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a  b  s  t  r  a  c  t

Werner  syndrome  (WS)  protein  is  involved  in DNA  repair  and  its truncation  causes  Werner  syndrome,
an autosomal  recessive  genetic  disorder  with  a premature  aging  phenotype.  WRN  protein  mutation  is
currently  known  as  the primary  cause  of  WS.  In cultured  WS  fibroblasts,  we  found  an  increase  in cytosolic
aggregates  and  hypothesized  that  the  phenotype  is indirectly  related  to an  excess  activation  of  the  mTOR
(mammalian  target  of  rapamycin)  pathway,  leading  to the  formation  of  protein  aggregates  in  the  cytosol
with  increasing  levels  of oxidative  stress.

As we  found  that  the  expression  levels  of  the  two  main  H2S producing  enzymes,  cystathionine  �
synthase  and  cystathionine  � lyase,  were  lower  in WS  cells  compared  to  normal,  we  investigated  the  effect
roteostasis
TOR
utophagy
aHS

of administration  of  H2S as  NaHS  (50  �M). NaHS  treatment  blocked  mTOR  activity,  abrogated  protein
aggregation  and  normalized  the  phenotype  of WS  cells.  Similar  results  were  obtained  by treatment  with
the  mTOR  inhibitor  rapamycin.

This  is  the  first  report  suggesting  that hydrogen  sulfide  administered  as  NaHS  restores  proteostasis  and
cellular  morphological  phenotype  of WS  cells  and  hints  to  the  importance  of  transsulfuration  pathway
in  WS.
. Introduction

Werner syndrome (WS) is a prototype of segmental post-
uberty progeria characterized by the accelerated appearance of
ommon aging-related pathologies including alopecia, ischemic
eart disease, osteoporosis, ocular cataract, type II diabetes mel-

itus, hypogonadism [1] and mesenchymal neoplasms, particularly
arcomas [2]. WS  is caused by the mutation of Werner protein, a
ember of the RecQ family of DNA helicases [3]. The resulting trun-

ation of WRN  protein leads to defects in important DNA metabolic
athways, such as replication, recombination and maintenance
f telomeres [4,5]. Depletion of WRN  protein in normal fibro-
lasts reduces cell survival and increases senescence associated
-galactosidase activity [6], is highly growth suppressive and sen-
itizes cells to DNA damage [7] to a level comparable to primary WS

broblasts. It has been demonstrated that WRN  protein knockdown
e.g. via shRNA) in human fibroblasts causes growth suppression
nd sensitization to DNA damage [7]. The genome instability of WS
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cells depends on WRN  protein expression, because in vitro expres-
sion of normal WRN  protein or telomerase in WS  cells is sufficient
to partially protect them from the accumulation of chromosomal
aberrations and genome instability [8]. Mutational inactivation of
the WRN  gene causes Werner syndrome, an autosomal recessive
disease characterized by premature aging, elevated genomic insta-
bility and increased incidence of cancer. The genetic data indicate
that the delayed manifestation of the complex pleiotropic of WRN
deficiency might relate to telomere shortening [8], although there
is still controversy over the exact role of telomeres in WS.  Further,
despite the extensive changes in fibroblasts depleted of WRN  pro-
tein, WRN  protein knockout mice show no sign of accelerated aging,
although their cellular proliferative capacity is reduced [9,10]. Also,
WRN  protein knockout does not increase the sensitivity of mouse
embryonic fibroblast to camptothecin induced cell death [10]. Thus,
although the lack of WRN  is the cause of the accelerated aging in
WS,  the absence of a clear phenotype in WRN  knockout mice indi-
cates that a different mechanism is required in mice to recapitulate
human WS.  Perhaps, the absence of WRN  protein embodies only
one factor involved in the aging phenotype observed in WS  and

additional factors might be part of the disease mechanism.

We  observed a morphological difference between WS  fibro-
blasts and normal fibroblasts and hypothesized this difference to
arise from protein aggregation in response to environmental stress

dx.doi.org/10.1016/j.phrs.2013.04.011
http://www.sciencedirect.com/science/journal/10436618
http://www.elsevier.com/locate/yphrs
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nd genetic mutations [11]. Protein aggregate formation affects
ellular function and has been implicated in various aging related
isorders [12] and complications as reviewed by Talaei [13]. Indeed,
ells from WS  patients show high levels of oxidatively modified
roteins [14], which might contribute to an accumulation of reac-
ive oxygen species (ROS) [15,16], in turn likely negatively affecting
NA stability [17] and possibly contributing to aggregation of oxi-
ized proteins [18]. Moreover, while in normal cells oxidative
amage of DNA leads to inhibition of proliferation, this process
eems impaired in WS  [19]. This in turn potentially promotes DNA
ouble-strand breaks [20] and genome instability, which is in part
ue to defect in telomere maintenance [8]. It has been suggested
hat genome instability in WS  cells depends directly on telomere
ysfunction, linking chromosome end maintenance to chromo-
omal aberrations in this disease [8]. This might in part also be
elated to the observation that cells in WS  cultures usually exhibit
remature senescence by an apparently irreversible exit from the
ell cycle at a faster rate than normal cells do [21]. Also, extracellu-
ar matrix (ECM) protein components are affected by senescence,
cquiring insoluble properties [22]. Thus, certain clinical manifesta-
ions of WS  such as fibrosis, cataract, scleroderma and osteoporosis

ay  be dependent on the expression of aberrant ECM components
uch as hyaluronate, fibronectin and collagens [23].

