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Abstract

Thousands of transcription factors control the process of gene expression and
protein synthesis in the human body. These nuclear proteins are fundamental for healthy
organ development, cellular function, immunity and body response to diseases and stress.
Mutated, overexpressed, or dysregulated transcription factors are linked to cancer,
neurological disorders, metabolic, and autoimmunity diseases. Forkhead Box Ml
(FOXM1) is a transcription factor required for the normal progression of the cell cycle as
well as tissue regeneration, homeostasis, and DNA repair. However, in many types of
cancer, its expression is dysregulated. As the “master regulator of the cell cycle”, its
overexpression leads to tumorigenesis, angiogenesis, metastasis and poor patient
prognosis. Accumulating evidence suggests that inhibition of FOXM1 as the Achilles
heel of cancer could be the master key for the cancer-treatment lock. However, direct
targeting of the FOXM1 transcription factor is a challenging task due to the lack of

binding pocket and ligand-binding site.

In the past decade, several small molecules have been introduced with the ability
to decrease the FOXM1 expression with a different and distinct mechanism. Most-
recently it is found that compounds thiostrepton (previously found to inhibit FOXMI
indirectly through proteasome inhibition) and Forkhead Domain Inhibitor-6 (FDI-6) can
directly bind to the FOXM1 DNA binding domain (DBD) and suppress its activity.
However, the exact mechanism of binding of these agents to the FOXM1-DBD is not
reported. Since the fundamental of designing inhibitors for any target is an extensive

structural analysis of the target, we used a series of molecular dynamics (MD) simulations

il



to understand the mechanism of FOXM1-DBD/DNA recognition. Next, using different
approaches, we identified a binding pocket on the DNA recognition helix of FOXM]1-

DBD.

Furthermore, using molecular modeling and docking techniques, we found a
mutual binding mode for known FOXMI inhibitors, thiostrepton, FDI-6, and
troglitazone. We found that these compounds form a complex with the FOXM1-DBD
mainly through a strong pi-sulfur interaction with His287 of FOXM1-DBD. Additionally,
we reported that FDI-6 forms an additional strong halogen bonding with Arg297 by its 4-

fluorophenyl ring.

To provide evidence regarding the existence of halogen bonding, we chemically
modified the structure of FDI-6. Then, using protein immunoblot and EMSA of
recombinant human FOXM1-DBD, we proved that only those derivatives carrying
halogen atoms at positions 3 and 4 are active. To validate the hypothesis of pi-sulfur
interaction, we used two different pathways, chemical and biological. First, we exchanged
the sulfur atom in the structure of FDI-6 and confirmed that the sulfur atom is essential
for its FOXM1 inhibitory activity. Next, using site-directed mutagenesis, we mutated the
His287 of recombinant FOXM1-DBD to a simple and non-aromatic amino acid (alanine)
and also to an aromatic amino acid (phenylalanine). Using EMSA, we confirmed that
FDI-6 was unable to bind to the alanine mutated FOXM1-DBD, while its binding was
unaffected by phenylalanine mutation. These results point to the probability that the
theoretical binding site we identified using molecular modeling of the FOXM1-DBD is

valid.
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Based on the gained knowledge of binding sites as well as the structural
requirements necessary for a small molecule to inhibit this oncogenic transcription factor,
we designed a series of compounds based on the structure of thiazolidinediones
(troglitazone) capable of suppressing the FOXM1 transcriptional program. Among them,
compound TFI-10 was able to target and decrease the cellular level of FOXM1 without
affecting FOXM1’s closely related family members and key tumor suppressors, FOXOI1,

and FOXO3a.

We also showed that the currently known selective FOXO1 inhibitor, AS1842856,
could also target FOXM1 and decrease its protein level as well as its target genes by a
mechanism other than direct binding to the DBD. We demonstrated that FOXM 1b could
promote the expression of FOXO1 while the other FOXMI1 isoform, FOXMlIc,
negatively regulates the level of FOXO1. We also presented using colony formation assay
and gene silencing techniques that dual inhibition of FOXM1 and FOXOI1 can

dramatically decrease the ability of breast cancer cells to proliferate and form colonies.
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Thesis layout

Chapter 1 provides background information on the process of gene expression, the role
of transcription factors, the significance of inhibiting the transcription factor and
strategies for inhibiting transcription factors in cancer treatment. Furthermore, it
highlights the link between forkhead box superfamily, specially FOXMI1 transcription
factor in cancer development and implication of its inhibition and underlines some known
FOXM1 inhibiting small molecules.

Chapter 2 presents the extensive and complete molecular dynamic simulation
performed to understand the mechanism of FOXM1 DNA interaction. This section
provides information on a potential binding pocket on the surface of the FOXM1-DBD
and explains the mechanism of binding interaction of known FOXMI1 inhibitors.

Chapters 3 and 4 provide experimental evidence of chapter 1 hypothesis
regarding the binding pocket of FOXM1-DBD. These chapters prove the accuracy of the
theoretical prediction of the binding site and essential binding interactions highlighted in
chapter 1 using chemical modifications and biological assays.

Chapter 5 identifies a series of novel FOXM1 inhibitors based on the structure
of thiazolidinediones. In this chapter, based on the structural requirement that we
identified in chapter 1, 11 different derivatives of thiazolidinediones were synthesized
and evaluated.

Chapter 6 describes that a previously known selective FOXOI1 inhibitor could
also inhibit the transcriptional activity of FOXMI1. This chapter also underlines the
significance of FOXM1/FOXO1 dual inhibition.

Chapter 7 is the conclusions and future directions.
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Chapter 1

Introduction



1.1 Gene Expression and Transcription Factors

Thousands of human proteins have been identified with a variety of biological roles
essential for normal body function (1). Gene expression is a highly regulated process
responsible for the construction of these large and complex macromolecules. When a gene
expresses, the information stored in the DNA gets converted into a functional protein or
anon-coding RNA (tRNA, rRNA and, etc.) (2) (3). The process of gene expression starts
by binding of one or more transcription factors (TF) to either enhancer region or silencer
region of the DNA. These nuclear proteins target and bind to a sequence of DNA called
TF binding motif to either inhibit or initiate the transcription of a gene depending on
where they bind (enhancer or silencer region) (4).

Binding of TF to nucleosome is a competitive process. TFs may compete with
other TFs, chromatin remodelers, and other DNA binder proteins for DNA binding (5).
However, TF can never work independently (6); For TFs to start gene expression or
repression, they require to form a multi-component complex with other proteins and TFs,
including RNA polymerase. When TFs bind the genomic DNA, they may recruit
activators or repressors and chromatin remodellers. These proteins bind to TF factors or
DNA to intensify or lower the rate of transcription. (5)

When the transcriptional complex binds to the promoter region of the DNA, RNA
polymerase II unwinds the DNA and makes an RNA copy of the coding region (7). In
eukaryotes, the transcription of genomic DNA leads to the formation of
precursor messenger RNA (pre-mRNA) (8). In a process called post-transcriptional

modification, the pre-mRNA undergoes several different modifications before becoming



the mature and functional mRNA. This process may include Polyadenylation, 5’capping

and RNA splicing (9).
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Figure 1-1. The schematic representation of gene expression and RNA splicing. Pre-
mRNA undergoes post-transcriptional modification (including splicing) before mature
mRNA gets translocated into the cytoplasm and serves as a template for protein

translation.

Unlike capping and polyadenylation, where the modification protects the mRNA
from degradation, splicing is a powerful tool for the manipulation of genetic information
by the cell (10). In splicing, a complex known as spliceosome removes or retains the
alternatively positioned introns (non-coding sequence) of pre-mRNA. This leads to the

formation of different mRNA products, depending on which introns are retained or



detached by spliceosomes (11). Finally, the resulting mature mRNA in eukaryotes
transports to the cytoplasm to serve as a template for protein synthesis by the ribosome
in a process known as translation (12).

TFs, as the regulator of this process, have vital prominence in the highly regulated
and complex process of gene expression. Figure 1-1 shows the process of Gene

expression in eukaryotes and highlights the RNA splicing.

1.2 TFs Structure and Classification

TFs have several domains: a DNA Binding Domain (DBD) responsible for recognition
and binding to a specific sequence of DNA, one trans-activation domain (TAD) and Tran-
repression domain (TRD), responsible for protein-protein interaction with other proteins
including co-activator and co-repressors and a Signal Sensing Domain (SSD), which
regulate DNA or protein binding in response to cellular signals (5). The DBD is a
particular part of TFs, which makes them different from other proteins like non-specific
DNA binders involves in gene regulation (13).

The unique feature of TFs is their ability to recognize a specific sequence of DNA
(14). So far, around 1500 different TFs have been identified and classified in different
families, typically based on the similarity of their DBDs (15,16). It means that TFs in
which their DBDs have similar sequence homology belongs to the same family of TFs
(17). Stegmaier and collogues classified the TF based on the homology of their DBD into
five superclasses: Basic domains, zinc coordinating domain, helix-turn-helix (HTH), beta

scaffold domain and others (those who does not fall into any class) (18).



1.3 Approaches in Targeting TFs

Mutation and overexpression of TFs have been related extensively to different diseases
in the literature (19). 165 TFs are directly related to 277 different diseases (15) Including
cancer, inflammatory disease, metabolic disorder, and heart abnormalities [reviewed in
reference (19)]. So, pharmacological inhibition of TFs is becoming the primary
therapeutic goal in the treatment of many diseases. in the literature, many attempts have
been made using different approaches to target TFs. With the main emphasis on cancer,
we briefly discuss the different TF targeting strategies reported in the literature using
small molecules only. The inhibition of TF by oligonucleotides, miRNA, and CRISPR-

CAS9 will not be discussed here.

1.3.1 Indirect Targeting of TFs

1.3.1.2 Inhibition of TF Expression

The regulation of many TFs is controlled by surface receptors and specific protein
kinases. As a result, any modulation in their effect (including mutation) could result in
the deregulation of the corresponding downstream TF.

Many agents are claimed in the literature to be the specific inhibitor of TFs, which
in fact target the upstream molecules, receptors, or kinases. In other words, this strategy
target and inhibit the TFs at the expression level.

A suitable example could be the oncogenic TF Forkhead Box M1 (FOXM1).
Antidiabetic thiazolidinediones (troglitazone), mainly known to be the activator of
Peroxisome proliferator-activated receptor (PPAR) gamma TF, can considerably
suppress the level of FOXM1. Petrovic et al. reported that these compounds could inhibit

the SP1, a TF known to promote FOXM1 expression (20).



Mammalian target of rapamycin (mTOR) complex is a member of the kinase
family and serves as the key and central regulator of cellular growth, metabolism, and
other vital cellular processes (21). In the literature, several studies are published on the
effect of mTORI inhibition and substantial gene expression deregulation. These findings
revealed that mTOR lay in the upstream of many physiologically essential TFs, including
Signal transducer and activator of transcription 3 (STAT3), PPAR alpha, PPAR gamma,
and hypoxia-inducible factor 1 alpha (HIF1a) (22).

For example, HIF1a is the master regulator of cellular response to the oxygen
level. Under the hypoxic condition, the HIFla regulates anaerobic regulation of
metabolism, angiogenesis, and cell proliferation via regulation oxygen-independent
pathways (23). HIFla is known to be positively regulated by mTOR, and inhibition of

mTOR suppressed the HIF 1 a activity (22,24).

1.3.1.3 Inhibition via Epigenetic DNA Modifiers

As we mentioned earlier, repressors, activators, different co-factors, and many other
proteins and enzymes, including epigenetic DNA modifiers, can directly or indirectly
bind and modulate the process of transcription.

Epigenetic modifiers act by adding, reading, or removing different functional
groups like methyl and acetyl groups to either DNA or histones without altering the DNA
sequence (25). As the backbone of the chromatin, DNA is tightly wrapped around histone
protein: H2A, H2B, H3, and H4 (26). Histone modifiers classified into three classes,
either they add a group: like histone acetyltransferases (HATSs), read specific epigenetic
groups on the DNA or histone-like ARIDIA or remove a group like histone Deacetylase

(HDACS) [reviewed in reference (27)].



The state of DNA packaging is known to have a significant effect on the rate of
gene expression (28). For example, acetylation of histone by HATs increase the level of
transcription and gene expression by opening the condensed chromatin while removing
of an acetyl group from the lysine amino acid on the histone by HDACs which force the
DNA to bind tighter around histones and turn off the gene expression (29,30). Hence,
Modulation of HDAC or HAT function can lead to a significant increase in the expression
of specific genes.

They can also indirectly affect TFs by modifying their protein modulators.
HDACS and 6 deacetylate the heat shock proteins HSP70 and HSP90 to increase the
stability of HIFla. Inhibition of HDACS and 6 leads to over acetylation and hence,

degradation of HIF1a (31,32).

1.3.1.4 Targeting via Protein Degradation

The protein level of TF as the critical regulator of gene expression is cautiously controlled
by ubiquitination and proteasomal degradation as a part of post-translational modification
(33). E3 ubiquitin ligase is a protein that upon binding to the specific protein substrate,

drive ubiquitylation and protein degradation (34),



Figure 1-2. Structure of thalidomide binding to the Ddb1-Crbn E3 ubiquitin ligase.
Upon binding, thalidomide promotes the ubiquitation and proteasomal degradation of
IKZF1 and IKZF3 TFs.

A relevant example of this type of TF targeting is the inhibition of Ikaros family
zinc finger protein (IKZF1 and IKZF3) TFs, the critical drivers of myeloma, which are
commonly considered undruggable (35,36). Thalidomide is initially approved for
morning sickness and later on withdrawn from the market due to its tragic teratogenicity.
Studies suggested it could be repurposed as an effective treatment of myeloma by
decreasing the level of IKZF1 and IKZF3(36) (37). It is found that it increases the binding
of E3 ubiquitin ligase cereblon (CRBN) to IKZF1 and IKZF3 and thereby boosting their
degradation (36). Figure 1-2 is the solved structure of thalidomide in complex with

DDBI1-Crbn E3 ligase (PDB ID: 4CI1) (38).

1.3.1.5 Direct Targeting of DNA
Sequence-specific targeting DNA using a small molecule is another indirect approach to
interfere with the binding of oncogenic TFs to their genomic DNA. A different class of

drugs with diverse modes of DNA binding has been introduced and are currently in the



clinic. Among them are alkylating agents with the ability to covalently bind to the DNA

helix or intercalate the DNA base pairs, etc.

Figure 1-3. The Solution structure of hedamycin in complex with DNA. Hedamycin

directly targets DNA through intercalation and modulate transcription.

The naturally occurring antibiotic, hedamycin, is a member of pluramycin
alkylating drugs. It covalently binds and intercalate the DNA bases and alkylate the N7
atom of guanine residue (39). Please see Figure 1-3 (PDB ID: 1JHI) (40).

Another well-known and currently widely used chemotherapeutic drug is cisplatin
(41). It has been used in the clinic for the treatment of various cancer types, including
lung (42), gastric (43), lymphoma (44), etc. Once cisplatin enters the cell and cytoplasm,
the chlorine atoms are exchanged with a water molecule and make the resulting
compound a potent electrophile which violently reacts with numerous electrophiles inside

the cell including sulfhydryl group of proteins and nucleic acid [Figure 1-4. PDB ID:



SBNA (45)]. This process leads to intra and inter-strand crosslinking, which results in

DNA bending, distortion and denaturation (46).

Figure 1-4. Solved structure of cisplatin in complex with B-DNA dodecamer.

Cisplatin influences transcription by influencing DNA structure and damage.

1.3.2 Direct Targeting of TFs

Direct inhibition of TFs is a challenging task as they lack a well-defined binding site on
their surface. Contrarily to what is explained in indirect inhibition, which could lead to
activation, inactivation of deregulation of many off-target effects, direct inhibition would

lead to a better and more precious therapeutic output (47).
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1.3.2.1 Dimerization Interruption

As described earlier, TF may bind to many other proteins, including co-factors, co-
activator, or repressors, and even other TFs to facilitate their binding to the genomic

DNA.

Figure 1-5. 3D structure of dimerized MYC/MAX in complex with the DNA. Cartoon

representation of dimerized Myc (blue) and Max (purple) bound to their target DNA.

An example of this type of inhibition was observed with Myc TF. Myc is the
transcription regulator of almost 15% of the whole genome, and researchers refer to them
as “super-TFs” [(reviewed in reference (48)]. MYC is found to be essential in normal
embryonic development and regulate cell growth and apoptosis. In cancer, the MYC

regulation is disrupted, which leads to its over-amplification and tumor formation (48).
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This oncogenic protein undergoes heterodimerization with its associate proteins MAX or
MAD, to regulate or repress gene transcription. Figure 1-5 shows the 3D structure of the
MY C/MAX complex binding to the DNA (PDB ID: 4HG7) (49). Upon binding to MAX,
it recruits different chromatin-modifying complexes and binds to the target gene promoter
regions. (50)

Many attempts have been made with the purpose of inhibition of MYC/MAX
dimerization. Yin et al. identified several small molecules capable of binding to the Helix-
Loop-Helix Leucine Zipper (bLHL-Zip) domain of Myc and inhibit its dimerization with
MAX (51). D’Agnando and colleagues introduced another class of Myc dimerization
inhibitors. They synthesized a mimetic peptide capable of binding to the leucine zipper
region of the MAX and hence interfere with the MYC/MAX complex DNA binding
ability (52). In another approach, wang et al. discovered the unique properties of a natural
product celastrol to disrupt the MYC-MAX dimer and abolish the DNA binding of the

complex (53).

1.3.2.2 Inhibition of Protein/Protein interaction

A relevant example of this type of TF targeting is P53, which is also known as the
“guardian of the genome” (54). As the name implies, it protects the genome from any
unexpected mutation and DNA damage by sending the stop signal and terminating the
cell cycle (55). It is well-known that more than 50% of all human cancer carries a
mutation in their TF P53 (56). Upon DNA binding, P53 activates the formation of another
factor called P21, which interacts with cell division protein kinase 2, an essential regulator
of the S phase to stop the cell cycle (57). Murine double minute 2 (MDM2) a ubiquitin

ligase that upon binding to the p53 promotes its degredation and subsequent translocation
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(58). P53 regulates the expression of MDM2, were they form an autoregulatory loop to
keep the cellular level of p53 low in the absence of stress (59). Figure 1-6 represents the
3D structure of MDM2 in complex with the p53 TAD.

The level of MDM2 is overexpressed in majority of human sarcomas (60,61),
which leads to excessive degradation of p53, where lack of this vital tumor suppressor TF

leads to severe consequences.

Figure 1-6. 3D rendered structure of MDM2 bound to the TAD of p53. MDM2 (green

ribbon), a ubiquitin ligase, binds to the TAD of p53 and negatively regulates it.

Blocking the activity of MDM2 has the significance of elevating the level of one
of the most crucial human protein suppressor proteins, p53. Vassilev et al., using high
throughput screening of a large library of compounds, found several potent inhibitors of
MDM?2 (Nutlin1-3), which could block the binding of MDM?2 and reactivate the p53

pathway (62). Figure 1-7 portrayed the 3D structure of MDM-2 in complex with nutin-3
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(PDB ID: 4HG7) (63). Most Recently, a nutlin derivatives (RG7112) currently in the
clinical trial, was found to be effective in the upregulation and stabilization of p53 at the

cellular level (64).

Figure 1-7. 3D structure of MDM2 in complex with nutlin-3. Cartoon representation
of MDM2 inhibitor nutlin-3 (yellow sticks) in complex with MDM?2. Nutlin-3 blocks the

binding of MDM2 to p53 and inhibit its MDM2 mediated degradation.

These are just a few examples of numerous attempts using different approaches

to target the MDM2-p53 complex.

1.3.2.4 Inhibition via Ligand-Binding Domain

Unlike many other TFs, nuclear hormone receptors superfamily possesses a highly
conserved binding site where their natural ligand (hormones) binds and modulate gene

expression (65). Due to the presence of a well-defined pocket in the ligand-binding
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domain (LBD), the design and identification of small molecule inhibitors is a much easier
task in comparison to other TFs.

Around 70% of all cases of breast cancer express the estrogen receptor (ER) (66).
A different class of drugs has been introduced to inhibit the growth and cell proliferating
signal of this receptor and hence stop the cancer progression. When the natural ligand of
the ER (estrogen) binds to its LBD, recruits co-activators, and undergoes necessary
conformational changes and receptor dimerization before binding to the ER element of
DNA (67,68).

Tamoxifen is a drug that belongs to the selective ER modulators (SERMs) class
of ER inhibitors (69). When the tamoxifen binds to the LBD, the resulting conformational
changes block the binding of co-activators and instead recruit co-repressors resulting in
the alteration of gene expression (70). Figure 1-8 shows the crystal structure of tamoxifen
in complex with the ER-alpha LBD (PDB ID: 2JF9) (71) Fulvestrant belongs to the
selective ER degraders (SERDs) class. Upon binding to the LBD, it inhibits ER

dimerization and accelerates its degradation (72).
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Figure 1-8. Crystal structure of tamoxifen in complex with the ER alpha LBD. The
conformational changes induced by tamoxifen recruits co-repressors and modulate the

target gene expression.

1.3.2. Inhibition via Binding to DBD

As mentioned previously, the lack of a well-defined binding pocket on the surface of TFs
makes them extremely difficult to target directly. Hypothetically, a perfect inhibitor
would be a small molecule with the ability to selectively bind to the DBD of the TF and
prevents its binding to the target DNA. Efforts to target the DBD of TFs have been widely
reported in the literature.

Androgen receptors (AR) belong to the family of the nuclear hormone receptor
and are responsible for the expression of the genes for the development of the male
phenotype (73). However, androgen has been found to play a critical role in the
progression and occurrence of several types of prostate cancer (74). Currently, in the

clinic, there are several antiandrogen drugs with the ability to compete with the
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endogenous androgen hormone in the LBD. However, there are several reports published
regarding cancer acquiring resistance to these antiandrogens (75,76). As a result, there
was an emerging need to obtain a new strategy to inhibit these TFs.

In a major advance in 2014, Li et al., by employing computational modeling,
identified a potential binding pocket on the surface of the AR DBD. Then, using in silico
high-throughput screening of around 3000000 purchasable chemical compounds
deposited in the zinc library, found a potent hit. They optimized the discovered hit and
finally reported a compound capable of directly binding to the AR DBD, equipotent to
the FDA approved antiandrogen enzalutamide (77).

In 2014, Huang and co-workers identified a potent inhibitor of STAT3 using
computer-aided screening. The DBD binding agent ins3-54 was able to potently prevent
the binding of STAT3 to DNA in a DNA binding activity assay as well as the luciferase
reporter assay (78).

Paired box-2 (PAX2) is a member of the PAX family, which commonly
reactivates in kidney and renal cell carcinoma (79). It is shown that the reduction in the
level of PAX enhanced the apoptosis and improved the sensitivity of cells to the
chemotherapeutic agents (80,81). Griemly and collogues used computer-aided virtual
screening and the 3D structure of PAX2 to identify a lead compound that would disrupt
the binding of PAX2 to its consensus DNA. Out of the initial 227 hits, using the luciferase
reporter assay, five were found to be specific towards PAX2. Among them, compound

EG1 was found to inhibit PAX2 selectively (79).
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1.4 Forkhead box Superfamily

Forkhead boxes are diverse families of TFs essential for the regulation of cell growth,
differentiation, DNA repair, angiogenesis, tumorigenesis, hemostasis, and longevity
(82,83). The members of these TFs share a conserved winged-helix DBD containing 80-
100 amino acids but possess discrete transactivation and repression domains (TAD &
TRD) (84,85). Despite the resemblance in their DNA binding sequence and DBD, the
variation in their other domains gives each member a unique function (86).

In humans, over 50 members of this family have been identified, and their
sequence homology classified them into 19 different species (87). Some members of the
FOX TFs family have been extensively connected to cancer. Among these, the
involvement of FOXA, FOXC, FOXO, and FOXM in cancer development and

tumorigenesis has been comprehensively studied (88).

1.4.1 Forkhead Box A

Frokhead box As (FOXAs) are an essential class of the forkhead family of TFs required
for organogenesis, glucose metabolism, and hemostasis (89). Several members of this
family have been recognized and found to be involved in cancer (FOXAI, FOXA2,
FOXA3) (90-92). The elevated level of FOXA1 has been observed in breast invasive
ductal carcinoma (IDC) (93). In a recent finding, FOXA1 was identified as a probable
non-small cell lung carcinoma proto-oncogene. It has also been reported that FOXA1
gene silencing led to a decrease in cell invasion, proliferation and cell cycle arrest of lung

carcinoma (94).
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The other member of this group of TFs (FOXAZ2) has an opposing effect. The
notable tumor-suppressing activity of FOXA2 has been recently explained in the
literature (95). It has been also shown that loss of FOXA2 function promotes EMT and
supports metastasis in liver cancer (96). Figure 1-9 shows the 3D structure of FOXA2 in

complex with its consensus DNA (PDB ID: 5X07) (97).

Figure 1-9. Crystal structure of FOXA2 DBD bound to its consensus DNA. Cartoon
representation of FOXA2 DBD (blue) in complex with the major groove of its consensus

DNA.

However, the role of FOXA3 has not yet fully understood. Some preliminary work
was carried out in 2019 and linked FOXA3 overexpression to tumor invasion and
metastasis. Nevertheless, the effect was the consequences of direct regulation of FOXA1

and FOXA2 by FOXA3(98).
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1.4.2 Forkhead Box C

A growing body of literature has investigated the role of FOXCs in tumorigenesis.
FOXCI is a vital regulator of cerebral and ocular development, and its mutation has been
linked to Axenfeld Reiger Syndrome (ARS) and Dandy-Walker Malformation (DWM)
(99-101). Besides these, several studies highlighted the role of this developmental TF to
tumorigenesis and metastasis in basal-like breast cancer (BLBC), Hepatocellular, and

endometrial carcinoma (102-105).

Figure 1-10. 3D structure of the FOXC2 DBD in complex with the DNA. Cartoon

representation of FOXC2 DBD (green) bound to the DAF-16 binding element.

FOXC2 [Figure 1-10 (PDB ID: 6AKP)] (106) is an essential regulator of blood
vessel formation and development (107). The fundamental role of FOXC2 in cancer has
also been investigated in the literature. It has been proposed that FOXC2 enhances the

proliferation of glioblastoma cells by direct regulation of the epidermal growth factor
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receptor (EGFR) (108). Moreover, FOXC2 is shown to promote colorectal cancer cell
growth by negatively modulating the level of Cyclin D1 and p27 by activating other
protein kinases like MAPK and AKT and inactivating the bonafide tumor suppressor,

FOXO3a (109).

1.4.3 Forkhead Box O

The “O” subclass of Forkhead box TFs consists of 4 members (110). Despite their high
degree of sequence homology, they show discrete function and tissue expression patterns
(111). FOXO1, FOX03, FOX04, and FOXO6 all have 4 main domains. They use their
highly conserved winged-helix DBD to tightly bind as a monomer to the DAF-16 family
members binding element (5'-GTAAACAA-3"). These transcription factors could also
target and bind to the Insulin Response Element (5-(C/A)(A/C)AAA(C/T)AA-3’)
(112,113). They also possess a nuclear localization signal (NLS) and nuclear export
sequence (NES) in charge of shuttling the protein between cytosol and nucleus and a C
terminal TAD mainly in charge of protein interaction (110,114). 3D rendered crystal

structure of FOXOL is illustrated in Figure 1-11.
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Figure 1-11. Crystal structure of FOXO1 DBD bound to DNA. Cartoon representation
of FOXO1 DBD (blue) in complex with its consensus DNA recognition sequence

(Orange).

Several post-translational modifications control the function of FOXO proteins.
The highly conserved insulin—phosphatidylinositol 3-kinase—AKT/Protein kinase B
(AKT/PKB) signaling pathway is the most well-studied regulator of FOXOs. AKT/PKB
phosphorylates different sites on the FOXO proteins, one on the N-terminal domain and
the other one on the NLS domain. The regulatory protein 14-3-3 recognizes and binds to
these two sites and facilitates the shuttling of FOXOs to the cytosol (115-119). It's
binding also hinders the DBD and functionally inactivates FOXOs (120).

FOXOs are known as “bona fide” tumor suppressors (121). The adult mice having
triple FOXO knock out (FOXO1, FOXO03, and FOX04) showed a significant increase in

tumor formation (122). It has been shown that they interact with other proteins or TFs to
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induce or suppress tumorigenesis. It was reported that FOXO3 is essential for p53
dependent apoptosis (123). More recent evidence suggested that loss of FOXO3 function
increased MY C-driven lymphomagenesis (124).

