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ABSTRACT

Haspin is a mitotic protein kinase required for proper cell division by modulating Aurora B kinase localisa-
tion and activity as well as histone phosphorylation. Here a series of imidazopyridazines based on the
CHR-6494 and Structure Activity Relationship was established. An assessment of the inhibitory activity of
the lead structures on human Haspin and several other protein kinases is presented. The lead structure
was rapidly optimised using a combination of crystal structures and effective docking models, with the
best inhibitors exhibiting potent inhibitory activity on Haspin with 1Csq between 6 and 100nM in vitro.
The developed inhibitors displayed anti-proliferative properties against various human cancer cell lines in
2D and spheroid cultures and significantly inhibited the migration ability of osteosarcoma U-2 OS cells.
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Notably, we show that our lead compounds are powerful Haspin inhibitors in human cells, and did not
block G2/M cell cycle transition due to improved selectivity against CDK1/CyclinB.

GRAPHICAL ABSTRACT

Introduction

The deregulation of protein phosphorylation is directly responsible
for the pathogenesis of several diseases and protein kinases are
therefore considered as major drug targets. Specific targeting of
kinases that are essential for unwanted cancerous cells is therefore
an important step towards therapy. The search for pharmaco-
logical kinase inhibitors has become a major approach to discover
new therapeutic agents. The most commonly used conventional
anticancer agents such as taxanes and vinca alkaloids aim at
impairing the ability of the cancerous cell to divide by targeting
the microtubule cytoskeleton leading to mitotic arrest and ultim-
ately cell death'. Nowadays, more specific ways disturbing cell
division are being explored by the pharmaceutical community
that involve targeting essential mitotic protein kinases whose
expression or activity are found deregulated in many cancers®™.
Aurora B kinase controls many aspects of mitosis, including the
correction of microtubule-kinetochore attachment errors and cyto-
kinesis®. The deregulation of its activity or expression is often
associated with genomic instability and aneuploidy, commonly
observed in a vast majority of solid tumours and hematological

malignancies’. In 2013, more than a dozen Aurora kinase inhibi-
tors were tested in phase | clinical trials®. Despite recent advances,
the effectiveness of Aurora B kinase inhibitors has so far been lim-
ited by the development of resistance and side effects®. It is there-
fore of great interest to develop new strategies targeting Aurora B
indirectly through its upstream natural regulators. Many other pro-
tein kinases control Aurora B activity directly or indirectly, making
them potential therapeutic targets'®'%. Amongst them, the pro-
tein kinase Haspin (also known as GSG2, germ cell associated 2)
which has emerged as a key regulator of Aurora B functions. It
has been shown to act upstream of Aurora B, regulating both its
centromeric localisation and activity'>™". It also plays several key
roles during mitosis both in maintaining chromatin and centro-
meric cohesion and spindle pole structures'>'®2°, Haspin phos-
phorylates Histone H3 on threonine 3 (H3T3ph) at mitosis leading
to the recruitment and clustering of Aurora B to the centro-
mere?'™2, This clustering is essential for Aurora B kinase activa-
tion, which in return phosphorylates and activates Haspin,
creating a positive feedback loop between the two kinases'®.
Haspin kinase appears essential for mitosis as its depletion or
inhibition results in cell death caused by mitotic catastrophe®*%°.
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Additionally, Haspin kinase is overexpressed in several malignan-
cies such as Burkitt's lymphoma, B cell chronic lymphocytic leu-
kaemia and pancreatic cancers*®?°. Hence, Haspin represents an
interesting target for cancer therapy.

Haspin has atypical structural features that are unique to this
kinase, increasing the likelihood of identifying specific inhibitors
that may result in fewer off-target effects**>'. There are currently
a few Haspin inhibitors described in the literature (Figure 1): bicyc-
lic heterocyclic structures such as imidazopyridazine CHR-6494
from Chroma Biotech or SGI-1776*%% the nucleotide like 5-iodo-
tubercidine’'” and finally methoxylated fused tricyclic derivatives
containing an acridine (LDN-192960) or a f-carboline such as in
harmine or LDN-211898'7%33%  More recently, 3H-pyrazolo[4,3-
flquinolone as HSD9723°, and natural products?*3® were addition-
ally reported.

