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Polo-like kinase 4 (PLK4), a vital regulator of centriole duplication, is important for maintaining genome
stability. Dysregulation of PLK4 has been found in several human cancers and is associated with
a predisposition to tumorigenesis. Herein, we describe the discovery of (E)-4-(3-arylvinyl-1H-indazol-6-yl)
pyrimidin-2-amine derivatives as potent PLK4 inhibitors with more concise structure using a scaffold
hopping strategy. SAR exploration and preliminary assessment identified 14i as a new PLK4 inhibitor which

displayed excellent potency in vitro. 14i could inhibit the activity of PLK4, perturb centriole replication,
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Accepted 16th May 2017 result in mitosis disorder and induce cell apoptosis in breast cancer cells. Moreover 14i demonstrated

significant antitumor efficacy in the MDA-MB-468 and MDA-MB-231 xenograft models. This study

DOI: 10.1039/c7ra02518a suggested that this concise chemotype would represent a promising scaffold of PLK4 inhibitors for cancer
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Introduction

The polo-like kinase family belongs to a class of highly
conserved serine/threonine kinases which consists of five
subtypes in mammals: PLK1, PLK2/Snk, PLK3/Fnk/Prk, PLK4/
Sak and PLK5." They are involved in the regulation of cell
cycle progression, including intersection of mitotic, spindle
formation, cytokinesis, and are often deregulated in cancer.”
The N-terminus of PLKs has a highly homologous serine/
threonine kinase catalytic domain except PLK5;* and the C-
terminus of PLKs contains one or two signature polo-box
domains which are related to the location of PLKs into
specific mitotic subcellular structures during mitosis.**

One of the PLKs members, PLK4, shows obviously differences
compared with other PLKs at the amino acid sequence level
which contains only one polo-box domain instead of two.*” PLK4
is a main regulator of centriole duplication during mitosis and
cell cycle.®*"* PLK4 is usually expressed in proliferative tissues
with low abundance, but is aberrantly expressed in many tumor
types, especially in breast cancer.'* High PLK4 levels in breast
cancers are associated with poor prognosis and survival."”***
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therapy and 14i would be an attractive lead compound for further optimization and evaluation.

Dysregulation of PLK4 often causes disorder of centrosome
duplication and aneuploidy formation, thereby promoting
genomic instability which is a characteristic observed in many
types of cancers."'® Depletion of PLK4 by RNA interference in
breast cancer cells and xenografts induces cell apoptosis and
tumor growth suppression.'® Besides, PLK4 is crucial to PTEN-
deficient cancer cells for survival suggesting that there is
a synthetic lethal interaction between PLK4 and PTEN in breast
cancer cells.””*® Thus, PLK4 could be a potential target for
breast cancer and draw our attention to discover PLK4 inhibi-
tors as candidates against breast cancer.

Some typical PLK4 inhibitors are shown in Fig. 1. Multi-
kinase inhibitor 1 (R1530) has been shown to be potent against
PLK4 with an IC5, value of 6 nM. It could promote cancer cells
genomic instability and facilitate cancer cells sensitive to
chemotherapy.” 2 (Centrinone), a selective PLK4 inhibitor,
could result in a p53-dependent cell cycle arrest in G1.>° And 3
(Axitinib), a well-known pan-VEGFR inhibitor, has been
approved for renal cell carcinoma (RCC) by FDA and demon-
strated collateral inhibitory activity against PLK4 with a K; value
of 4.2 nM.** Recently, 4 (CFI-400437) with a scaffold of (E)-3-
((1H-indazol-6-yl)methylene)indolin-2-ones was reported to be
a PLK4 inhibitor with an ICs, value of 6 nM,?** and its spiroox-
indole counterparts 5, 6, and 7 exhibited excellent selectivity
and potency.>*>* 6 (CFI-400945) has demonstrated significant
efficacy in animal models of breast cancer, colorectal cancer
and pancreatic cancer, especially in PTEN-deficient cancer
patient-derived xenografts.'”>*?¢
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Fig. 1 Chemical structures of representative PLK4 inhibitors.

