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ABSTRACT

TFIIH is a 10-subunit complex involved in transcription and DNA repair. It contains several enzymatic
activities including a ATP-dependent DNA translocase in XPB and a cyclin-dependent kinase in
CDK7. Recently the discovery of several XPB and CDK7 inhibitors with specific impact on the
transcriptional addiction of many tumors pinpointed these activities as potential target in cancer
chemotherapy. Unexpectedly a basal transcription factor involved in global mRNA expression now
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emerges a one of the most clinically promising Achilles heels of cancerous cells. These inhibitors
also proved to be useful tools to unveil new functions of TFIIH in gene expression.

Introduction

During transcription of mRNA (mRNA), RNA Pol I
is recruited to promoters with the support of addi-
tional proteins called the general transcription fac-
tors (GTFs), forming the basal pre-initiation
complex (PIC)." Initiation takes place following the
assembly of the PIC, the opening of the DNA around
the transcription start site and the phosphorylation
of the carboxyl terminal domain of RPB1 (CTD), the
largest RNA Pol II subunit®® Downstream from
the transcription start site (~20- to 60-nucleotide),
the RNA Pol IT remains in a paused state, called pro-
moter proximal pausing, before entering into the
elongation step, owing to the action of specific fac-
tors.* Among GTFs, TFIIH plays a peculiar function
through its involvement in both transcription initia-
tion and promoter proximal pausing release.>
TFIIH is composed of 2 sub-complexes that are
bridged by the XPD helicase subunit: the core
(including XPB ATPase/Translocase, p62, p52, p44,
p34 and TTDA) and the CDXK-activating kinase
(CAK) (including MNATI, cyclin H and the CDK7
kinase). TFIIH is also playing a role in RNA Pol I-
dependent gene expression although the mechanistic
details of its function are not known yet.” Beyond Pol
I and II transcription, TFIIH also participates to
nucleotide excision repair (NER),**'° a DNA repair

pathway that contributes to the removal of bulky
adducts including either UV light or chemothera-
peutic agents such as cisplatin.

Beneath the complexity of every cancer cells,
their common feature resides in the fact that each
of the pathways that constrains the proliferative
response in normal situation is dysregulated.
Cancer cell hyperproliferation relies on a high level
of transcription. Consequently, proteins involved in
transcriptional control, including TFIIH, emerge as
the attractive targets for the development of a new
generation of small chemical molecules that would
modulate their enzymatic activity. In addition, the
hyperproliferative capacity of cancer cells has been
used for a long time in clinics to specifically kill
them with chemical compounds interfering with
fundamental cellular pathways such as transcription
and replication. The cancer cells adapt to these
treatments by various means including an increase
in DNA repair pathways such as NER."' Due to its
central role in transcription and DNA repair,
TFIIH has become a privileged target to exploit in
anticancer therapy. Several small molecules have
been characterized these last years that inhibit
TFIIH enzymatic activities and specifically Kkill
tumor cells, suggesting that they can soon be used
in the clinic (Fig. 1).
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Figure 1. Drugs targeting the TFIIH transcription/DNA repair
complex. TFIIH is a 10-subunit complex composed of a core (In
red; XPB, p62, p52, p44, p34 and TTDA) associated to the CAK
(In blue; Cdk7, CycH and MAT1) through MAT1 and the XPD
subunit (In green). Four enzymatic activities are found in TFIIH;
XPB and XPD are 3’ to 5" and 5’ to 3’ helicases, Cdk7 is a
kinase, and p44 has been described as an E3 ubiquitin ligase
in yeast. Triptolide (TPL) is a diterpenoid epoxide that is
endogenously produced by the thunder god vine, Tripterygium
wilfordii and which targets the ATPase activity of XPB. Minne-
lide is water soluble pro-drug of TPL synthesized at the Uni-
versity of Minnesota (Minnesota and triptolide) by adding a
phosphate ester group. Spironolactone is a potassium-sparing
diuretic that induced the specific degradation of XPB through
the proteasome pathway. THZ1 is phenylaminopyrimidinyl-
acrylamide compound that acts as a highly potent, selective,
ATP-site directed, and irreversible inhibitor of CDK7

Inhibitors of XPB; impact on transcription
and DNA repair

One of the most promising drug for the treatment of
many cancer types is triptolide (TPL), a molecule that
targets the ATPase activity of XPB. TPL is a diterpen
triepoxide extracted from the plant Tripterygium wil-
fordii. This molecule has a limited solubility in vivo,
and a TPL derivative called Minnelide, has been syn-
thetized and was found to be extremely effective in
both pancreatic and liver cancer.'?

Although other targets have been proposed, TPL
shows a very high specificity for XPB and induces Pol
I- and II-dependent transcription inhibition but also
prevents NER.'>'*!*> Consequently, TPL can be used
alone to impact the transcriptional program of tumor
cells or in combination with platinum-derivatives to
increase their anticancer efficiency."” Indeed, platinum-
based compounds exert their antineoplastic effect
through their binding to DNA and the saturation of
several DNA repair mechanisms, including NER, that

they induce. Chemosensitization of cancer cells, for
instance through the inhibition of DNA repair path-
ways, constitutes a strategy with important clinical
implications since it may minimize resistance and ulti-
mately decrease the possibility of negative side effects.’

