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ABSTRACT

It has been reported that CDK8 plays a key role in acute myeloid leukaemia. Here, a total of 40 com-
pounds were rational designed and synthesised based on the previous SAR. Among them, compound 12
(3-(3-(furan-3-yl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzamide) showed the most potent inhibiting activity against
CDK8 with an ICso value of 39.2+6.3nM and anti AML cell proliferation activity (molm-13 GCs, =
0.02+0.01 uM, MV4-11 GCs, = 0.03£0.01 uM). Mechanistic studies revealed that this compound 12 could
inhibit the phosphorylation of STAT-1 and STAT-5. Importantly, compound 12 showed relative good bio-
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availability (F=38.80%) and low toxicity in vivo. This study has great significance for the discovery of
more efficient CDK8 inhibitors and the development of drugs for treating AML in the future.

Introduction

Acute myeloid leukaemia (AML), a highly heterogeneous disease
derived from the malignant clonal proliferation of abnormally dif-
ferentiated myeloid lineage cells, is very difficult to be cured in
young adults In the recent 40years, daunorubicin or idarubicin
and cytarabine as the standard induction (initial) chemotherapy
were selected for the treatment of AML with only 70-80% of the
complete response due to the intrinsic disease resistance'. In
recent years, more and more targeted inhibitors have been used
to treat AML with better therapeutic effects, such as IDH1/IDH2
inhibitors**, FLT3 inhibitors*®, BCL-2 inhibitors®* etc. Therefore, to
discover novel targeted inhibitors for treatment of AML is of great
significance, especially for patients who have been resistant to
drugs.

Signal transducer and activator of transcription 5 (STAT-5) had
been found to exist in AML cells and exhibited sustained high activ-
ity. Importantly, STAT-5 also played a key role in mediating the rela-
tionship between several malignant diseases in AML cells>™®. In the
recent ten years, many CDK8 inhibitors have been reported to
exhibited good anti-tumour activity, such as cortistainA'®, AU1-
100", MK-256'%, SEL120-34A’, (CCT251545'%, (CCT251591",
MSC2530818'°, BI-1347'%"7, etc. It has been reported compound
SEL120-34A (Figure 1) as the potent CDK8 inhibitor could inhibit the
phosphorylation of STAT1 5727 and STAT5 5726 in AML cells”. More
importantly, in 2019, SEL120-34A was approved for clinical trials for
treatment of advanced AML (NCT04021368)'. In addition, many
CDK8 inhibitors were also reported to have good anti proliferative
activity on AML cells'®'?"°722 such as cortistatinA’®, AU1-100"",
MK-256"2, etc (Figure 1). Although, three CDK8 inhibitors, such as

BCD-115 (NCT03065010), SEL120-34A (NCT04021368, NCT05052255)
and TSN-084 (NCT05300438) have been approved for clinical trials,
however, due to toxicity and drug PK efficacy, there are no commer-
cially available drugs on the market. So, we think it is great signifi-
cance to discover novel potent CDK8 inhibitors for treatment of
AML through inhibiting the phosphorylation of STAT1 S727 and
STAT5 S726.

In this work, based on rational design and structure-activity
relationship discussion, compound 12 (3-(3-(furan-3-yl)-1H-pyr-
rolo[2,3-bjpyridin-5-yl)benzamide) as a potent CDK8 inhibitor was
found. Further mechanistic studies showed that compound 12
could inhibit the phosphorylation of STAT5 S726 and showed
good antiproliferative activity for acute myeloid leukaemia cell
lines (molm-13 GGCsq = 0.02+£0.01uM, MV4-11 GCs5 =
0.03+0.01 uM). Importantly, compound 12 showed relatively good
bioavailability (F=38.80%, which is better than our previous
report) and low toxicity in vivo. It is of great significance for the
discovery of more efficient CDK8 inhibitors and the development
of drugs for treating AML.