To our knowledge, the reported scaffolds of PLK4 inhibitors
are not diverse. What is more, although some bioactive mole-
cules such as 1 (R1530) and 3 (Axitinib) demonstrated good
inhibitory activity against PLK4, their main targets are not
PLK4. Despite preferentially isolated as the E-isomer, the
indazolylmethyleneindolinone compound 4 has the potential to
isomerize in vivo.>* 5, 6, and 7, as the spirooxindole counterparts
of 4, own improved configurational stability and physico-
chemical properties, but their synthesis and purification are
more complicated due to the spirooxindole motif with multiple
chiral centers.” Based on above status quo, we wished to
explore a more concise scaffold of selective PLK4 inhibitors.

We firstly investigated the co-crystallization structure (PDB
code 4JXF) to understand interactions between 5 and PLK4
kinase domain (Fig. 2). As a hinge binder, indazole ring of 5
formed two hydrogen bonds with the backbone carbonyl of
Cys92 and NH of Glu90 in the hinge region. The arylvinyl group
potentially fit into the solvent-exposed side of the adenine
binding pocket, and the aryl fragment had a strong m-cation
interaction with amino of Arg28. It is notable that all of 3, 4, 6
have the same motif of (E)-3-arylvinyl-1H-indazole as 5. Moreover,
the carbonyl and NH of oxindole in 5 could form hydrogen bonds
with side chain of Lys41 and the backbone carbonyl of GIn160,
respectively. And 3, 4, 6 also have corresponding fragments to
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Fig. 2 X-ray crystal structure of 5 in the active site of PLK4 with
interactions to the key residues (PDB code 4JXF).
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interact potentially with both these two amino acid residues
(Fig. 3). Hence, we speculated that 3-6 might interact with PLK4
kinase domain in the same binding mode.

Based on above analyses, to quest for a new and concise
chemotype of PLK4 inhibitors, we kept (E)-3-arylvinyl-1H-inda-
zole motif as hinge binder and focused on utilizing scaffold
hopping strategy to simplify the skeletons at 6-position of
indazole in 3-6 simultaneously retaining pharmacophores
which could form H-bonds with Lys41 and GIn160 in our pre-
conceived scaffold. After careful consideration, we cautiously
incorporated 2-aminepyrimidin-4-yl at 6-position of indazole in
order to facilitate interactions between compounds and PLK4
(Fig. 3). Herein we report the design, synthesis and biology
evaluation of (E)-4-(3-arylvinyl-1H-indazol-6-yl)pyrimidin-2-
amine derivatives as potent PLK4 inhibitors.

Results and discussion
Synthesis

The synthesis of target compounds 14a-14y and 15a-15d is
depicted in Scheme 1. Commercially available 6-bromo-1H-
indazoles 8a-8b were reacted with bis(pinacolato)diboron using
Pd(dppf)Cl, and potassium acetate in dioxane at 90 °C respec-
tively to afford corresponding boronic acid pinacol esters 9a-9b.
Suzuki coupling of 9a-9b with 10a-10c respectively provided
products 11a-11d. Then iodination of 11a-11d was carried out in
DMF at 60 °C overnight and provided a good yield of interme-
diates 12a-12d. At last, Suzuki coupling of 12a-12d with trans-
hetarylvinylboronates 13a-13y using Pd(dppf)Cl, and cesium
carbonate afforded target products 14a-14y and 15a-15d.

