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3T3-L1 model of in vitro adipogenesis has provided key insights into
the molecular nature of this process. However, given that 3T3-L1 are
of an embryonic origin, it is not clear to what extent they represent
adipogenesis as it occurs in white adipose tissue (WAT). With the
goal of better defining preadipocytes and adipogenesis in WAT, we
have generated a new cell culture model from adipocyte precursors
present in C57BL/6 mouse subcutaneous WAT. ScAP-23 preadipo-
cytes show fibroblastic morphology, and on treatment with dexameth-
asone, 3-methylisobutylxanthine, insulin, and indomethacin, convert
to nearly 100% adipocyte morphology. ScAP-23 adipocytes contain
abundant lipid droplets and express transcripts for PPARy, C/EBP
family, and SREBP-1c transcription factors, SCD1, aFABP, ATGL,
GLUT4, FAS, LDL, and GPDH, and are insulin responsive. Differ-
ential screening of 1,176 genes using nylon DNA arrays identified 10
transcripts enriched in ScAP-23 adipocytes vs. preadipocytes and 26
transcripts enriched in ScAP-23 preadipocytes vs. adipocytes. Semi-
quantitative or real-time PCR analyses identified a common cohort of
14 transcripts markedly downregulated in both ScAP-23 and 3T3-L1
adipogenesis. These included catenin-B1, chemokine ligand-2, serine
or cysteine peptidase inhibitor f1, aurora kinase B, thrombospondin2,
and solute carrier-7a5. Five of these transcripts (Ccl2, Serpinfl,
Aurkb, Thbs2, and Slc7a5) demonstrated at least a twofold increase in
WAT from obese (ob/ob) mice compared with that of wild-type mice.
This suggests that comparative gene expression studies of ScAP-23
and 3T3-L1 adipogenesis may be particularly fruitful in identifying
preadipocyte-expressed genes that play a role in adipose tissue phys-
iology and/or pathophysiology.

differentiation; adipogenesis; immortalization; subcutaneous adipo-
cyte precursor

THE PRIMARY ROLE OF white adipose tissue (WAT) is the storage
of excess energy in adipocytes and mobilization of these
reserves to meet the energy demands of the organism. Adipo-
cytes also synthesize and secrete a number of soluble factors
including leptin, resistin, and TNFa (10, 21, 39, 40, 58, 118).
Excess expansion of adipose tissue mass underlies obesity and
is a major health concern in modern society. Comorbidities of
obesity include type 2 diabetes, hypertension, and some types
of cancer (1, 12, 117). Studies on the molecular aspects of
adipocyte differentiation and the examination of the function of
various adipocyte-expressed gene products have yielded many
advances in the last several decades (40, 46, 67, 72, 81). These
have led to a marked enhancement of our understanding of the

Article published online before print. See web site for date of publication
(http://physiolgenomics.physiology.org).

Address for reprint requests and other correspondence: C. M. Smas, Dept. of
Biochemistry and Cancer Biology, Univ. of Toledo Health Science Campus,
Toledo, OH 43614 (e-mail: cynthia.smas@utoledo.edu).

cellular and molecular basis of adipose tissue growth in phys-
iological and pathological conditions and have provided in-
sights into therapeutic strategies for the treatment and preven-
tion of obesity (13, 63). Increases in WAT mass can occur via
an increase in adipocyte size and/or increase in adipocyte cell
number (39, 40). Adipogenesis, defined as the differentiation
of preadipocyte to mature adipocyte, is ongoing throughout the
lifespan and is accompanied by dramatic increases in genes
that encode molecules central to adipogenesis including those
critical in lipogenesis, lipolysis, lipid transport, and hormone
signaling (40).

Adipose tissue precursors that can give rise to mature adi-
pocytes in vivo remain ill defined. As such, the 3T3-L1
preadipocyte cell line (38) has served as an extensively utilized
cell culture model. Studies with these cells have been key to
dissecting signals controlling adipogenesis, for example the
central role of the peroxisome proliferator-activated receptor-y
(PPARY) and C/EBP transcription factors (67, 109, 112), as
well as for the functional characterization of many adipocyte-
expressed genes (40, 72). However, while 3T3-L1 cells appear
to recapitulate many key aspects of adipogenesis, the advent of
microarray technology has allowed for a more refined molec-
ular assessment of the relative similarities and distinctions
between in vitro adipogenesis exemplified by 3T3-L1 cells vs.
adipogenesis as it may occur in vivo (94). Moreover, the
embryonic source of Swiss 3T3 cells, from which the 3T3-L1
cell line was generated (38), corresponds to a time in murine
development at which WAT has not yet appeared (3). As such,
the lineage relationship of 3T3-L1 cells to preadipocytes
present in adult WAT is at present undetermined. Studies on
in vivo adipogenesis have identified genes enriched in the
stromal-vascular fraction of adipose tissue, compared with the
adipocyte fraction (34, 94, 106). Given, however, the hetero-
geneous cell types present in the nonadipocyte fraction of
adipose tissue, cells of the stromal-vascular population are
unlikely to precisely reflect preadipocyte gene expression
and/or phenotype. In addition, it has been reported that a
multitude of gene expression changes occur as a result of
standard procedures used in fractionation of adipose tissue into
adipocyte and stromal-vascular cell fractions (85). Thus the
need to develop and utilize additional models for in vitro
adipogenesis studies to complement studies in 3T3-L1 cells is
increasingly evident; several of these alternate models have
already proven useful in the study of adipogenesis and adipo-
cyte gene expression (28,49, 51, 56, 77, 110, 119). Overall, the
ability to use new and/or multiple adipogenesis models should
greatly facilitate a further refinement of the definition of that
cohort of genes that most centrally define the preadipocyte and
adipocyte phenotype. Furthermore, uncovering the distinct
characteristics of individual adipogenesis models may provide
unique insights into the nature of adipogenesis in, for example,
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normal vs. disease states, bone marrow vs. adipose tissue, and
visceral vs. subcutaneous adipose tissue; studies that illuminate
the latter process have recently been reported (34, 106).

In this study, we have developed and characterized a new,
permanent preadipocyte cell line from mouse subcutaneous
WAT that we designate subcutaneous adipocyte precursor, cell
line-23 (ScAP-23). We have used this novel in vitro adipogen-
esis model to identify new differentiation-dependent genes
whose expression is upregulated or abolished in adipogenesis.
We believe that ScAP-23 cells will serve as a valuable new tool
for the study of adipogenesis in general, and that these cells
may be particularly suited for studies of the characteristics of
preadipocytes and adipocytes from subcutaneous WAT.

MATERIALS AND METHODS

Fractionation of adipose tissue and establishment of the ScAP-23
preadipocyte cell line. Subcutaneous adipose tissue was removed
from 3-wk-old male C57BL/6 mice, rinsed three times in sterile
Hanks’ balanced salt solution (HBSS), and minced with scissors.
Tissue was transferred to a 50-ml sterile tube with 15 ml of HBSS
containing 0.1 mg/ml type II collagenase (Sigma-Aldrich, St. Louis,
MO). After digestion for 40 min at 37°C with constant agitation,
material was filtered through a 250 pm-pore size nylon mesh (Sefar
America, Depew, NY), and filtrate was centrifuged at 2,000 rpm for
5 min. The floating adipocyte fraction was removed, and the pellet of
preadipocyte-containing stromal-vascular cells was resuspended in
DMEM containing 10% FCS and plated. This cellular fractionation
protocol for adipose tissue had been validated in our hands by
assessment for marker transcripts for the stromal-vascular fraction and
adipocyte fraction. We also failed to detect by Northern blot transcript
expression for the macrophage marker emrl and for the endothelial
marker von Willebrand factor in these cell populations, indicating a
low contribution of these cell types to our stromal-vascular fraction
preparations (data not shown). For immortalization of subcutaneous
stromal-vascular cells, the pBabe-puro-hTERT retroviral expression
construct (kindly provided by Dr. R. Weinberg, Massachusetts Insti-
tute of Technology, Cambridge, MA) was transfected into Phoenix
293T retroviral packaging cells using the CaPO4 coprecipitation
method. After 48 h, supernatant containing retroviral particles was
collected and passed through a 45-pum filter. Stromal-vascular cells
from subcutaneous adipose tissue were infected with viral supernatant
in the presence of 4 pg/ml polybrene (Sigma-Aldrich) for 6 h.
Medium was changed 48 h postinfection, and cells were treated with
1 wg/ml puromycin (Sigma-Aldrich) for 5 days to select drug-resistant
cells. Cultures were expanded in DMEM containing 10% FCS and
observed for spontaneous adipogenic conversion. Individual clonal
lines derived thereof were tested for adipogenic conversion by treat-
ment with various combinations of adipogenic inducing agents.

