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ABSTRACT
TARGETING CDK9 ACTIVATES EPIGENETICALLY SILENCED GENES IN
CANCER
Hanghang Zhang
Doctor of Philosophy
Temple University, 2017
Doctoral Advisory Committee Chair: Jean-Pierre Issa, M.D,

Cyclin-Dependent Kinase 9 (CDK9) as part of the PTEFb complex promotes
transcriptional elongation by promoting RNAPII pause release. We now report that,
paradoxically, CDK9 is also essential for maintaining gene silencing at heterochromatic
loci. Through a live cell screen, we discovered that CDK9 inhibition reactivates
epigenetically silenced genes in cancer, leading to restored tumor suppressor gene
expression and cell differentiation, along with activation of endogenous retrovirus (ERV)
genes. CDK9 inhibition results in dephorphorylation of the SWI/SNF protein SMARCA4
and represses HP1α expression, both of which contribute to gene reactivation. Based on
gene activation, we developed the highly selective and potent CDK9 inhibitor MC180295
(IC50 =5nM) that has broad anti-cancer activity in-vitro and is effective in in-vivo cancer
models. Additionally, CDK9 inhibition sensitizes with the immune checkpoint inhibitor αPD-1 in vivo, making it an excellent target for epigenetic therapy of cancer.
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CHAPTER 1
INTRODUCTION
1.1 Hallmarks of epigenetic control
Epigenetics refers to the study of heritable changes in gene expression that do not
involve changes to the underlying DNA sequence1, which includes DNA methylation2,3,
histone modifications4,5, non-coding RNAs6,7 and chromatin architecture8. Epigenetic
regulation plays an essential role during embryogenesis, stem cell differentiation, and
diseases. For example, there is global DNA demethylation at the 2-cell stage and an inverse
correlation between promoter methylation and gene expression during the postimplantation stage of human early embryos9.
The epigenome landscape is mainly controlled by DNA methylation and chromatin
modifications. The basic unit of chromatin is the nucleosome, which is composed of ~146
base pairs of DNA wrapped around an octamer of four core histones (H2A, H2B, H3 and
H4)10. Binding of histone modifying enzymes to the amino-terminal tails of the core
histones facilitates control of chromatin dynamics. Chromatin can be further divided into
either euchromatin or heterochromatin, which are active or inactive states of chromatin,
respectively. Euchromatin is marked by active histone marks, enriched for transcription
factor binding and active genes, whereas heterochromatin regions are depleted of
transcription factors, marked by DNA methylation, and repressive histone marks, and
primarily consist of repetitive sequences and repressed genes.
DNA methylation is one of the most studied epigenetic modifications. Despite the
recent discoveries and functional studies of non-CG methylation in multiple species11-14,
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methylation of cytosines in the context of CpG dinucleotides still appears to be the most
important and predominant form of epigenetic control. 5mC (5-methylcytosine) accounts
for ~1% of total DNA bases in human somatic cells and affects 70-80% of all CpG
dinucleotides in the entire genome15. Fifty percent of gene promoters contain a high
density of CpG sites, called CpG islands (CGIs), and methylation of these sites has been
inversely correlated with gene expression16. DNA methylation in mammals is mainly
regulated by three DNA methylatransferases (DNMTs) and three ten-eleven translocation
(TET) proteins, which oppose their action. DNMT1 is the key maintenance
methyltransferase that predominantly methylates hemimethylated CpG dinucleotides,
whereas DNMT3a and DNMT3b are the de novo methyltransferases that can establish
methylation on unmethylated DNA17. TET proteins can induce demethylation by reversing
5mC to unmodified cytosine through oxidation of 5mC to 5-hydroxymethylcytosine
(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). This process is followed
by replication-dependent dilution or thymine DNA glycosylase (TDG)-dependent base
excision repair18.
The chromatin states in mammals are dynamic - euchromatin can be converted to
heterochromatin and vice versa. This process is tightly regulated by histone-modifying
enzymes through manipulating histone marks on the amino-terminal tails of the histones.
Histone acetylation is usually correlated with open chromatin and gene induction, while
deacetylated histones are enriched in closed chromatin, leading to gene repression19.
Histone lysine (K) methylation can be either activating or repressive, depending on the
histone marks. For example, on histone 3 (H3), H3K4 methylation is associated with gene
activation, while H3K9me2/me3 and H3K27me3 are associated with repression19. Global
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profiles can characterize epigenetic marks in an unbiased, site-specific manner. H3K4me3
and H3K4me2 modifications are tightly associated with the transcriptional start sites (TSSs)
of genes, while H3K4me1 is more widely distributed20.
1.2 Heterochromatin protein 1
In eukaryotes, the HP1 family of three proteins is vital for the formation of
heterochromatin. The three HP1 proteins in human are HP1α, encoded by CBX5; HP1β,
encoded by CBX1; and HP1γ, encoded by CBX321. HP1 proteins contain a chromodomain
that binds to methylated H3K9 and a chromoshadow domain that is responsible for
interacting with other proteins21. The classical model of HP1-mediated heterochromatin
silencing involves a positive feedback loop between HP1 and SUV39H1. H3K9me2/3
recruits HP1 proteins to the target loci. HP1 proteins then recruits a histone
methyltransferase, SUV39H1, and methylates more H3K9me2/3 (Figure 1). This positive
loop helps propagate the H3K9me2/3 mark, to silence the heterochromatin regions22
(Figure 1). The C-terminal chromoshadow domain provides docking sites for other
interactors, such as DNA methyltransferases23. Although HP1 proteins share high sequence
homology, they have different cellular localizations and functions. HP1α and HP1β are
primarily in heterochromatin regions, while HP1γ is also distributed in euchromatic
regions21. Functionally, knockout of HP1β, but not HP1α, leads to genome instability.
Depletion of HP1γ, but not HP1α or HP1β, causes mitotic defects24,25. Given the broad
distribution of HP1 proteins and their profound effects on global gene expression, it is not
surprising that HP1 proteins are involved in cancer. Indeed, overexpression of HP1 has
been found during the late stage of breast cancer progression and is associated
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Figure 1: Simplified scheme of features of condensed heterochromatin and open
chromatin26. Heterochromatin (top) is mostly hypoacetylated by HDACs and marked by
repressive H3K9me2/3 marks (red circle). These regions are often depleted of
transcriptional factor binding, resulting in gene silencing. H3K9me2/3 form binding sites
for heterochromatin protein 1 (HP1), which can further recruit other epigenetic regulators
such as DNMTs and H3K9 methyltransferases (H3K9-MT) (e.g. SUV39H1). Open
chromatin (bottom) is generally acetylated and harbors active histone marks such as
H3K4me2/3 (green circle). The loose nucleosome structure (green cylinders) is accessible
to transcriptional factor binding and RNA polymerase II (Pol II). Histone modification
enzymes such as HAT and SWI/SNF complex are involved in the openness of chromatin.
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with larger amounts of compact heterochromatin structures27. Since HP1 interacts with G9a,
an H3K9 methyltransferase directly, drugs targeting G9a might be used to treat HP1-high
cancers. Additionally, global epigenetic drugs like DNA methyltransferase inhibitors
(DNMTi) or histone deacetylase inhibitors (HDACi) may be effective for re-setting
compact chromatin structure of HP1-high cancer cells. Lastly, since HP1 proteins are
regulated by posttranslational modifications, including phosphorylation, acetylation,
methylation and others28, drugs intervening these modifications may be attractive
therapeutic options.
1.3 SWI/SNF complex
SWI/SNF is an ATP-dependent nucleosome remodeling complex that allows the
compaction and decompaction of DNA in the nucleus29. Chromatin opening is orchestrated
by transcriptional factors and chromatin regulators such as the SWI/SNF complex (Figure
1). Human SWI/SNF is composed of a core ATPase (either SMARCA2 or SMARCA4)
that can regulate nucleosomal structures by ATP hydrolysis and several non-catalytic
protein subunits which confer non-redundant functions. The 15 subunits in the SWI/SNF
complex are mutated in >20% of human cancer30. The dominant loss-of-function mutations
in cancer indicate that these proteins are likely to be tumor suppressors. Biallelic
inactivation of BAF47 has been earlier indicated in a rare childhood cancer known as
malignant rhabdoid tumor (MRT)31. Additional early studies identified inactivation of both
SMARCA2 and SMARCA4 in multiple cancer cell lines, such as the SW13 line32,33.
Multiple exome sequencing studies revealed that different subunits of SWI/SNF complex
are mutated in specific cancers. For example, SMARCA4 is mutated in over 90% of small
cell ovarian cancers but in less than 5% of small cell lung cancers34. The activity of the
5

SWI/SNF complex is dependent on its recruitment to target genes by transcription factors
or histone modifications. The SWI/SNF complex is involved in growth control and cell
differentiation. Several subunits have been shown to be essential for the differentiation of
hematopoietic, and neural cells, and for heart and liver development35. Recent studies have
also shown that the SWI/SNF complex antagonizes the transcriptionally silencing
Polycomb repressive complexes 1 and 2 (PRC1 and PRC2)36. Tumors carrying SWI/SNF
mutations are particularly vulnerable to PRC2 inhibition36. Deletion of SMARCA4 in
mouse embryonic stem cells results in a genome-wide increase in the localization of PRC1
and PRC2, as well as enrichment of H3K27me3, leading to gene silencing. However, this
Polycomb-mediated gene silencing could be reversed by overexpressing wild-type
SMARCA437. Loss-of-function mutations of SWI/SNF subunits cause failure to oppose
PRC1 and PRC2 at genes involved in differentiation, thus promoting tumorigenesis.
Besides cell differentiation, mounting evidence also demonstrates that the SWI/SNF
complex is involved in DNA damage and daughter chromosomal segregation38.
Among all subunits, SMARCA4, also known as BRG1, is the most well-studied
protein. SMARCA4 is composed of multiple domains, including a catalytic ATPase
domain, a conserved C-terminal bromodomain, AT-hook motif and the N-terminal region
containing QLQ, HSA and BRK domains39. The bromodomain of SMARCA4 can
recognize acetylated lysines within histone H3 and H4 tails40. SMARCA4 deficient mice
die at the pre-implantation stage, suggesting that SMARCA4 is essential for early
embryonic growth41. In cancer, SMARCA4 is frequently mutated30 and the mutation sites
are scattered within the ATPase domain29. These mutations cause partial to a global loss of
SWI/SNF activity and deregulation of normal cellular programs.

6

1.4 Epigenetic aberrations in cancer
In cancer, the epigenome is aberrantly reprogrammed, leading to a wide range of
heritable changes in gene expression. The most widely studied epigenetic aberrations in
cancer involve DNA methylation and histone post-translational modifications. The cancer
epigenome is marked by genome-wide hypomethylation and CpG island promoter
hypermethylation. DNA hypomethylation can promote genome instability while promoter
hypermethylation can lead to tumor suppressor gene (TSG) silencing42. In contrast to
promoter methylation, gene body methylation is usually positively correlated with gene
expression43,44. In cancer, more genes are silenced by promoter hypermethylation than by
genetic mutation45. Acquisition of de novo methylation in cytosine of CpG dinucleotide at
the promoter region of TSG results in stable gene silencing through direct inhibition of
transcription factor binding or by recruitment of methyl-binding domain (MBD) proteins
such as MeCP216,42. DNA methylation and histone modifications are not isolated events,
but occur in a higher-order chromatin structure. These MBDs form complexes with other
epigenetic enzymes including histone deacetylases (HDAC) that are responsible for the
global loss of histone acetylation, resulting in gene silencing and heterochromatin
formation16,46.
Waddington's developmental landscape diagram conceptualized an epigenetic
landscape in which differentiating cells proceed downhill along branching canals47.
Chromatin structures and regulators can alter the height of the canal walls, preventing cells
from switching states. However, mounting evidence suggest that chromatin homeostasis is
disrupted in cancer. Certain stimuli can lead to a restrictive chromatin state that prevents
cell differentiation while others result in a permissive state, allowing stochastic induction
7

of oncogenes48. Some tumorigenic mutants can induce a restrictive state that prevents cell
differentiation while other mutations can lower the canal walls, leading to a permissive
chromatin state. For example, inactivating MLL2 mutations in lymphoma impede
appropriate activities of promoters or enhancers which are required for differentiation49,50.
Besides genetic mutations, non-genetic stimuli can also dysregulate chromatin
homeostatic states. Histone lysine demethylases are widely deregulated in cancer, leading
to cellular reprograming and erasing of epigenetic memory. For example, KDM4 family
enzymes, which demethylate H3K9 and H3K36, are upregulated in many cancers, leading
to heterochromatin deregulation51. Direct disruptions of histone acetylation and
methylation status are also characteristics of cancer cells. For example, a global loss of
H4K16 acetylation and H4K20me3 have been identified as a hallmark of cancer52.
The interplay between genetic and epigenetic lesions and their defined order is still
controversial. In some cases, epigenetic lesions prime genetic lesions. A key example is
MGMT gene hypermethylation in cancer. The promoter of MGMT, the gene encoding O6-Methylguanine-DNA methyltransferase, is methylated in colon cancer53. This
methylation event causes increased genetic mutation rates which leads to tumorigenesis53,54.
Additionally, aberrant DNA methylation can be detected in premalignant colon polyps that
have not acquired genetic mutations55. However, in other cases, genetic lesions occur
before epigenetic lesions56. One good example is the mutation of IDH1/2 in cancer. IDH
is the gene encoding isocitrate dehydrogenase and is frequently mutated in leukemia,
glioma and other tumors. This gain-of-function mutation generates an oncometabolite 2hydroxyglutarate, which inhibits hydroxylases, including the TET enzymes, leading to a
hypermethylation phenotype57.
8

1.5 Druggable epigenetic targets in cancer
Our epigenome is mainly regulated by different epigenetic regulators, known as the
“4 Rs” (writer, eraser, reader, and remodeler)58 (Figure 2). Several of these enzymes are
disrupted and have been identified as druggable targets in cancer. “Writers” are the proteins
that add marks to either histone or DNA, whereas “erasers” counteract with “writers” and
remove those marks from the target loci. “Readers” are the proteins that contain specialized
domains that can bind to epigenetic marks, such as the bromodomain proteins59.
“Remodelers” utilize ATP to move, eject, destabilize or restructure nucleosomes, such as
the SWI/SNF complex, the NuRD complex, etc60.
Among all these druggable epigenetic targets, drugs inhibiting the activity of DNA
methyltransferases (DNMTs) are the most widely studied. DNMTs are the DNA “writers”
that convert unmodified cytosines to methylated cytosines. This process can be reversed
by the corresponding “erasers” – TET proteins. Although DNA methylation is relatively
stable, several tumor suppressor genes are silenced by promoter hypermethylation in
cancer, such as MGMT, P16, and MLH12,16. CGI methylator phenotype (CIMP) is one of
the most well-known methylation aberrations in cancer patients. Originally identified in
colon cancer, CIMP is characterized by cancer-specific DNA methylation on CGIs61. This
phenotype has also been identified in many other tumor types including glioblastoma,
gastric cancer, AML, etc62. Given the reversibility of DNA methylation, the goal of DNMT
inhibition is to demethylate promoters of silenced TSGs thus reactivate these genes. So far,
two DNMT inhibitors (5-azacitidine and decitabine) have been approved for treatment of
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Figure 2: The 4 “Rs” of epigenetic regulators58. For open chromatin (top), nucleosomes
(blue ovals) are in an open conformation around the transcriptional start sites (TSS).
Writers (green circles) add acetyl (Ac) and methyl (Me) marks to histone proteins
(acetylated lysines, black circles on lollipops; H3K4 methylation, green circle on lollipop).
Generally, no DNA methylation occurs in associated CpG islands (green lollipops).
Readers (purple circles) can recognize histone marks and bind to them. For closed
chromatin, nucleosomes are compacted and erasers (red circles) such as histone
deacetylases (HDAC), histone demethylases (HDMs) are involved in the removal of active
epigenetic marks.