The role of FOXOI in carcinogenesis has been extensively studied. An interesting
investigation showed that FOXO1 activation in osteosarcoma (which the FOXO1 express
is extremely low) led to an increase in colony formation and cancer cell proliferation via
modulation of WNT/B-catenin pathway (125).

FOXO3, another member of this family, is commonly inactivated or mutated in
cancer. Its inactivation by stimulation of the PI3K/AKT pathway is strongly linked to
cancer initiation, invasion, and progression in different tumors (126,127). FOXO3
inactivation in transgenic adenocarcinoma resulted in the loss of cell cycle control and
cancer progression (128).

Despite their confirmed role in tumor suppression, several studies claimed that
FOXOs could support tumorigenesis (129). It is reported that mutation in FOXO1 in the
residues that support the 14-3-3 binding leads to an increase in nuclear localization of
active FOXO1. Surprisingly, these mutations in FOXO1 were associated with poor
patient prognosis treated with chemotherapeutic drugs, and bring uncertainty toward
FOXOs as genuine tumor suppressors (130). The overexpression of FOXO3 has also been
linked to a decline in survival rate in patients suffering from acute Myeloid Leukemia
(AML) (131).

Besides these, FOXO3 and FOXO1 have been found to support tumor metastasis.
FOXO3 dependent regulation of matrix metalloproteinases 9 and 13 (MMP9 and
MMP13) and FOXOI1 medicated regulation of MMP1 has been strongly linked to

metastasis (132,133).
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There is still considerable uncertainty regarding the tumor supporting or
suppressing function of FOXOs, and further investigation is required to shed light on

these mysterious TFs.

1.4.4 Forkhead Box M

Figure 1-12. Structure of FOXM1 DBD in complex with DNA. Cartoon representation

of winged-helix DBD of FOXM1 (red) bound to the major groove of its consensus DNA.

HNF-3, Trident, or FOXM1 [Figure 1-12 (PDB ID: 3G73)] (134) is another critical and
extensively investigated member of the forkhead box superfamily (135). To date, four
different isoforms of FOXM1 has been identified. As shown in Figure 1-13, the FOXM1
gene carries ten exons on chromosome 12, where alternative splicing of exons Al and A2
gives four different isoforms (136,137). The longest isoform being translated from the

mRNA carrying all ten exons is FOXM1a and found to be transcriptionally inactive. The
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disrupted TAD of FOXM1a with the fact that it only has a functional DBD might make
it a negative transcriptional regulator (138).

On the other hand, FOXM1b possess none of exons Al and A2 and regarded as
the smallest member of FOXM1. FOXMIc only carries exon Al and the most recently
found FOXM1d has been identified to have exon A2 only (138,139). While all are capable
of binding to the DAF-16 and IR element, FOXM1c can furthermore bind to the TATA

box and activate additional genes (112,140).
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Figure 1-13. Graphical representation of four different FOXM1 isoforms. FOXM]I
gene comprises of ten exons, of which exon VA and VlIla are splicing exons. The process

of RNA splicing results in 4 different FOXM1 isoforms, FOXMla, b, c, and d.

FOXM1 level can only be detected in actively proliferating cells while its level is
null in quiescent cells (141). External and internal stimuli and transmembrane receptors
like EGFR, estrogen, polo-like kinase 1 (PLK1), placental lactogen (PL) could boost the
expression of FOXM1 which force the resting cell to re-enter the cell cycle (142—145).

Re-expression of FOXM 1 was also observed after tissue regeneration upon injury. Organs
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with regenerative capacity like liver, lung, and pancreas; re-express FOXM1 during their

tissue repair (146—148).
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Figure 1-14. Schematic illustration of 5 functional domains of FOXM1. FOXM1
protein consists of several domains: a DBD, two NRD, one transactivation, and one

transrepression domain.

As shown in Figure 1-14, FOXMIc has five functional domains (149). One
highly conserved DBD in the middle (134,150), a robust acidic TAD at the c-terminal,
two negative regulatory domain (NRD), one on the opposite side (N-terminal) and the
other one in the middle and lastly one transrepression domain (TRD) near the DBD (151).

Antiproliferative and proliferative signals highly control the FOXM1 expression.
In the presence of proliferative signals (149,152), FOXM1 induces cell cycle progression
by promoting G1/S and G2/S transitions (141). The nuclear level of functional FOXM1
is highly regulated through an autorepression mechanism (151). The NRD of FOXMI
binds to the RXL/LXL motif on the FOXM’s TAD and acts as an on/off switch (Figure
1-15) (153). Despite the high level of FOXM1 expression, it is shown that binding of
cyclin E/CDK2 complex to the TAD and phosphorylation of FOXMI1 is not sufficient for

the full activation of FOXM1. However, the autorepression is relieved by binding and
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phosphorylation of cyclin A/CDK during the G2 phase (153). Finally, in late mitosis, the
E3 ubiquitin ligase APCC®®! binds and promotes its degradation by proteasomes (154).

The expression of FOXM1 is induced during the growth phase (G1) and continues
with the cell cycle during synthesis (S) and mitosis (M) phase (155). As an activating TF,
FOXM1 binds to the promoter region of many target gene and regulate their expression.
Other than that, FOXM1 is also capable of hypermethylation of DNA or recruiting co-
repressor to modulate transcription of target genes (156).

FOXMI can also bind to other proteins and promote the expression of target genes
without directly binding to their promoter region. A report published by Zheng et al.
suggested that the FOXM1 binds to B-catenin and promotes its nuclear localization as
well as its transcriptional activity (157). Another study proposed that FOXM1 binding to
SMAD3 prevents its degradation by proteasome by blocking the E3 ubiquitin-binding

and hence inhibiting SMAD3/SMAD4 dimerization (158).
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Figure 1-15. The mechanism of FOXM1 autorepression. A) the RXL/LXL domain on
the TAD of FOXMI1 binds to the NRD of FOXMI1 and inactivates it. FOXMI
phosphorylation with Cyclin A/CDK complex relives the autorepression. B) The solution
structure of the TAD of FOXMI1 bound to the N-terminal repression domain (PDB ID:

60SW) (159).

Besides its role in enhancing the cell cycle and hence cell proliferation, FOXM1
is found to be involved in DNA repair and DNA damage response. It was shown that the
level of FOXM1 was substantially increased upon induction of DNA damage by IR and
UV radiation. It was suggested that FOXMI stabilization by phosphorylation of
checkpoint kinase 2 (CHK2) enhanced FOXM1 dependent expression of DNA repair
factor x-ray cross-complementing group 1 (XRCC1) and breast cancer-associated gene 2
(BRCA2) (160).

In the literature, many proteins (including USP21 (161), NPM (162), HSP70
(163)) are found to regulate the transcription of FOXM1. An excellent example of this
was recently published by Arceci et al. (161). They found that ubiquitin carboxyl-terminal

hydrolase 21 (USP21) binds to FOXM1 and decreases FOXM 1 ubiquitination and hence
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increases its activity and stabilization. In another study, Bhat et al. found that
nucleophosmin (NPM), interact with FOXM1 and modulate its localization (162).
Another chaperone family, HSP70, was reported by the same group and found to inhibit
the FOXM1 DNA interaction by directly binding to FOXM1 (163).

Direct binding of TFs to the promoter region of FOXM1 has also been reported.
The most significant example of this type of FOXM1 modulation is FOXM1 itself.
FOXMI binds to its own promoter and regulates its expression through a positive
feedback loop (164). p53 is known to negatively regulate FOXM1 expression. The level
of FOXM1 mRNA and protein level increased upon p53 knockdown, whereupon
reinduction, FOXMI1 level returned to normal (165).

In tumors, FOXM1 expression is dysregulated. Cancer cells highly rely on
FOXM1 for their prompt growth, proliferation, and invasion. (141). Many TFs (c-MYC,
Notchl, STAT3) and some vital tumor suppressors (p53, FOXO3a) are found to be
responsible for FOXM1 regulation. Since many of these proteins are either overexpressed
or mutated in many cancers, it is believed that they may also contribute to the FOXM1
upregulation in cancer [reviewed in reference (166)].

FOXMI (mainly FOXM1b) (167) is found to be overexpressed in a vast majority
of cancers including breast (168), ovarian (169), prostate (170), lung (171), melanoma
(172), lymphoma (173,174), osteosarcoma (175), pancreas (176), kidney (177), colon
(178) and etc. The direct involvement of FOXMI in cancer tumorigenesis (179-182),
aggressiveness (183,184), metastasis (178,185,186) and its relations with poor patient
prognosis (182,187,188) has been widely reported in the literature. Many bodies of
literature reported that inhibition of FOXM1 leads to a significant decrease in cancer cell

proliferation, migration, angiogenesis and drug resistance [reviewed in reference (189)].
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These findings raised the attention toward this oncogenic TF and made it an attractive

target for cancer therapy.

1.4.4.1 FOXM1 Inhibition
Many attempts have been made to inhibit the FOXMI transcriptional activity. Gusarova
and colleagues (190) in 2007 introduced a cell-penetrating peptide based on the structure
of previously known FOXM1 negative regulator p1 9*RF capable of inhibiting the FOXM 1
as well as cell proliferation in cancer (191). The RNA interference (RNAi) was among
the first methods to demonstrate the significance of the FOXMI role in carcinogenesis.
FOXMI gene silencing and its subsequent mRNA neutralization in colorectal (192), lung
(193) leukemia (194), and pancreatic (195) cancer was found to affect cell proliferation
and decrease the xenograft tumor growth. Nevertheless, short interfering RNAs (siRNA)
have their own limitations in terms of drug delivery and specificity.

In a major advance in 2006, a cell-based assay found the first known chemical
inhibitor of FOXM1, siomycin A (196). Later on, they reported a structurally similar drug

called thiostrepton, also capable of inhibiting FOXM1 activity (197).
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Figure 1-16. Chemical structure of known FOXM1 inhibitors. A) thiostrepton, B)
3,3'-diindolylmethane, C) genistein, D) natura-alpha, E) RCM-1, F) FDI-6, G)

trgolitazone, H) honokiol.

Later on, another protease inhibitor like MG115, MG132, and bortezomib was
also reported by the same group to negatively regulate the expression of FOXMI1 and
suggesting a mutual mechanism of action (197). It was hypothesized that the stabilization

of FOXM1 negative regulators (p53, p2, MDM-2) by proteasome inhibitors is responsible
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for the downregulation of FOXM1 by siomycin, thiostrepton, and other proteasome
inhibitors (198). On the same subject, Hedge et al. using the EMSA found that
thiostrepton can bind to FOXM1-DBD and disrupts its DNA binding (199). In 2015, Chen
et al. reported an in silico investigation and used molecular modeling to predict the
binding of thiostrepton to the FOXM1 and DNA (200). Later on, in 2019, Kongsema et
al. using MD simulation suggested that thiostrepton can bind to the FOXM1 and it is a
possible direct inhibitor (201). However, there is a continuous debate on the genuine
thiostrepton inhibition mechanism and requires further investigation.

3,3'-diindolylmethane (DIM) was another reported small molecule capable of
downregulating the level of FOXMI in breast cancer cell lines (202). As previously
discussed, specificity protein 1 (SP1) TF can bind to the FOXMI1 promoter region and
enhance its expression. Petrovic and colleagues in 2010 found that inhibition of SP1 by
its inhibitor (mithramycine), resulted in significant downregulation of FOXMI1. They
suggested that PPARY agonist, troglitazone, and other glitazones negatively regulate the
expression of FOXM1 by SP1 inhibition (203).

In 2011, two other small molecules (genistein (204) and natura-alpha (205)) were
found to inhibit the transcriptional activity of FOXMI1 in prostate cancer. In another
investigation, Gormally et al. using fluorescence polarization assay, EMSA and mass
spectroscopy found a series of compounds capable of directly binding to the FOXM1-
DBD and suppressing its transcription by affecting the positive regulatory loop (206).

In 2017, Sun and co-workers identified a compound called Robert Costa memorial
drug-1 (RCM-1) using high-throughput screening of around 50.000 molecules (207). This

small molecule could inhibit the level of FOXM1 as well as inhibiting the FOXM1/B-
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catenin interaction and hence their nuclear localization. The compound RCM1 was able
to decrease cell proliferation, tumor size, and enhanced the tumor apoptosis (208).
Recently, Halasi et al. reported a natural product, honokiol, which can suppress
the transcriptional activity of FOXM1. Using EMSA and electron transfer difference
nuclear magnetic resonance (NMR) spectroscopy, they suggested that Honokiol binds to
FOXM1 and modulate its transcriptional program (209). Figure 1-16 illustrates known

FOXM1 inhibitors with a vast diversity of chemical scaffolds.

1.2 Research Aim

The central aim of this project is to elucidate the mechanism of action as well as the
structural requirements of direct FOXM!1 inhibitors. This information will significantly
help to introduce a novel class of FOXM1 direct inhibitors to the field. In order to achieve
the mentioned goals, six objectives were set:

1) To carry out an extensive molecular dynamics simulation using the solved crystal
structure of FOXM1 DBD to capture the dynamics of FOXMI1-DBD and DNA
interaction.

2) To determine a probable small molecule binding site on the surface of FOXM1-DBD.

3) To find a mutual binding mode for current FOXM1 direct inhibitors using different
small molecule docking protocols.

4) To validate the proposed binding site using chemical modifications and biological
assays.

5) To demonstrate the structural requirement of a small molecule capable of targeting

the DBD of FOXMI.
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6) To design, synthesize, and evaluate novel FOXMI inhibitors based on the obtained

theoretical and experimental information.
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Chapter 2

Untying the Knot of Transcription
Factor Druggability: Molecular
Modeling Study of FOXM1 Inhibitors

A version of this chapter has been published in:

J Mol Graph Model. 2018 Mar;80:197-210. doi: 10.1016/j.jmgm.2018.01.009

Reprinted from Reference (210), Copyright (2018), with permission from Elsevier
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2.1 Introduction

Recent developments in the fields of cancer biology and genetics have significantly
increased our understanding of how to validate new drug targets, including TFs, which
have been considered “undruggable.” Unlike enzymes, ion channels, and cell membrane
receptors, TFs do not possess well-defined drug binding sites, and therefore, are
challenging (but promising) drug targets (211,212).

The FOXM1 protein, also known as HNF3 or HFH-11, is one of several TFs in
the pipeline of drug discovery research programs (212,213). From a structural point of
view, there are three different protein isoforms identified in human cells, namely
FOXMla, FOXMIlb, and FOXMlc. The FOXMla isoform appears to be
transcriptionally inactive, whereas FOXM1b and FOXMIlc are described as ‘“gene
activators” (214).

The increasing interest in the FOXM1 TF is based on experimental observations
associating the overexpression of this protein with practically all stages of cancer
development, including cancer initiation, progression, metastasis, and chemoresistance
(215). The FOXMI1 protein is one of the main regulators of the cancer cell cycle
(193,195), cancer-related angiogenesis (195), decreased rates of cancer cell apoptosis
(216), and accelerated DNA damage repair (217). Consequently, FOXM1 overexpression
correlates well with poor disease prognosis (218-220). In this regard, the in vitro
inhibition of FOXMI’s transcriptional activity is associated with decreased cell
proliferation for different cancer cell types, including liver (221,222), prostate (223),
brain (224), breast (216), lung (225), colon (192,226), pancreas (227), skin (228-230),

cervix (231), ovary (232), mouth (233), blood (234), and nervous system (235).
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Consequently, targeting the FOXM1 TF with small molecule drugs is an emerging and
attractive area in medicinal chemistry.

There are several reports on small-molecule drugs with the ability to interfere with
in vitro’s FOXMI transcriptional activity. From a mechanistic point of view, drugs
targeting the transcriptional activity of the FOXM1 act either directly or indirectly. In this
regard, indirect inhibitors target upstream proteins that promote FOXMI1 expression,
whereas direct inhibitors are supposed to dissociate the FOXM1-DNA protein complex
by direct binding interactions (206). Examples of indirect FOXM1 inhibitors include
proteasome inhibitors, which increase the levels of an endogenous negative regulator of
FOXMI1 (NRFM) (198). Thiostrepton is probably the most commonly used indirect
FOXM1 inhibitor, although recent reports suggest that this potent thiazole antibiotic may
also exert direct inhibition (236).

Another relevant group of drugs that are of interest to this investigation is the
thiazolidinediones (troglitazone and pioglitazone), which are agonists of the PPARy TF.
Glitazones are established (and widely used) antidiabetic agents with potential anticancer
properties (20). In a recent paper, Petrovic et al. reported a plausible mechanism of action
by which thiazolidinediones (troglitazone, pioglitazone, and rosiglitazone) decrease the
in vitro expression of FOXM1 indirectly via inhibition of SP1 TF, a known FOXM1
regulator. Nevertheless, the authors suggest that the activity of glitazones on the

downregulation of FOXM1 seems to be PPARy-independent.
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Figure 2-1. Chemical structures of the FOXMI1 inhibitors. Thiostrpeoton (A),
troglitazone (B) and FDI-6 (C) showing a wide variety of structural scaffolds.

Finally, Gormally et al. reported in 2014 a series of direct FOXMI inhibitor
known as “FDI”, among which the drug FDI-6 was the most potent suppressor of the
transcriptional activity of FOXM1 by direct dissociation of the FOXM1-DNA complex
(237). This compound, along with thiostrepton and troglitazone (Figure 2-1), constitutes
structurally-diverse compounds that seem to exert similar binding interactions within the
FOXM1-DBD, which is the subject of this investigation. Based on a series of MD and
docking studies, we hypothesize that different FOXM1 inhibitors may, in fact, share

common features that allow them to interact with (and inhibit) the FOXM1-DBD.
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Docking and MD simulation have become one of the most potent tools in
predicting the binding site and binding interaction of the new scaffolds. Utilizing these
techniques in drug discovery is rapidly increasing, and it is starting to produce tangible
results (238-240). We propose that this interaction is primarily a pi-sulfur drug-protein
interaction involving an electron-deficient sulfur atom in a heterocyclic ring of the drug
molecule. Computer-based protocols designed to analyze the structure and dynamics of
the FOXM1-DNA bimolecular complex generated valuable qualitative and semi-
qualitative information supporting the assumption that structurally different FOXM1
inhibitors act by a common mechanism of action. This hypothesis might offer essential
information to guide the design of new (improved) drugs targeting this protein. In
summary, this study presents a series of MD simulations in which we present preliminary
evidence to hypothesize on a pi-sulfur interaction as one of the main binding interactions

driving the inhibitory profile of structurally different FOXM1 (direct) inhibitors.

2.2 Materials and Methods

2.2.1 Structure Preparation

The FOXMI1-DBD crystal structure was obtained from the protein data bank (PDB)
(PDB_ID: 3G73) with a resolution of 2.21 A (134). First, we removed FOXM1’s chain
A and all water molecules using the protein wizard of Maestro (Schrodinger, L.;
MacroModel versions 10.4 & 11.0, New York, USA, 2015). The structure was completed
by adding the missing side chains and assigning the protonated groups at pH 7.0

(PROPKA) (241).
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2.2.2 Molecular Docking

The ready-to-dock 3D format structures of drugs (except thiostrepton) were downloaded
from the ZINC database (242). The 3D NMR structure of thiostrepton was obtained from
the PDB (PDB_ID: 2L.2W) (243). The Dockprep tool of UCSF Chimera v1.10.2 (244)
was used to prepare the ligands in the framework of AMBER99SB force field. Autodock
Vina (245) was used to perform the docking by “boxing” the binding site (coordinates)
into a grid of 40 x 40 x 40 A, with a spacing of 0.375 A. All rotatable bonds (except those
from amide bonds) were allowed to rotate freely, and 12 runs were carried out for each

ligand, with exhaustiveness of 40.

2.2.3 Molecular Dynamics Simulations

2.2.3.1 FOXM1-DBD With and Without DNA

Two different MD simulations were performed for the FOXM1-DBD either with the
corresponding DNA sequence or “DNA-free”, both using the GROMACS 4.5.6 package
(246). The first MD simulation showed amino acid residues in FOXM1 likely to interact
with the DNA binding site, whereas the second MD simulation (DNA-free) provided a
point of comparison with information to estimate the relative stability of the protein-DNA
complex. This information was also used to predict potential binding sites. The simulation
system was solvated in a cube-shaped box containing TIP3P water molecules, with 1 nm
cushion in all directions. The system was neutralized, and enough NaCl was added to
achieve a theoretical concentration (0.15 M). The FOXM1-DBD/DNA and FOXM1-
DBD/DNA free system reached the total atom number slightly larger than 30,000 and

9,000, respectively. The whole system was energy minimized using the AMBER99SB-
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ILDN force field, followed by heating (300 K) and equilibration (500 ps) using the
Berendsen Thermostat.

We performed an additional equilibration (500 ps) using the isothermal-isobaric
ensemble at 1 bar with the Parrinello-Rahman barostat. Finally, we performed a 50 ns
production run for both FOXM1-DBD/DNA, and FOXM1-DBD/DNA free, using the
periodic boundary condition. The bond lengths were set by using the LINear Constraint
Solver (LINCS) algorithm. Then, we used the Lenard-Jones, the Coulomb (cut-off = 1.0
nm), and the particle mesh Ewald (PME) methods to compute the van der Waals (vdW)
and electrostatic interactions. The unit cells were large enough were adjacent proteins
were not imposing any short-range interactions. The trajectory frames were written to file
every 2 picoseconds (ps). The root mean square deviation (RMSD), root mean square
fluctuation (RMSF), and hydrogen bonding analysis were generated using GROMACS
tools and plotted with GraphPad prism 6.07. All visualizations were carried out using the
Discovery Studio Visualizer (Dassault Systemes BIOVIA, 2015) and the Schrodinger’s

Pymol package (Molecular Graphics System, Version~1.8. (2015).

2.2.4 Binding Site Prediction

We used the Autoligand (247) module of Autodock Tools (248), and the Sitemap module
of Maestro (Schrodinger, L. SiteMap version 3.7, N.Y., USA, 2015), to identify potential
binding sites. Autoligand characterizes the binding sites using a grid-based energy
evaluation, while Sitemap assigns numerical descriptors by a series of physical
parameters such as hydrophobic/hydrophilic character and hydrogen bonding

interactions.
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2.2.5 FOXM1-ligand Complex

We performed a 20 ns MD simulation to examine the dynamic state and stability of
FOXMI1-ligand complexes. The ligand was parametrized using antechamber python
parser interfacE (ACPYPE) (249), and charges were calculated using SQM with AMI1-
BC followed by an MD simulation, using the same methodology described above. The
ligand positional RMSD, the backbone RMSD, and the number of hydrogen bonds
observed for each ligand were calculated using Gromacs tools and plotted using

GraphPad Prism 6.0.7.

2.2.6 Free Energy Calculation

Molecular Mechanic Poisson-Boltzmann Surface Area (MM-PBSA) has shown to be one
of the most regularly used methods to compute the binding energies between small
molecules and their target biomolecules because these calculations provide relevant
information on the relative stability of the corresponding biomolecular complex. We
calculated the binding free energy for each ligand using the g mmpbsa Gromacs tool
(250). This program uses the MM-PBSA to estimate the free energy interactions exerted
by each ligand and calculates the molecular mechanics' potential energy, including
electrostatic, vdW interactions, polar, and nonpolar solvation energies. In this regard, the
formula for calculating the binding free energy of a protein with the ligand in the implicit
solvent environment can be expressed as:

AGvinding = Geomplex — (Gprotein + Giigand) (Equation 1)

The G_mmpbsa module of Gromacs uses a similar equation (Equation 2) to calculate the
binding free energy; this script calculates each component in Equation 1, calculating the

binding free energy as:

42



G=Emm + Gsotv — TS (Equation 2)

Where: Eint = average of molecular mechanics potential; Gsoly = solvation free energy and
TS is the temperature and entropy, respectively (251). To calculate the binding free
energy of each ligand, we only used the last 5 ns of each simulation (high number of

frames per simulation).

2.3 Results and Discussion

2.3.1 The FOXM1/DNA interface

The identification of amino acid residues responsible for the binding interactions of
FOXMI at the DNA site was essential to establish potential drug binding sites used by
different drug molecules. We labeled the secondary structure of the FOXM1-DBD using
H1, H2, and H3 for helices, and S1 and S2 for the two -strands. We also used the labels
L1 and L2 for loops (Figure 2-2). The helix H3 (containing the main DNA recognition
sites) was positioned perpendicular to the DNA major groove, to maximize the contact
surface with the corresponding DNA binding site (H3). Upon performing both MD
simulations and MM-PBSA calculations, we observed that the FOXM1-DBD interacts
with DNA through direct hydrogen bonding, water-mediated hydrogen bonding, vdW

interactions, and electrostatic bonds.
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Figure 2-2. Cartoon representation of the FOXM1-DBD/DNA interface. The protein
(blue ribbon and blue space) is shown on top of its DBD (dotted; red and gray). The
secondary structure components of FOXM1-DBD were labeled as H1, H2, and H3 for
helices; S1 and S2 for the two B-strands; and L1 and L2 for the loops. The H3 helix

positioned perpendicularly into the DNA major groove.

Upon initial docking of H3 onto the corresponding DNA major groove, we observed a
15° torsion of the DNA backbone produced by several binding interactions between the
L1, L2, and H1 chains. However, we also noticed that the H3 chain was mainly
responsible for causing this torsion. The sum of all these interactions seemed to stabilize

the FOXM1/DNA complex.
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We performed a 50 ns simulation of the FOXM1-DNA complex, monitoring any protein
residues interacting with DNA, by recording snapshots every one ns (Figure 2-3). When
we analyzed the MD simulations and the MM-PBSA free energy calculations, we
observed that the most significant interactions between the FOXMI protein and DNA
were hydrogen bond interactions. In this regard, generally, vdW forces contribute about
two-thirds of all binding interactions, and about one-third involves hydrogen bonding

(252).

Figure 2-3. Snapshots of MD simulations performed for FOXM1-DBD and
FOXM1-DBD/DNA. Six representative snapshots taken during two different 50 ns-long
MD simulations of (A) the FOXM1-DBD; and (B) the FOXM1-DBD — DNA complex.
Each time point is represented at different colors: time 0: red, 10 ns: yellow, 20 ns: gray,

30 ns: pink, 40 ns: green and 50 ns: cyan.
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According to our calculations, the FOXM1 protein starts the binding recognition
process onto DNA, mainly due to the interactions exerted by three amino acid residues
present in H3, among which, His287 seemed to be the most important. In this regard,
His287 appears to be exposed (available); this means that His287 is likely to “guide”
FOXMI toward the DNA recognition site (initial contact). Furthermore, unlike other
nearby residues present in H3 (Asn83, Asn283, and Asn286), His287 formed four
different and complementary hydrogen bonds with three DNA backbone residues,
namely Thy9, Thy8, and Thyl4. Comparatively speaking, Asn283 formed only two
hydrogen bonds with Adel6, whereas Asn286 formed a hydrogen bond with Gua6 and
an electrostatic interaction with Thy5.

During the MD simulation of the protein-DNA complex (compared to the protein
alone), we observed significant fluctuations in amino acid residues present in the N-
terminal loop, which participates in the FOXM1-DNA binding. In this regard, Tyr241,
Arg236, and Ser240 were three residues found in the N-terminal loop that apparently
played a critical role in complex stabilization. Tyr241 also formed an electrostatic salt
bridge with the sugar-phosphate backbone of Adel3 and Thy14, whereas Arg236 formed
three electrostatic interactions with Thyl4. Finally, Asn240 is another residue located at
the N-terminal loop region considered essential due to its suitable position. These
observations suggest a possible (and potentially important) role of the N-terminal domain
in the FOXM1-DNA complex interaction (Figure 2-4).

We observed that at least one amino acid residue from the S1 and S2 B-strands
also contributed to the binding of FOXM1 to DNA. Arg297 (from S1) is positioned close
to (and making contact with) Gua6 by forming hydrogen bonds and electrostatic

interactions. Moreover, Gua6 was the target residue for Trp308 (from S2) by making a 2
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A hydrogen bond with the DNA phosphate backbone. Lys278 from L3 and Arg316 from
the C-terminal loop also contributed to the overall stability of the protein-DNA complex

by forming electrostatic interactions with Thyl4, Adel5, Adel6, and Thyl6.
A)

B)

ARG297

His286
ARG316

ARG236
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Figure 2-4. FOXM1-DBD/DNA interacting residues. A) Proposed amino acid residues
responsible for the binding interaction exerted by FOXM1-DBD on DNA; the numbers
represent bond lengths in A. Green and white lines represent hydrogen bonding

interactions; amber lines represent electrostatic interactions; B) location of amino acid

residues of the FOXM1-DBD interacting with DNA.

