Mcl-1 is modified by phosphorylation at several residues
(Figure 4-6). For example, mutation of $S162 to phospho-dead mutant abrogated mitochondrial
localization despite continued expression of the C-terminal membrane-spanning helix. Indeed,
Mcl-1 localized almost exclusively to the nucleus in this case.??® Upstream pathways may increase
(GSK3B at S155 and S159) or decrease (ERK at T92 and T163) degradation. Finally, Mcl-1 anti-
apoptotic activity is modified by phosphorylation in this large N-terminal region. The

aforementioned GSK3B phosphorylation events at S155 and S159 also directly inhibit Bim
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binding, thus freeing this BH3-only protein to induce apoptosis. In conclusion, Mcl-1 activity is
uniquely regulated in response to cellular stressors. These provide unique avenues to control

apoptotic activity in response to cellular stressors.
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Figure 4-6: Mcl-1 is uniquely regulated through its N-terminus

The Mcl-1 N-terminal regulatory region is significantly larger than other pro-survival Bcl-2 family
members, and it contains several regulatory elements controlling Mcl-1 localization, degradation,
and apoptotic inhibitory activity. Adapted from Thomas, et al 2010.?*?

4.1.5 Mcl-1 protein overexpression is implicated in cancer cell survival

Evasion of apoptosis is an irrevocable hallmark of cancer.!! Cancer initiation and
maintenance forces cells into tremendous metabolic, oncogenic, and hypoxic stress, and
therefore requires the suppression of apoptotic signaling.®®230231 |n the absence of
environmental or oncogenic stressors, multi-domain Bcl-2 family members such as Mcl-1, Bcl-2,
and Bcl-2-like protein 1 isoform 1 (Bcl-xL), prevent apoptosis by sequestering pro-apoptotic Bcl-
2 family members. Many cancer types aberrantly block oncogenic apoptotic signaling by
increasing the steady-state expression of one or more of these proteins through genetic
amplification, transcript upregulation, or reduced degradation.?® In particular, amplification of

the gene encoding Mcl-1 is one of the most common genetic aberrations in human cancer.?3%233
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It is commonly observed in cancers of the prostate, lung, pancreatic, breast, ovarian, melanoma,
B-cell chronic lymphocytic leukemia, acute myeloid leukemia, and acute lymphoblastic
leukemia.?3* Overexpression in breast cancer is associated with a high tumor grade and poor
survival.?3> Mcl-1 overexpression is implicated as a resistance factor for multiple therapies used
in the treatment of breast and other cancers,?*® including microtubule-targeted agents paclitaxel
and vincristine,?3” and compounds that inhibit Bcl-2 and Bcl-xL.23%23°

Thus, Mcl-1 represents an important target for the treatment of many cancers. One of
the key cancers that could be effectively targeted by an Mcl-1 inhibitor is breast cancer. Breast
cancer is the second-most frequently diagnosed malignancy in U.S. women with 230,000 new
cases and 40,000 deaths in 2011. The triple-negative breast carcinoma (TNBC) subtype, which
does not express the estrogen receptor (ER) and progesterone receptor (PR), and lacks
overexpression of human epidermal growth factor receptor-2 (HER2), afflicts nearly 15% of all
breast cancer patients and remains refractory to rationally-targeted endocrine and HER2-
directed therapies.?4%24! The current standard of care for TNBC is radiation and neoadjuvant
cytotoxic chemotherapy, and it carries a poor clinical prognosis.?4?24* Thus, the development of
novel rational targeted therapeutics such as an Mcl-1 inhibitor is a major unmet need. TNBC cells
also require inhibition of the intrinsic apoptotic pathway for survival, and failure to account for
increase apoptotic forcing is terminal.?*®> The MCL1 gene is the most common genetic
amplification (after TP53) that occurs following neoadjuvent therapy in TNBC,%%® and as described
below, Mcl-1 is commonly upregulated in this cancer subtype.

Pre-clinical evidence suggests that Mcl-1 represents a promising target for the treatment

of breast cancers.?33247.248 Multiple pre-clinical studies have demonstrated anti-proliferative

103



effects of RNAi mediated MCL-1 protein knockdown in a wide variety of cancer types.191,249-2>9

Mcl-1 knockdown reduces cell viability in a breast and lung cancer panel,?3® and the volume of
xenograft derived from breast cell lines is reduced following Mcl-1 silencing.?3?> Small-molecule
transcriptional repressors or post-translational destabilization of Mcl-1 phenocopy this
effect.237,260»262

The forced overexpression of Mcl-1 in transgenic mice has been reported to exhibit a high
incidence of B-cell lymphoma,?®® while Mcl-1 down-regulation using antisense oligonucleotides
or siRNA has been shown to induce apoptosis in a number of cancer cell types.?>12>6 Doxycycline-
inducible overexpression of the Mcl-1 antagonizing Bcl-2 homology domain 3 (BH3)-only protein
Noxa, but not Bim, Puma, or tBid, synergizes with Bcl-2 and Bcl-xL inhibitor ABT-737 treatment
in Jurkat J16 cells.?'” These data suggest that Mcl-1 expression selectively benefits tumor cell
survival.

Likewise, Bcl-xL and Bcl-2 are also commonly amplified?3? and have been clinically
implicated in driving tumor cell survival in multiple cancer types (ref). Bcl-xL been implicated in

264

preventing various cancers from undergoing programmed cell death, including melanoma®** and

colon cancer.?%>2% |n addition, in breast and lung tumors, Bcl-xL amplification correlates with a

decreased sensitivity to transcriptional repressors.?33

4.1.6 Therapeutic use of an Mcl-1 specific inhibitor
Enhanced dependency on anti-apoptotic Bcl-2 family member expression to avoid cell
death in cancer cells suggest that neutralizing their function may be an effective strategy to

combat cancer.?*” Loss of anti-apoptotic protein function may restore apoptotic signaling,
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enhance responses to anti-cancer chemotherapy, and improve the outcome of many cancer
patients.?3¢ Inhibitors developed for other pro-survival proteins, such as Bcl-2 and Bcl-xL, have
proved highly effective at reducing cancer cell growth both in vitro and in vivo.?¢’-2%° The Bcl-2,
Bcl-xL, and Bcl-w inhibitor ABT-737 reduces viability in small-cell lung cancer,®® and the orally
bioavailable derivative ABT-263 has shown phase-Il clinical success at reducing tumor burden in
SCLC and CLL as well.?’ Therefore, targeted inhibition of Mcl-1 could also result in cell death in a
subset of cancers, including TNBC. Further, Mcl-1 inhibition increase sensitivity to anticancer
chemotherapy by weakening the apoptotic blockade, as has already been seen with

transcriptional Mcl-1 repression by flavopiridol synergizing with ErbB1/ErbB2 inhibition.?4’

Another important utility of Mcl-1 inhibition is overcoming resistance to other Bcl-2 family
inhibitors. Pre-clinical studies have suggested that resistance to Bcl-2 and Bcl-xL inhibitors is often
the result of a compensatory increase in Mcl-1 expression to sequester pro-apoptotic proteins.
Therefore, an Mcl-1 inhibitor will have therapeutic relevance not only as an agent in Mcl-1-
dependent cancers, but will serve as a useful therapeutic in resistant tumors as well.?3%271

Effectively using these targeted therapeutics requires accurately predicting which anti-
apoptotic proteins the tumor depends upon for survival. High expression of a pro-survival Bcl-2
family member does not necessarily correlate with the dependency on that protein to prevent
apoptosis.?’>2’4 Individual pro-survival Bcl-2 family proteins preferentially inhibit a subset of pro-
apoptotic family members,?*® and cancer cells require a counterbalancing antagonist for
whichever pro-apoptotic stimuli are present. Moreover, additional regulatory mechanisms, such
as limiting trafficking to the mitochondria or reduced protein degradation, may alter activity

regardless of the absolute protein level expressed.?’? More accurate predictions use a multi-
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protein index, such as the ratio of Mcl-1 to Bcl-xL to predict Mcl-1 dependency in small cell lung
carcinoma,®>® or the ratio of phospho-Bcl-2/(Mcl-1+Bcl-2) to predict sensitivity to the pan-Bcl-2

inhibitor S1 in leukemia.?’®

4.1.7 Publicly disclosed BH3-mimetic Mcl-1 inhibitors

A small-molecule BH3-mimetic capable of displacing endogenous BH3-domain containing
proteins should antagonize the function of pro-survival Bcl-2 family members. Because these
interactions are formed by protein-protein interactions (Figure 4-5), they are considered difficult
to target with small molecules.®® Differentiating the on-target activity of BH3 mimetics
(apoptosis) from off-target activity (potentially also apoptosis) is critical for guiding compound
SAR and future cellular and in vivo studies. Four criteria have been proposed to validate a putative
BH3 mimetic.2’® (1) Its biological activity must be dependent on the expression of Bax or Bak,
without which the cell cannot undergo apoptosis through the intrinsic pathway. (2) The
compound must achieve exquisite potency in the “subnanomolar and often low picomolar
affinities” to demonstrate on-target cellular activity,?’”” a number derived from the observed
activity (or lack thereof) for peptides and small-molecule inhibitors with weaker affinities. (3)
Compound cytotoxic activity should be correlated with Bcl-2 family expression levels (e.g.
increased expression of Mcl-1 confers resistance to ABT-737), and (4) treatment in an animal
should result in the expected on-target toxic events (e.g. loss of platelets for Bcl-xL antagonists
or loss of lymphocytes for Bcl-2 inhibitors). Many reported inhibitors fail to meet these criteria
through equipotent killing of Bax/Bak deficient cells, such as obatoclax or gossypol?’#27° and its

derivatives, though both did progress to clinical testing. Other putative Mcl-1 inhibitors, such as

106



MIM1%8 or a compound published by Abulwerdi et al,’®' have weak binding affinity and mixed

cellular data suggesting that not all activity is on-target.?8?
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Figure 4-7: Compounds discussed in this introduction with reported Mcl-1 activity

Maritoclax (Marinopyrole A) binds to the Mcl-1 BH3-binding groove with such weak
affinity (10uM) that it seemingly fails to meet the first criteria proposed by Lessene, et al.
However, its reported mechanism is not simply BH3 antagonism, but rather induced Mcl-1
degradation through a proteasome-dependent mechanism.?® This finding has been both
refuted?8428> and confirmed.285287

Zhang and colleagues have published a number of compounds around a central scaffold.
These “S1” compounds and derivatives have reported Mcl-1 binding down to a reported 10nM

affinity but no selectivity over Bcl-2 and Bcl-xL. The parent compound, S1, may induce apoptosis
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through one of several mechanisms including the upregulation of Noxa (which induces Mcl-1
degradation)?® or the induction of autophagy.?®®

A high-throughput screen by Eutropics Pharmacuticals identified compounds that bind to
Mcl-1, and a counter-screen against Bcl-xL was used to sub-select for selective Mcl-1 binding
compounds.?®® Subsequent chemical optimization resulted in a 310nM ICso for Mcl-1 and 40uM
for Bcl-xL. This compound dose-dependently reduced proliferation in Mcl-1 dependent cell lines,
and this activity correlated with the degree of mitochondrial “priming” for apoptosis. However,
the compound is not very potent.

Abbvie conducted a fragment-based screen against Mcl-1 and elaborated molecules
based on two initial scaffolds. The most potent elaborated molecules, based on an aryl
sulfonamide core, bound Mcl-1 with a 30nM affinity, though no cell-based activity was claimed.
A second AbbVie report described the elaboration of an HTS hit that bound to Mcl-1 with 4.4uM
affinity and was moderately selective against Bcl-2 and Bcl-xL. Using biochemical assays and x-
ray crystallography, this initial lead was optimized to a molecule with a reported K; of 480pM for
A-1210477. This compound exhibited anti-proliferative activity in Mcl-1 dependent cell lines in
multiple cancer types, dose-dependent disruption of Mcl-1/Bim complexes, and combinatorial
activity with ABT-263.277,291,292

Servier recently disclosed a series of Mcl-1 inhibitors in a patent application. These
compounds were based on a thienopyrimidine core, and display low-nanomolar I1Cses on cell
viability in the multiple myeloma cell line H929 and activity in animal models.

