


















































































































































min. After the 20 minutes incubation the cells were analysed using the Muse flow
cytometer (Luminex Corporation, Austin, TX 78727, U.S.A.) using the Annexin V &
Dead Cell analysis tool. Before the assay can be run, the gating and markers needs
to be checked to make sure it is correct. The Muse makes use of forward scatter only,
and it can only detect red and yellow fluorescence. Therefore, even though each Muse
kit is completely optimised, the user is required to make sure that the gated population
is correct (cells and not debris), this was done using the VC to optimize data
acquisition. The Muse gives stepwise assistance in the experimental optimisation. The
Muse acquires 2000 events per sample, this is based on the optimizations for each
assay. The apoptosis profile is divided into 4 quadrants. Quadrant 1 contains non-
apoptotic/ live cells that are Annexin V and 7-AAD negative. The second quadrant
contains the early apoptotic cells that are Annexin V positive but 7-AAD negative.
Quadrant 3 contains the late stage apoptotic to dead cells, they are both Annexin V
and 7-AAD positive. The fourth quadrat contain mostly nuclear debris that is Annexin
V negative but 7-AAD positive. The results were analysed using Excel and GraphPad

Prism 8.1, gating and apoptosis profile graphs were acquired from the Muse software.

2.9. Statistical analysis
For the determination of the ICso of the compound at least three biological and three
technical repeats for each biological repeat were performed with different
concentration ranges of the compounds and relevant dimethyl sulfoxide (DMSO)
vehicle controls. The coefficient of determination (R?), should be R? = 0.90 for a linear
regression model at 95% confidence interval and AR = 0.1. For mechanistic studies
treatment groups (vehicle control (VC) and compound(s)) were compared using
unpaired, parametric Welch’s-tests. The vehicle control was normalized to 100 % and
the comparisons were made relative to the VC and presented in percentage form. All
statistics were calculated using GraphPad Prism. Experiments performed individually
are presented as standard deviations from the mean. Means are presented in bar
charts and T-bars are used to indicate standard deviations. p-values less than 0.05 (p

< 0.05) are considered statistically significant.
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3. Results
The results of both the in silico screening and in vitro analysis follows here.

3.1 In silico screening results

The validation of the crystal structures for use in docking, using an enrichment protocol
with known ligands and decoys, yielded results tabulated in table 3.1. Most of the
crystal structures had proven sufficiently effective at discriminating between decoys
and ligands, save for two AURKA crystal structures, namely 4ZS0 and 4ZTR. They
had AUC values below 7 and were thus excluded from further experimentation. The
ROC curves in Figure 3.1 of the BRD4 enrichment is an illustration of the effect of
ensemble enrichment versus docking into a single crystal structure. By docking into
more than one crystal structure, each with slight differences in the binding pocket due
to varied inhibitors complexed with it, enables the docking software to mimic induced
fit models of protein-ligand binding!®*. It greatly increases the chances of identifying a
potential hit, and at the same time it can greatly decrease the odds of identifying false
positive hits!®*, The intent was to select a diverse set of crystal structure for each
protein based on different inhibitors complexed in the crystal structure as well as the
resolution of the crystal structure. Based on the enrichment metrics this paid off.

Table 3. 1: Table of protein crystal structures with enrichment values (AUC).

PDB ID AUC 7<AUC<1||PDB ID AUC 7<AUC=1
BRD4 AURKB
3MXF 0.842 Yes 4C2Vv 0.806 Yes
4BJIX 0.783 Yes 5EYK 0.763 Yes
4CL9 0.816 Yes 5K3Y 0.774 Yes
4F 3| 0.787 Yes PLK1
40GlI 0.838 Yes 3P34 0.787 Yes
5ACY 0.825 Yes 3P36 0.852 Yes
5F60 0.822 Yes 3Q1l 0.783 Yes
5F61 0.805 Yes 4DFW 0.770 Yes
5F63 0.814 Yes 4LKL 0.813 Yes
AURKA 4RCP 0.786 Yes
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PDB ID AUC 7<AUC=1 | PDB ID AUC 7<AUC=1
2BMC 0.812 Yes EGFR
2350 0.800 Yes 3UG2 0.745 Yes
3D15 0.715 Yes 4G5J 0.744 Yes
3E5A 0.736 Yes 4G5P 0.802 Yes
3FDN 0.729 Yes 4HJO 0.826 Yes
3P9J 0.814 Yes 4122 0.776 Yes
4JBQ 0.760 Yes 4WKQ 0.802 Yes
47ZS0 0.679 No 4ZAU 0.807 Yes
47TR 0.677 No 5X2K 0.757 Yes
47ZTS 0.792 Yes 5XDK 0.768 Yes
5EW9 0.840 Yes 5XDL 0.764 Yes
AURKB 5ZWJ 0.807 Yes
2BFY 0.740 Yes
4AF3 0.793 Yes
4B8M 0.803 Yes
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Figure 3. 1: Aranked overlay of all the ROC-curves generated for all the BRD4 protein crystal structures.
The binormal curve serves as the predictive function of enrichment. Enrichment serves to normalize the
ability of the model to discriminate between false and true positives.
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Table 3. 2: Table of the lead compounds, with the compound names, their 2D structure and docking
score in each target protein.

Docking Score

Compound | 2D Structure BRD4 AURKA | AURKB EGFR

D2 ?j“ -9.010 -9.964 -9.585 -10.631

D3 - -9.305 -9.773 -9.320 -10.518
ISy

D4 J\@/EY -9.005 -10.406 -9.216 -10.256
N g ?
D5 \@/(Y? -9.125 -9.078 -9.354 -10.074

D6 -1 -9.116 -9.590 -9.043 -9.821
)‘\ﬁ ANy

D7 \@/@’ -9.357 -9.022 -10.511 -9.630

~
D8 \ ] -9.036 -9.134 -9.374 No binding
m%\
NSy
D9 © ] -9.252 -9.294 No No binding
) ) binding
HO Z \
NSy
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Docking Score

Compound | 2D Structure BRDA4 AURKA | AURKB EGFR
D10 [ -9.511 -9.053 No No binding
binding

D11 -9.121 -9.041 No No binding

binding

The docking of the prepared Biofocus library (48 000 structures of which only 20 000
is unique, the rest are stereoisomers, tautomers and different protonation states of
these unique ligands) of compounds into the ensemble of BRD4 crystal structures
yielded 79 hits (with a docking score < -9, in other words the binding free energy is
low, an indication of high binding affinity). Of these 79 compounds only 26 compounds
were unique. Thus from 20 000 compounds, 26 potential hits were identified, meaning
the BRD4 screening had a hit rate of 0.13%. Most of the compounds had imidazo[1,2-
b]pyridazine, 1H-imidazo[4,5-c]pyridine, or 1H-indazole backbones. These 79 ligands
were then docked into the different kinases, the results of which can be viewed in table
3.2. The naming of the compounds was arbitrarily based upon their location in the 96
well plate they were supplied in. Only ten compounds of the 26 unique ligands were
identified as a ‘hit’ in one or more of the kinases (with a docking score < -9). There
were zero hits for PLK1, thus from here on there will be no referencing with regards to
it. Ten compounds successfully docked into the AURKA crystal structures. Seven
compounds successfully docked into the AURKB crystal structures (D2-D8). Six
compounds successfully docked into the EGFR crystal structures (D2-D7).
Compounds D2-D9 have imidazo[1,2-b]pyridazine backbones, whereas compounds
D10-D11 have 1H-imidazo[4,5-c]pyridine backbones.
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3.1.1.BRD4 protein-ligand interactions D2-D11

