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ABSTRACT

Medulloblastoma — highly aggressive and heterogeneous tumours of the cerebellum —
account for 15-20% of all childhood brain tumours, and are the most common high-grade
childhood embryonal tumour of the central nervous system. Herein, potent in vitro anticancer
activity against two established medulloblastoma cell lines of the sonic hedgehog subgroup,
namely DAOY (p53 mutant) and ONS-76 (p53 wild type), has been achieved. A number of
first-generation diarylamides and diarylureas were evaluated and activity is likely to be, in-
part, conformation-dependent. The most active compound from this first-generation set of
compounds, 1-naphthyl derivative 4b, was selected and a second-generation of compounds
were optimised and tested for activity against the medulloblastoma cell lines. This process
resulted in drug-like compounds with up to sixty times the activity (sub-micromolar) of the

first-generation — thus providing potent new leads for further study.
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INTRODUCTION

Medulloblastoma are highly aggressive and heterogeneous tumours of the cerebellum that
account for 15-20% of all childhood brain tumours, and are the most common high-grade
childhood embryonal tumour of the central nervous system. They are most common in
children between three and eight years of age, and occur more commonly in males.
Symptoms typically include the abrupt onset of headaches, nausea/vomiting, tiredness, loss of
balance and coordination, and blurred vision. Surgery remains the initial treatment, followed
by whole brain radiotherapy. However, in very young children (less than three years), where

whole brain radiotherapy is not recommended, high dose chemotherapy can be given instead



(typically combinations of vincristine, cisplatin, lomustine, and cyclophosphamide).
Chemotherapy may also be given to children older than three years in addition to
radiotherapy.(1)

In recent years the molecular and genetic understanding of medulloblastoma has
increased dramatically such that it is now possible to classify the disease into four distinct
subgroups based on the presence of distinguishing molecular gene signatures: wingless
(WNT), sonic hedgehog (SHH), Group 3, and Group 4. (2) Studies suggest that such
stratification confers different clinical outcomes, for example, those in the WNT group have
an excellent prognosis while those in Group 3, which are characterised by MYC
amplification, fare very poorly, with the other two subgroups having intermediate prognoses.
Recently, in 2016, the World Health Organization (WHO) Classification of Tumours of the
Central Nervous System acknowledged these subgroups, providing clinical data for the
improvement of medulloblastoma diagnosis. (3) However, despite the increasing level of
understanding of these subgroupings, relatively few drugs have yet to translate to the clinic
against these targets.

Alongside the ongoing research to identify how these key gene signatures are
involved in tumour progression in medulloblastoma, medicinal chemistry approaches must
also be used in order to rapidly establish new and better treatments for these patients.

45)We have an on-going interest in the established phenomenon that diarylamides
and diarylureas adopt discrete three-dimensional conformations that place the aromatic rings
in either a stacked or unstacked arrangement dependent on their N-substitution pattern, (6-10)
and within the context of cancer therapy, we have previously exploited this through the
synthesis of a range of diarylurea-based combretastatin A4 analogues (e.g. 1, Figure 1). Such
compounds possess differing tubulin-binding properties and activities against glioblastoma
cell cultures, with the most active compounds mimicking the Z-double bond and methoxy
substitution pattern of combretastatin A4. (6) Mimicry of the double bond was achieved
through the adoption of a cis,cis-conformation upon methylation of the nitrogen atoms
thereby placing the aromatic rings in a stacked arrangement. Importantly, the E-double bond
mimic of the most active compound is the weakest inhibitor of tubulin and gives rise to
minimal reduction of proliferation in cell cultures compared to analogues that more closely
resemble Z-combretastatin A4 in its functionality and three-dimensional structure, features
that are mirrored with the E- and Z-analogues of the natural product itself. (6) Computational
studies have identified a possible binding site on the gamma subunit of tubulin (y-tubulin) for

both combretastatin A4 (as its phosphate salt) and colchicine, (11) and since poorly



differentiated and aggressive brain tumours, for example medulloblastoma, have high levels
of y-tubulin, (12) the discovery of a such a binding site on this tubulin subunit offers the
possibility of targeting inhibition with new chemotherapeutic agents.

