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Abstract

To develop a novel series of CDK8/19 dual inhibitors, we employed structure-based drug design
using docking models based on a library compound, 4,5-dihydroimidazolo[3',4':3,4]benzol 1,2-d]isothiazole
16 bound to CDKS8. We designed various [5,6,5]-fused tricyclic scaffolds bearing a carboxamide group to
maintain predicted interactions with the backbone C=0 and NH of Alal00 in the CDKS8 kinase hinge
region. We found that 4,5-dihydrothieno[3',4"3,4]benzo[1,2-d]isothiazole derivative 29a showed
particularly potent enzymatic inhibitory activity in both CDK8/19 (CDKS8 ICsy: 0.76 nM, CDK19 ICs,: 1.7
nM). To improve the physicochemical properties and kinase selectivity of this compound, we introduced a
substituted 3-pyridyloxy group into the scaffold 8-position. The resulting optimized compound 52h showed
excellent in vitro potency (CDKS8 ICsy: 0.46 nM, CDK19 ICsy: 0.99 nM), physicochemical properties, and
kinase selectivity (only 5 kinases showed <35% unbound fraction at 300 nM. CDK19: 4.6%, CDKS: 8.3%,
HASPIN:23%, DYRKI1B: 27%, HIP1: 32%). Based on a docking model of 52h bound to CDKS, we could
explain the highly specific kinase activity profile found for this compound, based on the interaction of the
pyridyl group of 52h interacting with Met174 of the CDK8 DMG activation loop.

In vitro pharmacological evaluation of 52h revealed potent suppression of phosphorylated STAT1
in various cancer cells. The high oral bioavailability found for this compound enabled in vivo studies, in
which we demonstrated a mechanism-based in vivo PD effect as well as tumor growth suppression in an

RPMIg226 human hematopoietic and lymphoid xenograft model in mouse [T/C: —1% (2.5 mg/kg, qd)].
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1. Introduction

Cyclin-dependent kinases (CDKs)' are serine/threonine kinases that are regulated through their
interaction with a cyclin subunit. CDKSs are categorized based on their action through one of two different
biological mechanisms: CDKs that play an important role in cell cycle regulation by binding to multiple
cyclins, and CDKs that control transcriptional regulation by binding to a single cyclin. In mammals, the
CDK family is grouped into the cell cycle-related (CDK1, CDK2, CDK4/6, etc.) and transcriptional (CDK7,
CDKS, CDK9, CDKI12, CDK19, etc.) subfamilies. Although various pan-CDK inhibitors known to
function as cell-cycle regulators have demonstrated antitumor efficacy in clinical trials,” the antitumor
activity of some of these have been reported as also arising from their effects on transcriptional regulation
through the inhibition of CDK7 and CDK9, which are members of the transcriptional CDK subfarnily.3

CDKS8 has been reported to act as a transcriptional regulator,’ and has been found to be
overexpressed in colorectal cancer (CRC) and adenocarcinoma relative to adjacent normal tissue.”
Furthermore, CDK8 was identified as a major oncogenic driver for amplification at 13q12.13-12q12.2 in
CRC in two RNA interference-based loss-of-function screens.® Immunohistochemical analysis of the
CDK8 expression correlated with the tumor grade, stage and the local recurrence or metastasis in
extrauterine leiomyosarcoma,” and is associated with shorter relapse-free survival in breast cancer.®

CDKS plays various roles in different signaling pathways to modulate gene expression levels as a
part of the Mediator complex (CDK8, MED12, MED13, and cyclin-C),’ such as in the regulation of RNA

polymerase (RNAP) 1,"

activation at the nucleosome level by phosphorylation at Ser10 of histone H3,"

6a, 10c, 10f, 12

enhancement of B-catenin dependent gene expression by phosphorylation of E2F1, activation of

INFy-dependent gene expression by phosphorylation of STAT1," inhibition of Notchl-dependent gene

1% 15 and regulation of p27

expression by phosphorylation of ICN1," modulation of TGF-B signaling,

protein expression by Skp2-mediated p27 ubiquitination and degradation.'®
These biological effects of CDKS8 on context-related gene expression may be beneficial for

patients suffering from various types of tumors. * '’ Current pan-CDK inhibitors in clinical trials have

potential risks, such as narrow therapeutic windows due to their indiscriminate toxicity toward normal cells,



and complications in attempting to understand their mechanisms of action." > Therefore, a highly selective

inhibitor of CDKS8 could be a promising candidate for cancer therapy. Although CDK19'% 12> 1%

is closely
related to CDK8 in terms of structure and its association with C-type cyclins, its biological role is unclear.
Several classes of small molecules that modulate CDKS activity have been reported in the patent
literature (Figure 1). A quinazoline derivative, Senexin B (SNX2-1-165, 1),19 showed CDKS8 enzyme
inhibitory activity with an ICsy value of 24-50 nM in different assaywb, and displayed potent, selective
enzymatic inhibitory activity against CDK8 and CDK19 compared with other CDK family kinases.
Furthermore, Senexin B inhibited B-catenin activity in human colon HCT-116 cancer cells, and
demonstrated suppression of tumor growth in various types of in vivo model. Macrocyclic compound 2>
showed CDK8 binding activity with an ICsy value of 31 nM in LanthaScreen™ assay, and also regulated
transcriptional activity of B-catenin with an ECsy value of 337 nM in reporter assay with human colon
HCT-116 cancer cells. Benzimidazole 3*' inhibited CDKS enzyme activity by 96% at 1 pM in an
ADP-GLo™ assay, and demonstrated good kinase selectivity against the CDK family (CDKI1, 2, 5, 7, 9).
Furthermore, 3 showed cell growth inhibitory activity against various cancer cell lines, and demonstrated
tumor growth inhibition in NOD/SCID mice bearing a HCT116 tumor xenograft. Pyrazine 4* and pyridine
5%, based on similar scaffolds, demonstrated enzyme inhibitory activity against CDK8 bound to cyclin C
with ICsy values of 0.4 nM and 0.2 nM, respectively, in a LANCE® TR-FRET assay. Pyrrole 6>* showed
CDKS8 enzyme inhibitory activity with an ICsy value of 7.0 nM in a LANCE® TR-FRET assay, and
displayed anti-proliferative activity against human gastric AGS and colorectal HCT116 cancer cells in
vitro. Tricyclic compound 7% showed enzyme inhibitory activity for CDK8 with an ICs, value of 22 nM

against human lung carcinoma A549 live cells in a mass spectrometry assay using the KiNativ™ platform.
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Figure 1. Chemical structures of reported CDKS inhibitors from the patent literature.

