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Abstract

Human bone marrow mesenchymal stem cells (nMSCs) give rise to adipocytes in response to adipogenic hormones. An in-house
cDNA microarray representing 3400 genes was employed to characterize the modulation of genes involved in this process. A total of
197 genes showed temporal gene expression changes during adipogenesis, including genes encoding transcriptional regulators and
signaling molecules. Semi-quantitative RT-PCR analyses confirmed differential expression at the transcriptional level of several
genes identified by cDNA microarray screening. Cluster analysis of the genes regulated during the late phase (from day 7 to day 14)
of hMSC adipogenesis indicated that these changes are well correlated with data previously reported for murine preadipocytes.
However, during the early phase (day 1-day 5), the modulations of genes differed from those reported for the preadipocytes. These
data provide novel information on the molecular mechanisms required for lineage commitment and maturation accompanying

adipogenesis of hMSC.
© 2003 Elsevier Science (USA). All rights reserved.
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Adipogenesis has been studied extensively in vitro
using a number of preadipocyte cell lines including 3T3-
L1 and 3T3-F442A cells [1-4]. When cultured in defined
media, these preadipocyte cells differentiate to form
adipocytes, with accumulation of lipid vesicles and ex-
pression of genes that are also expressed in adipocytes in
vivo [1,5]. These phenotypes have been recorded from 3
to 7 days after stimulation in murine preadipocyte cell
lines [1-4]. Several key regulatory genes that are neces-
sary and/or sufficient for the transition from preadipo-
cytes to adipocytes in vitro, including the CCAAT/
enhancer binding proteins (C/EBPs) a, B, and 9§, as well
as the peroxisome proliferator-activated receptor
(PPAR) vy, were identified [5,6]. Studies of these tran-
scription factors have suggested that adipogenesis is the
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result of a temporally ordered pattern characterizing
distinct phases of gene expression [1-4].

Human bone marrow mesenchymal stem cells
(hMSCs) are known as multipotent stem cells, and they
give rise to adipocytes, osteoblasts, chondrocytes, and
myoblasts when cultured under defined in vitro condi-
tions [7,8]. Suitable culturing conditions drive the line-
age commitment and maturation systems required for
differentiation to each mature cell type [7-9]. When
cultured with dexamethasone, indomethacin, 3-isobutyl-
I-methyl-xanthine, and insulin (adipogenic hormones),
most of the hMSCs differentiate to the adipocyte lincage
[7]. Hence, hMSCs can be differentiated into adipocytes
in a similar fashion as 3T3-L1 and 3T3-F442A cells
when stimulated by adipogenic hormones; however,
phenotypic changes, such as lipid vesicles, can be ob-
served at the later stage (generally after culturing for 7
days) [7]. These observations indicate that 3T3-L1 and
3T3-F442A cells are committed to adipogenesis, while
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hMSCs may be in a more undifferentiated state. As the
same treatment with adipogenic hormones leads these
cells to adipogenic differentiation, hMSCs may be a
better model to explore the earlier molecular events
triggering this transformation.

To obtain more detailed insight into human adipo-
genesis, we examined gene expression profiles of hMSCs
that were in the process of adipogenic differentiation
using cDNA microarrays. The temporal gene expression
patterns indicated genes that were differentially ex-
pressed during the late phase of hMSC adipogenesis are
similar to those previously identified as ““adipose-specific
genes” in the differentiation processes of preadipocytes
other than hMSCs. By using hMSCs, the present study
for the first time identifies genes involved in the early
phase of adipogenesis. The genes encode transcriptional
regulators and signaling molecules, many of which
have not been previously identified as factors relating to
adipogenesis.

Materials and methods

Cells. Human bone marrow mesenchymal stem cells (M SCs) were
purchased from BioWhittaker (Walkersville, MD). The cells were
seeded at 5000 cells per cm? of surface area in MSCGM medium
(BioWhittaker) containing 10% fetal bovine serum (FBS: BioWhit-
taker) and were cultured at 37°C, 5% CO, for 7 days. During the
adipocyte differentiation process, hMSCs were used for passages six
times. After they reached confluence, hMSCs were stimulated in the
induction medium [Dulbecco’s modified Eagle’s medium (DMEM)-
high glucose (4.5g glucose/L: Asahi Techno Glass, Chiba, Japan)
containing 10% FBS, 1 uM dexamethasone (Wako, Osaka, Japan),
0.2mM indomethacin (Sigma, St. Louis, MO), 0.5 mM of 3-isobutyl-1-
methyl-xanthine (Sigma), and 0.0l mg/ml of insulin (Sigma)] for 3
days, followed by one day of culture in maintenance medium (DMEM-
high glucose containing 10% FBS and 0.01 mg/ml of insulin). After
repeating this cycle of induction/maintenance three times, the cells
were cultured for a further 3 days in the maintenance medium.