According to our observations in WS  fibroblast cells, we  hypoth-
sized that administration of H2S might constitute an effective
herapy against cellular damage in WS  cells. First, H2S displays pro-
ound antioxidant and cytoprotective properties, protecting against
OS [24,25]. Secondly, in kidney cells, H2S inhibits the activity of
ammalian target of rapamycin (mTOR) [26], a major pathway

ontrolling protein translation via its downstream targets S6 kinase
nd 4EBP1 [27,28]. Thus, we explored the effects of H2S in WS
kin fibroblasts compared to normal skin fibroblasts by studying
ts effect on protein aggregation, mTOR and downstream targets
nd autophagy. Rapamycin treated cells were used to examine the
ffects of mTOR inhibition. Also, we studied the levels of enzymes
nvolved in the endogenous production of H2S, cystathionine �
ynthase (CBS) and cystathionine � lyase (CSE) in WS cells.

. Materials and methods

.1. Cell lines

WS  skin fibroblast cell lines; AG11395 (male, 60 years old, SV40
ransformed) and AG12795 (male, 19 years old, non-transformed)
ere selected for the experiments and purchased from Coriell

nstitute cell repository (NJ, USA). Normal skin fibroblast cells;
M00637 (female 18 years Corriell NIGMS human genetic cell col-

ection, SV40 transformed (NJ, USA)) and PCS-201-012 (American
ype culture collection, VA, USA), from healthy adult individuals
ere used as reference. According to the trypan blue exclusion

ssay, the different cell lines used at the time of experiments had
imilar population doubling time of 22 ± 2.3 h, indicating similar
ates of cell growth in culture, even though unfortunately we have
o record of PDL (population doubling level of these cell lines).
xperiments with untreated and treated WS  cells were performed
n every single batch of cells. Cells were kept at 37 ◦C with 5% CO2
n Dulbecco Modified Eagles Medium with 2 mM  l-glutamine and
0% fetal bovine serum.

.2. Cell treatment and assessment of intracellular proteins
To study the pharmacological effects of NaHS and rapamycin on
ells, semiconfluent (50%) cultures at the above indicated doubling
ime were treated for 1 week on daily basis with either freshly dis-
olved NaHS (50 �M)  or rapamycin (50 nM used only on AG11395
l Research 74 (2013) 34– 44 35

WS  cells) in medium. Cells with different treatments and controls
were cultured at low density and photographed by phase contrast
microscopy. To analyze the properties of intracellular proteins, the
SDS–urea resistant protein fraction was determined. Werner cells
of an exponentially growing culture were harvested by centrifuga-
tion at 1400 × g for 5 min  at 4 ◦C and resuspended in 300 �l of lysis
buffer (50 mM Tris pH 7.5, 100 mM EDTA, 10 mM KCl, 1 mM dithio-
threitol, 1% Triton, 10 �g/ml leupeptin, 10 �g/ml pepstatin, 1 �g/ml
aprotinin, and 1 mM phenylmethylsulfonyl fluoride), lysed on ice
for 1 h, and disrupted by 4 min  of vortexing. Cell aggregates were
removed by centrifugation at 1400 × g for 1 min.

Ultracentrifugation of 200 �l of extract at 350,000 × g at 4 ◦C for
1 h was used to separate soluble and insoluble proteins. Pellets were
washed twice with phosphate-buffered saline and resuspended in
200 �l of formic acid at 37 ◦C for 1 h. Protein content of the super-
natant and solubilized pellet fraction was analyzed by Bradford
assay. Sirius red dye was used to quantify the amount of collagen
in supernatant medium obtained from treated WS  and normal cells
24 h after the last treatment and compared to collagen present in
supernatant from control cells. To prepare Sirius red dye solution,
0.2 g Sirius Red was  added to 200 ml  of saturated aqueous solu-
tion of picric acid. One milliliter of the dye solution was  added to
each 5 ml  of cell supernatant, mixed gently at room temperature for
30 min  and centrifuged at 10,000 × g for 5 min to pellet the colla-
gen. The supernatant was carefully removed without disturbing the
pellet. One milliliter of 0.1 M HCl was added to each tube to remove
unbound dye. The samples were again centrifuged at 10,000 × g for
5 min  to pellet the collagen. One milliliter 0.5 M NaOH was  added
to each tube and vortexed vigorously to release the bound dye.
100 �l of each solution was transferred to a 96 well plate and the
absorption was  read at 540 nm (500–550 nm). Collagen stock solu-
tion (2 mg/ml) was  prepared by adding 5 ml of 0.5 M sterile acetic
acid to 10 mg  lyophilized powder (Type I Collagen – acid soluble
(Sigma C-3511)). A standard curve was  constructed using different
concentration of collagen [29].

2.3. Initiation of oxidative stress

The effect of daily NaHS and rapamycin administration was
tested in WS  and normal fibroblasts subjected to H2O2 oxidative
stress. One week treated WS cells were washed with PBS and the
medium was renewed without any treatment, incubated for 24 h
and subsequently exposed to 100 �M H2O2 for 30 min. Cells were
studied 24 h after exposure. To assess the level of cell apoptosis in
each cell group, cell viability was measured by MTS  assay (Promega)
according to the manufacturer’s instructions.