Recently, new mechanistic insights into the potential of CDKS8 and CDK19 inhibition in cancer
therapy were revealed by the discovery of high-quality small molecule probes (Type I kinase inhibitors

shown in Figure 2).”° The natural product Cortistatin A (8)*’ selectively inhibited the kinase activity of the



CDK&8/CDK19 module in phosphorylation of the RNAP II C-terminal domain (CTD) with a CDKS8 ICs,
value of 12 nM in vitro, and also showed the complete selectivity against 387 kinases in cell lysate using
KiNativ.™ Furthermore, Cortistatin A afforded efficacy in a disseminated human AML model, and 71%
tumor volume reduction in an AML xenograft model using SET-2 cells by intraperitoneal injection. The
antiproliferative and cell lineage-specific activity of Cortistatin A was caused by the enhancement of
master cell fate-determining tumor-suppressor genes regulated by superenhancers.%a Identification. of
Mediator kinase substrates targeted by CDK8 and CDKI19 using Cortistatin A suggested effects’ on
pathways implicated in inflammation, growth, and metabolic 1regulation.28 In another report, an orally
bioavailable small molecule CCT251545 (9)*, which was discovered through cell-based WNT pathway
screening, was found to be a CDKS8 and CDK19 selective inhibitor with an ICs, value of 7.2 nM against
CDKS in Lanthascreen TR-FRET assay.” This compound was also found to show >100-fold selectivity

against 291 kinases in vitro.”®

Further optimization to improve metabolic stability lead to the identification
of CCT251921 (10)** %" as a good compromise between in vitro biochemical and pharmacokinetic
properties. CCT251921 showed strong affinity for CDK8 with an ICsg value of 2.3 nM in Lanthascreen
TR-FRET assay, and demonstrated potent inhibition of reporter-based readouts measuring basal WNT
pathway activity in human cancer cell lines LS174T (B-catenin mutant), SW480, Colo205 (APC mutant),
and PA-1 (human teratocarcinoma). On the other hand, scaffold hopping from the 3.4,5-trisubstituted
pyridine series lead to the identification of 4,6-disubstituted-isoquinoline derivative 11,”" which showed
strong binding affinity for CDK8 with an ICso value of 5.1 nM in Lanthascreen TR-FRET assay.
Furthermore, CCT251921 and compound 11 suppressed tumor growth in vivo in an APC-mutant SW620

human colorectal carcinoma xenograft'model.
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Figure 2. Chemical structures of reported CDKS inhibitors in the journal literature.



Three additional Type I CDK8 and CDK19 kinase inhibitors have also been recently reported.
Orally available 3-benzylindazole 12°* was discovered by optimization of compounds with HSP90 affinity
to yield potent and selective CDKS inhibitors. Compound 12 showed strong binding activity for CDKS8
with an ICsy value of 10 nM in Lanthascreen TR-FRET assay. MSC2530818 (13),33 which was identified
by the modification of an imidazothiazole compound, is also an orally available potent and selective CDK8
inhibitor with an ICsy value of 2.6 nM in Lanthascreen TR-FRET assay. Both compounds 12 and 13
demonstrated reduction of tumor growth rates in human SW620 colorectal carcinoma xenograft model.
Thieno[2,3-c]pyridine compound 14** was also discovered to be a Type I CDK8 and CDK19 inhibitor, with
strong affinity for CDKS indicated by an ICsy value of 1.5 nM in Lanthascreen TR-FRET assay. However,
CDKS dependent antiproliferative activity of compound 14 in HCT116 colon cancer cell lines was not
observed, despite the confirmation of STAT1 phosphorylation inhibition at Ser727. The modification of the
well-known kinase inhibitor Sorafenib also led to the identification of a highly potent and selective Type II
CDKS inhibitor 15, which showed high binding affinity in Lanthascreen TR-FRET assay (ICsy: 17.4 nM).
However, compound 15 did not significantly suppress phosphorylation of STAT1 at Ser727.

As stated above, CDKS inhibition is expected to be a promising approach for treating cancer,
however none of the compounds mentioned appear to have entered into clinical studies at this time.

The 4,5-dihydroimidazolo[3',4":3,4]benzo[ 1,2-d]isothiazole derivative 16 (Figure 3), bearing a
unique [5,6,5]-fused tricyclic scaffold, was originally identified in our laboratories as a potential
prophylactic or therapeutic drug for treating bone or articular diseases, possessing the ability to induce cell
differentiation in osteoblasts and chondrocyte precursor cells; later reports focused on the use of these
compounds to regulate muscle and fat cell differentiation.’® However, the target protein of this compound
remained unknown for several years. Recently, this compound was screened by affinity selection-mass
spectrometry (AS/MS) against a library of approximately 13,000 proteins, and found to bind specifically to
CDK19.” High throughput screening of an in-house compound library against CDKS8 confirmed that a
variety of 4,5-dihydroimidazolo[3',4":3,4]benzo[1,2-d]isothiazole derivatives, including 16, inhibit both
CDK8 and CDK19 (ICsp: 18 nM and 19 nM, respectively). These results prompted us to initiate a campaign
to discover novel, potent CDKS8/19 dual inhibitors for use in anticancer therapy.