The adipocyte differentiation of hMSCs was confirmed by phase-
constructed microscopic analysis and flow-cytometer analysis after
staining the lipid vesicles with Nile red fluorescent dye (Molecular
Probes, Eugene, OR) [10]. Cells grown in 6-well plates were fixed with
0.5% paraformaldehyde (Wako) and stained with Nile red at a final
concentration of 1 pg/ml. Cells were analyzed on an EPICS-XL mul-
tiparameter flow cytometer (Beckman-Coulter, Fullerton, CA).

Construction of hMSC ¢DNA microarrays. Two cDNA libraries
were purchased from Incyte Genomics (St. Louis, MO) and from In-
vitrogen (Carlsbad, CA). cDNA clones were selected according to the
following strategy. First, the clones that were expressed in the early
phase of hMSC adipogenesis were selected by filter array hybridization
using the GeneFilter kit (GF200-GF205: Invitrogen), which contains
approximately 30,000 (30 K) clones. Hybridization probes for the filter
were prepared using poly(A)+ RNA isolated from hMSCs that were
cultured under three conditions of adipocyte induction for 0, 24, and
96h. The poly(A)+ RNA was labeled with [**P]JdCTP (Amersham
Biosciences, Piscataway, NJ) during reverse transcription and hy-
bridized against the filter as per the manufacturer’s protocol. Ap-
proximately 2400 clones were selected by this approach. Second,
approximately 1000 clones were selected by employing an information-
based approach. A public domain gene database was searched using
the keywords ‘adipocyte’ and ‘adipogenesis,” and the resulting clones

were selected from 30K clones. In total, approximately 3400 cDNA
clones were selected, amplified by PCR, and spotted onto glass slides
as described before [11,12].

Fluorescent probe labeling and hybridization. Poly(A)+ RNA was
isolated from hMSCs cultured under pretreatment conditions. Adi-
pocyte induction was carried out for 1, 3, 5, 7, 9, and 14 days, using
ISOGEN (Nippon Gene, Toyama, Japan) and Oligotex-dT30 (Takara,
Kyoto, Japan), according to the manufacturer’s protocol. Two mi-
crograms of extracted poly(A)+ RNA was reverse transcribed with
Cy3- or Cy5-conjugated dUTP (Amersham Biosciences, Piscataway,
NJ) using Superscript II reverse transcriptase (Invitrogen, Carlsbad,
CA) and random hexamers (Takara, Kyoto, Japan). After 2h of in-
cubation at 42 °C, the labeled probes were concentrated in a Microcon
filter device (Millipore, Bedford, MA) and diluted in 15 pl hybridiza-
tion solution (3.4x SSC containing 0.3% SDS, 20 ug poly(A) DNA,
and 20 pg yeast tRNA). Using Cy5-labeled samples taken at each time
point, and a Cy3-labeled pretreatment control, two probes were mixed
and hybridized against cDNA microarrays with overnight incubation
at 65°C. After hybridization, the glass slides were washed twice with
2x SSC containing 0.1% SDS for 5min at room temperature, twice
with 0.2x SSC containing 0.1% SDS for Smin at 40°C, and finally
with 0.2x SSC for 3 min at room temperature. Hybridized images were
scanned by a fluorescence laser scanning device (GenePix 4000A,
AXON, Foster City, CA) at 532nm for Cy3 and at 635nm for Cy5.
For duplication, the procedure of RNA extraction, fluorescent dye
labeling, and array hybridization and scanning were independently
executed.

