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Abstract: Werner Syndrome (WS, ICD-10 E34.8, ORPHA902) and Atypical Werner Syndrome (AWS, ICD-10 E34.8,
ORPHA79474) are very rare inherited syndromes characterized by premature aging. While approximately 90% of WS
individuals have any of a range of mutations in the WRN gene, there exists a clinical subgroup in which the mutation
occurs in the LMNA/C gene in heterozygosity. Although both syndromes exhibit an age-related pleiotropic phenotype,
AWS manifests the onset of the disease during childhood, while major symptoms in WS appear between the ages of 20
and 30. To study the molecular mechanisms of progeroid diseases provides a useful insight into the normal aging process.
Main changes found were the decrease in Cu/Zn and Mn SOD activities in the three cell lines. In AWS, both mRNA SOD and
protein levels were also decreased. Catalase and glutathione peroxidases decrease, mainly in AWS. Glutaredoxin (Grx) and
thioredoxin (Trx) protein expression was lower in the three progeroid cell lines. Grx and Trx were subjected to post-
transcriptional regulation, because protein expression was reduced although mRNA levels were not greatly affected in WS.
Low antioxidant defense and oxidative stress occur simultaneously in these rare genetic instability disorders at the onset
of progeroid disease.

INTRODUCTION condition, this disease may be under-diagnosed in many
parts of the world [1].

Werner syndrome (WS, ICD-10 E34.8) or adult onset

progeria is an uncommon, autosomal recessive human Werner syndrome has been classified as a segmental
genetic disease that mimics premature aging. It is progeria bearing some, but not all, aspects of aging. Its
identified in the public portal of rare diseases as clinical phenotype has been succinctly summarized as a
ORPHA902 (http://www.orpha.net) with a reported “caricature of aging” [2]. Patients with WS appear to
prevalence in worldwide population of 1/200,000 age rapidly following puberty, developing graying and
(Orphanet report). Due to the relatively non-specific thinning hair, bilateral cataracts, osteoporosis,
nature of the symptoms and the lack of awareness of the atherosclerosis, diabetes, and other age-related diseases.
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This syndrome also confers a strong predisposition to
several specific types of neoplasia [3]. Thus, the
average life expectancy for WS patients was between
45-47 years, typically as a result of cancer or
atherosclerotic cardiovascular diseases [4, 5], although
over the last decade it has increased to more than 50
years of age in Japanese patients due to better clinical
care and pharmacological interventions (use of
pioglitazone and statins) [6].

The cells of these patients are prone to cellular
senescence and neoplastic transformation and have an
elevated genomic instability [7, 8] and sensibility to
DNA damage induced by oxidative stress [4, 9].

The WRN gene, located on chromosome 8p12, encodes
a 165 KDa multifunctional nuclear protein (WRN) that
belongs to the conserved DNA RecQ family and
possess both a 3' to 5' DNA helicase and a 3' to 5' DNA
exonuclease domain [10, 11]. The RecQ-type helicase
and exonuclease domains are situated in the central and
N-terminal regions, respectively. Moreover, there is a
nuclear localization signal at the C-terminal region and
two consensus regions are located between the helicase
and the nuclear localization signal (Supplementary
Figure S1A). Both functions act in a coordinated
manner in various DNA metabolic pathways, such as
DNA repair, replication, and telomere maintenance
correcting abnormal DNA structures generated after
DNA repair, recombination and/or replication [12].
Thus, the WRN protein is implicated in the maintenance
of genome stability [9, 13] and is deemed “caretaker of
the genome” [4]. The importance of WRN-mediated
pathway(s) for DNA repair and the replicational stress
response has been demonstrated by measuring the levels
of phosphorylated-gamma histone H2AX (YH2AX) due
to acute loss of WRN which leads to DNA damage and
high induction levels of YH2AX [14].

There have been approximately 70 mutations reported,
both in coding and non-coding regions, for the WRN
gene (International Registry of WS
(http://www.wernersyndrome.org). The majority of these
involve either a truncation of the protein or a shift in the
reading frame [15]. The homozygotic null mutation of
the WRN gene produces a shortening of the WRN
protein, leading to the loss of its nuclear localization
signal sequence. Thus the protein cannot be transported
into the nucleus where it interacts with the DNA.

While approximately 90% of individuals presenting WS
have any of a range of mutations in the WRN gene, [16]
such as Q748X and F1074L mutations (Supplementary
Figure S1A), a subset of patients shows some features
of WS but they do not show mutations at the WRN locus

and have normal levels and sizes of the WRN protein
determined by Western blots [17]. Such progeroid
syndrome was categorized as Atypical Werner
Syndrome (AWS) (ORPHA79474) which refers to a
heterogeneous group of cases that were clinically
diagnosed as WS patients. These patients generally
exhibit an age-related pleiotropic  phenotype,
characterized by short stature, thinning/graying hair, a
"bird-like"  facial = appearance, skin  atrophy,
lipodystrophy, myopathy, osteoporosis, and
atherosclerosis. When compared to WS, AWS patients
appear to develop an earlier onset, more rapid rate of
progression and possibly more severe age-related
symptoms [18].

The AWS patients suffer the mutation of the lamin A/C
gene (LMNA/C), the same causal gene seen in
Hutchinson-Gilford progeria syndrome (HGPS) [19,
20]. Structural analyses have suggested the presence of
missense and splicing mutations in LMNA-conserved
residues [19] which principally affect exon 11 in this
gene and correspond to the heptad repeat region of
lamin A. Some substitutions do not change the amino
acids but lead to the weak activation of the same cryptic
splicing site, like in Hutchinson-Gilford progeria
syndromes. By contrast, others like the E578V
mutation, are thought to alter the interaction of lamin A
with other proteins, or interfere with protein-protein
interactions (Supplementary Figure S1B) [19, 20].
Therefore, the causes of AWS are molecularly
heterogeneous and have not been fully elucidated [17].
Currently, no etiologic treatments for WS or AWS are
available, only the clinical, age-related symptoms can
be treated [5].

It is becoming increasingly evident that some of the
molecular mechanisms of progeroid diseases might
provide a useful insight into the normal aging process.
This has been extensively reviewed by Dreesen and
Stewart [21]. Conversely, processes linked to normal
aging might be relevant to the pathogenic mechanisms
of diseases, characterized by cancer predisposition or
premature aging. Although aging is a complex and
poorly understood process, a growing body of evidence
points toward reactive oxygen species (ROS) as one of
the primary determinants [22]. ROS have been
identified as an important contributor to telomere
shortening [23]. Notably, oxidative stress is a phenotypic
hallmark in WS, AWS, Ataxia-Telangi-ectasia, Fanconi
Anaemia, Down syndrome, and HGPS [24, 25]. The free
radical theory of aging is not, however, the only theory
proposed to explain the mechanism(s) involved in aging
at the molecular level, but there are others, like
telomere/cell senescence, genomic instability, and the
mitochondrial hypothesis of aging [26].
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Previous studies have investigated the role of the WRN
protein in the cellular events contributing to senescence
and age-related pathologies. More recent studies have
been focused on evaluating the oxidative stress
responses in WS. It has been observed that WRN
depletion promotes a high induction of YH2AX and
53BP1 nuclear foci and accumulation of some
prototypical oxidized bases, indicating a physiological
function of WRN in oxidative damage repair in
mammalian genomes [4, 9, 27].

