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Abstract

The deregulation of gene expression is a characteristic of cancer cells, and malignant cells require
very high levels of transcription to maintain their cancerous phenotype and survive. Therefore,
components of the basal transcription machinery may be considered as targets to preferentially kill
cancerous cells. TFIIH is a multisubunit basal transcription factor that also functions in nucleotide
excision repair. The recent discoveries of some small molecules that interfere with TFIIH and that
preferentially kill cancer cells have increased researchers’ interest to elucidate the complex
mechanisms by which TFIIH operates. In this review, we summarize the knowledge generated
during the 25 years of TFIIH research, highlighting the recent advances in TFIIH structural and
mechanistic analyses that suggest the potential of TFIIH as a target for cancer treatment.
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Introduction

Since the discovery of TFIIH in the early 1990s by
the laboratory of Jean-Marc Egly [54], TFIIH has been
the object of extensive research, with studies ranging
from structural analyses of the complex to in vitro and
in vivo molecular and biochemical evaluations of its
functions in transcription and DNA repair. Ten
proteins organized in two subcomplexes form the
TFIIH complex. Among these proteins, two DNA
helicases/ ATPases, one of which is also a DNA
translocase, a putative E3 ubiquitin ligase and a
cyclin-dependent kinase have been identified [2].
However, most of the TFIIH subunits are considered
to be regulatory or structural components [3]. The
inhibition of some of the TFIIH enzymatic activities
has been demonstrated to be effective in cancer
treatment [20,41]. Interestingly, recent advances in the
solution of the TFIIH complex organization increase
the possibility of designing drugs that interfere with
the functions of TFIIH. Thus, this review will describe
recent discoveries on how TFIIH operates in

transcription and DNA repair and how TFIIH is
becoming an important target for cancer therapy.

TFIIH’s subunits

TFIIH's subunits are organized into two
sub-complexes: the CAK and the core, which interact
to form the holo-TFIIH complex that is involved in
transcription [1]. The CAK contains the
cyclin-dependent kinase Cdk7, Cyclin H and MAT1
subunits, which operate in cell cycle control [2,3]. The
core is composed of XPB, a 35 DNA
helicase/ ATPase, which is also a DNA translocase,
XPD, a 5°-3 DNA helicase/ ATPase, p44, a putative E3
ubiquitin ligase, and the structural subunits p62, p52,
p34 and p8 [4]. The core of TFIIH plays a determinant
role in Nucleotide Excision Repair (NER) [5]. In
addition, it has been suggested that XPD modulates
the role of the CAK in cell cycle control in an
intermediary XPD-CAK complex [6] (Fig. 1). Further,
the XPG protein was demonstrated to interact with
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XPB, XPD and p62 and copurifies with the
holo-TFIIH, suggesting that it could be another
component of TFIIH [7-10]. On the other hand, the
XPD subunit is also a component of the human
MMXD complex, which is required for chromosome
segregation and is not related to transcription or DNA
repair [11]. However, it is still unknown if the
enzymatic activities of XPD helicase/ATPase are
necessary for the function of MMXD in chromosome
segregation during mitosis. Moreover, the possibility
of other subunits of TFIIH, besides XPD, being a part
of other protein complexes still is open.

Several protein-protein interactions among the
components of TFIIH have been identified by
different approaches. Although the crystallographic
structure of some subunits and the global architecture
of TFIIH has been determined using high-resolution
cryo-electron microscopy [10,12,13], determining the
atomic structure of this complex is a great challenge.
The interaction network in the 10-subunit complex
has been recently described using chemical

RNAPI-mediated transcription
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cross-linking combined with mass spectrophotometry
and previous high-resolution electron microscopy
data. This integrative analysis showed that the
p34/p44  heterodimer represents a  central
"submodule" that connects the other core subunits.
The VWA domains of p34 and p44 were shown to
contact each other at multiple sites. In addition, these
domains interact with p62 and p52. In turn, p62
interacts with XPD. Furthermore, XPD and XPB
contact each other and both interact with p44, as well
as with MAT1, which anchors Cdk7 and CycH [10]. In
addition to the previously reported interactions
between XPB and p52 and between p8 and p52, this
analysis shows that the p8/p52 heterodimer directly
interacts with XPB and p8 does not contact XPD, as
was previously suggested [5,10,14]. This detailed
model of the TFIIH architecture could be useful to
search for drugs that affect the interface between the
different subunits through in silico modeling
approaches.
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Figure 1. The complex life of TFIIH. (a) The 10-subunit TFIIH participates in transcription by RNA polymerase Il. The XPG endonuclease participates in RNAPII transcription
by binding to TFIIH. (b) The XPD subunit of TFIIH forms an intermediary complex with the CAK. (c) The CAK subcomplex phosphorylates several cdks that participates in cell
cycle regulation. (d) The core subcomplex losses the CAK by the incorporation of XPA to TFIIH when the complex detects a bulky lesion in the DNA. (e) After the recognition
of the damaged strand in the DNA the Pre-Incision-Complex is formed by TFIIH and other components of the NER machinery that maintain the reparation bubble in the DNA
damaged region, it is stabilized by XPA and RPA and then the XPG and XPF-ERCCI endonucleases cut the damaged strand. After that a DNA polymerase and a ligase repair the
DNA. (f) TFIIH participates in rRNA elongation during RNAPI transcription. However it is unknown whether the CAK subcomplex participates in this mechanism. (g) The XPD
subunit is a component of the MMXD complex that is important for the proper segregation of chromosomes during mitosis.
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TFIIH-related human diseases

