1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Aging Cell. 2011 February ; 10(1): 66—79. d0i:10.1111/j.1474-9726.2010.00646.X.

Age-related changes in mesenchymal stem cells derived from
rhesus macaque bone marrow

Ji Min Yul-2, Xiying Wu3, Jeffrey M. Gimble3, Xiaoyan Guan?, Michael A. Freitas?, and Bruce
A. Bunnell1:2:5

Division of Gene Therapy, Tulane National Primate Research Center, Covington, LA 70433,
USA

2Center for Stem Cell Research and Regenerative Medicine, School of Medicine, Tulane
University, New Orleans, LA 70112, USA

3Stem Cell Biology Laboratory, Pennington Biomedical Research Center, Baton Rouge, LA
70808, USA

“Molecular Virology, Immunology & Medical Genetics, College of Medicine, The Ohio State
University, Columbus, OH 43210, USA

5Department of Pharmacology, School of Medicine, Tulane University, New Orleans, LA 70112,
USA

Summary

The regeneration potential of mesenchymal stem cells (MSCs) diminishes with advanced age and
this diminished potential is associated with changes in cellular functions. This study compared
MSCs isolated from the bone marrow of rhesus monkeys (rBMSCs) in three age groups: young (<
5 years), middle (8-10 years), and old (> 12 years). The effects of aging on stem cell properties
and indicators of stem cell fitness such as proliferation, differentiation, circadian rhythms, stress
response proteins, miRNA expression, and global histone modifications in rBMSCs were
analyzed. rBMSCs demonstrated decreased capacities for proliferation and differentiation as a
function of age. The production of heat shock protein 70 (HSP70) and heat shock factor 1 (HSF1)
were also reduced with increasing age. The level of a core circadian protein, Rev-erb a, was
significantly increased in rBMSCs from old animals. Furthermore, analysis of miRNA expression
profiles revealed an up-regulation of mir-766 and mir-558 and a down-regulation of mir-let-7f,
mir-125h, mir-222, mir-199-3p, mir-23a, and mir-221 in old rBMSCs compare to young rBMSCs.
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However, there were no significant age-related changes in the global histone modification profiles
of the four histone core proteins: H2A, H2B, H3, and H4 on rBMSCs. These changes represent
novel insights into the aging process and could have implications regarding the potential for
autologous stem cells therapy in older patients.

aging; cell cycle; differentiation; mesenchymal stem cells; miRNA; non-human primate

Introduction

Mesenchymal stem cells (MSCs) are a heterogeneous population of cells that can be isolated
from the connective tissue of almost all organs including: adipose, periosteum, synovial
fluid, muscle, hair follicles, roots of deciduous teeth, articular cartilage, placenta, dermis,
umbilical cord, Wharton's jelly, lung, liver, and spleen and have been described in a variety
of species, including humans, nonhuman primates, and rodents (Prockop, 1997; Majumdar
et al., 1998; Pittenger et al., 1999; Woodbury et al., 2000; Izadpanah et al., 2005). MSCs
have the capacity for self-renewal and the potential to differentiate into multiple lineages,
such as osteocytes (Jaiswal et al., 1997), adipocytes (Purpura et al., 2004), chondrocytes
(Johnstone et al., 1998) and myo-blast (Wakitani et al., 1995). While it is obvious that
MSC:s retain their capacity for self-renewal and differentiation, it has become increasingly
clear that the therapeutic efficacy mediated by MSCs is through the production of bioactive
levels of soluble factors (growth factors and cytokines) that regulate diverse disease-
associated processes, including activation of tissue-resident stem/ progenitor cells,
apoptosis, stimulation of vasculo-genesis and inhibition of inflammation (Giordano et al.,
2007; Kolf et al., 2007).

Biological aging is associated with a progressive loss of regulation of cellular, tissue and
organ interaction, ultimately resulting in senescence. Biological aging can influence the
decline in regenerative potential of tissue and cellular functions in a variety of organs.
Clinical trials as well as animal studies have shown that the regeneration potential of bone
and other tissues declines with age due to a decline in the number or frequency of stem cells
present in adult organs; these factors may contribute to human aging and age-related disease
(Meyer, 2001; Stenderup et al., 2004; Conboy & Rando, 2005; Rando, 2006). Therefore,
understanding the age-related functional and biological changes that occur in MSCs will be
critical to the success of any therapeutic application of MSCs in regenerative medicine.

Only recently have people begun to collect data on the effects of natural aging on
mesenchymal lineage stem cells. Several reports indicate that aging is accompanied by
numerous changes in biological processes in MSCs. The number of cells obtained by bone
marrow aspiration (Sethe et al., 2006) and their potential to proliferate and differentiate
declined with age in both humans and mice (Bellows et al., 2003; Shi et al., 2005; Mareschi
et al., 2006; Tokalov et al., 2007). BMSCs isolated from older human donors lack the
characteristic spindle-like morphology observed in BMSCs from younger donors (Baxter et
al., 2004). Several groups have demonstrated that the frequency of CFU decreased in aged
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donors among multiple species (Baxter et al., 2004; Stolzing & Scutt, 2006; Zhou et al.,
2008). A study performed using MSCs from a broad age range of human donors (17-90
years old), revealed a four-fold increase in the frequency of senescent cells and a doubling
rate that was almost twice as long in MSCs from older donors (Zhou et al., 2008). Essential
intrinsic cell processes such as telomere shortening (Armanios et al., 2009), DNA damage
accumulation (Beausejour, 2007), and oxidative stress (Stolzing & Scutt, 2006; Kasper et
al., 2009) are also affected by age in MSCs. It has also been determined that BMSCs from
aged human subjects have increased levels of p21 and p53, as well as apoptotic cells
(Stolzing et al., 2008; Zhou et al., 2008). Moreover, the cells from aged donors had a
marked decrease in the overall expansion rate and multilineage differentiation potential
(D'lppolito et al., 2006; Stolzing & Scutt, 2006; Stolzing et al., 2008; Zhou et al., 2008).
Recent studies that compared gene expression profiles from MSCs derived from young and
old humans, monkeys, and mice showed down-regulation of genes involved in the cell
cycle, DNA replication, and DNA repair with age (Auricchio et al., 2002; Hacia et al., 2008;
Wagpner et al., 2008). Furthermore, several studies have shown that miRNAs are regulated in
various human cells as a result of aging (Hackl et al., 2010) and that a number of miRNAs
are differentially expressed in aged MSCs due to long-term culture (Wagner et al., 2008).
These changes are controlled by epigenetic alterations such as DNA methylation and histone
modifications and could play a role in the changes associated with aging observed in cells
(Young et al., 2004; Bork et al., 2009).

