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Abstract

Current cancer therapies have encountered adverse response due to poor therapeutic efficiency, severe side effects and acquired
resistance to multiple drugs. Thus, there are urgent needs for finding new cancer-targeted pharmacological strategies. In this review,
we summarized the current understanding with THZ1, a covalent inhibitor of cyclin-dependent kinase 7 (CDK7), which
demonstrated promising anti-tumor activity against different cancer types. By introducing the anti-tumor behaviors and the po-
tential targets for different cancers, this review aims to provide more effective approaches to CDK?7 inhibitor-based therapeutic
agents and deeper insight into the diverse tumor proliferation mechanisms.
© 2019 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction especially for the patients at advanced cancer stages.

Thus, needs to find new pharmacological strategies for

Recent advances in the development of anticancer
agents have largely improved the prognosis and sur-
vival rate of cancer patients. However, current cancer
therapies sometimes encounter adverse response in
some subsets of patients due to poor therapeutic effi-
ciency, undesirable toxicity and acquired resistance,
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the intractable cancers remain nonnegligible. Basically,
tumor oncogenes include transcription factors that
cooperate with the general transcriptional machinery in
order to sustain the oncogenic state." However, phar-
macological inhibition aiming at transcription factors
directly has been proven insufficient.” This has led to
the development of molecules that specifically inhibit
various enzymatic cofactors of the transcriptional
machinery, which have been found to be promising
therapeutic candidates such as the cyclin-dependent
kinases (CDKs).” In this respect, different CDK in-
hibitors have been reported with anti-tumor properties
based on the preclinical and clinical studies.” CDK7,
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associated with the transcription initiation factor tran-
scription factor II (TFII) H, has multiple functions
including regulating cell cycle and mediating phos-
phorylation of RNA polymerase II (RNAP II) within
the transcription machinery.” In 2014, THZ1 has been
firstly reported as a potent covalent inhibitor of CDK7,
and exhibited unprecedented anti-proliferation
behavior against tumor cells of different genotypes
and phenotypes both in vitro and in vivo. The anti-
tumor property of THZ1 has been discussed by
Kwiatkowski et al® through screening over 1000 cancer
cell lines. THZ1 possesses half-maximum inhibitory
concentration (ICsg) values less than 200 nM against
53% of the cell lines tested. Notably, treatment with
THZ1 was highly specific for only cancerous cell lines
and demonstrated no obvious toxicity to normal human
cell lines. The common genomic features from 527
THZ1-sensitive cancer cell lines have been illustrated
via combined method of elastic net regression with
gene ontology term enrichment analysis. The data re-
flected a strong enrichment of factors participating in
RNAP II-driven transcriptional regulation and onco-
genic transcription, which indicated that the dominant
anti-tumor activity of THZI comes from the ability to
modulate transcription of cancerous cells. Based on the
biology and molecular structure of THZI, various
CDK7 inhibitors such as QS1189,” SY-1365° and
ICEC0942° have been developed and identified to have
promising anticancer effects in mantle cell lymphoma,
ovarian cancer and breast cancer respectively.

Aiming at emphasizing the importance and new
possibilities brought by THZI1 in anticancer agent
development, we reviewed and summarized the current
understanding with THZI, including the anti-tumor
behaviors and the potential targets from different
cancer types, with the purpose of providing more
effective approaches to CDK?7 inhibitor-based thera-
peutic agents and deeper insight into the diverse tumor
proliferation mechanisms.

CDK?7 inhibition: duel effects on cell-cycle and
transcription regulation

Functions of cell-cycle CDKs depend on CDK-
activating kinase (CAK) activity of CDK7

Cell cycle in all eukaryotic cells, including human
cells is driven by sequential activation of cyclin-
dependent kinases (CDKs).4 For tumors, normal cells
are transformed to malignant clones directly or indi-
rectly by the deregulation of cell cycle machinery. In
some cases, the activity of CDKs is often increased due

to the deactivation of CDKs inhibitor proteins by point
mutations, gene deletions or silencing. Some CDKs
themselves may be deregulated, such as the over-
expression and amplification of CDK4 and CDK6
found in some tumors. Additionally, some CDKs such
as CDK1 and CDK?2 are activated by overexpression of
their respective cyclins (A, B, D, E) instead of gene
mutations. The overexpression of cell-cycle related
CDKs allows hyperphosphorylation on multiple sub-
strates which supports the tumor cells to proceed with
cell cycles despite of unfavorable extra- or intra-
cellular environment. CDKs that are responsible for
cell-cycle require activation of T-loop phosphorylation
for their full functions. CDK7 is a major CAK in
mammals and participates in regulating the cell cycle.
Despite that some evidence showed existence of other
CAKs,'” removal or chemical inhibition of CDK7
blocks CAK activity of whole-cell extracts.'"'> For
example, selective inhibition of CDK7 in HCT116
colon cancer cells induced inactivation of both CDK1
and CDK2 and caused cell-cycle arrest at both G1/S
and G2/M phase.13 Moreover, the CDK4 and CDK6
activation is reported to be enhanced by CDK7 T-loop
phosphorylation, thus, CDK4 and CDKG6 lose their
functions immediately after CDK7 inhibition in human
cells.'” Intense studies have demonstrated the domi-
nant role of CDK7 in cell-cycle machinery.

CDKT7 regulates cellular transcription

RNAP II (Pol II) is a protein complex which cata-
lyzes DNA transcription in eukaryotes, to produce
precursors of messenger RNA (mRNA), small nuclear
RNA (snRNA) and microRNA. These processes are
driven by general transcription factors (GTFs) including
TFIIA, TFIIB, TFIID, TFIIE, TFIF and TFIH."™'
Among the GTFs, TFIIH have multiple functions in
transcription of various protein-coding genes and
nucleotide excision repair (NER) pathways of DNA.
TFIIH is a protein complex containing 10 subunits, 7 of
which form the core complex including xeroderma
pigmentosum type D (XPD), xeroderma pigmentosum
type B (XPB), p62, p52, p44, p34 and trichothiodys-
trophy group A (TTDA). The CAK subcomplex which
consists of CDK7, menage a trois 1 (MAT1) and cyclin
H, is linked with the core by XPD (ATP-dependent
helicase) protein. During the initiation of transcription,
TFIIH opens the core promoter DNA by helicase, while
CDK7 phosphorylates the C-terminal domain (CTD) of
RNAP 1II at Ser5 and Ser7 together with other tran-
scription factors controlling the initiation-to-elongation
transition.'” The phosphorylation of CTD is crucial in
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the recruitment of RNA processing factors and histone
modification enzymes.'® Multiple studies have indi-
cated CDK7 is essential for the timely execution of
transcription in initiation, capping, pausing and pro-
ductive elongation process.'” Thus, CDK7 inhibition
may provide new targeted therapeutic method against
cancer types with unsatisfying prognosis and overcome
serious side effects accompanied by agents with broad
anti-proliferation mechanisms.

A covalent inhibitor of CDK7: THZ1

The deregulation of CDKs is often observed in
different types of tumor cells, which makes them po-
tential targets in cancer therapies. A list of agents
targeting different CDKs have been synthesized or
extracted from natural products, and some of them
have been introduced in early or advanced clinical
trials.* Kwiatkowski et al® reported a covalent inhibitor
of CDK7, THZ1, which demonstrated high selectivity
of target and great potential in anti-tumor therapy
against different types of cancer in vitro and in vivo.