Semi-quantitative RT-PCR. The cDNA was synthesized from total
RNA using Superscript II reverse transcriptase. The cDNA fragments
were amplified for 25-35 cycles and the exponential phase was deter-
mined to allow a semi-quantitative analysis of each reaction. The
amplification cycles consisted of 94 °C for 1 min, 60 °C for 1 min, and
72°C for 1 min. The primer sets [Forward (F) and Reverse (R)] used
were: 5-CCT CTT CTC CGA CGA CTA CG-3' (C/EBP B, F), 5'-
TAC TCG TCG CTG TGC TTG TC-3 (R); ¥-TGT CTG TGA GGG
AAG CAG TG-3 (LIFR, F), 5-TTC TGG TTT TGC TTG AGG
CT-3' (R); 5-TGC ATT TTC TGA CAC GCT TC-3' (SREBP-Ic, F),
5'-CTG TCC TGC AGG TAC CCA CT-3' (R); 5-TTC CAT GCT
GTT ATG GGT GA-3 (PPAR y2, F), 5¥-ACC CTT GCA TCC TTC
ACA AG-3' (R); -TGC AGC TTC CTT CTC ACC TT-3' (FABP-a,
F), ¥-TGG TTG ATT TTC CAT CCC AT-3' (R); 5-GTC CGT GGC
TAC CTG TCA TT-3' (LPL, F), ¥-AGC CCT TTC TCA AAG GCT
TC-3' (R); ¥-GTT TAT GGC ACT CTG GGC AT-3' (OSF-20s, F),
5-AGA TCC GTG AAG GTG GTT TG-3 (R); and 5-CAG AGC
AAG AGA GGC ATC C-3 (B-actin, F), 5-CTC CTT AAT GTC
ACG CAC GAT-3 (R).

Data processing. Raw scanned images were processed using
GenePix Pro 3.0 microarray image analysis software (AXON, Foster
City, CA). The data accumulation and statistical analyses were exe-
cuted by Microsoft Excel and Pirouette version 2.6 software (Inf-
ometrix, Woodinville, WA). The analyzed data consist of seven time
points (Pre=0, 1, 3, 5, 7, 9, and 14 days) and RNA derived from two
independent cell cultures of each time point for duplication. The fold-
change seen at the time points was calculated as follows: The ratio of
signal intensities at each point (Cy5 intensity/Cy3 intensity) was cal-
culated and defined as Ratios—Pre, -1, -3, -5, -7, -9, and -14, indicating
the time points described above. The fold-change of each time point
was defined as the average of the duplication of relative ratio to Ratio-
Pre (i.e., Fold; = Ratio-1/Ratio-Pre). Clones that did not show dif-
ferential expression levels either more than 2-fold or less than 0.5-fold
from at least one time point were excluded from further analysis. For
the purpose of monitoring differential expression, the expression
changes were displayed as percentages of the maximum change seen in
Fig. 2. The profile of differentially expressed genes was analyzed by an
agglomerate hierarchical clustering method with Euclidean distance
matrices. The cluster nodes indicating correlations greater than 0.4 are
displayed in Fig. 2.