The heterocyclic derivative CHR-6494 is active both in vitro, on
tumour cells***” and in vivo as it reduced angiogenesis and
tumour growth on nude mice xenografts of HCT-116 cells. CHR-
6494 affects also cell viability and mobility of several melanoma
cancer lines when used alone or in combination with the
Mitogen-activated protein kinase kinase (MEK) inhibitor Trametinib
which acts synergistically®’. However, the compound displays
poor selectivity against other kinases but the structure offers an
attractive starting point for optimisation.

In this study, we report the development of novel imidazopyri-
midine derivatives that display improved potency towards Haspin
and improved selectivity (Figure 2). Synthesis was fully optimised
and modulations were performed in parallel with docking studies.
To guide the design of new inhibitors, we solved a high-resolution
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crystal structure of an early derivative with Haspin. The structure
confirmed the expected binding mode interacting with the hinge
of the kinase in an adenosine triphosphate (ATP) competitive way.
For ligand optimisation, further docking experiments were per-
formed using this structural model.

Structure activity relationships were established and selectivity
was assessed using a representative kinase panel. Several cellular
studies were performed to demonstrate the specific mode of
action of newly synthesised derivatives. Very promising novel
leads were obtained that exhibited anti-proliferative properties
against various human cancer cell lines grown in 2D and 3D
spheroid cell cultures and significantly inhibited the migration
ability of osteosarcoma U-2 OS cells.

Results and discussion
Chemistry

First, we developed an efficient synthesis of the CHR-6494 deriva-
tive in three steps as this compound was not commercially avail-
able at the beginning of this work. The first step consisted of a
nucleophilic aromatic substitution (SyAr) in position C-6 with pro-
pylamine in N-methyl-2-pyrrolidone (NMP) under microwave irradi-
ation which furnished compound 3 in 86% yield. Furthermore, a
region-selective bromination of compound 3 in the presence of N-
bromosuccinimide (NBS) led to compound 4 in quantitative yield.
The displacement of this halogen was carried out by a
Suzuki-Miyaura cross coupling, using 1H-indazole-5-boronic acid
as partner, in presence of caesium carbonate as base in a mixture
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of ethanol/water as solvent under microwave irradiation to give
compound 5 in the moderate yield of 28% (Scheme 1).

This linear synthetic pathway prompted us to develop a versa-
tile skeleton to explore molecular diversity in C-3 and C-6 posi-
tions. We focussed our attention on a bis-halogenated platform 6,
which can be regio-selectively functionalised in C-3 and C-6 posi-
tions (Scheme 1) by chlorine and bromine discrimination®®.
However, the method suffered in our hands from long reaction
times under thermal conditions, leading to purification difficulties
and low yields. Fortunately, the lack of reactivity was fully circum-
vented using microwave activation, which improved kinetic
parameters of the reaction and significantly increased the yield
during both palladium cross coupling and SyAr reactions®™'.

A direct regio-selective Suzuki cross-coupling reaction was first
performed with 1H-indazole-5-boronic acid under microwave
irradiation resulting in a satisfactory yield of compound 7 (61%),
which was efficient in comparison to the use of conventional reac-
tion conditions (around 10%). In a second step, starting from com-
pound 7, SyAr occurred in C-6 using various nucleophiles under
microwave irradiation and afforded the attempted compounds
8-14 in moderate yields due to the presence of the indazole moi-
ety. Several primary or secondary aliphatic amines were success-
fully introduced by nucleophilic substitution. An attempted
reaction with amino alcohols led only to nitrogen reactions.
Condensation of the alcohols required the addition of a base
enhancing reactivity for completion of the reaction at a lower
temperature in reaction times of only 10 min.

To pursue the building of a focussed library around this scaf-
fold, we modified the synthetic pathway due to the presence of
the indazole moiety which led to some limitations such as low
solubility or reactivity. We also switched the two steps and began
by the SyAr, with amines or various chiral alcohols in presence of

Synthesis of 5 (CHR6494)

NaH as base which furnished compounds 15-20 in a moderate to
high yields (Table 1).

Next, the Suzuki reaction was performed using indazole bor-
onic acid to furnish compounds 21-26 in moderate yields.
Furthermore, benzimidazole and 2-aminopyrimidine as indazole
isosters were introduced on bromo derivative 4 to give com-
pounds 27 and 28 in 23% and 73% yield, respectively. We also
introduced on compound 4 a naphthyl moiety instead of indazole,
to generate derivative 29 with a very satisfactory yield. Without
any donor/acceptor hydrogen bond system, this compound was
unable to interact with the Haspin hinge region and served as a
negative control for biochemical and biological analysis. To com-
plete the construction of the library, we performed the reduction
of the C5-Cl bond with a palladium catalyst and microwave irradi-
ation to give the desired product 30 in 37% of yield (Table 1).

