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ABSTRACT

Background: Recent development of obesity
involves promotion of preadipocyte differrentia-
tion. This study investigated the role that sphin-
gosine kinases (SPHK) and ceramide-derived
sphingosine 1-phosphate (S1P) play in adipo-
cyte terminal differentiation. Materials and Me-
thods: The mouse 3T3-L1 cell line was used as a
model for adipogenesis. Cells were harvested at
specific time points after initation of differentia-
tion, and SPHK activity was measured. 3T3-L1
cells were treated with S1P and expression of
early adipogenesis transcription markers was
measured by real time PCR. The expression of
S1P-receptors (S1PRs) during differentiation
was measured. Results: SPHK activity is indu-
ced when 3T3-L1 cells are treated with insulin,
dexamethasone, and isobutylmethylxanthine to
induce differentiation. SPHK1 is active in prea-
dipocytes and early in the differentiation proc-
ess. Both SPHK1 and SPHK2 isozymes contrib-
ute to activity in differentiated adipocytes. Inhi-
bition of SPHK1 attenuates adipocyte differen-
tiation; however, extracellular S1P does not re-
scue the effect of SPHK1 inhibition on adipo-
genesis. Although treatment of preadipocytes
with S1P induced message expression of the
early adipogenesis transcription factor CC AAT/
binding protein-alpha, continued treatment did
not fully support the development of differenti-
ated adipocytes. Sphingosine 1-phosphate re-
ceptors (S1PRs) are expressed in preadipo-
cytes and message expression declines mark-
edly during adipocyte differentiation. Conclu-
sion: These results demonstrate that the con-
tribution of SPHK and S1P to adipogenesis is
mediated primarily through biphasic activation
of SPHK1 and 2 with extracellular S1P and
S1PRs playing little role during preadipocyte
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differentiation.
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1. INTRODUCTION

Adipogenesis involves the activation of a complex se-
ries of transcriptional pathways which induce the ex-
pression of proteins required for the development of
lipid-laden adipocytes [1]. Differentiation is initiated
when preadipocytes undergo growth arrest followed by
mitotic clonal expansion, and then entry into the terminal
differentiation pathway. Two transcription factors which
play a predominant role in adipogenesis are CCAAT/
enhancer-binding protein-a (CEBP-a) and peroxisome
proliferator-activated receptor-y (PPAR-y) [2]. The mou-
se 3T3-L1 cell line serves as a model for adipogenesis
and is used as a system to identify additional signaling
molecules that contribute to the terminal differentiation
process.

Sphingosine 1-phosphate (SIP) is a novel bioactive
phospholipid which has been demonstrated to participate
in a wide array of cellular processes. S1P serves dual
roles both as an intracellular signaling molecule and as
an extracellular ligand for G protein-coupled S1P recap-
tors (SIPR.s) [3]. These cell surface receptors are ubiq-
uitously, yet differentially, expressed in tissues, and they
mediate diverse signal transduction pathways eliciting
responses specific to the cell type [4,5]. SIP acting
through plasma membrane S1PRs has been demonstrated
to play a role in cell differentiation, modulating angio-
genesis [6], promoting embryonic stem cell transition to
cardiomyocytes [7], and inducing development of mast
cells from hematopoietic precursors [8]. Intracellular S1P
regulates calcium release [9] and serves as a second
messenger promoting cell proliferation in opposition to
apoptosis [10]. Finally, intranuclear S1P has been dem-
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onstrated to alter histone acetylation, a major epigenetic
factor in chromatin remodeling and gene expression [11].

Sphingosine kinases (SPHK) are responsible for S1P
biosynthesis from sphingosine [12]. Two SPHK isoforms
have been identified [12-14]. SPHK1 has been described
primarily in growth-promoting and anti-apoptotic activi-
ties, while SPHK?2 is reported to be involved in apoptosis
induction and inhibition of DNA synthesis/cell growth
[11,15,16]. Knockout studies in mice suggest that SPHK1
and SPHK2 have redundant functions since deletion of
either isozyme alone does not have a specific phenotype,
whereas deletion of both genes results in defects in neu-
rogenesis and vascular development with embryonic
lethality [17]. Both isoforms are expressed in adipocytes
and at least one isoform (SPHK1) participates in adipo-
genesis [18].

