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The TAIRE family of kinases are an understudied branch of the CDK kinase family, that have been implicated in a
number of cancers. This manuscript describes the design, synthesis and SAR of covalent CDK14 inhibitors,
culminating in identification of FMF-04-159-2, a potent, covalent CDK14 inhibitor with a TAIRE kinase biased

Introduction

CDK14 is a member of the understudied TAIRE subfamily of cyclin-
dependent kinases, named after the “TAIRE” sequence motif in their
cyclin binding site, and comprising of CDKs 14-18."> CDK14 over-
expression has been reported in numerous cancers including colorectal
cancer,” ovarian cancer® and gastric cancer.® However, selective tool
compounds to interrogate the pharmacological consequences of CDK14
inhibition were, until recently, unavailable.

We recently reported the identification and characterization of FMF-
04-159-2 (100), the first covalent CDK14 inhibitor with TAIRE-kinase
bias.” Off-target CDK2 activity was identified, and experimental con-
ditions to minimize CDK2 engagement and maximize CDK14 engage-
ment were reported.” Here we describe the structure activity relation-
ships of a series of 4-amino-1H-pyrazole analogs for CDK14 biochemical
and cellular potency, and measure their effects on HCT116 prolifera-
tion. We show cellular engagement of CDK14 by lead molecules, and
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demonstrate their covalent nature by MS/MS studies. This data is of
interest, as 4-amino-1H-pyrazole is a widely used kinase inhibitor
scaffold.® This SAR analysis aids development of further, improved
CDK14 inhibitors, and in addition, provides insight into how CDK14
activity can be removed from 4-amino-1H-pyrazole analogs targeted
towards other kinases.

In search of chemical leads for CDK14, we performed a CDK14
cellular engagement screen of a library of reported CDK inhibitors using
a biotin JNK-IN-7 pulldown assay.’ This identified the multi-targeted
CMCG kinase inhibitor AT7519 as an efficient CDK14 inhibitor at
1 uM."° This result was confirmed using a LanthaScreen CDK14 binding
assay (Table 1).

SiRNA mediated CDK14 knockdown does not cause significant
proliferation defects in the HCT116 cell line, unlike knockdown of other
CDK kinases."" A selective CDK14 inhibitor is consequently also ex-
pected to have mild to insignificant effects on HCT116 cell growth.
Therefore we used potency in a CellTiter-Glo (Promega) proliferation

Received 3 April 2019; Received in revised form 14 May 2019; Accepted 14 May 2019

Available online 23 May 2019
0960-894X/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/0960894X
https://www.elsevier.com/locate/bmcl
https://doi.org/10.1016/j.bmcl.2019.05.024
https://doi.org/10.1016/j.bmcl.2019.05.024
mailto:nathanael_gray@dfci.harvard.edu
https://doi.org/10.1016/j.bmcl.2019.05.024
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmcl.2019.05.024&domain=pdf

Bioorganic & Medicinal Chemistry Letters 29 (2019) 1985-1993

F.M. Ferguson, et al.

H
o~ N . 07N *
000°0T < 6V F €81 C%BINN °HD <Joﬁ @\ W 144 SS F 691 0001 < H 61 8€ F LSI 99 ¥ 8¥T AN °HD Q W 2l
M
: bl
24 N o
<\/% Z 07N
00LE ¥ 00S8 an H o Q W €T 20T F S6€ 0T ¥ 28 C3AN °HD 81 0T ¥ 6€ 121 ¥ 695 H Q W €1
24
Sy
° /N Bl
0€T ¥ 00ZF €5 F 80T NN °HD W 44 9 F LI 000T < H IZCJM L1 60€ F €501 Ob ¥ 80T FINN °HD VOYZQW 44
24
/UVJz: H
° 7N M/ 3 M
= 07 N -
I ¥ LIT 0001 < H W |44 Ty F IPEL 1Ty + LL6 TSN °HD Q\ 91 16 F 1¥E 09 ¥ 10% H VOYZQW A
24 2d
S N
o [t
TS€ F €TL €1 ¥ 88 C%AAN °HD g 0z 00T F LEL 20T F 6Lb H Q\ ST €€ F TEL 8T ¥ 861 - Iz% 61SLLY
(W) (AW (W) (W) (W)
(AW 9TTIDH %01 $TMAD%9D1 A 4 punoduo) 9TTLDH %01 $TMAD%9D1 - 4 punoduo) 9TTLDH %01 $1TMAD %901 d 4 punoduwo)