A docking model (shown in Figure 3) was constructed of 16 bound to CDKS using the program
GOLD, version 5.2, and the reported co-crystal structure of CDK8 bound to a small molecule inhibitor
(PDB ID: 4F6W).*® An amide proton and the carbonyl group of the aminocarbonyl moiety at the
4,5-dihydroimidazolo[3',4":3,4]benzo[ 1,2-d]isothiazole 6-position were suggested to be involved in
interaction with the backbone C=0 and NH of Alal00 in the kinase hinge region of CDKS8. The nitrogen
atom at the N-2 position of this scaffold was implicated as being involved in a hydrogen bond with "NH; of
Lys52. Additionally, the methyl sulfide group at the 8-position of this scaffold was directed toward the
front pocket region, which consists of a large hydrophobic space. On the basis of these modeling studies, a
series of novel CDK8/19 dual inhibitors based on [5,6,5]-fused tricyclic scaffolds were designed (Figure 4).
An aryl group introduced into the 8-position of this scaffold was expected to occupy the hydrophobic front



pocket region to improve CDKS8 potency and kinase selectivity, while allowing for the modification of
ADME properties.

We report herein the synthesis and structure—active relationships (SARs) for a series of tricyclic
4,5-dihydrothieno[3',4":3,4]benzo[ 1,2-d]isothiazole compounds as novel CDKS8/19 dual inhibitors.” The
optimization of this series led to the identification of 52h, which showed the antitumor efficacy in a

RPMIg226 human hematopoietic and lymphoid xenograft model in mice.
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Figure 4. Design of CDKS8/19 inhibitors with alternative fused heterocyclic ring A and functionalized at

the scaffold 8-position.

2. Chemistry

The 8-methylsulfanyl-4,5-dihydro-1H-thieno[3.,4-g]Jisothiadizaole scaffold was synthesized from
commercially available 1,3-dioxolane-2,1'-cyclohexane-4-one 17 (Scheme 1). The isothiadizaole ring was

formed with SOCl, from N-carboxamide hydrazine imine 19, which was prepared from 17 and



hydrazinecarboxamide 18. Aldol reaction of 20 with carbon disulfide and the subsequent methylation with
Mel afforded the precursor 21 of the desired tricyclic scaffold. Thiophene ring formation was successfully
achieved by the treatment of 21 with ethyl 2-mercaptacetate under basic conditions. Transformation of
ethyl ester 22 to carboxamide 24 was conducted by hydrolysis with aqueous NaOH, followed by
condensation with NH4Cl and HATU.

Scheme 1. Synthesis of 4,5-dihydro-1H-thieno[3,4-g]isothiadiazole scaffold.

07 NH N-s
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© HaNN. a N b 7 c
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N-s  sMe N-s s-Me
N A N~
SMe 4(1. =
. S
O
R
21 O
e |: 22 R = OEt
23: R=0OH
f L~ 24'R=nH,

“Reagents and conditions: (a) NaOAc, MeOH, rt, 83%; (b) SOCl,, CH,Cl,, 0 °C, 10%; (c) CS,, K,COs,
DME, 0-5 °C, then Mel, 0-5 °C, 23%:in 2 steps; (d) HSCH,CO;Et, K,CO3, EtOH, reflux, 50%; (e¢) NaOH,
water/THF/EtOH, rt, 99%; (f) NH4Cl, HATU, DMF, rt, 86%.

The synthetic procedure for the preparation of the
8-methylsulfanyl-4,5-dihydro-1H-thieno[3,4-g]  isothiazole scaffold is shown in Scheme 2.
Vilsmeier—Haack reaction of commercially available 25 with PBr; and DMF gave formyl derivative 26 in
39% yields. Isothiazole ring formation of 26 with sodium thiocyanate afforded the desired tricyclic
derivative 27. Transformation of ethyl ester 27 to carboxamide 29a was conducted by hydrolysis with
aqueous NaOH, followed by condensation with aqueous ammonia via acid chloride formation with oxalyl
chloride. Dehydration of the carboxyl group of 29a with POCI; provided nitrile derivative 30.

N-Substituted carboxamide derivatives 29b—h were synthesized by two methods (Scheme 3). The
direct condensation of carboxylic acid 28 using HATU in the presence of NMM provided 29b-d, f in
36-76% yields. Stepwise amidation via acid chloride 31, obtained from 28 by treatment with SOCl,,
afforded 29e, g, h in 13-28% overall yield in two steps.

Scheme 2. Synthesis of 4,5-dihydro-1H-thieno[3,4-g]isothiazole scaffold.
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water/THF/EtOH, rt, quant.; (d) (COCl),, cat. DMF, THE then aq. NHj3, 98% in 2 steps; (e) POCI;,
imidazole, pyridine, 67%.

Scheme 3. Synthesis of various 8-methylsulfanyl-4,5-dihydro-1H-thieno[3,4-g]isothiazole derivatives

functionalized at the N-carboxamide moiety.
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“Reagents and conditions: (a) HNRIRZ, NMM, HATU, DME, rt, 36-76%; (b) SOCl,, toluene, rt, 67%: (c)
HNR'R?, LIHMDS, THF, 20 °C, 19-42%.

