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Abstract The objective of this study was to elucidate age-related differences in gene expression profiles of rhesus
monkey bone marrow-derived mesenchymal stem cells (rhMSC) obtained from fetal, infant, and adult donors relevant to
their growth andother properties. Although a high degree of similaritywas observed in the rhMSCgene expression profiles
when comparing the three age groups, significant differences were found that strongly parallel gene expression profiles of
humanMSC. In general, there was a trend towards increased abundance of transcripts associated with differentiation and
growth arrestwith increasing donor age.Conversely, transcripts involved inRNAprocessing and thenegative regulationof
gene expression showed a downward trend with increasing donor age. Overall, the observed gene expression profiles
were found to be similar to observations that MSC from older individuals show diminished proliferative capacity. These
data highlight the importance of use of non-human primates to study the properties of stem and progenitor cells, and for
future therapies. J. Cell. Biochem. 103: 1198–1210, 2008. � 2007 Wiley-Liss, Inc.
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Mesenchymal stem cells (MSC) have been
under consideration for tissue regenerative
purposes based on studies in humans and
various animalmodels [Keating, 2006; Giordano
et al., 2007]. The capability to greatly expand
these cells in vitro and differentiate into mesen-
chymal lineages (adipogenic, chondrogenic,
osteogenic) and the proposed role in immune
regulation provides the possibility thatMSC can

be used in cellular transplantation for specific
diseases and to enhance hematopoietic recovery
[Stagg, 2006]. While the potential of these cells
hasbeenreported,questions remainontheuseof
MSC for tissue repair, as well as the optimal
source for transplantation purposes [English,
2007].

Our prior studies have described the isola-
tion, expansion, characterization, differentia-
tion, and transduction of bone marrow-derived
rhesus monkey MSC (rhMSC) [Lee et al.,
2004; Lee et al., 2006]. Studies have also
shown that fetal cells have significantly greater
population doubling times when compared to
cells from other age groups, particularly adults
[Lee andTarantal, 2006]. In this study, the gene
expression profiles of bone marrow-derived
rhMSC from fetal, infant, and adult rhesus
monkeys were evaluated. Although all three
groups displayed similar expression profiles,
age-related differences in specific groups of
genes pertinent to MSC biology and cell dif-
ferentiation were observed. These trends are
consistent with human MSC gene expression
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profiles and support rhMSC as a model system
for studying stem and progenitor cell biology
and the future use of these cells for tissue
regeneration purposes.

MATERIALS AND METHODS

Animals

All animal procedures conformed to the
requirements of the Animal Welfare Act and
protocols were approved prior to implementa-
tion by the Institutional Animal Care and
Use Committee (IACUC) at the University of
California, Davis. Cells were obtained from
third trimester fetuses (N¼ 4; 120–160 days of
gestation; term 165� 10 days), infants (N¼ 4;
3–6 months of age), and adults (N¼ 4; 7–
8 years) (Table I). Normally cycling, adult
female rhesus monkeys (Macaca mulatta)
with a history of prior pregnancy were bred
and identified as pregnant, using established
methods to obtain fetuses and infants (N¼ 8), as
previously reported [Tarantal, 2005]. Activities
related to animal care (diet, housing), and
screening animals for endogenous retroviruses
(SRV, STLV) prior to assignment to the study
were performed as per standard California
National Primate Research Center (CNPRC)
operating procedures.

rhMSC Culture

rhMSC were collected by flushing the long
bones at tissue harvest (fetuses) or by bone
marrow aspiration under ketamine (10 mg/kg)
and local lidocaine (�1–3 ml marrow; infants,
adults), and grown as previously described
[Lee et al., 2004; Lee et al., 2006]. Briefly, the
mononuclear cell fractionwas enriched by grad-
ient centrifugation and plated at 5� 105 cells/
cm2 in DMEM culture media (Invitrogen Corp.,
Carlsbad, CA), supplemented with 20% fetal

bovine serum (FBS) (Invitrogen Corp.). After
3 days non-adherent cells were discarded. The
medium was changed every 3–4 days there-
after, and when the cells achieved approxi-
mately 80% confluence. The cells were then
plated at a density of 4� 105 cells/cm2 on tissue
culture dishes, cultured to the second passage,
collected before confluence was achieved, and
stored at ��808C until processing.

