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Chronic inflammation is an underlying cause in a number of diseases. Cyclin-dependent kinase 

8 (CDK8) has been implicated as an inflammatory mediator, indicating its potential as an 

anti-inflammatory target. Herein, we performed structure-based virtual screening (SBVS) to 

identify novel CDK8 inhibitors. The pharmacological interactions for CDK8 were identified 

and incorporated into a SBVS protocol. Selected compounds were tested in enzymatic assays, 

and one compound was confirmed to be a CDK8 inhibitor with a 50% inhibitory concentration 

(IC50) value of 1684.4 nM. Comparing structural analogs identified a compound, F059–1017, 

with greater potency (IC50 558.1 nM). When tested in cell lines, the compounds displayed 

low cytotoxicity. Cellular assays revealed that the identified CDK8 inhibitors can reduce 

phosphorylation and expression of signaling mediators associated with inflammation. In addition, 

results of kinase profiling showed that compound F059–1017 is selective towards CDK8. These 

findings suggest that the new inhibitors have great potential as lead compounds for developing 

novel anti-inflammatory therapeutics.
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1. Introduction

Inflammation is a major physiological response that can trigger the immune system to 

induce signaling for healing, repair, and defense against infection [1,2]. As such, it is 

tightly regulated by a complex hierarchy of immune cells, receptors, and signal. Aberrant 

signaling, as well as infection and autoimmune diseases, can lead to chronic inflammation 

[1–3]. Chronic inflammation is associated with various diseases, including rheumatoid 

arthritis, asthma, Crohn’s disease, and various types of cancer [2–5]. Cancer metastasis 

and proliferation can also be induced by chronic inflammation [1,6]. This suggests 

that the inflammatory pathway could be an important target for therapeutics. While anti-

inflammatory drugs exist, such as aspirin, non-steroidal anti-inflammatory drugs (NSAIDs), 

or dexamethasone, their effectiveness may vary depending on the disease and patient [5,7]. 

As a result, there continues to be a great need for anti-inflammatory therapeutics targeting 

various medical ailments.

Cyclin-dependent kinases (CDKs) can function as mediators of inflammatory responses 

[8,9]. The CDK family is comprised of roughly 20 serine-threonine kinases [10,11]. CDKs, 

along with their regulatory protein cyclins, modify substrates involved in the cell cycle to 

regulate several extracellular and intracellular responses related to inflammation [10,11]. 

Expression of the anti-inflammatory cytokine, interleukin (IL)– 10, can be regulated by 

CDK family members [9,12]. Importantly, the activities of pro-inflammatory transcription 

factors, such as nuclear factor (NF)-κB, inducible nitric oxide synthase (iNOS) and 

cyclooxygenase (COX)–2, can be reduced in the absence of CDK enzymatic activity 

[8,9,12,13]. The potential to target CDKs and their ability to regulate pro-inflammatory 

signaling make them potential targets for novel anti-inflammatory therapeutics.
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Research regarding the CDK8 isozyme revealed that it has specific roles in the innate 

immune response and inflammation [12,14]. The NF-κB transcription factor can recruit 

CDK8, along with its variably expressed paralog, CDK19, to form a complex that is 

directed toward pro-inflammatory cytokine expression [14]. Furthermore, it was observed 

that inhibition of CDK8 upregulates the anti-inflammatory IL-10 [12]. Knockout of both 

CDK8 and CDK19 can decrease chemokine induction [15]. As a result, CDK8 can function 

as a specific target for modulating the inflammatory or immune response with small 

molecules. However, the development of potent and selective kinase inhibitors continues 

to be a persistent challenge. This is due to the highly conserved binding site shared within 

the kinome. As a result, many kinase inhibitors exhibit off-target side effects. Nevertheless, 

there has been great success in developing small-molecule kinase inhibitors [16]. Recent 

research has shown beneficial treatments of rheumatoid arthritis with Janus-associated 

kinase (JAK) inhibitors [1,17]. Expanding potential targets within inflammatory responses 

could lead to the identification of novel lead structures and potential therapeutics with 

greater effectiveness. These trends suggest that a small molecule targeting CDK8 may be a 

viable candidate for anti-inflammatory therapeutics.

In this study, we performed structure-based virtual screening (SBVS) to identify novel 

CDK8 inhibitors. A workflow of this study is depicted in Fig. 1. We first identified 

pharmacological interactions within the CDK8 binding site by analyzing known CDK8 

inhibitors. The commercial compound library, ChemDiv, was virtually screened based on 

the docking score and pharmacological interactions. The top virtual hits were then selected 

for validation. This workflow led to the identification of a potent CDK8 inhibitor. To 

better evaluate its CDK8 inhibitory activity and binding mechanism, a series of analogs 

was analyzed. Surprisingly, one analog was found to have greater CDK8 inhibitory activity. 

