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Abstract

Ca?* plays a complex role in the differentiation of committed pre-adipocytes into mature, fat laden
adipocytes. Stim1 is a single pass transmembrane protein that has an essential role in regulating
the influx of Ca2* ions through specific plasma membrane store-operated Ca2* channels. Stim1 is
a sensor of endoplasmic reticulum Ca2* store content and when these stores are depleted ER-
localized Stim1 interacts with molecular components of store-operated Ca2* channels in the
plasma membrane to activate these channels and induce Ca2* influx. To investigate the potential
role of Stim1 in Ca2*-mediated adipogenesis, we investigated the expression of Stim1 during
adipocyte differentiation and the effects of altering Stim1 expression on the differentiation
process. Western blotting revealed that Stim1 was expressed at low levels in 3T3-L1 pre-
adipocytes and was upregulated 4 days following induction of differentiation. However,
overexpression of Stim1 potently inhibited their ability to differentiate and accumulate lipid, and
reduced the expression of C/EBP alpha and adiponectin. Stim1-mediated differentiation was
shown to be dependent on store-operated Ca2* entry, which was increased upon overexpression of
Stim1. Overexpression of Stim1 did not disrupt cell proliferation, mitotic clonal expansion or
subsequent growth arrest. siRNA-mediated knockdown of endogenous Stim1 had the opposite
effect, with increased 3T3-L1 differentiation and increased expression of C/EBP alpha and
adiponectin. We thus demonstrate for the first time the presence of store-operated Ca2* entry in
3T3-L1 adipocytes, and that Stim1-mediated Ca2* entry negatively regulates adipocyte
differentiation. We suggest that increased expression of Stim1 during 3T3-L1 differentiation may
act, through its ability to modify the level of Ca2* influx through store-operated channels, to
balance the level of differentiation in these cells /n vitro.
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1. Introduction

Adipocytes play a fundamental role in the maintenance of energy balance in mammals and,
via the secretion of a diverse variety of hormones and peptides, also play a critical role in
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such diverse processes as hematopoiesis, vascular remodeling, insulin sensitivity and the
immune response (Morrison and Farmer, 1999). Excess accumulation of triglycerides in
obesity hampers normal adipocyte function and results in a significant risk in the
development of metabolic disorders (Pi-Sunyer, 1993). In many models of obesity, de novo
adipocyte differentiation contributes to an increased total number of adipocytes and
increased adipose stores (Hirsch and Batchelor, 1976). Understanding the molecular
mechanisms regulating adipocyte differentiation has thus been the subject of intense
investigation. An increase in intracellular Ca2* concentration ([Ca2*];) in adipocytes often
accompanies the development of obesity (Draznin et al., 1988). /n7 vitro, increasing [Ca2™];
by overexpressing neuronatin (Suh et al., 2005), a putative Ca2*-ATPase regulator, acts to
increase the differentiation of the 3T3-L1 pre-adipocyte cell line, a well-characterized in
vitro model of adipocyte differentiation. Paradoxically, directly raising [Ca%*]; in 3T3-L1
pre-adipocytes by calcium mobilizing agents efficiently inhibits differentiation, diminishes
adipocyte-specific gene expression and reduces lipid accumulation (Ntambi and Takova,
1996). These inhibitory effects can be mimicked either by enhancing the activity of the
Ca?*/calmodulin-dependent serine/ threonine phosphatase calcineurin (Neal and Clipstone,
2002) or by constitutive activation of calcineurin effectors such as members of the nuclear
factor of activated T cell (NFAT) family (Neal and Clipstone, 2003). Conversely, inhibition
of calcineurin activity by cyclosporin A (CsA) increases adipocyte differentiation and lipid
accumulation (Neal and Clipstone, 2002), mimicking the obesogenic effects of CsA
treatment in humans (Mathieu et al., 1994). These apparently contradictory effects suggest
that elevating [Ca2*]; in discrete cellular microdomains likely has diverse effects on
adipocyte differentiation, similar to that seen in other cell types (Berridge, 2006).

Ca?* influx through plasma membrane store-operated Ca2* channels (SOCs) provides for
localized sub-plasma membrane increase in [Ca2*]; critical for sustained activity of several
intracellular enzymes (Cooper et al., 1998), including calcineurin (Gwack et al., 2007).
SOCs are uniquely activated by a mechanism critically dependent on the depletion of
endoplasmic reticulum (ER) Ca2* stores (Venkatachalam et al., 2002). The predominantly
ER membrane protein Stromal interaction molecule-1 (Stim1) (Williams et al., 2002; Liou et
al., 2005) plays a critical role in sensing ER [CaZ*] via its ER luminal N-terminal unpaired
EF hand domain and activating SOCs (Liou et al., 2005). When ER [Ca2*] drops following
receptor-mediated IP signaling, Ca2* is no longer bound to the low affinity EF hand
domain of Stim1, inducing a conformational change and aggregation of Stim1 within the ER
membrane (Liou et al., 2005). These aggregates, forming within 10-25nm of the plasma
membrane (Wu et al., 2006), initiate clustering of the plasma membrane store-operated Ca2*
channel component, Orail (Xu et al., 2006). Through an, as yet, unidentified mechanism,
Stim1 and Orail together induce localized Ca2* influx from the extracellular space
(Soboloff et al., 2006b). In mice, targeted inactivation of StimI in T-cells severely impairs
Ca?* entry through SOCs, abolishes NFAT-mediated gene expression and impairs
regulatory T-cell development and function (Oh-hora et al., 2008).