AWS is fascinating from the standpoint of genetics,
pathology, and aging but there is limited knowledge
about its role in the maintenance of oxidative status.
While some studies have evaluated the effect of
progerin on the accumulation of oxidized proteins in
fibroblasts from HGPS patients, the redox profile in
AWS has never been explored.

In addition, the status of the major thiol redox systems
in cells during aging and its modulation by the WRN
protein has hardly been explored. Thus, the
understanding of physiological and pathological
processes involved in oxidative response, particularly
associated with WRN and LMNA genes in these
syndromes would provide insights into the mechanisms
of natural aging and could give clues for developing
strategies in which aging could be retarded.

Our ongoing study is aimed at evaluating the oxidative
stress profile and antioxidant defense system of three cell
lines from patients with different progeroid features.
Specifically, we investigated how the expression and
enzymatic activity of antioxidant systems are modulated
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by a heterozygous missense LMNA mutation, by a non-
synonymous coding polymorphisms, and by a
homozygotic null mutation in the WRN gene.

RESULTS

Fibroblasts from WS and AWS patients displayed
low cell proliferation

The clinical features of patient donors of the cells are
summarized in Table 1. All patients exhibited
dermatological changes and other signs associated with
aging that meet the International Registry Diagnostic
criteria for the WS classification. Nevertheless, unlike
patients with classic WS (WRN 1 and 2), who were
diagnosed at around 30 years old, those diagnosed with
AWS showed earlier and more aggressive symptoms,
debuting at 13 years of age.

To investigate the effects of different progeroid
genotypes on fibroblast proliferation capacity, we
evaluated bromodeoxyuridine (BrdU) incorporation in
the three cell lines. Our results showed that all
progeroid fibroblasts significantly reduced the BrdU
incorporation 48h after cell culture compared with their
matched controls (Figure 1A).

In addition, we assessed WRN mRNA levels in
fibroblasts by using real-time PCR. The results obtained
for the WRN gene expression were normalized using the
levels of the control GAPDH mRNA. Low expression
was observed for AWS and WRNI1, unlike WRN2 that
showed a higher expression compared to its matched
control (Figure 1B).

WRN Relative expression (a.u)

Figure 1. Characterization of atypical Werner Syndrome and Werner Syndrome fibroblasts. (A)
DNA synthesis in fibroblasts measured by the BrdU incorporation assay. Each WRN cell line was compared
with its matched control in gender and age. (B) WRN mRNA levels measured during a proliferating phase,
48h after seeding the cells determined by RT-PCR, mean +SD of three replicates. (*, &, # p <0.05).
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Figure 2. Analysis of the GSH antioxidant levels and
Nitro-Tyr levels in atypical Werner syndrome and
Werner syndrome fibroblasts. (A) The GSSG/GSH ratio
measured by triplicates. (B) Immunoblot of proteins from total
extracts of AWS, WS, and control cells. (C) Densitometry of
bands normalized by total protein amount using ImagJ software.

Increased oxidative stress in WS and AWS

fibroblasts

The ratio of reduced glutathione (GSH) to oxidized
glutathione (GSSG) GSSG/GSH was measured to show
the oxidative stress profile of WS and AWS fibroblasts
(Figure 2A).

An increased GSSG/GSH ratio was observed for all
progeroid fibroblast lines when compared with their
matched controls; the highest ratio was observed in a
WRNI1 patient, indicating a more oxidative environment
in this cell line.

In addition, we evaluated the cellular distribution of
GSH by using the cell-permeant 5-chloromethyl-
fluorescein diacetate (CMFDA) which is 95% specific
for GSH [28]. As shown in Supplementary Figure
S2A, fluorescence intensity was much lower in
progeroid WRN cultures compared with their matched
controls, indicating decreased GSH levels in the
cytoplasm and nucleus of WRN cell lines.
Furthermore, we analyzed the GSH compart-
mentalization within the cells. A tendency to low
levels of nuclear GSH was found in the case of the
AWS cell line compared with their counterpart
(Control 1) (Figure S2B). However, when the WS cells
were compared with their matched controls (Control 2)
we observed low fluorescence and a high nuclear
signal which indicates a GSH influx from the cytosol
to the nucleus in WS, but not in AWS.

Tyrosine nitration is a common oxidative post-
translational modification that affects protein structure
and function and it is associated with pathogenesis in
diseases related to oxidative stress in all living
organisms. Tyrosine nitration is a biomarker of
oxidative damage and protein molecular aging [29].
Thus, we evaluated the nitrotyrosine levels in proteins
from the different cell lines. Our results indicate high
levels of 3-nitrotyrosines in proteins obtained from WS
and AWS cells, confirming an oxidative status in these
cells obtained from patients (Figure 2B and 2C).

Antioxidant defence in WS and AWS fibroblasts was
downregulated

We examined the profile of antioxidant enzymes, which
scavenge reactive oxygen species (ROS), in fibroblasts
from progeroid cell lines. First, we studied mRNA
levels for cytoplasmic and mitochondrial forms of
superoxide dismutase (SOD1 and 2, respectively) as
well as SOD protein content.

Results shown in Figure 3A indicate a significant
decrease in the SODI gene for AWS. However, SODI
gene was overexpressed in the WRN2 cell line but no
differences were observed between WRNI1 and its
matched control (Figure 3A). In the case of SOD2, it
was significantly downregulated in the three cell lines
and the lowest levels were detected in the AWS
fibroblasts (Figure 3B).
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Figure 3. Analysis of the superoxide detoxifying
enzymes in atypical Werner syndrome and
Werner syndrome fibroblasts. A) Mean (1SD)
MRNA levels of the SOD1 gene determined by
gRT-PCR by triplicate. B) Mean (SD) mRNA
levels of the SOD2 gene determined by gqRT-PCR
by triplicate. C) CuZnSOD and MnSOD protein
levels measured by Western blot in AWS, WS,
and control fibroblasts.

Table 1. Summary of clinical features of atypical Werner syndrome and Werner syndrome patients.

Age

Syndrome/mutatio

Clinical features

CTRI1 GMO01652 F 11 Healthy
CTR2 Donated F 29 Healthy
CTR3 GM08402 M 32 Healthy
Accelerated aging. Short stature and
AWS dysmorphic features. Large coarse brown
AWS AG04110 F 13 E578V LMNA freckles and atrophic skin. Poor dentition
and beak nose. Scoliosis. High-pitched
voice.
WS Premature aging with pigmented and
WRNI1 AG03141 F 30 Q748X atrophic skin. Cataracts and
WRN hyperlipidemia type V.
WS Rapid onset of aging beginning at age 35.
WRN2 AG06300 M 37 F1074L Muscle wasting and wrinkling of skin.
WRN High-pitched voice. Hypogonadism.
235 AGING, March 2014, Vol. 6 No.3

www.impactaging.com



A

5 1.5

&

c

)

8

4 1.0

Q.

x

[

S

S 0.5

K]

Q

o

=

5 0.0--&
C

GPX4 Relative expression (a.u)

= - N
o ] o
1 1 ]

GPX1 Relative expression (a.u)
o
(]
Il

g
o
1

$
‘_—-——-—— Actin
‘ ‘Catalase
‘ b e e o> T — ‘prl

‘ Gpx4

Figure 4. Analysis of the peroxide detoxifying enzymes in atypical Werner syndrome
and Werner syndrome fibroblasts. (A) Mean (+SD) mRNA levels of the CAT gene determined by
gRT-PCR by triplicate. (B) Mean (+SD) mRNA levels of the GPX1 gene determined by qRT-PCR by
triplicate. (C) Mean (£SD) mRNA levels of the GPX4 gene determined by qRT-PCR by triplicate. (D)
CuZnSOD and MnSOD protein levels measured by Western blot in AWS, WS, and control fibroblasts.