Study on SAR

The title compounds were evaluated for their PLK4 potency as
well as anti-proliferative potencies against MDA-MB-231 and
MDA-MB-468 cell lines, and 3 (Axitinib) was used as a positive
control. Axitinib demonstrated PLK4 potency with an IC5, value
of 41.3 nM and moderate anti-proliferative activities against
MDA-MB-231 and MDA-MB-468 cell lines. The SAR study began
with the terminal aryl group of arylvinyl indazole motif.
Compared with 3 (Axitinib), 14a containing a single phenyl
displayed moderate PLK4 potency with an ICs, value of 74.9 nM,
and it also exhibited anti-proliferative activities against MDA-
MB-231 and MDA-MB-468 cell lines (IC5, = 6.2 and 8.7 uM,
respectively), implying that our scaffold hopping strategy was
feasible. Incorporation of a methoxy group at the 4-position of
phenyl ring in 14a improved PLK4 potency but its cellular
activity declined (14b), 3-methylamino substituted analogue 14¢
showed similar PLK4 potency with 14a. The phenyl ring in 14a
replaced with indole (14d) resulted in a dramatic drop in PLK4
potency although its cellular activity improved slightly.
Substituents on para-position of the phenyl ring with hydro-
philic groups such as morpholino (14e) and N-methylpiperazine
(14f) improved both PLK4 and cellular activities dramatically.
The same tendency could also be observed in benzyl analogues
14g, 14h and 14i. However, meta-substituted phenyl analogues
(14j, 14Kk) exhibited declined PLK4 and cellular activities,

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Designed strategy of title molecules.

I
R4 Rz

R4 Ry Ry Ry R
d ; Q HN Ry
)\ (a) oy ,Q_\\ (b) HN A ©  HN N N (d) N |
Br N L4 N b O S W N S N2
H H M N N NP 20124 BTNR, = N
8a-8b 9a-9b R Y 11a-11d 3 N
9a: Ry=H N 11a: Ry=H R,=H 12a: Ry=HR,=H \ H
B :Ry= - R1=H,R2= CR.= -
8a:R=H, % RiCHs 10a-10c 1b: Ry~CH, RyH 12b: Ry=CH3 Ry=H 13a-13y 14a-14y, 152-15d
8b:R,=CHj 10a:R,=H 116 RoeH, Romer] 12c: Ry=H, Rp=CH3
10b:R,=CHj 11d: RimH RomCH-GO 12d: Ry=H,R,=CH3CO
10c:R,=CH,CO FTTTR2TS
Cl
13a14a; R=HRy=H, Re= L) -

13},14iR;=HRy=H, Ry= L) "
13k,14kRi=H Rp=H, Ro= I "}

13m,14m:R,=H,R,=H, R3= ’@

13b,14b: R=H, R,=H, Rs= ‘@0\
13¢,14c:Ry=CH3,Ry=H, Ry= @,H
13d,14d:R,=H,R,=H, Rs= m
H
13e,14e:R1=H,Rp=H, Ro= - -\ o
/\
BARHRH Ree () 130,140:R;=H,R,=H, Ry=

13h,14h:R=H,Ry=H, Ry= N
/QARN\ 130,144:R=H.Ro=H, Ry= - )N -goc

{O . 1MarR=HRH, R RS
/

F o/

131,141:R,=H R,=H, Ry=

NN
13n,14n:R;=H Ry=H, Ry= SRELND.

N W
NN
13g,14g:R;=H,R,=H, Ry= —
13p,14p:R4=H,R,=H, Rz= - ) N_N=

13i,14i:R;=H R,=H, Ry=

13s,14s:Ry=H.Ro=H, Ry= C}ﬁ,”— 152: Ry=H.R,=CH;CO, Ry= -4 )
/
13t,14t:R,=H,R,=H, Ry= _G—\
1=H.Ro=H, R W 15b:R=HR=CHCO, Ry=_IT ).
o
13u,14u:R,=H,Ry=H, Ry= H Re _ -
_<:§_/N_ 15¢: Ry=H, Ry=CHs, Rg= _ LI N
F
15d:R1=CHg,Ro=H, Rg= LI N~
13v,14v:R;=H,R,=H, Ry= 7©j e TS !
-
7/

13w,14w:R=H R,=H, Ra= —GN_

13x,14x:R;=H,R,=H, Ry=

o

-0,
13y,14y:R;=HR,=H, Ry=  _

5

Scheme 1 Synthetic route of title compounds 14a—-14y, 15a—-15d. Reagents and conditions: (a) bis(Pinacolato)diboron, AcOK, Pd(dppf)Cl,,
dioxane, 90 °C; (b) Pd(dppf)Cly, K,COs, dioxane : H,O =4 : 1, 95 °C; () I, K2CO3, DMF, 60 °C; (d) Pd(dppf)Cly, Cs,COs3, dioxane : H,O =4 : 1,

100 °C.

suggesting that the orientation of hydrophilic groups is very
important for the interaction with PLK4.

