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Nucleotide excision repair (NER) is a major DNA repair pathway in eukaryotic cells. NER removes structurally diverse lesions
such as pyrimidine dimers, arising upon UV irradiation or bulky chemical adducts, arising upon exposure to carcinogens and
some chemotherapeutic drugs. NER defects lead to three genetic disorders that result in predisposition to cancers, accelerated
aging, neurological and developmental defects. During NER, more than 30 polypeptides cooperate to recognize, incise, and excise
a damaged oligonucleotide from the genomic DNA. Recent papers reveal an additional and unexpected role for the NER factors. In
the absence of a genotoxic attack, the promoters of RNA polymerases I- and II-dependent genes recruit XPA, XPC, XPG, and XPF
to initiate gene expression. A model that includes the growth arrest and DNA damage 45« protein (Gadd45«) and the NER factors,
in order to maintain the promoter of active genes under a hypomethylated state, has been proposed but remains controversial. This
paper focuses on the double life of the NER factors in DNA repair and transcription and describes the possible roles of these factors

in the RNA synthesis process.

1. Introduction

A number of DNA repair pathways protect us from the
deleterious effects of DNA damage. The importance of
these mechanisms is highlighted by the existence of genetic
disorders in which impaired DNA repair mechanisms pre-
dispose patients to cancer and early onset of aging. A
major advance in our understanding of these DNA repair
mechanisms has been to uncover the tangled connection
existing between these systems and other fundamental
cellular processes such as DNA replication and transcription.
These cellular processes are not only highly connected
with DNA repair pathways but they also share common
factors with them. This complexity leads to new hypothesis
about the cause of the phenotypes displayed by patients
suffering from DNA repair disorders and may even force
us to re-evaluate the place of the repair factors in cellular
homeostasis.

2. The NER Pathway: The Fountain of
Youth of Our Genome

We do not live forever young. We all have to experience
aging, a functional decline coupled to an increased mortality
risk from diseases such as cancer. The molecular origins of
aging can be sought, at least in part, in an alteration of the
expression of our genes that results from the physicochemical
constitution of DNA, which does not guarantee life-long
stability (for reviews see [1, 2]). Over time, DNA accumulates
a tremendous diversity of lesions that, if unrepaired, lead to
mutations that dysregulate the function of proteins. DNA
lesions originate from environmental agents such as the
ultraviolet (UV) component of sunlight, ionizing radiation,
and numerous genotoxic chemicals, and also from the
products of normal cellular metabolism. Aging is a relatively
slow process for most of us, but unfortunately premature
appearance of multiple symptoms of aging can be observed
in a growing family of human syndromes [3, 4]. Among
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FiGure 1: Three disorders for nine genes. Mutations in ten
genes are responsible for the xeroderma pigmentosum (XP), the
trichothyodystrophy (TTD) or the Cockayne syndrome (CS). XPA,
XPC, XPE and XPF are only involved in XP; CSA and CSB are only
involved in CS; XPG is involved in pure XP or in an combined
XP/CS syndrome; XPB and XPD are involved in TTD, XP, or in a
combined XP/CS syndrome. TTDA is only involved in TTD.

them, the xeroderma pigmentosum (XP), trichothyodystrophy
(TTD), and Cockayne syndrome (CS) are remarkable as
they all include two distinct phenotypes: either a 1000-fold
elevated suninduced skin cancer risk, for XP patients, or a
segmental progeria without an increase in cancer incidence,
for CS and TTD [5]. These syndromes uncover what our
lives would be if a “fountain of youth” was not protecting
our genome day after day from endogenous and exogenous
assaults. Indeed, the main molecular defect of the XP, CS,
and TTD patients resides in a defect in the nucleotide
excision repair (NER) pathway [6]. NER is an evolutionarily
conserved DNA repair caretaker pathway involving about
30 proteins, ten of which (designated XPA to G; TTDA,
CSA, and CSB) are differentially associated with XP, CS, or
TTD disorders in an intricate network (Figure 1). NER is
divided into two subpathways, which differentially remove
damages from our genome depending on their location [7].
In the Global Genome NER (GGNER), the XPChHR23B
complex recognizes damages. The DNA is then opened by
the XPD and XPB helicasecontaining transcription/repair
complex TFIIH together with XPA and RPA to generate
the damaged single stranded DNA ready for incision by
the specific endonucleases XPG and ERCC1-XPE DNA gap
filling is done by the replicative DNA polymerases § and ¢
or the translesional polymerase k, in the presence of PCNA,
RFC, and RPA [8] (Figure 2). In transcription-coupled NER
(TC-NER), blockage of transcribing RNA Polymerase II
(RNA-Pol II) on the damaged DNA template is thought
to initiate the repair reaction in a process that requires, in
addition to TFIIH, XPA, XPG, and ERCCI1-XPF, the TCR-
specific proteins CSB and CSA [9] (Figure 2). Although CSB
is required to recruit NER factors to the stalled RNA-Pol II,
CSA is coming later and is not needed for the formation of
the TCR complex [10] (Figure 2).