Western blotting was used to study protein levels, but
low levels of CuZnSOD were only identified in the
AWS cell line (Figure 3C). We found low levels of the
MnSOD protein for all three progeroid cell lines
compared with their corresponding controls (Figure
3C). Therefore, the first step in ROS detoxification
involved in the elimination of superoxide is impaired in
AWS and WS cell lines.

The second step in ROS detoxification is the
elimination of hydrogen peroxide and this reaction is
performed mainly by catalase and glutathione
peroxidases. Therefore, we analysed the expression of
CAT, GPXI, and GPX4 genes (which codify for the
most active glutathione peroxidases). The analysis of
the expression of these genes showed decreased levels
for CAT mRNA for AWS and WRNI1 compared with
their controls (Figure 4A), but not for WRN2. The study

of the GPXI gene expression indicated that it was
upregulated in AWS cell lines. However, we detected a
decreased expression for GPX/ gene in the WRNI and
WRN2 cell lines from WS patients (Figure 4B).
Nevertheless, the analysis of the GPX4 expression
showed downregulation for this gene only in AWS, but
it was overexpressed in WRNI1 (Figure 4C). The
analysis of protein levels by immunoblot only showed
differences for catalase in WRN1, but not in other cell
lines compared with their paired controls. In addition,
we detected differences in Gpxl protein levels in
WRNI1 and WRN2 and their matched control cells
(Figure 4D). Furthermore, we identified low protein
levels of Gpx4 in all three cell lines compared with their
control counterparts (Figure 4D), suggesting that the
pathway for the reduction of oxidative damaged
membrane lipids may also be affected in AWS and WS
cells.
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Figure 5. Analysis of the main antioxidant enzyme activities in atypical Werner
syndrome and Werner syndrome fibroblasts. (A) CuznSOD activity and (B) MnSOD activity
evaluated using the Superoxide dismutase assay kit (Cayman, Ann Arbor, MI, USA) based on
reduction of the tetrazolium salt by superoxide to give rise the formazan which is measured at 460
nm. (C) Catalase activity was analysed spectrophoto-metrically after the formation of the purpald-
formaldehyde adduct which is measured at 540 nm. (D) Total glutathione peroxidase activity
determined by the Glutathione peroxidase assay kit (Cayman, Ann Arbor, MI, USA) based on the
decrease of NADPH after coupling the glutathione reductase reaction that uses the NADPH to
reduce the GSSG produced by the Gpx enzymes after reducing the cumene-hydroperoxide
reagents. Results are represented as mean (xSD) of three replicates of each cell line.

Characterization of the main antioxidant enzyme
activities in AWS and WS cells

To further characterize antioxidant responses in
fibroblasts from AWS and WS, cells we determined
theenzymatic activity of the main antioxidant systems
studied. Superoxide dismutase activities, involved in the
first step of ROS detoxification were studied by
analyzing cytosolic (for CuZnSOD) and mitochondrial
(for MnSOD) cellular extracts. The results indicated
that CuZnSOD activity (Figure 5A) was significantly
decreased in all progeroid cell lines when compared to
their matched controls. Results obtained for MnSOD
activity demonstrated that this activity was decreased in
AWS and WS when the activity was compared with
their control cell lines (Figure 5B). For catalase, the
results shown in Figure 5C indicate that activities

were decreased in fibroblasts from the AWS and WRNI1
cell lines compared to their age and gender matched
controls, but not for WRN2. Finally, the analysis of
total glutathione peroxidase activity (Figure 5D)
showed no difference between fibroblasts obtained from
AWS and WRN2 patients and their control cells.
However, WRNI1 showed significantly decreased
activity. The results for total Gpx activity agree with
those obtained for Gpxl protein levels (the main
contributor for the Gpx activity) in WRNI.

Thioredoxin and glutaredoxin antioxidant defense is
affected in AWS and WS

In order to complete the characterization of the
antioxidant systems in WS and AWS fibroblasts, we
analysed the levels of thioredoxins (Trx1 and Trx2) and
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glutaredoxins (Grx1 and Grx2). These proteins may be
very relevant in these progeroid syndromes because
they have an antioxidant function, they play a role in the
elimination of disulphide bonds, they act as protein
regulators, and they also participate in the synthesis of
deoxyribonucleotides [30]. Thus, Trx and Grx are
proteins that are directly involved in cell proliferation
and also in DNA damage repair. We studied the
expression of TXNI, TXN2, GRXI, and GRX2 genes by
qRT-PCR. We observed downregulation for the four
genes in the cell line from AWS patient (Figure 6A). In
addition, GRXI was downregulated in both WS cell
lines. Nevertheless, TXNI, TXN2, and GRX2 were
overexpressed in both WS cell lines (WRN1 and WRN2)
WRN2) (Figure 6A). Furthermore, we analysed the
protein levels by Western blot. Our results indicate that
the cytosolic and nuclear form Trxl and the
mitochondrial Trx2 protein levels were decreased in
AWS and WS fibroblasts compared with their matched
controls (Figure 6B). The study of cytosolic Grx1 and
the mitochondrial and nuclear variant Grx2 levels
indicates that these proteins were also decreased in
AWS and WS cells (Figure 6B). These results suggest
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that Trx and Grx were subjected to post-transcriptional
regulation, because protein expression was reduced
although mRNA levels were not greatly affected in WS.

DISCUSSION
Like  Hutchinson-Gilford syndrome, Cockayne’s
syndrome, Xeroderma pigmentosum, and Down

syndrome, the Werner syndrome is also deemed a
segmental progeria in that it has some features, but not
all aspects of aging [31]. Unlike other progerias, WS is
considered an adult-onset progeria because of the
symptoms that appear during puberty. In the specific
case of atypical Werner syndrome, typical age-related
disorders are referred to during puberty of the patient.
Apart from the appearance of aged-related features,
such as type II diabetes mellitus, osteoporosis,

cardiovascular disease, cataracts, and dermal atrophy,
other molecular age-related events contribute to portray
the premature aging picture of the patients. The results
shown in this work provide new clues to the molecular
phenomena underlying the pathology of these very rare
progeroid syndromes.

Figure 6. Analysis of the Trx and Grx family proteins in atypical Werner syndrome
and Werner syndrome fibroblasts. (A) Mean (+SD) mRNA levels of TXN1, TXN2, GRX1,
and GRX2 genes determined by gqRT-PCR by triplicate. (B) Western blot analysis of the levels
of Trx1, Trx2, and Trx3 antioxidant enzymes in fibroblasts from AWS, WS, and controls.
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The contribution of ROS to aging was first suggested by
the free radical theory of aging [32]. The role of ROS as
the initial origin of aging is still controversial [26, 33],
but it is clear that the accumulation of high levels of
ROS during aging can damage tissues, cellular
components, and biomolecules.