The pyridin-3(or 4)-yl analogues 141 and 14m were slightly
better than 14a in activity. The H atom at 2-position of pyridine
in 14m replaced with morpholino group (14n) or piperazinyl
group (140) improved the activity, but both PLK4 and cellular
potencies declined with the increasing size of substituents, as
exemplified by the N-methylpiperazinyl (14p) and N-Bocpiper-
azinyl (14q) analogues, suggesting a suitable size of group on
this position was favorable. Among these compounds, 14i
demonstrated excellent inhibitory activity against PLK4 (ICs, =
11.2 nM) and good potencies against MDA-MB-231 and MDA-

This journal is © The Royal Society of Chemistry 2017

MB-468 cell lines (ICs, = 0.09 and 0.06 pM, respectively).
Then the influence of substituents on 2- and 3-position of the
phenyl ring in 14i was investigated. Introduction of fluorine
atom (14r & 14v), chlorine atom (14s & 14w), methyl group (14t &
14x) and methoxy (14u & 14y) on 2-position or 3-position
impaired the enzymatic potency to the same extent, but a sharp
loss of cellular potency was observed with respect to the 2-
substituted groups (14r-14u). These results indicated it is the
steric effect rather than the electric effect of substituents on the
phenyl ring that was crucial to the PLK4 potency, because the
hydrophobic pocket near the phenyl ring might be too narrow to
accommodate any bulky substituents (Table 1).

RSC Adv., 2017, 7, 27737-27746 | 27739
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Next, we investigated the influence of substituents on
pyrimidin-2-amine and 5-position of indazole ring based on the
structure of 14i (Table 2). The acetamino analogues of 14i or 14r
(15a, 15b) and the methylamino analogue of 14i (15¢) were
slightly less potent than their corresponding counterparts,
suggesting that substituents on this position might be toler-
ated. Introduction of methyl group at 5-position of indazole ring
(15d) resulted in a dramatic drop in PLK4 potency (IC5o = 956
nM) and antiproliferative activities against MDA-MB-231 and
MDA-MB-468 cell lines (ICs, = 8.60 and 5.43 pM, respectively).
Interestingly, almost all of these compounds showed better

Table 1 SAR of 14a—-14y”
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anti-proliferative effects against MDA-MB-468 (PTEN-deficient
cancer cells) than MDA-MB-231 (PTEN-wild type cancer cells),
which implicated that PTEN deficient breast cancer cells could
be more sensitive to PLK4 inhibitors like 14i because of the
synthetic lethal interaction between PLK4 and PTEN.

Solubility, Clog P and LLE evaluation

Due to the preference of in vitro enzymatic and cellular poten-
cies, compounds 14i, 14r, and 15a were selected to evaluate
their solubility in water under different pH. And another two

Breast cancer cells ICs, (UM)

Breast cancer cells ICs, (tM)

PLKA4 (IC5p, PLKA4 (IC5,
Entry R nMm) MDA-MB-231 MDA-MB-468 Entry R nMm) MDA-MB-231 MDA-MB-468
W
14a - 74.9 6.20 8.70 14n \_ NP 28.1 1.40 0.54
14b f—@—o\ 57.6 >10 >10 140 - \_h{ N NH 163 0.62 0.34
— /N
- e
14c ,©\N/ 80.1 2.50 1.00 14p Q_ - 35.6 0.43 0.35
H
= /\
14d ©\/N\> 190 3.00 1.50 14q Q—NuN ®° 176 8.70 3.1
H
N\ F
14e ) NP 16.4 1.62 0.77 14r @”r‘v/ 19.3 0.12 0.09
. N/_\Nf Cl \
14f —/ 26.2 0.46 0.32 14s 3 @_/N‘ 31.0 1.80 0.87
N \
14g @ 3 1s0 0.87 0.38 14t ,,GJN‘ 36.5 3.16 2.20
@ Y o~
14h -~ v 142 0.46 0.15 14u @ﬂN/ 39.7 1.20 0.34
|
F. -
14i ,@A/N/ 11.2 0.09 0.06 14v @A“,‘ 36.5 0.26 0.17
- - a .
14j @| 33.0 0.40 0.20 14w @T 33.6 0.38 0.29
14k @LO 32.4 3.10 1.00 14x LTIV s 0.44 0.20
- 0. -
141 QN 50.4 1.68 1.40 14y @AT 40.4 0.20 0.11
14m Q 68.7 4.20 2.12 Axitinib 41.3 >10 5.0

