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ABSTRACT

CDK8 and its homolog CDK19 are essential for transcription regulation and
their dysregulation has been identified in numerous diseases, especially in
cancers. CDK8 and CDK19 have been implicated in cancer development through
their kinase activity and kinase independent functions. Despite the existing
CDKa8/19 inhibitors, there is still a need to develop novel CDK8/19 inhibitors with
improved potency and PK profile. It is also necessary to develop CDK®8/19
degraders that are able to eliminate the kinase-independent functions. Although
two CDK8-degrading PROteolysis Activating Chimeras (PROTACSs) have been
reported, they have limited CDK8 degradation efficacy and no effect on CDK19.
PROTACSs with improved degradation efficacy targeting both CDK8 and CDK19

are required.

Here we present the design, synthesis, optimization, and biological
evaluation of two series of CDK8/19 inhibitors and three series of CDK8/19
degrading PROTACSs. The quinoline-6-carbonitrile series is derived from CDK8/19
inhibitors Senexin A and Senexin B. Among this chemical series, Senexin C
(2.20a) exhibited the best inhibitory activity, being more potent and metabolically
stable than its parental inhibitor. Moreover, Senexin C (2.20a) possesses unique
properties compared to other CDK8/19 inhibitors including sustained target

inhibition and highly tumor-enriched pharmacokinetics (PK) profile with in vivo



therapeutic efficacy, making it a promising lead CDKS8/19 inhibitor. The
thienopyridine series is derived from CDK8/19 inhibitors 15u and 15w that were
initially identified as bone anabolic agents. Among this series, several compounds
exhibited comparable inhibitory activity to the parental inhibitors but with
unfavorable PK. Despite that, the achieved SAR will contribute to the future
CDK8/19 inhibitor development of the thienopyridine series. The three series of
PROTAC molecules were derived from 15u, Senexin C, and BI-1347 respectively.
Among them, BI-1347-derived PROTAC 4.48 shows the best CDK8/19
degradation potency in different cell lines and species. Moreover, it offers a greater
long-term benefit for leukemia treatment than its parental CDK8/19 inhibitor Bl-

1347.

This dissertation provides insights regarding the development of novel
CDK&8/19 inhibitors and degraders as potential anti-cancer agents and should
contribute to the future inhibitor and degrader development targeting CDK8/19 and

other kinase targets.
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CHAPTER 1
INTRODUCTION

1.1 Protein Kinases: Functions and Roles in Drug Development

Protein kinases are enzymes that phosphorylate target proteins through
transferring y-phosphate of ATP to the side chain hydroxyl group of serine,
threonine, or tyrosine residues on target proteins. Phosphorylation induces diverse
cellular events, especially signal transduction. Despite their role in
phosphorylation, protein kinases possess non-enzymatic functions as well,!
including allosteric regulation, scaffolding, and transcription management. Human
kinome analysis has identified over 500 protein kinase genes that account for ~2%
of human genes.? The total of 500 protein kinases can be divided into 9 groups
and some groups are further classified into subfamilies: AGC (protein kinase A
(PKA), protein kinase C (PKC), and protein kinase G (PKG) families), CAMK
(Calcium/Calmodulin-dependent kinase), CK1 (Casein kinase 1), CMGC (cyclin-
dependent kinase (CDK), mitogen-activated protein kinase (MAPK), glycogen
synthase kinase-3 (GSK3) and cdc-like kinase (CLK) families), RGC (Receptor
Guanylate Cyclases), STE (Sterile), TK (Tyrosine Kinase), TKL (Tyrosine Kinase-
Like) and atypical protein kinases.?

Due to the key roles of protein kinases in regulating cellular events, it is not
surprising that aberrant function of this class of enzymes is closely related to

numerous diseases, such as inflammation,* cardiovascular diseases,® diabetes,®



and cancers.’ Protein kinases are the second largest group of drug targets after
G-protein-coupled receptors. In addition, from 2011 to 2015, the sales of drugs
that target kinases were around 240 billion dollars. Meanwhile, the majority of

clinical candidates targeting protein kinases are aimed at cancer treatment.2
1.2 Approaches to Modulate Kinase Activities

Various drug modalities have been developed to regulate the activities and
levels of protein kinases, including small molecule inhibitors, nucleic acid-based
strategies, protein degraders, antibodies, and gene editing technology.

Traditional small molecule inhibitors are the most frequently used modality
due to their potential for good oral bioavailability, favorable tissue distribution and
lower manufacturing costs. Despite that, due to their occupancy-driven
pharmacology, small molecules inhibitors have to occupy more than 90% of their
targets in order to achieve therapeutic effects and thus require a high drug
concentration at the active sites.® The long term use of inhibitors with high
concentrations not only causes off-target effects and toxicity, 1° but also results in
drug resistance via gene mutation, target protein accumulation and alternative
compensatory pathways.'-13 In addition, small molecule inhibitors can only block
the catalytic activity of protein kinases and thus leave non-enzymatic functions
intact. Moreover, protein kinases without appropriate binding sites are beyond the
scope of small molecule inhibitors.

Nucleic acid-based strategies include small interfering RNAs (si RNAs) and
antisense oligonucleotides (ASOs) that regulate protein kinases post-

transcriptionally via gene silencing. Nucleic acid-based strategies can be easier to



synthesize and have a larger application scope than small molecule inhibitors.
However, these agents are often associated with poor metabolic stability,
bioavailability and distribution, which requires special delivery systems. In addition,
they have no effects on existing or long-lived target proteins.'418 Moreover, partial
sequence complementarity can cause severe off-target effects.’

Protein degraders are an emerging drug modality that can be applied to
regulate protein kinase activity through eliminating corresponding protein kinases,
such as hydrophobic tagging (HyT) degraders,’® and PROteolysis TArgeting
Chimeras (PROTAC) technology.?® PROTAC technology is the most popular
strategy in protein degradation which takes advantage of the ubiquitin-proteasome
system (UPS).?1-?4 It destroys both the catalytic and non-enzymatic functions of
protein kinases. In addition, due to its non-stoichiometric character, only lower
concentrations are required at the action site thus reducing the chance of toxicity,
side effects, and the development of drug resistance. Moreover, PROTACs add
an additional layer of selectivity compared to their parental small molecule
inhibitors due to the requirement of ternary complex formation. Despite that,
PROTAC technology is still at its early stage with no general rules for rational
design and its current development is still empirical and laborious. The average
molecular weight of a PROTAC molecule is currently around 1000 Daltons (beyond
rule of five: <5 hydrogen bond donors, <10 hydrogen bond acceptors, molecular
mass<500 Da, Log P<5) and it exhibits an increased polar surface area, which

results in unfavorable bioavailability, cellular permeability, and tissue distribution.



Monoclonal antibodies recognize specific epitopes on target substrates and
exhibit high selectivity.?> The combination of internalizing monoclonal antibody and
cellular toxic payloads results in antibody-drug conjugates (ADC) with both
excellent selectivity and significant potency.?®2” Till now, there are 7 FDA-
approved antibodies or ADC targeting protein kinases,? including human epidermal
growth factor receptor 2 (HER2), epidermal growth factor receptor (EGFR),
vascular endothelial growth factor receptor 2 (VEGFR2) and platelet-derived
growth factor receptor-a (PDGFRa). However, the monoclonal antibody and ADC
are large molecules and can only be applied to kinase targets that have an
extracellular domain. In addition, the manufacturing costs are much higher than for
small molecule drugs and have strict storage requirements.

Gene editing strategies are used to modify DNA by adding, removing or
altering the genetic material in the genome, such as transcription activator-like
effector nucleases (TALENS), zinc-finger nucleases (ZFNs) and the most recently
discovered clustered regularly interspaced short palindromic repeats (CRISPR)-
associated protein 9 (Cas9).?2 The CRISPR-Cas9 technology stems from
prokaryotic immune system that recognizes and eliminates the invasive nucleic
acids from virus or plasmid and has been developed into a powerful gene editing
tool. It can be used to knockout target genes that code for protein kinases and thus
achieve therapeutic effects. Despite that, CRISPR-Cas9 technology cannot be
applied to all targets due to the lethal effect after gene knockout.?® In addition, the

process of CRISPR-Cas9 gene editing is time consuming that allows for genetic



compensation.3® Moreover, the requirement of special delivery system and the
potential safety concerns largely restrict its clinical use.31:32

The toolbox of drug modalities is continuously expanding and contributes to
drug discovery. The choice of the right drug modality targeting specific protein
kinase relies on the sufficient understanding of the target kinase as well as the
parallel evaluation of different modalities.

1.3 CDK®8/19: Structures and Functions

The Cyclin-dependent kinases (CDKs) belongs to the CMGC protein
kinases, which are serine/threonine kinases and their activities are regulated by
corresponding cyclin proteins.® According to their functions, the 20 CDKs can be
classified into two categories: one for cell cycle progression regulation, including
CDK1, CDK2, CDK3, CDK4, CDK5, CDK6, CDK10, CDK11, CDK14, CDK15,
CDK16, CDK17, and CDK18; the other for transcription mediation, including
CDK7, CDK8, CDK9, CDK11l, CDK12, CDK13, CDK19, and CDK20.333
Meanwhile, studies have shown that some CDKs that were initially implicated in
transcription regulation also mediate cell cycle progression.34:3%

The CDKS8 protein, encoded by CDK8 gene located at chromosome
13g12.13, contains 464 amino acids.3® The CDK8 protein has a typical kinase fold
which (Figure 1.1) contains two lobes (the N and C lobes) that being connected
through a hinge region. The N-lobe contains 5 beta strands and an alpha helix
while the C-lobe has 8 alpha helices. The ATP binding site is located at the
interface between these two lobes, surrounded by the hinge region, glycine-rich

region (P-loop), and activation loop (A-loop). The CDK8 protein is activated



through binding with Cyclin C protein, while the subsequent Med12 association is
essential for CDK8 activation as well.3” Cyclin C binds to the N-lobe of CDK8 and
resulting in a movement of the alpha helix on the N-lobe which opens the catalytic
cleft of CDK8 and enables the formation of conserved salt bridge between residue
Glu66 and Lys52.%8 In addition, compared to other CDK family members, CDK8
possesses special structural features: instead of Asp-Phe-Gly (DFG) motif located
at the N-terminus of the A-loop, it has a Asp-Met-Gly (DMG) motif.3® Meanwhile,
CDK8 exhibits an extended C-terminal domain and may contribute to substrate
selectivity.*® Moreover, unlike other CDKs, the three conserved arginine residues
(Arg65, Arg150 and Arg178) in CDK8 are stabilized by interacting with the Glu99
residue in Cyclin C due to the lack of a phosphorylated residue on T-loop.383°
Under the active status, the A-loop of CDKS8 is in an ‘open’ conformation that
enables the substrate binding at the C-lobe, while the DMG motif is ‘in’ and opens
up the ATP binding site.

CDK19, a homolog of CDK8, shares 80% full sequence identity and 97%
kinase domain sequence identity with CDK8. Their CCNC binding domains are
also highly conserved. Despite that, compared to CDK8, CDK19 possesses an
extended C-terminus with an additional 38 residues including a glutamine rich
stretch that may contribute to substrate recognition, suggesting that the two
homologs may participate in different cellular events. For instance, it is reported
that the CDK19 kinase module negatively regulates the viral activator VP16-
dependent transcription, however, CDK8 kinase module acts in a positive

manner.*! In addition, CDK8 knockout leads to embryonic lethality in mice in spite



of the presence of CDK19.4> Moreover, upon hypoxia, CDK8 knockdown in
HCT116 cells resulted in 65% gene downregulation, however, knockdown of
CDK19 only affected 13% of the genes.*® Furthermore, the levels of CDK8 and
CDK19 are quite different in humans: while CDK8 is universally expressed, the
expression of CDK19 is tissue specific.#4*” However, currently there is no CDK19
crystal structure available.

In eukaryotes, all the protein-coding genes and most non-coding RNA
genes are transcribed through RNA polymerase 1l (Pol Il) that consists of 12
subunits.*® The transcription is triggered by the binding of specific transcription
factors (STFs) to the enhancer region on chromatin that forms the STFs/enhancer
complex. The STFs/enhancer complex then recruits chromatin modifier complex
and reshapes the chromatin structure to facilitate the recruitment of other
transcriptional co-activators such as Mediator complex and cohesin. The resulted
multi-complex can then promote chromatin looping and subsequent assembly of
Pre-initiation complex (PIC) at core promoter.#®50 PIC includes Pol Il, transcription
initiation factor 1A (TFIIA), TFIIB, TFIID, TFIE, TFIIF, and TFIIH, and modulates
the activity of Pol 11.5%:52 The transient association between core mediator complex
(without kinase module) and PIC activates Pol Il for transcription initiation. The
subsequent dissociation of core mediator complex and the escape of Pol Il from
PIC leads to transcription elongation. Meanwhile, RNA Pol Il re-initiation is required
for continuous transcription. The remaining PIC scaffold complex after RNA Pol Il
escaping also facilitates transcription reinitialization.>3 Apart from that, RNA Pol ||

is often paused during extension by DRB sensitivity-inducing factor (DSIF) and



negative elongation factor (NELF).>* However, this pause can be released by
pause release factors (positive transcription elongation factor (P-TEFb) or P-TEFb-
containing super-elongation complex (SEC) that phosphorylate DSIF and
NELF.5>%¢ The circulation of above steps makes up the Pol ll-regulated
transcription.

CDKS8 is essential for the regulation of gene transcription in both positive
and negative manners in mammals. To do so, CDKS8 either forms a kinase module
with cyclin C, Med12, and Med13,5"%8 and alters the activity and stability of
transcription factors (TFs) via phosphorylation.59-62

The human Mediator Complex is a protein assembly with 30 subunits that
plays a key role in regulating RNA Pol lI-mediated transcription.®2 It can be divided
into two parts, the kinase module and the core Mediator complex. The kinase
module contains four subunits (CDK8, CCNC, Med12, and Med13) and is able to
reversibly associated with the core Mediator complex (consists of 26 subunits) via
Med13 as shown in Figure 1.2.64%5 The ChIP-Seq data shows that kinase module
is co-localized with Mediator genome-wide,*® suggesting that kinase module is
essential in regulating Mediator-mediated transcription. The transcription initiation
requires RNA Pol Il escape from PIC. This process is assisted by CTD
phosphorylation at Ser5 of RNA Pol 1l by CDK7/cyclin H, a TFIIH subunit and a
substrate of CDK8.56 The kinase module suppresses transcription initiation via
CDK8-mediated phosphorylation of CDK7/cyclin H.%” In addition, when the kinase
module binds to the core Mediator complex, it causes the conformation change of

Mediator and excludes the binding of RNA Pol Il, thus inhibiting the transcription



re-inititation.8 Therefore, kinase module acts as a switch for transcription initiation
and re-initiation. On the other hand, the kinase module containing CDKS8 is able to
promote transcription elongation. CDK9 is a subunit of P-TEFb, a pause release
factor. While CDKS8 is able to phosphorylate CDK9, it consequently enhances the
recruitment and activity of P-TEFb.5%-7%

As mentioned above, CDK8 and CDK19 are homologs. In addition, the
paralogs of Med12 and Med13 have been identified as well. The Med12-like
(Med12L) and Med13-like (Med13L) proteins share 59% and 53% sequence
similarity with Med12 and Med13. These homologous pairs are mutually exclusive
in forming the kinase module and result in a number of kinase module variants. 72
These not only share overlapping functions,’”®7# but also exhibit different roles in
regulating transcription.4:72

At the same time, CDK8 can regulate transcription in a way that may be
independent of Mediator by phosphorylating TFs as shown in Figure 1.3.
Receptor-regulated mothers against decapentaplegic proteins (R-Smads) are
transcription activators that mediate BMP/TGF- signals.”> CDK8 phosphorylates
R-Smads, which enhances the binding of R-Smads to co-activators and promotes
the transcription of target genes.”® Meanwhile, the phosphorylated R-Smads can
be ubiquitinated resulting in subsequent degradation.”” The neurogenic locus
notch homolog protein (NOTCH) signaling pathway is critical for inter-cellular
communication, T cell differentiation and neuronal development.”88° The NOTCH
intracellular domain (NICD) can be cleaved and enters into the nucleus after ligand

binding to the extra-cellular domain of the NOTCH receptor. NICD then binds to



the NOTCH target gene and activates transcription.8? CDK8-mediated NICD
phosphorylation, on the other hand, leads to NICD ubiquitination and subsequent
degradation that terminates NOTCH target gene transcription.>® Signal transducer
and activator of transcription (STAT) family plays a key role in mediating cytokine
responses and its deregulation is often associated with immune diseases, viral
infections, and increased susceptibility to malignancies.®? Upon interferon-y (IFN-
y) stimulation, STAT1 can be phosphorylated at Tyr701 by Janus kinase (JAK) and
forms a dimer. The phosphorylated STAT1 dimer is then transferred into nucleus
and binds to the target gene for transcription.8384 Despite that, the full activation of
gene expression requires the second phosphorylation at Ser727 on STAT1 which
is mediated by CDK8.52 GCN5L-mediated acetylation of histone H3 induces the
transcriptional activation of immediate early genes (IEG), which requires CDK8-
mediated histone H3 phosphorylation at Serl0/Lys14.858 Sterol regulatory
element-binding protein (SREBP) family is essential for adipogenesis regulation.
Upon insulin stimulation, SREBP-1C is localized to the nucleus and activates the
transcription of adipogenic-related genes.®” CDKS8 is able to negatively regulate
SREBP-1C mediated transcription via phosphorylating SREBP-1C at Thr402. The
phosphorylated SREBP-1C then undergoes ubiquitination and subsequent
degradation.®! In addition, CDK8 knockdown results in lipid accumulation due to
the upregulation of adipogenic genes.

