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ABSTRACT: Heptaheteroaryl compounds comprised of oxazole and pyridine units
(TOxaPy) are quadruplex DNA (G4)-interactive compounds. Herein, we report on the
synthesis of parent compounds bearing either amino side chains (TOxaPy-1-5) or featuring an
isomeric oxazole-pyridine central connectivity (iso-TOxapy, iso-TOxapy 1-3) or a bipyridine
core (iso-TOxabiPy). The new isomeric series showed significant G4-binding activity in vitro
and remarkably 3 compounds (iso-TOxaPy, iso-TOxaPy-1, iso-TOxabiPy) exhibited high
antiproliferative activity towards a tumor panel of cancer cell lines. However, these
compounds do not behave as typical G-quadruplex binders and the kinase profiling assay
revealed that the best antiproliferative molecule iso-TOxaPy selectively inhibited Rock-2. The
targeting of Rock kinase was confirmed in cells by the dephosphorylation of Rock-2

substrates, the decrease of stress fibers and peripheral focal adhesions, as well as the induction



of long neurite-like extensions. Remarkably two of these molecules were able to inhibit the

growth of cells organized as spheroids.

1. INTRODUCTION

G-quadruplexes (G4s) are four-stranded nucleic acid secondary structures formed by
repetitive guanosine-rich DNA or RNA sequences.’ They are typically formed by four tracts
of three guanines with interconnecting loop sequences of variable composition and length.?
G4s are found throughout the genome and in mRNA, notably in gene promoters, splicing
sites, and telomeres.” Recently, these structures were found enriched in somatic copy number
alterations (SCNAs), which are associated to cancer. Precisely, high density of G4 was
observed in regions coding oncogenes that specifically relate to SCN amplifications.® In
addition, G4s were described as dynamic genomic structures recruiting helicases and in turn
controlling their functions.”” Consequently, G4s are involved in transcriptional up/down-

regulation, replication stalling, DNA damage generation, and genome stability.’

G-quadruplexes may accommodate small synthetic compounds that could be used as
molecular probes to decipher their biological role or as pharmacological agents to block
specific functions.*'® More specifically, given that G-quadruplexes are frequently associated
with breakpoint regions, telomeric dysfunctions, and repression of oncogene expression, they
are considered as druggable targets for cancer therapy. In that sense, a number of G4-binding
drugs have shown a broad spectrum of cellular effects that may eventually induce apoptosis
and/or senescence in cancer cells (see recent reviews'! and'?). The main trends in terms of

cellular effects are: i) activation of the DNA damage response in particular at telomeres,****

i) synergistic action with DNA repair inhibitors or DNA damaging agents,>*’

and iii)
downregulation of oncogenes expression in particular c-Myc, c-Kit, K-ras and Bcl2 for a

review see.’® However, significant differences in cellular effects have been observed so far



among various classes of G4-ligands which might be due to targeting of different G4 domains,
different cellular contexts employed for the experiments, significant off-target effects, and last
but not least, chemical diversity of the G4 ligands resulting in differences in their

pharmacological properties.

For instance, contrasting data indicates that c-Myc downregulation, by the well-studied G4
ligand quindoline, might result from indirect effects'® whereas other G-quadruplex binding
ligands regulates gene expression via quadruplex dependent mechanism.®? In parallel,
potential multitargeting of G4-ligands that may affect both DNA and protein activities also
appeared in the literature.?® Altogether the large body of data on this class of compounds
highlights the difficulty to interpret cellular effects in particular in mammalian cells and

underlines the necessity of robust target validation.

We previously reported on a new class of acyclic polyheteroaryl compounds, which is
comprised of alternate pyridine and oxazole units and binds quadruplexes with high
selectivity.? The lead compound of this series TOxaPy exhibits a heptameric scaffold that
was shown to adopt a ribbon-like shape likely to favor binding in the groove of quadruplexes
as suggested by molecular modeling. This behavior is in line with the selective but moderate
G4-binding (low micromolar Kd) and modest stabilizing effect for G-quadruplex structures in
vitro. At the cellular level, TOxaPy appeared to be a potent anticancer agent with ICs, values
reaching the nanomolar range on a panel of cancer cell lines.?*?® However due to its very low
solubility in aqueous solution, cellular studies on TOxaPy could not be developed further and
thereby prevented establishment of a firm correlation between cellular phenotype and in vitro
G4 binding activity. Hence, we decided to launch a program on systematic chemical
modifications of the TOxaPy scaffold in the aim of improving solubility and studying in
details the cellular effects of this polyheteroaryl series as well as cellular target(s)

identification. We were further encouraged in this way by several reports on cationic penta-



oligoaryls bearing phenyl and oxazole units and somewhat related to the TOxaPy family
which were shown to bind G4 in vitro while exhibiting significant antiproliferative activity in
several cancer cell lines.?® Notably, the authors mentioned difficulties to relate the SAR of
this series in cells with the in vitro quadruplex-binding data and interestingly, they pointed out

the possible structural analogy with kinases inhibitors containing oxazole scaffolds.?®

A large panel of modifications was performed to explore structure-activity relationship
starting from the TOxaPy scaffold. Firstly to increase the water solubility, amino-terminated
alkoxy side chains were grafted on the central pyridine core in the aim of balancing the high

lipophilicity of the neutral heptaheteroaryl scaffold (Figure 1, Table 1).
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Figure 1. General structure of 7-mer TOxaPy and its cationic derivatives and 5-mer BOxaPy,

with a 5,2 oxazole connectivity on the central pyridine core.

Secondly, it was decided to modify the 5,2 connectivity of the oxazole rings on the central
pyridine core. Indeed it is been shown that oxazole connectivity significantly impact the
solubility and the photophysical properties of an oxazoyl-triphenylamine series when shifting
from the 5,2 regioisomer to its 2,5 counterpart.?’ In addition striking differences in
lipophilicity and in pharmacological properties have been observed between regioisomers of
oxadiazole-containing drugs,”® thereby meaning that connectivity of five-membered rings

such as oxazole and oxadiazole on biologically active scaffolds might be a strong determinant



of activity. Therefore, we synthesized the neutral regioisomer with the inverted 2,5
connectivity, which was coined iso-TOxaPy, as well as a set of 5 aminoalkyloxy substituted
counterparts (iso-TOxaPy 1-5, Figure 2 and Table 1). This modification was also carried out
on the shorter pentamer that allowed obtaining the iso-BOxaPy family (iso-BOxaPy and iso-
BOxaPy 1, Figure 2 and Table 1). Although BOxaPy shows no binding to quadruplexes as
previously reported,® we evaluated the ability of the neutral regioisomer and its
aminoalkyloxy derivative to bind G-quadruplexes, since we demonstrated that grafting
cationic side chains on related pentameric oxadiazole compounds could cause significant
binding to quadruplexes.® Finally, we were curious to evaluate if the extension of the
polyheroaryl scaffold length above seven units would impact or improve the affinity for the
DNA target. Therefore, the central pyridine core has been replaced by a bipyridyl moiety
while keeping the 2,5 oxazole connectivity, which afforded the octameric compound iso-

TOxabiPy (Figure2).
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Figure 2. General structure of the 5-, 7-, and 8-mer regioisomers with a 2,5 oxazole

connectivity on the central pyridine or bipyridine core.

Among the new oxazole-based G-quadruplex ligands synthesized, three were selected for
their powerful inhibition of cervix cell proliferation. We discovered that these molecules

inhibited Rock-2 kinase in vitro and in cellulo. Rho-associated coiled-coil containing kinases



(ROCK) are effectors of Rho family of small GTPases™ and are major regulators of
cytoskeletal dynamics, cell contractility, motility, and proliferation.’’”* Rho kinase 2 is
widely distributed in brain, heart, and muscles, and is overexpressed in certain tumors.> This
kinase plays important roles in tumor development and progression through regulating many
key cellular functions associated with malignancy, including tumorigenicity, tumor growth,
metastasis, angiogenesis, and tumor cell apoptosis/survival.”***> Due to the ability of the
synthesized polyheteroaryl oxazole/pyridine to inhibit Rock-2 kinase, they could thus exhibit
therapeutic properties. Based on their intrinsic fluorescence, iso-TOxaPy and iso-TOxabiPy
were found evenly distributed in the cytoplasm and the nucleus of the cells, and we showed

that they efficiently inhibited the growth of cells organized as tissues.

2. RESULTS AND DISCUSSION

2.1 Chemistry. TOxaPy, iso-BOxaPy, iso-TOxaPy derivatives, and iso-TOxabiPy (Table 1)
were prepared by following multistep synthetic pathways carefully described in this

paragraph.

Synthesis of TOxaPy derivatives. TOxaPy derivatives, tethered to solubilizing amino-side
chains (Table 1), were synthesized by following a previously published protocol.24 The key
intermediates of this synthetic pathway are represented by aminoalkyloxytriaryl Sa, b
(scheme 1). These dioxazolylpyridines were prepared from diethyl chelidamate 1 by
employing a four step synthetic protocol: i) Williamson ether synthesis using 2-
chlorodialkylethanamines and K,COs (72% and 81% yield), ii) ester reduction by NaBH4 to
give 2,6-dihydroxymethylpyridines 3a, b (80% and 89% yields), iii) standard oxidation in the
presence of SeO,, to afford dicarbaldehydes 4a, b (75% and 55% yield), and iv) Van Leusen
reaction using p-toluenesulfonylmethyl isocyanide (TosMIC) to transform dicarbaldehydes

4a, b in dioxazolylpyridines 5a, b (40% and 62% yields). Sa, b were coupled with 2-bromo-



6-(1,3-dioxolan-2-yl)pyridine 6** to afford bisacetal precursors 7a, b in moderated yields
(42% and 35 %), which after deprotection provide diformyl compounds 8a, b (62% and 33%
yields). The formyl groups were finally converted into oxazole moieties after treatment with

TosMIC to generate TOxaPy-1 (9a) and TOxaPy-4 (9b) (40% and 21% yield).

Scheme 1. Synthesis of TOxaPy derivatives
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Conditions: (a) chloroamine, K,COs3, acetone, reflux 18 h; (b) NaBH,, EtOH, 65°C, 18 h; (c)
SeO,, 1,4-dioxane, reflux 4 h; (d) p-toluenesulfonylmethyl isocyanide (TosMIC), K,COs;,
EtOH, reflux 2 h; (e) 2-bromo-6-(1,3-dioxolan-2-yl)pyridine, Pd(OAc),, PCy;HBF,4, Cul,

Cs,CO:s, 1,4-dioxane, reflux 20 h; (f) 2N HCI, 20°C.

Synthesis of iso-BOxaPy and iso-BOxaPy derivative. The 5-mer regioisomer of BoxaPy (12)
was synthesized in a single step as outlined in Scheme 2. Throughout this work, we highlight
the formation of aryl-aryl bond based on the palladium-catalyzed cross-coupling previously
reported.’® By applying the modified method,” the double direct arylation of 2,6-
dibromopydine 11 with 5-(pyridin-2-yl)oxazole 10 led to the desired iso-BOxaPy in 83%
yield.”” Similarly, when dimethylaminoethyloxy pyridine derivative 14 was used - easily

prepared from nitropyridine 13 - iso-BOxaPy-1*° was isolated with 60% yield.

Scheme 2. Synthesis of iso-BOxaPy and iso-BOxaPy-1
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Synthetic pathway: (a) Pd(OAc),, PCy; HBF,4, Cul, Cs,COg, 1,4-dioxane, reflux 18-22 h; (b)

2-(dimethylamino)ethanol, NaH, THF, room temperature, 3 h.