Differentiated rat adipocytes express S1PR;; and
S1PR;s [19]. G-protein coupled signal transduction path-
ways attributed to the receptors include inhibition of
adenylyl cyclase (S1PR;), activation of phospholipase C
(S1PR3), and upregulation of mitogen activated protein
kinase and c-Jun N-terminal kinase activities (S1PR,.5)
(reviewed in [20]). Extracellular application of SIP to rat
adipocytes elicits increases in intracellular calcium and
inositol-1,4,5-trisphosphate (IP3) and cAMP generation
that is dependent on S1PR activation. In addition, S1P
inhibits insulin-induced leptin production and activates
lipolysis in a cAMP-dependent manner [19]. The specific
S1PRs which mediate these activities have not been de-
lineated. While it has been reported that intracellular S1P
levels increase during adipocyte differentiation, and
knockdown of SPHKI1 partially blocks accumulation of
lipid within 3T3-L1 cells, the mechanism by which S1P
participates in adipocyte differentiation is not clear [18].
In this study, the 3T3-L1 cell model is used to study the
participation of S1P in adipocyte differentiation. While
SPHK enzyme activity increases robustly early in the
process of adipocyte differentiation, expression of three
S1PRs decreases, and treatment of preadipocytes with
S1P only partially supports adipogenesis. The results of
this study indicate that participation of SIP in adipocyte
differentiation is biphasic, with intracellular S1P gene-
ration necessary and sufficient for adipogenesis.

2. MATERIALS AND METHODS
2.1. Materials

S1P and sphingosine were from Biomol Research
Laboratory Inc. (Plymouth Meeting, PA). [**y]Adenosine
triphosphate (ATP) (3000 Ci/mmol) and [**P]-ortho-
phosphate (8500 - 9120 Ci/mmol) were from Perkin
Elmer (Boston, MA). Fetal bovine serum (FBS) was
from PAA Laboratories (Bedford, MA), and fetal calf
serum (FCS) from ATCC (Manassas, VA). Culture media
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and molecular boilogy reagents were from Invitrogen
(Grand Island, NY). SPHK1 and SPHK2 antibodies were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
SPHK-12 was from Cayman Chemicals (Ann Arbor, MI).
Other reagents were from Sigma Chemical Co. (St. Louis,
MO).

2.2. Cell Culture

Mouse 3T3-L1 cells were obtained from ATCC (Ma-
nassas, VA). Fibroblasts were maintained in DMEM con-
taining 4.5 g/L D-glucose, 1.5 g/LL NaHCO;, 110 mg/L
sodium pyruvate, 100 U/L penicillin, 0.1 mg/L stre-
ptomycin, and 10% FCS (growth media) at 37°C, 5%
CO, environment. When cells reached confluence, media
was changed to include 10% FBS instead of FCS for 24
hours. Differentiation was induced (Day 0) by addition
of media supplemented with 10% FBS, isobutylmethylx-
anthine (IBMX), dexamethasone, and insulin (0.1 mM, 1
pM, and 1 pg/ml). After 72 hours, induction media was
removed and replaced with media containing 10% FBS
and 1 pg/ml insulin. Media was changed every 2 - 3 days.
To assess whether S1P could support adipocyte differen-
tiation, 3T3-L1 preadipocyte cultures were maintained in
DMEM + 10% FBS lacking IBMX, dexamethasone, and
insulin with or without S1P (1 uM). Media was changed
as above with re-addition of SI1P at each media change.
Cells were harvested as indicated.

2.3. In Vitro Assay of Sphingosine Kinase
Activity

Cells (10 x 30 mm dish) were harvested at times indi-
cated in the text. Harvested cells were lysed by free-
ze-thawing in SPHK buffer [21]. Lysates were centri-
fuged at 15,000 x g for 20 min at 4°C, and the protein
concentration of the supernatant fraction was determined.
SPHK activity assays included (unless otherwise indi-
cated): 40 - 80 ug protein/reaction, 50 uM sphingosine
complexed with FAF-BSA (4 mg/ml suspension), and
[**P]-ATP (2.5 pCi, 1 mM) containing MgCl, (10 mM)
[12]. Reaction linearity was determined in preliminary
assays. Biochemical characterization of SPHK isozyme
activities was determined in the presence of 400 mM
potassium chloride (KCI) or 1% Triton X-100 (TX-100),
as described previously [13]. Labeled S1P was extracted
[21] and separated by thin-layer chromatography (TLC)
on heat-activated silica gel G plates using a solvent sys-
tem containing 1-butanol/methanol/acetic acid/water (80/
20/10/20, v/v). [**P]S1P was quantitated and SPHK ac-
tivity was expressed as picomoles of S1P formed/min/
mg of total protein [22].

