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Abstract

Pax2 is a developmental control gene that is essential for organogenesis of the
kidney and urogenital tract. Genes of this nature are generally suppressed in healthy adult
tissues. However, developmental genes and pathways are frequently reactivated in renal
diseases like cancer or polycystic kidney disease. Furthermore, following acute renal
injury, regenerating renal epithelial cells require reactivation of embryonic genes to drive
proliferation and differentiation of the new tubular cells. Throughout this thesis, knowledge
of Pax genes in renal development and disease is leveraged to generate innovative
therapeutic interventions for an assortment of kidney diseases. Using a novel reporter
cell line, that responds to Pax2 to drive transcription of luciferase, | developed an assay
compatible with high-throughput screening (HTS). An HTS campaign of 69,125 unique
small-molecules vyielded 48 molecules that negatively regulate Pax2 mediated
transcription activation and two molecules that positively regulate this process. In
collaboration with Dr. Liao from Dr. Nikolovska-Coleska’s lab, a virtual screening
campaign based on homology modeling was developed to identify small-molecules with
the potential for binding to the Pax2 DNA-binding domain. This campaign yielded 227
candidate molecules that were subsequently examined in the Pax2 reporter assay.
Following confirmation, counterscreen, and titration assays, five molecules remained.
Analogs of these molecules yielded a more potent compound, EG1. This molecule was

further characterized and shown to inhibit Pax2 DNA-binding through a direct interaction

Xi



with the paired domain. Furthermore, EG1 treatment recapitulates aspects of Pax2 loss
of function in an embryonic organ culture model system. Embryonic kidneys grown in the
presence of EG1 exhibit defects in branching morphogenesis and have gene expression
changes consistent with loss of Pax2 activity. Embryonic lungs, which undergo a Pax
independent branching morphogenesis, were unaffected by EG1. Similarly, Pax2
negative cancer cells were unaffected by EG1 treatment while Pax2 positive cancer cells
exhibited a significant decrease in viability. These findings suggest that | have identified
a bona fide small-molecule regulator of Pax2 transcription activation. Furthermore, my
findings represent an important proof of concept, demonstrating that developmental
regulatory transcription factors, like Pax2, can be targeted by small-molecules and that

doing so may provide an avenue for developing novel therapeutic approaches.
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CHAPTER 1

Introduction

Abstract

Cellular phenotypes are largely determined by the set of genes that a cell
expresses. This makes regulating transcriptional programs a vital part of cellular fate
determination. Transcriptional regulation is an intricate and tightly controlled process. It is
multifaceted and includes epigenetic processes such as DNA methylation and post-
translational modification of histone proteins. Transcription factors often provide the link
between signaling pathways and transcriptional regulation. They are DNA-binding
proteins that can provide locus specificity to complexes of proteins with the ability to
reorganize chromatin such that particular genes are expressed or silenced accordingly.
The Pax family of transcription factors represents a critical class of developmental
regulatory proteins. While Pax proteins are indispensable for a host of developmental
processes, aberrant expression of these factors often drive pathogenesis. For example,
Pax2 is essential for nephrogenesis but the persistent expression of Pax2 is implicated in
several cystic disorders of the kidney and a variety of renal cancers. Despite being
implicated in countless disease states, the Pax proteins have not been investigated as
therapeutic targets although several lines of evidence suggest that they may, in fact, be

excellent targets. Targeting tissue-specific developmental control genes represents a



unique therapeutic approach with tremendous potential for improving clinical outcomes

while reducing harmful off-target effects.



Introduction

Pax genes are critical developmental requlators and are frequently dysregqulated in cancer

The mammalian Pax gene family is a nine-member (Pax1-9) collection of
developmental regulatory gene that are expressed in a variety of tissues during
embryogenesis. The precise timing and positioning of Pax gene expression is tightly
regulated, with the majority occurring during embryonic development. However, in the
stem cell compartments of various tissues Pax gene expression continues into adulthood
where these genes contribute to stem cell maintenance and tissue regeneration [1-4].
Pax genes are intimately involved with the patterning of the developing organism and the
progressive regionalization of body tissues. These genes are frequently essential for
proper organogenesis of tissues in which they are expressed. For example, members of
the group Il subfamily (Pax2/5/8) are necessary for organogenesis of the eye, ear, kidney,
thyroid, CNS, and B lymphocytes [5-9]. Except for Pax1 and Pax9, all of the Pax genes
are involved in development and specification of the central nervous system (CNS) [2,
10]. The role of Pax genes in the CNS is beyond the scope of this thesis but is presented
elsewhere [2, 4, 11].

Development of complex organisms requires intricately coordinated methods for
defining body segmentation patterns and constructing functional tissues. These methods
utilize fundamental biological processes including proliferation, migration, apoptosis,
lineage specification, and differentiation. When executed properly these processes
synchronize to form a functional organism; however, dysregulation of these processes is

often the driving force behind diseases like cancer [12, 13]. Notably, the Pax family of



transcription factors have been implicated in regulating many of these processes and their
misregulation has been linked to an assortment of neoplasias.

The aberrant expression of Pax2 is seen in rapidly proliferating renal epithelial
cells, such as in polycystic kidney disease (PKD) [14, 15], juvenile cystic and dysplastic
diseases [16], Wilms’ tumor [17, 18], and renal cell carcinoma (RCC) [19-21]. Pax2 has
been described as a pro-survival factor that fuels proliferation and provides tumor cells
with resistance to programmed cell death. Thus, decreased Pax2 gene dosage proved
beneficial for reducing cyst formation and slowing PKD progression in mouse models [14,
15]. Moreover, following suppression of Pax2 gene expression renal cancer cell lines are
sensitized to chemotherapeutic agents, exhibit an increase in apoptosis, and have a
reduced proliferative capacity [19, 22, 23].

Pax5 is abnormally expressed in leukemias such as Hodgkin’s lymphoma, non-
Hodgkin’s lymphoma, follicular lymphoma, B-cell acute lymphoblastic leukemia (B-ALL),
and hairy cell leukemia [24]. Pax5 is the most commonly mutated gene in B-ALL [25].
The majority of these mutations result in reduced levels of functional Pax5 protein. These
findings suggest that Pax5 plays a tumor suppressor role in B-ALL. In contrast, non-
Hodgkin’s lymphomas almost universally show high levels of Pax5 expression [26, 27].
This can partially be explained by a recurrent translocation, t(9;14)(p13;932), that places
the Pax5 gene under the control of the immunoglobulin heavy-chain (IGH) enhancers
and/or promoter [28-30]. Additionally, several solid tumors exhibit Pax5 expression. A
malignant subset of neuroblastoma cells (N-type) is one such example. While Pax5
expression is not seen in the benign subset of neuroblastoma cells (S-type), inducing its

expression in these cells causes them to adopt an N-type phenotype [31]. S-type cells



expressing Pax5 show increased cell division and gain colony forming abilities whereas
knockdown of Pax5 in N-type cells significantly slows proliferation [31], suggesting that
Pax5 acts as an oncogene in tumors of this type.

Like Pax2, Pax8 is frequently expressed at high levels in cancers of the kidney [32,
33]. Pax8 is also expressed in most thyroid cancers and is associated with increased risk
of recurrence [34-36]. Additionally, an oncogenic fusion protein that results from a
chromosomal translocation, t(2;3)(q13;p35), which combines the Pax8 and peroxisome
proliferator-activated receptor gamma (PPARYy) genes, is observed in approximately 36%
of follicular thyroid carcinomas and roughly 11% of follicular thyroid adenomas [37-40].
Expression of this fusion protein is associated with amplified cell cycling, enhanced cell
growth, increased invasive potential, and reduced cell death [41, 42].

For the purposes of this thesis, | have only highlighted the subgroup Il family
members, but other Pax proteins are also implicated in oncogenesis. While the precise
role of Pax proteins in cancer continues to be investigated, the data suggests that
dysregulation of these proteins is a major component of pathogenesis. | was interested
in exploring the potential of Pax proteins as therapeutic targets. | was particularly
interested in Pax2 since the Dressler lab has acquired vast knowledge of this protein over
the past 20 plus years and has developed numerous tools for investigating Pax2 activity

in the kidney and in renal diseases that require better treatment options.

Molecularly targeted therapeutics for renal diseases are desperately needed

With up to 12.5 million individuals affected worldwide, autosomal dominant

polycystic kidney disease (ADPKD) is the most commonly inherited disorder of the kidney



[43] and one of the leading causes of end-stage renal disease [44]. ADPDK is
characterized by relentless proliferation of tubular epithelial cells. This uncontrolled
proliferation leads to the formation of cysts, progressive kidney enlargement, and
ultimately decline in kidney function. In addition to excessive proliferation, renal epithelial
cells exhibit abnormal fluid secretion, have altered cell morphology, and make
pathological interactions with the extracellular matrix [45]. Most human cases of PKD are
caused by mutations in Pkd1 or Pkd2 genes; however, there are many other juvenile and
adult onset diseases that result in renal cysts [46]. Characterization of Pkd1/2 and their
encoded Polycystin proteins identified defects in primary cilium as a major determinant
for pathology. The Hedgehog, Wnt, cCAMP, and planar cell polarity pathways are just a
few of the pathways that are known to be regulated by cilia. Yet it remains unclear how
these pathways contribute to PKD pathogenesis. One common feature of cystic epithelial
cells in the kidney is persistent overexpression of Pax2. Interestingly, decreased Pax2
gene dosage proved beneficial for reducing cyst formation and slowing PKD progression
in mouse models [14, 15]. These findings suggest that Pax2 could be a useful target for
treatment of PKD for which treatment options remain quite limited. In fact, most PKD
treatment regimens are aimed at reducing disease-associated complications such as
hypertension, cyst infection, and chronic pain in order to increase the quality of life and
extend lifespan [43]. Unfortunately, the net result of this approach is that roughly 70% of
patients with ADPKD end up requiring renal transplant therapy sometime between 40 and
70 years of age [47]. Only recently has mechanistic knowledge led to the identification of
novel targets for treatment of ADPKD. These targets include HMG-CoA reductase,

MTOR, and somatostatin receptors. Perhaps the most promising data comes from a



large randomized clinical trial in which vasopressin V2 receptor antagonism by tolvaptan
was found to slow the increase in total kidney volume and the decline in glomerular
filtration rate [48]. Tolvaptan has since been approved for ADPKD treatment in Japan.
However, the United States Food and Drug Administration raised concerns regarding 1)
total kidney volume as an established surrogate, 2) the uncertainty introduced by missing
data and a post-treatment baseline for the key secondary endpoint, and 3) the small
improvement in renal function decline [49]. While the current group of mechanistically
identified targets is encouraging, there remains a desperate need for better treatment
options.

Likewise, current treatment regimens for RCC are insufficient. Worldwide, RCC
accounts for 90% of kidney cancer cases with greater that 270,000 new patients
diagnosed and 116,00 patients succumbing to their disease each year [50]. Close to 95%
of RCCs have high levels of Pax2 expression and this expression is associated with
metastasis [19, 20, 51-53]. Until very recently, the treatment of choice for RCC was
immunotherapy using a combination of interferon alpha and interleukin-2 with high dose
interleukin-2 as the only accepted option for patients presenting with metastasis [54].
Since then, inactivation of Von Hippel-Lindau (VHL), a tumor suppressor, was found to
be present in the majority of clear cell RCCs [55]. Inactivation of VHL produces an
increase in angiogenic factors including Vascular Endothelial Growth Factor (VEGF). The
discovery of the VHL-VEGF link in these cancers revolutionized the field. Now, frontline
therapies commonly include the VEGF inhibitors sunitinib, pazopanib, or bevacizumab
[56]. While this change in treatment preference has proven benefits, rates of response

are limited, patients frequently develop resistance, and the overall long-term survival rates



have not dramatically improved. Newly emerging options for second-line therapy include
MTOR inhibitors (temsirolimus or everolimus), multi-tyrosine kinase inhibitors (sorafenib,
axitinib, or cabozantinib), and programmed cell death protein 1 (PD-1) inhibition
(nivolumab). Although each has shown benefits in phase Il trials, the median overall
survival was well below 3 years in any case [54]. The field has made tremendous progress
recently; however, additional efforts are needed to greatly improve patient outcomes.

It is evident that molecularly targeted therapies are in desperate need for
combating proliferative disorders of the kidney. Pax2 has been linked to a number of
these disorders and has been shown to be intimately involved with survival, proliferation,
and resistance to chemotherapy. Since Pax2 is a novel but well-validated target that is
expressed in a cell-type specific manner, | hypothesize that it will be an outstanding
candidate for developing targeted therapeutics against. To begin to address this need it
is imperative to know as much as possible about the proposed target so to determine how

best to attack it.

Pax genes characterized by an evolutionarily conserved DNA-binding domain known as

the paired domain

Pax proteins are sequence-specific DNA-binding proteins that predominately bind
to regulatory regions of the genome [57]. Such proteins were thought to be transcription
factors and are classified by the structure of their DNA-binding domains. This
classification has been valuable for determining how certain classes of transcription
factors bind to DNA in a sequence-specific manner and has provided insight into how

these factors have developed specialized functions throughout evolution [58]. A number



of DNA-binding domain superfamilies have been described. These include the helix-turn-
helix (HTH), zinc-finger, B-scaffold, and basic domain classes of transcription factors [59].
The HTH superfamily represents an important class of transcription factors that includes
critical developmental regulators like homeo, forkhead, E-twenty-six, and paired domain
containing proteins.

The mammalian Pax gene family was originally identified based on an
evolutionarily conserved DNA-binding domain termed the paired-box or paired domain
(PD) [60]. All nine of the mammalian Pax genes encode an N-terminal PD, but
downstream structural elements, including an octapeptide (OP) sequence and
homeodomain (HD), which can be observed in various combinations amongst the family
members, divide the family into four subgroups [61, 62]. Group | genes (Pax1 and Pax9)
have the OP sequence but lack the HD, Group Il genes (Pax2, Pax5, and Pax8) have the
OP sequence and a partial HD, Group Ill genes (Pax3 and Pax7) have the OP sequence
and a full HD, and Group IV genes (Pax4 and Pax6) lack the OP sequence but have a

full homeodomain (Figure 1.1).

The structure of the paired domain and its nature of DNA-binding has been defined

The highly-conserved 128-amino acid PD, which confers DNA-binding ability,
defines the Pax proteins. The structure of the Drosophila Prd [63], human Pax5 [64], and
human Pax6 [65] PDs were elucidated by co-crystallization with their cognate DNA
sequences (Figure 1.2). These studies revealed that the PD is composed of two globular
subdomains that are connected by a disordered linker. Interestingly, both of the globular

subdomains adopt a structural motif, helix-turn-helix (HTH), that has classically been



known as a DNA-binding motif. Additionally, the co-crystal structures indicate that the N-
terminal HTH subdomain (PAI subdomain) and the C-terminal HTH subdomain (RED
subdomain) make contacts with nucleotide bases in adjacent major grooves of the DNA
double helix while the extended linker makes substantial contact with bases in the
intervening minor groove. Nuclear magnetic resonance analysis of the Pax8 PD in the
absence of DNA largely confirmed the structure observed in the previously mentioned x-
ray crystallography studies [66]. Given the high degree of concordance within these
structural determinations, it is likely that this structure is representative of the entire Pax
family. However, it is important to note that the native states may vary among family
members, as evidenced by the Pax8 PD being largely folded while the Pax6 PD was
found to be primarily unfolded in the absence of DNA [66, 67]. While each of the HTH
subdomains are capable of independently binding DNA [68], both are required for

comprehensive regulation of target genes [69].

DNA-binding specificity of several Pax family members is confounded by the presence of

a second DNA-binding domain known as the homeodomain

The importance of the PD subdomains in defining DNA-binding specificity is further
complicated by the existence of an HD in some members of the Pax family. A number of
Pax family members contain a full (Pax3, Pax4, Pax6, and Pax7) or partial HD (Pax2,
Pax5, and Pax8). Crystal structures of the paired-type HD reveal that it is composed of 3
a-helices which adopt an HTH structural motif [70, 71]. Additionally, these structures show
that the paired-type HD is quite similar to HDs of other members of the homeobox

superfamily. One key difference appears to be the existence of dimer inducing
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intramolecular interactions that are only present in the paired-type HD [70, 71]. Another
key difference is the presence of a serine residue at amino acid position 50 which is a
critical position for defining DNA-binding specificity within the homeobox superfamily [72,
73]. The HD is a sequence-specific DNA-binding domain which recognizes the TAAT
motif. Due to the dimer forming capability of the paired-type HD, it recognizes palindromic
sites containing two TAAT motifs that are separated by two to three base pairs [74]. While
the functional significance of the HD has not been fully elucidated, it does appear to be
tissue and context dependent. For example, the HD of Pax6b is required for lens
formation but is expendable for endocrine pancreatic cell differentiation in zebrafish [75].

The two distinct binding modalities potentially provide versatility in Pax target gene
regulation and may help to explain the diversity of developmental programs which are
regulated by these transcription factors. DNA-binding by Pax proteins could be primarily
mediated by either the PD or HD or could involve a combination of the two domains. In
fact, targeted mutagenesis experiments looking at one domain or the other have identified
examples of all three cases. Yet cases of one domain or the other being solely responsible
for DNA-binding specificity appear to be in the minority. Indeed, both PD and HD binding
motifs are frequently seen together in target gene regulatory regions indicating that DNA-
binding is highly-dependent on cooperative interactions between the two domains [76-
79]. Furthermore, in vivo analysis indicates both DNA-binding domains are required for
complete functionality [80, 81]. Moreover, biochemical analysis along with numerous
mutational studies have described the Pax PD/HD interdependence and have shown that
alterations within the PD lead to structural changes in the HD and ultimately result in

diminished binding efficiency [82-87]. For example, deletion of amino acids 29-34 within

11



the PD totally eliminates DNA-binding by both the PD and HD of Pax3 [87]. Taken
together, these studies underscore the critical importance of the PD in shaping DNA-

binding specificity in Pax family members with or without an HD.

Additional conserved regions contribute to Pax mediated transcriptional regulation

through interactions with adapter proteins PTIP and GRG4

Transcription factors play a key role in regulating transcriptional programs. They
bind to DNA in a sequence-specific manner and recruit coactivators, chromatin modifying
complexes, and the transcriptional machinery to initiate transcription [88]. Alternatively,
transcription factors may repress gene expression by directly interfering with the
transcriptional machinery or through the recruitment of corepressor complexes. Such is
the case with Pax2, which can regulate transcription positively or negatively depending
on cellular context and the availability of cofactors. These activities appear to be regulated
by two distinct regions of the Pax proteins.

The carboxy-terminal portion of the Pax proteins has been found to confer
transcription activation potential to most of the Pax family members [17, 89-94]. This so-
called transactivation domain contains regions rich in proline, serine, threonine, and
tyrosine residues but is otherwise not well conserved [95]. Interestingly, this domain is
critical for achieving maximum transcription activation, yet point mutations within this
region of the Pax proteins generally have little effect on transactivation potential. This
suggests that multiple regions within this domain contribute to transcription activation
either through cooperative binding or through conformational effects. This domain tends

to be less defined and has not been shown to contain any conserved structural motifs or
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consensus sequences that would identify binding partners. However, a yeast two-hybrid
assay with the Pax2 transactivation domain as the bait identified Pax Transactivation-
Domain Interacting Protein (PTIP) as a binding partner [95].

Another conserved structural element is found in all but two members, Pax4 and
Pax6, of the Pax family. This element, known as the octapeptide sequence, is an eight
amino acid element that is located within the region between the two DNA-binding
domains. The OP is evolutionarily related to the Drosophila engrailed family Ehl
repression domain, found in Engrailed proteins, and the Gsc-En homology element, found
in Goosecoid proteins [96]. The Eh1 motif is a binding site for transcriptional corepressors
and was found to interact with members of the Groucho-related protein (Grg)/Transducin-
like enhancer of split (Tle) family [97]. Consistent with this finding, Pax2, Pax3, and Pax5
have been found to convert from transcriptional activators to transcriptional repressors by
virtue of a direct interaction between Grg4 and the OP [98-101].

The interaction of Pax transcription factors with the adapter proteins PTIP and
GRG4 link them to epigenetic complexes that regulate chromatin structure. The regulation
of chromatin structure is a key mechanism of controlling gene expression and is

discussed in more detail later.