Gene Expression Profiling

The cells were washed three times with
phosphate-buffered saline (PBS), and then
TRIzol Reagent (Invitrogen Corp.) was added
for total RNA extraction. Isolated RNA was
cleaned using the QiaAmp isolation RNA kit
(Qiagen, Valencia, CA) following the manufac-
turer’s instructions. Two micrograms of total
RNA was amplified and labeled according to
a standard protocol (Affymetrix, Inc., Santa
Clara, CA). Total RNAwas subjected to analysis
on Affymetrix U133A microarrays, designed to
study the relative abundance of approximately
12,500 human transcripts. Microarray Suite
version 5.0 software (Affymetrix, Inc.) was used
to generate .dat and .cel files for each experi-
ment. The latter were imported into ArrayAs-
sist software (Stratagene Corp., La Jolla, CA)
and the robust multi-array average (RMA)
algorithm [Irizarry et al., 2003] was used
to generate background-adjusted normalized
log-transformed gene expression scores for each
experiment.

Due to differences in rhesus 30-UTRs and
the oligonucleotide probes (approximately 11–
12 perfect match probes per gene) designed for
human sequences, certain rhesus transcripts
will be more readily detected than others
[Karaman et al., 2003; Nagpal et al., 2004].
Thus, it is not possible to compare expression
levels of distinct transcripts within a given
sample. Based on gene expression data from
cultured human and non-human primate fibro-
blasts [Karaman et al., 2003] and unpublished
observations, it was anticipated that accurate
measurements would be obtained of approxi-
mately 60% of the genes that were expressed
in the rhMSC and present in the microarray.
However, we have empirically determined that,
on average, we are interrogating approximately
20% (2,500) of the transcripts represented in the
microarray. Lastly, it should be noted that the
RMA algorithm is well-suited for cross-species
microarray analyses since it only considers

TABLE I. rhMSC Samples
Analyzed—Donor Age

Category Code Donor age

Fetal Fetal 1 Early third trimester
Fetal 2 Early third trimester
Fetal 3 Term
Fetal 4 Term

Infant Infant 1 6 months
Infant 2 6 months
Infant 3 3 months
Infant 4 5 months

Adult Adult 1 7 years
Adult 2 7 years
Adult 3 8 years

Age-Related rhMSC Gene Expression Profiles 1199



hybridization data from perfect match and
not mismatch probes [Irizarry et al., 2003].
The latter are especially confounding for
cross-species analyses since they likely contain
more than one mismatch with the intended
transcript and thus do not provide good
measures of cross-hybridization [Nagpal et al.,
2004].

To identify genes that showed trends towards
increased or decreased expression associated
with increasing age, we conducted a linear
trend test and list all trend P-values in Supple-
mental Table 1. In Tables II and III, we report
data for transcripts showing (i) a trend P-value
�0.005 and (ii) at least 1.5-fold differential
expression in the fetal versus adult compari-
sons. The latter requirement imposes aminimal
threshold for the magnitude of the trends
observed in our analyses.

With the exception of the CHI3L1, the
application of the Benjamini–Hochberg multi-
ple hypothesis correction factor for the trend or
paired t-tests resulted in no transcripts show-
ing differential expression (corrected P-value
�0.1). However, commonly used correction
factors are not especially well suited to address
the current study conditions wherein (i) a
significant subset of probe tilings cannot detect
rhesus transcripts and (ii) the human and
rhesus genes can show different levels of diver-
gence depending upon their function [Yu et al.,
2006]. As such, there could be a bias towards
measuring highly related and/or co-regulated
genes. If true, the application of commonly
used multiple hypothesis correction factors
could result in a high Type II (false negative)
rate and thus explain the inability to identify
differentially expressed transcripts despite the
different biological properties of these cultures.

To minimize the effects of Type I (false
positive) errors in our analyses, we emphasize
the functional implications of groups of
transcripts showing an age-related trend
in abundance. We used the WebGestalt
platform (http://bioinfo.vanderbilt.edu/webges-
talt/) to determine if specific sets of differ-
entially expressed genes were enriched for
Gene Ontology (GO) categories, taking into
account the composition of the microarray
[Zhang et al., 2005] (Supplemental Table 2).
We have defined enriched categories as being
comprised of at least four probe tilings with
P< 0.001 based on a hypergeometric test. As
noted above, these analyses could be skewed if

highly related and/or co-regulated genes are
over-represented in our data set.