HDACs deacetylate histones (gold lollipops) and histone

methyltransferases (HMTs) change active marks to repressive ones such as H3K9me3
(blue lollipop). Another writer DNMT can establish methylation of CpG at promoter
regions (red lollipops). Readers such as MBD can bind to these methylated CpG sites.
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myelodysplastic syndromes (MDS)63 and a few more (eg. Guadecitabine, 4-thio-2deoxycytidine, etc) are in clinical trials. The FDA-approved nucleoside analogs 5azacitidine and decitabine can incorporate into the newly synthesized DNA where they
form a covalent bond with DNMTs, leading to DNMT degradation and DNA
hypomethylation64. The TET enzyme family consist of three proteins: TET1, TET2, and
TET3. TET proteins have emerged to have tumor suppressor function in cancer. TET2 is
one of the most frequently mutated genes in hematological malignancies65. Somatic
alterations in TET2 are observed in MDS, CMML, AML, B-cell and T-cell lymphomas66.
In fact, several lines of evidence indicate that TET2 might be one of the first genetic
aberrations in the onset of hematological malignancies. TET2 mutation was found in
premalignant HSCs in MDS and AML patients and in aged healthy individuals who have
high propensity to develop hematopoietic malignancies66. TET1 is not frequently mutated
in cancer but also showed protective functions. For example, TET1 knockout mice are
prone to develop B-cell lymphoma67. TET1 downregulation has been observed in colon
cancer68, glioma69, gastric cancer70, etc. However, recent evidence suggest that TET
enzymes might also be oncogenic. TET1 was shown to be upregulated and be an essential
oncogene in MLL-rearranged leukemia71. Additionally, a novel isoform of TET1 was
identified and is overexpressed in breast cancer, glioblastoma, and uterine cancer72.
Intriguingly, a recent study revealed that TET2 maintains myeloid immunosuppressive
function to promote melanoma progression, indicating that TET2 inhibition would
reinforce the immune system and reduce melanoma tumor burden73. Thus, TET inhibitors
might benefit these cancers. However, no potent TET inhibitors have been developed so
far.
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Histone acetylation status is regulated by the acetylation “writers”- histone
acetyltransferases (HATs) and the opposing “erasers” – histone deacetylases (HDACs).
HATs work as transcriptional activators, which provide histone acetylation, leading to gene
activation. In contrast, HDACs function as gene repressors by deacetylating histones19. In
mammalian cells, there are three HAT families: the GNAT (Gcn5-related Nacetyltransferase), the p300/CBP and the MYST proteins74. The role of HATs in cancer is
still controversial. Both oncogenic and tumor suppressor functions have been shown in
different tumors. For example, histone hyperacetylation was shown in hepatocellular
carcinoma and hyperacetylation of H3K18 was associated with high tumor recurrence and
relapse75. In addition, p300/CBP is highly expressed in prostate cancer and is the
coactivator of the androgen receptor. Acetylation of androgen receptor has been shown to
promote prostate cancer growth76. HATs can also acetylate the oncogene c-MYC, leading
to cancer progression77. However, HATs themselves also showed tumor suppressor
function in colorectal cancer78 and histone acetyltransferase KAT2B has been shown to
acetylate the tumor suppressor protein p53 and activate its transcriptional activity79. Thus,
the exact role of HATs seems to be cancer type specific and still needs further investigation.
In contrast, HDACs are established and validated cancer targets63. In mammalian cells,
there are 18 histone deacetylases belonging to four classes: class I (HDAC 1-3 and 8), class
II (HDAC 4-7 and 9-10), class III (sirtuins) and class IV (HDAC 11)80. Classical HDAC
inhibitors act on class I, II and IV HDACs. HDACs are ubiquitously expressed in all
eukaryotic cells and their activities are important for normal cell proliferation,
differentiation, and homeostasis81. However, in cancer, the infrastructure of chromatin is
disrupted. Abnormally decreased acetylation in the promoter regions of tumor suppressor
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genes involved in cell cycle arrest, differentiation and apoptosis lead to aberrant gene
inactivation82. Thus, the goal of HDAC inhibition is to restore the function of these
pathways. So far, multiple HDAC inhibitors have been developed to maintain proper tumor
suppressor gene expression in cancer. Four of them (Panobinostat, Belinostat, Vorinostat,
and Romidepsin) have been approved by the FDA for the treatment of multiple myeloma
or T-cell lymphoma83.
Mutations and overexpression of histone methylase enzymes often lead to gene
profile aberrations as well. One such example is a histone-methylating component of
polycomb repressive complex 2 (PRC2) --- EZH2. Both gain-of-function and loss-offunction mutations of EZH2 have been identified in multiple tumors. High expression of
EZH2 can modulate its normal function and contribute to tumorigenesis. The oncogenic
role of EZH2 was first identified in prostate cancer, in which EZH2 overexpression was
associated with worse progression84. Similar findings have also emerged in breast cancer,
bladder cancer, and melanoma since then85-87. Several studies also showed the oncogenic
role of EZH2 via gain-of-function mutations. Mutations at the tyrosine 641 or alanine 677
and 687 residues on EZH2 confers a gain of function of enzyme activity resulting in an
increased level of H3K27me3 in germinal center B cell (GCB) diffuse large-cell B cell
lymphomas (DLBCL)88 and non-Hodgkin’s lymphomas89,90. Given the evidence for EZH2
as a cancer driver, several EZH2 inhibitors have been developed and tested in multiple
clinical trials, such as DZNep, EPZ005687, and GSK126 etc.
Another interesting epigenetic target is a histone lysine acetylation “reader”,
Bromodomain-containing protein 4 (BRD4). Ever since the first identification of BRD4 as
a part of the BRD-NUT oncoproteins in testis (NUT) midline carcinomas (NMC)91, BRD4
13

specific inhibitors has been an active area of investigation. A proof-of-concept study
showed that pharmacologic inhibition of BRD4 using OTX015 in two patients harboring
BRD4-NUT translocation resulted in rapid antitumor activity92. Additionally, previous
studies have shown that BRD4 inhibitors can suppress super-enhancer driven oncogenes
(e.g. c-MYC), which broadened its clinical scope93,94. This concept has been tested in
multiple cancer cell lines and mouse models (e.g. MYCN-driven neuroblastoma95,
hepatocellular carcinoma96, acute myeloid leukaemia97,98, etc.) so far.
Chromatin remodelers are attractive drug targets, but this field is in its infancy.
Recent whole-exome sequencing revealed that over 20% of human cancers harbor
mutations in the genes encoding mammalian SWI/SNF subunits30. The majority of the
mutations are loss-of-function, indicating that these subunits may be bona fide tumor
suppressors99. One of the most well studied protein, SMARCA4, also known as BRG1, is
an ATP-dependent helicase that is part of the SWI/SNF family and uses ATP hydrolysis to
relax chromatin structure. SMARCA4 and its homolog SMARCA2 are mutually exclusive
catalytic subunits and both are deficient in multiple cancers. SMARCA4 inactivating
mutations have been reported in multiple tumor types99 and ~30% of human non-small
lung cancer cell lines are SMARCA4-deficient100. Similarly, SMARCA2 is silenced in 1025% of six common solid tumors101. However, both SMARCA2 and SMARCA4 are
infrequently (<5%) silenced by mutations, indicating that other mechanisms might silence
their expression102,103. Interestingly, HDAC inhibitors can partially restore SMARCA2
activity in SMARCA2/SMARCA4 deficient cancer cell lines, suggesting that
SMARCA2/4 might be silenced epigenetically101. To restore the tumor suppressor function
of SMARCA2/4, a phenotypic screening was performed. This identified flavonoids as
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novel SMARCA2/4 activators102. Additionally, there is a synthetic lethal relationship
(defined as the combination of two genetic events that result in loss of cell fitness) between
SMARCA2 and SMARCA4, making SMARCA2/4 an attractive therapeutic target41,104.
However, PFI-3, a potent and specific SMARCA2/4 inhibitor, failed to show antiproliferative activities in cancer cell lines, indicating that targeting the helicase/ATPase
domain might be the key of this synthetic-lethality therapy105.
1.6 Combination therapies
To achieve better clinical outcomes, the concept of additive/synergistic effects have
been tested by combining epigenetic drugs with other therapies (chemotherapy, targeted
therapy, other epigenetic therapy or immunotherapy) in cell lines, mouse models, and
clinical trials. The combination of DNMT inhibitors and HDAC inhibitors can lead to
synergistic effects in terms of reactivation of tumor suppressor genes106. These effects led
to numerous clinical trials, though the results are disappointing so far107-109. This might be
partially due to the non-specificity of HDAC inhibitors in terms of gene regulation
compared to DNMT inhibitors, which prefer upregulating hypermethylated genes110.
DNMT inhibitors also offer improved access for cytotoxic agents to target DNA-protein
complex, and have been combined with other cytotoxic drugs include carboplatin, cisplatin,
and sorafenib111-114. Among these regimens, combining DNMT inhibitors with platinum
compounds such as carboplatin is especially promising114. The improved clinical efficacy
might partially result from the synergistic effects in reactivating tumor suppressor genes in
cancer115.
HDAC inhibition is an effective treatment option for lymphoma, but with limited
clinical benefits for patients with solid tumors. Much effort has been spent evaluating
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rational combinations of HDAC inhibition with other anti-cancer drugs to augment its antitumor effects and many combinatorial treatments have been examined in multiple
malignancies116. HDAC inhibitors can acetylate histones, leading to increased chromatin
accessibility. Thus, HDAC inhibitors have been combined with DNA damaging agents117.
Histone acetylation is involved in many cellular functions including cell proliferation,
differentiation, apoptosis and cell signaling. Thus, HDAC inhibition can target multiple
pathways simultaneously and has also been combined with multiple cytotoxic
chemotherapeutic regimens116. So far, enhanced anti-tumoral effects of combining HDAC
inhibitors with these cancer therapeutics have only been shown in cancer cell lines and
mouse models. The initial promising data have not been completely translated into clinical
success, though some combinations remain promising116. Several reasons can explain
limited clinical success. One reason might be the lack of good biomarkers that can be used
for patient population selection. Also, most available HDAC inhibitors are pan-acting and
can target multiple HDACs, making them more toxic when combining with other agents.
Thus, selective HDAC inhibition might provide greater efficacy while reducing the adverse
side effects. Indeed, several specific HDACs have been shown to correlate with
tumorigenesis. HDAC8 expression positively correlates with neuroblastoma progression118.
HDAC2 is overexpressed in breast cancer and is associated with poor survival119.
The findings that different subsets of genes can be reactivated by different
epigenetic drugs suggest that precision epigenetic therapy might be the future for
combination therapy110. Examples include combining either DNMTi or HDACi with
LSD1i120, combing BRD4i with HDACi121, etc. Additionally, with the discovery of
epigenetic effects of other small molecules such as arsenic trioxide, and cardiac
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glycosides122, it will be intriguing to explore whether these agents could have
addictive/synergistic effects with other epigenetic drugs clinically.
1.7 Immunosensitization mediated by epigenetic drugs
Cancer has an immune-evasion signal that can facilitate evasion of
immunosurveillance. During tumorigenesis, epigenetic alterations play an essential role in
the

suppression

of

immune

recognition

by

modulating

both

tumor

and

microenvironment123. Many immune-related genes are epigenetically silenced, making
epigenetic therapy an attractive option to immunosensitize checkpoint blockers. DNMT
inhibitors have been shown to induce immune-related genes and repetitive DNA elements
in both normal and tumor cells, including melanoma-associated antigen 1 (MAGE1),
cancer testis antigens (CTAs) and also to trigger innate immune response124-128 (Figure 3).
More recently, it was found that immunomodulatory genes and pathways are
altered by DNMT inhibitors in multiple cancer cell lines and patients treated with
azacitidine and entinostat had a higher expression of these genes129,130. Two studies have
clarified the mechanism of DNMT inhibitor-mediated immune response by showing the
upregulation of endogenous retrovirus (ERVs), which leads to the formation of doublestranded RNA and apoptosis131,132. Besides inducing ERVs, DNMT inhibitors also have
effects on immune cells directly. DNMT inhibitors can reduce the accumulation of
immunosuppressive MDSCs in the tumor microenvironment133, enhance the function of
dendritic cells134, thereby facilitating the immune response. A recent study showed that
DNMTi can demethylate de novo methylated genes in tumor-infiltrating PD-1hi CD8 T
cells, thus enhance PD-1 blockade-mediated T cell rejuvenation135. Mounting evidence has
suggested that HDAC inhibitors can also reverse immune evasion by increasing tumor
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interferon responses and upregulating neoantigens123,136,137. However, the role of HDAC
inhibitors on the immune system remains controversial. On one hand, HDAC inhibitors
can enhance NK cell and CD8 T cell functions138-140. On the other hand, HDAC inhibitors
also impair the immune responses of toll-like receptor-stimulated dendritic cells and
macrophages141.
So far, multiple preclinical studies have been described combining immunotherapy
with epigenetic drugs (either DNMTi or HDACi). Strikingly, co-treatment with epigenetic
inhibitors eradicated metastatic cancers that are resistant to immune checkpoint blockage
in vivo142. DNMTi and HDACi can also upregulate PD-L1 expression in mouse models
and cancer patients, therefore immunosensitize to checkpoint blockers129,143,144 (Figure 3).
All these preclinical data have led to clinical trials that will determine whether combined
epigenetic