Storage of DNA as chromatin within the nucleus represents a mechanism for controlling

how it is utilized

Transcriptional regulation is a complex process that occurs at numerous levels,
starting at the level of DNA structure. (Figure 1.3). In eukaryotes, DNA within the nucleus

is maintained in a highly-structured state, known as chromatin. Nucleosomes, a 147 base-
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pair stretch of DNA wrapped 1.65 turns around a core histone octamer, form the basic
unit that chromatin is comprised of [102, 103]. The core histone octamer is made up of
two units of each of the highly-conserved core histone proteins (H2A, H2B, H3, and H4)
[102, 103]. The DNA, through electrostatic forces, interacts with and wraps around the
histone octamer leading to compaction of the DNA [102, 104]. A linker histone, H1, binds
to the nucleosome and intervening DNA sequence to promote even further condensation
[105]. This spatial compaction of DNA promotes stability, reliable repair, fidelity in
replication, and allows for the information encoded within the genome to be utilized in a
controlled and organized manner [106, 107].

While the chromatin structure is critical for packing DNA into the nucleus, the
presence of nucleosomes can restrict the transcriptional machinery from accessing the
DNA [108, 109]. This suggests that in order for efficient transcription of genomic
information to take place, chromatin structure must be altered such that the transcriptional
machinery can gain access to the DNA [110]. Chromatin within a non-dividing cell can be
classified as either euchromatin or heterochromatin based on how tightly it is packaged.
Euchromatin is a region where the DNA is loosely packaged, easily accessible, and
poised for transcriptional activity [111]. Conversely, heterochromatin is a region where
DNA is highly-condensed, inaccessible, and transcriptionally inactive [111]. The presence
of multiple chromatin states within a cell suggests the existence of a mechanism for
controlling compaction/decompaction of genomic material. Moreover, it suggests that

genomic output could be controlled by regulating access to certain genomic regions.
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Epigenetic modifications alter chromatin structure to regulate gene expression and

consequently, cellular phenotype

Structural alteration of the chromatin, or chromatin remodeling as it is otherwise
known, can be regulated by post-translational modifications of histone tails or through
methylation of DNA [112, 113]. DNA methylation of cytosine residues was the first and
best characterized mechanism that correlated with gene expression and chromatin
structure. However, post-translational modification of histone tails has been an area of
intense interest for the past two decades. This interest has expanded our understanding
of the many types of modifications and their associated functional consequences.

Functionally, histone and DNA modifications control gene expression and
phenotype without impacting the underlying information that is encoded within the
sequence of the DNA [112, 114]. The phenomenon of controlling genetic output and
heritable traits in the absence of genetic alteration is known as epigenetics and can help
to explain how such a diversity of cell and tissue types within an organism can arise even
though they all carry the same genetic information [115, 116]. Interestingly, epigenetic
modifications can be passed from one generation to another or from mother cell to
daughter cell. [117-119]. Despite being heritable, epigenetic modifications are not
permanent. In fact, they are the result of an ever-evolving process in which sets of genes
can be targeted for activation or repression in response to environmental or
developmental cues. While highly-dynamic, epigenetic modifications are not placed

randomly. Instead, various protein complexes regulate them.
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Histone post-translational modification as a mechanism for reqgulating chromatin structure

to effect gene expression

The core histones are small and positively charged proteins consisting of a
globular domain and a flexible tail. While the core of the histone octamer adopts a central
helical fold, known as the histone fold, the disordered N-terminal tails project out from the
body of the nucleosome and into solution where they are accessible to nuclear proteins
[120]. The histone proteins are evolutionarily conserved, suggesting that they have an
important physiological role. In fact, histone tails serve as a signaling hub for information
regarding chromatin architecture and gene expression. Histone tails are a major site for
post-translational modification with well over 100 different modifications being observed
across all four core histone tails [113]. The types of modifications to histone tails include
acetylation, methylation, phosphorylation, ubiquitination, and sumoylation [111, 121]. The
covalent addition of these functional groups to the side chains of amino acids within the
histone tails is linked to significant biological consequences. Ultimately, these
consequences can result in altered gene expression patterns.

Post-translational modifications are believed to impact chromatin structure, and
consequently, gene expression in one of several ways. One way is through altering the
charge status of the nucleosome. This can be accomplished through the addition of a
charged functional group, as is the case with histone acetylation. In the case of
acetylation, the addition of the negatively charged acetyl group to the positively charged
histone neutralizes the charge on the histones and subsequently alters the degree of
association between DNA and the histones thereby making the DNA more accessible

[122]. Thus, histone acetylation is generally associated with transcriptional activity. A

16



second way the post-translational modification of histone tails affects gene expression is
by creating or destroying binding sites for effector molecules [122]. A number of
conserved histone binding domains have been identified, many of which are capable of
distinguishing between post-translationally modified and unmodified histones. This type
of discretion allows for effector molecules to be recruited to target genes in a manner
dependent on the modification state and provides a mechanism for regulating expression
of specific genes [123].

It is imperative that gene expression is regulated spatially and temporally as an
organism develops and ages so that they can meet the ever-changing demands that a
cell encounters. The highly-dynamic nature of histone post-translational modification
provides an excellent system for responding to developmental or environmental cues in
a quick and efficient manner. Thus, gene expression programs can rapidly adapt and

cellular phenotypes can be reprogrammed to fit current needs.

Histone methyltransferases and demethylases specifically requlate histone methylation

to facilitate changes in gene expression patterns

Histone methylation takes on several forms. The overwhelming majority of
methylation events occur on the side chains of lysine or arginine residues. Lysine
residues are subject to the covalent addition of one, two, or three methyl groups while
arginine residues can be methylated once or twice [124]. Thus, lysine residues can exist
as un-, mono-, di-, or trimethylated whereas arginine residues may be un-, mono-,

symmetric di-, or asymmetric dimethylated. Histone methylation is a dynamic process that
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is moderated by the histone methyltransferases (HMTs), which place the methyl marks,
and the histone demethylases, which remove them.

Histone methylation is carried out in a specific manner with each lysine and
arginine being methylated by a unique family of enzymes [124]. These enzymes modify
residues at a particular location but are unable to modify residues at other positions [125].
Methylation of each residue carries with it a different biological consequence. These
marks, working in combinatorial fashion, dictate overall chromatin structure and

transcriptional activity [125].

Histone modifications may signal for additional modifications to establish an environment

that is conducive or detrimental to gene expression

Specific histone modifications correlate with transcriptional activation while others
correlate with transcriptional repression [126]. A classic example of this phenomenon is
trimethylation of lysine 4 of histone H3 (H3K4me3) which is prevalent near transcription
start sites of actively expressed genes [127]. In contrast to H3K4me3, which promotes
activation of gene transcription, trimethylation of lysine 27 of histone H3 (H3K27me3) is
associated with transcriptional repression [126]. In fact, H3K27me3 is most frequently
observed at promoter regions of silenced genes [128].

Often, the presence of one histone modification will influence the way adjacent
marks are placed or removed [121, 125]. In this case, a certain histone modification may
promote recruitment of enzymes that place modifications with similar effects while
obstructing enzymes that catalyze modifications with conflicting effects. For example,

H3K4me3 is enhanced following H2B monoubiquitination [129]. Additionally, H3K4me3
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promotes recruitment of a histone demethylase with activity against H3K9 [130]. Since
H3K4me3, an activating mark, is being added and methylation of H3K9, a repressive

mark, is being removed the net result is enhanced transcriptional activity.

Homologs of epigenetic modifiers discovered in Drosophila are identified as histone

methyltransferases with opposing functions in gene requlation

A critical breakthrough in the understanding of epigenetic processes came from
the discovery and characterization of histone methyltransferases. Genetics and
biochemistry collided to expose two fundamental groups of epigenetic modifiers. These
two groups, the Polycomb family of repressors and the Trithorax family of activators, were
discovered in genetic screens performed in Drosophila [119, 131-133]. While it was
known that these groups play a role in regulating transcription, it was not immediately
evident how they did so. This changed when the methyltransferases were cloned,
sequenced, and found to be members of the Polycomb and Trithorax groups which had
been previously identified in the genetic screens. Remarkably, the histone
methyltransferases associated with euchromatin and gene expression were found among
the Trithorax family of activators [119, 131]. On the contrary, the histone
methyltransferases linked to heterochromatin and gene silencing were identified as
members of the Polycomb family of repressors [119, 132, 133].

Proteins from the Polycomb and Trithorax groups are well conserved. Indeed,
homologs of these two groups have been described in mammals. Included in the list of
Trithorax homologs are the mixed-lineage leukemia (MLL) proteins which catalyze the

methylation of H3K4 [131]. Within the list of Polycomb homologs are enhancer of zeste
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homolog 2 (EZH2) and suppressor of variegation 3-9 homolog 1 (SUV39H1) which
catalyze methylation of H3K27 and H3K9, respectively [132].

While EZH2 catalyzes the methylation reaction that results in H3K27 methylation,
it has no activity on its own. For robust methylation activity, EZH2 requires interaction with
at least two additional cofactors [134-136]. These two cofactors, suppressor of zeste 12
(SUz12) and embryonic ectoderm development (EED), along with retinoblastoma-
associated protein 46 and 48 (RbAp46/48) and EZH2 make up the core components of a
larger complex of proteins termed the polycomb repressive complex 2 (PRC2) [137]. The
four core components are sufficient for methylation activity; however, numerous other
cofactors have been found to play a role in fine-tuning PRC2 activity [137].

The MLL family of histone methyltransferases has six members including MLL1-4,
which catalyze methylation of H3K4. Like EZH2, the MLL methyltransferases are the
catalytic subunits of large protein complexes [138]. Also, like EZH2, MLL proteins have
little activity on their own and require several key cofactors for full functionality [139-141].
Each of these cofactors, Ash2-like (ASH2L), WD repeat containing protein 5 (WDR5), and
RB binding protein 5 (RBBP5), are essential for assembly of the core complex and
induction of methyltransferase activity.

The PRC2 and MLL complexes are essential for life and their activities have been
linked to many aspects of cell physiology including fate determination, stem cell self-
renewal, cell cycle regulation, and tumorigenesis [131, 132]. Even though these
complexes are vitally important it is not clear how they identify gene targets. Interestingly,
the core complexes do not contain sequence-specific DNA-binding proteins [142].

Therefore, targeting of these complexes must be carried out by additional factors.
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Transcription factors like Pax2 provide locus specificity for epigenetic modifiers

As mentioned previously, the interaction of Pax2 with the adapter proteins PTIP
and GRG4 link them to epigenetic complexes that regulate chromatin structure (Figure
1.4). Biochemical analysis has shown that the Pax2 transactivation domain is
phosphorylated by c-Jun N-terminal Kinase (JNK) in response to external signals such as
WNT signals [99, 143]. Phosphorylation of the transactivation domain primes it for binding
by PTIP, a multi-BRCT domain containing protein [95]. The BRCT domain was first
discovered in the C-terminal region of BRCA1 [144] and has since been shown to be a
phosphoserine binding domain [145, 146]. The BRCT domain mediated binding of PTIP
to Pax2 links Pax2 to the MLL histone methyltransferase complex [147]. This interaction
is associated with an increase in H3K4me3 and results in amplified transcription.

In addition to facilitating gene activation, Pax2 can also mediate gene silencing
through an interaction with GRG4. The Grg4 mediated conversion of Pax2 from positive
to negative transcriptional regulator has been looked at mechanistically [101, 148]. These
studies propose a model in which Grg4-dependent recruitment of a phosphatase,
PPM1B, leads to dephosphorylation of the Pax2 transactivation domain with subsequent
displacement of the PTIP/MLL complex. The displacement of the PTIP/MLL complex is
concurrent with Grg4-dependent recruitment of PRMT5, an arginine methyltransferase,
and the polycomb repressive complex 2 (PRC2). Ultimately, this leads to alterations in
the chromatin landscape as the activating H3K4me3 marks placed by the PTIP/MLL
complex are exchanged for the silencing H4R3me2 and H3K27me3 marks placed by

PRMT5 and PRC2 respectively.
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Together these findings show that Pax proteins exhibit versatility in regulating gene
expression and that they can provide the locus specificity for a variety of epigenetic
complexes. Furthermore, these data point to additional aspects of Pax biology that could

potentially be targeted to regulate their activity.

Potential ways of targeting Pax2 with small-molecules to requlate Pax2 mediated gene

requlation

Pax proteins are quite complex. They possess the ability to alternate between
positive and negative transcriptional regulation depending on cellular context and cofactor
availability. This provides an opportunity to manipulate their activity in one direction or the
other by interfering with particular protein-protein interactions. For example, blocking the
Pax2-PTIP interaction would limit gene activation while disruption of the Pax2-GRG4
interaction would inhibit Pax2 target gene repression. The same effect could be observed
by disrupting a myriad of interactions that are required to assemble the respective
epigenetic complexes or through inhibiting their enzymatic activity.

The Pax factors contain multiple DNA-binding domains that combine to define
target specificity. While both DNA-binding domains contribute to the overall functionality
of Pax proteins, the paired domain is what defines these proteins and is perhaps the most
critical. Indeed, the vast majority of disease-related mutations described in Pax genes
have been found to be localized to the PD [87, 89, 149-156]. Interestingly, several of
these mutations were found to be clustered in one region of the Pax2 paired domain and

have been shown to abolish DNA-binding ability of Pax2, which suggests that small-
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molecules targeting this region may inhibit Pax2 activity by interfering with Pax2
localization to target genes.

Transcription factors like Pax2 act, in response to a complex network of signaling
pathways which are activated by intrinsic or extrinsic stimuli, to regulate the expression
of a particular set of genes so that the appropriate biological response can be mounted
[157, 158]. The Pax2 transactivation domain is phosphorylated by c-Jun N-terminal
Kinase (IJNK) in response to external signals such as WNT signals [99, 143].
Phosphorylation of the transactivation domain in associated with Pax2 mediated
activation of target genes. Targeting the kinases involved in the upstream signaling
cascades that eventually lead to phosphorylation of the transactivation domain could
block the activating ability of Pax2 while not affecting its gene silencing ability.

While the above examples represent rational approaches based on existing
knowledge of Pax2, there are also unbiased approaches that could be employed.
Unbiased approaches have the potential to identify small-molecule regulators of Pax2
activity that do not function through any of the previously described methods. If found,
these molecules could useful probes for shedding light on novel aspects of Pax2
regulation.

Throughout the remainder of this thesis | will discuss the advantages and
disadvantages of these approaches and describe in detail the methods that | chose to
employ. Additionally, | will address the positives and negatives of several screening
approaches and talk about an assay the | developed to look for small-molecule with
activity against Pax2. | will discuss the results of the screening approaches and highlight

a novel small-molecule inhibitor of Pax2 mediated transcription activation that | identified.
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Finally, I will talk about my plans for future studies and ways to improve upon the hits that

| have found.
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Figure 1.1. The mammalian Pax family of transcription factors. Schematic drawings
of the nine Pax family members showing the conserved structural domains. These
structural domains include the highly-conserved paired domain (blue) which endows
these proteins with DNA-binding capability and is the defining domain for this family of
transcription factors. The Pax family of transcription factors are further divided into four
subgroups based on the presence of additional conserved structural elements. These
elements include the octapeptide sequence (gold) which is found in all members except
Pax4 and Pax6. Pax3, Pax4, Pax6, and Pax7 also contain a full paired type homeodomain
(green) while Pax2, Pax5, and Pax8 contain only a truncated version of the paired type
homeodomain.
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Figure 1.2. Structure of Pax5 paired domain bound to DNA (PDB ID: 1K78). Pax5
paired domain (Blue) was elucidated by co-crystallization with its cognate DNA sequence
(green and yellow) and Ets1 (not shown) [64]. This structure shows that the paired domain
is composed of two globular HTH subdomains that are connected by a disordered linker.
Additionally, the co-crystal structures indicate that the N-terminal HTH subdomain and
the C-terminal HTH subdomain make contacts with nucleotide bases in adjacent major
grooves of the DNA double helix while the extended linker makes substantial contact with
bases in the intervening minor groove.
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Figure 1.3. Organization of DNA within a cell. DNA is wrapped around an octamer of
core histones to form nucleosomes, the basic unit of chromatin. Loosely connected
nucleosomes form the structure known as beads on a string. These nucleosomes can be
folded into a fiber that is roughly 30 nm in diameter. The 30 nm fiber can be further
compacted into higher-order structures that eventually produce the mitotic chromosome.

This figure is taken from Felsenfeld, G and Groudine, M Nature, 2003 [159].
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Figure 1.4. Model of Pax mediated gene regulation. Cell and tissue-type specific DNA-
binding proteins such as Pax2 can provide the locus specificity for chromatin modifying
complexes and ultimately control which genes are expressed or repressed. A) Pax2
recruits the adapter protein PTIP and the MLL complex which catalyzes methylation of
H3K4. These methylation marks trigger chromatin relaxation and allow for gene
transcription. B) However, in cells with high levels of Grg4, the PTIP/MLL complex can
be replaced by another set of epigenetic modifiers that include PRMT5 and PRC2. These
complexes initiate methylation of H4R3 and H3K27, respectively. The placement of these
marks triggers chromatin condensation and prohibits gene expression.
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CHAPTER 2

Developing a cell-based assay for identifying small-molecule regulators of Pax2

transactivation activity

Abstract

Transcription factors, like Pax2, represent a novel and exciting class of therapeutic
targets. However, the discovery and development of small-molecules capable of
regulating transcription factor activity is a daunting task. Therefore, these factors continue
to be under-investigated. Despite the lack of attention, recent screening campaigns have
yielded several small-molecule inhibitors of transcription factors. Some of these
molecules target the signaling pathways upstream of the transcription factor or the
epigenetic complexes that are downstream. While these methods have proven useful,
approaches directly targeting the transcription factor are preferred. Since Pax2 is a
diagnostic marker and a validated target for cancers of the kidney, | wanted to find small-
molecule modulators of Pax2 activity. To address this goal, | established a cell-based
reporter assay that is dependent on Pax2 mediated transcription activation. PRS4-Luc
reporter cells transiently transfected with a Pax2 expression vector show strong induction
of luciferase. A clonal PRS4-Luc cell line was isolated and used to develop the reporter

assay. Once developed, the assay was optimized and miniaturized so that it was suitable
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for HTS. Mock runs of this assay in 384-well plates determined that | had developed a
robust and reproducible assay, as demonstrated by a Z’ of 0.71. This assay provides an

attractive method to screen small-molecules for those with antiPax2 activity.

45



Introduction

Transcription factors are critical requlators of disease processes and represent an

appealing class of therapeutic targets

Given the critical role of transcription factors in influencing cellular phenotypes, it
makes sense that mutations in or dysregulation of these proteins would have dire
consequences. In fact, aberrant gene expression is a hallmark of countless human
conditions including cancers [1]. For example, Pax2 is overexpressed in Wilms’ tumor [2,
3] and renal cell carcinoma [4-6] where it promotes proliferation and restricts apoptosis.
Decreasing Pax2 levels in renal cancer cell lines increases apoptosis, reduces
proliferative capacity, and enhances the effects of chemotherapeutic agents [4, 7, 8].
Together these findings make Pax2 an attractive target and suggest that developing
small-molecules with the ability to effect transcription factor function may lead to novel
therapies. Moreover, these molecules would provide useful research tools for
understanding how gene expression is regulated at a molecular level.

Transcription factors represent an under-investigated class of therapeutic targets.
In fact, transcription factors have classically been considered “undruggable” [9-11]
because of their nuclear localization, the charged nature of their interaction with DNA,
and their lack of classical binding pockets. With the exception of the nuclear receptor
class of transcription factors (retinoic acid receptor, androgen receptor, estrogen receptor,
etc.,), most others do not have endogenous ligands and therefore lack a well-defined
pocket for small-molecule binding. This makes them much less amenable to traditional
approaches of inhibition with small-molecules. For this reason, indirect approaches to

targeting transcription factors have been the most utilized methods. These indirect
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approaches often work through targeting kinases involved in the upstream signaling
cascades that would otherwise lead to activation of the transcription factor. A major
drawback to this approach is that there is a high degree of redundancy and cross-talk
amongst signaling cascades which means that targeting one pathway could have far-
reaching effects on other signaling pathways. Since these non-specific effects are highly
undesirable and because signaling pathways converge at the level of the ultimate effector
molecule, the transcription factor, there is a strong motivation for directly targeting

transcription factors.