The Fesik group previously reported on the discovery of selective and high-affinity Mcl-1

inhibitors by a fragment-merging approach that bound with affinity of 55nM,% but only in vitro
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biochemical data was reported because at that time the affinities were not sufficiently potent
enough to warrant cellular investigation.?°?

In this chapter, we report on a continuation of these initial studies®® and describe my
contributions to the discovery of small molecules that specifically impair the anti-apoptotic
function of Mcl-1 and cause cell death in multiple cancers, including TNBCs. In addition, | have
profiled the Mcl-1 and Bcl-xL dependencies in various cancer types, molecularly characterized

that dependency, and developed predictions for selecting future cancer types, cell lines, and

patients for inhibitor testing.

4.2 Results

4.2.1 Optimized a fluorescence-based assay to measure Mcl-1 inhibitors

We hypothesized that the discovery of a specific Mcl-1 inhibitor will have a positive
therapeutic benefit in a subset of human cancers, including TNBC, which is refractory to currently
available targeted therapeutics. To measure the affinity of our synthesized Mcl-1 inhibitors for
the determination of compound SAR, a fluorescence polarization anisotropy (FPA) assay that had
been previously developed in our lab by Dominico Vigil was re-optimized.*° This assay functions
by indirectly measuring the tumbling rate of molecules in solution. The tumbling rate slows with
increased molecular mass. When excited by polarized light, slower-tumbling larger molecules will
more often fluoresce in the same plane than smaller molecules. Therefore, the ratio of emitted
light in the same plane to that in the opposite plane (called the anisotropy) roughly correlates
with molecular size. Typically, a small fluorescently labeled probe peptide is used which can bind

the protein with high affinity. Compound-mediated displacement of this probe will lower the
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anisotropy in a dose-dependent fashion to determine an ICso value for the inhibitor (Figure
4-8A).17

In this assay, Mcl-1 is pre-incubated with a FITC-labeled peptide derived from the BH3
sequence of Bak. As expected, titrating Mcl-1 protein results in a dose-dependent increase in
anisotropy; this interaction has a Kp of 17nM (Figure 4-8B). Addition of an Mcl-1 competitor to
this solution dose-dependently reduces this anisotropy (Figure 4-8C). Because a competition-
binding assay cannot measure an ICsp below the receptor concentration, the lower limit of
detection for this assay is 15nM ICso (corresponding to ~7nM K;). To determine ligand selectivity,
we further optimized this assay for use with pro-survival Bcl-2 family members Bcl-xL (Figure
4-8D) and Bcl-2 (not shown). All newly synthesized Mcl-1 inhibitors were subsequently measured
using this assay for determination of compound K;, with the ICso converted to a Ki value by the

method of Wang and colleagues.?®?
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Figure 4-8: Optimization of the Mcl-1 FPA assay
(A) Schematic of an FPA assay.?®* (B) Saturation binding curve for Mcl-1 and 10nM FITC-Bak

peptide. The Kp for this interaction is 17nM. (C) Example competition binding experiment for
VU0477281-1 displacing FITC-Bak peptide. 15nM Mcl-1 and 10nM FITC-Bak were used. The
calculated Kiis 278nM (average of three independent experiments). (D) The Kp for the interaction
between Bcl-xL and 5nM FITC-Bak peptide was determined to be 7.2nM in this saturation binding
experiment (average of three independent experiments).

4.2.2 Discovery of slow-binding compounds

Most compounds rapidly achieved equilibrium within minutes of being added to the assay
mixture (Figure 4-9A). The observed ICso does not appreciably change for up to 20 hours, though
the assay does degrade over that time as evidenced by an overall loss in signal. In contrast, the
ICso for a subset of compounds continued to improve even after 20 hours of incubation (Figure
4-9B), visible here as a leftward shift in the dose-response curve over time. The striking nature of

this difference is observable when comparing the K; values for VU0468562 and VU0475560
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(Figure 4-9C). These time-dependent effects were not due to alterations in assay fluorescence
through intrinsic compound fluorescence or quenching. Time-dependent compounds contain no
obvious reactive center for covalent attachment to the protein or peptide, and addition of fresh
reducing agent DTT has no effect, nor does altering the order of addition of Mcl-1, compound,
and peptide probe (data not shown). In addition, these time-dependent compounds were not
covalently binding to Mcl-1, as evidenced by no alteration in Mcl-1 mass before and after

compound addition (Figure 4-9D).
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Figure 4-9: Some Mcl-1 inhibitors bind time-dependently

(A) Example competition binding curves for a fast-binding compound from 5 minutes to 20 hours.
This behavior is typical of the majority of compounds. (B) Example competition binding curves
for a slow-binding compound; the leftward shift with increasing time is clearly evident and
indicates an apparent increase in potency. (C) The K; value derived from each curve is plotted
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over time. (D) Mass spectrometry analysis confirms that VU562 and VU560 do not bind covalently
to Mcl-1, here indicated by no change in Mcl-1 protein mass through co-incubation with ligand.

A comprehensive survey of all synthesized compounds revealed clear SAR trends to
predict time-dependent activity. Inclusion of a 4-substitution on the indole ring is the strongest
predictor, and these substitutions may be electron donating (CHs3) or electron withdrawing
(halide and trihalides). In contrast, substitutions at the indole 6-position (or no substitution at all)
have no effect. A second predictor of time-dependency is a 2-acylsulfonamide substitution,
whereas a carboxylic acid or hydrogen are not predictive. The combination of 4-substitution and
2-acylsulfonamide yield the strongest time-dependent compounds, as is the case for VU0475560
exemplified above. R-group substitutions off the ether linkage, such as napthyl or dichloromethyl
phenyl rings, have no effect. Based on these trends, we ceased our exploration of the 4-
substituted indole series of compounds and carefully monitored all newly synthesized 2-
acylsulfonamide compounds for time-dependency. Analysis of Mcl-1 co-crystallized with both
time dependent and independent compounds does not reveal any obvious conformational
changes or residue side chain rearrangements that would account for slow binding kinetics. All
indications point to genuine slow binding kinetics for these compounds, though this hypothesis
requires validation by directly measuring binding kinetics using an appropriate technology, such

as SPR.
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Figure 4-10: Summary of the SAR for time-dependent compound binding

4-indole substitutions and 2-acylsulfonamide substitutions are correlated with time-dependent
binding, but different R substitutions coming off the ether linkage from the 2-indole position does
not affect time dependency.

4.2.3 Development of assays to measure picomolar-affinity compound interactions

Clinically effective Mcl-1 inhibitors will likely require binding affinities in the picomolar
range.?’! Because the FPA assay described in Friberg et al, 2013 can only detect interactions to
7nM, we sought to develop a new assay. AlphaScreen (Perkin-Elmer) is a homogenous, label-
based assay that theoretically provides a higher signal/noise ratio than FPA and might enable
highly sensitive affinity determination. In this assay, a labeled peptide and Mcl-1 are selectively
bound by a ‘donor’ or ‘acceptor’ bead, respectively; photo-excitation of the donor beads caused
a chemical release of singlet oxygen, which reacts with the acceptor bead to emit light (Figure

4-11).
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Figure 4-11: Schematic for the AlphaScreen assay

Binding interactions between two labeled components (here, biotinylated Bim peptide and HIS6-
tagged Mcl-1 protein) bring two labeled beads together. Specific excitation of the donor bead at
680nm releases singlet oxygen, which reacts with the acceptor bead to release light at 520-
620nm only when in close proximity.

This assay required a more potent Mcl-1-interacting peptide than the Bak-derived peptide
used in the FPA assay. We initially chose a biotinylated peptide derived from the Bim BH3-domain
sequence (Bim2, Table 4-1). We measured the affinity and binding kinetics of biotin-Bim2 peptide
using surface plasmon resonance (SPR, Table 4-1). The Kp was determined to be 500pM, but the
kinetic on- and off-rates were extremely slow (requiring 60 minutes to reach 95% bound). At that
rate, equilibrium within the assay solution would require many hours of incubation time.
Moreover, the peptide required the addition of non-ionic detergent (e.g. Tween-20) to solubilize
it in solution. We therefore designed and had synthesized additional peptides to increase their
binding kinetics and solubility. We first truncated the initial four residues in the hopes that this
would lead to faster binding kinetics (Bim3). The peptide retained high potency and only slightly
increased the kinetic binding rate. We next tested a Bim-derived peptide that was previously
described (WEHI-Bim4).2°> Although the binding rate of this peptide was faster, the addition of a

detergent was required for reproducible activity. Finally, we truncated the N-terminal four
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residues and C-terminal arginine to reduce potency and increase the binding kinetics and
mutated an isoleucine to an alanine at the 6-position (Bim6 peptide). In crystal structures, the lle
points away from Mcl-1, and we hoped that transition of this amino acid to a less hydrophobic
residue would increase its solubility without abolishing binding or reducing helicity. Indeed,
binding kinetics for this peptide were further increased and detergent was no longer required for

peptide solubilization.
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Figure 4-12: Biotin-Bim2 peptide has unsuitably slow binding kinetics
The binding kinetics of Biotin-Bim2 peptide, as measured by SPR, are extremely slow and are
unsuitable for use in this assay. K, is 0.71x10°> M1S?, Kq is 0.44x10% s, and Kp is 500pM.
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Peptide Sequence K, Ky
(ESM1s?) | (E-457

Slow kinetics
” DMRPEIWIAQELRRI High potency
B2 GDEFNAYYARR ezt D443 iz Insoluble
Low fluorescence
High potency
; ____EIWIAQELRRI
Bim3 GDEENAYYARR 3.3 2.8 0.8 Insoluble

Low fluorescence
WEHI DLRPEIRIAQELRRIG

Bim4 DEFNETYTRR 9.8 157 1.8 Insoluble
____EARIAQELRRI o
Bim6  GDEFNETYTR_ 1.7 6.1 35 Faster kinetics

More soluble

Table 4-1: Bim peptide sequences developed for use in the AlphaScreen assay
Binding kinetics and affinities were all determined by SPR.

Unfortunately, AlphaScreen beads are themselves dependent on detergent for activity.
No binding signal could be generated without the addition of a non-ionic detergent (Figure
4-13A). Indeed, this effect is dose-dependent. Lower detergent concentrations yield lower signal.
The type of non-ionic detergent used is also significant. For example, oxyethylated fatty alcohol
(C12E10) resulted in the highest signal, and Triton X-100 provided the lowest signal (Figure
4-13B). The reason for these differences is unknown and does not correlate with the CMC of each
detergent. lonic detergents such as CHAPS were ineffective.

We next tested the ability of this assay to accurately measure competitive compound
binding. We titrated the Mcl-1 inhibitor VU0485530 into a mixture of Mcl-1 and Bim6 (1nM each)
to determine its ICsp in a buffer containing Tween-20. Unfortunately, the value determined
(1044nM) was found to be 150-fold higher than that measured using the FPA/Bak assay without
Tween. Indeed, program compounds from multiple series displayed tens or a hundred-fold
reduction in activity in the presence of detergent, and this intolerance for detergent was

confirmed in the FPA/Bak assay supplemented with either Tween-20 or C12E10 (Figure 4-13D).
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Therefore, because the AlphaScreen assay had an absolute requirement for detergent, and
program compounds did not yet possess sufficient physical properties to tolerate detergent in

solution, we chose to discontinue this assay.
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Figure 4-13: The Alphascreen assay requires detergent to produce signal

(A) Saturation binding curve for Biotin-Bim2 (1nM) binding to Mcl-1, with or without 0.01%
TWEEN-20. No signal is obtained in the absense of this detergent. (B) Four diverse non-ionic
detergents at two concentrations have differing effects on assay performance. As before, no
signal is generated without detergent with this peptide and bead combination (blue line), but
highest signal is generated using oxyethylated fatty alcohol (C12E10) at 0.01%. (C) Including
detergent in the assay buffer significantly weakens compound affinity. Shown is an example
competition binding curve for VU0485530 in the Alphascreen assay with 0.01% TWEEN-20. The
Ki is calculated to be 1044nM; in FPA/Bak, the Kjis 7nM. (D) Sixteen diverse compounds selected
to represent all series under active development at that time were analysed in the FPA/Bak assay
in the presence of 0.007% TWEEN-20 or 0.01% C12E10 (both under their respective CMC). Shown
is the fold-shift in K; from a control run in the absence of detergent.