In addition, there is evidence of the involvement of
oxidative stress in vivo in the phenotypes of progeroid
syndromes, as previously reviewed by Pallardé et al.
[34]. In views of these antecedents, we decided to study
the molecular mechanism by which oxidative stress is a
feature in progeroid syndromes using three cell lines
with different genotypes and disease onset. The cell line
from an AWS patient had the most severe phenotype
[17].

Despite different genetic origins of each progeroid cell
line, we observed decreased BrdU incorporation and
hence cell proliferation was reduced in the AWS and
WS cell lines compared with their matched controls
(Figure 1A). It was reported that cells with an altered
WRN protein may divide more slowly or stop dividing
earlier than normal, causing growth problems [35, 36].
In the case of AWS, in which the mutation is in the
LMNA gene, the altered capacity to proliferate may be
due to aberrant conformation of the nuclear envelope. In
fact, mutation E578V affects the interaction of the
lamin A with other proteins and it also regulates WRN
gene expression [17] and cell cycle progression [37].

The activity of mTOR (mammalian Target Of
Rapamycin) is increased by oxidative stress
[38]contributing to a senescent phenotype induced by
an accumulation of progerin. Progerin stops the cell
cycle by induction of mitotic/nuclear abnormalities[39].
When the cell cycle is arrested, as occurs in WS and
AWS cells, mTOR can drive the senescent morphology.
Thus, inhibition of the mTOR pathway is a strategy to
decelerate aging in progerias [40]. Blagosklonny
[41]has suggested rapamycin as a treatment for
progerias and in fact it has reduced nuclear blebbing in
HGPS fibroblasts [42].

Little information regarding changes in expression of
the WRN gene determined by qRT-PCR analysis is
available, but it is known that its levels are decreased in
in vitro aged fibroblasts [43], sometimes by an
augmented specific degradation of the WRN mRNA
[44]. A number of authors agree that mutations,
codifying for stop codons within the open reading
frame, could target mutant WRN mRNA for non-sense
mediated decay. In the particular case of the WRNI1 cell
line, which contains a Q748X mutation, mRNA stability
is compromised. Furthermore, WRN polymorphisms

may also affect WRN expression and function, although
this has not as yet been rigorously examined [15, 45].
For the L1074F polymorphism (WRN2) the effect on
WRN expression has still to be established. In our
experiments, we observed overexpression of the WRN
gene (Figure 1B). Previously, Marciniak et al. detected
this protein as a wild type by immunoblot and
immunofluorescence [46]. This polymorphism causes
subtle changes in the helicase/exonuclease activities of
the WRN protein [43]. We should keep in mind that
F1074L is a common polymorphism found in the
general population. The possibility of another unknown
mutation (in another gene) in this patient and the
contribution of epigenetic modifications during the life
of the WRN2 patient should be considered. In addition,
the role of the WRN protein in epigenetic control of
pluripotent stem cell differentiation, could lead to
Werner syndrome-like symptoms in this cell strain [47].
Furthermore, oxidative stress produces mTOR
activation, which in turn increases progerin as discussed
above, and also contributes to the senescence features
including epigenetic aberrations [48]. Based on our
findings and the changes in antioxidant proteins, WRN2
seems quite unique.

Glutathione (GSH) and thioredoxin (Trx) are two major
thiol redox systems in animal cells during aging [49]. It
is almost impossible to overstate the importance of GSH
as the primary cellular antioxidant defense system.
Moreover the increased GSSG/GSH ratio and changes
in the GSH distribution, linked to increased
nitrotyrosines in proteins reflects the oxidized redox
state of the WS and AWS cells (Figure 2A, 2B and 2C),
probably originated by an impairment of metabolic
pathways or mitochondrial dysfunction as indicated
previously [34], and also by a defective antioxidant
enzymatic shield. Furthermore, manifestations of WS
may reflect the impaired ability of slowly dividing cells
to control oxidative DNA damage [50].

The analysis of the main antioxidant systems in the
three cell lines points out defective antioxidant
enzymatic function. A good correlation between gene
expression and protein levels in AWS was found
(Figure 3 and 4), indicating low levels and activity
(Figure 5) of the main antioxidant enzymes in the AWS
cell line . Our results agree with those obtained by Yan
et al. for HGPS cells which also possesses mutations in
LMNA/C gene [51], mainly for MnSOD, catalase and
Gpx. However, our results did not correlate with those
described by Viteri et al. for HGPS cells [25], where the
main antioxidant enzymes were overexpressed.
Differences between the results in the expression of the
antioxidant enzymes could be due to the different
mutations in LMNA genes in the different studied cell
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lines, the heterozygosis of AWS, or the method of
protein extraction.

We observed a different scenario between both the
WRN cell lines (WRN1 and WRN2), probably linked to
the different mutations of origin. WRNI possesses a
mutation that produces a truncated WRN protein, while
a replacement of amino acid in the DNA binding site of
WRN protein occurs in WRN2. Gene expression and
protein levels did not correlate completely (Figure 3 and
4), suggesting post-transcriptional regulatory control.
The analysis of protein levels showed differences in the
main peroxide detoxifying enzymes (catalase,
glutathione peroxidase 1, and glutathione peroxidase 4)
in WRNI1, suggesting that this second step is impaired
in the patient in whom the WRN protein is truncated
(Figure 5D) [52, 53]. After analysis of the antioxidant
enzyme activity, WRN1 showed all the antioxidant
activities that were affected compared with WRN?2,
which only showed deregulation in SOD activities
(Figure 5), pointing out that truncation of WRN protein
is associated with a more aggressive phenotype.
Furthermore, Trx and Grx systems were seriously
decreased in WRN fibroblasts compared with control
cells (figure 6). Therefore, our results point out that Trx
and Grx proteins are directly involved in the
physiopathology of these progeroid syndromes,
contributing to decreased antioxidant defense and low
proliferation capacity of these cells. A deleterious effect
of this defect is that these patients’ wounds heal with
difficulty and their recovery after surgical intervention,
as Walton et al. reported [54]. Interestingly, down-
regulation of Trx2 produces impairment in the
mitochondrial function and induces increased oxidative
stress in mice [55]. Notably, the implication of the Trx
and Grx protein family has not been completely
elucidated in progeroid syndromes, although Trx
proteins have a relevant role during aging [49]. Pioneer
work by Cho et al. showed low levels of Trx in tissue
from old rats [49]. Our results in WS and AWS cells
underscore the notion that downregulation of Trx
proteins is involved in the features of aging and
progeroid syndromes.