“ PLK4 ICs, values were determined from Kinase Profiler of Reaction Biology Corporation and all activity data represent the mean values of two

independent experiments.
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Table 2 SAR of 15a—15d"
Breast cancer cells ICs, (1tM)
PLK4 (ICso,
Entry Ry R, R, nMm) MDA-MB-231 MDA-MB-468
o i
15a . N7 . H- 22.2 0.18 0.10
- / Hs;C S
0
N
15b @A()N PR H- 54.5 0.30 0.14
- ~ Hs;C >
15¢ . Q/\}“/ CH;- H- 164 2.90 2.78
15d . @A/N/ H- CH;- 956 8.60 5.43
14i @/\,N/ H- H- 11.2 0.09 0.06

“ PLK4 ICs, values were determined from Kinase Profiler of Reaction Biology Corporation and all activity data represent the mean values of two

independent experiments.

important parameters of drug-likeness, Clog P and LLE (ligand-
lipophilicity efficiency), were also calculated* (Table 3).

Both compounds 14i and 15a exhibited comparable Clog P
and LLE, as well as solubility in H,O, which were much better
than 14r. 14i was finally selected for further evaluation because
of its excellent in vitro activity and molecular properties.

Table 3 Clog P, LLE and solubility of 14i, 14r and 15a

Solubility (ng mL™)

(PH =
Entry Clog P* LLE* 6.8) pH =43 pH = 9.0
14i 3.78 4.17 109.80 2209.84 18.68
14r 3.93 3.78 12.91 1499.70 1.52
15a 3.33 4.32 134.43 7336.41 9.37

“ Clog P: calculate by CambridgeSoft-PerkinElmer's ChemBioDraw
Ultra version 12.0; LLE = pICs, PLK4-Clog P (ref. 28).

Table 4 The selectivity of 14i for polo-like kinase family®

Inh% (100 nM)

Entry PLK1 PLK2 PLK3 PLK4

14i 3.59 45.08 2.99 96.21

¢ Note: all compounds were tested at ATP concentration of 10 pM. The

percent of inhibition is an average of two independent titrations. PLK5
does not have kinase domain, so it wasn't tested.

This journal is © The Royal Society of Chemistry 2017

Besides, 14i also exhibited good selectivity for PLK4 over other
members of polo-like kinase family (Table 4).

Molecular docking of 14i with PLK4

To understand the interaction of (E)-4-(3-arylvinyl-1H-indazol-6-
yl)pyrimidin-2-amine derivatives with PLK4, we modelled the
binding mode of 14i in the ATP pocket using a reported crystal
structure of the PLK4 kinase domain (PDB ID: 4]JXF). As shown
in Fig. 4, 14i maintained H-bonding interactions with PLK4 at
the backbone carbonyl of Cys92 and NH of Glu90 in the hinge
region. Interestingly, unlike 5, the amino group of 14i formed
two hydrogen bonds with the backbone carbonyls of Gln160
and Ala153, and the N atom of 1-pyrimidine in 14i had an

GLUS0

Fig. 4 Proposed binding mode of compound 14i to the PLK4 kinase
domain.
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interaction with crystalline water (HOH 424) instead of forming
H-bond with Lys41. Furthermore, ¢rans-arylvinyl group in 14i
potentially extended to the solvent-exposed side. Overall, 14i
could fit well into the ATP pocket of PLK4, which enable it to be
a potent PLK4 inhibitor.