2.4. Assessment of intracellular thiol groups

After 1 week of treatment with NaHS and rapamycin, total levels
of cellular sulfhydryl groups ( SH groups) based on the reduc-
tion of 5,5 dithiobis-2-nitrobenzoic acid (DTNB, Sigma). Cells were
measured 24 h after exposure to H2O2 stress and compared to non-
exposed control. Cells were lysed in 10 mM Tris-buffer 1% Triton
X-100 (Sigma), followed by centrifugation at 7000 × g for 10 min.
The supernatant was incubated with phosphate buffer containing
DTNB at room temperature for 60 min. The quantification was  con-
ducted at 412 nm using a microplate reader.

2.5. ROS formation

Intracellular reactive oxygen species (ROS) generation by cells

was measured using the fluorogenic probe CM-H2-DCFDA (2,7
dichlorofluorescein diacetate, Invitrogen). Cells were cultured in
black 96-well plates (Nunc). 24 h later confluent cells were exposed
to 100 �M H2O2 for 30 min  to elicit ROS response in cells. The
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edium was then discarded and cells were loaded with 5 �M of
M-HDCFDA in PBS for 30 min  at 37 ◦C. Serial measurement in a
uorescence 96-well plate reader at 37 ◦C was performed. The for-
ation of the fluorescent probe DCF was monitored at excitation
avelength 488 nm (bandwidth 5 nm), and emission wavelength

25 nm (bandwidth 20 nm). Substrate autofluorescence was  sub-
racted.

.6. Caspase 3/7 activity assessment

To assess apoptosis, caspase 3/7 activity assay was performed.
ells were cultured in transparent 96 well plates and left at 37 ◦C
or 24 h, treated with 100 �M H2O2 for 30 min, washed with normal

edium and replaced with FCS supplemented medium without
ntibiotics and left to proliferate for 24 h. Caspase substrate (50 �l,
romega Apo-ONE) was added to each well. The plates were shaken
or 3 h and fluorescence was read at an excitation of 499 nm and
mission of 521 nm.

.7. Antibody staining and Western blotting

Lamin A/C antibody (Santa Cruz, sc-6215) was used to assess
uclear morphology in fixed cells. Cells were cultured at 50% con-
uence on glass coverslips, fixed by acetone (100%) for 10 min  and
ehydrated in alcohol 70% for 10 min. The coverslips were washed
ith PBS three times for 5 min  each. Then, cells were incubated
ith the appropriate antibody for 1 h. The slides were then washed

n PBS thrice and incubated with 1% secondary antibody in PBS
ontaining 1% BSA for 1 h and again washed in PBS thrice. Dako
EC + High sensitivity substrate chromogen (K3461) was used to
isualize the antibody stain. To demonstrate the localization of this
rotein images were captured using a Nikon 50 light microscope
ith a Paxcam camera.

Western blot analysis was conducted to evaluate the expres-
ion of fibronectin (Santa Cruz antibody, sc-6952), CBS (Santa Cruz
ntibody, sc-46830) and CSE (Santa Cruz antibody, sc-131905). To
valuate the mTOR pathway, the expression of (phospho)proteins
as quantified by Western blot analysis. The mTOR phosphory-

ation was analyzed by rabbit Anti-p-mTOR (ser 2448) (Millipore
5-105). Antibodies to proteins associated with the mTOR pathway
ere from Cell Signaling and included mTOR (7C10), pAkt (s473;
9E) and pS6 ribosomal protein S235/236 (D57.2.2E).

Cell samples were washed with PBS and lysed in 120 �l RIPA
uffer (1% Igepal ca-630, 1% SDS, 5 mg/ml  sodium deoxycholate,

 mM sodium orthovanadate, 40 �g/ml PMSF, 100 �g/ml benzami-
ine, 500 ng/ml pepstatin A, 500 ng/ml leupeptine and 500 ng/ml
protinin in PBS) [30]. Loading buffer (20 �l) was  added to 50 �g
f cell protein and ran at 100 V for 70 min. Proteins were trans-
erred to a nitrocellulose membrane and detected by West Pico
hemiluminescent Substrate (supersignal), photographed and ana-

yzed with genetool software (version 3.08, SynGene, UK). Protein
xpression was corrected over �-actin as an internal reference.

.8. Senescence-associated ˇ-galactosidase (SABG) activity

To evaluate the level of senescence in cells SABG staining was
erformed. Cells (SV40 nontransfected cells) were treated with
aHS or rapamycin on daily basis or left untreated as controls

or one week. The final treatment dose was administered 2 h
efore the induction of premature senescence, accomplished by
ashing cells with PBS and the administration of 100 �M H2O2

or 30 min  in culture medium. Subsequently, cells were washed

ith PBS and incubated in fresh culture medium at 37 ◦C with

% CO2 for 24 h before staining. Then, cells were washed twice
n PBS, fixed in 2% formaldehyde and 0.2% glutaraldehyde for

 min  at room temperature, washed twice, and stained with fresh
l Research 74 (2013) 34– 44

SABG staining solution (1 mg/ml  of 5-bromo-4-chloro-3-indolyl-d-
galactoside, 40 mmol/L of citric acid/sodium phosphate dibasic, pH
6.0, 150 mmol/L NaCl, 2 mmol/L of MgCl2, 5 mmol/L of K3Fe[CN]6,
and 5 mmol/L of K4Fe[CN]6) for 18 h at 37 ◦C without CO2. Two
hundred cells were examined at 100× magnification using a phase
contrast microscope and the percentage of positively stained cells
was determined.