The synthesis® of various 8-substituted-4,5-dihydro-1H-thieno[3,4-g]isothiazole derivatives is
shown in Scheme 4. Sulfoxide 32 and sulfone 33 were synthesized separately by oxidation of sulfide 29a
with the appropriate number of equivalents of mCPBA. For preparation of the final
8-aryloxy-4,5-dihydro-1H-thieno[ 3,4-g]isothiazole derivatives, SNAr reaction of sulfone 33 with phenol in
the presence of Cs,CO; afforded desired product 34b in only 10% yield. On the other hand, it was
previously reported that the S~Ar reaction of bicyclic
4.5.6,7-tetrahydro-3-methylsulfonyl-4-oxobenzo[ c]thiophene derivative 35 successfully provided aryl ether

. 36ab
derivatives.”**-

In fact, nucleophilic addition was successfully employed to prepare 34b by treatment of 35
with phenol in the presence of K,CO; in 88% yield. The reason for this substantial improvement in yield is
likely due to the improved electrophilicity of the bicyclic
4,5,6,7-tetrahydro-3-methylsulfonyl-4-oxobenzo[c]thiophene intermediate relative to the tricyclic
4,5-dihydro-1H-thieno[3,4-g]isothiazole intermediate. These findings led us to the facile preparation of a
wide variety of 8-aryloxy-4,5-dihydro-1H-thieno[3,4-g]isothiazole derivatives 34a—i. Introduction of the

isothiazole ring into 36a—h, followed by transformation of the ethyl ester group to a carboxamide group



was accomplished using the same method shown in Scheme 2 to afford derivatives 34a—h. Oxidation of

34e with mCPBA gave N-oxypyridine analog 34i in good yield.

Scheme 4. Synthesis of various 8-substituted-4,5-dihydro-1H-thieno[3,4-g]isothiazole derivatives.
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“Reagents and conditions: (a) mCPBA, DMF, rt, 55% for 32, 49% for 33; (b) phenol, Cs,CO3;, NMP,
140 °C, 10%; (c) aryl alcohol, K,CO;, toluene/EtOAc, 80 °C, 16-95%; (d) PBr;, DMF, CH,Cl, or CH;CN
or DME, 80 °C; (e) ammonium thioacetate, acetone or CH3CN, 55 °C, 17-79% in 2 steps; (f) KOTMS,
THE rt; or aq. NaOH, THF/EtOH (or MeOH), rt, 70-97%; (g) NH,OH, HOBt, WSC-HCI, DMF, rt; or
(COCl),, DME, THF, rt, then NH,OH, 0 °C, 17-79%; (h) mCPBA, DME rt, 72%.

The synthesis of various 8-(pyridin-2-yloxy)-4,5-dihydro-1H-thieno[3,4-g]isothiazole derivatives
was accomplished by Pd-catalyzed coupling as the key reaction (Scheme 5). Bromo analogs 44, 45 and 47
as key intermediates were synthesized in a similar manner to that shown in Scheme 4. A carbon
monoxide-free, Pd-catalyzed Heck aminocarbonylation4() reaction of 47 employing the Herrmann-Beller
palladacycle catalyst in conjunction with Mo(CO)s as a solid CO source in the presence of DBU™
successfully provided a variety of N-substituted-6-carboxamide-3-oxy-pyridine derivatives 52e—f. The
Pd-catalyzed Heck (:alrbonylation42 of 47 with Pd(OAc), and dppf catalyst in the presence of MeOH under
CO atmosphere gave methyl ester intermediate 521 in 64% yield. The transformation of methyl ester 521 to
primary amide 52d was conducted by hydrolysis with aqueous NaOH, followed by the condensation with
HOBt-NH; and WSC.

Scheme 5. The synthesis of substituted 8-(pyridin-2-yloxy)-4,5-dihydro-1H-thieno[3,4-g]isothiazole

derivatives.
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“Reagents and conditions: (a) aryl alcohol, K,COs, toluene/EtOAc, 80 °C, 68%:; (b) PBr;, DMEF, 80 °C,
83%; (c) ammonium thioacetate, acetone, 55-60 °C, 85%; (d) aqueous NaOH, THF/EtOH, rt, 55—-100%:;
() NH,OH and HOBt or HOBt-NH;, WSC-HCIl, DMF, rt, 47-100%;
palladacycle catalyst, Mo(CO)s, DBU, THE, 125 °C, microwave, 36-75%; (g) MeOH, Pd(OAc),, dppf,
NEt;, DME 70 °C, CO;, atmosphere, 3 atm, 64%; (h) amine, (PPhs),PdCl,, NEt;, DMA, 80 °C, CO,
atmosphere, 1 atm, 68—75%; (i) diphenylmethanimine, Pd,(dba);, t-BuXPhos, NaOtBu, toluene, 60 °C,
47%; (j) N-methylcyclopropylamide, Pd,(dba);, XPhos, toluene, 80 °C, 20%; (k) AcCl, DMA, 1t, 33%.

(f) amine, Herrmann-Beller

Other N-substituted-6-carboxamide-3-oxy-pyridine derivatives 52a, 52h, 52i, and 53h were

synthesized using an alternative route. The Pd-catalyzed Heck aminocarbonylation of 44 or 45 with



(PPh;),PdCl, catalyst in the presence of Et;N under CO atmosphere successfully provided various
N-substituted-6-carboxamide-3-oxy-pyridine derivatives 48h—i, 49h. Transformation of the ethyl ester
moiety of 48h—i, 49h to a carboxamide group by an analogous method to that shown in Scheme 3 afforded
the desired compounds 52h-i and 53h. N-Substituted-6-amino-3-oxy-pyridine derivatives 52a—c were
synthesized using ethyl ester intermediate 44. The Pd-Catalyzed Buchwald—Hartwig amination*** of 44
and diphenylmethanimine with Pd,(dba); and t-BuXPhos afforded 48j in 47% yield. Hydrolysis of 48j with
aqueous NaOH achieved double hydrolysis of both the ethyl ester and the imine group to afford
6-amino-3-oxy-pyridine compound 50a. Transformation of the carboxylic acid group of 50a to a
carboxamide group in a manner similar to Scheme 3 provided 52a, which was in turn acetylated to provide
6-acetylamino-3-oxy-pyridine derivative 52¢. On the other hand, conducting the analogous Pd-Catalyzed
Buchwald-Hartwig amidation™** of 44 with N-methylcyclopropylamide with Pdy(dba)s and t-BuXPhos
afforded 48k in low yield (20%). Subsequent transformation of the ethyl ester moiety of 48k to a
carboxamide in a similar manner to that described above afforded <50k. The hydrolysis of

N-methy-N-cyclopropylamide group (50k) afforded 6-methylamino-3-oxy-pyridine derivative 52b.
3. Results and discussion
3.1. In vitro biological evaluation

To discover novel, potent CDK8/19 dual inhibitors, novel [5,6,5]-fused tricyclic derivatives
were evaluated in a ligand displacement assay against CDK8 and CDK19 kinases. In-cell western assay
was used to assess the phosphorylation level of a direct downstream substrate of CDKS8, STAT1 (pSTAT1),
in SW480 cells.