Cell culture and differentiation treatments. SCAP-23 cells were
maintained in DMEM supplemented with 10% calf serum, 1% peni-
cillin-streptomycin, and 1% glutamine and passaged before reaching
confluence. Unless otherwise noted, for differentiation of ScAP-23
cells, cells were treated at confluence with DMEM supplemented with
10% FCS in the presence of the adipogenic inducers, 0.5 mM
methylisobutylxanthine (MIX), 1 uM dexamethasone, 17 nM insulin,
and 0.2 mM indomethacin, for 72 h. Adipogenic agents were then
removed, and cultures continued in DMEM containing 10% FCS and
17 nM insulin. At 5 days postinduction of differentiation, adipocyte
conversion had occurred in nearly all cells, as judged by lipid
accumulation. Earlier-stage cells (approximately up to 100 doublings)
and later-stage cells (~140 doublings) readily differentiated based on
morphology and on the expression of several adipocyte marker
transcripts. 3T3-L1 cells (American Type Culture Collection, Manas-
sas, VA) were propagated in DMEM supplemented with 10% calf
serum. For differentiation, 3T3-L1 cells were treated at 2 days
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postconfluence with DMEM supplemented with 10% FCS in the
presence of the adipogenic inducers, 0.5 mM MIX and 1 pM dexa-
methasone, for 48 h. Adipogenic agents were then removed, and
growth of cultures continued in DMEM containing 10% FCS. At 5
days postinduction of differentiation, adipocyte conversion had oc-
curred in nearly all cells. For assessment of multilineage differentia-
tion of ScAP-23, we employed previously published protocols for
neurogenesis (70, 86), myogenesis (124, 126), and osteogenesis
(70, 86).

For Oil Red O staining, cells were rinsed twice with PBS and fixed
in 10% formaldehyde in PBS for 1 h. An Oil Red O stock solution of
0.5% in isopropyl alcohol was diluted with water at a 3:2 ratio and
filtered through a 0.45-pm filter. Fixed cells were stained for 1 h at
room temperature. Cells were rinsed three times with distilled water,
and images were documented with an Olympus IX70 inverted micro-
scope and a digital camera. To quantify intracellular lipid content, Oil
Red O stain was extracted with isopropanol, and absorbance was
measured at 510 nm and values corrected against cell number. For
assessment of cell growth kinetics, ScCAP-23 cells and 3T3-L1 cells
were plated in six-well plates at 5 X 10* cells/well. At 24, 48, 72, 96,
and 120 h following plating, cells were trypsinized and counted using
a cell counting chamber. These studies were conducted three inde-
pendent times; within each study, time points were assessed in
triplicate.

Northern blot and DNA filter array hybridizations. RNA was
isolated using an SV total RNA isolation kit (Promega, Madison, WI)
for ScAP-23 cells or Trizol reagent (Invitrogen, Carlsbad, CA) for
other cells and tissues, according to the manufacturer’s instructions.
For studies of gene expression in murine WAT, 8-wk-old C57BL/6 or
ob/ob male mice were utilized. All animal treatments were conducted
with the approval of the University of Toledo Health Science Campus
Institutional Animal Care and Use Committee. Northern blot analyses
were conducted a minimum of two times. For this, 5 ug of RNA were
fractionated in 1% agarose-formaldehyde gels in MOPS buffer and
transferred to Hybond-N membrane (GE Healthcare, Piscataway, NJ).
Blots were hybridized in ExpressHyb solution (BD Biosciences Clon-
tech, Palo Alto, CA) with *?P-labeled random-primed DNA probes.
After a washing, membranes were exposed at —80°C to Kodak
Biomax film with a Kodak Biomax intensifying screen. For quantita-
tion of gene expression depicted in Northern blots, samples were also
subject to analysis by real-time PCR. Northern blot data presented as
contiguous lanes and shown as an inclusive panel arose from a single
original image of a Northern blot gel and autoradiogram. However, as
noted in the respective figure legend, in some instances data lanes
were removed or rearranged for clarity or economy of presentation.

For DNA filter array analysis, Atlas 1.2 mouse II nylon membranes
(BD Biosciences Clontech) containing 1,176 genes were hybridized
with reverse-transcribed *?P-labeled ¢cDNA probes from ScAP-23
preadipocytes, ScAP-23 adipocytes, 3T3-L1 preadipocytes, and
3T3-L1 adipocytes. Hybridization was performed exactly per manu-
facturer’s instructions, and membranes were exposed at —80°C to
Kodak Biomax film with a Kodak Biomax intensifying screen. Fol-
lowing visual assessment to identify candidate genes that were either
up- or downregulated in ScAP-23 adipogenesis, all candidate gene
expression results reported in Tables 1 and 2, were validated by
real-time PCR on triplicate samples.

PCR-based analysis of transcript levels. For reverse transcription
and semiquantitative PCR analysis, total RNA was subject to purifi-
cation with an RNeasy RNA purification kit with DNase I treatment
(Qiagen, Valencia, CA), and 5 pg were used for first-strand cDNA
synthesis with SuperScript II RNase H-RT (Invitrogen) and an
oligo(dT)-22 primer. For real-time PCR assessments, first-strand
cDNA was synthesized as described above using 3 g of DNase
I-treated total RNA. Target cDNA levels were analyzed by SYBR
Green-based real-time PCR in 25-pl reactions containing 1X SYBR
Green PCR Master Mix (Applied Biosystems, Foster City, CA), 200
nM each forward and reverse primers, and 10 or 50 ng of cDNA.
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Table 1. Genes upregulated in ScAP-23 adipogenesis

Gene ID Unigene Gene Name Symbol Fold Increase*
M11768 Mm.4407 Complement factor D Cfd 150,000
U37222 Mm.3969 Adiponectin Adipoq 83,000
722661 Mm. 182440 Apolipoprotein C-I Apocl 3,600
S67972 Mm.26730 Haptoglobin Hp 1,300
123108 Mm. 18628 CD36 antigen Cd36 760
M27796 Mm.300 Carbonic anhydrase 3 Car3 20
X14607 Mm.9537 Lipocalin 2 Len2 20
AF045887 Mm.301626 Angiotensinogen Agt 15
K02109 Mm.582 Fatty acid binding protein 4 (aFABP) Fabp4 5
M60847 Mm.1514 Lipoprotein lipase Lpl 4

Gene ID was provided by BD Atlas Mouse 1.2 Array II (Clontech). ScAP-23, subcutaneous adipocyte precursor, cell line-23. *Values >10 were rounded to
2 significant digits and are representative of repeat analyses of real-time PCR-based transcript expression.

Real-time PCR was conducted with an ABI 7500 Real-Time PCR
System. PCR was carried out over 40 cycles of 95°C for 15 s, 60°C
for 30 s, and 72°C for 40 s, with an initial cycle of 50°C for 2 min and
95°C for 10 min to activate AmpliTag Gold DNA polymerase; a
dissociation curve was generated over the range of 60-95°C. Expres-
sion of each gene was normalized against Gapdh transcript level. In all
cases, the same amount of input RNA/cDNA was used in side-by-side
comparisons, and the Gapdh level for these samples differed by two
or fewer cycles. The cycle threshold (Ct) value was generated using
ABI Prism 7500 SDS software, version 1.2, and then exported to a
Microsoft Excel spreadsheet. Fold changes were calculated and are
shown as means = SD in triplicate. For Table 1, transcript expression
level in preadipocytes was set at a value of 1; for Table 2, transcript
expression in adipocytes was set at a value of 1. In cases where
transcript expression was not evident after 40 PCR cycles, a value of
40 cycles was assigned to that sample to calculate the delta Ct and
express fold differences. This was done for the preadipocyte value for
adiponectin, angiotensinogen, and adipsin in Table 1; other such
instances are noted in the respective figure legends. All primer pairs

Table 2. Genes downregulated in ScAP-23 adipogenesis

used in semiquantitative and real-time PCR studies are presented as a
Supplemental Table (supplemental data are available at the online
version of this article). Semiquantitative PCR gel data presented as
contiguous lanes and shown as an inclusive panel arose from a single
original image of one agarose gel. However, as noted in the respective
figure legend, in some instances data lanes were removed or rear-
ranged for clarity or economy of presentation.

