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Cortistatin A JH-VIII-49 (19) JH-XI-10-02 (29)
CDK8 Enzyme |Csp (nM) 15 16
Synthetic Steps 16 - 30 8 Shows significant degradation of CDK8
Overall Yield (%) 0.012-2 33 in Jurkat cells after treatment for 24 hr
Ambit S-Score (35) at 10 yM  0.045 0.03

ABSTRACT: Cortistatin A is a natural product isolated from the marine sponge Corticium simplex and was found to be a
potent and selective inhibitor of CDK8. Many synthetic groups have reported total syntheses of Cortistatin A; however, these
syntheses require between 16 and 30 steps and report between 0.012—2% overall yields, which is not amenable to large-scale
production. Owing to similarities between the complex core of Cortistatin A and the simple steroid core, we initiated a campaign
to design simple, more easily prepared CDKS8 inhibitors based on a steroid scaffold that would be more convenient for large-scale
synthesis. Herein, we report the discovery and optimization of JH-VIII-49, a potent and selective inhibitor of CDKS8 with a simple
steroid core that has an eight-step synthesis with a 33% overall yield, making it suitable for large-scale preparation. Usm% th1s
scaffold, we then developed a bivalent small molecule degrader, JH-XI-10-02, that can recruit the E3 ligase CRL4CrPn
promote the ubiquitination and proteosomal degradation of CDKS.
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CDKS8 is a cyclin-dependent kinase that forms part of the
mediator complex, a multiprotein assembly comprising up to 30
subunits that regulates gene transcription in multiple contexts
including stem cell function, immune response, inflammation,
cell adhesion, epithelial to mesenchymal transition, and develop-
ment.' > Multiple substrates of CDK8 have been identified,”
including histone H3,” RNA polymerase IT (RNAPII) C-terminal
domain (CTD),%” subunits of general transcription factors
(GTFs),”” and certain transactivators.'~'* CDK8 plays
important roles in oncogenlc signaling pathways, 1nclud1ng the
Wnt-f-catenin pathway,'® the TGE-f signaling pathway,'® the
p53 pathway,'”'® the serum and hypoxia response network,'”*’
the Notch and STAT1 signaling pathway,'"*" thyroid hormone
receptor,”” and those governed by SMADs.'® CDK8 gene
expression is also associated with increased mortality in
colorectal, breast, and ovarian cancers.”> In addition, CDK8
was found to be overexpressed and essential for cell proliferation
in melanoma.** Knock down of CDKS8 by short hairpin RNA
(shRNA) modestly suppressed proliferation in cancer cells and
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induced cell cycle arrest and apoptosis in both in vitro and in vivo
models."®

Therefore, inhibition of CDK8 by small molecules may be a
promising approach for cancer therapy. There have been a
number of small molecule inhibitors of CDKS reported in the
literature, including the natural product Cortistatin A as well as

synthetic heterocyclic ATP-competitive inhibitors.”>*°

Cortista-
tin A is a sponge-derived natural product comprising an
elaborated steroidal core substituted with a quinoline ring and
is unlike any previously reported kinase inhibitors. Structural and
mechanistic studies have revealed that it is a highly potent ATP-
competitive CDKS8 inhibitor (ICs, = 15 nM) that utilizes the

quinoline to contact the kinase hinge segment and that the
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steroidal core makes extensive contacts with the ATP-binding
cavity. Cortistatin A exhibits exceptional selectivity for CDK8
and the closely related kinase CDK19, with only 4.5% of 359
kinases inhibited at 35% of control.”” Crystal structure and
mutagenesis studies demonstrate the unique steroidal architec-
ture combined with a 7—cation interaction with W10S as major
contributors to the exceptional kinase selectivity.”® There have
been a number of total syntheses reported for Cortistatin A
requiring between 16 and 30 steps with reported overall yields of
between 0.012 and 2%.”°*° We therefore set out to design
analogues of Cortistatin A that would maintain the same
combination of potency and selectivity but that would be easier
to synthesize. Given the similarity between the core structure of
Cortistatin A and naturally occurring steroids, we wondered if we
could replace the complex core of Cortistatin A with a simple
steroid structure, such as dehydroepiandrosterone (DHEA). We
began by constructing a molecular overlay of Cortistatin A with
DHEA containing the same 7-isoquinoline hinge binder and a -
dimethyl amino group at C-3 (19) (Figure 1). See SI for details