2.3.2 The Role of Water Molecules at the FOXM1-DNA Interface

Water molecules are an essential component of any biological system. Previous studies
have demonstrated that water molecules are involved in hydrogen bond networks that
enhance binding interactions between proteins and either the phosphodiester backbone of
DNA base pairs (253). In our particular case, data obtained from all the 50 snapshots
recorded between the FOXM1 binding domain and its DNA recognition site, suggested
that Gly280, Ser284, Asn288, Met242, and Tyr241 exert water-mediated binding

interactions with the DNA backbone (Figure 2-5). Contrarily, amino acid residues

48



present in the N-terminal loop formed weak (non-permanent) water-mediated hydrogen

bonds with some DNA base pairs (disregarded; not shown).

Figure 2-5. Role of water molecules at the FOXM1-DBD/DNA interface.Water-
mediated hydrogen bonding interactions (yellow lines) at FOXMI1-DBD — DNA
interface. The FOXM1-DBD is shown in green; DNA is shown in dark cyan (stick)
presentation. Most amino acid residues involved in water-mediated hydrogen bonding
interactions (50 ns MD simulation) are labelled as follows: Tyr241, Met242, Asn288,

Gly280, and Ser284.

2.3.3 Protein Interaction Analysis and p Factor profile

We calculated the backbone RMSF (Figure 2-7-A) and the RMSD (Figure 2-7-B) values
for both the FOXM1-DNA complex and the FOXM1 DNA-free systems over a 50 ns
time MD simulation. Both structures showed an acceptable degree of stability throughout
the trajectory. However, we observed higher RMSD values in the FOXM1 DNA-free

simulation due to significant fluctuation in the N-terminal loop, which was not seen in the
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FOXMI-DNA complex simulations. A lower RMSD value for the FOXM1-DBD-N-
terminal (N-terminal removed) in comparison to the FOXMI1-DBD, confirmed this

observation (Figure 2-6).
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Figure 2-6. Effect of N-terminal on the FOXM1-DBD binding.Calculated backbone
RMSD values for the FOXM1-DBD and FOXM1-DBD-N-Terminal” (N-terminal

removed).

The superimposed RMSF plots from both structures revealed a significant
contribution of vdW contacts between the FOXM1-DBD and DNA, among which,
residues 240-310 in the H3 chain of the FOXM1-DBD showed the largest interactions
with DNA. In this regard, we observed that the H3 chain was conveniently positioned
inside the corresponding DNA major groove, and it may be responsible for the initial
FOXMI1-DNA contact. This observation is supported by the [ factor profile, where the
binding energy contribution of interacting residues were converted to 3 factor using the
energy2bfac module of g mmpbsa. Figure 2-7-C shows the contributions by H3 during
the FOXM1-DNA interaction. A structure of the FOXM1-DBD-DNA complex (color-

coded by B factors) is shown in Figure 2-7-C. The intensity of the red color and the width
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of the loop (H3, S1, and S2) indicate different binding strengths as determined by the MD

simulation.
A) B)
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Figure 2-7. RMSF, backbone RMSD and sidechain RMSF of FOXM1-DBD and
FOXM1-DBD/DNA.A) Superimposed RMSF plot of the FOXM1-DBD (blue color) and
the FOXM1-DBD — DNA complex (red color) during a 50 ns MD simulation. B) RMSD
of the FOXM1-DBD (blue) and the FOXM1-DBD — DNA complex (red) during a 50 ns
MD simulation. C) structure of the FOXM1-DBD — DNA complex (intensity of red color

and girth of the loop suggest higher binding contribution).
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2.3.4 Prediction of the FOXM1-DBD/DNA Binding Site

This task was challenging to perform due to the absence of a clear hydrophobic pocket
on the protein surface, and the lack of a co-crystallized structure of the FOXM1-DBD.
Briefly, we used 30 snapshots from the MD simulations to study the FOXM1-DBD (vdW)
surface. This procedure generated essential information defining a possible region
containing all binding interactions described above, which at the same time, could
potentially be used to dock small-molecule drugs. We employed the Autoligand module
of Autodock to characterize the binding sites of all 30 snapshots of FOXM1-DBD using
a grid-based energy evaluation; then, these results were validated with the Sitemap
module of Maestro by analyzing both hydrophobic and hydrophilic features, as well as
hydrogen bonding interactions. Finally, we chose the best possible binding site from
selected sites based on (a) the contribution of individual amino acid residues involved in
binding interactions with DNA; (b) amino acid type; (c) their hydrophobicity; and (d)

solvent accessibility (Figure 2-8).
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Figure 2-8. The predicted drug-binding site at the interface of FOXM1-DBD and
DNA.The spheres are representing the hypothetical position of the predicted binding

site. The zoomed-in FOXM1 structure is shown in gray color; the interacting residues
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(Lys260, Arg286, His287, Trp308, and Val305) are shown in gray (stick presentation);
the most favorable region for binding of small molecules is presented using a rainbow-

colored group of spheres.

2.3.5 Prediction of the Binding Mode for Thiostrepton

Thiostrepton is an antibiotic derived from Streptomycetes, which exerts significant cell
proliferation inhibition activity on breast cancer cells by exerting a combination of direct
and indirect inhibition of FOXM1’s transcriptional activity (254). Thiostrepton was the
first drug reported to bind directly to FOXM1(236); however, to our knowledge, no
reports are describing the co-crystallization of this drug on (or in) the FOXM1 protein,
and consequently, we were interested in studying the binding interactions of this molecule
with the FOXM1-DBD. We docked thiostrepton into the binding site calculated
previously using a 20 ns MD simulation, to examine its stability as a complex with the
protein. Nevertheless, due to the complex structure of thiostrepton, we carried out this
protocol under special considerations; we prepared the drug as described by Bond et al.
(255) with some small modifications (Figure 2-9). Briefly, we divided thiostrepton into
three “building blocks (BB)” as follows: group 1 consisted of BBs 1, 4, 6 and 14 (all of

them containing 1,3-thiazole rings); group 2 consisted of BBs 9, 10, 11, 12, 15 and 16
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(amino acid-like groups); and group 3 including BBs 2, 3, 5, 8 and 13 (the rest of the

groups).
Buildingblock | Description |

Thiazole-2-carbaldehyde
Threonine
Dehydrobutyrine
Thiazole-2-carbaldehyde
Thiostrepton fragment
Thiazole-2-carbaldehyde
Thiostrepton acid fragment
Quinaldic acid
Isoleucine
Alanine
Pyruvic acid
Alanine
Tetrahydro-pyridin-3-ylamine
Thiazole-2-carbaldehyde
Pyruvic acid
Pyruvic acid

Figure 2-9. Thiostrepton Building blocks.The structure of the FOXMI1 inhibitor
Thiostrepton divided into smaller groups by adding red dotted lines to separate different
building blocks (BB) or fragments, shown using red numbers on the structure; the table
on the right lists each BB and the name of the corresponding BB.

As shown in Figure 2-10-A, the docking protocol showed several potential

binding interactions between thiostrepton and FOXM1-DBD, including a significant
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His287 — pi-sulfur interaction in BBs 6 and 7 (amber color), a pi-pi stacking, and a
hydrogen bond (green color). Also, we observed hydrogen bonds between Ser290,
Leu291, and Val296 with thiostrepton’s BB 15 and 16 (green color). Finally, we observed
another pi-sulfur interaction between Trp308 and BB 14. All these interactions are shown
in Figure 2-10-A. The ligand positional RMSD calculations of the FOXM1-DBD —
thiostrepton complex (Figure 2-10-B) suggest excellent stability during the 20 ns MD
simulation. We also determined the RMSF values for both, the FOXM1-DBD alone
(residues 231-321) and the FOXM1-DBD - thiostrepton complex (Figure 2-10-C), in
which non-overlapping regions in the graph suggest binding interactions.
Comparatively, literature reports describe pi-sulfur interactions contribute around
-11.03 KJ/mol to binding energies at about 3.8 A distance. In this regard, pi-sulfur
interactions involve an imidazole ring present in histidine residues and a positively
charged sulfur atom in the drug. Individual contributions from different pi-sulfur
interactions depend on the relative position of the sulfur atom concerning aromatic rings
(256). These pi-sulfur interactions are strong electrostatic interactions (256) and play a
significant role in protein folding and protein stability (257,258). In another study,
Viguera et al. reported a significant contribution of a pi-sulfur interaction to the stability

of alpha-helices (259). These observations agree with the pi-sulfur binding interactions
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determined in our docking protocol between thiostrepton and the FOXM1-DBD, which

provided stability to the protein structure.
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Figure 2-10. The proposed binding mode and its respective MD analysis for
thiostrepton.A) The proposed structure of the FOXM1-DBD - thiostrepton complex
showing a zoom-in region where thiostrepton (gray color, stick presentation) binds to
FOXM1-DBD (marine color). The different binding interactions are shown using
different colors: pi-sulfur (amber lines); pi-pi interactions (purple lines); hydrogen bonds
(green lines). Each number indicates the corresponding bond distance (A). B) Calculated
RMSF values for the FOXM1-DBD (blue line) and the FOXM1-DBD - thiostrepton
complex (red line). C) Calculated RMSD values for the FOXM1-DBD - thiostrepton

complex.
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In addition to intermolecular binding interactions, we also observed
intramolecular bonds that contributed to the overall stability of the thiostrepton —
FOXM1-DBD complex. In this regard, we determined intramolecular pi-sulfur
interactions between thiostrepton’s building blocks 1 and 7, and 7 and 6, producing a
distinctive curved shape in the drug. Furthermore, intramolecular hydrogen bonds were
important in stabilizing the thiostrepton specific conformation. The total binding energy
calculated for thiostrepton was -121.5 = 7.9 KJ/mol (Table 2-1). Please refer to the

methodology section (MM-PBSA) for more details on binding free energy calculations.

Table 2-1. Binding energy calculated for thiostrepton, troglitazone, and FDI-6.The
binding energy of ligands was calculated based on the total contribution of vdW ,
electrostatic, solvent accessible surface area (SASA) subtracted from the polar solvation

energy.

Van der Electrostat Polar SASA Binding
Waal energy ic energy solvation energy energy

(KJ/mol) (KJ/mol) energy (KJ/mol) (KJ/mol)

KJ/mol)
-152.1£94 23420

46.2+35 -132+04 -121.5+7.9

-125.06+ -9.8+59  67.8+15.5 -13.0+4.4  -80.5+4.30
40.6
FDI-6 -150.5 + 54+66 545+238 -13.8+08 -104.4 +
13.1 25.8

Chen et al. reported a similar docking study using thiostrepton and the FOXM1
protein. The authors conducted an in silico screening protocol followed by an in vitro
evaluation of lead molecules using ovarian cancer cell lines (200). Nevertheless, the
authors report neither any potential binding site nor MD simulations. Besides, Chen et al.
describe “neither the single-wing nor double wings showed any significant binding site

that could accommodate thiostrepton.” Also, authors only suggest “a large contact area
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between thiostrepton and the FOXM1:dimer: DNA complex” involving residues Arg236,
Pro 237, Ser 240 and Tyr 239. Our study went a couple of steps above and beyond the
report by Chen et al. because we prepared the structure of thiostrepton, performed the
MBD simulation and the corresponding docking derived from these two steps. We think
this comprehensive procedure may bring an alternative but more complete and accurate
representation of a potential binding site in which thiostrepton might locate within the

FOXMI-DNA.

2.3.6 Expanded Binding Mode for Thiostrepton

To evaluate the importance of a possible pi-sulfur interaction involving a His287 in the
FOXM1-DBD, we “cleaved” the bond between the thiazole-2-carbaldehyde group and
the tetrahydropyridine-3-yl amine, to cause additional flexibility in the molecule (Figure
2-11). The ligand positional RMSD values (Figure 2-11-B) suggested a stable system
within the first eight ns of MD simulation. The initial RMSD fluctuations of the docked
structure were probably caused by the thiazole rings, which underwent conformational
changes when interacting with His287, as shown in Figure 2-11-A. Upon stabilization of
the drug-protein complex, building blocks 1, 4, 6, and 7 surrounded the His287 residue
via pi-sulfur interactions (amber lines in Figure 2-11-A). At the same time, Trp308
formed a complementary pi-sulfur interaction with a thiazole-2-carbaldehyde group in
building block 14 of thiostrpeton (purple line). Finally, we observed additional pi-alkyl
interactions between Leu289 and 259 and BB14, as well as Arg286 and BBs 14 and 7.
These three amino acids formed a relatively hydrophobic pocket in the FOXM1-
DBD. Consequently, we think that the pi-sulfur interaction by the thiazole-2-

carbaldehyde group is essential for thiostrepton’s direct inhibition of FOXMI. To
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complement the observations described above, we calculated the RMSF values of
FOXM1-DBD, using residues 231 to 332. The blue line shows the RMSF values of the
FOXMI1-DBD (alone), and the red line represents the RMSF values of the FOXM1-DBD
— thiostrepton complex (expanded). The regions where there is no line overlap suggest
the residues involved in the binding interaction (Figure 2-11-C). We calculated a mean
number of hydrogen bonds = 10 for the last five ns of the trajectory, but only four seemed
to be involved in the protein-ligand interaction. The other hydrogen bonds participated in
intramolecular interactions. As predicted, the higher number of hydrogen bonding
interactions observed in the expanded protocol was likely due to the higher flexibility of

the molecule.
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Figure 2-11. The proposed binding mode and its respective MD analysis for
expanded thiostrepton.A) The proposed structure for the FOXMI1-DBD (expanded)
thiostrepton complex is showing zoom-in regions at the interface between the expanded
thiostrepton (gray color, stick presentation) and the FOXM1-DBD (marine color, cartoon
presentation). The theoretical pi-sulfur interactions (amber lines) and one pi-pi interaction
(purple line) at the FOXM1-DBD (expanded) — thiostrepton interface are described with
their respective distances (A). B) Calculated RMSF values for the FOXM1-DBD (blue
line) and the FOXM1-DBD (expanded) — thiostrepton (red line), showing interacting
residues. C) Calculated RMSD values for the FOXM1-DBD (expanded) — thiostrepton
complex (the complex shows an acceptable stability after the 8" ns of the MD simulation

at about 0.4 nm.

2.3.7 Prediction of the Binding Mode for Troglitazone

We noted that troglitazone binds directly to FOXM1-DBD, similar to that of thiostrepton.
Troglitazone adopted an orientation in which the thiazolidinedione ring exerts a pi-sulfur
interaction with His287, at an angle of about 45° (amber line, Figure 2-12). Arg286
formed a hydrogen bond with the ketone group in the thiazolidinedione ring (shown in

green), which is oriented in a hydrophobic pocket formed by Leu259 and 260 (purple
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lines). The ligand positional RMSD plot calculated for troglitazone is presented in Figure
2-12-B, suggesting a relatively stable protein-drug complex during the 20 ns MD
simulation. Complementary to the RMSD calculation, we also determined the RMSF for
the FOXM1-DBD (residues 231 to 332). In this regard, the blue line describes RMSF
values for the FOXM1-DBD (alone), and the red line displays RMSF values for the
FOXM1-DBD — troglitazone complex (Figure 2-12-C).

As described for thiostrepton above, regions without an overlap, represent
residues that are not involved in the drug-protein binding interactions. In this regard, we
predict a drug-binding site including three different regions in FOXM1-DBD, namely
296-304, 315-320, and 274-277. The calculated binding affinity for troglitazone is around
-80.5 = 4.3 KJ/mol (Table 2-1). Based on these observations, we suggest that the binding
mode for both drugs, troglitazone, and thiostrepton, involves a similar pi-sulfur

interaction via a thiazolidinedione or 1,3-thiazole rings, respectively.

A)
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Figure 2-12. The proposed binding mode and its respective MD analysis for
troglitazone.A) The proposed structure for the FOXM1-DBD - troglitazone complex
showing a zoom-in region at the interface between the troglitazone (gray sticks) and the
FOXM1-DBD (marine color). The primary binding amino acid residues involved in this
model are Leu259, Leu260, Arg286, His287, and Val305; different interactions are
shown using different colors: amber lines (pi-sulfur interactions), green lines (hydrogen
bonds), and purple lines (pi- pi, pi-alkyl, and alkyl-alkyl interactions). B) Calculated
RMSF values for the FOXM1-DB (blue line) and the FOXM1-DBD - troglitazone (red
line); overlapping lines suggest interacting amino acid residues at the complex interface.
C) Calculated ligand positional RMSD values for the FOXMI1-DBD - troglitazone

complex, which has acceptable stability during the MD simulation (at 0.2 nm).

2.3.8 Prediction of the Binding Mode for FDI-6

As we have already discussed, the pi-sulfur interaction between the positive sulfur and a
His287 residue is likely responsible for the inhibitory binding interactions exerted by
troglitazone (and probably other glitazones) and thiostrepton. To our surprise, we
observed that this hypothesis is supported by additional computer-based MD simulations

carried out with the drug FDI-6, another direct FOXM!1 inhibitor reported recently (206).
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Gormally et al. reported three new molecules (FDI-6 and FDI-10 and FDI-11) that
interfere with, and inhibit, the transcriptional activity of FOXM1 by direct binding with
the FOXM1-DBD. We suspected that the new FDI-series of molecules, and especially
FDI-6 (the most potent), might exert similar binding interactions involving a pi-sulfur
binding.

According to our calculations, FDI-6 exerts a very similar binding pattern to the
FOXM1-DBD, compared to troglitazone and thiostrepton, via a potential pocket formed
by the amino acid residues His287, Arg286, Asn283 (Figure 2-13-A). We also observed
a significant contribution of a positively charged sulfur atom and His287. Nevertheless,
as shown in Figure 2-13-A, the pi-sulfur interaction in FDI-6 took place via a thiophene
ring, very similar to the one observed with troglitazone.

As in every computer-based predictive model, the validation of in silico
observations is essential to support any hypothesis. Consequently, we are currently
conducting a series of experiments aimed to confirm the theoretical binding interactions
proposed in this investigation. In this regard, we are planning to tackle this issue by two
different methods: (a) the biological evaluation of thiostrepton, troglitazone, and FDI-6
using a similar EMSA experiment to that reported by Gormally et al. (206), using the
corresponding DNA region and the FOXM1 binding domain in which the His287 is
replaced by a similar amino acid residue (i.e. arginine or lysine); and (b) the chemical
synthesis of troglitazone derivatives in which we replace the electron-deficient sulfur
atom by an isosteric group (i.e. a methylene group). Table 2-2 outlines all the simulation
parameters performed.

In both instances, we should observe a significant decrease in the binding affinity

of the drugs. If our hypothesis is correct, the direct binding interactions exerted by known

63



(thiostrepton, troglitazone, and FDI-6) and new (troglitazone derivatives) should be
significantly decreased. Nevertheless, this discussion goes well beyond the scope of this
initial investigation, and we will, therefore, continue this interesting discussion for

upcoming (follow up) publications.
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240 260 280 300 320 5 10 15 20
20, 280 20 A v Time (ns)
Residue

Figure 2-13. The proposed binding mode and its respective MD analysis for
thiostrepton. A) The proposed structure for the FOXM1-DBD — FDI-6 complex,
showing a zoom-in region at the interface between the drug (gray sticks), and the
FOXM1-DBD (marine color). The main binding amino acid residues involved in this
model are Arg297, Arg 283, Arg286, His287 and Trp208, and Asn283; different
interactions are shown using different colors: amber lines (pi-sulfur interactions), green

lines (hydrogen bonds), purple lines (pi- pi, pi-alkyl, and alkyl-alkyl interactions) and
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Cyan lines (Halogen bonding). B) Calculated RMSF values for the FOXM1-DB (blue
line) and the FOXM1-DBD — FDI-6 (red line); overlapping lines suggest interacting
amino acid residues at the complex interface. C) Calculated ligand positional RMSD
values for the FOXM1-DBD — FDI-6 complex, which has acceptable stability during the

MD simulation (at 0.1 nm).

Table 2-2. The summary of the MD simulations performed. The number of atoms
involved, the diameter of simulation box and the length of MD simulations performed for

each system are described.

Simulation Simulation
o
olecules + lons nm
| FOXM1-8DD/DNAFREE | 50

FOXM1-8DD/ DNA FREE 9232 7.813

30508 4.646 50
7358 4.178 50

----- 9903 4.804 20
9903 4.804 20
9948 4.804 20
9956 4.804 20

2.4 Summary and Conclusion

This report presents a preliminary computer-based approach to elucidate the potential
binding mode exerted by troglitazone, thiostrepton, and FDI-molecules, three structurally
different FOXM1 inhibitors that seem to exert a similar binding pattern within the
FOXM1-DBD.

This investigation proposes a (potential) but common mechanism of the action
exerted by known FOXM1 inhibitors via a potential “binding pocket” formed by several
amino acid residues, among which, His287 seems to be one of the most important ones.

If this computer-based model is correct, we submit that the design of future (novel)
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generations of FOXMI inhibitors may benefit from having a positively charged sulfur
atom that interacts with His287, as described in this work. We also suggest that the
proposed pi-sulfur interaction between the drug molecule and the FOXM1-DBD — DNA
may be obtained via different groups such as an aromatic five-member ring (a thiophene
ring — observed for troglitazone and FDI-6), a sulfoxide group (observed for FDI-11), or
thiazole rings (as determined for thiostrepton).

It should be noted that, with this model, we do not rule out (yet) any other
positively charged sulfur atom group present in other functional groups. In summary, we
present preliminary evidence supporting the hypothesis that troglitazone, thiostrepton,
and the FDI-series of molecules, despite having seemingly different structures, sizes, and
conformations, they all seem to exert a standard binding mode that suggests a similar
mechanism of action. This mechanism may constitute the basis for the design of new
drugs for which a direct binding mechanism is required to inhibit the FOXM1-DNA

interface.
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Chapter 3

A Structure-Activity Relationship Study

of Forkhead Domain Inhibitors (FDI):
The Importance of Halogen Binding
Interactions

A version of this chapter is published in:

BIOORG CHEM. 2019 Dec;93. https://doi.org/10.1016/j.bioorg.2019.103269

Reprinted from Reference (260), Copyright (2019), with permission from Elsevier
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3.1 Introduction

The FOXM1 protein is an essential TF required for mitotic progression and cell division.
Unlike normal cells, cancer cells (of practically any tissue origin) undergo changes
leading to overexpression of FOXMI1 and the abnormal activation of its transcriptional
cascade (138,214,261). Hence, cancer cells sustain a rapid cell replication pattern. In
addition to its role in cell proliferation, FOXMI1 is also involved in cancer initiation
(227,233), angiogenesis (262,263), and metastasis (185). Figure 3-1 presents a schematic
summary of the different roles played by FOXMI1 in cancer initiation and cancer
progression. The carcinogenic features associated with an overexpression of FOXM1

make this protein an emerging and promising drug target for cancer treatment (264,265).
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Figure 3-1. The role of FOXMI1 in normal cells and cancer initiation and
progression. FOXM1 is involved in the activation of different genes and the expression

of proteins that control angiogenesis, DNA repair, metastasis, and apoptosis.
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Similar to other FOX proteins, FOXM1 has a conserved DBD that is responsible
for binding to the corresponding promoter regions (266). Hypothetically, any small
molecule capable of binding to this winged-helix could inhibit the FOXM1/DNA
complex. Nevertheless, TFs have been regarded as “challenging” or “inaccessible” using
small molecules (267). This generalization was, at least in part, due to the large solvent-
accessible area observed on the TF and the lack of well-defined binding pockets on the
protein’s hydrophobic surface (25,206). In this regard, Gormally et al. (206) reported a
high-throughput screening technique to test more than 50,000 small-molecules, selecting
those capable of inhibiting the binding interaction between FOXMI and its DBD.
Gormaly’s group selected 16 different FDIs among which, the compound FDI-6 was the
most potent.

We previously conducted and reported a detailed in silico study (210) to
determine FOXMI1-DBD/DNA binding interactions exerted by three structurally-
different FOXM1 inhibitors, namely thiostrepton (199,268), troglitazone (20), and FDI-
6 (206). In our previous study, we proposed a protein-drug-DNA binding model involving
a sulfur-His287 interaction. Besides, we also proposed another essential drug binding
interaction involving the fluorine atom at the 4-position of the phenyl ring present in FDI-
6, and the Arg297 residue in FOXM1. To prove the importance of this halogen binding,
in this complementary study we report (i) a structure-activity relationship (SAR) between
the parent (lead) drug FDI-6, and ten derivatives possessing halogen (Cl, Br, I) atoms, as
well as other substituents at the 4-fluorophenyl (H-, CH3-, CF3-) position. Furthermore,
we also studied the effects of relocating the 4-fluorine atom to a 2- and 3-position (Figure

3-2).
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Figure 3-2. Compounds 7a-7k were prepared by replacing the 4-fluorophenyl group

of FDI-6 (7¢).

We report preliminary evidence validating the essential role of a halogen atom in
FDI-6 derivatives, responsible for binding to an Arg297 residue. The results of our
experiments validate the hypothesis of a 4-(halo) phenyl moiety as an essential structural
feature in FDIs, as one of the required drug binding forces at the interface of the FOXM 1

protein and its DBD.

3.2 Materials and Methods
3.2.1 General Information

All the reagents and solvents were purchased from Sigma-Aldrich and were used without
further purification. All reactions were monitored by thin-layer chromatography (TLC)
(RediSep® TLC plates) and visualized using UV light. Melting points were measured
with an electrothermal melting point apparatus (Thermofisher, USA) and were
uncorrected. "H-NMR and '*C-NMR spectra were determined on a Bruker FT-600 MHz

instrument (600 MHz and 150 MHz, respectively) using DMSO-d6 as the solvent and
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Tetramethylsilane (TMS) as a reference. Chemical shifts (8) and coupling constants (J)
are expressed in parts per million and Hertz, respectively. Signal multiplicity is expressed
as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet) and br (broad singlet).
Elemental analyses were performed on a Carlo Erba EA1108 elemental analyzer, and the
results are within + 0.4% of the theoretical values. The synthesis of 6-(thiophen-2-yl)-2-
thioxo-4-(trifluoromethyl)-1,2-dihydropyridine-3-carbonitrile (3) was carried out
following the method reported (269), and confirmed by 'H, '*C, and 'F NMR. 2-
Chloroacetamide (6a) was purchased from Sigma Aldrich, whereas compounds 6b-6k
were synthesized based on the protocols previously reported (270-272) and confirmed by
'"H NMR. FDI derivatives 7a-7c, and 7f, were confirmed by 'H and '*C spectra, both in
agreement to those reported in the literature (269). See Appendices for NMR spectra. The
microwave-assisted synthesis of derivatives 7a-7k was carried out using an Initiator
Reactor (Biotage). All test compounds were purified by flash column chromatography
using a Combi Flash EZ prep (Teledyne isco), using prepacked silica cartridges (RediSep

Rf® Gold Resolution) and a gradient of hexane-ethyl acetate as mobile phase.

3.2.2 General Procedure for the Synthesis of Compounds 7a-7k

The corresponding chloroacetamide 6a-6k (1 eq.), compound 3 (1 eq.) was mixed with
K2COs (1 eq.), and ethanol (5 mL) in a microwave reaction vessel. This mixture was
stirred at 90 °C for 2 hours using a “high energy absorption” setting. The crude product
was filtered-off, washed with water and fixed onto silica gel powder before running a
solvent gradient flash column chromatography. Combined organic fractions were dried
under vacuum and the corresponding final product was recrystallized from ethanol (when

needed).
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3-amino-N-(4-bromophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno[2,3-

b]pyridine-2-carboxamide (7d). 6d (65 mg, 0.22 mmol), 3 (63 mg, 0.22 mmol) and
K2COs3 (30 mg, 0.22 mmol) in 5 mL of ethanol, yellow (flocculent) crystals, 90 % yield
(100 mg, 0.2 mmol), mp: 225-227 °C; 'H NMR (600 MHz, DMSO-d6) & 9.78 (s, 1H),
8.33 (s, 1H), 8.25(dd, J =3.8, 1.1 Hz, 1H), 7.89 (dd, J = 5.0, 1.1 Hz, 1H), 7.75 - 7.68 (m,
2H), 7.56 — 7.51 (m, 2H), 7.32 (dd, J = 5.0, 3.7 Hz, 1H), 6.91 (s, 2H).13C NMR (151
MHz, DMSO) & 164.49, 160.99, 152.15, 142.72, 132.16, 131.91, 131.55, 131.38, 129.49,
129.23, 125.93, 124.26, 124.12, 122.30, 120.49, 118.74, 112.86, 112.82. Anal. Calc. for
(%) C19H11BrF3sN30S,, C 45.79; H 2.23, N 8.43; S 12.87; found C 45.72, H 2.44, N 8.10,

S12.51.