Through mass spectrometry, the THZ1 binding site
on CDK7 was identified to be at C312, which is a
residue outside the kinase domain. Docking model of
THZ1 with CDK7 crystal structure demonstrated that
the C-terminal of CDK7 bearing C312 residue tra-
verses the adenosine triphosphate (ATP) cleft in the
kinase domain, where C312 directly connects to the
acrylamide site of THZI1 possibly through Michael
addition reaction. The binding site position of CDK7
was also confirmed by the fact that THZ1 lost its
ability to inhibit RNAP II in an irreversible fashion
when changing the CDK7 C312 residue to serine by
mutation.® In addition, the reactive acrylamide group
on THZ1 was found essential for binding with nucle-
ophilic C312 residual of CDK?7. Altering the carbon-
carbon double bond of acrylamide moiety of THZI
to single bond afforded THZI-R, which largely
weakened its CDK7 inhibition activity.” In summary,
THZI1 is a highly rare inhibitor to target a residue out
of the kinase domain, which provides covalent selec-
tivity compared with other CDK inhibitors. Besides
CDK7, THZ1 also demonstrated inhibition effect on
CDK12/13 when with higher concentration. This may
be related with structural similarity of CDK12/13 and
CDK7, which also has a cysteine within four residues
of C312.%%

Further research has also been conducted by Nilson
et al'” who looked into the detailed influence brought
by THZ1 to each step of transcription process. By
in vitro transcription analysis with nuclear extract, they

have found THZ! inhibited all essential phosphoryla-
tion of RNAP II large subunit CTD. THZI particularly
inhibited capping of G21 transcripts and also down-
regulated capping of longer transcripts. Besides, a
THZ1-sensitive factor was recognized from HeLa cell
nuclear extract that modulated guanylylation of
nascent RNAs. The pausing process was also inhibited
by THZI1 through block of 5,6-dichloro-1-B-D-ribo-
furanosylbenzimidazole (DRB) sensitivity inducing
factor (DSIF) and negative elongation factor (NELF)
loading. Moreover, THZ1 downregulated the process
of positive transcription elongation factor b (P-TEFb)-
dependent transition into productive elongation, which
was probably due to loss of DSIF. In conclusion, THZ1
negatively influenced multiple transcriptional pro-
cesses including RNAP II phosphorylation, co-
transcriptional capping, promoter proximal pausing
and productive elongation via inhibition of CDKZT.
Generally, due to the multiple roles that CDK7 plays
both in cell-cycle control and transcription process, the
THZ1 anticancer mechanism proposed in the current
reports can be summarized in two aspects (Fig. 1)
(1) THZ1 caused cell-cycle arrest by blocking the
function of CDK7 as CAK to activate other CDK
members which are essential in cell mitosis; (2)
THZ1 downregulated the oncogene transcription on
super-enhancer (SE) area by inhibition of CDK?7.

Anti-tumor activity of THZ1: in vitro & in vivo
Human T-cell acute lymphoblastic leukaemia (T-ALL)

T-ALL represents approximately 12%—15% of all
newly diagnosed acute lymphoblastic leukaemia
(ALL) cases in pediatric patients with distinctive fea-
tures of immunophenotypic diversity. A leukemic
lymphoblast is created by several characteristic genetic
changes including chromosomal translocations, intra-
chromosomal rearrangements, changes in the number
of chromosomes in leukemic cells, and additional
mutations in individual genes.”” T-ALL cell lines were
screened against THZ1 and some were found to be
extremely sensitive to THZ1. The drug treatment under
50 nM concentration (mostly 1 nM) within 72 hours
profoundly decreased cellular proliferation of a T-ALL
panel containing Jurkat, KOPTK1, Loucy and DND-
41, while the non-transformed cell line, BJ fibroblasts
and retinal pigment epithelial cells (RPE-1) demon-
strated much higher tolerance against THZ1. The
Jurkat and Loucy were monitored by fluorescent-
activated cell sorting (FACS) analysis with annexin V
and propidium iodide (PI) staining after being
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Fig. 1. Double influences brought by THZ1 in cell-cycle and transcription process. CDK: cyclin-dependent kinase; Pol II: RNA polymerase II.

incubated with THZI at several time points which
clearly indicated THZ1 induced apoptosis in both
cancerous cell lines even at low compound concen-
trations. The immunoblot analysis results have also
suggested that THZ!1 inhibited RNAP II CTD phos-
phorylation and simultaneously reduced the anti-
apoptotic proteins of Jurkat and Loucy cell lines,
especially for myeloid cell leukemia-1 (MCL1) and X-
linked inhibitor of apoptosis protein (XIAP).°

The cell-cycle progression of normal cell lines with
THZ1 treatment was monitored by flow cytometer
after permeabilization and Pl-staining. The result
indicated the insensitivity of normal cell lines against
relatively high concentration of THZ1 by observing
normal cell lines which only presented cell-cycle arrest
instead of initiating apoptosis process.”

The strong toxicity THZ1 possessed even at a quite
low concentration suggested the T-ALL cell lines are
extremely sensitive to perturbations occurring in
CDK?7 kinase function and transcription. Consistent
with the in vitro results, the in vivo anti-proliferation
test against a bioluminescent xenografted mouse
model bearing the human T-ALL cell line KOPTK1
turned out to be significantly efficient with THZ1
treatment at a dosage of 10 mg/kg and twice daily.
Notably, the treatment demonstrated no obvious side
effects based on the mouse behavior and body weight
change, which is in accordance with the cell line test
results.’

Kwiatkowski et al® looked at the gene expression
changes occurring in Jurkat cells and identified global
mRNA downregulation in cells after THZ1 treatment.
They have also found a group of genes that was
particularly sensitive to low concentration of THZI1 in
Jurkat cells, among which the RUNXI gene was the
most profoundly affected. Meanwhile, the transcripts
downregulated by THZ1 showed significant similarity

with the downregulated genes induced by RUNXI
knock-down. Actually, RUNXI together with T-cell
acute leukemia 1 (TAL1) and GATA binding protein 3
(GATA3), forms a feed-forward autoregulatory loop
that maintains the oncogenic transcription program in
T-ALL cells. Additionally, by SE analysis, RUNXI in
Jurkat cell was found to contain exceptionally large SE
domain related with haematopoietic-cell-specific
enhancer. The SE-regulated tumor oncogenes can be
overexpressed while they are quite vulnerable to
perturbation. This also gives an explanation for the
extra THZ1 sensitivity of T-ALL cells out of other
cancer types.

Human MYCN-amplified neuroblastoma (NB)

Many types of human cancers have been identified
to rely on the overexpression of MYC oncoproteins
which stimulate global gene transcriptional amplifica-
tion and induce tumor proliferation through upregu-
lating the gene expression involved in multiple
processes. As a result, the MYC dependent cancers are
usually aggressive and bring poor clinical outcome.”
The deactivation of MYC in cancerous cells has been
proven to give multiple therapeutic benefits due to
inhibition of tumor proliferation and causing tumor
regression.”* The deregulation of MYC is usually
realized by the formation of large tumor-specific SE in
the region surrounding the MYC gene, which promotes
intensive expression of various genes including MYC.>
This molecular mechanism gives us an important hint
that the strategies disrupting the SE-related MYC
transcription may be a promising therapeutic solution
for diverse MYC-dependent cancers. Regarding to this,
the function of CDK7 is known to activate CDKs,
phosphorylate RNAP II and other transcription factors.
Thus, the inhibitor of CDK7 may provide a possible
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method to block MYC-dependent transcriptional
amplification of cancer cells.