and

immunotherapy

will

benefit

cancer

patients

(NCT02664181,

NCT01928576).
While HDAC inhibitors and DNMT inhibitors have been widely studied in immune
priming of cancer cells and immune systems, the role of other epigenetic drugs has yet to
been thoroughly studied. Recently, several novel classes of epigenetic drugs have been
shown to have immunomodulatory eﬀects. For example, GSK-126, an EZH2 inhibitor, was
shown to upregulate the tumor production of T helper 1 (TH1)-type chemokines CXCL9
and CXCL10 and increases effector T-cell tumor infiltration in ovarian cancer145. EZH2
can also silence immunogenicity in melanoma and inhibition of EZH2 synergies with antiCTLA4 in melanoma mouse models146. Similarly, BET bromodomain inhibition can
enhance T cell persistence147 and suppressed PD-L1 expression148, indicating that BET
inhibitors might synergize with immunotherapy (Figure 3). Indeed, JQ1, a BET inhibitor
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Figure 3: Summary of immunosensitization events triggered by epigenetic drugs
(modified from149). Epigenetic drugs such as DNMTi or HDACi can upregulate
expression of cancer-specific antigens on cancer cells, which can be taken up and processed
by dendritic cells (in yellow). Mature dendritic cells can migrate to T-cells (green circle)
and present antigen to activate them. Activated T-cells (in orange) can then recognize
cancer-antigen presenting cancer cells and attack them. DNMTi can also upregulate PDL1 expression in cancer cells, whereas BRD4i can suppress PD-L1 directly in cancer.
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was shown to synergize with anti-PD1 in non-small cell lung cancer150. Further
investigation is needed to see whether the synergistic effects can be translated into the
clinic, which might increase the response rates of immunotherapy and benefit patients who
are resistant to immune checkpoint blockage.
1.8 Development of natural products as anti-cancer drugs
Natural products possess enormous advantages that are unsurpassed by any
synthetic libraries. About 40% of the natural product chemical scaffolds are absent in
today’s medicinal chemistry repertoire151. Natural products also exhibit a high degree of
stereochemistry and a wide range of pharmacophores. These properties contribute to their
ability to target previously undruggable targets, such as protein-protein interactions152.
Additionally, all natural products fall in regions of biologically relevant chemical space,
and ~80% of them are drug-like153. All these properties make natural products a rich source
of compounds for drug discovery. Indeed, out of 175 anti-cancer small molecules approved
by the FDA since the 1940s, 85 are actually either natural products or directly derived
therefrom (e.g. aspirin, penicillin, etc)154.
Natural products have also been identified as epigenetic modulators. Although
azacytidine, a DNMT inhibitor, was first discovered from synthetic nucleoside analogs, it
was later found to also be a natural product from the bacterium Streptoverticillium
ladakanus155. An HDAC inhibitor, romidepsin, isolated from Chromobacterium violaceum,
was approved for the treatment of T-cell lymphoma156. Besides these two FDA-approved
drugs, several other natural products are under clinical investigations and have shown
epigenetic activities. For example, one polyphenolic compound, curcumin, is a major
active component of spice turmeric and has been found to inhibit HATs157 and DNMTs158.
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Another interesting natural product is (-)-epigallocatechin-3-gallate (EGCG).
EGCG is a major polyphenolic component of green tea and has DNMT159 and HAT160
inhibitory activities. More strikingly, the epigenetic regulation of queen-bee development
is partially driven by (E)-10-hydroxy-2-decenoic acid (10HDA). 10HDA accounts for up
to 5% of royal jelly and was shown to harbor HDAC inhibitory activity161. With the
development of novel functional assays and phenotypic screening systems, natural
products will play a more important role for drug discovery and novel target identification
in the future.
1.9 Cyclin dependent kinases in cancer
Cyclin-dependent kinases (CDKs) come in two broad classes – regulators of the
cell cycle (e.g. CDK1, 2, 4, 6, 7) and regulators of transcription (e.g. CDK7, 8, 9, 10-13)162
(Figure 4). These kinases are the catalytic components of the CDK-cyclin complexes and
their activity requires binding to the appropriate cyclins. Cancer is characterized by
uncontrolled proliferation resulting from aberrant activity of various CDKs; therefore,
targeting CDKs would result in effective cancer therapies. CDK inhibitors with varying
structures and specificities have been developed for decades. The first-generation CDK
inhibitors can target multiple CDKs and are referred to as “pan-CDK” inhibitors (Figure
5). Since then, numerous clinical trials have been performed, however, the results are
disappointing. Reasons for the failure include a lack of clear understanding of the
mechanism of action of these drugs, a lack of biomarkers that can be used to select
appropriate patient population and no therapeutic window due to their critical roles for
health tissues163. Therefore, more selective second-generation CDK inhibitors were
developed to target individual CDK. One successful example is CDK4/6 inhibition. The
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Figure 4: An overview of CDKs162. Cyclin dependent kinases can be divided into two
broad classes. Each CDK (in orange boxes) is in a complex with its cyclin partners (in
green boxes). Most CDKs function in the nucleus (orange background) whereas others are
attached to the cell membrane or function in the cytoplasm. Cell cycle CDKs include CDK1,
CDK2, CDK4, CDK6 and CDK7. CDK7, CDK9 and CDK12 can directly phosphorylate
the C-terminal domain of RNA polymerase II, thus modulating transcriptional activities.
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activity of CDK4 and CDK6 is controlled by the corresponding D-type cyclins164. CDK4
and CDK6 can phosphorylate the substrate RB, which releases E2F and promotes
progression through the G1/S cell cycle transition165. pRB inactivation by G1 and G1/S
CDKs is required for both cell cycle entry from quiescence and in continuously dividing
cells progressing through the restriction point in late G1. Consistently, pRB activation
promotes cell cycle exit and differentiation. Thus de-regulation of the pRB pathway is
highly frequent in many cancers, including cyclin D1 gene amplification, translocation and
CDK4/6 amplification163. The deregulation of CDK4/6-Cyclin D is critical for tumor
maintenance, while with no major effects on normal tissues166. These findings led to the
development of several CDK4/6 inhibitors and three of them (Palbociclib, Ribociclib, and
Abemaciclib) have been approved by the FDA for treating ER-positive and HER2-negative
breast cancer167 (Figure 5). Interestingly, in addition to cell cycle arrest, CDK4/6 inhibitors
also have epigenetic activities and can regulate innate immune responses. CDK4/6
inhibition has shown to promote autophagy-dependent degradation of the DNA
methyltransferase DNMT1 and phosphorylate DNMT1 in vitro168. A recent study showed
that a CDK4/6 inhibitor abemaciclib promotes anti-tumor immunity by enhancing tumor
antigen presentation and suppressing the proliferation of regulatory T cells. The
combination of abemaciclib and anti-PD1 can synergistically inhibit tumor growth in
vivo169.
In addition to the CDKs involved in cell cycle regulation, CDKs involved in
transcriptional regulation are also attractive targets. CDK7 forms a trimeric complex with
Cyclin H and MAT1 and mediates transcriptional initiation. CDK7 is overexpressed in
multiple cancers170,171 and has been shown to affect proto-oncogenes, including MYC
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family oncoproteins172. A highly potent and selective CDK7 inhibitor – THZ1 was
developed and has shown significant anti-tumoral effects in multiple cancers including Tcell acute lymphoblastic leukaemia173, small cell lung cancer174, triple-negative breast
cancer175 and neuroblastoma172 (Figure 5). The high addiction to CDK7 is driven by CDK7
inhibition-dependent super-enhancer suppression172,174,175.
Various CDK inhibitors have been studied in combination with other anti-cancer
agents to achieve higher response rate and improve clinical efficacies. In fact, CDK4/6
inhibitors showed minimum activity as a single agent but showed significant clinical
efficacy when combining with an aromatase inhibitor – letrozole. Since then, several other
anti-cancer agents have also been combined with CDK4/6 inhibitors. Combined inhibition
of CDK4 and MEK led to substantial synergy in several preclinical mouse models of
NRAS-mutant melanomas176. CDK4/6 inhibition also synergizes with IGF1 receptor
inhibitors177 , PI3K/mTOR and MEK inhibitors in pancreatic cancer178. Furthermore, in
PIK3CA mutant breast cancers, the combination of a CDK4/6 inhibitor with a PI3K
inhibitor overcomes PI3K inhibition mediated drug resistance179. Clinical trials examining
the efficacy of combining a CDK4/6 inhibitor – LEE001 with a PIK3CA inhibitor
(BYL719) (NCT01872260) or an mTOR inhibitor (everolimus) (NCT01857193), in
conjugation with letrozole in patients with postmenopausal breast cancer are ongoing. A
CDK7 inhibitor, THZ1 was also combined with other anti-cancer regimens. THZ1 was
shown to downregulate anti-apoptotic BH3 family members and sensitizes T-cell
lymphomas to BCL2 inhibitors180. Combination therapy targeting CDK7 and the
spliceosome result in a reduction in high-grade glioma growth significantly181.
1.10 Targeting CDK9 in cancer
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It is well stablished that CDK9, the catalytic subunit of P-TEFb, is a transcriptional
activator. CDK9 in complex with its regulatory subunit, Cyclin T1 or T2, is recruited by
multiple mechanisms to promote RNAPII promoter-proximal pause release by
phosphorylating negative elongation factors (DSIF and NELF)182,183. In addition,
phosphorylation of the C-terminal domain (CTD) of RNAPII on Serine-2 allows
recruitment of RNA processing factors, which work on the nascent RNA as it emerges
from RNAPII. P-TEFb promotes transcriptional elongation of several signal-responsive
genes that regulate proliferation, development, stress and/or damage responses182,183, such
as MYC184, NFkB185 , and Mcl-1186. Transient inhibition of the apoptotic pathway by
CDK9 inhibition can trigger caspase-dependent apoptosis without affecting nontransformed cells, providing a therapeutic window for cancer treatment187. More recently,
CDK9 inhibition was identified as a synthetic lethal target in BRD4-NUT-rearranged NUT
midline carcinoma (NMC), indicating that CDK9 inhibition might benefit NMC patients188.
So far, several CDK9 inhibitors have been developed and tested in pre-clinical
models189,190 and clinical trials163. However, most of them are multi-CDK inhibitors and
several of them got abandoned due to toxicity, possibly caused by targeting multiple
CDKs163.
Flavopiridol is the most extensively investigated CDK inhibitor so far, with >60
clinical trials carried out in multiple cancers163 (Figure 5). It is a semi-synthetic flavone
originally derived from extracts of Dysoxylum binectariferum, a tree native to India191.
Flavopiridol can potently inhibit multiple CDKs (CDK1, CDK2, CDK4, CDK6, CDK7,
and CDK9) and is relatively selective against CDK9192. Early work in human cancer cell
lines demonstrated that Flavopiridol can lead to cell-cycle arrest and apoptosis (in both
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dividing cells and non-cycling cells)193. Among all the preclinical studies and clinical trials,
Flavopiridol is most promising for Chronic Lymphocytic Leukemia (CLL), probably due
to its capability of inducing apoptosis in non-cycling tumor cells194. Despite promising
results at early preclinical and clinical stages, no Phase III studies have emerged due to
adverse effects in patients. The unsuccessful treatment with Flavopiridol could be due to
its lack of selectivity (e.g. targeting CDK1, which is essential for normal cell proliferation).
Following Flavopiridol, other CDK inhibitors were developed with the aim of
increasing selectivity for CDK9 and increasing potency. Since then, two highly potent
CDK9 inhibitors were developed with inhibitory activities at sub-nanomolar ranges in vitro,
though they still inhibit multiple CDKs without much selectivity. Dinaciclib was developed
as a highly potent inhibitor of CDK1, 2, 5 and 9195 and has been extensively studied in the
clinic196-200 (Figure 5). It inhibited cell cycle progression in >100 tumor cell lines and a
range of mouse models195. Phase I studies showed tolerable toxicity while induced stable
diseases201. However, most Phase II studies are disappointing with no activity and
responses, except for in CLL patients194. Based on the data on CLL patients, a Phase III
study was started but got early termination due to adverse side effects202. The other
relatively selective and potent CDK9 inhibitor SNS-032 was developed and showed antitumoral activities in cell lines203-205 and mouse models206,207 (Figure 5). However, Phase I
trial was terminated during dose-escalation due to clinical adverse effects208.
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SNS-032

THZ1
SNS-032
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SNS-032
Dinaciclib
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Figure 5: CDK inhibitors in cancer (modified from209). Most CDK inhibitors can target
multiple CDKs. Specific and potent CDK4/6 inhibitors are highlighted in blue.
Abemaciclib, Palbociclib, and Ribociclib have been approved by the FDA to treat hormone
receptor (HR)-positive, human epidermal growth factor receptor 2 (HER2)-negative
advanced or metastatic breast cancer. Among all the multi-CDK inhibitors, Flavopiridol,
Dinaciclib, SNS-032 and iCDK9 are also potent CDK9 inhibitors. THZ1 is a recently
developed CDK7 inhibitor.
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Excitingly, a highly potent and selective CDK9 inhibitor, iCDK9, was recently
developed and showed synergistic effects with the BRD4 inhibitor JQ1 to sustain MYC
suppression and inhibit tumor cell proliferation210 (Figure 5). Consistently, combined
inhibition of BRD4 and CDK9 can effectively impair the growth of rhabdoid tumors and
repress oncogene MYC expression211. Besides using as a single agent, CDK9 inhibitors
have also been combined with different anti-cancer therapeutics to improve clinical
efficacies. TG02, an oral CDK9 inhibitor, has been combined with carfilzomib in multiple
myeloma212. Dinaciclib was combined with cisplatin and showed synergistic effects in
ovarian cancer mouse models213. A novel CDK9 inhibitor CDKI-73 synergizes with
fludarabine in CLL214. SNS-032 has shown to synergize with cytarabine in AML215. As
one of the most studied CDK9 inhibitors, flavopiridol has been combined with several
chemotherapeutic drugs including taxol, irinotecan, gemcitabine, cisplatin, lenalidomide,
bortezomib, etc216-218. The combination of flavopiridol with cisplatin showed promising
results in platin-resistant ovarian and primary peritoneal carcinoma with tolerable
toxicity219. Flavopiridol has been combined with paclitaxel and carboplatin in patients with
non-small-cell lung cancer and the results were promising. 12 out of 18 patients enrolled
achieved a partial response or had stable disease220. In another clinical trial, flavopiridol
was combined with gemcitabine and irinotecan in patients with metastatic cancer and
patients showed tolerable toxicity221. In addition, flavopiridol was also combined with
docetaxel in pancreatic, breast and ovarian cancer patients and has shown promising
responses. The combination of flavopiridol with irinotecan also showed significant partial
responses in patients with multiple malignancies218.
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1.11 Hypothesis, specific aims and rationale
Clinical efficacy of epigenetic drugs (DNA methyltransferase inhibitors and HDAC
inhibitors) led to their approval for the treatment of hematological malignancies and
occasional proof-of-principle responses can be seen in solid tumors

16,222

. However,

epigenetic treatment options are still limited and non-curable (as single agent), with only
two DNA methylation inhibitors and four HDAC inhibitors approved by the FDA. Thus,
there is a need to identify novel epigenetic drugs and new epigenetic targets. In order to
discover new epigenetic drugs that can be rapidly tested in the clinic, we screened an NDL3040 natural compounds and derivatives library using a phenotypic-based system (YB5)
by stably transfecting SW48 cells with a vector containing GFP driven by a methylated
and silenced CMV promoter. GFP re-expression can be achieved by known epigenetic
drugs that lead to demethylation or induce active chromatin marks in the CMV
promoter223,224. We hypothesize that there are active natural occurring compounds
that can regulate epigenetic states in cancer and could be useful as anticancer drugs.
Therefore, the specific aims of my research project are:
Aim1: To screen natural compound libraries that can reactive GFP in YB5
system and test the addition/synergetic effects of the positive hits with DAC.
Aim2: To explore the mechanisms of action and identify downstream target
genes of the top hits.
Aim3: To study the biological activities of the top hits in vitro and in vivo.
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CHAPTER 2
MATERIALS AND METHODS
2.1 Cell culture
YB5 cell line was derived from SW48 colon cancer cell line in our lab

223

.

SW48/YB5 cells were maintained in L-15 supplemented with 10% FBS and 1%
penicillin/streptomycin at 1% CO2 in 37°C. MCF7-GFP cell line was derived from MCF7
breast cancer cell line in our lab. HCT116-GFP colon cancer cell line225 was provided by
Dr. Stephen Baylin (Johns Hopkins University). DU145 and LnCaP prostate cancer cell
lines, IMR90 normal fibroblasts, and leukemia cell lines KG-1 and HL-60 were obtained
from ATCC. MCF7/MCF7-GFP, HCT116/HCT116-GFP, IMR90, DU145 and LnCaP
cells were cultured in DMEM, McCoy’s 5A, MEM, MEM and RPMI-1640, respectively,
with 10% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2. KG-1 and HL-60 were
cultured in IMDM supplemented with 20% FBS at 37°C in 5% CO2. Mouse ovarian cancer
ID8 cells were provided by Dr. Cynthia Zahnow (Johns Hopkins University) and grown in
RPMI-1640, 10% FBS and gentamicin sulfate (5mg/mL) at 5% CO2 in 37°C.
2.2 Phenotypic-based live-cell systems
Three phenotypic-based live-cell systems were used in this project for drug
screening and validation. YB5 was used for the high-throughput screening and HCT116GFP and MCF7-GFP were used as validation systems. YB5 cell-based system is derived
from the human colon cancer cell line, SW48115. YB5 cells contain a single insertion of the
cytomegalovirus (CMV) promoter driving green fluorescent protein (GFP) gene. GFP
expression is silenced in >99.9% of YB5 cells by epigenetic mechanisms including DNA
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hypermethylation leading to closed chromatin with histone deacetylation and histone
methylation marks115 and it can be reactivated by treatment with DNA methylation
inhibitors and/or HDAC inhibitors223,224. Since the goal of the epigenetic therapy is to
reactivate silenced TSGs, we used the YB5 system as a live-cell assay for epigenetic drug
screening. HCT116-GFP is a colon cancer cell line where GFP was knocked-in to
downstream of the endogenous hypermethylated promoter SFRP1225. MCF7-GFP is a
breast cancer cell line where GFP is under the control of a methylated CMV promoter and
was generated in the lab.
2.3 NDL-3040 library screening and drug treatments
NDL-3040 compound library consists of 3040 chemically diverse compounds that
are semi-natural, derived from natural compounds, or synthetic compounds that are naturalcompound-like. The small molecules were arrayed in 96-well plates as 10mM stocks in
100% DMSO and were purchased from TimTec Inc. An aminothiazole analog library (93
small molecules) was also purchased from the same vendor and was in a 96-well plate
format as 10mM stocks in 100% DMSO. The 3040 compounds were screened at 25µM for
24hr. All plates were kept at -80°C before use. YB5 cells growing in log phase (70-80%
confluency) in 96-well plates were used. Each experimental 96-well plate contained 80
different compounds. A negative control (DMSO) and a positive control (5µM TSA) were
placed at the edges as shown in Figure 6. Compounds were dispensed using an INTEGRA
VIAFLO96 96-well pipette. After a 24hr drug treatment, cells were trypsinized for 10 mins
and re-suspended in L-15 medium containing propidium iodide (PI) to stain for dead cells.
A total of 10000 cells per well were analyzed using Millipore Guava flow cytometer (EMD,
Millipore). GFP positive percentage was calculated by excluding all the PI positive cells.
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After finishing the screening, the average Z-factor (Z-factor =1 −

