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Abstract 
 
The transcription/DNA repair factor IIH (TFIIH) is made of two distinct 
sub-complexes, the core-TFIIH and the CDK-activating kinase (CAK), 
bridged together by the XPD subunit. The CDK7 kinase subunit of the 
CAK sub-complex targets different substrates according to the protein 
complex it belongs to: as part of the free-CAK complex it 
phosphorylates specific cyclin-dependent kinases (CDKs) and promotes 
cell cycle progression; as subunit of the entire TFIIH (holo-TFIIH), CDK7 
phosphorylates and activates RNA polymerase II and specific 
transcription factors. In this context, the bridging factor XPD plays a key 
role in modulating the association/dissociation between the CAK and 
the core-TFIIH, thus linking transcription to cell cycle control and DNA 
repair. Mutations in the ERCC2/XPD gene are responsible for distinct 
clinical entities, including the cancer-prone xeroderma pigmentosum 
(XP) and the multisystemic cancer-free trichothiodystrophy (TTD).  
 
To understand how mutations in the same gene give rise to hereditary 
disorders with opposite cancer proneness, we investigated whether 
XPD mutations affect the cellular composition of TFIIH complex and, in 
turn, the CAK-mediated signaling pathways. Therefore, by native 
chromatin immunoprecipitation studies, we investigated the 
association/dissociation dynamic of the two TFIIH sub-complexes 
throughout the cell cycle and found that in XPD mutated fibroblasts, 
isolated from either XP or TTD patients, most of the CAK sub-complex is 
detached from the chromatin and thus from the core-TFIIH, which is 
mainly bound to the DNA. Considering that the CAK substrate 
specificity depends on it free or core-bound state, we looked at the 
protein interaction profile of CDK7 kinase subunit both in physiological 
and pathological conditions. The CDK7 immunoprecipitation followed 
by mass spectrometry analysis allowed the identification of new CDK7 
interactors either associated or detached from the chromatin. Some of 
the identified proteins display a different interaction profile in TTD 
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and/or XP cells, compared to control fibroblasts. We focused our 
attention on DDX1, an ATP-dependent RNA helicase that is involved in 
the resolution of RNA/DNA hybrids accumulated at DNA double strand 
breaks. We found that the interaction between DDX1 and the 
chromatin-bound CDK7 is stronger in TTD primary and immortalized 
fibroblasts than in XP or control fibroblasts. To gain knowledge on the 
functionality of the identified interaction we performed various in vitro 
assays. Upon purification of DDX1 from E. coli and XPD, CAK and TFIIH 
complex from Baculovirus and in vitro co-immunoprecipitation 
experiments, we established that DDX1 binds not only the CAK sub-
complex but also the XPD subunit and the core-TFIIH. Moreover, the 
presence of XPD stabilizes the DDX1 interaction with the CAK but not 
with the core-TFIIH. We found that the C-terminal region of XPD is 
essential for DDX1 binding and that TTD- and XP-specific point 
mutations mapping in the C-terminus of XPD do not affect their 
interaction in vitro. Finally, by in vitro kinase assay we assessed that 
DDX1 is a substrate of the free-CAK but not of the holo-TFIIH complex. 
Future studies will clarify the functional relevance of the CAK-XPD 
interaction with DDX1.  
Overall, our results point to an altered CAK distribution as consequence 
of XPD mutations and identify DDX1 as a novel interactor of CDK7, 
showing a different binding profile in TTD compared to control and XP 
fibroblasts. 
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TBP TATA-binding protein 
TCR transcription-couple repai 
TFII Transcription factor II 
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USP7 ubiquitin-specific protease 7 
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UVSSA UV-specific scaffold protein A 
VWA von Willebrand A 
WB western blot 
Wt wild type 
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1. Introduction 

 
Cell proliferation and differentiation are associated to cell cycle 
regulation, global gene expression, surveillance and maintenance of 
whole genome integrity. These processes are tightly regulated and 
frequently interconnected by different pathways and signal 
transduction events. In addition, several proteins are known to display 
multiple functions that act in independent molecular processes. Among 
these, the DNA repair and general transcription factor IIH (TFIIH) is a 
multi-subunit protein complex engaged in a sophisticated protein to 
protein interaction network crucial for transcription initiation and 
nucleotide excision DNA repair (NER). TFIIH is highly conserved among 
eukaryotes and is organized into two main functional sub-complexes: 
the core-TFIIH, comprising the ATP-dependent DNA translocase XPB, 
and the CDK activating kinase (CAK) that harbors the CDK7 kinase 
activity. The ATPase helicase XPD is the third enzymatic subunit of the 
complex that bridges the core-TFIIH to the CAK. Transcription initiation 
relies on the translocase activity of XPB that allows transcription 
bubble opening and, additionally, on the CAK complex, which 
phosphorylates the RNA polymerase (RNApol) II. TFIIH functions in 
NER through the activities of both XPD and XPB subunits to open 
duplex DNA and verify the presence of damage DNA. In addition, the 
CAK deprived of the core-TFIIH (free-CAK) is essential for regulating 
the cell cycle progression.  

The various functional roles of TFIIH complex are regulated by different 
pathways and it is becoming evident that the association/disassociation 
of the two sub-complexes, which likely involves the bridging factor XPD, 
plays a role in defining the activity of the complex. Mutations in genes 
encoding the TFIIH subunits are responsible for the pathogenesis of 
trichothiodystrophy (TTD), xeroderma pigmentosum (XP), Cockayne 
syndrome (CS) and the combined phenotypes (XP/CS and XP/TTD). 
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The introduction of the following thesis deeply describes the molecular 
structure of TFIIH, its multiple functions and the complicate 
relationship between TFIIH composition and its functional activities. 
The various genetic diseases associated to TFIIH alterations are 
discussed, with a more detailed analysis of XP and TTD diseases. 
Finally, since this thesis work is focused on the identification and 
characterization of DDX1 as a novel CAK interactor, a review of the 
literature is introduced describing the protein structural motifs, the 
cellular localization and the involvement of DDX1 helicase protein in 
various biological processes.  

1.1 The general transcription factor IIH (TFIIH) 

1.1.1 Structure 

The basic structure and function of TFIIH complex is conserved from 
yeast to humans and was firstly solved in the nineties. With an overall 
total molecular weight of approximately 500 kDa, the mammalian TFIIH 
is a ten-subunit protein complex (Giglia-Mari et al., 2004). It is 
organized in two functional sub-complexes bridged together by the XPD 
subunit: the core-TFIIH composed of six subunits, including XPB, p62, 
p52, p44, p34 and p8; and the heterotrimeric CDK-activating kinase 
(CAK) complex, containing the cyclin dependent kinase (CDK) 7, Cyclin 
H (Cyc H) and MAT1 subunits (Compe and Egly, 2012) (Figure1). Three 
subunits of TFIIH exhibit catalytic activities: XPB is an 
ATPase/translocase, contributing to promoter opening during 
transcription initiation and necessary for DNA repair; XPD is a DNA 
helicase essential for NER but dispensable in transcription (Compe and 
Egly, 2016); CDK7 is the kinase subunit involved in basal transcription 
and transcription regulation. The kinase activity of CDK7 is also 
required to regulate cell cycle progression from G2 to M phase. The 
various enzymatic activities of TFIIH are tightly regulated through the 
interaction with different components of the transcription machinery, 
such as general and regulatory transcription factors. In addition, the 
TFIIH functionality appears to be regulated by contacts among the 
various subunits. 
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In agreement with key roles in transcription and DNA repair, the TFIIH 
complex is highly conserved along evolution. As expected, the three 
catalytic subunits (XPB, XPD and CDK7) exhibit the highest sequence 
conservation. Few years ago, it was reported the comparative genomic 
analysis of XPD and core-TFIIH subunits in more than 60 eukaryotic 
species (Bedez et al., 2013). Although XPD, XPB, and p44 are present in 
all analyzed organisms, the non-enzymatic subunits of the core-TFIIH 
(p8/TTDA, p34, p52, and p62) are lacking in some unicellular species. 
The p52 subunit has not been identified in G. lamblia whereas p34 
could not be detected in Trypanosomatids. Interestingly, p62 is absent 
in three unicellular organisms and shows only 19% sequence identity 
among the analyzed species. A phylogenetic comparison of the CAK 
complex in metazoans, fission and budding yeasts suggests a co-
evolution of these components (Fisher, 2005). Kin28, the ortholog of 
CDK7 in Saccharomyces cerevisiae, is a well characterized kinase in 
transcription regulation, but the phosphorylation of cell cycle CDKs in 
this organism is mediated by the single-subunit Cak1. The fission yeast 
Schizosaccharomyces pombe has two CAKs: the essential Mcs6 complex 

Figure 1. The TFIIH complex: Subunit composition of the Human TFIIH. Image 
adapted from Kolesnikova et al., 2019. 
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and the non-essential Csk1, orthologs of metazoan CDK7 and budding 
yeast Cak1, respectively. 

Several groups have contributed to define the architecture of TFIIH and to 
highlight the intricate network of interactions among its subunits (Greber 
BJ, 2017; Greber et al., 2019; Kolesnikova et al., 2019). Advances in 
recombinant expression technologies, low resolution electron microscopy 
(EM) and crystal and nuclear magnetic resonance (NMR), allowed the 
reconstruction of the human TFIIH complex as well as some of its isolated 
subunits and/or functional domains. It’s important to mention that the CAK 
sub-complex is highly flexible, explaining the lack of CDK7 and Cyc H 
subunits in the TFIIH solved structure. These studies revealed that XPB and 
XPD are located next to each other at the horseshoe-shaped structure of 
core-TFIIH and they directly interact with p52 and p44 subunits, 
respectively. The p52 subunit throughout its C-terminal region is associated 
with p8/TTDA to regulate the ATPase and translocase activities of XPB, 
whereas p44 stimulates the ATPase and helicase activities of XPD. Three 
different interaction sites have been described to connect p52 to p34. 
Moreover, MAT1 anchor the dimer CDK7-CycH to the core-TFIIH 
throughout interactions with both XPB and XPD. In turn, XPD is wrapped 
by numerous molecular bridges with XPB, p62, p44 and MAT1, indicating 
how its enzymatic activity is tightly regulated and triggered only when 
required (Figure 2). 
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Figure 2. (A) Structure of the TFIIH core complex in association with a portion (long 
α-helix and helical bundle) of the CAK subunit MAT1. (B) Protein-protein interaction 
network between the components of the TFIIH core complex and MAT1 fragment. 
Different protein domains are indicated. Abbreviations: C4, C-terminal zinc motif; 
vWA, von Willebrand A; CTD, C-terminal domain; P,: pleckstrin homology; NTD, N-
terminal domain; DRD, damage recognition domain. Image adapted from Basil et al., 
2019. 
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The various TFIIH subunits are summarized in Table1 and described below. 
 
Table 1. Composition of the TFIIH complex 

TFIIH Protein Gene Function 
Human genetic 
disorders 

Core  XPB  ERCC3  3′ to 5′ ATP-dependent 
translocase 

TTD and XP/CS 

p62  GTF2H1 Structural function and 
interaction with 
transcription and NER 
factors  

 

p52  GTF2H4 It regulates the ATPase 
activity of XBP 

 

p44  GTF2H2 An E3 ubiquitin ligase 
activity in yeasts 

 

p34  GTF2H3 Structural function and 
strong interaction with p44  

 

p8  GTF2H5  It regulates the ATPase 
activity of XBP 

TTD  

XPD  XPD  ERCC2  5’ to 3’ ATP-dependent 
helicase. It forms a bridge 
between CAK and core  

TTD, XP and XP/CS 

XP/TTD  

CAK CDK7  CDK7  Kinase activity  

Cyclin H  CCNH  It modulates the CDK7 
kinase activity  

 

MAT1  MNAT1 It stabilizes the CAK and 
regulates cullin neddylation 
in yeasts 

 

Abbreviations. CAK, cyclin-dependent kinases-activating kinase sub-complex; CDK7, cyclin 
dependent kinase 7; MAT1, ménage à trois 1; NER, nucleotide excision repair; XPB, xeroderma 
pigmentosum group B complementing protein; TTD, trichothiodystrophy; XP, xeroderma 
pigmentosum; CS, Cockayne syndrome. 

1.1.1.1 The core-TFIIH sub-complex 

XPB/Ssl2 (782 aa) is the largest (89 kDa) subunit of TFIIH complex. It is an 
ATPase/translocase protein, initially identified as a 3’-5’ DNA helicase 
involved in the DNA damage response (Schaeffer et al., 1993; Guzder et al., 
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1994). The XPB protein is an unconventional helicase required for both 
transcription initiation and DNA repair, which contributes to DNA 
unwinding at gene promoters and at the lesion site,respectively (Schaeffer et 
al., 1993). During NER, the hydrolysis of ATP induces a conformational 
change of XPB that contributes to separate the two DNA strands around the 
lesion site thus facilitating the chromatin accessibility to other repair factors 
(Egly and Coin, 2011). Recent studies indicated that XPB poses a dsDNA 
translocase activity necessary during transcription to open the double helix 
(Compe and Egly, 2016). It has been suggested that the ATPase but not the 
helicase activity of XPB determines a conformational change that 
contributes to anchoring TFIIH to the chromatin (Fishburn et al., 2015). 

As all other helicase belonging to the superfamily 2 (SF2), XPB structure 
comprises the HD1 and HD2 RecA-like domains. Additionally, two other 
domains take part in determining XPB structure: a DNA damage 
recognition domain (DRD) and an N-terminal domain (NTD). The three-
dimensional crystal structure analysis of Archaea XPB reveal a specific 
RED motif (consisting of Arg, Glu and Asp residues) located in the N-
terminal RecA-like domain (HD1) and a DNA polymerase thumb-like 
motif (ThM) in the C-terminal RecA-like domain (HD2). The N-terminal 
region of XPB helicase is characterized by a highly conserved 20 kDa 
domain involved in p52 binding. This interaction not only anchors XPB 
to TFIIH, but also stimulates its ATPase activity in vitro (Coin et al., 
2007). The C-terminal domain is important for the regulation of NER 
factors, such as ERCC1-XPF and XPG. Phosphorylation of serine 751 on 
human XPB prevents the 5’ incision of the lesion-containing DNA 
fragment by ERCC1-XPF endonuclease (Coin et al., 2004). Several 
biochemical data suggest that the N- and C-terminal ends of XPB 
protein are connected and constitute a structural unit, called the Lock 
region, proposed to be the main regulatory region of XPB via 
interactions with other TFIIH subunits (XPD, p52, p8 and MAT1) as well 
as other factors (Luo et al., 2015). Another reported interactor of XPB is 
SUG1, an integral component of the 26S proteasome. SUG1 
overexpression in normal fibroblasts results in transcription block in 
vivo, suggesting that SUG1 can inhibit transcription by binding to TFIIH 
via XPB (Weeda et al., 1997). In yeast, the XPB-SUG1 interaction 
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stabilizes the DNA repair factor Rad4 and increases the cellular DNA 
repair efficiency (Lommel et al., 2000). These findings suggest a link 
between the transcription/repair and proteasome machineries. Finally, 
XPB, but not other core-TFIIH subunits, associates with the centrosome 
and mitotic spindle thus showing a potential role for XPB during cell 
cycle (Weber et al., 2010). 

The p62/Tfb1 (548 aa) is a core-TFIIH subunit interacting with XPD, 
p44, and p34. This subunit has not only the structural function to 
anchor different core subunits, but it also regulates the activity of 
different factors involved in transcription and DNA repair. The most 
studied domain of p62 is the pleckstrin homology (PH) domain, which 
mediates interactions with different members of the transcriptional 
machinery (Schilbach et al., 2017), specific transcriptional regulators 
(Di Lello et al., 2006) and DNA repair proteins (Okuda et al., 2017). 
Through the PH domain, p62 binds to the α subunit of the general 
transcription factor TFIIE and allows the recruitment of TFIIH at the 
pre-initiation complex (PIC) (Di Lello et al., 2008). Transcriptional 
activators such as the tumor suppressor p53, erythroid Kruppel-like 
factor, cell cycle controlling factor DP1 and a member of the NF-kB 
family p65, all target p62 N-terminal PH domain. The architecture of 
p62 also comprises two folding units: the BSD domain 1 (BSD1) 
involved in p34 and p44 binding and the BSD2 domain responsible for 
interaction with XPD and regulation of its activity (Greber et al., 2019). 
Even though p62 does not directly contact the DNA-binding site of XPD, 
it may still physically interfere with XPD recruitment to the chromatin. 
Therefore, p62 should be removed in order to allow XPD binding to 
DNA and dsDNA unwinding. This could be achieved by conformation 
changes in TFIIH structure due to CAK and core dissociation and/or 
interaction with other NER factors (Greber et al., 2019). The relevant 
role of p62 in NER is attested by the observation that TFIIH is recruited 
to the lesion site by XPC protein in global genome repair (GGR) (Okuda 
et al., 2015) and by UVSSA in transcription coupled repair (TCR) via 
their  interaction with the PH domain of p62 (Okuda et al., 2017). 
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p52/Tfb2 (462 aa) is another subunit of core-TFIIH. Two important 
domains are located in the C-terminal region of p52: the first, known as 
the ‘clutch’, interacts with XPB (Jawhari et al., 2002) while the second, a 
dimerization module, binds to the smallest subunit of the core-TFIIH 
TTDA/p8 (Kainov et al., 2008). Both interaction sites are functionally 
important to modulate the XPB ATPase activity. Studies in Drosophila 
revealed how p52 mutations cause strong reductions in the levels of 
other TFIIH core subunits, including Xpb, suggesting that when p52 is 
affected, Xpb becomes unstable and prone to degradation (Cruz-
Becerra et al., 2016). The p52 subunit also presents the so-called Hub 
region, which interacts extensively with the vWA domain of p34 and 
with the N-terminus of XPB, thus anchoring p52 subunit to the core 
TFIIH (Luo et al., 2015). 