It is now clear that Stim1 mediates Ca2* entry through SOCs in a varied selection of cell
types, and that the expression level of Stim1 profoundly affects the level of Ca2* influx
(Roos et al., 2005; Soboloff et al., 2006a). The ubiquitous tissue expression pattern of Stim1
(Dziadek and Johnstone, 2007) and the perinatal lethal phenotype of Stim1~/~ mice (Oh-
hora et al., 2008) also suggest that Stim1 is critical for correct development and/or function
of multiple cell types. However, it is not clear how Stim1 regulates developmental processes
at a cellular level. Given that the activity of calcineurin in modifying 3T3-L1 adipocyte
differentiation suggests the presence of functional SOCs in these cells, we investigated the
role of Stim1 in 3T3-L1 pre-adipocyte differentiation. By modulating the expression level of
Stim1 we demonstrate that increasing Ca2* entry through SOCs via upregulation of Stim1
acts to inhibit 3T3-L1 differentiation without affecting proliferation, and downregulation of
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Stim1 promotes 3T3-L1 differentiation. These results suggest that Stim1 is a negative
modulator of 3T3-L1 differentiation, and that its expression may act to balance the level of
differentiation in 3T3-L1 cells in vitro.

2. Materials and methods

2.1. Cell culture and adipocyte differentiation

Mouse 3T3-L1 pre-adipocytes (ATCC) were maintained in Dulbecco’s modified Eagle’s
medium with high glucose supplemented with 10% (v/v) fetal bovine serum, 100 units/ml
penicillin G, 100 pg/ml streptomycin and 2 mM c-glutamine (all from Invitrogen). To induce
adipocyte differentiation, cells were grown until 2 days postconfluence (day 0) and then
treated for 2 days with growth medium plus MDI (0.5 mM methylisobutylxanthine, 1 yM
dexamethasone and 10 pg/ml insulin; all from Sigma). Subsequently, cells were incubated in
growth medium containing 10 pg/ml insulin for 2 days and then refed every 2 days in
growth medium for the remainder of the culture period. Where indicated, differentiation was
induced with 0.25 mM methylisobutylxanthine and 0.5 pM dexamethasone (0.5MD) for 2
days, and thereafter cells were refed every 2 days in growth medium. At the end of the
culture period, cells were fixed in 4% paraformaldehyde and stained with 2.1 mg/ml Oil Red
O (Sigma) in 60% isopropanol. Cells were photographed and Oil Red O eluted in 100%
isopropanol for spectrophotometric quantification at ODsyp. Where indicated, cells were
treated with 3 or 10 uM N-(4-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]phenyl)-4-
methyl-1,2,3-thiadiazole-5-carboxamide (BTP2) (Merck), 1 ug/ml cyclosporin A (Sigma), 5
ng/ml FK-506 (Sigma) or vehicle control (DMSO, ethanol).

2.2. Generation of L1-control and L1-STIM1 cells

To create 3T3-L1 lines stably overexpressing STIM1 (L1-STIM1 lines), cells were
transfected with a human pIRES::STIM1 expression plasmid (Williams et al., 2001) or
empty pIRES plasmid (L1-control lines) using Lipofectamine 2000 according to the
manufacturers instructions (Invitrogen). Stably overexpressing cell lines were selected in
G418 (Sigma) and single clonal lines obtained by limiting dilution in 96 well plates.

2.3. Ca?* measurements

Cells grown on coverslips were placed in “cation-safe” medium free of sulfate and
phosphate anions (107 mM NaCl/7.2 mM KCI/1.2 mM MgCl,/11.5 mM glucose/20 mM
Hepes-NaOH, pH 7.2) and loaded with 4 pM fura-2/acetoxymethyl ester (Molecular Probes)
for 30 min at 20 °C in the presence of 0.01% Pluronic F-127 (Invitrogen). Cells were
washed and dye was allowed to deesterify for a minimum of 30 min at 20 °C before
measurement of Ca2* using an InCyt dual-wavelength fluorescence imaging system
(Intracellular Imaging, Cincinnati). Fluorescence emission at 505 nm was monitored with
excitation at 340 and 380 nm; intracellular Ca?* measurements are shown as 340- to 380-nm
ratios. Store-operated CaZ* entry was induced by incubation with 1 uyM Tg (EMD
Biosciences) or 100 pUTP (Sigma) in zero Ca2* conditions. All traces are averages from
multiple (20-50) cells and are representative of at least three separate experiments.