3(𝜎𝑝 +𝜎𝑛 )
|𝜇𝑝− 𝜇𝑛 |

) was

calculated to test the robustness of the assay (the means (µ) and standard deviations (σ) of
both the positive control (TSA) and negative controls (DMSO) (𝜇𝑝 𝜎𝑝 and 𝜇𝑛 𝜎𝑛 )). For a
single-dose, four-day treatment schedule, different drugs were added 24 hours after cell
seeding, drug-free medium was replenished three days later, and downstream experiments
were performed on the following day. For daily treatment schedules, drug-free media were
changed every day before supplementing new drugs. All drugs were originally in 100%
DMSO stocks. The final concentration of DMSO in drug-treated cultures was 5%. Eighteen
compounds identified as positive hits by the screening were purchased in powder form
from TimTec Inc for validation. Several multi-CDK inhibitors (alsterpaullone (SigmaAldrich, A4847), GW8510 (Sigma-Aldrich, G7791), roscovitine (Millipore Sigma,
557360), RGB286147 (Millipore Sigma, 219491), dinaciclib (Selleckchem, S2768), SNS032 (Selleckchem, S1145), iCDK9 (Chemscene, LLC) and flavopiridol (Santa Cruz, sc202157)) were also purchased and used in this project. Other chemicals used include PFI3 (Selleckchem, S7315), CHIR99021 (Cayman, 252917-06-9), trichostatin A (TSA)
(Sigma-Aldrich, T8552), SAHA (Sigma-aldrich, SML0061), depsipeptide (Sigma-Aldrich,
SML1175), valproic acid (Sigma-Aldrich, 1708707), decitabine (DAC, Sigma-Aldrich,
A3656) and tretinoin (ATRA, Selleckchem, S1653). All the compounds above were
dissolved in 100% DMSO at 10mM stock concentration except for ATRA (dissolved in
ethanol) and DAC (dissolved in water).
2.4 DNA extraction and DNA methylation analysis
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DNA extraction, bisulfite conversion, and pyrosequencing were described
previously223.
2.5 siRNA Knockdown
ON-TARGETplus Non-targeting siRNA (siN) (D-001810-10), SMARTpool
siSMARCA4 (L-010431-00-0005), CBX5 (L-004296-00-0005) and CDK9 (L-003243-000010) were ordered from GE Dharmacon and diluted in water. A previously validated
siCBX5 oligo (GGAUUGCCCUGAGCUAAUUUU (Ambion)) was also used for
transfection. Transfection was performed using Lipofectamine® RNAiMAX Reagent
(ThermoFisher Scientific) according to the manufacturer’s instructions at a 20nM final
working concentration.
2.6 Plasmids transfection and viral transduction
Cells were transfected with Cdc2-DN-HA, CDK2-DN-HA, Rc-dnCDK9, pCMV5
BRG1-Flag, GFP-CDK9 and pcDNA-HA-HP1α plasmids for 72hr to overexpress
dnCDK1, dnCDK2, dnCK9, BRG1,CDK9 and HP1α using Lipofectamine 3000
(ThermoFisher Scientific) according to the manufacturer’s instructions. YB5 and HCT116GFP cells were infected with Ad-T-dnCDK9 plus Adeno-X™ Tet-Off™ adenoviruses
(dnCDK9) in the presence or absence of doxycycline (tet) as previously described
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for

72hr before processing for analysis. Wild type Ad-CyclinT1 and Ad-CDK9 were also
transduced for 72hr to overexpress CyclinT1 and CDK9227. Cdc2-DN-HA (#1889), CDK2DN-HA (#1885), pCMV5 BRGI-Flag (#19143) and pcDNA-HA-HP1α (#24078) plasmids
were purchased from Addgene. GFP-CDK9 plasmid was a generous gift from Bassel E.
Sawaya, Temple University.
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2.7 Biochemistry assays
HDAC inhibitory activity assays were performed using FLUOR DE LYS® HDAC
fluorometric activity assay kit from Enzo following the manufacturer’s instructions.
GloMax®-Multi Detection System (Promega) was used to read the fluorescence signals.
Histone methyltransferase and demethylase enzymatic assays were performed by BPS
Bioscience at 10µM in duplicates. Kinase enzymatic assays were performed by Nanosyn
using microfluidic technology. 250 kinome screening was done in duplicates using
MC180295 at 1µM. IC50 curves against 10 CDKs were created for MC180295. The human
kinome tree was annotated using the online Kinome Render software228. Isotope kinase
assay was performed as previously described229 using recombinant active full-length
CDK9/CyclinT1 (Millipore, 14-685) and SMARCA4 (Abcam, ab82237) in the presence
or absence of CDK9 inhibitors.
2.8 Synthesis of MC180295
(4-amino-2-(((2S)-bicyclo[2.2.1]heptan-2-yl)amino)thiazol-5-yl)(2nitrophenyl)methanone

Step 1
(4-amino-2-(methylthio)thiazol-5-yl)(2-nitrophenyl)methanone
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2-Bromo-2’-nitroacetophenone (1.005 mmol; 245 mg) and triethylamine (1.296
mmol; 180 ul) were added sequentially to a solution of cyanimidodithiocarbonic acid Smethyl ester S-potassium salt (0.902 mmol; 154 mg) in anhydrous dimethylformamide (4.0
ml). This mixture was stirred at 80oC for 3 hours. It was cooled to room temperature and
concentrated down. The residue was partitioned between ethyl acetate and water. The
insoluble solids suspended between the organic and aqueous layers were filtered off and
washed with ethyl acetate to afford the titled compound as a yellow solid. 1H NMR (400
MHz, DMSO) δ 8.13 (dd, J = 8.08 Hz, J = 0.92 Hz, 1H), 7.97 (bs, 2H), 7.84 (td, J = 7.48
Hz, J = 1.08 Hz, 1H), 7.74 (td J = 8.08 Hz, J = 1.44 Hz, 1H), 7.68 (dd, J = 7.48 Hz, J = 1.36
Hz, 1H), 2.62 (s, 3H); ESIMS: m/z 296.0 [(M+H)+].

Step 2
(4-amino-2-(((2S)-bicyclo[2.2.1]heptan-2-yl)amino)thiazol-5-yl)(2nitrophenyl)methanone

A solution of (4-amino-2-(methylthio)thiazol-5-yl)(2-nitrophenyl)methanone
(0.1693 mmol; 50 mg) and exo-2-aminonorbornane (3.386 mmol; 401 ul) in ethanol (2 ml)
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was stirred at 100oC in a glass pressure vessel overnight. This solution was cooled to room
temperature and concentrated down. The crude product was purified by flash column
chromatography on silica gel using a gradient solvent system of 0 to 100% of ethyl acetate
in hexanes to afford the titled compound as an orange glassy solid. 1H NMR (400 MHz,
CDCl3) δ 8.08 (d, J = 7.84 Hz, 1H), 7.67 (t, J = 7.52 Hz, 1H), 7.56 (t, J = 7.68 Hz, 2H),
5.65 (bd, J = 6.12 Hz, 1H), 3.17 (bs, 1H), 2.31 (bs, 2H), 1.82 (m, 1H), 1.49 (m, 3H), 1.32
(m, 1H), 1.25 (m, 1H), 1.11 (m, 2H); ESIMS: m/z 359.0 [(M+H)+].
2.9 Flow cytometry
For drug screening and dose response validations, GFP positive cells were detected
by Millipore Guava flow cytometer (EMD, Millipore). Cell cycle analysis was performed
using BD FACSCalibur™ by propidium iodide staining four days after drug treatment.
Sub-G1 population percentage was also included to measure apoptotic cell proportion.
Data were analyzed using FlowJo software version 10.2. For the cell differentiation
analysis, cells were washed and stained with propidium iodide (PI), CD11b (BD
Biosciences, #562793) and the isotype control IgG (BD Biosciences, #555748). Flow
cytometry analysis was performed on a Millipore Guava flow cytometer (EMD, Millipore).
For the ID8 in vivo experiments, ascites was drained from 5-10 mice per group and
incubated in ACK buffer (Thermo Fisher) to lyse red blood cells for 10 minutes, then
washed. Ascites from each mouse was individually lysed and prepared for flow cytometry.
Mononuclear cells collected were cultured for 4 hours in RPMI with 5% Fetal Bovine
Serum and in the presence of Cell Stimulation Cocktail (plus protein transport inhibitors;
eBioscience). Cells were then washed and stained for cell surface markers including
Live/Dead (eBioscience #65-0865-18), CD45 (BD Biosciences, #563891), CD3 (BD
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Biosciences, #560527), MHC II (Biolegend #107619, Isotype Control #400627), CD80
(BD Biosciences, #553769), CD86 (BD Biosciences, #558703) and CD11c (BD
Biosciences, #564079). Flow cytometry acquisition was performed on an LSRII cytometer
(BD Biosciences) and data were analyzed using FlowJo software version 10.2.
2.10 Co-immunoprecipitation
For endogenous Co-IP experiments, YB5 cells were used. For over-expression
studies, HEK293T cells were transiently transfected with either empty vector or GFPCDK9 or FLAG-SMARCA4. Cells were washed with ice-cold PBS and lysed in M-PER
lysis buffer (Pierce, catalogue #78501) containing Protease inhibitor cocktail (Sigma,
catalogue #11836170001). We quantified protein by standard BCA protocol (Thermo
Scientific). Cell extracts were incubated with antibody against CDK9 or GFP or FLAGM2 tag. Separate lysate tube was prepared from samples for incubation with speciesmatched normal mouse IgG. Samples were incubated overnight with gentle rotation at 4°C.
Protein G Dynabeads (Life Technologies) were incubated with the antigen-antibody
complex for 2.5 hours the following day. Beads were washed four times with lysis buffer
with gentle agitation for 5 minutes per wash. 2x Laemmli sample buffer (Bio-Rad) was
used for elution of complex from beads followed by Western blotting along with the whole
cell extract.
2.11 Immunoprecipitation
YB5 cells were harvested after 15 minutes to 4 hours of treatment using M-PER
lysis buffer containing Protease inhibitor cocktail (Sigma, catalogue #11836170001) and
phosphatase inhibitor cocktail (Sigma, catalogue #4906845001). The total protein
concentration was measured in all samples by standard BCA protocol (Thermo Scientific)
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to ensure that equal amounts of protein were added to each sample. IP was performed
overnight at 4°C using normal mouse IgG (control) or SMARCA4 (BRG1) antibody (Santa
Cruz G7). The following day immune-complexes were incubated for 2.5 hours at 4°C with
Protein G Dynabeads (Invitrogen). Immunoprecipitates were washed with gentle agitation
to remove non-specific binding to the beads. Samples were eluted in 2x Laemmli buffer,
denatured by boiling, and subjected to sodium dodecyl sulphate polyacrylamide-gel
electrophoresis (SDS-PAGE) using Bio-Rad mini system (Bio-Rad). The blots were then
processed as mentioned above.
2.12 qPCR
Total RNA was extracted using TRIzol reagent (Invitrogen) following the
manufacturer’s protocol and RNA concentrations were measured using Nanodrop. cDNAs
were synthesized using High Capacity cDNA Reverse Transcription Kit (ThermoFisher)
and qPCR was performed using either ready-made TaqMan® assays or SYBR-green using
custom-designed primers. All the data were analyzed using Applied Biosystems software
(StepOneTM Software V2.3). For all experiments, relative expression levels of the target
genes were determined by calculating the 2-ΔΔCt values. All experiments were performed at
least in triplicates. Either GAPDH or 18S rRNA was used as an internal normalization
control for protein coding genes. RPLPO was used as an internal normalization control for
ERVs. All SYBR-green primers were described previously and are listed in table 1 along
with TaqMan® probes used.
2.13 RNA-seq
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RNA from experiments in biological triplicates was isolated using RNeasy Mini
Plus Kit (QIAGEN) following the manufacturer’s instructions. Strand-specific RNA
libraries were generated from 1 µg of RNA using TruSeq stranded total RNA with RiboZero Gold (Illumina). Sequencing was performed using single end reads (50 bp, average
50 million reads per sample) on the HiSeq2500 platform (Illumina) at Fox Chase Cancer
Center Genomic Facility. Sequenced reads were aligned to the hg19 genome assembly
using TopHat2230. The expression level and fold change of each treatment group was
evaluated using EdgeR231. Genes that had 0 reads across all samples were excluded. In
order to get rid of batch effects, samples were normalized using RUVr method from the
RUVseq package232. RNA data were deposited in the GEO database with the accession
number GSE104837.
2.14 RRBS
Triplicate samples of YB5 cells treated with 10 µM HH1 and DMSO controls were
analyzed for DNA methylation changes by reduced representation bisulfite sequencing
(RRBS)233. We followed the NEB protocol for methylated adaptors. Briefly, 1 microgram
of genomic DNA was spiked 100 picograms of lambda phage DNA as the unmethylated
standard and digested with MspI. Ends of restriction fragments were filled in, 3’-dA tailed
and methylated adaptors (NEB E7535) were ligated to the ends of restriction fragments.
Bisulfite treatment using the Epitect kit (Qiagen) followed. Bisulfite-converted libraries
were amplified using EpiMark Taq DNA polymerase (NEB) and primers with barcode
indices. The libraries were pooled and sequenced at Fox Chase Cancer Center Genomics
Facility on Illumina HiSeq2500 instrument using single end reads of 50 bases. We used
Bismark v0.18.1234 to align the sequences to hg19 human genome assembly. We used
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methylKit v1.3.3235 to analyze differential methylation. RRBS data were deposited in the
GEO database with the accession number GSE104998.
2.15 Digital restriction enzyme analysis of methylation (DREAM)
DREAM is a method established in our lab for DNA methylation analysis at tens
of thousands of CpG sites across the genome236. Sequential digests of genomic DNA with
restriction endonucleases SmaI and XmaI creates specific signatures at unmethylated and
methylated CpG sites. The signatures are resolved by high throughput sequencing. Briefly,
two samples of 2 µg of genomic DNA from ID8 ovarian cancer cell line were digested with
20 units of SmaI (8 h at 25°C, NEB) and 20 units of XmaI (∼16 h at 37°C, NEB), resulting
in distinct DNA methylation signatures at CCCGGG sites. 3’ ends of the DNA fragments
were repaired using Klenow fragment (3’→5’ exo-) DNA polymerase and dCTP, dGTP,
and dATP nucleotides. Illumina sequencing adapters were ligated to the DNA fragments
and the libraries were sequenced by paired-end 40 nt sequencing on Illumina HiSeq2500.
The sequencing reads were mapped to the mm9 genome and methylation values were
calculated as the ratio of the number of the reads with the methylated XmaI signature over
the total number of tags mapped to a given SmaI/XmaI site. The coverage threshold was
set to greater than 10 reads per sample. DNA methylation data are deposited in the GEO
database with the accession number GSE104997.
2.16 Anti-proliferation assay
Cells were seeded in 96-well plates at 40% confluency in triplicates. Fresh medium
was changed the next day and drugs were added directly. After mixing thoroughly, plates
were cultured in a 37°C incubator for two more days. Drug-free fresh medium was changed
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the fourth day. The cells were collected on day 5 by trypsin, suspended in medium, mixed
with trypan blue (1:1 ratio), and counted using LUNA II automated cell counter. Each
sample was counted at least three times and the average numbers were used for the analysis.
Each treatment condition was performed at least in triplicates.
2.17 Soft Agar Colony Formation Assay
Cells for colony-formation assays were pretreated with different concentrations of
HH1 and MC180295 and drugs were kept in the medium for two more days and drug-free
medium was changed the day before seeding (four days total). 1000 cells were then seeded
in 35mm×10mm tissue culture dishes and cultured in a 37°C incubator for two weeks
before staining using 0.005% crystal violet (dissolved in autoclaved water with 10% EtOH).
DifcoTM Agar Noble (BD Biosciences, 214200) was used to make soft agar. 2x medium
supplemented with 20% FBS and 2% penicillin/streptomycin was used to culture colonies.
Bottom layer was made of 0.6% agarose and top layer was made of 0.3% agarose. Feeder
layer with 0.3% agarose was added every week. All visible colonies were counted manually.
2.18 Histone extraction
Histones were extracted and prepared from isolated nuclei as described
previously237. Briefly, nuclei were incubated with 0.2 M H2SO4 for 2 hours and precipitated
with 33% trichloroacetic acid (TCA) overnight to extract histones from the chromatin.
Purified histones were dissolved in 30 μL of 50 mM NH4HCO3, pH 8.0, and a mixture of
propionic anhydride with acetonitrile (ratio of 1:3 (v/v)) was added to the histone sample
in the ratio of 1:4 (v/v) for 20 minutes at room temperature. This reaction was performed
twice. Histones were then digested with trypsin (enzyme:sample ratio 1:20, 6 hours, room
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temperature) in 50 mM NH4HCO3. After digestion, derivatization was repeated to
propionylate peptide N-termini. Samples were desalted prior LC-MS analysis using C18
Stage-tips.
2.19 Mass Spectrometry Analysis
Samples were then separated using a 75 µm ID x 17 cm Reprosil-Pur C18-AQ (3
µm; Dr. Maisch GmbH, Germany) nano-column mounted on an EASY-nLC nanoHPLC
(Thermo Scientific, San Jose, Ca, USA). The HPLC gradient was as follows: 2% to 28%
solvent B (A = 0.1% formic acid; B = 95% MeCN, 0.1% formic acid) over 45 minutes,
from 28% to 80% solvent B in 5 minutes, 80% B for 10 minutes at a flow-rate of 300
nL/min. nLC was coupled online to an LTQ-Orbitrap Elite mass spectrometer (Thermo
Scientific) and data were acquired using targeted scans and data-dependent acquisition
(DDA). MS acquisition was divided into three segments, each beginning with a full MS
scan: (i) MS/MS of the top seven most abundant ions (14 min), (ii) targeted CID
fragmentation of common isobaric species (H3 peptide aa 9–17 with 1 acetyl, H3 peptide
aa 18–26 with 1 acetyl and histone H4 peptide aa 4–17 with 1/2/3 acetyl groups) followed
by CID fragmentation of the top five most abundant ions (27 min), (iii) CID fragmentation
of the top ten most abundant ions (19 min). MS/MS was acquired using collision induced
dissociation (CID) with normalized collision energy of 35 and collected in centroid mode.
Data were searched using EpiProfile238. The peptide relative ratio was calculated using the
total area under the extracted ion chromatograms of all peptides with the same amino acid
sequence (including all of its modified forms) as 100%. For isobaric peptides, the relative
ratio of two isobaric forms was estimated by averaging the ratio for each fragment ion with
different mass between the two species. The mass spectrometry proteomics data have been
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deposited to the ProteomeXchange Consortium via the PRIDE239 partner repository with
the dataset identifier PXD007925 and 10.6019/PXD007925.
2.20 Phosphorproteomics
YB5 cells were treated with or without 500nM MC180295 for 4 hours. Nuclear
fraction was enriched using a hypotonic lysis buffer as previously described240. Proteins
from the nuclear fraction were extracted with M-PER Mammalian Protein Extraction
Reagent (Thermo Scientific, #78501) in the presence of protease and phosphatase
inhibitors (Halt™ Protease Inhibitor Cocktail, #87785 and Halt™ Phosphatase Inhibitor
Single-Use Cocktail, #78428). Phosphoproteins were enriched from 500 µg of nuclear
extracted proteins, using a phosphoprotein purification kit (QIAGEN, #37101). Both
samples were processed using in-StageTip method for digestion and peptide purification
before performing LC-MS/MS proteomics analysis. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE218 partner
repository with the dataset identifier PXD008040.
The label-free proteomics analysis was performed using the nanoelectrospray
ionization (ESI) tandem MS with a LTQ Orbitrap Elite mass spectrometer (Thermo
Scientific). The complete system was fully controlled by Xcalibur software (Version
3.0.63). Mass spectra processing was performed using Proteome Discoverer 2.2.0.388. The
generated de-isotoped peak list was submitted to an in-house Mascot Server 2.2.07 for
searching against the Homo sapiens SwissProt database (TaxID=9606, released 2017-0510. 42,153 sequences). Mascot search parameters were set as follows: species, Homo
sapiens; enzyme: trypsin; maximal two missed cleavage; dynamic modifications: phospho
(S, T) and phospho (Y); mass tolerance: 20 ppm for precursor peptide ions and 0.4 dalton
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tolerance for MS/MS fragment ions. Phosphopeptides matches were filtered using an ion
score cutoff of 30.
2.21 ChIP-qPCR
Chromatin immunoprecipitation (ChIP) was performed as described previously 224
using antibodies for rabbit anti-IgG (Abcam, ab46540) and anti-histone H3K9
dimethylation (Abcam, ab1220). Signal was quantified by qPCR and was normalized as
described previously224.
2.22 NSG mice treated with MC180295
SW48-luc cell line was generated by transfecting ffluc2ires-h2b-egfp into SW48
cells. GFP positive cells were sorted out one week after transfection and expanded for the
in vivo experiments. NSG mice were then inoculated (i.p.) with 1×105 SW48-luc cells. One
week later, at which time substantial tumor burden was evident by bioluminescence
imaging, 5-20mg/kg MC180295 or drug solvent was administered (i.p) every other day.
200uL of diluted Pierce™ D-Luciferin, Monosodium Salt (Fisher, 88292) (working
concentration: 15mg/mL) was administered (i.p) into each mouse and was imaged using
IVIS imaging system 5 minutes after the administration. Three vehicle treated mice and
five drug treated mice were used in this study. MC180295 was dissolved in NMP, Captisol
(20% w/v), PEG-400 and normal saline (PBS) in a ratio of 1:4:4:11. NMP first, followed
by Captisol and PEG-400. PBS was added last.
2.23 Mouse experiments with in vivo treatment of SNS-032
2.5x105 ID8-VEGF-Defensin cells were injected i.p. into 7-8-week-old female
C57BL/6NHsd (C57Bl/6) mice. Three days after injection, 1 mg/kg SNS-032, 10 mg/kg
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SNS-032, or 5% DMSO in PBS (vehicle control) was administered i.p. every 3 days for
the duration of the experiment. α-PD-1 (200ug/mouse) or IgG control were given on days
17, 20, 24, and 27 after injection. α-PD-1 (1mg/mL in saline) was kindly provided by Dr.
Michael Lim of the SKCCC, Johns Hopkins University. Mouse IgG isotype control
was purchased from Leinco Technologies and diluted in PBS.
2.24 Comparative modeling of MC180295 in complex with CDK9
The SMILES string
NC1=C(C(C2=C([N+]([O-])=O)C=CC=C2)=O)SC(N[C@H]3CC4CCC3C4)=N1
(corresponding to compound MC180295) was used to generate 100 low-energy
conformers using the program OMEGA241,242, via the command line:
omega2 -in input_file.smi -out output_file.sdf.gz -prefix ligand_name -warts -maxconfs
100
At the time of our study, the Protein Data Bank (PDB) contained 389 structures of
CDK kinases in complex with ligands bound at the ATP site. The protein component from
each structure was aligned to a single reference structure: for this we selected the crystal
structure of human CDK9/cyclinT1 in complex with ATP (PDB ID: 3BLQ)243. The
transformation applied to the protein was also applied to the ligand from each complex,
yielding starting models of CDK9 in complex with a diverse variety of template ligand
poses.
Each of the 100 low-energy conformers of MC180295 was sequentially aligned to
each of the 389 ligand templates (i.e. a total of 38,900 overlays) using the ROCS
software244, via the command line:
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rocs -dbase 180295_conformers.sdf.gz -query /extracted_ligand_library.pdb -prefix
structure name -cutoff -1.0 -oformat sdf -scdbase true -maxhits 100 -maxconfs 100 outputquery false -qconflabel title
By concatenating the protein structure from human CDK9 bound to ATP with the
MC180295 pose from aligning to these 389 ligand templates, this approach provided a set
of complete, but unrefined, comparative modeling templates. We carried out a full-atom
gradient-based energy minimization for each complex using the Rosetta macromolecular
modeling suite245, then sorted the resulting models on the basis of protein-ligand interaction
energy. Four of the top-scoring ten models adopted a nearly identical pose, whereas the
other six had a broad variety of other poses. Based on consistency with the available
structure-activity data, we confirmed this dominant cluster as the most likely pose (as
described in the Main Text).