Next to the basal NER machinery, additional factors
modulate the efficiency of the NER reaction but are not
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required to incise a damaged oligonucleotide in vitro. The
GG-NER damage recognition factor, XPC, forms in vivo a
heterotrimeric complex involving one of the two human
homologs of S.cerevisiae Rad23p (hHR23B) and centrin 2, a
centrosomal protein [11]. The role of centrin 2 and hHR23B
in NER has been elusive but they seem to increase the
damage recognition capacity of XPC [12]. The XPE complex,
mutated in XP-E patients, is another accessory NER factor
composed of DDB1 and DDB2. The role of the XPE protein
remains unclear, but it could participate in the recognition
of lesions together with XPC [13]. Another NER factor,
XPA-binding protein 2 (XAB2), was identified by virtue of
its ability to interact with XPA [14]. XAB2 also associates
with the TC-NER specific proteins CSA and CSB, as well
as with RNA-Pol II, after UV irradiation and is specifically
involved in the TC-NER subpathway [15]. Finally, the DDB2
and CSA polypeptides can be found integrated into nearly
identical complexes containing cullin 4A, Rocl, and COP9
that seem to favor NER [16]. Although limited today, the
list of proteins that modulate the NER reaction should
increase in a near future and benefit from high through-
put technologies. The study of these cofactors will constitute
an important challenge, as the modulation of the efficiency
of NER to eliminate DNA lesions may explain some cancer
predispositions in healthy people. Moreover, identifying the
complete set of proteins that participate in NER is a crucial
aspect of cancer therapy since the resistance to chemotherapy
treatment could partially rely on the capacities of the cell to
eliminate drug-induced DNA lesions.

3. The NER Pathway in a Chromatin Context:
Take Old Factors to Make Them New

New DNA repair players have also emerged from the study
of NER in the chromatin context. Reorganisation of nucle-
osome structure following NER was observed over 30 years
ago [17], and many studies demonstrate that chromatin acts
as a barrier for the recognition of the lesions by NER factors
[18]. Not surprisingly, chromatin remodelers identified in
NER were already known to promote accessibility to the
DNA for the transcription machinery. The ATP-dependent
chromatin remodelling complexes SWI/SNF or ISW2 have
been shown to act on UV-damaged nucleosomes and to
stimulate repair in vitro [19]. In yeast, UV irradiation
increases contacts between SWI/SNF and the homologs of
XPC-hHR23B, and inactivation of SWI-SNF leads to a slow
removal of CPD lesions [20]. Finally, the ATP-dependent
chromatin assembly factor-1 (CAF-1) is required to restore
the chromatin conformation after the removal of the lesions
[21].

Apart from ATP-dependent nucleosome remodelling,
many forms of histones modifications have been unveiled
after UV irradiation. Histone acetylation was the first
modification to be shown to play a role in NER. Treatment
of nonreplicating human cells with the histone deacetylase
inhibitor sodium butyrate enhances NER [22]. PCNA, the
replicative protein involved in the DNA resynthesis step
of NER, interacts with the p300 histone acetyltransferase



Journal of Nucleic Acids

following UV irradiation [23]. On the other hand, a
complex containing the damaged DNA-binding protein
DDBI, the CREB-binding protein CBP, and p300 has been
isolated in vivo [24]. Another complex, TBP-free-TAFII
complex (TFTC), directs histone H3 acetylation by hGCN5
after UV irradiation and facilitates access of DNA repair
machinery to lesions within chromatin [25]. In addition to
histone acetylation, UV damage also induces histone H2A
monoubiquitination in the vicinity of DNA lesions [26].
Monoubiquitination of H2A depends on functional NER
and occurs after incision [27].