Results and discussions
Design and optimisation

In order to further optimise on the hit compound C43, we ana-
lysed the docking model of it with CDK8. As shown in Figure 2,
we noticed that the azaindole of compound C43 forms hydrogen-
bonding interactions with amino acid residues Asp98 and Ala100.
The benzamide fragment forms cation-pi stacking with amino acid
residue Arg356 and hydrogen-bonding interaction with the
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Figure 1. Chemical structures of some CDK8 inhibitors.
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Figure 2. Binding mode of compound C43 with active site of CDK8 (PDB: 5IDN).
CDK8 is shown in gray ribbons with selected residues coloured green. Hydrogen
bonds are drawn as yellow dashed lines, and pi-pi stacking is drawn as magenta
dashed lines. Compound 43 is shown with blue stick. The illustration was gener-
ated using PyMOL.
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hydroxyl group of Tyr32. Importantly, there is a small cavity near
the 3-position of the azaindole ring, which consists of the phenyl
ring of the amino acid residue Phe97 and the amino group of Lys52
(Figure 2). In addition, based on the previous SAR?', we found that
the activity of compounds that were introduced into other groups
in the small cavity was significantly reduced, only compounds C5
and €8 which with 3-furyl and phenyl still had good activity, with
ICso values of 85.1+50nM and 60.3+1.2nM, respectively.
Therefore, we believe that the introduction of aromatic heterocycle
or benzene ring derivatives at the 3-position of the azaindole ring
can enhance the activity by forming hydrophobic interactions, pi-pi
stacking interactions or hydrogen bonding interactions.

2.2. Chemistry

The preparation of title compounds 1-40 was described in
Schemes 1-2. As shown in Scheme 1, compounds 1-11 were
obtained through Suzuki Reaction. As shown in Scheme 2, com-
pounds 12-40 were obtained through 5-step reaction. (1) The
nitrogen atom of 5-bromo-7-azaindole was protected by p-methyl-
benzenesulfonyl to obtain compound M1; (2) The key intermedi-
ate M2 was synthesised by Suzuki Reaction; (3) Compound M2

went through Halogenated Reaction to obtain compound M3; (4)
The key intermediate M4 was prepared through Suzuki-Miyaura
reaction and the synthesis method of compounds M5-M32 was
the same as compound M4; (5) p-methylbenzenesulfonyl of com-
pound M4 was removed under the condition of sodium hydroxide
at 75°C to obtain compounds 12, the synthesis method of com-
pounds 13-40 was the same as compound 12.

SAR study

A total of 40 compounds were designed and synthesised, and their
CDK8 inhibition rates at 200nM were screened. Some of them with
high inhibition rates were further measured for their 1Cs, values.
Compound SEL-120 34 A was selected as a positive control.

First, in order to determine whether the previous 7-azaindole is
still a good skeleton after the introduction of the amide group,
compounds 1-10 were designed and synthesised. As shown in
Table 1, their activity was significantly reduced, except for com-
pound 6, with the ICsy value of 64.5+3.8nM, showing that 7-
azaindole is still a good skeleton.

Based on these, compounds 11-41 were designed and synthes-
ised through introducing chlorine atom, aromatic heterocycle or
benzene ring derivatives. As shown in Table 2, the activity of com-
pound 12 with 3-furyl is the most active and significantly higher
than that of €43, with an ICso value of 39.2+£6.3 nM. When 3-furyl
was replaced by 3-thienyl to give compound 13, its activity
decreased a little, with an ICso value of 55.7 £3.0 nM. The activity
of other compounds decreased, especially compound 17, its activ-
ity decreased significantly, due to the introduction of 3-methylimi-
dazolyl group, it has a large steric hindrance, which is the reason
for the decreased activity. There is a significant difference in activ-
ity between compounds 20-41, showing that the size of the func-
tional group and the electron cloud density of the aromatic ring
have a significant impact on the activity.

Finally, for a better overall structure-activity relationship discus-
sion, we analyse and compare the molecular docking of compounds
C43 and 12 (Figure 3B). It is obvious that compound 12 forms more
pi-pi stacking interactions and one hydrogen bond interaction than
compound €43, which is also the reason why compound 12 (CDK8
ICso =39.2+6.3nM) is more active than compound €43 (CDK8 ICsq
=52.6+3.5nM), but the activity is not greatly improved. The reason
was analysed: on the one hand, it may be that the furan ring has a
certain steric hindrance, which is not conducive to improving the
activity; The significant difference in activity between compounds 17
and 20-41 indirectly proved large spatial hindrance could weaken
the activity. On the other hand, it is important that the furan ring is
connected to 7-azaindole, and the two aromatic systems may form a
large delocalised n bond due to coplanarity, especially affecting the
charge distribution of the pyrrole ring results in decreased activity.
The significantly lower activity of compound 2 than that of C43 may
be due to the charge change of the pyrrole ring. Therefore, these
results are instructive to design novel and highly active CDK8 inhibi-
tors in the future.

