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Ataxia telangiectasia (figure 1)

OMIM ATM: #208900
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Rare hereditary diseases with defects in
DNA -repair

The human genome is constantly exposed to various sources of DNA
damage. Ineffective protection from this damage leads to genetic instabil-
ity which can ultimately give rise to somatic disease, causing mutations.
Therefore our organism commands a number of highly conserved and
effective mechanisms responsible for DNA repair. If these repair mech-
anisms are defective due to germline mutations in relevant genes, rare
diseases with DNA repair deficiencies can arise. Today, a limited num-
ber of rare hereditary diseases characterized by genetic defects of DNA
repair mechanisms is known, comprising ataxia telangiectasia, Nijmegen
breakage syndrome, Werner syndrome, Bloom Syndrome, Fanconi
anemia, xeroderma pigmentosum, Cockayne syndrome, trichothiodys-
trophy. Although heterogeneous in respect to selected symptoms, these
rare disorders share many clinical features such as growth retarda-
tion, neurological disorders, premature ageing, skin alterations including
abnormal pigmentation, telangiectasia, xerosis cutis, pathological wound
healing as well as an increased risk of developing different types of
cancer. Based on the clinical similarities of symptoms as well as the pre-
dominant diagnostic technology available, many of these rare disorders
were formerly classified as genodermatoses with cancer predisposition
or chromosomal breakage symptoms. These pathological conditions not
only severely impair patients with these rare genetic diseases but also
represent symptoms affecting large parts of the general population.

Key words: DNA-repair, premature aging, cancer, Fanconi anemia,
Bloom Syndrome, Werner syndrome, ataxia telangiectasia, Nijmegen
breakage syndrome, xeroderma pigmentosum, trichothiodystrophy,
Cockayne syndrome

[3]. Furthermore, premature aging, including an elevated
incidence of diabetes mellitus and progeric hair and skin
changes are symptoms of A-T [4]. Importantly, even het-
erozygous carriers of ATM mutations have an elevated

Ataxia telangiectasia (A-T) is inherited in an autosomal-
recessive manner and its frequency has been estimated to
be 1 per 40,000 births [1].

The first case of A-T was described in literature by Denise
Louis-Bar in 1941, a case report of a 9-year-old child.
In 1958 Boder and Sedgwick introduced the term ataxia
telangiectasia. Sometimes A-T is also called Louis-Bar syn-
drome or Boder-Sedgwick syndrome.

As already indicated by the name of the disease, ataxia
and telangiectasia - initially occurring in the eye, are
the most apparent symptoms of A-T. Other symptoms
are progressive cerebellar degeneration, immunodeficiency
hypogonadism, atypical necrobiotic lesions and sensitivity
to ionising radiation. The first symptoms of A-T occur in
childhood, namely the development of ataxia with prob-
lems in walking and standing and most patients are bound
to wheelchairs by the age of 10 years [2]. Due to a
high predisposition to malignancies like leukaemia and
to immunodeficiency, the average life expectancy is low

EJD, vol. 22, n° 4, July-August 2012

breast cancer risk. Especially patients who smoke but also
non-smokers show this elevated risk compared to non-
carriers of a mutated A-T allele [5].

The causative gene is ATM (ataxia-telangiectasia-mutated),
located on chromosome 11. The ATM-protein is a serine-
threonine kinase, which plays a role in the damage induced
repair of DNA, especially double strand breaks (DSB) [6],
cell cycle regulation, in particular the G1 and S-phase
checkpoints [7] and apoptosis [8]. Symptoms of a mouse
model with ATM deficiency closely resemble the human
disease, with symptoms such as increased chromosome
breakage, T cell deficiencies and aspermiogenesis, further
supporting that mutations in genes encoding for double
strand break repair lead to the symptoms observed in human
patients [9].

In the repair of DSBs, ATM is not required for about
80% of DSBs. But for the other 15-20%, ATM activ-
ity is essential for repair. DSBs that need the activity
of ATM have been found to be in close proximity to
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heterochromatin-structures. ATM is needed for the phos-
phorylation of KAP-1 (Kruppel-associated box associated
protein-1), which is a part of the heterochromatin and
after phosphorylation allows access for other proteins to
the site of damage [10]. Depending on the phase of the
cell-cycle, ATM mediated DSB-repair either is performed
by non-homologous end joining (NHEJ) in the S and G1
phases, or by homologous recombination repair (HR) in
G2 phase [11]. In HR in the G2-phase, ATM is primarily
needed for the phosphorylation of KAP-1 but later in HR it
also activates CtIP (C-terminal binding protein interacting
protein), also via phosphorylation [12]. In the G1- and S-
phases, ATM is also required for KAP-1 phosphorylation.
Additionally, ATM phosphorylation of KAP-1 is further
enhanced by 53 BP1 activity [13].

Looking at cell-cycle and apoptosis regulation, ATM inter-
action partners corroborate its importance. Some of the

Abbreviations:

AT ataxia telangiectasia

ATM ataxia telangiectasia mutated
ATR ataxia telangiectasia related
BER base excision repair

BLAP75 BLM associated protein 75 kDa
BS Bloom syndrome

BRCAL breast cancer 1

CAF1 chromatin accessibility factor 1

CHK2 checkpoint kinase 2

CS Cockayne syndrome

CtIP C-terminal binding protein interacting protein
CUL4a Cullin 4A

DDB1 damage specific DNA-binding protein 1
DNA-PKcs DNA-protein kinase-catalytic subunit

DSB double strand breaks

FA Fanconi anemia

v-H2AX phosphoryated histone 2AX

HR homologous recombination

KAP-1 Kruppel-associated box associated protein 1
MRE11 meiotic recombination 11

mt mitochondria

NBS Nijmegen breakage syndrome

NBS1 Nijmegen breakage syndrome 1

NER nucleotide excision repair

NHEJ non homologous end joining

pS3 protein 53

PARP1 Poly-ADP-ribose polymerasel
Rad50, Rad54, radiation 17, 50, 54

Radl7
RNAi RNA interference
ROC1 Rotamase Cyp 1
SCE sister chromatid exchange
ssDNA single stranded DNA
TCR transcription-coupled repair
Top3a topoisomerase Illo
TRF2 TATA box binding protein-related factor 2
TTD Trichothiodystrophy
UBD ubiquitin-binding domain
WS Werner syndrome
WRN Werner helicase
XP Xeroderma pigmentosum
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Figure 1. Clinical appearance of ataxia telangiectasia.

A) Telangiectasia visible in the eye of a female patient with
AT. B) Telangiectasia on the skin of the same patient. C)
Telangiectasia accompanied with scaling of the skin.

most prominent interaction partners of ATM are, for exam-
ple, p53 (protein 53), but also CHK?2 (checkpoint kinase 2),
BRCALI (breast cancer 1), NBS1 (Nijmegen breakage syn-
drome 1), Radl7 (radiation 17) or FANCDI1 (Fanconi
anemia D1) as cell-cycle regulating proteins [14-17].
ATM itself can be activated by a complex of Mrell (mei-
otic recombination 11), Rad 50 (radiation 50) and NBSI,
the so called MRN-complex, which is also a sensor for
DSBs [18, 19]. The MRN complex causes damage-induced
auto-phosphorylation of ATM, which leads to dissolving
of dimerized or multimerized ATM [20]. Autophosphory-
lation without MRN has also been observed.

Due to the large amounts of substrate and interacting pro-
teins, which corroborate its importance, the exact regulation
of ATM is still unclear. The cancer and immunodeficiency
phenotype of A-T could possibly be explained by the DSB-
repair deficiency and the impaired cell-cycle and apoptosis
regulation.

The premature aging symptoms and the cerebellar degener-
ation may be due to involvement of ATM in mitochondrial
function and biogenesis [21], although a primary DNA
repair defect probably also plays a role in the premature
aging symptoms. Another explanation for the cerebellar
degeneration could be that the defective ATM protein
inhibits apoptosis of damaged neural cells, which are then
incorporated into the mature nervous system. Later these
cells cannot tolerate the increasing damage and die [22].
Taken together, ATM is important for damage induced
repair of specific DSBs, which is one reason for the elevated
cancer risk and immunodeficiency in A-T patients. Addi-
tionally ATM is an important activator and regulator for
many pathways, including p53-dependent apoptosis, cell
cycle regulation via CHK2, BRCA1 and many others. The
specific impact of ATM (respectively of ATM deficiency)
on many of these protein networks is not yet clarified, but
could be another reason for the cancer predisposition and
could give rise to other clinical symptoms of A-T.