Synthesis of iso-TOxaPy. The 7-mer regioisomer of TOxaPy was synthesized following two
different approaches as outlined in scheme 3. The straightforward pathway (route A) is
carried out in a single step and involves the well-known cross coupling using 2,6-
dibromopyridine 11 and an excess of triaryl bi-oxazolpyridine 16.2* The yield is very low
(4%) due to poly-condensation reactions (Scheme 3, see arrows) occurring between
compound 11 and the activated C-H bond of 16, thus we developed an alternative method
based on a multistep synthetic protocol in order to avoid this problem. Pathway B is based, as
well as pathway A, on palladium-catalyzed cross-coupling reaction, but differently from the
previous one, uses as key intermediate compound 20, an oxazolpyridine functionalized with a
dioxolan group, instead of the triaryl bi-oxazolpyridine 16. Compound 19 was prepared as
previously described*® by following a two-step transformation. 2,6-dicarbaldehyde 18 was
submitted to acetalization reaction and the generated mono-dioxolane was converted to 20 by
van Leusen reaction. In our hands, the first step was problematic, as the yields did not exceed
20%. Therefore, we found that by inverting these two steps, we were able to synthesize
oxazolpyridine 20 in good yield. Compound 19 was obtained by performing van Leusen
reaction in mild conditions (0 to 20°C) and higher reaction yields (34 %) were obtained by
employing 0.5 equiv. of TosMIC. By-product bis-oxazolepyridine (16) and starting material

18 were also isolated respectively in 7% and 42 % yield. The carbaldehyde function in 19 was



protected as acetal with ethylene glycol to generate 20 in 63 % vyield. As expected, cross-
coupling between dioxolane 20 and 2,6-dibromopyridine 11 led to penti-aryl intermediate 21
in good yield (61 %). As mentioned above, iso-TOxaPy (17) was isolated after hydrolysis

reaction (84 % yield) and van-Leusen oxazole formation (37 % yield).

Scheme 3. Synthesis iso-TOxaPy
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Conditions: (a) Pd(OAc),, PCy;HBF,4, Cul, Cs,COs, 1,4-dioxane, reflux 22 h; (b) p-
toluenesulfonylmethyl isocyanide (0.5 equiv), K,CO3;, MeOH, 0 to 20°C, 2 h; (c) ethylene
glycol, pTsOH, CgHi, reflux 2 h; (d) 2N HCI, 110°C, 2 h; (e) p-toluenesulfonylmethyl

isocyanide, K,COgs, EtOH, reflux 5 h.

Synthesis of iso-TOxaPy derivatives and iso-TOxabiPy. Using a similar sequence of reactions,
we extended our synthesis to the preparation of 25 (iso-TOxaPy-1) and 29 (iso-TOxabiPy).
Cross-coupling reaction between dibromopyridines 14 or dibromobipyridine 26 and
intermediate 20 gave respectively biacetals 23 (36% vyield) and 27 (71% yield), which, after
deprotection, afforded respectively dialdehydes 24 (87% yield) and 28. The last two were
converted into compounds 25 (42%) and 29 (18% overall yield from biacetal 27) under

treatment with TosMIC (Scheme 4).



Scheme 4. Synthesis iso-TOxaPy derivatives and iso-TOxabiPy
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20°C; (c) p-toluenesulfonylmethyl isocyanide, K,COs3, EtOH, reflux.

Table 1. Structures for TOxaPy, iso-BOxaPy, iso-TOxaPy and their derivatives and iso-

TOxabiPy. TOxaPy: A = C, B = N, and iso-TOxaPy: A = N, B = C.
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2.2 FRET-melting assay. All the polyheteroaryls compounds were tested for their ability to
thermally stabilize sequences apt to form a G-quadruplex structure using the FRET melting

assay. In this aim we chose two well-characterized G4 sequences frequently used as




references for evaluating ligand binding namely the human telomeric sequence (F21T) and
the proto-oncogene sequence of c-Myc (FMycT, 22G4T-G23T), each being doubly labeled
with fluorophores to enable monitoring thermal denaturation by FRET (Experimental Section,
Table 3). As expected from our previous work?, the stabilization effects observed (ATm) are
weak to moderate on the telomeric sequence in K™ conditions (10 mM KCI, 90 mM LiCl, 10
mM Li cacodylate, Figure 3A). The ligands can be grouped in 3 series: the TOxaPy series
(TOxaPy and its cationic derivatives) induces stabilization with ATm values ranging from 5-7
°C, the is0-BOxaPy series induces stabilization in the range 5-11°C and the iso-TOxaPy/ iso-
TOxabiPy set lies in the range 6-9°C. One notable trend is the beneficial influence of amino-
terminated chains in the 5-mer iso-BOxaPy series in particular on the telomeric sequence, of
which the stabilization is significantly enhanced for compounds iso-Boxapy-1,2 (ATm = 11-
11.6 °C) as compared to iso-BOxaPy (ATm = 5.3 °C). The difference between the two
isomeric heptacyclic series TOxaPy and iso-TOxaPy is slight thereby indicating that the
inversion of oxazole connectivity has no impact on the ligand binding in these conditions.
Altogether the absence of significant difference between the neutral and cationic derivatives
and between the 5-mer and the longer 7-mer and 8-mer suggest that the interaction is mainly
driven by hydrophobic forces although interaction with the cation present in solution cannot
be excluded as has been previously described.”* *' Much lower values are observed with the
c-Mye sequence in K buffer (1 mM KCI, 99 mM LiCl, 10 mM Li cacodylate, Figure 3B) for
the three series (ATm = 2.5-4.3 °C for TOxaPy series, ATm = 1.8-2.9 °C for iso-BOxaPy and
3.4-6.4°C for iso-TOxaPy derivatives). Finally and importantly, the 3 sets of ligands appear
all highly selective for quadruplex DNA as compared to duplex DNA as the ATm values
measured are not or poorly affected by the addition of a duplex DNA competitor in excess

(Figure S1).



A) B)

20 - 20 -
F21T
18 - - 18 -
16 16 -
14 - v 14 -
Hybrid1 Hybrid 2 J Parallel

O 12 - S 12 -
=10 £10
[ | = i
< g < 8 -
6 6
4 - 4 -
2 2
0- 0

OIIEEHC Rl R e IR (e e

“oo“'o“'o“'o“' ﬁ’ 2 +®d§2 3\?}-\?}-\& 0°+o+o+o+o+?0g,0€’?:~& ':;.i :g\?}-\oﬁ-

Figure 3. The FRET-melting experiments. Quantitative analysis of the FRET-melting
experiments in: K*-rich buffer with the telomeric sequence F21T (A) 10 mM KCI, 90 mM
LiCl, 10 mM Li cacodylate and the c-Myc oncogene sequence (B) 1 mM KCI, 99 mM LiCl,
10 mM Li cacodylate. The effect of TOxaPy-4 could not be determined due to insufficient
solubility. The predominant G4-folds adopted by F21T in K*-buffer (mixture of hybrids) and

FMycT (parallel) are represented on the graph.

2.3 Fluorescence titrations. On the aim to gain more understanding on the binding ability
and affinity of the new molecules to the G-quadruplex structures, we took advantage of the
fluorescence properties of the newly synthesized compounds, which display strong blue
fluorescence in buffer solution (Figure S2). We selected three compounds belonging to the
family containing oxazoles with 2,5 connectivity, namely iso-TOxaPy, iso-TOxaPy-1, and

iso-TOxabiPy, and we carried out fluorescence titrations in the presence of the human



telomeric and the c-Myc oncogene sequences in 100 mM KCI + 10 mM Li cacodylate buffer.
Interestingly, the addition of G4 DNA induces in all cases a strong concentration-dependent
decrease of the fluorescence thereby reflecting strong association between the two partners
(Figures S3-S5). Fitting of the titration curves employing a Hilll equation indicates a 1:1
binding stoichiometry with high apparent binding constant (K,) values lying in the 10%-10" M
! range (meaning micromolar to submicromolar Kg) (Table 2). These results were quite
unexpected especially with c-Myc given the low stabilization effects observed by FRET
melting. This suggests that the compounds may indeed display groove-binding interactions or
at least interact in a non-typical manner with G4, which is reminiscent of duplex minor
groove binders that bind with high affinity but stabilize very poorly duplex DNA. In this case
FRET melting might not be the most appropriate assay for the binding affinity evaluation of
this series. Finally, the Ka values determined with the duplex model (ds26) show that the 3

derivatives bind roughly with a 2- to 20-fold preference to G4 structures, iso-TOxaPy being

the most selective.

Table 2. Apparent binding constants (K,) determined from fluorimetric titrations

Ka (10°M™) Ka (10° M™) Ka (10°M™)

iso-TOxaPy  iso-TOxabiPy iso-TOxaPy-1

22AG.K 6.7 3.9 25
c-Myc.K 19 16 22
ds26 0.9 3.0 1.0

2.4 Cellular cytotoxicity. The synthesized G-quadruplex-binding compounds exhibited
different antiproliferative effects on HeLa cells as shown from the ICsy values (concentration

that reduced by two-fold the cell growth) reported in Figure 4A. Compounds TOxaPy-2 and



1s0-BOxaPy-2 produced moderate effects with ICsy values higher than 2 uM. Differently,
TOxaPy-1, iso-TOxaPy-2, and iso-BOxaPy-1 inhibited HeL.a growth with ICs, values around
1 uM, but they were less efficient than iso-TOxabiPy, iso-TOxaPy, and iso-TOxaPy-1. In
addition, other synthesized molecules were able to produce effects on cell proliferation at
significantly higher concentrations (higher than 5 puM, data not shown). This first screen
clearly indicates that the new isomeric series (iso-TOxaPy derivatives) is more active than the
reference series (TOxaPy derivatives) and that the pentamers (iso-BOxaPyl,2) are less
efficient than the heptameric counterparts. Finally, the addition of solubilizing chains (iso-
TOxaPyl1-3) does not provide any clear benefit as compared to the neutral derivative (iso-
TOxaPy). Therefore, the two best candidates (iso-TOxabiPy, iso-TOxaPy), which prevent
HeLa cell growth with respective ICsy values of 134 and 257 nM, were subsequently tested in
a panel of cell lines representative of different cancer types (Figure 4). Although iso-
TOxabiPy was found slightly more potent than iso-TOxaPy, both affected in a similar way the
proliferation of the cells, and interestingly, both molecules prevented the growth of very
aggressive glioblastoma (cell line U87) with ICsy values of 246 nM and 440 nM for iso-
TOxabiPy and iso-TOxaPy, respectively (Figure 4B).* In addition to their action on cervix
HeLa cells, they prevented the growth of epidermoid and melanoma cells with ICsy values
lower than 0.6 uM. When we compared the effects produced on two melanoma cell lines,
M21 and its variant M21L that lacks av-integrin gene, we observed that the two compounds
were less efficient towards M21L known to be the most resistant to chemotherapies. Both
compounds failed to inhibit efficiently mucinous (H358) and non-mucinous (A549) lung
cancer cell lines (ICso higher than 3 uM). In conclusion, iso-TOxaPy and iso-TOxabiPy show
highly promising antiproliferative properties for restricted but highly promising applications,

such as the treatment of resistant cancers.
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Figure 4. Proliferation assays.

polyheteroaryl compounds towards HeLa cell proliferation, and B) ICsy values (in nM with

A) Mean efficiency (in nanoMolar) of different




standard deviation data) towards tumor cell lines from different origins treated by iso-TOxaPy

or iso-TOxabiPy. ND: not determined.