Overall, these data show that histone modifications form
part of the cellular response to UV damage and clearly play a
role in chromatin remodelling during DNA repair. However,
the exact nature of the modified histones and residues as well
as the role of these modifications in the facilitation of DNA
damage access or in the DNA damage response not clear.
Much remains to be done to define a histone code in NER,
comparable to that acquired in other fundamental cellular
processes like transcription or double-strand break repair.

4. The Unveiled Side of the XP, CS, and
TTD Syndromes

Although the UV sensitivity and/or cancer predisposition
of XP, CS, and TTD patients can be explained by defects
in NER, some other of their phenotypes (including neu-
rological and developmental defects) are more difficult to
rationalize. For instance, some group A patients show the
most severe progressive neurological disorders while the
XPA protein is only known for its role in the verification
of the damages [5]. Thus, several studies have aimed to
discover additional processes that may be disrupted in these
pathologies and at a first glance have found evidence for
transcription defect in TFIIH-, XPG-, and CSB-mutated
cells.

TFIIH is a ten-subunit complex composed of a core
(XPB, p62, p52, p44, p34, and TTDA) coupled to the Cdk-
activating kinase complex (CAK) through the XPD subunit
[28]. A recent study showed that CAK does not participate
to NER and is released from the core TFIIH during the for-
mation of the preincision complex following the recruitment
of XPA [29] (see also Figure 2). As a component of TFIIH,
CAK phosphorylates both the carboxyl terminal domain of
RNA-Pol IT and some nuclear receptors (NRs) including the
retinoic acid receptors (RARa and y) [30], the thyroid hor-
mone receptor (TR) [31], and the peroxysome proliferator-
activated receptor (PPAR) [32]. Phosphorylation of these
NRs is required for the transactivation of specific genes.
Cdk7 also activates the vitamin D receptor indirectly, by
phosphorylating the Ets1 coactivator [33] (Table 1).

Patients with mutations in XPB and XPD display a
transcriptional defect in specific genes, which may help
clarifying the origin of their developmental or neurological
problems. In TTD-XPD cells, mutations in XPD destabilize
the CAK complex from TFIIH leading to defects in the
phosphorylation of RAR, ER, and PPAR. In XP-B patients,
two mutations in XPB (F99S and fs740) lead to the combined

XP/CS defect with a very low level of residual NER activity
[34]. However, only the fs740 mutation is cancer prone
[35]. It was shown that this mutation specifically blocks
transcription activation by the FUSE-Binding Protein (FBP),
a regulator of c-myc expression, and inhibition by the FBP-
Interacting Repressor (FIR) [36]. The fact that the regulation
by FBP and FIR is impaired could directly affect proper
regulation of c-myc expression and explain the development
of malignancy in the corresponding patient. The XPB and
XPD subunits of TFIIH are not the only NER polypeptides
to be involved in transcription.

The first evidence for an involvement of XPG in tran-
scription came from a study in yeast. RAD2, the S.cerevisiae
counterpart of XPG, was shown to be required in promoting
efficient RNA-Pol II transcription [37]. Later, it was demon-
strated that mutations in human XPG, as found in XP-G/CS
patient cells, prevent the association of XPG with TFIIH,
resulting in the dissociation of the CAK and XPD from
the core TFIIH [38]. This dissociation leads to an impair
transactivation of the NR-dependent responsive genes.

The TCR-specific CSB protein belongs to the ATP-
dependent SWI2/SNF2 family of chromatin remodeling pro-
teins and has been shown to play a role in both remodeling
the chromatin structure and disrupting protein—-DNA inter-
actions [39]. Besides its role in TCR, CSB is involved in the
transcription recovery of housekeeping genes after UV irra-
diation [40]. CSB is specifically recruited to the promoters
of these genes and helps in the recruitment of both the RNA-
Pol II and the associated basal transcription factors, probably
through its chromatin remodeling activity (Table 1).