2.25 Data processing and statistics
Public available data and data generated for this project were analyzed using
Microsoft Excel, Microsoft Access, R packages, Arraytrack and Prism.
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SYBR green primers for quantitative PCR
ERVMER34-1 F
ERVMER34-1 R
ERV-Fb1 F
ERV-Fb1 R
ERV9-1 F
ERV9-1 R
ERV-F F
ERV-F R
MLTA10 F
MLTA10 R
RPLPO F
RPLPO R
Taqman probes for quantitative PCR
GFP
MGMT
RARB
SYNE1
NPR3
PYGM
RRAD
MYC
CBX5
FAT4
CHD5
RECK
GAPDH

Sequence
GAATTCAGTGCCACTAAGCAGAC
TCGGTATATCCAAGACATGATCC
ATATCCCTCACCACGATCCTAATA
CCCTCTGTAGTGCAAAGACTGATA
TCTTGGAGTCCTCACTCAAACTC
ACTGCTGCAACTACCCTTAAACA
CAGGAAACTAACTTTCAGCCAGA
TAAAGAGGGCATGGAGTAATTGA
TCTCACAATCCTGGAGGCTG
GACCAAGAAGCAAGCCCTCA
CAGACAGACACTGGCAACA
ACATCTCCCCCTTCTCCTT
Catalog Number/Sequence
Previously published223
Hs01037698_m1
Hs00977140_m1
Hs00323942_m1
Hs01099013_m1
Hs00989942_m1
Hs00188163_m1
Hs00153408_m1
Hs01127577_m1
Mm01291141_m1
Mm01258676_m1
Mm01299530_m1
Mm99999915_g1