3-amino-N-(4-iodophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno[2,3-

b]pyridine-2-carboxamide (7e). 6¢ (55 mg, 0.18 mmol), 3 (54 mg, 0.18 mmol) and
K2CO3 (25 mg, 0.18 mmol) in 5 mL of ethanol, yellow (flocculent) crystals, 92% yield
(90 mg, 0.19 mmol); mp: 226-228 °C;'H NMR (600 MHz, DMSO-d6) & 9.87 (s, 1H),
8.35(s, 1H), 8.28 (dd, J =3.8, 1.1 Hz, 1H), 7.91 (dd, J = 5.0, 1.1 Hz, 1H), 7.77 - 7.71 (m,
2H), 7.63 — 7.57 (m, 2H), 7.32 (dd, J = 5.0, 3.7 Hz, 1H), 6.85 (s, 2H). *C NMR (151
MHz, DMSO-d6) 6 164.09, 161.04, 152.78, 145.55, 142.54, 137.59, 132.47, 132.25,
131.67, 129.57, 129.54, 125.84, 124.12, 122.21, 118.27, 113.16, 113.12, 88.03. Anal.
Calc. for (%) Ci19H11F3IN30S2, C 41.85, H 2.03, N 7.71, S 11.76; found C 41.31, H 2.10,

N 7.45,S 11.69.

3-amino-N-(4-methylphenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno|2,3-
b]pyridine-2-carboxamide (7g). 6g (40 mg, 0.2 mmol), 3 (60 mg, 0.2 mmol) and K>CO3

30 mg, 0.18 mmol) in 5 mL of Ethanol, yellow (flocculent) crystals yellow powder, 90%
(30 mg, ) Y% ( ) crystals y p )
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yield (80 mg, 0.18 mmol), mp: 233-235 °C;'H NMR (600 MHz, DMSO-d6) & 9.69 (s,
1H), 8.31 (s, 1H), 8.23 (dd, ] = 3.8, 1.1 Hz, 1H), 7.86 (dd, ] = 5.0, 1.1 Hz, 1H), 7.58 —
7.53 (m, 2H), 7.28 (dd, J = 5.0, 3.8 Hz, 1H), 7.19 — 7.15 (m, 2H), 6.75 (s, 2H), 2.30 (s,
3H). 13C NMR (151 MHz, DMSO-d6) 5 163.91, 160.95, 152.70, 145.33, 142.56, 136.31,
133.53, 132.46, 132.24, 131.64, 129.54, 129.38, 124.04, 122.21, 118.37, 113.15, 113.11,
101.61, 20.99. Anal. Calc. for (%) C20H14F3N30S2, C 55.42, H 3.26, N 9.69, S 14.79,

found C 55.42, H3.31, N 9.49, S 15.08

3-amino-N-(2-fluorophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno[2,3-

b]pyridine-2-carboxamide (7h). 6h (45 mg, 0.23 mmol), 3 (65 mg, 0.23 mmol) and
K>COs; (30 mg, 0.23 mmol) in 5 mL of ethanol, yellow (flocculent) crystals yellow
powder, 92% yield (90mg, 0.21 mmol), mp: 218-220 °C; 'H NMR (600 MHz, DMSO-
d6) 6 9.95 (s, 1H), 8.35 (s, 1H), 8.27 (dd, J =3.8, 1.1 Hz, 1H), 7.90 (dd, J = 5.0, 1.1 Hz,
1H), 7.71 (ddd, J =11.8, 2.6, 1.9 Hz, 1H), 7.57 (ddd, J = 8.2, 1.9, 0.9 Hz, 1H), 7.44 (td, J
=8.2,6.9Hz, 1H), 7.32 (dd, J =5.0, 3.7 Hz, 1H), 6.99 (tdd, J = 8.5, 2.6, 0.9 Hz, 1H), 6.87
(s, 2H). ®*C NMR (151 MHz, DMSO): § 164.21, 163.21, 161.61, 161.07, 152.91, 145.83,
142.50, 140.95, 132.53, 132.31, 131.72, 130.54, 130.48, 129.63, 129.55, 125.83, 124.02,
122.20, 118.18, 117.49, 117.48, 113.20, 113.16, 110.76, 110.62, 108.56, 108.39, Anal.
Calc. for (%) Ci9H11F4aN30S2, C 52.17, H 2.53, N 9.61, S 14.66 found C 51.80, H 2.63,

N 9.28, S 14.88.

3-amino-N-(3-fluorophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno[2,3-
b]pyridine-2-carboxamide (7i). 61 (45 mg, 0.23 mmol), 3 (65 mg, 0.23 mmol) and
K2COs (30 mg, 0.23 mmol) in 5 mL of ethanol, yellow (flocculent) crystals, 95% yield

(93mg, 0.22 mmol); mp: 248-250 °C;'H NMR (600 MHz, DMSO-d6) § 9.73 (s, 1H), 8.32
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(s, 1H), 8.24 (dd, T = 3.8, 1.1 Hz, 1H), 7.86 (dd, J = 5.0, 1.1 Hz, 1H), 7.51 (t, ] = 7.8 Hz,
1H), 7.36 — 7.29 (m, 2H), 7.28 (dd, J = 5.0, 3.7 Hz, 1H), 7.27 — 7.20 (m, 1H), 6.76 (s,
2H). 3C NMR (151 MHz, DMSO0-d6) § 164.08, 161.10, 157.77, 156.13, 152.87, 145.57,
142.53,132.61, 132.39, 131.72, 129.64, 129.56, 128.47, 127.97, 127.92, 125.74, 125.66,
124.78, 124.00, 122.19, 118.29, 116.38, 116.25, 113.19, 113.15, 100.96. Anal. Calc. for
(%) C1oH11F4N30S, C 52.17, H 2.53, N 9.61, S 14.66 found C 52.19, H 2.71, N 9.36, S

15.02.

3-amino-6-(thiophen-2-yl)-4-(trifluoromethyl)-N

[4(trifluoromethyl)phenyl]thieno[2,3-b]pyridine-2-carboxamide (7). 6] (55 mg, 0.22
mmol), 3 (65 mg, 0.22 mmol) and K»CO3 (30 mg, 0.22 mmol) in 5 mL of ethanol, yellow
(flocculent) crystals, 95 % yield (100 mg, 0.21 mmol), mp: 183-185 °C; 'H NMR (600
MHz, DMSO-d6) 6 10.05 (s, 1H), 8.30 (s, 1H), 8.23 (dd, J =3.8, 1.1 Hz, 1H), 7.94 (d, J
= 8.5 Hz, 2H), 7.86 (dd, J = 5.0, 1.1 Hz, 1H), 7.70 (d, J = 8.5 Hz, 2H), 7.27 (dd, J = 5.0,
3.7 Hz, 1H), 6.86 (s, 2H): 3C NMR (151 MHz, DMSO-d6) § 164.52, 161.14, 152.85,
142.54, 132.50, 132.28, 131.70, 129.60, 129.54, 127.62, 126.15, 126.13, 126.10, 125.82,
124.03, 122.22, 121.65, 121.63, 120.40, 118.22, 113.16, 113.12. Anal. Calc. for (%)

C20H11FeN3OS> C 49.28, H2.27, N 8.62, S 13.15 found C 49.09, H 2.30, N 8.33, S 12.93.

3-amino-N-(3,5-difluorophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)thieno|[2,3-

b]pyridine-2-carboxamide (7k). 6k (50 mg, 0.23 mmol), 3 (65 mg, 0.23 mmol) and
K2COs (35 mg, 0.23 mmol) in 5 mL of ethanol, red needle crystals, 95 % yield (100 mg,
0.22 mmol), mp: 208-210 °C; 'H NMR (600 MHz, DMSO-d6) § 10.02 (s, 1H), 8.30 (s,
1H), 8.23 (dd, J = 3.8, 1.1 Hz, 1H), 7.86 (dd, J = 5.0, 1.1 Hz, 1H), 7.54 — 7.46 (m, 2H),

7.27 (dd, J =5.0,3.7 Hz, 1H), 6.92 (t, ] = 9.3 Hz, 1H), 6.86 (s, 2H). 3C NMR (151 MHz,
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DMSO-d6) 6 163.53, 163.43, 161.92, 161.82, 161.15, 153.15, 148.79, 146.32, 146.31,
132.64, 132.42,132.03, 131.85, 129.92, 129.77, 129.57, 125.80, 123.99, 122.17, 118.02,
113.30, 113.26, 104.31, 104.27, 104.15, 104.11, 99.37, 99.20, 99.03. Anal. Calc. for (%)

C19H10FsN30S2 C 50.11, H 2.21, N 9.23, S 14.08 found C 49.78, H 2.39, N 8.91, S 13.66.

3.2.3 General Procedure for the Synthesis of Compound 3

The titled compound was prepared by following a reported method with an overall yield
of 64 % (Scheme 3-1). The identity of the product was confirmed by 'H-, 1*C- and "F-
NMR. Briefly, to a solution of 1 (1 eq., 2.2 g, 10 mmol) and DABCO (1.1 g, 10 mmol)
in ethanol (20 mL) was added 2 (1 eq., 1.5 g, 15 mmol). The reaction mixture was refluxed
and stirred for 5 hours until the reaction was completed (monitored by TLC). The resultant
yellowish precipitate was filtered off, washed with water (3x10 mL), and used without

any further purification.

Scheme 3-1. Synthesis rout of compound 3. Reagents and conditions: (a) DABCO,

ethanol, reflux, 5 hours.

3.2.4 General Procedure for the Synthesis of Compounds 6a-6k

2-Chloroacetamide (6a) was purchased from Sigma Aldrich; the synthesis of the titled
compounds was achieved by following reported methods (270-274), with an overall yield

of 80% and confirmed by 'H NMR (Scheme 3-2). Briefly, chloroacetylchloride (5) (1.4
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eq.) was added dropwise to a solution of Et3N (2 eq.) and the corresponding aniline (4b-
4k) (1 eq.) in dry dichloromethane (20 mL). The reaction mixture was stirred for 5 hours
at r.t. and monitored by TLC. Once completed (as judged by TLC), ethyl acetate (20 mL)
was added to the reaction mixture, which yielded a precipitated in the form of white
crystals, which were removed by filtration; the filtered solution was washed with water
(3 x 20 mL) and dried with MgSOs. Ethyl acetate was removed under reduced pressure,
to yield a powder that was recrystallized from a mixture of hexane and ethyl acetate

(90:10).

Scheme 3-2. Synthesis route of the amides 6b-6k. Reagents and conditions: (a) EtzN,

dry CH2Cly, r.t., 5 hours.

NH,
XN O O
a = _X
— X Cl —» CI
e ol A @
H
4b-4k 5 6b-6k

4b,6b: X=H  4g, 6g: X = 4-CH,
4(:, 40: X — 4_F 4h, 6h: X= 3'F
4d, 6d: X=4-Br  4i, 6i: X= 2-F
4e, 6e: X = 4-| 4j, 6j: X =4-CF4
4f, 6f: X = 4-Cl 4k, 6k: X= 3,5-F

3.2.5 Cell Culture

The MDA-MB-231 and MCF-7 cells were a generous gift from Dr. Frank Wuest (Cross
Cancer Institute; Edmonton, Alberta, Canada). The cells were cultured in RPMI and
DMEM media respectively, supplemented with 10% fetal bovine serum (FBS) in a 5%

CO2 atmosphere at 37 °C.
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3.2.6 Cell Proliferation Assay (MTT)

Cells were seeded in 96-well plates (approx. 4000 cells/well for MDA-MB-231 and
approx. 5000 for MCF-7), then we added the test compounds at different concentrations,
and we incubated all plates for 72 hours. We added 30 pL of 3-(4,5-Dimethylthiazol-2-
Y1)-2,5-Diphenyltetrazolium Bromide (MTT) solution (3 mg/ml) and continued the
incubation for three hours at 37 °C. The precipitated crystals were dissolved using
DMSO, and the absorbance of the resulting solution was recorded at 570 nm using a
Synergy H1-Hybrid Multi-Mode Reader (BioTek). We analyzed the data using GraphPad

Prism. All experiments were carried out in triplicate.

3.2.7 Antibodies

FOXMI1 mouse monoclonal antibody (mouse, sc-271746) was purchased from Santa
Cruz Biotechnology and IRDye® 800CW goat anti-Mouse IgM was received from Li-

Cor Biosciences.

3.2.8 Western Blot

After treatment with test compounds for 24 hours at different concentrations, the cells
were trypsinized; the FOXM1 protein was isolated with RIPA lysis and extraction buffer
(ThermoFisher) according to the manufacturer’s protocol. The protein levels in the
supernatant were measured using the Bradford assay. Then the protein (40 pg/lane) was
loaded into a 4-20% SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel
electrophoresis). After completion of the run, the protein was transferred from the gel to
a nitrocellulose membrane (Thermofisher) and stained with REVERT (Li-Cor

Biosciences) total protein stain. The membrane was then detected in the 700 nm channel
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using an Odyssey scanner (LI-COR Biosciences). The REVERT was then reversed and
the membrane was blocked with 10% fat-free milk in TBST for 1 hour. The membrane
was incubated with the primary antibody (1:1000 dilution) at 4 °C overnight. Then, the
membrane was washed three times with TBST, incubated with the corresponding Li-Cor
secondary antibody, and incubated again at r.t. for 1 hour. The membrane was washed
three times (15 minutes total) with TBST. The blots were visualized using Odyssey
scanner (LI-COR Biosciences). The quantification was carried out for all proteins relative

to total protein (REVERT) using ImageJ for each lane.

3.2.9 Recombinant Protein Production and Purification

We used the PEX-N-GST-FOXMIC-DBD plasmid (OriGene Technologies, USA)
transformed into BL21(DE3) E. Coli cells; positive colonies were selected on luria broth
(LB) agar plates with ampicillin (100 pug/mL). Then, these cells were grown in LB media
with ampicillin (100 pg/ml) at 37 °C with orbital shaking at 220 rpm until reaching an
optical density (OD600) of 0.8; protein expression was induced by adding 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) for 6 hours at 37 °C. The Glutathione-S-
Transferase (GST) protein and GST-FOXMI1 protein from soluble fractions were purified
using glutathione resin (GenScript, USA), following the manufacturer’s instructions.
Please see A.2.1 GST-FOXM1-DBD (Wild type) for the representative gel image of

purified recombinant GST-FOXM1-DBD.

3.2.10 Electrophoretic Mobility Shift Assay

All values of the titration (binding) curve of recombinant FOXM1-DBD with its target

double-strand DNA oligo (Forward strand: 5'-/IRD700/-
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AAACAAACAAACAATCAAACAAACAAACAATC-3'), were recorded using EMSA
by the method previously reported by Gormally et al. (206). Briefly, double-
stranded DNA (dsDNA) and an increasing concentration of the FOXM1 protein were
incubated at r.t. for 30 minutes in a buffer solution containing 20 mM Tris (pH 7.5), 100
mM KCl, I mM ethylenediaminetetraacetic acid (EDTA), 0.1 mM dithiothreitol (DTT),
and 10% glycerol, before running the samples on 6% native gel for 30 min at 120 V. The
dissociation constant (Kd) of protein DNA complex was calculated using GraphPad
Prism 6.2. The displacement EMSA experiments were carried out by incubating each test
compound with the recombinant FOXM1-DBD protein, for 1.5 hours, at r.t., followed by
a second incubation with DNA, for 20 minutes, before conducting the electrophoresis.
The concentration of FOXM1-DBD and DNA in each reaction was 480 nM and 12.8 nM,
respectively. The inhibitory constant (Ki) values were calculated for each compound (7a-

7k) using Equation 1 (275):

Ki= [I]S(/([] ) | [P] Equation (1)
Uso 0 quation
G+ g, + D

Where: [I]so = ICso of the inhibitor; [L]so = concentration of IR-labelled DNA at 50%
inhibition; [P] = concentration of the FOXM]1 protein; and Kd = dissociation constant

calculated from the initial titration curve.

3.2.11 Molecular Modeling and Dynamics Simulations

The crystal structure of FOXM1-DBD was acquired from the PDB (PDB _ID: 3G73)

(266). Using Pymol v.1.8 (276), we removed Chain A followed by a short minimization
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using CHIMERA V 1.10.2 (277), the missing sidechains were added and the protonated
group was equilibrated to the biological pH 7.0 using PROPKA (241).

All the 3D format structures were prepared for docking using the Dockprep tool
of UCSF CHIMERA V1.10.2 in the framework of AMBER99SB force field. All the
compounds were docked in a previously identified binding pocket (210), into a grid of 40
x 40 x 50 A with a spacing of 0.375 A using Autodock vina (245); 12 runs per docking
were performed with the exhaustiveness of 40 for each ligand. Before performing the MD
simulation on the Protein-ligand complexes, we performed a MD simulation on the
FOXM1-DBD using GROMACS 4.5.6 package (278). We used the TIP3P water models
to solvate the protein with 1 nm marginal cushion on each side. The box was then
neutralized using NaCl, and the system was minimized using the AMBER99SBOILDN
force field. The system was heated to 300 K and equilibrated for 500 ps using the
Berendsen thermostat. A 20 ns production run was performed using the periodic boundary
condition. The Lenard-Jones, the Coulomb (Cut-off=1.0 nm), and the PME were used to
calculate the vdW and electrostatic interactions. The FOXM1-DBD/Ligand complexes
were performed using the same condition. The ACEPYPE (249) was used for ligand
parameterization. The RMSD, RMSF and ligand positional RMSD were calculated using
GROMACS tools. All the data were plotted using the GraphPad Prism 6.0.7. Discovery
Studio Visualizer (279) and the Schrodinger’s Pymol package were used as the
visualization tools.

The free energy of interaction between each ligand and FOXM1-DBD was
calculated using the g mmpbsa Gromacs tool (250). Using the MM-PBSA, this program

calculates the binding free energy based on the electrostatic and vdW interactions besides
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polar and non-polar solvation energies. The G_mmpbsa module solves the following

Equations (2) and (3) to calculate the binding energy of ligands:

AGbidning = Gcomplex - (Gprotein + Gligand) (Equation 2)

where the Gcompiex 18 the protein-ligand complex total free energy, Gpyotein 1S the total
free energy of protein and Gj;gqnq i the total energy of ligand in solvent. The free energy

of protein-ligand complex, isolated protein and isolated ligand (G) can be given by:

G=Emm + Gsotv — TS (Equation 2)
where Ej i1s the average of molecular mechanics potential in vacuum, TS is the

Temprature and Entropy respectively and Ggoppation 1S the solvation free energy.

3.3 Results and Discussion
3.3.1 Design and Synthesis

To conduct a structure-activity relationship study on the role of the fluorine atom present
in FDI-6, we synthesized ten derivatives possessing different functional groups at the 4-
phenyl position of the lead molecule. We adapted the methods previously reported for the
synthesis of FDI-6 (206,269) and prepared the FDI derivatives 7a-7k in an overall 80%
yield by using a microwave-assisted synthesis. The proposed series of test molecules
consisted of an FDI-6 derivative without the phenyl group, -H (7a), replacement of the —
4-fluorophenyl by —Ph atom (7b), —Br (7d), -1 (7¢), —C1 (7f), —CH3 (7g), a 3-fluorophenyl
(7h), 2-fluorophenyl (7i), a 3,5- difluorophenyl group (7k) and a 4-CF; (7j) (Scheme 3-

3).
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6j: R=4-CF; 7j: R=4-CF;
6k: R= 3,5-F Tk: R=3,5-F

Scheme 3-3. Chemical synthesis of FDI-6 derivatives, 7a-7k. (a) Reagents and

conditions: K,CO,, EtOH, 90 °C, uW, 2 hours.

3.3.2 Cell Proliferation Assay

First, we determined the effect of all FDI-derivatives on cell proliferation using two
human breast cancer cell lines, namely the triple negative-breast cancer cell line MDA-
MB-231 and the ER-positive cell line MCF-7, using the MTT assay.

Briefly, after a 72 hours incubation period of MDA-MB-231 and MCF-7 cells in
the presence of different concentrations of the corresponding drug molecule, we observed
that drug potency was significantly reduced in molecules without a 4-(halo)phenyl group
(7a, 7b), as well as drugs in which the fluorine atom was moved from the 4-position (7c)
to the 2-position (71). We also observed an apparent lack of activity in the derivative
possessing a 3,5-difluorophenyl group (7k). We also observed that replacement of the
fluorine atom present in FDI-6 (7¢), by a 4-bromo (7d), 4-iodo (7¢), or 4-chloro (7f),
resulted in increased potency (decreased cell proliferation) in both cell lines; however the

MCEF-7 shows relatively higher susceptibility towards all these compounds. Interestingly,
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there was an apparent inverse correlation between the electronegativity of the halogen
atom and the potency of the corresponding derivative, in which the lower the
electronegativity of the halogen atom, the higher the potency (Table 3-1). These
observations suggest that the 4-(halo) phenyl ring is essential for cancer cell proliferation
inhibition in vitro.

Assuming that a methyl group could be a suitable bioisosteric replacement for big
halogen atoms (280), we synthesized and screened compounds 7g [4-(CH3) phenyl] and
7j [4-(CF3) phenyl]. We observed an equipotent profile for both drugs compared to the
analogs possessing a 4-(halo)phenyl group, including the lead drug FDI-6. Consequently,
these observations strongly suggest that the 4-substituted phenyl ring in the FDI is

essential to exert significant cell proliferation inhibition of these two breast cancer cells.

Table 3-1. ICso values calculated for ten FDI inhibitors using the human breast
cancer cell lines MDA-MB-231 and MCF-7. These values were calculated based on a
72 hours incubation period with the drug molecules; all values represent the mean +

Standard error of the mean (SEM) of three different experiments, each one in triplicate.

MDA-MB-231 MCF-7
IC,, 1C,,

Ta >50 >50
b >50 35.27 + 6.03
7c (FDI-6) INET 13.43 £ 1.82
7d 12.5+4.4 3.04 +0.75
Te 9.8+22 1.36 + 0.39
7t 14.6 + 4.2 290+ 1.15
g 24.8+5.0 11.25+2.9
7h 35,75+ 6.3 23.35 + 6.09
7i >50 >50
7 12.6 + 1.6 10.53 £1.9
7k >50 >50

83



We also investigated the effect of moving the fluorine atom from the 4- to 3-
position (7h), and we observed a minor decrease in potency compared to FDI-6, which
along with the observation that the 2-fluorophenyl compound was inactive (up to a
maximum test drug concentration of 50 pM), we observed that the halogen-Arg297
interaction becomes weaker as the halogen is located farther apart from the initial 4-
position. This statement is based on the assumption that the observed cell proliferation
inhibition is, at least in part, FOXM1-dependent. Finally, we observed that the compound
having a 3,5-difluorophenyl moiety (7k) was inactive, likely not because of weaker
binding interactions, but because it was not soluble enough in the cell media employed in
the MTT assay (we observed precipitation at increasingly higher concentrations).
Nevertheless, we will need to carry out additional experiments using different
pharmaceutical excipients (other than DMSO) to increase the water solubility of this (and

all other molecules (s)).

3.3.3 FOXM1 Expression Level

Considering that FOXM1 modulates its own transcriptional expression(281), we
determined the effect of the test drugs on the expression levels of this protein, by western
blot analysis (whole-cell lysis), after a 24 hours incubation period with the corresponding
drug molecules using triple negative-breast cancer cells (MDA-MB-231). We conducted
this experiment assuming that a drug-dependent decrease in FOXM1 at the protein level
could be due, at least in part, to a drug-induced dissociation of the nuclear FOXM1-DNA
complex, which in turn would suggest transcriptional inhibition. We observed a drug-

dependent decrease in FOXM1 protein in MDA-MB-231 breast cancer cells (Figure 3-3).
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Based on a simple structure-activity relationship study, we can make a few
preliminary statements describing the effect of substituting specific functional groups on
protein expression in these cells. For example, compound 7a devoid of the 4-fluorophenyl
group (present in the lead drug FDI-6) and compound 7b [4-(phenyl)], were practically
inactive at 40 uM. As expected, the lead molecule FDI-6 [4-(fluoro) phenyl; 7c]
significantly decreased the concentration of FOXMI. Interestingly, compounds
possessing a 4-(bromo)phenyl (7d), 4-(iodo) phenyl (7e) and 4-(chloro) phenyl (7f) were
equipotent to FDI-6 (non-significant differences between them) in this assay, and it
correlates well with the cancer cell proliferation inhibition exerted on MDA-MB-231
cells described above.

Nevertheless, we observed that compound 7g [4-(methyl) phenyl] exerted a non-
significant decrease in FOXM1 expression, despite its good cell proliferation inhibitory
profile. This suggests that bioisosteric replacements with methyl group may not be a
suitable approach to decrease the expression of FOXMI in triple negative-breast cancer

cells, despite their relatively significant effects on cell proliferation inhibition.

85



pmMso 7a 7b 7¢ 7d 7e 7f T7g 7Th T7i 7] 7k

Foxml (g3 G Sl i3+ 463 0 B85 N =3 =4

150+

o 1 T Lo

50+

Relative FOXM1 expression
i|
o

0- T T T T T T T T T

DMSO 7a 7b 7¢ 7d 7e T 79 Th T 7 Tk
Compounds
Figure 3-3. Expression levels of the FOXM1 protein and the concentration-
dependent inhibitory effect produced by the lead drug (7¢) and ten
derivatives.Incubation time= 24 hours; cell line= triple negative-breast cancer (MDA-
MB-231); drug concentration= 40 uM; bars represent the corresponding average values
of three independent experiments + SEM; one-way ANOVA was used to determine
significance (* = P < 0.05, ** = P < 0.01, **** = P < 0.0001) compared to DMSO.

(Detection of two bands is most likely due to the presence of different FOXM1 isoforms)

These results are in agreement with our hypothesis: the 4-(halo) phenyl moiety is

essential to exert binding interactions resulting in inhibition of FOXM1’s transcriptional
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activity. Only the 4-(halo) phenyl derivatives significantly decreased FOXM1, suggesting
effective binding interactions between the 4-(halo) phenyl group in FDI and Arg297 in

the FOXM1 protein.

Extending the SAR study to other derivatives in the series, we observed that
compound 7h [3-(fluoro) phenyl] was active at 40 uM, whereas compound 7i [2-(fluoro)
phenyl] was inactive, which provides a “fine-tuning” of the hypothesis described above
in the sense that, the farther apart from position 4-, the weaker the binding interaction.
Finally, we observed that compound 7k (3,5-difluorophenyl) and 7j [4-(trifluoromethyl)
phenyl] exerted a moderate decrease in FOXM1 levels, likely as the result of their lower

solubility.

3.3.4 Electrophoretic Mobility Shift Assay

This cell-free assay was selected based on its ability to measure the concentration-
dependent effect produced by drug molecules to prevent the formation of the FOXM1-
DNA complex in vitro. This screening method was first reported by Gormally et al. as
part of a high-throughput screening approach to find new FOXMI inhibitors, in which
the drug FDI-6 was identified as the most potent molecule. Based on their model, we
incubated the recombinant FOXM1-DBD reported to bind to DNA, with the target DNA,
in the presence of the corresponding FDI derivatives (1.5 hours incubation at 25° C) and
then running the mixture on a native polyacrylamide gel. As shown in Figure 3-4, we
observed that compounds 7a (devoid of the 4-(halo) phenyl group) and 7b (phenyl) were
weak drugs (ICso values = 128.2 and 121.7 uM respectively), whereas compounds 7c [4-
(fluoro) phenyl], 7d [4-(bromo) phenyl], and 7e [4-(iodo) phenyl] were significantly more

active (ICso values around 40 pM). Compound 7f [4-(chloro) phenyl], the most active
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molecule in this series (ICso value =27.2 uM), was about 2-fold more potent than the lead
drug FDI-6. These observations provide one more piece of evidence confirming our initial
hypothesis, in which we proposed the need for a 4-halo substituted phenyl ring in the FDI
scaffold.

Compound 7g possessing a 4-methyl (-CH3) bioisosteric replacement for fluorine,
was much less active (ICso = 228.9 uM) than 7c (FDI-6) and other halogen-containing
derivatives. Nevertheless, we observed that a 4-(trifluoromethyl) phenyl group (7))
restored the activity (ICso = 27.5 uM), further supporting the need for a halogen atom at
the 4-phenyl position, essential to exert a binding interaction with Arg297 in FOXMI.
Finally, moving the fluorine atom from 4-(7¢) to 3- maintained the activity of compound
7h (ICso = 42.6 uM), but when the halogen is farther away (position 2-) the potency

decreased for compound 7i (ICso = 69.6 uM).
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Figure 3-4. EMSA of FDI-6 derivatives showing the importance of halogen atoms in
FOXM-DBD binding.A) Titration curve of FOXM1-DBD protein with the target DNA
(5-/IRD700/-AAACAAACAAACAATCAAACAAACAAACAATC-3"); B to L)
concentration-dependent effects of the drug molecules on the FOXM1-DNA complex
presenting the calculated ICso values, and their corresponding Ki’s; all data are reported

as average of three replicates (n = 3) and the error bars represent the SEM.

