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ABSTRACT

Anticancer drug discovery is a time and resource-consuming process for which
exceedingly reliable and efficient modern approaches are needed. Phenotypic drug
screenings can generate highly potent and innovative drug candidates; however,
deconvolution of the drug’s target often presents significant barriers to drug development.
To overcome this hurdle, we have originally combined in vitro and in silico analyses to
uncover the molecular mechanism(s) driving the anticancer activity of the uniquely
structured small molecule drug candidate, Tpz-1. Our study revealed that Tpz-1 is a
multitargeted agent which induces the programmed death of HL-60 acute myeloid
leukemia cells primarily through disruption of microtubule organization. Additionally,
structural analysis and medical text mining revealed a functional relationship between
Tpz-1 and the understudied thienopyrazole chemical group. This dissertation therefore
offers our colleagues in anticancer drug discovery an innovative methodology and class

of molecules to drive future small molecule screening initiatives.
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CHAPTER 1: INTRODUCTION

1.1. GENERAL INTRODUCTION
1.1.1. Cancer Incidence and Treatment Disparities in the United States

Hispanics are a rapidly growing ethnic group in the United States that are more
likely to encounter barriers to high-quality, expedient healthcare due to socioeconomic
circumstances and poor characterization of the population’s cultural heterogeneity [1—4].
Cancer thus remains the leading cause of death among Hispanics in the U.S., with over
175,000 new cases expected in 2021 [1]. Despite the younger average age of U.S.
Hispanics compared to non-Hispanic white (NHW) individuals, advanced-stage
diagnosis and poor prognosis are more prevalent in Hispanics and can be attributed to
the health disparities they face [1,3,4]. Although significant advancements in treatment
have been made, cancer incidence has generally remained stable over the last several
decades [5]; therefore, more drugs to combat advanced stages of the disease are
needed.
1.1.2. How Cancer Develops

Cancers generally arise from a single cell that has acquired mutations that
program its uncontrolled proliferation. As cancer cells continue to abnormally divide,
their genetic instability introduces tumor heterogeneity that presents significant
challenges to disease management by facilitating the expansion of treatment-resistant
subpopulations [6,7]. An individual’s unique genetic and epigenetic constitution can also

contribute to the success of current cancer treatments.



1.1.3. Standard Cancer Treatments

Surgery, radiation, and chemotherapy are the primary treatments of choice for
many cancers, used alone or in combination [8,9]. However, a significant limitation of
conventional chemotherapies is their broad destruction of rapidly dividing cells,
including normal cells like those in the digestive tract and hair follicles [10]. The toxic
side effects of current chemotherapeutics can thus limit an individual’s tolerance for the
prescribed treatment dose.
1.1.4. Anticancer Drug Discovery

The discovery and development of small molecule anticancer agents is an
expensive and time-consuming process, and generally takes over ten years and around
1.8 billion USD to go from hit identification to clinical use [11]. Hit identification and lead
discovery involve finding compounds that elicit the desired effect in vitro and optimizing
them to generate lead drug candidates [11]. There exist two major approaches in drug
discovery: phenotypic and target-based drug screening [12]. Phenotypic screening
involves evaluating the effect of novel molecules on whole cells, whereas target-based
screening requires identifying disease-associated molecular targets [12]. Phenotypic
screening was the mainstay of in vitro drug discovery until advancements in molecular
biology and genetics shifted research focus to targeted screenings in the 1990s [12,13].
1.1.5. Apoptosis in Cancer Development and Treatment Response

Apoptosis is essential for normal cell turnover in our tissues and describes the
immune-silent process by which old, damaged, or dangerous cells are shed [14]. Itis a
morphologically distinct event that relies on the proteolytic activity of caspase enzymes

to orchestrate the disassembly of cells from the inside out [15]. Some of the



characteristic features of apoptosis include decreased cell volume, condensed
chromatin, DNA fragmentation, and membrane blebbing [16,17]. In contrast to necrosis,
dead cell components are neatly packaged into small vesicles (apoptotic bodies) and
are rapidly engulfed by nearby phagocytes to avoid inflammation [17]. Genetic and
epigenetic changes to the apoptotic machinery can confer a considerable survival
advantage to cells; thus, evasion of apoptosis is a hallmark of cancer [18-20].

Apoptosis is an innate defense mechanism that programs cell death in response
to various stimuli, including DNA damage, cell stress, chemical exposures, immune
reactions, and pathogens [21]. A delicate balance of B-cell lymphoma 2 (BCL2) family
proteins and tumor necrosis factor (TNF) superfamily transmembrane death receptors
ensures a proper cellular response to internal and external apoptotic stimuli [20]. BCL2
family proteins can be pro- or anti-apoptotic, and they control cell sensitivity to internal
signals for death at the outer mitochondrial membrane by promoting or inhibiting
mitochondrial permeabilization [20,22]. In contrast, the death receptors relay external
signals for apoptosis upon ligand binding [20].

There are two major pathways of apoptosis: intrinsic and extrinsic. The intrinsic
pathway is stimulated by death signals from within the cell and is also known as the
stress-activated pathway. In this process, pro-apoptotic BCL2 proteins BAX and BAK
enable mitochondrial permeabilization and release of cytochrome C and direct IAP-
binding protein with low isoelectric point (pl) (DIABLO) into the cytoplasm [15,20]. As a
result, Cytochrome C forms a complex with apoptotic peptidase activating factor 1
(APAF-1) proteins that is known as the apoptosome [15,20]. The apoptosome recruits

and activates caspase-9, which initiates a signaling cascade that leads to the cleavage



of death substrates and execution of apoptosis by caspases-3/6/7 [15,20].
Simultaneously, DIABLO ensures caspases are available by sequestering inhibitors of
apoptosis (IAP) proteins [15,20].

In contrast, extrinsic apoptosis is stimulated by ligand binding to transmembrane
death receptors, also known as the receptor-activated pathway. In this pathway, TNF
superfamily death receptors trimerize upon ligand binding, causing recruitment and
formation of a death-inducing signaling complex (DISC) comprised of Fas-associated
via death domain (FADD) and caspase-8 or 10 [15,20]. The DISC activates caspase-8
to initiate a signaling cascade that converges with the intrinsic apoptotic pathway at
caspases-3/6/7 [15,20]. BH3-interacting domain death agonist (BID) is a pro-apoptotic
protein that can also be cleaved by caspase-8 to enable disruption of the outer
mitochondrial membrane [15,20].

Cancer cells are infamous for their unstable genome and can acquire resistance
to apoptosis through various genetic and epigenetic mutations [7,20]. Often, multiple
regulatory pathways become dysregulated in cancer and complement each other to
promote tumor growth [23]. Many chemotherapies on the market indirectly trigger
apoptosis by targeting proteins involved in cell proliferation or survival [24]. However,
the benefit of these drugs is often limited due to off-target effects and how the cancer's
apoptotic machinery is dysregulated [18].

Apoptosis pathways canonically interact with many other signaling mechanisms
to maintain an appropriate balance of pro- and anti-apoptotic protein activity [19,23,25].
Understanding how cancer cells have tipped the balance of BCL2 family proteins,

caspases, death receptors, and other elements of the apoptotic machinery in favor of



survival can help inform which drug(s) will provide the most personalized cancer-
specific effect. However, drug resistance can be acquired through secondary changes
in gene expression that interfere with drug-to-target binding or downstream signaling.
Consequently, exploiting the interactions of apoptosis pathways with less frequently
targeted tumor-promoting signaling mechanisms may help to overcome current
treatment limitations by sensitizing or resensitizing cells to chemotherapy and reducing
off-target effects [7,19,23,24,26,27]. In theory, this benefit can be maximized if non-
crossreacting signal transduction pathways with non-overlapping toxicities are targeted.
1.2. SIGNIFICANCE

The specific cancer treatment a patient receives depends on their type of cancer,
whether it has spread, and to where. Most often, patients receive chemotherapy in
conjunction with other cancer treatments. Unfortunately, many prescribed
chemotherapeutics exhibit poor selectivity for cancer cells and highly toxic side effects
[10]. Depending on a person’s tolerance, these side effects may interfere with clinicians’
ability to administer chemotherapy at the most effective dose and frequency to treat their
cancer. Thus, there is an ongoing need for novel small molecule chemotherapies which
address these challenges by being more potent and targeted toward cancer cells.

Despite the success of target-based screenings over the past few decades, a
recent decline in newly approved drugs has prompted the resurgence of phenotypic
screenings to revitalize drug discovery [12,13,28]. To contribute to the rejuvenation of
anticancer drug discovery, this dissertation describes a modern and innovative approach

to phenotypic screening that combined in vitro and in silico analyses to predict the



molecular mechanism of the uniquely structured and potent small molecule candidate,
Tpz-1.
1.3. SPECIFIC AIMS

The goal of this project was to identify a novel small molecule with cytotoxic
effects that are specific to cancer in vitro and investigate the molecular pathways
involved in compound-induced cell death. To accomplish this, a library of compounds
from the ChemBridge DIVERSset library were evaluated for cytotoxicity in a high-
throughput phenotypic screening, and a variety of in vitro and in silico experiments were
performed to distinguish the mode of cell death and probable cellular target of the most
potent drug candidate, Tpz-1. Moreover, the unique molecular structure of Tpz-1
prompted our evaluation of the physical features which could play a role in its
cytotoxicity. The specific aims for this project are outlined below and detailed in the
chapters that follow.
Specific Aim 1: To identify a potential anticancer drug candidate from the

ChemBridge DIVERset small molecule library (Chapter 2).

High-throughput initial screening of compounds against CCRF-CEM leukemia
cells

— Cytotoxic evaluation of lead compound candidate Tpz-1 in a variety of tumorigenic
and non-tumorigenic human cell lines

— Analysis of the potential of Tpz-1 to induce apoptosis in leukemic cells

Evaluation of Tpz-1’s effect on cell cycle progression
Specific Aim 2: To investigate the cellular mechanisms impacted by Tpz-1

treatment (Chapters 2 and 3).



— Literature review to identify key structural features and prior research on Tpz-1

— Evaluation of Tpz-1-induced changes to MAP and Src family kinase
phosphorylation

— Visualization of treated cell morphology using confocal and timelapse microscopy

— Cataloguing of Tpz-1’s effect on genome-wide mRNA expression via whole
transcriptome analysis of treated leukemic cells

Specific Aim 3: To evaluate the drug-likeness of Tpz-1 (Chapter 3).

— Prediction of drug kinetics and based on the chemical structure of Tpz-1

— ldentification of structural features that could be optimized to improve the cancer-
selectivity and solubility of Tpz-1

— Comparison of in vitro and in silico experimental findings to deconvolute the

potential target of Tpz-1



CHAPTER 2: IDENTIFICATION OF A UNIQUE CYTOTOXIC THIENO|2,3-
C]JPYRAZOLE DERIVATIVE WITH POTENT AND SELECTIVE ANTICANCER
EFFECTS IN VITRO!

2.1. OBJECTIVE
Tpz-1 was identified as the most potent and cytotoxic compound in a high-
throughput screening of small drug-like molecules from the Chembridge DIVERSset library.
This chapter explores the cytotoxic activity of Tpz-1 and its partial mechanism of action.
The material in this chapter was published in Biology, an open access journal from
Multidisciplinary Digital Publishing Institute (MDPI) (Basel, Switzerland). This article has
been permitted for reuse in this dissertation by the Creative Commons Attribution License

(CC BY), found here: https://creativecommons.org/licenses/by/4.0/. As first author my

contributions were the conceptualization, methodology, formal analysis, investigation,
data curation, draft preparation, review, and editing of this work. The co-authors are Luca
H. Macias (L.H.M.), Denisse A. Gutierrez (D.A.G.), Karla Moran-Santibanez (K.M.-S.),
Lisett Contreras (L.C.), Stephanie Medina (S.M.), Paulina J. Villanueva (P.J.V.), Robert
A. Kirken (R.A.K.), Armando Varela-Ramirez (A.V.-R.), Manuel L. Penichet (M.L.P.), and
Renato J. Aguilera (R.J.A.).

Co-author contributions were as follows: conceptualization, A.V.-R., M.L.P., and
R.J.A.; methodology, D.A.G., and A.V.-R.; formal analysis, A.V.-R., and R.J.A;
investigation of cytotoxicity, L.H.M., D.A.G., L.C., S.M., and P.J.V_; investigation of kinase

phosphorylation, K.M.-S.; investigation of cytoskeleton, D.A.G., and A.V.-R.; resources,

1 Published as Hess, J.D.; Macias, L.H.; Gutierrez, D.A.; Moran-Santibanez, K.; Contreras, L.; Medina, S.;
Villanueva, P.J.; Kirken, R.A.; Varela-Ramirez, A.; Penichet, M.L.; Aguilera, R.J. Identification of a Unique
Cytotoxic Thieno[2,3-c]Pyrazole Derivative with Potent and Selective Anticancer Effects In Vitro. Biology
2022, 11, 930. https://doi.org/10.3390/biology 11060930
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AV.-R., RAK. M.L.P. and R.J.A. data curation, A.V.-R.; writing—original draft
preparation, A.V.-R.; writing—review and editing, A.V.-R., M.L.P., and R.J.A;
supervision, A.V.-R. and R.J.A. All authors have read and agreed to the published version
of the manuscript.
2.2. SIMPLE SUMMARY

Despite their documented antitumor effects, thienopyrazole-based compounds
remain an underexplored class of molecules. In this study, a screening of 2000 novel
molecules revealed a unique thienopyrazole derivative, Tpz-1, that elicited potent and
selective programmed cell death in human blood, breast, colon, and cervical cancer cell
lines when compared to non-cancerous human fibroblast (Hs27) cells. Furthermore, in
HL-60 leukemia cells, Tpz-1 interfered with components of signaling pathways and the
cytoskeleton that are important to cell shape, internal organization, growth, and division.
These findings encourage the continued investigation and development of Tpz-1 and
other thienopyrazole derivatives to target and treat cancers.
2.3. ABSTRACT

In recent years, the thienopyrazole moiety has emerged as a pharmacologically
active scaffold with antitumoral and kinase inhibitory activity. In this study, high-
throughput screening of 2000 small molecules obtained from the ChemBridge DIVERset
library revealed a unique thieno[2,3-c]pyrazole derivative (Tpz-1) with potent and
selective cytotoxic effects on cancer cells. Compound Tpz-1 consistently induced cell
death at low micromolar concentrations (0.19 uM to 2.99 uM) against a panel of 17 human
cancer cell lines after 24 h, 48 h, or 72 h of exposure. Furthermore, an in vitro investigation

of Tpz-1’s mechanism of action revealed that Tpz-1 interfered with cell cycle progression,



reduced phosphorylation of p38, CREB, Akt, and STAT3 kinases, induced
hyperphosphorylation of Fgr, Hck, and ERK 1/2 kinases, and disrupted microtubules and
mitotic spindle formation. These findings support the continued exploration of Tpz-1 and
other thieno[2,3-c]pyrazole-based compounds as potential small molecule anticancer
agents.

Keywords: thienopyrazole; anticancer drug discovery; leukemia; cytotoxicity; differential
nuclear staining; apoptosis; kinase activity regulation; microtubule disruption; mitotic
spindle organization

2.4. INTRODUCTION

Small molecule agents have become a mainstay of targeted cancer treatment in
the past 20 years. Unlike macromolecule drugs, small molecules can penetrate cells and
bind a wide array of intra- or extracellular targets; additionally, they can be selective or
broad-spectrum agents [29-31].

Pyrazoles and thiophenes are well-studied pharmacophores known for their
diverse and remarkable biological activity, particularly in cancer, and are common
scaffolds in small molecule drug design [32,33]. Pyrazoles are 5-membered heterocycles
that contain three carbon atoms and two adjacent nitrogen (Figure 2.1). Pyrazole
derivatives have been approved to treat various leukemias, lymphomas, and other
cancers in the United States and China [31]. In addition, numerous experimental
pyrazoles have shown antiproliferative activity and apoptosis against several cancer
types in vitro [34-36]. In contrast, thiophene is a 5-membered heterocycle with four

carbon atoms and one sulfur (Figure 2.1). Thiophene derivatives are also prominent in
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drug design and are indicated to treat a variety of cancers and other conditions in the U.S.
and China [31,37].

Thienopyrazoles are a bicyclic combination of the pyrazole and thiophene moieties
and have been endorsed as antiproliferative, antiviral, antimicrobial, and anti-
inflammatory agents [38—40]. There exist three isomers of thienopyrazole: thieno[2,3-
c]pyrazole, thieno[3,2-c]pyrazole, and thieno[3,4-c]pyrazole (Figure 2.1) [40].

Thieno[2,3-c]pyrazoles are less-explored than the other isomers, despite growing
evidence detailing their significant phosphodiesterase 7A (PDE7A) [41,42], purinergic
receptor P2X3 [43], non-receptor tyrosine kinase ABL [44], Aurora kinase (AURK),
insulin-like growth factor type 1 receptor (IGF-1R), and cyclin-dependent kinase 2 (CDK2)
inhibition [45,46]. Tpz-1 (Figure 2.2) is a novel small molecule thieno[2,3-c]pyrazole
derivative that we recently discovered after screening 2000 compounds for novel

anticancer agents within the ChemBridge DIVERset library.

N S
H \ Thieno[3,2-c]pyrazole
Pyrazole Thiophene
/NH
S\ & NH

Figure 2.1. Chemical structures of pyrazole, thiophene, and thienopyrazoles.
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Figure 2.2. Chemical structure of thieno[2,3-c]pyrazole derivative Tpz-1 (N’-(2-
methoxybenzylidene)-3-methyl-1-phenyl-1H-thieno[2,3-c]pyrazole-5-carbohydrazide;
MW: 390 g/mol).

Formally named N’-(2-methoxybenzylidene)-3-methyl-1-phenyl-1H-thieno[2,3-
c]pyrazole-5-carbohydrazide, we found that this compound was also identified as
cytotoxic and a mitotic inhibitor in two previous studies under the aliases 5248881 [47]
and MTPC [48]. However, the molecular mechanism by which this unique compound
induces cell death was not explored.

Leukemias are a leading cancer type in children and adults [5,49]. In addition,
secondary and refractory acute leukemias are known to develop from prior exposure to
cytotoxic therapies [50-53]. Despite recent advances, a subset of patients continue to die
from leukemia or complications resulting from treatment [54]. Consequently, we set out
to partially elucidate how Tpz-1 potently induces death in acute leukemia cells in vitro.
2.5. MATERIALS AND METHODS
2.5.1. Cell Lines and Culture Conditions

In this study, the cytotoxicity of Tpz-1 was evaluated against a panel of sixteen
cancer cell lines and one non-tumorigenic human cell line. All cell lines were obtained
from the American Type Culture Collection (ATCC, Manassas, VA, USA).
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Ten of the cell lines were of blood cancer origin: CCRF-CEM (T lymphoblast, ATCC
CRL-2265), HL-60 (promyeloblast, ATCC CCL-240), Ramos (B lymphocyte, ATCC CRL-
1596), Jurkat (T lymphocyte, ATCC CRL-2899), MOLT-3 (T lymphoblast, ATCC CRL-
1552), NALM6 (lymphocyte, ATCC CRL-3273), MM.1S (B lymphoblast, ATCC CRL-
2974), MM.1R (B lymphoblast, ATCC CRL-2975), U266 (B lymphocyte, ATCC TIB-196),
RPMI 8226 (B lymphocyte, ATCC CRM-CCL-155); and were cultured in RPMI-1640
medium complete with 10% heat-inactivated fetal bovine serum (FBS), 100 U/mL
penicillin, and 100 pg/mL streptomycin. An exception was made for HL-60, which required
supplementation with an additional 10% FBS. In addition, two colorectal adenocarcinoma
cell lines, COLO 205 (ATCC CCL-222) and HT-29 (ATCC HTB-38), were identically
maintained in RPMI-1640 complete medium. Two triple-negative breast adenocarcinoma
cell lines, MDA-MB-231 (ATCC CRM-HTB-26) and MDA-MB-468 (ATCC HTB-132), and
estrogen-receptor-positive (ER+) cell line MCF7 (ATCC HTB-22) were cultured in DMEM
medium complete with 10% FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin;
cervical adenocarcinoma cell line HeLa (ATCC CRM-CCL-2) and non-tumorigenic
foreskin fibroblast Hs27 (ATCC CRL-1634) cells were also maintained in this medium.
Lastly, dopaminergic neuroblastoma cell line SH-SY5Y (ATCC CRL-2266) was cultured
in DMEM/F12 medium with 10% FBS and antibiotics added as described above. All cells
were cultivated in a 5% CO2 humidified 37 °C environment.

