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Abstract

The biologic characteristics of mesenchymal stem cells (MSCs) isolated from two distinct tissues,

bone marrow and adipose tissue were evaluated in these studies. MSCs derived from human and

non-human primate (rhesus monkey) tissue sources were compared. The data indicate that MSCs

isolated from rhesus bone marrow (rBMSCs) and human adipose tissue (hASCs) had more similar

biologic properties than MSCs of rhesus adipose tissue (rASCs) and human bone marrow MSCs

(hBMSCs). Analyses of in vitro growth kinetics revealed shorter doubling time for rBMSCs and

hASCs. rBMSCs and hASCs underwent significantly more population doublings than the other

MSCs. MSCs from all sources showed a marked decrease in telomerase activity over extended

culture; however, they maintained their mean telomere length. All of the MSCs expressed

embryonic stem cell markers, Oct-4, Rex-1, and Sox-2 for at least 10 passages. Early populations

of MSCs types showed similar multilineage differentiation capability. However, only the rBMSCs

and hASCs retain greater differentiation efficiency at higher passages. Overall in vitro

characterization of MSCs from these two species and tissue sources revealed a high level of

common biologic properties. However, the results demonstrate clear biologic distinctions, as well.
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Mesenchymal stem cells (MSCs) can be derived from specific organs, such as gut, lung,

liver, and bone marrow [Wei et al., 2000]. Adult MSCs have been successfully isolated from

both bone marrow and adipose tissue. Bone marrow traditionally has been viewed as the

home of hematopoietic stem cells. It is also known to contain MSCs as part of the stromal

fraction. The non-hematopoietic connective tissue of the bone marrow microenvironment is

derived from a heterogeneous population of stromal precursor cells, whose progeny support

and regulate hematopoiesis [Weiss, 1976; Lichtman, 1981; Tavassoli and Friedenstein,

1983; Bianco and Gehron Robey, 2000]. MSCs represent a small, non-hematopoietic

subpopulation of cells that reside in the bone marrow, and were initially described by

Friedenstein et al. [1974] in the 1970s.

Adipose tissue, like bone marrow, is derived from the mesenchyme and contains a

supportive stroma that is easily isolated. Based on this, adipose tissue may represent a

source of stem cells that could have far-reaching effects on several fields. These cells can be

isolated from adipose tissue in significant numbers and exhibit stable growth and

proliferation kinetics in culture [Aust et al., 2004]. Isolation of a population of stem cells

with similar biologic potential from human adipose tissue has been described earlier [Zuk et

al., 2002; Aust et al., 2004; Estes et al., 2004; Dubois et al., 2005; Mitchell et al., 2005]. It

was originally thought that tissue-specific adult stem cells were only capable of

differentiation along cell lineages of their tissue of origin; however, recent studies revealed

the ability of these MSCs from bone marrow and adipose tissue to differentiate into lineages

of other tissues [Arnhold et al., 2004; Dawn and Bolli, 2005; Tang et al., 2005]. Adipose

tissue stem cells (ASCs), like bone marrow MSCs (BMSCs), differentiate in vitro toward the

osteogenic, adipogenic, neurogenic, myogenic, and chondrogenic lineage when treated with

established lineage specific factors [Zuk et al., 2001, 2002; Mizuno et al., 2002]. The

selective differentiation depends on the specific environmental cues, usually a combination

of growth factors and cytokines supplied in vitro. The multipotentiality of BMSCs and

ASCs makes them promising candidates for mesodermal defect repair and disease

management.

A limited number of studies have been undertaken to compare the biologic properties and

potential of these distinct MSC populations [Romanov et al., 2005]. Nevertheless, several

aspects of MSC biology remain controversial. In this study, the biologic properties of adult

MSCs isolated from two tissue sources in human and non-human primates were

characterized and compared. The data clearly demonstrate significant levels of similarity

between these two types of MSCs such as growth kinetics, differentiation ability, cell

surface markers, telomerase activity, and gene expression. However, distinct biologic

differences unique to each lineage are noted, as well.

MATERIALS AND METHODS

Isolation and Expansion of MSCs

Human bone marrow MSCs (hBMSCs) from normal donors were obtained from the Tulane

Center for Distribution of Adult Stem Cells (wolfe@tulane.edu) and were prepared as

described previously [Colter et al., 2001; Prockop et al., 2001]. Bone marrow specimens
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were obtained under a protocol approved by the Institutional Review Board (IRB) of the

Tulane University Health Sciences Center.