Inhibition of centriole duplication and mitosis by 14i

Because of the crucial role of PLK4 in centriole duplication, we
examined the effect of 14i on centriole duplication in MDA-MB-
468 and MDA-MB-231 cell lines by immunostaining DAPI,
centrin2 and y-tubulin to visualize cell nucleus (blue), centriole
(green) and mitotic spindle (red) respectively. After 48 h
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exposure with 14i, cells with disordered centrosome replication
increased in a dose-dependent manner (Fig. 5A), and 0.5 uM of
14i distinctly inhibited centrosome replication (Fig. 5B).

By analysis of DNA content of MDA-MB-468 and MDA-MB-231
cells using flow cytometry, we found 14i induced polyploid
formation in a dose-dependent manner (Fig. 6A), suggesting that
14i could result in mitotic disorder and promote genomic
instability. Moreover, immunoblot analysis displayed the
increase of activated cleaved-caspase-3 which represents the
activation of apoptotic pathways and the reduction of P-H3
which indicates the unsmooth progression of mitosis in a does
dependent manner after treated with 14i (Fig. 6B and C). Overall,
14i inhibited the activity of PLK4 thereby perturb the centriole

MDA-MB-231
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£ *kk -
5 o 4l b 0.125
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(A) Cell numbers of abnormal centrosome replication after treated with 14i. (B) Effects of 14i on perturbing centrosome replication by

immunofluorescence. MDA-MB-468 and MDA-MB-231 cells were treated with 14i or DMSO for 48 h. Cells were stained with centrin2, y-tubulin,
and DAPI. Insets show higher magnification views of the centrioles (boxed regions).
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replication and led to disorder of mitosis, which further induced
cell apoptosis in MDA-MB-468 and MDA-MB-231 cells.

In vivo antitumor activity of 14i

We finally evaluated the in vivo antitumor activity of compound
14i in MDA-MB-468 (PTEN-deficient breast cancer cells) and

View Article Online
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MDA-MB-231 (PTEN-wild type breast cancer cells) xenograft
models. Compound 14i was administered orally at doses of
30 mg kg~ ' or 90 mg kg~ once daily for 18 consecutive days.
The results showed that 14i significantly suppressed tumor
growth in MDA-MB-468 and MDA-MB-231 xenograft models.
Compared with MDA-MB-231 xenograft model, the tumor
growth inhibition rate (TGI) of MDA-MB-468 xenograft was
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much higher, with TGI of 83.1% versus 67.6% and 68.3% versus
63.9% at the doses of 30 mg kg™ and 90 mg kg™ " respectively
(Fig. 7), which also confirmed that PTEN-deficient tumors were
susceptible to PLK4 inhibitors in vivo. Moreover, no significant
body weight loss was observed at both doses (Fig. 8).

Conclusion

In summary, using scaffold hopping strategy, we discovered (E)-4-
(3-arylvinyl-1H-indazol-6-yl)pyrimidin-2-amine  derivatives  as
a more concise chemotype of PLK4 inhibitors. SAR explorations
and preliminary physicochemical properties assessment led to
the identification of 14i as a new PLK4 inhibitor with potent PLK4
activity (ICs, = 11.2 nM) and significant antiproliferative effects
(MDA-MB-231 IC5, = 0.09 and MDA-MB-468 ICs, = 0.06 uM,
respectively). Besides, 14i exhibited good selectivity for PLK4 over
other members of polo-like kinase family. Furthermore, 14i could
perturb the centriole replication and induce disorder of mitosis as
well as cancer cells apoptosis. Moreover, 14i demonstrated
significant antitumor efficacy in the MDA-MB-468 and MDA-MB-
231 xenograft models. All these data indicated that this chemo-
type would be a promising starting point for the development of
PLK4 inhibitors as anticancer agents and 14i would be an
attractive lead compound for further optimization and evaluation.