Before use in experiments, the viability of each cell culture was quantified by flow
cytometry following propidium iodide (PI) staining or visualized by trypan blue exclusion

[55]. Only cell populations with = 95% viability and at 60-75% confluence in the
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exponential growth phase were seeded into multiwell plates to minimize baseline cell
death.
2.5.2. Preparation of Compounds

All compounds described herein were commercially purchased. Experimental
compounds from the ChemBridge DIVERset library were obtained pre-diluted to 10 mM
in dimethyl sulfoxide (DMSO). This ChemBridge stock of N’-(2-methoxybenzylidene)-3-
methyl-1-phenyl-1H-thieno[2,3-c]pyrazole-5-carbohydrazide (C21H1sN4O2S; MW 390
g/mol), also known as Tpz-1, was used for the experiments detailed below. Lyophilized
reference compounds Paclitaxel and Cytochalasin-D were similarly prepared in DMSO;
and hydrogen peroxide (H202) was alternatively diluted in 1x phosphate-buffered saline
(PBS).

Aliquots of Tpz-1 and other compound stocks were thawed and diluted with DMSO,
or 1x PBS for H202, to a 100x or 250x working concentration for use in experiments to
achieve a final vehicle concentration of 1% v/v or less.

2.5.3. Initial Library Screening and Compound Selection

Two thousand experimental compounds of the ChemBridge DIVERset library were
initially screened against the CCRF-CEM cell line in vitro at a single concentration of 10
MM by differential nuclear staining assay. Any compound which induced > 50% cell death
at 10 uM was isolated and additionally screened at concentrations ranging from 0.01 to
10 uM to calculate the dose of compound needed to induce 50% cell death.

2.5.4. Differential Nuclear Staining Assay
Differential nuclear staining (DNS) is a live cell imaging assay that uses two

nuclear fluorescent dyes to distinguish between live and dead populations based on cell
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permeability [56]. To achieve this, Hoechst 33342 (blue) is used to stain the nuclei of all
cells in a sample, whereas Pl (red) is used to distinguish only those with damaged
membranes. Thus, cells that co-localize both red and blue signals, exhibiting a magenta
color, are defined as the dead/dying population.

For DNS analysis, cells were first seeded in 96-well plates at a density of 10,000
cells/well in 100 pL of complete medium and incubated overnight to facilitate cell
attachment and acclimation. The next day, cells were exposed to Tpz-1 concentrations
ranging from 0.01 to 10 uM, 1% v/v DMSO (vehicle control), 1 mM H20: (positive control),
or left untreated (UNT) for 24—72 h. Four independent measurements were used for the
samples, except for the vehicle control in which eight DMSO-treated independent
measurements were used to ensure the average total cell count was representative for
each experiment series. One to two hours before the end of treatment, a 1 yg/mL final
concentration of Hoechst 33342 and Pl was quickly added to each well and incubated
until the remaining time elapsed. Four contiguous images, taken in 2 x 2 montages, were
captured via GE InCell Analyzer 2000 with a 10x objective from the two fluorescent
channels corresponding to Hoechst and Pl emission. After analysis, the captured high-
content images were segmented using the GE InCell Analyzer Workstation 3.2 software
to obtain live and dead cell counts and percentages within each well. Due to technical
problems, for the MCF7 cell line, the BD Pathway 855 bioimaging system was used to
capture a similar 2 x 2 montages per well, and images were segmented with its
associated AttoVision v1.6.2 software (BD Biosciences, Rockville, MD, USA). To account
for the lower total cell count in Tpz-1 or H2.O»-treated (Treatment) samples caused by cell

destruction (disappearance from count) over the course of incubation, cell death
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percentages were normalized to the vehicle control (DMSO) average total cell count by
the following equation:

(DMSO average total cell count- Treatment total cell count)+Treatment dead cell count
x 100
DMSO average total cell count

Normalized percentages of dead cells per treatment replicate were subsequently
averaged and used to estimate CCso values.

2.5.5. Cytotoxic Concentration 50% and Selective Cytotoxicity Index Values

The cytotoxic concentration 50% (CCso) for each cell line indicates the average
concentration (uM £ S.D.) needed to kill 50% of the cell population at a given time point.
From the percentage of cell death for each technical replicate at a concentration above
and below 50% cell death, CCso for each cell line was calculated via linear interpolation
and averaged to obtain the reported values [35,57,58].

To measure Tpz-1's cancer selectivity in vitro, selective cytotoxicity index (SCI)
values were calculated by dividing the CCso of non-tumorigenic control cell line Hs27 by
the CCsp of individual cancer cell lines at the same incubation time [59].

2.5.6. AnnexinV-FITC/PI Assay

To determine if Tpz-1 stimulates apoptotic or necrotic cell death, HL-60 acute
myeloid leukemia or CCRF-CEM T lymphoblast leukemia cells were transferred to a 24-
well plate at a seeding density of 100,000 cells in 1 mL complete culture media. After
overnight incubation, cells were treated with the cell line’s 24 h CCso or 2xCCsg of Tpz-1
for 24 h. Also, 0.1% v/v DMSO, 100 pM H202, and untreated cells were used as the
vehicle, positive, and negative controls. All results, experimental points, and
corresponding controls represent three independent determinations. Immediately

following treatment, cells were pelleted at a centrifuge pre-cooled to 4 °C for 5 min at 500
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xg. The resulting supernatant was discarded, and cell pellets were resuspended in 103.5
uL of a cold AnnexinV-FITC/PI/1x binding buffer mixture, then chilled on ice while covered
for 30 min. Afterward, 300 pL of ice-cold 1x binding buffer was added to each well
immediately prior to flow cytometry. Total apoptosis was calculated by summing early
apoptotic (AnnexinV-FITC positive/Pl negative signal) and late apoptotic (AnnexinV-FITC
positive/Pl positive) cell populations. The statistical significance of the apoptosis induced
by Tpz-1 was evaluated by comparing experimentally treated samples to those of DMSO
by t-test (p = 0.05). Approximately 20,000 events (cells) were acquired per sample. Data
analysis was achieved via the flow cytometer's Kaluza software (Beckman Coulter,
Indianapolis, IN, USA).
2.5.7. Caspase Activation Assays

Caspase-3/7 are proteases activated in the execution phase of apoptosis’s intrinsic
and extrinsic pathways [60]. Therefore, to further validate that apoptosis is the cell death
mechanism of Tpz-1, caspase-3/7 activation (NucView 488 Caspase-3/7 Substrate Assay
Kit, Biotium) was measured in compound-treated HL-60 acute myeloid leukemia and
CCRF-CEM T cell leukemia cells [61]. The substrate provided in the kit consists of a
fluorogenic DNA dye with DEVD moiety that is specific for caspase-3/7. When cleaved by
caspase-3/7, the substrate forms a high-affinity nuclear dye that emits a bright green
signal detectable by flow cytometry. For this assay, cells were seeded in 24-well plates
at a density of 100,000 cells per well in 1 mL complete culture medium and incubated
overnight. Cells were subsequently treated with the appropriate 24 h CCsp or 2xCCso of
Tpz-1 for 6 h (data shown) or 8 h (in Supplementary Materials). Controls were included

as previously described. Three independent measurements were analyzed for each
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experimental and control treatment. At the end of treatment, cells were collected and
centrifuged at 262 xg for 5 min. The supernatant was discarded, and pelleted cells were
resuspended in 102.5 uL of 1x PBS and NucView 488 Caspase-3/7 substrate mixture (5
MM final concentration), then covered and incubated at room temperature for 45 min.
After, 300 yL of 1x PBS was added, and a flow cytometer was used to analyze samples
immediately. Cells emitting green fluorescence were defined as apoptotic cells with active
caspase-3/7. Approximately 20,000 events (cells) were acquired per sample, and the
Beckman Coulter Kaluza software was used for data analysis.

Caspase-8, in contrast, is an initiator of the extrinsic pathway of apoptosis and its
activation directly promotes the cleavage of downstream executioner caspase-3/7
[60,62]. Hence, to evaluate if Tpz-1 stimulates extrinsic apoptosis, we assessed the
activation of caspase-8 via substrate assay kit following the manufacturer’s protocol
(Abcam; Ab65614) to stain HL-60 cells after 4 h treatment with the 24 h CCsp or 2xCCsp
of our compound. In this experiment, the caspase-8-specific inhibitor IETD-FMK is
conjugated to FITC and emits fluorescence that is detectable by flow cytometry when
bound to active caspase-8. In addition, cell seeding, controls, data acquisition, and data
analysis were performed in a manner consistent with our other cytometric experiments.
2.5.8. Reactive Oxygen Species Assay

Reactive oxygen species (ROS) can be an indicator of mitochondrial dysfunction
in intrinsic apoptosis [63]. Thus, we measured the accumulation of ROS was by 6-
carboxy-2’,7’-dichlorodihydrofluorescein  diacetate  (carboxy-H.DCFDA) reagent
(Invitrogen, C400) [64]. In this experiment, the acetate groups of nonfluorescent carboxy-

H2DCFDA are cleaved by intracellular esterases and oxidation to form the green
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fluorescing product 2’,7’-dichlorofluorescein (DCF). HL-60 acute myeloid leukemia or
CCRF-CEM T cell leukemia cells were each distributed into 24-well plates at a seeding
density of 100,000 cells/well in 1 mL complete medium and treated with the appropriate
24 h CCsg or 2xCCsp of Tpz-1 or controls, as previously mentioned, for 18 h [64]. Three
independent measurements were evaluated for all experimental and control treatments.
Post-treatment, samples were collected and centrifuged for 5 min at 262x g, then
resuspended in a pre-warmed mixture of 1x PBS and carboxy-H>DCFDA at a final
concentration of 10 uM dye. Cells were incubated for 1 h at 37 °C in a 5% CO2 humidified
environment, centrifuged at 262x g for 5 min, then resuspended in 500 pL PBS, and
analyzed by flow cytometer after a 30-min recovery period. Approximately 20,000 cell
events were obtained and analyzed per sample, and data analysis was achieved as
mentioned in the cytometric analyses described above.
2.5.9. Mitochondrial Depolarization Assay

To monitor the mitochondrial integrity of cells exposed to Tpz-1, changes in
mitochondrial membrane potential were studied via MitoProbe JC-1 Assay Kit (Molecular
Probes, M34152). 5'6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) is a fluorescent cationic probe capable of accumulating inside mitochondria.
In healthy mitochondria, the JC-1 dye aggregates to spontaneously form red fluorescent
complexes, however, in damaged mitochondria, the JC-1 dye cannot accumulate enough
for these complexes to develop, and the dye alternatively emits green fluorescence
[65,66]. The red/green fluorescence ratio of JC-1 is thus a reliable indicator of
mitochondrial integrity. For this assay, HL-60 or CCRF-CEM cells were seeded in 24-well

plates at a density of 100,000 cells/well in 1 mL complete culture media and were treated
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with the 24 h CCsg or 2xCCso of Tpz-1 and controls (as previously described) for 5 h.
Three independent measurements were analyzed per cell treatment. When the incubation
time expired, cells were collected and centrifuged at 262x g for 5 min, then resuspended
in 500 pL 1x PBS containing 2 yM JC-1 dye. Cells were stored at 37 °C in a 5% CO-
humidified incubator for 30 min, then washed with warm PBS before analysis by flow
cytometer. Green fluorescing cells were an indication of depolarized mitochondria within
a given sample. Approximately 20,000 events were acquired per sample, and data
analysis was achieved as mentioned for other cytometric analyses.
2.5.10. Cell Cycle Analysis

To determine the effect of Tpz-1 on the cell cycle, the DNA content of individual
cells was quantified by nuclear isolation medium (NIM)-DAPI staining (NPE Systems,
Inc./Beckman Coulter). The NIM-DAPI reagent simultaneously permeabilizes plasma
membranes and stains cellular DNA with a violet-excited DNA-intercalating agent (DAPI).
A cell’'s DAPI signal is directly proportional to the amount of cellular DNA such that G0/G1
< S < G2/M, hence DAPI fluorescence intensity was used to quantify the percentage of
cells in each phase of the cycle for each sample. For this experiment, asynchronously
cultured HL-60 and CCRF-CEM cells were separately seeded in 24-well plates at a
density of 50,000 cells/well in 1 mL of complete culture media, incubated overnight, and
treated with the appropriate 24 h % CCso or 2 CCso of Tpz-1 for 72 h. These
concentrations were selected for consistency with our other cytometric analyses. 0.1%
v/v DMSO, 100 uM H202, and untreated controls were also included. All treatments were
assessed using three independent measurements. After treatment, cells were collected

and centrifuged at 262x g for 5 min. The supernatant was discarded, cell pellets were
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resuspended in a mixture of 100 yL 1x PBS and 200 pL NIM-DAPI solution, then quickly
analyzed via flow cytometer. Fluorescent signal was captured using an FL9 detector and
a 405 nm laser. Approximately 20,000 events (cells) were analyzed per sample, with data
analysis achieved as previously mentioned.
2.5.11. Phospho-Kinase Arrays

The phosphorylation of tyrosine-protein Src family and mitogen-activated protein
(MAP) kinases were assessed on Tpz-1 treated vs. untreated cells via Multiplex Luminex
assay kits. The phosphorylation status of MAP kinases CREB, JNK, NFkB, p38, ERK 1/2,
Akt, p70S6k, STAT3, and STATS were detected via the Milliplex MAP human multi-
pathway signaling network kit (Millipore). Similarly, phosphorylation of Src kinases Src,
Fyn, Yes, Lck, Lyn, Fgr, Blk, and Hck were detected using the Milliplex MAP 8-Plex
human Src family kinase kit (Millipore). In these experiments, 5 x 10° HL-60 cell samples
were collected in microcentrifuge tubes and treated with a sub-CCso dose, 0.01 uM or 0.1
MM, of Tpz-1 and incubated for 3 h at 37 °C. The cells in each sample were lysed, their
protein concentrations determined, and Multiplex Luminex assays were performed
following the same procedure as the experimental compound P3C [35]. Acquisition and
data analysis were performed using Luminex xPONENT 3.1 software.
2.5.12. Confocal Microscopy

To assess the effect of Tpz-1 on cytoskeletal architecture, non-tumorigenic Hs27
and cervical adenocarcinoma HelLa cell lines were utilized [58]. Cells were detached from
their vessels and separately seeded into thin-bottomed 96-well plates at a density of 2.5
x 10° cells in 100 yL complete medium and incubated at 37 °C overnight to promote

reattachment. The next day, a 10 yM dose of Tpz-1 was applied to Hs27 cells and a 0.19
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MM dose to HeLa cells for 4 h and 24 h, respectively. Additionally, vehicle (1% v/iv DMSO),
actin polymerization inhibitor (5 pg/mL Cytochalasin-D), tubulin stabilizer (1 pM
Paclitaxel), and untreated controls were included.

After incubation, 100 uL of freshly prepared 8% formaldehyde was added directly
to each well as a fixative solution, and the plate was incubated at room temperature for
20 min. Next, the liquid in each well was removed, and 200 pL of 0.1% v/v Tween 20 in
1x PBS was added for washing/permeabilization and then incubated for 10 min at room
temperature. After washing cells twice more, the liquid was removed from each well and
200 pL of 5% w/v bovine serum albumin (BSA) dissolved in Tris-buffered saline with 0.5%
v/v Tween 20 (TBS-T) was added for blocking purposes. Samples were then incubated
at room temperature and on a rocking platform for 1 h with the blocking solution to
minimize non-specific binding. Afterward, samples were triple-stained with 50 pL of 0.1%
v/v Tween 20 in 1x PBS solution containing 5 pg/mL DAPI to visualize nuclei, 0.165 yM
Alexa Fluor 568-conjugated phalloidin for actin microfilaments (F-actin), and 0.5 pg/mL
Alexa Fluor 488-conjugated anti-a-tubulin monoclonal antibody for microtubules
(polymerized tubulin). The stained cells were protected from light and placed on a rocking
platform for 1 h at room temperature. Next, samples were washed three times with 200
uL of 0.1% v/v Tween 20 permeabilization solution. After the final wash, cells were kept
in a fresh 200 uL of 0.1% v/v Tween 20. Images of stained cells were subsequently
captured on three fluorescent channels (DAPI, Alexa-568, and Alexa-488) with a Zeiss
LSM-700 confocal microscope equipped with an EC Plan-Neofluar 40x/1.30 oil DIC

objective. A 1-Airy Unit (AU) pinhole setting was consistently utilized for each channel.
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For image acquisition and analysis, the ZEN 2009 software was used (Zeiss, New York,
NY, USA).
2.5.13. Statistical Analysis

All flow cytometry experimental points are representative of three independent
measurements, whereas, for differential nuclear staining, four independent
measurements were performed. Eight independent measurements were used to obtain
the total cell count for vehicle-treated samples in each DNS assay. Experimental values
are reported as the average of independent measurements per treatment with
corresponding standard deviation. Statistical significance was determined by two-tailed
paired Student’s t-tests (p = 0.05) comparing treatment samples to vehicle controls; p-
values < 0.05 were considered significant. Significance values are reported as * p < 0.05,
**p <0.01, and *** p < 0.001.
2.6. RESULTS
2.6.1. Drug Screening Identified a Thienopyrazole Derivative (Tpz-1) with Potent
Cytotoxicity against Several Cancer Cell Lines

We initiated a high-throughput screening project of 2000 compounds from the
ChemBridge DIVERset chemical library in search of novel cancer-killing compounds.
Cytotoxicity of each compound was first explored via DNS assay against the acute
lymphoblastic leukemia cell line CCRF-CEM, and compounds that elicited 50% or greater
cell death after 48 h of exposure were isolated for further analysis. Tpz-1 (Figure 2.2)
emerged as the most attractive candidate, with a CCso of 0.25 yM toward the CCRF-CEM

cell line, and was thus retested for its ability to induce cell death in other cell types.
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2.6.2. Tpz-1 Displays Highly Selective Cytotoxicity against Leukemia and
Lymphoma Cell Lines

To elucidate the potential selectivity of Tpz-1 toward different cell types,
cytotoxicity was examined against a panel of human cell lines derived from a variety of
cancerous blood and tissues.

The cytotoxicity of Tpz-1 toward individual cell lines was assessed between 24—72
h of exposure through the DNS assay. Cells that grow in suspension were evaluated
generally after 48 h, whereas adherent cells were incubated for 72 h due to their slower
doubling time. In 14 cancer cell lines, the CCso of Tpz-1 was below 1 uM (Table 2.1). Ad-
ditionally, Tpz-1 was noticeably less potent toward non-cancerous Hs27 cells.
Table 2.1. Cytotoxic concentration 50% (CCso) of Tpz-1 in a panel of 17 cancer and 1

non-cancerous cell line at 24 h (top), 48 h, and 72 h (bottom) of exposure.

Hematological Cancer Cell Lines

Cell Line Origin CCso (MM * St. Dev) ®

0.74 £ 0.18 (24 h)
CCRF-CEM T-cell leukemia 0.25 + 0.04 (48 h)

0.19 0.01 (72 h)

0.95 £ 0.03 (24 h)
HL-60 Acute myeloid leukemia 0.63 £ 0.03 (48 h)

0.27 £ 0.03 (72 h)

Ramos Burkitt's lymphoma 0.30 £ 0.01 (48 h)
Jurkat T-cell leukemia 0.41 £ 0.004 (48 h)
MOLT-3 T-cell leukemia 2.10£0.14 (48 h)
NALM6 B-cell precursor leukemia 0.24 + 0.002 (48 h)
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MM.1S Multiple myeloma

0.82 + 0.08 (48 h)

MM.1R Dexamethasone-resistant multiple myeloma 0.78 + 0.02 (48 h)
U266 Multiple myeloma 0.93+£0.13 (48 h)
RPMI 8226 Multiple myeloma 0.33 £0.01 (48 h)
Non-Tumorigenic Cell Lines

6.11 £ 0.03 (48 h)

Hs27 * Foreskin fibroblast
5.72+2.29 (72 h)

Solid Tumor Cell Lines

MDA-MB-231  Triple-negative breast adenocarcinoma 1.94 £0.19 (72 h)
MDA-MB-468  Triple-negative breast adenocarcinoma 0.80 £ 0.07 (72 h)
MCF7 ER+ breast adenocarcinoma 2.99 £ 0.67 (72 h)
COLO 205 Colorectal adenocarcinoma 0.93 £0.03 (72 h)
HT-29 Colorectal adenocarcinoma 0.91 £0.06 (72 h)
HelLa Cervical adenocarcinoma 0.68 £ 0.04 (72 h)
SH-SY5Y Neuroblastoma 0.21 £0.01 (72 h)

tumorigenic cell lines.