Human adipose tissue stem cells (hASCs) were isolated from subcutaneous white adipose

tissue based on standard protocols [Estes et al., 2004]. Tissue specimens were obtained

under protocol approved by the IRB of the Pennington Biomedical Research Center. All

human samples were obtained from healthy participants based on clinical examination and

laboratory tests who were not receiving any medications.

Rhesus BMSCs were collected and cultured as previously described [Izadpanah et al., 2005].

All animal procedures in this study conformed to the requirements of the Animal Welfare

Act and the Institutional Animal Care and Use Committee (IACUC) of the Tulane National

Primate Research Center approved protocols before implementation. The animals were

housed under conditions approved by the Association for the Assessment and Accreditation

of Laboratory Animal Care International. Healthy Rhesus monkeys (Macaca mulatta) aged

6 months to 12 years old of both sexes were used for these studies.

Adipose tissue was obtained from normal healthy rhesus macaques under local anesthesia.

The raw adipose tissue was processed according to established methodologies to obtain a

stromal vascular fraction [Zuk et al., 2002]. To isolate MSCs, samples were digested at 37°C

for 30 min with 0.075% collagenase (Sigma, St. Louis, MO). The cells were resuspended in

red cell lysis buffer. The MSCs were cultured in complete medium containing alpha-MEM

(Invitrogen, Carlsbad, CA) supplemented with 20% fetal bovine serum (FBS, Atlanta

Biological, Atlanta, GA), 1% L-glutamine (Invitrogen), and 1% penicillin/streptomycin

(Invitrogen) in a 37°C incubator with a 5% CO2 atmosphere.

Colony Forming Unit (CFU)

Following expansion, cells were plated at 5, 50, 100, 500, 1,000, 5,000, 10,000, 15,000, or

125,000 cells per 10-cm2 plate (Nalgene Nunc, Rochester, NY). The cultures were incubated

for 2 weeks and the medium was changed every 2–3 days during culture. After 12–14 days

of culture, the cells were fixed and stained with 1% crystal violet in 100% methanol

(Sigma). The number of colonies greater than 3 mm in diameter were counted and recorded.

Flow Cytometry

Flow cytometric analysis of cell surface markers was performed on cultured MSCs at

passages 1, 10, 20, and 30. Cells were incubated with fluorescent isothiocyante (FITC) and

phycoerythrin (PE)-labeled antibodies for CD3, CD4, CD8, CD11b, CD13, CD31, CD59,

CD90, CD105, CD106, CD146, CD161, CD164, Stro-1, and HLA-1 (Pharmingen, San

Diego, CA), and CD8 and CD13 (Serotec, Raleigh, NC). Non-specific fluorescence was

determined using cell preparations that were incubated with conjugated anti-mouse IgG-

FITC and IgG-PE. Cells were then fixed with 1% paraformaldehyde and analyzed on a

Becton Dickinson FACSCalibur (Becton Dickinson, San Jose, CA) using Cell Quest

software.
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Telomerase Assay

Telomerase activity was measured according to telomere repeat amplification protocol

(TRAP) by using the TeloTAGGG telomerase PCR ELISA kit according to manufacturer’s

instructions (Roche Diagnostics, Indianapolis, IN). Briefly, telomerase adds 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 level of enzyme

activity was evaluated and determined by photometric enzyme immunoassay.

Telomere Length Assay

Telomere length was analyzed using the TeloTAGGG Telomere Length Assay kit according

to manufacturer’s instructions (Roche Molecular Biochemical). Genomic DNA was

extracted from MSCs using a DNA extraction kit (Qiagen, Valencia, CA). One microgram

of genomic DNA was digested with the mixture of HinfI and RsaI restriction endonucleases

and was 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, Hercules, CA).

MSC Differentiation Assays

Adipogenic and osteogenic differentiation were induced according to our standard protocol

[Izadpanah et al., 2005]. The acquisition of the adipogenic phenotype was determined by

staining the monolayers with 0.5% Oil Red-O solution. MSC colonies that underwent

adipogenic differentiation exhibited cells that contained numerous, variable-size lipid

vesicles. Osteogenic mineralization was assessed by staining with 40 mM Alizarin red (pH

4.1, Sigma).