Biological activity data for several [5,6,5]-fused tricyclic derivatives with different
heterocycles in the A-ring position are shown in Table 1. Initial lead compound 16 showed good potency
against CDK8 and CDKI19, with ICsy values of 18 and 19 nM, respectively. The docking model of
compound 16 bound to CDKS8 suggested that a nitrogen atom at the N-2 position of the tricyclic scaffold
forms a hydrogen bond with "NH; of Lys52. Therefore, we examined the SAR for the introduction of other
5-membered heterocyclic rings in place of the A-ring with library compounds 16, 54, 55, and 56.
Changing placement of the methyl group from the N-1 position (16) to the N-2 position (54), and removal
of the methyl group (55) dramatically decreased binding potency. On the other hand, isoxazole compound
56 _showed slightly decreased binding potency compared with imidazole 16. These results are consistent
with those of our modeling studies, suggesting that the lone pair of electrons at the N-2 nitrogen, along with
hydrophobic interactions, are important for binding activity. As examples of more hydrophobic
5-membered heterocyclic rings with an electron lone pair at the N-2 position, isoxazole isothiazole
compound 29a was designed and evaluated. Isothiazole is a more hydrophobic heterocyclic ring than either
imidazole or isoxazole. In fact, isothiazole compound 29a showed dramatically increased binding activity
against CDK8/19 with ICsy values of 0.65 and 1.3 nM, respectively. The introduction of an additional

nitrogen atom at the 4-position, resulting in thiadiazole derivative 24, resulted in somewhat diminished



potency along with increased hydrophilicities. Generally good correlation was found for this series of
compounds between the CDKS cell free binding activity and cellular activity, measured in terms of STAT1
phosphorylation. Thus, compound 29a demonstrated high inhibitory activity in cell with an ICsy of 8.9
nM. Thus, we chose to focus on the 4,5-dihydrothieno[3',4":3,4]benzol 1,2-d]isothiazole scaffold for further
efforts in the discovery of CDK8/19 dual inhibitors.

Table 1. Structure—activity relationships at the A-ring.
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“n = 2. Values in parentheses indicate 95% confidence interval. "Concentration producing 50% inhibition
(EC50) values against CDKS substrate STAT1 phosphorylation in SW480 cultured human colon cancer cell

lines.

Next, we investigated the effect of introducing R groups with the potential to interact with the

backbone C=0 and NH of Alal00 in the kinase hinge region of CDKS; the results are summarized in Table



2. Initially, various alternative functional groups with hydrogen acceptor functionality were examined as
potential replacements for the carboxamide moiety (29a), such as a carboxyl group (28) or nitrile (30).
However, both modifications resulted in decreasing binding activity. Based on these results, we focused on
N-substituted carboxamide derivatives. Compounds with increasing substitution at this position, such as
N-methyl (29b), N,N-dimethyl (29c¢), N-phenyl (29d), showed diminished potency. Because the
introduction of R groups at this position would place them in proximity to the hinge region, according to
our CDK8 model, bulky groups might be expected to be unfavorable for binding affinity. On the other hand,
the introduction of a 2-pyridyl group (29e) as the N-substituent showed weak binding activity. According to
our modeling studies, the nitrogen atom of the 2-pyridyl ring might be able to interact with Alg365 in the
kinase hinge region. Replacement of the 2-pyridyl ring with smaller 5-membered heteroaryl rings, such
N-methylimidazole (29f) or isoxazole (29g), resulted in a dramatic recovery of enzymatic potency. On the
other hand, isothiazole derivative 29h showed decreased binding activity, Thus, our designs aimed at
increasing interaction with Alg365 in the kinase hinge region led us to discover compound 29g, possessing
an N-3-oxazolo-aminocarbonyl group as a novel hinge binding moiety, with ICs, values of 12 nM and 15
nM against CDK8 and CDK19, respectively. However, compound 29g still showed lower potency than lead

compound 29a bearing an unsubstituted carboxamide group.

Table 2. Structure—activity relationships around the carboxamide group
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n = 2. Values in parentheses indicate the 95% confidence interval. "Concentration producing 50%

inhibition (EC50) values for STAT1 phosphorylation in SW480 cultured human colon cancer cells.