From the CCsp values calculated at 48 h and 72 h, selective cytotoxicity index (SCI)

25

aThe CCs refers to the concentration at which 50% of the cell population dies after 24 h,

48 h, or 72 h Tpz-1 exposure; + values denote standard deviations; * Indicate non-

scores were calculated by dividing the CCso of Hs27 cells by the CCso of individual cancer
cell lines (Table 2.2). Very high selectivity (SCI = 20.37) was observed in CCRF-CEM,
Ramos, NALM6, HL-60, and SHSY-5Y cell lines, and scores were also favorable (SCI 2
2.0) across the other cancer cell lines we tested. Interestingly, the SCI for hematopoietic
cells averaged 13.82; thus, in vitro specificity of Tpz-1 toward blood cancers exists. Of

the hematologic cancer cell lines in our panel, Tpz-1 was most sensitive and selective



toward leukemias (SCI = 15.48). As a result of this selectivity, the cytotoxicity of Tpz-1
against HL-60 and CCRF-CEM cells was also evaluated via DNS at 24 h, and these cell
lines were chosen as our in vitro models to assess Tpz-1's ability to induce apoptosis.

Table 2.2. Selective cytotoxicity index (SCI) values of Tpz-1 in 17 cancer cell lines at 48

h (top) and 72 h (bottom) of exposure.

Cell Line SCl48 h
CCRF-CEM 24.44
HL-60 9.70
Ramos 20.37
Jurkat 14.90
MOLT-3 2.91
NALM®6 25.46
MM.1S 7.45
MM.1R 7.83
U266 6.57
RPMI 8226 18.52

Cell Line SCI72h
CCRF-CEM 30.11
HL-60 21.19
MDA-MB-231 2.95
MDA-MB-468 7.15
MCF7 1.91
COLO 205 6.15
HT-29 6.29
HelLa 8.41
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SH-SY5Y 27.24

2.6.3. Tpz-1 Triggers Movement of Phosphatidylserine to the Outer Plasma
Membrane

Tpz-1 treatment caused significant translocation of phosphatidylserine (PS) to the
outer leaflet of cell plasma membranes after 24 h, a hallmark event of apoptosis [67]. To
distinguish between apoptotic and necrotic cell death, we performed an Annexin V-
FITC/PI assay. The Annexin V protein (~36.8 kDa) is a high-affinity ligand of PS, which,
when conjugated to the fluorophore fluorescein-5-isothiocyanate (FITC), can be readily
detected by flow cytometry when bound to PS. In this experiment, cells in the early stages
of apoptosis were distinguished by their emission of FITC signal. In contrast, mem-brane-
compromised late-stage apoptotic and necrotic cells were detected by propidium iodide
(PI); those positive for both FITC and Pl were considered apoptotic, and those only
positive for Pl were deemed necrotic. Our results showed significant PS translocation
after 24 h of exposure to Tpz-1 at the predicted 24 h CCso and 2xCCso concentrations
(HL-60 p < 0.001, Figure 2.3a; CCRF-CEM CCso p < 0.05 and 2xCCso p < 0.001, Figure

S2.1a), suggesting that the primary mode of cell death for this compound is apoptosis.
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Figure 2.3. The intrinsic apoptosis pathway mediates Tpz-1-induced cell death.

(a) Analysis of phosphatidylserine externalization by flow cytometry showed apoptosis
induction in HL-60 cells after 24 h of exposure to CCso (0.95 uM; p < 0.00001) and
2xCCso (1.9 uM; p < 0.00001) concentrations of Tpz-1. The percentages displayed

represent total (early and late) apoptosis values. (b) Flow cytometry analysis indicated
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that Tpz-1 CCso (0.95 pM; p = 0.00646) and 2xCCsp (1.9 uM; p = 0.005941)
concentrations induced significant caspase-3/7 activation after 6 h of incubation in HL-
60 cells. Positive fluorescence for NucView 488 Caspase-3/7 substrate indicated
caspase-3/7 activation. (¢) Tpz-1 causes reactive oxygen species accumulation in HL-
60 cells at CCso (0.95 uM; p = 0.000139) and 2xCCs (1.9 uM; p < 0.00001)
concentrations. ROS was quantified using the carboxy-H.DCFDA reagent. (d) Tpz-1
disrupted mitochondrial membrane potential in HL-60 cells after 5 h of incubation. A
modest but significant increase in depolarized mitochondria was seen in cells treated
with Tpz-1 2xCCsp (1.9 uM; p = 0.029193). Mitochondrial depolarization was quantified
using the JC-1 dye; an increase in green fluorescent signal denoted loss of membrane
potential. (a—d) Cells were treated with the 24 h CCso (0.95 pM) or 2xCCsp (1.9 uM) for
the HL-60 cell line, and 1% v/v DMSO or 1 mM H20- as vehicle and positive controls for
cytotoxicity, respectively. Untreated (UNT) controls were also included. The
percentages and standard deviations represent the average of three technical
replicates. Representative density plots for each experiment are shown. Statistical
analysis was achieved by two-tailed Student’s paired t-test, and the asterisk annotations
represent the statistical significance of the treatments against the vehicle control; (*) p <
0.05, (**) p < 0.01, (***) p < 0.001.
2.6.4. Tpz-1 Induces Caspase-Dependent Apoptosis

To support our evidence that Tpz-1 induces apoptosis, caspase-3/7 activation was
measured in CCRF-CEM and HL-60 cells by flow cytometry. Caspase-3/7 is an integral
part of the intrinsic and extrinsic pathway machinery; therefore, cells were treated with

the CCso or 2xCCso of Tpz-1 for 6 h (both cell lines) or 8 h (CCRF-CEM only) to sufficiently
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stimulate apoptosis before staining for cleaved caspase-3/7 and to optimize fluorophore
signal intensity. Our results revealed a modest but significant activation of caspase-3/7 in
the two Tpz-1 treatments (HL-60 p < 0.01; CCRF-CEM p < 0.05) compared to vehicle-
treated control samples at 6 h (Figures 2.3b and S2.1b). Decreased caspase-3/7
activation was observed at the 8 h time point in CCRF-CEM cells (Figure S2.2), indicating
that peak caspase-3/7 activation occurs closer to 6 h after treatment. Similarly, to
determine if Tpz-1 stimulates extrinsic apoptosis, we evaluated for the activation of the
key initiator, caspase-8; however, we did not detect an increase in activity after 4 h of
treatment (Figure S2.3). Together, this data puts forth intrinsic apoptosis as a probable
mode of cell death inflicted by Tpz-1.
2.6.5. Tpz-1 Causes Cell Stress through an Accumulation of Reactive Oxygen
Species

Reactive oxygen species (ROS) indicate cellular homeostatic disturbance, and
their accumulation promotes apoptosis [68]. To assess for physiological damage inflicted
by Tpz-1, ROS accumulation was quantified with the carboxy-H2DCFDA reagent and
analyzed by flow cytometry. Accumulation of ROS in HL-60 and CCRF-CEM cells was
assessed after exposure to the 24 h CCso or 2xCCso of Tpz-1 for 18 h. Significant ROS
accumulation in Tpz-1 treated samples was evident (p < 0.001; Figures 2.3c and S2.1c),
suggesting the contribution of oxygen radicals to apoptosis.
2.6.6. Tpz-1 Treatment Disrupts Mitochondrial Function

The intrinsic apoptosis pathway is associated with mitochondrial outer membrane
permeabilization that drives the release of ROS and pro-apoptotic proteins from

mitochondria [63,69]. Therefore, we investigated the loss of mitochondrial membrane
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integrity using the JC-1 reagent. The JC-1 dye enters and accumulates in functional
mitochondria to form red fluorescent complexes. In contrast, in mitochondria that have
lost membrane potential, the dye can no longer accumulate and emits green
fluorescence. An increase in green emission signal can therefore distinguish compound-
induced mitochondrial de-polarization. Our analysis revealed a slight but significant
depolarization of mitochondria in HL-60 and CCRF-CEM cells after treatment with Tpz-1
(p < 0.05) for 5 h (Figures 2.3d and S2.1d). This data additionally supports the
involvement of the intrinsic pathway of apoptosis.
2.6.7. Tpz-1 Cell Death Is Restricted to Cells in the G2/M Phase

To assess the dependence of Tpz-1 activity on the cell cycle, phase distribution
was evaluated in HL-60 and CCRF-CEM cells after treatment with the 24 h 7xCCso or
¥2xCCso Tpz-1 for 72 h. Low concentrations of Tpz-1 were used to minimize the
interference of fragmented DNA in our assessment. Samples were stained with a nuclear
isolation medium containing the fluorophore DAPI (NIM-DAPI) post-incubation. In this
assay, the DAPI signal is proportional to the amount of cellular DNA at each phase. Thus,
its emission was used to quantify the DNA content in each sample by flow cytometry. As
predicted, a significant increase in DNA fragmentation (represented by the sub-G0/G1
phase) was evident in both HL-60 and CCRF-CEM and denoted the apoptotic population
in each sample (¥axCCso p < 0.05; 2xCCso p < 0.001). Although DNA fragmentation was
successfully attenuated in HL-60 cells (~10% of the population), the sub-G0/G1
population was twice as large in CCRF-CEM (~20%). A decrease in the G2/M phase was
seen in HL-60 cells treated with Tpz-1, revealing an inverse relationship between Tpz-1

treated cells in the sub-G0/G1 and G2/M stages of cell division (Figure 2.4). These results
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establish a potential connection between Tpz-1 activity and cells as they prepare for
mitosis. However, the overabundant DNA fragmentation in the CCRF-CEM cell line made
it difficult to distinguish the different cell populations (Figure S$2.4), and so it remains

unclear if this phenomenon is shared or unique to HL-60 cells.
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Figure 2.4. Tpz-1 cytotoxicity is G2-M phase-dependent in HL-60 cells after 72 h of
exposure.
(a) Cells were treated with the 24 h 0.25xCCso (0.24 uM; Sub G0-G1 p = 0.047421; G2-
M p = 0.046939) or 0.5xCCsp (0.48 uM; Sub GO-G1 p = 0.000484; G2-M p = 0.000873).
NIM-DAPI was used to stain and quantify the DNA content of each sample. Tpz-1-
treated cells displayed DNA fragmentation, denoted by an increase of cells in sub GO-
G1, that was concurrent with a loss of cells in G2/M. 0.1% v/v DMSO and 100 uM H20>
were utilized as vehicle and positive controls for cytotoxicity, respectively. Untreated
(UNT) controls were also included. The percentages and standard deviations represent
the average of three technical replicates. (b—d) Representative histograms for DMSO,
0.5xCCso Tpz-1, and H20- treated samples. Statistical analysis was achieved by two-
tailed Student’s paired t-test, and the asterisk annotations in each graph represent the
statistical significance of the treatments against the vehicle control; (*) p < 0.05, (***) p <
0.001.
2.6.8. Tpz-1 Interferes with Src and MAP Kinase Function

Protein kinases regulate many cellular functions, including proliferation, mitosis,
apoptosis, and metabolism. Dysregulation of these processes is frequently oncogenic.
Thus, there have been considerable efforts to develop small molecule kinase inhibitors to
treat a variety of cancers. Kinase inhibitors remain a popular target in anticancer drug
discovery today, and several have been approved for clinical use in recent years. Studies
with other thienopyrazole-derivatives have also shown substantial kinase inhibition
[41,44—-46] prompting the need to assess Tpz-1’s effect on a multi-pathway panel of

human kinases. Changes in phosphorylation of Src and MAP kinases were assessed by
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Multiplex Luminex assay using 0.01 yM or 0.1 pM Tpz-1-treated HL-60 cell lysates.
Decreased median fluorescence intensity (MFI) was observed in MAP family kinases p38
(0.01 uM p < 0.05, 0.1 uM p < 0.01; Figure 2.5), CREB (0.01 yM p < 0.05, 0.1 uM p <
0.01; Figure 2.5), Akt (0.01 uM p < 0.05, 0.1 uM p < 0.01; Figure 2.5), and STAT3 (0.01
MM p < 0.05, 0.1 uM p < 0.01; Figure 2.5) and implies kinase hypophosphorylation;
whereas increased MFI/hyperphosphorylation was evident in Src family kinases Fgr (0.01
MM and 0.1 uM p < 0.05; Figure 2.5), Hck (0.1 uM p < 0.05; Figure 2.5), and MAP kinase

ERK 1/2 (0.01 uM and 0.1 uM p < 0.05; Figure 2.5).

Multiplex Luminex Kinase Assays (HL60)

200

Figure 2.5. Tpz-1 interferes with Src and MAP pathway signaling in HL-60 cells after 3 h

of exposure.
Cellular extracts from cells exposed to 0.01 yM Tpz-1, 0.1 uM Tpz-1, or 0.2% v/v DMSO
were analyzed for changes in kinase phosphorylation via antibody/bead-based Luminex

xMAP technology. The y-axis indicates median fluorescence intensity (MFI) and error
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bars represent the standard deviations of the average of two technical replicates.
Decreased MFI, implying kinase hypophosphorylation was evident in p38 (0.01 uM p =
0.034225; 0.1 uM p = 0.009669), CREB (0.01 uM p = 0.043251; 0.1 uM p = 0.004603),
Akt (0.01 uM p = 0.035648; 0.1 uM p = 0.002076), and STAT3 (0.01 uM p = 0.037819;
0.1 uM p = 0.00785); whereas increased MFI, implying hyperphosphorylation was
observed in Fgr (0.01 uM p = 0.033102; 0.1 uM p = 0.014181), Hck (0.1 uM p =
0.0426), and ERK 1/2 (0.01 uM p = 0.024866, 0.1 uM p = 0.020551). Statistical analysis
was achieved by two-tailed Student’s paired t-test, and the asterisk annotations in each
graph represent statistical significance of the treatments against the vehicle control; (*)
p <0.05, (**) p < 0.01. Data acquisition and analysis was achieved via xPONENT 3.1
software (Luminex, Austin, TX, USA).

2.6.9. Tpz-1 Treatment Impedes Microtubule Organization

To ascertain the effect of Tpz-1 on the cytoskeleton and cell division, non-
cancerous Hs27 and cancerous Hela cell lines were treated and stained to visualize DNA
content (DAPI; blue), actin microfilaments (Alexa 568; red), and microtubules (Alexa 488;
green). Hs27 cells are large fibroblasts with an elongated shape, making them ideal for
observing alterations in cytoskeletal organization; similarly, HelLa'’s rapid proliferation and
large surface area renders them optimal for observing mitotic spindle changes.

For this experiment, Hs27 cells were treated with 10 uyM Tpz-1, 5 pg/mL
Cytochalasin-D, 1 uM Paclitaxel, or 1% v/v DMSO for 4 h before fixation and staining.
DMSO-treated cells were considered representative of canonical fibroblast morphology,
consisting of elongated filaments of both actin and tubulin. Cytochalasin-D and Paclitaxel

were used as controls to show microfilament and microtubule organization disruption,
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respectively. Our analysis revealed a condensed morphology and interruption to
microtubule assembly in Hs27 cells treated with Tpz-1 (Figure 2.6). Similarly, HeLa cells
were treated for 24 h with 0.19 uM Tpz-1 or DMSO, Cytochalasin-D, or Paclitaxel controls
at the concentrations indicated above. Images were captured at the same stage of mitosis
for all treatments, with condensed chromosomes (DAPI; blue) convened at the equatorial
plate. Treatment of HeLa with Tpz-1 resulted in multipolar spindle formation (Figure 2.7).

Together these results point to Tpz-1 as a microtubule disrupting agent.

Microtubules Microfilaments Merged
a-tubulin-Alexa 488 phalloidin-Alexa 568 with DAPI

Tpz-1

DMSO
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Paclitaxel

Cytochalasin-D

Figure 2.6. Tpz-1 (10 puM) inhibits tubulin polymerization in Hs27 cells after 4 h of
exposure.

(a) Tpz-1, (b) 1% v/v DMSO, (c) 1 uM Paclitaxel, and (d) 5 ug/mL Cytochalasin-D
treated cells were stained with a-tubulin-Alexa-488 (microtubules), phalloidin-Alexa-568
(microfilaments), and DAPI (nucleus) prior to immunofluorescent analysis by confocal
microscopy. DMSO was included as vehicle control, and Paclitaxel and Cytochalasin-D

as microtubule and microfilament disruptive agents, respectively.
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DNA Microtubules Microfilaments
DAPI a-tubulin-Alexa 488 phalloidin-Alexa 568
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Tpz-1

DMSO
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Cytochalasin-D

Figure 2.7. Tpz-1 (0.19 uM) disrupts spindle formation and polarity in HelLa cells
undergoing mitosis.
(a) Tpz-1, (b) 1% v/v DMSO, (c) 1 uM Paclitaxel, and (d) 5 ug/mL Cytochalasin-D
treated cells were stained with a-tubulin-Alexa-488 (microtubules), phalloidin-Alexa-568
(microfilaments), and DAPI (nucleus) prior to examination by confocal microscopy.
DMSO was included as vehicle control, and Paclitaxel and Cytochalasin-D as
microtubule and microfilament disruptive agents, respectively. Only cells undergoing
mitosis were imaged.
2.7. DISCUSSION

There remains an unmet need for targeted treatments to help patients of all ages

with refractory and secondary acute leukemias [50,70-72]. This study identified a unique
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thieno[2,3-c]pyrazole derivative, Tpz-1, that induced cell death of HL-60 acute myeloid
leukemia cells at nanomolar concentrations. Apoptosis was validated as the primary
mode of Tpz-1-induced cell death in HL-60 cells by detecting Annexin V-FITC bound to
exposed phosphatidylserine at the cell surface (Figure 2.3a). In addition, caspase-8
inactivity (Figure S2.3) and statistically significant caspase-3/7 activation (Figure 2.3b),
reactive oxygen species accumulation (Figure 2.3c¢), and loss of mitochondrial integrity
(Figure 2.3d) were observed by flow cytometry after Tpz-1 exposure and suggest the
involvement of the intrinsic apoptotic pathway in compound-induced cell death. Many of
these markers for apoptosis were also evident to a comparable degree in the acute
lymphocytic leukemia cell line CCRF-CEM (Figures S2.1 and S2.2). However, Tpz-1's
effect on the cell cycle of CCRF-CEM remains unclear due to excessive DNA
fragmentation at the tested concentrations (Figure S2.4).

Thienopyrazoles derivatives have well-documented anticancer activity, yet this
class of compounds has been mostly ignored. As with their parent moieties,
thienopyrazoles have been described in the literature as kinase inhibitors, anti-
inflammatories, and receptor modulating agents [38—40]. Many previous studies have
focused on the activity of thieno[3,2-c]pyrazole derivatives. However, thieno[2,3-
c]pyrazole compounds are also emerging as desirable antitumor, antiviral, antimicrobial,
and anti-inflammatory agents [42,45,46,73]). Furthermore, highly specific
serine/threonine/tyrosine kinase, enzyme, and ligand-gated ion channel antagonist
activity have been associated with thieno[2,3-c]pyrazoles [43,74—76]. As with similar

thienopyrazole derivatives, Tpz-1 disrupted the activity of MAP and Src kinase pathways,
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resulting in the decreased phosphorylation of p38, CREB, Akt, and STAT3 and
hyperphosphorylation of Fgr, Hck, and ERK 1/2.

