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keeping with the harsher American climate and influence of
the Protestant ethic, cold-water wraps were the rule in the
New World.

Almost 100 years after Alzheimer’s death, we seem to
have come full circle in our attempts to address humanely
with the behavioral manifestations of dementia. Clearly,
one hopes that articles such as these will prevent us from
throwing out this important form of treatment along with
the bath water.

A. Mark Clarfield, MD

Department of Geriatrics

Soroka Hospital

Ben Gurion University of the Negev
Beer-Sheva, Israel

McGill University

Montreal, Canada
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EFFECTS OF PHYSICAL EXERCISE ON PLASMA
CONCENTRATIONS OF SEX HORMONES IN
ELDERLY WOMEN WITH DEMENTIA

To the Editor: Physical exercise may slow the functional
decline in eldetly people and has been associated with a low
incidence of dementia.! Physical activities have shown fa-
vorable effects on cognitive function as well as on neuro-
psychiatric symptoms and behavioral disturbance in
demented subjects,»* the mechanism of which is currently
unknown. Because low plasma levels of sex hormones have
been implicated in dementia,? it is reasonable to hypoth-

esize that physical exercise could elevate plasma sex hor-
mone levels. Here, we report a preliminary study in which
daily physical exercise for 3 months increased the plasma
levels of sex hormones, including dehydroepiandrosterone
(DHEA) and testosterone, in elderly women with dementia.
Thirteen women (aged 74-91, mean age = standard devi-
ation 84 + 5) living in group homes for the elderly (small-
scale facilities providing communal living) located in Nag-
ano Prefecture, Japan, were enrolled. They were diagnosed
as having Alzheimer’s disease according to the Diagnostic
and Statistical Manual of Mental Disorders, Fourth Edi-
tion, but did not have malnutrition, malignancy, or endo-
crine disease. Blood sampling and functional assessment
were performed at baseline, at the end of a 3-month exercise
program, and at the end of a 3-month follow-up period,
during which the subjects returned to ordinary sedentary
living. The exercise program consisted of stretching and
mild resistance training using a chair and a 0.5-kg weight.
The exercise was performed as a group, with training for
30 minutes daily under the instruction of a physical ther-
apist twice a week and by other caregiver staff five times a
week. Care other than exercise was comparable throughout
the study. Fasting blood samples were collected early in the
morning before exercise. A commercial laboratory deter-
mined plasma levels of estradiol, testosterone, DHEA,
DHEA sulfate, and sex hormone-binding globulin, in ad-
dition to blood cell counts and blood chemical parameters.
Basic activities of daily living (ADLs) were assessed using
the Barthel Index and cognitive function using the Mini-
Mental State Examination.

At baseline, the subjects showed moderate cognitive
impairment and dependency and relatively low sex hor-
mone levels (Table 1). After 3 months of exercise, signif-
icant increases were found in plasma levels of testosterone
of 18%, estradiol of 38%, and DHEA of 37%, all of which
returned to the baseline levels 3 months after cessation of
the exercise program. A similar alteration was found in
plasma DHEA sulfate level, but the increase by exercise was
not statistically significant (mean = standard error 452 +
62 ng/mL at baseline, 508 £ 72 ng/mL after exercise, and
464 & 77 ng/mL after discontinuation). Sex hormone-bind-
ing globulin, albumin, and other blood parameters did not
change throughout the study (Table 1 and data not shown).
Despite the increases in sex hormones after the exercise
program, neither Barthel Index nor Mini-Mental State Ex-
amination scores changed significantly during the study.

Table 1. Effects of Daily Physical Exercise on Plasma Concentrations of Sex Hormones in Elderly Women with Dementia

(N = 13)
Baseline Exercise (3 Months) Discontinuation (3 Months)
Measurement Mean + Standard Error of the Mean

Testosterone, ng/dL 514 +3.3 60.8 £ 3.37 479+ 3.9
Estradiol, pg/mL 152+1.2 21.0+1.2f 19.4+29
Dehydroepiandrosterone, ng/mL 1.84 £0.29 252 +0.41° 1.95+0.27

Sex hormone—binding globulin, nmol/L 75.0 £ 6.1 69.1 + 8.1 68.3 + 8.3

Barthel Index 75.0 £ 5.4 70.0+ 7.1 66.5+94
Mini-Mental State Examination score 13.94+1.9 13.8 +2.0 124+ 25

P <".05; 1.01 versus baseline using paired ¢ test.
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Previous studies® have shown stimulatory effects of
endurance or resistance exercise on circulating hormones in
healthy postmenopausal women; metabolic alterations and
increased blood flow of endocrine organs via nitric oxide
and cyclic adenosine monophosphate production may play
a causal role, but hormonal responses in frail or demented
women have not been examined. In the present study, plas-
ma levels of estradiol, testosterone, and DHEA were higher
after 3 months of physical exercise in elderly women with
dementia, whereas cognitive function and basic ADLs did
not improve. Given the protective effect of exercise and sex
hormones on cognitive impairment, a control sedentary
group should be included to examine whether this exercise
program might delay cognitive decline. Nevertheless, the
finding that exercise can increase plasma sex hormone levels
in demented women provides a mechanistic insight into the
effect of exercise or physical activities on cognitive Impair-
ment. The results of this preliminary study need to be con-
firmed using larger randomized, controlled trials with
longer follow-up periods.
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RACIAL DIFFERENCES IN PRESSURE ULCER
PREVALENCE IN NURSING HOMES