The structure-activity relationship (SAR) was evaluated to better elucidate its potential 

binding mechanism. When tested in vitro, the identified inhibitors showed disruption of 

the inflammatory pathway. This study revealed a novel inhibitor with potential for further 

chemical optimization.

2. Methods

2.1. Molecular docking and identification of pharmacological interactions

Compounds were docked using the following molecular docking software: iGEMDOCK 

[18], CDOCKER module in Discovery Studio [19], SYBYL-X [20], and LeadIT [21] at 

default settings. The crystal structure (PDB ID: 5HBH) of CDK8 was obtained from Protein 

Data Bank. The binding site was determined to be 10 Å from the CDK8 co-crystal ligand. 

The co-crystal ligand (PDB Ligand ID: 5Y7) was redocked into the binding site to evaluate 

docking performance of the software. The root-mean-square deviation (RMSD) for the 

respective docking procedures was calculated.

Known CDK8 inhibitors were obtained from the compound database BindingDB. 

Compounds with an IC50 value of ≥ 10,000 nM were removed. The remaining compounds 

were clustered using Pipeline Pilot [22], and 30 diverse compounds were selected from the 

different clusters. The docking performance of software was assessed by mixing 30 known 

and diverse CDK8 inhibitors with 990 randomly selected compounds from the Available 
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Chemical Database (ACD) [23]. The compounds were docked and ranked based on the 

docking scores generated by the docking softwares. The Enrichment factor and Goodness of 

hit score were calculated to assess the performance of the SBVS used in the study [24].

The docking poses of the 30 known inhibitors generated by LeadIT were then analyzed. 

Pharmacological interactions in this study were defined as appearing in ≥ 50% of the docked 

CDK8 inhibitors. The pharmacological score was determined as:

S(i) = N(i)+( − 0.01)D(i)

where S(i) is the pharmacological score of compound i, N(i) is the number of 

pharmacological interactions that compound i forms, and D(i) is the docking score of 

compound i generated using LeadIT. Compounds with favorable pharmacological scores and 

availability were selected for further testing.

2.2. Virtual screening

The ChemDiv compound database was selected for screening CDK8 inhibitors. The 

Pipeline Pilot software was used to filter compounds with structures that matched pan-assay 

interference compounds (PAINS) [25] and compounds that violated the “Lipinski and Verber 

Rules”. Finally, the remaining compounds were docked into the CDK8 (PDB ID: 5HBH) 

crystal structure using LeadIT. The docking protocol used a hybrid approach (enthalpy and 

entropy). Other docking parameters used default settings. Compounds were ranked based on 

their pharmacological interactions, and the top-ranked compounds were selected for an assay 

analysis. Hydrogen-bonding and hydrophobic interactions were analyzed by Pipeline Pilot.

2.3. Kinase assay

Kinase assays were performed in cell-free, in vitro assays using the ThermoFisher 

Scientific SelectScreen kinase profiling service (www.thermofisher.com/selectscreen). Both 

the LanthaScreen and Z’-LYTE technology were used in evaluating kinase activity. In brief, 

test compounds were co-incubated with a fluorescent-labeled substrate, kinase, ATP, kinase 

buffer, and development for reaction for 1 h before the stop solution, EDTA, was added. 

Results were determined using a fluorescence reader. The reported result is an average of 

two replicates.

2.4. Cell culture

Murine RAW264.7 cells, a mouse macrophage cell line, were obtained from the Bioresource 

Collection and Research Center (BCRC; Hsinchu City, Taiwan). Mouse BV-2 microglia 

and the human HEK-293 embryonic kidney epithelial cell line were kindly provided by 

Prof. Shiow-Lin Pan (Graduate Institute of Cancer Biology and Drug Discovery, Taipei 

Medical University, Taipei, Taiwan). RAW264.7 and BV-2 cells were cultured in Dulbecco’s 

modified Eagle medium (DMEM; Invitrogen Life Technologies, Carlsbad, CA, USA) 

supplemented with 10% (vol/vol) fetal bovine serum (FBS; Invitrogen Life Technologies, 

Carlsbad, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Biological 

Industries, Kibbutz Beit Haemek, Israel). HEK-293 cells were maintained in minimum 

essential medium (MEM) with 10% FBS, 1 mM sodium pyruvate, penicillin (100 U/mL), 
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and streptomycin (100 μg/mL). Cells were incubated at 37 °C in a humidified atmosphere of 

5% CO2 in air.

2.5. Cell cytotoxicity assay

Cell cytotoxicity was measured by a colorimetric 3-(4,5-dimethylthiazol-2-yl)– 2,5-

diphenyltetrazolium bromide (MTT) assay. Cells (104) in 1 mL of medium in 96-well plates 

were incubated with the vehicle (control) or the vehicle with a test compound for 48 h. After 

various treatments, 1 mg/mL of MTT was added, and plates were incubated at 37 °C for an 

additional 2 h; then, cells were pelleted and lysed by DMSO, and the absorbance at 570 nm 

was measured on a microplate reader.