Chipumuro et al’® investigated the anti-tumor ac-
tivities of THZ1 against the MYC-deregulated cells
using MYCN-amplified neuroblastoma as a typical
model. To compare the anti-tumor efficiency of
different CDK inhibitors, the toxicity of 11 candidates
has been screened against MYCN-amplified cell lines.
The CDK?7 inhibitor THZ1 demonstrated the highest
potency with ICso ranging from 6 to 9 nM. This
molecule was further tested with a larger library of
cancer cell lines which can be divided by MYCN-
amplified group and MYCN-non-amplified group. The
ICsy of THZ1 against MYCN-amplified cell lines is
about 10 times lower compared with MYCN-non-
amplified group, while non-transformed cell lines NIH-
3T3 and B6-MEFs turned out to be most insensitive.
Interestingly, the reduced THZ1 derivative, THZ1-R
also demonstrated some cytotoxicity against NB cell
lines, however with less potency, which indicates the
acrylamide group is not the only active site in the
THZ1 molecular structure. In addition, MYCN-ampli-
fied cell lines underwent apoptotic process after treat-
ment with THZ1 which has not been identified in
MYCN-non-amplified group via the FACS analysis.
The results suggested THZ1 possessed selective cyto-
toxicity with MYCN-amplified cell lines.

The tolerance of THZ1 was evaluated in non-tumor-
bearing mice with a dose of 10 mg/kg intravenously
twice daily. Within a duration of 4 weeks, no obvious
toxicity was found. The anti-tumor efficiency was
tested by employing xenograft models of MYCN-
amplified human NB derived from subcutaneous flank
injection of Kelly cells. The treatment with vehicle and
THZ1 was started when the tumor volume reached
suitable sizes. As a result, the tumor volume was
profoundly reduced after 28-day treatment with THZ1
with no obvious side effects observed. Two mice out of
14 remained no tumor relapse at 35 and 128 days after
treatment. The target engagement was confirmed
through pull-down experiment of CDK?7 in cell lysates
from both vehicle and THZ1 treated mice with biotin
labeled THZ1.”°

By evaluating functions of CDK?7, the influence
brought by THZ1 was investigated. On one hand,
CDK7 has effects on regulation of transcription by
controlling RNAP II CTD phosphorylation and also
affecting elongation through the CAK activity to
stimulate other transcriptional CAKs.””** The immu-
noblot analysis of RNAP II phosphorylation has
demonstrated a dose-dependent decrease in the
initiation-associated serine 5 (S5) and serine 7 (S7) and

elongation-associated serine 2 (S2) RNAP II phos-
phorylation both in MYCN-amplified cells and in tumor
cells from the animal model treated with THZ1. What's
more, significant loss of antiapoptotic protein MCL1 in
MYCN-amplified cells after THZ1 incubation was also
observed. These findings were not identified in the
MYCN non-amplified cells under the same circum-
stances, which strongly suggest the MYCN-over-
expression cancer cell lines are sensitive to THZ1.%°

On the other hand, CDK?7 is also known to stimulate
cell division by activating the T-loop phosphorylation
of CDK1, 2, 4 and 6. The Kelly and IMR-32 cells
treated with THZ1 demonstrated a time-dependent
decrease in CDK2 phosphorylation and also in other
proteins related with cell-cycle regulation including
phosphorylated retinoblastoma protein (pRb) and
cellular transcription factor (E2F). In conclusion,
THZ1 affected MYCN-amplified cells by transcription
inhibition and also cell-cycle process downregulation.
Actually, the expression profiling of THZ1-incubated
Kelly and IMR-32 cells indicated the percentage of
actively transcribed genes downregulated by 63% and
68% respectively. Among the genes downregulated, the
most affected gene sets include transcriptional and
cell-cycle regulators including transcripts of CDKs and
their partner cyclins. Notably, MYCN mRNA was
ranked in the top 15% of significantly downregulated
transcripts in NB cells. The disruption of MYCN
function by THZ1 is also reflected by the profound
decrease of binding with two MYCN transcription tar-
gets, MDM2%° and MCLI1.*° Besides, the expression
profiles of the cancer cells treated with THZ1 have
significant similarity with cells exposed to the general
transcription inhibitor actinomycin D. These data
altogether suggested the treatment of THZI against
MYCN-amplified cells brought widespread transcrip-
tional downregulation and also specifically suppressed
the MYCN mRNA and protein levels.”®

Based on the super-enhancer associated MYC tran-
scriptional amplification machinery, Chipumuro et al*
investigated possible contribution of SEs to the high
sensitivity of MYCN-amplified cells against THZ1. By
employing chromatin immunoprecipitation coupled
with high-throughput sequencing (ChIP-seq) analysis
coupled with histone H3K27 acetylation and H3K4
monomethylation colocalization, strong enhancers
with extra high signal have been recognized. From the
result, the most activated SE is associated with the
MYCN oncogene itself, and the remaining top-ranked
SEs include PHOX2B,”' GATA2,”> HAND2,” and
DBH,** which are transcription factors related with
sympathetic neuronal development and cell identity.
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The receptor tyrosine kinase anaplastic lymphoma ki-
nase (ALK) is also in the top SE rank, which is a
known major oncogenic driver in NB cells.*

The ChIP-seq analysis of RNAP II was applied to
both MYCN-amplified Kelly cells and MYCN non-
amplified SH-SYSY cells after THZ1 and dimethyl
sulfoxide (DMSO) treatment separately. Both cell lines
demonstrated higher RNAP II occupancy at SE asso-
ciated gene region compared to the regular enhancer
(RE) genes. The RNAP II occupancy of RE genes in
both cell lines after THZ1 treatment has not been
affected much, while the RNAP II binding with the SE-
associated gene in MYCN-amplified Kelly cells rather
than the MYCN non-amplified SH-SYS5Y cells was
significantly decreased. Based on these facts, the
author argued the selectivity of THZ1 against MYCN-
amplified cells is highly related with the SEs.”*

In conclusion, THZ1 has potent anti-tumor effect
against the MYCN-amplified NB cells and in xenograft
mouse models of MYCN-amplified human NB. The
THZ1 treatment inhibited MYCN-driven global tran-
scription amplification and produced significant tumor
regression without introducing detectable side-effects
both in vitro and in vivo. The striking selectivity
against MYCN-amplified cells is related with prefer-
ential downregulation of the SE-associated genes.

Small cell lung cancer (SCLC)

In general, about 10%—15% of lung cancers are
diagnosed as small-cell lung cancer (SCLC). SCLC is
the most malignant type of lung cancer with high mor-
tality and rapid development of drug resistance. In
clinical treatment of non-small-cell lung cancer
(NSCLC), therapeutics targeting known oncogenetic
drivers such as epidermal growth factor receptor (EGFR)
and ALK are proven effective,”® while the therapeutic
methodology of SCLC has no significant progress due to
the poor understanding of the etiology of SCLC. Thus,
numerous efforts have been put to discover efficient
treatment targets. SCLC is defined by inactivation of p53
and retinoblastoma (RB),”” and developed mainly from
pulmonary neuroendocrine cells (PNECs).”® The SCLC
cells exhibit high expression level of many neuroendo-
crine genes, especially the transcription factors respon-
sible  for  neuroendocrine  development  and
differentiation of tissues. They play key roles in tumor-
initiating, survival, tumor proliferation and growth,
which includes neuroendocrine differentiation regulator
achaete-scute homolog 1 (ASCL1),”” lineage-specific
transcription factor NEUROD1* and proto-oncogene
MYC, MYCN and M YCL*' In addition, the Sry-related

HMG box (SOX)-family genes, including SOX2 have
also been found to be overexpressed in many SCLC
cancer cells.”” These findings provided possible ap-
proaches that the inhibition of such factors would be the
short-cut for SCLC targeted therapy.