2.4. Immunoblot Analysis

Cells were harvested in total protein lysis buffer con-
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taining 50 mM HEPES, pH 7.5, 150 mM NacCl, 10 mM
EDTA, pH 7.4, 1 mM PMSF, 10 pg/ml aprotinin, and 1%
TX-100. Equal amounts of whole-cell lysate were re-
solved by SDS-PAGE (12.5% gel) and transferred to
PVDF membrane. Membranes were blocked using Tris-
buffered saline with Tween 20 (150 mM NaCl, 10 mM
Tris-HCI, pH 8.0, and 0.05% Tween (TBST) containing
5% milk for 1 hour, and then incubated 2 hours at room
temperature with the indicated SPHK antibodies (1:200
dilution). After washing three times with TBST, the
membranes were probed with donkey a-goat horseradish
peroxidase-conjugated secondary antibody to detect bands
via WestPico chemiluminescence reagent (Pierce Bio-
technology, Rockford, IL).

2.5. Oil Red O Staining

3T3-L1 cells were differentiated in the presence of
SPHK-I2 inhibitor (0.5 - 10 uM) with or without S1P (1
or 10 uM). Inhibitor and S1P were re-added to the cell
cultures at each media change. Adipocytes were washed
with PBS and then fixed with 3.8% formaldehyde for 1
hour. Cells were then washed and stained with Oil Red O
(3 mg/ml) and isopropyl alcohol in water (60/40, v/v) for
30 minutes. To assess the degree of differentiation, stai-
ned cells were then washed 4x with water, and Oil Red O
extracted with isopropyl alcohol. The resultant staining
was quantified by measuring ODsgg,. Un-differentiated
3T3-L1 preadipocytes cultured in DMEM + 10% FBS
for 15 days were stained and served as background con-
trol.

2.6. mRNA Quantitation

3T3-L1 cells were treated with S1P (1 uM) in the pre-
sence or absence of differentiation media. Levels of
CEBP-a, adipocyte complement-related protein of 30
kDa (Acrp30) and glucose transporter type 4 (GLUT4)
mRNA were determined by real-time QPCR [23]. Adi-
pocyte RNA was extracted following treatment, as de-
scribed previously [24]. QPCR was carried out using
using 1 pg of total RNA with primers to CEBP-a: sense,
5’-TGGACAAGAACAGCAACGAG-3’; antisense, 5’-
CCTTGACCAAGGAGCTCTCA-3" (225 bp), Acrp-30:
sense, 5’-GTTGCAAGCTCTCCTGTTCC-3’; antisense,

5S’TCTCCAGGAGTGCCATCTCT-3’ (192 bp), and GLUT-4:

sense, S’TTCCTTCTATTTGCCGTCCTC-3’; antisense,
5’TGGCCCTAAGTATTCAAGTTCTG-3" (168 bp). To
measure SIPR mRNA during adipogenesis, QPCR was
carried out using 1 pug of RNA harvested from cells at
indicated time with primers to S1PR;: sense, 5’-AAGT-
CTCTGGCCTTGCTGAA-3’; antisense, 5’-GATGATG-
GGGTTGGTACCTG-3’ (183 bp), S1PR;: sense, 5’-C-
CTCATCACCACCATCCTCT-3’; antisense, 5’-CCTC-
ATCACCACCATCCTCT-3’ (227 bp), SIPR;: sense, 5’-
TCTCAGGGCATGTCACTCTG-3’; antisense, 5’-CA-
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GCTTTTGTCACTGCCGTA-3’ (163 bp). QPCR was ca-
rried out with the iQ SYBR Green Supermix. Reaction
conditions were: initial denaturation at 95°C for 3 min.
followed by 50 cycles of 95°C for 10 sec and 61°C for 30
seconds. Specificity of the reaction was verified by melt
curve analysis. In each reaction, gene expression was
normalized to 18S rRNA level and calculated using the
274€T method. Expression of each adipocyte differentia-
tion gene at day O (undifferentiated) served as the con-
trol.