Finally, when we screened compounds 7k and 7j, possessing a 3,5-(difluoro)
phenyl and [4-(trifluoromethyl) phenyl] moiety, we observed a good inhibitory profile of
the FOXMI1-DNA complex (ICso = 27.6 and 27.5 uM respectively). It should be noted
that in contrast to the results obtained in the protein immunoblot assay described
previously, in which compound 7j and 7k showed a comparably weaker activity, in the
cell-free EMSA the binding interactions exerted by this molecule may be more
significant, considering that the soluble fraction of the drug is in direct contact with the

FOXM1 protein, and apparently, it is good enough to exert inhibition of the
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FOXMI1/DNA complex. This observation should be considered when trying to
extrapolate results from one assay to the other, and therefore to assess the complete profile
of any given drug molecule as a TF “inhibitor”, one must consider the results from several
screening assays (e.g., EMSA). Moreover, to compare the activity of different inhibitors,
the Ki values should be used as ICso values can be altered by changing the protein

concentration and hence be deceiving.

3.3.5 Molecular Modeling

To further support the experimental observations suggesting the need for a halogen atom
at the 4-position of the phenyl moiety of FDI drugs, we carried out a series of
complementary docking and MD simulations with compounds 7a, 7b, 7c, 7g, 7h, 7i, 7j
and 7k comparing their binding profile with that of other molecules in the same series
(Table 3-2). In this regard, we observed a direct relationship between the position of the
halogen (fluorine) atom, and the total binding energy calculated for the corresponding
drug molecule: 4-flouro (-25.2 kcal/mol), 3-flouro, -17.4 kcal/mol, and 2-flouro (-9.9
kcal/mol). With these results, we think it is reasonable to propose that the strength of the
binding force between the drug molecule and the FOXM1 protein is determined, at least
in part, by the relative position of the fluorine atom, in which 4-phenyl > 3-phenyl > 2-

phenyl.
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Figure 3-5. Ligand positional RMSD of compounds 7b, 7¢, 7h, and 7i. The graph

shows the stability of each compound over the entire MD simulations.

Compound 7¢ (FDI-6) showed the strongest binding energy (-25.2 kcal/mol), with a low
ligand RMSD, compared to compounds 7b (phenyl), 7h [3-(fluoro) phenyl], and 71 [2-
(fluoro) phenyl] (Figure 3-5). The low RMSD values observed for 7¢, along with the low
vdW energy (-147.6 Kj/mol), suggests that the 4-(flouro) phenyl moiety increases the
stability of a possible active conformation inside the binding pocket during the MD

simulation.

Table 3-2. Free binding energies calculated for eight FDI derivatives. The total
binding energies represent the sum of vdW, electrostatic, solvent accessible surface area
(SASA), and polar solvation energy, during the last nanosecond of the corresponding MD

simulation.
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7b

Van Der Waal

Energy
kJ/mol
-89.7+53

Electrostatic

Energy
kJ/mol

-14.7+£3.7

Polar Solvation

Energy
A (kJ/mol
559+353

SASA
Energy
kJ/mol

9.09+1.1

Binding

Energy

kJ/mol
-57.6 £38.1

Binding
Energy
kecal/mol
-13.7+9.1

-94.8 £16.9 -1.7£5.5 40.6 + 16.6 -11.5+1.9 -73.4 +£11.5 -17.5+£2.7

7¢ (FDI-6) -147.6 £16.2 3329 59.0+31.9 -13.7+0.6 -105.6 £34.2 -252+8.1
g -62.9 £41.6 0.5+2.8 31.3+£31.6 -7.9+5.1 -38.9+£44.7 -9.2+10.6
7h -122.4 £12.0 -3.1+£33 55.7+£19.5 -12.9+0.8 -72.9£24.8 -17.4+£5.9

7i -69.2 +34.6 -4.8 +4.8 41.0+18.3 -8.6+43 -41.7 £30.9 99+73

j EONE25S -0.8+3.9 -3.5+31.5 -0.9+28 -11.0+15.3 -2.6+3.6

7k -96.2 +14.8 -7.6 6.2 40.5+17.0 -11.6£ 1.5 -74.8 £10.0 -17.8+23

As shown in Table 3-2, except for compound 7j, we could correlate the binding energies
for all compounds with the screening assays described above. In other words, the
unusually high theoretical binding energy (low binding force = -2.6 kcal/mol) calculated
for 7j, would suggest a weak activity profile, but this was not the case. Compound 7j
decreased cell proliferation in MDA-MB-231 cells, it significantly decreased the FOXM1

protein level of FOXM1, and it showed significant activity in the EMSA.

Finally, in Figure 3-6 we present a graphical representation of the binding
conformations observed for compounds 7¢ [4-(fluoro) phenyl] and 7h [3-(fluoro) phenyl]
and their relative distance from Arg297 in which we observed practically the same

binding interactions between the drug molecules and the Arg297.

A B) 0

““

ARG 297 ARG 297

-
= 2
.“‘

Figure 3-6. The graphical representation of the relative distance of the fluorine atom

of 7c from Arg297. 7c, 2.7 A (A), 7h, 5.1 A (B) and 7i, 6.5 A (C)
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3.4 Summary and Conclusion

We present a series of in vitro and in silico experiments supporting the essential
role of the 4-(halo) phenyl moiety present in FDI involving the Arg297 amino acid residue
within the DBD of the FOXM1 protein. Despite a few minor differences in the relative
potency of individual compounds, observed between different screening assays, we
propose that (1) the halogen binding interaction is equipotent regardless of the halogen
used (4-fluoro, 4-chloro, 4-bromo, or 4-i0do); (2) a bioisosteric replacement involving a
4-(methyl) phenyl group (7j) did not result in significant binding interactions or an
improved activity profile. However, the use of a 4-(trifluoromethyl) phenyl moiety
improved the potency of the lead molecule (FDI-6) by about two-fold (as shown in the
EMSA), and it maintained the drug’s cancer cell proliferation inhibitory profile in triple

negative-breast cancer (MDA-MB-231) cells.

One major limitation associated with the current report is the fact that we are not
considering the effects produced by the test drugs on other (potential) targets that would
affect cell proliferation or FOXMI1 protein expression. However, the EMSA assay is
selective for direct FOXM1 inhibitors, and it effectively distinguishes between inactive
and active drugs that bind to (and interfere with) the protein’s DBD. In this regard, we
used structurally unrelated molecules as negative controls (ranolazine and
andrographolide), and we did not observe dissociation (at any drug concentration) of the

protein-DNA complex (Figure 3-7)
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Figure 3-7. EMSA of structurally unrelated (negative control) drug
molecules.Ranolazine and andrographolide were not able to dissociate the FOXM1-

DBD/DNA complex.

In summary, we provide evidence validating the essential role of a 4-(halo) phenyl
— Arg297 binding interaction as part of the overall mechanism of action exerted by FDI
proposed by our group in a previous publication (210). In this report, we also propose a
specific binding interaction to fine-tune the design of FOXMI1 inhibitors based on the
chemical scaffold of the lead FDI-6 molecule first described by Gormally et al. and we
submit that this model could also be used in the design of other small-molecule drugs

possessing a 4-(halo)phenyl moiety.
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Chapter 4

FOXMI Inhibitors: The Promising
Binding Interaction of Sulfur Atom in
Drug Molecules
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4.1 Introduction

Several sulfur-containing compounds capable of inhibiting the oncogenic FOXM1 TF has
been reported in the literature (20,197,237). In one of our publications (210), we identified
the binding mechanism for these compounds (FDI-6, troglitazone, and thiostrepton) by
implementing MD simulation and molecular modeling approaches. We proposed the
presence of a binding site on the surface of FOXM1-DBD that these drugs can recognize
and bind. In these theoretical observations, we mentioned that all these inhibitors have
one thing in common, a sulfur atom; in thiazolidinedione ring of troglitazone, in thiazole
rings of thiostrepton and in thiophene rings of FDI-6. We showed that based on our
docking and MD simulations, the sulfur atom forms a pi-sulfur interaction with a histidine
(His287) residue in the H3 helix of FOXM1-DBD. H3 helix was previously shown to be
involved in DNA recognition (266). In the same investigation, we also showed that this
histidine is the most projected residue in the H3 helix and mainly responsible for the first
contact with the DNA. Figure 4-1 shows a schematic position of His287 to the Sulfur
atom in the structure of FOXM1 inhibitors.

The impact of pi-sulfur interaction on the stabilization of protein structure was
first reported in early 1978 by Morgan and collogues (282). Later on, Reid and co-workers
found that there is a favorable interaction between sulfur-bearing amino acids (cysteine
and methionine) and the aromatic amino acids in the tertiary structure of proteins (283).
After examining the structure of 36 proteins, they found that the average distance of the
sulfur atom from the center of the aromatic ring is around 6 A. They were first to notice
that the occurrence of this type of interaction is more than what expected. Furthermore,

Viguera et al. study on side-chain interaction between Phenylalanine and two sulfur-
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bearing amino acids shows the importance of this type of interaction on the stability of

alpha helix (259).

A)

Figure 4-1. Binding mode sulphur bearing FOXMI1 inhibitors at the interface of
FOXMI1-DBD. Thiostrepton (A), troglitazone (B) , and FDI-6 (C) are all binding with a

pi-sulfur interaction to the imidazole ring of His287. Several quantum mechanical studies
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have also carried out to calculate the energy of interaction between the sulfur atom and
the aromatic ring. Cheney et al. used a cysteine-benzene model with the HF/3-21G level
of theory to find the most favorable configuration. Following Reid et al. findings, they
reported that the most favorable configuration reported was the one sulfur at 4.4 A from
the center of aromaticity with an angle of elevation of 56° (284).

In 2000, Zauhar et al. used extensive quantum mechanical studies on the
Cambridge protein structure database of small compounds to study pi-aromatic
interactions outside the protein models. In contraindication with the proteins where the
optimal position for the sulfur atom is above the ring, they reported that the optimum pi-
sulfur interaction happens when the lone pairs of sulfur are interacting directly with the
ring hydrogens in the ring plane (285).

To the best of our knowledge, the significance of sulfur-pi interaction in small
molecule binding interaction has not extensively studied in the literature. We carried out
a series of experiments to validate our molecular modeling binding pocket hypothesis.
We are also aiming to stress the importance of sulfur atom from a medicinal chemistry

point of view.

4.2 Materials and Methods
4.2.1 General Information

All reagents and solvents were received from Sigma-Aldrich and used with no further
purification. Redisep TLC plates were used to monitor the chemical reaction progression
and completion. A Bruker FT-600 MHz instrument was used to record the 'H and *C
spectra. Signal multiplicity was reported using the followings: s (singlet), d (doublet), t

(triplet), q (quartet), m (multiplet), and br (broad singlet). Biotage reactor was used to
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perform the microwave-assisted synthesis. All graphical figures are made with Pymol

(276).

4.2.2 Chemistry

4.2.2.2 General methods for the synthesis of the FDI-derivatives

Compounds 3b (286), 3c (286), 3d (287), 3e (288), and 3f (286) were prepared according
to the reported methods. The corresponding FDI-intermediates (3b-f, 1 eq.) and 2-chloro-
N-(4-fluorophenyl) acetamide (4, 1 eq.) were mixed with KoCOs (2 eq.), and ethanol (5
mL) or dimethylformamide (DMF) (5 mL) in a microwave reaction vessel. This mixture
was stirred at 90 °C for 2 hours using a “high energy absorption” setting. The crude
product was filtered off, washed with water and fixed onto silica gel powder before
running a solvent gradient (flash column chromatography). F1 (FDI-6) was prepared as
previously reported (206,269). Combined organic fractions were dried under vacuum and

the corresponding final products were recrystallized from ethanol (when needed).

3-amino-N-(4-fluorophenyl)-6-(furan-2-yl)-4-(trifluoromethyl)thieno[2,3-

b]pyridine-2-carboxamide (F2). 3b (270 mg, 1 mmol), 4 (187 mg, 1 mmol), KoCO3 (277
mg, 2 mmol), in 5 mL of EtOH, yellow (flocculent) crystals, 70 % yield (0.7 mmol, 290
mg). 'H NMR (600 MHz, DMSO) § 9.84 (s, 1H), 8.05 (d, J = 33.2 Hz, 2H), 7.68 (dd, ] =
9.0, 5.1 Hz, 2H), 7.55 (d, J = 3.4 Hz, 1H), 7.19 (t, ] = 8.8 Hz, 2H), 6.98 — 6.49 (m, 3H).
3C NMR (151 MHz, DMSO) § 163.57, 160.88, 159.34, 157.74, 151.11, 148.22, 146.29,
144.91, 131.97, 131.75, 123.65, 123.60, 123.50, 121.68, 117.80, 115.16, 115.01, 113.14,

112.87, 112.12.
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3-amino-N-(4-fluorophenyl)-6-(furan-2-yl)-4-(trifluoromethyl)furo[2,3-b|pyridine-
2-carboxamide (F3). 3¢ (254 mg, 1 mmol), 4 (187 mg, 1 mmol), K»CO3 (277 mg, 2
mmol), in 5 mL of DMF yellow (flocculent) crystals, 5 % yield (8 mg, 0.02 mmol). 'H
NMR (600 MHz, DMSO) 6 10.39 (s, 1H), 8.04 — 7.94 (m, 2H), 7.86 (dd, ] =9.2, 5.1 Hz,
2H), 7.41 (d, J = 3.4 Hz, 1H), 7.19 (t, ] = 8.9 Hz, 2H), 6.78 (d, J = 1.7 Hz, 1H), 5.79 (s,
2H). 3C NMR (151 MHz, DMSO) & 159.13, 159.09, 157.55, 151.37, 146.96, 146.16,
134.86, 134.85, 134.22, 132.03, 131.80, 126.95, 125.07, 123.26, 122.29, 122.24, 121.45,
115.23,115.09, 113.15, 112.14, 110.62, 110.59, 108.04.
3-amino-N-(4-fluorophenyl)-6-(thiophen-2-yl)-4-(trifluoromethyl)furo[2,3-
b]pyridine-2-carboxamide (F4). 3d (375 mg, 2 mmol), 4 (540 mg, 2 mmol), K»COs (330
mg, 24 mmol) in 5 mL of DMF, yellow (flocculent) crystals, 20 % yield (17 mg, 0.04
mmol). IH NMR (600 MHz, DMSO) & 10.37 (s, 1H), 8.29 (s, 1H), 8.22 (d, J = 2.7 Hz,
1H), 7.93 —7.75 (m, 2H), 7.37 — 7.06 (m, 3H), 5.80 (s, 2H). '3*C NMR (151 MHz, DMSO)
o 159.16, 158.80, 157.53, 151.09, 142.48, 134.89, 134.34, 130.90, 129.16, 128.71,
126.75, 122.28, 122.23, 115.22, 115.08, 111.38, 107.86, 79.19, 78.97.
3-amino-N-(4-fluorophenyl)-6-methyl-4-(trifluoromethyl)thieno|[2,3-b]pyridine-2-
carboxamide (F5). 3¢ (202 mg, 1 mmol), 4 (187 mg, 1 mmol), K2CO3 (277 mg, 2 mmol),
in 5 mL of EtOH, yellow (flocculent) crystals, 70 % yield (0.7 mmol, 258 mg). 'H NMR
(600 MHz, DMSO) 6 9.80 (s, 1H), 7.78 (s, 1H), 7.69 (dd, J = 9.2, 5.1 Hz, 2H), 7.19 (t, J
= 8.9 Hz, 2H), 6.76 (s, 2H), 2.72 (s, 3H). *C NMR (151 MHz, DMSO0) § 163.71, 160.28,
160.20, 159.32, 157.73, 145.03, 144.95, 134.79, 131.34, 131.12, 130.90, 130.68, 125.49,
123.68, 123.53, 123.48, 121.86, 117.32, 117.13, 117.09, 115.15, 115.00, 99.91, 24.09.
3-amino-N-(4-fluorophenyl)-6-phenyl-4-(trifluoromethyl)thieno[2,3-b]pyridine-2-

carboxamide (F6). 3f (264 mg, 1 mmol), 4 (187 mg, 1 mmol), K»COs3 (277 mg, 2 mmol),
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in 5 mL of EtOH, yellow (flocculent) crystals, 70 % yield (0.7 mmol, 300 mg).'H NMR
(600 MHz, DMSO) 6 9.86 (s, 1H), 8.36 — 8.25 (m, 3H), 7.73 — 7.66 (m, 2H), 7.59 (d, J =
7.5 Hz, 3H), 7.21 (t,J = 8.9 Hz, 2H), 6.80 (s, 2H). *C NMR (151 MHz, DMSO) & 163.60,
160.89, 159.39, 157.80, 156.65, 144.93, 136.38, 134.75, 130.69, 129.13, 127.42, 123.63,

123.57,118.34, 115.20, 115.06, 113.81, 101.23.

4.2.3 Cell Culture

MDA-MB-231 triple-negative breast cancer cell line was grown in RPMI media
supplemented with 10% FBS. The cells were grown at 37 °C in an incubator, maintaining

5% CO2 environment.

4.2.4 Antibodies

FOXM1 monoclonal antibody (mouse, sc-271746) and anti-mouse (sc-516102)

secondary antibody was purchased from Santa Cruz Biotechnology.

4.2.5 Western Blot

3 x 10° MDA-MB-231 cells were seeded in 6 well plates and incubated overnight. The
next day, compounds at different concentrations were added and incubated for 24 hours.
Then, they washed twice with ice-cold PBS and extracted using the RIPA buffer
(Thermofisher). Before loading 40 pg into a 10% SDS page gel, Bradford assay was
employed to determine the protein concentration. After the completion of electrophoresis,
the gel was transferred to a nitrocellulose membrane and incubated with milk for 45
minutes and the corresponding antibody overnight. The next day, the gel was washed

twice with TBST and incubated with an appropriate secondary antibody for 45 minutes.

103



The blot was visualized using (Thermofisher) using ImageQuant™ LAS 4000 mini
biomolecular imager (GE Healthcare Life Sciences) after the addition of
chemiluminescence reagent (Thermofisher). All the band were quantified using Imagel

and plotted using Prism.

4.2.6 Site-Directed Mutagenesis

The PEX-N-GST-FOXMI1C-DBD plasmid vector encoding wild-type FOXMI-
DBD was purchased from (OriGene Technologies, USA). The mutants were generated
using the Quick Change Multi Site-Directed Mutagenesis Kit (Agilent Technologies,
USA) by the manufacturer’s instructions. The following two primers were used;
His287: Ala mutagenesis

(Forward) 5°-gtgcagggaaaggttggcgcggatggagttcttc-3’
5’-gaagaactccatccgegecaacctttcectgeac-3 (Reverse).

His287:Phe mutagenesis

(Forward) 5'-cgtgcagggaaaggttgaagcggatggagttcttce-3'
5'-ggaagaactccatccgettcaacctttcectgeacg-3' (Reverse).

All mutations were subsequently verified via DNA sequencing. (Please see Appendices-

Section A.3)

4.2.77 Recombinant Protein Production and Purification

GST-FOXM1-DBD and corresponding mutated GST-FOXM1-DBD were prepared using
a previously reported method. GST-FOXMI1-DBD plasmid and mutated plasmids
(OriGene technologies, USA) were transformed into BL21 (DE3) competent cells.

Positive colonies on ampicillin containing LB agar were picked and grown in LB media
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(100 pg/mL ampicillin) and incubated at 37 °C. After they reached the optical density of
0.8, 0.5 mM IPTG was added and re-incubated. After 6 hours, the cells were collected,
centrifuged, and the cell pellet was extracted using B-PER (Thermofisher). The
recombinant protein was purified using glutathione resin (GenScript, USA) according to
the manufacturer’s instructions. Please refer to section A.2 of appendices for the

representative gel image of purified proteins.

4.2.8 Electrophoretic Mobility Shift Assay

EMSA was performed as previously reported (237,260).

4.3 Results and Discussion

As previously mentioned, we predicted that troglitazone bind to the His287 of the H3
helix of FOXMI1-DBD via a pi-sulfur interaction. The co-crystal structure of
thiazolidinediones (troglitazone, rosiglitazone (289), and pioglitazone (290) is solved and
available at the PDB. Upon analysis of the binding mode of these chemical entities, we
observed that in all 3 complexes, the sulfur atom present in the thiazolidinedione ring
forms a pi-sulfur interaction with a histidine residue in the ligand-binding pocket of PPAR
gamma. We believe that there is a favorable interaction between electron-deficient sulfur

present in the thiazolidinedione and the histidine ring.

4.3.1 Design and Synthesis

In our previous publication, we also showed that the FOXMI1 inhibitor FDI-6 forms the
same binding attraction with His287 with both its sulfur atoms, one in thiophene ring, and

the other one incorporated in the ring (R1 position). To further validate our hypothesis on
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the existence of pi-sulfur interaction at the interface of FOXM1-DBD, we also chemically

modified this compound to replace its sulfur atom with its closely related element oxygen.

Figure 4-2. Crystal structure of thiazolidinediones in complex with PPAR gamma
LBD. Troglitazone (A) (PDB ID: 6DGO), pioglitazone (B) (PDB ID: 5Y20) and

rosiglitazone (C) (PDB ID: 4EMA) all bind to His 449 via a pi-sulfur interaction.

Scheme 4-1. Synthetic route for the preparation of FDI derivatives (F1-F6).

Reagents and conditions: (a) K2COs3, ethanol/DMF, 90 °C, 2 hours.
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3e: Ry= SH, Ryo= Methyl F5: R,= SH, R,= Methyl
3f. Ry= SH, Ry= Phenyl F6: Ry= SH, Ry= Phenyl

5 Different derivatives of FDI-6 (henceforth F1) were synthesized (Scheme 4-1).
In compound F2 thiophene ring of F1 was replaced with Furan. Next, we replaced the
other sulfur atom in the structure of F2 with oxygen (compound F3). Basically, in this
compound, all sulfurs of F1 are replaced with oxygen. Next, oxygen in the R1 position is
retained, but we reintroduced the thiophene ring into the R2 position. In F5, the thiophene

ring was removed while it was replaced by phenyl in F5.

4.3.2 Determination of FOXM1 Expression

Next, we measured the ability of these compounds to suppress the transcriptional activity
of FOXM1 in MDA-MB-231 using protein immunoblot. As shown in Figure 4-3, only
compound F1 (FDI-6) were able to diminish the FOXM1 protein level. Between all the

derivatives, only compound F6 was slightly active relative to the DMSO.
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Figure 4-3. The FOXMI1 expression level of compounds F1-F6 in MDA-MB-231 cell
line. (24 hours incubation time, 40 uM). Bars represent the average value of three
independent experiments. One-way ANOVA was used to determine the significance:

*xx: P <0.001.

4.3.1 Electrophoretic Mobility Shift Assay

Furthermore, we employed EMSA assay and incubated these compounds in an increasing
concentration with recombinant FOXM1-DBD to measure the ability of FOXM1-DBD
to associate and bind with its consensus DNA.

Contrary to our expectation, Compound F1, which found to be inactive in protein
immunoblot assay, shows stronger inhibition (Ki= 2.34 uM) in comparison to F1 (Ki=
16.8 uM). Compounds F3-F5 were inactive, and compound F6 was less active than F1

(Ki= 24.52), which is in complete agreement with the western blot data.
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Figure 4-4. EMSA displacement experiment of compounds F2-F6. Compound F2 (A)
in which the thiophene ring was replaced with furan was 7 times more potent (Ki: ~ 2.34
uM) than the parent compound F1 (previously reported Ki: ~16.8 uM). Compounds F3
(B), F4 (C), F5 (D) were inactive. The derivative in which the thiophene ring was replaced
with phenyl ring was slightly active (Ki: ~24.52 uM), indicating the importance of

aromaticity in that position.

Despite the lack of agreement between protein immunoblot and EMSA data for
compound F2, these experiments demonstrate the sulfur is still essential for the activity
of this compound. In terms of structure-activity relationship studies, the cell-free assay
EMSA is more valuable since it shows the direct inhibition of compounds and does not
have drug cell uptake and nuclear localization limitation. Then, since F2 is inactive, we
can conclude that the sulfur atom in the thiazolidinedione ring is not critical and will not

participate in pi-sulfur interaction. On the other hand, since F5 is inactive and F6 is active,
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we can assume that aromaticity is playing a role in that position, possibly through a pi-pi
interaction. However, the sulfur atom at position R1 1is critical for activity.
Notwithstanding the better activity of compound F1 in EMSA, when we replace sulfur at
the R1 position in F2, the compound became entirely inactive.

As mentioned above, we hypothesized that all these compounds bind with their
sulfur atom to a histidine residue (His287) in the H3 helix of FOXMI-DBD. To
investigate the initial binding hypothesis from another angel, we employed site-directed
mutagenesis technique to swap the His287. This will confirm if the predicted pi-sulfur
atom is essential and also if only this interaction forms between any aromatic amino acid

and not only the imidazole ring of histidine.

4.3.1 Site-directed Mutagenesis

As proposed, using the site-directed mutagenesis technique, first, we mutated the histidine
to alanine, a simple non-aromatic amino acid (His287:Ala). Next, we measured the
protein/DNA Kd value to investigate the effect of the mutation on the FOXM1 DNA
recognition and binding ability. The Kd value calculated for His287:Ala mutation (444.6
nM) was found to be slightly higher than the wild type (361 nM).

Next, we performed the EMSA displacement experiment to examine if the FDI-6
is still able to bind to the FOXM1-DBD when the histidine and essentially aromaticity is
absent. As anticipated, the Ki for F1 binding to the mutated FOXM-DBD (His287:Ala)

was almost 4 fold higher than the FOXM1-DBD wild type.
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Figure 4-5. Dissociation constant of FOXM1-DBD (His287: Ala)/DNA and EMSA
displacement experiment of FDI-6. A) The mutation of His287 to alanine increases the
Kd value in comparison to the wild type. B) FDI-6 was unable to disrupt the binding of

mutated FOXM1-DBD, proving the importance of histidine aromaticity.

In the next step, histidine residue was mutated to Phenylalanine (His287:Phe), an
amino acid with a phenyl ring as a sidechain. The Kd calculated for the phenylalanine

mutation was significantly lower (over two-fold) than the wild type FOXM1-DBD.
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Figure 4-6. Dissociation constant of FOXM1-DBD (His287:Phe)/DNA as well as
EMSA revealed the importance of pi-sulfur interaction. A) The mutation of His287
to phenylalanine decreased the Kd value in comparison to the wild type. B) FDI-6 was
inhibited the binding of mutated FOXM1-DBD with the identical Ki as the wild type

FOXMI-DBD.

Interestingly, compound F1 Ki was almost identical to the Ki value of F1 and
FOXM1-DBD wild type, which indicates the importance of aromaticity at that specific

position.
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4.3 Summary and Conclusion

This paper has investigated the role of pi-sulfur interaction in small molecule inhibitors
of FOXM1. We presented that FDI-6 inhibition and binding to the FOXM1-DBD depend
on two factors, a sulfur atom in the thiazole ring of FDI and the presence of aromaticity
in the His287 position, which confirms the existence of pi-sulfur interaction. These results
further strengthen our previous theoretical discovery of the FOXM1-DBD binding pocket
as well as the binding mode of FOXM!1 inhibitors.

This work, as complementary to our previous publications, paves the way toward
receptor-based drug design of FOXM1 inhibitors. With this confirmed binding pocket on
the surface of FOXM1-DBD and with the implementation of pocket based drug design,

novel inhibitors of FOXM]1 can be introduced.
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Chapter 5

Thiazolidinediones Derivatives as
FOXMI1 Suppressors
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5.1 Introduction

The FOXMI1 protein is a member of a large family of TFs that share a unique wing-helix
DBD (291), and one of the proteins responsible for maintaining normal cell replication
by promoting cell cycle progression (292). In healthy cells, FOXM1 is expressed during
the S phase, and it induces the G1 phase and regulates cell cycle by expressing several
G2/M related genes (155,293). However, cells finishing cell cycle, and those terminally
differentiated have marginal expression levels of FOXM1 (164). FOXM1 undergoes
multiple phosphorylation reactions by different kinases throughout the cell cycle,
becoming transcriptionally active at the G2/M phase (294).