In addition to the trend t-tests, we con-
ducted a one-way analysis of variance (ANOVA)
of the microarray data and report ANOVA
P-values in Supplemental Table 1. We report
data for transcripts showing (i) an ANOVA
P-value �0.005 and (ii) at least 1.5-fold dif-
ferential expression with a Student’s t-test
P-value �0.005 in the fetal versus adult
(Supplemental Table 3), fetal versus infant
(Supplemental Table 4), and infant versus
adult (Supplemental Table 5) comparisons.
For similar reasons discussed for the trend
t-test, a multiple hypothesis correction factor
was not applied to any of these ANOVA or
Student’s t-test P-values. The data in Supple-
mental Tables 3–5 are not discussed in the text
sincewe focus our discussion on transcripts that
show trends towards increased or decreased
expression associated with increasing age.

All scaled fluorescent intensity values and
.cel files are available at the National Center
for Biotechnology Information (NCBI) Gene
Expression Omnibus (GEO) repository (http://
www.ncbi.nlm.nih.gov/projects/geo/) under Ser-
ies Accession Number GSE6814. In addition, all
processed fluorescent intensity values are avail-
able in Supplemental Table 1.

Real-Time PCR

The difference in the levels of gene transcripts
identified intheoligonucleotidemicroarray-based
analysis was independently tested by quanti-
tative RT-PCR. The human cDNA sequences of
interest were retrieved from the NCBI website,
then entered into the BLAST-Like Alignment
Tool (BLAT) on the UCSC Genome Bioinfor-
maticswebsite (http://genome.ucsc.edu/) toobtain
availableM. mulatta genomic sequence. Primers
were designed using Primer Express software
(Applied Biosystems, Foster City, CA) then
synthesized (Invitrogen Corp.). Primers were
designed to span an intron and thus eliminate
the possibility of amplifying off of genomic DNA
templates remaining in the RNA preparations
(Table IV).Amplicon sizes rangedbetween90and
150 base pairs in length. Real-time PCR was
carried out in 96-well plates using the 7900 ABI
SequenceDetectionSystem (AppliedBiosystems)
and the QuantiTectTM SYBR1 Green PCR Kit
(Qiagen) according to themanufacturerprotocols.
PCR reactions contained 1� SYBRGreenmaster

1200 Hacia et al.
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mixand500nMof forwardandreverseprimers in
a 25 ml reaction volume. The PCR protocol
consisted of one cycle of 2 min at 508C, 15 min at
948C, followed by 40 cycles at 15 s at 958C, 30 s at
568C, and 30 s at 728C. All PCR reactions were
performed in duplicate.

RESULTS

Gene expression analyses were performed on
rhMSC obtained from three age groups (Table I)
with fetal, infant, and adult bone marrow
donors included. Unsupervised hierarchical
clustering analyses of gene expression data
clearly separated the adult #1 and adult #2
rhMSC groups from the adult #3, fetal, and
infant rhMSC groups (Fig. 1). The fetal and
infant groupswere separated, except for fetal #4
which clustered with several of the infant
donors. Overall there was a limited tendency
for the three age groups to separate based on
gene expression profiles.

Next, we conducted linear trend analyses
to identify candidate transcripts showing
age-related gene expression patterns. These
included 71 transcripts with significant
trends towards decreasing expression with
advancing donor age (Table II). Conversely,
we identified 32 transcripts with significant
trends towards increasing expression with
advancing donor age. In addition, pair-wise
comparisons of the fetal, infant, and adult
rhMSC gene expression profiles are provided
in order to highlight the relative significance of
differential gene expression between groups
(Table III).

In light of the cross-species analyses of rhesus
transcripts on oligonucleotide microarrays
designed to interrogate human sequences,
we sought to verify a group of transcripts

where differential expression, even if only by
paired t-tests, was observed (Supplemental
Table 1). Quantitative RT-PCR was utilized to
validate the expression levels of S100A4 and
S100A10 identified in the fetal versus adult
comparison, and EGR1, FOS, and STX1A
identified in the fetal versus infant comparison.
For normalization, three genes were used
(SDHA, HPRT1, and RPL13a) that were pre-
dicted not to show any changes in the gene
expression analyses. Overall, the qRT-PCR and
oligonucleotide microarray-based gene expres-
sion data for all these genes were in excellent
agreement (Table V).