The p44/Ssl1 (395 aa) subunit is crucial for TFIIH structure and 
function. Structural analysis of p44 shows the presence of three 
different domains. The N-terminal domain (von Willebrand A, vWA) 
binds the C-terminal region of XPD, and this direct interaction enhances 
the helicase activity of XPD but does not alter its ATPase activity. It has 
been proposed that p44 exerts its regulatory role through 
conformational changes of the helicase motifs, which are involved in 
DNA binding. The relevance of this interaction in cell viability has been 
demonstrated by genetics studies: a double mutation in that specific 
region of Ssl1/p44 is lethal in yeast (Kim et al., 2015). The structure of 
p44 zinc finger (eZnF) domain is essential for p62 subunit 
incorporation within TFIIH (Kellenberger et al., 2005). The RING finger 
domain was shown to exhibit an E3 ubiquitin ligase activity in S. 
cerevisiae. Yeast strains mutated in the this domain exhibit an increased 
sensitivity to DNA-damage agents due to reduced transcriptional 
induction of genes involved in DNA repair rather than inefficient NER 
activity (Takagi et al., 2005). To date, no evidence concerning an 
enzymatic activity for p44 has been reported in higher eukaryotes. The 
RING domain of p44 also mediates the association with p34 subunit, via 
both its vWA and C4 domains. Their interactions are important for the 
core-TFIIH integrity as disruption of both binding sites affects the TFIIH 
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composition and its functionality in transcription and NER (Radu et al., 
2017). 

The p34/Tfb4 (308 aa) core-TFIIH subunit contains a C-terminal zinc 
motif (C4) involved in binding the p44 ring domain as well as p62 and 
p52 subunits. The C4 region is important to stabilize the association 
between p34 and p44, creating a scaffold for the assembly of the other 
core-TFIIH subunits. The loss of the C4 domain in p34 affects both the 
stability of human TFIIH and its NER/transcriptional activities (Radu et 
al., 2017). Structural analysis revealed that p34 contains a vWA like 
domain, which is generally involved in protein-protein interfaces and 
dimerization. Throughout this domain p34 establishes another 
important contact with the C-terminal domain of p44. Lou and 
collaborators reported an extensive network of connections between 
the vWA domain of p34 and p44, which allows the formation of a stable 
heterodimer that makes contacts with other core subunits (Luo et al., 
2015). No enzymatic activity is known for p34, although it has been 
associated to mRNA-splicing, based on phylogenetic considerations, and 
its depletion in the complex leads to reduced DNA repair capacity 
(Schmitt et al., 2014). 

TTDA/p8 (71 aa) is the smallest subunit of core-TFIIH. Despite its size, 
the TTDA protein seems to impact on different biological processes. 
Even if no enzymatic activity has been identified, TTDA displays an 
essential NER-stimulating role. Its interaction with p52 (both in yeast 
and human) stabilizes TFIIH structure and triggers DNA opening by 
stimulating XPB ATPase activity (Nonnekens et al., 2013). A possible 
explanation is that TTDA binding to TFIIH promotes the complex 
association to DNA lesions and facilitates the recruitment of 
downstream NER factors. The lack of TTDA subunit makes TFIIH less 
stable and causes a reduction of DNA repair capacity in vitro. Indeed, 
the majority of the protein is not bound to the TFIIH complex in vivo, 
but its association increases after UV induced DNA damage. Differently, 
TTDA is dispensable for transcription, suggesting a selective 
involvement of this subunit in NER pathway but not in gene expression 
(Coin et al., 2006). The lack of Ttda in mice causes embryonic lethality, 
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whereas the viability of Ttda-/- cells is not affected. Ttda deficient cells 
show a complete inactivation of NER pathway and are extremely 
sensitive to oxidative DNA damage, indicating that beyond NER TTDA 
(and likely the entire TFIIH) also takes part to other DNA repair 
pathways (Theil et al., 2013).  
 
1.1.1.2 The bridging factor XPD 

XPD/Rad3 (also known as ERCC2) is a 761 amino acids protein with a 
molecular weight of 80 kDa. XPD belongs to the group of ATP-
dependent SF2 helicases and displays a 5’-3’ translocase activity. The 
relevance of XPD in transcription does not depend on its helicase 
activity, but relies on the structural integrity of TFIIH complex, which is 
XPD-dependent (Lehmann, 2001). Conversely, the helicase activity of 
XPD is pivotal during NER, when lesion verification and opening of the 
damaged DNA needs to be regulated with the recruitment and 
activation of the repair machinery (Mathieu et al., 2013). Crystal 
structures of different archaeal homologs of human XPD (Fan et al. 
2008; Wolski et al. 2008; Liu et al. 2008) revealed a four domains 
organization with HD1 and HD2 RecA-like motor domains, an iron-
sulfur-cluster-binding (4Fe4S) domain and a helical domain named the 
ARCH domain. The C-terminal region of XPD, which is conserved among 
eukaryotes but absent in archaea, is responsible for its interaction with 
p44/Ssl1 subunit. Biochemical analysis of human XPD as well as studies 
on the Chaetomium thermophilum model system showed that the 
ATPase activity of XPD is enhanced by p44 binding (Kuper et al., 2014). 
The 4Fe4S cluster domain contains four redox-sensitive cysteines 
involved in DNA damage recognition and essential for XPD structure 
and helicase activity (Fan et al., 2008). The ARCH domain is a platform 
crucial for CAK binding (Abdulrahman et al., 2013). Throughout 
interaction with the coiled-coil region of the MAT1 subunit and the N-
terminal domain of p44, XPD bridges the CAK to the core-TFIIH 
complex. Different lines of evidence point to a crucial role for XPD in 
regulating the assembly of the two TFIIH sub-complexes. The current 
hypothesis suggests that XPD helicase activity is blocked in 
transcription when CAK is part of the entire TFIIH complex whereas it 
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is active in NER, following CAK dissociation from the core. In this 
context the ARCH domain of XPD mediates the TFIIH enzymatic 
activities by acting as molecular switch between transcription and DNA 
repair (Abdulrahman et al., 2013). Additionally, biochemical data show 
inhibition of XPD helicase activity upon MAT1 binding (Sandrock and 
Egly, 2001), as well as a reduction of TFIIH ssDNA affinity in the 
presence of the CAK (Li et al., 2015). Conversely, the release of MAT1 
from XPD might allow a greater freedom of movement especially to the 
ARCH domain, thereby de-repressing XPD. In Drosophila, Xpd is linked 
to cell cycle control via its interaction with the CAK module: a reduction 
of Xpd protein amount occurs at the beginning of mitosis. This event 
results in detachment of the CAK from the core and allows the free-CAK 
to positively regulate mitotic progression (Chen et al., 2003). Human 
XPD is not only engaged with the CAK and core-TFIIH but can also form 
a complex known as CAK-XPD that plays a role in the coordination and 
progression of mitosis (Li et al., 2010). Moreover, XPD is a component 
of the MMXD complex involved in chromosome segregation, where it 
interacts  with the MMS19 and MIP18 proteins (Ito et al., 2010). 

1.1.1.3 The CAK sub-complex 

CDK7/Kin28 (346 aa) is a 40 kDa protein located in the protruding 
domain of the TFIIH complex. It belongs to a large family of proteins 
exhibiting serine/threonine kinase activity. The structure of CDK7 has 
been determined in 2004 in its inactive conformation and exhibits a 
typical kinase fold composed of an N-terminal lobe build of β sheets and 
a C-terminal lobe mostly α-helical (Lolli et al., 2004).  ATP is bound to a 
protein region between the two lobes.  In metazoans, CDK7 has 
essential roles in both cell cycle and RNApol II transcription regulation. 
As part of the free-CAK CDK7 controls the cell cycle progression by 
phosphorylating the activation segment threonine of CDK1, CDK2, 
CDK4, and CDK6. Differently, as subunit of the entire TFIIH complex, 
CDK7 phosphorylates and activates the carboxy terminal domain (CTD) 
of RNApol II, thus triggering the transition from transcription initiation 
to elongation. The CTD carries an unusual heptapeptide sequence 
composed of the tandemly repeated consensus sequence tyrosine – 
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serine – proline – threonine – serine – proline – serine; CDK7 
preferentially phosphorylates serine in position 5 Ser7 (Glover-Cutter 
et al., 2009; Larochelle et al., 2012). The CDK7 kinase activity and 
substrate specificity are regulated by the phosphorylation state of the 
enzyme as well as by its association with regulatory subunits. For 
maximum activity and stability, CDK7 requires phosphorylation and 
association with both Cyclin H and MAT1. In order to form an active 
stable dimer with Cyclin H in vivo , CDK7 must be phosphorylated on 
the conserved Thr170 (in the human sequence) of the activation 
segment also known as T-loop (Fisher et al., 1995; Martinez et al., 
1997). This phosphorylation event greatly stimulates the activity of the 
CAK complex towards the C-terminal domain of RNApol II without 
significantly affecting the CDKs phosphorylation. Differently from the 
other CDKs, CDK7 has an additional phosphorylation site (Ser164 in the 
human protein) that enhances its kinase activity and cyclin binding 
properties (Martinez et al., 1997; Lolli and Johnson, 2005). Among all 
CDKs, only CDK1 and CDK2 are able to phosphorylate CDK7 (Lolli and 
Johnson, 2007). In vivo, CDK7 T-loop phosphorylation increases during 
the G1 phase, upon cell stimulation by mitogens (Schachter et al., 2013). 
In metazoan, it has been established that in vitro phospho-CDK1/Cyclin 
B (Cyc B) and phospho-CDK2/Cyclin A (Cyc A) are able to 
phosphorylate CDK7 on both Thr170 and Ser164 suggesting a positive 
feedback loop of activating phosphorylation (Garrett et al., 2001). 
Despite their high sequence homology, CDK7, CDK1 and CDK2 cannot 
auto-phosphorylate their own activation segment and they select their 
substrate with high specificity. The association of MAT1 protein to the 
CDK7/Cyc H dimer in vitro also results in kinase activation, even if the 
binding of CDK7–Cyc H to MAT1 is not fully solved within TFIIH 
structure. In Drosophila, it has been demonstrated that reduced levels of 
Xpd increase the free-CAK kinase activity and induce cell growth and 
proliferation. In contrast, an excess of Xpd titrates CAK activity, 
resulting in reduced T-loop phosphorylation, mitotic defects and 
lethality (Li et al., 2010). Xpd overexpression also causes a Cdk7 
mislocalization in mitotic cells of Drosophila embryos (Chen et al., 
2003). It has been postulated that a decrement of Xpd levels in mitosis 
may cause the dissociation of the CAK sub-complex from the core, thus 
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shutting-down the activity of the general transcription TFIIH and 
simultaneously, setting the trimeric free-CAK to act as a cell cycle 
regulator. Differently from Drosophila, in human cells no variations in 
TFIIH subunits amounts or kinase activity have been found during the 
cell cycle (Tassan et al., 1994; Adamczewski et al., 1996). This implies 
that a different process may regulate the activity of the free-CAK and its 
association with the core-TFIIH during cell cycle. 

Cyclin H /Ccl1 (323 aa) has a molecular weight of 34 kDa and its 
structure has been solved in its free state (Kim et al., 1996). The highly 
conserved core domain has a canonical cyclin-fold topology composed 
of two α-helical domains (each containing five helices) referred to as 
Repeat 1 and Repeat 2 (Andersen et al., 1997). It is the regulatory 
subunit of the CAK complex, and its presence is required for the CAK 
kinase activity. Cyclin C/CDK8 has been identified as one of the kinases 
that phosphorylate Cyclin H at two serine residues, Ser5 and Ser304, 
both in vitro and in vivo (Akoulitchev et al., 2000). These 
phosphorylation events result in inhibition of TFIIH transcriptional 
activity. Besides CDK8, Cyclin H is also the substrate of the protein 
kinase CK2. Phosphorylation on Thr315 of Cyc H by CK2 seems to be 
essential for the CAK activity towards both CTD and CDK2 substrates 
(Schneider et al., 2002). As other Cyclins, also Cyc H functionality is 
regulated by specific proteins (see below paragraph 1.1.2.3). It has been 
shown that p53 leads to a down-regulation of the CAK kinase activity 
both in vitro and in vivo (Schneider et al., 1998). Indeed, p53 induces the 
transcription of p21 coding gene, which in turn inhibits the cyclin 
dependent kinases (el-Deiry et al., 1993). The Cyc H subunit of TFIIH is 
also associated with the core-splicing component U1 of the small 
nuclear ribonucleoprotein (snRNP). Recruitment of U1 snRNP complex 
can stimulate the helicase activity of TFIIH, thus promoting the rate of 
transcription initiation by RNApol II (Kwek et al., 2002; O’Gorman et al., 
2005). It has been shown that Cyc H exhibits a critical role in 
maintaining embryonic stem (ES) cell identity in mice, as suggested by 
genetic studies. Indeed, depletion of this subunit leads to differentiation 
of ES cells with no evident alteration of cell cycle, (Patel and Simon, 
2010).  
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MAT1/Tfb3 (309 aa) or ménage à trois, serves as a bridging factor that 
connects all three ATP-dependent enzymatic subunits (CDK7, XPB and 
XPD) of TFIIH complex. MAT1 interacts with the CAK complex through 
its hydrophobic C-terminal domain and this region is sufficient to 
activate CDK7 kinase activity (Fisher et al., 1995; Busso et al., 2000). 
The central portion of MAT1 contains a coiled-coil motif, which anchors 
the CAK to the core-TFIIH by interacting with XPB and XPD (Greber BJ, 
2017). The interaction between MAT1 and XPD, observed in cryo-EM 
map, could lead to inhibition of the XPD helicase activity, likely by 
reducing the conformational freedom of the ARCH domain 
(Abdulrahman et al., 2013). The highly dynamic interface between the 
MAT1 helical bundle and the XPD ARCH domain regulates the 
dissociation of the CAK from TFIIH during NER and its subsequent re-
association to restore a transcriptionally-active TFIIH (Coin et al., 
2008). Through the N-terminal RING finger domain, MAT1 participates 
in transcription regulation favoring the CTD phosphorylation: indeed, 
mutations in this domain reduce the overall transcriptional activity of 
TFIIH in vitro (Busso et al., 2000). Furthermore, MAT1 also aids the 
formation of the RNApol II pre-initiation complex by making contacts 
with the PIC core (Schilbach et al., 2017). Mat1-deficient mice exhibit 
peri-implantation lethality, with homozygous mutant blastocysts failing 
to develop the proliferative inner cell mass (ICM) cells, which 
underwent apoptosis (Rossi et al., 2001). 
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1.1.2 Functional roles 

Nearly three decades ago, the finding that the multiprotein complex 
TFIIH was both a basal transcription factor as well as a component of 
the NER pathway, revealed a functional link between these two 
biological processes (Schaeffer et al., 1993; Seroz et al., 1995). 
Furthermore, subunits of TFIIH complex participate in other important 
cellular functions. The free-CAK has an essential role in cell cycle 
control by regulating the activity of different CDKs. The XPD subunit of 
TFIIH takes part to the formation of other protein complexes implicated 
in mitotic spindle formation and chromosome segregation. Overall, 
these observations imply an extensive regulation of both TFIIH 
composition and functions to assure proper cellular activities. 

1.1.2.1 TFIIH in transcription mediated by RNApol II  

TFIIH plays an important role in transcription of ribosomal RNA (rRNA) 
by RNApol I and in transcription of protein coding genes by RNApol II 
(Conaway and Conaway, 1989; Feaver et al., 1991; Gerard et al., 1991). 
In eukaryotes, the transcription of coding genes, is a tightly regulated 
mechanism which relays on the activity of RNApol II,  firstly isolated by 
Roeder and colleagues (Roeder and Ruttler, 1969). With an overall 
molecular mass of more than 500 kDa, it is composed of 12 subunits 
(Rpb1 to Rpb12) organized in a ten-subunit core and the Rpb4/Rpb7 
dimer (Armache et al., 2003). In the core structure, the two largest 
subunits, Rpb1 and Rpb2, form the active center which binds DNA and 
RNA molecules. A flexible ‘‘linker’’ emerges from the core surface and 
connects to the CTD of the Rbp1. The pol II transcription mechanism is 
divided in different steps: promoter binding, open complex formation, 
initiation, elongation and termination. RNApol II transcription is an 
ATP-dependent mechanism that requires the assembly at the promoter 
region of a large pre-initiation complex (PIC) (about 2.5 MDa) 
containing the general transcription factors (GTFs) TFIID, TFIIA, TFIIB, 
TFIIF, TFIIE, and TFIIH (Compe and Egly, 2012) (Figure 3).  
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Figure 3. Schematic representation of RNApol II transcription initiation. The 
stepwise pre-initiation complex (PIC) assembly is depicted with the sequential 
recruitment of the general transcription factors (various colors) and RNApol II (gray) 
on promoter DNA. Abbreviations: NTP, nucleoside triphosphate; TAF, TBP-associated 
factor. Image adapted from Sainsbury et al., 2015.  

