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Nucleotide excision repair (NER) is a highly versatile DNA repair process which is able to remove a
broad spectrum of structurally unrelated DNA helix-destabilizing lesions. The multi-subunit transcrip-
tion/repair factor IIH (TFIIH) is an important decision maker in NER, by opening the DNA double helix
after the initial damage recognition and subsequently verifying the lesion. Inherited mutations in TFIIH
subunits are associated with NER-deficiency and a perplexing clinical heterogeneity, ranging from

cancer-prone Xeroderma Pigmentosum to the progeroid diseases Cockayne Syndrome and Trichothio-
dystrophy (TTD). Three different TFIIH coding genes are implicated in TTD: XPD, XPB and TTDA. The
latter gene encodes for a small (71 amino-acid) subunit and appeared important for the stabilization of
the entire TFIIH complex. Based on analyzing TTD group A patient derived cells it was initially thought
that TTDA has only a NER-stimulating role. In this review we summarize recent data showing that full
disruption of TTDA expression in a knock-out mouse-model completely inactivates NER. Surprisingly,
next to being essential for NER, TTDA appeared to be required also for embryonic development,
indicative for the big impact this small protein has on basal biological processes.

& 2014 Published by Elsevier Inc.
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Introduction

Nucleotide excision repair (NER) is a highly coordinated multistep
pathway that removes a remarkable wide range of DNA lesions
that disturb the Watson and Crick base pairing [1], including the
UV-light induced photoproducts cyclobutane pyrimine dimers
(CPDs) and 6-4 pyrimidine pyrimidone photoproducts (6-4PPs),
and various bulky chemical adducts. This mechanism consists of
two DNA damage sensing sub-pathways: one that scans the entire
genome for lesions (global genome NER, GG-NER) and one that
targets lesions that physically block the elongating RNA polymer-
ase II (transcription-coupled NER, TC-NER). After these two modes
of lesion recognition the dual functional repair/transcription
factor IIH (TFIIH) is recruited. TFIIH is a multi-subunit complex
that was originally identified as an essential transcription initia-
tion factor, but also appeared pivotal for NER [2,3]. In both
processes TFIIH functions to open the DNA double helix, catalyzed
by its two helicase subunits XPB and XPD [2,4]. TFIIH is composed
of ten subunits, seven of which (XPB, XPD, p62, p52, p44, p34 and
TTDA) form the core complex and an associated heterotrimeric
Cdk-activating kinase (CAK, consisting of CDK7, CCNH and MAT1)
[5,6]. TFIIH further functions in lesion verification, interacts with
the downstream NER factors XPA and XPG. These factors together
with RPA recruit and properly orient the ERCC1-XPF endonu-
clease, which incises 50 to the lesion followed by the 30 incision by
XPG. The resulting 22–30 nucleotide gap is filled by the replica-
tion machinery [1].
Next to essential functions in transcription initiation and NER,

TFIIH is also implicated in transcription of ribosomal genes by
RNA polymerase I, and basal and activated transcription by RNA
polymerase II [5,6]. The importance of a fully functional TFIIH is
clearly illustrated by the severe clinical consequences associated
with inherited defects in this complex. The UV-hypersensitive
human NER syndromes Xeroderma Pigmentosum (XP), Cockayne
Syndrome (CS), combined XP and CS (XP/CS), Trichothiodystrophy
(TTD) or combined XP and TTD (XP/TTD) [7–10] are associated
with a strongly enhanced cancer-risk and/or dramatically accel-
erated segmental ageing. Mutations that affect only the GG-NER
pathway mainly cause XP features, as non-repaired lesions
induced by e.g. exposure to UV-light can trigger cell killing or
can be converted into mutations. The former explains the severe
sun-sensitivity, whereas increased mutagenesis in oncogenes and
tumor-suppressor genes may explain the strong skin-cancer
predisposition in XP. Contrary to GG-NER, mutations that affect
the TC-NER pathway do not significantly contribute to mutagen-
esis, as this process deals only with a small fraction of total
lesions, explaining at least in part the absence of elevated cancer
in CS and TTD. However, lesion-blocked RNA polymerases—when
unresolved—are extremely cytotoxic and mainly induce cell kill-
ing or senescence, which likely explains the segmental ageing
features seen in CS and TTD [11]. Moreover, the high damage
sensitivity due to the TC-NER defect causes cells to die, which also
contributes to the reduced cancer risk of TC-NER disorders. Both
cancer-related and age-related diseases/discomforts have become
a major personal, social, medical and economical issue due to the
still increasing life expectancy in developed countries world-
wide. It is therefore highly relevant to understand the molecular
mechanisms that cause these phenomena.
Please cite this article as: A.F. Theil, et al., TTDA: Big impact of a
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Trichothiodystrophy