Other than their kinase activities, both CDK8 and CDK19 exhibit kinase-
independent functions as well. For instance, CDK8 is upregulated along with the

loss of histone variant mH2A, which in turn increases melanoma malignancy in a
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kinase-independent manner, and both wild-type (WT) and kinase-dead forms of
CDKS8 were reported to stimulate melanoma growth.8? In another example, CDK8
deprivation suppresses the disease aggressiveness in B-cell leukemia mouse
models but CDKS8 inhibition shows only minimal effects, suggesting a kinase-
independent role of CDK8 in leukemia development.®® CDK19 knockdown reduces
the proliferation of SJSA cells. Re-expression of either wild-type or kinase-dead
CDKZ19 recuses the defects in cell proliferation, indicating a kinase-independent
role of CDK19.%! It was also reported that upon IFN-y stimulation, CDK19 activates
a distinct set of genes compared to CDK8, which depends only on the scaffolding
function of CDK19.92

Although CDKS is identified as a cyclin-dependent kinase involved in the
regulation of transcription, its role in cell cycle regulation has been reported as well.
Skp2-mediated degradation of macroH2A1 (mH2A1) enhances CDK8 expression
and contributes to mouse embryonic fibroblasts (MEFs) G2/M transition,
suggesting the role of CDK8 in cell cycle regulation.®®%* In addition, CDK8
promotes G1/S transition through the WNT/B-catenin pathway via phosphorylating
E2F1.%° Moreover, CDK8 stimulates the transcription of p21 (a negative regulator
of CDK1/2) and thus leads to G1/S process.®® CDK7, a subunit of CDK activating
kinase (CAK), is able to regulate cell cycle via phosphorylating the well-known
cycle CDKs (CDK1/2/4/6). CDK8 is able to phosphorylate CDK7 and thus indirectly

regulates cell cycle.®’
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1.4 The Roles of CDK8/19 in Diseases

Multiple studies have identified the role of CDK8 in numerous diseases,
especially in cancers, which makes it a promising drug target (Figure 1.4). CDK8
is identified as an oncogene in colorectal cancer (CRC) that was reported to be
overexpressed in 60% CRC patients.®®19° The level of CDK8 is negatively
correlated to the 5-year survival rate among 372 colon cancer patients.'! In
addition, CRC patients at advanced stages exhibit much higher CDK8 level
compared to early stages, indicating the role of CDK8 in promoting tumor
progression.0t CDK8 exerts its oncogenic role in CRC mainly through the WNT/B-
catenin pathway.’”95:102.103 |n CRC, the level of B-catenin is significantly elevated
with excessive activity. When translocated into nucleus, (3-catenin forms a complex
with T cytokine factor (TCF) and lymphotropic factor (LEF), which recruits co-
activators and induces the transcription of several oncogenes (MYC, AXIN2, and
LEF1). CDKS8 can indirectly promote the TCF/LEF-dependent gene transcription
by phosphorylating and deactivating E2F1, a 3-catenin suppressor. Studies have
demonstrated that CDK8 knockdown reduced CRC proliferation in both in vitro cell
and in vivo xenograft models.%®194 Despite that, it is reported that CDK8 deprivation
increased tumor burden in APCMin intestinal tumor bearing mice.1% The opposite
roles of CDK8 in CRC suggests the multiple functions of CDKS8 in transcription
regulation under specific conditions. In order to enable the rapid proliferation,
cancer cells often exhibit increased glucose consumption and glycolysis rate, this
phenomenon is called the Warburg effect.106-19%8 A study has found that CDKS8

together with hypoxia-inducible factor 1-alpha (HIF1a) enhance the transcription
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of glycolytic enzyme genes in colorectal cancer cells.*® Inhibition of CDK8
interferes with glucose transporters and disrupts the glucose uptake, which hinders
the cell proliferation of HCT116 cells,'% indicating the role of CDK8 in glycolysis in
colon cancer. In addition to promoting CRC growth, the role of CDK8 that
contributes to colon cancer metastasis has been identified as well. CDKS8
stimulates the transcription of miRNA-181 that inhibits the expression of tissue

inhibitor of metalloproteinase 3 (TIMP3) through WNT/ B -catenin pathway and

inhibition of CDK8 prevents the liver metastasis of colon cancer cells.t0
Furthermore, CDK8 contributes to CRC invasion and metastasis via regulating
matrix metalloproteinases (MMPs) through TGF-B/SMAD pathway.!!!

Skp2-mediated mH2A1 degradation induces CDKS8 upregulation that
contributes to breast cancer cell proliferation. In addition, mH2A1 knockdown or
CDKS8 restoration recovers the Skp-2 loss mediated tumor suppression. Moreover,
the levels of CDK8 and Skp2 is positively correlated with the tumor status among
189 human breast cancer samples.® Furthermore, it is reported that CDK8 is a
downstream protein of estrogen receptor (ER) that promotes ER-induced
transcription and deteriorates ER-positive breast cancer. Inhibition of CDK8
restrains the transcriptional elongation of ER-induced genes via suppressing
estrogen-induced phosphorylation of RNAPII CTD at Ser2, which suppresses
tumor growth both in vitro and in vivo.11?

In melanoma, CDK8 is upregulated by the loss of histone variant mH2A that
increases melanoma malignancy in a kinase-independent manner.''3 Both CDK8

and CDK19 are overexpressed in advanced prostate cancers. Either CDK8/19
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inhibition or knockdown reduces prostate cancer cell invasion and migration,
suggesting their roles in prostate cancer progression.''* Study has shown that
mutated K-RAS in pancreatic cancer stimulates the expression of CDK8. The
elevation of CDKS in turn triggers the epithelial-to-mesenchymal transition (EMT)
through WNT pathway and contributes to the pancreatic cancer progression.1®
Moreover, the upregulation of CDK8 in pancreatic cancer promotes angiogenesis

through the CDKS8- B -catenin-Krippel like factor 2 (KLF2) pathway and thus

contributes to cancer metastatic invasion.® The CDK8-mediated EMT promotion
has also been identified in ovarian cancer cells.'1”*18 |t was reported that CDK8
and CDK19 are overexpressed in acute myeloid leukemia (AML) cell lines and
negatively regulate super-enhancer (SE)-associated genes.''® Small molecule
CDK&8/19 inhibitors reduce STAT1-Ser727 phosphorylation and exhibit significant
antileukemic activity both in vitro and in vivo.'®120 On the contrary, one study
demonstrated CDK8-mediated tumor suppression in T-cell acute lymphoblastic
leukemia (T-ALL). CDK8 phosphorylates intercellular NOTCH peptide and
increases its degradation, which disrupts the NOTCH pathway and suppresses the
progression of T-ALL,*?! highlighting the context-specific and cell-type roles of
CDKS8.

The dysregulation of nuclear factor kappa B (NFkB) transcription factors is
closely related to cancer development due to its role in regulating inflammation. 1?2
However, current NFkB inhibitors lead to sustained NFkB suppression and thus
exhibit severe side effects. In that case, drugs that inhibit induced but not basal

NFkB activity may offer better therapeutic effects. CDK8 promotes the transcription
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of NFkB target genes upon TNF-a stimulation, such as 118, Cxcl2 and Cxcl3.
Inhibition of CDK8 downregulates the transcription of tumor-promoting cytokines,
however, without affecting the basal level of NFkB regulated genes.122123
Moreover, upon lipopolysaccharide (LPS) stimulation, CDK8 promotes the
expression of inflammatory genes.'?* CDK8 knockdown enhances the anti-
inflammatory and anti-apoptotic effects of miR-297 in LPS-mediated A549 cells
and mice model.

CDKS8 phosphorylates STAT1 at Ser727 in resting natural killer (NK) cells
and suppresses the NK cell cytotoxicity.1?® The STAT1-S727A mutant mice exhibit
enhanced NK cell cytotoxicity and are resistant to different cancers.'?® In addition,
the level of phosphorylated STAT1 at Ser727 does not change in CDK8-deficient
NK cells, possibly due to the compensatory role of CDK8 homolog, CDK19.7374
Moreover, NK cells are associated with leukemic stem cells elimination that avoids
leukemia relapse.1?6

The functions of CDK8/19 in transcription, metabolism, inflammation,
immune regulation and metastasis, makes it a promising drug target for numerous
diseases, especially cancers. Inhibiting or silencing CDK8/19 is able to reduce the
invasiveness, growth, metastasis, and metabolism of cancer cells, while

enhancing cancer cell differentiation, and tumor surveillance.

1.5 Development of CDK8/19 Inhibitors and Other Types of
Regulators

Since CDKS8 has been validated as a potential drug target due to its role in

diverse diseases, especially in cancers, it has led to the development of CDK8
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inhibitors.12-12° This however is still in its early stages, and most of the inhibitors
were discovered in recent years. In addition, due to the homology between CDK8
and CDK19, most of the identified CDK8 inhibitors also suppress CDK19. As
mentioned in the above sections, CDK19 can compensate the functions of CDKS,
meanwhile, it demonstrates unique impacts in both transcription and disease
progression.*° Therefore, inhibition of both CDK8 and CDK19 may offer enhanced
therapeutic effects. At the same time, developing selective CDK8 or CDK19
inhibitors is still necessary for studying the biological mechanisms of CDK8 or
CDK19.

Current small molecule CDKS8 inhibitors are either type | or type Il inhibitors
(Figure 1.5) although most of them are type |. Type | kinase inhibitors, also known
as ATP-competitive inhibitors, are small molecules that bind to the ATP binding
site.13! Type | compounds are the most common kinase inhibitor class and account
for two-thirds of all FDA-approved inhibitors.'32 Despite the clinical success of type
| inhibitors, there are several concerns in developing such compounds. The first is
the issue of selectivity. Since kinases are highly conserved in the ATP binding
sites, many type | inhibitors exhibit poor selectivity that lead to toxicities and side
effects.’33134 Secondly, due to the high intracellular ATP levels and a low value of
ATP’s Michaelis constant, a high affinity is required in order to achieve effective
kinase inhibition in vivo.133135 Thirdly, mutations often happen in the kinase ATP
binding sites and disrupt the binding of inhibitors thus leading to drug
resistance.3¢137 Type Il inhibitors, on the contrary, bind to inactive kinases and

occupy both ATP binding site and an adjacent allosteric pocket. This may provide
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better selectivity over type I inhibitors due to the uniqueness of allosteric pockets
among kinases.'*® However, type Il inhibitors development has several drawbacks
including the lower level of inactive kinase in cells, less binding affinity and
mutations, especially at the gatekeeper residue.® Although type Il inhibitors may
achieve better selectivity, this is not always the outcome.'3® Meanwhile, type |
inhibitors through careful design can still achieve highly selectivity.

Some early CDK8 inhibitors were identified by testing known kinase
inhibitors like the v-raf murine sarcoma viral oncogene homolog B1 (BRAF)
inhibitor Sorafenib,4° the breakpoint cluster region (BCR)- v-abl Abelson murine
leukemia viral oncogene homolog 1 (ABL) inhibitor Ponatinib,* and the VEGF
inhibitor Linifanib.14? The binding affinities of these inhibitors against CDK8 are
much lower than against their original targets. Moreover, X-ray crystal structure of
CDK8-Sorafenib complex has been identified. Sorafenib is a type 1l CDK8 inhibitor
and occupies both ATP binding site and the adjacent allosteric binding pocket.?
However, type Il CDK8 inhibitors, Sorafenib and its analogs lack cellular potency
which may be due to the low levels of inactive CDK8 in cells.43

In contrast, type | inhibitors have a good correlation of biochemical potency
and cellular activity with significant selectivity, suggesting that they have more
potential for CDK8 inhibitor drug development. Currently, the majority of CDK8
inhibitors are type | inhibitors and in addition, mostly target CDK19 due to the high
sequence similarity between these two protein paralogs.

Cortistatin A, a steroidal alkaloid isolated from marine sponge Corticium

simplex,44 exhibits high affinity (Ke=17 nM) and selectivity for CDK8/19 as shown
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via kinase profiling. In addition, Cortistatin A promotes SE-associated genes by
inhibiting CDK®8/19 that contributes to tumor suppression and exhibits anti-
leukemic activity both in vitro and in vivo without any apparent toxicity. Despite
that, Cortistatin A does not affect HCT116 cells and shows negligible anti-
proliferative effect.!4> SEL120-34A,45 developed by Selvita Ltd., is a selective
CDK&8/19 inhibitor that marginally inhibits CDKO. It inhibits the phosphorylation of
STAT1-Ser727 and STAT5-Ser726 and suppresses the growth of AML both in vitro
and in vivo with negligible toxicity. However, it has no effect on MOLM-14 cells.
Moreover, SEL120-34A has entered into clinical trials for AML treatment
(clinicaltrails.gov NCT04021368). Senexin A was discovered through a high-
throughput screen for inhibitors against p21 induced transcription and later
identified as a selective CDKS8/19 inhibitor. It suppresses tumor-promoting
paracrine activities and increases the efficacy of chemotherapy in xenograft animal
models.'4’ In addition, Senexin A partially suppresses B-catenin—dependent
transcription in HCT116 colon carcinoma cells through CDKS8 inhibition.4® The
optimization of Senexin A resulted in a more potent and selective CDK8/19
inhibitor, Senexin B. It also inhibits B-catenin related transcription in HCT116
cells.**® In addition, studies have demonstrated that Senexin B inhibits tumor
growth in several in vivo tumor models, including lung cancer, breast cancer, and
AML.14150 Fyrthermore, Senexin B has entered into clinical trials (clinicaltrials.gov
NCT03065010), for advanced ER-positive breast cancer in combination with
aromatase inhibitors or fulvestrant. CCT251545 and its analogue CCT251921 both

target CDK8 and CDK19 with highly potent inhibition activity.109.151.152 They inhibit
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the WNT pathway in several colorectal cancer cell lines, however, cannot suppress
the proliferation of CRC cells and only slightly inhibit tumor growth in CRC
xenograft model. Meanwhile, CCT compounds exhibit severe organ toxicity in
different animal models.’®2 A later study indicates that the toxicity of these
compounds is very likely due to the off-target effects.1>3 BRD6989 was initially
disclosed from screening of small molecular interleukin-10 (IL-10) enhancers and
later identified to target both CDK8 and CDK19 via kinase profiling. In addition, it
has a high selectivity for CDK19 with only moderate CDK8 inhibition (ICso =500
nM). BRD6989 suppresses the phosphorylation of STAT1 at S727 and enhances
IL-10 production that promoted innate immune activation.>* BI-1347 is another
selective CDK®8/19 inhibitor with a CDKS8 inhibitory ICso value of 1 nM. It is able to
enhance NK cell activity and promotes tumor surveillance. > In spite of the existing
CDK8/19 inhibitors, further investigation is still required in order to achieve
inhibitors with enhanced potency, specificity, and favorable PK profiles for both
research and clinical applications.