Insulin receptor immunoprecipitation and immunoblotting. SCAP-23 adi-
pocytes were incubated with serum-free media or serum-free media con-
taining insulin for 16 h, followed by a 5-min incubation with 100
nM insulin. Cells were harvested in lysis buffer containing 50 mM
Tris-HCI, pH 7.4, 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 200 uM Na3VOs4, 1 mM NaF, 1% protease inhibitor cocktail
(cat. no. P8340, Sigma-Aldrich), 1% phosphatase inhibitor cocktail
(cat. no. P5726, Sigma-Aldrich), 1 pwg/ml aprotinin, 1 pg/ml leupep-
tin, and 1 pg/ml pepstatin for 45 min at 4°C, after which fat cake and
insoluble material were removed. For immunoprecipitation, cell ly-
sates were incubated overnight with mouse monoclonal antibody to
insulin receptor-f3 (IR-B) [Santa Cruz Biotechnology (C-19), Santa

Gene ID Unigene Gene Name Symbol Fold Decrease*
Y07519 Mm.289824 Interleukin 1 receptor-like 1 11rl1 1,400
D21099 Mm.3488 Aurora kinase B Aurkb 220
D00208 Mm.3925 S100 calcium binding protein A4 S100a4 390
M65142 Mm.172 Lysyl oxidase Lox 360
J04467 Mm.290320 Chemokine (C-C motif) ligand 2 Ccl2 200
L01640 Mm.6839 Cyclin-dependent kinase 4 Cdk4 180
L07803 Mm.26688 Thrombospondin 2 Thbs2 140
K03235 Mm.88796 Proliferin PIf2 120
U08020 Mm.277735 Procollagen, type I, alphal Collal 100
M31885 Mm.444 Inhibitor of DNA binding 1 1d1 80
U58633 Mm.281367 Cell division cycle 2 homolog A Cdc2a 75
X51396 Mm.4173 Microtubule-associated protein 1 B Mtaplb 65
L33726 Mm.289707 Fascin homolog 1, actin bundling protein Fscnl 60
M26071 Mm.273188 Coagulation factor III F3 55
X12801 Mm.204969 Spectrin alpha2 Spna2 55
L07063 Mm.3894 FK506 binding protein 10 Fkbp10 50
M36830 Mm.341186 Heat shock protein 90kDa alpha class A member 1 Hsp90aal 50
M90364 Mm.291928 Catenin (cadherin associated protein), betal Ctnnbl 40
X79233 Mm. 142822 Ewing sarcoma breakpoint region 1 Ewsrl 40
ABO017189 Mm.27943 Solute carrier family 7 Slc7a5 40
M57470* Mm.43831 Lectin, galactose binding, soluble 1 Lgalsl 30
X81584 Mm.358609 Insulin-like growth factor binding protein 6 Igfbp6 20
u76112 Mm. 185453 Eukaryotic translation initiation factor 4, gamma2 Eif4g2 20
X63535 Mm.4128 AXL receptor tyrosine kinase Axl 20
U49351 Mm.4793 Glucosidase, alpha, acid Gaa 20
D50460 Mm.2044 Serine peptidase inhibitor, clade F, member 1 Serpinf1 5

Gene ID provided by BD Atlas Mouse 1.2 Array II (Clontech). *Values >10 are rounded to 2 significant digits and are representative of repeat analyses by

real-time PCR.
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Fig. 1. Cell growth and differentiation of SCAP-23. A: ScAP-23 cells and 3T3-L1 cells were plated in triplicate and counted every 24 h for 5 days. Data represent
means *= SD from 3 independent experiments. B: ScAP-23 cells were plated and differentiated with methylisobutylxanthine (MIX), dexamethasone (Dex),
insulin, and indomethacin (Indo) treatment. The morphology of differentiated ScAP-23 cells at day 7 was observed under phase contrast (fop), and lipid droplets
were visualized by Oil Red O staining (bottom). C: ScAP-23 cells and 3T3-L1 cells were stained with Oil Red O before differentiation (Preadipocyte) and at day 7 of
differentiation (Adipocyte). Oil Red O stain was extracted with isopropanol and diluted at 1:10, and absorbance was measured at 510 nm [absorbance units
(A.U.)s10]. *P < 0.001 compared with respective preadipocyte value. D: ScAP-23 cells were differentiated with Dex, MIX, insulin, and Indo treatment.
Phase-contrast images are of ScAP-23 cells before differentiation (D0) and after induction of differentiation (D1-D7). Oil Red O staining at day 7 (D7) is shown
at the bottom right. E: assessment of ScAP-23 preadipocytes for expression of macrophage (left), endothelial (middle), and neuronal (right) mRNA marker
transcripts. Two marker transcripts are shown in each graph, as indicated, and the transcript level detected in ScAP-23 has been set to 1. *P < 0.001 compared
with ScAP-23 preadipocytes. For endothelial markers, SCAP-23 transcript was not detected after 40 PCR cycles. In this case, to indicate the magnitude of gene

expression differences, a value of 40 cycles was assigned in calculating delta Ct. Ct, cycle threshold.

Cruz, CA] and protein A-agarose at 4°C with constant mixing.
Agarose beads were washed three times with lysis buffer and boiled
in Laemmli sample buffer. For immunoblotting, immunoprecipitates
or whole cell lysates were resolved by 10% SDS-PAGE or by 10%
NuPAGE gel (Invitrogen) and electroblotted to Immobilon-P mem-
brane (Millipore, Bedford, MA). Following transfer, membranes were
blocked in 5% nonfat milk in PBS-0.5% Tween 20 (PBS-T) for 1 h
and incubated, as indicated, with antibodies to phosphotyrosine (cat.
no. 4G10, Upstate, Charlottesville, VA), IR-1$ (cat. no. SC-711,
Santa Cruz Biotechnology), PPARYy (cat. no. SC-7273, Santa Cruz
Biotechnology), or tubulin (cat. no. MMS-410P, Covance Research
Products, Berkeley, CA). Following primary antibody incubation,
membranes were washed and incubated with horseradish peroxidase-
conjugated secondary antibody (Bio-Rad, Hercules, CA). All wash-
ings of Western blots were conducted in PBS-T. After the final wash,
signals were detected by incubation in enhanced chemiluminescence
plus reagent (GE Healthcare) and exposure to Fuji RX film. Western
blot data presented as contiguous lanes and shown as an inclusive
panel arose from a single original image of one Western blot.

Physiol Genomics « VOL 31

However, as noted in the respective figure legend, in some instances
data lanes were removed or rearranged for clarity or economy of
presentation.

RESULTS AND DISCUSSION

Growth characteristics of ScAP-23 preadipocytes. Follow-
ing ~70 doublings, ScAP-23 was selected as a permanent
clonal preadipocyte cell line and expanded for an additional 70
doublings. ScAP-23 cells were demonstrated to express tran-
script for h\TERT by semiquantitative PCR (data not shown). It
was noted during the establishment of this cell line that while
the morphology of the cells was typically fibroblastic, some
individual cells within the population underwent spontaneous
conversion to adipocytes. We also observed that cells began to
grow poorly and appeared generally unhealthy at higher den-
sities when cultured in media containing FCS. Substitution of
calf serum for the FCS resulted in cell growth that was more
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Fig. 2. Indo effect on adipogenesis of ScAP-23 cells. Cells were treated with
indicated combinations of Dex, MIX, and insulin with (+) or without (—) Indo
for 3 days and maintained in DMEM-10% FCS for 4 additional days.
Representative Oil Red O-stained culture dishes are shown. Oil Red O stain
was extracted and diluted at 1:10, and absorbance was measured at 510 nm.
Bar graph indicates differentiation treatment in the presence (solid bars) or
absence (open bars) of Indo. Data represent means = SD, analyzed by
single-factor ANOVA. *P < 0.005, #P < 0.05 compared with “—Indo”
treatments.

stable and uniform. To determine the growth parameters of
the ScAP-23 preadipocytes and to compare their growth rate
with that of 3T3-L1 cells, equal cell numbers of each were
plated, and cell number was determined at daily intervals.
Figure 1A indicates that ScAP-23 cells have a doubling time of
14-16 h.