Transcripts Showing Decreasing
Expression With Age

Based on GO analyses of the 71 transcripts
that showed decreasing rhMSC expressionwith
increasing donor age, there was enrichment for
transcripts associated with the general themes
of RNA biology and gene silencing (Fig. 2).
The former RNA-related grouping included
the following categories: RNA metabolism
(10 probe tilings P¼ 5� 10�8), mRNA metabo-
lism (7 probe tilings, P¼ 1.1� 10�4), RNA
processing, (8 probe tilings, P¼ 5.1� 10�4),
and RNA binding genes (12 probe tilings,
P¼7.1� 10�6). The latter gene silencing
grouping included the following categories:
negative regulation of cellular metabolism
(6 probe tilings, P¼ 6.8� 10�4), negative regu-
lation of nucleobase, nucleoside, nucleotide
and nucleic acid metabolism (6 probe tilings,
P¼ 3.4� 10�4), and negative regulation of tran-
scription (6 probe tilings, P¼ 2.4� 10�4). The
identity of the transcripts associated with the
above-mentioned probe tilings are provided in
Supplemental Table 2.

TABLE IV. Primer Sequences and Lengths of Expected PCR Products

Gene Forward primer (50–30) Reverse primer (50–30) Amplicon length

CD47 TGGTAGCGGCGCTGTTG TTGTGCCTCCATATTAGTAACAAAG 136
S100A10 GTTTCCTGGATTTTTGGAAAATCAA AGCTCTGGAAGCCCACTTTG 101
S100A4 TCAAGCTCAACAAATCAGAGCTAAA TCATCTGTCCTTTTCCCCAAGA 76
HexiM1 GAGATTATTCCCTCCTGTCACTTTG AGTGATTTGAGCAACGCAGTTG 92
CHI3 GCTCCAGTGCTGCTCTGCATA AAGCGGTCAATGGCATCTG 102
HPNRD GGGTTTTGGCTTTGTGCTATTT CACCTTCCCATTCAATTTATGTTCT 85
EGR1 CCGCAGGTCTTTTCCTGACA GGGCTCGGGCCATAAGG 157
STXA1 GCAGGACCACGACCAGTGA AGATGCTGGAGTCCATGATGATC 93
FOS GAATCCGAAGGGAAAGGAATAAGA GTCTGTCTCGCTTGGAGTGTATCA 88
RPL13 GAAGCCTACAAGAAAGTTTGCCTATC CTTGGCTTTCTCTTTCCTCTTCTC 108
HPRT1 TTTTATCAGACTGAAGAGCTATTGTAATGA CATCGTTTTGCCAGTGTCAATTAT 135
TBP TGCACAGGAGCCAAGAGTGAA CACATCACAGCTCCCCACCA 132
SDHA TGGGAACAAGAGGGCATCTG AGCTTTGTAACACATGCTGTATGAAA 88
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In the general area of ribonucleic acid metab-
olism, there were eight (HNRPH1, PABPN1,
IGF2BP3, SNRPA, SFPQ [aka PSF], PTBP1,
SYNCRIP, HNRPD) key genes involved in
global RNA processing and/or trafficking. In-
terestingly, at least three of these proteins
(SFPQ, PTPB1, and SNRPA) are known to
encode factors that interact with one another.
Both PSF and PTB can bind the polypyrimidine

tract of mammalian introns either separately or
as part of a complex [Patton et al., 2002]. In
addition, SNRPAwas reported to bind PTBP1 in
yeast two-hybrid analyses [Rual et al., 2005].

In the realm of gene silencing, there were six
(ILF3, TH1L, HEXIM1 [aka HIS1], ZNF281,
ID3, and MBD2) key genes identified as show-
ing higher expression in rhMSC from younger
relative to older donors.MBD2 is an interesting

Fig. 1. Hierarchical clustering analysis of gene expression data from rhMSC cultures. The dendrograms
were generated based on average linkage hierarchical clustering of expression data from 134 transcripts
whose coefficient of variation was greater than 0.07 across all groups. Sample names are color-coded to
indicate if they are derived from fetal (light blue), infant (blue), or adult (black) donors.

TABLE V. Comparison of the Fold Changes in Transcript Levels in
Individual Samples Assessed by Oligonucleotide Microarray and

Real-Time PCR Analyses

Comparison Gene Probe tiling Microarray Real-time PCR

Fetal vs. adult CD47 211075_s_at �1.63 �3.05
S100A4 203186_s_at 3.65 8.18
S100A10 200872_at 1.48 2.50

Fetal vs. infant FOS 209189_at �3.26 �5.63
EGR1 201694_s_at �2.21 �2.20
STX1A 204729_s_at 1.57 1.17
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candidate given its role in epigenetic regula-
tion of gene expression via its interactions in
the methyl cytosine-binding complex MeCP1
[Kransdorf et al., 2006] (Table III). On a similar
note, ID3 is a transcriptional repressor that
is a down-stream target of MeCP2, methyl-
CpG-binding protein 2 [Peddada et al., 2006].
The fact that ID3 is an inhibitor of differ-
entiation [Kowanetz et al., 2004] could reflect
the increased pluripotency of rhMSC inyounger
relative to older donors. Lastly, HEX1M1, a

growth inhibitor and promoter of neuronal
differentiation, acts in concertwith7SKsnRNA
to inhibit the activity of the positive transcrip-
tional elongation factor [Turano et al., 2006].
This could serve as a link between gene
silencing and the ribonucleic acid metabolism
grouping discussed above.