We were originally precluded from using the FITC-Bim2 peptide at low (1nM) concentrations
in an FPA assay because of extremely low intrinsic fluorescence (Figure 4-14A). However,

improvements made to the Bim probes for the AlphaScreen assay fortuitously resulted in a
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significantly increased fluorescence that provided parity with the Bak peptide and made it
possible to run an FPA assay using the FITC-labeled Bim6 probe. Indeed, a saturation-binding
curve could be reliably measured for FITC-Bim6 even at a probe concentration of 31pM probe
concentration. The Kp for the peptide/Mcl-1 interaction was determined to be 220pM (Figure
4-14B). For routine use, a 1nM peptide concentration was selected to provide reproducibly high
signal. The lower limit of detection for an ICsp in a biochemical competition assay is the protein
concentration, which in this case was selected to be 1.5nM. Therefore, by the equation of Wang
et al,>*3 the lower limit of detection for the Ki is 200pM. We next tested whether binding is time-
dependent; equilibrium had not been achieved 15 minutes post-addition, but the assay had
stabilized by 2 and 6 hours (Figure 4-14C). An example of a dose-response competition curve for
biotin-Bim6 is shown in Figure 4-14D, and the K; was calculated to be equal to its SPR-derived

number.
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Figure 4-14: Development and optimization of the FPA/Bim6 assay

(A) Total fluorescence from the Bak and Bim2 probes; Bim2 yields significantly lower fluorescence
and is just twice background at 1nM. (B) Improvements to peptide kinetics and solubility (Table
4-1) improved fluorescence efficiency, allowing saturation-binding curves with just 31pM
peptide. (C) Compounds assayed with FPA/Bim6 reach equilibrium quickly, within 2 hours post-
addition. (D) Example competition curve for Biotin-Bim6 peptide measured with FITC-Bim6 in
FPA assay. The measured K; value (6.2nm) agrees favorably with SPR-derived numbers (3.5nM).

Just one compound in Figure 4-14C showed a difference in K; between the FPA/Bak and
FPA/Bim6 assays. To determine whether other compounds were similarly divergent, we
measured the K; in FPA/Bak and the FPA/Bim6 assays for a diverse collection of 100 compounds
spanning a range of affinities from different compound series. As seen in Figure 4-15A, most
compounds agree between the Bim-based and Bak-based assays when detergent is not used,
although several outliers are noted. Similarly, addition of 0.01% C12E10 to both assays shifted
the K; but retained the complementarity (Figure 4-15B). Outlier compounds, noted especially in

the detergent-containing experiment, primarily contain a basic amine substituted off the 7-
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position on the indole ring, although this determination is not absolutely predictive, as some
basic-amine containing compounds fail to cause such substantial shifts. To illustrate this point,
we removed basic-amine containing compounds from the series and replotted in Figure 4-15D;

the correlation is nearly perfect and no outliers are present.
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Figure 4-15: The FPA/Bak and FPA/Bim6 assays similarly measure most compounds

(A) Compound affinities that were measured in the FPA/Bim and FPA/Bak assays are similar
(slope=1.16). Several outlier compounds measured weaker in the FPA/Bim6 assay. (B) With
0.01% C12E10 added to both assays, affinities continue to agree overall across this set of
compounds but several more outliers are noted (slope = 1.55). (C) Outlier compounds are those
containing a basic amine functional group on substitutions at the 7-position of the indole ring.
(D) Removing basic-amine containing compounds at the indicated position resulted in a nearly
1:1 correlation between Bim/FPA and Bak/FPA derived numbers for Mcl-1 program compounds
across diverse series (slope=0.889).

In conclusion, the FPA/Bim6 assay was able to reliably measure compounds with
picomolar affinity without the need for non-ionic detergents, and continuity was maintained with
previous results in the FPA/Bak assay. This assay was subsequently used to assay all newly
synthesized program compounds for the determination of compound SAR.
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4.2.4 BH3 profiling used to measure Mcl-1 dependency of cancer cell lines

Accurately and unambiguously determining whether a cell line depends on Mcl-1 for
survival is critical to understanding whether program compounds kill cells by an on-target
mechanism. In the absence of a specific and high-affinity Mcl-1 tool molecule, we chose BH3
profiling as the most accurate method to determine sensitivity to Mcl-1-specific BH3 mimetics.
BH3 profiling has been used to predict the sensitivity of cell lines and patient derived hematologic
cancer cells to Bcl-2 family inhibitors and to define the dependence on specific family
members.2%®297 This assay quantifies mitochondrial depolarization after administration of a BH3-
derived peptide in digitonin-permeabilized whole cells. Peptides have differing binding
specificities to Bcl-2 family members, which allows for a sophisticated dissection of the individual
contributions of these proteins to prevent apoptosis.

We assembled a panel of hematologic cancer cell lines and interrogated them for
sensitivity to a panel of BH3-derived peptides. The Bim peptide promiscuously binds anti-
apoptotic BCL-2 family members and will interrogate how “primed for death” the cell is — that is,
how easily the mitochondria depolarize at a given concentration of Bim peptide. Conversely, the
Bad peptide is selective for anti-apoptotic proteins Bcl-2, Bcl-xL, and Bcl-w, while the MS-1
peptide is selective for Mcl-1.2°8 Use of these selective peptides specifically interrogates the
contributions of these individual proteins to survival.

Results from the H929 multiple myeloma and K562 chronic myelogenous leukemia cell
lines are exemplified in Figure 4-16A-B. Both respond to the Bim peptide, indicating that each

contains an intact intrinsic apoptotic pathway with expression of Bak or Bax to depolarize the
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mitochondria in response to pro-apoptotic signaling. However, H929 is strongly dependent on
Mcl-1 for survival, as evidence by a strong response to the Mcl-1 specific MS-1 peptide; whereas,
K562 is completely resistant to this peptide even up to greater than 10uM. In contrast, H929 is
highly resistant to the Bad peptide while K562 is sensitive to it. These results suggest that H929
would be strongly sensitive to small-molecule inhibition of Mcl-1, while K562 would be strongly
resistant to such inhibition. This analysis was expanded across the panel to identify the most Mcl-
1 dependent and resistant cell lines (Figure 4-16C). These data were subsequently used to
interpret all program cellular assays, including proliferation, caspase activation, and co-

immunoprecipitation.
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Figure 4-16: ‘BH3 profiling’ was used to determine Mcl-1 dependency status

(A-B) BH3 profiling was conducted on live H929 and K562 cells to determine their sensitivity to
Bcl-2 family inhibition. Both responded to the Bim peptide, indicating an intact intrinsic apoptotic
pathway, but only H929 responded to Mcl-1 specific peptide MS-1. In contrast, only K562
responded to the Bcl-2, Bcl-xL, and Bcl-w inhibitory Bad peptide. (C) This analysis was expanded

123



across a panel of hematologic cell lines. Mcl-1 dependent lines, where the MS-1 ECsg is below
10uM, are shown in blue, while Mcl-1 resistant cell lines are shown in red.

4.2.5 Developed assays to discriminate on-target and off-target activity in cells

Loss of Mcl-1 protein function should selectively induce mitochondrial depolarization,
caspase activation, and apoptosis only in Mcl-1 dependent cell lines while having, at worst, weak
off-target activity in Mcl-1 independent cell lines. Further, Mcl-1 protein should be dose-
dependently displaced from interacting partners Bim, Bak, and Noxa by the inhibitor compound.
We profiled compound activity against all these effects to identify potent, on-target Mcl-1
inhibitors.

First, Mcl-1 inhibitors should only potently depolarize mitochondria in dependent cell
lines. We used the mitochondrial depolarization assay described above to profile leading
program compounds against Mcl-1 dependent and resistant cell lines. Some compounds, such as
VU0658758 (FPA/Bim6 Ki=0.55nM) were non-selectively toxic with ECses of > 10uM; however,
more recent compounds such as VU0659158 and VU0659159 (FPA/Bim6 Ki=0.2nM) depolarized
mitochondria with ECsos of 168nM and 747nM, respectively, in the Mcl-1 dependent H929 cell
line and were significantly weaker in the Mcl-1 independent K562 line (Figure 4-17A-C). When
mitochondria depolarization is compared with compound effect in cell proliferation experiments
for the most recent compounds, a 1:1 correlation is observed in the H929 Mcl-1 dependent cells,
suggesting that cell death is selectively due to Mcl-1-inhibition and subsequent apoptosis (Figure
4-18D). Of note, the low concentration of digitonin detergent used in this assay buffer does not

affect compound binding in the FPA/Bim6 assay.
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Figure 4-17: Mcl-1 inhibitors cause dose-dependent mitochondrial depolarization

(A) Not all compounds selectively depolarize mitochondria in Mcl-1 dependent cell lines. Some,
such as VU0658758 (FPA/Bim6 Ki=0.55nM), depolarize both H929 and K562 cell lines with a 10-
12uM ECso, suggesting off-target activity. (B) In contrast, VU0659158 and VU0659159 (C) are
highly potent and selective for Mcl-1 dependent H929 mitochondria. (D) ECses for Mcl-1
inhibitors in the JC-1 mitochondria depolarization assay correlate with the loss in cell viability in
a proliferation assay in Mcl-1-dependent cell line H929.

All potent Mcl-1 program compounds were characterized in multiple Mcl-1 dependent
and resistant cell lines for their ability to induce caspase 3/7 activation as a consequence of
activating the apoptotic cascade. Indeed, VU0659158 and VU0659159 selectively activated
apoptosis in the H929 Mcl-1 dependent cell line, while the K562 Mcl-1 insensitive cell line was
resistant (Figure 4-18A). Likewise, these compounds only reduced cell proliferation (as assayed
by Cell Titer-Glo, which measures ATP content as a proxy for cell count) in H929 but not K562

cells (Figure 4-18B).
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Figure 4-18: Mcl-1 inhibitors dose-dependently induce Caspase cleavage and cell death

(A) VU0659158 and VU0659159 induce caspase 3/7 activation and (B) reduce proliferation
selectively in the Mcl-1 dependent H929 cell line. These curves were generated by Carrie

Browning. (C) Table of activities for these compounds.

A high-affinity Mcl-1 BH3 mimetic should disrupt interactions between Mcl-1 and other
Bcl-2 family members. Thus, we sought to test whether our compounds could bind to
endogenous cellular Mcl-1 and inhibit the binding of a peptide derived from pro-apoptotic
proteins.?®® Cell lysates from human chronic myelogenous leukemia K562 cells were incubated
with biotin labeled MS-1, a peptide that binds specifically to Mcl-1.2°8 This peptide selectively
pulls down cellular Mcl-1. As shown in Figure 4-19, the addition of VU0657538 blocks the ability

of MS-1 to pulldown Mcl-1, demonstrating that the compound binds to cellular Mcl-1 and

blocks the interaction with biotin MS-1 in a dose-dependent manner.
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Figure 4-19: VU0657538 inhibits binding of biotin-MS-1 to Mcl-1 in cell lysates

K562 cell lysates were incubated with compound or a Bim-BH3 peptide positive control at
indicated concentrations. Streptavidin-conjugated beads bound with biotin-MS-1 were
incubated with the lysates to pull down cellular Mcl-1, which was visualized by Western blot.