Along with small molecule CDKS8 inhibitors, other drug modalities have also
been used to regulate the kinase activity of CDK8, such as small interfering RNAS,
antisense oligonucleotides, CRISPR-Cas9 gene editing technology, and PROTAC
technology. Compared to small molecule inhibitors, these regulators modulate the
CDK8 kinase activity either through CDK8 gene knockdown/knockout or CDK8
protein degradation. Nucleic acid based compounds generally are easy to
synthesize and have high specificity, however, they have poor metabolic stability

and oral absorption due to the high molecular weight and a large number of
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hydrogen bond donors and acceptors, which limits their clinical use.>*® |n
addition, partial sequence complementarity can often cause severe off-target
effects.!” CRISPR-Cas9 technology is a novel gene editing tool and was applied
in gene therapy for treatment of numerous diseases.'*¢%¢ However, the poor
stability, delivery issues and potential safety concerns largely hamper its clinical
application.®132 Moreover, both nucleic-acid based strategies and CRISPR-Cas9
technology have no effects on existing or long-lived target proteins.'* PROTAC
technology, on the other hand, is able to block kinase activities post-translationally
through degradation. In addition, through protein degradation, PROTAC molecules
can eliminate both the catalytic and non-enzymatic functions of kinase at the same
time. Two PROTAC molecules (Figure 1.6), JH-XI-10-02 and YKL-06-101, have
been developed through conjugation of Cortistatin A analog or THZ4-55 with
Cereblon E3 ligase binder pomalidomide or thalidomide through a PEG linker.
They promote the ubiquitination and degradation of CDK8 in Jurkat and BV173
cells, without affecting its paralog CDK19.159.160

This dissertation focuses on the design, synthesis, optimization, and
biological evaluation of novel small molecule CDK8/19 inhibitors and PROTACs

as potential anti-cancer agents.
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Figure 1.1 The protein structure of CDK8/CCNC (PDB code: 4F7S). CDK8 is a
bi-lobe protein and activated by binding with its parthner CCNC. The ATP binding
site is between the N-lobe and C-lobe. The key motifs are identified in colors.
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Figure 1.2 The regulation of RNAPII transcription via CDK8. CDKS8 participates
in initiation, elongation, and re-initiation in either a positive or negative manner.
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23

Co-activator

Cyclin AICDK2

5\

N

,Smadd TIMP3
e
P T

miR-181b

Histone Octamer

) @ Tumor Proliferation

NFKB

Inflammation factors

Cell growth
Cell migration
Tumorigenesis

=




Sorafenib

CDK8 IC5,=199nM

Cortistatin A

CDK8 IC5p=5nM

Senexin B

CDK8 IC5,=40nM

BRD6989
CDK8 IC5,=500nM

Ponatinib

CDK8 IC5,=14nM

SEL120-34A
CDK8 IC5y=4nM

CCT251545
CDKS8 IC5,=5nM

SUeh
X

Pz

N

BI-1347

CDKS8 IC5,=1nM

Linifanib

CDK8 IC5p=14nM

e

J

N

Senexin A

CDK8 IC5,=280nM

NH
o
N/
cl ) N
X
L
HNT N
CCT251921

CDK8 IC5,=2.3nM

Figure 1.5 The structures of reported CDK8 inhibitors.
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CHAPTER 2
DEVELOPMENT OF QUINOLINE-6-CARBONITRILE-BASED

ANALOGS AS NOVEL CDK8/19 INHIBITORS

2.1 Introduction

Senexin A (2.1) and Senexin B (2.2) are quinazoline-based selective
CDK8/19 inhibitors (Figure 2.1A) developed by Senex Biotechnology, Inc.161.162
Senexin A was initially derived from high throughput screening for molecules that
inhibit p21- and DNA damage-activated transcription, and later was identified as a
selective inhibitor of CDK8/19. It exhibits significant CDK8 and CDK19 binding
affinity with Kq values of 830 nM and 310 nM.'#” Senexin A inhibits damage-
induced paracrine activities in tumor cells and increases the efficacy of
chemotherapy in xenograft animal models.'#” Further optimization of Senexin A
resulted in Senexin B which has better potency and selectivity. It inhibits CDK8
activity with a 1Cso value of 40 nM at kinase level. According to KINOME scan
results (DiscoverX), Senexin B shows high CDK8/19 selectivity among 451
kinases with only a few off-targets as shown in Figure 2.1B. Senexin B suppresses
the tumor growth and enhances the anti-cancer effect of doxorubicin in triple-
negative breast cancer (TNBC) xenografts.1¢® Meanwhile, Senexin B-mediated
CDKS8 inhibition not only reduces the tumor burden in estrogen positive breast

cancer xenografts, but also exhibits a synergistic effect with ER antagonist
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fulvestrant.'1? The synergistic effect of Senexin B is also seen when combined with
an anti-HER2 monoclonal antibody or the EGFR inhibitor lapatinib for the treatment
of HER2 positive breast and colon cancer cell lines.1%4 Although Senexin B has no
effect on tumor growth in mouse CT26 tumor xenograft model, it suppresses tumor
metastasis to the liver.1%3 In addition, CDK8/19 inhibition via Senexin B suppresses
the induced NFkB-driven transcription without affecting the basal expression of
NFkB-regulated genes, suggesting the function of CDK8/19 in mediating
transcriptional reprogramming.'®> Senexin B (a.k.a. BCD-115) is the first selective
CDK&8/19 inhibitor to enter clinical trials (clinicaltrials.gov NCT03065010) for
advanced ER-positive breast cancer in combination with aromatase inhibitors or
fulvestrant. However, Senexin B showed an unfavorable PK profile in humans and
its main metabolite has no CDK8 inhibitory activity (Data not shown).

Despite the significant selectivity and anti-cancer therapeutic effects of
Senexin B, there is still room to improve its potency and PK profile. Thanks to the
abundance of three-dimensional structures of biological molecules via either X-ray
crystallography or nuclear magnetic resonance, structure-based drug design
(SBDD) strategy is now widely applied in the drug discovery and design.166-169
SBDD strategy allow the prediction of ligand binding sites in the target protein and
estimates the binding affinity of ligands with considerable accuracy.'%%-1"1 This
information can then be used for design and optimization of new ligands with
enhanced affinity and selectivity. Meanwhile, for target proteins without determined
structures, computational methods such as homology modeling'’>173 can be

applied to predict the three-dimensional structures based on similar proteins. In
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addition, when compared to combinatorial chemistry!’* and high-throughput
screening (HTS),17>176 SBDD is both time- and cost-efficient, and can eliminate
failures at an earlier stage, thus speeding up drug discovery progress and
achieving great success.

In this chapter, Senexin A and Senexin B are chosen as the starting
scaffolds. SBDD is carried out for the following design and structural modification
to achieve CDK8/19 inhibitor candidates with increased potency and favorable PK

profile.

2.2 Results and Discussion

2.2.1 Structure-Based Design of Quinoline Senexin Analogues

A molecular docking study of Senexin A (2.1) was carried out by using the
reported crystal structure of CDK8/cyclin C in complex with an analog of Senexin
A (PDB ID: 4F7S).17" In the most plausible binding mode, shown in Figure 2.2,
the 1-N atom on the quinazoline ring of Senexin A forms a hydrogen bond with NH
of Ala100 at the hinge region of CDK8. Hinge interactions are conserved in most
ATP competitive kinase inhibitors. The nitrogen lone pair of the 6-cyano group
accepts a hydrogen bond from the strong H-bond donor of the positively charged
NHs of Lys52. In addition, the phenethyl aromatic ring was predicted to form
aromatic hydrogen bonds with the carbonyl oxygen of Gly33. Interestingly, the N-
3 atom on the quinazoline ring was not observed to make significant interactions
with CDK8 in docked structures, suggesting that it does not contribute to the

binding affinity and is not required for drug-target interaction.
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Based on this prediction, a docking study of the quinoline version of Senexin
A showed that 2.8a possessed the same interactions as its parent quinazoline
compound at the head part (Figure 2.2), and its phenethyl aromatic ring formed
aromatic hydrogen bonds with the carbonyl oxygens of Alal55 and Val27.
Synthesis and testing of 2.8a along with Senexin A demonstrated that 2.8a is more
potent than Senexin A in both in vitro and cell-based assays, with a Lanthascreen
kinase ICso value of 17 nM (Table 2.1). This can be attributed to the increased
basicity of the N-1 atom in the quinoline context and thus leading to a stronger H-
bond interaction with Alal00. Due to the increased activity of 2.8a compared to
Senexin A and furthermore the good pharmacokinetic properties of quinolines in
general, research efforts focused on modifications of 2.8a to improve its in vitro
potency while further optimizing its drug-like properties.

To further investigate the contributions of functional groups at the 6-position
of the quinoline ring system, a series of analogs (2.8b-j) were synthesized with
varying groups replacing the nitrile functional group as shown in Scheme 2.1.
According to the results from Lanthascreen and cell-based assays (Table 2.1), the
H-bond acceptor role of the 6-cyano group with Lys52 mentioned above is key to
inhibitory activity. In the first instance, removal of this group to generate the
unsubstituted quinoline (2.8b) led to a roughly 60-fold decrease in CDK8 activity
(Lanthascreen) thus giving a direct measure of its contribution. Further
replacement of this group with halogens or a trifluoromethyl group (2.8c-f)
significantly decreased CDKS inhibition potency with the chloro-substitution being

the most effective of the series. The interchange of the nitrile for a nitro group
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(2.8g) generated an analogue of similar potency suggesting that an H-bond
acceptor (HBA) group leads to the most favorable interaction with Lys52.
Substitution with an aromatic amino group (2.8i) led to a dramatic potency loss
further suggesting the requirement of a HBA to facilitate interaction with the lysine
sidechain. Two additional compounds bearing larger functional groups (2.8h-
amide and 2.8j-acetamide) again confirm the need for an appropriate HBA group
and also point to the detrimental effect of steric hindrance in binding to CDK8. The
results obtained for compounds tested in the cell-based reporter assays for the
most parts were in line with the Lanthascreen data but yielded higher I1Cso values,
perhaps reflective of the differences in cellular penetration of these analogs. The
qguinoline-6-carbonitrile scaffold was chosen for further drug discovery and
optimization studies due to its optimal binding to CDK8 and the desire to exclude
an aromatic nitro group of 2.8g as a known toxicophore.

2.2.2 Lead Optimization of Quinoline Senexin B Derivatives

After determining the optimal substitution of the quinoline ring, the next step
was to investigate the impact of this scaffold on the inhibitory effect of Senexin B
(2.2). The quinoline version of Senexin B (2.20a) was synthesized (Scheme 2.2).
Consistent with the results for Senexin A and 2.8a, 2.20a exhibited improved CDK8
inhibitory activity compared to its quinazoline counterpart (2.2) in both
Lanthascreen and cell-based assays (Table 2.2). In addition to the quinoline, a
number of other alternate core structures were synthesized and evaluated. These
included 1,7-naphthyridine, 1,8-naphthyridine and cinnoline versions of Senexin B

however all were significantly less potent thereby confirming that the quinoline was
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the optimal core structure (data not shown). In each of these alternate cores, the
equivalent of N-1 is absent or considerably less basic than the quinoline confirming
the structure hypothesis.

The docking studies of Senexin B (2.2) and 2.20a were carried out using
the same CDKS8 crystal structure (PDB ID: 4F7S) and the predicted binding modes
are shown in Figure 2.3. The key interactions of Senexin B (2.2) and 2.20a were
shown to be similar where the N-1 of the quinazoline/quinoline ring forms the
conserved H-bond with NH of Ala100 in the hinge region. As with Senexin A (2.1)
and its quinoline counterpart 2.8a, the 6-cyano nitrogen is involved in a H-bond
with the side chain ammonium of Lys52. In addition, for 2.20a, the naphthyl ring is
predicted to form a Pi-Cation interaction with the guanidinium group of Arg356 and
a Pi-Pi stacking interaction with the imidazole ring of His106. The amide oxygen in
the bridge between the naphthyl and methylpiperazine rings interact through a H-
bond with Lys109. Both compounds also make hydrophobic interactions in the ATP
binding cleft.

Since consistent improvements in activity were observed for both 2.8a and
2.20a relative to the corresponding parent quinazoline compounds, a further series
of 4-((2-(6-substituted-naphthalen-2-yl)ethyl)amino)quinoline-6-carbonitrile
derivatives were designed, synthesized, and evaluated as shown in Scheme 2.2
and Table 2.2. To explore the SAR of the tail group, replacement of the naphthyl
ring with a second quinoline group was undertaken thus generating 2.20b. The
rationale for this modification was to provide additional interactions with nearby

residues while increasing hydrophilicity and agueous solubility of 2.20a. 2.20b,
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however, was found to be inactive in the Lanthascreen assay and loses cellular
potency compared to 2.20a. The docking results for 2.20b indicate a similar
binding mode to that of 2.20a, suggesting that it may not be the interactions of the
second quinoline ring that interfere with target binding. One possibility is that the
additional nitrogen in 2.20b may result in a stabilized intramolecular conformation
that entropically disfavors binding of this analog to CDKS8. Indeed, molecular
modeling simulation predicts that the second quinoline nitrogen may interact with
the amino group through hydrogen bond to form a six membered ring-like
intramolecular structure and that this conformation is further stabilized by other
favorable interactions (Figure 2.4), providing a potential explanation for its
dramatically reduced potency.

