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Abstract : Although HDACISs affect ubiquitously expressed histone deacetylase and increase cellular senescence, there
has been little study on the effect of age on treatment with HDACIs. Accordingly, the purpose of this study was
to compare cellular senescence status and vorinostat-induced senescence in fibroblasts derived from aged dogs compared
to young dogs. Skin tissues were taken from young (1-year-old) and aged (7-year-old) male dogs, and fibroblasts were
cultured without (control) or with 10 uM of vorinostat for 24 hr. Beta-galactosidase activity was assessed, and real-
time polymerase chain reaction and western blotting were performed to analyze the expression levels of transcripts
and proteins related to cellular senescence. Beta-galactosidase activity was higher in aged dogs compared to young
dogs in the control group, and was increased by vorinostat treatment. Expression of p21, pS3 and pl6 transcripts was
higher in the aged than in the young group, and all transcripts were affected by vorinostat in both young and aged
groups. Western blot results showed lower H3K9 acetylation in the aged dogs compared to the young dogs, and the
acetylation was increased by vorinostat treatment in both groups. However, there was no significant difference between
the transcript or protein alterations induced by vorinostat.

Key words : vorinostat, age, cellular senescence, fibroblast, dog.

Introduction

The term “cellular senescence” was first used by Leonard
Hayflick and Paul Moorhead approximately five decades ago
to refer to the phenomenon that normal human fibroblasts
had a finite proliferative capacity in culture (14). Recently, it
is defined as a permanent and irreversible arrest of cell pro-
liferation caused by potential oncogenic stressors, including
dysfunctional telomeres, non-telomeric DNA damage, exces-
sive mitogenic signals, non-genotoxic stress, etc (5). Although
cellular senescence could not explain all the phenotypes of
organismal aging, it has been speculated that a series of
changes in cellular phenotypes during senescence could be
an underlying cause of aging because many aging patholo-
gies have been linked with the senescence response (4). For
example, chronic DNA damage response signaling in senes-
cent cells shows imperfect cell cycle checkpoints, which
interfere with coordination of the S-phase and mitosis,
thereby finally leading to cell-cycle withdrawal and chromo-
somal instability iz vitro (16). Similarly, chromosome com-
plement variations such as aneuploidy also occur in numerous
tissues of aged humans in vivo (2). In addition to growth
arrest, chromatin changes such as hypoacetylation and meth-
ylation in senescent cells can occur in punctate domains of
heterochromatin called senescence-associated heterochroma-
tin foci, which in turn cause alterations in gene expression
(1). Indeed, the number of cells that express senescence
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markers in vivo increases with age, and is generally believed
to contribute to age-related pathologies such as memory
impairments and cancers (4).

Histone deacetylase inhibitors (HDACIs) have been identi-
fied as valuable drugs for modifying gene transcription by
inducing acetylation of histones, affecting proteins that regu-
late gene expression including cell differentiation or growth
arrest, and apoptosis (20,35). Based on their critical role in
modulating cell physiology, there have been attempts to dis-
cover the pharmacokinetic properties of HDACIs, and apply
these agents to the treatment of cancer, neurological diseases
and immune disorders (11). Several HDACIs have already
been approved by the US Food and Drug Administration
(FDA) for the clinical treatment of cancers; for example,
vorinostat and belinostat are approved for the treatment of
cutaneous T cell lymphoma (10) and peripheral T cell lym-
phoma (39), respectively. HDACIs induced cell death in
tumor cells by upregulation of pro-apoptotic genes and down-
regulation of pro-survival genes (3). Furthermore, recent
studies have suggested that HDACIs can be applied as treat-
ments for age-dependent cognitive impairments such as learn-
ing and memory losses (28,37). A significant decrease of
neurogenesis in the dentate gyrus (33) and hypoacetylation in
the hippocampus after contextual fear conditioning (28) was
found in aged mice that showed cognitive dysfunction.
Remodeling of chromatin structure by post-translational
modification of HDACIs could facilitate cell proliferation
and neuroblast differentiation in the dentate gyrus (33) as
well as the formation of long-term memories (28).