Altogether, these data show that the transcription defect
in XP/CS, CS, or TTD is subtle and more difficult to evaluate
than the NER defect because this defect targets specific
genes, under specific conditions, and probably in a cell-
specific manner. However, the involvement of transcription
dysregulation in aging and cancer makes these studies
very important for the understanding of these diseases.
Interestingly, a picture emerges from these studies, which
shows that mutations in XP factors lead to a modification
of the expression of specific genes by possibly two means;
either through the accumulation of unrepaired lesions that
will lead to mutations or through a direct involvement of
repair factors in gene expression. However, a piece of the
puzzle is missing. Even though a clear involvement of XPB,
XPD, XPG, or CSB in transcription was documented, it has
been more difficult to assign a transcriptional role to XPC,
XPA, or ERCC1-XPF until the recent works discussed below.

5. Behind the Evidence: A Transcriptional
Role for the NER Factors

Protein coding genes expression is the result of an acute
process that starts at the promoter of a given gene and
involves, in the addition to the RNA-Pol II and the basal
transcription factors, a cocktail of proteins such as the NR,
coactivators, mediator, and histone-modifying enzymes. A
study from our group [41] shows that some NER factors are
associated with the transcription machinery at the promoter
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F1GURrE 2: The two subpathways of mammalian NER. Physical or chemical agents like UV, cis-platin, or benzopyrene can damage DNA and
induce damage-mediated helix distortions anywhere in the genome (GG-NER in green, bottom panel) or on the transcribed strand of a gene
(TC-NER in red, top panel). Bottom panel: (I) XPC-RAD23B recognizes and binds to DNA damage-mediated helix distortion to initiate
GG-NER. (II) TFIIH is recruited in an ATP-dependent manner, followed by XPA and RPA, which verify the presence of the lesion. During
this step, the CAK module of TFIIH is released from the preincision complex [29]. (III) Within the preincision complex, ERCC1-XPF and
XPG structure-specific endonucleases incise the damaged strand on the 5" and 3’ sides of the lesion, respectively. Following incision, NER
factors are released from the DNA, except XPG and RPA that favour the recruitment of the replication machinery composed of PCNA, RFC,
and the DNA Polymerases d,¢, or « (ref). (IV) Following replication of the gap, the DNA is sealed by the ligase 1 (or the ligase ITI-XRCC1
complex in nondividing cells). Top Panel: (I) TC-NER is triggered by DNA damage-mediated blockage of RNA-Pol II (Top panel). (II) CSB
is then recruited to the stalled RNA-Pol IT enzyme and triggers the recruitment of the NER factors TFIIH, XPA, RPA, ERCC1-XPF, and XPG
together with the CSA-CNS complex (III). (IV) Following the excision of the damaged oligonucleotide, the same DNA replication machinery
of the GG-NER subpathway fills the gap created by the incision/excision step.
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TABLE 1: Repair/transcription factors and their functions.

Factors Role in NER Role in transcription
Opens DNA around the promoter.
TEIIH Opens DINA around the damage. Phosphorylates the CTD of RNA-Pol I1
Y ’ Phosphorylates NR and coactivators.
. o . Involved in NR-dependent transcription.
XPG Incises DNA in 3" from the lesion Stabilizes the interaction of CAK to the core TFIIH.
CSB TC-NER-specific factor. Chromatin-remodeling factor (SWI-SNF family).
Recruits NER factors to stalled RNA-Pol II. Reinitiates transcription after DNA damage removal.
Involved in NR-dependent transcription.
XPC Recognition of lesions Removal of 5meC
Chromatin modification?
Involved in NR-dependent transcription.
XPA Verification of lesions Removal of 5meC
Chromatin modification?
Involved in NR-dependent transcription.
XPF Incises DNA in 3'from the lesion Removal of SmeC,
Chromatin modification?
Incision?