In this study, the affects of biological aging on the properties of rBMSCs at both the cellular
and molecular levels were analyzed. Assessments of growth and differentiation, as well as
cellular and molecular markers of aging, were investigated. The data presented here
demonstrate an age-dependent loss of cellular proliferation and differentiation potential. The
functional changes correlate with changes in cellular indices of aging including: age-related
alterations in the expression of both CD44 and CD90, an increase in the frequency of cells
expressing senescence-associated pf-galactosidase, and increased levels of reactive oxygen
species (ROS) as well as both p53 and p21. As part of this analysis, age-related changes in
the miRNA expression patterns and levels were characterized. The affects of aging on
epigenetic alteration of histone proteins demonstrated that histone modification is not
markedly altered as a function of age. These data provide novel insights into the molecular
and biological alterations occurring in rBMSCs that are associated with biologic aging. The
data suggest that aging results in the accumulation of altered stem cell-associated properties
that directly result in a marked decrease in the functionality and quality of BMSCs.
Ultimately, these age-associated alterations may impact the efficacy of BMSCs autologously
transplanted in aged populations.

Morphologic appearance of r BMSCs from three age groups

The rBMSCs were characterized by morphology, differentiation capacity, and
immunophenotype as previously described (I1zadpanah et al., 2005). For this study, cells
were divided into three different age groups; young rBMSCs (< 5 years), middle rBMSCs
(8-10 years), and old rBMSCs (> 12 years) groups. Young rBMSCs showed a fibroblast-like
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appearance with few cytoplasmic expansions, while middle and old rBMSCs showed
diverse shapes that were widely spread out; this appeared as early as passage 1 (Fig. S1A).
The size of the cells isolated from the young, middle, and old rBMSCs was also analyzed.
As demonstrated by forward light-scatter characteristics, rBMSCs from animals > 12 years
old were found to be significantly larger than rBMSCs from animals < 5 years old (Fig
S1B,C).

Immunophenotype analysis in vitro

The effects of biological aging on the immunophenotype of rBMSC were analyzed by flow
cytometry for cell surface antigens. A panel of seven surface markers composed of
antibodies to both hematopoietic and non-hematopoietic lineage proteins typically used for
MSC characterization was analyzed (Fig. 1A). All groups of rBMSCs at passage 1 or 2 were
negative for hematopoietic markers, CD34, CD45, CD11b, and CD117 and positive for
MSC markers, including CD90, CD44, and CD73. Interestingly, the percentage of CD90*
cells in young and middle rBMSCs was much higher than that of old rBMSCs. The
percentage of CD90* cells was 71.51% in young rBMSCs, 65.74% in middle rBMSCs, and
only 4.55% in old rBMSCs. However, the percentage of CD44" cells in old rBMSCs was
higher than that from young rBMSCs. The frequency of CD44™ cells was 2.1% in young
rBMSCs, 18.64% in middle rBMSCs and 48.25% in old rBMSCs (Fig. 1B).

Age-related decreases in proliferation capacity

To assess age dependent changes of rBMSCs, a cellular proliferation assay was performed
over a period of 14 days. Cells were harvested by trypisinzation and counted every 24 h for
the first 96 h and then again on days 7 and 14. After 72 h, rBMSCs from young animals
exhibit more rapid proliferation rates compared to rBMSCs from the other groups (Fig. 1C).
The doubling time in rBMSCs from the older animals increased gradually until the cells
ultimately underwent senescence at passage 2 (data not shown).

Several studies have reported that conditioned medium (CM) obtained from MSCs contains
putative growth factors that accelerate cell division, delay senescence, and enhance cell
differentiation (Hakkinen et al., 2001; Chivu et al., 2002; Elder, 2002; Torres et al., 2002).
The ability of CM collected from rBMSCs from young rhesus macaques to stimulate the
growth of rBMSCs from the old group of animals was investigated. rBMSCs from the old
group of animals were plated in 12 well plates, cultured for 24 h and the media was replaced
with 100% CM obtained from rBMSCs from young animals. The cells were then counted
every 24 h for 4 days. The CM from the young rBMSCs failed to enhance the proliferation
of the rBMSCs from old animals, compared to the control samples (Fig. 1D). These results
suggest that the presence of factors secreted by the r BMSCs from young animals alone were
not sufficient to influence proliferation of rBMSCs from older donors.

Differentiation potential is diminished as a function of biologic age

To assess the osteogenic differentiation potential of rBMSCs among the three age groups,
cells were cultured in osteogenic induction medium. The cells aggregated, formed nodules,
and accumulated calcium deposits over the 2-week period. An Alizarin Red stain was used
to detect precipitated calcium salt, which indicates differentiation. The data from a visual
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assessment demonstrated that rBMSCs from the old and middle age groups showed lower
amounts of Alizarin Red staining compared to cells from young animals (Fig. 2A). The
extraction and quantification of the levels of calcium accumulation was used as an indication
of the extent of differentiation. The results indicated that young rBMSCs [Optical Density
(OD) ratio = 10.1] appeared to differentiate into mineralizing cells to a greater degree than
the middle rBMSCs (OD ratio = 5.6) and the old rBMSCs (OD ratio = 3.7) (Fig. 2B).