There is a relationship between mutations in
some of the TFIIH subunits and three human
syndromes associated with DNA repair and
transcriptional ~ deficiencies. ~ Most ~ of  the
TFIIH-affected patients show mutations in the XPB
and XPD subunits, which are linked to xeroderma
pigmentosum (XP), Cockayne syndrome (CS) and
trichothiodystrophy (TTD) [7]. However, the different
mutations described in the p8 subunit in humans have
only been related to TTD-A [5]. Photosensitivity is a
clinical feature among all these diseases, other
manifestations are shared in a less extent and some
others are syndrome-specific (Fig. 2). For example, XP
patients affected in XPD or XPB can develop skin
cancer, but TTD patients with different mutations in
the same genes are not cancer prone. On the other
hand, anomalies in the hair, nails and skin are
hallmarks in TTD patients. In agreement, recent
studies demonstrated a correlation between skin
defects and alterations in the levels of collagen types I
and VI in the extracellular matrix (ECM) of primary
dermal fibroblast and skin from TTD patients [15,16].
Orioli and colleagues demonstrated the transcript
down-regulation of the COL6A1 gene (which encodes
for the collagen type VI alphal subunit) in skin
fibroblasts from XPD-affected TTD patients [16]. On
the other hand, transcript overexpression and high
protein levels of the active form of the matrix
metalloproteinase 1 (which degrades the interstitial

(a) XPB

(b) XPD

collagen from the ECM) and concomitant low levels of
collagen type I were detected in primary dermal
fibroblast and skin from several different
TFIIH-affected TTD patients, when compared with
fibroblast from TFIIH-affected XP patients or healthy
normal donors [15]. In addition, differential
alterations in the TFIIH assembly at the RARB2
promoter, TFIIH enzymatic activities and chromatin
remodeling were revealed by the analysis of the
transcriptional role of TFIIH in several cell lines
bearing mutations in XPB, XPD or p8. Interestingly
the strongest defects were observed in cell lines
carrying point mutations in the N-terminal domain of
XPB found in TTD or XP/CS patients, while point
mutations of the p8 show no effect on any of the steps
analyzed [17]. Strikingly, the study of the phenotypes
of these patients in relation to the identification of the
molecular nature of the mutations that they carry in
these genes have been very useful to understand how
TFIIH works and reciprocally, to understand these
syndromes. An enigmatic question that rises from the
analysis of the manifestations in the patients afflicted
in XPB, XPD and p8 is why these individuals only
present very specific phenotypes even that TFIIH is
required for three fundamental cellular functions?
Although we still do not have a conclusive answer for
this question, we know that the described mutations
from these patients are not null and only partially
affect the TFIIH functions, making these defects in
TFIIH compatible with life [4,18,19].

(c) p8
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Figure 2. Mutations in the XPB, XPD and p8 subunits of TFIIH are associated with three human syndromes: xeroderma pigmentosum (XP), Cokayne syndrome (CS) and
trichothiodystrophy (TTD). (a) Mutations in XPB may generate TTD, XP (brown continuous arrow) or combinations of XP with CS (brown fragmented arrows). (b) Mutations
in XPD may generate any of the three syndromes (purple continuous arrow) (c) Mutations in p8 (blue) on the other hand, are only linked to TTD. Syndrome-associated features

are enlisted.
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TFIIH’s functions

Cell Cycle. As mentioned before components of
TFIIH participates at least in three functions in the
cell. The CAK has a central role in the activities of
several Cdks that control cell cycle [2]. Cdk7
phosphorylates Cdk4 controlling the transition G1 to
S phase. Also it phosphorylates Cdk2 to promote the
entrance for S to G2 phases and Cdk1 to conduct G2 to
mitosis [3] (Fig. 1). CAK subunits as the case of the
rest of TFIIH are expressed constitutively during G1
in all cells, it is always active and seems to be very
promiscuous in the phosphorylation of the Cdks that
control the cell cycle which are modulated by specific
cyclins. Therefore, the CAK is more like a supported
factor for the control of the cell cycle than a regulator.
It will be interesting to use the new Cdk?7 inhibitor
TZH1 [20], which is very specific to see how the cell
cycle is affected when the catalytic activity of Cdk7 is
inhibited.