Hydrogen bond interactions are non-covalent electrostatic interactions between a
proton of an electronegative atom (the hydrogen bond donor) and the lone pair of
electrons on an electronegative atom (the hydrogen bond donor)%. The strength of
hydrogen bond interactions can vary greatly based upon the distance between the
interacting atoms from 8.4 kJ/ mol to 84 kJ/ mol change in free energy (-AG)S.
Another non-covalent interaction is known as 1 interactions. In the instance of - 1
stacking interactions two aromatic rings, with  bonds, interact with each otherl®’.
These stacking interactions can be grouped into edge-to-face (T-shaped) interactions,
face-to-surface stacked interactions, and offset stacked interactions%’. The strength
of -1 stacking interactions usually range between 1 kJ/ mol to 50 kJ/ mol°7. Another
T interaction is the Tr-cation interaction, which are generally stronger than stacking
interactions%8, The m-cation interaction is an electrostatic interaction whereby the
electron cloud of a T system interacts with a positively charged cation'%. These
interactions can be quite strong with some studies reporting binding energies of up to
117.2 kJ/molt8,

From the ligand-protein interaction diagrams of D2-D11 and BRD4 (Figure 3.2-3.4), a
conserved hydrogen bond interaction between asparagine 140 (Asn-140) and
hydrogen donors (as well as hydrogen acceptors) of D2-D11 can be observed. Asn-
140 is part of the BC loop of the BD1 of BRD4, and plays a very important role in the
recognition and hydrogen binding of the acetylated lysine tails of histones!®®.
Consequently Asn-140 also play a key role in the binding and stabilization of inhibitors
in the binding pocket8:1%°. Tryptophan-81 (Trp-81), which forms part of the ZA loop,
also play an important role in the recognition and stabilization of acetylated histone
tails inside the binding pocket'®. In addition to that it has been shown that it also plays
a role in the stabilization of inhibitors in the binding pocket®'1%°. Compounds D2, D3,
D5, and D7 interacts with Trp-81 by - stacking, the interaction is between the
aromatic side-group of Trp-81 (benzene) and the aromatic backbones of D2, D3, D5,
and D7 (imidazole). This interaction is expected to stabilize the inhibitors along the
WPF shelf, so named for the conserved Trp-81, proline-82 (Pro-82), and
phenylalanine-83 (Phe-83) motifl®®-110, Tyrosine-97 (Tyr-97) of the ZA loop, like Trp81,

play an important role in histone as well as stabilization in the binding pocket1,
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Compounds D6-D9 form bridging hydrogen bonds via a water molecule in the ZA
channel with Tyr-97. There is a hydrogen bond interaction between Lysine-91 (Lys-
91) and D2, D3, D5, and D6. The positively charged aspartic acid-144 (Asp-144) which
forms part of the BC loop, as well as Glycine-85 (GIn-85) seem to play a minor role in
acetylated-lysine specificity and inhibitor binding affinities'%®. Compound D4 is forms
a hydrogen bond with Asp-144, and D9 forms a salt bridge with Asp-144. A hydrogen
bond interaction between GIn-85 and D3, D6, D7, D10, and D119%-111, |soleucine-146
(lle-146), in the aC helix of BD1 which encloses the hydrophobic WPF shelf, forms a
hydrogen bond with D4, this however seems to have minimal overall effects on binding
affinities%. Pro-82, which forms part of the WPF shelf, has hydrogen bond interactions
with compound D10 and D11.
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Figure 3. 2: Ligand-protein interaction diagram of D2-D5 complexed with BRD4. Note the hydrogen
bond interaction between D2-11 with Asn-140, a conserved interaction that play a key role in effective
inhibition. Compounds D2, D3, and D5 interacts with Trp-81 by -1 stacking. There is a hydrogen bond
interaction between Lys-91 and D2, D3, and D5. D4 forms a hydrogen bond interaction with Asp 144
and lle-146
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Figure 3. 3: Ligand-protein interaction diagram of D6-D9 complexed with BRD4. Note the hydrogen
bond interaction between D6-9 with Asn-140, a conserved interaction that play a key role in effective
inhibition. Compound D7 interacts with Trp-81 by m-Tr stacking. Compounds D6-D9 form bridging
hydrogen bonds via a water molecule in the ZA channel with Tyr-97 and D6 and D7 form an additional
interaction with Asn-135. D6 forms a hydrogen bond interaction with Lys-91 and GIn-85. D9 forms a
salt-bridge interaction with Asp-144
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Figure 3. 4: Ligand-protein interaction diagram of D10-D11 complexed with BRD4. Note the hydrogen
bond interaction between D10-11 with Asn-140, a conserved interaction that play a key role in effective
inhibition. Also notice the hydrogen bond interaction between D10 and 11 with GIn-85 and Pro-82

3.1.2. AURKA protein-ligand interactions D2-D11
The ligand interaction diagrams of AURKA and compounds D2-D11 (Figures 3.5-3.7)

show promising protein-ligand interactions.

The residues number 210 to 216 in the crystal structure of AURKA, form the hinge
region, which plays a significant role in the creation of the AURKA catalytic site within
the adenosine triphosphate (ATP) binding pocket'2-113, The highly conserved alanine-
213 (Ala-213) forms part of this hinge region and forms the key interaction between
the protein and the ligand12-113, Compounds D2, D4, D5, D7, D8, D9, D10, D11, all
form hydrogen bond interactions with Ala-213. D2, D4, D7, D8, and D9 act as

a7
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hydrogen acceptors, whereas D5 act as a hydrogen donor. D10 and D11 act as both
acceptor and donor, forming two hydrogen bonds with Ala-213.

D3 and D5 form hydrogen bond interactions with Ala-273. Threonine-217 (Thr-217)
interacts with D2 via a hydrogen bond. A water bridge is formed through binding of
Phe-275 to a water molecule and the water molecule forming a hydrogen bond
interaction with GIn-185 and Glu-188, and compounds D2 and D7 forms a hydrogen
bond with the water molecule. D9 also forms a hydrogen bond with GIn-185 as well as
Glutamic acid-211 (Glu-211), which forms part of the hinge region. This hydrogen bond

interaction between Glu-211 and D9 is an interaction seen in other docking studies as
We||113-1l4_

D3 and D6 interacts with arginine-137 (Arg-137) via a hydrogen bond, a protein-ligand
interaction previously reported on'!4. Whereas D10 and D11 form a T-cation
interaction with Arg-137, whereby the T-system of the aromatic rings of D10 and D11
interacts with the cationic Arg-137 sidechain. A T-m stacking interaction occurs
between D2 and D7 and Phe-144. A similar 1r-1r stacking interaction occurs between
D4 and D9, and Phe-275. A hydrogen bond interaction is formed by compound D6
and D9 and Lys-141 an interaction that has been seen in other docking studies as
well'13, Another interaction that has been seen in other docking studies is the hydrogen
bond interaction formed between compound D8 and Lys-162%3. A novel Tr-cation
interaction is formed by D4 and D5 with Lys-162. Asp-274 acts as a donor in the
hydrogen bonding interaction between it and compound D4 and D9, an interaction
reported on previously in docking studies®3. In an interaction seen before between an
AURKA inhibitor and Leu-139, D8 forms a hydrogen bond with Leu-139%13, Proline-
214 which forms part of the hinge region interacts with D6, D10, and D11 through a
hydrogen bond interaction. The interactions with the hinge region residues seem to