"IO1IS pIepue)s oY) F paiiodar are pue ‘saredr[dor 991) Jo o8eIoAR ) S PIIRINI[ED dIoM S0SHT "Aesse O[D-I9IIL[[2D & SUISN PaInseaur sem au[ [[99 9T L.LDH U3 IsureSe A1anoe

aaneIRyI[oxdnUy (gI0LI9 pIepuels 3y} + pajiodar are pue ‘sajedr[der 991y Jo 93eIoAR AU} SB PajR[NI[ed d1om $OSD] “Aesse SuIpulq USSIOSEYIULT B SUISN paImseat a19m 0D  IAD (V "6 TSLLY Jo s3ofeue 1y Sult o3urs

1 3lqeL

1986



F.M. Ferguson, et al.

cl
o)
H Cl Cl H
. N
N o \
\ > cl NL&
o}
HN O\ DCM, DIPEA, H o \
o 0°C-rt,1h cl

3

—_—

A
H
N,
a 9 LN
dL N NH
SnCl,, 2H,0
al o @ 2. 2M)
N EtOAc, MeOH,

‘5\50 80°C, 16 h
o]

DCM, DIPEA
0°C,2h

H
N,
a @ LN
d\ﬁ NH
6
cl OG - s

N THF, H,0, NaHCO, P

o

Bioorganic & Medicinal Chemistry Letters 29 (2019) 1985-1993

DMF, r.t.,, 16 h

0,0
N'S/
WSO
N H,N
o] \ 2
cl / 5 TFA
> N OH
N??,WGT r'j F Cl °© EDCI. HCI, HoBT, DIPEA,
4

actryloyl chloride

\S\\,,o 0°C,2h
HN__O
. K
T H
X N
W S
Ring 1
NHMe, o)
\ g
5° — ?
©/ [¢] rt,1h Ring 2
HN
HN__O o
N
N
N~
Br — 10 |

Scheme 1. Representative synthesis of 4-amino-1H-pyrazole analogs. See also supporting information.

assay as a first pass approximation of compound selectivity for CDK14
when prioritizing molecules for progress through further rounds of
characterization (Supporting Fig. 1). As previously reported, AT7519 is
a potent inhibitor of HCT116 cell proliferation, with an ICso of 132
nM.”

CDK14 contains a uniquely placed cysteine, C218, located at the
beginning of the aD helix, proximal to the ATP pocket.'” In order to
improve the potency and selectivity of AT7519 towards CDK14, we
sought to design a covalent inhibitor. Examination of the co-crystal
structure of CDK2 in complex with AT7519 (PDB: 2VU3) revealed that
the 4-aminopiperidine is oriented towards the oD helix in CDK2.'°
Assuming a conserved binding mode, this substituent (R) should pro-
vide a suitable vector for targeting CDK14 C218. Therefore, analogs
containing varied R' substituents incorporating acrylamide and (E)-4-
(dimethylamino)but-2-enamide warheads (R?) were synthesized ac-
cording to Scheme 1.

Initially, molecules containing a single saturated or unsaturated ring
were synthesized (Table 1, compounds 11-24). These analogs lost
significant potency relative to AT7519, potentially due to the loss of a
hydrogen bonding interaction with the piperidine NH seen in CDK2
(PDB:2VU3), which was not compensated for by covalent inhibition.

JNKS3 contains a cysteine in an equivalent region of the kinase to
CDK14. Examination of the structure of JNK3 in complex with JNK-IN-7
(PDB: 3V6S) indicated that a longer distance between the hinge binding
motif and the acrylamide is required in order to successfully form a
covalent bond.’ Therefore analogs were prepared containing two linked
cyclic aliphatic or aromatic rings decorated with acrylamide or (E)-4-
(dimethylamino)but-2-enamide warheads (Table 2, 25-70). Docking
studies into a CDK14 homology model built from the X-ray structure of
CDK12 (PDB: 4NST) predicted that a range of linked two ring systems,
with 1,4-regiochemistry in ring 1 and a 1,3-regiochemistry in ring 2
would best allow for C218 covalent engagement (Fig. 1).”'3

Molecules containing a piperidine linked to an aminobenzamide at
R! displayed reduced potency for CDK14 relative to AT7519 (Table 2,
25-32). 1,4 aminopiperidine regiochemistry at R! is strongly preferred,
with 1,3 aminopiperidine regiochemistry not well tolerated at this po-
sition (e.g. 27 vs 31). Preference for a 1,3 aminobenzamide re-
giochemistry of the second ring was observed with the most potent
analogs, 27 and 28, combining these two regiochemistries, in line with
computational docking results.