Table 1: SYBR green primers and Taqman probes used for qPCR.
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CHAPTER 3
RESULTS
3.1 Identification of CDK9 as a novel epigenetic target.
3.1.1 Phenotypic based high throughput screening using YB5.
Phenotypic screens provide an unbiased approach for identifying novel targets and
drugs. We used a live cell assay for epigenetic silencing (colon cancer cells, SW48/YB5
containing methylated and silenced GFP) and screened the NDL-3040 library for potential
natural compounds with epigenetic activity (Figure 6). This assay had a robust z-factor of
0.6, indicating adequacy for high-throughput screening. At a stringent criterion of [(mean
of all compounds) + 3 standard deviations] for GFP induction, 33 compounds were positive
(positive rate = 1.1%). A further selection of hits with ≥ 25% relative activity compared to
the positive control (TSA), yielded 18 compounds, 15 of which were validated by 24hr
dose curves, fluorescence microscopy, and qPCR. Five of these validated hits had similar
structures including an aminothiazole core, and we focused on these for further analysis
(Figure 6). Structure and data on HH0, a representative aminothiazole compound are
shown in Figure 7.
We next screened a second library consisting of 93 aminothiazole analogs at
multiple doses (ranging from 2.5 μM to 50 μM) and identified HH1 as the most potent in
this series (Figure 6). HH1 was active at 5 μM in YB5 cells (Figure 19) and was also
successfully validated in HCT116-GFP, a colon cancer cell line where GFP was inserted
downstream of the endogenous hypermethylated promoter SFRP1225, as well as in
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Figure 6: High-throughput screening using YB5.
Drug screening workflow using YB5 as a phenotypic based screening system. Drug
development funnel shows the criteria for the selection of top hits.
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Figure 7: GFP reactivation after HH0 treatment in YB5.
A) Dose-dependent re-expression of GFP after 24hr treatment of YB5 cells with
HH0 (structure at the top). Depsipeptide (Depsi), an HDACi, was used as a positive
control. Data are shown as mean+SD, n=3. Upper panels: representative pictures
by fluorescent microscopy of YB5 cells treated with DMSO (left) and HH0 at
10μM for 24 hours (right). *p<0.05, **p < 0.01, ***p < 0.001 (Student's t-test).
B) FACS analysis of YB5 treated with DMSO (negative control), 5µM TSA
(positive control) and 10µM HH0 for 24 hours. On the FACS scatter plot, the xaxis and the y-axis represent GFP and propidium iodide (PI) fluorescence,
respectively.
C) GFP mRNA expression detected by qPCR after a 24-hour treatment using 10µM
HH0 (n=3). DAC (100nM, 72hr treatment) and Depsi (20nM, 24hr treatment) were
used as positive controls. ***p < 0.001 (Student's t-test).
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MCF7-GFP, a breast cancer line derived by introducing GFP under the control of a
methylated CMV promoter (Figure 8). Thus, HH1 (and other aminothiazole analogs) can
reactivate silenced GFP in three distinct live cell assays.
3.1.2 Aminothiazole compounds do not target known epigenetic regulators.
Chemically, HH1 does not resemble any known epigenetic drug. To determine its
relevant target(s), we first performed bisulfite pyrosequencing before and after treatment
and found no DNA demethylation at either CMV, LINE1 (data not shown) or globally (by
Reduced representation bisulfite sequencing (RRBS)), indicating that these compounds are
not DNMT inhibitors (Figure 9). To explore the potential histone deacetylase inhibitory
activity associated with the compounds, we used an enzymatic-based biochemistry assay,
analyzed a panel of HDACs (class I, IIb and IV), and found no activity (Figure 10). We
next screened HH1 effects on a panel of 30 histone methylases and demethylases and found
no significant inhibition of enzymatic activity (Figure 10). We also measured global
histone acetylation and methylation after 48hr treatment with HH1 and found no significant
changes, except for a modest increase in H3K79 methylation, a mark of transcriptional
elongation (Figure 11). Thus, the aminothiazole compounds had no substantial activity
against the main known epigenetic targets.
3.1.3 Aminothiazole compounds reactivate GFP by targeting CDK(s).
We further studied the potential mechanism of action of these drugs using
connectivity mapping246, which identifies drugs with similar transcriptional profiles. Using
RNA-seq data after HH1 treatment for 24hr, the closest drugs to HH1 were inhibitors of
cyclin-dependent kinases (CDKs). To validate these unexpected targets, we tested 8
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Figure 8: GFP reactivation after aminothiazole compounds treatment in HCT116 and
MCF7.
A) GFP re-expression using different doses of HH1 and analogs in HCT116-GFP cells
(24hr).
B) GFP re-expression using different doses of HH1 and analogs in MCF7-GFP cells (onedose, four-day) (n=3). *p<0.05, **p < 0.01, ***p < 0.001 (Student's t-test).
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Figure 9: Newly identified aminothiazole compounds do not affect DNA methylation.
A) DNA methylation analysis of CMV promoter after drug treatment (24hr) analyzed by
bisulfite pyrosequencing. DAC (24hr) was used as a positive control, n=3, ***p < 0.001
(Student's t-test).
B) HH1 one-dose, four-day treatment did not change DNA methylation compared to
DMSO control, as measured by RRBS (Reduced representation bisulfite sequencing) at
218879 CpG sites with the minimum coverage of 1 reads. Red line shows linear regression.
R^2 = 0.98, p <2 .2e-16.
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Figure 10: Newly identified aminothiazole compounds do not inhibit HDACs, known
HMTs and HDMs.
A) HDAC inhibitory activity assays were analyzed in vitro at 10µM in triplicates. Three
aminothiazole compounds (HH0, HH1 and HH2) have no HDAC inhibitory activity. Four
known HDACis (TSA, SAHA, Depsipeptide (Depsi) and Valproic acid (VPA)) were used
as positive controls. ***p < 0.001 (Student's t-test).
B) Histone methyltransferase inhibitory activities were performed using either HH0 or
HH1 at 10µM. The enzymatic inhibitory activities range from 0%-19% with no %
inhibition beyond 20%.
C) Histone demethylase activities were performed using either HH0 or HH1 at 10µM. The
enzymatic inhibitory activities range from 0%-29% with no % inhibition beyond 30%.
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Figure 11: Global histone acetylation and methylation changes after CDK9 inhibition.
Global histone acetylation and methylation analysis after 48hr treatment with different
CDK9 inhibitors showed a modest H3K79me2 increase. Depsipeptide was used as a
positive control here. SNS-032 and GW8510 are two known CDK inhibitors. Fold change
was calculated over the DMSO baseline (average value of duplicates).
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different CDK inhibitors and all were found to induce GFP in YB5 with a range of 5-15%
after 24hr treatment (Figure 12). The fact that these drugs with very diverse chemical
structures (Figure 12) are all active suggests that CDKs are indeed the relevant drug targets.
We also tested the expression of SYNE1 and MGMT, two known tumor suppressor genes
hypermethylated in YB5 and found that HH1 together with two known CDK inhibitors
(flavopiridol and iCDK9210), all led to gene reactivation after 24hr treatment (Figure 13).
3.1.4 Cyclin-dependent kinase 9 is the most relevant target of the aminothiazole
compounds.
CDKs are divided into cell cycle regulators (e.g. CDK1, 2, 4, 6, 7) and
transcriptional regulators (e.g. CDK7, 9). The tested CDK inhibitors target multiple CDKs
spanning both classes. Examining their IC50s against individual CDKs, we found that the
drugs most effective at gene reactivation had very low IC50s against CDK9 (Table 2),
suggesting that CDK9 might be the potential target. CDK9 is known to promote
transcriptional elongation but has not previously been linked to epigenetic silencing. We
used an inducible CDK9 dominant negative (dnCDK9) adenoviral vector to see if CDK9
inhibition can phenocopy HH1 effects. Indeed, we found striking re-expression of GFP and
of endogenously silenced genes upon induction of dnCDK9 (Figure 14). This effect could
also be seen in HCT116-GFP cells (Figure 15). By contrast, dnCDK1 or dnCDK2 showed
no effects (Figure 16). Moreover, activation of GFP and of endogenously silenced gene
expression by HH1 and other CDK inhibitors (Figure 17) was prevented by overexpression
of CDK9 and Cyclin T1. Collectively, these data strongly suggest that CDK9 is the target
of the newly identified aminothiazole compounds and is therefore required to maintain
transcriptional repression at epigenetically silenced loci.
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3.2 Development of novel CDK9 inhibitors using a gene expression-based Structure
Activity Relationship (SAR) approach.
3.2.1 GFP induction based optimization identified potent and selective novel CDK9
inhibitors.
We next tested newly-synthesized HH1 analogs for gene expression-based SAR
discovery. To explore the optimal time point for drug testing, we performed a time course
qPCR and found that a one-time 4-day treatment with 25μM HH1 induced the highest
levels of GFP and endogenously hypermethylated genes in YB5 (Figure 18). We
synthesized and tested 77 aminothiazole analogs using this approach and identified
MC180295 as the most potent lead compound (active at 50nM and leading to ̴60% GFP+
cells at 500nM) (Figure 19), together with three other analogs with similar activities
(Figure 19). We then tested the selectivity of MC180295 against a panel of 250 kinases at
1μM and found it to be highly selective against CDKs within the human kinome, though
glycogen synthase kinase 3 (GSK-3α and GSK-3β) was also inhibited at this concentration
(Figure 20). However, two specific GSK-3 inhibitors (CHR99021 and LiCl) showed no
GFP reactivation activity in YB5, suggesting that GSK-3 is not the key epigenetic target
of MC180295 (Figure 21). We then generated a dose-response curve for MC180295
against 10 different CDKs. The drug was most active against CDK9 (IC50=5nM) and was
at least 22-fold more selective for CDK9 over other CDKs (Table 3 and Figure 22). Thus,
optimization of HH1 based on gene expression alone yielded a highly specific CDK9
inhibitor, providing additional unbiased evidence that CDK9 is the most relevant
epigenetic target for GFP and endogenous gene reactivation.
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Figure 12: Multiple known CDK inhibitors reactivate GFP in YB5.
GFP re-expression dose-responses after 24hr treatment with different CDK inhibitors.
Corresponding structures are shown on top of each bar group. Data are shown as mean+SD,
n=3. **p < 0.01, ***p < 0.001 (Student's t-test).
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Figure 13: Reactivation of GFP and endogenously hypermethylated genes upon
CDK9 inhibition.
Reactivation of GFP and endogenous hypermethylated genes (SYNE1 and MGMT) after
treatment with CDK9 inhibitors for 24hr detected by qPCR. Data are shown as mean+SD,
n=3. *p<0.05, **p < 0.01, ***p < 0.001 (Student's t-test).
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Table 2: IC50s of three potent CDK inhibitors against different CDKs.
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Figure 14: A dominant negative CDK9 construct reactivates drug-targeted genes.
Reactivation of GFP and endogenous hypermethylated genes (SYNE1, MGMT, PYGM
and RRAD) upon dominant-negative CDK9 (dnCDK9) overexpression (72hr). *p<0.05,
**p < 0.01, ***p < 0.001 (Student's t-test). Data are shown as mean+SD, n=3. HH1 (25μM,
24hr) and DAC (100nM, 72hr) were used as positive controls. Western blot showed that
dnCDK9 is overexpressed in the absence of tetracycline together with decreased
phosphorylation of RNA Polymerase II at Ser2 (pSer2) and Ser5 (pSer5).
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Figure 15: GFP reactivation upon dnCDK9 overexpression in HCT116-GFP cells.
GFP reactivation upon dominant negative CDK9 (dnCDK9) overexpression (72hr) in
HCT116-GFP cells (n=3). Cre Virus was used as a negative control. Data are shown as
mean+SD. **p < 0.01 (Student's t-test).
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Figure 16: CDK1 and CDK2 inhibition do not reactivate drug-targeted genes in
YB5.
GFP and two endogenously hypermethylated genes (MGMT and SYNE1) were reactivated
upon CMV-dnCDK9 construct overexpression (72hr) (n=3). CMV-dnCDK1 and CMVdnCDK2 constructs (72hr) did not trigger gene reactivation in YB5. Western blot showed
the overexpression of dnCDK1, dnCDK2 and dnCDK9 after transfection. ***p < 0.001
(Student's t-test).
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Figure 17: CDK9 inhibition mediated gene inductions are abolished when
overexpressing CDK9 and Cyclin T1.
Overexpression of CDK9 and Cyclin T1 (72hr) abolished the effect of CDK9 inhibitors
(24hr) on the expression of GFP detected by qPCR. **p < 0.01 (Student's t-test). B)
Overexpression of CDK9 and Cyclin T1 (72hr) abolished the effect of CDK9 inhibitors
(24hr) on the expression of GFP measured by FACS. ***p < 0.001 (Student's t-test). C)
Overexpression of CDK9 and Cyclin T1 (72hr) abolished the effect of CDK9 inhibitors
(24hr) on the expression of hypermethylated genes. *p<0.05, **p < 0.01, ***p < 0.001
(Student's t-test). Data are shown as mean+SD, n=3. Depsipeptide was used as a negative
control. D) Western blot showed the overexpression of CDK9 and Cyclin T1 after 72hr
viral transduction. Single transductions (CDK9 or Cyclin T1) were used as controls.
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Figure 18: Time-course qPCR checking GFP and SYNE1 expression.
A) Time-course GFP and SYNE1 expression after HH1 treatment (25μM) for up to 22hr.
B) Time-course GFP and SYNE1 expression after HH1 treatment (25μM) for 24hr, 48hr,
72hr, 96hr daily, and four-day (one dose).
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Figure 19: GFP based SAR to optimize the aminothiazole compounds.
A) GFP re-expression dose-response after four-day single-dose treatment of YB5 cells with
aminothiazole analogs. Corresponding structures are shown on top. Data are shown as
mean+SD, n=3. **p < 0.01, ***p < 0.001 (Student's t-test).
B) Reaction schemes for the lead compounds.
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Figure 20: Selectivity of MC180295 against a panel of 250 kinases.
A) Quantitative distribution of MC180295 inhibitory effect against a panel of 250 kinases
at 1μM in duplicate experiments.
B) Kinase phylogenetic tree shows the distribution of inhibited kinases within the human
kinome.
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Table 3: IC50 values of MC180295 against 10 CDK/Cyclin kinases.
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Figure21: GSK-3 is not a relevant target that reactivates GFP in YB5.
Two GSK-3 inhibitors (CHIR99021 and LiCl) were tested at multiple doses after four-day
drug treatment in YB5 with no GFP reactivation (n=3). Data are shown as mean+SD.
Despipeptide was used as a positive control. ***p < 0.001 (Student's t-test).
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Figure 22: Enzymatic inhibitory activity of MC180295 against 10 known CDKs.
A) The IC50 curve of MC180295 against CDK9. Staurosporine, a pan-CDK inhibitor, was
used as a positive control.
B) IC50 curves of MC180295 against other CDKs.
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3.2.2 Selectivity of MC180295 explained by molecular docking.
To better understand why MC180295 was more active than the other analogs that
share this aminothiazole scaffold, we sought to build a model of the CDK9-MC180295
complex. Based on its planar aminothiazole core structure and hydrogen bond donors and
acceptors, we speculated that MC180295 would be an ATP-competitive inhibitor. We then
compiled a set of all 389 structures with their bound ligands (from the Protein Data Bank
database). When we structurally aligned low-energy conformations of MC180295 to these
ligands and replaced the kinase structure with CDK9, we generated a set of 389 crude
models of MC180295 in complex with CDK9. We refined these models and identified a
single dominant cluster among the top-scoring complexes. We therefore took this complex
and examined this model.
As expected, in our model, the aminothiazole core makes canonical hydrogen
bonding interactions to the CDK9 hinge region. These interactions mimic closely those
made by dasatinib, another aminothiazole compound (Figure 23). Similar to dasatinib,
MC180295 is modeled in a “DFG-in” conformation, making it a type I inhibitor. The
binding mode of MC180295 resembles a CDK4/6 inhibitor, palbociclib. However,
MC180295 uses a nitro group to engage the Lys-Glu salt bridge that is invariant in
essentially all kinases whereas palbociclib hydrogen bonds directly to the backbone of the
DFG motif. A similar interaction has also been observed in the structure of CDK9 in
complex with flavopiridol, a multi-CDK inhibitor (Figure 23). Our model fully explains
the observed structure-activity relationship for the analogs we tested, on the basis of which
substituents preserve hydrogen bonding to this lysine. However, the strong similarity in
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Figure 23: Molecular modeling of MC180295 against CDK9.
A) In our model (green), the aminothiazole core of MC180295 engaged the CDK9 hinge
region with interactions that mimic that of dasatinib (shown here bound to cSrc, PDB ID
3G5D, pink) and many other canonical kinase inhibitors.
B) In our model MC180295 engaged the conserved Lys48-Glu66 hydrogen bond (green);
the multi-CDK inhibitor flavopiridol also made a similar interaction (PDB ID 3BLR, pink).
The interactions of this nitro group fully explain our observed SAR on this side of
MC180295, but cannot explain the compound’s selectivity for CDK9.
C) The adamantyl group from MC180295 requires that the C-terminus of the hinge region
adopts a slightly lower conformation; this conformation is shared amongst the many crystal
structures of CDK9 (yellow: structures of CDK9 bound to ATP and to another Type I
inhibitor (PDB IDs 3BLQ and 4BCJ), and our model of MC180295), but this loop
conformation is rarely observed in structures of other CDK kinases (blue: representative
structures of CDK1/2/5/6/7, each bound to ATP or a Type I inhibitor (PDB IDs
5LQF/1HCK/1UNH/2EUF/1UA2)).
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this part of the binding sites among CDKs implied that the basis for CDK9-selectivity
couldn’t be explained by this part of the compound.
On the opposite part of the MC180295 model, an adamantyl group fits on top of
the C-terminus of the hinge region and occupies a shallow hydrophobic cleft. Although
many other CDK inhibitors also occupy this region, each of these uses individual flat ring
structure instead of the bulky adamantane. Careful comparison amongst all CDK crystal
structures available in the PDB revealed that the C-terminal part of the CDK9 hinge region
can adopt a slightly lower conformation that distinguishes it from the other CDKs, in others,
this loop has a higher conformation that sterically prevents the adamantyl group from being
accommodated (Figure 23). In conclusion, this model explains not only the observed SAR
for analogs of MC180295, but also this compound’s preference for CDK9 over other CDKs.
3.3 CDK9 inhibition leads to reactivation of epigenetically silenced genes genomewide.
3.3.1 Long-term CDK9 inhibition reactivates known hypermethylated TSGs and
suppresses MYC.
To characterize profiles of CDK9 target genes dynamically, we first optimized
assays by performing a qPCR time course on GFP and SYNE1. We found that they could
both be induced as early as 8hr and their expression levels peaked four days after first
exposure (Figure 18). To confirm that the gene induction profile is associated with ontarget CDK9 inhibition, we measured phosphorylation levels of Ser2 (pSer2) on the heptad
repeats the CTD of RNAPII, which is phosphorylated by pTEFb at these time points and
found that Ser2 was consistently dephosphorylated in the presence of drugs, as expected
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(Figure 24). We also measured the expression of MYC, a known pTEFb target and found
it to be suppressed at all these time points (Figure 25).
3.3.2 Short-term CDK9 inhibition prevents transcriptional elongation while longterm CDK9 inhibition mainly reactivates silenced genes.
We next performed time-course RNA-seq using HH1 at 10μM (Figure 26). Short
term CDK9 inhibition (2hr, 4hr) led mainly to gene downregulation (e.g. 1242 genes down
vs. 404 genes up at 2hr). Gene Ontology analysis showed that genes downregulated after
2hr were enriched for negative regulation of transcription (Figure 27). These genes started
to recover by 4hr and showed delayed upregulation as previously shown for pTEFb
targets210,247,248 (Figure 27). In contrast to this early response, when we examined RNAseq data 4 days after first drug exposure, we observed massive gene upregulation (2981 up
vs. 278 down). Even after excluding the pTEFb targets identified earlier (downregulated at
2hr/4hr), we still observed upregulation of 2597 genes. This large effect (12.3% of the
transcriptome) was consistent with the GFP data and indicated an unexpected effect of
CDK9 on epigenetic silencing. Silenced genes are characterized by very low level of
expression and repressive epigenetic marks. To better characterize the effects of HH1 on
silencing, we focused on the genes that showed very low expression at baseline (RPKM <
0.31) and were induced by HH1 (Figure 28). 1801 genes fit this profile, confirming a strong
effect of HH1 on silenced genes.
3.3.3 Characterization of genes reactivated by CDK9 inhibition.
Based on RRBS analysis, many of these upregulated genes are highly
hypermethylated in the promoter regions (Figure 29). Indeed, 53 of these were TSGs based
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Figure 24: Western blot checking CDK9 inhibition at different time points.
Phosphorylation levels of Ser2 (pSer2) on the heptad repeats the CTD of RNAPII
decreased upon 25μM HH1 treatment at different time points.