The adipogenic differentiation potential of rBMSCs in the three age groups was also
monitored. Oil Red O staining was used to quantify cell differentiation following 3 weeks of
culture in standard adipogenic medium. Based on the visual assessment of the extent of
staining of Oil Red O-positive lipid inclusions in the cells, the adipogenic differentiation
potential also decreased with biological age (Fig. 2A). The quantification of the extracted
Oil Red O stain showed a statistically significant decrease in adipogenic differentiation of
rBMSCs in the middle (OD ratio = 6.4) and old age groups (OD ratio = 3) when compared
to the young age group (OD ratio = 7.6) (Fig. 2B).

Cell cycle related perturbations associated with age

The cell cycle distribution of rBMSCs among the three age groups was determined using
flow cytometric analysis, after staining the cellular DNA with propidium iodide (PI). Single-
variable histograms of DNA provided data describing the percentages of cells in Gp-G1, S,
and G,-M phase of the cell cycle. Populations of rBMSCs from old rhesus macaques
possess a significantly higher percentage of cells in S phase (34.96 + 3.3%) than cells from
young animals (13.5 + 2.8%). These data demonstrated an increasing fraction of cells
arrested in or with a protracted duration of S phase in the rBMSCs from old and middle age
groups (Fig. 3A).

Cellular senescence in the three age groups

Senescence is a phenomenon of cellular aging, which can be detected by monitoring
senescence associated f-galactosidase activity. The percentage of B-gal positive, early
passage cells in old rBMSCs was significantly higher than in young rBMSCs at the same
passage (Fig. 3B). To further validate that there is an age-related alteration in cell
senescence in cells from the older animals, markers associated with the senescent phenotype
of somatic cells such as the tumor suppressor gene p53 and the cell-cycle regulation protein
p21 were analyzed by Western blot. The expression of both p53 and p21 were significantly
up-regulated in old rBMSCs compared to young rBMSCs (Fig. 3C). The relative
quantification by densitometry revealed approximately two-fold up-regulation of p53 protein
and a 1.7-fold up-regulation of p21 protein in old rBMSCs compared to young rBMSCs
(Fig. 3D).

Telomere maintenance in aged rBMSCs

Telomerase enzyme activity was evaluated in the three age groups of rBMSCs using the
amplified telomeric repeat (TRAP) method. The levels of telomerase activity were reduced
in old rBMSCs. The telomerase activity was decreased by 11.5% in middle-aged rBMSCs
and by 65% in cells from old animals, when compared to cells from young animals at
identical passage (Fig. 3E). Telomere length was monitored using a mean terminal
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restriction fragment (TRF) length of genomic DNA based on Southern hybridization with a
telomeric probe. Telomere length was analyzed in the three age groups. Although the signal
intensity of telomere length in middle and old rBMSCs was decreased compared to young
rBMSCs, shorter telomeres were not detected (Fig. 3F).

Stress response related changes with age

Oxidative damage of many types accumulates with age (Stolzing et al., 2006; Sauvaigo et
al., 2007; Satoh et al., 2008). ROS production has been determined to be a major cause of
DNA damage and cell senescence in the aged. The accumulation of ROS in the rBMSCs
was determined using DCFH-DA fluorescence as an indicator. Flow cytometric analysis
showed that the frequency of ROS positive cells increased in middle (27.17%) and old
(30.54%) rBMSCs compared to young (13.53%) rBMSCs (Fig. 4A).

The effects of age on the expression of stress related genes were also analyzed. The
expression of heat shock and stress proteins (HSF-1, HSF-2, HSP27, HSP 47, HSP 60, HSP
70, HSP 90A, and HSP 90B) was examined by RT-PCR in the three age groups (Fig. 4B).
While no alterations were observed in the expression of the majority of the genes analyzed,
there was a two fold decrease in the expression levels of MRNAs encoding the
transcriptional regulator HSF-1 and a four fold decrease in the expression of HSP 70 in
middle and old rBMSCs compared to young rBMSCs (P < 0.05) (Fig. 4C).

Circadian rhythm element gene expression

The circadian system and circadian proteins play direct roles in the aging process (Gibson et
al., 2009). With advancing age, these daily fluctuations deteriorate, leading to disrupted
cycles with reduced amplitude in both experimental organisms and in humans. Such
disruptions in the circadian system appear to accelerate the aging process and contribute to
senescence with age (Wagner & Mittag, 2009). To investigate the relevance of oscillation of
circadian rhythm genes with age in rBMSCs, confluent and quiescent rBMSCs were
exposed to 1 pum dexamethasone for 2 h and then cultured in regular medium. For RNA
isolation, individual plates were harvested at 4-h intervals over a total period of 48 h. The
expression of the core circa-dian transcription factors, Bmal 1, Cry 1, Npas 2, Rev-erb a and
Rev-erb § were examined in the three age groups (Fig. 5). Young and old rBMSCs showed
similar rhythm patterns of their clock genes and there was no significant difference between
the two groups. Of interest is the fact that, the peak level of expression for Rev-erb a in
young rBMSCs was much lower than that in old rBMSCs (Fig. 5D). The peak time point for
Rev-erb [ appeared to be broader in duration and reached a lower zenith in young rBMSCs
compared to old rBMSCs (Fig. 5E). Rev-erb a/ f is an essential component of the core
circadian clockwork and the data demonstrate that age may have an impact on both the
appropriate timing and the level of Rev-erb expression in rBMSCs in aged rhesus.

Altered microRNA expression with advanced age

To investigate the role biological aging plays in miRNA expression patterns in rBMSCs,
miRNA array analysis was performed on cells from the three age groups using array
profiling of global miRNA expression. Our results indicate that multiple miRNAs are
differentially expressed as a function of biological aging. A total of 138 miRNAs were up-
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regulated in middle and old rBMSCs, compared to young rBMSCs, which represents 25% of
the total miRNA probes on the array. A total of 206 miRNAs were down-regulated in
comparison to young rBMSCs, which represents 38% of total miRNA probes on the array.
The analysis permitted the identification of 15 miRNAs that were significantly up-regulated
(> 1.5 fold) and 29 that were down-regulated (> 1.5 fold) in middle and old rBMSCs (Fig.
6A). Table 1 highlights the miRNA with the greatest fold variations in middle and old
rBMSCs compared to young rBMSCs. The differential expression of miRNAs was validated
using quantitative RT-PCR; we confirmed the down-regulation of mir-let-7f, mir-132,
mir-365, mir-125b, mir-222, mir-720, mir-199-3p, mir-23a, and mir-221 and the up-
regulation of mir-766, mir-466-3p, mir-466, mir-558, and mir-291a-5p (Fig. 6B).