Figure 1. Overlay of 19 (yellow) with Cortistatin A (cyan).

regarding construction of the overlay. This suggested that the
overall size of the molecules was nearly identical and that the
dimethyl amino groups were in very similar positions. In
addition, the co-crystal structure of Cortistatin A with CDKS8
reveals that the C5—C8 ethane bridge and the C13 methyl group
of Cortistatin A occupy a hydrophobic cleft, which overlays well
with the C18 and C19 methyl groups of compound 19.

Based on the 3-D overlay, we felt reasonably confident that we
could replace the core of Cortstatin A with that of a simple
steroid. To test this hypothesis, we synthesized compound 1
from the commercially available 17-iodo-DHEA (17) and 7-
isoquinoline boronic acid via Suzuki coupling according to
Scheme 1. Compound 1 showed a modest biochemical IC, of

Scheme 1. Preparation of Compounds 1-16“
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“Reagents and conditions: (a) Pd(PPh,),Cl,, isoquinolin-7-ylboronic
acid, Na,CO;, dioxane/H,0, 80%; (b) KOOCN=NCOOK, AcOH,
DMSO, THF, 60%.

164 nM against CDKS8. Based on these promising results, we
prepared the fully saturated 3f-androsterone analogue 2 to
investigate the importance of the double bond at CS and found
that it was approximately 6-fold less potent. We also explored
additional hinge-binding motifs containing additional hydrogen
bond donors or acceptors as shown in Table 1 with the hope of
increasing binding affinity. Compound 3 with a 6-thalazine hinge
binder resulted in a drastic loss of potency with a biochemical
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Table 1. SAR of the 17 Position of Androsterone and DHEA
Derivatives
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ICs, > 10,000 nM. Compound 4 bearing a 6-quinazolin-2-amine
also lost potency with a biochemical ICs, of 2300 nM.
Compounds with 6—5-fused ring systems such as indazoles (5)
and (6) also showed a dramatic loss in potency with ICgys >
10,000 nM. Introduction of 1H-indazol-3-amine (7) showed
>10-fold increase in potency with respect to the previous
indazoles $ and 6; however, the potency was still much less than
that of 1. Compound 8 with a 6-isoquinoline hinge binder
showed a 50-fold decrease in potency compared to 1, with an
IC;, of 8240 nM. This preliminary structure—activity relation-
ship (SAR) suggested that the 7-isoquinoline group was optimal
for potency. Compounds 3—8 were prepared in a similar manner
as 1 and 2 using the appropriate boronic acid or boronic ester.
In order to investigate the importance of the benzylic olefin,
we chemoselectively reduced it using KOOCN=NCOOK and
acetic acid (Scheme 1) to give compounds 9—16 shown in Table
2. In general, reduction of the benzylic olefin resulted in a 2—4-

Table 2. Biochemical ICys of Reduced Androsterone and
DHEA Derivatives
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fold increase in potency with the exception of compounds 11, 13,
and 14, which remained completely inactive, and compound 12,
which showed a 20-fold increase in potency. However, despite
this increase in potency, compound 12 was still less potent than
9, so we decided to keep the 7-isoquinoline hinge binder in place.