The principal purpose of the PIC is to correctly upload the RNApol II at 
transcription start site (TSS), a mandatory event required for 
transcription activation (He et al., 2013). GTFs assemble at the core 
promoter element in a specific order. The first element recruited to the 
promoter is TFIID, a multi-subunit complex containing the TATA-
binding protein (TBP) that recognizes the consensus sequence 
TATATAA (TATA box), usually located upstream of the TSS. Although 
most promoters do not contain a canonical TATA box (TATA-less 
promoters), their transcription requires TFIID (Donczew and Hahn, 
2018). Some TFIID subunits are known to recognize short promoter 
elements such as MTE (motif ten element), INR (initiator element) 
and/or DPE (downstream promoter element) (Smale and Kadonaga, 



 
 
 
 
 
 
 
 
 
 

1. Introduction  

26 
 
 
 
 
 

2003). Since in the absence of a consensus TATA box, the PIC assembly 
relays on TFIID binding, the overall architecture of the initiation 
complex at TATA-containing and TATA-less promoters is similar 
(Sainsbury et al., 2015). TFIID association with promoter DNA is then 
further stabilized by TFIIA and TFIIB. Next, TFIIF tightly associates with 
RNApol II and facilitates the pol II uploading to the growing PIC 
(promoter binding). Indeed, TFIIF enhances pol II affinity for the core-
promoter complex, by providing additionally protein-DNA contacts 
(Robert et al., 1998). Finally, TFIIE and TFIIH are recruited to the PIC, 
allowing the establishment of an open complex in which the ssDNA 
template, melted by TFIIH, inserts into the pol II active site. This 
transition mechanism leads to a transcriptional competent complex 
that is critically dependent on TFIIH. Experiments in both human and 
yeast systems have demonstrated that XPB/Ssl2 binds the DNA 
downstream of the transcription bubble and acts as a wrench by 
bending the DNA and creating a distortive melted substrate (promoter 
melting) (Kim et al., 2000). Moreover, it seems that the relevance of XPB 
functionality during PIC formation is retained in its ATPase activity, 
rather than in helicase activity (Fishburn et al., 2015). XPB uses energy 
derived from ATP hydrolysis to track the DNA in a 5’-3’ direction, and 
ensures the correct positioning of RNApol II on the promoter and the 
formation of the first phosphodiester bound (Grünberg et al., 2012; He 
et al., 2013; Schilbach et al., 2017). TFIIH participate in transcription 
initiation also via its kinase subunit. The phosphorylation of Ser5 and 
Ser7 in the evolutionarily conserved consensus sequence Tyr-Ser-Pro-
Thr-Ser-Pro-Ser tandemly repeated (52 repeat units in human) of the 
RNApol II CTD is mediated by the CDK7 kinase. These phosphorylation 
events allow RNApol II to engage the DNA template and start the 
transcription of short RNA stretches (Dvir et al., 1997; Jeronimo and 
Robert, 2014; Wong et al., 2014). When the nascent RNA strand grows 
to a critical length, pol II needs to be released into productive 
elongation (promoter clearance). Pol II pauses 30–60 nucleotides 
downstream of the TSS either to stably control gene expression or to 
transiently promote the recruitment of enzymes involved in mRNA 
processing. This mechanism depends on the presence of highly 
conserved DRB-sensitivity inducing factor (DSIF), a heterodimer of Spt4 
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and Spt5 proteins, and the negative elongation factor (NELF) recruited 
by DSIF itself, which promotes stable pausing. Structural and genetic 
studies on archaea indicate that Spt4/5 interaction with RNApol II can 
temporally block transcription (Grohmann et al., 2011; Klein et al., 
2011). Overcoming the elongation block requires the positive 
transcription elongation factor b (P-TEFb), whose CDK9 kinase 
converts DSIF into a positive elongation factor, facilitates the eviction of 
NELF and phosphorylates the Rpb1 CTD on Ser2 (Nechaev and 
Adelman, 2011; Kwak and Lis, 2013). As other CDKs, also CDK9 
contains an activation T-loop that must be phosphorylated for maximal 
activity (Larochelle et al., 2012). CDK9 phosphorylation on Ser175 is 
principally mediated by CDK7, suggesting a possible control mechanism 
of pol II pausing due to CDK7, but evidences are still limited (Ebmeier et 
al., 2017b; Mbonye et al., 2018). Phosphorylated RNApol II CTD by 
CDK7 also acts as a scaffold for the recruitment of factors implicated in 
various post-initiation events (such as mRNA splicing and 
polyadenylation) as well as in the regulation of chromatin modification 
required during transcription (Eick and Geyer, 2013). The recruitment 
of the mRNA capping machinery through interaction of guanylyl-
transferases MCE1 and CGT1 with Ser5-P, triggers the dissociation of 
RNApol II from the PIC that, in turn, leads to the detachment of the PIC 
from the promoter (Ho and Shuman, 1999; Komarnitsky, 2000). 
Different histone and chromatin modifying factors, important for the 
correct transcription cycle, have been reported to interact with the CTD 
(Eick and Geyer, 2013). Set1 is a H3K4 methyl-transferase that interacts 
with a CTD phosphorylated at Ser5 but not Ser2 (Hui Ng et al., 2003). 
The histone deacetylase Rpd3 is specifically recruited by the Ser5 
phosphorylated CTD to actively transcribed genes (Drouin et al., 2010). 
The histone H3 chaperone Spt6, binds to the Ser2 phosphorylated CTD 
and promotes transcription elongation by altering the chromatin 
structure (Yoh et al., 2008). A recent proteomics analysis of 
phosphorylated RNApol II CTD indicates the presence of a CDK7-
dependent “CTD code” capable of regulating the recruitment of 
transcription-associated chromatin modifiers such as the lysine 
methyltransferases (KMT) SET1A and SET1B (Ebmeier et al., 2017a).  
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CDK7 is also implicated in the phosphorylation of transcriptional 
regulators including the CDK8 subunit of the Mediator transcriptional 
regulatory complex (Larochelle et al., 2012), the basal transcription 
factor TFIIE, the p53 tumor suppressor (Lu et al., 1997), nuclear 
receptors like the retinoic acid receptor-α1 (RARα1) and RARγ 
(Rochette-Egly et al., 1997; Bastien et al., 2000), androgen receptor (Lee 
et al., 2001; Chymkowitch et al., 2011), peroxisome proliferator 
activated receptor-α (PPARα), PPARβ (also known as PPARδ), PPARγ1 
and PPARγ2 (Compe et al., 2005) and the thyroid hormone receptor-α1 
(Compe et al., 2007). Studies on the role of CDK7 kinase during 
transcription process provided conflicting results. It was shown that in 
vitro transcription, with a highly purified enzyme system, did not 
required CTD phosphorylation (Serizawa et al., 1993). Similarly, genetic 
invalidation of CDK7 in mouse affects the mRNA levels of a small 
number of genes, indicating that its activity is dispensable for overall 
transcription (Ganuza et al., 2012). On the other hand, there are 
considerable evidences pointing to the influence of CDK7 on 
transcription of protein coding genes. A recent work using a covalent 
inhibitor reveals a role for Kin28 (the ortholog of CDK7 in 
Saccharomyces cerevisiae) in facilitating promoter release, enhancing 
the transition to productive elongation and priming the CTD for 
downstream stages of transcription cycle (Rodríguez-Molina et al., 
2016). Indeed, inhibition of CDK7 kinase activity (with two novel highly 
specific inhibitors) resulted in attenuated pol II pausing as well as 
productive elongation and affect mRNA capping (Kelso et al., 2014; 
Nilson et al., 2015). These observations suggest that blocking CDK7 
from hyper-phosphorylating the CTD effectively inhibits promoter 
release and affect transcription initiation by pol II.  

The CDK7 kinase activity toward the CTD is modulated by differential 
association with other proteins, or by other post-translational 
modifications. Within the trimeric complex, MAT1 is able to increase 
the activity of CDK7 towards the CTD at the expense of CDKs 
phosphorylation (Yankulov and Bentley, 1997; Komarnitsky, 2000). 
The CDK8-Cyclin C complex can repress general transcription by 
targeting the CAK complex. Indeed, CDK8 phosphorylates Cyclin H 
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subunit on Ser5 and Ser304 both in vitro and in vivo. These residues are 
in closed proximity to the N- and C-terminal domains, which are known 
to be essential for the CDK7 kinase activity in vitro. Thus, CDK8-
mediated phosphorylation of Cyc H can abolish the TFIIH 
transcriptional activity (Akoulitchev et al., 2000). Moreover, Cyc H is 
also the target of the CK2 kinase, which phosphorylates the residue 
Thr315 at the C- terminal end of the protein. This phosphorylation 
event has no effect on CAK structure but impacts negatively on the CAK 
kinase activity towards both the CTD and CDKs (Schneider et al., 2002). 
Finally, it has been reported that the recombinant p16INK4A can 
specifically inhibit the CDK7-mediated CTD phosphorylation in 
transcription but not the phosphorylation of the CDKs in cell cycle 
progression (Nishiwaki et al., 2000). 

1.1.2.2 TFIIH in NER 

DNA is continuously exposed to the deleterious action of exogenous and 
endogenous agents that cause genome instability. Unrepaired DNA 
insults can be fixed into mutations during DNA replication, leading to 
cellular dysfunctions and carcinogenesis (Ciccia and Elledge, 2010). 
Cells have developed a network of DNA damage response (DDR) 
mechanisms to maintain genome integrity and prevent accumulation of 
random DNA lesions that progressively interfere with vital biological 
processes, such as DNA replication and transcription. Nucleotide 
excision repair (NER) is an evolutionary conserved pathway that 
repairs DNA lesions with variable degree of distortion of the DNA helix 
(Mullenders, 2018). Among the different DNA repair pathways, NER is 
the most flexible concerning the diversity of DNA lesions. It recognizes: 
pyrimidine dimers (CPDs), 6-4 photoproducts (6-4PPs) caused by 
ultraviolet (UV) light, bulky chemical adducts, DNA intra-strand cross-
links and some forms of oxidative DNA damage (Apostolou et al., 2019; 
Kusakabe et al., 2019). Eukaryotic NER can be divided into two 
mechanistically distinct sub-pathways: global genome repair (GG-NER) 
and transcription-coupled repair (TC-NER). While GG-NER functions 
anywhere in the genome, TC-NER is responsible for the repair of DNA 
lesions blocking the progression of RNApol II transcription. Although 
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the two sub-pathways use different players to recognize the DNA lesion, 
thereafter they converge in a common molecular pathway (Figure 4). 
 
In GG-NER, the XPC protein is the prime essential NER factor that 
accumulates at the lesion site (Alekseev and Coin, 2015). Its 
recruitment is indispensable for the accumulation of the rest of the NER 
factors. In vivo, XPC is part of a stable protein complex with HR23B -
CETN2 (Masutani et al., 1994; Araki et al., 2001), which  detects double 
helix distortions and bends the DNA by destabilizing one or more base 
pairs. To ensure that GG-NER removes a wide spectrum of structurally 
different lesions, XPC displays a low binding specificity. Recent studies 
suggest that XPC scans the DNA filament for the presence of helical 
distortions. This leads to a longer retention of XPC at the suspicious site 
and decreases the energy required to form a stable DNA-protein 
interaction. XPC can also recognize and associate to some DNA sites that 
are prone to be naturally unwound, like it occurs during DNA 
replication and transcription. A considerable fraction of the DNA lesion 
search initiates in this way but if no real damage exists, the repair 
process is aborted.  Therefore, it has been proposed the existence of 
specialized molecular mechanisms, that help XPC to efficiently 
discriminate between its specific targets and undamaged DNA. One of 
such mechanisms involves the UV-damaged DNA-binding protein 
complex (UV-DDB). This factor was identified as a heterodimer complex 
consisting of DDB1 and DDB2, which exhibits an incredible high binding 
affinity and specificity for UV-damaged DNA, especially for CPDs. The 
UV-DDB complex not only promotes the recruitment of XPC to the 
damage sites, but also contributes to chromatin structure remodeling 
thus allowing DNA lesion access to XPC and to the following repair 
proteins (Kusakabe et al., 2019). DDB2 is involved in chromatin poly 
ADP-ribosylation (PARylation) and recruitment of the chromatin-
remodeling enzyme ALC1, which locally modulates the chromatin 
structure through nucleosome sliding and thereby favoring the 
recruitment of XPC (Pines et al., 2012) 
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Figure 4. Nucleotide excision repair (NER). Molecular mechanisms of global 
genome repair (GG-NER) and transcription coupled repair (TC-NER). The NER 
pathway consists of different steps: recognition of DNA lesion, DNA opening, lesion 
verification, incision of damaged DNA and resynthesis of DNA. Image adapted from 
Kolesnikova et al., 2019. 
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Moreover, UV-DDB is part of the CUL4A-RBX1 ubiquitin ligase complex 
that can ubiquitinate itself and XPC protein upon UV irradiation. 
Polyubiquitylated XPC exhibits a higher DNA binding activity and 
displaces the UV-DDB complex from the site of lesion (Sugasawa et al., 
2005). The recruitment of the NER complex at the lesion site is strictly 
dependent on XPC, indeed the assembly of NER factors to photolesions 
is abolished in XPC-deficient cells (Mullenders, 2018). After lesion 
identification, XPC recruits TFIIH through the interaction with XPB and 
p62 subunits of the core (Coin et al., 2008). 

The TC-NER pathway relies on the transcription machinery for the 
initial recognition of DNA damage.  The cytotoxic damage on the 
transcribed strand is detected by the RNApol II that bumps into the 
damaged DNA. Therefore, the stalled  RNApol II constitutes the first 
step to activate TC-NER (Spivak, 2016). Thus, TCR-initiation complex, 
comprising CS complementation group proteins CSB (ERCC6) and CSA 
(ERCC8), UV-specific scaffold protein A (UVSSA) and ubiquitin-specific 
protease 7 (USP7) is recruited at the lesion site and subsequently 
displaces the polymerase. The CSB gene encodes a 168 kDa protein, 
member of the SWI2/SNF2 family of DNA-dependent ATPases that also 
displays DNA binding and nucleosome remodeling activities (Citterio et 
al., 2000). The transcription elongation factor CSB is the first protein to 
be loaded onto arrested pol II and is considered the master 
coordinating factor in TC-NER (Sameer and Nissar, 2018). It binds the 
DNA upstream of RNApol II, promoting the forward movement of 
RNApol II and making the lesion accessible to repair proteins (Xu et al., 
2017). CSB than recruits CSA protein, which contains WD-40 repeats 
and is part of an E3-ubiquitin ligase (CRL) complex consisting of DDB1, 
Cullin 4A and ROC1 proteins (Groisman et al., 2003). One of the 
functions of CRL is the ubiquitination and subsequent degradation of 
RNApol II under conditions of slow or no repair of the blocking lesions 
(Svejstrup, 2003). In normal conditions, the ligase activity of CRL is 
inhibited by interaction with the COP9 signalosome. Upon DNA damage, 
the COP9 signalosome dissociates, thus resulting in CRL activation 
(Groisman, 2006). Recently a stable interaction between CSA and the 
chaperonin TCP-1 ring complex (TRiC) has been reported, whose 
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function is to ensure the proper folding and stability of CSA (Pines et al., 
2018). CSA is also involved in the recruitment of UVSSA and USP7 
proteins, which regulate the proteasome-dependent degradation of 
CSB. UVSSA-mediated positioning of USP7 in close proximity to CSB, 
allows the de-ubiquitinating activity of USP7 to prevent CSB  
degradation (Schwertman et al., 2013). Additionally, CSB, together with 
CSA, recruits other factors of the TC-NER complex including the pre-
mRNA splicing involved protein XAB2, the nucleosome binding protein 
HMGN1 and the p300 histone-acetyl transferase (Fousteri et al., 2006). 
TFIIH is subsequently recruited to the damaged site via UVSSA (Okuda 
et al., 2017). TFIIH is loaded downstream of the pol II-CSB complex and 
it uses its XPB and XPD subunits to verify whether a DNA lesion is 
present on the template strand (Wang et al., 2018). With the 
recruitment of TFIIH to the repair site, both branches of the NER 
pathway converge.  

TFIIH uses the XPD helicase to verify the presence of the lesion by 
scanning the DNA in 5′-3′ direction, while both XPB and XPD are 
required for DNA unwinding. The ATPase activity of XPB is necessary to 
stabilize TFIIH to the damaged site whereas its helicase activity seems 
to be dispensable. In opposition, XPD helicase activity is necessary to 
mediate the initial opening between the two DNA strands. The activity 
of XPB and XPD in NER has to be precisely regulated to ensure the 
correct DNA bubble opening. Both p52 and TTDA subunits are able to 
modulate the ATPase activity of XPB. The relevance of p52 was first 
demonstrated in Drosophila cells, where mutations in Dmp52 coding 
gene (the homolog of p52) resulted in reduced interaction between p52 
and Xpb, decreased ATPase activity of Xpb and instability of the entire 
TFIIH complex (Fregoso et al., 2007). In agreement, human mutations 
destabilizing the XPB–p52 interaction lead to a reduction of XPB 
ATPase activity and reduced DNA unwinding by TFIIH at the lesion site 
(Coin et al., 2007). Another regulatory subunit of XPB is p8/TTDA that 
acts by stimulating the ATPase activity required for DNA opening (Coin 
et al., 2006). Finally, the p44 subunit of the core-TFIIH is critical for XPD 
activity in NER. Mutations that disrupt the interaction between these 
two subunits, perturb the correct DNA unwinding mediated by XPD 
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helicase activity (Coin et al., 1998; Kim et al., 2015). Once the damaged 
DNA has been unwound by TFIIH, the replication protein A (RPA), XPA 
and XPG bind to the undamaged strand forming the pre-incision 
complex that contains a ∼30 nucleotides region of separated DNA 
strands around the lesion. RPA protein is recruited to coat the 
undamaged strand and protect the ssDNA ends from hydrolysis. XPA, 
which directly interacts with TFIIH, enhances the TFIIH helicase 
activity, triggers the release of the CAK module and promotes the 
recruitment of XPG and XPF endonucleases (Kokic et al., 2019). 
Interestingly, the CAK sub-complex was shown to inhibit the XPD 
helicase activity in vitro (Abdulrahman et al., 2013). A complete release 
of the CAK during NER may not only account for de-repression of XPD 
helicase activity but also to provide a more flexibility of TFIIH structure 
that could possibly facilitate the recruitment of downstream NER 
factors. Specifically, the interaction of MAT1 with XPD and XPB may 
inhibit global conformational changes associated with TFIIH activation 
in the context of DNA repair (Kokic et al., 2019). At the late step of NER 
the re-association of the CAK with the core-TFIIH correlates with 
resumption of transcription (Coin et al., 2008). Therefore, the 
interaction of TFIIH with XPA may modulate the structural and/or 
enzymatic features of XPD helicase and thus affect its mobility across 
the lesion sites. The two endonucleases XPG and ERCC1-XPF are then 
loaded to make dual incisions at the 3′ and 5′ of the lesion, respectively. 
Following the release of the lesion containing DNA fragment (about 30-
oligonucleotide), the RPA protein remains associated to the undamaged 
strand where it recruits the proliferating cell nuclear antigen (PCNA) 
and replication factor C (RFC). These two factors allow the correct 
positioning of DNA polymerases δ and ε. The gap is filled with the novo 
DNA synthesis complementary to the undamaged DNA strand. Finally, 
the 3’ end of the newly synthesized DNA is covalently ligated to the 
parental strand by DNA ligases I and 3 (Kolesnikova et al., 2019). 
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1.1.2.3 TFIIH in cell cycle 

Some of the TFIIH subunits also function in cellular processes other 
than transcription and DNA repair (Figure 5). Indeed, the CAK was 
initially identified as a complex involved in cell proliferation whose 
function is to tightly regulate the cell cycle progression (Fesquet et al., 
1993).  

 

Figure 5. Involvement of TFIIH subunits/sub-complexes in cell cycle progression 
and chromosome segregation. The free-CAK, is involved in cell cycle regulation; 
CAK-XPD might have a role in the progression of mitotic divisions; XPD within the 
MMXD or CGX complexes is implicated in chromosome segregation. Image adapted 
from Compe and Egly, 2016.  