Indomethacin is a key agent for the adipogenic conversion of
ScAP-23 preadipocytes. While a degree of spontaneous adipo-
cyte conversion was noted to occur sporadically during the
establishment of the ScAP-23 clonal line, the utility of this new
cell line to the study of adipogenesis was dependent on defin-
ing optimal conditions for full adipose conversion. We first
tested the 0.5 mM MIX, 1 pM dexamethasone, and 17 nM
insulin (MDI) differentiation protocol carried out in the pres-
ence of FCS-containing media. We found that this protocol,
although a standard one for adipogenic conversion of 3T3-L1
preadipocytes, was not effective in propelling SCAP-23 pre-
adipocytes to an adipocyte phenotype. The literature indicated
the occasional use of indomethacin, a nonsteroidal anti-inflam-
matory drug that can bind and activate PPARYy, for inducing
adipogenesis in some types of preadipocytes (69). Although
not reported in regard to adipogenesis, indomethacin has also
been reported to induce growth arrest in a number of cell lines
(6, 16, 25, 92). We therefore ascertained the affects of supple-
menting the MDI treatment with indomethacin (MDI+Indo),
in the presence of FCS-containing media. Figure 1B shows that
the use of the MDI+Indo adipogenic cocktail resulted in
>90% adipocyte conversion of ScAP-23 preadipocytes, as
assessed by cell morphology (Fig. 1B), lipid droplet accumu-
lation, and Oil Red O staining of intracellular lipid (Fig. 1,
B-D). Thus, in contrast to the differentiation regimen for
3T3-L1 preadipocytes, we find that effective adipose differen-
tiation of ScAP-23 preadipocytes depends on inclusion of

indomethacin in the adipogenic cocktail. To facilitate uniform
differentiation, we do not typically treat less-than-confluent
ScAP-23 cells for adipogenic induction; however, we have
observed that individual ScAP-23 cells have the ability to
undergo either spontaneous or induced adipogenesis without
requiring confluence (data not shown). We also note here that
the protocol we have established for ScAP-23 cells involves
treatment with adipogenic inducing agents when cells just
attain confluence, as postconfluent ScAP-23 cells appeared
unhealthy. This differs from the standard 3T3-L1 differentia-
tion protocol, wherein preadipocytes are treated with adipo-
genic inducing agents at 2 days postconfluence (101).

We next documented the morphological alterations in
ScAP-23 cells over an 8-day period from the preadipocyte state
(day 0) through 7 days postinduction with the MDI+Indo
protocol (Fig. 1D). A few cells that contained lipid droplets
appeared by 3 days postinduction, and by day 4, a much greater
percentage of cells contained small lipid droplets; these in-

A 0 1 4 5 6 (Days)
L JI—— IR-B
T wesn SRR Tubulin

B IP: IR-B

SF SF Ins Ins : Pretreat
- + - + :Insulin
-:4-1 M e | 1B: pY
— — - S | 1B: IR-B
C o 1 2 3 4 6 (Days)
GLUT4
Hprti

Fig. 3. Molecular aspects of insulin signaling in ScAP-23 cells. A: differen-
tiation-dependent insulin receptor-f3 (IR-f3) expression in ScAP-23 cells. Pro-
tein was harvested from ScAP-23 cells before differentiation (day 0) and at
indicated days postinduction of differentiation. Western blot analysis was
performed using IR-B antibody with tubulin shown as a control. B: IR-f
phosphorylation by insulin in ScAP-23 cells. Differentiated ScAP-23 cells
were incubated in serum-free medium (SF) or insulin-containing (Ins) medium
for 16 h and then stimulated with insulin for 5 min. Protein lysates were
subjected to immunoprecipitation (IP) with IR-f antibody followed by immu-
noblotting (IB) with phosphotyrosine (pY) antibody or IR-B antibody.
C: GLUT4 expression during ScAP-23 adipogenesis. RNA was harvested from
ScAP-23 cells before differentiation (day 0) and on indicated days postinduc-
tion of differentiation. RT-PCR was performed using a primer set specific for
GLUT4. Hypoxanthine guanine phosphoribosyl transferase-1 (Hprt1) was used
as a control. As described in MATERIALS AND METHODS, quantitation of GLUT4
transcript expression was also determined by real-time PCR. For A, B, and C,
data presented in each horizontal panel were obtained from one single original
image. For A and B, data lanes were removed or rearranged for clarity or
economy of presentation.
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creased in size through the last time point examined, day 7.
Also shown in Fig. 1D, bottom right, are ScAP-23 adipocytes
at day 7 postinduction; these cells have been stained for
intracellular lipid with Oil Red O. Quantitation of the Oil Red
O staining for ScAP-23 cells and 3T3-L1 cells indicates that
ScAP-23 adipocytes accumulate a level of lipid that is of a
similar magnitude as 3T3-L1 adipocytes (Fig. 1C). We also
assessed whether SCAP-23 cells express marker transcripts for
other cell lineages that would be present in adipose tissue,
namely macrophage (Emrl and Cd68), endothelial (Flt1 and
Pecam), and neuronal (Nse and S100b), with samples subjected
to 40 cycles of real-time PCR. Expression of these cell type-
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specific marker transcripts was nearly undetectable in SCAP-23
preadipocytes in regard to macrophage and neuronal markers
and undetectable for endothelial markers (Fig. 1E).

Since we had observed that addition of indomethacin to the
MDI cocktail resulted in a high level of adipose conversion, we
next wished to ascertain the contribution(s) of each of these
four proadipogenic agents to the induction of ScAP-23 adipo-
genesis. We altered the composition of the differentiation
treatments by using combinations of dexamethasone, MIX,
insulin, and/or indomethacin and assayed for adipocyte con-
version with Oil Red O staining, as shown in Fig. 2. Of the four
agents tested, inclusion of indomethacin was necessary for
effective ScAP-23 adipogenesis (treatment 1); however, treat-
ment with indomethacin alone was not sufficient to promote
adipose conversion of ScAP-23 preadipocytes (treatment 2).
When indomethacin was added with MIX alone (treatment 4),
or with MIX and insulin in combination (treatment 8), we
observed a statistically significant enhancement of adipogene-
sis relative to that observed when these agents were used in the
absence of indomethacin. From these studies, we concluded that
the optimal protocol for adipogenic conversion of ScAP-23 cells
is MDI+Indo.

Molecular aspects of insulin signaling in ScAP-23 adipo-
cytes. An exhaustive physiological and transcriptional charac-
terization of this new in vitro model for adipogenesis can be
explored in future studies; however, we thought it was impor-
tant at this stage to determine whether ScAP-23 adipocytes
evidenced indexes of insulin responsiveness. Western blot
analysis, as shown in Fig. 3A, indicates that adipogenesis of
ScAP-23 cells is accompanied by the appearance of insulin
receptor-3 expression, which is first noted 1 day postinduction
of adipogenesis. To examine the responsiveness of the insulin
signaling through the insulin receptor, we determined the
insulin-mediated autophosphorylation of insulin receptor-3 in
ScAP-23 adipocytes. As is shown in Fig. 3B, increased insulin
receptor-f3 phosphorylation was noted on addition of insulin to
ScAP-23 adipocytes under serum-free culture conditions. Last,
Fig. 3C shows the semiquantitative RT-PCR assessment indi-
cating that the transcript level for GLUT4, the major insulin-
responsive glucose transporter in adipocytes, is upregulated
~60-fold (P < 0.001) in mature day 6 adipocytes compared
with preadipocytes; it is first detected at 2 days postinduction
and dramatically increased by day 4.