Nucleotide excision repair. NER removes
helix-distorting DNA lesions that include cyclobutane
pyrimidine-pyrimidine dimers and
pyrimidine-pyrimidone (6-4) photoproducts. Two
pathways recognize this type of DNA damage:
transcription coupled-NER (TC-NER) in the actively
transcribed DNA strands and global genome-NER
(GG-NER) in the non-transcribed DNA sequences. In
TC-NER, the RNA polymerase, which is stalled in the
presence of a bulky lesion, recognizes the DNA
damage. In GG-NER, depending on the
DNA-damaging agent, the protein complex
RAD23B-Centrin 2 or XPE recognizes the bulky DNA
lesion. In any case, the DNA damage recognition step
is followed by the recruitment of the NER machinery,
including TFIIH, which unwinds the DNA by the
ATPase and helicase activities of XPB and XPD,
respectively, the XPA and RPA proteins that stabilize
the DNA repair bubble, and the endonucleases
XPF-ERCC1 and XPG, which remove a segment of
23-27 nucleotides from the damaged DNA strand,
which is ultimately refilled by the DNA replication
machinery [21-23] (Fig. 1). It was initially proposed
that after TFIIH recruitment, the CAK subcomplex
dissociates from the core in an XPA-dependent
manner [24]. New data suggest that the holo-TFIIH
scans the DNA through its XPB and XPD
helicase/ ATPase activities, which are inhibited by
bulky DNA lesions. Then, TFIIH is stalled in the
damaged DNA region, followed by the ejection of
CAK from the core [25]. However, in vivo
experiments are required to confirm this model.

Transcription. TFIIH participates in
transcription mediated by RNA polymerases I and II;
however, our understanding of the role of TFIIH in

RNAPI transcription is still obscure. Since the first
report by Grummt and Elgy's groups in 2002, which
demonstrated that TFIIH is dispensable for the
initiation of RNAPI transcription but required for
rRNA elongation [26], only a few studies about the
role of TFIIH in RNAPI-mediated transcription have
been published. For example, it has recently been
reported that TFIIH binds to RNAPI after the
initiation of transcription. In agreement, the ATPase
activity of XPB is required during rRNA elongation,
and CS-related mutations in XPB and XPD disturb the
interaction between TFIIH and rDNA, which affects
elongation but not transcription initiation [27,28]. In
addition, it has been suggested that the NER-related
proteins CSB and CSA form a complex with TFIIH in
the nucleolus, which 1is necessary for rDNA
transcription [29,30].