2.9. Nuclei contour ratio

To determine nuclei roundness, nuclei contour ratios were com-
puted. We  measured 40–70 randomly selected cell nuclei per cell
line and calculated the contour ratio (4� × area/perimeter2). The
contour ratio for a circle is 1. As the cell nuclei become less round,
this ratio approaches 0. To calculate the perimeter length and area,
we traced the outline of cell envelop with a closed loop drawing tool
using imageJ and by using images captured from cells prepared for
immunohistochemistry.

2.10. Statistics

Data are presented as mean ± SD. Statistical data analyses were
either performed using a One-way ANOVA (P < 0.05) with Tukey
post hoc testing or a student’s t-test (GraphPad Prism version 5.00
for Windows, GraphPad Software, San Diego CA, USA), unless indi-
cated otherwise.

3. Results and discussion

3.1. Aggregates in WS  cells, autophagy and annihilation by NaHS

We  studied protein aggregation and the nature of protein
aggregates in different samples. The data from the experiments
represent WS  cell lines and Normal cell lines (WS: AG11395 and
AG12795, Normal: GM00637 and PCS-201-012) unless indicated
otherwise. Upon light microscopic examination, normal fibroblast
visibly shows little presence of vesicular shaped aggregates per cell
(Fig. 1A panels 1 and 2) compared to WS  cells (Fig. 1A, panels 3 and
6). Treatment of WS  fibroblasts with both NaHS (Fig. 1A, panels 4
and 7) and rapamycin (Fig. 1A, panels 5 and 8) for 1 week decreased
the vesicular structures inside the cells and WS  fibroblasts appeared
similar to normal cells. We  also observed different cell morphol-
ogy with different treatments. WS  cells displayed a larger size and
rounder morphology compared to normal or treated cells, which
were smaller and more spindle shaped, likely representing a less
active state of these fibroblasts. Thus, NaHS and rapamycin restored
the light microscopic phenotype of WS cells.

The nature of cytosolic proteins in WS  cells was investigated
by measuring the urea-insoluble portion of proteins compared to
the soluble portion. In WS  fibroblasts, insoluble proteins made up
for 50 ± 5% of protein content, as opposed to only 15 ± 5% in normal
cells (Fig. 1B). Treatment of WS  cells with NaHS and rapamycin fully
normalized the levels of insoluble proteins.

To further characterize the protein production in WS  fibroblasts,
cellular collagen release into the medium was measured in WS cells
compared to normal fibroblasts (Fig. 1C). WS fibroblasts produced
twice the amount of collagen compared to normal fibroblasts. NaHS
treatment significantly reduced the collagen amount produced by
WS cells, almost to the level of normal fibroblast. The expression of
intracellular fibronectin was also increased in WS  cells, which was
also attenuated by NaHS treatment (Fig. 1D).

The change in autophagy observed in progeria syndromes

models [31] may  relate to the increase in protein aggregation
and insoluble proteins in WS  cells. To investigate the presence
of autophagy, levels of LC3-I and LC3-II as specific markers of
autophagosomes were measured using Western blotting (Fig. 1E)
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Fig. 1. NaHS treatment restores phenotype, counteracts protein insolubility and normalizes ECM protein synthesis in WS cells. (A) Light microscopic examination demonstrate
WS  cells (AG11395 and AG12795) to contain cytoplasmic aggregates, which disappear after treatment with NaHS or rapamycin (1 week treatment). WS cells were larger in
size  with rounder morphology compared to normal or treated cells which were smaller and spindle shaped. (B) WS cells show an increased amount of urea insoluble proteins.
Treatment with NaHS normalizes the amount of insoluble protein in WS cells to levels found in normal cells (GM00637, PCS-201-012). (C) and (D) WS cells show excess levels
of  collagen and fibronectin, which are normalized by NaHS treatment. (E) and (F) WS cells have increased LC3-I and LC3-II levels with higher autophagy levels (LC3-II/LC3-I)
a  autop
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nd  NaHS treatment lowers the levels of LC3-I and LC3-II but increases the levels of
ells,  #: difference to untreated cells in each group, P < 0.05. Western blot expressi
-axis.

32]. Both LC3-I and LC3-II levels were 3–4 times higher in WS  cells
ompared to normal fibroblasts. Thus, we determined the effects
f NaHS on the ratio of LC3-II/LC3-I. One week of treatment with
aHS, which had decreased extracellular matrix protein synthesis
nd intracellular aggregates, lowered LC3-I and LC3-II expression
o normal levels but increased autophagy levels as determined by
C3-II/LC3-I ratio in both normal and WS  cells.