To the Editor: We read with great interest the recent article
regarding black/white differences in the rate of nursing
home-acquired pressure ulcers. Indeed, the findings report-
ed were similar to what was found using the Health Care
Financing Administration’s Multi-State, Case-Mix and
Quality Demonstration Project, which involved all Medi-

care/Medicaid certified nursing homes (n = 1,492) in five
U.S. states (Kansas, Maine, Mississippi, New York, South
Dakota). We identified 22.3,448 entrants to nursing homes
in these five states over a 4-year period (1992-96). Patients
were evaluated using the federally mandated Resident As-
sessment Instrument, which includes a 300-item Minimum
Data Set (MDS). At least 100 residents of each racial/ethnic
category were required. A nested linear model provided es-
timates of state- and sex-stratified differences in pressure
ulcer prevalence after adjustment for pressure ulcer risk
factors. Across all state/sex strata, blacks were substantially
less likely than whites to have a Grade I pressure ulcer re-
corded. Higher-grade ulcers (II-IV) were, alternatively,
consistently higher in blacks than whites, and even greater
disparities were seen when only the highest-grade (IV) ul-
cers were compared. These findings were slightly adjusted
when physical mobility (as measured by activities of daily
living) was controlled for, although not so much as to
change the basic interpretation, Control by additional clin-
ical, diagnostic, behavioral, social, facility, and area-level
characteristics failed to reveal any further confounding,
demonstrating that this analysis was robust to adjustment
for a wide-ranging set of factors identified or hypothesized
as risk factors for pressure ulcer development. Moreover, it
also observed that pressure ulcer prevalence in Native
Americans demonstrated a similar pattern in South Dakota
and Mississippi to that of whites; rates of Grade I ulcers
were generally lower, whereas higher-grade ulcers were
more common in Native Americans than in non-Hispanic
whites.

Underdiagnosis of low-grade pressure ulcers in racial
minorities, with subsequent progression to open lesions of
higher grade, 1§ largely consistent with these findings, as
well as the findings of another study.! It has been long noted
that the definition of low-grade pressure ulcers (persistent
nonblanchable erythema) could result in the underdiagnosis
of these lesions on dark skin. Because detection of low-
grade pressure ulcers is an important factor in preventing
their progression to higher stages, underdiagnosis likely
contributes to the higher rates of high-grade ulcers found in
older blacks and Hispanics. The relationship between con-
textual factors (such as resources and staffing) related to the
types of nursing homes serving predominantly people of
color and the underdiagnosis of pressure ulcers needs to be
explored. Facilities serving primarily African Americans
may have fewer funds and consequently offer fewer services
and provide less staff training and amenities than other fa-
cilities.??

Although attempts have been made to enhance the de-
tection of low-grade ulcers in blacks and Hispanics,* the
extent to which public reporting of quality indicators
focused on pressure ulcers and other quality improvement
initiatives® is likely to reduce or exacerbate® raciallethnic
differences in pressure ulcer occurrence in nursing homes
remain to be evaluated.

Kate L. Lapane, PhD

William Jesdale, AB, ABD

Sally Zierler, DrPH

Department of Community Health
Brown Medical School
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Sirtl inhibitor, Sirtinol, induces senescence-like growth arrest with
attenuated Ras—-MAPK signaling in human cancer cells

H Ota'?, E Tokunaga'’, K Chang', M Hikasa!, K Iijima?, M Eto? K Kozaki?, M Akishita?,

Y Ouchi? and M Kaneki'?
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The induction of semescence-like growth arrest has
emerged as a putative contributor to the anticancer effects
of chemotherapeutic agents. Clinical trials are underway
to evalaate the efficacy of inhibitors for class I and II
histone deacetylases to treat malignancies. However, a
potential antiproliferative effect of imhibitor for Sirtl,
which is an NAD*-dependent deacetylase and belongs to
class III histone deacetylases, has not yet been explored.
Here, we show that Sirtl inhibitor, Sirtinol, induced
senescence-like growth arrest characterized by induction
of senescence-associated f-galactosidase activity and
increased expression of plasminogen activator inhibitor 1
in human breast cancer MCF-7 cells and lung camcer
H1299 cells. Sirtinol-induced senescence-like growth
arrest was accompanied by impaired activation of mitogen-
activated protein kinase (VMIAPK) pathways, namely,
extracellular-regulated protein kinase, c-jun N-terminal
kinase and p38 MAPK, in response to epidermal growth
factor (EGFK) and insulin-like growth factor-I (IGE-I).
Active Ras was reduced in Sirtinol-treated senescent cells
compared with untreated cells. However, tyrosine phos-
phorylation of the receptors for EGF and IGF-I and Akt/
PKB activation were unaltered by Sirtinol treatment. These
results suggest that inhibitors for Sirt1 may have anticancer
potential, and that impaired activation of Ras-MAPK
pathway might take part in a senescence-hke growth arrest
program induced by Sirtinol.