In conclusion, our results showing low levels of
MnSOD, Trx2, and Grx1 proteins direct our attention to
mitochondria in both WS and AWS. Thus,
mitochondria are a target in the physiopathology of WS
and AWS, as suggested for other progeroid syndromes
[34]. However, we detected clear differences in the
origin of the disability of the antioxidant enzymes
occurring in the three cell lines. The origin of the
antioxidant enzyme deregulation has a transcriptional
origin in the AWS cell line. This result suggests the
implication of chromatin structure and its regulation

[56]. On the other hand, the major clinical features
described in WS patients are produced as a consequence
of absolute lack of the normal WRN protein in the
nucleus, which produces DNA replication dysfunction
[57], DNA repair deficits [58], transcription
deregulation [59], and deregulation of chromatin
structure [60]. Therefore, although oxidative stress is
observed in both the WRN1 and WRN2 cell lines,
deficient antioxidant enzyme activity is marked in
WRNI1, which correlates with a more aggressive
phenotype in this patient compared to WRN2. In sum,
oxidative stress and low antioxidant defense contributes
to the severe phenotype of AWS and also in the WRN1
with a truncated protein, indicating that oxidative stress
is closely associated with progeroid features in these
genetic instability disorders.

METHODS

Cell culture. Three human fibroblast cell strains
AGO04110, AG03141, and AG06300, selected based on
the search terms ‘‘progeroid phenotype”, were acquired
from Coriell Cell Repositories (Camden, NJ, USA
http://locus.umdnj.edu/ccr/) from donors matched for
gender, similar ages, and similar passage levels. In our
work were denominated as AWS, WRNI1 and WRN2,
respectively.

Out of three cell lines (AWS, AG04110) corresponds to
AWS, bearing a known missense heterozygous
mutation (E578V) in exon 11 of LMNA gene
(Supplementary ~ Figure  S1B) [61].  Patients
corresponding to cell lines AG03141, and AG06300
were diagnosed with WS. WRN1 (AGO03141) is
homozygous for a C to T transition at nucleotide 2476
in the WRN gene (2476C>T), corresponding with exon
19 of helicase domain and resulting in a stop codon at
748 (Q748X) (Figure 1A) [62]. Cell line AG06300
(WRN2) carries a nucleotide change (3456T/G exon 26)
in the helicase RNaseD C-terminal conserved region of
WRN gene (refSNP ID: rs2725362), resulting in a non-
synonymous coding polymorphisms (F1074L) but with
expression of normal amounts of full-length WRN
protein, in the same sub-cellular domains [46].

The cells were cultured in Eagle's minimum essential
medium with Earle's salts and non-essential amino acids
(DMEM, Gibco, Invitrogen) supplemented with 15%
fetal bovine serum inactivated, and 1% penicillin-
streptomycin (Sigma-Aldrich, St. Louis, MO) in 5%
CO, in air at 37°C and density of 20,000 cells/cm’.
Trypsin-EDTA was used as the subculture method.
Studies were performed at cell confluence with the
exception of BrdU incorporation assay and GSH
cellular distribution analysis by confocal microscopy.
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Cell proliferation studies by BrdU incorporation assay.
Proliferation of cell lines was determined with the “Cell
proliferation ELISA BdrU colorimetric assay” from
Roche. Cells were cultured in 96 wells plates at density
of 20,000 cells/ cm® during 48 h and 6 h before
absorbance reading BrdU was incorporated to the
culture medium. Afterwards, ELISA assay was
performed following the manufacturer’s protocol. The
final reaction was measured with the spectrophotometer
Spectra MAXPLUS 384 from Molecular Devices, at
wavelengths of 370-492 nm and 3 intervals of 5 min.

GSH/GSSG measurements. 2-10° cells for each cell
type were lysed in cold 5-sulfo-salicylic acid dehydrate
at 5% weight/volume. Then, cell suspension was
centrifuged at 14,000 xg at 4°C during 10 min.
Afterwards, supernatants were used to measure free
GSH and total GSH, by Glutathione reductase, and
NADPH coupled reaction following the manufactures
instructions of  “DetectX, Glutathione Fluorescent
Detection kit” from ArborAssays (Ann Arbor, Michigan
USA). Fluorescence readings were performed using
fluorescent emission at 510 nm with excitation at 390
nm using a fluorimeter spectraMAX GEMINI
(Molecular Devices, Sunnyvale, USA). GSSG levels
were calculated using the formula GSSG = (Total GSH-
Free GSH)/2.

Confocal microscopy. AWS and control fibroblasts
were cultured as described above in 2 cm® Lab-Tek II
chambered cover glass (Nunc) for 48h. One hour before
the measurement of GSH distribution double staining
was performed maintaining cells alive. First, 5 uM Cell
Tracker green 5-chloromethylfluorescein diacetate
(CMFDA) (Molecular Probes) to detect GSH in the
cells was added to the cell culture medium for 30 min at
37°C and 5% CO,. After washing with cell culture
medium, cells were left for additional 30 min of
incubation. Afterwards, cells were stained using 2
pg/mL Hoechst 33342 (Sigma-Aldrich) to localize
nuclei. Two additional washes using cell culture
medium was performed and then GSH cellular
distribution images were acquired using a Leica TCS-
SP2 confocal laser scanning unit equipped with argon
and helium-neon laser beams and attached to a Leica
DMIRB inverted microscope. The excitation
wavelengths for fluorochromes were 488 nm for
CMFDA and 364 for Hoechst. The emission
fluorescence was detected at 510-540 nm for CMFDA
and 380-485 for Hoechst. Maximum projection was
acquired at least in five different fields. The
quantification of the fluorescence in each cellular
compartment was obtained using ImageJ. Perimeters
were drawn around the nucleus (according to the area
marked with Hoechst) and around the entire cell

(according to the area marked with CMFDA). The
nucleus/total ratio and cytoplasm/total ratio for GSH in
every cell analyzed was established by dividing the
mean of green CMFDA fluorescence of nuclear or
cytoplasm area by the mean of CMFDA fluorescence in
total area.

gRT-PCR. Total RNA was isolated from cells using the
PARIS™ Protein and RNA Isolation System (Ambion,
Austin, TX) according to the manufacturer’s
instructions. For reverse transcription reactions (RT), 1
pg of the purified RNA was reverse transcribed using
random hexamers with the High-Capacity cDNA
Archive kit (Applied Biosystems, P/N: 4322171; Foster
City, CA) according to the manufacturer’s instructions.
RT conditions comprised an initial incubation step at
25°C for 10 min to allow random hexamers annealing,
followed by cDNA synthesis at 37°C for 120 min, and a
final inactivation step for 5 min. at 95°C.