Cell cycle consists of consecutive processes mainly characterized by 
DNA replication and subsequent chromosomes segregation into 
daughter cells. Originally, cell division was divided into two steps: the 
process of nuclear division (mitosis, M), and the interphase that lasts 
between two M phases. The mitosis is further characterized by four 
different stages, namely the prophase, metaphase, anaphase and 
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telophase. Afterward, different steps have been described also for the 
interphase, which includes the G1, S and G2 phases. During G1 phase, 
cells are actively preparing for the DNA replication that occurs in S 
phase; the following G2 period is necessary to verify the correct 
duplication of the genome and allow entry in mitosis. The transition 
from one phase to another must be tightly regulated to ensure the 
proper progression of cellular events. Key regulatory players are the 
cyclin-dependent kinases (CDK), a family of protein serine/threonine 
kinases whose activity depends on the association with a non-catalytic 
subunit called cyclin. Till now, 21 genes encoding CDKs have been 
identified in the human genome (Malumbres et al., 2009) and, among 
these, five (CDK1, CDK2, CDK4, CDK6 and CDK7 ) are active during the 
cell cycle. CDK4, CDK6 and CDK2 function in G1 phase, CDK2 also in S 
and CDK1 in G2 and M phases. To be fully activated, CDKs require both 
the binding to a specific cyclin and phosphorylation on a conserved 
threonine residue within the activation T-loop domain. Although 
threonine phosphorylation does not play a direct role in catalysis, it 
appears to stabilize the overall structure of the CDK–cyclin complex. 
When activated, CDK promotes downstream signaling events through 
the phosphorylation of specific target proteins (Morgan, 1995; Pines, 
1995). The coordinated synthesis and degradation of cyclins during cell 
cycle progression as well as the composition of specific CDK-cyclin 
partnerships allows a timely controlled activation of the different CDKs. 
The three D type Cyclins (Cyclin D1, Cyclin D2, Cyclin D3) are partners 
of CDK4 and CDK6 that allow cells to move through G1 (Sherr, 1994). 
CDK4/6 - Cyc D dimer is necessary to indirectly activate the 
transcription of cyclin A, cyclin E and Cdc25 genes, required for 
progression into the S phase. Another G1 Cyclin is Cyc E ,which 
associates with CDK2 to regulate the progression from G1 to S phase 
(Ohtsubo et al., 1995). CDK2 - Cyc E phosphorylates histone H1 and this 
may be important for chromosome decondensation required during 
DNA replication. Cyc A - CDK2 is required during S phase; the complex 
phosphorylates the DNA polymerase α primase, promoting initiation of 
DNA replication (Girard et al., 1991; Walker and Maller, 1991). In late 
G2, CDK1 binds Cyc A to promote entry into M phase. Then A-type 
Cyclins are degraded by ubiquitin-mediated proteolysis and B-type 
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Cyclins are synthetized. As a consequence, CDK1 changes its partner 
and CDK1 - Cyc B complex promotes the beginning of mitosis (King et 
al., 1994; Arellano and Moreno, 1997). 

CDK7, together with Cyc H and the assembly factor MAT1, is 
responsible for the correct timing of activation and cyclin-binding 
specificity of different cell cycle CDKs, including CDK1, CDK2, CDK4, and 
CDK6 (Compe and Egly, 2016). CDK7 is itself phosphorylated on the 
activation segment (Thr170) but, in contrast to other CDKs, this event is 
not essential for the kinase activity. Indeed, the presence of MAT1 can 
substitute Thr170 phosphorylation and is sufficient for CDK7/Cyc H 
activation (Devault et al., 1995; Fisher et al., 1995; Lolli and Johnson, 
2005). In addition, CDK7 has a second phosphorylation site in the 
activation segment (Ser164) whose phosphorylation enhances activity 
and cyclin binding (Martinez et al., 1997; Lolli and Johnson, 2005). 
Although still debated, to date the CDK7/Cyclin H/MAT1 complex is the 
only CDK-activating kinase known in metazoans (Ganuza et al., 2012). 
Inactivating CDK7, either by chemical inhibition (Bisteau et al., 2013) or 
gene disruption (Ganuza et al., 2012), abolishes CAK activity in whole-
cell extracts and causes general activating phosphorylation failure that 
affects G1, S and mitotic CDKs (Larochelle et al., 2012). Cdk7 genetic 
ablation in mice causes reduced T-loop phosphorylation of cell cycle 
CDKs, leading to cell cycle arrest and premature aging in vitro and early 
embryonic lethality in vivo (Ganuza et al., 2012). In agreement, mice 
lacking the Mat1 subunit die early in embryogenesis, confirming the 
essential role of CAK in cell proliferation and development (Rossi et al., 
2001). In Drosophila, Cdk7 is an essential gene and a temperature-
sensitive Cdk7 mutant prevents cell proliferation in the germ line and 
activation of CDK1 (Larochelle et al., 1998; Fisher, 2005). Chemical 
inhibition of CDK7 kinase in human cancer cells blocks both S and M 
phases by abolishing CDK2 and CDK1 activation, respectively 
(Larochelle et al., 2007).  

The main mechanism used by CAK to identify its best substrate during 
different cell cycle phases relies on the presence of cyclins. CDK2 
activation occurs in a two-step process: first, monomeric CDK2 is 
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phosphorylated by CAK on the threonine residue in the activation 
segment (Thr160). This event optimizes the substrate binding by 
favoring the association with cyclin (Cyc E in G1 and  subsequently Cyc 
A) (Wood and Endicott, 2018). CDK1 follows a distinct activation 
pathway. Indeed, CDK1 cannot be phosphorylated in the absence of 
cyclin but it must be phosphorylated to form stable complexes with 
either Cyclins A or B, implying that the two events must occur in 
concert (Merrick and Fisher, 2010). CDK4 and CDK6 are implicated in 
progression acting prior to the Restriction (R) point, the regulatory 
point for cell division commitment that allows cells to proceed in S 
phase. It has been demonstrated that CDK7 can activate CDK4 and 
CDK6 in vitro and when associated with Cyc D, both kinases depend on 
CDK7 for their in vivo activation. In mouse fibroblasts, the gene 
disruption of Cdk7 causes a reduction of Cdk4-associated kinase 
activity (Ganuza et al., 2012). Structural analysis has revealed 
significant differences between CDK4 and CDK2, suggesting that their 
mechanisms of activation and regulation might be different (Takaki et 
al., 2009). CDK4 and CDK6 appear to follow the canonical pathway in 
which cyclin-binding is a key step to allow T-loop phosphorylation. 
Even after binding with Cyc D and phosphorylation on Thr172, CDK4 
requires additional events to become active, such as binding to a 
substrate or to an assembly factor. The p27 molecule, for example, can 
bind the CDK4/Cyc D complex and behave as inhibitory or non-
inhibitory factor depending on its own phosphorylation state (Chu et 
al., 2007; James et al., 2008). Differently from CDK2 and CDK1 
complexes that remain phosphorylated for hours after CDK7 
inactivation, the T-loop phosphorylation of CDK4 and CDK6 is rapidly 
lost. Therefore, CDK7 activity is required to maintain the active state of 
CDK4 and CDK6 while it only promotes the activation of CDK1 and 
CDK2.  

Considering the involvement of the free-CAK in cell cycle progression 
and that of holo-TFIIH (CAK plus core) in basal and activated 
transcription, it’s important to understand how the CAK discriminates 
among its targets and therefore activates specific signaling pathways. 
Studies on Drosophila Cdk7 highlighted how CAK’s substrate specificity 
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may be regulated without large fluctuations in levels or activities. In 
2003, Suter and coworkers used a Drosophila model of rapid embryo 
development to demonstrate that Xpd amounts vary throughout the cell 
cycle and drop during metaphase, anaphase and telophase (Chen et al., 
2003). Reduced Xpd levels resulted in increased amount of free-CAK, 
increased Cdk7 kinase activity and cell growth and proliferation. In 
contrast, an excess of Xpd titrated CAK activity, resulting in reduced T-
loop phosphorylation, mitotic defects and embryo lethality. Xpd 
overexpression in wild-type Drosophila embryos also caused a 
redistribution of Cdk7 from cytoplasm to the nucleus. The lack of Xpd 
caused changes in the subcellular and temporal distribution of Cdk7 as 
well as in the local mitotic kinase activity (Li et al., 2010). It has been 
postulated that the reduced Xpd levels in mitosis causes the 
dissociation of the CAK sub-complex from the core thus shutting-down 
the activity of the general transcription TFIIH. In parallel, the detached 
free-CAK can act as a cell cycle regulator. Finally, it has been shown that 
the lack of Xpd caused decreased degradation and abnormal cellular 
distribution of Cyc B, whose degradation normally occurs to exit the 
mitosis. According to this model, XPD presence becomes a critical 
regulator of both cell cycle and basal transcription by defining the 
distribution of CDK7 between free-CAK and entire TFIIH. The 
identification of a quaternary complex made of the CAK subunits and 
XPD both in mammalian and Drosophila cell extracts, also supports this 
idea. 

In mammalian cells, the amount of all TFIIH subunits remains constant 
during the cell cycle, suggesting that a different process may regulate 
the CDK7 kinase activity and its substrate specificity during cell cycle 
(Tassan et al., 1994; Adamczewski et al., 1996). Although previous 
studies reported that the overall T-loop phosphorylation of CDK7 does 
not drastically change during the cell cycle in human cells (Garrett et al., 
2001), Schachter and collaborators, demonstrated that in HCT116 and 
in RPE-hTERT cells, the Thr170 phosphorylation of CDK7 increases 
during mitosis, whereas the total levels of CDK7, Cyc H and MAT1 
remain roughly constant (Schachter et al., 2013). Thus, the regulation of 
CAK activity by T-loop phosphorylation is becoming a real possibility. 
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The Thr170 phosphorylation is induced by mitogenic signaling and 
could be important for the switch from transcription to cell cycle 
programs. Phosphorylation at Ser164, apparently increases in mitotic 
cells treated with nocodazole, and correlates with TFIIH inability to 
activate  transcription in mitosis (Akoulitchev and Reinberg, 1998). 
Indeed, CDK7 kinase activity associated to TFIIH has been identified as 
a target of mitotic repression by CDK1/Cyc B phosphorylation (Long et 
al., 1998).  

Another level of CAK activity regulation is mediated by inhibitors 
and/or activation factors. As an example, the MAT1-mediated 
transcriptional repressor (MMTR) is an intrinsic negative cell cycle 
regulator that operates through inhibition of CAK activity. MMTR, via 
MAT1 binding, blocks the CAK-mediated phosphorylation of CDK1 both 
in vitro and in vivo. MMTR over-expression delayed the G1/S and G2/M 
transitions, whereas co-expression of MAT1 and MMTR rescue the cell 
growth and proliferation rate. Moreover, the expression level of MMTR 
is modulated during cell cycle progression and its down regulation 
correlates with G1/S and G2/M transitions. These findings suggest that 
the regulatory role of MMTR on cell cycle is strictly dependent on its 
expression level and acts as an anti-proliferative factor in a dose-
dependent manner (Shin et al., 2010). 
The discovery that a CAK-XPD sub-complex exist in vivo and is 
implicated in coordinating the progression of mitosis during the late 
nuclear division steps in Drosophila embryos (Chen et al., 2003; Li et al., 
2010), could represent an additionally regulatory mechanism for CDK7 
activity.  

In addition to the well described role of CAK in mitotic progression, 
another TFIIH subunit is involved in cell cycle.  XPD, but no one of the 
other TFIIH subunits, is also part of the MMXD multi-protein complex 
(Ito et al., 2010). Composed of XPD, MMS19, MIP18, Ciao1, and ANT2, 
the MMXD complex localizes at the mitotic spindles where it regulates 
the correct chromosomes segregation and the nuclear shape formation. 
This finding suggests that XPD may have distinct roles during mitosis, 
including spindle pole formation and chromosome segregation. Even 
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though no other TFIIH subunits take part to the MMXD complex, 
MMS19 was previously shown to interact and regulate the TFIIH 
activity during DNA repair (Seroz, 2000). In the yeast Saccharomyces 
cerevisiae, deletion of Mms19 correlates with a reduction of Rad3 (XPD 
homologue) and Ssl2 (XPB homologue) protein levels. Indeed, the NER 
pathway is deficient in yeast cell extracts depleted of Mms19 and can be 
restored upon overexpression of Rad3, but not Ssl2. Therefore, Mms19 
is involved in the NER pathway by sustaining an adequate amount of 
the Rad3 subunit (Kou et al., 2008). In addition, the iron-sulfur cluster 
assembly (CIA) complex, composed of MMS19, CIAO1 and FAM96B 
proteins, physically associates with XPD to facilitate its Fe-S cluster 
assembly. This finding highlights the presence of a control mechanism 
that prevents the incorporation of an immature XPD in the TFIIH 
complex (Vashisht et al., 2015).  
Drosophila XPD was identified to associate with Crb and Galla-2 
proteins during mitosis to form the Crb-Galla-Xpd (CGX) complex. 
Genetic evidence indicates that this complex is required in nuclear 
division cycles for proper chromosome segregation (Yeom et al., 2015). 

XPD silencing in tumor cells significantly promotes cell proliferation, 
reduces apoptosis and promotes cell invasion. Specifically, XPD 
reduction results in the down-regulation of p53 and p21 proteins that 
can promote cell proliferation by increasing the expression of Cyc D1 
and Bcl-2 and C-sis oncogenes (Ding et al., 2018). Conversely, the 
overexpression of XPD in vascular smooth muscle cells results in cell 
cycle arrest and suppression of CDK4 and Cyc D1 expression, both 
required for G1 to S transition. Thus, XPD has a tumor suppression 
effect and serves as a proliferation inhibitor possibly via CDK7 activity 
down-regulation (Li et al., 2018a). 
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1.2 Hereditary disorders associated to mutations in 
TFIIH subunit encoding genes 

The relevance of TFIIH complex in human health is highlighted by the 
dramatic consequences of alterations in some of its subunits (Table 1). 
Bi-allelic mutations in TFIIH genes result in different rare diseases 
characterized by a varied range of clinical features. Specifically, 
mutations in XPD or XPB genes are associated with xeroderma 
pigmentosum (XP), trichothiodystrophy (TTD) or Cockayne syndrome 
(CS), whereas mutations in TTDA/P8 gene are associated only to TTD. 
Although these pathologies share a common photosensitive phenotype 
associated with an altered cellular response to UV light and NER 
defects, they represent distinct clinical entities. Besides the finding that 
different genes are responsible for the same pathology, the scenario 
gets further complicated by the observation that different alterations in 
the same gene give rise to different disorders (Ferri et al., 2019) (Figure 
6). 

XP patients usually present with sunburn on minimal sun exposure, 
pigmentary changes at exposed skin regions and they develop skin 
cancers (both melanoma and non-melanoma) with an incidence 2000 
times higher than that observed in the general population. This 
increased skin cancer predisposition can be explained by defects that 
directly or indirectly impair the NER activity. Progressive neuronal 
degeneration is also observed in approximately one-third of cases, 
generally after the appearance of cutaneous signs (Lehmann et al., 
2011). Although XP is typical of childhood, late presentations with 
inconspicuous skin manifestations and neurological signs have also 
been reported and included in XP spectrum (Garcia-Moreno et al., 
2018). 
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Figure 6: Relationship between NER factors and human diseases. Ten clinical 
conditions with the corresponding main symptoms are represented. Each disease may 
be caused by alterations in different NER factors and, conversely, alterations in one 
NER factor may result in different diseases. The pleiotropic core-NER factors are in 
colors. Image from Ferri et al., 2019. 

Conversely, TTD and CS are invalidating multisystem disorders. TTD 
defining feature is the sulfur-deficient brittle hair and nails caused by 
the reduced level of cysteine-rich matrix proteins. Patients also display 
ichthyotic skin, developmental delay, neurological disability, signs of 
premature aging and recurrent infections, the last one being the 
primary cause of early death (Stefanini et al., 2010). Apart from 
photosensitivity, the other symptoms cannot be simply explained by a 
DNA repair impairment but they likely reflect transcriptional 
deficiencies associated to TFIIH malfunctioning (Lehmann, 2003; 
Compe and Egly, 2016). CS patients show growth failure, progressive 
neurological degeneration, ocular and skeletal abnormalities and signs 
of premature aging (Calmels et al., 2018). Various degrees of severity 
have been described in CS: the mildest form of CS, called UVSS, shows 
only mild photosensitive signs; a classical form of CS (CSI) exhibits 
typical CS features within the first few years of life; a severe form (CSII) 
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shows symptoms already at birth, and a mild form (CSIII) is 
characterized by late onset and slow progression of the disease. Clinical 
features of the cerebrooculofacioskeletal (COFS) syndrome overlap 
with the most severe form of CS and is characterized by fetal 
abnormalities and early lethality. In addition, COFS infants are born 
with arthrogryposis, extreme microcephaly, facial dysmorphism, 
progressive pigmentary retinopathy and/or cataract. 

Besides these clinically distinct pathologies, “overlapping syndromes” 
with combined hallmarks can also occur. Careful assessment of clinical 
features has led to the identification of rare subsets of patients in which 
TTD or CS features are present in combination with cutaneous changes 
typical of XP, thus defining the combined phenotypes XP/TTD and 
XP/CS (Broughton, 2001).  

For the propose of this thesis work, a more detailed description of TTD 
and XP diseases is presented below.   

1.2.1 Trichothiodystrophy  

TTD is a rare autosomal recessive disorder firstly described in 1980 
(Price, 1980). It is characterized by the presence of fragile brittle hair 
due to reduced cysteine content. The clinical hallmark of this pathology 
is the presence of the so called “tiger tail” pattern: sulfur deficient 
brittle hairs that under the light of a polarizing microscope appear 
characterized by a specific dark and light banding. All patients exhibit 
hair abnormalities and a wide spectrum of clinical manifestations 
including physical and mental retardation, signs of premature aging, 
facial dysmorphism, ichthyotic skin and, in about half of the reported 
cases, cutaneous photosensitivity. Notably, TTD is also associated with 
increased infections frequency, especially respiratory infections, which 
contribute to the early mortality. Even if many patients exhibit 
neurological defect like speech delays, reduced learning ability and 
difficulties in motor control (ataxia), they show a friendly personality. 
The clinical features of TTD patients display a wide spectrum of 
severity ranging from only hair involvement to severe neurological and 
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skeletal abnormalities. Despite the sun sensitivity, TTD patients with 
mutations in TFIIH subunit coding genes do not develop pigmentary 
abnormalities neither increased skin cancer frequency that otherwise 
characterize XP subjects. Even though the accumulation of unrepaired 
DNA lesions could account for the aging feature in TTD patients, this 
defect cannot explain the developmental delay and mental retardation 
frequently observed in TTD.  