In 2015/16 it was reported that ChEMBL (a database of bioactive molecules with
drug-like properties) contained 76,494 urea-derived biologically active molecules, which
corresponded to more than 5% of the indexed molecules in total, with the compounds being
distributed over all major target classes. (13) Amongst those ureas documented, 34,232 are
disubstituted, 39,426 are tri-substituted, but none are tetra-substituted. Given the propensity
of diarylureas to adopt different conformations contingent with the N-substitution patterns, it
is likely that a number of conformational states are possible with these active compounds, but
presumably, only one is the active conformation in each case. (13)

Based on this likely conformation-dependent activity against numerous biological
targets, (14-17) we wanted to prepare a series of diarylamides and diarylureas which
incorporated the important 3,4,5-trimethoxybenzene ring seen in the majority of classical
tubulin inhibitors that bind at the colchicine binding site, (18,19) whilst the diaryl amide/urea
core itself could potentially bear important complementary binding interactions(Figure 1).
(20) The methylation status of the amide and urea nitrogen atoms would also create
compounds that differed in the conformations adopted, features which appear to be
contrasting in tubulin and, say, kinase inhibitors. For example, tubulin’s colchicine binding
site seems to accept diaryl compounds with a cis-arrangement between the aromatic rings,
(19) whereas kinase inhibitors, as a consequence of only having disubstituted amide/urea
nitrogen atoms, tend to prefer a trans-arrangement, (21) enabling important H-bonds to
occur, features which are also presumably possible with the large number of disubstituted
urea hits in the ChEMBL database. Conformational differences of the compounds studied

herein can be seen in Scheme 1, 3 vs 5 and 4 vs 6.
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Figure 1: Combretastatin A4 (top left); a biologically active diarylurea tubulin inhibitor based on the three-
dimensional structure of combretastatin A4 (1, top right); and the superposition of combretastatin A-4 (cyan),
combretastatin (green, bottom left) and the diarylurea (pink) in the top centre. Structures were aligned using
FieldTemplater™ from Cresset BioMolecular Discovery Limited: http://www.cresset-bmd.com/. The design
concept for this work is shown in the box.

RESULTS AND DISCUSSION

We began with the synthesis of 28 diarylamides and diarylureas (generation 1), varying in the
electron-donating/withdrawing nature of the ‘B-ring’ (Figure 1), all of which contain the
trimethoxybenzene ‘A-ring’ of combretastatin A4 which has been shown to be crucial to
tubulin binding and anticancer activity, by us, (6) and others. (18) The N-methylated and non-
methylated amides adopt a cis or trans conformation, respectively, whilst the N-methylated

and non-methylated ureas adopt a cis,cis or trans,trans conformation, respectively.

Synthesis
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Scheme 1: Synthesis of the compounds tested. All reactions were typically carried out at room temperature and

monitored to completion by TLC.

The trans-forms of the amides (3) and ureas (4) were prepared, as depicted in Scheme 1,
through the reaction of 3,4,5-trimethoxyaniline (2) and either a substituted benzoyl chloride
or arylisocyanate, which was followed by N-methylation to give the cis-forms (5 and 6).
Compounds 7e and 8e were synthesised from the corresponding amide or urea using
Lawesson’s reagent, following standard protocols. Solution-state conformations were
confirmed by *H NMR using the characteristic upfield shift of the aromatic protons which
occurs upon stacking in the cis or cis,cis arrangement; Table S1 (see Supporting Information)
shows the change in chemical shift (Ad) of the aromatic protons in the trimethoxybenzene
ring of all compounds in both conformations. For all methylated compounds, there is the
expected upfield shift of the aromatic protons which is consistent with a change in (solution
state) conformation and the resultant stacking of the benzene rings (average change in shift,
Ad =-0.71). Compounds (3b, 3c, 4d, 6b) were also crystallised and subject to X-ray
crystallography and the solid-state conformations matched those expected for both non-
methylated and methylated compounds. (22)°

Cytotoxicity
With the desired compounds (generation 1) in hand they were subject to a cytotoxicity

evaluation using the MTT assay. Two established medulloblastoma cell lines of the sonic



hedgehog group, namely DAQOY (p53 mutant) and ONS-76 (p53 wild type) were chosen, (2)

and the 1Csos can be seen in Table 1.

In general, the amides (both series 3 and 5) were largely inactive, with the exception of the 1-
naphthyl analogues (3b and 5b), wherein 3b is active against both cell lines and 5b is active
against ONS-76 only, and 3g (p-NOz), which is active against the DAOY cell line only;

perhaps suggesting that cell line specificity may be achievable with compounds of this type.