The mRNA levels were determined by quantitative real-
time PCR analysis using an ABI Prism 7900 HT Fast
Real-Time PCR System (Applied Biosystems, Foster
City, CA). Gene-specific primer pairs and probes for
WRN (Werner Hs01087915 ml, Tagman® Assays,
Applied  Biosystems), SOD1 (SOD Cu/Zn
Hs00533490 ml, Tagman®  Assays, Applied
Biosystems), SOD2 (SOD Mn Hs00167309 ml,
Tagman®  Assays, Applied Biosystems), GPXI
(Glutathione peroxidase 1 Hs00829989 gH, Tagman®
Assays, Applied Biosystems), GPX4 (Glutathione
peroxidase 4 Hs00989766 gl, Tagman® Assays,
Applied Biosystems), CAT (Catalase Hs00989766 gl,
Tagman®  Assays, Applied Biosystems), TXNI
(Thioredoxin 1 Hs01555214 gl, Tagman® Assays,
Applied Biosystems) , TXN2 (Thioredoxin 2
Hs00912509 gl, Tagman® Assays, Applied
Biosystems), GRX1 (Glutaredoxin 1 Hs00829752 gl,
Tagman® Assays, Applied Biosystems), and GRX2
(Glutaredoxin 2 Hs00375015 _ml, Tagman® Assays,
Applied Biosystems)Biosystems), were used together
with 1x TagMan® Universal PCR Master Mix (Applied
Biosystems, P/N 4304437, Foster City, CA) and 2 ul of
reverse transcribed sample RNA in 20 pl reaction
volumes. PCR conditions were 10 min. at 95°C for
enzyme activation, followed by 40 two-step cycles (15
sec at 95°C; 1 min at 60°C). The Ilevels of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH
Hs00375015 ml, Tagman®  Assays, Applied
Biosystems) expression were measured in all samples to
normalize gene expression for sample-to-sample
differences in RNA input, RNA quality and reverse
transcription efficiency. Each sample was analysed in
triplicate, and the expression was calculated according
to the 2" method .
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Protein levels by Western blot. Proteins in the sample
were denatured using the sample buffer (Tris 40mM,
EDTA, bromophenol blue 0,01%, sucrose 40%, SDS
4%, B-mercaptoethanol 10%) and heating to 95°C for 5
minutes. The samples were electrophoresed in a 12%
SDS-PAGE. After that, the proteins were transferred
onto Nitrocellulose membrane (Whatman GmbH,
Dassel, Germany).

After transference the membrane was blocked with milk
5% in TBS-Tween for 1 hour. Afterwards, membrane
slice depending on the molecular weight of the protein
of interest were incubated with specific monoclonal
antibodies. Catalase (1:1000) (Sigma, St. Louis, USA),
MnSOD (1:1000) (Stressgen, Ann Arbor, MI, USA),
CuZnSOD (1:1000, Stressgen, Ann Arbor, MI, USA),
Gpxl and Gpx4 (1:750, Abcam, Cambridge, MA,
USA), Trx1 (1:1000, Abcam), Trx2, Grxl (1:1000,
Abcam), Grx2 (1:1000, Abcam). As loading controls,
antibodies that recognize a-tubulin or B-actin (1:1000,
Santa Cruz BioTech. USA) antibodies were used.
Thereafter, the blots were washed again with TBST and
further incubated for 1 h with a secondary mouse, rabbit
or goat antibody conjugated with horseradish
peroxidase-linked. The membrane was incubated for 50
minutes at room temperature and constant agitation.
Finally, the membrane was washed 3x5 minutes with
TBS-TWEEN. Chemioluminiscent reagent was added
onto the membrane (Luminol: ECL Western Blotting
Detection Reagents, GE Healthcare, UK) 1
ml/membrane, and membranes were revealed by an
image reader LAS-4000) (General Electrics
Healthcare). Results were then analysed with Image
software 4.0 Gauge.

Antioxidant enzymes activity. Measurement of
antioxidant activities were performed as previously
described in Garcia-Giménez et al. [63]. For CuZnSOD
and MnSOD the Cayman “Superoxide Dismutase assay
kit” (Cayman, An Arbor, MI) and for the measurement
of total Gpx activity “Glutathione peroxidase assay kit
(Cayman, An Arbor, MI) were used. For the
measurement of catalase enzymatic activity the method
was based on the reaction of the enzyme with methanol
in the presence of hydrogen peroxide to produce
formaldehyde. All spectrophotometric measurements
were performed using a spectrophotometer Spectra
MAXPLUS384 (Molecular Devices, Sunnyvale, CA,
USA).

Statistical analyses. For the statistical analysis of the
results, the mean was taken as the measurement of the
main tendency, while standard deviation was taken as
the dispersion measurement. T-student test was
performed to compare differences between WRN cell

lines and their matched controls analyzing GSSG/GSH
ratio, and nitro-Tyrosine protein levels, expression of
WRN, SOD1, SOD2, CAT, GPX1, GPX4, TRX1, TRX2,
GRXI, and GRX2 genes and activities for CuZnSOD,
MnSOD, catalase and glutathione peroxidase. Different
number of technical replicates was used in each
analytical determination (see specific technique for
details). The alpha level for statistical significance was
set at p <0.05.

ACKNOWLEDGEMENTS

The authors thank C. Pérez-Quilis for technical support.
F.V. Pallard6 is member of the Rare Disease Micro-
cluster (MCI-FER) of VLC Campus of Excellence. This
work was supported by grants from Merk-Serono and
Fundacion Salud 2000, SAF2008-01338 from the
Ministerio de Ciencia e Innovacion, and the financial
support from the CIBERER (Biomedical Network
Research Center for Rare Diseases). The CIBERER is
an initiative of the Instituto de Salud Carlos III and
INGENIO 2010. M. Spis and M. Seco were recipients
of a fellowship from the CIBERER.

Conflict of interest statement

The authors of this manuscript have no conflict of
interest to declare.

REFERENCES

1. Chun SG, Shaeffer DS and Bryant-Greenwood PK. The
Werner's Syndrome RecQ helicase/exonuclease at the nexus of
cancer and aging. Hawaii Med J. 2011; 70:52-55.

2. Friedrich K, Lee L, Leistritz DF, Nurnberg G, Saha B, Hisama
FM, Eyman DK, Lessel D, Nurnberg P, Li C, Garcia FVMJ, Kets CM,
Schmidtke J, et al. WRN mutations in Werner syndrome patients:
genomic rearrangements, unusual intronic mutations and
ethnic-specific alterations. Hum Genet. 2010; 128:103-111.

3. Lauper JM, Krause A, Vaughan TL and Monnat RJ. Spectrum
and Risk of Neoplasia in Werner Syndrome: A Systematic
Review. PloS one. 2013; 8:e59709.

4. Szekely AM, Bleichert F, Numann A, Van Komen S, Manasanch
E, Ben Nasr A, Canaan A and Weissman SM. Werner protein
protects nonproliferating cells from oxidative DNA damage. Mol
Cell Biol. 2005; 25:10492-10506.

5. Muftuoglu M, Oshima J, von Kobbe C, Cheng WH, Leistritz DF
and Bohr VA. The clinical characteristics of Werner syndrome:
molecular and biochemical diagnosis. Hum Genet. 2008;
124:369-377.

6. Yokote K and Saito Y. Extension of the life span in patients
with Werner syndrome. Journal of the American Geriatrics
Society. 2008; 56:1770-1771.

7. Ariyoshi K, Suzuki K, Goto M, Watanabe M and Kodama S.
Increased chromosome instability and accumulation of DNA
double-strand breaks in Werner syndrome cells. J Radiat Res.
2007; 48:219-231.

www.impactaging.com

242

AGING, March 2014, Vol. 6 No.3



8. Ding SL and Shen CY. Model of human aging: recent findings
on Werner's and Hutchinson-Gilford progeria syndromes. Clin
Interv Aging. 2008; 3:431-444.

9. Labbe A, Turaga RV, Paquet ER, Garand C and Lebel M.
Expression profiling of mouse embryonic fibroblasts with a
deletion in the helicase domain of the Werner Syndrome gene
homologue treated with hydrogen peroxide. BMC genomics.
2010; 11:127.