In contrast to its role in normal cell proliferation, FOXMI1 is known to be
extensively overexpressed as an essential regulator of tumorigenesis, causing genomic
instability and uncontrolled cell division in a wide variety of human cell carcinomas
including lung (188), oropharyngeal. (295), melanoma. (172), leukemia (194), pancreatic.
(296), and breast tissue (265). FOXMI1 overexpression is also linked to poor prognosis
and chemotherapy resistance, which makes FOXM1 a useful biomarker and a promising
drug target (169,176,231).

In one of our previous publications, we formulated a working hypothesis
describing how the structurally different experimental FOXMI1 inhibitors FDI-6,
thiostrepton, and troglitazone can bind and disrupt the interaction between the FOXM1
protein and its DNA binding site (210). In this paper, we described the essential structural
requirements needed to develop effective FOXMI1 inhibitors based on a well-identified
drug-binding pocket. In this regard, we highlighted two specific drug binding interactions

involving (1) a pi-sulfur interaction between the aromatic imidazole ring present in
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His287, and an electron-deficient sulfur atom present in each of the FOXMI inhibitors;
and (2) a halogen bonding interaction observed between the 4-fluorophenyl ring in the
drug FDI-6 and the amino acid Arg297 in the protein. Based on these calculated binding
interactions, we decided to test this hypothesis by measuring the ability of several
thiazolidinedione derivatives to bind to, and inhibit, the in vitro transcriptional activity of

the FOXM1 protein.

5.2 Materials and Methods
5.2.1 Cell Culture
The MDA-MB-231 cancer cell line was a gift from Dr. Frank Wuest (Cross Cancer

Institute; Edmonton, Alberta, Canada). RPMI media was supplemented with 10% FBS in

a 5% COz atmosphere at 37 °C to grow and maintain the cells.

5.2.2 Antibodies

We used a FOXM1 monoclonal (mouse, sc-271746) antibody; SP1 monoclonal (mouse,
sc-420) antibody; B-Actin monoclonal (mouse, sc-47778) antibody; anti-mouse (sc-

516102) and anti-rabbit (sc-2030) secondary antibody from Santa Cruz Biotechnology.

5.2.3 Western Blot

3x10° cells were seeded in 6 well plates and treated with test compounds at different
concentrations for 24 hours. Then, the cells were washed twice with ice-cold PBS before
incubating and extracting with RIPA lysis and extraction buffer (Thermofisher) for 30
minutes. The protein levels were quantified using the Bradford assay before loading of

40pg of protein into a 10% SDS-PAGE (Sodium dodecyl sulfate polyacrylamide gel
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electrophoresis). Upon completion of the run, the proteins were transferred from the gel
to a nitrocellulose membrane (Thermofisher) and blocked with 10% fat-free milk in
TBST for 45 minutes. The corresponding antibody was incubated with the membrane
(1:1000 dilution) at 4 °C overnight. The next day, the membrane was washed with TBST
before incubating the appropriate secondary antibody for 45 minutes at r.t. Then, The
membrane was washed three times (15 minutes total) with TBST, and the conjugated
protein bands were visualized by adding the Chemiluminescence reagent (Thermofisher)
using ImageQuant™ LAS 4000 mini biomolecular imager (GE Healthcare Life
Sciences). The quantification was carried out for all proteins relative to B-Actin using

Imagel.

5.2.4 Protein Expression and Purification

BL21 (DE3) competent cells were used to transform the PEX-N-GST FOXM1C-DBD,
PEX-N-GST FOXOI1-DBD, PEX-N-GST FOXO3-DBD plasmids (OriGene
technologies, USA). Next, positive colonies on LB agar media supplemented with
ampicillin (100 pg/mL) were selected and grown in LB media (100 pg/mL ampicillin) at
37 °C until they reached the optical density (OD600) of 0.8 and then 1 Mm IPTG was
added. After 6 hours incubation at 37 °C, the supernatant layer was purified using

glutathione resin (GenScript, USA) following the manufacturer’s instructions.

5.2.5 Electrophoretic Mobility Shift Assay

For displacement experiments using EMSA, we followed the protocol as previously
reported (206). Recombinant FOXM1-DBD, FOXO1-DBD and FOXO3-DBD were

incubated with each compound for 1.5 hours at r.t. Then its target DNA oligo (Forward
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strand:  5'-/IRD700/-AAACAAACAAACAATCAAACAAACAAACAATC-3") was
incubated with the mixture for 20 minutes in a buffer solution composed of 20 mM Tris
(pH 7.5), 100 mM KCI, 1 mM EDTA, 0.1 mM DTT, and 10% glycerol. The mixture was
then loaded on a non-denaturing 6% polyacrylamide gel for 30 min at 120 V. The Ki

value was calculated based on the determined Kd value using the following formula

Equation 1:
; 1 .
Ki= (s0) | [PIo Equation (1)
( Kd Kd+1)

Where: [1]50 = IC50 of the inhibitor; [L]50 = concentration of IR-labelled DNA at 50%
inhibition; [P] = concentration of the FOXMI1 protein; and Kd= dissociation constant
calculated from the titration curve. Protein concentration levels used in displacement
assay for FOXM1-DBD, FOXO1-DBD, and FOXO3-DBD were 480, 530 and 265 nM,

respectively.

5.2.6 Luciferase Reporter Assay

The 6x-FOXMI firefly luciferase reporter and its corresponding backbone plasmid-
pGL4.10 (i.e., empty reporter) were gifts from Drs. Carter J Barger and Adam R. Karpf.
Briefly, MD-MB-231 cells were transiently transfected with equal amounts of the 6x-
FOXMI1 and empty luciferase reporter plasmids. Following 24 hours incubation, cells
were treated with 40 uM of compounds for 12 hours. Cells were then washed with cold
PBS and lysed with Reporter Lysis Buffer (Promega). Protein concentration was
estimated, and equal amounts of total protein from each lysate was analyzed for firefly
luciferase activity using the Luciferase Reporter Assay System (Promega). Assays were

performed in triplicates.
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5.2.7 Quantitative Real-Time PCR (qPCR)

The RNeasy Mini Kit (Qiagen, Valencia, CA) was used to isolate total RNA from cell
lines. Trace DNA was removed on column through DNA digestion with DNAse I
(Invitrogen, Carlsbad, CA). 1 pg of total RNA was used to prepare cDNA with the High-
Capacity cDNA Reverse Transcription Kit (Invitrogen, Carlsbad, CA). qPCR reactions
were prepared in 96-well plates (Invitrogen, Carlsbad, CA) with the PowerUp™ SYBR™
Green Master Mix (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol.
The Mastercycler® ep Realplex system (Eppendorf, Hamburg, Germany) was used for
cycling and detecting amplification. Primers for all genes have been validated in prior

studies and were purchased from Invitrogen. Sequences of the primers used in this study

include:
Gene Forward Strand Reverse Strand
FOXM1 5-CGTCGGCCACTGATTCTCAAA-3 5-GGCAGGGGATCTCTTAGGTTC-3
CDC25B 5-CCTCCGAATCTTCTGATGCAG-3 5-GCGTCTGATGGCAAACTGC-3
CCNB1 5-GTAATGTTGTAGAGTTGGTGTCC-3 5-CATGGTGCACTTTCCTCCTT-3
GAPDH 5-GGTCTCCTCTGACTTCAACAGCG-3 5-ACCACCCTGTTGCTGTAGCCAA-3

qPCR cycling was setup as denaturation at 95°C for 10 minutes, followed by 40 cycles at
95°C for 15 seconds, annealing and subsequent extension at 60°C for 1 minute. The
relative gene expression was determined using the AA-CT method. For each treatment
group, target gene expression was normalized to GAPDH expression followed by

normalization of target gene expression to the control treatment.
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5.2.8 Molecular Modeling

The crystal structure of FOXM1C-DBD was retrieved from PDB (PDB_ID: 3G73) (266).
Chimera v 1.10.12 (277), was used to prepare the structure followed by the charge
assignment of protonated groups to pH 7 using PROPKA (241). Small molecule
structures were prepared using the Dock-prep tool of Chimera and docked as previously
reported. Pymol (276), and Discovery Studio Visualizer 32 (279) were used to visualize

and make the figures.

5.2.9 Chemistry

5.2.9.1 General Information

Reagents and solvents were received from Sigma-Aldrich and were used with no further
purification. Chemical reactions were monitored using RediSep TLC plates. The melting
point of the chemicals were measured using an electrothermal melting point apparatus
(Thermofisher). 'H, 13C, and '"F NMR spectra were obtained on a Bruker FT-600 MHz
instrument (600 MHz, 150 MHz, and 565 MHz, respectively). TMS was used as the
reference. Coupling constants (J) are expressed a Hertz while chemical shifts (6) are
expressed in parts per million. Signal multiplicity was reported as s (singlet), d (doublet),
t (triplet), q (quartet), m (multiplet) and br (broad singlet). The microwave-assisted

synthesis was carried out using an Initiator Reactor (Biotage).

5.2.9.2 General Procedure for the Synthesis of Compounds TFI-1int - TFI-11int

We adapted the methods previously reported, to prepare compounds TFI-1lint - TFI-11int
by using microwave-assisted synthesis (297-300). The corresponding benzylbromide (1

eq.), the hydroxybenzaldehyde (1 eq.) and KoCOs (1 eq.) were mixed in EtOH (5 ml) and

120



heated in a microwave reactor vessel to 90 °C for 12 hours. Upon completion of the
reaction (monitored by TLC), the final product precipitated as white solid crystals
(insoluble in EtOH), which were filtered off and washed with hot water (5 mL) and
hexane (3 mL) to yield the intermediate (in a 95% purity as judged by 'H and '*C NMR),
in an overall yield of 80 %. The previously reported compounds TFI-1lint, TFI-3int, and
TFI-10int, were confirmed by 'H and '3C NMR which were in agreement with the

reported data (301).

3-nitro-4-[(4-nitrophenyl) methoxy] benzaldehyde (TFI-4int). 4-Hydroxy-3-
nitrobenzaldehyde. (100 mg, 0.598 mmol), 4-nitrobenzyl bromide (129 mg, 0.598 mmol)
and K»COs (83 mg, 0.598 mmol), white crystals, yield 80 %. 'H NMR (600 MHz, DMSO)
09.96 (s, 1H), 8.49 (d, J=2.1 Hz, 1H), 8.33 — 8.27 (m, 2H), 8.24 — 8.19 (m, 1H), 7.77 —
7.72 (m, 2H), 7.66 (d, J = 8.7 Hz, 1H), 5.62 (s, 2H). '*C NMR (151 MHz, DMSO) §
190.49, 154.85, 147.30, 143.14, 139.56, 135.05, 133.33, 130.58, 129.25, 128.15, 126.74,

124.37,123.87, 123.81, 116.03, 69.90.

Methyl 4-[(4-formyl-2-nitrophenoxy) methyl] benzoate (TFI-Sint). 4-Hydroxy-3-
nitrobenzaldehyde (100 mg, 0.598 mmol), methyl 4-(bromomethyl) benzoate (137 mg,
0.598 mmol), K2COs (83 mg, 0.598 mmol), white crystals, yield 80 %. 'H NMR (600
MHz, DMSO) 6 9.95 (s, 1H), 8.47 (d, J=2.0 Hz, 1H), 8.20 (dd, J = 8.7, 2.1 Hz, 1H),
8.01 (d, J= 8.3 Hz, 2H), 7.63 (dd, J = 20.2, 8.6 Hz, 3H), 5.54 (s, 2H), 3.86 (s, 3H). 1*C
NMR (151 MHz, DMSO) & 190.47, 165.93, 154.99, 140.83, 139.59, 134.97, 129.47,

129.40, 129.12, 127.37, 126.67, 116.03, 70.42, 52.21.

4-methoxy-3-[(4-nitrophenyl) methoxy] benzaldehyde (TFI-6int). 3-Hydroxy-4-

methoxybenzaldehyde (100mg, 0.66 mmol), 4-nitrobenzyl bromide (143 mg, 0.66 mmol)
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and K2COs (90 mg, 0.66 mmol), white crystals, 80% yield. '"H NMR (600 MHz, DMSO)
8 9.83 (s, 1H), 8.28 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.61 (dd, J = 8.2, 1.9
Hz, 1H), 7.48 (d, J= 1.9 Hz, 1H), 7.24 (d, J = 8.3 Hz, 1H), 5.35 (s, 2H), 3.91 (s, 3H). 1*C
NMR (151 MHz, DMSO) & 191.30, 154.51, 147.76, 147.08, 144.65, 129.58, 128.27,

126.89, 123.66, 111.73, 111.18, 68.69, 56.09.

4-methoxy-3-{[4-(trifluoromethyl)phenyl]methoxy}benzaldehyde (TFI7-int). 3-
Hydroxy-4-methoxybenzaldehyde (100mg, 0.66 mmol), 4-(trifluoromethyl)benzyl
bromide (158 mg, 0.66), K2CO3 (90 mg, 0.66 mmol), white crystals, 90%. 'H NMR (600
MHz, DMSO) 6 9.83 (s, 1H), 7.78 (d, J= 8.0 Hz, 2H), 7.69 (d, J = 8.0 Hz, 2H), 7.60 (dd,
J=28.2,19Hz, 1H), 7.49 (d, /= 1.9 Hz, 1H), 7.22 (d, J= 8.3 Hz, 1H), 5.29 (s, 2H), 3.90
(s, 2H). >*C NMR (151 MHz, DMSO) § 191.31, 154.51, 147.90, 141.61, 129.59, 128.74,
128.53,128.32, 128.09, 127.90, 126.94, 126.75, 125.41, 125.39, 125.36, 125.34, 125.14,
123.34,121.54, 111.66, 111.09, 68.96, 56.04, 55.80, 39.52. '°F NMR (565 MHz, DMSO)

3 -60.96.

Methyl 4-[(3-formyl-2-methoxyphenyl)methoxy]benzoate (TFI8-int). 3-Hydroxy-4-
methoxybenzaldehyde (100mg, 0.66 mmol), methyl 4-(bromomethyl) benzoate (152 mg,
0.66 mmol), K2COs (90 mg, 0.66 mmol), white crystal, 80%. (TFI-8int). '"H NMR (600
MHz, DMSO) 6 9.82 (d, /= 1.1 Hz, 1H), 7.99 (d, /= 8.4 Hz, 2H), 7.59 (dd, J=11.0, 4.9
Hz, 1H), 7.47 (d, J = 1.9 Hz, 1H), 7.22 (d, J = 8.3 Hz, 1H), 5.28 (s, 2H), 3.90 (s, 3H),
3.86 (s, 3H). 3C NMR (151 MHz, DMSO) § 191.31, 166.01, 154.52, 147.93, 142.26,
129.57, 129.36, 129.32, 129.08, 127.59, 127.57, 126.71, 111.66, 111.16, 69.20, 60.76,

56.05, 52.17, 39.52. 3C NMR (151 MHz, DMSO) § 191.31, 166.01, 154.52, 147.93,

122



142.26, 129.57, 129.36, 129.32, 129.08, 127.59, 127.57, 126.71, 111.66, 111.16, 69.20,

60.76, 56.05, 52.17.

3-methoxy-4-[(4-nitrophenyl)methoxy|benzaldehyde (TFI-9int). 4-Hydroxy-3-
methoxybenzaldehyde (100 mg, 0.65 mmol), 4-nitrobenzyl bromide (142 mg, 0.65
mmol), K2COj3 (90 mg, 0.65 mmol), white crystals, 80%. 'H NMR (600 MHz, DMSO) §
9.85 (s, 1H), 8.28 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.8 Hz, 2H), 7.55 (dd, /= 8.2, 1.9 Hz,
1H), 7.45 (d, J = 1.8 Hz, 1H), 7.25 (d, J = 8.3 Hz, 1H), 5.40 (s, 2H), 3.87 (s, 3H). 1*C
NMR (151 MHz, DMSO) & 191.43, 152.64, 149.44, 147.15, 144.25, 130.17, 128.39,

125.75, 123.70, 112.84, 109.94, 68.76, 55.69, 39.52.

Methyl 4-[(4-formyl-2-methoxyphenyl)methoxy]|benzoate (TFI-11int). 4-Hydroxy-3-
methoxybenzaldehyde (100 mg, 0.65 mmol), methyl 4-(bromomethyl) benzoate (150 mg,
0.65 mmol), K,CO;3 (90 mg, 0.65 mmol). '"H NMR (600 MHz, DMSO) § 9.84 (s, 1H),
7.99 (d, J=8.2 Hz, 2H), 7.60 (d, J= 8.1 Hz, 2H), 7.54 (dd, /= 8.2, 1.9 Hz, 1H), 7.43 (d,
J=1.8 Hz, 1H), 7.24 (d, J= 8.3 Hz, 1H), 5.32 (s, 2H), 3.85 (s, 6H). 3*C NMR (151 MHz,
DMSO) 6 191.43, 166.00, 152.89, 149.44, 141.89, 130.04, 129.41, 129.21, 127.73,

127.71, 125.81, 112.78, 109.87, 69.32, 55.66, 52.19.

5.2.9.3 General Procedure for the Synthesis of Compounds TFI-1 - TFI-11

We adapted the methods previously reported, to use a microwave-assisted synthesis
protocol. The corresponding intermediate (1 eq.), thiazolidinedione (3 eq.), piperidine
(cat.), AcOH (cat.), and EtOH (5 mL) were mixed in a microwave reactor vessel and
irradiated under microwave for 3 hours at 90 °C. Once completed, the reaction was
allowed to cool down to r.t. yielding a pale yellowish precipitates that were filtered off

and then washed with cold EtOH (10 mL) and water (10 mL) to afford the desired
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products with an overall yields of around 60 %. The previously reported compound 2a
was confirmed by 'H and '3C NMR, both in agreement with the reported data. All
derivatives were found to be the Z isomer according to the previously reported methine
proton chemical shift (302).

(5Z)-5-({4-|(4-nitrophenyl) methoxy] phenyl}methylidene)-1,3-thiazolidine-2,4-
dione (TFI-1). Thiazolidinedione (67mg, 0.57 mmol), TFI-lint (50 mg, 0.19 mmol),
piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 % yield, m.p. 251-253 °C
'H NMR (600 MHz, DMSO) § 12.52 (s, 1H), 8.42 — 8.03 (m, 2H), 8.32 — 8.23 (m, 3H),
7.78 —7.71 (m, 2H), 7.62 — 7.54 (m, 2H), 7.22 — 7.17 (m, 2H), 5.37 (s, 2H). 1*C NMR
(151 MHz, DMSO) 6 168.02, 167.56, 159.58, 147.12, 144.45, 132.12, 131.60, 128.37,

126.11, 123.69, 120.84, 115.76, 68.27. [M-H]-: m/z calc. 355.0 found 355.1 m/z (100%).

(52)-5-[(4-{|4-(trifluoromethyl) phenoxy] methyl}phenyl)methylidene]-1,3-
thiazolidine-2,4-dione (TFI-2). Thiazolidinedione (63mg, 0.54 mmol), TFI-2int (50 mg,
0.18 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 % yield, m.p.
202-203 °C. 'H NMR (600 MHz, DMSO) § 12.53 (s, 1H), 7.77 (d, ] = 8.2 Hz, 2H), 7.75
(s, 1H), 7.68 (d, J = 8.1 Hz, 2H), 7.58 (d, J = 8.8 Hz, 2H), 7.20 (t, J = 10.3 Hz, 2H), 5.32
(s, 2H). 3C NMR (151 MHz, DMSO0) § 167.97, 167.49, 159.72, 141.44, 132.11, 131.65,
128.56, 128.35, 128.13, 125.97, 125.43, 125.40, 120.69, 115.74, 68.54, 56.02. ’'F NMR
(565 MHz, DMSO) 8 -60.96. [M-H]-: m/z calc. 378.0 found 378.2 m/z (100%).

Methyl 4-({4-[(£)-(2,4-dioxo-1,3-thiazolidin-5-ylidene) methyl]
phenyl}methoxy)benzoate (TFI-3). Thiazolidinedione (64mg, 0.55 mmol), TFI-3int (50
mg, 18.5 mmol), piperidine (cat.) and AcOH (cat.). (TFI-3), pale yellowish crystals, 60

% yield, m.p. 220-222 °C. "H NMR (600 MHz, DMSO) § 12.53 (br, 1H), 7.99 (d, J = 8.4
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Hz, 2H), 7.74 (s, 1H), 7.59 (dd, J = 20.4, 8.6 Hz, 4H), 7.18 (d, J = 8.9 Hz, 2H), 5.30 (s,
2H), 3.86 (s, 3H). 13C NMR (151 MHz, DMSO) 6 167.97, 167.49, 165.98, 165.47,
159.79, 142.07, 141.99, 132.09, 131.67, 129.39, 129.35, 129.13, 127.62, 127.61, 125.92,
120.64, 115.74, 68.78, 60.77, 52.18. [M-H]-: m/z calc. 368.1 found 368.1 m/z (100%).
(5Z)-5-({3-nitro-4-[(4-nitrophenyl) methoxy] phenyl}methylidene)-1,3-thiazolidine-
2,4-dione (TFI-4). Thiazolidinedione (59.73 mg, 0.51 mmol), TF-4int (50 mg, 0.17
mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 % yield, m.p. 242-
243 °C. '"H NMR (600 MHz, DMSO) § 12.67 (s, 1H), 8.33 — 8.27 (m, 2H), 8.21 (d, J =
2.2 Hz, 1H), 7.87 (dt, J = 14.6, 7.3 Hz, 1H), 7.81 (s, 1H), 7.76 — 7.71 (m, 2H), 7.59 (t, J
= 9.4 Hz, 1H), 5.57 (s, 2H). '3C NMR (151 MHz, DMSO) § 190.49, 154.85, 147.30,
143.14, 139.56, 135.05, 129.25, 128.15, 126.74, 123.81, 116.03, 69.90. [M-H]-: m/z calc.
400.0 found 400.3 m/z (100%).

Methyl 4-({4-1(2)-(2,4-dioxo-1,3-thiazolidin-5-ylidene) methyl]-2
nitrophenyl} methoxy) benzoate (TFI-5). Thiazolidinedione (56.2 mg, 0.51 mmol), TF-
Sint (50 mg, 0.16 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 %
yield, m.p. 225-227 °C. 'H NMR (600 MHz, DMSO). 'H NMR (600 MHz, DMSO) §
12.68 (s, 1H), 8.19 (d, J = 2.2 Hz, 1H), 8.03 — 7.98 (m, 2H), 7.85 (dd, J = 9.1, 2.3 Hz,
1H), 7.81 (s, 1H), 7.59 (t,J = 8.5 Hz, 3H), 5.49 (s, 2H), 3.86 (s, 3H). *C NMR (151 MHz,
DMSO) 6 167.49, 167.22, 165.94, 151.74, 141.03, 139.64, 135.18, 129.46, 129.35,
127.33, 126.87, 126.04, 123.93, 116.39, 70.17, 52.21. [M-H]-: m/z calc. 413.0 found
413.2 m/z (100%).

(52)-5-({2-methoxy-3-[(4-nitrophenoxy) methyl] phenyl}methylidene)-1,3-
thiazolidine-2,4-dione (TFI-6). Thiazolidinedione (61 mg, 0.52 mmol), TF-6int (50 mg,

0.17 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 % yield, m.p.

125



200-202 °C. '"H NMR (600 MHz, DMSO). '"H NMR (600 MHz, DMSO) § 12.49 (s, 1H),
8.27 (d, J=8.8 Hz, 2H), 7.75 — 7.67 (m, 3H), 7.25 — 7.20 (m, 2H), 7.20 — 7.16 (m, 1H),
5.33 (s, 2H), 3.87 (s, 3H). *C NMR (151 MHz, DMSO0) § 167.95, 167.37, 151.15, 147.39,
147.08, 144.70, 131.89, 128.28, 125.60, 124.56, 123.67, 120.73, 115.10, 112.56, 68.78,
55.88. [M-H]-: m/z calc. 385.1 found 385.3 m/z (100%).
(52)-5-[(4-hydroxy-3-{[4-(trifluoromethyl) phenoxy] methyl}phenyl)methylidene]-
1,3-thiazolidine-2,4-dione (TFI-7). Thiazolidinedione (56.2 mg, 0.48 mmol), TFI-7int
(50 mg, 0.16 mmol), piperidine (cat.) and AcOH (cat.). 'H NMR (600 MHz, DMSO). 'H
NMR (600 MHz, DMSO) 6 12.50 (s, 1H), 7.77 (d, J = 8.2 Hz, 2H), 7.72 — 7.65 (m, 3H),
7.21 (dd, J=11.5, 2.0 Hz, 2H), 7.16 (d, J = 8.3 Hz, 1H), 5.27 (s, 2H), 3.86 (s, 3H). 1°C
NMR (151 MHz, DMSO) 6 167.95, 167.39, 151.15, 147.53, 141.63, 131.94, 128.76,
128.55, 128.34, 128.13, 128.06, 126.94, 125.60, 125.42, 125.40, 125.37, 125.35, 125.14,
124.47, 123.33, 121.53, 120.68, 114.99, 112.50, 69.04, 55.83. '’F NMR (565 MHz,
DMSO) 6 -60.96. [M-H]-: m/z calc. 385.1 found 385.3 m/z (100%).

Methyl 4-({5-[(£)-(2,4-dioxo0-1,3-thiazolidin-5-ylidene) methyl]-2-methoxyphenyl}
methoxy) benzoate. (TFI-8). Thiazolidinedione (53 mg, 0.45 mmol), TFI-8-int (50 mg,
0.15 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 60 % yield, m.p.
233-236 °C. 'H NMR (600 MHz, DMSO). '"H NMR (600 MHz, DMSO) § 12.50 (s, 1H),
7.99 (d, J= 8.4 Hz, 2H), 7.69 (s, 1H), 7.60 (d, J = 8.5 Hz, 2H), 7.21 (dd, /= 4.3, 2.4 Hz,
2H), 7.17 (d, J=9.0 Hz, 1H), 5.26 (s, 2H), 3.86 (d, /= 3.8 Hz, 6H). '3*C NMR (151 MHz,
DMSO) 6 167.98, 167.41, 166.01, 165.50, 151.17, 147.58, 142.30, 142.22, 131.93,
129.38, 129.36, 129.34, 129.08, 127.59, 127.57, 127.55, 125.58, 124.49, 120.67, 115.00,

112.50, 69.28, 60.76, 55.84, 52.16. [M-H]-: m/z calc. 398.1 found 398.2 m/z (100%).
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(52)-5-({3-methoxy-4-[(4-nitrophenoxy) methyl] phenyl} methylidene)-1,3-
thiazolidine-2,4-dione (TFI-9). Thiazolidinedione (60 mg, 0.52 mmol), TFI-9int (50 mg,
0.17 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 65 % yield, m.p.
205-208 °C. 'H NMR (600 MHz, DMSO) § 12.53 (br., 1H), 8.29 — 8.25 (m, 2H), 7.75 (s,
1H), 7.73 - 7.70 (m, 2H), 7.25 (d, /= 2.0 Hz, 1H), 7.17 (dt, J= 8.4, 5.1 Hz, 2H), 5.36 (s,
3H). *C NMR (151 MHz, DMSO) § 168.43, 167.92, 149.72, 149.68, 147.58, 144.98,
132.42, 128.81, 126.91, 124.15, 123.86, 114.24, 114.17, 69.14, 56.18. [M-H]-: m/z calc.
385.1 found 385.1 m/z (100%).

(52)-5-[(3-methoxy-4-{[4-(trifluoromethyl) phenoxy| methyl} phenyl) methylidene]-
1,3-thiazolidine-2,4-dione (TFI-10). Thiazolidinedione (56 mg, 0.48 mmol), TFI-10int
(50 mg, 0.16 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals, 65 %
yield, m.p. 201-213 °C. '"H NMR (600 MHz, DMSO) § 12.51 (s, 1H), 7.78 (d, J = 8.0 Hz,
2H), 7.74 (s, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.24 (s, 1H), 7.18 (dd, J = 22.6, 8.5 Hz, 2H),
5.30 (s, 2H), 3.84 (s, 3H). *C NMR (151 MHz, DMSO) § 167.97, 167.43, 149.39, 149.24,
141.49, 132.03, 128.77, 128.56, 128.35, 128.15, 126.93, 126.30, 125.45, 125.43, 125.40,
125.38,125.13, 123.46, 123.32, 120.89, 113.67, 68.95, 55.68, 39.52. ”F NMR (565 MHz,
DMSO) 6 -60.95. [M-H]-: m/z calc. 408.1 found 408.3 m/z (100%).
Methyl4-({4-[(Z)-(2,4-dioxo0-1,3-thiazolidin-5-ylidene) methyl]-2 methoxyphenyl}
methoxy) benzoate (TFI-11). Thiazolidinedione (56 mg, 0.48 mmol), TFI-11int (50 mg,
0.16 mmol), piperidine (cat.) and AcOH (cat.), yellowish crystals, 60% yield, m.p. 212-
214 °C. '"H NMR (600 MHz, DMSO) & 12.53 (s, 1H), 7.99 (d, J = 8.4 Hz, 2H), 7.75 (s,
1H), 7.59 (d, J=8.5 Hz, 2H), 7.24 (d, J=2.0 Hz, 1H), 7.16 (dt, J= 8.6, 5.3 Hz, 2H), 5.28
(s, 2H), 3.86 (s, 3H), 3.84 (s, 3H).">*C NMR (151 MHz, DMSO) § 191.42, 167.97, 167.42,

166.00, 149.47, 149.25, 142.13, 132.04, 129.38, 129.13, 127.71, 127.66, 126.26, 125.80,
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123.45, 120.85, 113.70, 113.65, 112.78, 109.86, 69.30, 69.21, 55.68, 55.65, 52.18. [M-
H]-: m/z calc. 398.1 found 398.2 m/z (100%).