The MAP kinase (MAPK) pathway plays an essential role in extracellular signal
transduction and is often dysregulated in many cancers. Cellular responses associated
with MAPK cascades include proliferation, differentiation, and apoptosis [77]. After
treatment with Tpz-1, we observed a change in phosphorylation of MAP-associated
kinases ERK 1/2, STAT3, CREB, p38, and Akt (Figure 2.5). ERK 1/2 was one of three
kinases hyperphosphorylated after treatment of cells with Tpz-1. ERK is an extracellular
signal-regulated kinase whose activation canonically enhances proliferation by controlling
cell cycle progression. However, ERK 1/2 activity has alternatively induced G2/M arrest
and apoptosis [25,78,79], which we observed with Tpz-1 (Figure 2.4). Active ERK
facilitates the transfer of extracellular signals to the nucleus by phosphorylation of
transcription factors such as STAT3 and CREB. STAT3 and CREB are proto-oncogenes
often persistently active in cancer, thus making them valuable therapeutic targets [80—
82]. Despite our observed increase in ERK phosphorylation, STAT3 and CREB
phosphorylation was decreased after treatment with Tpz-1. We theorize that this
hypophosphorylation of STAT3 and CREB results from Tpz-1’s concomitant antagonism
of p38 and Akt, as STAT3 and CREB are also known downstream targets of p38 and Akt
signaling pathways [83—86].

In addition, ERK plays a role in M-phase progression, chromosome alignment, and
microtubule assembly [87,88]. Increased ERK phosphorylation by Tpz-1 could thus
potentially disrupt microtubules and lead to mitotic spindle dysfunction. Together, this

information suggests that ERK activity contributes to the G2/M phase-dependent
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apoptosis (Figure 2.4) and microtubule/spindle disruption (Figures 2.6 and 2.7) we
observed after exposing cells to Tpz-1.

The Src pathway plays an essential role in extracellular signal transduction, and
its activation drives tumor progression and metastasis in many cancers. Fgr and Hck are
blood cell-specific Src kinases that were hyperphosphorylated in cells exposed to Tpz-1
(Figure 2.5). Despite its reputation as a proto-oncogene, elevated Hck activity may act
as a tumor suppressor in some leukemias, including AML [89,90], which is relevant to our
use of HL-60 cells herein. Likewise, Fgr is constitutively active in many cancers but is
also known for its ROS-dependent activation and promotion of healthy mitochondrial
complex Il function [91,92]. Therefore, our observed increase in Fgr phosphorylation
could be attributed to ROS accumulation in cells exposed to Tpz-1 (Figures 2.3c and
S2.1c).

Interestingly, in a previous search for small molecule mitotic inhibitors that induce
apoptosis of multicellular tumor spheroids, Tpz-1 (compound 5248881) was also
identified as a lead compound in a screen of over 10,000 molecules from the ChemBridge
DIVERSset library [47]. The authors revealed that 5248881 induced a similar expression
pattern to well-known tubulin inhibitors, inhibited tubulin polymerization in vitro, and
caused G2/M cell cycle arrest. Furthermore, this study also determined that 5248881
induced apoptosis by staining the spheroids for caspase-cleaved keratin-18 and active
caspase-3 [47].

Our results did not show arrest but have shown that Tpz-1 interferes with the cell
cycle (Figure 2.4), causes cell death and a concurrent loss of cells in the G2/M phase in

the HL-60 cell line (Figure 2.4a,c), and damages the mitotic spindle of dividing cells
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(Figure 2.7). Furthermore, another recently published study revealed that Tpz-1
(compound MTPC) could target tumors in mice by encapsulating the compound in gold
nanorod-loaded PLGA-PEG nanoparticles [48]. Together, these previous publications
and the current study support the continued development of Tpz-1 as a chemotherapeutic
candidate.

In conclusion, Tpz-1 is a potent and cytotoxic thieno[2,3-c]pyrazole derivative with
potent and specific anticancer activity in vitro. Despite compelling evidence of the diverse
biological activity of thienopyrazoles, these findings have brought to light a scarcity of
publications focused on this unique scaffold. While the contribution of the thienopyrazole
moiety to Tpz-1’s biological activity remains unknown, our data parallels previously
studied thieno[2,3-c]pyrazoles. Research to further elucidate Tpz-1’s mechanism of
action is ongoing. Until then, we hope that this work inspires our colleagues to consider
thienopyrazole-based compounds in small molecule anticancer drug formulations.

2.8. OPEN ACCESS

This article is published under an open access Creative Commons Attribution 4.0
International License (CC BY 4.0) which allows any part of the article, including tables
and figures, to be shared and adapted for use in any medium provided that the original
article is cited, a link to the license is available, and any changes are indicated. A copy of

this license can be viewed at: https://creativecommons.org/licenses/by/4.0/.

42



CHAPTER 3: THE USE OF WEB-BASED BIOINFORMATIC PLATFORMS TO
DISTINGUISH POTENTIAL TARGETS OF TPZ-1

3.1. OBJECTIVE

Tpz-1 was identified as a remarkably potent and specific in vitro anticancer agent
with a unique thieno[2,3-c]pyrazole-derived structure. Tpz-1 induced cell death via
mitochondrial apoptosis in HL-60 acute myeloid leukemia cells, as confirmed by in vitro
phosphatidylserine externalization, caspase-3 activation, ROS accumulation, and
mitochondrial depolarization (JC-1) flow cytometry assays. This chapter aims to expand
on our knowledge of Tpz-1 by identifying potential targets and molecular mechanisms
affected by treatment. To accomplish this, we utilize open access web-based data mining
tools to evaluate and compare Tpz-1’s chemical structure and the whole transcriptome
changes Tpz-1 induced in HL-60 cells. The use of redundant bioinformatic tools was
employed to enable more a robust prediction of the potential targets and metabolic effects
of Tpz-1. These predictions are intended to inform the most reasonable next steps in the
biological evaluation and optimization of this highly potent cancer-specific cytotoxic
compound.
3.2. ABSTRACT

This chapter analyzes the potential molecular targets and pathways affected by
novel thienopyrazole derivative Tpz-1. To accomplish this, we compared the in vitro
performance of Tpz-1 to the predictions of a total of six structure or gene expression-
based open access in silico platforms. Our analysis revealed that morphological
changes begin to occur within 6 hours of 0.05 yM Tpz-1 exposure in HeLa H2B-GFP

cells, and cell behavior is consistent with disrupted cytoskeletal and extracellular matrix
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interactions. Our in silico results showed an effect of Tpz-1 on cancer cell survival,
metabolism, proliferation, and mitosis primarily through the discoordination of
cytoskeletal dynamics and the deprivation of cells from the receipt and transmission of
extracellular signals. However, SwissADME pharmacokinetic analysis revealed that the
structure of Tpz-1 presents some risk for human toxicity and must therefore be
optimized to enhance the biological effects we have predicted. This study pinpoints
functional annotation data derived from whole transcriptome and structure-based
analyses that can be helpful in the design of Tpz-1 analogs. From an early drug
discovery perspective, this study also offers biologists a statistically robust and modern
approach to deconvoluting the biological targets of novel compounds that arise from
phenotypic screenings.
3.3. INTRODUCTION

Tpz-1 is a cytotoxic thieno[2,3-c]pyrazole derivative that potently induces
apoptosis [47], alters MAP/Src kinase phosphorylation, and disrupts microtubule/mitotic
spindle dynamics [93] at micromolar concentrations. Our in vitro experiments revealed
that Tpz-1 activity was largely consistent with the activity of other thienopyrazole
derivatives, thus we utilized web-based bioinformatic tools to analyze the drug-likeness
of Tpz-1’s structure and the genome-wide transcriptional changes induced by our
compound. The goal of this study was to identify potential structure-function
relationships and elucidate the most likely molecular mechanism(s) of Tpz-1.

Target prediction is an important milestone in early preclinical drug development
and can help guide future drug optimization efforts and discern potential toxicities

associated with compound metabolism or the identified target [94,95]. While the target
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of Tpz-1 could be distinguished by traditional wet-lab techniques, in silico target
prediction (target fishing) methods have gained momentum as reliable computational
alternatives [95]. Ligand-based target fishing methods are centered around small
molecules' structure and assume similarly structured molecules will have a similar
biological effect. Conversely, structure-based methods rely on information about protein
structure and assume that similar proteins will have similar ligand affinity [95].

The present target prediction study of Tpz-1 aims to take a well-rounded
approach, utilizing open-source computational tools to elucidate potential mode(s) of
action based on the canonical SMILES chemical structure and differential gene
expression (whole transcriptome) data collected from HL-60 cells exposed to our
compound. Additionally, because of its unique and understudied thieno[2,3-c]pyrazole
structure, text mining was employed to establish similarities between Tpz-1 and
biomedical literature concerning antineoplastic thiophene and pyrazole-based
compounds, as together, these groups form the thienopyrazole moiety and appear
significant to Tpz-1’s biological activity [93]. In a previous study by Fayad et al. [47],
Tpz-1 (compound 5248881) was shown to inhibit tubulin polymerization similar to the
known mitotic inhibitor drug Colchicine at concentrations above 2.5 pM; however, this
effect was not observed at lower concentrations, suggesting that cytotoxicity could be
driven by other mechanisms at lower concentrations. Overall, the morphology of Tpz-1-
treated cell mitotic spindles, apparent G2/M phase-selective cytotoxicity of the drug, and
widespread gene expression changes observed in our whole transcriptome analysis at
concentrations < 1.0 yM revealed that post-translational Aurora kinase inhibition is the

purported primary target of the molecule at concentrations below 2.0 uM. Additional in
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silico and biochemical assays are thus required to validate the interaction of Tpz-1 with
Aurora kinase; these experiments are currently pending completion.

3.4. MATERIALS AND METHODS

3.4.1. Morphology of Tpz-1-treated cancer cells

3.4.1.1. Timelapse Microscopy

To assess the effect of Tpz-1 on the morphology of treated cells, the histone 2B-
GFP expressing HeLa (H2B-GFP) cell line was utilized. The cells were cultured from a
cell stock acquired from Dr. Anita Quintana’s laboratory at The University of Texas at El
Paso. Cells were cultured in DMEM medium supplemented with 10% FBS, antibiotics,
and in a manner consistent with our other in vitro analyses with Tpz-1 [93].

Upon reaching 80-90% confluence, cells were detached from their vessel and
seeded into thin-bottom 96-well microplates at a density of 4,000 cells per well; the plate
was then incubated overnight to permit cell attachment. The next day, the ImageXpress
Pico automated cell imaging system (Molecular Devices, San Jose, CA, USA) was
prepped for the time-lapse experiment by attaching the environmental cassette, setting
the ambient conditions to 37 °C and 5% CO: using the instrument’s web-based IN Carta
image analysis software, and allowing the cassette to reach optimal ambient
temperature and gas before introducing the plate of cells.

Once ready, the plate was secured into the cassette, and the 40x objective was
focused to the bottom of the well in the smallest imaging area permitted by the
instrument. The cells were then treated with 0.2 uM, 0.1 M, or 0.05 uM Tpz-1 or
controls (1% v/v DMSO, 1mM H203, and untreated) and immediately imaged on the

bright field and GFP channels to visualize the whole cell and histones, respectively.
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Images of each well were acquired every 15 minutes for 30 hours to capture a full round
of cell division. The resulting images and timestamps of the corresponding elapsed time
were compiled into an mp4 video in IN Carta.
3.4.2. Tpz-1 target identification by transcriptomics
3.4.2.1. RNA Extraction

HL-60 cells were seeded at a density of 2,000,000 cells per mL in a 24-well plate
and treated with 2x the 24-hour CCso of Tpz-1 or vehicle control for 6 h before RNA
extraction. Qiagen’s RNeasy Mini Kit was used and its enclosed RNA isolation protocol
was followed. After extraction, a NanoDrop spectrophotometer (ThermoFisher, ND-
ONE-W) was used to verify the quality and quantity of RNA; only samples with
A260/A280 ratios above 1.8 were considered for transcriptome analysis.
3.4.2.2. Whole Transcriptome and CuffDiff Analysis

For whole transcriptome analysis, cDNA library preparation, sequencing, RNA-
seq data quality control, timing, alignment, reads quantification, and CuffDiff
differentially expressed gene (DEG) analysis the published protocols for experimental
compound P3C were uniformly followed [35]. Only DEGs with log2 fold change (log2FC)
> 2.0 or < -2.0 and p-value = 5e-05 were considered significant. All sequencing,
alignment, and differential gene expression data was collected by the Genomic Analysis
Core Facility at UTEP. All biological interpretations of the data were carried out by the
author.
3.4.2.3. Database for Annotation, Visualization, and Integrated Discovery (DAVID)

The Database for Annotation, Visualization, and Integrated Discovery (DAVID)

web-based platform consists of functional annotation tools that are powered by the
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DAVID Knowledgebase (v2022q1) and enable users to investigate the biological
meaning of gene lists [96—98]. The DAVID platform was utilized to visualize Tpz-1's
differential gene expression profile (p = 5e05) on KEGG PATHWAY maps. To perform
the analysis, official gene symbols obtained from CuffDiff analysis were uploaded to
DAVID, and the ‘Functional Annotation Tool’ was selected. From the results, a chart of
relevant KEGG pathways was generated and terms with Benjamini adjusted p-value <
0.05 were considered significant [99]. For each KEGG pathway, the DAVID Pathway
Viewer was used to overlay genes on pathway maps and indicate affected components.
3.4.2.4. KEGG PATHWAY Database

The Kyoto Encyclopedia of Genes and Genomes (KEGG) PATHWAY database
contains a collection of molecular interaction/reaction diagrams and can be used to map
genes in a network [100]. The KEGG PATHWAY database was accessed via the
DAVID platform to gain a preliminary understanding of Tpz-1 activity, and to obtain cell
death pathways. Red stars (downregulated DEGs) and blue stars (upregulated DEGs)
were manually added to the cell cycle, apoptosis, autophagy, and necroptosis maps to
indicate affected components of each pathway.
3.4.2.5. ConnectivityMap

CLUE (https://clue.io) is a free cloud-based platform developed by the Broad
Insititute that allows users to analyze complex gene expression datasets [101]. The
CLUE ConnectivityMap (CMap) database is loaded with over 1 million gene expression
profiles from 80,000+ genetic and small molecule substances that disrupt cellular

processes (perturbagens).
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The CMap Query application is a resource that enables users to compare gene
expression signatures of experimentally-treated human cells with the signatures of
perturbagens in the database using the L1000 assay [102]. L1000 is a robust high-
throughput gene expression assay developed at the Broad Institute and funded in part
by the Library of Integrated Network-Based Cellular Signatures (LINCS) Program. In the
L1000 assay, DEGs of experimental samples are compared to the > 1 million signature
1.0’ and/or the ‘Latest’ > 3 million signature versions of the CMap LINCS database. The
application permits analysis of a maximum of 150 upregulated genes and 150
downregulated genes; however, the relationships identified in the L1000 assay have
shown approximately 80% similarity to direct MRNA measurements [102]. Highly similar
gene expression (positive connections) suggest the experimental treatment and
perturbagen may exert similar effects on a cell [101].

For this analysis, the significantly upregulated (> 2.0 log2FC) and downregulated
(< -2.0 log2FC) genes (p = 5e-05) from CuffDiff were sorted from greatest to least log2
fold change, and the top 150 genes from each list were isolated for CMap Query
analysis. Genes from the list that were ‘invalid’ were searched against the HGNC

(HUGO Gene Nomenclature Committee; https://genenames.org) database and modified

to reflect their current HUGO symbol [103]. Additionally, genes deemed ‘valid but not
used in query’ were removed because they fell outside of the Best Inferred Gene
(BING) space. The BING space reflects the subset of genes used by the Query
application to compute similarities between experimental gene sets and expression
signatures in the CMap database [101]. The removed genes were replaced with the

next gene in each list with the greatest log2FC value until there were 150 valid genes in
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both up- and down-regulated queries. We individually queried the ‘1.0’ version of the
CMap database with these modified up- and down-regulated gene lists.

CMap Query results were rank-ordered by positive Connectivity Score (1), and
perturbagens with a summary score 2 95.00 were considered significantly connected to
our experimental treatment. CMap connectivity scores are a standardized value that
indicates the similarity of an experimental gene set to the expression signatures of
reference perturbagens. Scores = 95.00 indicate the connectivity between experimental
DEGs and a given perturbagen is stronger than 95% of all reference signatures in the
CMap database [101,102]. To enhance the robustness of our results, the summary CS
across all cell lines was used; red/orange color was used to indicate T = 95.00.
3.4.2.6. Ingenuity Pathway Analysis (IPA)

The web-based IPA software (build version 389077M, Qiagen, Redwood City, CA)
was used to separately analyze lists of the top 100 up- and down-regulated DEGs and
their corresponding fold-change values that we obtained from whole transcriptome
analysis [35,104,105]. The genes for each list were selected by sorting according to most
positive or most negative fold-change value. All 200 mRNAs were successfully mapped.
In this analysis, the Ingenuity Pathway Analysis (IPA) ‘Core Analysis’ function was used
to compare the molecules in our Tpz-1 experimental datasets to the Qiagen Knowledge
Base for the purpose of identifying significant associations with diseases, pathways,
upstream regulators, and biological functions (entities).

Built-in IPA features such as Canonical Pathway, Causal Network Analysis,
Upstream Regulator Analysis, and Graphical Summary were utilized. The statistical

significance of each associated entity is represented by p-value and/or z-score. P-values
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were calculated by right-tailed Fisher’s exact test, and values < 0.05 indicate significant
and non-random overlap between experimental data and the Knowledge Base. In
contrast, z-scores indicate a prediction of activation or inhibition of a given disease,
function, or upstream regulator; entities with scores = 2 are predictive of activation and <
-2 of inhibition. Additionally, a -log(p-value) of 1.3 was used as the threshold of statistical
significance (p < 0.05) in canonical pathway bar charts.

Coloration indicates an entity’s z-score: orange for activation, blue for inhibition,
white for z-score = 0, and gray for no activity pattern available. Ingenuity’s Target Explorer
[106] was subsequently used to investigate the biological relationships and interaction
networks of each entity. Although similar to ConnectivityMap, the primary difference is
that IPA predicts biological relationships between our experimental data and published
literature in the Qiagen Knowledge Base, whereas ConnectivityMap derives predictions
from in vitro (L1000) assays.

This IPA experiment was performed in collaboration with Dr. Sourav Roy’s
laboratory at The University of Texas at El Paso. The author was responsible for providing
the differential gene expression lists and interpreting the IPA data.

3.4.3. Tpz-1 target identification by chemical structure
3.4.3.1. SMILES Chemical Notation

We used the canonical Simplified Molecular Input Line Entry System (SMILES)
notation to denote the chemical structure of compound Tpz-1 (IUPAC name: N-[(E)-(2-
methoxyphenyl)methylideneamino]-3-methyl-1-phenylthieno[2,3-c]pyrazole-5-
carboxamide; PubChem CIDs: 5331400/5443760/1125175; PubChem SID: 331572

[107]; ChemBridge ID: 5248881 [47]; MTPC [48]). The canonical SMILES string for Tpz-
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1, CC1=NN(C2=C1C=C(S2)C(=O)NN=CC3=CC=CC=C30C)C4=CC=CC=C4, was
obtained from PubChem.
3.4.3.2. ChEMBL

The ChEMBL database (http://ebi.ac.uk/chembl/), curated by the European

Molecular Biology Laboratory European Bioinformatic Institute (EMBL-EBI), contains
over 2 million distinct bioactive molecules and their corresponding chemical, bioactivity,
and genomic information [108,109]. The ChEMBL ‘Compound Report Card’ for Tpz-1
(CHEMBL4441641) and other similar molecules were accessed in an effort to identify
potential targets and related publications.
3.4.3.3. SwissDrugDesign

SwissDrugDesign is an in silico drug design project supported by the Swiss
National Science Foundation and Swiss Institute of Bioinformatics that provides several
free and web-based tools to aid in virtual small molecule screenings. The tools that
were used in our analysis of Tpz-1 were SwissTargetPrediction, SwissSimilarity, and
SwissADME. The canonical SMILES chemical structure notation for Tpz-1 was used for
all three platforms.

