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Much of the work conducted on adult stem cells has focused on mesenchymal stem cells (MSCs)
found within the bone marrow stroma. Adipose tissue, like bone marrow, is derived from the
embryonic mesenchyme and contains a stroma that is easily isolated. Preliminary studies have
recently identified a putative stem cell population within the adipose stromal compartment. This
cell population, termed processed lipoaspirate (PLA) cells, can be isolated from human lipoaspi-
rates and, like MSCs, differentiate toward the osteogenic, adipogenic, myogenic, and chondro-
genic lineages. To confirm whether adipose tissue contains stem cells, the PLA population and
multiple clonal isolates were analyzed using several molecular and biochemical approaches. PLA
cells expressed multiple CD marker antigens similar to those observed on MSCs. Mesodermal
lineage induction of PLA cells and clones resulted in the expression of multiple lineage-specific
genes and proteins. Furthermore, biochemical analysis also confirmed lineage-specific activity. In
addition to mesodermal capacity, PLA cells and clones differentiated into putative neurogenic
cells, exhibiting a neuronal-like morphology and expressing several proteins consistent with the
neuronal phenotype. Finally, PLA cells exhibited unique characteristics distinct from those seen in

MSCs, including differences in CD marker profile and gene expression.

INTRODUCTION

Stem cells are a population possessing 1) self-renewal capac-
ity, 2) long-term viability, and 3) multilineage potential. The
multilineage potential of embryonic stem cells and adult
stem cells from the bone marrow has been characterized
extensively. Although embryonic stem cell potential is enor-
mous, many ethical and political issues accompany their
use. Therefore, adult stem cells from the bone marrow
stroma (i.e., mesenchymal stem cells, MSCs) have been pro-
posed as an alternative source. Originally identified as a
source of osteoprogenitor cells, MSCs differentiate into adi-
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pocytes, chondrocytes, osteoblasts, and myoblasts in vitro
(Hauner ef al., 1987; Grigoradis et al., 1988; Wakitani et al., 1995;
Ferrari et al., 1998; Johnstone ef al., 1998; Pittenger et al., 1999)
and undergo differentiation in vivo (Benayahu et al., 1989;
Bruder et al., 1998a), making these stem cells promising
candidates for mesodermal defect repair and disease man-
agement. However, the clinical use of MSCs has presented
problems, including pain, morbidity, and low cell number
upon harvest. This has led many researchers to investigate
alternate sources for MSCs.

Adipose tissue, like bone marrow, is derived from the
mesenchyme and contains a supportive stroma that is easily

GalC, galactocerebroside; GFAP, glial fibrillary acidic protein;
GPDH, glycerol-3-phosphate dehydrogenase; LPL, lipoprotein
lipase; MBP, myelin basic protein; MG, myogenin; MM, myogenic
medium; MSC, mesenchymal stem cell; NeuN, neuronal nuclei
protein; NHCK, normal human chondrocyte from the knee; NHOst,
normal human osteoblast; NM, neurogenic medium; NSE, neuron-
specific enolase; OC, osteocalcin; OM, osteogenic medium; ON,
osteonectin; OP, osteopontin; PLA, processed lipoaspirate; PTHR,
parathyroid hormone receptor; PPAR, peroxisome-proliferating ac-
tivated receptor [y]; RXRa, retinoid X receptor «; TfR, transferrin
receptor; VD, 1,25-dihydroxyvitamin D;; VDR, vitamin D receptor.
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Table 1. Lineage-specific differentiation induced by media supplementation

Medium Media Serum Supplementation

Control DMEM FBS (10%) 1% antibiotic/antimycotic

Adipogenic (AM) DMEM FBS (10%) 0.5 mM isobutyl-methylxanthine (IBMX), 1 uM dexamethasone, 10 uM
insulin, 200 uM indomethacin, 1% antibiotic/antimycotic

Osteogenic (OM/VD) DMEM FBS (10%) 0.01uM 1,25-dihydroxyvitamin D3 *, 50 uM ascorbate-2-phosphate, 10
mM B-glycerophosphate, 1% antibiotic/antimycotic

Chondrogenic (CM) DMEM FBS (1%) 6.25 pg/ml insulin, 10 ng/ml TGFB1, 50 nM ascorbate-2-phosphate,
1% antibiotic/antimycotic

Myogenic (MM) DMEM FBS (10%), 50 uM hydrocortisone, 1% antibiotic/antimycotic

HS (5%)
Neurogenic (NM) DMEM none 5-10 mM B-mercaptoethanol

*0.1 uM dexamethasone can be used as a replacement of 0.01 uM vitamin D.

isolated. Based on this, adipose tissue may represent a
source of stem cells that could have far-reaching effects on
several fields. We have previously identified a putative stem
cell population within human lipoaspirates (Zuk et al., 2001).
This cell population, called processed lipoaspirate (PLA)
cells, can be isolated from adipose tissue in significant num-
bers and exhibits stable growth and proliferation kinetics in
culture. Moreover, PLA cells, like MSCs, differentiate in
vitro toward the osteogenic, adipogenic, myogenic, and
chondrogenic lineages when treated with established lin-
eage-specific factors. The multilineage differentiation capac-
ity of PLA cells led us to speculate that a population of
multipotent stem cells, comparable with MSCs, can be iso-
lated from human adipose tissue.

To confirm whether PLA cells represent a stem cell pop-
ulation, we conducted an extensive molecular and biochem-
ical characterization of the PLA population and several
clonal isolates, termed adipose-derived stem cells (ADSCs).
PLA cells expressed several CD marker antigens similar to
those observed on MSC controls. Induction of PLA cells and
clones toward multiple mesodermal lineages resulted in the
expression of several lineage-specific genes and proteins
similar to those observed in induced MSC controls and
lineage-committed precursor cell lines. Moreover, estab-
lished biochemical assays confirmed lineage-specific meta-
bolic activity in induced PLA populations. In addition to
mesodermal capacity, PLA cells and clones differentiated
into putative neurogenic cells exhibiting a neuronal-like
morphology and expressing several proteins consistent with
the neuronal phenotype. Finally, PLA cells exhibited unique
characteristics distinct from that seen in MSCs, including
differences in CD marker and gene expression profiles. In
conclusion, the results presented in this study suggest that
adipose tissue may be an additional source of unique, plu-
ripotent stem cells with multi-germline potential.

MATERIALS AND METHODS
Cell Culture and Differentiation

PLA cells were obtained from raw human lipoaspirates and cul-
tured as described in a previous study (Zuk et al., 2001). Briefly, raw
lipoaspirates were washed extensively with sterile phosphate-buff-
ered saline (PBS) to remove contaminating debris and red blood
cells. Washed aspirates were treated with 0.075% collagenase (type
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I; Sigma-Aldrich, St. Louis, MO) in PBS for 30 min at 37°C with
gentle agitation. The collagenase was inactivated with an equal
volume of DMEM/10% fetal bovine serum (FBS) and the infrana-
tant centrifuged for 10 min at low speed. The cellular pellet was
resuspended in DMEM/10% FBS and filtered through a 100-um
mesh filter to remove debris. The filtrate was centrifuged as detailed
above and plated onto conventional tissue culture plates in control
medium (Table 1). Normal human osteoblasts (NHOst), normal
human chondrocytes from the knee (NHCK), and a population of
MSCs from human bone marrow were purchased from Clonetics
(Walkersville, MD) and maintained in commercial medium. The
murine 3T3-L1 preadipocyte cell line (Green and Meuth, 1974) was
obtained from American Type Culture Collection (Manassas, VA).
NHOst, PLA cells, and 3T3-L1 cells were treated with mesenchymal
lineage-specific media as outlined in Table 1. MSCs were induced
using commercial control medium supplemented with the growth
factors outlined in Table 1. NHOst and NHCK cells were induced
using commercially available induction media (Clonetics).

Antibodies

The antibodies and commercial sources used in this study are
indicated in online Table S1.