In addition, there were also multiple dif-
ferentially expressed transcripts relevant to
MSC biology not directly involved in nucleic
acidmetabolism or gene silencing. For example,

Fig. 2. Gene Ontology (GO) analysis of transcripts showing
down-regulation with increasing age. The 71 transcripts with
significant trends towards decreasing expression with advancing
donor age were subjected to GO analysis using WebGestalt
software, as described in theMethods. On the providedDirected
Acyclic Graph (DAG), the functional categories showing
significant enrichment (P<0.001 based on a hypergeometric

test) in this dataset are colored in red. The identities of these probe
tilings are provided in Supplemental Table 2. GO analyses
performed on the 32 transcripts with significant trends towards
decreasing expression with advancing donor age yielded only
four highly related enriched functional categories that are
provided in Supplemental Table 2.
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the decreased expression of CD44 with age, a
known MSC surface marker [Kulterer et al.
2007], could reflect loss of pluripotency. The fact
that S100A4 and S100A10 genes were more
highly expressed with advancing age is similar
to a human study that showed dramatic
changes in gene expression of two other family
members (S100A8 andS100A9) in bonemarrow
relative to umbilical cord-derived human MSC
[Panepucci et al., 2004]. Interestingly, SEPT6,
whose gene product is reported to bind S100A4
[Koshelev et al., 2003], also is more abundantly
expressed in fetal relative to adult rhMSC.
The differential expression of collagen family
members COL6A1 and COL6A2 were also
observed in fetal versus adult rhMSC compari-
sons. The higher expression of COL6A1 in fetal
relative to adult rhMSC could reflect higher
differentiation potential in the former group.

Transcripts Showing Decreasing
Expression With Age

GO analyses of the 32 transcripts showing
increasing rhMSC expression with increasing
age of the donor showed enrichment for trans-
cripts associated with extracellular matrix
biology (Supplemental Table 2). This was
subdivided in the following categories: extrac-
ellular region (7 probe tilings P¼ 5.2� 10�4),
extracellular matrix (5 probe tilings, P¼ 4.9�
10�5), extracellular region part (6 probe tilings,
P¼ 3.6� 10�4), and extracellular matrix (sensu
Metazoa) (5 probe tilings, P¼ 4.6� 10�5). All
the above categories included a subset of
the following transcripts: CHI3L1, SPON2,
PTGDS, DMD, LOX, PTGDS, SULF1, and
MFAP5. The increased expression of the
lysyl oxidase (LOX) gene with age, required
for cross-linking extracellular collagen, may
be related to higher LOX expression in dif-
ferentiated relative to uncommitted human
MSC [Pochampally et al., 2004]. Similarly, the
increased expression of CH13L1 with advanc-
ing age may relate to its higher expression in
cultured chondrocytes during differentiation
[Imabayashi et al., 2003].
Further, therewerealso several differentially

expressed transcripts relevant to MSC biology
that showed increasing expression with rhMSC
donor age. The increased levels of HLA-G
transcript could relate to a previous report that
undifferentiated human MSC express HLA
class I but not class II genes [Le Blanc et al.,
2003]. On a related note, CDH2 is known to

be up-regulated during the differentiation of
mouse embryonic stem cells [Bouhon et al.,
2005]. CNN1 and MYL9 are both associated
with smooth muscle cell gene expression and
thusmay indicate lowered pluripotency of adult
cells. In keeping with their properties in cell
culture, the decreased expression of the growth
arrest-specific 1 (GAS1) gene in fetal rhMSC is
consistent with their higher growth potential
relative to infant rhMSC.