In order to decrypt their action, we followed cell cycle progression in cells treated with iso-
TOxaPy or iso-TOxabiPy for 48 h (at 1 pM). We also evaluated a third compound, iso-
TOxaPy-1 (at 2 uM), which was ranked at the third position on HeLa cells screen (Figure 4A)
and was closely related to iso-TOxapy. The results of FACS (Figure S6A) revealed that non-
major modifications were induced upon treatment with the three molecules and the cell cycle
progression was not affected after two days of treatment. In cells, global targeting of G-
quadruplex DNA by G4 ligands generally results in the induction of DNA damages. However
in the present case, the detection of histone y—H2A-X with a specific antibody indicated that
the three compounds were not DNA-damaging agents either in HeLa cells (Figure S6B), or in
A375 melanoma cells (data not shown) after 24 and 48 h of treatment. Taken together, the
lack of detectable DNA damages and the unmodified progression of the cell cycle upon
treatment with the three compounds indicate that they do not behave as typical quadruplex—
interactive compounds thereby suggesting that G-quadruplex structures may not be their main
targets in cells. Altogether this dataset leads to the conclusion that the antiproliferative
activity may not result, or at least not solely, from G-quadruplex targeting but most likely

involves other cellular pathways.

In the immunofluorescent experiments, meanwhile detecting phospho-histone H2A-X,
polymerized actin was labeled with phalloidin to easily visualize the cells (Figure S6B). We
noticed that the treatment with the three compounds perturbed the organization of stress
fibers, which appeared to be less in peripheral regions and more diffuse. Moreover, we
observed the presence of large vesicles in the cytoplasm of resistant cell lines, like A549 cells,

following treatments with the same derivatives (data not shown). The phosphoinositide lipid

P1(4,5)P2 is now established as a key cofactor in signaling to the actin cytoskeleton and in



vesicle trafficking,” all together these two sets of data led us to hypothesize that these

compounds could inhibit lipid kinases.

To identify the targeted kinase, a profiling assay was carried out and the three compounds
were tested in vitro towards 15 key lipid kinases (Figure S7A). Most of the lipid kinases
employed for the screening were not affected by the presence of the compounds at 1uM
concentration. However, we noticed a slight decrease in activity for three class 1 Pi3-kinases
(PI3K), especially upon treatment with iso-TOxaPy (Figure S7A). This result, although very
modest, prompted us to challenge iso-TOxabiPy, the most active compound in cell assays,
against a series of 50 enzymes that provide a representative sampling of the human kinome
(Figure S7B). iso-TOxabiPy inhibited specifically kinase Rock-2 by 70% at 1uM, while the
49 other enzymes were not affected (Figure S7B). The interesting result obtained with iso-
TOxabiPy prompted us to test the three active compounds on 3 kinases belonging to the Rock
family (Rock-1, -2, and DMPK). Table 3 shows ICs values related to the 3 compounds, and
interestingly, all of them are potent inhibitors of Rock-2 with ICsy values ranging from
nanomolar concentration for iso-TOxaPy, iso-TOxaPy-1 (29 nM and 20 nM respectively) to
submicromolar concentration for iso-TOxabiPy (851 nM). Even more remarkable, the three
compounds are much less efficient with regard to the two other kinases (ICso > uM). This
selectivity is particularly high for iso-TOxaPy and iso-TOxaPy-1 with a factor superior to 50
whereas it is more modest for iso-TOxabiPy with a factor of 1.4 (Table 2). A competition
assay was run in the presence of iso-TOxaPy at the concentration of 100 nM and in the
presence of 5 different ATP-concentrations, revealing that this molecule is an ATP
competitive inhibitor (Figure S7C). Proteins Rock-1 and -2 have 87% sequence homology in
their ATP binding site but differs in their coiled-coil Rho-binding domain.** This observation
is in line with the behavior of already reported Rock inhibitors that were also described to

preferentially target Rock-2 over the other Rock kinase members, suggesting an easier



accessibility of the Rock-2 ATP-binding site as compared to the others.”’ Finally the ICsg
values and the determined selectivity indicate that iso-TOxaPy and iso-TOxaPy-1 may rival

with the best inhibitors of Rock kinase reported so far.*

Table 3. In vitro, Rock kinase inhibition.

Mean concentrations of inhibition (ICsg) determined for iso-TOxaPy, iso-TOxaPy-1, and iso-
TOxabiPy within the rock family (Rock-1, Rock-2 and DMPK). DMPK: Dystrophia

myotonica protein kinase or myotonic dystrophy protein kinase.

Kinase iso-TOxaPy iso-TOxaPy-1 Iso-TOxabiPy
Rock-1 Sup 1uM Sup 1uM Sup 1uM
Rock-2 29+ 2nM 20 £ 5nM 851 +£ 50nM
DMPK Sup 1uM Sup 1uM Sup 1uM

These in vitro results (iso-TOxaPy = iso-TOxapy-1 > iso-TOxabipy) did not fit with the
hierarchy emerging for the three compounds from proliferation data (iso-TOxabipy > iso-
TOxaPy > 1s0o-TOxaPy-1), however the targeting of Rock was consistent with the observed
disorganization of stress fibers (Figure S6B). Therefore, we decided to analyze more carefully
the effect of the three derivatives on the organization of the cytoskeleton by fluorescence

detection of actin and tubulin (Figure 5).
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Figure 5. Organization of the cytoskeleton in the presence of iso-TOxaPy analogues.

Immunofluorescence of HelLa cells under control conditions (Co) or upon iso-TOxaPy
analogue treatment (ON, 2 uM). Actin, a-tubulin, and DNA are simultaneously detected.
Phalloidin-labeled actin is in green and a-tubulin is in red whereas DNA is in blue. The bar
represents 10 um. Respective treatments are indicated on the left. White arrows point cell

extensions.



In control conditions, cells spread over the substrate and nice stress fibers were decorated by
phalloidin (Figure 5-Co). Differently, cells incubated with the compounds had a limited
spreading and long neurite-like extensions appeared (Figure 5, see arrows). In addition, we
noted the presence of short actin fibers mostly not present in control conditions. Moreover,
the microtubule network appeared less developed probably as consequence of a reduced cell
spreading (note the differences around the nuclei). Afterwards, we detected the focal contacts
with a phospho-tyrosine antibody (Figure 6), phospho-tyrosine being a convenient marker of
focal adhesions. This signal is associated with the formation of these structures and appears
when integrin is engaged. The two main phospho-proteins identified are the FAK (focal
adhesion kinase) and paxillin.*® Large and numerous focal adhesions were detected in control
conditions (Figure 6, see the zoom on the right part), on the other hand, in cells treated either
by iso-TOxaPy, iso-TOxaPy-1, or iso-TOxabiPy, phospho-tyrosine was highly present at the
tip of the extensions when other focal contacts were smaller than in control. Among the three
compounds, iso-TOxabiPy seemed the most efficient and the localization of focal contacts
was also less peripheral than in the control. A similar observation was observed when cells
were incubated in the presence of Y-27632, a Rock kinase inhibitor used as a reference. All
together, these immunofluorescence data confirmed that the oligoaryl compounds targeted
Rock kinases in cells, since we observed the typical cellular response of Rock inhibition - 1.e.,
a limited cell spreading and the induction of long neurite-like extensions. Phospho-tyrosine
was highly present in the tips of these extensions whereas other focal contacts were small and
less peripheral than in the control. Moreover, several mitotic cells (metaphase, telophase)
were present in the imaged fields, independently on the treatment, thus confirming that the

cell cycle progressed in the presence of the drugs.
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Figure 6. Organization of the cytoskeleton in the presence of iso-TOxaPy analogues.
Immunofluorescence experiments of HeLa cells under control conditions (Co) or upon iso-
TOxaPy analogue treatment (ON, 2 uM): detection of phalloidin-labeled actin is in green. The
focal points are decorated by an anti-P-Tyr antibody (in red), DNA is in blue. The bar

represents 10 pm. The right panel represents a two-fold zoom of the P-Tyr signal. Treatments



are indicated on the left and Y stands for Y-27632, a known rock kinase inhibitor. The arrows
point an additional signal in comparison to other conditions that could be attributed to iso-

TOxaPy-1.

In order to confirm the rock-2 targeting in cells, we detected a rock-2 substrate: phospho-
MYPT1-Thr 853* (Figure 7A) and a down-stream target: phospho-Cofilin-Ser3 (Figure 7A).
Cofilin is phosphorylated by Lim-kinase, itself activated by rock phosphorylation.”® We
detected the phospho-proteins in HelLa cells by immunofluorescence upon 3 hours of
treatment. As control conditions, we imaged HeLa cells in the absence of treatment and in the
presence of Y-27632. For phospho-MYPT1, we observed a clear decrease of the cytoplasmic
phospho-signal and a slight decrease in the nucleus and in mitotic cells upon treatment by
either iso-TOxaPy or iso-TOxabiPy (Figure 7A). The treatment by iso-TOxaPy-1 gave rise to
a punctuated signal that will be analyzed thereafter. Treatment by either iso-TOxaPy or iso-
TOxabiPy decreased significantly the phosphorylation of Cofilin (Figure 7B, 7C). The
immuno-blott detecting phospho-Cofilin confirms that isoTOxabiPy is the more potent rock-2
inhibitor in cells and iso-TOxaPy-1 the less efficient (Figure 7C). These results fit with the
observed morphology of the cells upon treatment (Figure 5, 6) and confirm the rock targeting

by these compounds (Figure 7).
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Figure 7. Detection of the phosphorylation of Rock substrates. Inmunofluorescence of
HeLa cells under control conditions (Co) or upon iso-TOxaPy analogue treatments (3h at 2
uM for iso-TOxaPy and iso-TOxabiPy, and 5 uM for iso-TOxapy-1). The set-up was
established for the control and then unmodified for the corresponding assays. Phospho-
MYPTI1 was detected in A and phospho-Cofilin in B, both appear in green. DNA is
simultaneously detected as well as actin in A. Confocal slices are shown and a projection of
the whole fluorescence is presented on the right (MYPT1-zp and Cofilin-zp), which allows a
direct visualization of the phospho-signal. Respective treatments are indicated on the left and
Y-27632 is a known rock kinase inhibitor. The bar represents 10 pm. In C, whole cell extracts
were analyzed by western blotting. Actin and phospho-Cofilin-Ser3 were detected on the
same membrane. Control is in lane 1, cells treated by iso-TOxaPy, iso-TOxaPy-1, iso-

TOxabiPy, and Y-2763 are respectively in lanes 2, 3, 4 and 5.

On the immunofluorescence images, we noticed an additional fluorescent signal in cells
treated by iso-TOxaPy-1. As observed in Figures 6 and 7, a green and blue fluorescent dot
signal appeared (see the color arrows in Figure 6) after treatment with iso-TOxaPy-1 due to
the intrinsic fluorescence of the compound, as shown by the recorded spectra (Figure S2).
Thus, we decided to image the treated HeLa cells in the absence of any fluorophore (Figure
8A and 8C). The basal level of fluorescence of HeLa cells, recovered around 510 nm, was
shown in the control (Figure 8A-Co). When cells were incubated with iso-TOxaPy-1, a
fluorescent signal was detected in comparison to control cells and it appeared mostly as big
dots present throughout the cytoplasm and mostly concentrated around the nucleus (Figure
8A, compare [Control +] and [iso-TOxaPy-1 +]). As expected, this fluorescent signal could
also be imaged with a 405 nm excitation (Figure 8C). Furthermore, when the cells were

incubated in the presence of either iso-TOxaPy or iso-TOxabiPy, a weak fluorescent signal is



detected following a 488 nm excitation but it appeared evenly distributed in the cytoplasm

and the nucleus (Figure 8A).