Kinase assays

We tested the inhibitory activity of the 18 synthesised compounds
on recombinant HsHaspin activity compared to the reference com-
pound CHR-6494 5 (Table 2) with the main objective of obtaining
more selective Haspin inhibitors and of being able to assess the
potency of a selective inhibitor in cellular assays with reduced
interference of off-targets.

As expected, compounds without any heteroatom attached to
the imidazopyridazine core in C-6 (compound 30) or lacking the
indazole part in C-3 (compounds 27-29), lost their activity for
Haspin. It was evidence that these two elements play a crucial
role maintaining potent inhibitory activity and that they define
the key pharmacophore. Modulation of the propyl amine in C-6
led to variation in Haspin inhibition. Methylation of the NH group
confirmed that the labile proton was not essential (compound 8).
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equiv.), THF, M\W., 150°C, 15 min.



Table 1. Structure of synthesised derivatives and yields.
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Table 2. 1G5y (uM) of the imidazopyridazine derivatives on various protein kinases (in bold for haspin kinase). For selected com-
pounds, the selectivity index for each kinase vs Haspin is shown in parentheses.

Hs Hs Hs
Hs Hs Rn Ssc Hs
Compound | o cpin | AuroraB Ccl;:(i/ ngl?/ CCI;Z(]?:/ DYRKIA | GSK3 /B | PIMI
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Cycloalkylamines as well as piperidine were used as substituents
in C-6 without any significant changes in activity (compounds
9-11). The cyclopentyl group seemed preferred, with an improved
activity for compound 9 at ICso = 31 nM. Finally, a second hydro-
philic function was introduced on the small amino alkyl side chain
in compound 12 and resulted in activity that remained identical
to that of other derivatives of this subfamily.

While switching the aminopropyl group for propyloxy in C-6
proved disappointing (compound 13), the ethoxyl residue was
very well tolerated as derivative 14 exhibited good Haspin

inhibition with an ICso = 69 nM. The best results were obtained
when the C-6 alkyloxy group was substituted by heteroalkyl
cycles. With prolinol derivatives, the chiral compounds 25 (R) and
26 (S) were found to be very active with a preference for the S
configuration. A real activity improvement was achieved by
switching the pyrrolidine for a morpholine (compounds 21-24).
The position of the heteroatom had a real impact. Interaction with
the kinase active site was favoured when the two electron rich
oxygen atoms, which are strong H bond acceptors, were located
close to each other. This behaviour was confirmed by the ICsy of
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Figure 3. Binding mode of selected compounds with Haspin. (A) ATP competi-
tion assay with compound 12. (B) Crystal structure of Haspin with compound 12.
The inhibitor is displayed in stick representation with yellow carbon atoms, and
the key interactions with the kinase ATP binding site are shown. (C)
Superimposition of the binding mode of compounds 12 (yellow carbon atoms)
and 21 (grey carbon atoms) in Haspin active site. The three-letter amino acid
code and residue number are labelled next to each side chain.

derivatives 21 and 22 (6 and 12nM, respectively) which were
more active than 23 and 24 (25 and 20 nM, respectively). Finally,
the (S) derivative 21 and its enantiomer 22 are to our knowledge
the most active Haspin inhibitors in the imidazopyrimidazine ser-
ies ever reported and join the short list of very potent
Haspin inhibitors.

The selectivity of each derivative was quantified on several
other kinases. CHR-6494 (5) appeared in our hands as a pan kin-
ase inhibitor with moderate selectivity and was surprisingly more
active on CDK9 and DYRK1A than on Haspin (Table 2). For the

developed imidazopyridazine library, the selectivity vs Aurora B
was excellent, as the newly designed Haspin inhibitors did not
inhibit this kinase at 1pM. Noteworthy, 12 derivatives did not
affect this enzyme at 10 uM (compounds 11-14, 21-25, 28, 30).
CDK2 and CDKS5 inhibition was fully enhanced in the case of C-6-
O substituted molecules (compounds 13,14, 21-24). The highest
selectivity for CDK9 and DYRK1A occurred with the morpholino
containing derivatives (compounds 21-24), which exhibited a
(sub)micromolar 1Csq range on both kinases. The best selectivity
was clearly achieved with 21 (ICsq Haspin = 6 nM) with selectivity
for CDK2, 5, 9 and DYRK1A of 716, 150, 28 and 50-fold, respect-
ively. Altogether, these results showed that our chemical series
displayed increased efficacy and selectivity.