Because 29a showed sufficient in vitro potency to act as a CDK8/19 dual kinase inhibitor, the

ADME properties of this compound were evaluated. Compound 29a showed poor metabolic stability in



human liver microsomes, with a metabolic clearance value of 137 pul/min/mg (Table 3). To improve the
metabolic stability of this series, we focused on reducing overall molecular lipophilicity to reduce
compound recognition by metabolizing enzymes.45 Oxidized sulfide analogs such as methyl sulfoxide (32)
or methyl sulfone (33) derivatives, with lower cLogP values than methyl sulfide compound 29a, were
synthesized and tested. These compounds showed excellent metabolic stability, but also exhibited reduced
in vitro potency. Replacement of the methylthio moiety of 29a with a methoxy group (34a) resulted in.an
acceptable lipohilicity profile, with a cLogP value of 1.89, and recovered in vitro potency. However, the
metabolic stability of 34a could not be measured due to analytical issues. On the other hand, the results of
our modeling studies suggested that there should be sufficient space in the hydrophobic front pocket region
around the 8-position of 4,5-dihydrothieno[3',4":3,4]benzo[ 1,2-d]isothiazole scaffold to introduce a bulkier
functional groups than methoxy. Therefore, we designed phenoxy derivative 34b, which demonstrated
comparable enzymatic potency to compound 29a, albeit with decreased metabolic stability likely due to a
high ClogP value of 3.88. Furthermore, 34b demonstrated the most potent cellular activity among these
derivatives, with an ECsy value of 0.77 nM. These results indicated that the introduction of a lipophilic
front pocket moiety could be effectively employed to increase CDKS8 inhibitory activity in cells. To further
explore this possibility, we introduced pyridyloxy groups such as 2-pyridyloxy (34c¢) or 3-pyridyloxy (34d)
(the corresponding 4-pyridyloxy derivative could not be obtained by the same SyAr reaction shown in
Scheme 5). Both compounds exhibited increased metabolic stability, along with a reduction in cLogP
compared with 34b. In particular, 3-pyridyloxy derivative (34d) exhibited potent enzymatic activity against
CDKS and CDK19 with ICs, values of 1.5 and 2.7 nM, respectively, and cellular activity with an ICs, value
of 3.0 nM. Next, we explored the possibility of introducing functional groups into the pyridyl ring of
3-pyridyloxy derivative 34d; initially, we examined the introduction of a methyl group into each position.
Among the four methyl derivatives (34e-h) thus prepared, the 3-(2-methyl-pyridyloxy) (34e) and
3-(6-methyl-pyridyloxy) (34f) derivatives showed slightly increased enzymatic potency. Transformation to
N-oxy-pyridyloxy derivative 34i showed excellent metabolic stability with a significant reduction in cLogP
to 1.00, but exhibited reduced potency. Based on these results, we focused further optimization efforts for
3-pyridyloxy derivatives on substitutions at the 2- or 6-positions, with a goal of delicately tuning the

lipophilic properties of this series to obtain an appropriate balance of potency and metabolic stability.

Table 3. Structure—activity relationships at the 8-position of 4,5-dihydrothieno[3',4":3,4]benzo[ 1,2-d]

isothiazole derivatives
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n = 2. Values in parentheses indicate the 95% confidence interval. "Concentration producing 50%
inhibition (EC50) values for STAT1 phosphorylation in SW480 cultured human colon cancer cells.
“Metabolic clearance measured using human liver microsomes and NADPH. dcbogP was calculated by

Daylight Software. °Not determined.



Further substituted 3-pyridyloxy derivatives (52a—i, 53h) were prepared and evaluated, as shown
in Table 4. Initially, we examined 3-pyridyloxy derivatives including mono-substitution at the pyridine
6-position, which were more easily synthesized than modifications at the 2-position. To improve metabolic
stability, replacements of methyl with more hydrophilic functional groups were examined. The
3-(6-amino-pyridyloxy) derivative 52a showed significantly improved human metabolic stability (30
pL/min/mg), while maintaining in vitro potency. However, compound 52a showed poor solubility. in
aqueous solutions under neutral conditions (pH 6.8), with a solubility value of 4.5 pg/mL. The introduction
of the further functional groups into the amino moiety of 52a, such as methyl group (52b) or acetyl group
(52¢), decreased metabolic stability. On the other hand, preparation of aminocarbonyl compound 52d
significantly reduced the molecular lipophilicity (cLogP: 1.88) and improved metabolic stability, while
maintaining in vitro enzymatic potency and cellular activity. However, compound 52d also showed poor
aqueous solubility. Based on these results, we examined the possibility of extending the functional group
with more flexible substituents to improve aqueous solubility while maintaining good metabolic stability.
To confirm our hypothesis, we prepared N-methylaminocarbonyl derivative 52e and
N,N-dimethylaminocarbonyl derivative 52f. Monomethyl derivative 52e showed improved aqueous
solubility with high in vitro potency and good metabolic stability; dimethyl derivative 52f demonstrated
dramatically improved aqueous solubility with good metabolic stability, but showed slightly reduced in
vitro potency. These results led us to continue studies of N-methylaminocarbonyl derivatives. Among a
variety of compounds prepared by parallel synthesis, we found that N-(2-methoxyethyl)-aminocarbonyl
derivative 52h showed excellent metabolic stability and aqueous solubility. Furthermore, 52h maintained
enzyme inhibitory activity against CDK8 and CDK19 (ICso: 0.46 nM and 0.99 nM, respectively), and
demonstrated enhanced cellular potency relative to 34f with an ECsy value of 1.3 nM. The introduction of
an additional methyl group into the pyridyl 2-position (53h) or a methoxyethyl moiety into the amide
functionality (52i) dramatically reduced metabolic stability likely due to high cLogP values, as well as
aqueous solubility. Therefore, we selected 52h as a promising compound with sufficient in vitro potency

and physicochemical properties for further in-depth evaluation.

Table 4. Structure—activity relationships of 3-pyridyloxy derivatives.
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n = 2. Values in parentheses indicate the 95% confidence interval. "Concentration producing 50%
inhibition (EC50) values for STAT1 phosphorylation in SW480 cultured human colon cancer cells.
“Metabolic clearance measured using human liver microsomes and NADPH. dcbogP was calculated by
Daylight Software. 10 mmol/L solution of the compound in DMSO was evaluated using JP2 buffer (pH

6.8), as described in the Japanese Pharmacopoeia. ‘“Not determined.
3.2. Kinase inhibitory profiles of 29a and 52h.