In these images, we again observed that cell spreading was reduced and long projections
appeared following iso-TOxaPy and iso-TOxabiPy treatments. The presence of iso-TOxaPy
and iso-TOxabiPy in the nucleus could be consistent with their in vitro G-quadruplex-DNA
binding properties. Therefore, the absence of typical response characterizing G-quadruplex
targeting in cells cannot be attributed to a poor diffusion to the nucleus and could probably be
accounted for a poor accessibility of these compounds to G4 forming domains in the context
of chromatin. Moreover, the deficit of cellular activity of iso-TOxaPy-1 compared to its in
vitro capacity could be attributed to its trapping in dots that could be cellular vesicles. This
difference as compared to the iso-TOxaPy analogue might be due to the presence of the
additional cationic amino side chain that should modulate the solubility and the intracellular
behavior of the compound. In cells only a minimum amount of iso-TOxaPy-1, below the
efficient concentration, was detected free in the cytoplasm especially at focal contacts where

Rock kinases are active.



Iso-TOxaPy-1

Figure 8. Detection of the compounds by their intrinsic fluorescence. A) HelLa cells
treated for 17 h, in the presence of the compounds (2 uM for iso-TOxaPy and iso-TOxabiPy,
and 3.3 uM for iso-TOxaPy-1) are imaged, with excitation wavelength at 488 nm, in the
absence of any additional fluorophore. For a better visualization, the green signals are turned
to a rainbow false color (scale shown in B). The corresponding wide fields allow visualizing
the nucleus and the cell border. [iso-TOxaPy-1 +] and [control +] indicate that the power laser
was increased compared to upper images. The bright field and the green signal correspond to
the iso-TOxaPy-1+ treatment. Arrows point to nucleus. B) Rainbow blue to orange scale used
to better visualizing the fluorescence in B. C) The cells treated with iso-TOxaPy-1 (3.3 uM)

were imaged following a 405 nm excitation. In B and C, the bar represents 10 pm.

These data illustrated the difficulties to anticipate the activities of molecules in cells, on the

basis of in vitro experiments. However, the possibility to follow the distribution of this series



of compounds in cells by fluorescence detection was a clear advantage and a crucial point for

understanding and rationalizing their respective potential and activities.

Up to this point, the effects of the molecules were studied on cells grown as a monolayer and
we decided to investigate the effects of the compounds on 3D cultures, because they are better
predictive for therapeutic applications. Thus we challenged HeLa spheroid cultures with the
three molecules. Each derivative was tested at four different concentrations and the expansion
of the spheroid was followed day by day (Figure 9). A representative spheroid is shown in
each series and the average surface areas are plotted on the graphs (Figure 9B). iso-TOxabiPy
and iso-TOxaPy inhibited efficiently the growth of the cells organized in 3D even at the
lowest concentration tested (300 nM and 570 nM respectively), suggesting that they entered
in the interstitial space. Conversely, iso-TOxaPy-1 failed to prevent spheroid growth and a

decrease of only 25% of the surface was observed at 4 uM, at day 7.
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Figure 9. Efficiency of iso-TOxaPy analogues on affecting cells grown as spheroids (3D

cultures). A) HeLa cells were grown as 3D spheroids and their expansion was followed by



microscopy. The maximal surface was measured each day for each spheroid (5 in each assay).
A representative spheroid of each treatment is shown at days 0 (addition of the drug) and at
days 1, 2 and 5. Treatments are listed on the left and Co means control. A black size bar of 50
um is indicated on each photo and the red arrows point cell escaping from the spheroid. B)
Quantification of the experiment presented in A. Data are the mean of 5 determinations. Four
different concentrations of compounds were tested (from 1 uM to 4 uM for iso-TOxaPy-1,
from 0.57 uM to 2 uM for iso-TOxaPy, and from 0.3 uM to 2 uM for iso-TOxabiPy). C)
Quantification of the ATP content of the cells within the different spheroids at the end-point
(day 6 post addition of the drug) by bioluminescence. The different concentrations of

compounds (in pM) are indicated under each histogram.

These data were confirmed at the end point by measuring the ATP content, which reflected
the proportion of live cells (Figure 8C). Both area measurements and ATP contents varied in
parallel (Figure 9B and 9C). Treatment of the 3D cultures with iso-TOxaPy and iso-TOxabiPy
induced a few cells to escape from the spheroid and pack together. This feature was never
previously observed and could therefore be specific of the mode of action of the present
molecules able to inhibit Rock-2.* The inhibition of Rock induced a defective spreading and
cells escaped from the spheroids but this might not be a negative point, since individual cell

re-aggregated to form smallest organoids.
3 Conclusion

In conclusion, we synthesized a new series of oxazole/pyridine based oligomeric compounds
that are able to bind and stabilize G-quadruplex structures in vitro, but that seem unable to
massively target G-quadruplex structures in cells; however, the possibility that they could

modify long-term transcriptional regulation or specific genes was not investigated.



Interestingly, we discovered that iso-TOxaPy targeted specifically Rock-2 kinase in vitro and
in cells, and iso-TOxaPy and iso-TOxabiPy are potent cell growth inhibitors in 2D as well as
in 3D cultures and exhibit potency in a large panel of tumors. Although these oligoheteroaryl
derivatives are quite hydrophobic and display rather poor solubility in aqueous media, their
flexible oligomeric scaffolds, which can adopt a large variety of conformations, may be
beneficial to circulate within an organoid and affect its expansion. The latter represents an
encouraging feature for tumor treatment applications. These derivatives represent a new
chemical family able to act as effector of the Rho family of small GTPases, essential signaling
proteins involved in cytoskeleton organization. In addition to cancer treatment, Rock-2 are
involved in several pathologies like cardiovascular disease, ocular and systemic disorders.
Therefore, this iso-TOxaPy series holds great promise as new prototype for future
development of drugs with a broad spectrum of therapeutic applications. In addition, the
strong specificity of the compounds for the Rock-2 over Rock-1 isoform might have the

advantage of inducing fewer side effects.*

4 Experimental Section

4.1 Chemical Synthesis. All chemicals were purchased from Sigma-Aldrich. All the solvents
were obtained from VWR. Melting points were taken on a Kofler melting point apparatus and
are uncorrected. TLC analysis was carried out on silica gel or on neutral aluminium oxide
(Merck 60F 2s4) with visualization at 254 and 366 nm. Flash chromatography was performed
with silica gel 60 (40-63 pum, Merk) or neutral alumina 90 (63-200 um, Merk). All anhydrous
reactions were carried out under positive pressure of nitrogen or argon. Elemental analyses
were provided by the CNRS microanalysis service I.C.S.N (Institut de Chimie des Substances
Naturelles, Gif-sur-Yvette, France). Deuterated CDCIl; and DMSO-ds were purchased from
SDS. All 'H NMR and C NMR spectra were recorded on a Bruker Advance 300 MHz

spectrometer using deuterated solvents and TMS as internal standard. The spectra are reported



in ppm and referenced to deuterated DMSO (2.49 ppm for 'H, 39.5 ppm for '*C) or deuterated
chloroform (7.26 ppm for 'H, 77 ppm for >C). The following abbreviations are used: singlet
(s), doublet (d), triplet (t) and multiplet (m). All compounds were analyzed for purity by
HPLC using either MS or UV absorbance detectors. Low resolution mass spectrometry (ESI-
MS) was recorded on a micromass ZQ 2000 (waters). Analytic reversed phase liquid
chromatography (RP-HPLC) was performed using a Waters Alliance unit and a XBridge C18
3.5 um 3.0x100mm, column (Waters) was used. Gradient HPLC injection: flow 0.75 mL/min;
gradient elution: eluent A% H,0O 0.1% FA (formic acid), eluent B% MeCN 0.1% FA: 0 min
(98/2), 1 min (98/2), 7 min (0/100), 9 min (0/100), 13 min (98/2). All final compounds
showed >95% purity. Oligonucleotide sequences were purchased from Eurogentec. FRET-
melting assay were performed in 96-well plates on real time PCR apparatus 7900HT Fast

Real-Time PCR System.

4.1.1 Synthesis of TOxaPy derivatives. The synthesis of TOxaPy derivatives was performed

following a multistep synthetic pathway described in the subsequent protocols.

Diethyl 4-(2-(dimethylamino)ethoxy)pyridine-2,6-dicarboxylate 2a. Compound 1 (1.20 g,
5 mmol) was dissolved in dry acetone (40 mL) and 2-chloro-N,N-dimethylethanamine (790
mg, 7.3 mmol) (prepared from the corresponding hydrochloride salt>®), and K,COs (1.40 g, 10
mmol) were added. The resulting mixture was maintained at reflux in an inert atmosphere for
18 hours. The reaction mixture was evaporated to dryness, the residue partitioned between
CHCI; (50 mL) and H,O (50 mL) and the aqueous layer extracted with CH,Cl, (3 x 20 mL).
The combined organic extracts were dried over MgSQOy,, filtered and evaporated to dryness.
The crude product was purified by flash column chromatography (SiO,), elution with
CH,CI,/EtOH (100/0 to 80/20), to afford 2a as oily product used without further purification
(1.13 g, 72%). *H NMR (300 MHz, CDCl,): & 7.82 (s, 2H), 4.47 (g, 4H), 4.24 (t, 2H), 2.80 (t,

2H), 1.45 (t, 6H).



(4-(2-(Dimethylamino)ethoxy)pyridine-2,6-diyl)dimethanol 3a. Compound 2a (6.20 g, 20
mmol) was dissolved in absolute EtOH (170 mL) and NaBH, (5.10 g, 135 mmol) was added
portion wise. The resulting mixture was stirred at room temperature under an inert atmosphere
for 1 hour and then heated at reflux for 18 h. The reaction was quenched by careful addition
of H,O (10 mL) and the solvent removed under reduced pressure. The residue was partitioned
between nBuOH (180 mL) and H,O (180 mL) and the aqueous layer extracted with nBuOH
(2 x 70 mL). The combined organic layers were evaporated to dryness and then co-evaporated
under reduced pressure with heptane (4 x 10 mL) until a precipitate was formed, which
corresponds to the desired product 3a (3.66 g, 80%). M.p. = 135-137 °C. *H NMR (300 MHz,
CDCls): § 6.72 (s, 2H), 4.68 (s, 4H), 4.10 (t, 2H), 3.71 (brs, 2H), 2.74 (t, 2H), 2.33 (s, 6H).

Anal. Calcd for C11H1gN2O3: C, 58.39; H, 8.02; N, 12.38. Found: C, 57.96; H, 7.98; N, 12.26.

4-(2-(Dimethylamino)ethoxy)pyridine-2,6-dicarbaldehyde 4a. To a hot solution of 3a (650
mg, 2.9 mmol) in 1,4-dioxane (25 mL) was added selenium dioxide (750 mg, 6.7 mmol) and
the mixture was heated at reflux for 4 hours. The solvent was evaporated and the crude
product was purified by flash column chromatography (SiO,), elution with EtOAc/NEt;
(100/0 to 95/5), to afford product 4a (480 mg, 75%). The product was used without further
purification. 'H NMR (300 MHz, CDCls): & 10.10 (s, 2H), 7.67 (s, 2H), 4.27 (t, 2H), 2.82 (t,

2H), 2.37 (s, 6H).