play a role in the successful binding of inhibitors into the ATP catalytic site!14.
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Figure 3. 5: Ligand-protein interaction diagram of D2-D5 complexed with AURKA.
Compounds D2-D5 form hydrogen bond interactions with Ala-213. D3 and D5 form
hydrogen bond interactions with Ala-273. Thr-217 forms a hydrogen bond with D2. A
water bridge is formed between Phe-275, GIn-185, Glu-188, and compound D2. D3
forms a hydrogen bond interaction with Arg-137. A 11-11 stacking interaction occurs
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between D2 and Phe-144. A similar 11-11 stacking interaction occurs between D4 and
Phe-275. A hydrogen bond interaction is formed by compound D6 and Lys-141. A -
cation interaction is formed by D4 and D5 with Lys-162. Asp-274 forms a hydrogen
bonding interaction with D4.
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Figure 3. 6: Ligand-protein interaction diagram of D6-D9 complexed with AURKA.
Compounds D7-D9 forms a hydrogen bond interaction with Ala-213. A water bridge is
formed between Phe-275, GIn-185, Glu-188, and D7. D9 also forms a hydrogen bond
with GIn-185 as well as Glu-211. D6 forms a hydrogen bond interaction with Arg-137.
D7 forms a -1 stacking interaction with Phe-144. A similar 1-11 stacking interaction
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occurs between D9 and Phe-275. A hydrogen bond interaction is formed by D9 and
Lys-141. D8 forms a hydrogen bond interaction with Lys-162 and Leu-139. D9 forms
a hydrogen bond interaction with Asp-274. D6 forms a hydrogen bond interaction with
Pro-214
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Figure 3. 7: Ligand-protein interaction diagram of D10-D11 complexed with AURKA.
Compounds D10 and D1 forms a hydrogen bond interaction with Ala-213. D10 and
D11 form a 1r-cation interaction with Arg-137. D10 and D11 forms a hydrogen bond
interaction with Pro-214
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3.1.3.AURKB protein-ligand interactions D2-D8
Like with AURKA, key residues within the AURKB hinge region play an important role
in the binding of inhibitors into its catalytic sitel*2115, The hinge region usually includes
a hydrogen donor (Ala-213 in AURKA) flanked by two hydrogen acceptors!?115 |n
AURKB the key residue is Ala-173, and hydrogen bonding interaction between this
residue and an inhibitor seem to be the key indicator of its potential effectivity. From
the ligand-protein interaction diagrams of compound D2-D8 with AURKB (Figure 3.8
and 3.9), compounds D2, D3, D4, D5, D7 and D8 forms hydrogen bond interactions
with Ala-173. A water-bridge is formed between D2, Lys-122 and Asp-234, where D2
and Lys-122 acts as hydrogen bond donors, binding a water molecule water, and the
water molecule acts as a hydrogen bond donor binding Asp-234. Hydrogen bond
interactions between Lys-122 and AURKB inhibitors have previously been reported
on, however a water-bridge hydrogen binding interaction of this kind seems to be a
novel observation'?, Hydrogen bonding interactions with Lys-101 is an interaction
known from other docking studies??. Here D2 interact with Lys-101 via hydrogen bond
interaction where the D2 hydroxyl group acts as a hydrogen bond donor. D2 and D6
forms a hydrogen bond with Asp-234 and Glu-177 forms hydrogen bond interactions
with D7 and D8, interactions previously reported on with other inhibitors in docking

studies!??,

D4 and a water molecule form a hydrogen bond with Lys-103, where the D4 carbonyl
oxygen acts as a hydrogen acceptor and Lys-103 the donor, water acts as a hydrogen
bond donor between its interaction with Lys-103. D5 also forms a hydrogen bond with
Lys-103. D4 and D5 forms a hydrogen bond with Lys-180 and D7 forms a hydrogen
bond with GIn-145. Additional interactions are hydrogen bonds formed by D3 and D4
with Glu-220, and 1r-17 stacking interactions with Phe-104 and D3 and D6.
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Figure 3. 8: Ligand-protein interaction diagram of D2-D5 complexed with AURKB.
Compounds D2-D5 forms hydrogen bond interactions with Ala-173. A water-bridge is
formed between D2, Lys-122 and Asp-234. D2 forms a hydrogen bond with Asp-234.
D4 and a water molecule form a hydrogen bond with Lys-103. D5 also forms a
hydrogen bond with Lys-103. D4 and D5 forms a hydrogen bond with Lys-180.
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Additional interactions are hydrogen bonds formed by D3 and D4 with Glu-220, and
-1 stacking interactions with Phe-104 and D3.
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Figure 3. 9: Ligand-protein interaction diagram of D6-D8 complexed with AURKB.
compounds D5, D7 and D8 forms hydrogen bond interactions with Ala-173. D6 forms
a hydrogen bond with Asp-234 and Glu-177 forms hydrogen bond interactions with D7

and D8. D6 forms a 11-11 stacking interactions with Phe-104.
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3.1.4.EGFR protein-ligand interactions D2-D7

Methionine-793 (Met-793) is an amino acid within the tyrosine-kinase (TK) domain of
EGFR and seems to play an important role in the binding of EGFR-TK inhibitors, and
its effectivity16-117, Met-793 play a role in molecular recognition of substrates in the TK
binding pocket!6-117, Another key residue within the TK domain of EGFR is Asp-
800116117 Compounds D2, D3, D4, D5, D6, and D7 all form hydrogen bond
interactions with Met-793 (Figure 3.10 — 3.11). Compound D5 forms a hydrogen bond
with the key Asp-800 residue. Phe-723, a residue found at the entrance of the TK
active-site, interacts with D2-D4, D6 and D7 with via -1 stacking?!”. Compound D6
has two -1 stacking interactions between its aromatic side-groups and the aromatic
sidechain of Phe-723. An important conserved interaction is the hydrogen bonding
between D2 and Asp-855 and Lys-74517. Other hydrogen bond interactions observed
are those of D3 and D7 with Glu-762, D3 with Cys-797 and D4 with Ser-720.
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Figure 3. 10: Ligand-protein interaction diagram of D2-D5 complexed with EGFR.
Compounds D2-D5 forms a hydrogen bond interactions with Met-793. Compound D5
forms a hydrogen bond with the key Asp-800 residue. Phe-723 interacts with D2-D4,
via -1 stacking. D2 forms a hydrogen bond interaction with Asp-855 and Lys-745.
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Other hydrogen bond interactions observed are those of D3 with Glu-762 and Cys-
797 and D4 with Ser-720.
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Figure 3. 11: Ligand-protein interaction diagram of D6-D7 complexed with EGFR.
Compounds D6 and D7 form hydrogen bond interactions with Met-793. Phe-723
interacts with D6 and D7 with via -1 stacking. Compound D6 has two 11-17 stacking

interactions with Phe-723. D7 forms a hydrogen bond interaction with Glu-762.

3.2. Results of the In vitro screening of compound D2-D11 with the
CV viability assay
Screening of the lead compounds (D2-D11) in MDA-MB-231 cells using the CV assay

showed that compounds D3- D11 had very little to no activity at the concentrations
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they were tested at (Figure 3.12). It wasn'’t possible to calculate 1Csos for compound
D3-D11, because the viability of the cells never went below 80%.

CV Lead Compounds D2-D11 Screening
in MDA-MB-231
* D2

= D3
<+ D4
e D5
¥ D6
¢ D7
+ D8

% D9

15 10 -05 00 05 10©D10
D2 - D11 Log (uM) 8 D11

150;

Figure 3. 12: Dose-response curve of compounds D2-D11 tested in MDA-MB-231 cells. The right-hand
legend indicates which line style represents which compound.

Activity has however been observed in compound D2, from the dose-response curve
it is clear that an increase in the concentration leads to a decrease in viability of the
MDA-MB-231 cells. An ICso of D2 was calculated from the screening results and it is
in the nanomolar range (table 3.3).

Table 3. 3: A list of the screening results of compound D2-D11. It was not possible to calculate ICso
values for D3-D11.