Having established 7-isoquinoline as the most potent hinge
binder and the preference for the 16-dehydro steroid core, we
chose to explore different groups at the 3-position. As previously
mentioned, the dimethyl amino group of Cortistatin A was found
to increase potency due to the formation of a z—cation

DOI: 10.1021/acsmedchemlett.8b00011
ACS Med. Chem. Lett. 2018, 9, 540—545


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.8b00011/suppl_file/ml8b00011_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.8b00011

ACS Medicinal Chemistry Letters

[ Letter

interaction with W105 of CDKS8. Therefore, we chose to install a
variety of groups capable of forming this 7—cation interaction,
including the 3- or 3a-dimethyl amino group (18—20), 3/-
1,2,3-triazole (22), and 3f-morpholine (23). In addition, we
installed a 3f-methylaminoacetamide group (24), which could
form a w—r interaction with W105 through the carbonyl. As
expected, compound 19 with a 34-dimethylamino group on the
DHEA backbone was the most potent with an IC, of 16 nM.
Surprisingly, compounds 18 showed similar potency to 19
despite having the saturated androsterone backbone, which was
found to be 5—10-fold less potent with a 3f-hydroxy group
(compare 1 with 2 and 9 with 10). We also prepared the 3a-
dimethylamino analogue (20) to verify the stereochemical
requirement at the 3-position and indeed found it to be 4-fold
less potent than the 3/ analogue (19) as shown in Table 3. We
also prepared the 3/-methylamino analogue (21), which forms a
weaker 7—cation interaction, and found it to be 55-fold less
potent than (18).

Table 3. SAR of the 3-Position of DHA and DHEA Cores
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compounds 18—24 can be found in the Supporting Information
(SD).

Based on these results, we chose compound 19 as our lead and
initiated a molecular modeling study using the published co-
crystal structure of Cortistatin A with CDK8 (Figure 2). See SI

A,
Figure 2. Molecular model of JH-VIII-49 with CDKS.

for details regarding construction of the molecular modeling
study. Our model predicted that compound 19 makes the same
single hinge contact through the nitrogen of the isoquinoline and
the N—H of A100. Additionally, the 33-dimethyl amino group of
compound 19 was predicted to be in close proximity of W105
and capable of forming the same 7—cation interaction.

To evaluate the kinase selectivity, we performed KinomeScan
binding analysis against a near comprehensive panel of 468
kinases at a concentration of 10 uM (Figure 3). This profiling

Compounds 18—20 were prepared from commercially
available DHEA or its 3a-epimer according to Scheme 2. 3a-

Scheme 2. Preparation of Compounds 18—20
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“Reagents and conditions: (a) ethylene glycol, toluene, TsOH, 100
°C, 98%; (b) DPPA, DEAD, PPh;, THF, 87%; (c) trimethylphos-
phine, THF/H,0, 85%; (d) formaldehyde, EtOAc, MeOH, 92%; (e)
TsOH, acetone, 98%; (f) KHMDS, PhN(SO,CF,),, THF, 95%; (g)
Pd(PPh3),Cl,, 7-isoquinoline boronic acid, Na,CO;, dioxane/H,0,
76%; (h) KOOCN=NCOOK, AcOH, DMSO, THE, 70%.

DHEA was converted to acetal 26, which underwent a
Mitsunobu reaction with DPPA to give the corresponding
azide. The azide was reduced using trimethylphosphine to give
the amine, which was dimethylated using formaldehyde to give
26. Compound 26 was deprotected with TsOH to furnish the
ketone, which was converted to the triflate 27 with PhN-
(SO,CF;),. The 7-isoquinoline group was installed via Suzuki
coupling followed by diazocarboxylate-mediated reduction of the
benzylic olefin to give 19 with a 33% overall yield. More
importantly, three of the eight steps required no purification,
further demonstrating the convenience of this synthesis.
Synthetic schemes and detailed experimental procedures for
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Figure 3. Kinomescan results for JH-VIII-49 at a concentration of 10
UM with a cutoft of 90% inhibition.

revealed an extremely high level of selectivity for compound 19
with only four interactions greater than 90% inhibition including
CDK19, CDKS8, NEKI1, and PIKFYVE (not shown). Dose—
response analysis revealed an ICy, of 8 nM against CDK19 and
no inhibition of NEK1 with an IC, > 10,000 nM.
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There are currently no commercial enzyme assays for
PIKFYVE. Complete profiling results are provided in the SI.