Fig. 4. Expression of peroxisome proliferator-activated receptor-y (PPARvy) and
other transcription factors during ScAP-23 adipogenesis. A: expression of PPARy
protein in ScAP-23 adipocytes. Protein was harvested from ScAP-23 cells before
differentiation (day 0) and at indicated time points after induction of differentiation.
Western blot analysis was performed using monoclonal PPARYy antibody with tubulin
as a loading control. B: expression of PPARYy transcript. RNA was harvested from
ScAP-23 cells at the indicated time points postinduction of differentiation or from
3T3-L1 adipocytes and analyzed by Northern blot using PPARy probe. 36B4 was used
as a gel loading control. C: PPARY2 expression in ScAP-23 adipocytes. SCAP-23
cells were harvested before differentiation (P) or after adipogenic conversion (A).
RT-PCR was performed using specific primer sets for PPARyl and PPAR«y2.
Hprtl was used as a control (leff). Real-time PCR analysis was conducted for
PPARY2 (right). Preadipocyte level of PPARYy transcript was set at 1. D: 5 g of
total RNA from ScAP-23 cells at the indicated days postinduction of differentia-
tion or from 3T3-L1 adipocytes were analyzed by Northern blot using C/EBP(,
C/EBPa, SREBP-1c, and Krox20 probes. 36B4 expression and ethidium bromide
(EtBr) staining of rRNA were used as gel loading control. For A, B, C, and D, data
presented in each horizontal panel were obtained from one single original image.
For B-D data lanes were removed or rearranged for clarity or economy of
presentation.
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Expression of key adipogenic transcription factors in
ScAP-23 adipogenesis. We next addressed the expression of
the master adipogenic transcription factor PPAR<y (82) during
adipose conversion of ScAP-23 preadipocytes. Figure 4A
shows a Western blot analysis of the time course of upregula-
tion of PPARy protein level and indicates that increased
PPARY protein expression is noted by 1 day postinduction of
ScAP-23 adipogenesis and is maximally expressed at days 4
and 5. To examine the PPARvy transcript level, we used
Northern blot analysis (Fig. 4B) and PCR (Fig. 4C). The
temporal increase in PPARvy transcript is maximal at days 4
and 5, as was found for PPARy protein. In addition, the level
of PPARw transcript is similar in ScAP-23 adipocytes and
3T3-L1 adipocytes. It is known that two isoforms exist for
PPARYy, with PPARYy1 evidencing a more general expression
pattern and PPARY2 being the adipocyte-specific form. To
distinguish between expression of PPARyl and PPARY2 in
ScAP-23 cells, we conducted semiquantitative RT-PCR anal-
ysis. As Fig. 4C, left, demonstrates, it is only the level
of the adipocyte-specific PPARYy2 form that increases during
ScAP-23 adipocyte differentiation, and real-time PCR (Fig.
4C, right) indicates an ~280-fold upregulation (P < 0.001).
To begin to address the expression of other transcription
factors known to play important roles in adipogenesis, we used
Northern blot analysis (Fig. 4D) to assess the level of C/EBP
family members (112) and sterol response element binding
protein-1c (SREBP-1c) (57, 90) as well as Krox20/Egr2, a
gene newly identified to play a role in early events in adipocyte
differentiation of 3T3-L1 cells (17). For C/EBPa, we observe
an upregulation of approximately eightfold ( P < 0.01) at day
3. This is consistent with the temporal early upregulation of
this gene in the 3T3-L1 model that occurs proximal to treat-
ment with adipogenic inducers (112). However, while the
Northern blot analysis appears to show upregulation of
C/EBPB at day 3, this was not validated by real-time PCR (data
not shown). C/EBP is critical to early 3T3-L1 adipogenesis
(71); its role in ScAP-23 adipogenesis can be more precisely
addressed in future studies. Krox20/Egr2 transcript is present
at detectable levels and increases ~25-fold (P < 0.01) at day
3 of ScAP-23 adipogenesis. SREBP-1c transcript increases
~4-fold at day 3 (P < 0.01) and ~10-fold at day 5 (P < 0.01).
This figure also demonstrates that the levels of transcripts for
C/EBPa, C/EBPf, and Krox20/Egr2 are of a similar magni-
tude in ScAP-23 and 3T3-L1 adipocytes; however, the level of
SREBP-Ic transcript, a key player in the transcriptional regu-
lation of genes functioning in lipid homeostasis (90), appears
higher in ScAP-23 adipocytes than in 3T3-L1 adipocytes.
Future studies can more precisely dissect the regulation of
expression, as well as the function, of adipogenic transcription
factors in ScAP-23 adipogenesis and attempt to identify new
transcriptional regulators of adipogenesis in this model.

Expression of adipocyte and preadipocyte marker genes in
ScAP-23 adipocytes. As an initial molecular assessment of the
molecular phenotype of ScAP-23 cells, we conducted Northern
blot analysis on ScAP-23 adipocytes using several standard
mRNA markers for mature adipocytes, namely, stearoyl-coen-
zyme A desaturase-1 (SCDI), adipocyte fatty acid binding
protein (aFABP), lipoprotein lipase, glycerol-3-phosphate de-
hydrogenase, and fatty acid synthase. The Northern blot anal-
ysis in Fig. 5A indicates that SCD1 and aFABP transcripts are
upregulated during ScAP-23 adipocytes. Real-time PCR indi-
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Fig. 5. Expression of adipogenesis markers. A: RNA was harvested from
ScAP-23 cells before differentiation (day 0) and at indicated time points of
postinduction or from 3T3-L1 adipocytes and analyzed by Northern blot using
mouse SCD1 and aFABP cDNA probes. EtBr staining of rRNA was used as
a gel loading control. B: RNA was harvested before induction of adipogenesis
(day 0) and at indicated time points from ScAP-23 cells, and RT-PCR was
performed using specific primer sets for lipoprotein lipase (LPL), glycerol-3-
phosphate dehydrogenase (GPDH), and fatty acid synthase (FAS). Hprtl was
used as a control. C: RNA was harvested from ScAP-23 cell preadipocytes (P)
or adipocytes (A) and subject to Northern blot analysis for resistin (Retn) and
adipose triglyceride lipase (ATGL) transcript level. D: lack of brown adipocyte
marker transcript expression in ScAP-23 cells. ScAP-23 cells were harvested
from preadipocytes (P) and adipocytes (A), and Northern blot analysis was
performed with Cidea and uncoupling protein-1 (UCP1) probes. Brown adi-
pose tissue (B) was used as a positive control. EtBr staining of rRNA was used
as a gel loading control. For A, B, C, and D, data presented in each horizontal
panel were obtained from one single original image. For A, C, and D, data
lanes were removed or rearranged for clarity or economy of presentation.

cated that SCDI increased ~20-fold (P < 0.001) during
conversion of ScCAP-23 preadipocytes to day 5 adipocytes, and
a 5-fold (P < 0.001) increase in aFABP transcript level was
found. The relatively modest degree of upregulation of aFABP
was not due to lack of robust transcript expression in adipo-
cytes but rather to the expression of easily detectable levels of
aFABP transcript in ScAP-23 preadipocytes. Although this is
not readily apparent on the Northern blot in Fig. 54, it was
evident in real-time PCR-based assessment (data not shown).
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A similar observation had been reported by Friedman and
colleagues (94) when they reported on inconsistencies between
adipogenesis in vitro and in vivo for aFABP transcript expres-
sion. Although they noted that the presence of aFABP was
2.7-fold higher in wild-type mature adipocytes in vivo than in
preadipocytes, it was still expressed at high levels in preadi-
pocytes in vivo (94). This is in line with our findings regarding
aFABP expression in ScAP-23 adipogenesis. This might sug-
gest that, compared with 3T3-L1 preadipocytes, SCAP-23 prea-
dipocytes may be more reflective of the in vivo state of
preadipocyte/adipocyte gene expression.

Semiquantitative PCR assessment (Fig. 5B) and real-time
PCR analysis indicates that ScAP-23 adipogenesis is accom-
panied by an increase in lipoprotein lipase transcript (~4-fold,
P < 0.001) as well as that of glycerol-3-phosphate dehydro-
genase and fatty acid synthase (~7-fold, P < 0.001). We also
detected upregulation of the adipocyte-specific adipokine re-
sistin (1,100-fold, P < 0.001) and the newly discovered lipase
adipose triglyceride lipase (ATGL) (25-fold, P < 0.001) in
ScAP-23 adipogenesis (Fig. 5C). A number of recent studies
have indicated that cells within the WAT depot may, under
certain conditions, come to resemble brown adipocytes (19, 44,
125). Even though the ScAP-23 cell line was derived from a
WAT depot and morphologically resembles white adipocytes,
we thought it important to examine whether ScAP-23 cells
might show evidence of brown adipocyte-specific gene expres-
sion. Examination of two brown adipocyte-specific marker
transcripts, Cidea and uncoupling protein-1 (UCP1), indicates
that, while each is readily detected in brown adipose tissue,
neither is found in ScAP-23 preadipocytes or adipocytes (Fig.
5D), consistent with a white adipocyte lineage for ScAP-23
cells.

To assess gene expression at the preadipocyte stage, we
chose several genes known to decrease during 3T3-L1 adipo-
genesis and used Northern blot analysis to assess their expres-
sion levels in ScAP-23 and 3T3-L1 preadipocytes and adipo-
cytes. We first analyzed expression of pref-1. Pref-1 is an
EGF-repeat transmembrane protein that is cleaved to release a
soluble inhibitor of adipogenesis, and the pref-1 gene product
is abundant in 3T3-L1 preadipocytes and dramatically de-
creases on their adipocyte conversion (91). The Northern blot
in Fig. 6A and the real-time PCR analysis in Fig. 6B reveal that
ScAP-23 adipogenesis is accompanied by a decrease in pref-1
level to ~6% (P < 0.001) of that present in ScAP-23 preadi-
pocytes. In contrast to the relatively low level of pref-1 tran-
script level in ScAP-23 preadipocytes, 3T3-L1 preadipocytes
express markedly higher levels of pref-1 transcript (~340-fold
higher than ScAP-23 preadipocytes, P < 0.001) (Fig. 6D). This
is reduced by 90% (P <0.001) on their adipocyte conversion,
as expected (91) (Fig. 6B).