Strategies for targeting transcription factors

Targeting transcription factors is a challenging but exciting strategy for cancer
therapeutic development. Perhaps one of best ways to inhibit transcription factors would
be to block the interaction between the transcription factor and DNA. This could be
accomplished by either targeting the DNA-binding domain of the transcription factor or
targeting the binding site within the DNA. While the DNA-binding domain may provide a
pocket to target, the charged nature of the protein/DNA interaction could make this
difficult. Yet, several DNA-binding domain inhibitors have been found. These include
inS3-54, a small-molecule inhibitor of Signal Transducer and Activator of Transcription 3
(STAT3) which was identified recently and was used as a backbone to develop a more
potent and selective molecule, inS3-54A18 [12, 13]. These molecules were shown to
directly interact with the STAT3 DNA-binding domain and block STAT3 from binding to
DNA. Importantly, disruption of the STAT3-DNA interaction induced apoptosis, hindered

migration, and limited invasion in cancer cells treated with these molecules [12, 13].
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A natural product, echinomycin, which intercalates preferentially in 5’-A/TCGT-3’
sites [14] inhibits Hypoxia Inducible Factor 1 (HIF-1) binding and transcription activation
[15]. The hypoxia response element (HRE) is found in the promoter of many HIF-1 target
genes and is considered the preferential DNA motif for HIF-1 [16]. The HRE site contains
5-ACGTG-3’ which is consistent with the echinomycin recognition sequence. In fact, it
was shown that the antiHIF-1 activity of echinomycin was due to intercalation within the
HRE and inhibition of HIF-1 binding [15]. Interestingly, it was later shown that echinomycin
exhibits similar activity against c-Myc which recognizes 5-CACGTG-3" sites [17].
Unfortunately, molecules such as echinomycin are unlikely to be able to reach the level
of discrimination required to be selective. Thus, they are likely to have effects well beyond
those of the preferred targets and therefore are not expected to provide much help in the
clinic.

While echinomycin may not provide a viable approach for inhibiting c-Myc in
patients, c-Myc inhibitors are of great interest, because c-Myc regulates expression of
genes involved in many fundamental cellular processes that are dysregulated in cancer
including cell cycle progression, growth, and cell death [18, 19]. c-Myc does not regulate
gene expression alone; instead, it does so through heterodimerization with Myc
Associated Factor X (Max). Since c-Myc/Max dimerization is required for gene regulation,
this interaction provides a potential mechanism for inhibiting c-Myc activity. Indeed,
several small-molecule inhibitors of this interaction have been discovered [20-26]. This
demonstrates the potential effectiveness of targeting protein-protein interactions that are
required for transcription factor activity. Inhibitors of protein-protein interactions could be

used to target any number of cofactors or even inhibit recruitment of the epigenetic
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complexes to target genes. Targeting protein-protein interactions provides an opportunity
for developing highly-specific inhibitors, but this method does not come without its own
challenges. Protein-protein interaction interfaces tend to be expansive with surface areas
in the 1,500-3000 A2 range [27, 28]. In addition to the large surface area, these interfaces
are generally shallow and typically lack grooves or pockets [10, 29, 30]. The combination
of these features pose real obstacles for small-molecule inhibitors of protein-protein
interactions.

Transcription factor activity can be indirectly controlled by targeting epigenetic
regulators. In terms of DNA methylation, perhaps the best example comes from the
azanucleoside class of compounds that include 5-azacytidine and decitabine. These
molecules are cytidine analogs which get incorporated into DNA and covalently bind to
the DNA methyltransferases [31]. This leads to exhaustion of the DNMTs and eventual
reversal of the abnormal DNA methylation signature [32-34]. Despite early problems with
gastrointestinal toxicity [33], lower dose 5-azacytidine was recently approved for use in
patients with myelodysplastic syndromes (MDS) [35]. The benefits of 5-azacytidine
treatment of patients with MDS includes increased time to conversion to acute myeloid
leukemia (AML), better quality of life, and improved survival when compared to
conventional therapy [36, 37].

In addition to the DNA modifiers, numerous histone modifying enzymes have been
targeted. In fact, A pair of HDAC inhibitors, vorinostat and romidepsin, have proven
beneficial for treatment of cutaneous T-cell lymphoma and have been approved for use
in humans [38, 39]. Furthermore, small-molecule inhibitors of HMTs are of tremendous

interest. This interest has led to the discovery of EPZ-5676 and EPZ-6438 (tazemetostat)
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which inhibit DOT1L and EZH2 respectively and are currently in clinical trials [40-42]. Of
note, these two enzymes place marks with diametrically opposed functions. DOT1L
catalyzes methylation of H3K79, which is considered an activating mark, while EZH2 is
responsible for H3K27 methylation, which is a well-known repressive mark. Beyond the
methyltransferases, demethylases are also under investigation. In particular, Lysine
Specific Demethylase 1 (LSD1; also known as KDM1A), which has been implicated in
leukemia and cancers of the prostate, colon, and breast, has been the subject of
numerous studies [43-46]. While modulators of histone modifying enzymes have
generated great interest and have well-documented benefits, there remain questions

regarding specificity when targeting enzymes that are not unique to disease.

Screening Approaches

While there are many strategies available for targeting transcription factors, there
are even more screening methods that can be utilized to find active small-molecules.
Depending on the biological context, availability of information regarding molecular
mechanism, availability of high-resolution structural data about the target, and overall
goals of the project, the approach to drug discovery can be based on either forward or
reverse chemical genetics [47]. Forward chemical genetic approaches are largely
phenotype or function driven and frequently make use of cell-based assays for screening.
While forward chemical genetic approaches are good at identifying molecules that
produce the desired responses, they require follow-up experiments to determine the
target and mechanism of action. Reverse chemical genetics approaches are ordinarily

centered on engagement with the target and routinely rely on biochemical or biophysical
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binding studies. While reverse chemical genetic approaches identify molecules with a
high affinity for the target of interest, they require follow-up experiments to confirm
intracellular target engagement, assess the functional consequences related to this
interaction, and to evaluate cytotoxicity. In any case, whether forward or reverse chemical
genomics approaches are desired, there are a multitude of screening platforms that have
been successfully employed for the identification of efficacious small-molecules.

Target-based screening methods are terrific for small-molecule drug discovery
when there is a well-defined activity or interaction that could be manipulated in order to
get the desired response. Often, target-based screening approaches utilize biochemical
or virtual screening. Biochemical screening typically involves enzymatic activity assays or
direct binding assays. These assays come in many forms, but some of the most
commonly used ones are fluorescence polarization (FP), enzyme-linked immunosorbent
assay (ELISA), Forester/fluorescence resonance energy transfer (FRET), and AlphaLISA
[48]. It is important to note that biochemical screening is performed using purified proteins
in the absence of cellular context. Thus, these assays face serious limitations that must
be considered before they are used. For example, the intracellular target engagement
and consequences thereof are impossible to determine using biochemical screening
approaches. These are not fatal flaws as they can be investigated after hits have been
identified, and some chemical problems may even be overcome with medicinal chemistry
help.

Phenotype-based screening overcomes many of the challenges of biochemical
screening. These screening approaches generally rely on cellular or organism-based

assays. These assays are not cheap or trivial to set up and run, but they provide lead
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compounds which have greater translational potential. This is because these assays
assess compounds in the context of a fully functional cell and, therefore, more closely
resemble the in vivo setting [49]. One benefit of phenotype-based assays is that they
allow many targets to be gauged at once. The downside to this is that there are many
possible targets for any particular hit compound, which makes determining a mechanism
of action much more challenging and opens the door to increased potential for off target
effects. This task is becoming less and less daunting as new methods for identifying the
target(s) of candidate molecules are being developed and utilized [50]. Another challenge
facing cell-based assays is cell permeability, which could mask important information from
compounds that cannot penetrate cells but would otherwise be active [51].
Understanding the benefits and challenges of each of these screening methods is
vital for selecting the most appropriate method for the given circumstance and is essential
for completing a successful screening campaign. As such, careful consideration must be
taken when deciding on a screening platform. In an attempt to maximize our chances of
finding novel small-molecules that regulate Pax2 transactivation | decided to utilize both
a target-centered approach and a phenotype-based approach. By taking these two
approaches | expect to identify small-molecules that modulate Pax2 activity both directly
and indirectly. | chose to employ a molecular docking based virtual screen for the target-
centered approach and a cell-based reporter assay for the phenotypic screen. Some of
the main reasons that these methods were selected is because there were high-resolution
crystal structures of several Pax family paired domains [52-54], information from mutation

studies suggesting a specific region of the paired domain may be amenable to small-
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molecule inhibition [55, 56], and a very powerful reporter cell line, which had provided in-

depth mechanistic knowledge of Pax2 transcription activation [56-61].

A DNA motif recognized by the paired domain provided critical insight into Pax biology

and

In the early 1990s, studies investigating the DNA-binding specificity of Pax1 and
Pax2 identified a nucleotide sequence which was termed the paired domain recognition
site 4 (PRS4) [62, 63]. Identification of this binding site proved invaluable for furthering
our understanding of Pax2 biochemistry. Integration of this element into reporter cells was
instrumental for deciphering Pax2 mediated regulation of transcription [56-61]. These
studies found that Pax2 can regulate gene expression positively or negatively depending
on the cellular context. Pax2 can positively regulate gene expression through its
connection with the MLL complex, which places activating methylation marks and
enhances transcription (Figure 2.1). The connection to the MLL complex is facilitated by
the adapter protein PTIP. The Pax2-PTIP interaction is potentiated by Wnt signaling and
JNK mediated phosphorylation of Pax2. On the other hand, in the presence of high levels
of the corepressor protein Grg4, PTIP and the MLL complex can be displaced (Figure
2.2). This displacement is a consequence of Grg4 recruitment of the phosphatase PPM1B
and subsequent dephosphorylation of Pax2. Concomitantly, Grg4 recruits the PRC2 and
the arginine methyltransferase, PRMT5, which place repressive methylation marks and
inhibits transcription.

It is evident that this reporter has been a useful tool in dissecting how Pax2

regulates target gene expression at the molecular level. Due to the extensive
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characterization and my familiarity with this reporter, | sought to co-opt it for use in my
small-molecule screening campaign. To accomplish this, the PRS-EGFP reporter that
was previously used to describe Pax2 mediated transcription activation was cloned, the
EGFP cassette was exchanged for a luciferase cassette, and the new construct was put
back into HEK293 cells. As previously described, under normal circumstances these cells
do not express Pax proteins, and as a result, the reporter gene exhibits only a low level
of basal expression. However, transient transfection of these cells with a Pax2 expression
vector leads to a marked increase in reporter gene expression. These Pax responsive

cells provide an excellent way for us to monitor Pax2 transcription activation.

Results

Generation and screening of Pax2 reporter cell lines identifies a responsive line, PRS4-

Luc clone #33

Oligonucleotides containing five copies of the PRS4 element were synthesized and
cloned upstream of a Thymidine Kinase (TK) promoter and a luciferase gene in an
expression vector containing a neomycin resistance cassette. This vector was
incorporated into HEK293 cells through transfection. Following transfection these cells
were placed under antibiotic selection to generate stably transfected cells. These cells
were subjected to limiting dilution to generate clonal lines. The clonal lines were expanded
and screened for their potential to respond to transient Pax2 transfection (Figure 2.3).

| sought to identify a PRS-Luc cell line that exhibited a large change in luciferase
expression following transient Pax2 transfection. Numerous PRS-Luc clones were

screened and several showed an increase in luciferase expression following transient
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Pax2 transfection. One cell line, PRS-Luc clone #33, stood out. This cell line had a
relatively low basal level of luciferase expression and exhibited just over a fivefold change
in luminescence when comparing cells transfected with wildtype or mutant Pax2 (Figure
2.3 A-B). While this was more than twice the level of activation that was seen in any of
the other lines tested, it is still less than | was aiming for to ensure a quality HTS assay.
Given this finding, | decided to proceed with assay development using this cell line but

was interested in finding ways to improve the level of activation.

Comparison of transfection reagents leads to selection of Lipofectamine 2000 as the

reagent of choice for our reporter assay

Having identified a PRS-Luc reporter cell that responded well to transient Pax2
transfection, | next sought to identify ways to improve the level of activation. As a first
step, | began comparing the level of activation following transfection with an array of
transfection reagents. | was fortunate to receive samples of several reagents including
Effectene and PolyFect from Qiagen, TransIT-LT1 and TransIT-293 from Mirus Bio,
GenelJuice from EMD Millipore, PureFection from System Biosciences, and
Lipofectamine 2000 from Thermo Fisher Scientific. These reagents along with FUGENE
6, which the Dressler lab had been previously using, were used to transiently transfect
PRS-EGFP cells with Pax2. At this point, all of the reagents were being used according
to the manufacturer’'s recommendations. Following transfection, the EGFP levels were
investigated using either flow cytometry or Western blotting (Figure 2.4).

The flow cytometry results show that, depending on the reagent used, between

7.5% and 36.6% of the cells analyzed exhibited an increase in green fluorescence as
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indicated by their shift to the right of the plot (Figure 2.4 A). This number is representative
of the transfection efficiency. The top 3 reagents were FUGENE 6, Lipofectamine 2000,
and PolyFect which showed 29.1%, 31.4%, and 36.6% efficiency respectively. To confirm
these results, cells were once again transfected using the various reagents, and whole
cell lysates were generated from these cells. The lysates were used for Western blot
analysis which confirmed that FUGENE 6, Lipofectamine 2000, and PolyFect led to the
greatest levels of EGFP production (Figure 2.4 B).

Considering that these three reagents performed at a comparable level, |
calculated the cost per transfection for each of the reagents to help determine which
reagent | would ultimately use (Figure 2.4 C). Based on the volume of reagent needed
per plate and the cost per milliliter of reagent | determined that it would cost $5.18 per
transfection if Lipofectamine 2000 was used, $6.46 per transfection if FUGENE 6 was
used, and $11.20 per transfection if PolyFect was used. While the PolyFect reagent led
to the greatest transfection efficiency, the small difference in efficiency did not justify the
large increase in cost per transfection. Thus, Lipofectamine 2000 was selected as the

transfection reagent of choice for the HTS assay.

Determination of optimal conditions for PRS4-Luc reporter assay

Having settled on a transfection reagent, | next set out to optimize the parameters
of the HTS assay. The goal for the following experiments was to determine the conditions
that would generate the most robust and reproducible assay possible. Using the PRS-
Luc cell line, | optimized multiple parameters to improve the luminescence assay (Figure

2.5).
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To enhance transfection efficiencies, | started by varying the transfection reagent
to plasmid ratio. | found that increasing the ratio from 3:1 to 3.5:1 led to an increase in the
level of luciferase activation. Furthermore, | found that decreasing the ratio from 3:1 to
2.5:1 led to a similar decrease in the level of luciferase activation (Figure 2.5 A). Based
on these findings, | determined that having a slight increase in the amount of transfection
reagent would be best going forward.

Next, | began to look at pre-transfection seeding densities. While previous
transfection experiments were performed following visual inspection of confluence, | set
out to standardize the number of cells that were present at the time of transfection. |
thought that this would limit some of the variability by ensuring there were always the
same number of cells being subjected to the transfection. On the afternoon of the day
before transfection, | plated 3, 6, or 9 million cells in a 100 mm cell culture dish. The next
day | proceeded with transfecting the cells as described previously. By visually inspecting
the plates the following morning | determined that these numbers corresponded to roughly
60%, 80%, and 100% confluence respectively. | found an inverse relationship between
the pre-transfection seeding density and the level of luciferase activation. As the pre-
transfection seeding density increased the level of luciferase activation decreased (Figure
2.5 B). Thus, | determined that | would perform transfections on plates that were seeded
with 3 million cells on the day before transfection.

The next parameter that | optimized was post-transfection seeding density. |
suspected that | would need to balance the increase in luciferase activation associated
with an increased cell number with the decrease in luciferase activation linked to reduced

cellular activity caused by contact inhibition. Not surprisingly, that was what | found. While
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increasing the post-transfection seeding density from 20,000 cells/well to 30,000
cells/well did produce an increase in luciferase activation, a further increase in seeding
density to 40,000 cells/well actually led to a level of luciferase activation that was less
than what was observed when 20,000 cells were plated per well (Figure 2.5 C). This led
me to selecting 30,000 cells/well as the standard for the assay.

Another parameter that | thought might affect the level of luciferase activation that
was able to be achieved was post-transfection incubation time. Since the assay depended
on transiently transfected cells taking up the plasmid DNA, transcribing the DNA into
MRNA that could subsequently be translated into protein, binding of this newly
synthesized Pax2 protein to the PRS element, recruitment of cofactors required for
transcription of the luciferase reporter gene, and translation of this product into the active
enzyme, | was not sure how long it would take to obtain optimal activation. | investigated
the level of luciferase activation at 24 h, 36 h, and 48 h after transfection and found an
inverse relationship between the post-transfection incubation time and the level of
luciferase activation. As the post-transfection incubation time increased, the level of
luciferase activation decreased (Figure 2.5 D). These findings suggested that it was best
to keep the incubation time to 24 h.

Since the previous optimization experiments only produced minor changes in the
level of luciferase activation, | sought additional ways of improving our assay. The fact
that reducing the number of cells prior to transfection led to an increased level of
luciferase activation suggested that perhaps | was only achieving low level transfection
efficiency because | was not using enough plasmid. To address this potential issue, |

prepared a series of transfections in which the amount of plasmid was titrated from one
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to ten micrograms. Indeed, a substantial increase in the level of luciferase activation was
obtained by increasing the amount of plasmid. The increase appeared to level off after 4
Mg and actually began to dip as | reached 10 ug (Figure 2.5 E). These results suggested
that too much foreign DNA or too much of the transfection reagent were cytotoxic.
Furthermore, these results suggest that | was achieving near complete transfection
efficiency when 4 ug of plasmid was used per transfection. Because there were only
minimal gains in luciferase activation when the amount of plasmid was increased beyond
4 ug and higher doses appeared to be cytotoxic, | thought it best to proceed using only 4
Mg of plasmid per plate of cells transfected.

While the parameters were optimized to produce the greatest level of luciferase
activation, | noticed that leaving the transfection reagent on the cells overnight, as
suggested in the manufacturers recommended protocol, led to some of the cells
detaching from the plate and others looking generally unhealthy. To avoid this problem, |
thought that | might be able to perform the transfections over a shorter time period and
still obtain a large enough luciferase induction to develop a quality HTS assay. For
convenience sake, | reduced the amount of time that the transfection reagent was left on
the cells to only six hours. This change allowed us to transfect cells in the morning and
harvest them in the afternoon for use in our HTS assay. Importantly, this change only led

to a small difference in the level of luciferase induction.

Adaptation of the optimized PRS4-Luc reporter assay to HTS format demonstrates

development of a robust and reproducible assay
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Following the assay optimization steps outlined previously, | was satisfied that |
had developed a robust and reproducible assay that was primed for adapting to HTS. To
adapt the assay to an HTS format, | simply moved from 96-well cell culture dishes to 384-
well cell culture dishes by scaling down the number of cells from 30,000 cells/well to 6,000
cells/well. To determine if the assay was ready for HTS, | performed mock runs with test
plates (Figure 2.6). For these plates, | followed all of the steps that | would normally do
for the HTS, but instead of adding compounds to the wells only DMSO (vehicle) was
added. These runs allowed me to investigate well-to-well variability, determine the level
of luciferase induction, and calculate Z’. Z’ is a dimensionless statistical parameter used
for evaluating HTS assays [64]. It is a parameter that is dependent on the variation
between measurements (well-to-well variability) and the dynamic range of the assay (the
separation between the positive and negative controls). Calculating Z’ provides a number
between 0 (meaningless assay) and 1 (perfect assay). For an assay to be considered
ready for HTS, a Z’ of between 0.5 and 0.8 should be obtained. Assays scoring below 0.5
would make it difficult to discriminate between true hits and random variability while
assays scoring over 0.8 could be overdeveloped. Importantly, | found that the assay
generated a Z' of 0.71, a score indicative of a high-quality HTS assay and a score seldom
observed with cell-based HTS assays (Figure 2.6 B). Furthermore, these test plates
showed me that the well-to-well variability was relatively low. In fact, no wells exhibited
greater than 19% difference. Notably, no false positives were identified in the test plate.
This suggests that | should expect to have a low level of false positive hits in our screen.
| was highly satisfied with the HTS assay that had been developed and was ready to put

it to use.
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Discussion

Pax2 is overexpressed or ectopically expressed in multiple proliferative disorders
of the kidney including polycystic kidney disease [65, 66], juvenile cystic and dysplastic
diseases [67], Wilms’ tumor [2, 3], and renal cell carcinoma [4-6]. In these disorders Pax2
encourages proliferation and endows tumor cells with resistance to apoptosis and
chemotherapy. Decreasing Pax2 levels in mouse models of PKD cut down on cyst
formation and slowed disease progression [65, 66]. In addition, renal cancer cell lines are
sensitized to chemotherapeutic agents, exhibit an increase in apoptosis, and have a
reduced proliferative capacity following suppression of Pax2 gene expression [4, 7, 8].
Together these findings make Pax2 an attractive therapeutic target.