Nijmegen breakage syndrome

OMIM NBS1: #251260

The Nijmegen breakage syndrome (NBS) was named after
the Dutch city Nijmegen, where it was first described as
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an independent syndrome in 1981 by Weemaes et al., and
it was first thought to be a subform of A-T. The estimated
prevalence of the autosomal recessive NBS in Germany is
1 per 3 million people [23]. Patients with NBS display typ-
ical facial features, such as a birdlike face with a receding
forehead and a prominent midface, with a long nose and
philtrum and a receding mandible. In the first months of
life, NBS patients show a remarkedly severe and progres-
sive microcephaly. Other symptoms are growth retardation,
mild mental retardation, sun sensitivity, café-au-lait spots,
clino- and syndactyly and immunodeficiency [24, 25]. NBS
patients also display an elevated cancer risk, especially for
lymphomas, which mostly are non-Hodgkin’s lymphomas
[26]. Heterozygous carriers of NBS1 mutations also have
an elevated risk of developing malignant tumors such as
leukemias, lymphomas, breast- and colorectal cancers [27].
NBS is caused by biallelic mutations in the NBS/ gene on
chromosome 8. Cells from NBS-patients display chromo-
somal instability and sensitivity to agents causing DSBs
[25, 28, 29].

As already mentioned, NBS|1 is part of the MRN-complex,
which is an activator of the ATM-protein and also recruits
ATM to sites of DNA-DSB-damage [19]. This connection
of NBS1 to repair of DSBs, cell-cycle regulation and apop-
tosis regulation explains the clinical similarity between A-T
and NBS.

The microcephaly occurring in NBS is different from the
neurodegenerative phenotype of A-T. Due to the repair
defect, the affected neural cells undergo apoptosis in an
ATM-dependent manner. Thus, the number of brain cells is
decreased, which may account for the microcephaly pheno-
type in NBS [22].

Taken together, NBS1 plays an important role as the DNA-
DSB sensor and activator of ATM. Many of the symptoms of
NBS, such as an elevated cancer risk or immunodeficiency,
are shared with A-T and also have the same origin, as NBS1
and ATM are direct interaction partners. Differences from
A-T may come from the functional ATM-protein, which
does not always need the activation of NBS1, thus leaving
some pathways unaffected, while others only associated to
NBS1 may be disturbed.

Xeroderma pigmentosum (figure 2)

OMIM XPA: #278700 // OMIM XPB:
#610651// OMIM XPC: #278720 // OMIM
XPD: #278730 // OMIM XPE: #278740 //
OMIM XPF: #278760 // OMIM XPG: #278780
// OMIM XPV: #278750

Xeroderma pigmentosum (XP) is arare autosomal recessive
disease with a prevalence of 1:10° in Europe [30]. It was
first described in 1874 by Hebra and Kaposi, who in 1882
first used the rather descriptive term of xeroderma pigmen-
tosum. Characteristic symptoms of XP-patients are xerosis
and poikiloderma of the skin. Freckling of sun-exposed
areas of the skin in children less than 2 years of age is
unusual in healthy children and is indicated as a diagnostic
marker for XP. With continued sun exposure the skin of XP-
patients develops the typical appearance of poikiloderma,
hypo- and hyperpigmentation, atrophy and telangiectasia
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Figure 2. Clinical appearance of Xeroderma pigmento-
sum.

Patient with XP exhibits sharp contrast between sun-exposed
and non sun-exposed areas of the skin. Sun exposed areas show
telangiectasia and poikiloderma with hypo- and hyperpigmen-
tation in contrast to sun protected shoulders. Additionally, skin
shows an overall dry appearance giving the disease its name.
A) Side view of a male patient with XP. Scars are due to tumor
excisions of two squamous cell carcinomas. B) Chin and neck
of the same patient. C) Right forearm of the same patient.

[31, 32]. Approximately half of the patients experience
severe acute sunburn reactions after short sun exposure.
The remaining XP patients do not show this sun sensitivity
and develop the above described freckled phenotype after
sun exposure.

Up to one third of patients show progressive neurologi-
cal degeneration. First signs of neurological involvement
are often the absence of deep tendon reflexes and high fre-
quency sensorineural hearing loss. The progression of the
neurological degeneration is variable. Patients may loose
their coordination, their ability to walk and show intellec-
tual deterioration, difficulties with swallowing, moreover
patients may develop quadraparesis [31, 33-35].

Newer data indicate that XP is characterized by a 10,000-
fold increase in non-melanoma skin cancer risk (squamous
cell carcinomas and basal cell carcinomas) and a 2,000-fold
increased risk of melanoma. The median age of onset of skin
cancer is less than 10 years in XP-patients. The frequency
of internal cancers, including tumors of the central nervous
system, is also increased [36].

With regards to protection from development of skin symp-
toms the most important point is to protect patients from any
type of exposure to natural or artificial sources of ultravio-
let (UV) radiation. This is carried out by protecting the skin
by long-sleeved clothing, wide brimmed hats and gloves.
Patients should also apply topical sunscreen lotions with
the highest protection levels in the UV-B (280-320 nm)
but also in the UV-A range (>320 nm). Furthermore, pro-
tective screens should be applied to all windows at home,
at work or on the cars in order to shield from any type
of UV-exposure. There are two different xenogenic repair
enzymes, T4 endonuclease V and photolyase. As both
enzymes are now commercially available, in lotions only
for T4 endonuclease V, a protective effect from the devel-
opment of non-melanoma skin cancer and its precursors has
been reported [37, 38].

There are eight genes, which, if defective, can cause XP. The
products of these genes are referred to as XPA to XPG, or
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the XP-variant XPV (also known as polymerase n (Pol m))
and in case of defects, determine the complementation
group of the patients [39, 40]. Clinical symptoms can vary
between complementation groups and also within a sin-
gle complementation group. There are no studies available
that clearly allocate specific symptoms to each known XP
complementation group. Ueda et al recently found that the
second mutations in compound heterozygous patients also
influence the phenotype, thus giving a first hint as to how
variations of phenotypes can be explained in patients with
identical mutations in the XPD gene [41]. Overall comple-
mentation groups XP-A, XP-C and XP-D show generally
more severe skin phenotypes than XP-E, XP-F or XP-G
but more studies are necessary to substantiate this clinical
observation [35, 42].

With the exception of Pol 1, the XP-proteins are involved
in nucleotide excision repair (NER) [43]. NER is a repair-
pathway which mainly removes bulky, helix distorting DNA
damage, such as cyclobutane pyrimidine dimers (CPD) and
6-4 photoproducts, which are predominantly induced by
ultraviolet radiation. In addition to these lesions, DNA dam-
age induced by cisplatin and reactive oxygen species can
be removed by NER.

NER can be divided into two sub-pathways, global genome
repair (GGR) and transcription coupled repair (TCR). GGR
is able to repair damage in every part of the nuclear genome.
In this sub-pathway a complex including XPE (DDB2)
recognizes the damage and recruits an XPC-containing
complex to the damaged site. In TCR the RNA-polymerase
IT gets stalled by damaged DNA and then strengthens its
interaction with CSB. This leads to the recruitment of
XAB2 and a complex containing the CSA-protein to the
damaged site. After damage recognition, the further steps
of GGR and TCR employ the same protein-complex con-
sisting of XPA, and RPA binds to the damaged region and
recruits XPB and XPD as parts of the transcription fac-
tor ITIH (TFITH) complex. XPB and XPD helicases then can
open the DNA-strand, which then enables the XPF-ERCC1
and the XPG endonucleases to excise the damaged strand.
Afterwards the gap can be filled by DNA-polymerases [31].
Another role for many NER-proteins was found in tran-
scription. The proteins XPB and XPD play a role in
transcription as they are part of TFIIH, which is impor-
tant for the initiation of transcription and transition from
initiation to elongation [44].

Furthermore, the proteins XPA, -B, -C, -D, XPF-ERCCl,
XPG as well as CSB are sequentially recruited to pro-
moter sites of active genes in unstressed cells. Le May
and Mota-Fernandes et al. were able to demonstrate that
these proteins, except for CSB, are needed for chromatin-
remodelling, which is needed for proper RNA-synthesis.
CSB-deficient cells showed no impairment of recruitment
of the proteins to promoter-sites and no defects in RNA-
synthesis [45].

Interestingly, patients with defects in XPV/Pol m have intact
repair of UV-induced or oxidative DNA-damage but they
are defective in translesion synthesis. In healthy individu-
als, pol m is able to carry out translesion synthesis during
DNA replication [46], which means that, during the poly-
merisation process, this polymerase is able to read through
damaged template DNA with lesions coming from inter-
nal or external sources of damage. In the case of defective
XPYV, replication of DNA with e.g. UV-induced lesions is
disturbed and other polymerases with a higher rate of mis-
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takes are thought to take up this task [47], thus resulting in
a mutator phenotype that generates skin symptoms similar
to NER-defective XP cells.