Flow Cytometry

PLA cells and MSCs were cultured in control medium 72 h before
analysis. Flow cytometry with a FACscan argon laser cytometer (BD
Biosciences, San Jose, CA) was performed according to a previous
study (Zuk et al., 2001). Briefly, cells were harvested in 0.25% tryp-
sin/EDTA and fixed for 30 min in ice-cold 2% formaldehyde. The
fixed cells were washed in flow cytometry buffer (PBS, 2% FBS, 0.2%
Tween 20) and incubated for 30 min in flow cytometry buffer
containing fluorescein isothiocyanate-conjugated monoclonal anti-
bodies to SH3, STRO-1, and the following CD antigens: 13, 14, 16,
31, 34, 44, 45, 49d, 56, 62e, 71, 90, 104, 105, and 106. PLA cells and
MSCs were stained with a phycoerythrin-conjugated nonspecific
IgG to assess background fluorescence.

Histology, Immunohistochemistry, and Indirect
Immunofluorescence

Indirect Immunofluorescence. PLA cells and MSCs were processed
as described previously (Zuk et al., 2001) by using monoclonal
antibodies to specific CD markers and lineage-specific proteins (on-
line Table S1).
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Histology and Immunohistochemistry. Differentiated PLA cells and
clones were processed as described previously (Zuk et al., 2001) by
using the following histological assays: alkaline phosphatase (AP)
(osteogenesis), Oil Red O (adipogenesis), and Alcian blue (AB)
(chondrogenesis). Chondrogenic PLA cells and clones were exam-
ined for collagen type 2 (CNII), keratan sulfate, and chondroitin-4-
sulfate expression by immunohistochemistry as described previ-
ously (Zuk et al., 2001). Neurogenic PLA cells and clones were
examined by immunohistochemistry for the expression of neural-
specific proteins.

Spectrophotometric Assays

AP. Triplicate samples of PLA cells were differentiated in osteogenic
medium (OM) for up to 6 wk. Cells were washed with PBS, har-
vested, and AP enzyme activity was assayed using a commercial AP
enzyme kit according to the method of Beresford et al. (1986). AP
activity was expressed as nanomoles of p-nitrophenol produced per
minute per microgram of protein. Differentiated MSCs were as-
sayed as a positive control, whereas non-induced PLA cells were
assayed as a negative control. Values are expressed as the mean *
SD. A Student’s t test (paired) was performed to determine statis-
tical significance between induced and control samples.

Total Calcium. Triplicate samples of PLA cells were differentiated
in OM for up to 6 wk. Cells were washed with PBS (no Ca?*, no
Mg?*) and harvested in 0.1 N HCL. Cells were extracted in 0.1 N
HCI at 4°C for a minimum of 4 h and centrifuged for 5 min at
10,000 X g. Total calcium in the supernatant was determined using
a commercial kit (#587; Sigma-Aldrich) and expressed as millimolar
Ca?" per microgram of protein. Differentiated MSCs were assayed
as a positive control, whereas non-induced PLA cells were assayed
as a negative control. Values are expressed as the mean + SD. A
Student’s t test (paired) was performed to determine statistical
significance between induced and control samples.

Glycerol-3-Phosphate Dehydrogenase (GPDH). Triplicate samples
of PLA cells were differentiated in adipogenic medium (AM) for up
to 5 wk. GPDH activity was assayed according to the method of
Wise and Green (1979). One unit of GPDH was defined as the
oxidation of 1 nmol of NADH per minute. GPDH activity was
expressed as units of GPDH per microgram. Differentiated 3T3-L1
cells were assayed as a positive control, whereas non-induced PLA
cells were assayed as a negative control. Values are expressed as the
mean *+ SD. A Student’s t test (paired) was performed to determine
statistical significance between induced and control samples.

Dimethyldimethylene Blue. Triplicate samples of PLA cells were
differentiated in chondrogenic medium (CM) for up to 3 wk by
using established high-density micromass protocols (Reddi, 1982).
PLA nodules were harvested and assayed for sulfated proteogly-
cans, according to an established method (Farndale et al., 1986).
Proteoglycan levels were expressed as micrograms of sulfated pro-
teoglycan per microgram of protein. Non-induced PLA cells were
assayed as a negative control. Values are expressed as the mean *
SD. A Student’s t test (paired) was performed to determine statis-
tical significance between induced and control samples.

Reverse-Transcription-Polymerase Chain Reaction
(RT-PCR) Analysis

PLA cells were induced toward five lineages, as outlined in Table 1,
for defined time periods. Total cellular RNA was isolated and
reverse transcribed using conventional protocols. PCR amplification
was performed using the primer sets outlined in online Table S2. All
primer sequences were determined using established GenBank se-
quences. Duplicate PCR reactions were amplified using primers
designed B-actin as a control for assessing PCR efficiency and for
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subsequent analysis by agarose gel electrophoresis. The sequence of
each PCR product was confirmed using automated sequencing.
Non-induced PLA cells were examined as a negative control. Lin-
eage-specific cell lines (NHOst, 3T3-L1, and NHCK) were analyzed
as positive controls for the osteogenic, adipogenic, and chondro-
genic lineages, respectively. Total human skeletal muscle and brain
RNA (Ambion, Austin, TX) were reverse transcribed and amplified
by PCR as positive controls for the myogenic and neurogenic lin-
eages, respectively.

Quantitative Real-Time PCR

PLA cells were maintained in noninductive control medium for 3
wk or were induced toward the osteogenic and adipogenic lineages
for 1 and 3 wk. The expression of core-binding factor alpha-1
(CBFA-1) and AP was quantitated for osteogenic PLA cells, whereas
the expression of lipoprotein lipase (LPL) was quantitated for adi-
pogenic samples. Human glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) primers and probe (5’ JOE and 3" TAMRA) were
purchased from Applied Biosystems (Foster City, CA). Total cellular
RNA was isolated and reversed transcribed using the TagMan Gold
RT-PCR kit for real-time PCR (Applied Biosystems). Quantitative
real-time PCR was performed using this kit according to the man-
ufacturer and an ABI 7700 Prism Sequence Detection system. Primer
and probe sequences were designed by the UCLA Sequencing Core
Facility and synthesized by BioSource (Camarillo, CA). All probes
were designed with a 5 fluorogenic probe 6FAM and a 3’ quencher
TAMRA. The expression of human GAPDH was used to normalize
gene expression levels.

Western Blotting

PLA cells were differentiated toward the osteogenic lineage for 7
and 28 d, washed in PBS, and lysed in 1% SDS. Equivalent amounts
of protein in each lysate were resolved by denaturing PAGE (SDS-
PAGE) and analyzed using standard immunoblotting protocols.
Lysates were examined for the expression of osteopontin (OP),
osteonectin (ON), AP, collagen type I (CNI), vitamin D receptor
(VDR), and retinoid X receptor a (RXRa). Expression of the trans-
ferrin receptor (TfR) was used as an internal control for quantita-
tion. Expression of a-actin was used as a qualitative control for the
Western blot procedure only. Non-induced PLA cells were also
analyzed as a negative control. To quantitate, protein levels were
normalized with respect to the TfR and expressed relative to undif-
ferentiated PLA controls.

Neurogenic Differentiation

Subconfluent PLA cells were cultured for 24 h in pre-induction
medium (DMEM, 20% FBS, 1 mM B-mercaptoethanol). After pre-
induction, the cells were induced for up to 9 h in neurogenic
medium (NM), according to an established protocol (Woodbury et
al., 2000) and analyzed by immunohistochemistry for the expression
of neuronal-specific nuclei protein (NeuN), neural-specific enolase
(NSE), 70-kDa neurofilament protein (NF-70), and microtubule-as-
sociated protein 2 (MAP-2) (neuronal lineage), glial acidic fibrillary
protein (GFAP) (astrocyte lineage), and galactocerebroside (GalC)
(oligodendrocyte lineage). Samples were also analyzed by RT-PCR
(online Table S2). Finally, PLA samples were also induced in 1) NM
for 9 h and maintained for 1 wk in a neural progenitor maintenance
medium (NPMM) and 2) control medium supplemented with indo-
methacin and insulin (IIM) for up to 1 wk.