Compound | ICso pM
D2 0.1739
D3 ~>5
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D4 ~>5
D5 ~>5
D6 ~>5
D7 ~>5
D8 ~>5
D9 ~>5
D10 ~>5
D11 ~>5
3.3. MTT results

The single active compound, D2, from the list of 10 hit compounds from the HTVS was
tested on MDA-MB-231 cells to calculate its ICso. From the dose-response curve, as
was the case with the CV screening, a clear dose dependant decrease in cell viability
can be seen (Figure 3.13). The ICso is calculated as 0.1968 uM which means it falls
within the nanomolar range. The coefficient of determination (R?), for the ICso was
calculated as R?= 0.9911, that is the R? 2 0.90 and thus falls within accepted criteria
for a linear regression model at 95% confidence interval and AR = 0.118, The R? value

indicates that the data falls within the model (the fitted regression line) 99.11% of the

time.

61

UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

4
&

“ UNIVERSITEIT VAN PRETORIA

A 4

© University of Pretoria



Figure 3. 13: The dose response curve of the MDA-MB-231 cells after 48 h treatment with D2,
determined with the MTT assay. The ICso of 0.1968 pM is indicated on the graph. A non-linear
regression curve fit was performed to estimate the ICso. This experiment was performed in triplicate
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with three biological repeats.

Based on the results of the MTT assay, there is no significant difference in viability
between the vehicle control (0.1% DMSO v/v in CCM), (1.158 OD * 0.1292 OD) and
the CCM only (1.174 OD + 0,1044) controls (Figure 3.14), based upon the Welch’s t-

test (p>0.9999). Based on this, any future experimentation can be performed with only

a vehicle control and not both a vehicle and CCM control.
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Figure 3. 14: A bar chart comparing the MTT assay ODs of the control (C) and vehicle control (VC).
Error bars indicate the standard deviation from the mean (Std of C= 0.1044; Std of VC= 0.1292). No
significant difference was found between C and VC cells (Welch’s t-test p> 0.9999). OD: optical density
at 570 nm. This experiment was performed in triplicate with three biological repeats.

Next, the EA.hy926 cells were treated with the ICso of D2 calculated from the MTT
assay of the MDA-MB-231 cells. The EA.hy926 treatment followed the same basic
procedure of 5000 cells per well, but instead of a treatment range, cells were only
treated with the ICso and a vehicle control was also included (and not a CCM only
control). From Figure 3.15 it is clear that D2 treatment with the MDA-MB-231 ICso does
not have a significant effect (p=0.9862) on EA.hy926 viability (1.616 OD + 0.1751 OD)
relative to the VC (1.583 OD + 0.3561 OD).
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Figure 3. 15: Bar graph comparing the effect of the MDA-MB-231 ICso of D2 on EA.hy926 cells. Error
bars indicate standard deviation from the mean (Std VC= 0.3561; Std D2 ICso= 0.1751). No significance
was found between VC and D2 MDA ICso treated EA.hy926 cells (Welch’s t-test p= 0,9862). OD: optical
density at 570 nm. This experiment was performed in triplicate with three biological repeats.

3.4. Results of the analysis of the in vitro effect of D2
The in silico results and cytotoxic effect of D2 observed in the in vitro screening and
the IC50 calculated from the MTT, pointed to efficacy as an inhibitor, warranting further

investigation, the results of which follows here.

3.4.1.BRD4 and AURKA ELISA
The anti-BRD4 ELISA results indicate that there is expression of BRD4 in both MDA-
MB-231 and EA.hy926 cells, thus D2 should theoretically be able to bind to BRD4 and
inhibit its function. The EA.hy926 cells seem to express more BRD4 than the MDA-
MB-231 cells (Figure 3.16).

In the MDA-MB-231 VC cells, the mean concentration of BRD4, as interpolated from
the standard curve, is 413.20 ng/l + 35.33 ng/ | and the mean concentration of the D2-
treated cells is 335.30 ng/l £ 53.80 ng/ |. The decrease in BRD4 expression in D2
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treated cells compared to the VC is statistically significant (p=0.0030). The EA.hy926
cells on the other hand showed a significant increase (p=0.0133) in the concentration
of BRD4 in the D2-treated cells (532.50 ng/l £ 65.99 ng/ I) compared to the VC (464.04
ng/l £ 20.97 ng/ I).

Interpolated concentrations of BRD4
in MDA-MB-231 and EA.hy926 cells

800- *
600 %k %k —I—
<
Q I |
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c
200
0- |

T
MDA VC MDA D2 EAVC EAD2

Figure 3. 16: Bar chart of the interpolated concentrations of BRD4 in the VC and D2 treated MDA-MB-
231 and EA.hy926 cells. Error bars indicate the Std dev. Significance in differences between the VC vs
D2 treatment in each cell line is indicated with asterisks (* p<0.05; ** p<0.01; *** p<0.005; ****
p<0.0001). MDA VC vs MDA D2 (p=0.0030), EA VC vs EA D2 (p=0.0133). This experiment was
performed in triplicate with three biological repeats.

From the anti-AURKA ELISA it is clear that both cell lines do express AURKA. Here
MDA-MB-231 cells seem to express more AURKA than do the EA.hy926 cells.

The VC treated MDA-MB-231 cells (Figure 3.17) have a mean AURKA concentration
of 3.79 ng/ ml £ 0.2752 ng/ ml, and the D2-treated cells that have an AURKA
concentration (3.41 ng/ ml £ 0.4226 ng/ ml) significantly lower than the VC (p=0.0431).
The concentration of AURKA in the VC treated EA.hy926 cells (2.96 ng/ ml + 0.3315
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ng/ ml) was not different than that of the D2 treated cells (mean concentration: 3.11
ng/ ml + 0.6043 ng/ ml).

Interpolated concentrations of AURKA
in MDA-MB-231 and EA.hy926 cells
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Figure 3. 17: Bar chart of the interpolated concentrations of AURKA in the VC and D2 treated MDA-
MB-231 and EA.hy926 cells. Error bars indicate the Std dev. Significance in differences between the
VC vs D2 treatment in each cell line is indicated with asterisks (* p<0.05; ** p<0.01; *** p<0.005; ****
p<0.0001). MDA VC vs MDA D2 (p=0.0431), EA VC vs EA D2 (p=0.4821). This experiment was
performed in triplicate with three biological repeats.

3.4.2.The effect of D2 on the cell cycle

To analyse the effect of the D2 ICso on the cell cycle, flow cytometry was employed.

Using the Muse specific Cell Cycle Analysis kit, the effect of D2 was elucidated. From
the representative histograms (Figure 3.18), there is no difference in the number of
MDA-MB-231 cells in the GO/G1 phase when treated with the D2 1Cso compared to the
VC. There is however a decrease in the number of cells in S-phase indicating towards

a potential block that prevents the cells from progressing to S-phase.
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Statistical analysis of the results (Figure 3.20) indicated no significant difference
between the amount of VC treated cells (70.78 % + 0.3663 %) and D2 treated (72.69
% + 2.381 %) cells in GO/G1-phase (p=0.0587). A significant difference in the number
of cells in S-phase was noted between VC and D2 (p=0.0093), where the amount of
D2 treated cells (7.804 % + 0.5766 %) in S-phase was decreased, relative to the VC
(8.903 % £ 0.4770 %). No significant difference (p=0.5609) was observed in the cell
numbers in the G2/M-phase between VC treated cells (19.76 % + 1.030 %) and the
D2 treated cells (19.24 % * 1.963 %). NOC had a significant effect on each phase of
the cell cycle relative to the vehicle control (p<0.05). In GO/G1 were 47.08 % + 2.226
% of the cells. In S-phase it was 14.24 % + 1.485 % of the cells. And a significant
accumulation of NOC treated cells in G2/M (37,40 % + 0,9823 %) is indicative of a
G2/M block (a known effect of NOC).