2.7. Statistical Analysis

Values are means + SE. Significant differences be-
tween treatment groups were determine by Student’s #
test (paired) or one-way ANOVA with post hoc analysis
using the Student-Newman-Keuls multiple comparison
test. For data expressed as percent of basal or fold in-
crease in expression, two-tailed, one-sample hypothesis
test was used. QPCR expression data for adipogenesis
genes was log transformed to address variability in ab-
solute fold expression between experiments. Values of P
< 0.05 were accepted as significant. Data analysis was
performed using Statmost 32 (Dataxiom Software, CA).

3. RESULTS

3.1. SPHK Activity Increases during
Adipogenesis

3T3-L1 cells were differentiated and cytosolic SPHK
activity was measured at various time points after initia-
tion of differentiation. SPHK activity was detectable in
undifferentiated cells and increased early in the differen-
tiation process, with maximal activity at day 6 post-dif-
ferentiation (Figure 1(a)). The level of SPHK activity
declined in a time-dependent manner after day 6; how-
ever, in fully differentiated adipocytes (day 15) SPHK
activity remained elevated by approximately 2-fold com-
pared to undifferentiated cells (Figure 1(b)).

SPHK activity did not correlate directly with SPHK
isoform protein levels. For SPHK1 protein, although
there were modest but significant increases in protein
expression as early as day 6 post-differentiation, there
were continued increases in protein levels on days 9 and
12, and maximal expression identified by day 15 with an
approximately 7-fold change in SPHK1 compared to
undifferentiated cells (Figure 2(a)). In contrast, SPHK2
protein increased maximally at day 6 post-differentiation
and remained stable throughout the differentiation proc-
ess (Figure 2(b)).

3.2. SPHK Isozyme Characterization during
Adipocyte Differentiation

The contribution of isozymes SPHK1 and SPHK?2 to

OPEN ACCESS



L. D. Mastrandrea / Journal of Diabetes Mellitus 3 (2013) 52-61 55

Days, Post Differentiation
0 3 6 9 12 15

(2)
*

|+

-
o
]
*

-
N
1

SPHK Activity
pmole S1P/min/mg
(-]
1

=Y
1

1511151 13(] 11{] 13]] 15
0 3 6 9 12 15

Days, Post Differentiation
(b)

Figure 1. SPHK activity is induced during adi-
poctye differentiation. 3T3-L1 cells 2 days post-
confluence were induced to differentiate for three
days, followed by culture in media containing 1
pg/ml insulin for up to 15 days. Undifferentiated
(Day 0) or differentiated cells were harvested as
indicated. Cell cytosolic fractions (60 pg) were
analyzed for SPHK activity in the presence of
sphingosine (50 pM)/FAF-BSA (4 mg/ml) com-
plex. (a) Representative phosphoimage of SI1P
produced, extracted, and isolated by thin-layer
chromatography. (b) SPHK activity is expressed
as pmole S1P/mg/min and values are mean + SE
for the number of experiments shown at the base
of each bar. “p < 0.01 vs. day 0 for all samples. P
values determined by one-way ANOVA and mul-
tiple comparison test.

total SPHK activity in differentiating adipocytes was
determined by comparison of their activities in the pres-
ence of high salt (KCl) and detergent (TX-100) [13].
SPHK1 activity is inhibited by high salt and activated by

TX-100, whereas SPHK?2 behaves in a reciprocal manner.

SPHK activity in preadipocytes was low and was acti-
vated by TX-100 indicating that SPHK1 activity pre-
dominates in preadipocytes (Figure 3). During the early
phase of preadipocyte differentiation, total SPHK activi-
ty increases by approximately 4-fold on day 3 (Figures 1
and 3). However, neither KCI nor TX-100 treatment re-
sulted in complete inhibition of SPHK activity (Figure
3), suggesting that both isozymes contribute to S1P pro-
duction during adipogenesis. On the other hand, a sig-
nificant 1.9-fold activation by TX-100 compared to the
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Figure 2. SPHK protein level expression does
not correlate with activity during adipocyte dif-
ferentiation. 3T3-L1 cells were induced to dif-
ferentiate and cells were harvested on indicated
days post-differentiation. Total protein extract
(40 pg) was subjected to immunoblot analysis
with either (a) SPHK1 or (b) SPHK2 specific
antibodies. Representative immunoblots are
shown. Quantitative analysis of the Western
blots for 8-10 individual experiments showed
that (a) SPHK1 levels and (b) SPHK2 levels
increased following differentiation. “p < 0.05;
“p <0.01; ~p < 0.005 vs. day 0 (preadipocytes)
as determined by one-way ANOVA and multi-
ple comparison test.

total activity on day 3 suggests that SPHK1 predomi-
nates at this stage. SPHK activity in fully differentiated
adipocytes (day 15) was neither significantly inhibited
nor activated in response to treatment with KCl or TX-
100.