2.6. RNA extraction and real-time PCR

Total RNA was isolated using a TRIzol and Direct-zol™ RNA Mini-Prep kit (ZYMO 

Research, Irvine, CA, USA) following the manufacturer’s instructions. Reverse-transcription 

to cDNA was performed using a random primer and M-MLRT. In brief, first-strand cDNA 

was synthesized using 1 μg of mRNA incubated with a random primer at 65 °C for 5 min 

and then reacted with M-MLRT at 37 °C for 1 h. For the real-time PCR, cDNAs were 

amplified in SYBR Green PCR Master Mix (Life Technologies, Grand Island, NY, USA) 

and detected with the Applied Biosystems StepOnePlus™ Q-PCR detection system. Relative 

gene expression was normalized to GAPDH and calculated using the 2(-ΔΔCT) method.

2.7. Immunoblot analyses

Cells(1 × 106) were incubated for 10 min at 4 °C in lysis buffer (20 mM HEPES at pH 

7.4, 2 mM EGTA, 50 mM β-glycerophosphate, 0.1% Triton X-100, 10% glycerol, 1 mM 

DTT, 1 μg/mL of leupeptin, 5 μg/mL of aprotinin, 1 mM phenylmethylsulfonyl fluoride, 

and 1 mM sodium orthovanadate), scraped off, incubated on ice for an additional 10 

min, and centrifuged at 17,000 g for 30 min at 4 °C. Protein samples (20 μg) were then 

electrophoresed on sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

gels and transferred to a nitrocellulose membrane, which was then blocked by incubation for 

30 min at room temperature with 5% bovine serum albumin (BSA) in Tris-buffered saline 

with 0.1% Tween-20 (TBST). Immunoblotting was performed by overnight incubation at 4 

°C with primary antibodies in TBST, followed by incubation for 1 h at room temperature 

with horseradish peroxidase (HRP)-conjugated secondary antibodies. Bound antibodies 

were measured using an enhanced chemiluminescence (ECL) reagent (GE Healthcare, 

Buckinghamshire,UK) and exposed to photographic film. The antibody used in this study 

as follows: p-p65, p-IκBα, iNOS and β-actin were purchased from Abclonal Inc., (Woburn, 

MA, USA); p65 was purchased from Biovision Inc. (Mountain View, CA, USA); IκBα was 

purchased from Santa Cruz Biotechnology Inc. (Dallas, Texas, USA); COX-2 was purchased 

from Epitomics Inc. (Burlingame, California, USA); α-tubulin was purchased from Genetex 

Inc. (Hsinchu City, Taiwan, ROC).

2.8. Nitrate assay

Nitrite production was measured in RAW264.7 macrophage and BV-2 microglia cell 

supernatants. Briefly, cells (106) were cultured in six-well plates and stimulated 
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with lipopolysaccharide (LPS; 100 ng/mL; Sigma-Aldrich Pty Ltd., KGaA, Darmstadt, 

Germany) for 24 h, then 100 μL of Griess reagent (1% sulphanilamide and 0.1% 

naphthylethylenediamide in 5% phosphoric acid) was mixed with 100 μL of the cell 

supernatant, and the optical density at 550 nm was measured. The concentration of nitrite 

was calculated from a standard curve prepared using known concentrations of sodium nitrite 

dissolved in DMEM.

2.9. SAR modeling and analysis

The molecular force fields were generated using the molecular program Forge [26]. 

This program generates a 3D map that displays activity cliffs that reveal favorable and 

unfavorable electrostatic and hydrophobic fields between a protein and compounds. The 

activity cliffs represent compound pairs with structural differences that can lead to great 

differences in potency. The molecular field for each compound was generated. Then, the 

compounds were aligned to the docking pose of the most potent inhibitor. The model was 

created using default settings.

The Comparative Molecular Field Analysis (CoMFA) models were generated using 

SYBYL-X [20]. Compounds were aligned based on their scaffold, and their biological 

activities were included in a molecular spreadsheet. Hydrogen atoms were added, and 

charges were assigned Gasteiger-Huckel charges. The inhibition percentages were used as 

activity data in CoMFA analysis. The inhibition percentages [27] were converted using the 

following:

log − (P /100 − P )

where P is the inhibition percentage at 10 μM concentration. Default settings were used to 

calculate steric and electrostatic fields around the aligned molecules. The partial least square 

(PLS) method with leave-one-out cross validation was used to determine the optimum 

number of components. Finally, the CoMFA results were represented as a 3D model with 

field contour maps.