To test whether Mcl-1 BH3-interactions are disturbed in a live cellular system, we dosed live
H929 multiple myeloma cells with compounds for 90 minutes, lysed the cells, pulled down Mcl-
1, and blotted for interacting partners Noxa or Bim. Unsurprisingly, weaker affinity compounds
failed to disrupt this interaction even at 50uM concentrations (Figure 4-20). More potent
compounds, such as VU0660117-1 and VU0660131-1, did exhibit sufficient potency and physical
properties to show activity in this assay format (Figure 4-21). Finally, VU0659158 was found to

potently disrupt the Mcl-1/Noxa complex in whole H929 cells (Figure 4-22).
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Figure 4-20: VU0516301-1 fails to disrupt Noxa or Bim in H929 cells

Cell lysate was incubated with the indicated compound concentration of VU0516301-1 (FPA/Bak
Ki=12.5nM), then Mcl-1 was immunoprecipitated, washed, and western blotted. No disruption in
Noxa or Bim was observed by compound. Additionally, the depleted lysates and sub-cellular
fractions were probed as noted.
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Figure 4-21: High affinity Mcl-1 inhibitors potently displace Noxa from cellular Mcl-1
VU0660117-1 (0.41nM K; in FPA/Bim6) and VU0660131-1 (0.55nM K; in FPA/Bim6) here show
dose-dependent inhibition of Mcl-1/Noxa complexes in live cells after 90 minutes. (A) Western
blot results from 1gG control or Mcl-1 IP dosed with indicated concentration of compound in
micromolar. (B) Band intensities from the western blot in (A) were quantified and plotted as the
ratio of Noxa to Mcl-1. VU177 more potently displaces Noxa with an ECso is 0.3uM, while the ECso
for VU131 is 1.1uM.
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Figure 4-22: High affinity inhibitor VU0659158 potently displaces Noxa from Mcl-1

(A) VU0659158-1 (FPA/Bim6 Ki=0.2nM) potently disrupts the Mcl-1/Noxa interaction in whole
H929 live cells in this co-immunoprecipitation experiment. (B) The western blot in (A) is
guantified and normalized to the DMSO-treated control.

Compound-mediated disruption of Mcl-1/Bim complexes in whole cells was visualized using
the DuolLink proximity ligation assay (PLA, Sigma). Whole cells were fixed, permeabilized, and
probed with Mcl-1 and Bim antibodies, then visualized with a fluorescent conjugate antibody that
recognizes two antibodies in close proximity. In this way, signal is only generated when Mcl-1
and Bim are in complex. As seen in Figure 23A, no appreciable signal is generated by Mcl-1 or

Bim antibody alone (red), but the combination brightly stains (red; blue DAPI).
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Figure 4-23: Duolink PLA assay visualizes disruption of Mcl-1/Bim complexes in live cells

(A) Mcl-1/Bim complexes (red) are brightly stained in this overlay with DAPI (blue). In contrast,
no appreciable stain is evident when using only the Bim or Mcl-1 antibody. (B) Cells were dosed
with the indicated concentration of VU0659158-1 or DMAO for 90 minutes, then harvested and
stained as before. Mcl-1/Bim complexes are reduced in a dose-dependent manner.

4.2.6 Mcl-1 protects a subset of TNBC cell lines from apoptosis

Predicting whether Mcl-1 can protect a particular cancer cell from apoptosis is not trivial,
and heretofore, no published study had interrogated whether Mcl-1 significantly protects TNBC
cancers from death and whether an Mcl-1 inhibitor would prove efficacious in TNBC cancers,
which currently lack rationally-targeted therapeutic options. Because Mcl-1 and Bcl-xL are
frequently upregulated in human breast cancer, and based on their importance to prevent
apoptosis in many cancer types, we hypothesized that some TNBC cell lines may depend on these
proteins to prevent apoptosis, and that silencing one or both would reduce cell viability. To test
this hypothesis, we silenced the expression of Mcl-1 or Bcl-xL using small-interfering RNAs

(siRNA). We first validated our siRNA protocol: of the four unique motifs tested for each protein,
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Mcl-1 motif-17 and Bcl-xL motif-14 reproducibly yielded the greatest knockdown of over 85%
compared to non-silencing control (NSC) in MDA-MB-468 and MDA-MB-453 cells (Figure 4-24A-
B). The NSC motif did not lower cell viability; however, silencing Mcl-1 expression substantially
reduced the viability of MDA-MB-468 cells in a protein knockdown-dependent manner (Figure
4-24C-D). In contrast, silencing Bcl-xL had a smaller effect on both cell lines despite high protein

knockdown (>90%).
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Figure 4-24: Mcl-1 and Bcl-xL protein expression was specifically silenced by siRNA transfection
(A-B) Four separate siRNA oligonucleotides silenced Mcl-1 (A) or Bcl-xL (B) expression in the
MDA-MB-468 and MDA-MB-453 cell lines. Knockdown efficiency was quantified by western blot,
with percent knockdown equal to the Tubulin-normalized ratio of Mcl-1 expression in siRNA-
treated cells compared to cells-only control. Mcl-1 motif-17 and Bcl-xL motif-14 yielded the
highest percent knockdown. (C-D) Cell viability after Mcl-1 (C) or Bcl-xL (D) protein silencing was
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guantified using Cell Titer-Glo, a luminescence assay which detects ATP as a proxy for viable cells
in culture. Cell viability was reduced knockdown-dependently for Mcl-1 in the MDA-MB-468 cell
line, but MDA-MB-453 was much less responsive. Despite highly efficient knockdown of Bcl-xL,
cell viability was not dramatically reduced in either cell line. Cytotoxic effects from motif-13 were
not related to the level of protein knockdown and are considered off-target.

We silenced Mcl-1 or Bcl-xL using these siRNAs in a panel of seventeen publicly available
luminal and basal cell lines (Fig 1). Cell viability was measured after five days to allow for several
population doublings, and knockdown efficiency was verified by western blot at the conclusion
of the experiment (Table 4-2). Mcl-1 knockdown dramatically reduced proliferation by 60% or
more in seven lines (blue, A). Four lines have an intermediate dependency on Mcl-1 (40-60%
loss, cyan), and the remainder were largely insensitive (red). We observed increased caspase 3/7
activity after Mcl-1 siRNA transfection only in Mcl-1 dependent, but not independent, cell lines
(Figure 1B, Figure 4-26). Similarly, using flow cytometry we observed an increase in apoptotic
marker Annexin V staining after Mcl-1 knockdown only in dependent cell lines (Figure 4-27).
These data suggest that a subset of our cell lines are solely dependent on Mcl-1 for survival, and

reduced proliferation after Mcl-1 protein knockdown is caused by apoptotic induction.
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Figure 4-25: A subset of TNBC cell lines are solely dependent on Mcl-1 to evade apoptosis

(A) Mcl-1 expression was silenced by siRNA and cell proliferation was normalized as the ratio of
siRNA-treated to non-silencing control (NSC) treated cells, subtracting each value by the initial
cell count. With this scaling, 100% indicates knockdown has no effect on viability compared to
NSC, 0% means no change in cell count, and negative values indicate cell death. A subset of lines
are sensitive to Mcl-1 knockdown (cell viability reduced by 60% or more, blue). Two lines are
intermediately sensitive (40—60% reduced viability, cyan), whereas the remainder are Mcl-1 loss
insensitive (red). (B) Fold-induction of caspase 3/7 activity from untreated cells as measured by
Caspase-Glo. Mcl-1 knockdown but not NSC siRNA induces caspase 3/7 activity in dependent, but
not independent, cell lines after 24 h. (C) Bcl-xL expression was silenced by siRNA. Two lines are
sensitive with >60% reduction in proliferation. In contrast, dually silencing Mcl-1 and Bcl-xL

expression (D) reduces viability in most lines. Values are the mean of at least three independent
experiments (error bars S.D.)
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Table 4-2: Percent knockdown of Mcl-1 and Bcl-xL for experiments in Figure 4-25
NA indicates insufficient cells remaining to quantify knockdown percentage.
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Figure 4-26: Mcl-1 protein silencing induces caspase activation
(A-F) Caspase activity increases after Mcl-1 protein knockdown only in Mcl-1 dependent cell lines.
Mcl-1 siRNA or non-silencing control oligonucleotides were administered, and after 6, 12, 24, or
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72 hours, caspase 3/7 enzymatic activity was measured by Caspase-Glo. Activity increases
primarily in Mcl-1 dependent cell lines HCC1187, HCC70, and MDA-MB-468. Independent lines
MDA-MB-453, MDA-MB-157, and MDA-MB-231 showed little or no caspase activity with Mcl-1
silencing. Points shown are the average of at least two independent experiments (error bars
SEM). Mcl-1 knockdown efficiency was verified by western blot to be over 80%.
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Figure 4-27: Annexin V-positive cells increases in Mcl-1 dependent lines after knockdown
Cells positive for Annexin V, a marker for apoptosis, increases only in Mcl-1 dependent cells (blue)
24 hours after siRNA-mediated knockdown of Mcl-1 (hashed bars) compared to non-silencing

control siRNA (solid). Mcl-1 independent lines (red) show no corresponding increase in this
apoptotic marker. Shown are means of at least two independent experiments (error bars SEM).

Two lines are intermediately sensitive (40-60% reduced viability, cyan), while the
remainder are Mcl-1 loss insensitive (red). (B) Fold-induction of caspase 3/7 activity from
untreated cells as measured by Caspase-Glo. Mcl-1 knockdown but not NSC siRNA induces
caspase 3/7 activity in dependent, but not independent, cell lines after 24 hours. (C) Bcl-xL
expression was silenced by siRNA. Two lines are are sensitive with greater than 60% reduction in
proliferation. In contrast, dually silencing Mcl-1 and Bcl-xL expression (D) reduces viability in most

lines. Values are the mean of at least three independent experiments (error bars SD).
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In contrast, siRNA silencing of Bcl-xL expression had only a modest effect on viability for
most of the cell lines tested (Figure 4-25C). Only two of the seventeen lines qualify as sensitive
under our criteria, one of which is also sensitive to Mcl-1 silencing (HCC1395). These data suggest
that unlike Mcl-1, few of these TNBC lines depend solely on Bcl-xL for survival.

It is easy to envision that some TNBC cell lines may block apoptosis via protection from
two or more pro-survival Bcl-2 family members. To test this, we silenced the expression of both
Mcl-1 and Bcl-xL proteins with concurrent siRNA treatment. Knockdown of both proteins results
in significantly more cell death across the TNBC panel than with knockdown of either protein

alone (Figure 4-25D), including for cell lines insensitive to Mcl-1 knockdown.

4.2.7 BH3 profiling confirms the specific dependency on Mcl-1 for survival

We performed BH3 profiling on a subset of our TNBC panel to further elucidate the
protective role of individual anti-apoptotic Bcl-2 family members. Treatment with 10 uM of the
highly potent and pan-Bcl-2 family antagonist Bim-BH3 peptide depolarized the mitochondria in
all cell lines tested (A), verifying that they are sensitive to BH3-mediated antagonism. In contrast,
treatment with the Mcl-1 specific peptide MS-1 (Figure 4-28B) at 100uM depolarized
mitochondria only in the Mcl-1-dependent cell lines. The differing concentrations used reflect
the lower activity of MS-1 and are consistent with prior concentrations used for this peptide and
others in the literature.?®® The Bad-BH3 peptide, which antagonizes Bcl-2 and Bcl-w in addition to
Bcl-xL, depolarized mitochondria to a lesser extent than did the MS-1 peptide, which also agrees

with the Bcl-xL siRNA results above (Figure 4-28C). Of note is the higher-than-expected response
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to Bad-BH3 in MDA-MB-231 cells, though this is perhaps explained by the broad activity of Bad-

BH3 to also antagonize other Bcl-2 family members.
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Figure 4-28: BH3 profiling confirms Mcl-1 dependency status

(A) Whole-cell treatment with 10uM Bim-BH3 peptide, a non-specific pro-survival Bcl-2 family
antagonist, induced mitochondria depolarization in all cell lines tested. (B) In contrast, the Mcl-1
specific antagonist MS-1 at 100uM selectively depolarized mitochondria only in Mcl-1-dependent
cell lines. (C) The Bad-BH3 peptide, which antagonizes Bcl-2 and Bcl-w in addition to Bcl-xL,
depolarized mitochondria at 10uM strongly only in the MDA-MB-231 cell line. (D) Combined
administration of 0.05uM Bad-BH3 peptide with MS-1 peptide as in (A) depolarized mitochondria
more strongly. Shown are the mean of at least three independent experiments (Error bars SD).