To further address the contribution that SPHK plays in
adipocyte differentiation, 3T3-L1 cells were treated with
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Figure 3. SPHK1 and SPHK2 isozymes are ac-
tive during adipocyte differentiation. 3T3-L1
cells were induced to differentiate and cells were
harvested on day 0, 3, and 15 post-differentiation.
SPHK activity was determined in cytosolic fra-
ction (60 pg) in the absence or presence of 0.4 M
KCl and 1% Triton X-100 (TX-100), as indicated.
Values are means + SE for 7 independent expe-
riments. P values were determined by one-way
ANOVA with multiple comparison test. “p < 0.05
vs. corresponding day total SPHK activity.

the SPHK1 specific inhibitor SPHK-I2 from the onset of
differentiation. SPHK-12 (10 puM) partially inhibited
adipocyte differentiation as measured by the accumula-
tion of lipid measured by Oil Red O staining on day 15
(Figure 4).

3.3. Effect of Extracellular S1P and SPHK1
Inhibition on Adipocyte Differentiation

In order to determine whether extracellular S1P af-
fected adipogenesis or could rescue the partial block of
adipocyte differentiation by biochemical inhibition of
SPHK1, 3T3-L1 cells were differentiated for 15 days in
the presence of SPHK-12 (10 puM) with or without ex-
ogenous S1P. While undifferentiated preadipocytes had a
low level of Oil Red O staining, treatment with SI1P did
induce an approximately 2-fold increase in lipid accu-
mulation (Figure 5(a)). In the presence of differentiation
media, cells had a 5-fold increase in Oil Red O staining
vs. undifferentiated cells. However, the addition of S1P
with differentiation media to cells significantly reduced
Oil Red O staining by about 25% vs. cells treated with
differentiation media only (Figure 5(a)). Co-culture of
differentiating adipocytes with SPHK-I2 significantly
inhibited lipid accumulation in the cells vs. cells treated
with differentiation media only (Figure 5(b)). Treatment
of cells with S1P (1 uM or 10 uM) did not compensate
for the inhibition of SPHK1 and SIP biosynthesis by
SPHK-12, and lipid levels remained significantly lower
than differentiated control cells (Figure 5(b)).
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Figure 4. Pharmacologic inhibition of SPHK1
blocks lipid accumulation in adipocytes. 3T3-
L1 cells were induced to differentiate in the
presence of DMSO (vehicle control) or SPHK1
specific inhibitor SPHK-I2 at concentrations
0.5 - 10 uM. Media was changed every 2 - 3
days, and inhibitor was included throughout the
entire differentiation period. On day 15, cells
were subjected to Oil Red O staining. (a) Rep-
resentative photograph of stained adipocytes
differentiated in the presence or absence of
SPHK-I2. (b) The degree of Oil Red O staining
was expressed as a percent of the Asgpny, com-
pared to the vehicle-treated cells. Values are
means = SE for 3 independent experiments. P
value was determined by two-tailed, one-sam-
ple hypothesis test. 'p < 0.05 vs. vehicle-
treated adipocytes.

3.4. Extracellular S1P Effects on Early
Adipocyte Differentiation Markers

Since treatment of preadipocytes with S1P resulted in
significant accumulation of lipid compared to untreated
preadipocytes (Figure 5(a)), SIP might serve as an early
differentiation stimulus. Expression of CEBPa mRNA,
an early indicator of commitment to adipogenesis [25],
as well as expression of downstream adipocyte specific
genes, Acrp30 and GLUT4, increased significantly in a
time-dependent manner from days 3 tol5 in 3T3-L1 cells
cultured in differentiation media (Figure 6(a)). To ad-
dress whether early adipogenesis activators are ex-
pressed in response to extracellular S1P, preadipocytes
were treated with S1P (1 uM) in the absence of different-
tiation media for up to 15 days. Cells treated with S1P
demonstrated an increase in CEBPa message expression
by day 15 of the differentiation process compared to un-
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Oil Red O Staining
(% Undifferentiated)