5.2.9.3 General Procedure for the Synthesis of Compounds P11 and TFI-10-RHO
TFI-intermediate (1 eq.), rhodanine (1.2 eq.), piperidine (cat.), AcOH (cat.), and EtOH (5
mL) were mixed in a microwave reactor vessel and irradiated under microwave for 3
hours at 90 °C. For the synthesis of compound P11 we adapted the methodology
previously reported for the synthesis of the phosphine-meleimide (303) and TFI-10-inter
(confirmed by 'H and '*C NMR and both in agreement with the previously reported data).
The reaction of phosphine-meleimide (1 eq.) and TFI-10-inter (1 eq.) under Wittig
conditions (MeOH, 1 hour microwave irradiation, 90 °C) yielded compound P11.
(5Z)-5-[(3-methoxy-4-{[4-(trifluoromethyl)phenyl|methoxy}phenyl)methylidene]-2-
sulfanylidene-1,3-thiazolidin-4-one (TFI-10-Rho). Rhodanine (60 mg, 0.45 mmol),
11a-int (160 mg, 0.375 mmol), piperidine (cat.) and AcOH (cat.), pale yellowish crystals,
65 % yield (64 mg, 0.18 mmol). '"H NMR (600 MHz, DMSO) § 13.77 (s, 1H), 7.78 (d, J
= 8.1 Hz, 2H), 7.67 (d, J = 8.0 Hz, 2H), 7.61 (s, 1H), 7.25 — 7.14 (m, 3H), 5.31 (s, 2H),
3.85 (s, 3H). *C NMR (151 MHz, DMSO) & 195.51, 169.43, 149.81, 149.33, 141.41,
132.09, 128.79, 128.58, 128.37, 128.16, 126.92, 126.23, 125.45, 125.43, 125.40, 125.38,
125.12, 124.33, 123.31, 122.76, 113.82, 113.74, 68.98, 55.70.
(3Z7)-3-[(3-methoxy-4-{[4-(trifluoromethyl) phenyljmethoxy} phenyl)methylidene]
pyrrolidine-2,5-dione (P11). Phosphine intermediate (180 mg, 0.5 mmol), TFI-10
Intermediate (195 mg, 0.5 mmol) in MeOH (5 mL), off-white powder, 70% yield (135
mg, 0.35 mmol). 'H NMR (600 MHz, DMSO) § 11.39 (s, 1H), 7.78 (d, J = 8.1 Hz, 2H),
7.66 (d, J = 8.0 Hz, 2H), 7.33 (t, /= 2.3 Hz, 1H), 7.24 — 7.12 (m, 2H), 7.10 (d, J = 8.5

Hz, 1H), 5.29 (s, 2H), 3.85 (s, 3H).
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5.3 Results and Discussion

The former anti-diabetic drug troglitazone is an activator of the PPARY, a ligand-activated
TF that controls glucose and lipid metabolism. The anti-diabetic mechanism of action
exerted by thiazolidinediones does not appear to be directly correlated to their inhibitory
effect on FOXM1. However, Petrovic et al. (20), reported an interesting study in which
they report an indirect mechanism by which thiazolidinediones (including troglitazone
and pioglitazone) significantly decrease the expression of FOXM1, namely the inhibition
of the SP1 protein, which is one of the many upstream activators of FOXM]1 expression
reported in the literature (304). In addition to the indirect mechanism of action exerted by
thiazolidinediones on the expression of FOXMI1, we hypothesize that the sulfur-
containing ring in these molecules will bind directly to the FOXM1-DBD, disrupting the

protein-DNA complex and causing transcriptional inhibition.

5.3.1 Chemistry and Design

To further investigate this hypothesis, we generated computer-based docking protocols
and synthesized in the lab, eleven compounds (thiazolidinedione forkhead inhibitor
(TFI)) possessing either the thiazolidinedione backbone or a benzyloxybenzenering,
using the Knoevenagel condensation reaction. Scheme 5-1 shows the synthetic procedure

and a list of all derivatives (TFI-1 — TFI-11).

Scheme 5-1. Synthesis route and list of prepared thiazolidinedione
derivatives.Reagents and conditions: (a) KoCO3, DMF/ethanol, 120° C, 18 hours; (b) 2,4-

thiazolidinedione, ethanol, 120° C, 3 hours.
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Based on our computer-based approach, for the position R1, we chose the nitro
group (-NO»), trifluoromethyl (-CF3), and a methyloxycarbonyl (-CO.CH3) ester group;
for the R2 position, we observed the highest binding affinity for the methoxy (-OCH3)
and nitro groups. To complement the structure-activity relationship study, we investigated
the effects produced by positional isomers by moving the position of the thiazolidinedione
ring with respect to the benzyloxy benzene group either to the para or ortho position on

the activity of the derivatives.

5.3.2 FOXM1 Protein Level Measurement

We measured the protein expression of FOXMI1 in breast cancer cells after a 48-hours
incubation period in the presence of increasing concentrations of the test compounds by
western-blot analysis (Figure 5-1), using troglitazone, FDI-6, and thiostrepton as

reference (positive) controls. In this regard, compounds TFI-1, TFI-2, TFI-6, and TFI-10
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significantly reduced (more than 90%) the total expression of FOXMI1 protein in breast

cancer cells, while the other seven derivatives (TFI-1,3,4,5,7,8,9 and 11) showed only

modest activity, compared to the reference compounds.

FOXM1

Actin

Relative FOXM1 Expression

DMSO TA-1

TA-2

TA-3 TA-4 TFI-5

Troglit- Thiostr-

TFA6 TA-7 TA-8 TA9 TA-10 TA-11 azone epton FDLE

-

.o s - WA

— — — D G D S e c— G G I G = =

100+

ns

;

rrr

i

e

i T
-

o ——

DMSO TFI-1 TFI-2 TFI-3 TFI<4 TFI-5 TFI-6 TFI-7 TFI-8 TFI-9 TFI-10TFI-11 TGZ TSP FDI-6

Figure 5-1. Western blot analysis of FDI Derivatives.FOXM1 protein levels of the test

compounds (40 uM; 48 hours, MDA-MB-231 cell line). The p values were calculated

with one-way ANOVA: *: P <0.05; **: P <0.01; ***: P <0.001; ****:P <0.0001.

5.3.3 Electrophoretic Mobility Shift Assay-FOXM1-DBD

It is well known in the literature that some FOXM!1 inhibitors exert their mechanism of

action by either indirect inhibition of upstream FOXMI1 activator proteins and/or

inhibition of the proteasome (which is a negative regulator of FOXM1). Consequently, to

study the mechanism of action exerted by the troglitazone derivatives, we selected
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compound TFI-10 to study if this molecule is capable of producing the dissociation of the

protein-DBD using the cell-free EMSA to see if these compounds (including troglitazone)

are whether direct or indirect FOXM!1 inhibitors.
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Figure 5-2. EMSA displacement experiment of troglitazone, TFI-10, and

thiostrepton. EMSA displacement assay showing the Ki value for troglitazone (A), TFI-

10 (B) and thiostrepton (C). TFI-10 was found to be almost twice as potent as troglitazone

in displacing the FOXM1-DBD from its consensus DNA.

Incubation of recombinant FOXM1-DBD and its consensus DNA with the drug

revealed troglitazone, TFI-10, and thiostrepton (as previously reported (236) could

disrupt the binding of FOXM1 and DNA. As shown in Figure 5-2 A-C, troglitazone,

thiostrepton, and TFI-10 inhibited the protein-DNA complex with Ki ~ 51.97,29.87, and
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21.46 uM, respectively, which gives an extra advantage to our compound (TFI-10) with

a better DNA binding inhibition.

5.3.4 Luciferase reporter Assay

The observed increase in binding exerted by compound TFI-10 suggests a better
inhibitory profile, and therefore, to evaluate this hypothesis we measured the ability of
compound TFI-10 to inhibit the transcriptional activity of FOXMI in triple-negative
breast cancer cells determined by the use of a firefly luciferase reporter assay possessing

the corresponding FOXM1 DNA binding sites.

RLU

Figure 5-3. Luciferase level decreased after treatment with TFI-10 and troglitazone.
Luciferase plasmid bearing FOXM1 promoter was transfected into MDA-MB-231 cells,
and the relative level of luciferase activity was measured 24 hours after treatment with 20
and 40 uM of TFI-10 and troglitazone. All data indicate three replicates. The p values
were calculated with one-way ANOVA: *: P < 0.05; **: P< 0.01; ***: P < 0.001;

s P <0.0001.
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The relative decrease in FOXMI transcriptional activity after incubation of cells
in the presence of the drug molecules (Figure 5-3) resembled the pattern that we
previously observed in the immunoblot experiment (Figure 5-1). As expected, both

compounds (TFI-10 and troglitazone) showed significant activity in both 20 and 40 pM.

5.3.5 mRNA level analysis

To confirm the results obtained in both the western blot and luciferase assays described
above, we measured the mRNA levels of not only the target protein FOXMI1, but also
some of its downstream target proteins such as CCNBI and CDC25B. CCNBI1 and
CDC25B proteins are essential regulators of cell cycle progression; CCNB1 promotes the
entry of cell cycle from G2 to M phase, and CDC25 protein dephosphorylate the cyclin-
dependent kinase, which allows the cell to enter M phase (305). In consistency with our
previous protein immunoblot and EMSA experiments, TFI-10 decreased the mRNA

levels of the target genes to a greater extent than that produced by troglitazone (Figure
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Figure 5-4. qPCR analysis of the mRNA level of human FOXMI1 and its downstream

targets, including CDC25B and CCNBI. TFI-10 was able to significantly decrease the

134



mRNA level of all targeted genes at 20 uM after 24 hours of treatment, but troglitazone
was incapable of decreasing the level of human Cyclin BI; The p values were calculated

with one-way ANOVA: *: P <0.05; **: P <0.01; ***: P <0.001.

5.3.6 SP1 Expression level Determination

In this regard, a previous report by Petrovic et al. (20) showed that the drug-induced
decrease in the expression of FOXM1 exerted by thiazolidinediones takes place, mainly
through the inhibition of the TF SP1. Nevertheless, as we showed in Figure 5-5, we
observed a significant decrease in the expression levels of SP1 exerted by with the parent
molecule troglitazone; however, this effect is not observed when we incubate the breast
cancer cells with compound TFI-10, suggesting that TFI-10 inhibits the expression of
FOXMI1 by a different mechanism and therefore, it may be reasonable to assume that our
test molecule exerts a different mechanism of action, that is different than that observed

for the original thiazolidinedione (parent) compound.
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Figure 5-5. Western blot protein level analysis of TFs SP1 and FOXMI1. Troglitazone
and TFI-10 were significantly decreased the level of FOXM1 at 80 uM after 24 hours of

treatment, whereas the level of SP1 was only diminished by troglitazone. The asterisks
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above the bars represents statistically significant changes calculated using one-way

ANOVA:** P <0.01.

5.3.7 Electrophoretic Mobility Shift Assay-FOXO1-DBD and

FOXO0O3a-DBD

As we stated earlier, all members of forkhead box TFs have a conserved winged-helix
DBD. Because of their high sequence similarity of their DBD, we hypothesized that the
identified FOXM1 inhibitors might non-selectively target other FOXO families,
especially those with confirmed tumor suppression activity. To test this hypothesis, we
made recombinant FOXO1-DBD and FOXO3-DBD and employed EMSA to test if these

drugs can also interrupt mentioned TB binding to their consensus DNA.

It’s previously shown that FOXOs and FOXM1 TFs target the same consensus
DNA sequence. This site has previously shown to be conserved in ERa (216), Cyclin Bl
(155), HSP70 (140), and c-fos (140) genes. As shown in Figure 5-6-A, FOXO1 binds 1.5
times weaker to their consensus DNA (Kd ~ 508.7 nM) in comparison to the FOXM1
(Kd= ~361 nM). Set side by side, FOXO3a forms a tighter complex than FOXO1 and
FOXMI, having a Kd value of about 119.8 nM (Figure 5-6-B). Next, we tested the ability
of the drugs (TFI-10, troglitazone, and thiostrepton) to disrupt the DNA using EMSA. As
illustrated in Figure 5-6-A1, thiostrepton was unable to inhibit the binding of FOXO1 to
its target DNA while it inhibited the FOXO3 complex formation (Figure 5-6-B1).
Nevertheless, according to the representing EMSA gel images in Figure 5-6-A and B,
troglitazone inhibited the binding of both TFs. However, FOXO1 binding was more

affected (Figure 5-6-A2 and Figure 5-6-B2). Surprisingly, TFI-10 was unable to disrupt
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the complex formation of both FOXOs and DNA at any concentration. According to these

results, we can cautiously conclude that TFI-10 could selectively target FOXM1 without

influencing FOXO1 and, FOXO3a (Figure 5-6-A3 and Figure 5-6-B3).
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Figure 5-6. Determination of Kd for FOXO1/DNA and FOXO3a/DNA followed by
EMSA displacement experiment for thiostrepton, troglitazone, and TFI-10. A)
Determination of the Kd value of FOXOI1 and its consensus DNA. A1-3) Displacement
experiment for thiostrepton, troglitazone, and TFI-10; only troglitazone was able to
inhibit FOX0O3a/DNA complex formation. B) Determination of the Kd value of FOXO1
and its consensus DNA. B1-3) TFI-10 was unable to inhibit the FOX0O3a/DNA at any

concentration.

5.3.8 Molecular Modeling

To provide a fine-tuned justification for the observed biological profile shown by
compound TFI-10, we conducted a computer-based molecular modeling study based on
a previously reported protocol described by our group, in which we proposed a drug-
binding pocket at the interface of the FOXM1-DBD. As shown in Figure 5-7-A, we
observed a significant pi - sulfur binding interaction between the thiazolidinedione ring
present in TFI-10 and the His287 residue, in agreement with our previous report. In this
regard, the introduction of a methoxy group to TFI-10 contributed to its increased binding
affinity by exerting two hydrogen-bonding interactions with the Arg289 residue.
Furthermore, we observed an additional binding interaction involving the
trifluoromethyl moiety and the Trp308 and Arg297 residues, providing additional
evidence to support our previously reported drug binding site. The role of a halogen
binding is not only relevant and significant for the thiazolidinediones reported in this

research, but also for structurally different FOXM1 inhibitors such as the FDI-6 molecule
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reported by Gormally et al. (206). The superimposed structure of TFI-10 and troglitazone
is shown in Figure 5-7-B.

A)

ARG 286 .\

B)

Figure 5-7. Binding mode of TFI-10 and troglitazone.A) The schematic 3D
presentation of TFI-10 binding to the FOXM1-DBD. Amber line indicates pi-sulfur,

green lines show hydrogen bonds, cyan represents halogen bonding, and the red line
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shows pi-pi stacking interactions. B) Superimposed structure of TFI-10 and troglitazone

at the FOXM1-DBD/DNA interface.

5.3.10 Sulfur Effect

Scheme 5-2. Synthetic route for the preparation of TFI-10 derivatives. A) P11, B)
TFI-10-RHO: Reagents and conditions: (a) acetone, reflux, 1 hour; (b) ethanol, 120° C,

3 hours; (C) KoCO3, ethanol, 120° C, 18 hours; (D) MeOH, , 90 °C, 1 hour.

0 o

A) Q NH o
. o (P . @,P//t)to OQ)L: Qf\\.d(w
<7 g0 s b Fsc,©/\ o _,.FC/Q/\O/O S

o]

B) ° o
/©/\Br H /Q)LH H /Q/\/(NH
FiC HO LN /@f\o OKN?SL /©/\ 0 S\g
0 FiC -0 N FsC -0

5.3.10.1 Chemistry

As previously reported (210,306) and as suggested by molecular modeling mentioned
above, the sulfur atom is a vital and essential part of TFI-10 activity. To prove the
importance of sulfur atom, we chemically altered TFI-10. We synthesized two different
derivatives of TFI-10, where the thiazolidinedione was replaced with succinimide (P11)
or thodanine (TFI-10-RHO) rings (Scheme 5-2). In compound P11, the sulfur atom was
replaced by a carbon atom, while in compound TFI-10-RHO, an extra sulfur atom was

introduced.
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Figure 5-8. Non-sulfur bearing derivative (P11) was unable to decrease the FOXM1
protein level in MDA-MB-231. FOXM1 protein level of TFI-10, P11, and TFI-10-RHO
after 24 hours. Treatment (40 uM) in the MDA-MB-231 cell line. Compound P11 in
which sulfur was replaced with a carbon of thiazolidinedione ring was unable to decrease

the FOXM1 protein level pointing toward the undeniable role of the sulfur atom

As we were expecting and shown in Figure 5-8, compound P11 was unable to
decrease the FOXMI1 protein level in MDA-MB-231, a breast cancer cell line where the
FOXM1 is upregulated. However, the compound having one extra sulfur in its ring (TFI-
10-RHO) was slightly more active than the parent molecule TFI-10.

We also employed the previously reported EMSA assay to investigate the ability
of these new derivatives to dissociate the FOXM1-DBD/DNA interaction (Figure 5-9).
In agreement with the protein immunoblot results, compound P11 was unable to bind to
FOXM1-DBD, while compound TFI-10-RHO was significantly better Ki (7.35 pM) in
compare to TFI-10 (Ki= 21.46 uM). These finding clearly shows that there is a strong
relationship between the presence of sulfur atom and FOXM!1 inhibitory capacity of these
molecules further strengthening our previous finding regarding the importance of sulfur

atom.
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Figure 5-9. EMSA displacement experiment of compound P11 and TFI-10-RHO.
Compound P11 (A) was unable to inhibit the binding of FOXMI1 to its consensus DNA.
Compound TFI-10-RHO (B) having rhodanine ring was almost three times more potent

than TFI-10 (Ki: 7.35 pM).

5.4 Summary and Conclusion

In summary, this research article describes a new approach to modify the
thiazolidinedione scaffold to produce derivatives that retain the desirable FOXM1
inhibitory profile, via an SP1-independent mechanism, which paves the way for the
design of novel drug molecules with a good chance of exerting anticancer effects on
triple-negative breast cancer cells. We demonstrate direct binding inhibition of the

protein-DNA complex, and to some extent, a considerable transcriptional inhibition of
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the FOXMI1 protein, resulting in inhibition of downstream target proteins and a
significant decrease in cancer cell colony formation in vitro. We also showed that TFI-10
could only target FOXM1-DBD but not the other closely related tumor suppressors
(FOXO3a and FOXOT1). However, EMSA only represents the binding of these drugs to
the DBD, while drugs can bind and alter TF in numerous other ways. Finally, using
chemical alteration, we proved that the role of the sulfur atom in FOXM1 inhibition is
undeniable.

In conclusion, we submit a new approach to change the anticancer mechanism of
action exerted by the thiazolidinedione scaffold, producing potent FOXM1 inhibition that
is independent of the SP1 transcription pathway that was previously correlated to this
group of molecules. These results could be valuable for designing selective FOXM1

inhibitors in the near future.
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Chapter 6

AS1842856 is a Dual Inhibitor of FOXO1
and FOXMI1 Transcription Factors
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6.1 Introduction

Forkhead Box Os (FOXOs) are a family of TFs characterized by a distinct and DBD (89).
These Transcription factors are all bind to the same sequence of DNA (Daf-16 Protein-
binding element (DBE: 5-TTGTTTAC-3') and engage in numerous physiological
process including cellular proliferation, apoptosis, cell cycle regulation, and cancer
(110,112,113). Currently, four discrete types of FOXO family with different tissue-
specific expression has been identified: FOXO1 (FKHR), FOXO3 (FKHRL1), FOX04
(AFX) and FOXO6 (85,307). In particular, FOXOI1 has been linked by many bodies of

literature to diabetes mellitus as well as cancer.

® 1S1842856

§y ¥ ¥ § 0t

Adipogenesis  Adipose Autophagy  Osteoclastogenesis ~ Glucose Production  Insuline Secretion  Insulin Resistance
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Figure 6-1. Promising effects of AS1842856 in diabetes In diabtetes, it presented to
decrease adipogenesis (308), adipocyte autophagy (309), osteoclastogneesis (Indirectly

linked to diabetes) (310), glucose production (311), and diminish insulin resistance (308).

FOXO1 expression is higher in insulin-responsive tissues like pancreas, liver, and
adipose (312). Phosphoinositide 3-kinases (PI3K) gets activated by insulin in response to

the high level of blood glucose level. Subsequent phosphorylation of AKT by PI3K leads
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to FOXO1 phosphorylation by AKT and suppression of its transcriptional activity (115).
FOXOTL is known to bind to the insulin response unit (IRU) within the promoter region
of the Glucose 6-phosphatase (G6P), the enzyme that catalyzes the conversion of glucose-
6-phosphate to glucose. The phosphorylation and subsequent deactivation of FOXOI1
negatively regulate this process and inhibits G6P dependent gluconeogenesis and
glycogenolysis (313). It has been shown that inhibition of FOXOI1 leads to a decrease in

the level of insulin and an increase in glucose tolerance (311).

On the other hand, FOXO1 induced glucose intolerance and promoted obesity and
insulin resistance when overexpressed in the hypothalamus and pancreas (314). FOXO1
has also been linked to many metabolic pathways like skeletal muscle, adipose tissue

differentiation, and lipid metabolism. [reviewed in reference (315)].

However, its role in cancer is controversial, and both its oncogenic and tumor-
suppressive functions have been reported. /n vivo knockout studies of FOXO1 resulted in
mouse embryo lethality by interfering with angiogenesis; nevertheless, in cancer, the only

aggregate loss of FOXO1/FOXO0O3/FOXO04 led to tumorigenesis (92).

Today, researchers are becoming more interested in understanding the role of
FOXO1 in tumorigenesis to capture its controversial behavior. FOXOs are known to be

the bonafide tumor suppressors (121).

Contrarily, it is found that inhibition of FOXOI1 (both genetic and
pharmacological) in B-cell precursor acute lymphoblastic leukemia (BCP-ALL) was
antileukemic. (316). In another study, overexpression of FOXO1 was found to promote

the proliferation and colony formation ability of AMLI1-ETO (AE) modeled leukemia
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cells (317). Besides this, MMP1 as a metastasis facilitation factor is tightly regulated by

FOXOL1 (133).

AS1842856 was the first known selective inhibitor of FOXO1 with no significant
effect on the level of other FOXOs, i.e., FOXO3 and FOXO4. This drug was able to
reduce the FOXO1 mediated glucogenesis resulting in decreased plasma glucose levels.
This finding suggested that FOXO1 inhibitors can serve as a new class of drugs for
treating type 2 diabetes (311). Furthermore, AS1842856 was also able to decrease the
FOXO1 mediated adipogenesis, which makes it very beneficial for those suffering from
obesity as well as type 2 diabetes (308). Figure 6-1 outlines the different effects of

AS1842856 observed in diabetes.

Based on the high sequence homology in the structure of FOXOs and the
oncogenic TF FOXM1, we hypothesized that AS1842856 could also target FOXM1. To
test this hypothesis, we designed series of experiments to test the inhibitory effect of
AS1842856 in two breast cancer cell lines (MDA-MB-231 and MCF-7), which has been

previously shown to express both FOXM1 and FOXOI.

6.2 Materials and Methods

6.2.1 Reagents and Chemicals

AS1842856 was received from Sigma Aldrich and used without any purification. FDI-6

was synthesized and purified as previously reported (260).
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6.2.2 Cell Culture

MDA-MB-231 and MCF-7 cells were maintained in RPMI, and DMEM media

supplemented with 10% FBS in a 5% CO2 atmosphere at 37 °C, respectively.

6.2.3 Antibodies

The FOXM1 monoclonal (mouse, sc-271746) antibody; SP1 monoclonal (mouse, sc-420)
antibody; beta-actin monoclonal (mouse, sc-47778), p53 monoclonal (mouse, -sc-126),
CDC25B polyclonal (rabbit, sc-326), CCNB1 monoclonal (mouse, sc-7393), GAPDH
monoclonal (mouse, sc-32233) were obtained from Santa Cruz Biotechnology. FOXO1
monoclonal (rabbit, 2880), P-FOXO1 Ser256 monoclonal (rabbit, 9461), AKT
monoclonal (rabbit, 9272) and P-AKT Ser473 (rabbit, 9271) were received from Cell

Signaling Technology.

6.2.4 Western Blot

MDA-MB-231 and MCF7 cells were seeded in 6 well plates (3x10°) and either
transfected or treated with different concentrations of drugs. The cells were washed with
ice-cold PBS, and RIPA lysis and extraction buffer (ThermoFisher) containing the
appropriate concentration of protease and phosphatase inhibitors were added. The cells
were incubated for 30 minutes, and the protein was extracted according to the
manufacturer’s protocol. An equal amount of protein (30 pg) was loaded into a 4-12%
Mini-PROTEAN® precast gel (Bio-Rad). Upon completion of the electrophoresis, the
separated proteins were transferred from the gel to a nitrocellulose membrane and blocked

with 10% fat-free milk in TBST for 1 hour. Then, the membrane was incubated with the
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corresponding primary antibody overnight on a rocking platform. The next day, the
membrane was washed with TBST for 15 minutes in total, before incubation with the
corresponding secondary antibody for 1 hour. Next, the membrane was washed 3 times
with TBST, and the protein of the interest was visualized by adding the
Chemiluminescence reagent (ThermoFisher). The quantification was carried out using

ImagelJ software relative to either B-Actin or GAPDH.

6.2.5 Protein Expression and Purification

Recombinant FOXMI1-DBD was prepared as previously reported. FOXOI1-DBD
recombinant protein was prepared by transforming the PEX-N-GST FOXOI1-DBD
plasmid (OriGene technologies, USA) into the BL21 (DE3) competent cells. Positive
colonies were selected on LB agar media (ampicillin 100ug/mL) and inoculated into LB
media containing the appropriate concentration of ampicillin at 37 °C until they reached
the optical density of 0.6. Next, ] mM IPTG was added. After 3 hours of incubation in an
incubator shaker at 37 °C, the protein was extracted using B-PER™ Bacterial Cell Lysis

(Thermofisher) and purified using glutathione resin (GeneScript, USA).

6.2.6 Plasmids and Short interfering RNAs

siRNA for FOXM1 and FOXO1 were purchased from Dharmacon (Lafayette, CO, USA).
pCW57.1-FOXM1c and PCF257.1-FOXMI1b were gifts from Adam Karpf (Addgene
plasmids #68810 and #68811) (318). PGL4.10 was employed as the empty vector, as well
as the backbone for the FOXMI luciferase reporter vector containing the FOXM1

consensus sequence (319).
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6.2.7 Lentiviral Based Transduction

The Lentiviral transduction was performed according to the method reported by Haque et

al. protocol (320).

6.2.8 Cell Proliferation Assay (MTT)

The MTT experiment was performed as previously reported.

6.2.9 Electrophoretic Mobility Shift Assay

The Kd values were obtained by titrating the recombinant FOXO1-DBD and FOXM1-
DBD with their consensus DNA oligo (12.8 nM) (Forward strand: 5'-/IRD700/-
AAACAAACAAACAATCAAACAAACAAACAATC-3') using EMSA as previously
reported (260) . The concentration of FOXO1-DBD and FOXM1-DBD for displacement

experiment was 265 nM and 480 nM, respectively.

6.2.10 Colony Formation Assay

MDA-MB-231 and MCF-7 cells were either treated with drugs or transfected with
corresponding siRNAs. Treated drugs were harvested after 24 hours, while the cells were
incubated with siRNA for 48 hours. Next, cells were trypsinized, resuspended and 750
cells were seeded into 10 cm Petri-dishes. After ten days, cells were washed with PBS
and fixed using methanol. After 20 minutes, colonies were stained with 5 mL of 90%
Crystal Violet solution for 30 minutes. Then, the dishes were rinsed three times with tap
water and air-dried. The colonies were counted using Imagel software, and the values

were plotted using Prism.