The in vitro kinase inhibitory activity of 29a and 52h was assessed against a panel of 27 kinases.
A listing of ICsy, values for those kinases that were inhibited more than 50% at 1.0 pM compound
concentration by at least one of the compounds tested is shown in Table 5. Methyl sulfide compound 29a
showed multiple kinase inhibitory activities. On the other hand, pyridyl ether compound 52h exhibited

dramatically more selective kinase activity, and enzyme inhibitory activity against only CDK family



kinases (ICsy values of 0.99 nM for CDK19, 62% inhibition at 1 pM for CDK2, 270 nM for CDKO9).
Furthermore, the inhibitory activity of 52h against CDK2 was significantly less potent than that against
CDKS8. The origin of such high selectivity is suggested in a general sense by the data shown Table 6, which
outlines variations in amino acid residues found across the kinase family in the DXG loop and gatekeeper
regions. CDKS8 and CDKI19 are somewhat rare examples, among CDK family proteins as well as the
general kinase family, of kinases that possess a Met residue in the DXG activation loop and a Phe residue
as the gatekeeper. In our comparison of kinase selectivity for 29a and 52h, the kinases that show a dramatic
reduction of inhibitory activity for 52h (GSK3p, PLK1, ASKI, CK13, PKA, ROCKI1, PKC8, CDC7) are all
kinases that differ from CDKS8/19 in the amino acid residues found in the DXG motif and gatekeeper.
CDK?2 and CDKO9 do each possess a Phe gatekeeper residue, but differ from CDK8/19in the DXG loop (X
= Phe), which could explain some residual but diminished inhibitory activity for these kinases. A docking
study of 52h bound to CDKS suggested that the tricyclic scaffold interacts with the Phe gatekeeper, with
the pyridyl ether moiety locates near the Met residue in the DMG motif of CDKS8 kinase (Figure 5). Based
on these results, we reason that the scaffold itself, combined with the introduction of the pyridyl ether
sidechain result in the high kinase specificity found for 52h with respect to the CDKS8 and CDKI19 kinases.

Compound 52h was further tested against a panel of 456 kinases in a panel binding assay
(KINOMEscanTM from DiscoveRx C01rp.)46 to determine its selectivity (Figure 6.(a)). At a concentration
of 300 nM, the percent of unbound compound 52h was 8.3% for CDKS8 and 4.6% for CDK19, with
HASPIN (23%), DYRKIB (27%), and HIP1 (32%) being the kinases with the next highest binding affinity.
Only 10 kinases showed <50% unbound fraction at 300 nM (YSK4: 41%, EPHA3: 43%, DYRKI1A: 47%,
HIPK2: 48%, IRK1: 49%), and full K curves were measured for seven of these (Figure 6.(b)).

Table 5. Kinase selectivity of 29a and 52h.”



Yoinhibition at 1 pv

Kinase®
20, 52h

CDKS 79 105

(ICsp = 0.65 nM) (ICs0 = 0.46 nM)
CDK19 o7 100

(IC55 =17 nM) (ICs5 =099 o\
CDK2 95 62
CDK9 103 83

(ICs = 4.0 nM) (ICs = 270 nM)
GSK3p 64 31
PLK1 62 4
ASK1 60 0
CK15 04 28
PKA 62 1
ROCK1 81 7
PKC6 77 >
CDC7 91 33

“No significant inhibition observed at concentrations <1 pM for the following kinases: AKT1 (v-akt murine
thymoma viral oncogene homolog 1), Aurora B (aurora kinase A), MEK1 (mitogen-activated protein kinase
kinase 1), MAPKAPK?2 (mitogen-activated protein kinase-activated protein kinase 2), CHK1 (checkpoint
kinase 1); EGFR (epidermal growth factor receptor), VEGFR2 (vascular endothelial growth factor receptor
2), cMET (met proto-oncogene), EPHAS (ephrin type-A receptor 5 precursor), JAK1 (janus kinases 1),
FAK (focal adhesion kinase), SRC (v-src sarcoma), IRK (insulin receptor kinase), PI3Ka (phosphoinositide
3-kinase o), ERK1 (extracellular signal-regulated kinase 1), p38a (mitogen-activated protein kinase 14),
TrkA (neurotrophic tyrosine kinase, receptor, type 1). 'fn=2, ‘GSK3p (glycogen synthase kinase 3f), PLK1
(polo-like kinase 1), ASK1 (Apoptosis signal-regulating kinase 1), CK16 (casein kinase 18), PKA (protein
kinases-A), ROCKI1 (rho-associated protein kinase 1), PKCO (protein kinase C8), CDC7 (cell division
cycle 7).

Table 6. Analysis of amino acid residues found in DXG motif and gatekeeper for kinase family proteins.



Kinase DXG motif Gatekeeper
DMG (3) Phe (74)

(reported 493 of 497 human kinases) (reported 482 of 497 human kinases)
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GSK3p. PLK1 Phe Len

ASK1, CK18. PKA,

ROCK]1., PKCB, CDC7 Phe Met
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DMG mofif -

a

Figure 5. Docking model of 52h bound to CDKS.
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Figure 6. (a) Selectivity profile of 52h at 300 nM against 456 kinases (evaluated by KINOMEscan™
profiling). Percent relative to control (unbound fraction) for each kinase is depicted by the size of the red
circle. (b) K, values for kinases with most potent binding affinity shown. DYRKIB (Dual specificity
tyrosine-phosphorylation-regulated kinase 1A), DYRKIB (Dual specificity
tyrosine-phosphorylation-regulated kinase 1B), EPHA3 (ephrin type-A receptor 3), HASPIN (GSG2: germ
cell assiciated 2), HIPKI (Homeodomain-interacting protein kinase 1), IRKI1 (Interleukin-1
receptor-associated kinase 1), YSK4 (Sps1/Ste20-related kinase homolog).