Most cases of photosensitive TTD result from mutations in ERCC3/XPB, 
ERCC2/XPD or GTF2H5/TTDA genes that encode three of TFIIH 
subunits. Most of photosensitive TTD patients are mutated in the XPD 
gene, whereas alterations in XPB have been found rarely, probably 
reflecting the essential role of this subunit in TFIIH functionality. 
Different evidences show that also the non-photosensitive form of TTD 
is genetically heterogeneous with different genes involved. Even though 
most of these patients remained genetically uncharacterized, four 
different genes (MPLKIP, GTF2E2, RNF113A and TARS) have been 
associated with the non-photosensitive phenotype. Less than 20% of 
the cases are mutated in the MPLKIP gene encoding the TTDN1 protein, 
whose function is still unclear. It has been suggested that TTDN1 may 
have a role in transcription regulation but not in DNA repair. 
Alterations responsible for the photosensitive form of TTD are known 
to destabilize the TFIIH structure and, in turn, to cause a reduction in 
the intracellular concentration of the complex, leading to basal 
transcriptional defects (Botta et al., 2002; Giglia-Mari et al., 2004). Thus, 
impairment of TFIIH activities contributes to the TTD clinical 
phenotype. Structural data on the p8/TTD-A subunit revealed how p8 
stabilizes TFIIH, in particular why the TTD-A causing mutations reduce 
the association with p52 (Kainov et al., 2008) and impair the 
stimulation of XPB ATPase activity (Coin et al., 2006; Schilbach et al., 
2017), leading to NER defects. Several XPD mutations have been shown 
to weaken the anchoring of CAK to core-TFIIH, thus reducing the 
phosphorylation activity of CDK7 towards specific substrates such as 
nuclear hormone receptors and therefore impacting on hormone-
responsive gene expression. These specific mutations in XPD could 
account for the transcriptional defects resulting in skin and 
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development abnormalities. A transcriptional impairment has also been 
reported for PPAR target genes, as observed in an XPD-mutated TTD 
mouse model which develops hypoplasia of adipose tissue (de Boer et 
al., 1998). The altered genes expression is ascribable to a weaker CDK7-
mediated phosphorylation of PPARs (Compe et al., 2005). More 
recently, it has been shown that TFIIH favors the removal of SREBP-1 
regulatory element from COL6A1 promoter, thus up-regulating the 
expression of the gene. This mechanism failed in XPD-affected TTD 
patients’ cells leading to reduced synthesis of COL6A1 in the 
extracellular matrix, which might contribute at least in part to the skin 
deficiencies (Orioli et al., 2013). Furthermore, a common feature of TTD 
is the overexpression of the matrix metalloproteinase-1 (MMP-1) gene. 
MMP-1 up-regulation increases secretion of the active enzyme in the 
extracellular matrix, leading to altered tissue remodeling (Arseni et al., 
2015). To date it is common opinion that the reduced amounts of 
mutated TFIIH and the consequent altered transcriptional program 
typically detected in TTD cells could prevent neoplastic transformation, 
interfering with the expression of critical genes involved in tumor 
formation and/or progression. In fact, despite TTD patients are 
defective in the NER pathway and thus unable to correctly repair UV-
induced DNA damage, they do not display increase cancer 
predisposition. In addition, many TTD patients develop neurological 
symptoms like microcephaly and demyelination, that might be 
connected to transcriptional impairment, including the deregulation of 
thyroid hormone (TR) responsive genes. Effectively, these hormones 
play an important role during myelinogenesis, axon formation and 
synaptogenesis. This suggests that, the reduced levels of TFIIH found in 
TTD individuals can contribute to the dysregulation of TR receptor 
activity and thus explain some neurological manifestations observed in 
TTD individuals (Compe et al., 2007). The recent finding that mutations 
in the GTF2E2 gene, encoding the β subunit of the TFIIE general 
transcription factor, or in the TARS gene, that encode the threonyl-tRNA 
synthetase, are responsible for the non-photosensitive form of TTD, 
supports the theory that gene expression impairments contributes to 
TTD etiopathogenesis (Kuschal et al., 2016; Theil et al., 2017, 2019). 
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1.2.2 Xeroderma Pigmentosum 

XP is an autosomal recessive disorder caused by defective NER 
activities that result in skin abnormalities associated in one third of 
cases to neurodegeneration. First described by Kaposi in 1870, XP is 
diffused worldwide, with no significant difference between the sexes. 
The incidence in Europe and North America is of 1 in 1 000 000 , but it 
becomes higher in region where consanguinity is more frequent, as 
observed in Japan (Hirai et al., 2006). The clinical marker for this 
disorder, especially in children under 2 years of age, is the skin 
photosensitivity and the presence of pigmentary abnormalities after 
sun exposure (Kraemer et al., 2007). Although not all XP patients 
exhibit acute abnormal reaction due to sunlight exposure (Fassihi et al., 
2016), they all show freckling-like skin manifestations. The extreme UV 
sensitivity associated with XP greatly enhanced susceptibility to 
develop skin cancer, including melanoma, squamous (SCC) and basal 
cell carcinoma (BCC) (Bradford et al., 2011). Moreover, an increased 
frequency (20-50 times higher) in risk of internal neoplasms, such as, 
breast, uterine, brain, renal, gastric, testicular and lung tumors, has 
been reported. Approximately 30% of XP patients also develop 
progressive neuronal degeneration, including intellectual disability, 
hearing loss, difficulty walking and swallowing. Autopsies on XP 
patients revealed brain atrophy and diffuse neuronal loss in the 
cerebellum and cerebrum. XP has no cure, but skin manifestations can 
be controlled and prevented with adequate prevention and sun 
protection. Regular skin cancer screening is fundamental to detect early 
malignancies. Surgery and cryosurgery are the most suitable methods 
to treat cutaneous tumors in children, in accordance with guidelines 
used for non-XP patients (Naik et al., 2013). 

XP is related to defect in different genes whose products are involved in 
the NER pathway (XPA, XPB, XPC, XPD, XPE, XPF, XPG and pol η), 
allowing XP to be divided into eight clinically heterogeneous 
complementation groups (Bowden et al., 2015). The XPA to XPG 
proteins are involved in different steps of the NER pathway (Figure 4) 
whereas patients with the XP variant (XP-V) harbor mutations in the 
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DNA polymerase η, whose function is to bypass the UV-induced DNA 
lesions during DNA synthesis (Lehmann et al., 1975; Masutani et al., 
1999). XP-V patients exhibit normal DNA repair activity, even if their 
cells are sensible to UV radiation in the presence of caffeine. The 
neurological manifestations are frequently found in XP-A, -B, -D and -G 
complementation groups and their severity are not related to the 
degree of skin damage. 

XP patients can be classified in three clinical forms (severe, moderate 
and mild) depending on the prognosis. The most severe form is 
characterized by a premature onset, before 1 year of age, with 
cutaneous erythema associated to a strong photophobia. Skin tumors 
develop during childhood and patient typically die before 15 year of 
age. This form is usually associated with mutations in XPA and XPC 
genes. The moderate phenotype is characterized by cancer 
development after age 10 and less severe cutaneous manifestations. 
The mildest form exhibits a late onset (after 3 years of age) and cancer 
development around age 20. These correspond usually to XPE, XPF, XPG 
and XPV classes.  The unscheduled DNA synthesis (UDS), that measures 
the cellular capacity to repair UV-induced DNA lesions, and cell survival 
after UV irradiation are the technical approaches used as reference 
tests for the diagnosis.  More recently, the accessibility of advanced 
sequencing approaches allows the quick identification of causative 
mutations in most cases and make safer the prenatal diagnosis.  

All the reported notions could explain how mutations in the same gene 
ERCC2 or ERCC3 give rise to distinct clinical entities, with the 
assumption that XP is primarily caused by NER defects while TTD is the 
result of both NER and transcriptional impairments (Lehmann, 2003; 
Hashimoto and Egly, 2009).  

The heterogeneity of the phenotypes observed in patients with TFIIH 
mutations suggests that DNA repair as well as transcription and/or 
other cellular processes might be differently affected according to the 
nature of the mutations. Notably XPD is also part of MMXD complex and 
thus mutations in ERCC2 gene could also affect chromosome 
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segregation and contribute to the observed phenotype (such as cancer 
predisposition in XP patients). This variety of functions and clinical 
presentations makes NER disorders, although rare, important model 
systems to investigate basic biological mechanisms and, at the same 
time, their implication in cancer, neurodegeneration and aging. 

 

1.3 The ATP-dependent helicase DDX1 

The work described in this thesis manuscript concerns the 
identification of a novel CAK interactor, the ATP-dependent helicase 
DDX1 that belongs to the DEAD-box protein family. 

DEAD-box encoding genes are a family of RNA helicases which use the 
energy derived from ATP hydrolysis to modify the secondary structure 
of RNA molecules. DEAD box proteins are found in most species, from 
complex multicellular organisms to bacteria and viruses. A total of 37 
DEAD box proteins, sharing the signature domain D(asp)-E(glu)-A(ala)-
D(asp), have been identified in humans (Linder and Jankowsky, 2011). 
Despite increasing interest in this protein family, the biological role of 
many DEAD-box proteins remains poorly characterized. It has been 
proposed that they serve as multifunctional RNA chaperones that 
facilitate RNA folding and transport from one cellular compartment to 
another (Lorsch, 2002). Most biological processes related to RNA 
metabolism, including synthesis, splicing, translation and degradation, 
are modulated by DEAD-box proteins (Schmid and Linder, 1992; de la 
Cruz et al., 1999).  

DEAD box 1 (DDX1) is a 740 amino acids protein able to unwind RNA-
RNA and RNA-DNA duplexes in an ATP-dependent manner. DDX1 
belongs to the superfamily 2 (SF2) group of helicases, characterized by 
the presence of two RecA-like globular domains. In addition to the nine 
motifs (I, Ia, Ib, II-VI, Q), conserved in all DEAD box proteins, DDX1 
contains a unique SPRY domain (Figure 7).  
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Figure 7. DEAD box motifs and SPRY domain in DDX1. Schematic representation of 
the nine conserved motifs found in all DEAD box proteins (Q, Ia, Ib, II, III, IV, V, VI) and 
the SPRY domain. The amino acid position and the functional activity associated to 
each motif are indicated. Capital and small case letters represent conserved (>80%) or 
less conserved (50-79%) amino acids in DEAD box proteins, respectively. The Asterix 
(*) represents a region of 16 amino acids. Image adapted from Godbout et al., 2007.  

The various motifs are involved in ATP binding/hydrolysis (I and II), in 
linking ATP hydrolysis to helicase activity (VI) or play roles in RNA 
binding and unwinding (Ia, Ib, IV and V)(Godbout et al., 2007). Finally, 
the SPRY domain is a putative platform for either protein-protein or 
protein-RNA interactions (Kellner and Meinhart, 2015).  

DDX1 was initially identified as a gene co-amplified with MYCN and 
overexpressed in a subset of retinoblastoma and neuroblastoma tumors 
(Godbout and Squire, 1993). Indeed, DDX1 is widely expressed but 
shows its highest expression levels in proliferating cells, including 
cancer and neuroectodermal-derived cells (Godbout et al., 2002). DDX1 
is a crucial cell growth factor in diverse tumors. It sustain the 
tumorigenic activity of human testicular germ-cells, acting as a 
transcriptional activator for Cyclin D2 and enhancing the expression of 
other stem cell genes (Tanaka et al., 2009). In colorectal cancer stem 
cells (CSCs), DDX1 promotes the expression of the LGR5 gene by 
directly interactioning with its promoter (Tanaka et al., 2018). High 
expression levels of DDX1 mRNA was reported to be a prognostic 
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marker for early recurrence in primary breast cancer (Germain et al., 
2011). Ddx1 knockout leads to early embryonic lethality in mice and 
severely reduced fertility in flies (Germain et al., 2015; Hildebrandt et 
al., 2015). 

In human fibroblasts and in various cell lines, DDX1 localizes 
predominantly in the nucleus, suggesting that its primary function is 
carryed out in this cellular compartment. In contrast, in DDX1-amplified 
cells the protein was detected both in nucleus and cytoplasm (Godbout 
et al., 1998). Within the nucleus, the protein has a punctuate 
distribution and accumulates in a few discrete foci, known as DDX1 
nuclear bodies (Bléoo et al., 2001; Li et al., 2006). Most of these foci co-
localize with cleavage bodies which are involved in mRNA 3’ cleavage 
and polyadenylation (Bléoo et al., 2001). 

Although the precise function of DDX1 is still unknown, different 
evidence point to DDX1 involvement in pre-mRNA processing,  RNA 
transport, transcription and translation. DDX1 has been found in a 
complex with hCLE protein (Trowitzsch, 2008), a component of the 
spliceosome, an interactor of the capping machinery and a positive 
modulator of RNApol II  transcription (Rappsilber et al., 2003; Pérez-
González et al., 2006; Jeronimo et al., 2007). Moreover, DDX1 was found 
to interact with hnRNP K protein, a factor of the heterogeneous nuclear 
ribonucleoprotein complex (hnRNP), which participates in various 
steps of mRNA processing, from transcription to trusduction (Chen et 
al., 2002). More recently, it was reported that DDX1 is recruited to the 
site of DNA double strand breaks (DSBs) in cells exposed to ionizing 
radiation (IR). Here DDX1 removes single stranded RNAs to facilitate 
the repair reaction of transcriptionally active regions of the genome (Li 
et al., 2008, 2016, 2017). In the context of metabolism regulation, it was 
shown that DDX1 directly blocks the translation of insulin mRNA in 
pancreatic β cells in response to fatty acid overload (Li et al., 2018b). 
Furthermore, DDX1 is an essential host factor for the replication and 
transciption of different viruses, including human immuodeficiency 
virus type 1 (HIV-1), hepatitis C virus (HCV) and JC virus (JCV).  
Regarding HIV-1, the endogenous DDX1 is a co-factor for the functional 
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activity of the Rev protein that promotes the export from the nucleus to 
the cytoplasm of viral mRNAs, contributing to virions formation (Fang 
et al., 2004, 2005). It associates with the 3’ untranslated region (UTR) of 
HCV genome thus modulating the initiation of viral RNA replication 
(Tingting et al., 2006). Even thought DDX1 has no effect on JCV 
replication, its overpression significantly increased promoter activation 
of early and late genes important for virus infection (Sunden et al., 
2007). 
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2. Aim of the research 

The transcription initiation factor IIH (TFIIH) is a multiprotein complex 
involved in many biological processes. It is made of ten different 
subunits organized in two main functional sub-complexes: the core-
TFIIH (containing XPB, p62, p52, p44, p34 and p8) and the CDK-
activating kinase complex (CAK, made of CDK7, Cyc H and MAT1 
subunits) (Compe and Egly, 2012). The core and CAK sub-complexes 
are bridged together by the XPD subunit, which interacts with p44 and 
MAT1 of the core and the CAK sub-complexes, respectively. The 
multifaceted roles of TFIIH are likely regulated by multiple cellular 
signaling pathways, nevertheless emerging evidences underline the 
possibility that the structural composition of TFIIH plays a role in 
defining the substrate specificity of CDK7 kinase activity. As subunit of 
the entire TFIIH (holo-TFIIH), CDK7 targets the carboxy terminal 
domain (CTD) of the largest subunit of the RNA polymerase (RNApol) II, 
thus triggering the transition from transcription initiation to elongation. 
As part of the free-CAK (the fraction of the CAK sub-complex deprived 
of the core-TFIIH) CDK7 phosphorylates specific CDKs and controls cell 
cycle progression. A sub-fraction of the free-CAK is found associated to 
the XPD subunit but the function of this tetrameric complex and 
therefore its specific targets are still largely debated. The 
association/dissociation dynamic of TFIIH sub-complexes, which 
appears fundamental to determine the biological function of the 
complex, seems to be mediated by the bridging factor XPD, whose 
alterations are responsible for distinct clinical entities, including the 
cancer-prone xeroderma pigmentosum (XP) and the multisystemic 
cancer-free trichothiodystrophy (TTD). 

The main goal of this thesis work is to investigate how mutations in the 
same gene XPD can results in distinct pathological phenotypes, XP or 
TTD, characterized by different cancer predisposition. To address this 
aim we explore the impact that TTD- or XP-specific mutations in the 
ERCC2/XPD gene may have on TFIIH composition and its interaction 
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with the chromatin. We use both primary and immortalized dermal 
fibroblasts isolated from healthy individuals or from XP and TTD 
patients with mutations in the XPD gene (XP-D). Since the free-CAK sub-
complex is a key player in cell cycle regulation, the analysis is 
performed in mitotic or interphase cells. By this approach we identify 
the consequence of XPD mutations on the tightly regulated equilibrium 
between core-associated and free-CAK states that could suggest altered 
CAK functionalities in TTD and XP cells. Then, we evaluate the effect 
that XP- or TTD-specific mutations may have on the substrate 
specificity of CDK7 kinase. Co-immunoprecipitation experiments 
followed by mass spectrometry analysis in control and XPD mutated 
fibroblasts allow the identification of the CDK7 protein interaction 
framework, either associated or detached from the chromatin and in 
mitosis or at the interphase. Among the identified proteins we select the 
DDX1 helicase that shows an altered CDK7 interaction pattern in TTD 
and XP cells. We deeply investigate DDX1 binding capacity towards the 
free-CAK or holo-TFIIH, its interaction with the chromatin, its possible 
phosphorylation by the free-CAK or holo-TFIIH and the impact that the 
CDK7-mediated phosphorylation may have on the interactor 
functionality. 
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3. Materials and methods 

3.1 Primary and stable cell lines  

The study was performed on primary dermal fibroblasts (Table 2A) 
established from biopsies taken from sun-unexposed areas of the skin 
or fibroblasts transformed with SV40 (Table 2B). Cells were routinely 
cultured at 37°C in humidified atmosphere conditioned with 5% CO2 
and grown in DMEM High Glucose (EuroClone) supplemented with 10% 
fetal bovine serum (FBS, Gibco), 0.1 mg/ml Streptomycin (EuroClone), 
2 mM L-glutamine (EuroClone) and 100 U/ml Penicillin (EuroClone). 