Together, these data implicate that NaHS and rapamycin treat-

ent normalize protein aggregation and the amount of insoluble

roteins. Moreover, NaHS appears to normalize the enhanced
roduction of collagen and fibronectin while increasing the flux
hrough the autophagy pathway.
hagy (LC3-II/LC3-I). Data are means ± SD (n ≥ 4 per group). *: difference to normal
ormalized to �-actin; lanes of Western blot insets are in the same order as in the

3.2. mTOR pathway in WS  skin fibroblasts and modulation by
NaHS

Intracellular aggregates in cells are classically associated with
misfolded and aggregated proteins which should normally be
degraded. Because of the increase in intracellular aggregates
and excess production of collagen and fibronectin, we examined
the mTOR pathway, a main controller of protein synthesis [33].

The expression and phosphorylation of mTOR at ser2448 were
examined. While total mTOR expression was not increased in WS
cells compared to normal, NaHS slightly decreased the expression
of this protein in both WS and normal cells (Fig. 2A). mTOR
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Fig. 2. Changes in mTOR pathway in WS cells are counteracted by NaHS treatment. (A) and (B) WS cells show increased expression and phosphorylation of mTOR at ser2448.
NaHS  treatment (1 week) decreases the expression and activation of mTOR in both normal cells and WS  cells. (C) and (D) WS cells show increased expression and activation
of  S6 ribosomal protein compared to normal. Treatment of WS  cells with NaHS lowered the expression and activation of S6 ribosomal protein. (E) and (F) WS cells show
d  NaHS
l  0.05.
i

p
c
N
e
r
n

ecreased levels of Akt phosphorylation compared to normal cells. Treatment with
ine).  *: difference to normal cells, #: difference to untreated cells in each group, P <
n  the same order as in the X-axis.

hosphorylation, however, was about 4 times higher in WS  cells
ompared to normal, which was normalized by treatment with

aHS (Fig. 2B). Next we examined S6 ribosomal protein (S6)
xpression, the downstream target of the mTORC1 complex. S6
ibosomal protein showed a higher basal level in WS  compared to
ormal. Further, phospho-S6 ribosomal protein (pS6) was  grossly
 increased pAkt in normal and WS cells. Data are means ± SD (n ≥ 3 per group cell
 Western blot expression is normalized to �-actin; lanes of Western blot insets are

increased in WS  cells compared to control (Fig. 2C), which was
inhibited by NaHS (Fig. 2D). In addition, WS  cells showed down-

regulation of the Akt/PKB pathway, as shown by decreased levels
of Akt and pAkt compared to normal fibroblasts (Fig. 2E). NaHS
treatment modestly increased pAkt levels in control fibroblasts,
but strongly increased pAkt levels in WS  cells to levels above NaHS
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Fig. 3. NaHS treatment normalizes nuclear morphology and SIRT-1 expression. (A) WS cells demonstrate lower lamin A/C expression compared to normal cells, which is
restored through NaHS or rapamycin treatment. (B) WS cells show strongly decreased SIRT-1 expression, which is normalized by NaHS treatment. (C) Lamin A/C staining
of  WS  cells shows irregularly shaped nuclei in 50% of the WS  cells, which is normalized by treatment with NaHS or rapamycin. Data are means ± SD (n ≥ 3 per group cell
l ith a
l ester
s

t
i
A

3

m

ine).  (D) Nucleus contour ratio (CR) shows the level of the nuclei roundness. Cells w
obulated. *: difference to normal cells, #: difference to WS  control cells, P < 0.05. W
ame  order as in the X-axis.

reated normal fibroblasts (Fig. 2F). Thus, NaHS treatment both
nhibited the activated mTOR pathway and strongly induced the
kt survival pathway of WS  cells.
.3. Effects of NaHS on nuclear morphology

As WS fibroblasts are known to exhibit abnormal overall nuclear
orphology [34], possibly related to decreased lamin A/C protein
 CR = 0.7 were considered nonlobulated, and those with a CR < 0.7 were considered
n blot expression is normalized to �-actin; lanes of Western blot insets are in the

levels [35], we examined nuclear morphology and quantified lamin
A/C. In accord with senescence, both the expression of lamin A and C
was decreased in WS  cells (Fig. 3A). Also, WS  cells stained for lamin
A/C antibody showed nuclei with a distorted shape (Fig. 3C panels

2 and 4), indicating an unstable nucleus morphological structure.
Treatment of WS  cells with NaHS normalized levels of lamins A and
C (Fig. 3A) and restored the abnormal morphological structure of
the nucleus (Fig. 3C panels 3 and 5) to normal (Fig. 3C panel 1).
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Fig. 4. NaHS induces resistance to ROS damage in cells. (A) WS  and normal cells show increased levels of fluorescin fluorescence, as a measure of ROS production, following
H2O2 treatment, which is attenuated by treatment with NaHS (1 week). (B) WS  and normal cells show increased levels of caspase activity following H2O2 treatment, which is
attenuated by treatment with NaHS. (C) Cell survival following H2O2 treatment is decreased in WS cells and normal fibroblast and is attenuated by NaHS. Data are means ± SD
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NaHS and rapamycin treatment.