3.3. In vitro pharmacology of 52h.

To evaluate the anti-proliferative activity of 52h against cancer cells, we measured inhibitory
activity against phosphorylation of STATI, a direct substrate of CDKS, as well as cell growth inhibitory
activity in vitro (Table 7). In several types of colon, multiple myeloma, acute myelogenous leukemia
(AML), lung cancer cells, 52h suppressed phospho-STAT]1 levels. 52h also demonstrated anti-proliferative
activities-among these cell lines with Glsy of 0.43-2.5 nM, with the exception of the SW480 cell line. Glsg
was not determined in SW480 cells because 52h did not suppress SW480 cell growth to a level below 50%.
Based on these and other results, we have found that phospho-STAT1 is an appropriate target engagement
marker, which is suppressed by 52h in all of cell lines, but does not always reflect sensitivity of cell growth
in the cell lines. A sensitivity prediction marker for cell growth inhibition is under investigation and will be

published in the near future.

Table 7. STAT1 suppression effect by 1 day treatment of 52h (Western blotting: WB) and its

anti-proliferative activity (Glsp) in various cancer cell lines.



Cell line Organ WB: Phospho-STAT1 Cell Proliferation?
0 3 30 (nM) Glsg (nM)

pS727-STAT1 | wew= s

SW480 Colon STAT] | == s s

B-actine | e s w—

pS727-STAT1 | === e

RPMI8226 Multiple Myeloma STAT1 | == e w— 2.5(1.9-4.5)

pS727-STAT1 | s

Calu-1 Lung 0.43 (0.067-2.8)

B-actine | e -

“Cell proliferation determined by ATP content (SW480, RPMI8226 and MV-4-11) or nuclear count
(Calu-1).

3.4. In vivo pharmacology of 52h.

Given its promising in vitro biological activity, a preliminary pharmacokinetic study of 52h was
conducted using cassette dosing in ICR mice. As shown in Table 8, compound 52h displayed good
pharmacokinetic properties, with an oral bioavailability of 98.5% and an in vivo half-life of 2.1 h. With
sufficient oral bioavailability confirmed, we then proceeded to examine the in vivo antitumor efficacy of
52hin a mouse xenograft model bearing RPMI&226 cells, which was one of the most sensitive cell lines in
vitro (Table 8).

The antitumor efficacy and body weight loss of 52h observed after oral administration of 1.25
mg/kg twice daily or 2.5 mg/kg once daily in an RPMI8226 human hematopoietic and lymphoid xenograft
model in mice is shown Figure 7 (a). Compound 52h showed tumor growth suppression with T/C of 27%,
without severe body weight loss, two weeks after administration at a dose of 1.25 mg/kg. Furthermore, we
observed tumor stasis with T/C of 1% two weeks after administration at a dose of 2.5 mg/kg for 52h,
accompanied by moderate body weight loss. We measured STAT1 phosphorylation levels in mouse blood
as a PD maker, sampling 2 h and 8 h after the last administration (day 14) (Figure 7 (b)). Compound 52h

demonstrated decreased STAT1 phosphorylation levels at each time point for both doses. Based on these



results, we concluded that the tumor suppression observed for 52h was caused by the inhibition of
CDKa&/19 activity.

Most tolerable dose (MTD) of compound 52h is 2.5 mg/kg in SCID mouse model. We conducted
the efficacy study at MTD and a half of MTD to evaluate the margin between efficacy and tolerability. The

result suggests that 52h effectively suppresses tumor growth with more than two-fold safety margin in

mice.

Table 8. Pharmacokinetic parameters for 52h in ICR mice.”

Dose Route CLigta Ve MRT AUC_pap C nax DO F
(mglkg) (mL b kg (mL/kg) (h) (1 g h'mL) (1 g himL) (Vo)

0.1mg iv. 1109 £ 69 2135+ 107 193+£006 904+55

1mg p.o. 206023 8909+1776 3624+858 985+205

“Data are expressed as the mean = SD (n = 3)
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Figure 7. (a) Mean (n = 6) tumor volumes and body weights in nude mice bearing RPMI8226 human
hematopoietic and lymphoid xenograft tumors dosed with 52h or vehicle. P < 0.05 vs control at day 14
(Dunnett's t-test). (b) Mean (n = 6) phosphorylated STAT1 levels in nude mice bearing RPMI8226 human
hematopoietic and lymphoid xenograft tumors 2 h and 8 h after the last administration (day 14) with a dose

of 1.25 mg/kg, b.i.d., po or 2.5 mg/kg, q.d., po of 52h.
4. Conclusion

We designed and developed CDKS8/19 dual inhibitors bearing a  novel
4,5-dihydrothieno[3',4":3,4]benzo[ 1,2-d]isothiazole scaffold utilizing structure-based drug design
techniques based on docking models of our lead compound,
4,5-dihydroimidazolo[3',4":3,4]benzo[ 1,2-d]isothiazole 16 bound to CDKS8. To improve physicochemical
properties and kinase selectivity, we introduced a substituted 3-pyridyloxy group into the 8-position of the
scaffold in the front pocket region. The resulting optimized compound 52h showed excellent in vitro
potency, physicochemical properties, and kinase selectivity. Based on our docking model of 52h bound to
CDKS8, we could explain the highly specific kinase activity profile found for this compound, based on the
interaction of the pyridyl ether sidechain of 52h interacting with Met174 of the DMG activation loop of
CDKS8.

In vitro pharmacological evaluation of 52h revealed potent suppression of phosphorylated STAT1
in various cancer cells. The high oral bioavailability found for this compound enabled in vivo studies, in

which we demonstrated a mechanism-based in vivo PD effect as well as tumor growth suppression in an



RPMIg8226 human hematopoietic and lymphoid xenograft model in mice. These results suggested that
inhibition of CDK8/19 may provide strong antitumor efficacy and that 52h is a promising candidate for the
treatment of various human cancers. Further pharmacological evaluation of this compound and of

CDKa&/19 inhibition is in progress and will be reported in due course.
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