We also compared pref-1 transcript level in ScCAP-23 prea-
dipocytes with the level of pref-1 transcript in the preadipo-
cyte-containing stromal-vascular fraction and the adipocyte
fraction of adipose tissue. Figure 6C shows effective fraction-
ation of adipose tissue into the stromal-vascular fraction and
adipocyte fractions, as assessed by expression of the adipocyte
marker resistin and the stromal marker collagen1A1l. Analyses
of pref-1 transcript in these fractions, as well as pref-1 tran-
script levels in ScAP-23 and 3T3-L1 preadipocytes, are shown
in Fig. 6D. We show that 3T3-L1 preadipocytes express ~50
times the level of pref-1 transcript compared with the adipose
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Fig. 6. Distinct gene expression in adipogenesis of SCAP-23 cells and 3T3-L1
cells. RNA was harvested from ScAP-23 and 3T3-L1 preadipocytes (P) and
adipocytes (A) or the adipocyte (Ad) or stromal-vascular fraction (SVF) of
murine subcutaneous white adipose tissue (WAT). A: Northern blot analysis
was performed using pref-1 probe with EtBr staining of rRNA shown as a gel
loading control. B: assessment by real-time PCR of pref-1 transcript level in
ScAP-23 and 3T3-L1 preadipocytes and adipocytes. Preadipocyte level of
pref-1 transcript was set to 100. C: effective fractionation of WAT into SVF
and Ad cell populations as assessed by relative transcript expression for
resistin (Retn) and collagen1 A1 (CollAl). The SVF value was set to 1 for the
Retn panel, and the Ad value was set to 1 for the Coll Al panel. D: comparison
of pref-1 transcript level in SVF, Ad, ScAP-23 preadipocytes and 3T3-L1
preadipocytes by real-time PCR. The level of pref-1 transcript in ScAP-23
preadipocytes was set to 1. E: assessment of downregulation of GATA-3
transcript during ScAP-23 and 3T3-L1 adipogenesis. The level in ScAP-23
preadipocytes was set to 100. F: Northern blot analysis was performed using
indicated probes with EtBr staining of rRNA shown as a gel loading control.
For B-E, P values are stated in RESULTS AND DISCUSSION. For A and F, data
presented as inclusive panels were obtained from one single original image of
a gel or autoradiogram. Some lanes of the original images have been removed
and/or rearranged for clarity or economy of presentation.
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tissue stromal-vascular fraction. In contrast, the expression of
pref-1 in ScAP-23 cells is present at levels that are within
sevenfold of the level found in the stromal-vascular cell pop-
ulation. Although difficult to precisely determine in vivo, it has
been estimated that 15-50% of cells in the stromal-vascular

« www.physiolgenomics.org

TT0Z ‘TZ 1290100 uo 610 ABojoisAyd-salwouabjoisAyd woiy papeojumoq



http://physiolgenomics.physiology.org/

336 ScAP-23 MODEL OF IN VITRO ADIPOGENESIS

fraction of adipose tissue are preadipocytes (61, 106). If 50%
of the stromal-vascular fraction cells represent preadipocytes,
we would expect a twofold enrichment of pref-1 transcript in
ScAP-23 preadipocytes over the level found in the stromal-
vascular fraction. Thus the level of pref-1 transcript in
ScAP-23 preadipocytes is somewhat less than predicted. Nev-
ertheless, we conclude from this data that the level of pref-1
transcript in ScAP-23 preadipocytes is more in line with its
expression in vivo than with the high degree of enrichment for
pref-1 transcript found in 3T3-L1 preadipocytes, which are of
embryonic origin. Microarray data generated by Friedman and
colleagues (94) have revealed distinct transcriptional profiles
of adipogenesis in vivo and in vitro. Similar to our data herein,
they reported that pref-1 was expressed poorly in vivo but
highly enriched in 3T3-L1 preadipocytes. Future studies can
further address the ability of ScAP-23 preadipocytes to effec-
tively recapitulate aspects of in vivo preadipocytes and in vivo
adipogenesis. Additional preadipocyte gene assessment in
ScAP-23 adipogenesis revealed that GATA-3, a transcription
factor with a key role in adipogenic conversion (108) and
which is known to be expressed in 3T3-L1 preadipocytes, is
present at a similar magnitude of expression in 3T3-L1 and
ScAP-23 preadipocytes (~3.5-fold higher in 3T3-L1, P <
0.001). It is similarly downregulated on adipogenic conversion
of both cell lines with a 90 and 85% reduction in ScAP-23 and
3T3-L1 adipogenesis, respectively (P < 0.001) (Fig. 6FE).
Northern blot analysis of transcript levels of the inhibitor of
DNA binding helix-loop-helix factors Id1 and Id2 indicates
that these transcripts are expressed at similar levels in ScCAP-23
and 3T3-L1 cells and are markedly downregulated in both on
adipose conversion (Fig. 6F), as has been previously demon-
strated for in vitro adipogenesis (75).

In addition to variation in transcript level for SCAP-23 and
3T3-L1 cells with regard to SREBP-1c and pref-1, during our
studies we also found evidence of further transcriptional dis-
tinctions between 3T3-L1 and ScAP-23 with regard to the level
of Cripl, SOCS3, and cathepsin H transcripts (Fig. 6F). Cripl
shows enriched transcript expression in 3T3-L1 preadipocytes
(~40-fold increase vs. SCAP-23 preadipocytes, P < 0.001) and
is downregulated on their adipose conversion. Cripl encodes a
77-amino acid cysteine-rich intestinal protein with a LIM
motif; studies in transgenic mice revealed that overexpression
of Cripl leads to an imbalance in cytokine patterns, suggesting
a role in immune system function (65). To our knowledge,
Cripl has not been previously addressed in adipogenesis. Two
genes that show enriched expression in ScAP-23 are SOCS3
and cathepsin H. Endogenous SOCS3 expression in adipocytes
is proposed to be a key determinant of basal insulin signaling
and to be an important molecular mediator of cytokine-induced
insulin resistance in adipocytes (89). Members of the cathepsin
serine protease protein family have also come to light recently
in adipocyte and adipose tissue function and obesity (97);
however, cathepsin H has not yet been addressed in this regard.
While it is possible that, to some degree, the differential gene
expression found between ScAP-23 and 3T3-L1 adipocytes
might stem from differences in their respective adipogenic
conversion protocols, it is also reasonable to speculate that the
genes most central to the function of white adipocytes would
likely be similarly expressed and regulated in both cell lines.
On the other hand, distinctions between ScAP-23 and 3T3-L1
preadipocytes and/or adipocytes will likely point to genes
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whose function may not be essential to the most fundamental
nature of adipocytes, for example triglyceride synthesis and
turnover. These uniquely expressed genes might reflect, with
regard to ScAP-23 cells, aspects of the molecular nature of
preadipocytes and adipocytes derived from WAT. Future stud-
ies can further delineate similarities and distinctions of these
two in vitro models of adipogenesis.

Assessment of capacity of ScAP-23 preadipocytes for mul-
tilineage differentiation. Multilineage differentiation of human
and rodent adipose tissue-derived cells to mesenchymal deriv-
atives or other cell lineages has been described. This is attrib-
uted to a mesenchymal or other stem cell population present in
adipose tissue (36, 41, 70, 126). The shared mesenchymal
lineage of adipocytes with that of chondrocytes, myocytes, and
osteocytes has also been demonstrated in studies of multilin-
eage differentiation of the CH310-T1/2 mesenchymal cell line
(103) and of bone marrow-derived mesenchymal primary cells
and cell lines (24, 80). As a first step in assessing the potential
of ScAP-23 preadipocytes to differentiate to lineages other
than adipocyte, we cultured them under conditions previously
reported to promote neurogenic, myogenic, osteogenic, or
chondrogenic differentiation of adipose tissue stromal stem
cells. One of each of the two protocols tested for neurogenic
(70), myogenic (126), or osteogenic (70) differentiation proved
toxic to the cells, as did the protocol we tested for chondro-
genesis (41), and as such was not subject to further analysis.
We were able, however, to identify treatment protocols from
the literature during which ScAP-23 cells remained viable and
appeared healthy for a limited time: 3 days for neurogenesis
(86) and osteogenesis (124) and 6 days for myogenesis (70).
None of the tested differentiation induction treatments led to
changes in cellular morphology, with the exception of a very
transient morphological alteration in the several hours follow-
ing application of neuronal induction conditions (data not
shown). After this period, ScAP-23 cells reverted to their
typical fibroblastic appearance.