Fig. 5. Percent senescence (SABG) 24 h after subjection to oxidative stress (H2O2).
n  ≥ 3 per group cell line). *: difference to normal cells, #: difference to WS untreate

imilar effects were observed with rapamycin treatment (Fig. 3C
anel 6). Thus, NaHS treatment restores the abnormality in nuclear
orphology of WS  cells.
In addition to lamins, we examined expression of SIRT1 (sirtuin

: silent mating type information regulation 2 homolog), a class
II histone deacetylase (HDAC) known to promote proliferation
nd prevent senescence [36]. While levels of SIRT1 were strongly
educed in WS  cells, treatment with NaHS completely restored its
evels to that of normal cells (Fig. 3B). In normal cells, the contour
atio (CR) remained 0.9 ± 0.1 whereas in WS  cells this ratio was
ower at 0.5 ± 0.14. Cells with a nucleus CR ≥ 0.7 were considered
onlobulated, and those with a CR < 0.7 were considered lobulated
Fig. 3D). Thus, the WS  cells presented in this experiments have lob-
lated nuclei which is restored to normal through the use of NaHS
r rapamycin.

.4. NaHS treatment induces resistance to senescence and
xidative damage in WS  cells

To further substantiate that NaHS treatment restores a nor-
al  cellular defense against stress in WS  cells, their resistance

o oxidative damage was investigated by measuring cell death
hrough oxidative stress. The basal level of oxygen radicals was
ncreased 3-fold in untreated WS  cells compared to normal cells
Fig. 4A). Administration of H2O2 increased ROS levels of normal
ells to the level found in unstimulated WS  cells and strongly
ncreased the levels of ROS in WS  cells. Treatment with NaHS
ubstantially reduced ROS levels in H2O2 treated WS  cells and
ormal fibroblasts to 2/3 of either H2O2 treated normal or WS
ells (Fig. 4A). In addition, NaHS treatment both lowered caspase
/7 activity in both H2O2 challenged and unchallenged WS  cells
nd H2O2 challenged normal fibroblasts (Fig. 4B). Consequently,
aHS treatment increased cell survival in H2O2 challenged cells

Fig. 4C).
As WS  cells rapidly enter a senescent state [6], we  examined the

ffect of NaHS and rapamycin on premature senescence induced by
2O2 treatment by senescence-associated �-galactosidase (SABG)

taining. Under basal conditions, about 60% of WS  fibroblasts (SV40
ontransfected) stained positive for SABG, while in control this
as found to be 17%, which was further increased by treatment

ith H2O2 (Fig. 5). NaHS substantially lowered senescence both

n unchallenged WS  cells and H2O2 treated WS  and normal cells.
apamycin displayed similar effects, although its effectiveness
eemed lower compared to NaHS (Fig. 5).
s, •: difference to H2O2 treated WS control cells, P < 0.05.

3.5. The H2S producing endogenous pathway in WS  cells

Finally, we  investigated the endogenous H2S pathways known
to exert antioxidant activity. Western blot analysis showed that
expression of CBS and CSE was  significantly reduced in WS  cells,
and CBS seemed more affected than CSE (Fig. 6A and B). In addi-
tion, WS cells displayed lower intracellular levels of thiol groups
compared to normal cells. Moreover, thiol levels in WS  cells were
strongly reduced by challenging with H2O2 (Fig. 6C). Finally, NaHS
and rapamycin treatment normalized the amount of thiol groups
in H2O2 challenged WS  cells to levels comparable with H2O2 chal-
lenged normal cells (Fig. 6C). Together, these data show that WS
cells show increased vulnerability to oxidative stress and decreased
intracellular levels of thiol groups, all of which are counteracted by
SABG staining at pH 6 shows higher levels of senescence in WS cells (AG12795)
compared to normal (PCS-201-012). H2O2 induced cellular senescence was pharma-
cologically suppressed by both rapamycin and NaHS treatment. Data are means ± SD
(n  ≥ 3 per group cell line). *: difference to normal cells, # difference to WS untreated
cells, •: difference to H2O2 treated WS and normal cells in each group, P < 0.05.
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Fig. 6. Expression of H2S generating enzymes and levels of cellular thiols are reduced in WS cells. (A) and (B) S producing enzymes cystathionine � synthase (CBS) and WS
cells  show lower expressions of cystathionine � lyase (CSE) compared to normal. (C) Cellular levels of thiol groups are reduced in WS (AG11395 and AG12795). NaHS and
rapamycin treatment increase the levels of free thiol groups in WS  cells. H2O2 treatment of WS cells strongly decreases the level of free thiol groups, which is attenuated by
t erence
W f Wes
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reatment with NaHS and rapamycin. Data are means ± SD (n ≥ 3 per group). *: diff
S  control cells, P < 0.05. Western blot expression is normalized to �-actin; lanes o

. Conclusion

The current study demonstrates that treatment with NaHS
lleviates major changes in cultured WS  fibroblasts, essentially
estoring their normal morphological phenotype. WS  cells were
haracterized by an increase in intracellular aggregates and abun-
ant production of insoluble proteins, accompanied by a high level
f oxidative stress and nuclear dysmorphy, which were alleviated
y NaHS treatment. In addition, we found WS  cells to display
omplex changes in protein synthesis and breakdown pathways.
n the one hand WS  cells display a strong activation of the mTORC1
athway, as evidenced by the increase in pmTOR and pS6 ribosomal
rotein levels, which was accompanied by a decrease in pAkt levels
ost likely caused by a negative feedback from mTORC1 activation.
n the other hand, autophagy was induced in WS  cells as indicated
y strongly increased levels of both LC3-I and LC3-II and an elevated
C3-II/LC3-I ratio of WS  cells compared to normal cells. Notably, all

hese changes in WS  cells were attenuated or normalized by 1 week
f daily treatment with NaHS. Many of the beneficial effects of NaHS
reatment seem to relate to suppression of the mTORC1 pathway, as
reatment with the mTOR inhibitor, rapamycin, displayed similar
 to normal cells, #: difference to WS untreated cells, •: difference to H2O2 treated
tern blot insets are in the same order as in the X-axis.