Conversely, there is a stark difference in activity between the ureas (series 4 and 6), with the
data showing that all trans,trans-unmethylated compounds (series 4) were active, with the
cis,cis-methylated ureas (series 6) being completely devoid of activity over the concentration
range and time (0-125 pM, 72h) studied. This difference in activity between the two series is
interesting and indicates that both conformation , and/or hydrogen bonding play a role in
conferring activity against these medulloblastoma cell lines . In order to try to elucidate the
basis of this difference in activity, we used molecular docking calculations with Glide to dock
the generation 1 compounds into the colchicine binding site of tubulin (Supporting
Information Table S2), and showed that whilst series 4 compounds adopted a trans,trans-
conformation in the unbound state and interestingly in the bound state, thus requiring no
reorganisational energy, series 6 compounds adopted a cis,cis-conformation in the unbound
state (as predicted) but seemed to bind in mixed conformations (either cis,trans or
trans,trans) and so, if conformation was important, they would need to overcome
conformational energy barriers to bind to tubulin, perhaps explaining their lack of activity
here. Whilst previous work by us on tubulin studies with similar N-methylated compounds,
(6) suggests that cis,cis-conformations do possess inhibition of tubulin polymerisation (23-
34% at 10 uM against purified enzyme), presumably by being close structural mimics of

combretastatin A4, the levels of inhibition are modest.(23)

The thioamide (7€) and thiourea (8e) were interesting inasmuch as only 7e is active (85.2uM
against the ONS-76 cell line) whereas the amide analogue (5e) wasn’t, but specifically the

sulfur derivatives are inactive, or only weakly so, mirroring their oxygen counterparts.

There was little variation between cell lines overall except for 3g (p-NO-) which exhibited
activity against the DAQY cell line only, and 5b (1-naphthyl) and 7e (thioamide) which were
selective for the ONS-76 cell line only.



Table 1: ICso values for generation 1 synthesised compounds based on the MTT assay; n=3; >125uM = ICs not
determined, as % viability did not drop to 50% at the maximum concentration tested (125uM). Compounds 4a

and 6a were not tested.

1Cs0 (LM)
Compound DAOQY cell line ONSY76 cell line
(p53 mutant) (p53 wild type)

3a >125uM >125uM
3b 48.71 26.75
3c >125uM >125uM
3d >125uM >125uM
3e >125uM >125uM
3f >125uM >125uM
39 52.88 >125uM
4a - -

4b 5.84 2.45
4c 103.8 63.25
4d 1114 65.55
4e 14.85 12.88
4f 82.48 79.58
49 70.78 34.98
oa >125uM >125uM
5b >125uM 65.69
5¢C >125uM >125uM
5d >125uM >125uM
5e >125uM >125uM
5f >125uM >125uM
5¢ >125uM >125uM
6a - -

6b >125uM >125uM
6c >125uM >125uM
6d >125uM >125uM
6e >125uM >125uM
6f >125uM >125uM
69 >125uM >125uM
7e >125uM 85.2
8e >125uM >125uM

Based on this docking and cytotoxicity data, it appears as though the trans,trans
conformation of series 4 compounds is able to mimic the 3-dimensional shape of
combretastatin A4. However, despite series 6 also being structurally related, that series of
compounds is unable to elicit the same response; presumably a difference related to H-
bonding differences or conformational preference. A tubulin polymerisation assay was

performed to investigate whether the antiproliferative activities obtained were derived from



tubulin binding mechanisms, using both paclitaxel and colchicine as controls (known tubulin
inhibitors), however, the tubulin polymerisation results were inconclusive since the
compounds failed to significantly inhibit tubulin polymerisation at the concentrations
employed. As such, we set out to examine other possible targets of the active compounds
(apart from tubulin), and employed further docking studies to consider candidates among

various known medulloblastoma protein targets. .

BindingDB, a public, web-accessible database of measured binding affinities, (24) was used
to provide suggested protein targets known to interact with structurally related diarylurea
ligands. In summary, the search with a simple diarylurea (PhNH(CO)NHPh) employing the
“substructure” setting resulted in 428 different targets; no hits were obtained if the three
methoxy groups were incorporated. The range of targets identified included: multiple kinases
(including CDK2, VEGFR2 and Aurora A, >1200 diarylurea hits in total against kinases);
angiopoietin-1 receptor; carbonic anhydrase 2; IDH2(R140Q); integrin o4p1 (VLA-4);
mast/stem cell growth factor receptor Kit; mitogen-activated protein kinase 14; platelet-
derived growth factor receptors; and numerous purinergic receptors, amongst others.

To identify potential target kinases of interest (given the large (>1200) number of diarylurea
hits), all the kinases identified as hits from the database were cross-referenced with kinases
known to play a role in brain tumours. (25) (26) Based on this data, and structurally similar,
known kinase inhibitors, we considered whether the active unmethylated diarylureas (series
4) had the potential to act as kinase type Il or type Il inhibitors. (27) Therefore, the number
of target kinases were filtered even further, and only kinases containing co-complex crystal

structures of a bound type Il or 111 ligand were selected for docking.