2-((2,6-bis(Oxazol-5-yl)pyridin-4-yl)oxy)-N,N-dimethylethanamine 5a. A mixture of
derivative 4a (2.0 g, 9 mmol), TosMIC (3.7 g, 19 mmol), and K,CO3 (5.3 g, 38 mmol) in 55
mL of absolute ethanol was heated at reflux for 2 hours. The reaction mixture was evaporated
to dryness, the residue partitioned between CH,Cl, (150 mL) and H,O (150 mL) and the
aqueous layer extracted with CH,Cl, (3 x 50 mL). The combined organic phases were dried
over MgSOQ,, filtered and evaporated to dryness. The crude product was purified by flash

column chromatography (neutral Al,O3) eluted with: 1) cyclohexane/CH,Cl, (70/30 to 0/100),



and ii) CH,Cl,/ EtOAc (95/5 to 85/15) to afford the desired product 5a (1.8 g, 66%). M.p =
154-156 °C. *H NMR (300 MHz, CDCls): § 7.98 (s, 2H), 7.76 (s, 2H), 7.17 (s, 2H), 4.24 (t,
2H), 2.80 (t, 2H), 2.37 (s, 6H). Anal. Calcd for Ci5H16N4O3: C, 59.99; H, 5.37; N, 18.66.

Found: C, 59.86; H, 5.20; N, 18.40.

2-((2,6-bis(2-(6-(1,3-Dioxolan-2-yl)pyridin-2-yl)oxazol-5-yl)pyridin-4-yl)oxy)-N,N

dimethylethanamine 7a. Compound 5a (620 mg, 2 mmol), 2-bromo-6-(1,3-dioxolan-2-
yl)pyridine 6 (1.80 g, 7.8 mmol)*, palladium acetate (235 mg, 1 mmol), Cs,CO; (3.0 g, 9.2
mmol), copper (I) iodide (960 mg, 5 mmol), and PCys*HBF, (253 mg, 0.7 mmol) were
suspended in 1,4-dioxane (15 ml). The mixture was heated at reflux for 22 hours under argon.
The solvent was removed under reduced pressure and the crude product was purified by flash
column chromatography (neutral Al,O3), elution with EtOAc/EtOH (100/0 to 70/30), to
afford product 7a (530 mg, 43%). 7a was used without further purification. *H NMR (300
MHz, CDCly): § 8.23 (d, 2H), 7.95-7.89 (m, 4H), 7.68 (d, 2H), 7.39 (s, 2H), 6.02 (s, 2H), 4.33

(t, 2H), 4.27-4.10 (m, 8H), 2.84 (t, 2H), 2.41 (s, 6H).

6,6'-(5,5'-(4-(2-(dimethylamino)ethoxy)pyridine-2,6-diyl)bis(oxazole-5,2-

diyl))dipicolinaldehyde 8a. A suspension of 7a (530 mg; 0.88 mmol) in 2N HCI (100 mL)
was stirred at room temperature for 7 days (until disappearance of signals belonging to
dioxalane, monitored by NMR). The mixture was neutralized by addition of saturated
NaHCO3; and extracted thoroughly with CH,Cl,. The organic phases were combined, dried
over MgSQO,, and the solvent evaporated to afford the desired product 8a (280 mg, 62%) as
white crystal. 8a was used without further purification. M.p. > 150°C. *H NMR (300 MHz,
CDCly): & 10.27 (s, 2H), 8.49-8.40 (m, 2H), 8.12-8.05 (m, 4H), 8.02 (s, 2H), 7.24 (s, 2H),

4.35 (t, 2H), 2.86 (t, 2H), 2.42 (s, 6H).



2-((2,6-bis(2-(6-(Oxazol-5-yl)pyridin-2-yl)oxazol-5-yl)pyridin-4-yl)oxy)-N,N-

dimethylethanamine 9a (TOxaPy-1). A mixture of 8a (280 mg, 0.55 mmol), TosMIC (340
mg, 1.7 mmol), and K,CO3 (420 mg, 3 mmol) in absolute ethanol (15 mL) was heated at
reflux for 2 hours. The reaction mixture was evaporated to dryness, the residue partitioned
between CH,Cl, (70 mL) and H,O (50 mL) and the aqueous layer was extracted with CH,Cl,
(2 x 30 mL). The combined organic phases were dried over MgSOy,, filtered and evaporated
to dryness. The crude product was purified by flash column chromatography (neutral Al,Os3),
elution with CH,CI,/EtOH (100/0 to 97/3), to afford product 9a (130 mg, 40%) as brown
solid. M.p. > 155°C. *H NMR (300 MHz, CDCls): § 8.19 (d, 2H), 8.04 (s, 2H), 8.00-7.94 (m,
6H), 7.79 (d, 2H), 7.41 (s, 2H), 4.35 (t, 2H), 2.88 (t, 2H), 2.43 (s, 6H). Anal. Calcd for
C31H24NsOsH,0: C, 61.38; H, 4.29; N, 18.48. Found: C, 61.83; H, 4.06; N, 18.62. HPLC

injection: T = 4.94 min. LRMS (ESI-MS): m/z= 589.3 [M+H]".

Formation of mesylate salt (TOxaPy-2). To the free base 9a (20 mg) dissolved in NMP (0.6
mL) were added 9 pL of CH3SO3H. After heating at 60°C, the mixture was left 3 hours at
room temperature and then ethyl ether (1.5 mL) was added. The precipitate was collected by
filtration, washed with a small amount of ether and the resulting hygroscopic mesylate salt
was dried under vacuum. *H NMR (300 MHz, DMSO-ds): & 9.60 (brs, 1H), 8.65 (s, 2H),
8.25-8.16 (m, 6H), 8.02-7.96 (m, 4H), 7.55 (s, 2H), 4.73 (t, 2H), 3.70-3.64 (m, 2H), 2.96 &
2.95 (2 x s, 6H), 2.32 (s, 3H). HPLC injection: T = 4.98 min. LRMS (ESI-MS): m/z= 589.3

[M+H]".

Formation of maleate salt (TOxaPy-3). To the free base 9a (62 mg) dissolved in THF +
EtOH (7 mL + 2 mL) was added maleic acid (19 mg) in acetone (2 mL). After heating at
50°C, the mixture was left 3 hours at room temperature. The mixture was evaporated to

dryness and diethyl ether (5 mL) was added. The precipitate was collected by filtration,



washed with ether (2 mL) and the resulting hygroscopic maleate salt was dried under vacuum

(74 mg). HPLC injection: T = 4.95 min. LRMS (ESI-MS): m/z= 589.3 [M+H]".

Diethyl 4-(2-(piperidin-1-yl)ethoxy)pyridine-2,6-dicarboxylate 2b. Compound 1 (7.70 g,
32 mmol) was dissolved in dry acetone (100 mL) and 1-(2-chloroethyl)piperidine (6.10 g, 41
mmol), and K,COj3 (9.4 g, 68 mmol) were added.®® The resulting mixture was maintained at
reflux in an inert atmosphere for 18 hours. The reaction mixture was evaporated to dryness,
the residue partitioned between CH,Cl, (100 mL) and H,O (70 mL) and the aqueous layer
extracted with CH,CI, (3 x 50 mL). The combined organic layers were dried over MgSOy,
filtered and evaporated to dryness. The crude product was purified by flash column
chromatography (SiO,), elution with CH,CI,/EtOH (100/0 to 80/20), to afford 2b (9.20 g,
819%) as brown oil. 2b was used without further purification. ‘H NMR (300 MHz, CDCls): &
7.80 (s, 2H), 4.47 (q, 4H), 4.26 (t, 2H), 2.81 (t, 2H), 2.54-2.47 (m, 4H), 1.65-1.55 (m, 4H),

1.50-1.42 (m, 8H).

(4-(2-(piperidin-1-ylhethoxy)pyridine-2,6-diyl)dimethanol 3b. Compound 2b (9.0 g, 26
mmol) was dissolved in absolute EtOH (200 mL). NaBH,4 (6.50 g, 170 mmol) was added
portion wise and the resulting mixture stirred at room temperature under an inert atmosphere
for lhour and then heated at reflux for 18 hours. The reaction was quenched by careful
addition of H,O (10 mL) and evaporated to dryness. The residue was partitioned between
nBuOH (100 mL) and H,O (150 mL) and the aqueous layer was extracted with nBuOH (2 x
50 mL). The combined organic layers were evaporated to dryness and then co-evaporated
under reduced pressure with heptane (4 x 10 mL). An off-white precipitate was formed
corresponding to the desired compound 3b (6.1 g, 89%). M.p. = 135-137 °C. *H NMR (300
MHz, CDCls): § 6.70 (s, 2H), 4.65 (s, 4H), 4.11 (t, 2H), 2.75 (t, 2H), 2.50 (t, 4H), 1.65-1.55
(m, 4H), 1.50-1.40 (m, 2H). Anal. Calcd for C14H2,N,050.25 H,0: C, 62.10; H, 8.31; N,

10.35. Found: C, 62.07; H, 8.38; N, 10.25.



4-(2-(Piperidin-1-yl)ethoxy)pyridine-2,6-dicarbaldehyde 4b. To a hot solution of
compound 3b (1.94 g, 7.3 mmol) in 1,4-dioxane (75 mL) was added selenium dioxide (2.4 g,
22 mmol) and the mixture was heated at reflux for 5 hours. The solvent was evaporated and
the crude product was purified by flash column chromatography (SiO,), elution with
EtOAC/NEt; (100/0 to 95/5), to afford desired product 4b (1.05 g, 55%) as dark beige crystal.
M.p. =136-138 °C. 'H NMR (300 MHz, CDCls): § 10.11 (s, 2H), 7.66 (s, 2H), 4.27 (t, 2H),
2.82 (t, 2H), 2.51 (t, 4H), 1.66-1.55 (m, 4H), 1.50-1.41 (m, 2H). Anal. Calcd for C14H13N>Os3:

C, 64.10; H, 6.92; N, 10.68. Found: C, 63.96; H, 6.99; N, 10.87.

5,5'-(4-(2-(Piperidin-1-yl)ethoxy)pyridine-2,6-diyl)bis(oxazole) 5b. A mixture of derivative
4b (1.0 g, 3.8 mmol), TosMIC (1.6 g, 8.2 mmol), and K,CO3 (2.7 g, 20 mmol) in 30 mL of
absolute ethanol was heated at reflux for 2 hours. The reaction mixture was evaporated to
dryness, the residue partitioned between CH,CIl, (150 mL) and H,O (150 mL) and the
aqueous layer extracted with CH,Cl, (3 x 50 mL). The combined organic extracts were dried
over MgSQ,, filtered and evaporated to dryness. The crude product was purified by flash
column chromatography (neutral Al,O3), elution with cyclohexane/EtOAc (70/30 to 0/100), to
afford the desired product 5b (810 mg, 62%). 5b was used without further purification. M.p.
= 122-125 °C. *H NMR (300 MHz, CDCls): & 7.98 (s, 2H), 7.76 (s, 2H), 7.16 (s, 2H), 4.27 (t,

2H), 2.83 (t, 2H), 2.53 (t, 4H), 1.68-1.58 (m, 4H), 1.51-1.44 (m, 2H).