For chondrogenic differentiation, the pellet culture system described by Sekiya et al. [2001]

was used. MSC cell pellets were cultured in chondrogenic differentiation media, which

consisted of high glucose DMEM supplemented with 500 ng/ml BMP-6 (R&D system), 10

ng/ml TGF-β3, 10-7 M dexamethasone, 50 μg/ml ascorbate 2-phosphate, 40 μg/ml proline,

100 μg/ml pyruvate, and 50 mg/ml ITS + premix (Becton-Dickinson: 6.25 μg/ml insulin,

6.25 μg/ml transferrin, 6.25 ng/ml selenous acid, 1.25 mg/ml bovine serum albumin, 5.35

mg/ml linoleic acid). The media was replaced every 2–3 days for 21 days. Pellets were then

fixed in formalin, embedded in paraffin and sectioned. The sections were stained with

Toluidine Blue.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

Total cellular RNA was isolated from ~2 × 106 cells from each passage using an RNA

extraction kit (Qiagen). Oligo (dT)-primed reverse transcription was performed on aliquots

(1 μg) of total RNA as a template and used the resultant cDNA for PCR amplification with

the following primers: Oct-4 primers 5′-CGC-ACC-ACT-GGC-ATT-GTC-AT-3′ and 5′-

TTC-TCC-TTG-ATG-TCA-CGC-AC-3′ (approximately 200 bp). Sox2 primers 5′-GGC-
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AGC-TAC-AGC-ATG-ATG-CAG-GAG-C-3′ and 5′-CTG-GTC-ATG-GAG-TTG-TAC-

TGC-AGG-3′ (approximately 200 bp). Rex-1 primers 5′-TGA-AAG-CCC-ACA-TCC-TAA-

CG-3′ and 5′-CAA-GCT-ATC-CTC-CTG-CTT-TGG-3′ (approximately 200 bp). RT-PCR

reactions were performed for the GAPDH gene as a control for efficiency of the

amplification in the reactions (5′-ATG-GGG-AAG-GTG-AAG-GTC-GG-3′ and 5′-GGA-

GTG-GGT-GTC-GCT-GTT-GAA-3′; approximately 500 bp). The PCR products were

visualized and analyzed by 1.5% agarose gel electrophoresis.

Immunocytochemistry

MSCs were cultured on sterile glass cover slips and fixed by incubation in 1%

paraformaldehyde/PBS for 3–5 min, permeabilized with 0.5% Triton X-100 in PBS for 15

min, and postfixed for 10 additional minutes in 4% paraformaldehyde in PBS. The

intracellular staining patterns and distribution of Oct-4 and Sox-2 proteins were analyzed by

immunostaining with an anti-Oct-4 monoclonal antibody (mAb), which recognizes an

epitope located at amino acid 143–359 of 44 kDa Oct-4 protein (Chemicon, Temecula, CA,

Cat#MAB4305,) and the rabbit anti-Sox-2 mAb, which recognizes the amino acid amino

acids 265–283 of 34 kDa Sox2 protein (Chemicon, Cat#AB5603,). The FITC-conjugated

anti-mouse IgG and Texas Red anti-rabbit IgG were used as the secondary antibodies

(Molecular Probe, Carlsbad, CA).

Western Blot Analysis

MSC cultures were washed twice with ice-cold phosphate-buffered saline (PBS) and then

lysed in 40 μl of lysis buffer (Promega, Madison, WI) and 1 μl 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). The membranes were then blocked and incubated in anti-Oct-4 (1:100), anti-Sox-2

(1:100), and anti-GAPDH antibody (rabbit polyclonal; 1:1,000; Abcam plc. Cambridge, UK,

Cat#AB9485) overnight at 4°C. Alkaline phosphatase-conjugated anti-mouse or anti-rabbit

IgGs (1:1,000) were used as secondary antibodies (Bio-Rad Laboratories) for detection. The

membranes were incubated with Western Blotting Detection Reagents (Bio-Rad

Laboratories) according to the manufacturer’s instructions and detected using the Versa Doc

imaging system (Bio-Rad Laboratories).

RESULTS

Isolation and Expansion of Rhesus BMSCs and ASCs

We sought to compare biologic properties of populations of both human and rhesus MSCs

derived from bone marrow and adipose tissue. The human adipose and bone marrow MSCs

were isolated using standard techniques [Colter et al., 2001; Prockop et al., 2001]. The

volume of collected bone marrow from rhesus was ranged from 4 to 7 ml while the adipose

tissue specimens from rhesus were between 5 and 20 g. The number of nucleated cells
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isolated per bone marrow sample was significantly higher than per adipose tissue sample (1–

3 × 109 vs. 3–5 × 106), respectively.