Finally, we simulated our dual siRNA results by co-administering the MS-1 peptide and a
sub-E10 dose (50 nM) of Bad-BH3, a concentration chosen to clearly demonstrate the synergistic

effect of co-dosing. In agreement with our previous results, the mitochondria depolarization
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increased compared to MS-1 peptide alone for the three Mcl-1 independent cell lines tested. The
change in polarization for MDA-MB-453 exceeds that expected from our dual siRNA experiments,
presumably due to the expanded binding profile of Bad-BH3. Not surprisingly, increasing the
concentration of Bad-BH3 peptide to 1 uM further sensitized these cell lines to MS-1 peptide

(data not shown).

4.2.8 Mcl-1 sequesters more Bim than Bcl-xL in Mcl-1 dependent cell lines

Results from the BH3-profiling experiments suggest that Bcl-xL is failing to significantly
protect these TNBC cells from apoptosis. To investigate the mechanism, we first considered
whether Bcl-xL was not efficiently trafficking to the mitochondria; however, the mitochondrial
fraction of Bcl-xL is actually higher than that of Mcl-1 (Figure 4-29A). Similarly, Bcl-xL
phosphorylation at Serine 62 blocks BH3-domain binding, but no phosphorylation at this residue
were noted (Figure 4-29A).3% Nevertheless, it is still possible that Mcl-1 is sequestering a larger
percentage of pro-apoptotic proteins. To investigate this possibility, we immunoprecipitated
Mcl-1 from the sensitive cell line H929 and ran a western blot. The fraction of Noxa which was
pulled down with Mcl-1 is equivalent to the fraction in the input, indicating that all the Noxa in
the cell is sequestered by Mcl-1 (as expected). Similarly, the ratio of Mcl-1/Bim is similar between
the two fractions, indicating again that Mcl-1 is sequestering a majority of the Bim in this cell line.
Thus, Bcl-xL plays only a minority role in sequestering pro-apoptotic Bim protein (Figure 4-29C-
D). To directly answer this question, we immunoprecipitated Mcl-1, Bcl-xL, and Bim, and probed
for each protein in a western blot. As expected, Mcl-1 and Bim reciprocally co-

immunoprecipitated together, but Bcl-xL does not immunoprecipitate with Bim (Figure 4-29E).
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These data suggest that the H929 cell line does not depend on Bcl-xL for survival despite
expressing the protein. To directly test this hypothesis, we dosed H929 cells with the specific Bcl-
XL inhibitor WEHI-539 and observed no mitochondrial depolarization or reduction in viability,

while the Bim and MS-1 peptides powerfully depolarized the mitochondria.
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Figure 4-29: Mcl-1, but not Bcl-xL, primarily sequesters mitochondrial Bim

(A) Bcl-xL is efficiently trafficked to the mitochondria. Bcl-xL is clearly evident in western blot of
isolated mitochondrial fractions, and the ratio of Bcl-xL to Mcl-1 is actually higher on the
mitochondria than in total lysate, indicating that a higher percentage of Bcl-xL is mitochondrial-
bound. (B) Bcl-xL is not inactivated by phosphorylation at Serine 62. (C-D) Mcl-1 is complexed
with nearly all of the Noxa, and 2/3 of the Bim, in H929 cells (an Mcl-1 dependent cell line). (E)
Mcl-1 is co-immunoprecipitated with Bim, and Bim co-immunoprecipitates with Mcl-1, but Bcl-
xL is not capable of pulling down Bim. (F) As predicted, H929 cells are resistant to the Bcl-xL
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inhibitor WEHI-539 in this mitochondria depolarization assay, but is highly responsive to the Mcl-
1 specific peptide MS-1 and pan-inhibitor Bim.

4.2.9 Mcl-1 knockdown overcomes resistance to Bcl-xL small-molecule inhibitors

Because cell lines in our TNBC panel are largely resistant to Bcl-xL silencing, we reasoned
these lines might also be resistant to the Bcl-xL specific small-molecule inhibitor WEHI-539,2%
and that co-dosing with Mcl-1 knockdown might synergistically reduce viability. To test this
hypothesis, we measured the viability ICso for WEHI-539 during concurrent treatment by NSC or
Mcl-1 siRNA (Figure 4-30A). ICso values for NSC-treated cells are in the low micromolar range,
indicating that these cells are not highly sensitive based on the potency observed for other Bcl-2
family inhibitors.3®! However, in combination with Mcl-1 knockdown, compound potency
improves markedly across the panel, such as the 15-fold improvement for MDA-MB-157 cells
(Figure 4-30B). We next tested whether Bcl-2 is an important survival factor by repeating the
above experiment using the Bcl-2 specific inhibitor ABT-199.3%2 Cells were insensitive to
compound alone or in combination with Mcl-1 siRNA (Figure 4-30C,D). Finally, we repeated this
experiment with ABT-263, a Bcl-2 and Bcl-xL dual inhibitor (Figure 4-30C, ref 30). As seen with
WEHI-539, cells were largely resistant to compound alone but were extremely sensitive to
combination with Mcl-1 silencing (Figure 4-30E-F). In summary, the Bcl-xL inhibitors ABT-263 and
WEHI-539, but not the selective Bcl-2 inhibitor ABT-199, have an additive effect with Mcl-1

knockdown to reduce cell viability in these cell lines.
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Figure 4-30: Bcl-2 and Bcl-xL inhibitors in combination with Mcl-1 silencing

Cells were treated with NSC or Mcl-1 siRNA, then dosed with compound to measure ICso. (A) The
observed ICsp of the selective Bcl-xL inhibitor WEHI-539 is reduced dramatically across the panel
when Mcl-1 is knocked out compared to NSC control. (B) Representative dose-response curves
in MDA-MB-157 cells treated with WEHI-539. In contrast, cells remained resistant to ABT-199 (a
Bcl-2 selective inhibitor) irrespective of Mcl-1 knockdown across the panel (C) and exemplified in
MDA-MB-157 cells (D). (E) Cell lines are also resistant to dual inhibition of Bcl-xL and Bcl-2 by the
inhibitor ABT-263 when dosed with NSC siRNA, but co-dosing ABT-263 with Mcl-1 siRNA
decreases compound ICso similar to that observed with WEHI-539. Representative curves for
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MDA-MB-157 are shown in F. Shown are the mean of at least two independent experiments
(Error bars SEM).

4.2.10 MCI-1 inhibitors powerfully synergize with Bcl-2 family inhibition

We next sought to expand these studies by examining co-dosing studies with a specific
Mcl-1 small-molecule inhibitor and ABT-263. The ECs to activate caspase 3/7 improved markedly
with co-administration of increasing doses of ABT-263 with VU0659158 in H929 cells, while co-
administration of ABT-263 sensitized the Mcl-1 insensitive K562 cell line to Mcl-1 inhibition
(Figure 4-31A-B). These results are consistent with our above findings, as well as the literature
implicating Mcl-1 as a resistance factor for Bcl-xL and Bcl-2 inhibitors. The interaction between
Mcl-1 and Bcl-xL/Bcl-2 inhibitors is extremely synergistic with a combination index of less than

0.1.308
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Figure 4-31: Mcl-1 inhibitors powerfully synergize with Bcl-2/Bcl-xL inhibitor ABT-263

Mcl-1 inhibitor VU0659158 was dosed at a fixed concentration of ABT-263 in H929 cells (A) or
K562 cells (B) and the level of caspase 3/7 activity was measured with Caspase-Glo. Consistent
with siRNA-based results, co-dosing a Bcl-xL/Bcl-2 inhibitor improved the activity of Mcl-1
inhibitor. (C) The interaction of VU0659158 with ABT-263 is highly synergistic with Combination
Index (Cl) less than 0.1. Fa; fraction active.

4.2.11 Bcl-2 family member mRNA or protein levels do not predict Mcl-1 dependency

Our siRNA, compound treatment, and BH3 profiling experiments all suggest a critical role for
Mcl-1 to protect a subset of TNBC lines from apoptosis. Moreover, Mcl-1 has been shown to
sequester a larger fraction of pro-apoptotic proteins than Bcl-xL in some cell lines. However, the
determinants of this effect are not clear, nor was it clear why some (but not all) lines depended
on Mcl-1 for survival. We found no correlation between mRNA expression and cell viability in
these TNBC lines for Bcl-2 family members Mcl-1, Bcl-xL, Noxa, Bim, Bax, Bak, and Bax (Figure

4-32). Since steady-state protein expression might vary significantly from mRNA levels, we
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additionally profiled each cell line by western blot (Figure 4-33) As expected, expression differed
among the cell lines, particularly the levels of the BH3-only proteins Noxa and Bim as well as the
anti-apoptotic proteins Bcl-2, Mcl-1, Bcl-xL. We found no significant correlation between Mcl-1
sensitivity and protein expression for anti-apoptotic Mcl-1, Bcl-xL, and Bcl-2 (Figure 4-34A-C), nor
for the expression of BH3-only proteins Bim and Noxa (Figure 4-34D, E). Expression of pro-
apoptotic executioner proteins Bak and Bax weakly correlated with Mcl-1 dependency, with an
R2 of 0.35 and 0.44, respectively (p<0.05) (Figure 4-34F-G). Together, expression of single proteins

at best only weakly correlates with Mcl-1 dependency.
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Figure 4-32: mRNA expression levels do not correlate with MCL-1 sensitivity

(A-G) mRNA expression levels for MCL1, BCL1L1 (Bcl-xL), BCL2, PMAIP1 (Noxa), BCL2L11 (Bim),
BAK1, and BAX from the Broad-Novartis Cancer Cell Line Encyclopedia (CCLE) were examined for
correlation with cell viability after Mcl-1 knockdown using linear regression. In each case, no
statistically significant correlation was observed.
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Figure 4-33: Bcl-2 family protein expression levels in the TNBC cell line panel
Equal amount (18ug) of cell lysate was analyzed by western blot and probed for the indicated
protein, with Tubulin as a loading control.
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Figure 4-34: Bcl-2 family protein expression does not strongly correlate with Mcl-1 sensitivity
(A-E) Tubulin-normalized protein expression levels for Mcl-1, Bcl-xL, Bcl-2, Noxa, and Bim do not
significantly correlate with cell viability after Mcl-1 knockdown. (F-G) Expression of executioner
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Bcl-2 family protein Bak and Bax correlates with Mcl-1 sensitivity with an R? of 0.34 and 0.44,
respectively (p<0.05).

4.2.12 A combined index of Bcl-2 family proteins better predicts Mcl-1 dependency

Since Bcl-2 proteins work in concert to regulate apoptosis, a more holistic approach for
predicting survival dependency on Mcl-1 should include multiple protein expression levels. Using
a multiple linear regression (1) where y is cell viability after Mcl-1 knockdown and [protein] is the
protein expression normalized to Tubulin from the western blot analysis, we used a least squares
fit of equation 1 to obtain the constant factors b and mi-s. Mcl-1 and Bcl-xL were included due to
their role in singly or dually protecting the cell from apoptosis, as seen in Figures 1 and 2. Bak
was chosen due to its mechanistic function to depolarize the mitochondria after Mcl-1 and Bcl-
xL are antagonized and its significant correlation with Mcl-1 sensitivity in Figure 5. Bim and Noxa

are important general and Mcl-1 specific antagonizing BH3-only proteins, respectively.

y =b + mi*[Mcl-1] + m2*[Bcl-xL] + ms*[Noxal+ ms*[Bim] + ms*[Bak] 1

y =31.3 + 76.4*[Mcl-1] + 89.9*[Bcl-xL] + 336[Noxa] - 104*[Bim] - 230*[Bak] 2

Using this equation, we predicted Mcl-1 sensitivity for each cell line and plotted it against
the experimentally determined viability (Figure 4-35A). The resulting fit has an R? of 0.71
(p<0.001). To identify the relative importance of each protein in the equation, we recalculated
by singly removing each factor (Figure 4-36A-E). Removing Bak had the largest effect on R?,

followed by Bcl-xL, Bim, Mcl-1, and Noxa respectively, which is consistent with our single-linear
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regression showing Bak as the strongest individual predictor of sensitivity among these five
proteins. We further tested this equation by replacing the least significant contributor (Noxa)

with Bcl-2, but the quality of the fit decreased (Figure 4-36F).
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Figure 4-35: A combined index predicts sensitivity to Mcl-1 knockdown