There are numerous well characterised mouse models
covering the phenotypes of different XP complementa-
tion groups, Cockayne syndrome and trichothiodystrophy.
Additionally, animals carrying more than one mutation of
the known NER genes are also available. All these ani-
mals provide excellent models for investigating the different
clinical phenotypes observed in the three different NER
deficient disorders [48, 49]. Taken together, the XP pro-
teins, except for XPV, play an important role in the repair of
oxidative and UV-induced DNA damage. XPV is needed for
proper translesion synthesis during recombination and so all
eight XP-proteins are needed to prevent DNA mutations.
Most of the XP-proteins (exceptions are XPV and XPE)
are also involved in transcription as chromatin remodelling
factors and in the cases of XPB and XPD, also in basal
transcription.

Except for photosensitivity, which may originate from the
repair defect, it is still not clear which of those functions are
the reason for the elevated cancer risk and which account
for neurodegeneration or the other XP features.

We believe that the elevated cancer risk may be due to the
NER failure, while other symptoms could stem from tran-
scriptional defects due to impaired TFIIH and due to the
recently found chromatin remodelling activity.

Trichothiodystrophy

OMIM Trichothiodystrophy (photosensitive):
#601675. // OMIM Trichothiodystrophy (not
photosensitive): #234050

Trichothiodystrophy (TTD) is an autosomal recessive dis-
ease with a prevalence of about one per million births in
Europe for the photosensitive variant of TTD [30]. It was
firstdescribed by Tay in 1971. Later, in 1976 acronyms were
introduced where BIDS stands for Brittle hair, Intellectual
impairment, Decreased fertility and Short stature. Over time
this term was expanded to PIBIDS by Photosensitivity and
Ichthyosis. Due to the large clinical heterogeneity, and since
most of the causative mutations have been identified, this
terminology is no longer widely used. The same is true for
the term Tay syndrome, which describes a severe subtype of
TTD [50, 51]. Onset of the disease may be observed directly
after birth, where babies can have a collodion membrane,
or in early childhood [52].

The clinical hallmarks of TTD are the characteristic
sulphur-deficient brittle hair and nails. Marked photosen-
sitivity, ichthyosis, neurological and skeletal degeneration
as well as growth and mental retardation are also possi-
ble symptoms. The clinical features of TTD show great
variation in form, expression and severity.

In TTD there are three complementation groups. Mutations
in the XPD, XPB and the TTDA-genes can give rise to TTD.
In most TTD-patients the XPD gene is mutated and the loca-
tion of the mutation defines the phenotypical outcome [31].
The TTDA gene is the smallest member of the TFITH com-
plex and is needed for the stability of the TFIIH complex
[51, 53].
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In some cases TTD occurs without photosensitivity. In these
patients with TTD but without photosensitivity, a mutation
of the TTDNI gene has been observed as cause of TTD
symptoms. The TTDN1 protein as substrate of Cdkl and
its interaction with Plk1 point to a role in the maintenance
of mitosis and cell-cycle integrity [54], but it is unclear
whether defects in this function of TTDN1 can account for
TTD. The genetic relevance of TTDN1 mutations is not yet
clarified.

The proteins, which when defective cause photosensi-
tive TTD, are part of the transcription-factor TFIIH
(transcription-factor ITH), which is important for basal tran-
scription but also plays a role in the nucleotide excision
repair (NER) [55]. Although the mutations leading to TTD
in part occur in the same genes mutated in XP, patients with
TTD show no elevated cancer risk.

A number of authors have proposed that mutations affecting
the NER lead to XP and mutations affecting basal transcrip-
tion lead to TTD [56-58]. Other explanations for this clinical
difference range from altered temperature-sensitivity in
transcription [59] to differential repair of CPDs and 6-4PP
[60, 61]. In 2008, Boyle et al. discovered that there is a
difference in the localization and recruitment of the NER
proteins, affected by different mutations. In XP- (XPD),
TTD- (XPB, XPD and TTDA) and WT- (wild type) cells,
XPC was rapidly found at the damaged site. The recruit-
ment of further NER proteins was delayed in XP and in the
TTD-cells. In XP cells, the NER proteins were recruited
and assembled at the damaged site, but due to the muta-
tion in one of the proteins, the complex persisted in the
DNA. This persistence was still observed 24h post irradi-
ation, which was the origin of the damage [62]. Similarly,
in XPB-cells, persistence of NER-proteins could also be
observed 24h after irradiation at the damaged site [63]. The
TTD cells, additional to the delayed recruitment, showed
only little recruitment of NER proteins, maybe due to an
unstable TFITH complex. The damage was still not repaired
24h post irradiation and no NER proteins were detectable
at that time point [62]. It was therefore concluded that
mutations in the XPB, XPD and TTDA genes, which cause
the TTD phenotype, are associated with failure of TFIIH
and lead to defects in TFIIH-associated basal transcription
and nucleotide excision repair. To summarize, the TTD-
proteins belong to the TFIIH complex and are important
factors of NER and basal transcription. Presumably the
defects in this form of TTD, except for the photosensitivity,
are mainly connected to the basal transcription deficiency.
The photosensitivity may stem from the NER-defect and
therefore does not occur in patients with mutations in
TTDNI.

TTDNI1 is connected to Cdk1 and Plk1 and thus to mainte-
nance of mitosis and cell-cycle integrity. However it is still
unclear how TTDNI1 defects lead to the TTD-phenotype
and how the different types of TTD are related.

Cockayne syndrome

OMIM CSA: #216400 // OMIM CSB: #133540

Cockayne syndrome (CS) is inherited in an autosomal
recessive way. This rare disease occurs in 1/250,000 births
[30]. Onset of CS ranges from birth up to the age of two
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years. It was first described in 1933 by Edward Cockayne,
a London physician.

The symptoms of CS comprise mental and developmen-
tal retardation as well as photosensitivity. Other signs are
progressive sensorineural hearing loss, short stature, a typi-
cal bird-like face, progeria (cataracts and graying), deep-set
eyes, loss of subcutaneous fat, microcephaly and progres-
sive neurological degeneration. Patients display signs of
premature ageing and progressive neurodegeneration with
demyelination of the brain stem and cerebellum [34].

CS can be caused by defects in the CSA or CSB genes,
but also mutations in XPB, XPD or XPG alone can be
found, causing a combination of CS and a CS-XP-complex
phenotype. The CSA and CSB proteins play a role in a
subpathway of the NER, the transcription-coupled repair
(TCR), where CSB plays arole in damage recognition, after
RNA-polymerase II has been stalled by helix-distorting
DNA-damage and further recruitment of proteins. CSA
belongs to a complex including ROC1 (Rotamase Cyp 1),
CUL4a (Cullin 4A) and DDB1 (damage specific DNA-
binding protein 1). This complex has an ubiquitin-ligase
activity. The ubiquitination is needed for further course
of TCR. A recently discovered ubiquitin-binding domain
(UBD) at the CSB-protein points to a connection also
between the ubiquitination, CSB and the further progres-
sion of TCR. Furthermore the UBD has been shown to be
important for incision or excision of the damage-site, which
does not occur in cells where the CSB-protein lacks this
UBD [64].

Although some proteins causing XP are also engaged in the
TCR-pathway, CS patients do not show the elevated cancer-
risk which comes along with XP. The engagement of CSA
and CSB in TCR is sufficient to explain some (sun sensitiv-
ity or sensorineural hearing loss) but not all the symptoms
of CS. Short stature, cataracts, brain calcification, neurode-
generation and premature aging are symptoms which are
often found in mitochondriopathies and they may point to
an additional role for mitochondria in CS. Recently it was
shown that CSA and CSB translocate to the mitochondria
after oxidative damage. It was also demonstrated that CS-
proteins are present in a complex with the mitochondrial
version of proteins belonging to the base excision repair
pathway (BER) [65]. Furthermore, the CSB-protein has
been found to interact with APE 1 (apurinic/apyrimidinyc
site endonuclease 1) and hOGG1 (human 8-oxoguanine
DNA glycosylase), both proteins belonging to the BER
[66, 67].

Taken together, the CS-proteins are involved in signalling
of the TCR-part of NER, which is the reason for the pho-
tosensitive phenotype of CS. Furthermore, they localize
to mitochondria after oxidative stress, where they further
interact with mitochondrial proteins to protect the cell from
oxidative stress-induced damage. In case of defect, this may
contribute to the prematurely aged and mitochondriopathy-
like phenotype in CS.

Werner syndrome

OMIM WRN: #277700

Werner syndrome (WS) is inherited in an autosomal reces-
sive manner and can be found in 1 in a million individuals.

— 447



This syndrome was first described by Otto Werner in 1904.
Patients with WS suffer from the premature development
of aging symptoms. Children are born normal and develop
aging symptoms after puberty. Characteristic symptoms of
WS are ulceration of the skin, scleroderma-like, atrophic
skin, loss of subcutaneous fat tissue, premature graying and
loss of hair, osteoporosis, cataracts, diabetes, atheroscle-
rosis and elevated cancer risk. [68-70]. The cancer forms
mainly occurring in WS are sarcomas, carcinomas and
haematological malignancies.