The human syndrome Trichothiodystrophy (TTD) is a very rare,
autosomal recessive disorder that is characterized by a low
content of sulfur-rich proteins in both hair and nails and in
addition many other neurodevelopmental features. The Greek
term Trichothiodystrophy (tricho-thio-dys-trophe meaning hair-
sulfur-faulty-nourishment) was therefore used to describe this
group of patients based on the low-sulfur brittle hair and nails.
The clinical symptoms observed in TTD patients are very variable
in expression and severity, and display a broad spectrum of
phenotypes including: photosensitivity, ichthyosis, brittle hair
and nails, intellectual impairment, decreased fertility and short
stature (the acronyms, PIBIDS, IBIDS and BIDS represent the
initials of these characterizations [12]). The spectrum of symp-
toms observed in TTD patients stretches from very mild forms of
the disease, characterized by normal development with only
brittle hair and scaling skin (typical TTD-features) to very severe
cases, characterized by high mortality at young age combined
with severe neurodevelopmental defects.

Hitherto four genes have been identified that are causative
for the TTD phenotype, namely TTDN1, XPB, XPD, and TTDA.
Mutations in the TTDN1 gene are associated with the non-
photosensitive form of TTD [13,14]. However, the majority of
non-photosensitive TTD patients (approximately 80%) has not yet
been linked with any causative gene. In contrast, all photosensi-
tive TTD patients have been found to carry a mutation in the XPB,
XPD or TTDA genes [9] all encoding subunits of TFIIH and carrying
a defect in NER, explaining the photosensitivity. Mutations in the
XPB and XPD subunits of TFIIH induce a broad spectrum of clinical
features including XP, CS and TTD; however, mutations in the
TTDA subunit are thus far only found to be associated with TTD-
specific symptoms. These patients belong to the rare TTD group A
(TTD-A) and display a relatively mild TTD phenotype [15]. This
review is aimed to better understand the etiology of the spectrum
of symptoms presented in photosensitive TTD-A patients.
Recently published data has provided new insights in TTDA's
function, which are discussed below.
Characterization of TTDA

Despite the notion that NER-deficient TTD comprises three
distinct genes [16,17] and that their respective encoded proteins
are associated with TFIIH [17], the identity of the TTDA protein
has remained enigmatic for long [18]. Within a proteomic screen
of yeast RNA polymerase II transcription pre-initiation complexes
a novel 72 amino acid containing TFIIH subunit (designated TFB5)
was identified [19]. Due to its small size, the yeast protein and the
human ortholog were previously overlooked in highly purified
TFIIH complexes, but the human gene encoding the TFB5 ortholog
turned out to be the causative gene for TTD-A [15].