Experimental
Synthesis of 9a-9b

To a solution of 8a-8b (40 mmol), bis(pinacolato)-diboron
(15.2 g, 60 mmol) and KOAc (7.84 g, 80 mmol) in 1,4-dioxane
(100 mL), Pd(dppf)Cl, (2 mmol) was added and the mixture was
degassed for 5 min. The mixture was heated to 90 °C for 8 h and
cooled to r.t. The mixture was diluted with ethyl acetate and
filtered through celite. The filtrate was washed successively with
water and brine, dried over Na,SO, and concentrated. The
residue was purified by chromatography eluting with
Pet : EtOAc = 2.5 : 1 to give products 9a-9b.

Synthesis of 11a-11d

To a solution of 9a-9b (15 mmol), 10a-10c (12.5 mmol) and
KOAc (30 mmol) in 1,4-dioxane (100 mL), Pd(dppf)Cl, (0.62

27744 | RSC Adv., 2017, 7, 27737-27746

mmol) was added and the mixture was degassed for 5 min. The
mixture was heated to 100 °C for 3 h and cooled to r.t. The
mixture was diluted with ethyl acetate and filtered through
celite. The filtrate was washed successively with water and
brine, dried over Na,SO, and concentrated. The residue was
purified by chromatography eluting with DCM : CH;OH =12 : 1
to afford products 11a-11d.

Synthesis of 12a-12d

11a-11d (8.0 mmol) and K,CO; (16 mmol) were combined in
DMF (15 mL), and I, (16 mmol) dissolved in DMF (2 mL) was
added dropwise to the mixture, then stirred 10 hours at 65 °C.
The reaction was then poured into a solution of sodium
dithionite (3.0 g) and K,CO; (1.1 g) in water (50 mL). A white
precipitate formed and was stirred at room temperature for
30 min. Product was isolated by filtration to give 12a-12d.

Synthesis of 14a-14y, 15a-15d

To a solution of 12a-12d (0.36 mmol), trans-arylvinylboronates or
trans-hetarylvinylboronates 13a-13y (0.43 mmol) and cesium
carbonate (0.72 mmol) in 1,4-dioxane: H,O = 4:1 (15 mL),
Pd(dppf)Cl, (0.04 mmol) was added and the mixture was
degassed for 5 min. The mixture was heated to 100 °C for 8 h and
cooled to r.t. The mixture was diluted with ethyl acetate and
filtered through celite. The filtrate was washed successively with
water and brine, dried over Na,SO, and concentrated. The residue
was purified by chromatography eluting with DCM : CH;0H =
10 : 1 to afford the title compounds 14a-14y, 15a-15d.

Kinase inhibition assays

Kinase inhibition profiles were obtained using Kinase Profiler
services provided by Reaction Biology Corporation, and ATP
concentrations used are the ATP K, of corresponding kinases.
Compounds were tested in a 10-dose ICs, mode with 3-fold
serial dilution starting at 10 pM.

Cell lines and cell culture conditions

All of cell lines used were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). All of them were

This journal is © The Royal Society of Chemistry 2017
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cultured in RPIM 1640 or Iscove's Modified Dulbecco's Medium
supplemented with 10% fetal bovine serum (FBS, Gibco,
Auckland, N.Z.), penicillin-streptomycin (Life Technologies),
and 4 mM r-glutamine. The cell lines were cultured in
a humidified atmosphere with 5% CO, at 37 °C.

Cell viability assay

The cell viability treated with the compounds described above
was measured by MTT assay. 100 pL of medium containing
various concentrations of compound was added to 96-well
micro-plates, then cells were seeded in each well at a density of
5-10 x 10* cells. After cultured for 72 h, the cells were added 20
UL MTT solution (5 mg mL ') and incubated for another 2-4 h
at 37 °C. When reached the appropriate time, the formazan
crystal formed by living cells was dissolved with 50 pL of the
20% SDS solution overnight. Then, the optical density was
measured using Spectra MAX M5 micro-plate spectrophotom-
eter (Molecular Devices) at 570 nm and the ICs, values were
carried out in Graphpad Prism 5 (GraphPad Software Inc.).