Christensen et al*’ have evaluated the sensitivity of
SCLC by conducting a high-throughput cellular
screening of a chemical library consisting of over 1000
small molecules that are at experimental or clinical
stage for cancer therapies. Based on the screening re-
sults, the top 15 inhibitors with high efficiency have
been identified. They can be mainly divided into three
categories: (1) transcription inhibitors; (2) cell-cycle
inhibitors; (3) the mammalian target of rapamycin
(mTOR)-phosphatidylinositol 3-kinases (PI3K)
pathway inhibitors. THZ1 was among the high ranking
inhibitors, which also exhibited anti-tumor potency
against T-ALL via downregulation of key oncogenic
transcription factors. The authors also screened other
CDK inhibitors including dinaciclib (CDK1, CDK2,
CDKS5 and CDK9) and flavopiridol (CDK1, CDK2,
CDK4, CDK6, CDK7, CDK12 and CDKI13) against
murine SCLC cells and mutant Kras-driven murine
NSCLC cell lines. THZ1 showed anti-tumor efficiency
and good selectivity with ICsq at 75—100 nM for
murine SCLC and about 750 nM for NSCLC cells.
While dinaciclib and flavopiridol possessed similar
1Cs( with THZ1, however, they were lack of specificity
to SCLC cell lines."

The THZ1 anti-tumor efficiency was also tested
in vivo by using mouse models with autochthonous
SCLC disease and monitored at thorax region with
magnetic resonance imaging (MRI). In order to
compare with the standard clinical chemotherapy,
another group of SCLC bearing mice was treated with
cisplatin and etoposide (Cis-Eto). Within 2 weeks of
treatment at a dose of 10 mg/kg, twice a day, the THZ1
treatment group showed significant suppression of
tumor growth, and 2 out of 9 mice had more than 90%
reduction in tumor size. Three mice showed partial
response and 4 had stable disease. The result obtained
with single-reagent THZ1 treatment is comparable
with Cis-Eto at the response and survival rates.
Importantly, THZ1 treatment-related toxicity was not
recognized in reduced pigmentation (RP) mice model
in contrast with chemotherapy. Notably, attempt that
combines THZ1 and Cis-Eto did not show apparently
improvement in the tumor treatment for the same mice
model. Similar sensitivity against THZ1 was observed
in SCLC lung tumor cells and liver metastases cells,
indicating the efficiency against both primary and
metastatic SCLC cells.*’
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Consistent with other cancer cells treated with
THZ1 in the former discussion, the RNAP II CTD
phosphorylation is also found decreased in SCLC
tumor tissue. Thus, it is not hard to predict that the
SCLC cells with amplification of MYC genes may
respond to THZ1 very well as seen in the case of Jurkat
cells. In fact, the human SCLC cells possessing am-
plifications in each of the MYC genes are confirmed to
be significantly sensitive to THZ1. The low effective
dose of THZI1 also suggested the chemorefractory
NCI-H69, GLC16 and NCI-H82 cell lines are quite
sensitive to THZ1, while their response to Cis-Eto is
not good. The sphere-forming morphology of SCLC
cells was disrupted after incubation with THZ1 for 12
hours in 3D culture.*’

The gene expression profiling of human SCLC cell
lines, HCI-H69, GLC16 and NCI-H82 treated with
100 nM THZ1 was investigated by gene ontology (GO)
analysis, and the most sensitive transcripts turned out to
be involved in DNA-dependent transcription. Gene
enrichment analysis of transcription factor binding sites
indicated the E2F, nuclear respiratory factor 1 (NRF1)
and cyclic adenosine monophosphate (cAMP) response
element binding protein (CREB) is especially sup-
pressed by THZ1. These genes all contain transcription
factors binding motifs. Interestingly, the most THZ1-
downregulated E2F transcription factor binding sites
are significantly enriched in SCLC cells in contrary to
NSCLC cells. This phenomenon suggested E2F may
play a dominant role in SCLC cell pathogenesis. By
employing ChIP-seq analysis coupled with histone
H3K27 acetylation in untreated human SCLC cells,
strong enhancers with extra high signal have been
recognized. From the result, the highly activated SE is
associated with the RNAP II-mediated transcription,
embryogenesis and neural development.*’

The SEs associated with SOX2 and NFIB were found
in both NCI-H69 and GLC16 cell lines, which have been
reported as proto-oncogenic transcription factors in
SCLC.*** In the same cell lines, the neuroendocrine
transcription factor ASCLI™* was identified to be asso-
ciated with one of the largest typical enhancers (TEs).
Besides, insulinoma-associated protein 1 (INSM1) was
also recognized to be an SE-associated transcription
factor gene on the top of list. On the other type of SCLC
cell line, HCI-H82, NEURODI gene was found to be
associated with large TEs. SE at OTX2 gene demon-
strated second high histone H3K27ac signal where MYC
gene ranked at the top."’

Comparing the enrichment analysis of THZI-
sensitive transcripts with the SE-associated genes
leads to the conclusion that THZ1-sensitive transcripts

are enriched in the SE-associated gene list. Moreover,
genes associated with SEs and large TEs exhibit extra
vulnerability upon THZ1 treatment rather than genes
associated with general enhancers, suggesting the
downregulation effect of THZ1 may depend on the
enhancer size. Different from the NB cell lines, THZ1
demonstrated similar toxicity against SCLC cell lines
with or without MYCN, C-MYC or MYCL amplifica-
tion. Instead of the MYC family, the master transcrip-
tion factor of lung neuroendocrine differentiation,
ASCLI stood out as dominant oncogene candidate in
SCLC based on the observation that ASCLI was
among the top 2% most decreased genes after THZ1
treatment.*

Recently, Cheng et al*® also reported the anti-tumor
activity of THZ1 against NSCLC through in vitro in-
vestigations. The NSCLC cell line H1299 responded to
THZ1 significantly with 48 h incubation at compound
concentration of 50 nM, while other NSCLC cell lines
H292, H23, A549 also demonstrated a dose-dependent
inhibition at higher THZ1 concentrations. The author
investigated the mRNA expression levels of the genes
closely involved in cell-cycle regression of H1299 by
real-time polymerase chain reaction (RT-PCR). The
cell-cycle regulatory genes of G2/M phase were pro-
foundly suppressed by 50 nM THZ1, including CDK1,
CCNB and CDC25B, suggesting inhibition of CDK7
activity as CAK by THZI treatment."