2.10. Compound similarity score

The structure of the identified inhibitor was compared to those of 30 known CDK8 

inhibitors. An atom-pair fingerprint of each compound was generated using RDKit 

Fingerprint tool in KNIME [28]. A similarity score was produced for each compound using 

Pearson correlation coefficient. A score of 1–0 denotes compounds most similar to least 

similar, respectively, to the identified inhibitor.

2.11. Data analysis and statistics

Data are expressed as the mean ± standard error of the mean (SEM) and were analyzed 

using a one-way analysis of variance (ANOVA). When the ANOVA showed a significant 

difference between groups, Tukey’s post-hoc test was used to determine the pairs of groups 

showing statistically significant differences. Parameters with p < 0.05 were considered 

statistically significant.
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3. Results and discussion

3.1. Establishing pharmacological interactions

The workflow of this study is depicted in Fig. 1. Structural information from the target 

protein can be used to identify important protein-ligand interactions [29]. Analyzing docking 

poses of known CDK8 inhibitors may also reveal pharmacological interactions that can be 

used as one of the filtering criteria [18, 30]. Typically, the kinase ATP binding site is situated 

between the N-lobe and C-lobe. The former consists of a β-sheet, while the latter features 

α-helices and loops. Both lobes are connected by a hinge motif [31]. The adenine ring of 

ATP forms hydrogen bonds with hinge residues. These hydrogen bond interactions with 

hinge residues are a common feature of many small-molecule inhibitors that occupy the 

ATP binding site [32]. Understanding these features is an important step in developing a 

virtual screening protocol and can lead to designs of novel inhibitors with greater affinity or 

selectivity.

The docking protocol in this study was first validated by re-docking the co-crystal ligand 

(PDB Ligand ID: 5Y7) of CDK8 (PDB ID: 5HBH). This procedure ensured that the 

docking program could accurately reproduce the pose of the co-crystal structure [33]. Four 

molecular docking programs were tested to determine the most favorable docking protocol 

for use in the study: iGEMDOCK [18], the CDOCKER package found in Discovery Studio 

[19], SYBYL-X [20], and LeadIT [21]. Superimposing the docking pose of the co-crystal 

ligand showed that a favorable docking protocol was used for this study with LeadIT 

or CDOCKER, which produced an RMSD score of 1.13 Å and 0.81 Å, respectively 

(Supplementary Fig. 1). We next tested their docking performance. A total of 30 known 

CDK8 inhibitors were mixed 990 compounds randomly selected from the ACD [23]. 

Compounds were docked using LeadIT or CDOCKER. Overall, compounds docked with 

LeadIT were ranked higher than that of CDOCKER (Supplementary Fig. 2). These results 

suggest that LeadIT would offer greater docking performance for identifying potential 

CDK8 inhibitors in this study.

Pharmacological interactions can also facilitate our understanding of the protein-ligand 

interactions. To that end, we sought to identify pharmacological interactions within the 

CDK8 binding site [18]. Known CDK8 inhibitors were obtained from BindingDB [34]. 

In total, 30 CDK8 inhibitors with diverse structures were docked into the target protein 

using LeadIT [21]. An analysis of their docking poses identified three ATP binding 

site residues that formed hydrogen bonds at a frequency of ≥ 50% with known CDK8 

inhibitors (Fig. 2). Residues D98 and A100 are part of the hinge loop, and hydrogen bonds 

respectively occurred with at least 90% and 60% of known CDK8 inhibitors. Analyzing 

docking poses of known CDK8 inhibitors showed a hydrogen bond with at least one hinge 

residue (Supplementary Fig. 3). While a hydrogen bond with the hinge residue is necessary, 

increasing the number does not necessarily lead to increased potency [35]. This suggests 

that a hydrogen bond with either D98 or A100 was necessary for CDK8 inhibition. At a 

frequency ≥ 50%, residue K52 was observed to form the final favorable hydrogen bond 

within the CDK8 binding site. Residue K52 plays a key role in CDK8 activity by forming 

a salt bridge with residue E66, which stabilizes the active conformation of CDK8 [36]. 
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Disruption of the salt bridge may be beneficial for inhibiting the enzymatic activity of 

CDK8. Interestingly, when ATP was docked into the CDK8 binding site, hydrogen bonds 

formed with the three aforementioned residues (Fig. 2B). Thus, residues A100, D98, and 

K52 may be important pharmacological interactions for CDK8 inhibition.

Five hydrophobic pharmacological interactions were also identified (Fig. 2A). Hydrophobic 

interactions can support or coordinate with the adenine ring of ATP [37]. The hydrocarbon 

side chains of V158 and V35 and the methyl side chain of A50 form a hydrophobic pocket 

that sandwiches the adenine scaffold of ATP (Fig. 2B). Hinge residue A100 also contributes 

to favorable hydrophobic interactions due to its methyl side chain. Residue Y99 contains 

a large phenol ring that is able to form an offset π-π stacking interaction with the ATP 

adenine scaffold. Known CDK8 inhibitors contain heterocyclic scaffolds that can occupy the 

adenine pocket and may form hydrophobic interactions with the aforementioned residues 

(Supplementary Fig. 3). The identified pharmacological interactions may reveal potential 

inhibitors within the CDK8 binding site.