Isolation and Analysis of PLA Clones

PLA cells were plated at limiting confluence to result in isolated
single cells. Cultures were maintained in control medium until the
formation of well-defined colonies. The single PLA-cell derived
colonies were harvested using sterile cloning rings and expanded in
cloning medium (15% FBS, 1% antibiotic/antimycotic in F-12/
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DMEM [1:1]). Expanded clones were subcloned by limiting dilution.
All clones were analyzed for osteogenic, adipogenic, chondrogenic,
and neurogenic potential by immunohistochemistry. The expres-
sion of lineage-specific genes was confirmed by RT-PCR.

Online Supplementary Material

Online supplementary material includes the following:
Figure S1. Immunofluorescence analysis of PLA and MSC popula-
tions: CD marker profile.

Figure S2. Growth kinetics and histological analysis of adipo-
induced PLA populations.

Figure S3. Immunofluorescence and RT-PCR analysis of adipo-
induced PLA cells.

Figure S4. Growth kinetics of osteo-induced PLA cells

Figure S5. Immunofluorescence and RT-PCR analysis of osteo-
induced PLA cells and MSCs.

Figure S6. Immunohistochemical and RT-PCR analysis of PLA
cells and NHCK controls.

Figure S7. Immunohistochemical analysis of PLA clones.

Table S1. List of antibodies.

Table S2. List of RT-PCR oligonucleotide primers.

RESULTS

Phenotypic Characterization of PLA Populations:
CD Marker Profile

To characterize the PLA population, CD marker profile was
examined and compared with a commercial population of
human MSCs (Figures 1 and online S1). Both PLA and MSC
cells expressed CD29, CD44, CD71, CD90, and CD105/SH2
and SH3, which together with SH2, is considered a marker
for MSCs (Haynesworth et al., 1992). In addition to these
markers, both PLA and MSCs expressed STRO-1 (our un-
published data), a marker used to isolated multilineage pro-
genitors from bone marrow (Gronthos et al., 1994; Dennis et
al., 2002). In contrast, no expression of the hematopoietic
lineage markers CD31, CD34, and CD45 was observed in
either of the cultures. Flow cytometry confirmed the immu-
nofluorescence results, in addition to detecting the expres-
sion of CD13 and the absence of CD14, 16, 56, 61, 62E, 104,
and 106 (Table 2). On immunofluorescence and flow cyto-
metric analysis, two CD marker antigens were found to
differ between PLA and MSC populations: CD49d (a4 inte-
grin) and CD106 (VCAM). Specifically, PLA cells expressed
CD49d, whereas this antigen was not observed in MSC
cultures. Unlike MSCs, no expression of CD106 was ob-
served in PLA samples.

PLA Cells Undergo Adipogenic Differentiation
In Vitro

Induction of PLA cells with AM resulted in an expanded cell
morphology and a time-dependent increase in intracellular
Oil Red O staining, an established lipid dye (online Figure
S2). Moreover, adipogenic differentiation did not result in an
appreciable increase in PLA cell number and is consistent
with growth arrest observed upon commitment of preadi-
pocytes (online Figure S2). Induction of PLA cells and
3T3-L1 controls resulted in a significant up-regulation in the
activity of the lipogenic enzyme GPDH (Figure 2A). How-
ever, no significant difference in GPDH activity was detected
between induced PLA samples and non-induced controls
until 4 wk of induction, whereupon a 6.5- and 4.7-fold
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Figure 1. PLA cells express a unique set of CD markers. (A) PLA
cells and MSCs were processed by immunofluorescence for expres-
sion of multiple CD antigens (green). Cells were costained with
4,6-diamidino-2-phenylindole to visualize nuclei (blue) and the flu-
orescent images combined. The differential expression of CD49d
and CD106 between PLA cells and MSCs is shown (Figure S1 for
remaining CD antigens). (B) Flow cytometric analysis on PLA cells
and MSCs for the expression of CD49d and CD106 was performed
(red). Cells stained with a fluorochrome-conjugated nonspecific IgG
were examined as a control (YPE, green). The geometric mean and
median values for CD49d and Cd106 are shown below. Significant
differences are shown in bold.

increase vs. controls was measured at 28 and 35 d, respec-
tively. Moreover, statistical analysis confirmed a significant
difference between induced and control PLA samples at
these time points (p < 0.01). Finally, the time-dependent
increase in GPDH activity correlated with the increased
percentage of lipid-filled PLA cells within adipo-induced
cultures and was consistent with adipogenic differentiation
by these cells.

Adipogenic induction of PLA cells also resulted in lin-
eage-specific gene and protein expression. Immunofluores-

Molecular Biology of the Cell



Table 2. Flow cytometric analysis of CD marker expression on
non-induced PLA cells

CD Antigen Geometric Mean
CD13 148.88
CD14 2.43
CD16 2.38
CD31 222
CD34 3.55
CD44 16.92
CD45 2.52
CD49d 14.99
CD56 2.66
CD62E 2.30
CD71 3.76
CD90 25.96
CD104 2.31
CD105 8.39
CD106 2.45
SH3 8.95
STRO-1 31.26
—ve 2.59

cence confirmed the expression of leptin and GLUT4 in
induced PLA samples (Figure 2B), two proteins that are
up-regulated in differentiating adipocytes (Tanner et al.,
1992; Chen et al., 1997). Expression of these proteins seemed
to be restricted to mature, lipid-filled PLA cells, as low levels
were observed in cells with a fibroblastic morphology.
Moreover, the expression of both leptin and GLUT4 seemed
to be specific to adipogenic PLA samples as no protein
expression was detected in non-induced controls. The ex-
pression of leptin and GLUT4 was also observed in lipid-
filled MSCs upon adipogenic induction (online Figure S3A).
Adipogenic differentiation of PLA cells was further con-
firmed by RT-PCR (Figure 2C). Induction of PLA cells with
AM resulted in expression of the adipose-specific transcrip-
tion factor peroxisome-proliferating activated receptor vy
(PPARY2). Moreover, PPARy2 expression was specific to
adipo-induced PLA cells, in addition to MSCs and induced
3T3 cells (online Figure S3B). Initial differentiation (i.e., 4 d)
of the PLA and MSC populations was characterized by the
absence of PPARY2, with expression of this transcription
factor appearing after 1 wk of induction and persisting
throughout the remaining induction period. Expression of
PPARY1 was also detected in adipo-induced PLA cells and
MSC controls. However, constitutive expression of PPARyl
was observed in non-induced PLA cells, whereas basal ex-
pression was not observed in non-induced MSCs (online
Figure S3B). In addition to the PPAR isoforms, expression of
the adipogenic genes LPL and aP2 was also detected in PLA
cells and MSC controls. Constitutive expression of these
genes was detected in both cell populations and adipogenic
induction resulted in a qualitative increase in expression
level compared with non-induced controls as detected by
conventional RT-PCR. LPL up-regulation in adipo-induced
PLA cells was also confirmed by quantitative real-time PCR.
Non-induced PLA controls expressed negligible levels of
LPL and a significant up-regulation in expression was mea-
sured at day 7 upon induction, consistent with the expres-
sion of this gene during the early stages of preadipocyte
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differentiation (Jonasson et al., 1984). LPL levels beyond this
point decreased with a two- and fourfold drop in expression
being measured at day 21 and day 35 compared with day 7
levels (Figure 2D). Finally, adipogenic differentiation of PLA
cells, in addition to MSC and 3T3 controls, resulted in the
expression of leptin and GLUT4 mRNA. In contrast to pro-
tein expression, non-induced PLA cells expressed basal lev-
els of leptin mRNA with adipogenic induction seeming to
increase expression level late in differentiation. Finally, the
adipogenic induction conditions used in this study were
specific for the fat lineage and did not result in the expres-
sion of genes consistent with bone and cartilage differenti-
ation (osteocalcin [OC] and CNII, respectively; our unpub-
lished data).