Rhesus MSC cell cultures were established by plating all cells at a density of 1,000

cells/cm2. Rhesus bone marrow MSCs (rBMSCs)s grew to 80% confluence within 2 weeks;

while under same culture conditions, rASCs took a markedly longer period of time to reach

to 80% confluence, typically 3 weeks.

Culture Growth Kinetics

Under our culture conditions, human and rhesus BMSCs and ASCs were capable of

proliferating for several passages (approximately 6–7 population doublings per passage).

hASCs and rBMSCs expanded routinely beyond 30 passages (180–210 population

doublings), whereas rASCs and hBMSCs became senescent by passage 20 (120–140

population doublings).

In rBMSC cultures, cell morphology (size and shape) persisted with only minimal

alterations out to passage 30 (Fig. 1A, B). In contrast, marked alterations to cell morphology

were observed in both rASCs and hBMSCs cultured up to 20 passages and beyond, as

indicated by the appearance of large cells composed of an extensive cytoplasmic volume

(Fig. 1F, H). The hASCs showed only minor morphologic alterations once passage 30 was

exceeded (Fig. 1G, H).

The doubling time of each MSC culture was analyzed at multiple time points over extended

culture periods. The time required for population doubling significantly increased in both

rASCs and hBMSCs in cultures higher than passage 20 from 50 h to between 160 and 180 h.

Passage 30 for these cultures could not be analyzed as the doubling time became so

protracted that cells failed to reach that passage. In comparison, the doubling time of

rBMSCs increased only modestly from 48 h at passage 1–55 h at passage 30. hASCs

showed only a modest increase in doubling time over the same period from 48 h up to 60 h

at passage 20 and 110 h at passage 30 (Fig. 2).

Estimation of MSC Frequency in Bone Marrow and Adipose Tissue

Each of the MSC lines (rBMSCs, rASCs, hBMSCs, and hASCs) was examined for the

presence of CFU. MSC cultures at specific passages (1, 10, 20, for hBMSCs and rASCs; 1,

10, 20, 30 for hASCs and rBMSCs) were plated at densities of 1, 5, 10, and 25 cells/cm2.

The efficiency of colony formation of the four cell types was comparable and ranged

between 45% and 60% of the starting MSC population up to passage 10. The efficiency of

colony formation decreased to 25%–35% in rASCs and hBMSCs at passage 10 and higher.

Whereas, the CFU efficiency did not change in rBMSCs through 30 passages and the hASC

cultures revealed a decrease in CFU efficiency to 35%–40% only at passage 30 (data not

shown).

As previously reported, the estimated frequency of rhesus bone marrow MSCs ranged from

1 in 4.3 × 105 to 1 in 6.7 × 105, which is similar to the frequency in human bone marrow

[Izadpanah et al., 2005]. The yield of adherent cells obtained from rhesus adipose tissue

samples was 1 in 4.6 × 105 to 1 in 7.5 × 105 in processed tissue (5–20 g of adipose tissue).
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Aust et al. [2004] determined that the mean cell yield from hASC was 404 × 206 × 103 cells

per milliliter of lipoaspirate. The morphologic homogeneity of MSC cultures at specific

passages was apparent upon assessment of the cell surface antigen profile by flow

cytometric analysis. The expression and levels of selected cell surface antigens was analyzed

at multiple passages. Hematopoietic stem cell markers including CD3, CD4, CD8, CD11b,

and CD13 were found to be negative in all MSCs at all passages. In addition, CD31 was also

found to be negative. Each MSC cell line was strongly positive for CD59, a SCA-1

homolog, CD90 (Thy-1), and HLA-1, while they were negative for CD164. The four MSC

populations were positive for MSC-specific surface markers such as CD105, CD106,

CD146, CD161, and STRO-1. The surface marker profile of these cell types remained stable

through passage 20–30.

Telomere Maintenance in MSCs

Telomerase enzyme activity was evaluated in each of the MSC cell lines using the amplified

telomeric repeat (TRAP) method. Analysis of telomerase in MSC populations at different

passages showed reduced activity at higher population doublings. The telomerase activity

was stable in rBMSCs through passage 10. rBMSCs showed a 15% decrease at passage 20

and about 33% decrease at passage 30 (Fig. 3). Cultures of hASCs at passage 10, 20, and 30

showed 15%, 30%, and 60% decrease in telomerase activity, respectively. hBMSCs showed

a marked decrease in enzyme activity through 20 passages, approximately an 80% decrease

between passage 1 and 20. The level of telomerase activity in rASCs also decreased by 63%

by passage 20.