Oncogene advance online publication, 19 September 2005;
doi:10.1038/sj.0nc.1209049
Sirtinol;

Keywords: Sirtl; cellular senescence; Ras;

MAPK; Akt/PKB

Introduction

Cellular senescence is a state with permanent loss of
replicative capability even upon mitogenic stimuli.
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Cellular senescence is characterized by phenotypic
alterations including induction of senescence-associated
B-galactosidase (SA-f-gal), a large and flat cell morpho-
logy and increased expression of plasminogen activator
inhibitor 1 (PAI-1) (Goldstein et al., 1994; Dimri et al.,
1995).

Immortalization, an escape from the replicative
senescence program, is a necessary step for neoplastic
transformation of cells. Hence, transformed cells can
bypass the replicative senescence program. However,
cancer and leukemia cells still retain the capacity to

-undergo premature senescence in response to various

stimuli. Senescent normal human fibroblasts usually
exhibit G1 cell cycle arrest. However, polyploidy and
multinucleation are also associated with replicative
senescence and premature senescence in various cell
types, including human normal endothelial cells (Aviv
et al, 2001; Wagner et al., 2001) and breast cancer
MCF-7 cells (Kim et al., 2003).

Anticancer chemotherapeutic agents and ionizing
radiation have been shown to cause senescence-like
growth arrest in human cancer cells in vitro and in vivo
(Han et al., 2002; Schmitt er al., 2002; te Poele et al.,
2002; Shay and Roninson, 2004). Induction of SA-f-gal
staining by chemotherapy was observed in vivo in cancer
and lymphoma cells in rodents (Elmore et al., 2002;
Roninson, 2002; Schmitt ez al., 2002; Christov et al.,
2003) and in patients with breast cancer (te Poele et al.,
2002). Thus, senescence-like growth arrest has been
proposed to be a putative determinant of in vivo tumor
response to chemotherapeutic agents and ionizing
radiation (Mathon and Lloyd, 2001; Wang et al.,
2003; Ben-Porath and Weinberg, 2004; Kahlem et al.,
2004; Pelicci, 2004; Sharpless and DePinho, 2004; Shay
and Roninson, 2004).

Sirtl is a mammalian NAD*-dependent deacetylase
that belongs to class I1I histone deacetylases (HDACs)
(Imai er al., 2000; Landry et al., 2000; Blander and
Guarente, 2004). Sir2, yeast homologue of Sirtl, is
involved in a number of cellular processes including
gene silencing at telomere and mating loci, DNA repair,
recombination and aging. Recent studies demonstrated
that Sirtl plays an important role in the regulation of
cell fate and stress response in mammalian cells. Sirtl
promotes cell survival by inhibiting apoptosis or cellular
senescence induced by stresses including DNA damage




@ Sirtl inhibitor-induced senescence-like growth arrest
H Ota et af

N

and oxidative stress. An increasing number of proteins & MCF-7
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of Sirtl (Imai et al, 2000). Conversely, specific Sirtingt
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Grozinger, et al., 2001).
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antiproliferative effects in human cancer cells (Rosato
and Grant, 2004; Vanhaecke ez al., 2004; Vigushin and
Coombes, 2004). The efficacy of class I and class II
HDAC inhibitors for treatment of patients with cancer
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culture media. Treatment with Sirtinol inhibited cell _Control  Sirtinol 70
growth in both MCF-7 and H1299 cells (Figure la and - ' e
b). The inhibition of cell growth was persistent and @
observed up to 9 days after Sirtinol withdrawal. These BraU | 8501
results suggest that Sirtinol caused a sustained growth © 401
arrest. This was supported by reduced incorporation of | =
BrdU in Sirtinol-treated MCF-7 and H1299 cells at 10 DAPI & 301
days after the addition of Sirtinol, as compared with D 204
untreated cells (Figure lc and d). g
We examined the effects of Sirtinol treatment on SA- 10°
B-gal activity and the expression of PAI-1, characteristic Merge | ‘ 0
features of senescence-like growth arrest. Sirtinol treat- . eidld  Silindt - 4+
ment increased SA-B-gal-positive cells in a dose-dependent Figure 1 Effects of Sirtinol on cell growth and BrdU incorpora-
manner 10 days after the addition of Sirtinol in both tion. MCF-7 (a) and H1299 (b) cells were treated with Sirtinol
MCF-7 and HI1299 cells (Figures 2 and 3a), but the (100 uM) for 24 h. At 24h'after the addition of Sirtinol, Sirtinol was
extent of SA-B-gal induction was relatively smaller removed from the media, and then the cells were cultured in

. . inhibitor-free complete media. (¢, d) BrdU incorporation was
in H1299 than in MCF-7 cells. Only a small number evaluated at 10 days after the addition of Sirtinol (100 ™). BrdU

of MCF-7 and HIi299 cells were SA-f-gal-positive incorporation was decreased in Sirtinol-treated MCF-7 (¢) and
when untreated. Enlarged, flattened morphology was H1299 (d) cells compared with untreated cells (Control).
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observed in Sirtinol-treated MCF-7 cells and, to a lesser
extent, in Sirtinol-treated H1299 cells, as compared with
untreated cells. Sirtinol treatment also resulted in
increased expression of PAI-1 in both MCF-7 and
H1299 cells (Figure 3b). $-Actin expression, however,
was not affected by Sirtinol.