WS is typically caused by mutations in the WRN gene on
chromosome 8§, although a few rare patients with Werner-
like symptoms have been reported who have a mutation of
the lamin A/C gene [71, 72], also implicated in the very
early onset form of progeria called Hutchinson Guilford
progeria [73]. The WRN mutations leading to a truncation,
a destabilization or a complete loss of the WRN protein are
often found in two important functional regions of the WRN
gene. Firstly, this is a region encoding a 3’— 5’ exonucle-
ase and secondly a region including an ATPase-helicase.
However, other types and locations of mutations have also
been described [74].

The WRN helicase also belongs to the group of RecQ
helicases and plays multiple roles in maintaining genome
stability. It is able to unwind forked and bubble structures
of DNA.

WRN has been found to play arole in HR repair, as it is able
to bind to replication forks and Holliday junctions [75]. It
also plays a role in NHEJ, which is needed for the repair of
double strand breaks (DSB) [76]. WRN is the only RecQ
helicase with 3°’— 5’ exonuclease activity. This exonucle-
ase activity of WRN is rather weak but can be stimulated
by the Ku-protein complex, which belongs to the NHEJ
pathway. Then WRN is able to digest bubbles, stem loops,
and three-way and four-way junctions (Holliday junctions)
[77]. In this context, interaction of WRN with the DNA-
PK (DNA-protein kinase) subunits Ku 70 and Ku 80 [78]
also points to a role in telomere maintenance, which was
recently confirmed in a study by Rika Kusumoto-Matsuo
et al, who showed that the cooperation of WRN and DNA-
PKcs (DNA-protein kinase-catalytic subunit) is important
for maintenance of the telomeric D-loop [79]. Additionally,
the interaction of WRN with proteins belonging to the base-
excision-repair (BER) pathway has been observed. WRN
has been found to interact with PARP1 (Poly-ADP-ribose
polymerase 1) and polymerase (3 (Pol 3). The exonuclease
activity of WRN can then act in conjunction with Pol f3,
which has no intrinsic 3’-5" proofreading activity. These
protein complexes are able to process DNA containing 3’
mispairs, to prepare for further synthesis and ligation via
BER. [80].

It is unclear if the WRN protein is a true tumorsupressor-
gene. In some tumors, such as colon carcinomas, WRN was
found to be downregulated by epigenetic methylation [81],
while it was upregulated in other types of cancer [82], cor-
responding to patients with functional WRN. Furthermore,
WS cells show an accumulation of replicative senescence,
which is probably due to their premature exit from the cell
cycle [83].

Maintenance of telomere length might be dependent on
WRN, as it may be able to make telomeres accessible for
replication or repair by resolution of their DNA-structures
[84]. Another hint for WRN influence on telomere main-
tenance is its interaction with the telomere capping protein
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TRF2 (TATA box binding protein-related factor 2), which,
together with WRN, is needed for regulation of telom-
ere maintenance and homology-dependent recombination
repair [85].

Taken together, defects in WRN lead to errors in DSB-repair
and telomere maintenance. The disturbance of telomere
maintenance could possibly lead to senescence and to the
senescence-induced tissue dysfunction which can be found
in WS cells and may be the reason for the aging phenotype
in WS patients. The elevated cancer risk in WS patients may
be due to a high mutational load induced by dysfunctional
DSB-repair.

Bloom syndrome

OMIM BLM: #210900

Bloom syndrome (BS) is an autosomal-recessive inherited
disease. The prevalence is extremely rare with only about
220 cases - mostly of Ashkenanzi-Jewish origin - confirmed
worldwide since 1975 [86]. It was discovered and described
by the dermatologist David Bloom in 1954.

The main symptoms of BS are photosensitivity of the
skin, café-au-lait macules, short stature, narrow face,
male infertility, a high and pitched voice, hypogonadism,
immundeficiencies, chronic lung problems, learning dis-
abilities and a cancer predisposition, especially for
non-Hodgkin’s lymphoma, leukemia, and skin tumors [87].
The mean age of cancer diagnosis is about 24 years.
Patients with BS carry mutations in the BLM-gene and mice
with Blm-deficiency are prone to haematological malignan-
cies upon irradiation, thus mimicking the human disease
[88]. The tumor-supressor gene BLM belongs to the group
of RecQ helicases and contains a conserved 3’-5’ helicase
domain. RecQ helicases are involved in translesion syn-
thesis and removal of mutations during DNA replication,
and therefore contribute to genome maintenance. The 3’-5’
helicase domain of the BLM-helicase is able to unwind
3’ tailed duplexes, bubble structures, fork duplexes, G-
quadruplex structures, DNA-displacement loops (D-loop)
and four-way-junctions. Furthermore, BLM contains a
nuclear localisation signal domain and an annealing func-
tion, which is inhibited in the presence of ATP [77].

BLM seems to have multiple roles in damage recognition.
It interacts with the MRE11-Rad50 (radiation 50)-NBS1-
complex, and is phosphorylated by ATM and ATR (ataxia
telangiectasia related) post damage. These proteins are
known to belong to the repair of DSBs. Further details
pointing to a role of BLM in damage recognition are the
induction of BLM after +y-irradiation, delayed assembly
of NBS1 and BRCALI (breast cancerl) repair complexes
at stalled replication forks, and BLM co-localisation with
ATM and y-H2AX (phosphorylated histone 2AX) at laser
induced DSBs within 10 seconds [89]. BLM is also found
to play a role in resolution of DNA intermediates arising
at homologous recombination (HR) where it interacts with
Rad51 (radiation 51).

In HR, BLM plays a double role, depending on the phase
of HR. In early HR phases, BLM acts as disruptor of the
connection between Rad51 and ssDNA and thus disrupts
the beginning of HR [90]. In later phases BLM has been
shown to be able to unwind D-loops [91, 92], to catalyze
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regression of model-replication forks [93], to recognize
Holliday junctions and promote their branch migration [94],
as well as to resolve double Holliday junctions [95] by
forming a complex with Top3a (topoisomerase IIlor) and
BLAP75 (BLM associated Protein 75 kDa) [96, 97].

Cells with defective BLM show a high frequency of recip-
rocal sister chromatid exchanges (SCE) and exchanges
between homologous chromosomes [87]. Furthermore,
BLM may have an effect on chromatin-remodelling via its
effect on CAF1 (chromatin accessibility factor 1) [98] and
via the stimulation of Rad 54s (radiation 54) chromatin
remodelling activity [99].

In summary, BLM plays an important role in homologous
recombination as it can stop the prosecution of recombi-
nation after damage, but can also resolve structures that
would disturb normal recombination. Thus, defective BLM
disturbs many processes concerning chromosome integrity
and cell division. Furthermore, it plays a role in chro-
matin remodelling which is needed for proper transcription.
Impairment of BLM has a strong impact on cell integrity
as recombination in the event of damage is no longer sup-
pressed efficiently, this being a reason for the high number
of SCE and exchanges between homologous chromosomes,
leading to the cancer predisposition, photosensitivity and
immunodeficiency of patients. The further symptoms of
BS may be due to disturbance of other pathways somehow
interacting with BLM.

Fanconi anemia (figure 3)

OMIM FANC-A: #227650 // OMIM FANC-B:
#300514 // OMIM FANC-C: #227645 // OMIM
FANC-D1: #605724 // OMIM FANC-D2:

#227646 // OMIM FANC-E: #600901 // OMIM
FANC-F: #603467 // OMIM FANC-G: #614082

// OMIM FANC-I: #609053 // OMIM FANC-]J:
#609054 // OMIM FANC-L: #614083 // OMIM
FANC-M: #614087 // OMIM FANC-N: #610832
Fanconi anemia (FA) is an X-linked or autosomal recessive
inherited disease with an incidence ranging from 4 to 7
patients per one million births [ 100]. FA was first described

in 1972 by the Swiss paediatrician, Guido Fanconi, in a case
report of 3 brothers.

A

Figure 3. Clinical appearance of Fanconi anemia with
poikilodermatic skin showing hypo- and hyperpigmenta-
tion of a female patient.

A) Left forearm. B) Left hand.
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The onset of this disease is in the first decade of childhood
with infantile aplastic anemia as the first symptom. In the
subsequent course of the disease, patients develop tumors
such as lymphomas, esophageal carcinomas, squamous cell
carcinomas of the head and neck, liver and brain tumors
and acute myelogenous leukaemia [101]. The skin shows
a poikilodermatic appearance with hypo and hyperpigmen-
tation and telangiectasia. Further symptoms of FA are bone
marrow failure and myelodysplasia.