Figure 5. S1P does not fully support adipo-
cyte differentiation. 3T3-L1 cells were in-
duced to differentiate in the presence of
DMSO (vehicle control), SPHK-12 (10 uM),
with (+) or without (—) the addition of S1P (1
or 10 pM). Control cells were treated with
DMEM + 10% FBS lacking differentiation
cocktail. Media was changed every 2 - 3 days,
and cells were retreated with inhibitor and
S1P throughout the entire experiment. Cells
were subjected to Oil Red O staining. (a) Oil
Red O staining expressed as a percent of
Asoonm compared to undifferentiated cells cul-
tured in DMEM + 10% FBS. Values are
means + SE for 6 independent experiments. (b)
Oil Red O staining expressed as a percent of
Asponm compared to differentiated cells not
treated with either S1P or SPHK-I2. Values
are means £ SE for 4 independent experi-
ments. P value was determined by two-tailed,
one-sample hypothesis test. p < 0.05, "p <
0.025, p<0.01.

treated cells (Figure 6(b)). While Acrp30 and GLUT4
mRNA levels did increase (Acrp30, 437 fold + 357 fold;
p < 0.025; GLUT4, 293 fold + 187 fold; p < 0.0.08) in
day 15 cells treated with S1P compared to undifferenti-
ated (day 0) cells, the increase was not statistically sig-
nificant compared to cells cultured for 15 days in the
absence of S1P (data not shown).
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Figure 6. Prolonged culture of 3T3-L1 cells with
S1P increases CEBPa mRNA expression. 3T3-L1
were induced to differentiate or were cultured in
DMEM + 10% FBS with (+) or without (—) the
addition of S1P (1 pM). Cells were harvested on
days (D) 0, 3 or 15, and mRNA expression of
CEBPa, Acrp30, and GLUT 4 relative to 18S
rRNA were determined by qPCR. (a) mRNA ex-
pression in differenti- ated 3T3-L1 cells. (b)
CEBPa m RNA expression in 3T3-L1 cells
treated with S1P in the absence of differentiation
media. Fold increase values over day 0 cells were
log transformed and means + SE were calculated
for 4 - 7 ex- periments. P values were determined
by two- tailed, one-sample hypothesis test (vs.
DO0) or two-tailed, two-sample hypothesis test
(D3 vs. D15). "p < 0.05, “p < 0.025, “p < 0.005,
“p <0.0005.

3.5. S1PR Expression during Adipocyte
Differentiation

S1PRs are expressed in both primary rat preadipocytes
and adipocytes [19], however, the expression pattern of
S1PRs in the 3T3-L1 model has not been examined. One
explanation for the observation that extracellular S1P
does not fully support adipogenesis is that expression of
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S1PRs in the undifferentiated state is low, thereby limit-
ing S1P-mediated signaling events. Gene expression for
three SIPRs—S1PR,;, S1PR;, and S1PR,—was mea-

sured during the differentiation process by real-time PCR.

For all three receptors, mRNA levels were highest in the
preadipocytes and declined significantly in a time-depen-
dent manner during the 15 days of differentiation (Fig-
ure 7). Message expression during differentiation de-
clined by 50% or more at day 3 for all SIPRs analyzed.
By day 15, all three SIPR mRNA levels were markedly
reduced, with SIPR; mRNA levels as low as 12 + 1.4%
of preadipocyte levels.