3.2. Virtual screening and validation of CDK8 inhibitory activity

To determine the screening performance of the protocol used in this study, we mixed 30 

known CDK8 inhibitors with 990 compounds randomly selected from the ACD and docked 

them into CDK8. The compounds were then ranked by their docking score alone or by 

pharmacological interactions. The rank of true hit compounds, or the percentage of known 

CDK8 inhibitors, was higher when using pharmacological interactions (Supplementary Fig. 

4A). The Enrichment Factor and Goodness of hit were generated at 10%, 20%, and 30%. We 

found that for our study, ranking compounds using pharmacological interactions produced 

more favorable values compared to docking score alone (Supplementary Fig. 4B–C). A ROC 

curve for pharmacological and docking scoring strategies further illustrates their scoring 

differences (Supplementary Fig. 4D).

Compounds from the ChemDiv library (~1.6 million compounds) were virtually screened 

for potential CDK8 inhibitors. The library was first prepared using pre-filtering rules. These 

rules are a method of evaluating drug-likeness of a compound and are a good indicator 

for potential small-molecule inhibitors [38]. Compounds that contain PAINS structures and 

possess a calculated quantitative estimate of drug-likeness (QED) score of ≤ 0.25 were 

removed [25,38]. Many kinase inhibitors contain a heterocyclic ring consisting of hydrogen 

bond donors and acceptors that mimic interactions observed between adenine and the kinase 

hinge [32]. Therefore, compounds that do not contain a heterocyclic ring system were 

removed. The remaining compounds were docked and then ranked based on their docking 

score, with the top 10, 000 compounds selected. These compounds were then re-ranked 

based on the sum of their pharmacological interactions. The top 40 compounds were then 

visually inspected, and 13 compounds were selected for further study. The 13 compounds 

were tested at 10 μM using the ThermoFisher SelectScreen kinase profiling service. The 

assay revealed a hit, compound E966–0578, with CDK8 inhibitory activity of 83% at 10 μM 

(Table 1). Thus, we identified a potential CDK8 inhibitor using an SBVS approach.

To elucidate the binding mechanism of compound E966–0578, we sourced its analogs 

within the ChemDiv library. In total, 22 analogs were selected for analysis. The analogs 
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shared an oxindole scaffold with a sulfonamide at the 5-position (Table 2). However, a 

nitrogen was substituted on the 3-position of compound G801–0002. The analogs were 

tested for CDK8 inhibitory activity as mentioned above. Surprisingly, three analogs were 

found to inhibit CDK8 with percentages of ≥ 83% (Table 2). The most potent compound, 

F059–1017, not only had an inhibitory activity of 93% towards CDK8, but also an IC50 

value of 558.1 nM (Table 3). This is in stark contrast to the hit compound E966–0578 (IC50 

1684.4 nM) and the analog E966–0445 (IC50 2573 nM). Both compounds inhibited CDK8 

activity by 83% (Table 2). This suggests the oxindole can serve as a suitable CDK8 inhibitor 

and that differences in potency may be due to substituents on the core oxindole kinase 

scaffold (Table 1).

The docking pose of compound F059–1017 showed favorable occupation of the CDK8 

binding site (Fig. 3). The oxindole ring of compound F059–1017 occupied the adenine 

position of the CDK8 binding site. The oxindole ring contains a nitrogen and a carbonyl 

oxygen that facilitated hydrogen bond to hinge residues D98 and A100, respectively (Fig. 

3). An additional hydrogen-bond interaction was formed with the sulfonamide functional 

group and K52 residue. Importantly, these three hydrogen bonds were identified as 

pharmacological interactions (Fig. 2). The oxindole also formed hydrophobic interactions 

with residues A50, A100, and L158. The cyclopentane moiety attached to the oxindole 

3-position formed hydrophobic interactions with residues V27 and V35. The benzene 

functional group, which is attached to the sulfonamide, occupied another pocket to form 

hydrophobic interactions with residue Y32. Together, these interactions suggested that 

compound F059–1017 was favorably positioned within the CDK8 binding site.