Mutations in several genes can give rise to FA. The patients
are classified in so called complementation groups, depend-
ing on which gene is mutated. Together, FA-proteins form
a DNA-damage activated signalling pathway, the so called
FA-pathway. Eight of the FA-proteins (FANC-A, B, C, E,
F, G, L, and M) form a core complex which shows an
E3-ubiquitinase activity. This complex is able to mono-
ubiquitinate the FANC-I-FANC-D2 (I-D) protein complex.
I-D is then able to co-localize with FANC-D1, FANC-
N and FANC-J at foci of DNA-damage [102-104]. Cells
with defects in one of the FANC-proteins show acceler-
ated telomere shortening due to increased breaking and
are hypersensitive to cisplatin, a substance causing DNA
interstrand crosslinks [105].

Recently, the FA-pathway has been shown to promote
replication-dependent DNA interstrand crosslink repair.
Especially, the incision near the interstrand crosslink and
the translesion synthesis are severely inhibited in the
absence of the (ubiquitinated) I-D complex [106]. The
defects in DNA-repair provide a rationale to explain the
elevated cancer risk of FA-patients. But they are not suf-
ficient to explain the blood or bone-marrow defects. The
exact way these defects arise is not completely understood.
The use of RNAi (RNA interference) of FANC-A and
FANC-D2 in human embryonic stem cells showed a reduc-
tion in hematopoietic progenitor cells, which could be
rescued by the addition of the corresponding proteins [107].
Single knockout of the murine FANC-homologs did not
display the blood or bone-marrow-based symptoms. A
double-knockout-mouse lacking FANC-C and FANC-G did
show those symptoms and indicated the role of FANC-C
and FANC-G in normal hematopoiesis. [108]. This indi-
cates that FANC-proteins possibly play an early role in
the embryonic formation of a hematopoietic system, thus
explaining the blood and bone marrow symptoms.

Taken together, FA-pathway proteins play a role in DNA-
repair as they localize to DNA-damage foci, are involved
in interstrand crosslink repair and telomere maintenance.
Furthermore it appears that FANC-C and -G are involved
in pathways of leukaemia associated processes.

Repair pathways and cross-reactions
(figure 4)

All the above described diseases have defects in molecular
pathways, which are involved in the repair of DNA-damage
or protection from DNA-damage in sensitive processes.
ATM, NBS1, BLM and WRN play a role in the repair of
DSBs; BLM and WRN are also needed for proper homolo-
gous recombination; the FANC-proteins are important for
the repair of interstrand-crosslinks; the CS-proteins are
associated with the NER and mitochondrial and nuclear
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Figure 4. Proteins involved in the different repair pathways.
Arrows denote interactions of proteins across different repair
pathways.

BER; the XP-proteins only with NER, but they also have
other tasks in transcription.

All of these rare diseases display either symptoms of prema-
ture aging and/or an elevated cancer risk. All these diseases
and symptoms arise from defects in these repair proteins.
The differences partly arise from different repair pathways,
but also can stem from the additional tasks of the appropri-
ate proteins. Some of these tasks also were displayed in the
previous sections, here we want to introduce some others
and also show cross-talk between the particular pathways.
Some of the proteins, namely the CS-proteins, the FA-
proteins, A-T and WRN have been shown to be connected
to the mitochondria (mt) or mitochondrial function. In A-
T deficient cells, evidence has been found for intrinsic
mitochondrial dysfunctions as membrane potential, res-
piratory activity, number of mitochondria, expression of
mitochondria-targeted proteins and structural organisation
of mitochondria were altered compared to WT-cells [109].
Additionally, mitochondrial biogenesis was shown to be
an ATM-dependent and an AMPK (AMP-activated pro-
tein kinase) mediated process, which is activated by ROS
(reactive oxygen species) induced DNA damage [21].
Finally, fibroblasts of A-T patients showed mtDNA-
depletion, dysregulation of ribonucleotide reductase,
increased mt transcription factor-A (mtTFA)/mtDNA
ratios, increased resistance to inhibitors of mitochondrial
respiration and translation. This suggests an altered energy
metabolism, increased ROS-production and altered apop-
tosis susceptibility [110]. FANC-G was found to interact
with the mitochondrial peroxiredoxin3 (PRDX3) peroxi-
dase in mitochondria. In FANC-A, FANC-C and FANC-G
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cells, PRDX3 is cleaved by a calpain-like cystein protease
and thus removed from its physiological localization. In
FANC-G cells mitochondrial structures are distorted, sen-
sitivity to HpO, is suppressed and they show decreased
thioredoxin-dependent peroxidase activity [111].

The FANC-C protein has been shown to play an impor-
tant role in response to oxidative stress as it interacts
with NADPH cytochrome P450 reductase, which is asso-
ciated with increased ROS production [112]. FANC-C also
interacts with glutathione S-transferase, which catalyzes
conjugation of reduced glutathione with substrates such
as chemical carcinogens, environmental pollutants or sec-
ondary metabolites formed during oxidative stress [113].
Furthermore, all kinds of FA cells show resistance to
rhodamine-1,2,3 or doxycycline treatment, as well as sen-
sitivity towards 2-deoxy-D-glucose and iodoacetic acid
(glycolysis inhibitors) [114].

Mitochondrial matrix densification following 8-MOP
(methoxypsoralen) photoreaction or UVA-irradiation in an
O, dependent manner could be observed in FA-fibroblasts,
as well as changes in the transmembrane potential and car-
diolipin content [115].

In CS, many of the symptoms point to mitochondrial
involvement, as they are similar to phenotypes of mitochon-
driopathies. Further mitochondrial repair of 8-oxoguanine
was found to be impaired in CSB deficient cells [116]. And
finally, both the CSA and CSB proteins have been shown
to translocate into the mitochondria after oxidative stress.
In mt they interact with mt-SSBP1 and mt-OGGl1, both
repair-associated mt proteins [65].

For WRN, a link to mitochondria is considered because of
findings that connect WRN deficiency to oxidative stress
and there are publications pointing to an at least indirect
connection of WRN and mitochondria [117]. It will be
interesting to see in the future whether all of these diseases
are linked by their deficiency in protection from oxidative
stress.

Furthermore, there are some examples for overlapping
functions of proteins, which fulfil tasks in more than
one repair pathway. One example of such a crosstalk is
the connection between XPF-ERCC1 and proteins of the
FA pathway. FANC-G has been shown to interact with
the XPF-ERCC1-endonuclease and to be involved in the
ICL-incision step performed by XPF-ERCC1 [118]. Fur-
thermore in cells lacking XPF-ERCC1, FANC-D?2 is found
to persist longer in a mono-ubiquitinated state, bound to
chromatin, and thus the further recruitment of repair pro-
teins is impaired [119]. So proteins of ICL repair work
together with a protein complex known from NER.
Another example of connections between repair pathways
is ATM. It is found interacting with several proteins of other
pathways. After radiation ATM phosphorylates BLM. If
this phosphorylation is impaired, the cells show increased
radiation-induced aberrations but no increased sister chro-
matid exchanges [120]. WRN has been found to modulate
ATM activity during the S-phase checkpoint in response to
replication-dependent DSBs [121]. Conversely, ATM and
ATR have been shown to regulate WRN in order to promote
replication fork recovery after DSBs [122]. Furthermore
FANC-M appeared to be controlled by the ATM/ATR-
pathway in extracts of Xenopus eggs [123].

Taken together, an increasing number of publications indi-
cate that practically all repair pathways may be involved in
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protection from DNA damage generated by ROS. Further-
more, reports on the interaction between repair pathways
also suggest that if one repair process is deficient this
function may at least only partially be taken over by the
remaining proficient pathways (table I).

Conclusion

Our DNA is constantly exposed to endogenous and exoge-
nous sources of damage. The resulting damage can vary
from only single nucleotides to breaks of a single or both
DNA strands and repair of the various types of damage is
performed by different repair mechanisms. Damage to sin-
gle nucleotides or bases is repaired by NER, BER or MMR.
Interstrand crosslinks are repaired by the ICLR and DSB
repair can be performed via HR or NHEJ.

These repair mechanisms all depend on intact proteins.
Mutations in genes of these highly conserved pathways
are either lethal or lead to rare and mostly severe diseases.
These diseases have in common an increased risk of can-
cer or a prematurely aged phenotype and the phenotypes
of these diseases can often be explained by the underlying
molecular defects. On the other hand, some of the proteins
of repair pathways have been found to interact with other
repair pathways, showing that there is a whole network of
repair systems. This not only shows that repair mechanisms
do cross-react across separate repair pathways, but also that
newly elucidated functional interactions may help to under-
stand symptoms which were not entirely explained by a
single defect in one repair mechanism alone. It is highly
conceivable that future research will report a multitude of
these hitherto undescribed interactions. l

Disclosure. Financial support: This work was in part sup-
ported by DFG Klinische Forschergruppe KFO 142, DFG
BE 2005/3-2. Conflict of interest : none.