We used real-time PCR to examine transcript expression of
ScAP-23 cells for the expression of lineage marker genes
before and during/following multilineage differentiation induc-
tion. These were neuron-specific enolase, S100b, and tubu-
lin-B3 for neurogenesis; myoD and myogenin for myogenesis;
and runx2 and Bglap/osteocalcin for osteogenesis. A tissue
sample enriched for these respective cell types (brain, muscle,
and bone) was utilized as a positive control for lineage marker
transcript expression. These data are shown in Fig. 7. With
regard to neuronal markers (Fig. 7A), S100b and tubulin-33
decreased at days I and 3 postinduction (P < 0.001) rather
than increased, as would be indicative of differentiation to a
neuronal phenotype. Nse increased ~5-fold at day I and
~8-fold at day 3 (P < 0.001); however, this is ~25-fold less
than the level of Nse transcript found in brain. Assessment at
later time points was not possible because of the toxicity of
culture conditions. After 40 cycles of real-time PCR, myogenic
marker transcripts remained undetectable in ScAP-23 preadi-
pocytes as well as at days 3 and 6 of the myogenic induction
protocol (Fig. 7B). An ~3-fold increase (P < 0.05) in Runx2
transcript was found at day 3 of osteogenic induction, and a
23-fold (P < 0.001) increase for Bglap/osteocalcin (Fig. 7C).
However, the level of these bone markers in SCAP-23 cells is
markedly less than that found in bone tissue. It is possible that
by testing a wider range of differentiation conditions and/or
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Fig. 7. Assessment of multilineage differentiation capacity of ScAP-23 prea-
dipocytes. Real-time PCR analysis was carried out for marker transcripts
indicative of neurogenic (A), myogenic (B), or osteogenic (C) differentiation.
Nos. on the x-axis indicate day of treatment, with ScAP-23 preadipocytes
indicated as day 0. The “broken” y-axes and bars indicate discontinuities of
values as shown for S100b, Nse, Myog, MyoD, Runx2, and Bglap transcript
levels. *P < 0.001, #P < 0.05 compared with ScAP-23 preadipocytes. For
Myog and MyoD markers, # indicates that transcript was not detected in
ScAP-23 day 0, day 3, or day 6 samples after 40 PCR cycles. For S100b,
¥ indicates transcript was not detected for day I and day 3 ScAP-23 samples.
In these cases, to indicate the magnitude of gene expression differences, a
value of 40 cycles was assigned in calculating delta Ct. Positive controls for
PCR reactions are represented by the “C” and indicate brain tissue RNA for A,
muscle tissue RNA for B, and bone tissue RNA for C. Values were normalized
to Gapdh expression, and the transcript expression level in day 0 preadipocytes
was set at 1. Fold changes were calculated and are shown as means = SD in
triplicate. *P < 0.001, #P < 0.05 compared with ScAP-23 preadipocytes.

reducing the toxicity of the treatments, we might be able to
formulate culture conditions for enhanced conversion of
ScAP-23 cells to lineages other than adipocyte. We may also
be able to force lineage differentiation via ectopic expression
of various lineage-specific master regulatory transcription fac-
tors. With the caveat that our in vitro studies to date are limited
in scope, they nonetheless support that SCAP-23 cells are of a
preadipocyte/adipocyte lineage.

DNA filter array analysis of ScAP-23 adipogenesis. Our
functional and gene expression assessments of ScCAP-23 cells
herein indicate that ScAP-23 adipocytes reflect multiple im-
portant aspects of adipocyte biology. To identify additional
genes that are regulated in ScAP-23 adipogenesis, we con-
ducted differential screening of commercial DNA nylon filter
arrays with reverse-transcribed probes from ScAP-23 preadi-
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pocytes and adipocytes. This array of 1,176 murine genes was
chosen based on the high representation of metabolism-related
genes. We identified 10 genes upregulated during ScAP-23
adipogenesis. Each of these genes was validated via real-time
PCR, and their fold increases (P < 0.001) are noted in Table
1. These genes include a number of adipocyte-expressed and/or
adipocyte-specific genes that have been well studied in 3T3-L1
and other models of in vitro and/or in vivo adipocytes. These
are CD36 antigen (4, 31), haptoglobin (53), adiponectin (50),
lipoprotein lipase (122), fatty acid binding protein-4/aFABP (7,
95), angiotensinogen (88), and complement factor D/adipsin
(20). While not well studied in adipocytes, lipocalin-2 has been
previously reported as induced in the 3T3-L1 model (53).
Apolipoprotein C1 and carbonic anhydrase-3, while not previ-
ously described as regulated during in vitro adipogenesis, have
been implicated in WAT function (8, 54, 113).

A large number of genes that define the adipocyte phenotype
have been described, and many of these are closely linked to
the physiological role of the adipocyte in lipid metabolism and
whole body energy balance (82, 83, 94). In contrast to the ease
in which one can identify adipocytes in the in vitro and in vivo
setting, the phenotypic and molecular definition of preadipo-
cytes remains unclear, and the study of preadipocytes is se-
verely limited by the present lack of robust markers. A multi-
tude of genes expressed in 3T3-L1 cells and downregulated
during their adipose conversion have been reported in microar-
ray studies over the past few years (83, 94). However, only a
few of these have been further validated or characterized as
preadipocyte marker genes and/or studied with regard to their
function in adipocyte conversion (75, 84, 91, 108). We iden-
tified 26 genes enriched in ScAP-23 preadipocytes vs.
ScAP-23 adipocytes. Transcript downregulation for each of
these genes was confirmed by real-time PCR, and fold de-
creases were determined (P < 0.001) (these are listed in Table
2). We reasoned that with this new preadipocyte cell line, we
might be able to begin to better identify that group of genes that
is most fundamental to the preadipocyte stage. Genes that
evidenced a common pattern of downregulation in two inde-
pendent models of adipogenesis, namely ScAP-23 and 3T3-L1,
may point to gene expression patterns important for the pre-
adipocyte phenotype. To identify such genes, we hybridized
the same nylon filter array set used to analyze ScAP-23 gene
expression, with probes derived from 3T3-L1 preadipocytes
and 3T3-L1 adipocytes. We chose 14 genes that appeared to be
downregulated in both ScAP-23 and 3T3-L1 adipogenesis for
semiquantitative PCR assessment of transcript levels. These
genes represent various categories of protein function includ-
ing cell cycle-related genes, secreted factors, and signaling
molecules. Figure 8A shows the differentiation-dependent
downregulation of these genes in ScAP-23 adipogenesis and
Fig. 8B in 3T3-L1 adipogenesis.

Of the transcripts assessed by PCR, the preadipocyte-en-
riched expression of two of these genes in ScAP-23 adipogen-
esis, namely, B-catenin (Ctnnbl) and Ccl2, would be antici-
pated based on their previously described expression and/or
function in 3T3-L1 adipogenesis. With regard to Ctnnbl,
activation of the canonical B-catenin-dependent Wnt signaling
pathway inhibits adipogenesis (84). Ccl2, also known as mono-
cyte chemoattractant protein-1 (MCP-1), is produced by adi-
pose tissue and is involved in the recruitment of monocytes to
sites of inflammation and in obesity (55) and also possesses
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78), and downregulation of Aurkb and Mtaplb may be related
to these processes. Other newly identified genes downregulated
in adipogenesis encode secreted factors. Igfbp6 is a member of
the insulin-like growth factor binding protein family (30). Our
finding that three anti-angiogenic secreted factors, Thbs2 (64),
Serpinfl (23), and Ccl2/MCP-1 (87), decrease on adipocyte
conversion is consistent with this close link between angiogen-
esis and expansion of adipose tissue mass (48). The function of
lysyl oxidase, Fkbp10, and Slc7a5 in adipogenesis remains to
be investigated. In addition to those genes that were down-
regulated in both ScAP-23 and 3T3-L1 adipogenesis, filter
analysis indicated that Gaa, Lgalsl, and Hsp90aal were not
decreased during 3T3-L1 adipogenesis; this transcript expres-
sion pattern was confirmed by real-time PCR (data not shown).