75

A

B

Figure 25: MYC suppression upon CDK9 inhibition.
A) Time course MYC suppression after 25μM HH1 treatment for up to 16hr (n=3).
B) MYC was sustainably suppressed after four-day one dose treatment by multiple CDK9
inhibitors (n=3). Data are shown as mean+SD. ***p < 0.001 (Student's t-test).
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Figure 26: Time-course RNA-seq upon CDK9 inhibition in YB5.
Numbers of upregulated and downregulated genes by 10μM HH1 at each time point, DAC
(100nM for 48hr) and combinatorial treatment (DAC 100nM 48hr followed by HH1 fourday at 10μM) in YB5 cells. dnCDK9 overexpression was also included (n=3). (FC>2 OR
<0.5, FDR<0.1)
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Figure 27: Genes downregulated upon short-term CDK9 inhibition.
A) Gene Ontology analysis of genes that are significantly downregulated (FC<0.5,
FDR<0.1) after two-hour HH1 treatment at 10μM.
B) The dynamics of genes that are significantly downregulated (FC<0.5, FDR<0.1) after
2hr HH1 treatment at 10μM.
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on the TSGene database (eg: CHD5, IRF4, NTRK3, etc)249 (Figure 30). The 1801 genes
peaked at four-day generally showed progressive induction starting to be detectable at 4 to
8 hours after treatment (Figure 31). Gene Ontology analysis showed that they are enriched
for cell adhesion, a signature we also saw for upregulated genes after treatment with the
DNMT inhibitor decitabine (Figure 31).
3.3.4 Direct CDK9 inhibition phenocopies drug effects genome-wide.
The data shown above indicate that HH1 has a bimodal effect (one gene subset
downregulated early and another upregulated late). To verify that this is due to CDK9
inhibition, we examined RNA-seq after dnCDK9 and found it highly similar to HH1.
Principal component analysis of the entire transcriptome showed that all the baseline
conditions (cells treated with DMSO at different time points and TET-on dnCDK9)
clustered together and there was time-dependent progressive gene induction after HH1
treatment (Figure 32). Strikingly, dnCDK9 overexpression clustered closest to four-day
HH1 treatment and there was a strong correlation between HH1 and dnCDK9 effects by
RNA-seq (Figure 33). Genes upregulated after either HH1 four-day treatment or dnCDK9
overexpression had very low baseline expression, consistent with the hypothesis that
CDK9 is essential to maintain epigenetic silencing (Figure 34). Thus, CDK9 inhibition has
biphasic effects: early downregulation due to pTEFb inhibition and late epigenetic
activation by an unknown mechanism.
3.3.5 Synergistic effects between CDK9 inhibition and DNMT inhibition.
The initial screening assay was based on DNA methylation regulation of GFP.
Indeed, we found a high degree of similarity between the late effect of HH1 and those
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Figure 28: Time-course RNA-seq of lowly-expressed genes in YB5.
The number of genes upregulated and downregulated by 10μM HH1 treatment at
each time point. dnCDK9 (72hr), DAC (48hr, 100nM) and combinatorial treatment
(DAC at 100nM for 48hr followed by HH1 four-day at 10μM) were also included
(n=3). (FC>2 OR <0.5, FDR<0.1)
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Figure 29: Lowly expressed genes are highly enriched for promoter methylation.
Percentage of genes upregulated by HH1, dnCDK9, DAC and combinatorial treatment that
have low (0%–10%), moderate (10%–50%), or high (50%–100%) promoter DNA
methylation.
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Figure 30: Reactivation of tumor suppressor genes upon drug treatment.
Numbers of colon cancer tumor suppressor genes (TSGs) that were activated under
different conditions.
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Figure 31: Dynamics of lowly expressed genes upon long-term CDK9 inhibition.
A) Lowly expressed genes (baseline RPKM < 0.31) were significantly upregulated (FC>2,
FDR<0.1) after four-day HH1 treatment at 10μM. The yellow dotted lines represent twofold change. The yellow solid line shows the mean value of fold changes at each time point.
B) Gene Ontology analysis of upregulated genes after four-day HH1 treatment at 10μM in
(A).
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Figure 32: 3D principal component analysis of RNA-seq.
3D principal component analysis on normalized counts values of the entire transcriptome
of time-course RNA-seq upon either DMSO (in red) or HH1 10μM treatment (in blue)
(n=3). dnCDK9 (72hr treatment) (in yellow (dnCDK9-off) and purple (dnCDK9-on)), 48hr
DAC treatment at 100nM (in pink) and sequential combinatorial treatment (DAC 100nM
48hr followed by HH1 four-day at 10μM (in green)) (n=3). All DMSO conditions and
dnCDK9-off clustered together and are circled in green (baseline). DAC, dnCDK9-on and
4-day HH1 also clustered together and are circled in red (long-term). Different time points
are shown in different shapes and labeled in the legend.
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Figure 33: Gene expression changes after HH1 treatment recapitulate the effect of
dominant negative CDK9.
The scatter plot shows log2 fold gene expression changes caused by dominant negative
CDK9 (x-axis) and by a 4-day treatment of YB5 cells with 10μM of the HH1 compound
(y-axis). Concordant changes are in orange, discordant changes in blue, changes smaller
than two-fold are in grey. The numbers in each quadrant show the number of genes with
greater than 2-fold expression changes and the percentage of total genes analyzed by RNAseq.
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induced by the DNMTi, DAC. The transcriptional profiles of DAC clustered close to 4day HH1 (Figure 32) and 4-day HH1 inhibition behaved similarly to DAC treatment (Table
4). Because HH1 did not actually induce demethylation, we next tested for synergy
between HH1 and DAC. The two drugs were highly synergistic for GFP and SYNE1
reactivation (Figure 35). The synergistic effects were validated using either siDNMT1 or
siCDK9 (Figure 35). We next performed RNA-seq using DAC in combination with HH1.
After excluding the early response genes (downregulated at 2hr/4hr), we found that,
compared to DAC alone (1238 up vs.7 down) or HH1 alone (1801 up vs. 13 down), low
expressed genes (RPKM < 0.31) were significantly upregulated by the combination (3940
up vs. 3 down) (Figure 28). Thus, long-term CDK9 inhibition shows similar transcriptional
profiles to DNMT inhibition and shows synergy with DNMT inhibition.
3.4 SMARCA4 and HP1 are regulated by CDK9.
3.4.1 CDK9 mediated gene silencing is regulated through SMARCA4.
CDK9 is the catalytic subunit of a positive transcriptional elongation factor.
However, our data also show that CDK9 appears to also serve as an epigenetic repressor.
In a search for the mechanism of CDK9 mediated gene repression, we used Ingenuity
Pathway Analysis (IPA) in RNA-seq data on genes upregulated by HH1. We found that
SMARCA4 and CBX5 were the top regulators that can be activated and inhibited,
respectively (Table 4 and Table 5).
SWI/SNF is an ATP-dependent nucleosome remodeling complex that allows the
compaction and decompaction of DNA in the nucleus29. Whole-exome sequencing
revealed that over 20% of human cancers harbor mutations in the genes encoding
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Figure 34: Distribution of differentially regulated genes by HH1 and dnCDK9.
Density plots shows the distributions of differentially expressed genes after four-day
HH1 treatment at 10μM (A) or dnCDK9 overexpression (72hr) (B). The red lines
represent no change.
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Figure 35: Synergistic effects of DNMT inhibition and CDK9 inhibition.
A) Time course GFP expression after combinatorial treatment. **p < 0.01, ***p < 0.001
(Student's t-test).
B) Time course SYNE1 expression after combinatorial treatment. *p<0.05, **p < 0.01,
***p < 0.001 (Student's t-test).
C) Synergistic effect of HH1 with siDNMT1 (either Non-targeting siRNA (siN) or
siDNMT1 was transfected on day 0 and drugs were added on day 3. Drug-free media
were change on day 6 and FACS analysis was performed on day 7). ***p < 0.001
(Student's t-test).
D) Synergistic effect of DAC with siCDK9 (either Non-targeting siRNA (siN) or siCDK9
was transfected on day 0. 50nM DAC was added on day 1 and FACS analysis was
performed on day 4) in terms of GFP induction measured by FACS (n=3). ***p < 0.001
(Student's t-test).
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Table 4: Ingenuity Pathway Analysis of upstream regulators of genes that are activated or
inhibited after four-day HH1 treatment at 10μM based on genes in figure 31.

Table 5: Ingenuity Pathway Analysis of upstream regulators of genes that are activated or
inhibited after 8hr HH1 treatment at 10μM based on significantly upregulated genes
(FC>2, FDR<0.1)
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mammalian SWI/SNF subunits30. Most of the mutations are loss-of-function, indicating
that these subunits may be bone fide tumor suppressors99. The most widely studied protein,
SMARCA4, also known as BRG1, is an ATP-dependent helicase that is part of the
SWI/SNF family and can use ATP hydrolysis to relax chromatin structure250. To test if
SMARCA4 mediates HH1 induced gene reactivation, we knocked down SMARCA4 using
siRNA followed by HH1 treatment and found that GFP induction was reduced significantly.
iCDK9, another CDK9 inhibitor showed similar results. To further confirm this, we used
a SMARCA4 inhibitor PFI-3105 and found that PFI-3 inhibited GFP activation by either
HH1 or iCDK9 in a dose-dependent manner (Figure 36).
3.4.2 CDK9 directly binds to and phosphorylates SMARCA4.
Together these results above show that activation of transcription following CDK9
inhibition requires SMARCA4. Thus, we hypothesized that CDK9 regulates SMARCA4
by direct phosphorylation. Indeed, public proteomic data showed possible binding of
CDK9 to SMARCA4251. We used Co-immunoprecipitation (Co-IP) to confirm this. IP
using a CDK9 antibody successfully pulled down SMARCA4 (Figure 37). This was also
true for exogenously expressed CDK9 and SMARCA4 IPs by GFP and FLAG antibodies
(Figure 37). Next, we performed an in vitro kinase assay using purified CDK9 and
SMARCA4 proteins and showed that CDK9 directly phosphorylates SMARCA4 in vitro
(Figure 38). Finally, to identify potential phosphorylation sites in SMARCA4 regulated
upon CDK9 inhibition, we performed LC-MS/MS after 4hr MC180295 treatment and
found several serine/threonine residues dephosphorylated (Figure 38). Thus, SMARCA4
is a direct phosphorylation target of CDK9 and is a strong candidate for mediating gene
activation upon CDK9 inhibition.
90

Figure 36: Interruptions of SMARCA4 reduced GFP induction triggered by CDK9
inhibitors.
Disruption of SMARCA4 activity by siSMARCA4 or by the PFI-3 inhibitor. To achieve a
higher knock-down efficiency, transfection was done every other day for a total of three
times. Drugs were added to the medium 48hrs after the third transfection (left). PFI-3 was
used to block SMARCA4 enzymatic activity (72hr daily pre-treatment followed by 24hr
co-treatment, right). Inhibition of SMARCA4 diminished the effect of CDK9 inhibitors on
GFP induction in YB5. Data are shown as mean+SD, n=3. *p<0.05, **p < 0.01, ***p <
0.001 (Student's t-test).
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Figure 37: CDK9 interacts with SMARCA4 directly.
A) Protein lysates from YB5 cells were harvested in MPER lysis buffer.
Immunoprecipitation was performed using antibody against CDK9, and the respective coprecipitation of SMARCA4 and CDK9 was assessed using western blot analysis using a 415% gradient gel.
B) HEK293T cells were transiently transfected with either (Top) FLAG-SMARCA4, or
(Bottom) GFP-CDK9. After 72 hours, protein lysate was extracted and IP was performed
using antibodies against either FLAG, or SMARCA4 and the respective co-precipitation
of CDK9 or GFP-CDK9 was assessed using western blot analysis using a 4-15% gradient
gel.
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Figure 38: SMARCA4 is a direct phosphorylation substrate of CDK9.
A) Isotope kinase activity assay using recombinant active full-length CDK9 and
SMARCA4 with or without CDK9 inhibitors (Flavopiridol (FVP) and MC180295 (295))
in the presence of 32γ-ATP.The C-terminal domain of RNA Polymerase II (CTD) was used
as a positive control in this experiment. SMARCA4 phosphorylation by CDK9 is inhibited
with CDK9 inhibitors.
B) Phosphorylated peptides in control (DMSO) but absence with drug treatment (500nM
MC180295 for 4hr). The phosphorylated sites are highlighted in red. Peptide consensus
view of the amino acids that were dephosphorylated are also shown below.
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3.4.3 CBX5 is a downstream pTEFb target gene of CDK9.
We next examined CBX5, also known as HP1α, a known epigenetic mediator of
gene silencing. We examined the RNA-seq data for HH1 and found that CBX5 was
downregulated upon CDK9 inhibition. This downregulation was validated by time-course
q-PCR and Western Blot (Figure 39). We further found that the downregulation of CBX5
(by multiple CDK9 inhibitors) was most significant four days after one-time drug exposure,
and CBX5 expression negatively correlated with GFP induction in a dose-dependent
manner (Figure 39). Consistent with this, CBX5 was inhibited upon overexpression of
dnCDK9 in both YB5 and HCT116 cells (Figure 39).
3.4.4 Loss of CBX5 reactivates CDK9 targeted genes.
We next knocked down CBX5 using two individual siRNAs and found that GFP,
as well as two hypermethylated silenced genes (SYNE1 and NPR3), were reactivated upon
CBX5 inhibition (Figure 40). Moreover, we found that reactivation of GFP by HH1 and
MC180295 was reduced significantly by overexpression of HP1α (Figure 40). HP1α,
encoded by CBX5, can recognize and bind to H3K9me2, a repressive mark for
heterochromatin gene silencing. Consistent with this, we found that the HH1-upregulated
genes are highly enriched for H3K9me2 at baseline (Figure 41) and that the H3K9me2
mark is enriched at the CMV/GFP region (Figure 41). Thus, CDK9 inhibition rapidly
suppresses CBX5, possibly through pTEFb effects, and this contributes to epigenetic
reactivation upon drug treatment.
3.5 CDK9 inhibition has anti-tumoral effects in vitro and in vivo.
3.5.1 The biological effects of CDK9 inhibition in vitro.
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Figure 39: CBX5 is a pTEFb-dependent substrate of CDK9.
A) Time-course qPCR showing CBX5 (which encodes HP1α) suppression after 10μM
HH1 treatment (n=6). Data are shown as mean+SD. *p<0.05, **p < 0.01, ***p < 0.001
(Student's t-test). Western blot shows decreased expression of HP1α after 24hr CDK9
inhibition (* marks a non-specific band). TATA box binding protein (TBP) was used as a
nuclear loading control.
B) GFP induction and CBX5 suppression after four-day treatment using different CDK9
inhibitors measured by qPCR (n=3). Data are shown as mean+SD. ***p < 0.001
(Student's t-test).
C) GFP induction and CBX5 and MYC suppression upon dnCDK9 overexpression (72hr)
in YB5 (n=3) and HCT116-GFP cells (n=3). Data are shown as mean+SD.*p<0.05, **p
< 0.01, ***p < 0.001 (Student's t-test).
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Figure 40: CBX5 is involved in CDK9 mediated gene silencing.
Knocking down of CBX5 using two siRNAs (siCBX5#1: ON-TARGETplus SMARTpool
siCBX5. siCBX5#2: GGAUUGCCCUGAGCUAAUUUU (Ambion)) reactivated GFP (A),
SYNE1 (B) and NPR3 (C) (hypermethylated genes) in YB5. Data are shown as mean+SD,
n=4. (D) GFP expression was reduced significantly when overexpressing HP1α measured
by FACS. A CMV-HP1α was overexpressed for 72hr followed by CDK9 inhibitor
treatment for an extra four days. Data are shown as mean+SD, n=3. *p<0.05, **p < 0.01,
***p < 0.001 (Student's t-test).