Telomere length was determined as a mean terminal restriction fragment (TRF) length of

genomic DNA based on Southern hybridization with a telomeric probe. Telomere length

was analyzed in passages of rBMSCs, rASCs, hBMSCs, and hASCs. However, despite a

significant decrease in telomerase activity in all MSC cultures, no significant change in the

mean telomere length was observed for as long as 30 passages (Fig. 4).

Multilineage Differentiation Potential of MSCs

To study the multilineage capacity of each MSC line at selected passages, cells were

differentiated toward the adipogenic, osteogenic, and chondrogenic lineages using lineage-

specific induction factors. rBMSC and hASC cultures (passages of 1, 10, 20, and 30), and

rASCs and hBMSCs (passages 1, 10, 20) were subjected to conditions promoting

adipogenesis, osteogenesis, and chondrogenesis.

Adipogenesis—For the adipogenic differentiation, MSCs were cultured in adipogenic

induction media for 12–14 days. The acquisition of the adipogenic phenotype was

determined by staining the cell monolayers with Oil Red-O (Fig. 5A). The efficiency of

adipogenesis was similar in low passage cultures for each type of MSC. Every MSC line

showed multiple intra-cellular lipid filled droplets in 35%–50% of cells in adipogenic media.

The cells containing lipid vesicles exhibited an expanded morphology with the majority of

intracellular space occupied by droplets, which is consistent with the phenotype of mature

adipocytes. MSCs continued to undergo adipogenesis, as indicated by the extensive

accumulation of lipid vesicles, such that they readily resembled adipocytes in culture. The
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vesicle saturated cells survived for as long as 18–24 days in vitro. Adipogenesis was

observed in rBMSCs and hASCs up to passage 20 at similar frequency. rBMSCs retained

their adipogenic potential up to passage 30, whereas hASCs significantly lost this potential

after passage 20. However, the frequency of adipogenesis was significantly reduced in

rASCs and hBMSCs at cultures of passage 10 and higher. The ratio of the colonies that

underwent adipogenic differentiation to the entire population of cells decreased as the

passage number increased.

The rate of adipogenic differentiation changed significantly as the passage number

increased. In lower passages of rBMSCs the lipid containing droplets were detectable by

light microscopy only after 6–8 days of differentiation, while the formation of lipid droplets

was observed within 48 h at passage 30 (data not shown). No lipid droplets were observed in

undifferentiated MSCs or in controls.

Osteogenesis—Differentiation of MSCs into osteocytes was induced by treating cells

with low concentrations of ascorbic acid, beta-glycer-ophosphate, and dexamethasone

[Cheng et al., 1994; Conget et al., 2001]. Human and rhesus MSCs that had undergone in

vitro osteogenic differentiation proliferated rapidly and formed tightly packed colonies. In

culture, dense, granular areas appeared within individual colonies, and as the cultures were

incubated over 2 weeks, multiple layers of cells often formed. In some cases, these colonies

gave rise to dense nodules from which radiated highly elongated spindle-shaped cells with

large nuclei. Calcium deposition was demonstrated by staining monolayers with Alizarin

Red (Fig. 5B). In early passage cultures, human and rhesus MSCs showed similar potential

toward osteogenic differentiation. The percentage of colonies that underwent osteogenic

differentiation ranged between 50% and 65% of the total colonies in all MSC types at low

passage number. However, this frequency decreased to 30%–35% in hBMSCs and rBMSCs

at passage 30, and 20%–25% in rASCs and hMSCs at passage 20.

Chondrogenesis—MSCs differentiated into chondrocytes using a micromass culture

technique [Sekiya et al., 2001]. Micromass cultures changed to spheroids visible to the

naked eye as early as 3 days after the initiation of chondrogenic induction and the nodules

increased in size over the course of 3 weeks in culture. The nodules that formed in the

micromass cultures were fixed and sections of the paraffin embedded cells stained positively

for Toluidine Blue which is specific for the highly sulfated proteoglycans of cartilage

matrices (Fig. 5C). All MSC types showed similar potentials to differentiate to chondrocytes

at passage one. Both rASCs and hBMSCs cultures rapidly lost chondrogenic differentiation

potential with this protocol at passage 5 and higher; whereas, rBMSCs and hASCs

underwent differentiation for as long as 10 passages.