While small-molecule drug discovery for transcription factors is not an easy task,
the benefit that such molecules could provide makes this a worthwhile venture.
Transcription factors are activated by a complex network of signaling pathways. Following
activation these factors localize to DNA and recruit cofactors, often epigenetic complexes,
to modify gene expression. This provides numerous opportunities for intervention.
Whether targeting the upstream signaling, the transcription factor, recruitment of
cofactors, or the downstream epigenetic modifiers is desired, there are many screening
platforms that could be employed. | considered both direct and indirect methods for
targeting Pax2 and weighed the options for screening methods. Ultimately, | decided to
use two approaches: 1) unbiased HTS and 2) molecular docking based virtual screening.
This decision was predicated on the availability of and my familiarity with the PRS4

reporter construct. The unbiased HTS allows us to screen for molecules with the potential
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to alter Pax2 activity at any step in the process which greatly increases our chances of
identifying a promising lead compound. Any hit identified by the HTS would have to be
further validated, and a mechanism of action would have to be determined. To offset
some of this work and to increase the chances of identifying direct inhibitors of Pax2 |
decided to develop a virtual screening approach. Since | was already developing an assay
to assess in vitro activity of small-molecules for the HTS campaign and because high-
resolution crystal structures of several Pax paired domains were available, the virtual
screen added little to the upfront workload but significantly narrowed the scope of
mechanistic studies for hits identified through this approach.

In this chapter, | established a Pax2 responsive reporter cell line. This cell line
contains a PRS4 binding site upstream of a gene coding for luciferase. Upon transient
transfection with a Pax2 expression vector, the reporter is activated and an increase in
luminescent signal is observed. Several parameters were investigated and optimized to
maximize luciferase induction. Following optimization, this assay was miniaturized so that
it was in an HTS compatible format. This assay was tested and found to be robust and
reproducible, as indicated by a Z’ of 0.71. A Z’ of this magnitude is not typically achieved
for cell-based assays, and it suggests that our assay is ready for use.

Despite the inherent difficulty in discovering small-molecule inhibitors of Protein-
DNA interactions, the demand for such molecules is very likely to continue to rise based
on the sheer volume of disease mechanisms driven by these types of interactions. Just
as protein-protein interactions were avoided until several successful campaigns were
performed, | suspect that Protein-DNA interactions will become more popular targets as

success in this area grows.
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Materials and Methods
Cell culture

HEK293 cells containing a PRS-EGFP or PRS-Luc reporter, described previously
[60], were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented
with 10% fetal bovine serum (Sigma), 100 U/mL penicillin, 100 ng/mL streptomycin
(Gibco), and 400 ng/mL geneticin (Gibco) and were maintained under humidified 5%

C0O2/95% air at 37 °C.

Transfection protocols

Initial transfection experiments were performed according to individual
manufacturers protocols. HEK293 cells were transiently transfected with CMV-Pax2b or
CMV-Pax2b®83Y expression vector. Briefly, 3x10° cells were plated in a 100 mm tissue
culture dish (Corning) and incubated overnight. The next morning the media was replaced
with 5 mL of antibiotic free DMEM, and transfection reactions were prepared. In a 2 mL
Eppendorf tube containing 896 pL of Opti-MEM | (Gibco), 4 uL of 1ug/pL plasmid was
added. In a second 2 mL Eppendorf tube containing 886 pL Opti-MEM 1, 14 uL of
Lipofectamine2000 (Life Technologies) was added and allowed to incubate at room
temperature for 5 min. The contents of the two tubes were mixed by pipetting and allowed
to incubate at room temperature for 20 min. The transfection mix was added dropwise to
a 100 mm dish of cells. The plate was shaken gently and placed in the incubator for 6 h.
The plate of transfected cells was trypsinized with 0.05% trypsin (Gibco) for 3 min. The

cells were harvested, counted, plated in 6-well culture dishes (500,000 cells/well for
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Western blot analysis) or 96-well dishes (30,000 cells/well for luminescence assays), and

were placed in the incubator overnight.

Flow Cytometry

Transiently transfected PRS4-EGFP cells were washed with PBS (Gibco) and
trypsinized with 0.05% trypsin (Gibco). Cells were resuspended in DMEM with 10% FBS
and centrifuged for 5 min. at 400g. The media was removed and the cell pellet was
resuspended in ice cold 0.3% BSA (Proliant) in PBS. The centrifugation and resuspension
steps were repeated and cells were filter through a 70 pum mesh to remove clumps.
Propidium iodide (PI, Thermo) was added to a final concentration of 10 ug/mL before
sorting cells on FACS Aria Il (BD). The cells were sorted based on viability dye (PI) and
EGFP. Cells were collected into 1.5 ml tubes containing PBS and viewed to ensure EGFP

expression.

Western blot analysis

For Western blot analysis cell culture media was removed from test plates, and
cells were lysed with in 2x SDS buffer (20% glycerol, 4% sodium dodecyl sulfate, 0.2 M
dithiothreitol, 125 mM Tris, pH 6.8), as described [68]. Total protein was separated on a
4-12 % Bis-Tris gels (Life technologies), transferred to PVDF membranes, and

immunoblotted with anti-Pax2 [2] or anti-EGFP antibody (Santa Cruz).

Luminescence assay
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For luciferase reporter assays, test plates were removed from the incubator and
equilibrated to room temperature for ten minutes before media was reduced and an equal
volume of SteadyGlo (Promega) was added. The plates were covered to protect them
from light and incubated at room temperature for an additional ten minutes. Plates were

subsequently read on a PHERAstar multimode plate reader (BMG).
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Figure 2.1. Characterization of PRS reporter activation. A) Schematic of Pax
responsive reporter genes: PRS, Paired domain recognition site; TK, minimal HSV-TK
promoter; EGFP, enhanced green fluoresencent protein coding; Luc, luciferase coding;
Fp, forward primer used in ChlIP analysis; Bp, reverse primer used in ChIP analysis. B)
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Clones carrying the PRS-EGFP integrated reporter are responsive to transient Pax2
transfection. Whole cell lysates were blotted for the proteins indicated. C) HEK293 cells
containing the integrated PRS-EGFP reporter that were transiently transfected with
increasing amounts of Pax2 show dose dependent levels of EGFP. Whole cell lysates
were blotted for the proteins indicated. D) ChlIP from cells with or without Pax2
transfection. Primer pairs against the PRS and a control promoter (GAPDH) were used
for RT-gPCR. Relative amounts of PCR product are expressed as a percent of input
chromatin. Notably, Pax2 binds to the PRS element. Furthermore, Pax2 dependent
recruitment of PTIP, ASH2L, ALR, and RBBP5 leads to an increase in H3K4 mono-, di-,
and trimethylation. Averages from triplicates are shown with error bars indicating 1 SEM.
This figure is modified from Patel, S.R. et al. Dev Cell, 2007 [59].
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Figure 2.2. Characterization of PRS reporter repression. A) HEK293 cells containing
the integrated PRS-EGFP reporter were transiently transfected with control vector, Pax2
expression vector, Pax2 and Grg4 expression vectors, or just Grg4 expression vector.
Whole cell lysates were collected and blotted for the proteins indicated. B) Densitometry
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based quantification of GFP expression in cells transfected as described in A. Cells
transfected with the control vector were used to normalize results. Note the significant
increase in GFP expression when Pax2 is transfected alone and the suppression of this
increase in Pax2-Grg4 co-transfected cells. *, p<0.01 C-M) ChIP assays from PRS-EGFP
cells transfected as described in A. Antibodies used for each ChIP experiment are shown
above their respective graphs. Averages from triplicate experiments are shown with error
bars indicating 1 SEM. C) Note that Pax2 is localized to the PRS4 element in cells
transfected with a Pax2 expression vector. D) PTIP is found at the PRS4 element in a
Pax2-dependent manner. Notably, PTIP localization is disrupted in cells co-transfected
with Pax2 and Grg4 expression vectors. E) Note that Grg4 localization to the PRS4
element occurs in a Pax2-dependent manner. F-J) The localization of Grg4 to the PRS4
element is accompanied by PPM1B (phosphatase), PRMT5 (arginine methyltransferase),
KMT6 (EZH2, PRC2 catalytic subunit), Suzl12 (PRC2 subunit), and WDR77 (PRC2
subunit). K-L) The recruitment of the factors shown in F-J leads to symmetric
dimethylation of H3R4 and trimethylation of H3K27. M) RNA Pol2 recruitment is increased
in cells transfected with a Pax2 expression vector, but this increase is abolished when
Grg4, PPM1B, PRMT5, PRC2, and their associated methylation marks are present. K)
This figure is modified from Patel, S.R. et al. Mol Cell, 2012 and Abraham, S. et al. J Biol
Chem, 2015 [60, 61].
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Figure 2.3. Response of PRS-Luc cell lines to transient Pax2 transfection. PRS-
Luc cell lines were transiently transfected with either CMV-Pax2b or CMV-Pax2h¢63Y
and luciferase induction was monitored using the SteadyGlo luminescence assay. A)
Graph of raw luciferase activity assay results B) Table indicating luciferase induction
based on the fold change observed between cells transfected with Wt and Mut Pax2b. |
would like to thank Egon Ranghini for generating the stably transfected PRS4-Luc
clones that | screened for Pax2 responsiveness.
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Figure 2.4. Comparison of transfection efficiency for several transfection
reagents. Numerous transfection reagents used to transiently transfect PRS-Luc cell
lines with CMV-Pax2b to investigate transfection efficiency. A) Flow cytometric analysis
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of EGFP induction B) Western blot analysis of EGFP induction. C) Cost analysis for the
various transfection reagents used.
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Figure 2.5. Optimization of PRS-Luc assay. PRS-Luc clone #33 cells were used for
comparison of luciferase induction A) following transient transfection of CMV-Pax2b using
different ratios of transfection reagent to DNA, B) at assorted pre-transfection seeding
densities, C) at various post-transfection seeding densities, D) at several timepoints
following transient CMV-Pax2b transfection, E) and following transient transfection with
varying amounts of CMV-Pax2b expression plasmid. F) Diagram describing optimized
assay workflow.
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Figure 2.6. Adaptation of PRS-Luc assay to HTS format. A mock HTS run was
performed. In this mock run, all of the wells that would normally have had test compound
added received only DMSO. The 384-well test plate was generated and PRS-Luc clone
#33 cells which were transiently transfected with CMV-Pax2b or CMV-Pax2b®%3Y were
added. A) Screenshot depicting raw luminescence values for the test plate. B) Table of
test plate statistics.
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CHAPTER 3

Targeting the paired domain to identify a small-molecule inhibitor of Pax2 mediated

transcription activation

Abstract

The promise of rational drug design lies in leveraging fundamental knowledge of
tissue and disease-specific pathways to find innovative paths of intervention while
curtailing systemic side effects. Perhaps of the most efficient methods to inhibit Pax2
transcription activation would be to interfere with Pax2 localization at target genes. We
developed a virtual screening approach to identify small-molecules with the potential to
interact with the Pax2 DNA-binding domain and abolish DNA-binding ability. Candidate
molecules identified in the virtual screen were analyzed in a cell-based reporter assay to
confirm their antiPax2 activity. Next, analogs were tested and a more potent compound
was identified. This compound, termed EG1, was found to bind to the Pax2 paired domain
blocking DNA-binding activity. EG1 was found to phenocopy loss of Pax2 function in an
ex vivo embryonic kidney culture model. In this model, we observed disruption in kidney
development and gene expression changes that were consistent with genetic loss of
function studies. Moreover, we showed that EG1 treatment leads to reduced proliferative

potential in Pax2 expressing urogenital cancer cells but has little effect on urogenital
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cancer cells lacking Pax2 expression. Our results suggest that we have identified a bona
fide small-molecule that can, at low micromolar concentrations, inhibit Pax2 activity. EG1
can serve as a backbone for developing more potent and selective inhibitors which could

help in treating a variety of kidney diseases for which specific therapies are lacking.
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Introduction

Virtual screening is a powerful tool for hit discovery

In silico screening, also referred to as virtual screening or computational screening,
has proven to be a useful tool for identification of small-molecules with the potential to
interact with and regulate a protein of interest. In fact, an escalating number of success
stories using virtual screening have been reported [1-5]. Additionally, virtual screening
has become an integral part of many drug discovery pipelines. By and large, virtual
screening can be divided into two categories, ligand-based virtual screening (LBVS) and
structure-based virtual screening (SBVS) [6, 7]. LBVS relies on structural knowledge of
known ligands and active molecules 1) for searching through chemical databases for
similar molecules or 2) for designing novel molecules with similar structure. On the
contrary, SBVS depends on high-quality structural information for the protein of interest
to assess binding potential based on predicted free energy changes associated with the
binding [4]. Perhaps the most widely used method of virtual screening is docking-based
virtual screening, a form of SBVS that models the interaction between a small-molecule
and the protein of interest at the atomic level. Molecular docking approaches require a
high-resolution structure of the target protein. Typically, X-ray crystallographic structures,
NMR structures, or structures determined by homology modeling are used in molecular
docking studies [6, 8, 9]. The quality of hits obtained through molecular modeling is

directly dependent on the quality of the structures used for docking studies [10].

Pax2 is a validated target and the paired domain is a great candidate for SBVS

approaches to identifying small-molecule inhibitors
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A fundamental first step in any successful virtual screening campaign is defining
the target [11]. This step requires in-depth knowledge of disease biology to identify a
target protein. Furthermore, it requires an understanding of what this protein does, how it
accomplishes these tasks, and how this activity could be manipulated with small-
molecules. In this study, we chose Pax2 as our target protein. Pax2 was selected because
it was previously shown to be overexpressed in renal cell carcinoma [12], polycystic
kidney disease [13], Wilms’ tumor [14], and other proliferative disorders of the urogenital
system. While overexpression may be a cause or consequence of the disease, Pax2
overexpression in renal cell carcinoma was shown to contribute to increased proliferative
potential, reduced apoptosis, and resistance to chemotherapeutic intervention [15, 16].
These findings suggest that inhibition of Pax2 could provide therapeutic benefit and
validate it as a target.

Having selected Pax2 as our target protein, the next step was to determine how to
best target Pax2 with small-molecules. Based on our knowledge of Pax2 biology we
determined that one of the productive ways to inhibit Pax2 activity would be to block Pax2
from binding to DNA thereby inhibiting Pax2 mediated regulation of gene expression. This
led us to focus our attention on the Pax2 paired domain. A series of point mutations within
the paired domain had been found to severely limit DNA-binding ability and lead to
disease [17, 18]. Targeting this region of the paired domain with small-molecules may be

effective in preventing Pax2 from interacting with DNA.

Strengths and weaknesses of virtual screening
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The goal of virtual screening is to find molecules that bind tightly to the target
protein and accomplish the desired effect. With virtual screening, many compounds can
be screened in a short period of time. The benefit of using virtual screening is that most
of the compounds showing no potential for binding to the target can be easily dismissed.
This limits the load of compounds that require in vitro testing. Given the reduced list of
potential compounds, virtual screening can save significant amounts of time and money
[19]. Another benefit to virtual screening is that a probable mechanism of action is
inherently provided by the modeling [20]. Moreover, this modeling provides information
regarding the binding mode and orientation of the candidate molecule that could prove
useful for guiding rational hit-to-lead development.

Although virtual screening has many benefits and has been successfully utilized in
the drug discovery arena, it is not without limitations. First and foremost, virtual screening
hits are merely predictions based on a model system. These hits are only as good as the
modeling and docking that was performed. The modeling, even with a high-resolution
structure and the best of intentions, is limited because the structures that the models are
based on are often based on a solid state version of the target [21]. Thus, it is possible
that the structure is not biologically relevant. Given these limitations, it is clear that hits
need to be experimentally examined for their ability to bind the target protein in vitro and
to accomplish the desired effect. In this study, we utilized the in vitro luciferase reporter
assay described in Chapter 2 to initially test the hits identified by our virtual screen.
Moreover, we made use of several biochemical and biophysical binding assays to

investigate target engagement and mechanism of action.
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Despite being implicated in numerous disease states, Pax2 has not previously
been looked at as a therapeutic target. In general, targeting tissue-specific developmental
control genes is rare. Regardless, we propose that this could represent an excellent
approach with the potential to avoid the harmful side effects that plague many of the

current treatment regimens.

Results

Virtual screening to identify small-molecules with the potential to interact with the paired

domain

Our goal was to find small-molecules that can inhibit Pax2 transcription activation
through blocking Pax2 from binding to its cognate DNA sequence. To limit the number of
compounds that we had to physically screen we chose to address this goal using an in
silico screening approach. Since the structure of Pax2 has yet to be solved, we turned to
homology modeling. Homology modeling followed by structural refinement using
molecular mechanics and molecular dynamics simulations provide a quality alternative to
solving the structure of Pax2. We were fortunate that crystal structures for the paired
domains of Pax5 (1K78) [22] and Pax6 (6PAX) [23] were available. Amino acid identity
between Pax2 and Pax5 is 97% throughout the paired domain while 76% amino acid
identity is observed between Pax2 and Pax6. Considering that Pax2 and Pax5 have a
greater degree of amino acid identity than Pax2 and Pax6 and that the Pax5 structure
was resolved to 2.25 A, the structure of the Pax5 paired domain was utilized as the

template for our Pax2 homology model.
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On the basis of the homology model and several point mutations (C63Y and Q47P)
that were previously found to hinder DNA-binding, a DNA-binding pocket was identified
[17, 18] (Figure 3.1 A). Hydrophobic residues including L32, V59, and 167 form a pocket
surrounding the well-defined DNA-binding pocket that contains the C63 residue (Figure
3.1 B). The Glide docking program was used to perform structural database searching of
CCG compound library. The screening was centered around the C63 residue for
compounds with the potential to dock within this region of the Pax2 DNA-binding domain.
The screening was performed first using Glide 5.5 standard-precision (SP) mode and the
top scoring molecules were rescreened using the extra-precision (XP) mode. The top
scoring 227 compounds with reasonable docking poses were selected as potential small-

molecule inhibitors of Pax2.

Cell-based assays confirm virtual screening discovery of a novel inhibitor of Pax2

transcription activation

The cell-based PRS4-Luc assay described in Chapter 2 was employed to test the
candidate inhibitors that were identified by the in silico screen. Of the 227 potential
inhibitors, 225 were available at the CCG and were investigated for their ability to inhibit
Pax2 mediated transcription. Initially, we analyzed the compounds that were prepared
and housed at the CCG in dose response assays. From the 225 compounds tested in the
dose response assays, 31 showed concentration-dependent inhibition. These 31 hits had
ICs0 values that ranged from 3 pM to over than 500 uM. To confirm the activity of these
31 hits, fresh powder stocks were ordered and retested in our primary activity assay. This

was an important step for confirming that the observed activity was, in fact, due to the
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desired compound and not due to mislabeling, contamination, or a degradation product.
After retesting the fresh powder stocks to confirm activity, we wanted to rule out
compounds whose activity was not specific for Pax2 but was instead due to inhibition of
the luciferase enzyme or due to interfering with basic cellular processes such as
transcription, translation, proliferation, etc. To address this concern, we established a
counterscreen in which HEK293 cells were transiently transfected with a luciferase
expression vector whose expression was driven by the constitutive CMV promoter (CMV-
Luc). Following transfection, these cells were treated with the desired compound and
assayed for any loss in luciferase activity.

Of the 31 hits that were retested and subjected to the counterscreen, five were
confirmed and found to inhibit luciferase in a Pax2 dependent manner (Table 3.1). The
five hits were made up of two pairs of structurally similar compounds and a single
compound that was not related to the other two pairs. The ICso values for these
compounds ranged from about 50 uM to 125 uM. Since these compounds had relatively
mild inhibitory effects and relatively high 1Cso values, we purchased a number of
commercially available analogs. The analogs were tested in our primary and
counterscreen assays for their ability to inhibit the luciferase signal. A total of 64 analogs
were purchased and tested. The IC50 values for the analogs ranged from approximately
10 uM to greater than 150 uM. From the list of analogs, EG1 (Figure 3.2 B, PubChem
CID 2193203) was selected for further study due to its increased potency and selectivity.
Pax2 mediated expression of the luciferase reporter gene was inhibited by EG1 in a dose-
dependent manner. While EG1 showed an ICso of approximately 10 uM in the PRS4-Luc

assay, there was little to no inhibitory effect observed in the CMV-Luc counterscreen

91



(Figure 3.2 C). Using our PRS4-EGFP cell line we were able to show that EG1 was
capable of inhibiting Pax2 mediated expression of EGFP without significant effects on
Pax2 protein levels in a second independent Pax2 reporter cell line (Figure 3.2 F).
Considering that the paired domains of the other group Il Pax members, Pax5 and
Pax8, are 97% and 92% identical to Pax2 respectively, we sought to determine if EG1
could inhibit their transactivation activity or if it was selective for Pax2. Not surprisingly,
we found that EG1 inhibited all three of the group Il Pax family members with similar ICso
values (Figure 3.2 D). To investigate potential EG1 activity against other transcription
factors, we turned to a BMP-dependent luciferase reporter (BRE-Luc) cell line. This
HEK293 cell line contains an integrated luciferase reporter gene that depends on BMP
signaling and P-Smad mediated transactivation. Notably, this cell line was unaffected by
titration of EG1 (Figure 3.2 E). Taken together, these data suggest that we have identified

a specific and efficacious inhibitor of group Il Pax proteins.