Treatment with Splitomicin, another specific inhibitor
for Sirtl, for 241 also led to the induction of SA-f-gal

=4

Sirtinol

Control

MCF-7

@

Control

8irﬁnt

H1289

Figure 2 SA-f-gal staining in Sirtinol-treated cells. At 10 days
after the addition of Sirtinol (100 uM), MCF-7 (a) and H1299 (b)
cells were stained for SA-f-gal. Sirtinol treatment increased SA-f-
gal-positive cells in MCF-7 and H1299 cells. In addition, the
number of multinucleated cells was increased in Sirtinol-treated
MCE-7 cells, but not in Sirtinol-treated H1299 cells, com-
pared with untreated (Control) cells. Arrowheads denote multi-
nucleated cells in Sirtinol-treated MCF-7 cells.
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staining in a dose-dependent manner (Figure 3a).
However, greater concentrations of Splitomicin
appeared to be required to induce SA-f-gal, as
compared with Sirtinol.

Colony formation assay also revealed that both
Sirtinol and Splitomicin elicited antiproliferative effects
in MCF-7 and H1299 cells in a dose-dependent manner
(Figure 4). Sirtinol inhibited colony formation at
concentrations of 33uM and higher in MCF-7 and
H1299 cells. On the other hand, 33 uM Splitomicin failed
to decrease the number of colonies, but Splitomicin at
100 and 333 uM effectively inhibited colony formation in
MCF-7 and H1299 cells.

Senescence-like growth arrest by Sirtl inhibition was
further corroborated by experiments using short inter-
fering RNA (siRNA). Gene knockdown of Sirtl by
siRNA resulted in induction of SA-f-gal staining, large
and flat cell morphology, decreased BrdU incorporation
and increased PAI-1 expression in both MCF-7 and
H1299 cells, as compared with control siRNA (Figure 5).
Moreover, Sirtl inhibition by Sirtinol, Splitomicin or
siRNA also induced senescence-like phenotype in human
diploid fibroblasts, WI-38 and IMR-90 cells, reflected by
induction of SA-f-gal staining, and enlarged and
flattened cell morphology (Supplementary Figure 1).

In Sirtinol-treated MCF-7 cells, the number of multi-

‘nucleated cells was increased compared with untreated

cells (Figure 2), but multinucleated cells were not found
in H1299 cells regardless of whether treated with or
without Sirtinol. Consistent with these observations,
flow cytometric analysis revealed that the substantial cell
population of Sirtinol-treated MCF-7 cells exhibited

w

DNA content over 4N, indicative of polyploidy -

(Figure 6a). Polyploidy fraction estimated by the ratio
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Figure 3 Effects of Sirtinol and Splitomicin on SA-$-gal activity and PAI-1 expression. (a) SA-f-gal-positive cells were counted 10
days after the addition of indicated concentrations of Sirtinol or Splitomicin in MCF-7 and H1299 cells. Treatment with Sirtinol and
Splitomicin increased SA-f-gal-positive cells in a dose-dependent manner. (b) Sirtinol treatment resulted in the increased expression of

PAI-1 as compared with untreated cells.
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of cell population with DNA content of over 4N to that
with over 2N was greater in Sirtinol-treated MCF-7 cells
than in untreated cells (Figure 6a, right panel). In
contrast, Sirtinol-treated H1299 cells were cell cycle
arrested at G1 (Figure 6b). There was little, if any,

Sirtin! (k)
33 100 333

Sirtinol (=M}
Q 10

Splitomicin (M)
) 33 100

Splitomicir (M)
10 33 100 333

333

MCF-7
H1299

Figure 4 The effects of Sirtinol and Splitomicin on colony
formation. MCF-7 (a) and H1299 (b) cells were inoculated onto
12-well plates at the density of 500 cells/well, and treated with the
indicated concentrations of Sirtinol or Splitomicin for 24 h. After
withdrawal of the Sirtl inhibitors,. the cells were cultured for 14
days. Both Sirtinol and Splitomicin inhibited colony formation in a
dose-dependent manner.

increase in polyploidy fraction by Sirtinol in H1299 cells
(control: 0.6%; Sirtinol: 1.6%).

In cellular senescence, induction of p53, dephosphory-
lation of Rb and increased expression of cyclin-
dependent kinase inhibitors such as pl6, p21 and p27
have been shown to be involved (Serrano et al., 1997,
Collado et al, 2000; Alexander and Hinds, 2001,
Beausejour et al., 2003, Jirawatnotai et al., 2003,
Mallette et al., 2004). We found that phosphorylated
Rb was decreased in Sirtinol-treated MCF-7 and H1299
cells compared with untreated cells, while the protein
expression of Rb was unaltered (Figure 72 and b). p27
expression was induced in Sirtinol-treated MCF-7 and
H1299 cells (Figure 7f and g), while f-actin expression
was unaltered. However, the mRNA level of p27 was
not increased by Sirtinol treatment in MCF-7 and
H1299 cells at both 3 and 10 days after the addition of
Sirtinol, while tamoxifen and serum starvation upregu-
lated the p27 mRNA level in MCF-7 and H1299 cells,
respectively (Supplementary Figure 2). In contrast, p21
was not increased in Sirtinol-treated MCF-7 and H1299
cells compared with untreated cells. p16 was not induced
in Sirtinol-treated H1299 cells (Figure 7g). MCF-7 and
HI299 cells are deficient in pl6 and p53, respectively.
On the other hand, treatment with tamoxifen (1 um) for
24h increased protein expression of p2l and p27 in