Reverse-Phase Liquid Chromatography-Mass Spectrometry (RPLC-MS)

Histone madifications contribute to epigenetic mechanisms, which have been associated
with biological function in stem cell lineages (Wu & Sun, 2006; Chambers et al., 2007;
Rugg- Gunn et al., 2010). Global histone profiling (Zhang et al., 2004; Su et al., 20074,
2009) was performed on cells from cohorts of rBMSCs from three different rBMSC samples
from both the young and old animals. Reversed phase LC-MS analysis of the histones
extracted from these cells revealed distinct profiles of H4 isoforms for each animal (Fig.
S2). However, there was no apparent correlation between the profiles and age.

Discussion

Many studies have described biological age-related changes in human and murine MSCs. In
this study, we investigated age-related alterations of the molecular and biological properties
of r BMSCs. The data demonstrated that cells from aged rhesus macaques (> 12 years old)
have diminished capacities for proliferation and differentiation compared to cells isolated
from young animals. rBMSCs from the young animals expressed the typical MSC markers
(CD90 and CD73) at high levels and were negative for hematopoietic markers (CD11b,
CD117, and CD45). In the rBMSCs from aged macaques, the percentage of CD90* cells
was decreased as previously reported in other species (Campioni et al., 2006; Tokalov et al.,
2007). A previous study demonstrated that CD90) human BMSCs have decreased
immunosuppressive properties and do not increase the secretion of HLA-G or IL-10 levels
as the CD90* BMSCs (Campioni et al., 2008). The percentage of CD44" cells was also
markedly increased in samples from aged animals, which has not been described for BMSCs
in other species. According to a recent report, the expression of CD44 was shown to be
increased on T cells in aged mice and correlated with increasing age (Han et al., 2009),
which supports our observation.

Cell senescence as a consequence of cellular aging was observed by SA-B-galactosidase
assay and up-regulation of p53 and p21 protein in middle and old rBMSCs. Telomerase
activity in old rBMSCs was decreased significantly compared to young rBMSCs, whereas
there was no detectable shortening of the telomeres in middle or old rBMSCs. Taken
together, the data suggest that biological aging affects cell morphology as evidenced by
enlargement of the rBMSCs, increases cell senescence, and alters the cell surface antigen
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profile. These changes may ultimately stop proliferation and decrease the maximal life span
of BMSCs.

As illustrated in this study, rBMSCs show a progressive accumulation of senescent cells
with age. This is associated with various stress responses such as heat shock and oxidative
stress (Hall et al., 2000). One of the most widely studied groups of stress response proteins
is a family of molecular chaperones known as heat shock proteins (HSPs). HSPs play a
critical role in protecting against cellular damage (Swanlund et al., 2008). Many other
studies have shown age-related declines in stress-induced synthesis of HSPs. The observed
decrease in HSP 60 indicates an age-related loss of apoptotic flexibility, which has been
associated with senescence (Campisi, 2002). Wagner & Margolis (1995) found that HSP90
could be a direct component of the proteasome complex in young, but not in aged bovine
tissues. Recently, Chung & Ng (2006) reported that HSP27, )60 and )70 are all increased in
senescent rat muscle tissue, when comparing adult and senescent donors. In contrast to these
results, Stolzing et al. (2006) reported that HSP 27, HSP70, and HSP90 were up-regulated in
young rat MSCs cultured at a reduced temperature. In this study, we found significantly
increased levels of ROS generation and decreased expression of HSP70 in old compared to
young rBMSCs. There was also a decrease in heat shock factor 1 (HSF1) with increasing
age in rBMSCs. HSF1 is essential for protecting cells from protein-damaging stress
associated with misfolded proteins, and influences aging process. Studies showed that
reducing HSF1 activity accelerated tissue aging and shortens life-span (Hsu et al., 2003;
Westerheide et al., 2009). HSF1 also is responsible for modulating the transcriptional
expression of HSP70 in response to whole body stress in rodents, highlighting the central
role for HSF1 even during physiological stress (Pirkkala et al., 2001). Therefore, further
investigation is required to determine whether HSF1 mediates expression of HSP 70 in
aging process of rBMSCs. Our results provide that changes in the expression of the stress
response genes could be an important factor in advanced donor age.

Circadian rhythms are genetically determined biological rhythms that are considered an
important adaptive mechanism to the cyclical light/ dark alterations in the environment.
Age-related changes in the circadian time-keeping mechanism are well known, and
seemingly contribute to various pathologies associated with biological aging (Kondratov,
2007). Recent studies indicate that the circadian system and circadian clock proteins may be
involved in DNA repair and in regulating accumulation of cellular ROS, and that they play a
role in aging processes (Geyfman & Andersen, 2010). Multiple lines of evidence
demonstrate that core components of the circadian regulatory system control a variety of
cellular processes, including: cell division control, DNA damage response pathways, and
chromatin remodeling. In animal models, there is a strong link between the expression of
circadian regulatory proteins and regulated progression through the cell cycle (Fu et al.,
2002; Matsuo et al., 2003; Gery et al., 2005). In fact, deregulated expression of either Perl
or Per2 alters the expression of several cell cycle genes, including c-myc, p21, weel, cyclin
B1, and cdc2, that are key regulators of arrest of the cell cycle and apoptosis (Gery et al.,
2005, 2006, 2007a,b; Hua et al., 2006; Gery & Koeffler, 2007a,b). Moreover, dysregulated
expression of circadian genes has been observed in a wide variety of human tumors,
including hematologic, breast, pancreas, and endometrial cancers (Shih et al., 2006; Yang et
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al., 2006; Gery & Koeffler, 2007a). Circa-dian pathways also have a direct link to pathways
involved in chromatin remodeling and ultimately, transcription regulation (Crosio et al.,
2000; Curtis et al., 2004; Naruse et al., 2004; Doi et al., 2006). A previous study reported
that exposure to dexamethasone or serum shock initiated the oscillatory expression of
MRNA associated with the core circadian transcriptional apparatus (Wu et al., 2008). The
rBMSC:s in this study were exposed to dexamethasone for 2 h and the expression of circa-
dian core genes was measured. Our data demonstrate that circadian core genes (bmall, cryl,
rev-erb a, and npas) are rhythmically expressed in young and old rBMSCs. A significant
age-related change in the levels of mMRNA expression for one of the core circadian genes
was detected. Specifically, the basal expression of rev-erb a was suppressed in young
rBMSCs compared to old rBMSCs. Robust oscillations in rev-erb « were observed in young
and old rBMSC:s at different time point throughout the 48-h period. Rev-erb a, known as
nuclear receptor subfamily 1, group D member 1 (Nrld1), belongs to the family of ‘orphan
receptors’ and functions as a member of the clock gene family. Apart from its circadian
regulatory functions, it has been reported that Rev-erb a also regulates cell proliferation and
differentiation (Chawla & Lazar, 1993; Downes et al., 1995). Until now, there has been no
experimental evidence describing the expression of oscillating clock genes in aged rBMSCs.
Therefore, this observation is noteworthy as Reverb a, a ‘clock gene’, has also been reported
to act as regulator of aging process in rhesus pituitary gland (Sitzmann et al., 2010).