Increased histone acetylation in vivo has been induced by
administration of HDACIs via either localized (subcutane-
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ous (40), intrahippocampal (28), etc.) or general (oral (10),
intravenous (39), etc.) routes. Considering the ubiquitous
expression of histone deacetylase and resulting altered glo-
bal gene expression in normal cells, the effects of HDACIs
on normal tissue cells need to be evaluated. In human pri-
mary skin fibroblasts, treatment with vorinostat, MS275 or
sodium butyrate increased DNA double strand breaks (32).
Human mesenchymal stem cells treated with MS-275 or
vorinostat induced cellular senescence and apoptosis, respec-
tively, which are associated with a decrease in stem cell prop-
erties (8). Although those responses, including DNA double
strand breaks, cellular senescence and apoptosis, are all
related to the aging process (6), there has been little attempt
to evaluate the effect of age on treatment with HDACIs. The
present study was undertaken with cells from dogs because
these animals are excellent models for human disease and
aging processes due to their physiological similarities. We
hypothesized that fibroblasts derived from aged dogs showed
increased cellular senescence compared to those from young
dogs, and that cellular senescence induced by vorinostat
would be accelerated in fibroblasts derived from aged dogs
compared those from young dogs.

Materials and Methods

Animal and chemical use

Animal experiments were done following standard proce-
dures established by the Committee for Accreditation of Lab-
oratory Animal Care and the Guidelines for the Care and Use
of Laboratory Animals of Seoul National University (approval
number is SNU-141201-4). All chemicals were purchased
from Sigma Chemical Company (St. Louis, MO, USA) unless
otherwise specified.

Fibroblasts derived from 1- and 7-year-old dogs

Primary cultures of dog skin fibroblasts were established
following the procedures from previous studies with minor
modification (23). Ear skin tissues from young (one-year-old)
and aged (seven-year-old) male Gyeongju Donggyeong dogs
were collected and transported aseptically to the laboratory.
Each piece of tissue was washed with phosphate buffered
saline (PBS; Invitrogen, Carlsbad, CA, USA), minced into
small pieces (< I mm x 1 mm) and placed onto the bottom of
a tissue culture dish. The cells were cultured with Dul-
becco’s modified Eagle’s medium (DMEM; Invitrogen) sup-
plemented with 10% (v/v) fetal bovine serum (FBS; Invitro-
gen) at 39°C in air containing 5% CO,. Primary cells were
cultured until confluence in this culture medium which was
replaced every 3 to 4 days, and subcultured after trypsiniza-
tion. Cells at passage 0 were cryopreserved using FBS sup-
plemented with 10% dimethyl sulfoxide, and stored in liquid
nitrogen until the following experiments were performed.

Cell culture and vorinostat treatment

Dog fibroblast cell cultures and treatment with vorinostat
were done as described in a previous study (20). Cryopre-
served cells were thawed and cultured with DMEM supple-
mented with 10% FBS and 1% non-essential amino acids
(NEAA; Invitrogen) until confluency. At passage 1, cells

were harvested by trypsinization and subcultured to reach
about 40-50% of confluence on the day after subculture. The
culture medium was replaced with fresh DMEM-FBS-NEAA
without (control group) or with 10 uM vorinostat (vorinostat
group) on one day after subculture. Twenty-four hours after
the change of culture medium, all cells were retrieved by
incubation for 3 min at 39°C with 0.25% trypsin-0.01%
EDTA and collected by centrifugation. After discarding the
supernatant, cell pellets were stored at —80°C until total RNA
or protein extraction.

Assay of senescence-associated B-galactosidase activity

Dog fibroblasts were cultured in 35 mm dishes and senes-
cence-associated beta-galactosidase activity was evaluated
using a senescence beta-galactosidase staining kit (Cell Sig-
naling Technology, Boston, MA, USA) according to the
manufacturer’s instructions. Twenty-four hours after vori-
nostat treatment, the culture media in both the control and
vorinostat groups were removed. After rinsing with PBS,
cells were fixed using Fixative Solution for 10-15 min at
room temperature, and stained with Beta-Galactosidase
Staining Solution at 37°C overnight in a dry incubator. At
least 100 cells in each dish were examined for beta-galactosi-
dase expression by microscopy (200X magnification).