3.3. SAR analysis of compound F059–1017 and analogs

To better understand binding interactions of F059–1017, a SAR analysis was performed. A 

model was created using the molecular software, Forge [26]. The model displayed activity 

cliffs, which are identified by groups of structurally similar compounds with activity against 

the same target, but contain great differences in potency [39]. Activity cliffs summarize 

favorable and unfavorable regions, such as sites of hydrophobic or electrostatic interactions, 

between the indicated group of compounds. Compound F059–1017 occupied two favorable 

hydrophobic regions (Fig. 4A). One region was occupied by the cyclopentane moiety 

of compound F059–1017. In contrast, the analogs F966–0602 and G801–0002 contained 

an isobutylene and a lone hydrogen atom, respectively. As a result, these analogs were 

unable to favorably occupy the hydrophobic pocket (Fig. 4B). The benzene moiety of F059–

1017 occupied a second favorable hydrophobic pocket. Analogs E966–0482 and F059–

0343 respectively contained a 1,4-xylene and 1, 3-xylene moiety. These bulky moieties 

contained a one-carbon chain attached to a sulfonamide which added flexibility to their 

structure. These analogs favored a binding pose that did not extend into this favorable 

hydrophobic pocket (Fig. 4C). Adjacent to this favorable hydrophobic pocket was an 

unfavorable hydrophobic pocket (Fig. 4D). The analogs F966–0439, F059–0151, and F966–

0486 contained further substitutes on their benzene ring that extended into this unfavorable 

hydrophobic pocket (Fig. 4D). The CDK8 binding site contained a negative electrostatic 

site. The sulfamide of compound F059–1017 was positioned in a favorable position to 

occupy the negative electrostatic site. This was due to the position of the oxygen located 
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on the sulfamide (Fig. 4A). In contrast, the sulfamide of analog F966–0482 was positioned 

away from this site and was unable to form negative electrostatic interactions (Fig. 4E). 

CDK8 also contains areas of positive electrostatic sites, which favor hydrogen donating 

moieties (Fig. 4F). The acetamide moiety of analog F966–0578 occupied this site and may 

have reduced its effectiveness towards CDK8 inhibition. The inactive analog F966–0467 

contained a two-carbon chain that extended into this site; however, the carbon chain did not 

function as a hydrogen donor. Together, the SAR analysis identified favorable characteristics 

of the active analog F059–1017 within the CDK8 binding site.

To further confirm the SAR analysis above, we created a CoMFA model using SYBYL-X 

[20]. The analogs with the same scaffold were aligned to F059–1017, and molecular fields 

were calculated [40]. The CoMFA molecular fields correspond to steric or electrostatic 

properties. The results of the CoMFA model are summarized in Supplementary Table 1. 

The PLS method with leave-one-out option was used to identify the cross-validated q2 value 

of 0.701. The non-cross validated PLS analysis showed conventional r2 value of 0.988. 

The standard error of the estimate was found to be 0.075. The steric models contribute 

to 80.5% of the CoMFA model, while electrostatics amounted to 19.5%. The 3D model 

with compound F059–1017 can be observed in Supplementary Fig. 5. The green contours 

represent regions with bulky groups. These may confer increased inhibition potency. For 

example, F059–1017 contains a cyclopentane and a benzene moiety that corresponds to the 

favorable steric regions. In comparison, F966–0602 contains an isobutylene that does not 

occupy the favorable steric regions. Compound F966–0486 contains additional substituents 

on the benzene moiety, which would extend the compound into an unfavorable steric pocket 

(yellow contour region). The red contours represent regions with desirable electronegative 

moieties. F059–1017 does not extend into this region. This suggests possible avenues to 

optimize potency towards CDK8. In general, the CoMFA studies support the activity cliffs 

identified in Forge (Fig. 4).

3.4. In vitro evaluations of selected compounds reveal the ability to modulate 
inflammatory pathways

To evaluate the effects of the compounds on cell viability, the compounds were tested in 
vitro. The compounds selected for testing, E966–0482, F069–0210, and F059–1017, were 

shown to have a varying range of CDK8 inhibitory activities at 10 μM of 15%, 44%, 

and 96%, respectively (Table 2). The compounds were tested in RAW264.7 macrophages, 

BV-2 microglia, and HEK293 cells. Cell viabilities in treated cells did not significantly 

change when treated with these compounds for 12, 24, and 48 h (Fig. 5). This was also 

observed when compound concentrations were increased up to 20 μM. This suggests that the 

compounds did not cause cell toxicity at the tested concentrations.

It was reported that CDK8/19 can affect NF-κB activation [14]. The CDK8/19 complex 

is recruited to NF-κB-responsive promoters and phosphorylates the C-terminal domain of 

RNA polymerase II, which then initiates NF-κB transcription and triggers expressions of 

pro-inflammatory cytokines [14]. The identified CDK8 inhibitors were further examined 

for modulation of NF-κB expression. BV2 and RAW264.7 cells were treated with LPS 

to induce phosphorylation of p65, a component of the NF-κB transcription factor family 
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[41]. The potent glucocorticoid steroid, dexamethasone, was shown to interfere with NF-κB 

activation and was used as a positive control [42]. Compound F059–0210 displayed a 

slight reduction in RAW264.7 cells, while E966–0482 displayed no significant reduction 

in phosphorylated P65 expression (Fig. 6A–B). This appears consistent with their CDK8 

inhibitory activities observed previously (Table 2). In contrast, a significant reduction in 

phosphorylated P65 expression in both cell lines was observed when treated with compound 

F059–1017 (Fig. 6A–B). Of the compounds tested, F059–1017 displayed the greatest 

potency.