150



6.2.10 Luciferase Assay

The empty reporter plasmid-PGL4.10 and the 6X-FOXM1 firefly reporter were gifts from
Drs. Carter J Barger and Adam R. Karpf. MDA-MB-231 cells were transfected with
Jetprime transfection reagents following manufacturer’s protocol with an equal amount
of 6x-FXOMI1 and empty backbone plasmids. The cells were treated with 40 pM of drugs,
and after 24 hours, cells were harvested using Reporter lysis Buffer (Promega). An equal
amount of protein was analyzed for each sample following the manufacturer’s protocol

(Promega).

6.3 Results and Discussion

6.2.10 Protein Immunoblot and Gene Silencing

FDI-6, a non-proteasome inhibitor (unlike thiostrepton), and a known inhibitor of
FOXMI1 were chosen as a positive control for these experiments (206). FOXM1, FOXOI1,
and FOXM1 and FOXO1 double siRNA knockdown were performed on MDA-MB-23
for complete downstream target analysis. As shown in Figure 6-2, both FDI-6 and
AS1842856 were able to decrease the protein level of FOXMI1 at 40 uM significantly;
however, AS1842856 at 20 pM showed no apparent inhibition compared to the vehicle
control (DMSO). Surprisingly FDI-6, which is known to bind to the FOXM1-DBD, was
also able to decrease the level of FOXOI1 considerably. Besides that, the level of
phosphorylated FOXO1 at Ser256 was also measured. It is well known that FOXO1
phosphorylation at this position is essential for its DNA binding ability and gene targeting
(321). Intriguingly, the level of phosphorylated FOXO1 was not decreased by any of the

tested drugs, and it is only reduced when the FOXO1 gene is silenced.
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The level of SP1 TF (304), which is a known regulator of FOXM1 was also
assessed; none of our drugs were able to affect the level of SP1. However, the level of
SP1 was diminished when both FOXO1 and FOXM1 genes were silenced which requires

further investigation.
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Figure 6-2. AS1842856 and FDI-6 decreased the FOXM1 and FOXO1 protein levels
in MDA-MB-231. Protein expression level analysis of FOXO1, FOXM1 and their
upstream and downstream regulators and targets after treatment with AS1842856 and
FDI-6 or gene silencing of FOXM1 or FOXO1 (A). The cells are either knocked-down
with appropriate siRNA or treated with test compounds at 20, and 40 uM for 24 hours.
B) quantified relative FOXM1 expression of (A), C) quantification of relative FOXO1
expression of (A). Bars represent the average value of three independent experiments.

The asterisks represent the significance calculated using one-way ANOVA: *: P <0.05.

To confirm that the AS1842856 can also decrease the downstream targets of
FOXM1, we also measured the protein level of CDC25B and CCNBI1. As expected, the
FOXOI inhibitor could effectively decrease the protein level of these cyclins, which are

known to be directly regulated by FOXM1.
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Figure 6-3. Effect of AS1842856 and FDI-6 of the protein level of FOXO1, FOXM1
in MCF-7 breast cancer cell line. AS1842856 decreased the expression level of both

FOXMI1 and FOXO1 in an ER positive breast cancer cell line.

The inhibition effect of AS1842856 on the other breast cancer cell line (MCF-7)
was also measured, and the same results were obtained. AS1842856 was able to reduce
the transcription level of FOXMI1 in the ER-positive cell line (MCF-7). (Figure 6-3). The
interesting and essential point revealed, was that the level of FOXM1 and FOXO1 did not

notably decrease when the FOXO1 and FOXM1 gene were silenced, respectively.

6.2.10 Effect of FOXM1b and FOXM1c¢ Overexpression on FOXO1

To understand the correlation between these two TFs, FOXM1b and FOXMIlc were
overexpressed in HEK293T cells. It is apparent from Figure 6-4-A that when we
overexpressed the FOXMI1b isoform, the level of FOXO1 and FOXM1 downstream
target surge in the same order. On the other hand, overexpression of FOXM ¢ decreased
the level of endogenous FOXOI1. It does not fit into the context of this manuscript to state
whether the FOXM1 isoform dependent regulation of FOXOI1 is by direct or indirect
regulation mechanism or not. However, what is apparent is that the determination of
FOXMI1 isoform-specific inhibition by FOXMI1 inhibitors is essential. These results can

also explain why the FOXM1 and FOXOI levels upon gene silencing of FOXOI1 and
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FOXMI, were not notably decreased. With these findings, we can cautiously conclude

that the effect of these drugs on the level of FOXM1 and FOXO1 are independent.
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Figure 6-4. Western blot analysis of doxycycline-inducible (TET-ON)
overexpression of FOXM1b and FOXM1c. A) Overexpression of FOXM1b enhanced
the expression of FOXO1 as well as FOXM1’s downstream target, CCNB1. B) FOXMlc¢

overexpression decreased the level of endogenous FOXO1.

6.2.10 Luciferase Reporter Assay

Next, we measured the effect of these drugs on the transcription level of FOXMI1 from
another angel using Luciferase assay. As Figure 6-5 suggests, both drugs could
effectively decrease the level of luciferase in a dose-dependent manner, which directly

reflects the level of available and transcriptionally active FOXM1.
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Figure 6-5. Dose dependent reduction in the level of luciferase by AS1842856 and
FDI-6. The relative level of luciferase activity showed dose-dependent effect of
AS1842856 and FDI-6 on the functional FOXM1 level after 24 hours of incubation. Bars
represent the average value of three independent experiments. One-way ANOVA was

used to determine the significance: *: P < 0.05.

6.2.10 Electrophoretic Mobility Shift Assay: FOXM1-DBD and

FOXO1-DBD

Previously, Gormaly et al. showed that the FDI-6 could disrupt the binding of FOXM1
and its target gene using the EMSA (206). We also showed in our previous publication
that FDI-6 and some other derivatives of it could directly bind to FOXM]1 and prevent
the binding of FOXMI to its consensus DNA target. However, Nagashima et al. found
using the mass spectrometric affinity that AS1842856 could only bind to the none Ser256

phosphorylated form of the FOXO1 (311).
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Figure 6-6. EMSA displacement experiment with recombinant FOXM1-DBD and
FOXO1-DBD. A and D) AS1842856 was unable to dissociate the binding of FOXM1
and FOXOL1 to its consensus DNA at any concentration, indicating that binding of this
compound possibly does not alter the DNA binding ability of FOXM1 and FOXO1. B
and C) FDI-6 targets both FOXM1-DBD (as previously reported) and FOXO1-DBD and

inhibit their DNA binding.

To test if binding of AS1842856 to the FOXO1 disrupts the ability of FOXO1
protein binding, we performed the EMSA displacement experiment with the recombinant
FOXO1-DBD protein. Figure 6-6-D shows that AS1842856 was unable to disrupt the
binding of FOXO1 and DNA. On the other hand, FDI-6 (Figure 6-6-C) inhibited the
binding of FOXO1 to its consensus DNA with an identical Ki value reported for FDI-

6/FOXM1-DBD (260).

Next, we prepared recombinant human GST-FOXM1-DBD and performed the
same displacement experiment discussed above. As illustrated in Figure 6-6-A and B

only FDI-6 was able to prevent the FOXM1/DNA binding, and AS1842856 had no
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affinity for the FOXM1-DBD similar to the effect we observed between the AS1842856

and FOXO1-DBD

These data suggest that these two drugs are inhibiting FOXM1 and FOXO1 with
a different and distinct mechanism, i.e. FDI-6, by directly binding to these two-TFs DBD
and AS1842856 probably binding to the other part of the protein, either altering the

protein structure or phosphorylation state.

It is established that the FOXMI is the Achilles hill of most cancers (322). The
level of FOXMI is highly increased in many cancers (188,318,323), its level is directly
correlated to the chemotherapy resistance (169) and inversely linked to the patient
prognosis. It is now a well-known fact that inhibition of this TF could be a new strategy
for chemotherapy. This indicates that finding the novel mechanism of action of
AS1842856 and FDI-6 as dual inhibitors of FOXM1 and FOXO1 could serve as a

promising approach in cancer treatment.
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Figure 6-7. The effect of AS184256 on the cell viability of MCF-7 and MDA-MB-231
breast cancer cells as evaluated by MTT assay. As1842856 significantly decrease the
number of viable cells with an IC50 of 1.31 and 0.48 uM in MCF-7 (A) and MDA-MB-

231 (B), respectively, after 72 hours incubation time.
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6.2.11 Cell Proliferation Assay (MTT)

Figure 6-7 shows the cell proliferation assay performed using AS1842856 in both MDA -
MB-231 and MCF-7 cells. The IC50 value recorded for AS1842856 were 0.48 and 1.31
puM in MDA-MB-231 and MCF-7, respectively. AS1842856 was found to be more potent
in terms of inhibiting the cancer cell proliferation in contrast to the FDI-6, where the IC50
values measured for this drug were 31.1 and 13.43 uM in MDA-MB-231 and MCF-7,

respectively and as previously reported (260).

6.2.10 Colony Formation Assay

With the promising effects of AS1842856 on the tested breast cancer cell lines and its
low IC50 values, we decided to measure the effect of our drugs as well as the gene
knockdown on the colony production ability of breast cancer cells. Figure 6-8 shows the

number of colonies after either vehicle, drug treatment, or gene silencing.
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Figure 6-8. No colonies were able to grow after dual knockdown of FOXM1 and
FOXOL1 genes in the colony forming assay. 24 hours after incubation with AS1842856
or FDI-6 and 48 hours after transfection with FOXO1, FOXMI1, or both, cells were
collected and 750 cells allowed to grow for 10 days. In both cell lines (MDA-MB-231
(A) and MCF-7 (B)), AS1842856 treated cells colonies (A3 and B3) were less than
colonies produced by FDI-6 treated cells (A2 and B2). No colonies were able to grow
after dual knockdown of FOXM1 and FOXO1 in both MDA-MB-231 and MCF-7 (A7
and B7). The asterisk represents the significance calculated using one-way ANOVA: *:

P <0.05.

As shown in Figure 6-8-A8 and B8, the cells formed significantly less colonies
in both AS1842856 and FDI-6 treated cells and FOXM1 and FOXO1 knockdown groups

in both cell lines. However, in MCF-7 cell line, the colonies produced by AS1842856
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were fewer than those by the FDI-6. The surprising and unexpected observation was the
inability of both cell lines to produce a significant number of colonies when both FOXM1

and FOXOI1 genes were silenced.

In contrast to our observations, Guan et al. found that the activation of FOXO1
considerably diminished the ability of the osteosarcoma cells to form colonies and
proliferate (125). In another study, FOXOI silencing increased the colony producing
capacity as well as the proliferation of gastric carcinoma cells (324). However, in our
experiments, no significant effect in colony numbers after the FOXO1 knockdown was
observed. The interesting finding was that almost no colonies were able to grow after 10
days by the cells where both FOXO1 and FOXM1 genes were silenced. This gives extra
support to the claim that the dual inhibition of these two essential TFs can be clinically

beneficial.

6.4 Summary and Conclusion

Pharmacological inhibitors are generally more popular choices than gene silencing
methods like siRNA or short hairpin RNA (shRNA) as they are easier to use and the
transfection steps can be skipped. Gene silencing can produce fewer off-target effects,
but the effect may take days to be seen. Conversely, the effect of pharmacological
inhibitors is usually achieved faster. At the same time, the in vivo siRNA delivery is a
more challenging task compared to a pharmacological inhibitor, making the former a

better and more preferred choice.

AS1842856 as the first reported pharmacological inhibitor of FOXOI is being

widely used in many research areas including diabetes and cancer, where inhibition of
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FOXOL1 is required. Based on the observed off-target effect of AS1842856 and its
FOXM1 inhibitory activity, caution must be taken when describing the anti-proliferative

or anti-tumor activity of AS1842856.

Besides, we demonstrated that the cells having dual knockdown of FOXO1 and
FOXMI1 are incapable of proliferation and colony formation. Not only AS1842856, but
dual inhibition of FOXO1 and FOXMI1 requires further attention and could serve as a

novel target for chemotherapy.
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Chapter 7

Conclusions and Future Directions
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7.1 Conclusions

This thesis describes the general inhibition mechanism exerted by FOXM1 inhibitors and
the structural requirements necessary for small molecules to inhibit and modulate this
oncogenic TF. Furthermore, it introduces a novel class of FOXM!1 inhibitors, namely the
TFIs, which selectively target the FOXM1 and not its closely related FOXO tumor
suppressor’s proteins.

In this thesis, initially, we performed an extensive MD simulation to study the
relationship between FOXM1 and its DBD that yields the FOXM1-DBD/DNA complex.
Two different MD simulations were performed; one with the DNA complex and one with
the isolated FOXM1-DBD. The FOXM1-DBD/DNA complex MD simulation revealed
valuable information regarding the stability and the key amino acids required for DNA
recognition. Amongst the amino acids required for DNA binding, we found that His287
is responsible for initial DNA recognition and binding. On the other hand, we used
isolated FOXM1-DBD to identify a plausible binding pocket on the surface of FOXM]1-
DBD. After identification of the binding pocket, we used small-molecule docking
protocols and reported a mutual binding mode for known FOXM1-DBD direct inhibitors
(thiostrepton and FDI-6) as well as troglitazone. After careful analysis of the binding
modes of these compounds, we found that they all have a sulfur atom bound to the His287
residue of FOXM1-DBD via a pi-sulfur interaction. Additionally, we proposed that FDI-
6 forms a complex with FOXM1-DBD using a halogen bond with its 4-fluoro phenyl
group.

To provide evidence of these observations, we designed several chemical and

biological experiments to validate these findings. Initially, we introduced several changes
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to the structure of FDI-6 to confirm if the halogen bonding is necessary for its FOXM1-
DBD binding. After the determination of the cellular level of FOXM1 as well as cell-free
EMSA assay in the presence of these drugs, we confirmed that any halogen at the para or
meta position of the phenyl ring of FDI-6 is required for its inhibitory activity.

To validate the existence of pi-sulfur interaction, we replaced the sulfur atom in
the structure of FDI-6 with its closely related atom, oxygen. We also investigated the
effect of thiophene ring removal or replacement with a phenyl group in the structure of
FDI-6. Furthermore, to evaluate the relevance of the aromatic character of His287, we
employed the site-directed mutagenesis technique and mutated the His287 residue to a
non-aromatic (alanine) and an aromatic (phenylalanine) amino acid. The results indicated
that the presence of pi-electron cloud and aromaticity is vital for the binding of FDI-6,
and inhibition of these molecules is in fact, sulfur-dependent.

With the lesson learned from the theoretical and experimental investigation of
FOXMI inhibitors and their binding site, we designed and synthesized a series of
compounds bearing the backbone of thiazolidinediones (TFI series). At least 3 derivatives
were considered active in the protein immunoblot analysis of cellular FOXM1. Among
them, we picked compound TFI-10 for further analysis. Compound TFI-10 was able to
decrease the mRNA level of FOXM1, and its downstream targets CDC25B and CCNB1
to a greater extent than troglitazone. Furthermore, it was shown than TFI-10 is ~1.5 times
more potent than the parent compound troglitazone in inhibiting the FOXM1/DNA
complex formation in the EMSA assay. Besides, using the recombinant human FOXO1-
DBD and FOXO03a-DBD and employing EMSA, we presented the finding that TFI-10,

unlike thiostrepton and troglitazone, is incapable of interrupting the protein/DNA
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complex formation of these important tumor suppressor proteins. Based on these results,
we cautiously concluded that TFI-10 could be considered a selective FOXMI1 inhibitor.

Finally, we report that the known FOXO1 “selective” inhibitor, AS1842856 is not
in fact selective and can additionally target FOXM1. Gene silencing of FOXM1 and
FOXOI1 revealed that AS1842856 could also target and decrease the transcription level
of FOXM1. Besides, the already known FOXM1-DBD direct inhibitor, FDI-6, exhibited
dual inhibition of FOXO1 and FOXM1. We also showed that FOXM1b can promote the
expression of FOXO1, and we suspect that FOXM1c can also repress the expression of
FOXOI, but further investigations are required. EMSA revealed that unlike FDI-6, the
binding of AS1842856 doesn’t affect FOXMI1 and FOXO1 binding to their consensus
DNA. FDI-6 on the other hand, inhibited the binding of FOXO1-DBD with similar
fashion as previously reported for the FOXM1-DBD. These findings, besides the EMSA
displacement assay of FDI-6 and AS1842856, indicated that these drugs inhibit the
FOXO1 and FOXM1 TFs with a discrete mechanism. FDI-6 directly binds to the DBD
while AS1842856 (as suggested by the group who reported the compound) possibly binds
to the non-phosphorylated (active) form of FOXO1. We also highlighted that the dual
knockdown of FOXMI1 and FOXO1 stopped the growth and proliferation of two breast
cancer cells and could be beneficial for cancer treatment.

Overall the finding of this thesis comprehensively presents the mechanism of
direct FOXM!1 inhibition as well as the structural requirements to design a potent FOXM 1
inhibitor. We also introduced a novel class of FOXM1 inhibitors based on the structure
of troglitazone and introduced compound TFI-10, to be known as the very first selective

inhibitor of FOXMI.
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7.2 Limitations of this Research

One major limitation of the current study was that we performed the EMSA with just the
DBD of the proteins involved, FOXOs and FOXMI1. This is particularly important
because the use of full length proteins might produce different folding and conformation
than the smaller DBD. Production of the full length proteins and their subsequent site
directed mutagenesis is a promising but extremely difficult task to perform and not in the
scope of this initial investigation.

Another limitation of our EMSA was the use of a very short fragment of DNA. In
reality, the DNA is a very long macromolecule which is highly organized and tightly
condensed in the nucleus of cells. A possible option to overcome this issue is the use of
chromatin immunoprecipitation assay to investigate the interactions of DNA and the
corresponding proteins in vitro.

Throughout this research, we did not consider the presence of possible metabolites
of the tested compounds. This is an important point to consider since the effect observed
for the in vitro experiments could, at least in part, be due to the presence of the
metabolites. An example is the somewhat confusing results observed for compound F2
(see chapter 4) which was active in EMSA but inactive in western blot. This could
represent an example of metabolism-based drug inactivation of compound F2. These
metabolites could be identified (if present) using techniques such as LC-MS and NMR.

The other limitation of this study was the absence of in vivo data. Determination
of the actual potency of a novel class of FOXM1 inhibitors might be impossible without
performing the animal studies. Small molecules with even a small modification might

have different and distinct absorption, distribution, metabolism, excretion and activity
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patterns. This is particularly important since a compound which is active in vitro might

be completely inactive in vivo or vice-versa.

7.3 Future Directions

7.3.1 Selective FOXM1 Targeting

As mentioned previously, other family members of the Forkhead box have a high level
of sequence similarity in their conserved DBD. This is particularly important when
designing a small molecule based on the structure of FOXM1-DBD, which could lead to
unwanted off-target effects. Currently, crystal structures of FOXO1, FOXO3, and
FOXO4 DBD is available in PDB . with the employment of MD simulations and other
molecular modeling techniques; we can theoretically predict if these drugs are selective
for FOXM1 or not. Next, designing and testing the effect of small molecules on the
inhibition of these TFs is an essential step. EMSA, Chromatin immunoprecipitation and
luciferase assay may be employed to test if any compound can modulate the effect of

these important tumor suppressors.

7.3.2 Targeting FOXM1 TAD

Recently the NMR structure of FOXMI1-TAD in complex with the FOXMI1-NRD has
been determined. This is predominantly important because our preliminary investigation
revealed that there is a well-defined binding pocket capable of housing small molecules
on the surface of TAD. As previously mentioned, TAD is one of the most crucial domains
of FOXMI1, required for protein-protein interaction with many co-factors and proteins.
Any drug molecule capable of binding to the TAD could disrupt its structure and

potentially switch off the protein function. MD simulation and molecular modeling can
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be employed to define and study the binding pocket on the surface of TAD. Several cell-
free experiments, including cellular thermal shift assay (CETSA) and EMSA, can be
employed to confirm the binding of small molecules to the FOXM1 TAD.

As mentioned earlier in this thesis, Forkhead box family members possess a
conserved DBD, but other domains have lower sequence similarity, which accounts for
their distinct function. Inhibition of FOXMI1 using this approach could at least,

theoretically eliminate the off-target effects.

7.3.3 FOXM1 Isoform-Specific and FOXO1/FOXM1 Dual Inhibition

In chapter 6, we presented using colony formation assay that the dual knockdown of
FOXO1 and FOXM1 almost made the cell incapable of forming colonies. Dual inhibition
of FOXM1 and FOXOI could be clinically relevant, and further in vitro and in vivo
investigations are required to confirm their significance. In the same chapter, we found
that FOXM1b and FOXM ¢ has a distinct effect on the level of FOXO1. However, we
did not measure the effect of FOXM1 isoforms on the level of other FOXOs. Besides, we
were unable to elucidate the mechanism of enhancement of FOXOI1 expression by
FOXM1b. Unrevealing, the mechanism of regulation of FOXM1 with other FOXOs, is
not only crucial in better understanding of the tumor growth and proliferation but in

designing a better and more selective inhibitor of FOXMI1.
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A.1 NMR Spectroscopy Data
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A1.2 BC-NMR (DEPTQ) 150 MHz, 7a
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A1.3 '"H-NMR 600 MHz, 7b
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Al.4 BC-NMR (DEPTQ) 150 MHz, 7b
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A1.5 '"H-NMR 600 MHz, 7¢
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A1.6 *C-NMR (DEPTQ) 150 MHz, 7¢
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Al1.7 '"H-NMR 600 MHz, 7d
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A1.8 BC-NMR (DEPTQ) 150 MHz, 7d
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A1.9 '"H-NMR 600 MHz, 7e
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A1.11 "H-NMR 600 MHz, 7f
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A1.12 BC-NMR (DEPTQ) 150 MHz, 7f
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A1.13 "TH-NMR 600 MHz, 7g
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A1.15 "H-NMR 600 MHz, 7h
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A1.16 BC-NMR (DEPTQ) 150 MHz, 7h
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A1.17 "H-NMR 600 MHz, 7i
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A1.18 BC-NMR (DEPTQ) 150 MHz, 7i
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A1.19 "H-NMR 600 MHz, 7j
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A1.20 BC-NMR (DEPTQ) 150 MHz, 7j
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A1.22 BC-NMR (DEPTQ) 150 MHz, 7k
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A1.23 "H-NMR 600 MHz, F2
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A1.24 BC-NMR (DEPTQ) 150 MHz, F2
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A1.25 "H-NMR 600 MHz, F3
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A1.26 BC-NMR (DEPTQ) 150 MHz, F3
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A1.27 "H-NMR 600 MHz, F4
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A1.28 BC-NMR (DEPTQ) 150 MHz, F4

oxm
o 3 &
a [ =
) o

on

o 159.16 483
g -/ 158.80 8=

~

i 157.53 >5

| S % S
>
a g3

i 151.09 I
& =9
(=] [ssIRN]

IS

] =
> 3
u 142.48 =

4 J— o

T
= (V2]
N T,
= =}

4 w
o 134.89 o
& ~134.34 =
| ~ -:‘.'

E 130.90 <
= - ~129.16 o
S| - 12871 =

1 3 126.75 o
| -~ v
S 122.28
A _ 12223
N —
=/ =

1 E 115.22
)
= = — 11508

E = 111.38
= — - J—
=
S 107.86
-

S =
v I
[ee
2 j
-
P
8 E o
3 o 134.89
o = 1 —134.34
U t; —_

i N

g L
I

j — N
o j
ui =

I

j = (=
) = = E—an 12671 79.19
& _ S 7897

= BN ~

1 37 126.75
N ~ 1- —

Ul =
N

1 _ o
o = i
= = =

N

1 EN
o = , 122.28
qi = | 12223

N

1 = N
o j
S| — L

j = N

— (=
u = i
Ui
-
4 =
ool
U
(=)
N =
Ui —
3 39.52 Dimethyl Sulfoxide-d6
W)
Ui

223



A1.29 "H-NMR 600 MHz, F5
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A1.30 BC-NMR (DEPTQ) 150 MHz, F5
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A1.31 "H-NMR 600 MHz, F6
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A1.32 BC-NMR (DEPTQ) 150 MHz, F6
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A1.33 "TH-NMR 600 MHz, TFI-4INT
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A1.34 BC-NMR (DEPTQ) 150 MHz, TFI-4INT
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A1.35 "TH-NMR 600 MHz, TFI-SINT
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A1.36 BC-NMR (DEPTQ) 150 MHz, TFI-SINT
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A1.37 "H-NMR 600 MHz, TFI-6INT
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A1.38 BC-NMR (DEPTQ) 150 MHz, TFI-6INT

(wdd) 14

0TT

06T

08T

0L

09T

0ST

0)48

0€T

0¢T

00T

06

08

0L

09

0S

(014

(wdd) 14
0ST
1

§ST
1

ShT
1

—154.51

—147.76
—147.08

—144.65

|

—191.30

—154.51

_~147.76
™\-147.08
~~-144.65

—129.58
~128.27
\-126.89
—123.66

_~111.73
™-111.18

—68.69

—56.09

£ emysia {/1dg guidsdo] \lexnig\:0} OSIWG v'bidad™ddd

810¢-€¢InC

1NI-e/ uo bydaq :pineq

—39.52 Dimethy! Sulfoxide-d6

233



A1.39 "H-NMR 600 MHz, TFI-7INT
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A1.40 BC-NMR (DEPTQ) 150 MHz, TFI-7TINT
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A1.41 PF NMR 565 MHz, TFI-7TINT
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A1.42 "H-NMR 600 MHz, TFI-S8INT
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Al1.44 "H-NMR 600 MHz, TFI-9INT
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A1.45 BC-NMR (DEPTQ) 150 MHz, TFI-9INT

(wdd) 14

002

06T

08T

0LT

091

0ST

ovT

0€T

(114}

01T

00T

06

08

0L

09

0S

or

(wdd) 14

ovT

0ST

SPT

GET

0€T

—152.64

—149.44

—147.15

—144.25

—130.17

—191.43

\-152.64
—149.44
—147.15
14425

—130.17

128.39
—125.75
123.70

—112.84
—109.94

—68.76

—55.69

05 emysia {z-cuidsdo] \1eynig\:0} OSING V'bided™ddd

add-A uo bydaq :nwy

910¢-CCie

—39.52 Dimethyl Sulfoxide-d6

240



A1.46 "H-NMR 600 MHz, TFI-11INT
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A1.47 BC-NMR (DEPTQ) 150 MHz, TFI-11INT
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A1.48 "H-NMR 600 MHz, TFI-1
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A1.49 BC-NMR (DEPTQ) 150 MHz, TFI-1
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A1.50 "H-NMR 600 MHz, TFI-2
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A1.51 BC-NMR (DEPTQ) 150 MHz, TFI-2
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A1.52 "H-NMR 600 MHz, TFI-3
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A1.54 "TH-NMR 600 MHz, TFI-4
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A1.55 BC-NMR (DEPTQ) 150 MHz, TFI-4
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A1.56 "H-NMR 600 MHz, TFI-5
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A1.58 "TH-NMR 600 MHz, TFI-6
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A1.59 BC-NMR (DEPTQ) 150 MHz, TFI-6
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A1.60 "H-NMR 600 MHz, TFI-7
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A1.61 BC-NMR (DEPTQ) 150 MHz, TFI-7
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A1.62 ’F NMR 565 MHz, TFI-7
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A1.65 "H-NMR 600 MHz, TFI-9
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A1.66 C-NMR (DEPTQ) 150 MHz, TFI-9
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A1.67 "H-NMR 600 MHz, TFI-10
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A1.68 C-NMR (DEPTQ) 150 MHz, TFI-10
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A1.69 F NMR 565 MHz, TFI-10
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A1.70 "H-NMR 600 MHz, TFI-11
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A1.72 "H-NMR 600 MHz, TFI-10-RHO
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Al1.74 1H-NMR 600 MHz, P11
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A.2 Images of Purified Protein Gel

A.2.1 GST-FOXM1-DBD (Wild type) Purified Protein
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A.2.2 GST-FOXM1-DBD (His287:Ala) Purified Protein
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A.2.3 GST-FOXM1-DBD (His287:Phe) purified protein
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A.3 Validation of Mutation by Sanger Sequencing

A.3.1 GST-FOXM1-DBD (His287:Ala)
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A.3.1 GST-FOXM1-DBD (His287:Phe)
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