Thus far, only three TTDA mutations were identified in three
non-related TTD-A patients: TTD99RO, TTD1BR and siblings
TTD13PV and TTD14PV (amino acid changes in TTD-A patients
proteins [15] are schematically depicted in Fig. 1). Interestingly,
despite the rather diverse TTDA mutations, which are all
expressed at mRNA level, the clinical features observed in
TTD-A patients are quite similar [15]. Human TTDA is a very
small protein, Exp Cell Res (2014), http://dx.doi.org/10.1016/j.
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Fig. 1 – Amino acid changes in TTD-A patients proteins. (Left panel) Illustration of the TTDA protein (consisting of 71 amino acids)
and the amino acid changes described in TTD-A patients, indicated with arrows. Patient TTD99RO: homozygous nonsense mutation
at codon 56, converting Arginine to a stop codon (p.R56X). Patient TTD1BR: heterozygous for the TTD99RO allele, the other allele
has a mis-sense mutation at codon 21, converting a conserved Leucine into Proline (p.L21P). Siblings TTD13PV and TTD14PV carry a
homozygous mutation in the ATG start codon (p.M1T). The numbers 1 and 2 after the patient code represents the different alleles.
(Right panel) Scheme of the expressed mutant proteins in the different TTD-A patient cells.
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small, highly conserved, 8 kDa protein comprised of only 71
amino acids. There is no indication of any enzymatic activity or
of a functional domain; however, it has preserved remarkable
stretches of hydrophobic residues in almost all eukaryotes from
human to yeast [15,19,20]. In vitro studies have revealed that
TTDA binds to the TFIIH subunits XPD and p52. Particularly its
interaction with p52, with whom it forms a heterodimer,
improves TFIIH stability and regulates the ATPase activity of XPB
during active NER [21,22]. Overexpressing TTDA in a DNA repair
deficient human XP-D cells [22] or in a p52 Drosophila melano-
gaster mutant (Dmp52, which exhibits TTD and cancer-like
phenotypes in the fly [23]), partly restored TFIIH levels and/or
NER defects. Finally, a novel tripartite split-GFP system confirmed
binding of TTDA to p52 in living human cells [24].

To better understand the molecular mechanism underlying the
clinical symptoms presented by TTD patients, several in vivo
experiments were performed to analyze cellular features asso-
ciated with inherited mutations in the TTDA gene. TTDA analysis
in living cells showed that green-fluorescent protein (GFP)-tagged
TTDA is localized in both the cytoplasm and the nucleus,
contrasting the strict nuclear localization of XPB-GFP [25].
Photo-bleaching experiments also indicated that the majority of
TTDA is not associated to TFIIH and that only a small fraction at
any time is bound to TFIIH. Although TTDA can be considered as
integral component of TFIIH in biochemical terms [15], the
association of TTDA-GFP to TFIIH (and to a lesser extent also of
XPD-GFP) is much more dynamic than for example XPB-GFP [25].
However, DNA damage induction by UV increases the interaction
of TTDA to TFIIH, suggesting a specific function of TTDA in NER
[25]. Despite the notion that TTDA transiently interacts with
TFIIH, this interaction is important to stabilize TFIIH and to
sustain normal cellular TFIIH concentration. Solution structure
analysis of purified recombinant human TTDA revealed that the
isolated polypeptide homodimerizes, predominantly through
antiparallel dimerization of the first N-terminal β-sheet [20]. This
N-terminal region is also important for the interaction with p52
Please cite this article as: A.F. Theil, et al., TTDA: Big impact of a
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and XPD [22]. It is possible that the dimeric form of TTDA
provides stability to non-TFIIH-associated protein [20] and that
the dynamic equilibrium between free dimeric and TFIIH-bound
TTDA provides TFIIH stabilizing property of TTDA.
Reduced steady-state levels of TFIIH in TTD-A cultured fibro-

blasts appeared to be a critical determinant in NER efficiency [18],
but this lower concentration of the crucial basal transcription
initiation factor in cultured cells does not seem to significantly
affect the transcriptional competence. This suggests that NER
requires higher concentrations of TFIIH and/or that the altered
structure of the complex in the absence of TTDA mainly affects the
NER function rather than the transcription role. Previous live cell
kinetic studies [26] revealed that a relatively large proportion of
the resident TFIIH molecules are recruited to NER sites at which
they are bound significantly longer (4–5 min) than when bound
for an average transcription initiation event (2–10 s). This differ-
ence in kinetic behavior of TFIIH when engaged in either
transcription or DNA repair provides an explanation why one
process appears more sensitive to relative enzyme concentrations
than the other. The in vitro NER studies [22] showed that not only
the concentration but also the composition of TFIIH is critical for
its function in NER. In the absence of TTDA, only low levels of
repair are detected, suggesting that association of TTDA to TFIIH
renders this complex more competent for NER, at least in vitro.
NER in TTD-A patient cells