SwissTargetPrediction (http://www.swisstargetprediction.ch) is an online ligand-

based target prediction tool that aims to predict the most probable protein target of a
small molecule based on its similarity with known experimentally active compounds
[110]. The prediction is based on the combined 2D and 3D similarity of a query
molecule to a library of over 327,000 bioactive molecules on more than 2,000 human
protein targets [110]. SwissTargetPrediction probability values indicate the probability of

a given molecule to have a given protein as its target and are calculated from the
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Combined-Scores of the most similar bioactive molecules (‘known actives’) with activity
against each target. A Combined-Score of > 0.5 indicates a high probability of the
queried molecule targeting a given protein. Proteins are ranked by their probability of
being a true target (shown as green bars); ‘known actives (3D/2D) denotes the number
of known bioactive molecules with 3D/2D similarity to the query molecule.

SwissSimilarity (http://www.swisssimilarity.ch) is a ligand-based tool that

retrieves compounds similar to a queried molecule [111]. The output of SwissSimilarity
can be used to study structure-activity relationships, as molecules with high similarity
scores are generally expected to target the same proteins as the query molecule.
Similarity scores on the platform range from O for totally dissimilar to 1 for identical
compounds. In this analysis, the molecular structure of Tpz-1 was compared to
bioactive compounds in the full ChEMBL bioactivity database (2,059,285 molecules)
using a combined 2D and 3D ligand-based screening method.

SwissADME (http://swissadme.ch) is another tool which predicts the

physicochemical, pharmacokinetic, druglikeness, and medicinal chemistry properties of
queried molecules using lipophilicity iLOGP [112] and gastrointestinal absorption/brain
penetration BOILED-Egg [113] models. This platform enables the early virtual
assessment of absorption, distribution, metabolism, and excretion (ADME) properties of
molecules that are in the discovery phase (i.e. Tpz-1) to help identify poor
pharmacokinetic properties that could lead to the drug’s clinical failure [114].
3.4.3.4. COREMINE Medical Text Mining

To assess for potential connections in the literature between thiophenes,

pyrazoles, neoplasms, and Tpz-1’s biological activity, the PubGene COREMINE

53



Medical text mining application was used to present the relationship between these
terms as a graphic network (http://www.coremine.com/medical). Thienopyrazole was
not an available search term, thus its parent thiophene and pyrazole rings were queried
in the context of cancer (neoplasms). The COREMINE Medical platform documents
connections between terms by mining the biomedical literature of the MEDLINE
database [115]. Associations between ‘thiophenes’, ‘pyrazole compound’, and
‘neoplasms’ were extracted from literature that co-mentioned all three terms. In addition,
all available years of published articles were mined in our search. Only gene/protein,
molecular function, drug, and biological process category results with significance
scores < 0.05 were considered in our analysis [115-117].
3.5. RESULTS
3.5.1. Timelapse microscopy revealed morphological changes associated with
Tpz-1 treatment

In the images shown for this experiment, the green-colored area of each cell
depicts the localization of histone H2B to approximate the organization of chromatin.
Cells treated with 0.10 yM and 0.05 pM doses of Tpz-1 began to display significant
changes in morphology between 6 and 12 hours of treatment. Treated cells dissociated
from the bottom of the culture vessel and adopted an elongated structure that varied
between cells but was evident at both Tpz-1 concentrations (Figure 3.1a,b). This
elongated cellular shape was associated with aberrant cytokinesis, with cells forming
more than two daughters or failing to separate fully. Additionally, mitosis of these odd-

shaped cells was severely delayed compared to 1% v/v DMSO and untreated controls
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(Figure 3.1a-d). Furthermore, some affected cells appeared to readily fragment and
float around to form conglomerates of cellular debris.

(a) Tpz-1 0.10 uM
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Figure 3.1. Morphological changes in HeLa H2B-GFP cells treated with Tpz-1 for 30
hours. (a) 0.1 uM Tpz-1; (b) 0.05 uM Tpz-1; (c) Untreated; (d) Vehicle, 1% v/iv DMSO.
3.5.2. Tpz-1 mechanistic analysis via transcriptomics revealed extensive
alterations to gene expression

3.5.2.1. Differential Gene Expression and KEGG Pathway Analysis

Whole transcriptome and a subsequent CuffDiff analysis identified 667
upregulated and 1121 downregulated genes after Tpz-1 treatment that met our criteria
of >2.0 or <-2.0log2FC and p = 5e-05.

To gain an understanding of the biological pathways most prominently
downregulated by Tpz-1, the KEGG PATHWAY database was accessed via DAVID
analysis of the downregulated gene list. There were 14 pathways significantly
downregulated (adjusted p < 0.05) after treatment (Table 3.1), of these, eight (57.1%)
terms have been correlated with cancer: proteoglycans in cancer (31 genes), axon
guidance (28 genes), Hippo signaling (24 genes), regulation of actin cytoskeleton (27
genes), focal adhesion (25 genes), small cell lung cancer (15 genes), Rap1 signaling
(25 genes), ECM-receptor interaction (14 genes), and bladder cancer (9 genes).
Moreover, seven (50%) of the identified KEGG PATHWAY terms suggest that Tpz-1

activity involves the downregulation of cell-cell and extracellular matrix (ECM)
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interactions: proteoglycans in cancer, axon guidance, adherens junction (15 genes),
regulation of actin cytoskeleton, focal adhesion, Rap1 signaling, and ECM-receptor
interaction. With exception of the Hippo signaling pathway, overlap of gene involvement
amongst several pathways was evident, particularly Akt serine/threonine kinase 3
(AKT3), oncogene R-Ras (RRAS), proto-oncogene tyrosine-protein kinase Src (SRC),
epidermal growth factor receptor (EGFR), tyrosine kinase-type cell surface receptor
HER2 (ERBB2), fibroblast growth factor receptor 1 (FGFR1), fibronectin 1 (FN1),
integrin subunit alpha 2/6/V (ITGA2/6/V), phosphoinositide-3-kinase regulatory subunit 3
(PIK3R3), and Vav guanine nucleotide exchange factor 2 (VAV2), which were included
in at least 4 pathways each. Four (28.6%) of the downregulated pathways were related
to herpes simplex virus 1 infection, arrhythmogenic right ventricular cardiomyopathy,
AGE-RAGE signaling in diabetic complications, and Yersinia infections and were not
relevant to Tpz-1's anticancer activity, thus they were omitted from further investigation.

Table 3.1. Relevant KEGG pathways downregulated by Tpz-1.

Term # of Genes | p-value | Benjamini | Genes
Proteoglycans in | 31 1.70e- |[5.20e-04 | AKT3, CD44, ELK1, RRAS,
cancer 06 ARHGEF12, SRC, WNTG6,

CAMK2D, CCND1,
CDNK1A, EGFR, ERBBZ,
FGFR1, FN1, FZD6, FZD7,
HPSE, ITPR3, ITGAZ,
ITGAV, MAPK11, MAPK13,
PXN, PIK3R3, PLCET1,
PLCG1, RDX, SDC4,
THBS1, TGFB2, VAV2

Axon guidance 28 4.40e- |6.60e-04 |ENAH, EPHB2, EPHB3,
06 RRAS, ARHGEF12,
SRGAP1, SRGAP3, SRC,
BMPR2, CAMK2D, CFLZ2,
EFNA3, EFNB1, EFNBZ2,
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NEO1, PAK4, PARD3,
PARDGB, PIK3R3, PLCG1,
PLXNA3, PLXNB1,
PRKCZ, RGS3, SEMA3C,
SEMASF, SSH3, SEMA4F

Hippo signaling
pathway

24

2.80e-
05

2.80e-03

BBC3, LLGL2, NKD1,
SMAD1, TEAD3, WTIP,
WWC1, WNT6, AJUBA,
BMPR2, CTNNA1, CCND1,
DLG5, FZDe6, FZD7, ID1,
PARD3, PARD6B, PRKCZ,
SAV1, STK3, TCF7L2,
TGFB2, TP73

Adherens junction

15

4.00e-
05

3.00e-03

BAIAP2, FER, LMO7, SRC,
SSX2IP, WASL, YEST,
CTNNA1, EGFR, ERBB2,
FGFR1, PARD3, PTPREF,
SORBS1, TCF7L2

Regulation of
actin cytoskeleton

27

2.90e-
04

1.40e-02

BAIAP2, CRK, ENAH,
FGD1, RRAS, ARHGEF12,
SRC, WASL, ABI2,
CHRMS, CFL2, EGFR,
FGFR1, FGFR4, FN1,
ITGAZ2, ITGAG, ITAGAV,
ITGB4, MYH10, PAKA4,
PXN, PIP4K2C, PIK3R3,
RDX, SSH3, VAV2

Focal adhesion

25

4 .90e-
04

2.10e-02

AKT3, CRK, ELK1, JUN,
RASGRF1, SRC, CAPNZ2,
COL4A2, CCND1, EGFR,
ERBBZ2, FN1, ITGAZ,
ITGAG, ITGAV, ITGB4,
LAMB1, LAMB3, LAMCH1,
PAK4, PXN, PIK3R3,
TLNZ2, THBS1, VAV2

Small cell lung
cancer

15

7.00e-
04

2.60e-02

AKT3, TRAF4, TRAF5,
COL4A2, CCND1, CCNEZ2,
CDKN1A, FN1, ITGA2,
ITGAG, ITGAV, LAMB1,
LAMB3, LAMC1, PIK3R3

Rap1 signaling

25

9.10e-

3.00e-02

AKT3, CRK, ENAH,
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pathway 04 RAP1GAP, RRAS,
RAPGEF2, SRC, EFNAS,
EGFR, FGFR1, FGFR4,
ID1, MAGI3, MAPK11,
MAPK13, PARD3,
PARDGB, PIK3R3, PLCEA1,
PLCG1, PRKCZ, SIPA1LZ,
TLNZ2, THBS1, VAV2

ECM-receptor 14 1.40e- |3.80e-02 |CD44, AGRN, COL4A2,
interaction 03 DAG1, FN1, ITGAZ2,
ITGAG, ITGAV, ITGB4,
LAMB1, LAMB3, LAMC1,

SDC4, THBS1
Bladder cancer 9 2.00e- 4.40e-02 SRC, CCND1, CDKN1A,
03 CDKN2A, DAPK1, DAPK2,

EGFR, ERBB2, THBS1

Similarly, the KEGG PATHWAY database was accessed via DAVID for the
genes upregulated by Tpz-1. There were 4 KEGG pathways significantly upregulated
(adjusted p < 0.05) after treatment (Table 3.2): human cytomegalovirus infection,
Yersinia infection, NOD-like receptor signaling, and Lipid and atherosclerosis pathways.
There were two genes which all four upregulated pathways shared: C-X-C motif
chemokine ligand 8 (CXCL8) and mitogen-activated protein kinase 12 (MAPK12/p38y).
In addition, there were eight genes shared amongst 75% of the upregulated pathways:
C-C motif chemokine ligand 5 (CCL5/RANTES), Rho guanine nucleotide exchange
factor 1 (ARHGEF1), inositol 1,4,5-triphosphate receptor 1 (ITPR1/ACV), nuclear factor
of activated T cells 1 and 2 (NFATC1/2), phospholipase C beta 2 (PLCB2), apoptosis-
associated speck-like protein containing a CARD (PYCARD), and caspase 1 (CASP1).

Table 3.2. KEGG pathways upregulated by Tpz-1.

Term # of Genes | p-value | Benjamini | Genes
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Human 23 4.3e-05 | 8.9e-03 CCL5, CXCL8, GNAI2,
cytomegalovirus GNG7, MYC, RB1, RAC2,
infection RAC3, ARHGEF1, ADCY7,
B2M, CDK®, ITPR1,
IL10RA, IL6R, HLA-B,
MAPK12, NFATC1,
NFATC2, PLCB2,
PTGER2, PRKCA, PTK2B

Yersinia infection |17 5.9e-05 | 8.9e-03 CXCLS8, GIT2, NLRC4,
PYCARD, RAC2, RACS,
ARHGEF1, ARPC4,
CASP1, ITGAS, MAPK12,
NFATC1, NFATC2,
PTK2B, RHOG, RPS6KA1,

VAV1
NOD-like receptor | 19 2.1e-04 |2.1e-02 ANTXRZ2, BCL2, CCL5,
signaling CXCL8, NLRC4, NAIP,

PYCARD, TRAF3, CASP1,
CARDS8, CARDS9, IKBKE,
ITPR1, IFI16, MAPK12,
PLCB2, PRKCD, P2RX7,

TRPM2
Lipid and 20 5.3e-04 | 3.9e-02 BCL2, CCL5, CXCLS, LYN,
atherosclerosis POU2F2, PYCARD,

ARHGEF1, TRAF3,
TNFRSF10A, APAF1,
CASP1, IKBKE, ITPR1,
MAPK12, NFATCA1,
NFATC2, PLCB2, PRKCA,
TLR2, VAV1

3.5.2.2. ConnectivityMap

Our query of CMap database version 1.0 yielded nine perturbations with gene
signatures similar to Tpz-1 treatment (Figure 3.2), indicated by summary Connectivity
Score (1) (Table 3.3): ribonuclease T2 (RNASET2; 1 = 99.47); CD99 molecule (CD99, T
= 97.78); ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1

(UQCRFS1; 1= 97.41); kinesin family member 5C (KIF5C; T = 97.40);
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dehydrogenase/reductase SDR family member 2 (DHRS2; 1 = 97.25); cytotoxic lipid
peroxidation product 4-hydroxy-2-nonenal (1 = 97.11); DENN/MADD domain containing
1B (DENND1B; 1 = 97.00); thyroid hormone receptor interactor 13 (TRIP13; 1 = 96.57);

and cytochrome c oxidase subunit Vb (COX5B; 1 = 95.06).

7o) >
o w o ™~ 8 E
wolddoa
335220 GhE
A><<<IIIZ=Im type name description
B | | B RNASET2 ribonuclease T2
H B I CD99 CD molecules, CD99 molecule
[ | u UQCRFS1 Mitochondrial respiratory chain complex / Complex IlI, ubiquinol-cytochrome c reductase, Rieske iron-sulfur polypeptide 1
| KIF5C Kinesins, kinesin family member 5C
[ | O [ DHRS2 Short chain dehydrogenase/reductase superfamily / Classical SDR fold cluster 1, dehydrogenase/reductase (SDR family) member 2
O 4-hydroxy-2-nonenal cytotoxic lipid peroxidation product
| | DENND1B DENN/MADD domain containing, DENN/MADD domain containing 1B
| | TRIP13 ATPases / AAA-type, thyroid hormone receptor interactor 13
| | COX5B Mitochondrial respiratory chain complex, cytochrome c oxidase subunit Vb
- . H [ ) H
Figure 3.2. ConnectivityMap database ‘1.0’ query with the Top 150 upregulated and Top

150 downregulated genes; all uploaded genes were within the BING space. Only

perturbagens with summary connectivity scores = 95.00 are shown.

Except for one compound, 4-hydroxy-2-nonenal, all other results corresponded to gene

knockdowns.

Table 3.3. Perturbagens with similar differential gene expression signatures to Tpz-1.

‘Type’ denotes perturbagen classification: KD = gene knockdown, CP = compound.

Symbol | Type Gene Name T Cancer-Related Function

RNASET2 | KD ribonuclease T2 99.47 | Its inhibition opposes the
cleavage/degradation of
lysosomal and mitochondrial
RNA; has conflicting roles in
apoptosis; and affects structure
of actin cytoskeleton and focal
adhesions [118-120].

CD99 KD CD99 molecule 97.78 | Inhibition interferes with cell
adhesion, morphology, and
survival; activates Src kinases;
and has oncojanus effects [121—
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124].

UQCRFS1 | KD ubiquinol-cytochrome ¢ [ 97.41 | Inhibition interrupts
reductase, Rieske iron- mitochondrial respiratory chain
sulfur polypeptide 1 complex Il maturation, electron

transfer, and reactive oxygen
species production [125-127].

KIF5C KD kinesin family member | 97.40 | Unknown; could interfere with

5C intracellular transport and
microtubule cytoskeleton
[128,129].

DHRS2 KD dehydrogenase/reduct |97.25 | Oncojanus; has an effect on lipid
ase SDR family metabolism, cell cycle, and
member 2 oxidative damage response

[130].

HNE CP 4-hydroxy-2-nonenal 97.11 | Toxic product of lipid
peroxidation; oxidative stress
marker; induces cell cycle arrest
and intrinsic/extrinsic apoptosis;
and inhibits NFkB pathway via
IkBK [131-136].

DENND1B | KD DENN/MADD domain | 97.00 | Knockdown will reduce Rab35

containing 1B GTPase activity, potentially
impacting endocytosis,
cytokinesis, and other processes
[137].

TRIP13 KD thyroid hormone 96.57 | Knockdown is associated with

receptor interactor 13 dysregulated spindle-assembly
checkpoint, proliferation, and
mitotic exit; and promotes
mitotic slippage [138—140].
COX5B KD cytochrome c oxidase |95.06 | Knockdown associated with

subunit 5b

mitochondrial dysfunction,
reduced production of ATP,
ROS accumulation, growth
arrest, and senescence
[141,142].
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3.5.2.3. Ingenuity Pathway Analysis

The maijority of the top 100 Tpz-1-downregulated genes (Figure 3.3) were associated
with cancer (98/100; p-value range = 9.24E-04 — 1.62E-13), organismal injury and
abnormalities (98/100; p = 9.76E-04 — 1.62E-13), endocrine system disorders (93/100; p
= 4.09E-04 — 2.49E-13), reproductive system disease (84/100; p = 8.57E-04 — 6.34E-
12), and gastrointestinal disease (94/100; p = 7.80E-04 — 8.99E-10). Whereas the top
100 upregulated genes (Figure 3.4) were associated with inflammatory response
(66/100; p-value range = 3.76E-04 — 1.49E-14), connective tissue disorders (38/100; p-
value range = 3.18E-04 — 4.63E-12), inflammatory disease (42/100; p-value range =
3.18E-04 — 4.63E-12), organismal injury and abnormalities (99/100; p-value range =
3.81E-04 — 4.63E-12), and skeletal and muscular disorders (37/100; p-value range =
3.18E-04 — 4.63E-12). This indicates the therapeutic potential of Tpz-1 in and beyond
cancer, particularly for endocrine, reproductive, or gastrointestinal diseases; as well as
the potential for inflammatory side effects.

The molecules from our downregulated gene list with the greatest reduction in
expression fold change (FC) were: keratin 19 (KRT19; -11.895 FC), desmoplakin (DSP;
-11.500 FC), discoidin domain receptor tyrosine kinase 1 (DDR1; -11.370 FC),
epidermal growth factor receptor (EGFR; -11.104 FC), keratin 7 (KRT7; -10.929 FC),
plastin 3 (PLS3; -10.721), keratin 8 (KRT8; -10.632 FC) , prominin 1 (PROM1; -9.514
FC), cellular communication network 1 (CCN1; -9.264 FC), and keratin 17 (KRT17; -
9.321 FC) (Figure 3.3). Additionally, lysozyme (LYZ; 13.459 FC), lymphocyte cytosolic
protein 1 (LCP1; 10.626 FC), placenta associated 8 (PLACS8; 9.877 FC), zinc finger

protein 655 (ZNF655; 9.531 FC), phosphoinositide-3-kinase adaptor protein 1

64



(PIK3AP1; 9.114 FC), FERM domain containing kindlin 3 (FERMT3; 9.105 FC), linker
for activation of T cells family member 2 (LAT2; 8.988 FC), integrin subunit alpha L
(ITGAL; 8.878 FC), growth factor independent 1 transcriptional repressor (GFI1; 8.796
FC), and RAS guanyl releasing protein 2 (RASGRP2; 8.765 FC) showed the greatest
increase in expression (Figure 3.4).

Molecular and cellular functions most associated with Tpz-1 gene downregulation
(Figure 3.3) were cellular movement (52/100; p = 9.50E-04 — 4.83E-14), cell-to-cell
signaling and interaction (32/100; p = 9.67E-04 — 2.36E-10), cellular assembly and
organization (50/100; p = 9.67E-04 — 2.36E-10), cellular function and maintenance
(43/100; p = 9.67E-04 — 2.36E-10), and cell morphology (45/100; p = 9.50E-04 — 1.37E-
09). Whereas Tpz-1 gene upregulation was associated with cell-to-cell signaling and
interaction (48/100; p = 3.74E-04 — 6.49E-16), cell death and survival (65/100; p =
3.74E-04 — 3.32E-15), cellular compromise (28/100; p = 2.50E-04 — 3.15E-14), cellular
development (56/100; p = 3.74E-04 — 4.46E-14), and cellular growth and proliferation
(63/100; p = 3.74E-04 — 4.46E-14) (Figure 3.4). These findings are consistent with our
previously reported cytotoxic evaluation of Tpz-1 [93].