96

Although the literature discusses anti-tumoral effects of CDK9 inhibition, usually
attributed to MCL-1 and/or MYC suppression, all these studies were based on drugs that
inhibit multiple CDKs. For example, the “prototypical” CDK9 inhibitor flavopiridol also
inhibits CDK1,2 and 8 (IC50 20nM for CDK9, 20 nM for CDK8, 30nM for CDK1 etc.)163.
We, therefore, tested whether specific CDK9 inhibitors also have anti-tumoral effects. We
first tested proliferation four days after one-time HH1 or MC180295 exposure in multiple
cell lines. Compared to normal lung epithelial cells (IMR90), both HH1 and MC180295
were more effective in reducing proliferation of cancer cells than normal control cells
(Figure 41). Cell cycle analysis showed no cell cycle arrest after HH1 or MC180295
(Figure 41), but an increase in the sub-G1 subpopulation (Figure 41). We next tested colony
formation in soft agar and found that a single dose pre-exposure of HH1 and MC180295
for four days can blunt colony formation by 30-80% in YB5 and HCT116 (Figure 42). We
also tested effects on the differentiation marker CD11b using the HL60 cell line and found
significant induction (Figure 43), which is consistent with the tretinoin signature found by
IPA upstream regulator analysis for HH1 (Table 4 and Table 5).
3.5.2 Anti-tumoral effects of CDK9 inhibition in vivo.
Lastly, we tested in vivo effects of MC180295 and the structurally related CDK9
inhibitor, SNS-032. We used luciferase labeled SW48 colon cancer cells and injected them
into NSG mice followed by 10mg/kg MC180295 treatment. We found that the tumors
shrank significantly (by ̴ 50%) after one-week drug exposure and the tumor burden was
also lower after three weeks drug treatment, as measured by luciferase activity (Figure 44).
A similar effect was observed by daily MC180295 treatment at 10mg/kg in the same mouse
model (Figure 44). We also transplanted an ovarian cancer mouse cell line, ID8, into
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Figure 41: Anti-proliferative, cell cycle arrest and apoptotic effects of CDK9
inhibition in vitro.
A) Proliferation inhibition of normal epithelial cells (IMR90) and cancer cell lines treated
with a single-dose of 5μM HH1 or 0.1μM MC180295 and counted four days after by trypan
blue exclusion. Data are shown as mean+SD, n=3. *p<0.05, **p < 0.01, ***p < 0.001
(Student's t-test).
B) Cell cycle analysis after four-day drug treatment using different CDK9 inhibitors at
multiple doses in YB5 (n=3). Cell apoptosis measured by sub-G1 sub-population after
four-day drug treatment in YB5 (n=3). Data are shown as mean+SEM.
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Figure 42: Anchorage-independent assay measuring colony formation after CDK9
inhibitor treatment.
A) Soft agar assays of SW48 colon cancer cells following either HH1 or MC180295 fourday single-dose pre-treatment. Data are shown as mean+SD, n=3. **p < 0.01, ***p < 0.001
(Student's t-test).
B) Soft agar assays of HCT116 colon cancer cells following either HH1 or MC180295
four-day single-dose pre-treatment (n=3). Data are shown as mean+SD. *p<0.05, **p <
0.01 (Student's t-test).
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Figure 43: Cell differentiation upon CDK9 inhibition.
A) HL60 cell differentiation measured by expression of CD11b antigen before and after
HH1 and MC180295 four-day single-dose treatment (n=3). 1μM ATRA and high
concentrations of DMSO (1.25%) were used as positive controls. Data are shown as
mean+SD. All drugs were in 0.5% final DMSO concentration. **p < 0.01, ***p < 0.001
(Student's t-test).
B) Histograms of HL60 cell differentiation measured as CD11b expression under different
conditions. The x-axis represents FITC-CD11b fluorescence intensity.
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Figure 44: In vivo anti-tumoral effects of MC180295.
A) NSG mice were inoculated (i.p.) with 1×105 SW48-luc cells. One week later, at which
time substantial tumor burden was evident by bioluminescence imaging, 5-20mg/kg
MC180295 or vehicle was administered (i.p) every other day. Images of mice before drug
treatment (week 1) after one-week (week 2), two-week (week 3) or three-week (week 4)
drug treatment are shown. Quantitative analysis of bioluminescence is shown on the right
for each mouse.
B) NSG mice were inoculated (i.p.) with 5×105 SW48-luc cells. Four days later, at which
time substantial tumor burden was evident by bioluminescence imaging, 10mg/kg
MC180295 or vehicle was administered (i.p) daily. Images of mice after one-week (top) or
two-week drug treatment (bottom). Each group contains three vehicle control mice (left
three) and three drug-treated mice (right three). Quantitative analysis of bioluminescence
is shown on the right. *p<0.05 (Student's t-test).
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Figure 45: Anti-tumoral effects of CDK9 inhibition in the ID8 ovarian cancer mouse
model.
A) Measurement of ascites fluid in the VEGF-DEF ID8 ovarian cancer mouse model is an
indicator of tumor burden; large volumes of ascites indicate a high tumor burden and are
correlated with decreased survival. In vivo treatment of this mouse model with CDK9
inhibitor SNS-032 every 3 days demonstrated a decrease in tumor burden at weeks 4 and
5 in a dose dependent manner. Addition of α-PD-1 led to a further decrease in tumor burden.
Data are shown as mean+SEM. *p<0.05, **p < 0.01, ***p < 0.001 (Mann Whitney test).
Survival of the mice in days, with median survival shown. Significance was calculated
using a log-rank (Mantel-Cox) test. *p<0.05, **p < 0.01, ***p < 0.001. 10mg/kg SNS-032
can significantly extend survival of the mice and sensitize with α-PD1.
B) Reactivation of three tumor suppressor genes hypermethylated in ovarian cancer
(selected by merging promoter hypermethylated genes identified by DREAM assay) with
known ovarian cancer tumor suppressor genes (by TSGene database)) after 24hr treatment
with CDK9 inhibitors in mouse ID8 ovarian cancer cells (n=3). Data are shown as
mean+SD. *p<0.05, **p < 0.01, ***p < 0.001 (Student's t-test).
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syngeneic immunocompetent mice and tested the anti-tumor efficacy of SNS-032 in vivo.
We found that 10mg/kg SNS-032 can reduce tumor burden (Figure 45) and extend the
survival of the mice significantly (Figure 45). Several ovarian cancer-specific
hypermethylated TSGs were reactivated in ID8 cells after CDK9 inhibition (Figure 45).
3.6 CDK9 inhibition activates endogenous retroviruses and an interferon response.
3.6.1 CDK9 inhibition triggers ERV gene activation.
Epigenetic drugs such as 5-azacytidine (a DNMTi) can trigger the IFNγ pathway
within tumor cells, in part by activation of Endogenous Retroviruses (ERVs), leading to
epigenetic immunosensitization 132,252. Thus, the immune responses and ERVs might play
an important role in the activity of 5-azacitidine in myeloid malignancies 253. Interestingly,
RNA-seq after HH1 exposure identified DNMTi and IFNγ signatures (Table 4 and Table
5), indicating that CDK9 can also influence intracellular immune pathways. To test for this
directly, we performed q-PCR for ERV expression in SW48 and HCT116 cells. Four-day
HH1 or MC180295 treatment activated the expression of several ERVs (Figure 46).
3.6.2 Identification of a CDK9 immune signature.
Next, as previously shown for DNMTi

129

, we identified 326 immune-related genes

that can be activated by HH1 (Figure 47). This CDK9 immune signature (CIM) was queried
in the TCGA database

254

and identified a subset of melanoma patients carrying high

expression of CIM and significantly better outcomes (Figure 47). A similar pattern was
also found in colon cancer

255

(Figure 47). We then queried the RNA-seq data from 19

melanoma patients treated with anti-CTLA4

256

and again found that the subset of cases

with long-term benefit tends to have a higher expression level of CIM signature genes
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(Figure 48). These data supported the hypothesis that CDK9 inhibition could sensitize to
immune checkpoint inhibitors.
3.6.3 CDK9 inhibition synergized with α-PD-1 in vivo.
We directly tested this in the ID8 immunocompetent mouse model and found that
CDK9 inhibition could sensitize with anti-PD1 in vivo (Figure 45). In this same model,
CDK9 inhibition increased the numbers of CD45+ immune cells and the percentages of
CD3+ T cells and activated dendritic cells in the tumor environment, while combining
CDK9 inhibition with checkpoint blockage further boosted the immune responses in vivo
(Figure 49). Thus, in addition to having single-agent activity, CDK9 inhibition may be a
promising strategy for epigenetic immunosensitization.
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Figure 46: ERV gene induction upon CDK9 inhibition.
A) ERV activation after four-day one-dose CDK9 inhibitor treatment in YB5 cells (n=3).
DAC was used as a positive control. Data are shown as mean+SD. *p<0.05, **p < 0.01,
***p < 0.001 (Student's t-test).
B) Endogenous retroviruses (ERV) activation after four-day CDK9 inhibition in HCT116
cells (n=3). Data are shown as mean+SD. *p<0.05, **p < 0.01 (Student's t-test).
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Figure47: CDK9 immune signature can potentially be used as a biomarker to predict
patients’ response to CDK9 inhibition.
A) Generation of CDK9 Immune Signature (CIM) gene panel. RNA-seq data was analyzed
by GSEA and 328 immune related genes were identified and upregulated after HH1 fourday treatment.
B) The CIM gene expression panel clusters TCGA melanoma patients into high and low
immune signatures and CIM-high patients have a longer survival than CIM-low patients.
C) The CIM (CDK9 Immune Signature) gene expression panel clusters TCGA colon
cancer patients into high and low immune signatures. CIM-high patients tend to have a
better survival than CIM-low patients.
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Figure 48: High CDK9 immune signature correlates with long-term benefit of antiCTLA4 treatment in melanoma.
Anti-CTLA4 treated melanoma patients with long-term benefit tend to have higher
expression levels of CIM signature related genes.
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Figure 49: CDK9 inhibition sensitizes -PD-1 in vivo.
A) In vivo treatment of mice with SNS-032 resulted in increased populations of immune
cells (CD45+) and T cells (CD3+) in the tumor microenvironment. *p<0.05, **p < 0.01,
***p < 0.001 (Mann Whitney test). Mononuclear cells isolated from ascites fluid were
washed and stained for cell surface markers and analyzed via flow cytometry.
B) In vivo treatment of mice with SNS-032 resulted in increased populations of activated
dendritic cells (CD80/CD86+ and CD11c/MHCII+) in the tumor microenvironment,
particularly with the addition of α-PD-1. Mean +/- SEM are shown. *p<0.05, **p < 0.01
(Mann Whitney test). Mononuclear cells isolated from ascites fluid were washed and
stained for cell surface markers and analyzed via flow cytometry.
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CHAPTER 4
DISCUSSION
Epigenetic mediators of gene silencing are validated cancer targets63 and there is
growing interest in their use for non-cancer conditions. The clinical efficacy of DNA
methylation and histone deacetylase inhibitors led to their US FDA approval against
hematological malignancies16. However, resistance to these drugs commonly develops and
their clinical activity in solid tumors is limited despite occasional proof-of-principle
responses. Here, we report on a novel epigenetic silencing target - CDK9 - and a new
inhibitor, MC180295, that shows nanomolar potency and has 20-fold increased selectivity
for CDK9 compared to other CDKs. Reactivation of silenced genes requires cell division
to help reset chromatin257; thus, optimization using gene expression also selected against
drugs that inhibit the cell cycle. This may explain why the optimal drug discovered shows
high selectivity for CDK9 compared to cell cycle regulating CDKs (e.g. CDK1, CDK2),
partially explaining the selectivity for CDK9 and against pan-CDK inhibitors. Our model
of the CDK9-MC180295 complex suggests that this inhibitor achieves selectivity through
the adamantyl group, not by making direct interactions to sidechains that are unique to
CDK9, but by taking advantage of a subtle structural variation in the active site. This
general principle has emerged as a paradigm to explain the selectivity of other selective
Type I inhibitors as well258,259. Interestingly, analysis of a separate chemical series also
rationalizes CDK9-selectivity on the basis of a small structural difference near the Cterminus of the hinge region, but in that case ascribes the inhibitors’ selectivity to CDK9’s
malleability rather than to the uniqueness of this particular conformation260. Excitingly,
this is the first example of kinase inhibitors as potential drugs that reverse epigenetic
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silencing. This is important because we can draw from extensive knowledge on targeting
kinases in cancer to develop strategies for clinical development, optimization and
overcoming resistance; in contrast, other protein classes involved in epigenetic regulation
may be much more difficult to target with drug-like compounds.
This is the first time to our knowledge that CDK9 is linked to maintaining gene
silencing at epigenetically repressed loci in mammals (including DNA methylated genes).
Our new data show that long-term CDK9 inhibition can preferentially reactivate
epigenetically silenced genes with minimal downregulation effects, opposing to the
canonical role of CDK9-mediated transcriptional elongation. This gene induction pattern
is broadly similar to what is seen with DNMTi, and the synergy with DNMTi suggests
potential pathways for clinical development. Mechanistically, we found that CDK9
mediated regulation of both HP1α and SMARCA4 is potentially involved in this process.
HP1α is known to recognize and bind to H3K9me2 targeted regions thus mediating
heterochromatin gene silencing. We showed that consistent with previous data in the same
model115, loss of HP1α can lead to gene desilencing at H3K9me2 marked heterochromatin
loci, including the CMV promoter region. The global gain of H3K79me2 we saw after
CDK9 inhibition might indicate a switch from a repressed H3K9me2 to an active
H3K79me2 mark at these loci. The separate observation that SMARCA4 can be directly
phosphorylated by CDK9 points to another mechanism by which CDK9 mediates gene
silencing. CDK9 mediated phosphorylation of SWI/SNF complex components, including
SMARCA4, has previously been reported in HIV-1 infected T-cells and phosphorylation
of the SWI/SNF component Baf53 can lead to its release from DNA261.
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Thus, we hypothesize that CDK9 mediated phosphorylation of SMARCA4 can also
lead to its release from gene target loci, thus preventing those regions from being
transcribed. In addition, HP1 itself has been shown to prevent SMARCA4 from binding to
chromatin262, suggesting multiple layers of regulation to ensure continued silencing at
heterochromatin. Thus, we speculate that upon CDK9 inhibition, HP1α is displaced from
chromatin and dephosphorylated SMARCA4 can be recruited to the region, leading to gene
induction (Figure 50). It is interesting to consider why CDK9 evolved to simultaneously
function to maintain high-level gene expression (at super-enhancer driven loci) and also
gene silencing (at heterochromatin loci). Presumably, rapidly cycling cells have the
potential for transcription “errors” due to the need to wind and unwind chromatin for DNA
replication, and it is likely that proteins such as CDK9 evolved to serve a rheostat function
to ensure continued high and low-level expression at newly replicated loci.
CDK targeting has been an active area of research in oncology. CDK1/2 inhibitors
have been tested as anti-cancer drugs but have generally not been very effective202, perhaps
because their main effect is cytostatic through cycle arrest. CDK4/6 inhibitors were
developed to treat Cyclin D-dependent cancers and were recently approved by the FDA for
treating ER-positive and HER2-negative breast cancer

165

. These drugs, however, have

minimal activity as single agents. A recent report on immune effects of CD4/6 inhibition
169

may explain their activity as combination therapeutics, and it is broadly similar to what

we observed here with CDK9 inhibition. CDK7/9 targeting has previously been proposed
as a strategy to suppress the expression of super-enhancer driven oncogenes (e.g. MYC)175.
CDK9 inhibitors that are also multi-CDK inhibitors have previously been shown to have
clinical activity in hematologic malignancies, but also with significant toxicity. Given the
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Figure 50: Working Model of CDK9 mediated gene suppression. CDK9 mediates gene
silencing by indirectly suppressing CBX5 expression and directly phosphorylating
SMARCA4.
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pleiotropic effects of CDKs, it is likely that broad inhibitors would indeed be toxic, and we
anticipate that more specific inhibitors (such as MC180295) would preserve anti-cancer
activity with fewer side-effects.
Finally, consistent with the concept of immunosensitization triggered by epigenetic
drugs, we identified ERV activation upon CDK9 inhibition and defined a CDK9 immune
signature that can potentially be used as a biomarker to predict patients’ responses.
However, whether the mechanism of ERV activation here is the same as that seen with
other epigenetic drugs needs to be determined. Interestingly, a recent study on epigenetic
drug (DNMTi and HDACi) mediated activation of cryptic transcription start sites in long
terminal repeats extends the concept of immunosensitization to a genome wide scale and
indicates that CDK9 inhibition might also trigger cryptic transcription start sites
activation263. This finding might explain the mechanism of ERV activation upon CDK9
inhibition. The synergistic effects we saw when combining CDK9 inhibition with anti-PD1
inhibition in vivo may provide new treatment options for cancer patients who are resistant
to immunotherapy alone.
In summary, CDK9, which is overexpressed in many cancers (based on cBioPortal
and The Human Protein Atlas analysis)264-266, has multiple properties that make it an
excellent target for drug development in cancer. CDK9 inhibition simultaneously represses
oncogenes (e.g. MYC), activates many tumor-suppressor genes, and induces a cellular
immune response that sensitizes to immunotherapy. CDK9 specific inhibitors such as
MC180295 should be tested in clinical trials as single agents, and in combination with other
epigenetic drugs or with immunotherapy.
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