Transcript level analysis with real-time polymerase
chain reaction

Total RNAs were extracted from the pellets of each group
using an easy-spin Total RNA Extraction Kit (iNtRON Bio-
technology Inc., Gyeonggi-do, Korea) according to the man-
ufacturer’s instructions. One microgram of the extracted
RNAs was used to synthesize complementary DNA using an
amfiRivert cDNA Synthesis Platinum Master Mix (GenDE-
POT, Barker, Texas, USA) following the manufacturer’s
instructions. Real-time polymerase chain reaction was per-
formed on a StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA) using a Power SYBR
Green PCR Master Mix (Applied Biosystems) according to
the manufacturer’s instructions with slight modifications.
Each reaction mix contained 200 ng complementary DNA,
10ul SYBR, 7.2 ul distilled water and 0.4 ul (10 pM/ul) of
each forward and reverse primer of p16, p19, p21, Rbl and
CDK4 (Table 1).

Western blotting

Western blot analysis was performed according to our pre-
vious study with a slight modification (20). Pro-PREP Pro-
tein Extraction Solution (iNtRON) was added to each cell
pellet, and cells were incubated to lyse on ice for 20 min.
After centrifugation, protein quantification of the superna-
tant using the Bradford reagent was performed, and 30 ug of
each sample was loaded for separation by 15% sodium dode-
cyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
Separated proteins were transferred onto polyvinylidene fluo-
ride membranes, and the membranes were blocked with 5%
skim milk in Tris-buffered saline and 0.1% Tween 20 (TBST)
for 1 h at room temperature. Then, the membranes were
incubated with diluted primary antibodies comprising mouse
anti-beta actin antibody (Abcam, Cambridge, MA, USA),
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Table 1. Primer sequences used for quantitative polymerase chain reaction

Gene Primer sequences (5’ to 3”) Product size (bp) References
B-actin F-ggcatcctgaccctgaagta 81 NM_001195845.1
R-ggtgtggteccagatcttct
P16 F-ccggacttcaagaattgage 112 IN086563.1
R-tgataaaggcaagcatgcag
P19 F-aggacccagcgaggttctat 112 XM_848853.3
R-atcaacaccaacaagccaca
P21 F-aatctgtcaggggcgtattg 116 XM 5321254
R-atgaaatgggggaagggtag
P53 F-cagtgtggtggtgccttatg 139 NM 001003210.1
R-ggagtcttccagggtgatga
Rb F-acgccaacaaaaatgactcc 138 XM _534118.4
R-gctgccttcageacttettt
CDK4 F-cccegtecagtacagacagt 100 XM_844780.3
R-aggcagagattcgcttgtgt
HDACI1 F-cggtcatgtccaaagtgatg 116 XM _544435.4

R-gtgccctttgategtgagat

rabbit anti-acetyl-H3K9 antibody (Millipore, Billerica, MA,
USA) and rabbit anti-p21 antibody (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) in TBST at 4°C overnight. After
washing in TBST, the membranes were incubated with horse-
radish peroxidase-conjugated secondary antibodies (Pierce,
Thermo Scientific, Rockford, IL, USA; Abcam) in TBST for
1 h at room temperature. After thorough washing in TBST,
the membranes were developed by enhanced chemilumines-
cence.

Statistical analysis

Two-way analyses of variance (ANOVAs) with Bonfer-
roni post-tests were performed to compare relative transcript
levels and western band intensities between control and vori-
nostat treated cells by age. Paired t-tests were used to com-
pare increased or decreased expression of transcripts and
protein by vorinostat treatment. The significance level was
p<0.05. The data were analyzed using Graph Prism soft-
ware (GraphPad, San Diego, CA, USA). All data presented
in this study are the result of three or more independent
experiments.

Results

Senescence-associated B-galactosidase activity

Cells derived from both young and aged dogs were cul-
tured in a monolayer and showed flat and spindle-shaped
fibroblasts, which is their typical morphology. However, as
shown in Fig 1, the number of cells stained by senescence-
associated [-galactosidase markers was higher in the aged
group (6.0 = 0.9/100 cells) compared to the young group (1.1
+0.7/100 cells). In both groups, the perinuclear staining for
[-galactosidase activity was significantly increased after 10
uM vorinostat treatment. Similar to the pretreatment status,
the number of B-galactosidase stained cells was higher in the
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Fig 1. B-galactosidase activity of 1 year old and 7 years old dog
fibroblasts without (0 h) or with 24 h of vorinostat treatment (24
h). B-galactosidase activity was significantly increased after 24
h of vorinostat treatment in both 1 year old and 7 years old dog
fibroblasts. Asterisk indicates statistical significance, p < 0.05.

aged group (9.5 £ 1.1/100 cells) than the young group (5.0 £
0.5/100 cells).