Values are ICsy expressed in uM and calculated from dose-res-
ponse curves (each point on the curves was performed in tripli-
cate). Selectivity indexes (SI; in brackets) are calculated as follows:
SI=1Cso kinase X/ICs, Haspin. ND: not determined. *ICso values
obtained using the ADP-Glo methodology (see Experimental sec-
tion, Supplementary Material).

Binding mode and molecular modelling studies

We first conducted an ATP competition assay with compound 12
on Haspin kinase activity (Figure 3(A)). We tested an ATP concen-
tration range from 5 to 240 UM on compound 12 concentrations
ranging from 0.001 to 10 um. Our data clearly show the competi-
tion between compound 12 and ATP, as the calculated ICsy
increased from 6 nM at 5 M ATP to 950 nM at 240 uM ATP.

We next determined the co-crystal structure of Haspin in com-
plex with derivative 12 to determine the binding mode of the
inhibitor within the kinase (Figure 3(B)). The inhibitor adopted a
planar conformation, positioning the indazole moiety for hydro-
gen bonds to the hinge region. This orientation resulted in the
imidazopyridazine group protruding further in the pocket, inter-
acting with the catalytic lysine Lys511. The amino alkyl side chain
decoration tucked beneath the 1 and 2%, and occupied the
space towards the solvent exposed region of the pocket. This
binding mode of compound 12 demonstrated shape complemen-
tarity to the ATP-binding pocket of the kinase, thus explaining the
good potency of the inhibitor. These results also strongly suggest
that our compounds behave as type | kinase inhibitors.

Derivative 21 was docked into the active site of Haspin to
understand key interactions with the protein residues. Docking
experiments showed that the binding mode of inhibitor 21 was
conserved in the ATP active site and formed similar hydrogen
bond interactions with the hinge region and catalytic lysine
Lys511 to compound 12 (Figure 3(C)). Interestingly, the morpho-
line group made two additional hydrogen bond interactions
between the protonated nitrogen and the oxygen of the back-
bone carbonyl of isoleucine 11490 and the carboxyl group of the
side chain of aspartic acid Asp611. These extra hydrogen bonds
could explain the strong potency of inhibitor 21 compared to
compound 12 or CHR-6494 5. In addition, this interaction can be
seen as a salt bridge between the ammonium of the morpholine
group and the carboxylate anion group of the side chain of
aspartic acid Asp611. The difference of activity between CHR-6494
5 and inhibitor 21 towards DYRK1A could be explained by the
lack of one hydrogen bond acceptor or a lack of one salt bridge,
since the position of Asp611 in Haspin corresponds to asparagine
Asn234 in DYRK1A. Moreover, the NH; side chain of Asn234 may
be exposed to the protonated nitrogen, thus forming an
unfavourable interaction®?.
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Table 3. Effects on cell viability.
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Cellular effects

Cell viability
We subsequently tested the effects of selected compounds on the
cell viability of various highly proliferative cancerous cell lines
(Table 3) from osteosarcoma (U-2 OS), colorectal cancer (HCT116),
breast cancer (HBL100) and neuroblastoma (SH-SY5Y) as well as
non-cancerous retinal fibroblast RPE-1 immortalised with hTERT,
cultured under a conventional monolayer (2-Dimensions) format.
Cell viability was assessed after 48h treatment with selected
compounds in a dose-dependent manner (Table 3). Among can-
cerous cell lines, U-2 OS appeared to be the most sensitive one,
responding to most compounds apart from compound 12 and
our negative control 29 with ECso ranging from 2.8 uM for deriva-
tive 14 to 8.6 uM for compound 22. Compounds were generally
more efficient at inhibiting the viability of normal RPE-1 cells than
the other cells of cancerous origin. None of the compounds
appeared to affect the viability of SH-SY5Y cells and only deriva-
tives 12 and 14 slightly affected HBL100 cells (ECs, of 6.6 and
9.5 uM respectively). The negative compound 29 did not impact
any of the tested cell lines (all ECso >10uM). Amongst the
selected compounds, 14 appeared the most active one, affecting
all cell lines apart from SH-SY5Y. This compound displayed the
strongest impact on the viability of U-2 OS and HCT116 cells with
ECso of 2.8 uM and 1.7 uM, respectively.