MSCs Transcription Factor Expression

A limited number of transcription factors appear to control the biology of stem cells. These

factors have been suggested as candidates for the master regulator of initiation, maintenance,

and differentiation of pluripotent cells [Ingra-ham et al., 1990; Li et al., 2005]. The

expression of genes such as Oct-4, Sox-2, and Rex-1 was examined at multiple passages in

culture and compared among the four stem cell populations. Oct-4 and Sox-2 mRNAs were
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expressed at consistent levels in all cell types, including the higher passages of cultured

cells. Rex-1 mRNA expression did not show any significant change in levels out to passage

10. There was approximately a 10-fold decrease in Rex-1 mRNA levels in rASCs and

hBMSCs at passage 20 and a fivefold decrease in rBMSCs Rex-1 expression at passage 30.

However, hASCs did not down-regulate the transcription of Rex-1 mRNA at passage 30

(Fig. 6A). The results indicate that Oct-4 and Sox-2 mRNAs are constitutively expressed at

higher passages, whereas Rex-1 expression is variable in vitro.

Further assessment by Western blot analysis demonstrated that Oct-4 and Sox-2 protein

expression levels in MSCs (Fig. 6B). Protein analysis revealed no alterations in Oct-4

expression in rBMSCs up to passage 20; however, the expression of Oct-4 was markedly

decreased at passage 30. The rASCs revealed about fivefold decrease in Oct-4 at passage 10

when it was compared to passage 1, Oct-4 levels decreased significantly in these cells at

passage 20. The Oct-4 expression pattern in hBMSCs was very similar to rASCs. Oct-4

expression showed about 5-fold decrease in passage 10 and more than 10-fold decrease at

passage 20. The hASCs showed no detectable alterations in the level of Oct-4 expression

through passage 30.

In general, the overall levels of Sox-2 were consistent among the cell lines, with the

exception being rBMSCs, which showed the lowest levels of Sox-2. rBMSCs showed

equivalent levels of Sox-2 expression up to passage 20 with only a modest decrease

observed at passage 30. Sox-2 was consistently expressed in rASCs to passage 10, but

fivefold diminution in expression at passage 20. hBMSCs showed 10-fold decrease in the

level of expressed Sox-2 in passage 10 and 20 when compared to passage 1. The level of

Sox-2 did not change in hASCs up to 30 passages (Fig. 6B).

Immunocytochemistry was employed to analyze the intracellular localization of Oct-4 and

Sox-2 proteins at selected passages of MSCs (Fig. 7). As shown in Figure 7, there appeared

to be much less Oct-4 signal in rASCs and hBMSCs in comparison to rBMSCs and hASCs.

Both proteins were readily detectable at all passages analyzed; however marked alterations

in the pattern of distribution of the staining were observed. Oct-4 was routinely detected in

both the nuclear and cytoplasmic compartments of the MSCs; whereas Sox-2 showed more

of nuclear and perinuclear localization. In low passage MSCs, Oct-4 and Sox-2

demonstrated a high level of co-localization in low passage MSCs. The levels of co-

localization dropped significantly in higher passage MSCs.

DISCUSSION

MSCs are multipotent stem cells that exist in marrow stroma, bone, tendon, ligament, and

cartilage in fetal and postnatal organisms. This is the first comparison of the biologic

properties of adult ASCs and BMSCs isolated from human and non-human primates. The

goals of this study were twofold, to compare the biologic properties and differentiation

potential of MSCs isolated from bone marrow and adipose tissue in adult humans and non-

human primates. The results indicated the heterogeneity and growth kinetics of these cell

populations and revealed the differences and similarities of MSCs isolated from the two

tissue sources. There was no significant difference for growth kinetics and multi-lineage
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differentiation capacity between these MSC types of cells at low passages. The clonal

efficiency of human and rhesus MSCs were similar at low passages. This ability is

consistent in rBMSCs through passage 30, in hASCs through passage 20, and it decreased in

rASCs and hBMSCs in passage 10 and higher. This would likely describe the more growth

capability of rBMSCs and hASCs in higher passages in vitro. The estimated frequency of

MSCs obtained from rhesus bone marrow was similar to the frequency of MSCs in human

bone marrow. The difference observed in the frequency of the MSCs yield in human and

rhesus adipose tissue could be related to the method of sampling. hASCs were obtained from

lipoaspirate samples while rASCs were obtained from the adipose tissues using surgical

procedure.