The evaluation of anti-proliferation activity and cytotoxicity of
compounds

Compounds12, 13 and 30 were selected for further cell activity
assessments based on the enzymatic activity assessment results.
molm-13 and MV4-11(acute myeloid lineage leukaemia cells),
MGC-803 (gastric cancer cell), MDA-MB-231(breast cancer cell),
A375 (melanoma cell), A549 (lung cancer cell), HCT-116, SW-480
and HT-29 (colorectal cancer cells) were selected to evaluate anti-
tumor activity in vitro, GES-1 (gastric mucosal epithelial cell) was
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Scheme 1. Synthesis of compounds 1-11°
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R? = furan-3-yl, 123 R? = thiophene-3-yl, 13; R? = thiophene-2-yl, 14; R> = | H-pyrazole-4-yl, 15;
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R? =2-trifluoromethylphenyl, 27; R> =2-trifluoromethoxyphenyl, 28; R? =2-fluorophenyl, 29;
R?=3-chlorophenyl, 30; R =3-hydroxyphenyl, 31; R> =3-methoxyphenyl, 32;

R? =3-trifluoromethylphenyl, 33; R? =3-trifluoromethoxyphenyl, 34; R? =4-fluorophenyl, 35;
R?=4-chlorophenyl, 36; R> =4-hydroxyphenyl, 37; R> =4-methoxyphenyl, 38;

R? =4-trifluoromethylphenyl,39; R? =4-trifluoromethoxyphenyl, 40;

Scheme 2. Synthesis of compounds 12-40°

?Reagents and conditions: A. K,COs, Pd(dppf)Cl,, 1,4-dioxne, H,0, 85°C, 14 h; B. NaOH, THF, H,0, 35°C, 6 h; C. DMF, NIS, 85°C, 12 h; D. NaOH, CHsCH,0H, H,0, 75°C, 2h.

selected to evaluate toxicity in vitro. As shown in Table 3, com-
pound 12 and 13 exhibited potent antiproliferative activity on
selected tumour cells, especially on AML cells. However, com-
pound 30 did not exhibited potent antiproliferative activity on
selected tumour cells.

CDKs Selectivity of compound 12

CDK7 and CDK9 with the same transcription function and CDK2
and CDK6 were selected to evaluate the selectivity of compound
12. As shown in Table 4, compound 12 showed good family pro-
tein selectivity.

Cellular thermal shift assay

Cellular thermal shift assay has been recognised as a means of
demonstrating the binding of small molecules to target proteins.

Here, in order to identify compound 12 could bind CDK8, HCT-
116 cells, a CDK8 high expression cell line, were treated with 5 uM
compound 12 and DMSO for 6 h, respectively. Cell suspension was
divided into 11 PCR tubes equally, then the samples were heated
from 37 to 67 °C at intervals of 3°C and the results were analysed
through western blot. As shown in Figure 4, CDK8 was degraded
almost completely at 49°C after treated with DMSO. However,
CDK8 was degraded almost completely at 55°C after treated with
compound 12, which indicated compound 12 enhanced the ther-
mal stability of CDK8 and compound 12 could bind CDK8.

Compound 12 and biotinylated compound bind to CDK8
competitively

In previous study, a biotinylated compound with favourable
CDK8 inhibition activity was designed and synthesized®:. Here,
the pulldown assay was performed to determine compound 12
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Table 1. The evaluation of the activity of compounds 1-10 on CDK8.

Table 2. The evaluation of the activity of compounds 11-40 on CDK8.
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Values from two experiments and results were shown as means + SD.

BICs, values were determined by CDK8 enzyme activity assay. Values from three
dependent experiments and results were shown as means + SD.