Cells were incubated with increasing doses of each compound
for 48 h. Cell viability was determined by MTS assay and ECsq (M)
were calculated from the dose-response curves of each com-
pound on the indicated human cell lines (each point made
in triplicate).

Effects on 3D spheroids

It is known that the impact of drugs on cell division may change
markedly depending upon environmental conditions. Therefore, in
order to gain in physiological predictivity®®, the anti-proliferative
activity of derivative 14 was further addressed on multicellular
spheroids (Figure 4), still using compounds 5 and 29 as reference
and negative control respectively. As RPE-1 and SH-SY5Y cells
failed to form spheroids, U-2 OS, HCT116 and HBL100 cell lines
were used for this approach.

A 48-h exposure with 5uM of compound 5 triggered a signifi-
cant decrease in U-2 OS spheroid viability (49%), without any sig-
nificant effect on that of HCT116 and HBL-100 cells (Figure 4(A),
left panel). Notably, derivative 14 impacted U-2 OS spheroid via-
bility slightly more (33%) and showed an additional - rather mod-
erate - activity on HBL-100 spheroids (73%). These results
demonstrated that compound 14, compared to 5, had similar or
slightly stronger effects on U-2 OS spheroid viability and con-
firmed our results on 2D culture cell viability. After 10-day
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Figure 4. Effects of compounds on spheroid viability. (A) Cell viability in spheroids from HCT116, HBL100 and U-2 OS cells was measured after 2 and 10 days of treat-
ment with DMSO, staurosporine (1 uM) or compounds 5, 14, 29 at 5 puM, at a single dose on day 0. Cell viability was expressed in percentage of the DMSO control set
at 100%. Data were acquired in triplicates, results are mean = SEM, ***p < 0.001, *p < 0.05 (two-tailed unpaired t-test). (B) U-2 OS spheroids were treated with 5, 2.5
or 1uM of compounds 5, 12, 14, 21 or 22, or with 1 uM of staurosporine or DMSO, at a single dose on day 0. Cell viability was measured after 2 and 10days and
expressed in percentage of the DMSO control set at 100%. Data were acquired in triplicates; graphs represent the mean of 2 independent experiments. Results are

mean + SEM, ****p < 0.0001 (two-tailed unpaired t-test).

exposure, the effect on U-2 OS spheroid viability was markedly
increased with both compounds while HCT116 and HBL100
remained mostly unresponsive (Figure 4(A), right panel). At 5uM,
cell viability was down to 1% and 5% for compounds 5 and 14,
respectively.

As U-2 OS spheroids appeared the most responsive to our
inhibitors, we tested our other hit compounds (14, 12, 21, 22) at
three concentrations (1, 2.5 and 5 uM) in cell viability assays after
2 and 10days (Figure 4(B)). After 2-day treatments, spheroid viabil-
ity was strongly affected by compounds 5, 14 and 12 at 5uM
concentration (9.7, 6.9, 13.1% remaining viability, respectively)
while compounds 21 and 22 showed no effects. Interestingly,
after a 10-day treatment compound 12 appeared as the most
effective inhibitor using U-2 OS cells, showing growth inhibition at
25 and TuM (50 and 66% remaining viability, respectively). For
the other compounds these lower concentrations were mostly
ineffective. However, a slight decrease in spheroid viability was
observed for compound 21 at 5uM concentration (69%). Taken
together, our data showed that this series displayed some anti-
proliferative properties without being generally cytotoxic. Results
on U-2 OS spheroids clearly indicated stronger anti-proliferative
effects for less selective compounds.