Along this line, Spironolactone (SP), an antagonist
of aldosterone, proved to strongly inhibit NER
through the specific degradation of XPB. Conse-
quently, combination of SP with Cisplatin or Oxalipla-
tin chemo-sensitizes human carcinoma cells.'®

One could have imagined that these 2 molecules
would have the same impact on transcription since
they target the same TFIIH subunit. Surprisingly, we
recently demonstrated that it was not the case and
that mRNA expression could take place in the
absence of XPB after SP treatment while it was
impairer when XPB ATPase activity was inhibited by
TPL. These results, together with biochemical stud-
ies, prompted us to propose a new model for the
function of XPB in transcription initiation in which
the recruitment of TFIIH to the PIC induces the
XPB-dependent block of DNA unwinding that is
overcome by its ATP-dependent translocation along
the DNA, followed by promoter melting achieved
with the use of binding energy alone."” Satisfactory
enough, this model unified the 3 mechanisms of
DNA melting in class I, II, and III gene expression
wherein DNA unwinding at the promoter only oper-
ates through the energy released that is generated
upon the creation of the PIC. These results also show
that TFIIH inhibitors could be very useful tools to
unveil the function of this complex in fundamental
cellular pathways. More broadly, these inhibitors
could be used in genome-wide gene expression stud-
ies to reveal unexpected gene behavior such as the
existence of a small group of genes that show a stably
paused Pol IT after TPL inhibition."®

Inhibitor of CDK7; affecting super-enhancer
dependent gene transcription

Another important target in TFIIH is the CDK7
kinase that is part of the sub complex CAK with cyclin
H and MNATI1. CDK7 controls transcription initia-
tion through the phosphorylation of the serine 5 of
the carboxyl-terminal domain of the RPB1 subunit of
RNA Pol IL'" In 2014, Kwiatkowski et al,, first
described THZ1, a small molecule able to irreversibly
bind CDK7 with high affinity and specificity among



other CDKs.*” This specificity relies on that fact that
the residue that is targeted by THZI, the cysteine 312,
is located outside of the canonical kinase domain.
This specificity was useful to analyze the role of CDK7
in gene expression and to reveal new roles for this
kinase in co-transcriptional capping and pausing.*'
The same authors also showed that the inhibition of
CDK7 could unexpectedly leads to the disruption of a
specific transcription program fundamental for the T-
cell acute lymphoblastic leukemia homeostasis with-
out major effect on basal transcription. Several papers
subsequently extended the class of tumor cells that
display sensitive to THZ1 vs. wild-type cells at the low
nanomolar range and CDK?7 kinase activity quickly
appeared as a druggable target in cancer chemother-
apy due to its involvement in super-enhancer depen-
dent gene transcription.”>**

Normal enhancers are DNA sequence of 200-
500bp base-pairs able to increase the transcription of
one or more genes by providing transcription factors
to the promoters that trigger the formation of PIC.**
Enhancer-localized proteins and the interactions
between enhancers and promoters, contribute to
define the cooperative regulatory environment in a
phase-separation fashion.”®> Recently, a subclass of
hundreds of enhancers, named super-enhancers (SEs),
has been described through genome-wide methods
with a stronger enrichment for the binding of master
transcription factors (i.e OCT4 in ESCs), coactivators
(such as the Mediator) and specific chromatin marks
such as H3K27 acetylation or H3K4 mono-methyla-
tion. SEs can be seen as “very strong enhancers” that
are of more than 12Kb and that are enriched near
highly transcribed genes encoding important
regulators.”®

Cancer cells are enriched in aberrant SEs at the
level of specific oncogenes highly transcribed and
involved in several cellular functions that established
the cancer dysregulated transcriptional program. The
maintenance of this transcriptional program, and the
genes that sustain it, are vital for the cancer cells which
introduce the concept of “transcriptional addiction”
described above, strictly correlated with oncogene
addiction.”” In a mechanism that is not completely
understood, THZ1 treatment at low nanomolecular
range affects mainly transcription of genes under the
dependency of SEs and as thus specifically kills tumor
cells vs. wild-type. The hypothesis of such CDK7 SEs
vulnerability may depend on the high concentration
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of CDK7 in SEs vs. normal enhancers together with
others coactivators such as BRD4.® Thus, depriving
SEs of CDK?7 kinase activity would decrease the trans-
activation of oncogenes (i.e MYC) and the progression
from initiation to elongation state of RNA pol II
affecting not only mRNAs, but also ncRNAs which
regulate the environment of SEs.*” It is however still
not known why SEs are specifically vulnerable to
CDK?7 kinase inhibition and whether CAK is present
as an independent entity from TFIIH in SEs or if all
TFIIH compounds are recruited there. Indeed, CAK
can be found associated to TFIIH or free in the cell
and the function of the free complex is not clearly
defined.”® A comparison of the sensitivity of cancerous
cells to THZ1 vs. TPL, and a complete analyze of the
SEs occupancy after treatment with these drugs in
these cells should provide some important answers to
these questions and bring new insights into the role of
TFIIH in transcription regulation.

Conclusion

Many human syndromes, other than cancer, imply an
uncontrolled cellular proliferation. Although these
pathologies are diverse and heterogeneous, the differ-
ent pathways that guide their progression imply an
increased level of cellular division and an increased
level of transcriptional activity by the RNA Pol I and
IT to sustain the high metabolism of hyperproliferative
cells. Importantly, ribosome biogenesis by RNA Pol I
is one of the energetically most expensive molecular
processes for the cell and the capacity of proliferation
of the cell is closely related to the level of production
of ribosomal particles.”" The importance of transcrip-
tional activity during proliferation is best highlighted
by the fact than many molecules interfering with RNA
metabolism have been used to contain these syn-
dromes. For instance, psoriasis is contained using
bethamethasone and cyclosporine A, both are well
known molecular transcription inhibitors. As a basal
transcription factor, TFIIH intervenes in the process
of basal transcription by the RNA Pol I and II and is
thus an interesting biologic target in many human
syndromes, other than cancer, that imply a control of
the transcriptional activity. Consequently, the social
and scientific impact of studies on TFIIH can be high
in the future as more and more disorders will be char-
acterized as transcription syndromes and will require
“transcription therapy.”
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