The contribution of the nonadipocyte component of adipose
tissue to obesity and its related pathologies is recently emerg-
ing (21, 116). We therefore determined whether the preadipo-
cyte-enriched genes were differentially expressed in obesity by
performing real-time PCR analysis on RNA from subcutaneous
WAT tissue from wild-type mice and from the murine ob/ob
genetic model of obesity. As shown in Fig. 9, the expression
level of transcripts for Thbs2, Ccl2, Aurkb, Slc7a5, and
Serpinfl was elevated in ob/ob WAT. Thbs2 evidenced the
highest degree of upregulation in ob/ob WAT, with an average
increase of approximately sevenfold; this is consistent with the
recent report of upregulation of Thbs-2 in genetic and diet-
induced murine models of obesity (114). An approximately
twofold upregulation of a second anti-angiogenic factor,
Serpinfl, is also noted in obesity. We also found an approxi-
mate fivefold increase in Ccl2/MCP-1 in obesity; this is con-
sistent with that previously reported for this factor (11, 55).
Proteins encoded by these genes may contribute to balance of
the various pro- and anti-angiogenic factors involved in the
growth/maintenance of adipose tissue mass. Approximately
threefold and fivefold increases for Aurkb and Slc7a5 tran-

Fig. 8. Validation of gene expression in SCAP-23 and 3T3-L1 adipogenesis by
semiquantitative PCR. cDNA was generated from ScAP-23 preadipocytes (P)
and adipocytes (A, panel A) or from 3T3-L1 preadipocytes and adipocytes
(panel B). PCR products from the indicated cycle were analyzed by agarose gel
electrophoresis and EtBr staining. *Amount of template is 5 times higher than
for the other reactions. Hprtl and Gapdh were used as controls. For A and B,
data presented as inclusive panels were obtained from one single original gel
image; however, lanes intermediate to those shown have been removed for
clarity or economy of presentation.

anti-angiogenic function (87). A number of genes not previ-
ously described as downregulated during adipogenesis were
identified. Several are related to cell proliferation; this is
expected, in that studies of in vitro adipogenesis indicate
growth arrest to be a central step (40). These include Cdk4
(45), Cdc2 (29), proliferin-2 (22), and the receptor tyrosine
kinase Axl (43). Aurora kinase B (Aurkb) (14) and Mtaplb,
(74), are involved in microtubule dynamics. Microtubule dy-
namics play a role in the regulation of adipocyte lipid droplet
size as well as insulin-stimulated GLUT4 translocation (9, 42,
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Fig. 9. Expression of Ctnnbl, Ccl2, Serpinfl, Aurkb, Thbs2, and Slc7a5 in
adipose tissue of wild-type and ob/ob mice. Subcutaneous WAT RNA from 2
C57BL/6 wild-type mice (WT; open bars) and 2 ob/ob mice (solid bars) was
collected, and real-time PCR was performed as described in MATERIALS AND
METHODS. Values were normalized to Gapdh expression, and the gene expres-
sion level of the first WT bar was set at 1. Average fold changes were
calculated and are shown as means * SD in triplicate.
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scripts were also noted. A role, if any, of these latter two genes
in obesity is yet to be determined.

Our studies on the molecular events of ScAP-23 adipogen-
esis to date have focused primarily on assessing gene expres-
sion distinctions in the preadipocyte vs. the mature adipocyte
stage. Future analysis of this new adipogenesis model will
address the interim stages of adipogenesis, including the early
events of this process. With regard to this, the initial phase of
adipocyte conversion of 3T3-L1 cells is termed mitotic clonal
expansion (MCE) and is defined as two relatively rapid rounds
of synchronous reentry into cell cycle mitoses. MCE is initi-
ated on treatment of 2-day postconfluent preadipocytes, which
have undergone density-dependent growth arrest in a unique
Go/G; state (71). MCE is initiated via extracellular signals
from the differentiation inducers and is followed by expression
of genes that lead to acquisition of the mature adipocyte
phenotype (71). The MCE phase of 3T3-L1 adipogenesis was
first documented ~25 years ago (96), and many key molecular
details of this process that intimately tie cell cycle control to
adipogenesis have been clarified in this model in the interven-
ing years (79, 98, 99, 102, 123). MCE has been demonstrated
to be requisite for adipogenesis of 3T3-L1 cells (101). Other in
vitro adipogenesis models are far less well characterized with
regard to MCE. For example, it appears unclear as to whether
it is requisite for differentiation of the mesenchymal stem cells
line, CH310T1/2 (18, 100). It has been reported that ST-13
preadipocytes, which derive from precursors present in adult
mammary gland (120) and human primary preadipocytes (32),
do not require MCE.

Given that ScAP-23 are not postconfluently growth arrested
at the time of treatment with adipogenic inducers, but rather
have just attained confluence, we presently believe that the
strict definition of MCE developed from studies on 3T3-L1
adipogenesis does not apply to ScAP-23 cells. Two-day post-
confluent ScAP-23 cells appear sickly with loss of morpholog-
ical integrity. When we assessed cell number during the first
48 h of adipogenic induction, we failed to find an increase that
was specific to treatment with adipogenic inducers and that
would be indicative of MCE during early-stage ScAP-23 adi-
pogenesis (data not shown). We have also observed a high
degree of differentiation in individual underconfluent cells,
indicating that confluence per se is not needed for adipogenesis
of ScAP-23 preadipocytes, although underconfluent cells dif-
ferentiate less uniformly. Agents that have been previously
studied in adipogenesis have been identified to effectively
substitute for postconfluence-induced growth arrest, for exam-
ple, growth arrest via treatment with sodium butyrate (111).
While not reported in the context of adipogenesis, indometh-
acin, the agent we identify as key to ScAP-23 adipogenesis,
induces growth arrest in a number of other cell types (6, 25). It
may be serving a similar function in ScAP-23 adipogenesis. It
has been postulated that embryonic preadipocyte cell lines may
require clonal expansion, whereas those that are adult derived
may not (32), and that perhaps in these cases the critical
mitoses of MCE, which are speculated to result in increased
accessibility of key DNA regulatory regions, have already
taken place in vivo (32). This may be the case for ScAP-23.
Future studies can address in detail the temporal relationships
between growth arrest and differentiation in this cell line.

Our analysis to date of gene expression in ScAP-23 and
3T3-L1 adipogenesis has allowed us to identify similarities and
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distinctions at the preadipocyte and adipocyte stage, and future
work can further define gene expression profiles of SCAP-23
preadipocytes and adipocytes. As such, our gene expression
studies suggest the possibility of key distinctions in the mo-
lecular gene expression and differentiation machinery present
in 3T3-L1 vs. ScAP-23 adipogenesis. It is not yet clear to what
extent these molecular distinctions may reflect the different
tissue origin of these two cells lines. It would also be of interest
to determine to what degree the SCAP-23 model is reflective of
adipogenesis that is specific to the subcutaneous WAT depot.
Various studies in humans and rodents have illuminated dis-
tinctions in the physiology of adipocytes among the different
WAT depots (5). In addition, preadipocytes from the individual
WAT depots show depot-dependent characteristics (2, 26, 27,
34,47,59-61, 73,76, 104, 106, 107, 115). These distinctions,
and their molecular underpinnings, are gaining in importance
with the realization that it is the anatomic location of excess
adipose tissue that underlies the detrimental health impact of
obesity (62). In vitro studies of subcutaneous and intra-abdom-
inal preadipocytes have indicated regional variations in the
capacity of precursors for replication (26, 59, 115), preadipo-
cyte number (61), adipogenic differentiation (2, 27, 47, 59,
104), and susceptibility to apoptosis (107). Depot-dependent
distinctions in expression level of select adipocyte differenti-
ation marker genes have been identified (60, 68, 73, 76, 104).
Moreover, recent application of DNA chip microarray technol-
ogy has determined the transcriptional profiles of preadipo-
cytes and adipocytes from distinct WAT depots and in cultures
derived thereof (34, 106). These studies have uncovered the
depot-dependent differential gene expression of Hox family
genes and others with known roles in patterning and develop-
ment (34, 106), as well as others. Interestingly, fat depot-
specific cellular and gene expression characteristics are re-
tained after culturing of primary preadipocytes and in cell
strains obtained from single human preadipocytes (34, 104—
106). Such observations led to the conclusions that aspects of
depot-related preadipocyte gene expression are of an inherent
and apparently cell-autonomous nature (34, 106). Overall,
these recent studies have highlighted the fact that different
WAT adipose depots should likely be regarded as distinct
miniorgans (15). White preadipocytes/adipocytes also exist
outside of discrete WAT depots, such as in bone marrow (35,
37, 66) and intramuscular (33), orbital (93), perivasculature
(121), and epicardial (52) locations. It might be presumed that
these cells may possess inherent distinctions and also share
commonalities of function and gene expression that define each
as fundamentally preadipocyte in nature. Thus it appears
that, with regard to the molecular and cellular definition of
the preadipocyte, the effects of adipose depot, as well as the
in vivo vs. in vitro setting, come into play. The continuing
analysis of SCAP-23 as well as other existing models, including
newly emerging models derived from individual fat depots,
should allow additional key insights into fundamental and
depot-dependent aspects of preadipocyte biology.
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