Analysis of relative expression of senescence-related
transcripts

Even in the control group, some of the relative transcript
expressions related to cellular senescence by both telomere
dependent and independent pathways showed significantly
different expression levels (Fig 2, Fig 3). Transcripts of p16,
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Fig 2. Relative transcript expression levels of genes related to cellular senescence by the telomere dependent pathway and to apoptosis
of dog fibroblasts derived from 1 year old and 7 years old donors without or with 24 h of vorinostat treatment. Expression profiles
of (a) p19, (b) p21 and (c) p53 (p <0.05). Each experiment was performed at least three times.
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Fig 3. Relative transcript expression levels of genes related to
cellular senescence by the telomere independent pathway of dog
fibroblasts derived from 1 year old and 7 years old donors with-
out or with 24 h of vorinostat treatment. Expression profiles of
(a) pl6, (b) CDK4, (c) Rb and (d) HDAC1 (p <0.05). Each
experiment was performed at least three times. Rb, retinoblas-
toma; HDAC, histone deacetylase.

p21 and p53 in the fibroblasts derived from the 7-year-old
group were 1.9 folds, 2.2 folds and 1.6 folds higher than
those from the 1-year-old group, but transcripts of Rb and
p19 were not different between the two groups. However,
after vorinostat treatment, while there were no significant dif-
ferences in transcript expressions for pl6 and p53 between
both groups, expression of Rb, p19 and p21 transcripts were
significantly increased in the aged group after the vorinostat

treatment by 1.5 folds, 1.4 folds and 1.3 folds, respectively.
In addition, although transcripts of CDK4 were decreased
and HDACI1 were increased by vorinostat treatment in both
the 1- and 7-year-old groups, they were not affected by age.
Vorinostat treatment also increased transcript expression of
p16, Rb, p19 and p53 in both the 1- and 7-year-old groups.

Changes in protein expression of p16, p21, and histone
acetylation

Western blot results showed age-dependent protein expres-
sion of pl16 (Fig 4). The protein expression of pl6 was 1.7
folds higher in the 7-year-old control group compared to the
1-year-old control group. The vorinostat treatment doubled
p16 protein expression levels in both young and aged groups,
resulting in 1.5 folds higher expression in the 7-year-old
group than the 1-year-old group. Similarly, although there was
no significant difference in p21 protein expression between
the young and aged groups, vorinostat increased expression
two-fold in each group. The p21 protein expression in the 7-
year-old group was 1.4 folds increased compared to that of
the 1-year-old group. Furthermore, acetylation of H3K9
expression was 0.3 folds lower in the control aged group
compared to the young group. After vorinostat treatment,
H3K9 acetylation was 4.9 folds and 13.2 folds increased in
the 1- and 7-year-old groups, respectively, but still 0.8 folds
lower in the aged group than the young group.

Discussion

Dogs are used as animal models for human aging research
not only because of their similarities in anatomy and physiol-
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Fig 4. Western blot results showing (A) p16, (B) p21 and (C) H3K9 acetylation levels in dog fibroblasts derived from 1 year old and

7 years old donors without or with 24 h of vorinostat treatment.
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ogy to humans but also because of their increased longevity
and more similarity of DNA and protein sequences with
humans compared to other laboratory animals including mice
and rats (27). Domesticated dogs are a spontaneous animal
model of human cancer because dogs have a shared environ-
ment with humans and naturally develop the same cancers as
humans (29). HDACIs also showed similar responses between
human and dogs for the treatment of osteosarcoma (38), and
consequently there have been trials to evaluate the effects of
vorinostat on various canine cancer cell lines in vitro (21)
and to treat canine hemangiosarcoma with vorinostat in vivo
(7). In addition, there is growing interest in dogs as a useful
translational geroscience model because they share human
environments (18). Therefore, primary cell cultures derived
from different aged dogs were used to compare the effect of
aging on HDACI treatment in this study.

Several important morphological changes occur in senes-
cent cells and have been used to evaluate the degree of cellu-
lar senescence. These include cell hypertrophy, cell flattening,
increased senescence-associated beta-galactosidase activity,
formation of senescence associated heterochromatic foci, etc
(31). Our results showed that, even without HDACI treat-
ment, fibroblasts derived from the aged dogs group showed
significantly increased beta-galactosidase activity compared
to those from the young group. In human skin samples, the
frequency and intensity of beta-galactosidase positive cells in
the dermis were increased with age, and the beta-galactosi-
dase activity also varied in skin fibroblasts with replicative
age (9). However, contrary to our results, it has been reported
that beta-galactosidase activity was not affected by the skin
donor’s age (9). This might be the results of early passage
(passage 2) and different confluency status (about 50%) in
our study. In addition, vorinostat accelerated beta-galactosi-
dase activity with flattened morphology in both young and
aged groups, which is consistent with the effects of other
HDACISs such as butyrate and TSA (30).