3.2 Subcellular Fractionation 

SV-40 immortalized fibroblasts were subjected to mitotic shake-off, to 
isolate a fraction enriched in mitotic cells, separate from the others in 
interphase, and subsequently undergo cellular fractionation to separate 
a chromatin-enriched fraction from all the soluble cellular components. 
For primary dermal fibroblasts we used a similar approach, that 
involves only the cellular fractionation step. 

Mitotic shake-off has been performed via vigorous shaking of the flask, 
that allows the release into the culture medium of mitotic cells, which 
are less firmly attached to the culture plastic surface. The isolated cell 
population enriched of mitotic cells (M) is then collected. All the cells 
still attached to the cell culture surface were harvested and collect as 
the asynchronous cell population (A). Subsequently, each cellular 
fraction was lysated in Triton 1% Lysis Buffer (Tris HCl pH 7.4 10 mM, 
Triton 1%, MgCl2 2.5 mM, Na3VO4 0.025 mM, NaF 12.5 mM, Β-
glycerophosphate 6.25 mM) to separate the Triton-insoluble cellular 
structures (Ch), enriched in chromatin, from the soluble cellular 
components (S). The Ch-fraction was resuspended in WCE Buffer 
(Hepes pH 7.9 25 mM, NaCl 130 mM, MgCl2 1.5 mM, EDTA 0.2 mM DTT 
0.5 mM, Triton 0,1%) and then subjected to digestion with Mnase S7 (at  
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Table 2. Clinical, cellular and molecular features of the patients analyzed in this study 

A) Primary dermal fibroblasts 

B) SV-40 immortalized fibroblasts 

Abbreviations. TTD: trichothiodystrophy; XP: xeroderma pigmentosum; F: female; M: male; nr: not 
reported. 

 

Subject 
Code 

Phenotype Sex 
Mutated 
gene 

Mutated alleles Refsa 

C3PV none M none none  

TTD8PV 
mother 

none F none 
Arg112His  
none 

 

TTD8PV 
father 

none M none 
Arg112His  
none 

 

TTD8PV TTD M 
ERCC2/ 
XPD 

Arg112His  
Arg112His 

(Stefanini et al., 1992; 
Botta et al., 1998) 

TTD12PV TTD M 
ERCC2/ 
XPD 

Arg722Trp 
Cys259Tyr 

(Botta et al., 1998, 
2002) 

TTD23PV TTD F 
ERCC2/ 
XPD 

Arg112His  
not expressed 

(Orioli et al., 2013; 
Arseni et al., 2015) 

XP15PV XP F 
ERCC2/ 
XPD 

Arg683Gln 
Arg683Gln  

(Taylor et al., 1997; 
Arseni et al., 2015) 

XP49PV XP M 
ERCC2/ 
XPD 

Arg683Trp 
[Leu461Val;Val716
Arg730del] 

(Arseni et al., 2015) 

XP22VI XP nr 
ERCC2/ 
XPD 

Arg683Trp 
Arg683Trp 

(Taylor et al., 1997) 

XP26VI XP nr 
ERCC2/ 
XPD 

Arg616Pro 
Arg683Trp 

(Taylor et al., 1997) 

Subject 
Code 

Phenotype Sex 
Mutated 
gene 

Mutated alleles Refsa 

MRC5 none M none none  

TTD2GL TTD F 
ERCC2/
XPD 

Arg112His 
Thr460_Met493del 

(Broughton et al., 
1994) 

XP6BE XP F 
ERCC2/
XPD 

Val488_Met493del 
Arg683Trp 

(Takayama et al., 
1995; Kobayashi et 
al., 2002; Boyle et al., 
2008) 
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a final concentration of 0.216 U/ µl; Roche) in the presence of 1mM of 
CaCl2 and 4mM of MgCl2. All the described steps were performed on ice 
and all the buffers were supplemented with Protease Inhibitor Cocktail 
and PhosSTOP (Roche) to avoid protein degradation and phosphatase 
activity. 

3.3 Protein analysis  

3.3.1 Whole cell extracts  

All the procedures described in this section were carried out at 4°C and 
all the buffers were supplemented with Protease Inhibitor Cocktail and 
PhosSTOP (Roche). Adherent cells were lysed 30 min at 4°C in Ripa 
Buffer (Tris HCl pH 7.4 50 Mm, NaCl 150 mM, 1% Triton X-100, 0.25% 
Na-Deoxycholate,0.1% SDS), centrifuged at 14000xg for 30 min and the 
supernatant stored at -20ºC. 

3.3.2 Co-immunoprecipitation  

The co-immunoprecipitation analysis has been performed on cell 
fractions derived from the subcellular fractionation described before. 
As first step, protein A/G PLUS Agarose Beads (Santa Cruz) were 
washed three times in PBS containing 0.1% Tween 20 and saturated 
overnight with the addition of 0.1 mg/ml BSA. Ch-enriched and Soluble 
protein fractions were pre-cleared by incubation with saturated beads 
for 1-2 hours in constant rotation. The suspension was then 
centrifugated, the beads were pulled apart and the supernatant was 
collected in a new eppendorf. After beads removal, CDK7 primary 
antibody conjugated to agarose beads (Santa Cruz) was added to the 
supernatant and incubated overnight in constant rotation. The 
following day, the beads were washed two times for 5 min in 1x IP Low 
Buffer (Active Motif) containing 1 mg/ml BSA, two times in 1x IP High 
Buffer (Active Motif) and two times in 1x IP Low Buffer alone in 
constant rotation. Immunoprecipitated proteins were eluted in 30 μl 2X 
NuPage-LDS Sample buffer (Life Technologies) supplemented with 50 
mM DTT, 10 minutes at room temperature and further investigated by 
immunoblotting. 
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3.3.3 Immunoblotting  

Whole cell extracts, cellular fractions or immunoprecipitated sample 
were boiled for 10 minutes at 95°C and analyzed by SDS-PAGE. Proteins 
were separated on 4-20% Mini-Protean TGX Gels (Bio-Rad) or 12% 
SDS-polyacrylamide at a constant voltage of 120 V and 90 V, 
respectively. Protein were transferred onto a nitrocellulose membrane 
by using the Trans-Blot Turbo Transfer System (BioRad), for 7 min at 
2.5 A constant, up to 25 V. Alternatively, proteins were transferred onto 
a 0.2 µm nitrocellulose membrane (Whatman) in phosphate transfer 
buffer (12.2 mM Na2HPO4.2H2O, 7.8 mM NaH2PO4.H2O) by applying 
an electrical current of 140 V at 4°C for 1 h and 40 minutes. After the 
transfer, the membrane was incubated at RT for 1 hour in blocking 
solution made of PBS-T (1X PBS and 0.05% Tween 20) supplemented 
with 5% skim milk (Difco). Then, the membrane was incubated 
overnight at 4°C in blocking solution containing the primary antibody. 
The dilution of each antibody is indicated in Table 3. After three washes 
of 6 min each in PBS-T, the membrane was incubated at RT for 1 hour 
with horseradish-peroxidase-(HRP)-conjugated secondary antibodies 
diluted 1:10000 in blocking solution. Following this second 
hybridization, the membrane was washed three times as previously 
performed and developed using the SuperSignal West Pico PLUS 
(ThermoScientific) or Westar Supernova (Cyanagen), according to the 
manufacturer instructions. The chemiluminescent signals were then 
detected using the ChemiDoc XRS system (BioRad) and quantified using 
the Quantity one (BioRad) software. 

3.3.4 Blue Coomassie staining 

To stain proteins directly on polyacrilamide gels, InstantBlue™ Ready to 
Use Coomassie (Expedeon) was used according to the manufacturer 
instructions. After electrophoretic run, the gel has directly covered with 
the Coomassie solution and left in constant agitation for 15-30 minutes. 
Finally, the gel has been washed with ultrapure water. 
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Table 3. Antibodies used in this study  

Antibody Dilution by application Origin    Reference 
Anti-H3 
AntiS10p 

WB 
WB 

1:10000 
1:10000 

Rabbit Polyclonal   
Rabbit Polyclonal                  

   Ab1791, Abcam 
   GT-128116, GeneTex 

Anti-tubulin WB 1:10000 Mouse Monoclonal T 6557, Sigma 
Anti-Orc2 WB 1:1500 Rat Monoclonal    sc-32734, Santa Cruz 
Anti-Mek2 WB 1:2000 Mouse Monoclonal    BD610235,  
Anti-XPB WB 1:2000 Mouse Monoclonal    A gift from JM Egly 
Anti-p62 WB 1:2000 Mouse Monoclonal    A gift from JM Egly 
Anti-XPD WB 1:2000 Mouse Monoclonal    A gift from JM Egly 
Anti-CDK7 WB 1:2000 Mouse Monoclonal    A gift from JM Egly 
Anti-CycH 
Anti-DDX1 

WB 
WB 

1:2000 
1:2000 

Mouse Monoclonal 
Rabbit Polyclonal 

   A gift from JM Egly 
   NB200-349, NovusBio 

 
Abbreviation. WB: western blotting 
 
3.3.5 Mass Spectrometry  

Cellular fractions were subjected to CDK7 IP, as described. All sample 
were loaded and resolved on 4-16% polyacrylamide linear gradient gels 
at 40mA/gel constant current, at 9°C. Gels were stained according to MS 
compatible silver staining protocol. Each visible band was manually 
excised, destained in 2.5 mM ammonium bicarbonate and 50% (v/v) 
acetonitrile, and 100% (v/v) acetonitrile dehydrated. Before protein 
digestion, protein bands were reduced with 10 mM DTE in 25 mM 
ammonium bicarbonate (1 h at 56°C) and then alkylated with 55 mM 
iodoacetamide in 25 mM ammonium bicarbonate at RT for 45 minutes, 
in darkness. After 10 minutes of incubation with 50 mM ammonium 
bicarbonate, protein bands were dehydrated with 100% (v/v) 
acetonitrile. Dehydrated protein bands were then rehydrated in trypsin 
solution (Sigma Aldrich) and in-gel protein digestion was performed by 
overnight incubation at 37°C. Protein identification was carried out by 
Peptide Mass Fingerprinting (PMF) on an ultrafleXtreme™ MALDIToF/ 
ToF instrument (Brucker Corporation). After acquiring the mass of the 
peptides, a mass fingerprinting search was carried out in Swiss- 
Prot/TrEMBL and NCBInr databases using MASCOT search engine 
available on-line (Matrix Science Ltd). 
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3.4 Protein expression and purification 

3.4.1 Transformation 

HT96 BL21(DE3) Escherichia coli cells were transformed in 
collaboration with the laboratory of Prof. Maga (IGM-CNR, Pavia) with 
heat shock at 42°C for 30 seconds using pET-30a(+) plasmid (Novagen) 
containing DDX1 cDNA. The bacteria were plated on LB + agar plates 
containing kanamycin (100 µg/ml). Plates were then incubated 
overnight at 37°C. The obtained colonies were grown in LB medium 
with kanamycin under agitation at 37°C overnight. DNA was extracted 
from each colony using Miniprep Promega Kit and the positivity of the 
sample was checked by enzymatic digestion with specific restriction 
enzymes. The positive sample were conserved at -80°C with additional 
20% of glycerol. 

3.4.2 Protein expression and purification 

Few µL of bacterial glycerol stock were added to 5 ml of LB + 
kanamycin (100 µg/ml) and grown overnight at 37°C. The following 
day, the pre-inoculation was transferred into 500 mL of LB + kanamycin 
(100 µg/ml) and grown at 37°C up to OD600 of 0.6-0.8. The expression 
of DDX1 protein was induced by adding Isopropyl β-D-1-
thiogalactopyranoside (IPTG) 1 mM (Sigma) and let it grow at 14°C 
overnight at 200 rpm. 
Cells were harvested by centrifugation 4000 rpm for 20 minutes at 4 °C. 
Obtained pellets were washed once in 1X PBS and then resuspended in 
30 ml lysis buffer (20 mM Tris HCl pH 6.8, 20% glycerol, 150 mM KCl, 
0.1% NP40) in the presence of 1X PIC, freezed and defreezed in liquid 
nitrogen for two times to lysate and sonicate 3 times for 2 minutes. The 
lysed samples were ultracentifuged at 30 000 rpm for 45 minutes at 4°C 
and the supernatant collect. His-DDX1 present in the supernatant was 
purified using Talon Superflow metal affinity resin (Takara 
Biotechnology). Briefly, 150 µl of cobalt resin pre-washed three times in 
lysis buffer supplemented with 10 mM Imidazole, and 10mM of 
Imidazole were added to the supernatant and leave at 4°C in constant 
agitation for at least 2 hours. After centrifugation at 1500 rpm for 5 
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minutes at 4°C, the flow through was collected and the resin washed 
three times in wash buffer 1 (20 mM Tris HCl pH 6.8, 20% glycerol, 500 
mM KCl, 0.1% NP40, 10 mM imidazole, 1X PIC) and three times in wash 
buffer 2 (20 mM Tris HCl pH 6.8, 20% glycerol, 150 mM KCl, 0.1% 
NP40, 10 mM imidazole, 1X PIC). Finally, his-DDX1 was eluted in 200 µl 
of elution buffer (20 mM Tris HCl pH 6.8, 20% glycerol, 150 mM KCl, 
0.01% NP40, 200 mM imidazole, 1X PIC). The elution step was repeated 
several times to collect the maximum amount of recombinant protein. 
DDX1 purified protein was dialyzed for 2 hours at 4°C in dialysis buffer 
(50 mM Tris HCl pH 8, 20% glycerol, 0.1 mM EDTA, 50 mM KCl and 0.5 
mM DTT). The quality of DDX1 recombinant protein purification was 
assessed by Blue Coomassie staining and western blot analysis (Figure 
8). 

 

Figure 8. Coomassie and Western blot of purified recombinant DDX1 protein. 
WCE, whole cell extract; FT, flow through. 

 



 
 
 
 
 
 
 
 
 
 

3. Materials and methods  

62 
 
 
 
 
 

3.5 In vitro interaction assay 

Purified DDX1 was used to investigate in vitro its interaction with 
recombinant CAK and core sub-complexes as well as WT or mutated 
form of XPD subunit purified in the laboratory of J.M. Egly and E. 
Compe. 5µl of Protein G Dynabeads (Invitrogen) were used per 
immunoprecipitation reaction and washed three times in wash buffer 1 
(1X PBS, 0.01% NP-40 and 5 mg/ml BSA). 2.5 µl of DDX1 primary 
antibody (Bethyl) was used for each immunoprecipitation reaction, 
added to the magnetic beads and left overnight on a rotary shaker at 
4°C. To allow protein complex formation, the different recombinant 
proteins were added to 750 µl of Interaction buffer (20 mM Hepes pH 
7.8, 100 mM KCl, 10% glycerol, 0.2 mM EDTA, 0.05% NP-40, 0.2 mM 
DTT and 1X PIC) and left overnight on a rotary shaker at 4°C. The 
primary-secondary antibody complex was washed one time in the wash 
buffer and one time in the interaction buffer and subsequently co-
incubated with the purified protein solution for 2 hours at 4°C on a 
rotary shaker. The resulting complexes was washed four times in wash 
buffer 2 (20 mM Hepes pH 7.8, 300 mM KCl, 10% glycerol, 0.2 mM 
EDTA, 0.05% NP-40, 0.2 mM DTT and 1X PIC) and finally each co-IP 
reaction was eluted in 20 µl on wash buffer 2 + leammli buffer 4X + 5% 
beta-mercaptoethanol. Samples were stored at -20°C. 

3.6 Helicase assay based on Fluorescence Resonance Energy 
Transfer (FRET) 

After protein purification, the RNA helicase activity of DDX1 was verify 
using the fluorescence assay described by Tani et al., 2010. Briefly, a 
double strand RNA prepared by hybridizing a Fluo-FAM ssRNA carries a 
6-carboxyfluorescein fluorophore at its 3' end and a Qu-BHQ1 ssRNA 
carries a Black Hole quencher group at its 5' end, was used. The 
sequences of the two ssRNA oligonucleotides are following: 
 
Fluo-FAM  5’ UUUUUUUUUUUUUUAGUACCGCCACCCUCAGAACC 3’ 
Qu-BHQ1         5’ GGUUCUGAGGGUGGCGGUACUA 3’ 
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When the DDX1 protein, in the presence of ATP and MgCl2, unwinds the 
RNA double strand substrate, FAM molecule become free from BHQ-1 
and fluorescence emission was detectable. To avoid a reannealing 
between complementary strands, in the reaction mix was also put a 
single strand DNA filament (capture) with a sequence complementary 
to the BHQ-1 filament.  
 
DNA capture    5’ TAGTACCGCCACCCTCAGAACC 3’ 
 
DNA-RNA hybrids are more stable than RNA-RNA double strands, so 
capture molecules favor the hybrid formation. Helicase assay using the 
dsRNA substrate was performed in 20 mM Tris HCl (pH 8), 70 mM KCl, 
2mM MgCl2, 2mM dithiothreitol, 12 units RNasin (Promega), 2 mM 
ATP, 50 nM dsRNA and 100 nM capture strand in 20 µl of reaction 
volume. The unwinding reaction was started by adding 30 pmols of 
DDX1 recombinant protein and carried out at 37°C for 40 min using a 
LightCycler 480 (Roche). The fluorescence intensity was detected every 
30 s. Output data were analyzed with Excel program to calculate the 
enzymatic activity at different substrate concentrations (Figure 9A).  