Further modifications were made by varying the substitutions of the
piperazine ring of 2.20a (2.20c-2.20n, Table 2.2). According to the predicted
binding mode of 2.20a, the methylpiperazine group is located near the front pocket
of CDK8 ATP binding site and is somewhat solvent exposed. To expand the SAR
of the tail group while potentially increasing the inhibitory potency and drug-
likeness, the methylpiperazine group was modified in several ways including
isosteric replacement and alkylation. First, removal of the methyl group to generate
the unsubstituted piperazine of 2.20c shown slightly decreased potency in
Lanthascreen assay, however, significantly reduced the inhibitory activity by
almost 6-fold with respect to the 293 cellular reporter assay. Acetylation of the free
piperazine (2.20d) led to a decrease in Lanthascreen activity but a substantial

recovery of 293 cellular activity. The Boc-protected piperazine analog 2.20e
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exhibited similar trends and had an improved cellular potency relative to the
acetylated analog (2.20d). Isosteric replacement of the piperazine group with
thiomorpholine (2.20f) led to a roughly 3-fold reduction in both enzymatic and 293
cellular activities. The thiomorpholine sulfoxide (2.20g) was found to have similar
activity as 2.20f, and a 1-imino-1A6-thiomorpholine 1-oxide replacement (2.20h)
for the piperazine caused a decrease in cellular potency. A variety of alkylated
piperazine Senexin derivatives were generated including propan-1-ol (2.20i),
propan-1-amine (2.20j), and the Boc protected version of 2.20j (2.20k). Of these,
2.20i is the most potent in terms of Lanthascreen inhibitory activity. A marked drop-
off in the cellular reporter activity was observed with 2.20j, however, this was
recovered in the Boc protected analogue 2.20k that has the second-best cellular
reporter activity compared to 2.20a. Further substitution of the naphthyl ring with a
N,N-dimethylformamide (2.201), the N-(3-aminopropyl)-N-methylacetamide
(2.20m) and the Boc protected version of 2.20m (2.20n). 2.20I has similarly good
activity in the Lanthascreen assay but 2-fold less active in the 293 cell-based assay
when compared to 2.20a, whereas the other two derivatives (2.20m and 2.20n)
were less potent in both assay formats. Replacement of 4-NH bridging atoms
(through which the quinoline is substituted), with oxygen, sulfur or amide group
markedly decreased inhibitory potency (data not shown), suggesting the

importance of 4-NH in the pharmacophore model.
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2.2.3 Characterization of the Lead Quinoline Inhibitor (Senexin

C) in Cell-Free and Cell-Based Assays

Based on its most potent CDK8/19 inhibitory activity in the cell-based assay,
compound 2.20a, designated Senexin C was chosen as the lead compound and
therefore subjected to a series of assays to determine its drug-like properties. To
evaluate the kinase selectivity, the KINOMEscan screening assay (DiscoverX) was
conducted for Senexin C, tested at 2 uM, against a comprehensive panel of 468
human kinases. The profiling revealed a high level of selectivity for Senexin C
against CDK8 and CDK19 (>85% inhibition) and only three off-target kinases
(HASPIN, MAP4K2 and MYO3B) were identified as inhibited at this concentration
over 35% (Figure 2.5, Table 2.3). Notably, no other members of the CDK family
were significantly inhibited. A detailed dose-response analysis (11-point 3-fold
serial dilutions) was then performed to determine the binding constants (Kds) for
all the inhibited kinases (Figure 2.6). Senexin C competes for ATP analog binding
to CDK8 and CDK19 with similar Kas, 55 nM and 44 nM respectively, and to the
other three off-target kinases with much higher Kad values (HASPIN: 1000 nM;
MAP4K2: 940 nM; MYO3B: > 30,000 nM). Furthermore, the KINETICfinder TR-
FRET based kinetic assay (Enzymlogic) was carried out to characterize the binding
kinetics parameters of Senexin B and Senexin C and used recombinant CDK8 and
CDK19 proteins coupled with their cyclin partner Cyclin C (cycC) (Table 2.4,
Figure 2.7). Results revealed that Senexin C has a slightly lower CDK8 Kd than
Senexin B (1.4 nM vs 2.0M) and similar CDK19 Kd to Senexin B (2.9 nM vs 3.0

nM). The residence time (1) of Senexin C binding to CDK8/cycC or CDK19/cycC
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is 2-3 folder longer than that of Senexin B, suggesting another potential
mechanism for the better potency of Senexin C over Senexin B in different kinase
assays. Significant differences were observed between ICso/Kq4 values determined
using different functional and binding assays. The DiscoverX active-site dependent
competition binding assay gave more than an order of magnitude difference in
CDKS8 Kau relative to the value determined using the KINETICfinder TR-FRET
based kinetic assay or to the ICso value determined by the Lanthascreen kinase
binding assay. One possible explanation is that the Discover X assay uses
recombinant CDK8 protein without its cyclin partner cycC while the other two
assays use cycC-coupled CDK8 recombinant proteins. Binding to cyclin C
changes the conformation of CDK8 according to X-ray studies and this interaction
likely affects the target binding affinities of compounds.

Besides the well-established CDK8/19-dependent NFkB activity and MV4-
11 growth-inhibition assays used for determining cellular SAR, the activities of
Senexin B and Senexin C were determined in other CDK8/19 dependent biological
assays. First, the effects of different concentrations of Senexin C were compared
on TNF-a induced NF«B reporter activity in parental (WT) and CDK8/19 double-
knockout (dKO) 293 cells (Figure 2.8A). Senexin C had no effect on reporter
induction in dKO cells but suppressed such induction in WT cells, confirming its
target selectivity. Next, the effects of Senexin B and Senexin C on mRNA
expression of CDK8/19 dependent genes in HEK293 cells, including basal

expression of MYC (Figure 2.8B) and NFxB-inducible expression of CXCLS8
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(Figure 2.8C) were examined. Senexin C was more potent than Senexin B in both
assays.

Further experiments examined the durability of CDK8/19 inhibition by
Senexin C and Senexin B in a cell-based drug wash-off assay.'’® 293 cells were
first treated with vehicle (0.1% DMSO), 1 yM Senexin B, or 1 yM Senexin C for 3
hours to allow maximal inhibition of MRNA levels of CDK8/19 dependent genes
MYC and KCTD12. Then the drug-containing media were removed, cells were
washed twice with drug-free media and further incubated in drug-free media for
different periods. Subsequently, cells were lysed for RNA extraction and qPCR
analysis to determine the recovery kinetics. Figure 2.9 shows that the inhibition
of these genes in Senexin B-treated cells was completely reversed at 3 hours post
wash-off whereas the Senexin C treated cells were observed to recover target
gene expression at a much slower rate, maintaining ~30% of maximal inhibition
even at 24 hours post wash-off time point. These results indicate that CDK8/19
inhibition is far more durable after treatment with Senexin C relative to Senexin B,
in agreement with the longer residence time of Senexin C.

To compare the metabolic stability of Senexin B and Senexin C, human
hepatocytes were incubated with 2 yM of each compound at 37°C after which drug
concentrations were quantified at different time points by LC-MS/MS. As shown in
Figure 2.10, the metabolic clearance rate of Senexin C in cultured hepatocytes
was greatly decreased relative to Senexin B. The intrinsic clearance (Clint) for
Senexin C decreases to 0.00639 mL/min/10® when compared to the Clint for

Senexin B (0.0198 mL/min/10°).
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2.2.4 In Vivo Characterization of Senexin C in Novel
Pharmacokinetic (PK)/ Pharmacodynamic (PD)/ Toxicity Assays

for CDK8/19 Inhibition

A PK/PD analysis of Senexin C in a novel assay based on the murine CT26
colon carcinoma tumor model was conducted in Balb/c mice. CT26 cells were
injected s.c. in syngeneic Balb/c mice and allowed to grow to 200~300 mm?3,
Tumor-bearing mice then received Senexin C administered either i.v. at 2.5 mg/kg
or orally at 100 mg/kg, and the compound concentrations in blood and tumor were
measured by LC-MS/MS. Strikingly, the amount of Senexin C in tumor tissue was
~20 times higher than the amount in blood after i.v. administration and ~40 times
higher after oral administration, with a much slower clearance rate in the tumor
(Figure 2.11A, B; Table 2.5). To measure PD effects of CDK8/19 inhibition in
treated tumor tissue, we have used RNA-Seq to identify genes that are affected by
different CDK8/19 inhibitors in CT26 cells in vivo (unpublished data). Two of the
CDK&8/19-dependent genes that produced the most rapid response to CDK8/19
inhibitors in CT26 tumors were murine CCL12 and KLF2. Orally administered
Senexin C inhibited KLF2 and CCL12 expression in CT26 tumors in vivo, starting
2 hours after oral gavage and reaching maximal inhibition at 12-hour time point
(Figure 2.11C).

A 7-day toxicity study of Senexin C in the same animal model was then
carried out. Mice received Senexin C at 100 mg/kg daily by oral gavage for 7 days.
There were no adverse cage side observations and no change in body weights

(Figure 2.11D). PK/PD analysis of the endpoint tissue samples (12 hours post last
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dose) confirmed sustained inhibition of PD marker genes in the tumor (Figure
2.11E) as well as enriched tumor tissue PK values (Figure 2.11F). The amount of
Senexin C in liver and lung tissues was also quantified at the endpoint. These
tissues, like the tumor, also accumulated high drug concentrations, suggesting a
high volume of distribution of Senexin C (Figure 2.11F). In contrast to Senexin C,
Senexin B, administered to the same CT26 tumor-bearing model at the same dose,
showed greater accumulation in blood than in the tumor (Figure 2.12A) and was
less efficient than Senexin C in suppressing tumor PD marker gene CCL12 (Figure
2.12B).

Given the favorable tumor PK profile and low toxicity of Senexin C, its
therapeutic efficacy in an additional in vivo model was further explored in a
CDK8/19-dependent MV4-11 human acute myeloid leukemia growing systemically
in NSG mice.11%179 To enable bioluminescence imaging (BLI), MV4-11 cells were
modified by transduction with a lentiviral vector pHIV-Luc-ZsGreen expressing
firefly luciferase. The resulting MV4-11-luc cells (also used for a cellular CDK8
inhibition assay in Table 2.1 and 2.2), were inoculated into the tail vein of NSG
mice. Following BLI imaging one week after inoculation, animals were randomized
into two groups and then treated with vehicle or Senexin C by oral gavage. Tumor
growth was monitored weekly by BLI. As shown in Figure 2.13, treatment with
Senexin C at 40 mg/kg BID for 4 weeks strongly suppressed the systemic growth

of MV4-11 AML with good tolerability.
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2.3 Conclusion

A series of quinoline-6-carbonitrile-based novel CDK8/19 Mediator kinase
inhibitors have been developed through a structure-based design strategy. Among
this chemical series, Senexin C (2.20a) exhibited the best inhibitory activity against
CDK&8/19 in both target binding affinity and various cell-based assays. When
compared with its prototype Senexin B, Senexin C is not only a more potent
CDK&8/19 inhibitor but also more metabolically stable. Moreover, as described
Senexin C possesses unique properties compared to other CDK8/19 inhibitors
including sustained target inhibition and highly tumor-enriched PK profile. In light
of these properties, its potent and selective profile coupled with its in vivo efficacy,

Senexin C is a promising lead Mediator kinase inhibitor with therapeutic potential.

2.4 Experimental Section

2.4.1 Chemistry

All chemical reagents and solvents were purchased from commercial
sources and used without further purification. The reactions were monitored by
thin-layer chromatography (TLC), visualized by UV light (254 or 365 nm). The
microwave oven reactions were conducted via Biotage microwave reactor. The
purification of the products was finished by Biotage flash chromatography using
silica gel columns. All NMR spectra were recorded with a Bruker spectrometer at
300 or 400 MHz in deuterated solvents. High-performance liquid chromatography
(HPLC) and Mass spectra (MS) were used to confirm the purity and molecular
weight of each compound. All compounds are >95% pure by HPLC analysis (data

included in the Supporting Information).
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5-(ethoxymethylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (2.4)

To a 100 mL flask was added 2,2-dimethyl-1,3-dioxane-4,6-dione (34.7
mmol, 5 g), and 5-(ethoxymethylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (35
mmol, 7 g). The mixture was stirred at 100°C for 1.5h. Upon completion, the
mixture was condensed via rotavap. The resulting light-yellow solid residue was 5-
(ethoxymethylene)-2,2-dimethyl-1,3-dioxane-4,6-dione (6.5 g, 94% yield) and
used for the next step without further purification. ESI-MS m/z: 201 [M+H]*.
General procedure for preparation of 2,2-dimethyl-5-((phenylamino)methylene)-
1,3-dioxane-4,6-dione derivatives (2.5a-2.5f)

To a 100 mL round bottom flask was charged with a solution of 4-substituted
benzonitrile (1 eq) in DCM (80 mL). This was followed by adding 5-
(ethoxymethylene)-2,2-dimethyl-1,3-dioxane-4,6-dione 2.4 (2 eq) in DCM (20 mL).
The resulting solution was at room temperature for 30 min. Upon completion, the
resulting solid was filtered off and washed with hexane to give the target
compounds 2.5a-2.5f.
4-[(2,2-dimethyl-4,6-dioxo-1,3-dioxan-5-ylidene)methylamino]benzonitrile (2.5a)

A white solid (3.7 g, 40% yield) and used without further purification. ESI-
MS m/z: 273 ((M+H]").
2,2-dimethyl-5-((phenylamino)methylene)-1,3-dioxane-4,6-dione (2.5b)

A white solid (1g, 55% yield) and used without further purification. ESI-MS
m/z: 248 ((M+H]").

5-[(4-chloroanilino)methylene]-2,2-dimethyl-1,3-dioxane-4,6-dione (2.5c)
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A white solid (1.72 g, 31% yield) and used without further purification. ESI-
MS m/z: 282 ([M+H]").
5-[(4-bromoanilino)methylene]-2,2-dimethyl-1,3-dioxane-4,6-dione (2.5d)

A yellow solid (2.5 g, 38% vyield) and used without further purification. ESI-
MS m/z: 327 ((M-+H]").
5-[(4-iodoanilino)methylene]-2,2-dimethyl-1,3-dioxane-4,6-dione (2.5€)

A yellow solid (1.5 g, 20% yield) and used without further purification. ESI-
MS m/z: 374 ((M+H]").
2,2-dimethyl-5-[[4-(trifluoromethyl)anilino]methylene]-1,3-dioxane-4,6-dione (2.5f)

A white solid (4 g, 64% yield) and used without further purification. ESI-MS
m/z: 316 ((M+H]").

General procedure for preparation of 6-substituted quinolin-4-ol derivatives (2.6a-
2.6f)

To a 250 mL round bottom flask was added with 2.5a-2.5f (1 eq) in
phenoxybenzene. The resulting solution was at 220°C for 40 min. Upon
completion, the resulting solution was cooled to room temperature and hexane
was added. The precipitate was collected by filtration and washed with hexane,
the crude compound was purified via flash column chromatography using a
gradient of 0-5% MeOH/DCM to give target compounds 2.6a-2.6f.
4-hydroxyquinoline-6-carbonitrile (2.6a)

A brown solid (1.5 g, 65% yield) and used without further purification. ESI-

MS m/z: 171 ((M+H]").

quinolin-4-ol (2.6b)
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A white solid (1.0 g, 67% yield) and used without further purification. ESI-
MS m/z: 146 ([M+H]").
6-chloroquinolin-4-ol (2.6¢)

A brown solid (1 g, 91% yield). ESI-MS m/z: 180 ([M+H]").
6-bromoquinolin-4-ol (2.6d)

A brown solid (1.2 g, 70% vyield). ESI-MS m/z: 225 ([M+H]").
6-iodoquinolin-4-ol (2.6e)

A brown solid (0.8 g, 73% vyield). ESI-MS m/z: 272 ((M+H]").
6-(trifluoromethyl)quinolin-4-ol (2.6f)

A brown solid (0.8 g, 30% vyield). ESI-MS m/z: 214 ((M+H]").
6-nitroquinolin-4-ol (2.69)

A mixture of concentrated nitric acid (13.8 mmol, 0.6 mL) and concentrated
sulfuric acid (24.1 mmol, 1.29 mL) was added slowly to a solution of quinolin-4-ol
2.6b (3.45 mmol, 0.5 g) in concentrated sulfuric acid (0.6 mL). The temperature of
the reaction mixture was kept at -15 to 0°C. The mixture was stirred for 2 h at the
same temperature, added to ice-water (1:1) and the precipitation was collected by
filtration and dried under vacuum to give 6-nitroquinolin-4-ol 2.6g as a white solid
(0.43 g, 65% yield). ESI-MS m/z: 191 ((M+H]").