The cell cycle analysis of the EA.hy926 cells treated with the ICso of D2, as calculated
in the MDA-MB-231 cells (Figure 3.19 and 3.21), showed no significant difference
(p=0,3685) in the number of cells in GO/G1-phase between the D2 (65.07 % + 1.225
%) and VC-treated cells (63.95 % * 1.913 %). There was a significant difference
between the cell number of VC and D2-treated cells in S-phase (p=0.0003), with the
D2-treated cell number (11.93 % + 1.913 %) being higher than that of the VC (8.443
+ 0.3597 %). The difference in the number of cells in G2/M-phase between VC (27.39
% * 0.8161 %) and D2-treated cells (22.76 % * 1.736 %) were significant (p=0.0072).
Analysis of the VC versus the NOC positive control showed no significant difference
(p=0.1301) between cell numbers in GO/G1 (61.98 % = 0.8144 %). A significant
difference (p<0.0001) in the cell numbers in S-phase between VC and NOC (11.48 %
+ 0.2381 %). The number of cells in G2/M-phase between VC and NOC (25.40 % *
0.9789 %) was significantly decreased (p=0.0214).
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Figure 3. 18: Representative histograms of the DNA content vs the cell count percentage of MDA-MB-
231 cells, chosen from three biological repeats to best represent the data. Graphs are marked as MDA
VC, MDA NOC, and MDA D2 to indicate the treatment conditions. This experiment was performed in
triplicate with three biological repeats.
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Figure 3. 19: Representative histograms of the DNA content vs the cell count percentage of EA.hy926
cells, chosen from three biological repeats to best represent the data. Graphs are marked as EA VC,
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EA NOC, and EA D2 to indicate the treatment conditions. This experiment was performed in triplicate
with three biological repeats.

Effect of D2 ICso treatment on the
MDA-MB-231 Cell Cycle
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Figure 3. 20: Bar graph of MDA-MB-231 cells in the different cell cycles after treatment with the D2 ICso.
Each bar represents three technical repeats from three biological repeats. Each treatment within a cell
cycle phase is contrasted with the VC. Error bars indicate the standard deviation from the mean.
Welch'’s t-test was performed to compare each treatment condition with the VC. GO/G1: VC vs NOC
(p=0.0002), VC vs D2 (p=0.0587); S: VC vs NOC (p=0.0034), VC vs D2 (p=0.0093), VC vs D2
(p=0.0003); G2/M: VC vs NOC (p<0.0001), VC vs D2 (p=0.5609). This experiment was performed in

triplicate with three biological repeats.
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Figure 3. 21: Bar graph of EA.hy926 cells in the different cell cycles after treatment with the D2 ICso of
the MDA-MB-231 cells. Each treatment within a cell cycle phase is contrasted with the VC. Error bars
indicate the standard deviation from the mean. Welch'’s t-test was performed to compare each treatment
condition with the VC. GO/G1: VC vs NOC (p=0.1301), VC vs D2 (p=0.3685); S: VC vs NOC (p<0.0001),
VC vs D2 (p=0.0003)); G2/M: VC vs NOC (p=0.0214), VC vs D2 (p=0.0072). This experiment was
performed in triplicate with three biological repeats.

3.5. Results of the investigation into ROS and apoptosis in D2

treated cells
Analysis of BRD4 and AURKA expression, in conjunction with the analysis of the effect
of D2 on the cell cycle shed some light on the activity of D2. But it did not adequately
explain the cytotoxicity observed. Thus additional investigation into the effect of D2 in

MDA-MB-231 and EA.hy926 cells followed.

3.5.1.Intracellular ROS
The MDA.MB-231 and EA.hy926 cells were treated with the D2 ICso, with the VC as
reference and NOC as positive control. DHE, a stain that is reduced to the
fluorochrome EB by superoxide radicals and which intercalates into DNA serving as
an indicator of intracellular ROS, were used to quantify oxidative burden of the treated

cells.

From the histograms and statistical analysis (Figure 3.22 and 3.24) of the MDA-MB-
231 a marked increase in ROS+ cells between the VC (17.94 % + 2.676 %) and D2
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treated cells (57.70 % + 2.294 %) can be observed. The ROS profiles of D2 indicates
increased ROS even compared to the NOC positive control (40.54% +0.9982 %). In
terms of ROS- cells, there was a decrease in the amount of D2-treated cells (41.92 %
+ 2.222 %) relative to the VC (81.33 % + 2.519 %). A decrease in ROS- cells in the
NOC treatment group (59.00 % + 0.8940 %) relative to the VC was also observed.

Statistical analysis of the ROS profiles of the MDA-MB-231 cells indicate significant
increases in ROS+ (p<0.0001) D2 treated cells relative to the VC (Figure 3.24). A
significant decrease in ROS- cells were observed in the D2 treated cells relative to the
VC (p<0.0001). The NOC positive control had a significant decrease in ROS- cells
(p=0.0001) as well as a significant increase in ROS+ cells (p=0.0001) relative to the
VC.

The EA.hy926 cells treated with the D2 ICso showed an increase (24.04 % + 1.580 %)
in ROS+ cells relative to the VC cells (16.29 % + 2.379 %) as seen in Figure 3.23. The
amount of ROS- cells in D2 (75.92 % + 1.567 %) was decreased relative to the VC
(83.61 % + 2.353 %).

Statistical analysis (Figure 3.25) indicated that there was a significant decrease in
ROS- cells in the D2 treatment group relative to the VC (p=0.0035) and a significant
increase in ROS+ cells of the D2 treatment group relative to the VC (p=0.0035).

The amount of ROS+ cells in the NOC treatment group (37.12 % + 1.141 %) also
increased significantly relative to the VC (p<0.0001). And the amount of ROS- cells in
the NOC treatment group (62.93 % + 1.085 %) also decreased significantly relative to
the VC (p=0.0001).
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Figure 3. 22: Representative histograms of the different cell populations (M1: ROS- and M2: ROS+)
within MDA-MB-231 cells after treatment with the D2 ICso, chosen from three biological repeats to best
represent the data. Graphs are marked as MDA VC, MDA NOC, and MDA D2 to indicate the treatment
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conditions. This experiment was performed in triplicate with three biological repeats.
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Figure 3. 23: Representative histograms of the different cell populations (M1: ROS- and M2: ROS+)
within EA.hy926 cells after treatment with the D2 ICso, chosen from three biological repeats to best
represent the data. Graphs are marked as EA VC, EA NOC, and EA D2 to indicate the treatment
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conditions. This experiment was performed in triplicate with three biological repeats.
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Figure 3. 24: Bar graph indicating the amount of ROS- and ROS+ cells in each treatment group, VC,
NOC positive control, and D2 treated MDA-MB-231 cells. Error bars indicate the standard deviation
from the mean. Welch'’s t-test was performed to compare each treatment condition with the VC. ROS-:
VC vs. NOC p=0.0001; VC vs. D2 p<0.0001. ROC+: VC vs. NOC p=0.0001; VC vs. D2 p<0.0001. This
experiment was performed in triplicate with three biological repeats.

Intracellular ROS analysis of the
EA.hy926 cells treated with the D2 IC5

* %k
1009 Tkokok
80 | — * %
[2)
5 607 * ok k
(@]
X 404
20
0= T
VC NOC D2 VC NOC D2
ROS - ROS +

Figure 3. 25: Bar graph indicating the amount of ROS- and ROS+ cells in each treatment group, VC,
NOC positive control, and D2 treated EA.hy926 cells. Error bars indicate the standard deviation from
the mean. Welch’s t-test was performed to compare each treatment condition with the VC. ROS-: VC
vs. NOC p=0.0001; VC vs. D2 p=0.0035. ROC+: VC vs. NOC p<0.0001; VC vs. D2 p=0.0035. This
experiment was performed in triplicate with three biological repeats.
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3.5.2.Results of Annexin-V flow cytometry assay

From the apoptosis profiles (Figure 3.26) of the MDA-MB-231 cells under different
treatment conditions (VC, NOC, and D2) a clear shift from living to apoptotic cells is
visible. Analysis of the apoptotic profiles (Figure 3.28) confirms a significant decrease
(p<0.0001) in the number of living cells in the NOC treatment (65.89 % + 4.546 %), a
significant increase (p<0.0001) in apoptotic cells (31.10 % *= 6.149 %), and,
unexpectedly, no significant change (p=0.0568) in the number of dead cells (3,033 %
+ 1.977 %) in the NOC treated control, relative to the VC. Looking at the D2 treated
cells, the number of living cells (63.36 % = 0.7395 %) decreased significantly
(p<0.0001) relative to the VC (84.06 % = 2.809 %). The number of apoptotic cells
(34.82 % + 0.9593 %) also increased significantly (p<0.0001) versus the VC (14.37 %
+ 2.438 %), there however was no significant difference (p=0,6986) in the number of
dead cells (1.833 % * 0.3658 %) relative to the VC (1.640 % * 1.862 %).