EGL1 interacts directly with the paired domain of Pax2 and inhibits Pax2 from interacting

with DNA

Since EG1 was identified through our in silico screen for small-molecules with the
potential to interact with the paired domain of Pax2, we predicted that the mechanism of
action for EG1 was through binding the paired domain and blocking DNA-binding. To
investigate the possible interaction between EG1 and the Pax2 paired domain we turned
to biolayer interferometry. Biolayer interferometry is a label-free technique for determining
the binding affinity (Kad) between two molecules. For this experiment, we immobilized

biotinylated Pax2 paired domain on streptavidin biosensors and measured the binding
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affinity of EG1 to the immobilized Pax2 paired domain using the Octet RED96 system
(Figure 3.3 A). A Kqg of 1.35 uM was calculated using the Kon and Kot rates, whereas
steady-state analysis of the binding curves provided a Kq of 1.5 uM for this interaction
(Figure 3.3 B).

Having identified a direct interaction between EG1 and the Pax2 paired domain,
we turned our attention toward determining what effect this interaction had on Pax2 DNA-
binding ability. To address this, we set up an electrophoretic mobility shift assay (EMSA,
Figure 3.3 C). Recombinant Pax2 paired domain was incubated with increasing
concentrations of EG1. After a short incubation, an isotopically labeled double stranded
PRS4 oligo was added. Following another short incubation, these samples were loaded
and run on native polyacrylamide gels. A shift in molecular weight shows that the paired
domain is able to bind to the isotopically labeled PRS4 probe. Notably, 10 uM EG1
reduces this binding by more than 50% while 100 uM EGL1 nearly completely abolishes
this binding. Together these data show EG1 specifically binds to the DNA-binding pocket

of the Pax2 paired domain and prevents Pax2 from binding to DNA.

EG1 disrupts embryonic kidney development in a manner that is consistent with loss of

Pax2 function

Pax2 activity is essential for the development of the kidney. It plays a role in
morphogenetic processes such as ureteric bud branching and in converting metanephric
mesenchymal cells into epithelial cells. Losing Pax2 activity hinders branching
morphogenesis, prevents metanephric mesenchymal cells from aggregating around the

ureteric bud tips, and completely inhibits metanephric mesenchymal cells from
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undergoing a mesenchymal to epithelial transition [24-26]. If EG1 is a Pax2 inhibitor, as
we suspect, then treating developing kidneys with EG1 should recapitulate these findings.
We made use of a well-described ex vivo organ culture model system to resolve whether
this was the case or not (Figure 3.4). For these experiments, embryonic day 11.5 (E11.5)
kidney rudiments were isolated by microdissection. The embryonic kidney rudiments were
cultured for 48 h on transwell filters in the presence of EG1 or vehicle. Embryonic lung
rudiments, which undergo a branching morphogenesis but do not express and Pax family
members, were isolated along with the embryonic kidney rudiments. Since the branching
morphogenesis of the lungs proceeds in a Pax independent manner, lung branching
should not be affected by EG1 treatment. Following the 48 h culture period, the rudiments
were immunostained with antibodies against Pax2 and Cytokeratin (Figure 3.4 A). The
Pax2 staining illuminates both the metanephric mesenchyme and the epithelial cells of
the ureteric tree while Cytokeratin only marks the epithelial cells of the ureteric tree
(Figure 3.4 A). This staining shows that the Pax2 positive metanephric mesenchymal cells
failed to aggregate completely at the ureteric bud tips. Instead of aggregating at the
ureteric bud tips these cells could be found dispersed throughout the kidney rudiment.
This failure to aggregate was accompanied by defects in branching. Ureteric bud tips
were counted and found to be significantly reduced following treatment with EG1 (Figure
3.4 B) Importantly, these changes occurred despite Pax2 positive cells being dispersed
throughout the kidney rudiments which suggests that EG1 treatment disrupted aspects of
renal development that are consistent with a loss of Pax2 function without affecting Pax2
expression levels. These data suggest a Pax2 specific effect of EG1 which is entirely

consistent with loss of Pax2 activity.
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EG1 treatment leads to gene expression changes that are consistent with reduced Pax2

function

Recently, a study investigating genes that are regulated by Pax2 in renal
progenitor cells, which were isolated from embryonic kidneys, found that many key
regulators of nephrogenesis were downregulated following the loss of Pax2 [27].
Furthermore, this study showed that in addition to the downregulation of nephrogenic
factors a number of genes associated with paraxial mesoderm or interstitial stroma were
upregulated. We decided to look at several of the genes identified in that study to see if
ex vivo organ cultured embryonic kidneys exposed to EG1 would recapitulate gene
expression changes caused by loss of Pax2. For these experiments, embryonic day 11.5
(E11.5) kidney rudiments were isolated by microdissection. The embryonic kidney
rudiments were cultured for 48 h on transwell filters in the presence of EG1 or vehicle.
Following the 48 h culture period, Pax2 target gene expression was analyzed by RT-
gPCR or whole mount in situ hybridization (Figure 3.5). Expression of a direct target of
Pax2, Citedl, was found to be severely reduced in renal progenitor cells following EG1
treatment (Figure 3.5 A). While the expression of Cited1l was greatly reduced, staining
indicates that residual expression is in the correct cell types. This suggests that EGL1 is
not simply killing the progenitor cells. Gene expression changes assessed by RT-gPCR
reveals a clear reduction in HNF4a and confirms results from the in situ hybridization for
Citedl (Figure 3.5 B). While these two genes are only expressed in renal progenitor cells,
Bmp7 is expressed in both epithelial progenitor cells and the stroma and shows less of a

reduction following EG1 treatment (Figure 3.5 B). In addition to looking at previously
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identified genes that were shown to be downregulated following the loss of Pax2, we
examined several of the stromal genes that were previously found to exhibit higher
expression levels following the loss of Pax2. In doing so, we found that FoxD1, Msx1, and
Twist2 were all upregulated in ex vivo cultured kidney rudiments following EG1 treatment
(Figure 3.5 C). These data indicate that EG1 is acting in a way that is completely
consistent with a loss of Pax2 activity and suggests EG1 is acting in a Pax2 specific

manner.

Pax2 positive but not Pax2 neqative urogenital cancer cell lines exhibit reduced viability

when exposed to EG1

Human renal cancer cell lines are sensitized to chemotherapeutic agents such as
cisplatin and exhibit a decrease in proliferation following suppression of Pax2 gene
expression [12, 15, 16]. Based on these findings, we investigated whether EG1 treatment
has an impact on the viability of urogenital cancer cells that express or do not express
Pax2 (Figure 3.6). Pax2 positive cell lines included a renal cell carcinoma line (RCC111)
and two ovarian carcinoma cell lines (TOV112D and E2S) while Pax2 negative lines
included two prostate cancer cell lines (22Rv1 and PC3) and an ovarian cancer cell line
(SK-OV-3). Pax2 expression was investigated by Western blot analysis (Figure 3.6 A).
We treated the cancer cell lines with 12.5 uM or 25 uM EG1 and checked viability 48 h
post-treatment (Figure 3.6 B). A significant decrease in viability was observed for all three
of the Pax2 positive cell lines, whereas none of the Pax2 negative cells lines were
affected. To better understand how viability was affected, we measured levels of

phosphor-histone H3 (P-H3). P-H3 is a commonly used marker to measure proliferation
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of cell cycle arrest. Similar to what was observed in the viability assays, the Pax2 positive
cell lines showed decreased levels of P-H3, whereas P-H3 levels in the Pax2 negative
cell lines was unchanged (Figure 3.6 C). Interestingly, the effects of EG1 appear to be
dependent on the levels of Pax2 proteins with RCC111 having the highest level of Pax2
and being the least sensitive to EG1 treatment. These data are entirely consistent with a
role for Pax2 in regulating proliferation and survival in renal and ovarian cancers.

Furthermore, these results confirm that Pax2 is a viable target for anticancer therapeutics.

Discussion

In this chapter, we utilized the crystal structure of Pax5 [22] to prepare a homology
model of the Pax2 paired domain. This model was used for structure-based virtual
screening with the hope of identifying small-molecules capable of binding to the Pax2
paired domain. This virtual screening yielded 227 potential interactors with reasonable
docking poses. Of these 227 potential interactors, 225 were readily available and were
tested in our cell-based luciferase reporter assay for their ability to inhibit Pax2 mediated
transactivation of the reporter gene. The primary screen yielded 31 molecules capable of
inhibiting the luciferase signal. Fresh powder stocks of these 31 molecules were ordered
and used for confirmation and counterscreening assays. Following these assays, five
specific inhibitors remained. Due to the mild inhibitory effects and high ICso values, a
number of analogs were ordered and tested. These analogs led to the discovery of a
more potent inhibitor. This molecule, which we called EG1, was selected for further
analysis and characterization. As predicted by our homology model and confirmed by

biolayer interferometry, EG1 was found to bind directly to the Pax2 paired domain. The
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binding studies determined this interaction had an affinity of 1.35 uM to 1.5 puM. Gel shift
assays determined that this interaction abolishes the DNA-binding ability of Pax2.

Pax2 activity is essential for the development of the kidney. It plays a role in
morphogenetic processes like ureteric bud branching and in converting metanephric
mesenchymal cells into epithelial cells. Losing Pax2 activity hinders branching
morphogenesis, prevents metanephric mesenchymal cells from aggregating around the
ureteric bud tips, and completely inhibits metanephric mesenchymal cells from
undergoing a mesenchymal to epithelial transition [24-26]. An ex vivo organ culture model
system shows that EG1 disrupts these Pax2 dependent processes but does not have a
similar effect on branching of lung epithelia which proceeds without Pax activity. An early
step in nephrogenesis is the formation of the ureteric bud which grows outward toward
and eventually invades the metanephric mesenchyme. The Pax2 positive mesenchymal
cells condense around the tips of the ureteric bud and in response to Wnt signals undergo
a mesenchymal to epithelial transition which contributes to the growing ureteric bud tree
[28]. Similar to Pax2 genetic mutants, EG1 blocks the Pax2 positive metanephric
mesenchymal cells from condensing around the ureteric bud tips, prevents these cells
from transitioning to epithelial cells, and limits branching of the ureteric bud tree. The
ability of EG1 to phenocopy the findings from genetic loss of function studies provides
some of the strongest evidence for it being a Pax specific inhibitor. Moreover, we saw
that EG1 treatment phenocopied gene expression changes associated with genetic loss
of function. These changes included loss of Citedl, a marker of renal progenitor cells,

and an increase in the stromal gene FoxD1 [29, 30].
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Aberrant Pax2 expression is seen in rapidly proliferating renal epithelial cells, such
as in polycystic kidney disease [13, 31], juvenile cystic and dysplastic diseases [32],
Wilms’ tumor [14, 33], and renal cell carcinoma [12, 34, 35]. Pax2 has been described as
a pro-survival factor that fuels proliferation and provides tumor cells with resistance to
programmed cell death. In line with those thoughts, decreased Pax2 gene dosage proved
beneficial for reducing cyst formation and slowing PKD progression in mouse models [13,
31]. Moreover, renal cancer cell lines are sensitized to chemotherapeutic agents, exhibit
an increase in apoptosis, and have a reduced proliferative capacity following suppression
of Pax2 gene expression [12, 15, 16]. Likewise, we found that EG1 treatment led to
decreased proliferation and reduced viability in Pax2 positive cancer cells but not in Pax2
negative cancer cells.

One of the advantages of Pax2 as a therapeutic target is that the number of cell
and tissue types that express Pax2 are relatively limited. Furthermore, Pax2 expression
is absolutely required for kidney development but is suppressed in healthy adult renal
epithelial cells. This limited expression pattern could help to minimize systemic side
effects. One concern regarding this matter is the degree of homology observed amongst
the Pax family members within the paired domain. The high-degree of similarity could
allow EG1 to target Pax family members beyond Pax2. In fact, we found that the other
group Il family members, which have the highest degree of homology, are also inhibited
by EG1. Pax8 expression is found in the thyroid and partially matches Pax2 expression
in the urogenital tract [36], while Pax 5 is expressed in B-cell progenitors [37]. Inhibition
of other Pax family members could increase the chances of developing negative side

effects. However, pan-Pax activity could be useful. For instance, Pax5 overexpression
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has been reported in a number of hematological malignancies [38]. Moreover, Pax8 is
aberrantly expressed in T-cell lymphomas [39] and multiple urogenital cancers [40].
Since in silico screening requires a high-resolution structure to develop a quality
model, we targeted the paired domain of Pax2. Pax2 mediated transcription activation is
not limited to Pax2 binding. In fact, this process requires interaction with the adapter
protein PTIP, the recruitment of mixed lineage leukemia (MLL) histone methyltransferase
complex, and subsequent chromatin remodeling [41, 42]. Pax2 mediated transcription
activation is enhanced by c-Jun N-terminal kinase phosphorylation of the Pax2
transactivation domain [17, 43]. In addition to its role in transcription activation, Pax2 also
plays a role in transcription repression. Pax2 has been found to convert from
transcriptional activators to transcriptional repressors by virtue of a direct interaction
between Grg4 and the OP [17, 44-46]. The Grg4 mediated conversion from positive to
negative transcriptional regulator has been looked at mechanistically for Pax2 [46, 47].
These studies identified a model in which Grg4-dependent recruitment of a phosphatase,
PPM1B, leads to dephosphorylation of the Pax2 transactivation domain with subsequent
displacement of the PTIP/MLL complex. The displacement of the PTIP/MLL complex is
concurrent with Grg4-dependent recruitment of PRMT5, an arginine methyltransferase,
and the polycomb repressive complex 2 (PRC2). Ultimately, this leads to alterations in
the chromatin landscape as the activating H3K4me3 marks placed by the PTIP/MLL
complex are exchanged for the silencing H4R3me2 and H3K27me3 marks placed by
PRMT5 and PRC2 respectively. These changes result in condensation of chromatin and
repression of gene expression. It is clear that the biochemical regulation of Pax2 is very

complex. This complexity may provide a multitude of avenues for modulating Pax2 activity
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that goes well beyond directly targeting Pax2. Even though there are many benefits to
virtual screening, an unbiased screening approach for Pax2 inhibitors could produce a
diversity of compounds which may act alone to regulate Pax2 activity or in combination
to enhance the activity of EGL1.

EG1 can serve as a backbone for developing more potent and selective inhibitors
which could help in treating a variety of kidney diseases for which specific therapies are

lacking.

Materials and Methods

Virtual Screening

The three-dimensional (3D) structure of Pax2 has not been determined yet, thus
we used homology modeling to model the 3D structure of the target molecule. There are
two related structures reported, the Pax5/Ets-1 in complex with DNA (PDB ID: 1K78) and
Pax6 in complex with DNA (PDB ID: 6PAX). Amino acid identity throughout the paired
DNA-binding domain is 97% between Pax2 and Pax5 and 76% between Pax2 and Pax6.
Based on the high degree of identity and the higher resolution of the Pax5 structure bound
to DNA in complex with the ETS1 protein (2.25 A), Pax5 (PDB ID 1K78, chain A) was
used as the template for the structural homology model of Pax2. The initial models were
generated employing Prime 3.0 of Schrodinger. The homology modeled 3D structure of
the Pax2 paired domain underwent a 10 ns molecular dynamics using Amber 11. The
produced trajectories were clustered using the MMTSB toolset. In each cluster, a

structure with the minimum energy was chosen for virtual screening.
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Virtual screening was performed against the compound library (151,634
compounds) available at the Center for Chemical Genomics (CCG) at University of
Michigan. The library was filtered in order to avoid possible problematic compounds
(known as PAINS) and to use drug-like compounds for the virtual screening by applying
multiple criteria including: molecular weight in the range of 300 to 670 Da; calculated logP
in the range 2 to 7; Aromatic rings in the range 0 to 5; number of hydrogen bond donors
from 0 to 6; number of hydrogen bond acceptors from 2 to 12; and other. A total of 97,378
molecules were selected and taken for structure-based virtual screening (molecular
docking approach) using the Glide docking program. Cys63, which is involved in the
binding of DNA, was defined as the center of the active site. A cubic box (the active site)
with a length of side of 10 A represented the volume of the protein for which grids were
calculated using Glide 5.5. The produced grids were used for docking studies. Glide 5.5
standard-precision (SP) mode and extra-precision (XP) of Schrodinger was used for the
virtual screening. The top 1000 candidate small-molecules with the best scores obtained
by Glide SP were rescreened using the XP mode. After the re-ranking, the top 227 scored
compounds with reasonable docking poses were considered as potential small-molecule
inhibitors of Pax2. Of these, 225 were available for screening in a cell-based assay for

the inhibition of Pax2 mediated transactivation.

Cell culture

HEK?293 cells containing PRS4-EGFP or PRS4-Luc reporter, described previously

[48], were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented
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with 10% FCS (Sigma), 100 U/ml penicillin, 200 mg/ml streptomycin (Gibco), 400 ng/mL

geneticin (Gibco) and were maintained under humidified 5% C02/95% air at 37°C.

Transfection

HEK293 cells were transiently transfected with CMV-Pax2b, CMV-Pax2b®3Y,
CMV-Pax5, CMV-Pax8, or CMV-Luciferase expression vector. Briefly, 3x10° cells were
plated in a 100 mm tissue culture dish (Corning) and incubated overnight. The next
morning the media was replaced with 5 mL of antibiotic-free DMEM and transfection
reactions were prepared. In a 2 mL Eppendorf tube containing 896 uL of Opti-MEM |
(Gibco) 4 pL of 1ug/uL plasmid was added. In a second 2 mL Eppendorf tube containing
886 uL Opti-MEM | 14 pL of Lipofectamine2000 (Life Technologies) was added and
allowed to incubate at room temperature for 5 min. The contents of the two tubes were
mixed by pipetting and allowed to incubate at room temperature for 20 min. The
transfection mix was added dropwise to a 100 mm dish of cells. The plate was shaken
gently and placed in the incubator for 6 h. The plate of transfected cells was trypsinized
with 0.05% trypsin (Gibco) for 3 min. The cells were harvested, counted, plated in 6-well
culture dishes (500,000 cells/well for Western blot analysis) or 96-well dishes (30,000
cells/well for luminescence assays) containing DMSO or increasing concentrations of

compound, and were placed in the incubator overnight.

Luciferase reporter assays

For luciferase reporter assays, test plates were removed from the incubator and

equilibrated to room temperature for 10 min. before the media was reduced and an equal
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volume of Steady-Glo (Promega) was added. The plates were incubated at room
temperature for another 10 min. and were read on a PHERAstar multimode plate reader

(BMG).

Western blot analysis

For Western blot analysis, the media was removed from test plates and cells were
lysed in 2X SDS buffer (20% glycerol, 4% sodium dodecyl sulfate, 0.2 M dithiothreitol,
125 mM Tris, pH 6.8), as described [49]. Total protein was separated on 4-12% Bis-Tris
gels (Life Technologies), transferred to PVDF membranes and immunoblotted with anti-
Pax2 antibody [50], anti-EGFP antibody (Santa Cruz), anti-actin (Cell Signaling Tech.),
anti-P-Histone H3 (Cell Signaling Tech.), anti-Histone H3 (Cell Signaling Tech.), or anti-

Actin (Sigma).

Electrophoretic Mobility Shift Assays

PRS4 probe was obtained by generating a double stranded oligo, end labeling the
double stranded oligo with [32P] dATP using the polynucleotide kinase reaction, and
purifying the product with a mini Quick Spin DNA column (Roche). The following oligos
were used to generate the PRS4 probe:
TCGAGATATCTAGAGCGGAAGGTGAGCCCAGTGA,

TCACTGGGCTCACCGTTCCGCTCTAGATATCTCGA.

Binding reactions were performed in 0.5X Z-Buffer (10% glycerol, 12.5 mM HEPES

pH 7.8, 6.25 mM MgClz, 0.5 mM DTT, 0.05 M KCI, 0.05% NP4) and contained 3 pg
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recombinant Pax2 Paired domain, 100 ng poly (dI-dC), *?P-labeled probe (10 000 c.p.m.),
and DMSO or increasing concentrations of EG1. Binding reactions were carried out at
room temperature for 20min. Samples were resolved at room temperature on 6% native

polyacrylamide gels in 0.5X TBE at 120 V.