PLA Cells Undergo Osteogenic Differentiation
In Vitro

Induction of PLA cells with OM, containing dexamethasone
(Table 1), resulted in the appearance of AP activity and an
increase in matrix mineralization as confirmed by histology
(online Figure S4). Moreover, distinct phases of PLA prolif-
eration, matrix synthesis, and mineralization could be dis-
cerned in osteo-induced PLA cultures, consistent with re-
sults observed in osteoblast cultures (online Figure S4).
However, recent work has questioned the efficacy of glu-
cocorticoids, such as dexamethasone, in mediating osteogen-
esis (Cooper et al., 1999). Therefore, PLA cells were induced
in OM containing 1,25-dihydroxyvitamin D5 (VD) rather
than dexamethasone. To assess osteogenesis, levels of AP
enzyme activity and matrix mineralization were quanti-
tated. AP activity appeared in osteo-induced PLA and MSC
samples between 2 and 3 wk of induction with PLA samples
exhibiting significantly elevated AP levels compared to MSC
controls at 3 wk of induction (p = 0.008; paired ¢ test) (Figure
3A). Maximum AP levels were detected in induced PLA
samples at 3 wk with an approximate 35-fold increase in
activity measured from 2 to 3 wk of induction. Furthermore,
the response to VD induction seemed to be time dependent,
producing a distinct biphasic pattern. AP activity appeared
1 wk earlier in the MSC population and maximum levels
were not observed until 6 wk. PLA cells treated with dexa-
methasone exhibited significantly lower levels of AP activity
compared with VD-treated samples (our unpublished data).
Interestingly, treatment of MSCs with dexamethasone pro-
duced increased AP levels compared with VD induction,
suggesting a differential response to induction conditions
between the PLA and MSC populations (our unpublished
data). AP enzyme activity was negligible in non-induced
PLA controls, indicating a low level of endogenous activity.
Because AP activity is intimately involved in matrix calcifi-
cation, extracellular calcium accumulation was measured.
Consistent with osteogenesis, VD induction of PLA cells and
MSC controls resulted in a time-dependent increase in ma-
trix mineralization with matrix calcification appearing in
both populations at 3 wk and maximum levels detected at 6
wk. Induction of PLA cells resulted in an approximate 30-
fold increase in matrix calcification over the 6-wk treatment
period. Despite the lower AP activity compared with PLA
cells, induced MSCs were associated with significantly more
matrix calcification, compared with induced PLA cells (p <
0.001; 35-d induction), with a 68-fold overall increase in
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Figure 2. Adipogenic PLA cells express several genes and proteins consistent with adipogenic differentiation. (A) Triplicate samples of PLA
cells and 3T3-L1 controls were induced for up to 5 wk in AM (PLA-AM and 3T3-AM, respectively) and assayed for GPDH activity (GPDH
per microgram). Non-induced PLA cells were analyzed as a negative control (PLA-control). Values were expressed as mean * SD. (B) PLA
cells were induced in AM (PLA-AM) or maintained in non-inductive control medium (PLA-control) for 14 d. Cells were examined for the
expression of GLUT4 and leptin by indirect immunofluorescence. (C) PLA cells were induced in AM or maintained in non-inductive control
medium for up to 5 wk. Samples were analyzed by RT-PCR for the indicated genes. 3T3-L1 cells maintained for 2 wk in AM were analyzed
as a positive control. (D) Expression of the gene LPL was quantitated by real-time PCR in PLA cells induced in control medium and AM for
up to 5 wk. LPL expression levels were normalized with respect to endogenous GAPDH. LPL expression in PLA cells induced for 3 (D21)

and 5 wk (D35) in AM were expressed relative to 1-wk levels.

calcium accumulation detected over the 6-wk induction pe-
riod.

To confirm osteogenesis, cells were examined by RT-PCR
for the expression of several genes, including OC, CBFA-1,
AP, ON, OP, bone morphogenic protein-2 (BMP-2), c-fos,
and CNI, in addition to receptors involved in osteogenesis
(parathyroid hormone receptor/PTHR, RXRa, and vitamin
D receptor/VDR) and the homeodomain proteins msx2 and
distal-less 5 (d1x5) (Figures 3B and online S5). The osteogenic
induction conditions used in this study were specific for the
bone lineage and did not result in the expression of genes
consistent with fat and cartilage differentiation (our unpub-
lished data). Expression of CBFA-1, a transcription factor
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that binds to the promoters of several osteogenic genes
(Ducy et al., 1997), was observed at all time points in osteo-
induced PLA cells, MSCs, and NHOst cells. Furthermore,
CBFA-1 expression was not specific to osteo-induced cells,
as basal expression was observed in non-induced PLA cells
and MSCs. Quantitation of CBFA-1 expression using real-
time PCR confirmed a time-dependent increase in gene ex-
pression compared with non-induced controls (Figure 3C).
Initial osteogenic induction of PLA cells (i.e., 7 d) resulted in
an approximate 10-fold increase in CBFA-1 expression vs.
controls, whereas a dramatic 60-fold increase was measured
by 3 wk of induction. Induction of PLA cells in OM contain-
ing dexamethasone rather than VD also resulted in a time-
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Figure 3. Osteo-induced PLA cells express several osteogenic genes and proteins. (A) PLA cells and MSCs were induced for up to 6 wk in
OM. Cells were assayed for AP activity and total calcium and normalized with respect to protein. Non-induced PLA cells (control) were
analyzed as a negative control. Values were expressed as the mean = SD. (B) PLA cells were cultured in OM or noninductive control medium
for up to 6 wk and analyzed by RT-PCR for the indicated genes. NHOst cells maintained in control medium (Con) or OM for 4 wk (28 d)
were analyzed as a positive control. (C) Expression of the genes CBFA-1 and AP was quantitated by real-time PCR in PLA cells induced in
control medium and OM for up to 4 wk. Gene expression levels were normalized with respect to endogenous GAPDH and expressed relative
to non-induced control levels. (D) PLA cells were cultured in OM or control medium for 7 and 28 d and analyzed by Western blotting for
the expression of OP, ON, AP, RARg, the VDR, and CNI. Expression of the TfR and a-actin was assessed as internal controls.

dependent increase in CBFA-1 expression vs. controls, albeit
at significantly lower levels, again suggesting an inhibitory
effect of this glucocorticoid on PLA osteogenesis (our un-
published data). Finally, AP expression was observed at all
time points in differentiated and control PLA cells, MSCs,
and NHOst cells. Quantitative real-time PCR detected a
decrease in AP levels after 1 wk of induction (1.7-fold).
However, continued treatment (i.e., 21 d) resulted in an
approximate twofold increase in AP expression level and
corresponded well with the AP enzyme assay results.

In addition to CBFA-1 and AP, expression of CNI, OP, and
ON was also observed in differentiated and control PLA
cells, MSC, and NHOst controls. Although expression of
these genes is indicative of osteogenesis, they are not specific
markers. However, expression of the bone-specific gene OC
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was observed in both induced PLA cells and MSC controls.
OC expression in osteo-induced PLA cells seemed to be
biphasic, expressed as early as day 7 of induction and at late
phases of differentiation in these cells (i.e., 21-42 d), whereas
no expression was detected at 14 d. No such pattern was
observed in osteo-induced MSCs with relatively consistent
expression levels being observed. Moreover, in contrast to
MSCs, OC expression was restricted to osteogenic induction,
as no basal expression was seen in PLA cells maintained in
non-inductive control medium, whereas low basal OC ex-
pression was detected in non-induced MSCs. Interestingly,
exposure of PLA cells to dexamethasone inhibited the ex-
pression of OC at all time points (online Figure S5). Replace-
ment of dexamethasone with VD for the last 48 h of induc-
tion was sufficient to overcome this inhibitory effect (our
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unpublished data). This inhibitory effect has also been ob-
served in rat MSCs and human bone cultures (Beresford et
al., 1986; Leboy et al., 1991; Jaiswal et al., 1997) and suggests
that dexamethasone may be inhibitory to PLA osteogenesis.
Because the actions of VD are mediated through its receptor
via heterodimerization with the retinoid receptor RXR (Wes-
tin et al., 1988), expression of these receptors was confirmed
in both control and induced PLA populations at all time
points, together with the PTHR. Finally, both osteo- and
non-induced PLA cells, MSCs, and NHOsts expressed the
transcription factor c-fos and the homeodomain protein
msx2, two genes involved in osteoblast differentiation (Ben-
son et al., 2000). However, expression of the homeodomain
protein dIx5 (Jabs et al., 1993; Ryoo et al., 1997; Newberry et
al., 1998; Benson et al., 2000) and BMP-2, a member of the
transforming growth factor-g (TGFp) superfamily known to
mediate osteogenesis (Johnson ef al., 1988; Wang et al., 1990;
Lieberman et al., 1998), was differentially expressed between
the PLA and MSC populations. Specifically, no dIx5 and
BMP-2 were detected in non-induced and induced PLA
cells, whereas expression of both genes was observed in
induced MSCs and NHOst controls.