308 T. Nakamura et al. | Biochemical and Biophysical Research Communications 303 (2003) 306-312

Results and discussion

The hMSCs differentiate to adipocytes in response to
the administration of dexamethasone, indomethacin, 3-
isobutyl-1-methyl-xanthine, and insulin [7]. As shown in
Figs. 1A-E, few cells accumulating lipid vesicles were
observed until the fifth day following stimulation (Figs.
1A-C), and then the lipid droplet-containing cell pop-
ulation increased in a time-dependent manner up to day
14. At the fourteenth day following stimulation (Fig.
1E), flow-cytometer analysis with Nile red dye showed
that approximately 40% of the hMSCs had differenti-
ated into adipocytes (Fig. 1F).
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To investigate patterns of gene expression during the
process of hMSC adipogenesis, cDNA microarray
analysis was performed. Labeled cDNA targets were
prepared from hMSC poly(A)+ RNA of control and
adipogenic hormone-treated cells. These were hybrid-
ized with the microarray, and 207 clones (corresponding
to 197 non-redundant genes) that differed by more than
2-fold intensity in at least one pairwise comparison were
selected. The number of differentially regulated clones
found at each time point is shown in Fig. 1G. This result
shows that the number of up-regulated genes peaked at
day 3 in the early stage (0-6 days) and at days 7 and 9 in
the late stage (7-14 days), respectively.
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Fig. 1. Histological analysis and number of modulated genes revealed by cDNA microarray analysis of hMSC differentiation. (A-E) The hMSCs
were cultured in the presence of adipogenic hormones. Histological observation by phase-constructed analysis indicated that the cells began to
accumulate lipid vesicles by 7-14 days. A, control; B, day 3; C, day 5; D, day 7; and E, day 14 are indicated. (F) The accumulation of lipid vesicles
was assayed by staining with Nile red and carrying out flow cytometry experiments. The open histogram indicates the control and the shaded
histogram indicates results after 14 days of culturing. (G) The number of differentially regulated genes revealed by cDNA microarray analysis. The
number of genes at each time point that were up- or down-regulated at least 2-fold is shown.
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% of change % of change
013579 14 folg  oore BaNK Discription foatre 013579 14 foid  mono BAK Discriptin feature
Class | Class Il
83 AA202054  growth arrest-specific 1 (GAS1) 12.3 * 3085969 (ID) Fatty acid binding protein 4, adipocyte (aP2)
57 " N647dl Zinc finger protein SLUG 348 * NG2901 Fatty acid binding protein 4, adipocyte (aP2)
|| 45 * H57300 zinc finger protein SLUG 75.0 * R00707 stearoyl-CoA desaturase (SCD)
| 28  AA4B4600  v-myc homolog 34.9 * AF0S5899  stearoyl-CoA desaturase (SCD)
33 R3883 zinc finger protein (ZFP36, TIS11) 164 H50323 fatty acid synthase (FAS)
28  N22080  srcdke kinase (sk) 30 * W98325  hormone-sensitive lipase (LIPE)
|| 25 R85816 CDC42 GTPase-activating protein B 43 * H50238 hermone-sensitive lipase (LIPE)
23 AABT8635  PDE4D Phosphodiesterase 4D, cAMP-specific 194 AAD39275  acetyl-CoA carboxylase (ACC)
| 65 AA707922  cone-specific cGMP phosphodiesterase y 45  AAdB5495  long-chain fatty-acid-CoA ligase(LC-FACL)
58  AA464525 IL-1 receptor, type | precursor 75  AAT78636 FABP5 Fatty acid binding protein 5
45 AA253464  dickkopf homolog 1 (DKK1) 28 N62195 3-hydroxy-3-methyiglutaryl-CoA synthase 1
27 RS1912 somatastatin | ] 28  AA521202  ATP-binding cassette 1 (ABCA1)
111 AA488084 superoxide (80D-2) I 28 AAdG1427  growth-arrest-specific protein 6 (gas 6)
93 AI289110  metallothicnein 1R (MT1R) 27  AADB3032  cydlin Gt
111 N80i29 metallothionein 1L (MT1L) 34 N72115 cyclin-dependent kinase inhibitor (COKN2C)
72 Hr27z2 metallothionein 1B (MT1B) 212 AA831758  putative lymphocyte GO/G1 switch protein
132 AAB72383  metallothionein 1E (MT1E) 24 1818803 (ID) SREBP-1c
76  H77766 metallothionein 1H (MT1H) 29 1512213 (ID) Liver A receptor « (LXR )
95  N55459 metaliothionein 1F (MT1F) 24 1552944 (ID) CCAAT/enhancer binding protein « (C/EBP o)
| 86  HS53340 metallothionein 1G (MT1G) 54  AADBB517  PPAR y2
| 28  \WB5875 CHMP1.5 protein 25 AA280647 STATS5B
I 3.1 NSB145 lipoma HMGIC fusion partner (LHFP) 375  H21041 activating transcription factor 3 (ATF3)
26  AA1B7207  ADO21 protein (LOC51313) ] 29  AA448641 E2F transcription factor 5
94  R06601 EST ] 41 H59000 NFE2 Nuclear factor, 45kD
52 R33614 EST 38 AA488645  transcriptional repressor (NAB1)
\ 26 AA5D4253 EST 46  H94857 general control of aminoacid synthesis 5-like 1
28  HO9829 EST 48  T98083 small GTP-binding protein rab22b
45 R16596 EST 31 AID15359 Protein phosphatase 1 v, catalytic subunit
26 W45600 mitogen-activated protein kinase 1 (ERK2)
[ TR | 148 AI6349  glia maturation factor, beta (GMFE)
51  AI365128  putative serine/threonine protein kinase PRK
26 4971659 (ID) CCAAT/enhancer binding protein p (C/EBP p) 26 AA430512  serine proteinase inhibitor (P19)
20 AAD43484  CCAAT/enhancer binding protein & (C/EBP &) 114 AA181500  protein kinase II-, cAMP-dependent
35 * AA134749  forkhead box O1A (FKHR) 40 R591684 phosphatase 2A B56-alpha (PP2A)
34 * AA104785  forkhead box O2A (FKHR) 47  R21508 AKAP10 A kinase (PRKA) anchor protein 10
36  AAB33811 E4BP4 (NF-IL3) i 31 AA700772  PDE10A Phosphodiesterase 10A
24  H48420 prothymosin-a : 48  T62547 insulin-like growth factor Il receptor (IGF-2R)
23 AA478436  SWI/SNF complex 60 KDa subunit (BAFE0b) ' 27  AA132064  IL-22 receptor (IL22R)
25  AA5D4354 GADD45B 27 AAD1B818  TNFR-related death receptor-6 (DR6)
31 AA134862 insulin receptor substrate-2 (IRS2) 64 RINTOM Collagen, type XI, alpha 1 (COL11A1)
24  AA443982  Protein phosphatase 1 «, catalytic subunit 59 RITH7 cadherin 13, H-cadherin (CDH13)
38 AAdB3460  Phosphoinositide-3-kinase, v (p85 o« ) 33 AA436187  Integrin, alpha M (CD11b, p170) <]
35 R3B064 leukemia inhibitory factor receptor (LIFR) I 3.0 AAT09414 NID Nidogen (enactin)
31  AABB2818  Activin A receptor, type Il (ArcRIl) 3 ] 24  AAB621183  sodium/myo-inositol cotransporter (SLC5A3)
25  Al288845 chemokine receptor : 29  AA436871  syntaxin 3A
25 R62603 Collagen, type VI, alpha3 (Col 6A3) 28 R52651 NPTXR Neuronal pentraxin receptor
27 AA629542  Brush-1 B [ 59 * N54596 insulin-like growth factor Il (IGF-2) B
29 W47106 putative small membrane protein NID67 64 * N54596 insulin-like growth factor Il (IGF-2)
25 AAT0B440 EST @ 64 " N74623 insulin-like growth factor Il (IGF-2) A
15  N26858 EST ] 24  AAB57015  ephrin-A1 (EFNA1)
27 AA453978  GM2 ganglioside activator protein
;:: ﬁi::: Eg ] 29  AA446822  Lipin 1 |
— | 54  AAT00054  Adipose differentiation-related protein (ADFP)
1.3 H59620 insulin induced protein 1 (INSIG1)
B || 31 AA49264  megakaryocyte stimulating factor
% of change feature 113 AA155913  Matrix Gla protein
148 Al382062 neuro-oncological ventral antigen 1 (NOVA1)
>80% lipid metabolism 63  AAdBTE43  monocyte to macrophage differentiation
11.2 R62868 erythrocyte membrane protein (epb72)
:jg: :r:::gﬁ;ton B 32 AAB72206  US snRNP-specific pratein, 116 kD
2 . 24 AAB79177  HSPC121 Butyrate-induced transcript 1
signal transduction i 26  AA454143  USP4 Ubiquitin specific protease 4
<-40% receptor, matrix ] 33 AAB8626  ubiquitin-homology domain protein PIC1
<-60% secretion 33 AAGO1868  cytochrome b
27  Alo02878 mitochondrion
=B0% othars | | 47  AA457501 FLJ23462 Duodenal cytachrome b
52  AADBB749  FLJ20871 Hypothetical protein
41 AA497001  FLJ20920 Hypothetical protein
Class IV ] 23 AAI3366  FLJ20420 Hypothetical protein
Class IIl ] 26 AATT6730  FLJ20640 Hypothetical protein
| | 39 AAB73182  FLJ10718 Hypothetical protein
Class Il ] 24 N30256 DKFZP434G1415 Hypothetical protein
Class | | | 25  AA425001 DKFZP56611024 protein
| 35 AAT01465  KIAAD781 protein
Class VI 19.2  AAMd47098  EST
| 64  Al340482 EST
Class V 498 AAOOI469  EST
30  AA410301 EST
Class Vil | 34  AAT02808  EST
24  AAM49745  EST
Crazs Vil g 33 HS2505 ST
Class IX ] 34 AI0I7394  EST
| 27  AAD12448  EST
| | 45 Al015412  EST
37 AABB5960 EST