E—
References

1. Stoppa-lyonnet D, Aurias A: [ataxia telangiectasia: What impact
in clinical oncology?]. Bull Cancer 1992; 79:645-650.

2. Boder E, Sedgwick RP: Ataxiatelangiectasia. (clinical and
immunological aspects). Psychiatr Neurol Med Psychol Beih 1970;
13-14:8-16.

3. Cimprich KA, Cortez D: Atr: An essential regulator of genome
integrity. Nat Rev Mol Cell Biol 2008; 9:616-627.

4. Chun HH, Gatti RA: Ataxia-telangiectasia, an evolving phenotype.
DNA Repair (Amst) 2004; 3:1187-1196.

5. Swift M, Lukin JL: Breast cancer incidence and the effect of
cigarette smoking in heterozygous carriers of mutations in the
ataxio-telangiectasia gene. Cancer Epidemiol Biomarkers Prev 2008;
17:3188-3192.

6. Taylor AM: Unrepaired DNA strand breaks in irradiated ataxia
telangiectasia lymphocytes suggested from cytogenetic observations.
Mutat Res 1978; 50:407-418.

7. Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, Craig RW:
Participation of p53 protein in the cellular response to DNA damage.
Cancer Res 1991; 51:6304-6311.

452 e

8. Tichy A, Vavrova J, Pejchal J, Rezacova M: Ataxio-telangiectasia
mutated kinase (atm) as a central regulator of radiation-induced DNA
damage response. Acta Medica (Hradec Kralove) 2010; 53:13-17.
9. Elson A, Wang Y, Daugherty CJ, et al. Pleiotropic defects in ataxia-
telangiectasia protein-deficient mice. Proc Natl Acad Sci U S A 1996;
93:13084-13089.

10. Goodarzi AA, Noon AT, Deckbar D, et al. Atm signaling facilitates
repair of DNA double-strand breaks associated with heterochromatin.
Mol Cell 2008; 31:167-177.

11. Shibata A, Conrad S, Birraux J, et al. Factors determining DNA
double-strand break repair pathway choice in g2 phase. EMBO J
2011; 30:1079-1092.

12. Beucher A, Birraux J, Tchouandong L, et al. Atm and artemis
promote homologous recombination of radiation-induced DNA double-
strand breaks in g2. EMBO J 2009; 28:3413-3427.

13. Noon AT, Shibata A, Rief N, et al. 53bp1-dependent robust
localized kap-1 phosphorylation is essential for heterochromatic DNA
double-strand break repair. Nat Cell Biol 2010; 12:177-184.

14. Bao S, Tibbetts RS, Brumbaugh KM, et al. Atr/atm-mediated phos-
phorylation of human rad17 is required for genotoxic stress responses.
Nature 2001; 411:969-974.

15. Taniguchi T, Garcia-Higuera |, Xu B, et al. Convergence of the
fanconi anemia and ataxia telangiectasia signaling pathways. Cell
2002; 109:459-472.

16. Xu B, O'Donnell AH, Kim ST, Kastan MB: Phosphorylation of ser-
ine 1387 in brcal is specifically required for the atm-mediated s-phase
checkpoint after ionizing irradiation. Cancer Res 2002; 62:4588-
4591.

17. Yazdi PT, Wang Y, Zhao S, Patel N, Lee EY, Qin J: Smc1 is a
downstream effector in the atm/nbs1 branch of the human s-phase
checkpoint. Genes Dev 2002; 16:571-582.

18. Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y:
Requirement of the mrn complex for atm activation by DNA damage.
EMBO J 2003; 22:5612-5621.

19. lee JH, Paull TT: Atm activation by DNA double-strand breaks
through the mrel1-rad50-nbs1 complex. Science 2005; 308:551-
554.

20. Bakkenist CJ, Kastan MB: DNA damage activates atm through
intermolecular autophosphorylation and dimer dissociation. Nature
2003; 421:499-506.

21. Fu X, Wan S, Lyu YL, Liv LF, Qi H: Etoposide induces atm-
dependent mitochondrial biogenesis through ampk activation. PLoS
One 2008; 3:2009.

22, Shull ER, Lee Y, Nakane H, et al. Differential DNA damage sig-
naling accounts for distinct neural apoptotic responses in atld and nbs.
Genes Dev 2009; 23:171-180.

23. Carlomagno F, Chang-Claude J, Dunning AM, Ponder BA: Deter-
mination of the frequency of the common 657del5 nijmegen breakage
syndrome mutation in the german population: No association with risk
of breast cancer. Genes Chromosomes Cancer 1999; 25:393-395.
24. Seeman P, Gebertova K, Paderova K, Sperling K, Seemanova E:
Nijmegen breakage syndrome in 13% of age-matched czech children
with primary microcephaly. Pediatr Neurol 2004; 30:195-200.

25. Digweed M, Sperling K: Nijmegen breakage syndrome: Clinical
manifestation of defective response to DNA double-strand breaks. DNA
Repair (Amst) 2004; 3:1207-1217.

26. Nijmegen breakage syndrome. The international nijmegen break-
age syndrome study group. Arch Dis Child 2000; 82:400-406.

27. Steffen J, Varon R, Mosor M, et al. Increased cancer risk of het-
erozygotes with nbs1 germline mutations in poland. IntJ Cancer 2004;
111:67-71.

28. Kraakmanvan der Zwet M, Overkamp WJ, Friedl AA, et al.
Immortalization and characterization of nijmegen breakage syndrome
fibroblasts. Mutat Res 1999; 434:17-27.

29. Taalman RD, Jaspers NG, Scheres JM, de Wit J, Hustinx TW:
Hypersensitivity fo ionizing radiation, in vitro, in a new chromoso-
mal breakage disorder, the nijmegen breakage syndrome. Mutat Res
1983; 112:23-32.

30. Kleijer WJ, Laugel V, Berneburg M, et al. Incidence of DNA
repair deficiency disorders in western europe: Xeroderma pigmento-
sum, cockayne syndrome and trichothiodystrophy. DNA Repair (Amst)
2008; 7:744-750.

EJD, vol. 22, n° 4, July-August 2012



31. Berneburg M, Kraemer, K. : Xeroderma pigmentosum and other
DNA-repair deficient photodermatoses; in Henry W. Lim HH, John
Hawk (ed Photodermatology, Informa Healthcare, 2007, pp 239-250.
32. Emmert S, Ueda T, Zumsteg U, et al. Strict sun protection results
in minimal skin changes in a patient with xeroderma pigmentosum
and a novel ¢.2009delg mutation in xpd (ercc2). Exp Dermatol 2009;
18:64-68.

33. Berneburg M, Krutmann J: Photoimmunology, DNA repair and
photocarcinogenesis. J Photochem Photobiol B 2000; 54:87-93.

34. Berneburg M, Lehmann AR: Xeroderma pigmentosum and related
disorders: Defects in DNA repair and transcription. Adv Genet 2001;
43:71-102.

35. Kraemer KH, Patronas NJ, Schiffmann R, Brooks BP, Tamura
D, DiGiovanna JJ: Xeroderma pigmentosum, trichothiodystrophy and
cockayne syndrome: A complex genotype-phenotype relationship.
Neuroscience 2007; 145:1388-1396.

36. Bradford PT, Goldstein AM, Tamura D, et al. Cancer and neuro-
logic degeneration in xeroderma pigmentosum: Long term follow-up
characterises the role of DNA repair. / Med Genet; 48:168-176.
37. Yarosh D, Klein J, O’Connor A, Hawk J, Rafal E, Wolf P: Effect of
topically applied t4 endonuclease v in liposomes on skin cancer in xero-
derma pigmentosum: A randomised study. Xeroderma pigmentosum
study group. Lancet 2001; 357:926-929.

38. Zahid S, Brownell I: Repairing DNA damage in xeroderma pig-
mentosum: T4n5 lotion and gene therapy. J Drugs Dermatol 2008;
7:405-408.

39. de Boer J, Hoeijmakers JH: Nucleotide excision repair and human
syndromes. Carcinogenesis 2000; 21:453-460.

40. de Laat WL, Jaspers NG, Hoeijmakers JH: Molecular mechanism
of nucleotide excision repair. Genes Dev 1999; 13:768-785.

41. Ueda T, Compe E, Catez P, Kraemer KH, Egly JM: Both xpd alle-
les contribute to the phenotype of compound heterozygote xeroderma
pigmentosum patients. J Exp Med 2009; 206:3031-3046.

42, Moriwaki S, Kraemer KH: Xeroderma pigmentosum-bridging a
gap between clinic and laboratory. Photodermatol Photoimmunol Pho-
tomed 2001; 17:47-54.

43. Maddukuri L, Dudzinska D, Tudek B: Bacterial DNA repair genes
and their eukaryotic homologues: 4. The role of nucleotide excision
DNA repair (ner) system in mammalian cells. Acta Biochim Pol 2007;
54:469-482.

44, Spangler L, Wang X, Conaway JW, Conaway RC, Dvir A: Tfith
action in transcription initiation and promoter escape requires distinct
regions of downstream promoter DNA. Proc Natl Acad Sci U S A
2001; 98:5544-5549.