Replacing the aminobenzamide (28) with an aminobenzylamine
(36) dramatically increased potency against CDK14. Again, a strong
preference for a 1,4 aminopiperidine regiochemistry and a 1,3 amino-
benzylamine regiochemistry was observed (Table 2, 36 vs 34). The
most potent analogs, 35 and 36, inhibited CDK14 with ICsos below
1nM in the LanthaScreen biochemical assay. 36 was chosen for follow-
up studies due to its lower toxicity in the cell titer glo assay, relative to
35. Both compounds show increased toxicity relative to AT7519, in-
dicating off-target activity. Compounds containing an amino-
benzylsulfonamide followed similar trends to the aminobenzamide
series. Compound 36 is highly potent against CDK14, and also displays
increased toxicity against HCT116 cells (see Fig. 2).

Inspired by the acrylamide bearing substituent in JNK-IN-7, amide
linked biphenyls were introduced to R (Table 1 compounds 43-52).°
Although these compounds displayed reduced affinity, they also ex-
hibited the same regiochemical preferences. Interestingly in this series,
the E)-4-(dimethylamino)but-2-enamide warhead was preferred to the
acrylamide warhead. 46 was the most potent of this subseries against
CDK14, but also had increased toxicity relative to AT7519.

In an attempt to improve selectivity in a manner analogous to JNK-
IN-8, compounds were synthesized with ortho-methylation of the 1,4-
diaminoaniline in ring 1 (47, 48). Unfortunately, this methylation was
not tolerated by CDK14. Substitution of the ring 1 piperidine group for
a pyrrolidine resulted in compounds with a less favorable CDK14 :
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Fig. 1. Docking of compound 10 into a homology model of CDK14. View from
above.

HCT116 potency profile (e.g. 72 vs 35) with the exception of 68, which
was taken forward for validation. Removal of the linking atoms be-
tween rings 1 and 2 afforded 3(piperidine-1-yl)anilines 53-56. This
series maintained acceptable CDK14 potency and the dimethylamino-
substituted analogs 54 and 56 had low HCT116 toxicity. 56 was chosen
for follow up studies.

Finally, the propyl amide analogs of the most potent molecules were
synthesized to examine the effects of removal of the covalent warhead.
57 was ~ 10-fold less potent against CDK14 compared to 9 and 10, and
displayed similar toxicity against HCT116 cells to 10. Compound 75
was significantly less potent against both CDK14 and HCT116 cells than
35 and 36. This indicated that the covalent binding component im-
proved binding towards CDK14, but also towards off-targets that alter
cell proliferation.

To verify that the 6 lead compounds and two reversible control
compounds identified in Table 2 were able to engage CDK14 in cells we
performed a pull-down experiment. Cells were treated for 4h with
compounds at various doses, and then lysed and treated with biotiny-
lated JNK-IN-7,° followed by streptavidin coated beads. CDK14 capture
was assayed by western blot. (Table 3, SI Fig. 1). Of these compounds,
10 was able to potently block CDK14 pulldown at 50 nM, and 36, 46
and 27 also showed effects at 500-1000 nM concentrations (Supporting
Fig. 2). Compounds 56 and 68 were not active, or weakly active in the
cellular assay (Supporting Fig. 2). The reversible control molecules also
showed no activity in this assay, indicating a dependency on covalent
bond formation for activity in cells. Covalent bond formation by 10 and
36 was verified by incubating compounds with purified, recombinant
CDK14 followed by MS/MS analysis. Both compounds achieved com-
plete labeling of CDK14 when incubated for 3h atr.t., at a 10:1 M ratio
of compound to CDK14/Cyclin Y protein. Digest experiments followed
by MS analysis showed that C218 was exclusively labeled.

To evaluate the cellular targets of 10 and 36 more broadly, we
performed KiNativ profiling at 1uM compound concentration

Table 3
Cellular target engagement of lead compounds in biotin pull-down assay, es-
timated based on testing of three compound concentrations.

Compound IC5o CDK14 (nM) Compound ICso CDK14 (nM)
9 1000 46 1000

36 500 10 50

75 > 1000 57 > 1000

56 1000 68 > 1000

1990
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(Fig. 1)."*” This revealed that whilst both compounds were potent
against CDK14, they also inhibited a large number of other kinases.

As hinge binding is a common feature of Type I kinase inhibitors,
analogs of FMF-03-198-2 with altered hinge binding motifs predicted to
reduce hydrogen bonding interactions were synthesized, in an attempt
to increase the selectivity for CDK14 by reducing the reversible binding
affinity, but maintaining the ability to bind covalently (Table 4,
76-87).