NT: Not Test.

could bind CDK8. HCT-116 cells or HEK293T cells transfected
with CDK8 plasmid labelled were treated with 2 uM biotinylated
compound and compounds 12 with different concentrations of
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the concentration of compound 12 increased, which indicated
that compound 12 could inhibit the binding of biotinylated
compound to CDKS8, indirectly proving that the compound 12
could bind CDK8.

Effect of compound 12 on phosphorylation of STAT1 S727 and
STAT5 5726

It has been reported that CDK8 could specifically target the
transactivation domain of STAT1 at Ser727 phosphorylation®*.
HCT-116 cells were treated with compounds 12 with different
concentrations of 1uM, 2uM, 4uM separately to verify com-
pound 12 could inhibit the phosphorylation of STAT1 Ser727.
As shown in Figure 6(A), after treating cells with compound 12,
the phosphorylation of STAT1 S727 was significantly inhibited in
a dose-dependent manner, while JAK-mediated the phosphoryl-
ation of STAT1 Tyr701 was not inhibited. Above results indi-
cated that compound 12 could affect the biological function of
CDK8. It's reported that CDK8 was also involved in S726 phos-
phorylation of STAT5 in AML cells’. As shown in Figure 6(B),
compound 12 could inhibit phosphorylation of STAT5 S726 in a
dose-dependent manner.

In vivo pharmacokinetic evaluation

Pharmacokinetic data is an important parameter for small mol-
ecule drugs. Here, the pharmacokinetic data of compound 12 was
performed. As shown in Table 5, after oral administration of com-
pound 12 at 10 mg/kg, there was a good blood drug concentra-
tion (AUCo_., = 1611.6 ug/L x h). In addition, we noticed that the
Crnax Was 821.8 ug/L at 0.88h and t,,, was 0.95 h, which indicated
that compound 12 exhibietd acceptable pharmacokinetic proper-
ties. After iv administration of compound 12 at 2mg/kg, the Cax
was 647.7 ug/L, the half-time (t;,,) was about 1.12h and the area
under the concentration time curve (AUC,_..) was 829.7 ug/L x h.
Importantly, compound 12 exhibited relatively satisfied bioavail-
ability (F%= 38.8%). In addition, compound 12 showed high per-
meability and no obvious inhibition activity against five
cytochrome p450 isoenzymes (Tables 6 and 7), which indicated
that compound 12 may be suitable for co-administering with
other drugs. Based on the above data analysis, we believed it is
possible that compound 12 could be used as an oral medication
(Figure 7).

Acute toxicity study

The safety of compound 12 in vivo was evaluated through an
acute toxicity study on C57BL/6 mice. The compound 12 was
administered by gastric tube at a dose of 1000 mg/kg. The normal
group was given the same amount of normal saline. During the
whole 7days, there is no obvious change in physiological phe-
nomena such as anorexia, drowsiness, seizures and hyperactivity.
Finally, the mice were anaesthetised and sacrificed, and the main
organs such as heart, liver, spleen, lung and kidney were detected
through pathological section. As shown in Figure 8, there were no
diseased tissue, indicating good safety of compound 12 in vivo.

Conclusion

STAT1, STAT3 and STAT5 are constitutively activated in AML cell
lines. CDK8 can positively regulate phosphorylation of S$727 in
STAT1 and S726 in STAT5 in AML cells. SEL120-34A (SEL120), a
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Table 3. Antiproliferative activity and preliminary safety of selected compounds.

Compounds 12 13 30 SEL120-34A
CDK8 ICsq (nM) @ / 39.2+6.3 65.7+£3.1 86.7 £6.5 372125
molm-13 0.02+0.01 0.16£0.02 >50 0.02+0.01
MV4-11 0.03+£0.01 0.36+0.12 >50 0.007 £0.001
MGC-803 11.72+1.93 9.19+2.42 >50 16.26 +1.86
GCso (uM) b MDA-MB-231 >50 31.47£1.27 >50 9.60£0.81
A375 1.00+0.23 0.95+0.52 >50 5.90+1.43
A549 15.49+2.78 21.75+£1.66 >50 12.06 £0.37
HCT-116 3.66 +1.94 2.48+0.99 >50 11.3+£19
SW480 6.05+2.26 545+2.82 >50 17.7£2.1
HT-29 8.26£0.65 9.31+1.67 >50 338+14
GES-1 25.70£4.97 24.15+£3.62 >100 553+3.2

?ICso values were determined by CDK8 enzyme activity assay. Values from three dependent experiments and results were shown
as means £ SD.
bGlso values were determined by CCK-8 assay. Values from three dependent experiments and results were shown as means + SD.