2.4. Western blot analysis

Total 3T3-L1 protein extracts were prepared and quantified as previously described
(Williams et al., 2001). Protein samples (10-20 ug) were separated on 12% SDS-PAGE or
4-16% gradient (Invitrogen) gels under reducing conditions and Western blotting performed
as previously described (Williams et al., 2001). Primary antibodies were affinity purified
rabbit anti-STIM1-CT at 1:1000 (Williams et al., 2001), mouse anti-B-actin (Sigma) at
1:2000, rabbit anti-C/EBPa (14AA), C/EBP (C-19) and PPAR~y (H-100) (all Santa Cruz
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Biotechnology) all at 1:500, and rabbit anti-Adpn (Sigma) at 1:1000. Secondary antibodies
(anti-mouse-AP, anti-rabbit-AP, anti-rabbit-B1O) were from Jackson Immunochemicals
used at 1:2000 and ExtrAvidin-AP (Sigma) at 1:300,000. Alkaline phosphatase was detected
using NBT-BCIP substrate (Invitrogen) or by CDP-Star chemiluminescent substrate solution
(Sigma). Where indicated, image capture and quantification of Western blots were
performed with the LAS-3000 imaging system and MultiGuage software (Fujifilm).

2.5. siRNA design and transfection

Pre-designed Stealth™ siRNA duplexes to mouse Stim1 (MSS209660, MSS209661) and
control medium GC siRNA duplexes (12935-300) were purchased from Invitrogen. 3T3-L1
cells at 30-50% confluency were transfected with Lipofectamine 2000 (Invitrogen) in 6-well
plates according to the protocol described by Fox et al. (2006). Following transfection and
recovery, cells were harvested in 0.25% trypsin (Invitrogen) and re-seeded at 2 x 10%well in
24 well plates for differentiation.

2.6. Real-time RT-PCR

Total RNA was prepared using TRIzol Reagent (Invitrogen) and genomic DNA-free RNA
converted to cDNA using Superscript Vilo cDNA synthesis kit (Invitrogen). Samples
prepared without reverse transcriptase were used as negative controls. Analysis of Stim1 and
B-actin mMRNA levels in pentuplicate wells were performed using Express Two-Step SYBR
GreenER (Invitrogen) on a ABI-7700HT (Applied Biosystems) using fast cycling conditions
and the exon spanning PCR primers 5’ -ttgccaagcaggaagctc-3°,5”-ctecttetetgctttcctcaag-3
(Stim1) and 5’-aaggccaaccgtgaaaagat-3’,5 -gtggtacgaccagaggeatac-3” (B-actin). The
presence of single products were confirmed by melting point analysis of every sample.
Stim1 gene expression was analyzed using the 2799CT method (Livak and Schmittgen, 2001)
relative to p-actin levels.

2.7. Data analysis

3. Results

Statistical analysis was performed using a Student’s #test with a p-value of 0.05 considered
significant. All data shown are representative of at least 3 individual experiments.

3.1. Stim1lis expressed in pre-adipocytes and is upregulated following adipocyte
differentiation

The 3T3-L1 pre-adipocyte cell line efficiently differentiates into morphologically distinct,
triglyceride laden adipocytes over a 10-day differentiation period when confluent cells are
treated with a differentiation cocktail comprising methylisobutylxanthine (IBMX),
dexamethasone and insulin (MDI) (Cowherd et al., 1999). Western blotting showed cell
lysates prepared from cells prior to differentiation contained very low levels of Stim1 (Fig.
1A, top panel). Stim1 levels increased markedly 4 days following stimulation with MDI, and
remained stable throughout the remaining differentiation period. Adiponectin (Adpn), a
known marker of terminal 3T3-L1 differentiation, was robustly induced at day 4 post MDI
treatment (Fig. 1A, middle panel) and continued to increase throughout the remaining
differentiation period as expected (Hu et al., 1996). This analysis indicated that Stim1 is
upregulated during adipogenic differentiation of 3T3-L1 cells.

3.2. Overexpression of STIM1 in 3T3-L1 cells increases Ca?* entry through SOCs

To determine the role of Stim1 in the differentiation process, 3T3-L1 pre-adipocytes were
stably transfected with a human pIRES::STIM1 expression construct (Williams et al., 2001).
Ten clonally derived STIM1-overexpressing cell lines (L1-STIM1) and 10 control empty
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vector pIRES-transfected lines (L1-control) were generated. Western blot analysis revealed
a moderate upregulation of STIM1 expression levels in the C8 clonal line, and higher
expression in the C1, C6 and C7 clonal lines compared to wild-type 3T3-L1 cells and the -
actin loading control (Fig. 1B).