General procedure for preparation of 4-chloro-6-substituted quinoline derivatives
(2.7a-2.79)

To a 100 mL round-bottom flask was placed a solution of 2.6a-g (1 eq) in

dioxane (0.5 mmol/mL), and POCIs (5 eq) was added. Reaction was stirred for 1.5

h at 90°C. Upon completion, solvent was removed under reduced pressure. The
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pH value of the solution was adjusted to 8 with saturated sodium carbonate
solution. The resulting solution was extracted with three times of ethyl
acetate, organic layers were combined and dried over anhydrous sodium sulfate
and concentrated invacuum. The crude was purified using flash column
chromatography using a gradient of 0-2% MeOH/DCM to give 2.7a-2.7g.
4-chloroquinoline-6-carbonitrile (2.7a)

A white solid (480 mg, 44% vyield). ESI-MS m/z: 189 ((IM+H]"). *H-NMR
(300MHz, CDsOD): 5 8.94 (d, J=4.8 Hz, 1H), 8.76 (d, J=1.5 Hz, 1H), 8.24 (d, J=8.8
Hz, 2H), 8.07 (dd, J=1.8, 8.9 Hz, 1H), 7.82 (d, J=5.0 Hz, 1H).
4-chloroquinoline (2.7b)

A white solid (193 mg, 86% yield). ESI-MS m/z: 164 ([M+H]").
4,6-dichloroquinoline (2.7¢)

A white solid (1.32 g, 47% yield). ESI-MS m/z: 199 ([M-+H]").
6-bromo-4-chloro-quinoline (2.7d)

A yellow solid (0.35 g, 27% vyield). ESI-MS m/z: 243 ([M+H]").
4-chloro-6-iodo-quinoline (2.7€)

A brown solid (0.36 g, 42% yield). ESI-MS m/z: 290 ((M+H]").
4-chloro-6-(trifluoromethyl)quinoline (2.7f)

A brown solid (0.27 g, 31% yield). ESI-MS m/z: 232 ((M+H]").
4-chloro-6-nitro-quinoline (2.79)

A white solid (250 mg, 91% vyield). ESI-MS m/z: 209 ([M+H]").

General preparation of 6-substituted -N-phenethylquinolin-4-amine derivatives

(2.8a-2.89)
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To a 10 mL round-bottom flask was added a solution of benzylamine (1 eq)
and 4-substituted-quinoline-6-carbonitrile 2.7a-2.7g (1 eq) in DMSO (0.5 mmol/
mL), and TEA (3 eq) was added. Reaction was stirred for 4h at 100°C. Upon
completion, the mixture was cooled to room temperature and water was added,
the mixture was extracted with DCM for three times, and the organic layers were
collected and washed with brine and dried by Na2SO4. Condensed and purified by
flash column chromatography to give 2.8a-2.8g.
4-(phenethylamino)quinoline-6-carbonitrile (2.8a)

A white solid (5 mg, 17% vyield). ESI-MS m/z: 274 ((M+H]"). HRMS (ESI,
(M + H] ")): calculated for C18H15N3, 274.13; found, 274.1339. 1H-NMR
(300MHz, CD30OD): & 8.58 (d, J=1.4 Hz, 1H), 8.43 (d, J=5.8 Hz, 1H), 7.83 (qd,
J=1.6, 9.0 Hz, 2H), 7.24 (m, 5H), 6.6 (d, J=5.9 Hz, 1H), 3.62 (d, J=7.2 Hz, 2H),
3.03 (d, J=7.2 Hz, 2H). 13C-NMR (300MHz, DMSO0-d6): 6 153.50, 150.12, 149.87,
139.25, 130.42, 129.58, 128.97, 128.79, 128.79, 128.41, 128.41, 126.26, 119.35,
118.42, 105.77, 99.81, 44.08, 33.84.

N-(2-phenylethyl)quinolin-4-amine (2.8b)

A yellow solid (32 mg, 23% vyield). ESI-MS m/z: 249 ([M+H]"). *H-NMR
(300MHz, CDCls): 6 8.57 (d, J=5.3 Hz, 1H), 7.98 (d, J=8.9 Hz, 1H), 7.63 (d, J=7.6
Hz, 1H), 7.59 (d, J=7.6 Hz, 1H), 7.42-7.28 (m, 6H), 6.49 (d, J=5.3 Hz, 1H), 5.10 (s,
1H), 3.62 (q, J=6.7 Hz, 2H), 3.07 (t, J=6.7 Hz, 2H).
6-chloro-N-(2-phenylethyl)quinolin-4-amine (2.8c¢)

A yellow solid (6 mg, 6% yield). ESI-MS m/z: 283 ((M+H]"). H-NMR

(300MHz, CDCl3): & 8.55 (d, J=5.2 Hz, 1H), 7.94 (d, J=9.0 Hz, 1H), 7.56 (dd, J=9.0,
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2.0 Hz, 2H), 7.39-7.28 (m, 5H), 6.43 (d, J=5.2 Hz, 1H), 3.61 (q, J=5.7 Hz, 2H), 3.07
(t, J=6.9 Hz, 2H).
6-bromo-N-(2-phenylethyl)quinolin-4-amine (2.8d)

A brown solid (20 mg, 21% yield). ESI-MS m/z: 328 ((M+H]"). *H-NMR
(300MHz, CDCls): 6 8.55 (d, J=5.3 Hz, 1H), 7.84 (d, J=9.0 Hz, 1H), 7.7 (d, J=2.0
Hz, 1H), 7.67 (dd, J=9.0, 2.0 Hz, 1H), 7.39-7.12 (m, 5H), 6.49 (d, J=5.3 Hz, 1H),
3.59 (g, J=5.5 Hz, 2H), 3.06 (t, J=6.8 Hz, 2H).
6-iodo-N-phenethylquinolin-4-amine (2.8e)

A brown solid (12 mg, 13% yield). ESI-MS m/z: 374 ((M-+H]"). H-NMR
(300MHz, CDCls): 6 8.53 (d, J=5.9 Hz, 1H), 7.99 (d, J=2.0 Hz, 1H), 7.83 (dd, J=9.0,
2.0 Hz, 1H), 7.69 (d, J=9 Hz, 1H), 7.31 (m, 5H), 6.43 (d, J=5.9 Hz, 1H), 3.59 (q,
J=5.4 Hz, 2H), 3.05 (t, J=7.1 Hz, 2H).
N-phenethyl-6-(trifluoromethyl)quinolin-4-amine (2.8f)

A yellow solid (26 mg, 32% yield). ESI-MS m/z: 317 ((M+H]"). *H-NMR
(300MHz, CDCls): & 8.63 (d, J=5.8 Hz, 1H), 8.06 (d, J=8.5 Hz, 1H), 7.90 (s, 1H),
7.78 (dd, J=8.5, 1.7 Hz, 1H), 7.39-7.28 (m, 5H), 6.55 (d, J=5.8 Hz, 1H), 5.21 (m,
1H), 3.63 (g, J=7.2 Hz, 2H), 3.08 (t, J=7.2 Hz, 2H).
6-nitro-N-(2-phenylethyl)quinolin-4-amine (2.89g)

A yellow solid (30 mg, 40% yield). ESI-MS m/z: 294 ([M+H]"). 'H-NMR
(300MHz, CDCls): 6 8.67 (d, J=5.6 Hz, 1H), 8.65 (d, J=2.5 Hz, 1H), 8.37 (d, J=9.3,
2.5 Hz, 1H), 8.04 (d, J=9.3 Hz, 1H), 7.41-7.29 (m, 5H), 6.58 (d, J=5.6 Hz, 1H), 3.66
(g, J=7.0 Hz, 2H), 3.06 (t, J=7.0 Hz, 2H).

4-(2-phenylethylamino)quinoline-6-carboxamide (2.8h)
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To a 10 mL round-bottom flask was added a solution of 4-(2-
phenylethylamino)quinoline-6-carbonitrile 2.8a (0.2 mmol, 55 mg) in t-BuOH (3
mL). Then KOH (0.2 mmol, 12 mg) was added and the mixture was refluxed for
2h. Upon completion, the mixture was cooled to room temperature, diluted with
water, extracted with DCM. The organic layers were combined, washed with brine,
dried by Na2S0Oa4, condensed, and purified by flash column chromatography using
a gradient of 0-5% MeOH/DCM to give 4-(2-phenylethylamino)quinoline-6-
carboxamide (55 mg, yield 94%). ESI-MS m/z: 292 ((M+H]"). *H-NMR (300MHz,
CD3OD): 5 8.71 (d, J=1.8 Hz, 1H), 8.39 (d, J=5.9 Hz, 1H), 8.10 (dd, J=8.8, 1.9 Hz,
1H), 7.84 (d, J= 8.9 Hz, 1H), 7.30 (s, 2H), 7.28 (s, 2H), 7.21 (m, 1H), 6.63 (d, J=5.9
Hz, 1H), 3.67 (t, J=7.2 Hz, 2H), 3.06 (t, J=7.2 Hz, 2H).
N4-(2-phenylethyl)quinoline-4,6-diamine (2.8i)

To a 10 mL round-bottom flask was added a solution of 6-nitro-N-(2-
phenylethyl)quinolin-4-amine 2.8g (0.27 mmol, 80 mg) in EtOH (2 mL) and water
(2 mL). Then NH4Cl (2.2 mmol, 118 mg) and Fe (2.73 mmol, 152 mg) was added.
Reaction was stirred for 2h at reflux. Upon completion, the mixture was cooled to
room temperature, then filtered and the solution was condensed. The residue was
added with water and extracted with DCM for three times, and the organic layers
were collected and washed with brine and dried by Na2SOas. Condensed and
purified by flash column chromatography using a gradient of 0-8% MeOH/DCM to
give N*-(2-phenylethyl)quinoline-4,6-diamine as a white solid (60 mg, 84%
yield). ESI-MS m/z: 264 ((M+H]"). *H-NMR (300MHz, CDCls): & 8.37 (d, J=5.3

Hz, 1H), 7.80 (d, J=8.9 Hz, 1H), 7.38-7.24 (m, 5H), 7.06 (dd, J=8.9, 2.4 Hz, 1H),
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6.68 (d, J=2.4 Hz, 1H),6.41 (d, J=5.3 Hz, 1H), 4.74 (s, 1H), 3.86 (s, 2H), 3.58 (q,
J=6.9 Hz, 2H), 3.04 (t=7.4 Hz, 2H).
N-[4-(2-phenylethylamino)-6-quinolyllacetamide (2.8))

To a 10 mL round-bottom flask was added a solution of N*-(2-
phenylethyl)quinoline-4,6-diamine 2.8i (0.1 mmol, 27 mg) in pyridine (2 mL). Then
acetic anhydride (0.1 mmol, 11 mg) was added and the mixture was stirred at room
temperature for 2h. Upon completion, the mixture was condensed and purified by
flash column chromatography using a gradient of 0-5% MeOH/DCM to give N-[4-
(2-phenylethylamino)-6-quinolylJacetamide (12 mg, yield 39%). ESI-MS m/z: 306
(IM+H]"). *H-NMR (300MHz, CDCls): & 10.07 (s, 1H), 8.47 (s, 1H), 8.11 (d, J=6.3
Hz, 1H), 8.06 (d, J=8.8 Hz, 1H), 7.92 (d, J=8.8 Hz, 1H), 7.52 (s, 1H), 7.33-7.22 (m,
5H), 6.35 (d, J=6.3 Hz, 1H), 3.67 (t, J=7.2 Hz, 2H), 3.06 (t, J=7.2 Hz, 2H), 2.29 (s,
3H).
methyl 6-methylnaphthalene-2-carboxylate (2.10)

To a 250 mL round-bottom flask was added a solution of methyl 6-
bromonaphthalene-2-carboxylate 2.9 (6.79 mmol, 1.8 g) and methylboronic acid
(0.2 mmol, 610 mg) in acetonitriie (30 mL) and water (10 mL). Then
tetrakis(triphenylphosphine)palladium(0) (0.68 mmol, 785 mg) and potassium
carbonate (20.4 mmol, 2.82 g) was added. Reaction was protected with nitrogen
and stirred for overnight at 80°C. Upon completion, the mixture was cooled to room
temperature and water was added, the mixture was extracted with ethyl acetate
for three times, and the organic layers were collected and washed with brine and

dried by Na2SO4. Condensed and purified by flash column chromatography using
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a gradient of 0-2% MeOH/DCM to give methyl 6-methylnaphthalene-2-carboxylate
as a white solid (1.15 g, 85% yield). ESI-MS m/z: 201 ((M+H]"). *H NMR
(300MHz, CDCls): & 8.57 (s, 1H), 8.03 (dd, J=8.6, 1.6 Hz, 1H), 7.85 (d, J=8.4 Hz,
1H), 7.78 (d, J=8.4 Hz, 1H), 7.65 (s, 1H), 7.38 (dd, J=8.6, 1.6 Hz, 1H), 3.97 (s, 3H),
2.54 (s, 3H).

methyl 6-(bromomethyl)naphthalene-2-carboxylate (2.12)

To a 250 mL round-bottom flask was added a solution of methyl 6-
methylnaphthalene-2-carboxylate 2.10 (5.59 mmol, 1.12 g) in CCls (20 mL). Then
NBS (5.87 mmol, 1.05 g) and AIBN (0.28 mmol, 46 mg) were added and the
mixture was protected with nitrogen and reflux for 4h. Upon completion, the mixture
was cooled to room temperature and hexane (25 mL) was added, the mixture was
stirred at room temperature for 2h. Filter the mixture and wash the residue with
hexane. The filtrate were collected and condensed and purified by flash column
chromatography using a gradient of 0-30% ethyl acetate/hexane to give methyl 6-
(bromomethyl)naphthalene-2-carboxylate as a white solid (1.3 g, 83% yield). ESI-
MS m/z: 280 ([M+H]"). *H-NMR (300MHz, CDCls): 6 8.58 (d, J=1.8 Hz, 1H), 8.30
(dd, J=8.9, 1.8 Hz, 1H), 8.27 (d, J=8.6 Hz, 1H), 8.10 (d, J=8.9 Hz, 1H), 7.64 (d,
J=8.6 Hz, 1H), 4.71 (s, 2H), 4.00 (s, 3H).
methyl 2-(chloromethyl)quinoline-6-carboxylate (2.13)

To a 10 mL round-bottom flask was added a mixture of methyl 2-
methylquinoline-6-carboxylate 2.11 (0.5 mmol, 100 mg), AIBN (0.005 mmol, 8 mg),
and NCS (0.5 mmol, 66 mg) in CICH2CH2CI (4 mL) was stirred at 80 °C for

overnight. Then, the reaction mixture was cooled to room temperature,
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condensed, and purified flash column chromatography by using a gradient of O-
3% MeOH/DCM to give methyl 2-(chloromethyl)quinoline-6-carboxylate (27 mg,
yield 23%). ESI-MS m/z: 236 ((M+H]"). *H-NMR (300MHz, CDCls): & 8.59 (d,
J=1.6 Hz, 1H), 8.32 (dd, J=8.8, 1.8 Hz, 1H), 8.30 (d, J=8.4 Hz, 1H), 8.10 (d, J=8.8
Hz, 1H), 7.68 (d, J=8.4 Hz, 1H), 4.85 (s, 2H), 4.00 (s, 3H).
methyl 6-(cyanomethyl)naphthalene-2-carboxylate (2.14)

To a 250 mL round-bottom flask was added a solution of methyl 6-
(bromomethyl)naphthalene-2-carboxylate 2.12 (1.79 mmol, 500 mg) in methanol
(15 mL). Then KCN (5.37 mmol, 350 mg) was added and the mixture was protected
with nitrogen and reflux for 8 h. Upon completion, the mixture was cooled to room
temperature and condensed, the residue was dissolved in DCM and water, then
extracted with DCM three times, the organic layers were combined and washed
with sat NaCl aq, dried by Na:SOa. After that, condensed and purified by flash
column chromatography using a gradient of 0-5% MeOH/DCM to give methyl 6-
(cyanomethyl)naphthalene-2-carboxylate as a white solid (160 mg, 40%
yield). ESI-MS m/z: 226 ((M-+H]"). *H-NMR (300MHz, CDCl3): 5 8.61 (s, 1H), 8.11
(dd, J=8.6, 1.9 Hz, 1H), 8.30 (dd, J=8.9, 1.8 Hz, 1H), 7.98 (d, J=8.6 Hz, 1H), 7.89
(d, J=5.5 Hz, 1H), 7.87 (s, 1H), 7.46 (dd, J=8.6, 1.9 Hz, 1H), 3.99 (s, 3H), 3.95 (s,
2H).
2-(chloromethyl)quinoline-6-carboxylic acid (2.15)

To a 10 mL round-bottom flask was added a mixture of methyl 2-
(chloromethyl)quinoline-6-carboxylate 2.13 (0.74 mmol, 200 mg), and LiOH-H20

(0.13 mmol, 6 mg) in THF (4 ml) and water (2 mL). The mixture was stirred at room
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temperature for 4h. Then, the reaction mixture was condensed and diluted with
water, then acidified by 1N HCI to pH=5. The precipitate was collected and washed
with  water until the pH=7. The precipitate was dried to give 2-
(chloromethyl)quinoline-6-carboxylic acid (11 mg, yield 59%) and used without

further purification. ESI-MS m/z: 222 ((M+H]").