Affinity Binding Kinetics

The Pax2 paired domain protein containing the first DNA-binding pocket defined
in our homology model (aa 1-81) was expressed as a His-tagged protein in E. coli and
purified by Ni-affinity. After biotinylation, the protein was bound to saturation to the
biosensor of an Octet RED Multichannel platform (ForteBio). All binding and equilibration
were done in PBS with 0.1% DMSO. For binding to compound, sensors were incubated
for 300 seconds in EG1 at the following concentrations: 0.5, 1, 2, 4, 8, 16, 31, 62, 125,
and 250 pM. Disassociation was then measured for 350 seconds in PBS to determine

affinity constants.

Organ Cultures

Mice were kept according to NIH guidelines. All procedures were approved by the
University Committee on Use and Care of Animals at the University of Michigan. Wild-
type FVB mice aged 8-12 weeks were used in this study (Jackson Lab). Kidney and lung
rudiments were microdissected at embryonic day 11.5 (E11.5) and were cultured on
0.4 um Transwell filter inserts (Costar) in Dulbecco’s Modified Eagle Medium (Gibco)

supplemented with 10% FCS (Sigma), 100 U/ml penicillin, 200 mg/ml streptomycin
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(Gibco), and DMSO (Sigma) or increasing concentrations of EG1 under humidified 5%

CO2/95% air at 37°C for 2 days.

In situ hybridization

In situ hybridization was performed on 2-day ex vivo cultured embryonic kidney
rudiments as described previously [27]. Briefly, the samples were fixed in 4% PFA in
PBS for 1 h at 4 °C, then washed three times in PBS+0.1% Tween-20 (PBT) for 10 min
at room temperature and dehydrated through a PBT/methanol series. Templates for
digoxigenin (DIG)-labeled riboprobes were generated by PCR amplification of E11.5-
E15.5 mouse embryo cDNAs and sequenced. The following primer pair was used for
riboprobe template as described [27]:

Cited1-ATGCCAACCAGGAGATGAAC,

CGATGTTAATACGACTCACTATAGGGCAACAGAATCGGTGGCTTTT.

RNA reverse transcription and real-time gPCR

Total RNA was extracted from 2-day ex vivo cultured kidney rudiments using
TRIzol reagent (Life Technologies) and RNeasy Mini Kit (Qiagen). Following extraction,
200 ng of total RNA was reverse transcribed into cDNA using SuperScript Vilo Reverse
Transcriptase (Life Technologies). cDNA templates were amplified with iTag Universal
SYBR Green Supermix (Bio-Rad) in a Mx3005P Real-Time PCR System (Stratagene).
The following primer pairs which were described previously [27] were used in this study:
Bmp7-CAGCCAGAATCGCTCCAAGA, GCAATGATCCAGTCCTGCCA,

Cited1- CTCTGGGAAGGAGGATGCC, CCAGAGGAGCTAGTGGGAACG,;
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Foxdl - TTCGGATTCTTGGACCAGAC, CAAGTCAGGGTTGCAGCATA
Hnf4a — TACTCCTGCAGGTTTAGCCG, CAGCCCGGAAGCACTTCTTA,
Hprt - GTTGGGCTTACCTCACTGCT, TCATCGCTAATCACGACGCT;
Msx1 — GCCCCGAGAAACTAGATCGG, GGACTCAGCCGTCTGGC;

Twist2 -GTCTCAGCTACGCCTTCTCC, CAGGTGGGTCCTGGCTTG.

Immunofluorescence

Immunofluorescence was performed on 2-day ex vivo cultured embryonic kidney
and lung rudiments as described previously [51]. Briefly, the samples were fixed in ice-
cold methanol for 20 min, then washed in PBS+0.1% Tween-20 (PBT), immunolabeled
with anti-Pax2 (1:400) and anti-Cytokeratin (1:400) (Sigma) antibodies overnight at 4°C
in PBT containing 5% goat serum (Sigma), washed with PBT, incubated with Alexa Fluor
488 and Alexa Fluor 594 secondary antibodies (1:500) (Life Technologies) overnight at
4°C, washed with PBT, and were mounted on microscope slides. Images were taken at

10X and 20X magnification.

Viability and Apoptosis Assays

Cancer cell lines were cultured in T75 flasks (Greiner) containing RPMI-1640
(Gibco) supplemented with 10% FCS (Sigma), 100 U/ml penicillin, 100 mg/ml and
streptomycin (Gibco). Cancer cell lines were maintained under humidified 5% CO2/95%
air at 37°C. Cancer cell lines were trypsinized with 0.25% trypsin, plated in 12-well culture
dishes (Corning) or 96-well culture dishes (Greiner) at 50,000 cells/well or 500 cells/well

respectively, and were incubated overnight. DMSO or increasing concentrations of EG1
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and vehicle were added to the wells and the plates were once again incubated overnight.
Cells from the 12-well plates were lysed in 2X SDS lysis buffer and used for Western
blotting. 96-well plates were removed from the incubator and allowed to equilibrate to
room temperature for 10 min. before CellTiter-Glo (Promega) was added and the

luminescence was read on the PHERAstar multimode plate reader.
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Figure 3.1. Homology model of Pax2 paired domain and virtual screen. A) A three-
dimensional homology model of the Pax2 paired domain bound to DNA based on the
crystal structure of the Pax5/ETS-1 complex with DNA. B) The red box indicated the DNA
binding pocket that was targeted in the virtual screening. Critical amino acid residues
within the DNA-binding pocket are indicated. For cell based screening of candidates, a
Cys63 to tyrosine mutant was used as a control due to its hindered DNA-binding ability
and loss of Pax2 mediated transactivation activity [17]. C) Flowchart describing the virtual
screening process and the number of compounds identified at each step. Ultimately, 227
candidate molecules were discovered through the in silico screening. | would like to thank
Chenzhong Liao for establishing the homology model and performing the virtual
screening that led to the 227 compounds. This figure was taken from Grimley, E. et al.
ACS Chem Biol, 2017 [52].
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Figure 3.2. In vitro confirmation of in silico screening results and identification of
a small-molecule Pax2 inhibitor. A) Diagram of in vitro validation workflow. B) Chemical
structure of lead compound EG1. C) Titration curves for PRS4-Luc reporter cells
transiently transfected with CMV-Pax2 expression vector (gray) or CMV-Luc expression
vector (black) and treated with increasing concentrations of EG1. Notably, these curves
show dose responsive inhibition of luminescence that is dependent on Pax2. D)
Experiment like that shown in C but with the closely related proteins Pax5 and Pax8
activating the PRS4-Luc reporter. Note, EG1 inhibits transactivation by all 3 Pax proteins.
E) Titration of EG1 has little effect on the ability of BMP4 and Smad1 to activate a BMP
response element in BRE-Luc reporter cell line exposed to BMP4. F) Western blot of
PRS4-EGFP cells transfected with CMV-Pax2b or CMV-Pax2b®®3Y (Mut) and exposed to
increasing concentrations of EG1 shows that EG1 dose dependently inhibits Pax2
transactivation activity in these cells. | would like to thank Martha Larsen and Nick Santoro
for generating the compound plates that were used for in vitro screening. Additionally, |
would like to thank Scott Larsen for selecting the analogs that | purchased and tested for
antiPax2 activity. This figure was taken from Grimley, E. et al. ACS Chem Biol, 2017 [52].
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Figure 3.3. EG1 inhibits Pax2 from binding DNA through a direct interaction with
the paired domain A) The EG1-Pax2 interaction was investigated by biolayer
interferometry in order to determine the kinetics of binding and binding affinity.
Streptavidin sensors containing immobilized Pax2 paired domain were exposed to EG1
at concentrations of 0.5, 1.0, 2.0, 4.0, and 8.0 puM. Global fitting of the binding curves was
performed using the Octet RED96 instrument software. A Kq of 1.35 uM was determined
based on the Kon and Koff rates. B) Steady state analysis calculates a Kq of 1.5 uM which
is consistent with the Kon and Kot rates determined in A. C) Gel shift assay performed with
isotope labeled PRS4 oligo that was incubated with Pax2 paired domain shows that EG1
dose dependently disrupts the Pax2-DNA interaction. | would like to thank Greg Dressler
for performing the OctetRed binding experiments and Zaneta Nikolovska-Coleska for
analyzing the OctetRed data. This figure was taken from Grimley, E. et al. ACS Chem
Biol, 2017 [52].
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Figure 3.4 EG1 disrupts branching morphogenesis of ex vivo cultured embryonic
kidneys but not embryonic lungs A) Ex vivo culture of kidney and lung rudiments from
E11.5 mouse embryos were exposed to increasing concentrations of EG1. While kidney
rudiments treated with EG1 showed a reduction in branching morphogenesis and a
disruption in metanephric mesenchyme condensation around the ureteric bud tips, lung
rudiments appeared unchanged. Importantly, these findings are consistent with the role
of Pax2 in kidney development and the lack of Pax proteins in the lung. B) Embryonic
lung and kidney rudiments were cultured in the presence of EG1 and branch tips were
guantified. Notably, EG1 exposure led to significant changes in kidney (n= 37, 24, 25, and
38, respectively) but not lung (n= 10, 7, 7, and 12, respectively) branching. *p < 0.001,
**p < 0.0001. This figure was taken from Grimley, E. et al. ACS Chem Biol, 2017 [52].
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Figure 3.5 EG1 exposure produces gene expression changes consistent with
reduced Pax2 transactivation activity in an ex vivo organ culture model A) Whole
mount in situ hybridization for Cited1l performed on ex vivo cultured embryonic kidney
rudiments grown in the presence of EG1 shows dramatic reduction in expression of a
Pax2 target gene. Note, EG1 exposure strongly inhibits Cited1l expression in epithelia
progenitor cells (arrows) found at the ureteric bud tips. B) RT-gPCR for mRNAs of critical
nephrogenic regulators show decreased expression after EG1 exposure. C) RT-gPCR
for mMRNAs typically expressed in the interstitial stroma and paraxial mesoderm show
increased expression after EG1 exposure. This figure was taken from Grimley, E. et al.
ACS Chem Biol, 2017 [52].

114



A -8 o B
= = —_ =
O > Z o Q Bl 0jMEGI Bl OuMEGI
O O v B o 150 B 12.51MEG1 150 B 12.50MEG1
M = m N A B 251M EG1 I 25uM EG1

70—

50—
37—

]Pax2

Viability (%)
Viability (%)

25—
.
&
C RCC111 TOV-112D ES-2 22Rv1 PC-3 SK-OV-3
EGI(uM) 0 125 25 0 125 25 0 125 25 EGI(u,M) 0 125 25 0 125 25 0 125 25
PH3 s o e . o o W _— — PHS e weswr O wue w— w— qumy w—— w—
UTY e o e e mn— e anme D e o o i s SED iy W Wiy
Acl e «b S @b - 4 4 a» o> ACt e - o= D GED GED que G- =
8 &8 8 8 & & 8 ¥ ¢ & 2 & 8 8 8 8 & 5
— — S - o S - o o — - = — — — o o

Figure 3.6 Pax2 expressing urogenital cancer cell lines exhibit reduced viability
following EG1 treatment. A) Western blot using whole cell lysates from renal (RCC111),
ovarian (TOV-112D, ES-2, and SK-OV-3), and prostate (22Rv1 and PC-3) cancer cell
lines. Antibodies used are indicated on the right. Notably, RCC111, TOV-112D, and ES-
2 cells produced the characteristic Pax2 doublet at 46-48 kDa while 22Rv1, PC-3, and
SK-0V-3 cells did not show expression of Pax2. Histone H3 and the nonspecific band at
30 kDa serve as loading controls. B) CellTiter-glo luminescent cell viability assay
indicates significant reduction in Pax2 positive but not Pax2 negative cancer cell lines
following EGL1 titration. *p < 0.05. C) Pax2 positive but not Pax2 negative cancer cell lines
treated with increasing concentrations of EG1 show decreased levels of phosphorylated
histone H3 (pH3) by Western blot. Levels of pH3 were quantified and normalized based
on total H3 levels. These values are shown below the individual blots. This figure was
taken from Grimley, E. et al. ACS Chem Biol, 2017 [52].
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Table 3.1. Pax2 Specific Inhibitors Identified Through In Silico Screening and
Confirmed in Cell-Based Activity Assays. This table was taken from Grimley, E. et al.

ACS Chem Biol, 2017 [52].
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CHAPTER 4

Implementation of a high-throughput screen designed to identify small-molecule

modulators of Pax2 mediated transcription regulation

Abstract

Pax2 is an embryonic regulatory protein that is essential for the development of
the kidney and urogenital system. While Pax2 activity is high during embryonic
development, it is generally repressed in healthy epithelial cells of the nephron. However,
Pax2 is reexpressed in surviving proximal tubule epithelia following an acute injury where
it is proposed to play a pro-survival role and be important for regeneration. Continued or
ectopic Pax2 expression is associated with a number of neoplastic disorders. High levels
of Pax2 appear to be critical for maintaining the proliferative state of renal cancer cells
which suggest that blocking Pax2 activity may be beneficial for patients suffering from
these tumors. Considering this, we developed an HTS campaign aimed at identifying
small-molecule regulators of Pax2 activity. HTS is a powerful tool for discovery of active
molecules that relies on physically interrogating thousands of molecules. Using the PRS4-
Luc reporter assay that we previously optimized for HTS, we screened 69,125 molecules

and found 48 inhibitors and 2 activators with ECso values ranging from 1.76 to 121 pyM.
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From these hits, 3 separate clusters of inhibitors with similar structures were found.

Overall, these data demonstrate the feasibility of targeting Pax2 transactivation activity.
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Introduction

Pax2 is essential for renal development, is dysrequlated in disease, and is a potential

target for developing novel therapeutics

The kidney and reproductive tract are derived from the intermediate mesoderm [1,
2], which express Pax2 and its homolog Pax8 among the earliest markers for this region
[3]. The Wolffian duct, also known as the nephric duct, is the first distinguishable structure
derived from the Pax2 positive intermediate mesoderm. As this duct expands caudally
from about the 12" somite toward to the cloaca two transient excretory organs, the
pronephros and mesonephros, develop and degenerate after the metanephric, or adult,
kidney begins to form at the caudal end. Metanephric kidney development begins when
the ureteric bud grows outward from the nephric duct, invades the Pax2 positive
metanephric mesenchyme surrounding it, and initiates induction. Through a complex
series of reciprocal interactions, the ureteric bud signals to the metanephric mesenchyme
to aggregate around the tips of the ureteric bud to form the Pax2+/Six2+/Cited1+ cap
mesenchyme, the progenitor cells of the nephrons [4, 5]. The cap mesenchymal cells
undergo a mesenchymal to epithelial transition leading to the formation of renal tubules.
Concurrently, the metanephric mesenchyme signals to the ureteric bud to undergo an
intricate pattern of branching morphogenesis that ultimately produces the collecting duct
system [6].

Pax2 is essential for proper development of the urogenital system and is necessary
for renal cell proliferation [7, 8]. While Pax2 expression is critical in developing structures
of the nephron, it is down-regulated in mature nephron epithelial cells as kidney

development terminates [9, 10]. Pax2 expression is, however, reactivated in regenerating
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epithelial cells following acute tubular injury resulting from ischemia or nephrotoxic
substances [11]. Epithelial cells that have survived the initial insult have been identified
as the source for these regenerating tubular cells [12, 13]. This suggests that
dedifferentiation and induction of cell cycle progression is a prerequisite for tubular
regeneration. Pax2 expression is likely to play a role in these processes as its expression
appears to be required for the expansion of the epithelial cells that repopulate the injured
tubules.

While Pax2 is highly expressed during development and in response to acute
tubular injury, it is largely absent in the nephrons of healthy adults. However, as discussed
previously, misexpression is observed in polycystic kidney disease [14, 15], juvenile cystic
and dysplastic diseases [16], Wilms’ tumor [17, 18], and renal cell carcinoma [19-21]. In
fact, Pax2 is the standard immunodiagnostic marker for tumors originating from the kidney
[20-25]. Reducing Pax2 activity by lowering gene dosage in mouse models of PKD or in
renal carcinoma cell lines slows proliferation and disease progression [14, 15, 19, 26, 27].

Taken together these findings suggest that Pax2 could be an excellent candidate
for developing molecularly targeted therapeutics. We anticipate that compounds which
enhance Pax2 activity will be valuable for improving the regenerative capability of injured
nephrons while those that restrict Pax2 activity will be useful for treating an array of kidney
tumors. In Chapter 3, we discussed a virtual screening approach that was used to identify
a small-molecule which prohibits Pax2 from binding to its cognate DNA sequence. While
the virtual screening approach selectively targets Pax2 activity, it is far from the only way
to target Pax2. In this chapter, we will discuss a second screening campaign that was

performed.
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High-throughput screening is a powerful tool for hit discovery

High-throughput screening (HTS) is the process by which tens of thousands of
compounds are physically evaluated for their biological or biochemical activity. Since its
development in the 1990’s, HTS has been a major component for hit identification and
lead discovery within the pharmaceutical industry [28]. Likewise, HTS has become
commonplace for academic researchers [29]. Improvements in automation and the
commercial availability of chemical libraries has made it so that even laboratories that do
not specialize in chemistry can partake in HTS. This has greatly expanded the search
space and allowed for the discovery of tool compounds for targets that are not typically
pursued by the pharmaceutical industry.

Historically, pharmaceutical companies have preferentially targeted cell surface
receptors, ion channels, and enzymes [30]. This is largely due to the presence of active
site cavities that make these types of targets predisposed to small-molecule binding [31].
Additionally, difficult targets and rare diseases are frequently avoided by pharmaceutical
companies because of their associated risks or lack of profitability. This leaves a huge
opening for academic research labs which are not concerned about shareholder interest
and find value in pursuing these neglected targets. One area where this is evident is in
protein-protein interaction inhibitors. Once thought to be undruggable, success in
targeting these types of interactions over the past decade has shown it be anything but
and has helped to reshape the screening landscape [32]. This is just one example of

many that demonstrate the value of academic screening programs.
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Strengths and weaknesses of HTS

HTS has been the most successful method for discovery of hit compounds [29].
HTS is an unbiased brute force method for physically assessing thousands of compounds
rapidly. The major benefit to HTS is that compounds are physically screened which
means hits are more relevant. However, physically screening huge numbers of
compounds can get expensive and, even though the hits are more relevant, they still
require extensive validation. This validation is often more involved, time-consuming, and

expensive than the initial screening.

Using the PRS4-Luc assay for HTS allows for discovery of small-molecule requlators of

Pax2 activity that may function at any level

The goal of HTS is to identify drug-like compounds that 1) specifically bind to and
modulate the activity of a biological target or 2) selectively induce a desired biological
effect. The first steps in HTS include selecting and validating a target, choosing a method
of targeting, and deciding on and establishing a suitable assay for measuring the desired
effect. These aspects were all considered and discussed in Chapter 2 of this thesis.
Depending on the goals of the project, target-based or phenotypic screening approaches
may be taken. The benefits of these approaches were discussed in more detail in Chapter
2 as were some of the major assays used by each approach. In the end, we decided that
a phenotypic screen utilizing the PRS4 reporter would be best for our purposes.

The PRS4 reporter assay is a cell-based assay that monitors Pax2 mediated
transcription of a luciferase reporter gene. This assay provides us the opportunity to

investigate many aspects of Pax2 biology simultaneously. Using this assay, we have the
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potential to identify small-molecules that effect Pax2 activity at numerous levels. For
instance, small-molecules that disrupt activation of the reporter gene could be inhibiting
the upstream signaling that leads to Pax2 phosphorylation, interfering with Pax2
recognition of the PRS4 element, obstructing one of the many protein-protein interactions
needed for transcription to occur, inhibiting the methyltransferase activity of the MLL
complex, inhibiting transcription or translation of Pax2, altering Pax2 nuclear localization,
or increasing Pax2 degradation. Another major benefit of the PRS4-Luc reporter assay is
the ability of the assay to identify small-molecules that increase Pax2 mediated

transcription activation.

Results

Primary screening

The optimized PRS4-Luc assay described in Chapter 2 was used as a means for
screening small-molecules contained within the chemical library of the Center for
Chemical Genomics at the University of Michigan (Figure 4.1). This assay relies on the
binding of Pax2 to the PRS4 element, recruitment of PTIP and the MLL complex, histone
methylation, and transcription of the luciferase reporter gene (Figure 4.1 A). It is a robust
and reproducible assay capable of monitoring compounds for their ability to enhance or
repress Pax2 mediated transcription (Figure 4.1 B).