To determine whether STIM1 overexpression in 3T3-L1 pre-adipocytes increased the level
of Ca?* entry in response to store-depletion, the sarcoplasmic/endoplasmic reticulum Ca2*
ATPase Ca?* pump blocker thapsigargin (Tg) was used to deplete ER Ca2* stores, and
fura-2 was used to monitor cytosolic Ca2* levels (Soboloff et al., 2006a). In the absence of
external Ca2*, Tg induced a large and transient increase in intracellular Ca2* as stores were
initially emptied, followed by a return to baseline values as plasma membrane Ca2* pumps
facilitated extrusion into the extracellular medium (Fig. 2A). The level of Tg-induced ER
Ca?* release was similar in both L1-control and L1-STIM1 pre-adipocytes. Addition of
extracellular Ca%* caused a rapid entry of Ca2* through SOCs similar to that described in
other cells (Venkatachalam et al., 2002), the extent of which was almost 2-fold greater in
L1-STIMZ1 cells compared to L1-controls (p < 0.0001); these increases correlated with the
gain in Tg-induced CaZ* entry in single HEK293 cells overexpressing STIM1 (Soboloff et
al., 2006a). Pre-incubation of L1-STIM1 cells with the store-operated Ca2* channel blocker
BTP2 for 10 min prior to Tg treatment reduced Ca2* entry to approximately 25% of that
seen in vehicle control-treated cells (p < 0.0001) (Fig. 2B), correlating with the BTP2-
mediated decrease in Tg-induced CaZ* entry in B-lymphocytes (He et al., 2005). This
analysis indicated that the increased CaZ* entry seen in L1-STIM1 cells could be attributed
to activity of store-operated Ca2* channels.

To demonstrate that STIM1-mediated SOC activation could contribute to a physiological
signal, we tested the responses of L1-control and L1-STIM1 cells to UTP. In white
adipocytes this nucleotide likely activates the P2Y purinergic receptor subclass (Lee et al.,
2005), a typical phospholipase C-linked G-protein coupled receptor. In both L1-control (Fig.
2C) and L1-STIM1 (Fig. 2D) pre-adipocytes, UTP rapidly induced InsPs-mediated Ca?*
release from stores in the absence of extracellular Ca%*. Addition of external Ca2* resulted
in rapid entry of Ca2* in L1-control cells, which was greatly enhanced in L1-STIM1 pre-
adipocytes. Thus, enhanced activation of SOCs by STIM1 was not limited to
pharmacological ER Ca2* depletion; Ca2* entry in L1-STIM1 cells was also enhanced in
response to physiological signals.

3.3. STIM1 overexpression inhibits 3T3-L1 pre-adipocyte differentiation

To investigate the effects of increasing Ca2* entry through SOCs on the differentiation of
3T3-L1 cells, confluent L1-STIM1 or L1-control pre-adipocytes were induced to
differentiate by MDI and the extent of differentiation was quantified by staining lipid with
Oil Red O (Kutt and Tsaltas, 1959). At the end of the 8-day differentiation period, both
wild-type 3T3-L1 and L1-control cells had accumulated a comparable amount of lipid (Fig.
3A, top panels). In the higher expressing L1-STIM1 C7 line, lipid accumulation was
inhibited by 90% (Fig. 3A, bottom left panel, p=0.0002) whereas in the lower expressing
L1-STIM1 C8 line, lipid accumulation was reduced by 67% (Fig. 3A, bottom right panel: p
= 0.0005). This experiment was repeated with four individually created L1-STIM1 and three
L1-control cell lines over a 10-day differentiation period (Fig. 3B). Poor differentiation of
L1-STIML1 lines (closed symbols) was observed in every experiment compared to the L1-
control lines (open symbols).

BTP2 was used to determine whether inhibition of Ca2* entry through SOCs in L1-STIM1
cells would reverse the inhibitory effects of STIM1 overexpression on the differentiation
process. BTP2 concentrations of up to 10 pM have been successfully used in extended
culture conditions to inhibit hypertrophy-associated gene expression in cardiomyocytes
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(Bush et al., 2006). Confluent L1-STIM1 C7 or L1-control cells were incubated with 3 uM
or 10 uM BTP2 or an equivalent final dilution of the DMSO vehicle control, and following
the standard differentiation protocol, cells were stained with Oil Red O. Incubation with
BTP2 had no measurable effect on lipid accumulation in L1-control cells (Fig. 3C, fop right
panel) when compared to cells treated with vehicle control (Fig. 3C, top left panel), whereas
L1-STIM1 C7 cells treated with vehicle control did not accumulate lipid (Fig. 3C, bottom
left panel). In contrast, 10 UM BTP2 partially reversed the inability of the L1-STIM1 C7
cells to differentiate, with an increase in both the size and number of adipogenic clusters
(Fig. 3C, bottom right panel), whereas 3 uM BTP2 had little effect (not shown). 10 yM
BTP2 also reversed the differentiation block in several other individually created L1-STIM1
lines (not shown). Together, these results indicated that overexpression of STIM1 inhibits
adipocyte differentiation, that the level of inhibition correlates with the expression level of
STIM1 and that this inhibition of differentiation could be partially reversed by inhibition of
store-operated Ca2* channel activity with BTP2.