(A) Multiple linear regression was used to fit Mcl-1, Bcl-xL, Bim, Bak, and Noxa protein expression
to predict cell viability after Mcl-1 knockdown; the fit is plotted against experimental viability and
a least-squares-fit linear regression line is drawn (R?=0.71, p<0.0001). (B) Using mRNA expression
values results in a weaker, but still significant, overall fit (R?=0.54, p<0.001). (C) Using this mRNA-
derived index, we predicted Mcl-1 sensitivity in a panel of nine non-small-cell lung cancer cell
lines, and compared those numbers to experimentally-determined viability after silencing Mcl-1
expression. (D) Grouping cell lines by subtype indicates that Basal A significantly correlates with
Mcl-1 sensitivity, while Basal B subtyped cell lines are Mcl-1 insensitive (two-tailed t-test,
p<0.0004, error bars SD).
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Figure 4-36: Bak most heavily contributes to the prediction algorithm

(A-E) Individual proteins were removed from the viability index to ascertain their influence on
the goodness-of-fit. Bak has the most significant contribution, followed by Bcl-xL, Bim, Mcl-1, and
Noxa, respectively. (F) Including the anti-apoptotic protein Bcl-2 in the multiple linear regression
rather than Noxa does not improve the fit for our TNBC cell lines.
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Coefficients depend on the protein’s importance to predict viability and on the quantified
western blot band intensity (e.g. the low-intensity Noxa bands result in a large coefficient).
Therefore, this equation is highly dependent on uniform band staining between experiments,
and necessitates a loading control to standardize results obtained under different conditions.
Normalized mRNA expression is another metric that is often used as a surrogate for protein
expression and is available for a large number of cancer cell lines in public databases (such as the
CCLE), allowing rapid identification of more potentially sensitive cell lines for additional study.
We tested whether mRNA levels predicted cell line sensitivity (Figure 4-35B). Although the
goodness-of-fit and the slope both decreased, the overall R? was significant at 0.54 (p<0.001)

(Equation 3).

y =675-52.5%[Mcl-1] + 22.6*[Bcl-xL] + 6.27[Noxa] + 0.158*[Bim] — 46.0*[Bak] 3

We next tested whether the coefficients derived from TNBC cell lines would have
predictive value in other cancer types. We silenced Mcl-1 expression in a panel of non-small cell
lung cancer cell lines and compared their experimental viability to predictions based on equation
3. The equation correctly forecasted the dependency of seven out of the nine tested, including
the identification of H23 and HCC78 as very sensitive and H358 and H727 as insensitive (Figure
4-35C). The equation incorrectly classified two cell lines as sensitive that the siRNA data revealed
as insensitive. We then expanded our prediction across the entire CCLE dataset (Figure 4-37). As
expected, we see a wide distribution of Mcl-1 sensitivities. The predicted most sensitive line is

H929, which we identified in Figure 4-37 to be almost exclusively Mcl-1 dependent.
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Figure 4-37: Prediction of Mcl-1 dependency in the CCLE

Mcl-1 dependency was predicted for each for each of 1,033 cell lines in the Broad-Novartis Cancer
Cell Line Encyclopedia. Cell lines are ranked in order of most-to-least Mcl-1 dependent. Shown
are the predicted viability in a five-day proliferation experiment if Mcl-1 was completely
inhibited, with negative numbers indicating a loss of initial cells.

Finally, we examined whether Mcl-1 sensitive cell lines segregate to a particular subtype
of TNBC. In confirmation of a previous report,?*® we found that Mcl-1 sensitivity correlates with
the Basal ATNBC subtype as defined by Neve et al,>°* while the Basal B subtype is resistant (Figure

4-35D).

4.3 Discussion

Cancer cells often protect themselves from programmed cell death by upregulating anti-
apoptotic members of the Bcl-2 protein family, or conversely, by reducing the expression of pro-
death family members. Pharmacologically removing this apoptotic block can restore apoptosis
and provides a useful therapeutic approach for treating tumors.3°! During my work as a graduate
student at Vanderbilt, | helped to discover small molecules that specifically impair the anti-
apoptotic function of Mcl-1 and cause cell death in multiple cancers, including TNBCs.
Development of robust biochemical assays capable of measuring picomolar-affinity compounds

was crucial for Mcl-1 drug discovery, without which no SAR would be revealed to guide
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compound synthesis. The fluorescence polarization anisotropy assay developed with the Bim6
probe permitted measurements of compound affinity down to 200pM. The BH3 profiling assay
accurately measured the Mcl-1 dependency of a panel of cell lines, and enabled us to select those
lines most heavily dependent on Mcl-1 to investigate for on-target reductions in viability and
activation of caspases. BH3 profiling also revealed cell lines that were completely independent
of Mcl-1 for survival, which allowed us to measure off-target apoptotic toxicity for program
compounds. In addition, the mitochondrial depolarization assay, co-immunoprecipitation, and
proximity ligation assays allowed us to directly measure the ability of program compounds to
induce disruption of the mitochondrial outer membrane and disruption of Mcl-1/Noxa, Mcl-
1/Bim, or Mcl-1/Bak interactions (Figure 4-38). These assays were critical to guide compound
synthesis, and have enabled the development of compounds with on-target cellular activity to
disrupt Mcl-1/Noxa complexes, activate caspases, and reduce cell proliferation. Some of these
compounds, like the exemplified compound VU0659158, have progressed to in vivo testing, while
more recently synthesized compounds in the Fesik group have significantly improved binding

affinities and in-cell activity compared to these exemplified compounds.
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Figure 4-38: Mcl-1 program compound progression chart
All assays depicted in this figure (except Caspase 3/7 activation) were introduced and optimized
by this author.

The protein(s) responsible for apoptotic protection can differ for individual tumors and
cell lines and have important implications on the choice of treatment. Prior to these studies, it
was unclear whether TNBC significantly relied upon Mcl-1 for survival. We found that a significant
fraction of TNBC cell lines (41%) are dependent upon Mcl-1 for survival, as evidenced by
dramatically reduced viability after Mcl-1 protein knockdown, Caspase 3/7 activation, Annexin V
staining, and mitochondrial depolarization by an Mcl-1-specific peptide. In contrast, silencing Bcl-
xL had only a modest effect in the TNBC cell lines examined. Strikingly, co-silencing both produced
significantly increased cell death and reduced viability in the majority of cell lines, even those
that were resistant to silencing either protein individually. These data have been further
confirmed by other groups in breast cancer cell lines, including TNBC.%°2

Consistent with these results, the Bcl-xL inhibitor WEHI-539 was largely ineffective when

used alone against TNBC cells lines, but potently killed cells in combination with Mcl-1
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knockdown. Similarly, the dual Bcl-2 and Bcl-xL inhibitor ABT-263 was only mildly cytotoxic when
used alone, indicating that Bcl-2 and Bcl-xL combined inhibition do not reduce viability, but in
combination with Mcl-1 silencing is strongly cytotoxic. These results suggest that inhibition of
Mcl-1 in TNBC could re-sensitize tumors following acquired resistance to Bcl-2 family
chemotherapeutics, as is seen in other cancer types.?38239:305

We next sought to understand why some (but not all) cell lines responded to Mcl-1
knockdown. Each cell line in this TNBC panel expresses the executioner proteins Bak, Bax, and
BH3-only proteins, and their mitochondria depolarizes in response to Bim. These data suggest
that intrinsic-pathway apoptotic blockade is due to antagonism by high levels of anti-apoptotic
proteins (e.g. Mcl-1, Bcl-xL, etc).3%® While alternate routes exist to block apoptosis without
affecting Bcl-2 family proteins on the mitochondrion (such as by upregulating Inhibitors of
Apoptosis proteins (IAPs), or by blocking BH3-only protein activation), the sensitivity of most cell
lines to single Mcl-1, or combined Mcl-1 and Bcl-xL knockdown, suggests that these other
mechanisms are underutilized. We observed high (albeit varied) levels of Mcl-1 and Bcl-xL and
low levels of Bcl-2 protein expression across the TNBC cell line panel. While expression of a
particular anti-apoptotic protein does not necessarily indicate a cell is dependent on it for
survival,1314 significant expression is likely a necessary precondition for the protein to be an
important sensor of cell death stimuli and thus a viable target for therapeutic manipulation.
Indeed, all Mcl-1, Bcl-xL, or dually sensitive cell lines expressed the requisite protein(s).
Additionally, Bak and Bax protein levels significantly (albeit weakly) correlated with reduced
viability after Mcl-1 knockdown, indicating their central importance to execute mitochondrial

depolarization when anti-apoptotic Bcl-2 family antagonism is removed.
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Cancer cells differ not just in the absolute expression levels of anti-apoptotic proteins, but
also in their extent of pro-apoptotic protein activation. A cell line or tumor with higher pro-
apoptotic activation is more “primed for death” and will require more anti-apoptotic proteins to
survive.3% Therefore, it is not surprising that we saw no correlation of Mcl-1 protein or mRNA
with Mcl-1 dependency because these fail to account for differences in cellular pro-apoptotic
potential. Likewise, the extent of unbound anti-apoptotic proteins is also an important criteria to
predict dependency. Over 40% of tested lines responded to Mcl-1 knockdown alone, but most of
the insensitive lines required combined Mcl-1 and Bcl-xL knockdown to die, suggesting that these
lines express additional anti-apoptotic proteins sufficient to sequester any released pro-
apoptotic factors after Mcl-1 loss.?”*

Interestingly, knockdown of Bcl-xL alone had relatively little effect compared to Mcl-1
knockdown. While the two proteins have unique specificities for BH3-only proteins (e.g. Mcl-1
can bind Noxa but Bcl-xL can bind Bad), their overall anti-apoptotic mechanisms are similar. This
discrepancy has been observed in other cancer types as well, including acute myeloid leukemia3%”
and estrogen receptor positive breast cancer.’? The Bad-BH3 peptide, which antagonizes Bcl-2,
Bcl-w, and Bcl-xL, depolarized mitochondria to a lesser extent than the Mcl-1 specific peptide.
This suggests that in these cell lines the pool of Bcl-2, Bcl-w and Bcl-xL contributes marginally
compared to Mcl-1 in protection against apoptotic induction. Perhaps Mcl-1 more actively
sequesters pro-apoptotic proteins, with the bulk of Bcl-xL prevented from blocking apoptosis by
localization or inactivation.

Because of these complications, we are unsurprised to find several previously published

multi-protein indexes for predicting response to Bcl-2 family inhibitors.2>%3% Qur data suggests
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that an additional metric for predicting dependency on a particular anti-apoptotic protein will
consider the relative amounts of both pro- and anti-apoptotic proteins. We found that an index
of five proteins (Mcl-1, Bcl-xL, Bim, Bak, and Noxa) could highly predict Mcl-1 sensitivity with an
R?of 0.71. Since these predictions were based on in vitro experiments, their performance in vivo
with complicating factors such as stroma and the associated microenvironment deserves further
study.

Including Bcl-2 in the index did not improve our viability predictions in TNBC. The TNBC
cell lines tested cells were resistant to the Bcl-2 specific inhibitor ABT-199 alone or in combination
with Mcl-1 silencing, which suggests that Bcl-2 provides little anti-apoptotic protection in these
cell lines. However, including Bcl-2 might make the equation more broadly applicable to other
cancer types that do heavily rely on Bcl-2 to protect against apoptosis during Mcl-1 loss.

Our results suggest that a BH3-mimetic capable of inhibiting Mcl-1 interactions might
prove efficacious as a single-agent therapeutic in some TNBC tumors; whereas, single-agent
inhibition of Bcl-2 or Bcl-xL may be largely ineffective. In other TNBC tumors, combination
therapy may be required. The highly significant correlation of Basal A subtype status to Mcl-1
dependency in these cell lines should be further investigated using patient-derived samples, and
could prove to be an effective biomarker for clinical breast cancer patient selection. In other
cancer types, an analysis of the protein or mRNA levels of Bcl-2 family members (e.g. Mcl-1, Bcl-
xL, Bak, and Bim) may be useful in a multi-factorial expression as shown here to mechanistically
predict which tumors are likely to respond to an Mcl-1 inhibitor across different tumor types.