Treatment of the EA.hy926 cells with the D2 IC 50 caused a slight decrease (Figure
3.27) in the amount of living cells relative to the VC. Statistical analysis (Figure 3.29)
indicated significant decrease (p=0,0380) between the number of live cells in D2
(83.63 % + 0.9105 %) compared to the VC (84.40 % * 0.7089 %). There was no
significant difference (p=0.0802) in the number of apoptotic cells in D2 (11.31 % +
0.9078 %) compared to the VC (11.89 % + 0.5689 %). There was however a significant
increase (p<0.0001) in the number of dead cells in D2 (5.092 % + 0.8311 %) compared
to the VC (3.722 % % 0.4868 %). The positive control, as expected, showed a
significant (p<0.0001) decline in live cells (64.73 % + 1.108 %), and a significant
increase (p<0.0001) in apoptotic cells (28.96 % + 1.503 %) as well as a significant
increase (p=0,0003) in dead cells (6.356 % + 1.397 %) relative to the VC.
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Figure 3. 26: Representative apoptosis profile of the MDA-MB-231 cells treated with ICso of D2, chosen
from three biological repeats to best represent the data. Treatment conditions are displayed at the top
left of each graph (MDA VC, MDA NOC, MDA D2). This experiment was performed in triplicate with
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Figure 3. 27: Representative apoptosis profile of the EA.hy926 cells treated with ICso of D2 chosen from
three biological repeats to best represent the data. Treatment conditions are displayed at the top left of
each graph (EA VC, EA NOC, EA D2). This experiment was performed in triplicate with three biological
repeats.
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Annexin V analysis of the MDA-MB-231
cells treated with the D2 IC5g
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Figure 3. 28: Bar graph of the results of the Annexin-V flow cytometry of MDA-MB-231 cells. . Error
bars indicate the standard deviation from the mean. Welch’s t-test was performed to compare each
treatment condition with the VC. Live cells: VC vs NOC p<0.0001 ; VC vs D2 p<0.0001. Apoptotic cells:
VC vs NOC p<0.0001; VC vs D2 p<0.0001. Dead cells: VC vs NOC p=0.0568; VC vs D2 p=0.6986.
This experiment was performed in triplicate with three biological repeats.
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Figure 3. 29: Bar graph of the results of the Annexin-V flow cytometry of the EA.hy926 cells. . Error bars
indicate the standard deviation from the mean. Welch’s t-test was performed to compare each treatment
condition with the VC. Live cells: VC vs NOC p<0.0001; VC vs D2 p=0.0380. Apoptotic cells: VC vs
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NOC p<0.0001; VC vs D2 p=0.0802. Dead cells: VC vs NOC p=0.0003; VC vs D2 p<0.0001. This
experiment was performed in triplicate with three biological repeats.

4. Discussion

The HTVS of the Biofocus library of compounds, containing 20 000 unique
compounds, against BRD4, AURKA, AURKB, PLK1, and EGFR yielded some 10 hits
for BRD4 and AURKA (D2-D11), 7 hits for AURKB (D2-D8), 6 hits for EGFR (D2-D7)
and zero hits for PLK1. Interestingly all 10 of the compounds interacted favourably
with the BD1 active site of BRD4. All 10 compounds formed hydrogen bond
interactions with the highly conserved and very important Asn-140 residue of the BC
loop. But from the in vitro screening only D2, also known as (3-{3-[3-
(hydroxymethyl)phenyllimidazo[1,2-b]pyridazin-6-yl}phenol)  shows activity at
relatively low concentrations. Compound D2 formed particularly favourable
interactions with key residues of the BD1 BRD4. Notwithstanding the hydrogen
bonding interaction of D2 with Asn-140, where the hydroxyl group of the phenol
sidechain of D2 acts as the donor for the carboxamide oxygen of Asn-140. D2 interacts
with 2 additional residues within the BD1 acetyl-lysine binding pocket, it forms a -1
stacking interaction with Trp-81 (part of the WPF shelf), forming a T-shaped
interaction, where the positively charged framework of the aromatic ring of Trp81
interacts with the 1T electron cloud of the aromatic imidazo-group of D2. Lys-91, a ZA
loop residue, interacts with D2 to form a hydrogen bond by means of the hydroxyl
group of the benzyl alcohol sidechain of D2 that act as the hydrogen bond acceptor
and the protonated lysyl sidechain of Lys-91 acting as the hydrogen bond donor %
120, The hydrogen bond between D2 and Asn-140 is a proven key interaction for BRD4
BD1 inhibitors19?121, As well as the additional stabilizing interactions with the ZA loop
residue Lys-91, and the WPF shelf residue Trp-81, identifies D2 as a strong candidate
as a BRD4 inhibitor8!109.121-122,

Perusing the docking results of AURKA, one would expect highly favourable screening
results. But inspection of the protein-ligand interactions points to something else. The
most important interaction to consider when screening for AURKA inhibitors of the
catalytic site of the ATP binding pocket, is the interaction between the potential ligand
and the Ala-213 residue'!?1%4, The ligand must act dominantly with Ala-213 via a
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hydrogen bond interaction, otherwise it will not bind stably, and no inhibition will take
place''?114 Taking this into account it is clear that compounds D3 and D6 would
definitely not have shown any activity with regards to AURKA inhibition due to their
lack of Ala-213 (Figure 3.2 and 3.3) interaction. Compound D2 has a hydrogen bond

interaction with Ala-213 where the amino group of Ala-213 donates a hydrogen to the
nitrogen in position 9 of the imidazo[1,2-b]pyridazine backbone of D2. A T-shaped -
T stacking interaction between D2 and Phe-144, where the positively charged
framework of the D2 aromatic ring interacts with the 1 electron cloud of the aromatic
ring of Phe-144. This seems to serve as a stabilizing interaction. In another stabilizing
interaction, D2 acts as a hydrogen acceptor at the hydroxyl group of its benzyl alcohol
sidechain accepting the hydrogen donated by the amino backbone of Thr-217. The
final stabilizing interaction is the formation of a water bridge between Phe-275 (donor)
and a water molecule (acceptor), the hydroxyl group of the phenyl group acts as
donator for the water molecule and the eater molecule acts as donor for GIn-185 and
Glu-181. The strong stabilizing interactions of D2 with AURKA predicts good protein-

ligand interaction in-vivo!!2-114,

As is the case with BRD4 and AURKA, there is a watershed interaction between
AURKB and its inhibitors. AURKB, like AURKA has a hinge region that plays an
important role in the binding of inhibitors to the ATP catalytic site. The conserved hinge
residue in AURKB is Ala-173'%2115 D2 interacts with Ala-173 as a hydrogen bond
acceptor. The amino group of Ala-173 acts as hydrogen bond donor and nitrogen 9 of
the imidazo[1,2-b]pyridazine backbone of D2. The rest of the interactions between
AURKB and D2 are stabilizing interactions. A water bridge forms between D2, the
hydrogen bond donor from the hydroxyl group of the phenol sidechain, the water
molecule that acts as the acceptor for D2, as well as the hydrogen bond donated by
the protonated lysyl side chain of Lys-122, and Asp-234 acts as the hydrogen bond
acceptor from the water molecule. The hydroxyl group of the benzyl alcohol side chain
of D2 donates a hydrogen bond to the carboxylic acid oxygen of Lys-101. These
interactions seem to be indicators of success as inhibitors, Al-Sanea et.al previously

reported on similar interactions in successful AURKB inhibitors in silicol12.