3.4. Overexpression of STIM1 does not affect 3T3-L1 proliferation, MCE or growth arrest

To investigate the cellular and molecular mechanisms by which STIM1 overexpression
inhibited differentiation, several critical phases of the differentiation process were examined.
Confluent 3T3-L1 cells undergo one to two rounds of cell division (Cowherd et al., 1999),
known as mitotic clonal expansion (MCE) over the 4 days following MDI treatment
followed by growth arrest, and this process is critical for robust differentiation (Tang et al.,
2003). To test the effects of STIM1 overexpression on MCE, confluent L1-STIM1 and
control pre-adipocytes were induced to differentiate and total cell numbers quantified at day
0 (MDI addition), day 2 and day 4 (Fig. 4A). An identical 2.5-fold increase in cell number
was observed at day 2 in both L1-STIM1 and control cells, indicating that each cell line had
undergone at least one round of cell division. No further increase in cell number in either
cell line between days 2 and 4 indicated that both lines had once again growth arrested.
Therefore STIM1 overexpression did not appear to inhibit differentiation by blocking post-
confluent MCE or subsequent growth arrest. The intrinsic proliferative capacity of L1-
STIM1 cells was also examined since aberrant proliferation reduces 3T3-L1 differentiation
(Neal and Clipstone, 2003). L1-STIM1 or control pre-adipocytes were seeded at low density
and cell numbers counted 2 and 3 days post seeding (Fig. 4B). No difference in proliferation
rates between the two cell lines could be discerned, with cell numbers increasing 6-fold at
day 2 and 13-fold at day 3 in both cell lines.

3.5. STIM1 overexpression results in downregulation of C/EBPa and adiponectin

To determine the effects of STIM1 overexpression on adipogenic gene regulation, the
expression of transcription factors essential for 3T3-L1 differentiation were determined. The
transcription factors CCAAT/enhancer binding protein (C/EBP) B and C/EBPS which
activate transcription of peroxisome proliferators-activated receptor gamma (PPARy), are
induced by differentiation (Salma et al., 2006). C/EBPB and PPAR-y induce expression of C/
EBPa, which reinforces expression of PPARy in a positive feedback loop, and also induces
expression of other proteins such as adiponectin (Adpn) involved in terminal differentiation
(Park et al., 2004). The expression of C/EBP, C/EBPa and PPARYy 1 and 2 isoforms were
examined by Western blot during differentiation of confluent L1-STIM1 and control cells
(Fig. 4C). Levels of C/EBPB and PPARy1 and 2 isoforms were indistinguishable in control
and L1-STIM1 cells over the 6-day differentiation period while both C/EBPa and Adpn
expression were visibly reduced in L1-STIM1 cells compared to controls at all time-points
examined, by 99% and 91%, respectively at day 6. Together, these data, and the data
presented in Fig. 4A and B, suggested that STIM1 overexpression results in the
downregulation of C/EBPa and Adpn expression.

Differentiation. Author manuscript; available in PMC 2013 March 19.
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3.6. The effects of STIM1 overexpression can be reversed by calcineurin inhibitors

STIM1 overexpression activates calcineurin/NFAT signaling in lymphocytes (Huang et al.,
2006), and overexpression of activated calcineurin potently inhibits 3T3-L1 differentiation
(Neal and Clipstone, 2002). To determine whether the effects of STIM1 overexpression on
adipocyte differentiation could be mediated by calcineurin, L1-STIM1 cells were induced to
differentiate at day 0 with MDI, or with MDI and the specific calcineurin inhibitors
cyclosporin A or FK506 (Neal and Clipstone, 2002). Compared with L1-STIM1 cells treated
with vehicle control (Fig. 4D, fop panel), lipid accumulation in FK506 or cyclosporin A-
treated L1-STIM1 cells (Fig. 4D, middle, bottom panels) increased 5.5-fold (p = 0.001) and
6.5-fold (p = 0.0008), respectively. These data indicate that calcineurin activity is required to
mediate the inhibitory effects of STIM1 overexpression on adipocyte differentiation.