The cellular concentration of TFIIH in TTD-A fibroblasts is reduced
to only 30% of the amount found in wild-type cells. TTD-A cells
exhibit a very low DNA repair activity as determined by analyzing
the NER-dependent repair replication in unscheduled DNA synth-
esis, when measured shortly after inducing a high dose of UV-light
[15,18]. This low level of NER activity should render cells hyper-
sensitive to UV. Strikingly, however, in UV-colony survival assays,
measuring the long term biological effect of UV-irradiation, TTD-A
small protein, Exp Cell Res (2014), http://dx.doi.org/10.1016/j.
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cells appeared only moderately UV-sensitive [15]. Further analysis
of different NER properties in TTD-A mutant cells revealed that the
repair activity in TTD-A fibroblasts is not completely absent, but is
most likely only slower [27]. This relative slow repair is on the long
run able to remove most lesions, thus explaining the moderate UV-
sensitivity. Indeed, UV-induced lesions that are mainly responsible
for cytotoxicity (6-4PP) [28] are gradually removed in TTD-A cells
compared to wild type cells contrary to what is observed in
complete NER-deficient cells [27,28].
Ttda knock-out mice

In order to provide clues on the molecular basis of TTD-A related
clinical features, we decided to generate a Ttda� /� mouse model
[29]. Based on the severe mutations observed in the TTD-A
patients, including truncation and start-codon mutations we
opted for a complete inactivation of the gene. Unexpectedly, and
in striking contrast to TTD-A patients, embryos that lack Ttda die
between embryonic day 10.5 and just before birth. These embryos
show a delay in development and have a reduction in size and
body-weight. On top of these common features, Ttda� /� embryos
also exhibit a rather heterogeneous spectrum of phenotypes.
These additional features range from a “pale” appearance to
internal hemorrhages, most likely leading to embryonic lethality
(unpublished data). Using next generation sequencing we deter-
mined which genes were differentially expressed at a very early
stage of gestation (unpublished data). Indeed, when we compared
the transcriptional profile of embryonic stem cells (ES) isolated
from Ttda� /� blastocysts with their wild type littermates, we
found multiple genes being differentially expressed. Ingenuity
Pathway Analysis highlighted several networks differentially
regulated, including embryonic development, cellular growth
and proliferation, and hematological system development and
function. The TTD mouse model also showed that reduced
transcription of specific genes in terminally differentiated skin
keratinocytes explains the hallmark feature of TTD, brittle hair.
From this model it is predicted that the reduced stability of TFIIH
by TTD mutations affects transcription in other highly specialized
or terminally differentiated cells [30]. The unexpected lethality of
Ttda� /� embryos obviously does not allow a detailed organismal
analysis to the nature of the TTD etiology. However, early
embryonic development was still possible that allowed the
isolation of embryonic cells.
Surprisingly, cells isolated from these mice present a complete

inactivation of NER, which is in contrast to the relatively mild NER
defect observed in human TTD-A cells. These striking differences
of complete versus partial NER-deficiency and in utero lethality
versus relative mild TTD symptoms between respectively, Ttda� /�

mice and TTD-A patients, might be explained by the presence of
partly functional mutant TTDA protein in patient cells. Unfortu-
nately, the presence of low amounts of these mutant proteins
cannot be confirmed, due to the lack of proper antibodies.
However, expression of all TTD-A derived mutant proteins indeed
partially corrected the complete absence of NER of Ttda� /� mouse
cells [29]. Conversely, silencing of the mutant TTDA gene in the
cells of TTD-A patients further reduced NER and UV survival,
indicating residual activity of the mutant allele. The presence of a
partly functional protein in TTD13/14PV patient is particularly
intriguing, due to the homozygous translational start-site
Please cite this article as: A.F. Theil, et al., TTDA: Big impact of a
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mutation [15]. Despite this ATG mutation, aberrant TTDA proteins
are likely still being produced by initiating from an in-frame
downstream ATG (codon 16) and produces low levels of an
N-terminally truncated TTDA protein. Interestingly, it has been
shown (both in yeast and humans) that the N-terminal domain of
TTDA is important for binding to the TFIIH subunits XPD and p52
[22,31] and for its role in stimulating the ATPase-activity of the
XPB subunit [22]. Furthermore, this interaction is also critical for
the TFIIH stability. Apparently, the truncated TTDA protein is
nevertheless able to carry out part of its function to permit
residual NER. A possibility is that binding of TTDA, including the
mutant variants, to TFIIH triggers a conformational change that
increases the residence time of TFIIH on NER-lesions which
facilitate the recruitment of downstream NER factors. The hypoth-
esis of improperly structured TFIIH, due to mutated TTDA (or its
complete absence) also fits with the observation that a lack of
TTDA makes TFIIH less stable, as improperly folded proteins are
usually vulnerable to degradation. Interaction with TTDA might
stabilize the complex either by aiding folding (as a chaperone-like
function) or by maintaining tertiary structure. A model comparing
the recruitment of early NER factors in TTD-A patients and Ttda� /