45. le May N, Mota-Fernandes D, VelezCruz R, lltis I, Biard D,
Egly JM: Ner factors are recruited to active promoters and facilitate
chromatin modification for transcription in the absence of exogenous
genotoxic attack. Mol Cell 2010; 38:54-66.

46. Masutani C, Kusumoto R, Yamada A, et al. The xpv (xeroderma
pigmentosum variant) gene encodes human DNA polymerase efa.
Nature 1999; 399:700-704.

47. Wang Y, Woodgate R, McManus TP, Mead S, McCormick JJ,
Maher VM: Evidence that in xeroderma pigmentosum variant cells,
which lack DNA polymerase eta, DNA polymerase iota causes the very
high frequency and unique spectrum of uv-induced mutations. Cancer
Res 2007; 67:3018-3026.

48. Andressoo JO, Weeda G, de WitJ, et al. An xpb mouse model for
combined xeroderma pigmentosum and cockayne syndrome reveals
progeroid features upon further attenuation of DNA repair. Mol Cell
Biol 2009; 29:1276-1290.

49. Hoeijmakers JH: DNA damage, aging, and cancer. N Engl J Med
2009; 361:1475-1485.

50. Egly JM, Coin F: A history of ffiih: Two decades of molecular
biology on a pivotal transcription/repair factor. DNA Repair (Amst)
2011;10:714-721.

51. Hashimoto S, Egly JM: Trichothiodystrophy view from the molec-
ular basis of DNA repair/transcription factor ffilh. Hum Mol Genet
2009; 18:R224-230.

52. Foulc P, Jumbou O, David A, Sarasin A, Stalder JF: [trichothiodys-
trophy: Progresssive manifestations]. Ann Dermatol Venereol 1999;
126:703-707.

EJD, vol. 22, n° 4, July-August 2012

53. Giglia-Mari G, Coin F, Ranish JA, et al. A new, tenth subunit of
ffiih is responsible for the DNA repair syndrome trichothiodystrophy
group a. Nat Genet 2004; 36:714-719.

54. Zhang Y, Tian Y, Chen Q, Chen D, Zhai Z, Shu HB: Ttdn1 is a
plk1-interacting protein involved in maintenance of cell cycle integrity.
Cell Mol Life Sci 2007; 64:632-640.

55. Dubaele S, Proietti De Santis L, Bienstock RJ, et al. Basal tran-
scription defect discriminates between xeroderma pigmentosum and
trichothiodystrophy in xpd patients. Mol Cell 2003; 11:1635-1646.
56. Vermeulen W, van Vuuren AJ, Chipoulet M, et al.: Three unusual
repair deficiencies associated with transcription factor btf2(tfiih): Evi-
dence for the existence of a transcription syndrome. Cold Spring Harb
Symp Quant Biol 1994; 59:317-329.

57. Bootsma D, Hoeijmakers JH: DNA repair. Engagement with tran-
scription. Nature 1993; 363:114-115.

58. Friedberg EC WG, Siede W, Wood RD, Schultz RA, Ellenberger
T.: DNA repair and mutagenesis, ed 2nd edition. ASM Press, 2005.
59. Vermeulen W, Rademakers S, Jaspers NG, et al. A temperature-
sensitive disorder in basal transcription and DNA repair in humans.
Nat Genet 2001; 27:299-303.

60. Eveno E, Bourre F, Quilliet X, et al.: Different removal of ultravio-
let photoproducts in genetically related xeroderma pigmentosum and
trichothiodystrophy diseases. Cancer Res 1995; 55:4325-4332.

61. Riou L, Eveno E, van Hoffen A, van Zeeland AA, Sarasin A,
Mullenders LH: Differential repair of the two major uv-induced pho-
tolesions in trichothiodystrophy fibroblasts. Cancer Res 2004; 64:
889-894.

62. Boyle J, Ueda T, Oh KS, et al. Persistence of repair proteins at
unrepaired DNA damage distinguishes diseases with ercc2 (xpd) muta-
tions: Cancer-prone xeroderma pigmentosum vs. Non-cancer-prone
trichothiodystrophy. Hum Mutat 2008; 29:1194-1208.

63. Oh KS, Imoto K, Boyle J, Khan SG, Kraemer KH: Influence of
xpb helicase on recruitment and redistribution of nucleotide excision
repair proteins at sites of uv-induced DNA damage. DNA Repair (Amst)
2007; 6:1359-1370.

64. Anindya R, Mari PO, Kristensen U, et al. A ubiquitin-binding
domain in cockayne syndrome b required for transcription-coupled
nucleotide excision repair. Mol Cell; 38:637-648.

65. Kamenisch Y, Fousteri M, Knoch J, et al. Proteins of nucleotide
and base excision repair pathways interact in mitochondria to protect
from loss of subcutaneous fat, a hallmark of aging. J Exp Med 2010;
207:379-390.

66. Tuo J, Chen C, Zeng X, Christiansen M, Bohr VA: Func-
tional crosstalk between hoggl and the helicase domain of
cockayne syndrome group b protein. DNA Repair (Amst) 2002; 1:
913-927.

67. Wong HK, Muftuoglu M, Beck G, Imam SZ, Bohr VA, Wilson DM,
3rd: Cockayne syndrome b protein stimulates apurinic endonuclease 1
activity and protects against agents that infroduce base excision repair
intermediates. Nucleic Acids Res 2007; 35:4103-4113.

68. Epstein CJ, Martin GM, Schultz AL, Motulsky AG: Werner's
syndrome a review of its symptomatology, natural history, patho-
logic features, genetics and relationship to the natural aging process.
Medicine (Baltimore) 1966; 45:177-221.

69. Shibuya H, Kato A, Kai N, Fujiwara S, Goto M: A case of werner
syndrome with three primary lesions of malignant melanoma. J Derma-
tol 2005; 32:737-744.

70. Thweatt R, Goldstein S: Werner syndrome and biological ageing:
A molecular genetic hypothesis. Bioessays 1993; 15:421-426.

71. Chen L, lee L, Kudlow BA, et al. Lmna mutations in atypical
werner’s syndrome. Lancet 2003; 362:440-445.

72. Saha B, Lessel D, Hisama FM, et al. A novel Imna mutation causes
altered nuclear morphology and symptoms of familial partial lipodys-
trophy (dunnigan variety) with progeroid features. Mol Syndromol
2010; 1:127-132.

73. Eriksson M, Brown WT, Gordon LB, et al. Recurrent de novo
point mutations in lamin a cause hutchinson-gilford progeria syndrome.
Nature 2003; 423:293-298.

74. Friedrich K, Lee L, Leistritz DF, et al. Wrn mutations in werner syn-
drome patients: Genomic rearrangements, unusual intronic mutations
and ethnic-specific alterations. Hum Genet; 128:103-111.

— 453




75. Compton SA, Tolun G, Kamath-Loeb AS, Loeb LA, Griffith JD: The
werner syndrome protein binds replication fork and holliday junction
dnas as an oligomer. J Biol Chem 2008; 283:24478-24483.

76. Killoran MP, Keck JL: Sit down, relax and unwind: Structural
insights info recq helicase mechanisms. Nucleic Acids Res 2006;
34:4098-4105.

77. Hanada K, Hickson ID: Molecular genetics of recq helicase disor-
ders. Cell Mol Life Sci 2007; 64:2306-2322.

78. Cooper MP, Machwe A, Orren DK, Brosh RM, Ramsden D, Bohr
VA: Ku complex interacts with and stimulates the werner protein. Genes
Dev 2000; 14:907-912.

79. Kusumoto-Matsuo R, Opresko PL, Ramsden D, Tahara H, Bohr
VA: Cooperation of DNA-pkcs and wrn helicase in the maintenance
of telomeric d-loops. Aging (Albany NY) 2010; 2:274-284.

80. Almeida KH, Sobol RW: A unified view of base excision repair:
Lesion-dependent protein complexes regulated by posttranslational
modification. DNA Repair (Amst) 2007; 6:695-711.

81. Agrelo R, Cheng WH, Setien F, et al. Epigenetic inactivation of
the premature aging werner syndrome gene in human cancer. Proc
Natl Acad Sci U S A 2006; 103:8822-8827.

82. Futami K, Ishikawa Y, Goto M, Furuichi Y, Sugimoto M: Role
of werner syndrome gene product helicase in carcinogenesis and
in resistance to genotoxins by cancer cells. Cancer Sci 2008; 99:
843-848.

83. Faragher RG, Kill IR, Hunter JA, Pope FM, Tannock C, Shall S:
The gene responsible for werner syndrome may be a cell division
“Counting” Gene. Proc Natl Acad Sci U S A 1993; 90:12030-12034.
84. Opresko PL, Mason PA, Podell ER, et al. Pot1 stimulates recq heli-
cases wrn and blm to unwind telomeric DNA substrates. J Biol Chem
2005; 280:32069-32080.