Effects on cellular Haspin kinase

We next tested in cells the functional effects of compounds 12,
14, 21 and 22 as well as compounds 5 and 29 as reference and
negative controls, respectively. We monitored and quantified
Haspin activity by immunofluorescence and image analysis in U-2
OS cells following the phosphorylation of Threonine 3 of Histone
H3 (H3T3ph) as a specific marker (Figure 5). Cells were treated
with 0.5uM of the various compounds for 24h. As shown in
Figure 5(A), treatment of cells with compounds 5, 12, 14, 21 and
22 greatly reduced the H3T3ph signal in selected prometaphase/
metaphase cells. We noted that typical chromosome misalignment
defects were observed as previously reported in Haspin depletion
studies'. Quantification of the H3T3ph signal vs DAPI is repre-
sented in Figure 5(B,C). Compounds 5, 21 and 12 showed the
strongest effect on cellular Haspin activity with only 2.5, 2.4 and
1.9% of H3T3ph signal remaining in prometaphase cells, respect-
ively. This effect was slightly milder with compound 22- and 14-
treated cells where 10.7 and 11.9% of H3T3p signal respectively
remained (Figure 5(B,C)). The negative compound 29 showed a
value similar to that of the DMSO control. A similar experiment
performed on cells treated with a lower dose of 0.05uM of
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Figure 5. In-cell evaluation of Haspin inhibition. (A) immunofluorescence staining of U-2 OS cells treated for 24 h with 500 nM of each compound or 0.1% of DMSO.
Haspin activity was monitored by staining of phosphorylated Histone H3 on threonine 3 (H3T3ph, green), deoxyribonucleic acid DNA was visualised by DAPI (4',6-dia-
midino-2-phenylindole) staining (blue). Bar 10 um. (B) Quantification of Haspin activity in prometaphase cells from (A); box and whiskers representation, n>30. (C)
Statistical analysis of data obtained in (B). Results are mean+SEM, p values are indicated (two-tailed unpaired t-test). Results are also shown in percentage of the

DMSO control.

compounds for 24 h revealed that cellular Haspin activity was still
inhibited by more than 80% by compounds 5, 12, 21 and 22
(Supplementary Figure S5). These results showed that all tested
compounds are highly cell penetrant and inhibit endogenous
Haspin kinase. A comparison of their effects showed that com-
pounds 5, 12 and 21 were the most efficient at reducing cellular
Haspin activity.

Effects on cell cycle

We next addressed the effect of our compounds on the cell cycle.
U-2 OS cells were treated for 24h with 2.5uM of compounds and
their cell cycle profile was analysed by flow cytometry (Figure 6). A
lower dose of 0.5uM was simultaneously tested showing no effect
on the cell cycle of U-2 OS cells (data not shown), concurring with
the results obtained on cell viability assays (Table 3). However, flow
cytometry profiles, after treatment with compounds 5, 12, 14 and
21 at 2.5uM, showed a strong increase of cells in G2/M phase of
the cell cycle (33.3, 29.9, 24.4 and 21.4%, respectively vs. 12.8% in
control DMSO-treated cells, Figure 6(AB) accompanied with a
reduction of cells in S phase (30.9, 34.4, 45.2 and 32%, respectively
vs. 51.9% in control cells). These results are consistent with
impaired cell cycle phase progression and transition checkpoints
which are under the control of specific protein kinases, the Cyclin-
dependent kinases (CDK/cyclin)***°. The S-phase reduction coupled

with a G2/M increase observed for compounds 5 and 12 could be
in part explained by their strong inhibition of CDK2, a CDK essential
for the progression through these phases (ICso of 91 and 110nM,
respectively, Table 2)*. However, the S-phase reduction coupled
with a G1 increase observed for compounds 21 and 22 cannot be
explained by a CDK2 inhibition (ICsq of 4.3 and 5.3 uM, respectively).
Such effects could result from the inhibition of G1-specific CDKs
such as CDK4 and CDK6*"*%, which remains to be tested.

While a slight delay in M phase is expected by inhibition of
Haspin, the strong accumulation of cells in G2/M phases observed
with compounds 5 and 12 cannot be solely linked to this inhib-
ition but is likely the consequence of the inhibition of several kin-
ases regulating mitotic entry. We recently reported inhibition of 5
on CDK1 (Cyclin-dependent kinase 1) during the first divisions of
sea urchin embryos®. We therefore tested our compounds on
two obvious candidates, HsCDK1 and HsPLK1 (Polo-like_kinase 1)
both required for mitotic entry>® (Table 4).

Values are ICsq expressed in uM and calculated from dose-res-
ponse curves (each point from the curves was performed in dupli-
cate). SI are calculated as follows: SI=ICs, CDK1/IC5o Haspin
(shown in Table 2). NR: not relevant.

None of the tested compounds inhibited PLK1 (IC50>10 pM).
However, two compounds (5 and 12) showed strong inhibition of
CDK1 (ICsq of 29 and 52 nM, respectively), which could account for
the accumulation of cells in G2/M phase.
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Figure 6. Cell cycle effects of selected compounds. (A) U-2 OS cells were treated with 2.5 uM of each compound for 24 h before ethanol fixation and propidium iodide
staining. DNA content was measured by flow cytometry and representative profiles are shown. (B) quantification of the proportion of cells in each phase of the cell
cycle from the experiment described in (A). Results are mean percentage (n =3 independent experiments).