Fig. 2. Cluster analysis of genes that are differentially regulated during the differentiation of hMSCs into adipocytes. The 197 genes were grouped into
nine clusters according to their expression profiles across seven time points, using Euclidean distance measurement. Experiments are ordered along
the x axis, which shows the % change, and genes are ordered along the y axis. The % change relative to the pretreatment control is shown colori-
metrically, as indicated at the bottom left. Each value represents the mean of two independent experiments. A representative feature of each de-
scription is labeled A-G with a color bar as indicated. The ID number in the “GenBank Accession No.” column indicates the clone identification
number, as given by Incyte Genomics. The redundant gene is labeled with a *.
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4.7 N39161 CD36
205 647128(ID) lipoprotein lipase (LPL) l
16.3 AA2B4693  activating enhancer-binding protein 4 (AP-4) Eﬂ
182 AA291577  transcriptional regulator ISGF3 y
155 H62473 transforming growth factor, B receptor Il [E]
129 AA233809  Transforming growth factor, p 2 =
67 R36467 Transforming growth factor, p 1
Class V S
25 AAD10065  CDC2-associated protein CKS2 _B_
26 AAG78354  6-O-methyiguanine-DNA methyitransferase  |@
38 N49526 myb proto-oncogene protein (MYB)
24  H17504 mitogen-activated protein kinase 6 (ERK3)
24 H82419 protein tyrosine phosphatase (PTPase-«)
100 AA4B6712  protein phosphatase 2 «, (B56)
28 AA424315  proteasome 265 subunit, ATPase, 6
23 AA416890  sphingomyelinase
3.0 AA490494  BM-018 (bone marrow) [C]
32 AAB28462  LOCB3468 Gycosyltransferase
24 N62122 GKOO03 protein
39 R56916 EST
Class VI
31  AA115473  v-abl Abelson murine leukemia viral oncogene E
28  AA442092 Catenin (cadherin-associated protein), p1 E
26  AAB72420  Collagen, type VIII, alphal (COL8AT) [E]
Class VIl
| 038 AA417919  phosphodiesterase 6D (PDEGD)
0.15 * H16637 vascular cell adhesion molecule 1 (VCAM1) [E]
0.31 * HO7071 vascular cell adhesion molecule 1 (VCAM1)
044 * AA099153  tissue inhibitor of metalloproteinase 3 (TIMP3) @
| 033 * AA479202  tissue inhibitor of metalloproteinase 3 (TIMP3)
039 AAd447115  stromal cell-derived factor 1 (SDF1)
Class VIl
HE HER 039 H17047 zinc finger protein 133 (ZFP133) g
L] 029 RO5691 Trinucleotide repeat containing 3 (TNRC3 ) )