6-(cyanomethyl)naphthalene-2-carboxylic acid (2.16)

To a 10 mL round-bottom flask was added a solution of methyl 6-
(cyanomethyl)naphthalene-2-carboxylate 2.14 (1.99 mmol, 448 mq) in THF (3 mL)
and water (3 mL). Then LiOH-H20 (2.2 mmol, 92 mg) was added and the mixture
was stirred at room temperature for 4h. Upon completion, the mixture was
condensed and dissolved in 2 mL water and acidified by 2N HCI to pH 2-3. The
precipitation was collected and washed with water until pH=7 and dried to give 6-
(cyanomethyl)naphthalene-2-carboxylic acid (396 mg, 94%) that used for the next
step without further purification. ESI-MS m/z: 212 ([M+H]").
[2-(chloromethyl)-6-quinolyl]-(4-methylpiperazin-1-yl)methanone (2.17)

To a 10 mL round-bottom flask was added a solution of 2-
(chloromethyl)quinoline-6-carboxylic acid 2.15 (0.09 mmol, 200 mg) in DCM (20
ml), then SOCI2 (1.1 mmol, 80 pL) was added and the mixture was stirred at room
temperature for 4h, condensed and dissolved in DCM (20 mL) again. Then, 1-
methylpiperazine (1.1 mmol, 120 pL) was added and stirred at room temperature
for 1h. Upon completion, ice water was added and the mixture was extracted with
DCM. The organic layers were combined, washed with brine, dried by Na2SOa,

condensed, and purified by flash column chromatography using a gradient of O-
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5% MeOH/DCM to give [2-(chloromethyl)-6-quinolyl]-(4-methylpiperazin-1-
y)methanone (110 mg, vyield 42%). ESI-MS m/z: 304 (M + H] "). H-NMR
(300MHz, CDCls): & 8.23 (d, J=8.6 Hz, 1H), 8.10 (d, J=8.6 Hz, 1H), 7.91 (d, J=1.7
Hz, 1H), 7.73 (dd, J= 8.6, 1.7 Hz, 1H), 7.66 (d, J=8.6 Hz, 1H), 4.84 (s, 2H), 3.85
(s, 2H), 3.47 (s, 2H), 2.51 (s, 2H), 2.39 (s, 2H), 2.33 (s, 3H).
The general preparation of 2.18a, 2.18c-2.18h

To a 10 mL round-bottom flask was added a solution of 6-
(cyanomethyl)naphthalene-2-carboxylic acid 2.16 (1 eq) in DCM (0.5 mmol/mL),
then HATU (1.5 eq) and DIEA (3 eq) were added and the mixture was stirred at
room temperature for 30 min. After that, amine derivatives (1 eq) in DCM were
added and stirred at room temperature for 4h. Upon completion, water was added,
the mixture was extracted with DCM for three times, the organic layers were
combined, washed with sat NaHCOs3 aq and brine, dried by Na>SO4, condensed
and purified by flash column chromatography using a gradient of 0-5%
MeOH/DCM to give products 2.18a, 2.18c-2.18g.
2-[6-(4-methylpiperazine-1-carbonyl)-2-naphthyl]acetonitrile (2.18a)

A light yellow solid (500 mg, yield 91%). ESI-MS m/z: 294 (IM+H]"). H-
NMR (300MHz, CDCls): 5 7.89-7.84 (m, 4H), 7.52 (dd, J=8.5, 1.8 Hz, 2H), 7.43
(dd, J=8.5, 1.8 Hz, 1H), 3.93 (s, 2H), 3.85 (s, 2H), 3.49 (s, 2H), 2.51 (s, 2H), 2.39
(s, 2H), 2.33 (s, 3H).
tert-butyl-4-[6-(cyanomethyl)naphthalene-2-carbonyl]piperazine-1-carboxylate

(2.18c)
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A white solid (343 mg, 61%). ESI-MS m/z: 380 (M +H] ). *H-NMR
(300MHz,CDCls): & 7.90 (s, 2H), 7.87 (d, J=4.5 Hz, 2H), 7.52 (d, J=8.6 Hz, 1H),
7.45 (d, J=8.6 Hz, 1H), 3.94 (s, 2H), 3.69 (m, 2H), 3.47 (m, 4H), 3.17 (g, J=7.5 Hz,
2H), 1.46 (s, 9H).
2-[6-(thiomorpholine-4-carbonyl)-2-naphthyl]acetonitrile (2.18d)

A light yellow solid (932 mg, 76%). ESI-MS m/z: 297 (IM+H]"). *H-NMR
(300MHz, CDCls): & 7.88 (m, 4H), 7.50 (dd, J=8.5, 1.5 Hz, 1H), 7.45 (dd, J=8.5,
1.5 Hz, 1H), 4.05 (s, 2H), 3.94 (s, 2H), 3.74 (s, 2H), 2.72 (s, 2H), 2.63 (s, 2H).
3-[4-[6-(cyanomethyl)naphthalene-2-carbonyl]piperazin-1-yl]propyl acetate
(2.18¢e)

A yellow solid (295 mg, yield 44%). ESI-MS m/z: 380 ((M+H]"). *H-NMR
(300MHz, CDClz): 6 7.90-7.85 (m, 4H), 7.53 (d, J=8.2 Hz, 1H), 7.43 (d, J=8.2 Hz,
1H), 4.13 (t, J=6.5 Hz, 2H), 3.93 (s, 2H), 3.84 (m, 2H), 3.48 (m, 2H), 2.53 (m, 2H),
2.46 (t, J=6.9 Hz, 2H), 2.41 (m, 2H), 2.04 (s, 3H), 1.82 (m, 2H).
tert-butyl-(3-(4-(6-(cyanomethyl)-2-naphthoyl)piperazin-1-yl)propyl)carbamate
(2.18f)

A white solid (300 mg, 66%). ESI-MS m/z: 437 (IM-+H]").
6-(cyanomethyl)-N,N-dimethyl-naphthalene-2-carboxamide (2.18g)

A white solid (175 mg, yield 78%). ESI-MS m/z: 239 ([M+H]"). 'H-NMR
(300MHz, CDCls): & 7.91-7.85 (m, 4H), 7.55 (dd, J=8.4, 1.5 Hz, 1H), 7.43 (dd,
J=8.5, 1.6 Hz, 1H), 3.93 (s, 2H), 3.16 (s, 3H), 3.03 (s, 3H).
tert-butyl-(3-(6-(cyanomethyl)-N-methyl-2-naphthamido)propyl)carbamate (2.18h)

A white solid (166 mg, yield 67%). ESI-MS m/z: 382 ((M+H]").
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2-[6-(4-methylpiperazine-1-carbonyl)-2-quinolyl]acetonitrile (2.18b)

To a 10 mL round-bottom flask was added a solution of 2-
(cyanomethyl)quinoline-6-carboxylic acid 2.17 (0.54 mmol, 115 mg) in DCM (3
mL), then SOCI2 (1.63 mmol, 0.12 mL) was added and the mixture was reflux for
4 h. The mixture was then cooled to room temperature and condensed and
dissolved in DCM again, then a solution of 1-methylpiperazine (0.6 mmol, 60 mg)
and TEA (0.65 mmol, 66 mg) in DCM (3 mL) was added to the previous solution
and stirred at room temperature for 2h. Upon completion, the mixture was added
with water and extracted with DCM for three times, the organic layers were
combined, washed with sat NaCl aq, dried by Na2SO4, condensed and purified by
flash column chromatography using a gradient of 0-5% MeOH/DCM to give 2-[6-
(4-methylpiperazine-1-carbonyl)-2-quinolyl]acetonitrile (76 mg, 48%). ESI-MS m/z:
295 ([M+H] ). IH-NMR (300MHz, CDCls): 5 8.25 (d, J=8.5 Hz, 1H), 8.09 (d, J=8.7
Hz, 1H), 7.92 (d, J=1.7 Hz, 1H), 7.75 (dd, J= 8.7, 1.7 Hz, 1H), 7.58 (d, J=8.5 Hz,
1H), 4.13 (s, 2H), 3.85 (s, 2H), 3.48 (s, 2H), 2.52 (s, 2H), 2.39 (s, 2H), 2.34 (s, 3H).
The general preparation of 2.19a-2.19h

To a 10 mL round-bottom flask was added a solution of 2.18a-2.18h (1 eq)
and raney Ni (1 eq) in MeOH (1 mmol/mL) and NH40OH (1 mmol/mL). Then the
mixture was saturated with Hz, and stirred at room temperature for overnight. After
that, the solution was diluted with hexane, filtered, the residue was washed with
hexane, the filtrate was condensed to give target products 2.19a-h respectively
and used without further purification.

[6-(2-aminoethyl)-2-naphthyl]-(4-methylpiperazin-1-yl)methanone (2.19a)
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A light yellow solid (99 mg, yield 98%) and used for the next step without
further purification. ESI-MS m/z: 298 ((M+H]").
[2-(2-aminoethyl)-6-quinolyl]-(4-methylpiperazin-1-yl)methanone (2.19b)

A yellow solid (150 mg, yield 98%), and used without further purification.
ESI-MS m/z: 299 ([M+H]").
tert-butyl-4-[6-(2-aminoethyl)naphthalene-2-carbonyl]piperazine-1-carboxylate
(2.19¢)

A white solid (290 mg, yield 96%) and used for the next step without further
purification. ESI-MS m/z: 384 ((M+H]").
[6-(2-aminoethyl)-2-naphthyl]-thiomorpholino-methanone (2.19d)

A vyellow solid (399 mg, 42%). ESI-MS m/z: 301 ((M+H]"). H-NMR
(300MHz, DMSO-d6): & 7.97 (d, J=7.8 Hz, 2H), 7.96 (s, 1H), 7.93 (d, J=8.7 Hz,
1H), 7.84 (s, 1H), 7.49 (d, J=8.2, 2H), 3.89 (m, 2H), 3.51 (m, 2H), 3.11 (m, 4H),
2.66 (M, 4H).
[6-(2-aminoethyl)-2-naphthyl]-[4-(3-hydroxypropyl)piperazin-1-yljmethanone
(2.19¢)

A light yellow solid (234 mg, yield 88%) and used for the next step without
further purification. ESI-MS m/z: 342 ([IM-+H]").
tert-butyl-(3-(4-(6-(2-aminoethyl)-2-naphthoyl)piperazin-1-yl)propyl)carbamate
(2.19f)

A brown solid (215 mg, yield 88%) and used for the next step without further

purification. ESI-MS m/z: 441 ((M+H]").

6-(2-aminoethyl)-N,N-dimethyl-naphthalene-2-carboxamide (2.199)
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A yellow solid (122 mg, yield 71%) and used for the next step without further
purification. ESI-MS m/z: 243 ((M+H]").
tert-butyl-(3-(6-(2-aminoethyl)-N-methyl-2-naphthamido)propyl)carbamate
(2.19h)

A white solid (219 mg, yield 77%) and used for the next step without further

purification. ESI-MS m/z: 386 ((M+H]").

The general preparation of 2.20a-2.20h

To a 10 mL round bottom flask was charged with a solution of 4-
chloroquinoline-6-carbonitrile (1 eq) and 2.19a-2.19h (1 eq) in DMSO (1mmol/mL).
Then TEA (3 eq) was added and the mixture was stirred at 110°C for overnight.
Upon completion, the reaction was cooled to room temperature and water was
added, the mixture was then extracted with DCM for three times, the organic layers
were combined and dried by Na2SO4, condensed, and purified through flash
column flash column chromatography using a gradient of 0-7% MeOH/DCM to give
target products 2.20a, 2.20b, 2.20e, 2.20f, 2.20i, 2.20k, 2.20l, 2.20n. Boc
deprotection of 2.20e, 2.20k, and 2.20n by TFA achieved 2.20c, 2.20j, and 2.20m.
Acetylation of 2.20c afforded 2.20d. Oxidation of 2.20f with sodium periodate led
to 2.20g. The sulfanimine intermediate that resulted from reaction of 2.20g with
trifluoroacetamide, was hydrolyzed to 2.20h.
4-[2-[6-(4-methylpiperazine-1-carbonyl)-2-naphthyl]ethylamino]quinoline-6-
carbonitrile (2.20a)

A grey solid (28 mg, 17% vyield). ESI-MS m/z: 450 ((M+H]"). HRMS (ESI,

(IM + H] ")): calculated for C28H27N50, 450.22; found, 450.2288. 1H-NMR
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(300MHz, CDCI3): & 8.36 (d, J=5.6 Hz, 1H), 8.11 (s, 1H), 8.03 (d, J=8.4 Hz, 1H),
7.90 (s, 1H), 7.85 (d, J=8.7 Hz, 1H), 7.81 (d, J=8.7 Hz, 1H), 7.75 (dd, J=8.4, 1.9
Hz, 1H), 7.66 (s, 1H), 7.51 (dd, J=8.4, 1.5 Hz, 1H), 7.40 (dd, J=8.4, 1.5 Hz, 1H),
6.59 (d, J=5.6 Hz, 1H), 3.88 (s, 2H), 3.68 (m, 2H), 3.53 (s, 2H), 3.21 (t, J=6.9 Hz,
2H), 2.54 (s, 2H), 2.41 (s, 2H), 2.35 (s, 3H). 13C-NMR (300MHz, DMSO-d6): &
169.22, 155.30, 143.51, 139.84, 137.64, 134.46, 133.45, 131.59, 130.96, 130.32,
128.59, 128.42, 127.76, 127.04, 126.72, 124.66, 121.51, 117.94, 116.46, 108.56,
99.79, 51.93, 51.93, 44.38, 42.02, 39.50, 39.50, 33.69..
4-[2-[6-(4-methylpiperazine-1-carbonyl)-2-quinolyl]ethylamino]quinoline-6-
carbonitrile (2.20b)

A brown solid (50 mg, yield 23%). ESI-MS m/z: 451 ([M+H]"). H-NMR
(300MHz, DMSO-d6): & 8.60 (d, J=5.5 Hz, 1H), 8.39 (d, J=1.5 Hz, 1H), 8.26 (d,
J=8.5 Hz, 1H), 8.20 (d, J=8.5 Hz, 1H), 7.99 (d, J=8.7 Hz, 1H), 7.94 (d, J=1.6 Hz,
1H), 7.84 (dd, J= 8.6, 1.8 Hz, 1H), 7.74 (dd, J= 8.6, 1.8 Hz, 1H), 7.55 (s, 1H), 7.42
(d, J=8.5 Hz, 1H), 6.50 (d, J=5.5 Hz, 1H), 3.86 (s, 2H), 3.76 (q, J=5.5 Hz, 2H), 3.49
(s, 2H), 3.44 (t, J=6.0 Hz, 2H), 2.53 (s, 2H), 2.39 (s, 2H), 2.34 (s, 3H). 13C-NMR
(300MHz, CDCI3): 6 169.60, 161.27, 153.46, 150.46, 149.71, 147.76, 138.02,
134.23, 130.92, 130.08, 129.11, 129.08, 127.35, 127.30, 126.75, 122.71, 119.34,
118.98, 107.79, 99.89, 54.93, 54.93, 47.88, 47.88, 46.20, 42.15, 36.14.
4-[2-[6-(piperazine-1-carbonyl)-2-naphthyl]ethylamino]quinoline-6-carbonitrile
(2.20c)