Osteogenesis by PLA cells was also confirmed at the pro-
tein level by quantitative Western blotting. Osteogenic dif-
ferentiation of PLA cells did not seem to alter the general
activity of PLA cells, as equivalent levels of the transferrin
receptor and a-actin were seen in both osteo-induced cells
and controls. As shown in Figure 3D, expression of the bone
matrix proteins OP and ON was detected in both differen-
tiated cells and non-induced controls. However, osteogenic
induction was accompanied by a 1.5 fold increase in OP
expression at day 7 and a 1.2-fold increase at day 28,
whereas a 1.6-fold increase in ON was detected in PLA cells
from day 7 to day 28. Expression of these proteins was also
confirmed in PLA cells and MSC controls by indirect immu-
nofluorescence (online Figure S5). Control and osteo-in-
duced PLA cells also expressed CNI and an approximate
twofold increase in CNI protein was measured after 4 wk of
induction. Consistent with the AP enzyme assays, expres-
sion of AP was detected specifically in osteo-induced PLA
samples and induction resulted in a 2.6-fold increase in AP
protein level. In addition to these matrix proteins, osteo-
induced PLA cells specifically expressed the retinoic acid
receptor o (RAR«) after 4 wk of induction and expressed the
VDR both before and after induction. Interestingly, osteo-
genic induction resulted in a 2.2-fold decrease in VDR levels
by 4 wk of induction.

PLA Cells Undergo Chondrogenic Differentiation
In Vitro

Chondrogenic induction of PLA cells, under micromass con-
ditions, resulted in cell condensation as early as 12 h after
induction and was followed by ridge and spheroid/nodule
formation by 2 d (online Figure S6A). Nodules at this time
point stained positively using AB, confirming the presence
of sulfated proteoglycans within the matrix. Induction be-
yond 2 d resulted in an increase in nodule size and AB
staining intensity. PLA chondrogenesis was dependent
upon high cell density and induction conditions. Specifi-
cally, PLA nodule formation was dependent upon the pres-
ence of TGFB1 and could not be induced in monolayer
culture (our unpublished data). PLA nodules induced for
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14 d in CM stained positively using AB, specifically express-
ing both keratan and chondroitin-4-sulfate (Figure 4A). Ex-
pression of the cartilagenous collagen II isoform (CNII splice
variant CNIIB, mature chondrocytes shown) was also ob-
served. Interestingly, micromass culture of MSCs in CM did
not result in nodule formation and could not be used as a
positive control in this study. Therefore, cells derived from
human articular cartilage of the knee (NHCK) cells were
used. Quantitation of sulfated proteoglycan levels revealed a
time-dependent increase in cartilage-induced PLA cells up
to 2 wk of induction (Figure 4B), followed by a slight de-
crease at 3 wk. A similar reduction was also noted in NHCK
controls and may represent remodeling of the extracellular
matrix (our unpublished data). Although control and in-
duced PLA cells produced relatively equivalent levels of
proteoglycan within the first 2 wk of induction, 14 d PLA
nodules were associated with significantly more proteogly-
can (1.8-fold more, p < 0.001), consistent with the increase in
matrix synthesis associated with chondrogenic differentia-
tion.

Treatment of PLA cells with CM resulted in the expression
of genes consistent with chondrogenesis (Figures 4C and
online S6B). CNII expression (splice variant IIB) was ob-
served specifically in induced PLA cells and was restricted
to days 7 and 10. A low level of CNII expression was also
observed upon chondrogenic induction of NHCK controls.
In addition, induced PLA cells also expressed the large
proteoglycan aggrecan. Like CNII, aggrecan expression was
restricted to days 7 and 10 and was specific to induced PLA
samples. Aggrecan expression was also observed upon
chondrogenic induction of NHCK controls. Chondrogenic
induction of PLA nodules resulted in the specific expression
of CNX, a marker of hypertrophic chondrocytes, at day 14
only. In contrast to this, little, if any, expression of CNX
could be observed in NHCK controls and may be due to
their derivation from articular cartilage. Induced and control
PLA cells, together with induced NHCK controls, were also
associated with additional collagen types, including CNI
and CNIII with the majority of PLA samples examined
exhibiting a restricted collagen expression pattern (day 4
only) (online Figure S6B). Induced PLA cells and NHCKs
also expressed the cartilagenous proteoglycans decorin and
biglycan. Expression of these genes was observed at all time
points and was also seen in non-induced PLA cells. No
expression of OC was seen at any time point, confirming the
absence of osteogenic differentiation.

PLA Cells Undergo Myogenic Differentiation
In Vitro

As shown in an previous study, myogenic induction of PLA
cells for up to 6 wk in myogenic medium (MM) resulted in
the expression of the myogenic transcription factor myod1
followed by fusion and the formation of multinucleated cells
that expressed the myosin heavy chain (Mizuno et al., 2001).
To further this characterization, the expression of multiple
myogenic transcription factors, in addition to myodl and
myosin, was confirmed by RT-PCR. As shown in Figure 5,
expression of the transcription factors myodl, myf6, and
myogenin was observed at all induction points, whereas
expression of myf5 was restricted to 1 and 3 wk only. Con-
sistent with the early role of myod1l in myogenic determi-
nation, increased levels of this gene were observed at 1 wk.

Molecular Biology of the Cell



Figure 4. PLA cells induced toward the chondrogenic
lineage synthesize a cartilagenous matrix and express
genes consistent with the chondrogenic lineage. (A)
PLA cells were induced in CM under high-density
conditions for 14 d. Nodules were sectioned and
stained with AB, in addition to antibodies to CNII,
keratan sulfate (KS), and chondroitin-4-sulfate (CS). (B)
PLA cells were induced for up to 3 wk in CM (PLA-
CM). Sulfated proteoglycan levels were determined
and normalized with respect to protein per microgram
(PG). Non-induced PLA cells (PLA-control) were ana-
lyzed as a negative control. Values were expressed as
the mean * SD. (C) PLA nodules were induced in CM
for up to 14 d or maintained in non-inductive control
medium for 10 d (PLA-Con). Samples were analyzed
by RT-PCR for the indicated genes. NHCK cells in-
duced for 2 wk in CM were analyzed as a positive
control. Dec, decorin.

In addition, a qualitative increase in myf6 expression was
also observed at this time point. Consistent with the terminal
differentiation of myoblasts, a qualitative increase in myosin
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expression was observed over induction time (Figure 5B).
Finally, expression of desmin, an intermediate filament pro-
tein expressed at high levels in skeletal muscle, was found at
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Figure 5. PLA cells induced toward the myogenic lineage express
several myogenic genes. PLA cells induced in MM for up to 6 wk or
maintained in control medium were analyzed by RT-PCR for the
expression of the indicated myogenic genes. Total RNA prepared
from human skeletal muscle (SKM) was analyzed as a positive
control. DES, desmin; MD1, myod1; MG, myogenin; Myf, myogenic
regulatory factor; MYS, myosin heavy chain.

all induction points in both myo-induced and control PLA
cells. Expression of these myogenic genes was also observed
in human skeletal muscle controls.