85. Dominguez-Gerpe L, Araujo-Vilar D: Prematurely aged children:
Molecular alterations leading to hutchinson-gilford progeria and
werner syndromes. Curr Aging Sci 2008; 1:202-212.

86. Hickson ID: Recq helicases: Caretakers of the genome. Nat Rev
Cancer 2003; 3:169-178.

87. German J: Bloom syndrome: A mendelian prototype of somatic
mutational disease. Medicine (Baltimore) 1993; 72:393-406.

88. Warren M, Chung YJ, Howat WJ, et al. Irradiated blm-
deficient mice are a highly tumor prone model for analysis of a
broad spectrum of hematologic malignancies. Leuk Res 2010; 34:
210-220.

89. Tikoo S, Sengupta S: Time to bloom. Genome Integr; 1:14.

90. Bugreev DV, Yu X, Egelman EH, Mazin AV: Novel pro- and anti-
recombination activities of the bloom’s syndrome helicase. Genes Dev
2007, 21:3085-3094.

91. Bachrati CZ, Borts RH, Hickson ID: Mobile d-loops are a preferred
substrate for the bloom’s syndrome helicase. Nucleic Acids Res 2006;
34:2269-2279.

92. van Brabant AJ, Ye T, Sanz M, German 1}, Ellis NA, Holloman
WK: Binding and melting of d-loops by the bloom syndrome helicase.
Biochemistry 2000; 39:14617-14625.

93. Ralf C, Hickson ID, Wu L: The bloom’s syndrome helicase can
promote the regression of a model replication fork. J Biol Chem 2006;
281:22839-22846.

94, Karow JK, Constantinou A, Li JL, West SC, Hickson ID: The bloom’s
syndrome gene product promotes branch migration of holliday junc-
tions. Proc Natl Acad Sci U S A 2000; 97:6504-6508.

95. Wu L, Hickson ID: The bloom’s syndrome helicase suppresses
crossing over during homologous recombination. Nature 2003;
426:870-874.

96. Raynard S, Bussen W, Sung P: A double holliday junction dis-
solvasome comprising blm, topoisomerase iiialpha, and blap75. J Biol
Chem 2006; 281:13861-13864.

97. Wu L, Hickson ID: DNA helicases required for homologous recom-
bination and repair of damaged replication forks. Annu Rev Genet
2006; 40:279-306.

98. Jiao R, Bachrati CZ, Pedrazzi G, et al. Physical and functional
inferaction between the bloom’s syndrome gene product and the largest

454 e

subunit of chromatin assembly factor 1. Mol Cell Biol 2004; 24:4710-
4719.

99. Srivastava V, Modi P, Tripathi V, Mudgal R, De S, Sengupta S:
BIm helicase stimulates the atpase and chromatin-remodeling activities
of rad54. J Cell Sci 2009; 122:3093-3103.

100. Gulbis B, Eleftheriou A, Angastiniotis M, et al. Epidemiology of
rare anaemias in Europe. Adv Exp Med Biol; 686:375-396.

101. Jacquemont C, Taniguchi T: The fanconi anemia pathway and
ubiquitin. BMC Biochem 2007; 8 Suppl 1:510.

102. Alpi AF, Pace PE, Babu MM, Patel KJ: Mechanistic insight into
site-restricted monoubiquitination of fancd2 by ube2t, fancl, and fanci.
Mol Cell 2008; 32:767-777.

103. Garcia-Higuera |, Taniguchi T, Ganesan S, et al. Interaction of
the fanconi anemia proteins and brcal in a common pathway. Mol
Cell 2001; 7:249-262.

104. Smogorzewska A, Matsuoka S, Vinciguerra P, et al. Identifica-
tion of the fanci protein, a monoubiquitinated fancd2 paralog required
for DNA repair. Cell 2007; 129:289-301.

105. Grillari J, Katinger H, Voglauer R: Contributions of DNA inter-
strand cross-links to aging of cells and organisms. Nucleic Acids Res
2007, 35:7566-7576.

106. Knipscheer P, Raschle M, Smogorzewska A, et al. The fan-
coni anemia pathway promotes replication-dependent DNA interstrand
cross-link repair. Science 2009; 326:1698-1701.

107. Tulpule A, Lensch MW, Miller D, et al. Knockdown of fan-
coni anemia genes in human embryonic stem cells reveals early
developmental defects in the hematopoietic lineage. Blood; 115:
3453-3462.

108. Pulliam-Leath AC, Ciccone SL, Nalepa G, et al. Genetic disrup-
tion of both fancc and fancg in mice recapitulates the hematopoietic
manifestations of fanconi anemia. Blood. 116(16):2915-20.

109. Ambrose M, Goldstine JV, Gatti RA: Intrinsic mitochondrial dys-
function in atm-deficient lymphoblastoid cells. Hum Mol Genet 2007;
16:2154-2164.

110. Eaton JS, Lin ZP, Sartorelli AC, Bonawitz ND, Shadel GS:
Ataxiatelangiectasia mutated kinase regulates ribonucleotide reduc-
tase and mitochondrial homeostasis. J Clin Invest 2007; 117:
2723-2734.

111. Mukhopadhyay SS, Leung KS, Hicks MJ, Hastings PJ, Yous-
soufian H, Plon SE: Defective mitochondrial peroxiredoxin-3 results
in sensitivity to oxidative stress in fanconi anemia. J Cell Biol 2006;
175:225-235.

112. Kruyt FA, Hoshino T, Liu JM, Joseph P, Jaiswal AK, Youssoufian
H: Abnormal microsomal detoxification implicated in fanconi anemia
group c by interaction of the fac protein with nadph cytochrome p450
reductase. Blood 1998; 92:3050-3056.

113. Hayes JD, Flanagan JU, Jowsey IR: Glutathione transferases.
Annu Rev Pharmacol Toxicol 2005; 45:51-88.

114. Bogliolo M, Borghini S, Abbondandolo A, Degan P: Alternative
metabolic pathways for energy supply and resistance to apoptosis in
fanconi anaemia. Mutagenesis 2002; 17:25-30.

115. Rousset S, Nocentini S, Rouillard D, Baroche C, Moustacchi
E: Mitochondrial alterations in fanconi anemia fibroblasts following
ultraviolet a or psoralen photoactivation. Photochem Photobiol 2002;
75:159-166.

116. Stevnsner T, Nyaga S, de Souza-Pinto NC, et al. Mitochondrial
repair of 8-oxoguanine is deficient in cockayne syndrome group b.
Oncogene 2002; 21:8675-8682.

117. Pallardo FV, Lloret A, Lebel M, et al. Mitochondrial dysfunction in
some oxidative stress-related genetic diseases: Ataxia-telangiectasia,
down syndrome, fanconi anaemia and werner syndrome. Biogerontol-
ogy; 11:401-419.

118. Wang C, Lambert MW: The fanconi anemia protein, fancg,
binds to the ercc1-xpf endonuclease via its tetratricopeptide repeats
and the central domain of ercc1. Biochemistry; 49:5560-5569.

119. Bhagwat N, Olsen AL, Wang AT, et al. Xpf-ercc1 participates in
the fanconi anemia pathway of cross-ink repair. Mol Cell Biol 2009;
29:6427-6437.

EJD, vol. 22, n° 4, July-August 2012



120. Beamish H, Kedar P, Kaneko H, et al. Functional link between
blm defective in Bloom’s syndrome and the ataxiatelangiectasia-
mutated protein, atm. J Biol Chem 2002; 277:30515-30523.

121. Cheng WH, Muftic D, Muftuoglu M, et al. Wrn is required for
atm activation and the s-phase checkpoint in response to inferstrand
cross-link-induced DNA double-strand breaks. Mol Biol Cell 2008;
19:3923-3933.

EJD, vol. 22, n° 4, July-August 2012

122. Ammazzalorso F, Pirzio LM, Bignami M, Franchitto A, Pichierri
P: Atr and atm differently regulate wrn to prevent dsbs at stalled
replication forks and promote replication fork recovery. EMBO J;
29:3156-3169.

123. Sobeck A, Stone S, Landais |, de Graaf B, Hoatlin ME: The
fanconi anemia protein fancm is controlled by fancd2 and the atr/atm
pathways. J Biol Chem 2009; 284:25560-25568.

— 455



https://www.researchgate.net/publication/221902740


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 15%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue true
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Coated FOGRA27 \050ISO 12647-2:2004\051)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier (FOGRA27)
  /Description <<
    /FRA <>
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        28.346460
        28.346460
        28.346460
        28.346460
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (Coated FOGRA27 \(ISO 12647-2:2004\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B004800610075007400650020007200E90073006F006C007500740069006F006E005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 14.173230
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [566.929 822.047]
>> setpagedevice