� mouse cells is depicted in Fig. 2. This model unites reduced
repair with instability.
TTDA and oxidative DNA repair

TTDA's essential role in NER has far-reaching biological signifi-
cance. However, the complete NER deficiency cannot explain the
embryonic lethality, since other mice with fully compromised
NER function (e.g. Xpa� /� mice) do not display similar develop-
mental abnormalities and are fully viable [32,33]. Surprisingly,
both ES cells and mouse embryonic fibroblasts derived from the
Ttda�/� mice exhibit next to a complete NER defect, also hyper-
sensitivity to several oxidizing agents, unlike other NER-deficient
ES cells (e.g. Xpa� /�), but similar as Csb� /� ES cells [34]. Based on
these results, we suggest that Ttda� /� embryos are confronted
with unrepaired endogenous oxidative lesions, possibly generated
by low but continuous exposure to reactive oxygen species (ROS)
and other natural reactive species during development. This
compromised repair of oxidative DNA lesions may contribute to
the lethal phenotype observed in the Ttda� /� embryos. Defects in
multiple DNA repair systems may cause synergistic effects or even
synthetic lethality [35,36]. Detailed analysis of different TFIIH
mouse mutants revealed a correlation between sensitivity to
oxidative DNA damage (endogenous DNA damage) and severity
of the phenotype of the different models [34,37]. For example,
severe developmental and premature aging problems have been
seen in KO mouse models of DNA repair factors that function in
independent repair pathways, such as Xpa� /� Csbm/m double
mutant mice (defective in NER and TC-repair, including oxidative
lesions) [38]. Importantly, this reduced resistance to oxidative
DNA damage is likely not caused by a general (core) BER defect
[29]. Previously, it was suggested that TFIIH is implicated in
coordinating incision of lesion-stalled transcription complexes
[39] and that some oxidative DNA lesions are processed by
transcription-coupled repair [40,41]. It is also possible that some
endogenously produced lesions or repair intermediates cause
stalled RNA polymerase complexes, hindering alternative repair
small protein, Exp Cell Res (2014), http://dx.doi.org/10.1016/j.
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Fig. 2 – Proposed model for lesion-bound NER complex formation in mammalian cells, TTD-A patient cells and Ttda� /� cells. (Left
panel) In mammalian wild type cells, damage sensor XPC stably binds to UV-induced DNA lesions, independently of downstream
NER factors. After damage recognition, TFIIH opens the DNA helix and verifies the lesion, resulting in the release of the CAK
complex. The accumulation of TFIIH shifts the equilibrium from a dissociated form of TTDA towards the bound state. After DNA
unwinding, other pre-incision proteins such as RPA and XPA also accumulate at the damaged site, further stabilizing the NER
complex and preparing for dual incision. (Middle panel) In TTD-A patient cells, damage sensor XPC stably binds to UV-induced DNA
lesions, similar as occurs in wild-type cells. Mutant TTDA protein is not able to maintain TFIIH stability and conformation,
resulting in a 70% reduction in protein concentration in the cell. Efficient binding of mutated TFIIH to the damaged site is also
affected and reduces its affinity to the NER complex, diminishing the accumulation of downstream NER factors. NER complex
assembly and the removal of the DNA lesions will take place, although in a kinetically slow manner. (Right panel) In Ttda� /� cells,
damage sensor XPC stably binds to UV-induced DNA lesions, like in wild-type cells. Due to the absence of Ttda proteins, the TFIIH
stability and conformation is affected, comparable to TTD-A patient cells. Without the presence of Ttda, TFIIH and also other
downstream NER factors are unable to stably bind to DNA lesions. The complex assembly is completely abolished and as a result
there is no repair.
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pathways like GG-NER and BER to repair these stalling lesions
[42,52].
TTDA and transcription