The first-generation compounds were docked into the five chosen kinases (CDK2; VEGFR2;
Aurora A; IGF-1R and B-Raf), to determine whether these compounds could potentially bind.
In general, the results indicated that the compounds could bind, and specifically we observed
that the trans,trans urea 4b was ranked number one against 3 of the 5 kinases studied, and

that the unmethylated ureas and amides ranked better than their methylated counterparts.

Having confirmed naphthylamine derivative 4b as a lead compound, a further 56 analogues
were designed from commercially available isocyanates containing polycyclic rings with

various differentially functionalised groups. Once created, the analogues were prepared for



docking against the same kinases utilised for the generation 1 compounds, and eight
candidates were selected for synthesis (Table S3). Although we designed the compounds to
target kinase inhibition, the 3,4,5-trimethoxyphenyl ‘A’ ring moiety still remained an integral
feature for all generation 2 analogues as some potent kinase inhibitors possess this structure,
such as those synthesised by Ganser et al., which exhibit nanomolar activity against
VEGFR2. (28)

Once synthesised, the compounds were evaluated for their cytotoxicity, and Table 2 shows
the biological activity against both cell lines and the structures of the synthesised compounds
and compares the results of these second-generation compounds (9a-9h) against the activity
of 4b. Significantly, compounds 9a-9c are an order of magnitude more active than 4b, and

almost 60 times more active in the case of naphthol analogue, 9c.

Table 2: I1Csp values based on the MTT assay; n=3; >125uM = ICs not determined, as % viability did not drop

to 50% at the maximum concentration tested (125uM).

Compound Structure DAOQY cell Fold ONST76 cell Fold
Name line increase: Iine. increase:
(p53 ICso (p53 wild ICso
mutant) (4b)/ type) (4b)/
ICs0 (UM) | ICs0(9) 1Cs0 (UM) 1Cs0 (9)
4b 5.84 N/A 2.45 N/A

OMe O
MEOK:L o
MeO HAﬁ

OMe

9a - 0.47 12.4 >125uM N/A
Meoﬁuku%

9b ome . 0.16 36.5 >125uM N/A
MeOQ N
MEOD\NEN@

H H

9c L owe o 0.10 58.4 2.5 0.98
Meoﬁuj\u

9d 4.00 1.5 >125uM N/A

OMe
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MeO ”JLu N
N [
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of >125uM N/A >125uM N/A
0

Meoﬁﬁj\ﬁ%

9g MeOIOjMi ] ® >125uM N/A ~10 ~0.25
MeO ﬁj\ﬁ OO

9h wo 1 1.25 4.7 ~10 ~0.25
MeO NJ\N
H H O

Of note is the improvement in activity of analogue 9c vs 4b by simply incorporating a
judiciously placed hydroxyl group; an increase in activity not seen in isomer 9e where, in
fact, all activity is lost. Interestingly, any improvement in activity seen by the addition of
such an H-bonding group in 9c, is not required in the comparably active indane analogue, 9a.
A similar trend is also seen with indole analogues 9b vs 9f where H-bonding and substitution
presumably play a large role in conferring activity. Furthermore, the anthracene analogues 99
and 9h again highlight the importance of substitution pattern here since 9h, substituted at
position-1, similar to 4b, is active and presumably can reside in the active site of its target,
whereas 9g, substituted at position-9, offers a more challenging substrate for the target. On
the whole, the most biologically active generation-2 compounds are selective for the DAOY
cell line, confirming their promise as potent lead compounds against (p53 mutant)
medulloblastoma cell lines.

Interestingly, despite the promising in vitro cytotoxicity data, in vitro analysis of the most
promising compound (9¢) against CDK2, IGF-1R, VEGFR2 and Aurora A kinases, (29) only
returned ~30% inhibition against Aurora A (at 100uM), with no notable inhibition against the
other kinases, suggesting that these compounds are not potent inhibitors against these kinases
but that they exert their effects, at least in part, through interaction with other biological

targets.

ADMET property predictions

To further explore the translational potential of our most active compounds (4b, 9a-d, 9h) from
the cellular experiments, ADMET property predictions were performed using the QikProp v5.8
programme. (30) Unfavourable pharmacokinetic profiles are responsible for the failure of

many drug candidates, (31) with CNS drug development having additional requirements to



consider, such as the obstacle of blood-brain barrier (BBB) permeability. (32) Hence, ADMET
evaluation earlier in the drug design process is advisable, with computational predictions
providing a good starting point. The results of the property predictions are presented in Table
3.