" MCF-7 cells, and serum starvation for 24 h induced ple6,

p21 and p27 expression in HI1299 cells. Neither expre-
ssion nor acetylation of p53 was upregulated by Sirtinol
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Figure 5 Gene knockdown of Sirtl by siRNA induced senescence-like phenotype. MCF-7 and H1299 cells were treated with siRINA
for Sirt] or control siRNA. (a) At 3 days after the transfection, immunoblot analysis revealed that Sirtl siRNA effectively reduced
Sirt] expression in both MCF-7 and H1299 cells. (b, ¢) At 10 days after the transfection, SA-f-gal-positive cells were significantly
increased in Sirt] siRNA-treated cells compared with control siRNA-treated cells. (d) BrdU incorporation was decreased in Sirtl
siRNA-treated cells compared with control siRNA-treated cells at 10 days after the transfection. (e) Sirt! siRNA increased PAI-1
protein expression compared with control siRNA at 10 days after the transfection.
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Figure 6 Flow cytometric analysis of Sirtinol-treated cells. At 10 days after the addition of Sirtinol (100 pM), the cell cycle of MCF-7
(a) and H1299 (b) cells was analysed by flow cytometry. In Sirtinol-treated MCF-7 cells, polyploidy fraction (M2/M1; cell population
with DNA content of over 4N normalized to that with DNA content of over 2) was increased compared with untreated MCF-7 cells
(Control). Sirtinol-treated H1299 cells exhibited G1 cell cycle arrest (b).

MCR7

Figure 7 p53, Rb and cyclin-dependent kinase inhibitors in Sirtinol-treated cells. (a, b) At 10 days after the addition of Sirtinol
(100 i), phosphorylated Rb (p-Rb) was decreased in Sirtinol-treated MCF-7 and H1299 cells compared with untreated cells. (a, c, d)
The expression and acetylation of p53 were not increased by Sirtinol (a, ¢) or siRNA for Sirt1 (d) in MCF-7 cells. However, a robust
increase in expression and acetylation of p53 (Ac-p53) were found in MCF-7 cells when treated with cisplatin (40 uM) for 18 h and
trichostatin A (TSA, 5 uM) for 4 h, respectively. In contrast, Sirtinol (100 M) treatment and siRNA for Sirtl increased acetylated
histone H3 (Ac-H3), while the abundance of histone H3 was unaltered (¢, d). (€) MCF-7 cells were treated with or without Sirtinol
(100 uM) in the presence or absence of trichostatin A (TSA, 0.5 uM) for 24 h. Sirtinol enhanced trichostatin A-induced acetylation of
P53. p53 expression was not altered by Sirtinol or trichostatin A. (f, g) p21 expression was not increased by Sirtinol treatment in MCF-
7 and H1299 cells. p16 expression was not induced by Sirtinol treatment in H1299 cells. In contrast, the expression of p27 was increased
in Sirtinol-treated MCF-7 and H1299 cells compared with untreated cells.
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or siRNA for Sirtl in MCF-7 cells that harbor wild-type
p53 (Figure 7c and d), while acetylation of histone H3
was increased by Sirtinol and siRNA for Sirtl. How-
ever, cisplatin and trichostatin A, class I and class II
HDAC inhibitor, caused robust induction of p53 and
acetylation of p53 in MCF-7 cells, respectively (Figure
7a and c—e). Although Sirtinol alone did not increase
p53 acetylation, Sirtinol enhanced pS3 acetylation in
the presence of trichostatin A (Figure 7e). These results
are consistent with previous observations that inhibition
of Sirtl by itself did not induce p53 acetylation in the
absence of other stimulus, while DNA damage- or
oxidative stress-induced p53 acetylation was accentu-
ated by Sirtl inhibition (Luo er al., 2001; Vaziri et al.,
2001; Langley et al., 2002; Cheng et al., 2003).

Senescence-like growth arrest was accompanied by
attenuated activation of MAPK pathways in response to
growth factors
We examined the activation status of signaling pathways
of MAPKs and Akt/PKB in response to growth factors,
epidermal growth factor (EGF) and insulin-like growth
factor-I (IGF-I). When untreated with Sirtinol, upon
exposure to EGF or IGF-I, robust phosphorylation of
extracellular-regulated protein kinase (ERK), c-Jun
N-terminal kinase (JNK/SAPK, also termed stress-
activated protein kinase) and p38 MAPK was observed
in MCF-7 and H1299 cells. By contrast, in Sirtinol-
treated senescent MCF-7 and H1299 cells at 10 days
after the addition of Sirtinol (100 zM), basal (unstimu-
lated) phosphorylation of ERK, JNK/SAPK and p38
MAPK was reduced compared with untreated cells
(Figure 8). In addition, EGF- or IGF-I-stimulated
phosphorylation of ERK, JNK/SAPK and p38 MAPK
was attenuated in MCF-7 and H1299 cells at 10 days
after the addition of Sirtinol, compared to untreated
cells.