Compound D2 forms a key hydrogen bond interaction with the Met-793 residue of the
EGFR-TK. The Met-793 forms part of the hinge region of the protein, connecting the

C- and N-lobe, hydrogen bonding with this residue is a known interaction displayed by
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the two known EGFR-TK inhibitors, gefitinib and erlotinib17.123-124 The amino
backbone of Met-793 donates a hydrogen bond to the nitrogen in spot nine of the
imidazo[1,2-b]pyridazine backbone. This type of interaction, where the Met-793
backbone act as a hydrogen bond donor has previously been reported on!'’.
Compound D2 has a hydrogen bond donor interaction between the hydroxyl group of
the benzyl alcohol of D2 and the carbonic acid sidechain of Asp-855, and the hydrogen
donor interaction between the protonated lysyl sidechain of Lys-745 (donor) and that
same hydroxyl group of D2 (acceptor). This interaction with Asp-855 and Lys-745
seems like a conserved interaction, previously also reported in other studies''”:123, The
interaction with Asp-855 could be an indicator of inhibitor effectivity!”. Asp-855 is part
of the DFG motif (so named due to the amino acids it is made up of, namely Asp-855
or D-855, Phe-856 or F-856, and Gly-857 or G-857), when the DFG motif is in the “in”
motif, the EGFR protein is in active conformation state, if the DFG motif is in the “out”
motif, the EGFR protein is in an inactive state!'5125 The “in” motif decreases the
number of residues available for binding in the active site (only Asp-855 of the DFG),
whereas the “out” conformation increases the availability of residues to bind (both Asp-
855 and Phe-856 of the DFG can extend into the binding site)!?5. This means that D2
can possibly effectively bind EGFR, in both the active and inactive state (only Asp-855
interacts with the binding site, thus DFG is in the “out” motif)1?>. The -1 stacking
interaction between Phe-723 is a very interesting interaction because Phe-723, which
forms a part of the P-loop, faces the inside of the active site decreasing the
accessibility of the active site to its substrates and inhibitors'’. Thus, what would
usually decrease effectivity, might now be playing a role in stabilization of the inhibitor
within the TK binding pocket. The -1T stacking interaction is T-shaped, the positively
charged framework of the Phe-723 aromatic ring interacts with the 1 electron cloud of

the aromatic D2 phenol sidechain.

From the CV screening of compounds D2-D11 in MDA-MB-231 cells, it was possible
to calculate a preliminary ICso for D2 of 0.1739 pM, this does not differ much from the
ICs0 calculated using the results of the MTT assay (0.1968 uM), the gold standard in
ICs0 determination. The ICso calculated from the MTT results is viewed as more reliable
and was thus used in all further experiments!?6. The higher concentration from the

MTT assay, can be ascribed to the fact that the MTT assay makes use of metabolic
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activity as an indicator of viability, as opposed to the CV assay that bases viability
solely on adherence to the wells26-127,

No significant difference between the OD of control and vehicle control of MDA-MB-
231 was noted, thus all other experiments only made use of a vehicle control.
Treatment of EA.hy926 cells caused no significant decreases in viability relative to the
vehicle control. From this it is assumed that the I1Cso of D2 for the MDA-MB-231 cells
is significantly lower than what the ICso for the EA.hy926 cells would be. The reason
no ICso for the EA.hy926 cells were calculated is because the focus is on TNBC
models, and whatever concentration is cytotoxic to them should be tested against a
reference cell line in order for it to be possible to truly compare the effect D2 has on a
TNBC cell line vs a somatic reference cell line.

The ELISA results (Figure 3.16 and 3.17) confirmed that there is definite expression

of two of the targets, namely BRD4 and AURKA. Additionally, quantification of the
concentrations of both BRD4 and AURKA after D2 treatment produced interesting
results. The concentration of BRD4 in D2 treated MDA-MB-231 cells relative to the
VC, was significantly decreased. This correlates with some other studies of BRD4
inhibitors where the inhibitor seems to cause a decrease in BRD4 expression28-130,
The VC treatment of the EA.hy926 cells had a higher concentration of BRD4 compared
to the MDA-MB-231 cells, and contrary to what was observed in the MDA-MB-231
cells, the D2-treated EA.hy926 cells had a significantly higher concentration of BRD4
compared to the VC, this has also been observed by other researchers!3™.

The AURKA ELISA results (Figure 3.17) indicated a significant decrease in AURKA
concentration in the D2 treated MDA-MB-231 cells, relative to the VC. The
concentration of AURKA in the VC-treated EA.hy926 cells were not different compared
to the D2-treated cells.

Flow cytometric analysis of the cell cycle in D2-treated MDA-MB-231 cells (Figure
3.20), highlighted a decrease in the percentage of cells in S-phase, a result consistent
with BRD4 inhibition as well as AURKB inhibition12%.132-134 BRD4 plays multiple roles
in the modulation of the cell cycle, especially entry of cells into the S-phase of the cell
cycle by promoting the transcription of genes important in the progression from G1 to
S132, BRD4 stimulates the binding of RNA Pol Il and P-TEFb to the promotors of G1
genes, leading to transcriptional elongation and G1 progression'®. AURKB has a
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canonical role in the CPC, regulating mitotic progression by means of the spindle
assembly checkpoint, preventing progression if there are aberrant microtubule-
kinetochore attachments!34. However, the results here, and those obtained by others
suggest an additional role of AURKB, that of a modulator of G1-S progression!34-136,
AURKB can form a complex with mTOR and regulate specific epigenetic markers that
play roles in the transition of G1 to S*34135, Additionally, AURKB has been shown to
directly phosphorylate p53, leading to decreased expression of p53 target genes, and
thus G1-S progression'34136, The D2-treated EA.hy926 cells (Figure 3.21) showed a
significant increase of cells in the S-phase and a significant decrease of cells in the
G2/M phase. These results do not correlate with BRD4 inhibition, something that might
be ascribed to the increase in BRD4 in D2 treated cells (Figure 3.16), where increased
expression of BRD4 might overcome its inhibition!3!. The increase in the number of
cell in S-phase correlates with EGFR inhibition, however it is more common to see
significant increases in G2/M cell numbers due to arrest in the mitotic phase. The effect
of D2 on the cell cycle of the EA.hy926 cells does not correlate with that of the MDA-
MB-231 results. This might be explained by the fact that D2 is a poly-inhibitor and
could thus be having an effect on multiple downstream effectors of the targets proteins.
For instance, research has shown that p21 and p27 expression is upregulated when
BRD4 is inhibited and p27 is upregulated when AURKA, and AURKB are
inhibited!33.137-13% The upregulation of p21 and p27 then leads to inhibition of the cell
cycle and could lead to cell cycle arrest, but only in GO/G1 and G2/M which does not
explain the S-phase arrest'33138-139 A possible explanation for the S-phase arrest in
the D2 treated cells is the accumulation of double stranded breaks due to ROS40-141,
Increased ROS due to treatment with D2 could have led to an increase in double
stranded breaks, which leads to activation of the checkpoint kinase 1 and 2, causing
the cells to arrest in S-phase in order for the cellular machinery to repair the double
stranded breaks!4%-141, A potential reason for the lack of S-phase arrest in the D2
treated MDA-MB-231 cells is the fact that they are cancerous in nature, as opposed
to the EA.hy926 cells which serve as a model of transformed (hybridized) umbilical
vein endothelial cells, and they might have mutated machinery for double stranded
break repairl#2. Heterogenicity in cancer is a favourable trait for cellular survival and
proliferation, a trait which is the result of genomic instability42. This genomic instability
can be induced by the cancer cells via dysregulation (and not complete silencing) of

the double stranded break repair pathways'#?. Normally increased time spent in the
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cell-phase where the double stranded break was identified (S-phase arrest for
instance) increases the chances of correct repair by for instance homologous
recombination, which could be the case in the D2-treated EA.hy926 cells*2. But in
cancerous cells such as MDA-MB-231 cells, it is probable that the repair process
favours a “quick fix” with lower fidelity, such as non-homologous end joining (NEHJ),
above homologous recombination which has high fidelity to ensure genomic
stability42,