4. DISCUSSION

S1P acts both as an extracellular receptor ligand and
intracellular signaling molecule in multiple cell types. A
physiologic role for S1P has been demonstrated in ma-
ture adipocytes where it signals through S1P-receptors to
stimulate lipolysis and modulate leptin secretion [19]. In
addition, SPHK isoforms play a role in adipocyte differ-
entiation [18]. The present study demonstrates that
SPHK activity increases rapidly and remains elevated in
3T3-L1 cells undergoing terminal differentiation. Total
SPHK activity in differentiating adipocytes increased by
6-fold at day 3 and 2-fold at day 15 compared to undif-
ferentiated cells. However, the rapid increase in SPHK
activity did not correlate directly with accumulation of
SPHK isoform expression. The peak protein levels oc-
curred later than peak enzyme activities and were evident
at day 15 for SPHK1 and at day 6 for SPHK2. The early
increase in SPHK activity confirms the observations of
Hashimoto et al. [18] in which intracellular S1P levels
increased approximately 3-fold by day 3 post-differen-
tiation, preceding increases in SPHK message and pro-
tein. These results indicate that activation of endogenous
enzyme is a more important contributor than new en-
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Figure 7. SIP receptor expression declines during adipocyte di-
fferentiation: 3T3-L1 cells were induced to differentiate. Cells
were harvested at day 0 (preadipocytes), and day 3 and day 15
after initiation of differentiation. Adipocyte levels of SIPR
mRNA relative to 18S rRNA for SIPR;, SIPR;, and SIPR,,
were determined. Data is expressed as percent of day 0 expres-
sion and values are means + SE for 7 independent experiments.
P value was determined by two-tailed, one-sample hypothesis
test. ~p < 0.025, "p < 0.001, “"p < 0.0025.
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zyme biosynthesis in the early/acute induction of SPHK
during adipocyte differentiation. The question of what
mediates the activation of SPHK during adipogenesis
points to a likely involvement of cAMP in the process.
Intracellular cAMP activates SPHK in osteoblast cells
[26]. One of the earliest regulators of adipocyte different-
tiation are the CEBPs [25]. The expression of these tran-
scriptional activators is at least partially mediated by
cAMP [27], which increases in preadipocytes treated
with differentiation cocktail containing the phosphor-
diesterase inhibitor IBMX. Treatment of rat adipocytes
with S1P (30 uM) also increases cAMP production via
S1PR mediated signaling [19], and in the present study,
extracellular S1P partially supported adipocyte differen-
tiation. Another regulatory pathway involves protein ki-
nase C (PKC), since phorbol esters induce phosphoryla-
tion of SPHK1 [28] through activation of PKC and ex-
tracellular signal-regulated kinase 1/2 (ERK)-mediated
phosphorylation [29]. Transient activation of the ERK
pathway promotes the early stages of adipocyte differen-
tiation [30]. Thus, both cAMP and the ERK pathway
may contribute to the increase in SPHK activity seen
with initiation of adipogenesis.

While activation of endogenous enzyme likely repre-
sents the mechanism by which S1P levels rise early in
the adipocyte differentiation process, SPHK message and
protein accumulate during the differentiation process as
well [18]. SPHK activity is regulated both acutely and
chronically. Agents which have been demonstrated in-
duce acute activation of SPHK include cytokines, glu-
cose, phorbol esters, and G-protein coupled receptor li-
gands [22,31-33]. Chronic regulation of SPHK at the
level of both transcription and translation has also been
demonstrated. Transcriptional regulation of human
SPHK1 by phorbol 12-myristate 13-acetate (PMA) in the
human leukemia cell line MEG-O1 maps to the 5 pro-
moter region just upstream of the first exon [34]. Pro-
moter mapping identified sequence containing a candi-
date activator protein-2 (AP-2) site that is essential for
PMA regulation of hSPHK1. AP-2 is induced by both
PMA and cAMP participating in the activation of PMA-
and cAMP-inducible genes [35]. In dopaminergic neu-
ronal cells, neurotrophic factors increase SPHK1 tran-
scription through CEBPs [36]. Initiation of adipocyte
differentiation is dependent on accumulation of cAMP;
thus, the activtion of SPHK during adipogenesis at the
transcriptional level may be mediated by a similar tran-
scriptional regulatory element. In addition, computer
analysis using the TFSEARCH program
(http://www.cbre.fp/research/db/TFSEARCH.html)  re-
veals a putative CEBPa transcription factor binding site
upstream of the murine SPHK1 transcription start site
that may be involved in the chronic regulation of SPHK1
message and protein during differentiation.
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Several SPHKs have been reported for species includ-
ing human, rat, mouse, yeast, and plants [14]. The con-
tribution of individual SPHK isoforms to cellular func-
tion appears to be at least partially redundant as evi-
denced by the fact that specific phenotypes are demon-
strated only when both SPHK isoforms are deleted [17].
In the present study, Western blot analysis of cytosolic
lysates demonstrated that both SPHK1 and SPHK2 pro-
tein are induced in differentiating adipocytes. SPHK2
increased maximally early in the differentiation process,
whereas SPHK1 increased more gradually with a maxi-
mum by 15 days. Such differences may be due to transla-
tion rates of the different genes, or to half-lives of the
proteins themselves. We have previously demonstrated in
insulinoma cells that the both SPHK isoforms are very
stable, suggesting that upregulation of translation is the
predominant mechanism for enzyme accumulation dur-
ing adipocyte differentiation [33]. Moreover, since nei-
ther KCI nor TX-100 completely inhibited SPHK activity,
both isozymes contribute to the total SPHK activity in
preadipocytes and during adipocyte differentiation.
SPHK activity was significantly activated by TX-100,
which has been demonstrated to stimulate SPHK1 activ-
ity in cellular lysates. These results suggest that both
SPHK1 and SPHK2 are expressed and active during
adipocyte differentiation, with SPHK1 contributing more
significantly to overall activity early in the differentiation
process. The data also show that SPHK activity is inac-
tivated or desensitized at the terminal stage of differen-
tiation, even though SPHK1 and 2 protein levels are sig-
nificantly elevated.