Unfortunately, none of these analogs demonstrated potent inhibi-
tion in the CDK14 binding assay (Table 4). Therefore, the 2,6-di-
chlorobenzamide substituent (R®) was varied in an effort to improve
selectivity (Table 5). In the co-crystal structure of AT7519 in complex
with CDK2, the 2,6-benzamide group fills a small hydrophobic pocket,
and prior studies have demonstrated that CDK2 binding activity can be
tuned by altering it’s substituents, by introducing steric clashes with the
back pocket.'® Substitution of the 2,6-dichloro phenyl ring of 9 and 10
for a more polar 2,6-difluoro phenyl ring (88, 89) yielded a modest
reduction in toxicity and maintained potent CDK14 inhibition.

The bulkier 2-chloro, 6-methoxy substitution yielded a further re-
duction in toxicity, whilst maintaining potency for CDK14 (90, 91). The
reversible propyl amide 93 maintained comparable potency towards
CDK14 and comparable potency against HCT116 cells as 90, indicating
this effect was primarily driven by changes in the reversible binding
profile of the compounds. However, further increase in the bulk of the
6-substituent to an ethoxy group afforded a more toxic compound (92),
indicative of a narrow SAR window at the 6-position. 2,6-dimethoxy
substitution (96), 2,4,6-methoxy substitution (104) and 2,4,6-chloro
substitution (100) patterns resulted in reduced CDK14 potency, but also
dramatically reduced HCT116 toxicity.

Addition of a methoxy group to the 3-position of 10 to afford 97
didn’t significantly affect CDK14 binding or toxicity. Finally, the un-
substituted compound 107 exhibited potent CDK14 inhibition and re-
duced HCT116 toxicity. The active compounds from this series were
taken forward for cellular target engagement studies (Table 6,
Supporting Fig. 2). Of these, only 91 and 100 were able to completely
inhibit CDK14 pull-down at concentrations below 1 pM.

Compound 91 and 100 were both evaluated using the KiNativ
platform for cellular selectivity at concentrations of 1 pM and compared
to the profiles of 10 and 36. Compound 91 demonstrated a comparable
number of targets compared to 10 and 36, despite its reduced cyto-
toxicity. However, compound 100 showed a favorable profile, with a
dramatically reduced number of targets.

Of the 6 targets inhibited at > 75%, 4 were TAIRE kinases (CDK14,
CDK16, CDK17, CDK18). These kinases have been reported to display
functional redundancy, and thus the pan-TAIRE activity of 100 may aid
interrogation of the biology of these understudied kinases.'® The other
targets of 100 were CDK2 and CDK10. Despite binding to these off-
targets, 100 was demonstrated to engage CDK14 in cellular context
much more potently than CDK2, with an ICso of 39.6 nM for CDK14
compared to 256 nM for CDK2, as measured by the NanoBRET assay.”
This improved cellular potency for CDK14 over CDK2, and other off-
targets of compound 100 offered an improvement in the relative cel-
lular selectivity for CDK14 compared to AT7519. Future work is re-
quired to remove activity against these targets from CDK14 / TAIRE
kinase probes, therefore use of washout conditions is recommended
when using 100 to probe the pharmacological consequences of CDK14
inhibition.” Compound 100 represents a significant advance towards
developing chemical probes for the TAIRE kinase family, and is the first
targeted covalent CDK14 inhibitor.
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Table 6
Cellular target engagement of additional lead compounds in biotin pull-down
assay, estimated based on testing of three compound concentrations.

Compound IC5o CDK14 (nM) Compound 1Cso CDK14 (nM)
91 50 96 > 1000
100 500 104 > 1000
107 1000 101 > 1000
KiNativ profiling of lead compounds
9
8
[2]
o 7
<3
& 6
3 5
2
£ 4
g 3
2 H
1 H -
0
10 36 91 100
B>90% 1| B75-90%!1 O50-75% ! D0O35-50% I
c d No. of kinases inhibited Total CDK14
ompoun otal
5 >90% 1{75-90 % 1{50-75% 1{35-50 % | >90 % |
10 7 7 8 3 25 Y
36 8 5 3 7 23 Y
91 8 5 5 0 18 N
100 4 2 1 2 9 Y

Fig. 2. KiNativ profiling results of lead compounds at 1 uM compound con-
centration. % I, percent inhibition relative to DMSO only control.
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