The finding that Mcl-1 and Bcl-xL/Bcl-2 inhibition is powerfully synergistic suggests several

intriguing possibilities. First, co-administration would improve the efficacy of an Mcl-1 inhibitor,
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and may expand the number of tumors sensitive to an Mcl-1-targeting therapeutic. More
excitingly, co-administering an Mcl-1 inhibitor with Bcl-xL inhibition may lower the efficacious
threshold for Bcl-xL inhibition below the toxicity threshold for inducing thrombocytopenia (in
humans, around 2-4uM of ABT-263). Simultaneous inhibition of Bcl-2, Bcl-xL, and Bcl-w by ABT-
263 is tolerated by healthy cells at low micromolar concentrations; whether the addition of Mcl-
1 inhibitors can be tolerated at sufficient concentrations to achieve a positive therapeutic
outcome remains unexplored

In sum, the body of work in this Chapter was crucial to the discovery of specific and potent
Mcl-1 inhibitors. Moreover, these data suggest criteria to select cancer types and patients with

tumors that will most highly respond to an Mcl-1 inhibitor.

4.4 Methods

Cell lines & culture conditions

Cell lines were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA)
except for Cal148 (obtained Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) and Sum149PT (obtained from Asterand, Detroit, MI, USA). Cells were

cultured in recommended media.

Protein knockdown & cell viability
Protein expression was silenced using small-interfering RNA (siRNA). On-targetPLUS motifs
specific to the 3’-UTR or ORF for Mcl-1 and Bcl-xL were obtained from Dharmacon (Thermo

Scientific, Waltham, MA, USA). Cells were plated in antibiotic-free medium at 5000 cells/well in

156



a 96-well plate. After 24 hours, medium was replaced with siRNA-containing medium consisting
of 0.01% Dharmafect | transfection reagent and 25 nM siRNA sequence specific to the target or
non-silencing control (NSC) motif. Control wells received normal media. Cell viability was
measured after five days using Cell Titer-Glo (Promega, Fitchburg, WI, USA), a fluorescent assay
that produces signal corresponding to ATP concentration (a proxy for cell count). Signal was
measured on the Spectramax M5 plate reader (Molecular Devices, Sunnyvale, CA, USA) averaged
over five replicate wells. Conditions were optimized such that cell viability was reduced by the
non-silencing control siRNA by no more than 30%, and protein knockdown was verified by

western blot analysis using lysates collected at the conclusion of the experiment.

Flow Cytometry
Cells were plated in a 6-well dish at 100,000 cells/well. Non-silencing or Mcl-1 siRNA were dosed
for 24 hours before collection and staining with fluorescein isothiocyanate conjugates of annexin

V and propidium iodide (Life Technologies) and analyzed on a 5 Laser LSRII (BD Biosciences).

Western Blotting

Cell lysates were collected in RIPA buffer. Equal amount of lysate (18ug) was boiled in SDS protein
loading buffer supplemented with 10mM DTT, separated by SDS-PAGE, transferred to
Immobilon-FL PVDF membrane (Millipore, Billerica, MA, USA), and blotted for indicated protein.
Antibodies for Mcl-1 (Y37), Bcl-xL (E18) obtained from Abcam (Cambridge, UK); Bcl-2 (50E3), Bak
and Bax from Cell Signaling Technologies (Danvers, MA, USA); Bim (H-191) and Bad (C-7) from

Santa Cruz Biotechnology (Dallas, TX, USA); Noxa and a-Tubulin (DM1A) from Millipore. Each was
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used at a 1:1000 dilution. Blots were probed with species-appropriate IRDye-conjugated
secondary antibodies (Licor, Lincoln, NE, USA) at 1:20,000 dilution and measured on the Licor

Odyssey system. Quantification performed on the Licor Image Studio.

BH3 profiling

Synthetic peptides were ordered from Genscript. Sequences are as previously described for MS-
1,2°8 Bim-BH3 and Bad-BH3.2°® BH3 profiling was conducted and analyzed as described.?%
Fluorescence was measured on a Biotek Cytation 3 after 1.5 hours. DMSO control was used for
zero depolarization, and FCCP at 20uM was used for 100% depolarization. Normalized percent
polarization is calculated as (Sample-FCCP)/(DMSO-FCCP). Compounds were run similarly and

typically were conducted as 10-point, 3-fold dilution series.

Mcl-1 knockdown combination studies

Cells were plated in antibiotic free medium to a final count of 1000 cells/well in a 96-well plate
and left for 24 hours. Non-silencing control or Mcl-1 siRNA were added as described above. After
two days, compounds ABT-263, ABT-199, or WEHI-539 (SelleckChem, Houston, TX, USA) were
added in ten-point, three-fold serial dilutions to a final DMSO concentration of 0.5%. Cell viability
was quantified on day 5 by Cell Titer-Glo and read on the Spectramax M5 plate reader. Results

shown are the average of two or more independent experiments.

Compound studies
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Cells were plated in antibiotic free medium to a final count of 1000 cells/well in a 96-well plate
and left for 24 hours. Compounds were plated in a ten-point, 3-fold dilution pattern with a final
DMSO concentration of 0.5%. Three days after compound addition, cell viability or caspase
activation was measured by addition of Cell Titer-Glo or Caspase-Glo (Promega) and read on the

Biotek Cytation 3 plate reader.

mRNA expression data
Robust Multi-array Average-normalized mRNA expression data for each cell line (excluding
Sum149, for which data was not available) was obtained from the Broad-Novartis Cancer Cell

Line Encyclopedia (CCLE), available at http://www.broadinstitute.org/ccle.

Regression analysis
Linear regression and statistical analysis was performed in Prism (Graphpad Software, La Jolla,
CA, USA). Multiple linear regression was performed using the LINEST function in Microsoft Excel

2010 (Redmond, WA, USA).

Fluorescence Polarization Anisotropy competition assays

Fluorescein isothiocyanate (FITC)-labeled FITC-Bak-BH3 peptide (FITC-AHx-GQVGRQLAIIGDDINR-
NH2) were purchased from GenScript and used without further purification. FPA measurements
were carried out in 384-well, black, flat-bottom plates (Greiner Bio-One) using the Cytation 3
plate reader (Biotek). All assays were conducted in assay buffer containing 20 mM TRIS pH 7.5,

50 mM NaCl, 3 mM DTT, and 5% final DMSO concentration for the FPA/Bak assay. To measure
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inhibition of the FITC-Bak-BH3 interaction with Bcl-2 family members, 10nM FITC-Bak-BH3
peptide was incubated with 15 nM Mocl-1. For ICso determination, compounds were diluted in
DMSO in a 10-point, 3-fold serial dilution scheme, added to assay plates, and incubated for 1.5
hours at room temperature. The change in anisotropy was measured and used to calculate an
ICso (inhibitor concentration at which 50% of bound peptide is displaced), by fitting the inhibition
data using XLFit software (Guildford, UK), to a single-site binding model. This was converted into
a binding dissociation constant (Kp) according to the formula®°:
Ko = [11s0/([L]s0/KoPeP + [P]o/KpPeP + 1)

where [l]s0 is the concentration of the free inhibitor at 50% inhibition, [L]so is the concentration
of the free labeled ligand at 50% inhibition, [P]o is the concentration of the free protein at 0%

inhibition and KpP®P represents the dissociation constant of the FITC-labeled peptide probe.

A FITC-labeled peptide derived from the Bim-BH3 sequence (FITC-Bim6, FITC-AHx-
EARIAQELRRIGDEFNETYTR-NH2) was similarly ordered from Genscript and used without further
purification. Competition binding assays were conducted as described above for FPA/Bak, with
the following modifications: 1nM FITC-Bim6 peptide and 1.5nM Mcl-1 protein were used, and

final DMSO concentration was kept to 1%.

Biotin streptavidin pull-down experiment
Human chronic myelogenous leukemia K562 cells were grown in RPMI-8226 complete media,
lysed in NP-40 buffer (150mM NaCl, 1% NP-40, 50mM Tris, pH 8.0), cleared by centrifugation,

and incubated with indicated concentrations of compound or Bim-BH3 peptide (FITC-Ahx-
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EARIAQELRRIGDEFNETYTR, Genscript) for 60 minutes at room temperature. Separately,
Dynabeads M-280 streptavidin conjugated beads (Life Technologies) were incubated with
biotin-Ahx-MS-1, an Mcl-1 specific peptide, for 30 minutes and washed four times with PBS plus
0.01% TWEEN-20. The loaded beads were then incubated with lysate at room temperature for
ten minutes, washed twice, boiled in SDS-PAGE loading buffer, and analyzed by Western blot

(Licor Odyssey) with an Mcl-1 specific antibody (Y37, Abcam).

Whole-cell Pull-down experiment

Human multiple myeloma H929 cells were grown in RPMI-8226 complete media with 10%
serum and incubated with the indicated concentration of compound for indicated time. Cells
were then collected, lysed in NP-40 buffer (150mM NaCl, 1% NP-40, 50mM Tris, pH 8.0) plus
TWEEN-20 at 0.1%, and cleared by centrifugation. Seperately, Protein-G Dynabeads (Life
Technology) were incubated with Mcl-1 S-19 antibody (Santa Cruz) for 10 minutes at room
temperature, cross-linked with 5mM BS3 for 30 minutes, quenched with Tris-HCL for 15 minutes,
and finally washed in NP-40 buffer. The collected cell lysate was then added to the washed
beads and incubated for 10 minutes at room temperature, washed, and finally
collected in in SDS-PAGE loading buffer and heated at 70C for ten minutes. The samples were
analyzed by Western blot (Licor Odyssey) and probed with an Mcl-1 specific antibody (Y37,

Abcam), Noxa-specific antibody (Calbiochem), or Bim-specific antibody (Y36, Abcam).
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Proximity Ligation Assay (PLA)

The PLA assay was conducted using the Duolink In Situ reagent kit from Sigma, which includes
pre-made solutions of Antibody Diluent, Wash Buffer A and B, and Blocking Buffer, as well as all
ligation, amplification, and antibodies required to recognize the primary antibodies supplied by
the user. Cells were plated in a clear bottom black Griner 384 well plates at 25,000 cells/well
twenty-four hours prior to the start of the experiment. Cells were then treated with compound
or DMSO control for 90 minutes, washed with PBS, fixed with 1% formaldehyde for 10 minutes,
and permeabilized with 0.1% Triton X-100 for 5 minutes. Cells were then washed twice with PBS
and incubated with 1x Blocking Buffer at 37°C for 30 minutes. Primary antibodies for rabbit Mcl-
1 (S-19) and goat Bim (M-20) (Santa Cruz) were diluted 1:50 in 1x Antibody Diluent and incubated
with shaking for 4 hours at room temperature. Cells were then washed twice with Wash Buffer
A and incubated for 1 hour at 37°C with a 1:5 dilution of anti-Goat (plus) and anti-Rabbit (minus)
PLA probes in Antibody Diluent. For the ligation reaction, the plate was washed twice in 1x Wash
Buffer A for 5 minutes and incubated with 1x Ligation Stock and a 1:40 dilution of ligase for 30
minutes at 37°C and washed twice in 1x Wash Buffer A. For the amplification stage, Amplification
Stock was diluted to 1x in water, supplemented with 1:80 dilution of polymerase, and incubated
with cells for 100min at 37°C. Wells were finally washed twice with 1x Wash Buffer B for 10
minutes, then finally with 0.01x Wash Buffer B for 1 minute. To stain with DAPI, NucBlue Fixed
Cell Stain (Life Technologies) was diluted to manufacturer’s recommendations (2 drops/1mL) and
added to each well for 5 minutes. Cells were then washed twice with PBS and filled to a final
volume of 40ulL PBS. Plates were read on the ImageXpress Micro XLS Widefield High-Content

Analysis System (Molecular Devices) in the Vanderbilt University High-Throughput Screening
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Core. Data analysis was conducted on the manufacturers imaging software by algorithmically
determining the average stain intensity of each cell. Negative control wells (those lacking one of

the primary antibodies) were used as negative controls to indicate background fluorescence.
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Chapter 5

General conclusions

Despite remarkable advancements in cancer therapy in the last half century, malignant
carcinomas remain the second largest cause of death in the United States.! Significant
improvements in our basic understanding of cancer initiation and progression have led to
testable hypotheses regarding which proteins may be irrevocably depended upon by these
cancer cells for survival, but which are dispensable in healthy tissues. “Targeted therapeutics”
designed to inhibit these oncogenes may be more efficacious than traditional
chemotherapeutics, and may have significantly lower toxicities in non-cancerous cells as well.3

Successful targeted therapies require extensive pre-clinical validation of the protein
target. Many highly validated proteins have been identified, including K-Ras and many of its
downstream effectors, the BCR-ABL fusion oncogene, HER2/ErbB2 receptor tyrosine kinase, and
estrogen receptor-a. Inhibitors have been developed against several of these exemplified
targets, and many others, and many have achieved remarkable clinical success.