To a 10 mL round-bottom flask was added a solution of 2.20e (0.19 mmol,

100 mg) in DCM (3 mL), then TFA (0.6 mL) was added. The mixture was stirred at
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room temperature for 4h. Upon completion, the mixture was condensed to give
2.20c (50 mg, 62%). ESI-MS m/z: 436 ((M+H]"). *H-NMR (300MHz, DMSO-d6):
59.62(s, 1H), 8.62 (d, J= 7.3 Hz, 1H), 8.27 (dd, J=8.7, 1.3 Hz, 1H), 8.04-7.90 (m,
5H), 7.61 (dd, J=8.4, 1.3 Hz, 1H), 7.55 (dd, J=8.4, 1.3 Hz, 1H), 7.09 (d, J=7.3 Hz,
1H), 3.94(q, J=6.6 Hz, 2H), 3.73 (m, 4H), 3.21 (m, 6H). 3C-NMR (300MHz, DMSO-
d6): 6 169.27, 155.35, 144.06, 139.91, 137.56, 134.54, 133.44, 131.75, 131.01,
129.81, 128.64, 128.38, 127.72, 127.06, 126.75, 124.76, 121.83, 117.94, 116.44,
108.72, 99.93, 44.53, 42.67, 42.67, 39.52, 39.52, 33.62.
4-[2-[6-(4-acetylpiperazine-1-carbonyl)-2-naphthyl]ethylamino]quinoline-6-
carbonitrile (2.20d)

To a 100 mL round-bottom flask was added a solution of 2.20c (0.15 mmol,
65 mg) and DIEA (0.3 mmol, 39 mg) in DCM (3 mL) and cooled to 0°C, then acety!
chloride (0.22 mmol, 18 mg) was added and the reaction was stirred at room
temperature for 2h. Then water was added, extracted with DCM, the organic layers
were combined, dried by Na2SOas, condensed, and purified by flash column
chromatography using a gradient of 0-5% MeOH/DCM to give 2.20d (65 mg, 91%
yield). ESI-MS m/z: 478 (IM+H]"). H-NMR (300MHz, CD30D): & 8.68 (s, 1H),
8.40 (d, J= 5.9 Hz, 1H), 7.94 (s, 1H), 7.96-7.85 (m, 4H), 7.80 (s, 1H), 7.54 (dd,
J=8.4, 1.6 Hz, 1H), 7.49 (dd, J=8.4, 1.6 Hz, 1H), 6.80 (d, J=5.9 Hz, 1H), 3.86 (t,
J=7.0 Hz, 2H), 3.72 (m, 4H), 3.26 (t, J=7.0 Hz, 2H), 3.22 (m, 4H), 2.13 (s, 3H). 13C-
NMR (300MHz, Methanol-d4): 6 172.77, 171.99, 154.93, 149.59, 139.41, 135.46,

133.42, 133.38, 132.93, 129.95, 129.91, 129.56, 129.26, 128.47, 127.89, 126.88,
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125.41, 119.69, 119.24, 119.08, 109.89, 100.92, 55.77, 55.77, 45.58, 43.75,
43.75, 35.44, 21.21.
tert-butyl-4-[6-[2-[(6-cyano-4-quinolyl)amino]ethyllnaphthalene-2-
carbonyl]piperazine-1-carboxylate (2.20e)

A grey solid (179 mg, vyield 43%). ESI-MS m/z: 536 ((M+H]"). *H-NMR
(300MHz, DMSO-d6): & 8.90 (s, 1H), 8.53 (d, J=5.9 Hz, 1H), 8.05 (m, 1H), 7.97-
7.88 (m, 6H), 7.58 (dd, J=8.4, 1.3 Hz, 1H), 7.49 (dd, J=8.4, 1.3 Hz, 1H), 6.79 (d,
J=5.9 Hz, 1H), 3.71 (m, 2H), 3.58 (m, 4H), 3.47 (m, 2H), 3.40 (m, 2H), 3.19 (m,
2H), 1.41 (s, 9H). 3C-NMR (300MHz, DMSO-d6): 6 169.23, 153.82, 151.62,
151.16, 138.14, 133.29, 132.49, 130.97, 130.56, 129.10, 128.71, 128.47, 128.36,
127.61, 126.84, 126.41, 126.41, 124.64, 119.03, 118.02, 106.36, 99.87, 79.20,
53.57, 53.57, 43.97, 39.50, 39.50, 33.90, 28.01, 28.01, 28.01.
4-[2-[6-(thiomorpholine-4-carbonyl)-2-naphthyl]ethylamino]quinoline-6-carbonitrile
(2.20f)

A light yellow solid (297 mg, 41%). ESI-MS m/z: 453 ([M—+H]"). H-NMR
(300MHz, DMSO-d6): & 8.86 (s, 1H), 8.52 (d, J=5.8 Hz, 1H), 7.96 (d, J=7.8 Hz,
1H), 7.94 (s, 1H), 7.90 (d, J=7.8 Hz, 1H), 7.88 (s, 2H), 7.69 (t, J=5.0 Hz, 1H), 7.57
(dd, J=8.6, 1.4 Hz, 1H), 7.47 (dd, J=8.2, 1.2 Hz, 1H), 3.88 (m, 2H), 3.67 (m, 2H),
3.65 (g, J=6.8 Hz, 2H), 3.17 (t, J=6.8 Hz, 2H), 2.66 (M, 4H). 3C-NMR (300MHz,
DMSO0-d6): 6 165.50, 153.53, 150.17, 149.87, 138.29, 133.22, 132.87, 131.05,
130.44, 129.65, 128.98, 128.43, 128.43, 127.71, 126.85, 125.98, 124.38, 119.35,

118.45, 105.83, 99.91, 43.89, 43.89, 40.43, 39.52, 33.97, 33.97.
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4-[2-[6-(1-0x0-1,4-thiazinane-4-carbonyl)-2-naphthyl]ethylamino]quinoline-6-
carbonitrile (2.209)

To a 50 mL round-bottom flask was added a solution of 2.20f (0.57 mmol,
258 mg) in MeOH (8 mL) and cooled to -40°C. Then NalOa4 (0.63 mmol, 134 mg)
in water (2 mL) was added to the above solution slowly. The mixture was stirred at
-40°C for 30 min, then stirred at 0°C for another 2h, and stirred at room temperature
for overnight. Upon completion, water was added, extracted with DCM, the organic
layers were combined and dried by Na2S0Oa4, condensed, and purified by flash
column chromatography via a gradient of 0-7% MeOH/DCM to give 2.20g (194
mg, 73%). ESI-MS m/z: 469 ((M+H]"). *H-NMR (300MHz, CDCls): 5 8.62 (d, J=5.3
Hz, 1H), 8.18 (s, 1H), 7.98 (d, J=8.8 Hz, 1H), 7.91 (s, 1H), 7.82 (t, J=7.9 Hz, 2H),
7.71(d, J=8.8 Hz, 1H), 7.65 (s, 1H), 7.49 (d, J=8.8 Hz, 1H), 7.41 (d, J=8.8 Hz, 1H),
6.55 (d, J=5.3 Hz, 1H), 5.77 (m, 1H), 4.08 (m, 4H), 3.67 (g, J=6.1 Hz, 2H), 3.20 (t,
J=6.9 Hz, 2H), 2.79 (m, 4H).
4-[2-[6-(1-imino-1-0x0-1,4-thiazinane-4-carbonyl)-2-
naphthyl]lethylamino]quinoline-6-carbonitrile (2.20h)

To a 25 mL round-bottom flask was added a solution of 2.20g (0.36 mmol,
166 mg) in DCM (10 mL). Then iodobenzene diacetate (0.53 mmol, 171 mg), 2,2,2-
trifluoroacetamide (0.71 mmol, 80 mg), rhodium(ll) acetate dimer (0.0018 mmaol, 8
mg), and MgO (1.42 mmol, 57 mg) were added, the mixture was stirred at room
temperature for overnight. Upon completion, the mixture was filtered through celite,
and washed the celite with DCM, the filtration was condensed and purified by flash

column chromatography using a gradient of 0-7% MeOH/DCM to give N-[4-[6-[2-
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[(6-cyano-4-quinolyl)amino]ethyllnaphthalene-2-carbonyl]-1-oxo0-1,4-thiazinan-1-
ylidene]-2,2,2-trifluoro-acetamide (108 mg, 53%). To a 100 mL round-bottom flask
was added a solution of N-[4-[6-[2-[(6-cyano-4-quinolyl)amino]ethyllnaphthalene-
2-carbonyl]-1-oxo-1,4-thiazinan-1-ylidene]-2,2,2-trifluoro-acetamide (0.17 mmol,
100 mg) and K2COs (0.86 mmol, 119 mg) in MeOH (7 mL). Then the mixture was
stirred at room temperature for overnight. Upon completion, the mixture was
filtered, and washed the residue with MeOH, the filtration was condensed and
purified by flash column using a gradient of 0-7% MeOH/DCM to give 2.20h (50
mg, 60%). ESI-MS m/z: 484 ([M+H]"). *H-NMR (300MHz, DMSO-d6): & 8.86 (s,
1H), 8.52 (d, J=5.6 Hz, 1H), 8.05 (s, 1H), 7.96 (d, J=8.8 Hz, 1H), 7.91 (d, J=8.8 Hz,
1H), 7.88 (m, 3H), 7.70 (m, 1H), 7.57 (t, J=7.2 Hz, 2H), 6.71 (d, J=5.6 Hz, 1H),
3.90 (m, 2H), 3.73 (m, 2H), 3.65 (q, J=6.9 Hz, 2H), 3.17 (t, J=7.6 Hz, 2H), 3.14 (m,
4H). 13C-NMR (300MHz, DMSO-d6): 6 169.60, 153.49, 150.17, 149.83, 138.43,
133.37, 132.09, 130.97, 130.40, 129.65, 128.97, 128.49, 128.46, 127.70, 126.85,
126.32, 124.49, 119.33, 118.44, 105.82, 99.89, 52.67, 52.67, 43.88, 39.61, 39.61,
33.97.

4-[2-[6-[4-(3-hydroxypropyl)piperazine-1-carbonyl]-2-
naphthyllethylamino]quinoline-6-carbonitrile (2.20i)

A light yellow solid (28 mg, yield 20%). ESI-MS m/z: 494 ([M~+H]"). H-NMR
(300MHz,CDCls): 6 8.61 (d, J=5.3 Hz, 1H), 8.20 (s, 1H), 8.01 (d, J=8.6 Hz, 1H),
7.88-7.71 (m, 4H), 7.63 (s, 1H), 7.48 (d, J=8.1 Hz, 1H), 7.38 (d, J=8.1 Hz, 1H),
6.57 (d, J=5.9 Hz, 1H), 5.89 (m, 1H), 3.81 (t, J=5.0 Hz, 2H), 3.66 (M, 2H), 3.48 (s,

4H), 3.19 (t, J=7.3 Hz, 2H), 2.66 (t, J=5.6 Hz, 2H), 2.50 (m, 4H), 1.75 (m, 2H). 3C-
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NMR (300MHz, DMSO-d6): 6 168.94, 153.35, 150.21, 149.72, 138.25, 133.23,
132.71, 130.98, 130.27, 129.66, 128.99, 128.41, 128.35, 127.58, 126.79, 126.21,
124.58, 119.28, 118.41, 105.82, 99.86, 59.14, 54.82, 52.79, 52.79, 43.85, 39.50,
39.50, 33.94, 29.46.
4-[2-[6-[4-(3-aminopropyl)piperazine-1-carbonyl]-2-
naphthyllethylamino]quinoline-6-carbonitrile (2.20j)

To a 10 mL round-bottom flask was added a solution of 2.20k (0.32 mmol,
191 mg) in DCM (5 mL). Then TFA (1 mL) was added and the mixture was stirred
at room temperature for 4h. Upon completion, the mixture was condensed and
purified by flash column in a gradient of 0-10% MeOH/DCM to give 2.20j (185 mg,
95% vyield). ESI-MS m/z: 493 ((M+H]"). *H-NMR (300MHz, DMSO-d6): & 9.66 (s,
1H), 9.11 (s, 1H), 8.63 (d, J=7.4 Hz, 1H), 8.28 (d, J=8.7 Hz, 1H), 8.04 (s, 1H), 8.03
(d, J=7.4 Hz, 1H), 7.94 (m, 4H), 7.62 (d, J=8.7 Hz, 2H), 7.56 (d, J=8.7 Hz, 1H),
7.11 (d, J=7.4 Hz, 1H), 3.94 (g, J=6.7 Hz, 2H), 3.45 (m, 2H), 3.21 (m, 8H), 2.88
(m, 2H), 1.96 (m, 2H), 1.24 (m, 2H). 3C-NMR (300MHz, DMSO-d6): & 169.18,
155.43, 144.02, 139.83, 137.66, 134.62, 133.53, 131.58, 131.02, 129.86, 128.66,
128.47, 127.80, 127.11, 126.88, 124.79, 121.77, 117.97, 117.77, 108.77, 99.97,
53.55, 52.90, 52.90, 50.82, 50.82, 44.55, 36.23, 33.70, 21.65.
tert-butyl-N-[3-[4-[6-[2-[(6-cyano-4-quinolyl)amino]ethyllnaphthalene-2-
carbonyl]piperazin-1-yl]propyl]carbamate (2.20k)

A yellow solid (191 mg, 46% yield). ESI-MS m/z: 593 ([M+H]"). *H-NMR
(300MHz, DMSO0-d6): 6 9.66 (s, 1H), 9.10 (s, 1H), 8.61 (d, J=7.3 Hz, 1H), 8.27 (dd,

J=8.8, 1.3 Hz, 1H), 8.03 (d, J=8.8 Hz, 1H), 7.95 (d, J=8.5 Hz, 2H), 7.89 (s, 1H),
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7.85 (d, J=8.5 Hz, 2H), 7.59 (dd, J=8.8, 1.3 Hz, 1H), 7.50 (m, 1H), 7.10 (d, J=7.3
Hz, 1H), 3.94 (g, J=6.9 Hz, 2H), 3.57 (m, 2H), 3.22 (t, J=7.3 Hz, 2H), 2.95 (s, 3H),
2.92 (m, 2H), 1.91 (m, 2H). *C-NMR (300MHz, DMSO-d6): & 168.95, 155.60,
152.97, 150.46, 149.28, 138.24, 133.26, 132.69, 131.01, 129.93, 129.93, 129.02,
128.46, 128.39, 127.61, 126.84, 126.28, 124.64, 119.27, 118.33, 105.98, 99.89,
77.42,55.16, 55.16, 54.95, 54.95,52.47, 43.92, 38.18, 33.95, 28.28, 28.28, 28.28,
26.55.
6-[2-[(6-cyano-4-quinolyl)amino]ethyl]-N,N-dimethyl-naphthalene-2-carboxamide
(2.201)

A grey solid (152 mg, yield 77%). ESI-MS m/z: 395 ([M+H]"). *H-NMR
(300MHz, CDsOD): 6 8.60 (d, J=1.4 Hz, 1H), 8.45 (d, J=5.9 Hz, 1H), 7.91-7.80 (m,
6H), 7.53 (dd, J=8.2, 1.8 Hz, 1H), 7.48 (dd, J= 8.2, 1.8 Hz, 1H), 7.74 (dd, J= 8.6,
1.8 Hz, 1H), 6.71 (d, J=5.9 Hz, 1H), 3.76 (t, J=7.1 Hz, 2H), 3.24 (t, J=7.1 Hz, 2H),
3.15 (s, 3H), 3.05 (s, 3H). 3C-NMR (300MHz, DMSO-d6): & 170.13, 153.37,
150.18, 149.73, 138.15, 133.25, 133.15, 130.92, 130.30, 129.63, 128.95, 128.38,
128.28, 127.40, 126.77, 126.19, 124.70, 119.28, 118.40, 105.82, 99.86, 43.86,
43.86, 34.83, 33.94.
N-(3-aminopropyl)-6-[2-[(6-cyano-4-quinolyl)amino]ethyl]-N-methyl-naphthalene-
2-carboxamide (2.20m)