It is surprising to note that viability does not critically depend on
TTDA and on high amounts of TFIIH, as embryos develop almost
to birth. This is in striking contrast with deletion mutants of other
tested TFIIH subunits, which are not viable in yeast and mammals.
Incompatibility with live associated with deletions of TFIIH
encoding genes was explained by the vital transcriptional role
of TFIIH [43]. Extrapolation of this hypothesis thus argues that
TTDA is not essential for the transcription reaction. Indeed TTDA
appeared not to stimulate transcription in vitro, whereas it was
Please cite this article as: A.F. Theil, et al., TTDA: Big impact of a
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shown to aid NER [22]. However, part of the non-NER-related
features observed in TTD patients, such as brittle hair, are thought
to be derived from an affected transcription function, due to the
TTD-causing TFIIH mutations [30,44]. This apparent contradiction
of the requirement of TTDA for transcription between in vitro
experiments and observations in mouse tissue can be explained
by the differential transcriptional program of specific tissues and
cell types that are involved in TTD pathology. We propose a model
in which transcription in terminally differentiated keratinocytes
that form hair is limited to a group of cysteine-rich matrix protein
genes. These gene products cross-link keratin filaments and
provide strength to hair. Due to the highly specialized nature
(terminal differentiation) of these cells the majority of the
genome is transcriptionally repressed, including genes coding
for house-keeping transcription factors. It is likely that in these
small protein, Exp Cell Res (2014), http://dx.doi.org/10.1016/j.
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cells transcription of TFIIH-encoding genes is also repressed and
that transcription of the cysteine-rich matrix protein genes thus
relies on the resident transcription factors. However, in TTD
patient keratinocytes, due to the reduced TFIIH stability, the
amount of TFIIH is not sufficient to support transcription of this
group of genes by the time these cells have reached the final
differentiation stage. Thus, reduced transcription of genes encod-
ing for keratin filament crosslinking proteins that are the last to
be expressed likely provides an explanation for the hallmark
feature of TTD, brittle hair. Evidence for this hypothesis was
provided by the observed reduced expression of the SPRR2 gene
in dorsal skin isolated from TTD mice, carrying a mutation in the
Xpd gene, which mimics a mutation found in XP group D TTD
patients [30]. SPRR2 encodes for a structural component of the
cornified envelope and is predominantly expressed in terminally
differentiated keratinocytes. From this model it is predicted that
the reduced stability of TFIIH by TTD mutations will affect
transcription in other highly specialized or terminally differen-
tiated cells. Indeed anemic features have been described in some
TTD patients, likely due to reduced beta-globin expression [45].
Also precursor erythrocytes (just prior to nuclear eviction) are
highly specialized in producing hemoglobin and predominantly
abundantly transcribe globin genes. This observation further
corroborates our hypothesis. In addition to the sub-limiting TFIIH
concentrations, also the specific spatio-temporal organization of
highly differentiated post-mitotic cells (e.g.: neurons, myocytes,
and hepatocytes) may contribute to cell-specific expression of
TTD features. We have shown that in post-mitotic cells, TFIIH is
bound to promoters with a much longer residence time than in
proliferative cells [46]. A possible explanation for this static
behavior is that in these post-mitotic terminally differentiated
cells, a large part of the transcription program is dedicated to a
particular subset of genes defining cellular specificity and house-
keeping functions, without the need to continuously switch to
transcribe genes that are needed for proliferation (cell cycle,
replication, mitosis, etc.). This reduced plasticity of transcription
factors can be (partly) reversed by changing conditions such as
sudden high doses of genomic insults [46], allowing adaptation to
a changing environment. When, due to the TTD mutations, TFIIH
function is affected or instable, transcription adaptation is no
longer possible and may make cells less responsive to external
and internal cues, which may eventually lead to premature cell
death or senescence. We have demonstrated that Ttda� /� cells
have a low steady state level of TFIIH and accordingly have a
lower transcriptional activity. The low TFIIH quantity does not
seem to be the sole cause of embryonic lethality, since similar low
levels of TFIIH are observed in TTD-A patient cell lines, which are
compatible with life. It is, however, possible that transcription is
more affected in Ttda� /� cells, since TTD-A patients still harbor a
partial functional TTDA protein. The notion of reduced transcrip-
tional activity in Ttda�/� mouse cells argues that this feature may
contribute to embryonic lethality. For instance, during certain
stages of embryonic development which require high transcrip-
tional capacity, normal embryogenesis may be compromised.
Moreover, it cannot be excluded that completely lacking Ttda
affects the transcription of a subset of specific genes as shown in
cells with XPD-associated TTD mutations defective in activated-
transcription of nuclear receptors [47]. In this scenario, the
expression of specific genes, essential for development of the
embryo, might be disturbed which in turn hinders proper
Please cite this article as: A.F. Theil, et al., TTDA: Big impact of a
yexcr.2014.07.008
embryogenesis and finally inducing death in utero. In both cases,
TTDA function appears to extend beyond the previously suggested
main function in NER, as it is also important for both development
and viability.
Concluding remarks and future prospective