The human and non-human primate cells isolated from bone marrow and adipose tissue

displayed a high degree of homogeneity with respect to cell surface markers. This is

consistent with the others reports indicating the similarity of phenotype of adult MSCs in

two distinct tissue [Pittenger et al., 1999; Conget et al., 2001; Aust et al., 2004]. The cell

surface markers did not show any marked changes after extended passages for each of the

cell types.

At each cell division, the alternative outcomes of self-renewal and differentiation are

decided by the interplay between intrinsic factors and extrinsic instructive or selective

signals. Human and other mammalian BMSCs and ASCs retain the ability to differentiate

toward the adipogenic, osteogenic, and chondrogenic lineages with appropriate medium

supplementation [Hauner et al., 1987; Pittenger et al., 1999; Zuk et al., 2001, 2002;

Indrawattana et al., 2004]. As suggested in previous studies, rhesus adult MSCs also have

the capacity to differentiate into multiple mesodermal lineages, including, bone, fat, and

cells of ectodermal [Kang et al., 2004b; Izadpanah et al., 2005]. These observations have led

to the comparison of these four types of MSCs. Adipogenesis occurred in all MSC types

with very similar frequency through passage 5; in these cells lipid vesicles formed within 6–

8 days of differentiation. The initial lipid formation was longer in passage 10 and higher for

rASCs and hBMSCs while it did not change in rBMSCs and hASCs through passage 20.

rBMSCs and hASCs showed modest alterations in differentiation capability through passage

20, whereas rASCs and hBMSCs dramatically lost their adipogenic ability after passage 10,

and there was no adipogenic differentiation at passage 15.

Our data indicated that hASCs and rBMSCs differentiate to osteogenic lineage for extended

durations in culture; whereas rASCs and hBMSCs lost this capability after passage 10. The

doubling time for rBMSCs did not change during culture, but there was a moderate to

marked increase in doubling time in all of the other cell types. All four cell types showed

similar potential toward chondrogenesis in cells up to passage 5. However, only rBMSCs

and hASCs retain this ability up to passage 10. These observations might indicate the

existence of a relationship between the differentiation potential and doubling time of MSCs

in vitro.

Analyses of the MSCs indicated no significant levels of telomere shortening in four types of

MSCs in long time in vitro culture. The telomere length in human and rhesus monkey MSCs

showed similar size [Allsopp et al., 1992; von Zglinicki et al., 1995; Weber et al., 2002; Van
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Ziffle et al., 2003]. Telomeres are protein DNA structures present at the ends of

chromosomes and are essential for genetic stability and cell replication [Shiver et al., 2002].

The telomere length was found to decrease with aging in vivo [Hayflick, 1965; Harley et al.,

1990]. The distribution pattern of telomerase activity among the MSC types showed that all

cell types have the highest telomerase activity at passage one. Our data provide evidence

that the level of telomerase activity varies between cell types. Quantitative differences

determined that telomerase activity was significantly higher in early passage cells with

rBMSCs containing the greatest telomerase activity relative to the other MSC types, which

is consistent with earlier published data [Kakuo et al., 1999]. Telomerase activity decreased

with passage number. The decrease was greatest in rASCs and hBMSCs. It was also

observed that the decrease in telomerase activity in rASCs and hBMSCs between passages 1

and 10 was greater than the more modest decrease seen in rBMSCs and hASCs.

It was striking that the telomere length did not demonstrate detectable shortening in higher

passages despite a considerable decrease in telomerase activity. Control of telomere length

appears to depend on a number of factors in addition to changes in the levels of telomerase

activity. There is evidence suggesting telomere length is not only under the control of

telomerase, but there are phenomemena other than telomerase act to modulate telomere

length [Bryan et al., 1998]. The extent of telomere shortening and the levels of telomerase

activity often correlate with the stem cell characteristics [Greider and Blackburn, 1985;

Morin, 1989; Prowse et al., 1993; Hirato et al., 1994; Bodnar et al., 1998; McEachern et al.,

2000]. A causal relationship between telomere shortening and cellular senescence has been

established by showing that transfection of the telomerase reverse transcriptase gene into

various human mortal somatic cells results in telomere length elongation and extension of in

vitro life span [Bodnar et al., 1998]. The data indicate that the cells with greatest reduction

of telomerase activity are severely compromised in their remaining long-term proliferative

and differentiation capacity. It has been reported that transfection of rhesus MSCs with the

telomerase reverse transcriptase gene prolonged the duration of their multilineage

differentiation ability [Kang et al., 2004a].