In bold, the new NER factors involved in transcription.

of several activated NR-dependent genes. The recruitment
occurs in a sequential order after the formation of the
preinitiation complex (PIC) and induces XPC, CSB, XPA,
and the XPG and ERCCI1-XPF endonucleases. The tran-
scriptional complex equipped with NER factors is formed
in the absence of any exogenous genotoxic attack and
is distinct from a repair complex, since it is specifically
sensitive to transcription inhibitors and can be formed in
the absence of the TCR specific-CSB protein (Figure 3).
Following transcription initiation, NER factors escort the
RNA-Pol II during the elongation step to form a complex
that does not include XPC but requires CSB (Figure 3).
These observations suggest a different function for the NER
factors located at promoters in respect to those located at
distal regions of the gene; while the latter may represent a
pre-TCR complex ready to remove lesions on transcribed
genes, the former may play an active role in transcription. In
line with this hypothesis, patient cell lines mutated in XPC,
XPA, or XPG show a dysregulation of the NR-dependent
genes that results from a defect in the association of the
NER factors with the transcription machinery. Although
the corresponding XPC, XPA, XPG, and ERCC1-XPF repair
factors are not essential for PIC formation, it remains that
they optimize the efficiency of transcription.

6. Insight into the Function of the NER
Factor in Transcription

How do NER factors favor NR-dependent genes transcrip-
tion? Several studies have reported a controversial role for
Gadd45« in association with the endonuclease activity of
XPG in transcription: the active demethylation of CpGs
islands localized at proximal promoters [42—-44]. Recent
works support these findings and demonstrate that the
recruitment of XPC, XPA, XPG, and ERCC1-XPF on the
promoter of active RNA-Pol I- and II-dependent genes

allows the association of Gadd45« to the PIC and induce
the demethylation of promoters [41, 44]. Mutations in
XPC, XPA and XPG found in XP patients dysregulate the
corecruitment of the NER factors and Gadd45« to active
promoters, thereby abolishing the active demethylation step
and thus affecting transcription.

How can the NER factors demethylate DNA? Similar to
a classical NER lesion, 5 -methylcytosine (meC) combined
to the specific chromatin environment during transcription
initiation could be recognized and eliminated by the NER
machinery [45] (Figure 4(a)). Indeed, a previous study
demonstrated a faster repair rates near the transcription ini-
tiation site linked to increased local concentrations of DNA
repair factors associated with basal transcription factors [46].
The sequential recruitment of NER factors could help the
incision and the replacement of meC with unmethylated
nucleotides. Even if incision by XPG on the promoter
of RNA Pol I-dependent genes has been reported [44],
this hypothesis is highly controversial, and several groups
propose other alternatives to explain the demethylation of
meC. Recent studies have supported a model involving at
least two steps [43, 47] (Figure 4(b)). The model predicts
the conversion of meC to cytosine by the direct removal
of the methyl group or by the hydrolytic deamination of
meC to thymine further excised by a DNA repair enzyme.
The first step concerns the deamination reaction and implies
apolipoprotein B mRNA editing enzyme (APOBECS) pro-
teins such as activation-induced cytidine deaminase (AID)
and APOBECI, which function in sequence specific context.
Alternatively, it has also been suggested that enzymes called
DNA methyltransferases (DNMTs) exhibit dual and opposite
actions, not only to methylate CpG islands but also to
deaminate them [48]. The second step is related to the
action of a DNA glycosylase such as Mdb4 or TDG that
remove thymine from G/T mispairs to generate abasic sites
rapidly cleaved through the activity of apurinic/apyrimidinic
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FiGURrk 3: NER factors and gene transcription. Upon gene activation, the formation of preinitiation complex (PIC) precedes the recruitment
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The association of NER factors and Gadd45« with the transcription machinery leads to a cascade of histone PTMs. Concomitantly, an active

demethylation of 5'CpG islands occurs.

endonuclease (APE) (Figure 4(b)) [43]. It was recently
shown that Mdb4 is corecruited to active promoters with
proteins from base-excision-repair (BER) process such as
APE-1, DNA ligase I, or polymerase ¢ [48]. Even though
the role of Gadd45« is controversial, it clearly increases the
efficiency of the demethylation process.