The potential of mMiRNAs to be central regulators of aging in humans has recently attracted
intense interest. In this study, global age-related alterations in miRNA expression in
rBMSCs were examined, with a view to identifying pathways that may play key roles in the
age-associated declines in MSC function. The data demonstrate for the first time that
miRNAs are differentially regulated with increasing age in rBMSCs. Surprisingly, many of
the described miRNA functions did not have a direct association with cell growth and cell
cycle; however, the full activity of most miRNAs is not well-defined. Among the up-
regulated miRNAs, miR-558 is noted for targeting genes involved in cell cycle checkpoint
and apoptosis (Maes et al., 2008). Among the down-regulated miRNAs, miR-221, and
miR-222 are involved in tumorigenesis and regulate the expression of cell cycle regulatory
proteins (Lambeth et al., 2009; Lorimer, 2009). Both miR-365 and miR-720 have functions
specifically related to growth (Wenguang et al., 2007; Maes €t al., 2009). To date, few
studies have analyzed global miRNA expression patterns in aging stem cells and most of the
studies were related to the effects of protracted culture on cells. A more recent study
identified four miRNAs that were commonly down-regulated as a result of human aging
(Hackl et al., 2010). This group analyzed these down-regulated miRNAs from four
replicative cell types including human MSCs by miRNA microarray. There was no overlap
between these miRNA and those identified in our studies, which could be the result of
species differences or differences in analytical techniques. Therefore, the miRNA expression
patterns described in the current manuscript may provide novel markers of the aging process
on MSCs.

Furthermore, the contribution of epigenetic alterations related to biologic aging was
investigated. The epigenetic profile of rBMSCs isolated from young and old animals were
compared using LC-MS analysis. There was no apparent correlation between the histone
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epigenetic profiles and age. While these data suggest that the global pattern of histone
isoforms is not significantly altered during aging, there is no way to determine the specific
patterns of histone modifications from this LC-MS experiment. More detailed experiments
are planned to examine the patterns of histone modification using quantitative middle-down
and bottom-up mass spectrometry (Ren et al., 2005; Su et al., 2007b, Knapp, 2007). In
summary, these results present insights into age-related alterations in cellular processes and
comprehensive information on understanding the biological functions in rBMSCs. The
outcomes have implications relating to the potential utility of autologous BMSCs isolated
from older donors for regenerative medical therapies.

Experimental procedures

Isolation and expansion of rBMSCs

rBMSCs were isolated and cultured from groups of select ages of rhesus macaques (Macaca
mulatta) as previously described (Izadpanah et al., 2005). Healthy rhesus macaques ranging
in age from one to 20 years old and of both genders were used for these studies. The bone
marrow samples were taken from 22 healthy rhesus macaques from three different age
groups; young (< 5 years, n=9), middle (8-10 years, n = 4), and old (> 12 years, n = 9)
group. All animal procedures in this study conformed to the requirements of the Animal
Welfare Act and were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Tulane National Primate Research Center prior to implementation. The
animals were housed under conditions approved by the Association for the Assessment and
Accreditation of Laboratory Animal Care International. The rBMSCs were cultured in
MEM-alpha (Invitrogen, Carlsbad, CA, USA) supplemented with 20% fetal bovine serum
(FBS) (Atlanta Biological, Lawrenceville, GA, USA), 1% -glutamine, and 1% penicillin/
streptomycin (Invitrogen) at 37 °C in 5% CO». Cells were routinely passaged when they
reached no more than 75-80% confluence, using 0.25% trypsin plus 0.2% EDTA.

Flow cytometry

The immunophenotype of rBMSCs at passage 1 or 2 was analyzed by flow cytometry. Cells
were trypsinized, collected, washed twice with PBS, and incubated with 0.1% BSA in PBS
for 1 h at 4 °C with PeCy5, PeCy7, FITC or phycoerythrin (PE)-conjugated antibodies
against CD34, CD11b, CD45, CD117 (all from Beckman-Coulter, Miami, FL, USA), CD
44, CD73a, and CD106 (Becton Dickinson, San Jose, CA, USA). Excess antibody was
removed by washing cells with PBS, and cells were analyzed on Becton Dickinson FACS
Calibur (Becton Dickinson) using Cell Quest software.

Proliferation assay

To compare the cell proliferation capacity among the three age groups, rBMSCs at passage 1
or 2 were plated in triplicate at 10 cells per well in six well plates. The medium was
replaced every 48 h. Cells were counted every 24 h for 14 days using a hemocytometer, in
order to determine their growth rate by cell number.
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Collection of conditioned media

rBMSCs obtained from the young animals were cultured in 10 cm? dishes. Cells were
incubated for 24 h with complete medium to allow the cells to permit their adherence to the
growth surface. The next day, the complete medium was removed and replaced with serum
free medium. After 48 h, the medium was collected and used as CM for in vitro studies.