Complete absence of TTDA in mouse cells has revealed that TTDA
has an essential function in NER and is essential for embryonic
development. The rather mild TTD-phenotype observed in TTD-A
patients is due to the presence of partly functional mutant
proteins.

The sensitivity to endogenously produced oxidative DNA
lesions in Ttda� /� cells suggests that TTDA (and likely the entire
TFIIH) has additional functions in DNA repair extending beyond
NER, causing synergistic effects when inactivated. Recently, it has
also been shown that the ribosome biogenesis and maturation are
disturbed in TTD patient ES cells [48]. Interestingly, neurological
abnormality is a feature that is found in a number of genetic
diseases caused by mutations in ribosomal genes [49]. The lethal
phenotype observed in Ttda� /� embryos is possibly the result of
several defects, such as insufficient levels of TFIIH needed for
transcription in highly proliferative tissues, ribosome biogenesis,
impairment in the activated transcription of specific genes, and
unrepaired lesions endogenously induced by e.g. oxidizing agents.

The problem of endogenously produced DNA lesions is one of
the major black holes in our knowledge on DNA repair. The
involvement of transcription-coupled repair (TCR) in the process
for oxidative DNA damage, similar to TC-NER for bulky lesions,
has long been a matter of debate within the DNA repair field.
However, recently a very sensitive assay to monitor strand-
specific repair of both bulky lesions and oxidative DNA lesions
was developed, by combining FISH (using strand-specific gene
probes) with a Comet-assay [50]. This novel assay unequivocally
proved that oxidative DNA lesions block (or at least transiently
inhibit) the transcription machinery and require TC-NER factors to
resolve stalled RNA polymerases. It is very important to deter-
mine how TTDA (or TFIIH) is implicated in repair of endogenously
produced lesions and whether this could explain the phenotype.
Most endogenous DNA lesions however do not interfere with the
RNA polymerase II elongation in vitro, although increasing evi-
dence suggests that BER repair-intermediates do so [50,51].

In order to explain the contribution of endogenously produced
DNA lesions with respect to cancer and aging, it is important to
understand the non-photosensitive form of TTD of which patients
also exhibit developmental and premature aging features. Noth-
ing is currently known about the function of C7orf11/TTDN1, i.e.
the gene mutated in a small proportion of non-photosensitive
TTD cases that show normal response to UV-light and TFIIH
steady state level [13,14]. To investigate which genes are mutated
within the non-photosensitive form of TTD could lead to relevant
information on the origin of the pathological TTD features in
general.
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