The observation that SPHK1 isozyme contributes sig-
nificantly to the overall activity induced early in the dif-
ferentiation process is confirmed by treatment with a
specific pharmacologic SPHK 1 inhibitor, SPHK-12, whi-
ch resulted in a partial inhibition of adipogenesis, mir-
roring inhibition of adipogenesis via genetic down-re-
gulation of SPHK1 activity [18]. In human cancer cell
lines overexpressing SPHK1, SPHK-I2 inhibits prolif-
eration at lower concentrations than used in this study
(ICso 1 - 4.6 uM) [37]. However, the finding that differ-
entiation was not completely inhibited by a SPHK1 in-
hibitor supports previous evidence that SPHK?2 can par-
tially compensate for SPHK1 activity during develop-
ment and differentiation [17]. Alternatively, while ex-
tracellular S1P did not restore adipogenesis in the face of
SPHK1 inhibition by SPHK-12, SIP in this compartment
may initiate adipogenesis.

The process of adipocyte differentiation is character-
ized by growth arrest, synchronous mitotic clonal expan-
sion, followed by terminal differentiation [1]. Stimula-
tion of adipogenesis leads to increases in intracellular
S1P production, correlating with SPHK activation (Fig-
ure 1). However, it is not clear whether S1P participates
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in adipocyte differentiation via intracellular or extracel-
lular signaling events. Extracellular S1P-mediated signal
transduction occurs through the family of SIPRs which
participate in cell growth, differentiation, and protection
from apoptosis. Treatment of preadipocytes with mi-
cromolar concentrations of S1P leads to cAMP genera-
tion [19], an essential step in the promotion of adipo-
genesis. In this study, we tested whether extracellular
S1P was sufficient to support adipogenesis. Although
treatment of preadipocytes with S1P did result in a
two-fold increase in lipid accumulation, overall, the de-
gree of differentiation was significantly less than that
with standard differentiation media. In fact, co-treatment
of preadipocytes with DM and SIP attenuated lipid ac-
cumulation. In addition, while culture of preadipoctyes
with S1P alone resulted in accumulation of CEBPa
mRNA, the degree (~30% stimulation) and time-course
of activation (as late as day 15) were significantly lower
and later than that seen with differentiation media. S1P
did promote adipogenesis as evidenced by Oil Red O
staining, although the magnitude of the response was
about half that of differentiation media alone. The failure
of extracellular S1P to fully support adipogenesis may be
in part explained by S1PR expression. Although expres-
sion of SIPR;.; mRNA is actually highest in undifferen-
tiated cells, the mRNA levels of each receptor precipi-
tously decline throughout the course of differentiation. If
receptor protein parallels the mRNA expression levels,
then S1P signal transduction could be severely impacted
as differentiation proceeds. Alternatively, since SIP has
growth-promoting effects, treatment of preadipocytes
with S1P may interfere with the ability of the cells to
undergo growth arrest, which is essential for commit-
ment to adipocyte differentiation.

In summary, the evidence strongly suggests that intra-
cellular SPHK activity and S1P are important contribu-
tors to adipogenesis. SPHK is active in differentiating
adipocytes, with enzyme activation preceding changes in
protein levels. Both SPHK1 and 2 are expressed, and
enzyme activity is modulated during initiation of differ-
entiation. Moreover, pharmacologic inhibition of SPHK1
negatively impacts adipogenesis. However, the evidence
argues against a major role for extracellular S1P in mo-
dulating adipogenesis. Treatment of preadipocytes with
extracellular S1P induced a modest accumulation of lipid
that was not additive with and even reduced the effec-
tiveness of differentiation media. Moreover, the sphingo-
lipid did not rescue adipogenesis from the inhibition of
SPHK1 by SPHK-I2. Rapid declines in SIPR message
during differentiation may explain why S1P does not
fully support adipogenesis. Alternatively, the loss of
these receptors may represent a biologic transition from a
rapidly dividing cell line to a growth arrested lineage
capable of differentiating.
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