Triple-negative breast cancer (TNBC)

Similar to SCLC, triple-negative breast cancer
(TNBC) also exhibits high genetic complexity with
high rate of point mutation, gene amplification and
deletion.”” In contrast with hormone receptor-positive
breast cancers, TNBC is lack of common feature in
gene expression except the tumor suppressor genes
(INPP4B, TP53 and PTEN)."® Thus, finding a sensitive
therapeutic target for TNBC is an urgent need. Based
on former research with THZ1, the overexpression of
oncogenic driver genes (including MYC, MYCN and
RUNX1) has been identified in different types of cancer
cells. These genes are highly dependent on the constant
active transcription, which is often promoted by SEs.
The striking vulnerability of these genes makes
THZI selectively suppress tumor development factors
through targeting transcription machinery before
harming the non-cancerous cells.”**”

Wang et al”’ investigated the THZ1 toxicity against
a list of cell lines belonging to TNBC or estrogen and
progesterone receptor positive (ER/PR™") breast can-
cer. The TNBC cell lines were significantly inhibited
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by THZ1 with ICs, less than 70 nM, while the ER/
PR" breast cancer was not affected even under
micromolar concentration of THZ1. The THZI
selectivity against only TNBC cell lines can be also
confirmed by the cellular morphology of both types of
breast cancer cell lines. THZ1 only induced apoptosis
in TNBC cells without affecting the ER/PR" cell line
viability. Moreover, the CDK?7 activity was equally
suppressed by THZ1 in both types of cancer cells,
reflected by the same level of CTD phosphorylation
downregulation at Ser2, Ser5 and Ser7 position. This
result suggested that the TNBC cell lines are more
dependent on the CDK?7 functions than ER/PR™ breast
cancer. Another important function of CDK?7 is regu-
lating of cell-cycle as CDK-activating kinase (CAK).
In MYCN-amplified NB cells, THZ1 was found to
induce cell-cycle arrest at G2/M phase. However, the
THZ1 treatment did not affect the mitosis process of
TNBC cells according to the live-cell imaging analysis
of MDA-MB-468 cell line. In conclusion, the sensi-
tivity of TNBC to CDK7 inhibition is probably not
from a role of CDK7 in directly regulating cell-
cycle.”’

The authors also investigated THZ1 toxicity against
non-transformed BJ fibroblasts and retinal pigment
epithelial cells. The immunoblotting analysis of
TNBC, ER/PR™ breast cancer cell and normal human
cell lines was conducted after 24 h of treatment with
100 nM THZ1. The only cell line undergoing apoptotic
process indicated by the induced cleavage of poly-
adenosine diphosphate-ribose polymerase (PARP) and
cleaved caspase-3 (CC3) was TNBC while ER/
PR" breast cancer cell and normal cells were not
affected. It is noteworthy that the RNAP II CTD
phosphorylation was suppressed equally in all tested
cell lines yet resulted in totally different cellular lia-
bility, suggesting again the TNBC proliferation is
significantly dependent on transcription.””

Although THZ1 has shown selective potency against
tumor cell growth, the short half-life of THZ1 in vivo
(45 min in mouse plasma) will limit its clinical per-
formance. To improve the pharmacokinetic stability of
the THZ1, a molecule structural modification was made
to change the acrylamide group from para- to meta-
position affording THZ2. The modified molecule THZ2
exhibited 5 times longer half-life in mouse plasma and
also selectively inhibited CDK7 activity. The anti-
tumor potency is confirmed to be comparable with
THZ1 to specifically inhibit TNBC without affecting
ER/PR" breast cancer and non-transformed cells.”

The anti-tumor efficiency of THZ2 in vivo was
investigated with different mouse models including an

orthotopic xenograft model with transplanted TNBC
cell line MDA-MB-231 and two patient derived
xenograft (PDX) models bearing TNBC cell line
DFBC11-26 and DFBC13-11. The PDX models were
the non-obese diabetic-severe combined immunodefi-
ciency (NOD-SCID) mice transplanted with tumor
fragments of patients with metastatic TNBC. Upon
treatment of 25 days with 10 mg/kg of THZ2 twice
daily, the tumor growth in xenograft model carrying
MDA-MB-231 was significantly decreased. During
this period, no side effect such as body weight loss was
observed, suggesting THZ2 was well-tolerated in this
model. Like THZ1, immunoblotting of tumor lysates
harvested from MDA-MB-231 bearing mice after 2-
day treatment with THZ2 showed downregulation of
the CTD phosphorylation at S2, S5 and S7. However,
the PDX models demonstrated body weight loss during
THZ2 treatment, which indicated undesirable cyto-
toxicity. The PDX models were then tested with THZ1
in the same fashion, resulted in remarkable inhibition
of tumor proliferation in both patient-derived cancer
cell lines reflected by the loss of tumor cellularity and
disease regression.””

In order to identify other transcriptional CDKs that
could also be the therapeutic targets for TNBC besides
CDKY7, clustered regularly interspaced short palin-
dromic repeats (CRISPR)/CRISPR associated protein 9
(Cas9) methodology was introduced to remove six
known transcriptional CDKs (CDK7, 8, 9, 12, 13 and
19) separately in different breast cancer cell lines. The
studies suggested CDK9 was another transcriptional
CDK required by both TNBC and ER/PR" breast
cancer cell growth. Interestingly, ER/PR™ breast can-
cer cell line ZR-75-1 was not largely affected by
removal of CDK7, which well explained the selective
vulnerability of TNBC against CDK7 inhibitors.””

In addition, the author further proposed that certain
genes overexpressed only in TNBC, but not in ER/
PR breast cancer cells, are responsible for the specific
sensitivity to THZ1. By comparing the genome-wide
expression data of two TNBC cell lines with two ER/
PR™ breast cancer cell lines, 451 genes were found to
be overexpressed only in TNBC and especially sensi-
tive to THZI1. Eventually, a list of genes associated
with transcriptional regulators and signaling factors in
TNBC were illustrated and named as “Achilles clus-
ter”, which are possible mediators of the response to
THZ1. Interestingly, 40% of genes included in Achilles
cluster were associated with SEs in TNBC cells. The
expression of SE associated genes in TNBC was
typically sensitive to THZ1 treatment, according to
microarray expression analysis. This phenomenon has
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been also observed in other cancer cells which
demonstrated remarkable sensitivity against THZI
such as MYCN-amplified NB and SCLC.”"

In order to identify potential THZI therapeutic
target in Achilles cluster, 8 SE-associated genes were
chosen as candidates for CRISPR/Cas9-mediated gene
editing analysis. Among which, EGFR, Fos-like anti-
gen 1 (FOSLI), forkhead box C1 (FOXCI), MYC and
sex-determination region Y (SRY)-related high
mobility group (HMG)-box gene 9 (SOX9) turned out
to be specifically essential for TNBC proliferation
rather than ER/PR™ breast cancer cell line. Addition-
ally, knock out of EGFR and SOX9 genes suppressed
cellular viability and induced apoptosis in TNBC cells.
EGFR was reported as a therapeutic target for TNBC
by Corkery’' and Ueno’”. Thus, three EGFR kinase
inhibitors (erlotinib, gefitinib and lapatinib) were
tested against TNBC cell lines together with THZI.
However, the anti-proliferation activity of EGFR ki-
nase inhibitors was poor against TNBC. In fact, kinase
inhibitors of EGFR did not provide satisfactory results
in TNBC clinic trials either. In contrast, targeting
transcription of EGFR by THZ1 seems to be much
more efficient instead of directly suppressing the ki-
nase activity of EGFR in TNBC therapy. Similar to
formerly studied cancer types, SE-associated tran-
scripts were found to be especially THZ1-sensitive in
TNBC and appeared as key targets of THZI
treatment. "7

Peripheral T-cell lymphomas (PTCL)

Peripheral T-cell lymphomas (PTCL) are a diverse
group of aggressive lymphomas with poor response to
chemotherapy. There are still no efficient targeted
therapies to some subtypes of PTCL, as a result, PTCL
patients usually suffered from severe side effects
induced by combination of chemotherapy agents such
as cyclophosphamide, doxorubicin, vincristine and
prednisone (CHOP).™ Thus, new therapeutic protocol
or agent with specific targets and minimal toxicity is
highly desirable.