053 AA149096  hemopoietic cell kinase (HCK)

052 * W72201 mad protein homolog (hMAD-3)

0.39 * 1710755 (ID) mad protein homolog (hMAD-3)

028 W81546 NeshBP

041 T65211 serine kinase SRPK2

025 AAD07419  regulator of G-protein signalling 4

047 H54686 disabled-2

042 AA425947  dickkopf homolog 3 (DKK3)

048  W70343 lysyl oxidase (LOX)

027 AAD17526  type IX collagen alpha 3 chain (COL9A3)
030 AA464342  type XV collagen alpha 1 chain (COL15A1)
011 * AA598653  osteoblast specific factor 2 (OSF-20s)

0.11 * Al262129 osteoblast specific factor 2 (OSF-2o0s)

040 AA194883  osteoclastogenesis inhibitory factor (OCIF) E}
029 AA115901 cartilage linking protein 1 (CRTL1)

045 AA418177  cationic amino acid transporter, y+ system

039 H38240 thrombospondin 2 (THBS2)
046 N57594 Brain cell membrane protein 1({BCMP1 )
028 R60343 5' nuclectidase (CD73) (NT5)

040 AA424695  integrin, alpha 3 (ITGA3)

026 Al360371 LDL receptor-related protein 3 (LRP3)

023 H15634 Erythropoietin receptor

038  AA450062  prostate differentiation factor (PLAB, BMP5)

0.15 N75719 plasminogen activator inhibitor-1 (PAI-1)

020 N98591 IL-6

023 N59721 glia-derived nexin (GDN)

042 H43129 small inducible cytokine subfamity E1 (SCYE1)

043 AA777187  Cyr61 (IGFBP10)

0.17  AA598601 insulin-like growth factor-binding protein 3
043 AA126989  smooth muscle myosin heavy chain SM1
050 T60048 actin, gamma 2, smooth muscle, enteric
034 AA490210  Tropomyosin 1 o« (TPM1 )