PLA Cells May Undergo Neurogenic Differentiation
In Vitro

PLA cells were induced toward the neurogenic lineage using
an established protocol (Woodbury et al., 2000) and assessed
for the expression of neuronal markers (NSE, NeuN, and
MAP-2), in addition to GFAP and GalC as markers of astro-
cytes and oligodendrocytes, respectively. Neurogenic induc-
tion for 30 min resulted in a change in PLA cell morphology,
with 10% of the cells assuming a neuronal-like phenotype.
Specifically, neuro-induced PLA cells underwent retraction,
forming compact cell bodies with multiple extensions. Cell
bodies became more spherical and cell processes exhibited
secondary branches with increasing induction time. Sixty
minutes of induction increased the proportion of neuronal-
like PLA cells to 20% of the culture. Induction for 3 h
increased this phenotype to a maximum of 70% and no
significant increase was observed beyond this induction
time. Induction in NM resulted in expression of the NSE and
NeuN, consistent with the neuronal lineage (Figure 6A). The
majority of the induced PLA cells in culture stained posi-
tively for NSE, and Western blotting confirmed an increase
in this protein upon induction (Ashjian et al. 2003). In con-
trast to NSE, not all PLA cells were NeuN positive and may
indicate development of a restricted subpopulation of neu-
rogenic cells. No expression of the mature neuronal markers
MAP-2 or NF-70 was observed (our unpublished data), sug-
gesting that induced PLA cells at these time points represent
an early developmental stage. In addition, no expression of
GalC and the GFAP was noted, indicating that PLA cells did
not differentiate into oligodendrocytes and astrocytes, re-
spectively. Finally, control PLA cells did not express any
neuronal, oligodendrocytic, or astrocytic markers, confirm-
ing the specificity of our induction conditions and staining
protocol.
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RT-PCR analysis confirmed the expression of nestin, an
intermediate filament found in neural stem cells, in PLA
cells induced for 9 h in NM (Figure 6B) (Lendahl ef al., 1990).
Nestin expression was also detected in non-induced PLA
cells and in total RNA prepared from human brain. No
expression of markers characteristic of more mature neuro-
nal subtypes, choline acetyltransferase (Chat) or GADG65,
was observed. Moreover, RT-PCR did not detect other neu-
rogenic lineages, as no expression of GFAP (astrocytic) or
myelin-basic protein (oligodendrocytic) was detected. A
similar gene expression profile, including nestin, was also
observed in PLA cells induced for 9 h in NM, followed by
maintenance for up to 1 wk in a medium designed to main-
tain neurogenic precursors (NPMM). In addition, nestin ex-
pression was also found in PLA cells maintained in non-
inductive control medium containing indomethacin and
IBMX (IIM). Taken together, the expression of nestin, NSE,
and NeuN, together with the absence of choline acetyltrans-
ferase, myelin-basic protein, or GFAP expression, suggests
that PLA cells may be capable of assuming an early neuronal
or neural precursor phenotype.

PLA Clonal Isolates Possess Multilineage Potential

To confirm the presence of a stem cell population within
adipose tissue, PLA samples were cultured at a low conflu-
ence such that the formation of single PLA cell-derived
colonies was possible. Five hundred PLA clones were iso-
lated and expanded. Thirty clones exhibited differentiation
into at least one of the three mesodermal lineages examined
(osteogenic, adipogenic, and chondrogenic). In addition,
seven clones exhibited differentiation into all of these lin-
eages, staining positively for AP, Oil Red O, and Alcian blue
(Figures 7A and online S7). We designated these tri-lineage
clones as ADSCs. Like PLA cells, ADSCs were fibroblastic in
morphology and, after expansion, no evidence of other cell
morphologies (e.g., endothelial and macrophages) could be
observed, suggesting the homogeneity of ADSC cultures
(our unpublished data). A qualitative increase in differenti-
ation level, as measured by histological staining, was ob-
served in all ADSC populations compared with heteroge-
nous PLA samples (our unpublished data). Finally, isolation
and expansion of tri-lineage ADSCs did not alter the CD
expression profile as shown by immunofluorescence (our
unpublished data). In addition to ADSCs, other PLA-de-
rived clones exhibiting a more restricted dual-lineage poten-
tial (osteogenic/adipogenic, osteogenic/chondrogenic, and
adipogenic/osteogenic) and single lineage potential (adipo-
genic) were also isolated (online Figure S7).

To confirm multi-lineage potential, ADSCs were exam-
ined like the heterogenous PLA population by RT-PCR for
the expression of several lineage-specific genes. Supportive
of their multi-lineage capacity, ADSCs expressed multiple
genes characteristic of the osteogenic, adipogenic, and chon-
drogenic lineages (Figure 7B). Specifically, induction of AD-
SCs with OM resulted in the expression of OC, ON, OP,
CNI, and AP. Adipose induction of ADSCs resulted in the
specific expression of aP2 and LPL, together with a low level
of PPAR%2. Finally, expression of aggrecan, CNX, decorin,
and biglycan was detected upon 2 wk of chondrogenic in-
duction. The expression patterns of these genes in ADSCs
was indistinguishable from that observed in the heteroge-
nous PLA population. Together with the immunohistochem-
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Figure 6. PLA cells exhibit neurogenic capac-
ity in vitro. (A) PLA cells were maintained in
NM or control medium for 5 h (PLA-NM and
PLA-control, respectively) and analyzed for ex-
pression of neural (NSE and NeuN), astrocytic
(GFAP), and oligodendritic (GalC) markers. (B)
PLA cells were induced in 1) NM for 9 h or 2)
NM for 9 h and maintained for 1 wk in NPMM
or 3) control medium supplemented with IIM
for 1 wk. Samples were analyzed by RT-PCR
for the indicated genes. Non-induced PLA cells
(con) were analyzed as a negative control. Total
RNA prepared from human brain (brain) was
examined as a positive control. ChaT, choline
acetyltransferase.
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Figure 7. PLA clones possess multi-lineage potential. (A) PLA
clonal isolates were analyzed for osteogenic (alkaline phosphatase),
adipogenic (Oil Red O), and chondrogenic (Alcian blue) capacity.
(B) Tri-lineage clones (osteogenic, adipogenic, and chondrogenic),
or ADSCs, were cultured in either OM (ADSC-bone), AM (ADSC-
fat), or CM (ADSC-cartilage), in addition to control medium (ADSC-
control). ADSCs were analyzed by RT-PCR for the indicated lin-
eage-specific genes.

istry data, the RT-PCR results confirm the multi-lineage
capacity of ADSC isolates and suggest that the multi-lineage
capacity of the PLA population is due to the presence of
stem cell population.

DISCUSSION

In the present study, we confirm the multi-lineage capacity
of a population of stem cells, termed PLA cells, isolated from
human lipoaspirates. Preliminary studies characterized the
heterogeneity and growth kinetics of this cell population
and revealed that PLA cells may have multi-lineage poten-
tial (Zuk et al., 2001). The purpose of this work was twofold:
1) to confirm whether stem cells exist in adipose tissue, and
2) to compare the differentiation potential of these cells to
MSCs, a well characterized stem cell population isolated
from bone marrow. Our findings reveal that PLA cells are
capable of multiple mesodermal lineage differentiation, as
shown by the expression of several lineage-specific genes
and proteins. In addition, PLA cells can also be induced to
express markers consistent with a neurogenic phenotype,
suggesting an ectodermal potential. Finally, mesodermal
and ectodermal capacity was detected in PLA clonal isolates,
suggesting that adipose tissue represents a source of adult
stem cells.

PLA Cells Are Phenotypically Similar to MSCs

Characterization of MSCs has been performed using the
expression of cell-specific proteins and CD markers (Bruder
et al., 1998b; Conget and Minguell, 1999; Pittenger et al.,
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1999). Like MSCs, PLA cells expressed CD29, CD44, CD71,
CD90, CD105/SH2, and SH3 and were absent for CD31,
CD34, and CD45 expression (online Figure S1). Moreover,
flow cytometry on PLA cells confirmed the expression of
CD13, whereas no expression of CD14, 16, 56, 62e, or 104
was detected (Table 2). These results demonstrate that sim-
ilar CD complements are expressed on both PLA cells and
MSCs. However, distinctions in two CD markers were ob-
served: PLA cells were positive for CD49d and negative for
CD106, whereas the opposite was observed on MSCs. Ex-
pression of CD106 has been confirmed in the bone marrow
stroma and, specifically, MSCs (Levesque et al., 2001) where
it is functionally associated with hematopoiesis. The lack of
CD106 on PLA cells is consistent with the localization of
these cells to a non-hematopoietic tissue.