Cayrol et al’* conducted drug efficacy screening over
101 known anti-cancer molecules and indentified 4
most potent agents for anti-proliferation of PTCL cell
lines. They are: (1) romidepsin, inhibitor of lysine
deacetylases (KDAC), (2) bortezomib and carfilzomib,
inhibitors of proteasome and (3) actinomycin which
suppresses transcription by inhibiting elongation of
RNA chain.”® Taking clinical data into consider-
ation, only about 25% of PTCL responded to agents
targeting KDAC and proteasome pathway.’® Thus, it is

reasonable to further explore inhibitors targeting tran-
scription, which may provide new therapeutic methods.
Despite the potent anti-proliferation activity to PTCL
cell lines, actinomycin inhibits RNA elongation assisted
by RNAP II, which blocks global transcription pathway
and leads to serious side effects. Instead, THZ1 as a
covalent inhibitor of CDK7, selectively downregulates
RNAP II CTD phosphorylation, may provide a new
solution to PTCL targeted therapy. In former discussion,
THZ1 has exhibited promising anti-tumor potency
against a diverse collection of cancers without obvious
side effects observed in vitro and in vivo.

In order to identify if treatment targeting CDK7
could be effective against PTCL, two most commonly
seen subtypes of PTCL, PTCL not otherwise specified
(PTCL-NOS) and anaplastic lymphoma kinase-
negative anaplastic large cell lymphoma (ALCL-
ALK"#) were chosen for analysis. Among 18 PTCL-
NOS and 17 ALCL-ALK"® patients, 50% and 100%
were found with nuclear expression of CDK?7 respec-
tively. Overexpression of CDK7, together with another
two components of TFIIH complex, MAT1 and cyclin
H were also identified in PTCL-NOS and ALCL-
ALK"™® cell lines compared with normal T cells from
tonsils. All of the results indicated most PTCL is
highly dependent on the existence of CDK7.”

As expected, THZ1 demonstrated significant anti-
proliferation effect against PTCL cell lines, OCI-
Lyl2 and OCI-Lyl3.2 in time-dependent manner
(within 72 h). The RNAP II CTD phosphorylation at
Ser5 was downregulated by THZ1 treatment, which
indicated the inhibition effect on CDK7. Notably, the
Ser 2 downregulation also occurred after THZ1 incu-
bation in immunoblot analysis. THZ1 induced
apoptosis in both OCI-Lyl12 and OCI-Ly13.2 lines,
which was suggested by the induced cleavage of PARP
and activation of caspases 3 and 7. The cell cycle
distribution of OCI-Ly12 and OCI-Ly13.2 treated with
500 nM THZ1 was also monitored by flow cytometer
considering that the CDK7 also possesses CAK effect
on cell-cycle CDKs. However, the THZ1 treatment did
not affect the cell cycle process of PTCL, indicating
that the sensitivity of PTCL cells to CDK?7 inhibition is
probably not from regulating cell-cycle CDKs. All of
these data suggested CDK7 transcriptional activity is
essential for PTCL cells survival.”*

Recent research has uncovered the presence of
activating mutations on signal transducers and acti-
vators of transcription 3 (STAT3) or mutations of
other genes that activate STAT3 (such as Janus kinase
1 [JAK1] and kinase fusions) is responsible for pro-
liferation of ALCL-ALK"® and PTCL-NOS in
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patients.”’ Consistently, Y640F mutation in the Src
homology 2 (SH2) domain of STAT3 associated with
higher dimer stability and transcriptional activity was
found within OCI-Ly12 and OCI-Ly13.2 cell lines. In
order to verify whether STAT3 transcriptional ma-
chinery could be affected by CDK7 inhibition, gene
set enrichment analysis of STAT3 target genes’® was
conducted with ranked gene expression changes after
3 and 6 h of 500 nM THZ1 treatment in OCI-
Ly13.2 cells. The result demonstrated that STAT3
target genes are largely enriched among the THZ1
downregulated genes. The transcriptional complexes
bearing Tyr’® phosphorylated STAT3 is known to
target genes by cooperating with RNAP IL.°" Thus,
inhibition of CDK7 by THZ1 suppresses RNAP II
activity, which leads to downregulation of STAT3
functions. In fact, 500 nM of THZI1 decreased
STAT3-dependent luciferase activity to the similar
level with 2.5 uM cryptotanshinone administration, a
typical agent that blocks phosphorylation of STAT3.
This is a strong evidence for the efficiency of THZ1
in suppressing STAT3 transcriptional program.
Additionally, quantitative chromatin immunoprecipi-
tation assay (Q-ChIP) of CDK7 and STAT3 on one of
the STAT3 target gene MYC in OCI-Ly13.2 cells was
conducted. On the MYC promoter region, significant
enrichment of STAT3 and CDK7 was both identified,
which indicated that the active chromatin was asso-
ciated with both STAT3 and CDK?7. Treatment of
THZ1 largely decreased the signal of both STAT3 and
CDK7 on MYC region. The MYC transcription was
also suppressed at the same time. All the experi-
mental data together indicated that THZ1 dis-
assembled STAT3 mutant from MYC gene via
inhibition of CDK7.”

If the inhibition of STAT3 is fully responsible for
the anti-proliferation effect of THZ1 in PTCL, the
same anti-tumor activity should be also achievable by
other STAT3 inhibitors such as S31-201 (a STAT3
dimerization inhibitor) and cryptotanshinone (a STAT3
Tyr’® inhibitor). However, in OCI-Lyl2 and OCI-
Ly13.2 cells, the two agents did not exhibit significant
anti-tumor efficacy, despite that they did block DNA
binding of STAT3 by 40%—50%. The reason lies in
that specific inhibition of STAT3 has led to activation
of STAT1 and STATS in PTCL cell lines, which could
make up for the STAT3 function loss. While the situ-
ation became different with THZ1, by immunoblotting
analysis of OCI-Lyl2 and OCI-Ly13.2 cell lines,
THZ1 was found to decrease the existence of phospho-

STAT1 Tyr’®" and phospho-STAT5 Tyr®* and also
suppress DNA binding of STAT1 and STAT5A (B)
simultaneously. In addition, mRNA and protein level
of JUND, a STATS5 target oncogene, were significantly
decreased after only 3 h of THZ1 treatment in OCI-
Lyl13.2 cell line, suggesting downregulation of gene
transcription should be the primary response of PTCL
cells followed by downregulation of STAT phosphor-
ylation and DNA binding.”*

Currently, clinical therapeutic agents of PTCL
include obatoclax, ABT-737 and venetoclax (ABT-
199) which belong to the B-cell lymphoma 2 homo-
logue 3 (BH3)-mimetic drug category. The mechanism
of BH3-mimetic drug is to prevent the pro-apoptotic
BH3 proteins from being sequestrated by anti-
apoptotic BH3 proteins such as B-cell lymphoma 2
(BCL2), B-cell lymphoma-extra large (BCL-XL) and
induced myeloid leukemia cell differentiation protein
MCLI1. The pro-apoptotic BH3 proteins are capable to
release the mitochondrial outer membrane per-
meabilization (MOMP) effectors BCL2-associated X
protein (BAX) and BCL2-homologous antagonist
killer (BAK) so as to induce apoptotic program.’”
However, in some cases the treatment of PTCL pa-
tients by BH3-mimetic agents encountered undesirable
drug resistance which limits their applications. Expo-
sure to 500 nM THZ1 after 24 h changed BH3
expression profile to decrease anti-apoptotic BH3
proteins while upregulating BH3 effectors in PTCL
cells. As a result, the THZ1-treated cells turned more
vulnerable to BH3-mimetic drugs.”