We next examined the ability of 19 to inhibit CDK8 in a
cellular context in comparison with Dehydrocortistatin A
(DCA), which has an enzyme ICs, of 17 nM against CDKS, by
monitoring phosphorylation of $727-STAT1, a known substrate
of CDK8.”' Compound 19 and DCA induced a dose-dependent
inhibition of S727 phosphorylation in HepG2 cells. Substantial
dephosphorylation of S727 was observed at approximately 1 M
DCA, while similar effects were seen at S uM compound 19 (SI
Figure S1).

Recently, several groups have pioneered a chemical-induced
protein degradation strategy involving bivalent compounds that
bind to a protein of interest (POI) and possess a linker to
thalidomide or a close analog, which results in the recruitment of
Cereblon (CRBN), a ubiquitously expressed E3 ligase receptor,
to induce ubiquitination and proteasomal degradation of the
POL’' Potential theoretical advantages of induced target
degradation versus inhibition include prolonged pharmacody-
namic effects and an ability to abrogate nonenzyme-dependent
or so-called “scaffolding” functions of the protein. In addition,
because these compounds can potentially act catalytically to
induce protein degradation, they may not require the intra-
cellular concentrations necessary to achieve the level of target
occupancy required by traditional reversible inhibitors. Using the
molecular model of the inhibitor bound to CDKS, we designed a
bivalent molecule by derivatizing the amino group of compound
18 with a polyethylene glycol (PEG) linker conjugated to
pomalidomide to generate a series of compounds (Figure 4). We

Compaund Ry CDKS 1T (nM) s CDKE Ty (M)

NiA

A

Figure 4. Structure of PROTAC compounds and biochemical ICgs.

anticipated that such a degrader could be used both to confirm
cellular target engagement and to explore the pharmacological
consequences of degrading CDK8 in a cellular context. We chose
to install the linker with an E3 ligase-targeting warhead on the 3f-
amino group since this group points toward the solvent exposed
region in our molecular model, which would allow the parent
CDKS inhibitor to bind to CDK8 while simultaneously allowing
the E3-targeting warhead to bind to the E3 ligase. We began by
installing an alkyl linker on the 3/ amino group (Figure 4) since
the 3p-dimethyl amino group provided the highest affinity for
CDKS. In addition, we installed pomalidomide at the other end
of the linker, which is known to target the E3 ligase Cereblon
(CRBN). Our initial compound 28 showed no degradation of
CDK8 in Jurkat cells after treatment for 6 or 24 h at a
concentration of 0.1 or 1 M as seen in Figure SA. We then
decided to switch to an N-methylacetamide-based linker since
the parent inhibitor (24) was also potent with an ICg, of 34 nM.
We prepared compounds with a Peg4 linker (29) and a Peg2
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Figure S. Cellular evaluation of the bivalent degrader molecules. (A)
Jurkat cells were treated with 0.1 and 1 yM compounds 28 and 29;
lysates were analyzed at 6 and 24 h for CDKS levels by immunoblot. (B)
WT Molt4 and CRBN null Molt4 cells were treated with increasing
concentrations of 29; lysates were analyzed at 24 h for CDK8 levels by
immunoblot. (C) Jurkat cells were treated with increasing concen-
trations of 30, and CDK8 levels were analyzed after 24 h by immunoblot.
(D) Jurkat cells were treated with increasing concentrations of negative
control 31, and CDK8 levels were analyzed after 24 h by immunoblot.

(30) linker (Figure 4) and were excited to find that compound
29 induced partial degradation of CDKS8 in Jurkat cells upon
treatment for 6 h at a concentration of 1 M. More importantly,
we observed significant degradation of CDKS after treatment for
24 h at a concentration of 1 M (Figure SA).