In total, 69,125 unique compounds were examined in our primary screening
campaign (Figure 4.1 C). These compounds were assessed across 226 separate 384-
well test plates. At this stage, compounds were only tested once at a single concentration

of 8 uM. Each test plate contained wells for positive and negative controls. The signal
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generated within the positive and negative control wells were each averaged and then
used to calculate the percent activation/inhibition of the sample wells on a per plate basis.
Compounds that generated a luminescent signal that was at least 50% greater than that
observed in the negative control wells or those that were at least 3 standard deviations
greater than the negative control wells were called activator hits. Compounds that
produced a luminescent signal that was at least 3 standard deviations below the negative
control wells or those whose signal was at least 35% less than the negative control wells
were called inhibitor hits. A total of 728 activators and 1,960 inhibitors were identified
through this campaign (Figure 4.1 C). This correlates with a hit rate of 1.1% for activators
and 2.8% for inhibitors. While the 2.8% hit rate for inhibitors is a bit higher than the 1-2%
that is typical of primary screening campaigns, it is not outrageous and it may reflect the
complexity of the system. We could have made the cutoff criteria more stringent to reduce
the number of hits, but we wanted to conserve them at this point. One reason that we did
not want to eliminate them was that we felt we had a high-quality assay that could easily
distinguish between hits and non-hits. This was evidenced by the fact that we obtained

an average Z of 0.67 for the primary screen.

Confirmation and counter screening

We retested the molecules that showed activity in our primary screen to confirm
that they were true hits and not false positives. The compounds were retested as they
had been originally and at the same concentration, but this time they were each tested in
triplicate. Since a significant number of compounds in screening libraries have activity

against luciferase, a counterscreen was run in parallel to our confirmation screen [33, 34].
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The same PRS4-Luc cells that were used for the primary and confirmation screen were
used for the counterscreen. To accomplish this, the cells were transfected with a plasmid
encoding the luciferase gene. Luciferase expression was driven by the constitutive
cytomegalovirus (CMV) promoter. Thus, luciferase expression in these cells is completely
independent of Pax2 activity which means that any hits that alter the luminescent signal
in these cells are nonspecific and should not be considered further. The same criteria that
was used to identify hits in the primary screen was used to confirm hits and identify
nonspecific compounds. Hits that were confirmed but showed no activity in the
counterscreen were subjected to cheminformatic review. After cheminformatic-based
triaging and removal of compounds with reactive functional groups or those likely to
aggregate, a total of 233 inhibitors and 110 activators remained (Figure 4.1 C). This
corresponds to a 11.9% confirmation rate for inhibitors (0.34% overall) and a 15.1%
confirmation rate for activators (0.16% overall).

The confirmation and counterscreen campaigns were completed across 13 test
plates each. Importantly, these campaigns maintained a high average Z’ of 0.67 and 0.69,
respectively. Based on these results, we were confident that we had identified hits worth

testing in titration experiments.

Dose response and confirmation of dose response

The 233 confirmed inhibitors and 110 confirmed activators were selected for dose
response experiments. These experiments were performed with the same compound
stocks used for the primary, confirmation, and counterscreen assays. Compounds were

tested in duplicate across an 8-point dilution series for the dose response assays. The
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dilution series started at 50 uM and ended at 1.4 uM using a dilution factor of 1.67. A total
of 146 inhibitors and 8 activators showed concentration dependent effects on Pax2
mediated transactivation of the reporter gene and were commercially available (Figure
4.1 C). Fresh powder stocks of these compounds were purchased and the dose response
assay was repeated using the newly purchased compounds. Concomitantly, these
compounds were also tested for dose dependent effects in the CMV-Luc counterscreen.
Following dose response confirmation and counterscreening, a total of 48 inhibitors and
two activators remained (Figure 4.1 C). This corresponds to an overall hit rate of 0.069%

for inhibitors and 0.003% for activators.

Summary of HTS results

The 50 hit compounds represent a spectrum of activity ranging from 1.76 to 121
UM (Table 4.1). Half of the hits have an ECso of less than 10 puM, a third of them have
ECso values between 10 and 50 pM, and only 8 compounds have ECso values greater
than 50 uM. Analysis of the chemical structures of the 48 inhibitors showed that several
of the compounds could be clustered based on their similarity. Using the DataWarrior
software (openmolecules.org) and a 70% similarity cutoff, three clusters were identified.
One of the clusters contains seven compounds with similar chemical scaffolds while the
other two clusters each have two members. Visual inspection of the two smaller clusters
shows that they share a core scaffold that could allow them to be grouped together. Both

of the activators and the 37 remaining inhibitors have unique structures.
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Discussion

In this chapter, we described an HTS campaign that was run. This campaign was
performed in hopes of finding small-molecules capable of altering Pax2 transactivation
activity. Since enhancing Pax2 activity may be beneficial for treating patients with acute
kidney injury and inhibiting its activity may be useful for treating renal tumors, we selected
an assay capable of identifying both positive and negative regulators of Pax2 activity. A
total of 69,125 unique compounds were assayed in our primary screen. This primary
screen yielded 2,688 hits, of which1,960 were inhibitors and 728 were activators of Pax2
activity. These hits were then tested in triplicate in our confirmation and counter screening
assays. This was done in order to rule out false positives and non-specific hits. The
compounds that survived the confirmation and counterscreening assays, 233 inhibitors
and 110 activators, were subsequently tested in titration experiments. These experiments
were first completed using the same stock compound used in the previous steps of the
campaign and then using compound from fresh powder stocks. These compounds were
tested across a concentration range starting at 50 uM and ending at 1.4 uM using a
dilution factor of 1.67. A total of 48 inhibitors and two activators showed concentration
dependent effects that were specific for Pax2 mediated transactivation of the reporter
gene.

Generation of dose response curves and calculation of ECso values shows that the
hits have a range of activity. ECso values ranging from 1.76 to 121 uM were calculated.
An ECso of less than 10 uM was observed for 25 compounds and another 17 compounds
have ECso values between 10 and 50 uM. Analysis of the 48 inhibitors identified 3 clusters

based on their similarity. One of the clusters contains seven compounds with similar
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chemical scaffolds while the other two clusters each have two members but share a
common core scaffold that could allow them to be considered as a single group.

Overall these data demonstrate the feasibility of targeting Pax2 transactivation
activity and shows that transcription factors can be good targets if enough is known about
they function at both a molecular and biological level. Additionally, these data
demonstrate that PRS4-Luc assay is suitable for HTS. We have shown that it is possible
to find small-molecules that enhance or repress Pax2 activity using this assay. This is an
important proof of concept and a critical first step in developing small-molecule regulators

of Pax2.

Materials and Methods
Cell culture

HEK293 cells containing a PRS-Luc reporter, described previously [35], were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (Sigma), 100 U/mL penicillin, 100 ng/mL streptomycin (Gibco), and
400 ng/mL geneticin (Gibco) and were maintained under humidified 5% C02/95% air at

37 °C.

Transfection protocols

HEK?293 cells were transiently transfected with CMV-Pax2b (used for negative
control and sample wells), CMV-Pax2b®®3Y (used for positive control wells), or CMV-Luc
(used for counterscreen) expression vector. Briefly, 3x10° cells were plated in a 100 mm

tissue culture dish (Corning) and incubated overnight. The next morning the media was
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replaced with 5 mL of antibiotic free DMEM and transfection reactions were prepared. In
a 2 mL Eppendorf tube containing 896 pL of Opti-MEM | (Gibco) 4 uL of 1ug/pL plasmid
was added. In a second 2 mL Eppendorf tube containing 886 uL Opti-MEM | 14 pL of
Lipofectamine2000 (Life Technologies) was added and allowed to incubate at room
temperature for 5 min. The contents of the two tubes were mixed by pipetting and allowed
to incubate at room temperature for 20 min. The transfection mix was added dropwise to
a 100 mm dish of cells. The plate was shaken gently and placed in the incubator for 6 hr.
The plate of transfected cells was trypsinized with 0.05% trypsin (Gibco) for 3 min. The
cells were harvested, counted, diluted to 300 cells/uL. A Multidrop 384 (Thermo
Scientific) was used to dispense 20 pL/well of freshly diluted cells to 384-well test plates

(Greiner).

384-well test plate preparation

A Multidrop 384 was used to add 30 pL of serum and antibiotic free DMEM to 384-
well plates. A Biomek FX liquid handler (Beckman Coulter) equipped with a 384-well pin
tool was used to transfer 200 nL of 2 mM compound or DMSO from stock plates to the
test plates. After addition of cells to the test plates, the final volume for each well was 50
pL and final concentrations of 8 uM for compounds, 0.4% for DMSO, and 4% for serum

were obtained.

Luminescence assay

For luciferase reporter assays, test plates were removed from the incubator and

equilibrated to room temperature for ten minutes before media was reduced using a
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ELx405 plate washer (BioTek). An equal volume of SteadyGlo (Promega) was added
using a Multidrop 384. The plates were covered to protect them from light and incubated
at room temperature for an additional ten minutes. Luminescence from the plates was

subsequently read on a PHERAstar multimode plate reader (BMG).
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Figure 4.1. HTS campaign for small-molecule modulators of Pax2 transcription
activation. HEK293 cells carrying the integrated PRS4-Luc reporter construct were
transiently transfected with either a Wt or Mut Pax2 expression vector. The transfected
cells were plated in 384-well plates and treated with either vehicle (DMSO) or compound
for 18 hours before luminescence was read. A) Cartoon diagram illustrating how the
PRS4-Luc reporter functions. Note, Pax2 binding to the PRS4 element and subsequent
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recruitment of the PTIP/MLL complex induces expression of the reporter gene. B)
Screenshot of HTS campaign showing negative control wells (blue; CMV-Pax2b
transfected cells treated with DMSQO), positive control wells (red; CMV-Pax2h®t3Y
transfected cells treated with DMSO), and sample wells (green; CMV-Pax2b transfected
cells treated with compound). The wells are graphed according to their percent activity
which is determined on a per plate basis and is based on the averaged raw luminescence
values for the positive and negative control wells. Since the positive control used in this
screen is the DNA-binding deficient Pax2 mutant, samples with positive activity values
(top of graph) are inhibitors while those with negative activity values (bottom of graph) are
activators of Pax2 mediated transcription activation. C) Summary of HTS campaign
results. Green check-marks highlight steps that have been completed. | would like to
thank Martha Larsen and Nick Santoro for preparing the compound plates that were used
for the screening campaign.
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PRS4-Luc CMV-Luc PRS4-Luc CMV-Luc

Compound Hill Hill Compound Hill Hill
IpD ECso Slope ECso Slope IFI') ECso Slope ECso Slope
EG-H1 98.0 -1.7 ND ND EG-H26 21.8 -0.6 ND ND
EG-H2 121 -1.2 ND ND T EG-H27 6.20 -1.9 ND ND
EG-H3 54.0 -1.0 ND ND + EG-H28 8.58 -1.9 ND ND
EG-H4 14.7 -1.4 ND ND EG-H29 19.0 -0.5 ND ND
EG-H5 17.1 -1.2 ND ND EG-H30 S -3.4 53.8 -21

+ EG-H6 9.21 -2.1 ND ND I EG-H31 5.72 -1.8 ND ND

+ EG-H7 8.15 -2.9 ND ND EG-H32 3.97 2.2 ND ND
EG-H8 75.2 -0.8 ND ND EG-H33 3.80 -69 ND ND

Lo

EG-H9 29.1 -6.6 ND ND I EG-H34 7.38 -3.7 ND ND
EG-H10 29.0 -1.0 ND ND i EG-H35 3.06 -2.1 ND ND
EG-H11 6.29 -1.3 ND ND I EG-H36 6.36 -1.7 ND ND
EG-H12 21.1 -0.7 ND ND I EG-H37 4.00 -2.1 ND ND
EG-H13 2.99 -2.6 ND ND I EG-H38 9.98 -36 ND ND
EG-H14 491 -2.7 ND ND EG-H39 11.5 -1.9 ND ND
EG-H15 29.1 -0.7 ND ND EG-H40 20.3 -0.9 ND ND
EG-H16 47.1 -0.7 ND ND EG-H41 5.98 -1.8 ND ND
EG-H17 15.5 -2.5 ND ND EG-H42 83.9 -0.7 ND ND
EG-H18 22.6 -1.6 ND ND EG-H43 6.57 -2.1 60.2 -4.1
EG-H19 6.50 -1.0 ND ND EG-H44 101 -0.8 ND ND
EG-H20 5.96 -1.8 ND ND EG-H45 8.32 -0.7 ND ND
EG-H21 86.8 -1.1 ND ND EG-H46 123 -0.9 121 ==
EG-H22 65.0 -1.2 ND ND EG-H47 1.83 -1.0 43.4 -1
EG-H23 43.4 -0.6 ND ND EG-H48 16.8 -1.5 ND ND
EG-H24 8.99 -1.0 ND ND EG-H49 9.29 1.0 101 0.7
EG-H25 1.76 -1.2 18.6 -19 EG-H50 10.6 0.6 137 0.8

Table 4.1. Small-Molecules Modulators of Pax2 Activity Identified Through High-
Throughput Screening. (+ indicates molecules in cluster 1, 1 indicates molecules in
cluster 2, and i indicates molecules in cluster 3)
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CHAPTER 5

Discussion and future directions

Discussion

Pax2 is essential for renal development, is dysrequlated in disease, and is a potential

target for developing novel therapeutics

Pax2 expression is one of the earliest markers for the intermediate mesoderm [1],
the tissue from which the kidney and reproductive tract are derived [2, 3]. The first
observed structure from the Pax2 positive intermediate mesoderm is the nephric duct. As
this duct forms, it expands caudally toward to the cloaca. The kidney begins to form at
the caudal end of the nephric duct when a portion of the nephric duct buds outward,
invades the Pax2 positive metanephric mesenchyme surrounding it, and initiates
induction. Through a complex series of reciprocal interactions, the ureteric bud signals to
the metanephric mesenchyme to aggregate around the tips of the ureteric bud to form the
Pax2+/Six2+/Cited1+ cap mesenchyme, the progenitor cells of the nephrons [4, 5]. The
cap mesenchymal cells undergo a mesenchymal to epithelial transition to form the renal
tubules. At the same time, the metanephric mesenchyme signals to the ureteric bud to
undergo a branching morphogenesis event that ultimately produces the collecting duct

system [6].
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Pax2 is essential for proper development of the urogenital system and is necessary
for renal cell proliferation [7, 8]. While Pax2 expression is critical in developing structures
of the nephron, it is down-regulated in mature nephron epithelial cells as kidney
development terminates [9, 10]. Pax2 expression is, however, reactivated in regenerating
epithelial cells following acute tubular injury resulting from ischemia or nephrotoxic
substances [11]. Epithelial cells that have survived the initial insult have been identified
as the source for these regenerating tubular cells [12, 13]. This suggests that
dedifferentiation and induction of cell cycle progression is a prerequisite for tubular
regeneration. Pax2 expression is likely to play a role in these processes as its expression
appears to be required for the expansion of the epithelial cells that repopulate the injured
tubules.

Pax2 is highly-expressed during development and in response to acute tubular
injury, but this expression largely subsides as development and regeneration concludes.
However, aberrant Pax2 expression is seen in PKD [14, 15] and renal cancers [16-21].
Interestingly, a reduction in Pax2 gene dosage proved beneficial for inhibiting cyst
formation and slowing disease progression in mouse models of PKD [14, 15].
Furthermore, reducing Pax2 levels in renal cancer cell lines sensitized them to
chemotherapeutic agents, induced apoptosis, and slowed cell cycling [18, 22, 23].

Taken together, these findings validate Pax2 as a candidate for developing
molecularly targeted therapeutics. | posited that compounds which enhance Pax2 activity
would be valuable for improving the regenerative capability of injured nephrons while

those that restrict Pax2 activity would be useful for treating an array of kidney tumors.

144



Determining how best to attack the target and how to screen for active molecules are

critical for success

Targeting transcription factors is a challenging but exciting strategy for cancer
therapeutic development. While transcription factors have classically been considered
undruggable because of their nuclear localization, the nature of their interaction with DNA,
and the lack of well-defined pockets for targeting [24-26], several have been successfully
targeted with small-molecules recently [27-33]. The approaches used include targeting
upstream signaling pathways that lead to transcription factor activation, targeting the
interaction between the transcription factor and its cognate DNA sequence, targeting the
protein-protein interactions that occur between the transcription factor and its cofactors,
or targeting the enzymes that catalyze the post-translational modification of histone tails.

Understanding the benefits and challenges of each of these methods is vital for
completing a successful screening campaign. As such, careful consideration was given
to deciding on a screening platform. To maximize the chances of finding novel small-
molecules that regulate Pax2 transactivation | decided to utilize both a target-centered
approach and a phenotype-based approach. | selected molecular modeling based virtual
screening as the target-centered approach and reporter cell-based HTS as the
phenotype-centered approach. By taking these two approaches | expected to identify
small-molecules that modulate Pax2 activity both directly and indirectly.

HTS has been the most successful method for discovery of hit compounds [34]
and is an unbiased brute force method for physically assessing thousands of compounds
rapidly. Cell-based HTS allows for interrogation of multiple aspects of target biology

simultaneously. Therefore, cell-based HTS can provide hits with a variety of mechanisms.
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This can be both a blessing and a curse as one of the more challenging aspects of HTS
is characterizing hits and determining a mechanism of action. While physically screening
huge numbers of compounds can get expensive, the follow-up validation is often more
involved, time consuming, and costly than the initial screening.

The major benefit to virtual screening is that many compounds can be screened in
a short time, and the majority of compounds with no potential for binding to the target can
be easily removed thereby limiting the number of compounds that require in vitro testing
and saving significant amounts of time and money [35]. Another significant benefit to
virtual screening is that a probable mechanism of action is inherently provided by the
modeling [36]. Moreover, this modeling provides information regarding the binding mode
and orientation of the candidate molecule that could prove useful for guiding rational hit-
to-lead development. On the other hand, virtual screening hits are merely predictions
based on a model system. These hits are only as good as the modeling and docking that
was performed. Even with a high-resolution structure, modeling is limited because the
structure is generally a solid state version of the target [37]. Thus, it is possible that the
structure does not represent a biologically relevant version of the target. These limitations
require candidate hits to be experimentally examined for their ability to bind the target
protein in vitro and elicit the desired response.

| predicted that VS and HTS would be complementary and the combination of the
two approaches would provide the best chance of identifying attractive hits. The main
reason that the HTS approach was selected was because the Dressler lab had previously
developed a reporter cell line that | thought could easily be co-opted for my screening

purposes. Having this cell line as the basis for the HTS campaign allows us to
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simultaneously look for molecules that affect any step in the process of Pax2 mediated
transcription activation. | chose the molecular docking based virtual screening approach
because there were high-resolution crystal structures of several Pax family paired
domains [38-40] and information from mutation studies suggesting that a specific region
of the paired domain may be amenable to small-molecule inhibition [41, 42]. Moreover,
directly targeting the DNA-binding domain to interfere with its ability to interact with DNA
is likely one of the most effective methods for affecting Pax2 activity. While the molecular
docking base virtual screening approach allows us to screen molecules for their potential
to directly interact with Pax2 and regulate its activity, this method requires that the
identified molecules be assayed for in vitro activity. Since | had to go through the process
of developing the HTS assay anyway, performing the virtual screening added very little

to the workload and provided a potential starting point for mechanistic studies.

Development and optimization of a cell-based reporter assay for monitoring Pax2

mediated transcription activation

In Chapter 2, | discussed the importance of the PRS4 element which was identified
in the early 1990’s [43, 44] and was used to enhance understanding of Pax2 biochemistry
[42, 45-49]. These studies showed that Pax2 binds to the PRS4 element to regulate
transcription. They showed that missense mutations within the paired domain, that were
known to be disease causing in humans, led to diminished binding potential. These
studies found that Pax2 can regulate gene expression positively or negatively depending
on the cellular context. They showed that positive regulation involves a connection with

the MLL complex, which places activating methylation marks and enhances transcription.
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It was shown that the connection to the MLL complex is facilitated by the adapter protein
PTIP and that the Pax2-PTIP interaction is potentiated by Wnt signaling and JNK
mediated phosphorylation of Pax2. To the contrary, in the presence of high levels of the
corepressor protein Grg4, PTIP and the MLL complex can be displaced. This
displacement is a consequence of Grg4 recruitment of the phosphatase PPM1B and
subsequent dephosphorylation of Pax2. Concomitantly, Grg4 recruits the PRC2 and the
arginine methyltransferase PRMT5, which place repressive methylation marks and inhibit
transcription.

| used the PRS4 element to create a Pax2 responsive luciferase reporter gene
which was subsequently integrated into HEK293 cells. These PRS4-Luc cells were then
clonally selected and screened for their ability to respond to Pax2. Clonal cell line #33
was found to have a low basal level of luciferase expression and a large response to
transient transfection with a Pax2 expression vector. This cell line was subsequently used
for developing the HTS assay. Several parameters were investigated and optimized
resulting in a strong induction of luciferase expression in response to Pax2. Following
optimization, the assay was miniaturized so that it was suitable for HTS. Mock runs, in
which all the wells intended for sample compound were instead only given DMSO,
showed that | had developed a robust and reproducible assay that was ready for HTS.
This was evidenced by the absence of false positive hits in these test plates and a Z’

which was calculated to be 0.71.