Modulation of downstream NF-κB signaling was further evaluated when treated with the 

identified CDK8 inhibitors. Downstream inflammatory factors of NF-κB include COX-2 

and iNOS [43]. To evaluate if F059–1017 or F059–0210 can modulate inflammatory 

signaling at a lower concentration (3 μM) compared to the weaker CDK8 inhibitor E966–

0482 at 10 μM. Compound F059–1017 exhibited potent inhibition of COX-2 and iNOS 

expressions in LPS-treated cells when its concentration was reduced to 3 μM (Fig. 7). By 

contrast, the mild and moderate CDK8 inhibitors (e.g., 10 μM of E966–0482 and 3 μM 

of F059–0210) displayed less inhibition of inflammatory factors. This suggests F059–1017 

to be a more potent modulator of inflammatory signaling. Several upstream mediators 

can induce NF-κB activity. One such example is inhibitor protein IκBα. When cells 

are exposed to LPS, IκBα is phosphorylated by IκB kinase (IKK) and degraded, which 

triggers NF-κB signaling [44]. The CDK8 inhibitor F059–1017 showed no significant effect 

in increasing LPS-induced expression of phosphorylated IκBα (Supplementary Fig. 6A). 

Tumor necrosis factor (TNF)-α is a pro-inflammatory cytokine that can also induce NF-κB 

[14]. Cells treated with TNF-α showed an increase in phosphorylated p65 expression, 

which suggests activation of NF-κB (Fig. 8A). Genes coregulated with NF-κB include 

C-X-C motif chemokine ligand 1 (CXCL1) and IL-8 [14]. Both CXCL1 and IL-8 belong 

to a cytokine family and are critical inflammatory mediators [45]. Treatment with TNF-α 
increased both cytokine mRNA expression levels (Fig. 8B). However, treatment with F059–

1017 reduced production of TNF-α-induced inflammatory factors. The mRNA expression of 

pro-inflammatory mediators TNF-α and IL-1β was found to be reduced when treated with 

F059–1017 in cells exposed to LPS (Supplementary Fig. 6B–C). A potent CDK8 inhibitor, 

Senexin A, was reported to perturb TNF-α signaling [14]. In contrast, the identified 

inhibitors, E966–0482 and F059–0210, produced less potent inhibition of IL-8 and CXCL1 

expressions (Fig. 8B). These inhibitors did not produce a significant effect to the mRNA 

expression of TNF-α and IL-1β in LPS treated cells. Together, these results suggested that 

F059–1017 is a the potent CDK8 inhibitor and can potentially modulate signaling pathways 

associated with the inflammatory response.

3.5. Compound F059–1017 shows selectivity towards CDK8 and has a novel structure

The goal of this study was to identify novel and selective CDK8 inhibitors. The conserved 

nature of the kinome has proven a challenge in developing selective and potent small-

molecule inhibitors [16]. Many CDK inhibitors are non-selective and may target other 

related CMGC kinase members [46]. As a signaling mediator, CDK8 is involved with 

regulating transcription of many different cell types that may induce cytotoxic effects [11]. 

Further, a more selective inhibitor may reduce potential side effects when targeting CDK8 
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[14]. To assess the selectivity of F059–1017, we used the commercially available kinase 

profiling platform by ThermoFisher against a panel of kinases in the CMGC family. The 

profiling results showed that compound F059–1017 exhibited inhibition percentages of 32% 

and 33% for the closely related kinases, CDK2 and CDK3, respectively. The next most 

potent inhibition occurred with CDK19, which is a paralog of CDK8 (Supplementary Table 

2). These results suggest that F059–1017 has greater selectivity towards CDK8.

To determine the novelty of the F059–1017 structure, we compared its structure to 

known CDK8 inhibitors. A similarity score was obtained using the Pearson correlation 

coefficient. The similarity score ranges 0–1, with 1 being the most similar. Compound 

F059–1017 was compared to 30 diverse CDK8 inhibitors used to generate pharmacological 

interactions. In general, the known inhibitors generated a similarity score of < 0.3, 

suggesting that compound F059–1017 has a novel structure (Supplementary Fig. 7). 