effects as NaHS. Further, NaHS reduced the increased vulnerability
to oxidative damage in WS  cells, suggesting that the limitation
of oxidative damage may  represent an additional mechanism
of action of NaHS treatment. Indeed, we  found the endogenous
enzymes involved in the production of H2S to be downregulated in
WS cells, resulting in decreased intracellular levels of thiol groups,
likely acting as antioxidants. Taken together, our data implicate
that H2S constitutes a possible treatment option to attenuate
excess protein aggregation and oxidative stress in WS  fibroblasts.

In contrast to the common notion that the mTORC1 pathway
acts as a negative regulator of autophagy, our data suggest that
autophagy is activated in WS  cells. Indeed, simultaneous activa-
tion of both mTORC1 and autophagy has been reported previously
in aberrant DNA mismatch repair in 6-thioguanine treated cells
accumulating DNA strand breaks [37]. Thus, co-activation of both
pathways may  result from the severely hampered DNA repair in
WS fibroblasts, due to lack of the WRN  helicase [20]. Alternatively,

co-activation of mTORC1 and autophagy in WS  cells may root in a
signal that overrides suppression of autophagy by mTORC1. In view
of our finding of extensive protein production and protein aggre-
gation in WS cells, one of the likely candidates in WS  cells to cause
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ctivation of autophagy may  be the unfolded protein response
UPR), which normally results from ER (endoplasmic reticulum)
tress and is known to activate autophagy [38]. Moreover, ER
tress/UPR activation of autophagy in WS  cells may  be amplified
urther by excessive production of ROS in these cells [39]. Taken
ogether, several mechanisms operational in WS,  including DNA
amage, ER stress and ROS production may  explain co-activation
f mTORC1 and autophagy in WS  fibroblasts, as observed by us.

Our data implicate that protein aggregation, in addition to
nown factors such as DNA damage [40], constitutes an important
echanism of the phenotypical changes in WS  fibroblast. WS  cells

howed abundant production of insoluble proteins with visible
esicular conformations. It has been proposed that protein aggre-
ation induces growth arrest in cells that are unable to degrade
hem [41]. Growth suppression is also observed in WRN  protein
epleted cells [7]. We  demonstrate higher levels of extracellular
atrix molecules such as collagen and fibronectin produced by
S cells. A novel finding of our study is that the mTORC1 path-
ay is strongly activated in WS  cells, as implied by increased levels

f phosphorylated mTOR and S6 ribosomal protein. The marked
pregulation of matrix proteins such as collagen and fibronectin

n WS  cells may  well be caused by activation of the mTORC1 com-
lex, which promotes protein synthesis and aggregation [42]. In
roliferating cells, growth factors activate cell mass growth, which

s balanced by division. When the cell cycle is slower, the acti-
ated mTOR could drive the senescent morphology [43]. Moreover,
ctivation of the mTORC1 increases cellular stress [44] which may
urther explain the protein aggregation we observed in WS  cells.
n contrast to mTORC1, the mTORC2 pathway seems inhibited
s shown by lower pAkt levels [45]. However, the lower pAkt
evels in WS  cells may  also represent the negative feedback of

TORC1 on Akt [46]. Irrespective of its cause, the downregulat-
on of pAkt is likely to lower resistance of WS  cells to oxidative
tress. In accord with the proposition that activation of mTORC1
ontributes to the aberrant phenotype in WS  cells, rapamycin treat-
ent decreased the level of insoluble proteins and the amount

f aggregates. Also, rapamycin restored the nuclear morphology
f WS cell lines, while inhibiting senescence in H2O2 challenged
ells. Indeed, the activation in the mTORC1 pathway activity in

S fibroblasts is possibly in accord with a recent study in cul-
ured fibroblasts of Hutchinson–Gilford progeria syndrome (HGPS)
atients [47], although in HGPS, autophagy is found to be lower
ompared to normal [48]. In these fibroblasts, treatment with the
nhibitor of mTORC1, rapamycin, also restores a normal cellular
henotype and limits protein aggregation. Even though we  found
utophagy to be higher in WS  cells compared to normal, it seems
onceivable that rapamycin’s beneficial effect in both conditions
riginates from mTOR inhibition. To date it is still unclear whether
he aberrant WRN  protein is a prerequisite to induce protein syn-
hesis and protein aggregation in WS  cells, but it is known that the
eintroduction of WRN  protein into WS  skin fibroblasts partially
rotects them from the aging associated accumulation of chromo-
omal aberrations [8].