Altogether, these data showed that our compounds strongly
affect the cell cycle in diverse ways. Some of these effects, shared
by compounds 5 and 12, can be explained by their ability to
inhibit CDK1 and CDK2. The cell cycle kinase profile of these com-
pounds could be of interest for further pharmacological develop-
ment at a time when the marketing of CDK inhibitors such as
Palbociclib, Abemaciclib or Ribociclib is thriving®'.

Effects on cell migration

We tested the effect of our most potent inhibitors on U-2 OS cell
migration in a wound healing assay over a duration of 24 h where
relative wound density (RWD) was measured every hour
(Figure 7). The experiment was conducted in the presence of 0.5%
FBS (fetal bovine serum). This condition allowed us to differentiate
migrating cells from dividing cells which could interfere with the
migration results. Compounds were tested at 0.6 uM alongside a

DMSO control and cytochalasine D at 0.1 ug/mL as a positive con-
trol in two independent sets of experiments due to system limita-
tions. The compound concentration was chosen as the maximum
concentration that remained non-toxic to the cells for the length
of the experiment in 0.5% FBS. After 24 h, cells treated with com-
pounds 21 and 22 reached around 100% wound closure similar to
the DMSO control and compound 29-treated cells (Figure 7(A,B)).
In contrast, both compound 12- and 14-treated cells migrated sig-
nificantly slower, reaching 88 and 73% of normalised wound clos-
ure after 24h, respectively (Figure 7(B)). The latter results
confirmed that the observed effects were the result of an
impaired cell migration not linked to cell division. Taken together,
these results indicated that both compounds 12 and 14 exhibited
an inhibitory effect on cell migration, suggesting an interesting
anti-angiogenic potential. They also suggested that this effect on
cell migration may not be linked to Haspin inhibition itself but
rather to an off-target effect of these compounds.



Table 4. 1C5y (uM) of selected compounds on HsPLK1 and HsCDK1.
S1
Compound HsPLK1 | HsCDKl1
CDK1/Haspin
o 5 >10 0.029 0.5
R
A[H . ?) 12 >10 0.052 0.8
HN~;\‘
o N,?) 14 >10 0.795 11.5
LNL\N
oy ?J 21 [ >10 2355 392
L
. HN\;\‘
[Nj_ o 22 >10 2.870 239
/\/Nﬂ\ Q 29 >10 >10 NR
(A)
00 . DMSO
90 .« cCytoD
80 Cpd 29 o
70 = Cpd12 //

+ Cpd 14

60
50
40
30
20

o [

0

Relative wound density (%)

0 2 4 6 8 101214 16 18 20 22 24
Time (hour)

E

1204
1001
B0
B0
40
204

o

0 Q0 ° & » A P
cf &
& & S & P P

Normalized RWD (%)

JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY 1851

Conclusion

We synthesised and assessed a novel series of imidazopyridines
starting from CHR-6494, a known Haspin inhibitor**. We tested
the inhibitory properties of the compounds against HsHaspin and
showed that the highest activity was obtained with compounds
21 and 22 (6 and 12nM, respectively) compared to that of CHR-
6494 (55nM). These two compounds also shared the highest SI
towards all the protein kinases tested. We saw a modest increase
in selectivity of compounds 12 and 14 which notably did not
inhibit Aurora B kinase (average Sl of 24.2 and 23.6, respectively).
All the compounds tested achieved in-cell Haspin inhibition, with
compounds 12 and 21 being the most effective. We demon-
strated that our best hits, compounds 21 and 22, were potent
inhibitors of endogenous Haspin in human cells, which compared
to the reference CHR-6494 or compound 12, did not strongly
affect G2/M transition due to their selectivity against CDK1 and
CDK2. Hence, compounds 21 and 22 can be considered interest-
ing and selective tools that will help to dissect Haspin function
from other cell cycle regulating kinases. On the other hand, the
lower SI of compound 12 and 14 endow them with substantial
anti-proliferative properties against human cancer spheroids as
well as anti-migrating effects. These highly sought-after properties
mean that they could be used as starting material for the poten-
tial development of anti-cancer therapeutics.
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