Inhibitors CHEMBL2002649 and CHEMBL1990885 possessed the most similar structures 

with respective similarity scores of 0.29 and 0.24. These compounds greatly differ with 

their substituents along the core scaffold. Together, these results suggest that compound 

F059–1017 is a CDK8 inhibitor with a novel scaffold.

4. Conclusions

CDK8 is a member of the CDK family of serine-threonine protein kinases. Its aberrant 

expression is associated with inflammation, making it an anti-inflammatory target [12,14]. 

In this study, we employed an SBVS approach to identify CDK8 inhibitors. Pharmacological 

interactions of the CDK8 binding site were identified to increase the potential of identifying 

a hit compound. The screening protocol led to identification of compound E966–0578 (with 

an IC50 of 1684.4 nM). Analogs were obtained to further elucidate the binding mechanism. 

Interestingly, one analog, F059–1017, was found to have greater CDK8 inhibitory activity 

(with an IC50 of 558.1 nM). When tested in vitro, these compounds showed an ability to 

reduce expressions of pro-inflammatory mediators, such as IL-8. Inflammation can also 

result from pro-inflammatory cytokines released by tumors. It may be possible that targeting 

CDK8 may not only have an anti-inflammatory effect, but also an anticancer effect [12,14]. 

The CDK8 inhibitor identified in this paper can function as an important lead compound for 

further research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic workflow of the study.
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Fig. 2. 
Pharmacological interactions for CDK8. In total, 30 known CDK8 inhibitors with diverse 

structures were docked into the ATP binding site. (A) Frequency of hydrogen-bonding and 

hydrophobic interactions. (B) The binding pose of ATP in CDK8. The CDK8 (PDB ID: 

5HBH) binding site is depicted in blue and ATP in yellow. Binding site residues are labeled 

shown. Hydrogen bonds are visualized as dashed green lines. (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. 
Binding pose of the inhibitor. Compound F059–1017 (yellow) was docked into the CDK8 

binding site (blue). Binding site residues are shown as sticks. Hydrogen bonds are visualized 

as dashed green lines. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 4. 
Structure-activity relationship (SAR) analysis of F059–1017 and its inactive analogs. (A) 

The activity cliff suggests that F059–1017 is in a favorable position. (B-D) Hydrophobic 

pockets that are occupied by inactive analogs. (E, F) Inactive analogs have unfavorable 

electrostatic interactions.
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Fig. 5. 
Cell viability assay of test compounds. RAW264.7, BV-2, and HEK293 cells were incubated 

for 12, 24, or 48 h with or without the indicated concentrations of test compounds. Cell 

viabilities were determined by an MTT assay. Results are shown as the mean ± SEM of 

three independent experiments.

Lin et al. Page 20

Biomed Pharmacother. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Inhibition of phosphorylation of NF-κB by CDK8 inhibitors in LPS-activated microglia and 

macrophages. (A) BV-2 and (B) RAW264.7 cells were treated with test compounds (10 μM) 

or 10 μM of dexamethasone for 1 h and stimulated with LPS (100 ng/mL) for an additional 

hour. Cell lysates were subjected to a Western blot analysis using the indicated antibodies. 

Results are shown as the mean ± SEM from three independent experiments. * ** p < 0.001 

compared to the control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to the 

LPS-treated group.
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Fig. 7. 
Inhibitory effect of CDK8 inhibitors on the inflammatory response. BV-2 (A, C) and 

RAW264.7 (B, D) cells were treated with test compounds at the indicated concentrations 

or 10 μM dexamethasone for 1 h, followed by stimulation with LPS (100 ng/mL) for 24 h to 

induce COX-2 and iNOS expressions. Cell lysates were subjected to a Western blot analysis 

using the indicated antibodies (A, B), and supernatants were collected and assayed for nitrite 

(C, D). Results are shown as the mean ± SEM from three independent experiments. * ** p < 
0.001 compared to the control group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to 

the LPS-treated group.
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Fig. 8. 
CDK8 inhibition reduced expressions of pro-inflammatory mediators. HEK293 cells were 

incubated with test compounds (10 μM) or 10 μM dexamethasone for 1 h, followed by 

treatment with 10 ng/mL TNF-α for 2 h. (A) Cell lysates were subjected to a Western blot 

analysis using the indicated antibodies. (B) Relative expressions of IL-8 and CXCL1 were 

determined by a real-time PCR. * * p < 0.01 and * ** p < 0.001 compared to the control 

group; # p < 0.05, ## p < 0.01, and ### p < 0.001 compared to the TNF-α-treated group.
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Table 1

Inhibitory activities of selected compounds.

Compound Inhibition percentage at 10 μM Compound Inhibition percentage at 10 μM

83 3

48 1

27 1

26 0

16 0

4

0

3
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Table 3

IC50 values of selected compounds.

Compound IC50 (nM)

F059–1017 558.1

E966–0530 1493.6

E966–0578 1684.4

E966–0445 2573
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