5,5'-(4-(2-(Piperidin-1-yl)ethoxy)pyridine-2,6-diyl)bis(2-(6-(1,3-dioxolan-2-yl)pyridin-2-

yl)oxazole) 7b. A mixture of intermediate 5b (660 mg; 1.94 mmol), 2-bromo-6-(1,3-
dioxolan-2-yl)pyridine 6 (1.66 g, 7.2 mmol)**, palladium acetate (220 mg, 1 mmol), Cs,COs
(2.7 g, 8.3 mmol), copper (1) iodide (950 mg, 5 mmol), and PCy3*HBF, (250 mg, 0.7 mmol)
was suspended in 1,4-dioxane (23 ml). The mixture was heated under reflux for 18 hours
under inert atmosphere. The solvent was evaporated under reduced pressure and the crude

product was purified by flash column chromatography (SiO,), elution in EtOAC/EtOH 3%



NEt; (100/0 to 50/50), to afford compound 7b (440 mg, 35%) as a pale yellow crystal. M.p. =
174-176 °C. *H NMR (300 MHz, CDCls): & 8.23 (d, 2H), 7.97-7.88 (m, 4H), 7.68 (d, 2H),
7.37 (s, 2H), 6.03 (s, 2H), 4.35 (t, 2H), 4.27-4.10 (m, 8H), 2.88 (t, 2H), 2.61-2.52 (m, 4H),
1.70-1.63 (m, 4H), 151-1.45 (m, 2H). Anal. Calcd for C34H3sNsO72H,0: C, 60.53; H, 5.63;

N, 12.46. Found: C, 60.68; H, 5.67; N, 11.95.

6,6'-(5,5'-(4-(2-(piperidin-1-yl)ethoxy)pyridine-2,6-diyl)bis(oxazole-5,2-

diyl))dipicolinaldehyde 8b. A suspension of compound 7b (420 mg, 0.66 mmol) in 2N HCI
(70 mL) was stirred at room temperature for 12 days (until disappearance of signals belonging
to dioxolane, monitored by NMR). The mixture was neutralized by addition of saturated
NaHCOj3 and extracted thoroughly with CH,Cl,. The organic phases were combined, dried
over MgSQq,, and evaporated to afford the crude product 8b (120 mg, 33%), which was used
in the next step without further purification. *H NMR (300 MHz, CDCls): & 10.26 (s, 2H),
8.50-8.41 (m, 2H), 8.10-8.04 (m, 4H), 8.00 (s, 2H), 7.38 (s, 2H), 4.37 (t, 2H), 2.89 (t, 2H),

2.62-2.53 (m, 4H), 1.67-1.62 (m, 4H), 1.47-1.43 (m, 2H).

5,5'-(4-(2-(Piperidin-1-yl)ethoxy)pyridine-2,6-diyl)bis(2-(6-(oxazol-5-yl)pyridin-2-

yl)oxazole) 9b (TOxaPy-4). A mixture of compound 8b (120 mg, 0.22 mmol), TosMIC (130
mg, 0.66 mmol), and K,COj3 (155 mg, 1.1 mmol) in 10 mL of absolute ethanol was heated at
reflux for 2 hours. The reaction mixture was evaporated to dryness, the residue partitioned
between CH,Cl, (50 mL) and H,O (40 mL) and the aqueous layer extracted thoroughly with
CH,Cl,. The combined organic phases were dried over MgSO, and evaporated to dryness.
The crude product was purified by flash column chromatography (neutral Al,O3), elution with
CH,CI,/EtOH (100/0 to 95/5) to afford desired product 9b (30 mg, 21%) as beige crystal.
M.p. = 257-259 °C. 'H NMR (300 MHz, CDCls): & 8.20 (d, 2H), 8.04 (s, 2H), 8.00-7.94 (m,
6H), 7.79 (d, 2H), 7.40 (s, 2H), 4.38 (t, 2H), 2.90 (t, 2H), 2.60-2.57 (m, 4H), 1.69-1.66 (m,

4H), 1.52-1.46 (m, 2H). Anal. Calcd for CszsHzsNgOsH,0: C, 63.45; H, 4.66; N, 17.42.



Found: C, 63.98; H, 4.68; N, 17.88. HPLC injection: T = 5.12 min. LRMS (ESI-MS): m/z=

629.3 [M+H]".

Formation of mesylate salt (TOxaPy-5). To the free base 9b (10 mg) dissolved in NMP (0.3
mL) were added 6 uL of CH3SO3H. After heating at 60°C, the mixture was left for 3 hours at
room temperature and ethyl ether (1.5 mL) was added. The precipitate was collected by
filtration, washed with a small amount of ethyl ether and the resulting hygroscopic mesylate
salt was dried under vacuum (10 mg). *H NMR (300 MHz, DMSO-dg): & 9.32 (br s, 1H), 8.65
(s, 2H), 8.28-8.14 (m, 6H), 8.02-7.96 (M, 4H), 7.55 (s, 2H), 4.74 (t, 2H), 3.70-3.60 (m, 4H),
3.14-3.04 (m, 2H), 2.31 (s, 3H), 1.90-1.65 (m, 6H). HPLC injection: T = 5.12 min. LRMS

(ESI-MS): m/z= 629.3 [M+H]".

4.1.2 Synthesis of iso-BOxaPy and its (pyridin-4-yl)oxy)-N,N-dimethylethanamine
derivative. The synthesis of iso-BOxaPy and its derivative was performed following a

multistep synthetic pathway described in the subsequent protocols.

Synthesis of 2,6-bis(5-(Pyridin-2-yl)oxazol-2-yl)pyridine 12 (iso-BOxaPy). A mixture of 5-
(pyridin-2-yl)oxazole 10 (1.0 g, 6.8 mmol), obtained as reported in literature®’, 2,6-
dibromopyridine 11 (540 mg, 2.3 mmol), palladium diacetate (235 mg, 1.0 mmol),
PCys-HBF, (240 mg, 0.6 mmol), copper (1) iodide (900 mg, 4.7 mmol), Cs,COs3 (3.0 g, 9.2
mmol) in 15 mL of anhydrous 1,4-dioxane was heated under reflux for 22 hours. The crude
product was purified by flash column chromatography (SiO,), elution with EtOAc/EtOH
(100/0 to 80/20), to afford compound 12 as a pale yellow solid (700 mg, 83%). M.p. = 230
°C. 'H NMR (300 MHz, CDCls): § 8.70-8.68 (m, 2H), 8.33 (d, 2H), 8.06-7.95 (m, 5H), 7.87-
7.81 (m, 2H), 7.32-7.26 (m, 2H). Anal. Calcd for C2;H13Ns0,1.33 H,0: C, 64.46; H, 4.00; N,
17.90. Found: C, 64.35; H, 3.87; N, 17.47. HPLC injection: T = 5.60 min. LRMS (ESI-MS):

m/z= 368.2 [M+H]".



Synthesis of 2-((2,6-bis(5-(Pyridin-2-yl)oxazol-2-yl)pyridin-4-yl)oxy)-N,N-

dimethylethanami -ne 15 (iso-BOxaPy-1).

2-((2,6-dibromopyridin-4-yl)oxy)-N,N-dimethylethanamine 14. To NaH (60%, 270 mg,
6.7 mmol) was added THF (20 mL) at O °C. To the suspension, 2-(dimethylamino)ethanol
(545 mg, 0.6 mL, 6.1 mmol) was added in three portions and the obtained suspension was
stirred at 0 °C for 10 min. 2,6-dibromo-4-nitropyridine 13 (1.40 g, 5 mmol) was added and
the reaction mixture was stirred at room temperature for 3 hours. 15% ammonium chloride
solution (50 mL) was added and the mixture was extracted with CH,Cl,. The organic layer
was dried over MgSQO, and the solvent removed under reduced pressure giving the desired
product 14 (1.54 g, 94%) as brown amorphous solid. 14 was used without further purification.
'H NMR (300 MHz, CDCls): & 7.01 (s, 2H), 4.10 (t, 2H), 2.73 (t, 2H), 2.33 (s, 6H). Anal.

Calcd for CoH12BI,N,O: C, 33.36; H, 3.73; N, 8.65. Found: C, 33.80; H, 3.85; N, 8.70.

2,6-bis(5-(Pyridin-2-yl)oxazol-2-yl)pyridine 15 iso-BOxaPy-1. A mixture of 10 (490 mg,
3.4 mmol)*’, compound 14 (357 mg, 1.1 mmol), palladium diacetate (148 mg, 0.66 mmol),
PCys-HBF, (118 mg, 0.32 mmol), copper (I) iodide (470 mg, 2.5 mmol), and Cs,CO3 (1.6 g,
4.9 mmol) in 7 mL of anhydrous 1,4-dioxane was heated under reflux for 18 hours. The crude
product was purified by flash column chromatography (SiO), elution with EtOAC/EtOH 3%
NEt; (100/0 to 60/40) to afford compound 14 as a pale yellow solid (300 mg, 60%). M.p. =
180-184 °C. 'H NMR (300 MHz, CDCl5): & 8.69-8.68 (m, 2H), 8.02-7.99 (m, 2H), 7.92 (s,
2H), 7.88 (s, 2H), 7.87-7.81 (m, 2H), 7.31-7.27 (m, 2H), 4.33 (t, 2H), 2.84 (t, 2H), 2.39 (s,
6H). Anal. Calcd for CsH2,NgO33 H,0O: C, 59.05; H, 5.50; N, 16.53. Found: C, 59.15; H,

5.50; N, 16.42. HPLC injection: T = 4.61 min. LRMS (ESI-MS): m/z= 455.3 [M+H]".

Formation of mesylate salt iso-BOxaPy-2. To the free base 15 (63 mg) dissolved in NMP (2

mL) were added 28 pL of CH3SO3H. After heating at 60°C, the mixture was left for 3 hours



at room temperature and ethyl ether (6 mL) was added. The precipitate was collected by
filtration, washed with ethyl ether (2 x 3 mL) and the resulting mesylate salt was dried under
vacuum. *H NMR (300 MHz, DMSO-ds): & 9.67 (brs, 1H), 8.74 (d, 2H), 8.14 (s, 2H), 8.10-
7.98 (m, 4H), 7.94 (s, 2H), 7.54-7.46 (m, 2H), 7.42 (t, 2H), 3.70 (m, 2H), 2.95 & 2.93 (2 X s,

6H), 2.40 (s, 3H). HPLC injection: T = 4.63 min. LRMS (ESI-MS): m/z= 455.3 [M+H]".

4.1.3 Synthesis of iso-TOxaPy and iso-TOxaPy derivatives. The synthesis of iso-TOxaPy
derivatives was performed following a multistep synthetic pathway described in the

subsequent protocols.
Synthesis of 2,6-bis(5-(6-(Oxazol-5-yl)pyridin-2-yl)oxazol-2-yl)pyridine 17 (iso-TOxaPy).