3.7. Reducing endogenous STIM1 expression enhances 3T3-L1 differentiation, resulting in
upregulation of C/EBPa and adiponectin

To determine the effects of reducing endogenous Stim1 expression on 3T3-L1
differentiation, 3T3-L1 cells were transfected with Stim1-specific Stealth™ siRNA (Stim1-
60) or control siRNA and induced to differentiate under sub-optimal differentiation
conditions by modifying the concentration of the MDI adipogenic cocktail (Neal and
Clipstone, 2002). This modification resulted in the expected progressive reduction in both
size and number of adipogenic colonies detected by Oil Red O staining (Fig. 5A). Control
siRNA-transfected 3T3-L1 cells differentiated fully under optimal MDI conditions (Fig. 5A,
top leff) and accumulated 3.5-fold less lipid in sub-optimal 0.5MD conditions (Fig. 5A,
bottom leff). An increased number of Stim1-60-transfected cells appeared to stain Oil Red
O positive than control siRNA-transfected cells in MDI (Fig. 5A, top righi), but
quantification of extracted lipid showed that this difference was not significant. In contrast,
in 0.5MD, a greater number of Stim1-60-transfected cells stained Oil Red O positive (Fig.
5A, bottom right) and accumulated 2.5-fold more lipid than control siRNA-transfected cells
(0 =10.0002). To confirm specificity, a second siRNA was tested. The Stim1-61 siRNA also
increased lipid accumulation in 0.5MD conditions (Fig. 5B), by 1.4-fold (o= 0.05). Real-
time RT-PCR confirmed that the Stim1-61 siRNA was less efficient at reducing endogenous
Stim1 mRNA levels compared to the Stim1-60 siRNA (Fig. 5C), indicating that the
enhancing effects of reduced Stim1 levels on adipocyte differentiation were dose dependent.

We confirmed by Western blotting that the Stim1-60 siRNA virtually abolished endogenous
Stim1 expression at day 4 post 0.5MD treatment compared to control siRNA-transfected
cells (Fig. 5D, fop panel). Expression of PPAR-y isoforms appeared relatively unaffected in
Stim1-siRNA-treated cells (Fig. 5D, middle panel) whereas C/EBPa levels were increased
by 5.7-fold and Adpn by 2.3-fold (Fig. 5E) in Stim1 siRNA-transfected cells at day 4. These
data indicated that reducing endogenous Stim1 expression increases adipocyte
differentiation, accompanied by an increase in expression of C/EBPa and Adpn.

4. Discussion

In the current study, we provide several lines of evidence indicating that Ca2* entry via
store-operated channels is functional in 3T3-L1 pre-adipocytes and, through a Stim1-
mediated pathway, acts to negatively regulate adipocyte differentiation. We demonstrate that
overexpression of Stim1 in 3T3-L1 pre-adipocytes specifically increases Ca2* influx
through SOCs and consequently inhibits differentiation associated with reduced expression
of C/EBPa and Adpn. In contrast, we find that reducing Stim1 levels with SiRNA markedly
increases differentiation in response to sub-optimal adipogenic stimuli, associated with
increased expression of C/EBPa and Adpn. However, in apparent contradiction, we find that
endogenous Stim1 is itself upregulated during adipocyte differentiation. Altogether, our data
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suggests that the level of Ca2* influx though SOCs may be intrinsically regulated during
differentiation by the expression level of Stim1, and that this in turn influences adipocyte
gene expression, and ultimately may set the level of commitment of pre-adipocytes to the
terminal differentiation phase.

We have found that the inhibitory effects of STIM1 over-expression on adipocyte
differentiation requires calcineurin activity. The calcineurin/NFAT signaling pathway is an
important downstream effector of CaZ* entry via SOCs in lymphocytes (Gwack et al., 2007).
Ca?*-activated calcineurin is best known for it’s ability to dephosphorylate cytosolic NFAT
and trigger its nuclear translocation where it acts both as a positive and negative regulator of
target gene transcription (Crabtree and Olson, 2002). Activation of the calcineurin/NFAT
pathway in 3T3-L1 cells by prostaglandin Fy, (Liu and Clipstone, 2007) or by the
introduction of constitutively active calcineurin or NFATC1 (Neal and Clipstone, 2002,
2003) potently inhibits their differentiation, similar to the effects of Stim1 overexpression.
In addition, cyclosporin A markedly increases adipocyte differentiation in response to
suboptimal differentiation stimuli (Neal and Clipstone, 2002), similar to the effects of
siRNA-mediated knockdown of Stim1. Modulation of Stim1 levels directly affects the
activity of the calcineurin/NFAT pathway in epithelial and hematopoietic cells (Wang et al.,
2006; Huang et al., 2006; Liou et al., 2005), and this study suggests that Stim1 is able to
exert a similar influence in 3T3-L1 adipocytes. However, this does not preclude the
involvement of additional signaling pathways in Stim1-mediated inhibition of differentiation
since cyclosporin A and FK506, at the concentrations used here, did not completely rescue
the effects of STIM1 overexpression. In some cells, Ca2* is known to enhance the activation
of transcription factors such as NFxB (Crabtree, 2001), also an inhibitor of adipocyte
differentiation (Chae and Kwak, 2003). It remains to be tested whether modulation of Stim1
levels directly affects additional signaling pathways in 3T3-L1 cells.