D2-treatment of the MDA-MB-231 cells caused a significant increase in ROS relative
to the VC (Figure 3.24). An increase in ROS in the D2-treated EA.hy926 cells (Figure
3.25) was also observed, however the increase was not as steep as seen in the D2-
treated MDA-MB-231 cells. This is a result consistent with EGFR and AURKA
inhibition according to literature#3-145, ROS in physiological normal quantities play a
role in EGFR activity, specifically H202 which almost act as a second messenger
molecule. EGFR phosphorylation is greatly enhanced by the presence of H202 by
means of oxidation of specific residues, which increases downstream signalling. The
EGFR half-life seems to be additionally increased by exposure to H202, from 8 h when
activated by EGF to about 18 h following H20:2 activation*6. However, here the levels
of ROS in the D2-treated cells, significantly exceed the levels found in the VC.
Normally when EGF and/or EGFR is (over) expressed in cancer cells they perform a
protective function, by inhibiting ROS over production and resultant toxicity#4. EGF
actively blocks the ROS producing activity of transforming growth factor-beta (TGF-
B)4. TGF-B normally functions as a tumour suppressor cytokine, by inducing cell
cycle arrest and apoptosis!*4. However, cancer cells seem to acquire resistance to its
signals, causing it to rather modulate invasion and metastasis#*. It does this in part
by producing anti-apoptotic ligands that bind to EGFR, activating it, and in so doing, it
protects the cancer cells from ROS4. But once EGFR is inhibited, TFG-B can
stimulate the production of ROS. It does so in two ways, by downregulating the genes
of mitochondrial antioxidant genes, such as glutathione, and by activating NADPH-
Oxidase!*4. This upregulation of ROS production re-sensitizes the cancer cells to TGF-
B induced-apoptosis. The increase in ROS also correlates to the effects observed
when AURKA is knocked down in oral squamous cell carcinoma (OSCC) which leads
to increased ROS production, beyond the threshold that the cancer cells can

weather'#®, In a study of AURKB inhibition it was observed that ROS production is
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greatly upregulated causing downregulation of key molecules of differentiation and
upregulating activated caspase 3%*’. Inhibition of BRD4, contrastingly, seems to lead
to a decrease in ROS by means of upregulated expression of the cytoprotective heme
oxygenase-1 (HMOX1)48.

Analysis of the apoptotic profiles of the D2-treated MDA-MB-231 cells (Figure 3.28),
showed a significant increase in apoptosis relative to the VC. This correlates with
marked increase in ROS, which could be due to the inhibition of EGFR and subsequent
induction of TFG-B mediated-apoptosis!4*. BRD4 inhibition has been shown to induce
apoptosis in more than one way'*%-15, |t can lead to the suppression of NF-kB
activation causing the activation of tumour necrosis factor-related apoptosis-inducing
ligand (TRAIL) which binds to the death receptors-4 and -5, to form a trimer that
recruits the Fas-associated death domain (FADD), that in turn recruits, activates and
binds to caspase-8, triggering the induction of apoptosis*®. In another study BRD4
inhibition led to decreased levels of the anti-apoptotic B-cell lymphoma-2 (Bcl-2)
protein and increased levels of Bcl-2-associated X (BAX) protein and activated
caspase 350, BAX, because it is no longer inhibited by the anti-apoptotic Bcl-2, can
translocate to the mitochondria where it oligomerizes with Bcl-2 homologous
antagonist killer (BAK) forming pores, liberating cytochrome C*%°. Cytochrome C
activates the apoptotic protease activating factor-1 (Apaf-1) which eventually leads to
the activation of caspase-3, committing the cell to apoptosis!®. Studies have shown
that AURKA inhibition leads to increased ROS production as well as an increased
expression of poly (ADP)-ribose polymerase (PARP) and an increase in activated
caspase 3 leading to increased apoptotic events!*®. Increased PARP leads to an
increase in caspase-independent apoptosis#®. Inhibiting AURKB has been shown to
increase the number of activated caspase 3, leading to increased apoptosisi*’. The
D2-treated EA.hy926 cells (Figure 3.29) showed no significant difference in the
number of apoptotic cells, consistent with the relatively small increase in ROS. It did
however show a small but significant increase in the amount of dead or necrotic cells
relative to the VC, which could be due to the upregulation in BRD4 concentration
observed from the ELISA, which means ROS is increased but pro-apoptotic molecules
such as caspase 3, and BAX is inhibited, leading to necrotic cell death instead of

apoptotic cell death?5?,
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5. Conclusion

In conclusion, in silico HTVS of the Biofocus library of 20 000 compounds, firstly in
BRD4, consequently yielding 79 hits with docking scores < -9. These 79 compounds
were then docked into AURKA, AURKB, PLK1, and EGFR. This produced only ten
compounds with docking scores < -9 for the different kinases. Screening of the
compounds in vitro using CV proved successful for only one compound, D2. From the
HTVS results, D2 was assumed to be a poly-inhibitor of BRD4 via BD1, EGFR via the
TK binding pocket, and AURKA and AURKB via the ATP catalytic site.

The ICso of D2 was determined after 48 h of treatment, as 0.1968 uM using the MTT
cytotoxicity assay in MDA-MB-231. Consequent treatment of EA.hy926 with the MDA-
MB-231 determined ICso of D2 had no significant effect on viability based on MTT

results. Compound D2 is thus a potential poly-inhibitor with nanomolar potency.

Elucidation of presence of two of the targets, BRD4 and AURKA, proved positive, with
both MDA-MB-231 and EA.hy926 cells having sufficiently high concentrations of the
two target protein. Cell cycle analysis of D2-treated MDA-MB-231 cells had results
consistent with BRD4 and AURKB inhibition, namely decreased cells in S-phase. And
the analysis of EA.hy926 cells had results consistent with ROS induced double
stranded breaks and S-phase arrest. The significant increases in ROS in MDA-MB-
231 cells and to a lesser extent in the EA.hy926 cells, following treatment with the D2
ICs0 was consistent with the assumption that D2 inhibits AURKA, AURKB, and EGFR.
This significant upregulation of ROS production together with the assumed expression,
activation and modulation of pro-apoptotic molecules in response to BRD4, AURKA,
AURKB, and EGFR inhibition led to a very significant increase in apoptosis in the
MDA-MB-231 cells and to necrosis in the EA.hy926 cells.

Taking all of the results into account, it is assumed that D2 is in fact a poly-inhibitor of
BRD4, AURKA, AURKB, and EGFR. This is a novel therapeutic approach to target
these four specific proteins. Targeting multiple proteins of interest could potentially
mean higher therapeutic outcomes coupled with decreased resistance. For instance
dual BRD4 and AURKA inhibition prevents resistance to AURKA treatment alone5s.

However these results do not prove this assumption in its entirety, it is necessary to
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further investigate the mechanistic effect of D2. Expression profiles need to be tested,
especially with regards to c-Myc. Additionally enzyme kinetics in the presence of D2
need to be tested. Additionally, to validate the HTVS results, X-ray crystallography of
D2 bound to its target proteins could prove useful.
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