To investigate the efficacy of combining BH3
mimetic drugs with THZ1, three BH3 mimetic drugs,
which are obatoclax, ABT-737 and venetoclax (ABT-
199) were tested against OCI-Lyl2 and OCI-
Ly13.2 cell lines in different drug concentrations and
ratios to THZI. Eventually, the two cell lines were
most sensitive to a combination of the pan-BH3 in-
hibitor obatoclax and THZ1. The ratio of obatoclax to
THZ1 which gives the maximum potency against
PTCL cells was illustrated from a response-surface
analysis.”’ Anti-proliferation effect of obatoclax was
significantly improved at obatoclax to THZI ratio of
5:1. Notably, this combined treatment demonstrated
promising potency without increased toxicity
compared to both single-obatoclax and single-THZ1
treatment in the xenografts model of OCI-Lyl2 and
OCI-Ly13.2. Thus, THZ1 is promising to provide new
solutions to increase the potency of targeted agent-
based PTCL therapies.”*
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Epithelial ovarian cancer (OC)

In the cases of MYCN-amplified neuroblastoma,
SCLC and TNBC, the significant tumor regression
produced by THZ1 treatment was all proven to be
related with the inhibition of MYC-driven global tran-
scription amplification. Zeng et al’’ turned their
attention to high-grade serous ovarian cancer
(HGSOC), which is also highly dependent on MYC
amplification for oncogenic growth and responsible for
the majority of death caused by all ovarian cancer
subtypes. Despite good efficacies with platinum analog
and PARP inhibitor (PARPi) treatment, the HGSOC
patients suffer from over 90% relapse rate, and poor
response to subsequent treatment.’’ Thus, a novel
therapeutic strategy with specific target is highly
desired.

Studies focusing on the genetic profiling have sug-
gested that MYC on 8q24 is most frequently amplified
in ovarian carcinoma compared with the other cancer
types. The overexpression of MYC has multiple in-
fluences on cell cycle control and cancerous cell sur-
vival.” Based on the clonogenic growth survival assay,
MYC-depleted (by CRISPR/Cas9) ovarian cancer cell
lines KURAMOCHI and OVCARS showed significant
decrease in cell proliferation, which also indicated
MYC may be a promising therapeutic target for ovarian
cancer. However, directly targeting MYC proteins is
difficult due to its lack of binding site for small mol-
ecules. Instead, reagents that targeting the genesis of
MYC transcription or protein turned out to be a
possible solution. Among those candidates, JQ1 has
demonstrated significant downregulation of MYC in
different cancer cell lines through inhibition of bro-
modomain and extra-terminal motif (BET) plroteins.63
Unfortunately, JQ1 did not work well with ovarian
cancer cell lines as analyzed by immunoblotting, and
the same result was also seen in the case of lung
adenocarcinoma cells.”" Aiming at downregulation of
MYC transcription in ovarian cancer cells, the author
investigated the THZ1, which was found to be the most
potent agent to inhibit MYC among the selected small
molecules targeting different transcriptional and
epigenetic components. The MYC protein abundance
was significantly decreased by THZ]1 in three different
ovarian cancer cell lines. Concurrently, the phosphor-
ylation of the RNAP II CTD at Ser 2, 5, 7 was
significantly inhibited by treatment of 250 nM THZ1.>°

In addition, the anti-apoptotic protein MCL1 was
also suppressed by THZ1, which was probably a result
of transcriptional inhibition of MYC and MCLI genes.
According to The Cancer Genome Atlas (TCGA),

HGSOCs having both MYC and MCLI amplification
did not response well to clinical therapies and were
often related to poor prognosis compared with other
TCGA subtypes. In fact, the HGSOC cell line SKOV3
with low protein abundance of MYC and MCLI was
found to be most insensitive to THZ1 treatment among
eight ovarian cancer cell lines. In brief, the ovarian
cancer cells with high-level MYC and MCLI expres-
sion significantly responded to THZI treatment.”’

In order to investigate the effects of THZ1 on
cellular transcription, global gene expression profiling
was conducted with two THZ1-sensitive ovarian can-
cer cell lines, KURAMOCHI (Ku) and COV362 (Cov).
As a result of incubation with 250 nM THZ1 for 6 h,
both cell lines demonstrated profoundly downregulated
gene expression, among which MYC and MCLI were
specifically decreased. Notably, the downregulation of
MYC by THZ1 appeared to be highly selective, since
an MYC co-amplified long non-coding RNA (IncRNA)
gene on 8q24, PVTI, was not significantly suppressed
through THZ1 treatment. The oncogenic pathways
were identified from the overexpressed genes through
gene set enrichment of MSigDB hallmarks of cancer.
The G2M checkpoint and E2F targets were found to be
most enriched hallmark gene sets. MYC_targets_V1
and MYC_targets_V2 hallmark gene sets were also
identified.”

Considering the THZ1 chemistry, which not only
inhibits CDK7, but also CDK12/13, it is necessary to
clarify which target(s) are responsible for the anti-tumor
activity of THZ1 in ovarian cancer. Thus, two inhibitors
that specifically targeting only CDK7 (YKL-1-116) or
CDK12/13 (THZ531) were chosen in parallel experi-
ments.”>°° Compared to THZ1, the CDK7 inhibitor
YKL-1-116 demonstrated weaker downregulation effect
on MYC and MCLI expression, while the CDK12/13
inhibitor THZ531 showed opposite effects on MYC and
MCLI expression with different drug dosages. Inter-
estingly, THZ531 functioned as a promoter at relatively
low concentration but acted as a suppressor at concen-
tration higher than 0.5 micromolar. The expression of
MYC and MCLI was profoundly decreased by combi-
nation of YKL-1-116 and THZ531, which indicated the
anti-tumor efficacy of THZ1 was derived from both
CDK7 and CDK12/13 suppression. The same conclu-
sion could also be illustrated from the result that
expression of THZ1-resistant mutant C312S on CDK7
was not sufficient for ovarian cancer cell survival.”’

The therapeutic efficiency of THZ1 was evaluated
in orthotopic ovarian PDX models. Looking for
possibility of combination treatment with other anti-
tumor agents, a PARP inhibitor, olaparib was also
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employed in the in vivo evaluation. olaparib is a FDA-
approved drug for relapsed ovarian cancer irrespective
of BRCA1/2 status. Similar with former reports of
THZ1, the drug was well tolerated at a dose of 10 mg/
kg twice daily and caused no overt toxicity in the
treated models. The mice were divided to four groups
and treated with vehicle, THZ1, olaparib and combi-
nation of THZ1 plus olaparib separately during 27
days. The tumor sizes were monitored by biolumi-
nescent imaging upon luciferase gene transduced
tumor cells. The tumor growth was significantly sup-
pressed in THZ1 group while olaparib group only
showed limited efficacy to slow down tumor growth.
Models treated with combination of THZ1 and ola-
parib demonstrated unprecedented anti-tumor effect
and tumor tissue was almost invisible after treatment.
Thus, the combined treatment with THZ1 and olaparib
showed huge potential in future therapeutic strategies
of ovarian cancer.”’