Differentiation assays

Osteogenic and adipogenic differentiation were induced according to a standard protocol
(Izadpanah et al., 2005). For osteogenesis, the cultures were then incubated in complete
expansion media (CEM) supplemented with 20 mw glycerol phosphate, 50 ng/ mL
thyroxine, 1 nw dexamethasone, and 50 pw ascorbate 2-phosphate (all from Sigma, St Louis,
MO, USA). The media was changed two times per week for 2 weeks. The cells were fixed
with 10% formalin for 20 min at room temperature (RT) and stained with Alizarin Red, pH
4.1 (Sigma) for 20 min at RT. To quantify the amount of Alizarin Red, the deposition was
extracted by 10% (w/ v) cetylpyridinium chloride in 10 mu sodium phosphate (pH 7.0) at
RT for 1 h and the Alizarin Red stain in extraction buffer was determined by measuring the
optical density (OD) of the solution at 560 nm.

For adipogenesis, the cultures were incubated in CEM supplemented with 5 pg/ mL insulin,
50 um indomethacin, 1 pv dexamethasone, and 0.5 pu 3-isobutyl-1-methylxanthine (IBMX)
(all from Sigma). The medium was changed two times per week for 2 weeks. The cells were
fixed with 10% formalin for 20 min at RT and stained with 0.5% Oil Red O (Sigma) in
methanol (Sigma) for 20 min at RT. To quantify the amount of Oil Red O, the stained oil
droplets were extracted by isopropyl alcohol and Oil Red O stain in extraction buffer was
determined by measuring the optical density (OD) of the solution at 520 nm. The results
were then normalized to the protein contents of the samples.

Analysis of cell cycle status

Single cell suspensions of each age group were obtained from cultures at passages 1-2. For
DNA content analysis, cells were fixed in 70% ethanol, rehydrated in PBS, treated for 30
min with RNase A (1 mg/ mL), and stained with 1 ug/ mL of propidium iodide (PI) for 5
min. The intensity of fluorescence was determined by analysis on a fluorescent-activated
cell sorter (Becton Dickinson FACscan, San Jose, CA, USA) equipped with a 488-nm argon
laser. Data acquisition was performed with Cell Quest (Becton Dickinson) software, and the
percentages of cells in Gy, S, and G, phases of the cell cycle were calculated with Flowjo
software (Tree Star, Inc, Ashland, OR, USA).

ROS detection

The intracellular generation of ROS was measured using DCFH-DA. DCFH-DA is cleaved
intracellularly by nonspecific esterases to form DCFH, which is further oxidized by ROS to
form the fluorescent compound DCF. DCFH-DA working solution was added directly to the
medium to reach 10 v, and then incubated at 37 °C for 15 min. Cells were then washed
once, resuspended in PBS and kept on ice for an immediate detection by FACScan (Becton
Dickinson). Data was analyzed with Flowjo software (Tree Star, Inc, Ashland, OR, USA).
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Senescence-associated p-galactosidase staining

For staining, the cells were washed in PBS, fixed for 5 min at RT in 2% formaldehyde/0.2%
glutaraldehyde, washed, and incubated at 37 °C in the absence of CO, with freshly prepared
senescence associated [B-Gal (SA-B-Gal)] stain solution: 1 mg of 5-bromo-4-chloro-3-
indolyl P3-D-galactoside (X-gal) per mL (stock = 20 mg of dimethylformamide per mL)/ 40
mw citric acid/ sodium phosphate, pH 6.0/ 5 mw potassium ferrocyanide/ 5 mw potassium
ferricyanide/ 150 mm NaCl/ 2 mw MgCl,. Staining was evident within 2—4 h and maximal in
12-16 h.

Telomerase activity assay

Telomerase activity was measured with the telomere repeat amplification protocol (TRAP)
by using the Telo TAGGG telomerase PCR ELISA kit according to manufacturer's
instructions (Roche Applied Science, Indianapolis, IN, USA). Briefly, telomerase added
telomeric repeats (T2AG3) to the end of biotin-labeled primers. The extension products of
telomerase were amplified using polymerase chain reaction (PCR). The telomerase-
mediated elongated product was detected by hybridization to digoxigenin-labeled probes.
The levels of enzyme activity were evaluated and determined by photometric enzyme
immunoassay.

Telomere length assay

Telomere length was analyzed using the Telo TAGGG Telomere Length Assay kit
according to manufacturer's instructions (Roche Applied Science). Genomic DNA (gDNA)
was extracted from rBMSCs using a DNA extraction kit (Qiagen, Valencia, CA, USA). One
microgram of gDNA was digested with the mixture of Hinfl and Rsal restriction
endonucleases, electrophoresed through a 0.8% agarose gel, and transferred to a positively
charged nylon membrane. The membrane was then hybridized to a digoxigenin (DIG)-
labeled telomeric oligonucleotide (TTAGGG)3. The DNA/ oligonucleotide hybridization
products were visualized after reaction with a chemiluminescent substrate, using Versa Doc
imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

Reverse Transcription—Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was isolated from rBMSCs and reverse transcribed using conventional
protocols. The primer sequences used in the experiment were as follows: HSF-1: 5-GAA
AGT GAC CAG TGT GTC CA-3, 5-AGA ACT GCC GGC TAT ACT TG-3/, HSF-2: 5/-
GCCCTC TCATGT CTAGTG CT-3,5-GCT GCT TAT CTG GTT TGG AT-3, HSP27:
5-CTG GAT GTC AAC CAC TTC G-3, 5-AGT CTC ATC GGA TTT TGC AG-3/,
HSP47: 5-CTG CTC GTC AAC GCC ATG T-3, 5-CCA TCC AGG TCT TCA GCT
GC-3/, HSP60: 5’-GCC TTA ATG CTT CAA GGT GT-3,5-GTG ATG ACACCC TTT
CTT CC-3, HSP70: 5-TTC TAC ACG TCC ATC ACC AG-3/,5-TCG GAG TAG GTG
GTG AAG AT-3, HSP90A: 5-TCC CAG TCT GGA GAT GAG AT-3, 5-CAG CAA
GGT GAA GAC ACA AG-3/, HSPI90B: 5-AGA AGC AGC CAA AGA AGA GA -3, 5-
AAA CAT TCA AGG GGA GAT CA-Z'. All primer sequences were generated from
established GenBank sequences. The PCR products were visualized and analyzed by 1.5%
agarose gel electrophoresis.
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Analysis of circadian rhythm-associated genes