Cellular senescence is regulated by at least two different
pathways acting together or sometimes independently: a
telomere-dependent pathway via p53/p21 and a telomere-
independent pathway controlled by pl6 retinoblastoma (Rb)
(1). The DNA damage response induced by dysfunctional
telomeres often leads to either apoptosis or replicative senes-
cence by activation of p53 (36). The p53 activation promotes
transactivation of its downstream target genes, including the
cyclin-dependent kinase (cdk) inhibitor, p21. Expression of
cyclin/cdk? is inhibited in response to stimuli of p21, which
initiate the phosphorylation and inactivation of Rb (12).
Hypophosphorylated Rb induces cell arrests in the G1 phase
of the cell cycle. To avoid cell cycle arrest through contact
inhibition, cells at subconfluency were used in our study. The
p53/21 pathway has been generally regarded as an important
regulator of replicative senescence, and alteration of tran-
script and proteins expression or proteasome activity via this
pathway also has been reported in senescent fibroblasts (15).
Even the primary cells from old rats showed higher nuclear
p21 and p53 proteins than young, growing rats (24), but in
our study the p21 protein expression levels were not differ-
ent between young and aged dog groups. The vorinostat
treatment used in our study also induced cellular senescence

by upregulation of p21 transcripts, which is one of the cru-
cial changes during induction of replicative senescence in
cell culture (17), and downregulation of p53. These changes
are also seen in cultures of peripheral blood lymphocytes
treated with sodium butyrate (19). Furthermore, it increased
the expression of p19 which is a tumor suppressor linked to
degradation of p53 in the telomere-dependent pathway. How-
ever, these changes induced by vorinostat were not signifi-
cantly different between the young and aged groups.

In the telomere-independent pathway, a cyclin-dependent
kinase (CDK) inhibitor p16 inhibits CDK4 and CDK6 which
initiate the phosphorylation and inactivation of Rb. Hypo-
phosphorylated Rb represses the transcriptional activation of
E2F by recruiting chromatin remodeling proteins such as
HDACTs (13). The present study showed that in the control
groups, both transcript and protein expression levels of pl16
showed increases in the aged group compared to the young
group. Although up-regulation of p16 is a reliable biomarker
of cellular and organismal aging in rodents and humans (34),
little is known about gene expression involved in cellular
senescence in dogs. It seems that telomere length, which is
one of the widely used organismal aging markers in humans,
is not shortened by aging and is affected by breed in dogs
(25). Thus, the upregulation of p16 transcript and protein lev-
els in the aged group suggests that p16 could be a valuable
marker of dog aging. The vorinostat treatment successfully
increased acetylation of H3K9 in both young and aged dog
fibroblasts, which is similar to other studies that found in-
creased acetylation of H4 by sodium dibutyrate (26) or of
H3K9 by valproic acid (22). The vorinostat used in our study
accelerates cellular senescence by increasing transcript ex-
pression of pl6 and decreasing CDK4, which results in an
increase of Rbl and HDACI transcripts. These results are
similar to those found with other HDACI such as sodium
dibutyrate on human fibroblasts (26) and valproic acid on
dog adipose tissue-derived stem cells (22). However, in our
study there were no significant differences in p16 protein and
transcript (CDK4, Rbl, and HDACI1) expression levels bet-
ween the young and aged groups.

The importance and practical applications of HDACI have
been enlarged especially in elderly people because they are
considered to have the highest risk factors for a range of dis-
eases, such as cancer or cognitive disorders, that can respond
to HDACIs treatment. Our results showed that 10 uM vori-
nostat treatment for 24 hr induced cellular senescence in
fibroblasts derived from young and aged dogs, but there was
no significant difference in the induction of senescence
between the two groups. This could imply that acceleration
of senescence induced by HDACIs is not influenced by the
initial acetylation status and safe application of HDACIs to
aged animals or people is possible. Further studies are
needed to evaluate the organismal aging effect induced by
HDACTs treatment on aged compared to young dogs.
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