10. Shen JC, Gray MD, Oshima J and Loeb LA. Characterization of
Werner syndrome protein DNA helicase activity: directionality,
substrate dependence and stimulation by replication protein A.
Nucleic Acids Res. 1998; 26(12):2879-2885.

11. Rossi ML, Ghosh AK and Bohr VA. Roles of Werner syndrome
protein in protection of genome integrity. DNA Repair (Amst).
2010; 9:331-344.

12. Pichierri P, Ammazzalorso F, Bignami M and Franchitto A.
The Werner syndrome protein: linking the replication checkpoint
response to genome stability. Aging (Albany NY). 2011; 3:311-
318.

13. Tadokoro T, Rybanska-Spaeder |, Kulikowicz T, Dawut L,
Oshima J, Croteau DL and Bohr VA. Functional deficit associated
with a missense Werner syndrome mutation. DNA Repair
(Amst). 2013; 12:414-421.

14. Podhorecka M, Skladanowski A and Bozko P. H2AX
Phosphorylation: Its Role in DNA Damage Response and Cancer
Therapy. J Nucleic Acids. 2010;

15. Castro E, Ogburn CE, Hunt KE, Tilvis R, Louhija J, Penttinen R,
Erkkola R, Panduro A, Riestra R, Piussan C, Deeb SS, Wang L,
Edland SD, et al. Polymorphisms at the Werner locus: I. Newly
identified polymorphisms, ethnic variability of 1367Cys/Arg, and
its stability in a population of Finnish centenarians. Am J Med
Genet. 1999; 82:399-403.

16. Huang S, Lee L, Hanson NB, Lenaerts C, Hoehn H, Poot M,
Rubin CD, Chen DF, Yang CC, Juch H, Dorn T, Spiegel R, Oral EA,
et al. The Spectrum of WRN Mutations in Werner Syndrome
Patients. Hum Mutat. 2006; 27:558-567.

17. Chen L, Lee L, Kudlow BA, Dos Santos HG, Sletvold O,
Shafeghati Y, Botha EG, Garg A, Hanson NB, Martin GM, Mian IS,
Kennedy BK and Oshima J. LMNA mutations in atypical Werner's
syndrome. Lancet. 2003; 362:440-445.

18. Huang S, Kennedy BK and Oshima J. LMNA mutations in
progeroid syndromes. Novartis Found Symp. 2005; 264:197-202;
discussion 202-197, 227-130.

19. Csoka AB, Cao H, Sammak PJ, Constantinescu D, Schatten GP
and Hegele RA. Novel lamin A/C gene (LMNA) mutations in
atypical progeroid syndromes. ] Med Genet. 2004; 41:304-308.
20. Doubaj Y, De Sandre-Giovannoli A, Vera EV, Navarro CL,
Elalaoui SC, Tajir M, Levy N and Sefiani A. An inherited LMNA
gene mutation in atypical Progeria syndrome. Am J Med Genet
A.2012; 158A:2881-2887.

21. Dreesen O and Stewart CL. Accelerated aging syndromes, are
they relevant to normal human aging? Aging. 2011; 3:889-895.
22. Kamenisch Y and Berneburg M. Progeroid syndromes and
UV-induced oxidative DNA damage. J Investig Dermatol Symp
Proc. 2009; 14:8-14.

23. von Zglinicki T. Oxidative stress shortens telomeres. Trends
Biochem Sci. 2002; 27:339-344.

24. Trigueros-Motos L, Gonzalez JM, Rivera J and Andres V.
Hutchinson-Gilford progeria syndrome, cardiovascular disease
and oxidative stress. Front Biosci (Schol Ed). 3:1285-1297.

25. Viteri G, Chung YW and Stadtman ER. Effect of progerin on
the accumulation of oxidized proteins in fibroblasts from
Hutchinson Gilford progeria patients. Mech Ageing Dev. 2010;
131:2-8.

26. Muller FL, Lustgarten MS, Jang Y, Richardson A and Van
Remmen H. Trends in oxidative aging theories. Free radical
biology & medicine. 2007; 43:477-503.

27. Goto M, Iwaki-Egawa S and Watanabe Y. Ageing in Werner
syndrome. Biosci Trends. 2012; 6:33-37.

28. Poot M, Kavanagh TJ, Kang HC, Haugland RP and Rabinovitch
PS. Flow cytometric analysis of cell cycle-dependent changes in
cell thiol level by combining a new laser dye with Hoechst
33342. Cytometry. 1991; 12:184-187.

29. Jaisson S and Gillery P. Evaluation of nonenzymatic
posttranslational modification-derived products as
biomarkers of molecular aging of proteins. Clin Chem. 2010;
56:1401-1412.

30. Holmgren A. Antioxidant function of thioredoxin and
glutaredoxin systems. Antioxid Redox Signal. 2000; 2:811-820.
31. Ramirez CL, Cadinanos J, Varela |, Freije JM and Lopez-Otin C.
Human progeroid syndromes, aging and cancer: new genetic and
epigenetic insights into old questions. Cell Mol Life Sci. 2007;
64:155-170.

32. Harman D. Aging: a theory based on free radical and
radiation chemistry. J Gerontol. 1956; 11:298-300.

33. Hekimi S, Lapointe J and Wen Y. Taking a "good" look at free
radicals in the aging process. Trends Cell Biol. 21:569-576.

34. Pallardo FV, Lloret A, Lebel M, d'Ischia M, Cogger VC, Le
Couteur DG, Gadaleta MN, Castello G and Pagano G.
Mitochondrial dysfunction in some oxidative stress-related
genetic diseases: Ataxia-Telangiectasia, Down Syndrome,
Fanconi Anaemia and Werner Syndrome. Biogerontology. 2010;
11:401-419.

35. Rodriguez-Lopez AM, Whitby MC, Borer CM, Bachler MA and
Cox LS. Correction of proliferation and drug sensitivity defects in
the progeroid Werner's Syndrome by Holliday junction
resolution. Rejuvenation Res. 2007; 10:27-40.

36. Rodriguez-Lopez AM, Jackson DA, lborra F and Cox LS.
Asymmetry of DNA replication fork progression in Werner's
syndrome. Aging Cell. 2002; 1:30-39.

37. Johnson BR, Nitta RT, Frock RL, Mounkes L, Barbie DA,
Stewart CL, Harlow E and Kennedy BK. A-type lamins regulate
retinoblastoma protein function by promoting subnuclear
localization and preventing proteasomal degradation. Proc Natl
Acad Sci U S A. 2004; 101:9677-9682.

38. Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, Erdjument-
Bromage H, Tempst P and Sabatini DM. mTOR interacts with
raptor to form a nutrient-sensitive complex that signals to the
cell growth machinery. Cell. 2002; 110:163-175.

39. Magnuson B, Ekim B and Fingar DC. Regulation and function
of ribosomal protein S6 kinase (S6K) within mTOR signalling
networks. The Biochemical journal. 2012; 441:1-21.

40. Ramos FJ, Chen SC, Garelick MG, Dai DF, Liao CY, Schreiber
KH, MacKay VL, An EH, Strong R, Ladiges WC, Rabinovitch PS,
Kaeberlein M and Kennedy BK. Rapamycin reverses elevated
mTORC1 signaling in lamin A/C-deficient mice, rescues cardiac
and skeletal muscle function, and extends survival. Science
translational medicine. 2012; 4:144ral103.