DISCUSSION

The promise of MSC resides in their capa-
bility for self-renewal and to differentiate into
multiple mesenchymal lineages. Encouraging
results in the experimental and clinical setting
include the use of MSC for regeneration of
bone and cartilage [Noel et al., 2002] including
the partial reversion of osteogenesis imperfecta,
the amelioration of experimental autoimmune
encephalitis, and the co-transplantation with
human hematopoietic stem cells to enhance
engraftment and provide a lower incidence of
graft-versus-host-disease [Nilsson et al., 1999;
Koc et al., 2000; Horwitz et al., 2001; Lazarus
et al., 2005]. However, recent studies have
shown that the biology of these cells may be
influenced by factors such as the anatomical site
of origin and the age of the donor [Campagnoli
et al., 2001; Lee andTarantal, 2006]. It has been
suggested that human and non-human primate
MSC derived from an older donor cohort
group have a shorter life-span, diminished
proliferative and differentiation potential,
and more frequent expression of age-related
markers [Lee and Tarantal, 2006; Sethe et al.,
2006]. The potential greater self-renewal capa-
bilities of stem cells obtained from younger
sources is especially important for biomedical
applications.

Here, we found that gene profiles of bone
marrow-derived rhMSC cultures obtained
from fetal, newborn, and adult donors reflect
age-related differences in pluripotency and
proliferative capacity. Furthermore, our obser-
vations of differential expression of genes
involved in gene silencing and epigenetic
phenomena is in keeping with their pivotal role
in stem cell biology [see review, Zhang
et al., 2006].However,we emphasize our results
are only suggestive in nature. The current
study also demonstrates increased fetal rhMSC
expression of genes directly involved in stem
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cell function and immunogenicity, including
S100A8, S100A4, COL6A1, and COL6A2
(Supplemental Table 2) relative to adult
rhMSC. SAGE-based analyses demonstrated
that S100A8 is among the highest expressed
genes in bonemarrow-derived humanMSC and
not expressed in CD34þ hematopoietic pro-
genitors [Silva et al., 2003]. Importantly,
S100A4 is involved in mesenchymal cell shape
and enabling cellular motility [Xue et al., 2003].
In addition toS100A8 andS100A4, fetal rhMSC
showed significantly higher levels of COL6A1
and COL6A2 transcripts compared to adult
cells. Interestingly, COL6A1 is down-regulated
in human bone marrow-derived MSC after
chondrogenic induction [Winter et al., 2003].
Thus, the higher expression of COL6A1 in
fetal relative to adult rhMSC could reflect
higher differentiation potential in the former
group. Furthermore, COL6A2 is more highly
expressed in pre-adipocytes cells relative to
mature adipocytes [Ibrahimi et al., 1992].
Likewise, the lower-expression of HLA-G in
rhMSC from younger donors may be related to
the fact that HLA class I expression appears to
be inversely related to the state of differentia-
tion [Le Blanc et al., 2003]. Taken together, our
results suggest that fetal rhMSC possess
greater self-renewal, differentiation, and possi-
bly engraftment potential than their older
counterparts.

Our data provide evidence to suggest that
fetal cells express a significantly higher level of
genes involved in global RNA metabolism
and gene regulator pathways compared to cells
obtained from older animals. The global RNA
metabolism post-transcription includes splic-
ing,mRNAexport, andmRNAstability, andhas
been suggested to be a key post-transcriptional
mechanism in controlling mature transcript
levels [Lundgren et al., 1996; Ben-Yehuda
et al., 2000]. These findings may also be
important for transcriptome homeostasis
and hematopoietic stem cell activation in vivo
[Bowman et al., 2006]. Several studies have
also suggested a correlation between transcript
stability, processing, and the proliferative
state of cells [Ash et al., 1993; Darville and
Rousseau, 1997; Pryor et al., 2004; Bowman
et al., 2006]. Although genes involved in global
RNA metabolism and processing are not well
studied in stem cells, these data suggest that
theymay play an important role in proliferation
and regulation of stem cells in their micro-

environment, where these cells are required to
maintain homeostasis of their respective organ
systems.

In summary, this study corroborates global
gene expression of rhMSC markers in accord-
ance with the human MSC literature [Silva
et al., 2003]. These differences, however, should
be viewed with caution because the expression
analysis was based on cultured cells, although
all bone marrow-derived rhMSC were grown to
the second passage under identical conditions.
Results must also be viewed from the perspec-
tive that large-scale gene expression profiles
aid in developing hypothesis-driven studies
rather than to provide a direct explanation for
cell function and behavior [Peng et al., 2002].
Future gene expression profiling experiments
involving microarrays specific for rhesus
macaque transcript analyses [Magness et al.,
2005] and using cells grown in single cell
(clonal) assays will provide a means to expand
upon the results obtained in these studies.
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