Transcription factors are responsible for regulating the biology of stem cells. Members of

the transcription factor families POU and SOX exemplify this function cooperatively during

early embryonic development [Villinger et al., 2001; Remenyi et al., 2003]. One of the

important members of POU family is a transcription factor encoded by the Oct-4 gene.

Oct-4, together with Sox-2, a member of SOX family, and Rex-1, is tightly regulated during

embryonic development [Pesce et al., 1998a, b]. The expression profile of Oct-4 reflects a

key role for this transcription factor in the specification and maintenance of pluripotent cells

both in vivo and in vitro [Niwa, 2001]. Expression of stem-cell related transcription factors

in rhesus MSCs has already been reported by our group [Izadpanah et al., 2005]. Our data

suggested a dramatic decrease in expression levels of Oct-4 protein in higher passage MSCs.

Only the hASC did not show marked declines in protein levels at higher passage. While the

Sox-2 protein levels decreased in rASC and hASC passage 20, there was no change in

expression of Oct-4 and Sox-2 mRNA in high-passage MSCs. This may lead us to speculate

presence of a system in higher passage cells that inhibits the transcription of expressed genes
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to corresponding proteins. Additionally, the co-localization of Oct-4 and Sox-2 may play

important role in differentiation potentials of MSCs (Fig. 7).

In summary, analysis of adult MSCs from two tissues has identified many similarities

between the two populations in human and non-human primates, lending support to the

theory that stem cells can be found within many tissues. An alternative explanation may be

that pericytes associated with blood vessels may account for the presence of MSCs in tissues

throughout the body. The data presented in this article extends the characterization of MSC

populations within different adult tissue types and their potential for in vivo applications.

Since there is no ethical limitation on using adult stem cells, the results of this study suggest

that adipose tissue and bone marrow will prove to be important sources of pluripotent stem

cells.
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Fig. 1.
MSC morphology in low and high passages. Microscopic photographs of four types of

MSCs cultures at low and high passages. rBMSCs and hASCs passage 1 (A and C) and

passage 30 (B and D). Cultures of hBMSCs and rASCs at Passage 1 (E and G) and passage

20 (F and H), respectively.
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Fig. 2.
Population doubling time of MSCs. A known number of MSCs types from different

passages were cultured. The total number of cells was determined at different time points to

obtain the doubling time.
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Fig. 3.
Telomerase activity in MSCs. Telomerase enzyme activity measured using a photometric

enzyme immunoassay on samples isolated at different passages for each line of MSCs. The

bars indicate the mean enzyme activity out of three replicates for every passage of each cell

type.
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Fig. 4.
Telomere length at multiple passages of MSCs. Overall telomere length in passages of

rASCs, rBMSCs, hASCs, and hBMSCs. Genomic DNA isolated from each indicated

passage was digested with HinfI and RsaI and electrophoresed in a 0.8% agarose gel.

Terminal restriction fragments were visualized, using a labeled (TTAGGG) probe.
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Fig. 5.
Differentiation of MSCs along mesodermal lineages. rBMSCs, rASCs, hBMSCs, and

hASCs were differentiated along adipogenesis and formed lipid vesicles stained with Oil

red-O (A). Mineralization revealed in osteogenic-differentiated MSCs using Alizarin red

staining (B). MSCs under chondrogenesis condition promoted the formation of

chondrocytes, sectioned paraffin-embedded micromass pellets were stained with Toluidine

Blue (C).
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Fig. 6.
Transcription factor mRNA and expression in MSCs. Total cellular RNA analyzed by RT-

PCR for Oct-4, Sox-2, and Rex-1 mRNA expression (A). The cell lysate from MSC types at

different passages were subjected to Western blot analysis using Oct-4 and Sox-2

monoclonal antibodies to determine the level of expression of these two proteins (B).
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Fig. 7.
Oct-4 and Sox-2 localization in MSCs. Immunohistochemical staining of rBMSCs (A),

hBMSCs (B), rASCs (C), and hASCs (D). Cells were fixed, permeabilized, and stained to

visualize Oct-4 and Sox-2. Distribution and localization of these transcription factors

exhibited at passage 1 and 20 each MSC types. Merge panel showed co-localization of these

two proteins.
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