The medium was removed from confluent cultures of undifferentiated rBMSCs in six well
plates and replaced with MEM-alpha medium supplemented with 2% FBS and 1%
penicillin/ streptomycin alone or further supplemented with 1 puv dexamethasone. The MSCs
were exposed to the dexamethasone for 2 h, after that the medium was replaced with MEM-
alpha medium and 1% penicillin/ streptomycin. The cells did not receive any further
medium changes from this point onward until the time of harvest. Individual plates were
harvested for total RNA at 4-hour intervals for a total of 48 h following the initial exposure
(Wu et al., 2008).

Semi-Quantitative Real-time RT-PCR

Total RNA was isolated from rBMSCs of each group after dexamethasone exposure
according to the manufacturer's specifications. Approximately 2 ug of total RNA was
reverse transcribed using moloney murine leukemia virus reverse transcriptase (Promega,
Madison, WI, USA), with Oligo-dT at 42 °C for 1 h. Real time RT-PCR was performed on
10 fold diluted cDNA samples in water with SYBR® Green PCR Master Mix (Applied
Biosystems, Carlsbad, CA, USA) using the 7900HT Real Time PCR system (Applied
Biosystems) under universal cycling conditions (95 °C for 10 min; 40 cycles of 95 °C for 15
s; then 60 °C for 1 min). The RT-PCR using gene specific primers for Bmal 1, Cry 1, Npas
2, Rev-erb a, and Rev-erb B had been validated and determined to display single peaks in
their dissociation curves. All results were normalized relative to a cyclophilin B expression
control.

Western blot analysis

rBMSC cultures were washed twice with ice cold phosphate-buffered saline (PBS) and then
lysed in 40 uL of lysis buffer (Sigma) and 1 puL of cocktail proteinase inhibitor (Sigma).
Total protein concentration was measured using a Bradford assay containing Coomassie
Plus protein reagent (Bio-Rad Laboratories) according to the manufacturer's specifications.
Equivalent amounts of total cell lysate were subjected to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) using 10% polyacrylamide gels. Proteins
were electroblotted to PVDF membrane (Millipore, Billerica, MA, USA). The membranes
were then blocked and incubated in anti-p53, anti-p21 and anti-GAPDH antibody (all at
1:2000; Abcam, Cambridge, UK) overnight at 4 °C. Alkaline phosphatase-conjugated anti-
rabbit 1gGs (1:2000) were used as secondary antibodies (Bio-Rad Laboratories) for
detection. The membranes were incubated with Western Blotting Detection Reagents
(Invitrogen) according to the manufacturer's instructions and detected using the Kodak
multimodal imaging system (Carestream Molecular Imaging, Rochester, NY, USA).

Data pre-processing for analysis and validation of miRNA expression

The microRNA expression analysis was performed by employing Thermo Scientific
Dharmacon RNAI Discovery and Therapeutic Services (http://www.dharmacon.com). All
probes on the array were used in the subsequent analysis. Relative intensity data for three
age groups were subjected to statistical filtering to identify miRNA probes associated
changes with P-value < 0.05. This resulted in 536 miRNA probes passing statistical filters.

Aging Cell. Author manuscript; available in PMC 2015 February 24.


http://www.dharmacon.com

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Yuetal.

Page 14

The remaining data were inter-array scaled and transformed to log (2). Error-weighted anova
was used in the analysis of differential expression, where within-array error term is used as a
surrogate for between-replicate error. For comparisons of the age groups, data from each age
were compared with the other two ages. Holm multiple test correction was applied in each
analysis, which reports P-value.

Quantitative real-time PCR analysis for miRNA array

For quantification of expression for candidate miRNA, RNA was reverse-transcribed with
an Ncode miRNA first-strand cDNA synthesis kit (Invitrogen) according to the
manufacturer-specified guidelines. Forward sequences used in this study were referenced
from the Sanger miRNA database (http://microrna.sanger.ac.uk), and U6 was used as a
normalizing control. qRT-PCR reactions were performed with the power SYBR green PCR
master mix in a MicroAmp optical 96-well reaction plate with ABI PRISM® 7900HT
sequence detector (Applied Biosystems) according to the manufacturer's instructions.

Histone preparation

Samples from rBMSCs were procured and prepared as follows: 1 x 10’ rBMSCs at passages
2 were obtained from young and old age groups. Cells were washed twice with PBS.
Histones were prepared using a standard acid extraction procedure as previously described
(Zhang et al., 2003). Bovine calf thymus histones were used as a single source of histone
standards throughout all experiments. The bovine calf thymus tissue was purchased from
Worthington Biochemical Co. (Lakewood, NJ, USA).

Histone Protein Liquid Chromatography Mass Spectrometry Profiling (LC-MS)

The acid extracted protein mixture was separated by reverse-phase HPLC (Discovery Bio
wide pore C18 column, 1.0 mm i.d., 5 mm, 300A; Supelco, Bellefonte, Pennsylvania, USA)
and detected by an ESI-TOF mass spectrometer (Su et al., 2007a). HPLC separation was
carried out using a flow rate of 50 uL/ min with a gradient of mobile phase A (0.1% TFA in
water) and mobile phase B (0.1% TFA in acetonitrile) where B increased from 30% to 45%
in 2 min, 60% in 20 min and was held at 60% for 4 min. Between each run, the column was
washed at 100% B for 2 min and equilibrated at 30% B for 30 min. The eluted histones were
infused into the ESI LC-TOF MS or ESI LC-QTOF MS coupled with an auto-sampling
Waters HPLC instrument (Waters 2690; Waters, Milford, MA, USA). ESI was performed at
the optimal conditions of 3 kV capillary voltage, 100 °C source temperature and 50 V cone
voltage. Data were acquired in continuum mode at the rate of 1 spectrum sec-1. All spectra
were obtained in the positive ion mode. Sodium iodide (Nal) was used for external mass
calibration over the m/z range 500-2500.