In IPA, an ‘upstream regulator’ is defined as any drug or molecule that has a
downstream effect on molecules in the experimental dataset. Notably, EGFR was the
only downregulated gene that was also identified as a top upstream regulator of Tpz-1
activity (p = 6.96E-11), though the resultant downstream effects could not be predicted.
Other upstream regulators of Tpz-1 downregulated gene bioactivity included beta-
estradiol (p = 5.80E-12), coagulation factor Il thrombin receptor F2R (p = 2.92E-11),

estrogen receptor (p = 1.05E-10), and proto-oncogene H-RAS (p = 1.17E-10) (Figure
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3.3). The expression of beta-estradiol, F2R, estrogen receptor, and HRAS have been
individually implicated in cancer progression, and are also known to crosstalk with
EGFR [143—-151]. Upstream regulators associated with Tpz-1 upregulated genes
include: vitamin A derivative tretinoin (p = 3.78E-10), interleukin 33 IL33 (activated; p =
7.08E-09), phorbol ester compound tetradecanoylphorbol acetate (activated; p = 1.00E-
08), lipopolysaccharide (activated; p = 1.03E-08), and ETV6-RUNX1 fusion protein
(inhibited; p = 1.57E-08) (Figure 3.4). The predicted effect of Tpz-1 on these molecules,
with exception of lipopolysaccharide, have proven therapeutic in cancers, particularly
leukemias [152—156].

Causal networks derived from the IPA Knowledge Base aim to identify biological
relationships between experimental gene expression data and published literature [157].
Networks that were related to our downregulated gene list were SMAD family member 4
SMAD4 (p = 1.78E-13), TATA-box binding protein TBP (inhibited; p = 1.09E-12),
nuclear receptor subfamily 0 group B member 1 NROB1 (activated; p = 2.58E-12),
matrix metallopeptidase 10 MMP10 (p = 3.26E-12), and protease inhibitor 4-
hydroxymercuribenzoate (activated; p = 5.33E-12) (Figure 3.3). Additionally, H2.0 like
homeobox HLX (inhibited; p = 9.40E-13), signal transducer and activator of transcription
4 STATA4 (activated; p = 2.47E-11), interferon Ifn (activated; p = 4.21E-11), GATA
binding protein 1 (GATA1), and LXR ligand-LXR-Retinoic acid-RXRa complex (p =
8.41E-11) were the causal networks associated with our upregulated gene list (Figure
3.4). These networks are associated with cellular transcription, signal transduction,
metabolism, differentiation, and tissue remodeling processes; all of which are routinely

implicated in cancer.
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Figure 3.3. IPA results for top 100 genes downregulated by Tpz-1.
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Figure 3.4. IPA results for top 100 genes upregulated by Tpz-1.
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3.5.3. Tpz-1 structural analysis indicated key functional groups with potential to

drive anticancer activity and in vivo toxicities

3.5.3.1. SwissTargetPrediction

Our SwissTargetPrediction query of Tpz-1 (Table 3.4) did not result in the

identification of any probable targets (P* = 0.115736675). Despite this, Tpz-1 displayed

strong structural similarity to: thiophene-based JNK1/2/3 inhibitor compound

CHEMBL1682010 (Similarity: 0.934) [158]; imidazole-based neuronal and inducible

NOS inhibitor CHEMBL1911987 (Similarity: 0.927) [159]; 2-aminoimidazolone-based

PIM1, DYRK1A/2, and CLK1 inhibitor CHEMBL1803071 (Similarity: 0.925) [160];

azabenzimidazole-derived AURKB, CDK2, and IKBKE inhibitor CHEMBL2010815

(Similarity: 0.923) [161]; and 1-acyl-2-benzylpyrrolidine-based orexin receptor

(HCRTR1/2) antagonist CHEMBL3741194 (Similarity: 0.923) [162]. Notably, none of

these structurally similar bioactive molecules contained a thienopyrazole, and may

explain the low reliability of Tpz-1’s predicted targets by this platform.

Table 3.4. The top 15 potential targets of Tpz-1 identified by SwissTargetPrediction.

synthase, inducible

Target Common | Uniprot | ChEMBL ID Target Prob Known

name ID Class (P*) actives
(3D/2D)

c-Jun N-terminal MAPKS8 P45983 | CHEMBL2276 Kinase 0.1157 | 540/0

kinase 1

c-Jun N-terminal MAPK10 | P53779 | CHEMBL2637 Kinase 0.1157 | 323/0

kinase 3

c-Jun N-terminal MAPK9 P45984 | CHEMBL4179 Kinase 0.1157 | 201/0

kinase 2

Nitric-oxide NOS1 P29475 | CHEMBL3568 Enzyme | 0.1157 | 85/0

synthase, brain

Nitric oxide NOS2 P35228 | CHEMBL4481 Enzyme | 0.1157 | 171/0
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Cyclin-dependent CDK5R1 | Q15078 | CHEMBL1907600 | Kinase 0.1157 | 353/0
kinase 5/CDK5 CDK5 Q00535
activator 1

Serine/threonine- PIM1 P11309 | CHEMBL2147 Kinase 0.1157 | 262/0
protein kinase PIM1

Dual-specificity DYRK1A | Q13627 | CHEMBL2292 Kinase 0.1157 | 201/0
tyrosine-
phosphorylation
regulated kinase 1A
(by homology)

Dual specificity CLK1 P49759 | CHEMBL4224 Kinase 0.1157 | 100/0
protein kinase CLK1
(by homology)

Dual-specificity DYRK2 Q92630 | CHEMBL4376 Kinase | 0.1157 | 30/0
tyrosine-
phosphorylation
regulated kinase 2

Serine/threonine- AURKB Q96GD4 | CHEMBL2185 Kinase 0.1157 | 381/0
protein kinase
Aurora-B

Cyclin-dependent CDK2 P24941 | CHEMBL301 Kinase 0.1157 | 453/0
kinase 2

Inhibitor of nuclear IKBKE Q14164 | CHEMBL3529 Kinase 0.1157 | 25/0
factor kappa B
kinase epsilon

subunit

Orexin receptor 2 HCRTR2 | 043614 | CHEMBL4792 Family A | 0.1157 | 1099/0
GPCR

Orexin receptor 1 HCRTR1 | 043613 | CHEMBL5113 Family A | 0.1157 | 936/0
GPCR

3.5.3.2. SwissSimilarity

The results of our query revealed 400 bioactive molecules with similarity scores >
0.5; over half of them containing a thienopyrazole group. The top 12 SwissSimilarity hits
(Figure 3.5) were evaluated further to determine their structural and functional

relationship to Tpz-1. Of note, all top hits retained the carboxamide, thienopyrazole, and
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phenyl groups of Tpz-1, and may indicate the significance of these components to the
molecule’s potent cytotoxicity.

The most similar hit was CHEMBL4441641 (Similarity: 0.999), a stereoisomer of
Tpz-1. Hitherto, PubChem ID 5331400 was our only known record of Tpz-1, however,
the ChEMBL database identified redundant entries for Tpz-1 under PubChem IDs
5443760 and 1125175. Interestingly, CHEMBL4441641 was identified as an effective
inhibitor of human ectonucleoside triphosphate diphosphohydrolase 5 (ENTPD5) with
antitumor activity in LnCaP prostate adenocarcinoma cells, and is patented by The
University of Texas [163]. Aside from the [47] and [48] studies and our own [93] there
have been no significant advances in Tpz-1’s functional characterization.

CHEMBL4441641 CHEMBL1608018 CHEMBL1341103 CHEMBL1436102
Score : 0.999 Score : 0.979 Score : 0.979 Score : 0.977
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Figure 3.5. Top 12 bioactive molecules in the ChEMBL database with structural similarity
to Tpz-1; ranked by SwissSimilarity ‘Similarity Score’.
3.5.3.3 ChEMBL Database

The ChEMBL platform predicted at 90% confidence the potential human targets
of CHEMBL441641 (Table 3.5) [164].

Table 3.5. ChEMBL target predictions for CHEMBL4441641 (Tpz-1) at 90% confidence.

Target ChEMBL ID Target Name

CHEMBL2617 Tryptase beta-1

CHEMBL278 Integrin alpha-4

CHEMBL3807 T-cell protein-tyrosine phosphatase
CHEMBL1829 Histone deacetylase 3

CHEMBL1907588 Acetylcholine receptor; alphal/beta1/delta/gamma

CHEMBL3712907 Transmembrane domain-containing protein TMIGD3

CHEMBL5568 Proto-oncogene tyrosine-protein kinase ROS
CHEMBL2789 Estradiol 17-beta- dehydrogenase 2
CHEMBL2095172 GABA-A receptor; alpha-1/beta-2/gamma-2
CHEMBL1868 Vascular endothelial growth factor receptor 1
CHEMBL6120 Solute carrier family 22 member 12
CHEMBL3891 Calpain 1

CHEMBL325 Histone deacetylase 1

CHEMBL1907591 Neuronal acetylcholine receptor; alpha4/beta4
CHEMBL2390810 Microtubule-associated protein 2

As for the other top SwissSimilarity hits (Figure 3.5), knowledge of their
biological activity was limited to unpublished publicly deposited data in the PubChem

(https://pubchem.ncbi.nim.nih.gov/) Bioassay database [165]. Some exceptions were
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compound CHEMBL3752261 (Similarity: 0.968), an apoptosis-inducing and non-
structural protein 4B (NS4B) targeted anti-hepatitis C drug candidate [166,167]; and
CHEMBL261864 (Similarity: 0.961), a non-cytotoxic RNase L and innate immunity
activating broad-spectrum antiviral agent [168].

3.5.3.4. SwissADME

To better understand the potential pharmacokinetics, bioavailability, and toxicity
of Tpz-1 in vivo, the SwissADME platform was utilized. SwissADME evaluates the
overall drug-likeness of a queried molecule by predicting its absorption, distribution,
metabolism, and excretion (ADME) properties with predictive models that are based on
molecular structure. The query results are summarized in two graphics: the BOILED-
Egg plot, which demonstrates the compound’s potential gastrointestinal (Gl) absorption
(egg white), blood-brain barrier permeation (egg yolk), and efflux by P-glycoproteins
(red/blue circle); and the Bioavailability Radar, which depicts six important parameters
of oral bioavailability and their optimal values (pink area) [114].

The predicted pharmacokinetics of Tpz-1 (Figure 3.6) were somewhat favorable,
displaying suitable size, polarity, flexibility, and strong passive Gl absorption. However,
Tpz-1 was unfavorably predicted to be hydrophobic (Water Solubility/Lipophilicity
scores), highly unsaturated (ratio of single bonds to double bonds/rings), and could
metabolize poorly (cytochrome P450 inhibitor); additionally, the presence of a potentially
reactive imine (carbon-nitrogen double bond) group elicited a structural alert [169], and
its molecular weight and lipophilicity (Leadlikeness) are also in need of optimization

[170].
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Figure 3.6. SwissADME BOILED-Egg (gastrointestinal absorption/blood brain barrier

penetrance) and iLOGP (lipophilicity) results for Tpz-1.
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3.5.3.5. COREMINE query of pyrazole compounds, thiophenes, and neoplasms

Extracted associations from MEDLINE literature co-mentioning ‘Pyrazole
Compound’, ‘Neoplasms’, and ‘Thiophenes’ included 1504 Gene/Proteins, 118
Molecular functions, 592 Biological processes, and 2562 Drugs. Of these associations,
1163 Gene/Proteins, 456 Biological processes, and 75 Molecular functions, and 1924
Drugs had significance values (p) < 0.05.

The top 10 biological process connections identified in our query (Figure 3.7)
were angiogenesis (61,466 connections; p = 4.17529E-06), cell migration (57,323
connections; p = 8.83591E-06), epithelial to mesenchymal transition (33,054
connections; p = 8.07096E-06), cell proliferation (128,121 connections; p = 1.41166E-
06), apoptotic process (126,290 connection; p = 1.68584E-06), signal transduction
(148,472 connections; p = 6.88977E-06), cell cycle (97,209 connections; p = 4.59181E-
06), cell growth (89,566 connections; p = 5.18161E-06), cell death (97,645 connections;
p = 9.0063E-06), and growth (199,363 connections; p = 2.79673E-06).

The top 10 gene/protein associations (Figure 3.8) were B-Raf proto-oncogene
(BRAF; 17,739 connections; p = 1.1897E-05), kallikrein-related peptidase 3 (KLK3;
18,657 connections; p = 5.40296E-06), tuberous sclerosis 1 (TSC1; 30,828
connections; p = 3.66019E-06), tumor protein p53 (TP53; 46,928 connections; p =
2.34066E-06), B-cell ymphoma 2 (BCL2; 42,679 connections; p = 1.09965E-05),
epidermal growth factor receptor (EGFR; 38,640 connections; p = 6.64911E-06), erb-b2
receptor tyrosine kinase 2 (ERBBZ2; 25,576 connections; p = 4.96213E-06), E-cadherin

(CDH1; 28,827 connections; p = 1.05595E-05), CD274 molecule (16,979 connections;
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p = 1.06736E-05), and Kirsten rat sarcoma viral oncogene homolog (KRAS; 21,906
connections; p = 1.19765E-05).

The top 10 associated molecular functions (Figure 3.9) were luciferin
monooxygenase activity (26,880 connections; p = 0.000375731), methylated-DNA-
[protein]-cysteine S-methyltransferase activity (12,042 connections; p = 4.5219E-05),
telomerase activity (16,793 connections; p = 5.29734E-05), fibroblast growth factor-
activated receptor activity (13,544 connections; p = 0.000165914), motor activity
(52,404 connections; p = 0.00018353), kinase activity (43,755 connections; p =
0.000159403), DNA binding (50,477 connections; p = 0.000708572), catalytic activity
(83,572 connections; p = 0.001196781), N-methyl-D-aspartate selective glutamate
receptor activity (23,041 connections; p = 0.00090111), and ubiquitin-specific protease
activity (14,009 connections; p = 0.000289273).

The top 10 drug relationships (Figure 3.10) were carboplatin (21,301
connections; p = 1.82064E-05), fluorodeoxyglucose F18 (22,514 connections; p =
1.58442E-05), breast cancer type 1 susceptibility protein measurement (21,885
connections; p = 1.70471E-05), fluorouracil (38,610 connections; p = 5.31468E-06),
cisplatin (56,911 connections; p = 3.92629E-06), gemcitabine (22,945 connections; p =
1.12086E-05), doxorubicin (51,010 connections; p = 4.95727E-06), paclitaxel (39,122
connections; p = 9.29734E-06), docetaxel (21,533 connections; p = 1.25424E-05), and

epidermal growth factor (57,263 connections; p = 9.46582E-06).
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Figure 3.7. Top 10 biological processes co-mentioned in MEDLINE literature containing

the terms ‘Pyrazole Compound’, ‘Thiophenes’, and ‘Neoplasms’.
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Figure 3.8. Top 10 genes/proteins co-mentioned in MEDLINE literature containing the

terms ‘Pyrazole Compound’, ‘Thiophenes’, and ‘Neoplasms’.
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Figure 3.10. Top 10 drugs co-mentioned in MEDLINE literature containing the terms

‘Pyrazole Compound’, ‘Thiophenes’, and ‘Neoplasms’.

3.6. DISCUSSION

3.6.1. Tpz-1-treated cells lose cytoskeletal integrity within hours of treatment
Tpz-1-treated cells presented with a morphology that is consistent with an

impaired cytoskeleton (Figure 3.1). Treated cells displayed irregular behavior,

amorphism, and flexibility which is likely to disrupt normal intra- and extracellular

interactions. Depending on the unique cellular interactions that take place, the fluid

morphology of treated cells could theoretically promote different cell fates through

assorted mechanisms. Given the importance of the cytoskeleton to faithful cell division,



outcomes of Tpz-1 treatment likely include delayed mitosis, erroneous chromosome
segregation, and programmed cell death. Treated cell morphology is consistent with our
in vitro study described in the previous chapter [93], the findings of Fayad et al. [47],
and the transcriptome and structure-based in silico predictions detailed below. This
experiment clearly establishes cytoskeletal disruption as a primary mechanism of Tpz-
1’s cellular effect, even at very low concentration (0.05 uM). Future investigations of
Tpz-1 and its analogs should consider cytoskeleton and mitotic spindle-associated
proteins as possible targets.

3.6.2. Transcriptome analysis revealed a network of cancer-related pathways
downregulated by Tpz-1

With exception of the Hippo signaling pathway, overlap of gene involvement amongst
several pathways was evident, particularly AKT3, RRAS, SRC, EGFR, ERBB2, FGFR1,
FN1, ITGA2/6/V, PIK3R3, and VAV2, which were associated with a minimum of four
pathways each.

3.6.2.1. Cell-ECM and Cell-Cell Interaction Mechanisms

3.6.2.1.1. Proteoglycans in cancer

The ECM is primarily comprised of crosslinked fibrous proteins and
proteoglycans (PGs) [171,172]. Collagen provides most of the ECM’s physical scaffold,
while proteoglycans fill the remaining interstitial space to add tensile strength and
facilitate signal transduction [172—-174]. Proteoglycans are found on cells, in cells, and in
the ECM and can be classified by their glycosaminoglycan chains: hyaluronan (HA),
heparan sulfate (HSPG), chondroitin sulfate (CSPG), and keratan sulfate (KSPG) [175].

Upstream constituents of the signaling pathways for all four proteoglycan

subtypes were downregulated after treatment with Tpz-1, particularly HA and HSPGs
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(Supplementary Figure S3.1). Importantly, the signals transmitted by these molecules
have been associated with cell survival, adhesion, and migration. Notable
downregulated elements were the CD44 molecule, Erb-B2 receptor tyrosine kinase 2
(ERBB2/HER2), SRC proto-oncogene, epidermal growth factor receptor (EGFR),
integrin subunit alpha 2 (ITGA2), integrin subunit alpha V (ITGAV), fibronectin 1 (FN1),
frizzled class receptors 6/7 (FZD6/7), fibroblast growth factor receptor 1 (FGFR1),
syndecan 4 (SDC4), and Wnt family member 6 (WNT6). These results show that Tpz-1
cytotoxicity involves a downregulation of proteoglycan pathway elements at the cell
surface which are known to crosslink with the cytoskeleton and are essential to cell
survival, motility, and transmission of extracellular communications [176—179].
3.6.2.1.2. Rap1 signaling

The Rap1 GTPase has been implicated in processes involving cell-cell and cell-
ECM adherence [180]. In Tpz-1-treated cells, inhibition of RRAS and CRK could lead to
the downregulation of MAPK (MAPK11/13) and PI3K-Akt (PIK3R3, AKT3) signaling
cascades, causing subsequent mitigation of cell proliferation and survival via Rap1-
related pathways (Supplementary Figure S3.2). Tpz-1 may also disrupt cell polarity via
downregulated par-3 family cell polarity regulator (PARD3), par-6 family cell polarity
regulator beta (PARDG6B), and protein kinase C zeta (PRKC2Z).
3.6.2.1.3. ECM-receptor interaction

The extracellular matrix (ECM) is a three-dimensional network of water, proteins,
and other biomolecules that surrounds cells to provide structural support and facilitate
chemical and mechanical processes within all organs and tissues [172,174,181].

Composition of the ECM is dynamic and unique to each tissue, and is important for
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normal tissue architecture, homeostasis, and communication of signals between cells
and their environment [172,181-183]. The ECM controls cell survival, proliferation, and
many other cell behaviors, thus dysregulation of its composition can also drive cancer
[174,181,183]. Cells communicate with the ECM primarily through transmembrane
integrins or proteoglycans, and are reliant on these interactions for their survival [184].