3.7 Unwinding Assay 

The helicase activity of DDX1 was evaluated by measuring the 
conversion of a double stranded (ds) molecule (labelled at the 5’-end of 
one strand with a 6-FAM fluorescent group) into single stranded (ss) 
nucleic acid. 50 nM of double strand filament (DNA/RNA hybrid or 
dsRNA as indicated) was used as substrate for 3ug of DDX1 
recombinant protein. Reactions were performed in 20 mM Tris HCl pH 
8, 2 mM DTT, 70 mM KCl, and 1 mM ATP, 2 mM MgCl2 at 37°C degrees 
for 30 minutes and stopped by adding EDTA 50 mM pH 8. Products 
were separated through non-denaturating 7% PAGE in TBE buffer (89 
mM Tris, 89 mM boric acid and 2 mM EDTA). Substrates and products 
were visualized by laser scanning densitometry (Thyphoon-TRIO, GE 
Healthcare) (Figure 9B). 
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Figure 9. Enzymatic activities of DDX1 recombinant protein. Graphical 
representation of unwinding DDX1 activity in helicase assay in which the protein 
concentration (µM) is put in correlation with the velocity of the reaction (µM/sec). 
FRET-based assay was used to measure DDX1 capability to unwind dsRNA molecules. 
on increasing concentration of double strand RNA (dsRNA). (B) Two different double 
strand (ds) substrate molecules where incubated (+) with DDX1 recombinant protein 
to test its activity. ss: single strand. 

3.8 Kinase Assay 

To determine the kinase activity of CAK complex, DDX1 recombinant 
protein was incubated 30 min at 30°C with purified CAK sub-complex 
or highly purified TFIIH in the presence of [γ-32P] ATP (0.14 µM). 
When indicated a preincubation with THZ1, a specific inhibitor of CDK7 
kinase activity, has been performed 30 minutes at 37°C. Reaction was 
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performed in 100 mM Hepes pH 7.9, 100 mM Tris HCl pH 7.9, 35 mM 
MgCl2, 20% glycerol, 2.5 mg/ml BSA and 150 mM KCl.  

3.9 Statistical analysis  

All the experiments were repeated at least two-three times. P-values 
were obtained by the unpaired two-tailed student t-test. Fisher F-ratio 
at a probability level (p-value) of 0.05 was used to compare variances 
among the analyzed groups. Data are reported as mean ± standard 
error (SE). All comparisons were considered statistically significant 
when P-values <0.05. 
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4. Results 
 
4.1 Distribution of TFIIH sub-complexes in control and XP-D 
cell lines  

In mammalian cells the substrate specificity of the CDK7 kinase varies 
depending on whether it acts as part of the entire TFIIH complex (holo-
TFIIH) or as a subunit of the free-CAK (the fraction of CAK complex 
physiologically dissociated from the core-TFIIH). Relevant of note, the 
free-CAK is involved in cell cycle regulation through Cyclin Dependent 
Kinases (CDKs) phosphorylation. Therefore, the assembly/disassembly 
dynamic of CAK and core-TFIIH is fundamental to coordinate the 
various cellular functions of the CDK7-containing complexes. 
Considering the relevance of the XPD subunit as bridging factor 
between the CAK and core-TFIIH, we compared the cellular distribution 
of the two sub-complexes, in immortalized fibroblasts isolated from a 
healthy individual or patients carrying mutations in the ERCC2/XPD 
gene (XP-D) typical of the cancer-prone xeroderma pigmentosum (XP) 
or the cancer-free trichothiodystrophy (TTD). To identify possible 
differences between the healthy and the two pathological conditions 
that could occur in various moment of the cell cycle, we decided to 
separate mitotic cells from the remaining cell population and to isolate 
the chromatin with all the associated proteins from the other cellular 
components. For the separation of mitotic cells, we excluded cell cycle 
synchronization protocols since they are based on chemical treatments, 
that could interfere with the assembly/disassembly of TFIIH and its 
interaction with the chromatin. Thus, we established the experimental 
procedure for mitotic shake-off and cellular fractionation. By vigorously 
shaking the culture flasks, we were able to separate a sub-population of 
fibroblasts enriched in mitosis (M) from the cells in different phases of 
the cell cycle (asynchronous, A). This procedure takes advantage of the 
physical phenomenon according to which, cells approaching cell 
division (early mitosis) round up and get less firmly attached to the 
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culture plastic surface. Next, we lysed cells in 1% Triton X-100-
containing buffer to separate a Triton unsoluble fraction that contains 
the chromatin (Ch) from a Triton soluble fraction that contains most of 
the cellular components (S) (Figure 10A). The quality of Triton-based 
cell fractionation and mitotic shake-off was investigated by immunoblot 
analysis. The phosphorylation on serine 10 of histone H3 (H3S10p) 
occurs during mitosis and it is tightly correlated with chromosome 
condensation. Histone H3 as well as Orc2 protein were used as markers 
for the Ch-enriched fractions, whereas Mek2 is a cytosolic protein used 
as a marker for the soluble fractions. As shown by the immunoblot in 
Figure 10B, Mek2 is mainly present in the soluble fractions whereas H3 
and Orc2 are more abundantly found in the Ch-enriched fractions. The 
stronger signal of H3S10p in whole cell extract of mitotic cells 
compared to asynchronous population, clearly demonstrates the 
efficacy of the shake-off protocol.  

 

Figure 10. Shake-off and cellular fractionation. (A) Schematic representation of the 
experimental procedure for shake off and cell lyses. (B) Immunoblot analysis of 
H3S10p, H3, Orc2 and Mek2 proteins in whole cell extracts (WCE), soluble and Ch-
enriched fractions of asynchronous (A) and mitotic (M) cell fractions. 
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Based on these data, we established that the adopted protocol is 
suitable to separate the Ch-enriched fractions from the remaining 
cellular components in mitotic or interphase cells.  

Next, we investigated the cellular distribution of CAK and core-TFIIH 
subunits in immortalized control (MRC5) and XP-D mutated fibroblasts 
isolated from either XP (XP6BE) or TTD (TTD2GL) patients. These two 
cell lines carry the most frequent mutations representative of XP and 
TTD phenotype (Table 2B). In control cells, the XPB and p62 subunits of 
the core-TFIIH are more abundantly localized in the Ch-enriched 
fraction (about 90%) whereas only 10% of the total amounts are found 
in the soluble fraction (Figure 11A). Conversely, the CDK7 and Cyc H 
subunits of the CAK sub-complex are equally distributed (50%) 
between the Ch-enriched and soluble fractions. This distribution 
reveals that inside the cells not all the CAK is bound to the core-TFIIH, 
but a consistent amount of the sub-complex is present in a free state. 
The bridging factor XPD displays an intermediate situation being found 
in the soluble and Ch-enriched fractions for about 20% and 80%, 
respectively. For all the investigated TFIIH subunits no major 
differences were observed between the asynchronous and mitotic cell 
populations. In TTD2GL and XP6BE (Figure 11B and C, respectively), 
most of the core-TFIIH remains associated to the chromatin (86% and 
85%, respectively) but it becomes slightly more soluble in mitosis (the 
fraction associated to the chromatin in both cell lines is reduced to 
about 70%). Differently from the control, in XP-D cells the majority of 
the CAK (80%) is detected in the soluble fraction and only 20% is 
attached to the chromatin. This occurs both in TTD2GL and XP6BE cell 
lines in asynchronous as well as mitotic cell populations. The different 
CAK distribution indicates that XPD alterations either affect the stability 
of holo-TFIIH complex, without impacting on the amount of the free-
CAK, or they result in a loosed association of the CAK to the core-TFIIH 
regardless of the type of mutation. Concerning the XPD subunit, we 
could not detect the protein band in TTD cells likely because of the 
reduced stability caused by the TTD-specific mutations (Vermeulen et 
al., 2000; Botta et al., 2002).  
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Figure 11. Shake-off and cellular fractionation of control and XP-D cell lines. (A) MRC5, 
(B) TTD2GL and (C) XP6BE cells were separated in asynchronous (A) and mitotic (M) cell 
populations. Quantification of immunoblot analysis with antibodies raised against the different 
TFIIH subunits (XPB and p62 of the core-TFIIH, the bridging factor XPD and the CDK7 and Cyc H 
subunits of the CAK) in Ch-enriched and soluble fractions. All quantifications were normalized 
on MEK2 and Orc2 protein amount for the soluble and Ch-enriched fractions, respectively (WB 
not shown). Bars indicate standard errors (*P <0.05, **P <0.01; Student’s t-test). 
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In contrast, about 50% of XPD is released from the chromatin of XP cells 
and detected in the soluble fraction indicative of the findings that XPD 
can also bind the CAK in the absence of the core-TFIIH and that takes 
part to other protein complexes (Chen et al., 2003; Ito et al., 2010). 

The association/dissociation kinetic of TFIIH complex has been then 
investigated in primary dermal fibroblasts isolated from TTD and XP 
patients as well as from healthy donors. Primary fibroblasts are slow 
replicating cells; therefore, it was not possible to isolate an adequate 
number of mitotic cells, from the asynchronous population. Upon 
Triton-based cell fractionation of the whole cell culture, we found that 
in control fibroblasts (C3PV and the healthy mother of the TTD8PV 
patient), the core-TFIIH, the CAK sub-complex and the bridging factor 
XPD are predominantly attached to the chromatin (Figure 12). This 
cellular distribution is quite different from the situation previously 
observed in immortalized control cells where half of the CAK complex 
was found detached from the chromatin. The different behavior of the 
CAK could be ascribed to the high proliferation rate that characterizes 
the SV-40 transformed cell lines, suggesting that more free-CAK is 
required to sustain the cell cycle progression. In TTD and XP dermal 
fibroblasts the core-TFIIH remains associated to the chromatin, as 
observed in control cells, whereas most of the CAK results detached 
from the DNA as a consequence of XPD mutations. This finding agrees 
with the CAK distribution previously observed in immortalized XP-D 
cells. The amount of soluble CAK is even higher in TTD rather than XP 
fibroblasts. Moreover, in all the analyzed cell lines, the XPD factor 
mimics the CAK distribution. 

Overall, our results highlight a different CAK distribution in XP-D 
fibroblasts, that is more pronounced in TTD compared to XP cells. Since 
the substrate specificity of CDK7 kinase activity varies between the 
free-CAK and holo-TFIIH, our data implies that XPD mutated cells may 
be characterized by an unbalanced CAK functionality that might result 
in an altered regulation of CDK7-dependent pathways. 
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Figure 12. Shake-off and cellular fractionation of control and XP-D primary fibroblasts. 
Primary dermal fibroblasts derived from TTD and XP patients and from healthy donor were 
subjected to Triton-based fractionation to separate Ch-enriched fractions from soluble cellular 
components. Quantification of immunoblot analysis with antibodies raised against the different 
TFIIH subunits (XPB and p62 of the core-TFIIH, the bridging factor XPD and the CDK7 and Cyc H 
subunits of the CAK) in Ch-enriched and soluble fractions. Bars indicate standard errors (*P 
<0.05; Student’s t-test). 
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4.2 Identification of CDK7 interactors and their alterations in 
XP-D patient cells by mass spectrometry 

To gain knowledge on CDK7-dependent signaling pathways and their 
putative alterations in XP-D cells, we searched for CDK7 interactors in 
control, TTD and XP cell lines. To address this issue, we established the 
experimental conditions to perform immunoprecipitation (IP) 
experiments using anti-CDK7 antibody, in the Ch-enriched and soluble 
fractions of mitotic or asynchronous MRC5, TTD2GL and XP6BE cells. 
Upon cell fractionation, samples were treated with Nuclease S7 to 
ensure the total nucleic acids degradation from all samples and to avoid 
the isolation of DNA- or RNA-mediated protein interactions. Then, cell 
suspensions were IP with anti-CDK7 antibody and the co-
immunoprecipitated proteins were visualized by silver nitrate staining 
of SDS-PAGE gels (Figure 13). Each band was isolated and subjected to 
Peptide Mass Fingerprinting (mass spectroscopy analysis) in the 
laboratory of Prof. Luca Bini at the University of Siena. The identified 
peptides belong to several open reading frames (ORFs), the majority of 
which are related to RNA metabolism, including transcription 
regulation, pre-mRNA processing, RNA splicing, transcript stabilization 
and mRNA translation. Among all the identified interactors, we focused 
our attention on the ATP-dependent RNA helicase DDX1, which was 
shown to play a role in RNA clearance at DNA double-strand breaks 
(DSBs) mapping in the transcriptionally active genomic regions (Li et 
al., 2008, 2016, 2017). The co-IP pattern of DDX1 protein observed by 
gel Silver staining suggests an altered interaction profile in XPD 
mutated cells compared to control MRC5. According to the literature 
data, DDX1 is capable of unwinding both RNA-RNA and RNA-DNA 
duplexes and exhibits an ATP-independent 5' single-stranded RNA 
overhang nuclease activity. The finding that CDK7 interacts with DDX1 
opens the possibility of a crosstalk between the transcription/NER 
factor TFIIH and the DNA repair pathways operating on DSBs. 
Alternatively, it may indicate additional functions involving DDX1 with 
the CAK and/or TFIIH complex outside DSBs repair. 
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Figure 13. Gel Silver Staining on CDK7 co-immunoprecipitated proteins in control and 
XP-D cell lines. Gel silver staining of elutes obtained by immunoprecipitating CDK7 in the Ch-
enriched and Triton-soluble fractions from control and XP-D immortalized fibroblasts. The 
black arrow highlights the DDX1 protein bend. 

Next, the interaction between CDK7 and DDX1 was further investigated 
by IP and immunoblot analysis in the different cellular fractionations of 
mitotic or asynchronous MRC5, TTD2GL and XP6BE cells (Figure 14). 
As subunit of the CAK sub-complex, we observed the co-
immunoprecipitation of Cyclin H with CDK7 in all the cell lines. 
Compared to control MRC5, the amount of immunoprecipitated CAK in 
TTD and XP cells is higher in the Triton-soluble than in the Ch-enriched 
fractions. This finding agrees with the previous results obtained in the 
cellular fractionation analysis (Figure 11). 
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Figure 14. Interaction of DDX1 with CDK7 protein in control and XP-D cell lines. 
Immunoblot analysis of total and co-immunoprecipitated proteins in the different cellular 
fractions of MRC5, TTD2GL and XP6BE cells. The levels of co-immunoprecipitated DDX1 
showed in the upper panel were normalized and quantified to the amount of CDK7. Bars 
indicate standard errors (*P <0.05; Student’s t-test). 

DDX1 protein co-immunoprecipitated with both the Ch-associated and 
the soluble CDK7 in control as well as in patient cells. Relevant of note, 
the interaction between DDX1 and CDK7 appeared particularly 
abundant in the Ch-enriched fractions of TTD cells. 

In a parallel experiment we immunoprecipitated CDK7 in the Ch-
enriched and soluble fractions of control and patient primary dermal 
fibroblasts (Figure 15). Despite the reduced levels of CDK7 in TTD Ch-
enriched fraction, we found that the amount of co-IP DDX1 is similar to 
that in control and XP cells. This finding can be explained by either a 
stronger interaction of DDX1 to CDK7, eventually due to higher cellular 
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concentration of DDX1, or to an increased stability of DDX1-associated 
CDK7. In particular, we could assume that the CDK7 protein bound to 
DDX1 is preserved by the protein degradation, that usually affects all 
TFIIH subunits in TTD cells. 

 
 
Figure 15. Interaction of DDX1 with CDK7 protein in control and XP-D primary 
fibroblasts. Immunoblot analysis of total and co-immunoprecipitated proteins in the Ch-
enriched and soluble cellular fractions of control, TTD and XP primary dermal fibroblasts. The 
levels of co-immunoprecipitated DDX1 showed in the upper panel were normalized and 
quantified to the amount of CDK7. Bars indicate standard errors ( **P <0.01; Student’s t-test). 

 

4.3 DDX1 protein levels in control and XPD-mutated 
fibroblasts 

To check whether the strong interaction between DDX1 and CDK7 in 
TTD cells does not result from a higher cellular amount of the RNA 
helicase protein, we evaluated by immunoblot the endogenous protein 
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levels of DDX1, as well as TFIIH subunits, in the three immortalized cell 
lines (Figure 16A) and in primary skin fibroblasts (Figure 16B). In 
agreement with previously published data, all TTD cell lines showed 
reduced TFIIH content, whereas XP cells contain normal TFIIH levels 
(Vermeulen et al., 2000; Botta et al., 2002). An exception is observed in 
XP6BE cells, where XPD and the core-TFIIH subunits were 
quantitatively reduced compared to control MRC5. In all TTD cells we 
observed a slight reduction of DDX1 protein content, thus denying the 
possibility that the increased stability of CDK7-DDX1 interaction is due 
to increased endogenous protein levels. 
 

4.4 Characterization of DDX1 interaction with various 
subunits of TFIIH by in vitro assays 

To establish whether the CDK7-DDX1 interaction occurs in the context 
of holo-TFIIH or involves only the free-CAK, we performed in vitro 
assays using purified recombinant proteins. For the TFIIH complex, 
baculovirus CAK and core-TFIIH sub-complexes as well as the XPD 
subunit were kindly provided by the laboratory of JM Egly and E Compe 
at the IGBMC in Strasbourg where I went to perform the in vitro 
experiments. Regarding DDX1, we successfully purified DDX1 
recombinant protein (as described in Material and Methods) from E. 
coli and visualized by Gel Coomassie blue staining and immunoblot 
analysis (Figure 8). Since, DDX1 is an ATP-dependent RNA helicase 
which also possesses a nuclease activity, we verified that the purified 
recombinant DDX1 protein exhibits its enzymatic activities by 
performing a FRET-based assay on increasing concentration of double 
strand RNA (dsRNA) molecules and unwinding assays (see Materials 
and methods for details). 
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Figure 16. DDX1 and TFIIH protein levels in total cell lysates from control and XP-D 
fibroblasts. Immunoblot analysis and relative quantification of TFIIH subunits (XPB, p62, XPD, 
CDK7 and CycH) and DDX1 protein normalized to the γ-tubulin amount in (A) MRC5, TTD2GL 
and XP6BE immortalized fibroblasts or (B) control, TTD and XP primary dermal fibroblasts. γ-
tubulin is the loading control. Au, arbitrary unit.   
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To confirm DDX1 interaction with CDK7 and to assess whether other  
TFIIH subunits and/or sub-complexes are able to bind DDX1, we 
performed in vitro interaction assays firstly by incubating DDX1 with 
the indicated TFIIH subunits and subsequently by immunoprecipitating 
DDX1 (Figure 18). Western Blot analysis allowed the visualization of 
the co-immunoprecipitated proteins thus demonstrating the in vitro 
interaction of DDX1 with the CAK, even if the amount of the co-
immunoprecipitated CAK (lane 5) was very low compared to the 
amount originally incubated (input, lane 2). To our surprise, a strong 
interaction was observed between DDX1 and the XPD subunit alone 
(lane 6) or even with the core-TFIIH (lane 7) in the absence of CDK7. 
Apparently, the presence of XPD stabilized the interaction of DDX1 with 
CAK as observed in lane 8. To this aspect, we should remember that the 
in vivo existence of the CAK-XPD subcomplex lacking the core-TFIIH has 
been previously demonstrated but its functional role has not been 
clearly elucidated (Chen et al., 2003; Li et al., 2010). Finally, the 
incubation of DDX1 with all the TFIIH subunits resulted in a strong 
interaction of DDX1 with the core-TFIIH and with XPD but a very faint 
interaction with the CAK sub-complex (lane 9). This result suggests that 
DDX1 does not only bind the CAK, but it also interacts with the XPD and 
core-TFIIH. Moreover, the strength of DDX1-CAK interaction is 
influenced by the presence/absence of XPD and the core-TFIIH. 