Pathway a. A mixture of compound 16 (210 mg, 1 mmol)**, 2,6-dibromopyridine 11 (240
mg, 1 mmol), palladium diacetate (40 mg, 0.17 mmol), PCy;3-HBF, (60 mg, 0.25 mmol),
copper (1) iodide (210 mg, 1.1 mmol), and Cs,CO3 (640 mg, 2 mmol) in 7 mL of anhydrous
1,4-dioxane was heated at reflux for 22 hours. The crude product was purified by flash
column chromatography (SiO), elution with CH,Cl,/EtOH (100/0 to 90/10), to afford titled
compound 17 as a pale yellow solid (iso-TOxaPy, 20 mg, 4%). M.p. >260 °C. *H NMR (300
MHz, CDCls): & 8.37 (d, 2H), 8.07 (d, 1H), 8.03 (s, 2H), 8.00-7.97 (m, 6H), 7.91 (s, 2H),
7.70-7.67 (m, 2H). HPLC injection: T = 6.37 min. LRMS (ESI-MS): m/z= 502.2 [M+H]".

HRMS (ESI-MS): 502.1250 (calculated: 502.1264 C,7H16N704*).
Pathway b. Multistep synthetic pathway

6-(Oxazol-5-yl)picolinaldehyde 19. A mixture of pyridine-2,6-dicarbaldehyde 18 (10.8 g, 80
mmol), TosMIC (7.8 g, 40 mmol), and K,COj3 (6.5 g, 47 mmol) in 150 mL of methanol was
stirred at 0°C for 30 min then at room temperature for 2 hours. The reaction mixture was
evaporated to dryness, the residue partitioned between CH,Cl, (200 mL) and H,O (200 mL)

and the aqueous layer was extracted with CH,Cl, (3 x 50 mL). The combined organic extracts



were dried over MgSQy,, filtered and evaporated to dryness. The crude product was purified
by flash column chromatography (SiO,), elution with CH,Cl,/EtOAc (100/0 to 0/100), to
afford product 19 (2.8g, 34%) as pale yellow powder. M.p. = 148-150 °C. * *H NMR (300
MHz, CDCls): & 7.98 (s, 2H), 7.76 (s, 2H), 7.16 (s, 2H), 4.27 (t, 2H), 2.83 (t, 2H), 2.53 (t,

4H), 1.68-1.58 (m, 4H), 1.51-1.44 (m, 2H).

5-(6-(1,3-Dioxolan-2-yl)pyridin-2-yl)oxazole 20. Compound 20 was obtained following a
method previously published.”® A mixture of compound 19 (1.64 g, 9.4 mmol), p-
toluenesulfonic acid monohydrate (120 mg, 0.6 mmol) and ethylene glycol (1.50 g, 24 mmol)
in cyclohexane (100 mL) was heated under reflux for 2 hours. The reaction mixture was
evaporated to dryness, the residue partitioned between CH,Cl, (50 mL) and H,O (70 mL) and
the aqueous layer was extracted with CH,Cl, (2 x 30 mL). The combined organic extracts
were dried over MgSQy, filtered and evaporated to dryness. The crude product was purified
by flash column chromatography (SiO,), elution with CH,Cl,/EtOAc (100/0 to 75/25), to

afford compound 20 (1.31 g, 63%) as a colorless oil.

2,6-bis(5-(6-(1,3-Dioxolan-2-yl)pyridin-2-yl)oxazol-2-yl)pyridine 21. A mixture of
dioxolan-2-ylpyridine 20 (1.31 g, 6 mmol), 2,6-dibromopyridine 11 (480 mg, 2 mmol),
palladium acetate (230 mg, 1 mmol), Cs,CO3 (2.7 g, 8.3 mmol), copper (1) iodide (900 mg,
4.7 mmol) and PCy3-HBF, (230 mg, 0.6 mmol) was suspended in 1,4-dioxane (15 ml). The
mixture was heated under reflux for 16 hours under argon. The solvent was evaporated under
reduced pressure and the crude product was purified by two flash column chromatographies:
i) (neutral Al,O3), elution with CH,CI,/EtOAc (100/0 to 80/20) and ii) (SiOy), elution with
CH,CI,/EtOH (100/0 to 97/3), to afford product 21 (640 mg, 61%) as fair beige microcrystal.
M.p.>260 °C. *H NMR (300 MHz, CDCls): § 8.32 (d, 2H), 8.06-7.98 (m, 5H), 7.92-7.85 (m,

2H), 7.53 (M, 2H), 5.92 (s, 2H), 4.25-4.12 (m, 8H).



6,6'-(2,2'-(Pyridine-2,6-diyl)bis(oxazole-5,2-diyl))dipicolinaldehyde 22. A suspension of
finely pulverized 21 (150 mg, 2.9 mmol) in 2N HCI (40 mL) was stirred at room temperature
for 1 hour and then heated under reflux for 2 hours (until disappearance of signals belonging
to dioxalane, monitored by NMR). The mixture was neutralized by addition of saturated
NaHCOj3 and stirred at room temperature for 2 hours. The precipitate was filtered, wash with
water and dried (at 100°C) to afford the desired product 22 (105 mg, 84%). 22 was used
without further purification. 'H NMR (300 MHz, CDCls): & 10.16 (s, 2H), 8.38 (d, 2H), 8.24-

8.17 (m, 2H), 8.08-8.00 (m, 5H), 7.97-7.93 (m, 2H).

2,6-bis(5-(6-(Oxazol-5-yl)pyridin-2-yl)oxazol-2-yl)pyridine 17 (iso-TOxaPy). A mixture of
22 (90 mg, 0.21 mmol), TosMIC (100 mg, 0.5 mmol), and K,CO3 (140 mg, 1 mmol) in 15
mL of absolute ethanol was stirred at room temperature for 5 hours. The solvent was
evaporated under reduced pressure and the crude product was purified by flash column
chromatography (SiO,), elution with CH,CI,/EtOH (100/0 to 90/10), to afford desired

compound 17 (iso-TOxaPy, 40 mg, 37%) (Pathway a).

2-((2,6-bis(5-(6-(1,3-Dioxolan-2-yl)pyridin-2-yl)oxazol-2-yl)pyridin-4-yl)oxy)-N,N-

dimethylethanamine 23. A mixture of compound 20 (1.36 g, 6.2 mmol), dibromopyridine
derivative 14 (570 mg, 1.8 mmol), palladium acetate (180 mg, 0.8 mmol), Cs,CO3 (2.5, 7.7
mmol), copper (1) iodide (700 mg, 3.7 mmol), and PCy;3-HBF, (170 mg, 0.5 mmol) was
suspended in 1,4-dioxane (15 ml). The mixture was heated at reflux for 20 hours under argon.
The solvent was evaporated under reduced pressure and the crude product was purified by
flash column chromatography (neutral Al,O3), elution with EtOAc/EtOH (100/0 to 90/10), to
afford product 23 (660 mg, 63%) as amorphous solid. *H NMR (300 MHz, CDCls): & 8.01-
7.96 (M, 4H), 7.91-7.85 (m, 4H), 7.53 (d, 2H), 5.91 (s, 2H), 4.23 (t, 2H), 4.25-4.11 (m, 8H),

2.83 (t, 2H), 2.38 (s, 6H).



6,6'-(2,2'-(4-(2-(Dimethylamino)ethoxy)pyridine-2,6-diyl)bis(oxazole-5,2

diyl))dipicolinalde hyde 24. A suspension of compound 23 (630 mg, 1 mmol) in 2N HCI (65
mL) was stirred at room temperature for 4 days (until disappearance of signals belonging to
dioxalane, monitored by NMR). The mixture was neutralized by addition of saturated
NaHCOj3 and the mixture was extracted thoroughly with CH,Cl,. The combined organic
extracts were dried over MgSO, and evaporated to dryness. The crude product 24 (470 mg,
87%), obtained as a pale yellow solid, was used in the next step without further purification.
M.p.> 150°C. *H NMR (300 MHz, CDCls): § 10.15 (s, 2H), 8.20 (d, 2H), 8.06-8.00 (m, 4H),

7.96-7.91 (m, 4H), 4.35 (t, 2H), 2.85 (t, 2H), 2.40 (s, 6H).

2-((2,6-bis(5-(6-(Oxazol-5-yl)pyridin-2-yl)oxazol-2-yl)pyridin-4-yl)oxy)-N,N-

dimethylethanamine 25 (iso-TOxaPy-1). A mixture of 24 (450 mg, 0.88 mmol), TosMIC
(480 mg, 2.5 mmol), and K,CO3 (580 mg, 4.2 mmol) in absolute ethanol (10 mL) was heated
at reflux for 2 hours. The reaction mixture was evaporated to dryness, the residue partitioned
between CH,Cl, (120 mL) and H,O (60 mL) and the aqueous layer extracted thoroughly with
CH.Cl,. The combined organic extracts were dried over MgSO, and evaporated to dryness.
The crude product was purified by flash column chromatography (neutral Al,O3), elution with
CH,CI,/EtOH (100/0 to 95/5), to afford desired product 25 (220 mg, 42%) as orange solid.
M.p. >155 °C. *H NMR (300 MHz, CDCl5): & 8.02 (s, 2H), 7.99 (s, 2H), 7.97-7.96 (m, 4H),
7.91 (s, 2H), 7.89 (s, 2H), 7.69-7.66 (m, 2H), 4.34 (t, 2H), 2.85 (t, 2H), 2.40 (s, 6H). Anal.
Calcd for C31H24NgOs2.7 H,O: C, 58.44; H, 4.62; N, 17.59. Found: C, 58.54; H, 4.15; N,
17.21. HPLC injection: T = 4.98 min. LRMS (ESI-MS): m/z= 589.3 [M+H]*. HRMS (ESI-

MS) 589.1480 (Calculated: 589.1485 C31H25N805+).

Formation of mesylate salt (iso-TOxaPy-2). To the free base 25 (24 mg) dissolved in NMP
(0.7 mL) were added 11 puL of CH3SO3H dissolved in NMP. After heating at 60°C, the

mixture was left 1 hour at room temperature and ethyl ether (2.5 mL) was added. The



precipitate was collected by filtration, washed twice with a small amount of ethyl ether and
the resulting hygroscopic mesylate salt was dried under vacuum (26 mg). Anal. Calcd for
C31H24NgO5 CH3SO3H3 H,0: C, 52.03; H, 4.60; N, 15.17. Found: C, 51.74; H, 5.01; N,

15.17. HPLC injection: T = 5.01 min. LRMS (ESI-MS): m/z= 589.3 [M+H]".

Formation of maleate salt (iso-TOxaPy-3). To the free base 25 (100 mg) dissolved in
acetone and THF (30 and 7 mL) was added maleic acid (50 mg) in acetone (5 mL). After
heating at 50°C, the mixture was left for 3 hours at room temperature, the solvent removed
under reduced pressure, and acetone (5 mL) was added. The precipitate was collected by
filtration and washed with acetone (2 x 2 mL). The resulting hygroscopic maleate salt was
dried under vacuum (90 mg). Anal. Calcd for C31H24Ns05.C4H4042.2 H,0: C, 56.48; H, 4.36;
N, 15.06. Found: C, 56.10; H, 4.08; N, 14.61. HPLC injection: T = 4.98 min. LRMS (ESI-

MS): m/z= 589.3 [M+H]".

Synthesis of 6,6'-bis(5-(6-(Oxazol-5-yl)pyridin-2-yl)oxazol-2-yl)-2,2'-bipyridine 29 (iso-

TOxabiPy).