After Tpz-1 treatment, many components of the ECM-receptor interaction
pathway was downregulated. Specifically, ECM proteins collagen type IV alpha 2 chain
(COL4A2), laminin subunits beta 1/3 (LAMB1/3) and gamma 1 (LAMC1),
thrombospondin 1 (THBS1), fibronectin 1 (FN1), and agrin (AGRN) were affected; as
were the membrane-embedded integrin subunits alpha 2/6/V (ITGA2/6/V) and beta 4
(ITGB4), proteoglycans CD44 and syndecan 4 (SDC4), and glycoprotein dystroglycan 1
(DAG1) (Supplementary Figure S3.3). Together, these results suggest that loss of
ECM interactions plays a significant role in Tpz-1’s anticancer effect.
3.6.2.1.4. Adherens junctions

Adherens junctions are cell-cell adhesion structures that form strong or weak
intercellular connections via interaction of transmembrane Cadherin and cytoplasmic
Catenin proteins functionally linked to the actin cytoskeleton [185-187]. Similarly, the
Nectin-Afadin adhesion complex also facilitates adherens junction coupling to actin
[186].

Downstream components of the Nectin-Afadin and Cadherin-Catenin pathways
were downregulated after treatment with Tpz-1, most notably: catenin alpha 1
(CTNNAT1), WASP like actin nucleation promoting factor (WASL), BAR/IMD domain

containing adaptor protein 2 (BAIAP2), and transcription factor 7 like 2 (TCF7L2)
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(Supplementary Figure S3.4). The inhibition of these pathways shows that Tpz-1
treatment is likely to disrupt important cytoskeletal interactions that contribute to cell
polarity and adhesion.
3.6.2.1.5. Focal adhesion

Focal adhesions are points of attachment and communication between the ECM,
transmembrane integrins, and the actin cytoskeleton [188]. Signaling through integrins
also controls cell motility, proliferation, and survival [189].

Treatment with Tpz-1 caused downregulation of ECM components collagen type
IV alpha 2 chain (COL4A2), laminin subunits beta 1/3 (LAMB1/3), and laminin subunit
gamma 1 (LAMC1); coupled with downregulation of integrin subunits alpha 2/6/V
(ITGA2/6/V) and beta 4 (ITGB4), paxillin (PXN), and phosphoinositide-3-kinase
regulatory subunit 3 (PIK3R3) (Supplementary Figure S3.5). This might ultimately lead
to the downregulation of AKT serine/threonine kinase 3 (AKT3) and cyclin D1 (CCND1)
signaling, thereby promoting Tpz-1-induced cell cycle inhibition and death.
3.6.2.2. Axon guidance molecules in cancer

Formation and survival of neural networks is mediated by molecules such as the
netrins, ephrins, slits, and semaphorins. In addition to their role in the brain, these ‘axon
guidance’ molecules have been implicated in tumor cell angiogenesis, apoptosis,
motility, and invasion processes [190-192].

Tpz-1 treatment primarily downregulated ephrin and semaphorin molecules that
are involved in regulation of the actin cytoskeleton. Notable downregulated elements
were EPH receptors B2/3 (EPHB2/3), cofilin 2 (CFL2), ephrin A3 (EFNAS3), ephrin B1

and B2 (EFNB1/2), semaphorin 3C/F (SEMA3C/F), semaphorin 4F (SEMA4F), plexin
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A3 (PLXNA3), plexin B1 (PLXNB1), and p21-activated kinase 4 (PAK4)
(Supplementary Figure S3.6). These results provide supporting evidence that Tpz-1
interferes with the cytoskeletal dynamics, and perhaps structural stability, of treated
cells.
3.6.2.3. Hippo signaling

The Hippo signaling pathway is a conserved, but only partially characterized,
mammalian pathway that controls tissue growth, homeostasis, and organ size by
regulating the rates of cell proliferation versus apoptosis [193]. Adherens junctions and
cell polarity complexes have been implicated in Hippo pathway regulation, and their
knockdown affects cell survival and adhesion [194,195]. Notable elements of the Hippo
pathway downregulated by Tpz-1 include serine/threonine kinase 3 (STK3), ajuba LIM
protein (AJUBA), SMAD family member 1 (SMAD1), NKD inhibitor of WNT signaling
pathway 1 (NKD1), cyclin D1 (CCND1), and catenin alpha 1 (CTNNA1)
(Supplementary Figure S3.7). These results indicate that Tpz-1 treatment
downregulates proteins involved in cell contact inhibition, proliferation, and polarity.
3.6.2.4. Regulation of actin cytoskeleton

The actin cytoskeleton is a dynamic structure whose remodeling in response to
stimuli is essential to cell morphology, movement, and mitosis [196,197]. In addition, the
actin cytoskeleton contributes to the stability of cell-cell and cell-ECM adhesions [198].
Three Rho GTPases, Rho, Rac, and Cdc42, regulate actin polymerization in all
eukaryotic cells [198].

Based on our results, Tpz-1 treatment caused downregulation of receptor

tyrosine kinase (RTK), integrin (ITG), and G-protein coupled receptor (GPCR) signaling
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pathways related to focal adhesion, stress fibers, and actin assembly (Supplementary
Figure S3.8). Implicated genes include: epidermal growth factor receptor (EGFR),
fibroblast growth factor receptors 1/4 (FGFR1/4), R-Ras (RRAS), Rho guanine
nucleotide exchange factor 12 (ARHGEF12), myosin heavy chain 10 (MYH10),
fibronectin 1 (FN1), integrin subunit alpha 2/6/V (ITGA2/6/V), integrin subunit beta 4
(ITGB4), CRK proto-oncogene (CRK/P38), SRC proto-oncogene (SRC), p21-activated
kinase 4 (PAK4), cofilin 2 (CFL2), WASP like actin nucleation promoting factor (WASL),
and ENAH actin regulator (ENAH). This data further demonstrates how Tpz-1’s
inhibitory effect on cytoskeleton-related protein expression could contribute to cell
death.
3.6.2.5. Small cell lung and bladder cancers

Small cell lung (Supplementary Figure $3.9) and bladder cancer pathways
(Supplementary Figure S3.10) were also significantly downregulated in our whole
transcriptome analysis of Tpz-1. Specifically, inhibition of pro-proliferative cyclin
dependent kinase inhibitor 1A (CDKN1A), cyclin D1 (CCND1), cyclin E2 (CCNEZ2), and
TNF receptor associated factors 4/5 (TRAF4/5) signaling via integrin and EGFR/ERBB2
was observed and demonstrate the potential toxicity of Tpz-1 toward additional cancer
types in vitro.
3.6.2.6. Transcriptome analysis also identified the upregulation of several cellular
pathways by Tpz-1

Though Tpz-1 induced the upregulation of pathways that were not directly linked
to cancer, there are connections between the genes associated with human

cytomegalovirus infection, Yersinia infection, NOD-like receptor signaling, lipid and
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atherosclerosis and several of the cancer-related pathways we know to be affected,
including: the cell cycle, apoptosis, cytoskeleton, MAPK, PI3K-Akt, and JAK-STAT
signaling pathways [93].

3.6.2.7. Tpz-1 induced gene expression changes that influence the cell cycle

The above pathways significantly affected by Tpz-1 led us to a conduct a
secondary investigation of Tpz-1’s effect on the cell cycle. Notably, the cell cycle
regulators cyclin D1 (CCND1) and cyclin E2 (CCNEZ2) were downregulated by Tpz-1
and indicate the compound’s effect on slowing or halting the progression of cells
through the G1 phase (Supplementary Figure S.3.11). Also, the downregulation of late
mitotic regulator CDC14B suggests that Tpz-1 could also affect the successful mitotic
exit of cells. Furthermore, the upregulation of tumor suppressor RB1 might also lead to
the restriction of Tpz-1-treated cells from G0/G1 phase progression [199,200].
Moreover, the increased expression of mitotic checkpoint and c-myc antagonist
MAD1L1 has been implicated in the delay of cell proliferation and growth in the context
of chromosomal missegregation [201-203].

Together, these results support the findings of our previous cell cycle and
cytoskeleton analyses [93], and support that the activity of Tpz-1 is dependent on the
cell cycle and that cells undergoing mitosis may show increased sensitivity to the
cytotoxic effects of the compound.
3.6.2.8. Tpz-1-treated cells appear to be primed for programmed cell death

An evaluation of all 1,788 differentially regulated genes was additionally
conducted to determine Tpz-1's effect on three well-studied modes of programmed cell

death: apoptosis (Supplementary Figure S3.12), autophagy (Supplementary Figure
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$3.13), and necroptosis (Supplementary Figure $3.14). Several genes were found to
be dysregulated in all three cell death pathways. Three upregulated genes (BCL2,
TNFRSF10A, ITPR1), and five downregulated genes (PIK3C2A, PIK3R3, CAPN2,
AKTIP, AKT3) were shared amongst at least two of the three studied programmed cell
death pathways.

This data insinuates that widespread metabolic dysregulation occurs as a result
of Tpz-1 treatment, and this dysregulation primes cells for programmed cell death
through inflammatory and non-inflammatory pathways. This data also proposes that
apoptosis may not be the preferred mode of cell death induced by Tpz-1, and
depending on the cell cycle phase, environment, and metabolic condition of an
individual cell, autophagy or necroptosis could predominate.
3.6.2.9. ConnectivityMap analysis supports an effect of Tpz-1 on the cytoskeleton

Across the significant ConnectivityMap perturbagens (Table 3.3), Tpz-1 activity
appeared most similar to the gene expression profiles of queries in the PC3 cell line
(Figure 3.2). Five of the nine gene knockdown perturbagens had connectivity scores =
95.00 in the PC3 cell line, compared to four of nine in HT29 and MCF7 cells. These
results provide a strong rationale for the future in vitro evaluation of Tpz-1 against solid
tumor cell lines.

Additionally, many of the perturbagens identified in the ConnectivityMap query
were associated with oxidative stress, cell cycle disruption, cytoskeletal changes, and
failed cytokinesis in the context of cancer (RNAseT2, UQCRFS1, KIF5C, DHRS2, HNE,
DENND1B, TRIP13, COX5B). Together, this data reaffirms the notion that Tpz-1

cytotoxicity is related to aberration of mitosis and cytoskeleton-related pathways.
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3.6.2.9.1. RNAseT2

RNaseT2 is a conserved and ubiquitously expressed endonuclease with a role in
the cleavage and degradation of its RNA substrates. RNaseT2 can be secreted or
intracellular; its secreted form is known for its immunomodulatory properties, while
localization of the intracellular form suggests its involvement in the lysosomal
degradation of RNA and mitochondrial RNA metabolism [118—120]. Altered expression
of RNaseT2 has been observed in various cancers, including colorectal cancer,
melanoma, and acute lymphoblastic leukemia, and can have pleiotropic effects [118—
120]. In addition, RNaseT2 cleavage products have been shown to activate toll-like
receptor 8 (TLR8), which is a fundamental activator of innate immunity and
inflammation.

The transcriptional changes induced by Tpz-1 were highly connected to the
effects of RNaseT2 knockdown in PC3 prostate (1 = 98.89), A375 skin (1 = 99.58), A549
lung (1 = 96.93), MCF7 breast (1 = 99.59), and HepG2 liver (1 = 95.98) cancer cell lines.
The summary connectivity score for RNaseT2 knockdown across all cell lines was
99.47. This information suggests that RNaseT2 inhibition could be a potential broad-
spectrum outcome of Tpz-1 treatment in tumorigenic cells.
3.6.2.9.2. CD99

The CD99 molecule, also known as MIC2 or E2, is a transmembrane
glycoprotein known for its role in several cellular processes, including cell adhesion,
morphology, and survival [121,123,204]. CD99 is commonly overexpressed in
hematopoietic malignancies are oncojanus, meaning they can be oncogenic or

suppressive depending on the circumstances [121,122,204]. The expression signature
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of Tpz-1 was highly connected to CD99 knockdown in non-cancerous HA1E kidney (1 =
97.31), and cancerous HT29 colorectal (1 = 97.66) and MCF7 breast (1 = 95.85) cell
lines. The connectivity of Tpz-1's gene expression signature to CD99 knockdown is
highly relevant to Tpz-1's cytotoxic effect because CD99 has been touted as a
biomarker for acute myeloid leukemia cells, and we used AML-derived HLGO cells in our
whole transcriptome analysis.

In the context of AML (MOLM13 cell line), CD99 knockdown was reported to
induce apoptosis via oncogenic stress by activating of Src family kinases RAS, c-MYC,
BCR-ABL, and SYK [124,205-207]. In addition, silencing CD99 in MOLM13 cells
caused cell cycle arrest in S/G2/M and gene expression changes associated with DNA
damage, replication stress, and unfolded protein responses; this effect was attributed to
the oncogenic stress caused by rapid Src pathway activation [124]. We have identified a
similar phenotype induced by Tpz-1, as several RAS associating genes (RASSF2/5,
RASAL1/3, RASA3, RASGRP2), MYC, and SYK were significantly upregulated in the
transcriptome, and we have observed the potential bias of Tpz-1 cytotoxicity toward
cells in the G2/M phase in vitro [93].
3.6.2.9.3. UQCRF$S1

Rieske iron-sulfur polypeptide 1 (UQCRFS1) encodes an integral protein in the
mitochondrial respiratory chain complex Il that is responsible for its maturation, electron
transfer, and reactive oxygen species production [125-127]. UQCRFS1 is known to be
amplified in several cancers and may contribute to tumor progression [208—210].

As can be imagined, UQCRFS1 knockdown significantly impairs mitochondrial

membrane potential and can thus contribute to cancer cell death. UQCRFS1
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knockdown was connected to Tpz-1-induced gene expression changes for the PC3 cell
line (T = 98.32), suggesting there may exist some cell-type specificity of this
mitochondrial mode of action.

3.6.2.9.4. KIF5C

Kinesins are microtubule motor proteins [128,211]. KIF5C is a kinesin heavy
chain protein of the classical kinesin complex that is most known for its role in motor
neuron maintenance [128]. Although the connectivity scores between kinesin family
member 5C (KIF5C) knockdown and the Tpz-1 transcriptome were less than 95.00 in
individual cell lines, the summary score across all available cell lines was 97.40.

There is little known about KIF5C'’s role in cancer, however, because of its
functional redundancy with KIF5 isoforms KIF5A/B, it can be postulated that knockdown
of this gene could effectively reorganize the microtubule cytoskeleton and impede
intracellular transport [129,212].
3.6.2.9.5. DHRS2

Dehydrogenase/reductase member 2 (DHRS2; Hep27) is a short-chain
dehydrogenase/reductase family member whose activity in cancer has been
conflictingly reported. While some studies suggest an oncosuppressive effect of
DHRS2, others have correlated its expression with cancer development [130]. Tpz-1
gene expression was connected to DHRS2 knockdown in two reference cell lines, PC3
(1=99.52) and A549 (1 = 97.15). Of note, DHRS2 has known roles in lipid metabolism,
oxidative damage prevention, and the cell cycle, which could be relevant to the
anticancer activity of Tpz-1 [130].

3.6.2.9.6. HNE
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HNE is a toxic product of lipid peroxidation/oxidative stress whose expression
has been associated with cell cycle arrest, Fas- and p53-mediated apoptosis, NFkB
inhibition, and pleiotropic activity in the context of cancer [131-136]. In its inactive form,
NFkB exists in the cytosol and is bound to its inhibitory protein IkB [131]. Only when IkB
is phosphorylated by IkB kinase (IkBK) will it dissociate so NFkB can translocate to the
nucleus, where it is free to bind DNA and activate transcription [131]. HNE indirectly
inhibits NFkB signaling through its interaction with IkBK, which prevents the IkB
phosphorylation that is essential for NFkB dissociation [131,135].

The expression signature of Tpz-1 was comparable to HNE in the A375
melanoma (1 = 96.40) and HT29 colorectal cancer (1 = 97.93) cell lines, suggesting the
biological activity of these two compounds may be similar in these cell types. However,
more research would need to be conducted to clarify the molecular mechanism of HNE
in these specific cell lines. Tpz-1 has not yet been evaluated against A375, but we have
previously shown that its activity is pro-apoptotic in HT29 cells (CCsp = 0.91 uM) [93].
3.6.2.9.7. DENND1B

DENN/MADD domain containing 1B (DENND1B; connecden?2) is a guanine
exchange nucleotide factor that activates endosomal Rab35 [213]. Rab35 is a GTPase
whose activity is associated with endosomal trafficking of cell surface proteins,
cytokinesis, cytoskeleton organization, and cancer [137,213].

Accordingly, knockdown of DENND1B will reduce the activation of Rab35, and
could theoretically promote cell death by disrupting cell surface signaling, cell—cell
attachment (through disrupted trafficking of cadherins to the cell surface), cytoskeletal

organization, and cytokinesis — each of these very relevant to our investigation of Tpz-
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1 [137]. Tpz-1 gene expression was connected to DENND1B knockdown in two
reference cell lines, PC3 (1 = 98.45) and HT29 (1 = 95.47).
3.6.2.9.8. TRIP13

Thyroid hormone receptor protein 13 (TRIP13) is known to be upregulated in
various cancers and is associated with spindle assembly checkpoint, chromosomal
instability, and DNA repair pathways [214—-218]. TRIP13 knockdown was connected to
the expression profile of Tpz-1 in HT29 (1 = 98.91) and MCF7 (1 = 97.14) cell lines, both
of which we have confirmed the compound’s cytotoxicity against [93].

Paradoxically, the physiological effects of TRIP13 overexpression mirrors the
aneuploidy and chromosomal disorganization we observed in microscopic analysis of
Tpz-1-treated HelLa cells [93], and TRIP13 was not differentially regulated in our
transcriptome. Regardless, it appears plausible that TRIP13-related pathways overlap
with those affected by Tpz-1, specifically those involving the mitotic spindle assembly
checkpoint and chromosomal instability.
3.6.2.9.9. COX5B

Cytochrome c oxidase subunit 5b (COX5B) is a subunit of complex IV of the
mitochondrial respiratory chain and is known to be differentially regulated in various
cancers via c-Myc and Bcl2-mediated pathways [219-221]. Additionally, COX5B has
been proposed as a prognostic biomarker in Myc-expressing breast cancers,
considering its overexpression has been correlated to tissues with high metabolic
demands [141,222]. Knockdown of COX5B has been associated with disrupted
mitochondrial function, reduced ATP production, ROS accumulation, growth arrest, and

senescence [141,142].
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COX5B knockdown was significantly correlated to Tpz-1 transcriptional activity in
the PC3 (1 = 99.45) and MCF7 (1 = 96.83) reference cell lines. The physiology of
COX5B knockdown is similar to Tpz-1 activity in that we have previously observed loss
of mitochondrial membrane potential, ROS accumulation, and growth arrest in HL60
and CCRF-CEM cells [93].
3.6.2.10. Ingenuity Pathway Analysis further connects Tpz-1 cytotoxicity to
cytoskeleton-associated signaling pathways

To gain a better understanding of the cancer-related major biological themes
associated with gene downregulation by Tpz-1, we assessed the IPA-provided graphical
summary of our data (Figures 3.3 and S$3.15) with the Qiagen Ingenuity Target
Explorer. The ‘Graphical Summary’ feature illustrates potential connections between the
significant canonical pathways, upstream regulators, diseases, and biological functions
identified by IPA; chemicals are excluded. In the image, color indicates the directional
relationship of each entity to Tpz-1 data based on the z-score. Positive z-scores are
denoted in orange, and imply activation, whereas negative scores are shown in blue
and represent inhibition.

Inhibition of upstream regulators transforming growth factor beta 3 (TGFB3),
interferon gamma (IFNG), vascular endothelial growth factor A (VEGFA),
angiotensinogen (AGT), and tumor necrosis factor (TNF) were at the center of the
summary network, and they are thus heavily connected to the surrounding entities; each
arrow indicates a predicted connection. Also central to the network were several
inhibited biological pathways and functions: chemotaxis, invasion of tumor cell lines, cell

movement, and high mobility group box 1/amphoterin (HMGB1) signaling.
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Other inhibited genes such as interleukin 1A (IL1A), interleukin 4 (IL4), interleukin
5 (IL5), catenin beta 1 (CTNNB1), hypoxia inducible factor 1 subunit alpha (HIF1A),
myocardin related transcription factors A/B (MRTFA/B), endothelin 1 (EDN1), and
thrombin (F2) were peripherally located in the network and connected to one or more
surrounding entity. The inhibition of biological processes such as the homing of cells,
migration of embryonic cell lines, invasion of cells, cell movement of tumor cell lines,
neoplasia of tumor cells, and reorganization of actin cytoskeleton were similarly found at
the edges of the network. Interestingly, activation of ephrin family receptors A1-5
(EFNA1/2/3/4/5) was also predicted.