Low levels of intracellular thiol groups represents a second new
nding in WS  cells. In accord with the resulting impairment of
nti-oxidant defense, WS  cells displayed increased levels of ROS
nd increased caspase 3/7 activity, and were highly vulnerable
o H2O2 treatment, as previously demonstrated for UV radiation
nd cytostatic drugs [49]. Importantly, NaHS treatment attenuated
2O2 induced DNA fragmentation in WS  cells, suggesting that the
eneficial effect of Induction of sulfide bonds around DNA might
afeguard the DNA against a high level of oxidization [50], thus, the

eneficial effects of NaHS could also result from the attenuation of
efects downstream of DNA damage. Low levels of thiol groups in
S fibroblasts seem related to the decreased expression of CBS and

SE, both enzymes involved in the endogenous generation of H2S
l Research 74 (2013) 34– 44

[51]. However, the nature of the downregulation of CBS and CSE in
cultured WS cells is currently unknown. Likely, the lower thiol lev-
els of WS  cells contribute to the excess DNA damage and increase
their vulnerability to oxidative stress. Although the depletion of
cellular thiol groups has been implicated in aging and the patho-
genesis of many diseases [52,53], its contribution to accelerated
aging has not been studied. The lower capacity to generate endoge-
nous H2S in WS  possibly also relates to WS  patients being prone to
atherosclerosis [54], as NaHS treatment attenuates atherosclerosis
in ApoE knockout mice [55]. To what extend clinical features of WS
depend on reduced thiol formation awaits further studies.

The third major finding is that NaHS treatment restored the
phenotype of WS cells. While one may  argue that 50 �M of NaHS
is out of the physiological range, this concentration proved phar-
macologically superior in survival in WS  cells compared to lower
concentrations. Clearly, NaHS treatment inhibited mTORC1, as
evidenced by decreased levels of pmTOR and pS6, while strongly
increasing the levels of pAkt. Together, this results in an inhibition
of excess production of matrix proteins, and the decrease of protein
aggregation. The latter may  explain the reduced autophagosome
formation in NaHS treated WS  cells, which implicate a decreased
flux of proteins through the autophagy pathway [56]. Both inhi-
bition of the mTORC1 pathway and increase in pAkt are likely
to convey beneficial actions in WS cells. Decrease in mTORC1
maintains cellular quiescence, represses protein production and
has been previously observed to extend lifespan in yeast, worms
and flies [33]. Increased phosphorylation of Akt is known to pro-
mote cell survival [57] and DNA repair [58]. Further, we  found
an increase in SIRT-1 expression after H2S treatment. SIRT-1 has
been shown to promote autophagy by regulation of the forma-
tion of autophagic vacuoles through stimulation of conversion of
LC3-I to LC3-II [59,60], negatively regulating mTOR [61], impair-
ing mTORC2/Akt signaling [62] and finally antagonizing senescence
[36]. Thus, most likely, SIRT-1 normalization by NaHS reflects an
overall higher increase in the levels of soluble proteins, restoring
the cellular phenotype.

One of the remaining questions is whether NaHS treatment
directly inhibits mTORC1 activation, or whether this results from
an upstream action. H2S actions on cells have been attributed both
to its profound scavenging properties [63,64] and to the posttrans-
lational modification of proteins via sulfhydration [65]. In accord
with its anti-oxidant effect, NaHS treatment reduced ROS  formation
both in H2O2 challenged and unchallenged WS  cells. Previously, the
treatment of WS  cells with ascorbic acid was  shown to limit oxida-
tive damage and extend the lifespan of WS cells [66]. Whether H2S
displays additional effects over ascorbic acid remains unknown,
as it is unclear whether the latter restores the phenotype of WS
cells. Suppression of metabolism [67] may  represent an additional
mechanism conveying the beneficial effect of H2S in WS.  Simi-
lar to starvation, metabolic suppression by H2S may  inhibit the
mTOR pathway [68]. Also, H2S has the potential to modulate dif-
ferent signaling routes [69,70], affecting multiple kinases including
extracellular signal-regulated kinase and Akt. Further, Talaei et al.
have shown that H2S plays an important role in protecting lung
structure in hibernating hamster by contributing to a reversible
remodeling process [71]. Such effects may  add to the protective
mechanism(s) of H2S. Additional effects of H2S may  depend on its
action as reductant or its ability to promote sulfhydration of protein
cysteine moieties.

In our experiments rapamycin decreased the level of insoluble
proteins and the percentage of aggregates visible in WS  cells. Also,
rapamycin restored the nuclear morphology of in WS  cell lines,

while inhibiting senescence in H2O2 challenged cells. Because of
similarity of the beneficial effects of NaHS and rapamycin treat-
ment, these results support NaHS to act beneficially in WS  cells
through inhibition of mTOR.
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In summary, WS fibroblasts used in this research phenotypically
ppear as highly stressed cells with extensive protein produc-
ion and aggregation accompanied by nuclear dysmorphy. The
urpose of this research was not to find the mechanism of how
2S restores phenotype in WS  fibroblasts but rather the discov-
ry that H2S administered as NaHS is able to restore a normal
orphological phenotype in WS  cells. Thus experiments with

utophagosome inhibitors to investigate autophagosome matura-
ion were not conducted. Treatment with NaHS normalized the
henotype and proteostasis, most likely through normalization of
he mTOR pathway. These findings indicate that restoration of H2S
evels provides an additional pharmacological approach to treat-

ent with rapamycin. Further the potential of NaHS to inhibit
TOR may  provide a new strategy against protein aggregation

n other progeria symptoms or other types of aggregation prone
omplications.
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