Reduced activation of ERK, INK/SAPK and p38
MAPK was corroborated by the phosphorylation status
of the endogenous substrates of these MAPKs. Basal

(unstimulated) as well as EGF- or IGF-I-stimulated
phosphorylation of Elk-1, c-Jun and ATF-2 was also
decreased in Sirtinol-treated senescent MCF-7 and
H1299 cells at 10 days after the addition of Sirtinol,
compared with untreated cells (Figure 9). The protein
expression of ERK, JNK/SAPK, p38 MAPK, Elk-1,
¢-Jun and ATF-2 did not differ between Sirtinol-treated
and untreated MCF-7 and H1299 cells.

However, at 3 days after the addition of Sirtinol,
unlike at 10 days after the inhibitor addition, EGF-
stimulated phosphorylation of ERK, INK/SAPK and
p38 MAPK was not attenuated in MCF-7 cells,
compared with untreated cells (Figure 8d). These results
suggest that attenuated MAPK pathways may be a
consequence, rather than a cause, of Sirtinol-induced
commitment of senescence-like growth arrest.

In contrast, tyrosine phosphorylation of the receptors
for EGF and IGF-I by their ligands was not altered by
Sirtinol treatment in MCF-7 and H1299 cells at 10 days
after the addition of Sirtinol (Figure 10). The expression
of BGF receptor and IGF-I receptor did not differ
between Sirtinol-treated and untreated cells. These
findings suggest that the defects responsible for impaired
activation of MAPKs may exist at the level(s) of
postreceptor signaling cascades.

Ras plays a critical role in growth factor-stimulated

‘activation of MAPK pathways. Active Ras was

markedly increased by EGF in untreated MCF-7 and
HI1299 cells. In Sirtinol-treated senescent MCF-7 and
HI1299 cells, however, the basal (unstimulated) level of
active Ras was reduced compared with untreated cells,
and EGF failed to increase active Ras (Figure 11a).
Consistent with defective activation of Ras, basal
(unstimulated) and EGF- or IGF-I-stimulated phos-
phorylation of Raf-1, MEK, SEK1/MKK4 and MKK?7
was attenuated in Sirtinol-treated cells relative to
untreated cells (Figure 11b). However, no difference
was found between Sirtinol-treated and untreated MCF-7
and H1299 cells in the protein expression of Ras, Raf-1,
MEK, SEK1/MKK4 and MKK7.
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Figure8 Growth factor-stimulated phosphorylation of MAPKs in Sirtinol-treated cells. (a—¢) At 10 days after the addition of Sirtinol
(100 um), following overnight serum starvation, the cells were exposed to EGF (50 ng/ml) for 10 or 20 min (a, b), or to IGF-I (100 ng/mf)
for 10min (). In untreated (Control) MCF-7 and H1299 cells, marked phosphorylation of ERK, INK/SAPK and p38 MAPK was
induced by EGF or IGF-I. In Sirtinol-treated MCF-7 and H1299 cells, basal (unstimulated) as well as EGF- and IGF-I-stimulated
phosphorylation of ERK, INK/SAPK and p38 MAPK was decreased compared with untreated cells. (d) At 0, 3 and 10 days after the
addition of Sirtinol (100 uM), MCF-7 cells were stimulated with EGF (50 ng/ml) for 20 min. EGF-stimulated phosphorylation of ERK,
JNK/SAPK and p38 MAPK was markedly impaired at 10 days, but preserved at 3 days after the addition of Sirtinol.
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Figare 9 Growth factor-stimulated phosphorylation of Elkl, c-Tun and ATF2. At 10 days after the addition of Sirtinol (100 pm),
following overnight serum starvation, the cells were exposed to EGF (50ng/ml) for 10 or 20min (a, b or to IGF-I (100 ng/ml) for
10min (¢). In untreated (Control) MCF-7 and H1299 cells, marked phosphorylation of Elk1, ¢c-Jun and ATF2 was induced by EGF
and IGF-I. In Sirtinol-treated MCF-7 and H1299 cells, both basal (unstimulated) and EGF- or IGF-I-stimulated phosphorylation of
Elk1, c-Jun and ATF2 were decreased compared with untreated celils.
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Figure 10 Growth factor-stimulated phosphorylation of EGF
receptor and IGF-I receptor in Sirtinol-treated cells. At 10 days
after the addition of Sirtinol (100 uM), following overnight serum
starvation, the cells were exposed to EGF (50 ng/ml) (a) or IGF-I
(100ng/ml) for 2min (b). There was no difference in tyrosine
phosphorylation and protein expression of EGF receptor (EGFR)
and IGF-I receptor IGFR) between Sirtinol-treated and untreated
(Control) MCF-7 and H1299 cells.

In contrast to the Ras—MAPK pathway, EGF- or
IGF-I-induced as well as basal (unstimulated) phos-
phorylation of Akt/PKB was not decreased in Sirtinol-
treated senescent MCF-7 and H1299 cells compared
with untreated cells at 10 days after Sirtinol addition
(Figure 12). The expression of Akt/PKB was not altered
by Sirtinol treatment, either.