41. Blagosklonny MV. Progeria, rapamycin and normal aging:
recent breakthrough. Aging. 2011; 3:685-691.

www.impactaging.com

243

AGING, March 2014, Vol. 6 No.3



42. Driscoll MK, Albanese JL, Xiong ZM, Mailman M, Losert W
and Cao K. Automated image analysis of nuclear shape: what can
we learn from a prematurely aged cell? Aging. 2012; 4:119-132.

43. Polosak J, Kurylowicz A, Roszkowska-Gancarz M, Owczarz M
and Puzianowska-Kuznicka M. Aging is accompanied by a
progressive decrease of expression of the WRN gene in human
blood mononuclear cells. J Gerontol A Biol Sci Med Sci. 2011;
66:19-25.

44, Yamabe Y, Shimamoto A, Goto M, Yokota J, Sugawara M and
Furuichi Y. Spl-mediated transcription of the Werner helicase
gene is modulated by Rb and p53. Mol Cell Biol. 1998; 18:6191-
6200.

45. Moser MJ, Kamath-Loeb AS, Jacob JE, Bennett SE, Oshima J
and Monnat RJ, Jr. WRN helicase expression in Werner
syndrome cell lines. Nucleic Acids Res. 2000; 28:648-654.

46. Marciniak RA, Lombard DB, Johnson FB and Guarente L.
Nucleolar localization of the Werner syndrome protein in human
cells. Proc Natl Acad Sci U S A. 1998; 95:6887-6892.

47. Smith JA, Ndoye AM, Geary K, Lisanti MP, Igoucheva O and
Daniel R. A role for the Werner syndrome protein in epigenetic
inactivation of the pluripotency factor Oct4. Aging cell. 2010;
9:580-591.

48. Liu GH, Barkho BZ, Ruiz S, Diep D, Qu J, Yang SL, Panopoulos
AD, Suzuki K, Kurian L, Walsh C, Thompson J, Boue S, Fung HL, et
al. Recapitulation of premature ageing with iPSCs from
Hutchinson-Gilford progeria syndrome. Nature. 2011; 472:221-
225.

49. Cho CG, Kim HJ, Chung SW, Jung KJ, Shim KH, Yu BP, Yodoi J
and Chung HY. Modulation of glutathione and thioredoxin
systems by calorie restriction during the aging process. Exp
Gerontol. 2003; 38:539-548.

50. Pagano G, Zatterale A, Degan P, d'Ischia M, Kelly FJ, Pallardo
FV and Kodama S. Multiple involvement of oxidative stress in
Werner syndrome phenotype. Biogerontology. 2005; 6:233-243.
51.Yan T, Li S, Jiang X and Oberley LW. Altered levels of primary
antioxidant enzymes in progeria skin fibroblasts. Biochem
Biophys Res Commun. 1999; 257:163-167.

52. Ran Q, Liang H, Gu M, Qi W, Walter CA, Roberts LJ, 2nd,
Herman B, Richardson A and Van Remmen H. Transgenic mice
overexpressing glutathione peroxidase 4 are protected against
oxidative stress-induced apoptosis. The Journal of biological
chemistry. 2004; 279:55137-55146.

53. Brigelius-Flohe R. Tissue-specific functions of individual
glutathione peroxidases. Free radical biology & medicine. 1999;
27:951-965.

54. Walton NP, Brammar TJ and Coleman NP. The
musculoskeletal manifestations of Werner's syndrome. J Bone
Joint Surg Br. 2000; 82:885-888.

55. Perez VI, Lew CM, Cortez LA, Webb CR, Rodriguez M, Liu Y,
Qi W, Li Y, Chaudhuri A, Van Remmen H, Richardson A and lkeno
Y. Thioredoxin 2 haploinsufficiency in mice results in impaired
mitochondrial function and increased oxidative stress. Free
radical biology & medicine. 2008; 44:882-892.

56. Prokocimer M, Barkan R and Gruenbaum Y. Hutchinson-
Gilford progeria syndrome through the lens of transcription.
Aging Cell. 2013; 12:533-543.

57. Hanaoka F, Yamada M, Takeuchi F, Goto M, Miyamoto T and
Hori T. Autoradiographic studies of DNA replication in Werner's
syndrome cells. Adv Exp Med Biol. 1985; 190:439-457.

58. Sommers JA, Sharma S, Doherty KM, Karmakar P, Yang Q,
Kenny MK, Harris CC and Brosh RM, Jr. p53 modulates RPA-

dependent and RPA-independent WRN helicase activity. Cancer
Res. 2005; 65:1223-1233.

59. Balajee AS, Machwe A, May A, Gray MD, Oshima J, Martin
GM, Nehlin JO, Brosh R, Orren DK and Bohr VA. The Werner
syndrome protein is involved in RNA polymerase Il transcription.
Mol Biol Cell. 1999; 10:2655-2668.

60. Turaga RV, Massip L, Chavez A, Johnson FB and Lebel M.
Werner syndrome protein prevents DNA breaks upon chromatin
structure alteration. Aging Cell. 2007; 6:471-481.

61. Ho JC, Zhou T, Lai WH, Huang Y, Chan YC, Li X, Wong NL, Li Y,
Au KW, Guo D, Xu J, Siu CW, Pei D, et al. Generation of induced
pluripotent stem cell lines from 3 distinct laminopathies bearing
heterogeneous mutations in lamin A/C. Aging (Albany NY). 2011;
3:380-390.

62. Von Kobbe C, May A, Grandori C and Bohr VA. Werner
syndrome cells escape hydrogen peroxide-induced cell
proliferation arrest. FASEB J. 2004; 18:1970-1972.

63. Garcia-Gimenez JL, Gimeno A, Gonzalez-Cabo P, Dasi F,
Bolinches-Amoros A, Molla B, Palau F and Pallardo FV.
Differential expression of PGC-lalpha and metabolic sensors
suggest age-dependent induction of mitochondrial biogenesis in
Friedreich ataxia fibroblasts. PloS one. 2011; 6:e20666.

www.impactaging.com

244

AGING, March 2014, Vol. 6 No.3



SUPPLEMENTARY FIGURES

’-5” exonuclease RecQ helicase HRDC

RQC NLS
v | I N . Hi-
*

O

N Globulfzr _ Glob C
domain B do

A

Supplementary Figure 1. Scheme for the mutations in A) the WRN gene for Werner Syndrome
(WS) and B) in the LMNA gene for atypical Werner Syndrome (AWS).
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Supplementary Figure 2. Cellular GSH distribution in fibroblasts measured by confocal microscopy. (A) Green indicates
distribution of GSH in the cellular compartments stained with 5-chloromethylfluorescein diacetate (CMFDA). Blue indicates the
nucleus stained with Hoechst. The emission fluorescence was detected at 510-540 nm for CMFDA and 380-485 for Hoechst.
Maximum projection was acquired in at least five different fields. (B) Fluorescence quantification of CMFDA dye in the nucleus and
cytoplasm in AWS and WS cells. Results are represented as mean (+SD) of 20 cells counted at least in 3 different experiments.
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