The results of IPA for the top 100 genes downregulated by Tpz-1 revealed
similarities to our previous DAVID/KEGG Pathway analysis. Specifically, the inhibition of
cell-ECM, ECM-receptor, and cell—cell interactions, and regulation of the cytoskeleton.
However, an inhibitory effect of Tpz-1 on inflammatory cytokines was predicted in IPA
and contradicts the predictions of DAVID/KEGG. No overlap was observed with our
CMap analysis. Overall, despite the differences, these results provide additional
evidence that supports Tpz-1 as a cytoskeleton-disrupting agent.

We assessed the cancer-related major biological themes associated with genes
upregulated by Tpz-1 in a consistent manner (Figures 3.4 and S3.16). No gene,
function, or pathway was predicted to be inhibited by our top 100 upregulated gene list.
At the center of the IPA graphical summary for upregulation was the activation of
upstream regulators nuclear factor kappa B subunit 1 (NFKB1), tumor necrosis factor
(TNF), interleukin 33 (IL33), interleukin 5 (IL5), interleukin 1 beta (IL1B), myeloid

differentiation primary response 88 (MYD88), interferon gamma (IFNG), toll like receptor

95



adaptor molecule 1 (TICAM1), endothelin 1 (EDN1), interleukin 1 alpha (IL1A), and
interleukin 2 (IL2). Also at the center of the network was the activation of biological
pathways and functions: adhesion of blood cells, adhesion of immune cells, binding of
leukocytes, lymphopoiesis, and cell movement.

The activation of signal transducer and activator of transcription 3 (STAT3), toll
like receptor 4 (TLR4), proto-oncogene ETS1, and catenin beta 1 (CTNNB1) were
located at the edges of the network and were connected to at least one other upstream
regulator, function, or pathway. Similarly predicted were the activation of pathways and
functions involving the hematopoiesis, differentiation, interaction, binding, and adhesion
of mononuclear leukocytes; adhesion of phagocytes; activation of neutrophils; adhesion
of myeloid cells; binding of monocytes; and adhesion and binding of granulocytes.
Tpz-1 gene upregulation was predicted to induce the activation of several pathways and
upstream regulators that have been implicated in cancer, most notably, NFKB signaling
(NFKBH1, IL33), cytokine signaling (IL5, TNF, IL1A/B), and JAK-STAT signaling (IFNG,
STATS3, IL2).

These results are somewhat comparable to our KEGG Pathway analysis, in that
both experiments predicted connections between NFKB, JAK-STAT, and TNF signaling
pathways and our upregulated gene list. However, the predicted activation of STAT3
contradicts the findings of our Multiplex Luminex kinase array [93], and is a stark
reminder that this IPA data offers just a partial picture of Tpz-1 biological activity. Like
the ConnectivityMap, our IPA was constructed from a truncated list of differentially
expressed genes. Nevertheless, this analysis provides several potential pathways and

targets of Tpz-1 that might be worthy of exploring in vitro.
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3.6.3. Structural analysis revealed hypothetical molecular targets of Tpz-1
3.6.3.1. Evaluation of Tpz-1’s drug-likeness via SwissDrugDesign tools and
ChEMBL

Our multifaceted approach to evaluating Tpz-1's potential targets, drug-likeness,
and pharmacokinetic profile was made possible with the user-friendly web-based
SwissTargetPrediction (Table 3.4), SwissSimilarity (Figure 3.5), ChEMBL (Table 3.5)
and SwissADME (Figure 3.6) tools. In many ways, these analyses reiterated what we
had previously established about Tpz-1 activity: MAPK, cell cycle, and cytoskeleton
dynamics are various effects that can result from cancer cell exposure to Tpz-1.
However, there may also exist some potential problems with the solubility, reactivity,
metabolism, and excretion of the compound in humans.

Despite its shortcomings, Tpz-1 has documented in vitro anticancer activity that
is strongly supported by our SwissTargetPrediction results [47,48,93,163]. Moreover,
SwissSimilarity revealed the structural likeness of Tpz-1 to at least two thienopyrazole-
based antiviral drug candidates [166—168]; which not just implies a potential use for
Tpz-1 in treating other diseases, but also implicates the thienopyrazole moiety in driving
the compound’s therapeutic activity. It is of note that Tpz-1's phenyl-thienopyrazole-
carboxamide core structure was retained amongst many of the top SwissSimilarity hits,
and it was the nitrogen immediately bound to the carboxamide group that was flagged
for its potential toxicity.

Optimization of the Tpz-1 structure by decreasing the number of reactive double

bonds or rings could potentially solve some of the solubility and structural issues, and
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therefore offers a viable way to improve the potency and specificity of Tpz-1 to enable
its advancement to the next phase of the anticancer drug discovery pipeline.

3.6.3.2. COREMINE medical text mining exposed the probable contribution of the
thienopyrazole moiety to Tpz-1 function

Due to the unique and underexplored nature of Tpz-1’s thienopyrazole scaffold,
text mining of biomedical literature was performed to identify peer-reviewed publications
that co-mentioned the terms ‘thiophenes’, ‘pyrazoles’, and ‘neoplasms’. The resulting
graphic networks were restricted to the top 10 gene/protein, molecular function, drug,
and biological processes with p < 0.05 (Figures 3.7-3.10) to predict the possible
anticancer effects of thienopyrazole-derived compounds like Tpz-1.
3.6.3.2.1. Gene/protein associations

The top 10 gene/protein associations from COREMINE each contained between
16,979 and 46,928 literature connections to the search terms. All associations were highly
significant, with p-values < 1.19765E-05. Detailed below are each of the individual
gene/protein associations and their relationships to cancer.

The B-Raf proto-oncogene (BRAF; Entrez Gene ID: 673) (Figure 3.8) encodes a
protein that regulates MAP/ERK signaling to affect cell division [223]. Mutations of
BRAF are common to numerous types of cancer [223]. Moreover, Kallikrein-family
proteins are a group of serine proteases that have been implicated in cancer and have
potential as cancer biomarkers [224]. The protein coding kallikrein related peptidase 3
(KLK3; Entrez Gene ID: 354) (Figure 3.8) is restricted in expression toward the prostate
and is also known as ‘PSA’ in the clinical setting, where it is used in the diagnosis and

monitoring of prostate cancer [224]. Additionally, TSC complex subunit 1, also known as
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the tuberous sclerosis 1 (TSC1; Entrez Gene ID: 7248) (Figure 3.8) is a tumor
suppressor gene that encodes the protein hamartin. This protein inhibits cell growth by
negative regulating mammalian target of rapamycin complex 1 (mTORC1) signaling.
Hamartin is also known for its role in facilitating heat shock protein 90 (Hsp90)-mediated
folding of proteins to prevent their proteasomal degradation [225,226].

The tumor suppressor p53 gene (TP53; Entrez Gene ID: 7157) (Figure 3.8)
encodes the protein P53, which is frequently mutated in cancer [227]. The P53 protein
responds to cellular stresses to regulate gene expression and induce cell cycle arrest,
apoptosis, senescence, and other metabolic changes [227]. Also, the BCL2 apoptosis
regulator gene (BCL2; Entrez Gene ID: 596) (Figure 2) encodes an anti-apoptotic
mitochondrial protein [22,228]. Constitutive expression of the BCL2 protein has been
implicated in tumorigenesis [228]. Furthermore, the epidermal growth factor receptor
(EGFR; Entrez Gene ID: 1956) gene (Figure 3.8) encodes a transmembrane receptor
that binds to epidermal growth factor (EGF) to drive cell proliferation [229]. Erb-b2
receptor tyrosine kinase 2 (ERBB2; Entrez Gene ID: 2064 ) (Figure 3.8) is a protein
encoding gene that is a member of the EGF receptor family and known to be
overexpressed in various cancers [230]. In addition, Cadherin 1 (E-cadherin/CDH1;
Entrez Gene ID: 999) (Figure 3.8) is a gene that encodes a calcium-dependent cell-cell
adhesion protein whose mutations have been linked to cancer progression and
metastasis [231]. Moreover, The CD274 gene (Entrez Gene ID: 29126) (Figure 3.8)
encodes an immune inhibitory receptor ligand, PDL1, that is commonly expressed in
tumor cells and considered a prognostic marker in many cancer types [232]. Interaction

of membrane-bound PDL1 with its receptor inhibits immune activation, thus providing an
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immune escape for cancerous cells [232]. Finally, the K-Ras proto-oncogene (KRAS;
Entrez Gene ID: 3845) (Figure 3.8) encodes a GTPase that has been implicated in
numerous cancers [233].

3.6.3.2.2. Drug associations

The top 10 drug associations from COREMINE each contained between 21,301
and 57,263 literature connections to the search terms. Docetaxel was co-mentioned the
least, whereas EGF was co-mentioned the most. All relationships were significant, with
p-values < 1.182064E-05. Each of the drugs are specified below.

The drugs most closely associated with these search terms were anticancer
therapeutic agents carboplatin, fluorouracil, cisplatin, gemcitabine, doxorubicin,
paclitaxel, and docetaxel (Figure 3.10). As well as the cancer diagnostic agent
fluorodeoxyglucose F18, the breast cancer type 1 susceptibility protein (BRCA1)
measurement assay, and the cell growth and differentiation stimulator epidermal growth
factor (EGF) (Figure 3.10).

The results of this COREMINE medical text mining analysis reveal the vast
amount of MEDLINE database literature evidence that has documented the anticancer
activity of pyrazoles and thiophenes, and further supports the likelihood of Tpz-1 being a
bona fide mitotic inhibitor. Furthermore, this analysis offers justification for the design
and investigation of small molecule thienopyrazole derivatives as novel anticancer
drugs.
3.6.3.2.3. Biological process and molecular function associations

The top 10 biological process and molecular function associations from

COREMINE each contained between 12,042 and 199,363 literature connections to the
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search terms. Methylated-DNA-[protein]-cysteine S-methyltransferase activity and
epithelial to mesenchymal transition were the least connected molecular function and
biological process, respectively. Whereas catalytic activity was the most connected
molecular function, and cell growth was the most connected biological process. All
processes and functions were highly significant, with p-values < 0.001196781.

Like our other in silico analyses involving Tpz-1 transcriptome data, COREMINE
illustrated significant connection between the search terms and cell migration,
proliferation, and death processes. Apoptosis, signal transduction, and cell cycle
biological effects were also identified in the query and corroborate the in vitro effects we
observed with Tpz-1. Furthermore, the search terms were found robustly connected to
kinase, enzymatic, and DNA binding functions and may explain the widespread gene
dysregulation we observed after cancer cell exposure to Tpz-1.

From this analysis it can be postulated that small molecule formulations containing
both thiophene and pyrazole rings are capable of interaction with cellular enzymes in and
outside of the nucleus (Figures 3.7 and 3.9). Altogether, these findings strongly support
the thienopyrazole moiety as a critical component of Tpz-1 that should be retained in
future analogs designed to treat cancer.

3.6.4. Similarities exist between experimental and predicted targets of Tpz-1

To evaluate the viability of anticancer targets predicted for Tpz-1, we compared
the results of each in silico experiment to previously published in vitro data from our
group [93] and Fayad et al. [47]. We found a total of 14 cellular targets or functions that
were identified by at least four bioinformatic tools or cell-based methods. For each of

the 14 predicted associations, a score was calculated to reflect the number of
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experiments in which they were identified (‘Total’ column, Table 3.6). The highest
overlap between the predictions was found amongst pathways related to cancer (6
bioinformatic/cell-based experiments), cell proliferation (5), signal transduction (5), cell
cycle (5), cell growth (5), cell death (5), catalytic activity (5), cell morphology (5),
cytoskeletal protein (5), apoptotic process (5), EGFR (5), kinase activity (4), focal
adhesion (4), and regulation of actin cytoskeleton (4). Notably, many of these terms also
paralleled our COREMINE analysis of biomedical literature that co-mentioned the
thienopyrazole parent groups (thiophene and pyrazole) in the context of cancer, further
supporting our hypothesis that Tpz-1's thieno[2,3-c]pyrazole moiety drives its anticancer
effect.

Table 3.6. A comparison of potential targets and cellular pathways affected by Tpz-1.

Experiment | COREMINE | ChEMBL | KEGG | Connectivity | IPA | In Vitro | Total

Association Map [47,93]

Cancer o ° ° ° ° ° 6
Cell proliferation L ° ° ° ° ° 6
Cell death o [ ° ) ° ° 6
Signal transduction ° ° ° ° ° 5
Cell cycle L ° ° ° ° 5
Cell growth L ° ° ° ° 5
Catalytic activity L ° ° ° ° 5
Cell morphology o ° ° ° ° 5
Cytoskeletal protein ° [ ° ° ° 5
Apoptotic process o o [ ) ° 5
EGFR L ° ° ° 4
Kinase activity ° ° ° ) 4
Focal adhesion L ° ° o 4
Regulation of actin cytoskeleton ® ® L] ® 4
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Despite EGFR being the only protein from our analyses that displayed overlap
between experimental methods, previous studies have established the close
association of EGFR with the cytoskeleton [179,234], thus, in theory, its downregulation

could be a consequence of Tpz-1's interference with microtubule dynamics.

Similar thieno[2,3-c]pyrazole derivatives have been previously reported to have
Aurora kinase inhibiting activity [45]. Thus, based on the biomedical literature and our
collective analysis of the in vitro and in silico data presented herein, we believe that
Aurora kinases, which are known to regulate microtubule dynamics during mitosis
[235,236], are likely a primary molecular target of Tpz-1 at the low micromolar
concentrations we have tested. Given our in vitro observations, which include the
development of multipolar cell spindles, G2/M-specific cytotoxicity, delay of cell division,
early loss of cell shape, and widespread transcriptome changes after Tpz-1 exposure,
we hypothesize that Tpz-1 induces cancer cell apoptosis through post-translational
inhibition of Aurora kinases when administered at concentrations < 2.0 uM. Aurora
kinase inhibition may also explain the reduced capacity of Tpz-1 to inhibit tubulin
polymerization at concentrations below 2.5 yM that was reported by Fayad et al. [47].
However, additional biochemical and molecular docking experiments are necessary to

confirm the interaction of Tpz-1 with Aurora family kinases and validate this theory.
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CHAPTER 4: CONCLUSIONS
4.1. FINAL DiISCUSSION

Cell survival ultimately depends on a cell’s ability to receive and interpret signals
from its environment; without these external cues, it cannot properly anchor itself or
respond to stressful stimuli. In drug discovery, “magic bullet” compounds, which potently
and selectively act on a specific target, are traditionally sought after with the goal of
reversing a particular disease phenotype while simultaneously minimizing the risk of off-
target effects [237]. However, polypharmacology is an alternative approach that suggests
the specific modulation of multiple targets could be analogous to “death by a thousand
cuts”, whereby the drug hits several sensitive components of a cell to inflict death; it is
distinct from drug promiscuity or combined treatment with multiple agents [237-239].
Considering the complex and dynamic nature of cancer, polypharmacology has
increasingly become the preferred strategy of small molecule drug discovery initiatives
[237-241].

Our high-throughput screening of 2000 molecules from the ChemBridge DIVERSet
library revealed a uniquely structured compound, Tpz-1, which induced potent and
cancer-specific apoptotic cell death at concentrations < 2.0 yM consistently across a
panel of 17 cancer cell lines. In 14 of the cell lines, Tpz-1 was effective at concentrations
< 1.0 yM. A previous study of the compound in multicellular tumor spheroids revealed
that 10 yM Tpz-1 inhibited tubulin polymerization similar to the mitotic inhibitor drug
colchicine, however, this effect was not observed at concentrations below 2.5 yM [47].

We were able to confirm these differences in tubulin polymerization through visualization
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of microtubule architecture after 10 uM Tpz-1 treatment in non-cancerous Hs27 (Figure
2.6) and 0.19 uM Tpz-1 in cervical adenocarcinoma HelLa (Figure 2.7) cell lines.

In an attempt to explain this discordance in Tpz-1’s anticancer effect, our study
utilized in vitro molecular assays in combination with structure- and transcriptome-based
in silico predictions to reveal possible alternative protein targets of Tpz-1 at
concentrations < 2.0 yM. Based on a survey of the biomedical literature (Figures 3.7-
3.10) and evidence we have collected, we hypothesize that at concentrations below 2.0
MM, Tpz-1 kills cancer cells through the post-translational inhibition of Aurora kinase. We
predict that this inhibition of Aurora kinases ultimately stimulates apoptotic cell death by
disrupting microtubule dynamics, delaying mitosis, and perturbing cytoskeleton- and cell
cycle-linked signaling processes (Figures 2.3-2.5, Supplementary Figures S3.1-S3.16,
and Tables 3.1-3.6). This destabilization of microtubules leads to morphological effects
that can be observed in our timelapse of HeLa H2B-GFP cells over a 30-hour treatment
period (Figure 3.1). In addition to stress-induced programmed cell death
(Supplementary Figures $3.12-S3.14), it is possible that some populations of cells may
survive or senesce due to errors in chromosome separation that occur after exposure to
Tpz-1 (Figure 2.7).

Lastly, Tpz-1 is structurally similar to thienopyrazole-based antiviral [166—168]
(Figure 3.5) and anticancer drug candidates [45], and has also been patented by The
University of Texas System for its ectonucleoside triphosphate disphosphohydrolase 5
(ENTPDS) inhibition [163], thus this small molecule compound may indeed be
multitargeted and potentially useful in treating several cancer types and other complex

conditions. However, potential in vivo toxicities of Tpz-1 could exist due to its relatively
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poor solubility and the presence of reactive double bonds. Opportunities for structural
optimization of Tpz-1 have been highlighted thanks to the SwissADME platform and are
detailed in Figure 3.6.

4.2. LIMITATIONS

There are several limitations to this study to address, such as our use of tools that
required us to evaluate only the top 100 or 150 differentially expressed genes (i.e.,
ConnectivityMap and IPA). Moreover, low concentrations of DMSO have been shown to
induce HL-60 cell differentiation [242,243], and its use as a solvent could have had some
influence on the transcriptome of Tpz-1-treated cells. However, our transcriptome
analysis compared the gene expression signatures of Tpz-1-treated and DMSO-treated
cells to generate significance and fold change values, thus mitigating the effect of the
vehicle on our data.

Also, it is important to note that like many early drug candidates, there exist
structural features of Tpz-1 that could introduce problems with compound solubility and/or
toxicity in vivo. Thus, structural optimization of Tpz-1 would realistically be needed to
meaningfully advance this compound’s development as an anticancer drug. Despite
these limitations, we believe that the unique approach to target deconvolution described
in this dissertation has offered considerable and robust in silico and in vitro evidence that
supports Tpz-1’s potential as a cytoskeleton disruptor and mitotic inhibitor agent.

4.3. FUTURE DIRECTIONS

We hope that the evidence contained in this dissertation provides our colleagues

with a fruitful foundation for future thienopyrazole-based drug design projects, especially

those willing to take on the structural optimization of Tpz-1. In addition to compound
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optimization, future directions this project could take include the exploration of discrete
molecular targets identified in this dissertation (i.e., Aurora kinase) using in silico
molecular docking and in vitro biochemical, microscopy, or cell painting assays.
Additionally, the application of homogenous and heterogeneous 3D culture techniques
could be used to gain a better understanding of Tpz-1’s tumor-penetrance in vivo.
4.4. FINAL CONCLUSIONS

Although perhaps more questions about Tpz-1's molecular activity has been raised
than answered in this dissertation, ample justification for continuing development of this
uniquely structured molecule has been provided. There is a growing body of evidence
that illustrates the biological effect of thienopyrazole-based compounds; thus, it is
important that the molecular mechanism of Tpz-1 continues to be explored and optimized
for testing in animals. As our knowledge of the genetic and epigenetic differences that
contribute to cancer expands, so must our range of innovative anticancer drugs to meet
the personalized treatment needs of cancer patients; exploring novel chemical groups in
small molecule screening projects is just one way we can accomplish this in the drug

discovery and development field.
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