Discussion

We found that Sirtl inhibition by specific inhibitors,
Sirtinol and Splitomicin, and siRNA caused senescence-
like growth arrest in human cancer MCF-7 and H1299
cells, as judged by SA-fS-gal staining, PAI-1 expression,
BrdU incorporation, flattened and enlarged morphology
of the cells and flow cytometric analysis (Figures 1-6).
Sirtinol-induced senescence-like growth arrest was
accompanied by attenuated responses to growth factors
in terms of activation of Ras—-MAPKs (Figures 8, 9 and

11). By contrast, phosphorylation (activation) of EGF
receptor, IGF-1 receptor and Akt/PKB by growth
factors was not affected in Sirtinol-treated senescent
MCF-7 and H1299 cells (Figures 10 and 12).
Consistent with impaired activation of MAPKs,
EGF- and IGF-I-stimulated phosphorylation of down-

‘stream targets, Elk-1, c-Jun and ATF-2, was also

reduced (Figure 9). A hallmark feature of senescent
cells is unresponsiveness to mitogenic stimuli in terms of
induction of c-fos as well as cell proliferation. Previous
studies in senescent human diploid fibroblasts showed
that induction of c-fos (Seshadri and Campisi, 1990) and
activation of Elk-1 (Tresini ez al., 2001) and MEK-ERK
(Torres et al., 2003) in response to growth factors are
impaired. Transcriptional activity of Elk-1 regulates the
induction of c-fos, an immediate early gene. Thus, our
results of attenuated activation of Ras-MEK-ERK-
Elk-1 in Sirtinol-treated senescent cancer cells are in
agreement with previous findings in senescent human
fibroblasts.

Our results indicate that the signaling defect in
Sirtinol-treated cells is specific for MAPK pathways
and that the PI3-K—~-Akt/PKB pathway is preserved. Ras
is a key regulator of MAPK pathways (Lange-Carter
and Johnson, 1994). However, Ras does not play a
major role in activation of the PI3-K-Akt/PKB path-
way (Sakaue et al., 1995; Gnudi et al., 1997; Klesse
et al., 1999). Our results showed that active, GTP-bound
Ras was reduced in Sirtinol-treated cancer cells com-
pared with untreated cells (Figure 11a). The present
data, therefore, suggest that reduced activation of Ras
might be involved in a specific attenuation in MAPK
pathways in Sirtinol-treated senescent MCF-7 and
H1299 cells.

Growth factor-initiated mitogenic signals are conveyed
mainly by two major signaling cascades: Ras—-ERK and
PI3-K-Akt/PKB. Senescent cells remain viable and
metabolically active, in spite of irreversible loss of
replication capability (Roninson, 2003; Shay and
Roninson, 2004). One can reasonably speculate, there-
fore, that the preserved PI3-K~Akt/PKB pathway might
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Figure 11  Activation status of Ras and its downstream signaling molecules in Sirtinol-treated cells. At 10 days after the addition of
Sirtinol (100 um), following overnight serum starvation, the cells were exposed to EGF (50 ng/ml) for 10 or 20min, or IGF-I (100 ng/ml)
for 10 min. (a) Active Ras was evaluated as described in Materials and methods, In untreated (Control) MCF-7 and H1299 cells, active
Ras was markedly increased by EGF treatment for 20min. In Sirtinol-treated MCF-7 and H1299 cells, basal (unstimulated) level of
active Ras was decreased compared with untreated cells, and EGF failed to increage active Ras. (b-d) In untreated (Control) MCF-7
and H1299 cells, EGF and IGF-I induced robust phosphorylation of Raf, MEK, SEK I/MKK4 and MKK7. However, in Sirtinol-
treated MCF-7 and H1299 cells, both basal (unstimulated) and EGF- or IGF-I-stimulated phosphorylation of these molecules were
decreased compared with untreated (Control) cells.

contribute to cell viability and metabolic activities in

a MCF-7 Sirtinol-treated cells, because the PI3-K-Akt/PKB path-
PAKPKE 8 S e o e e way plays critical roles in cell survival and regulation of
AKUPKB i @ i gl i i metabolism.

p53, Rb and cyclin-dependent kinase inhibitors
such as pl6, p21 and p27 have been recognized as
key mediators of cellular senescence (Serrano et al.,
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el G TR W0 U W phorylation of Rb and increased expression of p27 were

associated with Sirtinol-induced senescence-like growth
arrest in MCF-7 and H1299 cells (Figure 7). In addition
to regulation at transcriptional level, increased p27
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Figure 12 Growth factor-stimulated Akt/PKB phosphorylation in data grgpe against a direct effect of Sirtinol on
Sirtinol-treated cells. At 10 days after the addition of Sirtinol transcription of p27.
(100 ), following overnight serum starvation, the cells were On the other hand, we did not find increased

exposed to EGF (50ng/ml) for 10 or 20min (a, b) or to IGF-I expression of p53, p2l and pl6 in Sirtinol-treated
(100ng/ml) for 10min (c). No difference was found in basal

(unstimulated) and EGF- or IGF-I-stimulated phosphorylation of MCF-7 and H129,9 cells. ,It Is important to notc?,
Akt/PRB between Sirtinol-treated and uatreated (Contro) MCF-7 ~ however, that previous studies showed that premature
and H1299 cells. senescence can be readily induced independent of p53,
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p21 or pl6 in cancer cells (Zhu et al., 1997; Chang et al.,
1999a, b; Collado et al., 2000; Wainwright et al., 2001;
Wright and Shay, 2001; te Poele ez al., 2002; Beausejour
et al., 2003; Mallette er al., 2004; Munro et al., 2004).
p27 was shown to be required for premature senescence
mediated by Rb (Alexander and Hinds, 2001) or PI3-K
inhibitor (Collado er al., 2000). In accordance with
previous findings (Chang et al., 1999a; Collado et al.,
2000; Wainwright et al., 2001; Mallette et al., 2004),
Sirtinol induced senescence-like growth arrest in pl6-
deficient MCF-7 and p53-deficient H1299 cells. These
results indicate that pS3 and pl6 are not required for
Sirtinol-induced senescence-like growth arrest in H1299
and MCF-7 cells, respectively.