The results obtained recently by several groups lead
us to propose another hypothesis that could account for
the active demethylation of promoters during transcription
and involves both the NER and the BER factors. Active
DNA demethylation at promoters is intimately linked with
histones posttranslational modifications (PTMs) [49]. Di/tri

methylation of H3K4 (H3K4me) and di/trimethylation of
H3K9 (H3K9me) correlate with active transcription and
heterochromatin, respectively. In a repressed status, the
methyltransferase G9a catalyzes the methylation of H3KO9,
which allows the binding of the heterochromatin protein
1 (HP1) to facilitate the local formation of heterochro-
matin. The G9a-containing complex also recruits the DNA
methyltransferases DNMT3A and DNMT3B that catalyze
the de novo methylation of DNA at promoters. Conversely,
during active transcription and concomitantly to demethy-
lation/acetylation of H3K9, methylation of H3K4 inhibits
contacts between nucleosome and DNMT3 to facilitate active
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FIGURE 4: Potential mechanisms of cytosine demethylation. (a) The NER machinery, recruited to the preinitiation complex, can recognize
the 5-methyl cytosine (meC) as a NER-specific substrate, in the presence of Gadd45a, and eliminate it in a process closely related to the
canonical NER process with the incision/excision of the oligonucleotide containing the meC. (b) Another pathway involves two steps; first,
the deamination of 5-methylcytosine (meC) to thymine, which involves proteins from Apobec family such as AID or APOBECI. A role in
deamination has been also suggested for DNMTs proteins. Consequently, the impairment of the thymine with the guanine in the opposite
strand induces the recruitment of DNA glycosylases such as Mbd4 or TDG that remove thymine through cleavage of the glycosidic bond.
Following the action of DNA glycosylases, it remains an apyrimidinic site, which is cleaved by an AP endonuclease such as APE1 and repaired
through the polymerase $ and DNA ligases. NER factors and Gadd45« are involved in this mechanism but their roles are not determined. (c)
We propose that NER factors control the epigenetic environment of the promoter favouring the demethylation of H3K9 and the methylation
of H3K4. Following the action of the NER factors, Apobec proteins and BER factors demethylate the meC in a process similar to (b).



DNA demethylation [50]. NR-dependent altered transcrip-
tion observed in XP-C, XP-A, or XP-G cells is accompanied
by dysregulation of PTMs of histones. The hypermethylated
status of these promoters in these cells is associated with
absence of H3K4me and maintenance of the H3K9me
marks. These observations imply that the promoter of NR-
dependent genes persists in a heterochromatin environment,
despite the formation of the RNA-Pol II machinery, thereby
impairing optimal transcription. There is no evidence of a
direct role of repair factors in the regulation of histones
PTMs or histone-modifying enzymes; it can be hypothesised
that NER factors function upstream of the BER factors to
help to maintain a euchromatin environment characterised
by a demethylation of H3K9 and a methylation of H3K4
(Figure 4(c)).

7. Conclusion

Almost twenty years after the discovery that the basal
transcription factor TFIIH was also involved in NER [51], a
new age arises from the discovery that basal NER factors are
involved in activated transcription. The emergence of repair
factors in transcription forces us to modify our approach for
the understanding of the broad clinical features described for
the so-called XP, TTD, and CS “repair syndromes”, but it also
represents a breakthrough in gene expression studies. Indeed,
the effects of DNA methylation variations on gene expression
have been largely studied, but the mechanisms that promote
active demethylation combined to histones modifications are
just appearing with the finding that DNA repair factors may
participate to this process.

Besides the 2D space organisation of a gene, one has
also to consider the 3D space organisation of the nucleus.
Transcription is deeply associated to genome organization;
the location of a gene within the chromosome territories
influences its ability to be reached by the suitable machinery
[52]. Since the PTMs of histone and the methylated status
of genomic DNA are connected to the dynamic topological
regulation of chromatin, we have to consider that NER
factors could contribute to transcription through a role in
the nonrandom organization of the nucleus. Surprisingly,
besides the DNA repair disorders, a second group of diseases
that are characterized by accelerated aging comprises the
Hutchinson-Gilford syndrome (or Progeria) that is due to
a point mutation in Lamin A [53, 54]. This protein is a
structural component of the nuclear matrix that plays a role
in the 3D organization of the genome. It is then tempting
to propose that changes in the nuclear architecture in these
disorders participate in the modification of the transcription
program and possibly to the impairment of the repair of
some lesions, that altogether lead to accelerated aging and
cancer.
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