However, more extensive studies have been
performed to elucidate the role of TFIIH in RNAPII
transcription. During the Pre-Initiation Complex (PIC)
assembly, TFIIH is recruited by TFIIE and binds to
RNAPII [31]. While the enzymatic activities of XPD
are dispensable for RNAPII transcription, the ATPase
activity of XPB is required for the unwinding of 11 bp
in the promoter during the formation of the open
complex [32,33]. This configuration is stabilized by the
RNAPII cleft and jaw domains [13,34]. Interestingly,
XPB does not directly bind at the site of DNA
unwinding. Instead, XPB tracks the DNA in a 5™-3"
direction and translocates the downstream DNA into
the cleft region of the RNAPII, which generates the
DNA unwinding and allows the recognition of the
transcription initiation start site in a process that
requires the continuous hydrolysis of ATP by XPB
[33]. In addition, the current PIC structure model
shows that XPB binds downstream of the initiator site
and contacts both DNA strands in the promoter [13].
Then, the function of XPB in transcription relies on its
translocase activity, and this mechanism is a
rate-limiting step in the initiation of transcription. The
other major function of TFIIH in RNAPII transcription
takes place through its kinase activity. The kinase
module phosphorylates serines 5 and 7 (Ss and Sy) of
the heptapeptide repeat (consensus sequence:
Y15:P3T4SsP6S7) in the CTD of the largest subunit of
RNAPII. It has been established that Ss
phosphorylation is fundamental for transcription
initiation and promoter clearance [35]. However, the
in vitro inhibition of the kinase activity of Cdk7 by the
Cdk7-specific inhibitor THZ1 (see ahead) had no
effect on transcription initiation and promoter realese,
but preferentially affected the pausing of the RNAPII
after the synthesis of 30-50 nucleotides [36].
Furthermore, the phosphorylation of Ss by Cdk7 is
important for the recruitment of the pausing factors,
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the Negative Elongation Factor (NELF) and the
DRB-sensitive factor (DSIF), as well as the capping
enzyme that guanylates the 5’end of the nascent
transcript, a process that requires pausing [37].
However, more recent in vivo experiments in
budding yeast show that by using an engineered
Kin28 (Cdk7 in yeast) that can be specifically and
irreversible inhibited, affect promoter scape as well as
RNAPII elongation [38]. Intriguingly, in the absence
of Ss phosphorylation of the CTD, the RNAPII is
paused after the transcription initiation site [38]. Then
these recent reports, one in vitro [36], and the other in
vivo [38] using the budding yeast about the role of the
Cdk7 on RNAP II transcription initiation and
elongation partially disagree. It will be relevant to
perform similar experiments as the reported in yeast,
but in human cells. On the other hand, it has been
demonstrated that mutations in Kin28 reduce the
dissociation of the mediator from the PIC, which
affects the escape of the RNAPII to initiate mRNA
elongation [39]. Therefore, all of these new data and
models on how TFIIH operates in transcription in
vitro must be integrated with the in vivo results.

TFIIH as a target for cancer therapy

It is well established that cancer cells require
high levels of transcription to survive and to maintain
their malignant phenotype [40]. Therefore, the
components of the basal transcription machinery
could be considered good targets to reduce global
transcription, and they might have stronger effects in
cancer cells when compared with non-cancerous cells
(reviewed in 39).

A very promising drug for the treatment of
many cancer types is triptolide (TPL). TPL is a
diterpen triepoxide purified from the plant
Tripterygium wilfordii. Extracts from this plant have
been used for centuries in traditional Chinese
medicine, and preclinical studies have shown high
effectiveness against cancer due to its very strong
anti-proliferative effect and apoptosis induction. TPL
binds covalently to the ATPase domain of XPB,
inhibiting both RNAPII transcription and NER [41].
Although other TPL targets have been proposed,
structural and biochemical data show that it is very
specific for XPB, and intriguingly, the treatment of
Drosophila imaginal discs with TPL phenocopies the
defects observed in different TFIIH mutant subunits
in the fly [41-43]. RNA-seq and DNA microarray
analyses from TPL-treated cancerous cells have
shown the down-regulation of nearly all the
RNAPII-dependent transcripts [44,45]; however,
comparative studies at this level between cancer cells
and their progenitors are required. TPL is not highly
permeable to the cell membrane, and it is hepatotoxic

[46]. To overcome these inconveniences in cancer
therapy, more permeable and potentially less toxic
TPL derivatives have been developed, although it will
be important to demonstrate that they are as effective
as TPL to kill cancer cells [41].

Based on structural analysis predictions, other
drugs have been developed to specifically target the
enzymatic functions of TFIIH. For example, the
antitumor drug BS-181 is a pyrazolo [1,5-a]
pyrimidine-derived compound that inhibits the
phosphorylation of Cdk7 targets, inducing cell cycle
arrest and apoptosis [45]. More recently, it was shown
that THZ1 is a phenylaminopyrimidine with a
cysteine reactive acrylamide moiety that covalently
binds to the cysteine 312 located outside of the
catalytic domain, making THZ1 very specific for Cdk7
[20], although it inhibits Cdk12 at very high
concentrations and after long incubation times [36].
Approximately 1000 cancerous cell lines tested were
very sensitive to nanomolar concentrations of THZ1,
particularly T acute lymphoblastic leukemia cells [20].
Intriguingly, gene-specific effects in transcription
were observed in different cell lines after the THZ1
treatment [20,47,48]. For example, the expression of
RUNX1, a transcription factor associated with
leukemia and whose expression is modulated by a
super-enhancer, was highly sensitive to THZ1 [20]
(Fig. 3). Similarly, THZ1 affects the expression of
genes controlled by super-enhancers, particularly
Myc, as well as lineage-specific transcription factors
required by the maintenance of the cancerous
phenotype in lung cancer cells [47,49] (Fig. 3).
However, a new study showed a high potential for
THZ1 in the treatment of triple negative breast cancer
(TNBC) tumors [50]. TNBC cells were substantially
more sensitive to THZ1 when compared to ER/Pr*
(positive for the estrogen receptor) tumor cells.
Interestingly, some sets of genes that encode for signal
transduction and transcription factors related to
breast cancer, such as TGFp, STAT, EGFR, and WNT,
among other genes, were affected; these genes were
named the Achilles cluster of TNBC, and their
expression is also regulated by super-enhancers [50].
Therefore, it seems that genes modulated by
super-enhancers, which are large regions of DNA that
accumulate large quantities of transcription factors
[48] and are directly involved in the cancerous
phenotype, may be more sensitive to THZ1 [20,47,49]
(Fig. 3). A new THZ1 analog named THZ2 is more
stable than THZ1 and has an improved effect on Cdk7
inhibition [50].