To a 100 mL round-bottom flask was added a solution of 2.20n (6.7 mmol,
763 mg) in DCM (5 mL). Then TFA (1 mL) was added and the mixture was stirred
at room temperature for 4h. Upon completion, the mixture was condensed and

purified by flash column in a gradient of 0-10% MeOH/DCM to give 2.20m (280
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mg, 96% yield). ESI-MS m/z: 438 ((M-+H]"). 'H-NMR (300MHz, DMSO-d6): 5 9.66
(s, 1H), 9.10 (s, 1H), 8.61 (d, J=7.3 Hz, 1H), 8.27 (dd, J=8.8, 1.3 Hz, 1H), 8.03 (d,
J=8.8 Hz, 1H), 7.95 (d, J=8.5 Hz, 2H), 7.89 (s, 1H), 7.85 (d, J=8.5 Hz, 2H), 7.59
(dd, J=8.8, 1.3 Hz, 1H), 7.50 (m, 1H), 7.10 (d, J=7.3 Hz, 1H), 3.94 (q, J=6.9 Hz,
2H), 3.57 (m, 2H), 3.22 (t, J=7.3 Hz, 2H), 2.95 (s, 3H), 2.92 (m, 2H), 1.91 (m, 2H).
13C-NMR (300MHz, DMS0-d6): 6 170.65, 158.56, 158.22, 155.43, 143.99, 139.84,
137.31, 134.61, 133.18, 131.07, 129.87, 128.54, 128.34, 127.57, 127.09, 126.22,
124.75, 121.76, 117.97, 116.45, 108.77, 99.97, 44.59, 36.79, 33.71, 30.73, 24.80.
tert-butyl-N-[3-[[6-[2-[(6-cyano-4-quinolyl)amino]ethyllnaphthalene-2-carbonyl]-
methyl-amino]propyl]carbamate (2.20n)

A white solid (360 mg, 59% vyield). ESI-MS m/z: 538 ((M+H]"). IH-NMR

(300MHz, CD2Cl»): & 8.55 (d, J=5.1 Hz, 1H), 8.22 (s, 1H), 7.94 (d, J=8.6 Hz, 1H),
7.83 (d, J=8.6 Hz, 2H), 7.79 (s, 1H), 7.72 (dd, J=8.6, 2.0 Hz, 1H), 7.67 (s, 1H), 7.47
(d, J=8.5 Hz, 1H), 7.41 (d, J=8.5 Hz, 1H), 6.59 (d, J=5.1 Hz, 1H), 5.83 (m, 1H),
5.47 (m, 1H), 3.66 (m, 4H), 3.20 (M, 4H), 2.94 (s, 3H), 1.82 (m, 2H), 1.43 (s, 9H).

2.4.2 Docking studies

Molecular docking was performed on a previously reported CDK8 crystal
structure (PDB ID: 4F7S) using the Induced Fit module within the Maestro
Interface. The 2020 version of the Small Molecule Drug Discovery Suite containing

these components was used (Schrodinger, Inc.)
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2.4.3 Pharmacology

2.4.3.1 Lanthascreen Eu kinase binding assay for CDK8/Cyclin C

This assay is a binding competition assay. The Alexa Fluor 647 labeled
tracer can bind to the ATP pocket of tagged CDK8 protein, whereas the europium
(Eu)-labeled anti-tag antibody can also recognize the tagged CDK8. Simultaneous
binding of both tracer and antibody to CDK8 causes a high degree of FRET
(fluorescence resonance energy transfer) from the Eu donor fluorophore to the
Alexa Fluro 647 acceptor fluorophore on the tracer. Introduction of CDK8 inhibitors
will compete with the tracer and result in loss of FRET signals. Materials and
reagents that were used in this assay include His-tagged CDKS8/Cyclin C
recombinant protein (Invitrogen, PV4402), kinase buffer A (Invitrogen, PV3189),
kinase tracer 236 (Invitrogen, PV5592), biotin anti-His tag antibody (Invitrogen,
PV6089), Eu-streptavidin (Invitrogen, PV5899), 384-well plate (Greiner, white, No.
781207). Kinase/antibody solution, tracer solution, and inhibitor dilutions were
prepared according to the manufacturer’s protocol. 5 yL of CDK8/biotin-anti-His
Ab/SA-Eu mix in 1x kinase buffer A and 5 pL of tracer solution in 1x kinase buffer
A were added to the wells, after that, 5 L inhibitor dilutions in 1x kinase buffer A
were added. The plate was shaken for 30 seconds and incubated for 60 minutes
at room temperature in the dark. The plate was read on the Molecular Devices
SpectraMax iD5 Microplate Reader (FRET model, excitation 350 nm, emissions at
615 and 665 nm). The emission ratios of the acceptor/tracer emission (665nm) to
the antibody/donor emission (615 nm) were plotted versus log concentration of

inhibitors to fit the sigmoidal dose-dependent curves for ICso calculation using
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GraphPad Prism 7.0 (GraphPad Software, San Diego, CA). The ICso curves of

compounds are shown in Figure 2.14.
2.4.3.2 293-NFkB-luc cell-based assay

The detailed procedure for this NFkB-dependent cell-based CDK8/19i
activity assay was previously described.'® Briefly, 293-WT-NFKB-LUC#8 (293-
WT) and 293-dKO-NFKB-LUC#2 (293-KO) cells were seeded in 96-well plates,
cultured for 24 hours and then treated with tested compounds at different
concentrations with 10 ng/mL TNF-a added for 3 hours. 4 uL potassium luciferin
solution (15 mg/mL, GoldBio) was then added to each well to determine the
luciferase reporter activity, represented by the luminescence intensities measured
by the SpectraMax iD5 Microplate Reader. Reporter activities of inhibitor-treated
cells were normalized by the reporter activities of cells without the inhibitor and
further processed with GraphPad Prism 7.0 for curve-fitting and ICso calculation.

The ICso curves of compounds are shown in Figure 2.15.
2.4.3.3 MV4-11-luc cell-based assay

A luciferase-expressing derivative of CDK8/19-dependent MV4-11
leukemia cell line, named MV4-11-luc, was generated using the lentiviral vector
pHIV-Luc-ZsGreen (Addgene #39196). MV4-11-luc cells were maintained in
RPMI1640 media supplemented with 10% FBS and 1% Penicillin-Streptomycin.
For the 7-day growth inhibition assay to evaluate CDK8/19i activity, MV4-11-luc
cells were seeded at 2,000 cells per well in 200 uL media in 96-well white plates
(Corning 3917, USA) and then treated with vehicle control (0.1% DMSO) or tested

compound at concentrations from 1 nM to 5 yM (by adding 22.2 yL 10X compound
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solutions directly to the culture). The treated cells were cultured at 37 °C/5% CO2
for 7 days before measuring the luciferase activities and determining ICso values
of inhibitor-induced growth inhibition by SpectraMax iD5 Microplate Reader and
GraphPad software as described in the previous section. The ICso curves of

compounds are shown in Figure 2.16.
2.4.3.4 DiscoveRx Kq determination

Dissociation constants for Senexin C was determined at DiscoveRx (Figure
2.6).

2.4.3.5 KINOMEscan selectivity profiling

Kinome profiing for Senexin C was performed by KINOMEScan
(DiscoveRx, Fremont, CA). The compound was profiled at a concentration of 2 uM
(Table 2.3).

2.4.3.6 RNA extraction and gPCR

Procedures for RNA-gPCR analysis of cells treated with CDK8/19i under
different culture conditions, including basal and TNFa-stimulated conditions and
drug wash-off conditions, were previously described in detail.!”® To evaluate
effects on basal MYC mRNA expression, 293 cells were treated with tested
compounds (in 0.1% DMSO) under regular culture conditions for 3 hours. To
evaluate effects on TNFa-induced CXCL8 mRNA expression, 293 cells were
pretreated with tested compounds (in 0.1% DMSO) for 1 hour and then treated
with 10 ng/mL TNFa for 2 hours. For the wash-off study, 293 cells were pretreated
with tested compounds (in 0.1% DMSO) for 3 hours before removal of the drug-

containing media and washed with drug-free media twice, followed by incubation
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with drug-free media for indicated time periods. RNA was extracted with RNeasy
Mini Kit (Qiagen) and cDNAs were prepared using iScript cDNA SuperMix
(QuantaBio). Gene expression was quantified with iTag Universal SYBR Green
Supermix reagent (QuantaBio) using CFX384 Real-Time System (Bio-Rad).
Relative mRNA expression was calculated with the formula of 2(Cthousekeeping_gene
-Ctiest_gene) and percentage of inhibition was calculated by normalization to the
expression levels in vehicle (0.1% DMSO) control. The sequences of the primers

used for gPCR are listed in Supporting Information Table 2.6.

2.4.3.7 Quantification of compounds in biological samples by

LC-MS/MS

For liquid biological samples (conditioned media, cell suspension or
serum/plasma samples, etc.), undiluted or diluted samples were directly used as
starting materials for sample preparation. For solid tissue samples (tumors or
organs), about 100 mg tissue mass was cut into small pieces and homogenized in
5x volume of ice-cold PBS before being used as 6x diluted starting materials. To
prepare for LC-MS/MS analysis, 40 yL sample was mixed with 160 yL ice-cold
methanol containing 200 nM internal standard (deuterated Senexin B, SnxB-D8)
by vortexing 15 seconds and then incubated on ice for 30 minutes before being
centrifuged at 20,000 g for 10 minutes. 100 uL of supernatant (in 80% methanol)
was transferred to 9 mm Autosampler Inserts and diluted with 100 uL water to
make samples (in 40% methanol) for LC-MS/MS analysis performed by the Mass

Spectrometry Center at the University of South Carolina (UofSC). The Multiple
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Reaction Monitoring (MRM) ion transitions used for SnxB-D8 (IS), Senexin B and

Senexin C are 459 ->181, 451 ->181 and 450 -> 350 respectively.
2.4.3.8 Human hepatocyte metabolic stability assay

Cryopreserved female human hepatocytes (H1500.H15B) were obtained
from Sekisui XenoTech, Kansas City, KS. Frozen hepatocytes were thawed in the
XenoTech Hepatocyte Incubation Media (K2500, XenoTech) and incubated with
vehicle control (0.1% DMSO) or tested compound at 2 yM at 37°C. Hepatocyte
suspension aliquots (30 pL) were collected at different time points and the
concentrations of tested compound were measured by LC-MS/MS.

2.4.3.9 In vivo studies

Animal studies were approved by the Institutional Animal Care and Use
Committee (IACUC) of UofSC and performed at the Department of Laboratory
Animal Research (DLAR) at UofSC. For PK/PD analysis of Senexin C, one million
of murine CT26 colon carcinoma cells were injected subcutaneously in the right
flank of 8-week-old female Balb/c mice and allowed to grow to 200~300 mm?. The
tumor bearing animals then received Senexin C at 2.5 mg/kg by intravenous
injection (10 mL/kg of 2.5 mg/mL Senexin C solution in 5% Dextrose) or 100 mg/kg
by oral gavage (10 mL/kg of 10 mg/mL Senexin C solution in 30% propylene glycol
| 70% PEG-400 vehicle). At different time points post administration, blood
samples were collected in BD microtainers with K2EDTA for plasma preparation
and animals were euthanized for tumor collection. For the tumor specimens
dissected from each animal, a piece of 50~100 mg tumor sample was stabilized in

RNA-later regent (Qiagen) and several 100 mg tumor pieces were snap-frozen on
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dry ice and stored at -80°C for later protein and tumor PK analysis. The compound
concentrations in blood and tumor samples were measured by LC-MS/MS. RNA-
later stabilized tumor samples were processed for RNA extraction using Direct-zol
RNA Miniprep Kit (Zymo Research, Irvine, CA), followed by gPCR quantification
for gene expression. For the 7-day toxicity study of Senexin C, the same animal
model was used and tumor-bearing mice were dosed with Senexin C at 100 mg/kg
daily by oral gavage for 7 days. Animals were monitored twice daily and body
weights were measured every two days. The endpoint tissue samples were
collected at 12 hours post last dose and analyzed for PK/PD.

For the efficacy study in an in vivo AML model, one million MV4-11-luc cells
were inoculated in 8-week-old female NSG mice via tail-vein injection. One week
post inoculation, animals were randomly assigned to two groups and treated with
either vehicle solution (30% propylene glycol / 70% PEG-400) or Senexin C at 40
mg/kg twice daily (p.o., BID) for 4 weeks. Tumor growth was monitored through

weekly bioluminescence imaging (BLI) using IVIS Lumina Il system.
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Figure 2.1 (A) The chemical structures of Senexin A and Senexin B. (B) The
kinome profiling of Senexin B.
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Figure 2.2 The predicted binding mode of Senexin A (2.1) and 2.8a docked to
CDKa8/cyclin C protein (PDB code: 4F7S).
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Figure 2.3 The predicted binding modes of Senexin B (2.2) and 2.20a docked to
CDKS8/cyclin C protein (PDB code: 4F7S).

Figure 2.4 Molecular modeling and energy minimization of compound 20b.
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Figure 2.6 Determination of Kds for Senexin C binding to CDK8, CDK19
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Figure 2.8 Cell-based ICso assays of Senexin C (SnxC) and Senexin B (SnxB).
(A) 293-WT and dKO cells expressing Luciferase reporter under CDK8/19-
dependent NFkB promoter treated with 10 ng/mL TNF-a and SnxC at different
concentrations for 3 hours. (B) Effects of SnxB and SnxC (3 hours treatment) on
MYC mRNA expression in 293 cells. (C) Effects of SnxB and SnxC on CXCL8
MRNA expression in 293 cells treated with 10 ng/mL TNF-a.
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Figure 2.9 Effects of Senexin B and Senexin C on durability of the inhibition of
CDK&8/19-dependent gene expression in the wash-off study in 293 cells.
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Figure 2.11 PK/PD analysis of Senexin C in the CT26 tumor model in Balb/c
mice. A. Senexin C accumulation in the plasma and tumor tissues 0.5, 1, 2, 4, 8,
12 and 24 hrs after receiving a single i.v. dose at 2.5 mg/kg. B. The same after a
single oral dose at 100 mg/kg. C. Expression of CDK8/19 dependent genes in
CT26 tumors from the mice in (B). D. Changes in body weights of animals orally
dosed by Senexin C for 7 days (100 mg/kg, g.d.). E. Expression of PD marker
genes in endpoint CT26 tumors collected at 12 hours post oral dosing on day 7.
F. Endpoint PK of Senexin C in blood and tissues from the mice in (E).
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Figure 2.12. PK/PD analysis of Senexin B in the CT26 tumor model in Balb/c
mice. A. Senexin B accumulation in the serum and tumor tissues, 0.5, 1, 2, 4, 8,
12 and 24 hrs after receiving one oral dose at 100 mg/kg. B. Expression of the
CDK&8/19-dependent genes in CT26 tumors in mice orally dosed with 100 mg/kg
Senexin B or Senexin C.
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Figure 2.13. In vivo efficacy study of Senexin C (40mg/kg, p.o., BID) in the MV4-
11 AML model in female NSG mice. Treatment started 7 days post inoculation
(1x10® MV4-11-luc cells via tail vein) and tumor growth was monitored through
weekly bioluminescence imaging (BLI).
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