Statistical analysis

All experiments were performed at least in triplicate for individual sample. All values are
provided as the mean + SEM. Comparisons among groups were analyzed via two sided t-
tests or anova fOr experiments with more than two groups. P value of < 0.05 was considered
to indicate significant difference.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Age-related changes in immunophenotype and growth curves. (A) Age-related changes in

the proportion of rBMSCs expressing specific surface marker (*P < 0.05, significant
difference from young rBMSCs). (B) Immunophenotypic characterization of rBMSCs in
three age groups. Dot plot graphs are representative of three samples per/ each group. (C)
Growth curves of rBMSCs derived from young, middle, and old age groups. The young
rBMSCs expanded more rapidly than old rBMSCs. The difference in growth rate among the
three groups is statistically significant (*P < 0.05, n = 4/ group). (D) Effect of CM obtained
from young rBMSCs on cell growth of aged rBMSCs. Old rBMSCs were plated on 12 well
plates and cultured in CM obtained from young rBMSCs. Old rBMSCs were counted every
24 h for 4 days. Data are expressed as the mean = SED, n = 3.
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Fig. 2.

Age-related decline in differentiation potential of rBMSCs. (A) Representative image
showing Alizarin Red stained mineral deposits (top) and Oil Red O stained lipid inclusions
(bottom) on cultured rBMSC for each age group. Young rBMSCs show a markedly
increased level of differentiation potential at passage 2. 10x magnification. (B) Graphs
represent the ratio of normalized OD of differentiated cells.
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Fig. 3.

Ingreased cellular senescence in aged rBMSCs. (A) The cell cycle distribution of rBMSCs
was determined by flow cytometry analysis after the cellular DNA was stained with
propidium iodide (PI). The histograms of DNA content indicate the percentages of cells in
Go-G1, S, and Go-M phases of the cell cycle. A representative result is shown. (B) Images of
-galactosidase staining (blue) of rBMSCs in three age groups. (C) Age-related increase in
p53 and p21 protein expression was detected by Western blotting. (D) Relative ratio to
GAPDH (*P < 0.05, significant difference from young rBMSCs). (E) Telomerase enzyme
activity. Telomerase activity was detected by the TRAP assay. Analysis of telomerase
activity showed reduced activity in old rBMSCs (*P < 0.01, significant difference from
young rBMSCs). Data represent mean + SEM of three different experiments. (F) Telomere
length was determined as a mean terminal restriction fragment (TRF) length of genomic
DNA based on Southern hybridization with a telomeric probe. Terminal restriction
fragments were visualized, using a labeled (TTAGGG) probe.
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Fig. 4.

Age related changes of stress responses genes. (A) ROS accumulation in rBMSCs of three
age groups. DCFH-DA fluorescence of cells was determined by FACS cytometry as an
indicator of ROS accumulation within the cells. A representative result is shown. Median of
fluorescence intensity of unstained rBMSCs (black) and DCFH-DA stained (pink) rBMSCs
of three age groups. The X axis represents log F1 fluorescence intensity; the Y axis
represents cell number. (B) Alteration of stress response genes with age. Total RNA was
isolated from three age groups and analyzed by RT-PCR for the indicated factor (HSF-1,
HSF-2, HSP27, HSP 47, HSP 60, HSP 70, HSP 90A, and HSP 90B). A representative result
is shown. (C) The quantification of stress response genes expression level via RTPCR was
determined using an image analyzer. Values are mean + SEM. *p < 0.05, significant
difference compare to young rBMSCs. (D) To confirm expression of HSF 70 and HSF 1,
RNA was quantified using gPCR. The graph is shown a quantitative analysis of relative
expression of MRNAs at three age groups. The values were normalized using f-actin as a
control. *p < 0.05, significantly difference compare to young rBMSCs.
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Fig. 5.

The variations in relative mRNA expression for core circadian oscillator proteins: (A)
Bmall, (B) Cry1, (C) Npas, and (D) Rev-erb a, and (E) Rev-erb 8 in rBMSCs isolated from
young and old group animals. Samples were collected every 4 h for a total of 48 h in young
(black) and old (blue) rBMSCs. Cyclophilin B is used as a control. Values are mean + SEM.
(# P < 0.05 in young age group, *P < 0.05 in old age group, n = 3/ group).
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MicroRNA expression in rBMSCs. (A) Heat map visualization and clustering of miRNA
expression data. Hierarchical clustering of age dependent expression profiles among 556

miRNA in young, middle, and old rBMSCs. Relative expression levels at three age groups
visualized in using a heatmap in which red indicates up-regulation in each group, while blue
corresponds to down-regulation. See scale bar at bottom. (B) The fold changes in expression

of the miRNAs were performed by gPCR. *P < 0.05, significant differences compare to

young rBMSCs.
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Sequencecode Middle (8-10 years) Old (> 12 years) fold Sequencecode Middle (8-10 years) Old (> 12 years) fold
fold change change fold change change

miR-720 -1.9 -1.61 miR-667 2.03 1.61
miR-93 -1.55 -1.6 miR-467b* 1.75 1.58
miR-365 -1.75 -1.7 miR-294* 1.65 1.43
miR-23a -2.44 -1.96 miR-291a-5p 221 222
miR-222 -1.51 -1.52 miR-512-3p 2.28 1.29
miR-221 -1.69 -1.76 miR-466f-3p 1.97 1.38
miR-199a-3p -1.64 -1.96 miR-4669 1.68 131
miR-132 -1.81 -1.91 miR-766 1.66 1.28
miR-125b -1.63 -1.69 miR-294* 1.65 1.43
miR-let-7f -1.57 -1.74 miR-558 1.21 1.36
miR-let-7e -1.57 -1.8
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