Overexpression of Stim1 virtually abolished C/EBPa and Adpn expression. Antisense
knockdown of C/EBPa alone in 3T3-L1 pre-adipocytes is sufficient to inhibit triglyceride
accumulation and terminal gene expression (Lin and Lane, 1992) and C/EBPa. is a critical
regulator of Adpn expression (Park et al., 2004) therefore it is likely that reduced C/EBPa
expression is the major contributor to the reduced Adpn expression levels and inhibition of
adipocyte differentiation observed in this study. While expression and activity of C/EBP
and PPARvy are required for efficient induction of C/EBPa expression (Park et al., 2004;
Zuo et al., 2006b) we show that Stim1 overexpression does not affect MDI-induced C/EBP
or PPARY expression, nor does it affect C/EBPB-dependent mitotic clonal expansion or cell
cycle arrest. However, Stim1-mediated Ca2* entry may interfere with C/EBPB
phosphorylation, which is critical for induction of C/EBPa expression but not required for
induction of PPARy expression (Park et al., 2004). Alternatively, Stim1-mediated effects
may be distal to C/EBP activity but instead may inhibit PPARy activity, since selective
antagonists of PPARy activity reduce C/EBPa expression and inhibit 3T3-L1 adipogenesis
(Zuo et al., 20063, b). Another possible mechanism underlying Stim1-mediated effects is
direct repression of C/EBPa expression after CaZ* entry independently of C/EBP@ and
PPARY activity. Prostaglandin F,,-mediated inhibition of 3T3-L1 adipo-genesis via Ca2*/
calcineurin can be attenuated by a histone deacetylase inhibitor, which rescues PPAR-y and
C/EBPa expression, suggesting that activation of Ca2*/calcineurin signaling in 3T3-L1 cells
likely promotes transcriptional repression (Liu and Clipstone, 2007). However, Stim1
overexpression does not result in complete abolition of C/EBPa and PPAR-y expression as
is seen with sustained Prostaglandin F,, treatment, or expression of constitutively active
calcineurin. Whilst the reason for this discrepancy is unclear, we and others have found that
Stim1-mediated SOC entry in cells stably overexpressing STIM1 is still regulated by ER
Ca?* store content (Soboloff et al., 2006a), whereas constitutively active calcineurin and
NFAT are likely not subject to normal regulatory processes and may have additional effects
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on cell behavior and gene expression (Neal and Clipstone, 2003). This study has shown that
reducing Stim1 levels increased expression of Adpn and C/EBPa. Both C/EBPa and Adpn
are capable of increasing triglyceride accumulation in 3T3-L1 cells when overexpressed
(Lin and Lane, 1994; Fu et al., 2005). Interestingly, 2-fold overexpression of Adpn increases
triglyceride accumulation almost 3-fold at day 9 of differentiation which correlates well with
the level of Adpn upregulation and increased triglyceride accumulation observed in this
study.

It is becoming increasingly understood that Stim1 can act as a multifunctional regulator of
Ca?* influx through several classes of SOCs, including Orail, Orai2 and transient receptor
potential C1 (TRPC1) (Huang et al., 2006) and that its presence can dictate the level of
expression of some channels, such as TRPC1 in HEK293 cells (Huang et al., 2006). The
expression of Orai or TRP channels in 3T3-L1 pre-adipocytes has not been reported,
however, transcript profiling of adipocytes /n vivo indicate expression of Orai and TRPC1
genes (Su et al., 2004). It will now be important to characterize Orai and TRP channel
expression in 3T3-L1 pre-adipocytes and determine through which of these Stim1 exerts its
anti-adipogenic effects. Recent evidence also suggests that Stim1 situated in the plasma
membrane may regulate non-store-operated Ca%* channels such as the arachidonic acid
regulated channels (ARC) (Mignen et al., 2007). AA is a potent inhibitor of 3T3-L1 pre-
adipocyte differentiation, acting through the cyclooxygenase-dependent generation of AA
eicosanoid metabolites (Petersen et al., 2003). However, activation of Ca2* influx through
ARC channels is likely a direct action of AA on the channel itself, independently of AA
metabolites and cyclooxygenase activity (Shuttleworth and Thompson, 1998), arguing
against a role for ARC channels in Stim1-mediated adipocyte differentiation.

Our study has, for the first time, provided evidence that adipocytes utilize a store-operated
Ca?* entry mechanism that may control commitment to differentiation via upregulation of
the endoplasmic reticulum Ca?* sensor Stim1. That Stim1 exerts an inhibitory effect on
differentiation is perhaps surprising given its upregulation during the differentiation process.
However, the functional attributes of mature adipocytes are one of lipid storage and lipid
release and, by necessity, adipocytes obtain the proteins required to perform these functions
during the differentiation process. Indeed, expression of another negative regulator of
adipocyte differentiation, Sirtuin 1, is also upregulated during the differentiation process and
appears to play a major role in promoting fat mobilization in mature adipocytes (Picard et
al., 2004). Interestingly, NFAT proteins have recently been found to facilitate fat
mobilization and metabolic gene expression in mature adipocytes (Holowachuk, 2007).
Whether Stim1 plays a similar role remains to be determined. In conclusion, as in other
cells, the subcellular source of Ca?* is likely an important regulator of adipocyte
differentiation. This could be especially important in human disease such as obesity where
deregulation of calcium handling is evident. It will now be important to examine whether
SOC entry play a role in the increased adipocyte Ca?* levels and development of obesity in
humans.
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Fig. 1.