036 AAD76063  caldesmon

042 AA480456  novel retinal pigment epithelial (NORPEG)
044 W52273 HRB2 HIV-1 rev binding protein 2

025 R76394 SPUVE Protease, serine, 23

025 AA496359  immediate early protein (ETR101)

033 AA255900  KIAAQSES protein

043 N91952 EST

046 AA029934  ITGAV Integrin, a V (vitronectin receptor)
033 HI7597 glioma pathogenesis-related protein (GliPR)
048  AA774927  EST

el=E |
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ig. 2. (continued)

The differentially expressed genes were next classified
into nine clusters (Class I-IX) using a hierarchical
clustering method (Fig. 2). Class I included genes for

which expression was up-regulated one day after treat-
ment with adipogenic hormones, and expression then
returned to the basal level (Fig. 2I). Class II contained
genes that were up-regulated from day 1 to day 3, and at
day 7 (Fig. 2II). Class III genes were up-regulated at day
3, and from day 7 to day 14 (Fig. 2III). The genes in
Class IV were induced throughout the 14-day period
examined and Class V displayed a peak in up-regulation
at day 9 (Figs. 2IV and V). Class VI contained genes
that peaked at days 3, 5, and 9 (Fig. 2VI). Class VII
included genes for which expression was down-regulated
at days 1, 3, and 9 (Fig. 2VII). Class VIII included genes
that displayed a decreased expression level 1 or 3 days
after adipogenic hormone treatment (Fig. 2VIII). Class
IX contained genes for which down-regulation reached
its lowest point at days 3 and 7 (Fig. 2IX).

Two of the clusters (Classes 111 and IV) included 44%
(87) of the 197 differentially regulated genes that are
known to have specific functions in adipocytes, such as
lipid metabolism and gene transcription (Figs. 2A and
C). Several key genes in the metabolism of fatty acid and
triglycerides, such as lipoprotein lipase (LPL), fatty acid
binding protein-adipocyte (FABP-a), stearyl CoA de-
saturase, fatty acid synthase, hormone-sensitive lipase,
acetyl-CoA carboxylase, and fatty acid translocase, were
included in these clusters [4,13-16]. Also, several genes
that have been reported to be expressed in the differen-
tiated adipocyte were assigned to these clusters. These
included insulin-like growth factor 2, Lipin 1, adipose
differentiation-related protein, and transforming growth
factor B [4,17-20]. Furthermore, the transcription fac-
tors PPAR v, C/EBP a, sterol regulatory element bind-
ing protein (SREBP-1c), signal transducer, and
activator of transcription 5, and liver A receptor o were
included in these clusters. These transcription factors are
known to be intimately involved in the regulation of the
genes in the above clusters [4-6,21-23].

Both Class I and Class II clusters included genes that
were up-regulated at the early stage of adipogenesis.
Among these genes, C/EBP B and & have been reported
to serve as transcriptional activators of many adipocyte
genes whose expression produces the adipocyte pheno-
type [5,6]. Also, a SWI/SNF complex (BAF60b) gene,
which is known to cooperate with C/EBP [ [24], was
included in Class II. Class V contained genes related to
cell cycle progression such as CDC2-associated protein
and signal transduction such as mitogen-activated pro-
tein kinases, which were previously reported to be dif-
ferentially regulated in adipogenesis [1-3]. Class VI
included a cytoplasmic component, B-catenin. Three of
the clusters (Classes VII-IX) were composed primarily
of genes comprising the cytoskeleton and the extracel-
lular matrix. Markers of cell lineages other than the
adipocyte were also included in these clusters. For ex-
ample, a putative bone adhesion protein (osteoblast-
specific factor-20s; OSF-20s), which is expressed in
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osteoblasts [23], and an osteoclastogenesis inhibitory
factor that is a marker for mallow stroma cells [25] were
included, as were Type IX collagen and a cartilage
linking protein that is a marker for chondrocytes [26,27].
The genes in these clusters were down-regulated during
progression of hMSC adipogenesis, probably due to
a loss of their ability to differentiate into other cell
lineages.