Table 4. CDKs Selectivity of Compound 12.

Compound CDK2 (nM) CDK6 (nM) CDK7 (nM) CDK9 (nM) CDK8 (nM)
12 >1000 351.9+36.5 301.5+£27.8 473.6+25.3 39.2+6.3
A B >
w
3740 43 4649 52 55 58 61 64 67°C S 100 <
DMSOfS S £ P ke
: ] CDK8 £z ~- DMsO
3 S
c: Deelh | ]
- 8§ 50-
o 2
DMSO |.—-- | é
] GAPDH o
c12 |--- | é

0 — T
37 40 43 46 49 52 55 58 61 64 67 70
Temperature(°C)

Figure 4. Compound 12 enhanced the thermal stability of intracellular CDK8 protein. (A-B)The CDK8 protein intensity at different temperature.
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Figure 5. Compound 12 and biotin bind to CDK8 protein competitively. (A) Compound 12 binds to CDK8 protein in HCT-116 cells. (B)Compound 12 binds to CDK8

protein in HEK293T cells.
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Figure 6. Compound 12 inhibited phosphorylation of STAT1 S727 and STAT5 S726. (A) Compound 12 suppressed the phosphorylation of STAT1 S727 in a dose-
dependent manner. HCT-116 cells were treated with compound for 12 h. (B) Compound 12 suppressed the phosphorylation of STAT5 S726 in a dose dependent man-
ner. HL-60 cells were treated with or without compound for 12 h. The samples were analysed by Western blot.

Table 5. In vivo PK properties of compound 12.

AUC oo
Dose/routes ti2 (h) Tmax (h) MRT (h) Cinax (ug/L) (ug/L x h) CL(L/h/kg) F(%)
10 mg/kg (po) 0.95 0.88 2.24 821.82 1611.67 6.21 38.80
2mg/kg (iv) 1.12 0.33 1.64 647.79 829.75 2.45 /

Table 6. Caco-2 permeability determination.

Papp (10 ~° cm/s) Recovery (%)

Compound A—B B—A Efflux ratio A—B B—A

12 27.0 35.1 13 107.0 108.1

Nadolol 0.2 0.5 - 99.0 1109

Propranolol 40.2 34.1 - 99.9 107.0

Digoxin 0.9 5.6 6.2 925 99.2
Table 7. CYP inhibition activity.

ICso (uM) through rational design and discussion on structure-activity rela-

Compound 1A2 209 2€19 2D6 37475 (M) tionships. Through comprehensive evaluation, compound 12 (3-
o =50 =50 =50 =50 =50 (3-(furan-3-yl)-1H-pyrrolo[2,3-b]pyridin-5-yl)benzamide) was selected
Positive control 0.209 0.569 930 0.0356 0.0118 as potent CDK8 inhibitor (CDK8 ICsq = 39.2+6.3nM) for further

clinical trial phase | CDK8 inhibitor, has been shown to downregu-
late phosphorylation level of STAT1 and STAT5 in AML cells lines.
Thus, the synergistic effects of STAT inhibitor with CDK8 inhibitor
could provide new therapeutic opportunities for AML, rather than
reverse the effects of the CDK8 inhibitor. Based on the previous
work, a total of 40 compounds were designed and synthesised

research. The studies showed that compound 12 could bind the
CDK8 and inhibit the phosphorylation of the STAT 1 Ser 727 and
STAT 5 Ser 726. compound 12 showed good antiproliferative
activity against AML cells at nanomolar concentrations.
Importantly, compound 12 exhibited acceptable pharmacokinetic
properties that could be taken orally. This study has guiding sig-
nificance for the development of novel and efficient CDK8
inhibitors.
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