PLA Cells Differentiate into Bone, Fat, Cartilage,
and Muscle: Multiple Mesodermal Lineage Capacity

As suggested in a previous study (Zuk et al., 2001), PLA cells
seem to possess the capacity to differentiate into multiple
mesodermal lineages, including bone, fat, and cartilage. This
observation has led us to speculate that adipose tissue may
be a source of mesodermal stem cells. The current study
supports this hypothesis, characterizing the metabolic activ-
ity of several mesodermal lineages, in addition to confirming
the expression of multiple lineage-specific genes and pro-
teins.

Adipogenesis Consistent with the initiation of the adipo-
genic program, adipo-induction of PLA cells resulted in a
significant increase in GPDH activity, a lipogenic enzyme
involved in triglyceride synthesis (Kuri-Harcuch et al., 1978).
In addition to possessing metabolic activity consistent with
the formation of mature adipocytes, PLA cells expressed
several genes and/or proteins involved in lipid biosynthesis
and storage, including 1) adipo-induced specific expression
of PPARY2, a fat-specific transcription factor that functions
in preadipocyte commitment (Totonoz et al., 1994); 2) in-
creased expression of LPL, a lipid exchange enzyme up-
regulated during adipogenesis (Ailhaud ef al., 1992); 3) up-
regulation of aP2, a protein associated with lipid
accumulation within mature adipocytes (Bernlohr ef al.,
1985); and 4) increased expression of both leptin and GLUT4
and restriction of these proteins to lipid-filled PLA cells.
Although the expression of these genes in induced PLA cells
and MSC controls was similar to 3T3 controls and suggests
adipogenic differentiation, the timing of their expression
does differ from lineage-committed precursors. Specifically
expression of aP2 is restricted to a late phase in developing
adipocytes, yet is detected early in PLA and MSC differen-
tiation and preceded that of PPARY2. This altered sequence
of adipose gene expression in PLA cells may be due to a
distinct developmental program characteristic of stem cells.
Consistent with this, osteocalcin expression, an established
late marker of osteoblast differentiation, is also observed
early in osteogenic PLA cell and MSC populations. Alterna-
tively, the observed gene sequence may be due to the asyn-
chronous development of cell subpopulations within the
heterogenous PLA.
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Osteogenesis Induction of PLA cells with OM supple-
mented with vitamin D resulted in several events supportive
of osteogenesis. Specifically, AP activity and mineralization
capacity increased in a time-dependent manner upon osteo-
genic induction of PLA cells. However, AP kinetics were not
linear in induced PLA samples but assumed a biphasic
pattern. Time-course studies on rat calvaria and marrow
stromal cells have shown that AP peaks early, correlating
with matrix mineralization and is down-regulated during
terminal differentiation into osteocytes (Owen et al., 1990;
Malaval ef al., 1994). Moreover, a dose-dependent inhibition
of AP activity by VD has been measured in mature osteo-
sarcoma cells, an effect thought to represent the return of a
cell fraction to the osteoprogenitor pool or their terminal
differentiation (Majeska and Rodan, 1982). It is therefore
possible that the biphasic AP enzyme pattern in PLA cells
may be due to the differentiation of multiple osteoprogenitor
subpopulations with distinct temporal and developmental
profiles.

In addition to increased AP activity and matrix calcifica-
tion, expression of multiple genes can be used to confirm
osteogenic differentiation. RT-PCR confirmed the expression
of the majority of the genes examined (c-fos, RXRa, VDR,
PTHR, OP, ON, AP, CBFA-1, and CNI) in both non-induced
and induced PLA and MSC cell populations, consistent with
previous results observed in MSCs and indicative of osteo-
genic differentiation. Furthermore, quantitative real-time
PCR confirmed increases in CBFA-1 upon the onset of os-
teogenic differentiation. Increases in AP were also measured
later in PLA differentiation, consistent with the AP spectro-
photometric assay results. In addition to increases at the
gene level, Western blotting also detected increases in OP
and CNI protein levels along with the specific expression of
AP. Although the expression of ON, OP and the increased
expression of AP and CBFA-1 is strongly suggestive of os-
teogenesis, these genes are not considered to be specific
markers for differentiation. One such gene is OC. Although
considered a late marker of osteoblast differentiation (Owen
et al., 1990), OC is expressed early during osteogenesis of
marrow stromal cells (Malaval ef al., 1994). Consistent with
this, induction of PLA cells and MSC controls resulted in
early OC expression. Moreover, osteo-induction of PLA cells
resulted in a biphasic OC expression pattern. This pattern,
similar to AP activity, may be the response of PLA cell
subpopulations at distinct developmental stages to osteo-
genic induction. In support of this, several other induction
agents have been shown to stage-specific effects on osteo-
genesis, including TGFB (Breen et al., 1994). Finally, OC
expression by induced PLA cells was dependent upon os-
teogenic agent as OC expression was inhibited upon dexa-
methasone exposure, an effect not observed in MSC controls.

Chondrogenesis and Myogenesis Chondrogenic differen-
tiation in vitro of MSCs requires high-density culture, thus
duplicating the process of cellular condensation, in addition
to media supplementation. Consistent with this, high-den-
sity culture of PLA cells in CM resulted in the formation of
compact nodules that exhibited many characteristics of cells
differentiating toward the chondrogenic lineage. First, PLA
nodules were associated with a time-dependent increase in
the sulfated proteoglycans keratan- and chondroitin-sulfate,
in agreement with that observed in high-density MSC cul-
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tures (Yoo et al., 1998). In addition, nodules also contained
the type II collagen isoform, a collagen characteristic of
cartilage (Yoo et al., 1998). Second, chondrogenic PLA nod-
ules also expressed several genes consistent with chondro-
genesis, including the following: the specific expression of
CNII and the large, cartilage proteoglycan aggrecan in in-
duced PLA samples; 2) expression of the small, leucine-rich
proteoglycans decorin and biglycan; and 3) the late expres-
sion of CNX, a marker of hypertrophic chondrocytes. The
expression of CNX by PLA cells may indicate possible ossi-
fication and endochondral bone formation, an event that is
supported by the expression of CNI within the PLA nodule.
However, expression of many collagens, including CNI, has
been observed in chondrogenic MSC nodules (Yoo et al.,
1998) and in high-density embryonic chick limb-bud cell
aggregates (Osdoby and Caplan, 1979; Tachetti et al., 1987).
Moreover, no expression of osteocalcin by chondrogenic
PLA or NHCK cells was seen at any time point, confirming
the absence of osteogenic differentiation within the PLA
nodule.

Finally, myogenic lineage potential in PLA cells was con-
firmed by the expression of several transcription factors,
including myf6, myf5, myod1, and myogenin and the struc-
tural proteins desmin and myosin. Determination and exe-
cution of the myogenic program in myoblast precursors is
controlled at the transcription level by these same transcrip-
tion factors (Atchley ef al., 1994; Lassar and Musterberg,
1994), whereas terminal differentiation can be confirmed
through the expression of myosin. Therefore, the expression
of these genes together with previous work confirming the
expression of myoD1 and myosin at the gene and protein
level (Mizuno et al., 2001) is supportive of the myogenic
lineage in PLA cells.

Neurogenic Induction of PLA Cells Results in
Expression of Neuronal Markers: Potential
Ectodermal Capacity?