Because of the strong interaction between DDX1 and XPD, we searched 
for the DDX1-binding domains within the XPD protein. Thus, we 
performed in vitro DDX1 interaction assays upon incubation of the 
protein with various truncated form of the recombinant XPD. 
Specifically, we used an XPD protein lacking the ARCH domain, which is 
known to be fundamental for the CAK binding. We used the peptide 
corresponding to the ARCH domain alone, the N-terminal portion 
containing the first 245 amino acids of the protein or C- terminal 
fragment spanning from amino acids 444 and 762 of XPD. A parallel 
reaction was performed incubating DDX1 with the wild type (WT) XPD 
protein used as positive control.  
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Figure 18. DDX1 in vitro interaction with TFIIH subunits. DDX1 was immunoprecipitated 
and incubated (+) with core-TFIIH, XPD and/or CAK. Immunoprecipitated proteins were 
analyzed by Western blotting using antibodies against different subunit of TFIIH (XPB, p62, 
XPD, CDK7 and Cyc H) and DDX1. The input lanes represent 10% of the total protein amount 
used in each immunoprecipitation reaction. 

We found that the C-terminal domain of XPD is sufficient for the binding 
to DDX1, whereas both the N- portion and the ARCH domain were 
dispensable (Figure 19A). 

Next, we investigated whether XPD mutations associated to either XP or 
TTD phenotype may impair the DDX1-XPD interaction. Thus, we 
selected the two most frequent TTD- and XP- specific alterations 
mapping at the C-terminal portion of the protein (R722W and R683W, 
respectively) or the TTD-specific alteration (R112H) located in the N-
terminal portion of XPD. The DDX1-binding affinity of mutated XPD was 
investigated by incubating the proteins with increasing salts 
concentration (150mM and 300mM KCl). The analysis revealed that no 
one of the selected XPD alterations seem to affect the DDX1 binding 
(Figure 19B). 
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Figure 19. DDX1 in vitro interaction with XPD subunit. (A) Schematic representation of XPD 
structure and its functional domains. In the lower part of the box, DDX1 was 
immunoprecipitated and incubated (+) with WT or truncated form of XPD as indicated.  
Immunoprecipitated proteins were analyzed by Western blotting using antibodies against XPD 
and DDX1. The input lanes represent 10% of the total protein amount used in each 
immunoprecipitation. (B) DDX1 was immunoprecipitated and incubated with WT or mutated 
form of XPD as indicated. Immunoprecipitated proteins were analyzed by Western blotting 
using antibodies against XPD and DDX1. The input lanes represent 10% of the total protein 
amount used in each immunoprecipitation. K150 and K300 indicate the KCl salt concentrations 
used during washing steps.  
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4.5 Relevance of DDX1-CDK7 interaction 

Based on the above discoveries that DDX1 interacts with the CAK alone 
or in association with XPD and/or core-TFIIH, we questioned whether 
DDX1 could be a target of CDK7 kinase activity as part of the free-CAK 
or holo-TFIIH. Thus, we performed in vitro kinase assays using the 
indicated recombinant proteins and radiolabeled ATP (Figure 20). We 
observed that CDK7 phosphorylates DDX1 protein when it is part of the 
free-CAK sub-complex whereas the presence of the entire TFIIH 
complex does not allow the DDX1 phosphorylation by CDK7. Similarly, 
the pre-incubation of the CAK with a specific CDK7 inhibitor, THZ1, 
efficiently prevented the phosphorylation event. These results indicate 
that DDX1 is a substrate of free-CAK and not of the entire TFIIH.  

 
Figure 20. DDX1 phosphorylation by CAK sub-complex. DDX1 was incubated with 
TFIIH or CAK sub-complex as indicated, in presence of [32P] ATP and CDK7 inhibitor 
THZ1 (+, when indicated). Autoradiography of the incubated fractions are shown. 
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5 Conclusions and perspectives 
 
TFIIH is a transcription/DNA repair factor composed of the core-TFIIH 
and the CAK sub-complexes, bridged together by the XPD subunit. As a 
multi-subunit protein complex, TFIIH is involved in different biological 
processes, such as transcription initiation, gene expression regulation, 
nucleotide excision repair (NER) and cell cycle modulation. The CDK7 
kinase subunit of the CAK sub-complex phosphorylates different 
substrates: as subunit of the TFIIH complex, CDK7 phosphorylates the 
RNA polymerase (RNApol) II and activates transcription whereas, as 
part of the free-CAK, it targets specific Cyclin-Dependent Kinases 
(CDKs) regulating cell cycle progression. In this context, the bridging 
factor XPD plays a key role in the association/dissociation between the 
CAK and the core-TFIIH, thus modulating the different TFIIH 
functionalities. Mutations in the human ERCC2/XPD gene cause distinct 
clinical entities, including xeroderma pigmentosum (XP) and 
trichothiodystrophy (TTD). Whereas XP is characterized by increased 
cancer predisposition, TTD patients develop cutaneous photosensitivity 
with normal skin cancer risk, associated to other clinical features 
including hair abnormalities, physical and mental retardation and signs 
of premature aging. It has been hypothesized that mutations in XPD 
could differentially interfere with the various cellular functions of TFIIH 
leading to distinct phenotypes. In particular, mutations responsible for 
XP likely affect the repair activity of TFIIH, whereas those typical of TTD 
also impair transcription. Nevertheless, this issue is still an open 
question. 

To understand why mutations in the same gene give rise to clinical 
entities with opposite skin cancer predisposition, we investigated the 
cellular distribution of the core-TFIIH and CAK sub-complexes and their 
association to the chromatin in mitotic and interphase cells. The study 
revealed that XPD mutations alter the relative distribution of 
chromatin-bound and soluble CAK. In TTD primary and immortalized 
fibroblasts, the CAK was mostly present in the soluble fraction (Figures 
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11 and 12). Since XPD mutations typical of TTD cause a degradation of 
all TFIIH subunits, without affecting the amount of the free-CAK, it is 
possible that in our analysis we detected mainly the distribution of free-
CAK.  In XP cells, the distribution of CAK and core-TFIIH appeared 
different between primary and immortalized fibroblasts. XP6BE cells 
displayed a TFIIH subunits distribution similar to TTD2GL (Figure 11) 
whereas XP primary fibroblasts showed an intermediate situation 
between control and TTD fibroblasts (Figure 12). Since XP6BE cells 
contained reduced TFIIH content (Figure 16A), the higher CAK 
solubility may also reflect the distribution of the stable free-CAK as 
observed in TTD2GL. Differently, XP primary fibroblasts contained 
normal TFIIH amounts (Figure 16B), hence the reduction of the 
chromatin-bound CAK paralleled by an increased level of soluble CAK 
may revealed the detachment of the CAK from the chromatin and likely 
from the core-TFIIH that, conversely, maintains its association to the 
DNA. Overall, we cannot exclude that both mechanisms contribute to 
the different CAK distribution in XP-D cells.  

It has been reported that the mutation site on XPD could differentially 
interfere with TFIIH multiple functions and ultimately be relevant to 
explain the molecular and cellular defects observed in patients. In 
particular, most of XP mutations map along the ATP-binding pocket and 
DNA-binding channel, impairing the helicase activity of XPD protein 
essential for NER. On the contrary, TTD-specific alterations map in all 
four protein domains and are predicted to cause framework defects, 
impacting on TFIIH integrity (Fan et al., 2008). These observations can 
explain the reduced TFIIH levels specifically observed in TTD cells 
(Vermeulen et al., 2000; Botta et al., 2002). It is plausible that each 
individual mutation differentially affects the XPD interaction with the 
other TFIIH subunits and causes specific alterations of TFIIH 
functionality (Lehmann, 2008). Our analysis reveals that XPD mutations 
may destabilize CAK association with the DNA as well as interaction 
with core-TFIIH.  

Since the substrate specificity of CDK7 kinase subunit of the CAK sub-
complex depends also on the CAK association/dissociation from core-
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TFIIH, our findings suggest possible alterations of CAK-dependent 
signaling pathways in XP-D patient fibroblasts. Thus, we searched for 
CDK7 interacting proteins either associated or not associated to the 
chromatin. The identification of proteins interacting with CDK7 is a 
promising strategy to unravel the still unidentified targets of CDK7 
kinase, and thus novel partners that could mediate the various 
functionality of the CAK or of the holo-TFIIH. Upon a complete 
chromatin digestion to exclude the involvement of the DNA in 
mediating protein-protein interactions, a mass spectrometry analysis 
on CDK7 co-immunoprecipitated proteins allowed the identification of 
CAK interactors in control, TTD and XP fibroblasts. The CDK7 
interaction pattern appeared similar among the different cell lines, 
meaning that the majority of interactions were not affected by an 
altered soluble/chromatin-bound CAK ratio. This finding agrees with 
the viability of these specific mutation-bearing patients. Despite most of 
the CDK7 interactions are retained in XPD cells, we achieved to identify 
few proteins that differently associated with CDK7 in TTD or XP 
fibroblasts compared to control cells. Most of these interactors are 
involved in different steps of the RNA metabolism including 
transcription, pre-mRNA processing, RNA export, translation initiation 
and RNA degradation. Among them, we found the DEAD/box RNA 
helicase 1 (DDX1), which seems to display a different CDK7 binding 
affinity in control compared to XPD mutated fibroblasts. As the others 
DEAD box genes, DDX1 encode for a RNA helicase containing the 
D(asp)-E(glu)-A(ala)-D(asp) signature domain involved in ATP 
binding/hydrolysis. DDX1 has been proposed to play multiple functions 
in RNA metabolisms (Bléoo et al., 2001), tRNA splicing (Popow et al., 
2014), microRNA maturation (Han et al., 2014), repair of 
transcriptionally active regions of the genome (Li et al., 2008) and G-
quadruplex resolution (Ribeiro de Almeida et al., 2018). DDX1 has been 
shown to be upregulated in various tumors (Godbout et al., 2007; 
Tanaka et al., 2009; Germain et al., 2011) and implicated in mouse erly 
embryonic development (Germain et al., 2015; Hildebrandt et al., 2015), 
suggesting a role for DDX1 in cell proliferation. In addition to the nine 
conserved amino acid motifs, DDX1 also contains a SPRY domain 
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suggested to play a role in either protein-protein or protein-RNA 
interactions. This domain has been identified in more than 70 proteins, 
including the heterogeneous nuclear ribonucleoprotein (hnRNP) U. The 
SPRY domain of hnRNP U mediates the binding of TFIIH to RNApol II 
holoenzyme (Kim and Nikodem, 1999). Thus, in future studies it will be 
interesting to understand whether also the SPRY domain of DDX1 is 
implicated in TFIIH binding. By performing mutagenesis followed by 
protein purification, it will be possible to produce various DDX1 
recombinant proteins lacking specific domains/motifs. The purified 
proteins will be tasted in vitro for their capacity to interact with various 
TFIIH subunits and sub-complexes. By so doing, it will be possible to 
identify the DDX1 portion mediating the association with TFIIH 
complex. 

We have shown that DDX1 not only interacts with the CAK sub-
complex, but also binds XPD and the core-TFIIH (Figure 18). The last 
320 amino acids of XPD are sufficient for the DDX1 binding, whereas 
the N-terminal region and the ARCH domain, the latter known to 
mediate the interaction with the MAT1 subunit of the CAK, are both 
dispensable for this interaction (Figure 19A). Surprisingly, the presence 
of TTD- or XP- specific mutations at the C-terminus of XPD (R722W and 
R683W, respectively) of XPD seems not to affect the binding to DDX1 in 
vitro (Figure 19B). It is possible that the in vitro experimental 
conditions do not allow visualizing the effects of XPD point mutations 
on this interaction but it is also conceivable that the mutated XPD 
protein still binds DDX1 while it losses affinity for the CAK sub-complex, 
as demonstrated by the fractionation experiments (Figure 11 and 12). 
Notably, the presence of wild type XPD in in vitro assays appears to 
stabilize the interaction between DDX1 and the CAK indicating that the 
TFIIH-DDX1 interaction is strictly mediated by at least three players: 
the CAK, DDX1 and XPD. 

By co-immunoprecipitation experiments we observed that the reduced 
levels of CAK in the chromatin-enriched fraction of TTD primary 
fibroblasts are sufficient to pull down the same amount of DDX1 as in 
control or XP cells (Figure 15). This implies that, despite the TFIIH 
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instability characterizing TTD cells, the amount of CAK engaged to 
DDX1 is not affected in TTD. A possible explanation to this finding is 
that DDX1 binds the free-CAK complex. Indeed, the same experiment 
performed in immortalized cells that contain more free-CAK than 
primary fibroblasts, revealed that the amount of CDK7-co-
immunoprecipitated DDX1 is higher in TTD cells compared to both 
control and XP (Figure 14). Nevertheless, also the control and XP 
immortalized fibroblasts contain increased levels of free-CAK (50% in 
MRC5 and 80% in XP6BE, Figure 11). Therefore, we conclude that the 
DDX1-CAK interaction is altered in TTD cells. 

Finally, by in vitro kinase assays we found that DDX1 recombinant 
protein is phosphorylated by the CAK but not by the holo-TFIIH (Figure 
20). In future studies, it will be relevant to analyze the biological 
implication of DDX1 phosphorylation by the free-CAK as well as to 
understand the effect of XPD subunit on this phosphorylation event.  
DDX1 phosphorylation by the CAK may promote or repress DDX1 
helicase activity, modulate its substrate specificity or, alternatively, 
could results in a feedback loop altering CAK functionality or substrate 
specificity. FRET-based analysis and unwinding assays on 
phosphorylated and unphosphorylated DDX1 will clarify whether the 
CAK-mediated phosphorylation may alter DDX1 helicase activity 
towards various double strand substrates (DNA or RNA double strands 
and DNA-RNA hybrids). Similarly, it was shown that another member of 
the DEAD box protein family, DDX3, is phosphorylated by CDK1-Cyc B 
complex during mitosis and this phosphorylation alter its activity 
(Sekiguchi et al., 2007). The effect of XPD in this scenario will also be 
investigate.  

Accumulating evidence indicates that deregulated RNA-DNA hybrids 
formation during transcription (R-loop), can result in the accumulation 
of DNA damage and genome instability. Improper processing of R-loops 
by transcription-coupled NER also results in DNA damage (Sollier et al., 
2014). Future studies will be relevant to understand whether the 
TFIIH-DDX1 interaction is somehow implicated in solving the R-loop 
structures associated to transcription and/or DNA repair. This 
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possibility is supported by the observation that XPB and XPD helicases 
target the G-quadruple structures blocking the progression of RNApol II 
(Gray et al., 2014). Moreover, we will compare the CDK7 in vitro 
substrate affinity towards CDKs or RNApol II CTD in vitro in the 
presence or absence of DDX1 protein. DDX3 was shown to be a 
regulatory factor of the serine-threonine kinase CK1 since their 
interaction stimulates CK1 kinase activity and promotes the 
phosphorylation of CK1 target proteins (Cruciat et al., 2013). 

In summary, this study demonstrates that XPD mutations cause an 
imbalance between free- and chromatin-bound CAK. The presence of 
more soluble CAK, not associated to the chromatin and thus to the core-
TFIIH could affect CAK functionality leading to activation and/or 
repression of specific cellular pathway that can ultimately contribute to 
the TTD or XP clinical phonotype. In addition, we identified the helicase 
DDX1 as a novel CDK7 interactor, showing a stronger or delayed 
association with the chromatin-bound CDK7 in TTD fibroblasts. It will 
be interesting to further investigate the biological relevance of DDX1-
CDK7 interaction, to identify the residues on DDX1 protein 
phosphorylated by the CAK, to analyze the consequence of XPD 
presence on CDK7 kinase activity towards DDX1 and to evaluate the 
effect of DDX1 phosphorylation on its nuclease and helicase activities. 
Moreover, we intend to isolate in vivo the DDX1-CAK complex and 
analyze the presence/absence of XPD as well as core-TFFIH to better 
understand the composition of these newly identified protein complex. 
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Appendix I 

Heterogeneity and overlaps in nucleotide excision repair 
disorders 
 

Abstract 

Nucleotide excision repair (NER) is an essential DNA repair pathway 
devoted to the removal of bulky lesions such as photoproducts induced 
by the ultraviolet (UV) component of solar radiation. Deficiencies in 
NER typically result in a group of heterogeneous distinct disorders 
ranging from the mild UV sensitive syndrome to the cancer-prone 
xeroderma pigmentosum and the neurodevelopmental/progeroid 
conditions trichothiodystrophy, Cockayne syndrome and cerebro-
oculo-facio-skeletalsyndrome. A complicated genetic scenario 
underlines these disorders with the same gene linked to different 
clinical entities as well as different genes associated with the same 
disease. Overlap syndromes with combined hallmark features of 
different NER disorders can occur and sporadic presentations showing 
extra features of the hematological disorder Fanconi Anemia or 
neurological manifestations mimicking Hungtinton disease-like 
syndromes have been described. Here, we discuss the multiple 
functions of the five major pleiotropic NER genes (ERCC3/XPB, 
ERCC2/XPD, ERCC5/ XPG, ERCC1 and ERCC4/XPF) and their relevance 
in phenotypic complexity. We provide an update of mutational spectra 
and examine genotype-phenotype relationships. Finally, the molecular 
defects that could explain the puzzling overlap syndromes are 
discussed. 
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