6,6'-bis(5-(6-(1,3-Dioxolan-2-yl)pyridin-2-yl)oxazol-2-yl)-2,2'-bipyridine 27. A mixture of
20 (1.27 g, 4.9 mmol), 6,6'-dibromo-2,2'-bipyridine 26 (490 mg, 1.6 mmol), palladium acetate
(220 mg, 1 mmol), Cs,CO3 (2.6 g, 8 mmol), copper (I) iodide (850 mg, 4.5 mmol), and
PCys3-HBF, (180 mg, 0.5 mmol) was suspended in 1,4-dioxane (12 ml). The mixture was
heated at reflux for 18 hours under argon. The solvent was evaporated under reduced pressure
and the crude product was purified by flash column chromatography (neutral Al,Os), elution
with CH,CI,/EtOAC (100/0 to 60/40), to afford product 27 (650 mg, 71%) as fair beige
powder. M.p. > 260 °C. *H NMR (300 MHz, CDCls): 5 8.82 (d, 2H), 8.28 (d, 2H), 8.10-8.02

(m, 2H), 7.99 (s, 2H), 7.94-7.85 (m, 4H), 7.57-7.52 (m, 2H), 5.92 (s, 2H), 4.26-4.12 (m, 8H).



6,6'-bis(5-(6-(oxazol-5-yl)pyridin-2-yl)oxazol-2-yl)-2,2'-bipyridine 29 (iso-TOxabiPy).
6,6'-(2,2'-([2,2'-Bipyridine]-6,6'-diyl)bis (oxazole-5,2-diyl) )dipicolinaldehyde 28. A
suspension of compound 27 (620 mg, 1 mmol) in 2N HCI (65 mL) was heated at 100°C for 4
hours (until disappearance of signals belonging to dioxalane, monitored by NMR). Water was
added (100 mL) and the mixture was neutralized by addition of saturated NaHCO;. The
mixture was stirred at room temperature overnight. The precipitate was collected by filtration,
washed with water, dried (at 100°C) and the crude product 28 (550 mg) was used without
further purification for the next step. A mixture of crude 28 (550 mg), TosMIC (720 mg, 3.7
mmol), and K,CO3 (660 mg, 4.8 mmol) in absolute ethanol (40 mL) was heated at reflux for
2.5 hours. The reaction mixture was evaporated to dryness, the residue partitioned between
CH.Cl, (250 mL) and H,O (150 mL) and the aqueous layer was extracted thoroughly with
CH,Cl,. The combined organic extracts were dried over MgSO, and evaporated to dryness.
The crude product was purified by flash column chromatography (SiO,), elution with
CH,CI,/EtOH (100/0 to 50/50). The resulting crude product was suspended in ethanol (6 mL)
and stirred at room temperature for 2 hours. The precipitate was collected by filtration,
washed with small amount of ethanol (2 x 1 mL), and dried in the air to afford desired product
29 (110 mg, 18% two steps overall yield) as a beige powder. M.p. > 155 °C. *H NMR (300
MHz, DMSO-de): & 8.77 (d, 2H), 8.64 (s, 2H), 8.39-8.29 (m, 4H), 8.17-8.12 (m, 4H), 8.00-
7.98 (m, 4H), 7.84 (d, 2H), 7.48 (d, 1H), 7.12 (d, 1H). HPLC injection: T = 7.02 min. LRMS
(ESI-MS): m/z= 579.3 [M+H]'. HRMS (ESI-MS): 601.1355 (calculated: 601.1349

C32H18N804Na+).

4.2 FRET-Melting experiments. Stabilization of compounds with quadruplex-structures was
monitored via FRET-melting assay performed in 96-well plates on real time PCR apparatus as
follows: equilibration 5 min at 25°C and then increase 0.5°C every minute until 95°C. Each

experimental condition was tested in duplicated in a volume of 25 pL for each sample. FRET-



melting assay was performed with oligonucleotides that mimic the human telomeric sequence
and the C-myc proto-oncogene sequence (table 4) equipped with FRET partners at each
extremity, and the control duplex ds26. The oligonucleotides were prepared at 0.2 uM, the
ligands at 1 uM and competitors at 3 and 10 uM final concentration. Measurements were
made with excitation at 492 nm and detection at 516 nm in a buffer of lithium cacodylated (10
mM, pH 7.2), NaCl (100 mM) or KCI (10 mM, completed by 90 mM LiCl for F21T, and 1
mM, completed by 99 mM LiCl for C-myc) then heated at 90°C for 5 min and left to cool
down at 4 °C overnight. Oligonucleotide melting was monitored by observing 6-
carboxyfluorescein (6-FAM) emission, which was normalized between 0 and 1. The melting
temperature (T,,) was defined as the temperature at the inflection point of the sigmoid dose-

response best fitting curve.

Table 4. Oligonucleotide Sequences (5’-3”)

F21T [6FAM-GGGTTAGGGTTAGGGTTAGGG-3TAMRA]
FMycT [EBFAMTTGAGGGTGGGTAGGGTGGGTAA-3TAMRA]
ds26 CAATCGGATCGAATTCGATCCGATTG

4.3 Fluorescence titrations. Fluorescence titrations were performed in lithium cacodylate
buffer solution (10 mM) containing KCI (100 mM) and adjusted to pH 7.2. The fluorescence
spectra were recorded with a Cary Eclipse Fluorescence spectrophotometer (Agilent
Technologies), in a 1-mL quartz cell (path length: 1 cm) using the following experimental
parameters; optical slit widths, 5.0/5.0 nm; speed, slow; and Intensity, high. Fluorescence
titrations were carried out in the subsequent way. Fluorescence spectra of iso-TOxaPy, iso-
TOxabiPy, and iso-TOxaPy-1 alone (0.5 uM; Fy) and upon addition of increasing amounts of

quadruplex DNA (22AG and c-Myc, Table 5) (F) were recorded (Aexe: 330 nm for iso-



TOxaPy, iso-TOxabiPy and 340 nm for iso-TOxaPy-1). The fluorescence enhancement (350—
650 nm or 340-650 nm) was plotted as a function of the concentration (uM) of added G4-

DNA.

Table 5. Oligonucleotide Sequences (5°-3°)

22AG AG;TTAG;TTAG;TTAG;

c-Myc TGAG;TG;TAG;TG;TAA

4.4 Cell lines and cell cycle analysis. Cell lines obtained from ATCC were cultured under
suggested conditions. HeLa cells were synchronized by serum deprivation for 96 h. After
release, they were treated with the compounds (1 uM) for 48 hours and compared to control
cells. For determination of cell cycle profiles, cells were fixed with ice-cold 70% ethanol for 1
hour, and then, incubated with propidium iodide solution (50 pg/ml) in the presence of 0.2
mg/ml RNase A for 15 minutes at 37°C. DNA content was measured using the BD Accuri C6

flow cytometer (BD Biosciences, US) and CFlow Plus software.*’

4.5 Cell viability. Cell proliferation assays were conducted in 96-well culture plates. Cells, at
the appropriate density, were seeded at day 0 and serial dilutions of compound were added at
day 1. Assays were run in triplicate and the viable cell number was determined 72 h post
addition of the drug, by the MTS (Promega). A first trial was conducted on all the available

compounds and then, two additional experiments were run on compounds of interest.

4.6 Kinase profiling and ATP competition assays. The assays were performed at the
International Centre for kinase profiling in Dundee (UK). Assays are done in duplicate with
recombinant kinases and known kinase inhibitors are challenged in parallel. Protein kinase

assays used radioactive filter and 33P-ATP, and lipid kinases are screened with the ADP-Glo



assays (Promega). Controls were done in the absence of compound, assays are validated by
quantifying the Z’ value on each plate, that must be higher than 6. ATP competition assays
were run under the same quality controls. Rock-2 kinase activity was monitored in the
presence of iso-TOxaPy at five ATP concentrations: at the km (20 uM), two above the Km

and two below it.

4.7 Immunoblotting. Cells were extracted by RIPA-buffer supplemented with protease and
phosphatase inhibitors. The western blott was performed as described.”® The membrane was
split in two and incubated with an actin antibody (Cell Signaling, 1/1000) or an anti-phospho-
Cofilin-Ser3 (Cell Signaling, 1/1000). Signals were revealed by luminescence and collected

by the chemidoc (BioRad).

4.8 Immunofluorescence. HelLa cells grown on glass coverslips were treated with the
compounds (I uM) or DMSO (control, Co) and then, fixed with formaldehyde 4 % for 10
minutes at 37°C. Immunofluorescences were performed as previously described.”* Coverslips
were incubated with the antibodies directed against the following antigens: phospho-histone
H2A-X (Upstate, 1/2000); alpha-tubulin (Sigma 1/1000); phospho-tyrosine (Cell Signaling,
1/100); phospho-MYPT1-Thr853 (Elabscience, 1/100); phospho-cofilin-Ser3 (Cell Signaling,
1/100). Actin was stained by either phalloidin-rhodamin (1 pg/ml) or phalloidin-Atto 488.
DNA was visualized with Hoechst 33342 (Sigma, 0.5 pg/ml). Images were collected with a
ZEISS 710 Laser Scanning Confocal microscope with a 63x-immersion oil objective. Slices
of 0.5 pm are shown. The medium filter (3, 3, 0) from the Zen-software was applied to all
images. Alternatively, the whole fluorescence was imaged by z-stacking and the signal

presented as a projection (zp) generated by the Zeis-zen software.

4.9 Time lapse. Ex vivo experiments were conducted on cells grown on Lab-Tek chambered

coverglass (Nalgen Nunc International) and maintained under standard culture conditions



(37°C, 5% CO,). Images were acquired on a Zeiss dynascope confocal microscope using a
PlanApochromat 40x water immersion objective.’ Images were analysed with the Zen
software provided by Zeiss. Compounds were added around 15 h before imaging. At least 15
fields were imaged for each tested compound and three independent experiments were

conducted.

4.10 Multicellular tumour spheroid (MTS) models. Spheroids were generated by plating
HeLa cells, at 800 cells/well, into ultra-low adherence 96-well plates (Corning, Tewksbury,
USA).” These plates stimulate spontaneous formation of a single spheroid of cells within 24
hours of incubation at 37°C, 5% CO,. Spheroids grew in complete medium as in 2D-cultures
in the final volume of 200 pL. Spheroids were imaged in live conditions directly in the 96-
well plate. For measuring their expansion, spheroids were imaged with a Zeiss 510-confocal
microscope, each day, with a 10-X objective and then the area of the larger section was
determined, for each spheroid, by Image J software. Experiments were repeated on 5
spheroids.”” Finally, at the end-point, the number of living cells was determined by the
celltiter Glo-3D kit under conditions suggested by the manufacturer (Promega). Drug

treatments were performed at day 3. Three different concentrations were used.
Abbreviations used

Rock-2, Rho-associated protein kinase 2; G4, G-quadruplex; mRNA, messenger RNA;
SCNAs, somatic copy number alterations; SCN, somatic copy number; SAR, structure
activity relationship; GTPase, guanosine triphosphate phosphohydrolase; TosMIC, p-
toluenesulfonylmethyl isocyanide; PCys;-HBF4, tricyclohexylphosphine tetrafluoroborate;
THF, tetrahydrofuran; pTsOH, p-toluenesulfonic acid; FRET, Forster resonance energy
transfer; 1Csp, half maximal inhibitory concentration; FACS, Fluorescence Activated Cell

Sorter; YH2AX, phosphorylated histone subtype H2A isoform X; PI3K, phosphoinositide 3-



kinase; DMPK, dystrophia myotonica protein kinase; ATP, adenosine triphosphate; DMSO,
dimethyl sulfoxide; ESI-MS, electrospray ionization mass spectrometry; FA, formic acid;
MeCN, acetonitrile; PCR, polymerase chain reaction; nBuOH, normal butanol; NMP, N-

methyl-2-pyrrolidone.
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