Recently, senescence-like growth arrest has been
proposed as a new target of cancer therapy. Since p53
and pl6 are not expressed or mutated in many types of
malignancies, the effectiveness of Sirtinol to induce
senescence-like growth arrest in p53- and pl6-deficient
cancer cells may be of clinical significance for the
treatment of patients with malignancy. Taken together,
the present study highlights Sirtl inhibitor as an
antitumor drug candidate.

Materials and methods

Materials

Sirtinol, Splitomicin, IGF-I, EGF (Calbiochem, La Jolla, CA,
USA), trichostatin A, cisplatin, propidium iodide, RNase,
tamoxifen (Sigma, St Louis, MO, USA), anti-phospho-ERK
(Thr202/Tyr204), ERK, phospho-JNK/SAPK (Thr183/Tyr185),
phospho-p38 (Thr180/Tyr182), p38, phospho-Raf (Ser259),
Raf-1, phospho-MEK1/2 (Ser217/221), MEK1/2, phospho-
SEK1/MKK4 (Ser80), SEK1/MKK4, MKK?7, phospho-Flk]
(Ser383), Elkl1, phospho-ATF2 (Thr71), ATF2, phospho-Rb
(Ser795), Rb, phospho-Akt (Serd73), Akt, p53 (Cell Signaling,
Beverly, MA, USA), acetylated p53, EGFR, phospho-MKK7
(Thr275/Ser277) (Upstate, Lake Placid, NY, USA), phospho-
EGFR (Tyr1173), pl6, p2l1, phospho-c-Jun (Ser63), c-Jun,
JNKI (Santa Cruz, Santa Cruz, CA, USA), p27 (BD
Transduction Laboratories, Lexington, KY, USA), PAI-1
(Molecular Innovations, Southfield, MI, USA), acetylated
histone H3, histone H3 (Upstate, Charlottesville, VA, USA),
phospho-IGF-1 receptor (Tyr1l162/1163), IGF-I receptor
(Biosource, Camarillo, CA, USA) and pan-Ras antibodies
(Oncogene, San Diego, CA, USA) were purchased commer-
cially.

Cell culture

Human breast cancer MCF-7 cells and non-small lung cancer
HI1299 cells (American Type Culture Collection, Manassas,
VA, USA) were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) and RPMI 1640 supplemented with 10%
fetal bovine serum (FBS, Sigma), respectively. Logarithmically
growing cells were treated with the indicated concentrations of
Sirtinol or Splitomicin for 24 h. After exposure to Sirtinol or
Splitomicin for 24h, the cells were washed three times with
inhibitor-free medium and cultured for an additional 9 days
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with the complete media in the absence of inhibitor. Cell
viability was determined by the Trypan blue exclusion test, and
viable cells were counted. At 9 days after the addition of
Sirtinol to the culture media, the cells were serum-deprived for
overnight, and then treated with EGF (50ng/ml) or IGF-I
(100 ng/ml) for 2, 10 or 20min.

SA-B-gal staining
SA-B-gal staining was performed as previously described
(Dimri et al., 1995) (see Supplementary section).

BrdU incorporation assay

At 10 days after the addition of Sirtinol, BrdU incorporation
was assayed as previously described (Takahashi ez al., 1992).
In cells treated with siRNA, at 10 days after the transfection of
siRNA, BrdU incorporation was evaluated using a commercial
kit (Roche, Indianapolis, IN, USA).

Gene knockdown with siRNA

Cells were plated in six-well plates at 20-30% confluency, and
24h later transfected with 200pmol of siRNA for Sirtl
('5-GAT GAA GTT GAC CTC CTC A-3 (Picard et al.,
2004) and 5-TGA AGT GCC TCA GAT ATT A-3) or
control siRNA (Dharmacom, Chicago, IL, USA), using
silMPORTER (Upstate).

Flow cytomertric analysis

At 10 days after the addition of Sirtinol, the cells were fixed

with 70% ethanol and treated with 5pug/ml (RNase) for
30min. After staining with 50 uM propidium iodide, the cells
were subjected to flow cytometric analysis with FACS Calibur
and Cell Quest software (Becton-Dickinson, Franklin Lakes,
NI, USA).

Immunoblot analysis
Immunoblot analysis was performed as previously described
(Yasukawa et al,, 2005) (see Supplementary section).

Determination of activation status of Ras

Active, GTP-bound Ras was assayed using the Ras activation
assay kit (Upstate) according to the manufacturer’s instruc-
tions (see Supplementary section).

Colony formation assay
Colony formation assay was performed as previously
described (Elegbede et al., 2002) (see Supplementary section).

Northern blotting

The mRNA level of p27 was evaluated by Northern blotting
as previously described (Sugita et al, 2005), using cDNA
probe for p27 that was kindly provided by Dr N Fujita (Fujita
et al., 2002).
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