To validate the differential gene expression revealed
by ¢cDNA microarray-based profiling of hMSC adipo-
genesis, semi-quantitative RT-PCR was carried out for
C/EBP B and leukemia inhibitory factor receptor
(LIFR) genes in Class II, SREBP-1c, PPAR vy 2, and
FABP-a genes in Class III, the LPL gene in Class IV,
and the OSF-20s gene in Class VII. As shown in Fig. 3,
this analysis confirmed the accuracy of the results re-
garding transcriptional regulation that were obtained
from the cDNA microarray experiments.

Cluster analysis identified two distinct major groups
of genes involved in hMSC adipogenesis; thus, the genes
identified could be classified into two groups, those
participating in the early stage (days 0-6) and in the late
stage (days 7-14) of adipogenesis. Genes participating in
the late stage of adipogenesis (such as C/EBP f and 9,
mitogen-activated protein kinases, CDC2-associated
protein, Myb, cycline G1, PPAR vy, C/EBP o, and
FABP-a) were previously reported to be differentially
regulated in the differentiation processes of murine
preadipocytes 3T3-L1 [1-3]. In contrast to the late stage
of adipogenesis, several genes identified here as being
regulated differentially in the early stage were not in-
cluded among those previously associated with the dif-
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Fig. 3. Semi-quantitative RT-PCR analysis of the differentially ex-
pressed genes identified by cDNA microarray-based gene expression
profiling. Using varied cycle numbers, the exponential phase for each
primer pair was determined and used to allow semi-quantitative
analysis of the respective reactions. B-Actin was used as an internal
control.

ferentiation process of the murine preadipocyte cells
3T3-L1 [1-3]. Interestingly, genes that were transiently
up-regulated in the early stage of hMSC adipogenesis,
such as the transcription factors SLUG, FKHR, and a
cytoplasmic component, B-catenin, were reported to be
genes showing only down-regulation in 3T3-L1 adipo-
genesis [1-3].

Furthermore, the temporal change in C/EBP f and 6
expression highlighted a unique feature of hMSC adi-
pogenesis. The vital roles played by C/EBP B and 0 in
adipogenesis are well defined; thus, C/EBP 3 and § ini-
tially activate transcription of the C/EBP o gene, after
which C/EBP o coordinately activates the expression of
adipocyte genes, producing the terminal differentiation
state [1-3,5,6]. Interestingly, the present study shows
that this temporal change in C/EBP B and & can be
observed not only in the late stage, but also in the early
stage of hMSC adipogenesis. As described above, the
expression profile obtained in the late stage of hMSC
adipogenesis appears to be similar to that reported in
the differentiation process of murine preadipocyte 3T3-
L1 cells. In both cases, C/EBP B and o are expressed
early, while C/EBP a is expressed later. A similar wave
of C/EBP B and & and C/EBP o expression during
hMSC adipogenesis was observed even in its early stage.
Hence, our results show that the hMSC does not pro-
ceed to the terminal differentiation stage of adipogene-
sis, even though C/EBP B and & expression is activated.
Intrigued by this observation, we further examined the
effect of the enhanced expression of C/EBP 3 and & on
hMSC adipogenesis. hMSCs were stimulated by 100 ng/
ml of LIF at day 1 and day 3 after treatment with adi-
pogenic hormones. Although an enhanced expression of
C/EBP B by LIF was confirmed, up-regulation of PPAR
v 2 and FABP-a gene expression was not detected, nor
was the accumulation of lipid vesicles, until the cells had
been cultured for 5 days with LIF treatment (data not
shown). Taken together, the results described above may
indicate that hMSC adipogenesis consists of two distinct
stages in the cell differentiation program. It is our view
that the similarity in expression profiles for the late stage
hMSC adipogenesis and for the 3T3-L1 cells may indi-
cate that both cell types are in a postcommitment state
and are proceeding to the terminal differentiation stage.
On the other hand, the early stage of hMSC adipogen-
esis may reflect its precommitment state.

In conclusion, genome-wide expression analysis of
adipogenesis was performed using hMSC as a model,
and a unique gene expression signature was observed
in the early stage of hMSC adipogenesis. Further
studies are clearly required to examine the functional
significance of the differentially regulated genes that
were identified in the early stage of hMSC adipogen-
esis, in particular. hMSCs would also be of value in
studying novel molecular cascades that accompany
adipogenesis.
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