Using the PRS4-Luc assay for HTS led to the discovery of small-molecule requlators of

Pax2 activity
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The PRS4 reporter assay is a cell-based assay that monitors Pax2 mediated
transcription of a luciferase reporter gene. This assay provides us the opportunity to
investigate compounds for their effect on numerous aspects of Pax2 biology at once. For
instance, small-molecules that disrupt activation of the reporter gene could be inhibiting
the upstream signaling that leads to Pax2 phosphorylation, interfering with Pax2
recognition of the PRS4 element, obstructing one of the many protein-protein interactions
needed for transcription to occur, inhibiting the methyltransferase activity of the MLL
complex, inhibiting transcription or translation of Pax2, altering Pax2 nuclear localization,
or increasing Pax2 degradation. Another major benefit of the PRS4-Luc reporter assay is
the ability of the assay to identify small-molecules that increase Pax2 mediated
transcription activation.

In Chapter 4, | described an HTS campaign of 69,125 unique compounds assayed.
This primary screen yielded 2,688 active molecules, 1,960 inhibitors and 728 activators.
These molecules were then tested in triplicate in the confirmation and counter screening
assays. This was done to rule out false positives and non-specific hits. The compounds
that survived the confirmation and counterscreening assays, 233 inhibitors and 110
activators, were subsequently tested in titration experiments. These experiments were
first completed using the same stock compound used in the previous steps of the
campaign and then using compound from fresh powder stocks. These compounds were
tested across a concentration range starting at 50 uM and ending at 1.4 uM using a
dilution factor of 1.67. A total of 48 inhibitors and two activators showed concentration
dependent effects that were specific for Pax2 mediated transactivation of the reporter

gene.
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Generation of dose response curves and calculation of ECso values shows that the
hits discovered in the HTS campaign have a range of activity. ECso values ranging from
1.76 to 121 yM were observed. An ECso of less than 10 pM was observed for 25
compounds and another 17 compounds have ECso values between 10 and 50 pM.
Analysis of the 48 inhibitors identified 3 clusters based on their similarity. One of the
clusters contains seven compounds with similar chemical scaffolds while the other two
clusters each have two members but share a common core scaffold that could allow them
to be considered as a single group. The compounds identified through this HTS campaign
merit further characterization and could serve as starting points for developing lead

molecules.

A critical analysis of the PRS4-Liuc assay and the HTS campaign

| felt that | had developed a strong assay for assessing chemical modulation of
Pax2 activity; however, it is important to recognize some of the shortcomings of the assay
and discuss aspects of the screening campaign that could have been improved upon.
Based on the knowledge gained by going through this process, one thing that | would
suggest doing differently next time would be to use a cell line that does not require
transfection. There are several reasons for this: 1) transfection has the potential to
increase cell permeability which may affect the way compounds work in other models that
do not require transfection, 2) transfection produces expression levels that may not be
representative of physiological conditions and may mask some of the weaker inhibitors
that may be effective against lower protein levels, 3) transfection greatly increases the

time required, workload, and cost of performing the screen which could limit the number
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of compounds that are screened, and 4) transfection efficiency is one of the most
challenging aspects to keep consistent.

In terms of the screening efforts, it is difficult for us to assess the impact of points
one and two since | have not examined the HTS hits in models where transfection was
not used and Pax2 was not overexpressed; however, points three and four did play a role.
The impact of cost on the screening efforts can be observed in two ways. First, | began
screening molecules in 2012 with a set of 4160 compounds, but funding concerns put
these efforts on hold until the end of 2015 when the remainder of the compounds were
screened. Second, while | initially had plans to screen the entire CCG chemical library. |
ended up only screening roughly a third of the available compounds. Had the cost of
materials been less, it is possible that the | could have screened the entire collection of
compounds and completed screening in 2012. Had that been the case, | have no doubts
that the efforts would have been much further along by now.

The impact of transfection efficiency variability can be observed by the campaign
Z’ which was 0.42. The 69,125 compounds were screened over 13 separate runs, and
while the average plate and average run Z' values are excellent at 0.67 and 0.59
respectively, the campaign Z’ suffered from variability between negative control values
between the separate runs. These numbers show that | achieved limited variability
amongst controls on a particular plate or amongst plates within a particular run but had
an increased variability between separate runs. | suspect that this is a direct result of
variability associated with transfection efficiencies despite my best efforts to keep the

transfection procedure consistent.
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There are a couple of ways that | could have avoided a transfection-based assay.
One method would have been to generate a reporter cell line using cells that express
endogenous Pax2 such as IMCD or MDCK cells. This could have been accomplished by
generating stably transfected cells carrying the PRS4-Luc reporter gene, just as the
HEK293 PRS4-Luc cells were generated. Alternatively, | could have generated stably
transfected cells carrying both an inducible Pax2 expression cassette and the PRS4-Luc
reporter gene.

Another limitation is related to the counterscreen assay that was employed. This
assay uses the same PRS4-Luc cells that were utilized in the primary screen which is
nice for keeping things consistent. The concern with this assay is that it relies on transient
transfection of a plasmid encoding a constitutively expressed luciferase gene driven by
the CMV promoter. While this set-up is great for removing most nonspecific hits, there is
the potential that some are missed because of differences between the primary and
counterscren assays in the manner by which the luciferase gene is transcribed. In the
primary assay the luciferase cassette is expressed from a native chromatin environment
while in the counterscreen assay it is being expressed from a plasmid. Since plasmids
are not subjected to all of the same epigenetic regulators that control native chromatin,
there is the potential that compounds that affect these regulators would not be removed
by the counterscreen assay. This could have been avoided had | taken a little more time
and generated a stably transfected cell line carrying an integrated CMV-Luc cassette.

While the limitations described above represent areas for improvement, | do not
think that they invalidate the approach that | ultimately employed. This is evidenced by

the ability to identify both positive and negative regulators of Pax2 activity from the HTS
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assay and the ability to identify molecules with activity against Pax2 that were able to be
validated by a series of assays that were independent from the PRS4-Luc assay for the
virtual screening campaign.

The overall hit rate for the HTS campaign was 0.069% for inhibitors and 0.002%
for activators. Typical hit rates for HTS campaigns range from 0.01% to 0.14% [50]. While
the hit rate for inhibitors falls right in the middle of the anticipated range, the hit rate for
activators was well below this range. This may be due to the limited number of
mechanisms for increasing Pax2 activity that are specific for Pax2 and could be looked
at by the PRS4-Luc assay.

One way to activate Pax2 is through activation of the JNK pathway which leads to
phosphorylation of its transactivation domain and subsequent recruitment of PTIP and
the MLL complex. To affect this process, small-molecules would most likely have to target
enzymes within the JNK signaling pathway, which has a role in regulating apoptosis and
cell growth [51]. Given these roles, small-molecules with activity in this pathway are likely
to produce a similar effect in both the PRS4-Luc and CMV-Luc assay. These molecules
are not specific for Pax2 and have a high likelihood of being removed during
counterscreening. Another way to increase the activating potential of Pax2 would be to
inhibit recruitment of GRG4, PPM1B, PRMT5, and PRC2. Unfortunately, the reporter cell
line does not express GRG4 so these aspects of Pax2 activity were not able to be
investigated.

My primary interest was in identifying inhibitor of Pax2 activity. Had my focus been

on identifying activators, | would have taken precautions to ensure that these aspects
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were represented in the screening assay. Despite these limitations, | was able to identify

a couple of molecules that positively regulate Pax2 in a specific manner.

Virtual screening identifies a novel small-molecule that targets the Pax2 paired domain

In Chapter 3, | discussed a virtual screening campaign that was aimed at
identifying small-molecules that target the paired domain to disrupt Pax2 activity. Since
the structure of Pax2 has yet to be solved, we turned to homology modeling and structural
refinement using the paired domain of Pax5 (1K78) [40], which has 97% amino acid
identity throughout the paired domain with Pax2 as a template. The Glide docking
program was used to perform structural database searching of CCG compound library.
Screening was centered around the C63 residue for compounds with potential to dock
within this region of the Pax2 DNA-binding domain. The screening was performed first
using Glide 5.5 standard-precision (SP) mode, and the top scoring molecules were
rescreened using the extra-precision (XP) mode. The top scoring 227 compounds with
reasonable docking poses were selected as potential small-molecule inhibitors of Pax2.

The hits identified by the virtual screening campaign were subsequently examined
in the PRS4-Luc assay for activity against Pax2. This yielded 31 active molecules that
were ordered for confirmation and counterscreening assays. These assays Yyielded five
molecules with mild inhibitory effects. A number of analogs of these molecules were
purchased, and a more potent molecule was identified. This molecule, which we called
EG1, was selected for further analysis and characterization.

As predicted by the homology model and confirmed by biolayer interferometry,

EG1 was found to bind directly to the Pax2 paired domain. The binding studies
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determined this interaction had an affinity of 1.35 uM to 1.5 pM. Gel shift assays
determined that this interaction abolishes the DNA-binding ability of Pax2. EG1 treatment
was shown to phenocopy loss of Pax2 in developing kidney rudiments. The rudiments
treated with EG1 exhibited a marked decrease in branching morphogenesis and showed
gene expression changes consistent with reduced Pax2 activity. Lung buds, which do not
require Pax proteins for their branching, were unaffected by EG1 treatment. Similarly,
Pax2 positive but not Pax2 negative cancer cell lines of urogenital origin exhibited
reduced viability when treated with EG1. With further characterization and optimization,
EG1 could serve as a backbone for developing more potent and selective inhibitors of

Pax2.

A critical analysis of the homoloqgy-based virtual screening campaign

The virtual screening campaign yielded 227 candidate inhibitors that were
subsequently examined in the Pax2 reporter assay. Following confirmation,
counterscreen, and titration assays, five molecules remained. These numbers represent
a hit rate of just over 2.2%. This number may not be representative of the true hit rate
since my approach involved testing the candidates in in vitro activity assays instead of
binding assays, which are traditionally used to confirm candidates identified through
virtual screening. While the hit rate may not be completely accurate, it is within the range
typically observed with virtual screening [50]. This validates the modeling and docking
that were performed.

The paired domain is composed of two globular subdomains that are connected

by a disordered linker [38-40, 52]. Both globular subdomains adopt a HTH structural motif
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that has classically been known as a DNA-binding motif. Each of the HTH subdomains
are capable of independently binding DNA [53]. | elected to target the N-terminal HTH
subdomain based on mutational studies which indicated that missense mutations within
this domain severely affect DNA-binding. While the virtual screening campaign
successfully identified several small-molecule regulators of Pax2 activity, these
molecules have relatively high I1Cso values. The contribution of the C-terminal HTH
subdomain to binding may help to explain the weak activity of the virtual screening hits.
Given the success with targeting the N-terminal HTH subdomain, it may be worthwhile to
use virtual screening to target the C-terminal HTH subdomain. If this were to be
successfully completed, it is possible that these molecules could work synergistically with

molecules targeting the N-terminal HTH subdomain.

Advantages and disadvantages of small-molecules targeting Pax2

One of the advantages of Pax2 as a therapeutic target is that the number of cell
and tissue types that express Pax2 are relatively limited. Furthermore, Pax2 expression
is observed during nephrogenesis but is suppressed in healthy adult renal epithelial cells.
This limited expression pattern could help to minimize systemic side effects. One concern
regarding this matter is the degree of homology observed amongst the Pax family
members within the paired domain. The high-degree of similarity could allow compounds
targeting this domain to affect multiple Pax family members. In fact, the paired domain
inhibitor that was identified in Chapter 3 disrupted transactivation activity of Pax5 and
Pax8 in addition to Pax2. Pax8 expression is found in the thyroid and partially matches

Pax2 expression in the urogenital tract [54], while Pax 5 is expressed in B-cell progenitors
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[55]. As discussed previously, loss of Pax5 is one of the most frequently observed
alterations in B-cell acute lymphoblastic leukemia (B-ALL) [56]. Loss of Pax5 in B-ALL is
associated with a defect in B-cell maturation and an accumulation of B-cell progenitors.
It is possible that sustained inhibition of Pax5 by small-molecules could lead to the
development of leukemia. However, the accumulation of B-cell progenitors should be a
transient phenomenon that is relieved when treatment is stopped. Therefore, small-
molecule inhibitors which affect Pax5 could still be useful if an optimized dosing schedule
is determined. The same could be true for other Pax proteins that are expressed in adult
tissues including Pax1/9 in the thymus, Pax3/7 in the stem cell compartment of muscle,
and Pax8 in the thyroid [57].

While cross-reactivity represents a legitimate concern for increased toxicity, pan-
Pax activity could actually be useful for treating cancers driven by other Pax family
members. For instance, Pax5 over expression has been reported in a number of
hematological malignancies [58], and genomic rearrangements involving Pax3 or Pax7
are associated with development of pediatric rhabdomyosarcoma [59, 60]. Furthermore,
Pax8 is aberrantly expressed in T-cell lymphomas [61], urogenital cancers [62], and
gliomas [63].

Concerns about cross-reactivity could be alleviated by inhibitors that target regions
within the Pax proteins that are not well-conserved, like the C-terminal transactivation
domain. While the amino acid sequence within this domain is not well conserved across
the Pax family, the function is. The transactivation domain, as its name implies, confers
transcription activation potential to most of the Pax family members [16, 64-69]. While

Pax2 mediated gene activation is facilitated by an interaction between the transactivation
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domain and PTIP, which links Pax2 to the MLL complex which places activating histone
marks, the lack of conservation within the transactivation domain suggests that the
various members of the Pax family may have unique interaction partners and utilize
different methods for achieving gene activation. The structures of the transactivation
domains from the Pax family members have not been elucidated, so it is not possible to
specifically target this region. However, the HTS screening approach that was employed
could identify small-molecules that prevent PTIP binding or interfere with recruitment of
the MLL complex. These molecules have the potential to be more specific for a particular
Pax family member since they target interaction interfaces that may be unique. Such
molecules could be used alone or in combination with the paired domain inhibitors. The
combination approach may allow for a lower dose of each compound to be used while

still achieving an enhanced effectiveness.

Summary

Overall this thesis demonstrates the feasibility of targeting Pax2 transactivation
activity. Furthermore, it shows that transcription factors can be targeted if enough is
known about their molecular biology. Additionally, this thesis demonstrates that PRS4-
Luc assay is valuable for assessing small-molecule activity against Pax2 and is suitable
for HTS. | have shown that, using this assay, it is possible to find small-molecules that
enhance or repress Pax2 activity. This thesis represents an important proof of concept
and a critical first step in developing small-molecule regulators of Pax2.

Transcription factors are a challenging class of drug targets, but there have been

clear inroads made in this area recently. This thesis represents just one example, but
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coupled with the success of others, it signifies a shift in how the drug discovery community
should view transcription factors as targets. No longer should they be considered
undruggable. This field is still in its early stages, but the progress that has been achieved
and the importance of this class of targets make it an attractive area of research that is

sure to grow in the future.

Future Directions

Virtual Screen follow-up

| am already working with the University of Michigan Center for Structural Biology
to obtain a crystal structure of EG1 bound to the Pax2 paired domain. If we are successful
in obtaining this structure, we will have a better idea of how EG1 binds to Pax2 and how
best to manipulate this compound to improve binding affinity. Working closely with
medicinal chemists, we will synthesize a series of compounds for use in structure-activity
relationship studies. These compounds will be tested in binding experiments and in the
PRS4-Luc assay to determine their potency and efficacy. In addition, their solubility,
metabolic stability, and physiochemical properties will be assessed and used to help
determine the most promising lead compound for further development.

In the process of developing better lead molecules, | will need to investigate
specificity within the Pax family. The high-degree of homology within the paired domains
of Pax family members makes this a difficult task. Since numerous Pax family members
are implicated in tumorigenesis, it may be useful to have pan Pax inhibitors. However, the
ultimate goal would be to develop small-molecules that preferentially target each of the

individual Pax genes. Using the PRS4-Luc reporter, | have shown that all the group Il
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subfamily members are inhibited by EG1 with nearly identical ICso values. The effects of
EG1 on transactivation activity of other Pax family members were investigated using the
PRS4-Luc reporter cell line; however, the other Pax family members were unable to
activate the PRS4-Luc reporter. While | was discouraged that | was not able to determine
EG1 activity against the other Pax family members, | was encouraged that there were
DNA-binding specificity differences, which suggests that it may be possible to at least
obtain compounds with specificity for a particular subfamily. To further address specificity
amongst the Pax family, | would need to generate a series of reporter cell lines that are
responsive to the other members. Alternatively, | could obtain purified protein from the

other members and examine specificity in the EMSA or BLI binding.

HTS follow-up

This work identified several chemical scaffolds as inhibitors of Pax2 mediated
transcription activation but did not generate enough data for chemical optimization. |
propose purchasing commercially available analogs with structural similarity to the three
scaffolds identified by the HTS campaign. These compounds would be examined in the
PRS4-Luc and CMV-Luc assays in order to generate initial structure-activity relationship
data. In terms of the singletons that were found by the HTS campaign, | propose cherry-
picking the CCG chemical library for molecules with structural similarity. Since | only
screened 69,125 unique molecules and there are over 160,000 compounds in the CCG
library, | suspect that there will be many similar structures that have not been tested
previously. Testing of these molecules could help us to identify additional scaffolds that

may be useful for developing better lead compounds.
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The Pax proteins are attractive targets for development of small-molecules not only
because of their central role in renal development and disease but also because | have
detailed knowledge of DNA-binding, protein-protein interactions, and structure-function
relationships that contribute to Pax mediated gene regulation. This knowledge will be
critical for mechanistic studies. There are several methods at my disposal for investigating
Pax2-DNA interactions. Using ChIP, EMSA, or BLI, | can probe this interaction and
determine if activity of the hit compound is due to effects on Pax2-DNA binding. Some of
these methods were established and utilized in Chapter 3 suggesting that | can mimic
those conditions and obtain quality results. If | find that the activity of the hits is not due
to effects on Pax2-DNA binding, | can begin investigating the myriad of protein-protein
interactions required for Pax2 activity. Perhaps the best way to investigate these
interactions would be by performing ChlP on PRS4-Luc cells that have been transiently
transfected with Pax2. In the same way that previous studies characterized the events
and interactions required for Pax2 mediated transcription activation, | can use antibodies
specific for each of the individual proteins involved and monitor assembly of each of these
proteins. In this way, | can determine if protein-protein interactions are disrupted. These
studies should provide an idea about which interactions are affected by the compound. If
| find that Pax2 localizes to the PRS4 element but PTIP does not, then the compound
could be interfering with the Pax2-PTIP interaction or could be affecting Pax2
phosphorylation. Pax2 phosphorylation status can be interrogated by labeling with 3?P
orthophosphate and immunoprecipitation of Pax2 protein, as described previously [45]. If
Pax2 and PTIP are present, | will look for members of the epigenetic complexes and their

associated marks. These experiments should tell which, if any, members of the epigenetic
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complexes are missing. If none of the members are missing, it is possible that the
compound is exhibiting its effects through altering the enzymatic ability of the epigenetic
complexes. This should be evident by looking at the marks that are present but could be
examined using enzymatic assays. The ChIP studies could be confirmed with traditional
immunoprecipitation experiments or with biophysical binding experiments like BLI or SPR.
Additionally, upstream signaling pathways could be investigated by Western blotting for
phosphorylation of known substrates or by testing compounds in a kinase array. It is
possible that there are unknown mechanisms of Pax2 regulation that the compounds
could be working through that none of the methods described previously would identify.
In this case, | may have to turn to quantitative proteomics approaches to identify candidate
targets of the compounds.

One of the strengths of the approach is that there are several well characterized
assays for testing efficacy of Pax2 regulators. One such example is the kidney culture
system that was described in Chapter 3. Since branching morphogenesis and the
conversion of mesenchymal cells to epithelia require Pax2 activity, | can culture
embryonic kidneys in the presence of compound and monitor these processes. | can grow
embryonic lungs as a control, just as | did in Chapter 3. Also in Chapter 3, | described a
panel of urogenital cancer cell lines that either express Pax2 and are sensitive to Pax2
inhibition or do not express Pax2 and were unaffected by exposure to the Pax2 inhibitor.
These cell lines could be used for testing of the HTS hits. Following extensive
characterization and optimization, lead compounds could be tested in mouse models of

PKD or acute injury to assess their affects in vivo.
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