However, we observed no degradation of CDK8 upon
treatment with compound 30, indicating a requirement for a
longer linker to bind both CDK8 and CRBN (Figure SC). To
verify that degradation was in fact due to recruitment of CRBN,
WT Molt4 cells and Molt4 cells where CRBN had been subject
to CRISPER/CAS9-mediated deletion were treated with
compound 29 at multiple concentrations for 24 h. While we
observed degradation of CDKS8 at S yuM in WT Molt4 cells, we
did not observe any degradation in CRBN null Molt4 cells at any
concentration of 29 (Figure SB). For further confirmation, we
prepared compound 31, which contains an N-methyl glutarimide
ring. This modification has been shown to disrupt a key hydrogen
bond interaction of the glutarimide ring with Trp382 of CRBN,
which greatly reduces the affinity for CRBN. As seen in Figure
5D, we observed no degradation of CDKS in Jurkat cells treated
with 31 at concentrations up to 10 yM for 24 h.

To further investigate the mechanism for loss of CDK8 protein
induced by treatment with 29, we pretreated Jurkat cells with 10
UM proteasome inhibitor (bortezomib), a neddylation inhibitor
(MLN4924), lenalidomide, or 31 followed by treatment with 29
(SI Figure S2). As expected, blockade of proteasome activity with
bortezomib or CRL4 E3 ligase activity with MLN4924 abolished
degradation of CDKS8. Moreover, competition for binding with
either CRBN (with excess lenalidomide) or CDKS8 (with excess
31) also ablated CDKS8 degradation, confirming that CDKS8
degradation is induced by CRBN-mediated ubiquitination and
subsequent proteasomal degradation of CDKS8. Importantly, we
observed no change in Cdk8 mRNA levels using two different
primer sets for Cdk8 (relative to Actin) from Jurkat cells treated
with 29 (1 uM) or vehicle control for 24 h (SI Figure S3),

DOI: 10.1021/acsmedchemlett.8b00011
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indicating that the loss of CDK8 was due to proteasomal
degradation rather than changes in its transcription. To
determine the limits of this approach, Jurkat cells were treated
with increasing concentrations of 29 up to 20 uM for 24 h, which
again resulted in significant degradation of CDKS8 at concen-
trations of 1 and 10 uM; however, at 20 uM we observed a
reduction in degradation, likely due to the hook effect’ (SI
Figure S4). Moreover, we examined the effects of 29 on CDK19
protein levels in Jurkat cells treated with 29 for 24 h. We did not
observe any change in CDKI19 protein levels (SI Figure SS),
indicating a high degree of selectivity for CDK8 degradation.
Previous studies have reported that converting inhibitors into
degraders can confer additional selectivity,” which may explain
why CDKI19 remains unaffected. Additional experiments are
currently underway to understand the effects of degrading CDK8
in a cellular context and will be reported in due time.

Synthetic schemes and detailed synthetic procedures describ-
ing the synthesis of compounds 29—31 are available in the
Supporting Information.

In summary, we have discovered JH-VIII-49 (19), a much
simplified analog of Cortistatin A that exhibits only slightly
reduced potency against CDKS8 in biochemical and cellular
assays. Compound 19 can be prepared in eight steps with an
overall yield of 33% making it suitable for large-scale preparation.
In addition, 19 displays an extremely high level of selectivity
binding to only four kinases >10% of control in a panel of 468
kinases at a concentration of 10 yM. Using this scaffold, we
developed JH-XI-10-02 (29), a potent degrader of CDKS, by
converting 19 into degrader molecules that simultaneously bind
to CDKS8 and recruit CRBN to induce degradation of CDK8. We
observed significant degradation of CDKS8 in Jurkat cells treated
with 1 M 29 for 24 h. We confirmed that degradation is
mediated by CRBN by testing 29 in CRBN knockout Molt14
cells as well as using the negative control 31, which cannot bind
CRBN. In both cases, we observed no degradation of CDKS.
These CDKS8 degraders offer a chemical means to modulate the
protein levels of CDK8 and explore whether loss of CDK8
protein is a viable therapeutic strategy in cancer. Further
elaboration of this scaffold and characterization of adsorption,
distribution, metabolism, and excretion (ADME) will be
reported in due course.
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