Table 3: Results of ADMET property predictions for selected compounds.

Log
. Lipinski’s Rule of Five and Violations Jorgensen’s Rule of Three and Violations PSA . HERG
ngand (V)[b] (V)[b] [AZ][C] Iog Khsa[d] Iog BB[ ] CNS (Concern
below -5)
M, M [l Caco-2 i
pay  HBDT  HBAT - og Pow msyn 1093 NPM v (2-+2)
(<500) (25) (£10) (<5) (>22) (>-5.7) (<7) (<140 A?)
4b 352.4 2 4.25 3.8 0 2393 5.1 3 0 68.3 0.2 0.3 0 -4.8
9%a 342.4 2 4.25 3.6 0 2248 51 6 0 69.3 0.3 0.3 0 -4.2
9b 355.4 2 4.25 3.8 0 2963 5.1 4 0 70.2 0.2 0.2 0 4.5
9% 368.4 3 5 3.1 0 872 47 4 0 89.3 0.1 0.8 1 -4.7
od 353.4 2 5.25 3.2 0 1584 4.7 4 0 81.0 0.1 0.5 0 -4.7
oh 402.4 2 4.25 4.8 0 2401 6.3* 4 1 68.4 0.6 0.3 0 -5.5%
<25
Rangell 17‘;% 0-6 0220  -2-65 - Eosoor(; -6.5-0.5 18 - 7-200  -1515  -30-12
great

[a] ADMET data were calculated as described in the text using Qikprop. [b] Rules as listed in the columns, with any violations of the rules highlighted with an asterisk (*). [c] PSA represents
the van der Waals (polar) surface areas of N and O atoms; recommended PSA <140 A2 according to Veber et al. [d] log Knsa: predicted binding to human serum albumin. [e] log BB: the
predicted blood-brain barrier coefficient. [f] Number of hydrogen bond donors. [g] Number of hydrogen bond acceptors. [h] Caco-2 cell permeability. [i] Number of primary metabolites. [j]
Range for 95% of known drugs - reference: QikProp version 3.5 User’s Manual.



The predicted values should be considered approximate, with some property predictions
considerably dependent on conformation. Nevertheless, they provide useful information to be
considered in future ligand optimisations. The first test of drug-likeness we looked at was
Lipinski’s Rule of Five; (33) none of our active compounds demonstrated any violations of
these rules. Jorgensen’s Rule of Three results were promising with only one of the six
compounds, 9h, having a violation. (34) For 9h, a possible solubility issue (log S) was flagged,;
an obvious consequence of its larger anthracene aromatic substituent. The predicted Caco-2
permeabilities of the compounds are notable, with excellent permeabilities (872-2963 nm s?)
predicted for all compounds. Log BB (logarithmic ratio between concentration of a compound
in brain and blood) and CNS values for the compounds are not ideal but exhibit promise for
the compounds in further optimisation efforts. A log BB = 0 implies an equal concentration of
compound on both sides of the blood brain barrier. The log BB threshold values for blood brain
barrier penetration vary in the literature as described in Carpenter et al., (35) and include a log
BB value of -1, (36) which suggests that all the compounds pass, but a log BB > 0 is mainly
suggested. Additionally, while Veber et al. suggested that a PSA of < 140 A? is desirable for
oral bioavailability, (37) a lower threshold of PSA < 90 A? (and MW < 450 Da) is proposed by
van de Waterbeemd for CNS drugs. (38) Estimation of blood-brain barrier crossing of drugs
using molecular size and shape, and H-bonding characteristics for drugs targeted to the CNS
suggests all compounds fulfil this. (38) The predicted values of logKhsa, binding to human
serum albumin, for all compounds are within the desired range (-1.5-1.5) for 95% of known
drugs. Finally, only compound 9h again raised an initial concern regarding potential blockage
of HERG K™ channels. In summary, the most active cellular compounds are also promising

CNS drug candidates for lead optimisation considering the predicted pharmacokinetic profiles.

CONCLUSION

To conclude, we have shown that potent anticancer activity has been achieved with a series of
diarylureas, primarily against the DAOY medulloblastoma cell line, which represents a
disease which is highly aggressive and the most common high-grade childhood embryonal
tumour of the central nervous system, but that the compounds’ biological target currently
remains elusive. The compounds were identified from a first-generation lead compound (4b),
and a second generation of compounds were subsequently designed from it. Further
biological testing revealed improved activities (up to 60 times more potent), resulting in new
potent (sub-micromolar) lead compounds, with promising ADMET properties, for further

study.
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