Like MSCs, it is not surprising to observe the differentiation
of putative stem cells from adipose tissue (i.e., PLA cells)
into multiple mesodermal lineages because fat tissue, like
the bone marrow stroma, is a mesodermal derivative. How-
ever, recent reports have documented the differentiation of
MSCs to neural-like cells (Sanchez-Ramos et al., 2000; Wood-
bury et al., 2000), suggesting that adult stem cells may not be
as restricted as previously thought. Recent work on MSCs
undergoing early neurogenic differentiation has confirmed
the expression of nestin, an intermediate filament protein
thought to be expressed at high levels in neural stem cells
(Lendahl ef al., 1990; Sanchez-Ramos et al., 2000). Consistent
with this, nestin expression was detected in non-induced
PLA cells and those induced under several established neu-
rogenic media conditions (i.e., NPMM and IIM), suggesting
the assumption of a neural stem cell phenotype by PLA cells.
Nestin expression has also been observed in myogenic cells,
endothelial cells, and hepatic cells, indicating that it cannot
be used as a marker for putative neurogenic potential. How-
ever, neurogenic induction of PLA cells also resulted in the
assumption of a neuronal-like morphology and the in-
creased expression of two neuron-specific proteins, NSE and
NeuN. NeuN expression is thought to coincide with termi-
nal differentiation of developing and post-mitotic neurons
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(Mullen et al., 1992), and its expression has also been used to
identify neuronal development in MSCs (Sanchez-Ramos ef
al., 2000). Therefore, combined with the expression of early
neuronal markers, such as NeuN, nestin expression may
indicate potential neurogenic capacity in PLA cells. Finally,
induction of PLA cells seemed to restrict their development
to an early, neuronal stage as no expression of established
oligodendrocyte and astrocyte markers or mature neuronal
markers were observed at the gene or protein level. The
absence of mature neuronal markers has also been observed
in MSC cultures by several groups (Sanchez-Ramos et al.,
2000; Deng et al., 2001) and may reflect the induction condi-
tions used or the need for prolonged induction time.

PLA Clones Possess Multi-lineage Capacity: ADSCs

PLA multi-lineage differentiation may result from the com-
mitment of multiple lineage-specific precursors rather than
the presence of a pluripotent stem cell population. There-
fore, the isolation of clones derived from single PLA cells is
critical to their identification as stem cells. Clonal analysis
isolated several tri-lineage PLA clones (ADSCs), expressing
multiple osteogenic, adipogenic, and chondrogenic genes,
strongly suggesting that ADSCs possess multi-potentiality
and may be considered stem cells. In addition, clonal anal-
ysis also isolated samples with more restricted potentials,
including dual lineage (osteogenic/adipogenic, osteogenic/
chondrogenic, and adipogenic/chondrogenic) and single
lineage (adipogenic only). In support of this, the isolation of
restricted lineage MSC clones from transgenic mice and
bone marrow has been reported (Dennis et al., 1999; Pit-
tenger ef al., 1999). Older models of mesenchymal differen-
tiation propose that lineage progenitors are determined by
the microenvironment (Friedenstein, 1990). Based on this,
one would expect differentiation to be a stochastic event
resulting in a random combination of phenotypes. However,
a recent model has proposed the existence of a hierarchy in
the MSC differentiation pathway, with the adipogenic lin-
eage diverging early and the osteogenic lineage a default
pathway (Muraglia et al., 2000). Although the isolation of
osteogenic/chondrogenic PLA clones is in agreement with
this model, the presence of both adipogenic/osteogenic and
adipogenic/chondrogenic isolates (not previously reported
in MSC populations) suggests that the differentiation of PLA
stem cells follows a more random course of action.

Distinctions between PLA and MSC Populations

Analysis of PLA cells and MSCs in this study has identified
many similarities between the two populations, lending
support to the theory that stem cells can be found within
adipose tissue. However, these similarities may also indicate
that PLA cells are simply an MSC population located within
the adipose compartment, perhaps the result of infiltration
of MSCs from the peripheral blood supply. However, we do
no believe this to be the case. First, the presence of MSCs in
the peripheral blood is controversial. Moreover, if present
within the peripheral blood, the number of MSCs within the
bone marrow stroma is extremely low (~1 MSC per 10°
stromal cells; Rikard et al., 1994; Bruder et al., 1997; Pittenger
et al., 1999) and is likely to be even lower in the peripheral
blood. This low level is unlikely to give the relatively high
levels of differentiation observed in this study. Second, we
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have observed several distinctions between PLA and MSC
populations that suggest they are similar, but not identical,
cell types: 1) Preliminary results on PLA cells indicate that
sera screening is not necessary for their expansion and dif-
ferentiation (Zuk ef al., 2001), a requirement for MSCs (Len-
non et al., 1996). 2) MSCs did not undergo chondrogenic or
myogenic differentiation under the conditions used in this
study, suggesting distinctions in differentiation capacities
and/or kinetics. 3) Immunofluorescence analysis identified
differences in CD marker profile between PLA and MSC
populations. In contrast to MSCs, expression of CD106 was
not observed on PLA cells, whereas PLA cells were found to
express CD49d. 4) Distinctions between PLA and MSC pop-
ulations may also extend to the gene level. For example,
osteocalcin expression was restricted to PLA samples in-
duced specifically with VD. Although treatment of MSCs
with VD also induced OC expression, expression of this
gene was also observed in dexamethasone-treated and non-
induced MSCs, albeit at lower levels (our unpublished data;
online Figure S5). In addition, PLA cells and MSCs exhibited
distinctions in BMP-2 and dIx5 expression, both of which
were found in induced MSCs only. Because dlx5 and BMP2
are known to mediate expression of multiple osteogenic
genes, it is possible that PLA and MSC populations differ in
their regulation of the osteogenic differentiation pathway.
Taken together, these differences may indicate that adipose
tissue contains stem cells, distinct from those found in the
bone marrow stroma. However, the possibility that PLA
cells are a clonal variant of circulating MSCs cannot be ruled
out.

Future Directions

Stem cells are considered to be cells possessing self-replicat-
ing potential and the ability to give rise to terminally differ-
entiated cells of multiple lineages (Hall and Watt, 1989).
Until recently, the embryonic stem cell has been the “gold
standard,” capable of differentiating into cells from all three
embryonic germ layers (Evans and Kaufman, 1981; Sham-
blott et al., 1998). However, unlike embryonic stem cells,
research on adult-derived stem cells (i.e., MSCs) has sug-
gested a more restricted potential. The traditional view of
adult stem cell differentiation believed that stem cell prog-
eny progressed in a linear, irreversible manner that elimi-
nated their stem cell propensity and restricted their fate to
within a germ line. A new, evolving theory of differentiation
proposes that stem cell progeny differentiates in a more
graded manner, giving rise to more progressively restricted
daughter cells that possess trans-germ potential. There is
precedence for this belief. Clonal strains of marrow adipo-
cytes can be directed to form bone (Bennett et al., 1991) and
chondrocytes can dedifferentiate toward the osteogenic lin-
eage (Galotto et al., 1994). Recent studies confirming the
neurogenic potential of MSCs, the induction of HSCs into
hepatocytes (Legasse et al., 2000) and the conversion of
neurogenic precursors into muscle and blood (Bjornson et
al., 1999; Galli et al., 2000) have contributed to this theory and
may be the beginning of a paradigm shift.

There is a physiological need for stem cells with plasticity.
However, although the mechanism of stem cell plasticity
remains unknown, several examples of this phenomenon
can be found at the molecular level. Several genes, including
leptin, CBFA1, and PPARYy participate in more than one

Molecular Biology of the Cell



lineage pathway. Leptin is known to participate in both
adipogenesis and osteogenesis (Chen et al., 1997; Ogeuch et
al., 2000). CBFA-1 is not only constitutively expressed in
marrow stromal cells but also is retained as these cells
differentiate into multiple cell types (e.g., osteogenic and
chondrogenic) (Satomura et al., 2000). Consistent with this,
expression of both leptin and CBFA1 is observed in non-
induced PLA cells and cells differentiating into multiple
lineages (our unpublished data). It is possible that stem cells,
unlike more committed precursors, are capable of switching
phenotypes at a “late” stage of development. This plasticity,
together with the ability of stem cells to cross germ layers,
presents researchers with exciting possibilities and the def-
inition of a stem cell may need to be amended. Equally
exciting, is the emerging concept that stem cells may be
found in multiple organs (e.g., muscle, heart, and liver)
(Lucas et al., 1992; Young et al., 1995) and tissues, such as
skin (Toma et al., 2001), placenta, and fat (Zuk et al., 2001).
With this, there are now multiple stem cell reservoirs avail-
able for research and clinical applications. Although further
characterization of the PLA population within adipose tis-
sue and its application in vivo is necessary, the results
presented in this study suggest that adipose tissue may be
another source of pluripotent stem cells with multi-germline
potential.
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