Stim1 expression is upregulated during differentiation of 3T3-L1 cells. (A) Western blotting
for Stim1, Adpn and p-actin in cell lysates from 3T3-L1 cells collected at the proliferative
phase (p), day-2 of differentiation (d-2), at day 0 = MDI addition (d0) and at days 2, 4, 6 and
13 post MDI treatment (d2, d4, d6, d13). (B) Western blotting for Stim1 and B-actin in
lysates from proliferating wild-type 3T3-L1 cells and L1-STIM1 clones.
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Fig. 2.

Overexpression of STIM1 leads to increased store-operated Ca2* entry. (A) Representative
traces of Tg-induced Ca2* release and Ca2* entry in L1-control and L1-STIM1 C7 cell lines.
Tg and CaZ* were introduced at the times indicated by the bars above the graph. (B) L1-
STIM1 C7 cells were preincubated for 10 min with 3 uM BTP2 prior to stimulation with 1
UM Tg in Ca2*-free media followed by reintroduction of 1 mM Ca2*. Data represents the
maximum level of store-operated CaZ* entry in L1-STIM1 C7 cells treated with BTP2 or
vehicle, expressed as a percentage of the vehicle control. (C, D) Representative traces of
UTP-induced Ca?* release and Ca%* entry in L1-control (C) and L1-STIM1 C7 (D) cells.
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UTP and Ca2* were introduced at the times indicated by the bars above the graphs, *p <
0.0001.
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Fig. 3.

STIM1 overexpression inhibits 3T3-L1 adipogenesis. (A) Oil Red O staining of fixed wild-
type 3T3-L1, L1-control, L1-STIM1 C7 and C8 cells at day 10 post MDI induction. (B)
Spectrophometric quantitation of Oil Red O in cell extracts at various timepoints post MDI
treatment of individual L1-STIM1 cell lines (closed symbols) and individual L1-control
lines (open symbols). (C) Oil Red O staining of fixed L1-control and L1-STIM1 C7 cells at
day 10 following incubation with either DMSO or 10 uM BTP2 between days 0 and 6 post
MDI treatment.
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STIM1 overexpression leads to downregulation of C/EBPa and adiponectin expression. (A)
3T3-L1-control (gray bars) and L1-STIM1 C7 (black bars) cell numbers at day 0 (MDI

addition), days 2 and 4 post MDI treatment as determined by cell counting with a

haemocytometer. For each cell line, data is expressed as the cell number relative to that of
3T3-L1-control and L1-STIM1 C7 cell numbers at day 0, each of which were normalized to
1. Error bars represent the standard error of triplicate wells. (B) 3T3-L1-control (gray bars)

and L1-STIM1 C7 (black bars) cell numbers at 0 (day of seeding), 2 and 3 days of

proliferation as determined by cell counting with a haemocytometer. Data is expressed as for
(A). Error bars represent the standard error of triplicate wells. (C) Western blotting for C/
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EBPB, C/EBPa, PPARY1 and 2, Adpn and B-actin in cell lysates collected at days 0, 2, 4
and 6 post MDI treatment in 3T3-L1-control and L1-STIM1 C7 cell lines. (D) Oil-red-O
staining of fixed L1-STIM1 C7 cells at day 8 post MDI induction. Cells were treated with
vehicle (ethanol), FK506 or cyclosporin A from day 0.
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Fig. 5.

Stim1-60

Stim1 downregulation enhances adipogenesis in 3T3-L1 cells and leads to upregulation of
C/EBPa and Adpn expression. (A) Oil Red O staining of 3T3-L1 cells at day 8 following
transfection with standard control Stealth™ siRNA duplexes or Stim1-60 Stealth™ siRNA
duplexes and induced to differentiate with either MDI, or 0.5MD. (B) Quantification at
ODsyg of lipid extracted from triplicate wells of 3T3-L1 cells at day 8. Cells were
transfected with standard control, Stim1-60 or Stim1-61 Stealth™ siRNA duplexes and
induced to differentiate with 0.5MD. (C) Relative Stiml mRNA levels in Stim1 or control
siRNA transfected 3T3-L1 cells harvested 48 h post transfection. Western blotting for (D)
Stim1, PPARy1 and y2, p-actin and (E) C/EBPa, Adpn, p-actin in cell lysates collected
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from Stealth™ Stim1-60 (S1-60) or control (Con) siRNA duplex-transfected cells at 4 days
post 0.5MD treatment.
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