Another recently identified TFIIH inhibitor is
spironolactone (SP),  which  induces  the
proteasome-mediated degradation of the XPB subunit
and enhances the effect of platinum derivatives in
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cancer cells [51]. The SP-induced degradation of XPB
clearly affects both NER and transcription. The effect
of SP in tumor cells from different origins should be
analyzed to determine whether it also preferentially
kills malignant cells.

Conclusions and Perspectives

Twenty-five years after the discovery of TFIIH,
we have a more comprehensive view of the
mechanisms of different functions of TFIIH; however,
there are still many questions that must be answered.
Although we wunderstand when the enzymatic
activities of TFIIH are required and the identities of
some of their substrates, it is highly possible that other
targets will be discovered. For example, Cdk7 may
phosphorylate other transcription factors. TFIIH
exhibits crosstalk with the mediator [52] which may
be modulated by TFIIH and vice versa; however, this
intercommunication is not clear. The role of the other
subunits of the core that lack enzymatic activities may
be modulators of TFIIH activity, as p52 regulates the
ATPase activity of XPB. In addition, p38 and p62 have
protein domains that suggest dynamic interactions
with the other subunits of the core, and we believe
that the complex is not static and exhibits strong
internal dynamics. However, important questions
remain; for example: Is p44 really a ubiquitin ligase,
and if so, what are its targets? Is p8 a real stabilizer of
the complex, or does it have a regulatory role in the
XPB ATPase activity? Is the CAK subcomplex
required for rDNA transcription even if the RNAPI
lacks a CTD domain such as the one present in

RNAPII? In addition, the fact that two promising
drugs for the treatment of cancer exhibit target
subunits of TFIIH suggests that new small molecules
may be found that inhibit TFIIH but recognize other
subunits besides XPB and Cdk7. Furthermore,
because we understand in detail the regions of each of
the 10 subunits of TFIIH that interact, it is possible to
search for small molecules that interrupt the interface
of these interactions and affect the assembly of TFIIH
and therefore, its functions (Fig. 4). In fact, a new
antibiotic that inhibits the interaction between a
mediator subunit with a transcriptional activator and
that preferentially kills a pathogen fungus has
recently been identified [53]. A similar approach may
be used to look for new inhibitors of TFIIH. On the
other hand, a challenging problem for the
development and use of drugs that target nuclear
factors is to increase the permeability of these
compounds in the nucleus. The treatment with TPL or
THZ1 cause an important reduction in transcription in
cancer cell lines, showing that an important amount of
these molecules permeates the nuclear membrane
[4,44,45], however more precise experiments with
animal models are needed. In addition, new methods
to increase the efficiency to deliver new drugs to the
nucleus still have to be developed.

In conclusion, further studies of TFIIH should
explore how the complex works at high resolution in
transcription and DNA repair, how defects in TFIIH
affect development, and why it is an important target
for cancer therapy.
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Figure 3. The cancerous cell requires high levels of global transcription to maintain its malignant phenotype. Highly transcribed genes in cancer cells, such as oncogenes, are
modulated by super enhancers. These super-enhancers allow the incorporation of the basal transcription machinery at higher frequency in the cancerous cell. The incubation of
these cells with either THZ1, THZ2 or triptolide affects the functions of TFIIH by reducing the rate of transcription initiation and elongation, which has a more deleterious effect

in malignant than in normal cells.
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Figure 4. The enzymatic activities and physical interactions of the subunits of TFIIH could be targets for drugs in cancer treatment. Possible targets for the inactivation of the
functions of TFIIH: (a) Disruption of the interactions of the MAT subunit with cdk7 and Cyc H. (b) Inhibition of the DNA translocase and ATPase activities of XPB. (c,d)
Disruption of the interaction of p52 with p8 or XPB. (e) Disruption of the interactions of p34 with p44. (f) Inhibition of the DNA helicase/ATPase activities of XPD.
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