Conclusion

In summary, THZ1 has been developed as a cova-
lent inhibitor of CDK7, demonstrating significant anti-
proliferation efficacy against 53% of tumor cells with
different genotypes and phenotypes out of over 1000
candidates.® Among which, administration of THZ1
against several malignant tumors has been well stud-
ied, including human T-ALL, human MYCN-amplified
NB, SCLC, TNBC, PTCL and epithelial OC. THZ1

Table 1

exhibited not only potent anti-cancer effects in vitro,
but also no obvious toxicity to non-transformed cell
lines. THZ1 also largely inhibited tumor growth in
different xenograft models without obvious side effects
observed. Functions of THZI in cancer cells appeared
to be suppressing expression of one or several tran-
scription factors which is necessary for cell prolifera-
tion, such as RUNXI in T-ALL, MYCN in NB, MYC
family members and neuroendocrine lineage-specific
factors in SCLC. Thus, THZ1 may provide highly se-
lective treatment targeting the SE-driven transcrip-
tional addiction seen in many tumor types. Further
research on anti-tumor mechanisms of THZI sug-
gested its negative influence on multiple transcriptional
processes including RNAP II phosphorylation, co-
transcriptional capping, promoter proximal pausing
and productive elongation by inhibition of CDKZ7.
THZ1 or its derivatives will probably bring new ther-
apeutic methods as single agent or in combined treat-
ment with other anti-tumor agents, especially to the
cancer types with transcriptional complexity and
limited treatment targets. The preclinical research
related to THZ1 in the treatment of different types of
cancers from 2014 to 2019 has been summarized for
reference (Table 1).

Despite the fact that THZ1 has shown selective
potency against tumor cell growth, the short half-life
of THZ1 in vivo (45 min in mouse plasma) may
limit its clinical performance. To improve the phar-
macokinetic stability of the THZI, molecular

The preclinical research related to THZ1 in the treatment of different types of cancers.

Authors & year

Cancer type

Investigation methods

Proposed mechanisms

Resazurin based assay; GO term enrichment analysis;
ChIP-seq analysis; bioluminescent images; gene set
enrichment analysis; in vitro & in vivo assay
Cell-cycle analysis; apoptosis analysis; immuno-
histochemical analysis; immunoblot analysis;
qRT-PCR analysis; ChIP-qPCR analysis;

ChIP-seq analysis; in vitro & in vivo assay
High-throughput small-molecule screen; MRI
quantification; immunoblot analysis; proliferation
assay; GO term enrichment analysis; ChIP-seq analysis;

Kwiatkowski et al. 2014° T-ALL
Chipumuro et al. 2014>°  NB
Christensen et al. 2014*  SCLC
i in vitro & in vivo assay
Wang et al. 2015 TNBC

Cell viability assay; immunoblot analysis; chemical
molecular modification; drug in vivo stability analysis;
H&E staining of tissue sections; gene set enrichment
analysis; microarray expression analysis; quantitative
PCR analysis; CRISPR/Cas9-mediated gene editing;
in vitro & in vivo assay

Downregulation of the RUNXI-
driven transcriptional program

THZ1 targets the expression of both
MYCN and MYCN-driven
transcription amplification

Downregulation of ASCLI, INSM1
and other oncogenetic transcription
factors

Inhibition of CDK7 downregulates
super-enhancer mediated oncogene
transcription

(continued on next page)



Table 1 (continued)

B.-B. Li et al. / Chronic Diseases and Translational Medicine 5 (2019) 155—169 167

Authors & year

Cancer type

Investigation methods

Proposed mechanisms

Cayrol et al. 2017°*

Zeng et al.
20187

Cheng et al. 2018*°

Ning et al. 2019’

Lu et al. 2019%®

PTCL

Ovarian cancer

NSCLC

Cervical cancer
and retinoblastoma

PDAC

Immunohistochemical analysis; immunoblot analysis;
cell viability assay (Resazurin based); gene set
enrichment analysis; Q-ChIP analysis; qRT-PCR
analysis; response-surface analysis; RNA sequencing;
in vitro & in vivo assay

CRISPR/Cas9-mediated gene editing; immunoblot
analysis; qRT-PCR analysis; gene set enrichment
analysis; cell proliferation assays; RNA sequencing;
in vitro & in vivo assay

Cell proliferation assay; wound-healing assay; qRT-
PCR analysis; immunoblot analysis; cell-cycle analysis;
apoptosis analysis

Cell-cycle analysis; apoptosis analysis; RT-PCR
analysis; Immunoblot analysis; RNA sequencing;
In vitro & in vivo assay

Cell viability assay; apoptosis analysis; cell-cycle
analysis; immunoblot analysis; immunohistochemical
analysis; H&E staining of tissue sections; GO term
enrichment analysis; RNA sequencing; in vitro &

in vivo assay

THZI1 downregulates STAT-signaling
dependent actively transcribed genes

Downregulation of MYC and MCLI
which requires both CDK7 and CDK
12/13 inhibition

THZ1 induced cell cycle arrest;
blocked the glycolysis pathway;
promoted ubiquitination and
degradation of NUDT21

THZ1 prevents TGFB2-induced
EMT in human LECs;THZ1
inactivates the MAPK, ERK1/2 and
PI3K/AKT signaling pathways;
THZ]1 caused cell-cycle arrest
THZ1 caused cell-cycle arrest; THZ1
inhibites TNF/NF-«B signaling
pathway; THZ1 downregulates
Hippo, MAPK signaling pathways

T-ALL: T-cell acute lymphoblastic leukaemia; GO: gene ontology; ChIP-seq: chromatin immunoprecipitation coupled with high-throughput
sequencing; RUNXI: Runt-related transcription factor 1; NB: neuroblastoma; qRT-PCR: quantitative real-time polymerase chain reaction; PCR:
polymerase chain reaction; CHIP-qPCR: chromatin Immunoprecipitation-quantitative PCR; SCLC: small-cell lung cancer; MRI: magnetic reso-
nance imaging; ASCLI: achaete-scute homolog 1; INSM1: insulinoma-associated 1; TNBC: triple-negative breast cancer; H & E: hematoxylin-
eosin; CRISPR: clusters of regularly interspaced short palindromic repeats; Cas9: CRISPR associated protein 9; CDK7: cyclin-dependent kinase 7;
PTCL: peripheral T-cell lymphomas; Q-ChIP: fast chromatin immunoprecipitation assay; RT-PCR: real-time PCR; RNA: ribonucleic acid; STAT:
signal transducers and activators of transcription; NSCLC: non-small-cell lung cancer; NUDT21: nudix-type motif 21; RT-PCR: real-time PCR;
TGFp2: transforming growth factor beta 2; EMT: epithelial-to-mesenchymal transition; LECs: lens epithelial cells; ERK1/2: extracellular signal-
regulated kinase1/2; PI3K: phosphatidylinositol 3-kinases; AKT: protein kinase B; PDAC: pancreatic ductal adenocarcinoma; TNF: tumor necrosis
factor; NF-kB: nuclear factor-kB; MAPK: mitogen-activated protein kinase.

structural modification or syntheses of new THZI
derivatives will be an important research object. On
the other hand, new drug delivery technology will also
provide considerable solution regarding to the insta-
bility of THZ1. In addition, since transcription events
in non-cancerous cells also depend on function of
CDK7 as an RNAP II subunit, a sub-saturating
amount of THZ1 may be essential to give an effec-
tive treatment in clinical trials, which should balance
the treatment time, compound concentration, and the
drug/target ratio. Finally, THZ1 may also be useful as
an experimental protocol to explore detailed mecha-
nisms and important driving factors involved in
transcription process both in cancer cells and non-
transformed cells.
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