Western blot analysis

The tumor cells MDA-MB-231 and MDA-MB-468 were incubated
in medium containing different concentration of 14i for 48 h.
Then harvested cells washed by PBS twice were lysed in RIPA
buffer (Byotime, Beijing, China) for 20 min, then ultrasonicated
and centrifugated. The protein concentrations were measured
and equalized before loading. Protein was separated by SDS-
PAGE gels. After electrophoresis, protein was transferred onto
polyvinylidene fluoride membranes (Millipore), blocked in 5%
non-fat milk for 2 h, washed in TBS-T and incubated with
specific antibodies (Cell Signaling Technology) overnight at
4 °C. After incubated with the relevant secondary antibodies,
the reactive bands were detected using an enhanced chem-
iluminescence kit (Millipore).

Immunofluorescence analysis

For immunofluorescence staining, the treated cancer cells in 8
well chamber slides (Millipore) were washed twice in PBS and
fixed in 4% paraformaldehyde for 15 min, then cells were
blocked in 1% BSA for 1 h at room temperature. Primary anti-
body in block buffer was added to cells overnight at 4 °C and
washed 3 times by PBS. Goat anti-rabbit and goat anti-mouse
secondary antibodies conjugated to FITC and Alexa 594 were
used to detect primary antibodies. After washed twice with PBS,
the cells were counterstained with DAPI, and the images were
captured using a Leica confocal microscope equipped with
a Leica X63oil-immersion objective.

Cell cycle analysis

For the cell cycle analysis, the 14i-treated cells were fixed and
stained with PI staining solution for 5 min in the dark and then
detected using flow cytometry (FCM). The data were analyzed
using the NovoExpress software.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Subcutaneous xenograft models

All animal experiments have been approved by the Institutional
Animal Care and Treatment Committee of Sichuan University in
China (Permit number: 20160188) and were carried out in
accordance with the approved guidelines. Six-week-old female
BALB/c nude mice were purchased from HFK Biotechnology
Company (Beijing, China). Tumors were first prepared by
subcutaneously implanting 1 x 107 cells/0.1 mL into the right
flank region of mice. When the volume reached 200 mm?,
tumors were dissected into fragments of approximated 10-20
mm?® and subsequently implanted into hind flank region of
BALB/c nude mice. When the tumor reached 80-110 mm?, mice
were selected and randomized into groups for further study (n =
5). Mice were given 14i and blank solvent once daily by oral
gavage. Tumor size was monitored every 3 days using calipers
and the volume was calculated using the following formula:
tumor volume = length x width® x 0.5.

Solubility test*

The production of test solution: each compound was added in
excess to 1000 pL solvent. The drug suspensions were placed in
ultrasound for 15 min followed by filtration to get the saturated
solution. Then the test solutions were obtained by diluting the
saturated solution 100 times.

The production of reference solution: adding accurate
2.000 mg (m,) compound into 1000 pL methanol. The solutions
were placed in ultrasound for 15 min to dissolve completely.
Then filtered and the reference solutions were obtained by
diluting the filter liquor 100 times.

The concentration of each sample was measured with HPLC-
UV-vis apparatus. The test condition is as follows:

Chromatographic column: Venusil XBP (C18) 5 um 150 A 4.6
X 250 mm.

Mobile phase: methanol (A) and pH = 6.8H,0 (B)

Injection volumes: 40 pL per injection.

Column temperature: 30 °C.

Pressure: 120 Pa.

Flow rate: 1.00 mL min~".

The calculation formula of solubility is as follows:

C = (m; x A)/(A; x 1000)

A, and A, are respectively refer to the area of test solution's
chromatographic peak and the area of reference solution's
chromatographic peak.

Molecular modeling®

The binding mode of the compound 14i and PLK4 was con-
ducted by structure based docking studies, which was carried
out by using AutoDock 4.0. The structure of the receptor was
taken from PDB (PDB ID: 4]JXF). The binding site of the inhib-
itor was chosen as active site, grid dimensions were 40 x 40 X
40 A%, which were defined by AutoDock tools.
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