Still greater advancements in cancer therapy may be possible if small-molecule inhibitors
are developed for highly-validated protein targets for which no inhibitor currently exists.
Problematically, not all proteins are easily druggable.3%° This thesis encompasses a significant
body of work towards the discovery of new small-molecule inhibitors for three challenging
protein targets, and the further validation of these targets as suitable objects for “targeted
therapy.” The protein targets included in this dissertation include three areas in which a large
body of pre-clinical experimental evidence exists, and for which no clinically-relevant small-
molecule inhibitor had been discovered.
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Ras is one of the most highly validated targets in cancer research, yet no small-molecule
inhibitor for oncogenic Ras has yet been developed due to the extremely challenging nature of
inhibiting protein-protein interactions with the Ras surface. In this thesis, the results of a
fragment-based screen against K-Ras (G12D) in the active, GTP-bound form were disclosed. A
team at Boehringer Ingelheim is actively refining the fragments identified in this screen with a
significant chemical synthesis effort and x-ray crystallographic support. These efforts are a
significant and reasonable starting point for the discovery of bona-fide K-Ras inhibitors, and we
hope that this effort will lead to new Ras inhibitors suitable for use in humans, that the pre-
clinical observations implicating Ras as a key oncogene driving survival in human cancer will be
confirmed by dramatic responses in human patients.

Pak-1 kinase has been demonstrated to drive cancer growth and motility, notably in
breast cancer, and overexpression clinically correlates with increased tumor grade and a worse
prognosis. No Pak-1 selective inhibitor had yet been disclosed when this project began, and
engineering selectivity for Pak-1 over other Pak family kinases was predicted to be challenging.
We sought to discover a specific small-molecule inhibitor of Pak-1 and initially conducted two
fragment-based screens to identify chemical matter that bound to the Pak-1 kinase domain.
Biochemical assays, x-ray crystallographic support, and aggressive chemical modification yielded
molecules that bound to Pak-1 with 210nM affinity. We further identified methods of inducing
selectivity for Pak-1 over the closely related Pak-4 kinase. We discontinued active discovery when
several Pak-1-selective small molecules were disclosed starting in 2013 because our effort was
no longer competitive, but the availability of these inhibitors is a significant benefit to the Pak-1

kinase research field. These small-molecules have not yet achieved clinical testing, so Pak-1
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cannot be conclusively validated as a cancer target. However, all pre-clinical in vitro and in vivo
evidence with these inhibitors continues to suggest that Pak-1 inhibition, alone or in combination
with other agents, will be efficacious in select cancer types.

Finally, this thesis discloses our efforts to discover Mcl-1 inhibitors and to understand the
cancer types most addicted to this oncogene. Several biochemical and cellular assays were
developed to demonstrate inhibitor activity in multiple settings. These assays provided key
details needed by the chemists to improve the affinity and activity of these compounds. We hope
a carefully selected Mcl-1 inhibitor will be ready for IND-enabling studies in the near future.
Moreover, this thesis expands our understanding of the mechanism by which cells depend on
Mcl-1 for survival, and includes new methods to predict oncogenic dependency on Mcl-1. These
advances may help select patient populations for future clinical trials of Mcl-1 inhibitors. All
research disclosed in this thesis supports the hypothesis that a specific Mcl-1 inhibitor will be a

beneficial therapeutic in a subset of cancer types, including TNBC breast cancers.
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Appendix A

K-Ras-GTP-bound fragments identified in the fragment-based screen

Wanderbilt D Skructure Soroan SCORE “anderbilt 10 Skructure Spraan SCORE
WVUELIEAE1 Priman 3 WUDREI0E0. 2 i Priman 1
WUDGLIGA5-1 Primary 3 WUDALTSED-] Primary 2
WUDICTICE -4 Peimaiy 3 WUOALT423-1 Primaiy 2
WUD43333T.2 Primary | WUDMLELES 1 ' Primary 1
YUDI3I43E:] Arimary 3 WUDA TERS:] Arimary P
WU 32440-1 Primaing 3 WUD] T3E0-1 Primang 1
VU TOEE.2 Primanry 3 WUDITIEE] Frimanry F i
WUISATIED 1 Primaiy . WLIDHA TEE4-1 Primaiy 2
WUIGE430-1 Arimary 3 WUOAATESS 1 Primary 1
WYUI4A2E4 -1 Arimary 3 WUOA43365.1 Primary 1
WU L4571 Primray 1 WU EIES-1 Primay 2
WYUDID34T4-2 Prifmary 1 WUOAAE4 1071 Primary 1
WUDIGSEES-2 Il b Primairy z WUDA433E5-1 Primairy 2
WUD43ITT-1 I - : Primary z WUDH303 341 I Primany 2
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Vanderbilit 12 Structure Screan SCORE Vanderbilt 10 Structure Soreun SOORE
WU3I0EET-1 Primary 1 WL 35061 Primary 1
WUI303 151 Primary 1 YUI3a3423.] Primary 1
WURI11234-] Primary ] VU4 24301 Primary 1
WLIO3TITT-1 Primary 1 WUaE351]-1 Primary 1
WUGII02 341 % Frimanry z WUGI30524-1 Primary 1
VU2 IEET] Primary i WUR113E3-1 Primary 1
WU2IE0]-1 Primary b WUDT351-1 Primary 1
WUDDLTESI-2 Primary ] WUID5E515-1 :- Primary 1
WU LETS0-1 Primary 1 WU 16361 Primary 1
WULILTEE]-] | | Primary 1 WULIL 1525 ] Primary 1
VURII256E-1 Primary 1 VUL TE14-] Primary 1
WUFLAOSSE-a Primary 1 WUO10833-] Primary 1
WUOI1ESTI-] Primary 1 WUOILI35E] Primary 1
VUDODEIS4-3 Primary 1 WUDD30G24-4 Primary 1
VUL TEEI-] Primary 1 VU0 4TS5 Primary 1
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Wanderbil 10 Stnucturs Sorean SCORE Wanderbllt 10 Structurg Screan SCORE
WLID430IE-1 ; Primary 1 VUDOLEEES. 2 Counterscreen z
WUOA31338:1 Primaiy 1 VUDD1 15052 Counterscreen 3
WUDd31E4a] Primary 1 VUDA0E331-1 COUNEErsEreen ]
WUD3TI0E-] 1l Primary 1 WUDSATION-] COuUNtErscreen 1
WUIAZI07E] Arimary 1 VUDD552341-3 Counterscrecn 3
WU 20E. 2 Primany 1 WUDSS TTES: ] Counterscracn 3
YUMFLIETE-2 Arimary 1 YUDS4TIAE] CoUnteErscresn 3
WUDOS2345-2 £ Primary 1 VU4 ToSE 1 Counterscraen 3
WUDOLDEAT. 2 Primary 1 WUO043238%5.2 Counkerscreen 3
WUOA32441-1 Primaiy 1 WUOA30E40- 1 Counterscreen 3
WUIDA43437:1 Primary 1 VUDATINE] COUNEErsEreen ]
WUa42427.1 Primary 1 VUo4321435.] Counterscreen 1
WUDA4E435:1 rimary 1 WUDAATIET ] Countprscrean 3
WUIAE505-1 Primary 1 WUDESS99%.2 CounteErscrasn 1
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“anderbilt I Structure Soredan SCORE Vanderbilt 10 Structure Sorean SCORE
WUDADERTE:L Councerscroon 2 WUDAL2dES-1 Counterscreen 1
WUO412341:1 Counterscreen ) VUDAGTTE1:1 Counterscraen 1
WUDA4TIT] Counterscreen 2 VU1 I05% 1 Counkerscreen 1
WUEATE84E3 Countersereen 2 VU4 7EED 1 Counterscreen 1
WUDG33IZEE:] Counterscroon 2 WUD432441-1 Counterscroon 1
WUDagTIES:] Counterscreen z VUDaDT4EI-1 Counterscreen 1
WUD43238 T2 Counterscrecn 2 VUDA05537-1 Counterscrecn 1
WUDOE2LYT-2 Counterseraen 1 VUDo344003. 2 Caunterseraen 1
WUDE2II5:3 Councerscreen 1 WUBALITFT I Counterscreen 1
WUD412272:1 Counterscreen 1 VUD024434-2 2 Counterscraen 1
WUD113320.2 Counkerscreen 1

WUIA07525:1 Counterscreen 1

WUD417e30-1 Countersorean 1

WUDQL1292-1 Counterscreen 1

WLIGDL 550G 2 Countgrscrecn 1




Wanderbilt 10 Sbructure Sorean SCORE
WUDOLES3.5 Counterscroon a
VUD4LEIDS-1 Countersoreen a
WUDADEs TR Counterscreen x]
YUDoa5e53-2 Counterscreen a
WUDAL2E5T:1 Counterscrean a
VU1 0551 Counterscreen a
WUGLI12450.2 Counterscrecn a
WUIADETES: ] Counterscraen a
VUDOT0RE- 3 Counterscreen o
VUDanasT-1 Counterscraen a
WUD34T053-1 Countorsoresn a
WUDa0eTI3-2 Counterscracn a
VU4 7080-1 Counterscroon a
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Appendix B

Affinities measured for compounds bound to K-Ras-GTP

VU Number Compound Kd [ui) VU Numbaer Carmpound K [uhd) VU Number Carmpound Kd (ul)
YU0461459-1 178 YU0450250-1 1270 || WU0450249-1 1430
YU0453493-1 310 VU0461533-1 1270 | WU0461454-1 1430
YU0459618-1 678 VU0453647-1 1300 || VUD460184-1 1440
YU0461527-1 945 VU0459550-1 1309 || WU0452931-2 1480
YU0461493-1 959 VU0460240-1 1330 || WU0450245-1 1500
YUO460004-1 973 VU0460001-1 1331 YU0453676-1 1660
YU0461491-1 1006 YU0461448-1 1355 WU0457015-1 1900
VU0460182-1 1020 VU0450246-1 1360 || WUO207708-4 2000
YU0459907-1 1115 VU0453494-1 1360 || VU0432438-1 1300
VU0453622-1 1170 VU0460244-1 1379 WUD294685-2 l'_' [ o 400
YU0460003-1 1190 VU0461526-1 1388 || WUD448366-1 1600
YU0461477-1 - 1230 VU0461465-1 1398
YU0461467-1 1252 VU0460008-1 1400
YUO460009-1 1260 VU0461458-1 1410
VU0461485-1 1260 VU0460007-1 1420
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Structure Vanderbilt.ID Library Pak-1 Pak-4

L7 L3 m;\ib?/ VU0466177 Designed 1.70 1.35
Ul:?‘*}\_g‘b VU0467151 | Designed 3.60 2.62
o i VU0465672 | Designed 5.05 0.36
VU0466176 | Designed 6.20 2.01

-2 OF VU0467149 | Designed 8.70 3.60
S gk VU0465668 | Designed 9.60 15.86
e VU0466171 | Designed 13.10 17.20
VU0467334 | Designed 17.20 12.15

% MJ VU0467153 | Designed 19.00 5.22
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VU0466178 | Designed 22.70 4.42
Wy ¢ VU0466182 | Designed 29.90 4.86
VU0466181 | Designed 37.00
</:\z_\ . J
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